5HJXODWLRQRI$GROHVFHQW6OHHS
,PSOLFDWLRQVIRU%HKDYLRU
0$5<$&$56.$'21&+5,67,1($&(%2$1'26.$5*-(11,
(3%UDGOH\+RVSLWDO6OHHS5HVHDUFK/DERUDWRU\%URZQ0HGLFDO6FKRRO
3URYLGHQFH5KRGH,VODQG86$

$%675$&7 $GROHVFHQW GHYHORSPHQW LV DFFRPSDQLHG E\ SURIRXQG FKDQJHV LQ
WKHWLPLQJDQGDPRXQWVRIVOHHSDQGZDNHIXOQHVV0DQ\DVSHFWVRIWKHVHFKDQJ
HVUHVXOWIURPDOWHUHGSV\FKRVRFLDODQGOLIHVW\OHFLUFXPVWDQFHVWKDWDFFRPSD
Q\DGROHVFHQFH7KHPDWXUDWLRQRIELRORJLFDOSURFHVVHVUHJXODWLQJVOHHSZDNH
V\VWHPV KRZHYHU PD\ EH VWURQJO\ UHODWHG WR WKH VOHHS WLPLQJ DQG DPRXQW
GXULQJDGROHVFHQFH²HLWKHUDV³FRPSHOOLQJ´RU³SHUPLVVLYH´IDFWRUV7KHWZR
SURFHVVPRGHORIVOHHSUHJXODWLRQSRVLWVDIXQGDPHQWDOVOHHSZDNHKRPHRVWDWLF
SURFHVV SURFHVV 6  ZRUNLQJ LQ FRQFHUW ZLWK WKH FLUFDGLDQ ELRORJLFDO WLPLQJ
V\VWHP SURFHVV& DVWKHSULPDU\LQWULQVLFUHJXODWRU\IDFWRUV+RZGRWKHVH
V\VWHPVFKDQJHGXULQJDGROHVFHQFH":HSUHVHQWGDWDIURPDGROHVFHQWSDUWLFL
SDQWV H[DPLQLQJ ((* PDUNHUV RI VOHHS KRPHRVWDVLV WR HYDOXDWH ZKHWKHU
SURFHVV 6 VKRZV PDWXUDWLRQDO FKDQJHV SHUPLVVLYH RI DOWHUHG VOHHS SDWWHUQV
DFURVVSXEHUW\2XUGDWDLQGLFDWHWKDWFHUWDLQDVSHFWVRIWKHKRPHRVWDWLFV\V
WHP DUH XQFKDQJHG IURP ODWH FKLOGKRRG WR \RXQJ DGXOWKRRG ZKLOH RWKHU
IHDWXUHV FKDQJH LQ D PDQQHU WKDW LV SHUPLVVLYH RI ODWHU EHGWLPHV LQ ROGHU
DGROHVFHQWV:HDOVRVKRZDOWHUDWLRQVRIWKHFLUFDGLDQWLPLQJV\VWHPLQGLFDWLQJ
DSRVVLEOHFLUFDGLDQVXEVWUDWHIRUODWHUDGROHVFHQWVOHHSWLPLQJ7KHFLUFDGLDQ
SDUDPHWHUVZHKDYHDVVHVVHGLQFOXGHSKDVHSHULRGPHODWRQLQVHFUHWRU\SDW
WHUQ OLJKWVHQVLWLYLW\DQG SKDVHUHODWLRQVKLSVDOORIZKLFKVKRZ HYLGHQFH RI
FKDQJHV GXULQJ SXEHUWDO GHYHORSPHQW ZLWK SRWHQWLDO WR DOWHU VOHHS SDWWHUQV
VXEVWDQWLDOO\+RZHYHUWKHFKDQJHVDUHPHGLDWHG²ZKHWKHUWKURXJKSURFHVV6
SURFHVV&RUE\DFRPELQDWLRQ²PDQ\DGROHVFHQWVKDYHWRROLWWOHVOHHSDWWKH
ZURQJ FLUFDGLDQ SKDVH 7KLV SDWWHUQ LV DVVRFLDWHG ZLWK LQFUHDVHG ULVNV IRU
H[FHVVLYHVOHHSLQHVVGLIILFXOW\ZLWKPRRGUHJXODWLRQLPSDLUHGDFDGHPLFSHU
IRUPDQFH OHDUQLQJ GLIILFXOWLHV VFKRRO WDUGLQHVV DQG DEVHQWHHLVP DQG DFFL
GHQWVDQGLQMXULHV
.(<:25'6 FLUFDGLDQ UK\WKPV VOHHS KRPHRVWDVLV SXEHUW\ PHODWRQLQ
DGROHVFHQWKXPDQV06/7

,1752'8&7,21
7KHWLPLQJRIVOHHSDQGZDNHIXOQHVVXQGHUJRHVRQHRIWKHPRVWSURPLQHQWEHKDY
LRUDOFKDQJHVWKDWRFFXUGXULQJDGROHVFHQWGHYHORSPHQWDFKDQJHWKDWRFFXUVLQD
$GGUHVV IRU FRUUHVSRQGHQFH 0DU\ $ &DUVNDGRQ 3K' (3 %UDGOH\ +RVSLWDO 6OHHS
5HVHDUFK /DERUDWRU\ %URZQ 0HGLFDO 6FKRRO  'XQFDQ 'ULYH 3URYLGHQFH 5,  86$
9RLFHID[
PDU\BFDUVNDGRQ#EURZQHGX
$QQ1<$FDG6FL±  1HZ<RUN$FDGHP\RI6FLHQFHV
GRLDQQDOV
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PDMRULW\RI\RXQJSHRSOH'DWDFROOHFWHGIURPPDQ\FRXQWULHVKDYHFRQILUPHGWKH
VWURQJWUHQGIRUODWHUEHGWLPHVDQGODWHUULVLQJWLPHVGXULQJWKHWHHQ\HDUVIRUH[DP
SOH86$&DQDGD6ZLW]HUODQG,WDO\7DLZDQ%UD]LODQG6RXWK$IULFD
,QHDFKLQVWDQFHWKHWHPSRUDOGHOD\RIVOHHSWLPLQJPDQLIHVWVPRVWFOHDUO\RQQRQ
VFKRROQLJKWV ZHHNHQGVDQGYDFDWLRQV HYHQZKHQWKHVFKRROVFKHGXOHFRQVWUDLQV
ULVLQJWLPHVWKHEHGWLPHGHOD\UHPDLQVDSSDUHQWRQVFKRROQLJKWV
([SODQDWLRQVIRUWKLVGHYHORSPHQWDOSDWWHUQDUHHDV\WRLGHQWLI\LQWKHFKDQJLQJ
DGROHVFHQWSV\FKRVRFLDOPLOLHX6XFKSURFHVVHVDVWKHJURZLQJH[SUHVVLRQRIDXWRQ
RP\WKHLQFUHDVHLQDFDGHPLFREOLJDWLRQVDQGVRFLDORSSRUWXQLWLHVDVZHOODVWKHULV
LQJDYDLODELOLW\RIODWHHYHQLQJDFWLYLWLHVRIIHUHGE\DFFHVVWRWHOHSKRQHWHOHYLVLRQ
DQG,QWHUQHW²DOOFRQWULEXWHLQDVLJQLILFDQWZD\WRWKHEHKDYLRUDOUHJXODWLRQRIDGR
OHVFHQWVOHHSSDWWHUQV
,QDGGLWLRQKRZHYHUVOHHSDQGZDNLQJDUHXQGHUUHJXODWRU\FRQWUROE\LQWULQVLF
EUDLQPHFKDQLVPV7KHPRVWZHOONQRZQPRGHOGHVFULELQJWKHVHPHFKDQLVPVZDV
ILUVWH[SUHVVHGE\%RUEpO\DVWKH³WZRSURFHVVPRGHO´DPRGHOVXEVHTXHQWO\UH
ILQHGE\%RUEpO\DQGRWKHUV−,QVWUDLJKWIRUZDUGWHUPVWKHPRGHOSRVLWVDFHQ
WUDO PHFKDQLVP SURYLGLQJ KRPHRVWDWLF VOHHS UHJXODWLRQ WKDW LQWHUDFWV ZLWK WKH
FLUFDGLDQWLPLQJPHFKDQLVP$QDWRPLFFHOOXODUDQGPROHFXODUSURSHUWLHVRIWKHODW
WHUV\VWHPKDYHEHHQGHVFULEHGLQJUHDWGHWDLODVKDYHWKHRUJDQL]LQJSULQFLSOHVRI
LWVIXQFWLRQ7KHDQDWRPLFDOVWUXFWXUHRIWKHKRPHRVWDWLFSURFHVVLVQRW\HWNQRZQ
KRZHYHUQRUKDVWKHVSHFLILFQDWXUHRIWKHQHXURFKHPLFDORUQHXURFHOOXODUEDVLVRI
WKLV SURFHVV \HW EHHQ GHVFULEHG WKRXJK DGHQRVLQH UHJXODWLRQ WKDODPRFRUWLFDO
EUDLQRVFLOODWLRQVDQGFKDQJHVLQJHQHH[SUHVVLRQKDYHEHHQK\SRWKHVL]HGDV
VSHFLILFIHDWXUHVRIWKHV\VWHP1HYHUWKHOHVVWKHRSHUDWLRQDORXWSXWVRIWKHKRPHR
VWDWLFVOHHSZDNHUHJXODWRU\V\VWHPVXFKDVTXDQWLWDWLYHPHDVXUHVRIWKH((*KDYH
EHHQZHOOGHVFULEHG IRUDQRYHUYLHZVHH5HI DQGH[WHQVLYHPRGHOLQJKDVVXF
FHVVIXOO\SUHGLFWHGRXWFRPHV
,QEULHIWKHKRPHRVWDWLFVOHHSZDNHGHSHQGHQWSURFHVVLVPRGHOHGDV³SURFHVV
6´ZKLFKDFFXPXODWHVZKLOHDZDNHDQGGLVVLSDWHVGXULQJVOHHS ),*  (OHFWUR
SK\VLRORJLFDOPDUNHUVRISURFHVV6LQFOXGH  VWDJH15(0VOHHSDOVRNQRZQDV
VORZZDYHVOHHSRU6:6DQG  ((*SRZHUGHQVLW\LQWKHORZIUHTXHQF\UDQJH
−+] DOVRNQRZQDVVORZZDYHDFWLYLW\RU6:$7KHWLPHFRXUVHRISUR
FHVV6GHOLQHDWHGIURP6:$H[KLELWVDQH[SRQHQWLDOGHFD\GXULQJVOHHSDQGDQH[
SRQHQWLDOULVHGXULQJZDNLQJ6OHHSRFFXUULQJDIWHUDEULHIHSLVRGHRIZDNLQJ DVLQ
DGD\WLPHQDS VKRZVUHODWLYHO\OLWWOHVWDJHDQGORZOHYHOVRI6:$DVFRP
SDUHG WR WKHVH IHDWXUHV GXULQJ VOHHS WKDW IROORZV D QRUPDO RU H[WHQGHG GD\
OHQJWK7KXV6:$OHYHOVGXULQJ15(0VOHHSDUHGHWHUPLQHGE\WKHGXUDWLRQRI
SULRUVOHHSDQGZDNHIXOQHVV,QDGGLWLRQWKHVSHHGRIIDOOLQJDVOHHS VOHHSODWHQF\
KDVEHHQGHPRQVWUDWHGWREHDPDUNHUIRUVOHHSKRPHRVWDVLV)RUH[DPSOHVOHHS
UHVWULFWLRQ RYHU VHYHUDO QLJKWV LQGXFHV D SURJUHVVLYH UHGXFWLRQ RI VOHHS ODWHQF\
7KXV IDVWHU VOHHS RQVHWV FDQ LQGLFDWH JUHDWHU DFFXPXODWLRQ RI VOHHS KRPHRVWDWLF
GULYHIDPLOLDUWRXVDOOIRUH[DPSOHZKHQZLWQHVVLQJVOHHSGHSULYHGVWXGHQWVRUFRO
OHDJXHVQRGGLQJRIIGXULQJWKHGD\
7KH FLUFDGLDQ WLPLQJ V\VWHP LV HVVHQWLDOO\ LQGHSHQGHQW RI SULRU ZDNLQJ DQG
VOHHS,WFRQWULEXWHVWRWKHWLPLQJRIVOHHSE\SURYLGLQJVLJQDOV WKHSUHFLVHQHXUR
SK\VLRORJLFDOQDWXUHRIZKLFKDUHXQNQRZQ LQWHUSUHWHGDV³VOHHSJDWHV´RFFXUULQJ
DWVRPHWLPHVDQGGXULQJRWKHUSKDVHVDV³IRUELGGHQ]RQHV´IRUVOHHS&LUFDGLDQ
VOHHSSURSHQVLW\UHDFKHVLWVPD[LPDOOHYHOVLQWKHHDUO\PRUQLQJDQGLWVWURXJKLQWKH
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),*85(  6FKHPDWLFRIWKHFLUFDGLDQDQGKRPHRVWDWLFSURFHVVXQGHUO\LQJVOHHSUHJ
XODWLRQ7KHULVHRIWKHKRPHRVWDWLFSURFHVV\LHOGVDORQJHUWLPHFRQVWDQWWKHQWKHGHFD\UH
IOHFWLQJWKHXQEDODQFHGDPRXQWRIWLPHVSHQWDZDNHDQGDVOHHS:ZDNHIXOQHVV6VOHHS
5HGUDZQLQSDUWIURP$FKHUPDQQ %REpO\

HYHQLQJ ),*  &XUUHQWPRGHOVLQFOXGHDFRQFHSWLQZKLFKWKHKRPHRVWDWLFDQG
FLUFDGLDQV\VWHPVQRUPDOO\RSHUDWHDVRSSRQHQWSURFHVVHVWKDWHQDEOHWKHFRQVROLGD
WLRQRIVOHHSDQGZDNHIXOQHVV,QRWKHUZRUGVDQLQFUHDVLQJFLUFDGLDQGULYH
IRUDURXVDOGXULQJWKHZDNLQJGD\LVSURSRVHGWRFRXQWHUDFWWKHJURZLQJKRPHRVWDWLF
VOHHSSUHVVXUHLQRUGHUWRPDLQWDLQWKHZDNLQJVWDWH&RQYHUVHO\WKHGHFOLQLQJ
15(06VOHHSLQWHQVLW\RUSUHVVXUHGXULQJVOHHSRSSRVHVWKHLQFUHDVHLQFLUFDGLDQ
VOHHSWHQGHQF\DFURVVWKHQLJKWWKHUHE\PDLQWDLQLQJFRQVROLGDWHGVOHHS
6HYHUDODGGLWLRQDOIHDWXUHVRIWKHFLUFDGLDQWLPLQJV\VWHPPHULWLQWURGXFWLRQ IRU
DQRYHUYLHZVHH5HI $OWKRXJKZHGRQRWKDYHGLUHFWDFFHVVWRWKHFORFNPHFK
DQLVPLWVHOILQKXPDQSDUWLFLSDQWVZHDUHDEOHWRPHDVXUHVXFKSDUDPHWHUVRIWKH
V\VWHPDVSKDVHSHULRGDPSOLWXGHDQGSKDVHDQJOHWKURXJKDVVHVVLQJSHULSKHUDO
VLJQDOV7KHWLPLQJRIPHODWRQLQVHFUHWLRQLVRQHRIWKHPRVWUHOLDEOHRIVXFKPHD
VXUHVDQGLVHPLQHQWO\DFFHVVLEOHLQ\RXQJKXPDQVWKURXJKUDGLRLPPXQRDVVD\RI
PHODWRQLQIURPVHULDOVDOLYDVDPSOHV7KXVZHFDQDVVHVVWKHSKDVHRIWKHFLUFDGLDQ
V\VWHPDVWKHRQVHWRIIVHWPLGSRLQWRUSHDNSKDVHRIPHODWRQLQVHFUHWLRQ3KDVH
SUHIHUHQFH ZKHQLW³IHHOVJRRG´WRGRYDULRXVDFWLYLWLHV FDQEHDVVHVVHGXVLQJVWDQ
GDUGVHOIDVVHVVPHQWLQVWUXPHQWV−7KHLQWULQVLFSHULRGRIWKHFLUFDGLDQWLPLQJ
V\VWHPLVPRUHGLIILFXOWWRDVVHVV,QURGHQWVSHULRGLVLQIHUUHGIURPWKHWLPLQJRI
EHKDYLRUV XVXDOO\ZKHHOUXQQLQJ RYHUWKHFRXUVHRIPDQ\F\FOHVXQGHUFRQGLWLRQV
RIHQYLURQPHQWDOLVRODWLRQDQGFRQVWDQWGDUNQHVV²QRWDWHVWLQJHQYLURQPHQWDYDLO
DEOHIRUKXPDQVWXGLHVSDUWLFXODUO\QRWIRU\RXQJKXPDQV,QVWHDGDPHWKRGFDOOHG
IRUFHG GHV\QFKURQ\ LV XVHG ZKHUHLQ SDUWLFLSDQWV VWD\ LQ WKH ODE IRU D QXPEHU RI
ZHHNVXQGHUUHODWLYHO\ORZOLJKWFRQGLWLRQVZLWKVOHHSDQGZDNLQJVFKHGXOHGDWDGD\
OHQJWKWKDWH[FHHGVWKHUDQJHRIHQWUDLQPHQWRIWKHFLUFDGLDQWLPLQJV\VWHPVXFKDV
 RU  KRXUV 8QGHU WKHVH FLUFXPVWDQFHV WKH FLUFDGLDQ WLPLQJ V\VWHP UXQV
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IUHHIURPWKHVOHHS±ZDNHSURFHVVDQGWKHLQWULQVLFSHULRGRIWKHUK\WKPFDQEHDV
VHVVHGWKURXJKWKHWLPLQJRIGDLO\SKDVHPDUNHUV&RLQFLGHQWDOO\WKLVH[SHULPHQWDO
SDUDGLJPLVXVHIXOIRUDQDO\VHVWRLGHQWLI\WKHLQIOXHQFHVRIWKHKRPHRVWDWLFDQGFLU
FDGLDQSURFHVVHVLQGHSHQGHQWIURPDQGLQWHUDFWLQJZLWKRQHDQRWKHU
2XUJURXSKDVEHJXQWRDSSO\WKHVHSULQFLSOHVDQGPHWKRGVWRH[DPLQHWKHGHYHO
RSPHQWRILQWULQVLFVOHHSZDNHUHJXODWRU\SURFHVVHVGXULQJDGROHVFHQWGHYHORSPHQW
2XU DLP LV WR GHWHUPLQH WKH H[WHQW WR ZKLFK WKHVH SURFHVVHV XQGHUJR SUHGLFWDEOH
FKDQJHV LQ DVVRFLDWLRQ ZLWK SXEHUWDO GHYHORSPHQW DQG XOWLPDWHO\ WR LGHQWLI\ KRZ
VXFKFKDQJHVPD\LQWHUDFWZLWKWKHEHKDYLRUDOUHJXODWLRQRIVOHHS,QWULQVLFFKDQJHV
PD\HLWKHUFRPSHORUFRQWUROWKHDGROHVFHQWSKDVHGHOD\RUWKH\PD\EHSHUPLVVLYH
RI WKH SKDVH GHOD\ 7KXV IRU H[DPSOH D SXEHUW\UHODWHG GHOD\ LQ FLUFDGLDQ SKDVH
PLJKWSUHYHQWROGHUWHHQVIURPIDOOLQJDVOHHSHDUO\DQGGULYHDODWHUWLPHIRUDURXVDO
RUDUHGXFWLRQLQWKHEXLOGXSUDWHRISURFHVV6PLJKWSHUPLWRUHDVHWKHZD\IRUROGHU
WHHQVWRVWD\XSODWH,QDGGLWLRQDQLPSRUWDQWFRUROODU\RIWKHVHELRORJLFDOV\VWHPV
LVWKDWFHUWDLQDVSHFWVRIWKHLQWULQVLFUHJXODWRU\SURFHVVHVPD\WKHPVHOYHVUHVSRQG
WRDOWHUDWLRQVRIVOHHSDQGZDNHIXOQHVVDVVRFLDWHGZLWKEHKDYLRUDOUHJXODWLRQ)RUH[
DPSOHEHKDYLRUDOO\PHGLDWHGFKDQJHVLQWKHWLPLQJRIOLJKW±GDUNH[SRVXUHGLUHFWO\
LQWHUDFWZLWKWKHSKDVHUHVHWWLQJPHFKDQLVPRIWKHFLUFDGLDQWLPLQJV\VWHPDQGFDQ
UHLQIRUFHRUVWUHQJWKHQDWHQGHQF\WRSKDVHGHOD\,QWKLVSDSHUZHUHYLHZILQGLQJV
WKDWDGGUHVVWKHVHLVVXHVLGHQWLI\WKHQHWHIIHFWRQVOHHSSDWWHUQVDQGGLVFXVVEULHIO\
KRZ WKHXOWLPDWHUHVXOW RI WKHVHSURFHVVHV PD\ OD\RSHQ YXOQHUDEOHRXWFRPHV IRU
DGROHVFHQWV
7+(+20(267$7,&352&(66 352&(666 '85,1*$'2/(6&(1&(
7KH GHYHORSPHQWDO DOWHUDWLRQ LQ VORZ ZDYH VOHHS GXULQJ DGROHVFHQFH KDV EHHQ
NQRZQIRUDQXPEHURI\HDUV)HLQEHUJVKRZHGWKDW6:6GHFOLQHGDFURVVWKHDG
ROHVFHQW\HDUVXVLQJFURVVVHFWLRQDOVDPSOHVDVGLGWKH:LOOLDPVJURXS.DUD
FDQ DQG FROOHDJXHV VKRZHG D SXEHUWDO GHFOLQH LQ 6:6 LQ D ORQJLWXGLQDO VWXG\
ZKHUHVOHHSZDVRQWKHSDUWLFLSDQWV³XVXDO´VFKHGXOHVFRQILUPHGE\&DUVNDGRQLQ
DORQJLWXGLQDOVWXG\WKDWKHOGVOHHSWLPHFRQVWDQW,QWKH&DUVNDGRQUHSRUW6:6
GHFOLQHGE\DSSUR[LPDWHO\IURP7DQQHUVWDJH DJHVWR\HDUV WR7DQQHU
VWDJH DJHVWR\HDUV 7KHIXQGDPHQWDOTXHVWLRQDULVHVQRZZKHWKHUWKHGH
FOLQHRI6:6LVUHIOHFWHGLQDOWHUHGVOHHSZDNHSURFHVVHVDVZHOO6HYHUDOJURXSV
KDYHSUHVHQWHGGDWDH[DPLQLQJVSHFWUDO((*YDULDEOHVLQFOXGLQJ6:$DFURVVDGR
OHVFHQWGHYHORSPHQW*DXGUHDXDQGFROOHDJXHVIRUH[DPSOHUHSRUWHGDVLPL
ODUQRFWXUQDOGHFOLQHRI6:$EHWZHHQFKLOGUHQDQGDGROHVFHQWV
2XUJURXSKDVEHJXQWRH[DPLQHSXEHUWDOFKDQJHVLQWKHVOHHS((*ZLWKLQWKH
FRQWH[WRIWKHKRPHRVWDWLFPRGHO6OHHS((*VLQSUHRUHDUO\SXEHUWDO 7DQQHU
RUDJHVWR\HDUVJLUOV DQGSRVWSXEHUWDODGROHVFHQWV 7DQQHUDJHV
WR\HDUVJLUOV KDYHEHHQDQDO\]HGXVLQJVSHFWUDODQDO\VLV:HVKRZHGD
VLJQLILFDQWUHGXFWLRQLQ((*SRZHUGHQVLW\GXULQJ15(0VOHHSDWIUHTXHQFLHV< 
+]DQG−+]IRUWKHPDWXUHYHUVXVWKHSUHSXEHUWDOSDUWLFLSDQWV7RWDOSRZHULQWKH
ORZIUHTXHQF\EDQG< +]ZDVUHGXFHGE\GXULQJ15(0VOHHS)XUWKHUPRUH
ZHVDZDQH[SRQHQWLDORYHUQLJKWGHFD\RI6:$LQERWKJURXSVZLWKHTXDOWLPHFRQ
VWDQWVRIWKHGHFD\LQJIXQFWLRQ7KHVHILQGLQJVFRQYHUJHWRLQGLFDWHWKDWWKHKRPHR
VWDWLFSURFHVVLQYROYHGLQWKHGLVVLSDWLRQRISURFHVV6DFURVVVOHHSXQGHUFRQWUROOHG
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VOHHSLQJFRQGLWLRQVGRHVQRWPDQLIHVWDPDWXUDWLRQDOFKDQJHDFURVVSXEHUWDOGHYHO
RSPHQW 7KH VXEVWDQWLDOO\ ORZHU DPRXQW RI 6:6 DQG ORZIUHTXHQF\ ((* SRZHU
DFURVVDGROHVFHQFHPD\UDWKHUUHIOHFWFKDQJHVLQXQGHUO\LQJEUDLQVWUXFWXUH HJGH
FOLQLQJFRUWLFDOV\QDSWLFGHQVLW\ DVQRWHGE\)HLQEHUJ
7KHDFFXPXODWLRQRISURFHVV6KRZHYHUGRHVDSSHDUWRGLIIHULQLWVH[SUHVVLRQ
DFURVVDGROHVFHQWGHYHORSPHQWEDVHGXSRQSUHOLPLQDU\HYLGHQFH$WHVWRIWKLVSUR
FHVVUHTXLUHVDVVHVVPHQWRIWKHKRPHRVWDWLFPDUNHUVXQGHUFRQGLWLRQVWKDWLQYROYH
DQDOWHUDWLRQRIWKHXVXDOGDLO\VOHHSZDNHVFKHGXOHVXFKDVQDSSLQJDVVXJJHVWHG
SUHYLRXVO\RUVOHHSGHSULYDWLRQ:HKDYHH[DPLQHGWKHVSHHGRIIDOOLQJDVOHHS VOHHS
ODWHQF\  XVLQJ VWDQGDUGPHWKRGVLQDGROHVFHQWV GXULQJ KRXUV RIVOHHS GHSULYD
WLRQ7KHVHGDWDLQGLFDWHWKDWVOHHSODWHQFLHVGXULQJLQLWLDOKRXUVRIH[WHQGHGZDNH
IXOQHVV ZHUH ORQJHU LQ PRUH PDWXUH SDUWLFLSDQWV WKDQ LQ SUHSXEHUWDO FKLOGUHQ
LQGLFDWLQJWKDWDFFXPXODWLRQRISURFHVV6DFURVVWKHGD\PD\RFFXUDWDVORZHUUDWH
LQPRUHPDWXUHDGROHVFHQWV
2XUSUHOLPLQDU\DQDO\VHVRIWKH((*LQWKHVOHHSHSLVRGHIROORZLQJDQH[WHQGHG
ZDNLQJLQWHUYDORIKRXUVVKRZHGWKHH[SHFWHGLQFUHDVHLQORZIUHTXHQF\((*
SRZHUGXULQJ15(06VOHHSLQERWKJURXSV7KHSUHSXEHUWDOFKLOGUHQKRZHYHU
PDQLIHVWHGDOHVVSURQRXQFHG  DYHUDJHLQFUHDVHRIORZIUHTXHQF\SRZHUFRP
SDULQJUHFRYHU\WREDVHOLQHYHUVXVWKHPDWXUHDGROHVFHQWV  7KHVHGDWDLQGL
FDWHWKDWWKH\RXQJHUFKLOG¶VEUDLQTXLFNO\UHDFKHVWKHPD[LPDOFDSDFLW\WRJHQHUDWH
ORZIUHTXHQF\DFWLYLW\GXULQJVOHHS:HDUHFXUUHQWO\PRGHOLQJWKHVSHFWUDO((*
GDWD IURP WKH QLJKWV IROORZLQJ EDVHOLQH DQG H[WHQGHG ZDNHIXOQHVV WR GHWHUPLQH
ZKHWKHUSDUDPHWHUVWKDWGHVFULEHWKHDFFXPXODWLRQRISURFHVV6FKDQJHDVDIXQFWLRQ
RISXEHUWDOGHYHORSPHQW$OWKRXJKWKHSUHOLPLQDU\DQDO\VLVRIWKHVOHHSODWHQF\GDWD
KLQWVDWVXFKDGHYHORSPHQWDOFKDQJHZHGRQRW\HWIHHOFRQILGHQWLQGUDZLQJWKLV
FRQFOXVLRQ
7KHKRPHRVWDWLFVOHHS±ZDNHSURFHVVSOD\VRXWLQDQRWKHUPDQQHUZKHQWKHDGR
OHVFHQW GHOD\ LQ WKH WLPLQJ RI VOHHS SURGXFHV FKURQLF LQVXIILFLHQW VOHHS LQ PDQ\
\RXQJVWHUV&KURQLFVOHHSUHVWULFWLRQEHFRPHVPDQLIHVWZKHQZHH[DPLQHVSHHGRI
IDOOLQJDVOHHS)RUH[DPSOHZHVKRZHGWKDWWHQWKJUDGHVWXGHQWVZLWKD³ILUVWEHOO´
DW$0ZHUHDEOHWRIDOODVOHHSLQIHZHUWKDQPLQXWHVRQPRUQLQJWHVWVRIVOHHS
ODWHQF\QHYHUULVLQJDERYHDERXWPLQXWHVLQGHHGPDQ\VKRZHG5(0VOHHSLQ
EULHIPRUQLQJQDSVFRLQFLGLQJZLWKWKHWLPHRIWKHLUVHFRQGSHULRGFODVV7KHVH
GDWDLOOXVWUDWHDSRZHUIXOHIIHFWRIKRPHRVWDWLFVOHHSUHJXODWLRQDVZHOODVWKHLPSDFW
RIWKHFLUFDGLDQWLPLQJV\VWHP YLVjYLVWKH5(0VOHHSILQGLQJ 7RWKHH[WHQWWKDW
WKH EHGWLPH GHOD\ LQ ROGHU DGROHVFHQWV LV PHGLDWHG E\ LQWULQVLF SURFHVVHV WKH UH
TXLUHPHQWIRUHDUO\ULVLQJWRDWWHQGVFKRROLQHYLWDEO\UHVXOWVLQLQDGHTXDWHVOHHS
7+(&,5&$',$17,0,1*6<67(0 352&(66&
'85,1*$'2/(6&(1&(
2XULQWHUHVWLQWKHSRVVLELOLW\WKDWFKDQJHVLQWKHLQWULQVLFFLUFDGLDQWLPLQJV\VWHP
DFFRPSDQ\SXEHUW\VWHPPHGIURPDVHOIUHSRUWDVVHVVPHQWRISXEHUWDOGHYHORSPHQW
DQGFLUFDGLDQSKDVHSUHIHUHQFHLQVL[WKJUDGHUV7KHVHGDWDVKRZHGWKDWWKRVHFKLO
GUHQ SDUWLFXODUO\ WKH VL[WK JUDGH JLUOV  ZKR UDWHG WKHPVHOYHV DV PRUH SK\VLFDOO\
PDWXUHDOVRUDWHGWKHPVHOYHVDVPRUH³HYHQLQJ´W\SHLQWKHLUSKDVHSUHIHUHQFH:H
VXEVHTXHQWO\FRQILUPHGWKLVFLUFDGLDQSKDVHGHOD\WHQGHQF\LQDODERUDWRU\VWXG\LQ

&$56.$'21HWDO$'2/(6&(176/((3 %(+$9,25



ZKLFK7DQQHUVWDJHZDVDVVHVVHGE\SK\VLFLDQHYDOXDWLRQVDQGFLUFDGLDQSKDVHZDV
PHDVXUHGE\VDOLYDU\PHODWRQLQDOHYHOV$JDLQSXEHUWDOVWDJHFRUUHODWHGZLWKWKH
FLUFDGLDQSKDVHPDUNHUVXFKWKDWPRUHPDWXUHFKLOGUHQVKRZHGDODWHUSKDVHRIPH
ODWRQLQVHFUHWLRQRIIVHW:HKHUHDOVRUHSRUWWKDWPHODWRQLQRQVHWSKDVHPHDVXUHG
LQ  DGROHVFHQWV DIWHU FRQWUROOHG VOHHSZDNH VFKHGXOHV ZDV SRVLWLYHO\ FRUUHODWHG
ZLWK7DQQHUVWDJH U= 3 =  7KHVHILQGLQJVSURYLGHFRQYHUJHQWHYLGHQFH
WKDWFLUFDGLDQSKDVHXQGHUJRHVDGHOD\LQDVVRFLDWLRQZLWKSXEHUW\HYHQXQGHUFRQ
GLWLRQVFRQWUROOLQJIRUSV\FKRVRFLDOLQIOXHQFHVRQVOHHSZDNHSDWWHUQV
:HVKRXOGQRWHWKDWDQDOWHUDWLRQRIWKHDPSOLWXGHRIWKHGDLO\PHODWRQLQVHFUH
WRU\SDWWHUQVDFURVVSXEHUWDOGHYHORSPHQWKDVEHHQNQRZQIRUPDQ\\HDUV$GH
FOLQH LQ QRFWXUQDO SODVPD PHODWRQLQ OHYHOV DFURVV SXEHUW\ ZDV VKRZQ LQ FURVV
VHFWLRQDOVDPSOHV7KLVGHFOLQHZDVLQLWLDOO\WKRXJKWWREHSDUWRIWKHKRUPRQDO
FDVFDGHLQLWLDWLQJSXEHUWDOGHYHORSPHQW,QIDFWWKHHDUOLHVWUHSRUWVRIWKHUHGXFWLRQ
RIPHODWRQLQVHFUHWLRQLQSXEHUWDOFKLOGUHQOHGWRDVSHFXODWLRQWKDWPHODWRQLQZDV
D³WULJJHU´IRUSXEHUW\ZKLFKZDVGLVSXWHGVWURQJO\E\RWKHUV FI5HI 2WKHU
UHSRUWVKRZHYHULQGLFDWHGWKDWQRFKDQJHRFFXUUHGLQWRWDOH[FUHWLRQRIWKHPHOD
WRQLQ XULQDU\ PHWDEROLWH K\GUR[\PHODWRQLQ VXOIDWH 2+06  DFURVV SXEHUW\
7KHSXEHUWDOFKDQJHLQSODVPDPHODWRQLQOHYHOVZDVDWWULEXWHGWRDFKDQJHLQWKHGLV
WULEXWLRQRIVHFUHWHGPHODWRQLQLQWKHODUJHUERG\PDVVRIWKHPRUHPDWXUHDGROHV
FHQWVZLWKQRFKDQJHLQWKHSURGXFWLRQRIPHODWRQLQSHUVH5HFHQWO\*ULHIDKQ
DQG FROOHDJXHV H[DPLQHG XULQDU\ 2+06 H[FUHWLRQ LQ D ORQJLWXGLQDO VDPSOH
7KHLUGDWDOHDGWRWKHLQWHUSUHWDWLRQWKDWERG\VL]HLVWKHPHGLDWLQJIDFWRUIRUWKHSX
EHUWDOGHFOLQHLQSODVPDPHODWRQLQOHYHOVQRWIDOOLQJPHODWRQLQVHFUHWLRQ1RVWXG
LHVDUHDYDLODEOHWKDWKDYHDVVHVVHGSODVPDDQGXULQDU\FRQFHQWUDWLRQVRIPHODWRQLQ
VLPXOWDQHRXVO\
:HUHFHQWO\DQDO\]HGGDWDIURPDFURVVVHFWLRQDOVDPSOHRIDGROHVFHQWVLQZKRP
VDOLYDU\ PHODWRQLQ ZDV FROOHFWHG DW PLQXWH LQWHUYDOV DFURVV  KRXUV GXULQJ D
³FRQVWDQWURXWLQH´SURWRFRO7KHVDOLYDU\PHODWRQLQSURILOHVRISDUWLFLSDQWV DJ
HVWR\HDUVJLUOV DW7DQQHUVWDJHDQGSDUWLFLSDQWV DJHVWR
\HDUVJLUOV DW7DQQHUVWDJHZHUHFROOHFWHG/LQHDUUHJUHVVLRQDQDO\VLVRIPHOD
WRQLQOHYHOV DUHDXQGHUWKHFXUYH DQGDPSOLWXGH PD[LPXP LQFOXGLQJDJHERG\
PDVVLQGH[SKDVHSUHIHUHQFHDQG7DQQHUVWDJHVKRZHGDVLJQLILFDQWFRQWULEXWLRQ
RQO\IRU7DQQHUVWDJH)XUWKHUPRUHZHIRXQG DVKDYHRWKHUV− ODUJHLQGLYLGXDO
GLIIHUHQFHV LQPHODWRQLQ OHYHOV2XU DQDO\VHV EDVHG RQGDWD FROOHFWHGXQGHUYHU\
FRQWUROOHGFRQGLWLRQVRIVOHHSWLPLQJDJDLQUDLVHWKHSRVVLELOLW\WKDWSLQHDOVHFUHWLRQ
RIPHODWRQLQGHFOLQHVGXULQJSXEHUWDOGHYHORSPHQW:HFDQRQO\VSHFXODWHWKDWWKLV
GHYHORSPHQWDOFKDQJH²ZKHWKHUPHGLDWHGFHQWUDOO\RUE\VHFRQGDU\GHYHORSPHQWDO
FKDUDFWHULVWLFVVXFKDVERG\VL]H²PD\VLJQDODSXEHUWDOUHGXFWLRQLQIHHGEDFNRI
PHODWRQLQWRWKHFLUFDGLDQWLPLQJV\VWHPZKLFKFRXOGDOWHUWKHFLUFDGLDQVLJQDOWR
WKHVOHHSZDNHV\VWHP6KDQDKDQK\SRWKHVL]HGIRUH[DPSOHWKDWORZPHODWRQLQ

D3LQHDOPHODWRQLQVHFUHWLRQLVFRQWUROOHGE\WKHFLUFDGLDQWLPLQJPHFKDQLVP DQGIHHGVEDFN
RQ WKLV V\VWHP  WRULVH GXULQJ WKH EUDLQ¶VQLJKWWLPH DQG QHDUO\ FHDVH GXULQJWKH GD\WLPHRI WKH
EUDLQ+HQFHPHODWRQLQKDVEHHQGXEEHGWKH³KRUPRQHRIGDUNQHVV´0HODWRQLQVHFUHWLRQFDQEH
VXSSUHVVHGE\OLJKWDQGVXFKVXSSUHVVLRQLVWKRXJKWWREHRQHLQGLFDWRURIWKHH[WHQWWRZKLFK
OLJKWDIIHFWVWKHWLPLQJV\VWHP:HXVHPHODWRQLQOHYHOVWRPDUNLQWHUQDOWLPHDVWKH³KDQGV´RI
WKHLQWULQVLFFLUFDGLDQFORFN
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),*85(  6FKHPDWLFRIWKHIRUFHGGHV\QFKURQ\SURWRFRO6FKHGXOHGVOHHSHSLVRGHV
EODFNEDUV DUHVKRZQIRUDKRXUGD\OHQJWKIRUFRQVHFXWLYHF\FOHV3DUWLFLSDQWVOLYH
LQ WKH ODERUDWRU\ XQGHU GLP OLJKW FRQGLWLRQV ⬃  OX[  VR WKDW GLPOLJKW PHODWRQLQ RQVHW
'/02 FDQEHGHWHUPLQHGIURPVHULDOVDOLYDVDPSOHV$K\SRWKHWLFDOSDWWHUQRI'/02LV
VKRZQE\WKHVWDUV\PEROVLQGLFDWLQJWKDWWKHFLUFDGLDQWLPLQJV\VWHPLVUXQQLQJIUHHRIWKH
KRXUGD\OHQJWKDWDSHULRGRIDERXWKRXUV

DPSOLWXGHUHIOHFWVDGLPLQLVKHGDPSOLWXGHRIWKHOLJKWVHQVLWLYHHQGRJHQRXVFLUFDGL
DQSDFHPDNHU3HUKDSVGHFUHDVHGPHODWRQLQDPSOLWXGHLQROGHUDGROHVFHQWVSOD\VD
UROHLQWKHLUWHQGHQF\WRPDQLIHVWDGHOD\HGVOHHSSKDVH
$QRWKHUPHFKDQLVPSUHGLFWHGE\FLUFDGLDQUK\WKPVPRGHOVLVWKDWDGHOD\RIFLU
FDGLDQSKDVHPD\EHUHODWHGWRDOHQJWKHQLQJRIWKHSHULRGRIWKHFLUFDGLDQFORFN
WKDWLVDORQJHULQWHUQDOGD\OHQJWK8QGHUQRUPDOGD\WRGD\FLUFXPVWDQFHVIHD
WXUHVRIWKHHQYLURQPHQWWKDWKDYHDKRXUSHULRGSDUWLFXODUO\WKHOLJKWGDUNF\FOH
HQWUDLQWKHLQWHUQDOFORFNWRKRXUV7KHSKDVHDQJOHZLWKZKLFKWKHLQWHUQDOFORFN
WLPHDOLJQVZLWKWKHH[WHUQDOGD\KRZHYHULVGHWHUPLQHGLQSDUWE\WKHLQWULQVLFFLU
FDGLDQSHULRGWKHSKDVHDQJOHRIHQWUDLQPHQWLVGHOD\HGLQSDUDOOHOZLWKWKHH[WHQW
WRZKLFKWKHLQWHUQDOGD\OHQJWKH[FHHGVKRXUV7KXVZHSUHGLFWHGWKDWSHULRGRI
WKHFLUFDGLDQWLPLQJV\VWHPPD\OHQJWKHQGXULQJSXEHUW\
$VPHQWLRQHGSUHYLRXVO\WKHPHWKRGIRUPHDVXULQJSHULRGLVDELWDUGXRXVLQ
YROYLQJSURORQJHGODERUDWRU\VWD\VXQGHUFDUHIXOO\FRQWUROOHGFRQGLWLRQV),*85( 
LOOXVWUDWHVDQH[SHULPHQWDOSURWRFROZHKDYHXVHGWRDVVHVVSHULRGLQDGROHVFHQWVE\
FROOHFWLQJVHULDOPHDVXUHVRIVDOLYDU\PHODWRQLQRQVHWDQGRIIVHWDFURVVF\FOHVRQ
DKRXUGD\ LHIRUFHGGHV\QFKURQ\ 2XULQLWLDODQDO\VLVRILQWULQVLFSHULRGLQ
DGROHVFHQWVVKRZHGWKDWSHULRGDSSHDUHGORQJHUWKDQUHSRUWHGE\RWKHUVLQ\RXQJ
DGXOWVEXWZHGLGQRWKDYHDGHTXDWHQXPEHUVRIVXEMHFWVWRWHVWWKHSXEHUWDOK\SRWK
HVLV:HSUHVHQWKHUHGDWDIURPSDUWLFLSDQWVZKRKDYHFRPSOHWHGWKHIRUFHGGH
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V\QFKURQ\SURWRFRO:HIRXQGQRHYLGHQFHRIDSXEHUWDOFKDQJHLQSHULRGLQWKLVVWLOO
UDWKHUVPDOOFURVVVHFWLRQDOVDPSOHEXWKRSHWRDFTXLUHORQJLWXGLQDOGDWDLQRUGHUWR
UHH[DPLQHWKLVK\SRWKHVLV2QHRIWKHPDMRUOLPLWDWLRQVRIVWXG\LQJWKLVSKHQRPH
QRQLVWKHGLIILFXOW\LQPDNLQJWKHPHDVXUHLQWUXO\SUHSXEHUWDOSDUWLFLSDQWVEHFDXVH
RIWKHOHQJWK\FRPPLWPHQWWRWKHODERUDWRU\VWD\:HFRPSDUHGWKHGLVWULEXWLRQRI
LQWULQVLFSHULRGLQRXUVDPSOHZLWKVDPSOHVRIDGXOWVLQZKRPSHULRGZDVDOVRGH
ULYHGIURPPHODWRQLQSKDVHPDUNHUVLQDKRXUIRUFHGGHV\QFKURQ\SDUDGLJP
7KHPHDQSHULRGRIWKHFLUFDGLDQFORFNLQDGROHVFHQWSDUWLFLSDQWV K LVVLJQLI
LFDQWO\ORQJHUWKDQLQWKHDGXOWVDPSOHV K 7KHVHFRPSDULVRQVDUHQRWFRQ
FOXVLYHUDWKHUWKH\DUHVXJJHVWLYHWKDWORQJHULQWHUQDOGD\OHQJWKVPD\HPHUJHLQ
FHUWDLQDGROHVFHQWV
$QRWKHULPSRUWDQWIHDWXUHRIWKHFLUFDGLDQWLPLQJV\VWHPLVWKHSKDVHGHSHQGHQW
VHQVLWLYLW\WROLJKWLQWULQVLFWRWKHFORFNUHVHWWLQJSURFHVV/LJKWRFFXUULQJLQWKH
HDUO\SDUWRIWKHFLUFDGLDQQLJKW HYHQLQJDQGHDUO\QLJKWWLPH SURGXFHVDGHOD\UH
VHWWLQJUHVSRQVHLQWKHFORFNZKHUHDVOLJKWVLJQDOVLQWKHODWHQLJKWHDUO\PRUQLQJ
UHVXOWLQDQDGYDQFHUHVHWWLQJUHVSRQVH FI5HI 2QHPDUNHURIWKHHIIHFWVRI
OLJKWRQWKHFLUFDGLDQWLPLQJV\VWHPLVWKHVXSSUHVVLRQRIPHODWRQLQOHYHOVE\OLJKW
:H KDYH K\SRWKHVL]HG WKDW WKH VHQVLWLYLW\ RI WKH FLUFDGLDQ V\VWHP WR OLJKW PD\
FKDQJHGXULQJSXEHUWDOGHYHORSPHQWLQDPDQQHUWKDWDFFHQWXDWHVWKHWHQGHQF\IRUD
SKDVHGHOD\DQGKDYHWHVWHGWKHK\SRWKHVLVXVLQJPHODWRQLQVXSSUHVVLRQ,QEULHI
ZHVXJJHVWWKDWDKHLJKWHQHGVHQVLWLYLW\WRHYHQLQJOLJKWRUDGHFUHDVHGVHQVLWLYLW\WR
PRUQLQJOLJKWDFURVVSXEHUWDOGHYHORSPHQWFRXOGUHVXOWLQWKHSXEHUWDOGHOD\RIVOHHS
WLPLQJ$QDVVHVVPHQWRIWKLVK\SRWKHVLVLQSDUWLFLSDQWVZKRUHFHLYHGOHYHOVRI
OLJKWRQFRQVHFXWLYHQLJKWVHLWKHULQWKHODWHHYHQLQJRUHDUO\PRUQLQJVKRZHGJUHDWHU
VXSSUHVVLRQWRDORZOHYHORIOLJKWDGPLQLVWHUHGLQWKHPRUQLQJIRUSUHDQGHDUO\SX
EHUWDOSDUWLFLSDQWVWKDQIRUODWHRUSRVWSXEHUWDOSDUWLFLSDQWVDQGQRGLIIHUHQFHVLQUH
VSRQVH WR ODWH QLJKW OLJKW 7KHVH ILQGLQJV SURYLGH VXJJHVWLYH VXSSRUW IRU WKH
K\SRWKHVLV
2QWKHRWKHUKDQGWKHPRVWUHOHYDQWDVVHVVPHQWRIWKHFLUFDGLDQUHVSRQVHWROLJKW
LVDFWXDOSKDVHUHDOLJQPHQWUHVSRQVHWROLJKWVLJQDOV7KXVWRZKDWH[WHQWGRHVWKH
FLUFDGLDQWLPLQJPHFKDQLVPDFWXDOO\UHVHWLWVSKDVHZKHQDQDGHTXDWHOLJKWVLJQDOLV
JLYHQ" :H DUH FXUUHQWO\ HYDOXDWLQJ WKLV SURFHVV E\ H[SRVLQJ DGROHVFHQWV ZKR DUH
7DQQHUVWDJHRU7DQQHUVWDJHWRDKRXUOLJKWVLJQDORIOX[RQWZRFRQVHF
XWLYHGD\V:HDGPLQLVWHUOLJKWDWWLPHVZKHUHWKHSKDVHUHVSRQVHFXUYHSUHGLFWVHL
WKHUDSKDVHUHVHWWLQJGHOD\RUDSKDVHUHVHWWLQJDGYDQFH8OWLPDWHO\ZHSURSRVHWR
DFTXLUHGDWDDFURVVWKHHQWLUHSKDVHUHVSRQVHFXUYH 35& IRUSUHDQGSRVWSXEHUWDO
DGROHVFHQWVK\SRWKHVL]LQJWKDWWKHDPSOLWXGHRIWKHSKDVHUHVHWWLQJUHVSRQVHVZLOO
EHJUHDWHULQWKHGHOD\LQJGLUHFWLRQRUVPDOOHULQWKHDGYDQFLQJGLUHFWLRQIRUWKHPRUH
PDWXUHJURXS,IVXFKGHYHORSPHQWDOFKDQJHVLQ35&DUHRSHUDWLRQDOWKHSHUPLV
VLYHUHVSRQVLYHLQWHUDFWLRQRIWKHEHKDYLRUDODQGELRORJLFDOSURFHVVHVFRXOGVHWXSD
V\QHUJLVWLFLQFUHDVHLQSUHVVXUHIRUDGROHVFHQWVWRSKDVHGHOD\
,17(5$&7,212)7+(+20(267$7,&$1'&,5&$',$1
352&(66(6'85,1*$'2/(6&(17'(9(/230(17
$QXPEHURIILQGLQJVSUHGLFWWKDWDFULWLFDOGHYHORSPHQWDORXWFRPHGXULQJDGR
OHVFHQFHPD\EHDFKDQJHLQWKHSKDVHDQJOHRIWKHKRPHRVWDWLFWRWKHFLUFDGLDQWLP
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),*85(  6OHHSODWHQF\IURP0XOWLSOH6OHHS/DWHQF\7HVWV 06/7 LQSUHHDUO\
SXEHUWDO 7DQQHUVWDJHVRUVTXDUHV DQGPLGODWHSXEHUWDO 7DQQHUVWDJHVRU
FLUFOHV SDUWLFLSDQWVLQDORQJLWXGLQDOVOHHSVWXG\0HDQ ±VWDQGDUGHUURU RIVOHHSRQVHW
ODWHQFLHVLQGLFDWHVSHHGRIIDOOLQJDVOHHSRQWHVWVVFKHGXOHGDWKRXULQWHUYDOVDIWHUK
QRFWXUQDOVOHHSHSLVRGHV0RUHPDWXUHSDUWLFLSDQWVIHOODVOHHSIDVWHURQWKHWHVWVDWDQG
LQGLFDWLQJDXJPHQWHGPLGGD\VOHHSWHQGHQF\LQVSLWHRIVOHHSLQJWKHVDPHDPRXQWDW
QLJKW

),*85(  &LUFDGLDQ UK\WKP RI VOHHS WHQGHQF\ DV PHDVXUHG E\ 06/7 RQ WKH EDFN
JURXQGRIDYHUDJHGPHODWRQLQVHFUHWLRQ JUD\VKDGLQJ IURPDGROHVFHQWVVWXGLHGLQD
KRXU)'7KHSDWWHUQGLVSOD\HGKHUHLVGHULYHGE\DYHUDJLQJGDWDIURPSDUWLFXODUFLUFDGLDQ
SKDVHV GHWHUPLQHGE\WKHPHODWRQLQSKDVHPDUNHU LUUHVSHFWLYHRIWLPHDZDNH$VLQGL
FDWHGLQWKHWH[WWKHSDWWHUQDSSHDUVSDUDGR[LFDOVLQFHVKRUWHVWVOHHSODWHQF\RFFXUVDWWKH
HQGRIWKHFLUFDGLDQQLJKWDQGORQJVOHHSODWHQFLHVDWWKHEHJLQQLQJRIWKHFLUFDGLDQQLJKW
7KHULVLQJODWHQFLHVLQWKHFLUFDGLDQGD\DUHFRQFHSWXDOL]HGDVLQGLFDWLQJDFORFNGHSHQGHQW
DOHUWLQJVLJQDO
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),*85(  7KH06/7VOHHSWHQGHQF\SDWWHUQIURPWKHVWXG\GHVFULEHGLQWKHOHJHQG
IRU),*ZDVGHULYHGE\WKHDYHUDJHRIVOHHSODWHQFLHVLQUHIHUHQFHWRWKHOHQJWKRIWLPHD
SDUWLFLSDQWZDVDZDNHUHJDUGOHVVRIFLUFDGLDQSKDVH7KLVFXUYHLVFRQFHSWXDOL]HGWRLQGL
FDWHWKHKRPHRVWDWLFSURFHVVDFFXPXODWLQJDVDJURZLQJVOHHSSURSHQVLW\DFURVVWKHZDNLQJ
GD\$VGHVFULEHGLQWKHWH[WWKHSDWWHUQRIVOHHSSURSHQVLW\DFURVVDQLQGLYLGXDO¶VZDNLQJ
GD\ZLOOGHSHQGXSRQWKHSKDVHDOLJQPHQWRIVOHHSZDNHWRWKHFLUFDGLDQWLPLQJV\VWHP$O
WHUDWLRQVRIWKLVSKDVHDOLJQPHQWFDQIDFLOLWDWHODWHEHGWLPHVZKHQFORFNGHSHQGHQWDOHUWLQJ
ULVHVODWHLQWKHGD\2QWKHIOLSVLGHWKHSKDVHDQJOHRIHQWUDLQPHQWIDYRULQJODWHEHGWLPH
DOVRLVDVVRFLDWHGZLWKGLIILFXOW\ZDNLQJLQWKHPRUQLQJ

LQJV\VWHP2QHRIRXUHDUOLHVWILQGLQJVUHJDUGLQJVOHHSWHQGHQF\GXULQJSXEHUW\
GHPRQVWUDWHGDSDUDGR[LFDOLQFUHDVHLQVOHHSWHQGHQF\LQDGROHVFHQFHDWPLGWRODWH
SXEHUW\FRPSDUHGWRSUHRUHDUO\SXEHUW\),*85( LOOXVWUDWHVWKLVILQGLQJZKLFK
ZDVLQLWLDOO\LQWHUSUHWHGDVDQLQFUHDVHLQVOHHSSUHVVXUHHYHQWKRXJKWRWDOVOHHSWLPH
KDGQRWFKDQJHG:HDOVRVSHFXODWHGWKDWWKHFKDQJHGSDWWHUQRIGLXUQDOVOHHSWHQ
GHQF\PLJKWLQGLFDWHDUHRUJDQL]DWLRQRIFHQWUDOEHKDYLRUDORUJDQL]DWLRQIRUH[DP
SOHWRIDYRUD³VLHVWD´LQPRUHPDWXUHKXPDQV
5HFHQWFRQFHSWXDODGYDQFHVLQFRPELQDWLRQZLWKGDWDDFTXLUHGLQWKHFRQWH[WRI
IRUFHGGHV\QFKURQ\DOORZXVWRUHLQWHUSUHWWKLVILQGLQJDVDSXEHUWDOFKDQJHLQWKH
SKDVHDQJOHRIHQWUDLQPHQWRIVOHHSDQGZDNLQJWRWKHFLUFDGLDQWLPLQJV\VWHP:H
KDYHVKRZQIRUH[DPSOHWKDWHDFKRIWKHWZRV\VWHPV²ZKHQH[DPLQHGLQLVROD
WLRQ²SURYLGHVFRXQWHULQWXLWLYHILQGLQJVZLWKUHJDUGWRFLUFDGLDQWLPLQJ$V),*85(
 LOOXVWUDWHV WKH FLUFDGLDQ VLJQDO GHPRQVWUDWHV IDVWHVW VOHHS RQVHWV JUHDWHVW VOHHS
WHQGHQF\ DWWKHHQGRIWKHFLUFDGLDQQLJKW LQIHUUHGIURPWKHPHODWRQLQVHFUHWRU\
SDWWHUQ DQGVORZHVWDWWKHVWDUWRIWKHFLUFDGLDQQLJKW7DNHQDWIDFHYDOXHKRZHYHU
WKHVHGDWDDUHSDUDGR[LFDOVLQFHPRVWZRXOGDVVXPHWKDWKXPDQVVKRXOGIDOODVOHHS
IDVWHVWDWWKHEHJLQQLQJRIWKHQLJKWUDWKHUWKDQDWQLJKW¶VHQG7KHKRPHRVWDWLFSUR
FHVVZKHQH[DPLQHGVHSDUDWHO\IURPWKHFLUFDGLDQUK\WKPEXLOGVWRJUHDWHUVOHHS
WHQGHQF\DFURVVWLPHWKXVIDVWHUVOHHSRQVHWVRFFXUWKHORQJHURQHLVDZDNH ),*85(
 $OLJQPHQWRIWKHVHWZRSURFHVVHVKRZHYHUDVRFFXUVGXULQJQRUPDOO\HQWUDLQHG
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FRQGLWLRQV VROYHV WKH SDUDGR[ WKH FLUFDGLDQ V\VWHP WKURXJK ³FORFNGHSHQGHQW
DOHUWLQJ´ RIIVHWV WKH JURZLQJ KRPHRVWDWLF SUHVVXUH DFURVV WKH ZDNLQJ GD\ 7KLV
DVVRFLDWLRQ GHVFULEHV JUDSKLFDOO\ WKH FRPSHWLQJ QDWXUH RI WKHVH SURFHVVHV DV GH
VFULEHGHDUOLHU
:KDWLVDOVRDSSDUHQWLVWKDWWKHDOLJQPHQWRIWKHVHWZRSURFHVVHVZLOODIIHFWWKH
EDODQFHRIWKHWZRSURFHVVHVDFURVVWKHGD\7KXVZHQRZLQWHUSUHWRXUHDUOLHUILQG
LQJV RI DXJPHQWHG PLGGD\ VOHHS WHQGHQF\ LQ SXEHUWDO DGROHVFHQWV WR LQGLFDWH D
UHRUJDQL]DWLRQRIWKHSKDVHUHODWLRQVKLSRIWKHVHSURFHVVHV7KHPHFKDQLVPXQGHU
O\LQJWKLVUHDOLJQPHQWLVQRWNQRZQEXWLWPD\EHGHWHUPLQHGE\WKHIDFWRUVRXWOLQHG
DERYH VXFK DV DOWHUDWLRQV RI LQWULQVLF SHULRG RU SKDVH UHVHWWLQJ SURSHUWLHV RI WKH
FORFNPHFKDQLVP,IWKHSKDVHDQJOHEHFRPHVUHDOLJQHGGXULQJODWHSXEHUW\WKHQWKH
FORFNGHSHQGHQWDOHUWLQJODWHULQWKHGD\FDQIDFLOLWDWHODWHVOHHSRQVHW6LPLODUO\WKLV
SKDVHUHDOLJQPHQWPD\PDQLIHVWDVDVLJQLILFDQWLQFUHDVHLQWKHGLIILFXOW\RIZDNLQJ
LQWKHPRUQLQJ$VPRUHLVOHDUQHGDERXWWKHVHXQGHUO\LQJPHFKDQLVPVDQGWKHLUDV
VRFLDWLRQWRWKHPXOWLSOHEHKDYLRUDOLQIOXHQFHVRQDGROHVFHQWVOHHSWLPLQJZHPD\
JDLQLQVLJKWVLQWRRSSRUWXQLWLHVIRULQWHUYHQWLRQ
&216(48(1&(62)7+(6/((3'(/$<)25
$'2/(6&(17%(+$9,25
,QWKH8QLWHG6WDWHVLQSDUWLFXODUDVZHOODVLQDIHZRWKHULQGXVWULDOL]HGVRFLHWLHV
WKHFKDQJLQJDGROHVFHQWVOHHS±ZDNHV\VWHPH[LVWVLQWKHFRQWH[WRIDUHODWLYHO\XQ
IRUJLYLQJ HGXFDWLRQDO VWUXFWXUH GHPDQGLQJ HDUOLHU VFKRRO DWWHQGDQFH LQ ROGHU WKDQ
\RXQJHUFKLOGUHQ:KHWKHUWKHGHOD\RIWKHWLPLQJRIVOHHSLQDGROHVFHQWVLVH[FOX
VLYHO\DWWULEXWDEOHWRWKHSV\FKRVRFLDOPLOLHXRUUHFHLYHVFRQWULEXWLRQVIURPFKDQJHV
LQWKHLQWULQVLFUHJXODWRU\SURFHVVHVZHREVHUYHLQDGHTXDWHDQGLOOWLPHGVOHHSLQD
ODUJHQXPEHULIQRWDPDMRULW\RI\RXQJSHRSOH2XUJURXSKDVIRXQGIRUH[DPSOH
WKDWWKHHVWLPDWHGDPRXQWRIVOHHSDFFXPXODWHGGXULQJWKHVFKRROZHHNLQ\RXQJ
VWHUVLQJUDGHDYHUDJHVPLQXWHVLQJUDGHLVDQGLQJUDGHWKHDYHU
DJHLVDQGJUDGHPLQXWHVEDVHGXSRQREMHFWLYHPRQLWRULQJLQWKHILHOG
/DERUDWRU\ GDWD LQGLFDWHV WKDW WKH VOHHS QHHG LQ WKHVH \RXQJVWHUV LV FORVHU WR 
PLQXWHVSHUQLJKW
$VZHOHDUQPRUHDERXWWKHHIIHFWVRIFKURQLFLQVXIILFLHQWVOHHSFRQFHUQVJURZ
DERXWWKHSRWHQWLDOIRUQHJDWLYHLPSDFWVRQDGROHVFHQWV)RUH[DPSOHUDWHVRIDXWR
PRELOHFUDVKHVDWWULEXWHGWRIDOOLQJDVOHHSZKLOHGULYLQJDUHPDUNHGO\KLJKHUIRUWKH
\RXQJHVW GULYHUV ,QGHHG D UHWURVSHFWLYH DQDO\VLV RI RYHU  VXFK RFFXUUHQFHV
VKRZHG WKDW WKH GULYHUV¶ DJHV LQ MXVW RYHU  RI FUDVKHV ZHUH  WR  \HDUV
*URZLQJHYLGHQFHDOVRLQGLFDWHVWKDWDGHTXDWHVOHHSSOD\VDQLPSRUWDQWUROHLQPHP
RU\FRQVROLGDWLRQDQGOHDUQLQJSURFHVVHV−WKRXJKUHVHDUFKVSHFLILFWRDGROHV
FHQWVLVVFDUFH7KHSUHSRQGHUDQFHRIHYLGHQFHIURPDYDULHW\RIVWXGLHVH[DPLQLQJ
WKHDVVRFLDWLRQRIVOHHSSDWWHUQVZLWKDFDGHPLFSHUIRUPDQFHLQGLFDWHVWKDWWRROLWWOH
DQGSRRUO\WLPHGVOHHSKDVDQHJDWLYHLPSDFWLQFKLOGUHQDGROHVFHQWVDQG\RXQJ
DGXOWV)XUWKHUPRUHWDUGLQHVVDEVHQWHHLVPDQGKLJKVFKRROJUDGXDWLRQUDWHVLQ
DGROHVFHQW VWXGHQWV KDYH EHHQ OLQNHG WR VOHHS VFKHGXOHV DQG HDUO\ VFKRRO VWDUWLQJ
WLPHV
0RRGUHJXODWLRQDOVRVXIIHUVZLWKLQDGHTXDWHVOHHS7LPHDQGDJDLQRXUVWXG
LHV²ZKHWKHUREVHUYDWLRQDORUH[SHULPHQWDO²KDYHIRXQGGHSUHVVHGPRRGDWJUHDWHU

&$56.$'21HWDO$'2/(6&(176/((3 %(+$9,25



UDWHVLQ\RXQJSHRSOHZKRVHVOHHSLVFRPSURPLVHG VHH5HIIRUH[DPSOH %HKDY
LRUGLVUXSWLRQKDVDOVREHHQQRWHGDVDFRQFRPLWDQWRIGLVWXUEHGVOHHSLQFKLOGUHQ
ZLWKVOHHSGLVRUGHUV−OHVVLVNQRZQDERXWWKLVDVVRFLDWLRQLQDGROHVFHQWV
6XEVWDQFHXVHLQFOXGLQJFDIIHLQHDOFRKRODQGWREDFFRLVDOVRJUHDWHULQWHHQV
ZKRVOHHSOHVV5HFHQWGDWDLQDGXOWVVKRZWKDWVOHHSLVQRWVLPSO\IRUWKHPLQG
EXWDIIHFWVPHWDEROLFSURFHVVHVDVZHOO,QGHHGRQHHSLGHPLRORJLFVWXG\OLQNHG
DGROHVFHQWREHVLW\ZLWKSRRUVOHHSSDWWHUQV$VVOHHSSDWWHUQVDUHH[DPLQHGDORQJ
ZLWKRWKHUOLIHVW\OHRUPHGLFDORXWFRPHVZHFDQDQWLFLSDWHPRUHQHJDWLYHDVVRFLD
WLRQVRISRRUVOHHSWREHFRPHDSSDUHQW
&21&/86,21
7KHUREXVWWHQGHQF\IRUWKHWLPLQJRIVOHHSWRGHOD\GXULQJDGROHVFHQWGHYHORS
PHQWLVXQGHQLDEO\DVVRFLDWHGZLWKWKHFKDQJHGSV\FKRVRFLDOHQYLURQPHQWRIWKHGH
YHORSLQJ WHHQ DQG PD\ DOVR UHO\ RQ GHYHORSPHQWDO FKDQJHV LQ IXQGDPHQWDO
UHJXODWRU\ SURFHVVHV )RU PDQ\ WHHQV WKLV VOHHS GHOD\LQJ SDWWHUQ FDVFDGHV LQWR D
FKURQLFSDWWHUQRILQVXIILFLHQWVFKRROGD\VOHHSIRUFHGDURXVDOVDWDELRORJLFDOO\LQ
DSSURSULDWHWLPHDQGUHVXOWLQJQHJDWLYHLPSDFWVRQDGROHVFHQWSHUIRUPDQFHEHKDY
LRU PRRG DQG RWKHU SURFHVVHV &RXQWHUPHDVXUHV WKDW DUH LPSOHPHQWHG RQ D
SHUVRQDOIDPLO\FRPPXQLW\RUVRFLHWDOOHYHOQHHGWRDFNQRZOHGJHDOOWKHIDFWRUV
FRQWULEXWLQJWRWKHLVVXH:HIHHOWKDWSULPDU\DPRQJWKHFRXQWHUPHDVXUHVLVDQDF
NQRZOHGJHPHQWRIDSRVLWLYHSULRULW\IRUVOHHSDQGDQHHGIRUDEHWWHUXQGHUVWDQGLQJ
RIWKHVOHHSZDNHUHJXODWRU\SURFHVVWKURXJKHGXFDWLRQDQGUHVHDUFK
$&.12:/('*0(176
:H DUH JUDWHIXO IRU WKH DVVLVWDQFH RI 3HWHU $FKHUPDQQ 3K' 6XVDQ /DE\DN
3K'5RQDOG6HLIHU3K'$P\:ROIVRQ3K'%DUEDUD7DWH3K''DQLHO7D\
ORU3K':HDUHDOVRLQGHEWHGWRRXUUHVHDUFKVWDIIDQGRXUVWXGHQWUHVHDUFKDSSUHQ
WLFHV7KLVUHVHDUFKZDVVXSSRUWHGE\WKHIROORZLQJJUDQWV0+15
0+0+WR'U&DUVNDGRQDQG=+ 6ZLVV1DWLRQDO6FLHQFH
)RXQGDWLRQ WR'U-HQQL
5()(5(1&(6
 &$56.$'210$3DWWHUQVRIVOHHSDQGVOHHSLQHVVLQDGROHVFHQWV3HGLDWULFLDQ
−
 :2/)621$5 0$&$56.$'216OHHSVFKHGXOHVDQGGD\WLPHIXQFWLRQLQJ
LQDGROHVFHQWV&KLOG'HY−
 /$%(5*(/HWDO'HYHORSPHQWRIVOHHSSDWWHUQVLQHDUO\DGROHVFHQFH-6OHHS
5HV−
 675$8&+ ,  % 0(,(5  6OHHS QHHG LQ DGROHVFHQWV D ORQJLWXGLQDO DSSURDFK
6OHHS−
 *,$1277,) )&257(6,6OHHSSDWWHUQVDQGGD\WLPHIXQFWLRQLQDGROHVFHQFH
DQ HSLGHPLRORJLFDO VXUYH\ RI DQ ,WDOLDQ KLJK VFKRRO VWXGHQW VDPSOH ,Q $GROHVFHQW
6OHHS 3DWWHUQV %LRORJLFDO VRFLDO DQG SV\FKRORJLFDO LQIOXHQFHV 0$ &DUVNDGRQ
(G−&DPEULGJH8QLYHUVLW\3UHVV&DPEULGJH8.
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 *$86) :76221*7KHWUDQVLWLRQRIVOHHSZDNHSDWWHUQVLQHDUO\DGROHV
FHQFH6OHHS−
 *$8 6)  :7 6221*  6OHHS SUREOHPV RI MXQLRU KLJK VFKRRO VWXGHQWV LQ
7DLSHL6OHHS−
 $1'5$'(00 /0(11$%$55(726OHHSSDWWHUQVRIKLJKVFKRROVWXGHQWV
OLYLQJLQ6DR3DXOR%UD]LO,Q$GROHVFHQW6OHHS3DWWHUQV%LRORJLFDOVRFLDODQGSV\
FKRORJLFDOLQIOXHQFHV0$&DUVNDGRQ(G−&DPEULGJH8QLYHUVLW\3UHVV
&DPEULGJH8.
 $1'5$'(00HWDO6OHHSFKDUDFWHULVWLFVRIDGROHVFHQWVDORQJLWXGLQDOVWXG\
-$GROHVF+HDOWK−
 5(,'$&&0$/'21$'2 )&%$.(56OHHSEHKDYLRURI6RXWK$IULFDQDGR
OHVFHQWV6OHHS−
 &$56.$'210$HWDO$GROHVFHQWVOHHSSDWWHUQVFLUFDGLDQWLPLQJDQGVOHHSL
QHVVDWDWUDQVLWLRQWRHDUO\VFKRROGD\V6OHHS−
 %25%e/< $$  $ WZR SURFHVV PRGHO RI VOHHS UHJXODWLRQ +XP 1HXURELRO 
−
 '$$1 6 '* %((560$  $$ %25%(/<  7LPLQJ RI KXPDQ VOHHS UHFRYHU\
SURFHVVJDWHGE\DFLUFDGLDQSDFHPDNHU$P-3K\VLRO5−
 %25%e/<$$HWDO6OHHSLQLWLDWLRQDQGLQLWLDOVOHHSLQWHQVLW\LQWHUDFWLRQVRI
KRPHRVWDWLFDQGFLUFDGLDQPHFKDQLVPV-%LRO5K\WKPV−
 $&+(50$113HWDO$PRGHORIKXPDQVOHHSKRPHRVWDVLVEDVHGRQ((*VORZ
ZDYHDFWLYLW\TXDQWLWDWLYHFRPSDULVRQRIGDWDDQGVLPXODWLRQV%UDLQ5HV%XOO
−
 $&+(50$113 $$%25%(/<6LPXODWLRQRIGD\WLPHYLJLODQFHE\WKHDGGL
WLYHLQWHUDFWLRQRIDKRPHRVWDWLFDQGDFLUFDGLDQSURFHVV%LRO&\EHUQ−
 785(. ):  3& =((  5HJXODWLRQ RI 6OHHS DQG &LUFDGLDQ 5K\WKPV 0DUFHO
'HNNHU,QF1HZ<RUN
 325..$+(,6.$1(17HWDO$GHQRVLQHDQGVOHHS6OHHS0HG5HY−
 67(5,$'(0'$0&&250,&. 7-6(-12:6.,7KDODPRFRUWLFDORVFLOODWLRQV
LQWKHVOHHSLQJDQGDURXVHGEUDLQ6FLHQFH−
 67(5,$'(0&RKHUHQWRVFLOODWLRQVDQGVKRUWWHUPSODVWLFLW\LQFRUWLFRWKDODPLF
QHWZRUNV7UHQGV1HXURVFL−
 &,5(//,&+RZVOHHSGHSULYDWLRQDIIHFWVJHQHH[SUHVVLRQLQWKHEUDLQDUHYLHZ
RIUHFHQWILQGLQJV-$SSO3K\VLRO−
 %25%e/<$$ 3$&+(50$116OHHSKRPHRVWDVLVDQGPRGHOVRIVOHHSUHJXOD
WLRQ ,Q 3ULQFLSOHV DQG 3UDFWLFH RI 6OHHS 0HGLFLQH 0+ .U\JHU 7 5RWK  :&
'HPHQW(GV−:%6DXQGHUV&R3KLODGHOSKLD
 $&+(50$11 3  $$ %25%e/<  0DWKHPDWLFDO PRGHOV RI VOHHS UHJXODWLRQ
)URQW%LRVFL6−
 :(%%:% +:$*1(:6WDJHVOHHSLQIOXHQFHRIWLPHFRXUVHYDULDEOHV
6FLHQFH−
 %25%e/<$$HWDO6OHHSGHSULYDWLRQHIIHFWRQVOHHSVWDJHVDQG((*SRZHU
GHQVLW\LQPDQ((*&OLQ1HXURSK\VLRO−
 ',-.'-'*0%((560$ 6'$$1((*SRZHUGHQVLW\GXULQJQDSVOHHS
UHIOHFWLRQ RI DQ KRXUJODVV PHDVXULQJ WKH GXUDWLRQ RI SULRU ZDNHIXOQHVV - %LRO
5K\WKPV−
 :(57+(HWDO'\QDPLFVRIWKHVOHHS((*DIWHUDQHDUO\HYHQLQJQDSH[SHUL
PHQWDOGDWDDQGVLPXODWLRQV$P-3K\VLRO5−
 ',-.'-'3%5811(5 $$%25%e/<7LPHFRXUVHRI((*SRZHUGHQVLW\
GXULQJORQJVOHHSLQKXPDQV$P-3K\VLRO5−5
 &$56.$'210$ :&'(0(171RFWXUQDOGHWHUPLQDQWVRIGD\WLPHVOHHSL
QHVV6OHHS−
 &$56.$'21 0$  :& '(0(17  &XPXODWLYH HIIHFWV RI VOHHS UHVWULFWLRQ RQ
GD\WLPHVOHHSLQHVV3V\FKRSK\VLRORJ\−
 ',-. '-  &$ &=(,6/(5  &RQWULEXWLRQ RI WKH FLUFDGLDQ SDFHPDNHU DQG WKH
VOHHS KRPHRVWDW WR VOHHS SURSHQVLW\ VOHHS VWUXFWXUH HOHFWURHQFHSKDORJUDSKLF VORZ
ZDYHVDQGVOHHSVSLQGOHDFWLYLW\LQKXPDQV-1HXURVFL−
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 6752*$7= 6+  7KH 0DWKHPDWLFDO 6WUXFWXUH RI WKH +XPDQ 6OHHS:DNH&\FOH
6SULQJHU9HUODJ1HZ<RUN
 ('*$5'0:&'(0(17 &$)8//(5(IIHFWRI6&1OHVLRQVRQVOHHSLQ
VTXLUUHOPRQNH\V(YLGHQFHIRURSSRQHQWSURFHVVHVLQVOHHSZDNHUHJXODWLRQ-1HX
URVFL−
 ',-.'- &$&=(,6/(53DUDGR[LFDOWLPLQJRIWKHFLUFDGLDQUK\WKPRIVOHHS
SURSHQVLW\ VHUYHV WR FRQVROLGDWH VOHHS DQG ZDNHIXOQHVV LQ KXPDQV 1HXURVFL /HWW
−
 +251( -$  2$ g67%(5*  $ VHOIDVVHVVPHQW TXHVWLRQQDLUH WR GHWHUPLQH
PRUQLQJQHVVHYHQLQJQHVV LQ KXPDQ FLUFDGLDQ UK\WKPV ,QW - &KURQRELRO  −

 60,7+ &6 ' 5(,//<  . 0,'.,))  (YDOXDWLRQ RI WKUHH FLUFDGLDQ UK\WKP
TXHVWLRQQDLUHV ZLWK VXJJHVWLRQV IRU DQ LPSURYHG PHDVXUH RI PRUQLQJQHVV - $SSO
3V\FKRO−
 &$56.$'21 0$ & 9,(,5$  & $&(%2  $VVRFLDWLRQ EHWZHHQ SXEHUW\ DQG
GHOD\HGSKDVHSUHIHUHQFH6OHHS−
 &=(,6/(5&$-6$//$1 5(.521$8(5$PHWKRGIRUDVVD\LQJWKHHIIHFWV
RIWKHUDSHXWLFDJHQWVRQWKHSHULRGRIWKHHQGRJHQRXVFLUFDGLDQSDFHPDNHULQPDQ
,Q6OHHSDQG%LRORJLFDO5K\WKPV%DVLFPHFKDQLVPVDQGDSSOLFDWLRQVWRSV\FKLDWU\
-0RQWSODLVLU 5*RGERXW(GV−2[IRUG8QLYHUVLW\3UHVV1HZ<RUN
 :<$77-.HWDO&LUFDGLDQWHPSHUDWXUHDQGPHODWRQLQUK\WKPVVOHHSDQGQHX
UREHKDYLRUDOIXQFWLRQLQKXPDQVOLYLQJRQDKGD\$P-3K\VLRO5−

 /(:<$-HWDO/LJKWVXSSUHVVHVPHODWRQLQVHFUHWLRQLQKXPDQV6FLHQFH
−
 )(,1%(5*,5.25(6.2 1+(//(5((*VOHHSSDWWHUQVDVDIXQFWLRQRIQRU
PDODQGSDWKRORJLFDODJLQJLQPDQ-3V\FKLDWU5HV−
 :,//,$065/HWDO6OHHSSDWWHUQVRISXEHUWDOPDOHV3HGLDWU5HV−
 :,//,$065/,.$5$&$1 &-+856&+(OHFWURHQFHSKDORJUDSK\RI+XPDQ
6OHHS&OLQLFDODSSOLFDWLRQV-RKQ:LOH\DQG6RQV1HZ<RUN
 .$5$&$1,HWDO/RQJLWXGLQDOVOHHSSDWWHUQVGXULQJSXEHUWDOJURZWKIRXU\HDU
IROORZXS3HGLDWU5HV−
 &$56.$'210$7KHVHFRQGGHFDGH,Q6OHHSDQG:DNLQJ'LVRUGHUV,QGLFDWLRQV
DQGWHFKQLTXHV&*XLOOHPLQDXOW(G−$GGLVRQ:HVOH\0HQOR3DUN&$
 &2%/( 3$ HW DO  (OHFWURHQFHSKDORJUDSKLF VOHHS RI KHDOWK\ FKLOGUHQ 3DUW ,,
)LQGLQJV XVLQJ DXWRPDWHG GHOWD DQG 5(0 VOHHS PHDVXUHPHQW PHWKRGV 6OHHS 
−
 *$8'5($8 + - &$55,(5  - 02173/$,6,5  $JHUHODWHG PRGLILFDWLRQV RI
15(0VOHHS((*IURPFKLOGKRRGWRPLGGOHDJH-6OHHS5HV−
 -(11,2*3$&+(50$11 0$&$56.$'216SHFWUDODQDO\VLVRIWKHVOHHS
((*GXULQJDGROHVFHQFHHIIHFWVRISXEHUWDOVWDJHDQGKVOHHSGHSULYDWLRQ6OHHS
$
 )(,1%(5*,6FKL]RSKUHQLDFDXVHGE\DIDXOWLQSURJUDPPHGV\QDSWLFHOLPLQD
WLRQGXULQJDGROHVFHQFH"-3V\FKLDWU5HV−
 )(,1%(5*,HWDO*DPPDGLVWULEXWLRQPRGHOGHVFULEHVPDWXUDWLRQDOFXUYHVIRU
GHOWD ZDYH DPSOLWXGH FRUWLFDO PHWDEROLF UDWH DQG V\QDSWLF GHQVLW\ - 7KHRU %LRO
−
 7$</25'&$&(%2 0$&$56.$'2106/7DFURVVKRXUVRIVOHHSORVV
LQDGROHVFHQWV6OHHS$
 &$56.$'210$HWDO$QDSSURDFKWRVWXG\LQJFLUFDGLDQUK\WKPVRIDGROHV
FHQWKXPDQV-%LRO5K\WKP−
 :$/'+$86(5)HWDO%LRDYDLODELOLW\RIRUDOPHODWRQLQLQKXPDQV1HXURHQGR
FULQRORJ\−
 &$9$//2$3ODVPDPHODWRQLQUK\WKPLQQRUPDOSXEHUW\²LQWHUDFWLRQVRIDJH
DQGSXEHUWDOVWDJHV1HXURHQGRFULQRORJ\−
 .2/$7$*3XEHUW\P\VWHU\VROYHG6FLHQFH
 ./(,1'&0HODWRQLQDQGSXEHUW\6FLHQFH
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 &$56.$'21 0$ HW DO  0HODWRQLQ VHQVLWLYLW\ WR OLJKW LQ DGROHVFHQWV SUHOLPL
QDU\UHVXOWV6OHHS$−$
 &$56.$'21 0$ & $&(%2  -7 $51('7  0HODWRQLQ VHQVLWLYLW\ WR OLJKW LQ
DGROHVFHQWKXPDQVDVDIXQFWLRQRISXEHUWDOPDWXUDWLRQ1HXURVFL/HWW 6XEPLWWHG
IRUSXEOLFDWLRQ
 &$56.$'210$HWDO3XEHUWDOFKDQJHVLQGD\WLPHVOHHSLQHVV6OHHS−

 &$56.$'210$ &$&(%25HJXODWLRQRIVOHHSLQHVVLQDGROHVFHQWVXSGDWH
LQVLJKWVDQGVSHFXODWLRQ6OHHS−
 :2/)621$5HWDO$FWLJUDSKLFDOO\HVWLPDWHGVOHHSSDWWHUQVRIPLGGOHVFKRRO
VWXGHQWV6OHHS$−
 &$56.$'21 0$ & $&(%2  5 6(,)(5  ([WHQGHG QLJKWV VOHHS ORVV DQG
UHFRYHU\VOHHSLQDGROHVFHQWV$UFK,WDO%LRO−
 3$&.$,HWDO&KDUDFWHULVWLFVRIFUDVKHVDWWULEXWHGWRWKHGULYHUKDYLQJIDOOHQ
DVOHHS$FFLGHQW$QDO3UHY−
 60,7+&6OHHSVWDWHVPHPRU\SURFHVVHVDQGV\QDSWLFSODVWLFLW\%HKDY%UDLQ
5HV−
 0$48(737KHUROHRIVOHHSLQOHDUQLQJDQGPHPRU\6FLHQFH−
 67,&.*2/'5HWDO6OHHSOHDUQLQJDQGGUHDPVRIIOLQHPHPRU\UHSURFHVVLQJ
6FLHQFH−
 :2/)621 $5  0$ &$56.$'21  8QGHUVWDQGLQJ DGROHVFHQW VOHHS SDWWHUQV
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$P-+XPDQ%LRO−

Sleep restriction is not associated with a positive energy balance in
adolescent boys1–3
Lars Klingenberg, Jean-Philippe Chaput, Ulf Holmbäck, Poul Jennum, Arne Astrup, and Anders Sjödin

INTRODUCTION

A mounting body of observational evidence has revealed that
short sleep (SS)4 duration is associated with weight gain and increased incidence of obesity (1–3), especially in children (4–7).
Intervention studies have contributed to our understanding of potential physiologic mechanisms that underpin this association.
Spiegel et al (8) were the first to show experimentally that sleep
restriction affects the regulation of key appetite hormones (ie, leptin
and ghrelin) and appetite sensations in slightly hypocaloric subjects. However, in 3 similar intervention studies, albeit in eucaloric
subjects, these observations were not reproduced (9–11), which left
the question open as to whether the connection between SS and
obesity can be explained by changes in homeostatic consumption
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behavior. In addition to these proposed physiologic mechanisms
that favor an increased drive to eat, staying awake for a longer period of time exposes individuals to the obesogenic environment
longer than normal sleepers are exposed, which leads to increased
energy intake (EI) (12, 13) and, in particular, increased snacking
behavior (10). In summary, an increased EI as a result of partial
sleep restriction has not been consistently observed.
Evidence on the effects of sleep restriction on the other side of
the energy-balance equation [ie, energy expenditure (EE)] is also
conflicting. It has been shown that partial sleep deprivation does
not influence 24-h EE (10, 11). This also seemed to be the case
when the resting metabolic rate was investigated separately (14).
However, divergent findings have also been reported, after both
total sleep deprivation (15) and partial sleep deprivation (16).
Conflicting results have also been observed regarding the effect
of sleep restriction on physical activity levels and patterns (9, 11,
12, 14) that could influence total EE.
Because of these conflicting results and the fact that these investigations have, to our knowledge, been conducted only in adults,
we aimed to investigate the effects of 3 consecutive nights of partial
sleep deprivation on components of energybalance ina homogenous
group of healthy teenage boys. This age group is particularly interesting because it has been observed that adolescents have experienced important declines in their sleeping time over the past
decades (17), and they have an irregular sleep-wake cycle (18),
which thereby constitutes a potential group at risk of developing
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ABSTRACT
Background: A short sleep (SS) duration has been linked to obesity
in observational studies. However, experimental evidence of the
potential mechanisms of sleep restriction on energy balance is conflicting and, to our knowledge, nonexistent in adolescents.
Objective: We investigated the effects of 3 consecutive nights of
partial sleep deprivation on components of energy balance.
Design: In a randomized, crossover design, 21 healthy, normalweight male adolescents (mean 6 SD age: 16.8 6 1.3 y) completed
the following 2 experimental conditions, each for 3 consecutive
nights: an SS (4 h/night) and a long sleep (LS; 9 h/night) duration.
Endpoints were 24-h energy expenditure (EE), spontaneous physical activity (SPA), postintervention diet-induced thermogenesis
(DIT), appetite sensations, ad libitum energy intake (EI), and profiles of plasma ghrelin and leptin.
Results: The 24-h EE on day 3 was 370 6 496 kJ higher in the SS
condition than in the LS condition (P = 0.003). This difference in
EE was explained by prolonged wakefulness in the SS condition
and a 19% higher SPA (P = 0.003). In a postintervention breakfastmeal challenge, there was a 0.19-kJ/min smaller incremental AUC
in DIT over 4 h in the SS condition than in the LS condition (P =
0.012) with no time 3 condition effect (P = 0.29). Subjects consumed 13% less energy in the ad libitum meal in the SS condition
(P = 0.031), with a concomitant decreased motivation to eat. Concentrations of ghrelin and leptin remained unchanged with sleep
restriction.
Conclusion: Short-term sleep restriction in male adolescents is associated with a small negative energy balance driven by increased
EE from prolonged wakefulness and a concomitant decreased EI
and motivation to eat. This trial was registered at clinicaltrials.gov
as NCT01198431.
Am J Clin Nutr 2012;96:240–8.
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obesity. We hypothesized that 3 consecutive nights of only 4 h in bed
would be accompanied by increased appetite sensations and an
increased spontaneous food intake without affecting the total EE.
SUBJECTS AND METHODS

Subjects

Study design and procedure
A schematic overview of the study protocol is shown in Figure 1.
With the use of a within-subject experimental design, each participant
was engaged, in a random order, in each of the 2 following conditions:
1) SS (4 h/night from 0300 to 0700 for 3 consecutive nights) and 2)
long sleep (LS; 9 h/night from 2200 to 0700 for 3 consecutive nights).
These 2 experimental conditions were randomly assigned by using
a computerized randomization scheme and separated by 3–4 wk.
Between experimental conditions, participants were asked to main-

tain normal activities and, particularly, not to change sleeping, eating,
or physical activity patterns. Vigorous physical activity was not allowed 24-h before testing, and a normal sleep schedule had to be
respected for 3 d before testing. Subjects were required to arrive at the
University of Copenhagen research laboratory in a fasting state, and
all subjects were in good health on test days. Body weight was
measured every morning on a calibrated scale (Lindell Tronic 8000;
Samhall Lavi) with subjects in a fasting state with an empty bladder
and wearing light clothes and without shoes. Likewise, subject
temperature was measured in the ear canal with a thermometer
(Braun ThermoScan; Braun GmbH) on awakening each morning.
The 3 nights were spent in a whole-body calorimetric chamber.
During the 2 initial nights, the chamber door was open so that
subjects could become accustomed to the environment. On the
morning after the second night, the chamber door was sealed, and
the subjects spent 24 h in the chamber for measurements of EE.
Subjects had access to a computer with Internet, a telephone, and
a television with a DVD player during the stay. The following time
schedule was followed during the 24-h stay in the chamber: door
closed at 0830, breakfast at 0900, 15 min of cycling at a constant
resistance (75 W) and cadence (50 rpm) at 1000 and again at 1600,
lunch at1300, a short periodof standardized light walking (25 rounds
in the chamber, which corresponded to w5 min) at 1130 and again at
1430, snack at 1530, dinner at 1800, snack at 2100, lights off at 2200
(for LS) or 0300 (for SS), awaken at 0700, basal metabolic rate
(BMR) measurements at 0730, and chamber exit at 0830. Trained
personnel regularly visually monitored subjects to ensure their
safety and compliance to the protocol (eg, by making contact at any
sign of sleeping during waking hours and BMR measurements).
Diet
The basal energy requirement was individually calculated by
using the WHO formula (20) for this age group
½0:068 3 weight ðin kgÞ þ 0:57 3 height ðin mÞ þ 2:16 3
physical activity factor ð1:4 for chamber condition;
1:6 for free-living conditionÞ

ð1Þ

EI was distributed as 25% from breakfast, 30% from lunch, 30%
from dinner, and 15% from snacks. The macronutrient composition

FIGURE 1. Study outline. Hatched areas represent time periods outside the study protocol. Participants spent both sleeping and wake time in the respiration
chamber on days 1 and 2 to become accustomed to the chamber. Syringe symbols denote blood samplings (filled syringe denotes a fasting sample). Visual analog
scales were provided at the same time points as blood sampling. Meals were given at the same time points in both conditions as follows: breakfast at 0900, lunch at
1300, snack at 1530, dinner at 1800, and snack at 2100. Meals outside of the laboratory were provided by our research kitchen staff. In free-living periods,
participants were encouraged to engage in everyday activities but to abstain from scheduled physical activity. ad lib., ad libitum meal test; arrival, arrival at the
laboratory; depart., departure from the laboratory; laboratory, period during which participants stayed at the laboratory; LS, long-sleep condition (9 h from 2200 to
0700); meal, breakfast meal; SS, short-sleep condition (4 h from 0300 to 0700); ventilated hood, repeated ventilated hood measurements.
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Twenty-one healthy, normal-weight [age-adjusted BMI (in
kg/m2) ,25 on the basis of Cole et al (19)] male adolescents
between 15 and 19 y of age were recruited for the study through
advertisements and by word of mouth. Volunteers were excluded
from participation for any of the following reasons: smoking,
unstable body weight (63 kg) during the 6 mo before testing,
regular physical exercise (.3 h/wk), excessive intake of alcohol
(.7 drinks/wk), substance abuse, excessive intake of caffeine
(.300 mg/d), metabolic disease (eg, thyroid disease, heart disease, or diabetes), medication use that could interfere with the
outcome variables, eating disorder, highly restrained eating behavior (score $10 for cognitive dietary restraint on the ThreeFactor Eating Questionnaire), irregular eating pattern (eg,
skipping breakfast), self-reported sleep problems (score .5 on
the Pittsburgh Sleep Quality Index), transmeridian travel in the
past month, and inability to comply with the protocol. All subjects (or parents of subjects aged ,18 y) gave written informed
consent to participate in this study, which had received approval
from the ethical committee of the Capital Region of Denmark.
Volunteers participated in the following 4 visits: an information
meeting [ie, a preliminary visit aimed at informing subjects (and
parents for subjects ,18 y) about the procedures and protocol
requirements], a screening visit to evaluate inclusion and exclusion criteria, and two 4-d experimental conditions.
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the first 5 min of each 25-min measurement was omitted. EE was
calculated by using a formula assuming a fixed protein catabolism
(26). The accuracy of the ventilated hood was validated by using an
alcohol-burning test on a weekly basis with a CV of 1.5%.
Physical activity
Spontaneous physical activity (SPA) in the respiration chamber
was assessed by using 2 microwave radar detectors (Sisor MiniRadar; Statistic Input System SA). The radar detected when the
subject was moving, and the generated signal was received by
the transceiver and electronically stored for later analyses. SPA
measurements indicated the percentage of time when the subject
was moving.
Measurement of ad libitum EI

Sleep recordings and evaluation
Surface electrodes for electroencephalography, electrooculography, submental electromyography, and electrocardiography
measurements were fitted on subjects by using a portable polysomnographic device (TrackitTM; Lifelines Neurodiagnostic
Systems Inc) before they left the metabolic laboratory on the first
day. Each morning, the electrodes were checked for signal
strength and impedance. Post hoc analyses of sleep length were
done by using visual scoring and were conducted by the same
trained researcher for all recordings.
Each morning, at the same time point during both experimental
conditions, subjective sleepiness was evaluated by using the
Karolinska Sleepiness Scale (KSS) (21). The KSS consists of a
question on subjective sleepiness with a 10-point scale with a phrase
associated to each point that ranged from “1: extremely alert” to “10:
extremely sleepy–can’t keep awake.” The KSS has been shown
to be highly correlated with brain activity (a and u activity) (21) and
is a useful proxy behavioral indicator of sleepiness (22).
Measurement of EE
After a run-in period of 2 nights, the EE and respiratory quotient
(RQ) were measured in one of 2 duplicate respiratory chamber
calorimeters of the Department of Human Nutrition (23). The same
chamber was used on both occasions for any subject. Gas exchange
in the chamber was calculated from the measured airflow and
concentrations of oxygen and carbon dioxide at the outlet of the
chamber as well as in the fresh air going in. We performed a 24-h
urine collection to determine nitrogen excretion. EE was calculated, including data on nitrogen excretion, on the basis of equations by Elia and Livesey (24). On the fourth day, subjects were
awakened at 0700 but were instructed to remain lying still in
bed, apart from getting up for voiding if needed. The registration
of respiratory gas exchange between 0730 and 0830 was used
for assessment of the BMR.
After subjects left the chamber, measurements of diet-induced
thermogenesis (DIT) and RQ were performed before and for 3 h
after a standardized breakfast that consisted of 25% of the individual daily energy requirement and with an energy distribution
of 11% of energy protein, 27% of energy fat, and 62% of energy
carbohydrate by using a ventilated hood system (Jaeger Oxycon
Pro; Cardinal Health Care GmbH) as described in detail elsewhere (25). The duration of each measurement was 25 min where

To measure spontaneous EI in an experimental context, participants were offered an ad libitum lunch at 1300 on day 4. The
ad libitum meal was a semihomogenized spaghetti bolognese
meal (961 kJ/100 g; 15% of energy protein, 30% of energy fat,
and 55% of energy carbohydrate) and 200 mL tap water. Subjects
were instructed to eat at a constant pace and to stop eating when
they felt satiated. Subjects had a maximum of 30 min to consume
the meal, and the serving of pasta was substantially larger than the
expected intake (8 MJ offered). The meal was weighed before
lunch, and the uneaten portion was weighed after lunch. Ad libitum
EI was assessed by a food technician by using calculations performed on the amount of the meal consumed. The ad libitum test
meal has been shown to be reproducible in our laboratory (27).
Measurement of appetite
Participants rated their sensations of hunger, satiety, prospective food consumption, fullness, and desire to eat meat, fish,
something sweet, something salty, or something rich in fat on a
visual analog scale (VAS) at different time points around the
standardized breakfast on day 4. The VAS method has been described in detail and was shown to be both reproducible and valid
for measuring appetite sensations in our laboratory (28). Assessments were completed before and immediately after the
breakfast test meal and subsequently at every 30 min until the ad
libitum lunch meal. In addition, the VAS was filled out every hour
for a 4-h period after the ad libitum lunch.
Biochemical analyses
Blood samples were drawn through an indwelling superficial
forearm venous catheter in the fasting state and every 30 min
during the DIT measurement (a total of 8 time points). The
sampling was done under standardized laboratory conditions.
Samples were drawn into heparinized tubes, centrifuged, separated into aliquots, and frozen at 2808 C until analyzed. Samples
from each subject were analyzed continually in a single batch
to eliminate assay variation. Blood samples were analyzed for total plasma ghrelin [determined by using an enzyme-linked immunosorbent assay (Millipore)], total plasma leptin [determined by
using a radioimmunoassay (Millipore)], and free triiodothyronine,
thyroxine, and thyroid-stimulating hormone [determined by using
a solid-phase, enzyme-labeled chemiluminescent immunometric
assay (Siemens Immulite 1000; Siemens Medical Solutions)].
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was, on average for the whole day, 10% of energy from protein,
30% of energy from fat, and 60% of energy from carbohydrates.
Dietary calculations were made by using the food database from
the Danish National Food Agency (version 6.0, 2005; Technical
University of Denmark). Calculations were done with Dankost
3000 software (version 7.01, 2009; Dankost). All meals consisted
of everyday products and were prepared in the research kitchen of
the laboratory. Meals were given at the same time points in both
conditions. Meals outside of the laboratory were provided to
participants as ready-made meals with a written instruction on
heating and handling. A text-message system was set up to remind
participants to eat at the designated times. Participants were encouraged to eat the whole serving at each meal. Any leftovers were
recorded, and the actual energy of that particular meal was
recalculated. Water was offered ad libitum.

243

SHORT SLEEP AND ENERGY BALANCE

Questionnaires

Statistical analysis
The power-calculation analysis performed before the beginning of the study showed that data from 20 subjects gave a power
of 90%, which was sufficient to detect a difference in 24-h EE
between sleep protocols of 2% (SD: 62%) with an a = 0.05.
Before statistical analyses were conducted, all continuous variables were tested for normality and homogeneity of variance by
using visual inspection of both quantile-quantile plots and plots
of residuals against fitted values. A Box-Cox calculation was
conducted, and the necessary transformations were done to ensure normality and homogeneity of variance. Differences in EE
(respiration chamber), EI (ad libitum), AUC, and area over the
curve (trapezoidal rule) and between SS and LS in fasting concentrations of hormones were analyzed by using a multiple linear
regression model with robust estimation of variance (HuberWhite estimation model) with the order of treatment as a fixed
explanatory variable. Differences in repeated measurements of
EE (hood), the VAS, and appetite-regulating hormones were
tested by using a random coefficient model with maximumlikelihood estimation. Each model was tested for a correlation
pattern, and the model was fitted as either unstructured or with
an exponential correlation structure based on Akaike’s criteria.
The time 3 condition effect in the random coefficient model
was tested against a simpler model by using a likelihood ratio
test. The order of intervention was a fixed explanatory variable.
For statistical evaluation, Stata software (version 11; StataCorp)
was used. Data are presented as means 6 SDs unless otherwise
specified. P , 0.05 was considered significant.
RESULTS

Participant characteristics and sleep data
Descriptive characteristics of subjects are shown in Table 1.
None of the subjects were restrained eaters, and they all had low
scores of disinhibition and susceptibility to hunger. In addition,
subjects had a fairly good sleep quality in general as well as
a normal perceived stress in their everyday lives.
Fasting morning weight did not change over the course of the
4-d intervention in either condition (random coefficient model),
and there were not any differences in fasting weight on day 4
between conditions (paired sample t test).

Variables
Age (y)
Body weight (kg)
BMI (kg/m2)
Waist circumference (cm)
Energy intake inside the chamber (MJ)
Energy intake outside the chamber (MJ)
Pittsburgh Sleep Quality Index score
Three-Factor Eating Questionnaire
Cognitive dietary restraint
Disinhibition
Susceptibility to hunger
Cohen’s Perceived Stress Scale score
1

Values (n = 21)
16.8
65.7
21.0
74.9
10.7
12.3
3.86

6
6
6
6
6
6
6

1.3
5.8
1.8
4.5
0.6
0.7
2.17

4.73
4.36
4.55
8.68

6
6
6
6

3.22
2.13
3.10
4.20

All values are means 6 SDs.

Data from polysomnography recordings showed that participants slept, on average, 506 6 42 and 243 6 15 min during the
LS and SS conditions, respectively. Values for the KSS questionnaire went from 4.7 6 1.7 (day 1) to 7.8 6 0.9 (day 4) in the
SS condition and from 5.2 6 1.6 (day 1) to 4.1 6 1.6 (day 4) in
the LS condition. There was a significant time 3 condition effect (P = 0.012) with a significantly higher KSS score in SS
compared with LS conditions on days 2, 3, and 4 (P , 0.001 for
all days).
Measures of EE
Twenty-four–hour EEs in the respiration chamber were
10,469 6 885 kJ and 10,099 6 766 kJ for the SS and LS
conditions, respectively (P = 0.003). These values corresponded
to a 370 6 496-kJ higher daily EE in the SS condition than in
the LS condition (Figure 2). The profile of 24-h EE from the
respiration chamber showed that the difference in 24-h EE
originated from the difference in EE during the habitual nighttime period [6.8 6 0.7 kJ/min (SS) compared with 5.3 6 0.4
kJ/min (LS); P , 0.001) (Figure 3). There was no difference
between conditions in either daytime EE [8.2 6 0.7 kJ/min (SS)
compared with 8.3 6 0.7 kJ/min (LS); P = 0.42], sleeping EE
[4.9 6 0.5 kJ/min (SS) compared with 4.9 6 0.4 kJ/min (LS);
P = 0.54], or BMR [5.8 6 0.6 kJ/min (SS) compared with 6.0 6
0.7 kJ/min (LS); P = 0.082] (Figure 2). SPA followed the same
pattern with a significantly higher SPA during habitual nighttime
in the SS condition than in the LS condition [16 6 7% (SS)
compared with 3 6 1% (LS); P , 0.001], which explained the
19% higher SPA over 24 h [16 6 5% (SS) compared with 13 6
5% (LS); P = 0.003; Figure 2]. The 24-h RQ value was significantly lower in the SS condition than in the LS condition
[0.88 6 0.02 (SS) compared with 0.89 6 0.02 (LS); P = 0.022].
This difference in RQ was shown during sleep [0.88 6 0.03 (SS)
compared with 0.85 6 0.03 (LS); P , 0.001] and BMR measurement [0.88 6 0.04 (SS) compared with 0.85 6 0.04 (LS);
P = 0.049] (Figure 2).
DIT after the standardized breakfast meal challenge is shown
in Figure 4. There was no significant time 3 condition effect for
DIT (P-interaction = 0.29). However, there was a 0.19-kJ $ min
(29%) larger incremental AUC (baseline-subtracted AUC) in the
LS condition than in the SS condition [0.67 6 0.058 kJ $ min
(SS) compared with 0.86 6 0.058 kJ $ min (LS); P = 0.012]
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Three questionnaires were administered during the preliminary
visit to better characterize participants. The 51-item Three-Factor
Eating Questionnaire (29) was used to assess 3 factors related to
cognition and eating behaviors: cognitive dietary restraint (intent
to control food intake), disinhibition (overconsumption of food
in response to cognitive or emotional cues), and susceptibility to
hunger (food intake in response to feelings and perceptions of
hunger). This questionnaire has been validated, and its 3 scales have
beenreportedtoshowgoodtest-retest reliability(29, 30).Inaddition,
each participant completed the Pittsburgh Sleep Quality Index
(31), which is a self-rated questionnaire that assesses sleep quality
and disturbances over the preceding month. A total score .5 was
associated with poor sleep. Finally, the Cohen’s Perceived Stress
Scale (32) was completed to evaluate the level of stress in the
everyday lives of participants. This questionnaire contained 10 questions, and a score of ,10 indicated good management of stress.

TABLE 1
Subject characteristics1
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temperature between days 1 and 4 were 20.308 C and 0.008 C for SS
and LS conditions, respectively (P = 0.075). There was no time 3
condition effect (P-interaction = 0.72). Measures of thyroid hormones showed a significant difference in free triiodothyronine
between conditions on the morning of day 4 [4.91 pmol/L (SS)
compared with 4.34 pmol/L (LS); P , 0.001] but not in thyroxine [1.12 ng/dL (SS) compared with 1.10 ng/dL (LS); P =
0.26] or thyroid-stimulating hormone [1.76 mIU/L (SS) compared with 1.85 mIU/L (LS); P = 0.34].
Measures of appetite, EI, and appetite hormones

(Figure 4). Two subjects were excluded from this analysis because of a missing value for the first postprandial measurement
(t = 60 min).

DISCUSSION

For the first time to our knowledge, the current study examined
whether short-term sleep restriction affects components of energy balance in adolescents. Taken together, our data provided
evidence that 3 consecutive nights of 4 compared with 9 h of sleep
per night were associated with increased EE derived from increased wakefulness. Contrary to our hypothesis, we also observed
a decreased EI after SS at a subsequent ad libitum test meal. This
finding was accompanied by a decreased motivation to eat.
EE

Measures of temperature and thyroid hormones
The morning temperature was not different on day 1 [36.48 C
(SS) compared with 36.38 C (LS); P = 0.21] or day 4 [36.18 C
(SS) compared with 36.38 C (LS); P = 0.35]. Differences in

The increased 24-h EE during the SS condition in our teenagers
was not in line with our hypothesis and contradicted previous
findings (10, 14, 16). However, in studies by Nedeltcheva et al (10,
16), the doubly labeled water technique was used to measure EE.
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FIGURE 2. Calorimetric chamber data (6SEMs): data on energy expenditure (A), spontaneous physical activity (B), and respiratory quotient (C)
from the 24-h stay in the respiration chamber. Time periods on the x axis are
24 h from 0830 to 0830 (next day). Open bars represent the short-sleep
condition, and filled bars represent the long-sleep condition. Error bars
represent SEMs. *,**,***Significantly different between conditions (HuberWhite estimation model with the order of intervention as an explanatory
variable; n = 21): *P , 0.05, **P , 0.01, ***P , 0.001. BMR, period for
measurement of the basal metabolic rates (0730–0830); Day, daytime period
(0830–2200); Night, sleep-wake period (2200–0300; subjects slept in the longsleep condition and were awake in the short-sleep condition); PA, physical
activity; Sleep, sleeping period for both conditions (0300–0730).

Profiles of subjective appetite (VAS scores for hunger, satiety,
fullness, and prospective food intake) in response to the standardized breakfast on day 4 are presented in Figure 5. All of
these VAS scores were affected toward a decreased motivation
to eat in the SS condition. Thus, there was a significantly larger
AUC or area over the curve for satiety, fullness, hunger, and
prospective food intake (P = 0.004, P = 0.003, P = 0.049, and
P = 0.013, respectively) (Figure 6). In the random coefficient
model, there was a time 3 condition effect for prospective food
intake (P = 0.028), whereas no effects were shown for fullness
(P = 0.20), hunger (P = 0.28), and satiety (P = 0.20). Fasting
values did not differ between conditions. There was a significantly larger AUC in the SS condition for the desire to eat meat
and fish (P = 0.048) and something sweet (P = 0.019) but not
for thirst (P = 0.42). There was a tendency toward an increased
desire to eat something rich in fat (P = 0.063) and salty (P =
0.064). There was no time 3 condition effect in the random
coefficient model for any of the scores (P = 0.36, P = 0.25, P =
0.23, P = 0.39, and P = 0.64 for fat, meat, salt, sweet, and thirst,
respectively).
Data on the ad libitum EI assessment are presented in Table 2.
Subjects consumed 13% less in the SS condition than in the LS
condition (P = 0.031). The average eating time (min) and eating
rate (kJ/min) were not different between conditions.
Plasma concentrations of leptin and ghrelin are presented in
Figure 7. Neither ghrelin nor leptin concentrations differed
between conditions. In the leptin analyses, 3 subjects were excluded because of fasting concentrations .12 mg/L, which was
considered above the normal range for this group of subjects.
However, the significance of results did not change keeping
these subjects in our analyses.
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We used whole room calorimetry, which is able to detect even
small changes in EE not picked up by the doubly labeled water
technique (33). The increase in 24-h EE in our study was solely due
to an increased EE during the time period in which subjects were
awake in the SS condition and asleep in the LS condition. The extra
energy spent during this period (from 2200 to 0300) constituted
98% of the total difference in 24-h EE. This effect has previously
been reported by Jung et al (34), whose study supported our finding
of a sleep-wake–related difference in EE. In addition, this observation was substantiated because BMR did not differ between
conditions. An unchanged resting metabolic rate after sleep restriction has also been reported previously in different groups of
subjects (10, 11, 14), whereas other studies have described a drop
in resting metabolic rate after sleep restriction by using different
methodologies (15, 16).
An increased thyroid activity has been reported previously
after partial sleep restriction (11). Because we did not observe an
increase in EE during either sleep or BMR, a possible effect of
thyroxine 3 on EE in our teenagers was negligible. Previous
studies have shown decreased body temperatures after total sleep
restriction in both humans (35, 36) and rats (37), which could
offer an explanation of increased thyroid activity. However, we
showed a tendency toward a decreased body temperature only
after SS in our study. Thus, the cause of elevated thyroxine 3 concentrations remains elusive.
Activity-related thermogenesis is probably a more obvious
explanation of the increased EE. We showed that the increased
nighttime SPA explained the increased 24-h SPA in the SS condition with no difference in either daytime or sleeping SPA between conditions (Figure 2). Previous studies have shown that both
the amount and intensity of physical activity during free-living
conditions after only one night of sleep curtailment can be suppressed (9), but opposite findings have also been reported by using
both similar sleep-restriction protocols (12) as well as total sleep
deprivation (14). In the current study, SPA in the respiration
chamber was significantly increased in the SS condition because
of the longer period of time spent awake. Although participants had

access to recreational media, it is likely that the increased movement in the SS condition was a result of an increased effort to stay
awake. However, physical activity in the respiration chamber was
very limited because of the confinement and was by no means
comparable to real-life conditions. Thus, caution must be exercised with regard to the clinical significance of these SPA data
obtained in the respiration chamber.

FIGURE 4. DIT data (6SEMs): DIT before and after the standardized
meal challenge (A) and iAUC (trapezoid rule) calculations (B). Error bars
represent SEMs. No statistically significant time 3 condition effect was
shown in the random coefficient model (P-interaction = 0.29; n = 19).
*Significantly different between conditions, P , 0.05 (Huber-White estimation model with the order of intervention as an explanatory variable; n = 19).
DIT, diet-induced thermogenesis; iAUC, incremental AUC.
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FIGURE 3. Energy-expenditure profile from the calorimetric chamber: profile of the 24-h energy expenditure between sleep conditions (n = 21). The cycle
icon represents the time of standardized cycling at a constant resistance (75 W) and cadence (50 rpm) on an ergometer cycle.

246

KLINGENBERG ET AL

DIT normally accounts for w10% of 24-h EE when subjects
are in energy balance, but changes in postprandial metabolism can
give insight into a potential functional role of sleep in relation to
long-term energy balance. After a standardized breakfast meal,
we showed a small but significant difference in DIT calculated as
incremental AUC over 4 h. On average, DIT was 40.1 6 14.0 kJ
lower in the SS condition than in the LS condition for the 4-h
period. This result was contrary to results from recent studies (10,
16) in which no difference in DIT have been reported. However,
another recent study showed a transient decrease (20%) in DIT
after only one night of total sleep deprivation, which suggested
a sleep-related change in metabolism (15). However, a comparison between the 2 studies was hampered because the 2 sleep
protocols were very different, and a physiologically different re-

sponse to total sleep deprivation and partial sleep deprivation has
been proposed (38).
The observed decrease in RQ during both sleep and BMR
suggested that sleep restriction was accompanied by a change in
substrate use. However, we suggest that this difference was merely
a consequence of the temporal difference in energy balance that
stemmed from prolonged wakefulness in the SS condition and,
thus, was not an intrinsic change in mobilization or breakdown of
substrates after SS.
EI
In contrast to our hypothesis, we showed that the ad libitum
food intake, which is a proxy for spontaneous EI, and subjective
motivation to eat were reduced after 3 nights of sleep curtailment. To our knowledge, this is a new finding and is in contrast
to previous findings in which both increased food intake (11–13)
and unchanged food intake (9, 10) have been reported. However, there was a large interindividual variation in the difference in ad libitum food intake between conditions, and in
addition, 7 of 21 subjects actually had an elevated EI in the SS
TABLE 2
Energy intake from the ad libitum lunch meal1

FIGURE 6. AUC/AOC for visual analog scales on appetite. Means
(6SEMs) of AUC (trapezoid rule) (satiety and fullness) and AOC (trapezoid rule) (hunger and prospective food intake) before and after the
standardized breakfast meal challenge on day 4 are shown. *,** Significantly different between conditions (Huber-White estimation model with
the order of condition as an explanatory variable): *P , 0.05, **P ,
0.01. AOC, area over the curve; Prosp., prospective food intake.

Energy intake (kJ)
Duration (min)
Eating rate (kJ/min)

Short sleep

Long sleep

P2

3430.3 6 1166.9
9.8 6 3.3
354.9 6 107.9

3883.6 6 1341.2
10.6 6 3.7
376.1 6 92.5

0.031
0.27
0.23

All values are means 6 SDs. Energy intake, duration of the meal, and
eating rate are from the ad libitum meal test.
2
P values are for the difference between sleep conditions (Huber-White
estimation model with the order of sleep condition as an explanatory variable; n = 21).
1
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FIGURE 5. Appetite sensations: profiles of VAS scores (6SEMs) (before and after the standardized breakfast meal challenge for satiety (A), fullness (B),
hunger (C), and prospective food consumption (D). No significant time 3 condition effect for fullness, hunger, or satiety was shown. There was a significant
time 3 condition effect for prospective food consumption (P , 0.05; n = 21; random coefficient model). The black arrow on the x axis denotes the time of the
meal challenge. Error bars represent SEMs. *Significantly different between conditions (P , 0.05; n = 21; random coefficient model). pr. food. cons.,
prospective food consumption; VAS, visual analog scale.
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condition. To our knowledge, the use of an ad libitum setting
has not been validated in teenagers, and on the basis of the
current study, it seems that the group displays a considerable
degree of heterogeneity.
Despite the large variation in food intake as a result of sleep
restriction, the significant difference in ad libitum food intake was
supported by data of appetite sensations. Indeed, the drive to eat
was lower in the SS condition. However, there was no significant
correlation between individual differences in food intakes and
VAS scores (data not shown). This further raised the question as
to whether the ad libitum meal settings and VAS scores are indeed
a valid proxy for EI and appetite sensations in adolescents.
In the current study, we could not rule out the fact that the
teenagers might have displayed compensatory eating behaviors
after the study. Food intakes were highly controlled during the
study until the ad libitum meal setting at lunch on day 4. It has
previously been described that going to bed late is associated with
late eating behavior, and this combination is associated with
increased BMI (18). We continued to assess appetite sensations
only until 1800 on day 4 and showed no difference between
conditions during this period (data not shown). However, we did
not assess compensatory eating behaviors in the afternoon or
evening on day 4. This lack of assessment is a limitation of the

study. A longer follow-up period is recommended in future
studies to adequately capture potential compensations in energy
balance after the intervention.
Increased ghrelin and decreased leptin concentrations have
previously been associated with sleep restriction, and several
studies have addressed this modulation of neuroendocrine regulation of appetite (8–11, 16, 39–44). We did not find support for
an endocrine explanation to the decreased food intakes in our
teenagers inasmuch as neither ghrelin nor leptin concentrations
differed between conditions. However, the measurement of 24-h
profiles of ghrelin and leptin could have provided a more robust
conclusion in the current study. Although this lack of measurement was a methodologic limitation of the study, for ethical
reasons, we were not able to collect blood during 24 h. The fact
that we did not see any changes in leptin and ghrelin is in line
with previous observations whereby the wakeup time was the
same in both conditions (9, 10). This methodologic difference
between studies (delay or difference between time of blood
sampling and time of wake-up) made it difficult to compare
results. Therefore, whether appetite regulation is acutely affected by restricted sleep can be questioned. Whether longer
periods of sleep restriction have a more permanent influence on
ghrelin and leptin concentrations as indicated in observational
studies has, to our knowledge, not been investigated in intervention studies.
In conclusion, we showed that acute sleep restriction was associated with increased 24-h EE in adolescent boys as a consequence of prolonged wakefulness. Moreover, we observed that
the motivation to eat and subsequent spontaneous EI, in contrast
to what has previously been shown, decreased after SS. In this
study, sleep restriction in male teenagers was associated with
a small negative energy balance. Future studies should put efforts
into better understanding the link between SS duration and energy balance in younger age groups over a longer period of time.
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