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LXPLRIMBNTAL STUQIE° ON'MYQCARDIAL BLOOD PLOU ANB

HF”ABQLIQM'UITH SP GIAL HLPFR&NFF g HYPLRBKRIG OXXGRN

- Introduction -

| Thé-usé b£ air at high prgssﬁre_has a 19nghistbry-in thev
onnsla of medicine, After an fnitisl flush of enthusisem, interest
in thié tbpia‘wane& although adme,Pb§Siologisal invesﬁigationé{on :5:
the. effects.of:high ambient preaﬂures were necessary for military
1purpbses bath in submaxine warfare and alse in deep sea dxving.

When™ oxygen becane eommercially aVRilable as a therapautic instrument
in the 1920‘3 inﬁerest was. faoused Qn the use of oxygen st higher

‘ presaures then normal in the treatment of various disorders., A godd
review (Jaoobson, ebeal. 1964) is available of the hxstcry of . the use
vof hyperbaric oxygeh and the endeawaurs tn manipulate 1t in the_
:*treatment of varlous organs’ and systems. - In the 1ast twenty yeﬁrs
-efforts have heen made to use this: mechanism in the treatment.of

'varlous forms of heart ‘disease.

'7 Eaﬁiy exyeriﬁentél wérk-an animals seemed to demonétrate thét
there was passxble beneflt in the experimantal 1nfar¢t situatlon
 with spacinl referenoe to diminution of liabllity to armhythmias

(Smith and Lawson, 1962) Ubrh was also put. ferward which suggestea
that perhaps the area of infarebed tissue m¢ght be llmlteﬁ (Trapp and

.Qreightcn,_1964).. Studies on human myooardial infarctxon were
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.undemakm and have ‘been mportea (Camoron, 852 1.,1965; xanmum,
ebeiles 1968). prevor,_ 1% becine ingreasingly clear that dn |

h m@emtandmg of b’"e fundemental - éhanges an @yacarﬁiai bhlood flow
R \aﬁa motabolisn whié‘i ‘occurred on exposure 0o high pressuves 'c;f:-
OXYEONR WOR lapking zmr] ithle well documented exparimantal work wag
available, The uox'k uhmh had been done init:!.ally hs.d. uged
exporimontal pmpgmtiqm which in the main _neeess:i.ta,ﬁg& a
'bhdmcatow in -bhe éﬁtpéximental animal anrl although this »prévided
valuable infemtion, a method which c:auld be used in clcsea
. uhes'b anhmls would obvmua‘l;r be prefemble. :

It wag the objadt of ’ohe*'inves-bié:aficn which is her'e:-' :*eziarted
to assess methods of measumng mynaardial blood flow and to attempt
"to f:tncl a method which wauld. be suitable for work in a hyperbtario
envimnman‘&. 'Ifhe p::essum chambex a‘b the Wea‘tem Infipmaxy ond |
the exporimental 1a,bomtor1es of the neparimenu of Surgez'y, the
'ifeatern Infimaxy, Gl&sgow, in vwhich ’khis work wat 1o o done, were
| of sufi‘icien soope to enable suphistieated investigations o be
unﬂngrtakam {F;.gure 1)

¥he method i’ihélly selectéci invél%é:i the’ eastimé,%iﬁn of i
:myamrdial blood flow by the: ﬁirec'h injeation of & m&innaotive ga8
'133Xenon into the aomnary arterias. : Uhen this me‘bhod was well
established a.nd. tested a programme of inveatigatmn wan then drawn
UPe Thieo ismluded meagurement of the efi‘ec’ts 01‘ oxygen at- high
pressuUTes on myaca,raicx.l blood £lov and mem‘bolism. | When the c;hdnges :
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figure If * fixternal viev of the pzeeeuze ohaitber at the

Western Infirmary, Glasgow.
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observed were éstabliehed beyond doubt, a combined physiclogical - .
and pharmecological investigation was undertaken to determine the

- methods by which these changes were hréugh%_about. Wbmﬁlﬁae algo
dcné on the changes in myocardial blqbd}flowléith exposuretté

carbon dioxide and later investigation was made on the;effedt of
carbon dioxide combined with oxygen at high preséuxéé; Evantﬁally,'
as a iesult of the.eariy-axperimgnts, an\inyeﬁtigaticp was nade
into the effects of oxygen prolonged to the 1eﬂgth:6£‘time which :
wag currently being used iﬁ ciinieal prac%ice,gpa'ﬁga xesgiﬁs ef,

thése investigations are presented. -
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, ii‘meﬁ Ry ms:san%*, pwackieally il the k:nﬁwie@ga ef:smamﬂ?

| mM&A Piood £low ha'u; ‘haan godaned by &iﬂ‘amm spplicationgst |
the m&mﬁﬁa emmednted n@' Aels Fiok in w}'ﬁ. T mm of hia
communieation wa&: “irim* die Hensurgy deg mutgumﬁma in den
El@ﬁﬁ?ﬂﬂtﬁ{ik&lﬂ“g and *b%zi@:a was published in the Proosedings of the
'immmm ?imikaiiﬁs}mdhﬂizhﬂmha mwﬂaﬂmm for duly Oth, 1670

Thiv 335.;‘3}13;%1‘ important commnication, possibly one of the mogt
Inportont over’ in mfai@iaggg, weportad hio pethed for measuring
the anount of ?aloaé @&azﬁeﬁ by the ventricle of the henrd with each
pystole. o havie =§;rim$t§1a wag that $ho cordige outpal could e
coleulatod from tho totol oxygen absorbed per minube ﬁ:&viaaci by <he
uptoke of oxygen into the Blood pex unit of bleod flowing, l.e. the
srtaviowvonoiy »aw{sezl diffevence. This altple stotemont of
ml&tim&mﬁa was- inportont ginco for the first tine 1t ’é}mugﬁﬁ
| %@xmr novions of Wleod f.‘lme end respivatory gos transporb.
&3{;‘&:&1&; mmm s ﬁz& i‘mat t%m‘!‘; &b gave the cosentini expresnion
of the s,;;&m%iep_n wrineiple of blood flow meosurouonty deo. the
Houtor the blocd Iﬁw, ¥he Jews oxygen taken up pow wndt of bleod
i"lﬁ%ﬁ%ﬁgga This ﬁiim%ﬁm peinoiple do the busio of nout of the
ancopted m‘ﬁhm&ﬁ% ez&:‘ -xszeaﬁmim ot onlky emiim gufpat tut olsoe she
CRow of bi@m} 0 c}xﬁwm mﬁ i the wnd lerlyving oeinedipvle of the



te@miqm ::f mg *mmen‘t txf z;mwrdial ’h‘locd i‘lw useé. :txz this

| .;goz!ecsen*& wurk, J@.fz. the zzweafmiﬁ al cleamme af‘ m&‘ie- cti.ve Samsz. .

Senisoa, the Emzzma @&ﬂlmsapims, had m;& kmwle&ge Qf mt'kam
| sush a9 ﬁxmm w&zen o g&va an excellent aeam:x;‘iptian of the z:zlixiie ¥
. pleture of cmgm_a? mcﬁox&s and the Link between “%hgstma'tm a;;gl‘
i’mmﬁén-'ai? the mz&emw- 'arﬁeﬁm had %o awéit ma.ny ';aéntmiés.
‘I%m e:;mmry Mﬁ&ﬁ.ﬁﬂ wexe c‘ixam by Lﬁennaxdﬂ de Vimi and algo
| iillwatm*ked in the Tabrica of Vesalius although at that. stoge
't van st beliewﬁ. 1n the Galenical tradition that, the Hioet

was nauris}mﬁ by *';hﬁ rzamnew wmﬂg _

‘ﬁ’illim ﬁam;y hafi maﬁag& the i‘ﬂmﬁian of the ctmm oxy

Wﬂssam an he nma m $ mtu amﬂia (15?8) wBemiden 42 the
:- blmd ce}uld *@emea%e tha substance of the seazxtmn ox eaum be imtibed
kfm&z the vamrmlas whszt use’ maa there ba for th& coTOHATY mﬁsery |
and veing brsmahas oj: miah pmeae& te ihe magtm i’csetif to supply

;: it with mwia‘hmen‘tm ad M. the anrtl of %21@ geventeonth centuxy the

: cnmm c:ircmhtien Im& ‘i)een desorihed and ite fm@ians recogaiseds
" plexse Chizac (169&3) noted that ligation of tho cmmuy owteries

‘*cauaail ear&mz: amaﬁ 'ma in 1762, the pathnlagy of the camxmvy

- mﬁemes was aalmaa{mi by ﬂmrg;agni :in the eightemﬁh century

"a}.s.niual coxm:ihﬁmns vere made by John Huhtow, Jam&r, x*s*mgr ond,
He“f;exﬁm tut speéial mentlm st be made of Allan E‘Ziama whoso ool

"Ohservations on woue: of “the nost frequent and importont diseases
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- of tho hém;’&*?f (3.{%%}2?} ﬁmﬁa&mﬁi’ an excellont plyelslogical nsosunt
of the nyﬂmf::ﬁ@mﬁaw iﬁﬁ&i’:ﬁ’i@iamya Bleeot expervinental -
works on Hhda mysm avaited tho i.waﬁ:&;gﬁm}m ssi’ Mo m Hald o
{2042) ol @?@m_.m&g}h@a (Re42).  Delohosa Ldgated tw QoipOROTY
prbonlen of dogu end neansred ho ngan duxabion of eubsoguond

voptadoular ﬁ:’mﬁiﬁiia

xﬁ famw, Yon mmlii sl xam},m dre 1867 e;%iwmeﬁ o effent
af covonazy 1igation of xabbits hearts end Panwn (1062) had dnjosted
| adl the coronary drierios wi.i*.%a nmqua mnboriol and Lhm ohuerved
,_ mzﬁim fungtion. Julius ;@mmm 40 1601 porfermed andnol
expoxisonts with corondny extery ligetion and usad tunosoters 10
agexd mz*taxmi émmmxé;:ﬁ x“izimigsg the oxpoincuts

tuﬁmﬁ on "3;?;{1 saladionshin betuson Slov in zm CORCHATY
mw»m@; ﬁsmi mr@iaa ackivity had buen izma%ig%m. {‘hﬁ’ﬁiﬁlﬁ.{:&é&lly
afnico tho mEd nineteenth contury,  Relutel in 1672 asponived bo
mm?’iins'a in hcame:s ahﬁ Tlen whila Mmﬁﬂ«»‘&ﬁﬁm end fsadgsm‘i-: in
1868 wae& mpmﬁal meany o mﬂmﬁ *ha tlaod z;'rmzmm in earotid
and Jeds m}mmmr aebory in tha doge. o latlep mma that
“wﬂaﬁhw arberiel mwmm T mgﬁz ox low avery ﬁmmm of the
m.mm& ,,mim OOV aimzi@-zmmaw in the coromary®e Puwither
aidvences in kns;rﬁzgri@aa deperdied on the vofinemento of techuloue for o
zz#aaﬁmﬁ.m; gmﬁma sid ﬁamiémggﬁ of new mé%m%gs of neesuring
X0 Tolp smé}i %ﬁé&ki@iﬁ}_ﬁ{’ifi in 165953 devised o prepexation in which

’ awb:m ma*ﬁxi‘iw vas asgused o a«gml w}m&mw ﬁ uwe Tabon vovkors



D

nokatly Herkwaldon ;m% Stneling (1913) %:%zms;ﬁx% thot the mosults
obbednad wore too 3;;3%; Howawer, o frosh Lopetug fo ouch studies
was given by the inteoduetion by Howawits ond Zahm (1934) of the
double dlumon catheter fov sonpiine coronaoy Siﬁua’ m@ml
wnoenisaionted by pighd otoiel blood.  This wea an duportont x:i%;ai;,ﬁs
forwaxd bocwuse alfhough advonces were being made in coronasy

- physlelopy uwing the non-working isoluted periuged hesed preparation
intwoduced by m:mn&wf in 1B9Y the Vexawlty connula gould Lo uvoed
i the leart beating in situ. Since _:ﬁm:z many medificotions in
the baoed m:g mpeparations have been nade and bave contributed to
the pood of knowledge. | |

Bubsequently nevexr methods beve invelved he use of tubble
flow veteve and electronagnetio yecording devicss.  Until rosontly
these have necessitoled the use of uvpen chent preparations hub the
ntroduction of the nitrous oxide technique of measwring Vived Llow
whieh ginply reguirad BOTOTSY fﬁﬁm Q&tﬁaﬁa&i&m&i@ﬁ m«i& it
potsadble to ah'ﬁam a measure of cornary f;}lma flow not only in

the dntnot Qog bud eﬁaﬁ in _ma Huma subjects

Hocsad indewest dn 4ho poecibility 6f dlwect sumplool abbaok
on the sovmmswy vessels hng givem fresh dwpelus o the problens of

myocaniiel blood flov and peieinmllon.
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Poastienily all of the xzmm}it:‘s x:«z%@i@%a haws been devised Zow
massueing Thoeed £lov i genexad howve baen willised dn tho covonany

prtoniot

%%‘ezmw oulilew golleotion :&ézﬂ im;;:a ﬁmﬁﬁmﬁg heohnlaues have
houn gonezelly wasnitatla for woslk in Mhiw £l0lde  Dubble
Slovmaters aw Introdudad by © Bouking shegls (2954) nave beon ueel
| In the covonavy avtardes os also methods using the Thermostpunvhe,

Hipad %Eﬁm*w sxohange methods immmng e xai“&x‘amss axide

fam‘miqm have baen oF m@m valug in 'ﬁm Tosh Svenby voard or 80 ]
| fadicaotive sutobnves c&n m ;:aail; adapted to this tygn, o8
m:ah!ﬁgw (vma émfm)g

Tast substanes dllution sethodn uadng :f;’iyéra such o :a.z;ﬁmﬁyamm R
greon dan aloo be weed tut this method will only pive the clnug

ﬁuﬁﬂ&w values,

.. Wien considexing the usefulnoss of the varicus meitheds ueed in
shudying the covonary olvendation consideration tnet be glvon ae o
vhothor pheslo flow ox mesn low 1 to be studied.

Frosio fiow mﬁm&a Wore e’imriaa:i withy the éfréfmw pbjont of
ﬁwaym m@t@m in sopenaxy Aow which wone too xupdd o nliow fcm
'@Lﬁﬂiﬂ@mﬁ@@g by o methed vhich wouldd only give nesn flowe  Theso



methods vecord the inslaabswouns Llow ad the polnd of {nsention

into $ho bloed vagsols

Beas of thasy mt S8 ;zzmi,uumz eszisiﬂﬁn%im e:af *’*'I&v; phasis
' r”;ll?*" orenos betuson %ﬁm mﬂﬁmﬁ. and mxﬁ.zﬁzeml Qﬁé&t}: WEY PRSHEND
euEvas duing o conios oyole &&x&e@m 1957), briotld Llownwbors, and
dii‘i’umn‘bmi PROUREIR e . ‘i:f‘ foor the nowt suecensiuld,
mathod L.a huan. Howevor, the mmmmt;im of aleaz: :smwm%m
ilwmtama '“'imms ae of two tvmi@ tymsa = gausre wave and sing
| WAV f.s:he :arzum WS *&ym Hos pmvidml fueh wam infommabion
:i‘m mm:ni‘;naxzm dn open chaat duge Wb dwe m*f uegesslly Lalaly
immy and soannet be used dn closed chent expan mmﬁ@sa On the
O oonteery tha a;*m wavs type los been minfaturdwed ond can o
cpplisd o tha mmm:;v_a:gtgzﬁéa in dogs over long porieds.  Uhis
£lomioter has provided much of the taste infomction vhich 1s
ewxzently avablable 'éﬁmwﬁ the vhasie behaviouw f:;i? -a@:ﬁ’;}mxy ow in
atssorent expoxizental attuations. R

“n he inmsﬁmﬁim of mean oy the graduated aa’t..,esa%m nf
eutilow me .iii;tiia ylfma in @W&&Mg&ml oxporiventation novadayce
Bubble Slowawters and wotavetors 3#@?& heon of geeat value in hentd
Janey rmxxzmtmm ag also bave been '&aaimﬂma m%ii g i pdnedpie

68 Taab oleammea {Gaynon and 3‘*}&%&1&&3‘9 1963).

u man wost of Hha modiisds havo weed varistivny of the Plck

~ :g;m_,imﬂi’;%;%. »ﬁm mwmm axido. Technigue mm& pariiculanly by Nibe
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{1051) ard ﬁi}XM*g ghente (1959) hes fasniohed '&}‘hﬂ wgwiﬁ:f of
_:Mﬂm%@s}g ﬂéw,m& '%:haz iqu mmmﬁ; aammﬁﬁam : “m;a umimiz;ua "

| ms r’i@%&ﬁmﬁ &mﬁz @*& uged By }Zaeﬁy &:3@:& &miéﬁ m 15?43} to mamzm
ﬁﬁ:’f:ﬁmﬂi %aleﬁzi flow by o :iﬁimamm af mmmm** bLy lraotive
mmﬁswz ggm, 2e0. 155 ndtrous oxide. B The prinedplon of this
tacholgne aoe oo followas Iﬁ'ﬁmﬁa ﬁ,g.icfm ﬁiﬁé&lﬂégﬁ‘ 25 henwd mﬂ&’@iﬁ
| 35 neorly ﬂmm'an-mﬁ& zatlo widh *%&m mma. | “W: m;;:samﬂm '
szsﬁmﬁs;ﬁafwﬁm aff mi:kmus mﬁﬁa QEn be z&atemim& by senmwing tho
GOROnERY mzama concentiention aiter 10 ninuten of Inbaladions A
thida %azn% tha tlamuen ave satureted ﬂiﬁx gans e mymmﬁw aad
GovonaTy Venoud ‘bmﬁ arg dn virbual a:aa;ﬂ::‘myim., An exterion
iwmm diffovence .ﬁs sengured cizm::r the poried of mmmﬁm; and.
‘é;hi:a in inte,;mw by M wilidple tioed samples.  The éw
ﬁ&i‘f«amm is &i:wiéml mﬁa the nitvous oxdde uptake pop 100 gm«m
to dendve the &3&?& 34 wou found Yy Gressy gleale é_iﬁ}:&) thot dn |
doge a & 8.4 commolation of flow vith zebametor uessurenanis
souid e achieved. | o

Indo=Ts0tope -

Holtdng, gtenls (1050) ond Tove ond Dureh (1006) uvsed wubldiun
86 wptake to debestaine coromazy flow bub ids nethod hon bean shown
to by very ivagourate. Sevoldus and Johnsen (1959) attenped to
mm Lkow fpon aoalysis of @ vlandend mdiecandlopren alter
injecdion of X 3‘3‘1 aibwadn,  This foon o im@eumm ol cotbied bo



13
m &W«ﬂm Lo m;;%yw of msﬁsn

& zopont sedification han boen the teehnigue of coinoldence
ﬁmm&ing O the positron omd brex ﬁgmb:ﬁimo ) ﬁ*i:sﬁ.és: ‘%;e;ﬂfm@m

eotivity dn e imm ﬁhm%am can be ug}rmaﬁe@ Lox by singlisnecus
‘ 151, % o

: iu;sas?ﬁi{m e n :;nn &i&fmﬁm&z trager such oo
Mlm.ﬂ.ﬁe. |

1% won dxm:mmi ﬁmﬁ an .{mxm o8 viparance e@ﬁ!micmea mﬁz@
1*§5Kaﬁ@ﬁ Wie :.‘xewi; m&tama ond thie mmﬁﬁm w @amﬂm in the
wlmwﬁﬁgg s::ingstm:.
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(}ha.;g“hér 2

THE INERT GAS OLEARANCE MDIHOD OF

MEASURING MYCOARDIAL BLOOD FLOW

The use of solutions of radiocactive gases in saline for the
measurement of cowonary bloecd flow was‘first described by Herd st.al,
in 1962, Fuxther'wQ;k on this wag done by Gohen‘gﬁjgg, in 1964
a‘mi_iRos\s et.al. also in 1964, |

The basio principle is that xadiaa&tive gag is injectéd into
the oorbhéry artexy and thié is carried to the heart and diffuses
.:t:ap.idly i‘xfom' the capillaries “bh:r:ougheu*b its substance. Thereafter
arterial blood containing none of the radioactive gas removes the
Asotope from the tiesues of the heart and sinée it ig highly
- diffusibvle its rate of removal is determined by the capillary blood
flow. Thus the elearance of the”radioactive gas from the heart is

a direat method foxr measuring myocardisl blood flow.

It is important to remember that although this method is in
prineiple an indicator dilution methed, the indloator does noi remain
in the vagcular compartment as happens fér instance in the measurement
of sardiae output tut it diffuses throughout the tissge-apane. The
removal of the indicator by pxagreaeive‘xe~equilibﬁation with fresh
eapilléry blood gives the essential measurement - that of the

clearance of the isotope from the myocardium.
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The basic formal mathematical analysis is now presented but

before this is disoussed the following sssumpiions are understood.

(1) The method cssumes that the isotope diffuses fapidly throughout
the tissue supplied by the artery in goncentrations determined
by the partition co-efficient (N ) between myooardium and
blood.

L ]

. e ) congentration of isotope in myocardium’
concentration of isovope in blood
(2) Partition eguilibxium occurs within the capillaxy iransit time.

(3) The detector over the heart gives a count rate proportional to

the radiocaetivity in the cardiac tissues.
(4) Phe arterisl blood during the measurement contains no isotope.

(5) A single system 13 being measured in which capillary flow owver

the time of detection is constant.

‘Pho radioactive gas. originally used in this type of experiment

was.aﬁxrypton ut fox reasons discuesed later 153Xeﬁon was chogen.
Calculation of myocardial blood flow

A single bolus of xadioaﬁtive gas ig intr@&uaed inta the artexy.
Nov let Ca = concentration of Xenon in the artexry.

Cv = éoncentratian of Xexon in thé.vein.

0m = voncentration of Xenon in the myoetaxdium

Om = mass of Xenon in the myoocardlum
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Vi = volume of myocardium.

P a flow of blood.,

The rate of change of the gmownt of gos present in the -

nyosaxdium 18 expressed in terme of flow b# the Ei@k prinoiple,

R N CE D rorees (1)

Aftor passage of bolus, Ca = O

' . £ . . .- |
R ol “Eelv SRR LIST IR €
Dot at equilibmium A\ wfm . v (n L (%)
Cv * A o PAALAAAR
fn = ﬁgg R
% e .ﬁ‘ﬁ‘ srenmee (4)
Q‘.‘t‘ & i‘i Fitut : A d *'li*‘o : ’ .
o Bubstitu ing {4) in (Q),ﬁé§§ jsgdmﬁ | ﬂffﬁiﬂ-(B)-:
(%) is a standazd diffexential @quﬂticn whose ﬂ@ﬁeral snlu%icn is

6. S Qﬁ (0} ok | ngmmmu(é)
(6) 4= the exﬁanan%ial &eeay expression in whicu 6 . (G) is :
Yhe value oi;Qm at the,iniﬁgai paxt (4 = B} of the meagaxs& d&@ﬂ#,v
In the yémti@glaé solution %he clearance mate.saés%ﬁnﬁ & -

o -
)\vm

T et E 35)\

Yz e ' ) . ‘ ‘ioiiu’&: (‘T)
As the partition aaéffiéienﬁ is kaoun the expression means thal
flow per unit ?aluma~éa@:h@‘fbaad:wﬁen-th@ nﬂiy'unkm§w3,~ka is

caloulatod.,
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| Galoulation of k

"K is not measured diveetly hu%ﬁi“‘ealculate& from the timé
required far the expanentially decaying m to fall from any value
to half thn% value, Thias is a&leulstud thus:

In Lhe exprension Gm = Qm (0) o Kb . if the time. xequiren far
_Qm (0) to £all %o half its value is th then

%&' = Qn e =kt
o' = @ ~kt
-.' L 1 .
ékfg .
. .:L ‘
c.t thg =5 2

ote Eth = lﬂgéa
e k= Eg%gﬁm
o As log 2 is 0.69315 k is thaxéfore known when thé half time t5
'fifin minubdes) is founds This is anne in the afamdar& manner by
‘plotiing the points of the glearance ourve oht aemxlagari%hmlc paper.
:f From the stwaighﬁ iine which is platteﬁ the half %Ame is deriveé and

k ig caloulgted,

Equation (7) can now be writian thﬁs:~ _

| CF = kAW . civeee (8)
.Ix bhe veluma of myoeaxdium chosen iz 100 ml. ﬁhen |

| R il /min. /100 ml. C eeeeen (9)
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Ao it is ocustomexy to express flow in ml,/min./100 g.' of tissue
the dinensions of equation (9) are transformed thus:

Hlow = 1§>\ -3-39-9» ml,/min./lﬂﬂ'g. ' sessen (10)

vhere [ = density of m&oearﬁiwn
As P = 1405 mg. /ml. (Bexd eb.al. 1962) and
A = 0.72 (Comn 1961).

‘Then myocardial blood flow = k x 0.72 x 100 ml./min./100 ;(;. )
' » 10G5 eesose (11

.*. Myocardial blood flow = 68,5 k mle/min./100 gu

Figure 2 shsjws a typleal olearance cuwe.vdbfaiﬁed with this

nothed and the derivatioh of the ﬁlaod._i?low therefrom.
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vwhis shows a typical eleéﬁanoe cuxve obtained by
this technique of measuring myoocerdisl blood flow.

The Inset shows the'transfereﬂcé of thé initial glopo

of the ourvé to semi~logarithmic paper and the de%zvation N '

of the halfutime from the slope’ of “the atraight line

produced.



DISGUSSION OF THEORY

The Piret obvious 6iffiaulty with this type of thaaxe%ical
aéprnaeh is tha%s iI¢ nnly deals ﬁlﬁh flaw per unit vnlume o masa
of tissue and not absolute flowe This can be dealt with in
experinenial Gituaﬁiene by § ténﬁniﬁué whi#h allows for
. aal§ulatian af;ﬁhe absalume'mass of tissue perfused by the axtery
: used in the‘iﬁjeaﬁionsa This ¢an ba doné.py injection of dyes
ér‘oi bariun aﬁ& the aotual %issug in?alved~weigheag Absolute
v fléwg oan then be derived. xn‘aﬁyeiimental work where the degree
of change in flow is important then flowa found in this mannexr gan

be uced end the percentage change easily onloulated..

Th@ second difficulby is that.the§§ is an obvious ﬁisciepancy~
hétﬁaaﬁ the theowetical predicted eurVe$ énd the actual curves
recorndeds  Inspaetion of a typiecal guﬁva shows that it is not in
the form of a single toim expanentiél and énalysis_an.eamilagarithmie
| papéx‘indieéfas thaﬁ,iin facts the majaéi£§ of axperiﬁentéi curves

approxinate to a bi-exponenticl form.

The early workers with this techhiéuéf(ﬁgaé,lgﬁ,g;} 1964)
devised an expevimental approach by whioch flaw& 0 a coronaxry avtery
could be measured by rotameter in a heart-lung preparation and
simultaneously estimated by the xadidaoﬁiviﬁy'gas cieaﬁanee‘tachaique.

The aaxrala%ion,ﬁaéﬁficient found for their exyariments was Q.99

Zierler (1965) in a mevﬂew~¢f,fhe1thaaratica1 derivation of
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the equations fox' measuring blood Llow hy external manitomiﬁg cf
radiewisetapea, pointed aut rhat in suuh equutions the 1ikelihocd

" of the curve being truly expanential wa# much inereased if the flow
pox uﬂxt volume was suixlcxently rapid. Lassen {1967)- confmrmed
this and also sugzested that of’ all the amﬂas in whi@h thia typa
raf tachnzque had been used to meaaura flnw, the myocaxdium was by

far-the maat aanvxncing from a thaareﬁmeal basic,.
| - Zierler fuxther &ia@uaseﬁ tha analyﬂia of the curve describad -
; and hy a theoratical presentatlen oi tha functicns of tronsit
times was able to show that

¥ = g8 ~
. J(;_ g{t)at

and in;%his;ﬁquaticn it is not necessayy to assume that equilibrium

between blood and tiasue exista. It is thexefora theoretieally
poseible to caloulate the flaw by two .separate metbgés {a) the
gemilogarithmie replot ana.derivathn of ha;fvtima (%), () the

peek height ovex area method.

~ Zierled showed that in the given individual instences the firsy
webhod oﬁérestimated the SQGQﬁd by 1%%,”althﬁugh‘i§tis possible ‘o
undevestinate ox even aqual %he other value. "Qﬁviausly‘th@ neaver
that the semilegamithmic Teplot approximataa te a straight line, the
likelier io that these two values will agree. o deal With the

posaible effeots of this discrepanéy in ealoulation Rees aud Redding

(1967) in a long series compared vesults achieved by these two
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different methods of caloulation. In indivi&ual cases the
pevcentage aif forence memainad»intéct the'caimelatién goéfficient
"heing vory high indeed. in'the woxk done ih'sum own 1ahcratar;és,‘
during the initiol development;pﬁ'thia method9 éhanges in biéad
flow praducéd-by various manceu#res were estinated by both

teohniques and the.percentaga nhangeé'recarﬁed ﬁere identical.

' The diffusion e@uilibria hetween cépillaxy'bléédlanﬁ tiQSues
is an impoxrtant factor but the assumption of éantinuoug difquienx
equilibria is reasonable fox highly diffuaible,iﬁéieétars éu@ﬁ as
- heat, water or Xenon (Bassingthwaite et.al. 1968); |

One factor of importance is the high degree of baiubility of

Kbnon in fat. It soon became obvious in oﬁi early series-of

expariments tham ﬁhe slope of the curve and the ﬁegree of residual
radioactivity Varieé directly with the amount af fat in the
myacaxdium being perfusea. This problem &£ 1ipi& aoluhility had _
been examined by Friesingex (1968} who was able to demonst:ate .
that- the residuai high level of activity was'due‘%a the persistence
of Xenén in fat. This was aone by a techniqpe which invalveﬁ

aerial autora&iagraphs¢

Basainvthwaita,._g al. (1968) 1ikewiae devised an ex@erlment

by whieh £low estimated by this technlque was measurea and.compared .

to actual flow. The highest corraletion wasg achieved uaing ‘the

standard mono~exponential anelysis of the ourve produced by the




alearence 0§’l§§xgnﬁa.

-@he narﬁitien.éaaffieien% ()\j for Xenon betﬁaén myoaardiu#
and Flood was %aken as 9.72, a facl worked out in detall by - |
Conn (1961) Aﬂ our werk inwnlveﬁ greater ﬁhﬂn atmospheric . :
pressures 5t was importent Yo chock that this partm%ian caefficxent
did not vary with differing pregsuves. There veomed 1o be no
ghysipal reason why this shnulﬁ happen but it was chetked by
produeing Kanéﬁ~guxvés in eone exporimental animals at &iifg%ing

atuospheric prgssuxes~while kesaping the insgi:ad-ﬁxygen‘teﬁ3§ons

at a conatant level. This showed no difference in peak height,

shape of ewxve or derived blood flow and it was assumed that the

Xenon diffused equally ab all the working prossures.



PRAQTICAL DETAILS OF THE METHOD

Tha basia_experimental set up is as shown in %he'diégram.(kigure,.‘
3) anﬁ the photograph (Figure 4). Mongrel dogs were aﬁaesthgtised.
wlth ﬁhmcpentona godium given xntravenously, intubateﬂ and

anaesthasia wag then maintained hy'trichlarethyiena using a Lr;tec

_ vapnuriaer. Respiration was maintained by means of a Starling pump
- and spontaneous respiratien abelisheﬁ using succinylscoline. |
Depth of reapiga#;on\waa usnally adjusted %o keep the arterial .

incQE béfween 35 and 45 nm. af merourye

‘ﬁEing‘%he'léfﬁ common carotid artexry a Sones type of-amronery

“'“arteny catheter was insertea under radiographic control into one
'Taf the ccronary amtexies. mhese‘caﬁhaters have a tip which is
L '-“\ta,pared dmm o gize 5 (Fz:enah Gauge) and the tip was placed just
‘ 1ng1de the mauth of the artery. - In this position there should be
; no, ehstrnction ta flow and this was confirmed by withdrewing the

f&aatheter during tha inseription of a washout curve, and no

| intewxuptign of the curve enSued-(ﬁea Figuve 2, page 21.)

CHOICE OF mxakam gAS

A,L'hhaugh both erypten and 35:«:emn had been used in earlier
studies with thms method, it wasdecided to use 133Xenan. Both

gases have ghort bi@lagigal balf lives and it was found hathgfér

 gzypton (Chidsey, eteal, 1959) and for *”’Xenon (Ross, etegls 1964)
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% e experimental eet up le ahovn. The aeintillation
oounter le In position over the sheet wall. The
coronary artery and sinue catheters are ebovn at the

neck. Badlo”aotlTo oountlng equipment ie In the foreground$

and upper left there le the image intenelfier.
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that oniy 5% of‘an injected intravenous dose reached the systemic
ocirvoulation. The longex physical halfrlife of Krypton (10,27
years) and its higher-gamma eneigy.emissian (540 KEV) make it a
greatey rédia%ionﬁhézaxﬁ %haﬂ Xenon.ﬁhieh was thareﬁaré seleoted

foxr use.

133Xenan~h&av%hé following characteristicsy

Atgmiégﬂ&mbér 54

Mass Numbex 133

Helf 1ife - 5,27 days

Radiation Beta and gamma

Beta 0.110 MEV

Gamma, . Main component 81 KEV (35.5%)

As supplied from the Radio Chemical Centre ot Amersham Xenon

gaﬁe normally 1_m¢/m;¢ (dissolved in sterile isotonic saiine).

~ To give satisfactory counting rates it was found that 0.5 nl.
of the solution was the dose wequived., Experiments initially
perﬁammeq sﬁcwed that aétisfactary bolus injettion could be
- achieved b&'fiushing thig daéelaf Xenon through the coronary
artery catheter with 2.5 « 3 mlo. of‘saline. It was also discovered
that using chéx substances to flush the Xenon into the'catheter,
e+ Fb dextrose, warm saline or %lood had no effect on the curves

produced aa&.isotania galine at room temperature wags therefore uged.

A deteotor using a 2" sodlum lodide crystal was positioned

over the heart at a spot which gave satisfactory counting rates and



cuvved. The ideal position fox aﬁy one animal could quickly be
found. The detector utilised narrow aﬁgie celliﬁatidn'and impulses
fed $hrough a pulse height analysex to a xafemeter and from thexe-
to & writer. The eguipment used was an Ecko radioactive ¢p;nting
ayéteﬁ.anﬂ & Servoseiibe. The pulse height analyser gafe was set
for the appropriate gamma energy and the ratemeter nommally set at

3 mecond rate .cons'baﬁt, The type of ocuxve §roduced is shown in

Figure 2 and the flow dorived as previously deseribed.
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As mgsi of the designe& expam&mentai wark 1nvvlveﬁ vaxying
%he amblent pmaasnxe, g presﬁux@ vnsﬁei large enﬁugh.iq agoommodate
911 the qppxupriata éguipment was neeessary. Such a veasel is .
'incnmparate& in the Byperharze ant at Glasgnw‘western Infmrmaxy.
;As can be seen from’ the y;etpre of th@ inter;cr (Figure 5) thie
pressuﬁe chambér was designg§3fcr‘asa a3 an'éﬁéﬁating theatre (emd
‘it is in fact @axraﬁtiyfbaing ég used). There is %herefore ample
~space for warking, imstallation of inatzumenﬁs, et@. and the
 experiments could ba designed to include all the types of equzpment-
.which were used initially aﬁ n@rmal preaaurEe

@h&a pressure chﬁmher iﬁ aﬂoigﬁﬂﬂ to cﬁmpress tha air 1nslde
the vessel and it is imgaxtant %0 rEmember that in the larger type
of pressure Yﬁﬁ$el~the eampressing gas is aix not oxygen.s This ie
in contrast to the situation in %he smaller pressure’ chambers
designed fox cliniaal uaé "tha ong-mar, pressure ahamher“ in which

| the. ncmpxaasing gas is oxygen.

mhe texminalagy usad to remarﬂ the vaxiuxian in pressure can
beﬁanfuslng and ﬁhe vqrious typea of nnmenqlatuxe are set out in
.ﬁhe fbllawing table (ﬁable 1) whxeh shﬁwa the ehangeﬁ in pressure

vhen descendmng helnw sea 1eVe1.

In the Glasgow gmsm chambory he maximis pressure availablo
is three aimospheres. absolute (3 A@A}.zy T wai deeideé that our’

| axpaximan%s shsul& be limi%e& 4o twg atmospheres ahaoluxe ana the



Figure SI

This photograph ahowe the interior of the preaeure

chamber and dmonstratee the room available for both

pereonnel and equipment.



530

Gable 1

: Atmnephezea Earametria Presaure | », - Gauge
Absulute : o .|  Pressuve
Sea ieval ‘_ 7LI;'J‘ 760 | 1447 néff 2 0
55 ft. depth y;2: é' o 1520~ | _ QQ,Q;UL 14.7
6 4, depth [ERETRE I - XS [ 75 29

maﬂ(}ns ‘éré:“ RN

(a} %wc atMQSPhﬁxﬁs ahsalute (aAQA) oould giva in thaary an
| arténial ?02 appxua@hing 1960 mm.ﬂg. 1£ 10G% qugen 19 the
\,:-inapired gas. It was felt that *his level of exygen measion .
wnula ha sufficient for aux inwestigative pur@usaa. ‘

(b) xn the alinleal pxac%iee Gf the Hyperbaxia ﬁni% mast txeatment o

) waa aaxried au$ at two atmmaphem@s. \

Kl \‘

- {e) The,quastiqg"nf'haﬁaxﬁﬁ téistaifa o

beking at high atmasphaxxo pxussure is knawn tq hawa

potenﬁxally harmful effacﬁa, “ha twe mﬂs’ important are the diffexent

types of Gaisseﬁ aiaease Q%he benda“) and aseptia hona nea:awis.

wxperienae af tha hagzards experienaed hy cammﬂreial gonoerns and
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also other cliniocal and experimental hyperbaric faailities has
shown tha+ the decnmpresaion sehadulea muat be migidly adhezed ta
if trauhle was So he ambided.zi ﬁowever, if the wnrk%ﬂg Preasuxe
does not exceed twn a%mosphares ebaolute then ‘the decompression '
time rwqui“ad is vexy short " and fur%hermore n@ cwﬁe of bone _
. neurosis haa vot heen recorded if the wurking presauza waa not in
oxcess af twa a%mOSpherea ahsolute. Sona 3uxVeys have been -
aonducted nn the waatern Infixmary'hyperbario personnel sinne the
: stamt of tha vagmamne and no aaaas of bone neoxoais have been
fannd, nor have there Jbeen any. eases of ducompnessien sicknesa .
:(Davidson and &edingham, 1969).. . ?exscnal experienne af possible
hazards has been one nild apisode af atitie barwtrauma. A This'
; uacummed when gﬁing to pmeaaure wmth a. mild head aold ut settled
with no trentment 1n a . few daya, '

¢he use of 155&9nan daes net by 1tne1f present & aignifican*
xméielagical hazarda mhze ia beoausa xenon ia quiokly cleared
from tha ggngxal eireulation by passage ﬁhxaugh-thazlungs,anﬂ is
exoreted %o éimBépheré. If the expired aix coﬁtéiﬁing'xenpnléan
be vented to the atmosghera it is quiﬁkly diluted to insignificant
levels. When woxking in the presaure chamber the axpired aix
'could'eagily-be;led oum;?h;ough +he .exhaust valvavtavatmoaphare
and in feot there vas no diffioudiy with build up of background
- vadiations  Mhe yegording apparatas and th radloactive counting

: egﬁipment.was;teataﬁ,aﬁ~pxassu&a,qnd.alliwerelfound.to woxk
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Whe ra&&olegi@al sareening equipmen% was @nly uaed
emaasionally at presruxe a3 nost. ef the aameenxhg eeul& e
”gacnmy;;shea-befere.g@i@g to - greater than_a%mqsyherle_pressuréf‘ '
'hntzan %ﬁe,aédééi&ﬁéfyhen'it was used éﬁéﬁessﬁre itvfuneﬁibneé

safisfacterilxyf

éﬁb*laﬁt"hﬁﬁaﬁ@fﬁas the pessiﬁility?éf'anfiﬁe$éé§ed fi%e .
riak a$ ymgsgume. {iﬁ'thé large prGQSﬁie ¢hambexr which vas being
used for theae\ﬁxparimenta the Qompressing gas i& a;r ana the
‘ thso:etieal inareaae of fire rzak at. twe atmasgheras 1& vexy slight.* ”
In apite of thzs tha ahamher ia canstruete& with fire risk in mind |
»‘ané all appropxlaie safe%y aw;tchgear eto. is incorparataé.( In

_pxaetice there were no haaarda fxom f;xe x4 explcsion.-
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EVAL'@%QB;;@ PECINIQUE

?relzminary ‘studies of the teehnique were gerformed\on 20

v;_nongmal ﬂags waighing fronm c.a to 21 kg.

The anaeathétié'ﬁelectad-for thia stu&y‘wae-trichlaxethylens.A=
‘wh@ reasona fgr th;s ehnice were that mueh previous woik haa heen |
done with trichlorethylene ana&atheaia at hyp@rharia pressures and
the hehavieur of twiahlorethyleue from the anaesthatia point of
viaw wag wall deaumented, (Jacnbson et.al., 19633 MeDovall et.a
1964). It alao pxoviﬁeﬁ an snassthetlo whieh would keep an
exgé:;mentgl preparation etable over a period of many hours with

«anly'ﬁinnr ghang§é¥in1gdncentratian;

 j A tutal cf 210 measuremeﬂts of flaw‘weru nade. ?be axerage _
p@riod of expemiment waa three hours and Figure 6 shows a typieal
pattern of hehawioux in,nne &eg. After an initial high peak of

ninutes: to an acceptably stable atate.

'Bléad yxessute and heart rate wére obViauﬁly important iﬂ'%his
’ ccntext and the mean raaults are yraaenﬁed likewlsa in gmaphzeal

foxm (Figure T
‘The total weduction in hlood pressure wver the three hours was
~less then 10@ ana heart rate ﬂid nnt vary aignzfiaanﬁly when the

atmbla state haﬁ been xaache&.
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1C 0(1
1C Oc;

minutdt

Pigor# 6i fhls bistogm <«boirB the behaviour of nyooardial flow
la one over a 5e hour period* After the initial

peak, flow quiokly settles to a stable state.



HAEMODYNAMIC CHANGES with TIME

{series I} — Mean & S.E.
{
| 250
I\ T -[ I O===0 Hgart rate
e O
HR. 2004 T /j’_ _L""'-j:-\‘l' ;[/o/°\ °/
{beats min) 1 o, T/J. l
M.B.F. _ T
150
{mi 100g min) ~~\1; T T .,——Ilffi:~itﬁﬁ pressure
M.B.P '5__. Tl ‘:;JT T Tl gt 1
{mm. Hg) i 2= f'"il e “T 1+
Ny mmmmyx ™™
100 L _l
Myocardial blood flow
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T T 1 | I | 1
Vy | 7} 2 5 3 o
TIME — HOURS

Figura 7: This diagram presente the changes in heart rate, mean
blood preasure and myncaxdlal blood flow over the :%

hour periods
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Ta assess:the reprodueibility of the teahni@el of
measméeﬁ:exit paired rung were undertuken throughout the sexies
of 210 measurvements. With thé Xenon élea:tatme ta;ﬁhnique it is
possilble to repeat runs within three to four minutes. Paize
wg:'.;e selecdted in whiéh the heart rate and blood pressure were . |
:Ldpnfsi_@:a:i_,»"e,nd it was found that the variation between the pairs .
was alwaérs less than t 4% of ‘ﬁlie neau £low. Thiﬂ‘dggxree‘ Qf-« |
xepra&ueibility was céﬁéida:ced acceptable, In thgée flows the
: mné:e recorded ‘;éig;ﬂ. 70 « 210 ml. per 100 g per nimute and the

nean £low was 126 ml. per 100 g por minute.
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hapter

- CHANGES IN‘HYOGARDIAL BLQOB FL.OW WITH EXPGSHBE 70
. -HIGH PAﬁTIA& PRESSURES OF OXYGEN =~

| As fhe initial research intemest had lain in thé iﬁ;eatigation
ﬁaf»fhe resﬁénses ta myocardial blood flow %o high partial pressures
of exvgen the first set of experiments were designed ta elueléate
$his- paint. _ o :

. EXPURIMENTAL MEYHOD -

The experiments were all performed in the presaure chamber at
:the Ueatern Infirmary. Glasgow. Mongrel dogs with weights varying
from 9-2% kgs, were used. Anaesthesia was induced by‘iﬁt?avepous
" godium thiopentone, and maintained 'ié'i.th triehlaretﬁylene “given via
a Tyitec varariseﬁ. Respiration ﬁaé maintained by means af-a
| Starling pump and spantanéaus :asgiratian was abolished wiyh,
sucoinyloholine,  Tidal volunes were controlled by means of
rageatea hlaed gas estlmatiens and the arterial PGO was kept
between 35 and 45 . Hg. ‘'Vemperature was centrolled by means of

a haat;ng cage.

Heyaxih 25500 unite was given every two hours. B.C.G. ves
recorded by means of needle electrodes. OCannulae were insexted
~into the femqﬁél_ar%ery and vein., Pressure at the aoxrta was

measured —»Byétélic, diagtolic and mean arterial pressure being



. xégwﬁe& on o Mingograf 61 :&gmzx‘im.

mm the aid e£ a Sleneng 5 G :&m@g& ifr%,ensiﬂer the . laf*i: eamna.ry
‘..rtezey wag camulaﬁe& usually zﬁ.’kh a Faanesz Wos T ea'bhe%er. The
. gommonost «im vas- “kh@ Jszfis cﬁimmﬂex aoronaz:y -a;grtery;aljt};cugh _ ., a
”;:m;rt anterien. daseending vos. mwsiammy uaex‘i. ﬁha wsiranary cr
-smuﬁ. was smhrml ated using a Paﬁm'&ea‘z mnufmmm& i‘mm Taﬂm, .
‘M Fhe. éud . @ﬁ‘ tha experinent the nathe%ez: was withcimwn ﬁamng g

curve to enaum that no ebamﬁtiozx to flow m& stsaus.‘recl.
\;*.{'é aﬁ#iaté an:,r f&ifi‘éreﬁcés‘ yhioh may iizw‘a beéxi ”'”dué ta the
fmt of 'sm,wing mbi aﬁt ymsmg all ‘hhe mzpez:imnts we

@&x&&u@ted a’h 'bwa amaapmma a.bﬂem‘éa@. Va.ma,t.a o m ﬁhe asrte**m]

:Pﬂz woL &ehi@*md ‘by fimt usmg a mix%ur& of w';srgeu and ni s.mgexa .

in n:ca;pomsmm which would give an avterial r@ of . ‘ba’cwam 90 and
109 m.ﬁg. “"hia mixture of gm&a was. aasﬂy can%mllea by using N
a, pa;mmagnetm axargseaa mlyse:r (Semmax) am“:enﬁien Was ;:a:léi. W
b *@1@ ciaiw blmﬁ-gaa d:.ffamnce iu the m&aﬁ eleeﬁmae ays*hem

© and am mnama ma.da whexa mﬂ..nu.aatxng the &esimﬁ :E*a o 'Ifh:i"s method

ai‘ uo'ﬂicmg pmdzzoefl wha:& m gub%quenﬂy mf@ma to aﬁ Yol ,
aqm.v'zlanﬁ" iaﬁ-; a aem‘bina'bien of oxygan aml xzitmgan in found

o _‘ whioh at the appmp:iate :mb:lent pmssm:e wl.ll giva an arterial
,-'""i{axygen temicm of between 90 ana 109 m.ﬁfg. w}aen the mspma gan
| ﬁafz cshangad &u 1&36@3 axygan the urte::s,a,l 1’0 ebta:ined wexagea ‘
106)6 m.Hg. | Hean arterial ’nlq:aﬁ. z}ressure wag obtaimd b;}r uaing
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" %he eleatwnia integm‘ta:e in the rac@xﬁiﬂg mehim ann.. the heart
:m%a amm%:eﬂ, by the FeGalhe mrex* & 30 second periad. 'Bha

exporinental, :g;wamﬁure wap t{) ma&sm:’e heew{; m*t:e, blood pxéssum

-~ and mymw&ial bland :E‘lw ﬁm*ﬁy on :;zi.:r: squivaleont axid then after

o papid ehpnge im breg'tshmg 1@9‘}’0 exygen.

RESULES

o T wemll :msul‘ta of t:t:s;ts yhaaa of tha ex,parimeat are here
k pmsan%ea. - 34 &Qgs vere shudieds.

. eble 2

HEART BR"“E;, BLOOD FRESSURE AND MI“ABLBIAI: BI@@I} FL@W
(AIR and 0, ot 2 ATA (34 D0g8) -
Heart Rote Mean &ﬂr‘té‘z;:;aal" 1. Nyoeardial
pex min. Blood Pressure | . Blood Flow
o : s Hig - ul/100g/uin,
AR 8 161 # 4264 | 16 289 | 1144 ééa
Mean and 8.8« S Al Tomels o A L Geed
b 0.00L
0y ‘ | o N o - | |




" h%e mf*sulﬁs shw a mﬁucmm in blaad. flw ai“ ",a,u.’_ ‘ﬁaar‘%
| wate ané mecm blqaa ;’mﬂsu.m remain vtrtmny unaii c‘*&;eﬁ.. -
Stati tiaml ﬁnalysis by means of: %hs Hﬁmair@d & %ﬂﬁ% sh@ws thaﬁ

v *hﬁ reﬂueﬁien in blnoa flnu iﬂ highly sign¢£icanﬁ n<:6 001.

A intarestlng i’mdmg wils *&;hat Pmimtioza aﬁ‘ $he hcsgz:t rate
- and blosé gxassuxﬁ hy thﬁ pdixa& ﬁ tea% gawe aignif;c anid xaanluq
- (hea&ft m’ke p< 9.025, mean blaati pxesaure p< 9.02.) mc'ima.tﬁ.ﬂg;
" *mris th@ divection of ahange was signifiaantly thed of &
.,_mﬁwtmn in eagh tage al%h@ugh ubvioualy' the mgni*bu&e is mt of
s%aﬁigthai on of yhyaialagiﬂal signifiaaneeg Stuﬁiaﬁ Gf he
‘ eleatmaamiﬁmphic mmr&m Men during these exgarimants show&ﬂ.
no shanges in rhythm, atﬁiodventxiaular canductiﬁn (yd QH$j~
cﬁﬁfiguraﬁian. | ' | B

As it had. ’baen eas‘hahliﬁ}ae& tm* 'hhe e%mlga £roa am eqnivalemt
| to ,o;;yggn wag assoslated with a mﬁmtim in .mmﬁi 1 ﬂmr it
vas deodded to exemine the changes in the :r;-eveme. éima-tﬂam de8e
axygen to air equi?alen‘b, o sae if any stgnifinam &ifi’emnae |
“existed. o

oD

The basio bmcedm vag as in 'b‘he i‘irst aﬁpem‘im@m hm -rwa -
emoups of dogs woye ;&:km;ned.. Y %a :hs.at 12 dﬂga ch«ew‘m in
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hlaaéi i‘lw HOXR . examined on ahane'ing the ms;pimd gaﬁes m 'mis
?—a:erdem r:}iT" aeauimlent & 190’}5 ax;}rgen s mim aquivalent: : 1{){1“0

“ Qxygen. : In. 'bh,a aecm& gmu;a oi‘ 3.1 dag:s 'L&m sengzema was

| ravgmeﬁ. ﬂ‘hs msulta Em yrasmtafi m tha f@llwing hm’hagram.
N 7($‘igzme 3} | |

‘Eh@ paﬁtem csi‘ mspcsnaa ia s:s.milar 3.*;. ‘both semes. "Ehe'

“”wemll mean reduatian éf flw achiavaﬁ wag gn %:his aasea 21%.

Emmbi'%ux&ta msthéaia AT

xn a fma,l experiment fmw deg&s wsm examizzeﬁ by *ﬁhis Ms;ie

: pariaﬁ of time wi*&h one xaa,in &ii‘femma. ﬁhe exwrimm was
conduﬁtad salaly un&e*' baxbitum%e anaaatheaia - in thia case

- sedlun “bhiapentona.
. m méé:;fmsg;%,é ‘m gﬁlééémam 'hha followisg eg;m (atie 5_)‘.

Althwgh the saz:ies ia mszll the mduamwz in myamrd&al blood
ﬂms ig. ugarln a;i&mfmam%: in this cage being 35% E}.e posasibil Y.
of aiffering influemea of varicms anaaathe'bie egenta was not

“mmuaa; . | . ' L i R



MYOCARDIAL BLOOD FLOW
ml /100g /min
Mean +S.E.
SERIES 1 SERIES 2 OVERALL
12 Dogs 11 Doas RESULT
150 - 23 Dogs
100
50+
Airz Oé 02 Oy  Airs Airé 0,

Figure 8:  This histogram showe the resulbs on changing from air
equivalent to oxygen and then when the megvence is =
reversed. The final columns show the overall resulis

in 25 dogs.
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wm '*lé‘m, BEQOD PRESSURRE AND zmamm mfm Emw
A:m and @a ad 2 ATA, (4 zms} ,

Hem Ra'ba Hm,n Artwial : ‘ EM}Q '.Edml
;pm:' min. - mm Pressure . | Blood Flow
g m.Hgs L mlfloag/min.
|4tz equivatent | 166 | 91 | 92
|0 oxygen | 256 | s | 66

It ham hean kmwn Lor some time that hypoxaemia ig a mten‘t

| ) stiiulug tn an’ iumaaé in xwaaardial blood £low end 4% has 1608
.a'hean dsaumaﬁ that an inazease in &ﬁterial oxygen tanaien w@uld
paaaibaj weault in a maﬁuaﬁian of mynoaraiw& blood flau. Earmy

‘ w:x.'kem in -bhis i‘i@l& mporteﬁ a &aaraaae in mymardial ‘blood i‘lcm'

with inomaa:}.ng‘ condan’cmﬁam -of oxygen a“b namal amimmental

T »pmsme " Sabol, eﬁ.ﬁ (1962) in the apen chest dog incmaaa&

the axtams.al 'blt)ﬁfi D:g;ygezx ‘content fmm sm awemge nf 18‘1 0 2049
" volumea per gent ‘iay Wﬁ‘bilatiﬁg ws,th 1&@% oxygan. an& i‘amza e

" aeoreaﬁe of 22‘” in comnary winun ontflov.

Rokenhof8, steale (1947) veported stuilor findings with 1005
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oxygen at normal amhient pressures while more recently Daniell and
Bagwell (1968) again with open chest dog prepavations found that
‘abrupt changes in inspixed oxygen ooneentrations (frnm 25=100%)

. :were associateﬁ with aansisﬁent reductians 1n flcw.

As far ss increases in arterial éxygan tension with-hyﬁarbaric :
yxessures are concerned, the first repert on this waa by Meijne and
Straub (1966), They used the technique of meaauring coronazry ginus
outflow to estimate myooardial bloed flow and on ventilating with.
ax&geﬁ aiione atmosphere absolute and %ﬁgeé atmosphéres gbaoluté*a
| pﬁéérésaive'redﬁctibn in flowlwaa7oiserfede wegiiekig et.al;:(1966)
" uged a dixeat inaeatlan of Xenon into the myoaardium as their -
technxque of measurlng myacardial flow, This was perfarmed in the
apen chest dog at three atmnapheres abaolute and reductions of flow

varymg i‘::om“ 25 to 50% were mec@xdeda -

‘ The rasults presenteé here, the first in a elased eheat

pmeparation, are in agmeement with the trand cbserved by ather

. tnvestigators and it can o Tegarded as established that the .

‘ myocardlum resycnds to abrupt &nareases in oxygen tena¢on to a 1evel'

f of 1000 mm.Bg. ﬂith decraase in myaearﬁial blood flow. As there
is no slgnifieant change in blasd pressure ox heart rate this
éampliea & marked increase in myccardial vasecular resistance. This

-wis’censigténtﬁyith_ﬁhe tﬁena found 1n_ﬁany other areas af’the body.
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Che ter_

‘ Eﬁﬁiﬁﬁl@&gﬁ@ Pﬁﬁu REDUCT T -
POSURY Ro_HIGH FNIITAT, DRUSSURES OF OKYCRN

whan it bﬁﬁwmﬁ cleax thaﬁ uha xvsyensa te hxgh p%rtial
gressureﬁ ef axygem wal o c@nsiﬁtant xe&uctmcn in £iaw en
'i:iﬁVEﬁﬁiga#iﬁﬁ into the mechanisms of this changa Has. @Lnnnc&. |
~ From the podr ﬁf view QE madifying ﬁhib response by the use mf
 jﬂmu5ﬂ 1% seemed imparta&ﬁ %0 @xalu&e a nenvena reflex ag the
‘machaniﬁm a¢hhpugh it was ¢ansidere& that this was. umlxkaly ta be

%he aasa.

~ 'The uidasteaﬂ aympaﬁhetxa innervatzen of %ha hekvn wes knawm
althaugh the axtent of vagal anﬁervatibn memaineé ;n daubt.
Jose (1966) had inweatigataa aardiavasaulmr xeaponses in what wog
aalled “the phaxmaaalbgically danervateﬁ hoapt®, By this was
f:méan% tetal blockade Gf the heart hy uaing atrayime ana |
pruyranalal, feeie a anmbina%ian af vagal and beta ﬁympdﬁhetic

' __hlaakaﬁe. , Acqnxaingxy the first,experiment vas Qancarned wiﬁh

' fahsenvwﬁzana af the myoccardial flow mesponse o mxygﬁn before and

aftev iﬂseetinn af those dxvgs.. &atav it beaama alear thab . hhe ,

-.ileffem; of alpha blockade should Ye examined and ihis vas |
 yer£bxmaﬁ uszna phenqubenzamane; JThe final exyﬁrimaax~
’imvestiwateﬂ tatal admenargia n&urane blockade by the uﬁe Of

. bwetylivm tmyla‘&:e.a,
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moplue and Propraolol,

’I.'Immsm W"mﬂmm""l Setoup vait an 5&?&9@1&‘ demenibed,
- The pammetam studied weve mean, Axterinl ?,éi{éﬁeév Qréssézrs,, hﬁg%«ét‘,
zoto and Ayoosnidel blood flow, Changes in the inepized gases
vere azvonged mthei‘ellowing ca‘:‘rdeirém T

 Atvopine + Propranolol o

b

O & Ale y Oy 3 A “AlpSo3 0, 3 Alvs

© Asopine 0.04 us./ kg. and Pﬁﬁraminl 0.2-;@;&3; were given
o intravencusly st the indicated polnts, The results ave presented
© in the following table, (lable 4). B - |



Toble 4 -

HRARY RARE,. BLOOD m SURE AD memn;m BEOOD FLOW
LE‘I&GT o L‘I.‘RQPEHT 13.3‘3}3 Ptt{) ﬁANQLm}

1 ncas;.a::s?’ 2 am i -

Hean and S

Heart vt

Mean Blood

Prossure

Myooozdial Blood

wle/100g. /mine

Flow

»109% 0,

100% 0,
Adx egﬁi‘mlﬁnﬁt_;

Air aguivalent'

100% 0
Adx &thisfélmi‘t

t

bix equivalent

s tas
T E-ST (
g5 d 10
1 3,'7'{ 115 ;
e A‘cmpine #
TN
5t
s |

Cam s

a2l

126 3"3 u
stz

| 100 %14
EITESTY
Testn

Szt s

Propranolol

sl 5
sl
ued s

1
61

1
o™

KT
o

-3

i
1+

O

©° 4his teble shows the ohanges @reviéﬁsly vecorded 1n Wlood £low

on changing fmm exygan i:a aix anﬁ i‘rcm a.ir 'to 9@%&&.

After the

:in,jeutian of aﬁmpim ana pmpraml@l, heart xeai:e i‘alls by 155;5. B

 There is a sligh% ,pversﬂ,ll :t;‘all in blem pmsagre,;and myecamial '

flow falls sﬁ.gzaﬂ.i‘iémﬂy' (50}!:).

The feature of intevest is that
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- he pattera of ehange vetween aiv equivalent and 1007 oxysen is
i preserved. The weduction in blood flow mnAnhangiﬁg‘té oxygen
'éfter.aixaﬁine and @xépranolaliis\?am compaxed to o mean Teduction

of 13% hefore injection of the ﬁxﬁgs .

Bffeot of Az.;;mgcim;erg;@. ﬁlmkgae_ B |

Phencxybénaamine, an alpha aﬁrenargie hlaeking agent vas \
‘inveatigaﬁed. ' mha expeximant was repeate& and the ehange frma 
air aquivalent to lﬁaﬁ oxygﬁn atudiad after inaectian ef
phenbxyhenzamine (1 mgufk@.); Twio dags waxe atudieé ana the
relevanﬁ figures fﬁvm the p&oﬁocnl of nne &ag axe ahstrasted in
the following table (Table 5). |
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““noi o628 -

MALE 21 K

EFFE0T OF PHENOEYERNZAMINE

Inspived
o Goa.

Pirie

Heaxh Rode

Deats/mine

Hean: Ar‘ﬁé:éiél

Pressure

Myocardial
- Blood Plow

* mle/200g. fmine

Alr w .

72

125

g

oasso |
1425 | 392 ] 96 .;-'f o
amo | e | e
0, 1455 - 196 | 7. 85 |
0, 11800 | . 172 , 99 R 85 .
o 1305 | Change to Air & | L
B ETCH Y I R

Ain sé ' %@hﬁﬁwhénzwn@ 3 mg/kg.

' a1

o8
10

M ® 212 1100
i =
Mw s

Change o 1007 Osygen .

Ehemxybenmmine indmea a i‘al.l dn hlaa& }gmésure, but theve '

i an .Lnamase in heart m'i:a. %‘f!yaeamial blood i"i.w f’ails by 8he

.[Is:z mi'te of tha ;&.Lphe, blockade oxygen anaa again p:mducées a
reduction in myo(:axsﬁm'l mea ilw whiﬂ’h is. mevexaed on ahangmg

| back o ai“ eqmmlent. .



Breﬁylium anylate, an aﬁxanar?im blaaking agant, a8 : _
“invvatigqteda Tha baexc expeﬁimant W&S repeatea and ﬁhe ehango{
from air aquxvalent o 10054 oxygen xapem%ad aftav inthVenQus
injettion of ‘bretyl:l.um (20 mg./k:go)‘ ﬂ“"*sm d@gs we:‘:e aﬁm}m&

;ana gave SJmilar reaulta. ' - The remulis frnm.the p*atecel of one

e -ﬂ@g a;ce pmgen'&ed in detaz.l, {Table 5.)
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‘,'.,i‘able &

" Doy 22268

. BFETCT OF BRETYLIUM TOSYLATE

ALE 20 kg

2 ATA

iﬁspizi’ed
Gas

Teart Rate’

ime |
| Beats/min.

. Prefsure -
511 39 Hg'

. ?iean Arterial

L ooMyosardialk
- “Blood Flow
“ml,/100g. /win,

Alr =

1405

13|

wis |
1417
1426

128
156 .
S48
1500 |- 142
1505
1515
1525
1530 |
1500 |-

124
124

130

16"

| 'Br'etylium ti*esylate

145,
132
134
110

Change to 1005 Oxygen

110
- 108

Change to Alr &

110

YA
10 ngv/kes
-‘f.dgé
9
104
89

17
15

92

COMTNT

Ai‘tar injpatinn oi‘ bretylium there :ls a rige in mesn. arterial

p:.esswe’a a,l‘bhcugh a fall in heart yrate was ne‘teﬂ.-

By the bime

. adrenergic neurone blockade had been establiahed myocardial blood




v
M

flow vas' of @ Jovel 215} below that of the eomml figure. on
‘changing to 1@&% oxygen in this ol aation, a fusther fall in
myoﬁarﬂ;al blaad flow of lqﬁ;anauxraﬂ ana an ahanglag to air

| eQuivalenﬁ this fall inhflaw waa raversed.-y:

ﬁ;égﬁsgxﬁﬁ

. The maahanism of thﬁ canaiateni xeduetaen ;n flew emcauntgrea
: on expaauxe to high gartial preaanreﬁ of ﬁxygen rnmamns uncertain.
The inwaatigaﬁiﬂn veported in this gaatian wag deslgned tg explome

,}%gné puaaiﬁility;_;.e. rellex nervcus\vaaceun&#ricﬁian.

Hntil xecenﬁly the node of. 1nf1uence of the hervaus ayatmﬁ
on %ha myncﬂxdial vasculature has remaine& far fram Qlear. ?rom
' anatamical work thﬁ exﬁensive ﬁiﬁtribution of sympathetie nerve
fibres to the heart m known. (Pohong, 1951) ) doubts exwt |
'abﬁuﬁ “the exient Qf vagal innervatian. | Bexne (1964) reviewad
the dunfliatzng 6atavand came %o the aanﬂlusion that the vagn ‘

prnbabxy have 1itt1e affaat an the earanary v&sﬁels.

A% thﬁ beginning af the stuay “the fixs% axpexdmeni was

| w&asxgned to usa phaxma@elogiaal denexvmtioa of the heart as

| ﬁ;auggasﬁed“hy Jose (1966). Ebliew&ng'Ahlquiat's work (1948)

on uha ﬁonugpt uf speaifie a&r&notropie vaceptons lﬁ had baen
sh@upht that %he heta raaeptora pﬁedomiuate& in thﬁ earonary
vas@ulature. : xf blockade conld be esba blzshed using both vegal
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and bate aﬂrenergmc blacking nganﬁs; ife . atropine mnd prﬁwanalnl
‘them the hgart could be igolated from veoflex effeaws.. _Qhe
",rasults presente& alaarly d&m&hﬁiﬁaﬁﬂ %hat th@ affeaﬁ Qf high
par%ial yrasgures af -OxyEen on myacardlal blood flaw pems;a%ed

 after ‘&h:l.ﬁ mmauvm haa ‘been ai‘.&‘eateﬁ.

” The question éf_aéﬁenergic reoeptors. in the cérmnaﬂy ci;énla%ien
s féviawéa4hy ?&ir@tt (1967 a)e A eonaidexaﬁié amount of =
evidenﬂe had acaumulate& ta sugeest that- hﬂth tyyes of adrenergan
'raceptexs, i.a. alpha and beta exmsted in the coronary vegeuley

beds

Parﬁaﬁt (1965} mmasuxiﬁg nyscardial blaad flaw hy a thermo=
eledtric method. faun& that intmﬁvpnous 1nfusians Qf a&renalina in_

deses whlah had no efﬁhﬁt on hlco& prasaure ar heert r&te usumlly

“;lawereé myvaardaal vasaular resisﬁance: %his waa revarae& affer

beta reeeptar blackade. ; ﬂaradxenaline Was slighﬁly censtrwatax
before heta blnekaée ana subsequently markealy ¢Qnstriater. ”hese
~reau1%s sugges%ed %he px@sanaa of %eth alph& and heﬁa xeceptams
in the myooardial vaaaulax ba&. Zubarhuhler and Bohw (1965)

&31ng isolated amaaﬁh mnseje avrips fxcm caxenary artegies of
varyiug gsizes aanaluﬁed that both tyﬁés 0f reaeptor are yresanﬁ

in tha larger aﬁter&asg hu% %hat beta reaaptars preduminqﬁe an %he |

smooth musele of the veasela of smaller ﬁlameﬁer.v".y

3

In view of thig the expemimentvgéé regéa%é&-aftgr alpha Ylockade



59

‘baﬂ baen estahli%hsﬁ wikh yhsnaxybanzammnag hat the change praduaea

:by high arberzal tensions cf axygen WS s»ill pzesen

o take tha 1&?93%1 gebion. fuwﬁherr th@ Qfgaﬁt @f braﬁylium

tesylata was | studie&;. “hib is an adreaergia newrore h&eokﬁﬂg

";};dxag whleh abslmshes the ‘vemponsas 1o stimulstion af past-gangliania

i,gadrenaxgds neﬂves withmuﬁ ehalishing xesgnnaes to injsate&

'nﬁwaﬁremaline._

| Earﬁmtt §1967 b) haa iaund that bxetylium initially raigad
:A,{&rtemial hload gresaure and inéreased neart s té and myeeardmal

5bloed flow. Whan adrenemgic neuxcne blc@kade wag campleta

. artexaal preasura, heart rata anﬁ.mynaaxﬁial flaw-wera all xeaueed.

- In the experimant here ra?arte& thie effent on hﬂeﬁd presauxe was

e similar $o that’ reyarteé by ?axratt, Tuk iﬂ fhct & raductian in

?;H*'ﬁfhcart rate was aﬁhieved¢ M§“033é151 bl°°& flgw fell in'd L

-sxmiler'manmer although eontrary o Farratts findings thara vag
?'nndiﬂiﬁial~rise in fluw. it may be that ﬁifferenues 1n type ox

‘depth of anaesthesza cnulﬁ anenunt fbr Some of these discregancies.

*ﬁ“ﬂbwever, 4% is clear th&% a&renergia neurone *‘blockade dié nat

‘ iabaliah the éhange ohserved when the inﬁpired &os wag varmeﬁ fram
©atr eqamvalent ta 19&% axygen. It is coneluded that the meehanism

L cf reﬁustian in ilﬁw is not meﬁiaxed thxaugh neTvous raflexea.

The ?ﬁssihility @f:harm@na; gffeats £mnm aarﬁiaaumusalé/

motabolites exints. If some éénéepﬁgaf gutémégﬁl&%icn~isvténabla 



in “the question of aontxnl of blood flow than 1¢aal refiexeﬂ '
qur the oxygen conaumption af the myuaardium musL be eaas;dered.
Oxygen canaumptian in this si%uatian is aﬁvxnusly of groat
 iim§omtance as it has heen %hcught ta be o major determmnant of
'viaeruﬂqry bleod flew (Berneg 1964) :'This hag been ﬁfuﬂxeﬁ and

fxs d@SQusaed in a laﬁe* ahapter.y

Review ef the publiahe& Werk an the effeats ¢f axy?vﬁ on
blaad vessela makes it unlikely that the response .is madiataa
.thraugh‘nerv§3§,r§£;exsa,J\ Many experamental gbaexy%%iggs}igdiaate |
. that vaﬂoaﬂﬁsfriétia; is the ¢haractaristic xeaﬁanséitéfan iﬁﬁ&e«sé

;;in'hlaad exygen tensian {Qusick, et.ai., 1940, Dcllery, aﬁ.ai.,

© 1964, Saltzman, at.al., 1965} .Al'khough the mechamsm ::'emains

3 unaleér it is felt thut “the suggeatzan of Guyton (196?) ie mssﬁ
prabahle, ise. that. thera is an intrinsia aampanent in the
%‘aaronary vessals which is dire@#ﬁy'mnapensive tg‘ar%exmal oxyaen

$onsion.
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| 'ghagtaﬂiﬁ,

CHANGES IN MYOGARDIAT, OXYGEN CONSUMPTION AND METABOLISH
i IBESF{)NSE, 0 HIGI PARTTAL PRICGURES O OXYORN -

it was daai&e& to inareasa the scope ﬁf %he investlgatlen

by estimating the axygen aansumpﬁion of the myeearﬁlum. To -
ﬁexplare metabelia ‘changes further Blmple parameﬁexs af | |
Qarbohydrate metabnliam, iece blood glucnse, 1a¢tate and pyruvate ;)

f all teahniquea available in . the 1ahoratory*- ware ubsezved.

Myacardxal hleoﬁ flaw wasg estimatad a8 previously dascrihed
and the exygan cantent of arteriai blood was ealculated.. ‘As
catheters were algg placed in the aoranary.s&nna, it was Eoésible
- Yo estimate ﬁarcnaxy venous blao&‘begen'aunten%.A. qum these
two values the arteriunvenaus oxygen gontent ﬁiffexenoe wae

" ealeulated and when%this (in ml. ‘/ﬁld hloaﬂ) was multiplied
:riby thc myaaardial blacd flaw in ml./lOQg./min. then the axygen

consumptian was fbund-

o We@hgiqﬁe qfs%basuriggrﬂxygﬁn Gdnﬁenﬁ:_

Oxyaen eontent was. caloulated frcm oxygen tensions: and the

_ hoetioglobin 1evel (detailﬁ are found in the &ppendmx)

; Preliminary axperxmentﬁ whioh had beeni carrled aut in the laboratory
‘ ha& béen eagcernaafwiﬁh the‘réliabiliﬁyiof the éaloulaﬁiénﬁt&pe

of Qéthbé éa'cempared'wi%h the Van Slyke oxygen content type of



. ﬁﬂlysis. Many readings were taken both a‘b namal pressuve
and also at ’cwa atmas;phe::e:n abgolute and the ﬂarrola-bian between
"’tha &upliaated zaadings was ‘excellent (Ledingham, 1968). = Blood
glucose levels wexe m@asured 'b:r the atandard %:ecimique. Léé'&aﬁe;
and pyruvate level& vare also ‘estimated (see appendix) in both
artexial and cnranary ainus blcad. qum this the consumpti&n

- of lactate, pyr&Vate and glueaae was ealaulate& aa follows =

| cansumptian>(mgsfl@ﬁgafmin.) = A~V difference (mg./ml ) x Blood
flow in ml./100g./min. \ )

e |

gives the haemoaynamie xEEulﬁa in thia series.
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K@ARJ? Rm., BLOOD PRE‘SSERI;‘ AND MYOOARDIAL BLOOD m.ew
Am and. 0, at 2 AFA (11 DOGS)

.. Heaxt Rate

Mean Avterial o

sﬁycaardmal

. zfxiaan anﬁ S.E.

§

Custe

a0t

" Beats/min, Blood Pressure -~ Blood . Flow
o e Hg. ml /wag./mm
|atrw wds | omsds | 106is

1. 19t

COMTmIT,

- The pattern rﬁspanse ta 100% oxygen is noted.,

In this dase

8 25 4 reduetien in i'lw - & highly aignifieam :resul'!:s (» <a 001

ﬁy Studenta unpairaﬁ t—teﬁt)

Ogggpn ﬁgﬁsumgﬁiag\‘h

Table 8 gives the results of myaaardial blaad flow, Adv

amggan centent differance and the aerive& axygen Qensumption.




Tahla B

AIR and 0

mxm Emm, zsmon mfsfsmn mm z\n'ocaamzm BLOOD :u‘mw
5 es:k 2 MA (13. BQG‘:‘) -

‘”Hquar&ial.‘

Mean and S.B. -

AT G Content |- Gcnsumptien
Blood Tlow _ Bmfferenae . m% /1903./min.
- mLe/100g/ine | 2ls/200 ml.
Aix = 106 T5,34 | 8.8 % 0.4 9,18 ¥ 0,48
Moan and S.B. . , N R
- pRE.00L p 0,001
0, 193474 | 87tz | 647 2055

. QQM@M’ iy

‘ Althangh there ig a substanﬁial fall in myacar&ial bloed

flaw the Aév bxygan annﬁent ﬂifference remaing virtually unaltered.

The oxygen aqnsumptlen ia aigaifieantxy reéuce& - vhe reﬁuctmen

- being 25%

Blood Glucose ' -

~The zesulis xegar&mng glucasa consumpiun in 9 daga are ns

follows (?ahle 9)e
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AI‘R ATD 0, at 2 Am (9 :ao%)

HEART RATE, BLGOD ERESSQEL ﬁKD<ﬂ¥90ARBIA$ 3LUQE FLOW.

 Arterial

Moan and 8.8,

AJV Biner&nee Glugose
- (lucose - éluﬁaqe - Gonsumptian :
|4z = 1 auszte 1492 1,3 417 ¥ 1,82
Mean and S.B.": C o o '
[0, ants s3daa | mudor

statistical analyﬂis by, both the paired and unpaixeé Sﬁnﬁents

‘tutest re?eals %hat theae @hanges are nct significant. o

K g;goa Lacta.'be-

8 dogs weme invesﬁigate& wi%h raspect tn blnqﬁ 1aetate.

' ”hé results are presenteﬁ in %ahle 10.
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| .&m ANIJ 0 at 2 ATA {8 mem)

EB&E& RATE, BLQGB PRPSUBRE AND. MYU@ARﬂIAh BL.OOD FLGW

iﬁean !mterial
.. Lactate

| meafa00 mu,

A'-v nmmég L

- Lactete

ng.{l@? ml,

Tactate
 Consumption
mﬁ'n / 100: 18 / mine

Alx =

C

;93

“Mean and. SQEQ _‘ ‘

lﬁaﬁ & 2.11

© ] s taes
‘Mean and. S.B.-|

© 4.9 1088

53 % 0415

» 5db 3 1:09'

feeiiotg

’Ehesé i‘ig\‘xres show a m&ﬁctionz in lactate ﬁansumﬁim of o

43% o

. t—test p< 9‘(331 highly signifiﬂan‘h.

g *;aleed Pyruvate

Table 11 gxesenité “the :r:esults in 8 dogse

Ey ;atuﬁents unpaired t-ﬁest p - (‘3.01, but by the pai:r:ed
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ARARD RATE, BLOOD msgm AM) :fmcmm& :Bmcm 1‘1:@1; 4
- AIR Al 05 a‘b 2 A’i‘A {8 nms)

Eiéaixv Arterial

Fyruvate . .
33180/100 nle

A—V .E}ix farence‘

Pymwate

Pyruvaie
Gonemmptiuxs
mg.flGOt ./min.

Mr=E
Hean and 8.8,

i:ia o 1.02
f’Iem &n&. ‘S Q‘Er, T

0.14

1,05 £ 0,15

' *'{).3.5 $0.16

0434°% 0,15

0425 T 0,04

COMMENT .

. The i‘adu,v;;#ﬁ;pn‘ iii pyruvate cénsump’oicn was- 565 --"‘éignifieance ‘

level by Giudents unpaived t-test p = 0,05,

. DISCUSSION

In the ta.hle:s presan’ceé. :l.n 'hhis aha,pte:c it is 1o e noted

~ that adr eguivalent mxaresents a mean artez.‘ial exygen tanﬁmn

-of appmxima,tely 100 mitte ng while 100‘”3 cx:ygen gives an average

Z’t’aﬂg of 10(3(3 mm. Hee




;?heiresults.in~summarynahow=a-rgaﬁcﬁionlin okygén«oonSumption
of the. myocerdimm of 29%, no significant change in glucose
'ﬂutilisation, 43% rgdugtian in 1actate eonsumption, ahd & 56%

reduotion in pyruwate uansumption.

| Sobcl, et.al. {1962) ag part of an inwestigation inta the
alterationa of coronary'blooﬁ :low produoad by inhalation of 10&%
oxygan in#eatigated changas in o:ygen cOnaumption aarass the. |
myoaaxdium in four an&mala and o small reduotion af axygen
A'conaumptien was found. From examination of their data the
percehtaga radun%ion xangad from =3 %o =10, No data is available
Aabout antexial qugan tansinns in this study, but as it was
:pgrfgrmad at normal.a&mgaphcrgd pressure and the oxygen content
renched 22,9 volumes pexr qent; 1t iouid presunably equate @o'
approximately 450 = 500 mm.Hg. while the inapired gas was iéq%
éxwghn.  Another feature was ihat aeteﬁminationa of consumption

wore made after ten minutas expasnxe to oxygen. It ey ba that

N

longer expoauxu is nscaseany>ta produoe changes in consunption- ,

This faaﬁax is divcusaed in greater detail in Chaptex 8.

Eck@qhoﬁg,\gzﬁggf‘{1947) had found no change in oxygen consumption
wiﬁh'ﬁérying‘thuﬂingﬁirage from 1007 to 8% oxygen. whié atudy
~ was gtnnpxmai atmospheric pressure as was that réportea by'
»' Danisll and Bagwell (1963). They regorfed their results regarding
~oxygen consunption on changing from 25% to 1004aoxygen. 3
Raauctions varying from lﬁ o 163 were found.
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In the hyperbaric field Meijne and Straub (1966) reported
‘no change in éwgen cmuﬁptim_ with,lﬂ(}% oxygen at three
atmospheres absolute, ?urthermofe they fﬁun&Atha%_gluccse '
extraction diminished at three atmospheres abselute‘ﬁlthough

lactic acid extraction remained constant.

Veglicki gteals (1966) on the contwary found that 100%
oxygen at three atwmospheres absoluie decreased oxygeﬁ‘éqnsumpﬁicn
by 40 to 60% and also reported al thié pxéssure o marked decrease .
in lactate and pyruvate consumption (50 to 75%) _Glucose ‘uptake
was unchanged. These results ave in elose agreemeut with those

pxesented in this chaptex.

Aé thé arterio«venousAdifferenaa of’bxygen content remagnéd.
uﬁchanged it may be thought thax'the veduction in flow is the
 mole determinant of the reduction in consumption. However,‘theh
mechanism of the ohange in aansumpﬁiun nay be much more complex

and the relationship with flow less than direot.

When taken in conjunotion with the effect on lactate and
pyruvaté'ﬁetahclism it is vaieué that a &irecﬁ effect on all
;metébolieiprccesses nay have ocourved. -Wleiéki gjﬁg;, (1966)

suggeéﬁed that oxygen at highvtenaibnaApreaumaﬁly»lewers energy.
| Qaquirements and possibly also lowers oxygen 9cnsﬁmption by
inhibiting lactate and pyruvate oxidation, They take this

argument a step furthexr by suggesting that hyperbaric oxygen .



1.

may inhibit pyruvate éu-carhe&ylpse or in same manner ﬂxreetly

interfere wi%h mitachnndrial funeﬁ;en.

The link between blaud flqu ‘and axygen con&umyt;cn becama
nore diffieult ta unravgi when the effeqts of earbon dioxide

vere studled,  This suhjeat ;g_introduced~in the nexth chaptax.
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A bireulatxan, 3§= Supg. IIT:- 255. o



Chaptex 6

THE RESPONSE OF MYOCARDIAL BLQQﬁ FLOW AND OXYGEX GGHSHHPTIGﬂ
: " TG HIGH PARTIAL PRESSURE§ OF CAREON BIOXIDE

Buring the experiments on the mechanism of the reduction
of blooﬁ flow to the myocardium with high partlal pressures of
| oxygen, it~was thought that variaticns in the partial pressure

of carban dlﬁXiﬁO might 1n£1uence this change.

It has\long been thought that the pH and'BGO ‘of blood

2
flowing through e tissue ave maaar faotors in the 1nca1 control

of vegional blood flow (Qaadman and Gilman, 1955). Hnwever,
‘gserutiny of the literature foxr informatinn about the cxreulamery
and haemudynamie affeets af this gas produces cenflictmng |
ovidence. With regaxﬁ ta.ths specif;c problem of the effeat |

on myocardial blood flow Green and Wégria (1941) and Eckenheff
etenle (1947) demonstrated no change in flow with elevete& tensicns
of carbon dioxide (hypereapnia) while Feinberg et.al. (1960)

shuwed an- 1nerease in flowe

*'Becéuse of the laok of unanimity of these results, 1t'was
‘faedided o study this problem égain.=f
- METHOD

Myocardial blood flow was measured a8 previously déécribed



T

as was also the oxygen consumption of the myocardium. For -
basellne measurements,- the anaplredlgas.was mixture of oxygen
and*nitfégeﬁ'which waé*aﬁjuﬂted‘to mai%ﬁain a 2302 of. between
85 and 105 mm. Hg. Ventilation was”coﬁtrolled go that arterial - g
.carbon dioxide tension was kept within the range 35 to 45 mme Hg.
When it was desired to raise carbon dxoxide tensian, carbon
dioxide gas wag added to the inspirad &as nixture. As a guida
to the amounﬁ of earbon dioxide 4o be aﬁded, the 1hspired earbon
d¢oxide percentage was monitored using an infra red earbon .
dioxide analyser (see appendix). The final tension reaehed :
was monitored by repeated maasumemenﬁq of arterial carbon :
adioiide tengion. This wprk:was.perférméd at normal‘atmosphéric<

pressure.

Experiment 1

The changes in myocardial blood flow and oxygan cansumption
-were measured in ten dogs when a&terial carbon diaxide tension
was rapidly elevated from s baseline level of 35 = 45 mm, Hg. to

an elevated level of 80 = 100 mme. Hge for a short period of time.

Figure 9 demohstrates the changes in myocardial flow in 10
iﬁdividual'dogs when ﬁhe Pa002 is rapidly elevateds iﬁ each
‘dog there is a substantlal rise in flow. The haemodynamic

data from these dogs is presented in Table 12,



Change in_Myocardial Blood Flow
with Rapid Elevation of PaCO,

" { (10 Dogs)
M.B . FLOW PaC02 PaCO,
: m!/100g /min |35 -45 80-100
2 220 ®
o
180 ~ ®
@
_ ® ®
@
®
140 — ¢
[ ]
100+ :
[ )
60 ]
20 40
TIME (mins)

Figure 95 - In each individual dog there is o substantial

’x.-ise in i‘lﬁwc :
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Table 12‘

HARMODYAMIC' AND pil DATA WITH RAPID BLEVATION OoF ZP&GQ
MBAN AND 8B (10 0GS)

APa,GOQ . Myocardial Mean"Bi;;éd _Heart ‘Rate . pH
 Her Blood #iow Pressure ':Beats/min.ﬂ \
e 580 | m1./100ge/mine| mme Hge | Sl e

< 0,001 P p< 04001

80 ~ 100 16 ¥8.5 |18% 6.54 157 2 612 | 7,058 ¥ 0,029

COMMENT

- This table shows the haemodynamic and7the;pﬁ éhangea in tén :
o dogse ,‘Eﬁez:e is nol_éignifiaan‘k chaﬁgé‘j‘in mean bl_q;:)ﬁ pressure or

: haaﬁ rate although there is'a 40 increase in thie ”;i‘aw - ‘a',‘ _

Jhig;h_ly' significant change. pH changed as expected with the - -

.elevatién of carbon dioxide .te‘nsion{ These figures are p:}esgn‘tedu

in histogram forn in Figure 10.

Oxygen consumption was measuxed z.n, the ten ci::ags and the

é reanlts are presented in Table 15.

-5 WwsETsg | 19t | 1636 | Tu3s7 Eoon
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HAEMODYNAMIC and pH CHANGES

with RAPID RISE in PaCO,

(10 DOGS)

NORMAL

[ ]HiGH Paco,

*
P<-001

pH UNITS
~ 7-500

- 7-300

— 7-100
— 6-9200

] ] J

—

y O
*Dlo.

S H

X

 MIIIHIHIHHH iy

T

—]

T

N

LA HHHHHHHHTHTION

1

2 A AMMNMIIDHIDIDGDGS

—RLMHHIITIIIMIINMY

180

140 —

| I | i
o o
o ™

100

pH

H.R.

M.B.FLOW MB.P.
ml/100g/min mm.Hg Beats/min

JIGURE 103  Histogram showing blood flow, blood pressure

heart rate and pH changes with rapid rise in Patmz
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Table 13

MYOCARDIAL BLOOD FLOV AND OXYGEN CONSUMPTION
© WITH RAPID ELEVATION OF PaCo,
MEAN AND S.E.. (10 DOGS)

Pac0, | Myocardial i 0, Conmumption
S Blood Flow . .

345 | Cusd 5e9 12,91 T é,;’al.
| o . p <0001 | p <0001

80 = 100 161 7 845 8479 % 1,08

b
: Comment

- The mise in myoeardial blood flow is 40% while oxyéeﬁ
| 8 6n§umpﬁ°n_ f_eil by a mean faé‘ﬁa:c- of 32%. These changes are
gty ﬁgfnifi@ah# tStudenta t)e The r‘?sxﬁté- i‘ram:é typical
animal in this group is shown in Figizi'e 11. . |

 Exp eximent 2
L Ina. diffevent sexries of dogs, the changes oécumtng in

inyoc‘axdial 'Elauti .fl'ow and oxygen aansumptian‘ were studied whe’n L

arterial carbon dioxide tension was rapidly elevated from 35 = 45
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Haemodynamics and O 2 Consumption
Rapid Rise in PaCO]
(1 DOG)

HIGH COg

02 CONS
\ 1 ml/100g /min

r
-10

-5

160-1

H.R.

Beats/min
120-

M.B.P.
mm.Hg
80-

M.B. FLOW
ml /100g / min

PaC02

mm. Hg

10 30 50

TIME (mins)

1X1 iMBodjmBsloe aad o%y#en owmptlott

Msvlts Aram 1 dog.
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mn. Ha. o 60 = 100 m.Hg and then maintalned at this level

fuﬁiéﬂ.minﬁﬁeé, ’ @he fesults are preséntedﬁgn ?igure 124

The initial column shﬂvs baseliﬂe Values and succeeding columns

| shoW'the means of all measurements made ovexn eansecutlve ten
.minute pexinds. | Hean and standard errors are shown from nine

- dogs for mean hlond pressume “axd my¢¢ardial flaw, . The oxygen

"~:cansumptian data shown ia fram twc dogs only of this series.

COMYERT

. 'iae‘;an blood présémé remained stable thoughouts yooardial
'flow roge 1nitia11y with hypercapnia, but after 15 - 20 minutes -
L;;began to fall agaxn and tendeﬁ to settle. at a leval higher than
"hasgline.. oxygen consumption iell with hypercapnia and remained

at‘@‘ragucgﬂ leval throughout the hypereapnic phase.

: 'iﬁiéhééé*éﬁgeriéehts, cﬁygén consuﬁétion always reﬁurned to‘
- normal after hypercapnia was: eqrxected but mycaardial flow £ell
.‘balcw*normalu &fter this fall helaw haseline level, the flow
gma&ually rose back to baseline 1evel over the next fgw minutes.
Same of theee peinta are exemplified in Figure 13, ?his shows
- the results from a ﬁingle dqg in the sgrigs.e_ The avershoot :
;ef the blood. fldw on §éasation of h&pér@aﬁﬁi&-can clearly be
 ;seen. nygen eonsumptieﬂ, althnugh not shown on this diagzam,
* I,quickly returned to nawmal.
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e v

Myocardial Blood Flow and O, Consumption

with Sustained Hypercapnia
(? Dogs)

‘,;'ggga‘yﬂ HIGH PaCO» %

15
O9 CONS

A . =10 11/100g /min
? - 5
1 A |

NNNNNNNNNN

160

140 - /\

120 - }

100 - HNi-i_i-i—i M.B.P,

y

\{f M.B. FLOW

T T 1 T 1
0O 20 40 60

TIME{mins)

Figure 121 The oxygen consumption data in this disgranm is

derived from 2 dogs.
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U, U . S

EFFECT of PROLONGED HYPERCAPNIA on Myocardial Blood Flow,
Coronary Arterio - Venous 0 Content Difference, Heart Rate & BP.

Normal
Pa COy ELEVATED PaCQp NORMAL PaCO;

40

# Myocardial blood fi
yocar ow

30

" .

e o
Increase 20 %%//7/ = :——X :E:"t_ :ate

10 %%%%//// --=-8 Arteria me:n pres ne

' ]

20 -
%
Decrease
30 —
40 =
50
I 1 | [ 1 | |
[\] 20 40 60 80
Time (Mins)

= ’B‘igu:cew: Effects of prolonged hypercapnia in 1 cigg.
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| Experiment § 

To iavesﬁigate'the part played by changes in pH in theae
resulta, a further series of dogs was investigated in which
Paﬁag was held consﬁant while a metaholie asidesis was induced
hy ;ﬁfﬂﬁaenshafglaetic ox hydrochloric acid, The results
-gbtained have been similar to those presented in Figure 14.‘

" This is from a single dog in ﬁhé'seriea. _Myecarﬁ;al'b;eo& :1aw;
| eﬁygég“eensumytieﬁ,'Eeaxt rate, mean blood pressure, arterial

EG@E and pH ave shown during and after a lactice acid infusion.

Tadtiec acidosia ia aaaaciaﬁad with a rise in blood flcw

and a fall in oxygen conaumption.

~ DISCUSSION

The resulis here presented show that"maiseﬁ arterial carbon
dioxide tension is associated with a rise in myoeexdial blood
flow and & fall in oxygen consumption. When hypercapnia is
sustained, hloedlflaw after the. initial rise tends-ta‘féll towards
haseline values whereas oxygen éonsum@tidn falk and réﬁains |

at its reduced level throughout hypercapnia.

These results differs :E‘rom those j}rasente& by Cix:een and -



Effect of Lactic Acid Infusion

of M.B. Flow and O Consumption

(1 DOG)

0y CONs b
ml/100g /min
15

1+,
SRR

ACTIC
ACID
INF.

-

pH UNITS
7-500
[ J
/ 7-300
7.100

120 _J

80+

r; : a } o .

160 1/‘\
Nt
7\

,A H.R,
A Beats /min

L ]
\ M.B.P.

0-0_0*1 mm, Hg

9 MB FLOW
ml/100g fmin

| PaCOy
mm, Hg

20
TIME [ min)

T 1
40 60
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Wegrda (1942) and iaékemmff ete a;L.' (1947). In the intac%‘ anima.l
'they reporbted absence of signmfléanﬁ changes in meah or phasma

; ,caxﬂnary inflow af%er hypercapnia despite slowing of the heart |
‘\1ana 10wering of the blua@ pressure. Feinberg eteal, (1966)
prasented results whieh shawed that coronary bloud xlow inoreasedA
thh hy@ercapnia and.our studias are in agreement with this.
waever, %hey reperted an inorease in axygan aensumpﬁian with

“hyperc&pnia which ia contrary to or results.

?rom “the sustained hypezoapnia. reaults i% may be inferme& |

: that hypercapnia has two different ac%ians 6n the heart = une '
proigc;ng‘ahtransient‘vasod;iaﬁatian in the @qunary-vascular

bed = the gther.gausing an alteration in myoearéiai metaholiém,'AA
;tvmay be that. changes in ?H ave the important factor and gqméﬁvA.x
& Suppéxt\fcr”ﬁﬁis.ia pruviéad by ﬁha evidence from inf&siéhs af |

'aui&. « This in splte of the fac% that praviaua investigators

-‘“ihawe found. acidesis to be assceiated with 8 reduct;cn in aeronany

jih&oua fidw (Bing, 1965)5

Whatevér‘the Qéehanigm’ﬁnderlying"theae efféqts %he'rQSRiﬁe N
presented foimed o baseline for the next series of experiments

gi%h hype#hérid oxygen whidh areAxaported in the next éhap&eﬁ.
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. Ghapler

THE_RESPONSE OF BLOOD FLOW AND METABOLISM IN THE MYQCARDIUM
-7 YHEN GARBON DIOXIDE I8 Abnﬂn"'ma ggm‘ 10 OXYGEN

mm;mmn

- Becauae ai‘ ‘the interest axoused b;y the card:lwasanlar |
.;_ai‘fects of sar‘non dinxide Aesoribed in Qhapter 6, it was
decided to examine the ‘effect of addine; eaxbon dwxme to

,v,hy:gerbama mwgen' e

METHOD

The baslc experimental set up was as previously desoribed.
Coronary sinus catheterisation allowed samples of coronary
sinus blood jb.e‘ be kta,ken for analysis of “bleod gases, lactate
ancl pymavates Measurements of flow wexe x-ecax:ded by the
Xenon ¢learance itechnique. Heart mte, mean ‘blend pressure

were monitored as before. Readings wore token when the - |
.t Iinspir‘ed gas mixiﬁms were .adjusté@ ab 2 atmospheres abéolu%:é-; ,,
%o éive aix equivaléﬁt, i.e. an arterial axygén Aten_sibn of |
, heﬁween 99 and. 100 mm. Hg. The inspired gas was then changed
to 100% oxygen. ‘This gave ‘zm'av‘emge Pal, of 1000 mm. Hge
| Dumng i:he;e fipet two menoeuvres ventilation was ‘a@ﬁuat&d to
kesp a%terial carbon dioxide tension ‘between 35 and 45 mm. Hg.

The next _;:»mtzeduré was to change tha‘-Pécog abruptly by adéi:;ng



8
oarbon dioxide gas to the inspired gas mixture. In this
experiment the mean level of PaSGgfreaéhé& was 112 mm, Eé;“
| i{ESULES

Tabla 14 prasents the haemadynamic reaults abserved durlng
aﬁhlS experiment.
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- 89

HIARE RATI B.JGQD PRESSURE AND HYGGABDIAL BLQDB FI:BW

AIEJ :

0 ¢ 0, + ca ‘at 2 ATA (11 DUGS)

" Heart Rate

Mean Blood |

" HMyocardial

1o

HMean and S.5.

“Beats/mine Pressure Blood Flow
s o m. Hg. 1 ml;/ 1005./ nin,
es “10ts | usts 10635
Mean and S8 - e
0, 155 % 7 110 % 7 19 ts
Mean and S8 » | : p(@-()()l
0, and €0, 1ats w07%7 cas0ty

’ ’l‘hezre is no sigmficam change in. heart m*te of mean blaod ‘

pressure but the i‘all in flow with’ hyparbaric mwgen is reversed

by the adc’iitim of car‘bon &inxid.e, tha mean inurease bem,g af

the order of 50%b”
(Students twteé‘b‘) ax»'e indie&te&.

‘Tho atatistioslly significant xesults

Figum 15 presen*ba *bhe changes in myocardial “blacd ﬂw in

' the individual dogs in this experimen‘h.

,suhatantial» rise in £low ocgeurred.

In each casé & A




90,

MYOCARDIAL BLOOD FLOW at 2ATA

(11 Dogs)
ml/100g /min
1607 Air = 0, 0, + €O
- :\ /!
120 — E '
| 3\\;/ '
o0 ~ %
-] .\
%:
40 —

Pigure 155  Myocaxdial blood flow in each case falls with oxygen
‘ ut subéequently‘iﬁcreases with the addition of

carbon dioxide.
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Figure 16 pxesents the ahdnges in myocaxﬁial oxygen contant
TA&ifferenae in eleven\dogs. Thera is no aignxfleant changa in the'

Vvalues hatween aixr and 1@&% uzygén but a.marked fall in all values

‘is seen wit the a&dit&cm of carbon diaxida.

A-V O CONTENT DIFFERENCE AT 2ATA

(11 Dogs)
ml O2 /100ml
12 5 /'
10 - )
f\ .
8 i T

\
Y,

i :
| 4
4 i
H
9
Air = 02 0,4+ CO,

The values shnwn in the ﬁre?1eus two figures were use& to devive '

A myqaamd;al oxygen~acnaumpt1¢n and tha rasults,are pxesentgafgn mahie 15..



92,

”able 15

MYOCARDIAT, BLOOD FEOW,. AV OXYGEN eemm DIFFERLNCE
‘ AND OXYGEN GONSUMETION
AR: 0,8 0, + 00, at 2 ATA {11 Dpogs)

| ;glyouaraial - AV 0, Content | 0, Consuption
Blood Plow 1 7TAN i y e gos
Mr® 106 &5 8.8 % 0.4 9.18 ¥ 048
Mean atd S5 T - B
‘ p < 04001 < 04001
0, ol 135 | sattoelsz | 6.7 20,55
|Meam and SeBs | p 0,001 | p<0.00L | - p<0.0L
|oyanaco, | 120334 387 £ 0,24 | 4e52 L0052
Mean and S.H. | : o '

| COMBNT.

~ The atatis%iéaiiﬁ sigﬂifieéﬁf-aﬁangés are indiaated
(Students tetest)s The initial fall in blood flow with 100%
| axygan is reverse& by the ad&it:an of oarbon aiaxiﬁa. ‘AJ?‘
- oxygen difference shawa no ghange with oxygen hut a substantial :
fall with the a&ditian of aarbon dioxide. - Oxygen acnaumption
falle with oxygen. and falls by a: further 30% with cerban -

dioxide in apita of a masiive ineraase (50%) in flew.
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' LAGTATE MEPABOLISH

 The resulis are presented in Table 16:.-

" Dable 16 |

. TACTATE CONSUMPTION
AR: 0,¢ 0, + €0, at 2 ATA (9 0GS)

p——

Arterial A=V Difference | -  Laotate
Lactate ng./100 ml, Consumption
wg./100 ml., mge /100 pie/min

Air ® 18:3 2211 | 5. 620,97 Se 3 % 0,75
Mean and S.HE. . o -

0, 1808 % 2.28 | 4.9 % 1.8 3, 0 ¥ 1,09
‘Mean and S.B. | . :

0, and 0, | 167 %174 | 168142 | 1947 1.64
Mean and S.E. ‘

Lactate apﬁspmptian is @éuxéase&‘with hy@érﬁarie oxygen‘ﬁna
further decreased with the addition of carbon dioxide, The
‘-ahaﬁgeﬁ.in 1gctatg cenaumpﬁion are stétiatiaaliy sigﬁificant'

whax; examined by the paived te-test but not by the unpai‘i-ed tmtent,

- PYRUVATE METABOLISM

The vesults are presemted-in Tsble 17.
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‘Table 17 .

PYRUVATI QONSUMPTION

AIR: 0,8 0,400, '8t 2 ATA {9 pogs)

Artexial : - A=Y Differéncé - Pyruvate
 Pyruvate | mg./100 ml, |  Consumption
- mg./lﬂﬂ ml.. . ’:* : _ mg./lOOg./min,

| Méan and S.E, : _

| Mean and B.E. | N B o
lo,andco, | n2o¥onz| omfoar | o20%oa0
Moan and §.8. - . : o

COMNT

Pyruvate eonaumpticn is dearaased vith hyperbarie oxygen
although little further dacrease is noted with the adﬂitien of
¢arbon dioxide.

' DISCUSSION

‘Garbon dioxide has been shown previousz.y %o have the gbili'éy'
both to incxaaseipyaﬁéxdial blood flow aﬁﬁ also %a'éearease\bxygén
consumption of th§ myocardium, - In the situation which has been .
weported here, carbon diéﬁlde was added when flow and both oxygen
and suhaﬁpate mgjahul;sm had already ﬁeen reduced by hyperbarie -
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nygena It ﬁa&‘éhé»effectecf further reducing oxygen and lactate
“aansumptign tut sbill managed to inorease the bleood flow

| uuhstgntiallya_a This gmves further aredence- to the view that

| ;n’this~reapect carbon dioxide has:almast gortainly two main
types of action - & aiﬁeﬁ% efféat on arteriolar gmooth muscle -

”;anﬂ an indirect action vhich pgdurs via matabolic pathways.

If the theory. of au#nmagui%fion in the corcnary flow field

s accepted then it may e that the.mnﬁlreéﬁ aotion-which

| 'Tﬁééﬁééétbiygéﬁ ccnaumptinn,ﬁighﬁ favour a fall in blood flow
Kl;ﬁg% %his is more than offsdt by its direct action on smooth

7 musoles

nygen consumyﬁién of the myacarﬁinm has long been considered
to be %-primany determinant of the lgﬁel of myocardial blood -
flﬁw (ﬁerne, 1964) an&,théSe'presant‘ﬁesults give rige to a |
“ paraégxiéal sitﬁaﬁicﬁ;‘; There is caﬁtainly no dirveet relationship
haﬁwéén ccnsumption and flow in thie situation and the most likely
answar is that a phammacqlogical effeot of carbon dioxiae on the
vassels has. avenuriﬂ&en the basic metabolic effect and given rise

to these contradiotory results.
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Chapter s .

cmmsa IN MYOCARDIAL FLOW AND mm‘ DLISH WITH
raommm Exyocm TO FYPIRBARIC OXYGEN

INTRODUCTION

. ';ﬁne pﬁeviaus exporinents which had been concerned with
Qhangeé in myceardig,l bleod flow and oixygen consumption were
'-linvolved- with measurements which were taken over s rei_a'tively
”fshcmt period. Am suspleion had heen aroused that hyperbaric
oxygen might in’seri‘ere with metahoiié processes, it was
7dec:.r1ea to- iﬂveaﬁigate this aspect :t‘u‘r:‘l:her particularly with
-(‘regard to the time of expesure to high :partz.al pressuves of
oxygen,  (linical axpe:eience in various fielde had 1ed to a
desision to limit, a8 fax es possible, any mie expusuré- to
. ‘:é:wg;er; at higﬁ pressure to »a maximum of three to féu:r: hours.
An expe:éimenﬁ- was therefore davised in wh.ich readings would ‘
“he ta:t-:en Lirst on a:i::* equivalent ¥ then 30 minutes after changa.ng
ta 3.00% oxygen and then three hours after changing to 100%
oxXygens In- “this, way i3 was i‘elt-tha.'b Shanges which might have
esaapad notice at 30 nmimtes may well ha.ve becone obviaua at

S hcura.

METHOD
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 METHOD

The basic experimental method was exactly as hefore
and the only differxence lay in the time of exposure 1o

‘hyperbaric oxygen. 'Qgrdiaq output was measured in four dogs.

RESULTS

The haemdaynamibfreaults in this diffevent series of
" 11 dogs are presented in Table 18,



‘}Jable 18

99e

HEAR’“ RA‘IE. BLOOD FRESSURE AND MO&AR‘DIAL BT;QQI) FLOW

Mean and S.0,

ATR: OXYGEN AT 30 MINUVESs OXYGEN AT 180 MINULES
AT 2 ATA (11 MS)
Heort Bate | Mean Bloed Hyacamial
Beats/min. | Pressure Blood Flow
' A e H&"c /1()0&;./1:1111.
Ar & 169 % 8 123 ¥ 4 118.5 6
..Hean,and SeRe - ' ' B
0, at 30 mimates | 159%9 | myis a1t s
- Mean and 8,1, p <0,05 | p<0.01
0, &t 180 minutes| 147 3 10 g9t 574 4

SOMMENT

Althpqgh heart rate and blood pressure show a consistent

‘downward trend in this table, the only sfatistically significant

change 1 in blaaa‘pﬁgasu:e between oxygen at 30 ninutes and

oxygen at. 180 minutes..

‘There 1s, however, 2 significant ohange

in hearb xaté and mean blooﬂrprQSSuxe'wﬁen comparing air'equivalent'_“

readings and oxygen

at 3 hours..
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OXYGEY CONSUMPTION

The results relevant to Qkygenvconsumpﬁian are presented

. in Table 19,

‘ Table 19

MYOGARDIAL BLOOD FLOWy A=V U, CONTENT DIFFHRENCE
AND 02 GGNSWXGN

ATR: 0, AT 30 MINUTES: O, AT 180 MINUTHS AT

| 2 ATA (11 mas)

Myocardial | A=V '02 Content | 0, Consumption |
Blood Flow. s | B
#l4/100g. /min, | wle/100 ml. | ul./100g./nin,
AMrE 18 ¥ g 750 Y 0,06 | 8.37% 0.86
Mean and S.E, |
p 20,005
0, 8% 30 minutes | 815 .95 ¥ 0,98 | 6.65 % 0,65

0, &t 180 minutge‘) 514 738 T0.84 | 4,09 T 0.36
Mean and S.E. - |

COMMENT

No significant ohange is vecorded in oxygen content diffexrence
between any of the changes. Oxygen eenaumption sﬁeadily falls

w;th a highly aignificant differenae between Qxygen at 30

- minutes and oxygen at 180 minuﬁes;
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 GLUCOSE CONSUMPRTION
The results ave predonted in Table 20,

wable'2é~

 GLUGOSE ARTERIAT ee)m:mwzmm, A-Y aomewm
. DIFFERENCE AND eemmwm:on ;

AIR - 0, AT 30 MINUIES: 0, AT 180 WINUTES
AT 2 ATA (9 m&%) -
Arterial’ A=YV Content |  Glucose
Concentration | Difference Consumption
mg./ma ml. : mg.{mo ml. m.g./li)f)g./min-
Atz w - | izg!i«fa e tis | 42fis
Mean and S.B. - I o

.(32 at 30 minu.tes 3.11 6 ‘3,_,"5 2"1;’2 EER t 0.?7 |

0y at 180 minutes -'12?43 6 | 23%26 | 1.25 1,40

goomyr

- The mnﬁividual changes in cansnmptien shnwn ave not
:1istatistiaally Bignificant t the Ghange from air equivalent
"ta axygen at 180 minnﬁea is highly aignifiaant.

" LACTATR CONSUMITON

The results are presented in Table 21,




 fable 21
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AIR:

KEIE“FERENGB AND GONSTMPTION
02 AT 180 MINUTES

AT 2 ATA (8 DOGS)

AT 30 MINUTES: -

I:AG&’AWE ARTERIAL CONCENTRATION, A=V CONTENT

Arterial | A=V Content Lactate
Concentration | Difference | Consumption
mg/100 mle | mg. /100ml, - mg./lOOg./miﬂ.

Alr &
Mean and S.E.

“3»02 at 180 minut&s
p Héa!‘; and S.8B.

0, at 30 minutes
I\Iean and S. Be

14.2 1,01

.‘15.2 X221

18,9 ¥ 2415

35,2808
2,75 1,65

'3;94'f>0.6

: 3.&6*3 1412

2,71 % 1.38

1.10 ot 033

 COMMENT

’.I}he ;ceduatian in lactate conaumption between air equivalent

and o:scygen at 180 mizmteis ia 76%

PYRUVATE CONSUMPTION

The results ave presented in Table 22,




 Table 22

?XRﬁVATE ARTERTAL CONCENCRATION, AwV GGNT?HT
_ DIFFERENGE AND GONSTMPHION
ARy 0 AR SG WINURES 8 0 AT 188 NINBTBS

AT 2 ATA (8 mas)

e ‘&rterial A=Y Content Pyruvate

" | Concentration| Diffexence Gonsumption
- mg./ma ml mg./los ml.‘ mg./wog./min,.
| Atz = ] 2605 o 0s15 | 0.28 201 -91-3,4 ¥ 0415
Mean and St}:.x. . ' . ’ :

0, at 30 mimiten | 1.02%0,14 | 0,5 £ 0.6 | 0.15 £0.03
Mean and S.E. o | _ -
0, 4t 180 niimites| 1.27% 6s18 | 0.14'2 6,21 | .08 T 0,06

_mban and BeEs ' e ' E

@E@E

: The reduction 1n pyruvate aanaumption batween air quivalent

'and axygen at 180 minuxes ia T0a

.Gégaiab:aqxpux waé-meaauréd in fﬁﬁr’d@ga‘batﬁ at ai%
equivalent and after #hrée;hbuis,of 199%-0xygen*at_é‘AwA. The
teqhniqﬁa uged waa,éye dilntign-%-in this-case‘thqhﬁ§e-was |
inﬁaéyan;ﬂe;gﬁeén§ " The Qumpdévig;aach case Wasgredudédg the

in&ividual reductions being 23, 32, 44 and 50;p§: cénﬁ:'
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- Hleetrooardiographic Changes

In three dogs in this series E'\'.S.Gé‘ ‘abnommalities éépeared

near the end of %he-three houx periaa nf’expasureufﬁ’lﬁaf
oxygens In each case the abnemmality was atriq»ventrieular

dissocia.tion of the interferance disscciatian type Gha-nging

to alx equivalen‘h restomd smua rhythm 1n each cases

In eight dogs in. ‘bhie expe:cimn'h it was possible “to study
‘myonar&ia.l ‘blood. :f.‘low and m:ygen consump'b.i.on on resumptiun of
air equivalent bmaﬁhing after th:cea hou:ss of exgasure to
1004 oxygen. Reac‘linga were taken aftex: 50 minutes |
i fadministratian of air equivalent anﬂ the results fcr*myacaxdial

‘blaod flew and a:ygen aﬁnsumption in the individual animala
axe presented in'the next oo flguves (Figares 1 7 and 18)

In éach case ar marked txrend ﬁowards a xetum ta 'baseline

-figures is noteds
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80

40

AlIR =

MYOCARDIAL BLOOD FLOW

ml/100g/min

8 Dogs

180 MIN,100% O,

105.

30MIN AIR =

=
____,.———"

Figure 173

minutes exposure %o oxygen.

eguivalent breathing.

There is s aubstantial fall in Lflow after 180

Note the tendenoy
to return towards normal after 30 minutes of sir
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MYOCARDIAL OXYGEN CONSUMPTION
ml/100g/min

8 Dogs

AIR = 180 MIN. 100% O2 30MIN AIR 5

IQrooardial oacygen eonsumptlon falls after 180
mlmutee exposure to oxygen, tut after 30 minutes
of air equivalent breathing it tends to return

toeuxds normal levels.
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DISCUSSION

%he results in thid serles of experiments have demonstrated
- thet with preiengaﬂ exposure Yo highfzanaianstéf'aﬁﬁgen soveral
changes oceur. The myocaxdiel blood flow falls cubitentially,
‘“idx§gén consmption 1s»aignifiean§1y reduced and thers is eviﬁenoa

| of maﬁkeﬂ.;ntexfﬁxéﬁgeswith oarbohydrate me%abalist Othax

~ changes f;ncluae o ‘mﬂugtiim in eaxdiae output and in ssc;ﬁm cages

, intexfeienéa.with thnfcdﬁduatinn.pathyays in the he&w%.- 3109&:
pmasﬁré and heart rate. aﬁé"mom Blighfly. affecteds These findings
_ raise the susyiaien »-’tha,t there. may be a ‘utc‘xi& effect vhen éxygen ig

administered at such pressuves..

The fact that oxygen may have Iaﬁmful effects in no new

-  _idéé; ?rlestley after discovering oxygpn in 1773 experinented

: _with living things and found that.not only was oxygen essential 1o

life- but also remaxied on its pﬁasible use. a¥ a therapeutio agent.

anﬁ commented on the possible danger of its use et incﬁeaaea

& 3‘i cannentrations.‘A He. therefore had delineated from the uut&et ita

{l(a) nenessity, (b) therapoutie usefulness and (u) yossibla

deleterious effeots.

‘Eh@»£ir$t harmful effoets of oxygen to be observed wers
desordbed by Lavoisier (1783) who desoribed an “incendiary" cotion
on guinea pig lungs. This work haé}haen confirmed many . times
sinee and in the main the pathological findinge ave of cedems,
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v‘3 hepatization cf the 1unga. pleural erfuaicn, ateleetasia and
-cansolxdatiun. There is funﬁamental damage toﬂapillary and
alveolar tembranes = a partieular feature being inexeased
_pexmaabllity‘whica allaws prﬂtein @nd red blaad cells to traverse»
'tha~walls. Vﬁcn&lxzat;nn of mitachcndr&a is said to ocour.

An antemestlng £ea$ure is that the 1nterpretatlan cf these ehanges
as bemng due tc & &1rect toxld antian of oxygen has been shallenged;
: Durfey (1964) thought that IOQ% oxygen produced profeund and rapid

\f pest»maxtem ohanges many of which had previausly been asexlbed to

- axygen toxiéity. | ‘

The changes in the lungs highl&ght ancthmr ganeral effeet of

) ﬁhexygan, dee. that 0f vasuular involvemen$. The egpacity. te

FVL?;nduce vaﬁgular pathglogy has heen‘amply illustrated by the tragady

"'af retrolental flbxaplasia in. human infanta. In baby mice

'exposure to Qxygén i exueas, feee abcve 35 pex cent, 1nduces

A:77a'first1y decreased gwowth of blood vaaaela, g aecanﬁary hyperpla51a

i on return tn air braaﬁhing and £inally a -degrease in the number of

%}veasels and. hypnplasia which resnlts in parmanent blindnesa.l 'in‘
the aduli vaaoaonstriatien 19 the eamman reactlan to axpeaure fo

high partial praasures of éxygen;

R Enzyme Systemsare also knowa to be affected - including those
A‘_in smooth muscle, striaﬁed musale, heart and nerve. Rosenbaum
A(1965) has censidered the queation of enzyme inhibition by high

f.fTQR¥EEn<presauxe in GellSs - He reP°”§9d'that sgveral byarolytic
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enzymes (acid phosphatase, cathepsins, beta glueuronidase) may be
inhibited by short exposures o high concentrations of oxygen

(e.g. 15 ming. at 7 atmospheres absolute) or longer exposures

(24 to 48 hours) to lower concentrations, He thought the
inhibitoryr effect was due to an effect on the lipid membrane
forming‘g subcellular particle eontaining the bulk of activity of
these ae¢ld hydrolysates. These are the lysosomes and in this case,
6xygan may £ix the membrane in some way. He postulates that the
anzyne inhibition may ba not due to destruction ox modification

of the enzymés but rather an interruption of the mechanism for

their release.

Gexschman (1963) in meviewing the biological effects of
cxygen, ganaidera that there is no cobvious demarcation line ahove
which toxic effects begin.  She considers that the fundsmental
toxic potentialities of oxygen yeside in its molecular properties,
The eleotron bond siructure of oxygen is such that it has high
oxldizing potential. It is.a well qualified biological source of
energy due to ita high potential, abundance and gvailability.
However, this high potential carries with it.a threat to {issue
integrity and 1&f§ itgelf.

Oxygen is a pluggish oxidising agent and this faot permits its
use as & potential energy source. If it were o zapid oxidising
agent it would wmeact too quickly 4o permit the storage of any
anérgy. It 18 postulated that the reduction of oxygen takes place
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_via changes through free radfeal sbates - vhen this state i’s

| _manhecl it reacts vexy mgml;n,r 'ﬁharei‘cm alibough many
mammna, sush ag wi‘th enzymes,, ;pmeeeﬁ slwl:,? initially, 'bhey
nay. beac:me vexy mpm onge @mugh energy is released $o 'm'bimte
.'tsha ms:ygen 3o ;i.ms i'ma radiaal fnm. In@his latter state highly

: ﬁ@simctive mauticns can be s’ba:nted,.

 Feon tht hypethesiﬁ-i§~i3‘pﬁé§umé& that the normal
'cone&ntratiana of oxygen (a'tmaaphexia air) is thet for whmh we

ha.ve aﬁap’séd by develaping adaqvate an‘ti-axidan’c defence s:fs i:ems.

- lﬁhese my eaaily ba ow:mam by aupm norigal pmaaums of* oxygen.

” ‘.I?here are 121 fact many simiiaxities with the- ini'bial bialngieal
é}ffafzta of X = irrad.ia‘tian.

mugaard (1963). haa s*hndiaﬁ the effest of oxygen on easyme

; ‘a&atama in particulaz.: ﬂ,otiv;lty is’ graaﬂ;y vedused in many systems
and in one »expax;menﬁ‘he ‘reported on 'réépmiti&n 15 rat hooxd

o %aiqagenatés; oxygen cormumption vas marksdly reduged by ohanging
i‘m T4 oxygen Lo 100% oxygen (at atmospheric ‘\1;:‘42@9.&%1‘:@‘33").(-'~ He

- quotes and ag:c'eéa with Paul Bert Who in 1878 sald "Génmmgtﬁn of

Qxﬁrg‘an, breaking down of é‘;u&aaer :i.n the bleod, all chemioal »
phenomena which oan be meéau;&&c_i easiiy,‘ appaaxr to “be acnsid’ex*abl& |
'._;aima dovn by *&h@‘ aotion of oxygen under high tension®,

' Following this line of thought 1% would seem likely that the
 changes produced by prolonged exposure to hyperbarioc oxygen may
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indesd be manifégata’hions of o toxic aotion ‘céx the égrciiémsaglar :
syaten, E{zmni'tz {1942) r‘émﬁad ovidenge of ma;ﬁcarﬂial damage
in mice expasacl $o 100% oxygen and Baniell and Bagwell {1968) |
:11&?& suggested 'tha'b the . decx&a&e in iﬁametma systolio. tension o
found with exposure o lﬂ% oxgygen at atmoapheric prassure nay be

due ta eaply axygen 'boxﬁ.ai‘ky.~ :3:’6 ig interesting however that |
'.Bean (1965), Donald (1965) and Ba.lentine (1966} all 'tmi'bine;

| rev:lews of the pmblema of adveme effacte of ox:srgen nawe Mttle
Cor no%hing to :m:por'# qn “hhe m;rooaxéium. »

- T 16 known that different organ systess veast in diffevemt
'wa;ra to high levels of oxygen. In théaaﬁlt human bedng the
'aentxra.}. nexvous. system :I.s pm‘bahly tha ms'& gengitive - whiah .
plaae the ca:rdiovaﬁeula.r system aecupies is at preaent difficult
to fm;;rt '.L‘ha faat that in qur experimenta after 3 houzes of
hypax;baric nxygen a :eetu:m $o a:tr bmaﬁhing results in a ::apid
B ‘ﬁnpmvemnt :ln maardial flaw ma;r auggeat that 'l;ha toxiu action,
3£ 11-. be auoh, s z:mmm at thia s‘l'.age |
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UMMARY OF RESUIT

This thesis presents the results of an investigation into
the behaviour of myocardial blood flow and metabolism particularly

on exposure to high partial pressures of oxygen.

It is shown thot myocardial blood flow, oxygen consumption
and substrate metabolism are reduced when exposed to hyperberic.
oxygen. Further 1t is suggested that this reduotion in flow is

due to s direct effeot of oxygen on the vessel wall.

Administration of carbon dioxide is accompanied by a depression

of oxygen oconsumption although blood flow rises sharply.

When oarbon dloxide is added to hyperbaric umygah it i3 found
that the iudustion in flow due to oxygen is reversed although oxygen
¢onsumption continues to fall., These results, the first ever
pregented from this particular combination of gases, are interpreted
a9 indicating that c¢arbon dioxide has probably & direct action on
vascular smooth musele which outweighs any depressant metabolic
effect,

Finally the effects of hyperbaric oxygen, when exposure is
prolonged to three hours, are studied and the likelihood of a toxic

affect of oxygen at high pressure on the myocerdium is discussed.

No acﬁ%lusions are to be drawn from this series involving
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,exp&rimemal aninals regarding the hvman eituation.  This would
ba. unwiém. lfi‘oz:k done in volunﬁeam a.mi also patieni;s with
myeaardial mfmticn ha,va however shown tha*k oxygen’ &aes have

’ effects « sometimes pmfaund on' the eardinvascular gyetem. .

lt must be ::emam‘bemd that i\vpe:c‘bamia mwgen gan be uged with
'twc aims in mind - ths fivat uestore an abnormally low tenaion of
‘ m;_ygen to nommal oa, _*k_q} glve the bu&y, enough .disaslvea oxygen in
%he piaamas to m?aint&mh 1ife~ un*&il smn& pathelogical pmd‘ess is
Qéméted. ﬂ!he awan& is deli‘bemtely ) 12} &n&mae & BupYa, noml
A“-‘:vz:ar'bial pressure oi‘ mqrgen in the ‘blend, ﬂwmw hoping to benefi’c “

& particula.r area whe:ee tissue hypoxia exia'bs.

x«tuah reseamh on the pm‘blema rai.seé. [0 ﬁus teahnique has
been ana cantinuea ta be perfomadg Althcmgh heart dicease is
‘sueh a amon clin:loal pmblem the baam aardi.avamular ms;ponaea

‘ _‘to Mgh ptassu:cea of a;ygen have not been well explbmd.

~i5§hé::e 18 uhvianaly 2 great e:ulf between human paﬁhsslagy' and

‘fhe 'expe;‘cmn%al anfital Wt 4% 18 felt that the resulte pregented
| _i‘mm thia serles of experiments do-indicate a pattern of |
plwsiclqgical responsee whiah it would be umrise to :Lgnoxm )
Mthamem it is o‘w:lnus tha.ﬁ mah more woxk needs to be dane on |
_' hmnan ca:f.‘&ie‘maculm* msponsea to aﬂrygen at be’bh noml and . |
»inc::eaaea pressma so that a better understanding may be rﬁaohed
of t;xa putegtialitiaa am‘i a;aﬂ linitations of oxygen therapys .
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'i'he mam bulk 91‘ this Wexk (1966*68) was perfcamd while

- Ahol&ing an appaintmant a8 Research Fhysician to the Hyperbario

lewsen Unit ad the Wastem Ini‘imary, Glasgew. I en grateful .
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“wpnd facilities during t}zis perio& aud ta rrofeasar Kay Gi‘ tho

- ne;partmnt Of Surgery fcm enoauragament and helpful ariticim oi‘
 thig work. ’ ‘

| I wag foa:tuna‘te in. having Dr. fain HeA. Isad:lngham, Senior
- ?-i.aot\umr in Surgery, as boﬁh sugerﬁaer a.mi aﬁllabem‘ber.
‘ :zir. Ledinghan!s. w;ds experignoe both of hyperbaric oxygen and also
- of endmal exzzeménﬁai w@i:k was ai‘e;aiys 4m;éi¥ééingiy;put at my
© adeposal, - |

w thankﬂ BK'G elgo due tﬂ :91’- " ?- Yanoe a.mizix‘. :o Pﬂmt‘t, ‘
-who later :jo:!.ned the ::aaea:nah g:coup and whose halp and oritiqism

B ha‘sre bhaen wvery muuh axapraamised.. :

- The taal;niea.l ataff of the Hyperbarie Unit have beeti at all
© -times pabient and helpful but I should like perticularly to $hank
. mg;‘ "I)an;i_se‘ Wh“;,‘rte v;ha wag mosh k,tslaseily é;ssauialfed» w.i.ths th_i,sf p:;a.je‘etq

:[ an also gmteful to m', f}abriel }}amld ami ‘his staf.i‘ oi‘ thé
: ?ﬁadieal leustmtims :Depcmtmem, West&m :rnﬁmary, f.‘or t,ha:ir
help with the figures ond dingronms, | |
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I am indebted to Dr. ¥. €. Gillespie of the Regilonal Physics
Department for invaluable help and adyice with regard to the

radlo«etive counting system.

Tantly I must acknowledge the sterling clerical help I have
regelved from Misses M. Gibson, F. Thomson, N. Halley, Jean Kellook
and Mrs. Elizabeth Nimmo.
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Ths m‘t‘sarial .in Gha,pters 2 angd 3 was pzesenteﬂ, in prelim.inaxy ,
ﬁsm to the lntema%iemi Blaod Flw Gongredss held in Glaagow :s,n

.....

measure of mauaxdial Bloa& mqw with s;gec;{al referenca to
the influence on flow of -inoreases of oxygen teusion, .
(%X, MoBride and I. MeA. Ledingham)., Blood Flow'through
Qrgana a.nd msmas, PP GO 00, E; & 8. Livizzgsteme, 1968. |

When e J. ?. Vam;a ;jeine& -khe msaaxoh g:mup work was aone . -

o in eollahowmmn wi'sh h.tm and :nx. Led:i.ngham on 'cbe ei‘fects ar

| aa:z:ban dioxma, s,.e. ;pam*h m‘.“ 'i:he vork maentea in ﬁha;gatez‘ 6,

Rgfeg._-gnce: Effects nf ahangvs .in pa:c‘bial pmsw.re ei’ earbon
dioxide on Myocardial Blood Flow. (Ju P, Vance, %. I, HoBride,
and Ie :em. Ledinglmm) (Brits Jv An _'stheaia, 1967. 39, 685.

‘ -13:5‘.:.3. R¢ Pamt#" beoam aﬁsoamﬁéﬁ‘ w:i.'bh %he g"rm'zp emci‘ the ‘
' mllawinggeemunmaﬁiam déalt with ather aspec ﬁa af‘ tha material
Cdn ehaptar 66 |

R ererénaes Bffects of Raised Carhon Dioxide Tension on Bloed -
Flow and Oxygen Consumption in the Myocardium. . (J. P, Vance,
Te To HoBride, J. Re Parratt and I. HeA. Ledinghem). . |
Prweedings of the Scatﬁ.ﬁh &eme"ty of E}xperimmml ﬁedieine. :
Juney 3.90&. , . : :
Refammex Effect of Hypemapnia on Myaaazd:{.al Blﬁaﬁ Flew,
Oxygen Qonsmnp'!;ion and Metabolism. (X, McA, Ledingham,
Te. o ﬁ@m\idﬁg Je R ?amtt a.nﬁ JQ P.. ?ams%). o ‘
: Pmcaadingﬂ ef +the Phyainlagical Soaiety. ﬁeptember. 1968.



The experiments in Chopters § and fr"sfem roported an follovat

Reoferences Qha-nges :I.n Wocardial m.ami Flow. am'l O:f;ygen

Consumption on Exposure to ﬁyparbaric Oxygen, (2. x. X{eBriaé, - e

Jo Pa ?ﬁfi@f}g ) Rn Pﬂmﬁt and .3.. Mohe Ledi"ag}m).

mgeedinga of the Snottish Scaei,aty for Experimemal Hedicma.
Jine, 1968

'-_‘iﬁas*bly the naterial . :!.n ﬁhaptex‘ 8 formed the basis c:i‘ the
fallowing cammunimtion g:t.van ‘ka the Briti sh Qardiac Society. |
| nefgmncm Qhangea :ln Ivb,roemdial 3100& Flow end Qxygen
Qonsumption opn. Exposure to Hypexbarie Oxygen. (% I, MoBride,

T. Mehs Ledingham and Jo Po Vance).. British Cardiac Socm‘oy,
) Eeeember, 1968¢ C .



APPERDIX

%chnical de‘l%a,ils of instruments and methods are herewith
appen&fqd. | - |

1ood Gas Analys

:é.léod gases were 'mu;,smd with the Radiometer blood gas
equipment (Astrup)s This equipment consisted of blood gas
monitor FHA 927; PO, slectrode, E 5046/D616; P00, electrode
E 5036/D615; pH metex, PHM 27. The eleotrodes weve calibrated
deily with gases of known oxygen and carbon dioxide tanniona.

The pH meter was calibrated with two standard solutions of known
pH.

Blood Gas Difference

To allow for the known discrepancy hetween measuring oxygen
in & fluid and a gos medium the Blood gas difference was caloulated
for each day. Blood was tonometered in a Torres rotating syringe
for 30 minutes and then the oxygen tension in the ges phase was
measured. ‘The tension of oxygen in the blood phase was then
measured at 15 second intervals for 2 minutes. The pesk reading
was used to ocaloulate the blood gas difference and a gonverting

footor was derived from this,
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Blood Qlueooce

This ms sstiaatsd by the standard folia and WU tsohalqus

(J. Biol. Ghsm.* 41, 967» 1920).

Blood 1AOtat#

The Bo”islngsr and Boehms method was msed. Blood is first
dsprotelnlsed with perohloris aeid. After ceatrifngntiom buffer
(0.9 W glyoime) is added followed by the addition of £DI (2 mg/ml.)
and 0.027 M BAD. This is inoubated at 29* and them optieal
density is read in a Hilgsr speotrophotometer (tbrispek H 700) at
966 am. After suhtraeting optieal density of a blank the
differenoce is raaltiplied by 117.9 to give mg. lactate per oent.

Standard lactate concentrations were used as controls.

S10sSJOSSSB1SL

This was estimated bf the Boehringer and Boebne method.
Blood was depsoteimised with pershlorie aeid. After centrifsgation
the supernatant is mixed with buffer (2.2 M dipotassium hydrogen
phosphate) . After standing in ice and subsequently being filtered,
BADE (0.012 M) is added and optieal density is read in a Sllger
speetrephotometer at 996 nm. 0.79 ID1”ml. is them added and
optical density read after 9 minutes. The differenoe between
these optieal densities is multiplied by 6.88 to give pyruvate in
milligrams per sent. Standard pyruvate ooneentrations were used

as controls.
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Carbon Dioxide

The instrument used for inftn red carbon dioxide analysis was

the Hartmann and Braun Capnograph (URAS X).

Cardiac Output

A dye dilution technique using indooyanine green was employed.
A constant rate withdrawal pump (Harvard) was used for arterial
sampling. A Water’s densitometer (%C 302) was used in conjunction
with the Servoseribe writer and the output caleulated from the

graph obtained in the standard manner.
ol
Haememlobln
Ais was estimated by the eyasmethaemoglobin teohnique.
After addition of 0.04 ml. blood to 10 ml. XCW reagent the optical
density was read in the spectrophotometer (Uhicam S.P. 600) at
940 mn. This was read against a standard of known haemoglobin

oonoentratien.

SSBSSLSZ2BiWl

When the arterial oxygen tension was known and oorreoted for
the blood gas differenee ef the day, the arterial oxygen saturation
was read off on the Badicmster blood gas calculator (984*900).

This takes into account pi, temperature and base exeess. Oxygen
eapaeity was taken as grams haemoglobin x 1.94. The pereentage

saturation was eombined with the figure for oxygen eapaeity and
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oxygen content ene therefore derived* However alloeanee etiU
had to be made for diaaolved oxygen and this was ealoulated
aceording to the formulai dissolved oxygen - 0.009 ml. per cent
per nm.Hg. POg. When this figure for dissolved oxygen was added
to the caleulated oxygen content the total oxygen content was

found.

Oxygen Pw»entage Analyser

Oxygen percentage was measured using a Servomex D.O.L. 101

paramagnetic oxygen analyser.

Eadigaetive Counting Hguinaent

The eoumting system used for measuring the gamma radiation

122

from Xencn was the Hkeo Electronics Counting System. This
consisted of H.T. high veltage supply H 9100, a pulse height
analyser X 9010, rate meter X 9190 and the gamma scintillation
detector X 9401. The seintillatiem detector used a thallium
activated sodium iodide crystal. In cperaticn the H.T. supply
was normally set at 970 volts, the rate meter was set at range
900 pulses per second and the time constant normally used was

9 seoonds. Pulse height analyser amplification was set at times
1 and the gain at x100. The gate width voltage was 2.0 and the

threshhold voltage 4.0. The reeozding system used for the

radioactive work was a Ocers Servoseribe type XI 911# The



125,

senaitivity was nommally sot at 100 m¥. and tho paper speed

120 mme per minute,

Inbtravasoular presasures and RE.C.G, were recorded on a
Mingograph 81 (Elema - Schonander)e The principle of this
recorder is a low inertia galvanometer driving an ink jet systenm.
This was used in conjunction with pressure transducers EMI' 33 and

B 34.
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EXPERTMENTAL STUDIES ON MYOCARDIAL BLOOD FLOW AND METABOLISM
WITH SPRECIAL REFERENCE TO HYPERBARIC OXYGEN

SUMMARY OF THESIS

In the last few years there has been a renewal of interest in
the use of hyperbaric oxygen as a therapeutic measure. Much work
has been published on its use in various clinical situations and
efforts have been made to use this mechanism in the treatment of
different types of heart disease. It has become increasingly
clear however that an understanding of the fundamental changes in
myocardial blood flow and metabolism which occur on exposure to
high partial pressures of oxygen was lacking. Furthermore, little

well documented experimental work was available,

It was decided therefore 1o plan an investigation into the
effects of oxygen at high pressure on myocardial blood flow and
metabolism, The experimental animal was the dog and the main
locus of the work was the Hyperbaric Unit at the Western Infirmary,

Glasgow.

A brief review is given of the history of investigation of
myocardial blood flow and a short summary of the types of methods
available for such an investigation. The technique selected for
measuring myocardisl blood flow utilised the clearance of the

radio-active gas 133Xenon from the myocardium.



The theoretical basis of this method is then described and
the practical details outlined. The establishment of the method

in the laboratory follows.

The first experimental work concerned the effect of high
partial pressures of oxygen on myocardial blood flow, These
experiments were conducted at a pressure of 2 atmospheres absoclute.
It was shown that an abrupt change of arterial oxygen tension from
100 mm.Hg. (defined as "air equivalent") to 1000 mm.Hg. was

associated with a 25% reduction in myocardial blood flow.

Although it was thought unlikely that this reduction in flow
would be mediated through nervous pathways a series of experiments
was devised to investigate this possibility. The change in flow
was studied after (a) injections of atropine and propranolol (a
beta adrenergic blocking drug), (b) injections of phenoxybenzamine
(an alpha blocking drug) and (c¢) bretylium tosylate (an adrenergic
neurone blocking drug). As the reduction in flow or changing
from air equivalent to oxygen was maintained after these injections
it was concluded that this reduction in flow is not reflexly caused.
A direct effect of oxygen on vascular smooth muscle was thought to

be responsible.

Myocardial oxygen consumption and metabolism were studied
during this change from air equivalent to oxygen breathing. The

metabolic parameters studied were the extraction of lactate,
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pyruvate and glucose. Oxygen consumption, lactate consumption
and pyruvate consumption were all substantially reduced, No

change was noted in the consumption of glucose.

The next experimental work concerned the effect of high
partial pressures of carbon dioxide on myocardial blood flow and
oxygen consumption., This work was performed at normal
atmospheric pressure, Raised arterial carbon dioxide tension was
associated with a rise in myocardial blood flow and a fall in

oxygen consumption,.

Because of these results the effect of high arterial tensions
of carbon dioxide combined with hyperbaric oxygen was studied. A
further fall in oxygen and substrate metabolism occurred but a
substantial increase in myocardial blood flow was noted. It is
suggested that carbon dioxide may have a direct vasodilator
effect on myocardial vasculature and an indirect effect which may

impair cellular metabolism.

The final group of experiments concerned the changes which
occurred in myocardial flow and metabolism when the change from
air equivalent to oxygen was prolonged for 3 hours. The myocardial
blood flow fell substantially, oxygen consumption was further
reduced and evidence of marked interference with carbohydrate
metabolism was found. In addition the expected fall in cardiac

output was confimmed and evidence was found of interference with
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atrio-ventricular conduction in the heart in three cases., These
changes all tended to return to normal when administration of air
equivalent was resumed. The likelihood of a toxic effect of high

partial pressures of oxygen on the myocardium is discussed.

Pinally a general summaxry of the results is presented and

the clinical and laboratory implications of these studies reviewed.
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