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Abstract- The measurement of a cardiac valve's area is atrue orifice area. The present study characterizes the principal
common procedure, usually performed with noninvasive, parameters which determine tkiy value in bileaflet valve
Doppler-based techniques. Such measurements are notprostheses. The experimental data consisted in pressure
however, without problems: a potential source of errors is recordings at several flow regimes in stationary conditions,
the value of a valve’s discharge coefficient. for each valve. Bileaflet valves of four brands were tested,
In-vitro pressure and flow measurements relative to the with three nominal size for each valve type; the ensemble of
bileaflet valve of four brands were performed. A total of the data relative to a given valve type was then used to derive
12 valve samples was studied to cover the entire range ofhe functional relationship of th&€; with the Reynolds
valve sizing. The data were used in the Gorlin formula for number and the dimensionless valve's internal diameter. The
valve area measurements, and the dependence of theeported parameters characterizing this relationship can be
discharge coefficient on the internal diameter of the valve used to improve the accuracy of valvular area measurements
and the flow rate was accurately determined. in implanted patients, by echographic equipments.
The reported results can be used in a great number of
follow-up clinical assessments to improve the accuracy of
valvular orifice measurements.

[I. MATERIALS AND METHODS
Key words - mechanical heart valves, hemodynamics, in
vitro testing A. Experimental

|. INTRODUCTION Four bileaflet-type valves (Sorin Bicarbon, St. Jude HP,
Edwards Tekna and CarboMedics, which will be referred to
Since many years the quantification of the possibds SB, SJ, ET and CM, respectively), each tested in three
restriction of a heart valve's orifice area due, e.g., to thromisimes (19-, 23- and 27-mm TAD), for a total of 12 valves,
formation and/or calcification [1, 2, 3], has become a commbave been studied in a steady-flow tester, at several flow rates,
medical practice. The measurement of the valve orifice areaaisging between 5 and 35 I/min. The geometric data relative
usually based on Doppler-derived velocity data, particulatly each valve type and nominal size considered in the present
on the Gorlin formula for the assessment of valve area [dfydy are reported in Table I: orifice inner diameter, mm and
with such techniques, the state of an implanted or natujialbrackets) orifice area, éniThe data are those provided by
valve can be monitored noninvasively. the respective manufacturer.
We define, as usual, the discharge coeffictenof the valve A steady-flow apparatus was built, in which the flow was
as A«f/A, Ag being the cross-sectional area at the vedaven by a constant head tank. As reported in Fig. 1, one
contracta (also termed effective area) antthe valve's cross- upstream and 16 downstream pressures were measured at

sectional orifice aread). The Gorlin formula states that equispaced locations (intervals of 17.5 mm, equal to D/2,
_ Q (1) where D is the diameter of the cylindrical inflow and outflow

516C, \/A_p sections). Measured transvalvular pressures were interpolated

in order to quantify the maximum pressure drop at the vena

where Q is the flow rate in ml/s andp is the maximum .gniracta.
pressure drop across the valve (measurable at the vena

contracta) in mmHg. TABLE |

To study the heart valve orifice area, the use of the Gorlin orifice inner diameter (mm)
formula requires thaty for each valve be known, in order to (orifice area (crf))

calculate the actual orifice area. This is a frequenfly Top SB SJHP CM"R" ET
overlooked problem, affecting the accuracy of orifice™ g 15.2 16.7 14.7 14.1
measurements. In-viv@y is often assumed to be equal to 1, (1.76) 2.1) (1.59) (1.5)
especially in aortic position, as a simplifying approach. ThisTs 1924 20.4 185 175
due also to the scarce information available on the discharge (2.83) (3.1) (2.56) (2.4)

coefficient of PHVs; anyway, this measurement can be —of
interest, since lettinGy=1 means that the cross-sectional area
at the vena contractd.y, is being measured, instead of the

23.30 24.1 225 215
(4.14)  (4.41)  (3.84) (3.6)
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If the peak values of the volumetric flow rate and the velocity
(or, alternatively, the stroke volume and the time integral of
the velocity) can be measured independently, this approach
provides an estimate of the area of the section of the vena
contracta. Therefore, the problem of calculating the real
orifice area (taking account of the discharge coefficient) is not
solved satisfactorily, in the same way as using the Gorlin

equation with the hypothes(s ; =1.
As reported by several authors (e.g., [7]), the valu€ pfcan

be substantially lower than unity (a value lower than 0.7 was
reported for rigid, axisymmetric stenoses in [8]).

Furthermore,C, can not be considered as constant, because

the streamlines exiting the valve and slightly directed towards
the orifice axis, redistribute themselves as the Reynolds

_ S " e . number (Re) increases, with a consequent flow dependence of
Fig.1 Experimental setup. The PHV seating is shown, together with t

electromagnetic flowmeter (EMF), and the pressure measurement devices\tR))-
Theoretically, it can be stated th&, is dependent on the

Flow rate was measured with an electromagnetic rowmer{io between the area of the orifice and the area of the section

SglA% churac;(/j) b)’l Engress_ - Hat;sir (Atlanta, Geor -‘?’the upstream reservoir [9]. An accurate evaluation of these
-S.A). A more detailed description of the apparatus can cts must be made, in order to derive realistic values for the

found in [5]. The recorded data were used according to the -
procedure explained in the following section. iIscharge coefficientC,. Therefore, we used the recorded

pressure and flow rate data to calculgidor each valve type,
B. Characterization of the discharge coefficient choosing the ratio between inner orifice/inflow section
diameter @; / D) and the Reynolds number (RéB/v , V
The Gorlin area (1) relies upon the precise determinatighd v being the mean velocity and the fluid kinematic
of the valve's discharge coefficiedf,. It is a common viscosity, respectively) [9, 10] as principal parameters.

practice to assumé€, =1 [6], especially for aortic VaNes,According to the hypothesised functional relationship we
aFOsrume the following power-law function:

whereas a lower value (around 0.7) has been proposed
valves mounted in u iralic position, on account of the - g -

tne mit P Ce= CB(LE’B‘/_D :CBd_IHJ 4Q ) 2)
larger upstream reservoir. Actually, when the flow must pass BD B Ov O BD H Dv

through a restriction, the contraction of the flow is more

marked with increasing area of the upstream section; in fi#Pstituting (2) forCy into the Gorlin formula (1), the least-
mitral position, then, a valve will have a smaller dischar§guares fit of the experimental transvalvular pressure and flow

coefficient (orA«fA ratio) than in the aortic position. rate data yielded the three constantst @nd¢ for each of the

Using C, =1, however, entails that the area being measwfgb'r valve types studied, thereby characterizing each valve by
d means of its discharge coefficigdt, given by (2).

with the Gorlin formula is that of the vena contraddg; , not
the actual valve ared

Another technique often used to derive the dimensions of the Ill. RESULTS
valvular orifice from Doppler measurements is based on the o ) o )
continuity equation [6] A typical pressure-longitudinal distance profile is plotted in
Fig. 2. The effect of pressure recovery is clearly visible, after
Q
A, — _Speak (3) the pressure minimum occurring slightly beyond a distance of
Veak one diameter downstream of the valve. The interpolated
or pressure minima were collected in an array and used, together
with the flow rate data, to derive the parameters qualifying the
|Q(t)dt Cq, according to (2).
Ace2 = , (3
J’V(t)dt
where the velocitV.,, andV (t) are the average velocities TABLE Il

SB SJ CM ET
0.6665 0.4914 1.3234 0.4148

in the section, at peak systole or the time-dependent value (t&
be integrated on the systolic interval), respectively.

Actually, this definition of the valve area should not be
termed "continuity equation”, since it is based on the
definition of the mean velocity in a section, while the
continuity equation accounts for the conservation of mass in &
given control volume.

0.0162 0.0664 -0.0500 0.0767

0.0189 0.4813 0.4045 0.4097
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o ‘ ‘ ‘ ‘ The large SB'sC, is remarkable, since SB has a smaller
orifice area (1.76 vs. 2.1 &nthan the SJ valve of the same
nominal size, as evidenced in Tab. I. Also in Fig. 3 the similar
flow dependence of SJ and ET as for the can be
appreciated, with SJ having an almost constant advantage
over ET in the considered range of flow rates. Similar shapes
of the C,-flow rate relationship were found for the other
valve sizes tested.

The CM valve is the only PHV to have a negative value of
& (Table 1), with the consequence that i, (hence, Ay )

decreases with flow rate (Fig. 3), as opposed to the other
valve types (and also to simple stenaotic orifices [8]).

pressure (mmHaq)

&
<}

Y T

Ll e I IV. DISCUSSION

80 In previous works, the comparison of measurements of PHVs
pressure tap location (mm) in pulsatile and steady flow showed similar velocity profiles
[12, 13], at an equivalent Reynolds number. In view of the
Fig.2. Longitudinal profile of the pressure drop for the 19-mm St. Jude HPSiMilar behaviour of PHVs in steady flow and in peak phase
tested in steady flow (30 I/min). The quantitsm.x andAprecovered s also  Of pulsatile flow, the values of th&, we report are applicable
the pressure recovery are shown to the cardiac phase characterized by the same flow rate.
Orifice areas are determined over the systole or the central
o ] ] S part of the latter, corresponding to the maximum
The variation of th&, with flow rate is exemplified in Fig. 3 jnstantaneous flow rate, when the valve is completely opened
for the case with TAD=19 mm. The graph was plotteghq considering a sinusoidal shape of the systolic aortic flow
according to (2), with D equal to the diameter of the infloygte (assuming a systole/cycle ratio of 35%)
section used in the measurements (D=35 mm). The flow rate _ 2
is referred to the typical kinematic viscosity of blowe3.7 Q=035=-Q, =0.2228),.
cSt), taking account of the definition of the Reynolds number n

For a 6-l/min cardiac output CO (d_a), the peak flow rate
(for the same Reynolds number, the flow rate

nDv can be calculated a8 =6/0.2228:26.928 I/min, or

as Re=

448.8 ml/s. Hence, the region of higher clinical interest for the

. . _ Vblood —
can be scaled for viscosity afeq = Qmeas— = flow regime is that in the 20-30 I/min range.

meas

= 3.7Queas)- In the past, it has been speculated that the dependence of the
The SB valve shows the largeSt; of all the considered 19-discharge coefficient on flow rate) could be due to an
mm-TAD bileaflet valves (Fig. 3). actual increase of the prosthesis' diameter with the flow rate,

but this effect should appear only in biological valves, and
much less (if any) in mechanical valves. Actually, it has been
shown [8, 16] that even for rigid, axisymmetric stenoses the

TAD=19 .
09r mm effective valve area at the vena contradta (hence, also
085} C4= Ast | A) can not be considered as constant v@thin
0.8l spite of the fixed orifice diameter. Therefore, there is clearly

an important role of the hydrodynamics in determining the
effective area of a heart valve; this entails that each valve type
must be accurately characterized, to account for the different
hemodynamical performances arising from the subtle
differences in design.

From Table I, it can be seen that CM is the only valve to
provide a negative exponeftin (2). Also in [10] a positive
correlation between systolic flow rate afd}, was found in

04 ‘ ‘ ‘ ‘ ‘ ‘ mechanical PHVs. CM's behaviour is unexpected since, as the
5 10 15 20 25 30 35 . g . . . - .
flow rate (V/min) fluid is given more kinetic energy, usually it is more resistant
to the driving effect of the restriction represented by the

Fig. 3. Discharge coefficient profiles for the tested PHVs. The valve nomigg{lve's ring and occluders, which moves the fluid toward the
size is 19 mm . . . _—
jet axis as it travels along a constriction, her&g; should

discharge coefficient

increase [11]. In the case of CM, instead, the expected
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increase of the area of the vena contracta does not occurparameters, the actual orifice area (internal orifice area) can
the contrary, the restriction is enhanced by increasing measured with accuracy, regardless of the particular
Reynolds numbers. This could be related to turbulenoenditions in which the assessment is performed.

production and/or fluid dynamical instability. Actuallyln conclusion, the knowledge of the above-mentioned
previous studies of highly accurate velocity measuremeritgctional relationships qualifies the performance of each
performed with laser Doppler anemomentry, have highlighteéHV design, suggesting the possibility to use a more
the loss of the central jet in the mean velocity profilghysically realistic discharge coefficient in the echographic
downstream of the 19-mm-TAD CM, in both mitral [14] ang@rotocols aimed at the assessment of valvular area.

aortic positions [15], probably due to leaflet fluttering. This

interaction between flow and valve structure can explain why

the streamlines (as far as this concept can be applied in a REFERENCES
situation affected by turbulence inception) exiting the CM
valve do not expand for increasing flow rates. 1. Laffort P. Roudaut R. Roques X. Lafitte S. Deville C. Bonnet J. Baudet

A great number of valvular orifice measurements has bé-:e “Early and long-term (one-year) effects of the association of aspirin and
oral anticoagulant on thrombi and morbidity after replacement of the mitral

reported, both ir_] vitro and in vivo. In _[6]’ for instance, thg, e with the St. Jude medical prosthesis: a clinical and transesophageal
value of 0.94 crhis reported for the Gorlin area of the 19-mnachocardiographic studyJournal of the American College of Cardiology,

St Jude Std. valve, derived from catheter pressupg 35(3), pp. 739-46, 2000.
measurements; the Doppler-derived Gorlin area, instead, as Ynal M. Sanisoglu . Konuralp C. Akay H. Orhan G. Aydogan H. Aka

0.71 cm. Th thet | | th ﬁ] . Eren EE, “Ultrasonic decalcification of calcified valve and annulus
' cm. € catheter areas are always larger an Lﬁ'\lng heart valve replacemenfexas Heart Institute Journalyol. 23(2),

Doppler areas, since the latter can be affected by spaijslss-7, 1996.
averaging of the velocities in the insonated fluid volume; tifis Eguaras MG. Montero A. Moriones |. Granados J. Garcia MA. Luque |.

effect tends to lessen the velocity peaks, biasing the raacha M. “Conservative operation for mitral stenosis with densely fibrosed
’ or partially calcified valves. An eight-year evaluatioddurnal of Thoracic

estimates towards larger values. _ & Cardiovascular Surgeryvol. 93(6), pp. 898-903, 1987.
These values refer to the value 51.6 used in the denominator Gorlin R, Gorlin SG, “Hydraulic formula for calculation of the area of
of (1). Since Baumgartner et al. [6] us€gd =1, these values the stenotic mitral valve, other cardiac valves, and central circulatory
can be regarded as estimates of the area of the section oft¥#s’Am. Heart Jvol. 41, pp. 1-29, 1951. ) _
vena contracta 5. Grigioni M, Daniele C, D'Avenio G, Barbaro V. “Hemodynamical

. ) . . performance of small-size bileaflet valves: pressure drop and LDA study
Using the flow rates used in [6] to calculate the orifice arggmparison of three prostheseattificial Organs, vol. 24 (12), pp. 959-65,

O - 2000.
we computed the average Gf over these valuesQ = . Baumgartner H. Khan SS. DeRobertis M. Czer LS. Maurer G, “Doppler
0.5790, from (2)); the same parameters of the SJ HP wgf&ssment of prosthetic valve orifice area: An in vitro stuirgulation,
used, since the similarity in design to the Standard type, test@dB5(6), pp. 2275-2283, 1992. _
in [6]. With this C4 value, the geometric orifice area could:, Dedroff CG. Shandas R. Valdes-Cruz L, *Analysis of the effect of flow
h been calculated. together with the mentioned resul rate on the Doppler continuity equation for stenotic orifice area calculations:
ave . g . %91 merical study”Circulation, vol. 97(16), pp. 1597-1605, 1998.

the catheter Gorlin area relative tdCy =1, as 8. Voelker W., Reul H., Nienhaus G., Stelzer T., Schmitz B., Steegers A.,
A=0.94/0.5790=1.624 c?n vs. an internal orifice area,Karsch KR, “Comparison of valvular resistance, stroke work loss, and Gorlin

calculated with the ID (=14.7 mm) of the 19-mm St Judelve area for quantification of aortic stenosis. An in vitro study in a
) ' i ] ’ pulsatile aortic flow model'Circulation, vol. 91(4), pp. 1196-204, 1995.
Std., of (11/ 4)1.47° = 1.697 cr. The relative difference 9. White FM.Fluid MechanicsNew York: McGraw-Hill, 1979.

. . T . Schoephoerster R, Chandran KB, “Effect of systolic flow rate on the
0
between the two values is only 4.3%. This result IndIrec{[];gediction of effective prosthetic valve orifice areal,Biomechyol. 22(6-

confirms the validity of our findings. 7), pp.705-15, 1989.
11. Gorlin R, “Calculations of cardiac valve stenosis: restoring an old
V. CONCLUSIONS concept for advanced applicationg”,Am. Coll. Cardiol.yvol. 9, pp. 1294-
1305, 1987.

. . . 12. Chandran KB, Cabell GN, Khalighi B, “Chen CJ. Laser anemometry
_The results of this study (see the funCt'On_al parameters list@surements of pulsatile flow past aortic valve prosthedesjomech.,
in Table Il) show that each valve type has its @yvalue, at vol. 16, pp. 865-973, 1983.
each flow rate, and its own relationship with geometricd3. Hanle DD, Harrison EC, Yoganathan AP, Allen DT, Corcoran WH. “In
parameters (internal diameter and inflow section diameter).g‘tgémc‘:]ycgr“;; g;fogg;{%oos;hité% gortlc valves: a comparative analysis”,
The proposed formula for th€y enables one to _take |nto_14‘ Grigioni M., Daniele C., D'’Avenio G., Barbaro V., “Laser Doppler
account the dependence on flow rate of the effective area (h@smometry study of bidimensional flows downstream of three 19-mm
the area of the vena contracta), which is commonly measupiagflet valves in the mitral position, under kinematic similari#tin

with ecographic techniques. The geometric area of the vafjgmed Engvol. 28(2), pp.194-203, 2000.

h gb P liabl q d .g h f . _Barbaro V, Grigioni M, Daniele C, D'Avenio G, Boccanera G. “19 mm
can thus be reliably measured, since the parameters afteclilg pieaflet vaive prostheses’ flow field investigated by bidimensional
Doppler valve area estimations are correctly taken accounti@éer Doppler anemometry (part I: velocity profilesyit J Artif Organs vol.
Valve manufacturers usually provide surgeons with the Gor#i®(11), pp. 622-8, 1997. S
valve area, as the effective area of their product, in view!§f Cannon SR. Richards KL. Crawford M. *Hydraulic estimation of

. . - . . tenotic orifice area: a correction of the Gorlin formul@irculation, vol.
making clinical orifice assessments easier. As shown in %), pp. 1170-8, 1985.
present study, however, this parameter is not univocally

determined, on account of the variation of the effective area
A (directly proportional to C,) with geometric and
fluidodynamical (Reynolds number) conditions. Using the
formula (2) for the C,, with the appropriate set of
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