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QMLdTKP! PaPRMY!SQU:TL! SQ! SXRMLSRITQ!T`! dSPZKXSL! PYTTRW!YKPZXM.! 50,6! PMMYP! RT!_M! S!

_MRRML!gSa! RWSQ! RWM!)+! RT!SPPMPP! RWM!MQUTRWMXISX! `KQZRITQ!T`! PYSXX!SLRMLIMP! IQ! RWM!PWTLR!
RMLY.!*MZWSQIPYP! T_PMLdMU! IQ! UIdIQJ! SLM! S! JTTU!YTUMX! `TL! RWM! MXUMLXa! NMTNXM!gWMLM!
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-.-.!;01#,$+1#')!'1B+,011'*'1#$&')!$))0;+'')!$!&$!5&01A''!!

(SQP!ZM!NSLSJLSNWM]!QTKP!SXXTQP!XIPRML!XMP!ZTQRLSIQRMP!MQdILTQQMYMQRSXMP!SPPTZIOMP!^!XS!

NXTQJOM! PTKPEYSLIQM.! +X! P/SJIR! UM! X/M``MR! UM! X/IYYMLPITQ]! UK! `LTIU! MR! UM! X/MbNTPIRITQ!

WaNML_SLM.!;MRRM!UMLQIVLM!PMLS!IXXKPRLOM!NSL!XMP! XTIP!UM!(SXRTQ]!6MQLa!MR!%TaXME*SLITRRM!

Tt! KQM! UIPRIQZRITQ! PMLS! `SIRM! MQRLM! XS! NXTQJOM! ^! X/SIL! MR! XS! NXTQJOM! MQ! SNQOM.! 1TKP!

MbNXI\KMLTQP!MQPKIRM!_LIVdMYMQR!X/IQ`XKMQZM!UM!X/WaNTbIM]!X/WaNMLZSNQIM!MR!X/MbMLZIZM!PKL!

XMP!NSLSYVRLMP!NWaPITXTJI\KMP.!

-.-.-.!!&/+**',)+01!!

&/MQdILTQQMYMQR! PTKPEYSLIQ! MPR! KQ! YTQUM! YSJI\KM! YSIP! \KI! IYNTPM! SK! ZTLNP! UMP!

PRLMPP!NWaPITXTJI\KMP!NLTQTQZOP.!&MP!M``MRP!UM! X/IYYMLPITQ!PTQR! RTKP! XIOP!^! XS!NLMPPITQ!

WaULTPRSRI\KM! MR! ZTKNXOP! ^! ZMKb! UM! XS! NLT`TQUMKL]! IXP! ZTQRLSIJQMQR! XM! PaPRVYM! ZSLUITE

dSPZKXSILM]!LOQSX!MR!LMPNILSRTILM!e5MQUMLJSPR!MR!ZTXX.!"CC?f.!

&/IYYMLPITQ!RjRM!WTLP!UM!X/MSK]!UM!NSL!X/SNMPSQRMKL]!MQRLS�QM!KQ!UONXSZMYMQR!IYYOUISR!

UM! PSQJ! UMNKIP! XMP! YMY_LMP! dMLP! X/S_UTYMQ! MR! XS! ZSJM! RWTLSZI\KM.! ;MZI! SKJYMQRM! XM!

dTXKYM!PSQJKIQ!IQRLSRWTLSZI\KM!e$L_TLMXIKP!MR!ZTXX.!-?G"f]!XS!NLMPPITQ!ZMQRLSXM!dMIQMKPM!

e6TTU!MR! ZTXX.! -?@<f!MR! ORILM! XMP! ZSdIROP! ZSLUIS\KMP!\KI! MQ! LONTQPM!^!KQ!NLOEORILMYMQR!

dTQR!PM!ZTQRLSZRML!NXKP!`TLRMYMQR]!SKJYMQRSQR!XM!dTXKYM!U/OlMZRITQ!PaPRTXI\KM!MR!UTQZ!XM!

UO_IR!ZSLUIS\KM.!(M!NXKP]!KQ!UONXSZMYMQR!UM!NXSPYS!P/TNVLM!UMNKIP! XMP!ZTYNSLRIYMQRP!

MbRLSZMXXKXSILMP! dMLP! XM! PaPRVYM! dSPZKXSILM! e5MQUMLJSPR! MR! ZTXX.! "CC?f! SKJYMQRSQR! XM!

dTXKYM!PSQJKIQ!MR!UTQZ!XS!NLMPPITQ!SLROLIMXXM.!!

'Q! LONTQPM! ^! X/ORILMYMQR! UM! X/TLMIXXMRRM! ULTIRM]! XS! XI_OLSRITQ! UK! `SZRMKL! QSRLIKLORI\KM!

SKLIZKXSILM! dS! SKJYMQRML! XS! UIKLVPM! NSL! IQWI_IRITQ! UM! X/WTLYTQM! SQRIEUIKLORI\KM! UM!

YSQIVLM! ^! LORS_XIL! XM! dTXKYM! PSQJKIQ]! XS! NLMPPITQ! SLROLIMXXM]! XM! dTXKYM! U/OlMZRITQ!

PaPRTXI\KM!MR!MQ`IQ!XM!UO_IR!ZSLUIS\KM.!!

&TLP\KM!XS!NLMPPITQ!SY_ISQRM!SKJYMQRM]!NSL!MbMYNXM!XTLP!U/KQM!IYYMLPITQ!RjRM!WTLP!UM!

X/MSK! MQ! ZWSY_LM! WaNML_SLM! e*SRPKUS! MR! ZTXX.! -?G<f]! XM! dTXKYM! U/OlMZRITQ! PaPRTXI\KM!

LMPRM!ZTQPRSQR!YSIP!XS!`LO\KMQZM!ZSLUIS\KM!UIYIQKM]!MQRLS�QSQR!KQM!UIYIQKRITQ!UK!UO_IR!
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ZSLUIS\KM.!1TKP! LMRLTKdTQP! MQ! M``MR! KQM! _LSUaZSLUIM! IQUKIRM! NSL! XM! QML`! dSJKM! MR! KQM!

dSPTZTQPRLIZRITQ! NOLINWOLI\KM! UKM! ^! X/SKJYMQRSRITQ! UM! X/SZRIdIRO! UK! PaPRVYM!

PaYNSRWI\KM!XIOM!^!X/WaNMLRMQRITQ!IQIRISXM!e&IQUWTXY!MR!ZTXX.!"CC?f.!!

5MQUSQR! XS! NXTQJOM! MQ! PZSNWSQULM! SKRTQTYM]! XMP! NXTQJMKLP! PTQR! MbNTPOP! ^! UMP!

IQ`XKMQZMP!MbRMLQMP!\KI!S``MZRMQR!XS!`TQZRITQ!ZSLUITEdSPZKXSILM.!'Q!M``MR]!ZMLRSIQMP!ORKUMP!

YTQRLMQR! \KM! XS! NXTQJOM! ^! X/SIL! MPR! SPPTZIOM! ^! KQM! SKJYMQRSRITQ! UM! XS! NLMPPITQ!

NKXYTQSILM!e(KlIZ!MR!ZTXX.!"CC@f!MR!^!KQM!UaP`TQZRITQ!MQUTRWOXISXM!SLROLIMXXM!e%LK_Svv!MR!

ZTXX.!"CC8y!0_SU!MR!ZTXX.!"C-Cf.!$K!QIdMSK!ZSLUIS\KM]!XS!NXTQJOM!^!X/SIL!IQUKIR!^!XS!`TIP!KQM!

SKJYMQRSRITQ!UM!XS!NLOZWSLJM!eNSL!UONXSZMYMQR!!PSQJKIQ!UM!XS!NOLINWOLIM!dMLP!XM!ZTMKLf!

MR!KQM!SKJYMQRSRITQ!UM!XS!NTPRZWSLJM!eNSL!dSPTZTQPRLIZRITQ!NOLINWOLI\KMf!SIQPI!\K/KQM!

UIYIQKRITQ!UK!UO_IR!ZSLUIS\KM!eBSXIZ!MR!ZTXX.!"CC8f.!&S!NXKNSLR!UM!ZMP!ZWSQJMYMQRP!PTQR!

MQZTLM! NLOPMQRP! SNLVP! XS! NXTQJOM.! &�M``TLR! ZSLUITEdSPZKXSILM! MPR! MQ! NXKP! SKJYMQRO! NSL!

KQM! XIYIRSRITQ! UM! XS! dMQRIXSRITQ! MQ! NXTQJOM! eLOPIPRSQZMP! LMPNILSRTILMP! SKJYMQROMP]!

XIYIRSRITQ!NSL!X�O\KINMYMQR!MR!XS!UMQPIRO!UMP!JSc!LMPNILOPf.!

&TLP!UM! X/IYYMLPITQ!MQ!SNQOM]!ZMP!ZWSQJMYMQRP!PTQR!MQZTLM!NXKP!NLTQTQZOMP.!'Q!M``MR]!

XMP!NXTQJMKLP!MQ!SNQOM!NLOPMQRMQR!KQM!LOUKZRITQ!UK!UO_IR!ZSLUIS\KM!NSL!UIYIQKRITQ!UM!

XS!`LO\KMQZM!ZSLUIS\KM!MR!UK!dTXKYM!U/OlMZRITQ!PaPRTXI\KM!e*SLS_TRRI!MR!ZTXX.!"CC<f.!!

>QM! SKRLM! LONTQPM! WOYTUaQSYI\KM! LMRLTKdOM! NMQUSQR! X/SNQOM! MPR! KQM! LMYIPM! MQ!

ZILZKXSRITQ!U/OLaRWLTZaRMP!NSL! XS! LSRM!SKJYMQRSQR! XS! ZSNSZIRO!UM!PRTZvSJM!UMP!JSc!MR! XS!

`TQZRITQ!UM! RLSQPNTLR!UM! XS!ZILZKXSRITQ!PSQJKIQM]! ZM!\KI!NTKLLSIR! `SZIXIRML! XS!NXTQJOM!MQ!

SNQOM!ZWMc! XMP!WKYSIQP! e6KL`TLU!MR! ZTXX.!-??Cf.!*SIP! ZMXS!NMKR!UIYIQKML! XS! `XKIUIRO!UK!

PSQJ!MR!SKJYMQRML!XMP!NLT_XVYMP!XIOP!^!XS!UIPRLI_KRITQ!PSQJKIQM]!SZZMQRKSQR!XMP!NTPPI_XMP!

LIP\KMP! UM! PWKQR!YOZSQI\KM! MR! U/MY_TXIM! JScMKPM! ZOLO_LSXM.! 1OSQYTIQP]! ORSQR! UTQQO!

\KM! PMKXMYMQR! KQM! \KSQRIRO! LOUKIRM! U/OLaRWLTZaRMP! MPR! LMXuZWOM! UKLSQR! X/SNQOM!

e)ZWSJSRSa!MR!ZTXX.!"CC-f]!XMKL!LiXM!USQP!XMP!SZZIUMQRP!UM!UOZTYNLMPPITQ!MPR!PSQP!UTKRM!

XIYIRO.!

#TKRMP! ZMP!YTUI`IZSRITQP! WOYTUaQSYI\KMP! PTQR! LMNLIPMP! PTKP! XM! QTY! UM! n!LO`XMbM! UK!

NXTQJMKL!p.!;MP!ZWSQJMYMQRP!IQZXKSQR!KQ!UONXSZMYMQR!UM!PSQJ!dMLP!XM!RWTLSb!MR!UM!X/MSK!

MbRLSZMXXKXSILM! dMLP! X/MPNSZM! dSPZKXSILM! NTKLLSIMQR! MQRLS�QML! KQM! SZZKYKXSRITQ! U/MSK!

MbRLSdSPZKXSILM!USQP!XMP!NTKYTQP!MR!SKJYMQRML!XM!LIP\KM!U/TMUVYM!NKXYTQSILM!ZWMc!XMP!

NXTQJMKLP!MQ!SNQOM.!
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5TKL!X/OdSXKML]!XMP!ZTYVRMP!NKXYTQSILMP!UORMZROMP!NSL!KQM!OZWTJLSNWIM!RWTLSZI\KM!PTQR!

KQ! PIJQM! PIYNXM! MR! QTQEIQdSPI`! UM! X/SKJYMQRSRITQ! UM! X/MSK! MbRLSdSPZKXSILM! NKXYTQSILM!

e2LSPPI!MR!ZTXX.!"CC<f.!*SLIQTdIZ!MR!ZTXX.! e*SLIQTdIZ!MR!ZTXX.!"C-Cf! `KLMQR! XMP!NLMYIMLP!^!

LSNNTLRML!KQM!SZZKYKXSRITQ!U/MSK!MbRLSdSPZKXSILM! ZWMc! XMP!NXTQJMKLP!);>%$! XTLP!UM!@!

NXTQJOMP! SK!#,+*+4! PKL! UMP! lTKLP! ZTQPOZKRI`P.! ;MXXMEZI! QM! LMRTKLQM! NSP! ^! PS! dSXMKL! UM!

_SPM! XTLP! UMP! NXTQJOMP! LONOROMP! MR! NTKLLSIR! UTQZ! SdTIL! KQ! M``MR! ZKYKXSRI`! NTPPI_XM!

SKJYMQRSQR!XM!LIP\KM!U/TMUVYM!NKXYTQSILM.!1OSQYTIQP]!XMP!NXTQJOMP!);>%$!M``MZRKSQR!

UMP! NXTQJOMP! ^! 33Y! NMQUSQR! "C! YIQKRMP! SdMZ! KQM! LMYTQROM! PSQP! NSXIML! UM!

UOZTYNLMPPITQ!QM!YMRRMQR!NSP!MQ!OdIUMQZM!KQM!SKJYMQRSRITQ!UMP!ZTYVRMP!NKXYTQSILMP!

e(KlIZ! MR! ZTXX.! "C--f.! ;MXXMPEZI! QM! ZWSQJMQR! NSP! SNLVP! KQM! NXTQJOM! NLT`TQUM!YSIP! XMKL!

SKJYMQRSRITQ! UMdIMQR! PIJQI`IZSRIdM! SNLVP! XS! "VYM! NXTQJOM! PKZZMPPIdM! e&lK_vTdIZ! MR! ZTXX.!

"C-Cf.!

(K!ZiRO!UMP!SNQOIPRMP]!KQM!SKJYMQRSRITQ!UMP! ZTYVRMP!NKXYTQSILMP! `KR! LMRLTKdOM!ZWMc!

XMP! NXTQJMKLP! MQ! SNQOM! UM! WSKR! QIdMSK]! IQUI\KSQR! KQM! NLOdSXMQZM! SPPMc! IYNTLRSQRM!

U/SZZKYKXSRITQ! U/MSK! MbRLSdSPZKXSILM! USQP! XMP! NTKYTQP! e2LSPPI! MR! ZTXX.! "CC<f.! &S!

ZTY_IQSIPTQ! UM! 3! YOZSQIPYMP! `KR! NLTNTPOM! NTKL! MbNXI\KML! ZMRRM! SKJYMQRSRITQ! UMP!

ZTYVRMP!NKXYTQSILMP!MQ!SNQOM!e&SY_LMZWRP!MR!ZTXX.!"C--f!H!e-f! XM!JLSUIMQR!UM!NLMPPITQ!

WaULTPRSRI\KM! IQUKIR! NSL! X/IYYMLPITQ! NLTdT\KM! KQ! UONXSZMYMQR! UK! PSQJ! dMIQMKb!

NOLINWOLI\KM! dMLP! XM! RWTLSb]! e"f! X/M``MR! UM! ZTQZMQRLSRITQ! PSQJKIQM! en!_XTTU! NTTXIQJ!pf!

LMRLTKdO! UKLSQR! XM! n!LO`XMbM! UK! NXTQJMKL!p! LMUIPRLI_KM! XM! PSQJ! dMLP! XM! XIR! dSPZKXSILM!

NKXYTQSILM! MR! e3f! XMP! ZTQRLSZRITQP! UISNWLSJYSRI\KMP! IQdTXTQRSILMP! UM! `IQ! U/SNQOM!

MQRLS�QMQR! KQ! UONXSZMYMQR! UK! PSQJ! UMP! ZSNIXXSILMP! NKXYTQSILMP! dMLP! XMP! SXdOTXMP!

NKXYTQSILMP.! 1OSQYTIQP]! KQM! ORKUM! PKL! XMP! NjZWMKLP! MQ! SNQOM! S! RLTKdO! KQM!

SKJYMQRSRITQ!UMP!ZTYVRMP!ZWMc!3!NXTQJMKLP!PKL!3C!XTLP!UM!"!ZTYNORIRITQP!UM!8!WMKLMP!

UM!NjZWM.! ;WMc!UMKb!U/MQRLM! MKb]! MXXMP! ORSIMQR! SPPTZIOMP! ^! UMP!NLT_XVYMP!NKXYTQSILMP!

RMXP! \KM! XS! RTKb! TK! KQM! UaPNQOM! SIQPI! \K/KQM! UIYIQKRITQ! UK! UO_IR! NKXYTQSILM!

e%TKPPKJMP!MR!ZTXX.!"C--f. 

-.-.".!!&'!2,0+(!!

1TKP!NSLXTQP!U/IYYMLPITQ! MQ! MSK! `LTIUM! XTLP\KM! XS! RMYNOLSRKLM!UM! X/MSK! PM! RLTKdM! MQ!

UMWTLP!UM! XS!cTQM! RWMLYI\KMYMQR!QMKRLM! eD#1f.!&S!UO`IQIRITQ!UM!ZMXXMEZI! `KR!ORS_XIM!MQ!

-?C"! NTKL! XS! NLMYIVLM! `TIP! PKL! XMP! SQIYSKb! NSL! *Sb! ,K_QML! e,K_QML! -?<"f! MR! `KR!

MQPKIRM! SNNXI\KOM! ^! X/WTYYM! MQ! -?3G! NSL!6SLUa! MR! (K_TIP! e6SLUa! MR! ZTXX.! -?3GSf.! &S!
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XIYIRM! IQ`OLIMKLM!UM! XS!D#1!`KR!UO`IQIM!ZTYYM!n!,%&.#"@$%*+&D"Y$D(D&V-Z&7%"(&[&-Z&"$#W&

71(#& ,%\(%,& ,%& C1#7;& 7%(+& D"$*+%*$#& ;"& +%D7]#"+(#%& ;"*;& "(.D%*+%#& ,"& 7#1@(C+$1*& @%&

C9",%(#&^3! 'Q! UMPPTKP! UM! ZMRRM! XIYIRM]! XS! LOJKXSRITQ! UM! XS! NMLRM! UM! ZWSXMKL! NSL!

dSPTZTQPRLIZRITQ!ZKRSQOM!Q/MPR!NXKP!PK``IPSQRM!NTKL!YSIQRMQIL!XS!RMYNOLSRKLM!ZTLNTLMXXM!

e6SLUa! MR! ZTXX.! -?3GSy!6SLUa! MR! ZTXX.! -?3G_f.! (M! QTP! lTKLP]! XS! UO`IQIRITQ! UM! XS! D#1! MPR!

LM`TLYKXOM!MR!ZTLLMPNTQU!^!_&,"&`1*%&@%&+%D7]#"+(#%&"D?$"*+%&71(#&,"\(%,,%&,"&#].(,"+$1*&

@%&+%D7]#"+(#%&%;+&1?+%*(%&;%(,%D%*+&7"#&,%&C1*+#a,%&@%&,"&7%#+%&D$*$D",%&@%&C9",%(#&Vb&

;%CWT& Cc%;+& b& @$#%& ;"*;& C9"*.%D%*+;& @"*;& ,"& #].(,"+$1*&D]+"?1,$\(%& @%& ,"& 7#1@(C+$1*& @%&

C9",%(#&1(&@%& ,"&7%#+%&@%&C9",%(#&7"#&]="71#"+$1*3&d"&`1*%&+9%#D$\(%D%*+&*%(+#%&Ve-/W&

;%#"&@1*C&@$ff]#%*+%& ,1#;\(%& ,c$;1,"*+T& ,"&71;+(#%&1(& ,%&D]+"?1,$;D%&@%&?";%&="#$%&^& V)A8F&

IJJKW.! &S! LOJKXSRITQ! UM! XS! NMLRM! UM! ZWSXMKL! ZTLLMPNTQU! ^! KQM! NMLRM! NSL! ZTQUKZRITQ]!

ZTQdMZRITQ!TK!LSUISRITQ!e+QZLTNMLS!MR!ZTXX.!"CCGf.!'Q!-?@@]!;LSIJ!SQU!(dTLSv!e;LSIJ!MR!

ZTXX.!-?@@f!UO`IQILMQR!KQM!D#1!USQP!X/MSK.!;MXXMEZI!ZTLLMPNTQU!^!KQM!RMYNOLSRKLM!UM!X/MSK!

UM!39E38�;.!!

&/IYYMLPITQ! MQ! MSK! `LTIUM! MQRLS�QM! KQM! SKJYMQRSRITQ! PIYIXSILM! UK! dTXKYM! U/OlMZRITQ!

PaPRTXI\KM!MR!UK!UO_IR!ZSLUIS\KM!e5MQUMLJSPR!-?<<f!\KM!XTLP!UM!X/IYYMLPITQ!USQP!XS!D#1.!

&MP! ZWSQJMYMQRP! IQUKIRP! NSL! XM! `LTIU! PTQR! NLIQZINSXMYMQR! UKP! ^! KQM! SKJYMQRSRITQ! UM!

X/SZRIdIRO! UK! PaPRVYM! PaYNSRWI\KM! e)LSYMv! MR! ZTXX.! "CCCf.! (SQP! X/MSK! `LTIUM]! XS!

dSPTZTQPRLIZRITQ!ZKRSQOM!MPR!IQIRIOM!NSL!XS!UIYIQKRITQ!UM!XS!RMYNOLSRKLM!UM!XS!NMSK!\KI!

SZRIdM! XM! PaPRVYM!PaYNSRWI\KM!SKJYMQRSQR! XKIEYjYM! XS!dSPTZTQPRLIZRITQ!NOLINWOLI\KM!

e0�%LIMQ!MR!ZTXX.!"CCCf.!+X!`KR!UOYTQRLO!\KM!XM!YTQTbaUM!U/ScTRM!e10f!MPR!IYNXI\KO!USQP!

XS! LOJKXSRITQ! RWMLYI\KM!e)IYTQ! -??<f! y! U/SIXXMKLP! IX! MPR! LOUKIR! USQP! XMP! JSc! MbNILOP!

NMQUSQR!X/MbNTPIRITQ!SK!`LTIU!e5MQUMLJSPR!MR!ZTXX.!-???f.!!

&M!`LTIU!S!OJSXMYMQR!NTKL!M``MR!UM!UONXSZML!XS!ZTKL_M!UM!UIPPTZISRITQ!UM!X/TbaJVQM!dMLP!XS!

JSKZWM]! SKJYMQRSQR! X/S``IQIRO! UM! ZMXKIEZI! NTKL! X/WOYTJXT_IQM.! ;MZI! S! NTKL! ZTQPO\KMQZM!

\KM!YTIQP!U/TbaJVQM!NTKLLS!jRLM!NLOXMdO!USQP!XM!PSQJ!^!XS!NOLINWOLIM.!

&S! dSPTZTQPRLIZRITQ! UKM! SK! `LTIU! SRRMIQR! OJSXMYMQR! XM! YKPZXM]! a! ZTYNLIP! XM! YKPZXM!

ZSLUIS\KM]! LOUKIPSQR! XM! UO_IR! ZSLUIS\KM! YSbIYSX! MR! XIYIRSQR! XS! ZSNSZIRO! ^! `SILM! UM!

X/MbMLZIZM! USQP! X/MSK! `LTIUM! e5MQUMLJSPR! -?<<f! PSQP! \K/IX! Q/a! SIR! UM! LOUKZRITQ! UK!

LMZLKRMYMQR!UMP!`I_LMP!YKPZKXSILMP!e;TKXSQJM!MR!ZTXX.!"CC@f.!

&S!NLT`TQUMKL!S! OJSXMYMQR!KQ!M``MR! PIJQI`IZSRI`! PKL! XM! PRLMPP! RWMLYI\KM! ZSL! XS!NLMPPITQ!

WaULTPRSRI\KM! ZTYNLIYM! XS! ZTY_IQSIPTQ! UK! NXTQJMKL! MR! SKJYMQRM! XS! ZTQUKZRIdIRO!

RWMLYI\KM]!SJJLSdSQR!XS!NMLRM!UM!ZWSXMKL!e%SLUa!MR!ZTXX.!"CC@f.!
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'Q! NXKP! UM! RTKP! XMP! PRLMPP! NWaPITXTJI\KMP! PKPEYMQRITQQOP]! QTKP! LMRLTKdTQP! KQM!

UIYIQKRITQ! PIJQI`IZSRIdM! UMP! NML`TLYSQZMP! ZTJQIRIdMP! USQP! X/MSK! `LTIUM! e(SdIP! MR! ZTXX.!

-?G8f.!

&S! NXKNSLR! UMP! YMLP! UK! YTQUM! PTQR! MQ! UMPPTKP! UM! XS! RMYNOLSRKLM! RWMLYI\KMYMQR!

QMKRLM! UM! X/WKYSIQ! MR! ZTYYM! MXXMP! PTQR! ZTY_IQOMP! ^! KQM! NXKP! JLSQUM! ZTQUKZRSQZM!

RWMLYI\KM]! MXXMP!NLOPMQRMQR!KQ!USQJML!U/WaNTRWMLYIM!NTKL! XMP!NXTQJMKLP]!\K/IXP! PTIMQR!

NLT`MPPITQQMXP!TK!UM!XTIPILP]!MQ!);>%$!TK!MQ!SNQOM.!

-.-.3.!!&/'450)+#+01!675',%$,'!

&0+!(/6'1,7!

!

A temp!rature constante et " saturation, 

la quantit! de gaz dissout dans un liquide est proportionnelle 
" la pression qu#exerce ce gaz sur le liquide. 

!

&S!XTI!U/6MQLa!PRINKXM!\KM!XS!\KSQRIRO!UM!JSc!UIPPTKRM!USQP!KQ!`XKIUM!MPR!NLTNTLRITQQMXXM!

^! XS! NLMPPITQ! NSLRIMXXM! UK! JSc! MQ! ZTQRSZR! SdMZ! XM! `XKIUM.! 5SLZM! \KM! X/ScTRM! Q/MPR! NSP!

YORS_TXIPO! USQP! XM! ZTLNP]! IX! PM! UIPPTKR! lKP\K/^! ZM! \K/KQ! O\KIXI_LM! MQRLM! XS! NLMPPITQ!

U/ScTRM!USQP!XMP!NTKYTQP!MR!USQP!XMP!RIPPKP!PTIR!SRRMIQR!e(TTXMRRM!MR!ZTXX.!"CC-f.!=KSQU!XS!

51"!UK!PSQJ!TK!UMP! RIPPKP!MPR!NXKP!JLSQUM!\KM! XS!NLMPPITQ!NSLRIMXXM!SY_ISQRM!MQ!1"]! XM!

NXTQJMKL!MPR!UIR!PKLPSRKLO!MR!XS!`TLYSRITQ!UM!_KXXMP!NMKR!P/T_PMLdML.!;MXXMPEZI!NTKLLSIMQR!

_XMPPML! XMP! RIPPKP! USQP! XMP\KMXP! IXP! SNNSLSIPPMQR! ZTYYM! KQ! ZTLNP! ORLSQJML! \KI! S_�YM!

X/MQUTRWOXIKY!dSPZKXSILM!e*SLS_TRRI!MR!ZTXX.!-???y!1TPPKY!MR!ZTXX.!"CC"y!1TPPKY!MR!ZTXX.!

-???y! wSLLMQ! MR! ZTXX.! -?G3f.! &MP! _KXXMP! PTQR! PTKdMQR! T_PMLdOMP! NMQUSQR! XS!

UOZTYNLMPPITQ! SNLVP! KQM! NXTQJOM! );>%$!USQP! X/MSK! eAMLYTQNLM! MR! ZTXX.! "CC?f! TK! MQ!

ZWSY_LM!WaNML_SLM!e%XSRRMSK!MR!ZTXX.!"CC<f.!'Q!"CC8]!%LK_Svv!MR!ZTXX.!TQR!LSNNTLRO!KQM!

UaP`TQZRITQ! MQUTRWOXISXM! SNLVP! XS! NXTQJOM! ^! X/SIL]! YMRRSQR! QTRSYYMQR! MQ! ZSKPM! KQM!

OdMQRKMXXM!SZRITQ!UMP!_KXXMP!UM!UOZTYNLMPPITQ!e%LK_Svv!MR!ZTXX.!"CC8f.!!

&S!NLTUKZRITQ!U/MY_TXMP!JScMKb!`KR!\KMPRITQQOM!NTKL!XMP!NXTQJMKLP!MQ!SNQOM!NKIP\K/IXP!

NXTQJMQR! PKL! KQM! PIYNXM! LMPNILSRITQ! MR! QM! PTQR! NSP! PKNNXOYMQROP! MQ! JSc! NLMPPKLIPO!

NMQUSQR! XS!NXTQJOM!ZTYYM!XM!PTQR! XMP!NXTQJMKLP!);>%$!e6TTvML!MR!ZTXX.!"C-"f.! +X!NMKR!

UTQZ! jRLM! SRRMQUK! \KM! USQP! XM! ZSP! Tt! IX! Q/a! S! NSP! TK! NMK! UM! _KXXMP]! XS! UaP`TQZRITQ!

MQUTRWOXISXM!PMLS!S_PMQRM!TK!XIYIROM.!!



! "@!

&M! RMLYM!n!YSXSUIM!UM!UOZTYNLMPPITQ!p! e*((f!PM! LO`VLM!^! RTKR!NLT_XVYM!\KI! PM!NSPPM!

UKLSQR! XS! UOZTYNLMPPITQ! e&MYSIRLM! MR! ZTXX.! "CC?f.! &S! \KSQRIRO! UM! JSc! IQMLRMP! MPR! RLVP!

XIYIROM! NMQUSQR! X/SNQOM! IYNXI\KSQR! \KM! XM! LIP\KM! UM! *((! ZWMc! XMP! SNQOIPRMP! MPR!

ZXSILMYMQR!NXKP! `SI_XM!\K/MQ!NXTQJOM! ^! X/SIL! e$XSIYT!MR! ZTXX.! "C-Cy!*TTQ!MR! ZTXX.! "C-Cf.!

1OSQYTIQP]!SdMZ!KQM!POLIM!U/SNQOMP!PKZZMPPIdMP]! X/SZZKYKXSRITQ!U/ScTRM!USQP! XMP! RIPPKP!

MR!XM!PSQJ!NTKLLSIR!NLTdT\KML!KQ!SZZIUMQR!UM!UOZTYNLMPPITQ!e(KlIZ!MR!ZTXX.!"C-"f.!!

&0+!('!%07&'E*$,+0##'!

!

A temp!rature constante, le volume d#un gaz 

est inversement proportionnel 
" la pression qu#il re$oit. 

!

&S! XTI!UM!%TaXME*SLITRRM!Q/MQRLS�QMLS!NSP!UM!JLSQUP! ZWSQJMYMQRP!NWaPITXTJI\KMP! ZWMc!

XMP!NXTQJMKLP!);>%$!NKIP\K/IXP!ZTYNMQPMQR! XM!dTXKYM!UM!JSc!UIYIQKO!MQ!JTQ`XSQR! XMKL!

JIXMR!UM!PRS_IXIPSRITQ!MR!X/SIL!ZTYNLIYO!LMPNILO!NSL!XM!UORMQUMKL!NMLYMR!SKb!NTKYTQP!UM!

PM!LMYNXIL!ZTYNXVRMYMQR.!$! XS!LMYTQROM]! XM!NXTQJMKL!);>%$!UMdLS!_IMQ!`SILM!SRRMQRITQ!

UM!QM!NSP!JSLUML!PS!LMPNILSRITQ!S`IQ!UM!XSIPPML!P/OZWSNNML!X/SIL!\KI!SKJYMQRM!UM!dTXKYM!

MR!OdIRML!XS!PKLNLMPPITQ!NKXYTQSILM.!!

)I!ZMRRM!XTI!Q/MPR!NSP!KQ!JLTP!NLT_XVYM!NTKL!XMP!NXTQJMKLP!);>%$]!Z/MPR!XTIQ!U/jRLM!XM!ZSP!

NTKL!XMP!SNQOIPRMP.!'Q!M``MR]!XMP!SQIYSKb!YSLIQP!TQR!KQM!ZSJM!RWTLSZI\KM!RLVP!ZTYNXISQRM!

MR!UMP!dTIMP!LMPNILSRTILMP!PKNOLIMKLMP!LIJIUMP.!;MZI!MPR!KQM!SUSNRSRITQ!\KI!NMLYMRRLSIR!^!

XS!ZSJM!RWTLSZI\KM!UM!PM!ZTYNLIYML!SdMZ!X/SKJYMQRSRITQ!UM!NLMPPITQ]!NTKPPSQR!X/SIL!USQP!

XMP! dTIMP! LMPNILSRTILMP! PKNOLIMKLMP.! (M! ZM! `SIR]! XMP! OZWSQJMP! JScMKb! PMLSIMQR! `TLRMYMQR!

XIYIROP!MQ!NLT`TQUMKL!LOUKIPSQR!XS!\KSQRIRO!U/ScTRM!NMQUSQR!XMP!SNQOMP.!&/WTYYM!\KSQR!

^!XKI!^!KQM!ZSJM!RWTLSZI\KM!LIJIUM!QM!XKI!NMLYMRRSQR!NSP!UM!PM!ZTYNLIYML!PK``IPSYYMQR!

NTKL! PKNNLIYML! XMP! OZWSQJMP! JScMKb.! 1OSQYTIQP]! UM! RLVP! LSLMP! ZSP! U/SZZIUMQRP! UM!

UOZTYNLMPPITQ!TQR!ORO!LMRLTKdOP!ZWMc!XMP!SNQOIPRMP!e$XSIYT!MR!ZTXX.!"C-Cy!*TTQ!MR!ZTXX.!

"C-Cf.!!

&MP! UMKb! `SZRMKLP! \KI! IQUKIPMQR! UMP! YTUI`IZSRITQP! IYNTLRSQRMP! UM! X/SNQOM! PTQR! XS!

NLT`TQUMKL! MR! XM! RMYNP! UM! X/SNQOM! dTXTQRSILM.! ;MP! UMKb! NSLSYVRLMP! PTQR! MQ! ZTQPRSQRM!

OdTXKRITQ!SdMZ!UMP!LMZTLUP!^!"-9!Y!UM!NLT`TQUMKL!MQ!n!QT!XIYIR!p!MR!UMP!SNQOMP!PRSRI\KMP!



! "G!

UM! --! YIQKRMP! MR! 38! PMZTQUMP! eggg.SIUSEIQRMLQSRITQSX.TLJf.! &MP! SNQOIRMP! UM!

ZTYNORIRITQ! TQR! UONSPPO! XS! NLT`TQUMKL! YSbIYSXM! NLOUIRM! NSL! XM! LSRIT! NWaPITXTJI\KM!

MQRLM!XS!ZSNSZIRO!NKXYTQSILM!RTRSXM!MR!XM!dTXKYM!LOPIUKMX!e&IQUWTXY!MR!ZTXX.!"CC8f.!(SQP!

XM! _KR!U/OdIRML!KQ! ZTXXSNPKP!NKXYTQSILM!NMQUSQR! XS!UMPZMQRM]! XMP!NXTQJMKLP!KRIXIPMQR! XM!

NTYNSJM!_KZZSX!SdSQR!XMKLP!NXTQJOMP!NTKL!SYMQML!XM!dTXKYM!NKXYTQSILM!SKEUMPPKP!UM!

XS!ZSNSZIRO!RTRSXM!UK!NTKYTQ!e&IQUWTXY!MR!ZTXX.!"CC8f.!;MZI!S!ZTYYM!SdSQRSJM!U/T_RMQIL!

KQ!dTXKYM!UM!PRTZvSJM!UM!X/TbaJVQM!NXKP!IYNTLRSQR]!U/SdTIL!UK!dTXKYM!PKNNXOYMQRSILM!

NTKL! X/O\KIXI_LSRITQ! UM! X/TLMIXXM! YTaMQQM! NMQUSQR! XS! UMPZMQRM! MR! U/SKJYMQRML! XS!

NML`TLYSQZM!UMP!SNQOMP!e(KlIZ!MR!ZTXX.!"C-"f.!5SL!ZTQRLM]!XM!NTYNSJM!_KZZSX!SKJYMQRM!XS!

NLMPPITQ!IQRLSRWTLSZI\KM]!UIYIQKM!XM!LMRTKL!dMIQMKb]!ZTYNLTYMR!XM!NTYNSJM!ZSLUIS\KM!

MR! UIYIQKM! XS! NLMPPITQ! SLROLIMXXM]! ZM! \KI! NMKR! MQRLS�QML! XM! NXTQJMKL! MQ! SNQOM! ^! KQM!

WaNTRMQPITQ!PaYNRTYSRI\KM!TK!KQM!PaQZTNM!SNNMXOM!n!NSZvIQJ!_XSZvTKR!p!e2MLLIJQT!MR!

ZTXX.!-?<@y!5TRvIQ!MR!ZTXX.!"CCGf!

&0+!('!($&#01!

 

Pp gaz = F gaz × P abs. 
&

6=%C&87&."`&g&7#%;;$1*&7"#+$%,,%&@(&."`& V%*&8"WT& H&."`&g& f#"C+$1*& V%*&hW&@(&."`&@"*;& ,%&

D],"*.%T&8&"?;3&g&7#%;;$1*&"D?$"*+%&"?;1,(%&V%*&8"3W&

&S!QTRITQ!UM!NLMPPITQ!NSLRIMXXM!MPR!IYNTLRSQRM!NTKL!UO`IQIL!XMP!PMKIXP!UM!RTbIZIRO!UMP!JSc.!

&�TbaJVQM!LMNLOPMQRM!KQ!USQJML!NTKL!XMP!NXTQJMKLP!^!NSLRIL!U�KQM!NLMPPITQ!NSLRIMXXM!UM!

-]@!_SL.! &TLP! U/KQM! NXTQJOM! ^! X/SIL! ZTQRMQSQR! "-F! U/TbaJVQM]! ZMRRM! dSXMKL! ZLIRI\KM! MPR!

SRRMIQRM! ^! XS! NLT`TQUMKL! UM! @@!Y! e5S_P.! h! -]@! :! C]"-! h! G]@! _SLPf.!! $`IQ! UM! XIYIRML!

X/SZZKYKXSRITQ!U/ScTRM!USQP!XMP!RIPPKP]!ZMLRSIQP!NXTQJMKLP!LMPNILMQR!KQ!YOXSQJM!MQLIZWI!

MQ! TbaJVQM! e1IRLTbf! YSIP! PTQR! UTQZ! XIYIROP! MQ! NLT`TQUMKL! ^! ZSKPM! UK! NXKP! JLSQU!

NTKLZMQRSJM!U/TbaJVQM!ZTQRMQK!USQP!XMKL!YOXSQJM.!!

'Q! UMWTLP! UK! `SIR! \KM! X/TbaJVQM! PTIR! RTbI\KM! ^! KQM! ZMLRSIQM! NLT`TQUMKL]! ZM! JSc! MPR!

OJSXMYMQR!LMPNTQPS_XM!UM!PRLMPP!TbaUSQR]!UOPO\KIXI_LM!MQRLM!XS!JOQOLSRITQ!UMP!LSUIZSKb!

XI_LMP!UOLIdOP!UM! X/TbaJVQM! e,0)f!MR!UM! XS! ZSNSZIRO!UM! X/TLJSQIPYM!^! XMP!QMKRLSXIPML.!&M!

PRLMPP!TbaUSQR!lTKM!KQ!LiXM!IYNTLRSQR!USQP!XMP!NSRWTXTJIMP!ZSLUITEdSPZKXSILMP!exTlUS!MR!

ZTXX.!-???f!MR!MPR!XS!ZTQPO\KMQZM!U/KQM!SKJYMQRSRITQ!UM!XS!JOQOLSRITQ!UM!YTXOZKXMP!NLTE

TbaUSQRMP! MR:TK! U/KQM! UIYIQKRITQ! UM! X/SZRIdIRO! UMP! PaPRVYMP! SQRITbaUSQRP! eUM!(ITP! MR!



! "<!

ZTXX.! "C-Cf.! &MP! ,0)! MR! XMP! LSUIZSKb! XI_LMP! UOLIdOP! UM! X/ScTRM! e,1)f! IQZXKMQR! X/SQITQ!

PKNMLTbaUM! e0"EEf]! XM! NMLTbaUM! U/WaULTJVQM! e6"0"f]! XM! LSUIZSX! WaULTbaXM! e06Ef]! XM!

YTQTbaUM!U/ScTRM!e10f!MR!XM!NMLTbaQIRLIRM!!!e0100Ef.!;MP!YTXOZKXMP!PTQR!UMP!LOJKXSRMKLP!

PNOZISXMYMQR!IYNTLRSQRP!UMP!ORSRP!U/TbaUTELOUKZRITQ!UMP!ZMXXKXMP.!;MP!,0)!MR!,1)!PTQR!

UMP! YORS_TXIRMP! UM! X/TbaJVQM! MR:TK! UM! X/ScTRM! \KI! NMKdMQR! PTIR! TbaUML! eMQXMdML! KQ!

OXMZRLTQf]! PTIR! LOUKILM! eUTQQML! KQ! OXMZRLTQf]! PTIR! LOSJIL! MR! UMdMQIL! NSLR! U/SKRLMP!

YTXOZKXMP!e6SLLIPTQ!MR!ZTXX.!"CC?f!

&/WaNMLTbIM! YSIQRMQKM! UKLSQR! XS! NXTQJOM! ^! X/SIL! MQRLS�QM! KQM! SKJYMQRSRITQ! UM! ,0)!

ZTQQKP!NTKL!SdTIL!KQ!M``MR!PKL!XS!`TQZRITQ!MQUTRWOXISXM.!&/WaNMLTbIM!MQRLS�QM!OJSXMYMQR!

UMP! SXROLSRITQP! UK! PaPRVYM! QMLdMKb! SKRTQTYM! NMQUSQR! XS! LMPNILSRITQ! WaNMLTbI\KM! MR!

SNLVP!XM!LMRTKL!^!XS!QTLYTbIM!eATXM!MR!ZTXX.!"C--f.!!

(KLSQR!XS!NXTQJOM!MQ!SNQOM]!XS!NLMPPITQ!NSLRIMXXM!MQ!TbaJVQM!SKJYMQRM!UKLSQR!XS!NWSPM!

UM! UMPZMQRM! YSIP! NTKL! KQM! NOLITUM! XIYIROM.! &S! \KMPRITQ! UM! X/M``MR! UM! X/WaNMLTbIM!

IQRMLYIRRMQRM!PKL!XM!PaPRVYM!dSPZKXSILM!MQ!SNQOM!LMPRM!UTQZ!TKdMLRM.!

-.-.9.!!&/67504+':675',;$51+'!

&M!RMLYM!WaNMLZSNQIM!UOPIJQM!KQM!NLMPPITQ!NSLRIMXXM!NXSPYSRI\KM!MQ!UITbaUM!UM!ZSL_TQM!

e;0"f! PKNOLIMKLM! ^! 98! YY! 6J.! 1TKP! NTKdTQP! XS! LMRLTKdML! MQ! ZSP! U/WaNTdMQRIXSRITQ!

SXdOTXSILM]!XTLP!U/IQPK``IPSQZM!LMPNILSRTILM!ZWLTQI\KM!TK!USQP!XM!LO`XMbM!U/SNQOM!eLO`XMbM!

U/IQPNILSRITQ!XTLP\KM!XM!RSKb!UM!;0"!NXSPYSRI\KM!UMdIMQR!IYNTLRSQRf!dIS!XMP!QMKLTQMP!UK!

ZMQRLM! LMPNILSRTILM! UK! RLTQZ! ZOLO_LSX.! &/WaNMLZSNQIM! MQ! NXTQJOM! );>%$! NMKR! PM!

LMRLTKdML! XTLP\KM! XMP! UORMQUMKLP! T``LMQR! UM! JLSQUMP! LOPIPRSQZMP! ^! XS! LMPNILSRITQ!

SKJYMQRSQR! XS! LORMQRITQ!UM!;0".! ;MXXMEZI! NMKR! SNNSLS�RLM! PSQP! \K/IX! Q/a! SIR! UM! PIJQM!UM!

UaPNQOM! ewSLvSQUML! MR! ZTXX.! -??"f.! &S! LORMQRITQ! SK! ;0"! IQUKIRM! NSL! XS! NXTQJOM! NMKR!

NLTdT\KML! KQM! QSLZTPM! SK! ;0"! IQUKIPSQR! UMP! ZTQdKXPITQP.! ;MP! YOZSQIPYMP! LMPRMQR!

PTY_LMP!YSIP!IYNXI\KMQR!NMKREjRLM!XS!PMQPI_IXIRO!SK!;0"!e&SQNWIML!MR!ZTXX.!-???f.!

&TLP! UM! X/SNQOM]! X/WaNMLTbIM! MQ! UO_KR! UM! NXTQJOM! XSIPPM! NLTJLMPPIdMYMQR! NXSZM! ^! KQM!

WaNTbIM! MR! KQM! SZIUTPM! WaNMLZSNQI\KM! PMZTQUSILM! ^! X/SQSOLT_IM.! ;MP! `SZRMKLP! NMKdMQR!

ZSKPML! KQM! NMLRM! UM! ZTQPZIMQZM! ^! XS! LMYTQROM]! UMP! _SLTRLSKYSRIPYMP! MR! YSXSUIMP! UM!

UOZTYNLMPPITQ!e*Z;LTLa!MR!ZTXX.!"CC9f.!;MXS!MPR!U/SKRSQR!NXKP!dLSI!XTLP\KM!XMP!NXTQJMKLP!

NLSRI\KMQR! X/WaNMLdMQRIXSRITQ.! 'Q! M``MR]! XS! `IQ! UM! X/SNQOM! PM! PIJQM! NSL! KQM! OXOdSRITQ!

IYNTLRSQRM! UK! RSKb! UM! ;0"! MR! UMP! ZTQRLSZRITQP! LO`XMbMP! UK! UISNWLSJYM! MQRLS�QSQR! KQ!



! "?!

_MPTIQ! UM! LMPNILML! MR! UTQZ! XS! LMYTQROM.! $! XS! LMYTQROM! XM! NXTQJMKL! PK_IR! KQM! _SIPPM!

_LKRSXM! UM! XS! 50"! eWaNTbIM! IYNTLRSQRMf.! $! XS! `IQ! UM! XS! NXTQJOM]! X/SNQOIPRM! MPR! MQ!

WaNTbIM:WaNMLZSNQIM!Tt!XS!NLMPPITQ!NSLRIMXXM!SXdOTXSILM!MQ!TbaJVQM!NMKR!jRLM!IQ`OLIMKLM!

^! "CE3C! YY6J! SdMZ! KQM! PSRKLSRITQ! SLROLIMXXM! MQ! TbaJVQM! SKb! SXMQRTKLP! UM! 8CF!

e0dMLJSSLU! MR! ZTXX.! "CC@f.! ! )I! XM! NXTQJMKL! NLSRI\KM! X/WaNMLdMQRIXSRITQ! SdSQR! XS! NXTQJOM!

S`IQ!U/SKJYMQRML!PTQ!RMYNP!YSbIYSX!U/SNQOM]!IX!LOUKIR!XS!NLMPPITQ!NSLRIMXXM!MQ!;0"!SdSQR!

UM!UMPZMQULM!MR!LMRSLUM!XM!PIJQSX!U/SXSLYM!NTKL!LMYTQRML.!&/WaNMLdMQRIXSRITQ!SKJYMQRM!

UTQZ!XM!LIP\KM!U/SZZIUMQR!WaNTbI\KM!UKLSQR!XS!NXTQJOM!MQ!SNQOM.!!

-.-.8.!!&/'4',;+;'!567)+=>'!

(M!QTY_LMKPMP!ORKUMP!TQR!T_PMLdO!XMP!M``MRP!UM!X/MbMLZIZM!SdSQR!XS!NXTQJOM!e%XSRRMSK!MR!

ZTXX.! "CC8y!AMQQPML! MR! ZTXX.! "C-"y! qKLU!MR! ZTXX.! "C--y!&TPMR! MR! ZTXX.! "CC@y!5MQUMLJSPR! MR!

ZTXX.!"C-"f!TK!UKLSQR! XS!UOZTYNLMPPITQ! e*SUUMQ!MR! ZTXX.!"C-3f!SIQPI!\KM!UMP!M``MRP!UM!

X/MQRLS�QMYMQR!NWaPI\KM! PKL! XS! `TLYSRITQ!UM!_KXXMP!UM!UOZTYNLMPPITQ! e5TQRIML! MR! ZTXX.!

"CC?f! TK! PKL! XS! `TQZRITQ! ZSLUITEdSPZKXSILM! eATXM! MR! ZTXX.! "CC?Sy!*TKLTR! MR! ZTXX.! "CC?f.!

(SQP!ZM!NSLSJLSNWM]!QTKP!QTKP!XIYIRMLTQP!SKb!M``MRP!UM!X/MbMLZIZM!USQP!X/MSK.!

%TKJML!USQP!X/MSK!MPR!QMRRMYMQR!NXKP!UI``IZIXM!\KM!_TKJML!USQP!X/SIL!ZSL!XS!UMQPIRO!UM!X/MSK!

MPR! PIJQI`IZSRIdMYMQR! UI``OLMQRM.! &M! RLSdSIX! MbRMLQM! eYTKdMYMQRP! UM! X/MSKf! MR! IQRMLQM!

eZWSLJM! ZSLUITEdSPZKXSILMf! PTQR! RTKP! XMP! "! SKJYMQROP! e5MQUMLJSPR! MR! ZTXX.! "CC3Sf.!

&TLP\KM!XM!PKlMR!`SIR!UM!X/MbMLZIZM!USQP!X/MSK]!PS!`TQZRITQ!ZILZKXSRTILM!MPR!SXROLOM!SdMZ!KQM!

SKJYMQRSRITQ!UK!dTXKYM!U/OlMZRITQ!PaPRTXI\KM]!UK!UO_IR! ZSLUIS\KM]!UM! XS!NML`KPITQ!UMP!

RIPPKP! QTQEYKPZKXSILMP]! KQM! LOUKZRITQ! UM! XS! `LO\KMQZM! ZSLUIS\KM! MR! UMP! LOPIPRSQZMP!

NOLINWOLI\KMP!e6XSPRSXS!-??@f.!#TKP!ZMP!ZWSQJMYMQRP!QM!`SZIXIRMQR!NSP!X/M``TLR!USQP!X/MSK.!

&M! ZT�R! OQMLJORI\KM! UM! XS! XTZTYTRITQ! PTKPEYSLIQM! MPR! `TLRMYMQR! UONMQUSQR! UM! XS!

RMZWQI\KM!MR!dSLIM!UTQZ!U/KQ!PKlMR!^! X/SKRLM!UM!NXKP!TK!YTIQP!"8F!e5MQUMLJSPR!MR!ZTXX.!
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Dilatation flux-dépendante 
chez les plongeurs en apnée
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ABSTRACT

Objective: Scuba and breath-hold divers are compared 

to investigate whether endothelial response changes 

are similar despite different exposure(s) to hyperoxia.

Design: 14 divers (nine scuba and five breath-holding) 

performed either one scuba dive (25m/25 minutes) or 

successive breath-hold dives at a depth of 20 meters, 

adding up to 25 minutes of immersion time in a diving 

pool.

Flow-mediated dilation (FMD) was measured using 

echography. Peripheral post-occlusion reactive hyper-

emia (PORH) was assessed by digital plethysmog-

raphy and plasmatic nitric oxide (NO) concentration 

using a nitrate/nitrite colorimetric assay kit. 

Results: The FMD decreased in both groups. PORH 

was reduced in scuba divers but increased in breath-

hold divers. No difference in circulating NO was ob-

served for the scuba group. Opposingly, an increase in 

circulating NO was observed for the breath-hold group. 

Conclusion: Some cardiovascular effects can be ex-

plained by interaction between NO and superoxide 

anion during both types of diving ending to less NO 

availability and reducing FMD. The increased cir-

culating NO in the breath-hold group can be caused 

by physical exercise. The opposite effects found 

between FMD and PORH in the breath-hold group 

can be assimilated to a greater responsiveness to cir-

culating NO in small arteries than in large arteries. 
_____________________________________________________________________________________________

INTRODUCTION

During a self-contained underwater breathing appara-

tus (scuba) dive, divers are exposed to various external 

influences, which may affect cardiovascular function. 

Indeed, previous studies have shown that scuba diving 

is associated with an increased pulmonary artery pres-

sure [1], reduced cardiac output [2] as well as right 

ventricular overload, impaired left ventricular diastolic 

performance [3] and arterial endothelial function 

[4,5]. Most of these changes are still present post-dive. 

Several hypotheses have been proposed to explain the 

post-dive endothelial dysfunction such as venous gas 

emboli (VGE) formation acting on endothelial cells 

[6,7] or presence of reactive oxygen species (ROS) 

[8] related to the increased oxygen partial pressure.

 Intravascular bubbles are treated as a foreign body 

which has been shown to activate the complement 

pathway in vitro [9,10) and may lead to endothelial 

damage [6,7,11]. VGE are often observed during 

decompression following a dive, be it wet [12] or dry 

[13]. Brubakk et al. [5] reported that a single air dive 

produces endothelial dysfunction. The production of 

venous gas emboli has been questioned for breath-

hold divers since they dive on a single breath and are 

not supplied with pressurized gas throughout the dive 

as are scuba divers [14]. It could thus be expected 

that in the case of very few and possibly no bubble 

formation while breath-hold diving, there would be no or 

limited endothelial dysfunction.

 Sustained hyperoxia during scuba diving leads to an 
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increased presence of ROS which are known to have 

an effect on endothelial function. This can be reduced 

by four weeks of oral antioxidant supplementation 

[15]. Hyperoxia also leads to alterations in cardio-

vascular function and autonomic control during the ex-

posure and after the return to normoxic breathing [16].

 On the contrary, during breath-hold diving, the 

oxygen partial pressure increases during the deep 

phase, but for a limited period of time. Breath-hold 

diving is then associated with transient hyperoxia 

followed by hypoxia and a build-up of CO2, chest-wall 

compression and significant hemodynamic changes. 

 Therefore the aim of the study is to compare scuba 

and breath-hold divers to investigate the effect of breath-

hold diving (intermittent hyperoxia) on endothelial-

dependent vasodilation, especially since a vasocon-

striction can be observed during longer hyperoxia [17].

MATERIALS AND METHODS 

Study population

After written informed consent and Ethics Committee 

approval, nine male experienced scuba divers (mini-

mum certification “Autonomous Divers” according 

to ISO 24801-2 with at least 50 logged dives) and five 

breath-hold divers (at least four years of experience) vol-

unteered for this pilot study. They were selected from a 

large sports divers population in order to obtain a consis-

tent group for age, body composition and health status: 

non-smokers with regular but not excessive physical

activity (aerobic exercise one to three times a week). 

 Prior to entering the study, they were assessed 

on fitness to dive. None of the subjects had a history 

of previous cardiac abnormalities, and none of them 

were under any cardio-active medication. 

Dive profile and timeline of measurements 

All measurements were made in a pool environment 

(Nemo33, Brussels, Belgium) with a water temperature 

of 33°C, thus needing no thermal protection suit. All 

participants were asked to refrain from strenuous exer-

cise for 48 hours before testing. The diet of all subjects 

was controlled, avoiding nitrate-rich foods [18]. All 

tests were done in the morning, and the last meal was 

about 10 hours prior to testing.

 Each scuba diver performed a dive to a depth of 

25 meters for 25 minutes. This depth-time profile falls 

within accepted “no-decompression limits” [19]. Descent 

speed was at 15 meters per minute; ascent speed was 

at 10 meters per minute to the surface, with no safety 
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stop (none required according to the U.S. Navy 

dive table used).

 Each breath-hold diver performed successive dives 

to a depth of 20 meters for a total immersion time of 25 

minutes. The breath-hold divers performed their dives 

in pairs so that each diver also served as safety 

buddy for the other.

Measurements

Endothelial function

Arterial endothelial function was assessed before and 

after each scuba dive or series of breath-hold dives by 

measuring the flow-mediated dilation (FMD) of the 

brachial artery [20]. Since it is the relative FMD 

variation which is of interest here, the FMD measure-

ment was assessed according to the methodology used 

by Brubbakk et al. [5] for the same kind of in-field 

analysis following a standardized protocol and guide-

lines [21]. The FMD was measured with a 5-10 MHz 

transducer (Mindray DP 6600, Mindray, China). The 

brachial artery diameter was measured from longi-

tudinal images with the lumen–intima interface visu-

alized on both (anterior and posterior) walls. Bound-

aries for diameter measurement were identified 

automatically by means of a boundary tracking software 

(FMD-I software, FLOMEDI, Belgium) and optically 

controlled by a researcher. 

 Once the basal measurements were obtained, the 

sphygmomanometric cuff, placed above the ultra-

sound probe, was inflated and held at 50 mmHg 

above systolic pressure for five minutes. Occlusion 

up to five minutes produces a transient artery dilation 

attributable to NO synthesis [22]. 

 After ischemia the cuff was rapidly deflated, and the 

brachial artery was monitored for an additional four

minutes automatically. All measurements were taken 

by the same experienced operator to increase consistency 

of measurements. The FMD was computed as the per-

centage change in brachial artery diameter measured 

at peak dilation.

Post-occlusion reactive hyperemia (PORH)

The relative dilation of small arteries was measured 

by post-occlusion reactive hyperemia (PORH). This is 

a technique which was recently demonstrated useful 

in measuring peripheral vascular function [23]. A 

plethysmographic probe (Cardiovarisc, FLOMEDI, 

Belgium) was placed on the index finger of both hands 

during the entire FMD procedure. During FMD, the 
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amplitude tracing of the two fingers was recorded. In 

the arm undergoing hyperemia, baseline amplitude was 

recorded. During cuff inflation, flow is occluded and 

restored after cuff release (hyperemic period). In the 

contralateral control finger, flow continues throughout 

and pulse amplitude undergoes minimal changes. In 

this test, the response of the pulse wave amplitude 

to hyperemia was calculated from the hyperemic 

fingertip as the ratio of the post-deflation pulse 

amplitude to the baseline amplitude.

 To obtain the pulse amplitude ratio, we divided 

previous ratio by the corresponding ratio at the control 

hand as described in Kuznetsova et al. [23]. Photopleth-

ysmography works by having an infrared light at a 

wavelength of 940 nm illuminate the skin and then 

measuring the amount of light reflected back to a photo-

diode, which converts it into an electrical current. The 

changes in light absorption measured reflect the path 

length that the light has to travel in the bloodstream 

and therefore the degree of dilation of the artery. 

The pulse trace was displayed and recorded. 

 The pulse amplitude ratio was calculated as the wave-

form amplitude just before occlusion, divided by the 

waveform amplitude at baseline. The percentage of 

pre-occlusion values, normalized to the magnitude 

of variation of the other arm, was automatically

measured to avoid any environmental interference.

Circulating nitric oxide

Venous blood samples were collected in an EDTA tube 

before and after either the scuba or breath-hold dives 

and then immediately centrifuged at 1400g (1400 x 

9.81m/s2) for 10 minutes at 4°C. Plasma samples were 

stored at -80°C and analyzed within the following six 

months. Plasma levels of nitrite and nitrate, NO meta-

bolites, were determined by a colorimetric method 

(Fluka, Industriestrasse 25CH-9471 Buchs, Switzer-

land). The NO2/NO3 Assay Kit contains dyes, nitrate re-

ductase, enzyme co-factor, buffer solution and NO2, NO3 

solutions as standards. Total NO metabolites are thus de-

tectable. The suitable NO2 detection range is from 10 to 

100 !M. At the time of the nitrite/nitrate (NOx) assay, 

plasma samples were ultra-filtered through 10 kDa 

molecular weight cut-off filters and centrifuged at 

4000g for 60 minutes at 20°C in order to remove hemo-

globin, which is known to interfere with subsequent 

spectrophotometric measurements. NOx concentration 

in different dilutions of plasma ultrafiltrate was deter-

mined by colorimetry based on the Griess reaction, 

which consist of three main steps: 1) enzymatic conver-

sion of nitrate into nitrite using nitrate reductase in the 

presence of NADPH; 2) incubation with Griess reagent 

to convert nitrite into a chromophore compound; and 

3) quantitative estimation of nitrite concentration by 

spectrophotometric measurement of the absorbance at 

550 nm. Standards for calibration curves were prepared 

with sodium nitrite and taken through the full assay 

procedure. 

Statistical analysis

Statistical analyses were conducted using GraphPad 

Prism 5 (La Jolla, Calif., USA) on the computer. 

Data are given as a percentage of pre-dive values. The 

difference between the percentage of pre-dive values 

and 100% was compared by a two-tailed one-sample 

t test when normality of the sample was reached as 

assessed by the Kolmogorov-Smirnov test. Otherwise, 

the non-parametric Wilcoxon Rank Sum test was used. 

Statistical significance level was set at p<0.05. 

RESULTS

When comparing scuba and breath-hold divers, as far 

as age (40.1 ± 5.8 years vs. 34.4 ± 9.9 years), height 

(180.2 ± 5.2 cm vs. 182.6 ± 3.4 cm),  weight (82.9 ± 

10.3kg vs. 78.5 ± 9.8 kg) are concerned; both groups 

are comparable. There was no significant difference

in anthropometric data between groups (p>0.05). 

 Because of the design of the study, the structure of 

the immersion was different between groups. Indeed, 

breath-hold divers were asked to perform a series of 

successive dives (up to 25 minutes of total immersion 

time). The average number of repetition was 10 ± 0.84 

dives, with an average immersion time of 25.6 minutes 

± 58 seconds. The mean recovery period between suc-

cessive breath-hold dives was 4.91 ± 1.31 minutes. 

The breath-hold divers performed their dive in pairs, 

allowing each diver to serve as safety buddy for the 

other. The variation in recovery time is therefore un-

derstandable. All divers completed the study, and no 

one developed symptoms of decompression sickness.

Basal diameter of brachial artery and FMD

In the scuba group, the mean of basal diameters (pre-

occlusion diameters) of the brachial artery was sig-

nificantly reduced after compared to before scuba 

diving (85.76 ± 14.60 % of pre dive values, which 

corresponds to a reduction of 14.24%; p=0.019). 

Similarly, a reduction of the FMD was observed 
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after a scuba dive (94.26 ± 7.33 % of pre dive values 

which corresponds to a reduction of 5.74 %; p = 0.047). 

In breath-hold divers, a difference in basal diameters was 

observed, however non-signifi cant, between pre and post 

dive (86.56 ± 24.19% of pre dive values which corre-

sponds to a reduction of 13.44 % ; p > 0.05). Curiously, 

a FMD reduction was also observed after breath-hold 

diving (95.43 ± 3.51% of predive values which corre-

sponds to a reduction of 4.57 % ; p=0.043). There was no 

difference between the scuba and the breath-hold group. 

Results of FMD assessment are shown in Figure 1.

Post-occlusion reactive hyperemia (PORH)

A reduction of PORH was observed after scuba diving 

(73.38 ± 26.33 % of pre-dive values, which corresponds 

to a reduction of 26.62 %; p=0.024), while an increase 

of PORH was observed after breath-hold diving (149.5 

± 28.37 % of pre-dive values which corresponds 

to an increase of 49.5%; p=0.017). A signifi cant differ-

ence was observed (Figure 1) for PORH between breath-

hold and scuba divers (p=0.0004). 

Circulating nitric oxide

No signifi cant difference in NO concentration was 

found before and after a single scuba dive of 25m/25 

minutes (100.5 ± 35.33 % of pre-dive values, which 

corresponds to an increase of 0.5 %; p>0.05) but circu-

lating NO signifi cantly increased after a series of suc-
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FIGURE 1 – FMD and PORH before and after diving

Flow-mediated dilation (FMD) and post-occlusion reactive 
hyperemia (PORH) before and after diving. 
Results are shown in percentages of pre-dive values 
(* p<0.05;  ** p<0.01;  *** p<0.001).
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FIGURE 2 – NO after BH or scuba

Evolution of circulating nitric oxide (NO) after breath-hold 
(n = 5) or scuba (n = 9) diving. 
Results are shown in percentages of NO pre dive values 
(* p<0.05;  ** p<0.01;  *** p<0.001).
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cessive breath-hold dives (154.4 ± 21.9 % of pre-dive 

values which corresponds to an increase of 54.4 %; 

p=0.005). Unlike the FMD, which did not show any 

differences between the two groups (p>0.05), in the 

breath-hold group the percentage of circulating NO 

after diving compared to pre-dive was signifi cantly 

higher (Figure 2) than in the scuba group (p=0.008).

DISCUSSION

In the current study, signs of endothelial dysfunction, 

indicated by a reduction of FMD, are found in both 

groups, and no signifi cant difference was observed 

between the two groups. In scuba divers, the reduced 

FMD confi rms the fi ndings of other authors. 

(4,5,15,24,25). However in breath-hold diving the 

reduction of FMD is associated with an increase in 

circulating NO, whereas in scuba diving it is not.  

The mechanisms that cause endothelial dysfunction 

after scuba diving are not clear yet. Hyperoxia-induced 

oxidative stress has been evoked, since it is known 

that hyperoxia leads to vasoconstriction [26,27]. The 

generally accepted hypothesis is that the increase in 

oxygen partial pressure promotes oxidative stress, which 

is at the origin of endothelial dysfunction [26]. This is 

because it has been shown that hyperoxia enhances the 

production rate of anion superoxide [28], a powerful 

reactive oxygen species (ROS) which interacts with 

NO, leading to its destruction and to the production of 
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peroxinitrite (ONOO-) [29]. Indeed, the FMD reduction 

after scuba diving is partly prevented by administration 

of vitamins C and E for four weeks before the dive [4,15,

24]. ROS not only scavenge NO and decrease NO bio-

availability, but also oxidize tetrabiopterin (BH4), a 

major co-factor of endothelial nitric oxide synthase 

(eNOS) into dihydrobiopterin (BH2), which induces a 

reduced liberation of NO by uncoupling of eNOS [30]. 

An impaired BH4 bioactivity is involved in hyper-

tension-induced endothelial dysfunction [31,32]. So, if 

a co-factor of eNOS is impaired, an FMD reduction 

will also be observed. Furthermore, oxidative stress 

causes a down-regulation of eNOS, which leads to a 

decrease of NO-production [33]. This in turn leads to 

reduced NO-mediated vasodilation, as assessed by 

decreased basal diameter (pre-occlusion) of the

brachial artery and fl ow-mediated vasodilation. 

 As shown in Figure 3, fl ow-mediated dilation (FMD) 

and nitric oxide (NO) were measured before and after 

Pre-dive blood sampling

Circulating NO measurement

Post-dive +15 minutes blood sampling

No circulating NO variation

Post-dive +30 minutes 

Flow-mediated dilation

Pre-dive 

Flow-mediated dilation

SCUBA DIVING

_____________________________________________________________________________________________________________

FIGURE 3 – Summary of the proposed mechanisms during scuba diving. 

Refer to the text for more explanation.

the dive. No variation in NO is observed after the dive. 

Our hypothesis is that diving at 25m for 25 minutes 

leads to hyperoxia, increasing the amount of superox-

ide anion (O2-). O2- reacts with NO to form ONOO-. 

NO is thus less available to participate in the FMD. 

Therefore, a reduced FMD is observed after the scuba 

dive.

 Our data show that endothelial function is impaired 

in the microcirculation after a scuba dive, as indicated 

by a reduced PORH. However the lack of difference in 

nitrite/nitrate levels between pre- and post-dive values 

supports the assumption that the FMD reduction after 

scuba diving may not be due to changes in NO synthe-

sis/release, but rather to a decreased availability of NO. 

This can be due to a bigger oxidative stress inactivat-

ing and/or sympathetic and parasympathetic activities as 

a consequence of hyperoxia. The latter leads to altera-

tions in cardiovascular function and autonomic control 

during the exposure and even after coming to normoxic 
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breathing [16]. In addition, a decrease in volemia and 

cardiac preload have been commonly reported after 

water immersion [34] or diving [35]. Furthermore, one 

can hypothesize that the increased PO2 during scuba 

diving will moderately increase vascular resistance as 

shown while breathing hyperoxic mixtures  [16,36,37]. 

A reduction of cardiac stroke volume and cardiac output 

as well as a moderate reduction of ejection fraction have  

been reported during scuba diving (38,39); all are con-

comitant with the reduced FMD observed after a 

scuba dive.

 In breath-hold diving an FMD reduction was also 

observed after a series of successive breath-hold dives. 

To our knowledge, these are the firsts results to be 

reported on breath-hold divers. Decreased FMD seems 

to indicate that breath-hold diving acts on endothelial 

function. Surprisingly, opposite effects on large arteries 

and peripheral circulation are observed, and the FMD 

reduction is accompanied by an increase in circulat-

ing NO. As peripheral vessels are smaller, shear stress 

is more important in these vessels than in the brachial 

artery. Moreover, it is known that there is an inverse 

relationship between artery size and the magnitude 

of endothelium-dilation [40]. Bigger arteries like the 

brachial artery are less sensitive to shear stress. It is 

not unusual to find a different reaction between endo-

thelial function in large arteries and post-occlusive 

reactive hyperaemia in the finger [41]. 

 It is accepted that FMD is modulated by the NO 

production by endothelial cells [42,43]. An explanation 

for the increased circulating NO after breath-hold dives 

could be that it requires more physical effort than scu-

ba diving. Indeed at the surface, breath-hold divers 

have positive buoyancy. They have to make efforts 

to go down during the first meters. When they come 

back to the surface, breath-hold divers have to fin 

from the bottom until they recover their neutral buoy-

ancy. On the other hand, scuba divers are heavier and 

go down easily without doing exercise. To come back 

to the surface, scuba divers usually use their buoyancy 

control device and no important physical exercise. 

 It is known that physical exercise increases NO 

production [44], and under normal conditions exercise 

training improves endothelial function, which is 

directly related to an increase in NO bioavailability in 

the smooth muscle [45]. In this breath-hold diving 

experiment we could not find this effect. It is hypo-

thesized that despite the increased NO production, 
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exercise produces oxidative stress [46,47]. Exercise 

and/or (at least in part) the intermittent hyperoxia and 

the subsequent hypoxia [48] during the dive, which both 

lead to a reduced availability of NO can explain this 

endothelial reduced response. Indeed, greater oxidative 

stress increases the level of superoxide anion (O2-) which 

interacts readily with NO to form peroxynitrite, thus 

reducing the availability of NO in the vascular smooth 

muscle (See Figure 4). The increased PO2 during 

breath-hold immersion is so short, that it is difficult to 

consider it significant; nevertheless it has been shown 

that for breath-hold divers even short hyperoxic [49] 

or hypoxic situations [50] act as a powerful trigger for 

physiological responses with successive breath-hold dives. 

 It seems thus that NO is inactivated during diving, 

even if hyperoxia is intermittent. We hypothesize that 

there is oxidative stress during breath-hold diving 

leading to endothelial dysfunction. In a following 

study, oxidative stress markers (as peroxinitrites) 

should be measured. It is of interest to estimate the 

amount of ROS produced during such activities. Of 

course, other concomitant factors can be present, as gas 

bubbles may lead to endothelial damage [6,7]. But this 

hypothesis is less supported because breath-hold divers 

dive on a single inhalation [14] of atmospheric air 

not really prone to provoke nitrogen supersaturation. 

Therefore, although physical exercise may well be 

responsible for an increase in NO production, the con-

comitant hyperoxia seems to have neutralized the NO, 

resulting in more circulating metabolites, while reducing 

the bioavailability of NO to participate in vasodilation.

 Contrary to scuba diving, the reduction of the basal 

diameter of the brachial artery between pre- and post- 

breath-hold dives was not significant. Since PORH 

amplitude increases after breath-hold diving, this sug-

gests a reduced peripheral vascular resistance, contrary 

to the FMD, which decreases. As circulating NO level 

increases after breath-hold diving, we can consider 

that the responsiveness to circulating NO is greater 

in small arteries, such as digital arteries [51], than in 

large arteries, chosen for FMD measurements. Indeed, 

Noon et al. [52] have suggested that endogenous nitric 

oxide production might be more important in regu-

lating microvascular blood flow in regions like the 

fingertips. Furthermore, these authors administered 

an inhibitor of nitric oxide synthase, and nevertheless 

proved a reaction via laser-doppler flowmetry, show-

ing that circulating NO might be of primary interest.
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Pre-dive blood sampling

Circulating NO measurement

Post-dive +15 minutes blood sampling

No circulating NO variation

BREATH-HOLD DIVING

_____________________________________________________________________________________________________________

FIGURE 4 –  Summary of the proposed mechanisms during breath-hold diving.

Nitric oxide (NO) and fl ow-mediated dilation (FMD) were measured before and after the dive. The divers had to perform 
successive breath-hold dives adding up to 25 minutes. An increased NO accompanied by a reduced FMD is observed after 
the dive. It is hypothesized that there is an increase of oxidative stress due to exercise or (at least in part) to the transient 
increase in PO2 during the dive and/or an inhibition of the eNOS by the subsequent hypoxia, which both lead to a reduced 
availability of NO. Therefore, a reduced FMD is observed after the series of breath-hold dives.

Pre-dive 

Flow-mediated dilation

Post-dive +30 minutes 

Flow-mediated dilation

CONCLUSION

After both scuba and breath-hold diving, a decreased 

FMD was observed. Simultaneously, an increase in 

circulating NO was observed in the breath-hold diving 

group, whereas no such variation was observed in scuba 

divers. As demonstrated in several studies, scuba diving 

induces an increase in oxidative stress, which induces 

a reduced reactive vasodilation. This is not linked to NO 

release because no variation in NO level is observed af-

ter a scuba dive. It can thus be due to an inactivation 

of NO, probably through oxidative stress.

 During breath-hold diving a similar reduction of 

FMD can be shown despite increased plasmatic NO 

levels. Since the surrounding conditions were compar-

able between the scuba and the breath-hold group, we 

can consider that the reduced FMD in both groups is due 

to a reduction of available NO at the level of vascular 

smooth muscle, and that the increased level of circulat-

ing NO in the breath-hold group was mainly due to the 

increased physical exercise compared to the scuba group. 

The response to exercise in the small arteries near the 

muscle is bigger than the effect of hyperoxia, leading 

to opposite effects on large arteries and peripheral 

circulation.

 The reduction of bioavailable NO seems to be due 

either to the transient hyperoxia and/or to the subsequent 

moderate hypoxia in the breath-hold diving group. We 

conclude that both breath-hold and scuba diving reduce 

FMD but the implicated NO-dependent mechanisms are 

different. Nevertheless this is a study on a few breath-

20 m

successive BH dives

adding up to 25 min

circulating NOcirculating NO
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hold divers, although statistical tests take into account 

this limited number of measurements, the results have 

to be viewed with caution. It would then be interesting 

to make this experiment again with more breath-hold 

subjects.
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Original articles
Oxidative stress in breath-hold divers after repetitive dives

Sigrid Theunissen, Nicola Sponsiello, Miroslav Rozloznik, Peter Germonpré, François 

Guerrero, Danilo Cialoni and Costantino Balestra 

Abstract

(Theunissen S, Sponsiello N, Rozloznik M, Germonpré P, Guerrero F, Cialoni D, Balestra C. Oxidative stress in breath-hold 

divers after repetitive dives. Diving and Hyperbaric Medicine. 2013 June;43(2):63-66.)

Introduction: Hyperoxia causes oxidative stress. Breath-hold diving is associated with transient hyperoxia followed by 

hypoxia and a build-up of carbon dioxide (CO
2
), chest-wall compression and signifi cant haemodynamic changes. This study 

analyses variations in plasma oxidative stress markers after a series of repetitive breath-hold dives.

Methods: Thirteen breath-hold divers were asked to perform repetitive breath-hold dives to 20 metres’ depth to a cumulative 

breath-hold time of approximately 20 minutes over an hour in the open sea. Plasma nitric oxide (NO), peroxinitrites (ONOO–) 

and thiols (R-SH) were measured before and after the dive sequence.

Results: Circulating NO
 
signifi cantly increased after successive breath-hold dives (169.1 ± 58.26% of pre-dive values; P = 

0.0002). Peroxinitrites doubled after the dives (207.2 ± 78.31% of pre-dive values; P = 0.0012). Thiols were signifi cantly 

reduced (69.88 ± 19.23% of pre-dive values; P = 0.0002).

Conclusion: NO may be produced by physical effort during breath-hold diving. Physical exercise, the transient hyperoxia 

followed by hypoxia and CO
2
 accumulation would all contribute to the increased levels of superoxide anions (O

2

2–). Since 

interaction of O
2

2– with NO forms ONOO–, this reaction is favoured and the production of thiol groups is reduced. Oxidative 

stress is, thus, present in breath-hold diving.

Key words

Freediving, breath-hold diving, hyperoxia, free radicals, nitric oxide, exercise

Introduction

At the end of the dive, breath-hold diving may result in 

hypoxia/hypercapnia, where alveolar oxygen partial pressure 

can be as low as 20–30 mmHg and arterial oxygen saturation 

around 50%.1  Moreover, in order to increase the maximal 

breath-hold time, some divers perform hyperventilation, 

which reduces the partial pressure of carbon dioxide (PCO
2
) 

before breath-holding and delays the urge to breathe. This 

procedure increases the risk of a hypoxic event during the 

dive. Whilst breath-hold divers may experience hypoxia 

during the ascent, the compression phase of the dive is 

associated with the reverse, hyperoxic conditions, because 

of increasing hydrostatic pressure leading to reduction 

of the intra-pulmonary gas volume and compression of 

the chest wall (Boyle’s Law).2  This, in turn, induces a 

reduction of cardiac output during the dive.3  Oxidative 

stress has also been involved in cardiovascular pathologies 

and hypertension.4–6

In a previous study, decreased fl ow-mediated dilatation 

(FMD) of the brachial artery was observed after a series of 

breath-hold dives.6  Interestingly, circulating nitric oxide 

(NO) was increased in these conditions. It was hypothesised 

that the production of reactive oxygen species (ROS) 

was increased during breath-hold diving, and that these 

ROS react with nitric oxide (NO) to form peroxinitrites 

(ONOO–) which, in turn, reduce the ability of NO to achieve 

vasodilation.6  The increased NO production could be due 

to physical exercise.7  Different factors can be involved in 

the increased oxidative stress, including transient hyperoxia 

followed by hypoxia and CO
2
 build up and/or an impaired 

tetrahydrobiopterin bioactivity, as found in hypertension-

induced endothelial dysfunction.8  Alternatively, in the 

absence of oxidative stress, a decreased FMD could result 

from alterations in cardiovascular function and autonomic 

control.9

The aim of this study was to observe whether oxidative 

stress markers are increased in breath-hold diving in order 

to confi rm/refute the hypothesis that NO reacts with ROS to 

form ONOO– leading to a decrease in its bioactivity.

Methods

STUDY POPULATION

After written informed consent and institutional ethics 

committee approval (B200-2009-39), 13 non-smoking, 

experienced (at least four years of experience) male breath-

hold divers volunteered for the study. Prior to entering the 

study, they were assessed as fi t to dive by a qualifi ed diving 

physician. None of the subjects had a history of previous 

cardiac abnormalities and none of them was on any cardio-

active medication. All participants were asked to refrain 

from performing strenuous exercise for 48 hours before 

testing. For all the subjects, the daily diet was controlled 

by a medical nutritionist (author NS), avoiding nitrate-rich 
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food. All blood samples were drawn from an antecubital 

fossa vein during the morning and the last meal was dinner 

more than 10 hours before. The study was conducted in 

accordance with the Helsinki Declaration.

DIVE PROFILE AND TIMELINE OF MEASUREMENTS

Each breath-hold diver performed successive dives to a depth 

of 20 metres’ sea water (msw) for a cumulative breath-hold 

time of approximately 20 minutes. Dives were organised in 

pairs allowing each diver to act as the safety buddy for the 

other (the thirteenth diver buddied with a safety diver). The 

total time in the water was approximately one hour. All dives 

were performed (after breathing air) in the open sea off Santa 

Maria di Leuca, Italy. Water temperature at the surface was 

approximately 30OC, and 18OC at depth. Air temperature 

was 35OC. A 3 mm wetsuit was used by all divers.

MEASUREMENTS

Blood samples were collected on-shore one hour before 

diving and soon after the dives, on returning to the dive centre 

15 minutes away from the dive site by boat. The samples 

were drawn into an EDTA tube and centrifuged according 

to the protocol (1,000 rpm for 15 min for the NO, 3,500 

rpm for 10 min for the ONOO– and 13,400 rpm for 15 min 

for the R-SH at 4OC) in order to separate blood cells and 

plasma. The plasma was then stored at -80OC in a fridge 

installed specifi cally for this purpose in the diving centre. All 

analyses were performed within the following six months on 

the same microplate (one for each test) in order to analyse 

all the samples at the same time and avoid variance bias.

Plasma levels of nitrite and nitrate, NO metabolites, were 

determined by a colorimetric method (Fluka, Industriestrasse 

25CH-9471, Buchs, Switzerland) according to the 

manufacturer’s instructions. Peroxinitrites were measured 

using the OxiSelect™ Nitrotyrosine ELISA kit. The plasma 

samples or nitrated bovine serum albumin (BSA) standards 

were fi rst added to a nitrated BSA preabsorbed EIA plate. 

After a brief incubation, an anti-nitrotyrosine antibody was 

added, followed by a horseradish peroxidase-conjugated 

secondary antibody. The protein nitrotyrosine content in 

the samples was determined by comparing with a standard 

curve prepared from predetermined nitrated BSA standards.

Thiols are extremely efficient antioxidants which are 

able to protect cellular lipids, proteins, and nucleic acids 

against peroxidative damage owing to their strong reductive 

capacity and their ability to react with free radicals.10  The 

assessment of thiols (R-SH) in plasma was performed by 

the microanalysis method of Ellman.11

STATISTICAL ANALYSIS

Statistical analyses were conducted using GraphPad Prism 

5 (La Jolla, CA, USA) on a PC. Data are expressed as a 

percentage of pre-dive values. The difference between the 

percentage of pre-dive values and 100% was compared by 

a two-tailed one-sample t-test when normality of the sample 

was reached as assessed by the Kolmogorov-Smirnov 

test. Otherwise, the Wilcoxon Signed Rank test was used. 

Statistical signifi cance level was set at P < 0.05.

Results

The divers (age 29 ± 4.7 years; height 176.5 ± 4.4 cm; weight 

73.9 ± 4.6 kg) performed an average of 9 ± 2 dives with a 

mean cumulative breath-hold time of 20.6 ± 1.5 minutes. 

The mean individual duration time in the water was 61.47 ± 

8.17 minutes. The mean surface interval between successive 

breath-hold dives was 4.5 ± 1.45 min. Variations in recovery 

time were dependent on the breath-hold times, which varied 

amongst the pairs of divers. All divers completed the study 

and no one developed symptoms of decompression sickness.

The plasma concentration of nitrate and nitrite, a marker 

of circulating NO, signifi cantly increased after the dives 

(169.1 ± 58.26% of pre-dive values; P = 0.0002; Figure 1).

Nitrotyrosine, a marker of peroxynitrite level, doubled after 

the dives. (207.2 ± 78.31% of pre-dive values; P = 0.0012; 

Figure 1). Thiols were signifi cantly reduced after the dives 

(69.88 ± 19.23% of pre-dive values; P = 0.0002; Figure 1).

Discussion

We observed an increase in circulating NO and peroxinitrites 

(ONOO–) concommittant with a decrease in thiols (R-

SH). NO derives from the transformation of L-arginine 

into L-citrulline and NO by nitric oxide synthase. This 

reaction needs fi ve electrons and is dependent on NADPH 

Figure 1
Evolution of nitric oxide (NO), peroxynitrite (ONOO–)

and thiols (R-SH) after repetitive breath-hold dives to 20 

msw with a cumulative submergence time of 20.6 +/- 1.5 

min; results are expressed in percentage of pre-dive values

(* P  = 0.0012; † P = 0.0002)
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as the electron donor. It is the most important vasoprotector 

identifi ed thus far. Some of the NO formed in endothelial 

cells is released into the circulation. Because of its affi nity 

for erythrocytic haemoglobin, circulating NO undergoes 

multiple reactions with haemoglobin that lead to a decrease 

in its bioavailability in the vascular compartment.12

NO reacts and interacts with ROS, and this crosstalk can 

also have important effects on cardiac function.13  To our 

knowledge, there are limited data on the time course of 

vascular alterations after breath-hold diving.14  In scuba 

diving, decreases in intravascular volume and cardiac 

preload have been reported commonly after diving.15  This is 

concomitant with a moderate increase in vascular resistance 

and may be the result of an inactivation of NO, probably 

through oxidative stress.16  Indeed, plasma nitrite and 

oxidative stress markers remain altered during the 15-min 

recovery phase after hyperoxia.17

The present results confirm our previous data, which 

showed an increased circulating level of NO after a series 

of breath-hold dives.6  This might be explained by acute 

moderate physical exercise, which is known to increase NO 

production.7  Breath-hold divers have positive buoyancy at 

the surface and in the fi rst metres of descent; physical effort 

is required to overcome this. When they ascend at the end 

of the dive, breath-hold divers have to fi n upwards until the 

depth at which they recover their positive buoyancy.

Oxidative stress is associated with the generation of ROS, 

including superoxide anion (O
2

2–). This free radical reacts 

with NO to generate peroxinitrite (ONOO–), which causes 

additional oxidative stress by increasing oxidase activity 

and inactivating antioxidant enzymes.18  In this study, more 

ONOO– and less thiol (R-SH) were observed, which shows 

that oxidative stress is present during breath-hold diving.

To our knowledge, this is the fi rst time these changes (in 

ONOO– and R-SH) have been reported in breath-hold divers. 

Hyperoxia found during the deep phase of breath-hold diving 

enhances the production rate of superoxide anion which is 

converted into hydrogen peroxide (H
2
O

2
) or reacts with NO 

to form ONOO–.19,20  Reacting rapidly with it, extracellular 

superoxide anions can decrease the bioavailability of NO.21  

The reduced availability of NO caused by O
2

2– leads to 

vasoconstriction and impairs NO-dependent vasodilation,  

which is consistent with recent fi ndings on breath-hold 

divers.6,22  Although H
2
O

2 
is a weak oxidant and relatively 

inert with most molecules, it
 
oxidizes cysteine thiole (R-

SH) groups within the protein molecule. This reversible 

reaction modifi es their structure and function.23  When ROS 

are present at physiological levels, NO reacts with proteins 

to form R-SH. But an increased level of O
2

2– facilitates its 

interaction with NO to form ONOO–, instead of R-SH.24  The 

total amount of R-SH is therefore reduced, as observed in 

this study. Superoxide anion also tends to react with itself. 

This phenomenon is termed ‘dismutation’ and leads to 

the production of water and oxygen through the action of 

superoxide dismutase (SOD).

Trained free divers increase SOD activity during breath-

hold diving, and acute changes in antioxidant enzyme 

activities suggest that they may be protected from excessive 

antioxidant depletion and oxidative stress during breath-hold 

diving.25  Suppression of the post-apnea oxidative stress by 

an increased concentration of thiobarbituric acid reactive 

substances after three months of breath-hold training has 

been reported.26  In parallel, an activation of the plasma 

antioxidant system against oxidative stress has been reported 

in seals and in scuba diving.27,28

The increase in PO
2
 during breath-hold immersion is so 

short-lived that it is diffi cult to believe that it could play 

a signifi cant role. Nevertheless, it has been shown that 

for breath-hold divers even short hyperoxic or hypoxic 

periods act as a powerful trigger for physiological responses 

with successive breath-hold dives.29,30  Thus, it seems that 

ONOO– is generated during such diving, even if hyperoxia 

is intermittent. This production leads to an inactivation 

of NO reducing the bioavailability of NO to participate 

in vasodilation. This may be a factor contributing to the 

endothelial dysfunction observed after breath-hold diving.6

Conclusion

After breath-hold diving, more circulating NO is observed 

with an increase in ONOO– and a reduction of R-SH. NO 

may be produced by the physical effort of breath-hold 

diving. Physical exercise, the transient hyperoxia followed 

by hypoxia and accumulation of CO
2
 increase the level 

of superoxide anion (O
2

2–). This facilitates interaction of 

O
2

2– with NO to form ONOO– , opposed to a production of 

R-SH. Oxidative stress is thus present in breath-hold diving. 
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Abstract

Objective The aim of this study is to observe the effects

of dark chocolate on endothelial function after a series of

successive apnea dives in non-thermoneutral water.

Methods Twenty breath-hold divers were divided into

two groups: a control group (8 males and 2 females) and a

chocolate group (9 males and 1 female). The control group

was asked to perform a series of dives to 20 m adding up to

20 min in the quiet diving pool of Conflans-Ste-Honorine

(Paris, France), water temperature was 27 °C. The choco-

late group performed the dives 1 h after ingestion of 30 g

of dark chocolate. Flow-mediated dilatation (FMD), digital

photoplethysmography, nitric oxide (NO), and peroxyni-

trite ONOO-) levels were measured before and after each

series of breath-hold dives.

Results A significant decrease in FMDwas observed in the

control group after the dives (95.28 ± 2.9 % of pre-dive

values, p\ 0.001) while it was increased in the chocolate

group (104.1 ± 2.9 % of pre-dive values, p\ 0.01). A

decrease in the NO level was observed in the control group

(86.76 ± 15.57 %, p\ 0.05) whereas no difference was

shown in the chocolate group (98.44 ± 31.86 %, p[ 0.05).

No differences in digital photoplethysmography and perox-

ynitrites were observed between before and after the dives.

Conclusion Antioxidants contained in dark chocolate

scavenge free radicals produced during breath-hold diving.

Ingestion of 30 g of dark chocolate 1 h before the dive can

thus prevent endothelial dysfunction which can be

observed after a series of breath-hold dives.

Keywords Free radicals � Nitric oxide �

Peroxynitrites � Flavonoids � Flow-mediated dilation

Abbreviations

AT II Angiotensin II

BH2 Dihydrobiopterin

BH4 Tetrahydrobiopterin

cGMP Cyclic guanosine monophosphate

eNOS Endothelial nitric oxide synthase

ET-1 Endothelin-1

FMD Flow-mediated dilation

GTP Guanosine triphosphate

H2O2 Hydrogen peroxide

NADPH Nicotinamide adenine dinucleotide phosphate

NO Nitric oxide

ONOO- Peroxynitrites

PI3K Phosphatidylinositol-3-kinase

PO2 Oxygen pressure

PPT Peak-to-peak time

RAAS Renin–angiotensin–aldosterone system

rpm Revolutions per minute

sGC Soluble guanylate cyclase

SI Stiffness index

t test Student’s test

Introduction

Summertime in warmer climate regions is the ideal time

for breath-hold divers and snorkelers to return to their

favorite activities in a natural environment. Although these
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occasional breath-hold divers do not in general dive very

deep and for long, professionals such as spear-fishermen,

pearl collectors or competitions divers do (Schipke et al.

2006). These divers sometimes stay several hours in the sea

where the temperature does not exceed 27° and sometimes

without thermal protection. To our knowledge all studies

on endothelial function in relation to breath-hold diving

were performed in thermoneutral conditions (Theunissen

et al. 2013a). Endothelial dysfunction accompanied by an

increase in circulating nitric oxide (NO) had been noted

after a series of successive breath-hold dives at 20 m depth.

This NO increase had been associated with the cardiovas-

cular effort required by breath-hold diving. By contrast,

endothelial dysfunction observed by a decrease of flow-

mediated dilation (FMD) was explained by a lesser avail-

ability of NO to participate in the FMD, either by its

combination to superoxide anions or by another phenom-

enon independent from NO such as an autonomous nervous

system action. Breath-hold diving is indeed associated with

a change in sympathetic- and parasympathic activity

(Foster and Sheel 2005).

The cold inhibits NO synthase expression and provokes

a vasoconstriction (Sun 2011). Intaking antioxidants,

however, induces a vasodilation by NO release from

endothelial cells (Cruz et al. 2006; Nakayama et al. 2013)

and/or by enhancing its biodisponibility (Zhang et al.

2009). Endothelial dysfunction can thus be reduced by

supplementing antioxidants for 4 weeks (Obad et al.

2007b). Dark chocolate has been proven to have positive

effects on endothelial function (Grassi et al. 2012; Mona-

han 2012). This study therefore has two principal aims: (1)

verify whether the underlying mechanisms to endothelial

dysfunction are maintained in cold water conditions below

27° and (2) observe whether eating dark chocolate before a

series of successive breath-hold dives can limit the endo-

thelial dysfunction generally observed post-apnea.

Methods

Study population

After written informed consent, 20 non-smoking experi-

enced (at least 4 years of experience) breath-hold divers

volunteered for the study. Prior to entering the study, they

were assessed fit to dive by a qualified diving physician.

None of the subjects had a history of previous cardiac

abnormalities and none of them were on any cardio-active

medication. All participants were asked to refrain from

strenuous exercise and nitrate-rich food for 48 h before the

tests and not to dive for 72 h before testing. They were

divided into a chocolate group (9 males and 1 female) and

a control group (8 males and 2 females).

Dive profile and timeline of measurements

Each breath-hold diver performed successive dives to a

depth of 20 m for a cumulative breath-hold time of 20 min.

Dives were organized in pairs allowing each diver to act as

the other’s safety buddy. The total time in the water was

around 1 h. At the surface, the divers were asked not to do

any cardiovascular effort. All dives were performed (after

breathing air) in a calm diving pool (Conflans-Ste-Hono-

rine, France). The air temperature was 30° and the water

temperature was 27 °C. The divers did not use wet suits.

The chocolate group performed the same dives in the

same conditions as the control group 1 h after ingestion of

30 g of a commercially available Belgian dark chocolate

with 86 % cocoa. The amount of polyphenols was

135.8 ± 2.9 lmol of catechin equivalents per gram.

Measurements

Endothelial function

Arterial endothelial function was assessed before and after

each series of breath-hold dives by measuring the FMD of

the brachial artery (Raitakari and Celermajer 2000). Since

it is the relative FMD variation which is of interest here,

the FMD measurement was assessed according to the

methodology used by Brubbakk et al. (2005) for the same

kind of in-field analysis following a standardized protocol

and guidelines (Corretti et al. 2002). The FMD was mea-

sured with a 5–10 MHz transducer (Mindray DP 6600,

Mindray, China). The brachial artery diameter was mea-

sured from longitudinal images with the lumen–intima

interface visualized on both (anterior and posterior) walls.

Boundaries for diameter measurement were identified

automatically by means of a boundary tracking software

(FMD-I software, FLOMEDI, Belgium) and optically

controlled by an experimenter. Once the basal measure-

ments were obtained, the sphygmomanometric cuff, placed

above the ultrasound probe, was inflated and held at

50 mmHg above systolic pressure for 5 min. Occlusion up

to 5 min produces a transient artery dilation attributable to

NO synthesis (Lieberman et al. 1996). After ischemia the

cuff was rapidly deflated and the brachial artery was

monitored for an additional 4 min automatically. A single

experienced experimenter performed and read all vascular

studies. The FMD was computed as the percentage change

in brachial artery diameter measured at peak dilation.

Digital photoplethysmography

Arterial stiffness of large arteries was estimated from pulse

wave obtained at the finger by an infrared sensor (Pulse

Trace PCA 2, Micro Medical, UK). This non-invasive
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method is very easy to use and non-experimenter-depen-

dent (Allen 2007). The waveform depends on vascular tone

in the arterial tree. The contour of the wave exhibits two

peaks. The first peak is formed by pressure transmitted

along a direct path from the left ventricle to the finger. The

second peak is formed in part by pressure transmitted along

the aorta and large arteries to sites of impedance mismatch

in the lower body (Millasseau et al. 2002). The peak-to-

peak time (PPT) is the time taken for pressure to propagate

along the aorta and large arteries to the major site of

reflection in the lower body and back to the root of the

subclavian artery. The waveform volume in the finger is

thus directly related to the time it takes for the pulse waves

to travel through the arterial tree. This PPT is proportional

to subject height, and the stiffness index (SI) was formu-

lated as h/PPT where h corresponds to the height expressed

in m and PPT is the Peak-to-peak time expressed in sec-

onds. Large artery stiffness decreases the time taken for

pressure waves reflected from the periphery of the circu-

lation to return to the aorta. Reflected waves arrive earlier

in the cardiac cycle and may in part explain the change in

pulse contour (Nicholas et al. 1990).

Blood analysis

Blood samples were collected before diving and 15 min

after the series of dives. The samples were drawn from an

antecubital fossa vein into an EDTA tube and centrifuged

according to the protocol (1,000 rpm for 15 min for the NO

and 3,500 rpm for 10 min for the peroxinitrites (ONOO-)

at 4 °C) in order to separate blood cells and plasma. The

plasma was then stored at -80 °C and all analyses were

performed within the following 6 months on the same

microplate (one for each test) in order to analyze all the

samples at the same time and avoid variance bias.

Plasma levels of nitrite and nitrate, NO metabolites, were

determined by a colorimetric method (Cayman, Ann Arbor,

MI, USA) according to the manufacturer’s instructions. The

NO2/NO3 Assay Kit contains dyes, nitrate reductase,

enzyme cofactor, buffer solution and NO2, NO3 solutions as

standards. Total NO metabolites are thus detectable. Nitrite/

nitrate (NOx) concentration in different dilutions of plasma

ultrafiltrate was determined by colorimetry based on the

Griess reaction (Theunissen et al. 2013a).

Peroxynitrites were measured according to the manu-

facturer’s instructions using the OxiSelectTM Nitrotyrosine

ELISA kit.

All experimental procedures were conducted in accor-

dance with the Declaration of Helsinki and were approved

by the Academic Ethical Committee of Brussels. All

methods and potential risks were explained to the partici-

pants in detail and they gave their written informed consent

before the experiment.

Statistical analysis

Statistical analyses were conducted using GraphPad Prism

5 (La Jolla, CA, USA). Data are given as a percentage of

pre-dive values. The difference between the percentage of

pre-dive values and 100 % was compared by a two-tailed

one-sample t test when normality of the sample was

reached as assessed by the Kolmogorov–Smirnov test.

Otherwise, the non-parametric Wilcoxon Rank Sum test

was used. Statistical significance level was set at p\ 0.05.

Results

When comparing control and chocolate divers, as far as age

(47.3 ± 12.5 years vs. 49.7 ± 8.3 years, p = 0.63), height

(178.4 ± 7.6 cm vs. 179.8 ± 6.1 cm, p = 0.65), weight

(76.1 ± 11.5 kg vs. 77.3 ± 7.6 kg, p = 0.78) are con-

cerned; both groups are comparable. The divers were asked

to perform a series of breath-hold dives to 20 m in order to

dive a cumulative breath-hold time of 20 min.

The mean number of breath-hold repetitions was 10 ± 2

dives in the control group with an immersion time of

19.57 ± 2.41 min and 9 ± 2 dives with a mean immersion

time of 18.53 ± 3.5 min in the chocolate group. The mean

recovery period between successive breath-hold dives was

4.55 ± 1.19 min. The duration time in the water was about

1 h. All divers completed the study and no one developed

symptoms of decompression sickness.

Brachial artery diameter and flux-dependent dilation

No increase in pre-occlusion brachial artery diameter was

observed for either the control group (102.1 ± 5.5 % of

pre-dive values, p[ 0.05) or the chocolate group

(99.9 ± 1.5 % of pre-dive values, p[ 0.05).

An FMD decrease was however observed in the control

group between pre- and post-dive (95.3 ± 2.9 % of pre-

dive values, p\ 0.001) whereas the FMD was increased in

the chocolate group (104.1 ± 2.9 % of pre-dive values,

p\ 0.01). The difference between the control group and

that having eaten chocolate an hour before diving is sta-

tistically significant (p\ 0.001). FMD changes are pre-

sented in Figs. 1, 2.

Digital photoplethysmography

In the microcirculation, we do not find any variation

between the values of pre- and post-dive in the two groups

of the PPT (100.8 ± 21.5 % of pre-dive values, p[ 0.05

for the control group and 108.7 ± 25.1 %, p[ 0.05 for

the chocolate group). Furthermore, no variation is observed

for the arterial rigidity (SI is 103.1 ± 20.9 % of pre-dive
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values, p[ 0.05 after a series of successive dives and

96.2 ± 20.6 %, p[ 0.05 postdive with chocolate

ingestion).

Circulating nitric oxide and peroxinitrites

A reduction in circulating NO is observed after a series of

successive dives to 20 m totaling a cumulative breath-hold

time of 20 min (86.8 ± 15.6 % of pre-dive values,

p\ 0.05) whereas no NO variation is observed after the

series of successive breath-hold dives preceded by choco-

late ingestion (98.4 ± 31.9 % of pre-dive values,

p[ 0.05).

Looking at the oxidative stress markers, no variation in

ONOO- is observed, neither for the control group

(112.8 ± 40.1 % of pre-dive values, p[ 0.05) nor for the

chocolate group (105.1 ± 34.6 % of pre-dive values,

p[ 0.05).

The absolute values of the different parameters cited

above are given in Table 1.

Discussion

In order to achieve a total of 20 min of cumulative breath-

hold time, the divers participating in this study had to stay

around 1 h almost still in water at a temperature of 27°.

These conditions were chosen in order to be comparable to

those a diver doing breath-hold diving would encounter in

the sea during summer. Indeed these conditions caused

most of our divers to feel cold, as would be the case at sea.

Our results point towards the same mechanisms than earlier

studies (Theunissen et al. 2013a, b) but the cold could have

decreased the NO-related values.

As a reminder, diving comprises of three phases: First a

descent phase when the divers have to make an effort to

descend during the first meters. Then a hyperoxic phase at

20 m, due to an increase in PaO2. This phase is rapidly

followed by a hypercapnic hypoxic phase due to the oxy-

gen (O2) consumption, which induces carbon dioxide

(CO2) production. Finally, during the return to the surface,

the divers have to make a physical effort until they recover

their neutral buoyancy. This hypercapnic hypoxic phase

increases with the pressure decrease.

The activation of endothelial nitric oxide synthase

(eNOS) to form NO is mediated by the protein kinase Akt

(Lehoux and Tedgui 2004), in turn photosphorylized by the

phosphatidylinositol-3-kinase (PI3K) (Dimmeler et al.

1998). The NO thus produced by eNOS activates the sol-

uble guanylate cyclase (sGC), an enzyme catalysing gua-

nosine triphosphate into cyclic guanosine monophosphate

(cGMP), second messenger of vascular relaxation (Pelle-

grin et al. 2009). Previous studies (Theunissen et al. 2013a,

b) have shown an increase of NO production during breath-

hold diving. This increase has been associated to the car-

diovascular effort done during this type of diving. It is

indeed known that physical exercise increases NO pro-

duction (Pellegrin et al. 2009; Wang et al. 1993) and that,

under normal conditions, physical training enhances

endothelial function (Pellegrin et al. 2009), which is

directly linked to an increase in biodisponibility of NO in

vascular smooth muscle (de Moraes et al. 2008). One could

also consider the NO availability and the efficiency of

eNOS in the pulmonary vascular system having a protec-

tive effect on the onset of edema in breath-hold divers

(Cialoni et al. 2012) hence the eventual benefits of dark

chocolate supplementation.

This phenomenon was not found in this study: we have

instead found a decrease in NO in the control group. We

hypothesize that the NO production induced by exercise

was counterbalanced by several factors:

1. Despite the increase in NO production, exercise

produces also an oxidative stress (Davies et al. 1982;

Duthie et al. 1990). A bigger oxidative stress, however,

increases the amount of superoxide anions. These can

quickly interact with NO to form ONOO-, thus

decreasing NO availability in the vascular smooth

muscle. Theunissen et al. (2013b) have already

demonstrated the presence of oxidative stress post

breath-hold dive.

2. The hyperoxia brought by the last phase of the descent

portion of the breath-hold dive also results in an

increase of superoxide anions production, free radicals.

This can be transformed in H2O2, a powerful oxidant,
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Fig. 1 Evolution of flow-mediated dilation (FMD) in the control

group and in the group of breath-hold divers having eaten 30 g of

dark chocolate an hour before the dives. Results are given in mean

and standard error of the mean (SEM). The FMD of the control group

is significantly reduced post-dives compared to its pre-dive value

(***), whereas that of the divers having eaten chocolate significantly

increases (**). The difference of FMD between the two groups is

highly significant (***) (**p\ 0.01, ***p\ 0.001)
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or reacts with NO to form ONOO- (Jamieson et al.

1986; Sureda et al. 2009), thus creating oxidative stress

and decreasing NO biodisponibility (Demchenko et al.

2002). The hypothesis that the increase of PO2 favors

oxidative stress, and therefore endothelial dysfunction,

is generally accepted (Demchenko et al. 2000).

Hyperoxia is also associated with a decrease in

tetrahydrobiopterin (BH4), a major cofactor of eNOS

(Fismen et al. 2013). The lack of BH4 in endothelial

cells exposed to an oxidative stress can induce a

decoupling of eNOS leading to a production of

superoxide anions by the eNOS instead of NO

(Vasquez-Vivar et al. 1998). This induces a reduced

activity of eNOS and a lesser release of NO (Fismen

et al. 2013; Forstermann 2010; Ilan et al. 2005). This

reduced NO production is observed by a decrease in

vasodilation shown by the FMD reduction. Neverthe-

less, we can consider that free radicals produced

during deep breath hold diving perhaps are not

completely bad and actually may contribute to a

‘‘training effect’’ for breath hold divers since recent

studies are reporting beneficial effect of oxidative

stress and, on the contrary, a more mitigated effect for

antioxidant intake (Nikolaidis et al. 2012).

3. Hypoxia also increases the expression and activity of

Rho-kinase (Takemoto et al. 2002). Rho-kinase how-

ever facilitates the downregulation of the eNOS

expression induced by hypoxia (Takemoto et al.

2002), thus reducing the endothelial production of

NO. Furthermore, hypoxia increases endothelin-1
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Fig. 2 Influence of exercise, hyperoxia, hypoxia, cold exposure and

antioxidants on nitric oxide (NO) bioavailability. In normal condi-

tions NO is produced from L-arginine by the endothelial nitric oxide

synthase (eNOS). This enzyme needs a cofactor, tetrahydrobiopterin

(BH4). The NO produced by eNOS activates the soluble guanylate

cyclase (sGC), which catalyzes the formation of cyclic guanosine

monophosphate 3,5 (cGMP) from guanosine triphosphate (GTP)

inducing vasodilation as observed by flow-mediated dilation (FMD).

Exercise contributes to an increased NO production through eNOS

activation but is also associated with oxidative stress, including

production of superoxide anions (O2
-). These are formed by NADPH

oxidase from oxygen. Hyperoxia also induces superoxide anions

production. The latter oxidize BH4 into dihydrobiopterin (BH2)

reducing BH4 levels. This induces an uncoupling of eNOS leading to

production of superoxide anions by eNOS instead of NO. This

enhances oxidative stress. Indeed, superoxide anions can combine

with NO to form peroxynitrite (ONOO-) or be converted into

hydrogen peroxide (H2O2). Exposure to cold activates the renin–

angiotensin–aldosterone system (RAAS) increasing production of

endothelium-1 (ET-1) and angiotensin (Ang II). Both increase the

amount of Rho. This induces an increased activity of Rho-kinase,

resulting in decreased eNOS activation and therefore reduced NO

production, due to the inactivation of phosphatidylinositol-3-kinase

(PI3K). Furthermore, Ang II increases the presence of NADPH

oxidase and therefore promotes formation of superoxide anions. This

consequently increases oxidative stress leading to a reduced bio-

availability of NO. Hypoxia activates ET-1 production and Rho-

kinase activity leading to a downregulation of eNOS. NO produced by

exercise is thus counterbalanced by the combination of eNOS

inhibitions and reduced NO availability by oxidative stress. When

eating dark chocolate antioxidants reduce the RAAS system and

NADPH oxidase activity, activate PI3K production and scavenge

superoxide anions. All these effects lead to a better activity of eNOS.

Continue black lines activation/production, Discontinue black lines

inhibition/scavenging, Gray lines transformation
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(ET-1) levels (Pisarcik et al. 2013) having an effect on

the eNOS inhibition via the Rho-kinase activation.

Exercise and/or, at least partially, intermittent hyper-

oxia and subsequent hypoxia (McQuillan et al. 1994)

during the dive could explain the decrease in the

endothelial response since hyperoxia and hypoxia both

lead to a reduction in NO biodisponibility. The

increase in PO2 during breath-hold diving is very

short, nevertheless it has been shown that even very

short hyperoxic (Balestra et al. 2006) or hypoxic (de

Bruijn et al. 2008) situations played a powerful

triggering role provoking physiological responses

found after successive breath-hold dives.

4. The cold could also intervene in this decrease of

circulating NO observed. Exposure to cold indeed

activates the renin–angiotensin–aldosterone system

(RAAS), which in turn reduces the expression of

eNOS and the formation of NO (Sun 2011). Indeed,

RAAS regulates the production of ET-1 due to the cold

(Sun 2011). ET-1 as well as angiotensin II (AT II),

increases the amount of Rho (Budzyn et al. 2005). This

activation induces an increase in Rho-kinase, which by

PI3K inactivation results in a decrease in the activity

of eNOS (Budzyn et al. 2005). Bailey (2005) and

Dubraca (2005) show also an increase in Rho-kinase

activity when vessels are exposed to a particular

physiological stress, such as a change in the status of

redox (Thompson-Torgerson et al. 2007).

The studies of Theunissen et al. (2013a, b) present an

increase in circulating NO after a series of successive

breath-hold dives. It is noteworthy that the conditions of

the dives, with the exception of the water temperature,

were the same as those in that study. Therefore oxidative

stress, hyperoxia and hypoxia, parameters all going against

NO biodisponibility and linked to breath-hold diving, were

already present in these previous studies. We could there-

fore consider that here the decrease in circulating NO in the

control group is due to the additional effect of cold. The

increase in NO production linked to the cardiovascular

effort would here not be enough to compensate the com-

bined effect of oxidative stress, hyperoxia at the start of the

dive, hypoxia of the end of the dive and the cold.

In addition a portion of the remaining NO is inactivated

due to its transformation in ONOO-. This decrease leads to

a vasoconstriction and alters the NO-dependent vasocon-

striction, which agrees with recent discoveries on breath-

hold divers (Theunissen et al. 2013a; Zhilyaev et al. 2003).

In this study our results do not show a modification in

ONOO- amounts. The ONOO- are coming from NO

combination to superoxide anions. If a reduction of NO is

observed, the reaction forming ONOO- is thus reduced.

This could therefore explain the stability of ONOO-

amount despite an increase in oxidative stress, but ques-

tions the use of ONOO- as a marker of oxidative stress.

Other markers have indeed shown a change after breath-

hold diving, such as an increase in thiobarbituric acid

Table 1 Absolute values of the pre-occlusion diameters of the

brachial artery, of the flow-mediated dilation, of the photoplethys-

mographic and haematological parameters before (pre-dive) and after

(post-dive) a series of successive breath-hold dives to 20 m depth

totalling a cumulative breath-hold time of 20 min for the control and

the chocolate groups

Control (n = 10) t test

Pre-dive Post-dive

Mean SD Mean SD

Pre-occlusion brachial diameter (mm) 4.4 0.7 4.4 0.6 NS

Flow-mediated dilation (%) 113.9 4.3 108.5 5.2 ***

Peak-to-peak time (ms) 177.6 50.8 177.1 53.7 NS

Stiffness index (m/s) 10.8 3 11.1 3.8 NS

Nitric oxide (NO) (lM) 8.4 4 7.6 4.6 *

Peroxinitrites (ONOO-) (lM) 23.8 6.5 25.7 6.2 NS

Dark chocolate (n = 10)

Pre-occlusion brachial diameter (mm) 4.6 0.4 4.6 0.4 NS

Flow-mediated dilation (%) 112.7 6.6 117.3 6.6 **

Peak-to-peak time (ms) 192.5 39.4 204.4 40.7 NS

Stiffness index (m/s) 9.7 2.1 9.1 2.1 NS

Nitric oxide (NO) (lM) 10.5 4.5 10.1 4.5 NS

Peroxinitrites (ONOO-) (lM) 22.7 7.8 23.4 8.4 NS

Results are given in mean and standard deviation (SD). The Student’s t test compares the values of pre- and post-dive for each group (NS

p[ 0.05, * p\ 0.05, ** p\ 0.01 and *** p\ 0.001)
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reactive substances (Joulia et al. 2002), or of the activity of

superoxide dismutase and glutathione peroxidase (Rous-

seau et al. 2006).

In the group supplemented with dark chocolate, NO and

ONOO- values stay constant, pre- and post-dive. Taking

flavonoids has antioxidant effects on endothelial cells by

reducing, on the one hand, the expression and activity of

NADPH oxidase and, on the other hand, by diminishing

oxidative stress (Andriantsitohaina et al. 2012), thus lim-

iting the available quantity of free radicals in blood,

including that of superoxide anions. Flavonoids are indeed

associated with a direct decrease in NADPH oxidase

(source of superoxide anions), to a decrease in RAAS

activity (activating system for NADPH oxidase) and to an

increase in the expression of antioxidative enzymes and

PI3K amount (which intervenes in the activation of eNOS)

(Andriantsitohaina et al. 2012).

Consequently the amounts of BH4 and PI3K, as well as

enzymatic activity of eNOS, are increased. However the

divers were cold, which induced the mechanisms already

described above for the control group reducing the activity

and expression of eNOS. The combined effect of exercise

with taking antioxidants has therefore induced an increased

activity and expression of the eNOS. However this increase

seems, from our results, to have been counteracted by

hyperoxia, hypoxia, cold and exercise-induced oxidative

stress, all of which reduce the activity of this enzyme.

Given that the amount of NO is stable and that taking

antioxidants has reduced the amount of superoxide anions

present in the blood, the equilibrium of the reaction

forming the ONOO- has not been perturbed, which

explains why the ONOO- amount stayed stable.

In this study signs of endothelial dysfunction, indicated

by an FMD reduction, were found in the control group after

a series of successive breath-hold dives. Conversely, a

significant increase in FMD was found in the group which

was supplemented with chocolate.

In the control group the reduction of the FMD confirms

the results obtained previously (Theunissen et al. 2013a).

The FMD decrease seems to confirm that breath-hold

diving has an influence on endothelial function and could

be partially explained by the reduced NO biodisponibility.

Conversely the divers supplemented with dark chocolate

presented an increase in FMD. This could be explained by

the antioxidative characteristics of dark chocolate. How-

ever, the increase in FMD despite an amount of NO which

was not modified points towards the latter being due to

another factor than the NO-cGMP pathway. This agrees

with the results of Theunissen et al. (2013a) after a series of

successive breath-hold dives in 33° water where the FMD

was reduced despite a significantly increased circulating

NO. Breath-hold diving is accompanied by a change in the

sympa- and para-sympathic activities (Foster and Sheel

2005). In our study, however, the diameters of pre-occlu-

sion are not modified, neither in the control group nor in the

group that ate chocolate. We could therefore hypothesize

that the autonomous nervous system effect is not a main

factor responsible for the increase in FMD in divers having

been supplemented with chocolate. Nevertheless, other

authors point out that hyperoxia leads to cardiovascular

function and autonomous nervous system alterations during

the exposition and after the return to normoxic breathing

(Gole et al. 2011). The increased FMD could then be due to

a relaxation of the vascular smooth muscle by the antioxi-

dant effects of chocolate. Indeed, it has been suggested that

in the process of vascular dysfunction during diving, func-

tional changes in the vessel wall may not be limited to the

endothelium and may be mediated by alterations in vascular

smooth muscle (Lambrechts et al. 2013). But the vascular

responses to oral nitroglycerin administration are not

altered by chocolate/cocoa (Heiss et al. 2007; Monahan

et al. 2011), what proves that the increase FMD after

chocolate intake is not due to a greater reactivity of the

vascular smooth muscle. The antioxidant characteristics of

chocolate are then maybe responsible for the FMD increase

without circulating NO increase after the dive, but the

underlying mechanisms remain to be determined.

Contrary to FMD, photoplethysmography did not show

any changes in either group. Previous studies have already

observed a different reaction between flux-dependent dila-

tion and photoplethysmography (Cornelissen et al. 2012;

Obad et al. 2007a; Theunissen et al. 2013a). Llauradó et al.

(2013) report that a change in endothelial function is not

associated with an arterial stiffness in diabetic patients of

type 1. The stiffness of arterial trunk comprises complex

modifications of the structural organization of the different

components of the arterial wall (Zieman et al. 2005) which

lead to a reduction of its distensibility. They suggest that

endothelial dysfunction precedes arterial rigidity (Llauradó

et al. 2013). Diving provokes an oxidative stress which

attacks the endothelium and could therefore increase arte-

rial stiffness over longer time. This could be avoided by the

input of flavonoids (Teede et al. 2003; van der Schouw et al.

2002) but this study, because of its limited duration, does

probably not allow showing it.

Conclusion

In this study we observe a decrease in FMD and of cir-

culating NO level after a series of successive breath-hold

dives. The FMD decrease seems to confirm that breath-

hold diving has a negative influence on endothelial func-

tion and could partially explain the decrease in NO biodi-

sponibility. We hypothesize that the NO production

induced by exercise is counterbalances by several factors,
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like hyperoxia, hypoxia, cold and the oxidative stress

produced by exercise. However, an increase in FMD

without change of NO amount was observed after a series

of successive breath-hold dives carried out in the same

conditions but for divers having eaten dark chocolate. This

could be explained by the ingestion of the dark chocolate.

The antioxidants in the dark chocolate could indeed

decrease the production of free radicals during the breath-

hold dive. The combined effect of exercise and taking

antioxidants could therefore have induced an increase in

activity and expression of eNOS. However, this increase

would seem to have been counteracted by the combined

action of hyperoxia, hypoxia, cold and the oxidative stress

produced by exercise. The lack of change of NO, together

with an FMD modification, suggests that the latter may be

due to another factor than the NO-cGMP pathway. Despite

an increase in oxidative stress associated to breath-hold

diving, the amount of ONOO- did not change, with or

without antioxidants input. The production of ONOO-

being NO dependent, it could have been slowed down by

the lack of NO increase. This could therefore explain the

stability of ONOO- amount despite an increase in oxida-

tive stress, but challenges the use of ONOO- level as a

marker of oxidative stress.

This study does not allow observing the effects of

flavonoids on arterial stiffness. To do so would require a

study over a longer period of time.

Nevertheless it is clear from our study that ingesting

30 g of dark chocolate an hour before the dive could be an

effective way of preventing the endothelial dysfunction

observed after a series of successive breath-hold dives.
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