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Introduction

Historically, the size of a surgical valve prosthesis is 
designated by an odd number equivalent to the annular 
diameter in millimeters of the smallest native valve that the 
prosthetic valve is intended to replace. This convention was 

first adopted by the valve manufacturers in the late 1970s (1)  
and was later codified in the international standard for 
cardiac valve prosthesis, ISO 5840. The actual term used 
to designate the valve prosthesis size evolved over the years 
in the standard, from the original “mounting diameter 
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(also known as “external annulus diameter”; namely, “the 
diameter of the prosthetic valve where it is intended to mate with 
the smallest diameter of host tissue”) (2), to the later “tissue 
annulus diameter” (TAD; namely, “diameter in millimeters of 
the smallest flow area within the patient’s valve annulus”) (3). 
This evolution in nomenclature was due to the fact that 
how a prosthetic valve mates with the native valve annulus 
could change with intra- or supra-annular placement of the 
prosthetic valve (3).

The native annular diameter is typically measured 
intraoperatively using the largest diameter cylindrical sizer 
provided by the prosthetic valve manufacturer that can 
comfortably fit in the native annulus. This is then used 
to choose the size of the prosthetic valve for the patient. 
Perhaps because of how the prosthetic valve size is chosen 
(from measuring the size of the native valve orifice), it is 
often perceived to represent the size of the prosthetic valve 
orifice. In reality, however, the labeled prosthetic valve size 
is only a size designation (in the way that size “A”, “B”, or 
“C” designation would be) and may, or may not, correspond 
to an actual dimension on the prosthetic valve (4).  
Many articles have pointed out the “discrepancies” between 
the manufacturer-labeled prosthetic valve sizes and the 
measured prosthetic valve orifice sizes (5-8), with the former 
being one to several millimeters larger than the latter.

The discordance between the labeled prosthetic valve 
sizes and the actual prosthetic valve orifice sizes and the 
perceived equivalence between them by surgeons could 
have clinical implications, especially for patients with a 
small annulus, because the perception could give surgeons a 
false sense that the orifice size of a chosen prosthetic valve 
is large enough for a patient, while in reality it is not, which 
could be a potential contributing factor to prosthesis-patient 
mismatch. Studies have reported severe mismatch in 2–11% 
of patients following surgical aortic valve replacement (9) 
and in 5–10% of patients following surgical mitral valve 
replacement (10).

Ideally, the flow passage of a chosen prosthetic valve for 
a particular patient should match that of the native valve 
it replaces as closely as possible to minimize the risk of 
prosthesis-patient mismatch. Thus, from a hemodynamic 
perspective, the orifice size of a prosthetic valve is a key 
parameter of interest to surgeons since it is an indicator 
of the size of the blood flow passage through the valve. 
In order to increase transparency and better inform 
surgeons about the orifice sizes of prosthetic heart valves, 
the International Organization for Standardization (ISO) 
Cardiac Valves Working Group (the Working Group), 

which is responsible for developing and maintaining 
international standards for cardiac valve repair (11) and 
replacement devices (12-14), recommended in the ISO 
5840-2:2021 standard, as clarified in ISO Publicly Available 
Specification (PAS) 7020:2023 (15), that two parameters 
related to prosthetic valve orifice size be provided by 
the manufacturers in device labeling, namely, the inflow 
orifice diameter and the effective orifice diameter. These, 
respectively, provide an upstream and downstream indicator 
of the orifice size of a prosthetic valve.

In order to provide repeatable and reproducible values of 
the inflow orifice diameter and the effective orifice diameter 
of a prosthetic heart valve, any methods used to obtain them 
need to be validated. Because the inflow orifice diameter can 
be physically measured and the validation of a measuring 
method is relatively straightforward, the Working Group 
decided to leave the validation of any specific measuring 
method to the valve manufacturer that uses it. On the other 
hand, there was not a published, validated method for 
obtaining the effective orifice diameter. Thus, the Working 
Group embarked on an effort to develop a validated method. 
Since the effective orifice diameter is calculated from the 
effective orifice area (EOA), the key was first to obtain the 
EOA in a repeatable and reproducible manner. In clinical 
echocardiography, the EOA of a valve is derived from 
the velocity of blood flow passing through the valve (16),  
while in benchtop hydrodynamic performance testing, it is 
derived from the flow rate and transvalvular pressure (12).  
Echocardiographic EOA measurement was ruled out 
because for a given valve model, the results may vary 
from patient to patient, as well as from time to time at the 
same laboratory and from laboratory to laboratory for the 
same patient. In addition, the echocardiographic EOA of 
a prosthetic heart valve newly introduced for clinical use 
can only be obtained after the valve has been implanted 
in patients, making it impossible for the manufacturer to 
provide the effective orifice diameter in the labeling before 
releasing the valve for clinical use.

EOA measurement in a pulse duplicator was also 
ruled out based on the finding from a prior international 
round-robin study carried out by the Working Group, 
which showed significant variabilities across participating 
laboratories in EOAs of the same mechanical heart 
valves tested under the same prescribed hemodynamic 
conditions (17). These led the Working Group to focus 
on EOA measurement under steady flow conditions. It 
was unknown whether EOAs measured under steady flow 
conditions would have less variability. Thus, the Working 
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Group conducted another round-robin study to answer 
this question and determine whether the effective orifice 
diameter could be derived from the EOA measured under 
steady flow conditions in a repeatable and reproducible 
manner. This paper reports the results of the steady flow 
round-robin study.

Methods

Steady flow testing is a standardized test commonly used to 
characterize the hydrodynamic performance of prosthetic 
heart valves. It includes steady forward-flow testing, which 
characterizes pressure gradient across an opened prosthetic 
valve, and steady backflow testing, which characterizes 

leakage through a closed prosthetic valve. Our round-robin 
study focused on steady forward-flow testing. The diagram 
of a generic steady forward-flow tester is shown in Figure 1.  
During testing, a test fluid (typically a saline solution) 
is driven by a flow pump at a constant rate through an 
opened test valve mounted in a straight tube with an 
internal diameter of 35 mm. The pressure gradient across 
the test valve is measured. Four laboratories participated 
in the round-robin study, including Edwards Lifesciences, 
Irvine, CA, USA; BDC Laboratories, Wheat Ridge, CO, 
USA (on behalf of Medtronic, Mounds View, MN, USA, 
due to Medtronic resource limitations at the time of the 
testing activities); Abbott Medical, St. Paul, MN, USA; 
and Corcym, Saluggia, Vercelli, Italy. Each laboratory used 
their own steady flow tester. It was agreed that the test 
results would be anonymized. The prosthetic valves tested 
are listed in Table 1, which were donated by their respective 
manufacturers. Valves could be either the aortic or mitral 
model. A single set of test valves was circulated among 
the participating laboratories to control for valve-to-valve 
variability.

In order to reflect the real-world practice of each 
laboratory—which could be a contributing factor to the 
variability in test results—each laboratory was instructed to 
follow Annex I, guidelines for hydrodynamic performance 
characterization by steady flow testing, of ISO 5840-1:2021 
in performing the tests. No additional instructions were 
provided except that the hinges of mechanical heart valves 
should be oriented at 12 o’clock and 6 o’clock positions if 
the test tube is positioned horizontally. The study consisted 
of two steps: tester characterization using a standard 
nozzle and steady forward-flow testing of the test valves. In 
accordance with the standard, the tests were run over a flow 
rate range of 5 to 30 L/min in 5 L/min increments.

Figure 1 Diagram of a generic steady flow tester. ID, internal diameter (of the straight tube).

Table 1 Heart valve prostheses tested in the round-robin study

Manufacturer Valve model†

Mechanical heart valves

Abbott Masters series (19, 25, and 31‡ mm)

Biological heart valves

Abbott Medical Epic (21, 25, and 29‡ mm)

Trifecta (19, 21, and 25 mm)

Corcym MitroFlow (23, 27, and 29 mm)

Edwards Magna Ease (19, 23, and 29 mm)

Theon (31‡ mm)

Medtronic Avalus (21, 25, and 27 mm)

Mosaic (19, 23, 27‡, and 33‡ mm)

†, one sample of each valve model and size was tested; ‡, mitral 
model.

Differential pressure sensor

Outflow pressure port 
(3X ID)

Outflow

Inflow pressure port (1X ID)

Inflow35 mm 35 mm

105 mm 0 35 mm

Test valve

− +
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The EOA, eoA , of a prosthetic valve is calculated using 
the Gorlin formula as follows (15):

51.6
eo

QA
p
ρ

=
∆  

[1]

where Q is the steady forward-flow rate in mL/s, p∆  is the 
pressure gradient in mmHg, ρ  is the density of the test 
fluid in g/cm3, and 51.6 is a coefficient that accounts for all 
required unit conversions to yield an EOA in cm2.

The effective orifice diameter, effD , is calculated using 

the formula for the area of a circle as follows: 

2 eo
eff

AD
π

=  [2]

Results

The standard nozzle-generated pressure gradient-flow 
rate characterization curves for the four steady forward-
flow testers are shown in Figure 2, all of which agreed well 
with the expected curve provided in ISO 5840-1:2012 (12). 
The steady flow EOAs measured under various flow rates 
are shown in Figure 3 for representative prosthetic heart 
valves, which reflect a variety of design characteristics, 
including mechanical and biological valves, porcine 
(xenograft) and bovine (pericardium) tissue valves, as well 
as internally and externally mounted biological leaflets. 
Despite the differences in design characteristics among 
the test valves and the steady flow testers, a trend emerged 
from the steady flow EOA results, that is, the steady 
flow EOA measurement of a given valve is reproducible 
from laboratory to laboratory at flow rates of ≥25 L/min. 
Thus, the Working Group recommended that the EOA 
obtained at a flow rate of 25 L/min be used to derive the 

effective orifice diameter of a prosthetic heart valve. Table 2  
summarizes the effective orifice diameter results for all 
the prosthetic heart valves tested. For any given valve 
model tested, the standard deviation of the effective orifice 
diameter derived experimentally was ≤0.4 mm among 
the four participating laboratories, indicating good inter-
laboratory reproducibility of the test results.

In order to assess intra-laboratory repeatability of the 
steady flow EOA results, two laboratories (Laboratory 1 
and Laboratory 4) performed two measurements on the 
mechanical heart valve samples at flow rates of 15 and 
20 L/min each. The test valves were unmounted from 
and then remounted into the tester between the first test 
runs and the repeat test runs to maximize potential intra-
laboratory variability. The EOA results from this intra-
laboratory repeatability study are shown in Figure 4, which 
shows general agreements between the first test run and 
second test run results, indicating good intra-laboratory 
repeatability of the test results.

Discussion

Although both are an indicator of the flow passage of a 
prosthetic heart valve, there are distinctions between the 
effective orifice diameter introduced herein and the inflow 
orifice diameter more commonly used in literature (7). 
The inflow orifice diameter (also known as inflow internal 
orifice diameter) is a physical dimension, i.e., one that 
can be measured using a measuring tool, such as a conical 
gauge, or optical methods. For biological surgical valves, it 
is measured at the valve inflow internal orifice. Parameters 
varyingly related to inflow orifice diameter already exist 
in biological surgical valve labeling. Some example 
nomenclatures seen in the Instructions for Use include 
“internal diameter”, “stent internal diameter”, “internal 
orifice diameter”, and “inside diameter”. With a uniform 
definition of inflow orifice diameter introduced in ISO/
PAS 7020:2023 (15), the valve manufacturers will start to 
adopt the same definition and provide the same parameter 
in device labeling. One limitation of the inflow orifice 
diameter as an indicator of the flow passage of a prosthetic 
valve is that it does not account for how valve leaflet (or 
occluder) design and opening kinematics could impact flow. 
As a result, two different valve models having the same 
inflow orifice diameter may not have the same flow passing 
capacity under the same hemodynamic conditions.

In contrast, the effective orifice diameter is a virtual 
dimension calculated from the EOA. It reflects both the 

Figure 2 Standard nozzle-generated pressure gradient-flow rate 
characterization curves. Lab, laboratory.
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inflow orifice diameter as well as the leaflet design and 
opening kinematics of a prosthetic heart valve. Thus, it is an 
indicator of the “net” flow-passing capacity of a valve. For 
two valves with the same labeled valve size, the one with a 
larger effective orifice diameter will allow more blood flow 
to pass through than the one with a smaller effective orifice 
diameter under identical hemodynamic conditions. In our 
study, the experimentally derived effective orifice diameters 
of the valves tested were found to be 3–12 mm smaller 
than their respective labeled valve size, confirming that the 
labeled size of a surgical heart valve prosthesis should not be 
relied upon as a sole factor for choosing a valve for a given 
patient. Equally, the effective orifice diameter cannot be 
used as a sole factor for valve selection either because there 
are other factors that a surgeon needs to also consider, such 
as anatomic fit and valve durability.

The EOA of a biological prosthetic valve exhibits a 
general upward trend as the flow rate increases (Figure 3), 
as a result of the valve leaflets opening more under a higher 
flow rate. The Working Group chose to use the EOA 
measured at a flow rate of 25 L/min to derive the effective 

orifice diameter due to the inter-laboratory reproducibility 
in EOA results that started to emerge at this flow rate. This 
flow rate is much higher than normal cardiac output at rest 
for most patients. Thus, the effective orifice diameter of a 
prosthetic valve derived under this flow rate would be close 
to the maximum effective orifice diameter that the valve 
could achieve. Under normal cardiac output, the effective 
orifice diameter would be smaller.

The Working Group set out to explore whether steady 
forward-flow testing is a repeatable and reproducible 
method for deriving the effective orifice diameters of 
surgical heart valve prostheses. The round-robin study 
demonstrated that the method is both repeatable and 
reproducible and is thus a valid basis for determining the 
effective orifice diameter. Since the main purpose of the 
round-robin study was not to determine the actual effective 
orifice diameters of the valve models tested but to develop 
a valid methodology for determining the effective orifice 
diameters, one limitation of the study was that only a single 
set of valves were tested. While this controlled valve-to-
valve variability, it prevents the study from being a definitive 

Figure 3 Example EOAs measured under steady flow. (A) 25 mm Masters valve; (B) 25 mm Epic valve; (C) 25 mm Trifecta valve; (D) 25 mm 
Avalus valve. Lab, laboratory; EOA, effective orifice area.
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Table 2 Effective orifice diameters measured under steady flow conditions

Valve model
Effective orifice diameter at 25 L/min (mm)†

Mean ± SD (mm)
Laboratory 1 Laboratory 2 Laboratory 3 Laboratory 4

Mechanical heart valves

Masters

19 mm 12.9 12.8 12.8 12.9 12.8±0.0

25 mm 18.6 18.5 18.7 18.7 18.6±0.1

31 mm 26.6 26.7 26.2 27.1 26.7±0.4

Biological heart valves

Epic

21 mm 11.4 11.6 11.5 11.5 11.5±0.1

25 mm 15.3 14.9 14.9 15.3 15.1±0.2

29 mm 17.0 17.0 17.1 16.9 17.0±0.1

Trifecta

19 mm 16.0 16.0 16.1 15.9 16.0±0.1

21 mm 17.7 17.4 17.5 17.4 17.5±0.1

25 mm 21.4 21.5 21.5 21.5 21.5±0.0

MitroFlow

23 mm 15.0 15.3 14.9 15.3 15.1±0.2

27 mm 18.1 18.4 18.6 18.6 18.4±0.2

29 mm 21.0 20.8 21.0 20.9 20.9±0.1

Magna Ease/Theon

19 mm 14.8 14.8 15.0 15.1 14.9±0.1

23 mm 16.7 17.1 17.2 16.8 17.0±0.2

29 mm 22.9 22.9 23.4 23.0 23.1±0.3

31 mm 23.5 24.4 24.3 23.8 24.0±0.4

Avalus

21 mm 15.3 15.4 15.5 15.3 15.4±0.1

25 mm 17.5 17.7 17.6 17.6 17.6±0.1

27 mm 20.5 21.1 21.2 20.7 20.9±0.3

Mosaic

19 mm 12.4 12.5 12.5 12.6 12.5±0.1

23 mm 16.1 16.2 16.3 16.2 16.2±0.1

27 mm 18.5 18.5 18.6 18.5 18.5±0.1

33 mm 25.3 25.2 25.0 24.8 25.1±0.2

†, the effective orifice diameter values were based on a single sample for each valve model and size. Due to valve-to-valve variability, 
the final effective orifice diameter values reported by each manufacturer in the labeling may be different from these values. SD, standard 
deviation.
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determination of the final effective orifice diameters that 
will appear on the unit container boxes of the valves tested. 
Manufacturers will need to complete testing in accordance 
with ISO PAS 7020:2023, which includes requirements for 
the minimum sample size, the use of a smaller diameter 
tube for smaller valves, and rules for rounding results to the 
nearest half-millimeter (15).

Conclusions

There has long been a controversy about the labeled sizes 
of surgical heart valve prostheses, which is considered 
a contributing factor to prosthesis-patient mismatch 
following surgical valve replacement. The effective orifice 
diameter determined using a validated steady forward-
flow test method provides a repeatable and reproducible 
characterization of the hemodynamic characteristics of a 
surgical valve prosthesis. As part of the ISO 5840-2:2021 
standard, as clarified in ISO PAS 7020:2023, this new sizing 

parameter, along with other key parameters, will soon be 
adopted by all surgical valve manufacturers and printed on 
the valve unit container box to inform valve selection by 
surgeons.
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Figure 4 Intra-laboratory repeatability in EOAs of the Masters mechanical heart valves measured under steady flow. (A) Laboratory 1 
results at a flow rate of 15 L/min; (B) laboratory 1 results at a flow rate of 20 L/min; (C) laboratory 4 results at a flow rate of 15 L/min;  
(D) laboratory 4 results at a flow rate of 20 L/min. Lab, laboratory; EOA, effective orifice area.
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