
([HUFLVH�KHDW�DFFOLPDWLRQ�KDV�PLQLPDO�HIIHFWV�RQ�OHIW�YHQWULFXODU���

YROXPHV��IXQFWLRQ�DQG�V\VWHPLF�KHPRG\QDPLFV�LQ�HXK\GUDWHG�DQG���

GHK\GUDWHG�WUDLQHG�KXPDQV���

*DYLQ�7UDYHUV�������-RVp�*RQ]iOH]�$ORQVR�����1DWKDQ�5LGLQJ���'DYLG�1LFKROV���$QWKRQ\�6KDZ�����

-XOLHQ�'��3pULDUG�������

�$WKOHWH�+HDOWK�DQG�3HUIRUPDQFH�5HVHDUFK�&HQWUH��$VSHWDU�2UWKRSDHGLF�DQG�6SRUWV�0HGLFLQH���

+RVSLWDO��'RKD��4DWDU���

�&HQWUH�IRU�+XPDQ�3HUIRUPDQFH��([HUFLVH�DQG�5HKDELOLWDWLRQ��&ROOHJH�RI�+HDOWK��0HGLFLQH�DQG���

/LIH�6FLHQFHV��%UXQHO�8QLYHUVLW\�/RQGRQ��8[EULGJH��8.���

�'LYLVLRQ�RI�6SRUW��+HDOWK� DQG�([HUFLVH�6FLHQFHV��'HSDUWPHQW�RI�/LIH�6FLHQFHV��&ROOHJH�RI����

+HDOWK��0HGLFLQH�DQG�/LIH�6FLHQFHV��%UXQHO�8QLYHUVLW\�/RQGRQ��8[EULGJH��8.����

�6SRUW�'HYHORSPHQW�&HQWUH��/RXJKERURXJK�8QLYHUVLW\��/RXJKERURXJK��8QLWHG�.LQJGRP����

�8QLYHUVLW\� RI�&DQEHUUD�5HVHDUFK� ,QVWLWXWH� IRU�6SRUW� DQG�([HUFLVH��8QLYHUVLW\� RI�&DQEHUUD�����

%UXFH��$XVWUDOLD����

&RUUHVSRQGHQFH�����

-XOLHQ�3pULDUG����
5HVHDUFK�,QVWLWXWH�IRU�6SRUW�DQG�([HUFLVH����
8QLYHUVLW\�RI�&DQEHUUD����
%UXFH��$&7����������
$XVWUDOLD����
(PDLO��-XOLHQ�SHULDUG#FDQEHUUD�HGX�DX����
3KRQH������������������������
.H\ZRUGV��+HDW�VWUHVV��K\SRK\GUDWLRQ��VWURNH�YROXPH��YHQWULFXODU�ILOOLQJ����

5XQQLQJ�+HDG��+HDW�DFFOLPDWLRQ��K\GUDWLRQ��DQG�FDUGLDF�IXQFWLRQ����

� ����
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$EVWUDFW����

+HDW�DFFOLPDWLRQ��+$��PD\�LPSURYH�WKH�UHJXODWLRQ�RI�FDUGLDF�RXWSXW��4ࡆ �� WKURXJK�LQFUHDVHG����

EORRG�YROXPH��%9��DQG�OHIW�YHQWULFXODU��/9��GLDVWROLF�ILOOLQJ��DQG�DWWHQXDWH�UHGXFWLRQV�LQ�4ࡆ ����

GXULQJ� H[HUFLVH�LQGXFHG� GHK\GUDWLRQ�� KRZHYHU�� WKHVH� K\SRWKHVHV� KDYH� QHYHU� EHHQ� GLUHFWO\����

WHVWHG�� %HIRUH� DQG� IROORZLQJ� ���GD\V� H[HUFLVH� +$�� HLJKW� PDOHV� FRPSOHWHG� WZR� WULDOV� RI����

VXEPD[LPDO� H[HUFLVH� LQ� ���&� DQG� ���� UHODWLYH� KXPLGLW\� ZKLOH� PDLQWDLQLQJ� SUH�H[HUFLVH����

HXK\GUDWHG� ERG\� PDVV� �(8+�� ����������� RU� EHFRPLQJ� SURJUHVVLYHO\� GHK\GUDWHG� �'(+�� ����

�����������5HFWDO��7UH��DQG�VNLQ��7VN��WHPSHUDWXUHV��KHDUW�UDWH��+5���/9�YROXPHV�DQG�IXQFWLRQ�����

V\VWHPLF�KHPRG\QDPLFV�DQG�%9�ZHUH�PHDVXUHG�DW�UHVW�DQG�GXULQJ�ERXWV�RI�VHPL�UHFXPEHQW����

F\FOLQJ������9ࡆ 2�PD[��DW���������DQG�����PLQ��LQWHUVSHUVHG�E\�SHULRGV�RI�XSULJKW�H[HUFLVH��7UH�����

%9��+5��/9�YROXPHV��/9�V\VWROLF�DQG�GLDVWROLF�IXQFWLRQ�DQG�V\VWHPLF�KHPRG\QDPLFV�ZHUH����

VLPLODU� EHWZHHQ� WULDOV� DW� UHVW� DQG� GXULQJ� WKH� ILUVW� ��� PLQ� RI� H[HUFLVH� �DOO� P!������� 7KHVH����

UHVSRQVHV�ZHUH�ODUJHO\�XQDIIHFWHG�E\�+$�DW�����PLQ�LQ�HLWKHU�K\GUDWLRQ�VWDWH��+RZHYHU��'(+����

LQGXFHG�KLJKHU�7UH����������&��DQG�+5�������EHDWV�PLQ����DQG�ORZHU�VWURNH�YROXPH�����������

PO���HQG�GLDVWROLF�YROXPH��������PO��DQG�4ࡆ ����������/�PLQ����FRPSDUHG�WR�(8+�DW�����PLQ����

�DOO�P��������\HW�/9�WZLVW�DQG�XQWZLVWLQJ�UDWH�ZHUH�LQFUHDVHG�RU�PDLQWDLQHG��P ������DQG����������

UHVSHFWLYHO\��� )LQGLQJV� LQGLFDWH� +$� KDV� PLQLPDO� HIIHFWV� RQ� /9� YROXPHV�� /9� PHFKDQLFDO����

IXQFWLRQ�DQG�V\VWHPLF�KHPRG\QDPLFV�GXULQJ�VXEPD[LPDO�H[HUFLVH�LQ�PRGHUDWH�KHDW�ZKHUH�+5����

DQG�%9�DUH�VLPLODU��,Q�FRQWUDVW��'(+�HYRNHV�JUHDWHU�K\SHUWKHUPLD�DQG�WDFK\FDUGLD��UHGXFHV����

%9��DQG�LPSDLUV�GLDVWROLF�/9�ILOOLQJ��ORZHULQJ�4ࡆ ��UHJDUGOHVV�RI�+$�VWDWH������

1HZ�DQG�QRWHZRUWK\����

7KLV�VWXG\�GHPRQVWUDWHV�WKDW����GD\V�RI�H[HUFLVH�KHDW�DFFOLPDWLRQ�KDV�PLQLPDO�HIIHFWV�RQ�OHIW����

YHQWULFXODU�YROXPHV��LQWULQVLF�FDUGLDF�IXQFWLRQ�DQG�V\VWHPLF�KHPRG\QDPLFV�GXULQJ�SURORQJHG�����

UHSHDWHG�VHPL�UHFXPEHQW�H[HUFLVH� LQ�PRGHUDWH�KHDW��ZKHUH�KHDUW�UDWH�DQG�EORRG�YROXPH�DUH����

VLPLODU�WR�SUH�DFFOLPDWLRQ�OHYHOV��+RZHYHU��SURJUHVVLYH�GHK\GUDWLRQ�LV�FRQVLVWHQWO\�DVVRFLDWHG����

ZLWK� VLPLODU� GHJUHHV� RI� K\SHUWKHUPLD� DQG� WDFK\FDUGLD�� DQG� UHGXFWLRQV� LQ� EORRG� YROXPH�����

GLDVWROLF�ILOOLQJ�RI�WKH�OHIW�YHQWULFOH��VWURNH�YROXPH�DQG�FDUGLDF�RXWSXW��UHJDUGOHVV�RI�DFFOLPDWLRQ����

VWDWH�� ����
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,QWURGXFWLRQ����

&DUGLRYDVFXODU�DGDSWDWLRQV�WR�KHDW�DFFOLPDWLRQ��+$��DUH�FRQVLGHUHG�LQWHJUDO�IRU�WKH�UHJXODWLRQ����

RI� FDUGLDF� RXWSXW� ࡆ4� ��� EORRG� SUHVVXUH� DQG� SHULSKHUDO� EORRG� IORZ�� VXFK� WKDW� H[HUFLVH����

WROHUDQFH�SHUIRUPDQFH� FDQ�EH� HQKDQFHG� LQ� KRW� FRQGLWLRQV� ����� �����7KH� DYDLODEOH� HYLGHQFH�����

KRZHYHU�� LQGLFDWHV� WKDW� WKH� ࡆ4 � UHVSRQVH� WR� +$� YDULHV� ZLGHO\�� GHFUHDVLQJ� ������ UHPDLQLQJ����

XQFKDQJHG� ����� ���� ���� ���� ���� ���� RU� LQFUHDVLQJ� ����� GXULQJ� H[HUFLVH� LQ� WKH� KHDW�� 7KLV����

GLVFUHSDQF\� LQ� WKH� OLWHUDWXUH�� ZKLFK�PD\� UHIOHFW� GLIIHUHQFHV� LQ� H[HUFLVH� LQWHQVLW\�� W\SH� DQG����

VHYHULW\�RI�KHDW�VWUHVV��WUDLQLQJ�RU�K\GUDWLRQ�VWDWXV�������DQG�WKH�QXPEHU�RI�SDUWLFLSDQWV�EHWZHHQ�����

+$�FRQGLWLRQV�����������TXHVWLRQV�ZKHWKHU�+$�per se�HQKDQFHV�FDUGLRYDVFXODU�IXQFWLRQ�GXULQJ����

H[HUFLVH������

$FFRUGLQJ�WR�FODVVLF�PRGHOV�RI�FDUGLRYDVFXODU�FRQWURO��+$�FRXOG�PRGXODWH�FDUGLDF�IXQFWLRQ����

GXULQJ�H[HUFLVH�E\�DOWHULQJ�SUHORDG��DIWHUORDG��DQG�RU�LQWULQVLF�FDUGLDF�IXQFWLRQ�������+RZHYHU�����

HYLGHQFH�GLUHFWO\�VXSSRUWLQJ�WKHVH�PHFKDQLVPV�LV�OLPLWHG��)LUVWO\��KHDUW�UDWH��+5��LV�ORZHUHG�����

ZKLOH�VWURNH�YROXPH��69��DQG�EORRG�YROXPH��%9��DUH�UHSRUWHGO\�HQKDQFHG�����������EXW�FHQWUDO����

EORRG�YROXPH������DQG�H[HUFLVLQJ�OHJ�DQG�IRUHDUP�EORRG�IORZV�DUH�XQFKDQJHG�ZLWK�+$�GXULQJ����

VXEPD[LPDO�H[HUFLVH�����������,W� LV�WKHUHIRUH�XQFOHDU�ZKHWKHU�HQKDQFHG�SUHORDG�RI�WKH�KHDUW����

PD\�EH� D�PHFKDQLVP� LQFUHDVLQJ�69�ZLWK�+$�� LQGHSHQGHQWO\�RI� WKH� FRQIRXQGLQJ� HIIHFWV� RI����

H[HUFLVH�WUDLQLQJ�������6HFRQGO\��WKHUH�LV�OLPLWHG�DQG�FRQIOLFWLQJ�GDWD�UHJDUGLQJ�WKH�HIIHFWV�RI����

+$�RQ�PHDQ�DUWHULDO�SUHVVXUH��0$3���������������DQG�QR�GDWD�RQ�HIIHFWLYH�DUWHULDO�HODVWDQFH�����

ZKLFK� LV� LQGLFDWLYH�RI�QHW� DUWHULDO� ORDG�RU�DIWHUORDG��:KLOH� UHVWLQJ�0$3�PD\�EH� UHGXFHG� LQ����

VHGHQWDU\�KHDOWK\� LQGLYLGXDOV� IROORZLQJ�SDVVLYH�KHDW� WKHUDS\� �����H[HUFLVLQJ�0$3�KDV�EHHQ����

VKRZQ�WR�EH�UHGXFHG�������XQDOWHUHG����������RU�LQFUHDVHG������IROORZLQJ�H[HUFLVH�+$��/DVWO\�����

HYLGHQFH� RI� WKH� LQWULQVLF� FDUGLDF� IXQFWLRQ� UHVSRQVHV� WR� H[HUFLVH�+$� LV� VFDQW�� ,Q� WKH� URGHQW����

PRGHO�� FDUGLDF�PXVFOH�H[KLELWV�D� WUDQVLHQW� LQFUHDVH� LQ�DXWRQRPLF�H[FLWDELOLW\�� HQKDQFHG� OHIW����

YHQWULFXODU��/9��FRPSOLDQFH�DQG�FRQWUDFWLOLW\��DQG�ORZHUHG�P\RFDUGLDO�R[\JHQ�FRQVXPSWLRQ����

ZLWK�SURORQJHG�SDVVLYH�+$��!��PRQWK����������+$�VWXGLHV�LQ�KXPDQV�WR�GDWH�KDYH�TXDQWLILHG����

ࡆ4 �DQG�GHULYHG�69�����������������������������������WKHUHIRUH��WKH�GLUHFW�HIIHFWV�RI�+$�RQ�LQWULQVLF����

FDUGLDF�FRQWUDFWLOH�IXQFWLRQ�DQG�WKH�ILOOLQJ�DQG�HPSW\LQJ�RI�WKH�/9�DW�UHVW�DQG�GXULQJ�LQWHQVH����

G\QDPLF�H[HUFLVH�LQ�WKH�KHDW�DUH�\HW�WR�EH�GHWHUPLQHG��$FXWHO\��69�LV�PDLQWDLQHG�XQGHU�KHDW����

VWUHVV�DW�UHVW�DQG�GXULQJ�VPDOO�PXVFOH�PDVV�H[HUFLVH�ZKLOH�4ࡆ �LV�LQFUHDVHG��GHVSLWH�D�UHGXFWLRQ����

LQ� GLDVWROLF� ILOOLQJ� SUHVVXUH� DQG� HQG�GLDVWROLF� YROXPH� �('9�� ��� ����� 7R� FRPSHQVDWH� IRU����

UHGXFWLRQV� LQ� ILOOLQJ�SUHVVXUH��/9�V\VWROLF� WZLVWLQJ�DQG�GLDVWROLF�XQWZLVWLQJ�DUH�HQKDQFHG� LQ����
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SURSRUWLRQ� WR� WKH�PDJQLWXGH� RI� KHDW� VWUHVV� WR� VXSSRUW� WKH� HPSW\LQJ� DQG� ILOOLQJ� RI� WKH� /9�����

UHVSHFWLYHO\�����������,Q�DGGLWLRQ��REVHUYDWLRQV�GXULQJ�GREXWDPLQH�LQIXVLRQ������VXJJHVW�WKDW����

/9�FRQWUDFWLOLW\�PD\�EH�HQKDQFHG�LQ�UHVSRQVH�WR�KHDW�VWUHVV�DQG�LQFUHDVHG�V\PSDWKHWLF�WRQH�����

:KHWKHU� /9� IXQFWLRQ� LV� HQKDQFHG� GXULQJ� G\QDPLF� H[HUFLVH� LQ� UHVSRQVH� WR� +$�LQGXFHG����

DGDSWDWLRQV� VXFK� DV� UHGXFHG�ERG\� WHPSHUDWXUH�� KHDUW� UDWH� DQG�SHUKDSV� V\PSDWKHWLF� QHUYRXV����

DFWLYLW\�����������LV�XQNQRZQ�����

+$�LQFUHDVHV�WKH�VHQVLWLYLW\�DQG�UDWH�RI�VZHDWLQJ��LPSURYLQJ�HYDSRUDWLYH�KHDW�H[FKDQJH�IURP����

WKH�ERG\�WR�WKH�HQYLURQPHQW�����������+RZHYHU��SURIXVH�VZHDWLQJ�GXULQJ�SURORQJHG�H[HUFLVH�LQ����

WKH�KHDW�UHVXOWV�LQ�SURJUHVVLYH�GHK\GUDWLRQ�ZKHQ�IOXLG�UHSODFHPHQW�LV�LQDGHTXDWH��'HK\GUDWLRQ����

OHDGV� WR� GHFUHDVHV� LQ� %9� DQG� HOHYDWLRQV� LQ� ERG\� WHPSHUDWXUH�� ZKLFK� DUH� DVVRFLDWHG� ZLWK����

UHGXFWLRQV�LQ�4ࡆ ��69�DQG�WR�D�OHVVHU�H[WHQW�DUWHULDO�SUHVVXUH��FRPSDUHG�WR�HXK\GUDWHG�H[HUFLVH�����

ZLWK�SDUDOOHO�LQFUHDVHV�LQ�SHULSKHUDO�YDVFXODU�UHVLVWDQFH�������7KH�UHGXFWLRQV�LQ�4ࡆ �DQG�69�RFFXU����

LQ�SURSRUWLRQ�WR�WKH�GHILFLW�LQ�WRWDO�ERG\�ZDWHU�������EXW�WKH�RYHUDOO�GHJUHH�RI�FDUGLRYDVFXODU����

VWUDLQ�GHSHQGV�RQ�WKH�HQYLURQPHQWDO�FRQGLWLRQV�DQG�WKH�LQWHQVLW\�DQG�PRGH�RI�H[HUFLVH�������������

����� 5HFHQWO\��:DWDQDEH� HW� DO�� ����� SRVWXODWHG� WKDW� GHK\GUDWLRQ� UHGXFHV� 69� DQG� ࡆ4 � GXULQJ�����

LQWHQVH�ZKROH�ERG\� H[HUFLVH� LQ� WKH� KHDW� YLD� LPSDLUHG� FDUGLDF� ILOOLQJ� DQG� YHQRXV� UHWXUQ�� DV�����

LQWULQVLF�/9�GLDVWROLF�DQG�V\VWROLF�IXQFWLRQ�WHQGV�WR�EH�HQKDQFHG��EXW�EUDLQ�DQG�H[HUFLVLQJ��DQG�����

QRQ�H[HUFLVLQJ� OLPE� EORRG� IORZ� DQG� EHDW�YROXPH� DUH� FRPSURPLVHG� ����� ���� ����� 6LPLODU�����

GHK\GUDWLRQ�LQGXFHG�LPSDLUPHQWV�LQ�WKHUPRUHJXODWRU\�DQG�FDUGLRYDVFXODU�IXQFWLRQ�KDYH�EHHQ�����

REVHUYHG�DFXWHO\�LQ�SDUWLDOO\�KHDW�DFFOLPDWHG�LQGLYLGXDOV�����������+RZHYHU��WKH�H[WHQW�WR�ZKLFK�����

+$�VWDWXV�LQIOXHQFHV�FDUGLRYDVFXODU�DQG�WKHUPRUHJXODWRU\�UHVSRQVHV�WR�GHK\GUDWLRQ�LV�XQFOHDU������

0RGHUDWH�H[HUFLVH�LQGXFHG�GHK\GUDWLRQ�IROORZLQJ�ORQJ�WHUP�+$�KDV�EHHQ�VKRZQ�WR�UHVXOW�LQ�����

VPDOOHU� LQFUHDVHV� LQ�+5�DQG� FRUH� WHPSHUDWXUH� FRPSDUHG� WR�SUH�+$� OHYHOV� ������+5�GXULQJ�����

H[HUFLVH�KHDW� VWUHVV� IROORZLQJ� RYHUQLJKW� GHK\GUDWLRQ� �a������ KDV� DOVR� EHHQ� VKRZQ� WR� EH�����

UHGXFHG������RU�XQFKDQJHG�����DIWHU�+$��6LPLODU�WR�WKH�PHFKDQLVPV�GLVFXVVHG�DERYH��D�EOXQWLQJ�����

RI�WKH�+5�DQG�WKHUPDO�UHVSRQVHV�WR�H[HUFLVH�SRVW�+$�PD\�DWWHQXDWH�LPSDLUPHQWV�WR�YHQRXV�����

UHWXUQ�ZLWK�PLOG�GHK\GUDWLRQ�DQG�WKHUHIRUH�LPSURYH�FHQWUDO�KHPRG\QDPLFV��+RZHYHU��4ࡆ �DQG�����

69�UHVSRQVHV�GXULQJ�EULHI�SHULRGV�RI�H[HUFLVH�IROORZLQJ�GLXUHWLF�DGPLQLVWUDWLRQ�DUH�VLPLODUO\�����

UHGXFHG� FRPSDUHG� WR� HXK\GUDWHG� FRQWUROV� EHIRUH� DQG� DIWHU� VKRUW�WHUP�+$� ������ 7KHUHIRUH������

GHVSLWH� LQGLFDWLRQV� WKDW� K\SRK\GUDWLRQ� DFXWHO\� LQIOXHQFHV� WKH� WKHUPRUHJXODWRU\� DQG�����

FDUGLRYDVFXODU�UHVSRQVHV�WR�H[HUFLVH�KHDW�VWUHVV�IROORZLQJ�+$��WKH�HIIHFWV�RI�+$�RQ�PLOG�DQG�����

PRUH�SURQRXQFHG�H[HUFLVH�LQGXFHG�GHK\GUDWLRQ�ZDUUDQWV�IXUWKHU�LQYHVWLJDWLRQ�������
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7KH�DLP�RI� WKLV� VWXG\�ZDV� WR�GLUHFWO\�GHWHUPLQH� WKH�GLDVWROLF�DQG� V\VWROLF�/9�YROXPHV�DQG�����

IXQFWLRQ�DQG�V\VWHPLF�KHPRG\QDPLFV�GXULQJ�G\QDPLF�H[HUFLVH�XQGHU�PRGHUDWH�KHDW�VWUHVV�ZLWK�����

GLVWLQFW� K\GUDWLRQ� VWDWXV��%\�GRLQJ� VR�� WKH� VWXG\� VRXJKW� WR�JHQHUDWH� IXUWKHU� LQVLJKW� LQWR� WKH�����

PHFKDQLVPV�XQGHUSLQQLQJ� WKH� FDUGLRYDVFXODU� UHVSRQVHV� WR�+$�DQG� WKH�SRWHQWLDO� LQWHUDFWLRQ�����

ZLWK� DFXWH� FKDQJHV� LQ�K\GUDWLRQ��(FKRFDUGLRJUDSKLF� DQG�KHPDWRORJLFDO�PHDVXUHPHQWV�ZHUH�����

FRQGXFWHG� GXULQJ� UHSHDWHG� ERXWV� RI� VHPL�UHFXPEHQW� F\FOLQJ� EHIRUH� DQG� DIWHU� H[HUFLVH�+$������

5HVSRQVHV�ZHUH�GHWHUPLQHG�ZKLOH�HXK\GUDWLRQ�ZDV�PDLQWDLQHG�DQG�GXULQJ�PDWFKHG�OHYHOV�RI�����

GHK\GUDWLRQ�EHIRUH�DQG�IROORZLQJ�+$��,W�ZDV�K\SRWKHVL]HG�WKDW�69�GXULQJ�H[HUFLVH�ZRXOG�EH�����

LQFUHDVHG�IROORZLQJ�+$�ZLWK�ERWK�PDLQWDLQHG�HXK\GUDWLRQ�DQG�SURJUHVVLYH�GHK\GUDWLRQ��YLD�DQ�����

LQFUHDVHG�('9�DQG�%9��DQG�GHFUHDVHG�+5��+RZHYHU��SURQRXQFHG�GHK\GUDWLRQ�IROORZLQJ�+$�����

ZRXOG�UHVXOW�LQ�ORZHU�H[HUFLVLQJ�4ࡆ �FRPSDUHG�WR�HXK\GUDWLRQ��DVVRFLDWHG�LQ�SDUW�ZLWK�D�UHGXFHG�����

%9�DQG�LPSDLUHG�GLDVWROLF�YHQWULFXODU�ILOOLQJ��UDWKHU�WKDQ�D�EOXQWHG�/9�IXQFWLRQ������

0HWKRGV�����

Participants ����

(LJKW�PDOHV�ZLWK�DQ�DYHUDJH�DJH��KHLJKW��ERG\�PDVV�DQG�9ࡆ 2�PD[�RI��������\HDUV����������FP������

�����������NJ�DQG�������������/�PLQ���YROXQWHHUHG�WR�WDNH�SDUW�LQ�WKLV�VWXG\��3DUWLFLSDQWV�ZHUH�����

DOO�WUDLQHG�F\FOLVWV�DQG�WULDWKOHWHV�UHJXODUO\�WUDLQLQJ����K�SHU�ZHHN�DQG�ZHUH�IUHH�IURP�LOOQHVV�����

RU� LQMXU\�� 3DUWLFLSDQWV� SURYLGHG� ZULWWHQ� LQIRUPHG� FRQVHQW� IRU� WKHLU� SDUWLFLSDWLRQ� SULRU� WR�����

XQGHUJRLQJ� D� SUH�VFUHHQLQJ� SURFHGXUH� WKDW� LQYROYHG� D� KHDOWK� TXHVWLRQQDLUH� DQG� UHVWLQJ�����

HFKRFDUGLRJUDSKLF�DVVHVVPHQW��$OO�SDUWLFLSDQWV�KDG�D�VWUXFWXUDOO\�DQG�IXQFWLRQDOO\�QRUPDO�KHDUW�����

DV�FRQILUPHG�E\�DQ�H[SHULHQFHG�VRQRJUDSKHU��7KH�VWXG\�ZDV�DSSURYHG�E\�$QWL�'RSLQJ�/DE�����

4DWDU�5HVHDUFK�(WKLFV�&RPPLWWHH��$SSURYDO�QR��)�����������DQG�FRQGXFWHG�LQ�DFFRUGDQFH�����

ZLWK�WKH�'HFODUDWLRQ�RI�+HOVLQNL������

Experimental design ����

$�ZLWKLQ�SDUWLFLSDQW��UHSHDWHG�PHDVXUHV�VWXG\�ZDV�FRPSOHWHG�ZKHUHE\�SDUWLFLSDQWV�XQGHUZHQW�����

WZR� WULDOV� RI� SURORQJHG� G\QDPLF� H[HUFLVH� LQ� WKH� KHDW� �)LJXUH� ���� 7KURXJKRXW� HDFK� WULDO������

HXK\GUDWHG�SUH�H[HUFLVH�ERG\�PDVV�ZDV�HLWKHU�PDLQWDLQHG��(8+��RU�GHFUHDVHG�ZLWK�SURJUHVVLYH�����

H[HUFLVH�LQGXFHG�GHK\GUDWLRQ��'(+���7KH�RUGHU�RI�WULDOV�ZDV�UDQGRPL]HG�DQG�FRXQWHUEDODQFHG�����

DQG�WULDOV�ZHUH�UHSHDWHG�IROORZLQJ�D����GD\�H[HUFLVH�+$�LQWHUYHQWLRQ�DW�D�FRQWUROOHG�+5��7KH�����

FXUUHQW�H[SHULPHQWV�DUH�SDUW�RI�D� ODUJHU�SURMHFW�DQG�WKH�DGDSWDWLRQV�DVVRFLDWHG�ZLWK�+$�DQG�����
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WKHLU�HIIHFWV�RQ�SHUIRUPDQFH�SXEOLVKHG�HOVHZKHUH�������%ULHIO\��+$�FRQVLVWHG�RI����PLQ�RI�(8+�����

F\FOLQJ�H[HUFLVH�LQ�HQYLURQPHQWDO�FRQGLWLRQV�RI���ႏ�DQG�����UHODWLYH�KXPLGLW\��7KH�LQLWLDO�����

���PLQ�SHULRG�ZDV�FRQGXFWHG�DW�D�ZRUNORDG�HOLFLWLQJ�����9ࡆ 2�PD[�� WKHUHDIWHU�ZRUNORDG�ZDV�����

DOWHUHG�WR�PDLQWDLQ�D�+5�FRUUHVSRQGLQJ�WR�WKDW�LQWHQVLW\����������EHDWV�PLQ�����$EVROXWH�UHG�FHOO�����

YROXPH��39�DQG�%9�ZHUH�GHWHUPLQHG�SULRU�WR�HDFK�H[SHULPHQWDO�WULDO��)RRG�DQG�IOXLG�LQWDNHV�����

ZHUH�UHFRUGHG�RYHU�WKH����K�SHULRG�SULRU�WR�WKH�ILUVW�H[SHULPHQWDO�WULDO�DQG�ZHUH�UHSOLFDWHG�SULRU�����

WR�HDFK�VXEVHTXHQW�H[SHULPHQW�������

Pre-experimental procedures ����

3DUWLFLSDQWV�DWWHQGHG�WKH�ODERUDWRU\�RQ�IRXU�VHSDUDWH�RFFDVLRQV�SULRU�WR�WKH�FRPPHQFHPHQW�RI�����

WKH� ILUVW� H[SHULPHQWDO� WULDO�� 'XULQJ� WZR� YLVLWV� VHSDUDWHG� E\� D� PLQLPXP� RI� ��� K�� PD[LPDO�����

LQFUHPHQWDO� WHVWV� WR� H[KDXVWLRQ� ZHUH� FRQGXFWHG� GXULQJ� XSULJKW� �/RGH� ([FDOLEXU� 6SRUW������

*URQLQJHQ��7KH�1HWKHUODQGV��DQG�VHPL�UHFXPEHQW� �(UJRVHOHFW��(UJROLQH��*0E+��*HUPDQ\������

F\FOLQJ�H[HUFLVH��UHVSHFWLYHO\��(DFK�WHVW�ZDV�XVHG�WR�GHWHUPLQH�WKH�ZRUNORDGV�DQG�WDUJHW�+5�����

IRU�WKH�H[SHULPHQWDO�WULDOV�DQG�+$�VHVVLRQV��7HVWV�ZHUH�FRQGXFWHG�LQ�D�WHPSHUDWH�HQYLURQPHQW�����

�����������ႏ�DQG����������UHODWLYH�KXPLGLW\��DQG�SDUWLFLSDQWV�ZRUH�F\FOLQJ�VKRUWV��VRFNV�DQG�����

VKRHV�WKURXJKRXW��)ROORZLQJ�FRPSOHWLRQ�RI�WKH�VHPL�UHFXPEHQW�WHVW��SDUWLFLSDQWV�UHVWHG�LQ�WKH�����

ODERUDWRU\� IRU� ��� PLQ� WR� DOORZ� WKHLU� ERG\� WHPSHUDWXUH� WR� UHWXUQ� WR� SUH�H[HUFLVH� OHYHOV������

7KHUHDIWHU��WKH\�HQWHUHG�DQ�HQYLURQPHQWDO�FKDPEHU�ZLWK�WDUJHW�DPELHQW�FRQGLWLRQV�RI���ႏ�DQG�����

���� UHODWLYH� KXPLGLW\� �7(0,� ������ 6DQZRRG� (QYLURQPHQWDO� &KDPEHUV� FR��� 7DLZDQ�� DQG�����

FRPSOHWHG����PLQ�RI�XSULJKW�F\FOLQJ�H[HUFLVH�DW�D�ZRUNORDG�HTXLYDOHQW�WR�����9ࡆ 2�PD[������������

���:���Ad libitum�IOXLG�LQWDNH�ZDV�UHFRUGHG�DQG�XVHG�WR�FRUUHFW�IRU�FKDQJHV�LQ�QXGH�ERG\�PDVV�����

IRU�WKH�FDOFXODWLRQ�RI�KRXUO\�VZHDW�UDWH�������

2Q�WZR�VHSDUDWH�YLVLWV��KHPRJORELQ�PDVV��+EPDVV��ZDV�GHWHUPLQHG�YLD�D�PRGLILHG�RSWLPL]HG�����

FDUERQ� PRQR[LGH� UHEUHDWKLQJ� WHFKQLTXH� ������ ,Q� DQ\� FDVH� ZKHUH� +EPDVV� GLIIHUHG� E\� !�������

EHWZHHQ�PHDVXUHPHQWV��WKH�WHVW�ZDV�UHSHDWHG�EHIRUH�WKH�VWXG\�SURJUHVVHG��7KH�W\SLFDO�HUURU�����

DVVRFLDWHG�ZLWK�WKLV�WHFKQLTXH�ZDV��������&DUERQ�PRQR[LGH�UHEUHDWKLQJ�ZDV�UHSHDWHG�RQFH��������

K�IROORZLQJ�WKH�ILQDO�GD\�RI�+$�WR�DFFRXQW�IRU�SRWHQWLDO�FKDQJHV�LQ�+EPDVV������

Experimental trials ����

7KH�H[SHULPHQWDO�SURFHGXUHV�DUH�RXWOLQHG�LQ�)LJXUH����3DUWLFLSDQWV�DUULYHG�DW�WKH�ODERUDWRU\�DW�����

VLPLODU�WLPHV�RI�GD\����KUV�SRVW�SUDQGLDO�DQG�SURYLGHG�D�XULQH�VDPSOH�EHIRUH�D�PHDVXUHPHQW�����

RI�QXGH�ERG\�PDVV�ZDV�UHFRUGHG�WR�WKH�QHDUHVW�����J��6(&$������*HUPDQ\���$�XULQH�VSHFLILF�����
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JUDYLW\� ������� ZDV� FRQVLGHUHG� LQGLFDWLYH� RI� HXK\GUDWLRQ� ���� DQG� ZDV� PHDVXUHG� XVLQJ� D�����

UHIUDFWRPHWHU� �3$/���V�� $7$*2�� 7RN\R�� -DSDQ��� 3DUWLFLSDQWV� WKHQ� VHOI�LQVHUWHG� D� UHFWDO�����

WKHUPLVWRU��'0������(OODE��$�6��+LOOHU¡G��'HQPDUN��DQG�GRQQHG�D�+5�PRQLWRU��56���&;������

7���&RGHG�7UDQVPLWWHU�� 3RODU�(OHFWUR��.HPSHOH�� )LQODQG��� F\FOLQJ� VKRUWV�� VRFNV� DQG� VKRHV�����

EHIRUH�O\LQJ�VXSLQH�LQ�WKH�PDLQ�ODERUDWRU\��$�FDQQXOD�ZDV�LQVHUWHG�LQWR�D�ULJKW�DQWHFXELWDO�YHLQ�����

DQG� IOXVKHG� ZLWK� �� PO� RI� VDOLQH� EHIRUH� HOHFWURFDUGLRJUDP� VHQVRU� HOHFWURGHV� DQG� VNLQ�����

WHPSHUDWXUH� WKHUPLVWRUV� �L%XWWRQV��0D[LP�,QWHJUDWHG�3URGXFWV��6XQQ\YDOH��&$��86$��ZHUH�����

DSSOLHG��$IWHU�D�SHULRG�RI����PLQ�UHVW��+5�ZDV�UHFRUGHG�RYHU�D���PLQ�SHULRG�EHIRUH�D�GXSOLFDWH�����

PHDVXUHPHQW�RI�EORRG�SUHVVXUH�ZDV�PDQXDOO\�DVVHVVHG�XVLQJ�D�VSK\JPRPDQRPHWHU��$�UHVWLQJ�����

EORRG�VDPSOH�ZDV�FROOHFWHG�EHIRUH�SDUWLFLSDQWV�HQWHUHG�DQ�HQYLURQPHQWDO�FKDPEHU�DQG�PRXQWHG�����

WKH�VHPL�UHFXPEHQW�F\FOH�HUJRPHWHU��(QYLURQPHQWDO�FRQGLWLRQV�LQ�WKH�FKDPEHU�DYHUDJHG����������

�����ႏ�DQG���������UHODWLYH�KXPLGLW\�WKURXJKRXW�H[SHULPHQWDWLRQ��7KH�HUJRPHWHU�ZDV�WLOWHG�����

ORQJLWXGLQDOO\�� DQG� SDUWLFLSDQWV� DGRSWHG� WKH� OHIW� ODWHUDO� GHFXELWXV� SRVLWLRQ� IRU� ��PLQ� EHIRUH�����

UHVWLQJ�PHDVXUHPHQW�RI�/9�YROXPHV�DQG�IXQFWLRQ�ZHUH�UHFRUGHG��2QFH�FRPSOHWHG��SDUWLFLSDQWV�����

ZHUH�UHWXUQHG�WR�D�VHPL�UHFXPEHQW�SRVLWLRQ�DQG�EHJDQ�H[HUFLVLQJ�DW�D�ZRUNORDG�HTXLYDOHQW�WR�����

ࡆ����9 2�PD[� ����� �� ���:�� IRU� D� SHULRG� RI� ��PLQ� WR� HQVXUH� D� VWHDG\� VWDWH� ZDV� DFKLHYHG������

3DUWLFLSDQWV�FRQWLQXHG�WR�F\FOH�ZKLOH�EORRG�SUHVVXUH�ZDV�UHFRUGHG��WKH�HUJRPHWHU�ZDV�DJDLQ�����

WLOWHG��DQG�HFKRFDUGLRJUDSKLF�DVVHVVPHQWV�DQG�EORRG�VDPSOLQJ�ZHUH�UHSHDWHG�RYHU�D�IXUWKHU��������

PLQ������

)ROORZLQJ�LQLWLDO�UHVWLQJ�DQG�H[HUFLVLQJ�PHDVXUHPHQWV��SDUWLFLSDQWV�WUDQVIHUUHG�WR�WKH�XSULJKW�����

F\FOH�HUJRPHWHU�DQG�H[HUFLVHG�IRU����PLQ�DW�����9ࡆ 2�PD[��)OXLG�LQWDNH�ZDV�SUHVFULEHG�RYHU�WKLV�����

SHULRG�DQG�FRQVLVWHG�RI�D������HOHFWURO\WH�GULQN��+,*+��=(52��+���%DUGRQ��8.��GLYLGHG�LQWR�����

IRXU�HTXDO�DOLTXRWV�WR�WKH�QHDUHVW���PO��7KH�WRWDO�YROXPH�FRQVXPHG�ZDV�HTXLYDOHQW�WR�HLWKHU�����

�����(8+��RU������'(+��RI�H[SHFWHG�KRXUO\�VZHDW�ORVV�DQG�ZDV�FDOFXODWHG�IURP�WKH�SUH�����

H[SHULPHQWDO�YLVLW�DQG� WKH� ILQDO�GD\�RI�+$�IRU�SUH��DQG�SRVW�+$�WULDOV�� UHVSHFWLYHO\�� ,QWDNH�����

EHJDQ�DW�WKH�RQVHW�RI�XSULJKW�H[HUFLVH�DQG�VXEVHTXHQW�DOLTXRWV�ZHUH�SURYLGHG�DIWHU��������DQG�����

���PLQ�RI�F\FOLQJ��$�IDQ�GLUHFWHG�DW�SDUWLFLSDQWV�WKURXJKRXW�DOO�SHULRGV�RI�H[HUFLVH�SURYLGHG�������

P�V���FRQYHFWLYH�DLUIORZ��$W�WKH�HQG�RI�HDFK�SHULRG�RI�XSULJKW�H[HUFLVH��SDUWLFLSDQWV�UHPRYHG�����

DOO�FORWKLQJ�H[FHSW�LQVWUXPHQWDWLRQ�DQG�WRZHO�GULHG�QRQ�HYDSRUDWHG�VZHDW�EHIRUH�ERG\�PDVV�����

ZDV�PHDVXUHG�ZLWKLQ�WKH�FKDPEHU�WR�GHWHUPLQH�FKDQJHV�LQ�WRWDO�ERG\�ZDWHU��3DUWLFLSDQWV�WKHQ�����

UH�GUHVVHG��PRXQWHG�WKH�VHPL�UHFXPEHQW�HUJRPHWHU�DQG�FRPSOHWHG�WKH�H[HUFLVLQJ�PHDVXUHPHQW�����

SHULRG�� 7KLV� SURFHVV� ZDV� WKHQ� UHSHDWHG� D� ILQDO� WLPH� EHIRUH� WKH� HQG� RI� WKH� WULDO�� 7KXV������

PHDVXUHPHQWV�RI�EORRG�SUHVVXUH��%9�DQG�/9�YROXPHV�DQG�IXQFWLRQ�ZHUH�FRQGXFWHG�DW�UHVW�DQG�����
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DIWHU���������DQG�����PLQ�RI�G\QDPLF�H[HUFLVH�LQ�WKH�KHDW��)LJXUH�����([SHULPHQWDO�WULDOV�ZHUH�����

VHSDUDWHG�E\�D�SHULRG�RI�����GD\V�RI�FRPSOHWH�UHVW�WKDW�ZDV�VWDQGDUGL]HG�ZLWKLQ�SDUWLFLSDQWV�����

SUH��DQG�SRVW�+$������

Measurement procedures ����

5HFWDO�WHPSHUDWXUH��7UH��ZDV�PHDVXUHG�YLD�DQ�LQGLYLGXDOL]HG�UH�XVDEOH�WKHUPLVWRU�SODFHG����FP�����

EH\RQG� WKH�DQDO�VSKLQFWHU��0HDQ�VNLQ� WHPSHUDWXUH��7VN��ZDV�FDOFXODWHG�DV�DQ�DUHD�ZHLJKWHG�����

PHDQ� IURP�PHDVXUHV� WDNHQ� IURP� WKH� FKHVW�� XSSHU� DUP�� WKLJK� DQG� ORZHU� OHJ� DV� SUHYLRXVO\�����

GHVFULEHG�������7VN�DQG�7UH�ZHUH�UHFRUGHG�DW�UHVW�DQG�DW�WKH�EHJLQQLQJ�DQG�HQG�RI�HDFK�VHPL�����

UHFXPEHQW�H[HUFLVH�SHULRG��+5��7VN�DQG�7UH�ZHUH�DOVR�UHFRUGHG�HYHU\���PLQ�DQG�WKH�UDWLQJ�RI�����

SHUFHLYHG�H[HUWLRQ�����DQG�WKHUPDO�FRPIRUW�����HYHU\����PLQ�GXULQJ�SHULRGV�RI�XSULJKW�F\FOLQJ�������

9HQRXV� EORRG� VDPSOHV� ZHUH� GUDZQ� LQWR� �� PO� OLWKLXP� KHSDULQL]HG� V\ULQJHV� �3,&2� ��������

5DGLRPHWHU��IROORZLQJ�D���PO�GLVFKDUJH�LPPHGLDWHO\�DIWHU�HFKRFDUGLRJUDSKLF�PHDVXUHPHQWV������

7KH�FDQQXOD�ZDV�WKHQ�IOXVKHG�ZLWK�a��PO�RI�VDOLQH��:KROH�EORRG�ZDV�LPPHGLDWHO\�DQDO\]HG�LQ�����

WULSOLFDWH� IRU� PHDVXUHPHQWV� RI� PHWDEROLWH�� HOHFWURO\WH� DQG� KHPRJORELQ� FRQFHQWUDWLRQ� DQG�����

KHPDWRFULW��$%/���)/(;��5DGLRPHWHU��%U�QVK�M��'HQPDUN���$EVROXWH�%9�ZDV�PHDVXUHG�DV�����

+%PDVV�YHQRXV�KHPRJORELQ�FRQFHQWUDWLRQ�[������ZKHUH�+EPDVV�DQG�KHPRJORELQ�FRQFHQWUDWLRQ�����

DUH�LQ�J�DQG�J�GO����UHVSHFWLYHO\��5HG�FHOO�YROXPH�ZDV�FDOFXODWHG�DV�SHUFHQWDJH�KHPDWRFULW���������

[�%9��3ODVPD�YROXPH��39��ZDV�WKHQ�FDOFXODWHG�E\�VXEWUDFWLQJ�UHG�FHOO�YROXPH�IURP�%9��7KH�����

PHDVXUHPHQW�HUURU�IRU�+EPDVV��KHPRJORELQ�FRQFHQWUDWLRQ�DQG�KHPDWRFULW�ZHUH������������������

DQG��������UHVSHFWLYHO\�������

(FKRFDUGLRJUDSKLF� LPDJHV�ZHUH� UHFRUGHG� E\� DQ� H[SHULHQFHG� VRQRJUDSKHU� DW� D� VWDQGDUGL]HG�����

RUGHU�DQG�GHSWK�IRU�HDFK�SDUWLFLSDQW��$OO�LPDJHV�ZHUH�FROOHFWHG�XVLQJ�D�FRPPHUFLDOO\�DYDLODEOH�����

XOWUDVRXQG�PDFKLQH��&;���32&��3KLOLSV�+HDOWKFDUH��7KH�1HWKHUODQGV��DQG���0+]�VHFWRU�DUUD\�����

SUREH��6�����3KLOLSV�+HDOWKFDUH���)UDPH�UDWH�ZDV�IL[HG�DW����+]�IRU��'�LPDJH�DFTXLVLWLRQ��WKH�����

PD[LPDO�DFKLHYDEOH�IURP�WKH�XOWUDVRXQG�PDFKLQH��$�PLQLPXP�RI�VL[�LPDJHV�ZHUH�UHFRUGHG�RI�����

HDFK�YLHZ�DQG�DQDO\VLV�ZDV�FRQGXFWHG�RYHU�WKUHH�FRQVHFXWLYH�FDUGLDF�F\FOHV�ZKHUH�SRVVLEOH������

$OO�LPDJHV�ZHUH�FRQGXFWHG�DW�WKH�HQG�RI�H[SLUDWLRQ��,QLWLDO�UHFRUGLQJV�RI�WKH�VKRUW�D[LV�EDVH�DQG�����

DSH[�ZHUH�PDGH�EHIRUH�DSLFDO����DQG���FKDPEHU� LPDJHV�ZHUH�DFTXLUHG��3XOVHG�ZDYH� WLVVXH�����

'RSSOHU� UHFRUGLQJV� RI� WKH� VHSWDO�PLWUDO� DQG� ODWHUDO� DQQXOXV�ZHUH� DOVR� UHFRUGHG� DW� UHVW��$OO�����

LPDJHV�ZHUH�H[SRUWHG��GH�LGHQWLILHG�DQG�DQDO\VHG�RIIOLQH��4�6WDWLRQ������3KLOLSV�+HDOWKFDUH������

7KH�1HWKHUODQGV��DW� WKH�HQG�RI� WKH�GDWD�FROOHFWLRQ�SHULRG�DV�WR�DYRLG�FRQILUPDWLRQ�ELDV��/9�����
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PDVV�ZDV�FDOFXODWHG�SUH��DQG�SRVW�+$�IURP�LPDJHV�DFTXLUHG�DW�UHVW�DV�SUHYLRXVO\�GHVFULEHG�����

������'LDVWROLF�DQG�V\VWROLF�/9�YROXPHV�ZHUH�GHWHUPLQHG�XVLQJ�WKH�6LPSVRQ¶V�PHWKRG�RI�EL�����

SODQH�GLVF�VXPPDWLRQ�ZKLOH�+5�ZDV�UHFRUGHG�YLD�D���OHDG�HOHFWURFDUGLRJUDP�LQKHUHQW�LQ�WKH�����

XOWUDVRXQG�� 7KH� FR�HIILFLHQW� RI� YDULDWLRQ� IRU� UHSHDWHG� H[HUFLVLQJ� KHPRG\QDPLFV� XVLQJ�����

HFKRFDUGLRJUDSK\�ZDV�EHWZHHQ��������4ࡆ �ZDV�FDOFXODWHG�DV�WKH�SURGXFW�RI�+5�DQG�69�������

0$3�ZDV�FDOFXODWHG�DV�����[�'%3����6%3�����ZKHUH�'%3�DQG�6%3�DUH�GLDVWROLF�DQG�V\VWROLF�����

EORRG�SUHVVXUHV�� UHVSHFWLYHO\��7RWDO�SHULSKHUDO� UHVLVWDQFH��735��ZDV�FDOFXODWHG�DV�0$3��4ࡆ ������

(IIHFWLYH�DUWHULDO�HODVWDQFH��DQ�LQGLUHFW�PHDVXUHPHQW�RI�WKH�QHW�DUWHULDO� ORDG�LPSRVHG�RQ�WKH�����

/9��ZDV�FDOFXODWHG�DV�����[�6%3�69���������/9�HQG�V\VWROLF�HODVWDQFH��FRQVLGHUHG�DQ�LQWHJUDWHG�����

PHDVXUH�RI�/9�SHUIRUPDQFH������ZDV�FDOFXODWHG�DV�����[�6%3�(69������ZKHUH�(69�LV�HQG�����

V\VWROLF�YROXPH��9HQWULFXODU�DUWHULDO�FRXSOLQJ�ZDV�FDOFXODWHG�DV� WKH�TXRWLHQW�RI�HQG�V\VWROLF�����

HODVWDQFH�DQG�HIIHFWLYH�DUWHULDO�HODVWDQFH�����������

�'�VSHFNOH�WUDFNLQJ�RI�WKH�VKRUW�D[LV�EDVH�DQG�DSH[�ZDV�XVHG�WR�GHULYH�FLUFXPIHUHQWLDO�VWUDLQ������

VWUDLQ�UDWHV�DQG�URWDWLRQDO�SDUDPHWHUV��ZKLOH�ORQJLWXGLQDO�VWUDLQ�ZDV�GHWHUPLQHG�IURP�WKH�DSLFDO�����

��FKDPEHU� YLHZ� DV� GHVFULEHG� SUHYLRXVO\� ����� ����� %ULHIO\�� GLDVWROLF� DQG� V\VWROLF� IUDPH�E\�����

IUDPH� GDWD� ZHUH� QRUPDOL]HG� WR� WKHLU� UHVSHFWLYH� SHUFHQWDJH� RI� GXUDWLRQ� DQG� LQWHUSRODWHG�����

VHSDUDWHO\�WR�����GDWD�SRLQWV�XVLQJ�FXELF�VSOLQH�LQWHUSRODWLRQ��*UDSK3DG�3ULVP����6DQ�'LHJR������

&$���7ZLVW�� XQWZLVWLQJ� DQG� WKH� UHVSHFWLYH� YHORFLWLHV�ZHUH� REWDLQHG� E\� VXEWUDFWLRQ� RI� EDVDO�����

URWDWLRQ�YHORFLW\� GDWD� IURP� DSLFDO� URWDWLRQ�YHORFLW\� GDWD�� 3HDN� XQWZLVWLQJ� YHORFLW\� ZDV�����

GHWHUPLQHG�DV�WKH�JUHDWHVW�QHJDWLYH�GHIOHFWLRQ�IROORZLQJ�SHDN�WZLVWLQJ�YHORFLW\�������

Statistical analyses ����

7ZR�ZD\�$129$��K\GUDWLRQ�[�+$��ZLWK�UHSHDWHG�PHDVXUHV�DQDO\VHV�ZHUH�XVHG�WR�FRPSDUH�����

PHDVXUHPHQWV�UHFRUGHG�DW�UHVW�DQG�DW�WKH�HQG�RI�XSULJKW�F\FOLQJ�H[HUFLVH��6HSDUDWH�WKUHH�ZD\�����

�K\GUDWLRQ� [� WLPH� [� +$�� $129$¶V� ZHUH� XVHG� WR� FRPSDUH� PHDVXUHPHQWV� GXULQJ� VHPL�����

UHFXPEHQW�F\FOLQJ�H[HUFLVH��0DXFKOH\¶V�WHVW�ZDV�XVHG�WR�WHVW�WKH�DVVXPSWLRQ�RI�6SKHULFLW\��,Q�����

FDVHV�ZKHUH�WKLV�DVVXPSWLRQ�ZDV�YLRODWHG�D�*UHHQKRXVH�*HLVVHU�FRUUHFWLRQ�IDFWRU�ZDV�DSSOLHG������

%RQIHUURQL�post-hoc�WHVWLQJ�ZDV�HPSOR\HG�WR�GHWHUPLQH�ZKHUH�GLIIHUHQFHV�RFFXUUHG��:LOFR[RQ�����

VLJQHG�UDQN�WHVWV�ZHUH�XVHG�WR�DQDO\VH�RUGLQDO�UDWLQJ�RI�SHUFHLYHG�H[HUWLRQ�DQG�WKHUPDO�FRPIRUW�����

GDWD��5HODWLRQVKLSV�EHWZHHQ�VHOHFWHG�SK\VLRORJLFDO�YDULDEOHV�SUH��DQG�SRVW�+$�ZHUH�HYDOXDWHG�����

XVLQJ� 3HDUVRQ¶V� SURGXFW�PRPHQW� FRUUHODWLRQ��$OO� VWDWLVWLFDO� DQDO\VHV�ZHUH� FRQGXFWHG� XVLQJ�����
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6366� �9HUVLRQ� ���� ,%0��$UPRQN�� 86��� 5HVXOWV� DUH� UHSRUWHG� DV�PHDQ� �� 6'�� 7KH� OHYHO� RI�����

VLJQLILFDQFH�ZDV�VHW�DW�P�����������

5HVXOWV�����

Heat acclimation intervention summary ����

5HVWLQJ�7UH�DQG�+5�ZHUH�VLPLODU�GXULQJ�WKH����GD\V�RI�+$��P� �������DQG�������UHVSHFWLYHO\������

6XSSOHPHQWDO�)LJXUH�6����7UH�DIWHU����PLQ�RI�IL[HG�ZRUNORDG�H[HUFLVH�ZDV�XQDIIHFWHG�E\�+$������

DYHUDJLQJ������������&�RQ�GD\���DQG������������&�RQ�GD\�����UHVSHFWLYHO\��P� ��������+RZHYHU������

RYHU� WKH�VDPH�SHULRG��+5�ZDV��������EHDWV�PLQ��� ORZHU�RQ�GD\����FRPSDUHG� WR�GD\����P� �����

��������'XULQJ�WKH����PLQ�RI�H[HUFLVH�DW�D�WDUJHW�+5��WRWDO�ZRUN�LQFUHDVHG�E\����������N-���������

������RYHU�WKH����GD\V�RI�+$��P�����������([HUFLVH�DW�D�FRQWUROOHG�+5�UHVXOWHG�LQ�DQ�HOHYDWHG�����

7UH��ZKLFK�DYHUDJHG������������&�IRU�WKH�ILQDO����PLQ�RI�H[HUFLVH�HDFK�GD\�RI�+$��6ZHDW�UDWH�����

LQFUHDVHG�E\����������EHWZHHQ�GD\���DQG����RI�+$��P� ��������)XOO�UHVSRQVHV�WR�WKH����GD\�����

+$�SURWRFRO�DUH�SXEOLVKHG�LQ�GHWDLO�HOVHZKHUH�����������

Resting responses to heat acclimation ����

3DUWLFLSDQWV� DWWHQGHG� WKH� ODERUDWRU\� LQ� D� ZHOO�K\GUDWHG� VWDWH� DV� LQGLFDWHG� E\� VLPLODU� XULQH�����

VSHFLILF� JUDYLW\� ��������� �������P  � ������ DQG� QXGH� ERG\�PDVV� ������ �� ���� NJ��P  � ����������

PHDVXUHPHQWV�EHWZHHQ�WULDOV��7KHUH�ZDV�D������GHFUHDVH�LQ�+EPDVV�IURP����������J�SUH�+$�WR�����

���������J����K�IROORZLQJ�GD\����RI�WKH�+$�LQWHUYHQWLRQ��P  ��������3RVW�+$�KHPDWRORJLFDO�����

UHVSRQVHV�ZHUH� WKHUHIRUH� FDOFXODWHG� XVLQJ� WKLV� YDOXH��5HVWLQJ� UHG� FHOO� YROXPH� WHQGHG� WR� EH�����

VOLJKWO\�UHGXFHG�IROORZLQJ�+$����������PO��P  ���������1R�RWKHU�HIIHFWV�RI�+$�ZHUH�REVHUYHG�����

RQ�UHVWLQJ�YHQRXV�EORRG�FRQVWLWXHQWV��DEVROXWH�%9�DQG�39��ZKLFK�GLG�QRW�GLIIHU�EHWZHHQ�WULDOV�����

�DOO�P !�������7DEOH����)LJXUH����������

+$�GLG�QRW�DOWHU�UHVWLQJ�7UH�RU�7VN��ERWK�P !�������)LJXUH�����7KHUH�ZDV�QR�PDLQ�HIIHFW�RI�+$�����

RQ� UHVWLQJ�+5� �P�  � ������ZKLFK� DYHUDJHG� ��� �� �� EHDWV�PLQ��� LQ� SUH�+$� WULDOV� DQG� ��� �� ������

EHDWV�PLQ���LQ�SRVW�+$�WULDOV��UHVSHFWLYHO\��)LJXUH�����7KHUH�ZDV�PDLQ�HIIHFW�RI�+$�RQ�UHVWLQJ�����

69��P� ��������ZKLFK�ZDV�RQO\�VOLJKWO\�JUHDWHU��������PO��SRVW�+$��KRZHYHU�UHVWLQJ�4ࡆ �ZDV�QRW�����

DOWHUHG�� DYHUDJLQJ� ����� �� ����� LQ� WKH� SUH�� DQG� ����� �� ����� /�PLQ��� LQ� WKH� SRVW�+$� WULDOV������

UHVSHFWLYHO\��P� ��������6\VWROLF�DQG�GLDVWROLF�/9�YROXPHV�DOVR�GLG�QRW�GLIIHU�EHWZHHQ�WULDOV�����

�DOO�P�!�������)LJXUH�����5HVWLQJ�6%3�DQG�'%3�ZHUH����������DQG���������PP+J�SUH�+$�DQG�����

��������DQG���������PP+J�SRVW�+$��P  �������DQG��������UHVSHFWLYHO\���5HVWLQJ�0$3�ZDV�����
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QRW�DOWHUHG�E\�+$��P  �������)LJXUH�����7KHUH�ZDV�D�PDLQ�HIIHFW�RI�+$�RQ�GHFUHDVLQJ�UHVWLQJ�����

HIIHFWLYH�DUWHULDO�HODVWDQFH��������������PP+J�PO����P� ���������5HVWLQJ�/9�V\VWROLF�HODVWDQFH�����

�P� �������DQG�YHQWULFXODU�DUWHULDO�FRXSOLQJ��P� ��������ZHUH�QRW�DOWHUHG�E\�+$��)LJXUH���������

/9�PDVV� ZDV� XQFKDQJHG� E\�+$�� DYHUDJLQJ� ���� �� ��� J� SUH�+$� DQG� ���� �� �� J� SRVW�+$������

UHVSHFWLYHO\��P  ��������6LPLODUO\��/9�V\VWROLF�DQG�GLDVWROLF�IXQFWLRQ�ZDV�ODUJHO\�XQDOWHUHG�E\�����

+$� DV� WKHUH� ZHUH� QR� GLIIHUHQFHV� LQ� EDVDO�� DSLFDO� RU� ORQJLWXGLQDO� VWUDLQ� DQG� VWUDLQ� UDWH�����

SDUDPHWHUV��DQG�/9�URWDWLRQ�DQG�URWDWLRQDO�YHORFLWLHV�ZHUH�DOVR�VLPLODU�EHWZHHQ�WULDOV��DOO�P !�����

������7DEOHV������)LJXUH�����������

Responses to initial 20 min semi-recumbent cycling ����

7KURXJKRXW� WKH� LQLWLDO� ��� PLQ� RI� VHPL�UHFXPEHQW� H[HUFLVH�� WKHUPDO� DQG� SHULSKHUDO�����

KHPRG\QDPLF�UHVSRQVHV�DQG�%9�ZHUH�VLPLODU�EHWZHHQ�DOO�IRXU�WULDOV�DV�SDUWLFLSDQWV�ZHUH�VWLOO�����

HXK\GUDWHG� �DOO�P� !� ������ )LJXUHV� ������ ,QLWLDO� H[HUFLVLQJ�4ࡆ �ZDV� XQDOWHUHG� E\�+$� DQG�ZDV�����

DVVRFLDWHG�ZLWK�VLPLODU�+5�DQG�/9�YROXPHV��PHFKDQLFDO�DQG�VWUDLQ�UHVSRQVHV�EHWZHHQ�WULDOV�����

�)LJXUHV������7DEOHV���DQG���������

Upright exercise, hydration status and acclimation ����

*UHDWHU�IOXLG�LQWDNH�ZDV�SUHVFULEHG�SRVW�+$��LQFUHDVLQJ�IURP�����������/�WR�����������/�LQ�(8+������

DQG�IURP�����������/�WR�����������/�LQ�'(+�WULDOV��ERWK�P���������WR�DFFRXQW�IRU�LQFUHDVHV�LQ�����

VZHDW�UDWH� WKURXJKRXW� WKH����GD\�+$�SHULRG��P� ��������7KLV�UHVXOWHG�LQ�VLPLODU�ERG\�PDVV�����

FKDQJHV�GXULQJ�H[HUFLVH�SUH��DQG�SRVW�+$��P� ��������%RG\�PDVV�ZDV�JHQHUDOO\�PDLQWDLQHG�LQ�����

(8+� WULDOV�� DYHUDJLQJ� ����� �� ����� RI� SUH�H[HUFLVH� YDOXHV� DW� ���� PLQ�� ,Q� FRQWUDVW�� IOXLG�����

UHVWULFWLRQ�UHVXOWHG�LQ�DYHUDJH�ERG\�PDVV�GHILFLWV�RI������������DW�����PLQ�DQG������������DW�����

����PLQ��UHVSHFWLYHO\��ERWK�P����������������

'XULQJ�WKH�(8+�WULDO��DYHUDJH�7UH�GXULQJ�XSULJKW�H[HUFLVH�GHFUHDVHG�IURP������������&�SUH�+$�����

WR������������&�SRVW�+$� �P� �������� DQG�ZDV����������ႏ� ORZHU�DW� WKH� HQG�RI� WKH�XSULJKW�����

H[HUFLVH�SHULRG�SRVW�+$��P  ���������$YHUDJH�H[HUFLVLQJ�+5�ZDV�DOVR�ORZHUHG�IURP�������������

WR���������EHDWV�PLQ���ZLWK�(8+�IROORZLQJ�+$��P  ��������DQG�ZDV�������EHDWV�PLQ���ORZHU�DW�����

WKH�HQG�RI�XSULJKW�H[HUFLVH��P  ��������,Q�FRQWUDVW��DYHUDJH�7UH�GXULQJ�XSULJKW�H[HUFLVH�ZLWK�����

'(+�������������&��ZDV�QRW�DOWHUHG�SRVW�+$��������������P  ��������$YHUDJH�XSULJKW�H[HUFLVLQJ�����

+5�ZLWK�'(+�ZDV�DOVR�XQDOWHUHG��DYHUDJLQJ���������DQG���������EHDWV�PLQ���SUH��DQG�SRVW�+$������

UHVSHFWLYHO\��P  ��������5DWLQJ�RI�SHUFHLYHG�H[HUWLRQ�DW�WKH�HQG�RI�XSULJKW�H[HUFLVH�GHFUHDVHG�����
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ZLWK�+$��DYHUDJLQJ��������SUH�+$�DQG��������XQLWV�SRVW�+$�ZLWK�(8+��P  ��������DQG����������

��XQLWV�SUH�+$�DQG��������XQLWV�SRVW�+$�ZLWK�'(+��P� ��������UHVSHFWLYHO\��7KHUPDO�FRPIRUW�����

ZDV� QRW� DOWHUHG� E\�+$� LQ� HLWKHU� FRQGLWLRQ�� DYHUDJLQJ������� ���� XQLWV� DW� WKH� HQG� RI� XSULJKW�����

H[HUFLVH��DOO�P�!������������

Heat acclimation effects on semi-recumbent exercise bouts at 100 and 180 min ����

7KH�7UH� UHVSRQVHV� WR� SHULRGV� RI� VHPL�UHFXPEHQW� H[HUFLVH�ZHUH� QRW� DOWHUHG� E\�+$� LQ� HLWKHU�����

FRQGLWLRQ��P� ��������DYHUDJLQJ�����������ႏ�DQG�����������ႏ�DW�����PLQ�ZLWK�(8+�DQG�'(+������

UHVSHFWLYHO\��7KHUH�ZHUH�DOVR�QR�+$��P  �������RU�WLPH��P  ������HIIHFWV�RQ�7VN�GXULQJ�H[HUFLVH������

ZKLFK�DYHUDJHG�����������ႏ�WKURXJKRXW�DOO�SHULRGV�RI�VHPL�UHFXPEHQW�H[HUFLVH��)LJXUH���������

6LPLODU�WR�UHVWLQJ�UHVSRQVHV��WKHUH�ZDV�QR�HIIHFW�RI�+$�RQ�%9�UHVSRQVHV�GXULQJ�H[HUFLVH�LQ�����

HLWKHU�K\GUDWLRQ�VWDWH��ERWK�P !�������7DEOH����)LJXUH�����+5�GXULQJ�VHPL�UHFXPEHQW�H[HUFLVH�����

ZDV�DOVR�XQDOWHUHG�E\�+$��P  ��������DQG�ZDV���������SUH��DQG���������EHDWV�PLQ���SRVW�+$�����

ZLWK�(8+��P� �������DQG����������SUH��DQG����������EHDWV�PLQ���SRVW�+$�ZLWK�'(+��P  �����������

DW�����PLQ��UHVSHFWLYHO\��)LJXUH����������

7KHUH�ZDV�D�PDLQ�HIIHFW�RI�+$�RQ�4ࡆ ��P� �������DQG�D�WHQGHQF\�IRU�D�+$�WLPH�LQWHUDFWLRQ�HIIHFW�����

�P  ���������3DLUZLVH�DQDO\VHV�LQGLFDWHG�4ࡆ �ZDV�a���JUHDWHU�SRVW�+$�ZLWK�(8+����������������

/�PLQ����P  ���������UHDFKLQJ������������/�PLQ���SULRU�WR�WKH�HQG�RI�H[HUFLVH��)LJXUH�����7KLV�����

ZDV�DVVRFLDWHG�ZLWK�D�VOLJKWO\�JUHDWHU�69�DW�����PLQ�ZLWK�(8+�H[HUFLVH�SRVW�+$��������PO��P ����

 ���������'HVSLWH� WKH� LQFUHDVH� LQ�69�WKHUH�ZDV�QR�HIIHFW�RI�+$�RQ�GLDVWROLF�RU�V\VWROLF�/9�����

YROXPHV��ERWK�P�!��������+RZHYHU��D�+$�K\GUDWLRQ�WLPH�HIIHFW�ZDV�REVHUYHG�IRU�('9��P  �����

��������3DLUZLVH�DQDO\VHV�LGHQWLILHG�D�VOLJKW�������PO�GHFOLQH�LQ�('9�ZLWK�(8+�SUH�+$��P  �����

������ZKLFK�ZDV�RWKHUZLVH�PDLQWDLQHG�SRVW�+$��P  �������7KHUH�ZDV�DOVR�OLWWOH�WR�QR�HIIHFW�RI�����

+$�RQ�/9�IXQFWLRQ�GXULQJ�H[HUFLVH��$�PDLQ�HIIHFW�RI�+$�ZDV�REVHUYHG�LQ�SHDN�V\VWROLF�DSLFDO�����

VWUDLQ��P  ���������EXW�QR�SDLUZLVH�GLIIHUHQFHV�ZHUH�LGHQWLILHG�EHWZHHQ�WULDOV��DOO�P�!��������$OO�����

RWKHU�V\VWROLF�DQG�GLDVWROLF�URWDWLRQ��WZLVW�DQG�VWUDLQ�SDUDPHWHUV�ZHUH�VLPLODU�SUH��WR�SRVW�+$�����

ZLWK�(8+��DOO�P�!�������7DEOHV���DQG����)LJXUH���������

7KHUH�ZDV�D�PDLQ�HIIHFW�RI�WLPH�RQ�H[HUFLVLQJ�6%3�DQG�'%3��ERWK�P ���������([HUFLVLQJ�6%3�����

UHVSRQVHV�ZHUH�VLPLODU�SUH��DQG�SRVW�+$��P  ��������DQG�D�VLJQLILFDQW�PDLQ�HIIHFW�RI�+$�ZDV�����

REVHUYHG�RQ�'%3��P  ���������3DLUZLVH�DQDO\VHV�LQGLFDWHG�D�������PP+J�GHFOLQH�LQ�6%3�IURP�����

���WR�����PLQ�RI�(8+�H[HUFLVH�SRVW�+$��P� ���������ZKLOH�'%3�ZDV�������PP+J�ORZHU�DW�����

����PLQ�FRPSDUHG�WR�SUH�+$��P� ���������0$3�WHQGHG�WR�GHFUHDVH�ZLWK�+$��P� ��������EXW�����
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QR�SDLUZLVH�GLIIHUHQFHV�ZHUH�REVHUYHG�EHWZHHQ�SUH��DQG�SRVW�+$�UHVSRQVHV�WR�H[HUFLVH��DOO�P�����

!��������7KHUH�ZHUH�PDLQ�HIIHFWV�RI�WLPH�DQG�+$��ERWK�P ��������RQ�735�DV�ZHOO�DV�D�K\GUDWLRQ�����

WLPH�LQWHUDFWLRQ�HIIHFW��P� ���������ZKLFK�ZDV�VLJQLILFDQWO\�ORZHU�SRVW�+$�ZLWK�(8+�IURP���������

PLQ��P ��������)LJXUH�����6LPLODUO\��WKHUH�ZDV�DOVR�D�PDLQ�HIIHFW�RI�+$��P� ��������DQG�WLPH�����

�P� ��������RQ�HIIHFWLYH�DUWHULDO�HODVWDQFH��ZKLFK�ZDV�VLJQLILFDQWO\�ORZHU�SRVW�+$�DW�����PLQ�����

ZLWK�(8+��������������PP+J�PO����P� �������)LJXUH�����/9�HQG�V\VWROLF�HODVWDQFH�UHPDLQHG�����

VWDEOH�GXULQJ�H[HUFLVH�DQG�ZDV�QRW�DOWHUHG�E\�K\GUDWLRQ�RU�+$�VWDWXV��DOO�P�!�������)LJXUH���������

7KHUH� ZDV� D� PDLQ� HIIHFW� RI� +$� �P  � ������� DQG� WLPH� �P �� ������� RQ� YHQWULFXODU�DUWHULDO�����

FRXSOLQJ��ZKLFK�ZDV�VLJQLILFDQWO\�JUHDWHU�ZLWK�(8+�SRVW�+$�DW�����PLQ���������������P� �����

������)LJXUH���������

Exercise-induced dehydration following acclimation ����

([HUFLVH�LQGXFHG�GHK\GUDWLRQ�ZDV�DVVRFLDWHG�ZLWK�VLJQLILFDQW�GHFOLQHV�LQ�39�����������P  �����

�������DQG�%9����������P  ��������EHWZHHQ�����DQG�����PLQ�SRVW�+$��7DEOH����)LJXUH��%�������

'(+�DOVR�UHVXOWHG�LQ�VLJQLILFDQWO\�JUHDWHU�LQFUHDVHV�LQ�7UH������������&��P  ��������DQG�+5���������

����EHDWV�PLQ����P ���������FRPSDUHG�WR�(8+�SRVW�+$�DW�����PLQ��)LJXUHV���DQG���������

ࡆ4 �ZDV�PDLQWDLQHG�SUH�+$�ZLWK�PLOG�'(+�DW�����PLQ�GHVSLWH�JUHDWHU�LQFUHDVHV�LQ�7UH�DQG�+5�����

DQG� ORZHU� 69� FRPSDUHG� WR�(8+� �DOO�P� �� ������� ,Q� FRQWUDVW�� 7UH��+5� DQG�69�ZHUH� VLPLODU�����

EHWZHHQ�WULDOV�DW�����PLQ�SRVW�+$��DOO�P�!�������)LJXUHV�������+RZHYHU��QR�HIIHFW�RI�+$�ZDV�����

REVHUYHG�RQ�WKH�'(+�UHVSRQVHV�WR�H[HUFLVH��P�!��������,QVWHDG��4ࡆ �GHFOLQHG�IURP�����PLQ�ZLWK�����

'(+�SRVW�+$������������/�PLQ����P  ��������DQG�ZDV�����������/�PLQ���ORZHU�FRPSDUHG�WR�(8+�����

DW�����PLQ��P ���������)LJXUH�����7KLV�ZDV�DVVRFLDWHG�ZLWK�D��������PO�ORZHU�69�DQG�������������

PO�ORZHU�('9�DW�WKH�HQG�RI�H[HUFLVH�FRPSDUHG�WR�(8+��ERWK�P  ��������)LJXUH�����7KHUH�ZDV�����

D�PDLQ�HIIHFW�RI�K\GUDWLRQ�VWDWXV�RQ�6%3��P  ���������ZKLFK�ZDV�������PP+J�ORZHU�ZLWK�'(+�����

FRPSDUHG� WR� (8+� DW� ���� PLQ� SRVW�+$� �3�  � �������� ([HUFLVLQJ� '%3� ZDV� QRW� DOWHUHG� E\�����

K\GUDWLRQ�VWDWXV��P  ���������7KHUH�ZDV�DOVR�D�WHQGHQF\�IRU�D�PDLQ�HIIHFW�RI�K\GUDWLRQ��P  �����

������DQG�D�VLJQLILFDQW�PDLQ�HIIHFW�RI�WLPH��P  ��������RQ�0$3��3DLUZLVH�DQDO\VHV�LGHQWLILHG�����

0$3�GHFOLQHG�VOLJKWO\�GXULQJ�'(+�H[HUFLVH�DQG�WHQGHG�WR�EH�������PP+J�ORZHU�ZLWK�'(+�����

FRPSDUHG�WR�(8+�DIWHU�����PLQ�SRVW�+$��P  ��������1R�GLIIHUHQFHV�LQ�735�ZHUH�REVHUYHG�����

EHWZHHQ�(8+�DQG�'(+�H[HUFLVH�SRVW�+$��DOO�P !�������)LJXUH�����(IIHFWLYH�DUWHULDO�HODVWDQFH�����

LQFUHDVHG�ZLWK�SURJUHVVLYH�GHK\GUDWLRQ�SRVW�+$��P ���������DQG�ZDV�������������PP+J�PO�������

JUHDWHU�FRPSDUHG�WR�(8+�SRVW�+$�DW�����PLQ��P� ���������9HQWULFXODU�DUWHULDO�FRXSOLQJ�ZDV�����

QRW�DOWHUHG�E\�K\GUDWLRQ�VWDWXV��P� ��������)LJXUH���������
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7KHUH�ZDV�D�VLJQLILFDQW�FRUUHODWLRQ�EHWZHHQ�D�GHFOLQH�LQ�69�DQG�UHGXFWLRQV�LQ�('9�ERWK�SUH������

�r� ��������P����������DQG�SRVW�+$��r� ��������P�����������6LPLODUO\��WKHUH�ZHUH��VLJQLILFDQW�����

FRUUHODWLRQV�IRU�SURJUHVVLYH�GHFOLQHV�LQ�('9�GXULQJ�H[HUFLVH�DQG�UHGXFWLRQV�LQ�%9��r� �����������

SUH��DQG�������SRVW�+$��UHVSHFWLYHO\��ERWK�P����������DQG�LQFUHDVHV�LQ�+5��r  �������SUH��DQG�����

������SRVW�+$��UHVSHFWLYHO\��ERWK�P����������)LJXUH����������

'HVSLWH�WKH�GHFOLQH�LQ�4ࡆ �DQG�69��/9�WZLVW�PHFKDQLFV�DQG�VWUDLQ�ZHUH�PRVWO\�XQFKDQJHG�RU�����

VOLJKWO\�HQKDQFHG�E\�'(+��7DEOHV���DQG����)LJXUH�����3HDN�V\VWROLF�EDVDO�FLUFXPIHUHQWLDO�DQG�����

ORQJLWXGLQDO�VWUDLQV�ZHUH�VOLJKWO\�ORZHU�SRVW�+$�ZLWK�'(+�FRPSDUHG�WR�(8+�DW�����PLQ��P ������

������7DEOH�����+RZHYHU��EDVDO�DQG�DSLFDO�V\VWROLF�URWDWLRQ�DQG�V\VWROLF�DQG�GLDVWROLF�URWDWLRQDO�����

YHORFLWLHV� DOO� LQFUHDVHG� ZLWK� '(+� IURP� ��� PLQ� SRVW�+$� �DOO� P� �� ������ 7DEOHV� �� DQG� ��������

6LPLODUO\��WKHUH�ZDV�QR�HIIHFW�RI�K\GUDWLRQ�SRVW�+$�RQ�WZLVW�SDUDPHWHUV��DOO�P�!��������ZLWK�����

SHDN�WZLVW�LQFUHDVLQJ�VOLJKWO\��P� ��������DQG�SHDN�XQWZLVWLQJ�YHORFLW\�PDLQWDLQHG��P� �����������

IURP����PLQ�ZLWK�'(+��)LJXUH���������

'LVFXVVLRQ�����

7KH�PDLQ�ILQGLQJV�RI�WKH�VWXG\�DUH�WKDW�L��+$�KDV�PLQLPDO�HIIHFWV�RQ�/9�GLDVWROLF�DQG�V\VWROLF�����

IXQFWLRQ�� /9� YROXPHV� DQG� V\VWHPLF� KHPRG\QDPLFV� DW� UHVW� DQG� GXULQJ� EULHI� ���� PLQ������

VXEPD[LPDO� H[HUFLVH� XQGHU�PRGHUDWH� KHDW� VWUHVV� ZKLOH� HXK\GUDWHG� ZKHUH� %9� DQG� +5� DUH�����

VLPLODU� SUH�� DQG� SRVW�+$� DQG�� LL�� ZKHQ� HXK\GUDWHG� H[HUFLVH� LV� SURWUDFWHG� WKHVH� UHVSRQVHV�����

UHPDLQ� ODUJHO\�XQDOWHUHG��+RZHYHU�� LLL��SURJUHVVLYH�GHK\GUDWLRQ�!���ZDV�DVVRFLDWHG�ZLWK�D�����

ORZHU�4ࡆ �DQG�69�DQG�JUHDWHU�HOHYDWLRQV�LQ�7UH�DQG�+5�FRPSDUHG�WR�HXK\GUDWLRQ��UHJDUGOHVV�RI�����

+$� VWDWH�� )LQDOO\�� LY�� WKH� ORZHU�4ࡆ � DQG�69�GXULQJ� H[HUFLVH�ZLWK� GHK\GUDWLRQ� DSSHDUV� WR� EH�����

ODUJHO\�GULYHQ�E\�D�UHGXFWLRQ�LQ�%9�DQG�LPSDLUPHQW�LQ�WKH�GLDVWROLF�ILOOLQJ�RI�WKH�/9��DV�WKH�IDOO�����

LQ�('9�ZDV�VLPLODU�WR�WKH�GHFOLQH�LQ�69��ZKLOH�/9�V\VWROLF�DQG�GLDVWROLF�PHFKDQLFDO�IXQFWLRQ�����

DQG� LQWHJUDWHG� /9� SHUIRUPDQFH� ZHUH� PDLQWDLQHG� RU� VOLJKWO\� HQKDQFHG�� &ROOHFWLYHO\�� WKHVH�����

ILQGLQJV� LQGLFDWH� WKDW� H[HUFLVH� +$� KDV� PLQLPDO� HIIHFWV� RQ� /9� YROXPHV�� /9� V\VWROLF� DQG�����

GLDVWROLF�IXQFWLRQ�DQG�V\VWHPLF�KHPRG\QDPLFV�LQ�HXK\GUDWHG�DQG�GHK\GUDWHG�WUDLQHG�KXPDQV������

Independent effects of heat acclimation on cardiovascular function ����

$Q�LPSRUWDQW�REVHUYDWLRQ�RI�WKLV�VWXG\�LV�WKDW�V\VWHPLF�KHPRG\QDPLFV�ZHUH�ODUJHO\�XQDIIHFWHG�����

E\� +$� DV� ࡆ4 �� 0$3� DQG� 735� ZHUH� UHODWLYHO\� XQDOWHUHG� DW� UHVW� DQG� GXULQJ� H[HUFLVH� XQGHU�����

PRGHUDWH�KHDW�VWUHVV�ZKLOH�(8+�ZDV�PDLQWDLQHG��)LJXUH�����3UHYLRXV� ILQGLQJV�VXJJHVW�4ࡆ � LV�����
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XQDOWHUHG�DW� UHVW� �����DQG�GXULQJ�VXEPD[LPDO�H[HUFLVH� ��������� IROORZLQJ�+$��ZKLOH�RWKHUV�����

UHSRUW� D� VLJQLILFDQW� LQFUHDVH� �����RU� GHFUHDVH� �����GXULQJ�H[HUFLVH� LQ�KRW�GU\�KHDW��SRVVLEO\�����

UHIOHFWLQJ� GLIIHUHQFHV� LQ� WKH� VHYHULW\� RI� KHDW� VWUHVV�� LQWHQVLW\� RI� H[HUFLVH� RU� WUDLQLQJ� DQG�����

K\GUDWLRQ�VWDWXV�������7KH�HIIHFWV�RI�+$�RQ�EORRG�SUHVVXUH�DUH�DOVR�YDULHG��������������ZLWK�����

PLQLPDO�GDWD� WR�GHWHUPLQH� WKH� LQWHJUDWHG�KHPRG\QDPLF�UHVSRQVHV� WR�G\QDPLF�H[HUFLVH��DQG�����

WKHUHIRUH�WKH�PHFKDQLVPV�WKDW�PD\�XQGHUSLQ�FKDQJHV�LQ�FDUGLRYDVFXODU�IXQFWLRQ��LI�WKH\�LQGHHG�����

RFFXU��,Q�WKLV�VWXG\��HFKRFDUGLRJUDSK\�ZDV�XVHG�WR�TXDQWLI\�LQWULQVLF�P\RFDUGLDO�IXQFWLRQ�DQG�����

/9� YROXPHV�� 7KLV�ZDV� SDLUHG�ZLWK�PHDVXUHPHQWV� RI� DEVROXWH�%9� DQG�0$3��$V� VXFK�� WKH�����

FDUGLRYDVFXODU�UHVSRQVHV�WR�H[HUFLVH�DQG�WKH�HIIHFWV�RI�+$�DQG�K\GUDWLRQ�FDQ�EH�LQWHUSUHWHG�����

XVLQJ�WZR�FODVVLF�FDUGLRYDVFXODU�PRGHOV��7KH�ILUVW�LV�WKH�FDUGLDF�PRGHO��ZKHUH�FDUGLDF�IXQFWLRQ�����

LV�GHWHUPLQHG�E\�LQWULQVLF��L�H��FRQWUDFWLOLW\��DQG�H[WULQVLF��L�H��SUHORDG�DQG�DIWHUORDG��IDFWRUV������

7KH�VHFRQG�LV�WKH�V\VWHPLF�PRGHO�EDVHG�RQ�WKH�K\GURG\QDPLF�HTXLYDOHQW�RI�2KP¶V�ODZ��ZKHUH�����

V\VWHPLF�SHUIXVLRQ�SUHVVXUH��0$3�DVVXPLQJ�ULJKW�DWULDO�SUHVVXUH�LV���PP+J��LV�HTXDO�WR�WKH�����

SURGXFW�RI�V\VWHPLF�EORRG�IORZ��L�H��4ࡆ ��DQG�UHVLVWDQFH��L�H��735���DQG�FDQ�EH�XVHG�DORQJVLGH�����

%9� DQG� HVWLPDWHV� RI� HIIHFWLYH� DUWHULDO� HODVWDQFH�� /9� HQG�V\VWROLF� HODVWDQFH� DQG� YHQWULFXODU�����

DUWHULDO�FRXSOLQJ�WR�DGGUHVV�SRWHQWLDO�V\VWHPLF�IDFWRUV�DIIHFWLQJ�FDUGLDF�SUHORDG�DQG�DIWHUORDG�����

ZLWK�+$�������

,QWULQVLFDOO\��69�LV�LQIOXHQFHG�E\�FDUGLDF�FRQWUDFWLOLW\��)LQGLQJV�RI�SUHYLRXV�VWXGLHV�DUH�OLPLWHG�����

WR�LQGLFDWLRQV�WKDW�+$�PD\�GHFUHDVH�V\PSDWKHWLF�QHUYH�DFWLYLW\�����������SHUKDSV�DOWHULQJ�WKH�����

LQRWURSLF�VWDWH�RI�WKH�P\RFDUGLXP��'LUHFW�HYLGHQFH�RI�WKH�HIIHFWV�RI�SDVVLYH�+$�RQ�LQWULQVLF�����

FDUGLDF�IXQFWLRQ�LV�OLPLWHG�WR�WKH�URGHQW�PRGHO�DQG�LQGLFDWHV�WKDW�SHULRGV�RI�����PRQWKV�UHVXOW�����

LQ�VHYHUDO�LQWHJUDWHG�PROHFXODU�UHVSRQVHV�WKDW�LPSURYH�FRQWUDFWLOLW\�RI�WKH�/9�����������,Q�WKH�����

SUHVHQW� VWXG\�� WLVVXH� GRSSOHU� DQG� VSHFNOH� WUDFNLQJ� HFKRFDUGLRJUDSK\�ZHUH� XVHG� WR� SURYLGH�����

LQVLJKW� LQWR�KXPDQ�P\RFDUGLDO�GLDVWROLF�DQG�V\VWROLF� IXQFWLRQ�DW� UHVW�DQG�GXULQJ�H[HUFLVH� LQ�����

UHVSRQVH� WR� +$�� $� SHUWLQHQW� ILQGLQJ� ZDV� WKDW� +$� GLG� QRW� DIIHFW� /9� V\VWROLF� RU� GLDVWROLF�����

PHFKDQLFDO�IXQFWLRQ��5HVWLQJ�HDUO\�DQG�ODWH�GLDVWROLF�WLVVXH�YHORFLWLHV�RI�WKH�PHGLDO�DQG�ODWHUDO�����

DQQXOXV��ZKLFK�FRUUHODWH�ZLWK�HDUO\�GLDVWROLF�ILOOLQJ�SUHVVXUH�DQG�DWULDO�IXQFWLRQ��UHVSHFWLYHO\�����

����������ZHUH�VLPLODU�EHWZHHQ�WULDOV��7DEOH�����,Q�DGGLWLRQ��WKHUH�ZHUH�QR�GLIIHUHQFHV�LQ�DQ\�����

URWDWLRQDO��WZLVW��XQWZLVW�RU�VWUDLQ�SDUDPHWHUV�DW�UHVW�RU�GXULQJ�HXK\GUDWHG�H[HUFLVH�IROORZLQJ�����

+$� �7DEOHV� �� DQG� ��� )LJXUH� ����ZKLFK�PD\� RWKHUZLVH� EH� VXJJHVWLYH� RI� DOWHUHG�P\RFDUGLDO�����

HIILFLHQF\�LQ�WKH�DEVHQFH�RI�FKDQJHV�LQ�/9�VWUXFWXUH�������DV�/9�PDVV�ZDV�DOVR�XQDIIHFWHG������

7\SLFDOO\��HYLGHQFH�RI�/9�UHPRGHOOLQJ�RU�IXQFWLRQDO�DGDSWDWLRQV��VXFK�DV�LQFUHDVHG�FKDPEHU�����

GLPHQVLRQV�� ZDOO� WKLFNQHVV�� RU� V\VWROLF� DQG� GLDVWROLF� IXQFWLRQ� PD\� EH� DSSDUHQW� IROORZLQJ�����
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SHULRGV�RI�a��PRQWKV�RI�UHJXODU�H[HUFLVH�LQ�KHDOWK\�KXPDQV�����������$V�VXFK��LW�DSSHDUV�WKDW�D�����

���GD\�+$� UHJLPHQ� LV� QRW� D� VXIILFLHQW� VWLPXOXV� WR� LQGXFH� FKDQJHV� LQ� FDUGLDF� VWUXFWXUH� DQG�����

LQWULQVLF� IXQFWLRQ� DW� UHVW� RU� GXULQJ� VXEPD[LPDO� H[HUFLVH� LQ� WKH� KHDW� LQ� HQGXUDQFH�WUDLQHG�����

LQGLYLGXDOV�������

([WULQVLFDOO\��/9�YROXPHV�DUH�LQIOXHQFHG�E\�DIWHUORDG�DQG�SUHORDG��,Q�WKH�SUHVHQW�VWXG\��+$�����

KDG�QR�HIIHFW�RQ�UHVWLQJ�0$3��ZKLFK�ZDV�ODUJHO\�VLPLODU�WKURXJKRXW�(8+�H[HUFLVH��ZLWK�RQO\�����

D�WHQGHQF\�WR�EH�VOLJKWO\��a��PP+J��ORZHU�SRVW�+$��)XUWKHUPRUH��735�ZDV�VLPLODU�DW�UHVW�DQG�����

���PLQ�RI�H[HUFLVH�EHWZHHQ�WULDOV��ZLWK�D�VPDOO�GHFUHDVH�SRVW�+$�QRWHG�IURP�����PLQ�RQZDUG�����

�)LJXUH�����7RJHWKHU�ZLWK�RQO\�VOLJKW�GLIIHUHQFHV�LQ�HIIHFWLYH�DUWHULDO�HODVWDQFH�DW�UHVW�DQG���������

PLQ��)LJXUH�����LW�DSSHDUV�WKH�UHODWLYHO\�VLPLODU�/9�YROXPHV�DQG�4ࡆ �GXULQJ�(8+�SUH��DQG�SRVW�����

+$� ZHUH� QRW� DVVRFLDWHG� ZLWK� D� VXEVWDQWLDO� UHGXFWLRQ� LQ� DIWHUORDG�� $Q� LQFUHDVH� LQ� 39� DQG�����

WKHUHIRUH� WRWDO� FLUFXODWLQJ� %9� LV� DQ� RIWHQ�UHSRUWHG� UHVSRQVH� WR� +$� ����� ����� EXW� LV� QRW�����

FRQVLVWHQWO\�REVHUYHG��H�J�����������7KH�SUHYDLOLQJ�YLHZ�LV�WKDW�D�JUHDWHU�%9�LQFUHDVHV�WKH�ILOOLQJ�����

SUHVVXUH�RI� WKH�/9�DQG�69��ZKLFK�ZRXOG�SHUPLW�4ࡆ � WR� LQFUHDVH� IROORZLQJ�+$� ������������������

DVVXPLQJ�QR�RWKHU�FKDQJHV�RFFXU��6WXGLHV�VXSSRUWLQJ�WKLV�YLHZ�KDYH�UHSRUWHG�LQFUHDVHV�LQ�69������

ZLWK�DQ�XQFKDQJHG�RU�LQFUHDVHG�4ࡆ �LQ�FRQMXQFWLRQ�ZLWK�39�H[SDQVLRQ�LQ�WKH�UHJLRQ�RI���������������

���������+RZHYHU��WKH�DVVXPSWLRQ�WKDW�LQFUHDVHG�39�DQG�WKHUHIRUH�%9�DORQH�ZLWK�+$�ZRXOG�����

HQKDQFH�4ࡆ �LV�ODUJHO\�XQVXSSRUWHG�LQ�WKH�OLWHUDWXUH�������������������)RU�H[DPSOH��D�a���39�����

H[SDQVLRQ�SUH��WR�SRVW�+$�GRHV�QRW�DSSHDU�WR�DOWHU�4ࡆ �UHVSRQVHV�WR�LQFUHPHQWDO�H[HUFLVH�LQ�WKH�����

KHDW�������)XUWKHUPRUH��DFXWH�a��������PO�LQFUHDVHV�LQ�%9�KDYH�EHHQ�VKRZQ�WR�LQFUHDVH�4ࡆ �DQG�����

69�GXULQJ�F\FOLQJ�H[HUFLVH������RU�KDYH�QR�HIIHFW�RQ�4ࡆ ��69��OHJ�EORRG�IORZ�RU�R[\JHQ�XSWDNH�����

�����DW�UHVW�DQG�GXULQJ�VLQJOH�OHJ�NQHH�H[WHQVRU�H[HUFLVH��7KHUHIRUH��WKH�LQGHSHQGHQW�UROH�RI�39�����

DQG�%9�H[SDQVLRQ�ZLWK�+$�RQ�FDUGLRYDVFXODU�FRQWURO�LV�XQFOHDU�DQG�LQGLFDWHV�QXPHURXV�IDFWRUV�����

DFW�WR�PRGXODWH�4ࡆ �UHVSRQVHV�IROORZLQJ�+$��,Q�FRQWUDVW�WR�WKH�REVHUYDWLRQV�RI�1LHOVHQ�HW�DO�����������

DQG�LQ�GLVDJUHHPHQW�ZLWK�WKH�SUHVHQW�K\SRWKHVLV��4ࡆ �ZDV�XQDOWHUHG�DW�UHVW�����DQG�����PLQ��ZLWK�����

RQO\�D�VOLJKW������/�PLQ����LQFUHDVH�REVHUYHG�DW�����PLQ�ZLWK�(8+�SRVW�+$�LQ�WKH�SUHVHQW�VWXG\������

&RPSDUHG�WR�SUH�+$��%9�DQG�GLDVWROLF�ILOOLQJ�RI�WKH�/9�ZDV�VLPLODU�DQG�ZDV�DVVRFLDWHG�ZLWK�����

D�ODUJHO\�XQDOWHUHG�69�DW�UHVW�DQG�GXULQJ�H[HUFLVH�������PO���+5�ZDV�DOVR�XQDOWHUHG�E\�+$�����

GXULQJ�VXEPD[LPDO�VHPL�UHFXPEHQW�F\FOLQJ�XQGHU�PRGHUDWH�KHDW�VWUHVV��)LJXUH�����$�UHGXFWLRQ�����

LQ�+5�ZLWK�+$�PD\�LQFUHDVH�WKH�GLDVWROLF�ILOOLQJ�WLPH�RI�WKH�/9��)XUWKHU�ZRUN�H[SORULQJ�WKH�����

UHODWLRQVKLS� EHWZHHQ� ORZHUHG� +5�� HQKDQFHG� %9�� DQG� JUHDWHU� /9� SUHORDG�� VXFK� DV� GXULQJ�����

GLIIHUHQW�PRGDOLWLHV�RI�H[HUFLVH�DQG�LQ�D�UDQJH�RI�SRSXODWLRQV��LV�ZDUUDQWHG��1RQHWKHOHVV��WKH�����

REVHUYDWLRQV� WKDW� +5�� %9�� /9� YROXPHV�� /9� LQWULQVLF� PHFKDQLFDO� IXQFWLRQ�� LQWHJUDWHG� /9�����
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SHUIRUPDQFH��YHQWULFXODU�DUWHULDO�FRXSOLQJ�DQG�V\VWHPLF�KHPRG\QDPLFV�ZHUH�VLPLODU�EHWZHHQ�����

WULDOV� LQGLFDWH� WKDW� ��� GD\V� RI� H[HUFLVH� +$� LQ� WKH� SUHVHQW� VWXG\� GLG� QRW� VLJQLILFDQWO\� DOWHU�����

FDUGLRYDVFXODU�IXQFWLRQ�DQG�LWV�UHJXODWLRQ�DW�UHVW�DQG�GXULQJ�VXEPD[LPDO�H[HUFLVH�LQ�HXK\GUDWHG�����

WUDLQHG�LQGLYLGXDOV�������

Acute exercise-induced dehydration and cardiovascular function ����

$�VHFRQG�PDMRU� ILQGLQJ�RI� WKH�SUHVHQW� VWXG\�ZDV� WKDW�+$�GLG�QRW� DWWHQXDWH� WKH�GHOHWHULRXV�����

HIIHFWV�RI�GHK\GUDWLRQ�RQ�/9�ILOOLQJ�DQG�V\VWHPLF�KHPRG\QDPLFV�RU�DOWHUHG�LQWULQVLF�GLDVWROLF�����

DQG�V\VWROLF�PHFKDQLFDO�IXQFWLRQ��,Q�WKLV�VWXG\��IOXLG�LQWDNH�ZDV�PDQLSXODWHG�VR�WKDW�VLPLODU�����

PLOG��a������DQG�PRGHUDWH��a������UHGXFWLRQV�LQ�ERG\�PDVV�RFFXUUHG�EHIRUH�DQG�DIWHU�+$������

SHUPLWWLQJ�WKH�HIIHFWV�RI�+$�RQ�VWDQGDUGL]HG�OHYHOV�RI�GHK\GUDWLRQ�YLD�H[HUFLVH�LQGXFHG�KHDW�����

VWUHVV�WR�EH�GHWHUPLQHG��,Q�WKH�GHK\GUDWLRQ�WULDO��4ࡆ �ZDV�a����/�PLQ���ORZHU�WKDQ�HXK\GUDWLRQ�DW�����

����PLQ�SRVW�+$��DQG�ZDV�DVVRFLDWHG�ZLWK�D�GLVSURSRUWLRQDWHO\�ODUJHU�IDOO�LQ�69�FRPSDUHG�WR�����

WKH�LQFUHDVH�LQ�+5��7KH�69�GHFOLQH�GRHV�QRW�DSSHDU�WR�EH�UHODWHG�WR�LQFUHDVHG�DIWHUORDG��ZKHQ�����

FRQVLGHULQJ�WKH�0$3�UHVSRQVHV�WR�GHK\GUDWLRQ��6LPLODU�WR�SUHYLRXV�VWXGLHV���������������0$3�����

GHFUHDVHG� GXULQJ� H[HUFLVH�ZLWK�'(+� DQG� WHQGHG� WR� EH� ORZHU� WKDQ�(8+�SUH�� DQG� SRVW�+$�����

�)LJXUH�����+RZHYHU�� WKH�SDUDOOHO� LQFUHDVH� LQ� HIIHFWLYH�DUWHULDO� HODVWDQFH� LV� VXJJHVWLYH�RI� DQ�����

HOHYDWLRQ� LQ� WKH� QHW� DUWHULDO� ORDG� LPSRVHG� RQ� WKH� /9� DQG� WKXV� WKH� SRVVLELOLW\� UHPDLQV� WKDW�����

HOHYDWHG� DIWHUORDG� PLJKW� KDYH� FRQWULEXWHG� WR� WKH� ORZHULQJ� LQ� 69�� 1RWZLWKVWDQGLQJ�� WKH�����

REVHUYDWLRQ�WKDW�(69�DQG�HQG�V\VWROLF�HODVWDQFH�GLG�QRW�FKDQJH�ZLWK�'(+��)LJXUHV���DQG��������

LQGLFDWH�WKDW�WKH�LQWHJUDWHG�SHUIRUPDQFH�RI�WKH�/9�ZDV�SUHVHUYHG�DQG�WKXV�WKH�LPSDFW�RI�WKH�����

HOHYDWHG�DIWHUORDG�RQ�69�ZDV�QHJOLJLEOH������������

7KH�ORZHU�4ࡆ �DQG�69�ZLWK�'(+�ZHUH�DOVR�XQUHODWHG�WR�D�EOXQWLQJ�RI�LQWULQVLF�/9�IXQFWLRQ��7KH�����

SUHVHQW�ILQGLQJV�DJUHH�ZLWK�UHFHQW�REVHUYDWLRQV�GXULQJ�H[HUFLVH�LQGXFHG�GHK\GUDWLRQ�LQ�WKDW�/9�����

GLDVWROLF� DQG� V\VWROLF� PHFKDQLFDO� SHUIRUPDQFH� DUH� JHQHUDOO\� PDLQWDLQHG� RU� HQKDQFHG� DV�����

H[HUFLVH�SURJUHVVHV�������7DEOHV���DQG����)LJXUHV���DQG�����1HYHUWKHOHVV��WKHUH�ZDV�D�UHODWLYHO\�����

VPDOO�UHGXFWLRQ�LQ�EDVDO�DQG�ORQJLWXGLQDO�VWUDLQ�DW�����PLQ��ZKLFK�KDV�EHHQ�VKRZQ�WR�RFFXU�����

ZLWK� GHK\GUDWLRQ� ����� DQG� KHPRGLDO\VLV� ������ LQGLFDWLQJ� DQ� LQIOXHQFH� RI� SUHORDG� RQ� WKLV�����

SDUDPHWHU��+RZHYHU��URWDWLRQ��URWDWLRQDO�YHORFLWLHV��V\VWROLF�WZLVW�DQG�GLDVWROLF�XQWZLVWLQJ�UDWH�����

ZHUH� HLWKHU� PDLQWDLQHG� RU� VLJQLILFDQWO\� LQFUHDVHG� ZLWK� GHK\GUDWLRQ�� VXJJHVWLQJ� D� VOLJKW�����

HQKDQFHPHQW�LQ�P\RFDUGLDO�FRQWUDFWLOLW\��SRVVLEO\�GXH�WR�HQKDQFHG�V\PSDWKHWLF�QHUYH�DFWLYLW\�����

������$V�VXFK��LW�DSSHDUV�WKDW�GHK\GUDWLRQ�DQG�FRQFRPLWDQW�K\SHUWKHUPLD�DUH�DVVRFLDWHG�ZLWK�D�����
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JHQHUDO�PDLQWHQDQFH�RU�VOLJKW�LPSURYHPHQW�LQ�WKH�LQWULQVLF�V\VWROLF�DQG�GLDVWROLF�IXQFWLRQ�RI�����

WKH�/9��DQG�+$�GRHV�QRW�DSSHDU�WR�LQIOXHQFH�WKHVH�UHVSRQVHV�������

,QVWHDG� WKH� SUHVHQW� ILQGLQJV� LQGLFDWH� WKDW� WKH� SUHORDG� RI� WKH� KHDUW� LV� GLPLQLVKHG�ZLWK� DFXWH�����

PRGHUDWH�'(+��EXW�+$�GRHV�QRW�DOWHU�WKLV�UHVSRQVH��7KH�a����&�DQG�a���EHDWV�PLQ���JUHDWHU�����

7UH�DQG�+5�DQG�WKH�a����PO�ORZHU�%9�DW�WKH�HQG�RI�H[HUFLVH�ZHUH�VWULNLQJO\�VLPLODU�SRVW��DQG�����

SUH�+$��7KLV�ILQGLQJ�GRHV�QRW�VXSSRUW�RXU�K\SRWKHVLV�WKDW�+$�ZRXOG�DWWHQXDWH�WKH�HIIHFWV�RI�����

H[HUFLVH�LQGXFHG�GHK\GUDWLRQ�RQ�WKH�WKHUPDO��LQWHUYDVFXODU�DQG�FDUGLDF�YROXPH�UHVSRQVHV�WR�����

PRGHUDWH�KHDW�VWUHVV�H[HUFLVH�����������,QWHUHVWLQJO\��WKH�XQDOWHUHG�+5�DQG�%9�ZLWK�+$�ZHUH�����

DVVRFLDWHG�ZLWK�FRPSDUDEOH�/9�ILOOLQJ�UHVSRQVHV��ZLWK�'(+�VLPLODUO\�LPSDLULQJ�SUHORDG��a�������

PO�� DQG�69� �a���PO�� DW� WKH� HQG�RI� H[HUFLVH�SUH�� DQG�SRVW�+$��%RWK� D�GLPLQLVKHG�%9�DQG�����

HOHYDWHG�+5��DQG�WKXV�ORZHU�GLDVWROLF�ILOOLQJ�WLPH��ZHUH�DVVRFLDWHG�ZLWK�WKH�GHFOLQH�LQ�('9�����

�)LJXUH���DQG�����ZLWK�HDFK�OLNHO\�LQWHUDFWLQJ�ZLWK�RWKHU�IDFWRUV�VXFK�DV�FRPSURPLVHG�SHULSKHUDO�����

EORRG�IORZ��L�H��EUDLQ��VNLQ�DQG�QRQ��DQG�H[HUFLVLQJ�PXVFOH����������������������������WR�GLPLQLVK�����

/9�SUHORDG�� ,Q�VXSSRUW�RI�DQ� LQWHUDFWLYH�HIIHFW�RI�VHYHUDO� IDFWRUV�PRGXODWLQJ�FDUGLRYDVFXODU�����

IXQFWLRQ��DFXWH�EORRG�ZLWKGUDZDO�DORQH������%9�RU�a����/�PLQ��GRHV�QRW�DOWHU�69�DQG�4ࡆ �DW�����

UHVW�DQG�GXULQJ�OHJ�H[WHQVLRQ�H[HUFLVH����������6LPLODUO\��DFXWH�HOHYDWLRQV�LQ�+5�YLD�DWULDO�SDFLQJ�����

ORZHUV�('9�DQG�69��EXW�GRHV�QRW�DOWHU�4ࡆ �DW�UHVW����������DQG�GXULQJ�VXEPD[LPDO�RU�PD[LPDO�����

H[HUFLVH� ����� ����� QRU� FKDQJHV� OHJ� EORRG� IORZ� RU� RWKHU� KHPRG\QDPLF� YDULDEOHV� LQ� WKHVH�����

FRQGLWLRQV� ������ ,Q� FRQWUDVW�� GXULQJ� G\QDPLF� H[HUFLVH� LQ� GHK\GUDWHG� DQG� K\SHUWKHUPLF�����

LQGLYLGXDOV�� GH[WUDQ� LQIXVLRQ� KDOYHV� WKH� UHGXFWLRQ� LQ�69� DQG� DWWHQXDWHV� WKH� LQFUHDVH� LQ�+5�����

FRPSDUHG�WR�IOXLG�UHVWULFWLRQ�DORQH��VXFK�WKDW�4ࡆ ������DQG�WKXV�SHULSKHUDO�EORRG�IORZ�DUH�UHVWRUHG������

&ROOHFWLYHO\��WKH�SUHVHQW�DQG�SUHYLRXV�ILQGLQJV�UHYHDO�WKDW�PRGHUDWH�GHK\GUDWLRQ�UHGXFHV�%9�����

DQG�SHULSKHUDO�EORRG�IORZ��������������������������GXULQJ�H[HUFLVH�KHDW�VWUHVV�DQG�H[DFHUEDWHV�����

WKH�LQFUHDVH�LQ�7UH�DQG�+5��ZLWK�WKHVH�UHVSRQVHV�LQWHUDFWLQJ�WR�LPSDLU�WKH�GLDVWROLF�ILOOLQJ�RI�WKH�����

/9��)LJXUH����������

Limitations ����

*LYHQ�WKH�VLPLODULWLHV�LQ�7UH�DQG�+5�GXULQJ�ERXWV�RI�VHPL�UHFXPEHQW�F\FOLQJ��LW�PD\�DSSHDU�WKH�����

+$�LQWHUYHQWLRQ�GLG�QRW�LQGXFH�VLJQLILFDQW�DGDSWDWLRQ�LQ�WKLV�VWXG\��+RZHYHU��WKHVH�VLPLODULWLHV�����

PD\�EH�H[SODLQHG�E\�WKH�H[SHULPHQWDO�SURFHGXUHV�XVHG��DV�7UH��+5�DQG�53(�ZHUH�a����&��a������

EHDWV�PLQ��� DQG� �� XQLWV� ORZHU� DW� WKH� HQG� RI� XSULJKW� H[HUFLVH� ZLWK� HXK\GUDWLRQ� SRVW�+$������

UHVSHFWLYHO\��,QVWHDG��WKH�VLPLODU�UHVSRQVHV�QRWHG�GXULQJ�VHPL�UHFXPEHQW�F\FOLQJ�PD\�UHVXOW�����

IURP�SHULRGV�RI�EULHI�UHVW�IRU�WKH�DVVHVVPHQW�RI�ERG\�PDVV��PRGHUDWH�HQYLURQPHQWDO�KHDW�VWUHVV������
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VHPL�UHFXPEHQW�F\FOLQJ�SRVLWLRQ�DQG�VXEPD[LPDO�H[HUFLVH�LQWHQVLW\��RU�D�FRPELQDWLRQ�WKHUHRI������

7KLV�H[SHULPHQWDO�DSSURDFK�ZDV�FKRVHQ�WR�PLQLPLVH�SDUWLFLSDQW�GLVFRPIRUW��HQVXUH�DGHTXDWH�����

HFKRFDUGLRJUDSKLF� LPDJH�TXDOLW\� DQG� WKH� VWDQGDUGL]DWLRQ�RI�K\GUDWLRQ� VWDWXV�EHWZHHQ� WULDOV������

)XWXUH� VWXGLHV� VKRXOG� GHWHUPLQH� WKH� SHULSKHUDO� DQG� FHQWUDO� KDHPRG\QDPLF� UHVSRQVHV� WR�����

FRQWLQXRXV�G\QDPLF�H[HUFLVH�WR�HOXFLGDWH�WKH�LQIOXHQFH�RI�SHULSKHUDO�YDVFXODU�IDFWRUV�RQ�FDUGLDF�����

IXQFWLRQ�IROORZLQJ�+$��6HFRQGO\��IURP�D�FDUGLDF�SHUVSHFWLYH��WKH�SUHVHQW�VWXG\�ZDV�OLPLWHG�WR�����

HFKRFDUGLRJUDSKLF�VSHFNOH�WUDFNLQJ�DQG�/9�YROXPH�DVVHVVPHQWV��)XWXUH�VWXGLHV�VKRXOG�VHHN�WR�����

GHWHUPLQH�LQWUD�YHQWULFXODU�SUHVVXUH�JUDGLHQWV�DQG�RU�DVVHVV�WKH�HIIHFWV�RI�+$�RQ�ULJKW�KHDUW�����

YROXPH�DQG�IXQFWLRQ��ZKLFK�PD\�SURYLGH�DQ\�LQGLFDWLRQ�RI�DOWHUDWLRQV�LQ�GLDVWROLF�YHQWULFXODU�����

ILOOLQJ�RU�SXOPRQDU\�EORRG�IORZ��UHVSHFWLYHO\��)LQDOO\��VRPH�RI�WKH�SHDN�V\VWROLF�DQG�GLDVWROLF�����

SDUDPHWHUV�DSSHDU�WR�EH�VRPHZKDW�ORZHU�WKDQ�SUHYLRXV�VWXGLHV�DGRSWLQJ�VLPLODU�SURWRFROV�����������

(YHU\�HIIRUW�ZDV�WDNHQ�WR�HQVXUH�WKH�VKRUW�D[LV�DSLFDO�LPDJHV�ZHUH�VWDQGDUGL]HG�DQG�FROOHFWHG�����

DV�FDXGDO�DV�SRVVLEOH��+RZHYHU��LW�VHHPV�OLNHO\�WKHVH�LPDJHV�ZHUH�FROOHFWHG�RII�D[LV��ZKLFK�LV�����

NQRZQ� WR� XQGHUHVWLPDWH� SHDN� V\VWROLF� DSLFDO� URWDWLRQ� ����� DQG� WKXV� YHORFLW\� DQG� WZLVW�����

SDUDPHWHUV��+RZHYHU��YDOXHV�ZHUH�VLPLODU�DW�UHVW�DQG�GXULQJ�WKH�LQLWLDO����PLQ�ERXWV�RI�H[HUFLVH�����

EHWZHHQ�SUH�+$�WULDOV��)XUWKHUPRUH��WKHUH�ZDV�D�FRQVLVWHQW�HIIHFW�RI�'(+�RQ�DSLFDO�URWDWLRQ�����

DQG�URWDWLRQDO�YHORFLW\��7DEOH�����7KHUHIRUH��WKHVH�SDUDPHWHUV�DUH�DGHTXDWHO\�UHSURGXFLEOH�DQG�����

DUH�YDOLG�UHIOHFWLRQV�RI�SRWHQWLDO�GLIIHUHQFHV�RFFXUULQJ�GXH�WR�+$�RU�GHK\GUDWLRQ�������

Conclusions ����

+HDW� DFFOLPDWLRQ� GLG� QRW� QRWDEO\� LQFUHDVH� 69� DQG�4ࡆ � DW� UHVW� RU� GXULQJ� SURORQJHG� G\QDPLF�����

HXK\GUDWHG�H[HUFLVH�LQ�WKH�KHDW�WKURXJK�LQFUHDVHG�%9�RU�GLDVWROLF�ILOOLQJ�RI�WKH�/9��6LPLODUO\������

V\VWROLF� DQG� GLDVWROLF� /9� IXQFWLRQ� ZHUH� ODUJHO\� XQDIIHFWHG� IROORZLQJ� ��� GD\V� RI� KHDW�����

DFFOLPDWLRQ�GXULQJ�HXK\GUDWHG�H[HUFLVH��,Q�FRQWUDVW��GHK\GUDWLRQ�EH\RQG����RI�ERG\�PDVV�ZDV�����

DVVRFLDWHG� ZLWK� JUHDWHU� K\SHUWKHUPLD�� HOHYDWHG� +5�� UHGXFHG� %9� DQG� D� GHFOLQH� LQ� WKH� /9�����

GLDVWROLF�ILOOLQJ��ZKLFK�UHGXFHG�4ࡆ ��UHJDUGOHVV�RI�+$�VWDWH��7KLV�RFFXUUHG�LQ�WKH�IDFH�RI�D�JHQHUDO�����

PDLQWHQDQFH� RU� HYHQ� VOLJKW� HQKDQFHPHQW� RI� /9� PHFKDQLFDO� IXQFWLRQ� DQG� SHUIRUPDQFH������

7RJHWKHU�� WKHVH� ILQGLQJV� LQGLFDWH� WKH� FDUGLRYDVFXODU� V\VWHP� LV� KLJKO\� UHVSRQVLYH� WR� VWUHVV�����

HYRNHG�E\�DFXWH�GHK\GUDWLRQ�EXW�LV�ODUJHO\�XQDIIHFWHG�E\�H[HUFLVH�KHDW�DFFOLPDWLRQ�ZKHQ�+5�����

DQG�%9�DUH�QRW�DOWHUHG�������

$FNQRZOHGJHPHQWV�����
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7KH�DXWKRUV�ZLVK�WR�WKDQN�0U�6DODP�$ERXUDIHK��0U�6HDQ�0F&UXGGHQ��'U�,KVDQ�0RKDPPHG������

0UV�(OHQD�3URFRSFLXF�DQG�'U�1DWKDQ�7RZQVHQG� IRU� WKHLU�DVVLVWDQFH� LQ�GDWD�FROOHFWLRQ��:H�����

ZRXOG�DOVR�OLNH�WR�WKDQN�'U�&DUPHQ�$GDPX]��'U�9LFWRULD�:DWW��0U�'H:HW�YDQ�GHU�:HVWKXL]HQ�����

DQG�3URI��0DWKHZ�:LOVRQ�IRU�WKHLU�WHFKQLFDO�H[SHUWLVH��7KH�DXWKRUV�DOVR�H[WHQG�D�VSHFLDO�WKDQN�����

\RX�WR�WKH�SDUWLFLSDQWV�ZKR�PDGH�WKLV�VWXG\�SRVVLEOH������

)XQGLQJ�����

7KLV�VWXG\�ZDV�IXQGHG�E\�$VSHWDU�2UWKRSDHGLF�DQG�6SRUWV�0HGLFLQH�+RVSLWDO��'RKD��4DWDU������

&RQIOLFWV�RI�LQWHUHVW�����

7KH�DXWKRUV�KDYH�QR�FRQIOLFWV�RI�LQWHUHVW�WR�GHFODUH������

$XWKRU�FRQWULEXWLRQV�����

*7��-3�DQG�-*�$�GHVLJQHG�WKH�VWXG\��*7��15��$6�DQG�'1�FROOHFWHG�WKH�GDWD��*7��-3��-*�$������

$6��1(�DQG�'1�LQWHUSUHWHG�DQG�DQDO\VHG�WKH�GDWD��$OO�DXWKRUV�FRQWULEXWHG�WR�GUDIWLQJ�WKH�ZRUN������

UHYLVLQJ�LW�FULWLFDOO\�IRU�LPSRUWDQW�LQWHOOHFWXDO�FRQWHQW�DQG�DSSURYHG�WKH�ILQDO�PDQXVFULSW������

� �����
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+0.7 ± 0.7
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P = 0.031
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-0.4 ± 0.4
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P = 0.024

MAP
-2 ± 5
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P = 0.224
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-4 ± 5

Beats.min-1

P = 0.172
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+9 ± 7

ml
P = 0.012

ESV
-2 ± 6

ml
P = 0.288

EDV
+7 ± 11

ml
P = 0.294

Filling time &
venous return
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diastolic
function
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ml
P = 0.213
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systolic
function

Maintained euhydration post-HA
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-2.1 ± 0.8

L.min-1

P < 0.001
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Effects of acute moderate
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Q̇


