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Abstract

Cardiopulmonary bypass (CPB) causes a systemic inflammatory response reaction that may 

contribute to post-operative complications. One cause relates to the air/blood interface from the 

extracorporeal circuit. The modulatory effects of blending nitric oxide (NO) gas into the 

ventilation/sweep gas of the membrane lung was studied in a porcine model of air-induced 

inflammation in which NO gas was added and compared to controls with or without an air/blood 

interface. Healthy swine were supported on partial bypass under 4 different test conditions. Group 

1: no air exposure, Group 2: air alone, Group 3: air plus 50 ppm NO, and Group 4: air plus 500 

ppm NO. of the NO gas blended into the ventilation/sweep site of the membrane lung. The 

platelets and leucocytes were activated by air alone. Addition of NO to the sweep gas attenuated 

the inflammatory response created by the air/blood interface in this model.
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INTRODUCTION

Every year, hundreds of thousands of cardiac procedures are performed using standard 

cardiopulmonary bypass (CPB). (1) The duration of CPB is associated with the frequency 

and severity of respiratory, renal, neurologic, and cardiac events. (2–7) These adverse events 

are thought to result in part from a systemic inflammatory reaction or stress response 

induced by CPB. (8,9) Foreign surface exposure and air/blood interface are felt to be the 

primary causes.(10–16)

Nitric oxide (NO) is a gas produced also by endothelial cells of the vascular system and has 

been shown to increase vasodilation and prevent leukocyte and platelet activation and 
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aggregation in small animal models (17) and in a small number of randomized clinical CPB 

trials. (18,19) Nitric oxide has been demonstrated clinically to improve myocardial protection, 

fluid balance and post-operative complications attenuating the inflammatory stress produced 

during extracorporeal support.(20–22) A porcine extracorporeal circulation (ECC) model was 

developed to create a controlled model of air-induced leucocyte and platelet activation. In 

these experiments the effect of blending NO gas into the sweep gas of the artificial lung in 

conjunction with a controlled air/blood interface was evaluated.

METHODS

Porcine Surgical Model

Under a protocol approved by the Institutional Animal Care and Use Committee (IACUC), 

twenty-two healthy adult swine weighing 46.5±7.6 Kg were anesthetized, placed in a supine 

position, intubated and ventilated. The animals were anesthetized and ventilated with a tidal 

volume of 6–7 cc/Kg and a rate of 12–15 breaths/min. The rate was titrated as necessary to 

maintain PaCO2 40–50 mmHg with a normal pH. The FiO2 was maintained between 40–

60% and adjusted to maintain the PaO2 100–250 mmHg throughout the experimental course. 

Once placed on ECC, the ventilation rate was reduced further to adjust the PaCO2 to normal 

values.

The right cervical vessels were exposed for cannulation. The pigs were fully anticoagulated 

using a bolus dose of unfractionated heparin (300 units/Kg) and maintained at activated 

clotting time >400 seconds. A 19–23 Fr Biomedicus venous drainage cannula (Medtronic 

Cardiopulmonary, Minneapolis, MN) was advanced into the superior vena cava (SVC), with 

a 12–14 Fr DLP model 77012 arterial reinfusion cannula (Medtronic Cardiopulmonary, 

Minneapolis, MN) placed in the right carotid artery.

Extracorporeal Circuit

Cannulae were connected to an ECC circuit that consisted of 3/8” PVC tubing, 

polycarbonate connectors, a Terumo 15FX polypropylene membrane lung with an open 

venous reservoir that contained both an integrated cardiotomy filter and 120μ defoamer 

(Terumo Cardiovascular, Ann Arbor, MI), Sarns dual water heater/cooler (Terumo 

Cardiovascular, Ann Arbor, MI), and Cobe roller pump (LivaNova, Arvada, CO) (Figure 1). 

In the groups in which an air/blood interface was applied, the circuit also included a loop to 

simulate cardiotomy suction and/or ventricular venting. This shunt included an 8-foot 

segment of 1/4” PVC tubing which, via a second roller pump diverted blood from the 

venous reservoir outlet, past a blood flowmeter and a VRV-11 one-way relief valve (Quest 

Medical, Dallas, TX) back to the venous reservoir. The negative 100mmHg pressure 

required to open the pressure relief valve to air was achieved by tightening a Hoffmann 

clamp positioned proximal to the relief valve. Subtracting the measured flow rate from the 

roller pump flow rate estimates the volume of entrained air. This portion of the 

extracorporeal flow was exposed to room air at a rate of 3–3.5 L/min at −100 mmHg 

pressure before being returned to the venous reservoir.
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Blood was drained by gravity from the venous cannula in the right atrium into the defoamer/

filter in the venous reservoir. Blood from the reservoir was perfused through the membrane 

lung and returned to the arterial circulation through the arterial infusion cannula at a rate of 

1.6–2.0 L/min (35–43 mL/min/Kg) for 120 minutes at normothermia. The ventilation/sweep 

gas (with or without NO) to the membrane oxygenator was 100% oxygen at a 1:1 gas: blood 

ratio. At conclusion of ECC, the cannulae were removed and replaced with both venous and 

arterial access lines. Local anesthesia was infiltrated, and the incision was closed. Pigs were 

then recovered from anesthesia and placed in housing to be followed for 96 hours. In all 

animals, pain management was obtained with opioid agonist (Fentanyl Patch 50 mcg/hour 

for the first 72hr) and Buprenorphine (0.3 mg) if needed thereafter. This pain protocol was 

used to minimize the potential interaction of an anti-inflammatory agent with our CPB 

strategy.

Experimental Groups

Four experimental groups were designated. The first group was a Control (n=5) in which 

ECC was established without any air/blood mixing. No blood was exposed to a large air/

blood interface except for the open venous reservoir.

The remaining groups were exposed to a controlled air/blood interface through the shunt 

diagrammed in Figure 1. The second group (Air) (n=5) consisted of blood diverted through 

the shunt with only 100% O2 blended into the sweep gas of the membrane lung. The third 

(Air-50 ppm) and fourth (Air-500 ppm) groups were like the second group with the addition 

of NO gas blended into the 100% O2 sweep gas of the membrane lung at a concentration of 

either 50 ppm (n=6) or 500 ppm (n=6). In Groups 2–4, the air: blood shunt rate was 

maintained between 700–800 mL/min (15–17.5 mL/Kg/min.

Nitric Oxide addition to the ventilation/sweep gas to the membrane lung

Nitric oxide (NO) was continuously administered and blended into the ventilation/sweep gas 

of the membrane lung at a dose of 50 ppm (n=6) and 500 ppm (n=6) in the third and fourth 

groups during the 120 minutes of ECC. NO gas was generated by an electrochemical 

method that has been described previously.(23) 250 mL of nitrite electrolyte (7 mM CuSO4, 

7.1 mM 1,4,7-trimethyl-1,4,7-triazacyclonane (Me3TACN), 1 M NaNO2 in HEPES 0.5 M 

pH 7.3 buffer) was circulated through vitreous carbon open cell foam (24 pore/cm, 

Goodfellow) working and counter electrodes (12.8 mL each) separated by a 1 mm thick 

perforated insulator, then through the shell of a 2.1 m2 surface area hollow silicone fiber 

(Permselect, PDMSXA-2.1) gas separator membrane module. NO was generated by 

Cu(II)Me3TACN mediated nitrite reduction on the polarized working electrode. The 

generated NO gas was separated from the electrolyte into 0.1 L/min N2 recipient gas stream 

in the lumen. The generated NO gas was blended into the ventilation gas after the separation 

of condensed humidity from the gas separator membrane module. The NO enriched 

ventilation gas was sampled from the inlet port of the oxygenator through a 0.060” × 24” 

Nafion moisture exchanger (Permapure) with 150 SCCM flow rate, and the NO and NO2 

concentration of the sample gas were measured using calibrated commercial amperometric 

NO and NO2 sensors (Alphasense Ltd, Essex, United Kingdom). The current for 

electrochemical generation of NO was feedback-controlled by a microcontroller 
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(Ruggeduino) based on the measured NO level in the ventilation gas in order to maintain 

steady 50 ppm or 500 ppm NO levels continuously throughout the 120-minute ECC period.

After recovery from anesthesia, pigs were placed in animal housing in accordance with 

IACUC standards and observed for 96 hours. Food and water were supplied ad libitum, and 

animal health was monitored with daily postoperative checks and blood draws. Blood 

samples were drawn to assess complete blood count (CBC), platelet and leucocyte activation 

by flow cytometry for CD11b and P-selectin (markers for leucocyte and platelet activation) 

at baseline, 120 min (off ECC), and 6, 24, 48, 72, and 96 hours post ECC. CD11b and P-

selectin levels are markers for. After 96 hours, pigs were re-anesthetized and dynamic 

pulmonary compliance was assessed after 5 minutes on standardized ventilator settings: 

100% FiO2, positive end-expiratory pressure 5 cmH2O, respiratory rate 10 breaths/minute, 

tidal volume 10 mL/Kg. Pigs were then euthanized while under anesthesia. Tissue samples 

were collected from the left ventricular anterior wall, left lingular pulmonary lobe, left liver 

lobe edge, and the full thickness of one kidney and sent for pathologic examination by a 

veterinary pathologist.

Statistical Analysis

Differences were analyzed and compared within each test group and between the test 

groups. The extracorporeal flow data were analyzed and compared using unpaired one-way 

ANOVA with a p-value <0.05 considered as significant. Baseline measurements displayed a 

non-parametric distribution, thus non-parametric Wilcoxon rank-sum testing was used to 

determine statistical significance, with p-value <0.05 considered significant. Statistical 

analysis was performed using STATA version 15 (STATA Corporation, TX, USA).

RESULTS:

Platelet Counts

Figure 2 shows the change in platelet counts in the four test groups. There was a reduction in 

platelet counts in all air/blood interface groups that was not observed in the Control group. 

Platelet counts returned to normal in all air/blood interface groups.

Leucocyte Counts

Figure 3 shows the change in leucocyte counts in the four test groups. There was a wide 

baseline spread in leucocyte counts that was not statistically significant between groups. The 

leucocyte counts were maintained in the Control group compared to a decline in counts in all 

air/blood interface groups during the ECC period. There was a significant difference 

between the Control and Air groups at 120 minutes and 6 hours, but not between the Control 

and any NO groups. There was a rebound in leucocyte counts after 6 hours in all groups that 

ultimately returned towards baseline levels in all groups. The addition of 500 ppm of NO 

attenuated the reduction in white blood counts compared to the Air group without NO at 120 

minutes and 6 hours (p=0.011 and 0.001, respectively).
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Flow Cytometry: Granulocytes: CD11b

Figure 4 shows the change in expression for CD11b on granulocytes. CD11b is a marker for 

leucocyte activation. The values are expressed as a mean fluorescence index. There was a 

significant increase in CD11b expression in the Air group as compared to the Control group 

at 60 and 120 minutes (p=0.05 and 0.03, respectively) indicating granulocyte activation 

associated with air exposure. This activation was prevented in groups exposed to either dose 

of NO.

Flow Cytometry: Monocytes: CD11b

Figure 5 shows the change in expression for CD11b on monocytes. There was a significant 

increase in monocyte CD11b expression at 120 minutes in the Air group which was not seen 

in the Control or the groups exposed to either dose of NO.

Flow Cytometry: P- Selectin

Figure 6 shows the changes in P- selectin expression in the four groups. P-selectin is a 

marker for platelet activation. P-selectin increased at 6 hours in the Air group as well as in 

the 50 ppm NO group. This was not seen in the Control group nor in the 500 ppm group (p= 

0.008 and 0.33, respectively).

Pathology

There were some multifocal areas of mildly hypereosinophilic myofibers seen in the cardiac 

tissue of all animals. The pulmonary tissue in all groups had minimal small infiltrates of 

lymphocytes and macrophages. The liver showed similar scattered inflammatory cell 

infiltrates within portal areas. Renal samples also contained minimal interstitial infiltrates of 

lymphocytes and macrophages. There were no appreciable differences in the pathologic 

findings between groups.

DISCUSSION:

It is widely known that during cardiac surgery, CPB induces a generalized inflammatory 

response. (24) The inflammatory response to CPB can be measured by detection of activation 

and aggregation of leucocytes and platelets that circulate in the blood. (14–16) Foreign surface 

exposure and an air/blood interface are likely to contribute to this phenomenon.

Sources of an air/blood interface occur in an open venous reservoir as well as cardiotomy 

suction and ventricular venting. By comparison, the air/blood interface has been eliminated 

during Extracorporeal Membrane Oxygenation (ECMO) which allows use for many days or 

weeks without this inflammatory response. Previous studies conducted in this laboratory 

implicate both the magnitude and duration of the air/blood interface and negative pressure in 

this phenomenon. (25, 26)

Nitric oxide has a role in the regulation of systemic inflammation (26) and its use has been 

the focus of multiple scientific and clinical investigations. It is known that NO regulates 

apoptosis (27), inhibits platelet adhesion and aggregation (28), monocyte adherence and 

migration (29) and attenuates generation of oxygen free radicals. (30) NO is inhibited during 
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CPB and administration of the NO precursor l-arginine during surgery may improve the 

endogenous NO levels. (31) The ischemia-reperfusion related injury can be reduced within 

the kidney, liver, and lung with inhaled NO, although the optimal dose in unknown. (32) 

Inhaled exogenous NO (80 ppm) administered during experimental ischemia and reperfusion 

reduced markers of myocardial injury in an experimental setting. (33, 34)

In this experimental model, the addition of an air/blood interface caused an inflammatory 

and coagulation effect distinct from extracorporeal circulation without the air/blood 

interface. The addition of NO to the ventilation/sweep gas impacted certain features of this 

experimental phenomenon including a reduction in the platelet and granulocyte activation. 

There was also preservation of the leucocyte count in the NO groups with lower CD11b 

expression, suggesting modulation of the immune response.

This study was designed to evaluate the effect of air as a single variable in a partial ECC 

model. The effects on platelets and granulocytes were demonstrated, but there was no organ 

injury. This may relate to the “dose” of the air/blood interface and/or the duration of ECC. 

CPB typically involves a sternotomy or thoracotomy, higher extracorporeal flow rates, 

hypothermia and myocardial arrest and preservation in addition to the blood/air interface 

associated with cardiotomy suction and ventricular venting. The lack of organ injury could 

be related to the absence of these other important pro-inflammatory insults.

In clinical use of cardiopulmonary bypass with cardiac surgery, any intervention or novel 

therapy that would modulate the detrimental or untoward side effects of associated systemic 

inflammation with CPB would have a profound impact. Pro-inflammation has higher 

incidence of risks including acute kidney injury, which is associated with higher costs, 

morbidity and death. (35–37)

The physiologic effects of NO have been investigated in a number of studies in which NO 

gas has been administered into the ventilation port of a membrane lung. In one in-vitro 
study, 3 different concentrations of NO gas (15, 40, 75 ppm) were ventilated for 24 hours 

through the gas port of a polymethylpentene membrane lung and ECMO circuit primed with 

fresh human blood. Although no dose response relationship was established, platelet counts 

were better preserved in circuits that were exposed to NO in the sweep gas, consistent with 

our findings. (35)

A clinical randomized study evaluated the impact of gaseous NO delivered into the sweep 

gas of a pediatric CPB circuit during cardiac surgery. Sixteen children were randomly 

assigned to receive 20 ppm NO or placebo. The patients receiving NO had significantly 

lower troponin levels at 12, 24, and 48 hours (p<0.05) and lower B-type natriuretic peptide 

levels at 12 and 24 hours (p<0.05). The study patients also had higher hemoglobin level at 

48 hours without associated differences in bleeding or transfusions. (20) In another clinical 

trial, 198 children undergoing cardiac surgery were randomly assigned to receive 20 ppm 

NO or placebo into the sweep gas on CPB. Those receiving NO had a lower incidence of 

post-operative low cardiac output syndrome, with the greatest effect occurring in younger 

children. (21) Nitric oxide has also been evaluated within the sweep gas of patients on 

ECMO. In a 60-patient controlled randomized study, data was collected on 60 coronary 
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artery bypass patients in which 40 ppm NO was delivered into the gas intake of the 

membrane lung. Nitric oxide gas delivered into the CPB circuit had a cardioprotective effect 

where the level of cardiac troponin cTnI, Creatinine Kinase-MB value and the vasoactive 

drug and inotrophic support (VIS) value was significantly lower to those patients without 

NO treatment. (36) In a series of 30 consecutive children supported on ECMO, 20 ppm NO 

delivered into the sweep gas was not associated with any adverse effects. (22)

Conclusions:

Nitric oxide was applied to the sweep gas of the membrane lung in a series of animals 

supported on ECC with an air/blood interface analogous to CPB with cardiotomy suction. 

The addition of NO attenuated the inflammatory response with a reduction in platelet loss 

and expression of CD11b on granulocytes. Additional studies will include addition of a large 

thoracotomy to better replicate clinical CPB, more precise dosing studies of NO, and 

application in different animal models.
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Figure 1: Extracorporeal bypass circuit.
Blood drained (by gravity) into the open venous reservoir. Blood exiting the reservoir was 

pumped either through a polypropylene membrane oxygenator by the systemic roller pump 

(P1) back into the animal or diverted by a second roller pump (P2) to create an air: blood 

interface shunt that was recirculated back to the venous reservoir. The air- blood interface 

was controlled by a Hoffmann clamp to expose the blood to a negative pressure of 100 

mmHg. A pressure relief valve opened to introduce air into the shunt at −100 mmHg.
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Figure 2: Changes in Platelet Counts in the 4 test groups.
The values are expressed as the mean and standard deviation. There was a significant decline 

in platelets between the Control and Air groups*: p= 0.0122, Control and 50 ppm groupsǂ: 

p=0.0225 and Control and 500 ppm groups+: p=0.0358 after 120 minutes of ECC. There 

was only a significant difference between the Control and Air groups* at 6 hours; p=0.0122.
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Figure 3: Changes in Leucocyte Counts in the 4 test groups.
The values are expressed as the mean and standard deviation. There was a decline and 

rebound in all groups except for the Control group in which there was an elevation in counts 

after 2 hours of ECC. Leucocyte counts returned to baseline levels by 96 hours in all groups. 

There was a significant difference in leucocyte counts between Control and Air groups*: 

p=0.0122 at 120 min and p=0.0122 at 6 hours, respectively. There was also a significant 

difference in leucocyte counts between Air and 500ppm groups¤: p=0.0137 at 120 min and 

p=0.0081 at 6 hours, respectively. There was no difference between the Control and 500ppm 

groups.

Toomasian et al. Page 12

ASAIO J. Author manuscript; available in PMC 2021 July 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 4: Changes in Granulocyte CD11b expression in the 4 test groups.
The values are expressed as the mean and standard deviation. Granulocyte CD 11b 

expression rose swiftly in the Air group and was statically significant to the Control group* 

at 60 min (p=0.0465) and 120 min (p=0.0278). Elevation of CD11b was minimal in the 

remaining groups, suggesting NO has a protective effect in the activation of granulocyte 

CD11b. There were no statistical differences between the Control and NO groups.
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Figure 5: Changes in Monocyte CD11b expression in the 4 test groups.
The values are expressed as the mean and standard deviation. Monocyte CD11b expression 

was elevated in the Air group and was statically significant to the Control group* at 120 min 

(p=0.0367). There were no other statistical differences between groups. Changes in 

Monocyte CD11b were maintained closer to baseline values, suggesting NO had a protective 

effect in the activation of Monocyte CD11b.
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Figure 6: Changes in Platelet P-Selectin expression in the 4 test groups.
There was a wide spread in measured expression. The values are expressed as the mean and 

standard deviation. P-Selectin expression was slightly elevated in the Air* (p=0.0367) and 

500 ppm NO+ (p=0.020) groups compared to Control. There was also a statistical difference 

between the Control and Air* (p=0.0212) groups at 6 hours.
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