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Abstract

Cardiopulmonary bypass (CPB) causes a systemic inflammatory response syndrome (SIRS)
associated with multiorgan injury. A model was developed to test whether a blood-air interface in
the CPB circuit causes blood element activation and inflammation. Ten healthy swine were placed
on partial CPB for two hours via the cervical vessels and monitored for 96 hours postoperatively.
Five pigs (Control group) had minimal air exposure in the circuit, while five were exposed to a
blood-air interface (BAI) simulating cardiotomy suction. There were no significant differences in
bypass flow or hemodynamics between the groups. In the BAI group, there was an increase in
hemolysis after bypass (plasma free hemoglobin 5.27+1.2 vs 0.94+0.8 mg/dL, p= 0.01), more
aggressive platelet consumption (28% vs 83% of baseline, p=0.009), leukocyte consumption (71%
vs 107% of baseline, p=0.02), and increased granulocyte CD11b expression (409% vs 106% of
baseline, p=0.009). These data suggest the inflammatory pattern responsible for the CPB-SIRS
phenomenon may be driven by blood-air interaction. Future efforts should focus on BAI-
associated mechanisms for minimizing blood trauma and inflammation during CPB.
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INTRODUCTION:

Over 200,000 cardiac surgeries are performed on cardiopulmonary bypass (CPB) each year
in the United States.! Frequently, the postoperative course is complicated by a systemic
inflammatory response (CPB-SIRS), sometimes termed “post-pump syndrome.”23 The
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incidence and severity of CPB-SIRS is related to the time on CPB, ranging from less than
5% in short, simple cases to 90% in complex cases lasting more than 6 hours.*” CPB-SIRS
can result in severe end-organ injury, including renal, cardiac, pulmonary complications, and
even death.24-7

CPB-SIRS is thought to be caused by activation of blood elements by the CPB circuit.8
This may occur through exposure to foreign surfaces, platelet activation and microthrombus
showering, mechanical trauma from the circuit pump, exposure to air from cardiotomy
suction, or other causes.8-15 However, the same degree of inflammatory response is not
observed with long runs of extracorporeal membrane oxygenation (ECMO) in other
contexts.1® This suggests that CPB-SIRS may be related to the blood-air exposure that
occurs with cardiotomy suction, the unique feature of CPB.11-13.15-17

Previous /n-vitro studies with sheep and human blood have demonstrated that negative
pressure and air exposure together result in increased hemolysis.10-12 An jn-vivo rabbit
model showed that exposure to foreign tubing surfaces causes both platelet and monocyte
activation.® An jn-vitro model of cardiotomy suction using human blood demonstrated both
platelet and monocyte activation with air exposure and suction, an effect not seen with
suction alone.10

These studies indicate that CPB circuits may cause injury through mechanisms of hemolysis,
platelet activation, and monocyte activation, and that this effect may be mediated by the
blood-air interface (BAI) of cardiotomy suction. However, the link between blood activation
and CPB-SIRS with end organ injury has not been demonstrated in a clinically relevant in-
vivo model of CPB.

The effect of a simulated cardiotomy suction with BAI on systemic inflammation and end
organ injury was tested in a 96-hour porcine recovery CPB model, hypothesizing that a large
blood-air interface in simulated cardiotomy suction causes blood element activation and
inflammation.

MATERIALS & METHODS:

Porcine Surgical Model

Under a protocol approved by the Institutional Animal Care and Use Committee (IACUC),
healthy adult swine weighing 50+5 kg were anesthetized and placed on partial bypass (35
cc/kg/min) via the neck vessels. Prior to surgery, a complete blood count (CBC) was
obtained from each pig, and surgery proceeded only if baseline leukocyte count was < 20
K/uL. A5 cm longitudinal right cervical incision was used to expose the external jugular
vein and common carotid artery. For cannulation, pigs were fully anticoagulated using a
bolus dose of unfractionated heparin (300 units/kg), and a Biomedicus 19-23 Fr 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 carotid artery.
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Bypass was undertaken for 120 minutes. No cardioplegic cardiac arrest was performed, and
pigs remained at normothermia throughout CPB. At conclusion of the CPB, cannulae were
removed and replaced with both a venous access line and an arterial access line. Local
anesthesia was infiltrated and the incision was closed in layers using Vicryl and skin staples.
No drains were placed. Pigs were then recovered from anesthesia and placed in housing.

CPB Circuit Design

Two experimental groups were compared: the Control group (n=5) had minimal air exposure
related only to an open venous reservoir, while the blood-air interface (BAI) group (n=5) had
maximal air exposure in simulated cardiotomy suction.

In the Control group, a standard bypass circuit was constructed using venous and arterial
cannulae as described above, with a Terumo 15FX polypropylene membrane lung with
reservoir (Terumo Cardiovascular, Ann Arbor, MI), Sarns dual water heater/cooler (Terumo
Cardiovascular, Ann Arbor, MI), and a single 6” roller pump (LivaNova, Arvada, CO).

In the BAI group, a standard bypass circuit was constructed, but with the addition of a
blood-air interface, simulating cardiotomy suction (Figure 1). An accessory circuit consisted
of a ¥ tubing shunt from the venous reservoir outlet to the reservoir’s cardiotomy suction
inlet. This shunt contained a blood flow probe, negative pressure monitoring site, screw
clamp and a VRV-11 one-way relief valve (Quest Medical, Dallas, TX) passed through an
occluded a 6” roller pump. The desired “suction” blood flow was established by engaging
the 6” roller pump to the desired flow that was verified by the blood flowmeter. Considering
a 6” roller pump displaces 13mL per revolution, the desired blood: air mix was estimated by
partially occluding the pre relief valve tubing with the screw clamp. Once the relief valve
opened, the pressure within the shunt became negative and the negative pressure was
adjusted by fine tuning the partial occlusion of the screw clamp to approximately —80 to
—-100 mmHg. The pump RPM was then adjusted to the desired blood: air ratio by increasing
the pump RPM while knowing the volume displacement per RPM. The blood: air mixture
was displaced by the 6 roller pump to the open cardiotomy reservoir, simulating
cardiotomy suction with a controlled blood: air mix that was maintained for the 2-hour CPB
test interval.

For both groups, target CPB blood flow rate was 35 cc/kg/min. For the BAI group, target
BAI blood flow was 40-50% of CPB flow, with target blood: air ratio of 1:3 to 1:4 to
simulate continuous cardiotomy suction. Negative pressure of the BAI was set at =80 to
-100 mmHg. Roller pump occlusion was set by gravity drop of 1cm/min, following the
methods used during routine clinical practice.

Postoperative Care

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 /ibitum, and
animal health was monitored with daily postoperative checks and blood draws.
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Laboratory Studies

Laboratory investigations were performed at baseline, during CPB, and every 24 hours
postoperatively to 96 hours. Studies included complete blood count (CBC), comprehensive
metabolic panel (CMP), plasma free hemoglobin (pfHb), and flow cytometry for CD11b and
P-selectin (Table 1).

Flow Cytometry

Necropsy

Monocyte and granulocyte activation were assessed by flow cytometry via expression of
CD11b, an integrin which regulates leukocyte adhesion and migration. Platelet activation
was measured via expression of CD62P (P-selectin), a cell adhesion molecule which is
presented on the surface of activated platelets. Sample preparation and assays were
performed as described previously.8-10

At 96 hours postoperatively, pigs were re-anesthetized and dynamic pulmonary compliance
was assessed after 5 minutes on standardized ventilator settings: 100% FiO,, positive end-
expiratory pressure 5 cm H»0O, 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

RESULTS:

To account for variances between animals, immunologic parameters were compared as a
percentage of baseline. Baseline measurements displayed a non-parametric distribution, so
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).

There was no significant difference in animal weight or bypass flow rate between the
Control group (n=5) and the Blood-air interface group (n=5). In the BAI group, blood flow
through the BAI accessory circuit was 0.774+0.12 L/min, and air was entrained at a rate of
2.51+0.10 L/min. While on bypass, there were no significant differences in heart rate or
mean arterial pressure. There were no significant differences in gas exchange, electrolyte
balance, or metabolic status, except a lower average potassium in the BAI group than the
Control group (3.6+0.3 vs 3.9£0.2 mmol/L, p=0.03). (Table 2)

Plasma free hemoglobin was not significantly different at baseline, but increased without
clinical relevance in the BAI group after two hours on bypass (5.27+1.2 vs 0.94+0.8 mg/dL,
p=0.01, Figure 2). Values normalized by 6 hours postoperatively (Figure 2).

Although there was no significant difference in P-selectin expression (Figure 3), total
platelet count in the BAI group was reduced to 28% of baseline by 2 hours of bypass, with
significant depletion from baseline persisting through 48 hours postoperatively (Figure 4).
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Leukocyte count in the BAI group was significantly reduced to as low as 53% of baseline
while on bypass (Figure 5). This was associated with a significant increase from baseline in
granulocyte CD11b expression, which persisted through 6 hours postoperatively (Figure 6a).
A similar trend was observed in CD11b on monocytes without significance (Figure 6b).

There was no significant effect on end-organ function, including creatinine (1.1+£0.1 vs
1.1+0.1 mg/dL, p=0.92), alanine aminotransferase (55+10 vs 62+9 1U/dL, p=0.35), or
dynamic pulmonary compliance (32.9£4.2 vs 35.5+9.4 mL/cmH50, p=0.80).

Pathologic examination did not reveal increased evidence of inflammation in the BAI group
over the Control group. Heart samples contained multifocal areas of mildly
hypereosinophilic myofibers in all animals (Figure 7a). The lungs of both groups had
minimal small infiltrates of lymphocytes and macrophages (Figure 7b). Sections of liver
contained similar scattered inflammatory cell infiltrates within portal areas (Figure 7c).
Kidney tissue also contained minimal interstitial infiltrates of lymphocytes and macrophages
(Figure 7d). Overall, the observed mild inflammatory infiltrates suggested a low-level
inflammatory stimulus, not differentiable from background changes usually seen in farm

pigs.

In summary, these experiments demonstrated significant platelet and leukocyte activation by
BAI exposure. Minimal organ injury was observed at this level of blood flow.

DISCUSSION:

Cardiovascular surgery using cardiopulmonary bypass is the only context in clinical
medicine in which blood is removed, extensively exposed to air, and infused back into the
patient. This suggests that air exposure may be a cause of blood activation in CPB.
Although, air exposure occurs in the venous reservoir and the operative field, the major
source of ABI is during cardiotomy suction. An additional influx of large amounts of air can
occur with aortic root/ ventricular venting. The deleterious effects of cardiotomy suction are
well known, and cardiac surgical teams generally attempt to limit the amount of suction and
process the cardiotomy suction blood if possible.131518 /n- yijtro studies from this
laboratory have implicated air exposure as a causative factor in hemolysis, platelet
activation, and leukocyte activation,®10-12 hut to date no clinically relevant animal model
has demonstrated the role of BAl in CPB-SIRS.

During ECMO a similar plastic artificial surface contact occurs, but blood activation is
minimal. In addition, ECMO can proceed without organ injury for days or weeks, while
CPB may cause organ injury within 6 hours.16 This generated the hypothesis that blood- air
exposure is responsible for blood activation for SIRS and organ dysfunction during CPB.
The purpose of this study was to test the hypothesis by isolating the effects of air during
CPB.

The BAI model exposed blood to a simulated cardiotomy suction, resulting in extensive
blood-air interface while avoiding possible inflammatory confounding variables such as
circulatory arrest, sternotomy, pericardiotomy, or large-volume bypass flows. The major
finding was a significant activation of CD11b. CD11b is an indicator of activation of the
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inflammatory cascade initiated by leukocytes as reported by Mellgren et.al in in-vitro
studies.26 In the current model, there was significant leukocyte activation, and significant
platelet and leukocyte depletion, also mirroring the clinical effects of CPB.13 Hemolysis
increased slightly in the BAI group, consistent with /n-vitro studies!®-12 and clinical reports.
13 |n previous in-vitro studies, it was shown that hemolysis is caused by high negative
pressure (> —500 mmHg) applied to red blood cells that have been pre- conditioned by air
exposure.12 Overall, the known inflammatory pattern of CPB was induced by exposure to
the BAI circuit, suggesting that cardiotomy suction may be the primary driver of CPB-SIRS.

Neither P-selectin nor monocyte CD11b was significantly increased in blood samples in this
study, consistent with previous in-vitro results.10 Other investigators have shown that
platelet-monocyte conjugates are formed during CPB,18 and that these conjugates contribute
to thrombus formation.4 It is possible that such complexes of activated platelets and
monocytes are sequestered as microthrombi in the circuit or tissues, rather than circulating
in the blood at high levels. This study suggests these conjugates are form by air-exposure.

Likewise, there was no significant end-organ dysfunction or damage in this study, despite
evidence of significant blood trauma and cellular activation. This reflects that the model was
sufficient to induce granulocyte activation and thrombocytopenia associated with CPB, but
insufficient to create extensive organ damage It is also possible that blood activation induced
by BAI potentiates additional damage associated with a surgical insult. However, the
inclusion of a sternotomy or other major surgical manipulation would have confounded the
inflammatory effects of BAI, defeating the purpose of the study.

Though blood-air interaction appears to be responsible for activation of blood elements,
cardiotomy suction remains part of cardiac surgery. Numerous approaches have been
attempted to reduce blood trauma from CPB, including corticosteroid administration,
transfusion avoidance, leukocyte filtration and selective leukocyte depletion, autologous
blood recovery and processing, and minimizing time on bypass.19-2! Promising results have
been reported with nitric oxide administration during CPB, including reduced neutrophil and
platelet activation, and improved end organ function in clinical trials.22-25 The BAI model of
CPB-SIRS is well suited for investigating such strategies and characterizing their effects on
blood trauma and inflammation.

The experimental model carries some limitations. It deviates from clinical CPB in that there
was no cardioplegic arrest. There was no sternotomy, pericardiotomy, or cardiac
intervention, and cannulation was extrathoracic. It is widely known that suctioning during
CPB elevates free hemoglobin. The incorporation of the vacuum relief valve used in this
study was been widely used in clinical practice for venting and suction regulation. Although
the amount of free hemoglobin produced in this study from the simulated suction animals
was slightly elevated (~6 mg/dL), this elevation was minor, considering free hemoglobin
values can often exceed 50-100 mg/dL during clinical CPB. The amount of partial CPB
blood flow was by design in which the blood-air interface ratio was higher than in
conventional CPB. The partial bypass model was about half of normal, (35 mL/kg/min),
however it was certainly possible that a greater bypass flow rate or surgical manipulation
could have induced different inflammatory effects, or greater severity of inflammation. Even
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using this partial bypass model inflammatory changes did occur. A more aggressive
intervention would also have introduced complexities with the potential to confound the
effects of the BAL. In ongoing studies, these variables are being studied to determine the
cause of CPB-SIRS. Though the model is not an exact re-creation of clinical CPB, the model
isolated the BAI to investigate its role in CPB-related blood activation.

These data suggest that the inflammatory pattern responsible for the CPB-SIRS phenomenon
is driven by a blood-air interface. Cardiac surgical teams endeavor to reduce cardiotomy
suction exposure and avoid re-infusing activated blood to the patient. Future efforts should
focus on BAI-associated mechanisms for minimizing or even reversing blood trauma and
inflammation during CPB.
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Figure 1: Cardiopulmonary bypass circuit with blood-air interface.
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R, venous blood reservoir; O, oxygenator; A, air entrainment valve; P1, negative pressure

pump; P2, CPB circuit pump.
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Figure 2: Plasma free hemoglobin, Control vs Blood-Air Interface (BAI).
Asterisk denotes statistical significance (p<0.05).
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Figure 3: P-selectin Expression, Control vs Blood-Air-I nterface (BAI).
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Figure 4: Platelet count, Control vs Blood-Air-Interface (BAI).
Asterisk denotes statistical significance (p<0.05).
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Figure5: Leukocyte count, Control vs Blood-Air-Interface (BAI).
Asterisk denotes statistical significance (p<0.05).
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Figure 6: CD11b Expression in Granulocytes (A) and Monocytes (B), Control vs Blood-Air
Interface (BAI).

Asterisk denotes statistical significance (p<0.05).

ASA/O J. Author manuscript; available in PMC 2021 January 01.

Page 15



1duosnuey Joyiny 1duosnuepy Joyiny 1duosnuepy Joyiny

1duoasnuepy Joyiny

Carretal.

\-F,' \%" % Y
N

.-

Figure 7: Representative histologic findings from all swine.
Focal myocardial vacuolation (A). Mild multifocal thickening of alveolar walls and

peribronchiolar spaces of the lung, with macrophages and lymphocytes (B). Minimal
inflammatory cell infiltrates in portal areas of the liver (C). Minimal interstitial nephritis in
the kidney (D).
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Characteristics of Control and Blood-Air Interface (BAl) CPB runs.

Asterisk denotes statistical significance.

Table 2:

Control BAI p
(n=5) (n=5)

Weight (kg) 49+1 5142 0.11
CPB circuit flow (L/min) 1.72+0.11 | 1.66+0.07 0.12
BAI blood flow (L/min) - 0.774+0.12 -
BAI air flow (L/min) - 2.51+0.10 -
Heart rate (bpm) 98+9 90+15 0.35
Mean arterial pressure (mmHg) 123+54 94+34 0.25
pH 7.46+0.04 | 7.50+0.05 0.25
pCO2 (MmHg) 4446 3845 0.25
pO2 (MmHg) 347492 283+112 | 025
Lactate (mmol/L) 1.3+x0.5 1.6x0.4 0.35
Sodium (mmol/L) 139+3 141+1 0.40
Potassium (mmol/L) 3.9+0.2 3.6+0.3 0.03 *
Calcium (mmol/L) 1.11+0.23 | 1.11+0.08 0.25
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