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INDUCTION ANESTHESIQUE



Fallot : Prévention du Malaise

Ne pas aggraver le shunt Dt-G

• Préserver le débit pulmonaire

• Eviter la diminution des RVS

Anesthésie

• Prémédication par Hypnovel / EMLA

• Jeun le plus « court possible »

• Limiter l’agression : 
o Douleur / Bruit

Induction

• Halogénés / Opiacés

• FiO2 : 100 % 

• Remplissage

Diagnostic du malaise sous AG
• Tachycardie
• Désaturation : SpO2 / NIRS
• Baisse de la PA
• Disparition du souffle



Fallot : Traitement du Malaise

Diminution des RVP

• FiO2 : 100%

• Hyperventilation

Augmentation des RVS

• Compression de l’aorte abdominale

• Vasopresseur : 
o Néosynephrine
o Noradrénaline

Traitement médicamenteux

• Remplissage VD è Surélever les 
membres inférieurs

• Remplissage : 10 à 20 mL.kg-1 

• ßbloquants : 
o Propanolol : 0,05 à 0,1 mg.kg-1

o Esmolol : 50 µg.kg-1

Effets
• Baisse de la FC
• Augmentation SpO2
• Réapparition du souffle



PER OPERATOIRE



Avant le départ en CEC

èEtCO2 non fiable du fait de l’hypodébit pulmonaire 

èSituations à risques de malaise : 
o Sternotomie
o Manipulation et compression de l’OD

Contrôle gazométrique pour évaluation PCO2
Remplissage disponible rapidement (CGR/PFC)



Protection myocardique

Eviter l’hyperoxie +++

• Augmente la production de radicaux libres chez 
les cyanosés entrainant lésions de réoxygénation
en début de CEC et au déclampage : 

Ø Contrôle particulièrement en début de CEC : 
(PaO2 < 15 kPa)

Ø Baisser FiO2 au déclampage aortique

• Maintenir la normoxie

Cardioplégie sanguine en normothermie

• Technique exigeante : 
Ø Intervalles de réinjection : 12 à 15 min

Ø Monitorage de la pression d’injection

• Meilleur protection : 
Ø Fonction ventriculaire

Ø Besoin d’inotropes plus faibles

Ø Niveau de troponine plus bas



Sevrage de la CEC

Monitorage

• POG nécessaire

• Mesure PVD/PA sans inotropes
è 55 +/- 12%

• Mesure des saturations étagées
OD – VD – AP

• ETO per opératoire :
Ø Fonction biventriculaire
Ø Obstacle infundibulaire
Ø CIV résiduelle

Inotropes

• Anneau conservé ou valve réparée :
Ø Peu ou pas d’inotropes
Ø Corotrope 0,5 µg.kg-1.min-1

• Ouverture de l’anneau +/- Monocusp :
Ø Risque de régurgitation
Ø Aggravé si AP petites
Ø Traitement inotropes :

o Adrénaline 0,05 µg.kg-1.min-1
o Corotrope 0,5 µg.kg-1.min-1

Ø +/- VD pulmonaires

Hémostase

• Saignement +++

• Limiter l’hémodilution per CEC
Ø Priming au sang ++

• Hémostase par :
Ø CPA
Ø Fibrinogène
Ø Kanokad
Ø Protamine



COMPLICATIONS POST OPERATOIRES



Dysfonction VD

Favorisée par : 

• Ventriculotomie

• CIV résiduelle

• Défaut de protection (hypertrophie + cyanose)

• Régurgitation de la valve pulmonaire

• Persistance obstacle infundibulaire

• RVP élevées (âge < 2 mois)

• Patch trans annulaire trop grand

• Résection infundibulaire trop importante

• Lésion coronaire infundibulaire

• Taille des AP limites

Support inotrope systématique : Corotrope +/- Adrénaline



VD restrictif

Causes

• Hypertrophie du VD avec fibrose 
endomyocardique

• Aggravé par mauvaise protection

Conséquences

• Régurgitation diastolique de la valve 
pulmonaire en même temps que la 
systole auriculaire

• Flux rétrograde dans la VCS

Adaptation en 10 – 15 jours

Prise en charge

• Fuite VD-AP augmentée pendant la phase inspiratoire
è Diminution du temps inspiratoire

• Risque de bas débit cardiaque :
è Inotrope + Remplissage +/- NO

è Reprise chirurgicale pour valver AP

• Forte incidence d’épanchements pleuraux et ascite
è Maintien des drains pleuraux en place



PARTICULARITES DU FALLOT VIEILLI



Cyanose : Effet multisystémiques

Coronary Circulation Current Cardiology Reviews, 2012, Vol. 8, No. 1    3 

 

 
 

 
 

 
 

 
 

 
 
Fig. (5). Acrylic resin casts showing normal coronary microcircula-
tion at sea level (left) and striking elaboration of the microcircula-
tion athigh altitude. (From Arias-Stella J, Topilsky M. High Alti-
tude Physiology: Cardiac and Respiratory Aspects. London Chur-
chill-Livingston 1971). 
 
microcirculation. [4] To test this hypothesis, morphometric 
analyses were done to compare pre-capillary coronary arteri-
oles in CCHD to pre-capillary arterioles in hypertrophied but 
structurally normal hearts, to hypertrophied but structurally 
abnormal hearts, and to structurally normal non-hyper-
trophied hearts [4].  
 Diameter, length, volume and surface densities were de-
termined in coronary arterioles with external diameters of 
6mm to 50 mm, and with uninterrupted actin positive smooth 
muscle outlines. Sections were immuno-labeled with a 
monoclonal Cy3-conjugated ant zi-smooth muscle actin an-
tibody. Fluorescence images were captured into a computer. 
In the CCHD group, lower arteriolar density was associated 
with an increase in diameter, indicating that remodeling up-
stream from terminal arterioles is a key mechanism for pre-
serving hyperemic flow and flow reserve [4]. Enhanced ca-
pacity to vasodilate probably coexists [4]. 

Coronary Artery Atherogenesis  

 Hypoxemic erythrocytotic residents acclimatized to the 
high altitude of Cerro de Pasco in the Peruvian Andes are 
hypocholesterolemic, are virtually devoid of clinically overt 
coronary artery disease, and were devoid of coronary athero-
sclerosis in 300 necropsies [8,12]. A study in New Mexico 
revealed a lower age-adjusted mortality from atherosclerotic 
heart disease in males living at high altitudes compared to 
those living at low altitudes [12].  
 Because hypoxemic erythrocytic adults with CCHD 
might be analogous to hypoxemic erythrocytotic adults re-
siding at high altitude [13], four groups were studied: Group 
A---143 unoperated cyanotic patients aged 18 to 69 years 
with systemic arterial oxygen saturations of 57% to 73 %;  
 Group B---47 cyanotic patients rendered acyanotic by 
surgery performed between ages 22 years and 69 years 
(mean postoperative follow-up 16.9 years); Group C—41 
acyanotic unoperated patients aged 22 to 75 years; and 
Group D—48 patients who were acyanotic before and after 
surgery, mean post-operative follow-up 15 years. [5] No 

patient had ever taken a cholesterol-lowering medication. All 
were born and raised at sea level. 
 Fatty streaks and raised lesions appear in the general 
population at age 15 to 34 years. However, in cyanotic 
Group A and B patients who ranged in age from the fourth to 
the sixth decade, there was neither necropsy evidence nor 
angiographic evidence of coronary atherosclerosis [5]. Cya-
notic unoperated Group A patients and cyanotic Groups B 
patients who were rendered acyanotic by operation had sig-
nificantly lower total cholesterol levels than acyanotic unop-
erated or acyanotic operated Group C and D patients (Fig. 6).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. (6). Incidence of low total cholesterol levels (< 160 mg/dl) 
according to the Framingham norms in Groups A, B, C, and D. 
(From Fyfe A, Perloff JK et al. Am J Cardiol 2005; 96: 283-90). 
 
 Low levels of total cholesterol defined in the Framing-
ham Study as <160 mg/dl, [13] occurred in 58% of cyanotic 
unoperated patients {Group A}. Low levels persisted after 
surgical elimination of cyanosis in 52 % of Group B patients 
(Fig.7). Only 11% of cyanotic patients who were hypocho-
lesterolemic before surgery experienced a postoperative rise 
in total cholesterol levels > 160 mg/dl. 
 The hypocholesterolemia primarily reflected reductions 
in LDL cholesterol, with lesser reductions in VLDL. Four 
variables associated with CCHD are believed to account for 
hypocholesterolemia: cyanosis, hypoxemia, erythrocytosis, 
and a genetic predilection. Cyanosis and hypoxemia are 
obligatory but insufficient causes, and need not be present at 
birth. This is consistent with observations that within two 
years after sea level residents ascend to high altitude, their 
total cholesterol, LDL cholesterol and HDL cholesterol reach 
the low levels of indigenous high altitude residents [8,12]. It 
is not known whether high altitude hypocholesterolemia per-
sists after descent to sea level, but in CCHD, hypocholes-
terolemia does persist after surgical elimination of cyanosis 
and hypoxemia.  
 Hypocholesterolemia has been reported in polycythemia 
rubra vera which is acyanotic non-hypoxemic erythrocytosis,  
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Cyanotic Congenital Heart Disease The Coronary Arterial Circulation 

Joseph K. Perloff 

The Ahmanson/UCLA Adult Congenital Heart Disease Center, David Geffen School of Medicine at UCLA, Los Angeles, 
California, USA 

Abstract: Background: The coronary circulation in cyanotic congenital heart disease (CCHD) includes the extramural 
coronary arteries, basal coronary blood flow, flow reserve, the coronary microcirculation, and coronary atherogenesis. 

Methods: Coronary arteriograms were analyzed in 59 adults with CCHD. Dilated extramural coronaries were examined 
histologically in six patients. Basal coronary blood flow was determined with N-13 positron emission tomography in 14 
patients and in 10 controls. Hyperemic flow was induced by intravenous dipyridamole pharmacologic stress. Immu-
nostaining against SM alpha-actin permitted microcirculatory morphometric analysis. Non-fasting total cholesterols were 
retrieved in 279 patients divided into four groups: Group A---143 cyanotic unoperated, Group B---47 rendered acyanotic 
by reparative surgery, Group C---41 acyanotic unoperated, Group D---48 acyanotic before and after operation. 

Results: Extramural coronary arteries were mildly or moderately dilated to ectatic in 49/59 angiograms. Histologic exami-
nation disclosed loss of medial smooth muscle, increased medial collagen, and duplication of internal elastic lamina. Basal 
coronary flow was appreciably increased. Hyperemic flow was comparable to controls. Remodeling of the microcircula-
tion was based upon coronary arteriolar length, volume and surface densities. Coronary atherosclerosis was absent in both 
the arteriograms and the necropsy specimens. 

Conclusions: Extramural coronary arteries in CCHD dilate in response to endothelial vasodilator substances supplemented 
by mural attenuation caused by medial abnormalities. Basal coronary flow was appreciably increased, but hyperemic flow 
was normal. Remodeling of the microcirculation was responsible for preservation of flow reserve. The coronaries were 
atheroma-free because of the salutory effects of hypocholesterolemia, hypoxemia, upregulated nitric oxide, low platelet 
counts, and hyperbilirubinrmia. 

Keywords: Coronary arteries, cyanosis, congenital heart disease. 

GENERAL BACKGROUND 
 The data included herein are based upon five published 
research studies that dealt with the extramural coronary ar-
teries, [1,2] basal coronary blood flow and flow reserve, [3] 
the coronary microcirculation [4] and coronary atherogene-
sis. [5]  
 Dilated tortuous extramural coronary arteries in CCHD 
was first mentioned in the literature as an incidental photo-
graph published in 1955 without comment. [6] In 1966, 
Bjork reported ectasia of the coronary arteries in a cyanotic 
adult, [7] and two years later, Bjork’s observation was con-
firmed by angiography and at necropsy [1]. In 1971, dilata-
tion and tortuosity of extramural coronaries were described 
in adults acclimatized to the rarefied atmosphere of the Peru-
vian Andes, indicating that the coronary abnormalities were 
not congenital, but instead were responses to high altitude 
[8]. 

The Extramural Coronary Arteries 

 Extramural coronaries were mildly dilated, moderately 
dilated or ectatic and tortuous in 83% (49/59) of the coronary 
arteriograms [2] (Fig. 1). 

*Address correspondence to this author at The Ahmanson/UCLA Adult 
Congenital Heart Disease Center, David Geffen School of Medicine at 
UCLA, Los Angeles, California, USA; Tel: (310) 825 2019;  
E-mail: josephperloff@earthlink.net 

 

 
 
 
 
Fig. (1). a) Coronary arteriogram illustrating moderate dilatation of 
the right coronary artery (RCA) in a 46 year old cyanotic male with 
Eisenmenger syndrome. b) Necropsy specimen illustrating moder-
ate dilatation of the RCA in a 38 year old cyanotic male with Eis-
enmenger syndrome. c) Coronary arteriogram from a 53 year old 
cyanotic male with Eisenmenger syndrome. The circumflex and 
anterior descending arteries (larger upper arrows) are moderately 
dilated; the diagonal arteries (smaller lower arrows) are moderately 
dilated and tortuous. Coronary arterial size (diameter) was judged 
by comparison with the diameter of standard angiographic cathe-
ters. (From Chugh R, Perloff JK et al. Am J Cardiol 2004; 94: 
1355-57). 
 
 Studies of conduit arteries by Kohler et al established a 
direct relationship between arterial diameter and the viscos-
ity of the perfusate. An increase in flow-mediated shear 
stress on the luminal surface resulted in elaboration of nitric 
oxide and prostaglandins which are vasodilators [9]. In 
CCHD [2] and at high altitude, [8] increased shear stress of 
the viscous erythrocytotic perfusate initiates coronary artery 

Viscosité

Shear Stress

Production prostaglandines 
et NO endothélial

Vasodilatation

Pression préservée grâce à viscosité è Eviter hémodilution



Cyanose : Effet multisystémique

Hématologique

• Erythropoièse et Ht augmentés
• Hyperviscosité symptomatique

si Ht > 65%
• Déficience en fer
• Diminution Plaquettes, FvW, survie 

plaquettaire
• Thromboses

Troubles hémorragiques 
post opératoires

Rénal

• Glomérules hypercellulaires et dilatés
• Epaississement membrane basale
• Hypoperfusion è Réabsorption accrue
• Protéinurie
• Hyperuricémie

Risque d’IR
post opératoire

Neurologique

• Abcès cérébraux
• AVC
• Embolies paradoxales
• Vol sous-clavier par BTS

Peut contre-
Indiquer la CEC



Lésions de réoxygénation

Cardiopulmonary bypass–induced myocardial
reoxygenation injury in pediatric patients with
cyanosis
P. Modi, FRCS, H. Imura, MD, M. Caputo, MD, A. Pawade, FRCS, A. Parry, FRCS,
G. D. Angelini, FRCS, and M. S. Suleiman, PhD, Bristol, United Kingdom

We have recently shown that children with cyanosis
(hypoxia) undergoing cardiac operations have
worse myocardial reperfusion injuries and clinical
outcomes than do those without cyanosis.1 Part of

the exacerbation may be due to the reintroduction of molecular
oxygen on commencement of hyperoxic cardiopulmonary bypass
(CPB) before ischemic cardioplegic arrest. Alternatively, CPB-
induced reoxygenation injury may render the heart more suscep-
tible to a subsequent period of ischemia. Studies of hypoxemia and
reoxygenation in immature piglets have provided evidence for
oxygen-mediated myocardial injury as a result of hyperoxemia in
the setting of previous cyanosis.2 Clinical studies have shown that
hyperoxic CPB leads to reduced myocardial antioxidant reserve
capacity and higher cerebral dysfunction in infants with cyanosis.
However, there is no direct clinical evidence demonstrating intra-
operative CPB-induced myocardial reoxygenation injury. This
study provides evidence that reoxygenation on CPB of cyanotic
pediatric hearts before ischemic arrest is associated with signifi-
cant myocardial injury and that longer periods of CPB induce
injury in the hearts of children without cyanosis.

Methods
Twenty-nine pediatric patients undergoing cardiac surgery were
prospectively recruited. All underwent a period of at least 30
minutes of hyperoxic CPB with the heart beating during the
construction of anastomoses to the pulmonary vessels or replace-

ment of the pulmonary valve and before ischemic cardioplegic
arrest. Bicaval cannulation with ascending aortic return was used
for CPB in all cases. Troponin I was measured in serum samples
collected at 1, 10, and 30 minutes of CPB with the ACCESS
Immunoassay System (Beckman Instruments Inc, Minneapolis,
Minn). Approval was obtained from the local hospital ethics com-
mittee and informed consent was obtained from the parents or
guardians of all patients.

Statistical analysis. Summary data are presented as counts or
as medians and interquartile ranges and compared with the Mann-
Whitney U test. Raw troponin I data were positively skewed, but
the distributions became approximately normal and the sampling
errors were similar after the raw values were transformed into
natural logarithms. A repeated measures analysis of variance was
carried out, fitting the main effects of cyanosis and time and the
interaction of cyanosis and time. Means and 95% confidence
intervals of the logarithmic data were calculated for each group
and time point and then transformed back into natural units (geo-
metric means) for graphic presentation.

Results
Patients’ characteristics are shown in Table 1. Patients with cya-
nosis were younger, reflecting the differing reasons for surgical
intervention. The analysis of variance of the logarithmically trans-
formed data showed highly significant main effects of cyanosis
(F ! 20.2, df !1, 81, P " .0001) and time (F ! 27.9, df ! 2, 81,
P " .0001), but no significant interaction (F ! 1.81, df ! 2, 81,
P ! .18). This fitted analysis of variance model implies that the
troponin I level increased significantly with time in both groups
(by about 3 times between each time point) and that the rate of
increase was greater for the infants with cyanosis than for those
without (also by about 3 times). The geometric means of the
observed data and 95% confidence intervals, transformed back into
natural units, are shown in Figure 1 with fitted values according to
the model superimposed.

Discussion
This study provides direct evidence that cyanotic pediatric hearts
sustain an early reoxygenation injury associated with hyperoxic
CPB and that longer periods of CPB can cause injury to normoxic
pediatric hearts. This is likely to contribute to the final tally of
injury at the end of surgery and may further increase vulnerability
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to subsequent ischemia-reperfusion injury.3 The evidence provided
offers an explanation of our recent work showing that children
with cyanosis have worse myocardial reperfusion injuries and
clinical outcome than do those without cyanosis after similar
periods of cardioplegic arrest.1 The effects of hyperoxia as well as
CPB per se on normoxic myocardium are also consistent with data
from normoxic adults and highlight the importance of avoiding
lengthy periods of CPB in which the damaging effects of hyper-
oxia may offset the benefits of reduced mechanical work. Delaying
reoxygenation until cardioplegic arrest by starting CPB with an

ambient partial pressure of oxygen has been shown to result in
significantly improved myocardial status in immature piglets.4

Whether controlled reoxygenation and normoxic CPB will result
in reduced morbidity and mortality when used in pediatric cardiac
surgery requires further investigation.

The finding that chronic cyanosis preconditions the heart
against ischemia-reperfusion injury in experimental models5 may
not extend to clinical practice. Our work clearly shows that cya-
notic hearts sustain more damage both on reoxygenation with CPB
and on reperfusion after cardioplegic arrest than do acyanotic
hearts. In conclusion, this study shows that reoxygenation of
cyanotic pediatric hearts is associated with significant early myo-
cardial injury and that longer periods of CPB can induce injury in
acyanotic pediatric hearts.

We thank B. Reeves, DPhil, for statistical assistance and M.
Ginty for technical assistance.

References

1. Imura H, Caputo M, Parry A, Pawade A, Angelini GD, Suleiman MS.
Age-dependent and hypoxia-related differences in myocardial protec-
tion during pediatric open heart surgery. Circulation.
2001;103:1551-6.

2. Morita K, Ihnken K, Buckberg GD, Sherman MP, Young H. Studies
of hypoxemic/reoxygenation injury: without aortic clamping IX. Im-
portance of avoiding perioperative hyperoxemia in the setting of
previous cyanosis. J Thorac Cardiovasc Surg. 1995;110:1235-44.

3. del Nido RJ, Mickle DA, Wilson GJ, Benson LN, Weisel RD, Coles
JG, et al. Inadequate myocardial protection with cold cardioplegic
arrest during repair of tetralogy of Fallot. J Thorac Cardiovasc Surg.
1988;95:223-9.

4. Ihnken K, Morita K, Buckberg GD. Delayed cardioplegic reoxygen-
ation reduces reoxygenation injury in cyanotic immature hearts. Ann
Thorac Surg. 1998;66:177-82.

5. Baker JE, Curry BD, Olinger GN, Gross GJ. Increased tolerance of the
chronically hypoxic immature heart to ischemia—contribution of the
KATP channel. Circulation. 1997;95:1278-85.

Figure 1. Geometric means (bar heights), 95% confidence intervals (error bars), and fitted values (crosshairs) of
serum troponin I (TnI) in pediatric patients with and without cyanosis measured at different periods of CPB.

TABLE 1. Patient characteristics
Cyanotic (n ! 20) Acyanotic (n ! 9)

Age (mo) 11.5 (4.5-35.5) 101.0 (43.8-174.0)*
Body weight (kg) 7.1 (5.2-13.1) 18.3 (13.1-39.5)*
Sex (M/F) 12:8 6:3
Operation (No.)

Reconstruction of PA
with or without RV-PA
conduit

6 4

Glenn shunt 6 0
Central / modified
Blalock-Taussing shunt

6 0

Completion of TCPC 2 1
Insertion of pulmonary

valve
0 3

Correction of PAPVD 0 1
Hemoglobin (g/dL) 15.0 (14.1-16.1) 13.2 (12.5-13.8)*
Hematocrit (%) 0.45 (0.40-0.46) 0.38 (0.37-0.41)*
Oxygen saturation (%) 80.0 (75.0-82.8) 98.0 (97.8-98.3)*

Data are presented as medians (interquartile range) or counts. PA, Pul-
monary artery; PAPVD, partial anomalous pulmonary venous drainage;
RV-PA, right ventricle to pulmonary artery; TCPC, total cavopulmonary
connection.
*P ! .01 versus cyanotic.
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ADVANCES IN MYOCARDIAL PRESERVATION, 
CARDIOPULMONARY BYPASS, AND ULTRAFILTRATION 

The Clinical Significance of the 
Reoxygenation Injury in Pediatric Heart 
Surgery 
B radley S . A llen 

Significant advances have been made in the technical performance of operations for infants and 
neonates with congenital heart disease. However, postoperative organ dysfunction is a frequent 
problem, particularly in hypoxic (cyanotic) infants. We review both our experimental and subsequent 
clinical experience with the injury caused by abrupt reoxygenation of the hypoxic patient and examine 
the modalities of gradual reoxygenation and leukodepletion in limiting this injury, thereby improving 
operative outcomes for cyanotic lesions. As a result of our experimental and clinical experience we 
conclude that: (1) reoxygenation injury is a real source of postoperative cardiac and pulmonary 
dysfunction; (2) white blood cells play an integral role in the production of oxygen-free radicals that are 
responsible for the damage; and (3) this injury can be modified and possibly ameliorated by changes in 
the intraoperative management of cardiopulmonary bypass. 
Copyright 2003 Elsevier, Inc. All rights reserved. 

Key words: Hypoxia, reoxygenation, cyanosis, leukodepletion, pediatric heart surgery. 

R EPAIR O F cyanotic conge nital heart de-
fects necess ita ting cardi opu lmona ry bypass 

(CPB) is becoming more freque nt in infa nts and 
neona tes . Despite a pparently successfu l surgical 
correc tion, pos toperative myocardia l a nd pulmo-
na ry dys fun ction continu es to be a major contrib-
utor to morbidity and morta lity, a nd is more 
seve re than after repa ir or acquired defec ts in 
adu lts with normoxic conditions.1•3 Th e neona ta l 
heart also has a reduced response to inotropic 
agents compa red with th e adu lt heart.2-1 Thus, 
preservation of myoca rdia l function in neona tes 
during cardi ac ope ra tions ass um es even grea te r 
importa nce, because a periope ra ti vc insult is less 
we ll tole rated a nd more diffi cult to treat. 

Pedia tri c heart s a re usually subj ected to phys-
iologic stresses (ie, hypox ia) tha t a re quite differ-
e nt from those seen in th e adu lt , a nd in some 
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cases these cha nges can a ffect not only the heart, 
but a ll organ sys tems. Th e refore, th e on erns 
during CPB a re not necessa rily the same. The 
mos t common preopera tive stress in ad u It is 
ischemia, second a ry to corona ry a rt e ry di s ase, 
a nd th e major conce rn is avo id a nce of a repe rfu-
sion inju ry with the reint roduction of blood.5 In 
contras t , the mos t common preope ra ti ve stress in 
pedi atri c pa ti ents is hypox ia (cyanos is).2·3 T he 
maj or conce rn , th erefore, is whethe r da mage 
(s imila r to a reperfusion injury) occur · with the 
a brupt reint roduction of oxyge n. Th e occurre nce 
or such a n inj ury could be eve n more detrime nta l 
because it would result in "globa l" da mage, since 
hypox ia a ffec ts th e entire body, not just th e 
heart. 

Hypoxia, Reoxygenation, and 
Cardiopulmonary Bypass 
Management 
Exper im enta lly, it has bee n shown th at norm a l 
imm ature myocardiu m has a g reater tol ra n c to 
ischemia whe n compa red with ma ture myo-
ca rdium .2·3·6 None th e less, this is ra rely obse rved 
in clini ca l practi ce, a nd th e imm a ture myocar-

116 Pediatric Cardiac Surgery Jl1111ual ef the SeminarJ in Thoracic and Cardiovascular Surgery, Vol 6, 2003: /i/i 11 6-127 

R eoi:_ygenalion I njury in Pediatric llearl Surge9• 119 
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Figure 3. Myocardial tissue antioxidant re-
serve capacity as measured by amount of mal-
ondialdehyde (MDA) in animals undergoing 
CPS after abrupt reoxygenation at a p02 of 400 
to 500 mm Hg, gradual reoxygenation at a p02 
of 80 to 100 mm Hg, or leukodepletion using a 
white blood cell (WBC) filter. * P < .05 versus 
p02 400 to 500. 

b n fit s coincide wi1 h the POr depe ndcnt na ture 
of the rcoxyg na l ion inju r ', b a use fr ee radi a l 
produ tion and myo ard ia l injury a ft e r reoxygc n-
a tion of i ola tcd h '. a rt prepara tions a re pro po r-
tional to OX) gen te n io 11 .:l2.l3 In linica l pra lice, 
hypcroxemic b va . is p rformed routinely but is 
lik ·ly never needed be a use a P02 mor th a n 
I 00 t 150 mm I lg confe rs onl y a negligible in-
r as in 0 2 conte nt , a nd ha bee n assoc ia ted 
ith an impai rm ent in periph eral pe rfusion .31 

The avoidan e of hyperox m ia during reo ·yg n-
a tion in cyanotic in fa nts to r du c injury m ay, in 
a se n e, be comparabl wit h ont ro lling the ini -
tia l repcrfu ·ate fo llowing i che mia to avo id a 
re p ·r fu · ion injury.1 
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Figure 4. Percent recovery of end-systolic 
elastance (EES) compared with baseline values 
in animals undergoing CPB, after abrupt reoxy-
genation at a p02 of 400 to 500 mm Hg, gradual 
reoxygenation at a p02 of 80 to 100 mm Hg, or 
leukodepletion using a white blood cell (WBC) 
filter. * P < .05 versus p02 400 to 500. 
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Figure 5. Neutrophil count in animals undergo-
ing CPB with and without a white blood cell 
(WBC) filter. * P < .05. 

Althoug h WB s arc involved prima rily in the 
ma intena nce of th immun e y te rn , they may 
cau c d a mage to myo a rdi a l, pulmona ry, or vas-
cula r ti sue under ce rt a in pa thologi onditions 
o f a lt red phy iology.27-29·31 cti va ted WB s have 
b e n shown to play a maj or rol in th e ge n ration 
of ox ge n-fre racli a l a ft er isch mi a.211.29,35.:lh 

Th e r fore, it see ms lik e ly th ey a r a lso acti ve in 
th reoxygena tion injury because both i he mia 
a nd hypoxia subj e t ti ssue to low I ve ls of oxygen. 
Mor over, num erous experim enta l a nd cl inica l 
studi 2u 9,37-n nm support th be ne fi ia l effects 
of limiting WB s with reperfu ion. 

L uko yte depi ction is a readil y ava il abl e 
met hod tha t a llow th surgeon to a fcl y mini -
mi ze th e ha rmful effe ts of neutr phils without 
ri sking side e ffe t of pha rm acologic inte rven-
ti on a im cl a t a lte ring leukocyt fun ction, or 
preventing the fr ee radica l injury through th e us 
of exogenous oxygen radi a l scave nge rs. White 
blood ce ll s were ffec tive ly reduc cl by WB fil -
ter during the e ntire pe ri od of bypas (h g 5). 
Moreover, th se filte rs prim a rily re mov acti -
va ted neut rophils. As such, even thoug h th e neu-
t rophil count wa not recluc cl to 0, it is probabl 
tha t v ry few activa t r d WBCs es a ped filtra tion . 
Thi i importa nt b a u e it is th e a tivatcd ce ll 
tha t a use ti ssue injury. A tivat cl WB · a lso 
bind to a tivat cl pla te le ts a nd because act ivated 
WB / pla te le t com pl x ar la r r , th y a r 
more like ly to be trapp cl by a flit r. By re moving 
a tivat cl pl a t le t , a WB filt e r may he lp pr -
v nt the adv rs ffe ts of th r mboxane relea e 
a nd vaso o nstri ction.29,3 J,3 .'> 

Whe n n ut rophils wer rcdu eel , the de tri -
m enta l effect of sudd n reoxyg na tion w re ob-
via ted, with ma rked redu tion in oxyge n-fr ee 
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has been shown to produce a n inflamma tory re-
action characte rized by activation of numerous 
pa thways, some of which may result in the gen-
e ra tion of oxyge n radica ls.2 In contras t , a brupt 
reoxygena tion of cyanotic infants using a n Fi02 
of 100% resulted in a signifi cant depl etion of 
endoge nous ti ssue antioxidants (Fig 8). This sug-
ges ts that a brupt reoxygena tion of chronically 
hypoxe mic infants ge nera tes abundant oxyge n-
free radicals, because pre-CPB endogenous ti ssue 
s tores of anti oxidants were not significantly dif-
ferent between acyanoti c a nd cyanotic h earts. 
This parallels our ex perim ental studies a nd sup-
ports previous s tudi es in cyanotic pati ents unde r-
going opera tive repair. 12, l3, l9,24 Moreover, th e 
generation of malondi a ldehyde was four to six 
tim es greater in cyanotic infants compared with 
acute hypoxic a nim a ls, implying a greater pro-
duction of oxygen-free radicals with reoxyge n-
a tion a ft er chronic cyanos is.24·50 This supports the 
experime nta l work of Como e t al,49 who a lso 
observed greater production of oxygen-free radi-
cals in ra ts undergoing chronic as compared with 
acute ischemi a. The most probabl e explana tion 
for th ese result s is tha t chronically hypoxic a ni-
ma ls (or pa ti ents) oft en becom e ische mic during 
pe riods of increased stress (tachycardia) or exer-
cise .1 5·46 This subj ects them to both a hypoxic and 
ischemic stress. In contras t, acute experim enta l 
hypoxia r esults in no ische mia .25 The refore, it is 
not surpri sing that a combina tion of hypoxi a a nd 
ischemia results in a more severe injury with 
reperfusion. This ox id ant injury proba bly ex-
pl a ins why ve ntricula r function is often te mpo-
rarily depressed in cyanotic infants undergoing 
ECMO, eve n in the a bse nce of surgical isch-
emia.1 a, 19 
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Figure 9. Percent increase in antioxidant re-
serve capacity as measured by amount of mal-
ondialdehyde (MDA) in cyanotic infants after 
reoxygenation with CPB using p02 400 to 500, 
p02 80 to 100, or white blood cell (WBC) filtra-
tion. * P < .05. 
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Figure 10. Percent increase in antioxidant re-
serve capacity as measured by amount of mal-
ondialdehyde (MDA) in cyanotic infants reoxy-
genated using CPB with leukocyte filtration at 
either p02 400 to 500 or p02 80 to 100. * P < 
.05. 

C ompared with cyanotic infa nts reoxygc na tecl 
using I 00% oxyge n, initia ting CPB using 2 1 % 
oxygen reclu eel oxygen-free radical form ation 
(Fig 9). The improvement in a ntioxida nt re erve 
capacity with lower levels of oxyge n also mimics 
th e expe rim enta l results, but th e benefit wa less 
than a ft er acute hypoxia.53 Howeve r, using 2 1 % 
oxygen to prim e the CPB circuit resulted in a 
P02 of 140 to 155 mm Hg, whi ch was substa n-
ti ally highe r than the P02 of 80 to I 00 mm Hg 
used in th e experim e ntal stud y.53 This may have 
a t leas t pa rti a lly accounted for the lack or im-
provement see n with 2 1% oxygen in cyanotic in-
fants, because oxygen-fr ee radi cal production a nd 
myocardia l injury a ft e r r eoxyge na tion a rc pro-
portional to oxyge n te nsion.32•33 Because curre nt 
membra ne oxyge na tors a re so effi cient , how ver, 
the oxygen conce nt ration must be reduced to less 
than 21% to obtain a P02 of 80 to JOO mm Hg in 
the CPB prim e. 

Wh en neutrophil s we re reduced in cyanoti c 
infants by leukocyte-depl eting nit rs, th e de tri-
mental effects of sudden reoxyge na tion we re al -
most completely obvia ted , res ult ing in prese rva-
tion of a ntioxida nt rese rve capacity (Fig 9) . Once 
again , thi s is precise ly wha t was shown in th e 
ex pe rim e nta l se tting a ft e r acute hypoxia, where 
a lower production of oxygen-free radicals corre-
la ted with an improvement in myocardi a l a nd 
pulmon a ry function.24 This fun ctiona l improve-
ment a ppears to occur clinically, because seve ra l 
s tudi es have documented tha t eve n pa rti a lly re-
moving white ce ll s lowe rs pos tope rative pulmo-
nary vascular res ista nce a nd improves cardiac 
performa nce following open heart surge ry.37·10· 12 

Although no pati e nt reoxyge na tcd with lcuko-

FiO2 basse / Objectif PaO2 = 80 – 100 mmHg



Fallot : En pratique

Induction Prévention du malaise
Remplissage disponible rapidement (CGR/PFC)

Per opératoire

Eviter l’hyperoxie
Cardioplégie au sang en normothermie

Support inotrope : Corotrope +/- Adrénaline
ETO systématique

Réanimation Pister les complications : 
Dysfonction VD +++ / VD restrictif


