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Abstract: For the approval-relevant testing to prove the safety
and effectiveness of newly developed heart valve prostheses, a
new version of the ISO 5840-family was published in 2021.
One of the major in vitro tests in this standard is the investiga-
tion of the hydrodynamic performance of heart valve prosthe-
ses by means of a hydrodynamic cardiovascular test bench
(pulse duplicator system).

A new requirement of the ISO 5840:2021 is the validation
of the pulse duplicator system used, by comparing the results
obtained with the test bench with a round-robin study pub-
lished by the ISO Cardiac Valves Working Group in 2019.

In this work, two pulse duplicator systems at our institute
(2x BDC Laboratories, Wheat Ridge, CO, USA) were evaluat-
ed according to the new ISO standard. The results obtained
were compared intra-institutionally between the different test
benches and internationally with the round-robin study to
validate the developed test methodology regarding the norma-
tive requirements.

For the evaluation and to assess the repeatability, one
measurement series with three measurements was performed
for the intra-institutional comparison, a second measurement
series with eight measurements with different parameters was
conducted for the inter-laboratory comparison. The test pa-
rameters were selected according to the round-robin study. A
mechanical prosthetic heart valve (St. Jude Medical Master
Series, diameter: 25 mm) was used as test valve. The values
for the effective orifice area (EOA) and the regurgitant frac-
tion (RF) were assessed, and the pressure and flow wave-
forms were analysed.

In general, the developed and applied test methods lead to
reliable results according to ISO 5840:2021 and compared to
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the international standard in different test laboratories. Both
BDC pulse duplicators have achieved reliable results in terms
of repeatability in the intra-institutional and inter-laboratory
comparison. The test benches are therefore suitable for the
hydrodynamic performance testing of heart valve prostheses
according to ISO 5840:2021.

During the experiments slightly higher EOA and RF were
measured by means of one pulse duplicator system although
both test benches were identical. High-speed cinematography
recordings identified an asymmetric closing kinematic of the
test valve. Thus, leading to a prolonged closing time and clos-
ing volume of the valve. This in turn, led to an increased EOA,
due to the calculation according to the ISO standard. In conclu-
sion, even small deviations in the closing kinematics of the test
valve can lead to large differences in the results. Thus, it is
considered to attach great importance to the leaflet kinematics
when comparing or validating test benches or test methods.

Keywords: TAVI, hydrodynamic characterization, pulsatile
flow testing

1 Introduction

The first surgical heart valve prosthesis was successfully
implanted in 1952. 50 years later, in 2002, the therapeutic
spectrum was significantly expanded by the first-in-man
implantation of a transcatheter aortic valve prosthesis
(TAVP) [1]. During the last ten years, the number of
transcatheter aortic valve implantation (TAVI) has steadily
increased, while the number of surgical aortic valve implanta-
tions has decreased [2]. The clinical share of TAVI in the field
of aortic valve implantations has more than doubled, from
30.5% in 2011 to 66.1% in 2020 [2].

Due to the increased demand, new implants are continu-
ously being developed, which need to be characterized in
terms of both safety and effectiveness. The guidelines for the
testing of aortic valve prostheses are defined in a normative
standard, which has been re-evaluated and re-published in an
updated version in 2021 — the ISO 5840:2021 normative
family [3-5]. The ISO standard and the ISO Cardiac Valves
Working Group recommend pulsatile flow testing as the
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main benchmark for the characterization of the hydrodynamic
performance of prosthetic heart valves. During pulsatile flow
testing, clinically relevant flow conditions were simulated
using test benches modelling flow conditions in the left heart,
so called pulse duplicator systems.

The in vitro tests are performed using various parameters,
including heart rate (HR), cardiac output (CO), (relative)
systolic duration (SD), and pressure conditions, e.g. main
aortic pressure (MAP). The ISO 5840:2021 defines specific
conditions to be used for pulsatile flow testing. Particularly,
testing at nominal/standard conditions (HR: 70 BPM, SD:
35%, CO: 5.0 I/min, MAP: 100 mmHg) is linked to minimum
performance criteria for prosthetic heart valves. These crite-
ria are obligatory for all heart valve prostheses aiming for an
approval.

Furthermore, the ISO standard prescribes a validation of
the test bench and test method used for pulsatile flow testing
by comparing both to results of a round-robin study published
by the ISO Cardiac Valve Working Group [6]. 13 parties took
part in this round-robin study to examine the current state-of-
the-art in measuring prosthetic heart valves pulsatile flow
performance. The study included three testing service provid-
ers, eight heart valve manufacturers, one academic test labora-
tory, and the US Food and Drug Administration.

Within the last years, we established different testing
methods for heart valve prostheses, mostly in the field of
pulsatile flow testing [7-11]. Therefore, the aim of this work
was to evaluate and validate the used test benches and devel-
oped test methods according to the newly published ISO
standard. The two different test benches were compared
the inter-

intra-institutionally and internationally with

laboratory round-robin study [6].

2 Materials and Methods

For the intra-institutional comparison two pulse duplicator
systems (2x BDC Laboratories, Wheat Ridge, CO, USA) were
used. A series of three identical measurements in standard
conditions according to ISO 5840:2021-2 was performed on
every test bench: HR: 70 BPM, CO: 5 I/min + 0.5 1/min, SD:
35%, MAP: 100 mmHg = 2 mmHg [4]. For each measurement
n =10 cycles were recorded leading to a total cycle number
of n =30 for every measurement in one test bench.

A mechanical prosthetic heart valve (St. Jude Medical
Master Series, diameter: 25 mm) was used as test valve. The
effective orifice area (EOA) and the regurgitant fraction (RF)
were used as hydrodynamic performance criteria for the
evaluation according to ISO 5840-1:2021 [3].

According to the ISO standard, the EOA is calculated by
means of the Gorlin equation (1) [3]. Wherein g, represents

the root mean square forward flow during the positive differ-
ential pressure period, 4p the mean pressure difference
(measured during the positive differential pressure period)
and p the density of the test fluid.

Qvrms

EOA = (1)

51.6- /A—p
P

The valve g,,,,, furthermore is defined by equation 2.

,f 2 qu(t)2dt
Qurms = tltT @)
2=t

Wherein ¢, (?) represents the instantaneous flow at time (7), #;
the time at the start of the positive differential pressure period
and ¢, the time at the end of the positive differential pressure
period. In fact, the EOA strongly depends on the positive
pressure period and therefore from the opening and closing
kinematics of the valve.

In addition, the RF is defined as fluid volume [% of for-
ward flow volume] that flows through the heart valve prosthe-
sis in the reverse direction during one cycle, see equation 3.

RF =CV +LV 3)

Wherein CV represents the part of the regurgitant volume
associated with the dynamics of the valve closure and LV the
part associated with leakage during the closed phase of a
valve in one cycle. LV furthermore is the sum of the trans-
valvular and the paravalvular leakage volume [3].

For the international validation of the test method used at
our institute a series of eight measurements was performed
with the St. Jude Medical Master Series mechanical heart
valve prosthesis (25 mm) in both pulse duplicator systems.
The test parameters were based on the round-robin study and
presented in Table 1 [6]. A tolerance of = 0.5 1/min for the CO
and £+ 2 mmHg for the MAP was accepted during the tests.

Table 1: Test parameter used for the international interlaboratory
comparison according to [6].

Heart Systolic Cardiac Mean aortic
Parameter -
set rate duration output pressure
[BPM] [%] [I/min] [mmHg]
1 70 35 5 100
2 45 30 5 100
3 70 35 2 100
4 70 35 3.5 100
5 70 35 5 100
6 70 35 7 100
7 120 50 5 100
8 70 35 5 100
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3 Re su |ts an d Di sSCuss i on different test laboratories which participated in the round-robin
study of the ISO Cardiac Valve Working Group [6].

pulse duplicator systems showed a reasonable intra- While the measured RF is in the same range as in the dif-
institutiona eatability, as demonstrated by the pressure and ferent test laboratories, the values for the EOA are slightly
flow waveforms (Figure 1) and the deviations of the measure-  larger. Additionally, Table 2 shows a comparison to a round-
ments in §Wi fons (parameter set 1, 5, 8, Table 1). robin study from 2005 aiso published from Wu et al. [6]. These
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Figure 1: Pressure and flow waveforms of a pulsatile flow test of a
mechanical heart valve prosthesis (25 mm) in two pulse duplicator
systems of the same type at standard test parameters (mean curves
of n= 30), standard test parameters: HR: 70 BPM, SD: 35%, CO:
5 I/min, MAP: 100 mmHg.

Figure 3: Effective orifice area (EOA) and regurgitant fraction (RF) of
a mechanical heart valve prosthesis (25 mm) tested~in two pulse
duplicator systems of the same type (n = 30) compared to
robin study of the ISO Working Group [6], standard test paramet

The EOA was 2.9 cm® + 005 em? for the BDC 1 and HR: 70 BPM, SD: 35%, CO: 5 I/min, MAP: 100 mmHg
3.6 cm>£0.03 cm? for the BDC 2. The RF for the BDC 1 was

) Table 2: Comparison of Effective orifice area (EOA) and regurgitant
8.2% £ 0.60% and 9.5% + 0.80% for the BDC 2, see Figure 2.

fraction (RF) of a mechanical heart valve prostheses (25 mm) in

4,0 11 standard conditions (parameter set 1, 5, 8, Table 1) between our own
T 35 < 107 studies and the two round-robin studies of the ISO Working Group
< = 94 from 2005 and 2019 [6].
< 30+ T g
e 3
w i
1 2,5 1 5 ; ] B ISO Group Wu et al.
S 20 g . 2005 2019
@ = 1
£ 15 E 4 EOA [cm?] 32+0.2 2703 24102
e 101 ? 3 RF [%] 9.6+1.0 9.0+3.0 8.9+0.9
3 g 27
% 0,5 A =
0,0 - 0 - This trend is also recognizable in all the other measurements
BDC1  BDC2 BDC 1 BDC 2

Figure 2: Effective orifice area (EOA) and regurgitant fraction (RF) of according to Table 1 and Wu et al, see Figure 4 and Figure 5

a mechanical heart valve prosthesis (25 mm) tested in two pulse [6]. The discussion of the results is difficult because the
duplicator systems of the same type (n = 30), standard test parame- ~ reasons for the variations are multifactorial.
ters: HR: 70 BPM, SD: 35%, CO: 5 I/min, MAP: 100 mmHg.

4,0 4,0 Lab 1
The inter-laboratory standard deviation for the » = 60 meas- £ 3% Il %1 EEE
urements (three measurements of 10 cycles each, per test ézz T 7 22 i .
bench) at our institute was + 0.2 cm? for the EOA and + 1.0% % 20 1 1 20 | t:E;
for the RF. In comparison, Wu et al. reported an inter- £ 45 15 1 Lab9
laboratory maximum standard deviation for the EOA of 1.1 g 10 1 10 4 o
cm? and 1.6% for the RF in the round-robin study [6]. % 05 1 05 - e

In general, the experiments presented show a good repeata- 00 00 BOC 1
o . L meas.3 meas.4 meas.6 meas. 2 meas. 7 BDC 2
bility for both test benches, since the standard deviations are

) Figure 4: Effective orifice area (EOA) of a mechanical heart valve
smaller compared to the round-robin study [6].

prostheses (25 mm) tested in two pulse duplicator systems of the
Figure 3 and Table 2 show the comparison between the results  same type (n = 30) compared to round-robin study of the 1ISO Working

obtained with the two test benches at the institute and the 13  Group [6], test parameters: according to Table 1.
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The asymmetric closing kinematics of the test valve, recog-
nized by means of high-speed cinematography recordings
during the measurements, is thought to be a possible cause of
the minor deviations. This asymmetric closing of one tilting
disc of the mechanical valve led to a prolonged closing time
of the valve and an increased positive differential pressure
period. This in turn, led to an increased EOA, see equations
(1) and (2). In some measurements, the prolonged closing
time also led to an increased closing volume of the valve,
which in turn, led to an increased RF, see equation (3).
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Figure 5: Regurgitant fraction (RF) of a mechanical heart valve pros-
thesis (25 mm) tested in two pulse duplicator systems of the same
type (n = 30) compared to round-robin study of the 1ISO Working
Group [6], test parameters: according to Table 1.

Additionally, Wu et al. identified significant variations
among the investigated pulse duplicator systems, which
might be caused by the varying positioning and mounting of
the pressure sensors and flow meters relative to the heart
valve specimens. Further possible explanations for the vary-
ing results are differences in the applied aortic root models
and compliances of the heart valve chambers, as well as
varying pump characteristics and data filter parameters [6].
Nevertheless, in this study the global valve performance
measures EOA and RF met the minimum performance criteria
of the ISO 5840-2:2021, leading to the summary, that the
results presented here show that the different test benches and
the test methods used are in accordance with the ISO
5840:2021 standard [4]. Since EOA and RF are strongly de-
pendent on the valve opening and closing kinematics, the
evaluation of a test bench and a test method by means of these
parameters should be scrutinised in further investigations.

4 Conclusion

The purpose of this study was to examine the intra-
institutional variability of different test benches and to com-
pare the developed test methods at our institute to the state-
of-the-art in prosthetic heart valve hydrodynamic perfor-
mance measurements. The test benches showed a high repro-
ducibility, also in comparison to the round-robin study. Nev-
ertheless, variability among different test systems still exists.

Therefore, it is important to develop resilient standard operat-
ing procedures and exercise care in the testing itself and the
training of test engineers to minimize variations and obtain
valid and repeatable measurements. Additionally, an investi-
gation of the functionality of the test valve with respect to
leaflet kinematics should be required for the validation of test
methods and test benches. A testing of at least three samples
of the test valve may also be a suggestion as it is required for
newly developed heart valve prostheses.
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