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A B S T R A C T

Implantable Ventricular Assist Devices (VADs) have become a treatment of choice for patients with end-stage heart failure or cardiogenic shock, significantly
increasing both survival rates and the quality of life of patients. Moreover, VAD use is growing as destination therapy for patients who require permanent mechanical
cardiac circulatory support. This heightens the need to ensure VAD reliability and safety, even amidst challenges in optimization of pump design for minimal blood
damage. Advanced design LVADs like the HVAD (Medtronic, Inc., Minneapolis, MN) and the Heartmate 3 (HM3; Abbott Labs, Chicago, IL) are centrifugal systems
that had been favorably compared to the continuous flow axial pumps, such as the HeartMate II (HMII; Abbott Labs, Chicago, IL). While the HVAD and HMII are
increasingly utilized in older pediatric populations in addition to the Berlin Heart Excor (Berlin Heart GmbH, Berlin Germany), implementation of VAD support for
pediatric patients still lags behind adults. Recently, the HM3 has demonstrated superior performance to the HMII with respect to pump thrombosis in clinical trials
and may also find utility in pediatric applications, particularly for adolescents. In this present work, performance of HVAD and HM3 were compared using basic
laboratory tests and Red Blood Cell (RBC) Mechanical Fragility (MF), an assay that provides assessment of sub-hemolytic RBC damage which can be caused by VAD
operation. RBC MF was assessed using electromagnetically driven bead milling with cylindrical beads in multiple different regimes for different sample stressing
configurations. Induced hemolysis in the sample was measured non-invasively at different (increasing) cumulative stress duration intervals, to obtain a MF profile for
each stressing regime. In a cohort of 13 HVAD and 7 HM3 patients, blood samples were obtained before surgery and at 1 h, 24 h, 1 week and 4 weeks after surgery. No
significant differences were observed between the two VAD devices in conventional hemolysis markers including free hemoglobin, bilirubin, total LDH and hap-
toglobin, as well as in changes patient hemoglobin. HM3 demonstrated elevated, compared to HVAD, levels of LDH-1 at 24 h (p < 0.05) and 1 week
(0.05 < p < 0.1) after surgery, with LDH-1 reverting to about pre-surgery levels at 4 weeks. These differences between pumps may have been attributed to
confounders such as duration of cardiopulmonary bypass at time of LVAD implant. By one metric, RBC MF was similarly elevated for HM3 at both 24 h and 1 week
after surgery, and also reverted to about pre-surgery levels at 4 weeks. Such changes in RBC MF results were observed for only one of the employed stressing regimes,
highlighting the potential importance of matching the applied in vitro stress parameters to the particular nature of in vivo blood damage involved. Forthcoming work
is planned for further analysis and reporting on additional aspects of this study.

1. Introduction

Implantable, durable Left Ventricular Assist Devices (LVADs) sup-
port the heart in its role of maintaining circulation through the human
body when the heart alone is not capable of maintaining sufficient flow.
Recent technological advances have allowed the development of im-
plantable LVAD systems, with the pump located inside the body and the
power source located outside the body. Use of such devices is presently
a treatment of choice for patients with end-stage heart failure or car-
diogenic shock refractory to medical therapy, and has been shown to
significantly increase survival, functional status and quality of life of
patients [1]. Durable VADs are currently utilized as a bridge to heart

transplantation or more frequently as permanent therapy for patients
ineligible for heart transplantation [2]. Less commonly, implantable
LVADs have been used to bridge patients to myocardial recovery, per-
mitting explant of the LVAD.

Long-term therapy applications place ever-increasing demands on
the reliability and safety of LVAD systems. Some of the challenges are in
optimization of pump design (both in configuration aspects and in
material hemocompatibility) for minimal blood damage [3]. Center for
Devices and Radiological Health (CDRH) requires premarket bench
testing for most blood-contacting cardiovascular devices, to determine
their potential for causing blood damage. (“Blood damage” refers to a
cumulative effect of multiple interrelated perturbations of cellular
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blood components by various causes, potentially culminating in he-
molysis and/or impaired blood cell function, and can involve the coa-
gulation cascade, accelerated cleavage of von Willebrand factor, etc.)
However, a lack of standardized testing and quantification of “blood
damage” causes uncertainties in evaluation of such devices. As noted by
the FDA, “it has not been shown that current preclinical hemo-
compatibility testing can adequately and reliably predict a device's
clinical performance” [4].

Hemolysis is increasingly recognized as a major complication of
mechanical circulatory support [5,6] and is strongly associated with
patient mortality [7]. Long-term circulatory support involves prolonged
contact and collision between blood cells and foreign surfaces, and very
high mechanical stresses caused by the pump's impeller (with very high
rotation speed) and flow diffuser. Those can cause significant damage
to a patients' red blood cells (RBC), particularly due to the strong
contribution of turbulent flow stress typical for such devices [8].

Clinical data from patients on circulatory support devices has shown
alterations of blood rheology, such as increased blood viscosity and RBC
aggregation and decreased RBC deformability [9–12]. These observa-
tions further support the prevalence of RBC damage short of immediate
hemolysis (also known as “sub-lethal” cell trauma), and hence early
RBC removal from circulation. Sub-lethal RBC damage was also cited as
a cause of decreased microperfusion and hypoxic RBCs, leading to end
organ dysfunction caused by cellular ischemia [13]. It was also im-
plicated in shortened cell life span [14], increased trapping in spleen
[15], and general deterioration in mechanical properties of the cells
[16]. Release of hemoglobin can induce a cascade of effects, starting
with decreasing nitric oxide (NO) availability, which can result in im-
paired microcirculation and diminished tissue oxygen supply [17,18].
Notably, even low levels of cell-free hemoglobin can drastically in-
crease RBC aggregation (especially at low shear conditions [19]),
leading to thrombosis. Although the progression from hemolysis to
LVAD thrombosis is not yet fully understood, hemolysis is often ac-
cepted as an indirect marker for thrombus. Chronic anemia has also
been observed in patients supported with mechanical circulatory assist
devices, and linked to adverse outcomes in patients receiving prolonged
support [20]. While initially anemia is associated with cell hemolysis
directly resulting from the mechanical action of the implanted device,
chronically it may persist even without detectable atypical induced
hemolysis [21], possibly due to a decreased lifespan of circulating RBC
due to sub-lethal cell trauma [12]. Overall, device-induced blood
trauma remains arguably the biggest barrier to a more widespread use
of LVAD technology.

Measurement of pre-existing hemolysis (either direct or indirect
through metrics like LDH/LDH1) remains one of the main ways to as-
sess blood damage induced by an implanted device. While reflective of
terminal red cell damage, such measurements do not reflect possible
sub-lethal damage to RBC – i.e. damage short of overt hemolysis which
can nevertheless predispose to later hemolysis, early removal from
circulation, and/or impaired RBC function (even under normal phy-
siological conditions). Such sub-hemolytic RBC damage can be poten-
tially evaluated through RBC deformability, typically assessed using
ektacytometry, which reflects cell membrane ability to deform without
lysing at sub-cell-lethal stress intensities. It can be assayed for example
using LORRCA (RR Mechatronics, Netherlands) [22] or other similar
systems [23], or via filtering (e.g. [24]), or using certain artificial mi-
crofluidic networks [25,26]. Alternatively, RBC mechanical fragility
(MF) is a property that reflects induced RBC lysis levels under poten-
tially lethal mechanical stress [27,28]. These two related yet different
properties are regulated by different skeleton protein associations, and
thus can exhibit significantly different responses to membrane damage
[29]. Relationships between cell membrane structure, its changes due
to internal or external factors, and resultant stability and deformability
under stress, are increasingly but still incompletely understood [30].

Methods of mechanical stress application, and particular resultant
type(s) of mechanical stress applied, can significantly influence RBC MF

results [31,32], in addition to quantitative parameters like duration and
intensity (for a given type of stressing). Cell environment during testing
also plays a role [33]. Clinical applications of MF may require or benefit
from assessment of different types of RBC membrane perturbation, and
thus a test having stressing parameters that enable sufficient control
over multiple contributing aspects of the overall stress on a sample is
advantageous [32]. Regarding flow-associated stress, both laminar and
turbulent flows have notably been implicated in cell fragmentation with
different hemolytic thresholds and mechanisms of flow-induced he-
molysis [8,34,35]. This contributes to the challenge of determining the
optimal type(s) and other parameters of stress application for MF assays
so as to best reflect membrane changes and/or defects that may exist in
each particular situation (e.g. during LVAD operation).

In the present work, we report key preliminary results of an in-
vestigation aimed at assessing the use of RBC MF as a potential metric
of blood damage caused by of two different models of implantable
VADs, and its potential utility in monitoring post-op VAD performance.

2. Materials and methods

2.1. Patients

Twenty subjects were recruited from the Center for Circulatory
Support at the Frankel Cardiovascular Center, Michigan Medicine
(University of Michigan). Twelve (60%) subjects were males and eight
(40%) were females. Mean age was 54 ± 15 years, with 11 subjects
blood type A (55%) and 8 blood type O. Blood samples were collected
preoperatively and promptly after the surgery (targeting 1 h, ± 1 h.),
and then at 1 day (1 ± 0.2 days), 1 week (6 ± 1 days), and 4 weeks
(29 ± 5 days) following LVAD implantation. Preoperative total patient
blood volume was estimated using Nadler method [36], and was
5.5 ± 1 L. There was no known history of pre-existing hemolytic or
bleeding disorder in any of the subjects. Study aliquots of blood were
collected from blood samples for clinical indications. Informed consent
was obtained for each patient. The study protocol conforms to the
ethical guidelines of the 1975 Declaration of Helsinki as reflected in
approval of the study by the University of Michigan IRB
(HUM00106930).

2.2. Standard laboratory analysis

Established laboratory tests were performed by the clinical labora-
tory of the University of Michigan Center of Circulatory Support, and
for each blood collection included hemoglobin, lactase dehydrogenase
total (LDH-T) and isoensymes, with special attention to type 1 (LDH1),
haptoglobin, free (serum) hemoglobin, and bilirubin.

2.3. RBC Mechanical Fragility (MF) testing

As indicated, there are many ways MF testing could be im-
plemented, with varying results; thus, an approach was used which can
be controllably varied according to defined parameters. Bead milling
with various sizes of cylindrical beads (vs. spherical) had notably been
shown to generate different types of mechanical stress in liquid
medium, thus allowing testing of RBC MF under substantially different
conditions, with potentially substantially different MF results [32]. This
is in addition to other (quantitative) variable stressing parameters such
as stressing duration/intervals and bead oscillation frequency and
amplitude (contributing to stress intensity) [37]. For the results re-
ported here, Blaze Medical Devices (Location) used a proprietary
(horizontal) electromagnetic bead mill for the sample stressing step,
combined with a proprietary spectral analysis method which allows
noninvasive determination of hemolysis level in the sample within the
cuvette/tube; these testing elements were described previously (at
varying degrees of integration/automation) [37]. Three different
stressing regimes employed in this study, using these elements albeit
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with variations as indicated, are presented in Table 1.
MF was characterized via MF “profiling”, with hemolysis being

determined non-invasively (per noted method) at 1 min intervals, up to
10 min of cumulative stress duration. Area under the curve (AUC) va-
lues at the 3 min and 10 min durations were selected to represent each
profile – based on the contribution of most hemolytic portion of sample
RBC, and total induced hemolysis, respectively. Cumulative stress
magnitude, determined by stress application duration as well as bead
oscillation frequency and magnetic field strength, were set so as to
achieve over 75% induced hemolysis by 10 min in typical samples. Each
sample was tested in triplicate; typical standard deviation (SD) of the
results was within 5%.

Citrate-stabilized blood samples were diluted with Additive Solution
3 (AS3) to hemoglobin (Hb) concentration of 0.5 g/dl, effectively re-
ducing possible cell-cell interactions. Dilution was verified by a
Hemoglobin 201 system from HemoCue (Angelholm, Sweden). When
desired (and where indicated in the results), AS3 was supplemented
with 4 g/dL serum albumin. Physiological concentrations of albumin
had been shown previously to significantly reduce RBC propensity to
hemolyze [33]. Under some stress application regimes, its presence was
suggested to alter bead end and annulus flows, resulting in quantita-
tively and qualitatively altered mechanical stress, with consequently
altered RBC response [38]. Thus, while such supplementation was im-
pactful for stress generated with the parameters of regime 2, it had
minimal to no impact on stress when generated with the parameters of
regime 1 (Table 1).

Induced hemolysis was calculated based on the difference in ab-
sorbance at 576 nm, a wavelength of oxygenated Hb maximum, and at
685 nm, the local minimum for the oxygenated Hb form. It was ex-
pressed as a fraction of free hemoglobin (HBF) relative to total he-
moglobin concentration (HbT) according to Formula 1, which included
the correction for sample hematocrit as detailed by Sowemino-Coker
[39].

=Hem Hb Hb
Hb Hb

Hematocrit(1 )
F F

T T
576 685

576 685 (1)

Total hemoglobin concentration for each diluted RBC sample was
determined by subjecting a small (50–100 μL) aliquot to ultrasound for
15 s (0.1 s pulses, with 0.2 intervals between pulses, on ice) delivered
by a Branson Digital Sonifier 450 (Danbury, CT), at 15% intensity (from
the manufacturer specified 400 W). In control experiments, such
treatment was shown to fully lyse RBC without inducing hemoglobin
oxidation. For determining auto-hemolysis (i.e., hemolysis prior to any
application of mechanical stress), small (30–50 μL) aliquots of un-
diluted samples were centrifuged for 5 min at 5000 rpm, supernatants
were collected, and hemoglobin content was measured spectro-
photometrically.

2.4. Materials

Bovine serum albumin (BSA) was purchased from RPI Corp (Mt.
Prospect, IL); all other reagents were purchased from Sigma-Aldrich (St.
Louis, MO) and Fluka (Honeywell, Morristown, NJ).

2.5. Statistical methods

Mixed effects models were used to evaluate the data. When appro-
priate, time of collection (Pre-, Post-, 24-h, 7-day, 1-month sample
collection points) was used as predictors; multiple observations over
time per subject were accounted for through covariance matrix of the
residuals, so that p-values for fixed effect were adjusted for “within-
subjects” (same-subject) correlation, except when appropriate, single
time points were used with linear regression models. Values are pre-
sented as mean ± standard deviation. Distributions are shown using
Box-and-Whisker plot, with the box showing upper and lower quartiles,
the median, and the mean (X), and lower and upper whiskers showing
at 1.5 x IQR (interquartile range), with data points (including outliers)
shown. A p-value≪ 0.05 was considered significant.

3. Results

3.1. Surgical procedures

Two LVAD systems were used in the study, with 13 of the subjects
implanted with the HVAD (Medtronic, Inc., Minneapolis, MN), and 7
with the HeartMate 3® LVAD (HM3; Abbott Labs, Chicago, IL). All
implants for both devices were performed through a median ster-
notomy incision with cardiopulmonary bypass. The pericardium was
mobilized, and a pericardial cradle was created in the usual fashion.
The driveline (percutaneous lead) was tunneled from the pericardial
space through the right upper quadrant of the abdominal wall and
exited 2 to 3 cm below the costal margin at the mid clavicular line prior
to administration of heparin for cardiopulmonary bypass. The patient
was placed in Trendelenberg position before cardiopulmonary bypass
was initiated. The apical ring was then sewn to the apex of the left
ventricle using horizontal pledgetted mattress sutures with 2–0
Ethibond in an interrupted fashion. After securing the apical ring to the
apex of the left ventricle, an apical core of the left ventricular muscle
was removed using a coring knife. The inlet cannula of the LVAD was
then positioned within the apical connector and secured in the usual
fashion. The ventricle was partially filled to evacuate air through the
outflow conduit of the LVAD. Next, a side-biting vascular clamp was
placed on the ascending aorta and an aortotomy sized to the outflow
graft was made in the ascending aorta. The outflow graft was sized and
then sewn to the ascending aorta in an end-to-side fashion using 5–0
Prolene suture in a running fashion.

Average cardiopulmonary bypass (CPB) times were significantly
(P < 0.05) longer for HM3, than for HVAD and constituted 126 ± 67
(67–220) min for HM3 and 74 ± 14 (51–96) min for HVAD. Four
HVAD patients and 2 HM3 patients (about 30% for both devices) had
tricuspid valve repair (TVR). The rate of utilization of implant con-
comitant procedures was similar between the two devices (Table 2).
This difference arises from CPB times for 3 HM3 having procedures
lasting for 162, 202 and 220 min, as compared to the other 4 HM3
implantation that had CBPs between 67 and 85 min, comparable to
those in HVAD. Elevated CPB times in HM3 correlated with an increase
in mechanical fragility (HLA-10 and HLA-3 metrics, P = 0.06, R2 = 0.7,
Fig. 1a) and bilirubin (P ≪ 0.01, R2 = 0.95, Fig. 1b), but not with
changes in LDH1, haptoglobin or serum hemoglobin. For RBC MF, the
correlation was predicated on the single largest CPB value for one of the

Table 1
Parameters of stress-application regimes for MF profiling.

Stress regime Bead mill type Metrics measured (3 and 10 min) Bead dimensions (∅ × L) Cuvette dimensions (∅ × L) Frequency Hz Power V Medium supplement

1 HBM HS-3, HS-10 3.7 × 9 4.1 × 34 10 0.2 None
2 HBM HL-3, HL-10 3.7 × 18 4.1 × 44 3 0.6 None
3 HBM HLA-3, HLA-10 3.7 × 18 4.1 × 44 3 0.6 4 g/dl BSA

HBM, horizontal bead mill.
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HM3 patients (220 min), and if such was excluded from the analysis,
correlation of CPB times with MF is no longer significant. This indicates
the need for a larger sample size for comprehensive assessment of the
impact of CPB time.

3.2. Clinical outcomes

Two patients developed complications within their observation
period (30 days post-surgery), both exhibiting Cardiac Arrhythmia –
and in one case combined with post-surgery bleeding, infection and
pleural effusion (10 days after surgery). The small sample size of sub-
jects having complications did not allow meaningful analysis of possible
correlations with the various hematological parameters measured in
this study (including RBC MF).

3.3. Transfusion

During surgery, in addition to volume expanders, subjects received
transfusions with whole blood (WB), packed RBC (pRBC), fresh frozen
plasma (FFP) and platelets, both intraoperatively and postoperatively
(Table 3). Additionally, 3 subjects received small volumes (240, 440,
and 440 ml) of cell saver blood. Five of the subjects (3 with HVAD, and
2 with HM3) accounted for approximately 80% of all pRBC and FFP
transfusions, but only approximately 25% of WB transfusions. With the
exception of crystalloids, the differences between the volume of blood
component therapy administered with either the HVAD or HM3 im-
plantation procedures were not statistically significant (Table 3).
Sample size of the cell saver blood transfusions precluded meaningful
statistical analysis for that variable. Between the two devices, differ-
ences in blood loss during surgery were not significant. Whole Blood
transfusions for HVAD and pRBC and plasma transfusions for HM3 were
positively correlated with cardiopulmonary bypass (CPB) time.

Due likely to high inter-subject variability, surgery and associated
transfusions did not effectuate statistically significant changes in
average (over all patients) levels of serum hemoglobin (serum Hb),
bilirubin, lactate dehydrogenase −1 (LDH1), and haptoglobin.
However, pairwise comparison showed that an observed increase in

levels of serum Hb, bilirubin, LDH1, and decrease in haptoglobin, were
indeed statistically significant with p-value (P) < 0.05. Multiple re-
gression analysis showed that transfusion and surgery-related changes
in LDH1 were significantly correlated with the amount of whole blood
(WB) transfusions, with R2 ≈ 0.36. When in combination with the
number of units of pRBC and FFP transfused, the model's explanatory
significance of LDH1 variability increased up to 58% with P ≪ 0.05
(combination of WB, pRBC, and FFP used as predictor variables). WB
and pRBC were positively correlated with LDH1, while for FFP the
model showed a negative correlation. No correlation was observed
between transfused amounts of WB, pRBC, and FFP and patient con-
dition metrics bilirubin, serum hemoglobin and haptoglobin.

3.4. Device type

There was no statistically significant difference between basic pre-
surgery laboratory values for patients implanted with the HVAD or
HM3 (Table 4). LDH1, serum hemoglobin, and bilirubin all increased
after surgery, with such increases reaching statistical significance at 1 h
after surgery for serum hemoglobin and bilirubin. LDH1 increase was
statistically significant at 24 h after surgery (P < 0.05), concurrently
with a further increase (P < 0.1) of bilirubin, and a decrease in serum
hemoglobin (Fig. 2). Haptoglobin was decreased (P < 0.1) at 1 h after
surgery, and at 7 days increased from its 1 h and 24 h after surgery le-
vels (P < 0.05). LDH1 remained elevated at 7 days after surgery and
decreased (P < 0.05) along with bilirubin (P < 0.1) 30 days after
surgery, with changes in serum hemoglobin and haptoglobin not
reaching statistical significance.

Mixed effects models showed device type as a statistically sig-
nificant predictor of post-surgery LDH1 levels, with such being about
13% higher overall for HM3. No correlation was observed for other
potential hemolysis metrics (serum hemoglobin, bilirubin and hap-
toglobin), total LDH, or other LDH isoenzymes. With device type used
as a predictor, linear regression analysis demonstrated a R2 value of 0.3
(model predictive capability of 30%) at P= 0.02 for LDH1 changes
between 1 h and 24 h after surgery, and R2 = 0.2 (P= 0.06) for
changes between 24 h and 7 days after surgery (Fig. 3). Device type was

Table 2
Surgery procedures for HVAD and HM3.

Device (patient) CPB time, min Implant cross clamp time,
min

Implant sternotomy Implant concomitant procedures

HVAD (1) 63 0 Yes None
HVAD (2) 75 0 Yes TRV
HVAD (3) 94 0 Re-Do None
HVAD (4) 77 0 Yes TVR
HVAD (5) 60 0 Re-Do None
HVAD (6) 81 0 Re-Do

Delayed Sternal Closure
None

HVAD (7) 51 0 Yes None
HVAD (8) 73 0 Yes Closure of PFO
HVAD (9) 58 0 Yes None
HVAD (10) 96 0 Yes TVR; Removal of Tandem Heart; Closure of Atrial Septal Defect; Removal of ICD

Generator and Leads
HVAD (11) 93 0 Re-Do Removal of tandem heart; TVR; Direct repair of Rt Femoral Artery
HVAD (12) 69 0 Yes

Delayed Sternal Closure
Removal of Tandem Heart pVAD; Closure of Atrial Septal Defect

HVAD (13) 72 0 Re-Do
Delayed Sternal Closure

TVR

HM3 (1) 162 0 Re-Do TVR
HM3 (2) 220 79 Re-Do;

Delayed Sternal Closure
Aortic Valve Replacement

HM3 (3) 73 0 Re-Do None
HM3 (4) 67 0 Yes None
HM3 (5) 72 0 Re-Do None
HM3 (6) 203 0 Re-Do

Delayed Sternal Closure
TVR

HM3 (7) 85 0 Yes None

CPB, cardiopulmonary bypass; TVR, tricuspid valve repair; PFO, Patent Foramen Ovale; ICD, implantable cardioverter defibrillator.
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Fig. 1. Changes in A) RBC MF (HLA-3; HLA-10 is not shown) and B) total bilirubin 24 h after surgery as compared to that immediately after surgery as a function of
CPB; filled circles HVAD, open circles HM3. Dashed line represents best linear fit to HM3 data.

Table 3
Blood products transfused and estimated blood loss in surgery in patients with HVAD and HeartMate 3.

HVAD
N= 13

HM3
N= 7

p-Value

Patients transfused
n (%)

Average transfused mean ± SD
(min–max)

Patients transfused
n (%)

Average transfused mean ± SD
(min–max)

pRBC, units 7 (54%) 3.1 ± 2.3
(1–6)

4 (57%) 6.5 ± 5.3
(2−13)

n.s

WB (Autologous), units 8 (62%) 1.4 ± 0.5
(1–2)

7 (100%) 1.9 ± 0.7
(1–3)

n.s

FFP, units 5 (38%) 4.2 ± 2.3
(2–7)

4 (57%) 4.0 ± 1.9
(2–6)

n.s

Platelets, units 7 (54%) 4.6 ± 3.5
(1–9)

5 (71%) 6.0 ± 2.3
(2–8)

n.s

Volume expanders, ml 13 (100%) 2600 ± 1100
(500–4000)

7(100%) 4200 ± 1300
(2500–6300)

< 0.01

Cell salvage, ml 1 (8%) 440 (NA) 2 (29%) 135 (NA) N/A
Estimated blood loss (ml) 13 (100%) 2550 ± 1100

(825–4700)
7 (100%) 3600 ± 2000

(1600–6600)
n.s

HM3, HeartMate 3; pRBC, packed Red Blood Cells; WB, Whole Blood; FFP, Fresh Frozen Plasma; N/A, not applicable; n.s, no significance.
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not a statistically significant predictor of LDH1 at 30 days after surgery.
For the full 20-patient population, RBC MF results with non-al-

bumin-supplemented sample media showed a slight decline (significant
at P < 0.1) at 1 day after surgery, with the follow-up changes not
statistically significant. For the same population, average MF when
tested in the presence of albumin increased after surgery up to 1 week
after surgery, and then declined to about pre-surgery level at 4 weeks
after surgery. For both the most labile (fragile) fraction and the overall
cumulative RBC MF, the increase was statistically significant at
P < 0.1, with the follow-up decrease significant at p-value < 0.1 for
HLA-3 and P < 0.05 for HLA-10.

Mixed effect model with MF measured in the presence of albumin
(HLA-3 and HLA-10 MF indices) as an outcome showed statistical sig-
nificance for device type as a predictor variable (at P < 0.05 for 24 h
and 7 days after surgery, and P < 0.1 for “immediately” (~1 h) after
surgery). HM3 was associated with higher MF values, with about
15–20% difference in MF overall. Device type was not a significant
predictor of RBC MF at 30 days after surgery. It also was not a sig-
nificant predictor of MF at any of sample collection time points when
measured using AS3 not supplemented with albumin (HL-3 and HL-10
indices, and HS-3 and HS-10 indices, Fig. 4); the exception was the HS-3
and HS-10 indices immediately after surgery, where device type was
shown to be a statistically significant (P < 0.05) predictor of me-
chanical fragility.

Linear regression analysis shows that device type predicted about
20% and 30% of the variability for HLA-3, and 26% and 51% of the
variability in HLA-10, for 7 and 30 days (respectively). For MF mea-
sured at ~1 h after surgery, such predictive capability was 17% and
19% for HLA-3 and HLA-10, respectively (at 0.05 < P < 0.1).

Table 4
Baseline demographic and basic pre-surgery laboratory values in patients with
HVAD and HeartMate 3.

Parameter HVAD HM3 p-Value

Mean ± SD
(min–max)

Mean ± SD
(min–max)

Number of subjects 13 7
Age 52 (22–70) 57 (32–70) n.s
Female, % 54% 14% < 0.01
Weight, kg 103 ± 36 (61–191) 84 ± 26 (53–124) n.s
Hb, g/dL 10.3 ± 1.5

(8.5–12.9)
11.8 ± 2.4
(9.0–17.1)

n.s

Free Hemoglobin, mg/l 15 ± 25 (2.7–96) 25 ± 23 (2–64) n.s
Haptoglobin 134 ± 84 (10–247) 101 ± 49 (18–148) n.s
LDH total, IU/l 347 ± 126

(165–572)
289 ± 126
(201–400)

NS

LDH-1, IU/l 68 ± 28 (34–133) 75 ± 32 (47–126) n.s
BLRB (Tot), μmol/l 1.2 ± 0.7 (0.4–2.8) 1.5 ± 0.8 (0.3–2.8) n.s
Creatinine mg/dL 1.2 ± 0.6 (0.6–2.8) 1.4 ± 0.3 (1.0–1.6) n.s
Cholesterol total (mg/dL) 134 ± 49 (59–254) 151 ± 55 (99–251) n.s
Cholesterol/HDL ratio 5.7 ± 7.1 (1.8–29) 3.3 ± 1.1 (2–5.3) n.s
Triglycerides, mg/dL 105 ± 50 (43–185) 77 ± 50 (35–165) n.s
RBC, ×106/μL 3.6 ± 0.6 (2.6–4.8) 4.4 ± 1.6 (3–7.8) n.s
RDW 17.5 ± 2.3

(13−22)
19.6 ± 4.4 (12–24) n.s

PLT, ×103/μL 196 ± 127
(77–546)

190 ± 86 (99–332 n.s

WBC, ×103/μL 6.9 ± 2.5
(2.9–11.4)

8.9 ± 4.0
(5.1–15.1)

n.s

HM3, HeartMate 3; LDH, lactase dehydrogenase; BLRB, bilirubin; HDL, High-
Density Lipoproteins; RBC, Red Blood Cells, RDW, Red Blood Cell Distribution
Width; PLT, platelets; WBC, White Blood Cells; n.s, no significance.

Fig. 2. A) Hemoglobin, B) Total bilirubin, C) Serum hemoglobin, and D) Haptoglobin for the full 20-patient population before the surgery and at approximately 1 h,
24 h, 1 week, and 4 weeks after surgery. Day of surgery is shown as Day 0. Data is shown as average ± SD; statistical significance: *** indicates p-value < 0.05, *
indicates 0.05 < p-value < 0.1, n.s = no significance.
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4. Discussion

As indicated above, long-term therapy applications place ever-in-
creasing demands on reliability and safety of LVAD systems. Thus, de-
velopment of alternative or supplemental metrics to assess blood da-
mage remains a priority both for device development and for
monitoring and comparing devices' performance post-implantation.

Performance of the continuous flow pumps with centrifugal design
(i.e. HVAD and HM3 LVAD) are commonly compared to the continuous
flow pumps with axial design (i.e. HeartMate II, HMII), which until
recently was the most frequently implanted durable LVAD in the United
States. The HMII is an axial flow pump with a central ruby bearing
supporting the rotor. It operates at higher, pump speed (typically at
9000 rpm, with 6000 rpm minimum) compared to centrifugal systems
[40]. A key difference between the designs is that axial-flow pumps like
HM2 (Fig. 5) have the impeller outflow directed parallel to the axis of
rotation, while in the centrifugal pumps the outflow is directed per-
pendicular to the axis of rotation.

The HVAD and the HM3 devices both utilize centrifugal flow de-
signs using non-contact levitation of the internal impellor, reflecting
design considerations to aid hemocompatibility (minimization of he-
molysis and thrombosis). Both systems also allow for sequential

changes in pump speed to induce flow pulsation (with the aim of re-
ducing possible thrombosis), which a number of studies linked to better
long-term clinical outcomes [41].

The HVAD system (Fig. 6) utilizes a spinning, wide-blade impeller
suspended with a hybrid levitation system combining a hydrodynamic
bearing (a layer of blood is needed to lift the rotor inside the pump) and
passive magnetic levitation with a rare-earth magnet. Its short inlet
cannula and bearing-less impeller with primary, secondary and tertiary
blood flow paths is thought to reduce the blood transit time through the
device to enhance blood flow and reduce device-induced blood trauma
[42]. Typical operating speed is between 2400 and 3200 rpm [43], with
the average speed in this study (2700 ± 200 rpm) falling within that
range.

The HM3 system (Fig. 7) is designed with a fully magnetically le-
vitated rotor, wide flow gaps, and textured surfaces [44]. Use of full
magnetic levitation means that no blood bearing is needed to levitate
the rotor, eliminating that possible source of blood damage. Typical
operating speed is between 4000 and 6000 rpm (5300 ± 200 rpm in
this study). Of the two systems, the HM3 is the newer design and has
enlarged gaps along the side, top and bottom of the impeller and the
pump housing and impeller.

Overt hemolysis and other blood damage indicators had notably

Fig. 3. LDH1 A) Average and B) Changes for HeartWare HVAD and HeartMate 3 (HM3) between 1) 1 h after, and before, surgery; 2) 24 h and 1 h after surgery; 3)
1 week and 1 h after surgery; and 4) 4 weeks and 1 h after surgery. Data is shown as average ± SD. *** indicates p-value < 0.05, * indicates 0.05 < p-value < 0.1,
n.s = no significance.
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been areas of LVAD investigation. A published 20-patient study, which
compared HMII and the HVAD, found that hemolysis as reflected via
LDH appeared more pronounced in patients with the HMII compared to
the HVAD [45,46]. However, while quality of life and functional ca-
pacity increased about equally for both devices, and HVAD experienced
less malfunctions and failures, the rates of stroke (ischemic or hemor-
rhagic) were found to be significantly higher in the newer centrifugal
HVAD than in the older axial HM2 [47]. However, recently published
analysis of available data seems to indicate that with strict post-
operative blood pressure control, the HVAD has similar outcomes as the
HM2 with respect to stroke, and improved performance with respect to
pump thrombosis [48,49].

In the MOMENTUM 3 trial, HM3 was compared with HMII for
“hemocompatibility-related outcomes” and received a better (lower)
overall “hemocompatibility score,” including a complete absence of
pump thrombosis (in contrast to HM2) as well as lower stroke rates over
the 2-year period [50].

Head-to-head comparison between HMII, HM3, and HVAD has
shown no significant difference in patient survival and comparable
results for length of hospital stay, inflammatory parameters, and rates
of most postoperative complications; however, HM3 was associated

with substantially higher (47.1%, P= 0.056) need of postoperative
onset of dialysis [51]. Those results should be considered with the
understanding that the data included surgeries performed over a 10-
year period, with potential changes in pre- and post-operative proce-
dures. Possible selection bias, based on patient condition, especially in
the early years, also cannot be excluded.

In the current study, HM3 showed elevated, compared to HVAD,
levels of hemolysis as assessed through LDH1 for up to 1 week after
surgery. HM3, as compared to HVAD, was also associated with de-
creased RBC stability, as evidenced by elevated RBC propensity to lyse
under applied stress (elevated RBC MF). Notably, for both devices, at
4 weeks after surgery all metrics reverted to about their pre-surgery
levels, with no statistically significant differences between the two time
points (even for serum hemoglobin, with its decline at 1 and 4 weeks
still not reaching statistically significance, due to high variability of its
pre-surgery levels).

It should be noted, that cardiopulmonary bypass by itself can be the
cause of additional blood damage. About half of HM3 patients had CPB
times much longer than the maximum CPB time recorded for HVAD. It
is possible, that such elevated CPBs may be contributing factors for the
observed early differences in MF and hemolysis. Interestingly, elevated

Fig. 4. Mechanical Fragility for HeartWare HVAD and HeatMate 3 (HM3) 1) before surgery, 2) 1 h after surgery 3) 24 h after surgery 4) 1 week after surgery, and 5)
4 weeks after surgery. RBC MF indices shown are A) HLA-3 and B) HLA-10. Data is shown as average ± SD. *** indicates p-value < 0.05, * indicates 0.05 < p-
value < 0.1, n.s = no significance.
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CBP times correlated with elevated MF at 24 h after surgery but not
with LDH1. Considering overall changes in LDH1 concentration, which
increased at 24 h and remained essentially unchanged from that after
7 days, it can be concluded that while CPB times may be an important
contributor to the observed differences in RBC damage, they are not the
only contributing factor for hemolysis. Additionally, even though the
differences between HVAD and HM3 in the amounts of transfused
products were not statistically significant, reported correlations of some
of those with CPT times suggest the need to further evaluate transfusion
impact on early changes in RBC MF and hemolysis.

Depending on the type of external mechanical stress, the RBC
membrane can be subject to different types of deformation, including
both those associated with bending and/or torsional deformations and
membrane compression-stretching. While the membrane can tolerate
great deformations if its surface area remains unchanged, it is very
sensitive to changes in membrane surface area, with even a small

compression-stretching resulting in cell fragmentation. All these could
be expected to affect RBC membrane stability in different ways.
Hemolysis can occur both in-bulk (including through cell-cell interac-
tions and by direct shear) as well as at solid surfaces and air interfaces
(e.g. [34,52,53]). In laminar flows, the stress across the membrane
would be determined by the flow around the cell and relate to velocity
gradient and fluid viscosity. In turbulent flow, it was suggested that cell
damage can arise through eddies comparable to cell size [54,55].
However, even with attempts to account for actual turbulence structure
and cell microenvironment, prediction of flow-induced cell damage is
complicated and may still be inadequate [56]. Such reports highlight
the difficulties in predicting and analyzing flow-induced hemolysis can
be further complicated by cell interaction with blood proteins and
biological or artificial surfaces. It was suggested that for RBC suspen-
sions in buffer solutions, turbulent flows may be expected in the bead
annulus, although for certain bead/tube configurations this turbulence

Fig. 5. Schematic representation of a HeartWare HVAD.

Fig. 6. Schematic representation of a HeartMate 3 LVAD.
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may be suppressed [32]. Also albumin supplementation resultants in an
increase in viscosity and associated changes in flow velocity, which
under certain conditions may make annulus turbulence less favorable
and facilitate a transition of at least part of the flow to a laminar
fashion. Notably, with a cylindrical bead, flow may also vary across the
width of the annulus due to flow speed transition away from a sta-
tionary outer tube wall.

For VADs, shear-induced hemolysis is driven by both stress magni-
tude/intensity and by blood residence/exposure time to stress.
Depending on the system type, one of these contributing factors may
become dominant, with the biggest difference being between axial
(higher speed/shorter residence time) and centrifugal (lower speed/
longer residence time) pumps [57].

With bead milling, changes in flow speed and time under stress
could be modeled by alteration of bead dimensions. For a given bead
(and thus annulus) length, flow speed would be directly correlated to
residence time, while for beads of a given diameter, residence time
would be affected directly by length of annulus and indirectly the an-
nulus length's impact on flow speed. We previously reported (albeit
using a different, “legacy” bead-milling approach) that magnitude of
induced hemolysis indeed depends significantly on relative (to the
tube/container) dimensions of the oscillating cylindrical bead; specifi-
cally, for a given bead diameter and thus a given size of annulus gap,
hemolysis was well correlated with the speed of the oscillating bead
[38]. Bead (and thus blood flow) speed and induced hemolysis had

similar dependence on annulus length – while residence time, a func-
tion of both annulus length and speed of blood flow, appear to have
exhibited a dependence on annulus length dissimilar from that of in-
duced hemolysis (Fig. 8). That suggests that, at least for the system used
in that study, flow speed and not residence time was the dominant
factor in RBC lysis.

Albumin, and other blood plasma proteins to a lesser degree, can
significantly influence magnitudes of mechanically induced hemolysis;
specifically, we've previously demonstrated that with bead milling
using standard ball/spherical beads, albumin can provide marked
“protection” against mechanically induced hemolysis [33]. There, the
magnitude of such protection was shown to depend on flow char-
acteristics, but for samples passing through a substantial annulus (as is
the case when using cylindrical beads [32]), it is also a function of
annular length and width. For a given annulus width, we've previously
found that higher speeds were correlated with a larger albumin-related
decrease in induced hemolysis, and lower induced lysis overall in the
presence of albumin [38]. For cylindrical beads of different diameters,
the minimum induced hemolysis was observed at a 0.8 ratio of bead to
container (tube) diameters (RBD/TD), corresponding for that geometry
with 0.88 mm. Higher hemolysis was observed at both larger (up to
2.3 mm, RBD/TD = 0.91) and smaller (down to 0.4 mm, RBD/TD = 0.57)
gap widths [38]. These trends were markedly more pronounced in al-
bumin supplemented medium, with relative magnitudes varying be-
tween blood from different donors. This donor-to-donor variability

Fig. 7. Schematic representation of a HeartMate 2 LVAD.

Fig. 8. Mechanical Fragility (as percent hemolysis) (●),
oscillating bead speed (○), and blood residence time in
annulus (♦), in non-supplemented (with albumin)
medium. Stress was induced by mechanically oscillating
cylindrical stainless-steel beads, 6 mm to 29 mm long, in
a 36 mm long tube at 30 Hz for 3 min, using “legacy”
system. Data recalculated from [38], to now consider
residence-time.
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could have been due to variability in plasma lipids, which had been
shown previously to significantly reduce RBC stability under mechan-
ical stress [58,59].

Of the three mechanical stress application regimes reported here
that were used in the present study, only one showed a difference in
RBC MF between the HVAD and HM3. This highlights both the need
and the potential for controllable differentiation of hemolysis-inducing
stress, and optimal selection/manipulation of the various bead milling
parameters. One possible approach is through modeling bead milling
flow based on that of particular VADs. It remains to be demonstrated,
computationally and/or experimentally, how changes in the oscillating
bead's geometry or design could be targeted to generate flows suffi-
ciently correlating to those in VADs, and clinically, whether such ex-
vivo testing would indeed correlate with VAD outcomes. Notably,
characteristics of such flows would be expected to differ across different
VAD (or other) device types, thus potentially necessitating device-spe-
cific selection of bead milling parameters.

Forthcoming work is planned for further analysis and reporting on
additional aspects of the present study.

4.1. Considerations for pediatric application

Implementation of LVAD support for pediatric patients has histori-
cally lagged behind that for adults. Congenital Heart Disease (CHD)
physiology, the small size of device required, and complexities of pe-
diatric anticoagulation had been cited as main reasons for the disparity
of adoption rates [60]. Berlin Heart Excor (Berlin Heart GmbH, Berlin,
Germany), an external pulsatile, pneumatically-driven VAD, was the
first system approved by the FDA for children in 2005. With the ex-
ception of the Jarvik 15 mm, none of the currently available im-
plantable LVADs had been specifically designed for pediatric applica-
tion. (Jarvik 15 mm is a fully implantable, continuous flow LVAD,
redesigned from Infant Jarvik 2000, which in testing demonstrated
unacceptably high levels of hemolysis – a complication that required
2 years to remedy [61].) Jarvik 15 mm is currently undergoing clinical
trials expected to conclude in 2022.

Present use of VADs in the pediatric population shows a clear age-
dependence, which complicates the comparison of performance be-
tween devices, due to large differences in patient size and ongoing
changes in physiology. Moreover, while extracorporeal circulatory
support devices like ECMO and extracorporeal pumps such as the
CentriMag (> 10 kg)/Pedimag (< 10 kg) are suitable for any size pa-
tients as a bridge to transplant, Berlin Excor remains the only option for
the smallest patients, with adult-size HVAD systems being limited
mostly to children of school age, with the concern that for smaller ones
the required flow rate may become too low – thus elevating the risks of
pump thrombosis. Still, similar to with the adult population, use of
circulatory support devices for destination therapy in children is ap-
pealing, particularly in light of the possible decline in the need for such
support as a child age.

Based on the Second Annual Pediatric Interagency Registry for
Mechanical Circulatory Support (Pedimacs) report, out of 364 proce-
dures that year, Implantable Continuous (IC) VADs, namely the HVAD
and HMII as listed, were the most often used (close to 50% of cases),
followed by Paracorporeal Pulsatile (PP), like Berlin Heart (~ 30%),
and Paracorporeal Continuous (PC), like Centrimag/Perimag or Maquet
Rotaflow (16%). It was reported that device selection differed sig-
nificantly by the age of the patient, with the median age for both PP and
PC devices at 1.7 years as compared to 14.9 years for IC devices [62].
This ratio between device types does not change significantly for the
next year, with a small (about 10%) increase in the total annual number
of the procedures. It was reported that positive outcomes for IC VADs
exceed 90% at 6 months [63]. It can be anticipated that in the near
future, HeartMate 3 may also find utility in pediatric applications,
especially for older (adolescent) children. Hopefully, introduction of
new devices, designed and validated for pediatric use, would facilitate

further improvements in success rates for children in need of circulatory
support.
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