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Abstract Oxidation reduction potential (ORP) or Redox is

the ratio of activity between oxidizers and reducers.

Oxidative stress (OS) can cause cellular injury and death,

and is important in the regulation of immune response to

injury or disease. In the present study, we investigated

changes in the redox system as a function of cardiopul-

monary bypass (CPB) in pediatric patients. 664 plasma

samples were collected from 162 pediatric patients having

cardiac surgery of various CPB times. Lower ORP values

at 12 h post-CPB were associated with poor survival rate

(mean ± SD 167 ± 20 vs. 138 ± 19, p = 0.005) and

higher rate of thrombotic complications (153 ± 21 vs.

168 ± 20, p\ 0.008). Similarly, patients who developed

infections had lower ORP values at 6 h (149 ± 19 vs.

160 ± 22, p = 0.02) and 12 h (156 ± 17 vs. 168 ± 21,

p = 0.004) post-CPB. Patients that developed any post-

operative complication also had lower 6 h (149 ± 17 vs.

161 ± 23, p = 0.002) and 12 h (157 ± 18 vs. 170 ± 21,

p = 0.0007) post-CPB ORP values. Free hemoglobin and

IL-6, IL-10, and CRP were not associated with ORP levels.

However, higher haptoglobin levels preoperatively were

protective against decreases in ORP. Decreased ORP is a

marker for poor outcome and predictive of post-operative

thrombosis, infection, and other complications in critically

ill pediatric cardiac surgery patients. These results suggest

that redox imbalance and OS may contribute to the risk of

complications and poor outcome in pediatric CBP patients.

Haptoglobin may be a marker for increased resilience to

OS in this population.
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Introduction

Oxidation reduction potential (ORP) or Redox is the

activity or strength of oxidizers and reducers in relation to

their concentration. Oxidizers accept electrons, reducers

donate electrons. Similar to acidity and alkalinity, the

increase of one is inversely proportional to the other. ORP

is measured in millivolts (mV), with no correction for

solution temperature. Many enzymatic reactions are oxi-

dation–reduction reactions in which one compound is

oxidized and another compound is reduced. The ability of

an individual to carry out oxidation–reduction reactions

depends on the oxidation–reduction state of the environ-

ment, or its reduction potential. Redox affects the solubility

of nutrients, especially metal ions. Redox imbalance is

caused by an increased production of reactive oxygen

species (ROS) and reactive nitrogen species or a decrease

in endogenous protective antioxidants. These antioxidant

defenses are important for removing free radicals. ROS can

initiate cellular tissue damage by modifying lipids, pro-

teins, and DNA. This can compromise cell health and

viability. It can also create a cascade of cellular responses

that can ultimately result in cell death. Increased redox

imbalance caused by overproduction of ROS is typical in a

variety of medical conditions, including critical illnesses.
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A higher ORP measurement is indicative of oxidative

stress. Several studies have shown that ORP measurement

can be helpful in evaluation of diseases and conditions such

as atherosclerosis, diabetes, Alzheimer’s disease, myocar-

dial infarction, stroke, sepsis, trauma, and traumatic brain

injury (TBI) [1–7]. In these studies, patients with TBI and

trauma were found to have higher ORP values as compared

to normal healthy individuals indicating a higher level of

oxidative stress. Additionally, the ORP levels were found

to correlate with the severity of illness, i.e., more severely

injured patients had higher ORP values [1, 4, 5]. In a recent

study, Bjugstad et al. found that the day 4 capacity for

induced oxidative stress (cORP or antioxidant capacity)

had prognostic value in patients with TBI [1].

Cardiopulmonary bypass (CPB) has been shown to be

associated with increases in inflammatory markers and

altered hemostatic status [8–10]. Several of the inflamma-

tory markers released during CPB have been implicated in

complications that contribute to organ dysfunction and

adverse outcome [11–16]. Notably, blood transfusion,

surgical trauma, coagulation and complement activation,

and reperfusion injury have been shown to contribute to

post-operative inflammation. Cholette et al. performed a

prospective, randomized, controlled trial which examined

the effect of washing red blood cells (RBCs) and platelets

in children undergoing cardiac surgery with CPB. Washed

transfusions resulted in decreased inflammatory markers,

decreased transfusions, and decreased donor exposures,

and were associated with a trend towards reduced mortality

[16]. Using samples collected in this study, we explored the

prognostic value of ORP as a biomarker for poor outcome

and/or complications in children undergoing cardiac sur-

gery with CPB. We describe here the changes in the redox

system as a function of cardiac surgery and CPB in pedi-

atric patients.

Materials and Methods

Study Setting

The study was conducted at Golisano Childrens Hospital of

the University of Rochester Medical Center (URMC) in

Rochester, NY, a tertiary care and community hospital.

This study is registered at clinical trials.gov and was con-

ducted with institutional human subjects review board

approval (NCT00693498).

Sample Population

Children up to 18 years presenting to URMC for cardiac

surgical repair/palliation with CPB were eligible and sub-

jects were enrolled at their pre-anesthesia visit, with

properly witnessed, and documented informed consent.

Once enrolled, subjects were divided into groups according

to age and the presence of cyanosis, and block random-

ization was used to randomize subjects to the unwashed or

washed transfusion strategy. For additional details of the

study, please refer to Cholette et al. [16].

Study Design

All blood products were prestorage leukoreduced, irradi-

ated, and ABO identical without restrictions on storage

age. Transfusion of blood products was based upon the

standard pediatric cardiac intensive care unit protocol.

RBCs were used to prime the CPB circuit for infants

weighing less than 10 kg. Citrated blood samples were

collected at pre-op, immediately post-CPB, 6 and 12 h

after separation from CPB. Steroids were given on CPB to

all patients undergoing deep hypothermic circulatory arrest

and to all children B 6 months old.

Blood Product Washing Procedures

A COBE (Terumo, Lakewood, CO) 2991 Blood Cell Pro-

cessor was used to wash RBCs and platelets as previously

described [16–18]. Following separation and concentration

of the RBCs, the supernatant was expressed into a waste

bag and two additional washing cycles were repeated by

adding normal saline (0.9% NaCl). The platelets underwent

a two-wash procedure to remove approximately 95% of the

plasma. After washing, platelet units were re-suspended in

normal saline.

ORP

Plasma ORP was measured using the RedoxSYS� system

as a measure of the electron transfer from reductants (an-

tioxidants) to oxidants under a constant negligible current

(static ORP, sORP) and then by increasing the oxidative

current (capacity ORP, cORP). The sORP provides a

measure of the current balance between all known and

unknown oxidants and reductants/antioxidants. As such,

higher sORP (in millivolts, mV) suggests a higher level of

oxidative stress. The cORP measures the biological sam-

ple’s ability to withstand an oxidative insult by applying an

increasing oxidizing current. This current ultimately

exhausts all antioxidants present in the sample. cORP is

expressed in microcoulombs (lC). Higher cORP is

indicative of more capacity a sample has to mitigate an

oxidative insult. While sORP and cORP are related, sORP

looks at the current state of oxidative stress and cORP

assesses the potential for oxidative stress. Previous studies

demonstrated that sORP is linked to the proportion of

cysteinylated residues on albumin in serum as measured by
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LC–MS [5] and thus may indicate concentrations of oxi-

dized molecules in blood. Higher plasma sORP values have

been observed in patients with traumatic brain injury

[5, 19], sepsis [3, 6], and in patients with type II diabetes

[7].

IL-6 and IL-10

As described previously [16], 2.0 mL whole blood samples

were collected in sodium citrate tubes, centrifuged imme-

diately, and the plasma stored at -80� for later IL-6 and

IL-10 cytokine quantification. Samples were obtained: 1) in

the OR prior to initiation of CPB; 2) once off CPB after the

protamine is completed (‘‘post-CPB’’); 3) 6 h ‘‘post-CPB’’;

and 4) 12 h ‘‘post-CPB’’. Measurements of IL-6 and IL-10

cytokine levels were determined by a Luminex beadlyte

multiplex assay per manufacturer (Millipore Corporation,

Billerica MA) instructions. IL-6 and IL-10 levels were

quantified for each subject group and the ratio calculated at

each time point.

High Sensitivity C-Reactive Protein (CRP)

CRP was measured pre and post-CPB as described previ-

ously [16] and on post-operative day (POD) 1-3. CRP

testing was performed at the URMC Clinical Laboratories,

analyzed by immunoturbidmetric assay (ADVIA 2400

Chemistry System, Bayer Healthcare, Tarrytown, NY).

Clinical Outcome Measures

As described previously [16], patients were monitored

daily for clinical complications including: sepsis, active

infection, and thrombosis (based on clinical and/or radio-

graphic data).

Statistical Analysis

The data were analyzed and graphed using Statistica (Dell,

Inc). Differences in sORP and cORP between the cyanotic

and acyanotic patients were analyzed by the Student’s

t test. Unless indicated otherwise, all graphs are presented

as mean ± SEM. Differences between various time points

before and after CPB were analyzed using one way

ANOVAs. A p value\ 0.05 was considered statistically

significant. For clinical outcome data that was normally

distributed, t-tests were performed to test for significance.

For clinical outcome data that was not normally dis-

tributed, and when interleukin levels were compared,

Mann–Whitney tests were performed. We did not adjust for

multiple comparisons as all secondary analyses are con-

sidered exploratory in nature.

Results

A total of 162 pediatric patients undergoing cardiac surgery

were enrolled in a randomized controlled trial [16]. They

were divided into two groups, one group received washed

RBC and platelet transfusions and the other group received

standard unwashed products. A total of 17 subjects in each

group did not receive any blood product transfusions. The

ages of the blood products given to each group were not

significantly different. In this study, there were 100 (62%)

males and 62 (38%) females with a median age of

7 months (range 2 days–17 years; Table 1). The median

weight was 6.75 kg (range 2.2–106.8 kg). Thirty-six (23%)

of the patients were neonates that were less than 31 days

old. A total of 39 (24%) patients had single ventricle

physiology and 78 (48%) had cyanotic cardiac lesions. Of

the 162 patients, 31 (19%) had chromosomal abnormalities

or syndromes. A total of 30 patients had comorbidities

which included a history of a ventriculoperitoneal shunt,

G-tube feeding, pulmonary hypertension, bronchopul-

monary dysplasia, cleft lip, cleft palate, etc. There were no

significant differences in sORP or cORP observed at any

time point between patients with and without

comorbidities.

There were no significant differences in sORP or cORP

values at any time point between the washed and unwashed

transfusion groups. Therefore, these two groups were

combined in subsequent analyses. No statistically signifi-

cant differences in cORP between patients that received

RBC transfusions and those that did not at any time points.

Immediately post-CPB, the mean (± SEM) sORP for

nontransfused patients was 149 ± 19 and that of transfused

patients was 148 ± 17, p = 0.694. By 6 h post-CPB, the

mean sORP for nontransfused patients was 161 ± 23 and

that of transfused patients was 154 ± 10, p = 0.064. At

12 h post-CPB, the mean sORP of nontransfused patients

was 170 ± 20 as compared to 160 ± 19 in transfused

patients, p = 0.003. At 12 h post-CPB, a weak correlation

was observed between sORP and total RBC volume

transfused, r = -0.15. As RBC transfusion volume

increased, the sORP of the patient decreased.

ORP values were examined as a function of Risk

Adjustment for Congenital Heart Surgery (RACHS) score

at the different time points. There were no differences in

cORP at any time point. There were also no differences in

sORP values amongst patients with different RACHS

scores pre CPB or immediately post-CPB. At 6 h post-

CPB, there were statistically significant differences

between patients with a RACHS score of 1 and patients

with RACHS scores of 2, 3, 4, and 6 (Fig. 1). Similarly, at

12 h post-CPB, there were statistically significant differ-

ences between patients with a RACHS score of 1 as
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compared to the other RACHS scores, with a downward

trend in sORP with increasing RACHS score.

ORP values were examined in relation to post-operative

complications. Documented post-operative complications

included need for extracorporeal membrane oxygenation

(ECMO), need to go back on CPB, junctional ectopic

tachycardia, hypoxia, complete heart block, need for pac-

ing, need for nitric oxide, and clinically significant bleed-

ing amongst others (excluding thrombosis and infection). A

total of 23 patients had post-operative complications not

including infection and thrombosis which were analyzed

separately. The sORP for patients with and without com-

plications showed no differences either before or immedi-

ately after separation from CPB circuit (Table 2). There

were statistically significant differences in 6 and 12 h

sORP values in patients with and without complications. At

6 h post-CPB, patients with complications had a mean

sORP of 149 ± 17 versus 161 ± 23 in those without

complications, p = 0.002. By 12 h post-CPB, the differ-

ences in sORP were increasingly statistically significant

(p = 0.0007) as patients with complications had a mean

sORP of 157 ± 18 as compared to 170 ± 21 in those

without complications.

A total of 15 patients developed thrombosis. There were

no significant differences between the cORP or sORP

values before or immediately after separation from the

CPB circuit. By 6 h post-CPB, patients who later devel-

oped a thrombosis had a mean sORP of 149 ± 20 versus

159 ± 22 in those without thrombosis, p= 0.08 (Fig. 2).

At 12 h post-CPB, patients who subsequently developed

thrombosis had a mean sORP of 153 ± 21 versus

168 ± 20 in those without thrombosis, p = 0.008.

Twenty-six patients developed infection following car-

diac surgery. There were no significant differences in sORP

pre or post-CPB in patients who developed infection as

compared to those that did not. However, by 6 h post-CPB,

patients that went on to develop infection has a mean sORP

of 149 ± 19 versus 160 ± 22 in those that did not develop

infection, p = 0.02 (Fig. 3). This difference in sORP

became more pronounced by 12 h post-CPB as those who

developed infection had a mean sORP of 156 ± 17 versus

168 ± 21 in those that did not, p = 0.004. Day 1 CRP also

Table 1 Patient demographics
Male 100 (62%)

Female 62 (38%)

Median age 7 months (range 2 days–17 years)

Median weight 6.75 kg (range 2.2–106.8 kg)

Neonates (\ 31 days old) 36 (23%)

Single ventricle physiology 39 (24%)

Cyanotic cardiac lesions 78 (48%)

Chromosomal abnormalities or syndromes 31 (19%)

Fig. 1 sORP Decreases as RACHS Score Increases. a 6 h post-CPB

sORP Values. Each rectangle represents the mean ± the standard

error (SE) and the error bars represent the mean ± 1.96 SE. b 12 h

post-CPB sORP values. At both time points, increasing RACHS score

is associated with decreased sORP values
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correlated with subsequent development of infection,

p = 0.008. IL-10 values at all four time points were found

to correlate with subsequent development of infection as

did IL-6 values pre and post-CPB, p\ 0.05. IL-6 values at

6 and 12 h post-CPB did not show any correlation with

subsequent development of infection.

There were 78 children in this study with cyanotic heart

disease. The sORP values before and immediately after

CPB were not statistically different between the patients

with cyanotic cardiac defects and those without. By 6 h

post-CPB, patients with cyanotic cardiac defects were

found to have a mean sORP of 151 ± 21 as compared to a

mean sORP of 164 ± 21 in those without cyanotic defects,

p = 0.0002. This difference in sORP was also observed at

12 h post-CPB, where the sORP for patients with cyanotic

defects was 161 ± 20 as compared to 170 ± 21 in those

without cyanotic defects, p = 0.01.

There was no correlation between IL-6, IL-10, CRP, or

free hemoglobin and sORP or cORP at any time point.

Higher haptoglobin levels pre CPB were associated with

increased sORP at various time points post-CPB. A total of

8 patients died. Statistically significant differences were

observed between the 12 h post-CPB sORP values of

patients that survived and patients that died. The mean

sORP at 12 h post-CPB of patients that died was 138 ± 19

versus 167 ± 20 in patients that survived, p = 0.005.

Discussion

Overall, these data show that lower sORP values in the first

6–12 h post-operatively are associated with poor outcomes.

RBC transfusion is associated with decreased sORP values

and increased volume of RBC transfusion is correlated

with decreasing sORP values. This may be due to the RBC

‘‘storage lesion’’ which includes leakage of potassium and

chloride from the RBCs, depletion of 2,3-diphosphoglyc-

erate (DPG) and adenosine triphosphate (ATP), loss of

phospholipids and cholesterol as well as exposure of

phosphatidylserine (PS), elaboration of lipid mediators,

loss of glutathione, autoxidation of hemoglobin to methe-

moglobin, increased microparticle formation, and disrup-

tion of NO-mediated vasodilation [20–23]. The transfused

blood is likely lowering the redox potential of the patients’

blood resulting in decreased sORP.

Patients with increasing RACHS score were found to

have decreasing sORP values at 6 and 12 h post-CPB. This

finding was not unexpected as patients with increasing

RACHS score are at higher risk of mortality and poor

Table 2 sORP and Post-op Complications

Time ORP for

patients with no

complications

(N = 139)

ORP for

patients with

complications

(N = 23)

p Value

Pre CPB 169 ± 25 170 ± 21 0.822

Post-CPB 148 ± 19 153 ± 14 0.199

6 h Post-CPB 161 ± 23 149 ± 17 0.002

12 h Post-CPB 170 ± 21 157 ± 18 0.0007

Fig. 2 Thrombosis is Associated with Decreased ORP. a 6 h post-

CPB ORP Values. Each rectangle represents the mean ± the standard

error (SE) and the error bars represent the mean ± 1.96 SE. b 12 h

post-CPB ORP values. At both time points, development of

thrombosis is associated with decreased sORP values
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outcomes. This finding indicates that these sicker/higher

risk patients do not respond as well to the stress of surgery.

Patients with lower RACHS score had higher sORP values

indicating a favorable stress response that appears to pos-

sibly contribute to overall survival.

Patients with cyanotic cardiac defects were found to

have much lower sORP values at 6 and 12 h post-CPB as

compared to patients without cyanotic defects. This was

not unexpected as cyanotic cardiac defects alter the blood

oxygenation and redox balance. Additionally, patients with

any post-operative complication were found to have sta-

tistically significantly lower 6 and 12 h post-CPB sORP

values as compared to those patients without complica-

tions. Specifically, patients who developed infection and/or

thrombosis also had significantly decreased sORP values at

6 and 12 h post-CPB. Finally, the 12 h post-CPB sORP

values for patients that died was significantly decreased as

compared to those patients that survived. Interestingly,

higher haptoglobin levels pre CPB were associated with

increased sORP at various time points post-CPB. Thus,

higher levels of haptoglobin preoperatively appear to pos-

sibly be protective against decreases in sORP and poor

outcome. These data indicate that patients who have

complications, fatal or not, do not develop robust responses

to the oxidative stress of CPB and surgery.

Previously, Cholette et al. found that washing RBC and

platelets transfused to children undergoing open heart

surgery reduced post-operative inflammatory biomarkers

[16]. Similarly, other studies have found that higher IL-6

levels are associated with greater illness severity, longer

length of hospital stay, sepsis, and death [24]. IL-6 levels

are known to rise following CPB and correlate with post-

operative morbidity [12, 25–27]. Moreover, in pediatric

patients following CPB, post-operative IL-6 levels corre-

late with length of inotropic support, mechanical ventila-

tion, and increased oxygen requirement, and patients

undergoing the most complex surgeries have the highest

levels of IL-6 [12, 25]. IL-10 is an anti-inflammatory

cytokine, stimulates the compensatory anti-inflammatory

response syndrome, with elevated levels correlating with

adverse clinical outcomes including multiple organ dys-

function, sepsis, and mortality [28–33]. IL-10 levels have

been shown to rise following pediatric cardiac surgery with

CPB [12, 26, 27]. Bilgin et al. studied the effect of

leukocyte-depleted RBC transfusions on post-operative

inflammatory mediators and post-operative complications

in 346 adults undergoing cardiac valve surgery and found

increased concentrations of IL-6 and IL-12 in patients

receiving leukocyte-containing RBCs, and higher inter-

leukin levels were measured in those subjects developing

post-operative infections and multiple organ dysfunction.

Multivariate analysis showed an association between ele-

vated IL-6 concentration and multiple organ dysfunction

and hospital mortality [34].

Although the 6 and 12 h post-CPB sORP was found to

be significantly decreased in patients that subsequently

developed infections, the decreasing sORP at these time

points served as an overall indicator of poor outcome and

mortality and was not a specific indicator of one specific

finding. Day 1 CRP levels and all four time points of IL-10

Fig. 3 Infection is Associated with Decreased sORP Values. a 6 h

post-CPB ORP Values. Each rectangle represents the mean ± the

standard error (SE) and the error bars represent the mean ± 1.96 SE.

b 12 h post-CPB ORP values. At both time points, development of

infection is associated with decreased sORP values
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values were statistically significant indicators of subse-

quent development of infection, with increased levels being

associated with infection development. Similarly,

increased pre and immediate post-CPB IL-6 levels were

also associated with subsequent infection development.

Notably, there were no correlations between IL-6, IL-10, or

CRP and sORP or cORP at any time point.

Overall, these findings indicate that decreased sORP in

pediatric patients having cardiac surgery is associated with

poor outcomes: infection, thrombosis, and mortality.

Patients who survived and did well were found to have an

oxidative stress response or increase in sORP post-CPB

that gradually decreased over time. In some circumstances,

a redox imbalance in favor of oxidative stress can be

beneficial [35–37] and failure or a delay in engaging the

redox system to oxidative stress may be an important

indicator of outcome [38]. Similar findings have been

observed in patients with sepsis. Cowley et al. found that

septic patients had decreased ORP as compared to normal

controls and that the ORP remained low in septic patients

who died and returned to normal in patients that survived

[39].

This study has several limitations. Patient samples were

only consistently drawn for up to 12 h post-CPB. Samples

from later time points might have been valuable in further

monitoring of the sORP. Similarly, the short term mea-

surements of interleukin levels are a limitation of this

study. Additionally, testing of the transfused blood for

sORP and cORP might have added clarity to the effect of

transfusion on the patients’ redox potential.

Conclusions

In this study, lower sORP values serve as a marker for poor

outcome and are predictive of development of thrombosis,

infections, and other complications in critically ill pediatric

cardiac surgery patients. Notably, a decrease in sORP

values is not specific for any one outcome, but the failure to

generate a timely oxidative stress response could result in a

worse outcome or complication. These results suggest that

redox imbalance indicating oxidative stress may contribute

to the risk of complications and poor outcome in pediatric

CPB patients. Haptoglobin may be a marker for increased

resilience to oxidative stress in this population and RBC

transfusions may exacerbate oxidative stress. Additional

studies are needed to evaluate the possible predictive value

of ORP for poor outcome or complications in critically ill

children and adults. Although CRP, IL-6, and other

markers are helpful in measuring or predicting inflamma-

tion and infection, there are few biomarkers at present that

are broadly indicative of poor outcome and/or impending

complications. If validated in other studies, ORP may serve

as additional marker to predict a higher risk of thrombosis,

infection, or other complications, thus allowing earlier

detection and potentially improved outcome through ther-

apeutic intervention.
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