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Abstract used by the testing laboratories to benchmark pulse dupli-
Purpose—Hydrodynamic performance testing is one of the cator systems and to train and certify testing personnel.
core in vitro assessments required by the ISO 5840 series of

standards for all prosthetic heart valves. A round-robin study Keywords—Prosthetic heart valves, Hydrodynamic perfor-

carried out in 2005 in accordance with ISO 5840:2005
revealed significant variabilities in prosthetic heart valve
hydrodynamic performance measurements among the par-
ticipating laboratories. In order to re-examine the inter-
laboratory variability based on the ‘‘state-of-the-art” under

mance testing, Effective orifice area, Total regurgitant
fraction, Mean pressure gradient, Waveform.

ISO 5840-1 and 5840-2:2015, the ISO Cardiac Valve Work- INTRODUCTION
ing Groups decided in 2016 to repeat the round-robin study.
Methods—A total of 13 international laboratories partici- Cardiac valves are hydraulic one-way valves per-

pated in the study. The test valves were chosen to be the St.

Jude Medical Masters Series mechanical valves (19 mm forming the function of directing blood to pass

aortic, 25 mm aortic, 25 mm mitral, and 31 mm mitral), through the four chambers of the heart in one direc-
which were circulated among the laboratories. The testing tion. As such, the hydrodynamic design goals of a
was conducted according to a common test run sequence, prosthetic heart valve are to maximize forward flow,
with prespecified flow conditions. minimize backward flow, and avoid flow-induced

Results—The study revealed improved, yet still significant

variability among different laboratories as compared to the blood damage. The pulsatile forward and backward

2005 study. The coefficient of variation ranged from 7.7 to flow characteristics of a prosthetic heart valve are
21.6% for the effective orifice area, from 10.1 to 32.8% for typically characterized in vitro using a pulse duplicator.
the total regurgitant fraction, and from 14.7 to 45.5% for the International Organization for Standardization (ISO)
mean transvalvular pressure gradient. standards 5840-2 and ISO 5840-3 define the size-de-

Conclusions—The study revealed the ambiguities in the

current versions of the ISO 5840 series of standards and pendent  minimum  hydrodynamic  performance

the shortcomings of some participating laboratories. This requirements (ie., §ffective orifice area and regurgitant
information has allowed the ISO Working Group to incor- fraction) for surgical and transcatheter heart valve
porate additional clarifying language into the ISO 5840-1, -2, prostheses implanted in the left side of the heart,
and -3 standards that are currently under revision to improve respectively.5’6

in vitro assessments. The results presented here can also be Pulsatile flow testing has long been considered the

gold standard for characterizing hydrodynamic per-
formance of prosthetic valves. This test method is ex-
Address correspondence to Changfu Wu, Center for Devices and pected to simulate clinically relevant flow conditions,
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namic assessment of patients.>**'? Pulsatile flow testing
involves selection of various parameters that define the
test conditions, including the beat rate, cardiac output,
systolic duration and test pressure conditions. The ISO
standards are prescriptive about the specific conditions
to be utilized for pulsatile flow testing. In particular,
testing at nominal conditions (70 beats/min, 5.0 L/min
cardiac output, 35% systolic duration, normotensive
conditions) is tied to the minimum performance crite-
ria for prosthetic heart valves; all commercially ap-
proved prosthetic heart valves are expected to meet
these minimum performance criteria.

However, the standards are less descriptive about
the pulse duplicator and its waveforms, only stipulat-
ing that the pulse duplicator should produce pressure
and flow waveforms that approximate physiological
conditions over the required physiological range for
testing. In practice, pulse duplicator designs vary sig-
nificantly among the test laboratories. Some use com-
mercial systems, and others use proprietary ones.
These systems utilize a variety of design aspects, such
as drive mechanism (e.g., pneumatic, piston driven),
test chamber geometry (e.g., anatomically accurate,
idealized tubes), compliance (e.g., fully rigid, lumped
compliance element, fully compliant vasculature), and
measurement instrumentation, which can result in
significant variability in the waveforms utilized for
testing. Since the prescribed conditions only consist of
cycle-averaged and instantaneous hydrodynamic
characteristics, the waveforms utilized by different test
laboratories can differ significantly. In addition, given
the lack of specificity in the test conditions with respect
to waveforms, it is conceivable to ‘“‘tune” a pulse
duplicator system to obtain different input waveforms
for the same test conditions—this severely affects the
repeatability and reproducibility of this test
method."**' Variation in the waveforms used for
testing has the potential to impact the performance
measures obtained from pulsatile testing. This is in
addition to any test method and operator variabilities,
which could amplify differences in hydrodynamic
performance results. Such variations in standardized
performance metrics make it difficult to interpret the
test results from both a regulatory and clinical stand-
point. From a regulatory perspective, such variability
diminishes the applicability and importance of a ““gold
standard” in vitro test, while from a clinical standpoint,
it becomes difficult to objectively compare the perfor-
mance measures provided for different prosthetic
valves.

To evaluate the variability of the pulse duplicator
testing for hydrodynamic performance measurement
of prosthetic heart valves, four laboratories, including
three heart valve manufacturers and the Food and
Drug Administration, conducted an inter-laboratory
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comparison study in 2005, the results of which were
published in 2017.® The round-robin study compared
the transvalvular pressure drop and back flow leakage
measured on one 25 mm bileaflet valve, monoleaflet
valve, ball-and-cage valve, and pericardial tissue valve,
respectively, in accordance with ISO 5840:2005. The
results showed considerable variations among the
participating laboratories. They were previewed prior
to publication by ISO Technical Committee 150/Sub-
committee 2/Working Group 1 (Cardiac Valves) dur-
ing the working group meeting in Phoenix, AZ in
January 2016. The working group members at the
meeting determined that the prior results might no
longer be relevant because the majority of the labora-
tories had developed or purchased more contemporary
pulse duplicators subsequent to the previous study and
the ISO standard had also been revised to the 2015
version (ISO 5840-1:2015 and ISO 5840-2:2015). The
working group then decided to conduct a new round-
robin study to examine the current state-of-the-art in
measuring prosthetic heart valve pulsatile flow per-
formance. In addition, a round-robin study may
potentially provide reference data that can be utilized
for better standardization of pulse duplicator testing.
This paper summarizes the results of this round-robin
study.

METHODS

Study Protocol

Thirteen laboratories took part in the round-robin
study, including one academic laboratory (Helmholtz
Institute of the RWTH University, Aachen, Germany),
three testing service providers (BDC Laboratories,
Wheat Ridge, CO; Medical Implant Testing Lab, Ir-
vine, CA; ViVitro Laboratories, Victoria, British Co-
lumbia, Canada), eight heart valve manufacturers
(Boston Scientific, Los Gatos, CA; Edwards Life-
sciences, Surgical Heart Valve Therapy, Irvine CA;
Edwards Lifesciences, Transcatheter Heart Valves, Ir-
vine CA; Medtronic, Mounds View, MN; Neovasc,
New Brighton, MN; Sorin Group Italia s.r.l. (fully
owned by LivaNova Plc), Saluggia, Vercelli, Italy; St
Jude Medical, St. Paul, MN; W. L. Gore, Flagstaff,
AZ), and the Food and Drug Administration Office of
Science and Engineering Laboratories (Silver Spring,
MD). It was agreed upon that the laboratory names
would be anonymized. The characteristics of the pulse
duplicators used by the anonymized participating
laboratories are shown in Table 1.

The test valves used were St. Jude Medical Masters
Series mechanical valves of sizes 19 mm (model num-
ber 19AJ-501), 25 mm (model number 25AJ-501) and
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TABLE 1. Characteristics of the pulse duplicators used by participating laboratories.
Heart valve
Aortic inflow Aortic outflow Mitral inflow Mitral outflow chamber
Laboratory System geometry geometry geometry geometry compliance
1 Proprietary ~ Anatomic ventricular Anatomic aortic root Anatomic atrium simulation Anatomic ventricular Compliant
model model with sinuses model
2 Commercial Straight tube Straight tube Straight tube Straight tube Rigid
3 Commercial Anatomic ventricular  Straight tube Straight tube Anatomic ventricular Rigid
model model
4 Proprietary  Straight tube Anatomic aortic root  Straight tube Straight tube Rigid
model with sinuses
5 Proprietary ~ Anatomic ventricular Anatomic aortic root Anatomic atrium simulation Anatomic ventricular Rigid
model model with sinuses model
6 Commercial Anatomic ventricular Anatomic aortic root  Straight tube Anatomic ventricular Compliant
model model with sinuses model
7 Commercial Anatomic ventricular Anatomic aortic root Anatomic atrium simulation Anatomic ventricular Compliant
model model with sinuses model
8 Commercial Anatomic ventricular ~ Straight tube Straight tube Anatomic ventricular Rigid
model model
9 Proprietary  Straight tube Straight tube Straight tube Straight tube Rigid
10 Proprietary ~ Straight tube Straight tube Straight tube Straight tube Rigid
11 Commercial Straight tube Straight tube Straight tube Straight tube Rigid
12 Proprietary ~ Straight tube Straight tube Straight tube Straight tube Rigid
13 Commercial Anatomic ventricular Anatomic aortic root ~ Straight tube Anatomic ventricular Rigid

model

model with sinuses

model

TABLE 2. Equivalent model numbers to test valves used in
the round-robin study.

TABLE 4. Sampling frequencies and filter settings used by
participating laboratories.

Position Size (mm) Model number
Aortic 19 19AJ-501; 19AECJ-50; 19ATJ-503
25 25AJ-501; 25AECJ-502; 25ATJ-503
Mitral 25 25 MJ-501; 25MECJ-502; 25MTJ-503;
25METJ-504
31 31 MJ-501; 31MECJ-502; 31MTJ-503;
31METJ-504

TABLE 3. Pre-specified test runs for
performance measurements.

hydrodynamic

Beat Systolic Simulated car- Mean aortic
Test rate duration diac output pressure
runs (bpm) (%) (LPM) (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

31 mm (model number 31MJ-501). The 19 and 25 mm
valves were tested in the aortic position and the 25 and
31 mm valves were tested in the mitral position. These
sizes were chosen to represent a small size and a

Low-pass filter
frequency (Hz)

Laboratory Sampling frequency (Hz) Pressure Flow
1 1000 40 40
2 5000 60 60
3 225 30 30
4 2048 30 30
5 2048 30 30
6 256 samples/beat None 100
7 256 samples/beat 30 30
8 256 samples/beat 30 30
9 1000 30 30
10 100 30 30
11 5000 100 40
12 1000 30 30
13 256 samples/beat 30 30

nominal size valve for the aortic and mitral positions,
respectively. The St. Jude Medical Masters Series
mechanical valve model numbers represent different
sewing cuff configurations. The pyrolytic carbon valve
assembly is the same for all model numbers for a given
size. Equivalent model numbers to test valves used in
the round-robin study are listed in Table 2.

All test valves were provided without the cuff, so
each laboratory decided independently how to mount
the valves in their pulse duplicator. The mechanical
valves were chosen for the ease of handling and ship-
ping, as well as better repeatability. A single set of test
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TABLE 5. Clarified definitions for hydrodynamic performance measurement.

Aortic position

Mitral position

Forward flow volume

Cardiac output

Start of systole (aortic)/diastole (mitral)
End of systole (aortic)/diastole (mitral)
Start of positive differential pressure

End of positive differential pressure

RMS calculation
Start of closure

End of closure

Start of leakage
End of leakage

Total regurgitant volume

Mean pressure gradient

Aortic flow between start of forward flow (1%)
and end of forward flow (3)

For in vitro testing, simulated cardiac output is
used (forward aortic flow volume multiplied by
beat rate; tolerance = + 0.1 L)

Beginning of forward aortic flow (i.e., zero
crossing of flow to positive) (1)

End of forward aortic flow (i.e., zero crossing of
flow to negative) (3)

First crossing of aortic and ventricular wave-
forms (7)

Second crossing of aortic and ventricular
waveforms (i.e., the last crossing to negative
just before the end of systole) (9). In general,
the positive differential pressure period is 75—
100% of the duration of systole

Calculated over positive differential pressure
period (7 to 9)

End of forward aortic flow (i.e., zero crossing of
aortic flow) (3)

If no zero crossing of flow, use a linear extrap-
olation of highest slope of flow; if zero cross-
ing, use the first zero crossing after the start of
closure (5)

End of closure (5)

Start of systole (1)

Aortic flow between start of closure (3) and end
of leakage (1)

Time-averaged arithmetic mean value of pres-
sure differential across valve (ventricular—
aortic pressure) during positive differential
pressure period (7 to 9)

Mitral flow between start of forward flow (1°) and
end of forward flow (3)

For in vitro testing, simulated cardiac output is
used (forward mitral flow volume multiplied by
beat rate; tolerance = + 0.1 L)

Beginning of forward mitral flow (i.e., zero
crossing of flow to positive) (1)

End of forward mitral flow (i.e., zero crossing of
flow to negative) (3)

First crossing of atrial and ventricular waveforms
@)

The last crossing to negative just before the end
of diastole (9). In general, the positive differen-
tial pressure period is 75-100% of the duration
of diastole

Same as Aortic (7 to 9)

End of forward mitral flow (i.e., zero crossing of
mitral flow) (3)

If no zero crossing of flow, use a linear extrapo-
lation of highest slope of flow; if zero crossing,
use the first zero crossing after the start of
closure (5)

Same as Aortic

Start of diastole (1)

Mitral flow between start of closure (3) and end of
leakage (1)

Time-averaged arithmetic mean value of pres-
sure differential across valve (atrial-ventricular
pressure) during positive differential pressure
period (7 to 9)

Numbers 1-9 in the “Aortic position” column refer to time points shown in Fig. 1.
PNumbers 1-9 in the “Mitral position” column refer to time points shown in Fig. 2.

valves was circulated among the participating labora-
tories.

The test runs for hydrodynamic performance mea-
surements were prespecified as in Table 3. These con-
ditions are representative of the test conditions
presented in the ISO standards for hydrodynamic
testing. Runs 1, 5, and 8 were repeat test runs designed
to examine intra-laboratory repeatability.

In addition, the study protocol stated the following:
(1) the latest definitions of simulated cardiac output
and effective orifice area (EOA) in accordance with
ISO 5840-1:2015 would be used; (2) the filter settings
(using ~ 30 Hz low-pass as a guideline) would be dis-
closed; and (3) the test medium would be saline at 37
°C. The sampling frequencies and filter settings used by
the participating laboratories are listed in Table 4.

After the results of the first round of testing were
compiled, significant variabilities were noted among
the laboratories. The working group reviewed the re-
sults and believed that some of the variabilities were
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attributable to different definitions used in calcula-
tions. Thus, a list of clarified definitions was provided
to each laboratory, as summarized in Table 5. Subse-
quently, some laboratories repeated the study.

The metrics calculated in this study are defined as
follows:

EOA qVrus

 51.6y/AP/p

Total regurgitant volume
Forward flow volume

Total regurgitant fraction =

Waveform Analysis

The participating laboratories were required to
provide representative waveforms obtained during the
nominal test condition (Run 5), in accordance with the
requirements of the ISO 5840 standards. The wave-
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Attribute Time points Description of time points
1 Start forward flow | First zero crossing of flow curve in cycle
2 Peak forward flow | Peak flow
3 End forward flow | Second zero crossing of flow curve in cycle
4 Peak reverse flow | Minimum flow time point in cycle, occurring after end
forward flow
5 End closing flow | If the flow crosses zero after peak reverse flow, this is the
first zero crossing. If no zero crossing of flow occurs, a
linear extrapolation of highest slope of flow is used.
6 Start ventricular Start of steep acceleration of ventricular pressure curve
contraction
7 Start positive First pressure crossing of ventricular and aortic pressures
differential
pressure
8 Diastolic aortic Minimum aortic pressure time point
pressure
9 End positive Second pressure crossing of ventricular and aortic
differential pressures
pressure
10 End ventricular Start of steep deceleration of ventricular pressure curve
contraction

FIGURE 1.

Representative hydrodynamic waveforms for an aortic valve. Curves shown are ventricular pressure (orange), aortic

pressure (blue) and aortic flow (gray). (a) Identified flow waveform attributes. (b) Identified pressure waveform attributes.

forms were analyzed both qualitatively and quantita-
tively. Qualitative analysis consisted of assessing
overall characteristics of the flow and pressure wave-
forms, including acceleration, presence of steady/pla-
teau regions, deceleration, inflexion points, minima,
maxima, presence of high frequency oscillations and
crossovers. These attributes are useful to identify
general patterns of the flow and pressure waveforms.
Quantitative analysis was conducted to identify the
attributes shown in Figs. 1 and 2.

Key measures derived from the aortic waveforms
are as follows:

e Flow acceleration period: Start forward flow (1)
to peak forward flow (2)

e Forward flow period: Start forward flow (1) to
end forward flow (3)

e Percent flow acceleration: Flow acceleration
period divided by forward flow period

e Closing flow period: End forward flow (3) to
end closing flow (5)

e Ventricular contraction period: Start ventricu-
lar contraction (6) to end ventricular contrac-
tion (10)

e Positive pressure differential period: Start pos-
itive differential pressure (7) to end positive
differential pressure (9)

e [sovolumic contraction period: Start ventricu-
lar contraction (6) to start forward flow (1).

Key measures derived from the mitral waveforms
are as follows:

e Flow acceleration period: Start forward flow (1)
to peak forward flow (2)

e Forward flow period: Start forward flow (1) to
end forward flow (3)

e Closing flow period: End forward flow (3) to
end closing flow (5)

e Positive pressure differential period: Start pos-
itive differential pressure (7) to end positive
differential pressure (9)
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Attribute Time points Description of time points
1 Start forward flow First zero crossing of flow curve in cycle
2 Peak forward flow Peak flow
3 End forward flow Second zero crossing of flow curve in cycle
4 Peak reverse flow Minimum flow time point in cycle, occurring after end

forward flow

5 End closing flow

If the flow crosses zero after peak reverse flow, this is
the first zero crossing. If no zero crossing of flow occurs,
a linear extrapolation of highest slope of flow is used.

differential pressure

6 End ventricular Start of steep deceleration of ventricular pressure curve
contraction

7 Start positive First pressure crossing of atrial and ventricular pressures
differential pressure

8 Second pressure Second pressure crossing of atrial and ventricular
crossing pressures

9 End positive Last pressure crossing of ventricular and aortic pressures

Start ventricular
contraction

10

Start of steep acceleration of ventricular pressure curve

FIGURE 2. Representative hydrodynamic waveforms for a mitral valve. Curves shown are ventricular pressure (orange), atrial
pressure (blue) and mitral flow (gray). (a) Identified flow waveform attributes. (b) Identified pressure waveform attributes. (c)

Zoomed pressure waveforms to show crossings (7-10).

e Interim positive pressure differential period:
Start positive differential pressure (7) to second
pressure crossing (8)

e Ventricular relaxation period: End ventricular
contraction (6) to start ventricular contraction
(10)

e Isovolumic relaxation period: End ventricular
contraction (6) to start forward flow (1)

e Percent flow acceleration: Flow acceleration
period divided by forward flow period.
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RESULTS

Hydrodynamic Performance

All laboratories used a uniform reporting template
to report the results, including the pulse duplicator
setup parameters, as prescribed in Table 3, and the
measured valve hydrodynamic performances, such as
EOA, total regurgitant fraction, and mean
transvalvular pressure gradient. For laboratories that
repeated the study, the results reported herein were
from the second round of testing.
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FIGURE 3. Measured effective orifice area. Dashed line represents minimum performance requirement for given valve size per
1SO 5840-2:2015. Bar height and error bar represent the mean and standard deviation of Run 1, Run 5, and Run 8 results of a given
laboratory, respectively.
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FIGURE 4. Measured total regurgitant fraction. Dashed line represents minimum performance requirement for a given valve size
per ISO 5840-2:2015. Bar height and error bar represent the mean and standard deviation of Run 1, Run 5, and Run 8 results of a
given laboratory, respectively.
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The measured pulsatile flow hydrodynamic perfor-
mances under the nominal test condition (Runs 1, 5,
and 8) are shown in Figs. 3, 4, and 5 for the EOA, total
regurgitant fraction, and mean pressure gradient,
respectively. The results presented represent the mean
values averaged over Runs 1, 5, and 8. The hydrody-
namic performance results for Runs 2, 3, 4, 6, and 7 are
presented in Appendix A.

Most laboratories showed a reasonable intra-labo-
ratory repeatability, as demonstrated by the standard
deviations of the Runs 1, 5, and 8 results. The largest
intra-laboratory standard deviation of the EOA was
1.1 ecm? (Laboratory 6; 31 mm mitral valve; Fig. 3d),
with a corresponding coefficient of variation of 19.5%
and maximum peak-to-peak difference of 2.1 cm’.
Laboratory 9 had the largest intra-laboratory standard
deviation for regurgitant fraction of 1.6% (31 mm
mitral valve; Fig. 4d), with a corresponding coefficient
of variation of 14.1% and maximum peak-to-peak
difference of 3.1%. For the mean pressure gradient, the
largest intra-laboratory standard deviation was
3.0 mmHg and was observed on the 19 mm aortic
valve at Laboratory 9 (Fig. 5a); the corresponding
coefficient of variation was 14.5% and maximum
peak-to-peak difference was 5.4 mmHg.

The average EOAs measured by each laboratory
under the nominal test conditions ranged from 1.2 to
1.5, 2.1 to 2.7, 2.0 to 2.6, and 2.9 to 5.5 cm? for the
19 mm aortic valve, 25 mm aortic valve, 25 mm mitral
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valve, and 31 mm mitral valve, respectively. The cor-
responding ranges of the average total regurgitant
fraction were 4.7-8.6% (19 mm aortic), 7.1-10.4%
(25 mm aortic), 3.0-9.9% (25 mm mitral), and 7.5-
14.4% (31 mm mitral). The corresponding ranges of
the average mean pressure gradient were 14.4 to
252 mmHg (19 mm aortic), 3.5 to 11.9 mmHg
(25 mm aortic), 1.7 to 4.1 mmHg (25 mm mitral), and
0.5 to 1.9 mmHg (31 mm mitral). All EOA and total
regurgitant fraction measurements met the minimum
performance values of each test valve specified in ISO
5840-2:2015.

The summary results for each hydrodynamic per-
formance parameter and test valve derived from the 39
test runs (13 laboratories with 3 test runs each) under
the nominal test condition for all laboratories are
shown in Table 6.

Waveforms Results

All the raw waveforms provided by the laboratories
are presented in Appendix B, which were either indi-
vidual waveforms or averaged over 10 cardiac cycles.
Based on this round-robin study, it was discerned that
the standard practices of reporting waveforms were
different among the laboratories—some laboratories
provided ensemble averaged waveforms, whereas oth-
ers reported only individual cycle waveforms. The
waveforms were highly variable in terms of the overall
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TABLE 6. Hydrodynamic performance summary results under the nominal test condition.
Summary Statistic®
Aortic 19 mm Aortic 25 mm Mitral 25 mm Mitral 31 mm
EOA (cm?) 1.3 + 0.1 24402 234 0.2 3.7+08
(1.2, 1.3, 1.5) (2.0, 2.3, 2.8) (1.9, 2.3, 2.7) (2.5, 3.6, 6.5)
Total regurgitant fraction (%) 6.1 £1.3 89+0.9 6.1 £2.0 10.3 £2.0
(3.8,6.2,9.1) (6.8, 8.8, 11.1) (2.7, 5.9, 10.0) (6.8, 10.6, 14.8)
Closing fraction 1.8+ 0.8 51+1.2 38+1.0 6.7+ 1.8
(0.8, 1.6, 3.8) (3.2,5.1,7.3) (2.5, 3.5, 5.6) (3.7, 6.4, 10.4)
Leakage fraction 46+ 1.1 39+1.0 24+1.3 3.6 +17
(2.4,4.7,6.7) (1.7,3.9,5.7) (0.0, 2.5, 4.9) (0.0, 3.4, 6.9)
Mean pressure gradient (mmHg) 19.0 £ 2.8 6.9 £22 24 +£0.7 1.1 £ 0.5
(14.0, 18.5, 25.4) (3.4, 4.9, 11.9) (1.5, 2.3, 4.1) (0.3,1.0, 2.4)
8Mean + SD (minimum, median, maximum).
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FIGURE 6. Quantitative measurements from the 19 mm aortic valve waveforms.

characteristics of the flow and pressure. In the aortic
waveforms, most laboratories showed a sharp early
systolic acceleration of ventricular pressure, which
corresponded with an increase in the flow rate through
the valve. Aortic pressures were nominally lowest prior
to valve opening, with peak aortic pressures achieved
after peak flow rate. Most laboratories showed a dis-
tinct closing phase of the flow waveform, prior to the
leakage phase; some of the waveforms displayed high
frequency oscillations (e.g., Laboratories 5, 10, 11, and
12 in Fig. B.1); and two laboratories showed plateau
shaped flow and pressure waveforms (e.g., Laborato-
ries 5 and 12 in Fig. B.1).

Quantitative assessments for the various valve con-
figurations are presented in Figs. 6, 7, 8, and 9. The
summary statistics are presented in Tables 7 and 8.
Significant variability existed in the various metrics
assessed across the different laboratories.

DISCUSSION

The 2005 round-robin study included a 25 mm St
Jude Medical bileaflet aortic valve.® Thus, it is possible
to compare the 2005 results with the current study
(2016 study). Table 9 is a side-by-side comparison of
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FIGURE 8. Quantitative measurements from the 25 mm mitral valve waveforms.

the hydrodynamic performance metrics measured
under the nominal test conditions between the two
studies. The current study consistently had smaller
coefficients of variation, which indicates smaller vari-
abilities in the current measurements.
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Despite that the current round-robin study pre-
sented less variable results than the 2005 study, sig-
nificant variability remains in some cases. For the four
valves tested, the coefficient of variation ranged from
7.7 to 21.6% for the EOAs, from 10.1 to 32.8% for the
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FIGURE 9. Quantitative measurements from the 31 mm mitral valve waveforms.

TABLE 7. Summary statistics of quantitative waveform parameters—aortic valves.

Summary statistic®

Parameters 19 mm Aortic 25 mm Aortic
Percent flow acceleration (%) 46 + 14 44 + 15

(15, 48, 65) (20, 41, 67)
Forward flow period (ms) 292 + 30 286 + 26

(239, 304, 330) (210, 292, 305)
Closing flow period (ms) 41 £ 24 58 + 21

(19, 37, 111) (30, 54, 91)
Isovolumic contraction period (ms) 42 + 38 50 + 44

(3, 30, 140) (10, 36, 173)
Ventricular contraction period (ms) 330 + 30 359 + 54

(290, 323, 377) (282, 349, 460)
Positive pressure differential period (ms) 244 + 30 197 + 44

(208, 234, 290) (168, 178, 279)

aMean £ SD (minimum, median, maximum).

total regurgitant fractions, and from 14.7 to 45.5% for
the mean pressure gradients. The sources of the vari-
abilities were multifactorial, such as the tester design
(e.g., where the flow meters and pressure transducers
were mounted, geometries of the inflow and outflow
chambers, and drive mechanism—piston vs. pneu-
matic), the waveform shape, and data processing (e.g.,
filtering parameters, transducer calibration, system
tuning, and selection of data points for calculations).

As shown in Table 1, significant variations existed
among the pulse duplicator systems used for the
round-robin study, including the use of rigid vs. com-

pliant valve chambers, as well as anatomic vs. non-
anatomic inflow and outflow geometries. In compar-
ison to physiological waveforms, some laboratories
displayed more conformance to clinically expected
waveform characteristics as shown in Figs. 1 and 2 in
ISO 5840-1:2015 than did others. For convenience, the
Wiggers diagram shown in Fig. 2 in ISO 5840-1:2015 is
recreated in Fig. 10, which shows expected physiolog-
ical pressure waveforms and the corresponding flow
waveforms, where the flow waveforms exhibit a steep
initial flow acceleration, followed by a reduction in
ventricular filling rate. Two laboratories showed pla-
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TABLE 8. Summary statistics of quantitative waveform parameters—mitral valves.

Summary statistic®

Parameters 25 mm Mitral 31 mm Mitral
Percent flow acceleration (%) 37 £ 13 36 + 13

(13, 42, 51) (11, 40, 50)
Forward flow period (ms) 466 £+ 70 470 £ 72

(320, 460, 580) (317, 465, 578)
Closing flow period (ms) 63 + 41 64 + 24

(26, 53, 189) (25, 60, 106)
Positive pressure differential period (ms) 408 + 81 356 + 133

(257, 383, 541) (98, 332, 538)
Interim positive pressure differential period (ms) 284 + 154 181 £ 143

(20, 336, 539) (20, 124, 470)
Ventricular relaxation period (ms) 553 + 50 564 + 74

(457, 554, 663) (450, 561, 753)
Isovolumic relaxation period (ms) 58 + 43 70 + 69

(3, 66, 145) (7, 64, 264)

8Mean + SD (minimum, median, maximum).

TABLE 9. Comparison in measured hydrodynamic performances between the 2005 study and the 2016 study.

2005 Study 2016 Study
Mean + SD CV (%) Mean + SD CV (%)
EOA (cm?) 27+03 11.1 24 +02 8.3
Total regurgitant fraction (%) 9.0 +£ 3.0 33.3 8.9+ 0.9 10.1
Mean pressure gradient (mmHg) 50+28 56.0 6.9 £22 31.9

SD Standard deviation, CV coefficient of variation.
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FIGURE 10. Wiggers Diagram, showing various events of a cardiac cycle (recreated with permission from ISO 5840-1:2015).

teau shaped flow and pressure waveforms, which might have a more significant role in the waveforms shapes
be related to specific system design. However, there and characteristics. In addition, some of the wave-
were no broad similarities among flow waveforms from forms displayed high frequency oscillations, potentially
similar systems, suggesting that system tuning may relating to filtering methods; however, some of these
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oscillations might also be unique to testing mechanical
heart valves due to the rapid closure of the rigid
mechanical valve leaflets that do not provide any
damping of the oscillations, which may not be
observed in testing bioprosthetic valves.

Differences observed in the quantitative waveform
parameters reflected the qualitative variations in the
waveforms. However, the exact relationship between
variations in the waveforms to the differences in the
valve hydrodynamic performance measures cannot be
determined through this exercise due to the compli-
cated relationship between various flow and pressure
parameters that determine the valve hydrodynamic
performance measures.

Despite the variations seen in EOA and total
regurgitant fraction, the results from all participating
laboratories met the minimum performance criteria for
EOA and total regurgitant fraction specified in ISO
5840-2:2015. This result might have led some labora-
tories to place less emphasis on the details of the
testing, such as assessment of the physiological rele-
vance of the waveforms and evaluation of the validity
of the measurements; the first-round results from some
laboratories contained human errors (e.g., inadequate
sealing between the valve housing and the mounting
fixture leading to erroneous total regurgitant fraction
measurements). Nevertheless, it is important to note
that the relative “insensitivity”’ in meeting the mini-
mum hydrodynamic performance requirements to
waveform characteristics, as shown in the current
study, might not be extrapolatable to other prosthetic
heart valve types because mechanical heart valves have
shown extensive history of meeting the minimum per-
formance criteria. Therefore, in order to obtain valid
and physiologic measurements of valve hydrodynamic
performance, it is important to properly tune the pulse
duplicator system to not only achieve the operating
flow parameters (i.e., beat rate, systolic duration,
simulated cardiac output, and mean aortic pressure),
but also generate a physiologically relevant waveform.

In addition, as opposed to the more global valve per-
formance measures such as EOA and total regurgitant
fraction, the differences in waveform characteristics
may have a greater impact on more detailed charac-
terization of local flow characteristics as assessed using
techniques such as particle image velocimetry (PIV)
and computational fluid dynamics (CFD).”!!

CONCLUSION

The purpose of this round-robin study was to
examine the inter-laboratory variability based on the
““state-of-the-art” in prosthetic heart valve hydrody-
namic performance measurements. The study revealed
improved reproducibility when compared to a previous
round-robin study, yet significant variability among
different laboratories still exists. It also revealed that
prosthetic heart valve hydrodynamic performance
testing involves not only ‘“‘science,” but also “art,”
especially in the tuning of flow and pressure wave-
forms. The variabilities observed were partly inherent
to the testing methodology; however, it is not practical
to standardize the tester design and waveform shapes.
Therefore, it is important to exercise care in the testing
by carefully tuning the pulse duplicator system in order
to minimize the variations and obtain valid and
repeatable measurements. This information has
allowed the ISO Working Group to incorporate im-
proved language into the ISO 5840-1, -2, and -3 stan-
dards that are currently under revision. The results
presented here can also be used by the testing labora-
tories to benchmark pulse duplicator systems, as well
as to train and certify testing personnel.

APPENDIX A

Appendix A contains the valve hydrodynamic per-
formance results for Runs 2, 3, 4, 6, and 7.
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FIGURE A.1. Valve hydrodynamic performances—19 mm aortic (Runs 2, 3, 4, 6, and 7).
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FIGURE A.3. Valve hydrodynamic performances—mitral 25 mm (Runs 2, 3, 4, 6, and 7).

BIOMEDICAL
ENGINEERING
SOCIETY

mlab1
W lab2
mlab3
Mlab4
mlab5
W lab 6
M lab7
Wlab8
wlab9
M Lab 10
mlab11
W lab 12
mlab 13

Hlab1
M lab2
W lab3
mlab4
mlab5s
wlab6
Hlab7
Hlab8
Wlab9
M Lab 10
mlab11
mlab12
lab13

Hlab1
M lab2
Wlab3
Hlab4
mlab5
mlab6
W lab7
mlab8
wlab9
W Lab 10
Wlab11
W lab 12
"lab13



In-Vitro Pulsatile Flow Testing of Prosthetic Heart Valves

6.0

EOA (cm?)

Run3 Run 4 Run 6

Hlab1
W lab2
mlab3
Hlab4
mlab5
mLab 6
Wlab7
mlab8
mlab9
W lab10
Wlab 11
W lab 12

EOA (cm?)

6.0

5.0

4.0

3.0

2.0

1.0

0.0

Run 2 Run 7

(a) Effective orifice area

35

Regurgitant Fraction (%)

Run 3 Run 4 Run 6

mlab1
Wlab2
mlab3
mlab4
mlab5
mlab 6
mlab7
Hlab8
wlab9
®Lab 10
mlab11
W lab 12
©lab 13

Regurgitant Fraction (%)

30

25

20

15

10

Run2 Run7

(b) Total regurgitant fraction

w w A~ s on
L

Mean Gradient (mmHg)

Run3 Run 4 Run6

Hlab1
Hlab2
mlab3
Mlab4
mlab5
mlab6
mlab7
Wlab8
mlab9
M Lab 10
W lab 11
wlab 12
" lab 13

Mean Gradient (mmHg)

9

Run 2 Run 7

(¢) Mean pressure gradient

FIGURE A.4. Valve hydrodynamic performances—mitral 31 mm (Runs 2, 3, 4, 6, and 7).

APPENDIX B

Appendix B contains the raw hydrodynamic wave-

forms obtained from the different laboratories.
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FIGURE B.1. Pressure and flow waveforms - aortic 19 mm. Curves shown are ventricular pressure (orange), aortic pressure (blue)
and aortic flow (gray).
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FIGURE B.2. Pressure and flow waveforms - 25 mm aortic. Curves shown are ventricular pressure (orange), aortic pressure (blue)
and aortic flow (gray).
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FIGURE B.3. Pressure and flow waveforms—mitral 25 mm. Curves shown are ventricular pressure (orange), atrial pressure (blue)
and mitral flow (gray).
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FIGURE B.4. Pressure and flow waveforms - mitral 31 mm. Curves shown are ventricular pressure (orange), atrial pressure (blue)
and mitral flow (gray)
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