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Abstract—Although the hemocompatibility of left-ventricu-
lar assist devices (LVADs) has continuously improved,
assessment of hemolysis remains mandatory in pre-clinical
testing. The ASTM-F1841 has standardized this assessment
since 1997. However, the recommended usage of fresh, non-
pooled human blood is hardly feasible with the test loop
volume specified therein, when testing the device under test
versus a predicate device as required by the international
standard 10993-4. In this study, we compared ASTM-
conforming (ASTM) and downscaled (mini) test loops with
a one-third priming volume for the assessment of blood
damage at the ASTM operating point. Blood damage was
assessed for HeartMate 3 and BPX-80 in 6 experiments with
heparinized porcine slaughterhouse blood for 6 h. We
analyzed plasma free hemoglobin (pfHb), von Willebrand
factor (vWF) concentration and collagen-binding function-
ality and calculated indices of hemolysis and vWF-ratios.
The mini test loops provided significantly higher pfHb
increase and consistently stronger vWF-ratio decrease and
yielded a significantly better differentiation of the pumps.
Interestingly, indices of hemolysis were generally lower in the
mini set-up, indicating less adverse effects by the mini loop
itself. Thus, we propose our mini test loop as suitable tool for
clinically relevant standardized assessment of blood damage
by future LVADs with single-donation human blood.

Keywords—In vitro testing, Hemolysis, von Willebrand

factor, Hemocompatibility.

INTRODUCTION

Although patients today still suffer hemorrhagic and
ischemic adverse events, hemocompatibility-related
properties of left-ventricular assist devices (LVADs)
have continuously improved over the years.16,30 Opti-
mized design features such as the intrinsic artificial
pulse, wide blood-flow gaps and the fully magnetically
levitated rotor of the recently certified HeartMate 3TM

(HM3, Abbott, USA) generate less shear-dependent
von Willebrand factor (vWF) degradation and
hemolysis and significantly reduce pump thrombosis in
LVAD patients.3,11,17,20 However, sub-lethal red blood
cell damage, lower degrees of hemolysis and degrada-
tion of vWF still occur in modern LVADs and can
cumulatively contribute to activate multiple pathways
that lead to adverse events.3,25,27,30 Thus, assessment of
blood damage remains a key requisite in pre-clinical
testing of future LVADs, yet the focus is shifting to-
wards more sensitive markers and better differentia-
tion of the pumps.

Since 1997, the current in vitro assessment of
hemolysis in continuous-flow LVADs has been regu-
lated in the American Society of Testing and Materials
(ASTM) standard F1841-97 (2017)2 to ensure equal
testing and comparable results by means of a specifi-
cally characterized test loop and procedure. ASTM set
values for temperature (37 ± 1 �C), pressure head
(100 ± 3 mmHg) and flow rate (5 ± 0.25 L min21)
define an operating point with clinical relevance for the
in vitro verification of LVADs. Although testing may
be performed with bovine or porcine blood, usage of
fresh, non-pooled human blood is recommended.
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However, with one single-donation of human blood, it
is hardly feasible to comply with both the set volume of
450 ± 45 mL of the ASTM test loop and the direct
comparison with a predicate device as required by the
international standard 10993-4:2017.9

Recently, volume-reduced test loops with human
blood were used to compare the blood damage
between two centrifugal LVADs with optimal or equal
settings of the pump speed. However, neither pressure
head nor flow rate were set to reflect a clinically rele-
vant or at least equal operating point, which impedes
the conclusions and comparison of those results.33

To our knowledge, our study is the first to introduce
a downscaled test loop set-up that would allow for
testing of at least a static reference and one device
under test versus a predicate device with single-dona-
tion human blood while maintaining the ASTM stan-
dard operating point. Moreover, we investigated if
accelerated blood damage due to a higher number of
pump-passages yields better differentiation of the
pumps.

In addition, we examine the supplementary assess-
ment of vWF as a more sensitive marker for LVAD-
related shear-dependent blood damage in vitro, utiliz-
ing the same set-up as for hemolysis assessment.

MATERIALS AND METHODS

In n = 6 independent experiments, we systemati-
cally compared ASTM-conforming (ASTM) and
downscaled (mini) test loops for the assessment of
LVAD-related blood damage of the implantable con-
tinuous-flow LVAD HM3 and the extracorporeal
BPX-80 Bio-Pump� (BPX-80, Medtronic, Ireland).
The HM3 pumps were explanted devices, that had
been thoroughly cleaned and disinfected prior to this
study with cleansing agents for medical devices (Se-
kuseptTM aktiv, ECOLAB Healthcare, Germany)
according to manufacturers’ instructions, and we re-
ceived the pumps clean and dry. All pumps were reused
throughout the study and interchanged between the
ASTM and mini set-ups to diminish individual pump-
related effects.

Test Loop Set-Up

ASTM loops were set up according to F1841-97
(2017).2 In brief, a test loop consisted of 2 m of 3/8¢¢-
diameter polyvinyl-chloride-(PVC)-tubing (Bloodline
ECC tubing, Raumedic, Germany), a 0.8 L blood
reservoir (MEDOS, Germany), a throttle to yield the
pressure head of 100 mmHg and mounted sensors for
pressure (Xtrans, CODAN, Germany), temperature
(Medos, Germany) and flow (Transonic, USA). To

accommodate the size of the HM3 in- and outlet, 4 cm
of tubing at each position were replaced with 1/2¢¢-
diameter PVC-tubing. To maintain constant tempera-
ture of 37 ± 1� C, the test loop was fixed in a water-
bath (Lauda, Germany).

The mini test loops were downscaled to a one-third
ASTM priming volume of 160 mL and 36 cm of the
same tubing and mounted with the same sensors and
throttle as performed for the ASTM loops (Fig. 1). To
prevent bending of the tubing at the inlet and outlet of
the mini test loop reservoir (#51494, 100 mL, Qosina,
USA), connectors were fixed with a spacer and a
clamp. Temperature of the mini test loops was con-
trolled with a heating-hood (HM3) or omitted due to
heat development by the pump itself (BPX-80). A de-
tailed description and schematics of both test loops
(Figs. S1 and S2) are given in the supplementary
information.

Blood Collection and Preparation

For each of the 6 test days, three 1-L-bottles of
porcine slaughterhouse blood (15,000 international
units (IU) sodium heparin (B. Braun, Germany),
0.09% (w/v) glucose, 5.0% (v/v) isotonic saline solu-

FIGURE 1. Set-up of Mini test loops with HM3 (top) and BPX-
80 (bottom).
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tion, 0.016 g L21 gentamycin) were freshly collected
and inspected for hematocrit, red and white blood cell
and platelet count (hematology analyzer Sysmex
XT2000i vet, Sysmex, Germany) and hemoglobin and
lactate concentration (blood gas analyzer ABL 825
Flex, Radiometer, Germany). Blood was pooled in a
2 L mixing bag for parenteral nutrition (Baxter, Ire-
land) and base excess was adjusted to 0 ± 5 mM with
sodium hydrogen carbonate (8.4% (w/v), Fresenius,
Germany). Adjustment for hematocrit of 30 ± 2%
was performed during priming and filling of each test
loop according to the respective ratios of isotonic sal-
ine solution and pooled blood.

Test Loop Handling

All test loops were primed with isotonic saline
solution and de-aired before being filled with blood. To
yield a hematocrit of 30 ± 2%, excess saline solution
was drained and replaced with blood. The total volume
was 160 ± 5 and 480 ± 15 mL for the mini and
ASTM test loops, respectively, with 1% accepted
deviation between each HM3 and BPX-80 set-up.
After a second de-airing, all test loops were run for
5 min to mix completely before verification and
adjustment of hematocrit and base excess. For similar
pre-pumping conditions, the corresponding flow rate
of 2.5 ± 0.06 L min21 of the limiting pump’s minimal
speed was set for all test loops. After pre-pumping
sampling, the flow rate and pressure head were ad-
justed to the ASTM operating point
(5 ± 0.25 L min21 and 100 ± 3 mmHg, respectively)
and timers were started for further sampling.

A static reference reservoir was similarly prepared
and kept at static conditions in either the heating-hood
or water bath.

Blood Sampling

After each 1 and 0.5 mL discard for ASTM and
mini test loops, respectively, seven 2.5-mL-samples
were taken before starting the operating point (pre-
pumping sample) and then every 60 min for 6 h on-
wards. Samples were directly assessed for blood count,
blood gas and activated clotting time and processed to
platelet-poor plasma in 3.2-%-tri-sodium-citrate tubes
(Sarstedt, Germany). Plasma samples were stored at
2 20 to 2 80 �C according to standard clinical prac-
tice and manufacturer’s instructions until further pro-
tein analysis.

Cleaning Procedure

Re-usage of blood pumps requires thorough clean-
ing of all parts in contact with blood. To ensure re-

moval of cells and proteins, all pumps were first rinsed
thoroughly with tap water until effluent was visually
clear. The pumps were then set up in a cleaning-in-
place (CIP) loop consisting of a simple PVC-tubing
loop with sample ports for filling and de-airing. CIP
loops were filled with a pepsin/citrate solution and run
for 1 h followed by 30 min rinsing with de-ionized
water. Pumps and CIP loops were then dried overnight
by filtered compressed air and boxed until the next
experiment.

Analysis of Hemolysis

Analysis of hemolysis was performed according to
DIN 58931:2010-088 by means of the cyanmethe-
moglobin (HiCN) method. In brief, plasma samples
were thawed in a water bath at 37� C for 8 min and
diluted 1:5 (v/v) with HiCN conversion solution (He-
moglobin FS, DiaSys, Germany) in duplicates in
standard micro cuvettes (Brandt, Germany). After
incubation, converted plasma free hemoglobin (pfHb)
was photometrically detected at 540 nm with 680 nm
reference wavelength. Duplicate results were accepted
with a coefficient of variation (CV) £ 0.12. Hemolysis
is presented as DpfHb (mg dL21) and modified and
normalized milligram index of hemolysis (MIH and
mgNIH, respectively), with

DpfHbt ¼ pfHbt � pfHbpre; ð1Þ

MIH ¼ DpfHbt � 100�Hcttð Þ � 100

Hbpre
� 106

Qt�T
Vt

; ð2Þ

mgNIH ¼ DpfHbt � 100�Hcttð Þ
100

� 100
Qt�T
Vt

; ð3Þ

Qt � T

Vt
¼ #passagest

¼ 60

�
Xt

i¼60

Qi

Vi
with t ¼ 60; 120; 180; 240; 360ð Þ;

ð4Þ

with DpfHbt: increase of plasma free hemoglobin
(mg L21) in the sampling interval, Hbpre: pre-pumping
total hemoglobin (mg L21), Hctt: hematocrit (%), Qt:
flow rate (L min21), Vt: test loop volume (L), T:
elapsed time (min) and #passages: absolute number of
pump-passages

To account for the greater relative influence of
sampling on the volume of the mini test loops, the
number of pump-passages in Eqs. (2) and (3) is cor-
rected for the change of volume and flow rate over the

BIOMEDICAL
ENGINEERING 
SOCIETY

WOELKE et al.770



sampling intervals by means of Eq. (4) instead of
assuming a constant Vt and Qt, respectively.

Analysis of vWF Degradation

vWF concentration (vWF:Ag) and collagen-binding
functionality (vWF:CB) were analyzed with an in-
house-developed enzyme-linked immunosorbent assay
(ELISA). In brief, high-binding polystyrene 96-well
plates (Microlon600, Greiner, Germany) were coated
with either 3.3 lg mL21 a-vWF antibody (A0082,
DAKO, Denmark) in 0.05 M carbonate buffer pH 9.6
overnight at 4 �C or 50 lg mL21 porcine collagen I/III
(95%/5%, Matrix, Germany) in pH 7.4 DPBS for 36 h
at room temperature. Samples were thawed in a water
bath at 37� C for 15 min, diluted 1:200 and 1:40 in PBS
for vWF:Ag and vWF:CB, respectively, and deter-
mined in duplicates. Samples were incubated for
60 min and bound vWF was detected with
162.5 ng mL21 HRP-conjugated a-vWF antibody
(P0026, DAKO, Denmark), 3,3¢,5,5¢-Tetramethylben-
zidine (TMB) substrate (Ultra-TMB, ThermoFisher,
Germany) and 2 M sulfuric acid (AppliChem, Ger-
many) at 450 and 620 nm reference wavelength. An in-
house-generated porcine plasma pool (n = 8) and
pathologic controls were used for generation of the
standard curve and verification of assays procedure,
respectively. Duplicate results were accepted with a
CV £ 0.2.

Ratios of vWF:CB and vWF:Ag were calculated for
each sample with a cut-off for clinically relevant vWF
degradation of 0.8031 and were depicted as absolute
ratios and normalized (DvWF-) ratios with

DvWF-ratiot ¼ vWF-ratiot � vWF-ratiopre; ð5Þ

with DvWF-ratiot: decrease of vWF-ratio in the sam-
pling interval.

Statistical Analysis

Statistical analysis was performed with SPSS
Statistics 24 (IBM, USA) and Prism 8 (GraphPad,
USA). Results were analyzed for each group, and (log)

normal distribution was verified with Shapiro Wilks
test. Outliers were identified by means of the ROUT
method21 with a maximum false discovery rate of
0.5%. Non-parametric data is depicted as median with
interquartile range (IQR), and normally- or log-nor-
mally-distributed continuous variables are depicted as
mean ± standard deviation (SD) or with 95% confi-
dence interval (CI) and geometric mean with 95% CI,
respectively. Comparison within the groups were per-
formed with mixed-effects analysis with Geisser-
Greenhouse correction and Dunnett’s correction for
multiple comparisons. For comparison between the
groups, ANOVA or mixed-effects analysis with Geis-
ser-Greenhouse correction and Tukey’s multiple com-
parison correction, Kruskal–Wallis test or t test were
used, as appropriate. An adjusted exact p-value was
considered significant with p £ 0.05 (*).

RESULTS

Mean technical and baseline hematologic parame-
ters of ASTM and mini test loops are depicted in Ta-
bles 1 and 2. Flow rate and pressure difference did not
differ significantly between the test loops. Due to
excessive pump-generated heating, the BPX-80 mini
test loop was removed from the heating-hood after the
first experiment. Thus, its mean temperature at the
start of the operating point was significantly lower
compared to the other test loops and was not ASTM-
conforming, but re-stabilized to 36.8 ± 1.3 �C within
the first 60 min. Due to the downscaled volume, the
number of pump-passages at 360 min was significantly
higher in the mini test loops with a mean factor of 3.12
and 3.13 for BPX-80 and HM3-loops, respectively.
Mean baseline hematologic parameters did not differ
significantly between all test loops.

Sample Exclusion

In total, 4 samples of one experiment with the BPX-
80 mini test loop and 4 samples of 3 experiments with
the HM3 mini test loop were identified as outliers by

TABLE 1. Technical parameters of ASTM and mini test loops.

Variable; mean ± SD BPX-80 ASTM HM3 ASTM BPX-80 mini HM3 mini

Overall p

value

ASTM vs. mini

p value

Volume (mL) at start of operating point 486.0 ± 7 484.4 ± 1.3 161.0 ± 0.6 161.4 ± 0.7 < 0.001

Flow (L min21) at start of operating point 5.02 ± 0.07 5.07 ± 0.07 5.07 ± 0.07 5.06 ± 0.05 0.555

Pressure difference (mmHg) at start of

operating point

100 ± 1 100 ± 2 99 ± 1 99 ± 2 0.625

Temperature (�C) at start of operating point 36.6 ± 0.8 36.6 ± 0.7 28.6 ± 2.4 35.4 ± 1.1 < 0.001

Number of circulations at 360 min 3840 ± 45 3881 ± 36 11989 ± 78 12126 ± 230 – < 0.001
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means of the ROUT method.21 The identified outliers
of the BPX-80 mini test loop were most probably
caused by the overheating event of the pump that had
a large impact on increasing pfHb and moderate
influence on decreasing vWF-ratio, and we thus ex-
cluded the whole test loop from statistical analysis. The
identified outliers of the HM3 mini test loop com-
prised high values of both pfHb and vWF-ratio
(n = 2) or pfHb alone (n = 1). Of note, three of those
samples of two HM3 mini test loops also had
decreased pH < 7.0. A possible cause might have been
the formation of microbubbles due to not fully de-
aired test loops with accumulating effects towards the
end of the test and/or mistakes during sampling.
Respective samples were excluded from statistical
analysis. In one experiment, the static reference was
not prepared and could thus not be evaluated (n = 5).

Assessment of Hemolysis

Mean pre-pumping pfHb was £ 17 mg dL21 and
not significantly different for all test loops and static
reference (Table 3). Within all test loops but not the
static reference, mean pfHb significantly increased over
time (Fig. 2 and Table 4). Between the set-ups, the
mini test loops produced significantly more total pfHb
than ASTM test loops from 180 min and 300 min
onwards, and mean slopes were significantly steeper
for BPX-80 and HM3 with a factor of 2.12 and 2.36,
respectively (Table 5). Regression coefficient of mean

pfHb increase was ‡ 0.94 for all test loops. Compared
to the static reference, pfHb in the mini test loops was
significantly higher from 60 min onwards, whereas

TABLE 2. Baseline hematologic parameters of ASTM and mini test loops.

Variable BPX-80 ASTM HM3 ASTM BPX-80 mini HM3 mini Overall p value

Hematocrit (%), mean ± SD 29.2 ± 0.5 29.2 ± 0.8 29.5 ± 1.0 29.7 ± 0.6 0.721

Red blood cells (106 lL21), mean ± SD 5.53 ± 0.27 5.44 ± 0.20 5.45 ± 0.25 5.45 ± 0.15 0.896

Total hemoglobin (g dL21), mean ± SD 9.17 ± 0.34 8.98 ± 0.28 9.01 ± 0.25 9.05 ± 0.19 0.694

White blood cells (103 lL21), median (IQR) 11.82 (2.8) 11.66 (2.16) 11.25 (3.17) 11.85 (2.26) 0.852

Platelets (103 lL21), mean ± SD 201.00 ± 30.07 192.00 ± 34.69 193.60 ± 32.06 191.67 ± 22.31 0.943

pH, mean ± SD 7.26 ± 0.04 7.28 ± 0.05 7.26 ± 0.04 7.27 ± 0.06 0.801

TABLE 3. Descriptive data of pre-pumping plasma free hemoglobin (mg dL21) of ASTM and mini test loops.

Loop

Mean pfHb

(mg dL21)

SD

(mg dL21)

N va-

lid

N miss-

ing

BPX-80 vs. HM3 p

value

ASTM vs. Mini p

value

Loop vs. static refer-

ence

BPX-

80 ASTM

14.41 1.57 6 0 > 0.999 > 0.999 0.196

BPX-80 mini 14.28 1.66 5 1 0.644 – 0.207

HM3 ASTM 14.29 1.45 6 0 – 0.550 0.156

HM3 mini 15.69 1.66 6 0 – – 0.768

Static Refer-

ence

16.92 1.80 5 1 – – –

FIGURE 2. Longitudinal profiles of DpfHb of ASTM and mini
test loops are depicted as mean 6 SD with mean linear
regression and significance of time vs. pre (straight lines)
and consistant significance of loop vs. static reference
(dashed lines). Significant differences between the slopes
(s; right) are depicted within the ASTM (blue) and mini set-up
(red) and between the ASTM and mini set-up (red-blue straight
and dashed line for BPX-80 and HM3, respectively). The
significant difference between the pump differentiation of the
ASTM and mini set-up is depicted in black.
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increase in the ASTM loops was not significant before
180 and 300 min for BPX-80 and HM3, respectively.

Moreover, the mini test loops provided a signifi-
cantly greater differentiation between the mean pfHb
increase of the pumps compared to the ASTM loops
(0.052 vs. 0.029, p = 0.005, Fig. 2 and Table 5).

Interestingly, with correction for volume, flow,
hematocrit and total hemoglobin, mean MIH (Fig. 3
and Table 6) and mgNIH (Fig. 4 and Table 7) at
360 min were generally lower in the mini test loops

than in the ASTM loops. Both set-ups similarly
showed a significantly higher total pfHb, MIH and
mgNIH for BPX-80 than for HM3.

Assessment of vWF Degradation

Mean pre-pumping vWF-ratios were not signifi-
cantly different and in normal range of > 0.80 for all
test loops and static reference (Fig. 5a and Table 8).
Within all test loops but not the static reference, vWF-

TABLE 4. Descriptive data of Dplasma free hemoglobin (mg dL21) of ASTM and mini test loops.

Loop

Time

(min)

Mean DpfHb
(mg dL21)

SD

(mg dL21)

N

valid

N

missing

Time vs. pre

p value

BPX-80 vs.

HM3 p value

ASTM vs.

Mini . value

Loop vs. static ref-

erence p value

BPX-80

ASTM

Pre 0.00 0.00 6 0 – – – –

60 4.70 2.13 6 0 0.011 > 0.999 0.323 0.016

120 8.18 2.90 6 0 0.004 0.781 0.098 0.098

180 12.21 4.48 6 0 0.004 0.355 0.089 0.012

240 17.22 5.73 6 0 0.003 0.115 0.110 0.005

300 20.39 6.17 6 0 0.002 0.091 0.034 0.003

360 24.18 6.13 6 0 < 0.001 0.045 0.014 < 0.001

BPX-80

mini

Pre 0.00 0.00 5 1 – – – –

60 8.28 3.29 5 1 0.017 0.670 – 0.022

120 15.82 4.80 5 1 0.007 0.502 – 0.007

180 22.20 5.97 5 1 0.004 0.959 – 0.006

240 31.94 9.57 5 1 0.006 0.574 – 0.008

300 43.51 11.22 5 1 0.004 0.312 – 0.003

360 56.55 12.79 5 1 0.002 0.107 – 0.002

HM3

ASTM

Pre 0.00 0.00 6 0 – – – –

60 4.58 2.81 6 0 0.039 – 0.710 0.067

120 5.86 4.04 6 0 0.060 – 0.239 0.455

180 7.69 3.47 6 0 0.011 – 0.013 0.067

240 9.28 3.91 6 0 0.008 – 0.009 0.075

300 11.72 3.16 6 0 0.001 – 0.047 0.031

360 13.49 4.59 6 0 0.003 – 0.349 0.006

HM3 mini Pre 0.00 0.00 6 0 – – – –

60 6.17 1.12 6 0 < 0.001 – – < 0.001

120 11.23 4.25 6 0 0.005 – – 0.026

180 19.84 5.73 6 0 0.002 – – 0.002

240 24.17 6.61 6 0 0.001 – – 0.001

300 29.88 9.30 5 1 0.006 – – 0.008

360 29.18 10.83 3 3 0.086 – – 0.138

Static

Refer-

ence

Pre 0.00 0.00 5 1 – – – –

60 0.37 0.90 5 1 0.856 – – –

120 1.54 4.10 5 1 0.889 – – –

180 2.42 1.65 5 1 0.102 – – –

240 3.00 2.78 5 1 0.228 – – –

300 3.15 4.03 5 1 0.438 – – –

360 2.13 2.66 5 1 0.420 – – –

TABLE 5. Descriptive data of linear regression of Dplasma free hemoglobin of ASTM and mini test loops.

Loop

Mean adjusted R2

DpfHb
Mean slope

DpfHb 95% CI BPX-80 vs. HM3 p value

ASTM vs. Mini

p value

BPX-80 ASTM 1.00 0.0684 0.06649 to 0.07035 < 0.001 < 0.001

BPX-80 mini 0.98 0.1449 0.1332 to 0.1566 < 0.001 –

HM3 ASTM 0.94 0.0396 0.03493 to 0.04421 – < 0.001

HM3 mini 0.96 0.0933 0.08285 to 0.1037 – –
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ratios significantly decreased over time below 0.80
indicating the development of an acquired von Wille-
brand syndrome (AvWS). Between the set-ups, de-
crease of mean normalized vWF-ratios was stronger in
the mini test loops and yielded a greater differentiation
between the pumps (Fig. 5b and Table 9). The stron-
gest mean decrease occurred in the BPX-80 mini test
loop, however, this test loop also had the highest
standard deviation. Interestingly, we observed an in-
crease of mean vWF-ratios from 120 to 180 min in the
ASTM loops, which was only marginal in the mini
loops.

DISCUSSION

In this study, we systematically compared ASTM-
conform and downscaled set-ups for the assessment of
LVAD-related hemolysis and vWF degradation at the
ASTM operating point.

Exemplarily, the LVAD-related blood damage was
assessed for the extracorporeal BPX-80 and the

implantable continuous-flow LVAD HM3, which
introduces new design-features for less blood damage.

Assessment of Hemolysis

Since the volume of the mini test loops was reduced
to one-third of the ASTM test loops, the mini test
loops accumulated approximately three times as many
pump-passages. This resulted in significantly increased
total pfHb due to significantly accelerated hemolysis in
the mini test loops by factor 2.12 and 2.36 for BPX-80
and HM3, respectively. Moreover, the mini test loops
showed a significantly greater difference of mean pfHb
increase between BPX-80 and HM3, thus providing a
significantly better differentiation of the pumps com-
pared to the ASTM loops. This is consistent with
Mueller et al., who assumed more marked parameter
changes for a higher number of pump-passages,22 and
might be especially valuable for the differentiation of
marginal variations between design versions during the
developmental process and LVADs with low hemolytic
potential.

Our mgNIH results of the BPX-80 ASTM loop are
in the range between 3.35 and 6.6 mg 100 L21 of

FIGURE 3. Modified index of hemolysis (MIH) at 360 min of
ASTM (blue) and mini test loops (red) depicted as geometric
mean with 95% confidence interval.

TABLE 6. Modified index of hemolysis of ASTM and mini test loops at 360 min.

Loop

Geometric mean

MIH at 360 min 95% CI N valid N missing

BPX-80 vs.

HM3 p value

ASTM vs.

mini p value

BPX-80 ASTM 0.46 0.35190 to 0.059331 6 0 0.030 0.723

BPX-80 mini 0.37 0.25280 to 0.54240 5 1 0.027 –

HM3 ASTM 0.25 0.16606 to 0.38186 6 0 – 0.391

HM3 mini 0.17 0.06915 to 0.42850 3 3 – –

FIGURE 4. Normalized milligram index of hemolysis (mgNIH)
at 360 min of ASTM (blue) and mini test loops (red) depicted
as geometric mean with 95% confidence interval.
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current literature of hemolysis assessments also using
porcine blood and the same pump, whereas the
mgNIH of our mini test loop is slightly lower.14,15,28

Our results of the HM3 loop could only be compared
to an ASTM conform set-up with bovine blood that

reported higher hemolysis compared to our results.3

Differences between reported data for both pumps
could have been influenced by differing test parameters
between the studies such as the duration of the testing,
temperature and blood characteristics. To overcome
some of these issues, Mueller et al. introduced the MIH
to correct for both species- and set-up-specific differ-
ences regarding total hemoglobin as well as volume
and flow rate.22 Since 1997, the MIH has been the
recommended index of hemolysis and is most often
referred to as ‘‘milligram of hemoglobin released into
plasma per milligram of total hemoglobin pumped
through the loop’’.2 In other words, the MIH describes
the released fraction of total hemoglobin per pump-
passage. Interestingly, besides maintaining the differ-
ences between the hemolytic profiles of the pumps, the
MIH was generally lower in the mini test loops. This
implies an overall better hemocompatibility of our
mini test loops compared to the ASTM loops, even
though Mueller et al. suspected that ‘‘very small’’ test
loop volumes might accumulate adverse effects.22

Our findings of different MIH for the same pump at
the same operating point in different set-ups further
underlines the impact of the test loop itself and thus
the importance of equal test loop set-ups for direct
intra- and inter-study comparisons of blood pumps.

Moreover, we recommend a more refined equation
for the MIH, that considers changes in flow rate and
blood volume over time.

Assessment of vWF Degradation

Compared to pre-pumping values, significant vWF-
degradation and development of AvWS occurred in all
test loops but not in the static reference. Consistent
with the increase of pfHb, decrease of normalized
vWF-ratios was stronger and differentiation between
the pumps was higher in the mini test loops. The
observed increase of mean vWF-ratios at 180 min in
the ASTM loops might indicate platelet activation and
subsequent secretion of high molecular weight vWF.4

Accordingly, the only slight increase of vWF-ratios in
the mini loops might reflect less such platelet activation

TABLE 7. Normalized milligram index of hemolysis of ASTM and mini test loops at 360 min.

Loop

Geometric mean

mgNIH at 360 min 95% CI N valid N missing

BPX-80 vs. HM3

p value

ASTM vs. mini

p value

BPX-80 ASTM 4.18 3.16005 to 5.53744 6 0 0.023 0.696

BPX-80 mini 3.35 2.35642 to 4.77596 5 1 0.028 –

HM3 ASTM 2.24 1.46338 to 3.43087 6 0 – 0.438

HM3 mini 1.56 0.63549 to 3.82935 3 3 – –

FIGURE 5. Longitudinal profiles of vWF-ratio (a) and DvWF-
ratio (b) of ASTM (blue) and mini test loops (red) are depicted
as mean 6 SD with mean regression and significance of time
vs. pre (*) and significance of loop vs. static reference (#). The
shaded area in (a) marks the AvWS range with pathological
vWF-ratios £ 0.80.
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and thus better hemocompatibility, consistent with the
lower indices of hemolysis of the mini loops. Possible
causes for the better hemocompatibility might be the
reduced surface-to-volume ratio of the mini test loops
or a different, e.g., less turbulent, flow regime.

For the in vitro assessment of LVAD-related vWF
damage, different model set-ups with plasma5,10 or
whole blood26,33 have been used. However, since pre-
clinical testing of blood pumps is expensive and time-
consuming, integration of vWF and hemolysis assess-
ment is desirable, as is a fast and reliable method of
analysis. Moreover, physiological effects might be
missing or altered when using plasma instead of whole
blood, especially with calcium-complexing anticoagu-
lation, which slows down the vWF refolding process.32

Based on this study, we propose the parallel
assessment of vWF degradation by ELISA-based

analysis of vWF concentration and collagen-binding
functionality in the standardized mini test loops. Be-
sides being faster and less labor-intensive than multi-
mer analysis, in our opinion, directly measuring (loss
of) vWF-functionality itself promotes a more mean-
ingful interpretation of the results. Moreover, other
than the vWF-platelet-interaction, the collagen-bind-
ing functionality is not affected by heparin and pfHb,
respectively,1,7,12,29 and is thus better suited for the
in vitro testing of LVAD-related blood damage.

Although functional assessment of LVAD-related
vWF degradation in vivo has led to controversial
results,6,13,18,19,24 in vitro, vWF provides a sensitive
marker for shear-dependent blood damage that might
gain even more relevance regarding the progress in
LVAD development.27

TABLE 8. Descriptive data of vWF-ratio of ASTM and mini test loops.

Loop

Time

(min)

Mean

vWF-ratio SD N valid N missing

Time vs. pre

p value

BPX-80 vs.

HM3 p value

ASTM vs. Mini

p value

Loop vs. static

reference p value

BPX-80 ASTM Pre 1.10 0.15 5 1 – 0.895 0.775 > 0.999

60 0.90 0.22 6 0 0.345 0.984 0.995 0.903

120 0.78 0.27 5 1 0.167 0.972 0.983 0.513

180 0.85 0.24 6 0 0.309 0.963 0.917 0.904

240 0.75 0.25 6 0 0.131 0.989 0.995 0.392

300 0.73 0.31 6 0 0.163 0.989 0.920 0.687

360 0.58 0.26 6 0 0.024 > 0.999 0.790 0.338

BPX-80 mini Pre 1.31 0.36 5 1 – 0.819 – 0.736

60 0.84 0.28 5 1 0.177 0.998 – 0.819

120 0.69 0.28 5 1 0.150 > 0.999 – 0.288

180 0.72 0.29 5 1 0.169 > 0.999 – 0.655

240 0.68 0.30 5 1 0.097 > 0.999 – 0.339

300 0.59 0.25 5 1 0.065 > 0.999 – 0.358

360 0.44 0.15 5 1 0.022 > 0.999 – 0.199

HM3 ASTM Pre 1.17 0.09 6 0 – – 0.964 0.851

60 0.96 0.18 6 0 0.036 – 0.985 0.979

120 0.87 0.23 6 0 0.069 – 0.873 0.726

180 0.94 0.24 6 0 0.106 – 0.691 0.993

240 0.81 0.24 6 0 0.012 – 0.838 0.566

300 0.80 0.26 6 0 0.018 – 0.709 0.832

360 0.59 0.22 6 0 0.002 – 0.911 0.342

HM3 mini Pre 1.10 0.25 6 0 – – – > 0.999

60 0.89 0.29 6 0 0.059 – – 0.912

120 0.72 0.31 6 0 0.054 – – 0.364

180 0.73 0.32 6 0 0.055 – – 0.674

240 0.66 0.28 6 0 0.013 – – 0.236

300 0.60 0.30 6 0 0.001 – – 0.389

360 0.46 0.24 4 2 0.006 – – 0.221

Static reference Pre 1.08 0.17 4 2 – – – –

60 1.04 0.29 4 2 0.983 – – –

120 1.06 0.24 4 2 0.979 – – –

180 1.02 0.35 4 2 0.958 – – –

240 1.07 0.26 4 2 0.999 – – –

300 1.01 0.35 4 2 0.962 – – –

360 1.03 0.30 3 3 0.946 – – –
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Limitations

Our study suffers general limitations of small sam-
ples, especially for the 360-min-sample of the
HM3 mini test loop. Moreover, few discrepancies from
the ASTM standard existed in our set-up: First, our
institution uses porcine slaughterhouse blood that is
not taken by venipuncture and thus prone to higher
stress-dependent pre-activation. Nevertheless, this
could be neglected for reliable pfHb assessment, as we
did not observe abnormal values of pre-pumping
pfHb.22 Second, our institutional heparin dosage is
higher than recommended and could have affected
platelet activation.12 However, this would affect all test
loops and the static reference equally and thus might
be of minor impact. Third, isotonic saline solution is
used for priming of the test loops instead of phosphate
buffered solution (PBS), lacking the buffer capacity

comprised by PBS. Although we adjusted the base
excess for better blood conservation, the pH was not
regulated over the testing period and significantly
decreased from pre to 360 min in all test loops. Since
both hemolysis and vWF activity as well as degrada-
tion are influenced by pH, physiologic pH-adjustment
during testing might be considered for a refined stan-
dardized testing.2,22,23

CONCLUSION

Our mini test loop allows for parallel assessment of
hemolysis and vWF degradation, and combines the
advantages of standardized testing and small priming
volumes without accumulating adverse effects. The
lower MIH, i.e., less pfHb per pump-passage than
generated in the ASTM-conform loop, rather implies

TABLE 9. Descriptive data of DvWF-ratio of ASTM and mini test loops.

Loop

Time

(min)

Mean D
vWF-ratio SD N valid N missing

Time vs. pre

p value

BPX-80 vs.

HM3 p value

ASTM vs. Mini

p value

Loop vs. static

reference p value

BPX-80 ASTM Pre 0.00 0.00 5 1 – – – –

60 2 0.19 0.25 5 1 0.429 > 0.999 0.679 0.699

120 2 0.33 0.27 5 1 0.171 > 0.999 0.754 0.256

180 2 0.20 0.28 5 1 0.494 > 0.999 0.569 0.795

240 2 0.34 0.28 5 1 0.178 > 0.999 0.708 0.276

300 2 0.34 0.32 5 1 0.230 > 0.999 0.549 0.445

360 2 0.50 0.24 5 1 0.036 0.961 0.395 0.054

BPX-80 mini Pre 0.00 0.00 5 1 – – – –

60 2 0.47 0.39 5 1 0.174 0.677 – 0.259

120 2 0.62 0.49 5 1 0.149 0.851 – 0.202

180 2 0.59 0.48 5 1 0.166 0.889 – 0.248

240 2 0.63 0.42 5 1 0.096 0.894 – 0.133

300 -0.72 0.42 5 1 0.065 0.822 – 0.093

360 2 0.87 0.37 5 1 0.022 0.889 – 0.027

HM3 ASTM Pre 0.00 0.00 6 0 – – – –

60 2 0.21 0.13 6 0 0.042 – > 0.999 0.253

120 2 0.30 0.22 6 0 0.076 – 0.966 0.133

180 2 0.23 0.19 6 0 0.114 – 0.775 0.477

240 2 0.35 0.17 6 0 0.014 – 0.906 0.024

300 2 0.37 0.19 6 0 0.020 – 0.582 0.126

360 2 0.58 0.17 6 0 0.002 – 0.487 0.002

HM3 mini Pre 0.00 0.00 6 0 – – – –

60 2 0.22 0.15 6 0 0.058 – – 0.253

120 2 0.39 0.25 6 0 0.050 – – 0.080

180 2 0.38 0.26 6 0 0.057 – – 0.156

240 2 0.45 0.21 6 0 0.013 – – 0.017

300 2 0.51 0.14 6 0 0.001 – – 0.017

360 2 0.72 0.09 4 2 0.001 – – < 0.001

Static reference Pre 0.00 0.00 5 1 – – – –

60 2 0.03 0.13 5 1 0.978 – – –

120 2 0.02 0.07 5 1 0.925 – – –

180 2 0.04 0.18 5 1 0.988 – – –

240 2 0.03 0.11 5 1 0.978 – – –

300 2 0.04 0.20 5 1 0.988 – – –

360 2 0.04 0.11 4 2 0.899 – – –
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an improved hemolysis-relevant hemocompatibility of
the mini test loops. General characteristics of the he-
molytic pump-profiles were maintained, as reflected by
the significantly higher increase of pfHb and MIH of
BPX-80 vs. HM3. Moreover, the mini test loop pro-
vided significantly better differentiation of the hemo-
lytic pump profiles.

vWF degradation led to clinically relevant loss of
functionality and development of AvWS in all test
loops. Consistent with the hemolysis results, decrease
of normalized vWF-ratios was stronger in the mini test
loops and yielded a better differentiation between the
pumps.

Thus, our mini test loop is well suited for pre-clin-
ical testing at the ASTM operating point and allows
for a more meaningful analysis of LVAD-related blood
damage. The mini test loop reduces the required
amount of blood for a direct pump comparison from
900 ± 90 mL to only 320 ± 10 mL blood and thus
enables standardized in vitro testing of future LVAD
with one single-donation of fresh human blood.
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