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Abstract

Centrifugal blood pumps have become popular for adult extracorporeal membrane oxygenation
(ECMO) due to their superior blood handling and reduced thrombosis risk featured by their
secondary flow paths that avoid stagnant areas. However, the high rotational speed within a
centrifugal blood pump can introduce high shear stress, causing a significant shear-induced
hemolysis rate. The Revolution pump, the Rotaflow pump, and the CentriMag pump are

three of the leading centrifugal blood pumps on the market. Although many experimental and
computational studies have focused on evaluating the hydraulic and hemolytic performances of the
Rotaflow and CentriMag pumps, there are few on the Revolution pump. Furthermore, a thorough
direct comparison of these three pumps' flow characteristics and hemolysis is not available. In
this study, we conducted a computational and experimental analysis to compare the hemolytic
performances of the Revolution, Rotaflow, and CentriMag pumps operating under a clinically
relevant condition, i.e., the blood flow rate of 5 L/min and pump pressure head of 350 mmHg, for
adult ECMO support. /n sifico simulations were used to characterize the shear stress distributions
and predict the hemolysis index, while /n vitro blood loop studies experimentally determined
hemolysis performance. Comparative simulation results and experimental data demonstrated that
the CentriMag pump caused the lowest hemolysis while the Revolution pump generated the
highest hemolysis.
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Introduction

Blood pumps have been increasingly used in a broad range of clinical applications,
including temporary and durable ventricular assist devices (VAD), extracorporeal membrane
oxygenation (ECMO), and cardiopulmonary bypass (CPB) for cardiac surgery. Roller
pumps and centrifugal pumps are the two basic types of blood pumps commonly used

in extracorporeal life support (ECLS) [1-3]. In neonatal ECMO, roller pumps were preferred
due to their small priming volume and reliable constant flow rate [4]. However, they may
induce high outlet pressure levels, leading to the risk of connection disruption. In addition,
the high shear force created at the leading edge of the roller can crush cellular blood
components leading to hemolysis. By contrast, centrifugal pumps act through a spinning
rotor to generate blood flow, thereby will not pump against high resistance and will avoid
high pressures in the case of distal circuit occlusion. In the past decade, centrifugal pumps
have been the predominant pump used for ECMO treatment in adults [5-7].

Centrifugal blood pumps have been widely used in adult CPB and particularly ECMO,
where prolonged use (weeks to months) is often necessary [8]. Recent clinical practice

also shifted from roller pumps to centrifugal pumps for pediatric ECMO by adjusting their
operating flow rates and rotational speeds [9,10]. For example, CentriMag pumps have also
been successfully used in pediatric patients requiring VAD and ECMO support [11,12].
Currently, the Revolution pump (LivaNova, London, UK), the Rotaflow pump (Getinge,
Gothenburg, Sweden), and the CentriMag pump (Abbott, Chicago, IL, USA) are three of
the leading centrifugal blood pumps on the market for ECMO and CPB applications. They
are all magnetically driven by a similar platform (motor and controller console) and have
wash-out holes in the middle of the impellers to maintain a continuous flow path. While
these centrifugal blood pumps feature a secondary flow path design, which avoids flow
stagnation to reduce the risk of thrombosis in the pumps [13,14], they can potentially

still produce high shear stress regions due to the necessary high rotational speeds of their
impellers [15]. With the increasing use of centrifugal blood pumps in ECMO patients,
commonly reported complications associated with high shear stress include bleeding, stroke,
and thromboembolic events [3,16-18].

Device-related high shear stress (above 10 Pa), or non-physiological shear stress (NPSS),

is believed to damage blood cells leading to altered blood function that has adverse

effects on patients [19-22]. Conventionally, the size of NPSS regions and the rate of red
blood cell (RBC) damage (hemolysis level) are two primary metrics for evaluating the
hemocompatibility of different blood pumps [14,23]. Minimizing the risk of blood damage
(i.e., hemolysis) with these pumps is critical, especially for the long-term ECMO support. In
the literature, many /n vitro experiments (hemolysis tests) and computational fluid dynamics
(CFD) simulations have focused on evaluating the hemolytic behavior of the Rotaflow and
CentriMag pumps [24-27]. However, few studies have been performed on the Revolution
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pump. In addition, a thorough direct comparison of these three pumps in terms of their

shear stress distribution and ex-vivo hemolysis under clinically relevant conditions is still not
available. Therefore, in this paper, we used both computational and experimental methods

to compare the hemolytic performance of the Revolution pump, the Rotaflow pump, and

the CentriMag pump. The experimental and simulation data provide insight on centrifugal
pump use for ECMO support or CPB under a typical clinical flowrate and pressure head.
The dynamic characteristics and hemolytic performances of these pumps may also be used
as references for the future design of centrifugal pumps with a better biocompatibility.

Pump characteristics

The three-dimensional (3D) structures of the (a) Revolution, (b) Rotaflow, and (c)
CentriMag pumps are shown in Fig. 1. All the pumps have a magnetically driven impeller
with different designs. The Revolution pump is an unshrouded impeller pump that employs
a magnetically stabilized impeller molded onto a steel shaft rotating on two bearings at each
end. The CentriMag pump impeller is unshrouded and uses bearingless magnetic levitation
that stabilizes the impeller through electromagnetic forces. In contrast to the Revolution
and CentriMag pumps, the Rotaflow pump is a shrouded impeller pump that features a
peg-top, one-point, sapphire bearing on the bottom designed to reduce friction. The primary
flow path is from the inlet to the tangential outlet through the impeller blade passage, as
illustrated in Fig. 1. The secondary flow path is located in the small gaps between the rotor
and stationary housing, as schematically shown in Fig. 2, exemplified with a schematic view
of the CentriMag pump.

The Revolution pump weights 94.5 g with a priming volume of 57 mL and has an
operational rotating speed of up to 3,500 rpm and a flow rate up to 8 L/min. The Rotaflow
pump weighs 61.3 g with a priming volume of 32 mL and can provide a maximum blood
flow rate of 9.9 L/min and a rotating speed up to 5,000 rpm. The CentriMag pump weighs
67.3 g with a priming volume of 31 mL. It can deliver a maximum blood flow rate of 9.9
L/min and a maximum rotating speed of 5,500 rpm. The general features of the three pumps
are summarized in Table 1.

3. CFD modeling approach

The 3D models of these pumps (Fig. 1) were either obtained from available computer-aided
drawing (CAD) files or measured from actual device components with a reverse engineering
procedure [28]. The fluid domains were extracted from the enclosed spaces between

the pump housings and impellers. A commercial CFD package (Fluent 19.2, ANSYS,

Inc, Canonsburg, PA) employing finite volume methods was utilized for the numerical
simulations of these three pumps. The field variables, i.e., fluid velocity and pressure, were
obtained by solving the governing (Navier-Stokes) equations of the fluid flow,

plou / 0t+(u-V)u]=/4V2u—Vp+pg (@)

where u is the velocity field of the fluid, ¢is the time, g is the dynamic viscosity, p is
the density, pis the pressure, and g is the external body force, such as gravity. Blood was

Med Nov Technol Devices. Author manuscript; available in PMC 2022 September 22.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Han et al. Page 4

assumed as a homogeneous incompressible Newtonian fluid (¢; ;= 0) with a constant density
of 1,050 kg/m3 and viscosity of 0.0035 kg/mes. The Semi-Implicit Method for Pressure
Linked Equations (SIMPLE) pressure-velocity coupling scheme was used to solve the fluid
governing equations with second-order accuracy and the Menter's Shear Stress Transport
(SST) k-w turbulence model was implemented in the numerical scheme. The pump impeller
rotation was modeled using the multiple reference frame (MRF) approach. A constant mass
flow rate of 0.0875 kg/min (i.e., 5 L/min) was prescribed at the inlet, and a zero-pressure
condition was set for the outlet. Rigid and stationary walls were assumed to be nonslip. To
mimic the clinical operating condition of the blood pumps, we controlled the pump pressure
head (pressure difference between inlet and outlet) at 350 mmHg for all the pumps by
adjusting the impeller's rotating speed, which resulted in 2,500 rpm, 3,600 rpm, and 4,000
rpm for the Revolution, Rotaflow and CertriMag pumps, respectively.

Both structured and unstructured elements were used for the meshing. Before the final

CFD simulations, a mesh sensitivity study (also known as a mesh independence study) was
performed following the process as described previously in modeling other centrifugal blood
pumps [24,29]. The meshing processes yielded total element numbers of 13.4, 9.4, and 7.3
million for the Revolution, Rotaflow, and CentriMag pumps, respectively. Simulations were
considered convergent when the following criteria were met: 1) all monitored residuals were
smaller than 1073; 2) the outlet pressure reached a steady level; 3) the relative difference

in the flow rate between the inlet and outlet was less than 5%. Wall shear stress (WSS)
distributions, scalar shear stress (SSS) fields, and hemolysis indices were calculated from the
convergent flow fields after simulations.

3.1. Shear stress and hemolysis index

NPSS is believed to damage RBCs leading to hemolysis which creates hemoglobinemia.
Therefore, blood pumps with larger areas and volumes of NPSS distributions are more
likely to have a higher average hemolysis level. To compare the hemolytic performances
between these pumps, we first calculated WSS distributions on both impeller and housing
surfaces and SSS distribution in the fluid domain around the impeller. SSS is defined as
von-Mises-like stress [30],

1/2
] )

1 2 1
T= [EZ(T,-Z- -7+ EZTZZJ

where z;;the shear stress tensor with 7# jrule applied in the above equation. Then the
hemolysis index (HI), which guantitates the pumps' hemolysis potential, was obtained based
on the conventional power-law hemolysis model,

HI(%) = Ct* ®)

where C=1.228 x 107, a = 1.9918 and 4= 0.6606 for ovine blood [31]. HI represents the
percentage change in plasma-free hemoglobin (PFH) relative to the total hemoglobin [32],
which was measured at the pump outlet from the CFD simulation results by the Eulerian
approach as detailed in Zhang et al. [14].
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In vitro circulating flow loop

To examine the hemolytic performance of the three pumps, we used a small volume (500
mL) circulatory flow loop filled with fresh ovine blood, illustrated in Fig. 3. The tests
were performed in compliance with the protocol for assessing hemolysis in continuous
flow blood as recommended by the American Society of Testing and Materials (ASTM
F1841-19) [33]. For all hemolysis tests, the blood flowrate was set in the range of 5.0 +
0.2 L/min, and the pump pressure head was adjusted to be 350 + 20 mmHg. The blood
temperature was maintained at 37 + 1 °C by immersing the blood reservoir in a warm
water bath. The pump inlet and outlet pressures were measured by a calibrated piezoelectric
pressure transducer (model 1502B01EZ5V20 GPSI, PCB Piezotronics, Inc, Depew, NY),
and Transonic T410 flow meter (Transonic Systems, Ithaca, NY) and ultrasonic flow probe
(model 9PXL, Transonic Systems, Ithaca, NY) were used to measure the volumetric blood
flow rates.

The loop experiment for each device was repeated five times (n = 5) with fresh ovine blood
collected through venipuncture from Lampire (Lampire Biological Laboratories, PA, USA).
Blood collection containers were filled with heparin with a pre-calculated concentration of
10 U/mL blood to prevent blood from coagulation. Collected blood was then filtered with
transfusion filters (PALL Biomedical, Fajardo, Puerto Rico) to remove any blood clots.
Phosphate-buffered saline (PBS) (Quality Biological, Gaithersburg, MD, USA) was used to
condition the filtered blood with a maintained hematocrit level of 30 + 2%. The blood pH
level was maintained at 7.4 + 0.1 during the experiment by adding bicarbonate solution, and
the total plasma protein was adjusted to be above 5.0 g/dL.

Finally, 500 mL pre-processed blood was then filled into each circulation loop. A baseline
sample was collected from each loop immediately before the circulation, and blood samples
were collected hourly for up to 6 h during the loop circulation. The plasma was obtained by
centrifugation and measured for the PFH value described by Berk et al. [34]. The normalized
index of hemolysis (NIH) was calculated following the equation from ASTM F1841-19,

100 — Ht 1

NIH(g / 100L) = AfreeHb X V X — 00 X 5=

Q]

where AfreeHb is the increase of plasma-free hemoglobin concentration (g/L) over the
sampling time interval 7. Vis the circuit volume. Qis flow rate. Htis hematocrit.

5. Results

5.1.

Flow feature and CFD predicted Hl

The CFD solved streamlines and fluid velocity fields for each centrifugal pump are shown
in Fig. 4. Blood entering from the inlet is accelerated by centrifugal force, moving radially
along the impeller blade and reaching the maximum velocity on the tips of the impeller

to enter the peripheral volute and then exit from the outlet. This flow path is also known
as the primary flow path, which propels the most blood volume out of the pump chamber.
The secondary flow path exists in the gap between the rotating impeller (hub and tip) and
the stationary pump housing. Blood is driven in this path by the higher pressure near the
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periphery of the hub and merges with the primary flow path in the central opening of the
impeller. Another secondary flow path also exits in the flow domain between the top housing
wall and the shroud surface for the Rotaflow pump.

Centrifugal pumps may generate high NPSS up to ~500 Pa under common clinical ECMO
operating conditions due to the high rotation speed of their impellers [23,35,36]. The
calculated WSS distributions on the impellers and housings of the Revolution, Rotaflow,
and CentriMag pumps are displayed in Fig. 5. To quantitatively compare the worst blood
damage impacted by the high level of WSS, we summed the higher WSS regions (WSS
>200 Pa) areas on each pump's impeller and housing. The calculated areas of the impeller/
housing surfaces with WSS higher than 200 Pa for the Revolution, Rotaflow, and CentriMag
blood pumps are 120.4 mm?2/4,348.7 mm2, 898.5 mm?/2,064.8 mm?, and 357.1 mm?/3,
141.3 mm?, respectively. The SSS distributions on a vertical midplane and a horizontal plane
across the impeller blades of the three pumps are displayed in Fig. 6 (a). High SSS exists

at either the impeller blade edges or the primary/secondary narrow flow channels. Fig. 6 (b)
illustrates the regions with SSS higher than 200 Pa (colored in red) within the three pumps.
The total volumes of these higher SSS regions for the Revolution, Rotaflow, and CentriMag
pumps are 53.4 mm3, 41.4 mm3, and 43.2 mm3, respectively.

Shear stress below 10 Pa is referred to as physiological shear stress (PSS), a level of shear
stress that RBCs tolerate with minimal damage. Conversely, NPSS between 10 Pa and 100
Pa is believed to stretch RBCs, likely reversibly deforming their shape and extending the
nano-pores on the RBC membrane surface, resulting in hemoglobin leakage [37,38]. In
addition, NPSS higher than 100 Pa may irreversibly rupture RBCs, leading to the release
of hemoglobin into plasma, causing severe hemolysis [39]. Therefore, we calculated the
total WSS area and SSS volume of these three different shear stress ranges for each pump
based on this concern, and the results are compared in Fig. 7. The CentriMag pump had
the smallest area with WSS between 10 and 100 Pa and higher than 100 Pa, while the
Revolution pump had the largest area with WSS between 10 and 100 Pa and a comparable
area with WSS higher than 100 Pa to the Rotaflow pump. In terms of the SSS, the
CentriMag pump had the smallest volumes with SSS between 10 and 100 Pa and higher
than 100 Pa. The Revolution pump had the largest volumes with SSS between 10 and 100 Pa
and higher than 100 Pa. The CFD predicted HI for the three pumps is shown in Fig. 8. The
Revolution has the largest HI (1.59 x 10~4) compared with the Rotaflow (1.48 x 1074) and
the CentriMag (1.39 x 107%).

Hemolysis measurement

Fig. 9 shows the mean PFH concentration values of the baseline blood sample and the
hourly collected blood samples from the circulating loops with the Revolution, the Rotaflow,
and the CentriMag, and the NIH values for the three devices. The PFH concentrations of the
blood samples at baseline in all devices were initially very similar and increased with the
circulation time. The Revolution pump has the highest rate of increase in PFH, which was
followed by the Rotaflow and then CentriMag. These results appear to be consistent with the
calculated HI from CFD modeling. The average NIH value was 0.0287 + 0.0041 g/100 L for
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the Revolution pump, 0.0235 + 0.0041 g/100 L for the Rotaflow, and 0.0152 + 0.0019 g/100
L for the CentriMag.

6. Discussion

The flow dynamic and hemolytic performances of three commercially available centrifugal
blood pumps (Revolution, Rotaflow, and CentriMag) under a clinically relevant operating
condition were computationally and experimentally studied. Computational studies were
conducted using Ansys/Fluent CFD simulations, and /n vitro hemolysis experiments were
performed in circulatory flow circuits filled with fresh ovine blood. The shear stress field,
CFD predicted HI, and experimentally measured hemolysis were analyzed and compared
between the three pumps. It should be noted that although they have a similar trend

among these pumps in terms of hemolysis, CFD predicted HI is much smaller than the
experimentally measured NIH. This is because CFD simulation can only evaluate hemolysis
on one passage blood through the pump, while experiment measured NIH hourly that blood
passed through the pump many times.

For the CFD field analysis, the comparisons were preliminary focused on WSS and
volumetric SSS. The locations of the higher SSS (>200 Pa) distributions correlated with
the locations of higher WSS (>200 Pa), as illustrated in Figs. 5 and 6. The un-shrouded
Revolution and CentriMag pumps had similar patterns of WSS and SSS distributions, with
higher level shear stress (>200 Pa) located at the near peripheral region of the top housing
and blades’ trailing edge. For the Rotaflow pump with a shrouded impeller, higher shear
stress was also observed near the inner annular surface of its impeller shroud. It was
observed that the size of higher WSS area (>200 Pa) on the housing, for all the pumps in
Fig. 5, was larger than on the impeller. This is because the impeller is moving with the
blood, whereas the housing is stationary, creating a significant fluid velocity difference near
the wall that causes high WSS. The volumes of higher SSS (>200 Pa) of these pumps was
quite similar, with the Revolution pump having the largest volume of 53.4 mm? and the
Rotaflow pump having the smallest volume of 41.4 mms3.

The Revolution pump had the smallest area of higher WSS surface on impeller, which was
mainly located on the trailing edges of the blade tips, as shown in Fig. 5 (a). Like the un-
shrouded Revolution pump, the impeller of the CentriMag pump also had a similarly large
size of higher WSS distribution on the blades' trailing edges. Since the Revolution pump was
larger in size, it required a slower rotational speed (2,500 rpm) than the CentriMag pump
(4,000 rpm) to deliver the same amount of blood volume (5 L/min) from the inlet. This
slower operating speed avoided sudden changes of the velocity field (illustrated in Fig. 4
(b)) along the blade, thus has a smaller area of higher WSS surface. Since the housing is
stationary relative to blood flow, the larger size of the Revolution pump could result in a
larger area of higher WSS on housing than the CentriMag pump. By contrast, the Rotaflow
pump had the greatest area of higher WSS on the impeller but the smallest area of higher
WSS on the housing among the three pumps. This resulted from the Rotaflow shroud design
that prevented the blood flow delivered by the impeller from having the direct contact with
the non-moving top housing which decreased the size of higher WSS surface on the top
housing but at the cost of increased higher WSS surface area on the impeller. The shroud
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design in centrifugal pumps can be critical to improve hemolytic performance as it shifts
the high WSS from top housing to impeller. This may be even further optimized to achieve
a better hemolytic performance. For example, a newly developed Breethe pump (Breethe,
Inc, Baltimore, MD) with a compromised size of shroud showed a superior hemolysis to the
CentriMag and Rotaflow pumps [15].

Although the CentriMag pump did not have the smallest area of higher WSS (housing

and impeller) or volume of higher SSS, it had the smallest CFD predicted HI. When we
calculated the WSS and SSS sizes in terms of the three different levels (i.e., <10 Pa, 10-100
Pa and >100 Pa), the CentriMag pump has a significantly large area of physiological WSS
(<10 Pa) despite having the lowest priming volume (Fig. 7 (a)). CentriMag also has the
smallest area and volume of NPSS (WSS and SSS), as shown in Fig. 7. Therefore, the
CentriMag pump had the best computationally predicted hemolytic performance, consistent
with the CFD predicted HI (Fig. 8) and experimental PFH/NIH values (Fig. 9). Although
higher WSS and SSS regions indicated the locations that contribute to the worst blood
damage, the hemolytic performance of different pumps was more likely related to the size of
NPSS.

The Revolution pump had the worst hemolytic performance based on the CFD predicted
HI and experimentally measured NIH. It also had the largest area of higher WSS surfaces
(housing plus impeller), volume of higher SSS region and size of NPSS. This may be
explained by the Revolution pump's large priming volume, which caused a longer blood
exposure time and a larger area/volume of NPSS within the pump, leading to increased
hemolysis. Although the Rotaflow pump had a similar priming volume and higher SSS
volume to the CentriMag pump, it had a worse hemolytic performance than the CentriMag
pump computationally and experimentally. This is best explained by the bearingless
magnetically levitated impeller design of the CentriMag pump which likely reduced blood
damage.

Other studies of the CentriMag and Rotaflow pumps using experimental and computational
approaches can be found in the literature. Some concluded contradicting results, showing
reduced hemolysis with the Rotaflow pump instead of the CentriMag pump [25], which
may be attributed to different operating conditions and different blood species [15]. Our
study used a clinically relevant condition for adult ECMO support in the simulation and
experiment as centrifugal pumps have become the standard practice in most ECMO circuits.
The careful selection of these centrifugal pumps for ECMO or CPB use also includes the
cost, pump safety and reliability, and ease of set-up and use [40]. Centrifugal pumps can
generate heat, especially when driven at high rotational speeds, changing blood temperature
and consequently affect the gas exchange performance of oxygenators used in ECMO
circuits. However, the pump heat generation was neglected in this study. In addition, the
device-induced platelet activation and platelet receptors shedding [41-43], which is believed
to be associated with thrombus formation and bleeding, is not measured in the current study.
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7. Conclusion

The hemolytic performances of the Revolution, Rotaflow, and CentriMag pumps were
computationally and experimentally studied with CFD analysis and /n-vitro blood flow
circuits under clinically relevant conditions for adult ECMO support. The CFD analysis
showed that the CentriMag pump had the smallest areas and volumes of non-physiological
WSS and SSS, and the smallest CFD predicted HI. It also had the smallest experimentally
determined NIH compared to the Revolution and Rotaflow pumps. Additionally, blood
samples from the CentriMag pump circular blood loop continuously had the lowest PFH
concentrations during the 6-h study. Thus, our computational and experimental results
demonstrated that the CentriMag pump had the best hemolytic performance compared with
the Rotaflow and Revolution pumps.
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3D geometries and primary flow paths of the (a) Revolution, (b) Rotaflow and (c)

CentriMag pump.
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Fig. 2.
Schematical illustration of the secondary flow path in the small gaps between the impeller

hub and stationary pump housing. CentriMag is used as an example.
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Fig. 3.
Schematical illustration of the blood circulatory loop experiment setting.
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Fig. 4.
Streamlines (top row) and velocity fields (bottom row) of (a) the Revolution, (b) Rotaflow,

and (c) CentriMag blood pumps under the pressure head of 350 mmHg and flow rate of 5
L/min.
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Fig. 5.

WSS distributions on the (a) impellers, and (b) housings of the Revolution (left), Rotaflow
(middle) and CentriMag (right) blood pumps. The areas of the higher WSS (>200 Pa)
surfaces are calculated and displayed below each pump.
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Fig. 6.
(a) SSS distributions within the Revolution (left), Rotaflow (middle) and CentriMag (right)

blood pumps. (b) The volume of higher SSS (>200 Pa) regions in each pump.
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(a) CFD predicted HI of the three pumps running under the pressure head of 350 mmHg and

flow rate of 5 L/min.
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(a) PFH concentration values and (b) Experimental NIH (g/100 L) of the Revolution,
Rotaflow and CentriMag blood pumps (pressure head of 350 mmHg and flow rate of 5

L/min).
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Table 1
Pump characteristics.
Pump Revolution RotaFlow CentriMag
Shroud No Yes No
Bearing Two pin-bearings  One ball-and-cap  Magnetic bearing
Weight (gram) 94.5 61.3 67.3

Priming volume (mL)

Maximum RPM

Maximum flow (L/min)

57
3,500
8

32
5,000
9.9

31
5,500
9.9
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