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Introduction

Extracorporeal membrane oxygenation (ECMO) is used 
to treat acute respiratory syndrome and cardiogenic shock. 
ECMO drains the venous blood, removes carbon dioxide 
and oxygenates the blood through an artificial lung, and 

returns the blood to either the venous system (V-V ECMO, 
veno-venous) or the arterial system (V-A ECMO, veno-
arterial). When veno-arterial access is used for cardiac 
support in central ECMO (cECMO), the right atrium is 
cannulated to drain the venous blood, and the ascending 
aorta is cannulated to return the oxygenated blood. The 
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Background: In veno-arterial extracorporeal membrane oxygenation (V-A ECMO), a patient is cannulated 
using either an atrio-aortic technique (central type ECMO; cECMO) or a femoro-femoral technique 
(peripheral type ECMO; pECMO). The direction of the pump flow at the aortic arch is anterograde from 
the ascending aorta in cECMO and retrograde from the descending aorta in pECMO. Hemodynamic 
differences from the position of the cannulas may influence the brain differently. To evaluate the effect of 
ECMO cannula positioning on the brain, hemodynamic data and plasma biomarkers were collected. 
Methods: Eight pigs were randomly divided into the cECMO group (n=4) or pECMO group (n=4). 
ECMO was administered for 6 hours at a pump flow rate based on the mean flow of the ascending aorta. 
Mean arterial pressure (MAP), mean arterial flow (MAF), energy equivalent pressure (EEP), and surplus 
hemodynamic energy (SHE) were measured in the brachiocephalic artery every 30 minutes. During ECMO 
treatment, plasma was collected for analysis of interleukin-6 (IL-6), S100B, glial fibrillary acidic protein 
(GFAP), and neuron-specific enolase. The data were analyzed using the Mann-Whitney U tests, and 
repeated measures ANOVAs; significance was set at P<0.05. 
Results: MAP and EEP at 1 and at 3 hours, MAF at all measured times, and SHE at 1 hour and 6 hours 
were significantly higher in the pECMO group. There was no significant difference in the levels of brain 
injury biomarkers between cECMO and pECMO groups. 
Conclusions: The hemodynamic data showed that pECMO was superior to cECMO. Based on the 
biomarker data, neither pECMO nor cECMO for 6 hours caused evidence of brain injury. 
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femoral artery and vein are chosen for cannulation in 
peripheral ECMO (pECMO). In cECMO, blood from 
the left ventricular outflow joins returned blood flow from 
proximal ascending aorta in the same direction at the 
level of the ascending aorta. In pECMO, returned blood 
flow from the femoral artery joins the blood from the left 
ventricular outflow near the aortic arch in the opposite 
direction. These hemodynamic differences resulting from 
the cannula positioning may have varying influences on the 
brain. 

Cerebral complications are a major risk factor for 
mortality during ECMO (1). The causes of cerebral 
complications include air embolism, thromboembolism, 
ce rebra l  hemorrhage  due  to  coagu lopa thy,  and 
hemodynamic changes due to non-pulsatile flow (2) 
and also circulating blood exposure to foreign surface 
of ECMO circuit, blood flow shear stress, cytokine and 
complement system result in the abnormal activation 
of systemic immune response (3). The reported rate of 
cerebral complications is lower than expected, because CT 
and/or MRI evaluation for cerebral injury is limited during 
ECMO therapy (4,5). For these reasons, other methods 
have been used for detecting brain injury. Seizure activity (6),  
abnormal electroencephalograms, and somatosensory 
evoked potentials (7) have all been used to evaluate cerebral 
injury. Neurological complications are also estimated by 
measuring various brain biomarkers. An elevated level of 
S100B has been associated with intracranial hemorrhage 
in infants treated with ECMO (8), and high glial fibrillary 
acidic protein (GFAP) during ECMO has been associated 
with acute brain injury and death (9). 

Most previous studies using hemodynamic monitoring to 
determine the effects of ECMO on the brain did not take 
into consideration the cannula insertion site. The present 
study, however, compared the hemodynamic effects and 
plasma biomarkers for brain injury between pigs receiving 
cECMO and pECMO. To evaluate the hemodynamic effects 
on the brain according to the site of cannula insertion, we 
calculated the EEP and SHE by directly measuring blood 
flow and blood pressure in the brachiocephalic artery in 
both groups. The mean arterial pressure (MAP) calculates 
from measured systolic and diastolic blood pressure values. 
EEP is a marker that quantifies hemodynamic status in non-
pulsatile and pulsatile ECMO by calculating blood flow and 
blood pressure in pulsatile flow, using waveforms. Pulsatility 
is defined as a pulse pressure greater than 15 mmHg, and 
pulsatile flow depends more on the difference in energy 
than the blood pressure (10). Pulsatile pressure-flow 

waveforms should be quantified in terms of hemodynamic 
energy levels because generation of pulsatile flow depends 
upon an energy gradient (11). The difference between EEP 
and MAP, i.e., SHE, is the “extra energy” that exists only if 
there is some degree of pulsatility in the pressure or flow. 
Under 100% non-pulsatile conditions, the SHE is zero (11).  
SHE acts as extra energy to more effectively maintain the 
patency of the capillaries and microcirculation. In this 
study, pulsatility was not eliminated, because ECMO in 
the clinical field was implemented without left ventricular 
fibrillation or clamping of the aorta. Therefore, in addition 
to MAP and MAF, EEP and SHE were selected as 
comparative hemodynamic markers. 

This study also evaluated the effects of different cannula 
positions on brain injury during ECMO by comparing 
plasma levels of various brain biomarkers (S100B, GFAP, 
and NSE: neuron specific enolase) and the proinflammatory 
cytokine interleukin-6 (IL-6). These markers are secreted 
by brain tissue into the systemic circulation during brain 
damage and can increase in concentration following 
hemodynamic damage to the blood-brain barrier.

Methods

Subjects

This study was approved by the Guide for the Care and 
Use of Laboratory Animals issued by the Korea University 
School of Medicine (KUIACUC-2015-63). Eight female 
Yorkshire swine weighing between 33.8 and 50 kg were 
chosen for this study.

Anesthesia and monitoring

After intramuscular injection of Zoletil (4.4 mg/kg), a 21 G 
venous catheter was placed into the ear vein, and the animal 
was intubated with a 6–7 Fr endotracheal tube. Mechanical 
ventilation was maintained with a 1:1 N2O/O2 gas mixture, 
tidal volume of 10–15 mL/kg, and a rate of 20–25 breaths/min.  
ECG was monitored continuously,  and core body 
temperature was monitored using a rectal probe. 

Surgical protocol

After  per forming  a  median  s ternotomy,  a  16  G 
angiocatheter was placed into the innominate vein for 
intravenous fluid administration. A 16 mm perivascular flow 
probe (16 PAU, TS 420, TransonicSystems Inc., Ithaca, 
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NY, USA) was placed near the ascending aorta. The average 
flow rate (mL/min) of the ascending aorta was assumed 
to be 100% of the animal’s cardiac output. We used this 
average flow rate to set the mean ECMO flow rate in each 
pig. We investigated the difference between cECMO and 
pECMO in the same condition between the groups, so it 
was reasonable that we proceeded with sustaining ECMO 
flow based on ascending aorta flow. An 18 G angiocatheter 
was inserted into the brachiocephalic artery to monitor the 
pressure and a 5-mm perivascular flow probe (5 PSB, TS 
420, TransonicSystems Inc., Ithaca, NY, USA) was placed 
near the brachiocephalic artery in order to measure flow 
rate. After heparinization (3 mg/kg), animals were randomly 
assigned to one of two groups: the cECMO group or the 
pECMO group.

Arterial cannulation of the ascending aorta (12 Fr DLP 
arterial cannula; Medtronic, Inc., Minneapolis, MN, USA) 
and venous cannulation of the right atrium through the 
left femoral vein (17 Fr DLP venous cannula; Medtronic, 
Inc., Minneapolis, MN, USA) were performed in the 
cECMO group. Arterial cannulation of the left femoral 
artery (14 Fr DLP femoral arterial cannula; Medtronic, 
Inc., Minneapolis, MN, USA) and venous cannulation of 
the right atrium though the left femoral vein (17 Fr DLP 
femoral venous cannula; Medtronic, Inc., Minneapolis, 
MN, USA) were performed in the pECMO group. These 
cannulas were connected to a centrifugal pump (Quadrox 
PLS, Maquet, Germany), and ECMO was maintained for 
6 hours. At the end of the experiment, the animals were 
sacrificed while anesthetized per the study protocol. 

Measurement of hemodynamic change

Hemodynamic data [MAP; mean arterial flow (MAF); 
energy equivalent pressure (EEP); surplus hemodynamic 
energy (SHE)] were collected using the pressure transducer 
connected to the angiocatheter and a transit time flow 
meter (TS420; TransonicSystems Inc., Ithaca, NY) 
connected to the flow probe in the brachiocephalic artery. 
Data were analyzed using the LabVIEW software (National 
Instruments, Austin, TX, USA), which saved data at 
intervals of 1/1,000 second for 60 seconds before and after 
initiation of extracorporeal circulation and at 30-minute 
intervals during the 6-hour ECMO treatment period. We 
compared the data between the cECMO and pECMO 
groups from each hour time point. 

EEP was defined by the following equation (12):
EEP (mmHg) = (∫fpdt/∫fdt)

Where, f is the pump flow rate (l/min), p is the arterial 
pressure (mmHg), and the time integrals are over one pulse 
cycle.

SHE was defined as follows (11): 
SHE (ergs/cm3) = 1,332 × (EEP−SHE)
The constant (n=1,332) converts the pressure unit from 

millimeters of mercury to dynes per cm2.

Measurement of Brain biomarkers (S100B, GFAP, NSE) 
and proinflammatory cytokine (IL-6)

Blood samples from the innominate vein were collected 
before initiation of ECMO and at 1, 3 and 6 hours during 
ECMO. Blood was centrifuged for 15 minutes at 2,500 rpm 
at 4 ℃, and the samples were then stored at −70 ℃. Plasma 
levels of biomarkers from the samples were measured using 
an ELISA kit (Cusabio Biotech Co., Ltd., Wuhan, China) 
per the manufacturer’s instructions.

Statistical analysis

Sample power data analysis in a Pilot study showed that a 
sample size of 4 in each group will be sufficient to detect a 
difference in mean hemodynamic data, assuming a standard 
deviation of 5 points, a minimum mean difference of  
20 mmHg, a power of 80%, and a significance level of 5%.

Hemodynamic data and plasma levels of biomarkers are 
expressed as the median value (range, minimum-maximum). 
To determine the difference in the baseline characteristics 
and hemodynamic data between two groups, data were 
analyzed using the Mann-Whitney U tests. To compare 
plasma levels of biomarkers over time within each group and 
differences between groups, a repeated measures analysis 
of variance was used. Significance was defined by P<0.05. 
All statistical analysis was performed with the Statistical 
Package for the Social Sciences (SPSS) version 22.0 
(IBM SPSS Statistics for Windows; IBM Corp, Armonk,  
NY, USA).

Results

Baseline characteristics

The median weight of the pigs was 41.0 kg (range, 35.6–
46.0 kg) in the cECMO group, and 42.0 kg (range, 34.3–
45.0 kg) in the pECMO group; there was no significant 
difference in weight between the two groups. The flow 
through the ascending aorta before ECMO treatment 
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used to set the ECMO flow rate was also not significantly 
different between the two groups (Table 1). All eight pigs 
survived the 6-hour ECMO treatment.

Hemodynamic changes

Increasing the volume of the plasma solution were used 
to support animal blood pressure without medication. 
Hemodynamic data were not significantly different between 
the two groups before ECMO treatment (Table 2). Both 
MAP and EEP were significantly higher in the pECMO 
group compared to the cECMO group at 1 and 3 hours. 
MAF was significantly higher in the pECMO group during 
the entire 6-hour treatment period. SHE was significantly 
higher at 1 and 6 hours in the pECMO group (Figure 1, 
Table 3). 

Brain biomarkers (S100B, GFAP, NSE) and 
proinflammatory cytokine (IL-6)

There was no statistical difference in plasma levels of 
biomarkers (S100B, GFAP, NSE) or IL-6 between the 
cECMO and the pECMO group during the 6-hour 
treatment period, nor were any statistical changes observed 
over time in either group (Figure 2).

Discussion

Previous studies have reported the effects of ECMO on 
various organs, including the brain. Short et al. reported a 
decrease in the autoregulation of cerebral blood flow and 
cerebral oxygen consumption in the V-A ECMO group 
compared to the non-ECMO group in newborn lambs (13).  
Hunter et al. showed as much as a 25% decrease in 
cerebral blood flow with V-A ECMO compared to V-V 
ECMO by measuring temporal lobe perfusion with laser 
Doppler flowmetry (14). Liem et al. used near-infrared 
spectrophotometry and observed a decrease in cerebral 
oxygenation after ECMO in 24 neonates who underwent 
carotid artery ligation (15).

This study showed a significantly higher MAP and 
EEP at 1 and 3 hours, higher MAF during all 6 hours, 
and higher SHE at 1 and 6 hours in the pECMO group. 
These results could be due to the non-pulsatile reverse 
flow from pECMO meeting the pulsatile forward flow 
from the left ventricle near the aortic arch; this could 
result in greater flow through the brachiocephalic artery 
compared to cECMO. In contrast, with central ECMO, 
non-pulsatile flow meets the pulsatile forward flow from 
the left ventricle, which leads to greater flow through the 
descending aorta than through the brachiocephalic artery. 

Table 1 Characteristics of swine 

Characteristics cECMO (n=4), median (range) pECMO (n=4), median (range) P

Weight (kg) 41.0 (35.6–46.0) 42.0 (34.3–45.0) 0.234

Ascending aorta mean flow (L/min) 2.37 (1.8–2.43) 2.63 (2.26–3.2) 0.083

Hematocrit (%)

Before ECMO 27.35 (24.00–29.80) 26.50 (19.00–32.40) 0.965

After 6 h ECMO 24.90 (20.70–27.00) 23.35 (19.20–26.70) 0.772

cECMO, central ECMO group; pECMO, peripheral ECMO group.

Table 2 Hemodynamic parameters prior to ECMO treatment

Hemodynamic parameters cECMO, median (range) pECMO, median (range) P

MAP (mmHg) 59.86 (52.30–69.78) 50.52 (46.12–55.81) 0.083

MAF (L/min) 0.58 (0.44–0.70) 0.80 (0.41–1.02) 0.248

EEP (mmHg) 61.43 (54.60–73.63) 56.20 (51.04–61.31) 0.386

SHE (ergs/cm3) 2,118.32 (1,651.42–5,119.95) 5,261.74 (2,257.30–16,237.14) 0.149

cECMO, central ECMO group; pECMO, peripheral ECMO group; MAP, mean arterial pressure; MAF, mean arterial flow; EEP, energy  
equivalent pressure; SHE, surplus hemodynamic energy.
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Figure 1 Comparison of hemodynamic parameters between cECMO and pECMO. Each line graph represents the median level of each 
hemodynamic parameter with minimal and maximal data. Between the two groups at each hour, *P<0.05. cECMO, central ECMO group; 
pECMO, peripheral ECMO group; MAP, mean arterial pressure; MAF, mean arterial flow; EEP, energy equivalent pressure; SHE, surplus 
hemodynamic energy.
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Kaufmann et al. measured the velocity of pulsatile flow from 
the left ventricle and non-pulsatile flow from a cannula in 
the ascending aorta transmitted through a cannula to the 
carotid artery using computational fluid dynamics (CFD) 
and particle image velocimetry in a silicone model. With 
both methods, they observed a decrease in flow velocity 
in the carotid artery and an increase flow velocity in the 
descending aorta upon insertion of the cannula. This 
phenomenon was attributed to skewing of the direction 
of the cannula jet toward the descending aorta (16). Gu 
et al. used a CFD simulation and reported a higher flow 
rate and lower wall shear stress in the carotid artery with 
pECMO than with cECMO due to greater flow in the 
direction of the carotid artery (17). In our study, we also 
confirmed greater blood flow to the brain in the pECMO 
group compared to the cECMO group, as measured in the 
brachiocephalic artery. 

We chose S100B, GFAP, and NSE as biomarkers for 

brain damage. S100B and GFAP are proteins that are 
mostly present in high concentration in glial cells (18,19). 
S100B protein, has been proposed as a well-established 
marker of brain damage and death, since elevated S100B 
concentrations in different biological fluids have been found 
in adults, infants, and fetuses at risk for brain damage (20). 
Bembea et al. measured plasma GFAP levels in patients 
on ECMO at 6, 12, and 24 hours after cannula insertion, 
and then every day until the end of ECMO; they reported 
a significantly higher level of GFAP in patients with new-
onset brain damage (9). Chen et al. measured S100B 
and NSE as markers of brain damage in patients on V-V 
ECMO versus controls over 24 hours, but they did not find 
a statistically significant difference in S100B and NSE levels 
in the V-V ECMO group (3). There have also been studies 
looking at IL-6, a proinflammatory cytokine, in patients 
with brain damage. Ferreira et al. observed that patients 
with traumatic brain injury showed significantly higher 
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Table 3 Hemodynamic data during 6-hour ECMO treatment

Hemodynamic data Hour cECMO (n=4), median (range) pECMO (n=4), median (range) P

MAP (mmHg) 1* 67.54 (54.87–78.16) 72.91 (58.31–90.73) 0.046*

2 68.94 (52.49–99.06) 74.57 (63.61–83.92) 0.248

3* 64.64 (46.51–80.06) 76.27 (66.47–84.75) 0.016*

4 68.06 (48.16–75.78) 73.44 (58.90–86.09) 0.248

5 73.91 (47.08–76.03) 74.33 (58.63–98.04) 0.208

6 61.11 (45.18–84.76) 74.24 (58.36–88.24) 0.203

MAF (L/min) 1* 0.79 (0.73–1.25) 1.47 (0.75–1.94) 0.016*

2* 0.79 (0.67–1.03) 1.34 (0.99–1.67) 0.005*

3* 0.85 (0.73–0.93) 1.41 (0.95–1.60) 0.001*

4* 0.86 (0.56–0.97) 1.38 (1.01–1.57) 0.001*

5* 0.79 (0.62–1.09) 1.41 (1.00–1.78) 0.002*

6* 0.75 (0.63–1.09) 1.43 (1.00–1.61) 0.003*

EEP (mmHg) 1* 67.89 (55.28–78.62) 73.69 (60.32–91.25) 0.036*

2 69.26 (52.83–99.78) 75.98 (63.84–84.82) 0.248

3* 66.24 (47.27–80.48) 76.62 (68.26–85.60) 0.021*

4 68.06 (48.71–75.94) 73.67 (59.61–86.29) 0.208

5 74.07 (47.59–76.26) 74.69 (59.57–98.60) 0.172

6 61.31 (45.64–85.19) 74.63 (59.03–88.77) 0.203

SHE (erg/cm3) 1* 620.61 (351.87–1,022.17) 1,182.66 (432.44–2,998.66) 0.036*

2 465.56 (333.54–1,349.11) 884.47 (305.11–3,400.48) 0.600

3 743.82 (291.30–1,060.10) 727.42 (148.78–2,935.87) 0.916

4 304.11 (10.90–859.78) 694.53 (100.35–1,433.80) 0.141

5 266.60 (140.62–681.11) 675.64 (288.57–1,246.14) 0.059

6* 288.74 (201.83–612.09) 666.38 (139.77–1,114.11) 0.049*

Between the two groups at each hour, *P<0.05. cECMO, central ECMO group; pECMO, peripheral ECMO group; MAP, mean arterial  
pressure; MAF, mean arterial flow; EEP, energy equivalent pressure; SHE, surplus hemodynamic energy. 

IL-6 levels 1 day after admission to the intensive care unit 
compared to healthy subjects (21). Chen et al. also reported 
a statistically significant increase in plasma IL-6 levels  
2 hours after initiation of V-V ECMO (3).

We speculated that V-A ECMO would cause more 
significant brain damage than V-V ECMO due to 
the loss of autoregulation, as the brain would then be 
supplied directly by non-pulsatile flow. The results of 
this study did not, however, show a significant increase 
in the plasma levels of S100B, GFAP, NSE, or IL-6 over 
time on V-A ECMO or a significant difference in any of 

these markers based on the site of cannula insertion. It is 
difficult to conclude no significant difference in extent of 
brain damage depending on the site of cannula insertion. 
Given that previous studies reported increasing markers 
of brain injury during 24 hours or longer (3,8,9), 6 hours 
of ECMO in this study were insufficient to observe a 
rise in brain damage markers. However, considering 
limitations of a longer-term experimental model such 
as hemorrhage, maintenance of blood pressure, and 
dilution of brain damage markers from continuous fluid 
resuscitation, it may be difficult to render an objective 
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relationship using animal models. Limitations of this 
study are as follows. First, analysis was non-parametric 
due to limited number of subjects. Although differences 
in levels of hemodynamic markers were statistically 
insignificant, most markers were higher in the peripheral 
ECMO group. It is possible this difference will reveal 
greater statistical significance with a greater number of 
subjects. Second, as mentioned above, it is difficult to 
predict the difference in extent of brain damage between 
two subject groups over a lengthier period of time because 
the rise in plasma markers of brain damage were not 
observed in this briefer 6-hour experimental model. Chen  
et al. failed to observe a rise in levels of brain damage 
markers  after  24 hours  of  VV ECMO. However, 
they demonstrated that mRNA expression of IL-6, a 
proinflammatory cytokine, significantly upregulated in 
brain tissue (3). It is assumed that expression of such 
proinflammatory cytokines will subsequently cause 

damage to brain tissue. So, a significant rise in brain 
damage markers would be observed with a lengthier 
observation. Third, this study was conducted using healthy 
porcine subjects and cannot be directly applied to clinical 
settings, as ECMO is usually initiated on patients with left 
ventricular pathology or pulmonary compromise.

Conclusions

The hemodynamic data during ECMO management 
showed that pECMO achieved superior results compared 
with cECMO. However, 6-hour ECMO treatment did 
not increase brain injury markers with either pECMO or 
cECMO. 
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