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Background: COVID-19 is still a worldwide pandemic and extracorporeal membrane
oxygenation (ECMO) is vital for extremely critical COVID-19 patients. Pulsatile flow
impacts greatly on organ function and microcirculation, however, the effects of pulsatile
flow on hemodynamics and inflammatory responses during ECMO are unknown. An in vivo
study was launched aiming at comparing the two perfusion modes in ECMO.

Methods: Fourteen beagles were randomly allocated into two groups: the pulsatile group
(n=7) and the non-pulsatile group (n=7). ECMO was conducted using the i-Cor system for 24
hours. Hemodynamic parameters including surplus hemodynamic energy (SHE), energy
equivalent pressure (EEP), oxygenator pressure drop (OPD), and circuit pressure drop
(CPD) were monitored. To assess inflammatory responses during ECMO, levels of tumor
necrosis factor-o (TNF-a), interleukin-1f (IL-1B), IL-6, IL-8, and transforming growth
factor-p1 (TGF-B1) were measured.

Results: EEP and SHE were markedly higher in pulsatile circuits when compared with the
conventional circuits. Between-group differences in both OPD and CPD reached statistical
significance. Significant decreases in TNF-a were seen in animals treated with pulsatile flows at
2 hours, 12 hours, and 24 hours as well as a decrease in IL-1f at 24 hours during ECMO. The
TGF-B1 levels were significantly higher in pulsatile circuits from 2 hours to 24 hours. The
changes in IL-6 and IL-8 levels were insignificant.

Conclusion: The modification of pulsatility in ECMO generates more hemodynamic energies
and attenuates inflammatory responses as compared to the conventional non-pulsatile ECMO.
Keywords: pulsatile flow, extracorporeal membrane oxygenation, inflammatory response,
COVID-19

Introduction

COVID-19, caused by the SARS-CoV-2 outbreak at the end of 2019, is still
a worldwide pandemic and has infected more than 11 billion people. Most
COVID-19 patients manifest moderate symptoms and recover rapidly, however,
approximately 14% of COVID-19 patients develop severe respiratory failure,'
which requires mechanical ventilation or even extracorporeal membrane oxygena-
tion (ECMO) support, with relatively high mortality.> ECMO serves as
a life-supporting method and is essentially important in managing those lethal
COVID-19 cases,” yet the overall survival rate for extracorporeal life support
progresses slowly over the years.* One important reason for this tardiness is the
imperfection of ECMO components, for which technical optimization is imperative.
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Flow pattern (pulsatile or non-pulsatile) may influ-
ence greatly on vital organ function during mechanical
circulatory support.”® It has been reported that pulsatile
perfusion during extracorporeal circulation lowers the
rate of in-hospital mortality in patients undergoing
open-heart surgeries as compared with non-pulsatile
perfusion.” It has been broadly acknowledged that pul-
satile flow in mechanical circulatory support offers bio-
mimetic hemodynamic energy to more effectively
maintain microcirculation,® like energy equivalent pres-
sure (EEP) and surplus hemodynamic energy (SHE).”
Moreover, studies on tissue microcirculation have con-
firmed that pulsatile flow alleviates systemic inflamma-
tory responses,” and we had proved previously that
pulsatile perfusion also improves vascular oxidative sta-
tus as it upregulates the expression of nitric oxide.”
However, there is no pulsatile ECMO device feasible
for patients and how pulsatile flow affects inflammatory
responses during ECMO remains unknown.

Unlike the cardiopulmonary bypass, ECMO is a longer
life-supporting system for which enhanced surplus energy
to microcirculation may be more necessary. Therefore,
translational studies are essential to determine the safety,
efficacy, and potential benefits of pulsatile flow in ECMO.
Undar's group constructed a pulsatile in-vitro ECMO,
which

microcirculation.'® The i-Cor system, a product from the
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switching of both continuous non-pulsatile flow and pul-
satile flow.'"'* We had recently established an investi-
gated ECMO circuit comprised of the i-Cor diagonal
pump, a membrane oxygenator, and the tubing sets in
animal models. An in vivo study was launched to compare
the effects on hemodynamics and inflammatory responses
between non-pulsatile flow and pulsatile flow in ECMO.

Methods

Ethical approval (Reference number: SYSU-IACUC-
2020-B0402) was obtained before the study was carried
out. The Institutional Animal Care and Use Committee of
Sun Yat-sen Memorial Hospital approved our experimen-
tal protocol, which was made according to the Guide for
the Care and Use of Laboratory Animals, revised and
established in 1985 by the National Institute of Health of
the United States. This study was reported in compliance
with the ARRIVE guidelines 2.0."

ECMO Circuit Setup

As shown in Figure 1, the experimental ECMO circuit was
composed of the i-Cor system (Xenious AG, Heilbronn,
Germany), including a console and an i-Cor diagonal pump,
the Medos Hilite 2400LT membrane oxygenator (Medos
Medizintechnik AG, Stolberg, Germany), and the ECMO
tubing sets. The oxygen (O,)/airflow was maintained in the
ranges of arterial partial pressure of oxygen (PaO,) from 10.0
kilopascal (kPa) to 16.0 kPa, and arterial partial pressure of
carbon dioxide (PaCO,) from 4.0 kPa to 6.0 kPa, respectively,

Pressure monitor

Heat-cooler unit
[vos]

e ~ )

i <>
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i-Cor Diagonal pump

Figure | The investigated V-A ECMO circuits.
Abbreviation: V-A ECMO, venous-arterial extracorporeal membrane oxygenation.
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as suggested elsewhere.'” The blood flow rate was initiated at
1 liter/minute (L/min) before ECMO commencement.
Switching of pulsatile or non-pulsatile flow can be done by
the i-Cor system with a fixed blood flow rate. Adjustment of
the pump rotation speed can be triggered by the electrocardio-
gram (ECG), according to which pulsatile flows were running
in a parallel manner (1:1) on condition that heart rates stayed
below 100 beats/min. Intravenous verapamil (1.5 mg) was
used if tachycardia (heart rate higher than 120 beats/min)
occurred to maintain the parallel pulsatile flow.

Animal Models and Surgery

Fourteen beagles weighing 9.5 kg to 10.5 kg were prepared
for experiments and were purchased from the Laboratory
of the South Medical
(Guangzhou, China). Propofol (2.0 mg/kg intravenous),

Animal Center University
pentobarbital (30.0 mg/kg intravenous), and morphine
(0.1 mg/kg intravenous) were pre-medicated for inducing
general anesthesia. Each animal was then orotracheally
intubated in a supine position, with isoflurane (0.5% to
2.0%) inhaled and fentanyl (150 pg/kg, intravenous) admi-
nistered to maintain anesthesia intra-operatively. A cervical
incision was made, with the right internal jugular vein
(RIJV) and right common carotid artery (RCCA) carefully
dissected. An initial bolus (100 U/kg) of unfractionated
heparin was used before cannulation. An activated clotting
time (ACT) from 180 to 240 seconds was held and regu-
larly supervised in each experimental circuit. The mainte-
nance dose of heparin was 10 to 50 U/kg/hour. We
smoothly cannulated the RCCA and RIJV with the
6-French (Fr) and 8-Fr (Medtronic
Minneapolis, MN, USA), respectively. To
a cardiac output above 80 mL/kg/min, all venous-arterial

cannulas Inc.,

achieve

(V-A) ECMO circuits were maintained with a pump flow
rate ranging from 80 to 100 mL/kg/min and with a pump
speed from 2500 to 3000 RPM during the experiment. After
a-24-hour-observation, the circuit was weaned off and the
cannulas were removed. The animals were then extubated
with stable hemodynamics.

Hemodynamic Assessment
Flow rate and pressures were measured by flow sensors
and pressure transducers. At each experiment, pressure
drops were calculated by the following formulas as sug-
gested by Undar's group:'’

Oxygenator pressure drop (OPD)=pre-oxygenator pres-
sure — post-oxygenator pressure;

Circuit pressure drop (CPD)=pre-oxygenator pressure —
pre-clamp pressure.

Shepard’s principle was applied to quantitatively esti-
mate the hemodynamic energies induced by pulsatile flow
as we described previously,” and these parameters were
calculated:

EEP=[Qpdt/[Qdt, where Q represents the blood flow
(mL/second), p stands for the instant arterial pressure
(mmHg), and t is the time (second);

SHE=1332 (EEP — MAP) (ergs/cm’), where mean
arterial pressure is abbreviated as MAP.

Blood Chemistry and Cytokine

Measurements

Blood samples were drawn before surgery and at differ-
ent time-points after ECMO. Blood cell count, lactic
acid level, and ACT were detected routinely, while
arterial blood gas was determined by the i-STAT analy-
zer. Blood samples were collected and injected into the
Ethylene Diamine Tetraacetic Acid (EDTA) anticoagu-
lant tube. These specimens were then centrifuged at
4000 revolutions per minute (RPM) at 4 degrees centi-
grade for 10 min and the plasma was accrued. We
processed each sample within 4 hours after collection.
Cytokines were measured at baseline, 2 hours, 6 hours,
12 hours, and 24 hours during ECMO, using the
enzyme-linked immunosorbent assay (ELISA). ELISA
kits for plasma free hemoglobin (PFH), tissue growth
factor-f1 (TGF-B1), human tumor necrosis factor-alpha
(TNF-a), interleukin-1B (IL-1B), IL-6, and IL-8 (BD
Biosciences, San Jose, CA, USA) were used based on
their instructions.

Statistics

We carried out statistical analyses with version 16.0 of the
IBM SPSS Statistics software (SPSS Inc., Chicago, IL,
USA). Each continuous variable in this study was
expressed in terms of meantstandard deviation (SD). To
estimate between-group differences, the Student’s #-test, as
well as the Tukey-Kremer procedure was applied. The
central comparison was the group (pulsatile versus non-
pulsatile), based on the assumption that between-group
alterations in hemodynamics and cytokines were similar.
To compare between-group differences over time, the
multiple linear regression model was used, with repeated
measures analysis of variance (ANOVA) applied to man-
age these data, which were cytokine levels at different
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time-points in different groups. Each hypothesis in this
study was two-sided and p-values below 0.05 were
deemed as a level of statistical significance.

Results

Perioperative Data and Complications
Each animal was managed with a 10% Glucose solution of
200 mL and 200 mL normal saline during ECMO. No
blood transfusion was received. No continuous vasopres-
sors and inotropes were used during the experiment. The
systolic pressure was maintained from 45 to 80 mmHg,
with a heart rate ranging from 70 to 110 beats/min. The
ventilation was supported with tidal volume at 8 mL/kg
perioperatively, and a respiratory rate of 30 breaths/min
was preserved under positive end-expiratory pressure of
4 cm H,O0.

All circuits went smoothly within 24 hours. No pre-
mature termination of the ECMO circuit occurred in our
study. No hemorrhagic complication was noted. In terms
of hemodynamic complications, most circuits went
smoothly, except for two cases of hypotension (systolic
pressure below 20 mmHg) in the pulsatile group, and they
were easily reversed by phenylephrine shots. One case in
the non-pulsatile group had supraventricular tachycardia
intermittently during ECMO, and it was properly managed
by propranolol. Inadequate anticoagulation was observed
in one animal in the pulsatile group, and the target ACT
was obtained with additional heparin added. As no clots
were identified in this circuit, this case was still included
in data analyses.

Hematological Parameters

Baseline hematological parameters between groups were
similar (Table 1). ACT levels and hematocrit were similar
between the two groups during ECMO. Lactic acid
values slightly increased in both groups, however, no
significant between-group difference was observed.
There were decreases over time regarding the level of
hemoglobin and platelets, on the contrary, the white
blood cell records raised during ECMO. Nonetheless,
marked between-group differences were absent in terms
of main blood components.

There were no statistically remarkable between-
group alterations demonstrated concerning the white
blood cell subpopulations, however, the neutrophil pro-
portion was modestly higher in conventional circuits
when compared with pulsatile circuits after 24 hours of

Table | Hematological Variables of the Experimental ECMO
Circuits
Non-Pulsatile Pulsatile p value
Group (n=7) Group (n=7)

Activated clotting time (s)

Baseline / / /

24 hr ECMO 242.3+23.8 228.9+21.1 0.33
Hematocrit (%)

Baseline 35.6x16.5 29.9+20.4 0.09

24 hr ECMO 26.249.7 22.0+£8.6 0.08
Lactic Acid (mmol/L)

Baseline 0.60.1 0.50.1 0.54

24 hr ECMO 1.74£0.8 1.9+ 0.19
Hemoglobin (g/L)

Baseline 92.0£32.6 102.5+26.3 0.07

24 hr ECMO 73.4£19.3 68.8+28.7 0.23
Total white blood cell
count (*10°/L)

Baseline 9.7+3.4 10.1£3.5 0.45

24 hr ECMO 11.3+4.2 12.9+5.5 0.1
Neutrophil count (*10°/L)

Baseline 5.0£2.6 4.8+24 0.69

24 hr ECMO 7.9%3.9 8.0%3.1 0.71
Lymphocyte count (*10°/L)

Baseline 33+1.8 3.9+0.6 0.38

24 hr ECMO 2.0+1.3 2.7+1.9 0.26
Monocyte count (*10°/L)

Baseline 0.9+0.4 0.8+0.5 0.82

24 hr ECMO 1.1£0.5 1.8+£0.7 0.31
Eosinophil count (*10°/L)

Baseline 0.40.1 0.4+0.2 0.87

24 hr ECMO 0.2+0.07 0.3+0.09 0.15
Basophil count (*10°/L)

Baseline 0.1+0.04 0.2+0.08 0.08

24 hr ECMO 0.1+0.03 0.1+0.02 0.73
Platelet count (*10°/L)

Baseline 152.2432.6 147.5+40.1 0.28

24 hr ECMO 101.3+40.7 118.9+45.4 0.2
Plasma free hemoglobin
(mgl/L)

Baseline / / /

24 hr ECMO 76.4£39.3 92.0+55.1 0.06

Abbreviation: ECMO, extracorporeal membrane oxygenation.

observation (69.9% versus 62.0%). Plasma free hemo-
globins presented a remarkable increase in pulsatile
circuits after 24 hours comparing non-pulsatile circuits,
however, statistical significance was not reached (92.0
+55.1 mg/L versus 76.4+£39.3, p=0.06).
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Table 2 Hemodynamic Data of the Experimental ECMO Circuits

Group MAP (mmHg) | EEP (mmHg) | SHE (ergs/cm®)
NP-ECMO 45.9+4.5 47.1£55 1602.4£720.3
P-ECMO 45.7+6.0 64.417.7* 25,308.6+3569.5%

Notes: *p<0.05, pulsatility versus non-pulsatility; *p<0.01, pulsatility versus non-
pulsatility.

Abbreviations: MAP, mean arterial pressure; EEP, energy equivalent pressure;
SHE, surplus hemodynamic energy; NP, non-pulsatile; P, pulsatile; ECMO, extracor-
poreal membrane oxygenation.

Hemodynamic Variables

The alterations of MAPs were similar between the two
groups, but higher levels of EEP were noted in animals
under pulsatile circuits, where the EEPs were significantly
higher than MAPs (Table 2, Figure 2A). The pulsatile
circuits had significantly higher OPD and CPD than did
the conventional circuits (Figure 2B). For the hemody-
namic energy, more SHE was produced by the pulsatile
flow than by the non-pulsatile flow according to Shepard’s
model (Table 2).

Cytokines

Blood concentrations of biomarkers associated with pro-
inflammatory and anti-inflammatory responses were illu-
strated in Table 3. Significant decreases in TNF-a were
seen in pulsatile flow at 2 hours, 12 hours, and 24 hours
during ECMO. There was also a decrease in IL-1B in the
pulsatility-treated circuits at 24 hours. TGF-B1, an anti-
inflammatory factor, was significantly higher in animals
exposed to pulsatile flow from 2 hours during ECMO than
in animals exposed to non-pulsatile flow. No remarkable
alterations were noted in other pro-inflammatory biomar-
kers, including IL-6 and IL-8.

A Hemodynamic pressures
80 #
l_-_|[__ mm MAP
60 = EEP
£
€ 40
£
20
0- T T
P-ECMO NP-ECMO

Discussion

In the present work, the investigated ECMO circuits were
categorized into the pulsatile or non-pulsatile mode. We
have shown that pulsatility generates more hemodynamic
energies and alleviates inflammatory responses during
ECMO. The pulsatile ECMO has apparent benefits in
hemodynamics in that pulsatility provides extra-energy
effects and pulse stimulus.

The initiation of ECMO is relevant to prompt activation
of inflammatory responses. Hence, the establishment of
ECMO in critically ill COVID-19 patients may complicate
the situation of septic shock and multiple organ failure, for
which hyperinflammatory state and evident elevation of
cytokines are common.'*'® The mechanisms for ECMO-
induced inflammation involve the blood-device interaction,
triggering the immune system. Cytokines and chemokines
are all crucial to this pathophysiology and are associated
with clinical outcomes during ECMO.'”'® On the other
hand, microcirculatory malperfusion by the non-physiologic
flow also results in the accumulation of inflammatory med-
iators. Our findings are consistent with other studies,'®*
and the pulsatile circuits had constantly higher EEPs and
SHEs, which are vital to the microcirculatory perfusion.
With the augmentation for microcirculation perfusion, the
hyperinflammatory state is thus improved. Using an ex-vivo
model, Wang et al’' found no alterations were presented
regarding pro-inflammatory cytokines among the investi-
gated group. An explanation for these conflicting results is
the huge disparities between interactions on the “silent”
blood components and impacts on the “active” immune
system in different investigated models.

There are some other advantages which have been sug-
gested by other researchers. Ostadal’s group'> compared the

B Pressure drops
40
Hm P-ECMO
30- —— I NP-ECMO
=°:7 *
€204 I 1
E
10 ﬂ
0- T
OPD CPD

Figure 2 Comparisons of hemodynamic pressures (A) and pressure drops (B) in the investigated ECMO circuits.
Notes: *p<0.05, pulsatility versus non-pulsatility; *p<0.01, pulsatility versus non-pulsatility.
Abbreviations: NP, non-pulsatile; P, pulsatile; ECMO, extracorporeal membrane oxygenation; OPD, oxygenator pressure drop; CPD, circuit pressure drop; MAP, mean

arterial pressure; EEP, energy equivalent pressure; SHE, surplus hemodynamic energy.
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Table 3 Cytokines Changes in the ECMO Circuits

Time-Points Groups TNF-a (pg/mL) IL-1B (pg/mL) IL-6 (pg/mL) IL-8 (pg/mL) TGF-B1 (pg/mL)
Baseline NP-ECMO 1.0£0.2 0.4+0.1 0.0+0.0 0.0+0.0 2106.7+312.6
P-ECMO 1.1£0.3 0.3+0.1 0.0+0.0 0.0+0.0 1923.6+234.4
Start of ECMO NP-ECMO 6.5+2.6 0.3+0.1 1.0£0.3 8.8+2.4 2312.0£211.7
P-ECMO 74%3.9 0.6+0.3 I.1£0.5 11.0£6.0 2045.8+294.3
ECMO 2hr NP-ECMO 14.7+6.4 3.5+0.5 12.0£3.2 26.5+7.4 2516.6+328.6
P-ECMO 8.0+4.2* 4.6x1.7 12.3+£5.7 23.3+7.2 4854.5+621.8"
ECMO 6hr NP-ECMO 91.6+35.8 14.0+4.4 88.9+40.6 65.8+18.5 3431.3+764.1
P-ECMO 80.3+48.1 12.3+6.8 70.6142.1 61.1+£36.6 8674.1£1010.2%
ECMO I2hr NP-ECMO 123.5+43.3 26.1+7.5 300.2+96.6 164.4+32.7 3708.2+886.5
P-ECMO 90.0+41.9* 20.4£10.0 286.8+102.9 134.6£72.3 10,352.4+2456.3%
ECMO 24hr NP-ECMO 141.1+65.0 31.7¢7.9 457.7+180.4 192.7£77.7 4521.4+1024.4
P-ECMO 97.5+£38.7% 21.2+6.6* 394.5+204.5 175.3£82.1 13,840.0+2277.8*

Notes: *p<0.05, pulsatility versus non-pulsatility; *p<0.01, pulsatility versus non-pulsatility.
Abbreviations: NP, non-pulsatile; P, pulsatile; ECMO, extracorporeal membrane oxygenation; TNF, tumor necrosis factor; IL, interleukin; TGF, tissue growing factor.

two modes of perfusion in porcine models of cardiogenic
shock, and they found that the pulsatile flow preserved left
ventricular function by elevating the coronary blood flow.
Their system was electrocardiogram-synchronized, allowing
for pulsatility during diastole, which was analogous to the
concept of an intra-aortic balloon pump (IABP). Focusing on
inflammatory responses related to ECMO, we used relatively
healthy animals rather than animals with compromised heart
or lung function, which might introduce biases. Other inves-
tigators also revealed that ECMO under pulsatile mode
reduces priming volume and is associated with lower risks
for tubing rupture, spallation, leakage, and embolization. '

The provision of pulsatility in the centrifugal pump and
roller pump is typically difficult. Relatively few diagonal
pumps are available. The i-Cor system was overall friendly
to use. It had no difficulty in priming and switched conveni-
ently between the continuous and pulsatile flow. Of note,
a constant flow rate is recommended to keep the same flow
rate if you switch continuous flow to pulsatile flow. Pressures at
the outlet should be supervised and alerts should be taken for
clots, leakage, and cannula kinking or migration. Cannulas
must be secured to avoid bleeding around the insertion site,
particularly in the pulsatile flow which slight shaking of the
cannula will frequently take place. If tachycardia (heart rate
above 150 beats/minute) is confronted, switching the 1:1
assisting mode to 1:2 will bring about better pulsatility, similar
to the IABP protocols. Other recent examples that generate
pulsatility for ECMO were the Medos Deltastream DP3 sys-
tem (Medos Medizintechnik AG, USA)'® and the K-Beat
system designed by Inamori’s group.*

The in vivo nature of our work surely presents certain
limitations. Only healthy animals on ECMO for a relatively
short duration were investigated. Hence, neither changes in
cytokine levels in bronchoalveolar lavage, nor lung histolo-
gical injuries were evaluated. Given the relatively small body
weight of the experimental animals to model the pathophy-
siology of ECMO in infants, our data should still be validated
in larger animal models. The pathophysiology of inflamma-
tion is a complicated process, involving an army of cytokines
and chemokines, however, only a limited number of these
biomarkers were measured in the present study. The investi-
gators were non-blinded to the presence of pulsatility in this
study. All these limitations prevent us from modeling inflam-
matory changes in real-world practice. Nevertheless, the
hemodynamics, as well as ECMO-induced inflammation is
easily neglected by clinicians, hence, translational investiga-
tions from bench to bedside are required.

The molecular mechanisms for pulsatile flow are still
poorly acknowledged. Previously we also launched
a bioinformatics analysis to figure out some underlying
mechanisms for the pulsatility in ventricular assisting devices
at the molecular level, and five hub genes strongly relevant to
inflammation were identified, including CCL2, CX3CRI1,
CD163, TLR7, and SERPINE1.2 Prospective studies should
assess more thoroughly how pulsatile flow acts on genetics.
The inflammation activation is also closely interrelated with
other pathophysiological processes like endothelial activa-
tion, coagulation, trauma, and so on. How pulsatility impacts
these pathophysiological processes is still unclear and merits
further investigations. Overall, future ECMO design will
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require an option of pulsatility. Either patients with cardio-
genic shock or patients with severe COVID-19 usually
receive ECMO for weeks or even months, a device allowing
for more effective microcirculatory perfusion with less
inflammatory responses is therefore optimal. These are cru-
cial as ECMO techniques progress and become especially
imperative amid the COVID-19 pandemic.

Conclusion

The i-Cor system is feasible to generate biomimetic pulsa-
tile flow in our animal models on V-A ECMO. Most circuits
went uneventfully, except for two cases of hypotension in
the pulsatile group. Our findings demonstrated that the
pulsatile modification in ECMO generates higher hemody-
namic energies including SHE and EEP when compared
with the traditional ECMO. The pulsatile circuits show
declines in TNF-a and IL-1p, together with an increase in
TGF-B1, suggesting that the pulsatility attenuates inflamma-
tory responses during ECMO. Further studies are required
to validate and refresh our results.
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