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Abstract

Background: Venoarterial extracorporeal membrane oxygenation (ECMO) provides
mechanical support for critically ill patients with cardiogenic shock. Typically, the size of the
arterial return cannula is chosen to maximize flow. However, smaller arterial cannulae may
reduce cannula-related complications and be easier to insert. This in vitro study quantified the
hemodynamic effect of different arterial return cannula sizes in a simulated acute heart failure

patient.

Methods: Baseline support levels were simulated with a 17 Fr arterial cannula in an ECMO
circuit attached to a cardiovascular simulator with targeted partial (2.0 L/min ECMO flow, 60-
65 mmHg mean aortic pressure - MAP) and targeted full ECMO support (3.5 L/min ECMO

flow and 70-75 mmHg MAP). Return cannula size was varied (13-21 Fr), and hemodynamics
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were recorded while keeping ECMO pump speed constant and adjusting pump speed to restore

desired support levels.

Results: Minimal differences in hemodynamics were found between cannula sizes in partial
support mode. A maximum pump speed change of +600 rpm was required to reach the support
target and arterial cannula inlet pressure varied from 79 (21 Fr) to 224 mmHg (13 Fr). The 15
Fr arterial cannula could provide the target full ECMO support at the targeted hemodynamics;
however, the 13 Fr cannula could not due to the high resistance associated with the small

diameter.

Conclusions: A 15 Fr arterial return cannula provided targeted partial and full ECMO support
to a simulated acute heart failure patient. Balancing reduced cannula size and ECMO support

level may improve patient outcomes by reducing cannula-related adverse events.

Introduction

Venoarterial extracorporeal membrane oxygenation (ECMO) provides mechanical support for
the heart and lungs during cardiogenic shock and circulatory collapse. Typically, peripheral
ECMO consists of a larger (19-25 Fr) drainage cannula placed percutaneously in the femoral
or jugular vein with the tip in the vena cava or right atrium.! Blood is removed via this cannula
by the ECMO pump, oxygenated externally and returned by a smaller arterial cannula placed
percutaneously, most commonly in the common femoral artery with the tip advanced to the
descending aorta.! The arterial return cannula may cause many adverse events, including
vascular injury and dissection, bleeding, thrombus formation, and distal limb ischemia.?
Vascular injury, bleeding, and lower limb ischemia are among the most frequently occurring

cannula-related adverse events, are associated with in-hospital mortality, and in severe cases,
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may require surgical intervention.’® Bleeding and ischemia have both been reduced by using

smaller arterial return cannulae.®'°

Historically, arterial cannula sizes are chosen to provide high flow (3.5 - 5 L/min) based on the
patient's vessel size.!! However, recent studies have suggested that outcomes can be improved
with smaller cannulae by reducing incidences of bleeding and limb ischemia.>!*!?
Furthermore, opting for a smaller arterial cannula may allow for easier cannulation in the out-
of-hospital setting for extracorporeal cardiopulmonary resuscitation purposes (ECPR) and
remote ECMO retrievals. While benefits have been reported when using smaller ECMO

cannulae, there have only been limited comparisons showing how ECMO arterial return

cannula size affects circuit or patient hemodynamics.'?

This study aimed to quantify the hemodynamic effects of smaller arterial return cannulae
during venoarterial ECMO support. Experiments were conducted to verify the pressure head-
flow (HQ) characteristics of the cannulae and determine the hemodynamic effect of cannula
size in a simulated adult acute heart failure patient under two fixed speeds and adjusted to
provide partial and full ECMO support targets. Hemodynamics of interest were the simulated
mean aortic pressure (MAP), ECMO flow rate, ECMO pump speed, and arterial cannula inlet

pressure.

Methods

ECMO Circuit and Equipment

Based on a typical ECMO circuit at the author's institution, the circuit consisted of a 23 Fr
venous drainage cannula (Ultraflex 97023, Medtronic, Dublin, Ireland) connected to the
ECMO pump inlet (Bio-Medicus 550 Bio-Console with a Rotaflow adaptor and pump head,
Medtronic Inc., Dublin, Ireland) by 200 cm of 3/8" inch (0.95 c¢cm) inner diameter tubing.

Seventy cm of 3/8" inch tubing was used to connect the ECMO pump outlet to the oxygenator,

4

85UB017 SUOWILIOD @A Fe81D) 8|qedjdde ay} Aq peusenob afe e O ‘88N JO SaIn1 10} AR1q1T 8UUO /8|1 UO (SUORIPUOD-PUR-SLLBY/WI0D 8| M AReiq | Ul |Uo//Stiy) SUORIPUOD pue swie 1 84} 88S *[£202/20/6T] uo ArigiTauliuo AB|Im ‘BunogeIN JO AuseAIUN 8Y L Aq 6. TT 10B/TTTT OT/I0P/W00 /8| AReiq Ul |uo//Stny Woiy papeojumoq ‘9 ‘2202 ‘Y6STSZST



which was then connected to the return cannula by a further 200 cm of 3/8" inch tubing.
Arterial return cannulae sizes varied from 13 to 21 Fr and were sourced from two manufacturers
based on availability (HLS, Getinge, Gothenburg, Sweden — 13 and 15 Fr; Bio-Medicus,
Medtronic, Dublin, Ireland — 17, 19, and 21 Fr). In specified experiments, drainage cannula
size was increased to 30 Fr (LV89530, Edwards Lifesciences, CA, USA) to investigate the

effects of the venous drainage cannula size on flow capacity.

The working fluid was a water and glycerol mixture (60%/40% w/w — 3.6 cP), within the
normal range of blood viscosity at 37°C.'* All pressures were acquired by TruWave disposable
pressure sensors (Edwards Lifesciences, CA, USA), while flow rates were acquired by
ultrasonic flow rate sensors (ECMO flow — 9PXL with TS410 Flow Meter, Transonic Inc, NY,
USA; cardiac output — SonoTT with Digiflow EXT flow meter; em-tec GmbH, Finning,
Germany). All data was acquired by a dSPACE 1202 MicroLabBox (dSPACE GmbH,

Paderborn, Germany) at 200 Hz.
Pressure Head-Flow Characteristics

A simple circuit was created to evaluate the HQ (pressure head-flow) characteristics of each
return cannulae size (Figure 1 - A). The 23 Fr drainage cannula was placed in a tank of
water/glycerol solution and secured to prevent occlusion of the drainage holes. The return
cannula was secured to the top of the tank (in air) horizontally to ensure all flow returned to
the tank with no gravitational effects. One pressure sensor was located at the arterial return
cannula sidearm Luer port (arterial cannula inlet pressure), and another was exposed to
atmosphere at the same height as the return cannula outlet (arterial cannula tip pressure).
Pressure sensors were zeroed to atmosphere, and the ECMO pump was turned on. Pump speed
was increased from 1000 to 4000 rpm in 200 rpm steps to generate a range of pressure head

(the difference between arterial cannula inlet pressure and atmospheric pressure readings) and
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ECMO flow rate values. These values were then extracted and fitted to a third-order polynomial

function for plotting.
Hemodynamic Experiments

A mechanical cardiovascular simulator (mock circulatory loop - MCL) was used to evaluate
the effect of arterial return and venous drainage cannula size on different hemodynamics. The
MCL is a five-element Windkessel model and includes lumped pulmonary and systemic
circulations, a Frank-Starling mechanism, and auto-regulated vascular resistances. The MCL
is described in detail elsewhere.!> The 23 Fr drainage cannula was connected to the MCL's
right atrium, and the return cannulae were connected to the MCL's descending aorta after the
compliance chamber (Figure 1 — B). Pulmonary vascular resistance and heart rate were
maintained at 250 dyne-s'cm™ and 80 beats per minute throughout. The MCL was set to
simulate a patient in acute left-sided heart failure without right ventricular involvement (as
might occur in myocardial infarction), with a MAP of 67 mmHg, a cardiac output of 1.6 L/min,
left and right atrial pressures of 16 and 7 mmHg respectively, a mean pulmonary artery pressure
of 22 mmHg, and a systemic vascular resistance of 2800 dyne-s-cm™.!® The 17 Fr arterial return
cannula was used to establish the baseline supported condition and restored hemodynamics to
the desired level under targeted partial support (2.0 L/min ECMO flow, 3.5 L/min total cardiac
output) and full support (3.5 L/min ECMO flow, 4.4 L/min total cardiac output) based on the
authors' institutional practice (Table 1).!' Systemic vascular resistance was reduced from 2800

to 1300 dyne-s-cm™ simulating the use of vasodilators.

Each of the different cannula sizes (13, 15, 19, and 21 Fr) were then used to support the
simulated patient and compared against the 17 Fr baseline at 2600 rpm and 3600 rpm. The
ECMO pump speed was also adjusted for each cannula size until the desired hemodynamics

were achieved (Table 1), and the speed was noted, resulting in N=20 experiments.
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To determine the effect of the venous cannulae on flow restriction, additional experiments were
conducted with a larger venous drainage cannula to determine if a larger drainage cannula
would provide more flow to the smaller arterial return cannulae. Venous drainage cannulae
size was increased from 23 to 30 Fr. The larger drainage cannula was then combined with a
smaller subset of arterial return cannulae of sizes 13, 17, and 21 Fr to find the differences in
the baseline at the extremes. Experiments were again run at two fixed speeds and under targeted

partial and full support resulting in a further N = 12 experiments.

Figure 1: A - Experimental test rig for determining pressure head-flow characteristics of
different sized EMCO arterial return cannulae (return cannula tip is located above the tank in
air). B -Schematic of the mock circulatory loop used to simulate cardiogenic shock.

AOC, PAC, PVC, SVC — aortic and pulmonary arterial, pulmonary and systemic venous
compliance chambers; SQ, PQ, EQ — systemic, pulmonary, and ECMO flow meters; Pump, Ox
— ECMO pump and oxygenator; LA, LV, RA, RV — left and right atria and ventricles; MV, AV,
TV, PV — mitral, aortic, tricuspid and pulmonary valves; SVR, PVR — systemic and pulmonary
vascular resistance pinch valves; ID — inner diameter; Green Circle — arterial cannula inlet
pressure measurement.

Table 1: Baseline cardiogenic shock and target hemodynamic variables for targeted full and
partial extracorporeal membrane oxygenation (ECMO) support. MAP — mean aortic pressure;
SVR - systemic vascular resistance.

Results

Pressure Head-Flow Experiments

Experimental data produced fitted HQ curves for each of the tested cannulae. Experimental
data closely matched data reported in the datasheets for the cannulae, with an additional
pressure drop due to the water/glycerol solution used in the experiments, which has a higher

viscosity than the water used in the datasheets (Figure 2).!”!® The maximum flow through the
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13 Fr cannula was 2.7 L/min with a pressure drop (inlet pressure - tip pressure) greater than
300 mmHg (maximum measurable by the pressure sensors); achieved under the maximum
speed (4470 rpm) of the Bio-Medicus pump used in these experiments. These values can be
used to calculate the pressure drop across a given cannula at a known flow rate when situated

in the MCL.

Figure 2: Pressure head-flow (HQ) curves generated experimentally and compared to data
published in datasheets. '

Hemodynamic Experiments (23 Fr Drainage)

A pump speed of 2600 rpm was found to meet the partial support target with the 17 Fr baseline
cannula, while a pump speed of 3600 rpm provided the full support target; all other cannula
sizes were compared to this baseline. At the set speed of 2600 rpm, there was only an 8 mmHg
difference in MAP and 0.9 L/min in ECMO flow rate between the 21 and 13 Fr cannulae.
Arterial cannula inlet pressure ranged from 89 mmHg (21 Fr) to 150 mmHg (13 Fr) (Table 2).
At the set speed of 3600 rpm, there was a greater difference in MAP (13 mmHg) and ECMO
flow rate (1.7 L/min) between the 21 and 13 Fr cannulae due to the exponential increase in the
cannula HQ characteristics (Table 2). At 3600 rpm, arterial cannula inlet pressure ranged from
132 mmHg (21 Fr) to a supra-physiologic 282 mmHg (13 Fr). Other hemodynamic variables

were unremarkable.
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Table 2: Hemodynamics for different cannula sizes at fixed pump speeds of 2600 rpm and 3600
rpm and following speed adjustment when targeting the specific levels of partial and full
extracorporeal membrane oxygenation (ECMO) support.

ECMOQ - extracorporeal membrane oxygenator flow rate; CO — cardiac output = ECMO flow
+ ventricular output; LAP — left atrial pressure; RAP — right atrial pressure; MAP — mean
aortic pressure; MPAP — mean pulmonary artery pressure.

Results for restoration of target partial and full support hemodynamics via ECMO pump speed
adjustments are shown in Table 3. For partial support, all cannulae reached the target level of
support, and all hemodynamics were matched to the baseline (17 Fr support) within sensor
precision (£ 0.1 L/min and = 2 mmHg) (Table 2). The largest change in speed required to reach
the partial support target was from 2600 to 3200 rpm (+600 rpm) for the 13 Fr cannula. ECMO
arterial cannula inlet pressure ranged from 79 mmHg (21 Fr) to 224 mmHg (13 Fr). For full
support, the 15 to 21 Fr cannulae were able to reach the full-support target, and all
hemodynamics were again matched to baseline within sensor precision (Table 2). Meanwhile,
the 13 Fr cannula was unable to reach the targeted full-support, providing only 3.2 L/min
outflow at the pump's maximum speed (4470 rpm). This speed was the largest change for the
full support scenario (+870 rpm for 3600 to 4470 rpm). Arterial cannula inlet pressures varied
from 116 mmHg (21 Fr) to above 300 mmHg (pressure sensor maximum) with the 13 Fr

cannula (Figure 3).

Figure 3: Arterial cannula inlet pressure at target partial (left) and full (right) extracorporeal
membrane oxygenation (ECMO) support. Datapoint text indicates pump speed in RPM. A data
point did not reach the target level and was greater than the maximum inlet pressure of 300
mmHg.

Hemodynamic Experiments (30 Fr Drainage)

Hemodynamics for fixed speed ECMO support with an increased (30 Fr) drainage cannula size
were comparable to the 23 Fr drainage cannula experiments at 2600 and 3600 rpm, restoring

baseline within the tolerances of the sensors (Table 3). Meanwhile, similar pump speeds to the
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23 Fr drainage cannula (+ 100 rpm) were found to restore hemodynamics to the partial and full
support target levels, demonstrating that a larger drainage cannula did not drastically change
hemodynamics related to the ECMO circuit (Table 3). Finally, the 13 Fr cannula still did not
reach the 3.5 L/min target support level, even with a larger drainage cannula, reaching only 3.3

L/min with the 30 Fr cannula (compared to 3.2 L/min with the 23 Fr drainage cannula).

Table 3: Hemodynamics produced at fixed speeds of 2600 and 3600 rpm and after adjusting
pump speed to meet the target partial and full support levels with different arterial return
cannula sizes and a 30 Fr venous drainage cannula.

ECMOQ - ECMO flow rate; CO — cardiac output = ECMO flow + ventricular output; MAP —
mean aortic pressure.

Discussion

This study compared the effects of ECMO arterial return cannula size on both patient and
circuit hemodynamics. The study found that a 15 Fr cannula could provide the targeted full
ECMO support in the simulated patient but that a 13 Fr cannula could not, even at the maximum
speed of the Bio-Medicus pump (4470 rpm). At low flow rates (2600 rpm and partial support
mode), there were only minor differences in hemodynamics for different cannula sizes, with
the most notable difference being the pressure at the arterial cannula inlet. For high flow rates
(3600 rpm and full support), the differences in hemodynamics were greater. In this study,
increasing the venous drainage cannula from 23 to 30 Fr only resulted in a 0.1 L/min increase
in maximal ECMO flow rate through the 13 Fr arterial return cannula. This is in keeping with
previous studies using small neonatal cannulae where venous drainage size had a lesser effect
on the ECMO flow capabilities.!” Characterizing the differences in hemodynamics between
cannula sizes is useful, as smaller cannulae may be safer and reduce cannula-related adverse

events.
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In a single-center study of 101 patients, Takayama et al. demonstrated that a lower level of
ECMO support coupled with a smaller cannula resulted in no difference in 30-day survival
while reducing bleeding and ischemia.” The study found no significant difference in 30-day
survival with large cannulae compared to small cannulae but did find more cannula related
adverse events and significantly more cannula bleeding events for the large cannulae. The
lowest support level used in that study was similar to the highest support level used in this
study; however, that patient cohort may not represent the global population due to the smaller

patient cohort size.

Similarly, Kim et al. demonstrated non-inferiority of small cannulae (14-15 Fr) on survival to
discharge in 165 patients compared to large cannulae (16-21 Fr).!° They also demonstrated a
significantly shorter ECMO duration and significantly less limb ischemia with the smaller
cannulae. The results from our study complements the previous clinical work through a
controlled and repeatable analysis in a simulated patient with further characterization of the
hemodynamics, demonstrating that full flow can be achieved with smaller cannulae within the

pump speed ranges of the Rotaflow pump and Bio-Medicus controller.

Despite reaching target flows with minimal changes in patient hemodynamics, this study also
revealed a supra-physiological inlet pressure in smaller cannulae at higher flows, > 300 mmHg
in the 13 Fr cannula, resulting in a large pressure drop across the cannula to the aortic pressure
levels recorded between 65 — 75 mmHg. The pressure drop across the cannula depends on the
flow rate and viscosity of the working fluid and the cannula properties themselves. Other
studies have investigated the pressure drop across smaller venous and arterial return cannulae,
but are difficult to compare to this study as they used whole human blood (a non-Newtonian
fluid) and reported their pressure drop with respect to speed, which is pump-brand dependent,
unlike flow rate (pump independent) used in this study.?>?! However, such studies did show
that the tip configuration (number of side holes, orientation of side holes) did not significantly

11
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affect the pressure drop across the cannulae. The tip configuration may affect the exit velocity
of the cannulae; however previous studies have shown that even in non-dispersing cannulae
with a single hole at the tip, blood velocity decreases to physiological levels (< 1.5 m/s) within
40-50 mm of the cannula tip.?>?* This may result in higher dynamic pressures in the outflow
jet, but the averaged dispersed pressure will be the mean aortic pressure. The effect of
sandblasting of the arterial wall by smaller cannulae with higher velocities is currently under
investigation by the author's group through simulation and particle image velocimetry studies.
The measured pressures in an ECMO or cardiopulmonary bypass circuit may be misleading,
as they represent the cannula inlet pressure rather than the tip. This difference in pressure may
lead to an assumption of harmful tip pressures and may mislead practitioners into using larger

cannulae.

The high pressures at the inlet of the cannulae may cause concern about hemolysis. However,
pressure alone does not cause hemolysis, which is a function of shear stress, exposure time,
and blood-surface interaction.’* Several studies have investigated the links between pressure
and hemolysis and have determined that blood can withstand extremely high and low static
pressures (in the range of 1000 to -700 mmHg).?**® However, one study has suggested that
hemolysis may be more likely in the presence of high positive pressures at high shear rates.?’
Clinically, ECMO cannula hemolysis has been previously investigated in smaller ECMO
cannulae at different flow rates. At low flow rates (< 2.5 L/min), Appelt et al. found no
significant difference in hemolysis between 17 and 15 Fr cannulae in 500 patients in a single-
center study.?® At high flow rates (> 3 L/min), that study reported significantly higher plasma
free hemoglobin with a 15 Fr cannula compared to a 17 Fr cannula, indicating more hemolysis.
Conversely, there were greater reductions in plasma free hemoglobin for the 15 Fr cannula than
the 17 Fr cannula in the ECPR setting (34% vs 22% within one day after ECMO initiation),

12
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perhaps indicating a complicated interaction between biological hemolysis caused during heart
failure and mechanical hemolysis caused by the pump and cannulae. Future studies could focus
on the benefits of a smaller cannula to vascular complications (ischemia and bleeding) while
looking for indicators of hemolysis. A tendency to use smaller cannulae at reduced support

levels may also have benefits outside of the hospital setting.

Extracorporeal cardiopulmonary resuscitation (ECPR) is an emerging method of advanced life
support that has been recently added to the American Heart Association Advanced Life Support
Guidelines.?* ECPR has been performed in an out-of-hospital setting and is gaining popularity
after recent successes in resuscitating refractory cardiac arrest patients.’*>? In an out-of-
hospital setting, smaller cannulae may be easier and, therefore, faster to insert. Partial support
(as simulated in this research) may be adequate to support the patient until they reach the

hospital, at which time full ECMO support and additional interventions can be considered.
Limitations

The main limitation of this study is that it was conducted in a mock circulatory loop (MCL).
The MCL has been validated to simulate hemodynamics over a range of cardiovascular states
but does not mimic many biological and anatomical processes. The absence of a Baroreflex,
inability to simulate access insufficiency (vessel collapse), and the absence of anatomical
features (related to cannula positioning) will result in different hemodynamics than what may
be observed clinically. Furthermore, this study used a Newtonian mixture of water and glycerol
as a blood analogue. In reality, blood is non-Newtonian and may have a different flow response
to what was observed in this study, particularly at the high shear rates likely occurring in the
small cannulae. Not using blood in this study has also prevented the investigation of hemolysis
and Von Willebrand factor effects associated with small cannulae run at higher ECMO speeds

with more pump heat generation, which should be the focus of future work. This study only
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simulated an adult patient with a single disease etiology and will not be representative of all
patient types, for instance, patients with severe right heart failure and elevated right atrial
pressures. About 55% of the patients who receive ECMO are pediatric and neonates, and this

data may not extend to those populations.*’

Conclusion

This study aimed to quantify the effects of smaller arterial return cannulae on simulated patient
and circuit hemodynamics. This study demonstrated that smaller arterial return cannulae (15Fr)
could provide the targeted partial and full ECMO blood flow rates in a simulated acute heart
failure model. The study supports mounting clinical evidence, suggesting smaller cannulae may
provide adequate hemodynamic support while also being safer to insert. Further investigations
should explore if smaller canulae result in fewer vascular injuries and the possible incidence of
hemolysis caused by small cannulae at high pressure and pump speeds. Outcomes from such
research may provide guidelines on balancing cannula size to reduce vascular injury, bleeding,

and ischemia while avoiding harmful hemolysis, thereby improving patient outcomes.
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Tables

Table 1: Baseline cardiogenic shock and target hemodynamic variables for targeted full and
partial extracorporeal membrane oxygenation (ECMO) support. MAP — mean aortic pressure;

SVR - systemic vascular resistance.

ECMO Flow ECMO MAP SVR

Condition Rate Speed (mmHg) (dyne-'s-cm™)
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(L/min) (rpm)

Cardiogenic Shock - - 67 2800
Partial Support 2.0 2600 60-65 1300
Full Support 3.5 3600 70-75 1300

Table 2: Hemodynamics for different cannula sizes at fixed pump speeds of 2600 rpm and 3600
rpm and following speed adjustment when targeting the specific levels of partial and full
extracorporeal membrane oxygenation (ECMO) support.

ECMOQ - extracorporeal membrane oxygenator flow rate; CO — cardiac output = ECMO flow
+ ventricular output; LAP — left atrial pressure; RAP — right atrial pressure; MAP — mean
aortic pressure; MPAP — mean pulmonary artery pressure.

Speed ECMOQ Arterial Cannula Cco MAP

Condition 1) (L/min) I“l(eltnflfﬁsgs)“re (L/min) (mmHg)
Cardiogenic
Shock - - - 1.6 67
Fixed Speed - 2600 rpm
21 Fr 2600 24 89 3.7 65
19 Fr 2600 2.2 100 3.5 64
17 Fr* 2600 2.1 112 3.5 63
15 Fr 2600 1.8 126 34 61
13 Fr 2600 1.5 150 3.1 57
Fixed Speed - 3600 rpm
21 Fr 3600 4.1 132 4.6 78
19 Fr 3600 3.9 160 4.5 76
17 Fr* 3600 3.5 189 4.4 75
15 Fr 3600 3.1 229 4.2 73
13 Fr 3600 24 282 3.7 65
Target Partial Support
21 Fr 2360 2.0 79 34 61
19 Fr 2400 2.0 91 3.4 62
17 Fr* 2600 2.0 112 3.5 63
15 Fr 2800 2.0 143 3.5 63
13 Fr 3200 2.0 224 3.4 62
Target Full Support
21 Fr 3260 3.5 116 4.3 73
19 Fr 3400 3.5 146 4.4 74
17 Fr* 3600 3.5 189 4.4 75
15 Fr 4000 3.5 282 4.4 75
13 Fr 4470" 3.2 >300" 4.2 72

*ECMO Baseline “Maximum limit of pressure sensor and ECMO pump speed
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Table 3: Hemodynamics produced at fixed speeds of 2600 and 3600 rpm and after adjusting
pump speed to meet the targeted partial and full support levels with different arterial return
cannula sizes and a 30 Fr venous drainage cannula.

ECMOQ - ECMO flow rate; CO — cardiac output = ECMO flow + ventricular output; MAP —
mean aortic pressure.

Speed ECMOQ Arterial Cannula Cco MAP

Condition ;) (L/min) I“'f;lll)rfl‘fls;)“re (L/min) (mmHg)
Cardiogenic

Shock - - - 1.6 67
Fixed Speed - 2600 rpm

21 Fr 2600 24 88 3.6 64

17 Fr* 2600 2.1 110 3.5 62

13 Fr 2600 1.5 149 3.1 56
Fixed Speed - 3600 rpm

21 Fr 3600 4.1 131 4.6 77

17 Fr* 3600 3.5 190 4.2 73

13 Fr 3600 2.5 279 3.7 65
Target Partial Support

21 Fr 2360 2.0 79 34 61

17 Fr* 2600 2.1 110 3.5 62

13 Fr 3200 2.0 208 34 60

Target Full Support

21 Fr 3260 3.5 115 43 73

17 Fr* 3600 3.5 190 4.2 73

13 Fr 4470" 33 >300" 4.1 71

*ECMO Baseline “Maximum limit of pressure sensor and ECMO pump speed

Legends

Graphical Abstract: Smaller extracorporeal membrane oxygenation cannulae provided
targeted partial and full support in a mechanical cardiovascular simulator with minimal
differences in patient hemodynamics but exponential changes in arterial cannula inlet
pressures.

AOC, PAC - Aortic and pulmonary arterial compliance chambers; SVC, PVC — Systemic and
pulmonary venous compliance chambers; LV, RV, LA, RA — Left and right ventricles and atria;
AV, MV, PV, TV — Aortic, mitral, pulmonary, and tricuspid valves; SVR, PVR — lumped
systemic and pulmonary vascular resistance; SQ, PQ, EQ — Systemic, pulmonary, and ECMO
flow meters; Pump, Ox —- ECMO blood pump and oxygenator.

Figure 1: A - Experimental test rig for determining pressure head-flow characteristics of
different sized EMCO arterial return cannulae (return cannula tip is located above the tank in
air). B -Schematic of the mock circulatory loop used to simulate cardiogenic shock.

AOC, PAC, PVC, SVC — aortic and pulmonary arterial, pulmonary and systemic venous
compliance chambers; SQ, PQ, EQ — systemic, pulmonary, and ECMO flow meters; Pump, Ox
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— ECMO pump and oxygenator; LA, LV, RA, RV — left and right atria and ventricles; MV, AV,
TV, PV — mitral, aortic, tricuspid and pulmonary valves; SVR, PVR — systemic and pulmonary
vascular resistance pinch valves; ID — inner diameter; Green Circle — arterial cannula inlet
pressure measurement.

Figure 2: Pressure head-flow (HQ) curves generated experimentally and compared to data
published in datasheets. '"'®

Figure 3: Arterial cannula inlet pressure at target partial (left) and full (right) extracorporeal
membrane oxygenation (ECMO) support. Datapoint text indicates pump speed in RPM. A data
point did not reach the target level and was greater than the maximum inlet pressure of 300
mmHg.
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Implications: Smaller return cannulae can achieve partial and full ECMO support
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