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REVIEW ARTICLE

Elevated oxidative stress in patients with congenital heart disease and the 
effect of cyanosis: a meta-analysis

Inne Vanreusela,b, Jan Taeymansc,d, Emeline Van Craenenbroecka,b, Vincent F. M. Segersa,b,  
An Van Berendoncksa,b, Jacob J. Bried�ee� and Wendy Hensf,g�

aDepartment of Cardiology, Antwerp University Hospital, Edegem, Belgium; bResearch Group Cardiovascular Diseases, GENCOR, 
University of Antwerp, Antwerp, Belgium; cDivision of Physiotherapy, School of Health Professions, Bern University of Applied 
Sciences, Bern, Switzerland; dFaculty of Physical Education and Physiotherapy, Vrije Universiteit Brussel, Brussel, Belgium; eDepartment 
of Toxicogenomics, School of Oncology and Reproduction (GROW), Maastricht University, Maastricht, The Netherlands; fCardiac 
Rehabilitation Centre, Antwerp University Hospital, Edegem, Belgium; gDepartment of Rehabilitation Sciences and Physiotherapy, 
Faculty of Medicine and Health Sciences, MOVANT Research Group, University of Antwerp, Antwerp, Belgium 

ABSTRACT 
Oxidative stress is an important pathophysiological mechanism in the development of numerous 
cardiovascular disorders. To improve therapy and preventive strategies, clinicians need a better 
understanding of the underlying pathophysiological mechanisms of congenital heart diseases 
(CHD). The objective of this meta-analysis was to determine whether oxidative stress is elevated 
in patients with CHD compared to healthy controls, and to evaluate whether a difference in 
oxidative stress parameters can be observed between patients with cyanotic (cCHD) and acya-
notic CHD (aCHD). Therefore, 21 studies investigating oxidative stress in peripheral blood of both 
children and adults with CHD were reviewed. Different methods to assess the oxidant status 
were compared and divided into three categories: pro-oxidative or anti-oxidative stress markers 
and the ratio of pro-to-anti oxidative stress markers. This meta-analysis showed elevated oxida-
tive stress levels in patients with CHD, and more specifically in patients with cCHD. Moreover, 
this indicates that there could be potential in oxidative stress measurements as a new biomarker 
of disease severity. Further research will be needed to clarify the exact role of oxidative stress 
and its contributors in CHD in order to get a better and more in-depth understanding of the 
underlying pathophysiology of CHD, especially the higher susceptibility of the right ventricle (RV) 
to progress to heart failure (HF). This could facilitate the development of antioxidant treatments 
and RV-specific HF therapies, which are necessary to improve survival in these patients and could 
be of particular importance in cCHD.
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Introduction

Congenital heart diseases (CHDs) compromise a wide 
range of cardiac malformations [1]. Medical and surgical 
advances have dramatically increased the survival of 
patients with CHD leading to a continuously growing 
prevalence of CHD in children, adolescents and adults 
[2,3]. Nevertheless, patients suffering from CHD have 
lower physical fitness levels [3–5], reduced quality-of-life 
[6] and worse prognosis [7,8] compared to healthy indi-
viduals of similar age. In addition to evaluation of the 
left ventricle (LV), life-long evaluation of the less studied 
right ventricle (RV) has shown to be a cornerstone in 
managing CHD prognosis in such patients [1,4,6,9]. To 

improve therapy and preventive strategies, clinicians 
need a better understanding of the underlying patho-
physiological mechanisms of CHD [10].

Development and progression of heart failure (HF) is 
the main cause of morbidity and mortality in this popu-
lation [11,12]. Patients with HF induced by CHD and 
patients with HF induced by other etiologies share many 
characteristics [10]. In patients with HF induced by other 
etiologies, increased oxidative stress is implicated in 
pathogenesis of cardiac injury and disease progression 
[13,14]. Moreover, a continuously growing body of evi-
dence shows that oxidative stress is important in the 
pathogenesis of several other types of cardiovascular 
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diseases [15]. Accordingly, oxidative stress becomes an 
attractive therapeutic target [15].

Oxidative stress refers to an imbalance between 
reactive oxygen species (ROS) production and the 
body’s antioxidant defenses [16]. Oxidative stress may 
be of particular concern in the pathogenesis of CHD. 
First, oxidative stress during pregnancy can be terato-
genic and contribute to CHD in newborns [17]. Second, 
although cellular remodeling in response to pressure 
overload is similar in the RV and LV, the RV is more sus-
ceptible to oxidative stress [18,19]. In many patients 
with repaired or palliated CHD and in patients with pul-
monary hypertension, the RV of the heart is uniquely at 
risk. Third, as hypoxic conditions favor an increase in 
ROS generation [20], one can expect that cyanosis leads 
to an even higher susceptibility to oxidative stress in 
patients with cyanotic CHD (cCHD), who possess poorer 
clinical outcomes compared with those having acya-
notic CHD (aCHD) [21]. Therefore, identifying and devel-
oping new biomarkers of disease severity in CHD and 
progression to HF should be considered, given the limi-
tations of clinical assessment and imaging modalities in 
determining the optimal timing for surgical interven-
tion [18]. Moreover, understanding the molecular mech-
anisms for the higher susceptibility of the RV to 
progress to HF in patients with CHD could facilitate the 
development of RV-specific HF therapies, which is a crit-
ical need given that standard HF therapies are ineffect-
ive in treating RV failure and have failed to improve 
survival in these patients.

The objective of this meta-analysis was to determine 
whether oxidative stress is elevated in patients with 
CHD compared to healthy controls, and to evaluate 
whether a difference in oxidative stress parameters can 
be observed between patients with cCHD and aCHD. 
Therefore, studies investigating oxidative stress in per-
ipheral blood of both children and adults with CHD 
were reviewed. Different methods to assess the oxidant 
status were compared and divided into three 

categories: pro-oxidative or anti-oxidative stress 
markers and the ratio of pro-to-anti oxidative stress 
markers.

Methods

This meta-analysis was written following the guidelines 
of the Preferred Reporting Items for Systematic Reviews 
and Meta-Analysis (PRISMA) statement [22].

Search strategies and study selection

Papers and/or abstracts published in English were 
searched using PubMed and TRIP database (free ver-
sion) between October 2022 and December 2022 and 
updated in May 2023, including the respective key-
words and respective MeSH terms mentioned in Figure 
1. The searches yielded 247 papers on PubMed and 128 
on TRIP database. Duplicates were eliminated and 
remaining reports were screened based on title and 
abstract. Table 1 depicts the in- and exclusion criteria. 
In case of ambiguity or doubt, the report was kept and 
full text was screened.

Only controlled studies that compared oxidative 
stress markers in patients with CHD with healthy con-
trols or in patients with cCHD versus aCHD were 
included. However, papers referenced in systematic 
reviews related to broader topics (e.g. the top most 
cited biomarkers in CHD) or broader patient popula-
tions (e.g. cardiovascular disease) were also screened 
and included when fulfilling the above mentioned 
criteria.

Because oxidative stress is part of the stress response 
during and after surgery and cardiopulmonary bypass 
[16,23], studies measuring oxidative stress during and 
shortly after surgery or cardiopulmonary bypass were 
excluded. However, when in these studies a baseline 
(i.e. pre-operative) comparison was made in oxidative 
stress levels of patients with CHD with a control group 

Table 1. In- and exclusion criteria for papers in this meta-analysis.
Category Inclusion criteria Exclusion criteria

Design Controlled studies: 
– CHD vs. healthy, or 
– cCHD vs. aCHD

No full-text or abstract available in English 
Comments on articles, editorial comments 
Studies regarding oxidative stress during and shortly 
after surgery without baseline comparison of groups

Population Infants, children and adults with CHD Syndromic patients 
Preterm infants with PDA 
Research performed in animals

Assessment method Assessment of oxidative stress in 
peripheral blood

Assessment of oxidative stress in other tissues (e.g. 
urine, cardiac muscle, aortic tissue, … ) 
Only genetic analysis without oxidative stress maker in 
blood

Abbreviations: (a/c)CHD: (acyanotic/cyanotic) congenital heart disease; PDA: persistent ductus arteriosus.
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or between cCHD and aCHD, this baseline comparison 
was included in this meta-analysis.

The reference lists of the included articles were also 
checked which identified five additional relevant studies. 
Of these studies, one article [24] was not retained 
because the data presented were the same as those in a 
previous paper of the same authors [25]. The systematic 
reviewing process has been performed by an expert on 
both oxidative stress and CHD (IV). Figure 1 shows the 
flowchart of the systematic review procedure.

Data extraction

Data were entered independently by two reviewers (IV 
and WH) into an a priori designed data extraction table. 
Inter-reviewer differences were discussed until consen-
sus was reached. The following study characteristics 
were extracted from the articles: name of first author, 
publication year, measured parameters of oxidative 
stress and its exact data in healthy controls and CHD. It 

was always mentioned which types of CHD were 
studied, whether there was a history of surgery and the 
age group involved. When a division between cCHD 
and aCHD had already been made in the articles, this 
subdivision was adopted as such. If no statement on 
cyanosis was made by the authors of an included 
manuscript, patients were categorized according to 
their CHD at birth (e.g. tetralogy of Fallot as cCHD and 
left-to-right shunts as aCHD). Furthermore, the number 
of subjects per group was noted as well as the exact 
p-value in case of statistical significance.

Whenever methods or outcome data were not 
reported clearly, the corresponding author was con-
tacted. In case the exact outcome data were not shown 
or could not be obtained from the corresponding 
author, data were derived from the figures or graphs. 
To avoid artificially increased certainty and thus errone-
ously small 95% confidence intervals, group numbers 
were adapted, in case of data extracted from multi- 
armed studies. When results from an included study 

Figure 1. Flow diagram of the systematic reviewing process following PRISMA guidelines. Abbreviations: (a/c)CHD: (acyanotic/ 
cyanotic) congenital heart disease.
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were reported in medians and percentiles or inter quar-
tile ranges, a fixed protocol was followed to convert 
these data to means and standard deviations (Figure 2). 
Table 2 depicts all data and related information neces-
sary to conduct the meta-analyses.

Methodological quality assessment

Two independent investigators (IV and WH) assessed 
the quality of the included studies with The Quality 
Assessment Tool for Observational Cohort and Cross- 
Sectional Studies from the National Heart, Lung, and 
Blood Institute [32] (Table 3). The “exposures of inter-
est” in the included papers were the specific CHD and 
the “the outcomes being investigated” were the oxida-
tive stress parameters. Because CHD is present at birth 
and the assessment of oxidative stress parameters 
always takes place later in life, the answers to questions 
6 and 7 of this assessment tool were always “yes.” By 
“different levels of the exposure” we understood differ-
ent types of CHD or degrees of severity, whether 
expressed as categories (e.g. cCHD versus aCHD, or 
with or without pulmonary arterial hypertension) or 
continuous variables (e.g. correlations with 6 min walk-
ing distance or echocardiographic parameters of ven-
tricular function).

Question 9 of the assessment tool asked if exposure 
measures were clearly defined and implemented con-
sistently across all study participants. If a study focused 
on one or more specific or relatively homogeneous 
groups of CHD (e.g. tetralogy of Fallot, ventricular sep-
tal defect, … ), the answer was “yes.” However, if the 
study population was a mix of different CHD the answer 
was “no” because of the heterogeneity between the dif-
ferent CHD and therefore inconsistency across the 
study participants. Finally, since the point of interest 
was differences in oxidative stress status depending on 
the presence of CHD (CHD versus no CHD or cCHD 
versus aCHD), and the included studies therefore 
involve one-off measurements of oxidative stress 

parameters, questions 10 and 13 were not applicable. 
One article [36] was published in Chinese. Scoring was 
conducted on the basis of the English abstract, and 
filled in “cannot determine” where the information was 
missing. No articles were excluded based on quality 
assessment.

Statistical analysis

The extracted data were entered into the CMA-2 
software (Comprehensive Meta-Analysis second version, 
Biostat, Englewood, USA). Expecting an important 
degree of between studies heterogeneity (due to differ-
ent measurement techniques and specific patient 
characteristics, e.g. age), a random-effects model with 
inversed variance method was chosen to pool the indi-
vidual study results and to examine the overall 
weighted mean effect size of levels of (anti)oxidative 
stress markers between groups. Effect sizes were calcu-
lated as standardized mean differences and expressed 
as Hedges’ g to correct for overestimating the true 
effect in small study samples. The 95% confidence inter-
vals (95% CI) were calculated around the effect sizes of 
the individual studies and the overall weighted mean 
estimate. The Cochran’s Q test, its degrees of freedom 
(df) and its corresponding p-value were used to test for 
between study heterogeneity. Higgins’ I2 statistic was 
assessed to evaluate the amount of heterogeneity 
across studies. I2 values around 75, 50 and 25% were 
interpreted as high, moderate and low respectively.

Results of the meta-analyses were presented as for-
est-plots showing the effect-sizes of the individual stud-
ies and the overall weighted mean estimate (diamond) 
with corresponding confidence intervals. Sensitivity anal-
yses, omitting articles with extremely large effect sizes or 
studies for which results were extracted from graphs or 
for which results were recalculated from medians to 
means, were conducted to evaluate the robustness of 
the calculated overall weighted mean effect size against 

Figure 2. Protocol followed to convert data to mean ± standard deviation. Abbreviations: m: median; max: maximum; min: 
minimum; p5: 5th percentile; p95: 95th percentile; Q1: 1st quartile; Q3: 3rd quartile; var: variance; m: mean; r: standard deviation 
[26–28].
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such flawed study results. p-Values less than 0.05 were 
considered significant for all statistical analyses.

Two meta-analyses were conducted based on 21 
papers. One meta-analysis assessed the difference in oxi-
dative stress between CHD patients and healthy controls 
while another meta-analysis evaluated the difference in 
oxidative stress markers between patients with cCHD and 
patients with aCHD.

Results

Methods to assess oxidative stress in blood from 
patients with CHD

Different approaches and methodologies have been 
used to study oxidative stress in blood of patients with 
CHD (Figure 3). ROS are a natural byproduct of oxygen 
metabolism. Under physiological conditions, ROS regu-
late multiple cellular processes like proliferation, migra-
tion, and differentiation [37], and superoxide anion 
radical (O2�−) is the most common oxygen free radical 
in the human body [10]. O2

�− induces the formation of 
several other reactive species, like peroxynitrite (ONOO-), 
or hydroxyl radical (HO�) [38]. ROS lead to oxidation of 
biomolecules like DNA, proteins and lipids [38]. This oxi-
dation of DNA has been evaluated in patients with CHD 
by measuring blood levels of 8-hydroxy-20-deoxyguano-
sine (8-OHdG) and lymphocytic comet tail assay, protein 
oxidation via detection of levels of carbonyl moieties 
and protein carbonyl (PCO) and via activity of low- 
molecular-weight protein tyrosine phosphatase (LMW- 
PTP), and lipid oxidation by determining serum levels of 
thiobarbituric acid reactive substances (TBARS) and 
malondialdehyde (MDA) respectively.

Increased blood levels of ROS are formed during 
hypoxia [25], inflammation, vascular calcification [37], 
and environmental triggers [39]. Moreover, endothelial 
nitric oxide synthase (eNOS) produces O2

�− instead of 
transforming L-arginine into nitric oxide (NO), when 
there is a deficiency of L-arginine or an accumulation of 
its analogs and endogenous eNOS inhibitors asymmet-
rical or symmetric dimethylarginine (ADMA, SDMA) [40]. 
Homocysteine (Hcy) inhibits the enzyme responsible for 
hydrolyzation of ADMA, thereby causing an accumula-
tion of ADMA which also makes Hcy a blood marker of 
oxidative stress in humans [41].

ROS or the damage caused by ROS are mitigated by 
antioxidants, which can be enzymatic or non-enzymatic 
[39]. The “first line defense antioxidants” obstruct free 
radicals’ formation in which three key enzymes are 
involved: superoxide dismutase (SOD), catalase and 
glutathione peroxidase (GP). These enzymes respectively 
dismutate O2

�− and breakdown hydrogen peroxides and Ta
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hydroperoxides to harmless molecules [38]. Glutathione 
(GSH) acts as a coenzyme for GP and is hydrolyzed by 
gamma-glutamyl transferase (cGT) making cGT another 
blood marker of oxidative stress in patients with 
CHD [30].

Another important group of antioxidants are the 
“scavenging antioxidants.” These antioxidants scavenge 
active radicals to inhibit chain initiation and break chain 
propagation reactions. They neutralize free radicals by 
donating electrons to them, and in the process become 
free radicals themselves but with less damage [38]. 
Changes in scavenging antioxidants that have been 
studied in blood of patients with CHD are histidine, 
hydrogen sulfide (H2S), methionine, thiols and albumin. 
By neutralizing ROS, the sulfur of methionine can be 
oxidized to sulfoxide (Met-SO) [42,43] and thiols can 
undergo oxidation and form disulfide bonds [35], and 
under conditions of high oxidative stress, a metabolic 
protein variant known as ischemia-modified albumin is 
formed [33].

In CHD, two more antioxidants have been studied: 
methemoglobin reductase (MHR) and folic acid. MHR is 
responsible for the conversion of methemoglobin (Met- 

Hb), which is elevated in conditions of oxidative stress, 
to deoxyhemoglobin [44]; and folic acid is responsible 
for the conversion of Hcy to methionine.

Instead of measuring these different individual oxi-
dant and antioxidant molecules, some authors chose to 
determine total oxidant status (TOS) and total antioxi-
dant status/capacity/activity (TAS, TAC or TAOA). The 
oxidative stress index (OSI) is used to evaluate the bal-
ance between oxidation and antioxidation [16].

Presence of oxidative stress in patients with CHD

The meta-analyses (Figure 4) showed that there is more 
oxidative stress in patients with CHD than in healthy 
controls. This difference is statistically significant for 
pro-oxidative stress markers, anti-oxidative stress 
markers and the ratio of pro-to-anti oxidative stress 
markers:

Pro-oxidative stress markers
The standardized mean difference (Hedge’s g) of the 
pro-oxidative stress markers between patients with 
CHD and healthy controls was 1.23 with a 95% 

Figure 3. Schematic figure of the used methods to assess oxidative stress in blood of patients with CHD. Abbreviations: 8-OHdG: 
8-hydroxy-2’-deoxyguanosine; ADMA: asymmetric dimethylarginine; eNOS: endothelial nitric oxide synthase; FA: folic acid; cGT: 
gammaglutamyl transferase; GSH: glutathione; GSSG: glutathione disulfide; GP: glutathione peroxidase; H2O: water; H2O2: hydro-
gen peroxide; H2S: hydrogen sulfide; (Met-)Hb: (met)hemoglobin; Hcy: homocysteine; HO�: hydroxyl radical; im: ischemia-modified; 
LMW-PTP: low-molecular-weight protein tyrosine phosphatase; Met(-SO): methionine (sulfoxide); MHR: methemoglobin reductase; 
NO: nitric oxide; O2: oxygen; O2

�−¼ superoxide anion radical; ONOO-: peroxynitrite; PCO: protein carbonyl; ROS: reactive oxygen 
species; SDMA: symmetric dimethylarginine; SOD: superoxide dismutase; TBARS: thiobarbituric acid reactive substances.
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confidence interval (95%CI) ranging from 0.89 to 1.56. 
The Z-value was 7.19 and the p-value (two tailed) was 
<0.001. Heterogeneity analysis showed high and statis-
tically significant heterogeneity between studies 
(Cochran’s Q¼ 439.752; degrees of freedom of Q (df(Q)) 
¼ 45; p< 0.001; I2 ¼ 89.767).

One of the analyzed studies [45] appeared to have a 
remarkably large effect size. Conducting a sensitivity 
analysis by removing this study still revealed statistically 
significant more pro-oxidative stress markers in patients 
with CHD as compared to healthy controls with 
Hedge’s g of 1.11 (95%CI ¼ 0.79 to 1.43, p< 0.001), but 

Figure 4. Forest plots of the effects found in the individual studies and the overall effect of pro-oxidative (a), anti-oxidative (B) and 
the ratio pro-to-anti oxidative stress markers (C) between patients born with CHD and healthy controls. Abbreviations: 8-OHDG: 8- 
hydroxy-2’-deoxyguanosine; ADMA: asymmetric dimethylarginine; CHD: congenital heart disease; CTL: comet tail length; DIS: disul-
fide; DNA-H: DNA in head; DNA-T: DNA in tail; FA: folic acid; GammaGT: gamma-glutamyl transferase; H2S: hydrogen sulfide; HCY: 
homocysteine; HD: head diameter; HIS: histidine; IOC: intensity of chemiluminescence; im-ALB: ischemia-modified albumin; L-ARG: L- 
arginine; LMW-PTP: low-molecular-weight protein tyrosine phosphatase; MDA: malondialdehyde; MET(-SO): methionine (sulfoxide); 
MHR: methemoglobin reductase; NT: native thiol; OSI: oxidative stress index (TOS/TAC); PAH: pulmonary arterial hypertension; PCO: 
protein carbonyl; SO: superoxide; SOD: superoxide dismutase; TAC/S: total antioxidant capacity/status; TAOA: total antioxidant activ-
ity; TBARS: thiobarbituric acid reactive substances; TCL: total comet length; TOS: total oxidant status; TT: total thiol
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Figure 4. Continued.
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the heterogeneity did not decrease (Q¼ 373.14, 
p< 0.001, I2 ¼ 89.01).

Even when all studies for which we had to extract 
data from figures or to convert median to mean values 
[30,34,45,46] were excluded in a second sensitivity ana-
lysis, neither the effect size (Hedge’s g¼ 1.22, 95%CI ¼
0.79–1.66, p< 0.001) nor the heterogeneity (Q¼ 345.31, 
p< 0.001, I2 ¼ 89.57) changed importantly.

Anti-oxidative stress markers
The standardized mean difference (Hedge’s g) of the 
anti-oxidative stress markers between CHD and healthy 
controls was −0.83 with a 95% CI of −1.21 to −0.46. 
The Z-value was −4.34 and the p-value (two tailed) 
was <0.001. Heterogeneity analysis showed high and 
statistically significant heterogeneity between studies 
(Cochran’s Q¼ 147.61; df(Q) ¼ 24; p< 0.001; I2 ¼

83.74).
Again, one of the analyzed studies [45] appeared to 

have a remarkably large effect size. Conducting a sensi-
tivity analysis by removing this study still revealed stat-
istically significant less anti-oxidative stress markers in 
patients with CHD as compared to healthy controls, but 
the effect size decreased to Hedge’s g of −0.56 
(95%CI¼−0.85 to −0.27, p< 0.001). By performing this 
analysis, also heterogeneity decreased, however only 
slightly, to Q¼ 79.48 (p< 0.001, I2 ¼ 74.84).

In a second sensitivity analysis another study was 
also removed [46] because reported data had to be 
converted to mean ± standard deviation. This analysis 
did not change importantly Hedge’s g (−0.58 with 95% 
¼ −0.88 to −0.28), but the heterogeneity decreased 
slightly (Q¼ 77.21, p< 0.001, I2 ¼ 75.39).

Ratio pro-to-anti oxidative stress markers
The standardized mean difference (Hedge’s g) of the 
ratio of pro- to anti-oxidative stress markers between 
patients with CHD compared to healthy controls was 
1.30 with a 95% CI ranging from 0.34 to 2.26. The 
Z-value was 2.66 and the p-value (two tailed) was 
<0.001. Heterogeneity analysis showed high and statis-
tically significant heterogeneity between studies 
(Cochran’s Q¼ 138.22; df(Q) ¼ 8; p< 0.001; I2 ¼ 94.21).

In a first sensitivity analysis, one study [47] was 
excluded because of a remarkably large effect size com-
pared to the other studies. Overall effect size decreased 
to Hedge’s g of 0.55 (95% CI ¼ 0.20–0.90, p¼ 0.002) 
and to a lower heterogeneity (Q¼ 15.83, p¼ 0.027, I2 ¼

55.79).

In a second sensitivity analysis, an additional study 
was removed [34] because data were extracted from 
figures. This analysis did not importantly change 
Hedge’s g (0.54 with 95%CI ¼ 0.13–0.94, p¼ 0.010) nor 
the heterogeneity (Q¼ 15.73, p¼ 0.015, I2 ¼ 61.86).

Effect of cyanosis

The meta-analyses (Figure 5) showed evidence for more 
oxidative stress in patients with a cCHD compared to 
patients with aCHD. This difference is statistically signifi-
cant for pro-oxidative stress markers and the ratio of 
pro-to-anti oxidative stress markers, but not for anti- 
oxidative stress markers:

Pro-oxidative stress markers
The standardized mean difference (Hedge’s g) of the 
pro-oxidative stress markers between cCHD and aCHD 
was 0.56 with a 95% CI ranging from 0.16 to 0.96. The 
Z-value was 2.75 and the p-value (two tailed) was 0.006. 
Heterogeneity was high and statistically significant 
(Cochran’s Q¼ 67.70; df(Q) ¼ 19; p< 0.001; I2 ¼ 71.94).

One of the analyzed studies [45] appeared to have a 
remarkably large effect size. Conducting a sensitivity 
analysis by removing this study still revealed statistically 
significant more pro-oxidative stress markers in cCHD 
with Hedge’s g of 0.64 (95%CI ¼ 0.37 to 0.91, p< 0.001) 
but low to moderate heterogeneity (Q¼ 27.25, 
p¼ 0.055, I2 ¼ 37.60).

Excluding both studies for which data were 
extracted from figures and median was converted to 
mean [29,45] in a second sensitivity analysis, did not 
importantly change the effect size (Hedge’s g¼ 0.64, 
95%CI ¼ 0.33–0.966, p< 0.001) nor the heterogeneity 
(Q¼ 27.04, p¼ 0.028, I2 ¼ 44.52).

Anti-oxidative stress markers
The anti-oxidative stress markers were not statistically 
significant different between patients with cCHD com-
pared to aCHD. The standardized mean difference 
(Hedge’s g) of the anti-oxidative stress markers 
between these groups was 0.24 with a 95% CI of −0.63 
to 1.12. The Z-value was 0.55 and the p-value (two 
tailed) was 0.584. Heterogeneity analysis showed high 
and statistically significant heterogeneity between stud-
ies (Cochran’s Q¼ 69.885; df(Q) ¼ 7; p< 0.001; I2 ¼

89.98).
Again, the same one study [45] appeared to have a 

remarkably large effect size. Conducting a sensitivity 
analysis by removing this study lead to a lower hetero-
geneity (Q¼ 14.90, p¼ 0.011; I2 ¼ 66.45), but did not 
importantly change the effect size (Hedge’s g¼ 0.13, 
95%CI¼−0.34 to 0.61, p¼ 0.586).
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Figure 5. Forest plots of the effects found in the individual studies and the overall effect of pro-oxidative (a), anti-oxidative (B) 
and the ratio pro-to-anti oxidative stress markers (C) between patients born with cCHD and aCHD. Abbreviations: ADMA: asymmet-
ric dimethylarginine; (a/c)CHD: (acyanotic/cyanotic) congenital heart disease; CM: carbonyl moieties; CTL: comet tail length; DIS: 
disulfide; DNA-H: DNA in head; DNA-T: DNA in tail; FA: folic acid; HCY: homocysteine; HD: head diameter; IOC: intensity of chemilu-
minescence; MDA: malondialdehyde; NT: native thiol; OSI: oxidative stress index (TOS/TAC); PAH: pulmonary arterial hypertension; 
PCO: protein carbonyl; SO: superoxide; SOD: superoxide dismutase; TAC/S: total antioxidant capacity/status; TAOA: total antioxidant 
activity; TBARS: thiobarbituric acid reactive substances; TCL: total comet length; TOS: total oxidant status; TT: total thiol
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Ratio pro-to-anti oxidative stress markers
In addition to the pro-oxidative stress markers, also the 
ratio of pro-to-anti oxidative stress markers showed 
arguments for more oxidative stress in blood of 
patients with cCHD as compared to patients with aCHD. 
The standardized mean difference (Hedge’s g) of the 
ratio of pro- to anti-oxidative stress markers was 0.60 
with a 95% CI ranging from 0.05 to 1.16. The Z-value 
was 2.13 and the p-value (two tailed) was 0.033. 
Heterogeneity analysis showed moderate albeit not 
statistically significant heterogeneity between studies 
(Cochran’s Q¼ 5.124; df(Q) ¼ 2; p¼ 0.077; I2 ¼ 60.965). 
Because of the low number of studies, no sensitivity 
analysis has been performed.

Discussion

There are only nineteen reports presenting data com-
paring oxidative stress parameters in blood of CHD 
patients with healthy controls and nine reports compar-
ing cCHD and aCHD. Studies have been performed in 
broad patient populations consisting of multiple CHDs, 
as well as in narrow patient populations focused on 
one particular type of CHD. The study populations 
included in the present meta-analysis consisted of chil-
dren (<18 years of age) in fifteen and of adults 
(�18 years) in four out of 21 reports respectively. One 
author group [41] examined children and young adults 
(18–26 years) and another paper [30] included adoles-
cents (14–18 years) and adults.

To date, most (i.e. fifteen out of nineteen) studies 
claim that there is more oxidative stress in the peripheral 
blood of patients with CHD than in healthy controls. This 
was confirmed by this meta-analysis, suggesting that oxi-
dative stress is common in patients suffering from CHD 

and might be important in its pathophysiology. Only 
four studies included in this meta-analysis showed that 
there was no significant difference in oxidative stress in 
the peripheral blood of patients with CHD and healthy 
individuals [10,16,34,48] of which two [10,48] have 
studied an adult population. Unfortunately, the groups 
were too small to perform a sub-analysis by age or spe-
cific type of CHD. Nevertheless, we were able to perform 
a separate analysis for cyanosis. This meta-analysis 
showed that there is more oxidative stress in patients 
with cCHD compared to patients with aCHD. Chronic 
hypoxia of cCHD results in a downregulation of antioxi-
dant defenses and hence leads to a greater susceptibility 
to oxidative stress [21,49,50]. In fact, oxygen saturations 
were found to be negatively correlated with MDA and 
protein carbonyl [21] and oxygen saturations and hemo-
globin levels positively correlated with methionine sulf-
oxide/methionine values [43]. However, as oxidative 
stress was observed in both conditions of cCHD and 
aCHD (Table 2), it would not be the only factor respon-
sible for oxidative stress in patients with CHD. On the 
other hand, since it is known that children having cCHD 
also possess poorer clinical outcomes compared with 
those having aCHD [21], there could be potential in oxi-
dative stress measurements as a new biomarker of dis-
ease severity. Identifying and developing new clinical 
blood biomarkers of the progression to HF is recom-
mended, especially for the RV, given the limitations of 
clinical assessment and imaging modalities in determin-
ing the optimal timing for surgical intervention [18].

Nevertheless, there are numerous aspects to be con-
sidered in the evaluation of oxidative stress in blood of 
humans. The oxidative stress status assessment is chal-
lenging, due to the extremely variable and dynamic 
nature of the pathophysiological mechanisms 

Figure 5. Continued.
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underlying oxidative stress. There is no biomarker in 
absolute that is more reliable than another. Therefore, 
no oxidative stress biomarker can be employed as a 
“gold standard.” In addition, many other aspects regard-
ing preanalytical (e.g. stability, interferences, handling 
and storage), analytical (e.g. assay/method choice, qual-
ity control), and postanalytical (e.g. reference ranges-at 
least cut-off) issues remain to be further evaluated [51]. 
Furthermore, oxidative stress leads to cellular damage 
and affects all organs and tissues [47]. The goal of this 
meta-analysis was to study oxidative stress levels in the 
blood of patients with CHD, which provides a represen-
tation of possible general stress originating from blood 
cells and the endothelium. It is important to note that 
these measurements in peripheral blood may reflect 
the contribution of multiple organs, but do not indicate 
changes in specific tissues or organs. Nevertheless, 
although beyond the scope of this meta-analysis, there 
are already indications for oxidative stress in, for 
example, the myocardial tissue of patients with CHD 
[52,53].

Since oxidative stress is believed to be an integrated 
part of the surgical stress response during and after sur-
gical procedures and cardiopulmonary bypass is known 
to mediate oxidative stress [16,23], studies measuring 
oxidative stress during and shortly after (cardiopulmon-
ary bypass) surgery were excluded from this meta-ana-
lysis. An interesting review about oxidative stress blood 
markers after pediatric cardiac surgery for CHD is pro-
vided by Fudulu et al. [54]. Various interventions 
to manipulate this oxidative stress (e.g. exogenous anti-
oxidants, use of steroids, cardioplegia, blood prime 
strategies, use of different anesthetic agents or mini-
aturization of the cardiopulmonary bypass circuit) have 
been discussed in two papers [15,54]. However, up to 
now, it is unclear if modulation of the redox pathways 
can alter clinical outcomes [54].

Regardless of the operative setting, no antioxidant 
treatments have yet been tested to reduce oxidative 
stress in patients suffering from CHD. In addition to 
CHD, oxidative stress is a component of many other 
(cardiovascular) diseases and occurs secondary to the 
initiation of pathology by other factors. Oxidative stress 
can disturb various signaling pathways and affect mul-
tiple biological processes and can thereby accelerate 
disease progression and exacerbate the symptoms [55]. 
Therefore, the development of effective antioxidant 
therapies might be an important goal. Multiple antioxi-
dant therapeutic strategies are being explored (e.g. N- 
acetylcysteine, vitamin C and vitamin E, … ) in different 
clinical contexts, some of which are currently under-
going clinical trials [55]. Interestingly, also many 

common drugs (e.g. statins) already widely used in a 
clinical setting, exert pleiotropic antioxidant effects. 
Nevertheless, although numerous small molecules eval-
uated as antioxidants have exhibited therapeutic poten-
tial in preclinical studies, clinical trial results have been 
disappointing [51,55]. This may be explained by the 
fact that the effectiveness of antioxidant therapies is 
limited by the extent to which oxidative stress plays a 
role in the pathology [55]. Since oxidative stress is 
mostly a secondary contributor to disease, preventing 
oxidative stress may not have a major impact on dis-
ease progression, even when the antioxidants clearly 
increase antioxidant defense and decrease markers of 
oxidative stress [55]. Thus, a greater understanding of 
the extent to which oxidative stress plays in the path-
ology of CHD and the mechanisms through which anti-
oxidants act in CHD—and specifically in cCHD—may 
provide a rational approach that leads to greater 
pharmacological success [55], which then needs to be 
extended to antioxidative treatments in specific clinical 
context.

Conclusions

This meta-analysis showed elevated oxidative stress lev-
els in patients with CHD compared to healthy controls 
and more specifically in patients with cCHD in compari-
son with aCHD. Since it is known that children having 
cCHD also possess poorer clinical outcomes compared 
with those having aCHD, there could be potential in 
oxidative stress measurements as a new biomarker of 
disease severity. Identifying and developing new clinical 
blood biomarkers of the progression to HF is recom-
mended, especially for the RV, given the limitations of 
clinical assessment and imaging modalities in determin-
ing the optimal timing for surgical intervention. Further 
research is warranted to clarify the exact role of oxida-
tive stress and its contributors in CHD in order to get a 
better and more in-depth understanding of the under-
lying pathophysiology of CHD, especially the higher 
susceptibility of the RV to progress to HF. This could 
facilitate the development of dedicated antioxidant 
treatments and RV-specific HF therapies, which are 
necessary to improve survival in these patients and 
could be of particular importance in cCHD.
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