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Despite growing use of mechanical circulatory support, lim-
itations remain related to hemocompatibility. Here, we per-
formed a head-to-head comparison of the hemocompatibility 
of a centrifugal cardiac assist system—the Centrimag, with 
that of the latest generation of an intravascular microaxial 
system—the Impella 5.5. Specifically, hemolysis, platelet ac-
tivation, microparticle (MP) generation, and von Willebrand 
factor (vWF) degradation were evaluated for both devices. 
Freshly obtained porcine blood was recirculated within de-
vice propelled mock loops for 4 hours, and alteration of the 
hemocompatibility parameters was monitored over time. We 
found that the Impella 5.5 and Centrimag exhibited low levels 
of hemolysis, as indicated by minor increase in plasma free 
hemoglobin. Both devices did not induce platelet degranu-
lation, as no alteration of β-thromboglobulin and P-selectin 
in plasma occurred, rather minor downregulation of platelet 
surface P-selectin was detected. Furthermore, blood exposure 
to shear stress via both Centrimag and Impella 5.5 resulted 
in a minor decrease of platelet count with associated ejec-
tion of procoagulant MPs, and a decrease of vWF functional 
activity (but not plasma level of vWF-antigen). Greater MP 
generation was observed with the Centrimag relative to the 
Impella 5.5. Thus, the Impella 5.5 despite having a lower pro-
file and higher impeller rotational speed demonstrated good 
and equivalent hemocompatibility, in comparison with the 
predicate Centrimag, with the advantage of lower generation 
of MPs. ASAIO Journal 2020; 66:1142–1151.
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A growing trend has emerged of increased utilization of acute 
mechanical circulatory support (MCS) in clinical management 
strategies for acute and chronic heart failure patients, beyond 
traditional implantation of long-term durable systems.1 In recent 
years, cardiovascular medicine has witnessed a significant rise 
in the use of temporary ventricular assist devices (VADs) driven 
by societal guidelines, adoption of best practices and proto-
cols leading to improved patient survival, and advancements 
in the device technologies. In advanced heart failure, patients 
are increasingly placed on acute MCS systems while awaiting 
transplantation.2 Similarly, in the treatment of ischemic heart 
disease, temporary support is being used to a greater degree for 
high-risk percutaneous coronary interventions.3 In cardiogenic 
shock, acute MCS has moved forward as the primary hemo-
dynamic augmentation approach, with the intra-aortic balloon 
pumps failing to demonstrate efficacy in large randomized con-
trol trials.4,5 Most recently, with the emergence of pulmonary 
and cardiac compromise in COVID-19, acute MCS use has 
risen dramatically to support failing patients.6 The increased uti-
lization and availability of acute MCS devices drives interest in 
understanding the differences in their performance and hemo-
compatibility to aid physicians in device selection.

Presently, two primary modes of blood propulsion are em-
ployed in acute MCS systems—either centrifugal propulsion or 
high-speed micro-axial, impeller-driven, rotary drive.1 A com-
mon misconception in rotary blood pumps is equating the de-
vice rotational speed to shear stress. Although the rotational 
speed is influential, the components in the devices which impart 
clinically relevant shearing force under normal operating con-
ditions are the combination of the stationary surface, or pump 
housing, and rotating surfaces, or pumping blade. The smallest 
passage for blood flow between these two surfaces is located at 
the blade tip, often referred to as tip clearance. This passage is 
the location of the highest level of shearing forces as the rotating 
blade “pulls” viscous blood against the stationary pump housing 
surface. The resulting shearing force on blood from this “pull” is 
affected by the speed of the blade tip, or tip speed. The pumps’ 
rotational speed is the number of rotations the blade completes 
in a given time; however, the tip speed is the linear velocity at 
which the blade tip moves past the pump housing. The distance 
from the pump central axis of rotation to the blade tip and the 
pump’s rotational speed determine the tip speed. Most rotary 
blood pumps have different rotational speeds, but very similar 
tip speeds. The tip speed of a micro-axial impeller rotating at 
46,000 r/min can be the same as in a large centrifugal pump 
rotating at 8,000 r/min.7 While both are effective in moving 
blood at high flow rates, intrinsically by virtue of the physics 
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of design, each imparts differing levels of energy and shear to 
traversing blood. As a result, though these devices are approved 
by regulatory agencies based on evidence demonstrating both 
safety and efficacy, discussions and reports have emerged by 
practitioners inquiring as to the comparative hemocompatibility 
of each approach.8 Here, we directly address these questions 
using a well-defined system allowing for direct comparison of 
each under identical testing conditions.9

We hypothesized that despite blood propulsion through 
a smaller profile, high rotational speed, micro-axial catheter 
system, by virtue of intrinsic aspects of the fluid mechanics as-
sociated with its design, a micro-axial impeller pump would 
demonstrate similar hemocompatibility to a larger profile cen-
trifugal propulsion system. We compared the hemocompatibil-
ity of the new Impella 5.5 (Abiomed, Danvers, MA) with that of 
the Centrimag (Abbott, Chicago, IL), serving as a reference de-
vice. Specifically, hemolysis, platelet activation, microparticle 
(MP) generation, and von Willebrand factor (vWF) degradation 
were evaluated for both devices under identical test conditions.

Methods

The study protocol was approved by the University of Ari-
zona Institutional Animal Care and Use Committee (Protocol 
number 19-522, from May 21, 2019). Mock loop design, as-
sembly and operation, blood collection, and sample pro-
cessing were conducted following recommendations of the 
recent updates of ASTM F1841 and ISO 10993-4 standards.10,11 
Assays to quantify hemolysis and platelet activation markers 
were chosen as suggested by ASTM F1841-2019 and ISO 
10993-4: 2017, respectively.

Blood collection

Fresh porcine blood was collected via sacrificial exsanguina-
tion. A domestic swine (40 kg) was anticoagulated with 200 U/
kg heparin before vessel catheterization. Blood was collected in 
JorVet blood collection bags (Jorgensen Laboratories, Loveland, 
CO) containing CPDA solution via catheterization of jugular 
and femoral veins (total blood volume collected from a single 
animal was approximately 2 L sufficient to fill in two loops).

Design and assembly of Impella 5.5 and 
Centrimag propelled circulatory loops

To objectively evaluate and fairly compare the hemocompat-
ibility of Impella 5.5 and Centrimag devices in vitro, two types 
of mock circulatory loops were assembled. Key components of 
the two loops are depicted in Figure 1. Both mock loops con-
sist of non-thrombogenic ½ inch Tygon tubing, a reservoir for 
blood de-airing, a plastic mesh filter, a straight connector with 
a luer port for blood sampling, a series of clamps to create re-
quired pressure difference, and a non-contact flow sensor. In 
addition, the Impella 5.5 loop included an extra Y-connector 
to accommodate Impella 5.5 catheter which was connected 
to the Automated Impella Controller. The outflow cannula of 
the Impella 5.5 was enclosed within a 1 inch tube region, 
mimicking its position in vivo within the ascending aorta. The 
1 inch tube region was assembled from 1 inch Tygon tubing 
and two ½ to 1 inch adapters designed and three-dimensional 
(3D)-printed in-house using stereolithography 3D-printer 
(Formlabs Inc., Somerville, MA) with dental resin FLDMBE02 

(Formlabs Inc.; Figure 1A). The Centrimag inflow and outflow 
cannulas were facing a 3/8 inch region connected to the loop 
via a 3/8–1/2 inch adapter (Figure 1B). Before every experi-
ment, new loops were assembled incorporating an Impella 
5.5 or Centrimag. Three brand-new clinical grade Impella 5.5 
devices were used for comparison with one brand-new clinical 
grade Centrimag system, extensively cleaned with Tergazyme 
detergent and DI-water before the next run.

Mock loop operation and blood sample processing

Before blood runs, mock loops were recirculated with saline, 
and a pressure difference was established at 60 mmHg for Impella 
5.5 and 350 mmHg for Centrimag, as indicated by two pressure 
sensors (Omega Engineering Inc., Norwalk, CT) located at inflow 
and outflow pump regions.12 The Impella 5.5 pump was purged 
with 5% glucose solution containing 50 unit/ml heparin (Sigma-
Aldrich, St. Louis, MO) according to the Impella Device Instruc-
tions for Use Product manual. The flow rate for both devices was 
maintained at 4.5 L/min. Then, saline was fully drained from the 
loops, and 750 ml of prewarmed blood collected from the same 
animal donor was loaded in each loop. Loops were de-aired and 
positioned in two water baths controlled at 37ºC. Separately, a 
50 ml aliquot of blood was kept at 37ºC undisturbed as a “still” 
control. The pumps were started, and blood was recirculated 
through the loops for 5 minutes, which was consider as 0 hour 
time point. Then, blood was recirculated for 4 hours, and tim-
ing samples were collected every 30 minutes; in addition, “still” 
control samples were collected at 0 and 4 hour time points.11,13 
Timing blood samples were processed immediately as described 
below. A 5 ml blood sample was centrifugated at 2,000g for  
10 minutes at room temperature to obtain platelet-poor plasma. 
Plasma aliquots were collected and snap-frozen at –80ºC to be 
examined for hemolysis and soluble markers of platelet activa-
tion. Other 5 ml of blood was fixed by adding 1% paraformal-
dehyde (PFA) in PBS with 0.1% BSA in a volume ratio 1:1 and 
incubated for 1 hour at room temperature as recommended 
elsewhere.14,15 PFA-fixed blood was then centrifuged at 150g for 
15 minutes at room temperature to obtain PFA-fixed platelet rich 
plasma (PRP). Fixed PRP samples were stained with fluorescein-
conjugated antibodies and proteins for flow cytometry detection 
of surface markers of platelet activation.

Hemolysis

The extent of hemolysis from exposure of porcine blood to 
shear stress in the device-operated mock loops was examined 
by determining the level of plasma free hemoglobin (pf-Hb) and 
lactate dehydrogenase (LDH) released in plasma from damaged 
red blood cells. Pf-Hb was measured on a HemoCue Plasma/
Low Hb photometer (Ängelholm, Sweden) and using a colori-
metric assay (CAYMAN Chemicals, Ann Arbor, MI) following the 
manufacturer’s instructions. LDH activity was tested using the 
colorimetric assay LDH-Cytotox (BioLegend, San Diego, CA).

Flow cytometry detection of surface markers 
of platelet activation and microparticles

Flow cytometric detection of platelet surface glycoproteins 
was performed following published recommendations.16,17 A 
20 µL aliquot of PFA-fixed PRP was mixed with 80 µL of PBS 
containing 1% BSA and PE-conjugated anti-CD62P (1:100, 
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clone Psel.KO2.5; eBioscience, San Diego, CA) staining 
P-selectin exposed on platelets as a result of α-granule secre-
tion, or FITC-annexin V (1:20; Invitrogen, Waltham, MA) stain-
ing negatively charged phospholipids appearing on the platelet 
surface as a result of membrane depolarization after platelet 
activation. Samples were incubated in the dark for 30 minutes 
at room temperature and 900 µL of PBS with 1% BSA was 
added to each sample. Flow cytometry was conducted on FAC-
SCanto II (BD Biosciences, San Jose, CA). Single platelets were 
distinguished from MPs based on their forward/side scatter 
characteristics, and 10,000 gated events were acquired. Flow 
cytometry data were analyzed using FCS Express 3 software 
(De Novo Software, Pasadena, CA). Marker-positive platelets 
or MPs were identified within platelet- or microvesicle-sized 
population based on their median fluorescence intensity (MFI) 
as compared with a nonstained control. The arbitrary number 

of platelets and MPs (expressed in % from 10,000 gated events) 
and their MFI were calculated.

Enzyme-linked immunosorbent assay detection of 
soluble markers of platelet activation and vWF

The concentration of soluble markers of platelet activation, 
β-thromboglobulin (β-TG), and soluble P-selectin (sP-selectin) 
was quantified using commercial enzyme-linked immuno-
sorbent assay (ELISA) kits: Pig β-TG ELISA kit (MyBioSource, 
San Diego, CA) and Porcine sP-selectin ELISA kit (Biotang, Inc., 
Albuquerque, NM). As the concentration of soluble markers of 
platelet activation in porcine plasma largely varies, each kit was 
titrated to identify the optimal dilution of the plasma sample 
within 1× to 100× dilution range. Titration results revealed that 
no dilution of the sample was required. ELISAs were performed 
according to the manufacturer’s instructions. Optical density 

Figure 1. Design of the Impella 5.5 (A) and Centrimag (B) propelled circulatory loops.
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(λ = 450 nm) was measured on Versa MAX microplate reader 
(Molecular Devices Corp., Sunnyvale, CA). Calibration curves 
and protein concentration calculations were made using Soft-
Max Pro6 software (Molecular Devices Corp.).

vWF antigen (vWF:Ag) concentration and collagen binding 
were tested using in-house ELISA18 and vWF collagen binding 
assay (vWF:CBA)19 at Cornell University Animal Health Diag-
nostic Center (Ithaca, NY). Results were reported as % vWF:Ag 
or vWF:CBA of an internal assay standard (canine pooled 
plasma vWF:Ag = 100%).

Statistical analysis

Results from three independent experiments using blood 
from three different animal donors were summarized in plots. 
Pf-Hb, LDH, ELISA, and flow cytometry samples were run in 
duplicate. The statistical significance of hemocompatibility 
parameters’ alterations over time was evaluated using one-way 
repeated measures analysis of variance (ANOVA) with Dun-
nett’s multiple comparison test from GraphPad 8 Prism soft-
ware (GraphPad Software Inc., San Diego, CA). In addition, 
the difference between the Impella 5.5 and Centrimag perfor-
mance was evaluated using two-tail paired t-test, as recom-
mended by ATFM F1841-19.10 Averages are reported as the 
mean ± standard deviation (SD). The level of statistical signif-
icance is indicated on figures as *,#p ˂ 0.05 and **,##p ˂ 0.01.

Results

Our in vitro hemocompatibility study of the Impella 5.5 and 
Centrimag aimed at objectively comparing the effect of device 
operational performance on red blood cell, platelet, and pro-
tein integrity in hemodynamic conditions similar to the worse 
clinical use scenarios in vivo. Specifically, we investigated the 
impact of each system and its means of propulsion on red blood 
cells—examining their damage (hemolysis) via pf-Hb and LDH 
activity in plasma, and on platelets—measuring activation mark-
ers (soluble and membrane bound) and quantifying platelet-
derived microvesicles. We evaluated the effect of Impella 5.5 
and Centrimag on vWF degradation by screening alteration of 
its concentration and intensity of collagen binding over the time 
of blood recirculation in the device-propelled loops.

Impella 5.5 and Centrimag induced minor hemolysis 
with similar trends of plasma free hemoglobin 
increment with no increase in LDH activity

The level of hemolysis induced by Impella 5.5 and Centrimag 
was evaluated by measuring pf-Hb concentration and LDH ac-
tivity, both standard markers of red blood cell damage.10,11 We 
found that both Impella 5.5 and Centrimag induced mild he-
molysis, with similar trends of pf-Hb elevation. Thus, 4-hour 
recirculation of whole blood in the Impella 5.5 loop led to a 2- 
and 2.5-fold increase of pf-Hb as indicated by colorimetric test 
and Hemocue photometer, respectively (Figure 2, A and B). 
A statistically significant increase of pf-Hb was detected after 
120 minutes (colorimetric assay) and 210 minutes (HemoCue) 
of recirculation. Similarly, 4-hour recirculation within the 
Centrimag loop resulted in 1.7- and 2.5-fold increase of pf-Hb, 
as indicated by colorimetric test and Hemocue photometer, 
correspondingly. A statistically significant increment was 

registered at 150 minute (HemoCue) and 210 minute (color-
imetric assay) time points (Figure 2, A and B).

Interestingly, neither Impella 5.5 nor Centrimag caused a 
significant increase of plasma LDH activity (Figure 2C). After 
4-hour recirculation in the Impella 5.5 loop, plasma LDH 
activity remained constant (25.65 ± 2.54 vs. 24.87 ± 3.41/
min at 0 minute). The Centrimag tended to increase baseline 
plasma LDH activity, though no significant difference was 
detected under our experimental conditions (25.04 ± 2.57 vs. 
30.83 ± 7.31/minute at 0 minute, ANOVA: p = 0.49).

The Impella 5.5 and Centrimag caused minor or 
no alterations of platelet activation markers

We found that neither Impella 5.5 nor Centrimag induced 
alteration of plasma levels of soluble markers of platelet acti-
vation, β-TG, and sP-selectin (Figures 3A; see Figure S1, Sup-
plemental Digital Content, http://links.lww.com/ASAIO/A548). 
Thus, after 4 hour recirculation of porcine blood via Impella 
5.5 and Centrimag propelled loops, concentration of β-TG 
remained essentially unchanged: 0.24 ± 0.10 ng/ml for baseline 
vs. 0.21 ± 0.03 ng/ml and 0.19 ± 0.09 ng/ml for 4 hour Impella 5.5 
and Centrimag, respectively (Figure 3A). Similarly, the level of 
sP-selectin in porcine plasma was below the detection limit of 
the commercial kit (0.2 ng/ml) at baseline and remained unde-
tectable even after 4 hour recirculation within the tested loops 
(Figure S1, Supplemental Digital Content, http://links.lww.com/
ASAIO/A548). Furthermore, the level of membrane-bound 
P-selectin on platelet surface, as quantified by flow cytometry, 
was also not increased after exposure to shear stress generated by 
tested devices. On the contrary, the recirculation of blood in both 
device propelled loops led to a minor but continuous decline of 
platelet surface P-selectin over shear exposure time (Figure 3B). 
The MFI of P-selectin-positive platelets in nonsheared control 
was very low and further decreased significantly after 2 hours 
and reached 252.4 ± 3.8 and 246.2 ± 3.3 arbitrary units (AU) 
after 4 hours of shear exposure for Impella 5.5 and Centrimag, 
respectively, as compared with 272.9 ± 6.3 AU for nonsheared 
control “0 Still” (ANOVA: p < 0.01). Interestingly, in the nons-
heared control sample kept undisturbed for 4 hours, the level of 
P-selectin MFI significantly increased (272.9 ± 6.3 AU for 0 Still 
vs. 309.7 ± 19.8 AU for 240 Still; ANOVA: p < 0.01), indicating 
mild P-selectin exposure over storage time (Figure 3B).

Externalization of anionic phospholipids on platelet surface, 
as a specific marker of shear-mediated platelet activation,20 
was examined using annexin V binding assay and quantified as 
MFI of annexin V–positive population. We showed that platelet 
annexin V binding gradually increased over the shear exposure 
time for both devices (Figure S2, Supplemental Digital Con-
tent, http://links.lww.com/ASAIO/A548). For Impella 5.5, the 
statistically significant increase of annexin V MFI was regis-
tered even after 1 hour of recirculation striking its maximum at 
4 hour time point (4,799.0 ± 908.4 AU and 10,000.0 ± 1,640.0 
AU, respectively, vs. 3,582.0 ± 332.0 AU at nonsheared con-
trol “0 Still”). For Centrimag, annexin V binding also tended to 
increase over shear exposure time, but notable augmentation 
of MFI was only detected after 4 hour recirculation (Figure S2, 
Supplemental Digital Content, http://links.lww.com/ASAIO/
A548, “0 Still” vs. “240 min”; ANOVA: p < 0.01). Of note, 
the dramatic increase of annexin V binding after 4 hour shear 
exposure was not only identical for both devices but was 

http://links.lww.com/ASAIO/A548
http://links.lww.com/ASAIO/A548
http://links.lww.com/ASAIO/A548
http://links.lww.com/ASAIO/A548
http://links.lww.com/ASAIO/A548
http://links.lww.com/ASAIO/A548
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also replicated in the nonsheared control sample. Thus, after 
4 hour incubation of the undisturbed blood sample at 37°C, 
the annexin V fluorescence escalated from 3,582.0 ± 332.0 
AU at baseline up to 10,817.0 ± 2,156.0 AU at 240 minutes 
(Figure S2, Supplemental Digital Content, http://links.lww.
com/ASAIO/A548, “0 Still” vs. “240 Still”; ANOVA: p < 0.01).

The Impella 5.5 and Centrimag slightly decreased platelet 
number and promoted generation of microparticles

In our study, MPs were analyzed in PFA-fixed PRP obtained 
from sheared blood samples immediately after shear expo-
sure in the device-propelled loops. Illustrative dot diagrams of 
platelet and microparticle distribution after whole blood expo-
sure to device-related shear are reported in Figure S3, Supple-
mental Digital Content, http://links.lww.com/ASAIO/A548. We 
found that after 4 hour recirculation of blood within the Impella 
5.5 and Centrimag-propelled circulatory loops the number of 
platelets was slightly but statistically significantly reduced. In 
both cases, the platelet count drop occurred within the 1 hour of 
shear exposure and then largely remained unaltered (Figure 4A). 
The number of MPs was also increased in both Impella 5.5 and 
Centrimag-sheared samples as compared with nonsheared 

control (Figure 4B). Similar to the platelet count drop, for both 
devices, the microparticle increase occurred by the first hour 
of shear exposure and then remained steady for Impella 5.5, 
though gradually increased for Centrimag reaching, respectively, 
27.4 ± 4.8% and 35.8 ± 9.0%, after 4 hour recirculation time, 
as compared with 18.3 ± 1.8% in the nonsheared control. The 
Impella 5.5 was shown to be less damaging, demonstrating a lower 
degree of platelet count decrease (p < 0.01) and MP generation  
(p < 0.05), as compared with Centrimag.

When phenotyping the microparticle pool ejected as a re-
sult of blood recirculation within device-propelled loops, we 
have found that the P-selectin-positive microparticle population 
remained steady over the shear exposure time in the case of 
Centrimag (14.5 ± 4.5% vs. 15.25 ± 3.76 in nonsheared con-
trol) or even slightly decreased with Impella 5.5 (9.85 ± 0.7%, 
ANOVA: p < 0.05). In the nonsheared control, P-selectin-posi-
tive microparticle number tended to drop, though no significant 
difference was detected (Figure 5A). The MFI of P-selectin-pos-
itive MPs also remained unaltered (data not shown). Yet, the 
number of annexin V–positive MPs, indicating a procoagulant 
MP population, incrementally increased over shear exposure 
time reaching its maximum at the 4 hour time point (Figure 5B). 
The MFI of the annexin V–positive MPs was also nearly 1.5-fold 

Figure 2. The Impella 5.5 and Centrimag induced minor hemolysis showing similar trend of plasma free hemoglobin (pfHb) increment and 
no increase of LDH activity over time. A and B, pfHb concentration detected by HemoCue Plasma/Low Hb photometer and colorimetric 
assay (CAYMAN Chemicals) respectively; C, plasma LDH activity (reported as OD405/min). Data of three experiments are reported as mean 
± SD, one-way repeated measures ANOVA with Dunnett’s multiple comparison test: ns or no mark: p > 0.05, *,#p < 0.05, **,##p < 0.01 as 
compared with “0” time point. No statistically significant difference was found between devices for pfHb and LDH (two-tailed paired t-test,  
p > 0.05). LDH, lactate dehydrogenase; SD, standard deviation.

http://links.lww.com/ASAIO/A548
http://links.lww.com/ASAIO/A548
http://links.lww.com/ASAIO/A548
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Figure 4. The number of platelets slightly decreased while the number of microparticles barely increased after exposure of whole blood 
to shear stress in the Impella 5.5 and Centrimag circulatory loops. A, Arbitrary number of platelets; B, arbitrary number of microparticles 
captured by flow cytometry. Data of three experiments are reported as mean ± SD, one-way repeated measures ANOVA with Dunnett’s mul-
tiple comparison test: **,##p < 0.01 as compared with nonsheared control “0 Still” for Impella 5.5 and Centrimag, respectively. Statistically 
significant difference was found between devices for number of platelets and microparticles (two-tailed paired t-test). ANOVA, analysis of 
variance; SD, standard deviation.

Figure 5. The Impella 5.5 and Centrimag did not promote ejection of P-selectin positive microparticles, while increasing the number of 
procoagulant annexin V–positive microparticles. A, Arbitrary number of P-selectin-positive microparticles; B, arbitrary number of annexin 
V–positive microparticles, both reported as % of all captured events. Data of three experiments are reported as mean ± SD, one-way re-
peated measures ANOVA with Dunnett’s multiple comparison test: *,#p < 0.05, **,##p < 0.01 as compared with non-sheared control “0 Still” 
for Impella 5.5 and Centrimag, respectively. No statistically significant difference was found between devices for P-selectin+ and annexin V+ 
microparticles, other than annexin V+ microparticles at “240” time point (two-tailed paired t-test, p = 0.006). ANOVA, analysis of variance; 
SD, standard deviation.

Figure 3. Alteration of platelet activation markers, β-thromboglobulin (A) and P-selectin (B), after blood recirculation in the Impella 5.5 and 
Centrimag circulatory loops. β-Thromboglobulin level in blood plasma was assessed by ELISA. P-selectin exposure on platelet surface was 
detected by flow cytometry and reported as MFI of marker-positive platelets. Data of three experiments are reported as mean ± SD, one-way 
repeated measures ANOVA with Dunnett’s multiple comparison test: **,##p < 0.01 as compared with nonsheared control “0 Still” for Impella 
5.5 and Centrimag, respectively. No statistically significant difference was found between devices for β-thromboglobulin and P-selectin 
(two-tailed paired t-test, p > 0.05). ANOVA, analysis of variance; ELISA, enzyme-linked immunosorbent assay.
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increased, reaching 2,148.3 ± 571.8 AU and 1,818.4 ± 292.0 AU 
for the Impella 5.5 and Centrimag, respectively, as compared 
with 1,148.7 ± 384.4 AU for the nonsheared control. Admittedly, 
the Centrimag shear exposure led to higher numbers of annexin 
V–positive MPs than Impella 5.5 (Figure 5B; ANOVA: p < 0.01).

The Impella 5.5 and Centrimag did not affect vWF 
concentration while notably decreased its collagen binding

Premature degradation of vWF multimers during MCS and 
resultant quantitative and functional vWF deficiency have been 
long recognized as major contributors to pathophysiology of 
device-related bleeding complications.21,22 Thus, we examined 
the effect of the Impella 5.5 and Centrimag on plasma concen-
tration of vWF antigen (vWF:Ag), as well as its collagen bind-
ing (vWF:CBA), indicating quantity and functional activity of 
the vWF pool. We showed that within 4 hours of blood recir-
culation in device-propelled circulatory loops neither Impella 
5.5 nor Centrimag resulted in a significant decrease of plasma 
vWF:Ag (Figure 6A). Of note, a minor spike of vWF concen-
tration could be noticed at 180 minutes of recirculation in the 
Centrimag (but not Impella 5.5) loop.

However, a significant drop of vWF:CBA, indicating a de-
crease in functional activity as a result of structural degradation, 
was registered for both devices. We found that collagen binding 
of porcine vWF in the nonsheared “0 Still” sample was initially 
low (26.3 ± 12.7% as compared with an internal assay standard, 
canine pooled plasma with vWF:CBA = 100%). Then, during 
blood recirculation in the Impella 5.5 loop, the vWF:CBA 
dropped to 5.5 ± 6.3% at 210 minutes, but then recovered 
to 11.7 ± 1.5% at 240 minutes. For the Centrimag loop, the 
vWF:CBA dropped irreversibly to 3.3 ± 3.6% at 180 minute. 
Resultant fluctuations of vWF:CBA/vWF:Ag index, a routine 
clinical indicator of vWF functional activity, are reported in 
Figure 6B. When vWF:CBA of sheared samples were normal-
ized to the nonsheared control “0 Still,” a statistically significant 
drop was detected in Impella 5.5 loop after 1 hour recircula-
tion with subsequent recovery to almost 50% of initial level 
(see Supplemental Material, Figure S4, Supplemental Digital 
Content, http://links.lww.com/ASAIO/A548). Conversely, the 
Centrimag caused an immediate statistically significant drop of 
vWF:CBA which steadily decreased to barely detectable levels.

Discussion

Continued improvement of MCS design has led to the ad-
vance of increasingly effective, miniaturized catheter devices 
for large volume, rapid hemodynamic restoration. We aimed to 
examine the hemocompatibility of the new Impella 5.5, in com-
parison with a reference device, the Centrimag. In our study, we 
examined hemolytic potential—a “must-have” marker of device 
hemocompatibility as per FDA requirements. Beyond this, we 
also evaluated the effect of the Impella 5.5 and Centrimag on 
platelet function, microparticle generation, and degradation of 
vWF, all vital components of hemostatic system which are rarely 
evaluated with standard preclinical testing of MCS systems.

Analyzing the hemolytic potential of the compared devices, 
we found that both the Impella 5.5 and Centrimag caused minor 
increases in pf-Hb, though with no increase in LDH activity. 
Multiple in vitro studies testing Centrimag hemocompatibility 
showed similar levels of hemolysis as indicated by an increase in 
pf-Hb.23–25 Poor correlation of LDH with pf-Hb in clinical cases of 
hemolysis of Impella 5.0–supported patients has been reported 
previously.26 Plasma levels of LDH in patients with cardiogenic 
shock may already be elevated due to myocardial injury suggest-
ing low specificity of LDH as a hemolysis marker. Yet, given the 
low specificity and questionable sensitivity, LDH remains a pop-
ular clinical indicator of hemolysis partially due to the limited 
access of some centers to benchtop pf-Hb assays. Of note, here we 
demonstrated that pump-related increase of pf-Hb can be easily 
detected by the point-of-care photometer HemoCue Plasma/Low 
Hb. Although the Hemocue photometer demonstrated lower sen-
sitivity in low range pf-Hb concentration, as compared with the 
bench top colorimetric assay, underestimating baseline pf-Hb, 
it showed almost identical pf-HB levels at the 4 hour end-point 
(Figure 2A versus Figure 2B; 0 and 240 minutes) and detected 
statistically significant pf-Hb increment associated with device-
related shear exposure. Considering the short loop operation time 
in vitro (4 hours) as compared with several days/weeks for patient 
on MCS, we believe that Hemocue could be used to efficiently 
monitor pump-related hemolysis at the bedside.

Platelets are active participants and regulators of hemo-
stasis, angiogenesis, and as recently recognized, inflammation 
and the immune response.27 When activated with biochemical 
or mechanical stimuli, platelets release a number of proteins 

Figure 6. Neither Impella 5.5 nor Centrimag significantly altered plasma level of von Willebrand factor antigen (vWF:Ag) while facilitating a 
notable decrease of its collagen binding ability (vWF:CBA) over shear exposure time. vWF:Ag and vWF:CBA were measured using in-house 
ELISA. Results are reported as % vWF:Ag of an internal assay standard (canine pooled plasma vWF:Ag = 100%). vWF:CBA/vWF:Ag index 
indicates functional activity of vWF. Data of three experiments are reported as mean ± SD, one-way repeated measures ANOVA with Dun-
nett’s multiple comparison test: no mark: p > 0.05 as compared with nonsheared control “0 Still.” No statistically significant difference was 
found between devices for vWF:Ag and vWF:CBA (two-tailed paired t-test, p > 0.05). ANOVA, analysis of variance; ELISA, enzyme-linked 
immunosorbent assay; SD, standard deviation.
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and inflammatory factors required to manifest clotting and 
inflammation while limiting fibrinolysis and vascular leak-
age. To monitor platelet degranulation, we employed a robust 
approach such as testing surface bound markers of platelet de-
granulation, using immunostaining and flow cytometry, as well 
as soluble proteins released in plasma, using ELISA. We found 
that Impella 5.5 and Centrimag did not promote platelet de-
granulation, as no increase of plasma β-TG and sP-selectin, 
conventional markers of platelet activation and α-granule re-
lease, was detected. It is noteworthy that baseline levels of  
β-TG and sP-selectin in porcine plasma were much lower than 
those described for humans28,29 while correlating with recently 
reported porcine ones.30 We also showed that surface expression 
of P-selectin (CD62P) on platelets, as monitored by flow cytom-
etry, was not elevated after blood recirculation within the device-
propelled loops. Conversely, a mild downregulation of P-selectin 
surface expression occurred during long-term shear exposure 
(Figure 3B). The observed decrease of P-selectin surface expres-
sion is unlikely explained by the shedding of this protein, as no el-
evation of plasma sP-selectin was detected. Rather, we speculate 
that shear-mediated platelet dysfunction is associated with shear-
compromised platelet granule release. As a relevant example, the 
study of Geisen et al.31 evaluating the pathophysiology of bleed-
ing complications in LVAD-supported patients (HMII and HMIII), 
showed that 91% of patients developed impaired granule secre-
tion as indicated by decreased surface expression of CD62P and 
CD63 on their platelets. Along with acquired vWF deficiency, 
impaired granule secretion was named as one of the risk factors 
of device-related bleeding complications.31 Similarly, Dewald et 
al.32 reported a decrease of platelet CD62P expression in patients 
supported with the Novacor VAD or Berlin Heart, though “no 
relation between expression of platelet activation markers and 
bleeding time ex vivo was found.”

MCS and ECMO systems are associated with a decrease of 
platelet count not related to heparin administration.33,34 Throm-
bocytopenia requiring platelet transfusion was also noted in 
patients supported with Impella systems.35,36 Therefore, we 
examined whether Impella 5.5 and Centrimag induce alter-
ation of platelet number and generation of MPs; in addition, 
the surface marker phenotype of generated MPs was ana-
lyzed. We found that both devices induced a minor platelet 
count drop occurring within first hours of recirculation; the 
Centrimag showed more pronounced platelet count decline 
than the Impella 5.5 (Figure 4A). Simultaneously, we observed 
a gradual increase of the annexin V binding in the platelet pop-
ulation over the shear exposure time. Annexin V binding is usu-
ally regarded as a marker of membrane depolarization during 
platelet apoptosis.37,38 Yet, we have previously shown that exter-
nalization of anionic phospholipids (as indicated by annexin V 
binding) is a characteristic signature of shear-mediated platelet 
activation as opposed to platelet activation by biochemical 
agonists, for example, ADP and thrombin.20 Indeed, Mondal et 
al.39,40 reported that markers of platelet apoptosis and oxidative 
stress were elevated in bleeders versus non-bleeders among pa-
tient cohort supported by CF-VADs. However, we noted that 
annexin V binding was also elevated in the nonsheared con-
trol (see Figure S2, Supplemental Digital Content, http://links.
lww.com/ASAIO/A548, “240 Still” sample) suggesting that the 
shear-mediated increase of platelet annexin V binding observed 
in our study could be at least partially attributed to in vitro 
platelet “aging” occurring in blood samples during long-term 

storage and handling.41,42 Thus, Block et al. showed that altera-
tions of platelet function in freshly collected heparin-anticoagu-
lated human blood occurred even within four hours of storage, 
which reiterates the importance of utilization of freshly col-
lected blood for hemocompatibility testing.13

Shear-mediated alterations of platelet morphology result in 
platelet fragmentation and ejecting of MPs.43 Microparticles are 
submicron membrane vesicles generated by platelets and other 
blood cells, recently been declared to play a major role in pro-
moting coagulation, inflammation, and immune response.44 We 
found that the number of circulating MPs slightly increased with 
exposure time in both devices, with Centrimag showing signif-
icantly higher rate of MP generation (Figure 4B). As depicted 
in Figure 5B, the majority of shear-ejected MPs were annexin 
V positive which indicated their procoagulant phenotype, an 
ability to bind coagulation factors and usher thrombin genera-
tion. The number of procoagulant MPs ejected in the Centrimag 
propelled loop were nearly two times greater as in the Impella 
5.5 loop. Our in vitro findings suggest that the increase of pro-
coagulant MPs and associated intensification of thrombin gen-
eration might be considered as predecessors of MCS-related 
thrombotic complications in device-supported patients. Recent 
clinical reports indeed validate our claim demonstrating a strong 
correlation between the number of circulating MPs and occur-
rence of adverse events in patients implanted with VADs.45–48 
Using mass spectrometry, McClane et al.47 identified unique cor-
relations between MPs and MP procoagulant activity in plasma 
from VAD-supported patients, suggesting their ability to predict 
thrombotic events and differentiate them from other hemostatic 
events. Nascimbene et al.49 found that increased levels of proco-
agulant MPs was associated with the high risk of adverse events 
even 3 months after the VAD implantation. In their review, Ivak 
et al.45 concluded that quantification and phenotyping of circu-
lating MPs, as correlated with clinical data, could be used for 
monitoring of vascular status in patients with VADs to detect and 
manage short-term and long-term adverse events.

Along with the shear-compromised platelet count and func-
tion, acquired deficiency of vWF is another well-recognized 
contributor to the etiology of MCS-related bleeding complica-
tions.21,22,34 Therefore, we have analyzed the effect of shear stress 
generated by the Impella 5.5 and Centrimag on plasma levels 
of vWF:Ag and its collagen binding as indicators of intact vWF 
structure and function. We observed no significant decrease of 
vWF antigen concentration over the shear exposure time, rather 
a slight increase of vWF was noted at 180 minutes of recircu-
lation for Centrimag. A similar spike of vWF concentration was 
reported in a previous in vitro study testing the hemocompat-
ibility of HMIII using heparinized porcine blood.50 We specu-
late that such an increase could be attributed to vWF release 
from platelet α-granules. Why did we observe shear-mediated 
increase of plasma vWF concentration but not other α-granule 
proteins? The content of vWF in platelet α-granules is reportedly 
higher than other proteins, including β-TG and P-selectin.51 Fur-
thermore, it has been shown that porcine granules have even 
higher load of vWF multimers than humans.52 Another explana-
tion for the observed phenomena could be selective release of 
platelet α-granules storing various coagulation factors and cyto-
kines in response to different activation stimuli.53,54

Also, we found that both tested devices promote notable 
and rapid degradation of vWF multimers as indicated by the 
decrease of vWF collagen binding activity. Thus, significant 
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decline of vWF:CBA and correspondent vWF:CBA/vWF:Ag 
index (see Figure S4, Supplemental Digital Content, http://links.
lww.com/ASAIO/A548; Figure 6B) was observed within the first 
hour indicating fast-track of vWF disruption. The greater extent 
of vWF:CBA decrease was registered in the case of Centrimag, 
while Impella 5.5 showed less steep decline. Similar dynamics 
of human vWF degradation in a mock circulatory loop propelled 
with the Impella-CP or 5.0 was described by Vincent et al.55  
Thus, the rapid time-dependent decrease of vWF multimers 
capable to bind collagen (>60% at 5 minutes and >90% at 
30 minutes of recirculation) coincided with the dramatic loss 
of vWF collagen binding activity, as indicated by decrease of 
vWB:CBA/vWB:Ag index (0.5 at 5 minutes and 0.35 at 30 min-
utes vs. 1 at the baseline).55 Whether shear-mediated vWF deg-
radation during MCS occurs due to direct mechanical damage 
of the molecule or ADAMTS13-mediated proteolysis remains a 
topic of debate.56,57 Nevertheless, in vitro studies reveal that 
unfolding of vWF molecule, necessary for proteolysis, and fur-
ther cleavage by ADMATS13 could occur within 200 s in re-
sponse to acute changes in shear conditions.58

We recognize a few methodological limitations which how-
ever do not diminish the significance of this study. Freshly 
obtained porcine blood was anticoagulated with heparin (in 
vivo) and CPDA. Such dual anticoagulation is expected to sig-
nificantly inhibit shear-mediated thrombin generation59 and 
therefore thrombin-mediated platelet activation and clotting. 
Thus, we believe that the phenomena reported in our study are 
largely caused by device-generated shear stress and not due 
to paracrine platelet activation by thrombin. The number of 
experiments was limited by three repetitions, which however 
represent good reproducibility. Three brand-new clinical grade 
Impella 5.5 disposable devices were used for comparison with 
one brand-new clinical grade Centrimag system. Due to the 
lack of commercially available fluorescein-bound antiporcine 
CD41 antibodies, that specifically stain platelets and platelet-
derived MPs, the specificity of flow cytometric detection of 
platelet-derived MPs in swine is somewhat limited. To over-
come this limitation, in our study we have applied size gating 
and two immunofluorescent stains, anti-human CD62P, clone 
Psel.KO2.5 showing significant cross reactivity with swine23 
and annexin V showing multispecies cross reactivity. Therefore, 
circulating MPs monitored in our study, though largely plate-
let-derived, might contain a small portion of other blood cell 
derivatives.

Conclusion

The Impella 5.5 and Centrimag showed low hemolytic po-
tential as indicated by minor increment of pf-Hb with no al-
teration of plasma LDH activity. Thus, pf-Hb but not LDH is 
recommended as a sensitive and specific marker of hemolysis 
induced by these devices. Furthermore, our study shows that 
device-related hemolysis can be successfully measured with 
the point-of-care photometer HemoCue Plasma/Low Hb. In 
addition, both tested devices did not induce platelet degranu-
lation, as assessed by soluble and surface bound protein mark-
ers, rather minor downregulation of platelet surface P-selectin 
was observed suggesting impaired degranulation of sheared 
platelets. Blood exposure to shear stress via both Centrimag 
and Impella resulted in a minor decrease of platelet count 
over time, with MP release and a decrease of vWF functional 

activity. Interestingly, significantly greater MP generation was 
observed overtime with the Centrimag relative to the Impella 
5.5. Thus, the Impella 5.5 despite having a lower profile and 
higher rotation speed demonstrated good and equivalent 
hemocompatibility, in comparison with Centrimag, with the 
advantage of lower MP generation.
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