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Abstract
Background: This work examines the protective effect and mechanisms of early extracorporeal
membrane oxygenation with cardiopulmonary resuscitation (CPR) on ventricular-�brillation-induced post-
resuscitation lung injury in a swine cardiac-arrest model.

Methods: Sixteen male swine were randomised to conventional CPR (CCPR; n=8; CCPR alone) and
extracorporeal CPR (ECPR; n=8; extracorporeal membrane oxygenation with CCPR), with restoration of
spontaneous circulation for 6 h as an endpoint. Serological specimens were collected at baseline and
restoration of spontaneous circulation for 1, 2, 4, and 6 h; lung tissue specimens were obtained
postmortem. Between-group comparisons of recovery success rate, extravascular lung water , pulmonary
vascular permeability index, electron microscopic features, and serum and tissue biomarkers (surfactant
protein A, surfactant protein D, Clara cell protein 16, superoxide dismutase, malondialdehyde,
myeloperoxidase) were undertaken.

Results: The CCPR group had non-signi�cantly lower 6-h survival rate ( p> 0.05). Serum levels of
surfactant protein A, surfactant protein D, Clara cell protein 16, and malondialdehyde were signi�cantly
higher ( p< 0.05), whereas serum superoxide dismutase was signi�cantly lower, in the CCPR than in the
ECPR group ( p <0.01). Compared with the ECPR group, tissue surfactant protein A, surfactant protein D,
and superoxide dismutase signi�cantly decreased compared to the baseline, whereas malondialdehyde
and myeloperoxidase signi�cantly increased ( p< 0.01) in the CCPR group. Extravascular lung water and
pulmonary vascular permeability index were signi�cantly higher in the CCPR after 6 h compared to the
baseline values and the ECPR group ( p< 0.01).

Conclusions: Electron microscopy revealed mostly vacuolated intracellular alveolar type II lamellar bodies
and fuzzy lamellar structure and widening and blurring of the blood–gas barrier in the CCPR group in
contrast to that in the ECPR group. ECPR was found to have protective pulmonary effects, possibly
related to the regulation of alveolar surface-active proteins and mitigated oxidative stress response post-
resuscitation.

Background
Cardiac arrest (CA) is a critical condition that is a concern for healthcare workers worldwide.
Cardiopulmonary resuscitation (CPR) is widely used in CA of various etiologies, which can be cardiogenic
(e.g. myocardial infarction, malignant ventricular arrhythmia, etc.) or non-cardiogenic (e.g. acute
pulmonary embolism, severe infection, etc.) [1] although, the main pathogenic factors are still considered
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cardiogenic [2]. CPR has long been regarded as the only effective mechanism to improve the survival rate
and prognosis following CA. However, combined with all aspects of in-hospital and out-hospital data, the
CA-associated mortality rate has not signi�cantly improved for a long time and remains very high [2, 3].
Moreover, when the duration of CA exceeds 10 min, the survival rate declines rapidly; if the duration of CA
exceeds 20 min, patients rarely survive [4].

Extracorporeal membrane oxygenation (ECMO) is a technology that relies on instrumentation to support
the basic needs of the human body and has found widespread application in the treatment of various
diseases. Since the 1990s, ECMO combined with CPR technology (extracorporeal cardiopulmonary
resuscitation [ECPR]) has been increasingly applied in attempts to improve the success rate of recovery
following a CA [5], and there are many reports of successful patient recovery through ECPR worldwide.
Several studies have analysed and summarised relevant cases and comparatively studied ECPR and
conventional CPR (CCPR) technology to suggest that ECPR is superior to CCPR [6–9]. However, the
currently available studies are mostly retrospective studies or case analyses, and there is a lack of
multicenter randomised controlled clinical trials that compare the protective effects of the two
resuscitative methods on organs, especially because there are no reports of the changes of compression
time and the effect of early oxygenated blood perfusion in relieving post-resuscitation lung injury in
experimental animals (swine) [10–12].

The primary purpose of this experiment in an animal model of ventricular �brillation-induced CA in swine
was to study whether the early application of ECPR has advantages over CCPR in lung injury and to
explore the protective mechanism of ECPR on the post-resuscitation pulmonary injury.

Methods
Ethical approval

This study was approved by the Capital Medical University Institutional Animal Care Committee and the
Beijing Chao–Yang Hospital A�liated to the Capital Medical University Animal Care and Use Committee.

Animal preparation

We used 40-day-old male long-white swines (n=16; weight 35.13±5.57 kg) in this experiment. The
experimental animals were randomly divided into the CCPR (CCPR after CA, n=8) and ECPR groups (ECPR
after CA, n=8). All experimental animals were subjected to overnight fasting before the experiment, but
without restricting water intake. At the beginning of the experiment, anaesthesia was induced by
intramuscular injections of ketamine (10 mg/kg) and midazolam (0.5 mg/kg). When the swine entered a
state of relative sedation, auricular venipuncture was undertaken to establish venous access, and
propofol (2.0 mg/kg) was intravenously administered. Thereafter, the swine were quickly transferred to
the operating table and placed supine; propofol (9.0 mg/kg/h) and fentanyl (1 µg/kg/h) were
continuously infused intravenously to achieve the therapeutic effects of anesthesia and analgesia.
Endotracheal intubation was carried out with a 6.5-mm tracheal catheter after con�rmation of deep
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anesthesia by examination of the corneal re�ex. After ascertaining correct placement of the endotracheal
tube, the animals were placed on mechanical ventilation (Servo 900 c; Siemens, Berlin, Germany) with
volume-controlled ventilation (tidal volume 15.0 mL/kg, respiratory rate 12–20 cycles/min, and oxygen
concentration 35%). Three ECG monitoring lines and a peripheral blood oxygen saturation monitor were
connected through the body surface to a multi-function monitor (bl-420 F Data Acquisition and Analysis
System; Chengdu TME Technology Co., Ltd., Sichuan, China) for continuous monitoring of the ECG and
peripheral oxygen saturation. The tracheal tube outlet was connected to an end-expiratory carbon dioxide
monitor (CO2SMOplus monitor; Respironics Inc., Murrysville, PA), which continuously monitors and
records end-expiratory CO2 data and adjusts ventilatory parameters accordingly to maintain end-
expiratory CO2 pCO2 at 35–45 mmHg.

Subsequently, a 5-Fr deep venous catheter was inserted into the right external jugular vein of the
experimental animal, for intravenous infusion and �brillation access. After percutaneous separation, the
left femoral artery and left femoral vein were exposed and cut open respectively, and an arterial catheter
(5 Fr; Terumo, Tokyo, Japan) and Swan–Ganz catheter (7 Fr; Edwards Life Sciences, Irvine, CA, USA) were
respectively placed and connected to an HP monitor (M1165; Hewlett–Packard Co., Palo Alto, CA) to
continuously monitor the heart rate (HR) and mean arterial pressure (MAP) through the hot dilution
method to detect extravascular lung water (EVLW), the pulmonary vascular permeability index (PVPI), and
other relevant data. A 16-Fr (Dragon Laifu Medical Products Co., Ltd., Changzhou, Jiangsu, China)
intravenous catheter was inserted into the right atrium, and a percutaneous incision was made to expose
the right femoral artery through which a 14-Fr arterial catheter was inserted into the ascending aorta.
These two catheters were connected to the ECMO machine. All the abovementioned surgical procedures
were conducted in accordance with the principles of aseptic operation, and all catheters were pretreated
with heparin normal saline (5.0 U/mL). Intraoperatively, normal saline (5.0 mL/kg/h), and colloid (5.0
mL/kg/h) were routinely administered to replace the body �uids lost during the operation.

Preparation of ECMO

In this study, the ECMO equipment was made up of arterial and venous catheters, the Levitronix
Centrimag control system (Sarns Healthcare/3M, Ann Arbor, MI, USA), a centrifugal force pump (MAQUET
Cardiopulmonary AG, Rastatt, Germany), a coated porous bio�lm lung (MAQUET Holding B.V. and Co),
and gas mixers (Thoratec Corporation, Pleasanton, CA, USA). The ECMO apparatus was connected to the
swine through arteriovenous catheters, and the catheter and ECMO machine were prewashed with
heparinised normal saline and �lled with approximately 1000 mL heparinised colloid solution (250 U/kg)
oxygenated up to 50% oxygen through the oxygenator. Moreover, the oxygenator was used to adjust the
input ratio between oxygen and air, and a heater was used to ensure a constant temperature of 34℃.
However, until the ECMO machine was in operation, the colloidal �uid in the machine did not intermingle
with the body �uids of the swine.

Experimental procedure
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After the aforementioned preparation, the swine were placed under observation for 30 min. Thereafter, the
baseline parameters of the animals were recorded, and blood samples were collected. Care was taken to
ensure the animals are in a relatively stable state before the onset of arti�cial ventricular �brillation.

In this experiment, a medical programmed stimulator (GY-600A; Kaifeng Huanan Instrument Co., Kaifeng,
Henan, China) was used to induce �brillation (parameters: mode S1/S2 [300/200 ms], output voltage 40
V, 8:1 ratio, step-size −10 ms continuous program-controlled stimulation until ventricular �brillation). The
success of ventricular �brillation was determined by the rapid decrease of arterial pressure and the
occurrence of ventricular �brillation on the monitoring ECG. The CCPR and ECPR groups were observed
for 12 min, during which no treatment or intervention was undertaken in either group. Thereafter, CPR was
conducted in both groups according to the 2015 guidelines [13] for CPR, but without any de�brillation
treatment during this period. Fourteen min after the shock, the CCPR group was treated by the guidelines
for CPR, whereas the ECPR group was treated with ECMO based on continuous CPR. The ECMO �ow rate
was set at 3–5 L/min, and the blood �ow was maintained at 50–70% of the ejection fraction of the
baseline state. The CCPR and ECPR groups received their �rst de�brillation at 18 min after the shock. The
de�brillator was applied with a two-way wave of 4.0 J/kg for de�brillation. During this period, epinephrine
(0.02 mg/kg) was administered through the right external jugular vein cannula. Subsequent
compressions, de�brillation, and medication use were in accordance with the 2015 guidelines for CPR
[14].

The return of spontaneous circulation (ROSC) is applied when that the MAP or the systolic pressure is
greater than 60 or 80 mmHg, respectively, for more than 20 min [15]. At this time, the CCPR group was
connected to mechanical ventilation on a ventilator, the initial oxygen concentration was temporarily
adjusted to 100%, and the ventilatory parameters were adjusted according to peripheral oxygen
saturation and pCO2 at the end of expiration. In the ECPR group, the oxygen concentration was adjusted
according to the oxygenator parameters, and the common goal for both groups was the maintenance of
end-expiratory CO2 at 35–45 mmHg. The endpoint observed in this experiment was the status at 6 h after
the ROSC or the death of the experimental animal.

After 6 h of ROSC, the swine were injected intravenously with 60 mg propofol before being administered
20 mL 10% potassium chloride and sacri�ced.

Data collection and testing

Haemodynamic parameters, including HR, MAP, and end-expiratory carbon monoxide, were monitored
continuously. EVLW and PVPI were measured by the thermal dilution method at baseline in both groups;
moreover, these were measured in the CCPR group at 6 h after ROSC, and in the ECPR group after the
ECPR machine was stopped following 6-h ROSC. We used 5 mL ice brine three times for each
measurement, and the mean value was noted. If the swine died prematurely, only the baseline values
were measured.
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Arterial blood samples were collected through the left femoral artery catheter, with the �rst 5 mL of blood
sample discarded to ensure the accuracy of the sample. An arterial blood gas analysis was undertaken
and recorded by a blood gas analyser (GEM Premier 3000, Instrumentation Laboratory, Lexington, MA,
USA).

Blood samples were collected at ROSC and at1, 2, 4, and 6 h after ROSC through the left femoral vein
catheter, and the �rst 5 mL of blood was discarded before the corresponding samples were collected each
time to ensure the accuracy of the relevant samples. Blood samples were centrifuged at 1000×g,
immediately at 4℃ for 20 min. The supernatant was stored at −80℃ until further analysis. The
supernatant was tested by enzyme-linked immunosorbent assay (ELISA) on ELISA kits (Shanghai
Sangon Biotechnology Company, Ltd., Shanghai, China) for pulmonary surfactant protein A (SP-A),
pulmonary surfactant protein D (SP-D), Clara cell protein 16 (CC16), malondialdehyde (MDA), and
superoxide dismutase (SOD).

Lung tissue samples (lower lobe of the right lung) were collected immediately after the swine were
euthanised. The tissue was washed with phosphate-buffered saline (PBS) and placed in liquid nitrogen
for rapid cold preservation. Testing was conducted at room temperature after the temperature returned to
2–8℃, and the samples were mixed with PBS at a 1:9 weight volume treated with protease inhibitors and
pressed by grass homogeniser fully ground on ice. Finally, the homogenate was centrifuged at 5000×g
for 10 min, and the supernatant was tested for myeloperoxidase (MPO), MDA, SOD, SP-A, and SP-D
(Shanghai Sangon Biotechnology Company) by ELISA.

The lower lobe of the right lung was �xed with 3% glutaraldehyde, washed with PBS, and then �xed with
1% osmotetroxide. The tissues were dehydrated with acetone and sliced for later examination. After
staining with 4% uranium acetate and 0.2% lead citrate, the ultrastructure of the tissue was observed by
electron microscopy (JEM-1010; JEOL, Tokyo, Japan).

Statistical analysis

All data were statistically analysed by using SPSS 22.0 (IBM, Armonk, NY, USA). Continuous variables
were expressed as mean±SD, and the difference between CCPR and ECPR groups was determined by the
Student’s t-test. Survival rates between the two groups were estimated by Kaplan–Meier analysis. p<0.05
was considered statistically signi�cant.

Results
Survival rate

All swine were successfully induced into VF. Of the eight swine in the CCPR group, two died at 3.7 and 5.3
h after the ROSC, whereas the remaining survived for up to 6 h (6/8, 67.5%). All eight animals in the ECPR
group successfully survived to ROSC for 6 h (8/8, 100%). The survival rate of the two groups was not
statistically signi�cant (p>0.05) (Fig. 1).
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Haemodynamics

Table 1 summarises the HR and MAP of the CCPR and ECPR groups. They did not differ statistically at
the baseline (p>0.05). The HR in ROSC and 1, 2, 4, 6 h after ROSC were signi�cantly higher in the CCPR
than in the ECPR group (p<0.01) (Fig. 2a). The MAP in ROSC and 1, 2, 4 h after ROSC were signi�cantly
lower in the CCPR than in the ECPR group (p<0.05), whereas differences in the ROCS at 6 h (p>0.05) were
not (Fig. 2b).

Table 1. The heart rate and mean arterial pressure of the CCPR and ECPR groups

Variables CCPR ECPR p-value

HR (bpm)

Baseline 118.25±7.59 119.25±6.84 0.768

ROSC 161.25±12.63 126.75±7.48 <0.0001

ROSC 1 h 149.50±14.01 120.25±12.02 0.001

ROSC2 h 144.00±13.35 118.50±9.72 0.001

ROSC 4 h 132.29±11.22 115.00±4.54 0.006

ROCS 6 h 132.67±5.89 115.00±6.14 <0.0001

MAP (mmHg)

Baseline 114.44±5.44 115.55±3.61 0.637

ROSC 77.46±4.33 104.61±10.89 <0.0001

ROSC1h 82.44±7.09 103.04±8.28 <0.0001

ROSC2h 83.00±8.53 105.44±8.12 <0.0001

ROSC4h 96.80±6.07 106.14±9.25 0.037

ROCS6h 99.55±11.00 107.16±8.97 0.178

HR, heart rate; MAP, mean arterial pressure; CCPR, conventional cardiopulmonary resuscitation; ECPR,
extracorporeal cardiopulmonary resuscitation; ROSC, return of spontaneous circulation.

Blood and tissue biomarkers

There were no signi�cant differences in serum SP-A, SP-D, CC16, MDA, and SOD at baseline between the
CCPR and ECPR groups (p>0.05). Serum SP-A, SP-D, CC16, MDA were found in ROSC and at 1, 2, 4, 6 h
after ROSC were statistically higher in the CCPR than in the ECPR group (p<0.05), whereas the serum SOD
was lower at the abovementioned �ve-time points in the CCPR than in the ECPR group (p<0.01) (Table 2
and Fig. 3a, 3b, 3c, 3d, 3e). The comparison of the tissues from the two groups showed that MDA and
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MPO were signi�cantly higher in the CCPR than in the ECPR group, whereas the SP-A, SP-D, and SOD
CCPR were signi�cantly lower in the CCPR than in the ECPR group (p<0.01) (Table 3 and Fig. 4a, 4b, 4c,
4d, 4e).

Table 2. Blood biomarkers of the CCPR and ECPR groups
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Variables CCPR ECPR p-value

SP-A (ng/mL)

Baseline 40.35±5.30 40.97±5.57 0.824

ROSC 114.02±15.47 86.88±9.42 0.001

ROSC 1 h 91.76±15.72 64.24±8.46 0.001

ROSC 2 h 86.76±13.34 60.10±6.77 <0.0001

ROSC 4 h 78.33±18.29 53.05±9.21 0.004

ROCS 6 h 76.59±17.94 46.16±6.35 0.007

SP-D (ng/mL)

Baseline 67.12±7.09 63.69±5.31 0.292

ROSC 179.72±28.94 138.16±19.54 0.005

ROSC 1 h 142.23±35.60 100.83±15.67 0.009

ROSC 2 h 132.57±33.37 93.88±15.85 0.010

ROSC 4 h 126.17±37.79 84.10±21.86 0.019

ROCS 6 h 131.67±30.73 73.23±20.37 0.001

CC16 (ng/mL)

Baseline 147.26±24.91 159.60±16.36 0.261

ROSC 457.39±75.75 335.76±44.11 0.002

ROSC 1 h 365.60±65.90 254.67±38.54 0.001

ROSC 2 h 338.92±60.38 234.35±31.83 0.001

ROSC 4 h 315.87±61.34 217.04±38.49 0.002

ROCS 6 h 308.20±62.09 184.68±45.05 0.001

MDA (nmol/mL)

Baseline 4.00±0.66 4.11±0.49 0.708

ROSC 13.37±1.44 7.54±2.30 <0.0001

ROSC 1 h 12.53±1.23 6.29±1.10 <0.0001

ROSC 2 h 12.73±1.06 6.21±0.93 <0.0001
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ROSC 4 h 13.23±1.19 5.79±1.17 <0.0001

ROCS 6 h 12.72±0.91 5.05±0.63 <0.0001

SOD (U/mL)

Baseline 219.19±15.69 215.48±24.85 0.727

ROSC 141.85±18.71 210.60±25.01 <0.0001

ROSC 1 h 123.93±18.10 198.30±26.71 <0.0001

ROSC 2 h 113.01±18.64 195.25±18.55 <0.0001

ROSC 4 h 104.85±22.13 203.04±16.68 <0.0001

ROCS 6 h 105.83±26.29 197.78±26.23 <0.0001

CCPR, conventional cardiopulmonary resuscitation; ECPR, extracorporeal cardiopulmonary resuscitation;
ROSC, return of spontaneous circulation; SP-A, pulmonary surfactant protein A; SP-D, pulmonary
surfactant protein D; CC16, Clara cell protein 16; MDA, malondialdehyde; SOD, superoxide dismutase.

Table 3. Tissue biomarkers of the CCPR and ECPR groups

Variables CCPR ECPR p-value

SP-A (ng/mL) 32.60±4.13 71.87±18.88 <0.0001

SP-D (ng/mL) 45.08±3.40 131.29±22.80 <0.0001

MDA (nmol/mL) 11.05±1.07 5.67±1.62 <0.0001

SOD (U/mL) 82.92±32.02 158.65±20.68 <0.0001

MPO (ng/mL) 634.66±54.62 274.08±99.78 <0.0001

CCPR, conventional cardiopulmonary resuscitation; ECPR, extracorporeal cardiopulmonary resuscitation;
SP-A, pulmonary surfactant protein A; SP-D, pulmonary surfactant protein D; MDA, malondialdehyde; SOD,
superoxide dismutase; MPO, myeloperoxidase.

EVLW and PVPI results

Table 4 compares the EVLW and PVPI of the CCPR and EPCR groups. At baseline, there was no
signi�cant difference between the two groups (p>0.05). The EVLW at ROSC6h in both groups was
statistically different (p<0.01) (Fig. 5a). PVPI values at ROSC6h in the two groups showed signi�cant
differences (p<0.01) (Fig. 5b). Moreover, the EVLW values at ROSC6h compared with the baseline in both
two groups showed statistically signi�cant differences (p<0.05) (Fig. 5c, 5d). The PVPI in the CCPR group
was statistically higher compared to the baseline (p<0.01), whereas no difference was observed in ECPR
group (p>0.05) (Fig. 5e, 5f).
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Table 4. Comparison of the extravascular lung water and pulmonary vascular permeability index of the
CCPR and ECPR groups

Variable Baseline ROSC6h p-value

EVLW (mL/kg)

CCPR 9.61±1.37 21.85±3.92 <0.0001

ECPR 9.39±1.70 11.78±1.82a 0.017

PVPI

CCPR 2.24±0.50 5.97±1.39 0.001

ECPR 2.15±0.43 2.06±0.91a 0.812

EVLW, extravascular lung water; PVPI, pulmonary vascular permeability index; CCPR, conventional
cardiopulmonary resuscitation; ECPR, extracorporeal cardiopulmonary resuscitation; ROSC, return of
spontaneous circulation. ap<0.0001 vs. CCPR group.

Results from electron microscopy

Electron microscopy revealed serious damage that was evident in the broadening of the blood-gas barrier
in the CCPR group; in the epithelial cells, the type II lamellar bodies were empty vacuoles for the most
part. In the ECPR group, the blood-gas barrier was clear, without any clear broadening, with epithelial cells
showing non-empty type II lamellar bodies (Fig. 6a, 6b, 6c, 6d).

Discussion

This animal experiment showed that ECPR has a better pulmonary protective effect than CCPR.
Compared with the ECPR group, the CCPR group had more severe oxidative stress injury and worse
scavenging ability for oxygen-free radicals. In the ECPR group, more protective active proteins were
present on the alveolar surface, the blood–gas barrier was intact, there was a greater abundance of the
alveolar surface-active protein in the lamellar body and less pulmonary oedema.

The pulmonary surfactant protein is secreted and released from type II alveolar epithelial cells. It plays an
important role in maintaining lung surface tension and participates in the body's defense functions.
Pulmonary surface proteins are composed of four proteins: namely, hydrophobic small molecular
proteins SP-B and SP-C, which are mainly involved in maintaining alveolar surface tension, and
hydrophilic large molecular proteins SP-A and SP-D, which are mainly involved in immune and
in�ammatory mechanisms [16]. SP-A and SP-D can minimise lung injury by reducing the production of
in�ammatory factors and can clear various pathogens [17]. Experiments have shown that SP-A and SP-D
play an important role in the innate immunity of the lungs and the prevention of infection [18].
Meanwhile, SP-A and SP-D have strong antioxidant functions, and these two proteins can alleviate and
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prevent the oxidative stress response of the lungs induced by various etiologies [19]. Furthermore, SP-A
can control apoptosis and stabilise alveolar epithelial cells [20]. Meanwhile, the pulmonary clearance of
exogenous substances can be enhanced by regulating in�ammatory cells and promoting macrophage
phagocytosis [17]. Low SP-A expression in the lung tissues will lead to decreased stability of alveolar
epithelial cells and increase the possibility of pulmonary oedema, pulmonary infection, and pulmonary
injury [21]. Lung injury will lead to the reduction of SP-A and SP-D in the lung tissues [17, 22]. Greater
secretion of SP-D in these tissues has a clear protective effect on the lungs against infection, promotes
macrophage metastasis, and maintains the stability of alveolar epithelial cells [23, 24]. Studies have
suggested that the injury to the blood–gas barrier caused by lung injury, especially injury to alveolar
epithelial cells, will lead to the increased secretion of serum SP-A and SP-D [25]. Serum SP-D
concentration is positively correlated with the degree of lung injury [26] as well as mortality [27]. Clara
cells have shown to repair damaged epithelial cells; detoxify the invasion of foreign organisms; and
secrete SP-D, SP-A, CC16 protein, and other substances [28]. When Clara cells are damaged or there are
changes in alveolar epithelial permeability, the function of synthesis and secretion of CC16 protein of
Clara cells changes, which is of great value in the diagnosis of lung injury [26]. Increased serum
concentrations of CC16 can clearly indicate the presence of lung injury and positively correlated with the
degree of lung injury [29–31]. SOD is a key enzyme capable of scavenging oxygen free radicals, which
protects cells from superoxide damage by catalytic oxidation of superoxide free radicals into molecular
oxygen and hydrogen peroxide, thereby inhibiting oxidative protein modi�cation and lipid peroxidation in
the cell membrane [32]. In addition, SOD can increase the bioavailability of nitric oxide (NO) by
competitively combining with superoxide to protect tissues and organs [33]. Other studies have shown
that SOD can reduce lung injury caused by hyperventilation [34]. MDA is the �nal product of the lipid
peroxidation of the main structure of the cell membrane and occurs because of the degradation of
polyunsaturated lipids. Lipid peroxidation is a mature mechanism of cell damage in plants and animals,
and it is used as an indicator of oxidative stress in cells and tissues [35]. MDA is a terminal product
produced by cell damage or free radicals and can be used as an indicator of lung injury [36]. MPO is an
important enzyme released by neutrophils and promotes the formation of hypo chloric acid, a powerful
oxidant associated with bactericidal effects and tissue destruction through induction of necrosis and
apoptosis [37, 38]. In previous studies, increased tissue MPO has been associated with aggravated
oxidative damage of tissues [34, 39,40]. Oxidative damage leads to the destruction of the lipid structure
of tissue cells, and the subsequent increase of MDA in tissues [34,41,42]. This process will excessively
consume SOD, resulting in a sharp decline in SOD levels [34,42]. However, ischaemia-reperfusion injury
will produce a large amount of oxygen free radicals [43]. Several experiments have shown that, in
addition to histological examination, serum examination of MDA and SOD can re�ect the degree of
oxidative damage to tissues [39,41,44].

The results of this study showed that serum MDA in the CCPR group was signi�cantly higher than in the
ECPR group. Moreover, the serum MDA level in the CCPR group was relatively stable at 6 h after ROSC,
although the serum MDA in the ECPR group showed a slowly decreasing trend within 6 h. This indicates
that the oxygen free radicals that are not completely cleared in the lungs and persisted in the CCPR group
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after ROSC, resulting in the sustained destruction of lipids. However, the continuous decrease of serum
MDA in the ECPR group may be related to the mild oxidative free radical damage and lower MDA
production rate than indicative of an association with the scavenging rate. Serum SOD in the CCPR group
showed a continuous declining trend, although the change of serum SOD in the ECPR group was not
obvious. Furthermore, serum SOD in the ECPR group did not change signi�cantly compared with the
baseline value, and the degree of decrease was limited. In the CCPR group, SOD was involved in oxygen-
free radical scavenging in tissues, which results in the continuous consumption of SOD. The oxidative
radical damage in the ECPR group was mild, which slowed down the consumption of SOD. This
experiment proved that the CCPR group could sustain more oxidative free radicals at the beginning of
ROSC than the ECPR group and will bear greater oxidative damage after ROSC. The serum SP-A, SP-D,
and CC16 levels in the two groups showed a decreasing trend following a signi�cant increase after ROSC,
and the values in the CCPR group was signi�cantly higher than in the ECPR group, indicating that the
lung injury was more serious in the CCPR than in the ECPR group. Lung injury was severe in both groups
immediately after successful resuscitation and gradually decreased thereafter. Moreover, lung SP-A and
SP-D in the CCPR group were signi�cantly lower than those in the ECPR group, indicating that the lung
injury in the CCPR group was more serious than that in the ECPR group.

As can be seen from the EVLW and PVPI results measured by the thermal dilution method, pulmonary
oedema in the CCPR group was more serious when comparing the changes of EVLW and baseline values
of the experimental animals in the CCPR group and the ECPR group at ROSC6h. The PVPI value of the
CCPR group showed an abnormal increase at ROSC6h, whereas the PVPI value of ECPR group remained
in the normal range and did not differ from the baseline PVPI value. The increase in PVPI is attributable to
permeable pulmonary oedema; therefore, pulmonary oedema due to excess volume can be excluded. In
comparison, we found that the increased EVLW in the CCPR group was mainly caused by permeable
pulmonary oedema. The serum and tissue SP-A and SP-D showed that the loss of SP-A and SP-D was
serious in the CCPR group because of the release of more surface-active material through damage to the
blood–gas barrier rather than by secretion into the alveoli, which subsequently led to changes in the lung
microstructure that increased alveolar tension, abnormal changes of permeability, and contributed to the
severity of the permeable pulmonary oedema. Through this between-group comparison, we found that
ECMO has a positive signi�cance in reducing pulmonary �uid extravasation and can stabilise the
vascular permeability of the lungs. Moreover, it indicated that the ECPR group had signi�cantly lower
pulmonary oedema compared with the CCPR group, indicating the lung function protection.

Furthermore, histology on electron microscopic examination showed that the CCPR group had severe
alveolar type II lamellar body cell loss and inadequate storage of alveolar surface-active protein, which
increased the damage to the blood–gas barrier, indicating an inability to guarantee the stability of the
alveolar membrane permeability and increased permeability leading to pulmonary oedema. However, the
ECPR group retained better-organised microstructure, showed alveolar type II cells with plenty of stored
alveolar surface-active materials, which can be secreted as needed into the alveolar space. There was no
serious damage to the blood–gas barrier, which maintains the optimal functioning of the barrier. Based
on the histologic changes between the two groups, it is reasonable to assume that the ECPR group could
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show greater resistance to resuscitated pulmonary exogenous infection than the CCPR group when the
duration of treatment is prolonged.

The limitations of our experimental study were as follows. Firstly, it was nearly impossible to perform
large-scale animal experiments; therefore, the sample size was small and there was a high possibility of
error and bias. Meanwhile, to enable ECMO to be added into the previous treatment process of ROSC, the
catheterisation for ECMO was completed well in advance in this experiment. However, the timely
placement and operation of ECMO are extremely di�cult to be complete quickly in practical
circumstances. Therefore, although this study concluded that the early combined application of ECMO
had a positive effect, there remained some obstacles to achieve better promotion and development of
this technology. Meanwhile, due to the addition of ECMO in the ECPR group, we set the thermostat of the
ECMO machine to 34℃, which could have implied a mild temperature effect on the ECPR group.
However, the results in the literature suggest that hypothermia has no signi�cant bene�t for CA
resuscitation [45]. Therefore, we did not undertake an in-depth investigation into the effect of the
abovementioned hypothermia.

Conclusion
Early application of ECPR has a better protective effect on post-resuscitation lung injury than CCPR.
Furthermore, ECPR has a protective effect on the post-resuscitation pulmonary injury, and its mechanism
may be partly related to the regulation of alveolar surface-active protein and the improvement of
oxidative stress response after resuscitation.
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Figure 1

Organisational structure on electron microscopy (a) The arrow shows that, in the CCPR group,
intracellular alveolar type II lamellar bodies are mostly vacuolated and have a fuzzy lamellar structure
(×2.5 k) within the body. (b) In the ECPR group, the intracellular alveolar type II lamellar body appears
complete and capable of releasing pulmonary surfactant protein (×2.5 k). (c) An arrow indicates the
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widening and blurring of the blood-gas barrier in the CCPR group (×12.0 k). (d) An arrow indicates that the
structure of the blood-gas barrier is intact (×12.0 k).

Figure 2

Pulmonary extravascular lung water and lung permeability index comparison between the CCPR and
ECPR groups *p<0.01 (a) The baseline for both groups of EVLW. (b) The increase of ROSC6h compared
with the baseline value. (c) PVPI in the CCPR group. (d) PVPI in the ECPR group. EVLW, extravascular lung
water; PVPI, pulmonary vascular permeability index; CCPR, conventional cardiopulmonary resuscitation;
ECPR, extracorporeal cardiopulmonary resuscitation; ROSC, return of spontaneous circulation.
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Figure 3

Comparison of biomarkers in lung histology between the CCPR and ECPR groups *p<0.01 CCPR,
conventional cardiopulmonary resuscitation; ECPR, extracorporeal cardiopulmonary resuscitation.
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Figure 4

Comparison of serum markers at each time point between the CCPR and ECPR groups *p<0.01, and
**p<0.05. CCPR, conventional cardiopulmonary resuscitation; ECPR, extracorporeal cardiopulmonary
resuscitation.
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Figure 5

Comparison of HR and MAP at each time point between the CCPR and ECPR groups *p<0.01, **p<0.05.
HR, monitor the heart rate; MAP, mean arterial pressure; CCPR, conventional cardiopulmonary
resuscitation; ECPR, extracorporeal cardiopulmonary resuscitation.
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Figure 6

Comparison of the survival rate between the CCPR and ECPR groups CCPR, conventional
cardiopulmonary resuscitation; ECPR, extracorporeal cardiopulmonary resuscitation.
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