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Objective: Proteins are the major effectors of biological structure and function.
Oxidation-induced changes to protein structure can critically impair protein func-
tion, with important pathologic consequences. This study was undertaken to exam-
ine whether oxidation-induced changes to protein structure occur during pediatric
cardiopulmonary bypass and to examine the association with postoperative out-
come.

Methods: Elevation of the 3,4-dihydroxyphenylalanine content of a protein relative
to its native tyrosine content indicates structural damage due to oxidation. Protein
3,4-dihydroxyphenylalanine/native tyrosine ratios were measured before surgery
and up to 6 hours after institution of cardiopulmonary bypass in 24 children
undergoing repair of congenital heart disease, who were prospectively selected to
form a cyanotic and comparable acyanotic control group. Results were correlated
with perioperative variables and postoperative outcomes.

Results: Elevation of protein 3,4-dihydroxyphenylalanine/tyrosine ratios above baseline
(0.48 mmol/mol [SD, 0.11 mmol/mol] vs 0.36 mmol/mol [SD, 0.13 mmol/mol]; P �
.001) occurred within 30 minutes of initiating cardiopulmonary bypass in cyanotic but
not in acyanotic children and correlated inversely with preoperative arterial oxygen
saturation (R � �0.52; P � .03). Protein 3,4-dihydroxyphenylalanine/tyrosine ratios
were also increased above baseline at 120 minutes (0.44 mmol/mol [SD, 0.12
mmol/mol]; P � .007) and 180 minutes (0.40 mmol/mol [SD, 0.14 mmol/mol];
P � .01) after the institution of cardiopulmonary bypass in children who underwent
prolonged procedures. Elevation of 3,4-dihydroxyphenylalanine/tyrosine during
prolonged procedures was associated with postoperative arrhythmias and the need
for increased inotropic support (P � .001).

Conclusions: Oxidative injury to proteins occurs during pediatric cardiopulmonary
bypass. Cyanotic children are most at risk, particularly those undergoing prolonged
procedures, in whom elevation of the protein 3,4-dihydroxyphenylalanine/tyrosine
ratio is associated with increased postoperative morbidity.

Proteins are the major effectors of the body’s biological structure and function.
The diverse nature of protein function critically depends on their exact
conformation and pattern of folding. The pathologic implications of genetic-

induced anomalies in protein structure are well recognized. Genomic anomalies,
however, are not the only way in which the amino acid sequence of proteins can be
disturbed. Proteins are also major targets of oxidative damage. Reactive oxygen and
nitrogen species are capable of chemically altering protein structure. The amino acid
tyrosine, for example (a component of virtually all proteins), is readily oxidized to
the dihydroxylated species 3,4-dihydroxyphenylalanine (DOPA).1 The “replace-
ment” of tyrosine by DOPA residues in the amino acid sequence can have a critical

effect on protein function.2 Increasingly it is being recognized that oxidative
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TABLE 1. Demographic and perioperative variables

Patient no. Operation
Age
(mo)

BSA
(m2)

Sat
(%)

CPB
(min)

XCT
(min)

DOPA/tyrosine (mmol/mol)

A

Inotropic
support

(d)3 min 30 min 120 min 180 min

Acyanotic
patients

1 Close secundum ASD 13 0.5 98 35 8 0.23 0.34 0.27 0.34 0.5
2 Close secundum ASD 138 1.7 98 40 19 0.27 0.28 0.30 0.28 0.9
3 Close primum ASD, repair

cleft mitral valve
18 0.5 98 54 44 0.18 0.27 0.23 0.18 NB 2.6

4 Close primum ASD, repair
cleft mitral valve

82 0.8 97 56 33 0.36 0.27 0.33 0.31 0.7

5 Repair acyanotic
tetralogy of Fallot

4 0.3 100 72 44 0.50 0.43 0.47 0.45 1.6

6 Replace RV to PA
conduit, augment right
PA

17 0.4 97 104 0 0.12 0.16 0.16 0.15 0.7

7 Repair PAPVD 3.5 0.2 95 107 58 0.32 0.34 0.34 0.29 JB 6.9
8 Replace RV to PA conduit 47 0.7 95 125 0 0.56 0.51 0.52 0.41 JB 2.7
9 Replace mitral valve 151 1 99 127 83 0.46 0.55 0.46 0.46 1.2

10 Augment bilateral PA
stenosis

13 0.4 97 139 0 0.30 0.32 0.34 0.41 2.5

11 Repair cleft mitral valve
with severe
regurgitation

15 0.4 98 177 57 0.53 0.54 0.46 0.43 2nd HB 9.9

12 Neonatal Marfan
syndrome—graft repair
aortic root

37 0.6 97 200 174 0.51 0.60 0.83 0.75 JET Died

Cyanotic
patients
13 Close ASD, ligate central

shunt
33 0.5 82 62 22 0.30 0.30 0.32 0.28 1.9

14 Completion extracardiac
Fontan

52 0.7 81 63 0 0.30 0.57 0.18 0.28 4.7

15 Completion extracardiac
Fontan

142 1.2 78 85 0 0.50 0.51 0.49 0.39 1.8

16 Bidirectional Glenn shunt/
atrial septectomy

33 0.7 80 96 13 0.61 0.65 0.52 0.54 JB 7.6

17 Repair tetralogy of Fallot 11 0.3 75 114 89 0.46 0.60 0.51 0.37 JET 5.7
18 Repair truncus arteriosus

type 2
1 0.2 92 131 83 0.25 0.36 0.36 0.29 5.8

19 Rastelli procedure 10 0.4 78 148 62 0.42 0.54 0.57 0.49 JET 4.0
20 Close multiple VSDs,

deband PA
5 0.2 73 150 89 0.16 0.42 0.39 0.20 3.7

21 Total cavopulmonary
connection

174 1.3 77 160 11 0.36 0.37 0.45 0.51 6.0

22 Arterial switch, deband
PA, close VSD

23 0.4 81 180 138 0.26 0.37 0.24 0.26 4.8

23 Arterial switch 0.5 0.2 65 192 74 0.28 0.45 0.51 0.47 JET 10.1
24 Repair severe tetralogy of

Fallot
20 0.4 80 268 63 0.42 0.53 0.57 0.57 JET Died

BSA, Body surface area; Sat, preoperative arterial saturation in air; CPB, cardiopulmonary bypass time; XCT, aortic root crossclamp time; DOPA,
3,4-dihydroxyphenylalanine; A, postoperative atrial arrhythmia; ASD, atrial septal defect; PA, pulmonary artery; PAPVD, partial anomalous pulmonary
venous drainage; RV, right ventricle; VSD, ventricular septal defect; JB, junctional bradyarrhythmia; JET, junctional ectopic tachycardia; NB, nodal

bradyarrhythmia; 2nd HB, second-degree heart block.
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modifications to proteins, much like genome-based modifi-
cations, may have important pathologic consequences.1-6

Children undergoing cardiopulmonary bypass (CPB) for
the repair of congenital heart disease may be at risk of oxida-
tive injury to the proteome. Such children, particularly those
undergoing prolonged procedures, have a high risk of oxidant
stress because of the combined effects of systemic inflamma-
tion, intravascular hemolysis, and/or ischemia/reperfusion. Cy-
anotic children, who often have reduced antioxidant capacity,7

may be at particular risk because they experience an addi-
tional acute oxidation stress at the onset of CPB, when the
arterial saturation increases abruptly from the low levels of
the patient to the high levels of the CPB prime. Such abrupt
reoxygenation can cause a burst of nitric oxide, peroxyni-
trite, and superoxide radical release.8 Termed reoxygenation
injury, this is associated with the development of postoperative
myocardial dysfunction, a major cause of morbidity and mor-
tality in this group.9 Oxidative injury to protein structure may
be a hitherto unrecognized mechanism of pathology that
contributes to such postoperative complications.

We therefore aimed to investigate the incidence, timing,
and duration of protein oxidation damage in children un-
dergoing CPB to determine whether such injury occurs,
which children are at greatest risk, and whether there is
evidence of association between protein oxidation injury
and postoperative outcomes.

Methods
Patients
Institutional and informed consent was obtained from 24 patients
undergoing CPB for the repair of congenital heart disease. To
recruit a cyanotic and a comparable acyanotic control group,
children were prospectively selected on the basis of preoperative
arterial saturation less than or equal to 92% (cyanotic; n � 12) or
greater than or equal to 95% (acyanotic; n � 12) and on estimated
CPB time, such that comparable numbers were undergoing both
short (�120 minutes) and prolonged (�120 minutes) CPB in each
group. Saturation was recorded with subjects resting comfortably
in room air before anesthesia. Children were also selected such that
the age, weight, and body surface area distribution was similar
between the 2 groups (Table 1).

CPB
After systemic heparinization, CPB was conducted with bicaval
and aortic cannulation and followed routine institutional protocols
designed to minimize the oxidant stress of CPB.9 These prescribe
blood prime oxygenation of 21% in cyanotic children and man-
agement of arterial PO2 between 90 and 120 mm Hg in cyanotic or
between 100 and 150 mm Hg in acyanotic children throughout
CPB. All blood used for priming or added to the circuit was
leukofiltered by using Terumo Immuguard III-RC leukofilter
(Terumo Corp, Tokyo, Japan). Bypass temperatures were main-
tained at 32°C, except in patients undergoing prolonged CPB, in
whom they were decreased to 28°C. Myocardial protection was
afforded with 20-minutely antegrade blood cardioplegia. Modified

ultrafiltration was performed routinely in all cases.
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Blood Samples
A total of 1 to 2 mL of heparinized arterial blood was collected
before surgery and at 3, 30, 60, 120, 180, and 360 minutes after the
institution of CPB from either the peripheral arterial line (before
and after CPB) or the arterial pump circuit when on CPB. Samples
were immediately centrifuged. The plasma was snap-frozen in
liquid nitrogen and stored at �60°C. Samples were analyzed in
batches by an operator blinded to patient identity.

High-Performance Liquid Chromatography Analysis
Samples were processed as described previously10 to isolate pro-
teins and release the free amino acids (oxidized and parent), and
then they were analyzed in triplicate by using an LC-10A high-
performance liquid chromatography system (Shimadzu, South Ry-
dalmere, NSW, Australia) equipped with a column oven (Waters,
Milford, Mass; 30°C) and UV and fluorescence detectors (Shi-
madzu). The native tyrosine content of the protein sample was
quantified by its absorbance at 280 nm. The DOPA content was
detected by fluorescence as reported previously.10 Elution posi-
tions were defined on the basis of standards, and identities were
confirmed by UV and fluorescence spectra. Ratios of the absolute
concentrations of DOPA/native tyrosine content were calculated
for each protein sample and are expressed in millimoles of product
per mole of parent amino acid (Table 1).

Postoperative Outcomes
Patients were managed after surgery by intensive care staff, who
were blinded to the results of high-performance liquid chromatog-
raphy analysis. They documented days of intensive care, ventila-
tory and inotropic support, and presence or absence of atrial
arrhythmias. Each patient’s maximum inotrope requirement was
estimated by calculating an inotrope score. This was based on a
prospectively defined 1 to 3 graduation for the maximum dose of
each inotrope, where 1 indicated 1-5, 2 indicated 5-10, and 3
indicated 10 or more micrograms per kilogram per minute of
dopamine and 1 indicated 0.01-0.1, 2 indicated 0.1-0.2, and 3
indicated 0.2 or more micrograms per kilogram per minute of
adrenaline, noradrenaline, or milrinone. Scores for each inotrope
were added to achieve the total score.

Data Handling
Normally distributed data are presented as mean and standard devia-
tion; otherwise, medians and ranges are provided. Statistical analysis
was performed with SPSS analytical software version 11.5.1 (SPSS
Inc, Chicago, Ill). Differences between groups were analyzed with
2-tailed Student t tests or nonparametric 2–independent sample tests
as appropriate and multivariate analysis by repeated-measures
general linear model. Differences within groups were analyzed
with paired 2-tailed Student t tests and a repeated-measures gen-
eral linear model. Missing data (italics in Table 1) occurred be-
cause of a change of protocol (addition of the 30-minute sample)
after the first 3 patients and because of sample collection or
handling errors (n � 2). For repeated-measures analysis, these data
were calculated by carrying the last result forward and adding the
mean change across the group. Linear and multiple regression
were used to explore associations between continuous variables,
which included those shown in Table 1, plus weight, minimum

temperature, DOPA/tyrosine at 60 and 360 minutes, and the mea-
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sures of postoperative outcome mentioned previously. When out-
come was explored by using “day” variables, children who died
were assigned the maximum plus 1 day to reflect worse outcome.
Receiver operating characteristic (ROC) curves were used to de-
termine which variables had the greatest predictive values for
outcome and postoperative complications.

Results
Patient demographics and surgical procedures are listed in
Table 1. Fourteen patients were male, and 10 were female.

Figure 1. Mean DOPA/tyrosine levels at discrete times after in-
stitution of cardiopulmonary bypass (CPB) in children showing A,
differences between cyanotic and acyanotic children (*within-
group significance of P < .05) and B, differences between chil-
dren undergoing greater than or less than 120 minutes of CPB
(*between-group significance of P < .05).
The median age was 19 months (range, 2 weeks to 14.5

The Journal of Thoracic
years). The mean preoperative arterial saturation in the
acyanotic group was 97% (SD, 1%; patients 1-12, Table 1)
versus 79% (SD, 6%) in the cyanotic group (P � .001;
patients 13-24, Table 1). Age, weight, body surface area,
priming volume, CPB and aortic root crossclamp times
(XCT), and minimum temperatures were not significantly
different between the cyanotic and acyanotic groups.

The median CPB time in the short CPB group was 67.5
minutes (interquartile range, 54-102 minutes; patients 1-7
and 13-17, Table 1) versus 155 minutes (interquartile range,
133-189 minutes) in the long CPB group (P � .001; patients
8-12 and 18-24, Table 1). Other than expected differences in
XCT (68 minutes [SD, 52 minutes] vs 27 minutes [SD, 27
minutes]; P � .04) and minimum CPB temperatures
(26.3°C vs 32.8°C; P � .001), there were no significant
differences in demographic or preoperative variables (in-
cluding preoperative arterial saturation) between children in
the long and short CPB groups.

Protein DOPA/Tyrosine Ratios
The average preoperative DOPA/tyrosine ratio in the bulk
plasma protein fraction was 0.33 mmol/mol (SD, 0.13
mmol/mol) across the entire cohort (Table 1 and Figure 1).
Elevation to 0.36 mmol/mol (SD, 0.13 mmol/mol; P � .03)
occurred 3 minutes after the institution of CPB, subsequent
to mixing with prime blood. Repeated-measures analysis
demonstrated that a further increase from the 3-minute
(baseline) level occurred over time (P � .005). The most
notable increase in the DOPA/tyrosine ratio (to 0.43 mmol/
mol [SD, 0.13 mmol/mol]; P � .001) occurred between 3
and 30 minutes (solid line in Figure 1). When added to the
model, preoperative arterial saturation and CPB time were

Figure 2. Correlation between preoperative arterial saturation
and the magnitude of change in DOPA/tyrosine levels after 30
minutes of cardiopulmonary bypass.
both identified as factors with potential independent predic-
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tive effects. Saturation group independently predicted the
increase in the protein DOPA/tyrosine ratio between 3 and
30 minutes (P � .02). The independent predictive effect of
CPB time approached significance (P � .06). These were
therefore examined in closer detail. No other preoperative or
intraoperative variables, including age or bypass tempera-
ture, demonstrated independent predictive effects. XCT cor-
related with the 120-minute DOPA/tyrosine ratio (R � 0.45;
P � .03) with univariate, but not multivariate, linear regres-
sion analysis, because of colinearity with CPB time.

Effect of Preoperative Arterial Saturation
The preoperative protein DOPA/tyrosine ratio was similar
in the cyanotic (0.33 mmol/mol; SD, 0.12 mmol/mol) and
acyanotic (0.34 mmol/mol; SD, 0.15 mmol/mol) children.
Repeated-measures analysis revealed a significant increase
in the ratio over time in cyanotic but not in acyanotic
children: the most prominent effect was an increase (to 0.47
mmol/mol [SD, 0.1 mmol/mol]; P � .001) at 30 minutes
after the institution of CPB in cyanotic children (dashed line
Figure 1, A). The increase in the protein DOPA/tyrosine
ratio between baseline and 30 minutes correlated inversely
with the preoperative arterial saturation (R � �0.52; P �
.03; Figure 2).

Effect of CPB Time
The mean protein DOPA/tyrosine ratio was higher at 120
minutes (0.47 mmol/mol [SD, 0.15 mmol/mol] vs 0.34
mmol/mol [SD, 0.13 mmol/mol]; P � .04) and 180
minutes (0.44 mmol/mol [SD, 0.17 mmol/mol] vs 0.32
mmol/mol [SD, 0.11 mmol/mol]; P � .04) after the initi-
ation of CPB in children who remained on bypass (ie, those
in the prolonged CPB group) than in children who had
ceased CPB (ie, those in the short CPB group). The mean
DOPA/tyrosine ratios increased within 30 minutes of com-
mencing CPB in children undergoing prolonged CPB (P �
.01) and remained increased above baseline throughout and
up to 6 hours after the initiation of CPB (short-dashed line
in Figure 1, B). In contrast, protein DOPA/tyrosine ratios

TABLE 2. Correlation between protein DOPA/tyrosine val-
ues and postoperative outcome

Variable

120-min DOPA/
tyrosine

180-min DOPA/
tyrosine

P value R value P value R value

Days in ICU .003 0.6 .003 0.6
Days ventilated �.001 0.7 .001 0.6
Days on inotropic support �.001 0.6 .003 0.6
Inotropic score �.001 0.6 .002 0.6

DOPA, 3,4-Dihydroxyphenylalanine; ICU, intensive care unit.
rapidly returned to baseline levels in children who under-
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went short (�120-minute) procedures (long-dashed line in
Figure 1, B).

The sustained increase in protein DOPA/tyrosine ratios
seen in children undergoing prolonged CPB occurred pre-
dominantly in cyanotic as opposed to acyanotic children.
Mean protein DOPA/tyrosine ratios were increased from
baseline (0.31 mmol/mol; SD, 0.10 mmol/mol) at 120 min-
utes (0.44 mmol/mol; SD, 0.12 mmol/mol; P � .007) and
180 minutes (0.40 mmol/mol; SD, 0.14 mmol/mol; P � .01)
in cyanotic but not in acyanotic children undergoing more
than 120 minutes of CPB. However, the highest recorded
protein DOPA/tyrosine ratio (0.82 mmol/mol) and the
greatest increase from baseline (0.32 mmol/mol) occurred
after 120 minutes of CPB and prolonged aortic root cross-
clamping in an acyanotic child with neonatal Marfan
syndrome.

Postoperative Outcomes
Two children in the prolonged CPB group died in the early
postoperative period as a result of intractable cardiac failure.
These children had the highest protein DOPA/tyrosine ra-
tios of all at both 120 and 180 minutes (Table 1). There was
no correlation between 30- and 60-minute DOPA/tyrosine
ratios and postoperative outcome. However, there was
strong positive correlation between both the 120- and 180-
minute protein DOPA/tyrosine ratios and all measures of
postoperative outcome (Table 2 and Figure 3). Overall,
however, because of colinearity, CPB time was identified as
the single most important predictor of postoperative out-
come on multivariate analysis, although the 120-minute
DOPA/tyrosine level contributed an independent effect to

Figure 3. Correlation between protein DOPA/tyrosine ratio at 120
minutes after the initiation of CPB and the number of postopera-
tive days in intensive care.
the model for days of postoperative ventilation (P � .03).
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ROC curve analysis similarly identified the CPB time as the
variable with the greatest predictive value for poor postopera-
tive outcome (defined as �5 days on inotropic support or
death), with an area under the curve of 0.94. However, the
180- and 120-minute DOPA/tyrosine levels also displayed
high predictive values (area under the curve of 0.84 and
0.77, respectively) and exceeded the predictive value of all
other variables, including XCT. A DOPA/tyrosine ratio of
0.42 mmol/mol at 180 minutes predicted poor outcome with
maximum sensitivity (83%) and specificity (78%).

Arrhythmias
Nine of 24 children had postoperative atrial arrhythmias
(Table 1). This included 5 cases of junctional ectopic tachy-
cardia, 3 of nodal or junctional bradyarrhythmia, and 1 of
second-degree heart block. This group demonstrated in-
creased postoperative support requirements according to
days in intensive care (6.6 vs 3.1; P � .008) and had
increased 120-minute DOPA/tyrosine ratios (5.0 mmol/mol
[SD, 0.16 mmol/mol] vs 3.5 mmol/mol [SD, 0.11 mmol/
mol]; P � .01) despite not having longer CPB or XCT than
children who did not have arrhythmias. ROC curve analysis
identified the 120-minute protein DOPA/tyrosine ratio as
the variable with the greatest predictive value for postoper-
ative arrhythmia (area under the curve, 0.82). A value of
0.45 mmol/mol predicted postoperative arrhythmia with
maximum sensitivity (78%) and specificity (73%).

Discussion
In this study, we have demonstrated that oxidation-in-
duced changes to the structure of plasma proteins occur
acutely during CPB in children. Children with preopera-
tive arterial desaturation and those undergoing prolonged
CPB are most susceptible. Furthermore, if present be-
yond 120 minutes of CPB, such oxidation-induced pro-
tein injury seems to be associated with measures of
postoperative morbidity.

The importance of the proteome and the susceptibility
of proteins to oxidation by radicals are increasingly rec-
ognized as mechanisms of pathology in cardiovascular
biology and medicine.11 Protein injury due to oxidation
impairs critical biological mechanisms such as cell mor-
phology, microtubule organization, and contractile func-
tion and has been implicated in the development of
chronic conditions such as vasculopathy in diabetics and
smokers.11-13 Oxidative impairment of myofibrillar crea-
tine kinase, a key protein important in the control of
myocyte contractility, has been implicated in the devel-
opment of chronic heart failure due to doxorubicin tox-
icity and chronic atrial arrhythmias.13,14 Although cur-
rently unexplored, such findings suggest that protein

function may be similarly compromised under conditions

The Journal of Thoracic
of acute oxidation stress, such as occur during CPB, and
thereby might contribute to postoperative morbidity.

The acute oxidative stress of CPB is well documented. It
is principally triggered by exposure of the circulating blood
to the nonphysiologic surfaces of the bypass circuit: this
results in activation of regulatory and inflammatory cas-
cades.15 Neutrophils are activated to release cytotoxic en-
zymes, including myeloperoxidase, and generate superoxide
radicals and hydrogen peroxide.16 Reperfusion of the heart
and lungs after hypothermic ischemia is also a trigger for
oxygen radical production,17,18 as is abrupt elevation of
arterial saturation at the onset of CPB in cyanotic children.
Although several strategies have been developed to reduce
the oxidative stress of CPB, including improving the bio-
compatibility of CPB circuits, leukofiltration, and controlled
reoxygenation in cyanotic patients,19,20 there are practical
limitations to the application of such techniques, such that
the oxidative stress cannot be negated completely. In chil-
dren, for example, although all donor blood added to the
circuit can be washed and leukofiltered, complete systemic
leukofiltration is not readily achieved because of the lack of
a suitably effective leukofilter for pediatric use. Also, con-
trolled reoxygenation cannot completely prevent an abrupt
increase in arterial saturation at the onset of CPB in cyanotic
children because the efficiency of modern oxygenators re-
sults in a blood prime PO2 of 140 to 155 mm Hg even when
circulated in 21% oxygen (air). For these reasons, the risk of
oxidation-induced injury to proteins during pediatric CPB
remains unknown.

In this study, we examined the incidence of oxidative
protein injury by detecting increasing levels of protein-
bound DOPA relative to native tyrosine in the bulk plasma
protein fraction. Tyrosine is one of the most highly reactive
amino acid side chains (1.3 k � 1010 dm3 · mol�1 · s�1 for
hydroxyl radicals).21 In the presence of radical species, it is
hydroxylated to DOPA. The detection of increasing levels
of protein-bound DOPA relative to native tyrosine is well
established as a sensitive and specific method of both de-
tecting oxidative stress and quantifying oxidative damage to
bulk proteins. This has been extensively validated both in vitro
and in vivo.1,2,6,10-12,21 Previous studies have demonstrated
that protein-bound DOPA formation not only is indicative of
oxidative protein damage, but also induces protein cross-link-
ing, impairs protein folding, induces aggregation, and causes
increased protein turnover, thus resulting in impairment of both
protein and cellular function.1,2

Our results have shown that, despite leukofiltration and
controlled reoxygenation as outlined previously, acute oxi-
dative protein injury does occur during pediatric CPB, in
cyanotic children, and in children undergoing prolonged
CPB.

The finding of an abrupt early increase in the protein

DOPA/tyrosine ratio in cyanotic, but not in acyanotic, chil-
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dren supports our hypothesis that cyanotic children are at
greater risk of oxidation-induced protein injury. This is
possibly due to a combination of their lower antioxidant
reserves and the additional oxidation stress associated with
abrupt reoxygenation.

Our encouraging results suggest that a brief oxidative
insult to proteins may be tolerated without significant
detrimental effects, because increased oxidized protein
levels in the first 60 minutes of CPB decreased quickly to
baseline in cyanotic children who underwent less than
120 minutes of CPB and were not associated with poor
postoperative outcome.

However, our results suggest that prolonged (�120 min-
utes) CPB-related oxidative insult may not be so well tol-
erated. The strong correlation between oxidized protein
levels and measures of postoperative outcome in children
undergoing more than 120 minutes of CPB indicates that
oxidative impairment of protein function cannot be ex-
cluded as a mechanism contributing to postoperative com-
plications in these cases. Nevertheless, we cannot assume a
causal link on the basis of the current data. Much of this
association may be explained by the colinearity between
protein DOPA/tyrosine ratios and CPB time, which is a
well-known predictor of outcome. However, the pathophys-
iologic mechanisms by which prolonged CPB results in
poor outcome remain incompletely defined. The greater
predictive value of the 120-minute protein DOPA/tyrosine
ratio (compared with CPB time) for postoperative atrial
arrhythmia and the independent association with the need
for prolonged postoperative ventilation are consistent with
the hypothesis that oxidative impairment of protein function
may play a contributing role.

The early increase of protein DOPA/tyrosine ratios in
children destined to undergo prolonged CPB procedures,
coupled with the finding of a profound increase in protein
DOPA/tyrosine ratios in an acyanotic child with Marfan
syndrome, suggests that other unmeasured factors, such as
preoperative cardiac stress or genetic differences in re-
sponse to oxidative stress, may also play a contributing role.
This will require further study.

Limitations
There is obvious heterogeneity in the diagnoses of pa-
tients enrolled in this study. This is because we believed
that preoperative arterial saturation and CPB time were
more likely than anatomic diagnosis to affect oxidized
protein levels, and patients were selected accordingly to
form a cyanotic and corresponding acyanotic control group
on the basis of CPB time rather than anatomic diagnosis.
The relatively small numbers of patients in this initial study
are also insufficient to assess the effect of protein oxidation

on mortality.

1060 The Journal of Thoracic and Cardiovascular Surgery ● Oct
This is the first study to confirm that oxidative modifi-
cation and injury of the proteome occurs during pediatric
CPB. These initial results document the incidence and tim-
ing of oxidant protein damage and a potential association
with adverse postoperative outcomes in children. This in-
formation allows us to target particular at-risk groups in
whom oxidant injury of key target proteins can be explored,
to elucidate the pathophysiologic role of protein oxidation
in the development of morbidity and mortality after pediat-
ric CPB.

We gratefully acknowledge the assistance of Shanlin Fu and
HongJie Wang, formerly of the Cell Biology Group, The Heart
Research Institute, Sydney.
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