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RESUMO

Miyaji KT, Buscati RIl, Rodriguez AJA, Machado LB, Malbouis-
son LMS, Carmona MJC - Avaliagédo da Correlagéo entre o Dio-
xido de Carbono Expirado e o Débito Cardiaco em Pacientes
Submetidos a Cirurgia Cardiaca com Circulagdo Extracorpérea

JUSTIFICATIVA E OBJETIVOS: O CO, expirado (PerCO,)
reflete, além da ventilagdo pulmonar (eliminagéo), a produgéao
de diéxido de carbono (metabolismo) e o fluxo sangiiineo
pulmonar (circulagdo). Quando o metabolismo e a ventilagdo
sdo constantes, o CO, expirado reflete o fluxo sangiiineo
pulmonar e, desta forma, o débito cardiaco (DC). Este estudo
tem como objetivo a avaliagao da correlagao entre o diéxido de
carbono expirado (PerCO;) e o débito cardiaco em pacientes
submetidos a cirurgia cardiaca com circulagdo extracorporea
(CEC).

METODO: Foram estudados 25 pacientes submetidos a
cirurgia de revascularizagdo miocardica com CEC. Apos a
intubagdo traqueal iniciou-se a monitorizagdo da PerCO,. A
determinagéo do débito cardiaco (DC) foi feita por método de
termodiluigdo com o uso de cateter de Swan-Ganz e a PaCQO,
foi avaliada através de gasometria arterial. Os parametros do
estudo foram avaliados em quatro momentos: logo apés a
indugéo da anestesia geral; antes da circulagéo extracorporea,
ao término da circulagdo extracorpoérea e ao final da cirurgia.

RESULTADOS: O teste estatistico ndo demonstrou uma
correlagdo entre o CO, expirado e o DC, assim como o
gradiente de dioxido de carbono arterial e expirado (Ga-eCO,)
e o DC. Foiencontrada correlagdo entre a variagdo dos valores
da PerCO,, Ga-eCO, e DC em relagao ao basal antes da CEC
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com perda da correlagdo ap6s a CEC até o final da cirurgia.
CONCLUSOES: Neste estudo, onde se avaliam pacientes
submetidos a cirurgia cardiaca com CEC, as alteragbes de
relagdo ventilagdo/perfusdo ocorridas ao longo do
procedimento sdo, provavelmente, os fatores determinantes
da diminuig&do da correlagdo entre o débito cardiaco e o valor
de diéxido de carbono expirado.

Unitermos: CIRURGIA, Cardiaca; MONITORIZACAQ: CO;
expirado, débito cardiaco

SUMMARY

Miyaji KT, Buscati RI, Rodriguez AJA, Machado LB, Malbouis-
son LMS, Carmona MJC - Correlation between End-Tidal Car-
bon Dioxide Levels and Cardiac Output during Cardiac Surgery
with Cardiopulmonary Bypass

BACKGROUND AND OBJECTIVES: End-tidal carbon dioxide
(PerCOy) not only reflects pulmonary ventilation but also car-
bon dioxide production (metabolism) and pulmonary blood sup-
ply (circulation). During constant metabolism and ventilation,
PerCO;, reflects pulmonary blood perfusion, thus cardiac output
(CO). This study aimed at evaluating the correlation between
PerCO;, levels and CO during cardiac surgery with
cardiopulmonary bypass (CPB).

METHODS: Participated in this study 25 patients submitted to
coronary artery bypass grafting (CABG) with CPB. End-tidal
CO;,monitoring started after tracheal intubation. Cardiac output
was determined by thermodilution with pulmonary artery cathe-
ter (Swan-Ganz). Carbon dioxide partial blood pressure
(PaCO,) was obtained with arterial blood gases analysis. Stud-
ied parameters were evaluated in the following moments: im-
mediately after general anesthesia induction, before
cardiopulmonary bypass, at cardiopulmonary bypass comple-
tion and at surgery completion.

RESULTS: Statistical analysis has not shown correlation be-
tween PegrCO;, and CO,, or between PgrCO,-PaCO, gradient
(Ga-eCO;) and CO. There has been correlation between
PerCO,, Ga-eCO, and CO values variation as compared to
baseline values before CPB, with loss of correlation after CPB
until surgery completion.

CONCLUSIONS: In this study, where patients submitted to car-
diac surgery with CPB were evaluated, ventilation/perfusion
changes throughout the procedure might have been the factors
determining decreased correlation between cardiac output and
end tidal CO,.

Key Words: MONITORIZATION: end-tidal carbon dioxide, car-
diac output; SURGERY, Cardiac

INTRODUGAO

CO; expirado reflete, além da ventilagcao pulmonar (eli-
minagao), a produgao de didéxido de carbono (metabo-
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lismo) e o fluxo sangtiineo pulmonar (circulagéo). Quando o
metabolismo e a ventilagdo sdo constantes, o CO, expirado
reflete o fluxo sangliineo pulmonar e, desta forma, o débito
cardiaco.

Da aplicagao da equacao de Fick ao dioxido de carbono
tem-se que a diferenga entre o conteido de CO; no sangue
venoso misto e no sangue arterial € igual a relagéo entre a
producgdo de CO, e o débito cardiaco ' podendo esta equa-
caoseraplicadaao CO, para estimativa do débito cardiaco?.
Alguns equipamentos de monitorizacao ja estdo disponiveis
comercialmente comafinalidade de analiseindiretaendoin-
vasivadodébitocardiacoapartirdaavaliagdodo CO,expira-
do *°.

Este estudotem como objetivo aavaliagdo da correlagéo en-
tre odiéxido de carbono expirado (Pe1CO,) e o débito cardia-
co em pacientes submetidos a cirurgia cardiaca com
circulagao extracorporea.

METODO

Apds aprovagédo pela Comisséo Cientificado Instituto do Co-
racdo (INCOR) e Comissao de Etica Médica do Hospital das
ClinicasdaFaculdade de Medicinada USP, foramestudados
25 pacientes submetidos a cirurgiade revascularizagdo mio-
cardica com circulagao extracorpérea e com monitorizagao
através de cateter em artéria pulmonar. O risco cirurgico foi
avaliado utilizando-se os critérios propostos por Higgins °.
Os pacientes receberam como medicagdo pré-anestésica
midazolam nadosede0,1a0,2 mg.kg'1 por via oral 30 minu-
tos antes da indugéo anestésica, até a dose maxima de 15
mg. Ao serem admitidos na sala de cirurgia, foram monitori-
zados com eletrocardiografia continuacom 5 eletrodos, ava-
liando-se as derivagdes D e V5 e oximetria de pulso e sub-
metidos a vendclise periférica com cateter 16G. A monitori-
zacao invasiva da pressédo arterial foi realizada através de
puncéo da artéria radial com cateter 20G. Apos a oxigena-
¢éo, aindugao da anestesia geral foi realizada com fentanil
(20230 ug.kg™') e midazolam (0,1a0,3mg.kg™'), seguidade
relaxamento muscularcombrometo de pancurénio(0,1a0,2
mg.kg'1). Foiaplicadaventilacdo manual sob mascaraeintu-
bacgéo traqueal com tubo de didmetro adequado, instalan-
do-se a seguir ventilagao controlada mecénica com volume
corrente de8m|.kg'1,freqUéncia respiratoriade 12incursodes
porminuto,relacaol:E=1:2eFiO,=0,6 (oxigénioe arcompri-
mido). Apds intubagéo traqueal iniciou-se monitorizagéo da
PetCO; pelo método sidestream, da temperatura nasofarin-
gea e da diurese. A manutengao da anestesia foi realizada
com doses fracionadas de fentanil, midazolam e brometo de
pancurénio, associado a concentragdes variaveis de
isoflurano por via inalatéria.

Acomplementagio da monitorizagao hemodinamica foi rea-
lizada por meio daintrodugao de cateter de Swan-Ganz cali-
bre 7F através de puncaodaveiajugularinternadireita, e mo-
nitorizados presséao de artéria pulmonar (PAP) sistdlica e di-
astolica e média, presséao de atrio direito (PAD), presséo de
oclusao da artéria pulmonar (PoAP), débito cardiaco (DC)
medido através do método de termodilui¢do. Foram realiza-
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das 3 medidas subseqtientes, utilizando-se seu valor médio.
Oindice cardiacofoiobtidopelarelagdoentre o DC easuper-
ficie corpérea do paciente. A PaCO, foi avaliada através de
coletade gasometria arterial. Através dos dados dagasome-
tria arterial e venosa mista calculou-se o gradiente alvéo-
lo-arterial de oxigénio (GA-a0,) e o shunt pulmonar.
Todos os pacientes foram submetidos a circulagao extracor-
poérea com oxigenador de membrana (Braile, Brasil) com flu-
X0 néo pulsatil e sob hipotermia moderada (temperatura mi-
nimade 32°C). Aofinaldacirculagédo extracorpéreaforamin-
troduzidos farmacos vasodilatadores e/ou inotrépicos em
doses variaveis, conforme indicagao clinica.
Afragaoexpiradade didxidode carbono (PerCO5), apresséao
parcial de dioxido de carbono arterial (PaCO,), o gradiente
arterial-expirado de dioxido de carbono (Ga-eCOy), o indice
cardiaco, o shunt pulmonar e o gradiente alvéolo-arterial de
oxigénio (GA-a0;) foram avaliados nos seguintes
momentos:

e Logo apds a inducdo da anestesia geral;

e Imediatamente antes da circulagédo extracorporea;
e Ao término da circulagao extracorpérea;

¢ Ao final da cirurgia.

Os atributos de fragdo expirada de diéxido de carbono
(PerCOy), presséao parcial de dioxido de carbono arterial
(PaCO0,), gradiente arterial-expirado de diéxido de carbono,
indice cardiaco, shunt pulmonar e gradiente alvéolo-arterial
de oxigénio foram avaliados através de Analise de Variancia
para medidas repetidas, considerando-se significativo p <
0,05. Acorrelagéo entre o gradiente arterial-expirado de di6-
xidode carbono e oindice cardiaco e entre a PetCO5 e o indi-
ce cardiaco foram avaliados através do teste de correlagao
de Spearman, considerando-se significativo p < 0,05. Atra-
vés do mesmo teste estatistico foi avaliada também a corre-
lagdoentreavariagado (emrelagdoaomomentobasal,aposa
inducdo da anestesia) da Pe1CO; e do gradiente de diéxido
de carbono arterial e expirado e o indice cardiaco.

RESULTADOS
Dentre os 25 pacientes estudados, 20 eram do sexo masculi-
no e 5 do sexo feminino. Os dados referentes a idade, peso,

alturaetempode CEC encontram-sedescritosnatabelal.

Tabela | - Dados Demograficos

Média + DP Minimo Maximo
Idade (anos) 64,8 + 10,70 37 78
Peso (kg) 744143 46 109,3
Altura (cm) 1,66 £+ 0,09 1,45 1,81
Tempo de CEC (min) 105,5 + 37,7 43 175

A classificacgo do risco cirtrgico ® mostrou que 6 pacientes
apresentavamriscominimo, 6 risco baixo, 6 risco moderado,
3 risco alto e 4 risco extremo.
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AVALIAGAO DA CORRELAGAO ENTRE O DIOXIDO DE CARBONO EXPIRADO E O DEBITO CARDIACO EM
PACIENTES SUBMETIDOS A CIRURGIA CARDIACA COM CIRCULAGAO EXTRACORPOREA

Observou-se alteragéao significativa do débito cardiaco (p <
0,001), do shunt pulmonar (p < 0,001) e do gradiente alvéo-
lo-arterial de oxigénio (p=0,038) ao longo da cirurgia. Os re-
sultados (Média+DP)dosdadosreferentesaodébitocardia-
co,oindicecardiaco,aPgrCO,,aPaCO,, ogradiente arterial
-expiradode CO,, shuntpulmonar e gradiente alvéolo-arteri-
al de oxigénio nos diferentes momentos do estudo
encontram-se na tabela Il.

Tabela Il - Dados Referentes a Débito Cardiaco, indice Car-
diaco, PerCO,, PaCO,, Gradiente Arterial-Expirado
de CO,, shunt Pulmonar e Gradiente Alvéolo-Arterial
de Oxigénio nos Diferentes Momentos do Estudo

Apos Antes Final Final

inducao CEC CEC Cirurgia
ﬁ%in.1) 368+113 44+096 634+185 592+1,95
I(ICmin‘1 mpy 244107 258078 367£112 350117
PaCOz
b 30,99+ 4,50 32,47 +3,62 37,28+7,04 36,77 +5,18
PeCO,
oHe) 28,84 +3,78 28,67 +3,94 32,68 +570 32,76 +5,95
(Grr?r;ngZ 2154360 4,01+399 464+487 393+4,68
Shunt 18+0,08 20+0,08  28+0,1 25+ 0,06
pulmonar (%) - =9 =Y 0,
Efn‘\r;a,_%z) 194,8 + 1152 174,1 + 82,2 207,1+ 80,7 224,8 + 90,7

Afigura 1 mostra a variagéo do dioxido de carbono expirado
(PetCOy) e do indice cardiaco ao longo do estudo.

Osresultados dacorrelagao entre oindice cardiacoe o gra-
diente arterial-expirado de diéxidode carbono,aPgtCOsea
PaCO, avaliados através do teste de correlacéo de Spear-
man, estdo apresentados na tabela Ill. Os resultados da
correlagdo da variagao (emrelagdo ao momento basal) en-
treoindicecardiacoeogradientearterial-expirado de dioxi-

40 6
. 38 1 —e— P:CO, 1 |5
£ 3% —O0—1IC T 1 —
IS €
g 34 A4 L4 <~
~ C
o 32 A —3 €
o L, =
5 30 1 Q
0g 1
8 1 1 -2
26
24 T T T T 1
o O O o
>
N K & P
;\Q Q\e '0% -
Q‘o‘b 4 &S

Figura 1 - Variagao do Diéxido de Carbono Expirado e do indice
Cardiaco
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do de carbono, a PerCO, e a PaCO; estdo apresentados na
tabela IV.

Tabela Ill - Correlacéo entre o indice Cardiaco e o Gradiente
Arterial-Expirado de Diéxido de Carbono, a PgrCOz e

a PaCO,
Apos Antes Final Final
inducdo CEC CEC Cirurgia
IC X Ga-eCO, p=0,60 p=0,90 p =0,80 p=0,19
IC X PaCO, p=0,13 p=0,51 p =0,40 p=0,61
IC X PerCO, p =0,20 p =0,58 p = 0,59 p = 0,55

IC X Ga-eCOg: correlagéo entre o indice cardiaco e o gradiente arte-
rial-expirado de diéxido de carbono

IC X PaCO,: correlagdo entre o indice cardiaco e a pressdo parcial de
dioxido de carbono arterial

IC X PerCOg: correlagdo entre o indice cardiaco e dioxido de carbono
expirado

*rho > 0,50 e p <0,05

Tabela IV - Correlagdo entre a Variagéo (em Relagéo ao Mo-
mento Basal) do Indice Cardiaco e o Gradiente Arte-
rial-Expirado de Diéxido de Carbono, a PetCO; e a

PaCOQ.
Antes Final Final
CEC x Basal CEC x Basal Cirurgia x Basal
IC X Ga-eCO, rho = 0,658* rho = 0,470 rho = 0,320
p = 0,0005* p=0,01 p=0,10
IC X PaCO, rho = 0,650* rho = 0,079 rho = 0,070
p = 0,005 p=0,70 p=0,75
IC X PerCO, rho = 0,750* rho = 0,471 rho = 0,327
p = 0,0002 p =0,02 p=0,10

IC X Ga-eCOy: correlagédo entre o indice cardiaco e o gradiente arte-
rial-expirado de dioxido de carbono; IC X PaCOy: correlagéo entre o indice
cardiaco e a pressao parcial de dioxido de carbono arterial; IC X PerCO,:
correlagéo entre o indice cardiaco e diéxido de carbono expirado

*rho > 0,50 e p < 0,05

DISCUSSAO

Odiéxidode carbono (CO;)é um produto resultante do meta-
bolismo das células organicas, sendo captado e transporta-
do pela circulagdo venosa até os pulmdes, onde é eliminado
através de difusdo pelamembrana alveolocapilar7. O conteu-
dode CO, é entdo exalado, sendo que em condigdes de ven-
tilagdo/perfusdo normais (coeficiente respiratério - QR =
0,8), seu valor no final da expiragéo (PerCO3) é um reflexo
aproximado da pressao parcial de CO;, no sangue arterial
(PaCO0,;). Nestas condigdes, o sangue venoso que entra na
circulagao pulmonar tem uma PvO, de aproximadamente 46
mmHg e, por ser gas extremamente difusivel, passa rapida-
mente para o alvéolo. No momento em que este sangue sai
da unidade respiratoria de troca ha um equilibrio entre as
concentragdes de CO,, no final do capilar pulmonar e no al-
véolo. Em pacientes normais, a diferenca entre aPaCO, e a
PerCO, éde 3a6 mmHg ®?, que tende ao aumento com alte-
racdes de relacdo ventilacdo/perfusdo >'°, cujo principal
exemplo é o efeito dadenominada ventilagdo do espago mor-
to, quandoexistemalvéolosventilados e ndo perfundidos, le-
vandoaoaumentodogradienteentreaPaCO,eaPgrCO,.
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Tem-se salientado a importancia crescente da avaliagéo da
PerCO, durante a reanimacéo cardiorrespiratéria ''. Uma
diminuicao rapida (em 1-2 minutos) e progressiva dos valo-
res e da altura do capnograma é observada em alteragbes
agudas na circulagé&o pulmonar ou na ventilagdo, como na
parada cardiaca, no tromboembolismo pulmonar e na hipo-
tensédo arterial subita, condi¢des que comprometem o fluxo
sanguineo pulmonar. A capnografia pode ser um guia para
otimizar a terapéutica durante a reanimacgao cardiorrespira-
toria '#'* e como um avaliador de qualidade da massagem
cardiaca '® ou do prognoéstico pés-reanimagao '*'°.

Em estudo anterior foi demonstrada uma correlacao direta
entre as alteragdes dafragdo expiradade didoxidode carbono
(PerCO,) e o débito cardiaco medido por termodiluicdo 6.
Nesse estudo foi observada uma correlagao direta entre a
PerCO,eodébitocardiaconoperiodode saidadecirculagéo
extracorpérea. Ainda, em tal estudo, uma Pe1CO, maior que
30 mmHg foi invariavelmente associada a um débito cardia-
cosuperiora4l.min™'®. Entretanto, para valores mais eleva-
dos de débitocardiacoaPgtCO, se mantém constante ou so-
fre pequena variacdo, enquanto o fluxo sangliineo na artéria
pulmonar continua aumentando. Verificou-se também que a
PerCO, pode ter baixa acuracia na associagédo a quadros de
baixo débito cardiaco crénicos . Inicialmente, a diminuicdo
dofluxo sangliineo corresponde a diminuigdo da PerCO, até
um valor basal além do qual esta n&o se altera significativa-
mente apesar da progressao da diminuigao do fluxo sangui-
neo naartéria pulmonar. Aexplicagao propostaédequeuma
persistente diminuicdo do fluxo de sangue resultaria em mai-
orliberagéo de didxido de carbono pelos tecidos, resultando
em aumento gradual da PgrCO, 2.

No estudo atual, apesarde que amaiorcorrelacaoentreava-
riacao (emrelagdoaobasal)entreoindice cardiacoeogradi-
ente arterial-expirado de diéxido de carbono, a PerCO; € a
PaCO. ter sido observada antes da circulagdo extracorpo-
rea, este resultado pode estar sofrendo interferéncia do fato
de pacientes cardiopatas freqlientemente apresentarem dé-
bito cardiaco cronicamente diminuido. A avaliagédo de paci-
entes com diferentes riscos cirurgicos e diferentes fungdes
ventriculares pré-operatorias pode ter contribuido para a
nao observagao de maiores correlagdes entre a PerCO,, a
PaCO;e o gradiente de CO; arterial-expirado e o débito car-
diaco na avaliagao inicial apds aindugéo anestésica. Ainda,
as diferengas encontradas entre as relagdes do indice car-
diaco e as variaveis respiratérias nos dois momentos
(pré-CEC e pés-inducao anestésica), podem se dever, pelo
menos em parte, ao acréscimo da contratilidade miocardica
(inotrépico em uso antes da CEC) ou a vasodilatagédo
sistémica que geralmente sucede a perda de consciéncia na
fase pré-CEC.

As alteragdes dafungao pulmonarobservadas durante cirur-
giacardiaca com circulagcao extracorporeadependemde va-
riosfatores como afungédopulmonarpré-operatoéria,otipoea
duragao da cirurgia e da circulagao extracorpérea ®'°, ain-
tensidade da manipulagéo cirurgica e o niumero de drenos
pleurais. A anestesia geral propicia o aparecimento de ate-
lectasias que influenciam diretamente na fungéo pulmonar,
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alterando a relagéo ventilagdo/perfusdo pulmonar, ocasio-
nando umaumento do shuntpulmonar, podendo interferirna
eliminagaode CO,°. Aativacao generalizada darespostain-
flamatoria sistémica durante a CEC causa edema, diminui-
¢ao da contratilidade ventricular, aumento da permeabilida-
de e alteracdo da resisténcia vascular em varios érgéos.
Ocorre aumento da agua extravascular pulmonar '® com pre-
enchimento alveolar por células inflamatoérias que levam a
inativagado do surfactante pulmonar e colabamento de algu-
mas areas, com modificagdo narelagao ventilagdo/perfusao
pulmonar, diminuigdo da complacéncia e aumento do traba-
lho respiratorio. A produgao de CO, depende do metabolis-
mo doorganismo que pode seralteradopelaanestesiae pela
temperatura corporal, sendo que esta interfere também na
solubilidade do gas no sangue "®?°. Além disso, em pacien-
tes submetidos a cirurgia cardiaca pode ocorrer barocom-
pressaoda microvasculatura '®, alémdo possivelembolismo
por microparticulas que aumentam o espago morto fisiologi-
co®. Desde que a eliminagédo de CO, depende da ventilagéo
alveolar, estas areas de espago morto diminuem a eficiéncia
desta ventilagédo, alterando ainda mais a relagéo ventila-
c¢ao/perfusao. Tais alteragdes de espago morto podem expli-
car o encontro, em alguns casos, de valores de PgrCO;
superiores aos da PaCO,.

O gradiente arterial-expirado de CO, (Ga-PgrCO,) sofre in-
terferéncia do desequilibrio entre ventilagédo e perfuséo e da
composigao gasosa de alvéolos com baixa relagéo ventila-
c¢ao/perfusado, os quais apresentam pressao de diéxido de
carbono proximo ao valor venoso interferindo no Ga-PgrCO,
mesmo sem a influéncia do débito cardiaco. O fator alveolar
é de grande importancia também pela intervencao na meca-
nica e nafisiologia respiratéria a qual o paciente em cirurgia
cardiaca com circulagdo extracorporea € submetido, com
momentos de interrupcdo da expanséo pulmonar seguidos
de insuflagéo sob presséao positiva, o que contribui para au-
mentar o disturbio darelagao ventilagdo/perfusdo. Soma-se
a isso, a manipulagao do volume sangulineo por conta das
drogas e dareposicao volémica, que contribui para os distur-
bios citados e paraadiminuigdo das trocas gasosas pordilui-
¢ao dos componentes sanglineos, entre eles a hemoglobi-
na. Como consequéncia teremos um aumento da
Ga-PerCO; ao final da cirurgia, apesar da melhora dos
valores de débito cardiaco com a revascularizagao
miocardica.

Portanto, pacientes submetidos a cirurgia cardiaca com cir-
culagao extracorpérea desenvolvem alteragbes de relagao
ventilagao/perfusédo, com areas de atelectasia e shunt pul-
monar *'°. Tais condi¢ées pulmonares podem alterar a elimi-
nacaodediéxidode carbono e conseqiientemente ogradien-
te entre 0 CO, arterial e expirado 2! Como mostrado em nos-
so estudo, as alteragdes de fungdo pulmonar observadas
aposacirculagaoextracorpéreapodem contribuirparaaper-
dadacorrelagdoentre o CO,expiradoeodébitocardiaco.
Baseado na avaliagdo naoinvasiva do débito cardiaco, atra-
vés daavaliagao do fluxo sanglineo pulmonar, comousoda
capnografia, estdo disponiveis entre os equipamentos de
monitorizagdo a unido de um capnaografo de fluxo principal,
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um pneumotacografode orificio variavel, um processadorde
sinais e um software de analise que permite a avaliagdo do
espacgo morto alveolar, da ventilagdo minuto real e da produ-
¢ao de CO,, através do estudo da espirografia deste gas *7.
Este recurso pode ampliar a aplicagdo do uso da capnogra-
fia, através da utilizagdo de duas variaveis da curva do CO,
expirado, da inferéncia dos valores do débito cardiaco, de
uma forma nZo invasiva e continua *. Ainda em avaliagao,
este método pode apresentar um potencial para serincorpo-
radoao armamentario moderno da monitorizagédo do pacien-
te grave "%,

Neste estudo, onde se avaliam pacientes submetidos acirur-
giacardiacacom circulagédo extracorpodrea, as alteragdes de
relagéo ventilagdo/perfusao ocorridas ao longo do procedi-
mento, conforme observado pelas significativas alteragoes
de shunt pulmonar e gradiente alvéolo-arterial de oxigénio
ocorridas durante a cirurgia, sdo provavelmente os fatores
determinantes da diminuicdo da correlagao entre o débito
cardiaco e o gradiente arterial-expirado de diéxido de
carbono.
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INTRODUCTION

End-tidal carbon dioxide (PerCO;) not only reflects pulmo-
nary ventilation but also carbon dioxide production (metabo-
lism) and pulmonary blood supply (circulation). During con-
stant metabolism and ventilation, PetCO; reflects pulmonary
blood perfusion, thus cardiac output (CO).

When Fick’s equation is applied to carbon dioxide, the dif-
ference between mixed venous blood CO, content and the
arterial blood CO; content is equal to the ratio between CO,
production and cardiac output ' andthis equation may be ap-
plied to CO; to estimate cardiac output 2 There are already
some commercially available monitoring equipment to indi-
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rectly and noninvasively analyze cardiac output as from end
tidal CO, evaluation .

This study aimed at evaluating the correlation between
PerCO; levels and CO during cardiac surgery with
cardiopulmonary bypass (CPB).

METHODS

Afterthe Scientific Committee, Institutodo Coracéo (INCOR)
and Medical Ethics Committee, Hospital das Clinicas,
Faculdade de Medicina, USP approval, participated in this
study 25 patients submitted to coronary artery bypass
grafting with cardiopulmonary bypass and monitoring
through pulmonary artery catheter. Surgical risk was eva-
luated according to Higgin’s criteria °.

Patients were premedicated with oral 0.1 to 0.2 mg.kg™
midazolam 30 minutes before anesthetic induction until the
maximum dose of 15 mg. At operating room admission, pa-
tients were monitored with continuous ECG with 5 electrodes
evaluatingDj andV5leads and pulse oximetry, and were sub-
mitted to peripheral venoclysis with 16G catheter. Invasive
blood pressure was monitored through radial artery puncture
with 20G catheter. After oxygenation, general anesthesia
was induced with fentanyl (20 a 30 ug.kg™") and midazolam
(0.1 a 0.3 mg.kg™), followed by muscle relaxation with
pancuronium (0.1 a 0.2 mg.kg™).

Manual ventilation under mask was installed and tracheal
intubation was achieved with a tube of adequate size, being
then installed mechanically controlled ventilation with tidal
volume of 8 mL.kg™", respiratory rate of 12 incursions per
minute, l:Eratio=1:2andFiO,=0.6 (oxygenandair). PetCO,
monitoring has started after tracheal intubation by the
sidestream method, in addition to nasopharyngeal tempera-
ture and diuresis monitoring. Anesthesia was maintained
with fractional fentanyl, midazolam and pancuronium doses
associated to variable inhalational isoflurane concentra-
tions.

Hemodynamic parameters were further monitored by 7F
Swan-Ganz catheterintroduction through rightinternal jugu-
lar vein puncture to monitor pulmonary artery pressure
(PAP), systolic, diastolic and mean blood pressure, right
atrium pressure (RAP), pulmonary capillary wedge pressure
(PCWP), and cardiac output (CO) measured by
thermodilution.

Three consecutive measures were taken and their mean
value hasbeenused. Cardiacindexwas obtained by thera-
tio between CO and patient’s body surface. PaCO;, was
evaluated through arterial blood gases analysis. Oxygen
alveolar-arterial gradient (GA-a0;) and pulmonary shunt
were calculated from arterial and mixed venous blood
gases analysis data.

All patients were submitted to cardiopulmonary bypass with
membrane oxygenator (Braile, Brazil) with non-pulsatile flow
and under moderate hypothermia (minimum temperature 32
°C). Vasodilators and/or inotropic drugs were introduced at
cardiopulmonary bypass weaning in variable doses, according
to clinical indication.
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End tidal CO; (PerCO,), partial arterial CO, pressure
(PaCO0,), CO; arterial-expired gradient (GA-eCO,), cardiac
index, pulmonary shunt and oxygen alveolar-arterial gradient
(GA-a0,) were evaluated in the following moments:

e Immediately after general anesthetic induction;
e Immediately before cardiopulmonary bypass;

e At cardiopulmonary bypass weaning;

o At surgery completion.

Analysis of Variance for repeated measures was used to
evaluate end tidal CO, (PerCO,) partial arterial CO, pressure
(PaCO,), CO; arterial-expired gradient, cardiacindex, pulmo-
nary shunt and oxygen alveolar-arterial gradient, considering
significant p < 0.05. Spearman correlation test was used to
correlate CO, arterial-expired gradient and cardiac index,
and PgrCO, and cardiac index, considering significant p <
0.05. The same statistical testhas also evaluated the correla-
tion between PgrCO; variation (as compared to baseline
values after anesthetic induction) and arterial-expired CO,
gradient and cardiac index.

RESULTS

From 25 studied patients, 20 were male and 5 females. De-
mographics data and CPB length are shown in table I.

Table | - Demographics Data

Mean + SD Minimum Maximum
Age (years) 64.8 £ 10.70 37 78
Weight (kg) 74+143 46 109.3
Height (cm) 1.66 % 0.09 1.45 1.81
CPB length (min) 105.5 + 37.7 43 175

Surgicalrisk classification ® has shown 6 patients at minimum
risk, 6 patients at low risk, 6 patients at moderate risk, 3 pa-
tients at high risk and 4 patients at extreme risk.

There have been significant changes in cardiac output (p <
0.001), pulmonary shunt (p <0.001) and oxygen alveolar-ar-
terial gradient (p =0.038) throughout surgery. Results (Mean
+ SD) of cardiac output, cardiac index, PerCO,, PaCO,, CO,
arterial-expired gradient, pulmonary shunt and oxygen al-
veolar-arterial gradient in different studied moments are
shown in table II.

Figure 1 shows end tidal carbon dioxide (PetCO;) and car-
diac index variations throughout the study.

Correlation between cardiacindex and arterial - end tidal car-
bon dioxide arterial-expired gradient, PetCO, and PaCO,
evaluated by Spearman correlationtestare shownintable lll.
Correlation of variation (as compared to baseline) of cardiac
index and carbon dioxide arterial-expired gradient, PetCO,
and PaCO; are shown in table IV.
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Figure 1 - End Tidal Carbon Dioxide and Cardiac index Variation

Table Il - Cardiac Output, Cardiac Index PgrCO,, PaCOs,,
CO; Arterial-Expired Gradient, Pulmonary shunt and
Oxygen Alveolar-Arterial Gradient Values in Diffe-
rent Studied Moments

After Before End End
Induction CPB CPB Surgery

CcO 3.68+1.13 44+096 6.34+185 592+1.95

(L.min™)

Cl 244 +107 258+0.78 367112 350+1.17

(L.min™".m?)

PaCO, 30.99+450 3247 +3.62 37.28+7.04 36.77 +5.18

(mmHg)

PerCO; 28.84 +3.78 28.67+3.94 3268570 32.76+5.95

(mmHg)

Ga-eCO;, 215+3.69 4.01+399 464+487 3.93+4.68

(mmHg)

Pulmonary 18 £0.08 20 +0.08 28 +0.1 25+0.06

Shunt (%)

GA-a0, 194.8 +115.2 174.1£82.2 207.1 £80.7 224.8+90.7

(mmHg)

Table Il - Correlation between Cardiac Index and Carbon
Dioxide Arterial-Expired Gradient, PgrCO, and
PaCOz

After Before End End
Induction CPB CPB Surgery

Cl X Ga-eCO, p =0.60 p=0.90 p=0.80 p=0.19

Cl X PaCO, p=0.13 p=0.51 p=0.40 p=0.61

Cl X PgrCO; p=0.20 p=0.58 p =0.59 p=0.55

Cl X Ga-eCO.,: correlation between cardiac index and carbon dioxide arte-
rial-expired gradient

IC X PaCO;: correlation between cardiac index and partial arterial carbon
dioxide pressure

CI X PerCOs: correlation between cardiac index and end tidal carbon dioxide
*rho > 0.50 and p < 0.05
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Table IV - Correlation between Variation (as Compared to
Baseline) of Cardiac Index and Carbon Dioxide Arte-
rial-Expired Gradient, and PerCO, and PaCO,

Before End End
CPB x Baseline CPB x Baseline Surgery x Baseline

Cl X Ga-eCO, rho = 0.658* rho = 0.470 rho = 0.320
p = 0.0005* p =0.01 p=0.10

Cl X PaCO, rho = 0.650* rho = 0.079 rho = 0.070
p =0.005 p=0.70 p=0.75

Cl X PerCO, rho = 0.750* rho = 0.471 rho = 0.327
p = 0.0002 p=0.02 p=0.10

Cl X Ga-eCO,: correlation between cardiac index and carbon dioxide arte-
rial-expired gradient; Cl X PaCO,: correlation between cardiac index and ar-
terial carbon dioxide partial pressure; Cl X PegrCO,: correlation between
cardiac index and end tidal carbon dioxide

*rho > 0.50 and p < 0.05

DISCUSSION

Carbon dioxide (CO,) is a product of organic cells metabo-
lism, which is uptaken and transported by venous circulation
to the lungs where it is excreted by alveolocapillary mem-
brane . CO, content is then exhaled and in normal ventila-
tion/perfusion conditions (respiratory coefficient - RC = 0.8)
end tidal CO; (PerCO,) is an approximate reflex of partial ar-
terial CO, pressure (PaCO;). In these conditions, venous
blood entering pulmonary circulation has PvO, of approxi-
mately 46 mmHg and, for being an extremely diffusible gas, it
is rapidly transferred to the alveoli. When this blood leaves
exchange respiratory unit, there is a balance between CO,
concentrations in pulmonary capillary edge and alveoli.

In normal patients, the difference between PaCO, and
PerCO,is 3to 6 mmHg ®?, which tends to increase with venti-
lation/perfusion ratio changes >'°, the major example of
which is the so-called dead space ventilation when there
are's ventilated and not perfused alveoli, leading to in-
creased PaCO; and PgrCO; gradient.

The increasing importance of PgrCO, evaluation during
cardiopulmonary resuscitation hasbeenstressed”"''. Arapid
(in 1-2 minutes) and progressive decrease in capnography
values and heightis observed during acute pulmonary circu-
lation or ventilation changes, such as cardiac arrest, pulmo-
nary thromboembolism an sudden hypotension, conditions
impairing pulmonary blood supply. Capnography may be a
guide to optimize therapy during cardiopulmonary resuscita-
tion '*"*andto evaluate the quality of cardiac massage " or of
post-resuscitation prognosis '*'°.

Aprevious study has shown directcorrelation between end
tidal CO, (PetCO;) changes and cardiac output measured
by thermodilution '°. This study has observed direct corre-
lationbetween PgrCO,and cardiacoutputat CPBweaning.
This same study has invariably correlated PgrCO; above
30 mmHgto cardiac outputabove 4 L.min" '®. However, for
higher cardiacoutputvalues, PetCO;is constant or suffers
minor changes, while pulmonary artery blood supply con-
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tinues to increase. It has also been observed that Pe1CO;
may bepoorlyaccuratewhenassociatedtochroniclowcar-
diac output situations ',

Initially, blood flow decrease corresponds to PerCO, decrease
until baseline values, beyond which it does not significantly
change in spite of progressive pulmonary artery blood supply
decrease. The explanation proposed is that persistent blood
flow decrease would resultin higher carbon dioxide release by
tissues, resulting in gradual PerCO; increase 18

In our study, although the highest correlation between varia-
tion (as compared to baseline) of cardiac index and arte-
rial-end tidal CO, gradient, Pe1CO, and PaCO; has been ob-
served before cardiopulmonary bypass, this result might
have been influenced by the fact that cardiac patients often
present chronically decreased cardiac output.

The evaluation of patients at different surgical risks and with
different preoperative ventricular function may have con-
tributed for the non-observation of correlations between
PerCO,, PaCO,, CO, and arterial-end tidal gradient with car-
diac output at initial evaluation after anesthetic induction.
Still, differences found in cardiac index and respiratory vari-
ablesratioinboth moments (pre-CPB and after anestheticin-
duction) may have been at least partially due to increased
myocardial contractility (inotropics used before CPB) or sys-
temicvasodilationin generalfollowing loss of consciousness
before CPB.

Pulmonary function changes observed during cardiac sur-
gery with cardiopulmonary bypass depend on several fac-
tors, such as preoperative pulmonary function, surgery type
and length, CPB length ®'°, surgical manipulation intensity
and number of pleural drains. General anesthesia favors
atelectasis which directly influences pulmonary function,
changing pulmonary ventilation/perfusion ratio, increasing
pulmonary shuntand potentially interfering with CO; elimina-
tion °.

Generalized systemic inflammatory response activation
during CPB may cause edema, decreased ventricular con-
tractility, increased patency and vascular resistance
changes in different organs. There is increase in
extravascular pulmonary water '° with alveolar filling by in-
flammatory cells which leads to pulmonary surfactant inacti-
vation and collapsing of some areas, with changes in pulmo-
nary ventilation/perfusion ratio, decreased patency and in-
creased respiratory work.

CO; production depends on body metabolism which may be
changedbyanesthesiaandbodytemperature, thislatteralso
interfering with blood gas solubility '®?°. In addition,
microvasculature barocompression may be observed in pa-
tients submitted to cardiacsurgery18,aswe|las potentialem-
bolism by microparticles which increases physiological dead
space 8. Since CO, elimination depends on alveolar ventila-
tion, these dead space area decrease ventilation efficiency
further changing ventilation/perfusion ratio. Such dead
space changes may explain PerCO; values above PaCO,
values observed in some cases.

Arterial-end tidal CO, gradient (Ga-PgtCO,) is influenced by
ventilation and perfusion unbalance and gas composition of
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alveoli with low ventilation/perfusion ratio, which present
CO; pressure similar to venous value, interfering with
Ga-PerCO; even without influence of cardiac output. Alveo-
lar factoris also very important for the intervention in respira-
tory mechanics and physiology to which cardiac surgery with
CPB patients are submitted, with moments of pulmonary ex-
pansion interruption followed by positive pressure inflation,
which contributes toincrease ventilation/perfusion ratio disor-
der.

Added to this, there is blood volume manipulation by drugs
and volume replacement, contributing to already mentioned
disorders and decreased gases exchange by decreased
blood components, among them hemoglobin. As a conse-
quence, there willbe Ga-PgrCO;increase atsurgery comple-
tion, in spite of cardiac output values improvement with coro-
nary artery bypass grafting.

So, patients submitted to cardiac surgery with
cardiopulmonary bypass develop ventilation/perfusion ratio
changes, with areas of atelectasis and pulmonary shunt *'°.
Such pulmonary conditions may change carbon dioxide
elimination and, as a consequence, arterial- end tidal CO,
gradient %'

In our study the changes in pulmonary function after CPB
could had contributed with the loss of correlation between
end tidal CO; and cardiac output.

Based on noninvasive cardiac output evaluation through pul-
monary blood supply evaluation with capnography, there are
currently available devices made up of the union of a major
flow capnographer, a variable hole pneumotacographer, a
signal processor and an analysis software which allow the
evaluation of alveolar dead space, of real minute ventilation
and CO; production through the study of this gas spirography
7 This tool may enhance the application of capnography
through the use of two end tidal CO, curve variables and the
inference of cardiac output values in a noninvasive and con-
tinuous way *. Still under evaluation, this method may have
potential to be incorporated to modern monitoring armamen-
tarium for critically ill patients 2.

In our study, where patients submitted to cardiac surgery with
cardiopulmonary bypass were evaluated, the ventila-
tion/perfusion ratio changes throughout the procedure, as
confirmed by significant pulmonary shunt and oxygen alveo-
lar-arterial gradient changes seen during surgery, are possi-
bly the factors determining decreased correlation between
cardiac output and arterial-end tidal CO, gradient.
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RESUMEN

Miyaji KT, Buscati RI, Rodriguez AJA, Machado LB, Malbouis-
son LMS, Carmona MJC - Evaluacion de la Correlacién entre el
Diéxido de Carbono Expirado y el Débito Cardiaco en Pacien-
tes Sometidos a la Cirugia Cardiaca con Circulacién Extracor-
pérea

JUSTIFICATIVA Y OBJETIVOS: E| CO, expirado (PerCO,)
refleja, ademas de la ventilacién pulmonar (eliminacién), la
produccién de diéxido de carbono (metabolismo) y el flujo
sanguineo pulmonar (circulacién). Cuando el metabolismo y la
ventilacion son constantes, el CO, expirado refleja el flujo
sanguineo pulmonar y, de esta forma, el débito cardiaco (DC).
Este estudio tiene como objetivo la evaluacién de la correlacion
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entre el dioxido de carbono expirado (PerCO,) y el débito
cardiaco en pacientes sometidos a la cirugia cardiaca con
circulacion extracorporea (CEC).

METODO: Fueron estudiados 25 pacientes sometidos a la
cirugia de revascularizacién miocardica con CEC. Después de
la intubacion traqueal tuvo inicio la monitorizacion de la
PerCO;. La determinacion del débito cardiaco (DC) fue hecha
por método de termodiluicibn con el uso de catéter de
Swan-Ganzyla PaCO;fue evaluada a través de gasometria ar-
terial. Los parametros del estudio fueron evaluados en cuatro
momentos: luego después de la induccion de la anestesia gen-
eral; antes de la circulaciéon extracorporea, al término de la
circulacién extracorpérea y al final de la cirugia.
RESULTADOS: E| teste estadistico no demostré una
correlacién entre el CO, expirado y el DC, asi como el gradiente
de diéxido de carbono arterial y expirado (Ga-eCO;) y el DC.
Fue encontrada correlacion entre la variacion de los valores de
la PerCO,, Ga-eCO, y DC en relacion al basal antes de la CEC
con pérdida de la correlacién después de la CEC hasta el final
de la cirugia.

CONCLUSIONES: En este estudio, donde se evaluan
pacientes sometidos a cirugia cardiaca con CEC, las
alteraciones de relacién ventilacién/perfusion ocurridas a lo
largo del procedimiento son, probablemente, los factores
determinantes de la diminucién de la correlacion entre el débito
cardiaco y el valor de diéxido de carbono expirado.
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