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❆4❈ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ❆❞❡♥♦♠❛-♦✉) 4♦❧②♣♦)✐) ❈♦❧✐

❈❆✶✾✳✾ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ❈❛.❜♦❤②❞.❛-❡ ❆♥-✐❣❡♥ ✶✾✳✾

❝❆▼4 ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ❈②❝❧✐❝ ❆❞❡♥♦)✐♥❡ ✸✬✱✺✬✲❝②❝❧✐❝ ♠♦♥♦♣❤♦)♣❤❛-❡

❈❇❈ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳❈.②♣- ❇❛)❡ ❈♦❧✉♠♥❛.

❈❈❑ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ❈❤♦❧❡❝②)-♦❦✐♥✐♥

❈❊❆ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ❈❛.❝✐♥♦❡♠❜.②♦♥✐❝ ❛♥-✐❣❡♥

❈■▼4 ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳❈♣● ■)❧❛♥❞ ▼❡-❤②❧❛-♦. 4❤❡♥♦-②♣❡

❈■◆ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳❈❤.♦♠♦)♦♠❛❧ ■♥)-❛❜✐❧✐-②

❈❘❈ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ❈♦❧♦.❡❝-❛❧ ❝❛♥❝❡.

❈❙❈ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ❈❛♥❝❡. ❙-❡♠ ❈❡❧❧

❈❚ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ❈♦♠♣✉-❡❞ ❚♦♠♦❣.❛♣❤②

❈❚❋4 ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ❈✲❚❡.♠✐♥❛❧ ❋❧❛♥❦✐♥❣ 4❡♣-✐❞❡

❉❆● ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ❉✐❛❝②❧❣❧②❝❡.♦❧

❉❈❨❚❇ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ❉✉♦❞❡♥❛❧ ❈②-♦❝❤.♦♠❡ ❇

❉❋❖ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ❉❡)❢❡..✐♦①❛♠✐♥❡

❉▼❚✶ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳❉✐✈❛❧❡♥- ▼❡-❛❧ ✐♦♥ ❚.❛♥)♣♦.-❡. ✶

❞▼▼❘ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ❉❡❢❡❝-✐✈❡ ▼✐)♠❛-❝❤ ❘❡♣❛✐.

❊❈▲ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ❊♥-❡.♦❝❤.♦♠❛✣♥✲❧✐❦❡ ❝❡❧❧)

❊●❋❘ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳❊♣✐❞❡.♠❛❧ ●.♦✇-❤ ❋❛❝-♦. ❘❡❝❡♣-♦.

❊❘❑ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ❊①-.❛❝❡❧❧✉❧❛.✲)✐❣♥❛❧✲❘❡❣✉❧❛-❡❞ ❑✐♥❛)❡

❊❘ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ❊♥❞♦-❤❡❧✐✉♠ ❘❡-✐❝✉❧✉♠

❋❆❑ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ❋♦❝❛❧ ❆❞❤❡)✐♦♥ ❑✐♥❛)❡

❋❆4 ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ❋❛♠✐❧✐❛❧ ❆❞❡♥♦♠❛-♦✉) 4♦❧②♣♦)✐)

❋❉❆ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ❋♦♦❞ ❛♥❞ ❉.✉❣ ❆❞♠✐♥✐)-.❛-✐♦♥

●❆❇❆ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ γ✲❆♠✐♥♦❜✉-②.✐❝ ❆❝✐❞

●❇4 ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ●❛)-.✐♥✲❇✐♥❞✐♥❣ 4.♦-❡✐♥

①✐



▲■❙❚ ❖❋ ❆❇❇❘❊❱■❆❚■❖◆❙ ①✐✐

●❊❋ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ●✉❛♥✐♥❡✲◆✉❝❧❡♦/✐❞❡✲❊①❝❤❛♥❣❡ ❋❛❝/♦3

●❣❧② ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳●❧②❝✐♥❡✲❡①/❡♥❞❡❞ ❢♦3♠ ♦❢ ❣❛7/3✐♥

●❍❘❍ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ●3♦✇/❤ ❍♦3♠♦♥❡ ❘❡❧❡❛7✐♥❣ ❍♦3♠♦♥❡

●■<❘ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ●❛7/3✐❝ ■♥❤✐❜✐/♦3② <♦❧②♣❡♣/✐❞❡ ❘❡❝❡♣/♦3

●▲<✲✶✴✷ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳●❧✉❝❛❣♦♥✲▲✐❦❡ <❡♣/✐❞❡✲✶✴✷

●❘❑ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ●✲♣3♦/❡✐♥✲❝♦✉♣❧❡❞ ❘❡❝❡♣/♦3 ❑✐♥❛7❡
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▲■❙❚ ❖❋ ❆❇❇❘❊❱■❆❚■❖◆❙ ①✐✐✐

❚❆▲❊◆ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ❚(❛♥+❝(✐♣.✐♦♥ ❆❝.✐✈❛.♦(✲▲✐❦❡ ❊✛❡❝.♦( ◆✉❝❧❡❛+❡+

❚❢ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ❚(❛♥+❢❡((✐♥

❚❋❋✶ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳❚(❡❢♦✐❧ ❢❛❝.♦( ✶

❚❢❘✶ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳❚(❛♥+❢❡((✐♥ ❘❡❝❡♣.♦( ✶

❚●❋α ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ❚(❛♥+❢♦(♠✐♥❣ ●(♦✇.❤ ❋❛❝.♦( ❛❧♣❤❛

❚◆▼ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ❚✉♠♦(✲❧②♠♣❤ ◆♦❞❡✲▼❡.❛+.❛+✐+

❯❙● ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ❯❧.(❛+♦♥♦❣(❛♣❤②

❱❊●❋ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳❱❛+❝✉❧❛( ❊♥❞♦.❤❡❧✐❛❧ ●(♦✇.❤ ❋❛❝.♦(

❲❍❖ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ❲♦(❧❞ ❍❡❛❧.❤ ❖(❣❛♥✐③❛.✐♦♥



■◆❚❘❖❉❯❈❚■❖◆

✶



❈❤❛♣$❡& ✶

❈♦❧♦#❡❝&❛❧ ❝❛♥❝❡#

✶✳✶ ❊♣✐❞❡♠✐♦❧♦❣②

✶✳✶✳✶ ■♥❝✐❞❡♥❝❡

❈♦❧♦#❡❝&❛❧ ❝❛♥❝❡# ✭❈❘❈✮ ✐- &❤❡ &❤✐#❞ ♠♦-& ❝♦♠♠♦♥❧② ❞✐❛❣♥♦-❡❞ ❝❛♥❝❡# ✐♥ ♠❛❧❡- ❛❢&❡# ♣#♦-&❛&❡

❛♥❞ ❧✉♥❣ ❝❛♥❝❡#✱ ❛♥❞ &❤❡ -❡❝♦♥❞ ✐♥ ❢❡♠❛❧❡- ❛❢&❡# ❜#❡❛-& ❝❛♥❝❡#✳ ❚❤❡#❡ ✇❡#❡ ✶✳✽ ♠✐❧❧✐♦♥ ♥❡✇

❝❛-❡- ❛♥❞ ❛❧♠♦-& ✶ ♠✐❧❧✐♦♥ ❞❡❛&❤- ✐♥ ✷✵✶✽ ❛❝❝♦#❞✐♥❣ &♦ &❤❡ ●▲❖❇❖❈❆◆ ❞❛&❛❜❛-❡ ❛♥❞ &❤❡

❲♦#❧❞ ❍❡❛❧&❤ ❖#❣❛♥✐③❛&✐♦♥ ✭❲❍❖✮✳ ❚❤❡ ❤✐❣❤❡-& ✐♥❝✐❞❡♥❝❡ #❛&❡- ♦❢ ❈❘❈ ❛#❡ ✐♥ ❆✉-&#❛❧✐❛✱ ◆❡✇

❩❡❛❧❛♥❞✱ ❊✉#♦♣❡ ❛♥❞ ◆♦#&❤ ❆♠❡#✐❝❛✱ ✇❤✐❧❡ ❆❢#✐❝❛ ❛♥❞ ❙♦✉&❤✲❈❡♥&#❛❧ ❆-✐❛ ❤❛✈❡ &❤❡ ❧♦✇❡-& #❛&❡-

✭❋✐❣✉#❡ ✶✳✶✮ ❬✷❪✳ ❆❧&❤♦✉❣❤ &❤❡ ♣#❡✈❛❧❡♥❝❡ ♦❢ &❤✐- ❞✐-❡❛-❡ ❤❛- -❧♦✇❧② ✐♥❝#❡❛-❡❞ -✐♥❝❡ &❤❡ ✶✾✻✵-✱

&❤❡ ♠♦#&❛❧✐&② #❛&❡ ❤❛- ❞❡❝#❡❛-❡❞ ♦✈❡# &❤❡ ❧❛-& ❢❡✇ ❞❡❝❛❞❡- &❤❛♥❦- &♦ ♥❡✇ &#❡❛&♠❡♥&-✳ S❡♦♣❧❡

♦✈❡# ✺✵ ②❡❛#- ♦❧❞ ❛#❡ &❤❡ ♠♦-& ❛& #✐-❦ ❛♥❞ &❤✐- ♣#♦❜❛❜✐❧✐&② ✐♥❝#❡❛-❡- ✇✐&❤ &❤❡ ②❡❛#-✳ ❆#♦✉♥❞ ❤❛❧❢

♦❢ &❤❡ ♣❛&✐❡♥&- ❞✐❡ ❢#♦♠ ❈❘❈ ✇✐&❤✐♥ ✜✈❡ ②❡❛#-✳ ❆♣♣#♦①✐♠❛&❡❧② ✻✺✪ ♦❢ ❛❧❧ ❈❘❈- ❛#❡ ❧♦❝❛&❡❞ ✐♥

&❤❡ ❝♦❧♦♥ ❛♥❞ ✸✺✪ ✐♥ &❤❡ #❡❝&✉♠✳

✶✳✶✳✷ ❘✐*❦ ❢❛❝.♦0*

❘✐-❦ ❢❛❝&♦#- ✐♥ ❈❘❈ ❛#❡ ♥♦& ✇❡❧❧ ❡-&❛❜❧✐-❤❡❞ ②❡& ❜✉& ✐♥❝❧✉❞❡ ❛❣❡✱ ❢❛♠✐❧② ❤✐-&♦#② ❛♥❞ ❧✐❢❡-&②❧❡✳ ❚❤❡

♠❛❥♦#✐&② ♦❢ ❈❘❈- ❛#❡ -♣♦#❛❞✐❝ #❛&❤❡# &❤❛♥ ❢❛♠✐❧✐❛❧ ❬✸❪❀ ✇✐&❤✐♥ &❤❡ ❧❛&❡-& ❝❛-❡-✱ ♦♥❧② ❛❜♦✉& ✷✵✪

♦❢ &❤❡ ♣❛&✐❡♥&- -❤♦✇ ❛ ❤❡#❡❞✐&❛#② ❞✐-♣♦-✐&✐♦♥ ❬✹❪✳ ❚❤❡ ❜❡-& ❦♥♦✇♥ ❣❡♥❡&✐❝ -②♥❞#♦♠❡- ❛#❡ ❢❛♠✐❧✐❛❧

❛❞❡♥♦♠❛&♦✉- ♣♦❧②♣♦-✐- ✭❋❆S✮ ❛♥❞ ❤❡#❡❞✐&❛#② ♥♦♥✲♣♦❧②♣♦-✐- ❝♦❧♦#❡❝&❛❧ ❝❛♥❝❡# ✭❍◆S❈❈✮✱ ❛❧-♦

❝❛❧❧❡❞ ▲②♥❝❤ -②♥❞#♦♠❡ ❬✺❪✳ ❋❆S #❡♣#❡-❡♥&- ❧❡-- &❤❛♥ ✵✳✶✪ ♦❢ ❛❧❧ ❈❘❈ ❝❛-❡- ❛♥❞ ✐- ❝❤❛#❛❝&❡#✐③❡❞

❜② ❛ ♠✉&❛&✐♦♥ ✐♥ &❤❡ ❆S❈ ❣❡♥❡ ❧❡❛❞✐♥❣ &♦ ❛ ❧❛#❣❡ ♥✉♠❜❡# ♦❢ ❛❞❡♥♦♠❛-✳ ❍◆S❈❈ ❛❝❝♦✉♥&- ❢♦#

❛❜♦✉& ✶✲✸✪ ♦❢ &❤❡ &♦&❛❧ ❝❛-❡- ♦❢ ❈❘❈ ❛♥❞ ✐- ❞✉❡ &♦ ❣❡#♠❧✐♥❡ ♠✉&❛&✐♦♥- ✐♥ ♦♥❡ ♦❢ ❢♦✉# ❞✐✛❡#❡♥&

❉◆❆ ♠✐-♠❛&❝❤ #❡♣❛✐# ❣❡♥❡-✳ ✾✵✪ ♦❢ ❛❧❧ ✐❞❡♥&✐✜❡❞ ♠✉&❛&✐♦♥- ♦❝❝✉# ✐♥ &❤❡ &✇♦ ❣❡♥❡- ▼▲❍✶ ❛♥❞

▼❙❍✷✱ ✇❤✐❝❤ -❤♦✉❧❞ ❜❡ &❤❡ ✜#-& &❡-&❡❞ ✐♥ ❈❘❈ ♣❛&✐❡♥&- ❬✻❪✳

✷



❈❍❆#❚❊❘ ✶✳ ❈❖▲❖❘❊❈❚❆▲ ❈❆◆❈❊❘ ✸

❋✐❣✉%❡ ✶✳✶✿ ❇❛% ❝❤❛%. ♦❢ %❡❣✐♦♥✲3♣❡❝✐✜❝ ✐♥❝✐❞❡♥❝❡ ❛❣❡✲3.❛♥❞❛%❞✐③❡❞ %❛.❡3 ❜② 3❡① ❢♦% ❝❛♥❝❡%3 ♦❢

.❤❡ ❝♦❧♦♥ ✭❆✮ ❛♥❞ .❤❡ %❡❝.✉♠ ✭❇✮ ✐♥ ✷✵✶✽ ✭●▲❖❇❖❈❆◆ ❞❛.❛❜❛3❡✮✳



❈❍❆#❚❊❘ ✶✳ ❈❖▲❖❘❊❈❚❆▲ ❈❆◆❈❊❘ ✹

●❡♥❡$✐❝ ❝❤❛♥❣❡* ❛+❡ ❝❛✉*❡❞ ❜② ❛❣❡✱ ❧✐❢❡*$②❧❡ ❛♥❞ ❡♥✈✐+♦♥♠❡♥$❛❧ ❢❛❝$♦+* ✐♥ *♣♦+❛❞✐❝ ❝❛*❡*✳ ❉✐❡$❛+②

❢❛❝$♦+* $❤❛$ ♠❛② ✐♥❝+❡❛*❡ $❤❡ +✐*❦ ♦❢ ❈❘❈ ❛+❡ ❛ ❧♦✇ ✐♥$❛❦❡ ♦❢ ❢+✉✐$ ❛♥❞ ✈❡❣❡$❛❜❧❡*✱ ❛♥❞✴♦+ ❛ ❤✐❣❤

✐♥$❛❦❡ ♦❢ +❡❞ ♠❡❛$✱ *❛$✉+❛$❡❞ ❢❛$ ❝♦♥*✉♠♣$✐♦♥ ♦+ ❡①❝❡**✐✈❡ ❛❧❝♦❤♦❧ ❬✼❪✳ ❍♦✇❡✈❡+✱ ❛♥❞ ❞❡*♣✐$❡

✈❛+✐♦✉* *$✉❞✐❡* ❜❛*❡❞ ♦♥ ❢♦♦❞ ❤❛❜✐$*✱ ❛❧❝♦❤♦❧ ❛♥❞ $♦❜❛❝❝♦ ❝♦♥*✉♠♣$✐♦♥✱ ♣❤②*✐❝❛❧ ❛❝$✐✈✐$② ❛♥❞

♠❡❞✐❝❛$✐♦♥ +✐*❦ ❢❛❝$♦+*✱ $❤❡✐+ ✐♥✢✉❡♥❝❡ ♦♥ $❤❡ ❞❡✈❡❧♦♣♠❡♥$ ♦❢ ❈❘❈ +❡♠❛✐♥* ✉♥❝❧❡❛+✳

✶✳✶✳✸ ❉✐❛❣♥♦)✐)

❚❤❡ ♠❛❥♦+✐$② ♦❢ ❝♦❧♦+❡❝$❛❧ ❝❛♥❝❡+ ♣❛$✐❡♥$* ❛+❡ ❞✐❛❣♥♦*❡❞ ❛❢$❡+ $❤❡ ❞❡✈❡❧♦♣♠❡♥$ ♦❢ *②♠♣$♦♠*

+❡❢❡+❛❜❧❡ $♦ $❤❡ ❣❛*$+♦✐♥$❡*$✐♥❛❧ $+❛❝$✱ ❛♥❞ ♠❛♥✐❢❡*$ ♠♦+❡ ❛❞✈❛♥❝❡❞ ❞✐*❡❛*❡ $❤❛♥ ❛*②♠♣$♦♠❛$✐❝

♣❛$✐❡♥$* ❬✽❪✳ ❯♥❢♦+$✉♥❛$❡❧②✱ $❤✐* ✐* ✇❤② ❜♦✇❡❧ ❝❛♥❝❡+ ✐* ♦❢$❡♥ ✈❡+② ❛❞✈❛♥❝❡❞ ✐❢ ♣❛$✐❡♥$* ✇❛✐$ ✉♥$✐❧

*②♠♣$♦♠* *❤♦✇ ❛♥❞ ✇❤② ❡❛+❧② *❝+❡❡♥✐♥❣ ❤❛✈❡ +❡❝❡♥$❧② +❡❞✉❝❡❞ ❈❘❈ +❡❧❛$❡❞ ❞❡❛$❤*✳ ❙②♠♣$♦♠*

*✉❝❤ ❛* ❜❧♦♦❞ ✐♥ $❤❡ *$♦♦❧*✱ ❜❧❡❡❞✐♥❣ ❛♥❛❡♠✐❛✱ ❝❤❛♥❣❡ ✐♥ ❜♦✇❡❧ ❤❛❜✐$*✱ ♣❛✐♥ ✐♥ $❤❡ ❣❛*$+♦✐♥$❡*$✐♥❛❧

$+❛❝$ ❛♥❞ ❛ ♣❛❧♣❛❜❧❡ ♠❛** ✐♥ $❤❡ ❛❜❞♦♠✐♥❛❧ ❛+❡❛ ♠✉*$ ❜❡ ❝❤❡❝❦❡❞ ❜② ❛ *♣❡❝✐❛❧✐*$✳ ❚❤❡ ❝❧✐♥✐❝❛❧

❡①❛♠✐♥❛$✐♦♥ *❤♦✉❧❞ ✐♥✈♦❧✈❡ ❛*❝❡+$❛✐♥♠❡♥$ ♦❢ ❛♥② ❢❛♠✐❧✐❛❧ ❤✐*$♦+② ♦❢ $❤❡ ❞✐*❡❛*❡ ❛♥❞ ❛❜❞♦♠✐♥❛❧

❛♥❞ +❡❝$❛❧ ♣❛❧♣❛$✐♦♥✳ ❋❡❝❛❧ ♦❝❝✉❧$ ❜❧♦♦❞ $❡*$ ❛♥❞ ♠❡❛*✉+❡♠❡♥$ ♦❢ ♥♦♥✲❡♥③②♠❛$✐❝ $✉♠♦+ ♠❛+❦❡+*

❛+❡ ❝♦♠♠♦♥ ❞✐❛❣♥♦*$✐❝ ♠❡$❤♦❞* +✉♥ ✐♥ $❤❡ ❧❛❜♦+❛$♦+② ❜✉$ $❤❡② ✉♥❢♦+$✉♥❛$❡❧② ❤❛✈❡ *♦♠❡ ❢❛❧*❡

♥❡❣❛$✐✈❡ +❡*✉❧$*✳

❆ ♠♦+❡ ✐♥✈❛*✐✈❡ ♠❡$❤♦❞ ❢♦+ ❞✐❛❣♥♦*✐*✱ ❜✉$ $❤❡ ♠♦*$ ❡✣❝✐❡♥$ ♦♥❡✱ ✐* ❡♥❞♦*❝♦♣② ❬✾❪ ❬✶✵❪✳ ❈♦❧♦♥♦*❝♦♣②

❛❧❧♦✇* *❝+❡❡♥✐♥❣ ♦❢ $❤❡ ❡♥$✐+❡ ❝♦❧♦♥ ❛♥❞ ✐❞❡♥$✐✜❝❛$✐♦♥ ♦❢ ♣+❡❝❛♥❝❡+♦✉* ♣♦❧②♣* ❬✶✶❪✳ ▼♦*$ ♣♦❧②♣*

❣+♦✇ ♦✈❡+ ❛ ❞❡❝❛❞❡ ♦+ ♠♦+❡ $❤+♦✉❣❤ ❛ *❡+✐❡* ♦❢ ♠✉$❛$✐♦♥* ❛♥❞ ❛+❡ ❛*②♠♣$♦♠❛$✐❝ ❢♦+ $❤❡ ♣❛$✐❡♥$✳

❇✐♦♣*② ❞✉+✐♥❣ ❝♦❧♦♥♦*❝♦♣② ❛❧❧♦✇* $❤❡ +❡♠♦✈❛❧ ♦❢ $❤❡*❡ ♣♦❧②♣* ♣+✐♦+ $♦ $❤❡✐+ ♣+♦❣+❡**✐♦♥ $♦ ❝❛♥✲

❝❡+✳ ❍♦✇❡✈❡+✱ ❡♥❞♦*❝♦♣② ♦❢$❡♥ ❝❛✉*❡* ❞✐*❝♦♠❢♦+$ ✐♥ ♣❛$✐❡♥$* ❛♥❞ ❝❛♥ ❛❧*♦ ❧❡❛❞ $♦ ❝♦♠♣❧✐❝❛$✐♦♥*

*✉❝❤ ❛* ❛ +✐*❦ ♦❢ ♣❡+❢♦+❛$✐♦♥ ♦+ ❜❧❡❡❞✐♥❣ ❢+♦♠ $❤❡ ❧❛+❣❡ ✐♥$❡*$✐♥❡ ❬✶✷❪✳ ❖$❤❡+ ✐♠❛❣✐♥❣ $❡*$* ❛+❡

$❤❡♥ ❝♦♥*✐❞❡+❡❞✱ ✐♥❝❧✉❞✐♥❣ ❡♥❞♦+❡❝$❛❧ ✉❧$+❛*♦♥♦❣+❛♣❤② ✭❯❙●✮✱ ❛❜❞♦♠✐♥❛❧ ❯❙●✱ ❝♦♠♣✉$❡❞ $♦✲

♠♦❣+❛♣❤② ✭❈❚✮✱ ♥✉❝❧❡❛+ ♠❛❣♥❡$✐❝ +❡*♦♥❛♥❝❡ ✭◆▼❘✮ ❛♥❞ ♣♦*✐$+♦♥ ❡♠✐**✐♦♥ $♦♠♦❣+❛♣❤② ✭Y❊❚✮✱

❜✉$ $❤❡*❡ ♠❡$❤♦❞* ❛+❡ ❛♣♣❧✐❝❛❜❧❡ ♦♥❧② ❢♦+ *❡✈❡+❡ ❢♦❝❛❧ ❧❡*✐♦♥* ❬✶✵❪✳

✶✳✷ ◆♦%♠❛❧ ❝♦❧♦♥ ❡♣✐.❤❡❧✐✉♠ .♦ ❝❛%❝✐♥♦♠❛

✶✳✷✳✶ ❆♥❛,♦♠② ♦❢ ,❤❡ ❝♦❧♦♥

❚❤❡ ❝♦❧♦♥✱ ♦+ ❧❛+❣❡ ✐♥$❡*$✐♥❡✱ ✐* $❤❡ ❞✐*$❛❧ ♣❛+$ ♦❢ $❤❡ ❣❛*$+♦✐♥$❡*$✐♥❛❧ $+❛❝$ ❛♥❞ ✐* ❛❜♦✉$ ✶✳✺

♠❡$❡+* ❧♦♥❣✳ ❚❤❡ ✐❧❡✉♠ ✭$❤❡ ❧❛*$ ♣❛+$ ♦❢ $❤❡ *♠❛❧❧ ✐♥$❡*$✐♥❡✮ ❝♦♥♥❡❝$* $♦ $❤❡ ❝❡❝✉♠ ✭$❤❡ ✜+*$

♣❛+$ ♦❢ $❤❡ ❝♦❧♦♥✮✳ ❚❤❡ +❡*$ ♦❢ $❤❡ ❝♦❧♦♥ ✐* ❞✐✈✐❞❡❞ ✐♥$♦ ❢♦✉+ ♣❛+$* ✭❋✐❣✉+❡ ✶✳✷✮✿

• ❚❤❡ ❛*❝❡♥❞✐♥❣ ❝♦❧♦♥ ❣♦❡* *✉♣❡+✐♦+❧② ♦♥ $❤❡ +✐❣❤$ *✐❞❡ ♦❢ $❤❡ ❛❜❞♦♠❡♥ ❢+♦♠ $❤❡ +✐❣❤$ ✐❧✐❛❝

❢♦**❛ $♦ $❤❡ +✐❣❤$ ❧♦❜❡ ♦❢ $❤❡ ❧✐✈❡+✳



•

•

•



•

•

•



•

•

•



❈❍❆#❚❊❘ ✶✳ ❈❖▲❖❘❊❈❚❆▲ ❈❆◆❈❊❘ ✽

• ❙"❛❣❡ ■■■✿ ❈❛♥❝❡+ ❤❛- -♣+❡❛❞ "♦ ❧♦❝❛❧ ❧②♠♣❤ ♥♦❞❡-✳

• ❙"❛❣❡ ■❱✿ ❈❛♥❝❡+ ♠❡"❛-"❛-✐-❡- ❛♥❞ -♣+❡❛❞- "♦ ❞✐-"❛♥" ♣❛+"- ♦❢ "❤❡ ❜♦❞② -✉❝❤ ❛- "❤❡ ❧✐✈❡+

❛♥❞ ❧✉♥❣- ❬✷✶❪✳

❋✐❣✉+❡ ✶✳✺✿ ❈♦❧♦+❡❝"❛❧ ❝❛♥❝❡+ ❞❡✈❡❧♦♣♠❡♥"✳ A+♦❣+❡--✐♦♥ ❢+♦♠ ♥♦+♠❛❧ ❡♣✐"❤❡❧✐✉♠ "♦ ❧❛"❡ ❛❞❡♥♦♠❛

♦+ ♠❡"❛-"❛"✐❝ ❝❛♥❝❡+ "❛❦❡- ❛❜♦✉" ✶✵ ②❡❛+- ❢+♦♠ "❤❡ ❢♦+♠❛"✐♦♥ ♦❢ "❤❡ ✜+-" -♠❛❧❧ ♣♦❧②♣- ✐♥ "❤❡

✐♥"❡-"✐♥❡✳ ❚❤✐- ♣❡+✐♦❞ ♦❢ "✐♠❡ ✐- ❞✐✈✐❞❡❞ "♦ ■❱ -"❛❣❡- ♦❢ ❝❛♥❝❡+ ❬✷✵❪✳





❈❍❆#❚❊❘ ✶✳ ❈❖▲❖❘❊❈❚❆▲ ❈❆◆❈❊❘ ✶✵

❝❤$♦♠♦'♦♠❡ ❬✷✻❪✳

▲♦'' ♦❢ ♠✐1♦1✐❝ ✜❞❡❧✐1② ✐♥ ❈■◆ $❡'✉❧1' ✐♥ ❣❡♥❡1✐❝ ❞❡❢❡❝1' ✐♥ ❣❡♥❡' '✉❝❤ ❛' ❆>❈✱ ❈❖❳✷✱ ❑❘❆❙✱

❉❈❈✲❙▼❆❉✹✱ ♣✺✸✱ ❊●❋❘✱ ❛' ✇❡❧❧ ❛' ✐♥ ❧♦'' ♦❢ ❤❡1❡$♦③②❣♦'✐1② ✭▲❖❍✮ ❬✷✼❪✳ ■♥1❡$❡'1✐♥❣❧②✱ ❛ ❜❡11❡$

✉♥❞❡$'1❛♥❞✐♥❣ ♦❢ 1❤❡ ♠❡❝❤❛♥✐'♠' ❛♥❞ 1❤❡ ❝❡❧❧✉❧❛$ ❝♦♥'❡V✉❡♥❝❡' ♦❢ ❈■◆ ❝♦✉❧❞ ❜❡ ❡①♣❧♦✐1❡❞ ✐♥

❝❛♥❝❡$ 1❤❡$❛♣② ❬✷✽❪ ❬✷✾❪✳

✶✳✸✳✷ ▼✐❝'♦)❛+❡❧❧✐+❡ ■♥)+❛❜✐❧✐+② ✭▼❙■✮

▼✐❝$♦'❛1❡❧❧✐1❡ ■♥'1❛❜✐❧✐1② ✭▼❙■✮ ♦❝❝✉$' ✐♥ ❛♣♣$♦①✐♠❛1❡❧② ✶✺✲✷✵✪ ♦❢ ❝♦❧♦$❡❝1❛❧ ❝❛♥❝❡$' ❛♥❞ ♠♦$❡

1❤❛♥ ✾✺✪ ♦❢ ❛❧❧ ▲②♥❝❤ '②♥❞$♦♠❡ ❝❛'❡'✳ ▼✐❝$♦'❛1❡❧❧✐1❡' ❛$❡ '♠❛❧❧ ✭✶✲✻ ❜❛'❡ ♣❛✐$'✮ $❡♣❡1✐1✐✈❡ ❉◆❆

'❡V✉❡♥❝❡' ❞✐'1$✐❜✉1❡❞ 1❤$♦✉❣❤♦✉1 1❤❡ ❡♥1✐$❡ ❣❡♥♦♠❡ ✭❝♦❞✐♥❣ ❛♥❞ ♥♦♥✲❝♦❞✐♥❣ $❡❣✐♦♥'✮ ❛♥❞ $❡♣✲

$❡'❡♥1✐♥❣ ❛❜♦✉1 ✸✪ ♦❢ 1❤❡ ❤✉♠❛♥ ❣❡♥♦♠❡✳ ❉✉❡ 1♦ 1❤❡✐$ $❡♣❡❛1❡❞ '1$✉❝1✉$❡✱ 1❤❡② ❛$❡ ✐♥❝❧✐♥❡❞ 1♦

❛ ❤✐❣❤ ♠✉1❛1✐♦♥ $❛1❡ ❬✸✵❪✳

▼❙■ ✐♥❞✐❝❛1❡' ❛ ❞❡❢❡❝1✐✈❡ ♠✐'♠❛1❝❤ $❡♣❛✐$ ✭❞▼▼❘✮ '②'1❡♠ $❡'✉❧1✐♥❣ ✐♥ ❛❧1❡$❛1✐♦♥' ✐♥ 1❤❡ $❡♣❡❛1

❧❡♥❣1❤' ❜❡❝❛✉'❡ ♦❢ ❛ ❢❛✐❧✉$❡ 1♦ ❝♦$$❡❝1 ♥✉❝❧❡♦1✐❞❡ ♠✐'♠❛1❝❤❡'✳ ❚❤✉'✱ ▼❙■ 1✉♠♦$' '❤❛$❡ 1❤❡ '❛♠❡

♥❡❛$ ❞✐♣❧♦✐❞ ❝❤$♦♠♦'♦♠❡ ❝♦♥1❡♥1 ❛' ♥♦$♠❛❧ ❝❡❧❧' ❜✉1 ✇✐1❤ ❛♥ ✐♥❝$❡❛'❡❞ ♥✉❝❧❡♦1✐❞❡ ♠✉1❛1✐♦♥ $❛1❡✳

▼❙■ ✐♥ '♣♦$❛❞✐❝ ❈❘❈ ✐' ♠❛✐♥❧② ❝❛✉'❡❞ ❜② ❤②♣❡$♠❡1❤②❧❛1✐♦♥ ♦❢ 1❤❡ ♣$♦♠♦1❡$ $❡❣✐♦♥ ♦❢ ▼▲❍✶✱

$❡'✉❧1✐♥❣ ✐♥ 1$❛♥'❝$✐♣1✐♦♥❛❧ '✐❧❡♥❝✐♥❣✱ ✇❤✐❧❡ ✐♥ ▲②♥❝❤ '②♥❞$♦♠❡✱ ▼❙■ ✐' ❝❛✉'❡❞ ❜② ❛ ❣❡$♠❧✐♥❡

♠✉1❛1✐♦♥ ✐♥ 1❤❡ ▼❙❍✷ ❣❡♥❡ ❬✸✶❪ ❬✸✷❪✳ ▼❙■ ✐' ❛ '✐❣♥✐✜❝❛♥1 ❣❡♥❡1✐❝ ♠❛$❦❡$✱ ✇❤✐❝❤ ✐' ✉'❡❞ ❞✐✲

❛❣♥♦'1✐❝❛❧❧② ❢♦$ 1✉♠♦$ ❞❡1❡❝1✐♦♥ ❛♥❞ ❝❧❛''✐✜❝❛1✐♦♥✱ ❛♥❞ ✇❤✐❝❤ ❝♦✉❧❞ ❛❧'♦ ❜❡ ✉'❡❢✉❧ ❢♦$ ❞$✉❣

❞❡✈❡❧♦♣♠❡♥1 '1$❛1❡❣✐❡' ❬✸✸❪✳

✶✳✸✳✸ ❈♣● ✐)❧❛♥❞ ♠❡+❤②❧❛+♦' ♣❤❡♥♦+②♣❡ ✭❈■▼;✮

❈♣● ✐'❧❛♥❞ ♠❡1❤②❧❛1♦$ ♣❤❡♥♦1②♣❡ ✭❈■▼>✮ $❡❢❡$' 1♦ 1❤❡ ♣$❡'❡♥❝❡ ♦❢ ❝♦♥❝♦♠✐1❛♥1 ❤②♣❡$♠❡1❤②✲

❧❛1✐♦♥ ♦❢ ♠✉❧1✐♣❧❡ ❣❡♥❡' $❡'✉❧1✐♥❣ ✐♥ ❣❡♥❡ '✐❧❡♥❝✐♥❣ ❬✸✹❪ ❬✸✺❪✱ ❤❡♥❝❡ ♣$♦✈✐❞✐♥❣ ❛♥ ❛❧1❡$♥❛1✐✈❡

♠❡❝❤❛♥✐'♠ ❢♦$ ❧♦'' ♦❢ ❢✉♥❝1✐♦♥ ♦❢ 1✉♠♦$ '✉♣♣$❡''♦$ ❣❡♥❡' ❬✸✻❪✳ ■1 ❛♣♣❡❛$' 1❤❛1 ❞❡❝$❡❛'❡❞ ❣❡♥❡

❡①♣$❡''✐♦♥ ✐' ♦♥❧② ❝♦♠♠♦♥ 1♦ ❛ '✉❜❣$♦✉♣ ♦❢ ♠❡1❤②❧❛1❡❞ ❣❡♥❡' ✐♥ ❈❘❈✳ ❈❛♥❝❡$ ♣$♦❣$❡''✐♦♥ ✐'

❛''♦❝✐❛1❡❞ ✇✐1❤ 1✇♦ 1②♣❡' ♦❢ ♠❡1❤②❧❛1✐♦♥✿ 1②♣❡ ❆ ♠❡1❤②❧❛1✐♦♥ ✐' ❛❣❡✲$❡❧❛1❡❞ ❛♥❞ ❛♣♣❡❛$' ✐♥

♥♦$♠❛❧ ❝♦❧♦$❡❝1❛❧ ❡♣✐1❤❡❧✐❛❧ ❝❡❧❧' '❡11✐♥❣ ❛ ♣$❡❞✐'♣♦'✐1✐♦♥ '1❛1❡ 1❤❛1 ♣$❡❝❡❞❡' 1✉♠♦$ ❢♦$♠❛1✐♦♥ ✐♥

1❤❡ ❝♦❧♦♥ ❬✸✼❪✱ ✇❤✐❧❡ 1②♣❡ ❈ ♠❡1❤②❧❛1✐♦♥ ✐' ❡①❝❧✉'✐✈❡❧② ❢♦✉♥❞ ✐♥ ❈❘❈ ❛♥❞ ♥♦1 '❡❡♥ ✐♥ ♥♦$♠❛❧

❝♦❧♦♥ ❬✸✽❪✳

■♥1❡$❡'1✐♥❣❧②✱ ♦✈❡$❧❛♣ ❜❡1✇❡❡♥ ▼❙■ ❛♥❞ ❈■▼> ♦❝❝✉$' ✐♥ ❛♣♣$♦①✐♠❛1❡❧② ✶✷✪ ♦❢ ❈❘❈' ✇❤❡♥ 1❤❡

♣$♦♠♦1❡$ ♦❢ 1❤❡ ▼▲❍✶ ❣❡♥❡ ✐' ♠❡1❤②❧❛1❡❞ ❧❡❛❞✐♥❣ 1♦ ▼❙■ ❬✸✾❪✳ ▼❡1❤②❧❛1❡❞ ❣❡♥❡' ❛$❡ ✉'❡❞ ❛'

❡♣✐❣❡♥❡1✐❝ ❜✐♦♠❛$❦❡$' ♥♦✇❛❞❛②' 1❤❡$❡❢♦$❡ ❈■▼> ✐' ❛ ♣♦1❡♥1✐❛❧ '♣❡❝✐✜❝ ❜✐♦♠❛$❦❡$ ❢♦$ ❈❘❈✳



❈❍❆#❚❊❘ ✶✳ ❈❖▲❖❘❊❈❚❆▲ ❈❆◆❈❊❘ ✶✶

✶✳✹ ▼♦❧❡❝✉❧❛* ♣*♦❣♥♦./✐❝.

❈❘❈ ✐$ ❛ ❤❡(❡)♦❣❡♥❡♦✉$ ❛♥❞ ❝♦♠♣❧❡① ❞✐$❡❛$❡ ❞✉❡ (♦ (❤❡ ❛❝❝✉♠✉❧❛(✐♦♥ ♦❢ ❞✐✛❡)❡♥( ❣❡♥❡(✐❝ ❛♥❞

❡♣✐❣❡♥❡(✐❝ ❛❧(❡)❛(✐♦♥$✳ ❆♥ ❡❛)❧② ❞✐❛❣♥♦$✐$ ❝♦✉❧❞ ❧❡❛❞ (♦ ❛♥ ✐♥❝)❡❛$❡ ✐♥ $✉❝❝❡$$❢✉❧ ()❡❛(♠❡♥($ ❛♥❞

(❛)❣❡(❡❞ (❤❡)❛♣✐❡$ ❛)❡ ❛❜$♦❧✉(❡❧② ♥❡❝❡$$❛)②✳ ❘❡❝❡♥(❧②✱ $(✉❞✐❡$ ❤❛✈❡ ❜❡❡♥ ❢♦❝✉$❡❞ ♦♥ (❤❡ ✐❞❡♥(✐✜✲

❝❛(✐♦♥ ♦❢ ♠✉(❛(✐♦♥$ ✐♥ ❦❡② ❣❡♥❡$ ✐♥✈♦❧✈❡❞ ✐♥ ❈❘❈ ♣)♦❣)❡$$✐♦♥ $✉❝❤ ❛$ ❆?❈✱ ❑❘❆❙✱ ❇❘❆❋ ♦) ♣✺✸

❛♥❞ ♦♥ ✐❞❡♥(✐❢②✐♥❣ ♥❡✇ ♣)❡❞✐❝(✐✈❡ ♠♦❧❡❝✉❧❛) ♠❛)❦❡)$ $✉❝❤ ❛$ ❈❊❆ ❛♥❞ ❈❆✲✶✾✳✾ ✭❋✐❣✉)❡ ✶✳✼✮ ❬✹✵❪✳

❇✐♦♠❛%❦❡%(

❇❘❆❋ ♠✉-❛-✐♦♥( ❙♣❡❝✐✜❝ ♣❤❡♥♦-②♣❡ ❛♥❞ ♠❡-❛(-❛(✐(❀ %❡(✐(-❛♥❝❡ -♦ ❛♥-✐✲❊●❋❘ ♠❆❜

❑❘❆❙ ♠✉-❛-✐♦♥( ❍❡-❡%♦❣❡♥❡✐-② ♦❢ ❈❘❈✱ %❡(✐(-❛♥❝❡ -♦ ❛♥-✐✲❊●❋❘ ♠❆❜

▼❙■ ❘❡(✐(-❛♥❝❡ -♦ ✺✲❋❯

❆E❈ ♠✉-❛-✐♦♥( E♦♦%❡% ♦✈❡%❛❧❧ (✉%✈✐✈❛❧

▼✐❝%♦✲❘◆❆ ❊❛%❧② ❞❡-❡❝-✐♦♥ ♦❢ ❈❘❈✱ ♣%♦❣♥♦(-✐❝ (-%❛-✐✜❝❛-✐♦♥ ❛♥❞ -❤❡%❛♣②✲%❡(♣♦♥(❡ ♣%❡❞✐❝-✐♦♥

E■✸❑❈❆ ♠✉-❛-✐♦♥( E♦♦% ♣%♦❣♥♦(✐( ❛♥❞ ♣❛%-✐❝✉❧❛% ❝❧✐♥✐❝♦✲♣❛-❤♦❧♦❣✐❝❛❧ ❝❤❛%❛❝-❡%✐(-✐❝(✱ %❡(✐(-❛♥❝❡ -♦ ❛♥-✐✲❊●❋❘ ♠❆❜

▲♦(( ♦❢ E❚❊◆ ❍✐❣❤ -❡♥❞❡♥❝② -♦ ❞❡✈❡❧♦♣ ♠❡-❛(-❛(✐(✱ %❡(✐(-❛♥❝❡ -♦ ❛♥-✐✲❊●❋❘ ♠❆❜

♣✺✸ ❡①♣%❡((✐♦♥ E♦♦% ❞✐❛❣♥♦(✐(

▲♦(( ♦❢ ◆❉❙❚✹ ❆❞✈❡%(❡ ♣%♦❣♥♦(✐(✱ ♠♦❧❡❝✉❧❛% ♣%❡❞✐❝-♦% ♦❢ ♠❡-❛(-❛(✐(

▲♦(( ♦❢ ✶✽Q▲❖❍ E♦♦% ❞✐❛❣♥♦(✐(

■●❋❘✲■❘ ❍✐❣❤ ❧❡✈❡❧( ✐♥ ♠❡-❛(-❛-✐❝ ❈❘❈✱ ♣♦♦% ♦✈❡%❛❧❧ (✉%✈✐✈❛❧

❋✐❣✉)❡ ✶✳✼✿ ❊①❛♠♣❧❡$ ♦❢ ❜✐♦♠❛)❦❡)$ ❢♦) ❈❘❈ ❞✐❛❣♥♦$✐$ ❬✹✵❪✳

✶✳✹✳✶ ❆$❈

❚❤❡ ❆❞❡♥♦♠❛(♦✉$ ?♦❧②♣♦$✐$ ❈♦❧✐ ✭❆?❈✮ ❣❡♥❡ ✐$ (❤❡ ♠♦$( ❝♦♠♠♦♥ ♠✉(❛(❡❞ ❣❡♥❡ ✐♥ ❋❆? ❛♥❞

(❤✐$ ♠✉(❛(✐♦♥ ✐$ ♣)❡$❡♥( ✐♥ ❛❜♦✉( ✼✺✪ ♦❢ ❛❧❧ $♣♦)❛❞✐❝ ❈❘❈✳ ❆?❈ ✐$ ❛ (✉♠♦)✲$✉♣♣)❡$$♦) ❣❡♥❡

❛♥❞ ✐($ ♠✉(❛(✐♦♥ ()✐❣❣❡)$ (❤❡ ❛❝(✐✈❛(✐♦♥ ♦❢ (❤❡ ❲♥( $✐❣♥❛❧✐♥❣ ♣❛(❤✇❛② ✐♥ (❤❡ ❡❛)❧✐❡) $(❛❣❡$ ♦❢

❈❘❈ ❞❡✈❡❧♦♣♠❡♥(✳ ❆?❈ ♠✉(❛(✐♦♥$ ❛❝(✐✈❛(❡ (❤❡ ❲♥(✴β✲❝❛(❡♥✐♥ $✐❣♥❛❧✐♥❣ ♣❛(❤✇❛② ❝❛✉$✐♥❣ (❤❡

$(❛❜✐❧✐③❛(✐♦♥ ❛♥❞ ❛❝❝✉♠✉❧❛(✐♦♥ ♦❢ ❜❡(❛✲❝❛(❡♥✐♥ ♣)♦(❡✐♥ ✐♥ (❤❡ ❝②(♦♣❧❛$♠✱ ♣)✐♦) (♦ ✐($ ()❛♥$❧♦❝❛(✐♦♥

(♦ (❤❡ ❝❡❧❧ ♥✉❝❧❡✉$✳ ❲♥( ❞♦✇♥$()❡❛♠ ❡✛❡❝(♦)$ ❛)❡ ♦✈❡)❛❝(✐✈❛(❡❞ ❛♥❞ ♣)♦♠♦(❡ ♣)♦❧✐❢❡)❛(✐♦♥✱

♠✐❣)❛(✐♦♥✱ ✐♥✈❛$✐♦♥ ❛♥❞ ♠❡(❛$(❛$✐$ ♦❢ ❝❛♥❝❡)♦✉$ ❝❡❧❧$ ❬✹✶❪ ❬✹✷❪✳ β✲❝❛(❡♥✐♥ ♠✉(❛(✐♦♥$ ❝❛♥ ()✐❣❣❡)

♣♦❧②♣ ❢♦)♠❛(✐♦♥ ❡✈❡♥ ✇❤❡♥ ❆?❈ ✐$ ♥♦( ♠✉(❛(❡❞ ❜❡❝❛✉$❡ ✐( ✐$ ❞♦✇♥$()❡❛♠ ♦❢ ❆?❈✳

❆ ❤②♣❡)♠❡(❤②❧❛(❡❞ ❆?❈ ♣)♦♠♦(❡) ✇❛$ ♠♦)❡ ❢)❡W✉❡♥( ✐♥ ❛❞❡♥♦♠❛ (❤❛♥ ✐♥ ♥♦)♠❛❧ ❡♣✐(❤❡❧✐❛❧

❝❡❧❧$ ❛♥❞ ❆?❈ ❤②♣❡)♠❡(❤②❧❛(✐♦♥ ❝♦✉❧❞ ❜❡ ❛♥ ✐♠♣♦)(❛♥( ❜✐♦♠❛)❦❡) ❢♦) ❡❛)❧② ❈❘❈ ❞✐❛❣♥♦$✐$ ❛♥❞

♣♦(❡♥(✐❛❧❧② ❧❡❛❞ (♦ ♣❡)$♦♥❛❧✐③❡❞ (❤❡)❛♣② ❬✹✵❪✳

✶✳✹✳✷ ❑❘❆❙✲❇❘❆❋

❚❤❡ ❑❘❆❙ ❣❡♥❡ ✐$ ❛ ♠❡♠❜❡) ♦❢ (❤❡ ❘❆❙ ❣❡♥❡ ❢❛♠✐❧②✱ ✇❤✐❝❤ ✐$ ✐♠♣♦)(❛♥( ✐♥ (✉♠♦) ❝❡❧❧ ♣)♦❧✐❢❡)✲

❛(✐♦♥✱ ✐♥✈❛$✐♦♥ ❛♥❞ ✐♥❤✐❜✐(✐♦♥ ♦❢ ❛♣♦♣(♦$✐$ ❬✹✸❪✳

❑❘❆❙ ♠✉(❛(✐♦♥$✱ ✇❤✐❝❤ ❛)❡ ♠❛✐♥❧② ❢♦✉♥❞ ✐♥ ❝♦❞♦♥$ ✶✷ ❛♥❞ ✶✸ ♦❢ ❡①♦♥ ✷✱ ❛❧(❡) (❤❡ ●❚?❛$❡



❈❍❆#❚❊❘ ✶✳ ❈❖▲❖❘❊❈❚❆▲ ❈❆◆❈❊❘ ✶✷

❛❝$✐✈✐$② ♦❢ ❑❘❆❙ ❧❡❛❞✐♥❣ $♦ ❑❘❆❙ ♣4♦$❡✐♥5 ❜❡✐♥❣ ♠❛✐♥$❛✐♥❡❞ ✐♥ ❛ ●❚:✲❜♦✉♥❞ ❛❝$✐✈❡ 5$❛$❡✳

❆❝$✐✈❡ ❑❘❆❙ ❝❛✉5❡5 ❛♥ ✐♥❝4❡❛5❡ ✐♥ $✉♠♦4 ❝❡❧❧ ♣4♦❧✐❢❡4❛$✐♦♥ ❛♥❞ ♣4♦$❡❝$5 ❛❣❛✐♥5$ ❛♣♦♣$♦5✐5 ❛♥❞

♣4♦♠♦$❡5 ♠❡$❛5$❛5✐5 ❬✹✹❪✳ ❆♣♣4♦①✐♠❛$❡❧② ✺✵✪ ♦❢ ❈❘❈ ❤❛✈❡ ❘❆❙ ❣❡♥❡ ♠✉$❛$✐♦♥5 $❤❛$ ♦❝❝✉4 ✐♥

$❤❡ ❡❛4❧② 5$❛❣❡5 ♦❢ ❈❘❈ $✉♠♦4✐❣❡♥❡5✐5✳ ❙♦♠❡ 5$✉❞✐❡5 ❧✐♥❦ ❑❘❆❙ ♠✉$❛$✐♦♥5 $♦ ❛ ✇♦45❡ ♣4♦❣♥♦5✐5

✐♥ ❈❘❈✳ ❇❘❆❋ ✐5 ❛ ❞♦✇♥5$4❡❛♠ ❡✛❡❝$♦4 ♦❢ $❤❡ ❑❘❆❙ ❣❡♥❡ ❛♥❞ ❇❘❆❋ ♠✉$❛$✐♦♥5 ✐♥ ❈❘❈ ❛4❡

❢♦✉♥❞ ✐♥ ❡①♦♥5 ✶✶ ❛♥❞ ✶✺ ❬✹✺❪✳ ❚❤❡ ❝♦♠♠♦♥ ❱✻✵✵❊ 5✉❜5$✐$✉$✐♦♥ ♦❢ ✈❛❧✐♥❡✲$♦✲❣❧✉$❛♠✐❝ ❛❝✐❞ ✐♥

$❤❡ ❦✐♥❛5❡ ❞♦♠❛✐♥ 4❡5✉❧$5 ✐♥ ❛❜♥♦4♠❛❧ ❛❝$✐✈❛$✐♦♥ ♦❢ $❤❡ ▼❊❑✲❊❘❑ ♣❛$❤✇❛② ❬✸✾❪ ❬✹✻❪✳ ❇❘❆❋

♠✉$❛$✐♦♥5 ❛4❡ ❛55♦❝✐❛$❡❞ ✇✐$❤ $❤❡ ♣4❡5❡♥❝❡ ♦❢ ❞❡❢❡❝$✐✈❡ ▼▼❘ ❜✉$ 5♦♠❡ 5$✉❞✐❡5 5✉❣❣❡5$ $❤❛$

▼▼❘5 ✇❡4❡ ❞✉❡ $♦ ❛♥ ❛❧$❡4♥❛$✐✈❡ ♠❡❝❤❛♥✐5♠ ❬✹✼❪✳

:❛$✐❡♥$5 ✇✐$❤ ❡✐$❤❡4 ❑❘❆❙ ♦4 ❇❘❆❋ ♠✉$❛$✐♦♥5 4❡5♣♦♥❞ ❧❡55 ✇❡❧❧ $♦ ❊●❋❘✲$❛4❣❡$❡❞ ♠♦♥♦✲

❝❧♦♥❛❧ ❛♥$✐❜♦❞② $❤❡4❛♣✐❡5 ❬✹✽❪ ❬✹✾❪✳ ◆♦✈❡❧ 5$4❛$❡❣✐❡5 $❛4❣❡$✐♥❣ $❤❡5❡ ♠✉$❛$✐♦♥5 ✇♦✉❧❞ ❤❡❧♣ ✐♥

❈❘❈ ❞✐❛❣♥♦5✐5 ❛♥❞ ✐♥ ❞✐5❝♦✈❡4✐♥❣ ♥❡✇ $4❡❛$♠❡♥$5 ❢♦4 ♣❛$✐❡♥$5 ✇✐$❤ ❈❘❈ $♦ ✐♠♣4♦✈❡ $❤❡✐4 ♣♦♦4

5✉4✈✐✈❛❧✳

✶✳✹✳✸ ♣✺✸

❚❤❡ ♣✺✸ ❣❡♥❡ ✐5 ❧♦❝❛$❡❞ ♦♥ $❤❡ 5❤♦4$ ❛4♠ ♦❢ ❝❤4♦♠♦5♦♠❡ ✼ ❛♥❞ ❡♥❝♦❞❡5 ❛ $✉♠♦4 5✉♣♣4❡55♦4 ♣4♦✲

$❡✐♥✱ ✇❤✐❝❤ ✐5 ♠✉$❛$❡❞ ✐♥ ❛❜♦✉$ ❤❛❧❢ ♦❢ ❛❧❧ ❈❘❈5✳ ♣✺✸ 4❡❣✉❧❛$❡5 $❤❡ $4❛♥5❝4✐♣$✐♦♥ ♦❢ ♠❛♥② ❣❡♥❡5

✐♥✈♦❧✈❡❞ ✐♥ ❉◆❆ 4❡♣❛✐4✱ ❝❡❧❧ ❝②❝❧❡ ✐♥$❡44✉♣$✐♦♥✱ ❛♣♦♣$♦5✐5 ❛♥❞ ♠❡$❛❜♦❧✐5♠ ❢♦❧❧♦✇✐♥❣ 5$4❡55 ♠❡5✲

5❛❣❡5 ❬✺✵❪✳ ♣✺✸ ❞②54❡❣✉❧❛$✐♦♥ ✐5 5✐❣♥✐✜❝❛♥$❧② ♠♦4❡ ❢4❡X✉❡♥$ ✐♥ ❝❛4❝✐♥♦♠❛ ❝♦♠♣❛4❡❞ $♦ ❛❞❡♥♦♠❛✱

5✉❣❣❡5$✐♥❣ $❤❛$ $❤❡ ♣✺✸ ♣4♦$❡✐♥ ♠❛② ♣❧❛② ❛ 4♦❧❡ ✐♥ $❤❡ $4❛♥5✐$✐♦♥ ❢4♦♠ ❛❞❡♥♦♠❛ $♦ ❝❛4❝✐♥♦♠❛

❬✺✶❪✳

❈♦♥✢✐❝$✐♥❣ ❞❛$❛ ✐♥ $❤❡ ❧✐$❡4❛$✉4❡ 5✉❣❣❡5$5 $❤❛$ ✉5✐♥❣ ♣✺✸ ❛5 ❛ ♣4♦❣♥♦5$✐❝ ♦4 ♣4❡❞✐❝$✐✈❡ $♦♦❧ ✐5

5$✐❧❧ ❝♦♥$4♦✈❡45✐❛❧✳ ❙♦♠❡ 5$✉❞✐❡5 ❝♦♥❝❧✉❞❡ $❤❛$ $❤❡4❡ ✐5 ✐♥5✉✣❝✐❡♥$ ❡✈✐❞❡♥❝❡ $♦ 4❡❝♦♠♠❡♥❞ $❤❡

4♦✉$✐♥❡ ✉5❡ ♦❢ ♣✺✸ ❢♦4 ❈❘❈ ♣4♦❣♥♦5✐5 ❬✺✷❪✱ ✇❤✐❧❡ ♦$❤❡45 5❤♦✇ $❤❛$ ♣✺✸ ♠❘◆❆ ❝♦✉❧❞ ❜❡ ❛ ✉5❡❢✉❧

$♦♦❧ $♦ ♣4❡❞✐❝$ 5✉4✈✐✈❛❧ ✐♥ ♣❛$✐❡♥$5 ✇✐$❤ 5$❛❣❡ ■■■ ♦4 4❡❝$❛❧ ❝❛♥❝❡45 ❬✺✸❪✳

✶✳✹✳✹ ❈❊❆ ❛♥❞ ❈❆✶✾✳✾

❖✈❡4 $❤❡ ❧❛5$ ✺✵ ②❡❛45✱ ✈❛4✐♦✉5 ♠❛4❦❡45 ❢♦4 ❈❘❈ ❤❛✈❡ ❜❡❡♥ ✉5❡❞ ❛♥❞ ♠❡❛5✉4❡❞ ✐♥ 5❡4✉♠✱ $✐55✉❡

♦4 5$♦♦❧5 ❬✺✹❪✳ ❈❛4❝✐♥♦❡♠❜4②♦♥✐❝ ❛♥$✐❣❡♥ ✭❈❊❆✮ ❛♥❞ ❝❛4❜♦❤②❞4❛$❡ ❛♥$✐❣❡♥ ✶✾✳✾ ✭❈❆✶✾✳✾✮ ❛4❡

$❤❡ ♠♦5$ ❝♦♠♠♦♥ 5❡4✉♠ ♠❛4❦❡45 ❢♦4 ❈❘❈ ❬✺✺❪✳

❈❊❆ ✐5 ❛ ❣❧②❝♦♣4♦$❡✐♥ ♦✈❡4❡①♣4❡55❡❞ ❜② ❛❞❡♥♦❝❛4❝✐♥♦♠❛5 ❛♥❞ ❧♦❝❛$❡❞ ♠❛✐♥❧② ✐♥ ❝♦❧♦♥✱ 4❡❝$✉♠✱

❜4❡❛5$ ❛♥❞ ❧✉♥❣ ❬✺✻❪✳ ❈❊❆ ♣❧❛②5 ❛ 4♦❧❡ ✐♥ ❛❞❤❡5✐♦♥ ❜❡$✇❡❡♥ ❝❡❧❧5 ❛♥❞ ✐♥ 5✐❣♥❛❧ $4❛♥5❞✉❝$✐♦♥✳

❆❧$❤♦✉❣❤ ✾✵✪ ♦❢ ❈❘❈5 ♣4♦❞✉❝❡ ❈❊❆✱ 5❡4✉♠ ❧❡✈❡❧5 ♦❢ ❈❊❆ ❛4❡ ♥♦$ ❛❧✇❛②5 ❡❧❡✈❛$❡❞ ✐♥ ❈❘❈

♣❛$✐❡♥$5 ❬✺✼❪✱ ❛♥❞ $❤✉5 ✐$ 5❤♦✉❧❞ ♥♦$ ❜❡ ✉5❡❞ ❢♦4 ❞❡$❡❝$✐♦♥ ♦❢ ♣4✐♠❛4② ❈❘❈✱ ❡5♣❡❝✐❛❧❧② ❡❛4❧②

5$❛❣❡ ❈❘❈✳ ❍♦✇❡✈❡4✱ 5❡4✉♠ ❈❊❆ ❧❡✈❡❧5 ♦4 $✉♠♦4 ❈❊❆ ♠❘◆❆ ❧❡✈❡❧5 ❛4❡ ❣♦♦❞ ♣♦5$♦♣❡4❛$✐✈❡

♣4♦❣♥♦5$✐❝ ✐♥❞✐❝❛$♦45 ❢♦4 $❤❡ ❡✈❛❧✉❛$✐♦♥ ♦❢ ❈❘❈ ♣4♦❣4❡55✐♦♥✱ ❞❡5♣✐$❡ ✈❛4✐❛$✐♦♥5 ❜❡$✇❡❡♥ ♣❛$✐❡♥$5



❈❍❆#❚❊❘ ✶✳ ❈❖▲❖❘❊❈❚❆▲ ❈❆◆❈❊❘ ✶✸

❬✺✽❪ ❬✺✹❪✳

❈❆✶✾✳✾ ✐, ❛ ❝❛/❜♦❤②❞/❛5❡ ♣/♦❞✉❝❡❞ ❜② ❛❞❡♥♦❝❛/❝✐♥♦♠❛, ✐♥ 5❤❡ ♣❛♥❝/❡❛,✱ ,5♦♠❛❝❤✱ ❣❛❧❧ ❜❧❛❞❞❡/✱

❝♦❧♦♥✱ ♦✈❛/② ❛♥❞ ❧✉♥❣✳ ■5 ♣❧❛②, ❛ /♦❧❡ ✐♥ ❝❡❧❧✉❧❛/ ❛❞❤❡,✐♦♥ ❛♥❞ ✐♥ 5❤❡ ♣/♦❝❡,, ♦❢ 5✉♠♦/ ♣/♦❣/❡,,✐♦♥

❬✺✾❪✳ ▼❡❛,✉/✐♥❣ ,❡/✉♠ ❧❡✈❡❧, ♦❢ ❈❆✶✾✳✾ ❢♦/ ❈❘❈ ♣/♦❣♥♦,✐, ❤❛, ♣/♦❞✉❝❡❞ ❝♦♥5/❛❞✐❝5♦/② /❡,✉❧5,

✐♥ 5❤❡ ❧✐5❡/❛5✉/❡ ❜✉5 ✐5, ❞❡5❡❝5✐♦♥ ❝♦✉❧❞ ✐❞❡♥5✐❢② ♣❛5✐❡♥5, ❛5 ❤✐❣❤ /✐,❦ ♦❢ ❝❛♥❝❡/ /❡❝✉//❡♥❝❡ ❬✻✵❪✳

❆ ❝♦♠❜✐♥❛5✐♦♥ ♦❢ ❜♦5❤ ❈❊❆ ❛♥❞ ❈❆✶✾✳✾ ❧❡✈❡❧, ✐, ❛ ❜❡55❡/ 5♦♦❧ 5♦ ♠♦♥✐5♦/ ❈❘❈ ♣❛5✐❡♥5, ❛♥❞ 5♦

♣♦5❡♥5✐❛❧❧② ❡①❝❧✉❞❡ ❛ /❡❝✉//❡♥❝❡ ♣♦,5 ♦♣❡/❛5✐♦♥ ❬✻✶❪✳

✶✳✺ ●$♦✇'❤ ❢❛❝'♦$, ✐♥ ❈❘❈

●/♦✇5❤ ❢❛❝5♦/, ❛/❡ ♣❡♣5✐❞❡, 5❤❛5 ,5✐♠✉❧❛5❡ ❝❡❧❧ ❣/♦✇5❤✱ ♣/♦❧✐❢❡/❛5✐♦♥✱ ♠✐❣/❛5✐♦♥✱ ❛♥❞ ❤❡❛❧✐♥❣

❛, ✇❡❧❧ ❛, ❝❡❧❧✉❧❛/ ❞✐✛❡/❡♥5✐❛5✐♦♥✳ ■♥ ❛❞❞✐5✐♦♥✱ 5❤❡② /❡❣✉❧❛5❡ ❝❡❧❧✉❧❛/ ❢✉♥❝5✐♦♥, ✐♥ ❝❛♥❝❡/ ❝❡❧❧,

♣❧❛②✐♥❣ ❛ /♦❧❡ ✐♥ 5✉♠♦/✐❣❡♥❡,✐, ❛♥❞ ♠❛✐♥5❛✐♥✐♥❣ ♦♥❝♦❣❡♥✐❝ ♠✉5❛5✐♦♥,✳ ❊♣✐❞❡/♠❛❧ ●/♦✇5❤ ❋❛❝5♦/

✭❊●❋✮✱ ❱❛,❝✉❧❛/ ❊♥❞♦5❤❡❧✐❛❧ ●/♦✇5❤ ❋❛❝5♦/ ✭❱❊●❋✮ ❛♥❞ ❣❛,5/✐♥, ❛/❡ ❣/♦✇5❤ ❢❛❝5♦/, ✐♥✈♦❧✈❡❞

✐♥ ❈❘❈ ♣/♦❣/❡,,✐♦♥✳

✶✳✺✳✶ ❊♣✐❞❡(♠❛❧ ●(♦✇/❤ ❋❛❝/♦( ✭❊●❋✮

❊●❋ ✐, ❛ ♠❡♠❜❡/ ♦❢ ❛ ❢❛♠✐❧② ♦❢ ❝②,5❡✐♥❡✲/✐❝❤ ♣♦❧②♣❡♣5✐❞❡ ❣/♦✇5❤ ❢❛❝5♦/,✳ ❚❤❡ ❊●❋ /❡❝❡♣✲

5♦/ ✭❊●❋❘✮✱ ✇❤✐❝❤ ✐, ❛ ♠❡♠❜❡/ ♦❢ 5❤❡ ❊/❜❇ ❢❛♠✐❧②✱ ✐, ❛ /❡❝❡♣5♦/ 5②/♦,✐♥❡ ❦✐♥❛,❡ ❝♦♠♣♦,❡❞

♦❢ ❛♥ ❡①5/❛❝❡❧❧✉❧❛/ ❧✐❣❛♥❞✲❜✐♥❞✐♥❣ ❡❝5♦❞♦♠❛✐♥✱ ❛ 5/❛♥,♠❡♠❜/❛♥❡ ❞♦♠❛✐♥ ❛♥❞ ❛♥ ✐♥5/❛❝❡❧❧✉❧❛/

❦✐♥❛,❡ ❞♦♠❛✐♥✳ ❋♦❧❧♦✇✐♥❣ ❜✐♥❞✐♥❣ ♦❢ ❛ ❣/♦✇5❤ ❢❛❝5♦/ ♦❢ 5❤❡ ❊●❋ ❢❛♠✐❧②✱ /❡❝❡♣5♦/ ❞✐♠❡/✐③❛✲

5✐♦♥ ✐, ❡,,❡♥5✐❛❧ ❢♦/ ❛❝5✐✈❛5✐♦♥ ♦❢ 5❤❡ ✐♥5/❛❝❡❧❧✉❧❛/ 5②/♦,✐♥❡ ❦✐♥❛,❡ ❞♦♠❛✐♥ ❛♥❞ ♣❤♦,♣❤♦/②❧❛5✐♦♥

♦❢ 5❤❡ ❈✲5❡/♠✐♥❛❧ 5❛✐❧✳ ❊●❋❘, ❛❝5✐✈❛5❡ ♠✉❧5✐♣❧❡ ,✐❣♥❛❧ 5/❛♥,❞✉❝5✐♦♥ ♣❛5❤✇❛②,✱ ✐♥❝❧✉❞✐♥❣ 5❤❡

❘❛,✴▼❆T❑✱ T■✸❑✴❆❦5✱ T▲❈γ✶✴T❑❈✱ ❙❚❆❚ ❛♥❞ T❑❈ ♣❛5❤✇❛②,✱ ❛♥❞ 5❤❡/❡❢♦/❡ ♣❧❛② ❡,,❡♥5✐❛❧

/♦❧❡, ✐♥ /❡❣✉❧❛5✐♥❣ ❝❡❧❧ ♣/♦❧✐❢❡/❛5✐♦♥✱ ,✉/✈✐✈❛❧✱ ❞✐✛❡/❡♥5✐❛5✐♦♥ ❛♥❞ ♠✐❣/❛5✐♦♥ ❬✻✷❪✳

❊/❜❇ /❡❝❡♣5♦/, ❛/❡ ❝♦♠♠♦♥❧② ♦✈❡/❡①♣/❡,,❡❞ ✐♥ ♠❛♥② 5✉♠♦/, ❧❡❛❞✐♥❣ 5♦ ♦✈❡/❛❝5✐✈❛5✐♦♥ ♦❢ ❞♦✇♥✲

,5/❡❛♠ ♣❛5❤✇❛②,✱ 5❤❡/❡❜② ♣/♦♠♦5✐♥❣ ❝❛♥❝❡/ ❝❡❧❧ ♣/♦❧✐❢❡/❛5✐♦♥✱ ,✉/✈✐✈❛❧✱ ✐♥✈❛,✐♦♥ ❛♥❞ ♠❡5❛,5❛,✐,✳

❙5✉❞✐❡, ❤❛✈❡ ,❤♦✇♥ ❛ ❤✐❣❤❡/ ❡①♣/❡,,✐♦♥ ❧❡✈❡❧, ♦❢ ❊●❋ ❛♥❞ ❊●❋❘ ✐♥ ❝♦❧♦/❡❝5❛❧ ❝❛♥❝❡/ 5✐,,✉❡ 5❤❛♥

✐♥ ,✉//♦✉♥❞✐♥❣ ♠✉❝♦,❛ ❬✻✸❪ ❛, ✇❡❧❧ ❛, ❛ ♣♦5❡♥5✐❛❧ ❝♦//❡❧❛5✐♦♥ ❜❡5✇❡❡♥ ♦✈❡/❡①♣/❡,,✐♦♥ ♦❢ ❊●❋❘

❛♥❞ 5❤❡ ,5❛❣❡ ♦❢ ❝♦❧♦♥ ❝❛♥❝❡/ ❬✻✹❪✳

✶✳✺✳✷ ❱❛7❝✉❧❛( ❊♥❞♦/❤❡❧✐❛❧ ●(♦✇/❤ ❋❛❝/♦( ✭❱❊●❋✮

❱❊●❋ ✐, ♣❛/5 ♦❢ ❛ ❢❛♠✐❧② ♦❢ ❣/♦✇5❤ ❢❛❝5♦/, ❛♥❞ ✐5,❡❧❢ ❤❛, ,❡✈❡/❛❧ ✈❛/✐❛♥5, ❞✉❡ 5♦ ❛❧5❡/♥❛5✐✈❡

,♣❧✐❝✐♥❣✳ ■5 ❜✐♥❞, ❡✐5❤❡/ ♦❢ 5✇♦ ❱❊●❋ /❡❝❡♣5♦/, ✭❱❊●❋ /❡❝❡♣5♦/✲✶ ❛♥❞ ❱❊●❋ /❡❝❡♣5♦/✲✷✮✱ ✇❤✐❝❤

❛/❡ ❡①♣/❡,,❡❞ ♦♥ ✈❛,❝✉❧❛/ ❡♥❞♦5❤❡❧✐❛❧ ❝❡❧❧, ❛♥❞ ✉♥❞❡/❣♦ ❧✐❣❛♥❞✲✐♥❞✉❝❡❞ ❞✐♠❡/✐③❛5✐♦♥✳ ❱❊●❋

♣/♦♠♦5❡, ❛♥❣✐♦❣❡♥❡,✐, ✐♥ ❡♠❜/②♦♥✐❝ ❞❡✈❡❧♦♣♠❡♥5 ❛♥❞ ♣❧❛②, ❛♥ ✐♠♣♦/5❛♥5 /♦❧❡ ✐♥ ✇♦✉♥❞ ❤❡❛❧✐♥❣
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❈❤❛♥❣❡) ✐♥ ❱❊●❋ ❡①♣9❡))✐♦♥ ❧❡✈❡❧) ❛9❡ ✐♥✈♦❧✈❡❞ ✐♥ ❞✐)❡❛)❡ ♣9♦❝❡))❡) ❛♥❞ ❱❊●❋ ✇❛) ❝❧❡❛9❧②

✐❞❡♥(✐✜❡❞ ❛) ❡))❡♥(✐❛❧ (♦ (✉♠♦9✐❣❡♥❡)✐) ❛♥❞ ❞✐)❡❛)❡ ♣9♦❣9❡))✐♦♥ ✐♥ ♠❛♥② ❤✉♠❛♥ ❝❛♥❝❡9)✱ ✐♥❝❧✉❞✐♥❣

❜9❡❛)(✱ ❧✉♥❣✱ ❣❛)(9♦✐♥(❡)(✐♥❛❧ ❛♥❞ ✉9♦❧♦❣✐❝ ❝❛♥❝❡9)✳ ❱❊●❋ ❡①♣9❡))✐♦♥ ✐) ✉♣9❡❣✉❧❛(❡❞ ❜② (✉♠♦9

❝❡❧❧) (❤9♦✉❣❤ ❛❝(✐✈❛(✐♦♥ ♦❢ ♦♥❝♦❣❡♥❡)✱ )✉❝❤ ❛) ❘❛)✱ ♣✺✸✱ ❚●❋β ❛♥❞ ❝♦♥(9♦❧❧❡❞ ❜② ❤②♣♦①✐❛ ❬✻✻❪✳

▲❡✈❡❧) ♦❢ ❝✐9❝✉❧❛(✐♥❣ ❱❊●❋ ✐♥ ♣❛(✐❡♥() ❝♦✉❧❞ ♣♦(❡♥(✐❛❧❧② ❜❡ ♣9❡❞✐❝(✐✈❡ ♦❢ (✉♠♦9 )(❛(✉) ❛♥❞

♣9♦❣♥♦)✐)✱ ❛♥❞ ♠❛② ❜❡ ✉)❡❞ (♦ ♠♦♥✐(♦9 (✉♠♦9 9❡)♣♦♥)❡ (♦ ❛♥(✐❝❛♥❝❡9 (❤❡9❛♣✐❡) ❛♥❞ (♦ ♣9❡❞✐❝(

(✉♠♦9 9❡❧❛♣)❡✳ ❙(✉❞✐❡) ❤❛✈❡ ❞❡♠♦♥)(9❛(❡❞ ❛ 9♦❧❡ ♦❢ ❱❊●❋ ✐♥ ❝♦❧♦♥ ❝❛♥❝❡9✱ )♣❡❝✐✜❝❛❧❧② ✐♥ (❤❡

)(✐♠✉❧❛(✐♦♥ ♦❢ ❛♥❣✐♦❣❡♥❡)✐)✱ ❛♥❞ ✐♥❤✐❜✐(✐♦♥ ♦❢ ❱❊●❋ ❧❡❞ (♦ ❛ ❞❡❝9❡❛)❡ ♦❢ ❛♥❣✐♦❣❡♥❡)✐) ❛♥❞ ❛

❞✐♠✐♥✉(✐♦♥ ♦❢ ❝❛♥❝❡9 ❣9♦✇(❤ ❬✻✼❪✳

✶✳✺✳✸ ●❛&'(✐♥&

●❛)(9✐♥)✱ ✜9)( ❞✐)❝♦✈❡9❡❞ ❛) ❛❝✐❞ )❡❝9❡(❛❣♦❣✉❡)✱ ✇❡9❡ 9❡❝❡♥(❧② )❤♦✇♥ (♦ ❜❡ ❣9♦✇(❤ ❢❛❝(♦9) ❢♦9 (❤❡

❣❛)(9♦✐♥(❡)(✐♥❛❧ (9❛❝( ♣9♦♠♦(✐♥❣ ❝❡❧❧ ❣9♦✇(❤ ❛♥❞ ❞✐✛❡9❡♥(✐❛(✐♦♥✳ ❆ ❝♦99❡❧❛(✐♦♥ ❜❡(✇❡❡♥ ❡❧❡✈❛(❡❞

)❡9✉♠ ❣❛)(9✐♥ ❧❡✈❡❧) ❛♥❞ ❛♥ ✐♥❝9❡❛)❡❞ 9✐)❦ ♦❢ ❝♦❧♦9❡❝(❛❧ ❝❛♥❝❡9 ❤❛) ❜❡❡♥ 9❡♣♦9(❡❞ ❬✻✽❪✱ ❛♥❞ (❤✐)

❝♦99❡❧❛(✐♦♥ )✉❣❣❡)() ❛ ♣♦(❡♥(✐❛❧ 9♦❧❡ ♦❢ ❣❛)(9✐♥) ✐♥ 9❡❣✉❧❛(✐♥❣ (❤❡ ❣9♦✇(❤ ♦❢ ♥♦9♠❛❧ ❝♦❧♦♥ ❝❡❧❧) ❛)

✇❡❧❧ ❛) ❝♦❧♦♥ ❝❛♥❝❡9 ❝❡❧❧) ❬✻✾❪✳
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❚#❡❛&♠❡♥&) ❢♦# ❈❘❈ ❛#❡ ❝❤♦)❡♥ ❜❛)❡❞ ♦♥ &❤❡ )&❛❣❡ ♦❢ &❤❡ ❝❛♥❝❡# ❛♥❞ ✐&) ❧♦❝❛❧✐③❛&✐♦♥✱ ❛) ✇❡❧❧ ❛) ♦♥

&❤❡ ♣❛&✐❡♥&✬) ❤❡❛❧&❤✳ ❙✉#❣❡#② ✐) &❤❡ ♦♥❧② ❝✉#❛&✐✈❡ )&#❛&❡❣② ❛♥❞ ✐) ♦❢&❡♥ ❝♦✉♣❧❡❞ ✇✐&❤ #❛❞✐♦&❤❡#❛♣②

♦# ❝❤❡♠♦&❤❡#❛♣②✳ ◆❡✇ ❛♣♣#♦❛❝❤❡) )✉❝❤ ❛) &❛#❣❡&❡❞ &❤❡#❛♣✐❡) ❛#❡ ❝✉##❡♥&❧② ❡♠❡#❣✐♥❣✳

✶✳✻✳✶ ❙✉%❣❡%②

❘❡♠♦✈✐♥❣ ❝❛♥❝❡# ❜② )✉#❣❡#② ✐) &❤❡ ♠❛✐♥ &#❡❛&♠❡♥& ❢♦# ❛❧❧ )&❛❣❡) ♦❢ ❈❘❈ ❛♥❞ ✐) &❤❡ ♠♦)& ✐♠✲

♣♦#&❛♥& ♦♥❡ ✐♥ ❡❛#❧② )&❛❣❡) ❛✐♠✐♥❣ ❢♦# ❛ ❝✉#❛&✐✈❡ #❡)❡❝&✐♦♥✳ ❙✉#❣❡#② ✐♥ ❝♦❧♦♥ ❝❛♥❝❡# ❝❛♥ ❜❡

♣❡#❢♦#♠❡❞ ❡✐&❤❡# ❜② ♦♣❡♥ )✉#❣❡#② ♦# ❜② ✉)✐♥❣ ❧❛♣❛#♦)❝♦♣② &❡❝❤♥✐A✉❡) ✇✐&❤ &❤❡ )❛♠❡ ❧♦♥❣✲&❡#♠

#❡)✉❧&) ❬✼✵❪✳ ❚❤❡ )✉#❣❡♦♥ ❝❛♥ #❡♠♦✈❡ ❛ ❝❛♥❝❡#♦✉) ♣♦❧②♣ ❜② ♣♦❧②♣❡❝&♦♠② ♦# ❤❡ ❝❛♥ ♣❡#❢♦#♠ ❛

♣❛#&✐❛❧ ❝♦❧❡❝&♦♠② ❜② #❡♠♦✈✐♥❣ &❤❡ ❝❛♥❝❡# ❛♥❞ ♥❡❛#❜② &✐))✉❡ ❛♥❞ &❤❡♥ ❝♦♥♥❡❝&✐♥❣ &❤❡ ❝✉& ❡♥❞)

♦❢ &❤❡ ❝♦❧♦♥ ✭❛♥❛)&♦♠♦)✐)✮✳ ❍❡ ❝❛♥ ❛❧)♦ ♣❡#❢♦#♠ ❛ ❝♦❧♦)&♦♠② ❜② ✜#)& #❡♠♦✈✐♥❣ &❤❡ ❝❛♥❝❡# ❛♥❞

♥❡❛#❜② &✐))✉❡ &❤❡♥ ❜② ♣❧❛❝✐♥❣ ❛ &❡♠♣♦#❛#② ❜❛❣ ❛#♦✉♥❞ &❤❡ )&#♦♠❛ &♦ ❝♦❧❧❡❝& ✇❛)&❡ ✭❋✐❣✉#❡ ✶✳✽✮

❬✼✶❪✳
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❛♣②✱ &♦ ♠✐♥✐♠✐)❡ ❝❛♥❝❡# ❝❡❧❧ )✉#✈✐✈❛❧✳
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❚❤❡ ❣❛%&'✐♥ ❢❛♠✐❧②✱ ❛❧%♦ ❝❛❧❧❡❞ &❤❡ ❣❛%&'✐♥✴❝❤♦❧❡❝②%&♦❦✐♥✐♥ ❢❛♠✐❧②✱ ✐♥❝❧✉❞❡% &❤❡ ♣❡♣&✐❞❡ ❤♦'♠♦♥❡%

❣❛%&'✐♥ ❛♥❞ ❝❤♦❧❡❝②%&♦❦✐♥✐♥✳

✷✳✶ ❈❤♦❧❡❝②*+♦❦✐♥✐♥ ✭❈❈❑✮ ❛♥❞ ❣❛*+5✐♥ ♣❡♣+✐❞❡*

✷✳✶✳✶ ❉✐%❝♦✈❡*② ❛♥❞ ✐%♦❧❛0✐♦♥

❲✐❧❧✐❛♠ ❇❛②❧✐%% ❛♥❞ ❊'♥❡%& ❙&❛'❧✐♥❣ %❤♦✇❡❞ &❤❛& %✉❜%&❛♥❝❡% ✐♥ &❤❡ ❜❧♦♦❞ ❝♦✉❧❞ %&✐♠✉❧❛&❡ ♣❛♥✲

❝'❡❛&✐❝ %❡❝'❡&✐♦♥✱ ❛♥❞ &❤❛& ❝❤❡♠✐❝❛❧ %✉❜%&❛♥❝❡% ✇❡'❡ ❧✐❜❡'❛&❡❞ ❢'♦♠ &❤❡ ❝❡❧❧% ♦❢ &❤❡ ❞✉♦❞❡♥❛❧ ❛♥❞

❥❡❥✉♥❛❧ ♠✉❝♦%❛ &♦ %❡❝'❡&❡ ❛❝✐❞✳ ❚❤❡② ♥❛♠❡❞ &❤❡ ✜'%& ❤♦'♠♦♥❡ ✐♥❝'❡&✐♥ ✐♥ ✶✾✵✷✳ ❍♦'♠♦♥❡% ✇❡'❡

&❤❡♥ ✐♥&'♦❞✉❝❡❞ ❛% ❛♥② %✉❜%&❛♥❝❡% ❢'♦♠ &❤❡ ❜❧♦♦❞ ❤❛✈✐♥❣ ❛ ♠❡%%❡♥❣❡' '♦❧❡ ❜❡&✇❡❡♥ ♦'❣❛♥% ❬✽✾❪✳

●❛%&'✐♥ ✇❛% ✜'%& ❞✐%❝♦✈❡'❡❞ ❜② ❏♦❤♥ ❊❞❦✐♥% ✐♥ ✶✾✵✺ ❜② &❡%&✐♥❣ ❡①&'❛❝&% ♦❢ ♣②❧♦'✐❝ ♠✉❝♦✉% ♠❡♠✲

❜'❛♥❡ ✐♥ ❛♥❛❡%&❤❡&✐%❡❞ ❝❛&% ❛♥❞ ❜② ♦❜%❡'✈✐♥❣ &❤❡ %&♦♠❛❝❤ ❛❝&✐✈❛&✐♦♥ &❤❛& '❡%✉❧&❡❞ ✐♥ %❡❝'❡&✐♦♥

♦❢ ❣❛%&'✐❝ ❥✉✐❝❡ ❬✾✵❪✳ ❆❢&❡' ②❡❛'% ♦❢ ❝♦♥&'❛❞✐❝&♦'② %&✉❞✐❡%✱ ❊❞❦✐♥%✬% ❞✐%❝♦✈❡'② ✇❛% ❝♦♥✜'♠❡❞ ❛♥❞

❣❛%&'✐♥ ✇❛% ♣'♦✈❡♥ &♦ ❜❡ ❛ ❞✐%&✐♥❝& ♠♦❧❡❝✉❧❡ ❢'♦♠ ❤✐%&❛♠✐♥❡ ❬✾✶❪✳ ❚❤❡ ♣'❡♣❛'❛&✐♦♥ ♦❢ ❣❛%&'✐♥

✇❛% %✐♠♣❧② ❛♥ ❡①&'❛❝&✐♦♥ ❢'♦♠ ❜♦✐❧❡❞ ❤♦❣ ♣②❧♦'✐❝ ♠✉❝♦%❛ ✇✐&❤ ✵✳✶ ◆✲❤②❞'♦❝❤❧♦'✐❝ ❛❝✐❞ ✐♥ ✾✺✪

♠❡&❤❛♥♦❧✱ ❢♦❧❧♦✇❡❞ ❜② ❛ ♥❡✉&'❛❧✐③✐♥❣ %&❡♣ &♦ ♣❍ ✺✲✺✳✺ &♦ '❡♠♦✈❡ ✐♠♣✉'✐&✐❡% ❛♥❞ ❜② ❛ ♣✉'✐✜❝❛&✐♦♥

%&❡♣ ✈✐❛ ♣'❡❝✐♣✐&❛&✐♦♥ ❢'♦♠ ✇❛&❡' ❛& ♣❍ ✼ ❛♥❞ ❞✐❛❧②%✐%✳ ❖♥❡ ✉♥✐& ♦❢ ❣❛%&'✐♥ ✐♥❥❡❝&❡❞ ✐♥&♦ ❛♥❛❡%✲

&❤❡&✐%❡❞ ❝❛&% '❡❧❡❛%❡❞ &❤❡ %❡❝'❡&✐♦♥ ♦❢ ✶ ♠▲ ♦❢ ❛❝✐❞✐❝ ❣❛%&'✐❝ ❥✉✐❝❡ ✐♥ ♦♥❡ ❤♦✉' ❬✾✷❪✳ ■♥ &❤❡ ✶✾✻✵%✱

❣❛%&'✐♥ ✇❛% ✐%♦❧❛&❡❞ ❛♥❞ ♣✉'✐✜❡❞✱ ❛♥❞ ✐&% %&✐♠✉❧❛&✐♦♥ ♦❢ ❣❛%&'✐❝ ❛❝✐❞ %❡❝'❡&✐♦♥ ✇❛% ❝♦♥✜'♠❡❞

✐♥ ❝♦♥%❝✐♦✉% ❞♦❣% ❛♥❞ ✐♥ ❤✉♠❛♥%✳ ●❛%&'✐♥ ✇❛% &❤✉% ❞❡✜♥❡❞ ❛% ❛♥ ❛❝✐❞ %❡❝'❡&❛❣♦❣✉❡✳ ■♥ ✶✾✻✹✱

&✇♦ %✐♠✐❧❛' ♣♦❧②♣❡♣&✐❞❡%✱ ❣❛%&'✐♥ ■ ❛♥❞ ■■✱ ❞✐✛❡'✐♥❣ ♦♥❧② ✐♥ &❤❡ ♣'❡%❡♥❝❡ ♦❢ ❛ %✉❧♣❤❛&❡ ❣'♦✉♣

♦♥ &❤❡ %✐♥❣❧❡ &②'♦%✐♥❡ '❡%✐❞✉❡✱ ✇❡'❡ ✐%♦❧❛&❡❞ ❢'♦♠ ❤♦❣ ❛♥&'❛❧ ♠✉❝♦%❛✳ ❲❤✐❧❡ ✐♥❥❡❝&❡❞ %✉❜❝✉&❛✲

♥❡♦✉%❧② ✐♥&♦ ❝♦♥%❝✐♦✉% ❞♦❣%✱ &❤❡② %&'♦♥❣❧② %&✐♠✉❧❛&❡❞ ❣❛%&'✐❝ ❛❝✐❞ %❡❝'❡&✐♦♥✳ ❇♦&❤ ❣❛%&'✐♥% ❛'❡

%✐❣♥✐✜❝❛♥&❧② ♠♦'❡ ❡✛❡❝&✐✈❡ &❤❛♥ ❤✐%&❛♠✐♥❡ ✐♥ ❞♦❣% ❛♥❞ ❣❛%&'✐♥ ■■ ✐% ♠♦'❡ ♣♦✇❡'❢✉❧ ✐♥ %&✐♠✉❧❛&✐♥❣

❣❛%&'✐❝ ❛❝✐❞ %❡❝'❡&✐♦♥ &❤❛♥ ❤✐%&❛♠✐♥❡ ✇❤❡♥ ✐♥❥❡❝&❡❞ ✐♥&♦ ❤✉♠❛♥% ❬✾✸❪ ❬✾✹❪✳

✶✽
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❈❈❑ ✇❛& ❞✐&❝♦✈❡-❡❞ ❜② ■✈② ❛♥❞ ❖❧❞❜❡-❣ ✐♥ ✶✾✷✽ ✇❤✐❧❡ 8❡&8✐♥❣ ✐♥8❡&8✐♥❛❧ ❡①8-❛❝8& ✐♥ ❞♦❣& ❛♥❞

✇❛& ❧❛8❡- ❛❧&♦ ❞❡&❝-✐❜❡❞ ❛& ❛ ❤♦-♠♦♥❡ ❛❝8✐✈❛8✐♥❣ 8❤❡ ❣❛❧❧ ❜❧❛❞❞❡-✱ ❧❡❛❞✐♥❣ 8♦ ✐8& ❝♦♥8-❛❝8✐♦♥ ❬✾✺❪✳

■♥ ✶✾✹✸✱ ❛♥♦8❤❡- ❤♦-♠♦♥❡ ❝❛❧❧❡❞ ♣❛♥❝-❡♦③②♠✐♥ ✭E❩✮ ✇❛& &❤♦✇♥ 8♦ ❜❡ ✐♥✈♦❧✈❡❞ ✐♥ 8❤❡ -❡❧❡❛&❡

♦❢ ❞✐❣❡&8✐✈❡ ❡♥③②♠❡& ❢-♦♠ 8❤❡ ♣❛♥❝-❡❛& ❬✾✻❪✳ ❚❤❡ ♣❛♥❝-❡♦③②♠✐♥ ❛❝8✐✈✐8② ♦❢ ❜♦8❤ 8❤❡ ❝❤♦❧❡❝②&✲

8♦❦✐♥✐♥ ❛♥❞ 8❤❡ ♣❛♥❝-❡♦③②♠✐♥ ♣❡♣8✐❞❡& ✐& ❢♦✉♥❞ ✐♥ 8❤❡ &❛♠❡ ✐♥8❡&8✐♥❛❧ ❡①8-❛❝8& ❛♥❞ ❈❈❑✲✸✸✱

✐❞❡♥8✐✜❡❞ ✐♥ ✶✾✻✽✱ ❤❛& ♠❛①✐♠❛❧ ❛❝8✐✈✐8② ❬✾✼❪✳ ❈❈❑ ❛♥❞ E❩ ✇❡-❡ 8❤✉& ✐❞❡♥8✐✜❡❞ ❛& ❜❡✐♥❣ 8❤❡

&❛♠❡ ♠♦❧❡❝✉❧❡✱ ♦✣❝✐❛❧❧② ❝❛❧❧❡❞ ❈❈❑✳

✷✳✶✳✷ ❙$%✉❝$✉%❡

❚❤❡ &❡Q✉❡♥❝❡& ♦❢ ❣❛&8-✐♥ ❛♥❞ ❝❤♦❧❡❝②&8♦❦✐♥✐♥ ✇❡-❡ ❜♦8❤ ✐❞❡♥8✐✜❡❞ ✐♥ 8❤❡ ✶✾✻✵& ❬✾✽❪✳

❈❤❡♠✐❝❛❧ &8✉❞✐❡& ♦♥ ❜♦8❤ ❤♦-♠♦♥❡&✱ ❣❛&8-✐♥& ■ ❛♥❞ ■■✱ ❤❛✈❡ -❡✈❡❛❧❡❞ 8❤❡✐- ❤❡♣8❛❞❡❝❛♣❡♣8✐❞❡

❛♠✐❞❡ &8-✉❝8✉-❡✱ ❛♥❞ 8❤❛8 ❣❛&8-✐♥ ■ ✐& ❧❛❝❦✐♥❣ 8❤❡ 8②-♦&②❧ &✉❧❢❛8❡ ❡&8❡- ❣-♦✉♣ ❝♦♠♣❛-❡❞ 8♦ ❣❛&8-✐♥

■■ ❬✾✾❪✳ ❚❤❡ &❡Q✉❡♥❝❡ ♦❢ ❈❈❑✲✸✸ ✐& &8-✉❝8✉-❛❧❧② &✐♠✐❧❛- 8♦ ❣❛&8-✐♥ ❛& 8❤❡② &❤❛-❡ ❛♥ ✐❞❡♥8✐✲

❝❛❧ ❈❖❖❍✲ 8❡-♠✐♥❛❧ ♣❡♥8❛♣❡♣8✐❞❡ &❡Q✉❡♥❝❡✿ ●❧②✲❚-♣✲▼❡8✲❆&♣✲E❤❡✲❈❖✲◆❍

✷

✭❋✐❣✉-❡ ✷✳✶✮ ❬✶✵✵❪✳

❚❤❡ ❧❛&8 ❢♦✉- ❛♠✐♥♦ ❛❝✐❞& -❡♣-❡&❡♥8 8❤❡ ♠✐♥✐♠❛❧ &8-✉❝8✉-❡ ♥❡❝❡&&❛-② ❢♦- 8❤❡✐- ❜✐♦❧♦❣✐❝❛❧ ❛❝8✐✈✐8②

❬✶✵✶❪✳ ❚❤❡ &✐♠✐❧❛-✐8② ❜❡8✇❡❡♥ ❣❛&8-✐♥ ❛♥❞ ❈❈❑ ❤❛& ❜❡❡♥ ❡①♣❧❛✐♥❡❞ ❜② 8❤❡ ♣-❡&❡♥❝❡ ♦❢ ❛ ❝♦♠♠♦♥

❛♥❝❡&8♦- ❝❛❧❧❡❞ ❝✐♦♥✐♥✱ ♣✉-✐✜❡❞ ❢-♦♠ 8❤❡ ♥❡✉-♦♥❛❧ ❣❛♥❣❧✐♦♥ ♦❢ 8❤❡ ♣-♦8♦❝❤♦-❞❛8❡ ❈✐♦♥❛ ✐♥%❡'%✐✲

♥❛❧✐' ❬✶✵✷❪✳

❚❤❡ ❝♦♠♣❧❡8❡ ❤♦♠♦❧♦❣② ♦❢ 8❤❡✐- ❜✐♦❧♦❣✐❝❛❧❧② ❛❝8✐✈❡ &❡Q✉❡♥❝❡&✱ ❛♥❞ ♦8❤❡- &8-✉❝8✉-❛❧ &✐♠✐❧❛-✐8✐❡&

8♦♦✱ ♠❛❦❡ ❣❛&8-✐♥ ❛♥❞ ❈❈❑ ♠❡♠❜❡-& ♦❢ 8❤❡ &❛♠❡ ❤♦-♠♦♥❡ ❢❛♠✐❧②✳ ❚❤❡② ❛-❡ 8❤❡ ♦♥❧② ♠❛♠♠❛❧✐❛♥

♠❡♠❜❡-& ♦❢ 8❤❡ ❣❛&8-✐♥ ❢❛♠✐❧②✱ ✇❤✐❝❤ ❝♦♥8❛✐♥& 8❤❡ ♣❡♣8✐❞❡& ❝❛❡-✉❧❡✐♥ ❛♥❞ ♣❤②❧❧♦❝❛❡-✉❧❡✐♥ ✐❞❡♥✲

8✐✜❡❞ ❢-♦♠ ❢-♦❣ &❦✐♥ ❡①8-❛❝8&✱ ❛& ✇❡❧❧ 8❤❡ ♥❡✉-♦♣❡♣8✐❞❡ ❝✐♦♥✐♥ ✐&♦❧❛8❡❞ ❢-♦♠ 8❤❡ ♣-♦8♦❝❤♦-❞❛8❡✳

■♥8❡-❡&8✐♥❣❧②✱ 8❤❡ ✐♥&❡❝8 ♣❡♣8✐❞❡&✱ 8❤❡ &✉❧❢❛❦✐♥✐♥&✱ ❤❛✈❡ &♦♠❡ ❤♦♠♦❧♦❣② ✐♥ 8❤❡ ❜✐♦❛❝8✐✈❡ &✐8❡ ✇✐8❤

8❤❡ ❈❈❑ ❢❛♠✐❧② ♠❡♠❜❡-&✳
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❋✐❣✉&❡ ✷✳✶✿ ❚❤❡ ❤♦♠♦❧♦❣♦✉0 ❜✐♦❛❝4✐✈❡ 0❡6✉❡♥❝❡0 ♦❢ ♣❡♣4✐❞❡ ✐♥ 4❤❡ ❣❛04&✐♥ ❢❛♠✐❧②✳

❚❤❡ ❣❛04&✐♥ ❢❛♠✐❧② ❤❛0 ❛ ✇❡❧❧ ♣&❡0❡&✈❡❞ ❈✲4❡&♠✐♥❛❧ 0❡6✉❡♥❝❡ ✭❜♦①❡❞ 0❡6✉❡♥❝❡✮ 0❤❛&❡❞ ❜❡4✇❡❡♥

♠❛♠♠❛❧✐❛♥ ♣❡♣4✐❞❡0✱ ❈❈❑ ❛♥❞ ❣❛04&✐♥✱ ❛♥❞ 0♦♠❡ ✐♥0❡❝40 ♣❡♣4✐❞❡0✱ ❝❛❡&✉❧❡✐♥✱ ♣❤②❧❧♦❝❛❡&✉❧❡✐♥

❛♥❞ ❝✐♦♥✐♥ ❬✶✵✵❪✳

✷✳✶✳✸ ❙②♥'❤❡*✐*

❝❉◆❆0 ❡♥❝♦❞✐♥❣ ❈❈❑ ❢&♦♠ ❤✉♠❛♥ ❬✶✵✸❪✱ ♣✐❣ ❬✶✵✹❪ ❛♥❞ &❛4 ❬✶✵✺❪✱ ❛♥❞ ❣❛04&✐♥ ❢&♦♠ ❤✉♠❛♥ ❬✶✵✻❪

❛♥❞ ♣✐❣ ❬✶✵✼❪ ❤❛✈❡ ❜❡❡♥ ❝❤❛&❛❝4❡&✐③❡❞ ✐♥ 4❤❡ ✶✾✽✵0✳

■♥ ❤✉♠❛♥0✱ 4❤❡ ❈❈❑ ❣❡♥❡ ✐0 ❧♦❝❛4❡❞ ♦♥ ❝❤&♦♠♦0♦♠❡ ✸ ❛♥❞ ✐♥❝❧✉❞❡0 4❤&❡❡ ❡①♦♥0 0❡♣❛&❛4❡❞ ❜②

4✇♦ ✐♥4&♦♥0 ❬✶✵✽❪✳ ❚❤❡ ❝♦❞✐♥❣ &❡❣✐♦♥ ❢♦& 4❤❡ ❈❈❑✲✸✸ 0❡6✉❡♥❝❡ ✐0 ✐♥ ❡①♦♥ ✸ ❬✶✵✾❪✳ R&❡♣&♦❈❈❑✱ ❛

♣&❡❝✉&0♦& ♦❢ ✶✶✺ ❛♠✐♥♦ ❛❝✐❞ &❡0✐❞✉❡0✱ ❛ ♥♦♥✲❛❝4✐✈❡ ♠♦❧❡❝✉❧❡✱ ✐0 ♣&♦❝❡00❡❞ ❜② 0❡&✐❡0 ♦❢ ❝❧❡❛✈❛❣❡0✱

❝❛&❜♦①②❛♠✐❞❛4✐♦♥0 ❛♥❞ ❜② ❖✲0✉❧❢❛4✐♦♥0 ♦❢ ❚②&

✼✼

✱ ❚②&

✾✶

❛♥❞ ❚②&

✾✹

✱ &❡0✉❧4✐♥❣ ✐♥ 0❡✈❡&❛❧ ❢♦&♠0

♦❢ ❈❈❑✳ ❈❈❑✲✺✽✱ ✲✸✸✱ ✲✷✷ ❛♥❞ ✲✽ ❛&❡ ❢♦✉♥❞ ✐♥ ❡♥❞♦❝&✐♥❡ ■✲❝❡❧❧0✱ ❛0 ✇❡❧❧ ❛0 ✐♥ ❤✉♠❛♥ ♣❧❛0♠❛✱

✇❤❡&❡❛0 ♥❡✉&♦♥0 ♠♦04❧② &❡❧❡❛0❡ ❈❈❑✲✽ ❬✶✶✵❪ ❬✶✶✶❪✳ ❈❈❑ &❡❧❡❛0❡ ✐0 04✐♠✉❧❛4❡❞ ❜② ✐♥❣❡04✐♦♥ ♦❢

❢♦♦❞✱ ♠❛✐♥❧② ❞✉❡ 4♦ ♣♦4❡♥4 0❡❝&❡4❛❣♦❣✉❡0 0✉❝❤ ❛0 ❢❛4 ❛♥❞ ♣&♦4❡✐♥0✳

❚❤❡ ❣❛04&✐♥ ❣❡♥❡ ✐0 ❧♦❝❛4❡❞ ♦♥ 4❤❡ ❧♦♥❣ ❛&♠ ♦❢ ❝❤&♦♠♦0♦♠❡ ✶✼ ❛♥❞ ❡①♦♥ ✷ ❝♦♥4❛✐♥0 4❤❡ &❡❣✐♦♥

❡00❡♥4✐❛❧ ❢♦& ❣❛04&✐♥ ❢✉♥❝4✐♦♥✳ ❚❤❡ ♣&❡❝✉&0♦&✱ ♣&❡♣&♦❣❛04&✐♥✱ ✐0 ❛ ♣❡♣4✐❞❡ ♦❢ ✶✵✶ ❛♠✐♥♦ ❛❝✐❞

&❡0✐❞✉❡0 ✐♥ ❤✉♠❛♥✱ ✇❤✐❝❤ ❛❢4❡& ❝❧❡❛✈❛❣❡ ♦❢ 4❤❡ 0✐❣♥❛❧ ♣❡♣4✐❞❡ ❛❢4❡& &❡0✐❞✉❡0 ✷✶ ♦& ✷✺ ✐♥ 4❤❡ ❡♥✲

❞♦♣❧❛0♠✐❝ &❡4✐❝✉❧✉♠ ❣❡♥❡&❛4❡0 ♣&♦❣❛04&✐♥✳ R&♦❣❛04&✐♥ ✐0 4&❛♥0❧♦❝❛4❡❞ 4♦ 4❤❡ 4&❛♥0✲●♦❧❣✐ ♥❡4✇♦&❦

✇❤❡&❡ ✐4 ✉♥❞❡&❣♦❡0 ♠♦❞✐✜❝❛4✐♦♥0 ✭0✉❧❢❛4✐♦♥ ❛♥❞ ♣❤♦0♣❤♦&②❧❛4✐♦♥✮ ❛♥❞ ❝❧❡❛✈❛❣❡0 ❜② ♣&♦❤♦&♠♦♥❡

❝♦♥✈❡&4❛0❡0 ✭R❈✮ ❛4 4✇♦ 0♣❡❝✐✜❝ 0✐4❡0✳ ❈❧❡❛✈❛❣❡0 ❛4 ❆&❣✸✻✲❆&❣✸✼ ❛♥❞ ❆&❣✼✹✲❆&❣✼✺ &❡❧❡❛0❡ 4❤❡

✻✲❛♠✐♥♦ ❛❝✐❞ ❈✲4❡&♠✐♥❛❧ ✢❛♥❦✐♥❣ ♣❡♣4✐❞❡ ✭❈❚❋R✮ ❛♥❞ ❣❧②❝✐♥❡ ❡①4❡♥❞❡❞ ❣❛04&✐♥✲✸✹✲❆&❣❆&❣ ✭●✸✹✲

●❧②✲❆&❣❆&❣✮✱ ✇❤✐❝❤ ✐0 ❢♦❧❧♦✇❡❞ ❜② &❡♠♦✈❛❧ ♦❢ 4❤❡ ❈✲4❡&♠✐♥❛❧ ❛&❣✐♥✐♥❡0 ❜② ❝❛&❜♦①②♣❡♣4✐❞❛0❡ ❊

❣❡♥❡&❛4✐♥❣ ●✸✹✲●❧②✳ ❆♥♦4❤❡& R❈ ❝❧❡❛✈❛❣❡ ♦❢ ●✸✹✲●❧② ❛❢4❡& ❆&❣✺✹✲❆&❣✺✺ ❢♦❧❧♦✇❡❞ ❜② &❡♠♦✈❛❧ ♦❢
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"❤❡ ❈✲"❡'♠✐♥❛❧ ❛'❣✐♥✐♥❡. ❜② ❝❛'❜♦①②♣❡♣"✐❞❛.❡ ❊ ❣❡♥❡'❛"❡. ●✶✼✲●❧②✱ ❝♦♠♠♦♥❧② ❝❛❧❧❡❞ ●❣❧②✳ ❇♦"❤

❣❧②❝✐♥❡✲❡①"❡♥❞❡❞ ♣❡♣"✐❞❡. ❝❛♥ ❜❡ ❛♠✐❞❛"❡❞ ❜② ♣❡♣"✐❞②❧✲α✲❛♠✐❞❛"✐♥❣ ♠♦♥♦✲♦①②❣❡♥❛.❡ ✭=❆▼✮ "♦

❣✐✈❡ '❡.♣❡❝"✐✈❡❧② ●✸✹✲❛♠✐❞❡ ❛♥❞ ●✶✼✲❛♠✐❞❡✱ ❝❛❧❧❡❞ ●❛♠✐❞❡ ✭❋✐❣✉'❡ ✷✳✷✮ ❬✶✶✷❪ ❬✶✶✸❪✳

❇❡❝❛✉.❡ ●❛♠✐❞❡ ✇❛. ♦'✐❣✐♥❛❧❧② ❛..✉♠❡❞ "♦ ❜❡ "❤❡ ♦♥❧② ❜✐♦❧♦❣✐❝❛❧❧② ❛❝"✐✈❡ ♣❡♣"✐❞❡✱ ●❛♠✐❞❡✲✸✹

❛♥❞ ●❛♠✐❞❡ ✇❡'❡ '❡❢❡''❡❞ "♦ ❛. "❤❡ ✏❝❧❛..✐❝❛❧ ❣❛."'✐♥.✑ ✇❤✐❧❡ ♣'♦❣❛."'✐♥ ❛♥❞ "❤❡ ❈❖❖❍✲"❡'♠✐♥❛❧

●❧②✲❣❛."'✐♥. ✇❡'❡ "❤❡ ✏♥♦♥✲❝❧❛..✐❝❛❧ ❣❛."'✐♥.✑✳

❋✐❣✉'❡ ✷✳✷✿ ='♦❝❡..✐♥❣ ♦❢ "❤❡ ❤✉♠❛♥ ♣'♦❣❛."'✐♥ ✐♥ "❤❡ ❛♥"'❛❧ ●✲❝❡❧❧ ❬✶✶✷❪✳

✷✳✶✳✹ ▼❡❝❤❛♥✐+♠+ ♦❢ /❡❧❡❛+❡

●❛."'✐♥ ♣❡♣"✐❞❡. ❛'❡ ♠❛✐♥❧② ♣'♦❞✉❝❡❞ ❜② "❤❡ ❛♥"'❛❧ ●✲❝❡❧❧.✱ ✇❤✐❝❤ ❛'❡ ♠❛❥♦' ❡♥❞♦❝'✐♥❡ ❝❡❧❧.

✐♥ "❤❡ ."♦♠❛❝❤✱ ✐♥ '❡.♣♦♥.❡ "♦ ."✐♠✉❧✐ ❛♥❞ "❤❡♥ '❡❧❡❛.❡❞ ✐♥"♦ "❤❡ ❜❧♦♦❞✳ ❙♠❛❧❧❡' ❛♠♦✉♥". ❛'❡

.②♥"❤❡"✐③❡❞ ❢✉'"❤❡' ❞♦✇♥ "❤❡ ✐♥"❡."✐♥❛❧ "'❛❝"✱ ✐♥ "❤❡ ❝♦❧♦♥ ❛♥❞ ✐♥ "❤❡ ❢❡"❛❧ ♣❛♥❝'❡❛. ❛. ✇❡❧❧ ❛.

✐♥ ❛ ❢❡✇ ♥❡✉'♦♥.✱ ✐♥ "❤❡ ♣✐"✉✐"❛'② ❣❧❛♥❞ ❛♥❞ ✐♥ "❤❡ .♣❡'♠❛"♦③♦❡. ❬✶✶✹❪✳ ■♥ ❤❡❛❧"❤② ❤✉♠❛♥.✱ ♣'♦✲

❣❛."'✐♥ ❛♥❞ ❣❧②❝✐♥❡✲❡①"❡♥❞❡❞ ❣❛."'✐♥. '❡♣'❡.❡♥" ❧❡.. "❤❛♥ ✶✵✪ ♦❢ ❝✐'❝✉❧❛"✐♥❣ ❣❛."'✐♥.✱ ❛♥❞ ❈❚❋=

✇❛. ♦'✐❣✐♥❛❧❧② ❢♦✉♥❞ ✐♥ "❤❡ .❛♠❡ V✉❛♥"✐"✐❡. ❛. ●❛♠✐❞❡ ✐♥ "❤❡ ❝✐'❝✉❧❛"✐♦♥ ❬✶✶✺❪✳ ❚❤❡ ♦❜.❡'✈❛"✐♦♥

"❤❛"✱ ❢♦❧❧♦✇✐♥❣ ❛ ♠❡❛❧✱ ❈❚❋= ❤❛. ❛ ❝♦♥❝❡♥"'❛"✐♦♥ ✹✲❢♦❧❞ ❛♥❞ ✻✵✲❢♦❧❞ ❤✐❣❤❡' "❤❛♥ ●❛♠✐❞❡ ✐♥ "❤❡

❛♥"'✉♠ ❛♥❞ ✐♥ "❤❡ ❝✐'❝✉❧❛"✐♦♥ '❡.♣❡❝"✐✈❡❧②✱ .✉❣❣❡.". ❞✐✛❡'❡♥"✐❛❧ .❡❝'❡"✐♦♥ ♦❢ ❈❚❋= ❛♥❞ ●❛♠✐❞❡

❛❢"❡' ❝❧❡❛✈❛❣❡ ❢'♦♠ ♣'♦❣❛."'✐♥ ❬✶✶✻❪✳

❙"✉❞✐❡. ❤❛✈❡ ❞❡.❝'✐❜❡❞ "❤❡ ."✐♠✉❧❛"✐♦♥ ♦❢ ❣❛."'✐♥ '❡❧❡❛.❡ ❜② ❜♦♠❜❡.✐♥ ❬✶✶✼❪ ❛♥❞ "❤❡ ✐♥❤✐❜✐"✐♦♥ ♦❢

❜♦♠❜❡.✐♥✲."✐♠✉❧❛"❡❞ ❣❛."'✐♥ '❡❧❡❛.❡ ❜② .♦♠❛"♦."❛"✐♥ ❬✶✶✽❪ ✐♥ ✐.♦❧❛"❡❞ ❝❛♥✐♥❡ ●✲❝❡❧❧. ✐♥ ♣'✐♠❛'②





❈❍❆#❚❊❘ ✷✳ ●❆❙❚❘■◆ ❋❆▼■▲❨ ✷✸

✷✳✷ ❈❈❑ ❛♥❞ ❣❛()*✐♥ *❡❝❡♣)♦*(

❚❤❡%❡ ❛%❡ '✇♦ ❦♥♦✇♥ %❡❝❡♣'♦%. ❢♦% ♣❡♣'✐❞❡. ♦❢ '❤❡ ❣❛.'%✐♥ ❢❛♠✐❧②✱ '❤❡ ❈❈❑✶❘ ❛♥❞ '❤❡ ❈❈❑✷❘✱

✇❤✐❝❤ ❝❛♥ ❜❡ ❞✐✛❡%❡♥'✐❛'❡❞ ❜② ♣❤❛%♠❛❝♦❧♦❣✐❝❛❧ .'✉❞✐❡.✳ ❇♦'❤ %❡❝❡♣'♦%. ❛%❡ ♣❛%' ♦❢ '❤❡ ●✲♣%♦'❡✐♥✲

❝♦✉♣❧❡❞ %❡❝❡♣'♦% ✭●C❈❘✮ ❢❛♠✐❧②✳ ●C❈❘. ❜❡❧♦♥❣ '♦ '❤❡ ❧❛%❣❡.' ❛♥❞ ♠♦.' ❞✐✈❡%.❡ ❢❛♠✐❧② ♦❢

.✐❣♥❛❧✐♥❣ ♣%♦'❡✐♥.✳ ❈♦♥.❡F✉❡♥'❧②✱ '❤❡② ❛%❡ ✐♥✈♦❧✈❡❞ ✐♥ ❛♥ ❛❜✉♥❞❛♥' ♥✉♠❜❡% ♦❢ ❝❡❧❧✉❧❛% %❡.♣♦♥.❡.

'♦ ❤♦%♠♦♥❡.✱ ♠❡'❛❜♦❧✐'❡.✱ ❝②'♦❦✐♥❡. ❛♥❞ ♥❡✉%♦'%❛♥.♠✐''❡%. ❬✶✷✹❪✳

✷✳✷✳✶ ❉❡%❝'✐♣*✐♦♥

●!❈❘$

❆' '❤❡ ❡♥❞ ♦❢ '❤❡ ♥✐♥❡'❡❡♥'❤ ❝❡♥'✉%② .♦♠❡ .'✉❞✐❡. .❤♦✇❡❞ '❤❡ ♣%❡.❡♥❝❡ ♦❢ %❡❝❡♣'♦%.✱ ❜✉' ✐' ✇❛.

♦♥❧② ✐♥ ✶✾✼✾ '❤❛' ❘♦❜❡%' ▲❡❢❦♦✇✐'③ ♣✉%✐✜❡❞ '❤❡ ✜%.' %❡❝❡♣'♦%✱ '❤❡ β✷✲❛❞%❡♥❡%❣✐❝ %❡❝❡♣'♦%✱ ❜②

❛✣♥✐'② ❝❤%♦♠❛'♦❣%❛♣❤② ❬✶✷✺❪✳ ❚❤❡ .✐♠✐❧❛%✐'✐❡. ❜❡'✇❡❡♥ '❤❡ .❡F✉❡♥❝❡. ♦❢ β✷✲❛❞%❡♥❡%❣✐❝ %❡❝❡♣'♦%

❛♥❞ '❤❡ %❡❢❡%❡♥❝❡ ♠❡♠❜%❛♥❡ ♣%♦'❡✐♥ ❛' '❤❡ '✐♠❡✱ ❜♦✈✐♥❡ %❤♦❞♦♣.✐♥✱ .✉❣❣❡.' '❤❡ ♣%❡.❡♥❝❡ ♦❢ ❛

❢❛♠✐❧② ♦❢ ❣❡♥❡. ❝♦❞✐♥❣ ❢♦% ♠❡♠❜%❛♥❡ %❡❝❡♣'♦%. ❬✶✷✻❪✳ ❚❤✐. ✇❛. '❤❡ .'❛%' ♦❢ .'✉❞✐❡. ♦♥ ●C❈❘.

❛♥❞ '❤❡%❡ ❛%❡ ♥♦✇ ♠♦%❡ '❤❛♥ ✽✵✵ ❦♥♦✇♥ ❣❡♥❡. ❡♥❝♦❞✐♥❣ ❢♦% ●C❈❘.✳

❋✐❣✉%❡ ✷✳✹✿ ●C❈❘. .'%✉❝'✉%❡

▲❡❢'✿ ❙❝❤❡♠❛'✐❝ ✈✐❡✇ ♦❢ '❤❡ ♦✈❡%❛❧❧ .'%✉❝'✉%❡ ♦❢ ❛ ●C❈❘✳ ❘✐❣❤'✿ ✸❉ .'%✉❝'✉%❡ ♦❢ '❤❡ %❡❝♦♥✲

.'%✉❝'❡❞ µ❖❘ .'%✉❝'✉%❡ ❬✶✷✼❪✳

■♥ '❤❡ ✶✾✺✵.✱ ❜♦✈✐♥❡ %❤♦❞♦♣.✐♥ ✇❛. '❤❡ ✜%.' ●C❈❘ '♦ ❜❡ .'✉❞✐❡❞ ❛♥❞ ✐.♦❧❛'❡❞ ❢%♦♠ .♦♥✐❝❛'❡❞

❜♦✈✐♥❡ %♦❞ ♦✉'❡% .❡❣♠❡♥' ♠❡♠❜%❛♥❡.✳ ❈✐%❝✉❧❛% ❞✐❝❤%♦✐.♠ .❤♦✇❡❞ '❤❛' '❤❡ .'%✉❝'✉%❡ ♦❢ %❤♦❞♦♣.✐♥
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α
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❚❤❡ ❤✉♠❛♥ ●*❈❘- ❝❛♥ ❜❡ ❝❧❛--✐✜❡❞ ✐♥4♦ ✜✈❡ ♠❛✐♥ ❝❧❛--❡- ✿

• ❈❧❛-- ❆ ❘❤♦❞♦♣-✐♥✿ ❚❤❡ :❤♦❞♦♣-✐♥✲❧✐❦❡ ❢❛♠✐❧② ✐- 4❤❡ ❜❡-4 ❝❤❛:❛❝4❡:✐③❡❞ ♦♥❡ ❛♥❞ ❝♦♥4❛✐♥-

❛❜♦✉4 ✾✵✪ ♦❢ ❛❧❧ ●*❈❘-✳ ❖❧❢❛❝4♦:② :❡❝❡♣4♦:-✱ -♠❛❧❧ ♠♦❧❡❝✉❧❡ ❜✐♥❞❡:- ❛♥❞ ♣❡♣4✐❞❡ ❜✐♥❞❡:-

❛:❡ 4❤❡ 4❤:❡❡ ♠❛❥♦: ❜:❛♥❝❤❡- ❢♦: 4❤✐- ❝❧❛-- ❆ ❢❛♠✐❧②✳ ❚❤❡-❡ :❡❝❡♣4♦:- ❤❛✈❡ ❛ -❤♦:4 ◆✲

4❡:♠✐♥❛❧ 4❛✐❧ ❛♥❞ ❝♦♥4❛✐♥ ❝♦♥-❡:✈❡❞ :❡❣✐♦♥- -✉❝❤ ❛- 4❤❡ ◆*❳❳❨ ♠♦4✐❢ ✐♥ ❚▼✼✱ 4✇♦ ❝②-4❡✐♥❡

:❡-✐❞✉❡- ❧✐♥❦✐♥❣ ■▲✶ ❛♥❞ ■▲✷ ✇✐4❤ ❛ ❞✐-✉❧✜❞❡ ❜♦♥❞ ❛♥❞ 4❤❡ ❊✴❉❘❨ ♠♦4✐❢ ❛4 4❤❡ ❜♦:❞❡:

❜❡4✇❡❡♥ ❚▼✸ ❛♥❞ ■▲✷ ❬✶✸✸❪✳ ❚❤❡ :❤♦❞♦♣-✐♥ :❡❝❡♣4♦:✱ 4❤❡ β✷✲❛❞:❡♥❡:❣✐❝ :❡❝❡♣4♦: ❛♥❞ 4❤❡

❈❈❑✶❘ ❛♥❞ ❈❈❑✷❘ ❜❡❧♦♥❣ 4♦ 4❤❡ :❤♦❞♦♣-✐♥✲❧✐❦❡ ❢❛♠✐❧②✳

• ❈❧❛-- ❇ ❙❡❝:❡4✐♥✿ ❚❤❡ -❡❝:❡4✐♥✲❧✐❦❡ ❢❛♠✐❧② ❝♦♥4❛✐♥- :❡❝❡♣4♦:- ✇✐4❤ -4:✉❝4✉:❛❧ -✐♠✐❧❛:✐4✐❡-

✇✐4❤ 4❤❡ -❡❝:❡4✐♥ :❡❝❡♣4♦:✱ -✉❝❤ ❛- 4❤❡ ❣❧✉❝❛❣♦♥ :❡❝❡♣4♦:✱ 4❤❡ ❣❛-4:✐❝ ✐♥❤✐❜✐4♦:② ♣♦❧②♣❡♣4✐❞❡

:❡❝❡♣4♦: ✭●■*❘✮✱ 4❤❡ ❣❧✉❝❛❣♦♥✲❧✐❦❡ ♣❡♣4✐❞❡✲✶✴✷ ✭●▲*✲✶ ❛♥❞ ●▲*✲✷✮ :❡❝❡♣4♦:- ❛♥❞ 4❤❡

❣:♦✇4❤ ❤♦:♠♦♥❡ :❡❧❡❛-✐♥❣ ❤♦:♠♦♥❡ ✭●❍❘❍✮ :❡❝❡♣4♦:✳ ❚❤❡② ❤❛✈❡ ❛♥ ❡①4❡♥❞❡❞ ❛♠✐♥♦✲

4❡:♠✐♥❛❧ ❞♦♠❛✐♥ ✇✐4❤ -✐① ❝♦♥-❡:✈❡❞ ❝②-4❡✐♥❡ :❡-✐❞✉❡- ❝:❡❛4✐♥❣ ❞✐-✉❧✜❞❡ ❜♦♥❞- ❛♥❞ ♣:♦✈✐❞✐♥❣

❝♦♥❢♦:♠❛4✐♦♥❛❧ ❝♦♥-4:❛✐♥4- ❬✶✸✹❪✳ ❚❤❡ -❡_✉❡♥❝❡ ❤♦♠♦❧♦❣② ❜❡4✇❡❡♥ 4❤❡-❡ ●*❈❘- ❛♥❞ 4❤❡

❝❧❛-- ❆ ●*❈❘- ✐- ♦♥❧② ✶✷✪✳

• ❈❧❛-- ❈ ●❧✉4❛♠❛4❡✿ ❚❤❡ ●*❈❘- ❢:♦♠ 4❤❡ ❝❧❛-- ❈ ❢❛♠✐❧② ❞✐-♣❧❛② ❛ ❧♦♥❣ ❛♠✐♥♦✲4❡:♠✐♥❛❧

❞♦♠❛✐♥ ❢♦:♠✐♥❣ 4✇♦ ❞✐-4✐♥❝4 ❧♦❜❡- -❡♣❛:❛4❡❞ ❜② ❛ ❝❛✈✐4② ✇❤❡:❡ 4❤❡ ❛❣♦♥✐-4 ✐- ❛❜❧❡ 4♦

❜✐♥❞✳ ❆♥♦4❤❡: ❝❤❛:❛❝4❡:✐-4✐❝ ♦❢ 4❤✐- ❢❛♠✐❧② ✐- 4❤❡ ♣:❡-❡♥❝❡ ♦❢ ❛ -❤♦:4 ❛♥❞ ❤✐❣❤❧② ❝♦♥-❡:✈❡❞

■▲✸✳ ❚❤❡ ♠❡4❛❜♦4:♦♣✐❝ ❣❧✉4❛♠❛4❡ :❡❝❡♣4♦:- ✭♠●❧✉❘✮✱ 4❤❡ γ✲❛♠✐♥♦❜✉4②:✐❝ ❛❝✐❞ ✭●❆❇❆✮

:❡❝❡♣4♦:- ❛♥❞ 4❤❡ :❡4✐♥♦✐❝ ❛❝✐❞✲✐♥❞✉❝✐❜❧❡ ♦:♣❤❛♥ ●*❈❘- ✭❘❆■●✮ :❡❝❡♣4♦:- ❛:❡ ❛❧❧ ♠❡♠❜❡:-

♦❢ 4❤❡ ❝❧❛-- ❈ ❢❛♠✐❧②✳

• ❈❧❛-- ❋ ❋:✐③③❧❡❞✿ ❚❤❡ ❋:✐③③❧❡❞ :❡❝❡♣4♦:- ♠❡❞✐❛4❡ 4❤❡ ❛❝4✐♦♥- ♦❢ ❲♥4 ❧✐❣❛♥❞- ❛♥❞ 4❤✉- ♣❧❛②

❛ :♦❧❡ ✐♥ ❝❡❧❧ ❢❛4❡✱ ♣:♦❧✐❢❡:❛4✐♦♥ ❛♥❞ ❝❡❧❧ ♣♦❧❛:✐4② ❬✶✸✺❪✳ ❚❤❡✐: ■▲ ❧♦♦♣- ❛:❡ -❤♦:4 ❝♦♠♣❛:❡❞

4♦ ♦4❤❡: ●*❈❘-✳ ❚❤✐- ❢❛♠✐❧② ❝♦♥4❛✐♥- 4❤❡ ❋:✐③③❧❡❞ :❡❝❡♣4♦:- ❋❩❉✶ 4♦ ❋❩❉✶✵✳

• ❈❧❛-- ❚ ❚❛-4❡ ✷✿ ❚❤❡ ●*❈❘- ❢:♦♠ 4❤❡ ❝❧❛-- ❚ ❢❛♠✐❧② ❛:❡ ♥♦4 ✇❡❧❧ ❝❤❛:❛❝4❡:✐③❡❞ ❜✉4 4❤❡②

❤❛✈❡ ❜❡❡♥ ✐-♦❧❛4❡❞ ❢:♦♠ 4❛-4❡ :❡❝❡♣4♦: ❝❡❧❧- ♦❢ 4❤❡ 4♦♥❣✉❡ ❛♥❞ ♣❛❧❛4❡ ❡♣✐4❤❡❧✐✉♠✳ ❚❤❡② ❛:❡

✐♠♣❧✐❝❛4❡❞ ✐♥ 4❤❡ ♣❡:❝❡♣4✐♦♥ ♦❢ ❜✐44❡:♥❡-- ❬✶✸✻❪✳

❈❈❑✷❘

❈❈❑❘ :❡❝❡♣4♦:- ✇❡:❡ ❞✐-❝♦✈❡:❡❞ ✐♥ ✶✾✼✽ ✉-✐♥❣ :❛❞✐♦❧❛❜❡❧❡❞ ❝❛❡:✉❧❡✐♥✱ ❛ ❈❈❑ ❛♥❛❧♦❣✉❡✱ ✐♥ ✐♥✲

4❛❝4 :❛4 ♣❛♥❝:❡❛4✐❝ ❛❝✐♥❛: ❝❡❧❧- ❬✶✸✼❪✳ ❆♥♦4❤❡: ♣❤❛:♠❛❝♦❧♦❣✐❝❛❧❧② ❞✐✛❡:❡♥4 ❈❈❑ :❡❝❡♣4♦: ✇❛-

4❤❡♥ ❢♦✉♥❞ ✐♥ 4❤❡ :❛4✬- ❜:❛✐♥✳ ❚❤❡ ✜:-4 :❡❝❡♣4♦: ✇❛- ❝❛❧❧❡❞ ❈❈❑❘✲❆ ❢♦: ❆❧✐♠❡♥4❛:② ❛♥❞ 4❤❡

-❡❝♦♥❞ ♦♥❡ ❈❈❑❘✲❇ ❢♦: ❇:❛✐♥✱ ❜✉4 4❤❡-❡ ♥❛♠❡- ✇❡:❡ ❧❛4❡: ❝❤❛♥❣❡❞ 4♦ ❈❈❑✶❘ ❛♥❞ ❈❈❑✷❘✱

:❡-♣❡❝4✐✈❡❧②✳ ❈❈❑✶❘ ❜✐♥❞- 4♦ -✉❧❢❛4❡❞ ❈❈❑ ✇✐4❤ ❛♥ ❛✣♥✐4② ✺✵✵✲✶✵✵✵ ❤✐❣❤❡: 4❤❛♥ ❣❛-4:✐♥ ✇❤✐❧❡

❈❈❑✷❘ ❜✐♥❞- 4♦ ❈❈❑ ❛♥❞ ❣❛-4:✐♥ ✇✐4❤ -✐♠✐❧❛: ❛✣♥✐4② ❛♥❞ ❞♦❡- ♥♦4 :❡_✉✐:❡ ❧✐❣❛♥❞ -✉❧❢❛4✐♦♥ ❢♦:
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❜✐♥❞✐♥❣ ❬✶✸✽❪✳ -.♦❣❛12.✐♥✱ ●❣❧② ❛♥❞ ❈❚❋- ❤❛✈❡ ♣♦♦. ❛✣♥✐2② ❢♦. ❈❈❑✷❘✳ ❙♦♠❡ 12✉❞✐❡1 ❤❛✈❡

1❤♦✇♥ 2❤❛2 ●❣❧② 12✐♠✉❧❛2❡1 2❤❡ ❣.♦✇2❤ ♦❢ 2❤❡ ❣❛12.✐❝ ❝❛♥❝❡. ❝❡❧❧ ❧✐♥❡ ❆●❙ ❛♥❞ 2❤❡ ♣❛♥❝.❡❛2✐❝

❛❝✐♥❛. ❝❡❧❧ ❧✐♥❡ ❆❘✹✲✷❏ 1✐♠✐❧❛.❧② 2♦ ●❛♠✐❞❡✱ ❜✉2 2❤.♦✉❣❤ ❜✐♥❞✐♥❣ 1✐2❡1 ♣❤❛.♠❛❝♦❧♦❣✐❝❛❧❧② ❞✐12✐♥❝2

❢.♦♠ ❈❈❑✶❘ ❛♥❞ ❈❈❑✷❘ ❬✶✸✾❪ ❬✶✹✵❪✳ ❚❤❡ ❣❛12.✐♥✲❜✐♥❞✐♥❣ ♣.♦2❡✐♥ ✭●❇-✮ ✐1 ❛♥♦2❤❡. .❡❝❡♣2♦.

✐❞❡♥2✐✜❡❞ ✐♥ ♣♦.❝✐♥❡ ❣❛12.✐❝ ♠✉❝♦1❛❧ ♠❡♠❜.❛♥❡1 2❤❛2 ❜✐♥❞1 2♦ ●❣❧② ❛♥❞ ●❛♠✐❞❡ ❬✶✹✶❪ ❬✶✹✷❪✳

❙❡✈❡.❛❧ .❡❝❡♣2♦. 1✉❜2②♣❡1 ❤❛✈❡ ❜❡❡♥ ✐♠♣❧✐❝❛2❡❞ ✐♥ ❣.♦✇2❤ ❡✛❡❝21 ❜② ❣❛12.✐♥ ♣❡♣2✐❞❡1 ❛♥❞ ❆♥✲

♥❡①✐♥ ■■ ✇❛1 ❞❡1❝.✐❜❡❞ ❛1 ❛ ♣♦2❡♥2✐❛❧ ❣❛12.✐♥✴♣.♦❣❛12.✐♥ .❡❝❡♣2♦. ✐♥ ❜♦2❤ ♥♦.♠❛❧ ❛♥❞ ❝❛♥❝❡.♦✉1

❣❛12.♦✐♥2❡12✐♥❛❧ ❝❡❧❧ ❧✐♥❡1 ❬✶✹✸❪✳ ❆ .❡❝❡♥2 .❡♣♦.2 ❤❛1 ❢♦✉♥❞ 2❤❡ ❋✶✲❆❚-❛1❡ ❛1 ❛ ❝❛♥❞✐❞❛2❡ ●❣❧②

.❡❝❡♣2♦. ❬✶✹✹❪✳

❚❤❡ ❤✉♠❛♥ ❈❈❑✷❘ ❝❉◆❆ ✇❛1 ❝❧♦♥❡❞ ✐♥ ✶✾✾✸❀ ✐2 ❡♥❝♦❞❡1 ❛ ♣.♦2❡✐♥ ♦❢ ✹✹✼ ❛♠✐♥♦ ❛❝✐❞1 ✇✐2❤ ❛

♠♦❧❡❝✉❧❛. ✇❡✐❣❤2 ♦❢ ✹✽✱✹✶✾ ❞❛❧2♦♥1 ❬✶✹✺❪✳ ❈❈❑✷❘✱ ❛ ♠❡♠❜❡. ♦❢ 2❤❡ ❆ ❢❛♠✐❧② ♦❢ ●-❈❘1✱ ❤❛1

❛ 2②♣✐❝❛❧ 1❡✈❡♥✲2.❛♥1♠❡♠❜.❛♥❡ α✲❤❡❧✐① 12.✉❝2✉.❡ ❛♥❞ ✐21 ◆✲2❡.♠✐♥❛❧ ❞♦♠❛✐♥ ✐1 ✐♥✈♦❧✈❡❞ ✐♥ 2❤❡

2.❛♥1❧♦❝❛2✐♦♥ 2♦ 2❤❡ ♠❡♠❜.❛♥❡✳ ❚❤❡ 1❡Z✉❡♥❝❡ ♣.❡1❡♥21 ❛2 ❧❡❛12 2❤.❡❡ ❝♦♥1❡♥1✉1 1✐2❡1 ❢♦. ◆✲

❧✐♥❦❡❞ ❣❧②❝♦1②❧❛2✐♦♥✿ ❆1♥✼✱ ❆1♥✸✵ ❛♥❞ ❆1♥✷✵✺ ❬✶✹✶❪✳ ❈❈❑✷❘ ❝♦♥2❛✐♥1 2✇♦ ❝♦♥1❡.✈❡❞ ❝②12❡✐♥❡

.❡1✐❞✉❡1 ❝.❡❛2✐♥❣ ❛ ❞✐1✉❧✜❞❡ ❜♦♥❞ ❜❡2✇❡❡♥ 2❤❡ ✜.12 ❛♥❞ 1❡❝♦♥❞ ❊▲1 ❛♥❞ ♣❧❛②✐♥❣ ❛♥ ❡11❡♥2✐❛❧ .♦❧❡

✐♥ .❡❝❡♣2♦. ❝♦♥❢♦.♠❛2✐♦♥ ❛♥❞ 12❛❜✐❧✐③❛2✐♦♥ ❬✶✹✻❪✳ ❚❤✐1 .❡❝❡♣2♦. ❛❧1♦ ❝♦♥2❛✐♥1 2❤❡ ❊✴❉❘❨ ♠♦2✐❢

❛2 2❤❡ ✐♥2.❛❝❡❧❧✉❧❛. ❡♥❞ ♦❢ ❤❡❧✐① ■■■ ❛♥❞ 2❤❡ ◆-❳❳❨ ♠♦2✐❢ ✐♥ 2❤❡ 2.❛♥1♠❡♠❜.❛♥❡ ❞♦♠❛✐♥ ❱■■✱

✇❤✐❝❤ ❜♦2❤ ❛.❡ ✐♠♣❧✐❝❛2❡❞ ✐♥ 2❤❡ .❡❣✉❧❛2✐♦♥ ♦❢ .❡❝❡♣2♦. ❝♦♥❢♦.♠❛2✐♦♥❛❧ 12❛2❡1 ❛♥❞ ✐♥ ●✲♣.♦2❡✐♥

❝♦✉♣❧✐♥❣✴.❡❝♦❣♥✐2✐♦♥✳ ❈❈❑✷❘ ✐1 ❡①♣.❡11❡❞ ❜② ♣❛.✐❡2❛❧ ❝❡❧❧1✱ ❡♥2❡.♦❝❤.♦♠❛✣♥✲❧✐❦❡ ✭❊❈▲✮ ❝❡❧❧1✱

1♦♠❡ 1♠♦♦2❤ ♠✉1❝❧❡ ❝❡❧❧1✱ ♥❡✉.♦♥1 ♦❢ 2❤❡ ❝❡♥2.❛❧ ❛♥❞ ♣❡.✐♣❤❡.❛❧ ♥❡.✈♦✉1 1②12❡♠ ❛♥❞ ♣❛♥❝.❡❛2✐❝

❛❝✐♥❛. ❝❡❧❧1✳

✷✳✷✳✷ ●#❈❘ ❛❝(✐✈❛(✐♦♥✴✐♥❛❝(✐✈❛(✐♦♥ ❝②❝❧❡

■♥ 2❤❡ ✶✾✼✵1✱ ❛ 1❡.✐❡1 ♦❢ 12✉❞✐❡1 ✐❞❡♥2✐✜❡❞ 2❤❡ ✜.12 ❝❆▼- ❡✛❡❝2♦.✱ ♣.♦2❡✐♥ ❦✐♥❛1❡ ❆ ❬✶✹✼❪✱ ❛♥❞

2❤❡ ♣.❡1❡♥❝❡ ♦❢ ❛ ♣.♦2❡✐♥ ❝♦♥♥❡❝2✐♥❣ 2❤❡ ❣❧✉❝❛❣♦♥ .❡❝❡♣2♦. 2♦ 2❤❡ ❛❞❡♥②❧②❧ ❝②❝❧❛1❡ ✭❆❈✮ 2❤❛2

❝❛2❛❧②1❡1 2❤❡ 1②♥2❤❡1✐1 ♦❢ ❝❆▼- ❬✶✹✽❪✳ ❚❤✐1 ✐♥2❡.♠❡❞✐❛2❡ ♣.♦2❡✐♥ ✇❛1 ❞❡1❝.✐❜❡❞ ✐♥ ✶✾✼✼ ❛♥❞

❝❛❧❧❡❞ ●1 ♣.♦2❡✐♥ ❬✶✹✾❪ ❬✶✺✵❪✳ ❚❤❡ ●1 ♣.♦2❡✐♥ ✇❛1 2❤❡♥ ♣✉.✐✜❡❞ ❛♥❞ ✐❞❡♥2✐✜❡❞ ❛1 ❛ ❤❡2❡.♦2.✐♠❡.✐❝

♠♦❧❡❝✉❧❡ ✇✐2❤ ●α✱ ●β ❛♥❞ ●γ 1✉❜✉♥✐21✳

❆ ❣❡♥❡.❛❧ ♠♦❞❡❧ ❢♦. 2❤❡ ●-❈❘ ❛❝2✐✈❛2✐♦♥✴✐♥❛❝2✐✈❛2✐♦♥ ❝②❝❧❡ ❤❛1 1✐♥❝❡ ❜❡❡♥ ♣.♦♣♦1❡❞✳ ❯♣♦♥

❧✐❣❛♥❞ ❜✐♥❞✐♥❣ 2♦ ✐21 .❡❝❡♣2♦.✱ 2❤❡ ❛❝2✐✈❛2❡❞ ●-❈❘ ✉♥❞❡.❣♦❡1 ❝♦♥❢♦.♠❛2✐♦♥❛❧ ❝❤❛♥❣❡1✱ ✇❤✐❝❤

❢❛❝✐❧✐2❛2❡ ✐♥2❡.❛❝2✐♦♥ ✇✐2❤ ♦♥❡ ♦❢ 2❤❡ ● ♣.♦2❡✐♥1 ❛♥❞ ❛❝2✐✈❛2❡1 2❤❡♠ ❜② ❡①❝❤❛♥❣✐♥❣ ●❉- ❢♦. ●❚-

✐♥ 2❤❡ ●α 1✉❜✉♥✐2 ✭❋✐❣✉.❡ ✷✳✻✮ ❬✶✺✶❪✳ ❍❡♥❝❡ ●-❈❘1 ❢✉♥❝2✐♦♥ ❛1 ❣✉❛♥✐♥❡✲♥✉❝❧❡♦2✐❞❡✲❡①❝❤❛♥❣❡

❢❛❝2♦.1 ✭●❊❋1✮✳ ❚❤❡ ●❚-✲❜♦✉♥❞ ●α 1❡♣❛.❛2❡1 ❢.♦♠ ●β●γ ❛♥❞ 2❤❡ 2❤.❡❡ 1✉❜✉♥✐21 ❛.❡ 2❤❡♥

❛❝2✐✈❡ ❛♥❞ ❛✈❛✐❧❛❜❧❡ 2♦ ✐♥2❡.❛❝2 ✇✐2❤ ❞♦✇♥12.❡❛♠ 2❛.❣❡21✳ ❆❝2✐✈❛2❡❞ ●α 2.✐❣❣❡.1 1❡❝♦♥❞ ♠❡11❡♥✲

❣❡.1 ✈✐❛ ❡✛❡❝2♦.1 1✉❝❤ ❛1 ♣❤♦1♣❤♦❧✐♣❛1❡ ❈ ✭-▲❈✮ ♦. ❛❞❡♥②❧②❧ ❝②❝❧❛1❡✳ ■♥❞❡♣❡♥❞❡♥2❧② 2❤❡ ●-❈❘
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✐# ❛✈❛✐❧❛❜❧❡ ❢♦+ ♣❤♦#♣❤♦+②❧❛/✐♦♥ ❜② ●✲♣+♦/❡✐♥✲❝♦✉♣❧❡❞ +❡❝❡♣/♦+ ❦✐♥❛#❡# ✭●❘❑#✮ #/✐♠✉❧❛/✐♥❣ ✐/#

❜✐♥❞✐♥❣ /♦ β✲❛++❡#/✐♥ ❬✶✺✷❪✳ ❚❤✐# ❧❡❛❞# /♦ ●C❈❘ ✐♥/❡+♥❛❧✐③❛/✐♦♥ ❛♥❞ /❤❡ ●C❈❘ ❝❛♥ /❤❡♥ ❜❡

+❡❝②❝❧❡❞ /♦ /❤❡ ❝❡❧❧ ♠❡♠❜+❛♥❡ ♦+ ❞❡❣+❛❞❡❞ ❜② ❧②#♦#♦♠❡#✳

❋✐❣✉+❡ ✷✳✻✿ ❚❤❡ ●C❈❘ ❝②❝❧❡✳

❚❤❡ ●C❈❘ ❝②❝❧❡ #/❛+/# ♦♥ /❤❡ /♦♣ ❧❡❢/ ♦❢ /❤❡ ✜❣✉+❡ ❛♥❞ ❣♦❡# ❢+♦♠ ✐/# ❜❛#❛❧ #/❛/❡✱ /❤❡ ❜✐♥❞✐♥❣

/♦ ✐/# ❧✐❣❛♥❞ ❛♥❞ /❤❡ ♣+♦/❡✐♥ ● ❛❝/✐✈❛/✐♦♥✱ /❤❡ ✐♥✐/✐❛/✐♦♥ ♦❢ ❛ #❡❝♦♥❞✲♠❡##❡♥❣❡+ ❝❛#❝❛❞❡✱ ✐/#

✐♥/❡+♥❛❧✐③❛/✐♦♥ ❛♥❞ +❡❝②❝❧✐♥❣ /♦ /❤❡ ❝❡❧❧ #✉+❢❛❝❡ ❬✶✺✶❪✳

●✲♣+♦/❡✐♥#✱ ●❘❑# ❛♥❞ ❛++❡#/✐♥# ❛+❡ #♦♠❡ ♦❢ /❤❡ #✐❣♥❛❧ /+❛♥#❞✉❝❡+# ✐♠♣♦+/❛♥/ /♦ /❤❡ ●C❈❘

❝②❝❧❡✳

• ●✲C+♦/❡✐♥#✿ ❍❡/❡+♦/+✐♠❡+✐❝ ●✲♣+♦/❡✐♥# ❛+❡ ❛ ❣+♦✉♣ ♦❢ ●❚C❛#❡# ✇✐/❤ ❛ ❝♦♠♠♦♥ #/+✉❝/✉+❡ ♦❢

/❤+❡❡ #✉❜✉♥✐/#✳ ❚❤❡ ●α #✉❜✉♥✐/✱ ❛❜♦✉/ ✸✾ /♦ ✺✷ ❦❉❛✱ ❝♦♥/❛✐♥# ❛♥ ✐♥/+✐♥#✐❝ ●❚C❛#❡ ❛❝/✐✈✐/②✱

✇❤✐❝❤ ❝❛/❛❧②#❡# /❤❡ ❤②❞+♦❧②#✐# ♦❢ ●❚C /♦ ●❉C✱ ❛♥❞ ❛ ●βγ ✉♥✐/ /❤❛/ ✐# ♥♦♥❝♦✈❛❧❡♥/❧② ❜♦✉♥❞

/♦ /❤❡ ●α #✉❜✉♥✐/ ✐♥ ✐/# ✐♥❛❝/✐✈❡ #/❛/❡✳ ❯♣ /♦ ♥♦✇✱ /❤❡ ●✲♣+♦/❡✐♥ ❢❛♠✐❧② ❝♦♥/❛✐♥# ✷✸ ●α

#✉❜✉♥✐/# ✭❣+♦✉♣❡❞ ✐♥/♦ ❢♦✉+ ♠❛✐♥ ❢❛♠✐❧✐❡# ●α✐✴♦✱ ●α#✱ ●αR ✴✶✶ ❛♥❞ ●α✶✷✮✱ ✻ β #✉❜✉♥✐/#

❛♥❞ ✶✷ γ #✉❜✉♥✐/#✳ ❚❤❡+❡ ❛+❡ ♠❛♥② ●✲♣+♦/❡✐♥# ❛♥❞ /❤❡ ❞✐✛❡+❡♥/ ❝♦♠❜✐♥❛/✐♦♥# ♦❢ /❤❡ /❤+❡❡

#✉❜✉♥✐/# ❜✐♥❞ /♦ ❞✐✛❡+❡♥/ ❦✐♥❞# ♦❢ +❡❝❡♣/♦+# ❛♥❞ ❛❝/✐✈❛/❡ ✈❛+✐♦✉# #✐❣♥❛❧✐♥❣ ♣❛/❤✇❛②#✳

• ●❘❑#✿ ❚❤❡ ●✲♣+♦/❡✐♥✲❝♦✉♣❧❡❞ +❡❝❡♣/♦+ ❦✐♥❛#❡# +❡♣+❡#❡♥/ ❛ ❢❛♠✐❧② ♦❢ #❡✈❡♥ #❡+✐♥❡❭♣+♦/❡✐♥
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❦✐♥❛&❡&✳ ❚❤❡② ❤❛✈❡ ❛ ✇❡❧❧✲❝♦♥&❡2✈❡❞ ❝❡♥42❛❧ ❝❛4❛❧②4✐❝ ❞♦♠❛✐♥ ❛♥❞ ✈❛2✐❛❜❧❡ ◆✲4❡2♠✐♥❛❧ ❛♥❞

❈✲4❡2♠✐♥❛❧ ❞♦♠❛✐♥&✳ ❚❤❡ ❛♠✐♥♦ 4❡2♠✐♥✉& ❤❛& ❜✐♥❞✐♥❣ &✐4❡& 4❤❛4 ❞❡4❡2♠✐♥❡ 4❤❡ ●❘❑ ✐♥42❛✲

❝❡❧❧✉❧❛2 ❧♦❝❛❧✐③❛4✐♦♥ ❛♥❞ 4❤✉& ❝♦♥❢❡2 ✐4& &♣❡❝✐✜❝✐4② 4♦ ●B❈❘& ❬✶✺✸❪✳ ●❘❑& ♣❤♦&♣❤♦2②❧❛4❡

&❡2✐♥❡& ❛♥❞ 4❤2❡♦♥✐♥❡& ❧♦❝❛4❡❞ ✐♥ 4❤❡ ■▲✸ ❛♥❞ 4❤❡ ❈✲4❡2♠✐♥❛❧ ❞♦♠❛✐♥ ♦❢ 4❤❡ ❧✐❣❛♥❞✲❛❝4✐✈❛4❡❞

●B❈❘&✳ ❍♦✇❡✈❡2✱ 4❤✐& ✐& ♥♦4 ❡♥♦✉❣❤ ❢♦2 ❛ ❝♦♠♣❧❡4❡ ❞❡&❡♥&✐4✐③❛4✐♦♥ ♦❢ 4❤❡ 2❡❝❡♣4♦2 ❬✶✺✹❪✳

• ❆22❡&4✐♥&✿ ❆22❡&4✐♥&✱ ♦2 β✲❛22❡&4✐♥&✱ ❛2❡ ♣2♦4❡✐♥& ❛❜❧❡ 4♦ ❞✐&&♦❝✐❛4❡ ●✲♣2♦4❡✐♥& ❢2♦♠ ♣❤♦&✲

♣❤♦2②❧❛4❡❞ ●B❈❘& ❛♥❞ 4❤❡② ❝♦♥&❡O✉❡♥4❧② ♣❧❛② ❛ 2♦❧❡ ✐♥ ●B❈❘ ✐♥4❡2♥❛❧✐③❛4✐♦♥ ❛♥❞ ❝❡❧❧

42❛✣❝❦✐♥❣✳ ❚❤❡② 2❡❝2✉✐4 ♣2♦4❡✐♥& &✉❝❤ ❛& ❝❧❛4❤2✐♥ ❛♥❞ ❆B✲✷ ✭❛❞❛♣4♦2 ♣2♦4❡✐♥ ✷✮✱ ✇❤✐❝❤

❛2❡ ✐♥✈♦❧✈❡❞ ✐♥ ●B❈❘ ❡♥❞♦❝②4♦&✐&✳ ■♥4❡2❡&4✐♥❣❧② &♦♠❡ &4✉❞✐❡& ❤❛✈❡ &❤♦✇♥ 4❤❛4 ♥♦4 ❛❧❧ ♦❢

4❤❡ ●B❈❘& 2❡O✉✐2❡ β✲❛22❡&4✐♥& ❢♦2 4❤❡✐2 ❡♥❞♦❝②4♦&✐& ❬✶✺✺❪✳

✷✳✷✳✸ ❙✐❣♥❛❧✐♥❣ ♣❛*❤✇❛②.

●!❈❘ $✐❣♥❛❧✐♥❣ ♣❛+❤✇❛②$

❚2❛♥&♠❡♠❜2❛♥❡ &✐❣♥❛❧✐♥❣ ✉♣♦♥ ❛❝4✐✈❛4✐♦♥ ♦❢ ❛ ●B❈❘ ❜② ✐4& &♣❡❝✐✜❝ ❧✐❣❛♥❞ ✐& 42❛♥&❞✉❝❡❞ ❜② ✈❛2✲

✐♦✉& ♣2♦4❡✐♥&✱ ✇❤✐❝❤ ❛2❡ ❝♦♥42♦❧❧❡❞ ❜② 4❤❡ 2❡❝❡♣4♦2✳ ■♥ 4❤❡ ●✲♣2♦4❡✐♥✲♠❡❞✐❛4❡❞ &✐❣♥❛❧✐♥❣ &②&4❡♠✱

4❤❡ 2❡❝❡♣4♦2✱ 4❤❡ ●✲♣2♦4❡✐♥ ❛♥❞ ❡✛❡❝4♦2& ❝❛♥ ❜❡ 2❡❣✉❧❛4❡❞ ✐♥❞❡♣❡♥❞❡♥4❧② ❛♥❞ ❝❛♥ &❡♣❛2❛4❡❧②

❛❝4✐✈❛4❡ &✐❣♥❛❧✐♥❣ ♣❛4❤✇❛②& ✭❋✐❣✉2❡ ✷✳✼✮ ❬✶✺✻❪✳

❋✐❣✉2❡ ✷✳✼✿ ❊①❛♠♣❧❡& ♦❢ ●✲♣2♦4❡✐♥✲ ❛♥❞ β✲❛22❡&4✐♥✲♠❡❞✐❛4❡❞ ❞♦✇♥&42❡❛♠ &✐❣♥❛❧✐♥❣ ♣❛4❤✇❛②& ♦♥

●B❈❘& ❬✶✺✻❪✳
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❆❢$❡& ❞✐))♦❝✐❛$✐♦♥ ♦❢ $❤❡ $&✐♠❡&✐❝ ●✲♣&♦$❡✐♥✱ $❤❡ ●α )✉❜✉♥✐$ ❝❛♥ ✐♥$❡&❛❝$ ✇✐$❤ ✈❛&✐♦✉) ❡✛❡❝✲

$♦&)✳ ●α) ❛❝$✐✈❛$❡) ❛❞❡♥②❧②❧ ❝②❝❧❛)❡ ✭❆❈✮ ❛♥❞ $❤✉) $❤❡ ♣&♦❞✉❝$✐♦♥ ♦❢ ❝❆▼@ ✭❝②❝❧✐❝ ❛❞❡♥♦)✐♥❡

✸✬✱✺✬✲❝②❝❧✐❝ ♠♦♥♦♣❤♦)♣❤❛$❡✮✱ ✇❤✐❧❡ $❤❡ ●α✐ )✉❜✉♥✐$ ✐♥❤✐❜✐$) ✐$✳ ❚❤❡ ●α$ )✉❜✉♥✐$ ❛❝$✐✈❛$❡) ♣❤♦✲

$♦&❡❝❡♣$♦& ♣❤♦)♣❤♦❞✐❡)$❡&❛)❡ ✭@❉❊✮ &❡)✉❧$✐♥❣ ✐♥ ♠❡♠❜&❛♥❡ ❤②♣❡&♣♦❧❛&✐③❛$✐♦♥✱ ❛♥❞ $❤❡ ●αI

)✉❜✉♥✐$ ❛❝$✐✈❛$❡) ♣❤♦)♣❤♦❧✐♣❛)❡ ❈ ✭@▲❈✮ ❧❡❛❞✐♥❣ $♦ ❝❛❧❝✐✉♠ &❡❧❡❛)❡ ❛♥❞ @❑❈ ❛❝$✐✈❛$✐♦♥ ❬✶✺✼❪

❬✶✺✽❪✳ ●β●γ )$❛②) ❛) ❛ ✉♥✐$ ❛♥❞ ❝❛♥ ♠❡❞✐❛$❡ &❡)♣♦♥)❡) ❞✐✛❡&❡♥$ ❢&♦♠ ●α✳ ●β●γ ❝❛♥ ✜&)$❧②

✐♥❛❝$✐✈❛$❡ $❤❡ ●α )✉❜✉♥✐$ ❛♥❞ ❛❝$✐✈❛$❡ $❤❡ ▼❆@❑ ❛♥❞ ❏◆❑ )✐❣♥❛❧✐♥❣ ♣❛$❤✇❛②)✳ ❚❤❡ ●γ )✉❜✲

✉♥✐$ ❝❛♥ ❛❧)♦ ❛❝$✐✈❛$❡ ♦& ❞❡❛❝$✐✈❛$❡ ❆❈ ❛♥❞ ❛❝$✐✈❛$❡ @▲❈) ♦& @■✸❑ ✇❤✐❧❡ $❤❡ ●γ )✉❜✉♥✐$ ❝❛♥

❛❝$✐✈❛$❡ ❞✐✈❡&)❡ ❦✐♥❛)❡) )✉❝❤ ❛) ♣&♦$❡✐♥ ❦✐♥❛)❡ ❉ ✭@❑❉✮ ❬✶✺✾❪✳

β✲❛&&❡)$✐♥) ♣❧❛② ❛ &♦❧❡ ✐♥ ●@❈❘ ❡♥❞♦❝②$♦)✐) ❜✉$ ❛&❡ ❛❧)♦ ✐♥✈♦❧✈❡❞ ✐♥ )✐❣♥❛❧✐♥❣✱ $&❛✣❝❦✐♥❣ ❛♥❞

✉❜✐I✉✐$✐♥❛$✐♦♥ ♦❢ &❡❝❡♣$♦&) ❬✶✻✵❪✳ ▲✐❦❡ ●✲♣&♦$❡✐♥)✱ β✲❛&&❡)$✐♥) ❜✐♥❞ ▼❆@❑) ✭▼✐$♦❣❡♥✲❆❝$✐✈❛$❡❞

@&♦$❡✐♥ ❑✐♥❛)❡✮✱ ✐♥❝❧✉❞✐♥❣ ❊❘❑✶✴✷ ✭❊①$&❛❝❡❧❧✉❧❛&✲)✐❣♥❛❧✲❘❡❣✉❧❛$❡❞ ❑✐♥❛)❡✮✱ ❜✉$ $❤&♦✉❣❤ ❞✐)✲

$✐♥❝$ ♠❡❝❤❛♥✐)♠) ❬✶✻✶❪✳ ❊❘❑ ❛❝$✐✈❛$✐♦♥ ♣♦$❡♥$✐❛❧❧② ❧❡❛❞) $♦ ❣❡♥❡ $&❛♥)❝&✐♣$✐♦♥ ♣&♦♠♦$✐♥❣ ❝❡❧❧

❝②❝❧❡ ♣&♦❣&❡))✐♦♥ ❬✶✻✷❪✳ β✲❛&&❡)$✐♥) ♣❧❛② ❛ &♦❧❡ ✐♥ ❛❝$✐✈❛$✐♦♥ ♦❢ ♣✸✽ ❛♥❞ ❏◆❑✷ ✭❝✲❥✉♥ ◆❍✷✲$❡&♠✐♥❛❧

❦✐♥❛)❡ ✷✮ ❛♥❞ ✐♥ ✐♥❛❝$✐✈❛$✐♦♥ ♦❢ ❏◆❑✸✱ ✇❤✐❝❤ ❝♦✉❧❞ ❜❡ ❛ ✉)❡❢✉❧ $♦♦❧ ❛❣❛✐♥)$ ♣&♦✲❛♣♦♣$♦$✐❝ ❏◆❑✸

❛❝$✐✈✐$② ❬✶✻✸❪ ❬✶✻✹❪✳ ❙♦♠❡ )$✉❞✐❡) ❤❛✈❡ &❡♣♦&$❡❞ ❛ ❧✐♥❦ ❜❡$✇❡❡♥ β✲❛&&❡)$✐♥) ❛♥❞ &❡❝❡♣$♦& ✉❜✐I✉✐✲

$✐♥❛$✐♦♥ ❛♥❞ ❞❡❣&❛❞❛$✐♦♥ ❬✶✻✺❪✳

❈❈❑✷❘ $✐❣♥❛❧✐♥❣ ♣❛+❤✇❛②$

❚❤❡ ❈❈❑✷❘ ✐) ❝♦✉♣❧❡❞ $♦ ●αI✱ ✇❤✐❝❤ ✐) ✐♥✈♦❧✈❡❞ ✐♥ ♠❛♥② )✐❣♥❛❧✐♥❣ ♣❛$❤✇❛②) ❛♥❞ ❝♦♥)❡I✉❡♥$❧②

✐♥ ♠❛♥② ♣❤②)✐♦❧♦❣✐❝❛❧ ❛♥❞ ♣❛$❤♦♣❤②)✐♦❧♦❣✐❝❛❧ ♣&♦❝❡))❡) ✭❋✐❣✉&❡ ✷✳✽✮ ❬✶✻✻❪✳

❯♣♦♥ ❜✐♥❞✐♥❣ $♦ ●I✱ $❤❡ ❛❝$✐✈❛$❡❞ ❈❈❑✷❘ ❛❝$✐✈❛$❡) $❤❡ @▲❈ ♣❛$❤✇❛② ❜② ❜✐♥❞✐♥❣ ♦❢ ✐$) ❈✲

$❡&♠✐♥❛❧ ❞♦♠❛✐♥ $♦ $❤❡ ❙❍✷ ❞♦♠❛✐♥ ♦❢ $❤❡ @▲❈ ✐)♦❢♦&♠ @▲❈γ✶ ❬✶✻✼❪✳ @▲❈ ❝❛$❛❧②)❡) $❤❡

❤②❞&♦❧②)✐) ♦❢ ♣❤♦)♣❤❛$✐❞②❧✐♥♦)✐$♦❧ ✹✱✺✲❜✐♣❤♦)♣❤❛$❡ ✭@✐@✷✮ $♦ ♣&♦❞✉❝❡ ✐♥♦)✐$♦❧ ✶✱✹✱✺✲$&✐♣❤♦)♣❤❛$❡

✭■@✸✮ ❛♥❞ ❞✐❛❝②❧❣❧②❝❡&♦❧ ✭❉❆●✮✳ ■@✸ ❛❝$) ❛) ❛ )❡❝♦♥❞ ♠❡))❡♥❣❡& ✐♥ $❤❡ ❝②$♦♣❧❛)♠ $❤&♦✉❣❤ $❤❡

■@✸ &❡❝❡♣$♦& ✐♥ $❤❡ ❡♥❞♦$❤❡❧✐✉♠ &❡$✐❝✉❧✉♠ ✭❊❘✮ ❛♥❞ ❜② )$✐♠✉❧❛$✐♥❣ ❝❛❧❝✐✉♠ &❡❧❡❛)❡ ✐♥$♦ $❤❡
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❢❛❝&♦8✱ ❊8❣✲✶✱ ✇❛* *❤♦✇♥ &♦ ❜❡ ♣❤♦*♣❤♦8②❧❛&❡❞ ❛❢&❡8 ❣❛*&8✐♥ *&✐♠✉❧❛&✐♦♥ ❛♥❞ ✇❛* ✐❞❡♥&✐✜❡❞ ❛*

♦♥❡ ♦❢ &❤❡ ❣❛*&8✐♥✲8❡❣✉❧❛&❡❞ &8❛♥*❝8✐♣&✐♦♥ ❢❛❝&♦8* ❬✷✵✸❪✳ ●❛*&8✐♥ ❝❧❡❛8❧② ❝♦♥&8✐❜✉&❡* &♦ ❛❝&✐✈❛&✐♦♥
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♦❢ $❤❡ ❣❧✉❝❛❣♦♥ ❣❡♥❡ ❛♥❞ ❣❧✉❝❛❣♦♥ .❡❝/❡$✐♦♥ ❞✉/✐♥❣ $❤❡ ❡♠❜/②♦♥✐❝ ♣❡/✐♦❞ ❬✷✵✹❪✳

✸✳✷✳✹ ■♥❝'❡)✐♥ ❡✛❡❝)

■♥ $❤❡ ✶✾✻✵.✱ ✐$ ✇❛. .✉❣❣❡.$❡❞ $❤❛$ ❣❛.$/✐♥ ❛❝$. ♣♦$❡♥$✐❛❧❧② ❧✐❦❡ ❛♥ ✐♥❝/❡$✐♥✳ ❆♥$/❛❧ ❡①$/❛❝$.

❝♦♥$❛✐♥✐♥❣ ❣❛.$/✐♥ ❛♥❞ ♣✉/✐✜❡❞ ♣♦/❝✐♥❡ ❣❛.$/✐♥ ■■ ❜♦$❤ ✐♥❝/❡❛.❡ $❤❡ ✐♥.✉❧✐♥✲/❡❧❡❛.✐♥❣ ❛❝$✐✈✐$② ✐♥

❞♦❣. $♦ ❛ ❧❡✈❡❧ .✐♠✐❧❛/ $♦ $❤❛$ ✐♥❞✉❝❡❞ ❜② .❡❝/❡$✐♥ ♦/ ♣❛♥❝/❡♦③②♠✐♥ ❬✷✵✺❪✳ ■♥ ❤✉♠❛♥.✱ ❣❛.$/✐♥

♣♦$❡♥$✐❛$❡. $❤❡ .❡❝/❡$✐♦♥ ♦❢ ✐♥.✉❧✐♥ ❜② ❣❧✉❝♦.❡ ❬✷✵✻❪✳ ■♥$❡/❡.$✐♥❣❧②✱ ❣❛.$/✐♥ ✐. $/❛♥.✐❡♥$❧② ♣/❡.❡♥$

✐♥ ❢❡$❛❧ ♣❛♥❝/❡❛$✐❝ ✐.❧❡$. ✇❤❡♥ β✲❝❡❧❧. ❛/❡ ♣/♦❧✐❢❡/❛$✐♥❣✳ ●❛.$/✐♥ ❛❧♦♥❡ ❞♦❡. ♥♦$ ✐♥❝/❡❛.❡ β✲

❝❡❧❧ ♠❛..✱ ❜✉$ ❛❝$. ✐♥ ❝♦♠❜✐♥❛$✐♦♥ ✇✐$❤ ❚●❋α ❬✷✵✼❪✳ ❆❧.♦✱ ✐♥ ❞✐❛❜❡$✐❝ ◆❖❉ ♠✐❝❡✱ ♦♥❧② $❤❡

❝♦♠❜✐♥❛$✐♦♥ ♦❢ ❣❛.$/✐♥ ❛♥❞ ●▲P✲✶ /❡❞✉❝❡. ❣❧②❝❡♠✐❛ ❜❛❝❦ $♦ ♥♦/♠❛❧✳ ❆♥ ✐♥❝/❡❛.❡ ✐♥ ♣❛♥❝/❡❛$✐❝

✐♥.✉❧✐♥ ❝♦♥$❡♥$✱ β✲❝❡❧❧ ♠❛.. ❛♥❞ ✐♥.✉❧✐♥✲♣♦.✐$✐✈❡ ❝❡❧❧. ✐♥ ♣❛♥❝/❡❛$✐❝ ❞✉❝$.✱ ❛. ✇❡❧❧ ❛. ❛ ❞❡❝/❡❛.❡

♦❢ β✲❝❡❧❧ ❛♣♦♣$♦.✐.✱ ✇❡/❡ ♦❜.❡/✈❡❞ ❬✷✵✽❪✳ ❆♥♦$❤❡/ .$✉❞② .❤♦✇❡❞ $❤❛$ ❛ ♥♦✈❡❧ ●▲P✲✶✲❣❛.$/✐♥

❞✉❛❧ ❛❣♦♥✐.$✱ ❩P✸✵✷✷✱ ❝♦♥$/♦❧❧❡❞ ❣❧②❝❡♠✐❛ ✐♥ ❞❜✴❞❜ ♠✐❝❡ ❜❡$$❡/ $❤❛♥ $❤❡ ●▲P✲✶ ❛❣♦♥✐.$. ✭❡✳❣✳✱

❡①❡♥❞✐♥✲✹ ❛♥❞ ❧✐/❛❣❧✉$✐❞❡✮✳ ❆ ♣/❡✈❡♥$✐✈❡ ❡✛❡❝$ ♦♥ $❤❡ β✲❝❡❧❧. ✇❛. ❛❧.♦ .❡❡♥ ❬✷✵✾❪✳

❙$✉❞✐❡. ♦♥ $❤❡ ✐♥❝/❡$✐♥ ❡✛❡❝$ ♦❢ ❣❛.$/✐♥ ♣/♦✈✐❞❡ ❝♦♥✢✐❝$✐♥❣ ❞❛$❛ ❬✷✶✵❪ ❬✷✶✶❪ ❜✉$ $❤❡/❡ ✐. ❝❧❡❛/

❡✈✐❞❡♥❝❡ ♦❢ ❛♥ ✐♥$❡/❛❝$✐♦♥ ❜❡$✇❡❡♥ ❣❛.$/✐♥ ❛♥❞ ❣✉$ ❤♦/♠♦♥❡.✳

✸✳✸ ●❣❧②

✸✳✸✳✶ -'♦❧✐❢❡'❛)✐♦♥

❙✐♠✐❧❛/❧② $♦ ●❛♠✐❞❡✱ ●❣❧② ✐♥❞✉❝❡. ❝❡❧❧ ♣/♦❧✐❢❡/❛$✐♦♥ ❛♥❞ ♠✐❣/❛$✐♦♥ ♦❢ ✈❛/✐♦✉. ❝❡❧❧ ❧✐♥❡. ✐♥ ✈✐#$♦

$❤/♦✉❣❤ ❜✐♥❞✐♥❣ $♦ ✐$. /❡❝❡♣$♦/✳

❚❤❡ ❡❧❡✈❛$❡❞ .❡/✉♠ ●❣❧② ✐♥ ♣❛$✐❡♥$. ✇✐$❤ ❝♦❧♦/❡❝$❛❧ ❝❛/❝✐♥♦♠❛ .✉❣❣❡.$. $❤❛$ $❤❡ ♣/♦❝❡.. ♦❢

♣/♦❣❛.$/✐♥ ♠❛$✉/❛$✐♦♥ ❢❛✐❧. $♦ ♣/♦❞✉❝❡ ♠❛$✉/❡ ●❛♠✐❞❡✱ $❤✉. $❤❡ ♠❛✐♥ ♣❡♣$✐❞❡. ♣/♦❞✉❝❡❞ ❛/❡

♣/♦❣❛.$/✐♥ ❛♥❞ ●❣❧② ❬✷✶✷❪✳ ●❣❧② ✐. ❛❧.♦ ♣/❡.❡♥$ ✐♥ ❝♦❧♦♥ ❝❛/❝✐♥♦♠❛ ❝❡❧❧ ❧✐♥❡.✳ ●❣❧② ✐♥❞✉❝❡.

♣❛♥❝/❡❛$✐❝ ❆❘✹✲✷❏ ❝❡❧❧ ♣/♦❧✐❢❡/❛$✐♦♥ ✇✐$❤ $❤❡ .❛♠❡ ♣♦$❡♥❝② ❛. ●❛♠✐❞❡ ❬✶✹✵❪✳ P/♦❧✐❢❡/❛$✐♦♥ ♦❢

$❤❡ ✐♠♠♦/$❛❧✐③❡❞ ♠♦✉.❡ ❝♦❧♦♥ ❝❡❧❧ ❧✐♥❡ ❨❆▼❈ ✇❛. ✐♥❤✐❜✐$❡❞ ❜② ❛ ❣❛.$/✐♥ ❛♥$✐.❡♥.❡ ♠❘◆❆✳ ❚❤❡.❡

♦❜.❡/✈❛$✐♦♥. ❤❛✈❡ ❧❡❞ $♦ $❤❡ ✐❞❡❛ ♦❢ ❛♥ ❛✉$♦❝/✐♥❡ ❧♦♦♣ ❝♦♠♣♦.❡❞ ♦❢ ❛♥ ❡①$/❛❝❡❧❧✉❧❛/ ❝♦♠♣♦♥❡♥$✱

✐♥✈♦❧✈✐♥❣ ❛ .♣❡❝✐✜❝ /❡❝❡♣$♦/ ❢♦/ ●❣❧②✱ ❛♥❞ ❛♥ ✐♥$/❛❝/✐♥❡ ❝♦♠♣♦♥❡♥$✱ ♣♦$❡♥$✐❛❧❧② ✐♥✈♦❧✈✐♥❣ $❤❡

✼✽❦❉❛ ❣❛.$/✐♥✲❜✐♥❞✐♥❣ ♣/♦$❡✐♥✱ ❛♥❞ ✐❞❡♥$✐✜❡❞ ✐♥ $❤❡ ✐♥❤✐❜✐$✐♦♥ ♦❢ ♣/♦❧✐❢❡/❛$✐♦♥ ♦❢ ♥♦♥✲$✉♠♦/✐❣❡♥✐❝

❣❛.$/♦✐♥$❡.$✐♥❛❧ ❝❡❧❧. ❬✷✶✸❪✳ ❚❤❡ ♣/❡.❡♥❝❡ ♦❢ ●❣❧② /❡❝❡♣$♦/. ♦♥ ❤✉♠❛♥ ❝♦❧♦♥ ❝❛♥❝❡/ ❝❡❧❧. ❤❛. ❜❡❡♥

❞❡.❝/✐❜❡❞ $♦ ♠❡❞✐❛$❡ ●❣❧② $/♦♣❤✐❝ ❡✛❡❝$. ✈✐❛ ❛ ▼❊❑✲✐♥❞❡♣❡♥❞❡♥$ ♠❡❝❤❛♥✐.♠ .✉❣❣❡.$✐♥❣ ❛♥

✐♠♣❛❝$ ✐♥ ❝♦❧♦♥ ❝❛♥❝❡/ ❝❡❧❧ ❣/♦✇$❤ ❬✷✶✹❪✳

❆❧.♦✱ ●❣❧② ❤❛. ❜❡❡♥ /❡♣♦/$❡❞ $♦ ✐♥❞✉❝❡ ❝♦❧♦♥✐❝ ♠✉❝♦.❛❧ ♣/♦❧✐❢❡/❛$✐♦♥ ✐♥ ✈✐✈♦✳ ●❛.$/✐♥✲❞❡✜❝✐❡♥$

♠✐❝❡✱ ❝♦♥$✐♥✉♦✉.❧② ✐♥❥❡❝$❡❞ ✇✐$❤ ●❣❧② ❢♦/ $✇♦ ✇❡❡❦.✱ ❤❛✈❡ ❡❧❡✈❛$❡❞ ●❣❧② ❧❡✈❡❧.✱ ❛ ✶✵✪ ✐♥❝/❡❛.❡ ✐♥

❝♦❧♦♥✐❝ ♠✉❝♦.❛❧ $❤✐❝❦♥❡.. ❛♥❞ ❛♥ ✽✶✪ ✐♥❝/❡❛.❡ ✐♥ ❝♦❧♦♥✐❝ ♣/♦❧✐❢❡/❛$✐♦♥ ❝♦♠♣❛/❡❞ $♦ ♠✐❝❡ $/❡❛$❡❞
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✇✐$❤ ♣❧❛❝❡❜♦✳ ❚❤❡ ♣/♦❧✐❢❡/❛$✐✈❡ ③♦♥❡ ♦❢ $❤❡ ❝♦❧♦♥✐❝ ❝/②♣$ ✐♥❝/❡❛5❡5✱ ✇❤✐❝❤ 5✉❣❣❡5$5 $❤❛$ ●❣❧②

♣❧❛②5 ❛ ❝/✉❝✐❛❧ /♦❧❡ ✐♥ ✐♥$❡♥5✐❢②✐♥❣ $❤❡ /✐5❦ ❢♦/ ❞❡✈❡❧♦♣✐♥❣ ❝♦❧♦/❡❝$❛❧ ❝❛♥❝❡/ ❬✷✶✺❪✳ ❙$✉❞✐❡5 ✐♥ /❛$5

❤❛✈❡ ❝♦♥✜/♠❡❞ $❤❛$ ●❣❧② ❛❝$5 ❛5 ❛ ♣/♦♠♦$❡/ ♦❢ ❝♦❧♦/❡❝$❛❧ ❝❛/❝✐♥♦❣❡♥❡5✐5 ❬✷✶✻❪✳

✸✳✸✳✷ ❊✛❡❝' ♦♥ ♣❛,✐❡'❛❧ ❝❡❧❧/

❆❧$❤♦✉❣❤ $❤❡ ❧❡✈❡❧ ♦❢ ●❣❧② ✐♥ ♣❧❛5♠❛ ✐5 5✐♠✐❧❛/ $♦ ●❛♠✐❞❡✱ ●❣❧② ❞♦❡5 ♥♦$ ✐♥❝/❡❛5❡ ❛❝✐❞ 5❡❝/❡$✐♦♥

✇❤❡♥ ✐$ ✐5 ✐♥$/❛✈❡♥♦✉5❧② ✐♥❢✉5❡❞ ✐♥ /❛$5✳ ❍♦✇❡✈❡/✱ ✇❤❡♥ ●❣❧② ✐5 ❛❞♠✐♥✐5$/❛$❡❞ $♦❣❡$❤❡/ ✇✐$❤

●❛♠✐❞❡✱ $❤❡ ❛❝✐❞✲5❡❝/❡$♦/② /❡5♣♦♥5❡ ✐5 5$✐♠✉❧❛$❡❞ ❬✷✶✼❪✳ ●❣❧② ❞♦❡5 ♥♦$ ❛❝$✐✈❛$❡ ✐♥$/❛❝❡❧❧✉❧❛/

❈❛

✷✰

/❡❧❡❛5❡ ❜✉$ ✐♥5$❡❛❞ 5$✐♠✉❧❛$❡5 $②/♦5✐♥❡ ❦✐♥❛5❡5 ❛♥❞ ❛❝$✐✈❛$❡5 J■✸✲❦✐♥❛5❡5 ❛♥❞ ❏◆❑✳ ❆❢$❡/

♣/♦❧♦♥❣❡❞ $/❡❛$♠❡♥$✱ ●❣❧② ♣♦$❡♥$✐❛$❡5 $❤❡ ❛❝✐❞ 5❡❝/❡$♦/② ❛❝$✐♦♥ ♦❢ ●❛♠✐❞❡ $❤/♦✉❣❤ $❤❡ ❍

✰

✱ ❑

✰

✲

❆❚J❛5❡ ❛55♦❝✐❛$❡❞ ✇✐$❤ $②/♦5✐♥❡✲❦✐♥❛5❡ ❛❝$✐✈❛$✐♦♥ ✐♥ ✈✐#$♦ ❬✷✶✽❪✳ ●❣❧② ❤❛5 ❛ /♦❧❡ ✐♥ ❞✐✛❡/❡♥$✐❛$✐♦♥

♦/ ♠❛$✉/❛$✐♦♥ ♦❢ ♣❛/✐❡$❛❧ ❝❡❧❧5 ❛5 $❤❡ ❛❞♠✐♥✐5$/❛$✐♦♥ ♦❢ ●❣❧② ♣/❡✈❡♥$5 $❤❡ ❧♦55 ♦❢ ♣❛/✐❡$❛❧ ❝❡❧❧

❢✉♥❝$✐♦♥ ♦❜5❡/✈❡❞ ✇❤❡♥ ♦♥❧② ●❛♠✐❞❡ ✐5 ♣/❡5❡♥$ ❬✷✶✾❪✳ ●❣❧② /❡❣✉❧❛$❡5 $❤❡ ❝❛♣❛❝✐$② ♦❢ $❤❡ ♣❛/✐❡$❛❧

❝❡❧❧5 $♦ ❜❡ 5$✐♠✉❧❛$❡❞ ❜② 5❡❝/❡$❛❣♦❣✉❡5 ❛♥❞ $❤✉5 ❛❝$5 ❛5 ❛ ♠♦❞✉❧❛$♦/ ♦❢ ♣❛/✐❡$❛❧ ❝❡❧❧ ❢✉♥❝$✐♦♥✳

✸✳✹ #$♦❣❛()$✐♥

J/♦❣❛5$/✐♥ ❤❛5 ❜❡❡♥ ✐❞❡♥$✐✜❡❞ ❛5 ❛ ❣/♦✇$❤ ❢❛❝$♦/ ✐♥ $❤❡ ❣❛5$/♦✐♥$❡5$✐♥❛❧ $/❛❝$✳ J/♦❣❛5$/✐♥ ✐5 ♥♦$

♣/♦❝❡55❡❞ $♦ $❤❡ ♠❛$✉/❡ ❛♠✐❞❛$❡❞ ❢♦/♠ ✐♥ $/❛♥5❣❡♥✐❝ ♠✐❝❡ ♦✈❡/❡①♣/❡55✐♥❣ $❤❡ ❤✉♠❛♥ ♣/♦❣❛5$/✐♥

❣❡♥❡ ✭❤●❆❙ ♠✐❝❡✮ ✐♥ $❤❡ ❧✐✈❡/✳ ❈♦♥5❡U✉❡♥$❧②✱ 5❡/✉♠ ♣/♦❣❛5$/✐♥ ✐5 ❡❧❡✈❛$❡❞ ❛♥❞ $❤❡ ♣/♦❧✐❢❡/❛$✐♦♥

♦❢ ❝♦❧♦♥✐❝ ♠✉❝♦5❛ ✐5 ✐♥❝/❡❛5❡❞ ❬✷✷✵❪✳ J/♦❧✐❢❡/❛$✐✈❡ ❡✛❡❝$5 ♦❢ /❡❝♦♠❜✐♥❛♥$ ❤✉♠❛♥ ♣/♦❣❛5$/✐♥✻✲✽✵

♦♥ $❤❡ ♠♦✉5❡ ❝♦❧♦♥✐❝ ❝❡❧❧ ❧✐♥❡ ❨❆▼❈ ❛/❡ ❛❧5♦ ❝♦♥5✐5$❡♥$ ✇✐$❤ ❛ /♦❧❡ ❢♦/ ♣/♦❣❛5$/✐♥ ✐♥ ❝♦❧♦♥✐❝ ❝❡❧❧

❣/♦✇$❤✱ ✐♥❞❡♣❡♥❞❡♥$❧② ♦❢ ❜♦$❤ ❈❈❑✶❘ ❛♥❞ ❈❈❑✷❘ ❬✷✷✶❪✳ ❆❧5♦✱ ♣/♦❣❛5$/✐♥ ❡①❡/$5 ♣/♦❧✐❢❡/❛$✐✈❡

❛❝$✐♦♥5 ♦♥ ♠✉/✐♥❡ ❝♦❧♦♥✐❝ ❡♣✐$❤❡❧✐❛ ✐♥ $❤❡ ❛❜5❡♥❝❡ ♦❢ ♦$❤❡/ ❢♦/♠5 ♦❢ ❣❛5$/✐♥ ❛♥❞ $❤❡ ❈❖❖❍✲

$❡/♠✐♥❛❧ ✷✻✲❛♠✐♥♦ ❛❝✐❞ /❡5✐❞✉❡5 ♦❢ $❤❡ ❤✉♠❛♥ ♣/❡♣/♦❣❛5$/✐♥ ❛/❡ /❡5♣♦♥5✐❜❧❡ ❢♦/ $❤❡5❡ ❡✛❡❝$5 ❬✷✷✷❪✳

❆❞❞✐$✐♦♥❛❧❧②✱ ♣/♦❣❛5$/✐♥ ❤❛5 ❛♥$✐✲❛♣♦♣$♦$✐❝ ❡✛❡❝$5✳ ❙$✉❞✐❡5 ❤❛✈❡ ❞❡♠♦♥5$/❛$❡❞ $❤❛$ ♣/♦❣❛5$/✐♥

✐5 ❛55♦❝✐❛$❡❞ ✇✐$❤ ❛ ❞❡❝/❡❛5❡ ♦❢ ❉◆❆ ❢/❛❣♠❡♥$❛$✐♦♥ ✐♥ ✐♥$❡5$✐♥❛❧ ❡♣✐$❤❡❧✐❛❧ ❝❡❧❧5 ✭■❊❈✮ ✐♥ ✈✐#$♦✳

❚❤✐5 ✐5 ❝♦//❡❧❛$❡❞ ✇✐$❤ ❛♥ ✉♣/❡❣✉❧❛$✐♦♥ ♦❢ ❆❚J ❞✉❡ $♦ $❤❡ ❈♦① ❱❜ ❣❡♥❡ ❜❡✐♥❣ ❛ ♣♦$❡♥$✐❛❧ $❛/❣❡$

♦❢ ♣/♦❣❛5$/✐♥ ❬✷✷✸❪✳ ❆♥$✐✲❛♣♦♣$♦$✐❝ ❡✛❡❝$5 ♦❢ ♣/♦❣❛5$/✐♥ ♠❛② ❝♦♥$/✐❜✉$❡ $♦ $❤❡ ✐♥❝/❡❛5❡ ✐♥ ❝❡❧❧

❣/♦✇$❤ ♦❢ ♥♦/♠❛❧ ❛♥❞ ❝❛♥❝❡/♦✉5 ✐♥$❡5$✐♥❛❧ ❡♣✐$❤❡❧✐❛❧ ❝❡❧❧5✳

✸✳✺ ❈❚❋#

❈❚❋J ✐5 ♣/❡5❡♥$ ✐♥ $❤❡ ❛♥$/✉♠ ♦❢ ✈❛/✐♦✉5 5♣❡❝✐❡5 ✐♥❝❧✉❞✐♥❣ ❤✉♠❛♥ ❬✷✷✹❪ ❬✷✷✺❪ ❬✶✶✺❪✳ ❚❤❡ U✉❛♥$✐$②

♦❢ ❛♥$/❛❧ ❈❚❋J ✇❛5 5✐❣♥✐✜❝❛♥$❧② ❤✐❣❤❡/ $❤❛♥ ●❛♠✐❞❡ ✐♥ 5❤❡❡♣✱ ✇❤✐❧❡ $❤✐5 ❞✐✛❡/❡♥❝❡ ✇❛5 ❧♦✇❡/

✐♥ ♣✐❣✱ /❛$ ❛♥❞ ❞♦❣✳ ❚❤❡ ❝♦♥❝❡♥$/❛$✐♦♥ ♦❢ ❝✐/❝✉❧❛$✐♥❣ ❈❚❋J ✐5 ❤✐❣❤❡/ ✐♥ ❤✉♠❛♥ ♣❧❛5♠❛ $❤❛♥

$❤❡ ♦$❤❡/ ❢♦/♠5 ♦❢ ❣❛5$/✐♥✱ ❛♥❞ $❤✐5 ✇❛5 ♦❜5❡/✈❡❞ ✐♥ 5❤❡❡♣ $♦♦ ❬✶✶✻❪ ❬✷✷✻❪✳ ❆❧$❤♦✉❣❤ ❈❚❋J ❞♦❡5

♥♦$ ✐♥❞✉❝❡ ❛❝✐❞ 5❡❝/❡$✐♦♥ ❬✷✷✼❪✱ ✐$ ♠❛/❦❡❞❧② ❡✛❡❝$5 ♣/♦❧✐❢❡/❛$✐♦♥ ❛♥❞ ♠✐❣/❛$✐♦♥ ✈✐❛ $❤❡ ▼❆J❑



❈❍❆#❚❊❘ ✸✳ #❍❨❙■❖▲❖●■❈❆▲ ❘❖▲❊❙ ❖❋ ❚❍❊ ❈❈❑ ❆◆❉ ●❆❙❚❘■◆ #❊#❚■❉❊❙ ✸✼

♣❛$❤✇❛② ✐♥ ♥♦+♠❛❧ ❛♥❞ ❞✐/❡❛/❡❞ ❣❛/$+♦✐♥$❡/$✐♥❛❧ ❝❡❧❧/ ❬✶✶✻❪✳ ▼♦+❡♦✈❡+✱ ❈❚❋> ✐♥❤✐❜✐$/ ❛♣♦♣$♦/✐/

$❤+♦✉❣❤ $❤❡ >■✸✲❦✐♥❛/❡ ♣❛$❤✇❛② ❜② /$✐♠✉❧❛$✐♥❣ ❇❝❧✲①▲ ❛♥❞ ❜② ❞❡❝+❡❛/✐♥❣ ❛❝$✐✈❡ ❝❛/♣❛/❡ ✸ ✭❋✐❣✲

✉+❡ ✸✳✷✮ ❬✷✷✽❪✳ ■♥$❡+❡/$✐♥❣❧②✱ ❛❢$❡+ ♠❡❛❧✲/$✐♠✉❧❛$❡❞ /❡❝+❡$✐♦♥ ♦❢ ●❛♠✐❞❡ ❛♥❞ ❈❚❋>✱ ❛❝✐❞ /❡❝+❡$✐♦♥

✐♥❝+❡❛/❡/ ✇❤✐❧❡ $❤❡ M✉❛♥$✐$② ♦❢ ●❛♠✐❞❡ ❞❡❝+❡❛/❡/✱ ❜✉$ $❤❡ ❝♦♥❝❡♥$+❛$✐♦♥ ♦❢ ❈❚❋> +❡♠❛✐♥/ ❤✐❣❤

❢♦+ ❛$ ❧❡❛/$ ✹ $✐♠❡/ ❧♦♥❣❡+ $❤❛♥ ●❛♠✐❞❡ ❬✷✷✾❪✳

❋✐❣✉+❡ ✸✳✷✿ ❙❝❤❡♠❛$✐❝ ❞✐❛❣+❛♠ ♦❢ ❈❚❋> ✐♥✈♦❧✈❡❞ ✐♥ ❝❡❧❧ /✉+✈✐✈❛❧ ❬✷✷✽❪✳



❈❤❛♣$❡& ✹

●❛"#$✐♥" ❛♥❞ ❈❘❈

▼♦"# ❤✉♠❛♥ ❝♦❧♦♥ ❝❛♥❝❡," ❡①♣,❡"" #❤❡ ❣❛"#,✐♥ ❣❡♥❡ ❛♥❞ ❛❧♠♦"# ❛❧❧ ❝♦❧♦,❡❝#❛❧ ♣♦❧②♣" ❛♥❞ ❝❛,✲

❝✐♥♦♠❛" "②♥#❤❡"✐③❡ ♣,♦❣❛"#,✐♥✳ ❆❧#❤♦✉❣❤ ●❛♠✐❞❡ ✐" ❢♦✉♥❞ ✐♥ ❧♦✇❡, ❝♦♥❝❡♥#,❛#✐♦♥" #❤❛♥ ✐♥ #❤❡

❛♥#,✉♠✱ ✐♠♠❛#✉,❡ ❢♦,♠" ♦❢ ❣❛"#,✐♥ ✭♣,♦❣❛"#,✐♥✱ ●❣❧② ❛♥❞ ❈❚❋?✮ ❛,❡ ❤✐❣❤❧② ❡①♣,❡""❡❞ ✐♥ ❝❛,✲

❝✐♥♦♠❛"✳ ●❛"#,✐♥ ♠❛#✉,❛#✐♦♥ ✐" ✇❡❛❦❡♥❡❞ ✐♥ #✉♠♦," ❜❡❝❛✉"❡ ●❛♠✐❞❡ ✐" ♥♦# "#♦,❡❞ ✐♥ "❡❝,❡#♦,②

❣,❛♥✉❧❡"✳

●❛"#,✐♥" ❝❧❡❛,❧② ♣❧❛② ❛ ,♦❧❡ ✐♥ #❤❡ ❞❡✈❡❧♦♣♠❡♥# ♦❢ ❝♦❧♦,❡❝#❛❧ ❝❛,❝✐♥♦♠❛ ❜✉# ✐♥ ❝♦♥#,❛❞✐❝#♦,②

"#✉❞✐❡" ❛ ❝♦,,❡❧❛#✐♦♥ ❜❡#✇❡❡♥ ♣❛#✐❡♥#" ✇✐#❤ ❝♦❧♦,❡❝#❛❧ ❛❞❡♥♦❝❛,❝✐♥♦♠❛ ❛♥❞ ❤②♣❡,❣❛"#,✐♥❡♠✐❛

✇❛" ♥♦# ❛❧✇❛②" ♦❜"❡,✈❡❞ ❬✷✸✵❪ ❬✷✸✶❪✳

✹✳✶ #$♦❧✐❢❡$❛+✐♦♥ ♦❢ ❣❛.+$♦✐♥+❡.+✐♥❛❧ ❝❛$❝✐♥♦♠❛ ❝❡❧❧ ❧✐♥❡.

✹✳✶✳✶ ●❛%&'✐♥ ❡①♣'❡%%✐♦♥

●❛"#,✐♥ ♠❘◆❆ ✇❛" ✐❞❡♥#✐✜❡❞ ✐♥ #❤❡ ❤✉♠❛♥ ❝♦❧♦♥ ❝❛♥❝❡, ❝❡❧❧ ❧✐♥❡ ❍❈❚✶✶✻ ❛♥❞ #❤❡ ❤✉♠❛♥ ❝♦❧✲

♦,❡❝#❛❧ ❝❛,❝✐♥♦♠❛ ❝❡❧❧ ❧✐♥❡ ▲■▼✶✷✶✺ ❜② ♣♦❧②♠❡,❛"❡ ❝❤❛✐♥ ,❡❛❝#✐♦♥ ✭?❈❘✮ ❬✷✸✷❪✳ ●❛♠✐❞❡ ✇❛"

"❡❝,❡#❡❞ ✐♥ "✐♠✐❧❛, R✉❛♥#✐#✐❡" ❢,♦♠ ❝♦❧♦,❡❝#❛❧ #✉♠♦," ❛♥❞ ♥♦,♠❛❧ #✐""✉❡✱ ✇❤✐❧❡ ♣,♦❣❛"#,✐♥ ❛♥❞

❈❚❋? ✇❡,❡ ❢♦✉♥❞ ✐♥ ❤✐❣❤❡, ❝♦♥❝❡♥#,❛#✐♦♥" ✐♥ #✉♠♦," ❬✷✸✸❪✳ ■♥ ❝♦❧♦♥✐❝ #✐""✉❡✱ ●❣❧② ✇❛" ✶✵✲❢♦❧❞

♠♦,❡ ❛❜✉♥❞❛♥# #❤❛♥ ●❛♠✐❞❡ ✇❤✐❧❡ ♣,♦❣❛"#,✐♥ ✇❛" ✼✵✵✲❢♦❧❞ ♠♦,❡ ❛❜✉♥❞❛♥# ✭❋✐❣✉,❡ ✹✳✶✮ ❬✷✸✹❪✳

■♥#❡,❡"#✐♥❣❧②✱ #❤❡ "❡R✉❡♥❝❡ ♦❢ #❤❡ ❣❛"#,✐♥ ❣❡♥❡ ✇❛" ✐❞❡♥#✐❝❛❧ ✇❤❡#❤❡, ✐# ✇❛" ❡①♣,❡""❡❞ ✐♥ #✉♠♦,

❝❡❧❧ ❧✐♥❡" ♦, ♥♦,♠❛❧ ❝❡❧❧"✳ ❆ "#✉❞② ♦♥ ✜✈❡ ❤✉♠❛♥ ❝♦❧♦♥ ❝❛,❝✐♥♦♠❛ ❝❡❧❧ ❧✐♥❡"✱ #✇❡❧✈❡ "♦❧✐❞ ❝♦❧♦♥

❝❛,❝✐♥♦♠❛" ❛♥❞ ♥♦,♠❛❧ ❝♦❧♦♥✐❝ #✐""✉❡✱ ❝♦♥✜,♠❡❞ #❤❡ ✐♥❝♦♠♣❧❡#❡ ♠❛#✉,❛#✐♦♥ ♦❢ ♣,♦❣❛"#,✐♥ ❞✉❡

#♦ ♣♦"##,❛♥"❧❛#✐♦♥❛❧ ❡✈❡♥#" "✉❝❤ ❛" #,❛♥"❧❛#✐♦♥❛❧ ❛##❡♥✉❛#✐♦♥ ❬✷✶✷❪✳

✸✽



•

•

•



∆

∆
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❆ ❞✐%&✐♥❝& ❣❛%&+✐♥ +❡❝❡♣&♦+ %✉❜&②♣❡✱ ❋✶✲❆❚6❛%❡✱ %❡❧❡❝&✐✈❡❧② +❡❝♦❣♥✐③✐♥❣ ●❣❧② ✇✐&❤ ❤✐❣❤ ❛✣♥✐&②

✇❛% ❞❡%❝+✐❜❡❞ ✐♥ ❜♦&❤ ♥♦+♠❛❧ ❛♥❞ ❝♦❧♦♥ ❝❛♥❝❡+ ❝❡❧❧% ✭❍❚✷✾✱ ❍❈❚✶✶✻✮ ❬✶✹✵❪ ❬✶✹✹❪✳ ❆♥♥❡①✐♥ ■■

✇❛% ❛% ✇❡❧❧ ❞❡%❝+✐❜❡❞ ❛% ❛ ♣♦&❡♥&✐❛❧ ❣❛%&+✐♥✴♣+♦❣❛%&+✐♥ +❡❝❡♣&♦+ ✐♥ ❣❛%&+♦✐♥&❡%&✐♥❛❧ ❝❡❧❧% ❬✶✹✸❪✳

❚❤❡ +♦❧❡ ♦❢ &❤❡%❡ ♣✉&❛&✐✈❡ +❡❝❡♣&♦+% ✐♥ ❈❘❈ %&✐❧❧ +❡♠❛✐♥% &♦ ❜❡ ❡%&❛❜❧✐%❤❡❞✳

✹✳✶✳✸ ❆✉&♦❝)✐♥❡ ❧♦♦♣/

●❛%&+✐♥% ❛❝& ❛% ❛♥ ❛✉&♦❝+✐♥❡ ❣+♦✇&❤ ❢❛❝&♦+ ✐♥ ❣❛%&+✐❝ ❛♥❞ ❝♦❧♦♥✐❝ ❝❛+❝✐♥♦♠❛ ❝❡❧❧ ❧✐♥❡%✳ 6+❡✲

✐♠♠✉♥✐③❛&✐♦♥ ♦❢ +❛&% ✇✐&❤ &❤❡ ✐♠♠✉♥♦❣❡♥ ●❛%&+✐♠♠✉♥❡ ✭❋✐❣✉+❡ ✹✳✺✮✱ ❝♦♠♣♦%❡❞ ♦❢ &❤❡ ◆✲

&❡+♠✐♥❛❧ ❞♦♠❛✐♥ ♦❢ ●❛♠✐❞❡ ❧✐♥❦❡❞ &♦ ❞✐♣❤&❤❡+✐❛ &♦①♦✐❞✱ +❛✐%❡❞ ❛♥&✐❜♦❞✐❡% ♥❡✉&+❛❧✐③✐♥❣ &❤❡ ❡✛❡❝&%

♦❢ ❜♦&❤ ●❛♠✐❞❡ ❛♥❞ ●❣❧② ✐♥ ✈✐✈♦✳ ❈♦♥%❡T✉❡♥&❧②✱ &❤❡ ❣+♦✇&❤ ♦❢ &❤❡ ●❣❧②✲❡①♣+❡%%✐♥❣ +❛& ❝♦❧♦♥✐❝

❝❡❧❧ ❧✐♥❡✱ ❉❍❉❑✶✷✱ ✇❛% ✐♥❤✐❜✐&❡❞ ❛♥❞ &❤❡ &✉♠♦+ +❡❞✉❝❡❞ ❬✷✹✼❪✳ ❙&✉❞✐❡% ✉%✐♥❣ ❛♥&✐%❡♥%❡ ❣❛%&+✐♥

♠❘◆❆ ❛+❡ &❤❡ ♠♦%& ❝♦♥✈✐♥❝✐♥❣ ♦♥❡% +❡❣❛+❞✐♥❣ &❤❡ ✐♥✈♦❧✈❡♠❡♥& ♦❢ ♣+♦❣❛%&+✐♥✲❞❡+✐✈❡❞ ♣❡♣&✐❞❡%

✐♥ ❛♥ ❛✉&♦❝+✐♥❡ ❧♦♦♣✳ ❚❤❡ ❤✉♠❛♥ ❝♦❧♦♥ ❝❛♥❝❡+ ❝❡❧❧ ❧✐♥❡% ✭❈♦❧♦✸✷✵ ❛♥❞ ❍❈❚✶✶✻✮ ❜♦&❤ ❡①♣+❡%%

❣❛%&+✐♥ ♠❘◆❆ ❛♥❞ ❤❛❞ &❤❡✐+ ♣+♦❧✐❢❡+❛&✐♦♥ ❛♥❞ &✉♠♦+✐❣❡♥✐❝✐&② +❡❞✉❝❡❞ ✐♥ ✈✐$%♦ ❛♥❞ ✐♥ ✈✐✈♦ ✇❤❡♥

&+❛♥%❢❡❝&❡❞ ✇✐&❤ ❛♥ ❛♥&✐%❡♥%❡ ❣❛%&+✐♥ ♠❘◆❆ ❬✷✹✽❪✳ 6+♦❧✐❢❡+❛&✐♦♥ ♦❢ &❤❡ ✐♠♠♦+&❛❧✐③❡❞ ♠♦✉%❡

❝♦❧♦♥ ❝❡❧❧ ❧✐♥❡ ❨❆▼❈ ✇❛% ❞❡❝+❡❛%❡❞ ✇❤❡♥ ❡①♣+❡%%✐♥❣ ❛♥ ❛♥&✐%❡♥%❡ ❣❛%&+✐♥ ♠❘◆❆✱ ❛♥❞ ●❣❧②✱ ❜✉&

♥♦& ●❛♠✐❞❡✱ ❝♦✉❧❞ +❡✈❡+%❡ &❤✐% ✐♥❤✐❜✐&✐♦♥ ❬✷✶✸❪✳

6+♦❧✐❢❡+❛&✐♦♥ ✐♥ %❡✈❡+❛❧ ❝♦❧♦♥✐❝ ❛♥❞ ♥♦♥✲❝♦❧♦♥✐❝ ❝❡❧❧ ❧✐♥❡% ✇❛% ✐♥❤✐❜✐&❡❞ ❜② &❤❡ ❝❤♦❧❡❝②%&♦❦✐♥✐♥

+❡❝❡♣&♦+ ❛♥&❛❣♦♥✐%&✱ ▲✲✸✻✹✱✼✶✽✱ ✇✐&❤ ♥♦ +❡✈❡+%❛❧ ❡✛❡❝&% ♦❜%❡+✈❡❞ ✐♥ &❤❡ ♣+❡%❡♥❝❡ ♦❢ ●❛♠✐❞❡

♦+ %✉❧❢❛&❡❞ ❈❈❑✲✽✳ ❚❤❡ ❣❛%&+✐♥ +❡❝❡♣&♦+ ❛♥&❛❣♦♥✐%& ▲✲✸✻✺✱✷✻✵ ❞✐❞ ♥♦& ❛✛❡❝& ❝❡❧❧ ♣+♦❧✐❢❡+❛&✐♦♥

❬✷✹✾❪✳ ❚❤❡%❡ ♦❜%❡+✈❛&✐♦♥% %✉❣❣❡%&❡❞ &❤❡ ♣+❡%❡♥❝❡ ♦❢ ❛♥ ❛❧&❡+♥❛&✐✈❡ ❛✉&♦❝+✐♥❡ ❧♦♦♣ ✐♥✈♦❧✈✐♥❣ ♥♦♥✲

❛♠✐❞❛&❡❞ ❣❛%&+✐♥%✳ ❚❤❡ ♣+♦❧✐❢❡+❛&✐♦♥ ♦❢ ❨❆▼❈ ❝❡❧❧% ✇❛% ✐♥❤✐❜✐&❡❞ ✐♥ &❤❡ ♣+❡%❡♥❝❡ ♦❢ ❛♥ ❛♥&✐❜♦❞②

%❡❧❡❝&✐✈❡ ❢♦+ ●❣❧②✱ ❜✉& ♥♦& ✇✐&❤ ❛♥ ❛♥&✐❜♦❞② %❡❧❡❝&✐✈❡ ❢♦+ ●❛♠✐❞❡✳ ❚❤❡%❡ ❝❡❧❧% ❡①♣+❡%%❡❞ ❛ %♣❡❝✐✜❝

+❡❝❡♣&♦+ ❜✐♥❞✐♥❣ &♦ ●❣❧② +❡%✉❧&✐♥❣ ✐♥ ❛♥ ❛✉&♦❝+✐♥❡ ❧♦♦♣ ✭❋✐❣✉+❡ ✹✳✹✮ ❬✷✺✵❪✳

■& ♠❛② ❜❡ ❝♦♥❝❧✉❞❡❞ &❤❛& ♣+♦❣❛%&+✐♥✱ ❛♥❞ &♦ ❛ ❧❡%%❡+ ❡①&❡♥& ●❣❧②✱ ❛❝& ❛% ❛✉&♦❝+✐♥❡ ❣+♦✇&❤ ❢❛❝&♦+%

✐♥ ❈❘❈✳
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✹✳✸ ❍②♣❡'❣❛*+'✐♥❡♠✐❛

❚❤❡ ❝♦''❡❧❛*✐♦♥ ❜❡*✇❡❡♥ ❤②♣❡'❣❛2*'✐♥❡♠✐❛ ❛♥❞ ❈❘❈ ✐2 ❝♦♥*'♦✈❡'2✐❛❧✳ ❍②♣❡'❣❛2*'✐♥❡♠✐❛ *'✐❣❣❡'❡❞

❤✐❣❤ ♣'♦❧✐❢❡'❛*✐♦♥ ♦❢ ❝♦❧♦♥✐❝ ♠✉❝♦2❛ ✐♥ ✈✐✈♦ ❬✷✷✵❪ ❛♥❞ ❣❛2*'✐♥ ❣❡♥❡ ❦♥♦❝❦✲♦✉* ♠✐❝❡ ❤❛❞ '❡❞✉❝❡❞

♣'♦❧✐❢❡'❛*✐♦♥ ♦❢ *❤❡ ❝♦❧♦♥✐❝ ♠✉❝♦2❛ ❬✷✺✹❪✳ ❚❤❡2❡ ♦❜2❡'✈❛*✐♦♥2 2✉❣❣❡2*❡❞ *❤❛* ❤②♣❡'❣❛2*'✐♥❡♠✐❛

❝♦✉❧❞ ♣❧❛② ❛ '♦❧❡ ✐♥ *✉♠♦'✐❣❡♥❡2✐2✳

❍②♣❡'❣❛2*'✐♥❡♠✐❛ ✐2 *❤❡ ❝♦♥2❡C✉❡♥❝❡ ♦❢ 2❡✈❡'❛❧ ❝❧✐♥✐❝❛❧ ❝♦♥❞✐*✐♦♥2 2✉❝❤ ❛2 ♣❡'♥✐❝✐♦✉2 ❛♥❡♠✐❛✱

❩♦❧❧✐♥❣❡'✲❊❧❧✐2♦♥ 2②♥❞'♦♠❡ ♦' ❍❡❧✐❝♦❜❛❝*❡+ ♣②❧♦+✐ ✐♥❢❡❝*✐♦♥ ❬✷✺✺❪ ❬✷✺✻❪✳ ❙*✉❞✐❡2 2❤♦✇❡❞ *❤❛* ❤②✲

♣❡'❣❛2*'✐♥❡♠✐❛ ✐♥❞✉❝❡❞ ❜② *❤❡ ♣'♦*♦♥ ♣✉♠♣ ✐♥❤✐❜✐*♦' ♦♠❡♣'❛③♦❧❡✱ ✇✐*❤ ❛ 2❡'✉♠ ❣❛2*'✐♥ ❧❡✈❡❧

✜✈❡ *✐♠❡2 ❤✐❣❤❡' *❤❛♥ *❤❡ ♥♦'♠❛❧ ❧❡✈❡❧✱ ❞✐❞ ♥♦* ✐♥✢✉❡♥❝❡ *✉♠♦' ❣'♦✇*❤ ♦' *❤❡ 2✉'✈✐✈❛❧ ♦❢ *✉♠♦'✲

❜❡❛'✐♥❣ ❛♥✐♠❛❧2 ✭✐♥ ❜♦*❤ ♠✐❝❡ ❬✷✺✼❪ ❛♥❞ '❛*2 ❬✷✺✽❪✮✳ ❈❤'♦♥✐❝ ❤②♣❡'❣❛2*'✐♥❡♠✐❛ ✐♥ '❛*2✱ ♠❛✐♥✲

*❛✐♥❡❞ ❜② ❞❛✐❧② ❣❛✈❛❣❡ ♦❢ ♦♠❡♣'❛③♦❧❡✱ ❞✐2♣❧❛②❡❞ ❛ 2✐❣♥✐✜❝❛♥* ✐♥❝'❡❛2❡ ✐♥ ❣❛2*'✐♥ ❝♦♥❝❡♥*'❛*✐♦♥2

❜✉* ❛ ❞❡❝'❡❛2❡ ♦❢ *✉♠♦' ✐♥❝✐❞❡♥❝❡ ❝♦♠♣❛'❡❞ *♦ *❤❡ ❝♦♥*'♦❧ ♠✐❝❡✳ P❛*✐❡♥*2 ♦♥ ❝❤'♦♥✐❝ ♣'♦*♦♥

♣✉♠♣ ✐♥❤✐❜✐*♦' *❤❡'❛♣② ❞✐❞ ♥♦* ♣'❡2❡♥* ✇✐*❤ ❝❤❛♥❣❡2 ✐♥ *❤❡ 2✐③❡ ♦❢ ❛❞❡♥♦♠❛*♦✉2 ♣♦❧②♣2✱ ❜✉*

❤❛❞ ❛ 2✐❣♥✐✜❝❛♥* '❡❞✉❝*✐♦♥ ✐♥ *❤❡ ❞❡✈❡❧♦♣♠❡♥* ♦❢ ❤②♣❡'♣❧❛2*✐❝ ♣♦❧②♣2✱ ❝♦♠♣❛'❡❞ *♦ ✉♥*'❡❛*❡❞

♣❛*✐❡♥*2✳ ❖♠❡♣'❛③♦❧❡ ❤❛2 ❛ ♣♦*❡♥*✐❛❧ ♣'♦*❡❝*✐✈❡ ❡✛❡❝* ❛❣❛✐♥2* *❤❡ ♣'♦❣'❡22✐♦♥ ♦❢ ❈❘❈ ❬✷✺✾❪✳

❩♦❧❧✐♥❣❡'✲❊❧❧✐2♦♥ 2②♥❞'♦♠❡ ✭❩❊❙✮ ✐2 ❛ ❣♦♦❞ ♠♦❞❡❧ *♦ 2*✉❞② ❝❤'♦♥✐❝ ❤②♣❡'❣❛2*'✐♥❡♠✐❛ ✐♥ ❤✉♠❛♥2
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❣❛.6)✐♥ ♣)♦❞✉❝6✐♦♥ ✇❛. ❜❧♦❝❦❡❞ ❜② ❣❛.6)✐♥ .✐❘◆❆✳ ❚❤❡ ❛❝❝✉♠✉❧❛6✐♦♥ ♦❢ ❍■❋✲✶α .❡❡♥ ✐♥ )❡.♣♦♥.❡
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"♦ ❤②♣♦①✐❛ ✐♥ ❉▲❉✲✶ ❛♥❞ ❍❚✷✾ ❝❡❧❧7 ✇❛7 ♥♦" ❢♦✉♥❞ ✐♥ "❤❡ ♣;❡7❡♥❝❡ ♦❢ ●❣❧②✳ ❆❧7♦✱ ";❡❛"♠❡♥"

✇✐"❤ "❤❡ B■✸❑ ✐♥❤✐❜✐"♦; ▲❨✷✾✹✵✵✷ ;❡✈❡;7❡❞ "❤❡ ●❣❧②✲✐♥❞✉❝❡❞ ✐♥❝;❡❛7❡ ✐♥ ❱❊●❋ ♠❘◆❆ ❛♥❞

♣;♦"❡✐♥✱ 7♦ ●❣❧② ❛❝"7 ✈✐❛ "❤❡ B■✸❑✴❆❑❚ ♣❛"❤✇❛②✳ ❙✐♠✐❧❛; ♦❜7❡;✈❛"✐♦♥7 ✇❡;❡ ♠❛❞❡ ✐♥ ✐♥ ✈✐✈♦

❡①♣❡;✐♠❡♥"7 ✇✐"❤ ❛♥ ✐♥❝;❡❛7❡ ✐♥ ❱❊●❋ ❡①♣;❡77✐♦♥✱ ❜✉" ♥♦ ❍■❋✲✶ ❛❝❝✉♠✉❧❛"✐♦♥ ✐♥ ";❛♥7❣❡♥✐❝

♠✐❝❡ ♦✈❡;❡①♣;❡77✐♥❣ ●❣❧②✳ ●❛7";✐♥ ♣;❡❝✉;7♦;7 "❤✉7 ♣❧❛② ❛ ;♦❧❡ ✐♥ "❤❡ ♣;♦❝❡77 ♦❢ ❛♥❣✐♦❣❡♥❡7✐7 ❜②

♣;♦♠♦"✐♥❣ "❤❡ ❡①♣;❡77✐♦♥ ♦❢ "❤❡ ♣;♦✲❛♥❣✐♦❣❡♥✐❝ ❢❛❝"♦; ❱❊●❋ ✈✐❛ "❤❡ B■✸❑ ♣❛"❤✇❛② ❜✉" ✐♥❞❡✲

♣❡♥❞❡♥"❧② ♦❢ ❤②♣♦①✐❛ ❬✷✼✷❪✳

❇♦"❤ ❣❛7";✐♥ ♣;♦♠♦"❡; ❛❝"✐✈✐"② ❛♥❞ ❍■❋✲✶α ❡①♣;❡77✐♦♥ ✇❡;❡ ✐♥❝;❡❛7❡❞ ✐♥ ❛ ❞♦7❡✲❞❡♣❡♥❞❡♥" ♠❛♥✲

♥❡; ❜② "❤❡ ❤②♣♦①✐❛ ♠✐♠❡"✐❝ ❝♦❜❛❧" ❝❤❧♦;✐❞❡ ✭❈♦❈❧

✷

✮ ✐♥ ❆●❙ ❛♥❞ ❆●❙✲❈❈❑✷❘ ❝❡❧❧7✳ ❍♦✇❡✈❡;✱

❞❡❧❡"✐♦♥7 ♦❢ 7♦♠❡ "♦ ❛❧❧ ♦❢ "❤❡ ♣✉"❛"✐✈❡ ❍■❋ ❜✐♥❞✐♥❣ 7✐"❡7 ✭❍❇❙✮ ✐♥ "❤❡ ❣❛7";✐♥ ♣;♦♠♦"❡; ❞✐❞

♥♦" ❝❤❛♥❣❡ "❤❡ ❣❛7";✐♥ ♣;♦♠♦"❡; ❛❝"✐✈✐"② ❛❢"❡; ";❡❛"♠❡♥" ❜② ✶✪ ❖

✷

♦; ❈♦❈❧

✷

✱ ❝♦♠♣❛;❡❞ "♦

"❤❡ ❢✉❧❧ ❧❡♥❣"❤ ❝♦♥7";✉❝"✳ ❆❝"✐✈❛"✐♦♥ ♦❢ "❤❡ ❣❛7";✐♥ ❣❡♥❡ ❞✐❞ ♥♦" ✐♥✈♦❧✈❡ ❜✐♥❞✐♥❣ ♦❢ ❍■❋✲✶α "♦

❍❘❊✳ ❚❤❡ ❛❜7❡♥❝❡ ♦❢ ❝❤❛♥❣❡7 ✐♥ ❣❛7";✐♥ ♣;♦♠♦"❡; ❛❝"✐✈✐"② ✐♥ ❣❛7";♦✐♥"❡7"✐♥❛❧ ❝❡❧❧7 ";❛♥7❢❡❝"❡❞

❜② ❍■❋ ❦♥♦❝❦❞♦✇♥ 7❤❘◆❆ ❝♦♥✜;♠❡❞ "❤❛" ❍■❋✲✶α ❞✐❞ ♥♦" ♣❧❛② ❛♥② ;♦❧❡ ✐♥ ❤②♣♦①✐❝ ❛❝"✐✈❛"✐♦♥

♦❢ "❤❡ ❣❛7";✐♥ ❣❡♥❡ ❬✷✼✸❪✳ ❍♦✇❡✈❡;✱ ❤②♣♦①✐❛ 7"✐♠✉❧❛"❡❞ ❣❛7";✐♥ ❣❡♥❡ ❡①♣;❡77✐♦♥ ✐♥ ▲♦❱♦ ❝❡❧❧7 ✈✐❛

❜✐♥❞✐♥❣ ♦❢ ❍■❋✲✶α "♦ "❤❡ ❣❛7";✐♥ ♣;♦♠♦"❡;✳ ❆❞❞✐"✐♦♥❛❧❧②✱ ♥♦♥✲❛♠✐❞❛"❡❞ ❣❛7";✐♥7 ✇❡;❡ 7❤♦✇♥ "♦

♠❡❞✐❛"❡ ❛ ❤②♣♦①✐❛✲✐♥❞✉❝❡❞ ;❡7✐7"❛♥❝❡ "♦ ❛♣♦♣"♦7✐7 ✐♥ ▲♦❱♦ ❝❡❧❧7 ❬✷✼✹❪✳

❈❤❡♠✐❝❛❧ ❤②♣♦①✐❛ ❧❡❞ "♦ ❣;❡❛"❡; ❡✛❡❝"7 ♦♥ ❣❛7";✐♥ ♣;♦♠♦"❡; ❛❝"✐✈✐"②✱ ♠❘◆❆ ❛♥❞ ♣;♦"❡✐♥ ❧❡✈❡❧7

"❤❛♥ ✇✐"❤ ";✉❡ ❤②♣♦①✐❛✳ ❙✐♠✐❧❛;❧② "♦ ❈♦❈❧

✷

✱ 7❡✈❡;❛❧ ♦"❤❡; ♠❡"❛❧ ✐♦♥7 ❤❛✈❡ ❜❡❡♥ ❡✈❛❧✉❛"❡❞ ❢♦;

"❤❡✐; ❝❛♣❛❝✐"② "♦ ✐♥❞✉❝❡ ❛❝"✐✈❛"✐♦♥ ♦❢ ❣❛7";✐♥ ❛❝"✐✈✐"②✳ ■♥❞❡❡❞✱ ❩♥

✷✰

✐♦♥7✱ ❜✉" ♥♦" ❈❛

✷✰

✱ ◆✐

✷✰

✱

▼❣

✷✰

♥♦; ❋❡

✸✰

✐♦♥7✱ ♣;♦♠♦"❡❞ ❣❛7";✐♥ ❣❡♥❡ ❡①♣;❡77✐♦♥ ❛" "❤❡ ♣;♦♠♦"❡;✱ ♠❘◆❆ ❛♥❞ ♣;♦"❡✐♥

❧❡✈❡❧7 ✐♥ ❆●❙✱ ❉▲❉✲✶✱ ❍❈❚✶✶✻✱ ❍❚✷✾✱ ❙❲✹✽✵ ❛♥❞ ▲◆❈❛B ❝❡❧❧ ❧✐♥❡7✳ ■♥ ✈✐✈♦ 7"✉❞✐❡7 ❝♦♥✜;♠❡❞

"❤❡ ✉♣;❡❣✉❧❛"✐♦♥ ♦❢ "❤❡ ❣❛7";✐♥ ❣❡♥❡ ✐♥ ♠✐❝❡ ❢♦❧❧♦✇✐♥❣ ";❡❛"♠❡♥" ✇✐"❤ ❩♥

✷✰

✐♦♥7✳ ❆❝"✐✈❛"✐♦♥ ♦❢

"❤❡ ❣❛7";✐♥ ❣❡♥❡ ❜② ❩♥

✷✰

✐♦♥7 ✇❛7 ♣❛;"❧② ✈✐❛ "❤❡ ▼❆B❑ ❛♥❞ B■✸❑ ♣❛"❤✇❛②7 ❛♥❞ ❞❡♣❡♥❞❡♥" ♦♥

❛♥ ❊✲❜♦① ♠❡❝❤❛♥✐7♠✱ ✇❤✐❝❤ ♠❛② ✐♥❞✉❝❡ ❛♥ ❡♣✐"❤❡❧✐❛❧✲♠❡7❡♥❝❤②♠❛❧ ";❛♥7✐"✐♦♥ ✭❊▼❚✮ ❬✷✼✺❪✳

❆❧"❤♦✉❣❤ ❩♥

✷✰

✐♦♥7 ❛;❡ ❛❧;❡❛❞② ✉7❡❞ ❛7 ❛♥"✐✲✉❧❝❡; ❞;✉❣7 ✐♥ ❤✉♠❛♥7 ❬✷✼✻❪✱ ❢✉;"❤❡; 7"✉❞✐❡7 ♦♥ "❤❡

❝♦;;❡❧❛"✐♦♥ ❜❡"✇❡❡♥ ③✐♥❝ ❤♦♠❡♦7"❛7✐7 ❛♥❞ ❣❛7";✐♥7 ❛;❡ ;❡d✉✐;❡❞ "♦ ✉♥❞❡;7"❛♥❞ "❤❡✐; ;♦❧❡ ✐♥ "❤❡

❊▼❚ ❛♥❞ ✐♥ ✈❛;✐♦✉7 ♣❛"❤♦❧♦❣✐❝❛❧ ❝♦♥❞✐"✐♦♥7✳
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✹✳✺ #♦%❡♥%✐❛❧ ❣❛,%-✐♥✲❜❛,❡❞ %❤❡-❛♣✐❡,

●❛$%&✐♥$ ❛❝% ❛$ ❛✉%♦❝&✐♥❡ ❣&♦✇%❤ ❢❛❝%♦&$✱ %❤❡&❡❢♦&❡ ❣❛$%&✐♥$ ❛♥❞ %❤❡✐& &❡❝❡♣%♦&$ ❝♦✉❧❞ ❜♦%❤ ❜❡

%❛&❣❡%❡❞✳

✹✳✺✳✶ ❈❈❑✷❘ ❛♥*❛❣♦♥✐.*.

7&♦❣❧✉♠✐❞❡✱ ❞❡&✐✈❡❞ ❢&♦♠ ❣❧✉%❛♠✐❝ ❛❝✐❞✱ ✇❛$ %❤❡ ✜&$% ❈❈❑✷❘ ❛♥%❛❣♦♥✐$% ❞❡✈❡❧♦♣❡❞ ✐♥ ✶✾✻✽ ❛♥❞

❧❡❞ %♦ ❛ ❞❡❝&❡❛$❡ ♦❢ ❣❛$%&✐❝ ❛❝✐❞ $❡❝&❡%✐♦♥ ❬✷✼✼❪✳ ■% ❜❧♦❝❦❡❞ ❜♦%❤ ❈❈❑✶❘ ❛♥❞ ❈❈❑✷❘ $✉❜%②♣❡$

❛♥❞ ✐$ ♥♦✇ ♠❛✐♥❧② ✉$❡❞ ✐♥ %❤❡ %&❡❛%♠❡♥% ♦❢ $%♦♠❛❝❤ ✉❧❝❡&$✳ ◆✉♠❡&♦✉$ ❛♥%❛❣♦♥✐$%$ ✇❡&❡ %❤❡♥

❞❡$❝&✐❜❡❞ $✉❝❤ ❛$ ❜❡♥③♦%&✐♣%✱ ❛♥ ◆✲❛❝②❧ ❞❡&✐✈❛%✐✈❡ ♦❢ %&②♣%♦♣❤❛♥✱ ❛♥❞ ▲✲✸✻✺✱✷✻✵✱ ❛ ❞❡&✐✈❛%✐✈❡ ♦❢

❛$♣❡&❝✐❧❧✐♥✱ ✇✐%❤ ❤✐❣❤❡& ♣♦%❡♥❝② ❛♥❞ $♣❡❝✐✜❝✐%② ❢♦& ❈❈❑✷❘✳ ❨▼✵✷✷ ❛♥❞ ❨❋✹✼✻ ❛&❡ ❜♦%❤ ❤✐❣❤

❛✣♥✐%② ❈❈❑✷❘ ❛♥%❛❣♦♥✐$%$✳

❚❤❡ ♥♦♥✲$❡❧❡❝%✐✈❡ ❛♥%❛❣♦♥✐$%$ ♣&♦❣❧✉♠✐❞❡ ❛♥❞ ❜❡♥③♦%&✐♣% ❞❡❝&❡❛$❡❞ %❤❡ ♠♦♥♦❧❛②❡& ❣&♦✇%❤ ♦❢ $✐①

❤✉♠❛♥ ❝♦❧♦♥ ❝❛&❝✐♥♦♠❛ ❝❡❧❧ ❧✐♥❡$ ❬✷✼✽❪✳ ❍♦✇❡✈❡&✱ %❤❡② ❜♦%❤ ❞✐$♣❧❛②❡❞ ❧♦✇ ♣♦%❡♥❝② ❢♦& ❈❈❑✷❘

❛♥❞ ❤✐❣❤ ❝♦♥❝❡♥%&❛%✐♦♥$ ✇❡&❡ ♥❡❡❞❡❞ %♦ ❞✐$♣❧❛❝❡ ●❛♠✐❞❡ ❬✷✼✾❪✳ 7&♦❣❧✉♠✐❞❡ ❛♥❞ ❜❡♥③♦%&✐♣% ❛❧$♦

✐♥❤✐❜✐%❡❞ %❤❡ ❣❛$%&✐♥✲$%✐♠✉❧❛%❡❞ ♣&♦❧✐❢❡&❛%✐♦♥ ♦❢ ❣❛$%&♦✐♥%❡$%✐♥❛❧ %✉♠♦& ❝❡❧❧$✳ ■♥ ❛❞❞✐%✐♦♥✱ ✐♥❝✉✲

❜❛%✐♦♥ ✇✐%❤ ❡①❝❡$$ ●❛♠✐❞❡ ❝♦✉❧❞ ♥♦% &❡✈❡&$❡ %❤❡ ✐♥❤✐❜✐%✐♦♥ ♦❢ ♣&♦❧✐❢❡&❛%✐♦♥ ♦❢ ▼❑◆✹✺● ❛♥❞ ❆●❙

❝❡❧❧ ❧✐♥❡$ ❜② %❤❡ ❛♥%❛❣♦♥✐$%$ ❬✷✽✵❪✳ ❚❤❡$❡ &❡$✉❧%$ $✉❣❣❡$%❡❞ %❤❛% %❤❡ ❧♦✇ ❛✣♥✐%② ❈❈❑✷❘ ❛♥%❛❣♦✲
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(❛♥❡♦✉3 ●❛♠✐❞❡ (&❡❛(♠❡♥( ❬✸✷✽❪✳ ❆ 3✐①❢♦❧❞ ❞❡❝&❡❛3❡ ✐♥ ✐♥(❡3(✐♥❛❧ ✐&♦♥ ❛❜3♦&♣(✐♦♥ ✇❛3 ♠❡❛3✉&❡❞

✐♥ ●❛3(&✐♥ ❑❖ ♠✐❝❡ ❛♥❞ ❛ ❢♦✉&❢♦❧❞ ❛♥❞ ✜✈❡❢♦❧❞ ✐♥❝&❡❛3❡ ✐♥ ❉▼❚✲✶ ♠❘◆❆ ✇❛3 ❢♦✉♥❞ ✐♥ ❣❛3(&✐♥

❑❖ ♠✐❝❡ ❛♥❞ ❈❈❑✷❘ ❑❖ ♠✐❝❡✱ &❡3♣❡❝(✐✈❡❧②✱ ❝♦♠♣❛&❡❞ (♦ ❲❚ ♠✐❝❡✳ ❍♦✇❡✈❡&✱ ❣❛3(&✐♥ ❑❖ ♠✐❝❡

❤❛❞ ❛ ✷✵✪ &❡❞✉❝(✐♦♥ ✐♥ (&❛♥3❢❡&&✐♥ 3❛(✉&❛(✐♦♥ ✇❤✐❧❡ ❈❈❑✷❘ ❑❖ ♠✐❝❡ 3❤♦✇❡❞ ❛ ✺✵✪ ✐♥❝&❡❛3❡

❬✸✷✾❪✳

✺✳✷✳✸ ■♠♣❛❝' ♦♥ '3❛♥,❢❡33✐♥ ,❛'✉3❛'✐♦♥

❖✉& (❡❛♠ ❤❛3 ♣&♦♣♦3❡❞ ❛ ♠❡❝❤❛♥✐3♠ (♦ ❡①♣❧❛✐♥ (❤❡ ❝♦&&❡❧❛(✐♦♥ ❜❡(✇❡❡♥ ✢✉❝(✉❛(✐♥❣ ❝♦♥❝❡♥(&❛✲

(✐♦♥3 ♦❢ ❝✐&❝✉❧❛(✐♥❣ ●❛♠✐❞❡ ❛♥❞ ❝❤❛♥❣❡3 ✐♥ (&❛♥3❢❡&&✐♥ 3❛(✉&❛(✐♦♥ ❬✸✷✾❪✳ ❆❢(❡& ❡①♣♦&( ♦❢ ❢❡&&✐❝

✐♦♥3 ❢&♦♠ (❤❡ ❡♥(❡&♦❝②(❡ (♦ (❤❡ ❜❧♦♦❞3(&❡❛♠ ❜② ❋W◆✱ ❝✐&❝✉❧❛(✐♥❣ ●❛♠✐❞❡ ♦& ●❣❧② ♠❛② ❛❝❝♦♠✲
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♣❛♥② %❤❡ ✉♣%❛❦❡ ♦❢ ❢❡,,✐❝ ✐♦♥/ ❜② ❛♣♦%,❛♥/❢❡,,✐♥✳ ❉✐//♦❝✐❛%✐♦♥ ♦❢ ●❛♠✐❞❡ ❛❢%❡, ✐,♦♥ %,❛♥/❢❡, ❝♦✉❧❞

❡①♣❧❛✐♥ %❤❡ ❧❛❝❦ ♦❢ ❡✈✐❞❡♥❝❡ ,❡❣❛,❞✐♥❣ %❤❡ ❜✐♥❞✐♥❣ ♦❢ ●❛♠✐❞❡ %♦ ❞✐❢❡,,✐❝ %,❛♥/❢❡,,✐♥ ❬✸✸✵❪✳ ■♥

❛❞❞✐%✐♦♥✱ ❤●❛/ ♠✐❝❡ ❧❛❝❦✐♥❣ %❤❡ ❈❈❑✷❘ ❤❛❞ ❛♥ ✐♥❝,❡❛/❡ ✐♥ %,❛♥/❢❡,,✐♥ /❛%✉,❛%✐♦♥✱ ✇❤✐❝❤ /❤♦✇❡❞

%❤❛% ●❛♠✐❞❡ ❛❝%❡❞ ✐♥❞❡♣❡♥❞❡♥%❧② ♦❢ %❤❡ ❈❈❑✷❘✳ ❈♦♥/❡E✉❡♥%❧②✱ ●❛♠✐❞❡ ♣❧❛②/ ❛ ❝❛%❛❧②%✐❝ ,♦❧❡

✐♥ %❤❡ ❜✐♥❞✐♥❣ ♦❢ ✐,♦♥ ❜② %,❛♥/❢❡,,✐♥ ❧❡❛❞✐♥❣ ♣♦%❡♥%✐❛❧❧② %♦ ❝❤❛♥❣❡/ ✐♥ ❤❡♣❝✐❞✐♥ ❣❡♥❡ ❡①♣,❡//✐♦♥

❬✸✸✶❪✳

✺✳✸ ❈♦♥&❡(✉❡♥❝❡& ✐♥ ❈❘❈

■,♦♥ ❤♦♠❡♦/%❛/✐/ ❛♥❞ ❣❛/%,✐♥/ ❤❛✈❡ ❜♦%❤ ❜❡❡♥ ,❡♣♦,%❡❞ %♦ ♣❧❛② ❛ ,♦❧❡ ✐♥ %❤❡ ❞❡✈❡❧♦♣♠❡♥% ♦❢

❈❘❈/✳

✺✳✸✳✶ ■%♦♥ ❛♥❞ ❈❘❈ %✐-❦

■♥ ❡❛,❧② ✷✵✵✵✱ ❛ ,❡✈✐❡✇ ❝♦❧❧❡❝%❡❞ ,❡/✉❧%/ ❢,♦♠ /❡✈❡,❛❧ ❡①♣❡,✐♠❡♥%❛❧ %❡❝❤♥✐E✉❡/ ♦♥ ✇❤❡%❤❡, ✐,♦♥

✐♥❝,❡❛/❡/ ❈❘❈ ,✐/❦ ✐♥ ❤✉♠❛♥/✳ ❋✐,/%❧②✱ ❛ ❧✐♥❦ ❜❡%✇❡❡♥ ❜♦%❤ ❞✐❡%❛,② ❛♥❞ ❜♦❞② ✐,♦♥ /%♦,❡/ ❛♥❞ ❛♥

✐♥❝,❡❛/❡ ♦❢ ❈❘❈ ,✐/❦ ✇❛/ ❞❡/❝,✐❜❡❞ ✐♥ ❛ /♠❛❧❧ ❣,♦✉♣ ♦❢ ♣❛%✐❡♥%/ ❬✸✸✷❪✳ ❆ ♣♦/✐%✐✈❡ ❝♦,,❡❧❛%✐♦♥ ❜❡✲

%✇❡❡♥ ❜♦❞② ✐,♦♥ /%♦,❡/ ❛♥❞ %❤❡ ❞❡✈❡❧♦♣♠❡♥% ♦❢ ♣,❡❝❛♥❝❡,♦✉/ ❧❡/✐♦♥/ ✐♥ %❤❡ ❝♦❧♦♥✱ /✉❝❤ ❛/ ❝♦❧♦♥✐❝

❛❞❡♥♦♠❛/ ❛♥❞ ♣♦❧②♣/✱ ✇❛/ /❤♦✇♥ ❬✸✸✸❪✳ ■♥❝,❡❛/❡❞ %,❛♥/❢❡,,✐♥ /❛%✉,❛%✐♦♥ ✇❛/ /✐❣♥✐✜❝❛♥%❧② ❛//♦✲

❝✐❛%❡❞ ✇✐%❤ ❈❘❈ ❞❡✈❡❧♦♣♠❡♥%✱ ❡/♣❡❝✐❛❧❧② ❛♠♦♥❣ ♠❡♥ ❬✸✸✹❪✳ ■% ✇❛/ ,❡♣♦,%❡❞ %❤❛% ♣❛%✐❡♥%/ ✇✐%❤

❤❡♠♦❝❤,♦♠❛%♦/✐/ ❛♥❞ ❛❧/♦ ❝❛,,②✐♥❣ ❛ ♠✉%❛%✐♦♥ ✐♥ %❤❡ %,❛♥/❢❡,,✐♥ ,❡❝❡♣%♦, ❣❡♥❡ ❤❛❞ %❤❡✐, ,✐/❦ %♦

❞❡✈❡❧♦♣ ❈❘❈ ✐♥❝,❡❛/❡❞ ♠♦,❡ %❤❛♥ ❡✐❣❤%❢♦❧❞ ❝♦♠♣❛,❡❞ %♦ ❤❡❛❧%❤② ✐♥❞✐✈✐❞✉❛❧/ ❬✸✸✺❪✳ ❲❤✐❧❡ /♦♠❡

/%✉❞✐❡/ ❤❛✈❡ ,❡♣♦,%❡❞ ❛ ♣♦/✐%✐✈❡ ❛//♦❝✐❛%✐♦♥ ❜❡%✇❡❡♥ %,❛♥/❢❡,,✐♥ /❛%✉,❛%✐♦♥ ❛♥❞ ❈❘❈ ,✐/❦ ❛♥❞

❜❡%✇❡❡♥ /❡,✉♠ ❢❡,,✐%✐♥ ❧❡✈❡❧/ ❛♥❞ %❤❡ ❢♦,♠❛%✐♦♥ ♦❢ ❝♦❧♦,❡❝%❛❧ ❛❞❡♥♦♠❛%♦✉/ ♣♦❧②♣/ ❬✸✸✸❪ ❬✸✸✻❪✱

♦%❤❡, /%✉❞✐❡/✱ ❤♦✇❡✈❡,✱ ❞❡/❝,✐❜❡❞ ✐♥✈❡,/❡ ❝♦,,❡❧❛%✐♦♥/ ❜❡%✇❡❡♥ %,❛♥/❢❡,,✐♥ /❛%✉,❛%✐♦♥ ❬✸✸✼❪ ♦, ❢❡,✲

,✐%✐♥ ❧❡✈❡❧/ ❬✸✸✽❪ ❛♥❞ ❈❘❈ ,✐/❦✳ ❚❤❡/❡ ❝♦♥%,❛❞✐❝%♦,② ❞❛%❛ ♠❛② ❜❡ ❞✉❡ %♦ %❤❡ ❢❛❝% %❤❛% %,❛♥/❢❡,,✐♥

/❛%✉,❛%✐♦♥ ❛♥❞ ❢❡,,✐%✐♥ ✈❛,② ❛❝❝♦,❞✐♥❣ %♦ ❜♦%❤ ❛❣❡ ❛♥❞ ❣❡♥❞❡, ✐♥ ❤❡❛❧%❤② ✐♥❞✐✈✐❞✉❛❧/✳ ❉✐✉,♥❛❧

❛♥❞ ❞❛②✲%♦✲❞❛② ✈❛,✐❛%✐♦♥ ♦❢ ✉♣ %♦ ✷✺✪ ✐♥ ❜♦%❤ %,❛♥/❢❡,,✐♥ /❛%✉,❛%✐♦♥ ❛♥❞ ❢❡,,✐%✐♥ ❝♦♥❝❡♥%,❛%✐♦♥

✇❡,❡ ,❡♣♦,%❡❞ ❬✸✸✾❪✳

❉✐❡%❛,② ✐,♦♥ ❛♥❞ ❜♦❞② ✐,♦♥ /%♦,❡/ ✐♠♣❛❝% ✐,♦♥ ❤♦♠❡♦/%❛/✐/ ❛♥❞ /♦ ❝♦♥%,✐❜✉%❡ %♦ %❤❡ ❞❡✈❡❧♦♣♠❡♥%

♦❢ ❈❘❈/✳ ❘❡❞ ♠❡❛% ✐/ ❛ ♠❛❥♦, ❞✐❡%❛,② /♦✉,❝❡ ♦❢ ✐,♦♥✱ ❡/♣❡❝✐❛❧❧② ✐♥ ❲❡/%❡,♥ /♦❝✐❡%✐❡/✱ ❛♥❞ ❤❛/ ❛

❤✐❣❤ E✉❛♥%✐%② ♦❢ ♠②♦❣❧♦❜✐♥ ❛♥❞ ❤❡♠♦❣❧♦❜✐♥✱ ✇❤✐❝❤ ❜♦%❤ ❝♦♠♣,✐/❡❞ ♦❢ ❤❡♠❡ ❝♦♥%❛✐♥✐♥❣ ❛ ❝❡♥%,❛❧

✐,♦♥ ❛%♦♠✳ ❉✐❡%❛,② ❤❡♠❡ ❤❛/ ❜❡❡♥ /✉❣❣❡/%❡❞ %♦ ❞❛♠❛❣❡ %❤❡ ❝♦❧♦♥✐❝ ♠✉❝♦/❛ ✈✐❛ ❛♥ ✉♥❦♥♦✇♥

✐♥%❡,♠❡❞✐❛%❡ ,❡/✉❧%✐♥❣ ✐♥ ❛ ❝♦♠♣❡♥/❛%♦,② ❤②♣❡,♣,♦❧✐❢❡,❛%✐♦♥ ♦❢ %❤❡ ❡♣✐%❤❡❧✐✉♠ ❛♥❞ ❝♦♥/❡E✉❡♥%❧②

❛♥ ✐♥❝,❡❛/❡ ✐♥ ,✐/❦ ❢♦, ❈❘❈ ❞❡✈❡❧♦♣♠❡♥% ❬✸✹✵❪✳ ❆ /%✉❞② ,❡✈✐❡✇✐♥❣ %❤❡ ❡♣✐❞❡♠✐♦❧♦❣✐❝❛❧ ❧✐%❡,❛%✉,❡

♦♥ ♠❡❛% ❛♥❞ ❈❘❈ ,❡♣♦,%❡❞ %❤❛% ❤✐❣❤ ✐♥%❛❦❡/ ♦❢ ,❡❞ ♠❡❛% ❛♥❞ ♦❢ ♣,♦❝❡//❡❞ ♠❡❛% ✇❡,❡ ❝♦,,❡❧❛%❡❞

✇✐%❤ ✐♥❝,❡❛/❡❞ ,✐/❦ ♦❢ ❈❘❈ ❬✸✹✶❪✳ ❍♦✇❡✈❡,✱ %❤❡ ❡①❛❝% ♠❡❝❤❛♥✐/♠/ ❡①♣❧❛✐♥✐♥❣ %❤❡ ❛//♦❝✐❛%✐♦♥

❜❡%✇❡❡♥ ❤✐❣❤ ✐♥%❛❦❡ ♦❢ ,❡❞ ♠❡❛% ❛♥❞ ❈❘❈ ,✐/❦ ❛,❡ /%✐❧❧ ♥♦% ❝❧❡❛,✱ ❜✉% ❝❛♥ ♣♦//✐❜❧② ❜❡ ,❡❧❛%❡❞ %♦
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❝♦❧♦♥✐❝ ✐%♦♥ *%❛♥"♣♦%* ❛♥❞ ❡✛❡❝*" ♦♥ ❝❡❧❧ ♣%♦❧✐❢❡%❛*✐♦♥ ❛♥❞ ❝❛♥❝❡% ❞❡✈❡❧♦♣♠❡♥*✳ ▲❡✈❡❧" ♦❢ ✐%♦♥✱

*%❛♥"❢❡%%✐♥ %❡❝❡♣*♦% ♠❘◆❆ ❛♥❞ ❢❡%%✐*✐♥ ♠❘◆❆ ❡①♣%❡""✐♦♥ ✇❡%❡ ❤✐❣❤❡% ✐♥ ❝♦❧♦♥✐❝ ❡♣✐*❤❡❧✐❛❧ ❝❡❧❧"

✐♥ ✐%♦♥✲❧♦❛❞❡❞ %❛*" ❬✸✹✸❪✳ ❆ "*✉❞② ♦♥ ✶✶ ❤✉♠❛♥ ❝♦❧♦%❡❝*❛❧ ❝❛♥❝❡%" %❡♣♦%*❡❞ ❛ ❝♦%%❡❧❛*✐♦♥ ❜❡✲

*✇❡❡♥ ♣%♦❣%❡""✐♦♥ *♦ ❈❘❈ ❛♥❞ ❤✐❣❤❧② ❡①♣%❡""❡❞ ✐%♦♥ ✐♠♣♦%* ♣%♦*❡✐♥"✳ ■♥❤✐❜✐*✐♦♥ ♦❢ ✐%♦♥ ❡①♣♦%*

❞✉❡ *♦ ❞❡❝%❡❛"❡❞ ❡①♣%❡""✐♦♥ ❛♥❞ ❛❜❡%%❛♥* ❧♦❝❛❧✐③❛*✐♦♥ ♦❢ ❤❡♣❤❛❡"*✐♥ ❛♥❞ ❋>◆✱ %❡"♣❡❝*✐✈❡❧②✱ ✇❛"

♦❜"❡%✈❡❞ *♦♦✳ ❈❡❧❧ ♣%♦❧✐❢❡%❛*✐♦♥ ♠❛② ❜❡ *%✐❣❣❡%❡❞ ❜② *❤❡ %❡*❡♥*✐♦♥ ♦❢ ✐%♦♥ ❜② *✉♠♦%" ✐♥❞✉❝✐♥❣

♣%♦❧✐❢❡%❛*✐♦♥ ❛♥❞ %❡♣%❡""✐♥❣ ❝❡❧❧ ❛❞❤❡"✐♦♥ ❬✸✹✹❪✳

●❡♥❡*✐❝ ❢❛❝*♦%"✱ ✐♥❝❧✉❞✐♥❣ *❤❡ ♣%❡✈✐♦✉"❧② ♠❡♥*✐♦♥❡❞ ♠✉*❛*✐♦♥" ✐♥ *❤❡ ❍❋❊ ❣❡♥❡✱ ❝❛♥ ✐♥✢✉❡♥❝❡

❜♦❞② ✐%♦♥ "*♦%❡" ❛♥❞ ❧❡❛❞ *♦ ❈❘❈ ❞❡✈❡❧♦♣♠❡♥*✳ ❆ ❝♦%%❡❧❛*✐♦♥ ❜❡*✇❡❡♥ ✐%♦♥ ❛♥❞ ❝♦❧♦%❡❝*❛❧ ❝❛%✲

❝✐♥♦❣❡♥❡"✐" ✇❛" "✉❣❣❡"*❡❞ ❧❡❛❞✐♥❣ *♦ "*✉❞✐❡" ♦♥ *❤❡ ❡✛❡❝* ♦❢ ✐%♦♥ ✐♥ ♠✉*❛♥* ❆>❈✲❝♦♥*❛✐♥✐♥❣

❝❡❧❧ ❧✐♥❡" ✭❈❛❝♦✲✷ ❛♥❞ ❙❲✹✽✵✮✳ ❆>❈ ♠✉*❛*✐♦♥" ❛%❡ ♣%❡"❡♥* ✐♥ ❛❧❧ ❋❆> ♣❛*✐❡♥*" ❛♥❞ ✐♥ ❛❧♠♦"*

❛❧❧ "♣♦%❛❞✐❝ ❈❘❈ ♣❛*✐❡♥*"✳ ■♥❞❡❡❞✱ ✐♥ ❝❡❧❧ ♠♦❞❡❧" ❝❛%%②✐♥❣ ❛♥ ❆>❈ ♠✉*❛*✐♦♥✱ ❜♦*❤ ✐♥♦%❣❛♥✐❝

✐%♦♥ ❛♥❞ ❤❡♠❡✲✐♥❞✉❝❡❞ ❲♥* "✐❣♥❛❧✐♥❣ ✇❛" ✐♥❝%❡❛"❡❞✱ ❛" ✇❡❧❧ ❛" ❝✲▼❨❈ ❛♥❞ ◆❦❞✶ ♠❘◆❆ ❡①✲

♣%❡""✐♦♥ ❛♥❞ ❝❡❧❧ ♣%♦❧✐❢❡%❛*✐♦♥✳ ❚❤❡ ♦♥❝♦❣❡♥❡ ❝✲▼❨❈ ❤❛" ❜❡❡♥ "❤♦✇♥ *♦ ✐♥❞✉❝❡ ❜♦*❤ ❚❢❘✶ ❛♥❞

*❤❡ ✐%♦♥ %❡❣✉❧❛*♦%② ♣%♦*❡✐♥ ✷ ✭■❘>✷✮ ❡①♣%❡""✐♦♥ ❛♥❞ *♦ "✉♣♣%❡"" *❤❡ ✐%♦♥ "*♦%❛❣❡ ♣%♦*❡✐♥ ❢❡%%✐*✐♥

❬✸✹✺❪✳ ■♥❝%❡❛"❡❞ ❚❢❘✶ ❛♥❞ ❛ ❧♦"" ♦❢ ❢❡%%✐*✐♥ ❡①♣%❡""✐♦♥ ✇❡%❡ ❛""♦❝✐❛*❡❞ ✇✐*❤ ❡❧❡✈❛*❡❞ ✐♥*%❛❝❡❧✲

❧✉❧❛% ✐%♦♥ ❞❡♣♦"✐*✐♦♥ ✐♥ *❤❡ ❞❡✈❡❧♦♣♠❡♥* ♦❢ ❈❘❈ ❬✸✹✹❪✳ ❆❧*❤♦✉❣❤ ✐%♦♥ ❛❧♦♥❡ ✇❛" ✐♥"✉✣❝✐❡♥* *♦

✐♥❞✉❝❡ ❝❛%❝✐♥♦❣❡♥❡"✐"✱ ✐* ❝♦✉❧❞ ✐♥❝%❡❛"❡ ❝♦❧♦%❡❝*❛❧ *✉♠♦% ✐♥❝✐❞❡♥❝❡ ❛♥❞ *✉♠♦% ♠✉❧*✐♣❧✐❝✐*② ✐♥ *❤❡

❜❛❝❦❣%♦✉♥❞ ♦❢ ❆>❈ ❧♦"" ❬✸✹✻❪✳

✺✳✸✳✷ ●❛&'(✐♥ ❝♦♥'(✐❜✉'✐♦♥

❇♦*❤ ❣❛"*%✐♥ ❛♥❞ ✐%♦♥ ❛%❡ ✐♥✈♦❧✈❡❞ ✐♥ *❤❡ ❞❡✈❡❧♦♣♠❡♥* ♦❢ ❈❘❈ ❛♥❞ ❛ "②♥❡%❣✐"*✐❝ ❝♦♥*%✐❜✉*✐♦♥

❤❛" ❜❡❡♥ "✉❣❣❡"*❡❞✳ ❖✉% *❡❛♠ ❤❛" ♣%❡"❡♥*❡❞ ♣♦*❡♥*✐❛❧ ♠❡❝❤❛♥✐"♠" ✉♥❞❡%❧②✐♥❣ *❤❡ ✐♥✈♦❧✈❡♠❡♥*

♦❢ ❣❛"*%✐♥" ✐♥ ✐%♦♥ ❤♦♠❡♦"*❛"✐" ❛♥❞ ❈❘❈ ✭❋✐❣✉%❡ ✺✳✸✮ ❬✸✹✼❪✳ ●❛"*%✐♥" ❤❛✈❡ *✇♦ %♦❧❡"✱ ♦♥ ❣❛"✲

*%✐❝ ❛❝✐❞ %❡❣✉❧❛*✐♦♥ ✐♥ *❤❡ "*♦♠❛❝❤ ❛♥❞ ✐♥ *❤❡ ❛✈❛✐❧❛❜✐❧✐*② ♦❢ ✐%♦♥ ✐♥ *❤❡ ❝✐%❝✉❧❛*✐♦♥✳ ❋♦❧❧♦✇✐♥❣ ❛

♠❡❛❧✱ ❝✐%❝✉❧❛*✐♥❣ ●❛♠✐❞❡ "*✐♠✉❧❛*❡" ❛❝✐❞ "❡❝%❡*✐♦♥ ❜② ♠♦❜✐❧✐③✐♥❣ ❤✐"*❛♠✐♥❡ ❢%♦♠ ❊❈▲ ❝❡❧❧" ✐♥ *❤❡

❣❛"*%✐❝ ❣❧❛♥❞"✳ ●❣❧② ♣♦*❡♥*✐❛*❡" ●❛♠✐❞❡✲"*✐♠✉❧❛*❡❞ ❛❝✐❞ %❡❧❡❛"❡✱ ✇❤✐❝❤ ♠♦"* ♣%♦❜❛❜❧② %❡]✉✐%❡"

❜✐♥❞✐♥❣ *♦ ❋❡

✸✰

✐♦♥" ❧✐❦❡ *❤❡ ♦*❤❡% ❜✐♦❧♦❣✐❝❛❧ ❛❝*✐✈✐*✐❡" ♦❢ ●❣❧②✳ ❚❤❡ ❝♦♥❝❡♥*%❛*✐♦♥ ♦❢ "♦❧✉❜❧❡

❋❡

✸✰

✐♦♥" ❣♦✐♥❣ *♦ *❤❡ ❞✉♦❞❡♥✉♠ ✐" ❡♥❤❛♥❝❡❞ ❜② *❤❡ ❛❝✐❞ %❡❧❡❛"❡✳ ❆❢*❡% %❡❞✉❝*✐♦♥ ❜② ❉❈❨❚❇✱

❢❡%%♦✉" ❋❡

✷✰

✐♦♥" ❡♥*❡% *❤❡ ❡♥*❡%♦❝②*❡ ✈✐❛ ❉▼❚✶ ❛♥❞ ❛%❡ ❡①♣♦%*❡❞ ✐♥*♦ *❤❡ ❜❧♦♦❞"*%❡❛♠ ❜②

❢❡%%♦♣♦%*✐♥✳ ❍❡♣❝✐❞✐♥ ✐" *❤❡ ♠❛✐♥ ✐%♦♥ %❡❣✉❧❛*♦% ❛♥❞ ❝♦♥*%♦❧" ❢❡%%♦♣♦%*✐♥✳ ❈✐%❝✉❧❛*✐♥❣ ❋❡

✷✰

✐♦♥"

❛%❡ %❡✲♦①✐❞✐③❡❞ *♦ ❋❡

✸✰

✐♦♥" ❜② ❤❡♣❤❛❡"*✐♥✳ ❈✐%❝✉❧❛*✐♥❣ ●❣❧② ❛♥❞ ●❛♠✐❞❡ ❜✐♥❞ *♦ ❋❡

✸✰

✐♦♥"✱

❝❛*❛❧②③❡ *❤❡ ✐%♦♥✲❧♦❛❞✐♥❣ ♦❢ ❛♣♦✲*%❛♥"❢❡%%✐♥ ❛♥❞ ❝♦♥"❡]✉❡♥*❧② ✐♥❝%❡❛"❡ *❤❡ *✐""✉❡ ❛✈❛✐❧❛❜✐❧✐*② ♦❢

✐%♦♥✳ ■♥ ❈❘❈"✱ *❤❡ "❛♠❡ ♣%♦❝❡"" ✇✐❧❧ ❜❡ ♦❜"❡%✈❡❞ ❢♦❧❧♦✇✐♥❣ *❤❡ ♣%♦❞✉❝*✐♦♥ ♦❢ ♥♦♥✲❛♠✐❞❛*❡❞



❈❍❆#❚❊❘ ✺✳ ●❆❙❚❘■◆ ❆◆❉ ■❘❖◆ ❍❖▼❊❖❙❚❆❙■❙ ✺✼

❣❛$%&✐♥$ ❜② %❤❡ %✉♠♦& ❛♥❞ %❤❡ ❡♥❤❛♥❝❡❞ ❛✈❛✐❧❛❜✐❧✐%② ♦❢ ❋❡✲%&❛♥$❢❡&&✐♥ ✇✐❧❧ &❡$✉❧% ✐♥ ❛ $%✐♠✉❧❛%✐♦♥

♦❢ %✉♠♦& ❣&♦✇%❤✳

❋✐❣✉$❡ ✺✳✸✿ ❆ ♣♦--✐❜❧❡ ❞✉❛❧ $♦❧❡ ❢♦$ ❣❛-3$✐♥ ✐♥ ✐$♦♥ ❤♦♠❡♦-3❛-✐- ❛♥❞ ❈❘❈ ❬✸✹✼❪✳

✺✳✸✳✸ ■♥❤✐❜✐(✐♦♥ ♦❢ ❣❛-(.✐♥✲✐.♦♥ ❝♦♠♣❧❡①❡-

❚❤❡ ❛--♦❝✐❛3✐♦♥ ❜❡3✇❡❡♥ ✐$♦♥ ❛♥❞ ♥♦♥✲❛♠✐❞❛3❡❞ ❣❛-3$✐♥- ❛♥❞ 3❤❡✐$ $♦❧❡ ❛- ❣$♦✇3❤ ❢❛❝3♦$- ✐♥

❈❘❈ ❤❛- ♦♣❡♥❡❞ ♥❡✇ 3❤❡$❛♣❡✉3✐❝ ♦♣3✐♦♥- ❜❛-❡❞ ♦♥ ❝❤❡❧❛3✐♥❣ ❛❣❡♥3- ❛♥❞ ✐$♦♥ ❞✐-♣❧❛❝❡♠❡♥3✳ ❚❤❡

❛❞✈❛♥3❛❣❡ ♦❢ 3❤❡-❡ -3$❛3❡❣✐❡- ✐- 3❤❡ ❛❜-❡♥❝❡ ♦❢ ❡✛❡❝3 ♦♥ 3❤❡ ❛❝3✐✈✐3② ♦❢ ●❛♠✐❞❡✳

❈❤❡❧❛%✐♥❣ ❛❣❡♥%)

●❛-3$✐♥- ❜✐♥❞ 3✇♦ ❢❡$$✐❝ ✐♦♥- ❛♥❞ 3❤❡ ❜✐♥❞✐♥❣ ♦❢ ❛ ❢❡$$✐❝ ✐♦♥ 3♦ ●❧✉3❛♠❛3❡ ✼ ✐- ❡--❡♥3✐❛❧ ❢♦$ ●❣❧②

❜✐♦❧♦❣✐❝❛❧ ❛❝3✐✈✐3②✳ ❚❤❡ ●❣❧②❊✼❆ ♠✉3❛♥3 ✇❛- ✉♥❛❜❧❡ 3♦ -3✐♠✉❧❛3❡ ♣$♦❧✐❢❡$❛3✐♦♥ ❛♥❞ ♠✐❣$❛3✐♦♥ ✐♥

❣❛-3$✐❝ ❡♣✐3❤❡❧✐❛❧ ■▼●❊✲✺ ❝❡❧❧- ❛♥❞ 3$❡❛3♠❡♥3 ✇✐3❤ 3❤❡ ✐$♦♥ ❝❤❡❧❛3♦$ ❉❋❖ ❝♦♠♣❧❡3❡❧② ✐♥❤✐❜✐3❡❞

●❣❧②✲-3✐♠✉❧❛3❡❞ ❝❡❧❧ ♣$♦❧✐❢❡$❛3✐♦♥ ❛♥❞ ❝❡❧❧ ♠✐❣$❛3✐♦♥ ✐♥ ✈✐#$♦ ❬✸✷✶❪✳ ■♥❥❡❝3✐♦♥ ♦❢ ❉❋❖ ❢♦$ ❢♦✉$
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Laval M, Baldwin GS, Shulkes A, Marshall KM. Increased
gastrin gene expression provides a physiological advantage to mice
under hypoxic conditions. Am J Physiol Gastrointest Liver Physiol

308: G76–G84, 2015. First published November 13, 2014;
doi:10.1152/ajpgi.00344.2014.—Hypoxia, or a low concentration of
O2, is encountered in humans undertaking activities such as mountain
climbing and scuba diving and is important pathophysiologically as a
limiting factor in tumor growth. Although data on the interplay
between hypoxia and gastrins are limited, gastrin expression is up-
regulated by hypoxia in gastrointestinal cancer cell lines, and gastrins
counterbalance hypoxia by stimulating angiogenesis in vitro and in
vivo. The aim of this study was to determine if higher concentrations
of the gastrin precursor progastrin are protective against hypoxia in
vivo. hGAS mice, which overexpress progastrin in the liver, and mice
of the corresponding wild-type FVB/N strain were exposed to nor-
moxia or hypoxia. Iron status was assessed by measurement of serum
iron parameters, real-time PCR for mRNAs encoding critical iron
regulatory proteins, and Perls’ stain and atomic absorption spectrom-
etry for tissue iron concentrations. FVB/N mice lost weight at a faster
rate and had higher sickness scores than hGAS mice exposed to
hypoxia. Serum iron levels were lower in hGAS than FVB/N mice and
decreased further when the animals were exposed to hypoxia. The
concentration of iron in the liver was strikingly lower in hGAS than
FVB/N mice. We conclude that increased circulating concentrations
of progastrin provide a physiological advantage against systemic
hypoxia in mice, possibly by increasing the availability of iron stores.
This is the first report of an association between progastrin overex-
pression, hypoxia, and iron homeostasis.

gastrin; hypoxia; iron

THE GASTROINTESTINAL PROHORMONE progastrin is produced in G
cells of the gastric antrum and processed in a series of steps to
the mature amidated form (Gamide) (12). Gamide acts on the
cholecystokinin 2 receptor (CCK2R) to maintain and stimulate
gastric acid secretion (2, 24). The nonamidated gastrins pro-
gastrin and glycine-extended gastrin (Ggly) also have biolog-
ical activities linked to the development and progression of
cancer by activating signaling pathways, stimulating prolifer-
ation, migration, and cell survival (11, 16, 30). However, the
identity of their receptors remains under debate. Several recent
studies provide evidence of previously unrecognized targets of
progastrin-derived peptides, including matrix remodeling (11),
angiogenesis (8, 10), and macrophage differentiation (17).
Previously, our group found that Gamide and Ggly bound

two ferric ions (6). Iron binding was critical for Ggly bioac-

tivity in vitro (27) and in vivo (13, 22) but was not necessary
for activation of CCK2R by Gamide (29). Bismuth ions can
block Ggly activity by displacing iron (22, 28). Recombinant
human progastrin also binds ferric ions with high affinity (4),
and the observation that binding of iron was able to block
cleavage of synthetic progastrin to Ggly by prohormone con-
vertase 1 indicates that iron binding may regulate progastrin
processing in vivo (9).
Several lines of evidence suggest that gastrins may be

involved in the regulation of iron homeostasis (20). Increased
concentrations of circulating gastrins were observed in mice
and humans with the iron overload disease hemochromatosis
(32). Furthermore, saturation of transferrin, the main iron
transport protein in the body, was reduced in gastrin-deficient
mice but increased in humans with hypergastrinemia caused by
multiple-endocrine neoplasia (23). The observation that
Gamide and Ggly bind to apotransferrin, but not to diferric
transferrin, in vitro at physiological pH values (5, 21, 25)
suggests that gastrins may catalyze the loading of apotransfer-
rin with iron. The interrelationship between gastrins and iron
homeostasis appears to be physiologically important, as hema-
topoiesis was disturbed in gastrin-deficient mice subjected to
dietary iron deficiency (19).
Hypoxia, or reduced O2, increases expression of the gastrin

gene in rats (36), newborn calves (26), and humans (1, 7, 18,
31). Translation of the gastrin mRNA continues in several
gastrointestinal cancer cell lines during hypoxia, while trans-
lation of other peptides is inhibited because of the presence of
an internal ribosomal entry site (15). The gastrin gene is
upregulated by hypoxia in the human gastric carcinoma cell
line AGS by a mechanism independent of hypoxia-inducible
factors (35). In fact, gastrins may play a protective role during
hypoxia, as knockdown of the gastrin gene in the human
colorectal cancer cell line LoVo increased apoptosis in vitro
and necrosis in xenografts in vivo (34).
Thus there is abundant circumstantial evidence that gastrins

may be involved in the compensatory changes in iron homeo-
stasis in response to hypoxia. The aim of this study was to
investigate the physiological significance of the upregulation of
gastrins in response to hypoxia. The effect of hypoxia on the
body weight and health of hGAS mice, which overexpress
progastrin in the liver, was compared with the effect of hypoxia
on mice of the parental FVB/N strain. The mechanisms of the
effects were investigated by measurement of hematological
parameters, critical regulatory genes by PCR, and tissue iron
concentrations by Perls’ stain and atomic absorption spectrom-
etry. The results are the first report of a link between progastrin
overexpression, hypoxia, and iron homeostasis.
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MATERIALS AND METHODS

Mouse strains. hGAS mice, which overexpress human progastrin in
the liver, were developed on the FVB/N background and kindly
provided by Professor T. Wang (Columbia University, New York,
NY) (33). Wild-type FVB/N mice were obtained from the Walter and
Eliza Hall Institute of Medical Research (Melbourne, VIC, Australia).
All mice were fed a commercial pellet diet supplemented with
sunflower seeds and hydrogel (rodent recovery gel) and allowed free
access to water. Mice [8–12 wk old, $10 mice/group ($5 males and
5 females)] were acclimatized to hypoxic or normoxic containers 3
days prior to the start of the experiment. Hypoxia [10% O2, automat-
ically adjusted by an electronic O2 controller (ProOx model 110,
Biospherix, Redfield, NY)] was obtained by injection of compressed
N2 into an almost-airtight container. A similar container that allowed
the circulation of normal air was used to obtain normoxia (21% O2).
Both chambers were used under normobaric conditions and were
opened once a day to release any accumulated CO2 and to weigh mice
and evaluate their health. Sickness scores were determined using a
combination of clinical observations, such as mouse activity, breath-
ing, eating, drinking, movement, body condition, body weight, dehy-
dration, and vocalization. After 10 days, the animals were given an
anesthetic overdose of isoflurane before exsanguination by cardiac
puncture. Fresh blood (250 ml) was placed into tubes containing
EDTA as an anticoagulant. Tissue was collected and flash-frozen in
liquid nitrogen or fixed in 10% formalin. All animal work was
approved by the Austin Health Animal Ethic Committee (AEC2013-
04957).

Full blood examination. Hematological parameters were deter-
mined by the Austin Pathology Laboratory (Heidelberg, VIC, Aus-
tralia) using an automated hematological analyzer (Advia 120, Bayer,
Tarrytown, NY).

Tissue staining. Paraffin-embedded, formalin-fixed liver and spleen
sections were stained with hematoxylin and eosin or Perls’ Prussian
blue according to standard techniques. Stained tissue sections were
imaged using a Coolscope (Nikon, Lidcombe, NSW, Australia) and
analyzed with Image-Pro Plus 6.0 software (Media Cybernetics,
Silver Spring, MD).

Iron measurements. Serum was prepared from the remaining
mouse blood (;700 ml) for measurement of serum iron, ferritin, and
transferrrin concentrations. Serum iron levels were quantitated by the
Austin Pathology Laboratory using the Roche/Hitachi cobas c system
(Castle Hill, NSW, Australia), and ferritin levels were detected using
a Roche ferritin kit. Total transferrin concentrations were determined
using an iron/total iron-binding capacity (TIBC) reagent set (Pointe
Scientific, Canton, MI). Total serum iron and TIBC were calculated
according to the manufacturer’s protocol. Transferrin saturation was
calculated with the following equation: transferrin saturation 5 (total
serum iron/TIBC) 3 100. Hepatic iron levels were quantitated by
Regional Laboratory Services (Benalla, VIC, Australia) using atomic
absorption spectrometry on liver mouse samples after digestion in
nitric/perchloric acid.

Serum erythropoietin quantification. Serum concentration of eryth-
ropoietin (EPO) was determined with an EPO ELISA kit (R & D
systems, Minneapolis, MN) according to the manufacturer’s instruc-
tions.

Dmt-1 and Hamp mRNA quantification. Total RNA was isolated
from ;100 mg of frozen liver or duodenum of all mice using TRIzol
reagent (Life Technologies, Melbourne, VIC, Australia) according to the
manufacturer’s instructions. Total RNA (5 mg) was used for cDNA
synthesis with the SuperScript II First Strand Synthesis system (Life
Technologies). The resulting cDNA transcripts of hepatic or duodenal
mRNA were used for real-time PCR amplification using a PRISM 7700
sequence detector (Applied Biosystems, Melbourne, VIC, Australia) and
TaqMan chemistry. The following primers were used: 5=-AGCACCAC-
CTATCTCCATCAACA-3= (forward) and 5=-GCTTTCTTCCCCGTG-
CAA-3= (reverse) for Hamp, 5=-CTGCAGCTCTGTAGTCT-3= for

Hamp MGB probe, 5=-GCGGCCAGTGATGAGTGAGT-3= (forward)
and 5=-ATGCCACCGGCAATCCT-3= (reverse) for Dmt-1, and 5=-
CAGCCTATTCCATTGGAA-3= for Dmt-1 MGB probe. Gene expres-
sion was quantitated relative to 18S RNA expression.

Statistics. Values are means6 SE. Significance was determined by
one-way ANOVA followed by Student’s t-test with a Holm-Sidak
correction. Statistics were analyzed using SigmaStat and graphed
using SigmaPlot (Jandel Scientific, San Rafael, CA).

RESULTS

To test the hypothesis that overexpression of the gastrin
precursor progastrin protects mice against systemic hypoxia,
responses of hGAS mice and mice of the corresponding wild-
type strain (FVB/N) to normoxia (21% O2) and hypoxia (10%
O2) were compared.

Increased progastrin protects mice against hypoxia. hGAS
and FVB/N mice lost significantly more weight and had sig-
nificantly higher sickness scores under hypoxia than normoxia
(Fig. 1). However, FVB/N mice lost weight at a faster rate and
had higher sickness scores than hGAS mice. Mice with gastrin
gene overexpression appeared to cope better under hypoxic
conditions than control mice under the same conditions.
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Fig. 1. Hypoxia induced weight loss and increased sickness scores. A: total
body weight was recorded daily for FVB/N and hGAS mice exposed to
hypoxia (10% O2) or normoxia (21% O2). Values for each group were
normalized to 100% on day 1. B: sickness scores were higher for FVB/N than
hGAS mice exposed to hypoxia. There was no difference between FVB/N and
hGAS mice exposed to normoxia. *P , 0.05.
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hGAS mice have significantly lighter spleens and livers than
FVB/N mice. Previous work from our group demonstrated that
dietary iron deficiency in gastrin-deficient mice could cause
gross splenomegaly (19). To determine whether O2 status in
combination with altered gastrin expression could alter this

tissue, the weight and histological sections of the spleen were
examined. No difference was found between hGAS and wild-
type FVB/N mice in spleen weight, expressed as a percentage
of total body weight, when data from male and female animals
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exposed to normoxia (white) and hypoxia (gray) for 10 days. B: spleen size for
female (white) and male (gray) mice in A. C: spleen morphology was not
substantially different between groups. Top: representative hematoxylin-eosin-
stained section for each group. Bottom: magnified regions from within each
image, as indicated by matching numbers. Scale bar 5 100 mm. *P , 0.05;
**P , 0.01; ***P , 0.001.
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were combined (Fig. 2A). However, when the sexes were
analyzed separately, spleens from normoxia-exposed FVB/N
and normoxia- or hypoxia-exposed hGAS male mice were
significantly lighter than spleens of female mice under the
corresponding conditions (Fig. 2B). Spleens from male hGAS
mice were also lighter than spleens from male FVB/N mice
under normoxia, but splenic architecture did not appear to be
affected (Fig. 2C). hGAS mice had significantly lighter livers
than FVB/N mice, regardless of O2 levels (Fig. 3A). When the
sexes were analyzed separately, no difference in hepatic weight
was observed for either strain under hypoxia, except livers
were lighter in male than female hGAS mice exposed to
hypoxia (Fig. 3B). No morphological difference was observed
between the liver sections (Fig. 3C).

Hypoxia-exposed hGAS mice have smaller red blood cells
than hypoxia-exposed FVB/N mice. Hematopoiesis was also
disturbed when gastrin-deficient mice were fed a low-iron diet
(19). Full blood examinations were therefore done on all
animals to see if increased circulating concentrations of pro-

gastrin altered blood parameters (Table 1). While differences

in the number of red blood cells or hematocrit were not

observed, mean corpuscular volume was significantly de-

creased in both strains under hypoxia compared with normoxia

and in hGAS mice compared with FVB/N mice under hypoxia.

However, no difference in mean corpuscular volume was

observed between strains under normoxia. White blood cell

numbers were increased in hGAS mice compared with FVB/N

mice under normoxia but were significantly reduced in hGAS

mice under hypoxia compared with normoxia.

Serum iron and total ferritin concentrations are reduced in

hGAS mice under hypoxia. To determine if the selective

advantage observed in hGAS mice was caused by changes in

iron status, concentrations of hemoglobin, serum iron, serum

ferritin, and transferrin saturation were measured. As expected,

hemoglobin was significantly increased in FVB/N and hGAS

mice exposed to hypoxia, but no differences were observed

between strains (Fig. 4A). Interestingly, serum iron levels were

Table 1. Hematological profile of hGAS on FVB/N background and wild-type FVB/N mice under normoxia or hypoxia

Normoxia Hypoxia

Peripheral Blood FVB/N hGAS FVB/N hGAS

RBC, 1012/l 8.09 6 0.20 (11) 8.67 6 0.20 (12) 8.48 6 0.35 (16) 8.91 6 0.83 (10)
Hct, l/l 0.42 6 0.01 (11) 0.42 6 0.01 (12) 0.44 6 0.02 (16) 0.46 6 0.02 (10)
MCH, pg 15.50 6 0.16 (11) 14.856 0.20 (12) 15.856 0.31 (16) 14.74 6 0.19** (10)
MCV, fl 50.64 6 0.36 (11) 48.586 0.54** (12) 48.886 0.26# (16) 47.10 6 0.35*# (10)
WBC, 109/l 2.00 6 0.28 (11) 3.03 6 0.24** (12) 1.86 6 0.21 (16) 1.99 6 0.31# (10)
Neutrophils 12.59 6 3.50 (8) 11.386 1.90 (12) 10.65 6 1.88 (15) 6.88 6 2.30 (6)
Lymphocytes 81.806 2.66 (10) 83.286 1.84 (12) 70.916 2.50## (16) 76.58 6 2.77 (9)
Monocytes 3.306 1.13 (10) 3.806 1.19 (12) 14.766 2.67## (16) 9.96 6 2.60 (9)
Eosinophils 0.096 0.09 (9) 0.09 6 0.07 (12) 0.49 6 0.33 (16) 0.00 6 0.00 (6)

Values are means6 SE of number of mice shown in parentheses. Serum samples were collected from hGAS and FVB/N wild-type mice under normoxia (21%
O2) or hypoxia (10% O2). Hct, hematocrit; MCH, mean corpuscular hemoglobin; MCV, mean corpuscular volume; RBC, red blood cells; WBC, white blood
cells. Significantly different from FVB/N: *P , 0.05, **P , 0.01; significantly different from normoxia: #P , 0.05, ##P , 0.01.
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lower in hGAS than FVB/N mice and decreased further when

the animals were exposed to hypoxia (Fig. 4B). The serum

concentration of ferritin, a major iron storage protein, was also

decreased in hGAS mice compared with FVB/N mice (Fig.

4C). Saturation of transferrin, the main iron transport protein,

was decreased in hGAS mice compared with FVB/N mice

(Fig. 4D).

EPO is not increased by short-term hypoxia. EPO is up-

regulated in response to an increased need for erythropoiesis

(3). As gastrin-deficient (Gas2/2) mice fed a low-iron diet

developed splenomegaly, likely as a result of significantly

increased circulating concentrations of EPO (19), EPO con-

centrations were measured in hGAS and FVB/N mice under

normoxia and hypoxia. No significant differences in EPO

concentrations were observed between strains or treatment

groups (Fig. 5).
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Iron concentrations are reduced in the liver, but not the
spleen, of hGAS mice. Iron concentrations in the spleen and
liver were examined using Perls’ Prussian blue stain (Fig. 6A),
and staining was quantitated using Image-Pro Plus. Iron con-
centrations were significantly greater in the spleen of hGAS
than FVB/N mice under normoxia (Fig. 6B). The increase in
normoxic hGAS mice was reversed under hypoxia. Surpris-
ingly, Perls’ Prussian blue staining revealed a strikingly re-
duced amount of liver iron in hGAS mice compared with
FVB/N mice (Fig. 7, A and B). Quantification of iron in liver
samples using atomic absorption spectrometry verified signif-
icantly less liver iron in hGAS than FVB/N mice, and the
difference was independent of O2 status (Fig. 7C).

Hepcidin, but not DMT-1 concentrations, are increased in
hGAS mice. Quantitation of the expression of Hamp [the
gene coding for hepcidin, the master regulator of iron
homeostasis (3)] by real-time PCR revealed the expected

reduction in hepcidin mRNA expression in FVB/N mice
exposed to hypoxia (Fig. 8A). Concentrations of hepcidin
mRNA were higher in hGAS than FVB/N mice under
normoxia (Fig. 8A), and, in contrast to FVB/N mice, no
reduction in hepcidin mRNA expression was observed under
hypoxia in hGAS mice. As duodenal iron uptake involves
the divalent metal ion transporter DMT-1 (3), expression of
the Dmt-1 gene was also measured. No difference was found
for Dmt-1 mRNA expression in either strain under hypoxia
or normoxia (Fig. 8B).

DISCUSSION

Hypoxia increases expression of the gastrin gene in rats (36)
and newborn calves (26). In humans, exposure to high altitude
and, hence, a lower O2 concentration also increased the
amounts of circulating gastrins (1, 7, 18, 31). To investigate the
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hypothesis that increased gastrin gene expression would confer
a selective benefit on O2-stressed animals, hGAS mice, which
overexpress the gastrin precursor progastrin in the liver, and
mice of the corresponding wild-type FVB/N strain were ex-
posed to normoxia or hypoxia, and physiological responses
were investigated.
A higher concentration of progastrin decreased the amount

of weight loss in animals under hypoxia and reduced daily
sickness scores but was not able to restore health to normoxic
control levels (Fig. 1). However, elevated progastrin concen-
trations still provided a significant selective health advantage in
mice exposed to hypoxia. These data provide convincing
evidence that gastrins may play a protective role in low-O2
conditions. Previously, our studies with Gas2/2 mice showed
that gastrins protected against the adverse effects of a low-iron
diet. Thus the health of Gas2/2 mice deteriorated when the
animals were fed a low-iron diet for 6 wk, and the mice
developed severe anemia (19). The protective effects of gas-
trins were not the result of activation of the CCK2R, as
Cck2r2/2 mice had lower sickness scores (i.e., were healthier)
than wild-type controls fed a low-iron diet (19). We therefore
predict that the selective advantage in hGAS mice would also
be independent of the CCK2R.
Kovac et al. (19) also reported that Gas2/2 mice fed a

low-iron diet developed splenomegaly, likely as a result of
significantly increased circulating concentrations of EPO.
Therefore, the effects of hypoxia on the spleen and liver of
mice with normal or increased circulating gastrin concentra-
tions were examined. Although the spleens from male animals
were generally lighter than those from female animals and the
spleens from male hGAS mice under normoxia were signifi-
cantly lighter than the spleens of male FVB/N mice under the
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anisms of iron homeostasis are well under-
stood (3). Iron is absorbed into duodenal en-
terocytes via DMT-1 and exported via ferro-
portin (FPN) into the circulation, where it
binds apotransferrin (apoTF). Transferrin (TF)
binds to target cell TF receptors (TFR1 or
TFR2), which signal the Hamp gene, which
encodes the hepcidin protein. Binding of hep-
cidin to FPN on enterocytes, macrophages, and
hepatocytes causes internalization of the hep-
cidin-FPN complex and, hence, blocks efflux
of iron into the circulation. The hereditary
hemochromatosis protein HFE interacts with
TFR1 and TFR2 but dissociates from TFR1
when iron-bound TF binds, leading to an in-
creased interaction between HFE and TFR2
and, potentially, promoting expression of hep-
cidin. The present study provides evidence that
increased circulating concentrations of progas-
trin protect against systemic hypoxia in mice,
likely by increasing the availability of iron
stores. This conclusion is consistent with our
previous suggestion (20) that circulating gas-
trins bind iron and catalyze loading of TF with
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same conditions, no significant differences in spleen weight
were noted between strains when the sexes were combined
(Fig. 2). Consistent with this observation, circulating concen-
trations of EPO were also unchanged (Fig. 5). In contrast, the
livers of hGAS mice were significantly lighter than the livers of
FVB/N mice, and this difference was independent of O2 status
(Fig. 3). No differences were observed in spleen or liver
architecture after exposure of either strain to hypoxia.
Subtle changes were noted in serum iron parameters. hGAS

mice had significantly lower serum iron under normoxia and
hypoxia (Fig. 4B), lower ferritin concentrations under hypoxia
(Fig. 4C), and lower transferrin saturation under normoxia
(Fig. 4D) than wild-type FVB/N controls. Despite this evi-
dence of slightly impaired iron status, the hGAS mice main-
tained a normal circulating hemoglobin concentration, which
could still be increased in response to hypoxia (Fig. 4A).
A striking and previously unreported finding was signifi-

cantly lower concentrations of iron in the liver of hGAS mice
than wild-type FVB/N mice (Fig. 7). The initial observation of
a low level of Perls’ staining (Fig. 7, A and B) was confirmed
by atomic absorption spectrometry (Fig. 7C). Previous work
from our laboratory showed that gastrins can bind two ferric
ions (4, 6, 27). The observations that gastrins bind to apotrans-
ferrin, but not to diferric transferrin (21, 25), led to the
hypothesis that gastrins were able to catalyze the loading of
apotransferrin with ferric ions (20). This hypothesis provides a
satisfactory explanation for the finding that serum transferrin
saturation is decreased in Gas2/2 mice and increased when
circulating gastrin concentrations are increased, as in Cck2r2/2

mice and in humans with multiple-endocrine neoplasia type 1
(23).
At first sight, the significantly reduced transferrin saturation

in hGAS mice (Fig. 4D) may appear to be inconsistent with the
above-described hypothesis. However, the reduced liver iron
(Fig. 7) and serum ferritin (Fig. 4C) concentrations suggest
that, in the first 8–12 wk of their life, the hGAS mice may have
already successfully mobilized most of the readily available
iron from their livers and from other body stores. Further
studies of iron homeostasis during the early development of
hGAS mice might shed light on this issue.
Concentrations of Hamp mRNA in the liver were higher in

hGAS than FVB/N mice exposed to normoxia (Fig. 8A). This
observation is consistent with our previous report that Hamp
mRNA concentrations were lower in the livers of juvenile
Gas2/2 mice than wild-type controls (23). In this context, it is
also interesting to note that in a microarray study, Friis-Hansen
et al. (14) showed that Gas2/2 mice had reduced concentra-
tions of Hamp mRNA in the gastric mucosa compared with
wild-type mice and that Gamide infusion for 1 wk partly
reversed the reduction. In contrast to FVB/N mice, no reduc-
tion in hepcidin mRNA expression was observed in the livers
of hGAS mice exposed to hypoxia. Presumably, the fact that
most of the readily available iron has already been mobilized
from their livers is, by some as yet undefined mechanism,
reported to the Hamp gene to prevent an increase in its
expression.
The basic mechanisms of iron homeostasis (Fig. 9) are well

understood (3). Duodenal enterocytes take up ferrous ions from
the lumen of the gut via DMT-1. Ferrous ions are exported
across the basolateral membrane of enterocytes into the circu-
lation by ferroportin, oxidized to ferric ions, and bound to

apotransferrin for transport throughout the body. Iron-bound
transferrin binds to transferrin receptor (TFR) 1 (TFR1), and
the complexes are internalized to provide target cells with their
iron requirements. We have developed a model (20) of how
progastrin-derived peptides may participate in the control of
iron homeostasis (Fig. 9). Circulating gastrins, such as Gamide,
Ggly, and progastrin, bind ferric ions (4, 6, 27). Gamide and
Ggly also bind apotransferrin, but not diferric transferrin (5,
21, 25). Our model proposes that gastrins catalyze the uptake
of ferric ions by apotransferrin.
We previously reported that hypoxia-inducible gastrin gene

expression protects against chronic hypoxia in the human
colorectal cancer cell line LoVo in vitro and in vivo (34). The
viability of LoVo cells, in which gastrin expression had been
reduced by shRNA knockdown, was diminished after exposure
to hypoxia (1% O2) in vitro because of loss of resistance
against hypoxia-induced apoptosis, and the effect was partly
reversed by treatment with nonamidated, but not amidated,
gastrin. Furthermore, necrosis in LoVo xenografts in mice
exposed to continuous hypoxia for 21 days was significantly
increased by knocking down gastrin gene expression. Thus
nonamidated gastrins also appear to play a crucial role in
pathophysiological responses to hypoxia. The corollary of
these observations is that nonamidated gastrin antagonists,
such as bismuth ions (28), may be useful as a novel treatment
for carcinoma of the colon.
This study investigated the effects of altered O2 concentra-

tions on mice with normal or increased levels of nonamidated
gastrins. A novel physiological connection between progastrin
status, O2 deprivation, and iron homeostasis was discovered.
The surprising finding that hGAS mice cope with hypoxic
conditions better than FVB/N control mice appears to be a
consequence of more efficient mobilization of hepatic iron
stores, as manifested by a significant reduction in hepatic iron
concentrations.
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Over-expression of growth factors can contribute to the development and progression of cancer, and gastrins

in particular have been implicated in accelerating the development of gastrointestinal cancers. Previously our

group showed that hypoxia, cobalt chloride (a hypoxia mimetic) and zinc chloride could activate the

expression of the gastrin gene in vitro. To characterise activation of the gastrin promoter by zinc ions further

in vivo, TALEN technology was used to engineer a luciferase reporter construct into the endogenous human

gastrin gene promoter in SW480 colon cancer cells. Gastrin promoter activity in the resultant Gastluc SW480

colon cancer cells was then measured by bioluminescence in cell culture and in tumour xenografts in SCID

mice. Activation of intracellular signalling pathways was assessed by Western blotting. Activation of the gastrin

promoter by zinc ions was concentration dependent in vitro and in vivo. Zinc ions significantly stimulated

phosphorylation of ERK1/2 (MAPK pathway) but not of Akt (PI3K pathway). We conclude that the endogenous

gastrin promoter is responsive to zinc ions, likely via activation of the MAPK pathway.

Introduction

The hormone gastrin was originally identified as a stimulant of

acid secretion.1 The circulating forms of 17 and 34 residues share

the same C-terminal tetrapeptide amide as the related hormone

cholecystokinin (CCK), and C-terminal amidation is essential for

secretory activity. Gastrin is synthesized as a 101-residue pre-

cursor (preprogastrin) which, on removal of a 21-residue signal

peptide, yields progastrin (80 residues). Proteolytic processing

in the antral G cell generates a number of intermediate, non-

amidated progastrin-derived peptides, including glycine-extended

gastrin17 (Ggly), and amidation of glycine-extended gastrins yields

amidated gastrin (Gamide). Gamide, acting through the chole-

cystokinin 2 receptor (CCK2R), is the major hormonal regulator

of gastric acid secretion. Gamide, Ggly and progastrin have all

been implicated in accelerating the development of cancers of

the stomach or colon.2,3

We demonstrated for the first time that hypoxia up-regulated

gastrin gene expression in the human gastric adenocarcinoma

cell line AGS.4 The increase in gastrin was independent of

hypoxia-inducible factor 1 (HIF1), but could be reproduced by

the hypoxia mimetic cobalt chloride. Comparison of the effect of

other metal ions led us to the unanticipated but remarkable dis-

covery that exogenous Zn2+ ions also induced gastrin gene expres-

sion by as much as 90-fold in carcinoma cell lines of various

origins including gastric (AGS) and colorectal (DLD1, HCT116,

HT29, SW480).5 As gastrin is a major regulator of gastric acidity,

this observation raised the possibility that zinc ions may regulate

gastric acidity via induction of gastrin expression. Previously the

zinc chelator TPEN has been used to show that acidity within the

tubulovesicular and luminal compartments of the gastric gland

may be regulated, at least in part, by zinc ions.6,7 However, other

workers have reported that treatment with Zn2+ ions may either

increase8 or reduce gastric acid secretion.9,10

To decipher the mechanism responsible for increased gastrin

gene expression by Zn2+ ions previously we used a traditional

reporter gene technology, with transient transfection of plasmids

expressing the luciferase gene activated by variants of the human

gastrin promoter.5However some of these vectors can give rise to

aberrant reporter activity because of the presence of cryptic

transcription factor binding sites within the plasmid,11 and

in vivo work requires the creation of stably transfected cells.

An alternative to using a reporter vector is to replace the

endogenous gene of interest with a reporter gene at the original

locus.12 Advantages of this approach include the absence of

variation in gene copy number or site of integration effects,
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as well as control over the precise genomic location of the

promoter, which will contain its own regulatory elements that may

not always be seen with cloned gene promoters in vectors.13 In the

present study gastrin reporter Gastluc SW480 cells were generated

by knocking-in a firefly luciferase reporter coding sequence at the

translation start site of the endogenous gastrin gene in wild type

SW480 colon cancer cells. The aim of these experiments was to use

the Gastluc SW480 cells to investigate the role of zinc in gastrin

promoter activation in vitro and most importantly in vivo in mice

with established xenografts. The intracellular mediators of the

effects of zinc have also been assessed.

Material and methods
Cell culture

The human colorectal cancer cell line SW480 was obtained from

the American Type Culture Collection (ATCC) and cultured in

Dulbecco’s Modified Eagle Medium (DMEM, Life Technologies,

Carlsbad, CA, USA) supplemented with 7.5% heat-inactivated

fetal bovine serum (FBS, Thermo Scientific, Waltham, MA, USA)

and 2 mM of L-glutamine (Thermo Scientific). Cells were grown

at 37 1C in a humidified incubator with 95% air and 5% carbon

dioxide.

TALEN construction

TALEN sequences were designed using the ZiFiT Targeter soft-

ware package (http://zifit.partners.org/ZiFiT/). TALENs were con-

structed using the Joung Lab TAL Effector Engineering Reagents

TALEN kit available from ADDgene (www.addgene.org/TALEN/)

combined with the REAL (Restriction Enzyme and Ligation)

assembly method.14,15 ESI,† Fig. S1 details the construction

method used.

Targeting plasmid construction

The 30 targeting arm was cloned into the pBSII ks+ plasmid. The

luciferase gene was connected to the 50 targeting arm by PCR and

subsequently cloned into the 30 arm-pBSII ks+ plasmid. LoxP-

puro-loxP was added as a removable selection marker (ESI,†

Table S1 lists primers used for cloning).

Generation of Gastluc SW480 cells

TALEN plasmids were co-transfected with the targeting plasmid

encoding the 30 and 50 targeting arms at equal concentrations

(500 ng each) into SW480 cells (1.5 � 106) in 100 ml total volume

using the Neon Transfection System (Life Technologies). The

electroporated cells were diluted into 15 ml of DMEM and

seeded into 150 � 20 mm culture dishes, which were incubated

at 37 1C for 24 h before selection with puromycin (0.5 mg mlÿ1)

(Gibco, Life Technologies). Selected clones were screened by

PCR for random integration (primers: P1 and P2) or targeted

integration (primers: P1 and P3) (ESI,† Table S1) and integration

was confirmed by Southern blot using Probe A (Fig. 1). Probe A

comprised of 401 base pairs located upstream from exon 1 of the

human gastrin gene on chromosome 17:39,867,075-39,867,475

(UCSC genome browser Feb 2009 GRCh37/hg19). The human

gastrin gene, including UTRs is located on chromosome

17:39,868,578-39,872,221. The gastrin gene promoter is located

on chromosome 17:39,867,277-39,868,577.

Gastrin promoter assays

Expression of firefly luciferase was driven by the endogenous

gastrin gene promoter. Briefly gastrin wild type Gastwt SW480

and luciferase expressing Gastluc SW480 cells were separately

seeded into a 24 well plate (1.0 � 105 cells in 1 ml) and treated

with CoCl2 (Sigma-Aldrich, Sydney, Australia) or ZnCl2 (Sigma-

Aldrich) in serum free medium for 16 h. Luciferase activity was

determined using the Dual Luciferases reporter assay system

(Promega). Cells were lysed with 80 ml per well 1� reporter lysis

buffer and firefly luciferase activity was measured with a Fluostar

Optima plate reader (BMG Labtech, Mornington, Australia). Rela-

tive luciferase activity was normalized to the total protein content

of each well determined with a Bradford protein assay kit (Bio-Rad,

Gladesville, Australia). LY294002 (Sigma-Aldrich) and UO126 (Cell

Signaling, Danvers, MA, USA) were used to inhibit the PI3 kinase

and MAP kinase pathways, respectively. Cells were incubated with

inhibitors for 30min prior to metal ion treatment (10 mM) for 16 h.

Protein quantification

Cells (4 � 105 per well) were seeded in 2 ml per well in a 6 well

plate and treated with inhibitors or metal ions as described

above. Western blots were performed as described previously.5

The indicated antibodies (Cell Signaling) were diluted 1 : 2000

in Tris buffered saline tween 20 (TBST)–5% BSA for pMAPK

(9101S, p-p42/44 MAPK), tMAPK (9102L, p44/42 MAPK (ERK1/2)),

pAkt (4060S, S473 DgE mAb), tAkt (4685, pan 11E7) and 1 : 20000

in TBST–5% BSA for GAPDH (2118L).

In vivo bioluminescence

Animal care and experiments followed the Australian Code of

Practice for the Care and Use of Animals for Scientific Purposes

endorsed by the National Health andMedical Research Council. All

procedures were approved by the Animal Ethics Committee (Austin

Health, Melbourne, Australia, project number 2014/5203). Xeno-

grafts were initiated by subcutaneous injection of 5 � 106 Gastluc

SW480 cells in 100 ml Dulbecco’s phosphate buffered saline (DPBS)

in the right flank of SCID mice. Tumours were grown to an average

volume of 30–50 mm3 prior to treatment. Mice were then treated

with saline (control), 5 mg kgÿ1 ZnCl2, 10 mg kgÿ1 ZnCl2 or

30 mg kgÿ1 CoCl2 on days 2, 8 and 10, and imaged on days 1, 3,

9 and 11. Bioluminescence arising from stimulation of the gastrin

promoter was detected using the IVISs Spectrum for Biolumines-

cence (Thermofisher Scientific). For imaging, mice were injected

i.p. with D-luciferin (150 mg kgÿ1 body weight, ThermoFisher

Scientific) prior to induction of anaesthesia with isoflurane. The

mice were then transferred onto the imaging platform IVIS and

nose cones were placed on the animals to maintain anaesthesia

with an isoflurane/oxygen mixture. Images were taken 6 min

post luciferin injection for 16 min, with an image every 2 min, to

obtain optimal signal data. Data was acquired and analysed with

Living Image 4.4 software (Thermofisher Scientific). Biolumines-

cent counts were converted to radiant units, and expressed as a
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percent increase compared to untreated control for each treatment

group. Our preliminary studies included a dose of 30 mg kgÿ1 zinc

chloride, however it adversely affected the health of the mice and

therefore was not used further.

MTT cell proliferation assay

Cell proliferation was measured using a colorimetric assay with

3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT).

Briefly, 5 � 104 cells per well were plated into two 24 well plates in

DMEMwith 7.5% FBS. Next day aMTT assay was performed on one

plate to determine the relative cell numbers prior to the start of zinc

treatment. The values were recorded as the 0 h absorbance reading.

Cells in the second plate were treated with various concentrations of

zinc either in the presence or absence of serum and incubated for a

further 24 h, after which a second MTT assay was performed.

Following the solubilization of formazan crystals in acidified

isopropanol the absorbance, which is directly proportional to

cell numbers, was measured at a wavelength of 570 nm with

background subtraction at 620 nm. Data are expressed as a

percentage of the 0 h reading taken just prior to zinc treatment.

Zn2+ quantification

Relative zinc concentrations in tissue and serum were determined

using a zinc quantification kit (Abcam, Melbourne, Australia)

according to the manufacturer’s instructions. In brief, tumours

(50 mg) were sonicated in 250 ml EDTA-free lysis buffer: 7% TCA

(1 : 1) or 50 ml of 7% TCA was added to 100 ml of serum. Samples

were centrifuged and 50 ml of each sample was transferred to a

96 well plate. Zinc reaction mix (100 ml per well) was added and

the plate incubated for 10 min prior to reading at 570 nm on

the Fluostar Optima Plate Reader (BMG Labtech, Australia).

Intracellular free Zn2+ measurements

Gastluc SW480 cells (2.5 � 103 cells in 100 ml per well) were

seeded onto black 96 well plates and incubated in 5% CO2 for

24 h at 37 1C. ZnCl2 was added and cells were incubated for an

additional 0, 2 or 24 h. FluoZin-3 (AM, cell permeant, F-24195,

Life Technologies) was added to a final concentration of 5 mM

(50 ml per well) and the 96 well plates were covered with foil to

protect them from light. Samples were equilibrated for 30 min

before the dye was removed and replaced by Hank’s balanced

salt solution (HBSS) for 15 min. The resulting fluorescence was

recorded on a MicroLumi XS luminometer (Harta Instruments,

Gaithersburg, MA, USA). The minimum (Fmin) and maximum

(Fmax) fluorescence was determined by incubating with zinc

chelator N,N,N0,N0-tetrakis(2-pyridylmethyl)ethane-1,2-diamine

(TPEN) (10 mM) or ZnCl2 (500 mM), respectively. The dissocia-

tion constant (Kd) of FluoZin-3 for zinc is 15 nM according to

Fig. 1 Targeting and screening for a gastrin promoter-linked luciferase. (A) Targeting plan for incorporating the firefly luciferase gene at the gastrin

translation start site at the 50 end of exon 2 to be translated by the gastrin promoter. Black boxes represent gastrin exons and hatched boxes represent

repetitive DNA that makes targeting the human gastrin gene more difficult. TALENs (not to scale) were designed to cleave the gastrin gene at the start of

exon 2, promoting DNA repair with the targeting vector. Targeted clones were generated with puromycin selection. Luciferase has a stop site to prevent

any random tags being added. The removable loxP-puro-loxP cassette contains its own promoter and stop site. The remaining portion of the gastrin

gene has no promoter and is out of frame, and will therefore not be expressed. (B) PCR screening was used to determine random, R (828 bp, primers P1

and P2), or targeted, T (1526 bp, primers P1 and P3), integration of the vector using the primers P1–P3 (arrows, not to scale) in panel A. PCR products were

only derived from the cDNA of luciferase (Gastluc) clones and not from the cDNA of wild type (Gastwt) cells. (C) Southern blot of genomic DNA restriction

digested with XbaI from Gastwt (wt) and Gastluc (luc) cells. Probe A (panel A) used in combination with XbaI genomic DNA digestion detects a single band

of 14.6 kb from wild type Gastwt SW480 cells and a second band of 7.6 kb from Gastluc targeted SW480 cells.
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the manufacturer’s instruction manual. Free zinc (nM) was

calculated as:

F ÿ Fminð Þ

Fmax ÿ Fð Þ
� 15

Statistics

Data are presented as the average of the mean + SEM. One way

ANOVA and student’s t-test were used to determine significance

as appropriate using SigmaStat and graphed using SigmaPlot

(Jandel Scientific, San Rafael, CA, USA).

Results
Generation of the knock-in gastrin reporter Gastluc SW480

colon cancer cell line

A knock-in cell line was constructed using wild type human SW480

colon cancer cells to monitor gastrin expression. The gene target-

ing strategy is shown in Fig. 1A. The coding region of the firefly

luciferase reporter protein was expressed at the start site of transla-

tion of the endogenous gastrin gene using specifically designed

TALENs (ESI,† Fig. S1). This strategy eliminated chromosomal

position effects and copy number concerns in cells stably trans-

fected with a reporter vector. Targeting specificity was determined

by PCR and Southern blot. Both PCR using external and internal

primers (Fig. 1B) and Southern blot (Fig. 1C) with an external probe

produced bands consistent with correct targeting event. The remo-

vable loxP-puromycin-loxP cassette contained its own promoter and

stop site and was used as a selectionmarker. The remaining portion

of the gastrin gene had no promoter or start site and was out of

frame, and therefore not expressed.

Zinc and cobalt induce gastrin promoter activity in the Gastluc

SW480 colon cancer cells

The induction of the luciferase reporter gene driven by the endo-

genous gastrin promoter in the gastrin knock-in SW480 colon

cancer cells (Gastluc SW480) was examined by assaying luciferase

activity.4 Consistent with our previous report that the gastrin

promoter can be stimulated by the divalent metal ions zinc and

cobalt,4,5 treatment of Gastluc SW480 cells with zinc chloride for

16 h increased the relative luciferase activity, which is directly

proportional to gastrin promoter activation. Maximal stimulations

of 22 � 3-fold and 68 � 7-fold were observed following treatment

of Gastluc SW480 cells with 50 mM ZnCl2 (Fig. 2A) or 250 mM cobalt

chloride (Fig. 2B), respectively. Zinc at 50 mM was approximately

4 times more potent than cobalt chloride at the same dose.

ZnCl2 mediated gastrin promoter activation is dependent on

the MAPK pathway

Activation of the gastrin promoter by zinc was dependent on

the MAP kinase and PI3 kinase pathways in gastric cancer AGS

cells.5 In order to establish which signalling pathway was involved in

the stimulation of gastrin expression by Zn2+ ions in colon cancer

cells, the gastrin promoter activity wasmeasured after pre-treatment

of Gastluc SW480 cells for 30 min with either the PI3K inhibitor

LY294002 (10 mM) or the MAPK inhibitor U0126 (10 mM),

followed by treatment with either 50 mM ZnCl2 or 250 mM CoCl2
for 16 h in the presence of the same inhibitors. As shown in Fig. 3A

treatment with the MAPK inhibitor U0126 (10 mM) significantly

reduced the zinc- or cobalt-stimulated gastrin promoter activity to

31 � 9% and 14 � 3%, respectively, compared to cells treated with

zinc or cobalt only (100%). In contrast, the PI3K inhibitor LY294002

had no effect on cobalt-stimulated gastrin promoter activity, but

reduced the zinc-stimulated gastrin promoter activity to only

73 � 2% compared to cells treated with zinc only (100%). To

confirm that Zn2+ ions activate phosphorylation of Akt (a down-

stream target of PI3K) and of ERK1/2 (a downstream target of

MAPK) in Gastluc SW480 cells, the expression of phospho-Akt and

phospho-ERK1/2 was measured by Western blotting. Treatment of

Gastluc SW480 cells with 50 mMZnCl2 increased phosphorylation of

ERK1/2 (Fig. 3B) in a time-dependent manner, with a significant

decrease in the expression of phospho-Akt (Fig. 3C).

Serum reduces the stimulation of gastrin promoter activity by

zinc

Many metals including zinc bind to serum albumin16,17 and the

biological effects of extracellular Zn2+ ions are significantly reduced

in the presence of serum in cell culture media.18 Consistent with

this observation, the 16 � 6-fold increase in gastrin promoter

activity stimulated by 50 mM ZnCl2 was completely abolished in

Fig. 2 Activation of the endogenous gastrin promoter. Gastluc SW480

cells that express luciferase under the control of the endogenous gastrin

promoter were stimulated with the indicated concentrations of (A) ZnCl2 or

(B) CoCl2 for 16 h. Both treatments resulted in concentration-dependent

activation of the gastrin promoter, shown as the fold increase in luciferase

activity normalised to that of untreated cells (0 mM ZnCl2 or CoCl2). The

average + SEM are shown, n Z 3 independent experiments with multiple

replicates; ***, p o 0.001.
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the presence of 7.5% FBS (Fig. 4A). Interestingly treatment of Gastluc

SW480 cells with 100 mM ZnCl2 in serum-free medium resulted in

only a 7 � 3-fold increase in gastrin promoter activity due to

significant toxicity. However, the presence of 7.5% FBS not only

abolished toxicity induced by 100 mM ZnCl2, but also significantly

increased the gastrin promoter activity by 25 � 3-fold. ZnCl2 at

200 mM was toxic to the Gastluc SW480 cells either in the pre-

sence or absence of 7.5% FBS (Fig. 4A). As observed previously,18

serum albumin may provide an important extracellular ‘‘zinc

buffer’’ which in turn mitigates zinc toxicity whilst providing safe

free zinc concentrations for cellular uptake.

Effect of zinc on cell proliferation

To determine whether exposure of Gastluc SW480 cells to zinc had

any effect on proliferation, relative cell numbers were determined

by MTT cell proliferation assay following the incubation of

gastrin reporter Gastluc SW480 cells with various concentra-

tions of zinc for 24 h. As seen in Fig. 4B, the relative cell

numbers in either serum free or 7.5% FBS-containing medium

increased to 217 � 5% and 281 � 8%, respectively, compared to

the numbers at 0 h (100%). The 143 � 5% increase in the

relative cell numbers following the treatment of Gastluc SW480

with 50 mM ZnCl2 for 24 h in the absence of serum suggests that

cells are still able to proliferate in the presence of 50 mM ZnCl2
albeit at a slower rate than untreated cells (217 � 5%). This

observation suggests that the induction of the gastrin promoter

by 50 mM ZnCl2 is independent of cell death induced by

heavy metal toxicity. Interestingly only 12 � 2% cells survived

following the treatment of Gastluc SW480 with 100 mM ZnCl2
for 24 h in the absence of serum. However, when serum was

Fig. 3 Gastrin promoter activation by ZnCl2 is dependent on the MAPK pathway. (A) Gastrin promoter activity was measured in Gastluc SW480 colon

cancer cells following treatment with 50 mM ZnCl2 for 24 h in the presence of either a PI3K inhibitor (10 mM LY294002) or a MAPK inhibitor (10 mMU0126).

ZnCl2 and CoCl2 stimulated the gastrin promoter activity by 22 � 3-fold and 68 � 7-fold, respectively, compared with untreated control. Phosphorylation

of ERK1/2 (B), a mediator of the MAPK pathway, and of Akt (C), a mediator of the PI3K pathway, was measured by Western blot as described in Materials

and methods following the treatment of Gastluc SW480 cells with 50 mM ZnCl2 for the times indicated. Band densities were determined and are presented

as the ratio of densities of phosphorylated to total protein. The average + SEM are shown, n Z 3 independent experiments with multiple replicates; *,

p o 0.05; ***, p o 0.001 compared to control (no inhibitor).
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included with the zinc treatment the relative cell numbers

increased to 176 � 7%.

Measurement of free zinc in Gastluc SW480 cells

To understand the relationship between intracellular Zn2+ and

activation of the gastrin promoter, the increase in intracellular

free Zn2+ was measured using FluoZin-3 in Gastluc SW480 cells

incubated with 50 mM ZnCl2 in culture medium in the presence

or absence of 7.5% FBS (Fig. 4C). Incubation of Gastluc SW480

cells for 2 h in serum-free medium containing 50 mM ZnCl2 led

to a 7 � 1-fold increase in intracellular free Zn2+ concentration

compared to untreated cells. In contrast after incubation of Gastluc

SW480 cells for 2 h in medium containing 7.5% FBS and 50 mM

ZnCl2, the increase in intracellular free Zn2+ concentration was

only 3 � 1-fold. Surprisingly there was no significant change in

the intracellular free Zn2+ following the incubation of Gastluc

SW480 cells in 50 mM ZnCl2 for 24 h either in the presence of

absence of serum compared to untreated cells.

Dose-dependent effect of zinc on gastrin promoter activation

in vivo

To investigate whether zinc ions induce gastrin promoter activity

in vivo, Gastluc SW480 cells were established as xenografted

tumours in SCID mice. SCID mice bearing Gastluc SW480 tumours

were injected intraperitoneally with either saline or ZnCl2 at three

different doses (5 mg kgÿ1, 10 mg kgÿ1 and 30 mg kgÿ1) or with

CoCl2 at 30 mg kgÿ1. Bioluminescence after injection of D-luciferin

was then measured on the IVIS as described in the Methods

section. Preliminary treatment of mice with 30 mg kgÿ1 ZnCl2 was

toxic and this treatment was not studied further. As shown in

Fig. 5B, there was a 700 � 140% increase in gastrin promoter

activity following a single injection of 10 mg kgÿ1 ZnCl2. In

contrast CoCl2 at 30 mg kgÿ1 induced a smaller increase of

249 � 64% in gastrin promoter activity compared to the saline

control. Injecting the mice twice more with either 10 mg kgÿ1

ZnCl2 or 30 mg kgÿ1 CoCl2 did not result in any further increase

in gastrin promoter activity. However, three injections of ZnCl2
at 5 mg kgÿ1 did not activate gastrin promoter activity. Gastrin

promoter activity in mice treated with ZnCl2 at 10 mg kgÿ1 was

still present up to 5 days post treatment (Fig. 5C). Relative zinc

concentrations were determined in xenografted tumours of

Gastluc SW480 cells and in serum 24 h post treatment of SCID

mice with 10 mg kgÿ1 ZnCl2 or saline. As shown in Fig. 5D,

there was no significant difference in zinc concentrations in

either the xenografted tumours or the serum 24 h post injection

and this finding is consistent with the in vitro data (Fig. 4C).

Discussion

Although gene expression studies using promoter reporter

constructs transfected either transiently or stably have been

critical for our understanding of physiological and pathophysio-

logical processes, a number of studies have raised concerns

regarding their use.11,19,20 Unfortunately in stable cell lines

established using these plasmids random genomic integration

Fig. 4 Impact of serum on zinc-induced gastrin promoter activation and

intracellular increases in Zn2+. (A) Gastrin promoter activity was measured

in Gastluc SW480 colon cancer cells following treatment with 50, 100 or

200 mM ZnCl2 in culture medium with or without fetal bovine serum (FBS).

(B) Relative cell numbers were determined using the MTT assay following

the incubation of Gastluc SW480 with various concentrations of zinc either

in the presence or absence of serum for 24 h. Following the solubilization

of formazan crystals in acidified isopropanol the absorbance, which is

directly proportional to cell numbers, was measured at a wavelength of

570 nm with background subtraction at 620 nm. Data are expressed as a

percentage of the 0 h reading taken just prior to zinc treatment. All data are

shown as means � SEM of n Z 3 independent experiments. (C) Intracel-

lular free zinc (Zn2+) was determined using the Fluozin3 fluorescent probe

in cells treated with 50 mM ZnCl2 in culture medium with or without fetal

bovine serum (FBS). Fluorescence was measured and the free Zn2+

concentration (nM) was calculated as described in Material and methods.

Minimum (Fmin) andmaximal (Fmax) fluorescence was determined by addition

of 10 mM TPEN and 500 mM ZnCl2 respectively. The average � SEM are

shown, nZ 3 independent experiments with multiple replicates; *, po 0.05;

**, p o 0.01; ***, p o 0.001.
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Fig. 5 ZnCl2 stimulates the gastrin promoter in vivo. SCID mice bearing Gastluc SW480 xenografted tumours were given intraperitoneal injections

of ZnCl2 (5 or 10 mg kgÿ1) or CoCl2 (30 mg kgÿ1) on days 2, 8 and 10 and imaged for bioluminescence the following day. Animals received no treatments

prior to imaging on day 1. (A) Representative images of bioluminescence observed in mice before and after the first injection. (B) Relative luciferase

activity was determined as a percent increase from the untreated control for each treatment group. (C) Luciferase levels were stable up to 5 days

post zinc stimulation, as there was no decrease in activity after the last injection on day 10. The average + SEM are shown, n Z 5 mice per treatment; *,

p o 0.05; **, p o 0.01; ***, p o 0.001, compared to untreated on day 1 in the same treatment group, set to 100%. #, p o 0.05; ##, p o 0.01; ###,

p o 0.001, compared to the control group on the same day. Mice treated with ZnCl2 (10 mg kgÿ1) had significantly more bioluminescence than mice

treated with 5 mg kgÿ1 ZnCl2 or 30 mg kgÿ1 CoCl2 on days 3 and 9, and more bioluminescence than mice treated with 5 mg kgÿ1 ZnCl2 on day 11.

(D) Relative zinc concentrations were determined in tumour and serum 24 h after injection with vehicle (control) or 10 mg kgÿ1 ZnCl2 using an Abcam

zinc quantification kit (Ab102507). No significant difference was observed between control and zinc-treated mice. The average + SEM are shown,

n Z 5 mice per treatment.
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might not create an accurate read out for the activation of the

gastrin gene expression as vector incorporation site and the

number of integration event within the genome may results in

differential expression of gastrin compared to expression from its

endogenous locus. Thus a more precise approach is required.

Gene targeting in mammalian cells is constrained by two limita-

tions: the low rate of homologous recombination in the com-

monly used somatic human cancer cells and the high rate of

random (non-targeted) integration of the vector DNA.21 Further-

more the presence of repetitive sequences as in the human

gastrin gene makes targeting difficult. However with the use of

genome editing technologies such as TALEN or CRISPR it is now

possible to generate knock-out or knock-in mutants of commonly

used cancer cells.22 In this study TALENs have been used to

generate a knock-in gastrin reporter Gastluc SW480 colon cancer

cell line in which the endogenous human gastrin gene sequence

has been replaced by the firefly luciferase coding sequence.

Previously we had shown that treatment of wild type SW480

cells with exogenous zinc induced the expression of gastrin

mRNA.5 In the present study we have confirmed that gastrin

promoter activity is induced by both zinc (Fig. 2A) and cobalt

(Fig. 2B) in Gastluc SW480 colon cancer cells. Induction of the

gastrin gene at the mRNA and promoter level was abrogated to

a similar extent by inhibitors of both MAPK (U0126) and PI3K

(LY294002) pathways in AGS gastric cancer cells.5 However in

Gastluc SW480 colon cancer cells inhibition of the MAPK path-

way led to a more potent inhibition of zinc induced gastrin

promoter activation as compared to the inhibition of the PI3K

pathway. The reduced effect of the PI3K inhibitor is consistent

with the observation that zinc ions were unable to significantly

induce phosphorylation of Akt (a downstream target of the PI3K

pathway) in these cells.

The finding that serum blocked the zinc-induced activation

of the gastrin promoter is consistent with the hypothesis that

the increase in intracellular free zinc ions is indispensable for

activation of gastrin promoter activity. The observation that the

intracellular increase in free zinc ions following the treatment

of Gastluc SW480 colon cancer cells with exogenous zinc ions

was significantly lower in the presence of serum (Fig. 4C) is in

agreement with a previously published study by Haase and

co-workers in which the uptake of exogenous zinc ions was

reduced in the presence of 1% FBS and was completely abrogated

in the presence of 10% FBS.18 Interestingly, in our study the

increase in intracellular free zinc ions was only transient as the

7-fold difference in intracellular free zinc ions observed between

zinc-treated and untreated cells at 2 hours completely disappeared

by 24 hours (Fig. 4C), although the activation of the gastrin

promoter was still apparent 24 hours following the addition of

zinc ions (Fig. 5). The transient nature of the increase in free zinc

ions may be due to an increased expression of zinc transporters,

leading to an increase in efflux of zinc ions.23,24

In vitro studies have now convincingly confirmed that serum

reduces the zinc-mediated biological effects such as the

increase in phosphorylation of p3818 or activation of the gastrin

promoter (Fig. 4A) by decreasing the zinc uptake. These studies

have raised the possibility that blood proteins such as serum

albumin may decrease zinc uptake and in turn reduce the zinc-

mediated biological effects in vivo. Low doses of zinc may not

reach the biological threshold and, at higher doses, zinc may

become ineffective due to zinc toxicity (Fig. 4A and B). To determine

whether there was a biologically relevant relationship between

zinc dose and promoter response in vivo, xenografts of the gastrin

reporter Gastluc SW480 cells were established in SCID mice. A

single i.p. injection of zinc ions (10 mg kgÿ1) produced a 7 fold

increase in promoter activity while CoCl2 at 30 mg kgÿ1 resulted

in a smaller 2.5 fold increase as measured by whole animal

bioluminescence imaging. Both the timing and amount of zinc

ions appear to be critical as three injections of zinc at 5 mg kgÿ1,

cumulating to a total of 15 mg kgÿ1, failed to elicit activation of

the gastrin promoter, while one injection of zinc at 10 mg kgÿ1

elicited maximal gastrin promoter activity after 24 hours. These

observations highlight the fact that the individual dose of zinc

ions, as well as the time at which the end effect (biological

activity) is measured, are both very important factors to con-

sider when investigating zinc-dependent effects in vivo.

Even though there was no significant difference in relative

zinc concentrations in either the xenografted tumour or the

serum 24 h post saline or zinc injection, the stimulation of

gastrin promoter activity in mice treated with 10 mg kgÿ1 ZnCl2
was still present up to 5 days after zinc treatment, even though

the luciferase protein is stable for only 3–4 hours (Promega).

Therefore, while the initial activation of the gastrin promoter is

directly dependent on an increase in intracellular free zinc ions,

in the longer term zinc ions may also activate other growth

factors or proteins which then in turn sustain the longer term

activation of gastrin promoter activity in an autocrine positive

feed forward mechanism.25,26

Taken together the current study using colonic SW480 cells and

our previously published study5 using gastric AGS cells demon-

strate that the induction of gastrin gene expression by Zn2+ ions is

both a reproducible and a general phenomenon. However, the

relationship between Zn2+ ions and gastric acidity is unclear, as

Zn2+ ions have been reported to either increase8 or reduce gastric

acid secretion.9,10 Using the zinc chelator TPEN it has been shown

that acidity within the tubulovesicular and luminal compartments

of the gastric gland may be regulated, at least in part, by zinc

ions.6,7 Our observation that treatment with Zn2+ increases both

intracellular and secreted gastrin in the gastric carcinoma cell line

AGS,5 if replicated in antral G cells in vivo, would be expected to

result in a CCK2R-mediated increase in gastric acid secretion.

However, Kirchhoff and co-workers have shown direct inhibitory

effects of Zn2+ on gastric acid secretion10 and therefore further

work will be required to establish the relative importance of Zn2+-

induced gastrin expression and of the direct inhibitory effects of

Zn2+ on the parietal cell.

A key mechanism of a cell’s ability to adapt to low oxygen

(hypoxia) involves a set of hypoxia-inducible transcription factors

(HIFs) that induce more than 200 functionally diverse genes

involved in cell survival.27 CoCl2 is often used as a hypoxia-

mimicking agent, by virtue of its ability to induce the expression

of HIFs including HIF1a and HIF2a. However, chemical hypoxia

induced by CoCl2 appears to differ from true hypoxia28 as,
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although both Co2+ and hypoxia (1% O2) induce HIF1a and

HIF2a, the overlap in gene expression profiles is very limited.28,29

Interestingly our previous studies have shown that the induction

of gastrin expression by either Co2+ or Zn2+ ions is independent

of either HIF1a or HIF2a induction4,5 and is mediated by an as

yet unidentified E-box binding transcription factor. These find-

ings taken together suggest that the effect of CoCl2 on gene

expression may be mediated at least in part by intracellular zinc

ions. A critical implication of these results is that data obtained

using CoCl2 may need to be re-examined to determine if results

previously attributed to HIFs could, in part, be due to Zn2+.

In summary our study using luciferase reporter Gastluc

SW480 colon cancer cells have shown that both zinc and cobalt

ions activate the endogenous gastrin gene promoter in vitro and

in vivo and that activation is dependent on the MAPK but not

the PI3K pathway. The biological roles of zinc are of similar

significance to those of iron and calcium.30 Zinc-initiated changes

in gene expression have been implicated in the etiology of a

number of diseases including diabetes, Alzheimer’s and cancer,31

and a better understanding of the zinc–gastrin axis is highly

relevant in this context.
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❛❝&✐✈✐&②✳ ❚❤❡%❡ ♦❜%❡4✈❛&✐♦♥% %✉❣❣❡%&❡❞ &❤❛& ❜♦&❤ &❤❡ &✐♠✐♥❣ ❛♥❞ &❤❡ ❝♦♥❝❡♥&4❛&✐♦♥% ♦❢ ✐♥❥❡❝&❡❞

❩♥❈❧

✷

✇❡4❡ ❝4✐&✐❝❛❧ ❢♦4 &❤❡ ❛❝&✐✈❛&✐♦♥ ♦❢ &❤❡ ❣❛%&4✐♥ ♣4♦♠♦&❡4 ❛❝&✐✈✐&② ✐♥ ✈✐✈♦ ❛♥❞ 4❛✐%❡❞ a✉❡%&✐♦♥%

♦♥ &❤❡ 4♦❧❡ ♦❢ ③✐♥❝ ✐♥ &❤❡ ❛❝&✐✈❛&✐♦♥ ♦❢ ❣❡♥❡ ❡①♣4❡%%✐♦♥ ❝♦44❡❧❛&❡❞ ✇✐&❤ ❞✐%❡❛%❡% %✉❝❤ ❛% ❞✐❛❜❡&❡%✱

❆❧③❤❡✐♠❡4✬% ❛♥❞ ❝❛♥❝❡4✳ ❆ ❜❡&&❡4 ✉♥❞❡4%&❛♥❞✐♥❣ ♦❢ &❤❡ ③✐♥❝✲❣❛%&4✐♥ ❛①✐% ✐% &❤✉% ❤✐❣❤❧② 4❡❧❡✈❛♥&✳
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❈♦♠♣❧❡①❡' ♦❢ ❣❛'+,✐♥ ✇✐+❤ ■♥

✸✰

✱ ❘✉

✸✰

♦, ●❛

✸✰

✐♦♥' ❛,❡ ♥♦+ ,❡❝♦❣♥✐'❡❞ ❜② +❤❡ ❝❤♦❧❡❝②'+♦❦✐♥✐♥

✷ ,❡❝❡♣+♦,✳ ❏ ❇✐♦❧ ■♥♦,❣ ❈❤❡♠ ✷✵✶✼✳

✽✳✶ ■♥%&♦❞✉❝%✐♦♥

❆♠✐❞❛+❡❞ ❣❛'+,✐♥✶✼ ✭●❛♠✐❞❡❀ ❩●H❲▲❊❊❊❊❊❆❨●❲▼❉❋✲❛♠✐❞❡✮ ✇❛' ✐❞❡♥+✐✜❡❞ ♦,✐❣✐♥❛❧❧② ❛'

❛ ❤♦,♠♦♥❡ ❛❝+✐✈❛+✐♥❣ ❣❛'+,✐❝ ❛❝✐❞ '❡❝,❡+✐♦♥ ❢♦❧❧♦✇✐♥❣ ❛ ♠❡❛❧ ❬✸✻✷❪✳ ●❛♠✐❞❡ ❛❧'♦ ♣❧❛②' ❛ ,♦❧❡ ✐♥

+❤❡ ,❡❣✉❧❛+✐♦♥ ♦❢ ❣,♦✇+❤ ❛♥❞ ❞✐✛❡,❡♥+✐❛+✐♦♥ ♦❢ +❤❡ ❣❛'+,✐❝ ♠✉❝♦'❛✱ ✇❤✐❝❤ ❝♦♥'❡X✉❡♥+❧② ♠❛❦❡'

✐+ ❛ ❦❡② ❡❧❡♠❡♥+ ✐♥ +❤❡ ❞❡✈❡❧♦♣♠❡♥+ ♦❢ ❣❛'+,♦✐♥+❡'+✐♥❛❧ ❝❛♥❝❡,' ❬✸✻✸❪ ❬✸✻✹❪✳ ❚❤❡ ♥♦♥✲❛♠✐❞❛+❡❞

♣,♦❣❛'+,✐♥✲❞❡,✐✈❡❞ ♣❡♣+✐❞❡ ❣❧②❝✐♥❡✲❡①+❡♥❞❡❞ ❣❛'+,✐♥ ✭●❣❧②✮ ❤❛' ✈❡,② ❧♦✇ ❛✣♥✐+② ❢♦, +❤❡ ❈❈❑✷

,❡❝❡♣+♦, ✭❈❈❑✷❘✮ ❝♦♠♣❛,❡❞ +♦ ●❛♠✐❞❡ ❛♥❞ ❞♦❡' ♥♦+ ✐♠♣❛❝+ ❛❝✐❞ '❡❝,❡+✐♦♥✳ ❍♦✇❡✈❡,✱ ✐♥ ✈✐✈♦

'+✉❞✐❡' '❤♦✇❡❞ +❤❛+ '❤♦,+✲+❡,♠ ❛❞♠✐♥✐'+,❛+✐♦♥ ♦❢ ●❣❧② +♦ ,❛+' ✐♥❝,❡❛'❡❞ ❝♦❧♦♥✐❝ ♠✉❝♦'❛ ♣,♦❧✐❢✲

❡,❛+✐♦♥ ❛' ✇❡❧❧ ❛' +❤❡ ♥✉♠❜❡, ♦❢ ❛❜❡,,❛♥+ ❝,②♣+ ❢♦❝✐ ✐♥ ❝♦❧♦,❡❝+❛❧ ♠✉❝♦'❛ ❬✷✶✻❪✳ ●❣❧② ✐' +❤✉'

✐♥✈♦❧✈❡❞ ✐♥ ❈❘❈ ❞❡✈❡❧♦♣♠❡♥+✳

▼❡+❛❧ ✐♦♥' ♣❧❛② ❛ ,♦❧❡ ✐♥ '❡✈❡,❛❧ ❜✐♦❧♦❣✐❝❛❧ ♣,♦❝❡''❡'✱ '✉❝❤ ❛' ✐,♦♥ ✐♥ ♠✐+♦❝❤♦♥❞,✐❛❧ ♦①✐❞❛+✐♦♥ ♦,

❝❛❧❝✐✉♠ ✐♥ ♣,♦+❡✐♥ '+❛❜✐❧✐③❛+✐♦♥✳ ●❛♠✐❞❡ ❛♥❞ ●❣❧② ❜♦+❤ ❜✐♥❞ +✇♦ +,✐✈❛❧❡♥+ ❢❡,,✐❝ ✐♦♥' ✇✐+❤ ❤✐❣❤

❛✣♥✐+②✳ ◆▼❘ '♣❡❝+,♦'❝♦♣② ✐❞❡♥+✐✜❡❞ +❤❛+ +❤❡ ●❧✉

✺

'❡X✉❡♥❝❡ ♦❢ ●❣❧② ✇❛' ❡''❡♥+✐❛❧ ❢♦, ♠❡+❛❧

✐♦♥ ❜✐♥❞✐♥❣ ❛♥❞ +❤❛+ +❤❡ ✜,'+ ❢❡,,✐❝ ✐♦♥ ❜✐♥❞' +♦ ●❧✉+❛♠❛+❡ ✼ ✇❤✐❧❡ +❤❡ '❡❝♦♥❞ ♦♥❡ ❜✐♥❞' +♦ ●❧✉✲

+❛♠❛+❡ ✽ ❛♥❞ ●❧✉+❛♠❛+❡ ✾✳ ●❧✉+❛♠❛+❡ ✻ ❛♥❞ ●❧✉+❛♠❛+❡ ✶✵ ✇❡,❡ ♥♦+ ❞✐,❡❝+❧② ✐♥✈♦❧✈❡❞ ✐♥ ❢❡,,✐❝

✐♦♥ ❜✐♥❞✐♥❣✳ ❆' ❛''❡''❡❞ ❜② ✢✉♦,❡'❝❡♥❝❡ X✉❡♥❝❤✐♥❣✱ +❤❡ '+♦✐❝❤✐♦♠❡+,② ♦❢ ❢❡,,✐❝ ✐♦♥ ❜✐♥❞✐♥❣ +♦

♠✉+❛+❡❞ ●❣❧② ♣❡♣+✐❞❡'✱ ✇❤✐❝❤ ❤❛❞ ♦♥❡ ♦, ♠♦,❡ ●❧✉+❛♠❛+❡' ,❡♣❧❛❝❡❞ ❜② ❆❧❛♥✐♥❡'✱ ❝♦♥✜,♠❡❞ +❤❡

♣,❡✈✐♦✉' ,❡'✉❧+'✳ ■♥ ✈✐%&♦ ❛''❛②' ✇✐+❤ +❤❡ ♠✉+❛♥+ ♣❡♣+✐❞❡' ✐❞❡♥+✐✜❡❞ ●❧✉+❛♠❛+❡ ✼ ❛' ❛ ❦❡② ♣❧❛②❡,

✐♥ ❝❡❧❧ ♣,♦❧✐❢❡,❛+✐♦♥ ❛♥❞ ♠✐❣,❛+✐♦♥✳ ❚❤❡ '✉❜'+✐+✉+✐♦♥ ♦❢ ●❧✉+❛♠❛+❡ ✼ +♦ ❆❧❛♥✐♥❡ ✼✱ +,❡❛+♠❡♥+

✇✐+❤ ❞❡'❢❡,,✐♦①❛♠✐♥❡ ✭❉❋❖✮ ♦, ❝♦♠♣❡+✐+✐♦♥ ✇✐+❤ ❜✐'♠✉+❤ ✐♦♥' +♦+❛❧❧② ❜❧♦❝❦❡❞ ●❣❧②✲'+✐♠✉❧❛+❡❞

❝❡❧❧ ♣,♦❧✐❢❡,❛+✐♦♥ ❛♥❞ ♠✐❣,❛+✐♦♥ ❬✸✷✸❪✳ ❇✐♥❞✐♥❣ ♦❢ +❤❡ ✜,'+ ❢❡,,✐❝ ✐,♦♥ +♦ ●❧✉+❛♠❛+❡ ✼ ♦❢ ●❣❧② ✇❛'

❛❧'♦ ♥❡❝❡''❛,② ❢♦, ,❡❝❡♣+♦, ❜✐♥❞✐♥❣ ❬✸✷✶❪✳ ❍♦✇❡✈❡,✱ +❤❡ ❜✐♦❧♦❣✐❝❛❧ ❛❝+✐✈✐+② ♦❢ ●❛♠✐❞❡ ✇❛' ♥♦+

✽✺
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❛✛❡❝&❡❞ ❜② &❤❡ ♠✉&❛&✐♦♥ ●❧✉✼❆❧❛ ♦4 ❜② &4❡❛&♠❡♥& ✇✐&❤ ❉❋❖✱ ❝♦♥✜4♠✐♥❣ &❤❛& ❢❡44✐❝ ✐♦♥= ✇❡4❡

♥♦& ❡==❡♥&✐❛❧ ❢♦4 &❤❡ ❛❝&✐✈❛&✐♦♥ ♦❢ &❤❡ ❈❈❑✷❘ ❜② ●❛♠✐❞❡ ❬✸✺✼❪✳

❈❈❑✷❘=✱ ❝❧❛==✐✜❡❞ ❛= ● ♣4♦&❡✐♥✲❝♦✉♣❧❡❞ 4❡❝❡♣&♦4=✱ ✇❡4❡ ✐❞❡♥&✐✜❡❞ ✐♥ ♠❡❞✉❧❧❛4② &❤②4♦✐❞ ❝❛4❝✐✲

♥♦♠❛=✱ ✐♥ =♠❛❧❧ ❝❡❧❧ ❧✉♥❣ ❝❛♥❝❡4=✱ ✐♥ ❛=&4♦❝②&♦♠❛= ❛♥❞ ✐♥ =&4♦♠❛❧ ♦✈❛4✐❛♥ ❝❛♥❝❡4=✱ ❜✉& ♠♦4❡

♦❝❝❛=✐♦♥❛❧❧② ✐♥ ❣❛=&4♦❡♥&❡4♦♣❛♥❝4❡❛&✐❝ &✉♠♦4=✱ ❜4❡❛=&✱ ❡♥❞♦♠❡&4✐❛❧ ❛♥❞ ♦✈❛4✐❛♥ ❛❞❡♥♦❝❛4❝✐♥♦✲

♠❛= ❬✸✻✺❪✳ ▼♦=& ❈❈❑✷❘✲♣♦=✐&✐✈❡ &✉♠♦4= ❛❧=♦ ❡①♣4❡== ❣❛=&4✐♥ ♠❘◆❆✳ ❚❤❡4❡❢♦4❡✱ ♠❡&❛❧ ❝❤❡❧❛&❡✲

❝♦♥❥✉❣❛&❡❞ ❣❛=&4✐♥ ❞❡4✐✈❛&✐✈❡= ❤❛✈❡ ❜❡❡♥ ♦❢ ❣4❡❛& ✐♥&❡4❡=& ❢♦4 &❤❡ ❞✐❛❣♥♦=✐= ♦❢ ❈❈❑✷❘✲♣♦=✐&✐✈❡

&✉♠♦4=✳ O❡♣&✐❞❡= =✉❝❝❡==❢✉❧❧② &❛4❣❡&✐♥❣ ❈❈❑✷❘ ♣♦=✐&✐✈❡ &✉♠♦4=✱ =✉❝❤ ❛= &❤❡ ♠✐♥✐❣❛=&4✐♥ ❛♥❛❧♦❣

▼●♦✱ ✇❡4❡ ❤♦✇❡✈❡4 ❤✐❣❤❧② 4❡&❛✐♥❡❞ ✐♥ ❦✐❞♥❡②= ♦4 ❞✐=♣❧❛②❡❞ ♣♦♦4 ✐♥ ✈✐✈♦ =&❛❜✐❧✐&② ❬✸✻✻❪✳ ❘❛❞✐✲

♦❧❛❜❡❧❡❞ ♠✐♥✐❣❛=&4✐♥ ♣❡♣&✐❞❡= ❛4❡ =②♥&❤❡&✐③❡❞ ✉♥❞❡4 =❡✈❡4❡ ❝♦♥❞✐&✐♦♥= =✉❝❤ ❛= ♣❍✱ ✐♥❝✉❜❛&✐♦♥

&✐♠❡ ❛♥❞ &❡♠♣❡4❛&✉4❡✱ ✇❤✐❝❤ ❝♦✉❧❞ ❢♦4 ❡①❛♠♣❧❡ ♠♦❞✐❢② &4②♣&♦♣❤❛♥ 4❡=✐❞✉❡= ❛♥❞ ❤❡♥❝❡ ✐♠♣❛❝&

&❤❡ ❜✐♥❞✐♥❣ ♦❢ &❤❡ ♣❡♣&✐❞❡ &♦ &❤❡ ❈❈❑✷❘ ❬✸✻✼❪✳

❲❡ 4❡❝❡♥&❧② ❞❡=❝4✐❜❡❞ &❤❡ ❜✐♥❞✐♥❣ ♦❢ ●❛♠✐❞❡ ❛♥❞ ●❣❧② &♦ ♦&❤❡4 &4✐✈❛❧❡♥& ♠❡&❛❧ ✐♦♥= ✐♥❝❧✉❞✐♥❣

❣❛❧❧✐✉♠ ✭●❛✮✱ ✐♥❞✐✉♠ ✭■♥✮ ❛♥❞ 4✉&❤❡♥✐✉♠ ✭❘✉✮✳ ❈♦♠♣❧❡①❡= ♦❢ ●❛♠✐❞❡ ✇✐&❤ ✐=♦&♦♣❡= ♦❢ &4✐✈❛❧❡♥&

♠❡&❛❧ ✐♦♥= ❝♦✉❧❞ ❜❡ ✉=❡❞ ❢♦4 &❤❡ ❞✐❛❣♥♦=✐= ♦❢ ❈❈❑✷❘ ♣♦=✐&✐✈❡ &✉♠♦4= ❛= =✐♠✐❧❛4 =&4❛&❡❣✐❡= ✇✐&❤

❣❛=&4✐♥ ❛♥❛❧♦❣= ❛♥❞ ❝❤❡❧❛&❡❞ ✐=♦&♦♣❡= ♦❢ ■♥ ❛♥❞ ●❛ ❛4❡ ✉=❡❞ ❝❧✐♥✐❝❛❧❧② &♦ ❞❡&❡❝& &✉♠♦4= ❜② =✐♥✲
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Graphical abstract The complexes between the hor-

mone gastrin and radioactive 111In, 106Ru or 68Ga ions were 

purified by anion exchange HPLC using a NaCl gradient. 

The failure to detect binding of the complexes to the chole-

cystokinin 2 receptor suggests that metal ion treatment may 

provide novel approaches to block the biological actions of 

gastrin.

Abstract The peptide hormone gastrin (Gamide) binds tri-

valent metal ions, including indium (In), ruthenium (Ru) and 

gallium (Ga), with high affinity. Complexes of gastrin with 

chelated isotopes of In and Ga have previously been used 

for the location of tumours expressing the cholecystokinin 2 

receptor (CCK2R). The aim of the present study was to purify 

the complexes of Gamide with radioactive isotopes of In, Ru 

or Ga and to investigate their ability to bind to the CCK2R. 

The radioactive Gamide complexes were purified on Sep-Pak 

C18 cartridges or by anion exchange HPLC. Binding to the 

CCK2R was assessed with a stably transfected clone of the 

gastric carcinoma cell line AGS. The 106Ru-Gamide complex 

could be eluted from the C18 cartridge; the 111In-Gamide and 
68Ga-Gamide complexes bound irreversibly. All three com-

plexes were successfully purified by anion exchange HPLC. 

The failure to detect binding of the 111In-Gamide, 106Ru-

Gamide and 68Ga-Gamide complexes to the CCK2R suggests 

that formation of these complexes will not be useful for the 

detection of tumours expressing this receptor, but may instead 

provide alternative ways to block the actions of Gamide as a 

growth factor or a stimulant of gastric acid secretion.
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Abbreviations

ACN  Acetonitrile

CCK2R  Cholecystokinin 2 receptor

DFO  Desferrioxamine

Gamide  Amidated gastrin17

Ggly  Glycine-extended gastrin17

HEPES  4-(2-Hydroxyethyl)-1-piperazineethanesulfonic 

acid

PBS  Phosphate-buffered saline

PET  Positron emission tomography

RPMI  Roswell Park Memorial Institute medium

SEM  Standard error of the mean

SPECT  Single photon emission computed tomography

Introduction

Amidated gastrin17 (Gamide; ZGPWLEEEEEAYGW-

MDF-amide) is a gut hormone that stimulates gastric acid 

secretion [1], and also regulates growth and differentia-

tion of the gastric mucosa [2]. Gamide is thought to play a 

role in the development of gastrointestinal cancers, affect-

ing proliferation, angiogenesis [3] and apoptosis [4]. The 

effects of Gamide are mediated through the cholecystokinin 

2 receptor (CCK2R) [5, 6]. Glycine-extended gastrin (Ggly; 

ZGPWLEEEEEAYGWMDFG) is an immature precur-

sor of Gamide with negligible affinity for the CCK2R and 

no direct effect on acid secretion. However, Ggly can also 

stimulate cell proliferation, migration, and survival and is 

implicated in the development of colorectal cancer [7, 8].

The CCK2R is a G-protein-coupled 7 transmembrane 

domain receptor, which is expressed on several tumour 

types. Reubi and co-workers [9] have demonstrated that 

almost all medullary thyroid carcinomas and ovarian stro-

mal carcinomas, and more than half of astrocytomas and 

small cell lung carcinomas, are CCK2R positive. The use 

of metal chelate-conjugated gastrin derivatives for the diag-

nosis of CCK2R-positive tumours has been explored [10, 

11], but the harsh conditions required for complex forma-

tion may result in some oxidative damage or modification 

to the peptide [12], which may potentially interfere with the 

ability of these modified gastrins to bind to CCK2Rs.

Gamide and Ggly both bind two ferric ions [13], and 

for both peptides the first ferric ion binds to Glu7 and the 

second to Glu8 and Glu9 [14, 15]. The biological activity 

of Ggly as a stimulant of cell proliferation and migration 

is dependent on the presence of ferric ions, and thus can 

be completely blocked either by the substitution Glu7Ala, 

by competition with bismuth ions, or by treatment with 

the iron chelator desferrioxamine (DFO) [14], [16, 17]. In 

contrast, ferric ions are not required for the activation of 

the CCK2R by Gamide, as the resultant biological activ-

ity is unaffected by the substitution Glu7Ala or by treat-

ment with DFO [18].

We recently reported that Gamide and Ggly also bind 

other trivalent metal ions, including gallium (Ga), indium 

(In) and ruthenium (Ru). In the case of Gamide, the order 

of affinities at the first metal ion-binding site was In 

(Kd1 = 6.5 × 10−15 M) > Ru (Kd1 = 2.6 × 10−13 M) > Fe 

(Kd1 = 3.0 × 10−10 M) > Ga (Kd1 = 3.3 × 10−7 M). As 

complexes of gastrin with chelated isotopes of In and Ga 

are in clinical use for tumour location by single photon 

emission computed tomography (SPECT) and positron 

emission tomography (PET), respectively [10], the pos-

sibility arose that complexes of Gamide with appropri-

ate trivalent metal ions could be used for diagnosis of 

CCK2R-expressing tumours. The aim of the present 

study was to utilise radioactive isotopes of indium, ruthe-

nium and gallium to investigate the purification of their 

Gamide complexes and their subsequent ability to bind to 

the CCK2R.

Experimental procedures

Peptides and chemicals

Human amidated gastrin was synthesised by Auspep (Clay-

ton, Australia) to a purity of 88%. The impurities consisted 

of water and salts. All other consumables were obtained 

from Sigma Aldrich (Castle Hill, Australia), unless noted 

otherwise. Radiolabelled indium chloride (111In, 5 mCi in 

0.5 ml 50 mM HCl) was purchased from Landauer Austral-

asia Pty Ltd (Sydney, Australia). Radiolabelled ruthenium 

chloride (106Ru, 1 mCi in 0.5 ml 6 M HCl) was purchased 

from Eckert & Ziegler Isotope Products (Valencia, CA). 

Radiolabelled gallium (68Ga, 500  µCi in 100  µl 0.05  M 

HCl, 0.25  M NaAc) was prepared with a pharmaceutical 

grade 68Ge/68Ga generator (Eckert & Ziegler Isotope Prod-

ucts) according to the manufacturer’s instructions. Solu-

tions of metal ions (Aldrich, St. Louis, MO, USA) were 

prepared in 10 mM HCl.

Cell culture

The human gastric cancer cell line, AGS, was obtained 

from ATCC. AGS cells stably transfected with the chol-

ecystokinin 2 receptor (CCK2R) were kindly provided 

by Professor Andrea Varro, University of Liverpool, UK 

[19]. Cells were maintained in RPMI 1640 medium (Life 

Technologies, Mulgrave, Australia) supplemented with 8% 
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foetal bovine serum and 20 mM HEPES, 0.4% penicillin/

streptomycin, and grown at 37 °C in 5%  CO2.

Sep-Pak purification

The 111In-Gamide, 106Ru-Gamide and 68Ga-Gamide 

complexes were made by incubating 38  nmol of 111In, 

250 pmol of 106Ru or 700 pmol of 68Ga with 250 pmol of 

Gamide in 50 mM  Na+ acetate, pH 4, for 30 min at room 

temperature. The reaction mixtures were then loaded onto 

Sep-Pak C18 reverse phase cartridges (Waters Corpora-

tion, Milford, MA, USA), which had been activated by 

precycling with 10 ml of buffer A [100 mM  Na+ acetate 

(pH 4)], followed by 10 ml of buffer B (100 mM  Na+ ace-

tate (pH 4), 50% acetonitrile (ACN)) and 10 ml of buffer 

A. After loading, the Sep-Pak cartridge was washed with 

10 ml of buffer A to remove unbound 111In, 106Ru or 68Ga, 

and eluted with buffer B in 5 serial fractions (1 ml each). 

The amount of radioactivity in each collected fraction 

was measured either with a β-counter (Packard, Meriden, 

CT, USA) or a γ-counter (Perkin Elmer, Waltham, MA, 

USA).

HPLC purification

The 111In-Gamide, 106Ru-Gamide and 68Ga-Gamide com-

plexes (made as in 2.3, but not run on a Sep-Pak column) 

were purified by HPLC on either reverse phase or anion 

exchange columns. Reverse phase HPLC used a C4 col-

umn at a flow rate of 1 ml/min with a gradient from 10 mM 

 Na+ acetate, 100  mM NaCl (pH 4) to 10  mM  Na+ ace-

tate, 100 mM NaCl (pH 4) + 70% ACN over 30 min. The 

anion exchange HPLC used a Protein-Pak Q 8HR column 

(Waters, Rydalmere, Australia) at a flow rate of 1 ml/min 

with a gradient from 10 mM  Na+ acetate (pH 4) to 10 mM 

 Na+ acetate (pH 4) + 1 M NaCl over 30 min. Fractions were 

collected every minute and the amount of radioactivity 

was measured either with a β-counter or a γ-counter. Pep-

tide peaks (line) were observed as an increase in 280 nm 

absorbance. Radioactivity (%, bars) was determined based 

on the total amount loaded onto the column as 100%.

Stability of 106Ru-Gamide complex over time

The Sep-Pak purified 106Ru-Gamide complex was diluted 

with an equal volume of 50 mM  Na+ HEPES, pH 7.6, and 

divided into 4 identical aliquots, which were loaded onto 

new C18 Sep-Pak cartridges after 0, 24, 48 h and 5 days, 

respectively. The 106Ru-Gamide complex was eluted as 

described above, and the radioactivity eluted in fractions 1 

and 2 at each time point was expressed as a percentage of 

the 0 h point and used to calculate the stability of 106Ru-

Gamide by curve fitting to the equation for exponential 

decay.

Binding assay

AGS wildtype cells (WT) and AGS cells stably express-

ing the CCK2R (AGS-CCK2R) were seeded at a density 

of 5  ×  105 cells/well in 6-well plates. The following day, 

cells were rinsed with binding buffer (20 mM  Na+ Hepes, 

10 mM KCl, 1.25 mM benzamidine, 20 μM  CaCl2, 80 μM 

 MgCl2, pH 7.4) and pre-treated with binding buffer or 

100  nM Gamide in binding buffer for 15  min at 37  °C. 
111In-Gamide and 106Ru-Gamide were purified by anion 

exchange HPLC as described above; purification of 68Ga-

Gamide was not attempted because of the short half-life 

of 68Ga (68 min). 111In-Gamide (48,300 cpm/well), 106Ru-

Gamide (4350 cpm/well), 68Ga-Gamide (81,600 cpm/well), 

or sulphated cholecystokinin 8 (CCK8) labelled at the 

N-terminus with 125I-labelled-Bolton and Hunter reagent 

(20,000  cpm/well, Amersham Biosciences, Castle Hill, 

Australia) was added to separate wells and incubated for 

30  min at 37  °C. The cells were washed twice with PBS 

and lysed with 500 µl of 1 M NaOH. The amount of bound 

radioactivity was determined using either a β-counter or a 

γ-counter.

Statistics

Each experiment was repeated at least 3 times. All values 

are expressed as mean ± standard error. Statistical signifi-

cance was determined by Student’s t test using SigmaStat 

(Jandel Scientific, San Rafael, CA, USA).

Results

Selective binding of indium, ruthenium or gallium ions 

by Gamide or Ggly was previously demonstrated using 

absorption spectroscopy and extended X-ray absorption 

fine structure (EXAFS) spectroscopy [15]. The forma-

tion of these non-radioactive complexes suggested that the 

radioactive forms of these trivalent metals  (M3+) bound to 

Gamide could be utilised to identify tumours expressing 

the CCK2R. To accomplish this task, these complexes were 

formed as previously described and then purified and tested 

for stability as detailed below.

Purification of the 106Ru-Gamide complex using C18 

Sep-Pak cartridges

Radioactive isotopes of Indium (111In), Ruthenium 

(106Ru) and Gallium (68Ga) were used to quantitate 
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 M3+-Gamide complex formation. Purification of the 
111In-Gamide, 106Ru-Gamide and 68Ga-Gamide com-

plexes was initially attempted with C18 Sep-Pak reverse 

phase cartridges, by elution of the  M3+-Gamide com-

plex with acetonitrile (ACN). Although no elution of 
111In-Gamide (Fig.  1a) or 68Ga-Gamide (Fig.  1c) from 

the C18 Sep-Pak cartridges was detected, 106Ru-Gamide 

was clearly bound (Fig. 1b) and was differentially eluted 

with 50% ACN in fractions 1 and 2. Unbound 106Ru 

passed through the cartridge in the initial flow through. 

The 111In-Gamide and 68Ga-Gamide complexes remained 

bound to the C18 resin as no additional radioactivity was 

observed in fraction 2 in the presence of Gamide, and as 

these cartridges remained radioactive after elution.

Purification of 111In-Gamide, 106Ru-Gamide 

and 68Ga-Gamide complexes using HPLC

As the 111In-Gamide and 68Ga-Gamide complexes were 

not eluted from the C18 Sep-Pak cartridges, purification 

of all three complexes was attempted by C4 reverse phase 

HPLC. The main absorbance peak for Gamide in the 

absence of added metal ions eluted at 21  min (Fig.  2a). 

In the presence of metal ions (Fig. 2b–d), unbound metal 

ions eluted at 4–6 min, the Gamide peak at 21 min was 

no longer present, and no additional radioactive peaks 

were eluted. Therefore, the 111In-Gamide, 106Ru-Gamide 

and 68Ga-Gamide complexes presumably remained bound 

to the C4 resin.

Subsequently, the 111In-Gamide, 106Ru-Gamide and 
68Ga-Gamide complexes were purified by anion exchange 

HPLC. The main absorbance peak for Gamide in the 

absence of added metal ions eluted at 14.5  min. In the 

presence of  Ru3+ ions, a new absorbance peak, with asso-

ciated radioactivity, appeared at 11 min (Fig. 3c). A new 

early absorbance peak also appeared in the presence of 

 In3+ (Fig.  3b) or  Ga3+ (Fig.  3d) ions, although in these 

cases the peak was smaller, and the associated radioactiv-

ity tailed extensively. The earlier radioactive peaks elut-

ing in the breakthrough at 1–2  min represent unbound 

metal ions. The correlation between radioactivity and 

peptide absorbance indicated that all three  M3+-Gamide 

complexes formed and could be purified. Therefore, 

appropriate fractions were collected and used to test their 

stability (in the case of 106Ru-Gamide) and ability to bind 

selectively to cells expressing the CCK2R.

The 106Ru-Gamide complex was stable for over 5 days

Determination of the long-term stability of the 

 M3+-Gamide complexes was only possible for 106Ru 

(t½ = 367 days), as the short half-lives of 111In (2.8 days) 

and 68Ga (68  min) were limiting. After 30-min incuba-

tion, the 106Ru-Gamide complex was purified on a C18 

Sep-Pak reverse phase cartridge, divided into four ali-

quots, and each aliquot was subsequently re-purified by 

the same method after various incubation times at room 
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Fig. 1  Purification of the 106Ru-Gamide complex on Sep-Pak C18 

cartridges. The reaction mixtures containing 111In-Gamide (a), 106Ru-

Gamide (b) or 68Ga-Gamide (c) complexes were passed through C18 

Sep-Pak cartridges and the elution of radioactivity was compared to 
111In, 106Ru and 68Ga alone, respectively. After passage of the com-

plexes, the cartridges were first washed with 10 ml 100 mM  Na+ ace-

tate (pH 4) to remove unbound 111In, 106Ru or 68Ga, and then eluted 

with 5 × 1 ml 100 mM  Na+ acetate (pH 4) + 50% ACN. The 106Ru-

Gamide complex was eluted with 50% ACN in fractions 1 and 2, and 

the radioactivity in each eluted fraction is expressed as a percentage 

of the total eluted radioactivity. The 111In-Gamide and 68Ga-Gamide 

complexes remained bound to the C18 resin as no additional radioac-

tivity was observed in fraction 2 in the presence of Gamide, and the 

cartridges remained radioactive after elution
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temperature. The half-life of the 106Ru-Gamide complex 

obtained by curve fitting assuming exponential decay was 

11.1 days at room temperature and pH 7.6 (Fig. 4).

111In-Gamide, 106Ru-Gamide and 68Ga-Gamide 

complexes do not bind to the CCK2R on cultured cells

Human gastric cancer cells deficient for (AGS-WT), or 

stably transfected with a plasmid expressing the CCK2R 

(AGS-CCK2R), were used to determine if any of the puri-

fied  M3+-Gamide complexes were selectively bound by 

the CCK2R. Since their introduction by the Varro and 

Dockray group, this pair of cell lines has become a fre-

quently used model for studies of CCK2R binding [19]. 

Binding to AGS-WT and AGS-CCK2R cells was assessed 

using 111In-Gamide, 106Ru-Gamide and 68Ga-Gamide 

diluted into binding buffer in the presence or absence of 

unlabelled Gamide. Sulphated cholecystokinin 8 labelled 

at the N-terminus with 125I-Bolton and Hunter reagent 

(125I-CCK8) was used as a positive control. As expected 

the amount of 125I-CCK8 radioactivity bound to the 

CCK2R on AGS-CCK2R cells decreased in the presence 

of unlabelled Gamide (Fig. 5d). The absence of any such 

competition with 111In-Gamide, 106Ru-Gamide or 68Ga-

Gamide (Fig. 5a–c) in the presence of unlabelled Gamide 

indicated that none of the radioactive Gamide-metal ion 

complexes bound to the CCK2R. Presumably, the associa-

tion of Gamide with 111In, 106Ru or 68Ga prevented recog-

nition of the complex by the CCK2R.

Discussion

Metal chelate-conjugated gastrin derivatives, such as 

1,4,7,10-tetraazacyclododecane-1,4,7,10-tetraacetic acid 

(DOTA)-minigastrin radiolabelled with either 111In or 68Ga, 

have previously been used for the diagnosis of CCK2R-

positive tumours [10]. However, the harsh conditions (pH 

4.5, 98 °C, 15 min) required to incorporate these metal ions 

may potentially result in oxidative damage or modification 

to the peptide [12]. Based on the previous work demon-

strating high binding affinity of certain trivalent metals to 

Gamide under relatively mild conditions (pH 4, room tem-

perature, 30  min) [15], we set out to purify  M3+-Gamide 

complexes that might be used to identify cells and tumours 

that express CCK2Rs.

The 106Ru-Gamide complex was purified on a C18 Sep-

Pak cartridge (Fig. 1). In contrast to the 111In-Gamide and 
68Ga-Gamide complexes, the radioactivity recovered from 
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Fig. 2  Purification of the 111In-Gamide, 106Ru-Gamide and the 68Ga-

Gamide complexes by C4 HPLC. Because the 111In-Gamide and 
68Ga-Gamide complexes remained bound to the C18 resin (Fig.  1), 

Gamide alone (a) or the 111In-Gamide (b), 106Ru-Gamide (c) or 
68Ga-Gamide (d) complexes were run on a C4 reverse phase HPLC 

column. A gradient from 0 to 70% ACN in 10  mM  Na+ acetate, 

100 mM NaCl, pH 4 was used over 30 min [dotted line, 70% ACN 

was increased from 0 to 40% over 5 min (5–10 min), at which point 

it was gradually increased to 100% over 20 min (10–30  min)]. The 

main absorbance peak (line) for Gamide in the absence of added 

metal ions eluted at 21 min (a). In the presence of metal ions (b–d) 

unbound metal ions eluted at 4–6  min, the Gamide peak at 21  min 

was no longer present, and no additional radioactive peaks (bars) 

were eluted. Therefore, the 111In-Gamide, 106Ru-Gamide and 68Ga-

Gamide complexes presumably remained bound to the C4 resin

▸
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the C18 Sep-Paks was always less than what was added 

to the cartridges, which remained radioactive after elu-

tion. These observations suggest that the 111In-Gamide and 
68Ga-Gamide complexes may have remained bound to the 

cartridges, even in the presence of 50% acetonitrile. Simi-

larly, none of the  M3+-Gamide complexes were eluted from 

the C4 HPLC column under conditions that eluted Gamide 

(Fig. 2). This observation is not unexpected as the neutrali-

sation of the negative charge of Gamide (6−) by the pres-

ence of the positive charge (6+) of two  M3+ ions would be 

predicted to increase the hydrophobicity of the complex, 

causing it to bind more tightly to the column.

In contrast all three  M3+-Gamide complexes were suc-

cessfully purified by anion exchange HPLC (Fig.  3). As 

expected from the neutralisation of the negative charge of 

Gamide (6−) by the presence of the positive charge (6+) of 

two  M3+ ions, the  M3+-Gamide complexes eluted from the 

anion exchange column earlier than Gamide when using a 

salt gradient.

No binding of the 111In-Gamide, 106Ru-Gamide or 68Ga-

Gamide complexes to the CCK2R was detected. This 

observation was unexpected, as several lines of indirect 

evidence had previously suggested that binding of  Fe3+ 

ions was not essential for the recognition of Gamide by 

the CCK2R. For example, the minimum peptide structure 

required for CCK2R binding was the C-terminal tetrapep-

tide amide [20], which lacks the pentaglutamate sequence 

implicated in the binding of  Fe3+ ions [14]. Furthermore 

Fig. 4  Stability of 106Ru-Gamide complex. The Sep-Pak-purified 
106Ru-Gamide complex was diluted with an equal volume of 50 mM 

 Na+ HEPES, pH 7.6, and divided into 4 aliquots, which were incu-

bated for 0, 24, 48 h or 5 days at room temperature, and loaded onto 

new C18 Sep-Pak cartridges. The remaining 106Ru-Gamide complex 

was eluted as described above, and the radioactivity eluted in frac-

tions 1 and 2 at each time point was expressed as a percentage of the 

0  h point. The half-life of the 106Ru-Gamide complex obtained by 

curve fitting assuming exponential decay was 11.1 days at room tem-

perature and pH 7.6
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Fig. 3  Purification of the 111In-Gamide, 106Ru-Gamide and the 68Ga-

Gamide complexes by anion exchange HPLC. Gamide alone (a) or the 
111In-Gamide (b), 106Ru-Gamide (c) and 68Ga-Gamide (d) complexes 

were run on an anion exchange HPLC column using a gradient from 

10 mM  Na+ acetate (pH 4) to 10 mM  Na+ acetate (pH 4) + 1 M NaCl 

over 30 min [dotted line, 1 M NaCl was increased from 0 to 40% over 

5  min (5–10  min), at which point it was gradually increased to 100% 

over 20 min (10–30 min)]. The main absorbance peak (line) for Gamide 

in the absence of added metal ions eluted at 14 min (a). In the presence 

of  Ru3+ ions a new peak, with associated radioactivity (bars), appeared 

at 11 min (c). The new early peak also appeared in the presence of  Ga3+ 

(d) or  In3+ (b) ions, although in these cases the peak was smaller, and the 

associated radioactivity tailed extensively. The earlier radioactive peaks 

eluting in the breakthrough at 1–2 min represent unbound metal ions
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removal of the first  Fe3+ binding site by the E7A mutation 

had no significant effect on CCK2R binding or on biologi-

cal activity [18], and CCK2R binding and biological activ-

ity were unaffected by the  Fe3+-selective chelator desferri-

oxamine [18]. In the case of 106Ru-Gamide, the failure to 

detect binding does not appear to be the result of dissocia-

tion, as the complex was shown to be very stable at neutral 

pH, with a half-life of 11.1 days (Fig. 4). Similarly, disrup-

tion of the 111In-Gamide and 106Ru-Gamide complexes by 

the 1 M NaCl gradient used in anion exchange chromatog-

raphy appears unlikely, as the extremely high stability con-

stants of the  In3+ (6.5 × 10−15) and  Ru3+ (2.6 × 10−13) com-

plexes were actually determined in the presence of 100 mM 

NaCl [15], and the concentration of NaCl required for elu-

tion was less than 500 mM (Fig. 3).

The failure of the 111In-Gamide, 106Ru-Gamide or 68Ga-

Gamide complexes to bind to the CCK2R is presumably 

due to the differences in their structures caused by differ-

ences in their ionic radii and coordination state. Indeed a 

previous EXAFS study has shown that the structure of 

 Ru2Gamide differs from  Fe2Gamide, with a direct Ru-Ru 

bond instead of the bridging water molecule between the 

two ferric ions [15]. One intriguing possibility is that the 

aspartic acid in the C-terminal moiety of gastrin might 

interact with indium, ruthenium or gallium ions with con-

sequent inhibition of binding to the CCK2R. In the case 

of ferric ions and bismuth ions, our NMR data provided 

convincing evidence that only the glutamic acid residues 

at positions 7, 8 and 9 of glycine-extended  gastrin17 were 

involved in metal binding [14]. Our EXAFS data indicated 

the presence of carboxylate ligands, but did not discrimi-

nate between aspartic and glutamic acid residues in the 

case of indium, ruthenium and gallium ions [15]. How-

ever, the binding data presented in the same paper were 

consistent with competitive inhibition, in which ruthe-

nium (or indium) and ferric ions competed for the same 

two metal ion-binding sites on gastrin. Although attempts 

to crystallise the gastrIn-metal ion complexes have so far 

been unsuccessful, X-ray crystallography may ultimately 

be required to identify precisely which gastrin residues are 

acting as metal ion ligands.

On the other hand, there is now abundant evidence that 

 Fe3+ ions are essential for the biological activity of non-

amidated gastrins such as progastrin and Ggly [14, 16, 

17]. However, the identity of the receptors for non-ami-

dated gastrins is still controversial [21–23], and the use of 
111In-Ggly, 106Ru-Ggly or 68Ga-Ggly complexes may help 

to resolve that debate. As non-amidated gastrins stimulate 
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Fig. 5  The 111In-Gamide, 106Ru-Gamide and 68Ga-Gamide com-

plexes do not bind to the CCK2R. 111In-Gamide and 106Ru-Gamide 

were purified by anion exchange HPLC as described in “Experi-

mental procedures”; purification of 68Ga-Gamide was not attempted 

because of the short half-life of 68Ga (68 min). Binding of the 111In-

Gamide (a, 48,300  cpm/well), 106Ru-Gamide (b, 4350  cpm/well), 

or 68Ga-Gamide (c, 81,600 cpm/well) complexes to wild type (WT) 

or the CCK2R expressing AGS cells in the presence, or absence, 

of 100  nM unlabelled Gamide was determined as described under 

“Experimental procedures”. Binding of 125I-CCK8 (d, 20,000  cpm/

well) in the presence, or absence, of 100 nM unlabelled Gamide was 

assessed as a positive control. Although the presence of 100 nM unla-

belled Gamide reduced the binding of 125I-CCK8 to the CCK2R by 

more than 90% (**p < 0.01), no evidence was obtained for binding of 

 M3+-Gamide complexes to the CCK2R

▸
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proliferation in the normal colorectal mucosa and acceler-

ate the development of colorectal cancer [7, 8], these recep-

tors may become important targets for improvements in 

cancer diagnosis and therapy.

This study also suggests a new method of blocking the 

biological actions of amidated gastrins. Occupation of the 

metal ion-binding site of amidated gastrins by indium, 

ruthenium or gallium ions prevents the binding of Gam-

ide to the CCK2R, and so renders the peptide inactive. The 

high affinity of Gamide for indium and ruthenium ions sug-

gests the possibility that low doses of these ions could be 

used as specific inhibitors for the treatment of excessive 

acid production in patients with conditions such as gastro-

intestinal ulcers, gastro-oesophageal reflux or gastric car-

cinoid. The same approach might also be used to inhibit 

G-amide stimulated growth and differentiation of the gas-

tric mucosa, and of gastric cancer [2].
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Oral trivalent bismuth ions decrease, and trivalent
indium or ruthenium ions increase, intestinal
tumor burden in ApcD14/+ mice†

Marie Laval,a Chelsea Dumesny,a Mal Eutick,b Graham S. Baldwina and

Kathryn M. Marshall *a

Immature forms of the peptide hormone gastrin have been implicated in the development of colorectal

cancer (CRC). The biological activity of glycine-extended gastrin (Ggly) is dependent on the binding of

Fe3+ ions in vitro and in vivo. The aim of the present study was to determine the effect of blocking Fe3+

ion binding to Ggly, using Bi3+, In3+ or Ru3+ ions, on the development of intestinal tumors in APCD14/+

mice. APCD14/+ mice were treated orally with Bi3+, In3+ or Ru3+ ions for up to 60 days, serum trace metals

were analyzed by inductively coupled plasma mass spectrometry, and the incidence and size of intestinal

tumors were assessed. Bi3+ treatment significantly decreased the number of tumors larger than 3 mm in

male mice. In3+ or Ru3+ treatment significantly increased the tumor burden in all animals and In3+

increased the number of tumors larger than 3 mm or 5 mm in male mice alone. The fact that binding of

In3+ or Ru3+ ions to Ggly was orders of magnitude stronger than the binding of Bi3+ ions implies that the

inhibitory effect of Bi3+ ions is not a consequence of a reduction in Ggly activity. However, further testing

of higher doses of Bi3+ ions for longer periods as an oral treatment for intestinal tumors is warranted.

Introduction

Gastrins are a collective term for mature and immature peptides

derived from the gastrin gene. Amidated gastrin (Gamide), the

fully processed gut hormone, activates the cholecystokinin 2

(CCK2) receptor to stimulate gastric acid secretion and maintain

the gastric mucosa.1,2 Immature forms of gastrin (e.g., progastrin

and glycine-extended gastrin (Ggly)) are also biologically active

independently of the CCK2 receptor and act primarily in the colon

to stimulate cell division,3–6 migration, and survival.1,4 Immature

gastrins are found in colonic polyps and adenocarcinomas,7 and

have been implicated in the development of colorectal cancer

(CRC). Thus greater concentrations of immature gastrins are found

in the circulation of CRC patients,8,9 and hypergastrinemic patients

have a 4-fold risk of developing CRC.8,10,11 Although several candi-

dates for the Ggly receptor have been identified (e.g. annexin II,12

F1-ATPase a-subunit13), small molecule inhibitors have not as yet

been developed.

Most human sporadic CRCs contain an inactivatingmutation in

the APC (adenomatous polyposis coli) tumor suppressor gene.14

APC mutant mice provide a model of spontaneous intestinal

cancers in vivo without the use of carcinogens.14,15 Koh et al.

crossed APCminÿ/+ mice that spontaneously develop intestinal

tumors, primarily in the small intestine, with either mice

overexpressing glycine-extended gastrin (MTI/Ggly) or gastrin

knockout mice (GASKO).16 The data showed that mice prone to

develop intestinal tumors had enhanced tumor size and numbers

when Ggly was over-expressed and significantly reduced tumor

incidence when all gastrins were absent. The development of

APCD14/+ mice, with a deletion of exon 14 engineered into one

allele of their Apc tumor suppressor gene, has provided a better

model of familial adenomatous polyposis, as the proportion of

spontaneous tumors developing in their large intestine is greater

than with APCminÿ/+ mice.17

Strong links between excess iron and CRC have also been

reported.18,19 Study of APCmin/+ mice with either iron-deficient,

normal or excess iron diets found that high iron drove intestinal

tumorigenesis, as tumor number and size correlated with dietary

iron status.20 Using GASKO mice and CCK2 receptor knockout

mice (which have high circulating gastrin concentrations),

Kovac et al. found that gastrins have a direct role in hematopoiesis

under iron deficiency.21 GASKO mice on a low iron diet had

impaired erythropoiesis and developed splenomegaly. Hypoxia

studies indicated that gastrins may play a protective role under

low oxygen conditions, possibly via catalysis of iron binding to

transferrin.22,23
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Work to elucidate the mechanism of action of gastrins

revealed that ferric ion binding to glutamates 7 and 8/9 in the

sequence QGPWLEEEEEAYGWMDF was essential for biological

activity of Ggly, but not Gamide.24–26 Bioactivity of Ggly was

diminished or destroyed by deleting these glutamates or by

treating with the chelator desferrioxamine (DFO).25,27 Trivalent

Bi3+ ions can displace ferric ions from the iron-binding sites on

gastrins, with a concomitant reduction in the biological activity of

Ggly in vitro.28,29 In vivo, Ggly-induced stimulation of proliferation

in the defunctioned rectal mucosa of rats could be abrogated with

oral Bi3+ treatments, and oral Bi3+ also decreased proliferation rates

in the colonic mucosa in both hGAS (over-expressing progastrin)

and MTI/Ggly mice (over-expressing glycine-extended gastrin).29 In

addition, DFO restored the increased colorectal mucosa prolifera-

tion rates in mice overexpressing progastrin (hGAS) or Ggly (MTI/

Ggly) to the levels observed in wild-type control mice.30

Recently trivalent In3+ and Ru3+ ions have been shown to

form stable, high affinity complexes with gastrins.26,31 Ru3+ and

In3+ ions were both bound to the iron-binding site of gastrins

orders of magnitude more tightly than ferric ions. Because the

biological activity of Ggly was dependent on the presence of

ferric ions, the possibility arose of using Bi3+, In3+ or Ru3+ ions

as competitive inhibitors of the biological activity of Ggly. As

inhibitors of the Ggly receptor are not yet available, the aim of

the present study was to determine the effect of blocking ferric

ion binding to Ggly using Bi3+, In3+ or Ru3+ ions on the

incidence and size of intestinal tumors in APCD14/+ mice.

Experimental
Reagents and dosage

All consumables were obtained from Sigma Aldrich (Castle Hill,

Australia), unless noted otherwise. Bismuth citrate, indium

citrate and ruthenium citrate were all suspended in phosphate-

buffered saline (ThermoFisher Scientific, Waltham, MA, USA),

and the concentrations described below are based on themetal ion.

The dose of Bi3+ used was derived from previous work in which

141 mg Bi3+ per kg per day was active, but not toxic, in mice treated

daily for 4 weeks.29 This dose is 70-fold less concentrated than the

single 50% lethal dose (LD50) of 10000 mg per kg in mice. A single

Bi3+ dose of 2000 mg per kg (1/5 of LD50), or Bi3+ doses of 1000 mg

per kg per day (1/10 of its LD50) repeated daily for 28 days in rats,

also showed no adverse effects.32,33 A similar study with oral In3+ in

rats also demonstrated that a single dose of 2000 mg per kg (1/5 of

its LD50 of 10000 mg per kg in mice), or an In3+ dose of 1000 mg

per kg per day (1/10 of its LD50) repeated daily for 28 days in rats,

had no adverse effects.33,34 Based on this study, the same concen-

tration was used for In3+ as for Bi3+. The same logic was used to

derive the Ru3+ dose of 6.5 mg per kg per day based on a

concentration 70-fold less than the reported LD50 of 463 mg per

kg in mice.35

Mouse model

APCD14/+ mice (C57Bl/6 background) were kindly provided by

Dr Julie Pannequin (National Centre for Scientific Research,

Institute of Functional Genomics, Montpellier, France). These

mice, which have had a heterozygous deletion of exon 14

engineered into one allele of their Apc tumor suppressor gene,

provide a model of familial adenomatous polyposis (autosomal

dominant disease), with spontaneous tumors developing in

their small and large intestines.17,36

APCD14/+ mice (8–10 weeks old) were divided into four

treatment groups and orally gavaged with 0.1–0.15 mL of PBS

(16 female and 17 male mice), bismuth citrate (9 female and

8 male mice, 141 mg Bi3+ per kg per day), indium citrate (7 female

and 8 male mice, 141 mg In3+ per kg per day) or ruthenium citrate

(7 female and 8 male mice, 6.5 mg Ru3+ per kg per day) once a day,

3 times a week, up to 20 weeks of age. Animals were weighed and

sickness scores taken daily. Mice were humanely sacrificed at the

end of the experiment by isoflurane inhalation and blood was

collected by cardiac puncture. Intestines were collected, inverted on

wooden skewers, formalin fixed and prepared as Swiss Rolls for

counting of intestinal tumors as described.37 All animal work was

approved by the Austin Health Animal Research Ethics Committee

(AEC13/4957 and AEC15/5307).

Hematological parameters

Full blood examination was performed as previously described22

by the Austin Pathology Laboratory (Heidelberg, VIC, Australia)

using an Advia 120 automated hematological analyzer (Bayer,

Tarrytown, NY, USA). Serum trace metals were analyzed by

inductively coupled plasma mass spectrometry (ICPMS) (Biometals

Facility, Florey Institute of Neuroscience and Mental Health,

University of Melbourne). Serum from mice was diluted with

1/10 1% (v/v) nitric acid and measured with an Agilent 7700 series

ICPMS instrument under routine multi-element operating condi-

tions using a helium gas reaction cell. A certified standard solution

containing 200 ppb of Yttrium (Y89) was used as an internal control.

Statistics

Survival statistics were performed using log-rank and cox-

regression (SPSS version 22.0, IBM, Armonk, NY, USA). All other

statistics were analyzed using either student’s t-test or one-way

ANOVA (SigmaStat, Jandel Scientific, San Rafael, CA, USA).

A P value o 0.05 was considered significant.

Results
Treatment increased metal ion concentrations in the serum

Metal salts were given by oral gavage for up to 60 days at the

following doses: Bi3+, 141 mg per kg per day; In3+, 141 mg per kg

per day; Ru3+, 6.5 mg per kg per day. At the end of the

experiment, concentrations of each metal ion in the serum were

measured by ICPMS. All metals were absorbed as the serum

concentrations increased significantly in the treated animals

(Fig. 1). However, the ratio of Bi3+ absorbed to the amount given

orally was low (all: 1/980; female: 1/681; male: 1/1,986). The

ratios of In3+ and Ru3+ absorbed to the amounts given orally

were closer to unity (In3+, all: 1/35; female: 1/92; male: 1/25 and

Ru3+, all: 1/27; female: 1/64; male: 1/18).
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Effect of metal ions on the health of APCD14/+ mice

APCD14/+ mice develop intestinal bleeding and anemia similar

to APCmin/+ mice. However, APCD14/+ mice may show earlier

signs of decreased health as they develop tumors in both their

small and large intestines, while APCmin/+ mice typically

develop tumors only in their small intestines.17 APCD14/+ mice

in all treatment groups (PBS, Bi3+, In3+ or Ru3+) had increased

sickness scores over time (Fig. S1, ESI†). Male mice appeared to

be more sensitive with greater sickness scores (Fig. S1C, ESI†)

and greater average weight loss (Fig. S2C, ESI†) than females.

Overall, neither Bi3+ nor In3+ affected mouse survival (Fig. 2A); mice

treated with Ru3+ died 2.0 times faster than PBS mice (P = 0.079)

and the survival of Ru3+-treated animals was less than Bi3+- or

In3+-treated animals.

APCD14/+ mice have hypoxemia

Anemia is a common outcome of the APCD14/+ mutation due to

intestinal bleeding from large polyps. The PBS control and all

three treatment groups had significantly decreased hemoglobin

concentrations (139 � 3), hematocrits (0.47 � 0.01) and red cell

counts (9.2� 0.2) compared to the values shown in the brackets

Fig. 1 Serummetal ion analyses. The concentrations of Bi3+ (A), In3+ (B) or Ru3+

(C) in the serum from APCD14/+ mice treated with PBS (control), bismuth citrate,

indium citrate or ruthenium citrate were analyzed by inductively coupled plasma

mass spectrometry (ICPMS). *P o 0.05; **P o 0.01; ***P o 0.001.

Fig. 2 Survival plots. APCD14/+ mice were treated with PBS (control),

bismuth citrate, indium citrate or ruthenium citrate over 60 days. Survival

graphs are shown for all (A), female only (B) and male only (C) mice. The

difference between PBS- and Ru3+-treated mice neared significance as

cox-regression analysis indicated Ru3+-treated mice died 2.0 times faster

than PBS-treated mice (P = 0.079).
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for untreated C57Bl/6 mice of a similar age (our unpublished

data) (Fig. 3A–C). Males, particularly those treated with Ru3+,

appeared to be more affected. Serum iron concentrations were

not significantly different to each other or to the value for

untreated wild type animals (26.2 � 1.5), but In3+ and Ru3+

appeared to increase or decrease iron levels respectively (Fig. 3E).

Treatment with In3+ significantly increased WCC compared to the

other groups (Fig. 3D), in agreement with previous findings.34,38

Platelet numbers were significantly reduced in Bi3+-treated APCD14/+

mice, to values closer to those observed in untreated wild-type mice

(Fig. 3F).

Bi3+ treatment decreased, and In3+ or Ru3+ treatment increased,

tumor burden in the small intestine

Intestinal tumor size and numbers were determined in the

small and large intestines from APCD14/+ mice treated with PBS,

Fig. 3 Hematological parameters. Blood samples from APCD14/+ mice treated with PBS (control), bismuth citrate, indium citrate or ruthenium citrate

were analyzed for hemoglobin (A), red blood cell count (B), hematocrit (C), white blood cell count (D), and platelet count (F) by the Austin Pathology

Laboratory (Heidelberg, VIC, Australia). Serum iron levels (E) were analyzed by ICPMS. Boxed numbers are the corresponding mean � SEM values from

untreated wild-type C57Bl/6 mice of similar ages. *P o 0.05; **P o 0.01.
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Bi3+, In3+ or Ru3+. Bi3+ treatment significantly decreased the

number of tumors larger than 3 mm inmale mice (Fig. 4C). In3+

or Ru3+ treatment significantly increased the tumor burden in

all animals and in male mice alone (Fig. 4A and C). No

significant differences were observed in the colon (Fig. 5).

Discussion

Previous work has revealed that APCminÿ/+mice, which are prone to

develop intestinal tumors, had enhanced tumor size and numbers

when Ggly was over-expressed and significantly reduced tumor

incidence when all gastrins were absent.16 The observation that Bi3+

Fig. 4 Tumor burden in small intestine. APCD14/+ mice were treated with

PBS, Bi3+, In3+ or Ru3+, and the total number and number of tumors over

3 mm or 5 mm in the small intestine were counted for all mice (A), female

only (B) and male only (C). Significance was determined compared to the

PBS-treated mice. *P o 0.05; ***P o 0.001.

Fig. 5 Tumor burden in colon. APCD14/+ mice were treated with PBS, Bi3+,

In3+ or Ru3+, and the total number and number of tumors over 3 mm or

5 mm in the colon were counted for all mice (A), female only (B) and male

only (C). No significance difference was detected.
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ions blocked the binding of Fe3+ ions to gastrins, and thereby

decreased the bioactivity of Ggly in vivo and in vitro,28,29 suggested

that Bi3+ treatment might also decrease tumor burden in APCmice.

Further work revealed that the binding of In3+ or Ru3+ ions to

gastrins was orders of magnitude stronger than the binding of Bi3+

ions.26 The effect of blocking ferric ion binding to Ggly using Bi3+,

In3+ or Ru3+ ions on the incidence and size of intestinal tumors in

APCD14/+ mice was therefore investigated.

Bi3+ treatment significantly decreased the number of small

intestinal tumors larger than 3 mm in male mice (Fig. 4C). No

reduction in tumor numbers was observed in the colon, or on

tumors larger than 5 mm in either small intestine or colon,

possibly because of the smaller numbers involved. The mechanism

is likely to involve competition by Bi3+ for Fe3+ ion uptake and/or

inhibition of intracellular processes involving iron. The effective-

ness of Bi3+ treatment might possibly be improved by increasing

the dosage or route of administration, as bismuth citrate was

poorly absorbed and/or retained in the circulation (Fig. 1), in

agreement with previous reports on its poor absorption.39,40 The

observation that Bi3+ did not affect circulating iron concentrations

or most blood parameters at the dosage used (Fig. 3) suggests that

greater dosages might be tolerated, although the significant

reduction in platelet counts following Bi3+ treatment suggests that

a cautious approach would be appropriate.

In contrast to Bi3+, both In3+ and Ru3+ treatments significantly

increased tumor numbers in the small intestine of APCD14/+ mice.

Again no effect was observed on tumors in the colon, possibly

because of the smaller numbers involved. The fact that binding of

In3+ or Ru3+ ions to gastrins was orders of magnitude stronger than

the binding of Bi3+ ions,26 therefore implies that the inhibitory

effect of Bi3+ ions is not a consequence of a reduction in Ggly

activity. The failure to observe an effect does not appear to be

caused by poor absorption as the absorption ratios (mmol Lÿ1 in the

serum: amount given orally) for In3+ and Ru3+ were greater than for

Bi3+. Furthermore both In3+ and Ru3+ treatments were effective in

other respects. Thus In3+ treatment significantly increased white

cell counts, in agreement with previous reports that In3+ can

stimulate the immune system,34,38 and Ru3+ treatment decreased

survival. The latter effect may be caused by displacement by Ru3+ of

circulating iron from transferrin and hemoglobin,41,42 as ruthe-

nium is in the same column of the periodic table as iron.

Conclusions

Bi3+ treatment significantly decreased the number of tumors

larger than 3 mm in male APCD14/+ mice. Comparison of the

effects of Bi3+, In3+ and Ru3+ treatment on tumor numbers

suggests that the inhibitory effect of Bi3+ ions is unlikely to be

gastrin-dependent. However, further testing of higher doses of

Bi3+ ions for longer periods as an oral treatment for intestinal

tumors is warranted. The use of In3+ or Ru3+ ions for preventa-

tive reduction of intestinal tumor burden appears inadvisable

based on the present findings, and their use in other tumor

treatments should be approached with caution, especially if the

patient is anemic.
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❲❛:✉-❛✈✐8❛:♥❡✳ ▼♦❧❡❝✉❧❛: ♣❛8❤✇❛②- ✐♥ ❝♦❧♦:❡❝8❛❧ ❝❛♥❝❡:✳ ❏♦✉%♥❛❧ ♦❢ ❣❛5/%♦❡♥/❡%♦❧♦❣② ❛♥❞

❤❡♣❛/♦❧♦❣②✱ ✷✼✭✾✮✿✶✹✷✸✕✶✹✸✶✱ ✷✵✶✷✳
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❬✸✸❪ ❍✐&❛(♦ ❑❛✇❛❦❛♠✐✱ ❆③✐③ ❩❛❛♥❛♥✱ ❛♥❞ ❋5❛♥❦ ❆ ❙✐♥✐❝5♦♣❡✳ ▼✐❝5♦&❛(❡❧❧✐(❡ ✐♥&(❛❜✐❧✐(② (❡&(✐♥❣

❛♥❞ ✐(& 5♦❧❡ ✐♥ (❤❡ ♠❛♥❛❣❡♠❡♥( ♦❢ ❝♦❧♦5❡❝(❛❧ ❝❛♥❝❡5✳ ❈✉""❡♥% %"❡❛%♠❡♥% ♦♣%✐♦♥+ ✐♥ ♦♥❝♦❧♦❣②✱

✶✻✭✼✮✿✸✵✱ ✷✵✶✺✳

❬✸✹❪ ❊5✐❝ ❘ ❋❡❛5♦♥✳ ▼♦❧❡❝✉❧❛5 ❣❡♥❡(✐❝& ♦❢ ❝♦❧♦5❡❝(❛❧ ❝❛♥❝❡5✳ ❆♥♥✉❛❧ ❘❡✈✐❡✇ ♦❢ 5❛%❤♦❧♦❣②✿

▼❡❝❤❛♥✐+♠+ ♦❢ ❉✐+❡❛+❡✱ ✻✿✹✼✾✕✺✵✼✱ ✷✵✶✶✳

❬✸✺❪ ❙✉♥ ▲❡❡✱ ◆❛♠✲❨✉♥ ❈❤♦✱ ▼✐♥❤❡❡ ❈❤♦✐✱ ❊✉♥ ❏ ❨♦♦✱ ❏✉♥❣✲❍♦ ❑✐♠✱ ❛♥❞ ●②❡♦♥❣ ❍ ❑❛♥❣✳

❈❧✐♥✐❝♦♣❛(❤♦❧♦❣✐❝❛❧ ❢❡❛(✉5❡& ♦❢ ❝♣❣ ✐&❧❛♥❞ ♠❡(❤②❧❛(♦5 ♣❤❡♥♦(②♣❡✲♣♦&✐(✐✈❡ ❝♦❧♦5❡❝(❛❧ ❝❛♥✲

❝❡5 ❛♥❞ ✐(& ❛❞✈❡5&❡ ♣5♦❣♥♦&✐& ✐♥ 5❡❧❛(✐♦♥ (♦ ❦5❛&✴❜5❛❢ ♠✉(❛(✐♦♥✳ 5❛%❤♦❧♦❣② ✐♥%❡"♥❛%✐♦♥❛❧✱

✺✽✭✷✮✿✶✵✹✕✶✶✸✱ ✷✵✵✽✳

❬✸✻❪ ❏✉&(✐♥ ❏♦♥❣ ▲❡♦♥❣ ❲♦♥❣✱ ◆✐❝❤♦❧❛& ❏♦❤♥ ❍❛✇❦✐♥&✱ ❛♥❞ ❘♦❜②♥ ▲②♥♥❡ ❲❛5❞✳ ❈♦❧♦5❡❝(❛❧

❝❛♥❝❡5✿ ❛ ♠♦❞❡❧ ❢♦5 ❡♣✐❣❡♥❡(✐❝ (✉♠♦5✐❣❡♥❡&✐&✳ ●✉%✱ ✺✻✭✶✮✿✶✹✵✕✶✹✽✱ ✷✵✵✼✳

❬✸✼❪ ◆✐(❛ ❆❤✉❥❛ ❛♥❞ ❏\❏ ■&&❛✳ ❆❣✐♥❣✱ ♠❡(❤②❧❛(✐♦♥ ❛♥❞ ❝❛♥❝❡5✳ ❍✐+%♦❧♦❣② ❛♥❞ ❤✐+%♦♣❛%❤♦❧♦❣②✱

✶✺✭✸✮✿✽✸✺✕✽✹✷✱ ✷✵✵✵✳

❬✸✽❪ ▼✐♥♦5✉ ❚♦②♦(❛✱ ◆✐(❛ ❆❤✉❥❛✱ ▼✉(&✉♠✐ ❖❤❡✲❚♦②♦(❛✱ ❏❛♠❡& ● ❍❡5♠❛♥✱ ❙(❡♣❤❡♥ ❇ ❇❛②❧✐♥✱

❛♥❞ ❏❡❛♥✲\✐❡55❡ ❏ ■&&❛✳ ❈♣❣ ✐&❧❛♥❞ ♠❡(❤②❧❛(♦5 ♣❤❡♥♦(②♣❡ ✐♥ ❝♦❧♦5❡❝(❛❧ ❝❛♥❝❡5✳ 5"♦❝❡❡❞✐♥❣+

♦❢ %❤❡ ◆❛%✐♦♥❛❧ ❆❝❛❞❡♠② ♦❢ ❙❝✐❡♥❝❡+✱ ✾✻✭✶✺✮✿✽✻✽✶✕✽✻✽✻✱ ✶✾✾✾✳

❬✸✾❪ ❈❤5✐&(✐♥❛ ❲✉ ❛♥❞ ❚❛♥✐♦& ❇❡❦❛✐✐✲❙❛❛❜✳ ❈♣❣ ✐&❧❛♥❞ ♠❡(❤②❧❛(✐♦♥✱ ♠✐❝5♦&❛(❡❧❧✐(❡ ✐♥&(❛❜✐❧✲

✐(②✱ ❛♥❞ ❜5❛❢ ♠✉(❛(✐♦♥& ❛♥❞ (❤❡✐5 ❝❧✐♥✐❝❛❧ ❛♣♣❧✐❝❛(✐♦♥ ✐♥ (❤❡ (5❡❛(♠❡♥( ♦❢ ❝♦❧♦♥ ❝❛♥❝❡5✳

❈❤❡♠♦%❤❡"❛♣② "❡+❡❛"❝❤ ❛♥❞ ♣"❛❝%✐❝❡✱ ✷✵✶✷✱ ✷✵✶✷✳

❬✹✵❪ ▼❛5❝♦ ❱❛❝❛♥(❡✱ ❆♥(♦♥✐♦ ▼❛5✐❛ ❇♦5③b✱ ❋5❛♥❝❡&❝♦ ❇❛&✐❧❡✱ ❛♥❞ ❆♥(♦♥✐♦ ❇✐♦♥❞✐✳ ❇✐♦♠❛5❦❡5&

✐♥ ❝♦❧♦5❡❝(❛❧ ❝❛♥❝❡5✿ ❈✉55❡♥( ❝❧✐♥✐❝❛❧ ✉(✐❧✐(② ❛♥❞ ❢✉(✉5❡ ♣❡5&♣❡❝(✐✈❡&✳ ❲♦"❧❞ ❥♦✉"♥❛❧ ♦❢

❝❧✐♥✐❝❛❧ ❝❛+❡+✱ ✻✭✶✺✮✿✽✻✾✱ ✷✵✶✽✳

❬✹✶❪ ❆❧❡❦&❛♥❞5❛ ❙(❛♥❝③❛❦✱ ❘❛❢❛❧ ❙(❡❝✱ ▲✉❜♦♠✐5 ❇♦❞♥❛5✱ ❲♦❥❝✐❡❝❤ ❖❧&③❡✇&❦✐✱ ▼❛5③❡♥❛ ❈✐✲

❝❤♦✇✐❝③✱ ❲♦❥❝✐❡❝❤ ❑♦③❧♦✇&❦✐✱ ❈❡③❛5② ❙③❝③②❧✐❦✱ ❚❛❞❡✉&③ \✐❡(5✉❝❤❛✱ ▼❛❝✐❡❥ ❲✐❡❝③♦5❡❦✱ ❛♥❞

▼♦♥✐❦❛ ▲❛♠♣❛5&❦❛✲\5③②❜②&③✳ \5♦❣♥♦&(✐❝ &✐❣♥✐✜❝❛♥❝❡ ♦❢ ✇♥(✲✶✱ β✲❝❛(❡♥✐♥ ❛♥❞ ❡✲❝❛❞❤❡5✐♥

❡①♣5❡&&✐♦♥ ✐♥ ❛❞✈❛♥❝❡❞ ❝♦❧♦5❡❝(❛❧ ❝❛5❝✐♥♦♠❛✳ 5❛%❤♦❧♦❣② ✫ ❖♥❝♦❧♦❣② ❘❡+❡❛"❝❤✱ ✶✼✭✹✮✿✾✺✺✕

✾✻✸✱ ✷✵✶✶✳

❬✹✷❪ ❍❛ ❚❤✐ ◆❣✉②❡♥ ❛♥❞ ❍♦♥❣✲◗✉❛♥ ❉✉♦♥❣✳ ❚❤❡ ♠♦❧❡❝✉❧❛5 ❝❤❛5❛❝(❡5✐&(✐❝& ♦❢ ❝♦❧♦5❡❝(❛❧ ❝❛♥❝❡5✿

■♠♣❧✐❝❛(✐♦♥& ❢♦5 ❞✐❛❣♥♦&✐& ❛♥❞ (❤❡5❛♣②✳ ❖♥❝♦❧♦❣② ❧❡%%❡"+✱ ✶✻✭✶✮✿✾✕✶✽✱ ✷✵✶✽✳

❬✹✸❪ ❏✉❞✐(❤ ❙ ❙❡❜♦❧(✲▲❡♦♣♦❧❞ ❛♥❞ ❘♦♠❛♥ ❍❡55❡5❛✳ ❚❛5❣❡(✐♥❣ (❤❡ ♠✐(♦❣❡♥✲❛❝(✐✈❛(❡❞ ♣5♦(❡✐♥

❦✐♥❛&❡ ❝❛&❝❛❞❡ (♦ (5❡❛( ❝❛♥❝❡5✳ ◆❛%✉"❡ ❘❡✈✐❡✇+ ❈❛♥❝❡"✱ ✹✭✶✷✮✿✾✸✼✱ ✷✵✵✹✳

❬✹✹❪ ❋♦5(✉♥❛(♦ ❈✐❛5❞✐❡❧❧♦ ❛♥❞ ●✐❛♠♣❛♦❧♦ ❚♦5(♦5❛✳ ❊❣❢5 ❛♥(❛❣♦♥✐&(& ✐♥ ❝❛♥❝❡5 (5❡❛(♠❡♥(✳ ◆❡✇

❊♥❣❧❛♥❞ ❏♦✉"♥❛❧ ♦❢ ▼❡❞✐❝✐♥❡✱ ✸✺✽✭✶✶✮✿✶✶✻✵✕✶✶✼✹✱ ✷✵✵✽✳
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❬✹✺❪ ❍❡❧❡♥ ❉❛✈✐❡-✱ ●0❛❤❛♠ ❘ ❇✐❣♥❡❧❧✱ ❈❤❛0❧❡- ❈♦①✱ 9❤✐❧✐♣ ❙<❡♣❤❡♥-✱ ❙❛0❛❤ ❊❞❦✐♥-✱ ❙❤❡✐❧❛

❈❧❡❣❣✱ ❏♦♥ ❚❡❛❣✉❡✱ ❍❛②❧❡② ❲♦✛❡♥❞✐♥✱ ▼❛<❤❡✇ ❏ ●❛0♥❡<<✱ ❲✐❧❧✐❛♠ ❇♦<<♦♠❧❡②✱ ❡< ❛❧✳ ▼✉✲

<❛<✐♦♥- ♦❢ <❤❡ ❜0❛❢ ❣❡♥❡ ✐♥ ❤✉♠❛♥ ❝❛♥❝❡0✳ ◆❛"✉$❡✱ ✹✶✼✭✻✽✾✷✮✿✾✹✾✱ ✷✵✵✷✳

❬✹✻❪ ❙❛❜✐♥❡ ❚❡❥♣❛0✱ ▼♦♥✐❝❛ ❇❡0<❛❣♥♦❧❧✐✱ ❋0❡❞ ❇♦-♠❛♥✱ ❍❡✐♥③✲❏♦-❡♣❤ ▲❡♥③✱ ▲❡✈✐ ●❛00❛✇❛②✱

❋0❡❞❡0✐❝ ❲❛❧❞♠❛♥✱ ❘♦❜❡0< ❲❛00❡♥✱ ❆♥❞0❡❛ ❇✐❧❞✱ ❉❡♥✐-❡ ❈♦❧❧✐♥-✲❇0❡♥♥❛♥✱ ❍❡❥✐♥ ❍❛❤♥✱

❡< ❛❧✳ 90♦❣♥♦-<✐❝ ❛♥❞ ♣0❡❞✐❝<✐✈❡ ❜✐♦♠❛0❦❡0- ✐♥ 0❡-❡❝<❡❞ ❝♦❧♦♥ ❝❛♥❝❡0✿ ❝✉00❡♥< -<❛<✉- ❛♥❞

❢✉<✉0❡ ♣❡0-♣❡❝<✐✈❡- ❢♦0 ✐♥<❡❣0❛<✐♥❣ ❣❡♥♦♠✐❝- ✐♥<♦ ❜✐♦♠❛0❦❡0 ❞✐-❝♦✈❡0②✳ ❚❤❡ ♦♥❝♦❧♦❣✐."✱

✶✺✭✹✮✿✸✾✵✕✹✵✹✱ ✷✵✶✵✳

❬✹✼❪ ▲✐❛♥❣ ❲❛♥❣✱ ❏✉❧✐❡ ▼ ❈✉♥♥✐♥❣❤❛♠✱ ❏❡♥♥✐❢❡0 ▲ ❲✐♥<❡0-✱ ❏❡♥♥✐❢❡0 ❈ ●✉❡♥<❤❡0✱ ❆♠② ❏

❋0❡♥❝❤✱ ▲✐-❛ ❆ ❇♦❛0❞♠❛♥✱ ▲❛✇0❡♥❝❡ ❏ ❇✉0❣❛0<✱ ❙❤❛♥♥♦♥ ❑ ▼❝❉♦♥♥❡❧❧✱ ❉❛♥✐❡❧ ❏ ❙❝❤❛✐❞✱

❛♥❞ ❙<❡♣❤❡♥ ◆ ❚❤✐❜♦❞❡❛✉✳ ❇0❛❢ ♠✉<❛<✐♦♥- ✐♥ ❝♦❧♦♥ ❝❛♥❝❡0 ❛0❡ ♥♦< ❧✐❦❡❧② ❛<<0✐❜✉<❛❜❧❡ <♦

❞❡❢❡❝<✐✈❡ ❞♥❛ ♠✐-♠❛<❝❤ 0❡♣❛✐0✳ ❈❛♥❝❡$ $❡.❡❛$❝❤✱ ✻✸✭✶✼✮✿✺✷✵✾✕✺✷✶✷✱ ✷✵✵✸✳

❬✹✽❪ ❋❡❞❡0✐❝❛ ❉✐ ◆✐❝♦❧❛♥<♦♥✐♦✱ ▼✐0✐❛♠ ▼❛0<✐♥✐✱ ❋0❛♥❝❡-❝❛ ▼♦❧✐♥❛0✐✱ ❆♥❞0❡❛ ❙❛0<♦0❡ ❇✐❛♥❝❤✐✱
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♠❛♥✱ ❛♥❞ ▲❈ ❨❡♦♠❛♥✳ ❈❡❧❧✉❧❛( ❣(♦✇)❤ (❡3♣♦♥3❡ )♦ ❡♣✐❞❡(♠❛❧ ❣(♦✇)❤ ❢❛❝)♦( ✐♥ ❝♦❧♦♥

❝❛(❝✐♥♦♠❛ ❝❡❧❧3 ✇✐)❤ ❛♥ ❛♠♣❧✐✜❡❞ ❡♣✐❞❡(♠❛❧ ❣(♦✇)❤ ❢❛❝)♦( (❡❝❡♣)♦( ❞❡(✐✈❡❞ ❢(♦♠ ❛ ❢❛♠✐❧✐❛❧

❛❞❡♥♦♠❛)♦✉3 ♣♦❧②♣♦3✐3 ♣❛)✐❡♥)✳ ❈❛♥❝❡# #❡1❡❛#❝❤✱ ✺✶✭✺✮✿✶✹✺✷✕✶✹✺✾✱ ✶✾✾✶✳

❬✻✺❪ *❡)❡( ❈❛(♠❡❧✐❡)✳ ❱❡❣❢ ❛3 ❛ ❦❡② ♠❡❞✐❛)♦( ♦❢ ❛♥❣✐♦❣❡♥❡3✐3 ✐♥ ❝❛♥❝❡(✳ ❖♥❝♦❧♦❣②✱ ✻✾✭❙✉♣♣❧✳

✸✮✿✹✕✶✵✱ ✷✵✵✺✳
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❬✻✻❪ ❘♦♥♥✐❡ ❚✉♥❣✲-✐♥❣ -♦♦♥✱ ❙❤❡✉♥❣✲❚❛2 ❋❛♥✱ ❛♥❞ ❏♦❤♥ ❲♦♥❣✳ ❈❧✐♥✐❝❛❧ ✐♠♣❧✐❝❛2✐♦♥= ♦❢ ❝✐?❝✉✲

❧❛2✐♥❣ ❛♥❣✐♦❣❡♥✐❝ ❢❛❝2♦?= ✐♥ ❝❛♥❝❡? ♣❛2✐❡♥2=✳ ❏♦✉#♥❛❧ ♦❢ ❈❧✐♥✐❝❛❧ ❖♥❝♦❧♦❣②✱ ✶✾✭✹✮✿✶✷✵✼✕✶✷✷✺✱

✷✵✵✶✳

❬✻✼❪ ❆♠?✐2❛ ❆❤❧✉✇❛❧✐❛✱ ▼✐❝❤❛❡❧ ❑ ❏♦♥❡=✱ ❚❛♠❛?❛ ▼❛2②=✐❛❦✲❇✉❞♥✐❦✱ ❛♥❞ ❆♥❞?③❡❥ ❙ ❚❛?♥❛✇=❦✐✳

❱❡❣❢ ❛♥❞ ❝♦❧♦♥ ❝❛♥❝❡? ❣?♦✇2❤ ❜❡②♦♥❞ ❛♥❣✐♦❣❡♥❡=✐=✿ ❉♦❡= ✈❡❣❢ ❞✐?❡❝2❧② ♠❡❞✐❛2❡ ❝♦❧♦♥ ❝❛♥❝❡?

❣?♦✇2❤ ✈✐❛ ❛ ♥♦♥✲❛♥❣✐♦❣❡♥✐❝ ♠❡❝❤❛♥✐=♠❄ ❈✉##❡♥/ ♣❤❛#♠❛❝❡✉/✐❝❛❧ ❞❡4✐❣♥✱ ✷✵✭✼✮✿✶✵✹✶✕✶✵✹✹✱

✷✵✶✹✳

❬✻✽❪ ❈❤?✐=2✐♥❡ ▼ ❚❤♦?❜✉?♥✱ ●❛?② ❉ ❋?✐❡❞♠❛♥✱ ❈❤?✐= ❏ ❉✐❝❦✐♥=♦♥✱ ❏♦=❡♣❤ ❍ ❱♦❣❡❧♠❛♥✱ ◆♦?♠❛♥

❖?❡♥2?❡✐❝❤✱ ❛♥❞ ❏✉❧✐❡ -❛?=♦♥♥❡2✳ ●❛=2?✐♥ ❛♥❞ ❝♦❧♦?❡❝2❛❧ ❝❛♥❝❡?✿ ❛ ♣?♦=♣❡❝2✐✈❡ =2✉❞②✳

●❛4/#♦❡♥/❡#♦❧♦❣②✱ ✶✶✺✭✷✮✿✷✼✺✕✷✽✵✱ ✶✾✾✽✳

❬✻✾❪ ❚❤❡♦❞♦?❡ ❏ ❑♦❤ ❛♥❞ ❉✉❛♥ ❈❤❡♥✳ ●❛=2?✐♥ ❛= ❛ ❣?♦✇2❤ ❢❛❝2♦? ✐♥ 2❤❡ ❣❛=2?♦✐♥2❡=2✐♥❛❧ 2?❛❝2✳

❘❡❣✉❧❛/♦#② ♣❡♣/✐❞❡4✱ ✾✸✭✶✲✸✮✿✸✼✕✹✹✱ ✷✵✵✵✳

❬✼✵❪ ❨ ▲✐❛♥❣✱ ● ▲✐✱ - ❈❤❡♥✱ ❛♥❞ ❏ ❨✉✳ ▲❛♣❛?♦=❝♦♣✐❝ ✈❡?=✉= ♦♣❡♥ ❝♦❧♦?❡❝2❛❧ ?❡=❡❝2✐♦♥ ❢♦? ❝❛♥❝❡?✿

❛ ♠❡2❛✲❛♥❛❧②=✐= ♦❢ ?❡=✉❧2= ♦❢ ?❛♥❞♦♠✐③❡❞ ❝♦♥2?♦❧❧❡❞ 2?✐❛❧= ♦♥ ?❡❝✉??❡♥❝❡✳ ❊✉#♦♣❡❛♥ ❏♦✉#♥❛❧

♦❢ ❙✉#❣✐❝❛❧ ❖♥❝♦❧♦❣② ✭❊❏❙❖✮✱ ✸✹✭✶✶✮✿✶✷✶✼✕✶✷✷✹✱ ✷✵✵✽✳

❬✼✶❪ -❉◗ ❆❞✉❧2 ❚?❡❛2♠❡♥2 ❊❞✐2♦?✐❛❧ ❇♦❛?❞✳ ❈♦❧♦♥ ❝❛♥❝❡? 2?❡❛2♠❡♥2 ✭♣❞b

❘©✮✳ ■♥ ;❉◗ ❈❛♥❝❡#

■♥❢♦#♠❛/✐♦♥ ❙✉♠♠❛#✐❡4 ❬■♥/❡#♥❡/❪✳ ◆❛2✐♦♥❛❧ ❈❛♥❝❡? ■♥=2✐2✉2❡ ✭❯❙✮✱ ✷✵✶✾✳

❬✼✷❪ ❘❏ ❍❡❛❧❞✳ ❚❤❡ ❵❤♦❧② ♣❧❛♥❡✬♦❢ ?❡❝2❛❧ =✉?❣❡?②✳ ❏♦✉#♥❛❧ ♦❢ /❤❡ ❘♦②❛❧ ❙♦❝✐❡/② ♦❢ ▼❡❞✐❝✐♥❡✱

✽✶✭✾✮✿✺✵✸✕✺✵✽✱ ✶✾✽✽✳

❬✼✸❪ ❙❛♠✐? ❉❡❧✐❜❡❣♦✈✐❝✳ ■♥2?♦❞✉❝2✐♦♥ 2♦ 2♦2❛❧ ♠❡=♦?❡❝2❛❧ ❡①❝✐=✐♦♥✳ ▼❡❞✐❝❛❧ ❆#❝❤✐✈❡4✱ ✼✶✭✻✮✿✹✸✹✱

✷✵✶✼✳

❬✼✹❪ ●▲ ❍✐❧❧ ❛♥❞ ▼ ❘❛✜b✉❡✳ ❊①2?❛❢❛=❝✐❛❧ ❡①❝✐=✐♦♥ ♦❢ 2❤❡ ?❡❝2✉♠ ❢♦? ?❡❝2❛❧ ❝❛♥❝❡?✳ ❇#✐/✐4❤

❥♦✉#♥❛❧ ♦❢ 4✉#❣❡#②✱ ✽✺✭✻✮✿✽✵✾✕✽✶✷✱ ✶✾✾✽✳

❬✼✺❪ ❚ ❇❥❡?❦❡=❡2 ❛♥❞ ❚❍ ❊❞♥❛✳ ❘❡❝2❛❧ ❝❛♥❝❡?✿ 2❤❡ ✐♥✢✉❡♥❝❡ ♦❢ 2②♣❡ ♦❢ ♦♣❡?❛2✐♦♥ ♦♥ ❧♦❝❛❧

?❡❝✉??❡♥❝❡ ❛♥❞ =✉?✈✐✈❛❧✳ ❚❤❡ ❊✉#♦♣❡❛♥ ❥♦✉#♥❛❧ ♦❢ 4✉#❣❡#②❂ ❆❝/❛ ❝❤✐#✉#❣✐❝❛✱ ✶✻✷✭✽✮✿✻✹✸✕

✻✹✽✱ ✶✾✾✻✳

❬✼✻❪ ❇❡♥❣2 ●❧✐♠❡❧✐✉=✱ ❍❡♥?✐❦ ●?j♥❜❡?❣✱ ❏♦❤❛♥♥❡= ❏k?❤✉❧2✱ ❆?♥❡ ❲❛❧❧❣?❡♥✱ ❛♥❞ ❊✈❛ ❈❛✈❛❧❧✐♥✲

❙2❛❛❤❧✳ ❆ =②=2❡♠❛2✐❝ ♦✈❡?✈✐❡✇ ♦❢ ?❛❞✐❛2✐♦♥ 2❤❡?❛♣② ❡✛❡❝2= ✐♥ ?❡❝2❛❧ ❝❛♥❝❡?✳ ❆❝/❛ ♦♥❝♦❧♦❣✐❝❛✱

✹✷✭✺✲✻✮✿✹✼✻✕✹✾✷✱ ✷✵✵✸✳

❬✼✼❪ ❲✐❧❧❡♠ ✈❛♥ ●✐❥♥✱ ❈♦??✐❡ ❆▼ ▼❛?✐❥♥❡♥✱ ■?✐= ❉ ◆❛❣2❡❣❛❛❧✱ ❊❧♠❛ ▼❡❡?=❤♦❡❦✲❑❧❡✐♥ ❑?❛✲

♥❡♥❜❛?❣✱ ❍❡✐♥ -✉22❡?✱ ❚❤❡♦ ❲✐❣❣❡?=✱ ❍❛?♠ ❏❚ ❘✉22❡♥✱ ▲❛?= -m❤❧♠❛♥✱ ❇❡♥❣2 ●❧✐♠❡❧✐✉=✱

❈♦?♥❡❧✐= ❏❍ ✈❛♥ ❞❡ ❱❡❧❞❡✱ ❡2 ❛❧✳ -?❡♦♣❡?❛2✐✈❡ ?❛❞✐♦2❤❡?❛♣② ❝♦♠❜✐♥❡❞ ✇✐2❤ 2♦2❛❧ ♠❡=♦?❡❝✲

2❛❧ ❡①❝✐=✐♦♥ ❢♦? ?❡=❡❝2❛❜❧❡ ?❡❝2❛❧ ❝❛♥❝❡?✿ ✶✷✲②❡❛? ❢♦❧❧♦✇✲✉♣ ♦❢ 2❤❡ ♠✉❧2✐❝❡♥2?❡✱ ?❛♥❞♦♠✐=❡❞

❝♦♥2?♦❧❧❡❞ 2♠❡ 2?✐❛❧✳ ❚❤❡ ❧❛♥❝❡/ ♦♥❝♦❧♦❣②✱ ✶✷✭✻✮✿✺✼✺✕✺✽✷✱ ✷✵✶✶✳
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❬✼✽❪ ▼❛''❤✐❛* ❋ ❍-❢♥❡1 ❛♥❞ ❏✉❡1❣❡♥ ❉❡❜✉*✳ ❘❛❞✐♦'❤❡1❛♣② ❢♦1 ❝♦❧♦1❡❝'❛❧ ❝❛♥❝❡1✿ ❈✉11❡♥' *'❛♥✲

❞❛1❞* ❛♥❞ ❢✉'✉1❡ ♣❡1*♣❡❝'✐✈❡*✳ ❱✐"❝❡%❛❧ ♠❡❞✐❝✐♥❡✱ ✸✷✭✸✮✿✶✼✷✕✶✼✼✱ ✷✵✶✻✳

❬✼✾❪ ❈❤❛1❧❡* ● ▼♦❡1'❡❧✱ ❚❤♦♠❛* ❘ ❋❧❡♠✐♥❣✱ ❏♦❤♥ ❙ ▼❛❝❞♦♥❛❧❞✱ ❉❛♥✐❡❧ ● ❍❛❧❧❡1✱ ❏♦❤♥ ❆

▲❛✉1✐❡✱ R❤②❧❧✐* ❏ ●♦♦❞♠❛♥✱ ❏❛♠❡* ❙ ❯♥❣❡1❧❡✐❞❡1✱ ❲✐❧❧✐❛♠ ❆ ❊♠❡1*♦♥✱ ❉♦✉❣❧❛* ❈ ❚♦1♠❡②✱

❏♦❤♥ ❍ ●❧✐❝❦✱ ❡' ❛❧✳ ▲❡✈❛♠✐*♦❧❡ ❛♥❞ ✢✉♦1♦✉1❛❝✐❧ ❢♦1 ❛❞❥✉✈❛♥' '❤❡1❛♣② ♦❢ 1❡*❡❝'❡❞ ❝♦❧♦♥

❝❛1❝✐♥♦♠❛✳ ◆❡✇ ❊♥❣❧❛♥❞ ❏♦✉%♥❛❧ ♦❢ ▼❡❞✐❝✐♥❡✱ ✸✷✷✭✻✮✿✸✺✷✕✸✺✽✱ ✶✾✾✵✳

❬✽✵❪ ❚❤✐❡11② ❆♥❞1Z✱ ❈♦11❛❞♦ ❇♦♥✐✱ ▲❛♠✐❛ ▼♦✉♥❡❞❥✐✲❇♦✉❞✐❛❢✱ ▼❛'✐❧❞❡ ◆❛✈❛11♦✱ ❏♦*❡♣

❚❛❜❡1♥❡1♦✱ ❚❛♠❛* ❍✐❝❦✐*❤✱ ❈❧❛1❡ ❚♦♣❤❛♠✱ ▼❛1'❛ ❩❛♥✐♥❡❧❧✐✱ R❤✐❧✐♣ ❈❧✐♥❣❛♥✱ ❏♦❤♥ ❇1✐❞❣❡✲

✇❛'❡1✱ ❡' ❛❧✳ ❖①❛❧✐♣❧❛'✐♥✱ ✢✉♦1♦✉1❛❝✐❧✱ ❛♥❞ ❧❡✉❝♦✈♦1✐♥ ❛* ❛❞❥✉✈❛♥' '1❡❛'♠❡♥' ❢♦1 ❝♦❧♦♥

❝❛♥❝❡1✳ ◆❡✇ ❊♥❣❧❛♥❞ ❏♦✉%♥❛❧ ♦❢ ▼❡❞✐❝✐♥❡✱ ✸✺✵✭✷✸✮✿✷✸✹✸✕✷✸✺✶✱ ✷✵✵✹✳

❬✽✶❪ ❇❡♥❣' ●❧✐♠❡❧✐✉* ❛♥❞ ◆✐♥❛ ❈❛✈❛❧❧✐✲❇❥b1❦♠❛♥✳ ▼❡'❛*'❛'✐❝ ❝♦❧♦1❡❝'❛❧ ❝❛♥❝❡1✿ ❝✉11❡♥' '1❡❛'✲
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❬✶✵✵❪ ❏❡♥1 ❋ ❘❡❤❢❡❧❞✳ ❈❤♦❧❡❝②16♦❦✐♥✐♥✖❢4♦♠ ❧♦❝❛❧ ❣✉6 ❤♦4♠♦♥❡ 6♦ ✉❜✐b✉✐6♦✉1 ♠❡11❡♥❣❡4✳ ❋&♦♥✲

3✐❡&- ✐♥ ❡♥❞♦❝&✐♥♦❧♦❣②✱ ✽✿✹✼✱ ✷✵✶✼✳

❬✶✵✶❪ ▲✲■ ▲❛411♦♥ ❛♥❞ ❏❋ ❘❡❤❢❡❧❞✳ ❊✈✐❞❡♥❝❡ ❢♦4 ❛ ❝♦♠♠♦♥ ❡✈♦❧✉6✐♦♥❛4② ♦4✐❣✐♥ ♦❢ ❣❛164✐♥ ❛♥❞

❝❤♦❧❡❝②16♦❦✐♥✐♥✳ ◆❛3✉&❡✱ ✷✻✾✭✺✻✷✻✮✿✸✸✺✱ ✶✾✼✼✳
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❬✶✵✷❪ ■'❛❜❡❧❧❡ ❙❝❤❡❡/'✱ ❏❏ 2❛❧❡/♠♦✱ ❙ ❋/❡❡❞♠❛♥✱ ▼ ❲✐❧'❝❤❛♥'❦✐✱ ❯ ❙❤❛❤✱ ▼ ❆❜✉✲❊❧✲❍❛❥✐❛✱

❇ ❇❛/D❤✱ ❉❙ ❋✐'❤♠❛♥✱ ❈ ●❛/✐❡♣②✱ ▼❏ ●✐❡❢❡/✱ ❡D ❛❧✳ ◆❝❜✐♥❝❜✐ ❧♦❣♦ '❦✐♣ D♦ ♠❛✐♥ ❝♦♥D❡♥D

'❦✐♣ D♦ ♥❛✈✐❣❛D✐♦♥ /❡'♦✉/❝❡' ❤♦✇ D♦ ❛❜♦✉D ♥❝❜✐ ❛❝❝❡''❦❡②' '✐❣♥ ✐♥ D♦ ♥❝❜✐ ♣✉❜♠❡❞ ✉'

♥❛D✐♦♥❛❧ ❧✐❜/❛/② ♦❢ ♠❡❞✐❝✐♥❡ ♥❛D✐♦♥❛❧ ✐♥'D✐D✉D❡' ♦❢ ❤❡❛❧D❤ '❡❛/❝❤ ❞❛D❛❜❛'❡ '❡❛/❝❤ D❡/♠ ❝❧❡❛/

✐♥♣✉D ❛❞✈❛♥❝❡❞ ❤❡❧♣ /❡'✉❧D ✜❧D❡/' ❢♦/♠❛D✿ ❆❜'D/❛❝D '❡♥❞ D♦ ❥ ♣❡❞✐❛D/ ❣❛'D/♦❡♥D❡/♦❧ ♥✉D/✳

✷✵✶✽ ♠❛② ✾✳ ❏♦✉#♥❛❧ ♦❢ (❡❞✐❛,#✐❝ ●❛/,#♦❡♥,❡#♦❧♦❣② ❛♥❞ ◆✉,#✐,✐♦♥✱ ✷✵✶✽✳

❬✶✵✸❪ ❨♦♦'✉❦❡ ❚❛❦❛❤❛'❤✐✱ ❑✐❦✉②❛ ❑❛D♦✱ ❨♦'❤✐❤✐❞❡ ❍❛②❛'❤✐③❛❦✐✱ ❚♦'❤✐❛❦✐ ❲❛❦❛❜❛②❛'❤✐✱ ❊✐❦♦

❖❤D'✉❦❛✱ ❙❤✐❣❡/✉ ▼❛D'✉❦✐✱ ▼♦/✐♦ ■❦❡❤❛/❛✱ ❛♥❞ ❑❡♥✐❝❤✐ ▼❛D'✉❜❛/❛✳ ▼♦❧❡❝✉❧❛/ ❝❧♦♥✐♥❣

♦❢ D❤❡ ❤✉♠❛♥ ❝❤♦❧❡❝②'D♦❦✐♥✐♥ ❣❡♥❡ ❜② ✉'❡ ♦❢ ❛ '②♥D❤❡D✐❝ ♣/♦❜❡ ❝♦♥D❛✐♥✐♥❣ ❞❡♦①②✐♥♦'✐♥❡✳

(#♦❝❡❡❞✐♥❣/ ♦❢ ,❤❡ ◆❛,✐♦♥❛❧ ❆❝❛❞❡♠② ♦❢ ❙❝✐❡♥❝❡/✱ ✽✷✭✼✮✿✶✾✸✶✕✶✾✸✺✱ ✶✾✽✺✳

❬✶✵✹❪ ❯❡❧✐ ●✉❜❧❡/✱ ❆♥♥❡ ❖ ❈❤✉❛✱ ❇❡D❤ ❏ ❍♦✛♠❛♥✱ ❑❡♥♥❡D❤ ❏ ❈♦❧❧✐❡/✱ ❛♥❞ ❏♦❤♥ ❊♥❣✳ ❈❧♦♥❡❞

❝❞♥❛ D♦ ❝❤♦❧❡❝②'D♦❦✐♥✐♥ ♠/♥❛ ♣/❡❞✐❝D' ❛♥ ✐❞❡♥D✐❝❛❧ ♣/❡♣/♦❝❤♦❧❡❝②'D♦❦✐♥✐♥ ✐♥ ♣✐❣ ❜/❛✐♥ ❛♥❞

❣✉D✳ (#♦❝❡❡❞✐♥❣/ ♦❢ ,❤❡ ◆❛,✐♦♥❛❧ ❆❝❛❞❡♠② ♦❢ ❙❝✐❡♥❝❡/✱ ✽✶✭✶✹✮✿✹✸✵✼✕✹✸✶✵✱ ✶✾✽✹✳

❬✶✵✺❪ ❘❏ ❉❡'❝❤❡♥❡'✱ ❘❙ ❍❛✉♥✱ ❈❤ ▲ ❋✉♥❝❦❡'✱ ❛♥❞ ❏❊ ❉✐①♦♥✳ ❆ ❣❡♥❡ ❡♥❝♦❞✐♥❣ /❛D ❝❤♦❧❡✲

❝②'D♦❦✐♥✐♥✳ ✐'♦❧❛D✐♦♥✱ ♥✉❝❧❡♦D✐❞❡ '❡c✉❡♥❝❡✱ ❛♥❞ ♣/♦♠♦D❡/ ❛❝D✐✈✐D②✳ ❏♦✉#♥❛❧ ♦❢ ❇✐♦❧♦❣✐❝❛❧

❈❤❡♠✐/,#②✱ ✷✻✵✭✷✮✿✶✷✽✵✕✶✷✽✻✱ ✶✾✽✺✳

❬✶✵✻❪ ❑✐❦✉②❛ ❑❛D♦✱ ❨♦'❤✐❤✐❞❡ ❍❛②❛'❤✐③❛❦✐✱ ❨♦♦'✉❦❡ ❚❛❦❛❤❛'❤✐✱ ❙❡✐✐❝❤✐ ❍✐♠❡♥♦✱ ❛♥❞ ❑❡♥✐❝❤✐

▼❛D'✉❜❛/❛✳ ▼♦❧❡❝✉❧❛/ ❝❧♦♥✐♥❣ ♦❢ D❤❡ ❤✉♠❛♥ ❣❛'D/✐♥ ❣❡♥❡✳ ◆✉❝❧❡✐❝ ❛❝✐❞/ #❡/❡❛#❝❤✱

✶✶✭✷✸✮✿✽✶✾✼✕✽✷✵✸✱ ✶✾✽✸✳

❬✶✵✼❪ ❖ ❏♦♦♥ ❨♦♦✱ ❈ ❚❤♦♠❛' 2♦✇❡❧❧✱ ❛♥❞ ❑❛♥ ▲ ❆❣❛/✇❛❧✳ ▼♦❧❡❝✉❧❛/ ❝❧♦♥✐♥❣ ❛♥❞ ♥✉❝❧❡♦D✐❞❡

'❡c✉❡♥❝❡ ♦❢ ❢✉❧❧✲❧❡♥❣D❤ ♦❢ ❝❞♥❛ ❝♦❞✐♥❣ ❢♦/ ♣♦/❝✐♥❡ ❣❛'D/✐♥✳ (#♦❝❡❡❞✐♥❣/ ♦❢ ,❤❡ ◆❛,✐♦♥❛❧

❆❝❛❞❡♠② ♦❢ ❙❝✐❡♥❝❡/✱ ✼✾✭✹✮✿✶✵✹✾✕✶✵✺✸✱ ✶✾✽✷✳

❬✶✵✽❪ ❘♦❜❡/D ❏ ❉❡'❝❤❡♥❡'✱ ▲♦/✐ ❏ ▲♦/❡♥③✱ ❘❛♥❞② ❙ ❍❛✉♥✱ ❇❡/♥❛/❞ ❆ ❘♦♦'✱ ❑❡♥♥❡D❤ ❏ ❈♦❧❧✐❡/✱

❛♥❞ ❏❛❝❦ ❊ ❉✐①♦♥✳ ❈❧♦♥✐♥❣ ❛♥❞ '❡c✉❡♥❝❡ ❛♥❛❧②'✐' ♦❢ ❛ ❝❞♥❛ ❡♥❝♦❞✐♥❣ /❛D ♣/❡♣/♦❝❤♦❧❡❝②'✲

D♦❦✐♥✐♥✳ (#♦❝❡❡❞✐♥❣/ ♦❢ ,❤❡ ◆❛,✐♦♥❛❧ ❆❝❛❞❡♠② ♦❢ ❙❝✐❡♥❝❡/✱ ✽✶✭✸✮✿✼✷✻✕✼✸✵✱ ✶✾✽✹✳

❬✶✵✾❪ ❱ ▼✉DD ❛♥❞ ❊ ❏♦/♣❡'✳ ❍♦/♠♦♥❛❧ ♣♦❧②♣❡♣D✐❞❡' ♦❢ D❤❡ ✉♣♣❡/ ✐♥D❡'D✐♥❡✳ ❇✐♦❝❤❡♠✐❝❛❧ ❥♦✉#♥❛❧✱

✶✷✺✭✸✮✿✺✼2✱ ✶✾✼✶✳

❬✶✶✵❪ ❏❋ ❘❡❤❢❡❧❞ ❛♥❞ ❍ ❋/❡❞❡ ❍❛♥'❡♥✳ ❈❤❛/❛❝D❡/✐③❛D✐♦♥ ♦❢ ♣/❡♣/♦❝❤♦❧❡❝②'D♦❦✐♥✐♥ ♣/♦❞✉❝D' ✐♥

D❤❡ ♣♦/❝✐♥❡ ❝❡/❡❜/❛❧ ❝♦/D❡①✳ ❡✈✐❞❡♥❝❡ ♦❢ ❞✐✛❡/❡♥D ♣/♦❝❡''✐♥❣ ♣❛D❤✇❛②'✳ ❏♦✉#♥❛❧ ♦❢ ❇✐♦❧♦❣✐❝❛❧

❈❤❡♠✐/,#②✱ ✷✻✶✭✶✸✮✿✺✽✸✷✕✺✽✹✵✱ ✶✾✽✻✳

❬✶✶✶❪ ❏❋ ❘❡❤❢❡❧❞✱ ● ❙✉♥✱ ❚ ❈❤/✐'D❡♥'❡♥✱ ❛♥❞ ❏● ❍✐❧❧✐♥❣'f✳ ❚❤❡ ♣/❡❞♦♠✐♥❛♥D ❝❤♦❧❡❝②'D♦❦✐♥✐♥ ✐♥

❤✉♠❛♥ ♣❧❛'♠❛ ❛♥❞ ✐♥D❡'D✐♥❡ ✐' ❝❤♦❧❡❝②'D♦❦✐♥✐♥✲✸✸✳ ❚❤❡ ❏♦✉#♥❛❧ ♦❢ ❈❧✐♥✐❝❛❧ ❊♥❞♦❝#✐♥♦❧♦❣②

✫ ▼❡,❛❜♦❧✐/♠✱ ✽✻✭✶✮✿✷✺✶✕✷✺✽✱ ✷✵✵✶✳
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❬✶✶✷❪ ❊&♣❡) ❇♦❡❧✱ ❏❡♥& ❱✉✉&2✱ ❋❛♥♥② ◆♦))✐&✱ ❑❥❡❧❞ ◆♦))✐&✱ ❆♥❡22❡ ❲✐♥❞✱ ❏❡♥& ❋ ❘❡❤❢❡❧❞✱ ❛♥❞

❑❥❡❧❞ ❆ ▼❛)❝❦❡)✳ ▼♦❧❡❝✉❧❛) ❝❧♦♥✐♥❣ ♦❢ ❤✉♠❛♥ ❣❛&2)✐♥ ❝❞♥❛✿ ❡✈✐❞❡♥❝❡ ❢♦) ❡✈♦❧✉2✐♦♥ ♦❢

❣❛&2)✐♥ ❜② ❣❡♥❡ ❞✉♣❧✐❝❛2✐♦♥✳  !♦❝❡❡❞✐♥❣) ♦❢ +❤❡ ◆❛+✐♦♥❛❧ ❆❝❛❞❡♠② ♦❢ ❙❝✐❡♥❝❡)✱ ✽✵✭✶✵✮✿✷✽✻✻✕

✷✽✻✾✱ ✶✾✽✸✳

❬✶✶✸❪ ❑❛2❤)②♥ ▼▼❛)&❤❛❧❧✱ ❖♥❡❡❧ Q❛2❡❧✱ ●✐❛♥♥✐ ❇)❛♠❛♥2❡✱ ▼❛)✐❡ ▲❛✈❛❧✱ ▼✐❧❞)❡❞ ❨✐♠✱ ●)❛❤❛♠ ❙

❇❛❧❞✇✐♥✱ ❛♥❞ ❆)2❤✉) ❙❤✉❧❦❡&✳ ❚❤❡ ❝✲2❡)♠✐♥❛❧ ✢❛♥❦✐♥❣ ♣❡♣2✐❞❡ ♦❢ ♣)♦❣❛&2)✐♥ ✐♥❞✉❝❡& ❣❛&2)✐❝

❝❡❧❧ ❛♣♦♣2♦&✐& ❛♥❞ &2✐♠✉❧❛2❡& ❝♦❧♦♥✐❝ ❝❡❧❧ ❞✐✈✐&✐♦♥ ✐♥ ✈✐✈♦✳  ❡♣+✐❞❡)✱ ✹✻✿✽✸✕✾✸✱ ✷✵✶✸✳

❬✶✶✹❪ ❏❡♥& ❋ ❘❡❤❢❡❧❞✱ ▲❡♥♥❛)2 ❋)✐✐&✲❍❛♥&❡♥✱ ❏❡♥& Q ●♦❡2③❡✱ ❛♥❞ ❚❤♦♠❛& ❱❖ ❍❛♥&❡♥✳ ❚❤❡

❜✐♦❧♦❣② ♦❢ ❝❤♦❧❡❝②&2♦❦✐♥✐♥ ❛♥❞ ❣❛&2)✐♥ ♣❡♣2✐❞❡&✳ ❈✉!!❡♥+ +♦♣✐❝) ✐♥ ♠❡❞✐❝✐♥❛❧ ❝❤❡♠✐)+!②✱

✼✭✶✷✮✿✶✶✺✹✕✶✶✻✺✱ ✷✵✵✼✳
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❬✶✸✶❪ ❚❛♥♥✉ ❑✉♠❛%✐✱ ❇❤❛8❦❛% H❛♥9✱ ❛♥❞ ❑❛♠❛❧%❛❥ ❘❛❥ H❛%❞❛8❛♥✐✳ ❆ ♠♦❞❡❧ ❢♦% 9❤❡ ❡✈❛❧✉❛9✐♦♥

♦❢ ❞♦♠❛✐♥ ❜❛8❡❞ ❝❧❛88✐✜❝❛9✐♦♥ ♦❢ ❣♣❝%✳ ❇✐♦✐♥❢♦%♠❛5✐♦♥✱ ✹✭✹✮✿✶✸✽✱ ✷✵✵✾✳

❬✶✸✷❪ ❈ ▼✉♥❦✱ ❱ ■8❜❡%❣✱ ❙ ▼♦%❞❛❧8❦✐✱ ❑ ❍❛%♣8i❡✱ ❑ ❘❛9❛❥✱ ❆❙ ❍❛✉8❡%✱ H ❑♦❧❜✱ ❆❏ ❇♦❥❛%8❦✐✱

● ❱%✐❡♥❞✱ ❛♥❞ ❉❊ ●❧♦%✐❛♠✳ ●♣❝%❞❜✿ 9❤❡ ❣ ♣%♦9❡✐♥✲❝♦✉♣❧❡❞ %❡❝❡♣9♦% ❞❛9❛❜❛8❡✕❛♥ ✐♥9%♦✲

❞✉❝9✐♦♥✳ ❇%✐5✐&❤ ❥♦✉%♥❛❧ ♦❢ ♣❤❛%♠❛❝♦❧♦❣②✱ ✶✼✸✭✶✹✮✿✷✶✾✺✕✷✷✵✼✱ ✷✵✶✻✳
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❬✶✸✸❪ ● ❊♥(✐❝♦ ❘♦✈❛/✐✱ ❱❛❧3(✐❡ ❈❛♣(❛✱ ❛♥❞ ❘✐❝❤❛(❞ ❘ ◆❡✉❜✐❣✳ ❚❤❡ ❤✐❣❤❧② ❝♦♥@❡(✈❡❞ ❞(② ♠♦/✐❢

♦❢ ❝❧❛@@ ❛❣ ♣(♦/❡✐♥✲❝♦✉♣❧❡❞ (❡❝❡♣/♦(@✿ ❜❡②♦♥❞ /❤❡ ❣(♦✉♥❞ @/❛/❡✳ ▼♦❧❡❝✉❧❛' ♣❤❛'♠❛❝♦❧♦❣②✱

✼✶✭✹✮✿✾✺✾✕✾✻✹✱ ✷✵✵✼✳

❬✶✸✹❪ ❈❛②❧❡ ❙ ▲✐@❡♥❜❡❡✱ ▼❛♦Q✐♥❣ ❉♦♥❣✱ ❛♥❞ ▲❛✉(❡♥❝❡ ❏ ▼✐❧❧❡(✳ T❛✐(❡❞ ❝②@/❡✐♥❡ ♠✉/❛❣❡♥❡@✐@ /♦

❡@/❛❜❧✐@❤ /❤❡ ♣❛//❡(♥ ♦❢ ❞✐@✉❧✜❞❡ ❜♦♥❞@ ✐♥ /❤❡ ❢✉♥❝/✐♦♥❛❧ ✐♥/❛❝/ @❡❝(❡/✐♥ (❡❝❡♣/♦(✳ ❏♦✉'♥❛❧

♦❢ ❇✐♦❧♦❣✐❝❛❧ ❈❤❡♠✐34'②✱ ✷✽✵✭✶✸✮✿✶✷✸✸✵✕✶✷✸✸✽✱ ✷✵✵✺✳

❬✶✸✺❪ ❍@✐❡♥✲②✉ ❲❛♥❣✱ ❚♦♥❣ ▲✐✉✱ ❛♥❞ ❈(❛✐❣ ❈ ▼❛❧❜♦♥✳ ❙/(✉❝/✉(❡✲❢✉♥❝/✐♦♥ ❛♥❛❧②@✐@ ♦❢ ❢(✐③③❧❡❞@✳

❈❡❧❧✉❧❛' 3✐❣♥❛❧❧✐♥❣✱ ✶✽✭✼✮✿✾✸✹✕✾✹✶✱ ✷✵✵✻✳

❬✶✸✻❪ ❏❛②❛(❛♠ ❈❤❛♥❞(❛@❤❡❦❛(✱ ❑❡♥ ▲ ▼✉❡❧❧❡(✱ ▼❛(❦ ❆ ❍♦♦♥✱ ❊❧❧✐♦/ ❆❞❧❡(✱ ▲✉①✐♥ ❋❡♥❣✱ ❲❡✐

●✉♦✱ ❈❤❛(❧❡@ ❙ ❩✉❦❡(✱ ❛♥❞ ◆✐❝❤♦❧❛@ ❏T ❘②❜❛✳ ❚✷(@ ❢✉♥❝/✐♦♥ ❛@ ❜✐//❡( /❛@/❡ (❡❝❡♣/♦(@✳

❈❡❧❧✱ ✶✵✵✭✻✮✿✼✵✸✕✼✶✶✱ ✷✵✵✵✳

❬✶✸✼❪ ❏❡❛♥ ❈❤(✐@/♦♣❤❡✱ T❤✐❧✐♣♣❡ ❉❡ ◆❡❡❢✱ ▼♦♥✐Q✉❡ ❉❊❙❈❍❖❉❚✲▲❆◆❈❑▼❆◆✱ ❛♥❞ T❛/(✐❝❦

❘♦❜❜❡(❡❝❤/✳ ❚❤❡ ✐♥/❡(❛❝/✐♦♥ ♦❢ ❝❛❡(✉❧❡✐♥ ✇✐/❤ /❤❡ (❛/ ♣❛♥❝(❡❛@✿ ✷✳ @♣❡❝✐✜❝ ❜✐♥❞✐♥❣ ♦❢ ❬✸❤❪

❝❛❡(✉❧❡✐♥ ♦♥ ❞✐@♣❡(@❡❞ ❛❝✐♥❛( ❝❡❧❧@✳ ❊✉'♦♣❡❛♥ ❥♦✉'♥❛❧ ♦❢ ❜✐♦❝❤❡♠✐34'②✱ ✾✶✭✶✮✿✸✶✕✸✽✱ ✶✾✼✽✳

❬✶✸✽❪ ❙❛♥❞(✐♥❡ ❙■▲❱❊◆❚❊✲T❖■❘❖❚✱ ▼❛(❧c♥❡ ❉✉❢(❡@♥❡✱ ◆✐❝♦❧❡ ❱❛②@@❡✱ ❛♥❞ ❉❛♥✐❡❧ ❋♦✉(♠②✳ ❚❤❡

♣❡(✐♣❤❡(❛❧ ❝❤♦❧❡❝②@/♦❦✐♥✐♥ (❡❝❡♣/♦(@✳ ❊✉'♦♣❡❛♥ ❥♦✉'♥❛❧ ♦❢ ❜✐♦❝❤❡♠✐34'②✱ ✷✶✺✭✸✮✿✺✶✸✕✺✷✾✱

✶✾✾✸✳

❬✶✸✾❪ ❑❆❩❯❍■❘❖ ■✇❛@❡✱ ❇ ▼❆❘❑ ❊✈❡(@✱ ▼❆❘❑ ❘ ❍❡❧❧♠✐❝❤✱ ❨❙ ●✉♦✱ ❙ ❍✐❣❛@❤✐❞❡✱ ❍❏ ❑✐♠✱

❛♥❞ ❈▼ ❚♦✇♥@❡♥❞ ❏(✳ ❘❡❣✉❧❛/✐♦♥ ♦❢ ❣(♦✇/❤ ♦❢ ❤✉♠❛♥ ❣❛@/(✐❝ ❝❛♥❝❡( ❜② ❣❛@/(✐♥ ❛♥❞

❣❧②❝✐♥❡✲❡①/❡♥❞❡❞ ♣(♦❣❛@/(✐♥✳ ●❛34'♦❡♥4❡'♦❧♦❣②✱ ✶✶✸✭✸✮✿✼✽✷✕✼✾✵✱ ✶✾✾✼✳

❬✶✹✵❪ ❈❛/❤❡(✐♥❡ ❙❡✈❛✱ ❈❤(✐@ ❏ ❉✐❝❦✐♥@♦♥✱ ❛♥❞ ❚❛❞❛/❛❦❛ ❨❛♠❛❞❛✳ ●(♦✇/❤✲♣(♦♠♦/✐♥❣ ❡✛❡❝/@ ♦❢

❣❧②❝✐♥❡✲❡①/❡♥❞❡❞ ♣(♦❣❛@/(✐♥✳ ❙❝✐❡♥❝❡✱ ✷✻✺✭✺✶✼✵✮✿✹✶✵✕✹✶✷✱ ✶✾✾✹✳

❬✶✹✶❪ ●(❛❤❛♠ ❙ ❇❛❧❞✇✐♥✱ ❘♦@❡♠❛(② ❈❤❛♥❞❧❡(✱ ❉❴❇ ❙❝❛♥❧♦♥✱ ❛♥❞ ❏❛♥❡/ ❲❡✐♥@/♦❝❦✳ ■❞❡♥/✐✜❝❛✲

/✐♦♥ ♦❢ ❛ ❣❛@/(✐♥ ❜✐♥❞✐♥❣ ♣(♦/❡✐♥ ✐♥ ♣♦(❝✐♥❡ ❣❛@/(✐❝ ♠✉❝♦@❛❧ ♠❡♠❜(❛♥❡@ ❜② ❝♦✈❛❧❡♥/ ❝(♦@@✲

❧✐♥❦✐♥❣ ✇✐/❤ ✐♦❞✐♥❛/❡❞ ❣❛@/(✐♥✳ ❏♦✉'♥❛❧ ♦❢ ❇✐♦❧♦❣✐❝❛❧ ❈❤❡♠✐34'②✱ ✷✻✶✭✷✻✮✿✶✷✷✺✷✕✶✷✷✺✼✱

✶✾✽✻✳

❬✶✹✷❪ ●(❛❤❛♠ ❙ ❇❛❧❞✇✐♥✳ ❇✐♥❞✐♥❣ ♦❢ ♣(♦❣❛@/(✐♥ ❢(❛❣♠❡♥/@ /♦ /❤❡ ✼✽ ❦❞❛ ❣❛@/(✐♥✲❜✐♥❞✐♥❣ ♣(♦/❡✐♥✳

❋❊❇❙ ❧❡44❡'3✱ ✸✺✾✭✶✮✿✾✼✕✶✵✵✱ ✶✾✾✺✳

❬✶✹✸❪ T♦♠✐❧❛ ❙✐♥❣❤✳ ❘♦❧❡ ♦❢ ❛♥♥❡①✐♥✲✐✐ ✐♥ ❣✐ ❝❛♥❝❡(@✿ ✐♥/❡(❛❝/✐♦♥ ✇✐/❤ ❣❛@/(✐♥@✴♣(♦❣❛@/(✐♥@✳

❈❛♥❝❡' ❧❡44❡'3✱ ✷✺✷✭✶✮✿✶✾✕✸✺✱ ✷✵✵✼✳

❬✶✹✹❪ ❆❧✐♥❡ ❑♦✇❛❧@❦✐✲❈❤❛✉✈❡❧✱ ❙♦✉❛❞ ◆❛❥✐❜✱ ■(✐♥❛ ● ❚✐❦❤♦♥♦✈❛✱ ▲❛✉(❡♥❝❡ ❍✉❝✱ ❋(❡❞3(✐❝ ▲♦♣❡③✱

▲❛✉(❡♥/ ❖ ▼❛(/✐♥❡③✱ ❊❧✐③❛❜❡/❤ ❈♦❤❡♥✲❏♦♥❛/❤❛♥✲▼♦②❛❧✱ ❆✉❞(❡② ❋❡((❛♥❞✱ ❛♥❞ ❈❛/❤❡(✐♥❡
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❙❡✈❛✳ ■❞❡♥+✐✜❝❛+✐♦♥ ♦❢ +❤❡ ❢✶✲❛+♣❛4❡ ❛+ +❤❡ ❝❡❧❧ 4✉7❢❛❝❡ ♦❢ ❝♦❧♦♥✐❝ ❡♣✐+❤❡❧✐❛❧ ❝❡❧❧4 7♦❧❡ ✐♥

♠❡❞✐❛+✐♥❣ ❝❡❧❧ ♣7♦❧✐❢❡7❛+✐♦♥✳ ❏♦✉#♥❛❧ ♦❢ ❇✐♦❧♦❣✐❝❛❧ ❈❤❡♠✐01#②✱ ✷✽✼✭✹✾✮✿✹✶✹✺✽✕✹✶✹✻✽✱ ✷✵✶✷✳

❬✶✹✺❪ ❨▼ ▲❡❡✱ ▼ ❇❡✐♥❜♦7♥✱ ❊❲ ▼❝❇7✐❞❡✱ ▼■◆● ▲✉✱ ▲❋ ❑♦❧❛❦♦✇4❦✐✱ ❛♥❞ ❆❙ ❑♦♣✐♥✳ ❚❤❡

❤✉♠❛♥ ❜7❛✐♥ ❝❤♦❧❡❝②4+♦❦✐♥✐♥✲❜✴❣❛4+7✐♥ 7❡❝❡♣+♦7✳ ❝❧♦♥✐♥❣ ❛♥❞ ❝❤❛7❛❝+❡7✐③❛+✐♦♥✳ ❏♦✉#♥❛❧ ♦❢

❇✐♦❧♦❣✐❝❛❧ ❈❤❡♠✐01#②✱ ✷✻✽✭✶✶✮✿✽✶✻✹✕✽✶✻✾✱ ✶✾✾✸✳

❬✶✹✻❪ ❙❛♥❞7✐♥❡ ❙✐❧✈❡♥+❡✲Z♦✐7♦+✱ ❈❤❛♥+❛❧ ❊4❝7✐❡✉+✱ ❛♥❞ ❙+❡♣❤❡♥ ❆ ❲❛♥❦✳ ❘♦❧❡ ♦❢ +❤❡ ❡①+7❛❝❡❧❧✉✲

❧❛7 ❞♦♠❛✐♥4 ♦❢ +❤❡ ❝❤♦❧❡❝②4+♦❦✐♥✐♥ 7❡❝❡♣+♦7 ✐♥ ❛❣♦♥✐4+ ❜✐♥❞✐♥❣✳ ▼♦❧❡❝✉❧❛# 4❤❛#♠❛❝♦❧♦❣②✱

✺✹✭✷✮✿✸✻✹✕✸✼✶✱ ✶✾✾✽✳

❬✶✹✼❪ ❉❆ ❲❛❧4❤✱ ❏♦❤♥ Z Z❡7❦✐♥4✱ ❛♥❞ ❊❞✇✐♥ ● ❑7❡❜4✳ ❆♥ ❛❞❡♥♦4✐♥❡ ✸✬✱ ✺✬✲♠♦♥♦♣❤♦4♣❤❛+❡✲

❞❡♣❡♥❞❛♥+ ♣7♦+❡✐♥ ❦✐♥❛4❡ ❢7♦♠ 7❛❜❜✐+ 4❦❡❧❡+❛❧ ♠✉4❝❧❡✳ ❏♦✉#♥❛❧ ♦❢ ❇✐♦❧♦❣✐❝❛❧ ❈❤❡♠✐01#②✱

✷✹✸✭✶✸✮✿✸✼✻✸✕✸✼✻✺✱ ✶✾✻✽✳
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❬✶✾✻❪ ▲❡♥♥❛98 ❋9✐✐7✲❍❛♥7❡♥✱ ❋9❛♥❦ ❙✉♥❞❧❡9✱ ❨✐♥❣ ▲✐✱ Y❛89✐❝❦ ❏ ●✐❧❧❡7♣✐❡✱ ❚❤♦♠❛7 ▲ ❙❛✉♥✲

❞❡97✱ ❏♦❡❧ ❑ ●9❡❡♥7♦♥✱ ❈❤✉♥❣ ❖✇②❛♥❣✱ ❏❡♥7 ❋ ❘❡❤❢❡❧❞✱ ❛♥❞ ▲✐♥❞❛ ❈ ❙❛♠✉❡❧7♦♥✳ ■♠✲

♣❛✐9❡❞ ❣❛789✐❝ ❛❝✐❞ 7❡❝9❡8✐♦♥ ✐♥ ❣❛789✐♥✲❞❡✜❝✐❡♥8 ♠✐❝❡✳ ❆♠❡,✐❝❛♥ ❏♦✉,♥❛❧ ♦❢ A❤②!✐♦❧♦❣②✲

●❛!%,♦✐♥%❡!%✐♥❛❧ ❛♥❞ ▲✐✈❡, A❤②!✐♦❧♦❣②✱ ✷✼✹✭✸✮✿●✺✻✶✕●✺✻✽✱ ✶✾✾✽✳

❬✶✾✼❪ ❍▲ ❲❛❧❞✉♠✱ ❊ ❇9❡♥♥❛✱ ❆❑ ❙❛♥❞✈✐❦✱ ❛♥❞ ❍ Y❡8❡97❡♥✳ ❙❡77✐♦♥ ✺✿ ❚9♦♣❤✐❝ ❡✛❡❝8 ♦❢ ❤✐7✲

8❛♠✐♥❡ ♦♥ 8❤❡ 78♦♠❛❝❤✳ ❙❝❛♥❞✐♥❛✈✐❛♥ ❏♦✉,♥❛❧ ♦❢ ●❛!%,♦❡♥%❡,♦❧♦❣②✱ ✷✻✭7✉♣✶✽✵✮✿✶✸✼✕✶✹✷✱

✶✾✾✶✳

❬✶✾✽❪ ❍✐9♦❦❛③✉ ❋✉❦✉✐✱ ❨♦7❤✐❦❛③✉ ❑✐♥♦7❤✐8❛✱ ❚♦9✉ ▼❛❡❦❛✇❛✱ ❆❦✐❤✐❦♦ ❖❦❛❞❛✱ ❙❤✐♥②❛ ❲❛❦✐✱

▼❞ ❙❛③③❛❞ ❍❛77❛♥✱ ❍✐9♦7❤✐ ❖❦❛♠♦8♦✱ ❛♥❞ ❚7✉8♦♠✉ ❈❤✐❜❛✳ ❘❡❣❡♥❡9❛8✐♥❣ ❣❡♥❡ ♣9♦8❡✐♥

♠❛② ♠❡❞✐❛8❡ ❣❛789✐❝ ♠✉❝♦7❛❧ ♣9♦❧✐❢❡9❛8✐♦♥ ✐♥❞✉❝❡❞ ❜② ❤②♣❡9❣❛789✐♥❡♠✐❛ ✐♥ 9❛87✳ ●❛!%,♦❡♥✲

%❡,♦❧♦❣②✱ ✶✶✺✭✻✮✿✶✹✽✸✕✶✹✾✸✱ ✶✾✾✽✳
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❬✶✾✾❪ ❚■▼❖❚❍❨ ❈ ❲❛♥❣ ❛♥❞ ❙❚❊4❍❊◆ ❏ ❇8❛♥❞✳ ❋✉♥❝=✐♦♥ ❛♥❞ 8❡❣✉❧❛=✐♦♥ ♦❢ ❣❛C=8✐♥ ✐♥

=8❛♥C❣❡♥✐❝ ♠✐❝❡✿ ❛ 8❡✈✐❡✇✳ ❚❤❡ ❨❛❧❡ ❥♦✉)♥❛❧ ♦❢ ❜✐♦❧♦❣② ❛♥❞ ♠❡❞✐❝✐♥❡✱ ✻✺✭✻✮✿✼✵✺✱ ✶✾✾✷✳

❬✷✵✵❪ ❙❏ ❇8❛♥❞✱ ❇◆ ❆♥❞❡8C❡♥✱ ❛♥❞ ❏❋ ❘❡❤❢❡❧❞✳ ❈♦♠♣❧❡=❡ =②8♦C✐♥❡✲♦✲C✉❧♣❤❛=✐♦♥ ♦❢ ❣❛C=8✐♥ ✐♥

♥❡♦♥❛=❛❧ 8❛= ♣❛♥❝8❡❛C✳ ◆❛4✉)❡✱ ✸✵✾✭✺✾✻✼✮✿✹✺✻✱ ✶✾✽✹✳

❬✷✵✶❪ ❈♦8✐♥♥❡ ❙❛✐❧❧❛♥✲❇❛88❡❛✉✱ ▼❛8❧❡♥❡ ❉✉❢8❡C♥❡✱ 4❛C❝❛❧ ❈❧❡8❝✱ ❉✐❞✐❡8 ❙❛♥❝❤❡③✱ ❍❡❧❡♥❛ ❈♦8♦♠✐✲

♥♦❧❛✱ ❈❤8✐C=✐♥❡ ▼♦8✐C❝♦=✱ ❖❞❡==❡ ●✉②✲❈8♦==❡✱ ❈❤❛♥=❛❧ ❊C❝8✐❡✉=✱ ◆✐❝♦❧❡ ❱❛②CC❡✱ ❘❛♠♦♥

●♦♠✐C✱ ❡= ❛❧✳ ❊✈✐❞❡♥❝❡ ❢♦8 ❛ ❢✉♥❝=✐♦♥❛❧ 8♦❧❡ ♦❢ =❤❡ ❝❤♦❧❡❝②C=♦❦✐♥✐♥✲❜✴❣❛C=8✐♥ 8❡❝❡♣=♦8 ✐♥

=❤❡ ❤✉♠❛♥ ❢❡=❛❧ ❛♥❞ ❛❞✉❧= ♣❛♥❝8❡❛C✳ ❉✐❛❜❡4❡6✱ ✹✽✭✶✵✮✿✷✵✶✺✕✷✵✷✶✱ ✶✾✾✾✳

❬✷✵✷❪ ❘♦❜✐♥ 4 ❇♦✉C❤❡②✱ ❆♠✐8 ❆❜❛❞✐8✱ ❉❛✐C② ❋❧❛♠❡③✱ ▲❛✉8✐❡ ▲ ❇❛❣❣✐♦✱ ❨❛③❤♦✉ ▲✐✱ ❱❡❡8❧❡ ❇❡8❣❡8✱

❇❡CC ❆ ▼❛8C❤❛❧❧✱ ❉✐❛♥❡ ❋✐♥❡❣♦♦❞✱ ❚✐♠♦=❤② ❈ ❲❛♥❣✱ ❋8❛♥C ❙❝❤✉✐=✱ ❡= ❛❧✳ ❍②♣♦❣❧②❝❡♠✐❛✱

❞❡❢❡❝=✐✈❡ ✐C❧❡= ❣❧✉❝❛❣♦♥ C❡❝8❡=✐♦♥✱ ❜✉= ♥♦8♠❛❧ ✐C❧❡= ♠❛CC ✐♥ ♠✐❝❡ ✇✐=❤ ❛ ❞✐C8✉♣=✐♦♥ ♦❢ =❤❡

❣❛C=8✐♥ ❣❡♥❡✳ ●❛64)♦❡♥4❡)♦❧♦❣②✱ ✶✷✺✭✹✮✿✶✶✻✹✕✶✶✼✹✱ ✷✵✵✸✳

❬✷✵✸❪ ❘✉♦✲4❛♥ ❍✉❛♥❣ ❛♥❞ ❊✐❧❡❡♥ ❉ ❆❞❛♠C♦♥✳ ❚❤❡ ♣❤♦C♣❤♦8②❧❛=❡❞ ❢♦8♠C ♦❢ =❤❡ =8❛♥C❝8✐♣=✐♦♥

❢❛❝=♦8✱ ❡❣8✲✶✱ ❜✐♥❞ =♦ ❞♥❛ ♠♦8❡ ❡✣❝✐❡♥=❧② =❤❛♥ ♥♦♥✲♣❤♦C♣❤♦8②❧❛=❡❞✳ ❇✐♦❝❤❡♠✐❝❛❧ ❛♥❞

❜✐♦♣❤②6✐❝❛❧ )❡6❡❛)❝❤ ❝♦♠♠✉♥✐❝❛4✐♦♥6✱ ✷✵✵✭✸✮✿✶✷✼✶✕✶✷✼✻✱ ✶✾✾✹✳

❬✷✵✹❪ ❙=a♣❤❛♥❡ ▲❡✉♥❣✲❚❤❡✉♥❣✲▲♦♥❣✱ ❊♠♠❛♥✉❡❧❧❡ ❘♦✉❧❡=✱ 4❛C❝❛❧ ❈❧❡8❝✱ ❈❤❛♥=❛❧ ❊C❝8✐❡✉=✱ ❙♦✲

♣❤✐❡ ▼❛8❝❤❛❧✲❱✐❝=♦8✐♦♥✱ ❇❡❛=❡ ❘✐=③✲▲❛C❡8✱ ❏❛❝b✉❡C 4❤✐❧✐♣♣❡✱ ▲✉❝✐❡♥ 48❛❞❛②8♦❧✱ ❈❛=❤❡8✐♥❡

❙❡✈❛✱ ❉❛♥✐❡❧ ❋♦✉8♠②✱ ❡= ❛❧✳ ❊CC❡♥=✐❛❧ ✐♥=❡8❛❝=✐♦♥ ♦❢ ❡❣8✲✶ ❛= ❛♥ ✐C❧❡=✲C♣❡❝✐✜❝ 8❡C♣♦♥C❡ ❡❧❡✲

♠❡♥= ❢♦8 ❜❛C❛❧ ❛♥❞ ❣❛C=8✐♥✲❞❡♣❡♥❞❡♥= ❣❧✉❝❛❣♦♥ ❣❡♥❡ =8❛♥C❛❝=✐✈❛=✐♦♥ ✐♥ ♣❛♥❝8❡❛=✐❝ α✲❝❡❧❧C✳

❏♦✉)♥❛❧ ♦❢ ❇✐♦❧♦❣✐❝❛❧ ❈❤❡♠✐64)②✱ ✷✽✵✭✾✮✿✼✾✼✻✕✼✾✽✹✱ ✷✵✵✺✳

❬✷✵✺❪ ❘♦❣❡8 ❍ ❯♥❣❡8✱ ❍❡8♠❛♥♥ ❑❡==❡8❡8✱ ❏♦❤♥ ❉✉♣8a✱ ❛♥❞ ❆♥♥❛ ▼ ❊✐C❡♥=8❛✉=✳ ❚❤❡ ❡✛❡❝=C

♦❢ C❡❝8❡=✐♥✱ ♣❛♥❝8❡♦③②♠✐♥✱ ❛♥❞ ❣❛C=8✐♥ ♦♥ ✐♥C✉❧✐♥ ❛♥❞ ❣❧✉❝❛❣♦♥ C❡❝8❡=✐♦♥ ✐♥ ❛♥❡C=❤❡=✐③❡❞

❞♦❣C✳ ❚❤❡ ❏♦✉)♥❛❧ ♦❢ ❝❧✐♥✐❝❛❧ ✐♥✈❡64✐❣❛4✐♦♥✱ ✹✻✭✹✮✿✻✸✵✕✻✹✺✱ ✶✾✻✼✳

❬✷✵✻❪ ❏❡♥C ❋ ❘❡❤❢❡❧❞ ❛♥❞ ❋❧❡♠♠✐♥❣ ❙=❛❞✐❧✳ ❚❤❡ ❡✛❡❝= ♦❢ ❣❛C=8✐♥ ♦♥ ❜❛C❛❧✲❛♥❞ ❣❧✉❝♦C❡✲C=✐♠✉❧❛=❡❞

✐♥C✉❧✐♥ C❡❝8❡=✐♦♥ ✐♥ ♠❛♥✳ ❚❤❡ ❏♦✉)♥❛❧ ♦❢ ❝❧✐♥✐❝❛❧ ✐♥✈❡64✐❣❛4✐♦♥✱ ✺✷✭✻✮✿✶✹✶✺✕✶✹✷✻✱ ✶✾✼✸✳

❬✷✵✼❪ ❚✐♠♦=❤② ❈ ❲❛♥❣✱ ❙✉C❛♥ ❇♦♥♥❡8✲❲❡✐8✱ 4❤✐❧❧✐♣ ❙ ❖❛=❡C✱ ▼❛8②❜❡=❤ ❈❤✉❧❛❦✱ ❇❛❜❡==❡ ❙✐♠♦♥✱

●❧❡♥♥ ❚ ▼❡8❧✐♥♦✱ ❊♠♠❡== ❱ ❙❝❤♠✐❞=✱ ❛♥❞ ❙=❡♣❤❡♥ ❏ ❇8❛♥❞✳ 4❛♥❝8❡❛=✐❝ ❣❛C=8✐♥ C=✐♠✉❧❛=❡C

✐C❧❡= ❞✐✛❡8❡♥=✐❛=✐♦♥ ♦❢ =8❛♥C❢♦8♠✐♥❣ ❣8♦✇=❤ ❢❛❝=♦8 ❛❧♣❤❛✲✐♥❞✉❝❡❞ ❞✉❝=✉❧❛8 ♣8❡❝✉8C♦8 ❝❡❧❧C✳

❚❤❡ ❏♦✉)♥❛❧ ♦❢ ❝❧✐♥✐❝❛❧ ✐♥✈❡64✐❣❛4✐♦♥✱ ✾✷✭✸✮✿✶✸✹✾✕✶✸✺✻✱ ✶✾✾✸✳

❬✷✵✽❪ ❲✐❧♠❛ ▲ ❙✉❛8❡③✲4✐♥③♦♥✱ ❘♦❜❡8= ❋ 4♦✇❡8✱ ❨❛♥❤✉❛ ❨❛♥✱ ❈❧✐✈❡ ❲❛CC❡8❢❛❧❧✱ ▼❛8❦ ❆=❦✐♥C♦♥✱

❛♥❞ ❆❧❡① ❘❛❜✐♥♦✈✐=❝❤✳ ❈♦♠❜✐♥❛=✐♦♥ =❤❡8❛♣② ✇✐=❤ ❣❧✉❝❛❣♦♥✲❧✐❦❡ ♣❡♣=✐❞❡✲✶ ❛♥❞ ❣❛C=8✐♥

8❡C=♦8❡C ♥♦8♠♦❣❧②❝❡♠✐❛ ✐♥ ❞✐❛❜❡=✐❝ ♥♦❞ ♠✐❝❡✳ ❉✐❛❜❡4❡6✱ ✺✼✭✶✷✮✿✸✷✽✶✕✸✷✽✽✱ ✷✵✵✽✳

❬✷✵✾❪ ❑ ❋♦C❣❡8❛✉✱ ▲ ❏❡CC❡♥✱ ❏ ▲✐♥❞ ❚♦❧❜♦8❣✱ ❚ hC=❡8❧✉♥❞✱ ❑ ❙❝❤i✛❡8 ▲❛8C❡♥✱ ❑ ❘♦❧C=❡❞✱

▼ ❇8♦8C♦♥✱ ❏ ❏❡❧C✐♥❣✱ ❛♥❞ ❚ ❙❦♦✈❧✉♥❞ ❘②❣❡ ◆❡❡8✉♣✳ ❚❤❡ ♥♦✈❡❧ ❣❧♣✲✶✲❣❛C=8✐♥ ❞✉❛❧ ❛❣♦♥✐C=✱
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③♣✸✵✷✷✱ ✐♥❝+❡❛.❡. β✲❝❡❧❧ ♠❛&& ❛♥❞ ♣*❡✈❡♥,& ❞✐❛❜❡,❡& ✐♥ ❞❜✴❞❜ ♠✐❝❡✳ ❉✐❛❜❡%❡&✱ ❖❜❡&✐%② ❛♥❞

▼❡%❛❜♦❧✐&♠✱ ✶✺✭✶✮✿✻✷✕✼✶✱ ✷✵✶✸✳

❬✷✶✵❪ ?❛✇❛♥ ❑✉♠❛* ❙✐♥❣❤✱ ❉❡❜❛&✐&❤ ❍♦,❛✱ ?✐♥❛❦✐ ❉✉,,❛✱ ◆❛*❡&❤ ❙❛❝❤❞❡✈❛✱ ❆♠✐,❛✈❛

❈❤❛❦*❛❜❛*,✐✱ ❆♥❛♥❞ ❙*✐♥✐✈❛&❛♥✱ ■♥❞❡*❥❡❡, ❙✐♥❣❤✱ ❛♥❞ ❆♥✐❧ ❇❤❛♥&❛❧✐✳ ?❛♥,♦♣*❛③♦❧❡ ✐♠✲

♣*♦✈❡& ❣❧②❝❡♠✐❝ ❝♦♥,*♦❧ ✐♥ ,②♣❡ ✷ ❞✐❛❜❡,❡&✿ ❛ *❛♥❞♦♠✐③❡❞✱ ❞♦✉❜❧❡✲❜❧✐♥❞✱ ♣❧❛❝❡❜♦✲❝♦♥,*♦❧❧❡❞

,*✐❛❧✳ ❚❤❡ ❏♦✉4♥❛❧ ♦❢ ❈❧✐♥✐❝❛❧ ❊♥❞♦❝4✐♥♦❧♦❣② ✫ ▼❡%❛❜♦❧✐&♠✱ ✾✼✭✶✶✮✿❊✷✶✵✺✕❊✷✶✵✽✱ ✷✵✶✷✳

❬✷✶✶❪ ❑❉ ❍♦✈❡✱ ❈❤❛*❧♦,,❡ ❇*U♥&✱ ❑ ❋W*❝❤✱ ❙❙ ▲✉♥❞✱ ❏❙ ?❡,❡*&❡♥✱ ❆❊ ❑❛*❧&❡♥✱ ?✐❛ ❘♦&&✐♥❣✱

❏❋ ❘❡❤❢❡❧❞✱ ❛♥❞ ❆ ❱❛❛❣✳ ❊✛❡❝,& ♦❢ ✶✷ ✇❡❡❦&✬ ,*❡❛,♠❡♥, ✇✐,❤ ❛ ♣*♦,♦♥ ♣✉♠♣ ✐♥❤✐❜✐,♦*

♦♥ ✐♥&✉❧✐♥ &❡❝*❡,✐♦♥✱ ❣❧✉❝♦&❡ ♠❡,❛❜♦❧✐&♠ ❛♥❞ ♠❛*❦❡*& ♦❢ ❝❛*❞✐♦✈❛&❝✉❧❛* *✐&❦ ✐♥ ♣❛,✐❡♥,&

✇✐,❤ ,②♣❡ ✷ ❞✐❛❜❡,❡&✿ ❛ *❛♥❞♦♠✐&❡❞ ❞♦✉❜❧❡✲❜❧✐♥❞ ♣*♦&♣❡❝,✐✈❡ ♣❧❛❝❡❜♦✲❝♦♥,*♦❧❧❡❞ &,✉❞②✳

❉✐❛❜❡%♦❧♦❣✐❛✱ ✺✻✭✶✮✿✷✷✕✸✵✱ ✷✵✶✸✳

❬✷✶✷❪ ❲♦✉,❡* ❲ ❱❛♥ ❙♦❧✐♥❣❡✱ ❋✐♥♥ ❈ ◆✐❡❧&❡♥✱ ▲❡♥♥❛*, ❋*✐✐&✲❍❛♥&❡♥✱ ❯*&✉❧❛ ● ❋❛❧❦♠❡*✱ ❛♥❞

❏❡♥& ❋ ❘❡❤❢❡❧❞✳ ❊①♣*❡&&✐♦♥ ❜✉, ✐♥❝♦♠♣❧❡,❡ ♠❛,✉*❛,✐♦♥ ♦❢ ♣*♦❣❛&,*✐♥ ✐♥ ❝♦❧♦*❡❝,❛❧ ❝❛*❝✐✲

♥♦♠❛&✳ ●❛&%4♦❡♥%❡4♦❧♦❣②✱ ✶✵✹✭✹✮✿✶✵✾✾✕✶✶✵✼✱ ✶✾✾✸✳

❬✷✶✸❪ ❋❘➱❉➱❘■❈ ❍♦❧❧❛♥❞❡✱ ❆◆❉❘❊❆❙ ■♠❞❛❤❧✱ ❚❍❊❖ ▼❛♥,❛♠❛❞✐♦,✐&✱ ●■❯❙❊??❊ ❉ ❈✐❝❝♦✲

,♦&,♦✱ ❆❘❚❍❯❘ ❙❤✉❧❦❡&✱ ❛♥❞ ●❘❆❍❆▼ ❙ ❇❛❧❞✇✐♥✳ ●❧②❝✐♥❡✲❡①,❡♥❞❡❞ ❣❛&,*✐♥ ❛❝,& ❛& ❛♥

❛✉,♦❝*✐♥❡ ❣*♦✇,❤ ❢❛❝,♦* ✐♥ ❛ ♥♦♥,*❛♥&❢♦*♠❡❞ ❝♦❧♦♥ ❝❡❧❧ ❧✐♥❡✳ ●❛&%4♦❡♥%❡4♦❧♦❣②✱ ✶✶✸✭✺✮✿✶✺✼✻✕

✶✺✽✽✱ ✶✾✾✼✳

❬✷✶✹❪ ❱✐♥③❡♥③ ▼ ❙,❡♣❛♥✱ ▼✐,&✉,❛❦❛ ❙❛✇❛❞❛✱ ❆♥❞*❡❛ ❚♦❞✐&❝♦✱ ❛♥❞ ❈❤*✐& ❏ ❉✐❝❦✐♥&♦♥✳ ●❧②❝✐♥❡✲

❡①,❡♥❞❡❞ ❣❛&,*✐♥ ❡①❡*,& ❣*♦✇,❤✲♣*♦♠♦,✐♥❣ ❡✛❡❝,& ♦♥ ❤✉♠❛♥ ❝♦❧♦♥ ❝❛♥❝❡* ❝❡❧❧&✳ ▼♦❧❡❝✉❧❛4

▼❡❞✐❝✐♥❡✱ ✺✭✸✮✿✶✹✼✱ ✶✾✾✾✳

❬✷✶✺❪ ❚❤❡♦❞♦*❡ ❏ ❑♦❤✱ ●*❛❤❛♠ ❏ ❉♦❝❦*❛②✱ ❆♥❞*❡❛ ❱❛**♦✱ ❘❛❝❤❡❧ ❏ ❈❛❤✐❧❧✱ ❈❤❛*❧❡& ❆ ❉❛♥❣❧❡*✱

❏❛♠❡& ● ❋♦①✱ ❛♥❞ ❚✐♠♦,❤② ❈ ❲❛♥❣✳ ❖✈❡*❡①♣*❡&&✐♦♥ ♦❢ ❣❧②❝✐♥❡✲❡①,❡♥❞❡❞ ❣❛&,*✐♥ ✐♥ ,*❛♥&✲

❣❡♥✐❝ ♠✐❝❡ *❡&✉❧,& ✐♥ ✐♥❝*❡❛&❡❞ ❝♦❧♦♥✐❝ ♣*♦❧✐❢❡*❛,✐♦♥✳ ❚❤❡ ❏♦✉4♥❛❧ ♦❢ ❝❧✐♥✐❝❛❧ ✐♥✈❡&%✐❣❛%✐♦♥✱

✶✵✸✭✽✮✿✶✶✶✾✕✶✶✷✻✱ ✶✾✾✾✳

❬✷✶✻❪ ❆❤♠❛❞ ❆❧②✱ ❆*,❤✉* ❙❤✉❧❦❡&✱ ❛♥❞ ●*❛❤❛♠ ❙ ❇❛❧❞✇✐♥✳ ❙❤♦*, ,❡*♠ ✐♥❢✉&✐♦♥ ♦❢ ❣❧②❝✐♥❡✲

❡①,❡♥❞❡❞ ❣❛&,*✐♥✶✼ &,✐♠✉❧❛,❡& ❜♦,❤ ♣*♦❧✐❢❡*❛,✐♦♥ ❛♥❞ ❢♦*♠❛,✐♦♥ ♦❢ ❛❜❡**❛♥, ❝*②♣, ❢♦❝✐ ✐♥

*❛, ❝♦❧♦♥✐❝ ♠✉❝♦&❛✳ ■♥%❡4♥❛%✐♦♥❛❧ ❥♦✉4♥❛❧ ♦❢ ❝❛♥❝❡4✱ ✾✹✭✸✮✿✸✵✼✕✸✶✸✱ ✷✵✵✶✳

❬✷✶✼❪ ❙❤✉♥✐❝❤✐ ❍✐❣❛&❤✐❞❡✱ ●✉✐❧❧❡*♠♦ ●♦♠❡③✱ ●❊❖❘●❊ ❍ ●*❡❡❧❡② ❏*✱ ❈▼ ❚♦✇♥&❡♥❞ ❏*✱ ❛♥❞

❏❛♠❡& ❈ ❚❤♦♠♣&♦♥✳ ●❧②❝✐♥❡✲❡①,❡♥❞❡❞ ❣❛&,*✐♥ ♣♦,❡♥,✐❛,❡& ❣❛&,*✐♥✲&,✐♠✉❧❛,❡❞ ❣❛&,*✐❝ ❛❝✐❞

&❡❝*❡,✐♦♥ ✐♥ *❛,&✳ ❆♠❡4✐❝❛♥ ❏♦✉4♥❛❧ ♦❢ @❤②&✐♦❧♦❣②✲●❛&%4♦✐♥%❡&%✐♥❛❧ ❛♥❞ ▲✐✈❡4 @❤②&✐♦❧♦❣②✱

✷✼✵✭✶✮✿●✷✷✵✕●✷✷✹✱ ✶✾✾✻✳

❬✷✶✽❪ ▼✐,&✉*✉ ❑❛✐&❡✱ ❆❦✐*❛ ▼✉*❛♦❦❛✱ ❈❛,❤❡*✐♥❡ ❙❡✈❛✱ ❍✐*♦&❤✐ ❚❛❦❡❞❛✱ ❈❤*✐& ❏ ❉✐❝❦✐♥&♦♥✱ ❛♥❞

❚❛❞❛,❛❦❛ ❨❛♠❛❞❛✳ ●❧②❝✐♥❡✲❡①,❡♥❞❡❞ ♣*♦❣❛&,*✐♥ ♣*♦❝❡&&✐♥❣ ✐♥,❡*♠❡❞✐❛,❡& ✐♥❞✉❝❡ ❤✰✱ ❦
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✭✰✮✲❛(♣❛*❡ ❛❧♣❤❛✲*✉❜✉♥✐( ❣❡♥❡ ❡①♣4❡**✐♦♥ (❤4♦✉❣❤ ❛ ♥♦✈❡❧ 4❡❝❡♣(♦4✳ ❏♦✉#♥❛❧ ♦❢ ❇✐♦❧♦❣✐❝❛❧

❈❤❡♠✐01#②✱ ✷✼✵✭✶✾✮✿✶✶✶✺✺✕✶✶✶✻✵✱ ✶✾✾✺✳

❬✷✶✾❪ ❉✉❛♥ ❈❤❡♥✱ ❈✲▼ ❩❤❛♦✱ ●4❛❤❛♠ ❏ ❉♦❝❦4❛②✱ ❆♥❞4❡❛ ❱❛44♦✱ ❆❧❢4❡❞ ❱❛♥ ❍♦❡❦✱ ◆❛(❛❧✐❡ ❋

❙✐♥❝❧❛✐4✱ ❚✐♠♦(❤② ❈ ❲❛♥❣✱ ❛♥❞ ❚❤❡♦❞♦4❡ ❏ ❑♦❤✳ ●❧②❝✐♥❡✲❡①(❡♥❞❡❞ ❣❛*(4✐♥ *②♥❡4❣✐③❡*

✇✐(❤ ❣❛*(4✐♥ ✶✼ (♦ *(✐♠✉❧❛(❡ ❛❝✐❞ *❡❝4❡(✐♦♥ ✐♥ ❣❛*(4✐♥✲❞❡✜❝✐❡♥( ♠✐❝❡✳ ●❛01#♦❡♥1❡#♦❧♦❣②✱

✶✶✾✭✸✮✿✼✺✻✕✼✻✺✱ ✷✵✵✵✳

❬✷✷✵❪ ❚✐♠♦(❤② ❈ ❲❛♥❣✱ ❚❤❡♦❞♦4❡ ❏ ❑♦❤✱ ❆♥❞4❡❛ ❱❛44♦✱ ❘❛❝❤❡❧ ❏ ❈❛❤✐❧❧✱ ❈❤❛4❧❡* ❆ ❉❛♥❣❧❡4✱

❏❛♠❡* ● ❋♦①✱ ❛♥❞ ●4❛❤❛♠ ❏ ❉♦❝❦4❛②✳ [4♦❝❡**✐♥❣ ❛♥❞ ♣4♦❧✐❢❡4❛(✐✈❡ ❡✛❡❝(* ♦❢ ❤✉♠❛♥

♣4♦❣❛*(4✐♥ ✐♥ (4❛♥*❣❡♥✐❝ ♠✐❝❡✳ ❚❤❡ ❏♦✉#♥❛❧ ♦❢ ❝❧✐♥✐❝❛❧ ✐♥✈❡01✐❣❛1✐♦♥✱ ✾✽✭✽✮✿✶✾✶✽✕✶✾✷✾✱ ✶✾✾✻✳

❬✷✷✶❪ ●4❛❤❛♠ ❙ ❇❛❧❞✇✐♥✱ ❋4_❞_4✐❝ ❍♦❧❧❛♥❞❡✱ ❩❤✐②✉ ❨❛♥❣✱ ❨✉❧✐❛ ❑❛4❡❧✐♥❛✱ ❆❞4✐❡♥♥❡ [❛(❡4*♦♥✱

❘♦**❧②♥ ❙(4❛♥❣✱ ❉❛♥✐❡❧ ❋♦✉4♠②✱ ●4❡❣ ◆❡✉♠❛♥♥✱ ❛♥❞ ❆4(❤✉4 ❙❤✉❧❦❡*✳ ❇✐♦❧♦❣✐❝❛❧❧② ❛❝✲

(✐✈❡ 4❡❝♦♠❜✐♥❛♥( ❤✉♠❛♥ ♣4♦❣❛*(4✐♥✻✕✽✵❝♦♥(❛✐♥* ❛ (✐❣❤(❧② ❜♦✉♥❞ ❝❛❧❝✐✉♠ ✐♦♥✳ ❏♦✉#♥❛❧ ♦❢

❇✐♦❧♦❣✐❝❛❧ ❈❤❡♠✐01#②✱ ✷✼✻✭✶✶✮✿✼✼✾✶✕✼✼✾✻✱ ✷✵✵✶✳

❬✷✷✷❪ [❉ ❖((❡✇❡❧❧✱ ❆ ❱❛44♦✱ ●❏ ❉♦❝❦4❛②✱ ❈▼ ❑✐4(♦♥✱ ❆❏▼ ❲❛(*♦♥✱ ❚❈ ❲❛♥❣✱ ❘ ❉✐♠❛❧✐♥❡✱
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❬✷✸✽❪ ❆ ■♠❞❛❤❧✱ ❚ ▼❛♥,❛♠❛❞✐♦,✐3✱ ❙ ❊❣❣3,❡✐♥✱ ❊❍ ❋❛0,❤♠❛♥♥✱ ❛♥❞ ●❙ ❇❛❧❞✇✐♥✳ ❊①♣0❡33✐♦♥ ♦❢

❣❛3,0✐♥✱ ❣❛3,0✐♥✴❝❝❦✲❜ ❛♥❞ ❣❛3,0✐♥✴❝❝❦✲❝ 0❡❝❡♣,♦03 ✐♥ ❤✉♠❛♥ ❝♦❧♦0❡❝,❛❧ ❝❛0❝✐♥♦♠❛3✳ ❏♦✉(♥❛❧

♦❢ ❝❛♥❝❡( (❡-❡❛(❝❤ ❛♥❞ ❝❧✐♥✐❝❛❧ ♦♥❝♦❧♦❣②✱ ✶✷✶✭✶✶✮✿✻✻✶✕✻✻✻✱ ✶✾✾✺✳
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❬✷✸✾❪ ❨✉♠✐ ▼❛,-✉-❤✐♠❛✱ ❨♦-❤✐❦❛③✉ ❑✐♥♦-❤✐,❛✱ ❍✐6♦❤✐-❛ ◆❛❦❛,❛✱ ❨♦❦♦ ■♥♦♠♦,♦✲◆❛6✐❜❛②❛-❤✐✱

▼❛-❛❦②♦ ❆-❛❤❛6❛✱ ❈❤✐❤❛6✉ ❑❛✇❛♥❛♠✐✱ ❆❦✐6❛ ◆❛❦❛♠✉6❛✱ ▼✐,-✉❤✐6♦ ■,♦✱ ❚♦-❤✐♠✐,-✉ ▼❛,✲

-✉✐✱ ❚❛❦❛,♦ ❋✉❥✐✇❛6❛✱ ❡, ❛❧✳ ●❛-,6✐♥ 6❡❝❡♣,♦6 ❣❡♥❡ ❡①♣6❡--✐♦♥ ✐♥ -❡✈❡6❛❧ ❤✉♠❛♥ ❝❛6❝✐♥♦♠❛-✳

❏❛♣❛♥❡%❡ ❥♦✉)♥❛❧ ♦❢ ❝❛♥❝❡) )❡%❡❛)❝❤✱ ✽✺✭✽✮✿✽✶✾✕✽✷✹✱ ✶✾✾✹✳

❬✷✹✵❪ ❋ ❙❝❤♠✐,③✱ ❏✲▼ ❖,,❡✱ ❍❯ ❙,❡❝❤❡❧❡✱ ❇ ❘❡✐♠❛♥♥✱ ❚ ❇❛♥❛-✐❡✇✐❝③✱ ❯❘ ❋Y❧-❝❤✱ ❲❊ ❙❝❤♠✐❞,✱

❛♥❞ ❑✲❍ ❍❡6③✐❣✳ ❈❝❦✲❜✴❣❛-,6✐♥ 6❡❝❡♣,♦6- ✐♥ ❤✉♠❛♥ ❝♦❧♦6❡❝,❛❧ ❝❛♥❝❡6✳ ❊✉)♦♣❡❛♥ ❥♦✉)♥❛❧ ♦❢

❝❧✐♥✐❝❛❧ ✐♥✈❡%1✐❣❛1✐♦♥✱ ✸✶✭✾✮✿✽✶✷✕✽✷✵✱ ✷✵✵✶✳

❬✷✹✶❪ ❆❦✐6❛ ▼✐②❛❦❡✳ ❆ ,6✉♥❝❛,❡❞ ✐-♦❢♦6♠ ♦❢ ❤✉♠❛♥ ❝❝❦✲❜✴❣❛-,6✐♥ 6❡❝❡♣,♦6 ❣❡♥❡6❛,❡❞ ❜② ❛❧✲

,❡6♥❛,✐✈❡ ✉-❛❣❡ ♦❢ ❛ ♥♦✈❡❧ ❡①♦♥✳ ❇✐♦❝❤❡♠✐❝❛❧ ❛♥❞ ❜✐♦♣❤②%✐❝❛❧ )❡%❡❛)❝❤ ❝♦♠♠✉♥✐❝❛1✐♦♥%✱

✷✵✽✭✶✮✿✷✸✵✕✷✸✼✱ ✶✾✾✺✳

❬✷✹✷❪ ❉❋ ▼❝❲✐❧❧✐❛♠-✱ ❙❆ ❲❛,-♦♥✱ ❉▼ ❈6♦-❜❡❡✱ ❉ ▼✐❝❤❛❡❧✐✱ ❛♥❞ ❘ ❙❡,❤✳ ❈♦❡①♣6❡--✐♦♥ ♦❢

❣❛-,6✐♥ ❛♥❞ ❣❛-,6✐♥ 6❡❝❡♣,♦6- ✭❝❝❦✲❜ ❛♥❞ δ❝❝❦✲❜✮ ✐♥ ❣❛-,6♦✐♥,❡-,✐♥❛❧ ,✉♠♦✉6 ❝❡❧❧ ❧✐♥❡-✳ ●✉1✱

✹✷✭✻✮✿✼✾✺✕✼✾✽✱ ✶✾✾✽✳

❬✷✹✸❪ ▼❛6❦ ❘ ❍❡❧❧♠✐❝❤✱ ❳✐❛♥✲▲✐❛♥❣ ❘✉✐✱ ❍❡❧❡♥ ▲ ❍❡❧❧♠✐❝❤✱ ❘❨ ❉❡❝❧❛♥ ❋❧❡♠✐♥❣✱ ❇ ▼❛6❦ ❊✈✲

❡6-✱ ❛♥❞ ❈♦✉6,♥❡② ▼ ❚♦✇♥-❡♥❞✳ ❍✉♠❛♥ ❝♦❧♦6❡❝,❛❧ ❝❛♥❝❡6- ❡①♣6❡-- ❛ ❝♦♥-,✐,✉,✐✈❡❧② ❛❝✲

,✐✈❡ ❝❤♦❧❡❝②-,♦❦✐♥✐♥✲❜✴❣❛-,6✐♥ 6❡❝❡♣,♦6 ,❤❛, -,✐♠✉❧❛,❡- ❝❡❧❧ ❣6♦✇,❤✳ ❏♦✉)♥❛❧ ♦❢ ❇✐♦❧♦❣✐❝❛❧

❈❤❡♠✐%1)②✱ ✷✼✺✭✹✶✮✿✸✷✶✷✷✕✸✷✶✷✽✱ ✷✵✵✵✳

❬✷✹✹❪ ❍♦♥❣✲●❛♥❣ ❨✉✱ ❍❡♥♥✐♥❣ ❙❝❤6❛❞❡6✱ ❏❛♥✲▼✐❝❤❡❧ ❖,,❡✱ ❲♦❧❢❣❛♥❣ ❊ ❙❝❤♠✐❞,✱ ❛♥❞ ❋6❛♥❦

❙❝❤♠✐,③✳ ❘❛♣✐❞ ,②6♦-✐♥❡ ♣❤♦-♣❤♦6②❧❛,✐♦♥ ♦❢ ❢♦❝❛❧ ❛❞❤❡-✐♦♥ ❦✐♥❛-❡✱ ♣❛①✐❧❧✐♥✱ ❛♥❞ ♣✶✸✵❝❛-

❜② ❣❛-,6✐♥ ✐♥ ❤✉♠❛♥ ❝♦❧♦♥ ❝❛♥❝❡6 ❝❡❧❧-✳ ❇✐♦❝❤❡♠✐❝❛❧ ♣❤❛)♠❛❝♦❧♦❣②✱ ✻✼✭✶✮✿✶✸✺✕✶✹✻✱ ✷✵✵✹✳

❬✷✹✺❪ ❋❧♦6✐❛♥ ❏ ❙✉❧③♠❛✐❡6✱ ❈❤6✐-,✐♥❡ ❏❡❛♥✱ ❛♥❞ ❉❛✈✐❞ ❉ ❙❝❤❧❛❡♣❢❡6✳ ❋❛❦ ✐♥ ❝❛♥❝❡6✿ ♠❡❝❤❛♥✐-,✐❝

✜♥❞✐♥❣- ❛♥❞ ❝❧✐♥✐❝❛❧ ❛♣♣❧✐❝❛,✐♦♥-✳ ◆❛1✉)❡ )❡✈✐❡✇% ❝❛♥❝❡)✱ ✶✹✭✾✮✿✺✾✽✕✻✶✵✱ ✷✵✶✹✳

❬✷✹✻❪ ❍♦♥❣✲●❛♥❣ ❨✉✱ ❙❤✐✲▲✉♥ ❚♦♥❣✱ ❨♦✉✲▼✐♥❣ ❉✐♥❣✱ ❏✐❛♥ ❉✐♥❣✱ ❳✐❛♥❣✲▼✐♥ ❋❛♥❣✱ ❳✐❛♥✲❋❡♥❣

❩❤❛♥❣✱ ❩❤✉✲❏✉♥ ▲✐✉✱ ❨❛♥✲❍♦♥❣ ❩❤♦✉✱ ◗✐✲❙❤❡♥❣ ▲✐✉✱ ❍❡✲❙❤❡♥❣ ▲✉♦✱ ❡, ❛❧✳ ❊♥❤❛♥❝❡❞

❡①♣6❡--✐♦♥ ♦❢ ❝❤♦❧❡❝②-,♦❦✐♥✐♥✲✷ 6❡❝❡♣,♦6 ♣6♦♠♦,❡- ,❤❡ ♣6♦❣6❡--✐♦♥ ♦❢ ❝♦❧♦♥ ❝❛♥❝❡6 ,❤6♦✉❣❤

❛❝,✐✈❛,✐♦♥ ♦❢ ❢♦❝❛❧ ❛❞❤❡-✐♦♥ ❦✐♥❛-❡✳ ■♥1❡)♥❛1✐♦♥❛❧ ❥♦✉)♥❛❧ ♦❢ ❝❛♥❝❡)✱ ✶✶✾✭✶✷✮✿✷✼✷✹✕✷✼✸✷✱

✷✵✵✻✳

❬✷✹✼❪ ❙✉-❛♥ ❆ ❲❛,-♦♥✱ ❉♦✈ ▼✐❝❤❛❡❧✐✱ ❙,❡♣❤❡♥ ●6✐♠❡-✱ ❚❡6❡-❛ ▼ ▼♦66✐-✱ ●6❛❤❛♠ ❘♦❜✐♥-♦♥✱

❆♥❞6❡❛ ❱❛66♦✱ ❚✐♠♦,❤② ❆ ❏✉-,✐♥✱ ❛♥❞ ❏❛❝❦ ❉ ❍❛6❞❝❛-,❧❡✳ ●❛-,6✐♠♠✉♥❡ 6❛✐-❡- ❛♥,✐❜♦❞✐❡-

,❤❛, ♥❡✉,6❛❧✐③❡ ❛♠✐❞❛,❡❞ ❛♥❞ ❣❧②❝✐♥❡✲❡①,❡♥❞❡❞ ❣❛-,6✐♥✲✶✼ ❛♥❞ ✐♥❤✐❜✐, ,❤❡ ❣6♦✇,❤ ♦❢ ❝♦❧♦♥

❝❛♥❝❡6✳ ❈❛♥❝❡) )❡%❡❛)❝❤✱ ✺✻✭✹✮✿✽✽✵✕✽✽✺✱ ✶✾✾✻✳

❬✷✹✽❪ h♦♠✐❧❛ ❙✐♥❣❤✱ ❆③❛6 ❖✇❧✐❛✱ ❆♥❞6❡❛ ❱❛66♦✱ ❇♦-♦♥❣ ❉❛✐✱ ❙ ❘❛❥❛6❛♠❛♥✱ ❛♥❞ ❚❤♦♠❛- ❲♦♦❞✳

●❛-,6✐♥ ❣❡♥❡ ❡①♣6❡--✐♦♥ ✐- 6❡i✉✐6❡❞ ❢♦6 ,❤❡ ♣6♦❧✐❢❡6❛,✐♦♥ ❛♥❞ ,✉♠♦6✐❣❡♥✐❝✐,② ♦❢ ❤✉♠❛♥ ❝♦❧♦♥

❝❛♥❝❡6 ❝❡❧❧-✳ ❈❛♥❝❡) )❡%❡❛)❝❤✱ ✺✻✭✶✽✮✿✹✶✶✶✕✹✶✶✺✱ ✶✾✾✻✳
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❬✷✹✾❪ ❈❛))❛♥❞,❛ ▼ ❚❤✉♠✇♦♦❞✱ ❏✐ ❍♦♥❣✱ ❛♥❞ ●,❛❤❛♠ ❙ ❇❛❧❞✇✐♥✳ ■♥❤✐❜✐@✐♦♥ ♦❢ ❝❡❧❧ ♣,♦❧✐❢❡,❛@✐♦♥

❜② @❤❡ ❝❤♦❧❡❝②)@♦❦✐♥✐♥ ❛♥@❛❣♦♥✐)@ ❧✲✸✻✹✱✼✶✽✳ ❊①♣❡$✐♠❡♥(❛❧ ❝❡❧❧ $❡,❡❛$❝❤✱ ✶✾✷✭✶✮✿✶✽✾✕✶✾✷✱

✶✾✾✶✳

❬✷✺✵❪ ●❙ ❇❛❧❞✇✐♥ ❛♥❞ ❆ ❙❤✉❧❦❡)✳ ●❛)@,✐♥✱ ❣❛)@,✐♥ ,❡❝❡♣@♦,) ❛♥❞ ❝♦❧♦,❡❝@❛❧ ❝❛,❝✐♥♦♠❛✳ ●✉(✱

✹✷✭✹✮✿✺✽✶✕✺✽✹✱ ✶✾✾✽✳

❬✷✺✶❪ ❆▼ ❙♠✐@❤ ❛♥❞ ❙❆ ❲❛@)♦♥✳ ●❛)@,✐♥ ❛♥❞ ❝♦❧♦,❡❝@❛❧ ❝❛♥❝❡,✳ ❆❧✐♠❡♥(❛$② ♣❤❛$♠❛❝♦❧♦❣② ✫

(❤❡$❛♣❡✉(✐❝,✱ ✶✹✭✶✵✮✿✶✷✸✶✕✶✷✹✼✱ ✷✵✵✵✳

❬✷✺✷❪ ❙❛♥❞❡❡♣ ◆❛❞❡❧❧❛✱ ❏✉❧✐❛♥ ❇✉,❦)✱ ▼❛@@❤❡✇ ❍✉❜❡,✱ ❏✉❛♥ ❲❛♥❣✱ ❍♦♥❣ ❈❛♦✱ ❇❤❛)❦❛,

❑❛❧❧❛❦✉,②✱ ❘♦❜✐♥ ❉ ❚✉❝❦❡,✱ ❙✐♠✐♥❛ ▼ ❇♦❝❛✱ ❆)❤❧❡② ❏❡,♠✉)②❝❦✱ ■,❡♥❡ ❈♦❧❧✐♥)✱ ❡@ ❛❧✳ ❊♥✲

❞♦❣❡♥♦✉) ❣❛)@,✐♥ ❝♦❧❧❛❜♦,❛@❡) ✇✐@❤ ♠✉@❛♥@ ❦,❛) ✐♥ ♣❛♥❝,❡❛@✐❝ ❝❛,❝✐♥♦❣❡♥❡)✐)✳ 5❛♥❝$❡❛,✱

✹✽✭✼✮✿✽✾✹✕✾✵✸✱ ✷✵✶✾✳
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♣♦❧②♣❡♣+✐❞❡ ✭❣✐♣✮ ✐♥ ♥❡✇❜♦0♥ ❝❛❧✈❡)✳ ❘❡♣,♦❞✉❝%✐♦♥✱ ♥✉%,✐%✐♦♥✱ ❞❡✈❡❧♦♣♠❡♥%✱ ♣❛❣❡) ✷✶✾)✕

✷✷✵)✱ ✶✾✾✵✳

❬✷✼✶❪ ◆❛♥❝② ❏j✱ ❖ ●❛0❝✐❛✱ ❘ ❏❛0❛✱ ❋ ●❛0♠❡♥❞✐❛✱ ❆ ◆❛❣♦✱ ❘ ●❛0❝✐❛✱ ❍ ❍✐❞❛❧❣♦✱ ❛♥❞ ▲ ❋❧♦0❡)✳

❙❡0✉♠ ❣❛)+0✐♥ ❛♥❞ ❣❛)+0✐❝ ❛❝✐❞ )❡❝0❡+✐♦♥ ❛+ ❤✐❣❤ ❛❧+✐+✉❞❡✳ ❍♦,♠♦♥❡ ❛♥❞ ♠❡%❛❜♦❧✐❝ ,❡$❡❛,❝❤✱

✶✾✭✵✹✮✿✶✽✷✕✶✽✸✱ ✶✾✽✼✳
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❬✷✼✷❪ ❈❧❛✉❞✐♥❡ ❇❡010❛♥❞✱ ❆❧✐♥❡ ❑♦✇❛❧7❦✐✲❈❤❛✉✈❡❧✱ ❈❛1❤❡0✐♥❡ ❉♦✱ ❈=❝✐❧❡ ❘=7❛✱ ❙♦✉❛❞ ◆❛❥✐❜✱

▲❛✉0❡♥❝❡ ❉❛✉❧❤❛❝✱ ❚✐♠♦1❤② ❈ ❲❛♥❣✱ ❆✉❞0❡② ❋❡00❛♥❞✱ ❛♥❞ ❈❛1❤❡0✐♥❡ ❙❡✈❛✳ ❆ ❣❛710✐♥

♣0❡❝✉07♦0✱ ❣❛710✐♥✲❣❧②✱ ✉♣0❡❣✉❧❛1❡7 ✈❡❣❢ ❡①♣0❡77✐♦♥ ✐♥ ❝♦❧♦♥✐❝ ❡♣✐1❤❡❧✐❛❧ ❝❡❧❧7 1❤0♦✉❣❤ ❛♥

❤✐❢✲✶✲✐♥❞❡♣❡♥❞❡♥1 ♠❡❝❤❛♥✐7♠✳ ■♥"❡$♥❛"✐♦♥❛❧ ❥♦✉$♥❛❧ ♦❢ ❝❛♥❝❡$✱ ✶✷✻✭✶✷✮✿✷✽✹✼✕✷✽✺✼✱ ✷✵✶✵✳

❬✷✼✸❪ ▲✐♥ ❳✐❛♦✱ ❙✉③❛♥❛ ❑♦✈❛❝✱ ▼✐❦❡ ❈❤❛♥❣✱ ❆01❤✉0 ❙❤✉❧❦❡7✱ ●0❛❤❛♠ ❙ ❇❛❧❞✇✐♥✱ ❛♥❞ ❖♥❡❡❧

\❛1❡❧✳ ■♥❞✉❝1✐♦♥ ♦❢ ❣❛710✐♥ ❡①♣0❡77✐♦♥ ✐♥ ❣❛710♦✐♥1❡71✐♥❛❧ ❝❡❧❧7 ❜② ❤②♣♦①✐❛ ♦0 ❝♦❜❛❧1 ✐7

✐♥❞❡♣❡♥❞❡♥1 ♦❢ ❤②♣♦①✐❛✲✐♥❞✉❝✐❜❧❡ ❢❛❝1♦0 ✭❤✐❢✮✳ ❊♥❞♦❝$✐♥♦❧♦❣②✱ ✶✺✸✭✼✮✿✸✵✵✻✕✸✵✶✻✱ ✷✵✶✷✳

❬✷✼✹❪ ❉❛✈✐❞ ❆ ❲❡71✇♦♦❞✱ ❖♥❡❡❧ \❛1❡❧✱ ❛♥❞ ●0❛❤❛♠ ❙ ❇❛❧❞✇✐♥✳ ●❛710✐♥ ♠❡❞✐❛1❡7 0❡7✐71❛♥❝❡

1♦ ❤②♣♦①✐❛✲✐♥❞✉❝❡❞ ❝❡❧❧ ❞❡❛1❤ ✐♥ ①❡♥♦❣0❛❢17 ♦❢ 1❤❡ ❤✉♠❛♥ ❝♦❧♦0❡❝1❛❧ ❝❛♥❝❡0 ❝❡❧❧ ❧✐♥❡ ❧♦✈♦✳

❇✐♦❝❤✐♠✐❝❛ ❡" ❇✐♦♣❤②5✐❝❛ ❆❝"❛ ✭❇❇❆✮✲▼♦❧❡❝✉❧❛$ ❈❡❧❧ ❘❡5❡❛$❝❤✱ ✶✽✹✸✭✶✶✮✿✷✹✼✶✕✷✹✽✵✱ ✷✵✶✹✳

❬✷✼✺❪ ▲✐♥ ❳✐❛♦✱ ❙✉③❛♥❛ ❑♦✈❛❝✱ ▼✐❦❡ ❈❤❛♥❣✱ ❆01❤✉0 ❙❤✉❧❦❡7✱ ●0❛❤❛♠ ❙ ❇❛❧❞✇✐♥✱ ❛♥❞ ❖♥❡❡❧

\❛1❡❧✳ ❩✐♥❝ ✐♦♥7 ✉♣0❡❣✉❧❛1❡ 1❤❡ ❤♦0♠♦♥❡ ❣❛710✐♥ ✈✐❛ ❛♥ ❡✲❜♦① ♠♦1✐❢ ✐♥ 1❤❡ ♣0♦①✐♠❛❧ ❣❛710✐♥

♣0♦♠♦1❡0✳ ❏ ▼♦❧ ❊♥❞♦❝$✐♥♦❧✱ ✺✷✭✶✮✿✷✾✕✹✷✱ ✷✵✶✹✳

❬✷✼✻❪ ❲ ❖♣♦❦❛✱ ❉ ❆❞❛♠❡❦✱ ▼ \❧♦♥❦❛✱ ❲ ❘❡❝③②♥7❦✐✱ ❇ ❇❛7✱ ❉ ❉0♦③❞♦✇✐❝③✱ \ ❏❛❣✐❡❧7❦✐✱ ❩ ❙❧✐✲

✇♦✇7❦✐✱ \ ❆❞❛♠7❦✐✱ ❛♥❞ ❚ ❇0③♦③♦✇7❦✐✳ ■♠♣♦01❛♥❝❡ ♦❢ ❧✉♠✐♥❛❧ ❛♥❞ ♠✉❝♦7❛❧ ③✐♥❝ ✐♥ 1❤❡

♠❡❝❤❛♥✐7♠ ♦❢ ❡①♣❡0✐♠❡♥1❛❧ ❣❛710✐❝ ✉❧❝❡0 ❤❡❛❧✐♥❣✳ ❏♦✉$♥❛❧ ♦❢ ♣❤②5✐♦❧♦❣② ❛♥❞ ♣❤❛$♠❛❝♦❧♦❣②✱

✻✶✭✺✮✿✺✽✶✱ ✷✵✶✵✳

❬✷✼✼❪ ❆▲ ❘♦✈❛1✐✳ ❚❤❡ 0❡❧❛1✐♦♥7❤✐♣ ❜❡1✇❡❡♥ ❝❤❡♠✐❝❛❧ 710✉❝1✉0❡ ♦❢ ❛ ♥❡✇ ❞✐❝❛0❜♦①②❧✐❝ ❛♠✐♥♦✲❛❝✐❞

❞❡0✐✈❛1✐✈❡ ❛♥❞ ❛♥1✐❣❛710✐♥ ❛❝1✐✈✐1② ✐♥ 1❤❡ 0❛1✳ ❇$✐"✐5❤ ❥♦✉$♥❛❧ ♦❢ ♣❤❛$♠❛❝♦❧♦❣②✱ ✸✹✭✸✮✿✻✼✼\✱

✶✾✻✽✳

❬✷✼✽❪ ◆❛7❡❡♠❛ ▼❍♦♦7❡✐♥✱ \❡1❡0 ❆ ❑✐❡♥❡0✱ ❘♦❜❡01 ❈ ❈✉00②✱ ▲✉❝✐♦ ❈ ❘♦✈❛1✐✱ ❉♦♥♥✐❡ ❑▼❝●✐❧❜0❛✱

❛♥❞ ▼✐❝❤❛❡❧ ● ❇0❛11❛✐♥✳ ❆♥1✐♣0♦❧✐❢❡0❛1✐✈❡ ❡✛❡❝17 ♦❢ ❣❛710✐♥ 0❡❝❡♣1♦0 ❛♥1❛❣♦♥✐717 ❛♥❞ ❛♥✲

1✐❜♦❞✐❡7 1♦ ❣❛710✐♥ ♦♥ ❤✉♠❛♥ ❝♦❧♦♥ ❝❛0❝✐♥♦♠❛ ❝❡❧❧ ❧✐♥❡7✳ ❈❛♥❝❡$ $❡5❡❛$❝❤✱ ✹✽✭✷✹ \❛01

✶✮✿✼✶✼✾✕✼✶✽✸✱ ✶✾✽✽✳

❬✷✼✾❪ ❙❆ ❲❛17♦♥✱ ❉▼ ❈0♦7❜❡❡✱ ❉▲ ▼♦00✐7✱ ❏❋❘ ❘♦❜❡017♦♥✱ ❋ ▼❛❦♦✈❡❝✱ ▲❈ ❘♦✈❛1✐✱ ❛♥❞

❏❉ ❍❛0❞❝❛71❧❡✳ ❚❤❡0❛♣❡✉1✐❝ ❡✛❡❝1 ♦❢ 1❤❡ ❣❛710✐♥ 0❡❝❡♣1♦0 ❛♥1❛❣♦♥✐71✱ ❝0✷✵✾✸ ♦♥ ❣❛710♦✐♥✲

1❡71✐♥❛❧ 1✉♠♦✉0 ❝❡❧❧ ❣0♦✇1❤✳ ❇$✐"✐5❤ ❥♦✉$♥❛❧ ♦❢ ❝❛♥❝❡$✱ ✻✺✭✻✮✿✽✼✾✱ ✶✾✾✷✳

❬✷✽✵❪ ❙✉7❛♥ ❆ ❲❛17♦♥✱ ❉❛✈✐❞ ▲ ▼♦00✐7✱ ▲✐♥❞② ● ❉✉00❛♥1✱ ❏♦❤♥ ❋ ❘♦❜❡017♦♥✱ ❛♥❞ ❏❛❝❦ ❉

❍❛0❞❝❛71❧❡✳ ■♥❤✐❜✐1✐♦♥ ♦❢ ❣❛710✐♥✲71✐♠✉❧❛1❡❞ ❣0♦✇1❤ ♦❢ ❣❛710♦✐♥1❡71✐♥❛❧ 1✉♠♦✉0 ❝❡❧❧7 ❜② ♦❝✲

10❡♦1✐❞❡ ❛♥❞ 1❤❡ ❣❛710✐♥✴❝❤♦❧❡❝②71♦❦✐♥✐♥ 0❡❝❡♣1♦0 ❛♥1❛❣♦♥✐717✱ ♣0♦❣❧✉♠✐❞❡ ❛♥❞ ❧♦0❣❧✉♠✐❞❡✳

❊✉$♦♣❡❛♥ ❏♦✉$♥❛❧ ♦❢ ❈❛♥❝❡$✱ ✷✽✭✽✮✿✶✹✻✷✕✶✹✻✼✱ ✶✾✾✷✳

❬✷✽✶❪ ▼❑ \✐♦♥1❡❦ ❛♥❞ ❑❏ ❍❡♥❣❡❧7✳ ❉✐✛❡0❡♥1✐❛❧ ♠♦❞❡ ♦❢ ❛❝1✐♦♥ ♦❢ ❤✐❣❤✲❛♥❞ ❧♦✇✲❛✣♥✐1②

❝❝❦✴❣❛710✐♥ 0❡❝❡♣1♦0 ❛♥1❛❣♦♥✐717 ✐♥ ❣0♦✇1❤ ✐♥❤✐❜✐1✐♦♥ ♦❢ ❣❛710✐♥✕0❡7♣♦♥7✐✈❡ ❤✉♠❛♥ ❣❛7✲

10✐❝ ❛❞❡♥♦❝❛0❝✐♥♦♠❛ ❝❡❧❧7 ✐♥ ✈✐10♦✳ ❆♥"✐❝❛♥❝❡$ $❡5❡❛$❝❤✱ ✶✸✭✸✮✿✼✶✺✕✼✷✵✱ ✶✾✾✸✳
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❬✷✽✷❪ ●(❛❤❛♠ ❙ ❇❛❧❞✇✐♥✳ ❆♥5✐♣(♦❧✐❢❡(❛5✐✈❡ ❣❛<5(✐♥✴❝❤♦❧❡❝②<5♦❦✐♥✐♥ (❡❝❡♣5♦( ❛♥5❛❣♦♥✐<5< 5❛(❣❡5

5❤❡ ✼✽✲❦❞❛ ❣❛<5(✐♥✲❜✐♥❞✐♥❣ ♣(♦5❡✐♥✳  !♦❝❡❡❞✐♥❣) ♦❢ +❤❡ ◆❛+✐♦♥❛❧ ❆❝❛❞❡♠② ♦❢ ❙❝✐❡♥❝❡)✱

✾✶✭✶✻✮✿✼✺✾✸✕✼✺✾✼✱ ✶✾✾✹✳

❬✷✽✸❪ ❏❉ ❍❛((✐<♦♥✱ ❏❆ ❏♦♥❡<✱ ❛♥❞ ❉▲ ▼♦((✐<✳ ❚❤❡ ❡✛❡❝5 ♦❢ 5❤❡ ❣❛<5(✐♥ (❡❝❡♣5♦( ❛♥5❛❣♦♥✐<5

♣(♦❣❧✉♠✐❞❡ ♦♥ <✉(✈✐✈❛❧ ✐♥ ❣❛<5(✐❝ ❝❛(❝✐♥♦♠❛✳ ❈❛♥❝❡!✱ ✻✻✭✼✮✿✶✹✹✾✕✶✹✺✷✱ ✶✾✾✵✳

❬✷✽✹❪ ❉▲ ▼♦((✐<✱ ❘▼ ❈❤❛(♥❧❡②✱ ❑❈ ❇❛❧❧❛♥5②♥❡✱ ❛♥❞ ❏ ❏♦♥❡<✳ ❆ ♣✐❧♦5 (❛♥❞♦♠✐③❡❞ ❝♦♥5(♦❧ 5(✐❛❧

♦❢ ♣(♦❣❧✉♠✐❞❡ ✭❛ ❣❛<5(✐♥ (❡❝❡♣5♦( ❛♥5❛❣♦♥✐<5✮ ✐♥ ❛❞✈❛♥❝❡❞ ❝♦❧♦(❡❝5❛❧ ❝❛♥❝❡(✳ ❊✉!♦♣❡❛♥

❥♦✉!♥❛❧ ♦❢ )✉!❣✐❝❛❧ ♦♥❝♦❧♦❣②✿ +❤❡ ❥♦✉!♥❛❧ ♦❢ +❤❡ ❊✉!♦♣❡❛♥ ❙♦❝✐❡+② ♦❢ ❙✉!❣✐❝❛❧ ❖♥❝♦❧♦❣② ❛♥❞
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✐2♦♥ /❡♥/✐♥❣✳ ❏♦✉&♥❛❧ ♦❢ ❇✐♦❧♦❣✐❝❛❧ ❈❤❡♠✐./&②✱ ✷✽✶✭✸✾✮✿✷✽✹✾✹✕✷✽✹✾✽✱ ✷✵✵✻✳

❬✸✶✶❪ ❉❛♥✐❡❧ ❋ ❲❛❧❧❛❝❡✱ ▲❡/❛ ❙✉♠♠❡2✈✐❧❧❡✱ ❊♠✐❧② ▼ ❈2❛♠♣8♦♥✱ ❉❛✈✐❞ ▼ ❋2❛③❡2✱ ●2❡❣♦2② ❏

❆♥❞❡2/♦♥✱ ❛♥❞ ❱ ◆❛8❤❛♥ ❙✉❜2❛♠❛♥✐❛♠✳ ❈♦♠❜✐♥❡❞ ❞❡❧❡8✐♦♥ ♦❢ ❤❢❡ ❛♥❞ 82❛♥/❢❡22✐♥ 2❡❝❡♣✲

8♦2 ✷ ✐♥ ♠✐❝❡ ❧❡❛❞/ 8♦ ♠❛2❦❡❞ ❞②/2❡❣✉❧❛8✐♦♥ ♦❢ ❤❡♣❝✐❞✐♥ ❛♥❞ ✐2♦♥ ♦✈❡2❧♦❛❞✳ ❍❡♣❛/♦❧♦❣②✱

✺✵✭✻✮✿✶✾✾✷✕✷✵✵✵✱ ✷✵✵✾✳

❬✸✶✷❪ ▼✐8❝❤❡❧❧ ❉ ❑♥✉8/♦♥✳ ■2♦♥✲/❡♥/✐♥❣ ♣2♦8❡✐♥/ 8❤❛8 2❡❣✉❧❛8❡ ❤❡♣❝✐❞✐♥ ❛♥❞ ❡♥8❡2✐❝ ✐2♦♥ ❛❜/♦2♣✲

8✐♦♥✳ ❆♥♥✉❛❧ &❡✈✐❡✇ ♦❢ ♥✉/&✐/✐♦♥✱ ✸✵✿✶✹✾✕✶✼✶✱ ✷✵✶✵✳

❬✸✶✸❪ ■ ▼❝▲❊❆◆ ❇❆■❘❉✱ ❊❑ ❇❧❛❝❦❜✉2♥✱ ❛♥❞ ●▼ ❲✐❧/♦♥✳ ❚❤❡ ♣❛8❤♦❣❡♥❡/✐/ ♦❢ ❛♥❛❡♠✐❛ ❛❢8❡2

♣❛❡8✐❛❧ ❣❛/82❡❝8♦♠②✿ ■✳ ❞❡✈❡❧♦♣♠❡♥8 ♦❢ ❛♥❛❡♠✐❛ ✐♥ 2❡❧❛8✐♦♥ 8♦ 8✐♠❡ ❛❢8❡2 ♦♣❡2❛8✐♦♥✱ ❜❧♦♦❞

❧♦//✱ ❛♥❞ ❞✐❡8✳ ◗❏▼✿ ❆♥ ■♥/❡&♥❛/✐♦♥❛❧ ❏♦✉&♥❛❧ ♦❢ ▼❡❞✐❝✐♥❡✱ ✷✽✭✶✮✿✷✶✕✸✹✱ ✶✾✺✾✳

❬✸✶✹❪ ❆ ●♦❧❞❜❡2❣✱ ❆♥♥❡ ❈ ▲♦❝❤❤❡❛❞✱ ❏❍ ❉❛❣❣✱ ❡8 ❛❧✳ ❍✐/8❛♠✐♥❡✲❢❛/8 ❛❝❤❧♦2❤②❞2✐❛ ❛♥❞ ✐2♦♥

❛❜/♦2♣8✐♦♥✳ ▲❛♥❝❡/✱ ✶✿✽✹✽✕✽✺✵✱ ✶✾✻✸✳

❬✸✶✺❪ ❏❛♠❡/ ❉ ❈♦♦❦✱ ● ▼❛❧❝♦❧♠ ❇2♦✇♥✱ ❛♥❞ ▲❡/❧✐❡ ❙ ❱❛❧❜❡2❣✳ ❚❤❡ ❡✛❡❝8 ♦❢ ❛❝❤②❧✐❛ ❣❛/82✐❝❛ ♦♥

✐2♦♥ ❛❜/♦2♣8✐♦♥✳ ❚❤❡ ❏♦✉&♥❛❧ ♦❢ ❝❧✐♥✐❝❛❧ ✐♥✈❡./✐❣❛/✐♦♥✱ ✹✸✭✻✮✿✶✶✽✺✕✶✶✾✶✱ ✶✾✻✹✳



❇■❇▲■❖●❘❆'❍❨ ✶✸✾
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❬✸✻✽❪ ❈❛6❤❡7✐♥❡ ❉♦✱ ❈❧❛✉❞✐♥❡ ❇❡767❛♥❞✱ ❏✉❧✐❡♥ V❛❧❛==❡✱ ▼❛7✐❡✲❇❡7♥❛❞❡66❡ ❉❡❧✐=❧❡✱ ❊❧✐③❛❜❡6❤

❈♦❤❡♥✲❏♦♥❛6❤❛♥✲▼♦②❛❧✱ ❛♥❞ ❈❛6❤❡7✐♥❡ ❙❡✈❛✳ ❆❝6✐✈❛6✐♦♥ ♦❢ ♣7♦✲♦♥❝♦❣❡♥✐❝ ♣❛6❤✇❛②= ✐♥

❝♦❧♦7❡❝6❛❧ ❤②♣❡7♣❧❛=6✐❝ ♣♦❧②♣=✳ ❇▼❈ ❝❛♥❝❡"✱ ✶✸✭✶✮✿✺✸✶✱ ✷✵✶✸✳

❬✸✻✾❪ ❈❛6❤❡7✐♥❡ ❉♦✱ ❈❧❛✉❞✐♥❡ ❇❡767❛♥❞✱ ❏✉❧✐❡♥ V❛❧❛==❡✱ ▼❛7✐❡✲❇❡7♥❛❞❡66❡ ❉❡❧✐=❧❡✱ ❆76❤✉7

❙❤✉❧❦❡=✱ ❊❧✐③❛❜❡6❤ ❈♦❤❡♥✲❏♦♥❛6❤❛♥✲▼♦②❛❧✱ ❆✉❞7❡② ❋❡77❛♥❞✱ ❛♥❞ ❈❛6❤❡7✐♥❡ ❙❡✈❛✳ ❆ ♥❡✇

❜✐♦♠❛7❦❡7 6❤❛6 ♣7❡❞✐❝6= ❝♦❧♦♥✐❝ ♥❡♦♣❧❛=✐❛ ♦✉6❝♦♠❡ ✐♥ ♣❛6✐❡♥6= ✇✐6❤ ❤②♣❡7♣❧❛=6✐❝ ❝♦❧♦♥✐❝

♣♦❧②♣=✳ ❈❛♥❝❡" 7"❡✈❡♥:✐♦♥ ❘❡4❡❛"❝❤✱ ✺✭✹✮✿✻✼✺✕✻✽✹✱ ✷✵✶✷✳

❬✸✼✵❪ ▲❛✇7❡♥❝❡ ◆ ❑✇♦♥❣ ❛♥❞ ❲✐❧❧✐❛♠ ❋ ❉♦✈❡✳ ❆♣❝ ❛♥❞ ✐6= ♠♦❞✐✜❡7= ✐♥ ❝♦❧♦♥ ❝❛♥❝❡7✳ ■♥ ❆7❈

7"♦:❡✐♥4✱ ♣❛❣❡= ✽✺✕✶✵✻✳ ❙♣7✐♥❣❡7✱ ✷✵✵✾✳

❬✸✼✶❪ ❙❛❜✐♥❡ ❈♦❧♥♦6✱ ▼✐❝❤✐❦♦ ◆✐✇❛✲❑❛✇❛❦✐6❛✱ ●❤✐=❧❛✐♥❡ ❍❛♠❛7❞✱ ❈g❝✐❧❡ ●♦❞❛7❞✱ ❙❡7✈❛♥❡

▲❡ V❧❡♥✐❡7✱ ❈❤7✐=6♦♣❤❡ ❍♦✉❜7♦♥✱ ❇g❛67✐❝❡ ❘♦♠❛❣♥♦❧♦✱ ❉♦♠✐♥✐W✉❡ ❇❡77❡❜✐✱ ▼❛7❝♦ ●✐♦✈❛♥✲

♥✐♥✐✱ ❛♥❞ ❈❤7✐=6✐♥❡ V❡77❡6✳ ❈♦❧♦7❡❝6❛❧ ❝❛♥❝❡7= ✐♥ ❛ ♥❡✇ ♠♦✉=❡ ♠♦❞❡❧ ♦❢ ❢❛♠✐❧✐❛❧ ❛❞❡♥♦♠❛✲
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"♦✉% ♣♦❧②♣♦%✐%✿ ✐♥✢✉❡♥❝❡ ♦❢ ❣❡♥❡"✐❝ ❛♥❞ ❡♥✈✐4♦♥♠❡♥"❛❧ ♠♦❞✐✜❡4%✳ ▲❛❜♦$❛%♦$② ✐♥✈❡+%✐❣❛%✐♦♥✱

✽✹✭✶✷✮✿✶✻✶✾✱ ✷✵✵✹✳

❬✸✼✷❪ ❆♥✐"❛ ❈● ❈❤✉❛✱ ❇♦4✉" ❑❧♦♣❝✐❝✱ ■❛♥ ❈ ▲❛✇4❛♥❝❡✱ ❏♦❤♥ ❑ ❖❧②♥②❦✱ ❛♥❞ ❉❡❜❜✐❡ ❚4✐♥❞❡4✳

■4♦♥✿ ❛♥ ❡♠❡4❣✐♥❣ ❢❛❝"♦4 ✐♥ ❝♦❧♦4❡❝"❛❧ ❝❛4❝✐♥♦❣❡♥❡%✐%✳ ❲♦$❧❞ ❥♦✉$♥❛❧ ♦❢ ❣❛+%$♦❡♥%❡$♦❧♦❣②✿

❲❏●✱ ✶✻✭✻✮✿✻✻✸✱ ✷✵✶✵✳

❬✸✼✸❪ ❙♦4✐♥❛ ❘❛❞✉❧❡%❝✉✱ ▼❛""❤❡✇ ❏ ❇4♦♦❦❡%✱ V❡❞4♦ ❙❛❧❣✉❡✐4♦✱ ❘❛❝❤❡❧ ❆ ❘✐❞❣✇❛②✱ ❊✇❛♥ ▼❝●❤❡❡✱

❑✉4" ❆♥❞❡4%♦♥✱ ❙❛♠✉❡❧ ❏ ❋♦4❞✱ ❉❛♥✐❡❧ ❍ ❙"♦♥❡%✱ ❚❛4✐Z ❍ ■Z❜❛❧✱ ❈❤4✐% ❚%❡❧❡♣✐%✱ ❡" ❛❧✳

▲✉♠✐♥❛❧ ✐4♦♥ ❧❡✈❡❧% ❣♦✈❡4♥ ✐♥"❡%"✐♥❛❧ "✉♠♦4✐❣❡♥❡%✐% ❛❢"❡4 ❛♣❝ ❧♦%% ✐♥ ✈✐✈♦✳ ❈❡❧❧ $❡♣♦$%+✱

✷✭✷✮✿✷✼✵✕✷✽✷✱ ✷✵✶✷✳

❬✸✼✹❪ ❙✉③❛♥❛ ❑♦✈❛❝✱ ●4❡❣♦4② ❏ ❆♥❞❡4%♦♥✱ ❲❛44❡♥ ❙ ❆❧❡①❛♥❞❡4✱ ❆4"❤✉4 ❙❤✉❧❦❡%✱ ❛♥❞ ●4❛❤❛♠ ❙

❇❛❧❞✇✐♥✳ ●❛%"4✐♥✲❞❡✜❝✐❡♥" ♠✐❝❡ ❤❛✈❡ ❞✐%"✉4❜❡❞ ❤❡♠❛"♦♣♦✐❡%✐% ✐♥ 4❡%♣♦♥%❡ "♦ ✐4♦♥ ❞❡✜✲

❝✐❡♥❝②✳ ❊♥❞♦❝$✐♥♦❧♦❣②✱ ✶✺✷✭✽✮✿✸✵✻✷✕✸✵✼✸✱ ✷✵✶✶✳

❬✸✼✺❪ ▼❛4✐❡ ▲❛✈❛❧✱ ●4❛❤❛♠ ❙ ❇❛❧❞✇✐♥✱ ❆4"❤✉4 ❙❤✉❧❦❡%✱ ❛♥❞ ❑❛"❤4②♥ ▼ ▼❛4%❤❛❧❧✳ ■♥❝4❡❛%❡❞ ❣❛%✲

"4✐♥ ❣❡♥❡ ❡①♣4❡%%✐♦♥ ♣4♦✈✐❞❡% ❛ ♣❤②%✐♦❧♦❣✐❝❛❧ ❛❞✈❛♥"❛❣❡ "♦ ♠✐❝❡ ✉♥❞❡4 ❤②♣♦①✐❝ ❝♦♥❞✐"✐♦♥%✳

❆♠❡$✐❝❛♥ ❏♦✉$♥❛❧ ♦❢ <❤②+✐♦❧♦❣②✲●❛+%$♦✐♥%❡+%✐♥❛❧ ❛♥❞ ▲✐✈❡$ <❤②+✐♦❧♦❣②✱ ✸✵✽✭✷✮✿●✼✻✕●✽✹✱

✷✵✶✹✳

❬✸✼✻❪ ●4❛❤❛♠ ❙ ❇❛❧❞✇✐♥✱ ●4❛❤❛♠ ◆ ●❡♦4❣❡✱ ❛♥❞ ▼ ❏❛❦❡ V✉%❤✐❡✳ ❍✐❣❤ ❛✣♥✐"② ❜✐♥❞✐♥❣ ♦❢

✐♥❞✐✉♠ ❛♥❞ 4✉"❤❡♥✐✉♠ ✐♦♥% ❜② ❣❛%"4✐♥%✳ <▲♦❙ ♦♥❡✱ ✶✵✭✶✵✮✿❡✵✶✹✵✶✷✻✱ ✷✵✶✺✳

❬✸✼✼❪ ❖❧✐✈❡4 ●♦❡"③❡✱ ❏♦❤❛♥♥❡% ❙❝❤♠✐""✱ ❑❡4%"✐♥ ❙♣❧✐❡"❤♦✛✱ ■❣♦4 ❚❤❡✉4❧✱ ●d♥"❡4 ❲❡✐%%✱ ❉♦4✐♥❡ ❲

❙✇✐♥❦❡❧%✱ ❍❛4♦❧❞ ❚❥❛❧%♠❛✱ ▼❛4❝♦ ▼❛❣❣✐♦4✐♥✐✱ V✐❡44❡ ❑4❛②❡♥❜d❤❧✱ ▼♦♥✐❦❛ ❘❛✉✱ ❡" ❛❧✳ ❆❞❛♣✲

"❛"✐♦♥ ♦❢ ✐4♦♥ "4❛♥%♣♦4" ❛♥❞ ♠❡"❛❜♦❧✐%♠ "♦ ❛❝✉"❡ ❤✐❣❤✲❛❧"✐"✉❞❡ ❤②♣♦①✐❛ ✐♥ ♠♦✉♥"❛✐♥❡❡4%✳

❍❡♣❛%♦❧♦❣②✱ ✺✽✭✻✮✿✷✶✺✸✕✷✶✻✷✱ ✷✵✶✸✳

❬✸✼✽❪ ▼❛① ●❛%%♠❛♥♥ ❛♥❞ ▼❛4"✐♥❛ ❯ ▼✉❝❦❡♥"❤❛❧❡4✳ ❆❞❛♣"❛"✐♦♥ ♦❢ ✐4♦♥ 4❡Z✉✐4❡♠❡♥" "♦ ❤②♣♦①✐❝

❝♦♥❞✐"✐♦♥% ❛" ❤✐❣❤ ❛❧"✐"✉❞❡✳ ❏♦✉$♥❛❧ ♦❢ ❆♣♣❧✐❡❞ <❤②+✐♦❧♦❣②✱ ✶✶✾✭✶✷✮✿✶✹✸✷✕✶✹✹✵✱ ✷✵✶✺✳

❬✸✼✾❪ ❳✐❛♦❧✐ ❨❛♥❣✱ ❘♦♥❣❝❤✉❛♥ ❨✉❡✱ ❏✉♥ ❩❤❛♥❣✱ ❳✐❛♦Z✉♥ ❩❤❛♥❣✱ ❨✉❦❛✐ ▲✐✉✱ ❈❛✐②✉ ❈❤❡♥✱ ❳✐♥✲

Z✉❛♥ ❲❛♥❣✱ ❍❛♦ ▲✉♦✱ ❲❡✐ ❊4✐❝ ❲❛♥❣✱ ❳✐♦♥❣✇❡♥ ❈❤❡♥✱ ❡" ❛❧✳ ●❛%"4✐♥ ♣4♦"❡❝"% ❛❣❛✐♥%"

♠②♦❝❛4❞✐❛❧ ✐%❝❤❡♠✐❛✴4❡♣❡4❢✉%✐♦♥ ✐♥❥✉4② ✈✐❛ ❛❝"✐✈❛"✐♦♥ ♦❢ 4✐%❦ ✭4❡♣❡4❢✉%✐♦♥ ✐♥❥✉4② %❛❧✈❛❣❡

❦✐♥❛%❡✮ ❛♥❞ %❛❢❡ ✭%✉4✈✐✈♦4 ❛❝"✐✈❛"✐♥❣ ❢❛❝"♦4 ❡♥❤❛♥❝❡♠❡♥"✮ ♣❛"❤✇❛②%✳ ❏♦✉$♥❛❧ ♦❢ %❤❡ ❆♠❡$✲

✐❝❛♥ ❍❡❛$% ❆++♦❝✐❛%✐♦♥✱ ✼✭✶✹✮✿❡✵✵✺✶✼✶✱ ✷✵✶✽✳

❬✸✽✵❪ ●4❡❣❣ ▲ ❙❡♠❡♥③❛✳ ❍✐❢✲✶✿ ♠❡❞✐❛"♦4 ♦❢ ♣❤②%✐♦❧♦❣✐❝❛❧ ❛♥❞ ♣❛"❤♦♣❤②%✐♦❧♦❣✐❝❛❧ 4❡%♣♦♥%❡% "♦

❤②♣♦①✐❛✳ ❏♦✉$♥❛❧ ♦❢ ❛♣♣❧✐❡❞ ♣❤②+✐♦❧♦❣②✱ ✽✽✭✹✮✿✶✹✼✹✕✶✹✽✵✱ ✷✵✵✵✳

❬✸✽✶❪ ❑❛♣✐❧ ❙❡"❤✐✱ ❑❡♥♥② ❘❛♦✱ ❉❛♠✐❡♥ ❇♦❧"♦♥✱ ❖♥❡❡❧ V❛"❡❧✱ ❛♥❞ ❏♦%❡♣❤ ■%❝❤✐❛✳ ❚❛4❣❡"✐♥❣ ❤✐❢✲✶α

"♦ ♣4❡✈❡♥" 4❡♥❛❧ ✐%❝❤❡♠✐❛✲4❡♣❡4❢✉%✐♦♥ ✐♥❥✉4②✿ ❉♦❡% ✐" ✇♦4❦❄ ■♥%❡$♥❛%✐♦♥❛❧ ❏♦✉$♥❛❧ ♦❢ ❈❡❧❧

❇✐♦❧♦❣②✱ ✷✵✶✽✱ ✷✵✶✽✳
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❬✸✽✷❪ ❑❛*❤,②♥ ▼ ▼❛,0❤❛❧❧✱ ▼❛,✐❡ ▲❛✈❛❧✱ ❖,*✐0 ❊0*❛❝✐♦✱ ❉❛♠✐❡♥ ❋ ❍✉❞0♦♥✱ A❛✉❧ ❑❛❧✐*0✐0✱ ❆,*❤✉,

❙❤✉❧❦❡0✱ ●,❛❤❛♠ ❙ ❇❛❧❞✇✐♥✱ ❛♥❞ ❖♥❡❡❧ A❛*❡❧✳ ❆❝*✐✈❛*✐♦♥ ❜② ③✐♥❝ ♦❢ *❤❡ ❤✉♠❛♥ ❣❛0*,✐♥
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❧✐(❡*✱ ❞❡* ❝②(♦❦✐♥❡* ♦✉ ❞❡* ♥❡✉)♦()❛♥*♠❡((❡✉)*✳ ▲❡* ❘❈C●* *❡ ❞2✜♥✐**❡♥( ♣❛) ✉♥❡ ❡①()2♠✐(2

◆✲(❡)♠✐♥❛❧❡ ❡①()❛❝❡❧❧✉❧❛✐)❡✱ *❡♣( *❡❣♠❡♥(* ()❛♥*♠❡♠❜)❛♥❛✐)❡* ❛♥(✐♣❛)❛❧❧\❧❡* ❤②❞)♦♣❤♦❜❡* )❡❧✐2*

♣❛) ()♦✐* ❜♦✉❝❧❡* ✐♥()❛❝❡❧❧✉❧❛✐)❡* ✭■▲✶ < ■▲✸✮ ❡( ♣❛) ()♦✐* ❜♦✉❝❧❡* ❡①()❛❝❡❧❧✉❧❛✐)❡* ✭❊▲✶ < ❊▲✸✮✱ ❡(

✉♥❡ ❡①()2♠✐(2 ❈✲(❡)♠✐♥❛❧❡ ✐♥()❛❝❡❧❧✉❧❛✐)❡✳ ■❧* *♦♥( )❡❣)♦✉♣2* ♣♦✉) ❧❡✉)* ❤♦♠♦❧♦❣✐❡* ❞❡ *2+✉❡♥❝❡

❡( ❧❡✉)* ❝❛)❛❝(2)✐*(✐+✉❡* ♣❤❛)♠❛❝♦❧♦❣✐+✉❡* ✈✐❛ ♣❧✉*✐❡✉)* *②*(\♠❡* ❞❡ ❝❧❛**✐✜❝❛(✐♦♥✱ ❧❛ ❝❧❛**✐✜❝❛✲

(✐♦♥ ●❘❆❋❙ ❡( ❧❡ *②*(\♠❡ ❑♦❧❛❦♦✇*❦✐✳ ▲❡ ❘❈❈❑✶ *❡ ❧✐❡ < ❧❛ ❈❈❑ *✉❧❢❛(2❡ ❛✈❡❝ ✉♥❡ ❛✣♥✐(2

✺✵✵✲✶✵✵✵ ❢♦✐* ♣❧✉* 2❧❡✈2❡ +✉❡ ❧❛ ❣❛*()✐♥❡✱ ❛❧♦)* +✉❡ ❧❡ ❘❈❈❑✷ *❡ ❧✐❡ ❛✈❡❝ ❧❛ ♠d♠❡ ❛✣♥✐(2 ❛✉ ❈❈❑

❡( < ❧❛ ❣❛*()✐♥❡✳ ❈❡♣❡♥❞❛♥(✱ ❧❛ ♣)♦❣❛*()✐♥❡✱ ❧❡ ●❣❧② ❡( ❧❡ ❈❚❋C ♦♥( (♦✉* ✉♥❡ ()\* ❢❛✐❜❧❡ ❛✣♥✐(2
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♣♦✉& ❧❡ ❘❈❈❑✷ ❡- ❝❡&-❛✐♥❡2 3-✉❞❡2 ♦♥- ♠✐2 ❡♥ 3✈✐❞❡♥❝❡ ❧✬✐♠♣❧✐❝❛-✐♦♥ ❞❡ ❞✬❛✉-&❡2 &3❝❡♣-❡✉&2✱

❧❡ ●❇; ✭❣❛2-&✐♥✲❜♦✉♥❞ ♣&♦-❡✐♥✮ ♦✉ ❧❡ ❋✶✲❆❚;❛2❡✳ ▲❡2 ❘❈;●2 2♦♥- ❛❝-✐✈32 ❛♣&F2 ❧✐❛✐2♦♥ ❛✈❡❝

❧❡✉& ❧✐❣❛♥❞ ❧❡✉& ❝♦♥❢3&❛♥- ❞❡2 ❝❤❛♥❣❡♠❡♥-2 ❝♦♥❢♦&♠❛-✐♦♥♥❡❧2 ❡- ❢❛❝✐❧✐-❛♥- ❧❡✉& ✐♥-❡&❛❝-✐♦♥ ❛✈❡❝

❧❡2 ♣&♦-3✐♥❡2 ●✳ ▲❛ ♣&♦-3✐♥❡ ● ❛❝-✐✈3❡ ♣❡✉- ❛❧♦&2 ✐♥✐-✐❡& ❧❛ -&❛♥2❞✉❝-✐♦♥ ❞✉ 2✐❣♥❛❧ ✐♥-&❛❝❡❧❧✉❧❛✐&❡

✐♥❞✉✐-❡ ♣❛& ❧❡ &3❝❡♣-❡✉&✱ ❛❜♦✉-✐22❛♥- ❧❡ ♣❧✉2 2♦✉✈❡♥- I ❧❛ -&❛♥2❝&✐♣-✐♦♥ ❞❡ ❣F♥❡2✳ ▲❡ ❘❈❈❑✷ ❡2-

✉♥ &3❝❡♣-❡✉& ❝♦✉♣❧3 ❛✉① ♣&♦-3✐♥❡2 ●K✱ K✉✐ ✈♦♥- ❛❝-✐✈❡& ❧❛ ✈♦✐❡ ❞❡ ❧❛ ♣❤♦2♣❤♦❧✐♣❛2❡ ❈ ♣&♦❞✉✐2❛♥-

❞❡2 ✐♥♦2✐-♦❧2 -&✐♣❤♦2♣❤❛-❡2 ✭■;✸✮ ❡- ❞✉ ❞✐❛❝②❧❣❧②❝3&♦❧ ✭❉❆●✮✳ ❈❡2 ♠❡22❛❣❡&2 2❡❝♦♥❞❛✐&❡2 ✈♦♥-

&❡2♣❡❝-✐✈❡♠❡♥- 2-✐♠✉❧❡& ❧❛ ❧✐❜3&❛-✐♦♥ ❞❡ ❝❛❧❝✐✉♠ ❞❛♥2 ❧❡ ❝②-♦2♦❧ ❡- ❛❝-✐✈❡& ❞✐✛3&❡♥-❡2 ♣&♦-3✐♥❡2

❦✐♥❛2❡ ❈ ✭;❑❈✮ ✐♠♣❧✐K✉3❡2 ❞❛♥2 ❧❛ 2✐❣♥❛❧✐2❛-✐♦♥ ❞❡2 ▼❆;❑✐♥❛2❡2 ✈✐❛ ❧❛ ♣&♦-3✐♥❡ ❘❛❢✳ ▲❛ ❝❛2❝❛❞❡

❞❡ ♣❤♦2♣❤♦&②❧❛-✐♦♥ ❘❛2✴❘❛❢✴❊❘❑ ❦✐♥❛2❡2✴❊❘❑✶✴✷ ❝♦♥❞✉✐- I ❧❛ &3❣✉❧❛-✐♦♥ ❞❡ ❧❛ ♣&♦❧✐❢3&❛-✐♦♥✱

❧❛ ❞✐✛3&❡♥❝✐❛-✐♦♥✱ ❧❛ 2✉&✈✐❡ ♦✉ ❧✬❛♣♦♣-♦2❡ ❝❡❧❧✉❧❛✐&❡ ❡- I ❧✬❛❝-✐✈❛-✐♦♥ ❞❡ ❢❛❝-❡✉&2 ❞❡ -&❛♥2❝&✐♣-✐♦♥✳

❊✛❡#$ ♣❤②$✐♦❧♦❣✐,✉❡$

▲❛ ❈❈❑ ❡2- ✉♥❡ ❤♦&♠♦♥❡ K✉✐ ♣❡&♠❡- ❧❛ ❝♦♥-&❛❝-✐♦♥ ❡- ❧❛ &❡❧❛①❛-✐♦♥ ❞❡ ❧✬❡2-♦♠❛❝ ❡- ❞❡ ❧❛ ✈32✐❝✉❧❡

❜✐❧✐❛✐&❡ ♣✉✐2 ❧❛ ❧✐❜3&❛-✐♦♥ ❞❡ ❧❛ ❜✐❧❡ ❞❛♥2 ❧❡ ❞✉♦❞3♥✉♠✳ ▲❛ ❈❈❑ ❛❣✐- 3❣❛❧❡♠❡♥- ❝♦♠♠❡ ❢❛❝-❡✉&

❞❡ ❝&♦✐22❛♥❝❡ ♣♦✉& ❧❡ ♣❛♥❝&3❛2 ❡- ❝♦♠♠❡ ♥❡✉&♦-&❛♥2♠❡--❡✉& ♣♦✉& ❧❡ 2②2-F♠❡ ♥❡&✈❡✉① ❝❡♥-&❛❧ ❡-

♣3&✐♣❤3&✐K✉❡✳ ❉❡ ♣❧✉2✱ ❧❛ ❈❈❑ ✐♥❤✐❜❡ ❧❛ 23❝&3-✐♦♥ ❞✬❛❝✐❞❡ ❣❛2-&✐K✉❡ ❡♥ ♣&♦♠♦✉✈❛♥- ❧❛ ❧✐❜3&❛-✐♦♥

❞❡ ❧❛ 2♦♠❛-♦2-❛-✐♥❡ ♣❛& ❧❡2 ❝❡❧❧✉❧❡2 ❉ ❞✉ ❞✉♦❞3♥✉♠ ✈✐❛ ❧❡ ❘❈❈❑✶✳ ▲❡ &U❧❡ ✐♥✐-✐❛❧ ❞❡ ❧❛ ❣❛2-&✐♥❡

❡2- ❞❡ 2-✐♠✉❧❡& ❧❛ 23❝&3-✐♦♥ ❞✬❛❝✐❞❡ ❣❛2-&✐K✉❡ ❛♣&F2 ❧❛ ♣&✐2❡ ❞✬✉♥ &❡♣❛2 ♣♦✉& ❛✐❞❡& 2❛ ❞✐❣❡2-✐♦♥✳

❊♥ ❡✛❡-✱ ❞❡2 3-✉❞❡2 ♦♥- ❞3♠♦♥-&3 K✉❡ ❧❛ ❧✐❛✐2♦♥ ❞❡ ❧❛ ❣❛2-&✐♥❡ ❛✉ ❘❈❈❑✷ ❛❝-✐✈❡ ❧❛ 23❝&3-✐♦♥

❞✬❤✐2-❛♠✐♥❡ K✉✐ I 2♦♥ -♦✉& 2-✐♠✉❧❡ ❧❡2 ❝❡❧❧✉❧❡2 ♣❛&✐3-❛❧❡2 ❡- ❛❝-✐✈❡ ❧❛ 23❝&3-✐♦♥ ❞✬❛❝✐❞❡ ❣❛2-&✐K✉❡✳

❈❡--❡ 23❝&3-✐♦♥ ❡2- ✐♥❤✐❜3❡ ♣❛& ❧❛ 2♦♠❛-♦2-❛-✐♥❡ ❧♦&2K✉❡ ❧❛ K✉❛♥-✐-3 2✉✣2❛♥-❡ ❞✬❛❝✐❞❡ ❣❛2-&✐K✉❡

❡2- ❛--❡✐♥-❡✳ ▲❛ ❣❛2-&✐♥❡ ❡①❡&❝❡ ✉♥❡ ❛❝-✐♦♥ -&♦♣❤✐K✉❡ ♣✉✐2K✉✬❡❧❧❡ 2-✐♠✉❧❡ ❧❛ 2②♥-❤F2❡ ❞✬❆❉◆ ❞❛♥2

♣❧✉2✐❡✉&2 -✐22✉2 ❡- K✉✬❡❧❧❡ 2-✐♠✉❧❡ ❧❛ ♣&♦❧✐❢3&❛-✐♦♥ ❡- ❧❛ ❞✐✛3&❡♥❝✐❛-✐♦♥ ❞❡2 ❝❡❧❧✉❧❡2 ❞❡ ❧❛ ♠✉K✉❡✉2❡

❣❛2-&✐K✉❡✳ ❈❤❡③ ❧❡2 2♦✉&✐2 ❡- ❧❡2 &❛-2✱ ❧❛ ❣❛2-&✐♥❡ ❝♦♥-&U❧❡ ❧❛ ♣&♦❧✐❢3&❛-✐♦♥ ❞❡2 ❝❡❧❧✉❧❡2 ❊❈▲✳ ❉❡

♣❧✉2✱ ❛✉ ♥✐✈❡❛✉ ❞✉ ♣❛♥❝&3❛2✱ ❧❛ ❣❛2-&✐♥❡ ❡- ❧❛ ❈❈❑ &3❣✉❧❡&❛✐❡♥- ❞✐&❡❝-❡♠❡♥- ❧❛ 2-✐♠✉❧❛-✐♦♥ ❞❡

❧❛ ♣&♦❞✉❝-✐♦♥ ❞❡ ❣❧✉❝❛❣♦♥ ✈✐❛ ❧❡ ❘❈❈❑✷ ❡- ❧❛ ❣❛2-&✐♥❡ ❛✉&❛✐- ✉♥ &U❧❡ ❞❛♥2 ❧✬❤♦♠3♦2-❛2✐❡ ❞✉

❣❧✉❝♦2❡✳ ▲❛ ❣❛2-&✐♥❡ ❛✉&❛✐- ✉♥ ❡✛❡- ✐♥❝&3-✐♥❡ ♠❛✐2 ❧❛ ❧✐--3&❛-✉&❡ &❡2-❡ ❝♦♥✢✐❝-✉❡❧❧❡ I ❝❡ 2✉❥❡-✳

●❣❧② 2-✐♠✉❧❡ ❧❛ ♣&♦❧✐❢3&❛-✐♦♥ ❡- ❧❛ ♠✐❣&❛-✐♦♥ ❝❡❧❧✉❧❛✐&❡ ❡- ❧❛ ♣&32❡♥❝❡ ❞❡ 2♦♥ &3❝❡♣-❡✉& ❞❛♥2 ❧❡2

❝❡❧❧✉❧❡2 ❤✉♠❛✐♥❡2 ❞✉ ❝❛♥❝❡& ❞❡ ❝U❧♦♥ ❧✉✐ ❝♦♥❢F&❡ ✉♥ ❡✛❡- -&♦♣❤✐K✉❡ ✈✐❛ ✉♥ ♠3❝❛♥✐2♠❡ ✐♥❞3♣❡♥❞❛♥-

❞❡ ❧❛ ✈♦✐❡ ▼❊❑ 2✉❣❣3&❛♥- ✉♥ ♣♦-❡♥-✐❡❧ ✐♠♣❛❝- 2✉& ❧❛ ♣&♦❣&❡22✐♦♥ ❞✉ ❝❛♥❝❡& ❞✉ ❝U❧♦♥✳ ❉❡2 3-✉❞❡2

2✉& ❧❡2 &❛-2 ♦♥- ❝♦♥✜&♠3 K✉❡ ●❣❧② ❛❣✐- ❝♦♠♠❡ ✉♥ ♣&♦♠♦-❡✉& ❞❡ ❧❛ ❝❛&❝✐♥♦❣❡♥F2❡ ❝♦❧♦&❡❝-❛❧❡✳ ▲❛

♣&♦❣❛2-&✐♥❡ ❡2- ✉♥ ❢❛❝-❡✉& ❞❡ ❝&♦✐22❛♥❝❡ ❞❡ ❧✬❛♣♣❛&❡✐❧ ❞✐❣❡2-✐❢ ♣✉✐2K✉❡ 2❛ 2✉&❡①♣&❡22✐♦♥ ❡♥-&❛\♥❡

✉♥❡ ❛✉❣♠❡♥-❛-✐♦♥ ❞❡ ❧❛ ♣&♦❧✐❢3&❛-✐♦♥ ❞❡2 ❝❡❧❧✉❧❡2 ❞❡ ❧❛ ♠✉K✉❡✉2❡ ❣❛2-&✐K✉❡✳ ▲❛ ♣&♦❣❛2-&✐♥❡ ❛

3❣❛❧❡♠❡♥- ❞❡2 ❡✛❡-2 ❛♥-✐✲❛♣♦♣-♦-✐K✉❡2 ❝♦♥-&✐❜✉❛♥- I ❧❛ ♣&♦❧✐❢3&❛-✐♦♥ ❞❡2 ❝❡❧❧✉❧❡2 ❝❛♥❝3&❡✉2❡2✳
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▲❛ ❣❛#$%✐♥❡ ❡$ ❧❡ ❝❛♥❝❡% ❞✉ ❝-❧♦♥

▲❡ ❣%♥❡ ❞❡ ❧❛ ❣❛*+,✐♥❡ ❡*+ ❡①♣,✐♠1 ❞❛♥* ❧❡* ❧✐❣♥1❡* ❝❡❧❧✉❧❛✐,❡* ❞❡ ❝❛♥❝❡, ❞✉ ❝4❧♦♥ ✭+❡❧❧❡* 7✉❡ ❧❡*

❝❡❧❧✉❧❡* ❍❈❚✶✶✻ ♦✉ ▲■▼✶✷✶✺✮ ♠❛✐* ❛❧♦,* 7✉❡ ❧❛ ❣❛*+,✐♥❡ ❡*+ *1❝,1+1❡ @ ❞❡* 7✉❛♥+✐+1* *✐♠✐❧❛✐,❡*

❞❛♥* ❧❡* ❝❡❧❧✉❧❡* ♥♦,♠❛❧❡* ❡+ ❧❡* +✉♠❡✉,* ❝♦❧♦,❡❝+❛❧❡*✱ ❧❡* ❢♦,♠❡* ✐♠♠❛+✉,❡* ❞❡ ❧❛ ❣❛*+,✐♥❡ ✭♣,♦✲

❣❛*+,✐♥❡✱ ●❣❧② ❡+ ❈❚❋G✮ *♦♥+ ,❡+,♦✉✈1❡* @ ❞❡* ❝♦♥❝❡♥+,❛+✐♦♥* ♣❧✉* 1❧❡✈1❡* ❞❛♥* ❧❡* +✉♠❡✉,*✳ ▲❛

♠❛+✉,❛+✐♦♥ ❞❡ ❧❛ ♣,♦❣❛*+,✐♥❡ ♥✬❡*+ ♣❛* ❝♦♠♣❧%+❡ ❞K @ ❞❡* 1✈1♥❡♠❡♥+* ♣♦*+✲+,❛♥*❧❛+✐♦♥♥❡❧* ♣❡♥✲

❞❛♥+ ❧❛ *17✉❡♥❝❡ ❛❞1♥♦♠❡✲❝❛,❝✐♥♦♠❡ ❡+ ♣❛, ❧❛ ♣,1*❡♥❝❡ ❞❡ ♠✉+❛+✐♦♥* ❞✉ ❣%♥❡ ❆G❈✳ ▲❡ ,1❝❡♣+❡✉,

❘❈❈❑✷ ❡*+ *♦✉✈❡♥+ *✉,❡①♣,✐♠1 ❝❤❡③ ❧❡* ♣❛+✐❡♥+* ❛++❡✐♥+* ❞❡ ❝❛♥❝❡, ❞✉ ❝4❧♦♥ ❡+ ❞❡* 1+✉❞❡* ✐♥

✈✐#$♦ ♦♥+ ♠♦♥+,1 7✉❡ *❛ *+✐♠✉❧❛+✐♦♥ ♣❛, ❧❛ ❣❛*+,✐♥❡ *+✐♠✉❧❛✐+ ❧✬❛❝+✐✈❛+✐♦♥ ❞❡* ✈♦✐❡* ❞❡ *✐❣♥❛❧✐*❛✲

+✐♦♥ ❞❡ ❧✬❛❞❤1,❡♥❝❡ ❢♦❝❛❧❡ ✭❋❆❑✲❋♦❝❛❧ ❛❞❤❡*✐♦♥ ❦✐♥❛*❡✮ ❞❛♥* ❧❡* ❝❡❧❧✉❧❡* ❝❛♥❝1,❡✉*❡* ♣,♦♠♦✉✈❛♥+

❧❡ ❞1✈❡❧♦♣♣❡♠❡♥+ ❞✉ ❝❛♥❝❡, ❞✉ ❝4❧♦♥ ❡+ *❛ ♣,♦❣,❡**✐♦♥ ❡♥ ♠1+❛*+❛*❡*✳ ▲❛ ❣❛*+,✐♥❡ ❡*+ ✉♥ ❢❛❝+❡✉,

❞❡ ❝,♦✐**❛♥❝❡ ❛❣✐**❛♥+ ❞❡ ❢❛R♦♥ ❛✉+♦❝,✐♥❡ ❞❛♥* ❧❡* ❧✐❣♥1❡* ❝❡❧❧✉❧❛✐,❡* ❞❡ ❝❛,❝✐♥♦♠❡* ❝♦❧♦,❡❝+❛✉① ❡+

❧❛ ♣,♦❣❛*+,✐♥❡ ❡+ ●❣❧② ❛✉,❛✐❡♥+ ♣♦+❡♥+✐❡❧❧❡♠❡♥+ ❧❡ ♠S♠❡ ,4❧❡✳ ▲✬❤②♣❡,❣❛*+,✐♥1♠✐❡✱ ♦✉ ❧❛ ♣,♦❞✉❝✲

+✐♦♥ ❡①❝❡**✐✈❡ ❡+ ❛♥♦,♠❛❧❡ ❞❡ ❣❛*+,✐♥❡✱ ❡*+ ❧❛ ❝♦♥*17✉❡♥❝❡ ❞❡ ❝❡,+❛✐♥❡* ❝♦♥❞✐+✐♦♥* ❝❧✐♥✐7✉❡* +❡❧❧❡*

7✉❡ ❧✬❛♥1♠✐❡ ♣❡,♥✐❝✐❡✉*❡✱ ❧❡ *②♥❞,♦♠❡ ❞❡ ❩♦❧❧✐♥❣❡,✲❊❧❧✐*♦♥ ♦✉ ❧✬✐♥❢❡❝+✐♦♥ @ ❍❡❧✐❝♦❜❛❝+❡, ♣✐❧♦,✐ ❡+

♣♦✉,,❛✐+ S+,❡ ❝♦,,1❧1❡ ❛✈❡❝ ❧❡ ❞1✈❡❧♦♣♣❡♠❡♥+ ❞❡ ❝❛♥❝❡,* ❞✉ ❝4❧♦♥✳ ❈❡♣❡♥❞❛♥+✱ ❧❛ ❧✐++1,❛+✉,❡ ,❡*+❡

❝♦♥+,♦✈❡,*1❡ @ ❝❡ *✉❥❡+✳ ▲✬❤②♣♦①✐❡✱ ♦✉ ✉♥ +❛✉① ❢❛✐❜❧❡ ❞✬♦①②❣%♥❡✱ ❡*+ ✉♥❡ ❝❛,❛❝+1,✐*+✐7✉❡ ❝♦♠♠✉♥❡

❞❡ ❜❡❛✉❝♦✉♣ ❞❡ +✉♠❡✉,* ❞✉ ❢❛✐+ ❞✬✉♥❡ ♣❛✉✈,❡ ✈❛*❝✉❧❛,✐*❛+✐♦♥✳ ▲✬❤②♣♦①✐❡ *+✐♠✉❧❡ ❧❛ +,❛♥*❝,✐♣✲

+✐♦♥ ❞✬❡♥✈✐,♦♥ ✶✳✺✪ ❞❡ ❣%♥❡* ❞❛♥* ❧❡* ❝❡❧❧✉❧❡* +✉♠♦,❛❧❡* ❡♥+,❛✐♥❛♥+ ❧❛ ❝,♦✐**❛♥❝❡ +✉♠♦,❛❧❡ ❡+

❧✬❛♥❣✐♦❣❡♥%*❡ ✈✐❛ ❧❡ ❢❛❝+❡✉, ❞❡ +,❛♥*❝,✐♣+✐♦♥ ❍■❋✲✶α ✭❍②♣♦①✐❛✲✐♥❞✉❝✐❜❧❡ ❢❛❝+♦, ✶✮✳ ▲❡ ❣%♥❡ ❞❡ ❧❛

❣❛*+,✐♥❡ ❡*+ *✉,❡①♣,✐♠1 ❡♥ ,1♣♦♥*❡ @ ❧✬❤②♣♦①✐❡ ❝❤❡③ ❧❡* ,❛+* ❡+ ❝❤❡③ ❧✬❤✉♠❛✐♥✳ ❉❡* 1+✉❞❡* ♦♥+

♠♦♥+,1 7✉❡ ❧❡* ♣,1❝✉,*❡✉,* ❞❡ ❧❛ ❣❛*+,✐♥❡ ❥♦✉❛✐❡♥+ ✉♥ ,4❧❡ ❞❛♥* ❧✬❛♥❣✐♦❣❡♥%*❡ ❡♥ ♣,♦♠♦✉✈❛♥+

❧✬❡①♣,❡**✐♦♥ ❞✉ ❢❛❝+❡✉, ♣,♦✲❛♥❣✐♦❣1♥✐7✉❡ ❱❊●❋ ✈✐❛ ❧❛ ✈♦✐❡ ❞❡* G■✸❑ ♠❛✐* ✐♥❞1♣❡♥❞❛♠♠❡♥+ ❞❡

❧✬❤②♣♦①✐❡✳ ▲✬❤②♣♦①✐❡ ❝❤✐♠✐7✉❡✱ ❈♦❈❧

✷

✱ ❡+ ❧❡* ✐♦♥* ❩♥

✷✰

❛❣✐**❡♥+ 1❣❛❧❡♠❡♥+ *✉, ❧❡ ❣%♥❡ ❞❡ ❧❛

❣❛*+,✐♥❡✳ ▲✬❛❝+✐✈❛+✐♦♥ ❞✉ ❣%♥❡ ❞❡ ❧❛ ❣❛*+,✐♥❡ ♣❛, ❧❡* ✐♦♥* ③✐♥❝ ❡*+ ♣❛,+✐❡❧❧❡♠❡♥+ ❢❛✐+❡ ✈✐❛ ❧❡* ✈♦✐❡*

▼❆G❑ ❡+ G■✸❑ ❡+ ❞1♣❡♥❞❛♥+ ❞✉ ♠1❝❛♥✐*♠❡ ❊✲❜♦①✳ ❊+✉❞✐❡, ❧❛ ❝♦,,1❧❛+✐♦♥ ❡♥+,❡ ❧✬❤♦♠1♦*+❛*❡

❞✉ ③✐♥❝ ❡+ ❧❛ ❣❛*+,✐♥❡ *❡,❛✐+ ♥1❝❡**❛✐,❡ ♣♦✉, ❝♦♠♣,❡♥❞,❡ ❧❡✉,* ,4❧❡* ❛✉ ♥✐✈❡❛✉ ❞❡ ❧❛ +,❛♥*✐+✐♦♥

1♣✐+❤1❧✐♦✲♠1*❡♥❝❤②♠❛+❡✉*❡ ✭❚❊▼✮ ❡+ ❞❛♥* ❝❡,+❛✐♥❡* ♣❛+❤♦❧♦❣✐❡*✳ ❆✉ ✈✉ ❞❡ ❧✬✐♠♣❧✐❝❛+✐♦♥ ❞❡ ❧❛

❣❛*+,✐♥❡ ❞❛♥* ❧❡ ❞1✈❡❧♦♣♣❡♠❡♥+ ❞❡* ❝❛♥❝❡,* ❞✉ ❝4❧♦♥✱ ❞❡* +❤1,❛♣✐❡* ❜❛*1❡* *✉, ❝❡++❡ ♣,♦+1✐♥❡ ♦♥+

1♠❡,❣1✳ ❆❧♦,* 7✉❡ ❧✬❛♥+❛❣♦♥✐*+❡ ♥♦♥ *♣1❝✐✜7✉❡ ❞✉ ❘❈❈❑✷✱ G,♦❣❧✉♠✐❞❡✱ ♥❡ ♣,♦❧♦♥❣❡ ♣❛* ❧❛ *✉,✈✐❡

❞❡* ♣❛+✐❡♥+* ♣,1*❡♥+❛♥+ ❞❡* ❝❛♥❝❡,* ❣❛*+,✐7✉❡* ♦✉ ❝♦❧♦,❡❝+❛✉① ❛✈❛♥❝1*✱ ❧✬❛♥+❛❣♦♥✐*+❡ *♣1❝✐✜7✉❡

❞✉ ❘❈❈❑✷✱ ▲✲✸✻✺✱✷✻✵✱ ❞✐♠✐♥✉❡ ❧✬❛❝+✐♦♥ ♠✐+♦❣1♥✐7✉❡ ❞❡ ❧❛ ❣❛*+,✐♥❡ ❡+ ,❛❧❡♥+✐+ ❧❛ ♣,♦❧✐❢1,❛+✐♦♥ ❞❡*

+✉♠❡✉,* ❣❛*+,♦✐♥+❡*+✐♥❛❧❡*✳ ▲❡ ❘❈❈❑✷ 1+❛♥+ +,%* ♣❡✉ ❡①♣,✐♠1 ❞❛♥* ❧❡* ❝❛,❝✐♥♦♠❡* ❝♦❧♦,❡❝+❛✉①✱

❞❡* ❛♥❛❧♦❣✉❡* ❞❡ ❧❛ *♦♠❛+♦*+❛+✐♥❡ ♦♥+ 1+1 +❡*+1* ♣♦✉, ,1❞✉✐,❡ ❧❛ ❧✐❜1,❛+✐♦♥ ❞❡ ❧❛ ❣❛*+,✐♥❡ ♣❛,

❧❡* ❝❡❧❧✉❧❡* ● ❛✈❡❝ ❞❡* ,1*✉❧+❛+* ♣❡✉ ❝♦♥❝❧✉❛♥+* ❝❧✐♥✐7✉❡♠❡♥+✳ ❉❡* ❛♥+✐❝♦,♣* ❝✐❜❧❛♥+ ❧❛ ❣❛*+,✐♥❡

❡+ ●❣❧② ✈✐❛ ❧✬✉+✐❧✐*❛+✐♦♥ ❞✬✐♠♠✉♥♦❣%♥❡* ❣❛*+,✐7✉❡*✱ ❧❡ ●❛*+,✐♠♠✉♥❡ ♣❛, ❡①❡♠♣❧❡✱ ♣❡,♠❡++,❛✐❡♥+

❞❡ ,1❞✉✐,❡ ❧❛ ♣,♦❧✐❢1,❛+✐♦♥ ❞❡* ❝❡❧❧✉❧❡* ❝❛♥❝1,❡✉*❡*✳ ❈❡++❡ *+,❛+1❣✐❡ ❡*+ ❛❝+✉❡❧❧❡♠❡♥+ ❡♥ ❡**❛✐*



❋❘❊◆❈❍ ❙❯▼▼❆❘❨ ✶✺✷

❝❧✐♥✐'✉❡*✳ ❉❡ ❢❛/♦♥ *✐♠✐❧❛✐2❡✱ ❞❡* ❛♥5✐❝♦2♣* ❝✐❜❧❛♥5 ❧❛ ♣2♦❣❛*52✐♥❡ ♦♥5 ♠♦♥529 ✉♥❡ ❞✐♠✐♥✉5✐♦♥

❞❡ ❧❛ ♣2♦❧✐❢92❛5✐♦♥ ❝❡❧❧✉❧❛✐2❡ ❡5 ✉♥❡ ❛✉❣♠❡♥5❛5✐♦♥ ❞❡ ❧❛ ♠♦25 ❝❡❧❧✉❧❛✐2❡ ❞❡ ❧✐❣♥9❡* ❝❡❧❧✉❧❛✐2❡* ❞❡

❝❛♥❝❡2 ❞✉ ❝:❧♦♥✳

▲❛ ❣❛#$%✐♥❡ ❡$ ❧✬❤♦♠❡♦#$❛#✐❡ ❞✉ ❢❡%

▲❡ ❢❡2 ❡*5 ✉♥ 9❧9♠❡♥5 ✐♠♣♦25❛♥5 ❞✉ ❝♦2♣* ❤✉♠❛✐♥ ❡5 *❛ ❝♦♥❝❡♥52❛5✐♦♥✱ 9❧❡✈9❡ ❛♣2>* ✉♥ 2❡♣❛*✱ ❡*5

♠❛✐♥5❡♥✉❡ ? ❞❡* ✈❛❧❡✉2* ♣❤②*✐♦❧♦❣✐'✉❡* ❣2A❝❡ ? *♦♥ ✉5✐❧✐*❛5✐♦♥ ❡5 ? ❞❡* ♠9❝❛♥✐*♠❡* ❞❡ 52❛♥*♣♦25

❡5 ❞❡ *5♦❝❦❛❣❡✳ ❉❛♥* ❧✬✐♥5❡*5✐♥ ❣2D❧❡✱ ❧❡ ❢❡2 ♥♦♥ ❤9♠✐♥✐'✉❡ ❡*5 29❞✉✐5 ❡♥ ❢❡2 ❢❡22❡✉① ♣❛2 ❧❛ ❢❡22✐29✲

❞✉❝5❛*❡ ✭❉❝②5❜✮ ♣✉✐* 52❛✈❡2*❡ ❧❛ ♠❡♠❜2❛♥❡ ❞❡* ❤9♣❛5♦❝②5❡* ✈✐❛ ❧❡ 52❛♥*♣♦25❡✉2 *♣9❝✐✜'✉❡ ❉▼❚✶✳

▲❡ ❢❡2 ❡*5 *♦✐5 2❡5❡♥✉ *♦✉* ❢♦2♠❡ ❞❡ ❢❡22✐5✐♥❡ ♣✉✐* 9❧✐♠✐♥9✱ *♦✐5 ❧✐❜929 ♣❛2 ❧✬❡♥592♦❝②5❡ ✈✐❛ ❧❡ 52❛♥*✲

♣♦25❡✉2 ❢❡22♦♣♦25✐♥❡✳ ❈❡ ❞❡2♥✐❡2 ❡*5 ❜❧♦'✉9 ❡5 ❞9❣2❛❞9 ♣❛2 ❧✬❤❡♣❝✐❞✐♥❡✱ ✉♥❡ ❤♦2♠♦♥❡ *②♥5❤95✐*9❡

♣❛2 ❧❡ ❢♦✐❡✱ ❛✜♥ ❞❡ ❝♦♥52:❧❡2 ❧❛ *♦25✐❡ ❞✉ ❢❡2 ❞❡ ❧✬❡♥592♦❝②5❡✳ ▲✬✐♥5❡2❛❝5✐♦♥ ❤❡♣❝✐❞✐♥❡✲❢❡22♦♣♦25✐♥❡

❛✐♥*✐ '✉❡ ❧❛ 52❛♥*❢❡22✐♥❡ ♦♥5 ❞❡* 2:❧❡* ❝❡♥52❛✉① ❞❛♥* ❧✬❤♦♠9♦*5❛*✐❡ ❞✉ ❢❡2✳ ▲❛ *9❝295✐♦♥ ❞✬❛❝✐❞❡

❣❛*52✐'✉❡ ❡*5 9❣❛❧❡♠❡♥5 ✐♠♣❧✐'✉9❡ ❞❛♥* ❧✬❛❜*♦2♣5✐♦♥ ❞✉ ❢❡2 ❡5 ♣❛2 ❝♦♥*9'✉❡♥5 ❞❛♥* ❧❛ ❜✐♦❞✐*♣♦♥✐✲

❜✐❧✐59 ❞✉ ❢❡2 ♥♦♥ ❤9♠✐♥✐'✉❡✳ ▲❡* ♣❛5✐❡♥5* *♦✉* ♦♠❡♣2❛③♦❧❡✱ ✉♥ ✐♥❤✐❜✐5❡✉2 ❞❡ ❧❛ ♣♦♠♣❡ ? ♣2♦5♦♥*

✉5✐❧✐*9 ♣♦✉2 29❞✉✐2❡ ❧❛ ♣2♦❞✉❝5✐♦♥ ❞✬❛❝✐❞✐59 ❣❛*52✐'✉❡✱ ❞9✈❡❧♦♣♣❡♥5 ✉♥❡ ❞9✜❝✐❡♥❝❡ ❡♥ ❢❡2✳ ▲❛ ❣❛*✲

52✐♥❡ ❡5 ●❣❧② *❡ ❧✐❡♥5 ? ❞❡✉① ✐♦♥* ❢❡22✐'✉❡* ❡♥ *♦❧✉5✐♦♥ ❛'✉❡✉*❡ ❡5 ❧✬❛❝5✐✈✐59 ❜✐♦❧♦❣✐'✉❡ ❞❡ ●❣❧②✱

❛✉ ❝♦♥52❛✐2❡ ❞❡ ❧❛ ❣❛*52✐♥❡✱ ♥9❝❡**✐5❡ *❛ ❧✐❛✐*♦♥ ❛✉ ●❧✉5❛♠❛5❡ ✼ ❞❡* ✐♦♥* ❢❡22✐'✉❡*✳ ▲❡ 52❛✐5❡♠❡♥5

♣❛2 ❧❛ ❞9❢92♦①❛♠✐♥❡ ✭❉❋❖✮✱ ✉♥ ❝❤9❧❛5❛♥5 ❞✉ ❢❡2✱ ❜❧♦'✉❛♥5 ❧✬❛❝5✐♦♥ ♣2♦❧✐❢92❛5✐✈❡ ❞❡* ❣❛*52✐♥❡*

✐♠♠❛5✉2❡* ❧❡ ❝♦♥✜2♠❡✳ ❉✬❛✉52❡ ♣❛25✱ ❧❡ 52❛✐5❡♠❡♥5 ❛✈❡❝ ❧❡ ❝❤9❧❛5❡✉2 ❊❉❚❆ ❜❧♦'✉❡ ❧✬✐♥5❡2❛❝5✐♦♥

❡♥52❡ ❧✬❛♣♦52❛♥*❢❡22✐♥❡ ❡5 ❧❛ ❣❛*52✐♥❡ ♦✉ ●❣❧② ❝♦♥✜2♠❛♥5 ❧❛ ♣29*❡♥❝❡ ❞❡ ❝♦♠♣❧❡①❡* ❣❛*52✐♥❡✲✐♦♥

❢❡22✐'✉❡*✳ ❈❤❡③ ❧❡* *♦✉2✐* ❞♦♥5 ❧❡ ❣>♥❡ ❞❡ ❧❛ ❣❛*52✐♥❡ ❛ 959 ✐♥❛❝5✐✈9✱ ✉♥❡ 29❞✉❝5✐♦♥ *✐❣♥✐✜❝❛5✐✈❡

❞❡ ❧❛ *9❝295✐♦♥ ❞✬❛❝✐❞❡ ❣❛*52✐'✉❡ ❛ 959 ♦❜*❡2✈9❡✱ ❛✐♥*✐ '✉✬✉♥❡ ❞✐♠✐♥✉5✐♦♥ ❞❡ ❧✬❡①♣2❡**✐♦♥ ❞✉ ❣>♥❡

❞❡ ❧✬❤❡♣❝✐❞✐♥❡✳ ❉❡ ♣❧✉*✱ ❧❛ ❣❛*52✐♥❡ ❥♦✉❡ ✉♥ 2:❧❡ ❝❛5❛❧②5✐'✉❡ ❞❛♥* ❧❛ ❧✐❛✐*♦♥ ❞✉ ❢❡2 ♣❛2 ❧❛ 52❛♥*✲

❢❡22✐♥❡ ♠❡♥❛♥5 ♣♦5❡♥5✐❡❧❧❡♠❡♥5 ? ❞❡* ❝❤❛♥❣❡♠❡♥5* ❞✬❡①♣2❡**✐♦♥ ❞✉ ❣>♥❡ ❞❡ ❧✬❤❡♣❝✐❞✐♥❡✳ ❉❛♥*

❧❡* ❛♥♥9❡* ✷✵✵✵✱ ✉♥ ❥♦✉2♥❛❧ ❛ ❝♦❧❧❡❝59 ❧❡* 29*✉❧5❛5* ❞✬95✉❞❡* *✉2 ❧❡* ❡✛❡5* ❞✉ ❢❡2 *✉2 ❧❡* ❝❛♥❝❡2*

❝♦❧♦2❡❝5❛✉① ❝❤❡③ ❧✬❤♦♠♠❡ ❡5 ✉♥❡ ❝♦229❧❛5✐♦♥ ♣♦*✐5✐✈❡ ❡♥52❡ ❧❡ ❢❡2 *5♦❝❦9 ❡5 ❧❡ ❞9✈❡❧♦♣♣❡♠❡♥5

❞❡ ❧9*✐♦♥* ♣29❝❛♥❝92❡✉*❡* ❞❛♥* ❧❡ ❝:❧♦♥ ❛ 959 95❛❜❧✐❡✳ ❉❡ ♣❧✉*✱ ✉♥❡ ❛✉❣♠❡♥5❛5✐♦♥ ❞❡ ❧❛ *❛5✉2❛✲

5✐♦♥ ❞❡ ❧❛ 52❛♥*❢❡22✐♥❡ ❡*5 ❛**♦❝✐9❡ ❞❡ ❢❛/♦♥ *✐❣♥✐✜❛♥5❡ ❛✉ ❞9✈❡❧♦♣♣❡♠❡♥5 ❞❡* ❝❛♥❝❡2* ❞✉ ❝:❧♦♥✳

▲✬❛♣♣♦25 ❡①❝❡**✐❢ ❞❡ ❢❡2 ❛❧✐♠❡♥5❛✐2❡✱ ♥♦5❛♠♠❡♥5 ♣❛2 ❧❛ ✈✐❛♥❞❡ 2♦✉❣❡✱ ❛✉❣♠❡♥5❡2❛✐5 ❧❡* 2✐*'✉❡*

❞❡ ❝❛♥❝❡2 ❞✉ ❝:❧♦♥ ♠❛✐* ❧❡* ♠9❝❛♥✐*♠❡* ✐♠♣❧✐'✉9* ♥❡ *♦♥5 ♣❛* ❝❧❛✐2*✳ ▲❡* ❢❛❝5❡✉2* ❣9♥95✐'✉❡*

5❡❧* '✉❡ ❧❡* ♠✉5❛5✐♦♥* ❞✉ ❣>♥❡ ❍❋❊ ❡5 ❞✉ ❣>♥❡ ❆X❈ ♣❡✉✈❡♥59❣❛❧❡♠❡♥5 ✐♥✢✉❡♥❝❡2 ❧❡ ❢❡2 ❡5 *♦♥

*5♦❝❦❛❣❡ ♠❡♥❛♥5 ❛✉ ❞9✈❡❧♦♣♣❡♠❡♥5 ❞❡* ❝❛♥❝❡2* ❝♦❧♦2❡❝5❛✉①✳ ❯♥❡ ❝♦♥52✐❜✉5✐♦♥ *②♥❡2❣✐'✉❡ ❞❡

❧❛ ❣❛*52✐♥❡ ❡5 ❞✉ ❢❡2 ❞❛♥* ❧❡ ❞9✈❡❧♦♣♣❡♠❡♥5 ❞❡* ❝❛♥❝❡2* ❞✉ ❝:❧♦♥ ❛ 959 *✉❣❣929❡✳ ▲❡* 5✉♠❡✉2*

*9❝2>5❡♥5 ❞❡* ❣❛*52✐♥❡* ✐♠♠❛5✉2❡* '✉✐ *❡ ❧✐❡♥5 ❛✉① ✐♦♥* ❋❡
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❡5 ❝❛5❛❧②*❡♥5 ❧❛ ❝❤❛2❣❡ ❞❡ ❢❡2 ❞❡*

❛♣♦52❛♥*❢❡22✐♥❡* ❡♥52❛✐♥❛♥5 ✉♥❡ ♣❧✉* ❣2❛♥❞❡ ❞✐*♣♦♥✐❜✐❧✐59 ❞❡ ❝♦♠♣❧❡①❡* ❋❡✲52❛♥*❢❡22✐♥❡ ❡5 ♣❛2

❝♦♥*9'✉❡♥5 ❧❛ ♣2♦❣2❡**✐♦♥ ❞❡* 5✉♠❡✉2*✳ ▲❛ *②♥❡2❣✐❡ ❣❛*52✐♥❡✲❢❡2 ❞❛♥* ❧❡ ❝♦♥5❡①5❡ ❞❡ ❝❛♥❝❡2 ❞✉
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