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�
$EVWUDFW�
�

7KH� SDWKRORJLFDO� HYHQWV� LQLWLDWLQJ� GLDEHWLF� FDUGLDF� FKDQJHV� LQ� UHVSRQVH� WR� FKURQLF�

K\SHUJO\FHPLD� DQG�K\SHULQVXOLQHPLD� UHPDLQ�XQFOHDU��'XH� WR� WKH�KLJK�PHWDEROLF� DFWLYLW\�RI�

WKH� KHDUW�� DQG� LWV� VHQVLWLYLW\� WR� DFXWH� FKDQJHV� LQ� R[\JHQ� DQG� VXEVWUDWH� IOX[��PLWRFKRQGULDO�

G\VIXQFWLRQ�KDV�EHHQ�SURSRVHG�DV�D�SRWHQWLDO�HDUO\�LQGLFDWRU�RI�GLDEHWLF�FDUGLDF�GLVHDVH��:H�

K\SRWKHVL]H� WKDW� PLWRFKRQGULDO� FKDQJHV� LQ� FDUGLDF� WLVVXH� ZLOO� SUHFHGH� WKH� RQVHW� RI�

K\SHUJO\FHPLD�LQ�WKH�1LOH�JUDVV�UDW��15���D�PRGHO�RI�VSRQWDQHRXV�7\SH���GLDEHWHV��0DOH�15V�

ZHUH�IHG�VWDQGDUG�URGHQW�FKRZ��3URODE�������RU�D�KLJK�ILEUH�ORZ�IDW�GLHW��0D]XUL�&KLQFKLOOD���

+HDUWV�ZHUH�VWXGLHG�DW�����������HFKR�RQO\��DQG����PRQWKV��0LWRFKRQGULDO�G\VIXQFWLRQ�ZDV�

DVVHVVHG� LQ� SHUPHDELOL]HG� FDUGLDF� ILEUHV� XWLOL]LQJ� WKH� 252%2526� 2[\JUDSK��N� KLJK�

UHVROXWLRQ� UHVSLURPHWU\� V\VWHP�� )RXU� SURWRFROV�ZHUH� DSSOLHG�� LQFOXGLQJ� WZR� VWDWHV�� /($.�

VWDWH� �QRQ�SKRVSKRU\ODWLQJ��$'3�IUHH�� DQG� WKH� R[LGDWLYH� SKRVSKRU\ODWLRQ� VWDWH��PHDVXULQJ�

R[\JHQ�FRQVXPSWLRQ�FRXSOHG�WR�WKH�SKRVSKRU\ODWLRQ�RI�$'3�WR�$73��:H�XVHG�VXEVWUDWHV�

IHHGLQJ�HOHFWURQV� LQWR�&RPSOH[HV�,� �1$'+�SDWKZD\���,,� �6XFFLQDWH�SDWKZD\��RU�,9�RI�WKH�

HOHFWURQ� WUDQVSRUW� V\VWHP�� 0LWRFKRQGULDO� PHWDEROLVP� IRU� IDWW\� DFLGV� RFWDQR\OFDUQLWLQH��

SDOPLWR\OFDUQLWLQH�� DQG� DFHW\OFDUQLWLQH� ZDV� VLPLODUO\� DVVHVVHG�� $GGLWLRQDO� WHVWLQJ� LQFOXGHG�

FLWUDWH� V\QWKDVH� DFWLYLW\�� JO\FDWHG� KHPRJORELQ�$�F�� SODVPD� LQVXOLQ� OHYHOV�� DQG� WUDQVWKRUDFLF�

HFKRFDUGLRJUDSK\��(FKRFDUGLRJUDSK\�UHVXOWV�ZHUH�VXJJHVWLYH�RI�PLOG�GLDVWROLF�G\VIXQFWLRQ�DW�

���PRQWKV�RI�DJH��+\SHUJO\FHPLD�DQG�HOHYDWHG��+E$�F�ZHUH�QRWHG�LQ�3URODE�IHG�DQLPDOV�

DIWHU� �� PRQWKV�� SUHFHGHG� E\� K\SHULQVXOLQHPLD� GHWHFWDEOH� DW� �� PRQWKV�� +LJK� UHVROXWLRQ�

UHVSLURPHWU\�UHVXOWV�VKRZHG�DQ�LQFUHDVH�LQ�WKH�IOX[�FRQWURO�UDWLR�RI�&RPSOH[�,9�DQG�FLWUDWH�

HQ]\PDWLF�DVVD\�UHVXOWV�VXJJHVW�DQ�LQFUHDVH�LQ�PLWRFKRQGULDO�FRQWHQW�LQ�3URODE�IHG�DQLPDOV�DW�

�� PRQWKV�� 7KLV� SUHFHGHG� WKH� RQVHW� RI� K\SHUJO\FHPLD�� EXW� QRW� K\SHULQVXOLQHPLD�� 2WKHU�

GLHWDU\� DQG� DJLQJ�UHODWHG� FKDQJHV� ZHUH� QRWHG� LQ� PLWRFKRQGULDO� /($.� DQG� 2;3+26�
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FDSDFLWLHV�SHU�PJ�SHUPHDELOL]HG�ILEUHV�DW���DQG����PRQWKV, and an increase in fatty acid Ƣ�

R[LGDWLRQ� �)$2�� IRU� PHGLXP�FKDLQ� IDWW\� DFLGV� ZDV� REVHUYHG� DW� �� PRQWKV�� 7KHVH� UHVXOWV�

VXJJHVW� WKDW� PLWRFKRQGULDO� IXQFWLRQDO� FKDQJHV� DUH� GHWHFWDEOH� SULRU� WR� WKH� RQVHW� RI�

K\SHUJO\FHPLD� LQ� WKH� 15�� DQG� WKHVH� G\VIXQFWLRQV� FRLQFLGH� ZLWK� WKH� RQVHW� RI�

K\SHULQVXOLQHPLD���
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3UHIDFH�
�
7KLV�WKHVLV�LV�DQ�RULJLQDO�ZRUN�E\�-LOOLDQ�)UDQFHV�6FKQHLGHU��7KH�UHVHDUFK�SURMHFW�RQ�ZKLFK�

WKLV�WKHVLV�LV�EDVHG�UHFHLYHG�HWKLFV�DSSURYDO�IURP�WKH�8QLYHUVLW\�RI�$OEHUWD�5HVHDUFK�(WKLFV�

Board, Project name “(DUO\�&DUGLDF�0LWRFKRQGULDO�'\VIXQFWLRQ�LQ�WKH�1LOH�5DW�PRGHO�RI�

Type 2 Diabetes”��$83�����������-DQXDU\�������
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$FNQRZOHGJPHQWV�
�
� ,�ZRXOG�OLNH�WR�H[WHQG�P\�GHHSHVW�WKDQNV�WR�P\�VXSHUYLVRU�'U��<YHV�6DXYp��IRU�KLV�

SDWLHQFH��H[SHUW�JXLGDQFH��DQG�ZLOOLQJQHVV�WR�WDNH�RQ�WKLV�DPELWLRXV�SURMHFW��:LWKRXW�KLV�

FRQVWDQW�VXSSRUW��DGYLFH��DQG�VSHFLDO�GDVK�RI�KXPRXU��WKLV�SURMHFW�ZRXOG�QHYHU�KDYH�EHHQ�

SRVVLEOH��,�KDYH�JURZQ�DV�D�UHVHDUFKHU�WKDQNV�WR�KLV�SDVVLRQ�IRU�UHVHDUFK��DQG�,�DP�JUDWHIXO�WR�

KDYH�KDG�WKH�RSSRUWXQLW\�WR�VWXG\�XQGHU�KLP��,�ZRXOG�DOVR�OLNH�WR�WKDQN�P\�VXSHUYLVRU��'U��

+pOqQH�/HPLHX[��IRU�KHU�NLQGQHVV��SDWLHQFH��DQG�QHYHU�HQGLQJ�NQRZOHGJH�LQ�DOO�WKLQJV�

PLWRFKRQGULD��+HU�DWWHQWLRQ�WR�GHWDLO�DQG�SDVVLRQ�IRU�KHU�ILHOG�LQVSLUHG�PH�WR�OHDUQ�DV�PXFK�

DV�,�FRXOG��ZKLFK�KDV�RQO\�PDGH�PH�D�VWURQJHU�UHVHDUFKHU��

� ,�DP�JUDWHIXO�IRU�WKH�LQSXWV�RI�P\�FRPPLWWHH�PHPEHUV��'U��&DWK\�&KDQ�DQG�'U��

5LFN�6KXOW]��DQG�P\�H[WHUQDO�H[DPLQHU��'U��*DERU�*\HQHV��7KHLU�LQVLJKWV�DQG�IHHGEDFN�

GXULQJ�PHHWLQJV�ZDV�JUHDWO\�DSSUHFLDWHG��DQG�WKHLU�NQRZOHGJH�RI�WKHLU�UHVSHFWLYH�ILHOGV�ZDV�

LQYDOXDEOH���

� ,�ZRXOG�OLNH�WR�WKDQN�DOO�PHPEHUV�RI�WKH�6DXYp�ODE�–�6KDUHH�.XQ\��'U��&DPLOOH�

'HMRV��DQG�7HG�+DQ��IRU�WKHLU�UHVSHFWLYH�FRQWULEXWLRQV�WR�WKLV�SURMHFW��,�ZRXOG�DOVR�OLNH�WR�

WKDQN�'RQQD�%HNHU�IRU�KHU�FRQWULEXWLRQV�WR�WKH�HFKRFDUGLRJUDSK\�VWXGLHV�RQ�WKH�1LOH�5DWV���

$OO�ZRUN�UHSRUWHG�ZDV�VXSSRUWHG�E\�WKH�&DQDGLDQ�,QVWLWXWHV�RI�+HDOWK�5HVHDUFK�

�&,+5���WKH�)UHGHULFN�%DQWLQJ�DQG�&KDUOHV�%HVW�&DQDGD�*UDGXDWH�6FKRODUVKLS��DQG�WKH�

4XHHQ�(OL]DEHWK�,,�*UDGXDWH�6FKRODUVKLS��
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7DEOH�RI�&RQWHQWV�

��������	�������ǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤ������
���������������ǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤ����
�Ǥͳ���������ͳǦ��������������ǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤ�ͳ�

$�����'LDEHWHV�0HOOLWXV�ǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤ�ͳ�
$�����&RPSOLFDWLRQV�RI�'LDEHWHV�ǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤ�͵ �
$�����&DUGLRYDVFXODU�&RPSOLFDWLRQV�RI�'LDEHWHV�ǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤ�Ͷ�
$�����'LDEHWLF�&DUGLRP\RSDWK\�ǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤ�ͷ�
$�����(FKRFDUGLRJUDSKLF�$VVHVVPHQW�RI�WKH�'LDEHWLF�+HDUWǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤ�͹�
$�����0LWRFKRQGULDO�3K\VLRORJ\�ǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤ�ͻ�
$�����0LWRFKRQGULD�DQG�&DUGLDF�)XQFWLRQǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤ�ͳʹ�
$�����+LJK�5HVROXWLRQ�5HVSLURPHWU\��0HDVXUHPHQW�RI�,QWHJUDWHG�0LWRFKRQGULDO�)XQFWLRQ
�ǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤ�ͳͶ�
$�����$QLPDO�0RGHOV�RI�7\SH���'LDEHWHV�ǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤ�ͳ͸�
$������1LOH�*UDVV�5DW�PRGHO�RI�7\SH���'LDEHWHV�ǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤ�ͳͺ�

�Ǥʹ���������ʹ�Ǧ������������������������ǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤ�ʹͳ�
$�����+\SRWKHVLV�ǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤ�ʹ ͳ�
$�����$LPV�ǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤ�ʹ ͳ�

�Ǥ͹���������͹�Ǧ���������ǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤ�ʹʹ�
$�����([SHULPHQWDO�$QLPDO�0RGHO�ǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤ�ʹ ʹ�
$�����(FKRFDUGLRJUDSKLF�,Q�YLYR�)XQFWLRQDO�$VVHVVPHQW�ǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤ�ʹ Ͷ�

$�����)DVWHG�%ORRG�*OXFRVH��3ODVPD�,QVXOLQ��DQG�*O\FDWHG�+HPRJORELQ�$�F�ǤǤǤǤǤǤǤǤǤǤǤ�ʹͷ�
$�����&DUGLDF�7LVVXH�&ROOHFWLRQ�DQG�3HUPHDELOL]HG�)LEUH�3UHSDUDWLRQ�ǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤ�ʹ ͸�
$�����+LJK�5HVROXWLRQ�5HVSLURPHWU\�RQ�3HUPHDELOL]HG�&DUGLDF�)LEUHV�ǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤ�ʹ ͸�
$�������0HWDEROLF�6XEVWUDWHV�ǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤ�͵ Ͳ�
$�����&LWUDWH�6\QWKDVH�(Q]\PDWLF�$FWLYLW\�$VVD\�ǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤ�͵ ʹ�
$�����'DWD�$QDO\VLV�ǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤ�͵ ʹ�

�Ǥͺ���������ͺ�–���������ǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤ�͵Ͷ�
$�����(OHFWURFDUGLRJUDSKLF�,Q�YLYR�)XQFWLRQDO�$VVHVVPHQW�ǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤ�͵ Ͷ�
$�����0HWDEROLF�3URILOH�ǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤ�͵ ͹�

$�������'LHWDU\�(IIHFW�RQ�)DVWHG�%ORRG�*OXFRVH�ǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤ�͵ ͹�
$�������'LHWDU\�(IIHFW�RQ�%RG\�:HLJKW�ǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤ�͵ ͻ�
$�������'LHWDU\�(IIHFW�RQ�3ODVPD�,QVXOLQ�ǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤ�͵ ͻ�
$�������'LHWDU\�(IIHFW�RQ�+E$�F�ǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤ�Ͷͳ�

$�����&DUGLDF�PLWRFKRQGULDO�IXQFWLRQ�ǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤ�Ͷʹ�
$�������0LWRFKRQGULDO�FRXSOLQJ�DQG�PHPEUDQH�LQWHJULW\ǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤ�Ͷʹ�
$�������0LWRFKRQGULDO�2;3+26�FDSDFLW\��1$'+�DQG�VXFFLQDWH�SDWKZD\V��DQG�&,9�VLQJOH�VWHSǤǤǤǤǤǤǤǤǤǤǤǤ�Ͷ͸�
$������0LWRFKRQGULDO�2;3+26�FDSDFLW\��)DWW\�$FLG�%HWD�2[LGDWLRQ�ǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤ�Ͷͻ�

$�����&LWUDWH�6\QWKDVH�$FWLYLW\�ǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤ�ͷͳ�
�Ǥͷ���������ͷ�–������������ǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤ�ͷʹ�

$�����$QLPDO�0RGHO�ǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤ�ͷʹ�
$�����0HWDEROLF�3URILOH�ǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤ�ͷ͵�
$�����7UDQVWKRUDFLF�(FKRFDUGLRJUDSK\�ǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤ�ͷͶ�
$�����&DUGLDF�0LWRFKRQGULDO�)XQFWLRQ�ǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤ�ͷ͸�



� ����

$�������&LWUDWH�6\QWKDVH�$FWLYLW\�ǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤ�ͷ͸�
$�������0LWRFKRQGULDO�FRXSOLQJ�ǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤ�ͷͻ�
$�������0LWRFKRQGULDO�0HPEUDQH�,QWHJULW\�ǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤ�͸͵�
$�������1$'+�DQG�VXFFLQDWH�SDWKZD\V��2;3+26�&DSDFLWLHV�ǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤ�͸Ͷ�

$�����)DWW\�$FLG�%HWD�2[LGDWLRQ�ǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤ�͸ͻ�
$�����6LJQLILFDQFH�ǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤ�͹ͳ�
$�����/LPLWDWLRQV�ǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤ�͹ʹ�
$�����)XWXUH�'LUHFWLRQV�ǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤ�͹͵�

��	��������ǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤǤ�͹ͷ�
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/LVW�RI�7DEOHV�

����1XWULWLRQDO�FRQWHQW�RI�3URODE�DQG�0D]XUL�'LHWV�……………………………………... ���

����(YDOXDWLRQ�RI�PLWRFKRQGULDO�R[LGDWLYH�SKRVSKRU\ODWLRQ��2;3+26��LQ�WKH�SUHVHQFH�RI�
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$���&KDSWHU����,1752'8&7,21�
�
$�����'LDEHWHV�0HOOLWXV�
�
� 7KH�JOREDO�KHDOWK�EXUGHQ�RI�GLDEHWHV�PHOOLWXV��'0��KDV�LQFUHDVHG�VLJQLILFDQWO\�RYHU�

WKH�ODVW����\HDUV�DQG�LV�DQWLFLSDWHG�WR�FRQWLQXH�ULVLQJ���7KH�,QWHUQDWLRQDO�'LDEHWHV�)HGHUDWLRQ�

�,')��KDV�FODVVLILHG�WKH�'0�HSLGHPLF�DV�D�JOREDO�HPHUJHQF\��HVWLPDWLQJ�WKDW�DSSUR[LPDWHO\�

����PLOOLRQ�SHRSOH�ZRUOGZLGH�OLYH�ZLWK�'0���7KLV�ILJXUH�LV�DQWLFLSDWHG�WR�ULVH�WR�����PLOOLRQ�

E\�WKH�\HDU�������$IIHFWLQJ�RQH�LQ�HYHU\����DGXOWV�ZRUOGZLGH�LQ�������HVWLPDWHV�LQGLFDWH�WKDW�

RQH� SHUVRQ� GLHV� HYHU\� VL[� VHFRQGV� IURP� FRPSOLFDWLRQV� UHODWLQJ� WR� '0�� )XUWKHUPRUH��

DSSUR[LPDWHO\�����PLOOLRQ�DGXOWV�GLVSOD\�DJJUDYDWHG�JOXFRVH�LQWROHUDQFH��ZKLFK�SXWV�WKHP�DW�

ULVN� IRU� GHYHORSLQJ� '0� LQ� WKH� IXWXUH��� $OWKRXJK� &DQDGD� GRHV� QRW� UDQN� LQ� WKH� WRS� WHQ�

FRXQWULHV�IRU�DGXOWV�ZLWK�'0��SUHYDOHQFH�LV�LQFUHDVLQJ��DSSUR[LPDWHO\�����PLOOLRQ�&DQDGLDQV�

OLYH�ZLWK�'0��DQG�&DQDGLDQ�VWDWLVWLFV�SUHGLFW�D�����LQFUHDVH�LQ�'0�FDVHV�EHWZHHQ������DQG�

������ 'HVSLWH� WUHDWPHQW� GHYHORSPHQWV� DQG� JOREDO� DZDUHQHVV� LQLWLDWLYHV�� WKH� QXPEHU� RI�

LQGLYLGXDOV�DIIOLFWHG�ZLWK�'0�FRQWLQXHV�WR�JURZ��SRVLQJ�D�VHULRXV�ULVN�WR�WKH�VWDELOLW\�RI�WKH�

&DQDGLDQ�DQG�JOREDO�KHDOWK�FDUH�V\VWHPV����

� '0� LV� D� PHWDEROLF� GLVRUGHU� FKDUDFWHUL]HG� E\� FKURQLF� K\SHUJO\FHPLD� ZLWK�

GLVWXUEDQFHV� LQ� FDUERK\GUDWH�� SURWHLQ�� DQG� IDW�PHWDEROLVP�� VHFRQGDU\� WR� GLVUXSWHG� LQVXOLQ�

VHFUHWLRQ�RU� DFWLRQ��� �'0� LV� GLYLGHG� LQWR� WZR� VXEW\SHV��7\SH� �� GLDEHWHV�PHOOLWXV� �7�'0��

GHVFULEHV� GLDEHWLF� K\SHUJO\FHPLD� VHFRQGDU\� WR� DXWRLPPXQH� EHWD� FHOO� GHVWUXFWLRQ�� ZKHUHE\�

SDWLHQWV�DUH�ODUJHO\�DQLQVXOLQHPLF��ODFNLQJ�HQGRJHQRXV�LQVXOLQ�SURGXFWLRQ��DQG�WKXV�EHFRPH�

LQVXOLQ� GHSHQGHQW�� Type 2 diabetes mellitus (T2DM) describes an “insulin�LQGependent” 

SKHQRW\SH��3DWLHQWV�PD\�SUHVHQW�ZLWK�LQVXOLQ�UHVLVWDQFH�FRPELQHG�ZLWK�QRUPDO�LQVXOLQ�OHYHOV�

RU� UHODWLYH� K\SHULQVXOLQHPLD�� DOWHUQDWLYHO\�� SDWLHQWV� PD\� GHYHORS� LQVXOLQ� VHFUHWRU\� GHILFLWV��
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OHDGLQJ�WR�K\SRLQVXOLQHPLD���7KH�SUHYDOHQFH�RI�7�'0�VLJQLILFDQWO\�H[FHHGV�WKDW�RI�7�'0��

DFFRXQWLQJ�IRU�XS�WR����–�����RI�GLDJQRVHG�FDVHV���7KLV�LV�OLNHO\�H[DFHUEDWHG�E\�SRRU�GLHWDU\�

KDELWV�� DQG� WKH� VHGHQWDU\� OLIHVW\OHV�PRUH� FKDUDFWHULVWLF� RI�PRGHUQ�QDWLRQV�� DOWKRXJK� IDPLO\�

KLVWRU\�RI�7�'0��K\SHUWHQVLRQ��DQG�G\VOLSLGHPLD�DUH�DOVR�VLJQLILFDQW�ULVN�IDFWRUV�IRU�GLVHDVH�

RQVHW����

� &OLQLFDOO\��GLDEHWLF�SDWLHQWV�PD\�SUHVHQW�ZLWK�FKURQLF�WKLUVW��SRO\XULD��EOXUUHG�YLVLRQ��

DQG� ZHLJKW� ORVV�� LQ� VHYHUH� FDVHV�� SDWLHQWV� PD\� VKRZ� VLJQV� RI� NHWRDFLGRVLV�� DQG� UHTXLUH��

HPHUJHQF\� WUHDWPHQW���$�FOLQLFDO�GLDJQRVLV�RI�GLDEHWHV� LV� FRQILUPHG�ZLWK�D�FRPELQDWLRQ�RI�

IDVWLQJ�SODVPD�JOXFRVH��)%*��≥����PPRO�/��WZR�KRXU�SODVPD�JOXFRVH���K3*��SRVW����J�RUDO�

JOXFRVH� WROHUDQFH� WHVW� �2*77��≥����� PPRO�/�� RU� KHPRJORELQ� $�F� �+E$�F��≥6.5% (48 

PPRO�PRO��LQ�DGXOWV���3DWLHQWV�DW�ULVN�RI�GHYHORSLQJ�GLDEHWHV�are classified as “pre�diabetic”��

DQG�SUHVHQW�ZLWK�D�)%*�RI�����–�����PPRO�/���K3*�SRVW�2*77�RI�����–������PPRO�/��RU�

+E$�F�RI�������������,Q�DGGLWLRQ��WKHVH�LQGLYLGXDOV�PD\�SUHVHQW�ZLWK�RWKHU�FOLQLFDO�LQGLFDWRUV�

RI� 7�'0�� VXFK� DV� REHVLW\�� JOXFRVXULD�� K\SHUWHQVLRQ�� RU� SRO\GLSVLD�� 7KHUHIRUH�� DQQXDO�

VFUHHQLQJ�IRU�7�'0�LQ�LQGLYLGXDOV�ZLWK�SHUWLQHQW�IDPLO\�KLVWRU\��DQG�RU�FOLQLFDO�ULVN�IDFWRUV�

PD\�LPSURYH�GHWHFWLRQ���,Q�SUDFWLFH��D�GLDJQRVLV�RI�GLDEHWHV�LV�EDVHG�RQ�WKH�WKUHVKROG�+E$�F�

YDOXH� IRU�GHYHORSLQJ�PLFURYDVFXODU�GLVHDVH���$OWKRXJK� FRPPRQO\� XWLOL]HG�DV� D� ORQJLWXGLQDO�

PDUNHU� RI� JO\FHPLF� VWDWXV�� +E$�F� LV� D� XVHIXO� GLDJQRVWLF� WRRO� LQ� GLDEHWHV� PDQDJHPHQW���

+E$�F� UHDGLQJV� UHSUHVHQW� DQ� DYHUDJH� SODVPD� JOXFRVH� YDOXH� RYHU� D� ����PRQWK�SHULRG�� DQG�

WKHUHIRUH� ODFN� WKH�YDULDELOLW\�RFFXUULQJ� LQ�)%*� UHDGLQJV�RYHU� WKH� FRXUVH�RI� D�GD\���7LPHO\�

LQLWLDWLRQ�RI�WUHDWPHQW�IRU�7�'0�LV�FULWLFDO�WR�LPSURYH�JO\FHPLF�VWDWXV��DQG�WR�UHGXFH�WKH�ULVN�

RI� FRPSOLFDWLRQV�� 'LHWDU\� DQG� OLIHVW\OH� FKDQJHV�� VHOI�PDQDJHPHQW� FDUH�� DQG� PDQXDO� EORRG�

JOXFRVH� WHVWLQJ� DUH� IUHTXHQWO\� UHFRPPHQGHG� DV� ILUVW�OLQH� WUHDWPHQWV� WR� DFKLHYH� D� WDUJHW�

+E$�F�RI�������LQ�PRVW�SDWLHQWV��,I�JO\FHPLF�WDUJHWV�DUH�QRW�PHW��&DQDGLDQ�'LDEHWHV�&OLQLFDO�
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3UDFWLFH�*XLGHOLQHV�UHFRPPHQG�DGGLQJ�SKDUPDFRORJLFDO�DJHQWV�best suited to the individual’s 

FOLQLFDO� SURILOH��� 0HWIRUPLQ� LV� IUHTXHQWO\� VHOHFWHG� DV� WKH� DJHQW� RI� FKRLFH�� GXH� WR� LWV�

HIIHFWLYHQHVV� DW� UHGXFLQJ� EORRG� JOXFRVH�� ORZ� LQFLGHQFH� RI� PLOG� VLGH� HIIHFWV�� SURYHQ�

FDUGLRYDVFXODU�EHQHILW��DQG�ODFN�RI�FDXVLQJ�ZHLJKW�JDLQ��QRW�WR�PHQWLRQ�ORZ�FRVW���+RZHYHU��

0HWIRUPLQ�LV�QRW�HIIHFWLYH�LQ�DOO�FDVHV��DQG�LV�FRQWUDLQGLFDWHG�LQ�SDWLHQWV�ZLWK�FKURQLF�NLGQH\�

GLVHDVH��GXH�WR�D�SHUFHLYHG�ULVN�RI�ODFWLF�DFLGRVLV���

$�����&RPSOLFDWLRQV�RI�'LDEHWHV�
�
��� 6XVWDLQHG� K\SHUJO\FHPLD� LQ� 7�'0� LV� DVVRFLDWHG� ZLWK� WKH� GHYHORSPHQW� RI� VHYHUH�

FRPSOLFDWLRQV�� DIIHFWLQJ� WKH�KHDUW��H\HV��NLGQH\V��SHULSKHUDO�QHUYHV��DQG� OLYHU��$FFRUGLQJ� WR�

WKH� ,')�� WKH� PRVW� SUHYDOHQW� FRPSOLFDWLRQV� LQFOXGH� GLDEHWLF� UHWLQRSDWK\�� FDUGLRYDVFXODU�

GLVHDVH�� SUHJQDQF\� FRPSOLFDWLRQV� �LQ� JHVWDWLRQDO� GLDEHWHV�� RU� GLDEHWLF�ZRPHQ�ZKR�EHFRPH�

SUHJQDQW�� DQG� GLDEHWLF� IRRW� GLVHDVH�� ZLWK� UHVXOWDQW� DPSXWDWLRQV��� ,Q� WKH� OLWHUDWXUH��

FRPSOLFDWLRQV�DUH�FODVVLILHG�DV�PLFURYDVFXODU� �UHWLQRSDWK\��QHXURSDWK\��RU�QHSKURSDWK\���RU�

PDFURYDVFXODU� �FRURQDU\�� FHUHEURYDVFXODU�� SHULSKHUDO�� LQ� QDWXUH���� 7KHVH� FRPSOLFDWLRQV� DUH�

FRPPRQO\� DVVRFLDWHG� ZLWK� SDWLHQW� PRUELGLW\� DQG� PRUWDOLW\�� UHVSHFWLYHO\�� )XUWKHUPRUH��

FRPSOLFDWLRQV�LQFUHDVH�SK\VLFDO�DQG�SV\FKRORJLFDO�EXUGHQV�RQ�SDWLHQWV��ZKR�PXVW�DGDSW�WKHLU�

OLIHVW\OH� WR�DFFRPPRGDWH�GLHWDU\�UHVWULFWLRQV�� IUHTXHQW�YLVLWV� WR�D�SULPDU\�FDUH�SURYLGHU�DQG�

WKH� DGGLWLRQDO� VWUHVV� DVVRFLDWHG� ZLWK� PDQDJLQJ� D� FKURQLF� GLVHDVH�� 2WKHU� ERGLO\� V\VWHPV�

DIIHFWHG� E\� 7�'0� �GLJHVWLYH�� KHSDWLF�� DQG� PXVFXOR�VNHOHWDO�� PD\� OHDG� WR� FRPSOLFDWLRQV�

LQFOXGLQJ�JDVWURSDUHVLV��VHFRQGDU\�WR�YDJDO�QHUYH�GDPDJH���OLYHU�FLUUKRVLV��VHFRQGDU\�WR�QRQ�

DOFRKROLF� IDWW\� OLYHU� GLVHDVH�� DQG� FKHLURDUWKURSDWK\� �OLPLWHG� MRLQW�PRELOLW\� RI� WKH� KDQGV�����

UHVSHFWLYHO\��)XUWKHU�VWXGLHV�DOVR�LQGLFDWH�WKDW�7�'0�LV�DVVRFLDWHG�ZLWK�FKDQJHV�LQ�FRJQLWLYH�

IXQFWLRQLQJ� DQG� LQFUHDVHG� VXVFHSWLELOLW\� WR� SDQFUHDWLF� DQG� FRORUHFWDO� FDQFHUV������� 3ULPDU\�

PDQDJHPHQW� RI� WKHVH� SDWLHQWV� LQYROYHV� SURPSWO\� UHGXFLQJ� WKHLU� JOXFRVH� OHYHO�WDUJHWV�



� Ͷ�

GHWHUPLQHG� E\� DJH� DQG� ULVN� VWDWXV��� FDUGLRYDVFXODU� ULVN� IDFWRUV�� DQG� +E$�F� SHUFHQWDJH���

7KHUH� LV� FRQVHQVXV� WKDW� DJJUHVVLYH� JO\FHPLF� FRQWURO� DQG� UHGXFWLRQ� RI� +E$�F� SURYLGHV� D�

UHODWLYH� ULVN�UHGXFWLRQ� RI� GLDEHWHV�UHODWHG� GHDWK�� DQG� UHGXFHG� LQFLGHQFH� RI� PDMRU�

PLFURYDVFXODU�FRPSOLFDWLRQV�������7KH�HIIHFW�RI�DJJUHVVLYH�JO\FHPLF�FRQWURO�RQ�PDFURYDVFXODU�

FRPSOLFDWLRQV� LV� VWLOO� LQ� TXHVWLRQ�� :KLOH� VRPH� VWXGLHV� KDYH� VKRZQ� EHQHILWV�� RWKHUV� KDYH�

UHSRUWHG� VLJQLILFDQW� KDUP�� OHDGLQJ� WR� GLVFRQWLQXDWLRQ� RI� WUHDWPHQW���� 0XOWL�GUXJ� UHJLPHQV�

PD\� EH� EHQHILFLDO� LQ� ROGHU� SDWLHQWV�� RU� LQ� WKRVH� ZLWK� VLJQLILFDQW� FR�PRUELGLWLHV�� DV� WKH\�

IDFLOLWDWH� PDQDJHPHQW� RI� PXOWLSOH� FRPSOLFDWLRQV�� KRZHYHU�� WKHVH� UHJLPHQV� PD\� UHGXFH�

SDWLHQW�FRPSOLDQFH�DQG�GUXJ�DGKHUHQFH����&RQWULEXWRUV�WR�SRRU�FRPSOLDQFH�LQFOXGH�� ODFN�RI�

FRQILGHQFH� LQ� IXWXUH� GUXJ� EHQHILWV�� SRRU� XQGHUVWDQGLQJ� RI� WKH� SXUSRVH� IRU� WUHDWPHQW� DQG�

SURORQJHG� FRXUVH� RI� WUHDWPHQW�� ZKLFK� PXVW� EH� PDQDJHG� E\� WKH� SUHVFULEHU���� 7KHUHIRUH��

ILQGLQJ� D� EDODQFH� RI� DSSURSULDWH� PDQDJHPHQW� ZLWK� WKRURXJK� SDWLHQW� HGXFDWLRQ� DQG�

FRPSOLDQFH�LV�NH\�WR�SUHYHQWLQJ�WKH�RQVHW�RI�IXUWKHU�FRPSOLFDWLRQV���

$�����&DUGLRYDVFXODU�&RPSOLFDWLRQV�RI�'LDEHWHV�
�
� 7�'0� LV� D� PDMRU� ULVN� IDFWRU� IRU� FDUGLRYDVFXODU� GLVHDVH�� VXFK� WKDW� FDUGLRYDVFXODU�

FRPSOLFDWLRQV� DUH� WKH� OHDGLQJ� FDXVH� RI� PRUELGLW\� DQG� PRUWDOLW\� LQ� '0� SDWLHQWV�� 3HRSOH�

DIIOLFWHG�ZLWK�'0�DUH�����WLPHV�PRUH�OLNHO\�WR�GHYHORS�FDUGLRYDVFXODU�GLVHDVH��DQG�RYHU�WKUHH�

WLPHV�PRUH�OLNHO\�WR�EH�KRVSLWDOL]HG�VHFRQGDU\�WR�FDUGLDF�SUREOHPV����'0�DOVR�LQFUHDVHV�KHDUW�

IDLOXUH� ULVN� ��IROG�� HYHQ� DIWHU� DGMXVWPHQW� IRU� VWDQGDUG� ULVN� IDFWRUV����&DUGLDF� FRPSOLFDWLRQV�

LQFOXGH� PD\� LQFOXGH� V\VWROLF� DQG� GLDVWROLF� G\VIXQFWLRQV������� OHIW� YHQWULFXODU� K\SHUWURSK\����

DWKHURVFOHURVLV���� DWULDO� ILEURVLV� DQG� ILEULOODWLRQ���� DQG� P\RFDUGLDO� LQIDUFWLRQ���� ,QFUHDVLQJ�

7�'0�DZDUHQHVV�DQG�SURSK\ODFWLF�WUHDWPHQW�DSSURDFKHV�KDYH�VLJQLILFDQWO\�LPSURYHG�SDWLHQW�

RXWFRPHV��UHFHQW�GDWD�VXJJHVWV�WKDW�WKH�UDWH�RI�P\RFDUGLDO� LQIDUFWLRQ�LQ�'0�SDWLHQWV�LQ�WKH�

86�KDV�GHFUHDVHG�E\�����IURP������WR����������'LDEHWHV�LQGXFHG�FDUGLRYDVFXODU�GLVHDVH�PD\�
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VWHP�IURP�GLIIHUHQW�FDXVHV��VXFK�DV�����FRURQDU\�DWKHURVFOHURVLV�DVVRFLDWHG�ZLWK�ULVN�IDFWRUV�

�REHVLW\��K\SHUOLSLGHPLD��DQG�K\SHUWHQVLRQ������PLFURDQJLRSDWK\�RI�FDUGLDF�PLFURYDVFXODWXUH��

��� FDUGLDF�G\VIXQFWLRQ� LQ� WKH� DEVHQFH�RI� FRURQDU\� DUWHU\�GLVHDVH� DQG�K\SHUWHQVLRQ�� WHUPHG�

“diabetic cardiomyopathy”�� $OWKRXJK� LVFKHPLF� KHDUW� GLVHDVH� LV� DFNQRZOHGJHG� DV� WKH�PRVW�

FRPPRQ� FDXVH� RI� GHDWK� LQ� SHUVRQV� ZLWK� GLDEHWHV�� GLDEHWLF� FDUGLRP\RSDWK\� LV� EHFRPLQJ�

LQFUHDVLQJO\�UHFRJQL]HG�DV�D�FOLQLFDOO\�VLJQLILFDQW�HQWLW\����

$�����'LDEHWLF�&DUGLRP\RSDWK\�
�
� 'LDEHWLF�FDUGLRP\RSDWK\��'&0��LV�FOLQLFDOO\�GHILQHG�DV�ELRFKHPLFDO��PRUSKRORJLFDO��

DQG� IXQFWLRQDO� P\RFDUGLDO� FKDQJHV� LQ� WKH� DEVHQFH� RI� FRURQDU\� DUWHU\� GLVHDVH� �&$'���

K\SHUWHQVLRQ��DQG�VLJQLILFDQW�YDOYXODU�GLVHDVH��������������'&0�ZDV�ILUVW�GHVFULEHG�E\�5XEOHU�HW�DO���

LQ� ������ZKR� UHSRUWHG� IRXU� GLDEHWLF� SDWLHQWV�ZKR�GLHG� RI� KHDUW� IDLOXUH��ZLWKRXW� GLVSOD\LQJ�

VLJQV� RI� &$'���� $� ZLGHO\� DFFHSWHG� FOLQLFDO� GHILQLWLRQ� RI� '&0� UHPDLQV� XQGHILQHG�� DQG�

FOLQLFLDQV�PD\�UHO\�RQ�GLVSDUDWH�FULWHULD�ZKHQ�PDNLQJ�D�GLDJQRVLV��'&0�SDWLHQWV�PD\�SUHVHQW�

DV\PSWRPDWLFDOO\��RU�PD\�EH�VKRUW�RI�EUHDWK�ZLWK�D�FRPELQDWLRQ�RI�QRQ�VSHFLILF�V\PSWRPV��

LQFOXGLQJ�ZHDNQHVV�� IDWLJXH��DQG�DQNOH�HGHPD��+RZHYHU�� WKLV�SUHVHQWDWLRQ� LV�KLJKO\�YDULDEOH�

DQG�UHPDLQV�D�SX]]OH�IRU�FOLQLFLDQV����7KH�PRVW�FRPPRQ�FDUGLDF�FOLQLFDO�IHDWXUHV�RI�'&0�DUH�

GLDVWROLF� G\VIXQFWLRQ� DQG� OHIW� YHQWULFXODU� K\SHUWURSK\�� +RZHYHU�� FDUGLDF� VWXGLHV� RI� '&0�

SDWLHQWV� DOVR� UHSRUW� VXEFOLQLFDO� V\VWROLF� G\VIXQFWLRQ�� DQG� FRURQDU\� PLFURYDVFXODU�

G\VIXQFWLRQ���� (VWLPDWHV� RI� '&0� SUHYDOHQFH� YDU\� DPRQJ� WKH� GLDEHWLF� SRSXODWLRQ�� ZLWK�

UHSRUWV� UDQJLQJ�IURP����XS� WR��������3DWLHQWV�ZLWK�'&0�DUH�DW� ULVN�RI�DGYHUVH�RXWFRPHV��

VXFK�DV�ODWH�VWDJH�V\VWROLF�G\VIXQFWLRQ��SURJUHVVLYH�FDUGLDF�IDLOXUH��DQG�GHDWK�����

7KH� PROHFXODU� EDVLV� IRU� WKH� RQVHW� RI� GLDEHWLF� FDUGLRP\RSDWK\� UHPDLQV� XQFHUWDLQ��

9DULRXV�FRQWULEXWLQJ�SDWKZD\V�KDYH�EHHQ�VWXGLHG�LQ�LVRODWLRQ��DQG�WKHLU�FRPELQHG�HIIHFWV�RQ�

FDUGLDF� PXVFOH� OLNHO\� FRQWULEXWH� WR� WKH� GHYHORSPHQW� RI� '&0�� $GYDQFHG� JO\FDWLRQ� HQG�
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SURGXFWV� �$*(V�� KDYH� EHHQ� LPSOLFDWHG� LQ� WKH� GHYHORSPHQW� RI� YHQWULFXODU� G\VIXQFWLRQ� LQ�

7�'0�� $*(V� DUH� IRUPHG� E\� JO\FDWLRQ�� ZKHUH� D� SURWHLQ� RU� OLSLG� PROHFXOH� EHFRPHV�

FRYDOHQWO\� ERQGHG� WR� D� FDUERK\GUDWH� PROHFXOH�� VXFK� DV� JOXFRVH�� &KURQLF� K\SHUJO\FHPLD�

DFFHOHUDWHV� $*(� IRUPDWLRQ�� ZKLFK� OHDGV� WR� WKHLU� LQFUHDVHG� GHSRVLWLRQ� LQ� YDULRXV� RUJDQV��

LQFOXGLQJ� WKH� KHDUW���� $*(V�PD\� LQFUHDVH� OHIW� YHQWULFXODU� �/9�� VWLIIQHVV� GLUHFWO\� E\� FURVV�

OLQNLQJ�P\RFDUGLDO�FROODJHQ�RU�RWKHU�H[WUDFHOOXODU�PDWUL[�SURWHLQV��GLUHFWO\�DIIHFWLQJ�GLDVWROLF�

DQG�RU�V\VWROLF�IXQFWLRQ����$�VXVWDLQHG�LQFUHDVH�LQ�PLWRFKRQGULDO�IDWW\�DFLG�R[LGDWLRQ��)$2��

KDV� DOVR� EHHQ� GLVFXVVHG� DV� D� VLJQLILFDQW� FRQWULEXWRU� WR� FDUGLDF� PHWDEROLF� UHPRGHOOLQJ� LQ�

7�'0�� +LJK� GLHWDU\� IDW� FRQWULEXWHV� WR� LQFUHDVLQJ� SODVPD� IDWW\� DFLGV� �)$V��� OHDGLQJ� WR�

LQFUHDVHG� FHOOXODU� DQG� PLWRFKRQGULDO� XSWDNH� RI� )$V�� /RVV� RI� PDORQ\O�&R$�PHGLDWHG�

LQKLELWLRQ� RI� FDUQLWLQH� SDOPLWR\O� WUDQVIHUDVH� �&37��� PD\� FRQWULEXWH� WR� LQFUHDVHG�

PLWRFKRQGULDO�XSWDNH�RI�)$V��GXH� WR�DQ� LQFUHDVH� LQ�PDORQ\O�&R$�GHFDUER[\ODVH� �0&'�� LQ�

'0��0&'�LV�WKH�HQ]\PH�UHVSRQVLEOH� IRU�WKH�GHJUDGDWLRQ�RI�PDORQ\O�&R$�LQ�WKH�KHDUW�������

&KURQLF� LQIOX[�RI�)$V� VKLIWV� VXEVWUDWH�XWLOL]DWLRQ� WRZDUGV� LQFUHDVHG�R[LGDWLRQ�RI�)$V�� DQG�

GHFUHDVHG� JOXFRVH� R[LGDWLRQ� LQ� WKH� KHDUW�� 7KLV� VKLIW� LV� SHUSHWXDWHG� E\� LQWHUFHOOXODU�

K\SHUJO\FHPLD�� DQG� LQVXOLQ� UHVLVWDQFH���� (QKDQFHG� P\RFDUGLDO� )$2� RFFXUV� ZLWK� WKH�

DFWLYDWLRQ� RI� SHUR[LVRPH�proliferator activated receptor ơ (PPARơ). PPARơ is a 

WUDQVFULSWLRQ� IDFWRU� LQYROYHG� LQ� P\RFDUGLDO� UHJXODWLRQ� RI� )$� R[LGDWLRQ� UDWHV���� &DUGLDF�

overexpression of PPARơ induces a diabetes�OLNH�VWDWH��ZLWK�FRPELQHG�LQFUHDVH�LQ�)$2�DQG�

GHFOLQH�LQ�ERWK�JOXFRVH�XSWDNH�DQG�R[LGDWLRQ����Activation of PPARơ�LQGLUHFWO\�SURPRWHV�WKH�

DFFXPXODWLRQ� RI� WR[LF� FHUDPLGHV� DQG� GLDF\OJO\FHURO� WKURXJK� DFWLYDWLRQ� RI� SURWHLQ� NLQDVH� F�

�3.&��� ZKLFK� FRPSURPLVHV� WKH� YLDELOLW\� RI� FDUGLDF� FHOOV�� DQG� PD\� FRQWULEXWH� WR� FDUGLDF�

G\VIXQFWLRQ���� 3.&� DFWLYDWLRQ� KDV� DOVR� EHHQ� VKRZQ� WR� SHUSHWXDWH� LQVXOLQ� UHVLVWDQFH� E\�
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UHGXFLQJ�LQVXOLQ�VLJQDOOLQJ�WKURXJK�SKRVSKRU\ODWLRQ�DW�WKH�LQVXOLQ�UHFHSWRU��DQG�UHGXFLQJ�WKH�

WUDQVORFDWLRQ�RI�JOXFRVH�WUDQVSRUWHU����*/87��������

6FKLOOLQJ� HW�DO�� � KDYH� SUHVHQWHG� D� K\SRWKHVLV� LPSOLFDWLQJ�PLWRFKRQGULDO� G\VIXQFWLRQ�

GLUHFWO\�DW�WKH�FHQWHU�RI�WKH�SDWKRJHQHVLV�RI�'&0����7KH\�GLVFXVV�WKUHH�GLVFUHWH�SKDVHV�–�D�

FRPSHQVDWHG� SKDVH�� WUDQVLWLRQ� SKDVH�� DQG� GHFRPSHQVDWHG� SKDVH� –� ZKHUHE\�PLWRFKRQGULDO�

PDQDJHPHQW�RI�)$2�ZLWKLQ�WKH�FDUGLRP\RF\WH�LV�SURJUHVVLYHO\�G\VUHJXODWHG�LQ�'0��OHDGLQJ�

WR� UHDFWLYH� R[\JHQ� VSHFLHV� �526�� DFFXPXODWLRQ�� GLVUXSWLRQ� RI� WULDF\OJO\FHURO� �7$*��

V\QWKHVLV��DQG�HYHQWXDO�P\RFDUGLDO�FRQWUDFWLOH�G\VIXQFWLRQ�DQG�ILEURVLV����$GGLWLRQDO�VWXGLHV�

DOVR� GLVFXVV� WKH� UROH� RI� PLWRFKRQGULDO� FKDQJHV� LQ� WKH� SDWKRJHQHVLV� RI� GLDEHWLF� FDUGLDF�

GLVHDVH��–���� $OWKRXJK� SURPLVLQJ�� IXUWKHU� VWXGLHV� LQYHVWLJDWLQJ� SURGURPDO� VWDJHV� RI� GLDEHWLF�

KHDUW�GLVHDVH��DQG�PHDVXULQJ�VHYHUDO�PDUNHUV�RI�PLWRFKRQGULDO�IXQFWLRQ�R[LGDWLYH�VWUHVV�DUH�

UHTXLUHG�WR�FODULI\�WKH�PHFKDQLVWLF�SURJUHVVLRQ�RI�'&0��

$�����(FKRFDUGLRJUDSKLF�$VVHVVPHQW�RI�WKH�'LDEHWLF�+HDUW�
�

(FKRFDUGLRJUDSK\� LV� D� VWDQGDUG� LPDJLQJ� PRGDOLW\� XWLOL]HG� FOLQLFDOO\� WR� GLUHFWO\�

YLVXDOL]H� FDUGLDF� IXQFWLRQ�� ,W� LV� VDIH�� QRQ�LQYDVLYH�� DQG� UHODWLYHO\� LQH[SHQVLYH�� PDNLQJ� LW� D�

XVHIXO� LPDJLQJ� WHFKQLTXH� DPRQJ� FOLQLFLDQV� DQG� UHVHDUFKHUV�� � 5RXWLQH� HFKRFDUGLRJUDSK\�

LQYROYHV� GLUHFWLQJ� KLJK� IUHTXHQF\� WZR�GLPHQVLRQDO�� WKUHH� GLPHQVLRQDO�� RU� 'RSSOHU�

XOWUDVRXQG�ZDYHV�DW�WKH�WLVVXH�RI�LQWHUHVW��XVLQJ�D�KDQGKHOG�SUREH��$�WUDQVWKRUDFLF�DSSURDFK�

LV�FRPPRQO\�XVHG�WR�LPDJH�WKH�KHDUW��DOWHUQDWLYHO\��FOLQLFLDQV�PD\�XWLOL]H�D�WUDQV�HVRSKDJHDO�

DSSURDFK�LI�WUDQVWKRUDFLF�LPDJHV�DUH�LQDGHTXDWH��RU�LI�PRUH�SUHFLVH�YLVXDOL]DWLRQ�RI�DRUWLF�DQG�

DWULDO�VWUXFWXUHV�LV�UHTXLUHG��7KH�UHVXOWLQJ�LPDJHV�DOORZ�FOLQLFLDQV�WR�YLVXDOL]H�WKH�GLPHQVLRQV�

RI� WKH� FDUGLDF� PXVFOH�� TXDQWLI\� LQWHUQDO� FKDPEHU� VL]H�� DVVHVV� PHFKDQLFDO� SXPSLQJ�

FDSDELOLWLHV��DQG�TXDQWLI\�WKH�GLUHFWLRQ�DQG�YHORFLW\�RI�EORRG�IORZ����(FKRFDUGLRJUDPV�DUH�DQ�

LQYDOXDEOH�GLDJQRVWLF�WRRO�IRU�VHULDO�PRQLWRULQJ�RI�FDUGLDF�IXQFWLRQDO�FKDQJHV�LQ�'0�SDWLHQWV���
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$W� YHU\� HDUO\� VWDJHV� RI� GLDEHWLF� FDUGLDF� GLVHDVH�� GDPDJH� WR� FDUGLRP\RF\WHV� LV�

VXEFHOOXODU��PHDQLQJ�WKDW�HFKRFDUGLRJUDSKLF�ILQGLQJV�DUH�QRW�DSSDUHQW��KRZHYHU�� WKLV� LV�QRW�

VXIILFLHQW� WR� UXOH� RXW� D� GLDJQRVLV� RI� '&0�� DV� RYHUW� FKDQJHV� RIWHQ� DULVH� ODWHU� LQ� GLVHDVH�

SURJUHVVLRQ���� 'LDVWROLF� G\VIXQFWLRQ� LV� IUHTXHQWO\� WKH� LQLWLDO� DEQRUPDOLW\� GHWHFWHG� RQ�

HFKRFDUGLRJUDSK\� LQ� '&0� SDWLHQWV�� %\� GHILQLWLRQ�� GLDVWROLF� G\VIXQFWLRQ� LPSOLHV� WKDW� WKH�

FDUGLDF� HMHFWLRQ� IUDFWLRQ� LV� SUHVHUYHG�� ZKLOH� FDUGLDF� UHOD[DWLRQ� LV� GLVUXSWHG�� 6WXGLHV� KDYH�

UHSRUWHG�D�SUHYDOHQFH�RI�GLDVWROLF�G\VIXQFWLRQ�LQ�XS�WR�����RI�7�'0�SDWLHQWV��KRZHYHU��WKLV�

PD\�EH�XQGHUUHSUHVHQWHG��DV�VWXGLHV�XWLOL]LQJ�WLVVXH�'RSSOHU�LPDJLQJ��7',��KDYH�UHSRUWHG�XS�

WR� ���� SUHYDOHQFH� LQ� 7�'0� SDWLHQWV���� (FKRFDUGLRJUDSKLF� HYDOXDWLRQ� RI� GLDVWROLF�

G\VIXQFWLRQ�LV�FRPPRQO\�SHUIRUPHG�XVLQJ�WUDQVPLWUDO�LQIORZ�'RSSOHU�LPDJLQJ��ZKHUHE\�WKH�

YHORFLW\�RI�EORRG�IORZ�WKURXJK�WKH�PLWUDO�YDOYH�LV�PHDVXUHG��0LWUDO� LQIORZ�LPDJLQJ�SHUPLWV�

WKH� DQDO\VLV� RI� IXQFWLRQDO� YDULDEOHV�� � VXFK� DV� WKH� (�ZDYH�� WKH� $�ZDYH�� DQG� LVRYROXPLF�

UHOD[DWLRQ�WLPH��,957���DPRQJ�PDQ\�RWKHUV�������7KH�(�ZDYH�DQG�$�ZDYH�UHIHU�WR�SHDN�HDUO\��

DQG� ODWH� �DWULDO��GLDVWROLF� ILOOLQJ� �UHVSHFWLYHO\��� ,Q�D�KHDOWK\� LQGLYLGXDO�� WKH�(�ZDYH� LV�JUHDWHU�

WKDQ� WKH� $�ZDYH�� ,957� LV� D� PDUNHU� RI� P\RFDUGLDO� UHOD[DWLRQ�� DQG� UHIHUV� WR� WKH� LQWHUYDO�

EHWZHHQ�WKH�FORVXUH�RI�WKH�DRUWLF�YDOYH��DQG�WKH�RSHQLQJ�RI�WKH�PLWUDO�YDOYH��LQGLFDWLQJ�ILOOLQJ�

RQVHW�����,Q�WKH�LQLWLDO�VWDJHV�RI�GLDVWROLF�G\VIXQFWLRQ��WKH�,957�ZLOO�EHFRPH�SURORQJHG��!����

PV���DQG�WKH�(�$�UDWLR�ZLOO�IDOO�EHORZ����GXH�WR�D�VORZHU�(�ZDYH�DQG�D�IDVWHU�$�ZDYH��7KLV�LV�

VXJJHVWLYH� RI� DEQRUPDO� UHOD[DWLRQ� RI� /9�P\RFDUGLXP���� $GGLWLRQDO� RXWFRPH� YDULDEOHV� IRU�

GLDVWROLF� G\VIXQFWLRQ� PD\� LQFOXGH� FKDQJHV� LQ� PLWUDO� LQIORZ� ZLWK� WKH� 9DOVDOYD� PDQHXYHU���

SXOPRQDU\�YHQRXV�IORZ�PRQLWRULQJ��FRORU�0�PRGH�IORZ�SURSDJDWLRQ�YHORFLW\��RU�HDUO\�DQG�

ODWH�PLWUDO�WLVVXH�YHORFLWLHV�XVLQJ�WLVVXH�'RSSOHU�LPDJLQJ��7',������

$Q� DGGLWLRQDO� XVHIXO� GLDJQRVWLF� SDUDPHWHU� LQ� GLDEHWLF� SDWLHQWV� LV� WKH� DVVHVVPHQW� RI�

/9�GLPHQVLRQV��&KDQJHV� LQ�/9�VL]H�DQG�FRPSOLDQFH�DUH�DFNQRZOHGJHG�FRQWULEXWRUV� WR� WKH�
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SURJUHVVLRQ�RI�GLDVWROLF�G\VIXQFWLRQ��DV�D�VWLII�RU�RYHUVL]HG�YHQWULFOH�PD\� LPSDLU�YHQWULFXODU�

UHOD[DWLRQ��/HIW�YHQWULFXODU�K\SHUWURSK\��/9+��DQG� LQFUHDVHG�/9�ZDOO� WKLFNQHVV�DUH�NQRZQ�

WR�RFFXU� LQ�SDWLHQWV�ZLWK�ERWK�7�'0�DQG�7�'0�� LQ�D� VWXG\�RI�����SDWLHQWV�ZLWK�7�'0��

����ZHUH� UHSRUWHG� WR� KDYH� /9+�� DOWKRXJK� WKLV� YDULHG� E\� %0,� DQG� K\SHUWHQVLYH� VWDWXV����

/DUJHU� VWXGLHV� KDYH� VKRZQ� WKDW� 7�'0� SDWLHQWV� KDYH� XS� WR� D� ����IROG� LQFUHDVHG� ULVN� RI�

GHYHORSLQJ� /9+�� ZKHQ� FRPSDUHG� WR� QRQ�GLDEHWLF� FRQWUROV���� ,PSDLUPHQW� RI� /9� IXQFWLRQ�

PD\� DULVH� E\� YDULRXV� PHFKDQLVPV�� LQFOXGLQJ� V\VWHPLF� K\SHUWHQVLRQ�� PLFURDQJLRSDWK\��

LQFUHDVHG�H[WUDFHOOXODU�FROODJHQ�GHSRVLWLRQ��RU�OHIW�DWULDO�G\VIXQFWLRQ��DOO�RI�ZKLFK�PD\�RFFXU�

LQ� GLDEHWLF� SDWLHQWV������� /9+� FDQ� EH� HYDOXDWHG� XVLQJ� WZR�GLPHQVLRQDO� HFKRFDUGLRJUDSK\�

�SDUDVWHUQDO� ORQJ� D[LV� YLHZV�� WR�PHDVXUH� LQWHUYHQWULFXODU� VHSWDO�ZDOO� WKLFNQHVV�� /9� LQWHUQDO�

GLDPHWHU� DQG� /9� SRVWHULRU� ZDOO� WKLFNQHVV�� $SSUR[LPDWH� /9� PDVV� FDQ� EH� FDOFXODWHG�

IRUPXODLFDOO\��ZKHQ� LQGH[HG�E\�SDWLHQW�KHLJKW����$GGLWLRQDO�YDULDEOHV�DQG�UHFRPPHQGDWLRQV�

IRU�WKRURXJK�HYDOXDWLRQ�RI�OHIW�YHQWULFXODU�IXQFWLRQ�DUH�UHYLHZHG�HOVHZKHUH�����

�$�����0LWRFKRQGULDO�3K\VLRORJ\�
�
� *LYHQ� WKHLU� SULPRUGLDO� IXQFWLRQ� LQ� DHURELF�PHWDEROLVP��PLWRFKRQGULD� DUH� RI�PDMRU�

LQWHUHVW� WR� WKH� SDWKRJHQHVLV� RI� 7�'0� DQG� LWV� FRPSOLFDWLRQV�� &RQVLGHUHG� WKH� HQHUJHWLF�

SRZHUKRXVH�RI�HXNDU\RWLF� FHOOV��PLWRFKRQGULD� DUH�GRXEOH�PHPEUDQH�ERXQG�RUJDQHOOHV� WKDW�

FRQVXPH� R[\JHQ�� HOHFWURQV�� DQG� SK\VLRORJLFDO� LQWHUPHGLDWHV� WR� VWLPXODWH� ELRV\QWKHWLF�

UHDFWLRQV�� XOWLPDWHO\� JHQHUDWLQJ� DGHQRVLQH� WULSKRVSKDWH� �$73����� 7KH\� DOVR� SOD\� KRVW� WR�

LPSRUWDQW� biochemical circuits, such as the TCA or Kreb’s cyFOH�� WKH� XUHD� F\FOH�� DQG�

NHWRJHQHVLV���� 0LWRFKRQGULD� DUH� LPSOLFDWHG� LQ� FHOO� GHDWK� VLJQDOOLQJ���� FHOOXODU� PHWDEROLVP����

FDOFLXP� KRPHRVWDVLV���� DQG� UHJXODWLRQ� RI� UHGR[� SURFHVVHV���� DQG� KDYH� EHHQ� VWXGLHG�

H[WHQVLYHO\� IRU� WKHLU� UROH� LQ� GLVHDVH� SURFHVVHV�� LQFOXGLQJ� QHXURGHJHQHUDWLYH� GLVRUGHUV�������
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FDQFHUV�DQG�PDOLJQDQW�WXPRU�SURJUHVVLRQ�������LQVXOLQ�UHVLVWDQFH�������7\SH���GLDEHWHV��������DQG�

FDUGLRYDVFXODU�FRPSOLFDWLRQV�DVVRFLDWHG�ZLWK�GLDEHWHV����������

� 0LWRFKRQGULD� JHQHUDWH� HQHUJ\� WKURXJK� D� SURFHVV� FDOOHG� R[LGDWLYH� SKRVSKRU\ODWLRQ�

�2;3+26��� ,Q� WKLV� SURFHVV�� WKH� PRYHPHQW� RI� HOHFWURQV� WKURXJK� WKH� HOHFWURQ� WUDQVSRUW�

V\VWHP� �(76�� LV� FRXSOHG� ZLWK� WKH� SURGXFWLRQ� RI� HQHUJ\� LQ� WKH� IRUP� RI� $73� E\� $73�

V\QWKDVH��7KH�(76� LV� FRPSULVHG� RI� IRXU�PXOWL�SURWHLQ� FRPSOH[HV�� HDFK� FRQWDLQLQJ� VHYHUDO�

VSHFLILF� HOHFWURQ� FDUULHUV�� 5HVSLUDWRU\� FRPSOH[HV� ,� �1$'+� GHK\GURJHQDVH��� ,,� �VXFFLQDWH�

GHK\GURJHQDVH��� ,,,� �8ELTXLQRO� –� F\WRFKURPH� F� R[LGRUHGXFWDVH��� DQG� ,9� �F\WRFKURPH�

R[LGDVH�� DUH� ORFDWHG� LQ� WKH� LQQHU�PLWRFKRQGULDO�PHPEUDQH�� � /LSLG�VROXEOH�PRELOH� HOHFWURQ�

FDUULHU�FR�HQ]\PH�4��XELTXLQRQH��UHFHLYHV�HOHFWURQV�IURP�FRPSOH[�,�DQG�,,��DQG�DFWV�DV�ERWK�

D� GRXEOH� DQG� VLQJOH� HOHFWURQ� FDUULHU�� :DWHU�VROXEOH� F\WRFKURPH� F� UHFHLYHV� HOHFWURQV� IURP�

FRPSOH[� ,,,�� DQG� DFWV� DV� D� VLQJOH� HOHFWURQ� FDUULHU�� (OHFWURQV� DUH� SDVVHG� LQ� VHTXHQFH� IURP�

FDUULHUV�ZLWK�ORZHU�UHGXFWLRQ�SRWHQWLDOV�WR�FDUULHUV�ZLWK�KLJKHU�UHGXFWLRQ�SRWHQWLDOV��'LIIHUHQW�

VRXUFHV�RI�HOHFWURQV�SURYLGH�WKH�UHGXFLQJ�HTXLYDOHQWV�WR�WKH�(76��'HSHQGLQJ�RQ�WKH�VRXUFH��

HOHFWURQV�HQWHU�WKH�(76�DW�����&RPSOH[�,��&,��HOHFWURQV�IURP�1$'+�������&RPSOH[�,,��&,,��

HOHFWURQV� IURP� VXFFLQDWH��� ���� HOHFWURQ�WUDQVIHUULQJ� IODYRSURWHLQ� �HOHFWURQV� IURP� )$'+��

IURP� IDWW\� DFLG� R[LGDWLRQ��� DQG� ���� JO\FHURO�SKRVSKDWH� GHK\GURJHQDVH� �HOHFWURQV� IURP�

JO\FHURSKRVSKDWH��� $OO� HQWHULQJ� HOHFWURQV� WKHQ� FRQYHUJH� DW� WKH� 4�MXQFWLRQ�� DQG� IROORZ� D�

FRPPRQ� SDWK� WR� &RPSOH[� ,,,� DQG� &RPSOH[� ,9���� $W� WKH� OHYHO� RI� &,9�� HOHFWURQV� DUH�

WUDQVIHUUHG�WR�WKH�ILQDO�HOHFWURQ�DFFHSWRU�R[\JHQ��ZKLFK�LV�FRQYHUWHG�WR�ZDWHU��DQG�DOORZV�WKH�

PHDVXUHPHQW�RI�PLWRFKRQGULDO�UHVSLUDWLRQ��PLWRFKRQGULDO�R[\JHQ�FRQVXPSWLRQ���7KH�HQHUJ\�

UHOHDVHG�E\�HOHFWURQ�WUDQVSRUW�LV�KDUQHVVHG�WR�SXPS�SURWRQV�IURP�WKH�PLWRFKRQGULDO�PDWUL[�

WR� WKH� LQWHUPHPEUDQH� VSDFH�� JHQHUDWLQJ� DQ� HOHFWURFKHPLFDO� JUDGLHQW�� 7KH� FKHPLRVPRWLF�

IRUFH� JHQHUDWHG� DFURVV� WKH� LQQHU�PLWRFKRQGULDO�PHPEUDQH� LV� KDUQHVVHG� E\�$73� V\QWKDVH��
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HIIHFWLYHO\�FRXSOLQJ�HOHFWURQ�WUDQVSRUW�LQWR�WKH�(76�ZLWK�WKH�SKRVSKRU\ODWLRQ�RI�$73�IURP�

$'3��

8QGHU� QRUPDO� RU� SDWKRORJLFDO� FRQGLWLRQV�� WKHUH� LV� D� GLVVLSDWLYH� FRPSRQHQW� WR�

PLWRFKRQGULDO�UHVSLUDWLRQ�FDOOHG�/($.�UHVSLUDWLRQ��ZKLFK�LV�LQ�FRPSHQVDWLRQ�IRU�SURWRQ�OHDN�

�QRW�WKURXJK�$73�V\QWKDVH���SURWRQ�VOLS��FDWLRQ�F\FOLQJ��DQG�HOHFWURQ�OHDN����7KLV�SURFHVV�FDQ�

EH�XVHG�WR�SURGXFH�KHDW�LQVWHDG�RI�$73��EXW�PD\�DOVR�SOD\�DQ�LPSRUWDQW�UROH�LQ�WKH�FRQWURO�

RI�526�SURGXFWLRQ���

� 'LHWDU\�)$V�DUH�DQ�DEXQGDQW�PLWRFKRQGULDO�HQHUJ\�VRXUFH�IRU�FDUGLDF�PHWDEROLVP��,Q�

KHDOWK\�KHDUWV��DSSUR[LPDWHO\�����RI�$73�JHQHUDWHG�E\�FDUGLDF�PLWRFKRQGULD� LV�JHQHUDWHG�

E\�)$2����&\WRVROLF�)$V�DUH�FRQYHUWHG�WR�DF\O�&R$�E\�DF\O�&R$�V\QWKHWDVH��SURGXFLQJ�IDWW\�

DF\O�&R$�PROHFXOHV�RI�YDULRXV�OHQJWKV��6KRUW�DQG�PHGLXP�FKDLQ�)$V�������&��DUH�R[LGL]HG�

LQ� WKH� PLWRFKRQGULD�� ZKHUHDV� ORQJ�FKDLQ� )$V� ������� &�� DUH� R[LGL]HG� LQ� ERWK� WKH�

PLWRFKRQGULD� DQG� WKH� SHUR[LVRPHV���� 6KRUW� DQG� PHGLXP�FKDLQ� IDWW\� DF\O�&R$� PROHFXOHV�

GLIIXVH�WKURXJK�WKH�PLWRFKRQGULDO�PHPEUDQH��KRZHYHU��ORQJ�FKDLQ�IDWW\�DF\O�&R$�PROHFXOHV�

HQWHU�WKH�PLWRFKRQGULRQ�YLD�D�FDUQLWLQH�VKXWWOH�V\VWHP�WR�SURFHHG�ZLWK�Ƣ�R[LGDWLRQ��'LVWLQFW�

HQ]\PDWLF� DFWLYLWLHV� HQVXUH� )$� GHJUDGDWLRQ� LQWR� XQLWV� RI� DFHW\O� FRHQ]\PH�$� �DFHW\O� &R$���

1$'+� DQG� )$'+�
���� )RU� H[DPSOH�� HOHFWURQV� IURP� )$'+�� EHFRPH� DYDLODEOH� WR�

PLWRFKRQGULD� DV� WKH\� DUH� VKXWWOHG� YLD� WKH� HOHFWURQ� WUDQVIHU� SURWHLQ� �(7)�� WR� XELTXLQRQH�

IROORZLQJ�WKH�UHGXFWLRQ�RI�YDULRXV�FKDLQ�OHQJWK�VSHFLILF�)$'�GHK\GURJHQDVHV�����

� (OHFWURQV�IRU�PLWRFKRQGULDO�UHVSLUDWLRQ�DUH�DOVR�DYDLODEOH�IURP�FDUERK\GUDWH�VRXUFHV��

,QFUHDVLQJ�V\VWHPLF�JOXFRVH� OHYHOV� �L�H��SRVWSUDQGLDO�� LQLWLDWHV� LQWUDFHOOXODU�JOXFRVH�R[LGDWLRQ��

JHQHUDWLQJ�1$'+�DQG�S\UXYDWH�YLD�JO\FRO\VLV��3\UXYDWH�LV� LPSRUWHG�LQWR�WKH�PLWRFKRQGULDO�

PDWUL[�� WUDQVIRUPHG� LQWR� DFHW\O�&R$� E\� WKH� S\UXYDWH� GHK\GURJHQDVH� FRPSOH[� �3'&��� DQG�

LQtegrated into the Kreb’s cycle.� 7KH� 3'&� LV� D� ODUJH�PLWRFKRQGULDO�PDWUL[� SURWHLQ� WKDW� LV�
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QHFHVVDU\� IRU� WKH� R[LGDWLYH� GHFDUER[\ODWLRQ� RI� S\UXYDWH� ZLWKLQ� WKH� PLWRFKRQGULD�� 7KH�

FRPSOH[�FRQVLVWV�RI�WKUHH�FDWDO\WLF�HQ]\PHV��S\UXYDWH�GHK\GURJHQDVH��(����GLK\GUROLSRDPLGH�

DFHW\OWUDQVIHUDVH� �(��� DQG� GLK\GUROLSRDPLGH� GHK\GURJHQDVH� �(��������� 7KHVH� FRPSRQHQWV�

VHTXHQWLDOO\� SURFHVV� WKH� LUUHYHUVLEOH� GHFDUER[\ODWLRQ� RI� S\UXYDWH�� JHQHUDWLQJ� DFHW\O�&R$��

1$'+�� DQG�&2�
���� 3'&� UHJXODWLRQ�RFFXUV�E\�S\UXYDWH�GHK\GURJHQDVH� NLQDVH� �3'.�� DQG�

S\UXYDWH� GHK\GURJHQDVH� SKRVSKDWDVH� �3'3��� ZKLFK� LQDFWLYDWH� DQG� DFWLYDWH� WKH� FRPSOH[�

�UHVSHFWLYHO\��EDVHG�RQ�IHG�RU�IDVWLQJ�VWDWXV����,Q�D�IHG�VWDWH��3'&�LV�SKRVSKRU\ODWHG��DQG�LWV�

DFWLYLW\�LQFUHDVHV�WR�SURPRWH�JOXFRVH�R[LGDWLRQ�DQG�HQHUJ\�XVH��8QGHU�IDVWLQJ�FRQGLWLRQV��WKH�

FRPSOH[� LV� GHSKRVSKRU\ODWHG� DQG� 3'&� DFWLYLW\� LV� UHGXFHG� WR� VSDUH� S\UXYDWH� IRU�

JOXFRQHRJHQHVLV���� 3'&� DFWLYLW\� LV� DQ� LPSRUWDQW� XSVWUHDP� FRQWULEXWRU� WR� WKH� 1$'+�

SDWKZD\�DQG�&,�DFWLYLW\��DV�LW�FRQWULEXWHV�WR�WKH�UHGXFWLRQ�RI�1$'��WR�1$'+���

$�����0LWRFKRQGULD�DQG�&DUGLDF�)XQFWLRQ�
�
� &DUGLDF�DQG�PLWRFKRQGULDO�PHWDEROLVP�DUH�KLJKO\�LQWHUGHSHQGHQW����,Q�RUGHU�WR�EHDW�

DSSUR[LPDWHO\���������WLPHV�GDLO\��WKH�KXPDQ�KHDUW�FRQVXPHV�XS�WR���NJ�RI�$73��WKH�EXON�

RI�ZKLFK� LV� VRXUFHG� IURP�PLWRFKRQGULD����0LWRFKRQGULD� RFFXS\� DSSUR[LPDWHO\� �������RI�

FDUGLRP\RF\WH�FHOOXODU�YROXPH��UHIOHFWLQJ�WKH�KLJK�PHWDEROLF�GHPDQGV�RI�FDUGLDF�FHOOV����7ZR�

VXESRSXODWLRQV� RI�PLWRFKRQGULD� KDYH� EHHQ� LGHQWLILHG�ZLWKLQ� FDUGLDF� FHOOV�� VXEVDUFROHPPDO�

PLWRFKRQGULD� �660�� ORFDWHG� GLUHFWO\� EHQHDWK� WKH� SODVPD� PHPEUDQH�� DQG� LQWUDILEULOODU�

PLWRFKRQGULD� �,)0�� ORFDWHG� EHWZHHQ� WKH� P\RILEULOV���� 660� PLWRFKRQGULD� DUH� PRUH�

VXVFHSWLEOH� WR� WKH� HIIHFWV� RI� 7�'0� WKDQ� ,)0�PLWRFKRQGULD���� 7KH� VSDWLDO� ORFDOL]DWLRQ� RI�

WKHVH�WZR�VXEW\SHV�PD\�EH�LQGLFDWLYH�RI�D�QHHG�WR�WDLORU�UHVSRQVHV�WR�VSHFLILF�SK\VLRORJLFDO�

VWLPXOL��7KH� HIIHFWV� RI� FKDQJHV� LQ� JO\FDHPLD� RQ� FDUGLDF�PLWRFKRQGULDO� IXQFWLRQ� KDYH� EHHQ�

VWXGLHG�LQ�PRGHOV�RI�ERWK�7�'0������DQG�7�'0�������DV�ZHOO�DV�LQ�KXPDQV����������$�SHUYDGLQJ�

WKHRU\�DGGUHVVHV�WKH�HIIHFWV�RI�7�'0�RQ�PHWDEROLF�IOH[LELOLW\� LQ�FDUGLRP\RF\WHV��VLQFH�WKH�
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KHDUW� LV�FDSDEOH�RI�XWLOL]LQJ�PXOWLSOH�HQHUJ\�VRXUFHV�� VXFK�DV�)$V��JOXFRVH��NHWRQHV�� ODFWDWH��

DQG�IUHH�DPLQR�DFLGV��$V�PHQWLRQHG�SUHYLRXVO\��)$2�LV�DUJXDEO\�D�SUHGRPLQDQW�FRQWULEXWRU�

WR�FDUGLDF�R[LGDWLYH�HQHUJ\�PHWDEROLVP��SURYLGLQJ�XS�WR�����RI�FDUGLDF�$73����7KH�XVDJH�RI�

HQHUJ\�VXEVWUDWHV�ZLOO�YDU\�EDVHG�RQ�WKHLU�UHODWLYH�DEXQGDQFH��DV�ZHOO�DV�RQ�PHWDEROLF�VWDWXV����

&DUGLDF�PHWDEROLVP� LV� WLJKWO\� UHJXODWHG�� DQG� UHVSRQGV� WR�PXOWLSOH� IDFWRUV�� VXFK� DV� R[\JHQ�

DYDLODELOLW\��KRUPRQH� OHYHOV�� VXEVWUDWH� DYDLODELOLW\� DQG�GHPDQG�� DQG�PLWRFKRQGULDO� IXQFWLRQ��

0HWDEROLF� IOH[LELOLW\� LV� LPSRUWDQW� IRU� HQVXULQJ� D� FRQWLQXRXV� HQHUJ\� VXSSO\� IRU� XVH� E\� WKH�

KHDUW�� DQG� IRU� SURYLGLQJ� RSWLPDO� XVH� RI� R[\JHQ� WR� SURGXFH� $73�� 7KHUHIRUH�� V\VWHPLF�

FRQGLWLRQV� DIIHFWLQJ� VXEVWUDWH� DYDLODELOLW\� DQG�RU� XSWDNH� ZLOO� LPSDFW� FDUGLDF� PHWDEROLF�

IOH[LELOLW\�� XOWLPDWHO\� DIIHFWLQJ� FDUGLDF� IXQFWLRQ�� )RU� H[DPSOH�� SHUIXVDWHV� IURP� LVRODWHG�

ZRUNLQJ�KHDUWV�RI�GLDEHWLF�GE�GE�PLFH�UHYHDOHG�D�UHGXFWLRQ�RI�JOXFRVH�R[LGDWLRQ�E\�����DQG�

DQ� LQFUHDVH� LQ�SDOPLWDWH�R[LGDWLRQ�E\� ����FRPSDUHG� WR� FRQWUROV�����7KHVH�GLDEHWLF� DQLPDOV�

ZHUH�VKRZQ�WR�GLVSOD\� LQFUHDVHG�/9�HQG�GLDVWROLF�SUHVVXUHV��D� UHGXFWLRQ� LQ�FDUGLDF�RXWSXW��

DQG�D�VLJQLILFDQW�UHGXFWLRQ�LQ�FDUGLDF�SRZHU��VXJJHVWLQJ�HDUO\�VLJQV�RI�GLDEHWLF�FDUGLDF�GLVHDVH�

RU� '&0���� )XUWKHUPRUH�� LQFUHDVLQJ� LQIXVHG� SDOPLWDWH� OHYHOV� VWLPXODWHG� DQ� LQFUHDVH� LQ�

P\RFDUGLDO� R[\JHQ� FRQVXPSWLRQ��ZKLFK� VXJJHVWV� LQFUHDVHG� IDWW\� DFLG� XVDJH� E\� WKH� WLVVXH����

6LQFH�)$2� LV� OHVV� HIILFLHQW� WKDQ� DHURELF� JOXFRVH�R[LGDWLRQ� �UHTXLULQJ�KLJKHU�PLWRFKRQGULDO�

R[\JHQ� FRQVXPSWLRQ� SHU�$73� SURGXFHG��� WKLV� VXJJHVWV� WKDW� GLDEHWLF� KHDUWV� RSHUDWH� XQGHU�

UHGXFHG� PHWDEROLF� HIILFLHQF\�� ZKLFK� SXWV� GLDEHWLF� KHDUWV� DW� D� VLJQLILFDQW� PHFKDQLFDO�

GLVDGYDQWDJH�����

7�'0�LQGXFHV�VSHFLILF�FKDQJHV�WR�PLWRFKRQGULDO�UHVSLUDWRU\�SDWKZD\V��ZKLFK�LQ�WXUQ�

DIIHFWV� WKH� DELOLW\� RI� WKH� KHDUW� WR� HIILFLHQWO\� PHWDEROL]H� HQHUJ\� VXEVWUDWHV�� ,Q� JHQHUDO�� WKH�

OLWHUDWXUH�VXJJHVWV�WKDW�PLWRFKRQGULD�H[SRVHG�WR�FRQGLWLRQV�RI�'0�DUH�SURQH�WR�G\VIXQFWLRQ��

6LJQLILFDQW� FKDQJHV� LQ� PLWRFKRQGULDO� DFWLYLW\�� $'3�VWLPXODWHG� 2;3+26� FDSDFLW\��
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ELRJHQHVLV�� SURWHLQ� H[SUHVVLRQ� DQG�PRUSKRORJ\�KDYH�EHHQ� UHSRUWHG� LQ� WKH� VNHOHWDO�PXVFOH��

KHSDWLF� WLVVXH�� DQG� DGLSRVH� WLVVXH� RI� LQVXOLQ�UHVLVWDQW� LQGLYLGXDOV���� ,QFUHDVHG� FHOOXODU� DQG�

PLWRFKRQGULDO� XSWDNH� RI� IDWW\� DFLGV� LQ� FRPELQDWLRQ� ZLWK� LQFUHDVHG� )$2� RFFXUV� LQ� WKH�

GLDEHWLF� KHDUW�� ZKLFK� PD\� OHDG� WR� HFWRSLF� OLSLG� DFFXPXODWLRQ���� 'HIHFWV� WR� WKH� 2;3+26�

FDSDFLWLHV�RI�WKH�(76�&RPSOH[HV�,�������,,����DQG�,9���KDYH�EHHQ�UHSRUWHG�LQ�URGHQW�PRGHOV�RI�

7�'0��3RRU�FRXSOLQJ�EHWZHHQ�VXEVWUDWH�R[LGDWLRQ�DQG�SKRVSKRU\ODWLRQ�KDV�EHHQ�VKRZQ�LQ�

SHUPHDELOL]HG�DWULDO� WLVVXH�RI�KXPDQ�7�'0�SDWLHQWV��ZKLFK� LV� VXJJHVWLYH�RI�PLWRFKRQGULDO�

XQFRXSOLQJ���� )XUWKHUPRUH�� PLWRFKRQGULDO� UHDFWLYH� R[\JHQ� VSHFLHV� �526�� DUH� D� VLJQLILFDQW�

FRQWULEXWRU�WR�R[LGDWLYH�VWUHVV�DVVRFLDWHG�ZLWK�7�'0��DQG�FDQ�EH�SURGXFHG�DW��&,���&,,,��RU�

GXULQJ� HOHFWURQ� WUDQVIHU� IURP� DF\O� GHK\GURJHQDVHV� WR� XELTXLQRO� GXULQJ� )$2������� )LQDOO\��

IUDJPHQWDWLRQ�RI�WKH�FDUGLDF�PLWRFKRQGULDO�QHWZRUN�KDV�EHHQ�UHSRUWHG�LQ�KHSDWLF�FHOO�OLQHV���

DQG�KXPDQ�DWULD���LQ�UHVSRQVH�WR�K\SHUJO\FHPLF�FRQGLWLRQV��5HGXFLQJ�PLWRFKRQGULDO�VL]H�PD\�

UHGXFH� FDSDFLW\� IRU� R[LGDWLYH� SKRVSKRU\ODWLRQ�� 0RUSKRORJLFDO� GHIHFWV� LQ� FDUGLDF�

PLWRFKRQGULD�KDYH�DOVR�EHHQ�VKRZQ�WR�LPSDLU�FDUGLDF�UHFRYHU\�SRVW�0,�LQ�KHDUWV�RI�GLDEHWLF�

RE�RE�PLFH��DV�LQGLFDWHG�E\�UHGXFHG�HMHFWLRQ�IUDFWLRQ�DQG�SRRU�DQLPDO�VXUYLYDO�UDWHV�����7KHVH�

ILQGLQJV�DUH�LQGLFDWLYH�RI�UHGXFHG�PHWDEROLF�HIILFLHQF\�LQ�WKH�GLDEHWLF�KHDUW��

$�����+LJK�5HVROXWLRQ�5HVSLURPHWU\��0HDVXUHPHQW�RI�,QWHJUDWHG�0LWRFKRQGULDO�)XQFWLRQ�
�
� 7KHUH� LV� LQFUHDVLQJ� LQWHUHVW� LQ� WKH� PRQLWRULQJ� RI� PLWRFKRQGULDO� IXQFWLRQ� DQG�

G\VIXQFWLRQ� LQ� YLWUR�� DV� PLWRFKRQGULD� KDYH� EHHQ� LPSOLFDWHG� LQ� WKH� SDWKRSK\VLRORJ\� RI�

QXPHURXV�GLVHDVH�SURFHVVHV��&RQVXPSWLRQ�RI�R[\JHQ�E\� WKH�SURFHVV�RI�2;+326�FDQ�EH�

PHDVXUHG� XVLQJ� R[\JHQ� HOHFWURGHV� DWWDFKHG� WR� D� UHVSLUDWLRQ� FKDPEHU�� $V� WKH� SURFHVV� RI�

2;3+26�RFFXUV�LQ�WKH�PLWRFKRQGULD�IURP�WKH�ELRORJLFDO�VDPSOH��WKH�R[\JHQ�DGGHG�WR�WKH�

FKDPEHU�LV�FRQYHUWHG�WR�ZDWHU��DQG�D�UHVXOWLQJ�GHFUHDVH�LQ�WKH�R[\JHQ�FRQFHQWUDWLRQ�LQ�WKH�

FKDPEHU� LV� UHFRUGHG���� 7UDGLWLRQDO� UHVSLURPHWU\� DVVXPHV� WKDW� VDPSOHV� H[LVW� LQ� D� FORVHG�
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V\VWHP��ZKHUH�FRQVXPSWLRQ�RI�R[\JHQ�RFFXUV�H[FOXVLYHO\�E\�PHWDEROLF�UHDFWLRQV�ZLWKLQ�WKH�

VDPSOH��8QIRUWXQDWHO\�� WKLV� LV�QRW� WKH�FDVH�� DV�R[\JHQ� IOX[� VKRXOG�EH�FRUUHFWHG� IRU�R[\JHQ�

EDFN�GLIIXVLRQ� DQG� R[\JHQ� FRQVXPSWLRQ� E\� WKH� SRODURJUDSKLF� R[\JHQ� VHQVRUV�� 2WKHU�

OLPLWDWLRQV�DVVRFLDWHG�ZLWK�WUDGLWLRQDO�UHVSLURPHWU\�LQFOXGH�ORZ�VLJQDO�VWDELOLW\��KLJK�OLPLWV�RI�

GHWHFWLRQ��SUHYHQWLQJ�DELOLW\�WR�XWLOL]H�VPDOO�WLVVXH�VDPSOHV���DQG�OLPLWHG�WLWUDWLRQ�VWHSV�GXH�WR�

ORZ�FKDPEHU�YROXPH��'XH�WR�WKH�VHQVLWLYH�QDWXUH�RI�IXQFWLRQDO�PLWRFKRQGULDO�WHVWLQJ��WKHVH�

ROGHU�PHWKRGV�DUH�QRZ�FRQVLGHUHG�XQUHOLDEOH����

� +LJK�UHVROXWLRQ� UHVSLURPHWU\� �+55�� 2URERURV� 2[\JUDSK� �N�� 2�N�� 2URERURV�

,QVWUXPHQWV�� ,QQVEUXFN��$XVWULD��� KDV� HPHUJHG� DV� DQ� DGYDQFHG� WHFKQLTXH� IRU� LQYHVWLJDWLQJ�

IXQFWLRQDO�FDSDFLWLHV�RI�PLWRFKRQGULD�LQ�YLWUR��The term “high�resolution” UHIHUV�WR�D�OLPLW�RI�

GHWHFWLRQ� RI� R[\JHQ� IOX[� DV� ORZ� DV� �� SPRO�2��V���PO���� DOORZLQJ� IRU�PHDVXUHPHQWV� LQ� YHU\�

VPDOO� VDPSOHV� ZLWKRXW� VDFULILFLQJ� PHDVXUHPHQW� DFFXUDF\� RU� VHQVLWLYLW\�� 0DWHULDOV� XVHG� WR�

FRQVWUXFW�WKH�2�N�DUH�VSHFLILFDOO\�VHOHFWHG�WR�PLQLPL]H�R[\JHQ�GLIIXVLRQ��DQG�WR�LPSURYH�WKH�

VHQVLWLYLW\�RI�WKH�HOHFWURGH��WKXV�LQFUHDVLQJ�WKH�VLJQDO�WR�QRLVH�UDWLR��+55�DOORZV�HYDOXDWLRQ�

RI� WKH� FDSDFLW\� RI� PLWRFKRQGULDO� FRPSOH[HV�� HQ]\PHV�� DQG� WUDQVSRUWHUV� LQ� UHDO� WLPH�� E\�

GHWHFWLQJ� IOXFWXDWLRQV� LQ� R[\JHQ� FRQVXPSWLRQ� LQ� WKH� SUHVHQFH� RI� GLIIHUHQW� VXEVWUDWHV��

XQFRXSOHUV�� DQG� LQKLELWRUV��7KLV� HQDEOHV� GHWHFWLRQ�RI� VSHFLILF� GHIHFWV� LQ� WKH�PLWRFKRQGULDO�

2;3+26� SURFHVV���� 7KH� 2�N� LV� FRQVLGHUHG� WKH� JROG� VWDQGDUG� LQ� UHVSLURPHWU\��

&RQFHSWXDOL]HG� LQ� ������ WKH�2�N�FRQVLVWV�RI� WZLQ� R[\JHQ� VHQVRUV� DGMDFHQW� WR�'XUDQ� JODVV�

FKDPEHUV� ZLWK� DGMXVWDEOH� YROXPH�� HQFDVHG� LQ� DQ� LQVXODWHG� FRSSHU� EORFN���� 7KH� EORFN� LV�

HOHFWURQLFDOO\� DQG� SUHFLVHO\� FRQWUROOHG� ZLWK� D� EXLOW�LQ� 3HOWLHU� WKHUPRVWDW� 6DPSOHV� DUH�

VHSDUDWHG� IURP� VHQVRUV� E\� DQ� R[\JHQ�SHUPHDEOH� 25 μm� IOXRULQDWHG� HWK\OHQH� SURS\OHQH�

PHPEUDQH���� 2[\JHQ� FRQFHQWUDWLRQ� LV� PHDVXUHG� DPSHURPHWULFDOO\� E\� WKH� &ODUN�W\SH�
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SRODURJUDSKLF� R[\JHQ� VHQVRUV� �2UR%R326��� ZKLFK� FRQVLVW� RI� D� JROG� FDWKRGH� DQG�

VLOYHU�VLOYHU�FKORULGH�DQRGH�����

$QRWKHU� DGYDQWDJH� RI� WKH� 2�N� LV� WKH� VRIWZDUH� 'DW/DE� �2URERURV� ,QVWUXPHQWV��

,QQVEUXFN�� $XVWULD�� ZKLFK� SURYLGHV� DQ� RQOLQH� GLVSOD\� RI� R[\JHQ� FRQFHQWUDWLRQ� DQG�

UHVSLUDWLRQ��R[\JHQ�IOX[�RU�QHJDWLYH�GHULYDWLYH�RI�R[\JHQ�FRQFHQWUDWLRQ�DV�D�IXQFWLRQ�RI�WLPH��

LQ� UHDO�WLPH� IRU� HDFK� FKDPEHU�� 7KLV� DOORZV� WKH� XVHU� WR� HDVLO\� UXQ� PXOWLSOH� SURWRFROV�

VLPXOWDQHRXVO\�����

$�����$QLPDO�0RGHOV�RI�7\SH���'LDEHWHV�
�
� $Q�LQFUHDVLQJ�QXPEHU�RI�H[SHULPHQWDO�DQLPDO�PRGHOV�DUH�EHFRPLQJ�DYDLODEOH�IRU�WKH�

VWXG\�RI�7�'0�DQG� LWV� FRPSOLFDWLRQV��0RVW� LQYROYH� WKH� H[SUHVVLRQ�RU� VXSSUHVVLRQ�RI�NH\�

JHQHV�LQ�OLQHV�WKDW�DUH�JHQHWLFDOO\�VLPLODU��DOORZLQJ�VHOHFWLRQ�IRU�WUDLWV�RI�LQWHUHVW��)RU�LQVWDQFH��

WKH� OHSWLQ�UHFHSWRU�GHILFLHQW� GE�GE�PRXVH� UHSUHVHQWV� D�XVHIXO�PRQRJHQLF�PRGHO�RI�REHVLW\�

DQG�7�'0�� DQLPDOV�GHPRQVWUDWH� HOHYDWHG�SODVPD� LQVXOLQ�E\� DV� HDUO\� DV� ������GD\V�RI� DJH��

DQG�DUH�QHDUO\�GRXEOH�WKH�ZHLJKW�RI�FRQWURO�PLFH�������J�FRPSDUHG�WR���J��E\�DV�HDUO\�DV���

PRQWKV�RI�DJH��)XUWKHUPRUH��WKHVH�DQLPDOV�DUH�XVHIXO�IRU�WKH�VWXG\�RI�FDUGLRYDVFXODU�GLDEHWLF�

FRPSOLFDWLRQV�LQGHSHQGHQW�RI�DWKHURVFOHURWLF�DQG�K\SHUWHQVLYH�IDFWRUV��DV�GE�GE�URGHQWV�DUH�

UHVLVWDQW� WR� DWKHURVFOHURVLV� DQG� K\SHUWHQVLRQ������� 7KHUHIRUH�� FDUGLDF� FRPSOLFDWLRQV� FDQ�

PDQLIHVW� IUHH� RI� XQGHUO\LQJ� KHDUW� GLVHDVH�� 7KH� KHDUWV� RI� GE�GE�PLFH� PLPLF� WKH� PDUNHG�

PHWDEROLF�LQIOH[LELOW\�PDQLIHVWHG�LQ�KXPDQV��ZLWK�D�SUHIHUHQWLDO�XVH�RI�IDWW\�DFLG�R[LGDWLRQ�E\�

FDUGLRP\RF\WHV�DV�D�VRXUFH�RI�HQHUJ\�RYHU�JO\FRO\WLF�DQG�JOXFRVH�R[LGDWLRQ�VRXUFHV��PDNLQJ�

WKHP�XVHIXO� IRU� LQYHVWLJDWLQJ� FDUGLDF�RXWFRPHV� IURP�G\VOLSLGHPLD����+RZHYHU�� EHFDXVH� WKH�

GE�GE� PRGHO� LV� DQ� LQEUHG� WUDQVJHQLF� PRGHO�� LW� LV� GLIILFXOW� WR� NQRZ� ZKHWKHU� DOO� FRPSOH[�

SDWKRJHQLF�PHFKDQLVPV�SUHVHQW�LQ�KXPDQV�DUH�DOVR�SUHVHQW�LQ�HDFK�DQLPDO���



� ͳ͹�

� ([SHULPHQWDOO\� LQGXFHG� DQLPDO� PRGHOV� PDNH� XVH� RI� QRQ�JHQHWLFDOO\� PDQLSXODWHG�

DQLPDO� VWUDLQV��ZKLFK� DUH�PRUH� UHDGLO\� DYDLODEOH�� DQG� FRQVLGHUDEO\� FKHDSHU� WKDQ� WUDQVJHQLF�

PRGHOV��,QGXFWLRQ�RI�7�'0�LV�W\SLFDOO\�DFKLHYHG�XVLQJ�FKHPLFDO�RU�GLHWDU\�PHDQV��$V�WKHVH�

DQLPDOV� PDWXUH�� WKHLU� KHDOWK� VWDWXV� UHVHPEOHV� WKH� SDWKRJHQHVLV� RI� GLDEHWHV� LQ� KXPDQV��

5RGHQW� VSHFLHV�� DQLPDO�DJH��SUH�WUHDWPHQW�QXWULWLRQDO� DQG�KHDOWK� VWDWXV�� DV�ZHOO� DV� URXWH�RI�

DGPLQLVWUDWLRQ��LI�DSSOLFDEOH��PXVW�EH�FDUHIXOO\�FRQVLGHUHG��$OWKRXJK�WKHUH�LV�QR�PRGHO�WKDW�

SHUIHFWO\� UHFDSLWXODWHV� 7�'0� SURJUHVVLRQ�� WKH� PDMRULW\� RI� PRGHOV� GR� GHPRQVWUDWH� VRPH�

SULPDU\�KDOOPDUNV�RI�7�'0��K\SHUJO\FHPLD�� LQVXOLQ�UHVLVWDQFH��DQG�RU�VXEVHTXHQW�EHWD�FHOO�

G\VIXQFWLRQ�� ([SHULPHQWDO� DSSURDFKHV� XVHG� WR� LQGXFH� 7�'0� LQFOXGH� LQMHFWLRQV� ZLWK�

VWUHSWR]RWRFLQ� �67=�� RU� DOOR[DQ�� IUXFWRVH� IHHGLQJV� RU� RWKHU� KLJK� VXJDU�IDW� DOWHUQDWLYHV��

DGPLQLVWUDWLRQ�RI�PRQRVRGLXP�JOXWDPDWH��06*��LQMHFWLRQV�WR�LQWUDXWHULQH�JURZWK�UHVWULFWHG�

�,8*5�� DQLPDOV�� DQG� YDULRXV� FRPELQDWLRQV� WKHUHRI���� $OOR[DQ� PRGHOV� XQGHUJR� VHOHFWLYH�

SDQFUHDWLF�EHWD�FHOO� ORVV�E\�JHQHUDWLRQ�RI�R[LGDQW� VSHFLHV�ZLWKLQ� WKH� WLVVXH��KRZHYHU�� WKHVH�

PRGHOV� KDYH� VWHDGLO\� ORVW� SRSXODULW\� due to alloxan’s limited efficacy, and side effects 

DIIHFWLQJ� WKH� OLYHU� DQG� NLGQH\V���� 67=�PRGHOV� DUH�PRUH� DSSHDOLQJ�� DV�PDQLSXODWLQJ� GRVDJH�

DQG�WLPH�FRXUVH�RI�GLDEHWRJHQLF� LQMHFWLRQV�JLYHV�D�SKHQRW\SH�RI�YDU\LQJ�VHYHULW\��ZLWK�KLJK�

GRVH�67=� �!���NJ�PJ�ERG\�ZHLJKW�� FDXVLQJ�PDVVLYH�EHWD�FHOO�GHVWUXFWLRQ�DNLQ� WR�7�'0��

DQG�PXOWLSOH� LQWHUPHGLDWH� GRVHV� �a������ NJ�PJ� ERG\� ZHLJKW�� SURGXFLQJ� DQ� LQWHUPHGLDWH�

SKHQRW\SH� PRUH� FKDUDFWHULVWLF� RI� 7�'0�� 67=� LV� D� EURDG�VSHFWUXP� DQWLELRWLF� RULJLQDOO\�

LVRODWHG�IURP�6WUHSWRP\FHV�DFKURPRJHQHV�WKDW�DFWV�WR�LQKLELW�'1$�V\QWKHVLV�E\�DON\ODWLQJ�'1$�

DQG� VXEVHTXHQWO\� SRO\�ULERV\ODWLQJ� $'3�� WKXV� GHSOHWLQJ� 1$'�� DQG� $73���� 67=�LQMHFWHG�

DQLPDOV� DUH� FRQVLVWHQWO\� LQVXOLQ�UHVLVWDQW� DIWHU� �� GD\V� ZLWK� KLJK� GRVH� 67=�� DQG� ZLOO� DOVR�

GHYHORS�K\SHUJO\FHPLD��K\SHULQVXOLQHPLD��DQG�HOHYDWHG�VHUXP�IUHH�IDWW\�DFLGV�WULJO\FHULGHV�E\�
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DSSUR[LPDWHO\� ��PRQWKV� RI� DJH���� ���� 7KHVH� HIIHFWV� DUH� H[DFHUEDWHG� E\� KLJK�IDW� IHHGLQJ� DQG�

RIWHQ�FRLQFLGH�ZLWK�REHVLW\������

� 6HOHFWLRQ� RI� WKH� RSWLPDO� PRGHO� WR� VWXG\� RXWFRPH� SDUDPHWHUV� LV� FUXFLDO�� DV�

SK\VLRORJLFDO� DWWULEXWHV� RI� HDFK� PRGHO� PD\� DIIHFW� SDUDPHWHUV� RI� LQWHUHVW�� $V� VXFK�� QHZ�

PRGHOV�RI�7�'0�DUH�EHLQJ�LQWURGXFHG�WR�WKH�ODE�HQYLURQPHQW�WR�PRGHO�VSHFLILF�DVSHFWV�RI�

7�'0� DQG� UHODWHG� FRPSOLFDWLRQV�� +HUH�� ZH� SUHVHQW� D� SURPLVLQJ� FDQGLGDWH� IRU� WKH� VWXG\�

7�'0��DQG�LWV�DVVRFLDWHG�FDUGLDF�FRPSOLFDWLRQV��

$������1LOH�*UDVV�5DW�PRGHO�RI�7\SH���'LDEHWHV�
�
� 7KH� 1LOH� *UDVV� UDW�$UYLFDQWKLV� QLORWLFXV� �15�� KDV� UHFHQWO\� HPHUJHG� DV� D� SURPLVLQJ�

FDQGLGDWH�PRGHO� IRU� VWXG\LQJ�SURWUDFWHG�PHWDEROLF�GLVHDVH�����15V�DUH�KHUELYRURXV�PXULQH�

URGHQWV��QDWLYH�WR�VXE�6DKDUDQ�$IULFD�����7KHVH�DQLPDOV�DUH�FRPSDUDEOH�LQ�VL]H�DQG�ZHLJKW�WR�

\RXQJ� UDWV�� ZHLJKLQJ� DSSUR[LPDWHO\� ������� J�� 8QOLNH� FRPPRQ� ODE� URGHQWV�� 15V� GLVSOD\�

GLXUQDO� WHQGHQFLHV�� WKLV�PDNHV� WKHP�D�YDOXDEOH�PRGHO� IRU� WKH� VWXG\�RI� FLUFDGLDQ� UK\WKP����

DQG� QHXUDO� DFWLYDWLRQ����� )XUWKHUPRUH�� WKH� UHWLQD� RI� WKH�15� LV� FRQH�ULFK� FRPSDUHG� WR� WKH�

FRQH�SRRU� UHWLQDV� RI� RWKHU� URGHQWV�� PDNLQJ� WKHP� XVHIXO� IRU� WKH� VWXG\� RI� RSWLF� GLVHDVHV�

NQRZQ�WR�RFFXU�LQ�KXPDQV������

5HFHQW� VWXGLHV� KDYH� LQYHVWLJDWHG� WKH� WHQGHQF\� RI� 15V� WR� VSRQWDQHRXVO\� GHYHORS�

SDWKRORJLFDO�PDUNHUV�FRQJUXHQW�WR�WKH�0HWDEROLF�6\QGURPH��0HW6��DQG�7�'0�SURJUHVVLRQ�

LQ�KXPDQV���������1RGD�HW�DO��VWXGLHG�RYHU������15V�EUHG�LQ�FDSWLYLW\��IURP�DQ�LQLWLDO�JURXS�RI�

���15� IRXQGHUV� WUDSSHG� LQ� WKHLU� QDWLYH� HQYLURQPHQW� E\�'U�� /DXUD� 6PDOH����� ,QWHUHVWLQJO\��

WKH\�UHSRUWHG�WKDW�FKRZ�IHG�DQLPDOV�GLVSOD\HG�G\VOLSLGHPLD�DQG�K\SHUJO\FHPLD�E\�RQH�\HDU�

RI�DJH�����)XUWKHU�LQYHVWLJDWLRQ�UHYHDOHG�RWKHU�LQGLFDWRUV�RI�7�'0��OLYHU�VWHDWRVLV��DGYDQFHG�

JO\FDWLRQ�HQGSURGXFW��$*(��DFFXPXODWLRQ�LQ�UHQDO�WLVVXH��GLVUXSWHG�LVOHW�FHOO�GLVWULEXWLRQ�DQG�

PRUSKRORJ\��HOHYDWHG�WULJO\FHULGHV��7*V���DQG�SHUVLVWHQW�K\SHULQVXOLQHPLD�DW�HDUO\�VWDJHV�RI�



� ͳͻ�

GLVHDVH� SURJUHVVLRQ�� $� VWURQJ� FRUUHODWLRQ� EHWZHHQ� HOHYDWHG� 7*V� DQG� +E$�F� ZDV� QRWHG��

VXJJHVWLQJ� WKDW� DEHUUDQW� OLSLG� PHWDEROLVP� LQ� WKHVH� DQLPDOV� PD\� FRUUHODWH� ZLWK� GLVHDVH�

SURJUHVVLRQ�� DV� LV� VHHQ� LQ� KXPDQV����� :RUN� E\� RXU� ODE� DQG� RWKHUV� KDV� VKRZQ� WKDW� 15V�

GHYHORS�K\SHULQVXOLQHPLD�E\� DV� HDUO\� DV� ��PRQWKV�RI� DJH�� DQG� IROORZ�D�SUHGLFWDEOH� GLVHDVH�

FRXUVH�� VLPLODU� WR� WKDW� VHHQ� LQ�KXPDQV�����7KH�PRGHO�RI�GLDEHWHV�SURJUHVVLRQ�SURSRVHG�E\�

:HLU� HW� DO�� LQ� ����� VXJJHVWV� D� IUDPHZRUN� IRU� FDWHJRUL]LQJ� GLDEHWHV� SURJUHVVLRQ� WKDW�

FRUUHVSRQGV� WR� WKH�PHWDEROLF� GHFOLQH� RI� WKH�15����� %DVHG� RQ� WKLV�PRGHO�� QRUPRJO\FHPLF�

15V� DJHG� �� PRQWKV� UHSUHVHQW� D� VXEFOLQLFDO� VWDJH� �� �)LJXUH� ����� FRPSHQVDWLRQ���

+\SHUJO\FHPLF� 15V� DJHG� �� PRQWKV� UHSUHVHQW� VWDJH� �� �)LJXUH� ����� GHFRPSHQVDWLRQ��� DQG�

K\SHUJO\FHPLF� 15V� DJHG� ��� PRQWKV� UHSUHVHQW� VWDJH� �� RU� �� �)LJXUH� ����� VHYHUH�

GHFRPSHQVDWLRQ�DQG�FROODSVH������7R�RXU�NQRZOHGJH�� WKH�6DXYp� ODE�FXUUHQWO\�PDLQWDLQV� WKH�

RQO\� ODERUDWRU\� FRORQ\� RI� 15V� LQ� &DQDGD�� ZKLFK� KDYH� EHHQ� XWLOL]HG� SULPDULO\� WR� VWXG\�

YDVFXODU�DQG�UHWLQDO�FLUFXLWU\�FKDQJHV�DVVRFLDWHG�ZLWK�GLDEHWLF�UHWLQRSDWK\�����6WXGLHV�RQ�WKH�

FDUGLRYDVFXODU� VWDWXV� RI� WKHVH� DQLPDOV� KDYH� QRW� EHHQ� DWWHPSWHG�� DQG�ZLOO� SURYLGH� YDOXDEOH�

LQVLJKW� LQWR�FDUGLDF�FKDQJHV�RFFXUULQJ�RYHU� WLPH��2XU�SUHOLPLQDU\� ILQGLQJV�GR�VXSSRUW� WKDW�

WKH� 15� PRGHO� RI� 7�'0� H[KLELWV� KDOOPDUNV� RI� FDUGLRYDVFXODU� G\VIXQFWLRQ� GXULQJ� WKHLU�

OLIHVSDQ���
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)LJXUH�����3URJUHVVLRQ�RI�7\SH���'LDEHWHV�0HOOLWXV�LQ�WKH�1LOH�*UDVV�5DW��
+HDOWK\�15V�PDLQWDLQ�D�ORZ�IDVWHG�EORRG�JOXFRVH��)%*��DQG�SODVPD�LQVXOLQ��$���2Q�D�
VWDQGDUG�FKRZ�GLHW��K\SHULQVXOLQHPLD�RFFXUV�DW���PRQWKV�RI�DJH��%���ZKLFK�LV�IROORZHG�
E\�K\SHUJO\FHPLD�DW���PRQWKV�RI�DJH��&��DQG�VHYHUH�GHFRPSHQVDWLRQ�XS�WR����PRQWKV�
RI�DJH��'���6WDJH��(��LV�WKRXJKW�WR�RFFXU�LQ�HOGHUO\�15V�����PRQWKV����DQG�UHSUHVHQWV�
FRPSOHWH�PHWDEROLF�FROODSVH��5HG�OLQH�UHSUHVHQWV�FXW�RII�IRU�K\SHUJO\FHPLD�LQ�15V�
�)%*�!���PPRO�/���



� ʹͳ�

$���&KDSWHU�����(;3(5,0(17$/�5$7,21$/(�
�

$V�DSSUR[LPDWHO\��� LQ�HYHU\����DGXOWV�ZRUOGZLGH�FXUUHQWO\� OLYHV�ZLWK�GLDEHWHV�� LW� LV�

HYLGHQW� WKDW� KROLVWLF� VWUDWHJLHV� DUH� ZDUUDQWHG� WR� LPSURYH� SUHYHQWLRQ� DQG� WUHDWPHQW�

DSSURDFKHV�� $� EHWWHU� XQGHUVWDQGLQJ� RI� WKH� DHWLRORJ\�� SDWKRSK\VLRORJ\�� DQG� V\PSWRP�

SURJUHVVLRQ�RI�7�'0�PD\�LPSURYH�WUHDWPHQW�HIILFDF\��DQG�HOXFLGDWH�DOWHUQDWLYH�SDWKZD\V�RI�

LQWHUYHQWLRQ��7KH�15�PRGHO�RI�7�'0�SURYLGHV�D�XQLTXH�RSSRUWXQLW\�WR�VWXG\�WKH�RQVHW�RI�

SDWKRORJ\� IUHH� RI� LQGXFHG� SKDUPDFRORJLFDO� HIIHFWV� VHHQ� LQ� RWKHU� DQLPDO� PRGHOV�� &DUGLDF�

VWXGLHV�LQ�WKLV�DQLPDO�PRGHO�KDYH�QRW�EHHQ�XQGHUWDNHQ��)XUWKHUPRUH��XQGHUVWDQGLQJ�RI�HDUO\�

LQGLFDWRUV� RI� G\VIXQFWLRQ� LQGXFHG� LQ� SUH�GLDEHWLF� VWDJHV� FRXOG� KDVWHQ� FOLQLFDO� LQWHUYHQWLRQ��

DQG�SUHYHQW�WKH�GHYHORSPHQW�RI�VHYHUH�FRPSOLFDWLRQV���

$�����+\SRWKHVLV�
�
� :H�K\SRWKHVL]H� WKDW�SURGURPDO� IXQFWLRQDO�PLWRFKRQGULDO� FKDQJHV�ZLOO�EH�RFFXUULQJ�

LQ�FDUGLDF�YHQWULFXODU�WLVVXH��SULRU�WR�WKH�RQVHW�RI�FOLQLFDOO\�GHWHFWDEOH�K\SHUJO\FHPLD�DQG�RU�

K\SHULQVXOLQHPLD���

$�����$LPV�
�

��� 7R�HYDOXDWH�WKH�YLDELOLW\�RI�WKH�15�PRGHO�RI�7�'0�DV�D�PRGHO�RI�GLDEHWLF�FDUGLDF�

FRPSOLFDWLRQV��

��� 7R�LQYHVWLJDWH�HDUO\�FKDQJHV�LQ�FDUGLDF�PLWRFKRQGULDO�IXQFWLRQ�XVLQJ�KLJK�UHVROXWLRQ�

UHVSLURPHWU\��

��� 7R�H[DPLQH�GLIIHUHQWLDO�HIIHFWV�RI�GLHW��DQG�DJH�RQ�FDUGLDF�PLWRFKRQGULDO�IXQFWLRQ��

��� 3URYLGH� SUHOLPLQDU\� HFKRFDUGLRJUDSKLF� GDWD� RQ� WKH� FDUGLDF� IXQFWLRQ� RI� WKH� KHDOWK\�

DQG�GLDEHWLF�15��



� ʹʹ�

$���&KDSWHU�����0(7+2'6�
$�����([SHULPHQWDO�$QLPDO�0RGHO�
�

0DOH�15V�ZHUH�PDLQWDLQHG� RQ� D� ������ K� OLJKW�GDUN� F\FOH�� DW� URRP� WHPSHUDWXUH� RI�

����� �&� DQG� UHODWLYH� KXPLGLW\� RI�a������$IWHU�ZHDQLQJ� DW� ������ GD\V�� WKH� DQLPDOV�ZHUH�

GLYLGHG� LQWR� WZR� GLHWDU\� JURXSV�� 7KH� FRQWURO� JURXS� ZDV� IHG� D� KLJK�ILEHU� GLHW� �0D]XUL��

&KLQFKLOOD�'LHW�� �0����3XULQD�0LOOV�� //&�� 6W�� /RXLV��02��86$�� ������ IDW�� ������� ILEHUV��

������ SURWHLQ��� 7KH� GLDEHWLF� JURXS�ZDV� IHG� VWDQGDUG� URGHQW� FKRZ� �3URODE�� 50+� ������

�3����/DE'LHW��1XWULWLRQ�,QWO���5LFKPRQG��,1��86$��������IDW��������ILEHUV���������SURWHLQ���

1XWULWLRQDO� LQIRUPDWLRQ� IRU� WKH� 3URODE� DQG� 0D]XUL� GLHWV� DUH� SUHVHQWHG� LQ� 7DEOH� ��� 7KH�

DQLPDOV�UHFHLYHG�IRRG�DQG�ZDWHU�DG�OLELWXP��$�IDVWLQJ�SHULRG�RI�������KRXUV�SUHFHGHG�EORRG�

DQG�WLVVXH�FROOHFWLRQ��EXW�GLG�QRW�SUHFHGH�HOHFWURFDUGLRJUDSK\��$QLPDOV�ZHUH�VWXGLHG�DW�������

����HFKR�RQO\��RU����PRQWKV�RI�DJH��$OO�H[SHULPHQWV�ZHUH�FDUULHG�RXW�LQ�DFFRUGDQFH�ZLWK�WKH�

,QVWLWXWLRQDO�$QLPDO�&DUH�DQG�8VH�&RPPLWWHH� �8QLYHUVLW\�RI�$OEHUWD��DQG� WKH�1,+��86$��

JXLGHOLQHV�UHJDUGLQJ�WKH�FDUH�DQG�XVH�RI�DQLPDOV�IRU�H[SHULPHQWDO�SURFHGXUHV��

�

�

�



� ʹ͵�

�

�
�
�
�
�
7DEOH�����1XWULWLRQDO�FRQWHQW�RI�3URODE�DQG�0D]XUL�GLHWV���
�

�
$QLPDOV�ZHUH�IHG�DG�OLELWXP�IRU�WKH�GXUDWLRQ�RI�WKH�VWXG\�SHULRG��7KH�0D]XUL�GLHW�FRQWDLQV�
KLJKHU�ILEUH�DQG�ORZHU�IDW��ZKHUHDV�WKH�3URODE�GLHW�LV�FRQVLGHUHG�VWDQGDUG�UDW�FKRZ�����
�
�
�
�
�
�
�
�

1XWULHQWV�
3URWHLQ����������������������������������������������
$UJLQLQH���������������������������������������������
&\VWLQH����������������������������������������������
+LVWLGLQH�������������������������������������������
,VROHXFLQH������������������������������������������
/HXFLQH���������������������������������������������
/\VLQH�����������������������������������������������
0HWKLRQLQH���������������������������������������
3KHQ\ODODQLQH�����������������������������������
7\URVLQH�������������������������������������������
7KUHRQLQH����������������������������������������
7U\SWRSKDQ��������������������������������������
9DOLQH�����������������������������������������������

�
)DW��(WKHU�H[WUDFW�������������������������
/LQROHLF�$FLG�����������������������������������

�
)LEHU��&UXGH���������������������������������
1HXWUDO�'HWHUJHQW�)LEHU�������������������
$FLG�'HWHUJHQW�)LEHU�����������������������
6WDUFK����������������������������������������������
*OXFRVH�������������������������������������������
)UXFWRVH������������������������������������������
6XFURVH�������������������������������������������
/DFWRVH�������������������������������������������

�
0HWDEROL]DEOH�(QHUJ\��

�NFDO�kg …………..…2,910 

0LQHUDOV�
$VK����������������������������������������������������
&DOFLXP��������������������������������������������
3KRVSKRUXV���������������������������������������
3RWDVVLXP������������������������������������������
0DJQHVLXP����������������������������������������
6RGLXP����������������������������������������������
&KORULGH��������������������������������������������
,URQ��SSP …………………………350 
=LQF��SSP ………………………...1���
0DQJDQHVH��SSP …………………..95 
&RSSHU��SSP ………………………15 
,RGLQH��SSP ……………………...0.87 
6HOHQLXP��SSP …………………..0.30 
&REDOW��SSP ………………………1.2 

�
9LWDPLQV�

7KLDPLQ��SSP ……………………4.9 
5LERIODYLQ��SSP …………………5.6 
1LDFLQ��SSP ………………………48 
3DQWRWKHQLF�DFLG��SSP ……………19 
&KROLQH��SSP ………………….1,710 
)ROLF�DFLG��SSP …………………..9.8 
3\ULGR[LQH��SSP …………………7.6 
%LRWLQ��SSP ……………………..0.25 
9LWDPLQ�%����µJ�kg ……………….12 
9LWDPLQ�$��,8�kg …………….33,440 
9LWDPLQ�'���,8�kg …………….1,780 
9LWDPLQ�(��,8�kg ………………..230 
9LWDPLQ�.��SSP …………………2.7 
%HWD�FDURWHQH��SSP ………………15 

�

0D]XUL®�&KLQFKLOOD�'LHW�
�

–

: 5 /3 2 ” diam eter x ฀ " len gth.

1XWULHQWV�
3URWHLQ���������������������������������������������
$UJLQLQH��������������������������������������������
&\VWLQH����������������������������������������������
*O\FLQH���������������������������������������������
+LVWLGLQH�������������������������������������������
,VROHXFLQH�����������������������������������������
/HXFLQH���������������������������������������������
/\VLQH�����������������������������������������������
0HWKLRQLQH���������������������������������������
3KHQ\ODODQLQH�����������������������������������
7\URVLQH��������������������������������������������
7KUHRQLQH�����������������������������������������
7U\SWRSKDQ���������������������������������������
9DOLQH�����������������������������������������������
6HULQH�����������������������������������������������
$VSDUWLF�$FLG�����������������������������������
*OXWDPLF�$FLG����������������������������������
$ODQLQH���������������������������������������������
3UROLQH����������������������������������������������
7DXULQH���������������������������������������������

�
)DW��(WKHU�H[WUDFW��������������������������
&KROHVWHURO��SSP …………………78 
/LQROHLF�$FLG�����������������������������������
/LQROHQLF�$FLG���������������������������������
2PHJD���)DWW\�$FLGV�����������������������

�
)LEHU��&UXGH����������������������������������
1HXWUDO�'HWHUJHQW�)LEHU�������������������
$FLG�'HWHUJHQW�)LEHU������������������������
6WDUFK�����������������������������������������������
*OXFRVH���������������������������������������������
)UXFWRVH��������������������������������������������
6XFURVH���������������������������������������������
/DFWRVH���������������������������������������������

�
0HWDEROL]DEOH�(QHUJ\��

�NFDO�kg ………………3,520 

0LQHUDOV�
$VK����������������������������������������������������
&DOFLXP��������������������������������������������
3KRVSKRUXV���������������������������������������
3RWDVVLXP�����������������������������������������
0DJQHVLXP���������������������������������������
6RGLXP���������������������������������������������
&KORULGH��������������������������������������������
,URQ��SSP …………………………440 
=LQF��SSP ………………………...150 
0DQJDQHVH��SSP …………………120 
&RSSHU��SSP ………………………15 
,RGLQH��SSP ……………………….1.4 
6HOHQLXP��SSP …………………..0.14 
&REDOW��SSP ……………………..0.37 

�
9LWDPLQV�

7KLDPLQ��SSP ……………………7.9 
5LERIODYLQ��SSP ………………….12 
1LDFLQ��SSP ………………………54 
3DQWRWKHQLF�DFLG��SSP ……………16 
&KROLQH��SSP ………………….1,800 
)ROLF�DFLG��SSP …………………0.90 
3\ULGR[LQH��SSP …………………5.4 
%LRWLQ��SSP ……………………..0.29 
9LWDPLQ�%����µJ�kg ……………….15 
9LWDPLQ�$��,8�kg …………….19,000 
9LWDPLQ�'���,8�kg …………….1,500 
9LWDPLQ�(��,8�kg …………………49 
9LWDPLQ�.��SSP …………………1.3 
%HWD�FDURWHQH��SSP ……………...2.0 

�

3URODE® 50+�����
®

®

• ®

•

•

•
•

•



� ʹͶ�

$�����(FKRFDUGLRJUDSKLF�,Q�YLYR�)XQFWLRQDO�$VVHVVPHQW�
�

7KRUDFLF�HFKRFDUGLRJUDSK\�ZDV�SHUIRUPHG�RQ����PRQWK�RI�DJH�15V����3URODE�IHG����

0D]XUL�IHG��DFFRUGLQJ�WR�D�VOLJKWO\�PRGLILHG�SURFHGXUH���������15V�ZHUH�PLOGO\�DQDHVWKHWL]HG�

�VHGDWHG�ZLWK�����LVRIOXUDQH�DQG�PDLQWDLQHG�ZLWK����LVRIOXUDQH��XVLQJ�D�QRVHFRQH��9(92�

&RPSDFW� $QDHVWKHVLD� V\VWHP��� $QDHVWKHVLD� ZDV� PRQLWRUHG� HYHU\� �� PLQXWHV� XVLQJ�

SK\VLRORJLFDO�PHDVXUHV� �(&*�GLVSOD\�� KHDUW� UDWH�� UHVSLUDWRU\� UDWH�� DQG�PDLQWDLQHG� IRU�a���

PLQ�SHU�DQLPDO��15V�ERG\� WHPSHUDWXUH�ZDV�PRQLWRUHG�XVLQJ�D� UHFWDO�SUREH�DQG�D�ZDUPHG�

SODWIRUP� �3�1� ������ VisualSonics™) was used to maintain optimal physiological�

WHPSHUDWXUH�DW�����&��$QLPDO�SDZV�ZHUH�WDSHG�WR�(&*�PHWDO�VWULSV�RQ�WKH�VDPH�SODWIRUP�WR�

UHFRUG� (&*� WUDFLQJV� VLPXOWDQHRXVO\� ZLWK� LPDJLQJ�� +HDUWV� ZHUH� LPDJHG� XVLQJ� WKH� 9HYR�

770™ High�5HVROXWLRQ� ,Q�9LYR�0LFUR�,PDJLQJ� 6\VWHP� �)XMLILOP� 9LVXDO6RQLFV� ,QF��� DQG� D�

�����0+]�6FDQKHDG�SUREH�IRU�KLJK�IUHTXHQF\�XOWUDVRXQG�LPDJLQJ��7KH�XSSHU�DQWHULRU�FKHVW�

�VXSHULRU�WR�WKH�[\SKRLG�SURFHVV��ZDV�VKDYHG�XVLQJ�DQ�HOHFWULF�VKDYHU��DQG�WKHQ�ILQH�KDLU�ZDV�

UHPRYHG� XVLQJ� 1DLU�� GHSLODWRU\� FUHDP��:DUPHG� XOWUDVRXQG� JHO� ZDV� DSSOLHG� LPPHGLDWHO\�

SULRU� WR� LPDJLQJ�� 9HQWULFXODU� GLPHQVLRQV� ZHUH� PHDVXUHG� XVLQJ� 0�PRGH� WUDQVWKRUDFLF�

HFKRFDUGLRJUDSK\� DW� WKH� OHYHO� RI� WKH� SDSLOODU\� PXVFOHV�� LPDJLQJ� D� PLQLPXP� RI� �� FDUGLDF�

F\FOHV�� 3HUFHQW� HMHFWLRQ� IUDFWLRQ� DQG� IUDFWLRQDO� VKRUWHQLQJ� ZHUH� FDOFXODWHG� IURP� 0�PRGH�

LPDJHV��'RSSOHU�WLVVXH�LPDJLQJ�IURP�WKH�DSLFDO�IRXU�FKDPEHU�YLHZ�ZDV�XVHG�WR�DVVHVV�PLWUDO�

valve annular velocities, E’ and A’�� ,Q�DGGLWLRQ��SXOVH�ZDYH�'RSSOHU�RI�WKH�PLWUDO�(�DQG�$�

ZDYH� YHORFLWLHV� ZHUH� WDNHQ� IURP� WKH� IRXU� FKDPEHU� YLHZ�� 7KH� LVRYROXPLF� UHOD[DWLRQ� WLPH�

�,957��� LVRYROXPLF� FRQWUDFWLRQ� WLPH� �,9&7�� DQG� DRUWLF� HMHFWLRQ� WLPH� �(7��ZHUH�PHDVXUHG�

IURP� WKHVH� ZDYHIRUPV� WR� GHWHUPLQH� P\RFDUGLDO� SHUIRUPDQFH� LQGH[�� 7KH� P\RFDUGLDO�

SHUIRUPDQFH� �7HL�� LQGH[� ZDV� FDOFXODWHG� XVLQJ� WKH� HTXDWLRQ� �,957�� ,9&7��(7����� %ORRG�

SUHVVXUH�PHDVXUHPHQWV�ZHUH�QRW�UHFRUGHG��
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�

$�����)DVWHG�%ORRG�*OXFRVH��3ODVPD�,QVXOLQ��DQG�*O\FDWHG�+HPRJORELQ�$�F�

$IWHU� RYHUQLJKW� IDVWLQJ�� D� WDLO� EORRG� VDPSOH� ZDV� WDNHQ� WR� PHDVXUH� IDVWLQJ� EORRG�

JOXFRVH��)%*��XVLQJ�D�VFDOSHO�DQG�DQ�$FFX�FKHN�&RPSDFW�3OXV�JOXFRVH�PRQLWRULQJ�V\VWHP�

�5RFKH�� 0LVVLVVDXJD�� 21�� &DQDGD��� $� YDOXH� RI� )%*� ˃���� PPRO� O��� LV� FRQVLGHUHG�

K\SHUJO\FHPLF��EDVHG�RQ�SUHYLRXV�ZRUN�RQ�15V�E\�RXU�ODE����������

15V�ZHUH�WKHQ�HXWKDQL]HG�ZLWK�DQ�LQWUD�SHULWRQHDO�LQMHFWLRQ�RI�D�OHWKDO�GRVH������PJ�

NJ����RI�SHQWEDUELWRO�VRGLXP��(XWKDQ\O�%LPHGD�07&�$QLPDO�+HDOWK�,QF���&DPEULGJH��21��

&DQDGD���)ROORZLQJ�HVWDEOLVKPHQW�RI�VXUJLFDO�SODQH��WKH�EORRG�ZDV�FROOHFWHG�WKURXJK�FDUGLDF�

SXQFWXUH�DQG�WUDQVIHUUHG�LQWR�D�.��('7$�FRDWHG�%'�0LFURWDLQHU70�WXEH�ZLWK�0LFURJDUG70�

FORVXUH� �%HFWRQ�� 'LFNLQVRQ� DQG� &RPSDQ\�� 0LVVLVVDXJD�� 21�� &DQDGD��� 7KH� EORRG� ZDV�

LPPHGLDWHO\�FHQWULIXJHG�DW������USP�IRU����PLQXWHV�DW����&��7KH�SODVPD�ZDV�FROOHFWHG�DQG�

VWRUHG�DW�����&�XQWLO�ODWHU�XVH�WR�GHWHUPLQH�LQVXOLQ�DQG�JO\FDWHG�KHPRJORELQ��+E$�F��OHYHOV��

7KH� LQVXOLQ� OHYHO�ZDV�PHDVXUHG�XVLQJ� DQ� LQVXOLQ�(/,6$�NLW� �8OWUD� 6HQVLWLYH�0RXVH�

,QVXOLQ�(/,6$�NLW���������&U\VWDO�&KHP�,QF���'RZQHUV�*URYH��,/��86$����$�IDVWLQJ�LQVXOLQ�

OHYHO�RYHU���QJ�PO���ZDV�FRQVLGHUHG�LQGLFDWLYH�RI�FRPSHQVDWLRQ���

+E$�F�OHYHO�LQ�IUR]HQ�KHPDWRFULW�VDPSOHV�ZDV�GHWHUPLQHG�XVLQJ�D�PRGLILHG�(/,6$�

kit according to manufacturer’s instructions [Crystal Chem Inc (Downers Grove, IL) Mouse 

+HPRJORELQ�$�F�$VVD\���������0RXVH�+E$�F�&RQWUROV�������@��6DPSOHV�ZHUH�WKDZHG�RQ�

LFH�SULRU�WR�XVH��PL[HG�XVLQJ�JHQWOH�DJLWDWLRQ�DQG�WKH�DVVD\�ZDV�SHUIRUPHG�LQ�GXSOLFDWH�IRU�

HDFK� VDPSOH. Absorbance was measured using a BioTek™ Synergy™ Mx Multimode 

0LFURSODWH�5HDGHU�RQ�&RVWDU��������ZHOO�SODWHV��DW�DQ�DEVRUEDQFH�RI�����QP��9DULDWLRQ�RI�

DEVRUEDQFH�ZDV�FDOFXODWHG�XVLQJ�WKH�IROORZLQJ�IRUPXOD��

ΔA = (OD����QP������VHF��–��2'����QP����VHF��[���������
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6DPSOH� FRQFHQWUDWLRQV�ZHUH� LQWHUSRODWHG�XVLQJ� WKH� OLQHDU� HTXDWLRQ�RI� DEVRUEDQFH� YDULDWLRQ�

RQ� WKH�\�D[LV�YHUVXV�+E$�F�FRQFHQWUDWLRQ� ��+E$�F��RQ� WKH�[�D[LV��$V�+E$�F���FXWRIIV�

YDU\� DPRQJ� DQLPDO� PRGHOV�� WKH� +E$�F�� FXWRII� ZDV� VHW� DW� ��� �DYHUDJH� RI� 0D]XUL�IHG�

DQLPDOV��LQGHSHQGHQW�RI�DJH��SOXV�WZR�WLPHV�WKH�VWDQGDUG�GHYLDWLRQ���

$�����&DUGLDF�7LVVXH�&ROOHFWLRQ�DQG�3HUPHDELOL]HG�)LEUH�3UHSDUDWLRQ�
�

:KROH� KHDUWV� ZHUH� FROOHFWHG� IURP� HXWKDQL]HG� DQLPDOV�� 7KH� KHDUW� ZDV� LPPHGLDWHO\�

LPPHUVHG� LQ� LFH�FROG�%,236�UHOD[LQJ�EXIIHU� �LQ�P0�������&D.�(*7$�������.�(*7$�����

LPPLGD]ROH����� WDXULQH�������0J&O��������$73�������SKRVSKRFUHDWLQH������GLWKLRWKUHLWRO�����

.�0(6�� S+� ���� DW� �� �&���������� 6XSHULRU� FDUGLDF� VWUXFWXUHV� �DRUWD�� SXOPRQDU\� DUWHU\�� XSSHU�

DWULD��ZHUH�LPPHGLDWHO\�UHPRYHG��DSSUR[LPDWHO\����PJ�RI�OHIW�YHQWULFXODU�WLVVXH�ZDV�LVRODWHG�

DW�WKH�DSH[�IRU�ILEHU�SUHSDUDWLRQ��DQG�WKH�UHPDLQLQJ�FDUGLDF�WLVVXH�ZDV�LPPHGLDWHO\�IUR]HQ�DW�

����&�IRU�IXWXUH�LPPXQREORWWLQJ�DQG�DFRQLWDVH�DVVD\V��7KH�DSH[�ZDV�WUDQVIHUUHG�LQWR�IUHVK�

LFH�FROG�%,236�VROXWLRQ�DQG�NHSW�RQ�LFH�DW�DOO�WLPHV��7KH�OHIW�YHQWULFXODU�WLVVXH�ZDV�PDQXDOO\�

GLVVHFWHG�ZLWK�IRUFHSV�DQG�WKH�UHVXOWLQJ�ILEUH�EXQGOHV�ZHUH�SHUPHDELOL]HG�E\�JHQWOH�DJLWDWLRQ�

IRU����PLQ�DW����&�LQ�UHOD[LQJ�EXIIHU�supplemented with 50 μg ml���VDSRQLQ��������������)LEUHV�

ZHUH�ZDVKHG� IRU����PLQ�E\� DJLWDWLRQ� LQ� LFH�FROG�PLWRFKRQGULDO� UHVSLUDWLRQ�PHGLXP�0L5���

FRQWDLQLQJ�����P0�VXFURVH�����P0�.�ODFWRELRQDWH������P0�(*7$����J� O���ERYLQH� VHUXP�

DOEXPLQ�IDWW\�DFLG�IUHH����P0�0J&O������P0�WDXULQH�����P0�.+�32���DQG����P0�.�1�

�K\GUR[\HWK\OSLSHUD]LQH�1���HWKDQHVXOSRQDWH� �+(3(6�� �S+� ��������� 7KH� ILEHUV� ZHUH� WKHQ�

EORWWHG�� ZHLJKWHG� DQG� LPPHGLDWHO\� XVHG� IRU� UHVSLURPHWULF� PHDVXUHPHQWV�� 7KH� UHPDLQLQJ�

FDUGLDF� WLVVXH� ZDV� LPPHGLDWHO\� IUR]HQ� DW� ����&� IRU� IXWXUH� LPPXQREORWWLQJ� DQG� DFRQLWDVH�

DVVD\V��

$�����+LJK�5HVROXWLRQ�5HVSLURPHWU\�RQ�3HUPHDELOL]HG�&DUGLDF�)LEUHV�
�
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5HVSLUDWLRQ� ZDV� PHDVXUHG� DW� ��� �&� XVLQJ� WKH� 2URERURV� 2[\JUDSK��.� �2URERURV�

,QVWUXPHQWV�� ,QQVEUXFN�� $XVWULD��� 3URWRFROV� ZHUH� UXQ� XVLQJ� ���� –� ���� PJ� SHUPHDELOL]HG�

YHQWULFXODU�ILEUHV�LQ�HDFK�FKDPEHU�FRQWDLQLQJ���PO�RI�0L5����2[\JHQ�GLIIXVLRQ�OLPLWDWLRQ�RI�

IOX[� ZDV� DYRLGHG� E\� PDLQWDLQLQJ� R[\JHQ� OHYHOV� DW� RYHU� ���� μ0� 2�
����� 'DWODE� VRIWZDUH�

�2URERWRV� ,QVWUXPHQWV�� ,QQVEUXFN�� $XVWULD�� ZDV� XVHG� IRU� GDWD� DFTXLVLWLRQ� DQG� DQDO\VLV��

,QVWUXPHQWDO� EDFNJURXQG� IOX[� ZDV� FDOLEUDWHG� DV� D� IXQFWLRQ� RI� R[\JHQ� FRQFHQWUDWLRQ� DQG�

VXEVWUDFWHG�IURP�WKH�WRWDO�YROXPH�VSHFLILF�R[\JHQ�IOX[���–�����)RXU�SURWRFROV�ZHUH�DSSOLHG�WR�

WKH� SHUPHDELOL]HG� ILEHUV�� LQFOXGLQJ� WZR� VWDWHV�� ���� /($.� UHVSLUDWLRQ� PHDVXULQJ� WKH� QRQ�

SKRVSKRU\ODWHG� VWDWH� LQ� WKH� DEVHQFH� RI� $'3�� DQG� ���� 2;3+26� FDSDFLW\� PHDVXULQJ� WKH�

R[\JHQ� FRQVXPSWLRQ� FRXSOHG� WR� SKRVSKRU\ODWLRQ� RI� $'3� WR� $73� LQ� WKH� SUHVHQFH� RI�

VDWXUDWLQJ� $'3�� 7KH� GLIIHUHQW� VXEVWUDWH� FRPELQDWLRQV� LQFOXGHG� IRU� WKH� HYDOXDWLRQ� RI�

2;3+26�FDSDFLW\� �LQ� WKH�SUHVHQFH�RI� VDWXUDWLQJ�$'3�DQG� F\WRFKURPH� F�� DQG� WKH� UHODWHG�

SDWKZD\V��FRPSOH[HV��HQ]\PHV��DQG�WUDQVSRUWHUV�DUH�SUHVHQWHG�LQ�7DEOH����

�

�

�

�

�

�

�

�

�

�

�
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7DEOH�����(YDOXDWLRQ�RI�PLWRFKRQGULDO�R[LGDWLYH�SKRVSKRU\ODWLRQ��2;3+26�� LQ�WKH�

SUHVHQFH�RI�GLIIHUHQW�VXEVWUDWH�FRPELQDWLRQV��DQG�WKH�UHODWHG�SDWKZD\V�DQG�VSHFLILF�

VWHSV�WDUJHWHG�E\�WKH�PHDVXUHPHQW���

3URWRFROV� 6XEVWUDWH�FRPELQDWLRQV��
�ZLWK� VDWXUDWLQJ� $'3� DQG�
F\WRFKURPH�F��

3DWKZD\V� 6SHFLILF� FRPSOH[HV��
HQ]\PHV�� DQG�
WUDQVSRUWHUV�PHDVXUHG�

�� 3\UXYDWH�PDODWH��30�� 1$'+� &RPSOH[�,�
3\UXYDWH� GHK\GURJHQDVH�
FRPSOH[��
3\UXYDWH�WUDQVSRUWHU�

�� 3\UXYDWH�PDODWH�VXFFLQDWH�
�306��

1$'+� 	�
6XFFLQDWH�

&RPSOH[HV�,�	�,,��
3\UXYDWH� GHK\GURJHQDVH�
FRPSOH[��
3\UXYDWH�WUDQVSRUWHU�
6XFFLQDWH�GHK\GURJHQDVH�

�� 6XFFLQDWH�URWHQRQH��DIWHU�30�� 6XFFLQDWH� &RPSOH[�,,��
6XFFLQDWH�GHK\GURJHQDVH�

�� $VFRUEDWH�703'��D]LGH�
EDFNJURXQG��

� &RPSOH[�,9�VLQJOH�VWHS�

�� 3DOPLWR\OFDUQLWLQH�PDODWH� (7)� /RQJ� FKDLQ� IDWW\� DFLG�
R[LGDWLRQ�
&DUQLWLQH�WUDQVORFDVH�
&DUQLWLQH�
SDOPLWR\OWUDQVIHUDVH�,,�

�� 2FWDQR\OFDUQLWLQH�PDODWH� (7)� 0HGLXP� FKDLQ� IDWW\� DFLG�
R[LGDWLRQ�
&DUQLWLQH�WUDQVORFDVH�
&DUQLWLQH�
SDOPLWR\OWUDQVIHUDVH�,,�

�� $FHW\OFDUQLWLQH�PDODWH� (7)� &DUQLWLQH�DFHW\OWUDQVIHUDVH�
&DUQLWLQH�WUDQVORFDVH�

�

$EEUHYLDWLRQV�� (7)�� HOHFWURQ� WUDQVIHUULQJ� IODYRSURWHLQ�� 703'�� 1�1�1�1�WHWUDPHWK\O�S�

SKHQ\OHQHGLDPLQH��

�

�

�

�
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,Q�WKH�ILUVW�SURWRFRO��WKH�IROORZLQJ�VXEVWUDWHV�DQG�LQKLELWRUV�ZHUH�DGGHG�VHTXHQWLDOO\�

�ILQDO� FRQFHQWUDWLRQ� LQ� WKH� FKDPEHU� VKRZQ��� S\UXYDWH� ���P0���PDODWH� ���P0��� $'3� �����

P0��� F\WRFKURPH� F� ���� μ0��� VXFFLQDWH� ���� P0��� URWHQRQH� ��� μ0��� DQWLP\FLQ� $� ��� μ0���

DVFRUEDWH� ���P0��� WHWUDPHWK\OSKHQ\OHQHGLDPLQH� �703'������P0��� DQG� VRGLXP�D]LGH� �����

P0��� $� YDULDWLRQ� RI� WKLV� SURWRFRO� LQFOXGLQJ� WKH� DGGLWLRQ� RI� WKH� XQFRXSOHU� GLQLWURSKHQRO�

�'13��ZDV�SHUIRUPHG�LQ�HDUO\�H[SHULPHQWV�RQ�D�UHGXFHG�QXPEHU�RI�DQLPDOV�WR�FRQILUP�QR�

OLPLWDWLRQ�RI� WKH�2;3+26�FDSDFLW\�E\� WKH�SKRVSKRU\ODWLRQ� V\VWHP� LQ� WKH�15�KHDUW��7KLV�

ILUVW� VWDQGDUG�SURWRFRO�PHDVXUHG� WKH�/($.�UHVSLUDWLRQ� �EHIRUH� WKH�DGGLWLRQ�RI�$'3��� WKH�

1$'+�SDWKZD\�FDSDFLW\��IOX[�WKURXJK�FRPSOH[�,��LQ�WKH�SUHVHQFH�RI�S\UXYDWH�PDODWH�DQG�

$'3��� WKH� 1$'+� 	� VXFFLQDWH� SDWKZD\V� FDSDFLW\� �FRQYHUJHQW� HOHFWURQ� IOX[� WKURXJK�

FRPSOH[� ,	,,� LQ� WKH� SUHVHQFH� RI� S\UXYDWH�PDODWH�VXFFLQDWH� DQG� $'3��� WKH� VXFFLQDWH�

SDWKZD\� FDSDFLW\� �HOHFWURQ� IOX[� WKURXJK� FRPSOH[� ,,� DIWHU� LQKLELWLRQ� RI� FRPSOH[� ,� ZLWK�

URWHQRQH���DQG�WKH�FRPSOH[�,9�VLQJOH�VWHS�DFWLYLW\��ZLWK�DVFRUEDWH�703'��DIWHU�VXEWUDFWLRQ�

RI�WKH�EDFNJURXQG�LQ�WKH�SUHVHQFH�RI�D]LGH����

7KH�WKUHH�UHPDLQLQJ�SURWRFROV��������DQG���� VHH�7DEOH����LQYROYHG�)$V�DV�VXEVWUDWHV�

to evaluate Ƣ�R[LGDWLRQ��7KUHH�GLIIHUHQW�FRPELQDWLRQ�RI�VXEVWUDWHV�ZHUH�XVHG�� LQFOXGLQJ�WKH�

ORQJ� FKDLQ� )$� SDOPLWR\OFDUQLWLQH� ��PDODWH��� WKH� PHGLXP� FKDLQ� )$� RFWDQR\OFDUQLWLQH�

��PDODWH��� DQG� DFHW\OFDUQLWLQH� ��PDODWH��� /($.� UHVSLUDWLRQ� ZDV� ILUVW� PHDVXUHG� LQ� WKH�

SUHVHQFH�RI�WKH�)$�VXEVWUDWH�DQG�PDODWH��ZLWKRXW�$'3��7KHQ�$'3�DQG�F\WRFKURPH�F�ZHUH�

added to measure OXPHOS capacity. The order of protocols (standard versus Ƣ�R[LGDWLRQ��

ZHUH�URWDWHG�WR�DFFRXQW�IRU�WLPH�SHUPHDELOL]HG�ILEUHV�VSHQW�RQ�LFH�EHWZHHQ�SURWRFROV��

$W� WKH� HQG� RI� HDFK� H[SHULPHQWDO� UXQ�� WKH� FKDPEHU� FRQWHQWV� ZHUH� UHPRYHG� DQG�

FKDPEHUV�ZHUH�ULQVHG�WZLFH�ZLWK�����μO�RI�0L5����7KH�ILEHUV�ZHUH�KRPRJHQL]HG�RQ�LFH�IRU���
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WLPHV����V�RQ� LFH�ZLWK�JODVV�SRWWHUV�DQG� LPPHGLDWHO\� VWRUHG�DW� �����&�IRU�PHDVXUHPHQW�RI�

FLWUDWH�V\QWKDVH���

$�������0HWDEROLF�6XEVWUDWHV�
�

+LJK� UHVROXWLRQ� UHVSLURPHWU\� SURWRFROV� DUH� GHVLJQHG� WR� WDUJHW� VSHFLILF� UHVSLUDWRU\�

VWDWHV� RI� WKH� (76�� ZKLFK� DOORZV� IRU� HYDOXDWLRQ� RI� PLWRFKRQGULDO� IXQFWLRQ�� 0HWDEROLF�

VXEVWUDWHV� XVHG� LQ� +55� SURWRFROV� DUH� DGPLQLVWHUHG� VHTXHQWLDOO\� WR� H[SHULPHQWDOO\�

UHFRQVWLWXWH� LQWHJULW\� RI� PHWDEROLF� PLWRFKRQGULDO� SDWKZD\V�� ZKLFK� XVH� D� FRPELQDWLRQ� RI�

HQ]\PHV�� SURWHLQ� FRPSOH[HV�� DQG� VXEVWUDWHV� WR� IXQFWLRQ�� 7KH� EUHDNGRZQ� RI� VXEVWUDWHV�

HQVXUHV�GHOLYHU\�RI�UHGXFLQJ�HTXLYDOHQWV�WR�WKH�(76��ZKLFK�GULYHV�HOHFWURQ�IOX[�WR�&,9��DQG�

FRQYHUVLRQ�RI�WHUPLQDO�R[\JHQ�WR�ZDWHU�LQ�FRQMXQFWLRQ�ZLWK�$73�V\QWKHVLV��

3\UXYDWH�0DODWH� �30���$GGLWLRQ�RI�30�VXSSOLHV�WKH�1$'+�SDWKZD\��VR�QDPHG�

EHFDXVH�LW�DFWLYDWHV�GHK\GURJHQDVHV�WKURXJK�UHGXFWLRQ�RI�1$'��LQWR�1$'+��,W�FRQVLVWV�RI�

WKH�S\UXYDWH�FDUULHU��WKH�S\UXYDWH�GHK\GURJHQDVH�FRPSOH[��3'&���DQG�HOHFWURQ�IORZ�WKURXJK�

&,�� DPRQJ� RWKHUV�� 3\UXYDWH� LV� WUDQVSRUWHG� LQWR� WKH�PLWRFKRQGULDO� PDWUL[� E\� WKH� S\UXYDWH�

FDUULHU��ZKHUH� LW� LV� FRQYHUWHG� WR� DFHW\O�&R$�E\� WKH�3'&��8SRQ� DGGLWLRQ�RI�PDODWH�� FLWUDWH�

V\QWKDVH� HQ]\PDWLFDOO\� FRQGHQVHV� R[DORDFHWDWH� ZLWK� DFHW\O�&R$� WR� JHQHUDWH� FLWUDWH�� +LJK�

DGGHG�PDODWH� QHFHVVLWDWHV� HTXLOLEUDWLRQ�ZLWK� IXPDUDWH�� DQG� IXPDUDWH� ULVHV�� 7KH� LQFUHDVH� LQ�

IXPDUDWH� LQKLELWV� HOHFWURQ� IOX[� IURP� VXFFLQDWH� WR� IXPDUDWH�� DQG� WKH� IRUPDWLRQ� RI� IODYLQ�

DGHQLQH�GLQXFOHRWLGH��)$'+����)XUWKHUPRUH��R[DORDFHWDWH�SURGXFHG�E\�R[LGDWLRQ�RI�PDODWH�

LQKLELWV� &,,� �VXFFLQDWH� GHK\GURJHQDVH��� 7DNHQ� WRJHWKHU�� DGGLWLRQ� RI� 30� HQVXUHV� IOX[� RI�

HOHFWURQV�IURP�1$'+�WKURXJK�&,��EXW�QRW�&,,�����

3\UXYDWH� �� 0DODWH� �� 6XFFLQDWH� �306��� $GGLWLRQ� RI� VXFFLQDWH� WR� WKH� 1$'+�

SDWKZD\� VXEVWUDWHV� IRU� &,� �KHUH� 30�� VXSSRUWV� DGGLWLRQDO� HOHFWURQ� IORZ� WKURXJK� &,,� YLD�
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)$'+���7KXV��306�HYDOXDWHV�FRQYHUJHQW�HOHFWURQ�IORZ�WKURXJK�1$'+��&,��DQG�6XFFLQDWH�

�&,,��SDWKZD\V�����

6XFFLQDWH� �5RWHQRQH�� >6�5RW�@�� $GGLWLRQ� RI� URWHQRQH� LQKLELWV� HOHFWURQ� IOX[�

WKURXJK�&,��(OHFWURQ�IOX[�WKURXJK�&,,�IURP�VXFFLQDWH�YLD�)$'+��FRQWLQXHV��PHDQLQJ�WKDW�

6�5RW�� SURWRFRO� HYDOXDWHV� HOHFWURQ� IOX[� WKURXJK� WKH� 6XFFLQDWH� SDWKZD\� DORQH�� ZLWKRXW�

FRQWULEXWLRQ�IURP�&,��

$VFRUEDWH� �� 703'� �$V7P��� 703'� LV� DGPLQLVWHUHG� DV� D� QRQ�SK\VLRORJLFDO�

VXEVWUDWH� WR� UHGXFH� F\WRFKURPH� F�� DQG� WKXV� PHDVXUH� WKH� HOHFWURQ� IORZ� WKURXJK� &,9��

$VFRUEDWH�LV�DGPLQLVWHUHG�ILUVW�WR�PDLQWDLQ�703'�LQ�D�UHGXFHG�VWDWH�����

$FHW\O&DUQLWLQH� �$FHW\O&DU��� $FHW\O&DU� LV� WUDQVORFDWHG� LQWR� WKH� PLWRFKRQGULDO�

PDWUL[� E\� FDUQLWLQH� WUDQVORFDVH�� DQG� WKHQ� FRQYHUWHG� WR� DFHW\O�&R$� E\� FDUQLWLQH�

DFHW\OWUDQVIHUDVH��

2FWDQR\OFDUQLWLQH� �2FW&DU���2FW&DU�LV�D�PHGLXP�FKDLQ�IDWW\�DFLG���&���2FW&DU�LV�

SURYLGHG� LQ� WKH� SUHVHQFH� RI� PDODWH�� DQG� HQWHUV� WKH� PLWRFKRQGULDO� PDWUL[� XVLQJ� FDUQLWLQH�

WUDQVORFDVH��,W�LV�FRQYHUWHG�WR�RFWDQR\O�&R$�E\�FDUQLWLQH�SDOPLWR\OWUDQVIHUDVH�,,��&37,,��DQG�

WKHQ�XQGHUJRHV�PHGLXP�FKDLQ�)$2�WR�SURGXFH�DFHW\O�&R$�����

3DOPLWR\OFDUQLWLQH��3DO&DU���3DOPLWR\OFDUQLWLQH�LV�D�ORQJ�FKDLQ�IDWW\�DFLG����&��WKDW�

HQWHUV�WKH�PLWRFKRQGULDO�PDWUL[�XVLQJ�FDUQLWLQH�WUDQVORFDVH��,W�LV�WKHQ�FRQYHUWHG�WR�SDOPLWR\O�

&R$�E\� FDUQLWLQH�SDOPLWR\OWUDQVIHUDVH� ,,� �&37,,��� DQG� WKHQ�XQGHUJRHV� ORQJ�FKDLQ�)$2� WR�

SURGXFH�DFHW\O�&R$������

0DODWH�ZDV� DGGHG� WR� HDFK� IDWW\� DFLG� SURWRFRO� WR� VWLPXODWH� WKH� HQWU\� RI� DFHW\O�&R$�

LQWR�WKH�7&$�F\FOH�DQG�IDYRU�WKH�HQWU\�RI�HOHFWURQV�WKURXJK�&,���������

�
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$�����&LWUDWH�6\QWKDVH�(Q]\PDWLF�$FWLYLW\�$VVD\�
�
� &LWUDWH� V\QWKDVH� DFWLYLW\� LV� D� ZHOO�DFFHSWHG� PHWKRG� IRU� PHDVXULQJ� PLWRFKRQGULDO�

FRQWHQW�ZLWKLQ�VDPSOHV���������&LWUDWH�V\QWKDVH��&6��DFWLYLW\�ZDV�PHDVXUHG�DW�����&��DFFRUGLQJ�

WR� D� SUHYLRXVO\� GHVFULEHG�PHWKRG�� ZLWK� VOLJKW�PRGLILFDWLRQ� WR� DGDSW� LW� IRU� D� UHDGLQJ� RQ� D�

BioTek™ Synergy™ Mx Multimode Microplate Reader�����7KH�DEVRUEDQFH�ZDV�PHDVXUHG�DW�

����QP�IROOowing the reduction of 0.1 mM 5,5’ dithiobis���QLWUREHQ]RLF�DFLG��ɛ������P/�FP���

μPRO����LQ�WKH�SUHVHQFH�RI������P0�DFHW\O�&R$������P0�R[DORDFHWLF�DFLG���������WULWRQ�;�

�����DQG�����P0�7ULV�+&O�EXIIHU��S+�������)LYH�μO�RI�WKH�KRPRJHQDWH�ZDV�DGGHG�WR�ZHOOV�

LPPHGLDWHO\�SULRU�WR�UHDGLQJ���ZHOOV�DW�D�WLPH�IRU���PLQXWHV�DQG����VHFRQGV��&6�DFWLYLW\�ZDV�

H[SUHVVHG� LQ�,QWHUQDWLRQDO�8QLWV� �,8��SHU�PJ�RI� ILEHUV��ZKHUH�,8� LV�RQH�μPRO�RI�VXEVWUDWH�

WUDQVIRUPHG�SHU�PLQ�DQG����VHFRQGV�����

$�����'DWD�$QDO\VLV�
�
� 6WDWLVWLFDO�DQDO\VHV�ZHUH�SHUIRUPHG�ZLWK�6LJPD3ORW�����6\VWDW�6RIZDUH�,QF���6DQ�-RVH��

&$��86$���*UDSKLFV�ZHUH�SURGXFHG�XVLQJ�*UDSK3DG�3ULVP����*UDSK3DG�6RIWZDUH��,QF���/D�

-ROOD� &DOLIRUQLD��� )RU� GDWD� RI� PLWRFKRQGULDO� IXQFWLRQ�� WKH� FULWHULD� RI� QRUPDOLW\� DQG�

KRPRJHQHLW\� RI� YDULDQFH� IRU� $129$� ZHUH� WHVWHG� IRU� HDFK� YDULDEOH� XVLQJ� .ROPRJRURY�

Smirnov (Lilliefor’s correction) and BrowQ�)RUV\WKH�WHVWV�� UHVSHFWLYHO\��7ZR�YDULDEOHV�ZHUH�

WUDQVIRUPHG� WR� PHHW� WKH� FULWHULD�� /1� WUDQVIRUPDWLRQ� IRU� 2FWDQR\OFDUQLWLQH�PDODWH�

2;3+26�FDSDFLW\�DQG�VTXDUH�URRW�WUDQVIRUPDWLRQ�IRU�&6�DFWLYLW\��7ZR�ZD\�$129$�ZDV�

DSSOLHG� WR� WHVW� WKH� HIIHFW� RI� GLHW� DQG� DJLQJ� RQ� PLWRFKRQGULDO� IXQFWLRQ� GDWD�� IROORZHG� E\�

pairwise Tukey’s tests. Two of the variables in FCR (Complex IV and LEAK for the NADH 

SDWKZD\��GLG�QRW�PHHW�WKH�FULWHULD�ZLWK�DQ\�WUDQVIRUPDWLRQ�DQG�ZHUH�DQDO\VHG�XVLQJ�.UXVNDOO�

:DOOLV�RQH�ZD\�$129$�RQ�UDQN��'DWD�DUH�SUHVHQWHG�ZLWKRXW�WUDQVIRUPDWLRQ��$�S������ZDV�

FRQVLGHUHG� VLJQLILFDQW�� )RU� PHWDEROLF� GDWD� �IDVWLQJ� EORRG� JOXFRVH�� SODVPD� LQVXOLQ�� ERG\�
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ZHLJKW��+E$�F���0DQQ�:KLWQH\�8�WHVW�ZDV� DSSOLHG� WR� WHVW� WKH� HIIHFW�RI�GLHW�RQ�PHWDEROLF�

SDUDPHWHUV��'DWD�DUH�SUHVHQWHG�DV�PHGLDQ��PLQ�PD[���$�S������ZDV�FRQVLGHUHG�VLJQLILFDQW��

(FKRFDUGLRJUDSKLF�LPDJHV�ZHUH�DQDO\]HG�XVLQJ�9HYR�/$%�0;����VRIWZDUH��������

)8-,),/0� 9LVXDO6RQLFV� ,QF���� DQG� VWDWLVWLFDO� DQDO\VHV� ZHUH� SHUIRUPHG� ZLWK� 6LJPD3ORW� ���

�6\VWDW� 6RIZDUH� ,QF��� 6DQ� -RVH�� &$�� 86$��� 0DQQ�:KLWQH\� 8�WHVW� ZDV� DSSOLHG� WR� WHVW� WKH�

HIIHFW�RI�GLHW�RQ�HFKRFDUGLRJUDSKLF�SDUDPHWHUV��$OO�ILQGLQJV�ZHUH�QRUPDOL]HG�E\�DQLPDO�ERG\�

ZHLJKW��'DWD�DUH�SUHVHQWHG�DV�PHGLDQ��PLQ�PD[���$�S������ZDV�FRQVLGHUHG�VLJQLILFDQW��

�
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$���&KDSWHU���–�5(68/76�
�
$�����(OHFWURFDUGLRJUDSKLF�,Q�YLYR�)XQFWLRQDO�$VVHVVPHQW�
�

$QLPDOV�XQGHUZHQW�IXOO�HFKRFDUGLRJUDSKLF�DVVHVVPHQW�WR�LQYHVWLJDWH�FDUGLDF�IXQFWLRQ�

DW����PRQWKV��$�VXPPDU\�RI�HFKRFDUGLRJUDSKLF�ILQGLQJV�DQG�JHQHUDO�DQLPDO�FKDUDFWHULVWLFV�LV�

SUHVHQWHG� LQ� 7DEOH� ����� 2QO\� SDUDPHWHUV� DSSOLFDEOH� WR� GLDVWROLF� G\VIXQFWLRQ� DQG� OHIW�

YHQWULFXODU� K\SHUWURSKLF� FKDQJHV� DUH� SUHVHQWHG�� DV� WKHVH� DUH� WKH� PRVW� FRPPRQ� HDUO\�

IXQFWLRQDO� FKDQJHV� WKDW� RFFXU� LQ� 7�'0�� 7KHUH� ZHUH� QR� VLJQLILFDQW� GLIIHUHQFHV� LQ� EORRG�

JOXFRVH��S� ���������ERG\�ZHLJKW��S� ���������RU�KHDUW�UDWH��S� ��������EHWZHHQ�3URODE�DQG�

0D]XUL�IHG�DQLPDOV�WKDW�XQGHUZHQW�HFKR��%ORRG�SUHVVXUHV�ZHUH�QRW�UHFRUGHG�DW�WKH�WLPH�RI�

HFKR�� 0�PRGH� PHDVXUHPHQWV� RI� /9� GLPHQVLRQV� VKRZHG� QR� VWDWLVWLFDOO\� VLJQLILFDQW�

GLIIHUHQFHV�LQ�WKH�OHIW�YHQWULFXODU�LQWHUYHQWULFXODU�VHSWXP�LQ�GLDVWROH��,96G���S� ���������WKH�

OHIW� YHQWULFXODU� LQWHUQDO� GLDPHWHU� LQ� GLDVWROH� �/9,G�� �S�  � �������� RU� WKH� OHIW� YHQWULFXODU�

SRVWHULRU�ZDOO� GLDPHWHU� LQ� GLDVWROH� �/93:G�� S� � �������� /HIW� YHQWULFXODU� HMHFWLRQ� IUDFWLRQ�

���� DQG� IUDFWLRQDO� VKRUWHQLQJ� ����ZHUH� DOVR�PHDVXUHG� DV� LQGLFHV� RI� V\VWROLF� IXQFWLRQ�� DQG�

VKRZHG�QR�VLJQLILFDQW�GLIIHUHQFHV�EHWZHHQ�GLHWDU\�JURXSV��()��S� ��������)6��S� ��������

0LWUDO� LQIORZ� SDUDPHWHUV� LQFOXGLQJ� PLWUDO� (�ZDYH� DQG� $�ZDYH� YHORFLWLHV� �PP�V���

PLWUDO� (�$� UDWLR�� LVRYROXPHWULF� UHOD[DWLRQ� WLPH� �,957�� PV��� DQG� WKH� 7HL� LQGH[� RI� JOREDO�

V\VWROLF�DQG�GLDVWROLF�P\RFDUGLDO�SHUIRUPDQFH�ZHUH�PHDVXUHG��DQG�QR�VLJQLILFDQW�GLIIHUHQFHV�

LQ�PLWUDO� LQIORZ�SDUDPHWHUV�EHWZHHQ�GLHWDU\� JURXSV�ZHUH�REVHUYHG� �(�ZDYH�S� ��������$�

ZDYH�S� ��������(�$�S� ��������,957�S� ��������7HL�LQGH[�S� ����������

0LWUDO�WLVVXH�Doppler E’�ZDYH, A’�ZDYH, and E/E’ ratio were�PHDVXUHG�WR�LQYHVWLJDWH�

HDUO\�LQGLFHV�RI�GLDVWROLF�G\VIXQFWLRQ��2I�WKH�DQLPDOV�WKDW�XQGHUZHQW�HFKRFDUGLRJUDSK\������

RI�3URODE�DQLPDOV�KDG�E’�ZDYHV�WKDW�ZHUH�VORZHU�WKDQ�WKH�A’ wave��ZKLFK�LV�DQ�LQGLFDWRU�RI�

HDUO\�GLDVWROLF�G\VIXQFWLRQ��6XSSRUWLQJ�WKLV�ILQGLQJ��the E’�ZDYH�YHORFLW\�VKRZHG�D�WUHQG�IRU�D�
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UHGXFWLRQ� LQ� 3URODE� DQLPDOV� FRPSDUHG� WR� FRQWUROV� �S�  � ��������� $OVR� LQ� VXSSRUW� RI� WKLV�

ILQGLQJ��WKH�E’/A’ ratio was significantly�UHGXFHG�LQ�3URODE�IHG�DQLPDOV�FRPSDUHG�WR�FRQWUROV�

�S�  � ��������� The E/E’� UDWLR� �DQ� HVWLPDWH� RI� OHIW� YHQWULFXODU� ILOOLQJ�� DQG� NH\� PDUNHU� RI�

YHQWULFXODU� GLDVWROLF� IXQFWLRQ�� VKRZHG� D� WUHQG� IRU� DQ� LQFUHDVH� LQ� 3URODE�IHG� DQLPDOV�

FRPSDUHG� WR� FRQWUROV� �0D]XUL� ����������������� 3URODE� ����������������� S�  � ��������� 7KHUH�

was no significant difference in A’�ZDYH�YHORFLWLHV�EHWZHHQ�JURXSV��S� ����������

�

�

�
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7DEOH������&RPSDULVRQ�RI�JHQHUDO� DQG�HFKRFDUGLRJUDSKLF�SDUDPHWHUV� LQ�3URODE�DQG�

0D]XUL�IHG�DQLPDOV�DW����PRQWKV�RI�DJH���

'DWD� ZHUH� QRUPDOL]HG� E\� ERG\� ZHLJKW�� DQG� DUH� SUHVHQWHG� DV� PHGLDQ� �PLQ�PD[��� 0DQQ�

:KLWQH\�8�WHVW�ZDV�DSSOLHG��
S�������

�

�
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$�����0HWDEROLF�3URILOH�
$�������'LHWDU\�(IIHFW�RQ�)DVWHG�%ORRG�*OXFRVH�
�

)DVWHG� EORRG� JOXFRVH� �)%*��ZDV�PHDVXUHG� WR� DVVHVV� JO\FHPLF� VWDWXV� �)LJXUH� �������

0D]XUL�IHG� 15V� GLG� QRW� GHYHORS� K\SHUJO\FHPLD� DW� DQ\� DJH� ��� PRQWKV� ����������������

PPRO�/� �Q�  � ���� �� PRQWKV� ���������������� PPRO�/� �Q�  � ���� ��� PRQWKV� ���������������

PPRO�/��Q� ������HVWDEOLVKLQJ�WKH�0D]XUL�GLHW�DV�D�YDOLG�FRQWURO�IRU�K\SHUJO\FHPLD��)LJXUH�

������&RQVLVWHQW�ZLWK�SUHYLRXV�ZRUN�E\�RXU� ODE� DQG�RWKHUV��15V� IHG� D� VWDQGDUG� FKRZ�GLHW�

ZHUH� PRUH� VXVFHSWLEOH� WR� VSRQWDQHRXVO\� GHYHORSLQJ� K\SHUJO\FHPLD��������� +\SHUJO\FHPLD�

�)%*�≥ 5.0 mmol/L) was not detectable in Prolab�IHG�DQLPDOV� DW���PRQWKV� ���������������

PPRO�/��Q� �����KRZHYHU��K\SHUJO\FHPLD�ZDV�GHWHFWHG� LQ�����RI�3URODE�IHG�DQLPDOV�DW���

PRQWKV� ����������������� PPRO�/� �Q�  � ���� DQG� ���� RI� 3URODE�IHG� DQLPDOV� DW� ��� PRQWKV�

���������������� PPRO�/� �Q�  � ����� )%*� YDOXHV� RI� 3URODE�IHG� DQLPDOV� ZHUH� VLJQLILFDQWO\�

LQFUHDVHG� DW� ��PRQWKV� �S� � ������� DQG� ���PRQWKV� �S� � ���������ZKHQ� FRPSDUHG� WR� DJH�

PDWFKHG�FRQWUROV���

�
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)LJXUH������'LHWDU\�DQG�DJLQJ�HIIHFW�RQ�15�IDVWLQJ�EORRG�JOXFRVH��%R[�DQG�ZKLVNHU�SORWV�
RI�IDVWLQJ�EORRG�JOXFRVH�DW���PRQWKV����PRQWKV��DQG����PRQWKV��%R[�SORWV�VKRZ�PLQLPXP����WK�
SHUFHQWLOH��PHGLDQ����WK�SHUFHQWLOH��DQG�PD[LPXP��$QLPDOV�ZHUH�FRQVLGHUHG�K\SHUJO\FHPLF�ZLWK�
)%*�!�����PPRO�/��0DQQ�:KLWQH\�8�WHVW�ZDV�DSSOLHG��

S�������Q� ������0D]XUL�IHG�DQLPDOV�
PDLQWDLQHG�QRUPRJO\FHPLD�DW�DOO�WLPHSRLQWV��ZKHUHDV�)%*�ZDV�VLJQLILFDQWO\�LQFUHDVHG�LQ�
3URODE�IHG�DQLPDOV�DW���DQG����PRQWKV���



� ͵ͻ�

�
$�������'LHWDU\�(IIHFW�RQ�%RG\�:HLJKW�
�

&RQVLVWHQW�ZLWK� SUHYLRXV�ZRUN� E\� RXU� ODE�� 3URODE�IHG� DQLPDOV� KDG� LQFUHDVHG� ERG\�

ZHLJKWV�FRPSDUHG�WR�DJH�DQG�VH[�PDWFKHG�FRQWUROV��%RG\�ZHLJKW�ZDV�VLJQLILFDQWO\�LQFUHDVHG�

LQ� 3URODE�IHG� DQLPDOV� DW� ��PRQWKV� �������������� J� �Q�  � ���� S�  � �������� DQG� ���PRQWKV�

��������������J��Q� �����S� ���������FRPSDUHG�WR�0D]XUL�DQLPDOV����PRQWKV����������������

J��Q� ��������PRQWKV��������������J��Q� �������

$�������'LHWDU\�(IIHFW�RQ�3ODVPD�,QVXOLQ�
�

7R� IXUWKHU� FKDUDFWHUL]H� WKH� PHWDEROLF� FRQGLWLRQ� RI� WKH� 15V�� FLUFXODWLQJ� SODVPD�

LQVXOLQ�ZDV� WHVWHG� �)LJXUH� ������ &RQVLVWHQW�ZLWK� SUHYLRXV�ZRUN� LQ� RXU� ODE��0D]XUL� DQLPDOV�

H[KLELWHG� D� JUDGXDO� LQFUHDVH� LQ� SODVPD� LQVXOLQ� OHYHOV�ZLWK� DJH� ���PRQWKV� ������������������

QJ�P/����PRQWKV�������������������QJ�P/�����PRQWKV�����������������QJ�P/���)LJXUH������

3ODVPD� LQVXOLQ� OHYHOV� WUHQGHG� KLJKHU� LQ� 3URODE�IHG� DQLPDOV�� 3URODE�IHG� 15V� H[KLELWHG� D�

GHFUHDVH�LQ�FLUFXODWLQJ�SODVPD�LQVXOLQ�IURP���PRQWKV������������������QJ�P/��WR���PRQWKV�

����������������� QJ�P/��� IROORZHG� E\� DQ� LQFUHDVH� DW� ��� PRQWKV� ����������������� QJ�P/���

KRZHYHU��WKHVH�FKDQJHV�ZHUH�QRW�VWDWLVWLFDOO\�VLJQLILFDQW��$JLQJ�GLG�QRW�VLJQLILFDQWO\�DIIHFW�WKH�

SODVPD�LQVXOLQ�OHYHO�LQ�HLWKHU�GLHWDU\�JURXS��
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)LJXUH������'LHWDU\�DQG�DJLQJ�HIIHFW�RQ�15�IDVWLQJ�SODVPD�LQVXOLQ��%R[�DQG�ZKLVNHU�SORW�RI�
IDVWLQJ�SODVPD�LQVXOLQ�DW���PRQWKV����PRQWKV��DQG����PRQWKV��%R[�SORWV�VKRZ�PLQLPXP����WK�
SHUFHQWLOH��PHGLDQ����WK�SHUFHQWLOH��DQG�PD[LPXP��6DPSOHV�ZHUH�WHVWHG�LQ�WULSOLFDWH��'DWD�ZHUH�
DQDO\]HG�XVLQJ�0DQQ�:KLWQH\�8�WHVW��
S�������Q� ������3ODVPD�LQVXOLQ�OHYHOV�WUHQGHG�KLJKHU�LQ�
3URODE�IHG�DQLPDOV�DW�DOO�WLPH�SRLQWV��
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�
$�������'LHWDU\�(IIHFW�RQ�+E$�F�
�

&RQFXUUHQW�ZLWK�RXU�)%*�ILQGLQJV���+E$�F�ZDV�VLJQLILFDQWO\� LQFUHDVHG� LQ�3URODE�

IHG� DQLPDOV� DW� �� PRQWKV� RI� DJH� FRPSDUHG� WR� DJH�PDWFKHG� FRQWUROV�� VXJJHVWLYH� RI�

K\SHUJO\FHPLD�DW� WKLV� WLPHSRLQW� �3URODE���������������������0D]XUL��������������������S� �

���������)LJXUH��������7KHUH�ZDV�QR�VLJQLILFDQW�GLHWDU\�HIIHFW�RQ���+E$�F�DW���PRQWKV�RU����

PRQWKV�� KRZHYHU�� ���� RI� DOO� 3URODE� DQLPDOV� ZHUH� IRXQG� WR� KDYH�+E$�F� UHDGLQJV� !����

7KHUH�ZHUH� QR� VWDWLVWLFDOO\� VLJQLILFDQW� LQFUHDVHV� LQ��+E$�F� LQ�0D]XUL� RU� 3URODE�IHG�15V�

ZLWK�DJLQJ���

�

�

�

�

�

�

�

�

�
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�
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)LJXUH������'LHWDU\�DQG�DJLQJ�HIIHFW�RQ�JO\FDWHG�KHPRJORELQ�$�F��%R[�DQG�ZKLVNHU�SORW�RI�
�+E$�F�DW���PRQWKV����PRQWKV��DQG����PRQWKV��%R[�SORWV�VKRZ�PLQLPXP����WK�SHUFHQWLOH��
PHGLDQ����WK�SHUFHQWLOH��DQG�PD[LPXP���6DPSOHV�ZHUH�WHVWHG�LQ�GXSOLFDWH���+E$�F�!������ZDV�
FRQVLGHUHG�HOHYDWHG��'DWD�ZHUH�DQDO\]HG�XVLQJ�0DQQ�:KLWQH\�8�WHVW��
S�������Q� �������+E$�F�
ZDV�VLJQLILFDQWO\�LQFUHDVHG�LQ�3URODE�IHG�DQLPDOV�DW���PRQWKV�FRPSDUHG�WR�DJH�PDWFKHG�FRQWUROV��



� Ͷʹ�

$�����&DUGLDF�PLWRFKRQGULDO�IXQFWLRQ�
$�������0LWRFKRQGULDO�FRXSOLQJ�DQG�PHPEUDQH�LQWHJULW\�
�
� �7KH� YDOXHV� RI� /($.� UHVSLUDWLRQ� LQ� WKH� SUHVHQFH� RI� 1$'+�OLQNHG� VXEVWUDWHV�

S\UXYDWH�PDODWH�ZHUH�XVHG�WR�HYDOXDWH�PLWRFKRQGULDO�FRXSOLQJ��/($.�FDSDFLW\�H[SUHVVHG�LQ�

IOX[�SHU�PJ�ILEHUV�GLG�QRW�YDU\�EHWZHHQ�GLHWV��DW�DQ\�RI�WKH�DJH�SRLQW��)LJ�����$���$JLQJ�IURP�

��WR���PRQWKV�FDXVHG�D�VLJQLILFDQW�GHFOLQH�LQ�/($.�LQ�WKH�3URODE�IHG�DQLPDOV��S� ���������

LQGLFDWLQJ�DQ�LQFUHDVH�LQ�PLWRFKRQGULDO�FRXSOLQJ���

/($.� UHVSLUDWLRQ� H[SUHVVHG� DV� )&5� LQGLFDWHV� WKH� FRXSOLQJ� LQGHSHQGHQW� RI�

PLWRFKRQGULDO� FRQWHQW�� 7KH� FKDQJHV� RI� )&5� IRU� /($.� LQGLFDWHG� DQ� LQFUHDVH� LQ� FRXSOLQJ�

�GHFUHDVH�LQ�)&5�IRU�/($.��IURP���WR���PRQWKV�LQ�WKH�3URODE�IHG�DQLPDOV��.UXVNDO�:DOOLV��

S� � �������� IROORZHG�E\� D� GHFUHDVH� LQ� FRXSOLQJ� DW� ���PRQWKV� RI� DJH� �.UXVNDO�:DOOLV�� S� �

������� )LJXUH� ���%���� 7KHVH� FKDQJHV�ZLWK� DJH� LQ� WKH� 3URODE�IHG� DQLPDOV� OHDG� WR� VLJQLILFDQW�

GLIIHUHQFHV� EHWZHHQ� GLHWV� DW� �� DQG� ��� PRQWKV�� $W� �� PRQWKV�� 3URODE�IHG� DQLPDOV�

GHPRQVWUDWHG�EHWWHU�FRXSOLQJ�FRPSDUHG�WR�0D]XUL�IHG�DQLPDOV��S� ���������+RZHYHU��DW����

PRQWKV�RI�DJH��WKLV�GLIIHUHQFH�LV�UHYHUVHG�ZLWK�KLJKHU�FRXSOLQJ�LQ�WKH�0D]XUL�IHG�DQLPDOV��S�

 ����������
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)LJXUH������'LHWDU\�DQG�DJLQJ�HIIHFW�RQ�PLWRFKRQGULDO�1$'+�SDWKZD\�/($.�FDSDFLW\��
/($.�UHVSLUDWLRQ�ZDV�GHWHUPLQHG�LQ�WKH�SUHVHQFH�RI�VXEVWUDWHV��DQG�DEVHQFH�RI�$'3�DQG�$73��
'DWD�DUH�SUHVHQWHG�DV�ER[�DQG�ZKLVNHU�SORWV�VKRZLQJ��$��IOX[�PDVV��SPRO�V���PJ���ZHW�ZHLJKW��
DQG��%��IOX[�FRQWURO�UDWLR�DW���PRQWKV����PRQWKV��DQG����PRQWKV��)OX[�PDVV�GDWD�XQGHUZHQW�FXEH�
URRW�WUDQVIRUPDWLRQ�WR�PHHW�DVVXPSWLRQV�IRU�WZR�ZD\�$129$��$JLQJ�HIIHFW�RQ�)&5�ZDV�WHVWHG�
XVLQJ�2QH�ZD\�$129$��.UXVNDO�:DOOLV�RQH�ZD\�DQDO\VLV�RI�YDULDQFH�ZDV�DSSOLHG�WR�WHVW�GLHWDU\�
HIIHFW�RQ�)&5�GDWD��ZLWKRXW�WUDQVIRUPDWLRQ���
S�������

S������Q� ��������



� ͶͶ�

�

$�VOLJKW�LQFUHDVH�LQ�UHVSLUDWLRQ�GXH�WR�F\WRFKURPH�F�DGGLWLRQ�DIWHU�$'3�ZDV�

REVHUYHG��LQGLFDWLQJ�FRQWURO�RI�UHVSLUDWLRQ�E\�H[RJHQRXV�F\WRFKURPH�F����)LJXUH�������$�YDOXH�

RI�����LQGLFDWHV�QR�FRQWURO�RI�UHVSLUDWLRQ�E\�H[WHUQDO�F\WRFKURPH�F��DQG�WKXV�IXOO�LQWHJULW\�RI�

WKH�RXWHU�PLWRFKRQGULDO�PHPEUDQH��$OO�YDOXHV�H[FHSW�IRU�RQH��3URODE�JURXS�DW���PRQWKV��

ZHUH�ZLWKLQ�UDQJH�RI������WR�������7KLV�LV�D�VLPLODU�RXWHU�PHPEUDQH�LQWHJULW\�ILQGLQJ�DV�

UHSRUWHG�SUHYLRXVO\�ZLWK�SHUPHDELOL]HG�ILEHUV�IURP�KXPDQ�KHDUW�����UDW�KHDUW���������DQG�PRXVH�

KHDUW�����7KHVH�UHVXOWV�LQGLFDWH�JRRG�LQWHJULW\�RI�WKH�PLWRFKRQGULDO�PHPEUDQH�LQ�WKH�ILEHU�

SUHSDUDWLRQ��7KHUH�ZHUH�VRPH�FKDQJHV�LQ�PLWRFKRQGULDO�RXWHU�PHPEUDQH�LQWHJULW\�RFFXUULQJ�

ZLWK�GLHW�RU�DJH��$JH�DIIHFWHG�WKH�3URODE�IHG�DQLPDOV��VKRZLQJ�D�GHFUHDVH�LQ�PLWRFKRQGULDO�

LQWHJULW\�IURP���WR����PRQWKV��S� ���������DQG�DQ�LQFUHDVH�IURP���WR����PRQWKV��S� ���������

7KH�GLIIHUHQFH�LQ�PHPEUDQH�LQWHJULW\�EHWZHHQ�WKH�GLHWDU\�JURXSV�ZDV�VLJQLILFDQW�RQO\�DW���

PRQWKV��ZLWK�D�GHFUHDVH�LQ�LQWHJULW\�LQ�WKH�3URODE�IHG�DQLPDOV��S����������,Q�RUGHU�WR�QRW�

KDYH�DOO�UHVXOWV�DFFRXQWHG�IRU�LQ�WKHVH�GLIIHUHQFHV�LQ�PHPEUDQH�IUDJLOLW\��ZH�DFFRXQWHG�IRU�

H[WHUQDOO\�DGGHG�F\WRFKURPH�F�LQ�DOO�WKH�UHVXOWV�IRU�2;3+26�YDOXHV���
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)LJXUH������0LWRFKRQGULDO�RXWHU�PHPEUDQH�LQWHJULW\�H[SUHVVHG�DV�WKH�F\WRFKURPH�F�
FRQWURO�IDFWRU��ZKLFK�UHSUHVHQWV�WKH�LQFUHDVH�LQ�1$'+�2;3+26�FDSDFLW\�GXH�WR�WKH�
DGGLWLRQ�RI�H[RJHQRXV�F\WRFKURPH�F��$�YDOXH�RI�����LQGLFDWHV�IXOO�LQWHJULW\��7ZR�GLHWDU\�JURXSV�
�0D]XUL�DQG�3URODE�GLHWV��DQG�WKUHH�DJH�JURXSV����PRQWKV����PRQWKV��DQG����PRQWKV��DUH�
LQFOXGHG��'DWD�DUH�SUHVHQWHG�DV�ER[�SORWV�VKRZLQJ�PLQLPXP����WK�SHUFHQWLOH��PHGLDQ����WK�
SHUFHQWLOH��DQG�PD[LPXP��6LJQLILFDQW�GLIIHUHQFHV�DUH�LQGLFDWHG�DERYH�WKH�ER[HV�IRU�DJH�GLIIHUHQFHV�
ZLWKLQ�D�GLHW��DQG�EHORZ�WKH�ER[HV�IRU�GLHW�GLIIHUHQFHV�ZLWKLQ�DQ�DJH�JURXS��
�3�������

�3�������



�3��������Q� ��������



� Ͷ͸�

$�������0LWRFKRQGULDO�2;3+26�FDSDFLW\��1$'+�DQG�VXFFLQDWH�SDWKZD\V��DQG�&,9�VLQJOH�VWHS�
�

7KH� UHVSLUDWRU\� FDSDFLW\� H[SUHVVHG� DV� IOX[� SHU� PDVV� �)LJXUH� ����� $�'�� GHFUHDVHG�

VLJQLILFDQWO\�ZLWK�DJH��EXW�RQO\� LQ�3URODE�IHG�DQLPDOV��1$'+�SDWKZD\�2;3+26�FDSDFLW\�

ZDV�VLJQLILFDQWO\�GHFUHDVHG�LQ�3URODE�IHG�DQLPDOV�DW����PRQWKV�FRPSDUHG�WR���PRQWK��7XNH\�

WHVW�� S�  � ������� DQG� ��PRQWK� �7XNH\� WHVW�� S�  � ������� 3URODE�IHG� DQLPDOV� IURP� WKH� VDPH�

GLHWDU\� JURXS� �)LJXUH� ���$��� 6LPLODUO\�� 6XFFLQDWH� SDWKZD\� 2;3+26� FDSDFLW\� ZDV�

VLJQLILFDQWO\� GHFUHDVHG� LQ� 3URODE�IHG� DQLPDOV� DW� ���PRQWKV�� FRPSDUHG� WR� WKH� VDPH� GLHWDU\�

JURXS� DW� �� PRQWKV� RI� DJH� �S ������� )LJXUH� ���&��� 7KH� FRPELQHG� 1$'+� 	� 6XFFLQDWH�

SDWKZD\� IROORZHG� WKH� VDPH� WUHQG� ZLWKRXW� UHDFKLQJ� VLJQLILFDQFH� �S�  � ������� )LJXUH� ���%���

&RPSOH[� ,9� DFWLYLW\� GLG� QRW� YDU\� VLJQLILFDQWO\� ZLWK� DJH� �)LJXUH� ���'��� 7KH� PDVV� VSHFLILF�

2;3+26� FDSDFLW\� ZKLOH� IHHGLQJ� HOHFWURQV� LQWR� GLIIHUHQW� SDUWV� RI� WKH� (76� GLG� QRW� VKRZ�

VLJQLILFDQW�GLIIHUHQFHV�EHWZHHQ�GLHWV��EXW�DQ�XSZDUG�WUHQG�LQ�1$'+�	�6XFFLQDWH�SDWKZD\V�

2;3+26�FDSDFLW\� LQ���PRQWK�3URODE�DQLPDOV�ZDV�QRWHG�ZKHQ�FRPSDUHG� WR�DJH�PDWFKHG�

0D]XUL�FRQWUROV��7XNH\�WHVW��S� ���������)LJXUH����%���

7KH� 2;3+26� FDSDFLW\� ZDV� WKHQ� H[SUHVVHG� DV� )&5V�� QRUPDOL]HG� IRU� PD[LPDO�

2;3+26�FDSDFLW\�LQ�WKH�SUHVHQFH�RI�VXEVWUDWHV�IHHGLQJ�HOHFWURQV�LQWR�1$'+�	�6XFFLQDWH�

SDWKZD\V�VLPXOWDQHRXVO\��)&5V�UHSUHVHQW�WKH�SURSRUWLRQDO�FRQWULEXWLRQ�RI�YDULRXV�SDWKZD\V�

DQG� VWHSV� WR� PD[LPDO� 2;3+26� FDSDFLW\�� DQG� WKHUHIRUH� DUH� GLFWDWHG� E\� PLWRFKRQGULDO�

SURSHUWLHV� UDWKHU� WKDQ� PLWRFKRQGULDO� FRQWHQW�� 7KH� )&5V� IRU� 1$'+� �)LJXUH� ���(�� RU�

6XFFLQDWH�SDWKZD\��)LJXUH����*��GLG�QRW�VKRZ�DQ\�GLIIHUHQFH�EHWZHHQ�DJH�RU�GLHWDU\�JURXSV��

,Q�FRQWUDVW��ERWK�DJH�DQG�GLHW�VLJQLILFDQWO\�DIIHFWHG�WKH�)&5V�IRU�&RPSOH[�,9��)LJXUH����+���

,QWHUHVWLQJO\�� LQ� FRQWUDVW� WR� RWKHU� DJH�UHODWHG� GLIIHUHQFHV� LQ� 2;3+26� FDSDFLW\� �VKRZQ�

DERYH�� H[SUHVVHG� LQ� IOX[�SHU�PDVV��� DQ� DJLQJ� HIIHFW�ZDV� VHHQ� LQ�0D]XUL�IHG� DQLPDOV� UDWKHU�

WKDQ� 3URODE�IHG� DQLPDOV�� 7KH� )&5� IRU� &RPSOH[� ,9� ZDV� VLJQLILFDQWO\� LQFUHDVHG� IURP� ��



� Ͷ͹�

PRQWKV�WR���PRQWKV�LQ�0D]XUL�IHG�DQLPDOV��S� ���������)LJXUH����+����DQG�WKHQ�GHFUHDVHG�DW�

���PRQWKV�RI�DJH�LQ�WKH�VDPH�GLHWDU\�JURXS��S ��������,Q�DGGLWLRQ��)&5V�IRU�&RPSOH[�,9�

VKRZHG�DQ�HDUO\�GLHWDU\�HIIHFW�LQ���PRQWK�DQLPDOV��&,9�)&5V�ZHUH�VLJQLILFDQWO\�LQFUHDVHG�LQ�

3URODE�IHG�DQLPDOV�ZKHQ�FRPSDUHG�WR�DJH�PDWFKHG�0D]XUL�IHG�FRQWUROV��S� ���������7KHVH�

UHVXOWV� VXJJHVW� WKDW�HDUO\�FKDQJHV� LQ�PLWRFKRQGULDO�UHVSLUDWRU\�IXQFWLRQ�DUH�GHWHFWDEOH�SULRU�

WR�WKH�RQVHW�RI�K\SHUJO\FHPLD�LQ�WKH�15���

�

�

�

�
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�

)LJXUH������2[LGDWLYH�SKRVSKRU\ODWLRQ��2;3+26��FDSDFLW\�LQ�FDUGLDF�SHUPHDELOL]HG�ILEHUV�IURP�
1LOH�UDWV�RI�WZR�GLHWDU\�JURXSV��0D]XUL�DQG�3URODE�GLHWV��DQG�WKUHH�DJH�JURXSV����PRQWKV����
PRQWKV��DQG����PRQWKV���2;3+26�FDSDFLW\�ZDV�H[SUHVVHG�LQ�IOX[�SHU�ILEHU�PDVV��SPRO�V���PJ���ZHW�
ZHLJKW��$��%��&��'��RU�DV�)OX[�&RQWURO�5DWLRV��)&5��(��)��*��+���7KH�2;3+26�UDWH�ZDV�GHWHUPLQHG�LQ�
WKH�SUHVHQFH�RI�VDWXUDWLQJ�$'3��F\WRFKURPH�F��DQG�VXEVWUDWH�IHHGLQJ�HOHFWURQV�LQWR�WKH�1$'+�SDWKZD\�
�1�SDWKZD\��S\UXYDWH�PDODWH��$��'���WKH�1$'+	6XFFLQDWH�SDWKZD\V��16�SDWKZD\V��
S\UXYDWH�PDODWH�VXFFLQDWH��%��(���WKH�6XFFLQDWH�SDWKZD\��6�SDWKZD\V��6XFFLQDWH�URWHQRQH��&��*���DQG�
WKH�&RPSOH[�,9�VLQJOH�VWHS��'��+���'DWD�DUH�SUHVHQWHG�DV�ER[�SORWV�VKRZLQJ�PLQLPXP����WK�SHUFHQWLOH��
PHGLDQ����WK�SHUFHQWLOH��DQG�PD[LPXP��6LJQLILFDQW�GLIIHUHQFHV�DUH�LQGLFDWHG�DERYH�WKH�ER[HV�IRU�DJH�
GLIIHUHQFHV�ZLWKLQ�D�GLHW��DQG�EHORZ�WKH�ER[HV�IRU�GLHW�GLIIHUHQFHV�ZLWKLQ�DQ�DJH�JURXS��
�3�������

�
3�������Q� �������
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$������0LWRFKRQGULDO�2;3+26�FDSDFLW\��)DWW\�$FLG�%HWD�2[LGDWLRQ�
�

� ,Q�3URODE�IHG�15V��WKH�2;3+26�FDSDFLW\�LQ�WKH�SUHVHQFH�RI�IDWW\�DFLG�VXEVWUDWHV�

GLG�QRW�YDU\�VLJQLILFDQWO\�ZLWK�DJH��)LJXUH�������,Q�FRQWUDVW��LQ�0D]XUL�IHG�15V��WKH�

2;3+26�FDSDFLW\�LQ�WKH�SUHVHQFH�RI�RFWDQR\OFDUQLWLQH�PDODWH�ZDV�VLJQLILFDQWO\�GHFUHDVHG�

ZLWK�DJH��)LJ�����%���WKHUH�LV�D�GHFUHDVH�LQ�2;3+26�FDSDFLW\�DW���PRQWKV��S���������DQG����

PRQWKV��S���������ZKHQ�FRPSDUHG�WR�GLHW�PDWFK���PRQWK�DQLPDOV��7KH�VDPH�WUHQG�RI�D�

GHFUHDVH�LQ�R[LGDWLRQ�ZLWK�DJH�LV�DOVR�REVHUYHG�ZLWK�RWKHU�VXEVWUDWHV��DFHW\OFDUQLWLQH�DQG�

SDOPLWR\OFDUQLWLQH��LQ�WKH�1LOH�UDWV�IHG�WKH�0D]XUL�GLHW��EXW�QRW�LQ�WKH�3URODE�IHG�UDWV��)LJXUH�

���$�&����

7KHUH�ZDV�DOVR�D�GLHWDU\�HIIHFW�REVHUYHG�LQ�WKH�15V�DW���PRQWKV�RI�DJH��3URODE�IHG�

DQLPDOV� VKRZHG� LQFUHDVHG� IDWW\� DFLG� EHWD�R[LGDWLRQ� ZLWK� RFWDQR\OFDUQLWLQH�PDODWH� DW� ��

PRQWKV�ZKHQ�FRPSDUHG� WR�DJH�PDWFKHG�0D]XUL�IHG�FRQWUROV� �S� �������� �)LJXUH��%���7KH�

VDPH� WUHQG� ZDV� REVHUYHG� ZLWK� DFHW\OFDUQLWLQH�PDODWH� DV� VXEVWUDWHV�� EXW� ZLWKRXW� UHDFKLQJ�

VLJQLILFDQFH��)LJXUH����$���,QWHUHVWLQJO\��DW����PRQWKV�RI�DJH��WKH�GLHW�KDG�QR�HIIHFW�RQ�IDWW\�

DFLG�R[LGDWLRQ�FDSDFLW\�ZLWK�DQ\�RI�WKH�VXEVWUDWHV��)LJXUH�����$�&����
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)LJXUH������2[LGDWLYH�SKRVSKRU\ODWLRQ��2;3+26��FDSDFLW\�LQ�WKH�SUHVHQFH�RI�IDWW\�DFLG�
VXEVWUDWHV�LQ�FDUGLDF�SHUPHDELOL]HG�ILEHUV�IURP�1LOH�UDWV�RI�WZR�GLHWDU\�JURXSV��0D]XUL�
DQG�3URODE�GLHWV��DQG�WKUHH�DJH�JURXSV����PRQWKV����PRQWKV��DQG����PRQWKV���2;3+26�
FDSDFLW\�ZDV�H[SUHVVHG�LQ�IOX[�SHU�ILEHU�PDVV��SPRO�V���PJ���ZHW���7KH�2;3+26�UDWH�ZDV�
GHWHUPLQHG�LQ�WKH�SUHVHQFH�RI�VDWXUDWLQJ�$'3��F\WRFKURPH�F��7KH�IDWW\�DFLG�VXEVWUDWHV�
FRPELQDWLRQV�LQFOXGHG�DFHW\OFDUQLWLQH�PDODWH��$��Q ������RFWDQR\OFDUQLWLQH�PDODWH��%��Q �������
DQG�SDOPLWR\OFDUQLWLQH�PDODWH��&��Q �������'DWD�DUH�SUHVHQWHG�DV�ER[�SORWV�VKRZLQJ�PLQLPXP��
��WK�SHUFHQWLOH��PHGLDQ����WK�SHUFHQWLOH��DQG�PD[LPXP��6LJQLILFDQW�GLIIHUHQFHV�DUH�LQGLFDWHG�DERYH�
WKH�ER[HV�IRU�DJH�GLIIHUHQFHV�ZLWKLQ�D�GLHW��DQG�EHORZ�WKH�ER[HV�IRU�GLHW�GLIIHUHQFHV�ZLWKLQ�DQ�DJH�
JURXS��
�S�������

�S�������


�S��������Q� �������



� ͷͳ�

�
$�����&LWUDWH�6\QWKDVH�$FWLYLW\�
�

&LWUDWH� V\QWKDVH� DFWLYLW\�ZDV� HYDOXDWHG� DV� D� VXUURJDWH�PDUNHU� RI� FDUGLDF� YHQWULFXODU�

PLWRFKRQGULDO� FRQWHQW�� &LWUDWH� V\QWKDVH� DFWLYLW\� ZDV� VLJQLILFDQWO\� GHFUHDVHG� ZLWK� DJH� LQ�

3URODE�IHG�DQLPDOV� �)LJXUH�������ZLWK���PRQWK�DQLPDOV�VKRZLQJ�VLJQLILFDQWO\�KLJKHU�DFWLYLW\�

FRPSDUHG�WR�ERWK����S� ��������DQG����PRQWK�ROG�DQLPDOV��S����������)XUWKHUPRUH��3URODE�

IHG� DQLPDOV� KDG� LQFUHDVHG� FLWUDWH� V\QWKDVH� DFWLYLW\� DW� ��PRQWKV� FRPSDUHG� WR� DJH�PDWFKHG�

0D]XUL�IHG�DQLPDOV��S� ���������

�

�
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�

�

�

)LJXUH������'LHWDU\�DQG�DJLQJ�HIIHFW�RQ�PLWRFKRQGULDO�FLWUDWH�V\QWKDVH�DFWLYLW\���
6DPSOHV�ZHUH�WHVWHG�LQ�WULSOLFDWH��'DWD�DUH�SUHVHQWHG�DV�ER[�DQG�ZKLVNHU�SORWV�RI�PHDQ�&6�
DFWLYLW\��,8�J�����'DWD�ZHUH�DQDO\]HG�XVLQJ�WZR�ZD\�$129$��ZLWK�VTXDUH�URRW�WUDQVIRUPDWLRQ�
WR�PHHW�$129$�DVVXPSWLRQV���
S�������

S�������


S��������Q� ������&6�DFWLYLW\�LV�XVHG�
DV�D�VXUURJDWH�PDUNHU�RI�PLWRFKRQGULDO�FRQWHQW��&6�DFWLYLW\�ZDV�VLJQLILFDQWO\�LQFUHDVHG�DW���
PRQWKV�LQ�3URODE�IHG�DQLPDOV�FRPSDUHG�WR�DJH�PDWFKHG�FRQWUROV��



� ͷʹ�

$���&KDSWHU���–�',6&866,21�
�
$�����$QLPDO�0RGHO�
�

�&XUUHQWO\�� WKHUH� DUH� DSSUR[LPDWHO\� ��� VWXGLHV� XWLOL]LQJ� WKH�15� DV� DQ� H[SHULPHQWDO�

DQLPDO� PRGHO�� 7KHVH� VWXGLHV� IRFXV� RQ� UHWLQDO� DQG� RSKWKDOPLF� FKDQJHV�� FLUFDGLDQ�

UK\WKP�GLXUQDO�DFWLYLW\��DQG�QHXURORJLFDO�VWUXFWXUDO�IXQFWLRQDO�GLIIHUHQFHV� LQ�WKHVH�DQLPDOV��

7KHUH� DUH� FXUUHQWO\� QR� VWXGLHV� LQYHVWLJDWLQJ�

FDUGLRYDVFXODU� FKDQJHV� LQ� 15V�� QRU�

LQYHVWLJDWLQJ� PLWRFKRQGULDO� IXQFWLRQDO�

FKDQJHV� RI� DQ\� NLQG� LQ� 15� FDUGLDF� WLVVXH��

2XU� VWXG\� SURYLGHV� QRYHO� FRQWULEXWLRQV� WR�

WKH� VWXG\� RI�$�� QLORWLFXV�� DQG� PD\� LQWURGXFH�

WKH�15�DV�D�SRWHQWLDO�H[SHULPHQWDO�PRGHO�RI�

7�'0��)XUWKHUPRUH��RYHU� WKH�FRXUVH�RI� WKLV�

VWXG\� DQG� RWKHU� E\� RXU� ODE�� VLJQV� RI� GLVHDVH�

EH\RQG� WKH� VFRSH� RI� WKH� SUHVHQW� VWXG\� ZHUH�

QRWHG� GXULQJ� VXUJLFDO� SURFHGXUHV����� )DWW\�

OLYHUV��KHSDWLF�WXPRXUV��DQG�FDWDUDFWV�RFFXUUHG�

PRUH� IUHTXHQWO\� LQ�ROGHU�K\SHUJO\FHPLF�DQLPDOV� �)LJXUH�������7KH�15�KDV�EHHQ� VWXGLHG�E\�

RXU� ODE� DV� DQ� DQLPDO� PRGHO� IRU� UHWLQDO� FLUFXLWU\� FKDQJHV� DVVRFLDWHG� ZLWK� GLDEHWLF�

UHWLQRSDWK\����� 6SOHQRPHJDO\� ZDV� GLVFRYHUHG� LQFLGHQWDOO\� LQ� RQH� 3URODE�IHG� DQLPDO� DW� ���

PRQWKV��ZKLFK�LV�D�UDUH��EXW�VHULRXV�FRPSOLFDWLRQ�RI�7�'0�LQ�KXPDQV���7KH�HQODUJHG�VSOHHQ�

PHDVXUHG� ���� FP� LQ� OHQJWK�� ZKHUHDV� D� QRUPDO� 15� VSOHHQ� PHDVXUHV� EHWZHHQ� ������ FP� LQ�

OHQJWK��%DVHG�RQ�WKHVH�ILQGLQJV��WKH�15�SUHVHQWV�D�XQLTXH�RSSRUWXQLW\�WR�VWXG\�WKH�HIIHFWV�RI�

SURORQJHG�K\SHUJO\FHPLD�DQG�LQVXOLQ�UHVLVWDQFH�RQ�YDULRXV�RUJDQ�V\VWHPV��

)LJXUH������([DPSOHV�RI�RUJDQ�V\VWHPV�DIIHFWHG�
E\�7�'0�LQ�WKH�15���$��$SSHDUDQFH�RI�KHDOWK\�
OLYHU�LQ���PRQWK�PDOH�0D]XUL�IHG�15���%��(YLGHQFH�
RI�IDWW\�OLYHU�GHSRVLWV�DQG�SRVVLEOH�KHSDWLF�WXPRXUV�LQ�
3URODE�IHG�PDOH�DW����PRQWKV��$UURZV�LQGLFDWH�
WXPRXUV���&��3URODE�IHG�15�VKRZLQJ�QR�YLVXDO�
LQGLFDWLRQV�RI�FDWDUDFWV�DW���PRQWKV�RI�DJH��'��
3URODE�IHG�15�ZLWK�FDWDUDFWV�DW����PRQWKV�RI�DJH��
�
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$�����0HWDEROLF�3URILOH�
�

�&RQVLVWHQW� ZLWK� SUHYLRXV� ILQGLQJV� E\� RXU� ODE���� DQG� RWKHUV��������� K\SHUJO\FHPLD�

EHFDPH�HYLGHQW�DW���PRQWKV�RI�DJH�LQ�����RI�PDOH�3URODE�IHG�15V�VWXGLHG��)%*�UHDGLQJV�

UHPDLQHG�ZLWKLQ�QRUPDO�OLPLWV�������PPRO�/�IDVWLQJ��DW���PRQWKV�RI�DJH�LQ�DOO�3URODE�DQG�

0D]XUL�IHG�DQLPDOV��)%*�UHDGLQJV�RI�0D]XUL�IHG�DQLPDOV�GLG�QRW�VXJJHVW�K\SHUJO\FHPLD�DW�

DQ\� DJH�� HVWDEOLVKLQJ� WKH�0D]XUL� GLHW� DV� D� FRQWURO� IRU� K\SHUJO\FHPLD�� )%*� UHDGLQJV� ZHUH�

WDNHQ� LPPHGLDWHO\�SULRU� WR�HXWKDQDVLD�� WR�HQVXUH� LQMHFWLRQ�RI�SHQWREDUELWDO� VRGLXP�GLG�QRW�

GLVWRUW�)%*�UHDGLQJV�����0DQXDO�EORRG�JOXFRVH�PRQLWRULQJ�LV�D�VLPSOH�DQG�UHOLDEOH�PHWKRG�WR�

PHDVXUH� JOXFRVH� OHYHOV�� DQG� LW� LV� WKH�PRVW� FRPPRQ�PHWKRG� XVHG� E\� GLDEHWHV� SDWLHQWV� WR�

PDQDJH�WKHLU�JO\FHPLF�VWDWXV��

,QWHUHVWLQJO\��DOWKRXJK�WKH�DYHUDJH�)%*�LQFUHDVHG�LQ�3URODE�IHG�15V�IURP���PRQWKV�

�����r������WR����PRQWKV�RI�DJH������r�������)%*�UHDGLQJV�UHPDLQHG�LQ�QRUPDO�UDQJH�LQ�WZR�

���PRQWK�ROG�3URODEV��%DVHG�RQ�WKH�)%*�UHVXOWV�IURP�SUHYLRXV�VWXGLHV�E\�RXU�ODE��3URODE�

IHG�15V�GHPRQVWUDWH�IDVWLQJ�K\SHUJO\FHPLD�DW����PRQWKV�RI�DJH��VXJJHVWLQJ�WKDW�D�PHWDEROLF�

FROODSVH�RFFXUV�LQ�)%*�EHWZHHQ����DQG����PRQWKV�LQ�VRPH�DQLPDOV��7KLV�GLIIHUHQFH�FRXOG�

EH�H[SODLQHG�E\�LQFUHDVHG�LQFLGHQFH�RI�DEGRPLQDO�RU�KHSDWLF�WXPRXUV�QRWHG�PDFURVFRSLFDOO\�

LQ� ROGHU� DQLPDOV�� DV� UHGXFHG� EORRG� JOXFRVH� PD\� EH� FRQVLGHUHG� DQ� DW\SLFDO� HDUO\� VLJQ� RI�

KHSDWRFDUFLQRPD��������� ,QGHHG�� WXPRXUV� FRQVXPH� JOXFRVH��ZKLFK� FRXOG� UHGXFH� DQ� HOHYDWHG�

)%*�����$OWHUQDWLYHO\��LQVXOLQRPDV�PD\�UHGXFH�)%*�VHFRQGDU\�WR�H[FHVV�VHFUHWLRQ�RI�LQVXOLQ�

OLNH�JURZWK�IDFWRU����,/*)�����KRZHYHU�WKHVH�DUH�UDUH������

,Q�JHQHUDO��SODVPD� LQVXOLQ� OHYHOV� WUHQGHG�KLJKHU� LQ�3URODE�IHG�DQLPDOV� FRPSDUHG� WR�

0D]XUL�IHG�FRQWUROV��7UHQGV�LQ�RXU�GDWDVHW�DUH�VXJJHVWLYH�RI�LQVXOLQ�UHVLVWDQFH�LQ�WKH�3URODE�

IHG�15V��7KLV�PHWDEROLF�SURILOH�ZDV�FRQVLVWHQW�ZLWK�RWKHU�VWXGLHV�GRQH�RQ�15V�E\�RXU�ODE�

DQG�RWKHUV���������2XU�UHVXOWV�VKRZ�DQ�HDUO\�SHUWXUEDWLRQ�LQ�WKH�PHWDEROLF�SURILOH�RI�WKH�15��
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VXJJHVWLQJ�LQVXOLQ�UHVLVWDQFH�LV�HYLGHQW�DV�HDUO\�DV���PRQWKV�RI�DJH��3ODVPD�LQVXOLQ�OHYHOV�ZHUH�

UHODWLYHO\� VWDEOH�DW� DOO� HQGSRLQWV� LQ�0D]XUL�IHG�DQLPDOV��+LVWRULFDO� HYLGHQFH�KDV� VKRZQ� WKDW�

LQVXOLQ�UHVLVWDQFH�RFFXUV�QDWXUDOO\�ZLWK�DJH��HYHQ�LQ�KHDOWK\�LQGLYLGXDOV���������

)LQDOO\��JO\FDWHG�+E$�F�ZDV�PHDVXUHG�WR�SURYLGH�D�ORQJLWXGLQDO�PHDVXUH�RI�JO\FHPLF�

VWDWXV�� %DVHG� RQ� SUHYLRXV�ZRUN� E\� RXU� ODE�� DQG� LQ� FRPSDULVRQ� WR�0D]XUL�IHG� DQLPDOV�� DQ�

+E$�F�!����ZDV�FRQVLGHUHG�HOHYDWHG� LQ�WKH�15��,Q�FRQFRUGDQFH�ZLWK�RXU�)%*�ILQGLQJV��

�+E$�F�ZDV� VLJQLILFDQWO\� LQFUHDVHG� LQ�3URODE�IHG� DQLPDOV� DW� ��PRQWKV�� FRPSDUHG� WR� DJH�

PDWFKHG�FRQWUROV��*O\FDWHG�+E$�F�ZDV�DOVR�HOHYDWHG�DW���PRQWKV�DQG����PRQWKV�LQ�3URODE�

IHG� DQLPDOV� FRPSDUHG� WR� DJH�PDWFKHG� FRQWUROV�� EXW� WKHVH� GLG� QRW� UHDFK� VLJQLILFDQFH�� 7KH�

ODFN� RI� VWDWLVWLFDO� VLJQLILFDQFH� DW� �� PRQWKV� DQG� ��� PRQWKV� FRXOG� EH� DWWULEXWHG� WR� ODUJHU�

YDULDELOLW\�LQ�)%*�UHDGLQJV�DW�WKHVH�WLPHSRLQWV��VXJJHVWLQJ�WKDW�WKH�PHWDEROLF�SURILOHV�RI�15V�

ZHUH� LQ� D� VWDWH� RI� IOX[�� )XUWKHUPRUH�� FKDQJHV� LQ� �+E$�F� DUH� OHVV� REYLRXV� LQ� \RXQJHU�

DQLPDOV�� DV� VKRZQ� E\� 1RGD� HW� DO�����%DVHG� RQ� WKH� UHVXOWV� RI� WKH� 'LDEHWHV� &RQWURO� DQG�

&RPSOLFDWLRQV�WULDO��'LDEHWHV�&DQDGD�JXLGHOLQHV�UHFRPPHQG�D�JRDO��+E$�F�RI�OHVV�WKDQ����

IRU�GLDEHWLF�SDWLHQWV��WR�UHGXFH�WKH�ULVN�RI�GLDEHWLF�FRPSOLFDWLRQV����

$�����7UDQVWKRUDFLF�(FKRFDUGLRJUDSK\�
�

7UDQVWKRUDFLF� HFKRFDUGLRJUDSK\� VWXGLHV� ZHUH� SHUIRUPHG� RQ� D� VXEVHW� RI� ���PRQWK�

15V��(FKR� VWXGLHV�KDG�QHYHU� EHHQ� DWWHPSWHG� LQ� WKHVH� DQLPDOV�� DQG� WKHUH�ZHUH� OLPLWDWLRQV�

�6HH�6HFWLRQ�$������3URODE�IHG�DQLPDOV�ZHUH�QRWHG�WR�GLVSOD\�EDVHOLQH�KHDUW�UDWHV��+5��WKDW�

ZHUH�HOHYDWHG�FRPSDUHG�WR�0D]XUL�IHG�FRQWUROV��KRZHYHU��ZKHQ�QRUPDOL]HG�IRU�ERG\�ZHLJKW��

WKHUH�ZDV�QR�VLJQLILFDQFH��S� ���������,QFUHDVLQJ�%0,�DQG�RU�KLS�WR�ZHLJKW�UDWLR�LV�D�ZHOO�

NQRZQ� ULVN� IDFWRU� IRU� K\SHUWHQVLRQ� DQG� RWKHU� FDUGLRPHWDEROLF� GLVHDVHV� ZKLFK� PD\� DIIHFW�

KHDUW� UDWH����� &DUGLRYDVFXODU� DXWRQRPLF� QHXURSDWK\� LV� D� NQRZQ� FRPSOLFDWLRQ� RI� VHYHUH�

7�'0� WKDW� LV� DVVRFLDWHG�ZLWK� WDFK\FDUGLD�� SRVWXUDO� K\SRWHQVLRQ�� FDUGLDF� DUUK\WKPLDV�� DQG�
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DV\PSWRPDWLF� LVFKHPLD� LQ� KXPDQV��������� &DUGLRYDVFXODU� DXWRQRPLF� QHXURSDWK\� SURJUHVVHV�

IURP� D� UHGXFWLRQ� LQ� SDUDV\PSDWKHWLF� WRQH� WR� YHQWULFXODU� V\PSDWKHWLF� GHQHUYDWLRQ� WKDW�

LQFUHDVHV�SURSHQVLW\�IRU�DUUK\WKPLDV�����15V�GR�QRW�DSSHDU�WR�GHPRQVWUDWH�HDUO\�GLVUXSWLRQ�

LQ� FDUGLDF� DXWRQRPLF� IXQFWLRQ�� KRZHYHU�� WKLV� ZDV� QRW� VWXGLHG� GLUHFWO\�� DQG� IXUWKHU�

ORQJLWXGLQDO� DQDO\VLV� RI� EORRG� SUHVVXUH�� KHDUW� UDWH�� DQG� HOHFWURFDUGLRJUDSKLF� LPDJHV� ZRXOG�

DOORZ�IRU�IXUWKHU�FKDUDFWHUL]DWLRQ��,QWHUHVWLQJO\��1RGD�HW�DO��KDYH�UHSRUWHG�WKDW�PDOH�GLDEHWLF�

15V�DUH�FRQVLVWHQWO\�PRUH�K\SHUWHQVLYH��DQG�VKRZ�HYLGHQFH�RI�PDFURVFRSLF�YDVFXODU�OHVLRQV�

VXJJHVWLYH� RI� DWKHURVFOHURVLV�� VXJJHVWLQJ� D� PXOWLIDFWRULDO� HWLRORJ\� IRU� WKH� GHYHORSPHQW� RI�

FDUGLRYDVFXODU�GLVHDVH�LQ�WKH�15������

6RPH�3URODE�IHG�DQLPDOV�GHPRQVWUDWHG�an elevated E/E’ ratio��7KLV�OHDG�WR�D�WUHQG�

showing elevated E/E’ ratio when FRPSDUHG� WR� 0D]XUL�IHG� FRQWUROV�� $OWKRXJK� WKLV�

GLIIHUHQFH�ZDV� QRW� VWDWLVWLFDOO\� VLJQLILFDQW� �S� � ��������� LW� LV� DQ� HDUO\� LQGLFDWRU� RI� GLDVWROLF�

G\VIXQFWLRQ� WKDW�KDV�QHYHU�EHHQ� UHFRUGHG� LQ� WKHVH� URGHQWV��The E/E’ ratio UHSUHVHQWV� WKH�

UDWLR� EHWZHHQ� SHDN� PLWUDO� LQIORZ� YHORFLW\� DQG� SHDN� HDUO\� GLDVWROLF� PRYHPHQW� RI� PLWUDO�

DQQXOXV�� JLYLQJ�DQ� LQGLFDWLRQ�RI� OHIW� YHQWULFXODU� ILOOLQJ�SUHVVXUH�����An increase in the E/E’ 

UDWLR� LV� LQGLFDWLYH� RI� DQ� LQFUHDVH� LQ� /9� ILOOLQJ� SUHVVXUH�� DV� EORRG� IORZ� LQWR� WKH� YHQWULFOH�

H[FHHGV�WKH�UHOD[DWLRQ�FDSDFLW\�RI�WKH�PLWUDO�DQQXOXV��DIIHFWLQJ�WLPH�VSHQW�LQ�GLDVWROH��E/E’ 

UDWLR� KDV� EHHQ� XVHG� WR� HYDOXDWH� FDUGLDF� IXQFWLRQ� LQ� SDWLHQWV� ZLWK� KHDUW� IDLOXUH��

FDUGLRP\RSDWK\�� DQG� DUUK\WKPLDV�� DQG� LV� LQWHJUDO� WR� QHZ� /9� GLDVWROLF� IXQFWLRQ� FOLQLFDO�

JXLGHOLQHV����0LWUDO� LQIORZ�LQGH[HV�DUH�FRPSOH[�DQG�VXEMHFW�WR�PLVLQWHUSUHWDWLRQ��DV�WKH\�DUH�

DIIHFWHG�QRW�RQO\�E\�WKH�SURSHUWLHV�RI�WKH�/9��EXW�DOVR�E\�KHDUW�UDWH��OHIW�DWULDO�WR�/9�SUHVVXUH�

JUDGLHQWV��DQG�/9�FRPSOLDQFH�����,Q�KXPDQV��the utility of the E/E’ ratio is affected by the 

SUHVHQFH�RI�PLWUDO�YDOYH�GLVHDVH��PRGHUDWH�WR�VHYHUH�PLWUDO�DQQXODU�FDOFLILFDWLRQ��OHIW�EXQGOH�

EUDQFK� EORFN�� DQG� FRQVWULFWLYH� SHULFDUGLWLV�� DPRQJ� RWKHUV�������� 7KLV� WUHQG� LQ� RXU� UHVXOWV�
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VXJJHVWV�WKDW�3URODE�IHG�15V�DUH�PRUH�SURQH�WR�HDUO\�LQGLFHV�RI�/9�GLDVWROLF�G\VIXQFWLRQ�DW�

���PRQWKV��$Q�DGGLWLRQDO� LQGH[�RI�GLDVWROLF�G\VIXQFWLRQ� WKDW�ZRXOG�VXSSRUW� WKLV� ILQGLQJ� LV�

WKH� OHIW� DWULDO� �/$�� YROXPH��:H� ZRXOG� DQWLFLSDWH� WKDW� WKH� /$� YROXPH� ZRXOG� EH� ODUJHU� LQ�

3URODE�IHG�DQLPDOV��LQ�FRPSHQVDWLRQ�IRU�WKH�SRRU�UHOD[DWLRQ�RFFXUULQJ�WKH�/9��+RZHYHU��ZH�

ZHUH�XQDEOH�WR�REWDLQ�DFFXUDWH�/$�PHDVXUHPHQWV�LQ�RXU�FXUUHQW�VWXG\��

)inally, the E’�ZDYH�YHORFLW\�WUHQGHG�ORZHU�than the A’�ZDYH�YHORFLW\�LQ�WKH�PDMRULW\�

������ RI� 3URODE�IHG� DQLPDOV� RQ� WLVVXH�'RSSOHU� LPDJLQJ� �7',��� ZKLFK� LV� FRQVLGHUHG� DQ�

LQGLFDWRU� RI� HDUO\� GLDVWROLF� G\VIXQFWLRQ�� 7KLV� REVHUYDWLRQ�PDQLIHVWHG� DV� D� UHGXFWLRQ� LQ� WKH�

E’/A’ ratios of� 3URODE�IHG� DQLPDOV� FRPSDUHG� WR� 0D]XUL�IHG� FRQWUROV�� ZKLFK� UHDFKHG�

VLJQLILFDQFH�� Although this value is not clinically relevant, a difference in E’/A’ raWLRV�

EHWZHHQ� JURXSV� VXSSRUWV� D�PLOG� GHFUHDVH� LQ� WKH�E’�ZDYH� YHORFLW\�� FRPELQHG� ZLWK� D�PLOG�

increase in the A’ velocity��7KHVH�ZRXOG�QRW�EH�VR�ODUJH�DV�WR�VKRZ�VLJQLILFDQW�FKDQJHV�LQ�WKH�

E’ wave or the A’ wave alone.�7',� UHOLHV�RQ�GHWHFWLQJ� D� VKLIW� LQ� IUHTXHQF\�E\�XOWUDVRXQG�

ZDYHV�UHIOHFWHG�IURP�PRYLQJ�P\RFDUGLXP��$OWKRXJK�OLPLWHG�WR�GHWHFWLQJ�RQO\�WKH�YHFWRU�RI�

PRWLRQ�SDUDOOHO� WR� WKH�XOWUDVRXQG�EHDP��7',� LV� DQ�HPHUJLQJ�PHWKRG� WR�DVVHVV�/9�V\VWROLF�

DQG� GLDVWROLF� IXQFWLRQ�� LQ� KXPDQV� DQG� � DQLPDO�PRGHOV� RI� GLVHDVH�����The E’�ZDYH� YHORFLW\�

UHSUHVHQWV� WKH� SHDN� HDUO\� GLDVWROLF�movement of mitral annulus, and the A’�ZDYH� YHORFLW\�

UHSUHVHQWV� WKH� SHDN� ODWH� GLDVWROLF�PRYHPHQW� RI�PLWUDO� DQQXOXV��A slowing of the E’�ZDYH�

UHSUHVHQWV�LPSDLUHG�/9�UHOD[DWLRQ��ZKLFK�LV�DQ�LQGLFDWRU�RI�GLDVWROLF�G\VIXQFWLRQ���

�

$�����&DUGLDF�0LWRFKRQGULDO�)XQFWLRQ�
$�������&LWUDWH�6\QWKDVH�$FWLYLW\�
�

&LWUDWH�V\QWKDVH�LV�D�PLWRFKRQGULDO�PDWUL[�HQ]\PH�WKDW�FDWDO\]HV�WKH�FRQGHQVDWLRQ�RI�

DFHW\O�&R$�ZLWK�R[DORDFHWDWH�WR�JHQHUDWH�FLWUDWH��ZKLFK�LV�WKH�ILUVW�UHDFWLRQ�LQ�WKH�FLWULF�DFLG�
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�7&$��F\FOH�����2XU� UHVXOWV� LQGLFDWH� WKDW� FLWUDWH� V\QWKDVH� DFWLYLW\� LV� VLJQLILFDQWO\�KLJKHU� LQ���

PRQWK�3URODE�IHG� DQLPDOV� FRPSDUHG� WR� DJH�PDWFKHG� FRQWUROV� �)LJXUH� ���� �7KH� LQFUHDVH� LQ�

PLWRFKRQGULDO� FRQWHQW� RFFXUUHG� SULRU� WR� GHWHFWLRQ� RI� K\SHUJO\FHPLD�� EXW� QRW� SULRU� WR�

GHWHFWLRQ�RI�K\SHULQVXOLQHPLD���

7KH� HIIHFW� RI� LQVXOLQ� UHVLVWDQFH� RQ� PLWRFKRQGULDO� FRQWHQW� DQG� IXQFWLRQ� KDV� EHHQ�

VWXGLHG� LQ� LQVXOLQ�VHQVLWLYH� WLVVXHV� VXFK� DV� VNHOHWDO� PXVFOH����� DGLSRVH� WLVVXH����� KHSDWLF�

WLVVXH�����DQG�FDUGLDF�WLVVXH�����,Q�JHQHUDO��PLWRFKRQGULDO�ELRJHQHVLV� LV� LQFUHDVHG�GXULQJ�HDUO\�

VWDJHV�RI�LQVXOLQ�UHVLVWDQFH��WR�DFFRPPRGDWH�D�PHWDEROLF�VKLIW�WR�IDWW\�DFLG�R[LGDWLRQ�DV�WKH�

SULPDU\� PLWRFKRQGULDO� IXHO�� %RXGLQD� HW� DO�� UHSRUW� LQFUHDVHG� PLWRFKRQGULDO� ELRJHQHVLV� LQ� ��

ZHHN�ROG�RE�RE�KHDUWV��DV�VKRZQ�E\�DQ�LQFUHDVHG�UDWLR�RI�PLWRFKRQGULDO�'1$�FRS\�QXPEHU�

WR�QXFOHDU�'1$�FRS\�QXPEHU�����+RZHYHU��GHVSLWH� WKLV�DSSDUHQW� LQFUHDVH� LQ�PLWRFKRQGULDO�

FRQWHQW�� WKH\� VWLOO� UHSRUWHG� UHGXFHG� H[SUHVVLRQ� RI� (76� FRPSOH[HV� XQGHU� GLDEHWLF�

FRQGLWLRQV����� � � 7KLV� VXJJHVWV� PLWRFKRQGULD� PD\� EHFRPH� GHIHFWLYH� DW� DQ� HDUO\� VWDJH� RI�

GLDEHWHV�� GHVSLWH� DQ� LQFUHDVH� LQ� PLWRFKRQGULDO� FRQWHQW�� (OHFWURQ� PLFURJUDSKV� RI� LQVXOLQ�

UHVLVWDQW� �EXW� QRQ�K\SHUJO\FHPLF�� KHDUWV� RI� �� PRQWK� ROG� WUDQVJHQLF� PLFH� LQGLFDWH� WKDW�

PLWRFKRQGULD� DUH� ODUJHU� DQG� JUHDWHU� LQ� QXPEHU����� /DUJHU� PLWRFKRQGULD� LQGLFDWH�

PLWRFKRQGULDO� VZHOOLQJ�� ZKLFK� LV� DVVRFLDWHG� ZLWK� PLWRFKRQGULDO� PHPEUDQH� GHSRODUL]DWLRQ��

DQG� GLVVLSDWLRQ� RI� WKH� SURWRQ� JUDGLHQW����� 7KHVH� SLHFHV� RI� HYLGHQFH� VXSSRUW� WKDW� DOWKRXJK�

PLWRFKRQGULDO� FRQWHQW� LQ� �� PRQWK� 15V� LV� LQFUHDVHG�� WKHVH� PLWRFKRQGULD� PD\� IXQFWLRQ�

SRRUO\�� ,Q�FRQWUDVW�� UHFHQW�HYLGHQFH�E\�0RUURZ� HW�DO�� VXJJHVWV� WKDW� LQFUHDVHG�PLWRFKRQGULDO�

FRQWHQW�FRXOG�RIIHU�EHQHILFLDO�UHVLVWDQFH�WR�PHWDEROLF�HIIHFWV�RI�7�'0��XVLQJ�D�PRXVH�PRGHO�

GHILFLHQW� LQ� DGHQLQH� QXFOHRWLGH� WUDQVODWRU� LVRIRUP� �� �$17������� $17�� LV� DQ� LQQHU�

PLWRFKRQGULDO� PHPEUDQH� WUDQVORFDWRU� ORFDOL]HG� WR� WKH� KHDUW�� PXVFOH�� DQG� EUDLQ�� ZKRVH�

SULPDU\�UROH�LV�WR�H[FKDQJH�PLWRFKRQGULDO�$73�IRU�F\WRVROLF�$'3��0LFH�ZLWK�D�GHOHWLRQ�RI�
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$17��SUHVHQW�ZLWK�P\RSDWK\�DQG�K\SHUSUROLIHUDWLRQ�RI�VNHOHWDO�PXVFOH�PLWRFKRQGULD��7KH�

DXWKRUV� GHPRQVWUDWHG� WKDW� K\SHUSUROLIHUDWLRQ� RI� VNHOHWDO� PXVFOH� PLWRFKRQGULD� LPSURYHG�

LQVXOLQ� VHQVLWLYLW\�� UHVWRUHG�JOXFRVH� WROHUDQFH�� DQG� UHGXFHG� VXVFHSWLELOLW\� WR� WR[LF� HIIHFWV�RI�

KLJK� IDW� IHHGLQJ�� GHVSLWH� LQFUHDVLQJ� HYLGHQFH� RI� PLWRFKRQGULDO� 526� DQG� XQFRXSOLQJ�����

7KHUHIRUH��LQFUHDVLQJ�PLWRFKRQGULDO�FRQWHQW�PD\�SURYH�DGDSWLYH�XQGHU�FRQGLWLRQV�RI�7�'0��

7KH� HDUO\� ELRJHQLF� UHVSRQVH� E\� PLWRFKRQGULD� XOWLPDWHO\� IDLOV� DV� LQVXOLQ� UHVLVWDQFH�

SURJUHVVHV�WR�RXWULJKW�K\SHUJO\FHPLD��&LWUDWH�V\QWKDVH�DFWLYLW\�ZDV�LQFUHDVLQJO\�UHGXFHG�ZLWK�

DGYDQFLQJ� DJH� DQG� GLVHDVH� LQ� 3URODE�IHG� DQLPDOV�� $OWKRXJK� WKHUH� LV� HYLGHQFH� FRQFHUQLQJ�

FDUGLDF�PLWRFKRQGULDO�FRQWHQW�LQ�HDUO\�7�'0��HYLGHQFH�DW�ODWHU�VWDJHV�RI�GLVHDVH�SURJUHVVLRQ�

LV�SRRU�� ,W� KDV�EHHQ� VKRZQ� WKDW�PLWRFKRQGULDO� FRQWHQW� LQ� VNHOHWDO�PXVFOH� GHFUHDVHV� DV� WKH�

VHYHULW\�RI�7�'0�LQFUHDVHV�����$V�15V�GLG�QRW�VKRZ�K\SHUJO\FHPLD�XQWLO���PRQWKV�RI�DJH��

RXU�UHVXOWV�VXJJHVW�WKDW�K\SHUJO\FHPLD�PD\�HQKDQFH�DJLQJ�UHODWHG�FKDQJHV�WR�PLWRFKRQGULDO�

FRQWHQW�� 7KLV� LV� VXSSRUWHG� E\� WKH� IDFW� WKDW� WKHUH� ZHUH� QR� VLJQLILFDQW� GLIIHUHQFHV� LQ�

PLWRFKRQGULDO� FRQWHQW� LQ� 0D]XUL�IHG� DQLPDOV�� 0LWRFKRQGULDO� H[SRVXUH� WR� K\SHUJO\FHPLF�

FRQGLWLRQV�LQGXFHV�IUDJPHQWDWLRQ��DV�VKRZQ�LQ�FHOO�FXOWXUH�LQ�YDULRXV�WLVVXH�W\SHV��LQFOXGLQJ�

WKH� KHDUW���� 7KH� SUHFLVH� PHFKDQLVP� RI� PLWRFKRQGULDO� IUDJPHQWDWLRQ� XQGHU� K\SHUJO\FHPLF�

FRQGLWLRQV�LV�XQNQRZQ��KRZHYHU��LW�LV�GLUHFWO\�PHGLDWHG�E\�G\QDPLQ�UHODWHG�SURWHLQ����'53�

��� LQ� PDPPDOV����� 0LWRFKRQGULDO� IUDJPHQWDWLRQ� LV� DVVRFLDWHG� ZLWK� LQFUHDVHG� 526� DQG�

VXEVHTXHQW� 526�LQGXFHG� UHOHDVH� RI� DSRSWRWLF� PHGLDWRUV�� LQFOXGLQJ� FDVSDVHV��� 7KLV� PD\�

RFFXU� GXH� WR� UHDUUDQJHPHQW� RI� (76� FRPSOH[HV� GXULQJ� IUDJPHQWDWLRQ�� ZKLFK� FRXOG�

FRPSURPLVH� LWV� LQWHJULW\�� DQG� SULPH� GRZQVWUHDP�SUR�DSRSWRWLF� SDWKZD\V��$OWKRXJK� LW� KDV�

EHHQ� SURSRVHG� WKDW� PLWRFKRQGULDO� IUDJPHQWDWLRQ� PD\� EH� LQGXFHG� LQ� SUHSDUDWLRQ� IRU�

PLWRFKRQGULDO� DSRSWRVLV�� FRQIOLFWLQJ� HYLGHQFH� KDV� VKRZQ� WKDW� H[RGXV� RI� PLWRFKRQGULDO�

DSRSWRWLF� IDFWRUV� VXFK� DV� DGHQ\ODWH� NLQDVH� �� VWLOO� RFFXUV� ZKHQ� PLWRFKRQGULDO� ILVVLRQ� LV�
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LQKLELWHG�����7KHUHIRUH��WKH�OLQN�EHWZHHQ�PLWRFKRQGULDO�IUDJPHQWDWLRQ��ILVVLRQ��DQG�DSRSWRVLV�

UHPDLQV�XQFOHDU��

$�������0LWRFKRQGULDO�FRXSOLQJ��
�

/($.� UHVSLUDWLRQ� LV� D� IXQFWLRQDO� UHSUHVHQWDWLRQ� RI� WKH� H[WHQW� RI� PLWRFKRQGULDO�

FRXSOLQJ�� $V� WKH� LQQHU� PLWRFKRQGULDO� PHPEUDQH� LV� LQKHUHQWO\� SHUPHDEOH� WR� SURWRQV��

XQUHJXODWHG� SURWRQ� OHDN� RFFXUV� XQGHU� SK\VLRORJLFDO� FRQGLWLRQV�� ZKLFK� PHDQV� WKDW�

PLWRFKRQGULDO� R[\JHQ� FRQVXPSWLRQ� DQG�$73� V\QWKHVLV� DUH� LQFRPSOHWHO\� FRXSOHG� LQ�YLYR�����

7KLV�QRQ�RKPLF�EDVDO�OHDN�LV�UHTXLUHG�IRU�PLWRFKRQGULDO�IXQFWLRQ�LQ�WKH�DEVHQFH�RI�$'3��DV�

PLWRFKRQGULD�FRQWLQXH�WR�FRQVXPH�R[\JHQ�XQGHU�QRQ�SKRVSKRU\ODWLQJ�FRQGLWLRQV�����2WKHU�

LQGXFLEOH�SDWKZD\V�RI�SURWRQ�OHDN��VXFK�DV�XQFRXSOLQJ�SURWHLQV��8&3V���DQG�WKH�DGHQRVLQH�

PRQRSKRVSKDWH�DGHQLQH�QXFOHRWLGH�WUDQVORFDVH��$03�$17��V\VWHP�DUH�LQ�SODFH�WR�SURYLGH�

PRUH�UREXVW�DYHQXHV�RI�SURWRQ�OHDN������,Q�ERWK�FDVHV��KRZHYHU��UHGR[�HQHUJ\�LV�GLVVLSDWHG�DV�

KHDW�� UDWKHU� WKDQ� EHLQJ� XVHG� WR� SRZHU� $73� V\QWKHVLV�� ,Q� RXU� VWXG\�� /($.� UHVSLUDWLRQ�

PHDVXUHG�LQ�WKH�SUHVHQFH�RI�VXEVWUDWHV�IHHGLQJ�HOHFWURQV�LQWR�WKH�1$'+�SDWKZD\��30��ZDV�

XVHG�DV�DQ�LQGLFDWRU�RI�FRXSOLQJ��

2XU�UHVXOWV�GLG�QRW�LQGLFDWH�D�GLIIHUHQFH�LQ�/($.�UHVSLUDWLRQ�H[SUHVVHG�LQ�IOX[�SHU�

PJ�EHWZHHQ�GLHWV��+RZHYHU��ZKHQ�/($.�ZDV�H[SUHVVHG�DV�D�)&5��D�VLJQLILFDQW�GURS�ZDV�

GHWHFWHG�DW� ��PRQWKV� LQ�3URODE�IHG� DQLPDOV� FRPSDUHG� WR� FRQWUROV� �)LJXUH� ������7KLV� UHVXOW�

ZDV�UHYHUVHG�DW����PRQWKV��ZKHUH�WKH�)&5�IRU�/($.�LQ�3URODE�IHG�DQLPDOV�ZDV�VLJQLILFDQWO\�

LQFUHDVHG�FRPSDUHG�WR�FRQWUROV��7KHVH�GLIIHUHQFHV�LQ�)&5�DUH�LQGHSHQGHQW�RI�PLWRFKRQGULDO�

FRQWHQW��DQG�VXJJHVW�WLJKWHU�FRXSOLQJ�DW���PRQWKV�LQ�3URODE�IHG�DQLPDOV��IROORZHG�E\�SRRUHU�

FRXSOLQJ�E\����PRQWKV�LQ�WKH�VDPH�GLHWDU\�JURXS��7LJKWHU�FRXSOLQJ�LQYROYHV�D�PDLQWHQDQFH�

RI� WKH�PLWRFKRQGULDO�PHPEUDQH� SRWHQWLDO�� DQG� D�PRUH� HIILFLHQW� XVH� RI� WKH� SURWRQ�PRWLYH�
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IRUFH�WR�JHQHUDWH�$73��ZKHUHDV�ORRVHU�FRXSOLQJ�LQYROYHV�GLVVLSDWLRQ�RI�SURWRQ�PRWLYH�IRUFH�

IRU�$73�V\QWKHVLV��

5HVXOWV� IURP� %RXGLQD� HW� DO��KDYH� VKRZQ� WKDW� XQFRXSOLQJ� RI� FDUGLDF� PLWRFKRQGULD�

RFFXUV�LQ�ERWK�RE�RE����DQG�GE�GE����DQLPDO�PRGHOV��7KH�DXWKRUV�SURSRVH�LQFUHDVHG�GHOLYHU\�

RI�IDWW\�DFLG�VXEVWUDWHV�WR�WKH�KHDUW�LQFUHDVHV�WKH�SURGXFWLRQ�RI�526�DQG�OLSLG�SHUR[LGDWLRQ�

SURGXFWV��DFWLYDWLQJ�SURWRQ� OHDN�WKURXJK�8&3��DQG��DGHQLQH�QXFOHRWLGH�WUDQVORFDVH��$17��

SDWKZD\V�����8&3�� LV� SULPDULO\� H[SUHVVHG� LQ� WKH� KHDUW�� DQG� LV�PHGLDWHG� E\� IUHH� IDWW\� DFLGV��

OLSLG�SHUR[LGDWLRQ�SURGXFWV�DQG�526�����8&3��LV� WKRXJKW�WR�SHUSHWXDWH�KLJK�UDWHV�RI�)$2�

E\�H[SRUWLQJ�IDWW\�DFLG�DQLRQ��)$���IURP�WKH�PLWRFKRQGULRQ��DIWHU�PLWRFKRQGULDO�WKLRHVWHUDVH�

K\GURO\]HV�IDWW\�DF\O�&R$�WR�UHJHQHUDWH�IUHH�&R$��������$17�LV�D�WUDQVORFDVH�DOVR�ORFDOL]HG�WR�

WKH� LQQHU�PLWRFKRQGULDO�PHPEUDQH�� WKDW� LV� LQYROYHG� LQ� WKH�EDFN� WUDQVSRUW�RI�GHSURWRQDWHG�

ORQJ�FKDLQ�IDWW\�DFLGV��$17��LV�WKH�SULPDU\�LVRIRUP�H[SUHVVHG�LQ�WKH�KXPDQ�KHDUW��DQG�LW�KDV�

EHHQ�VWXGLHG�IRU�LWV�UROH�LQ�IDWW\�DFLG�PHGLDWHG�XQFRXSOLQJ���������7KH�GLVFUHSDQF\�EHWZHHQ�RXU�

UHVXOWV�DQG�WKH�UHVXOWV�RI�%RXGLQD�HW�DO��FRXOG�EH�H[SODLQHG�E\�WKH�DJH�RI�DQLPDOV�DW�WKH�WLPH�

RI�VWXG\�� �(YLGHQFH�RI�PLWRFKRQGULDO�XQFRXSOLQJ�E\�%RXGLQD� HW�DO��ZDV�UHSRUWHG�EHWZHHQ���

DQG� ��ZHHNV� RI� DJH� LQ� RE�RE�DQG� GE�GE� KHDUWV�� 3URODE�IHG�15V� GLG� QRW� VKRZ� HYLGHQFH� RI�

LQFUHDVHG�XQFRXSOLQJ�DW�D�VLPLODU�DJH����PRQWKV���EXW�VKRZHG�WLJKWHU�FRXSOLQJ�DW���PRQWKV��

DQG�WKHQ�OHVVHU�FRXSOLQJ�DW����PRQWKV�� �7KLV�VXJJHVWV�WKDW�WLJKWHU�FRXSOLQJ�DW���PRQWKV�E\�

WKH�15�PD\� EH� D� FRPSHQVDWRU\� UHVSRQVH�� IROORZHG� E\� D� GHFRPSHQVDWLRQ� UHVSRQVH� DW� ���

PRQWKV��7KH� UDSLG� RQVHW� RI�PLWRFKRQGULDO� XQFRXSOLQJ� LQ� RE�RE�DQG�GE�GE� URGHQWV�PD\� EH�

LQKHUHQW�WR�WKH�DQLPDO�PRGHO��EHFDXVH�WKH\�ERWK�LQYROYH�JHQHWLF�GHIHFWV�LQ�OHSWLQ�VLJQDOOLQJ��

ZKHUHDV�7�'0�LV�LQGXFHG�LQ�WKH�15�WKURXJK�GLHWDU\�PHDQV�����5HFHQW�ILQGLQJV�KDYH�VKRZQ�

WLJKWHU�PLWRFKRQGULDO� FRXSOLQJ� RFFXUV� LQ� KHSDWLF�PLWRFKRQGULD� RI� ��PRQWK�ROG� W\SH� ,� DQG�

W\SH� �� GLDEHWLF�PLFH����� 6LPLODU� WR� WKH�15� DW� ��PRQWKV�� WKHVH� DQLPDOV�ZHUH� K\SHUJO\FHPLF�



� ͸ͳ�

ZKHQ�FKDQJHV�LQ�PLWRFKRQGULDO�FRXSOLQJ�ZHUH�UHFRUGHG��7KH�DXWKRUV�GLVFXVVHG�WKH�GHFUHDVH�

LQ�SURWRQ�FRQGXFWDQFH�DQG� LQFUHDVH� LQ�PLWRFKRQGULDO�PHPEUDQH�SRWHQWLDO�DV�DQ�DGDSWDWLRQ�

WR�SUHFHGLQJ�R[LGDWLYH�VWUHVV��7KLV�VXJJHVWV�WKDW�WLJKWHU�FRXSOLQJ�DW���PRQWKV�LQ�WKH�15�PD\�

EH� WR� FRPSHQVDWH� IRU� SUHFHGLQJ� R[LGDWLYH� VWUHVV�� LQGXFHG� E\� K\SHUJO\FHPLD� DQG�

K\SHULQVXOLQHPLD��7KLV�DOVR�VXSSRUWV�WKDW�WKH�LQFUHDVH�LQ�/($.�)&5��LQFUHDVHG�XQFRXSOLQJ��

DW� ��� PRQWKV� UHSUHVHQWV� D� GHFRPSHQVDWLRQ� UHVSRQVH�� EHFDXVH� K\SHUJO\FHPLD� DQG�

K\SHULQVXOLQHPLD� SHUVLVWHG� LQ� ��� PRQWK� 3URODE�IHG� DQLPDOV�� $OWKRXJK� VPDOO� DPRXQWV� RI�

PLWRFKRQGULDO�XQFRXSOLQJ�DUH�FRQVLGHUHG�SURWHFWLYH���VLJQLILFDQW�XQFRXSOLQJ�PD\�FROODSVH�WKH�

PLWRFKRQGULDO� PHPEUDQH� SRWHQWLDO�� SURGXFLQJ� R[LGDWLYH� VWUHVV� DQG� GLVUXSWRQ����� <HW�� LW� LV�

FKDOOHQJLQJ�WR�HVWDEOLVK�D�WKUHVKROG�IRU�VPDOO�YHUVXV�ODUJH�LQFUHDVHV�LQ�/($.�UHVSLUDWLRQ��DQG�

GHWHUPLQH�WR�ZKDW�H[WHQW�D�FKDQJH�LQ�/($.�UHVSLUDWLRQ�LV�EHQHILFLDO���

$� VLJQLILFDQW�GHFUHDVH� LQ� WKH�/($.�UHVSLUDWLRQ�H[SUHVVHG� LQ� IOX[�SHU�PJ�DQG�)&5�

RFFXUUHG� LQ� 3URODE�IHG� DQLPDOV� EHWZHHQ� ��PRQWKV� WR� ��PRQWKV�� IROORZHG� E\� D� VLJQLILFDQW�

LQFUHDVH� LQ� WKH� /($.� UHVSLUDWLRQ� )&5� IURP� ��PRQWKV� WR� ���PRQWKV� LQ� WKH� VDPH� JURXS��

7KHUH�ZHUH�QR�VLJQLILFDQW�FKDQJHV� LQ�/($.�UHVSLUDWLRQ�EHWZHHQ�DJH�JURXSV� LQ�0D]XUL�IHG�

DQLPDOV�� 7KLV� VXJJHVWV� WKDW� WKH� 3URODE� GLHW� LQGXFHG� WKH� RQVHW� RI� DJLQJ�UHODWHG� FKDQJHV� LQ�

PLWRFKRQGULDO� FRXSOLQJ� �PRUH� FRXSOHG� DW� ��PRQWKV�� OHVV� FRXSOHG� DW� ���PRQWKV��� ZKHUHDV�

0D]XUL�IHG�DQLPDOV�ZHUH�SURWHFWHG���

�(YLGHQFH� E\� 6HUYLGGLR� HW� DO�� RQ� DJLQJ� UDW� KHDUWV� VKRZV� WKDW� DJHG� PLWRFKRQGULD�

H[SHULHQFH� SURWRQ� OHDNV� DW� ORZHU� PHPEUDQH� SRWHQWLDOV�� ZKLFK� VXJJHVWV� WKDW� WKHLU� LQQHU�

PHPEUDQHV�DUH�PRUH�SHUPHDEOH�WR�SURWRQV�����7KH\�DOVR�VKRZ�WKDW�PLWRFKRQGULDO�PHPEUDQH�

SRWHQWLDOV�DUH�GHFUHDVHG�ZLWK�DJLQJ��ZKLFK�PD\�LPSDLU�$73�V\QWKHVLV�XS�WR����SHU�GHFDGH�����

7KHVH�ILQGLQJV�VXJJHVW�WKDW�PLWRFKRQGULD�DUH�PRUH�SURQH�WR�XQFRXSOLQJ�ZLWK�LQFUHDVLQJ�DJH��

+RZHYHU��0D]XUL�IHG�DQLPDOV�GLG�QRW�GHPRQVWUDWH�VLJQLILFDQW�FKDQJHV�LQ�/($.�UHVSLUDWLRQ�
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ZLWK�DJLQJ��7KH�PLWRFKRQGULDO�WKHRU\�RI�DJLQJ�VXJJHVWV�WKDW�PLWRFKRQGULDO�'1$��PW'1$��

PXWDWLRQV� DFFXPXODWH� ZLWK� DGYDQFLQJ� DJH�� OHDGLQJ� WR� (76� G\VIXQFWLRQ�� LQGXFLQJ�

PLWRFKRQGULDO� XQFRXSOLQJ� DQG� SHUSHWXDWLQJ� D� YLFLRXV� F\FOH� RI� 526� DQG� IXUWKHU� '1$�

GDPDJH�����<HW��PRUH�UHFHQW�HYLGHQFH�VXJJHVWV�WKDW�PW'1$�PXWDWLRQV�PD\�QRW�DFFXPXODWH�

ZLWK� DJH�� DQG� D� ORZ� OHYHO� RI� PLWRFKRQGULDO� XQFRXSOLQJ� DQG� 526�PD\� FRQIHU� D� ORQJHYLW\�

DGYDQWDJH���������7KXV��WKHUH�PD\�EH�IHZHU�DJLQJ�UHODWHG�FKDQJHV�LQ�PLWRFKRQGULDO�XQFRXSOLQJ�

WKDQ�SUHYLRXVO\�WKRXJKW���

$V� GHPRQVWUDWHG� E\� WKH� DJLQJ�UHODWHG� LQFUHDVH� LQ� /($.�)&5�EHWZHHQ� 3URODE�IHG�

DQLPDOV�DW���PRQWKV�DQG����PRQWKV��WKH�SUHVHQFH�RI�7�'0�DIIHFWHG�DJLQJ�UHODWHG�FKDQJHV�

LQ�PLWRFKRQGULDO�XQFRXSOLQJ��(YLGHQFH�IURP�VHYHUDO�VRXUFHV�LPSOLFDWHV�PLWRFKRQGULDO�526�

DQG� R[LGDWLYH� VWUHVV� DV� D� VRXUFH� RI� GDPDJH� LQ� DJLQJ� PLWRFKRQGULD�� 6XSHUR[LGH� GDPDJHV�

PLWRFKRQGULD� WKURXJK� VHYHUDO� PHFKDQLVPV�� VXFK� DV� PLWRFKRQGULDO� '1$� GDPDJH��

GHJUDGDWLRQ� RI� UHVSLUDWRU\� SURWHLQ� FRPSOH[HV�� DQG� FKDQJHV� LQ� PHPEUDQH� SHUPHDELOLW\��

$OWKRXJK� VXSHUR[LGH� OHYHOV� LQFUHDVH� QDWXUDOO\� ZLWK� DJLQJ�� R[LGDWLYH� GDPDJH� FRXOG� EH�

H[DFHUEDWHG�E\�FKURQLF�H[SRVXUH�WR�K\SHUJO\FHPLD�RU�K\SHULQVXOLQHPLD�����)RU�H[DPSOH��DGXOW�

UDW�FDUGLRP\RF\WHV�H[SRVHG�WR�K\SHUJO\FHPLD�UHOHDVH�KLJKHU�OHYHOV�RI�VXSHUR[LGH�DQLRQ�LQWR�

WKH�H[SHULPHQWDO�PHGLD���������&RQYHUVHO\��ZRUN�E\�+RHKQ� HW�DO�� LQ�FHOOXODU�PRGHOV�RI� LQVXOLQ�

UHVLVWDQFH� KDV� GHPRQVWUDWHG� WKDW� H[FHVV� VXSHUR[LGH� IURP�&,,,� RI� WKH�(76� LV� VXIILFLHQW� WR�

LPSHGH�WUDQVORFDWLRQ�RI�*/87��WUDQVORFDWRUV�LQ�P\RWXEHV��SHUSHWXDWLQJ�LQVXOLQ�UHVLVWDQFH�����

7KLV� VXJJHVWV� WKDW� R[LGDWLYH� VWUHVV� LV� ERWK� D� SRWHQWLDO� FDXVH� DQG� FRQVHTXHQFH� RI� LQVXOLQ�

UHVLVWDQFH�� FUHDWLQJ� D� YLFLRXV� F\FOH�� ,Q� DGGLWLRQ�� GDPDJH�SURQH� DJHG� PLWRFKRQGULD� PD\�

H[SHULHQFH�DWWHQXDWLRQ�RI�VWUXFWXUDO�LQWHJULW\�RYHU�WLPH��ZKLFK�FRXOG�FRQWULEXWH�WR�WKH�GHJUHH�

RI� XQFRXSOLQJ�� 7KHUHIRUH�� R[LGDWLYH� VWUHVV� LQGXFHG� E\� 7�'0� PD\� SOD\� D� FULWLFDO� UROH� LQ�

LQGXFLQJ�DJLQJ�UHODWHG�PLWRFKRQGULDO�XQFRXSOLQJ�LQ�3URODE�IHG�15V�DW����PRQWKV���
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$�������0LWRFKRQGULDO�0HPEUDQH�,QWHJULW\�
�

7KH�TXDOLW\�RI�SUHSDUDWLRQV�XVLQJ�D�FRPELQDWLRQ�RI�PDQXDO�DQG�FKHPLFDO�PHWKRGV�WR�

SHUPHDELOL]HG� FDUGLDF� ILEUHV� ZDV� FRQILUPHG� E\� UHVXOWV� VKRZLQJ� PLQLPDO� FRQWURO� RI�

UHVSLUDWLRQ�E\�H[RJHQRXV�DGGLWLRQ�RI�F\WRFKURPH�F��+\SHUJO\FDHPLF�3URODE�IHG�DQLPDOV�DW���

PRQWKV� VKRZHG� SRRUHU� RXWHU� PHPEUDQH� LQWHJULW\� WKDQ� 0D]XUL�IHG� FRQWUROV�� 2QH� PDMRU�

GLIIHUHQFH�EHWZHHQ�3URODE�DQG�0D]XUL�15V�DW���PRQWKV� LV� WKH�SUHVHQFH�RI�K\SHUJO\FHPLD��

0LFURVFRS\�VWXGLHV�RI�DRUWLF�VPRRWK�PXVFOH�FHOO�PLWRFKRQGULD�KDYH�VKRZQ�WKDW�WKH�LQWHJULW\�

RI� WKH� RXWHU� DQG� LQQHU� PHPEUDQH� PLWRFKRQGULDO� LV� LQFUHDVLQJO\� GHJUDGHG� ZLWK� SURORQJHG�

H[SRVXUH� WR�K\SHUJO\FHPLD��ZLWK� LQYHVWLJDWRUV� UHSRUWLQJ�RXWHU�PHPEUDQH� ORVVHV� LQ� ����RI�

PLWRFKRQGULD� DIWHU� �� PRQWKV����� 7KLV� VXJJHVWV� D� VLJQLILFDQW� UROH� IRU� K\SHUJO\FHPLD� LQ�

LQFUHDVLQJ�PHPEUDQH�IUDJLOLW\���

&KDQJHV� LQ�PHPEUDQH� LQWDFWQHVV�ZHUH�DOVR�QRWHG�ZLWK�DGYDQFLQJ�DJH��ZLWK�DQ�DJH�

UHODWHG�GHFOLQH�LQ�LQWHJULW\�LQ�3URODE�IHG�DQLPDOV�DW���PRQWKV��IROORZHG�E\�DQ�LQFUHDVH�DW����

PRQWKV�� $� FHUWDLQ� GHJUHH� RI� ORVV� LQ� LQWHJULW\� RFFXUV� QDWXUDOO\� LQ� WKH� RXWHU� PLWRFKRQGULDO�

PHPEUDQH� ZLWK� DJLQJ�� EXW� RXU� UHVXOWV� VKRZ� WKH� RSSRVLWH�� DV� PHPEUDQH� LQWHJULW\� ZDV�

LQFUHDVHG�LQ�3URODE�IHG�DQLPDOV�DW����PRQWKV��+HUH��LW�LV�OLNHO\�WKDW�K\SHUJO\FHPLD�DQG�LQVXOLQ�

UHVLVWDQFH�HQKDQFHG�WKH�DJLQJ�HIIHFW�DW�DQ�HDUOLHU�DJH��PDQLIHVWLQJ�DW���PRQWKV������(YLGHQFH�

XVLQJ�FDUGLDF�PLWRFKRQGULD�IURP�LQVXOLQ�UHVLVWDQW�DJLQJ�GRJV�KDV�VKRZQ�WKDW�PLWRFKRQGULDO�

LQWHJULW\� LV� UHGXFHG� ZLWK� DJLQJ�� FRPSDUHG� WR� DFWLYLW\�PDWFKHG� \RXQJHU� FRQWUROV����� 7KH�

LQFUHDVH� LQ� LQWDFWQHVV� DW� ���PRQWKV� LV� QRW� GXH� WR� LQFUHDVHG�PLWRFKRQGULDO� FRQWHQW�� DV� ZH�

REVHUYHG� GHFUHDVHG� FLWUDWH� V\QWKDVH� DFWLYLW\� DW� ��� PRQWKV� LQ� 3URODE�IHG� DQLPDOV�� ZKLFK�

VXJJHVWV� D� GHFUHDVH� LQ� PLWRFKRQGULDO� FRQWHQW�� ,Q� DGGLWLRQ�� LW� LV� OLNHO\� QRW� GXH� WR� ORVV� RI�

K\SHUJO\FHPLF� FRQGLWLRQV�� DV� RQO\� D� VPDOO� SHUFHQWDJH� RI� 3URODE�IHG� DQLPDOV� VKRZHG�

QRUPRJO\FHPLD� DW� ��� PRQWKV�� +RZHYHU�� EHFDXVH� ZH� QRWHG� D� GHFOLQH� LQ� PLWRFKRQGULDO�
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FRQWHQW��WKLV�FRXOG�VXJJHVW�D�K\SHUJO\FHPLD�LQGXFHG�ORVV�RI�DFWLYH�PLWRFKRQGULD��7KLV�ZRXOG�

OHDYH�EHKLQG�PLWRFKRQGULD�ZKRVH�PHPEUDQHV�DUH�PRUH�UREXVW��DQG�IXQFWLRQDOO\�DGDSWHG�WR�

K\SHUJO\FHPLF� FRQGLWLRQV�� 6XSSRUW� IRU� WKLV� LGHD� ZRXOG� UHTXLUH� DGGLWLRQDO� VWXGLHV� RQ�

PLWRFKRQGULDO�VWUXFWXUDO�LQWHJULW\�LQ�FDUGLRP\RF\WHV�LQ�WKH�15��

$�������1$'+�DQG�VXFFLQDWH�SDWKZD\V��2;3+26�&DSDFLWLHV�
�

0LWRFKRQGULDO�2;3+26�FDSDFLW\�RI�WKH�1$'+�DQG�6XFFLQDWH�SDWKZD\V�ZDV�ODUJHO\�

XQGLVWXUEHG� E\� GLHWDU\� GHIHFWV� DW� DOO� WKUHH� WLPH� SRLQWV�� 7KH� RQO\� WUHQG� IRU� DSSDUHQW� GLHW�

LQGXFHG�FKDQJH�RFFXUUHG�LQ�WKH�1$'+�	�6XFFLQDWH�SDWKZD\V�H[SUHVVHG�LQ�IOX[�SHU�PJ��ZLWK�

�� PRQWK� DQLPDOV� GHPRQVWUDWLQJ� KLJKHU� 2;3+26� FDSDFLW\� WKDQ� FRQWUROV�� 7KLV� WUHQG�

LQGLFDWHG� KLJKHU� FRQYHUJHQW� HOHFWURQ� IOX[� WKURXJK� WKHVH� SDWKZD\V�� DQG� D� KLJKHU� PD[LPDO�

2;3+26�FDSDFLW\��%HFDXVH�QR�FKDQJH�LQ�FLWUDWH�V\QWKDVH�DFWLYLW\�ZDV�GHWHFWHG�LQ���PRQWK�

3URODE�IHG� DQLPDOV�� WKH� UHVXOWV� VXJJHVW� D� FKDQJH� LQ�PLWRFKRQGULDO� SURSHUWLHV� LV� UHVSRQVLEOH�

UDWKHU� WKDQ� PLWRFKRQGULDO� FRQWHQW�� $� SRVVLEOH� H[SODQDWLRQ� IRU� WKH� WUHQG� LQ� 2;3+26�

FDSDFLW\� ZLWK� FRQYHUJHQW� IORZ� WKURXJK� WKH� 1$'+� 	� 6XFFLQDWH� SDWKZD\V� LV� WKH� WLJKWHU�

PLWRFKRQGULDO� FRXSOLQJ� VHHQ� DW� ��PRQWKV� LQ�3URODE�IHG� DQLPDOV��7LJKWHU� FRXSOLQJ� VXJJHVWV�

WKDW�WKH�R[LGDWLYH�DQG�SKRVSKRU\ODWLRQ�V\VWHPV�DUH�IXQFWLRQLQJ�PRUH�HIILFLHQWO\��ZKLFK�FRXOG�

SHUPLW� D� KLJKHU�2;3+26� FDSDFLW\� E\� H[LVWLQJ�PLWRFKRQGULD��&RQWURO� RI� HOHFWURQ� WUDQVIHU�

WKURXJK� WKH� 1$'+� DQG� 6XFFLQDWH�OLQNHG� SDWKZD\� UHVWV� ODUJHO\� XSVWUHDP� ZLWK� WKH�

GHK\GURJHQDVHV�RI�WKH�7&$�F\FOH��DQG�LV�DVVRFLDWHG�ZLWK�D�FRUUHVSRQGLQJ�H[FHVV�FDSDFLW\�IRU�

GRZQVWUHDP� UHVSLUDWRU\� FRPSOH[HV���������0HDVXUHPHQW� RI�1$'+�SDWKZD\�2;3+26�ZLWK�

DGPLQLVWUDWLRQ� RI� 30� LQYROYHV� D� PHDVXUHPHQW� RI� 3'&� DFWLYLW\�� ZKLFK� GLG� QRW� VKRZ�

VLJQLILFDQW� GHIHFWV� LQ� 3URODE�IHG� 15V� DW� DQ\� DJH�� 7KLV� GLVDJUHHV� ZLWK� KLVWRULFDO� HYLGHQFH�

VXJJHVWLQJ�WKDW�LQVXOLQ�UHVLVWDQFH�DQG�'0�LV�VWURQJO\�FRUUHODWHG�ZLWK�GHFUHDVHG�DFWLYLW\�RI�WKH�

3'&�����2WKHU� VWXGLHV� DOVR� UHSRUW� D� GHFOLQH� LQ� &,� �1$'+�SDWKZD\���� DQG� &,,� �6XFFLQDWH�
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SDWKZD\���� UHVSLUDWRU\� IOX[�� ZKLFK� FRQIOLFWV� ZLWK� RXU� UHVXOWV�� ,QWHUHVWLQJO\�� QR� FKDQJH� LQ�

2;3+26�ZLWK�DGPLQLVWUDWLRQ�RI�30�ZDV�REVHUYHG�LQ�WKH�KHDUW�RI�IUXFWRVH�IHG�UDWV��GHVSLWH�

D�GHFOLQH�LQ�3'&�DFWLYLW\�����$OWKRXJK�3'&�DFWLYLW\�ZDV�QRW�GLUHFWO\�PHDVXUHG��WKLV�LQGLFDWHV�

WKDW�WKH�FRQWURO�RI�2;3+26�FDSDFLW\�PD\�QRW�EH�GHWHUPLQHG�E\�XSVWUHDP�GHK\GURJHQDVHV�

XQGHU�GLDEHWLF�FRQGLWLRQV�LQ�WKH�15��

7KH�LQFUHDVH�LQ�PLWRFKRQGULDO�FRQWHQW�VHHQ�LQ���PRQWK�3URODE�DQLPDOV�GLG�QRW�RFFXU�

ZLWK�D�FRQFXUUHQW�LQFUHDVH�LQ�PD[LPDO�2;3+26�FDSDFLW\�WKURXJK�WKH�1$'+�	�6XFFLQDWH�

SDWKZD\V�� 7KLV� LV� PDODGDSWLYH�� EHFDXVH� LQFUHDVLQJ� PLWRFKRQGULDO� FRQWHQW� ZLWKRXW� D�

VLPXOWDQHRXV� LQFUHDVH� LQ�2;3+26� FDSDFLW\� SURPRWHV� WKH� DFFXPXODWLRQ� RI�PLWRFKRQGULDO�

526�� ZLWKRXW� LPSURYLQJ� WKH� UDWH� RI� $73� SURGXFWLRQ����� $� SRVVLEOH� H[SODQDWLRQ� IRU� WKLV�

GLVFRQQHFW� EHWZHHQ�PLWRFKRQGULDO� FRQWHQW� DQG� FDSDFLW\� LV� DQ� LQFUHDVH� LQ� /($.� FDSDFLW\�

�H[SUHVVHG�LQ�IOX[�SHU�PJ��VHHQ�LQ�3URODE�IHG�DQLPDOV�DW���PRQWKV��KRZHYHU��WKLV�UHVXOW�GLG�

QRW�UHDFK�VLJQLILFDQFH��,QFUHDVHG�FDSDFLW\�IRU�/($.�UHVSLUDWLRQ�ZRXOG�UHGXFH�WKH�HIILFLHQF\�

RI� HOHFWURQ� IOX[� WKURXJK� WKH� (76�� ODUJHO\� PLWLJDWLQJ� PLWRFKRQGULDO� FDSDFLW\� IRU� LQFUHDVHG�

PD[LPDO�2;3+26���

2XU�UHVXOWV�GHPRQVWUDWH�WKDW�DJLQJ�GHIHFWV�LQ�2;3+26�FDSDFLW\�LQ�WKH�1$'+�DQG�

6XFFLQDWH�SDWKZD\V�ZHUH�SUHYHQWHG�E\�WKH�0D]XUL�GLHW��7KLV�LV�D�PDMRU�ILQGLQJ�RI�WKLV�VWXG\��

DV�15V�ZHUH�IHG�DG�OLELWXP��DQG�WKHUH�DUH�IHZ�GLHWV�WKDW�KDYH�EHHQ�VKRZQ�WR�DIIHFW�DJH�UHODWHG�

GHIHFWV� LQ� PLWRFKRQGULDO� IXQFWLRQ�� 'HIHFWV� ZHUH� REVHUYHG� SULPDULO\� LQ� WKH� 2;3+26�

FDSDFLW\�RI� WKH�1$'+�SDWKZD\� LQ�3URODE�IHG�DQLPDOV� �H[SUHVVHG�DV�IOX[�SHU�PDVV���ZLWK�D�

VLJQLILFDQW�GHFOLQH�LQ�2;3+26�FDSDFLW\�IURP���PRQWKV�DQG���PRQWKV�WR����PRQWKV��7KLV�

VXJJHVWV� WKDW� FRPSRQHQWV� RI� WKH� 1$'+� SDWKZD\� LQ� FDUGLDF� PLWRFKRQGULD� PD\� EH�

SDUWLFXODUO\�VXVFHSWLEOH�WR�DJLQJ�UHODWHG�GHIHFWV�LQ�7�'0��$Q�DGGLWLRQDO�GHFOLQH�LQ�2;3+26�

FDSDFLW\�H[SUHVVHG�LQ�IOX[�SHU�PDVV�ZDV�QRWHG�LQ�WKH�6XFFLQDWH�SDWKZD\�� IURP���PRQWKV�WR�
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��� PRQWKV�� )LQDOO\�� D� WUHQG� VXJJHVWHG� DQ� DJLQJ�UHODWHG� GHFOLQH� LQ� 1$'+� 	� 6XFFLQDWH�

SDWKZD\�2;3+26�FDSDFLW\�EHWZHHQ���PRQWK�DQG����PRQWK�3URODE�IHG�DQLPDOV��7KLV�WUHQG�

VXJJHVWV� D� UHGXFWLRQ� RI� PD[LPDO� 2;3+26�� ZKLFK� PD\� EH� H[SODLQHG� E\� WKH� FRQFXUUHQW�

GHFOLQH� LQ� WKH�2;3+26� FDSDFLWLHV� RI� WKH�1$'+� DQG� 6XFFLQDWH� SDWKZD\V� LQ� LVRODWLRQ�� ,W�

FRXOG�DOVR�EH�DWWULEXWHG�WR�WKH�DJH�UHODWHG�ORVV�RI�PLWRFKRQGULDO�FRQWHQW�VHHQ�LQ�3URODE�IHG�

DQLPDOV� DW� ���PRQWKV��1R� DJLQJ�UHODWHG� GHIHFWV� RFFXUUHG� LQ� WKHVH� SDWKZD\V� LQ�0D]XUL�IHG�

DQLPDOV���

7KHVH� NH\� ILQGLQJV�RI�RXU� VWXG\�XQGHUVFRUH� WKH� LPSDFW�GLHWDU\�KDELWV� FDQ�KDYH�RQ�

DJLQJ�UHODWHG� FKDQJHV� LQ� PLWRFKRQGULDO� IXQFWLRQ�� ,Q� WKH� ZLOG�� 15V� FRQVXPH� YHJHWDWLYH�

JUDVVHV�� VHHGV�� DQG� LQVHFWV�� EDVHG� RQ� WKHLU� VHDVRQDO� DYDLODELOLW\�� DQG� GLVWDQFH� IURP� WKH�

FRORQ\�����7KXV��WKHLU�QDWXUDO�GLHW�LV�ULFK�LQ�ILEUH�DQG�SURWHLQ��DQG�FRQWDLQV�ORZHU�DPRXQWV�RI�

IDW��7KH�3URODE�GLHW�FRQWDLQV������IDW�DQG������ILEUH��DQG�LV�FRQVLGHUHG�VWDQGDUG�FKRZ�IRU�

ODERUDWRU\� UDWV�� &RPSDUDWLYHO\�� WKH�0D]XUL�IHG� GLHW� FRQWDLQV� VLJQLILFDQWO\� OHVVHU� IDW� �������

DQG�KLJKHU� ILEUH� �������3URWHLQ� FRQWHQW� LV� HVVHQWLDOO\� HTXDO� EHWZHHQ� WKH� WZR�GLHWV� �3URODE�

�����0D]XUL� ������3URODE�IHG�15V� DUH� FRQVXPLQJ� D�KLJK� IDW�GLHW� UHODWLYH� WR� WKHLU�QDWXUDO�

GLHW�� DQG� WKLV� PD\� HQKDQFH� DJLQJ�UHODWHG� FKDQJHV� LQ� FDUGLDF� PLWRFKRQGULDO� 2;3+26�

FDSDFLW\�WKURXJK�WKH�1$'+�DQG�6XFFLQDWH�SDWKZD\V��%RWK�VKRUW�WHUP�DQG�OLIH�ORQJ�FDORULF�

UHVWULFWLRQ�KDYH�SURYHQ�EHQHILFLDO��VXFK�DV�UHGXFLQJ�HYLGHQFH�RI�OHIW�YHQWULFXODU�K\SHUWURSK\�

DQG� GLDVWROLF� G\VIXQFWLRQ�� UHGXFLQJ� IRUPDWLRQ� RI�PLWRFKRQGULDO�+�2��� DQG� UHVFXLQJ� DJLQJ�

UHODWHG�GHIHFWV�LQ�PLWRFKRQGULDO�IXQFWLRQ��VXFK�DV�GHFOLQLQJ�2;3+26�FDSDFLW\��WKXV��FDORULF�

H[FHVV�LV�D�FRQWULEXWLQJ�IDFWRU�WR�WKH�RQVHW�RI�DJLQJ�UHODWHG�PLWRFKRQGULDO�GHIHFWV���������

+LVWRULFDO�ELRHQHUJHWLF� VWXGLHV�XVLQJ� LVRODWHG�PLWRFKRQGULD� IURP� UDW�KHDUW� DQG� OLYHU�

KDYH� VKRZQ� SURJUHVVLYH� GHFOLQH� LQ� HOHFWURQ� WUDQVSRUW� DFWLYLWLHV� RI� PLWRFKRQGULDO� SURWHLQ�

FRPSOH[HV�ZLWK� DGYDQFLQJ� DJH�����0RUH� UHFHQW� ILQGLQJV�XVLQJ�KXPDQ�PXVFOH�ELRSVLHV�KDYH�
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DOVR� VKRZQ� D� GHFOLQH� LQ� PLWRFKRQGULDO� UHVSLUDWRU\� DFWLYLW\�� DVVRFLDWHG� ZLWK� D� UHGXFWLRQ� LQ�

$73� SURGXFWLRQ����� $FFRUGLQJ� WR� D� UHYLHZ� E\� /HH� DQG� :HL�� DQ� DJLQJ�UHODWHG� GHFOLQH� LQ�

PLWRFKRQGULDO� 2;3+26� FDSDFLW\� RFFXUV� LQ� SDUDOOHO� ZLWK� FKDQJHV� LQ� PLWRFKRQGULDO�

PRUSKRORJ\�� DFFXPXODWLQJ� PLWRFKRQGULDO� '1$� PXWDWLRQV�� DQG� LQFUHDVLQJ� 526� DQG�

R[LGDWLYH� GDPDJH����� )ROORZLQJ� WKH� IUHH�UDGLFDO� WKHRU\� RI� ELRORJ\�� DV� &,� LV� D� VLJQLILFDQW�

FRQWULEXWRU� WR� 526� SURGXFWLRQ�� D� VLJQLILFDQW� UHGXFWLRQ� LQ� 1$'+�SDWKZD\� 2;3+26�

FDSDFLW\�PD\�SURWHFW�15�FDUGLDF�PLWRFKRQGULD� IURP�DFFXPXODWLQJ�526�����+RZHYHU��PRUH�

UHFHQW�HYLGHQFH�VXJJHVWV�WKDW�DJLQJ�UHODWHG�PLWRFKRQGULDO�G\VIXQFWLRQ�PD\�RULJLQDWH�IURP�D�

GLIIHUHQW�XSVWUHDP�SDWKZD\��LQ�UHVSRQVH�WR�UHGXFHG�DFWLYLW\�RI�KLVWRQH�GHDFHW\ODVH�6,57������

%\� DFWLYDWLQJ� 6,57�� DFWLYLW\� ZLWK� 1$'��� *RPHV� HW� DO�� VKRZHG� VLJQLILFDQW� UHYHUVDO� RI� DQ�

DJLQJ�UHODWHG�GHFOLQH�LQ�PLWRFKRQGULDO�UHVSLUDWRU\�IXQFWLRQ�����6,57��UHJXODWHV�PLWRFKRQGULDO�

IXQFWLRQ� WKURXJK� GHDFHW\ODWLRQ� RI� 3*&�1ơ, a nuclear transcription factor implicated in 

PLWRFKRQGULDO� ELRJHQHVLV�� ,Q� H[WHQVLRQ� WR� WKHVH� ILQGLQJV�� 6KDGHO�HW�DO�� VXJJHVW� D� FDVFDGH�RI�

HYHQWV�RFFXUULQJ�LQ�WKH�QXFOHXV��LQFOXGLQJ�D�GHFOLQH�LQ�6,57��DFWLYLW\���OHDGLQJ�WR�D�GHFOLQH�LQ�

PLWRFKRQGULDO�JHQH�H[SUHVVLRQ�DQG�SRRU�2;3+26�SHUIRUPDQFH�����6,57��KDV�EHHQ�ZLGHO\�

GLVFXVVHG�DV�D�WKHUDSHXWLF�WDUJHW�IRU�7�'0�����)XUWKHU�VWXG\�LV�UHTXLUHG�WR�GHWHUPLQH�WKH�UROH�

RI�6,57��VLJQDOOLQJ�LQ�DJH�UHODWHG�FKDQJHV�LQ�2;3+26�FDSDFLW\�LQ�7�'0���

 $�������&,9�6LQJOH�6WHS�$FWLYLW\�

� � 0LWRFKRQGULDO�&,9�FDWDO\]HV�HOHFWURQ�WUDQVIHU�IURP�UHGXFHG�F\WRFKURPH�F�WR�WHUPLQDO�

R[\JHQ��SURGXFLQJ�ZDWHU�DW�WKH�ILQDO�VWDJH�RI�WKH�(76��:KHUHDV�WKHUH�ZHUH�QR�VLJQLILFDQW�

FKDQJHV�LQ�&,9�DFWLYLW\�LQ�IOX[�SHU�PJ�RI�ILEHUV��RXU�UHVXOWV�VKRZHG�VLJQLILFDQW�FKDQJHV�ZKHQ�

H[SUHVVHG�DV�)&5��$�VLJQLILFDQW�LQFUHDVH�LQ�WKH�)&5�IRU�&,9�ZDV�REVHUYHG�LQ���PRQWK�

3URODE�IHG�DQLPDOV��ZKHQ�FRPSDUHG�WR�0D]XUL�IHG�DJH�PDWFKHG�FRQWUROV��7KLV�VXJJHVWV�WKDW�
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WKHUH�ZDV�KLJKHU�FDSDFLW\��DQG�OHVVHU�FRQWURO�E\�&,9�HDUO\�LQ�WKH�SDWKRJHQHVLV�RI�7�'0�LQ�

WKH�15��$V�WKHUH�ZDV�QR�FKDQJH�LQ�PD[LPDO�2;3+26��WKH�LQFUHDVHG�FDSDFLW\�RI�&,9�IRU�

HOHFWURQ�IOX[�RFFXUUHG�LUUHVSHFWLYH�RI�PLWRFKRQGULDO�FRQWHQW��7KH�SURSRUWLRQ�DQG�DFWLYLW\�RI�

&,9�YDULHV�DFFRUGLQJ�WR�HQYLURQPHQWDO�FRQGLWLRQV�DQG�VRPH�H[SHULPHQWDO�HYLGHQFH�VXJJHVWV�

WKLV�PD\�RFFXU�WR�UHGXFH�WKH�UHOHDVH�RI�R[\JHQ�IUHH�UDGLFDOV�����8QGHU�LQFUHDVLQJO\�SUR�

R[LGDQW�FRQGLWLRQV��WKH�FDWDO\WLF�HIILFLHQF\�RI�&,9�KDV�EHHQ�VKRZQ�WR�LPSURYH������2Q�WKH�

RWKHU�HQG��UHGXFHG�&,9�FDSDFLW\�LV�DVVRFLDWHG�ZLWK�HQHUJ\�FULVLV��UHGXFHG�$73�SURGXFWLRQ���

ODFWLF�DFLGRVLV��DQG�LQFUHDVHG�IRUPDWLRQ�RI�PLWRFKRQGULDO�526�����7DUJHWHG�VWXGLHV�XVLQJ�

VWDEOH�H[SUHVVLRQ�RI�VK51$�WR�WDUJHW�&,9�VXEXQLW�P51$�KDYH�VKRZQ�WKDW�OLPLWLQJ�&,9�

FDSDFLW\�WR�����RI�QRUPDO�LV�DVVRFLDWHG�ZLWK�D�PDVVLYH�UHOHDVH�RI�526��,W�LV�ZHOO�DFFHSWHG�

WKDW�7�'0�LV�DVVRFLDWHG�ZLWK�LQFUHDVHG�FHOOXODU�OHYHOV�RI�526�DQG�R[LGDWLYH�VWUHVV��������2XU�

UHVXOWV�VKRZLQJ�DQ�LQFUHDVH�LQ�)&5�IRU�&,9�DW���PRQWKV�LQ�3URODE�IHG�DQLPDOV�VXJJHVW�DQ�

HDUO\�FRPSHQVDWRU\�PHFKDQLVP�WR�SUHYHQW�526�SURGXFWLRQ��2Q�WKH�RWKHU�KDQG��UHFHQW�

ILQGLQJV�E\�)ULGD\�HW�DO��VXJJHVW�WKDW�&,9�2;3+26�FDSDFLW\�LV�UHGXFHG�DIWHU�DV�OLWWOH�DV���

PRQWK�RI�H[SRVXUH�WR�K\SHUJO\FHPLD�DQG�LQVXOLQ�GHILFLHQF\��EXW�QR�PHDVXUHPHQWV�ZHUH�

SHUIRUPHG�DW�DQ�HDUOLHU�VWDJH�LQ�WKDW�VWXG\��WR�VKRZ�ZKDW�RFFXUUHG�SULRU�WR�WKH�RQVHW�RI�

K\SHUJO\FHPLD�����7KLV�VXJJHVWV�WKDW�K\SHUJO\FHPLD�PD\�LQGXFH�GLIIHUHQWLDO�HIIHFWV�RQ�&,9�

2;3+26��DV�15V�ZHUH�QRW�K\SHUJO\FDHPLF�DW���PRQWKV���

� � &RQWUDU\�WR�H[SHFWDWLRQV��DQ�DJLQJ�UHODWHG�FKDQJH�LQ�)&5�IRU�&,9�FDSDFLW\�RFFXUUHG�

LQ�0D]XUL�IHG�DQLPDOV��ZLWK�VWDWLVWLFDOO\�VLJQLILFDQW�LQFUHDVH�RFFXUULQJ�EHWZHHQ���PRQWKV�DQG�

��PRQWKV��DQG�D�GHFUHDVH�RFFXUULQJ�EHWZHHQ���PRQWKV�DQG����PRQWKV��,Q�FRQWUDVW��WKHUH�

ZHUH�QR�DJLQJ�UHODWHG�FKDQJHV�LQ�)&5�IRU�&,9�FDSDFLW\�LQ�3URODE�IHG�DQLPDOV��EXW�WKH�KLJK�

)&5�LQ�3URODE�IHG�DQLPDOV�DW���PRQWKV�LQGLFDWHV�WKDW�WKH�LQFUHDVH�RFFXUUHG�HDUOLHU�LQ�3URODE�

IHG�DQLPDOV�FRPSDUHG�WR�0D]XUL�IHG��+LVWRULFDO�ZRUN�E\�3DUDGLHV�HW�DO��GHPRQVWUDWHG�WKDW�
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&,9�2;3+26�FDSDFLW\�LV�UHGXFHG�LQ�WKH�FDUGLDF�PLWRFKRQGULD�RI�KHDOWK\�DJHG�UDWV��ZKLOH�

WKH�PLWRFKRQGULDO�FRQWHQW�UHPDLQHG�WKH�VDPH�����2XU�ILQGLQJV�VXJJHVW�WKDW�WKH�3URODE�GLHW�

PD\�DIIHFW�WKH�QDWXUDO�FKDQJH�LQ�&,9�FDSDFLW\�DVVRFLDWHG�ZLWK�DJLQJ��,QFUHDVLQJ�&,9�FDSDFLW\�

PD\�EH�SURWHFWLYH�LQ�WHUPV�RI�526�SURGXFWLRQ��DV�GLVFXVVHG�DERYH��+RZHYHU��UHFHQW�

ILQGLQJV�XVLQJ�NQRFNRXW�PLFH�KDYH�VKRZQ�WKDW�OLPLWLQJ�&,9�DVVHPEO\�SURPRWHV�ORQJHYLW\��

LPSURYHV�LQVXOLQ�VHQVLWLYLW\��DQG�LQFUHDVHV�H[SUHVVLRQ�RI�SHUR[LVRPH�SUROLIHUDWRU�DFWLYDWHG�

UHFHSWRU�ɣ�FRDFWLYDWRU���ơ mRNA and protein, as well as its target genes�ZKLFK�SURPRWH�

PLWRFKRQGULDO�ELRJHQHVLV�����%DVHG�RQ�WKHVH�UHFHQW�ILQGLQJV��WKH�&,9�UHVSRQVH�WR�7�'0�LQ�

WKH�15�PD\�EH�DQ�DJJUDYDWHG�LQFUHDVH�LQ�IOX[�FRQWURO�WR�FRPSHQVDWH�IRU�WKH�RQJRLQJ�

GLVUXSWLRQ�XSVWUHDP�LQ�WKH�(76���

$�����)DWW\�$FLG�%HWD�2[LGDWLRQ�
�

)$2�LQYROYHV�WKH�EUHDNGRZQ�RI�VKRUW��PHGLXP��ORQJ��DQG�YHU\�ORQJ�FKDLQ�)$V�LQWR�

WZR�FDUERQ�ERGLHV�VXFK�DV�DFHW\O�&R$��IRU�XVH�LQ�RWKHU�PHWDEROLF�SDWKZD\V�VXFK�DV�WKH�7&$�

F\FOH�� � $V� SUHYLRXVO\� VWDWHG�� )$2� LV� VLJQLILFDQW� FRQWULEXWRU� WR� FDUGLDF� R[LGDWLYH� HQHUJ\�

PHWDEROLVP�� SURYLGLQJ� XS� WR� ���� RI� FDUGLDF� $73���� 7�'0� LQGXFHV� D� ORVV� RI� PHWDEROLF�

IOH[LELOLW\�E\�WKH�KHDUW��FKDUDFWHUL]HG�E\�LQFUHDVHG�GHSHQGHQFH�RQ�)$2�DV�DQ�HQHUJ\�VRXUFH��

ZLWK�UHSRUWV�RI�XS�WR�����SURYLVLRQ�RI�FDUGLDF�$73�E\�)$2��7KLV�RFFXUV�OHVV�GXH�WR�FHOOXODU�

IDLOXUH�RI�JOXFRVH�XSWDNH��DQG�PRUH�GXH�WR�LQFUHDVLQJ�FLUFXODWLQJ�)$V��OHDYLQJ�OLWWOH�URRP�IRU�

JOXFRVH�R[LGDWLRQ����2XU�UHVXOWV�VXJJHVW�WKDW�15�KHDUWV�KDYH�D�KLJKHU�2;3+26�FDSDFLW\�IRU�

)$2� DW� �� PRQWKV� LQ� 3URODE�IHG� DQLPDOV�� DW� OHDVW� ZKHQ� XVLQJ� RFWDQR\OFDUQLWLQH� DV� WKH�

VXEVWUDWH��$�VLPLODU�WUHQG�ZDV�DOVR�REVHUYHG�ZLWK�DFHW\OFDUQLWLQH�DV�WKH�VXEVWUDWH��EXW�WKLV�GLG�

QRW�UHDFK�VLJQLILFDQFH��7KH�LPSRUWDQFH�RI�WKHVH�ILQGLQJV�LV�XQGHUVFRUHG�E\�VLPLODU�ILQGLQJV�LQ�

WKH� IUXFWRVH�IHG�PRGHO� RI� HDUO\� UHYHUVLEOH� 7�'0�� ZKLFK� VKRZHG� D� VLJQLILFDQW� LQFUHDVH� LQ�
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2;3+26�ZLWK�RFWDQR\OFDUQLWLQH��DQG�D�QRQ�VLJQLILFDQW�WUHQG�LQ�DFHW\OFDUQLWLQH�2;3+26����

7KHVH� UHVXOWV�RFFXUUHG� DIWHU� ��ZHHNV�RI� IUXFWRVH� IHHGLQJ��ZKHUHDV� WKH\�ZHUH�QRW�REVHUYHG�

XQWLO���PRQWKV�RI�DJH� LQ�3URODE�IHG�15V��6HSDUDWH�GLHWDU\�DSSURDFKHV�IRU�WKH� LQGXFWLRQ�RI�

7�'0�����J�/�IUXFWRVH�VXSSOHPHQWHG�ZDWHU�YHUVXV�VWDQGDUG�UDW�FKRZ��LQ�WKHVH�VWXGLHV�PD\�

DFFRXQW� IRU� WKLV� GLIIHUHQFH���� 2XU� UHVXOWV� VKRZLQJ� QR� FKDQJH� LQ� R[LGDWLRQ� ZLWK�

SDOPLWR\OFDUQLWLQH� SUHVHQW� WKH� SRVVLELOLW\� WKDW� WKH� FKDQJH� LQ� 2FW&DU� R[LGDWLRQ� LV� GXH� WR�

YDULDWLRQ� LQ� FDUQLWLQH� WUDQVORFDVH� RU� FDUQLWLQH� SDOPLWR\OWUDQVIHUDVH� ,,� �&37,,��� ZKLFK� DUH�

QHFHVVDU\�IRU�WKH�R[LGDWLRQ�RI�ERWK�ORQJ�DQG�PHGLXP�FKDLQ�IDWW\�DFLGV��&DUQLWLQH�WUDQVORFDVH�

LV� UHVSRQVLEOH� IRU� VKXWWOLQJ� DF\OFDUQLWLQH� DQG� FDUQLWLQH� LQ� WKH� PLWRFKRQGULRQ�� DQG� &37,,�

FRQYHUWV� LPSRUWHG� DF\OFDUQLWLQHV� EDFN� LQWR� IDWW\� DF\O� &R$� PROHFXOHV�� ZKLFK� VHUYH� DV�

VXEVWUDWHV�IRU�)$2����2[LGDWLRQ�RI�RFWDQR\OFDUQLWLQH�DOVR�RFFXUV�WKURXJK�DFWLYDWLRQ�RI�UDWH�

OLPLWLQJ� HQ]\PH� PHGLXP�FKDLQ� DF\O�&R$� GHK\GURJHQDVH� �0&$'��� 0&$'� DFWLYLW\� LV�

UHSRUWHGO\� LQFUHDVHG� LQ� VNHOHWDO�PXVFOHV�RI�KLJK�IDW�IHG�:LVWDU� UDWV��REHVH�=XFNHU� UDWV�� DQG�

GE�GE�PLFH�����+RZHYHU��LW�LV�XQFOHDU�ZKHWKHU�VLPLODU�FKDQJHV�DULVH�LQ�WKH�GLDEHWLF�KHDUW�RI�WKH�

15��

,Q� FRQFRUGDQFH� ZLWK� RXU� UHVXOWV�� HYLGHQFH� IURP� RWKHU� DQLPDO� PRGHOV� RI� 7�'0�

LQGXFHG� E\� VKRUW�WHUP� KLJK� IDW� IHHGLQJ� LQGLFDWH� WKDW� )$2� LV� LQFUHDVHG� DW� HDUO\� VWDJHV� RI�

GLVHDVH�GHYHORSPHQW�������������+RZHYHU�� DW� D�PRUH� DGYDQFHG� VWDJH�RI�7�'0�� UDWHV�RI�)$2�

WHQG� WR� GHFOLQH�� DV� VKRZQ� LQ� VWXGLHV� RI� VNHOHWDO�PXVFOH� IURP� UDWV����� DQG�KXPDQV����$JLQJ�

UHODWHG�FKDQJHV�LQ�FDUGLDF�PLWRFKRQGULD�DUH�VHOHFWLYHO\�ORFDOL]HG�WR�LQWHUILEULOODU�PLWRFKRQGULD�

�,)0���ZKHUHDV�VXEVDUFROHPPDO�PLWRFKRQGULD��660��DSSHDU�PRUH�UHVLVWDQW�WR�DJLQJ�UHODWHG�

FKDQJHV� WR� R[LGDWLYH� SKRVSKRU\ODWLRQ����� 2XU� VWXG\� GLG� QRW� VHOHFWLYHO\� LVRODWH� VXEW\SHV� RI�

FDUGLDF�PLWRFKRQGULD�� ,QWHUHVWLQJO\�� DQ�DJLQJ�UHODWHG�GHFOLQH� LQ�2;3+26�FDSDFLW\� IRU� IDWW\�

DFLGV�ZDV�QRW�REVHUYHG�LQ�3URODE�IHG�DQLPDOV��7KH�DJH�UHODWHG�FKDQJH�ZDV�RQO\�REVHUYHG�LQ�
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0D]XUL�IHG� DQLPDOV�� OHDGLQJ� WR� D� KLJKHU� UDWH� RI� RFWDQR\OFDUQLWLQH� R[LGDWLRQ� DW� �� PRQWKV�

FRPSDUHG�WR�ERWK���PRQWKV�DQG����PRQWKV��7KH�SUHVHUYDWLRQ�RI�)$2�WKURXJKRXW�WKH�DJH�

UDQJH� LQ� 3URODE�IHG� DQLPDOV� PD\� VHUYH� D� PLOG� SURWHFWLYH� UROH�� DV� DJLQJ� GHIHFWV� LQ� FDUGLDF�

PLWRFKRQGULD� DUH� SUREDEOH� FRQWULEXWRUV� WR� FKURQLF� R[LGDWLYH� LQMXU\�� VXFK� DV� LQFUHDVHG�

JHQHUDWLRQ�RI�+�2��DQG�R[\JHQ�UDGLFDOV�����+RZHYHU��LW�LV�PRUH�OLNHO\�WKDW�FKURQLF�)$2�OHDGV�

WR�H[FHVV�FLUFXODWLQJ�UHGXFLQJ�HTXLYDOHQWV�RI�1$'+�DQG�)$'+���SURYLGLQJ�HOHFWURQV�WR�WKH�

1$'+�SDWKZD\� DQG�4�F\FOH�� UHVSHFWLYHO\����� 7KLV� LQFUHDVHV� WKH� UHGXFWLRQ�SRWHQWLDO� RI� WKH�

(76� DQG� SURPRWHV� HOHFWURQ� OHDNDJH� WR� DGDSWLYHO\� GLVVLSDWH� WKH� ULVLQJ� PLWRFKRQGULDO�

PHPEUDQH�SRWHQWLDO��OHDGLQJ�WR�WKH�IRUPDWLRQ�RI�VXSHUR[LGHV�IURP�&,�DQG�IDYRULQJ�UHGXFHG�

XELTXLQRO� RYHU� XELTXLQRQH����� ([FHVV� )$'+�� IURP� IDWW\� DFLG� VXEVWUDWHV� SURPRWHV� WKH�

IRUPDWLRQ� RI� VXSHUR[LGH� DW� WKH�4� F\FOH� E\�� ��� UHGXFLQJ� WKH� DYDLODELOLW\� RI� XELTXLQRQH� IRU�

HOHFWURQ�UHFHLSW�IURP�&,�����SURPRWLQJ�UHYHUVH�HOHFWURQ�WUDQVIHU�WR�&,��OHDGLQJ�WR�OHDNDJH�RI�

HOHFWURQV��DQG���LQFUHDVLQJ�WKH�GULYLQJ�IRUFH�IRU�HOHFWURQ�IOX[�WKURXJK�&,,,������%DVHG�RQ�WKLV�

HYLGHQFH��FKURQLF�PDLQWHQDQFH�RI�KLJK�)$2�UDWHV�LV�OLNHO\�D�PDODGDSWLYH�FKDQJH�RFFXUULQJ�LQ�

WKH�FDUGLDF�PLWRFKRQGULD�RI�3URODE�IHG�DQLPDOV��ZKLFK�FRQWULEXWHV�LQFUHDVHG�R[LGDWLYH�VWUHVV�

LQ�WKH�KHDUW��)XWXUH�DFRQLWDVH�DFWLYLW\�VWXGLHV�LQ�WKH�15�KHDUW�ZLOO�SURYLGH�D�FOHDUHU�LPDJH�RI�

WKH�UHGR[�HQYLURQPHQW�RI�WKH�15�KHDUW���

$�����6LJQLILFDQFH��
�

7DNHQ� WRJHWKHU��RXU� VDOLHQW� ILQGLQJV� VXJJHVW� WKDW� WKHUH� LV�GLVFHUQDEOH�PLWRFKRQGULDO�

G\VIXQFWLRQ�RFFXUULQJ�HDUO\�LQ�WKH�SDWKRJHQHVLV�RI�7�'0�LQ�WKH�15�KHDUW��SULRU�WR�WKH�RQVHW�

RI�K\SHUJO\FHPLD��,W�LV�UHPDUNDEOH�WKDW�SRRU�GLHWDU\�KDELWV�PD\�PDQLIHVW�DV�HDUO\�DV���PRQWKV��

DQG� LOOXVWUDWH�KRZ�UDSLGO\�PHWDEROLF� DGDSWDWLRQV� VWDUW� WR�RFFXU�� �2XU� UHVXOWV�SURYLGH�QRYHO�

FRQWULEXWLRQV�WR�WKH�VWXG\�RI�$��QLORWLFXV��DQG�SURYLGH�SUHOLPLQDU\�HYLGHQFH�WKDW�WKH�15�PD\�

VHUYH�DV�D�XVHIXO�H[SHULPHQWDO�PRGHO�IRU�WKH�VWXG\�RI�FDUGLDF�GHUDQJHPHQWV�LQ�7�'0�� �:H�
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VKRZ�SUHOLPLQDU\�HYLGHQFH�RI�HDUO\�LQGLFHV�RI�GLDVWROLF�G\VIXQFWLRQ�RFFXUULQJ�LQ�WKH�15�DW����

PRQWKV� RI� DJH�� )XUWKHUPRUH�� RXU� UHVXOWV� KDYH� SURYLGHG� D� GHHSHU� XQGHUVWDQGLQJ� RI� WKH�

PLWRFKRQGULDO� IXQFWLRQDO� GHIHFWV� RFFXUULQJ� GXULQJ� WKH� SURJUHVVLRQ� RI� 7�'0� LQ� WKH� 15��

*LYHQ� WKH� LQFUHDVLQJ� SUHYDOHQFH� RI� 7�'0� ZRUOGZLGH�� WKHVH� UHVXOWV� HPSKDVL]H� WKH�

LPSRUWDQFH� RI� SUHYHQWLQJ� WKH� RQVHW� RI� HDUO\� FKDQJHV�� WR� SUHYHQW� ODWHU� GLVHDVH� SURJUHVVLRQ��

7KHUDSHXWLF� LPSOLFDWLRQV� RI� WKLV� VWXG\� HPSKDVL]H� PLWRFKRQGULDO� VWUXFWXUHV� DV� SRWHQWLDO�

WKHUDSHXWLF�WDUJHWV��DV�WKHUDSLHV�WDUJHWLQJ�PLWRFKRQGULD�PD\�SURYLGH�QRYHO�PHDQV�WR�WUHDW�RU�

PLQLPL]H�GLDEHWHV�FRPSOLFDWLRQV��

$�����/LPLWDWLRQV�
�
7KH�LQWHUSUHWDWLRQ�RI�ILQGLQJV�RI�WKLV�VWXG\�PD\�EH�DIIHFWHG�E\�WKH�IROORZLQJ�OLPLWDWLRQV��

��� 2XU�15�FRORQ\�RULJLQDWHG� IURP���� DQLPDOV�� EURXJKW� IURP�$IULFD� IRU� WKH� VWXG\�RI�

FLUFDGLDQ�UK\WKP��$OWKRXJK�ZH�DVVXPH�UDQGRP�JHQHWLF�GLYHUVLW\� LQ�RXU�FRORQ\�� LW� LV�

QHFHVVDU\�WR�DFNQRZOHGJH�WKH�SRVVLELOLW\�RI�LQEUHHGLQJ��DQG�WKH�HIIHFW�LW�PD\�KDYH�RQ�

WKH�SUHVHQWDWLRQV�RI�WKH�SKHQRW\SHV�ZH�KDYH�UHSRUWHG���

��� 2XU�PHWDEROLF� DQG� UHVSLURPHWU\� H[SHULPHQWV�KDG� ORZ�Q�QXPEHUV��ZKLFK�PD\� OLPLW�

RXU�DELOLW\�WR�DFFXUDWHO\�GHWHFW�GLIIHUHQFH�EHWZHHQ�JUXRSV�

��� 7R�RXU�NQRZOHGJH��HFKRFDUGLRJUDSKLF�DVVHVVPHQW�RI�15V�KDV�QHYHU�EHHQ�DWWHPSWHG�

SULRU� WR� WKLV� VWXG\�� (FKRFDUGLRJUDSKLF� DVVHVVPHQW� ZDV� YHU\� FKDOOHQJLQJ�� DV� EDUUHO�

FKHVW�RI�WKH�15�GLVSODFHG�WKH�KHDUW�IURP�WKH�DQWLFLSDWHG�ORFDWLRQ���

��� $Q�LQWHUPHGLDWH�VL]HG�HFKRFDUGLRJUDSK\�SUREH�ZRXOG�KDYH�SURYLGHG�FOHDUHU� LPDJHV�

IRU�DQDO\VLV��KRZHYHU��WKLV�ZDV�QRW�DYDLODEOH�DW�WKH�WLPH�RI�VWXG\���

��� $QLPDOV�ZHUH�QRW� IDVWHG�SULRU� WR�HFKRFDUGLRJUDSKLF�DVVHVVPHQW�� VR� LW� LV�GLIILFXOW� WR�

VSHFXODWH�RQ�WKHLU�PHWDEROLF�FRQGLWLRQV�DW�WKH�WLPH�RI�HFKR�PHDVXUHPHQWV��
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��� $GGLWLRQDO�HFKRFDUGLRJUDSKLF�VWXGLHV�XVLQJ�DGGLWLRQDO�15V�DUH�QHFHVVDU\�WR�FRQILUP�

WKH�H[LVWHQFH�RI�FDUGLDF�IXQFWLRQDO�FKDQJHV�LQ�3URODE�IHG�DQLPDOV���

��� 6HULDO�PHDVXUHPHQW�RI�)%*�ZRXOG�SURYLGH�D�PRUH�FRPSUHKHQVLYH�PHWDEROLF�SLFWXUH�

RI�WKH�15�SURJUHVVLRQ�LQWR�7�'0��KRZHYHU��WKLV�ZDV�QRW�DWWHPSWHG�WR�DYRLG�XQGXH�

VWUHVV�RQWR�15V�IURP�IUHTXHQW�KDQGOLQJ��

��� �

$�����)XWXUH�'LUHFWLRQV�
�

,Q�UHVSRQVH�WR�WKH�OLPLWDWLRQV�OLVWHG�DERYH��WKH�6DXYp�ODERUDWRU\�LV�FXUUHQWO\�SODQQLQJ�

WR� XQGHUWDNH� DGGLWLRQDO� H[SHULPHQWV� LQ� VXSSRUW� RI� WKHVH� ILQGLQJV� LQ� 15� FDUGLDF�

PLWRFKRQGULD��7KHVH�PD\�LQFOXGH��

��� (FKRFDUGLRJUDSKLF�DVVHVVPHQWV�RI�15V�DW�DGGLWLRQDO�WLPH�SRLQWV��WR�SURYLGH�D�PRUH�

FRPSUHKHQVLYH�SURILOH�RI�FDUGLDF�IXQFWLRQ�LQ�WKHVH�DQLPDOV��

��� 0HDVXUHPHQWV� RI� R[LGDWLYH� VWUHVV� LQ� FDUGLDF� WLVVXHV�� VXFK� DV� DVVD\V� IRU� DFRQLWDVH�

HQ]\PDWLF�DFWLYLW\��RU���K\GUR[\QRQHQDO��+1(��VWDLQLQJ�WR�SURYLGH�DQ�LQGLFDWLRQ�RI�

WKH� R[LGDWLYH� HQYLURQPHQW� RI� FDUGLDF� PLWRFKRQGULD� DW� HDFK� VWDJH� RI� GLVHDVH�

SURJUHVVLRQ��

��� �([DPLQDWLRQV� RI�PLWRFKRQGULDO� HQ]\PH� FRQWHQW� DQG� DFWLYLW\� �VSHFLILF� WR�PHGLXP��

DQG� ORQJ�FKDLQ� )$2��� DV� DQ� DYHQXH� WR� H[SODLQ� WKH� LQFUHDVH� LQ� RFWDQR\OFDUQLWLQH�

R[LGDWLRQ�VHHQ�DW���PRQWKV��

��� $� VHULHV� RI� KLJK� UHVROXWLRQ� UHVSLURPHWU\� SURWRFROV� SHUIRUPHG� XVLQJ� SHUPHDELOL]HG�

FDUGLDF� ILEUHV� DW� DGGLWLRQDO� WLPH� SRLQWV� �15V� \RXQJHU� WKDQ� �� PRQWKV�� DQG�

LQWHUPHGLDWH� WR� �� DQG� ���PRQWKV��� WR� UHYHDO� FKDQJHV� LQ�PLWRFKRQGULDO� IXQFWLRQ� DV�

WKH\�RFFXU�LQ�D�ORQJLWXGLQDO�PDQQHU��



� ͹Ͷ�

��� 0HDVXULQJ� H[SUHVVLRQ� RI� VLJQDOOLQJ� SDWKZD\� FRPSRQHQWV�� VXFK� DV� VLUWXLQV�� FRXOG�

SURYLGH�FODULW\�RQ�WKH�PHFKDQLVWLF�SURJUHVVLRQ�RI�7�'0�LQ�WKH�15��
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5()(5(1&(6�
�
��� ,QWHUQDWLRQDO�'LDEHWHV�)HGHUDWLRQ��,')�'LDEHWHV�$WODV����������

��� 'XGOH\��3��'LDEHWHV�LQ�&DQDGD��6WULGH���������

��� 3LFNXS��-��&��	�:LOOLDPV��*��7H[WERRN�RI�'LDEHWHV��,QWHUQDO�0HGLFLQH�����:LOH\�%ODFNZHOO��

�������

��� &OLQLFDO�3UDFWLFH�*XLGHOLQHV��&DQ��-��'LDEHWHV�����������������

��� <X��+��HW�DO��,QLWLDWLQJ�&KDUDFWHULVWLFV�RI�(DUO\�RQVHW�7\SH���'LDEHWHV�0HOOLWXV�LQ�

&KLQHVH�3DWLHQWV��&KLQ��0HG��-���(QJO��������������������

��� 5RQDOG�*ROGHQEHUJ�0'��)5&3&��)$&(��=XELQ�3XQWKDNHH�0'��06F��)��&'$�

&OLQLFDO�3UDFWLFH�*XLGHOLQHV���&KDSWHU����'HILQLWLRQ��&ODVVLILFDWLRQ�DQG�'LDJQRVLV�RI�

'LDEHWHV��3UHGLDEHWHV�DQG�0HWDEROLF�6\QGURPH��&DQ�-�'LDEHWHV�������������$YDLODEOH�

DW��KWWS���JXLGHOLQHV�GLDEHWHV�FD�EURZVH�&KDSWHU����$FFHVVHG����WK�-DQXDU\�������

��� =KDQJ��;��HW�DO��$�&�OHYHO�DQG�)XWXUH�5LVN�RI�'LDEHWHV��$�V\VWHPDWLF�UHYLHZ��'LDEHWHV�

&DUH���������–�������������

��� %RRWK��*��HW�DO��3KDUPDFRORJLF�0DQDJHPHQW�RI�7\SH���'LDEHWHV�������,QWHULP�

8SGDWH��&DQ��-��'LDEHWHV��������–������������

��� +HDI��-��0HWIRUPLQ�LQ�FKURQLF�NLGQH\�GLVHDVH��WLPH�IRU�D�UHWKLQN���������–������������

���� %URZQOHH��0��	�%URZQOHH��%LRFKHPLVWU\�DQG�PROHFXODU�FHOO�ELRORJ\�RI�GLDEHWLF�

FRPSOLFDWLRQV��1DWXUH���������–�����������

���� $\GHQL]��$���*XUVR\��6��	�*XQH\��(��:KLFK�PXVFXORVNHOHWDO�FRPSOLFDWLRQV�DUH�PRVW�

IUHTXHQWO\�VHHQ�LQ�W\SH���GLDEHWHV�PHOOLWXV"�-��,QW��0HG��5HV���������–������������

���� +X[OH\��5���$QVDU\�0RJKDGGDP��$���%HUULQJWRQ�GH�*RQ]iOH]��$���%DU]L��)��	�

:RRGZDUG��0��7\SH�,,�GLDEHWHV�DQG�SDQFUHDWLF�FDQFHU��D�PHWD�DQDO\VLV�RI����VWXGLHV��

%U��-��&DQFHU���������–�����������
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���� +X��)��%��HW�DO��3URVSHFWLYH�VWXG\�RI�DGXOW�RQVHW�GLDEHWHV�PHOOLWXV��W\SH����DQG�ULVN�RI�
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���� 'DENRZVNL��(��5��HW�DO��0LWRFKRQGULDO�G\VIXQFWLRQ�LQ�WKH�W\SH���GLDEHWLF�KHDUW�LV�

DVVRFLDWHG�ZLWK�DOWHUDWLRQV�LQ�VSDWLDOO\�GLVWLQFW�PLWRFKRQGULDO�SURWHRPHV��$P��-��3K\VLRO��

+HDUW�&LUF��3K\VLRO�������+���–+������������

���� $QGHUVRQ��(��-��HW�DO��6XEVWUDWH�6SHFLILF�'HUDQJHPHQWV�LQ�0LWRFKRQGULDO�0HWDEROLVP�

DQG�5HGR[�%DODQFH�LQ�WKH�$WULXP�RI�WKH�7\SH���'LDEHWLF�+XPDQ�+HDUW��-��$P��&ROO��

&DUGLRO����������–�������������

���� /RSDVFKXN��*��'���8VVKHU��-��5���)ROPHV��&��'��/���-DVZDO��-��6��	�67$1/(<��:��&��

0\RFDUGLDO�)DWW\�$FLG�0HWDEROLVP�LQ�+HDOWK�DQG�'LVHDVH��3K\VLRO��5HY���������–����

��������

���� %HONH��'��'���/DUVHQ��7��6���*LEEV��(��0��	�6HYHUVRQ��'��/��$OWHUHG�PHWDEROLVP�

FDXVHV�FDUGLDF�G\VIXQFWLRQ�LQ�SHUIXVHG�KHDUWV�IURP�GLDEHWLF��GE�GE��PLFH��$P��-��

3K\VLRO��(QGRFULQRO��0HWDE�������(����–(�������������

���� .ROLDNL��&��	�5RGHQ��0��$OWHUDWLRQV�RI�0LWRFKRQGULDO�)XQFWLRQ�DQG�,QVXOLQ�6HQVLWLYLW\�

LQ�+XPDQ�2EHVLW\�DQG�'LDEHWHV�0HOOLWXV��$QQX�5HY�1XWU��–�����������

GRL���������DQQXUHY�QXWU���������������

���� &DUOH\��$��1��	�6HYHUVRQ��'��/��)DWW\�DFLG�PHWDEROLVP�LV�HQKDQFHG�LQ�W\SH���GLDEHWLF�

KHDUWV��%LRFKHP��%LRSK\V��$FWD����������–������������

���� 1LVKLNDZD��7��HW�DO��1RUPDOL]LQJ�PLWRFKRQGULDO�VXSHUR[LGH�SURGXFWLRQ�EORFNV�WKUHH�

SDWKZD\V�RI�K\SHUJO\FDHPLF�GDPDJH��1DWXUH���������–������������

���� 9D]TXH]��(��-��HW�DO��0LWRFKRQGULDO�FRPSOH[�,�GHIHFW�DQG�LQFUHDVHG�IDWW\�DFLG�R[LGDWLRQ�

HQKDQFH�SURWHLQ�O\VLQH�DFHW\ODWLRQ�LQ�WKH�GLDEHWLF�KHDUW��&DUGLRYDVF��5HV����������–����
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���� <X��7���5RERWKDP��-��	�<RRQ��<��,QFUHDVHG�SURGXFWLRQ�RI�UHDFWLYH�R[\JHQ�VSHFLHV�LQ�

K\SHUJO\FHPLF�FRQGLWLRQV�UHTXLUHV�G\QDPLF�FKDQJH�RI�PLWRFKRQGULDO�PRUSKRORJ\��

3URF��1DWO��$FDG��6FL��8��6��$�����������–�������������

���� <DQ��:��HW�DO��,PSDLUHG�PLWRFKRQGULDO�ELRJHQHVLV�GXH�WR�G\VIXQFWLRQDO�DGLSRQHFWLQ�

$03.�3*&���D�VLJQDOLQJ�FRQWULEXWLQJ�WR�LQFUHDVHG�YXOQHUDELOLW\�LQ�GLDEHWLF�KHDUW��

%DVLF�5HV��&DUGLRO��������–�����������

���� +�WWHU��(���8QWHUOXJJDXHU��+���*DUHGHZ��$���-DQVHQ�'�UU��3��	�*QDLJHU��(��+LJK�

UHVROXWLRQ�UHVSLURPHWU\�D�PRGHUQ�WRRO�LQ�DJLQJ�UHVHDUFK��([S��*HURQWRO���������–����

��������

���� *QDLJHU��(��3RODURJUDSKLF�2[\JHQ�6HQVRUV��WKH�2[\JUDSK��DQG�+LJK�5HVROXWLRQ�

5HVSLURPHWU\�WR�$VVHVV�0LWRFKRQGULDO�)XQFWLRQ��'UXJ�,QGXFHG�0LWRFKRQGULDO�'\VIXQFW��

���–������������GRL�����������������������FK���

���� *QDLJHU��(��7KH�2[\JUDSK�IRU�+LJK�5HVROXWLRQ�5HVSLURPHWU\��+55���0LWRFKRQGULDO�

3K\VLRO��1HWZ������–�����������

���� ,VODP��0��6��	�:LOVRQ��5��'��([SHULPHQWDOO\�LQGXFHG�URGHQW�PRGHOV�RI�W\SH���GLDEHWHV��0HWKRGV�

LQ�PROHFXODU�ELRORJ\��&OLIWRQ��1�-����������������

���� -RQHV��6��3��HW�DO��5HSHUIXVLRQ�LQMXU\�LV�QRW�DIIHFWHG�E\�EORFNDGH�RI�3�VHOHFWLQ�LQ�WKH�

GLDEHWLF�PRXVH�KHDUW�DUH�ORVW�LQ�WKH�VHWWLQJ�RI�REHVLW\�DQG�GLDEHWHV��3K\VLRO��$P�-�&LUF��

+HDU�����–������������

���� 5HUXS��&��&��'UXJV�SURGXFLQJ�GLDEHWHV�WKURXJK�GDPDJH�RI�WKH�LQVXOLQ�VHFUHWLQJ�FHOOV��

3KDUPDFRO��5HY���������–������������

���� 6]NXGHOVNL��7��7KH�PHFKDQLVP�RI�DOOR[DQ�DQG�VWUHSWR]RWRFLQ�DFWLRQ�LQ�%�FHOOV�RI�WKH�

UDW�SDQFUHDV��3K\VLRO��5HV���������–������������
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����� 5HHG��0��-��HW�DO��$�QHZ�UDW�PRGHO�RI�W\SH���GLDEHWHV��7KH�IDW�IHG��VWUHSWR]RWRFLQ�

WUHDWHG�UDW��0HWDEROLVP����������–�������������

����� 1RGD��.��HW�DO��$Q�DQLPDO�PRGHO�RI�VSRQWDQHRXV�PHWDEROLF�V\QGURPH��1LOH�JUDVV�UDW��

)$6(%�-����������–�������������

����� 5DELX��6��	�5RVH��5��.��$�TXDQWLWDWLYH�VWXG\�RI�GLHW�LQ�WKUHH�VSHFLHV�RI�URGHQWV�LQ�

QDWXUDO�DQG�LUULJDWHG�VDYDQQD�ILHOGV��$FWD�7KHULRO���:DUV]���������–�����������

����� 6FKUDGHU��-��$���:DODV]F]\N��(��-��	�6PDOH��/��&KDQJLQJ�SDWWHUQV�RI�GDLO\�UK\WKPLFLW\�

DFURVV�UHSURGXFWLYH�VWDWHV�LQ�GLXUQDO�IHPDOH�1LOH�JUDVV�UDWV��$UYLFDQWKLV�QLORWLFXV���

3K\VLRO��%HKDY���������–������������

����� &DVWLOOR�5XL]��$���1L[RQ��-��3���6PDOH��/��	�1XQH]��$��$��1HXUDO�DFWLYDWLRQ�LQ�DURXVDO�

DQG�UHZDUG�DUHDV�RI�WKH�EUDLQ�LQ�GD\�DFWLYH�DQG�QLJKW�DFWLYH�JUDVV�UDWV��1HXURVFLHQFH������

���–������������

����� %REX��&��HW�DO��3KRWRUHFHSWRU�2UJDQL]DWLRQ�DQG�5K\WKPLF�3KDJRF\WRVLV�LQ�WKH�1LOH�

5DW�$UYLFDQWKLV�$QVRUJHL��$�1RYHO�'LXUQDO�5RGHQW�0RGHO�IRU�WKH�6WXG\�RI�&RQH�

3DWKRSK\VLRORJ\��,QYHVW�2SKWKDOPRO�9LV�6FL���������–�������������

����� &KDDER��)���3URQF]XN��$���0DVORYD��(��	�+D\HV��.��1XWULWLRQDO�FRUUHODWHV�DQG�

G\QDPLFV�RI�GLDEHWHV�LQ�WKH�1LOH�UDW��$UYLFDQWKLV�QLORWLFXV���D�QRYHO�PRGHO�IRU�GLHW�

LQGXFHG�W\SH���GLDEHWHV�DQG�WKH�PHWDEROLF�V\QGURPH��1XWU��0HWDE���/RQG�����������������

����� <DQJ�.��*RW]PDQQ�-��.XQ\�6��+XDQJ�+��6DXYH�<��&��&��)LYH�VWDJHV�RI�SURJUHVVLYH�EHWD�FHOO�

G\VIXQFWLRQ�LQ�WKH�ODERUDWRU\�1LOH�UDW�PRGHO�RI�W\SH������������

����� :HLU��*��&��	�%RQQHU�:HLU��6��)LYH�RI�VWDJHV�RI�HYROYLQJ�EHWD�FHOO�G\VIXQFWLRQ�GXULQJ�

SURJUHVVLRQ�WR�GLDEHWHV��'LDEHWHV�������������

����� *ROGVWHLQ��5��(��HW�DO��(IIHFWV�RI�FKURQLF�HOHYDWLRQ�LQ�SODVPD�FRUWLVRO�RQ�KHSDWLF�

FDUERK\GUDWH�PHWDEROLVP��$P��-��3K\VLRO��(QGRFULQRO��0HWDE����������
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����� +DQ��:��+��HW�DO��0RGLILFDWLRQV�LQ�5HWLQDO�0LWRFKRQGULDO�5HVSLUDWLRQ�3UHFHGH�7\SH���

'LDEHWHV�DQG�3URWUDFWHG�0LFURYDVFXODU�5HWLQRSDWK\�H��,QYHVWLJ��2SKWKDOPRO��9LV��6FL���–

�����������GRL���������LRYV����������

����� 'ROLQVN\��9��:��HW�DO��%RWK�DHURELF�H[HUFLVH�DQG�UHVYHUDWURO�VXSSOHPHQWDWLRQ�DWWHQXDWH�

GR[RUXELFLQ�LQGXFHG�FDUGLDF�LQMXU\�LQ�PLFH��$P��-��3K\VLRO��(QGRFULQRO��0HWDE����������–
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����� 'ROLQVN\��9��:��HW�DO��&DORULH�5HVWULFWLRQ�3UHYHQWV�+\SHUWHQVLRQ�DQG�&DUGLDF�

+\SHUWURSK\�LQ�WKH�6SRQWDQHRXVO\�+\SHUWHQVLYH�5DW��+\SHUWHQVLRQ��������–������������

����� /HPLHX[��+���6HPVURWK��6���$QWUHWWHU��+���+|IHU��'��	�*QDLJHU��(��0LWRFKRQGULDO�

UHVSLUDWRU\�FRQWURO�DQG�HDUO\�GHIHFWV�RI�R[LGDWLYH�SKRVSKRU\ODWLRQ�LQ�WKH�IDLOLQJ�KXPDQ�

KHDUW��,QW��-��%LRFKHP��&HOO�%LRO����������–�����������

����� /HPLHX[��+���%OLHU��3��8��	�*QDLJHU��(��5HPRGHOLQJ�SDWKZD\�FRQWURO�RI�

PLWRFKRQGULDO�UHVSLUDWRU\�FDSDFLW\�E\�WHPSHUDWXUH�LQ�PRXVH�KHDUW ��HOHFWURQ�IORZ�

WKURXJK�WKH�4�MXQFWLRQ�LQ�SHUPHDELOL]HG�ILEHUV��6FL��5HS���–�����������

GRL���������V������������������

����� 6DNV��9��$��0LWRFKRQGULDO�UHVSLUDWRU\�SDUDPHWHUV�LQ�FDUGLDF�WLVVXH ��D�QRYHO�PHWKRG�RI�

DVVHVVPHQW�E\�XVLQJ�VDSRQLQ�VNLQQHG�ILEHUV�9ODGLPLU�,���9HNVOHU���$QGUH\�9���

.X]QHWVRY���9LFWRU�*���6KDURY���9DOHU\�,���.DSHONR��%LRFKHP��%LRSK\V��$FWD���������–
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����� *QDLJHU��(���.X]QHWVRY��$�9���6FKQHHEHUJHU��6���6HLOHU��5���%UDQGDFKHU��*���6WHXUHU��

:���0DUJUHLWHU��5��LQ�/LIH�LQ�WKH�&ROG����–�����6SULQJHU�%HUOLQ�+HLGHOEHUJ���������

����� 3HVWD��'��	�*QDLJHU��(��0LWRFKRQGULDO�%LRHQHUJHWLFV���������������

����� *QDLJHU��(���/DVVQLJ��%���.X]QHWVRY��$���5HLJHU��*���0��5��0LWRFKRQGULDO�2[\JHQ�

$IILQLW\��5HVSLUDWRU\�)OX[�&RQWURO��DQG�([FHVV�&DSDFLW\�RI�&\WRFKURPH�F�R[LGDVH��-��
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VWDWHV�DQG�UHVSLUDWRU\�FRQWURO�LQ�PRXVH�DQG�EHHI�KHDUW�PLWRFKRQGULD�DW�VWHDG\�VWDWH�

OHYHOV�RI�K\SR[LD��-��$SSO��3K\VLRO�����������–�������������

����� 6DODEHL��-��.���*LEE��$��$��	�+LOO��%��*��&RPSUHKHQVLYH�PHDVXUHPHQW�RI�UHVSLUDWRU\�

DFWLYLW\�LQ�SHUPHDELOL]HG�FHOOV�XVLQJ�H[WUDFHOOXODU�IOX[�DQDO\VLV��1DW��3URWRF��������–����
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����� 3DSDPDQGMDULV��$��$���0DFGRXJDOO��'��(��	�-RQHV��3��-��+��0HGLXP�&KDLQ�)DWW\�$FLG�

0HWDEROLVP�DQG�(QHUJ\�([SHQGLWXUH ��2EHVLW\�7UHDWPHQW�,PSOLFDWLRQV��/LIH�6FL������
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����� 2MXND��(��HW�DO��0HDVXUHPHQW�RI�%�R[LGDWLRQ�FDSDFLW\�RI�ELRORJLFDO�VDPSOHV�E\�

UHVSLURPHWU\ ��D�UHYLHZ�RI�SULQFLSOHV�DQG�VXEVWUDWHV��$P��-��3K\VLRO��(QGRFULQRO��0HWDE��
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����� .X]QHWVRY��$��9��/DVVQLJ��%��	�*QDLJHU��(��&LWUDWH�6\QWKDVH��0LWRFKRQGULDO�0DUNHU�

(Q]\PH��0LWRFKRQGULDO�3K\VLRO��1HWZ������–�����������

����� )DORRQD��*��5��	�6UHUH��3��$��(VFKHULFKLD�FROL�&LWUDWH�6\QWKDVH��3XULILFDWLRQ�DQG�WKH�

(IIHFW�RI�3RWDVVLXP�RQ�6RPH�3URSHUWLHV��%LRFKHPLVWU\��������–�������������

����� 9D]TXH]��(��-���)XMLRND��+��	�+RSSHO��&��/��'HFUHDVH�LQ�0LWRFKRQGULDO�)XQFWLRQ�LQ�

5DW�&DUGLDF�3HUPHDELOL]HG�)LEHUV�&RUUHODWHV�:LWK�WKH�$JLQJ�3KHQRW\SH��-��*HURQWRO��
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0HWKRG�$IIHFWV�0HWDEROLF�6HUXP�%LRPDUNHUV��%DVLF�&OLQ��3KDUPDFRO��7R[LFRO����������–
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����� 6RUOLQL��0��	�%HQLQL��)��+\SRJO\FHPLD���DQ�$W\SLFDO�(DUO\�6LJQ�RI�+HSDWRFHOOXODU�

&DUFLQRPD��-��*DVWURLQWHVW��&DQFHU��������–������������

����� Iglesias, P. & Dıez, J. J. Management of Endocrine Disease: A Clinical Update on 
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����� )LQN��5��,���.ROWHUPDQ��2��*��	�*ULIILQ��-��0HFKDQLVPV�RI�,QVXOLQ�5HVLVWDQFH�LQ�
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����� 'H)URQ]R��5��*OXFRVH�,QWROHUDQFH�DQG�$JLQJ��'LDEHWHV�&DUH�������–������������

����� /\DOO��'��0��HW�DO��$VVRFLDWLRQ�RI�%RG\�0DVV�,QGH[�:LWK�&DUGLRPHWDEROLF�'LVHDVH�LQ�
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����� 0RVWDUGD��&��7��HW�DO��/RZ�LQWHQVLW\�UHVLVWDQFH�WUDLQLQJ�LPSURYHV�V\VWROLF�IXQFWLRQ�DQG�

FDUGLRYDVFXODU�DXWRQRPLF�FRQWURO�LQ�GLDEHWLF�UDWV��-��'LDEHWHV�&RPSOLFDWLRQV��������–����
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����� 9LQLN��$��,���(UEDV��7��	�&DVHOOLQL��&��0��'LDEHWLF�FDUGLDF�DXWRQRPLF�QHXURSDWK\���

LQIODPPDWLRQ�DQG�FDUGLRYDVFXODU�GLVHDVH��-��'LDEHWHV�,QYHVWLJ�������������
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����� '\UE\��1���%LHULQJ�V¡UHQVHQ��7���-HQVHQ��6��	�0RJHOYDQJ��5��'LDVWROLF�G\VIXQFWLRQ�

UHYLVLWHG ��$�QHZ���IHDVLEOH���DQG�XQDPELJXRXV�HFKRFDUGLRJUDSKLF�FODVVLILFDWLRQ�

SUHGLFWV�PDMRU�FDUGLRYDVFXODU�HYHQWV��$P��+HDUW�-����������–������������

����� /LX��-��	�5LJHO��'��)��LQ�&DUGLRYDVFXODU�*HQRPLFV��0HWKRGV�LQ�0ROHFXODU�%LRORJ\����–����
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����� 1DJXHK��6��)��(�/ e ’ Ratio ��$Q�,QGH[�RI�/9�)LOOLQJ�3UHVVXUHV�5HYLVLWHG�������������

����� Ho, C. Y. & Solomon, S. D. A Clinician’s Guide to Tissue Doppler Imaging. 
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����� %RXVKHO��5���*QDLJHU��(���6FKMHUOLQJ��3��	�6NRYEUR��0��3DWLHQWV�ZLWK�W\SH���GLDEHWHV�

KDYH�QRUPDO�PLWRFKRQGULDO�IXQFWLRQ�LQ�VNHOHWDO�PXVFOH��'LDEHWRORJLD��������–����
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����� 'H�3DXZ��$���7HMHULQD��6���5DHV��0���.HLMHU��-��	�$UQRXOG��7��0LWRFKRQGULDO�

�'\V�IXQFWLRQ�LQ�$GLSRF\WH��'H�GLIIHUHQWLDWLRQ�DQG�6\VWHPLF�0HWDEROLF�$OWHUDWLRQV��
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����� %RXGLQD��6��HW�DO��5HGXFHG�0LWRFKRQGULDO�2[LGDWLYH�&DSDFLW\�DQG�,QFUHDVHG�

0LWRFKRQGULDO�8QFRXSOLQJ�,PSDLU�0\RFDUGLDO�(QHUJHWLFV�LQ�2EHVLW\��&LUFXODWLRQ������
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5HVLVWDQW�+HDUW�([KLELWV�D�0LWRFKRQGULDO�%LRJHQLF�5HVSRQVH�'ULYHQ�E\�WKH�

3HUR[LVRPH�3UROLIHUDWRU�$FWLYDWHG��&LUFXODWLRQ���������–������������

����� 6LYDVLQSUDVDVQ��6��HW�DO��2EHVH�LQVXOLQ�UHVLVWDQFH�DFFHOHUDWHV�DQG�DJJUDYDWHV�
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