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Tanné D, Kadem L, Rieu R, Pibarot P. Hemodynamic impact of
mitral prosthesis-patient mismatch on pulmonary hypertension: an in
silico study. J Appl Physiol 295: 1916-1926, 2008. First published
August 21, 2008; doi:10.1152/japplphysiol.90572.2008.—Recent
clinical studies reported that prosthesis-patient mismatch (PPM) be-
comes clinically relevant when the effective orifice area (EOA)
indexed by the body surface area IEOA) is <1.2-1.25 cm?/m?. To
examine the effect of PPM on transmitral pressure gradient and left
atrial (LA) and pulmonary arterial (PA) pressures and to validate the
PPM cutoff values, we used a lumped model to compute instantaneous
pressures, volumes, and flows into the left-sided heart and the pul-
monary and systemic circulations. We simulated hemodynamic con-
ditions at low cardiac output, at rest, and at three levels of exercise.
The iEOA was varied from 0.44 to 1.67 cm?/m?. We normalized the
mean pressure gradient by the square of mean mitral flow indexed by
the body surface area to determine at which cutoff values of iEOA the
impact of PPM becomes hemodynamically significant. In vivo data
were used to validate the numerical study, which shows that small
values of iEOA (severe PPM) induce high PA pressure (residual PA
hypertension) and contribute to its nonnormalization following a
valve replacement, providing a justification for implementation of
operative strategies to prevent PPM. Furthermore, we emphasize the
major impact of pulmonary resistance and compliance on PA pres-
sure. The model suggests also that the cutoff iEOA that should be used
to define PPM at rest in the mitral position is ~1.16 cm?/m?. At higher
levels of exercise, the threshold for iEOA is rather close to 1.5
cm?/m?. Severe PPM should be considered when iEOA is <0.94
cm?/m? at rest.

heart valve; mitral flow; lumped model; pulmonary resistance; effec-
tive orifice area

IN PATIENTS WITH SEVERE MITRAL valve disease, it is generally
well accepted that it is preferable to repair, rather than replace,
the valve. Indeed, mitral valve replacement (MVR) has higher
short- and long-term mortality than aortic valve replacement or
mitral valve repair (9). Unfortunately, in a substantial propor-
tion of patients, the valve cannot be repaired and, thus, needs
to be replaced by a prosthetic valve. The suboptimal results of
MVR underline the importance of identifying and, whenever
possible, preventing prosthesis- and patient-related factors as-
sociated with negative hemodynamic and clinical outcomes.
Prosthesis-patient mismatch (PPM) occurs when the effec-
tive orifice area (EOA) of the prosthesis is too small relative to
the patient’s body size, resulting in an abnormally high post-
operative pressure gradient. The parameter that is generally

used to identify PPM is, thus, the EOA of the prosthesis
indexed for the patient’s body surface area (BSA) (6, 7, 27).
The rationale behind the normalization of EOA for BSA is to
account for cardiac output (CO) requirements, since transval-
vular pressure gradients are essentially determined by EOA
and transvalvular flow, which in turn are largely determined by
body size.

In the mitral position, PPM can be equated to residual
mitral stenosis (MS) with similar consequences, i.e., the
persistence of abnormally high mitral pressure gradients and
increased left atrial (LA) and pulmonary arterial (PA) pres-
sures (19). In turn, PA hypertension may cause right-sided
failure, and the persistence of high LA pressures may
predispose to atrial fibrillation (23).

In contrast to aortic PPM, the hemodynamic and clinical
impact of PPM after MVR has been relatively unexplored (7,
8, 29). In particular, the cutoff values that should be used to
identify mitral PPM and quantify its severity are controversial.
In the early 1990s, Dumesnil et al. (7, 8) demonstrated a
relationship between indexed EOA (iEOA) and the transval-
vular pressure gradient in normally functioning prostheses
implanted in the mitral position. They suggested that mitral
PPM occurs when iEOA is <1.3-1.5 cm*m? Two recent
clinical studies (16, 21) in a large series of patients reported
that PPM, defined as iEOA <1.2-1.25 cm?/m?, is associated
with less regression of PA hypertension, less freedom from
heart failure, and reduced survival. One of these studies (21)
also showed that the impact of PPM on postoperative mortality
becomes significant when iEOA is =0.9 cm?/m?2. This level of
iEOA was referred to as severe mitral PPM.

The effect of PPM on PA pressure is also not completely
known. Although PPM is associated with a high mitral pres-
sure gradient, the parameters that determine the passive eleva-
tion of PA pressure are relatively unexplored. Recently, in a
retrospective study of 53 patients who underwent MVR, we
observed a good correlation between iIEOA and systolic PA
pressure (19). Moreover, the patients generally had persistent
PA hypertension when iEOA was =<1.2 cm?/m?, suggesting a
significant impact of PPM on PA pressure.

Lumped models are widely used in the cardiovascular do-
main. They are not time consuming, and they allow prediction
of physiological and pathological pressure, volume, and flow
waveforms. Whereas some models are closed loops (20, 32,
35) to study, for instance, the left ventricular (LV)-right ven-
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tricular interaction, others deal with a specific cardiac compart-
ment. Garcia et al. (13) developed a ventricular vascular
coupling model to study aortic stenosis implications. Sun et al.
(33) explored the mitral and pulmonary venous flow patterns
according to age and decreased LV contractility, and their
findings fitted well with Doppler-echocardiographic measure-
ments. Recently, two studies attempted to define time depen-
dence of the area in the mitral valve model. Szabo et al. (34)
used a second-order forced oscillatory differential equation to
derive instantaneous valve area. Korakianitis and Shi (15),
using the leaflet inertial moment of rotating and external
forces, especially including the vortex effect on the leaflet
rotation, computed the angular position of the leaflets of a
mechanical prosthesis.

With use of such lumped models, the objective of this numer-
ical study is to examine the effect of mitral iEOA, which is
inversely related to the degree of PPM, on transmitral pressure
gradient and LA and PA pressures. We used data from a previous
clinical study (19) to validate our numerical model. We sought to
explain the relationship between iEOA and LA and PA pressures
and to determine the most appropriate cutoff iEOA values for
identification of moderate and severe PPM in the mitral position
on the basis of fluid mechanics considerations.

Glossary
MVR Mitral valve replacement
PPM Prosthesis-patient mismatch
MS Mitral stenosis
vC Vena contracta
LA Left atrial
PA Pulmonary arterial
BSA Body surface area in m?
HR Heart rate in beats/min
EOA Valve or prosthesis effective orifice area in cm?
iEOA  EOA indexed by the BSA in cm*/m?
My Mitral inertance in g/cm2
p Constant and uniform fluid density (1.06 g/ml)
N Stroke volume in ml
CO Cardiac output in I/min
CI  Indexed cardiac output in I*min~!'-m~?2
Vve Root-mean-square velocity in the VC in m/s
Qpuv(®) Instantaneous pulmonary valve flow (input con-

dition) in ml/s

Qpuv Mean pulmonary valve flow in ml/s
quv Peak pulmonary valve flow in ml/s
Qpc(?) Instantaneous pulmonary capillary flow in ml/s
Qpv(®) Instantaneous pulmonary vein flow in ml/s
Qmv(?) Instantaneous mitral valve flow in ml/s
Qmv Diastolic mean mitral valve flow in ml/s
Quv Diastolic root-mean-square mitral valve flow in
ml/s
Q.v(1) Instantaneous aortic valve flow in ml/s
Qsc(?) Instantaneous systemic capillary flow in ml/s
iQ2, Square of mean mitral flow indexed by BSA in
ml?s 2:m~*
iQ2, Square of root-mean-square mitral flow indexed
by BSA in ml?-s"2-m~*
Apmy(?) Instantaneous maximal transmitral pressure drop

(gradient) in mmHg

APy
Apmv
Apav(?)

K

Ppa()

pa
pa

vac(t)

av avll

Pia(?)
Pla
Plv(t )
Pao(1)
PSVC(t)

Py,

Vlv(t)
V]a(t)

tee
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Diastolic mean maximal transmitral pressure
drop (gradient) in mmHg

Diastolic peak maximal transmitral pressure
drop (gradient) in mmHg

Instantaneous net aortic pressure drop (gradient)
in mmHg B

Normalized mitral pressure gradient (Apmy/
iQ2,) in mmHg-ml~2-s2-m*

Ratio of mean to root-mean-square mitral flow
(Qmv/Qmv)

Instantaneous pulmonary arterial pressure in
mmHg

Mean PA pressure in mmHg

Systolic peak PA pressure in mmHg

Instantaneous pulmonary vein and -capillary
pressure in mmHg

Instantaneous LA pressure in mmHg

Diastolic mean LA pressure in mmHg

Instantaneous LV pressure in mmHg

Instantaneous aortic pressure in mmHg

Instantaneous systemic vein and capillary pres-
sure in mmHg

Constant central venous pressure (output condi-
tion; 4 mmHg)

Instantaneous LV volume in ml

Instantaneous LA volume in ml

End-ejection time in s

LA relaxation time in s

LA contraction time in s

Cardiac period in s

Mitral valve opening time in s

Mitral valve closing time in s

Diastolic filling time in s

End-systolic LV elastance in mmHg/ml

End-diastolic LV elastance in mmHg/ml

End-systolic LA elastance in mmHg/ml

End-diastolic LA elastance in mmHg/ml

Pulmonary arterial compliance in ml/mmHg

Pulmonary vein and capillary compliance in ml/
mmHg

Aortic compliance in ml/mmHg

Systemic vein and capillary compliance in ml/
mmHg

Pulmonary arterial resistance in mmHg-ml~!-s

Pulmonary capillary resistance in
mmHg-ml ™ !-s

Pulmonary vein and capillary resistance in
mmHg-ml ™ !-s

Diameter of LV outflow tract in cm

Velocity-time integral of flow in LV outflow
tract in cm

Pulmonary vein resistance in mmHg-ml~!-s

Aortic resistance in mmHg-ml~!-s

Systemic capillary resistance in mmHg-ml~!-s

Systemic vein and capillary resistance in
mmHg-ml~'-s

Systemic vein resistance in mmHg-ml~!-s

Pulmonary vascular resistance in mmHg-ml ™ '-s

Pulmonary capillary inertance in
mmHg-s?-m] !

Pulmonary vein inertance in mmHg-s?-ml !
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Lsc Systemic capillary inertance in mmHg-s?-ml™!
METHODS

Given the purpose of the present study, we elected to simulate only
the left-sided heart and the pulmonary and systemic circulations. The
models of the LV, the aortic valve, and the systemic circulation are
required for computation of the LV systolic pressure, although they
are not under consideration here.

Eleven state variables (Ppa, Ppve, Paos Psves Qpes Qpvs Qmys Qavs Qse,
V1., and Vy,) were computed step-by-step, with their first derivatives
used to lead to instantaneous variations in flows, pressures, and
volumes. A schematic of the lumped model is presented in Fig. 1.

The appENDIX relates in detail the output condition and the models
describing the aortic valve, the LV and LA volumes and pressures,
and the pulmonary and systemic circulations.

Input condition. The model was excited by the pulmonary valve
flow [Qpuv(D)], i.e., the flow ejected by the right ventricle. The shape
of Qpuv(f) was simplified to an end-ejection time duration (f..) and
peak pulmonary flow (Qpu,) amplitude rectified sine function. The
relationship between mean pulmonary flow (Qpuy) and quv was
therefore

~ 2 uv
Qv = % (1)

Mitral valve. The valves were assumed to be prosthetic valves fully
open or fully closed according to the sign of the corresponding
pressure gradient. Opening and closing kinetics were not taken into
consideration in the present study, and the EOAs were assumed to be
time independent. The model and size of the prosthesis were ignored,
inasmuch as we characterized the valves only by their EOA.

For an unsteady incompressible inviscid flow (where viscous ef-
fects are ignored) with a constant and uniform density (p, in g/ml), the
instantaneous maximal pressure drop across the mitral valve [Apmy(?),
in mmHg], named “gradient” in clinical practice, which is the pressure
difference between the LA and the vena contracta (VC) of the jet flow
downstream of the valve, was described when the mitral valve was
opened by the unsteady Bernoulli’s law

va deV([)
EOA,, dt

P
2EOQA?,

Apmv(t) = Pld(t) - Pvc(t) = Qi]v(t) + (2)

where the velocity in the LA is neglected compared with the velocity
in the VC, Q. (?) is the instantaneous mitral valve flow, and M, is
the inertance as defined by Flachskampf et al. (11).

However, LV pressure does not equal mitral VC pressure because
of the pressure recovery phenomenon. Nonetheless, we neglected this
pressure recovery component in the present study, because, as op-
posed to the aortic valve configuration, it is negligible in the mitral
valve configuration because of the presence of a much larger chamber
(LV vs. aorta) downstream of the valve (38). Moreover, to be
clinically relevant, our PPM cutoff values must be derived from
Doppler gradients, which correspond to maximal pressure gradients,
and not to net mitral pressure gradients.

Parameters used in the simulations. The set of nonlinear coupled
differential equations was solved step-by-step (0.2-ms-time step) by a

quv(t)
’_

Fig. 1. Lumped model used to simulate left-sided heart
and pulmonary and systemic circulations. See Glossary R,
for abbreviations. ?

IMPACT OF MITRAL MISMATCH ON PULMONARY HYPERTENSION

four-order Runge-Kutta method. We iterated the calculations using the
final values of the actual cycle as new initial conditions for the next period
until two consecutive cycles became periodic; i.e., the root-mean-square
error of each state variable did not exceed a precision of 0.01%.

Table 1 shows the parameters that are held fixed for the present
study. The values are determined according to the work of Sun et al.
(33) or the achievement of physiological pressure, volume, and flow
waveforms at rest.

An input rectified sine function for Qpu.(#) and Eq. I allowed us to
directly control the stroke volume (SV) by Quuy as follows

21,

m

SV = eeépuv = quv (3)

where 7., is the systolic ejection time. Defining a desired diastolic
filling time (DFT) according to heart rate (HR) from Lespeschkin
(17), one can define t.. as t, — DFT, where ¢, is the cardiac period.
Mean transmitral flow (Qmy) was therefore
SV 2t..

DY Fe 4
DFT wDFT Qo )

va =

CO was also determined by Qpuy

_ SV'HR 1 HR
© 1,000 500w

Quuv &)

Finally, defining the normal cardiac index (CI), which reflects the
normal CO requirements according to HR, we can deduce the simu-
lated BSA by dividing CO by CI

1. HR
BSA =
5007CI

Qo (6)

From Eg. 2, the two main parameters that determine the mean and the
peak pressure difference (inertial term null) are the EOA and the
mitral root-mean-square flow (Quy). Inasmuch as our objective was to
determine the relationship between pressure gradients and iEOA, it
was necessary to hold Q.,, constant during the computation to inhibit
confounding effects. In a first approximation, we held constant Qp,y,
instead of va. The consequences of this choice are described in
RESULTS. For a fixed HR, this approximation is equivalent to a constant
SV (Eq. 3) or a constant CO (Egq. 5).

Then, to vary iEOA, we could change EOA or BSA. However, we
chose to keep BSA fixed, because, as opposed to EOA, the only way
to vary BSA at fixed HR was a proportional variation in Qpuy (Eq. 6).
According to Eq. 4, this implied nonrequired variations in Qmy.

Therefore, we simulated a patient (fixed BSA = 1.8 m?) at rest
(HR = 70 beats/min, Qmyv = 163 ml/s) and at three levels of exercise
[HR = 90 beats/min, Qmv = 234 ml/s (mild); HR = 110 beats/min,
Qumv = 316 ml/s (moderate); HR = 130 beats/min, Qmy = 398 ml/s
(strenuous)]. For each level of HR, we varied the mitral valve EOA
(range 0.8-3.0 cm?, 0.1-cm? step), resulting in iEOA variations from
0.44 to 1.67 cm?*/m?. An additional simulation GEOA = 0.28-1.33
cm?/m?) was carried out to account for patients in a low-CO state
(HR = 50 beats/min, Qv = 103 ml/s). Table 2 shows the simulated
parameters. In the aortic position, no PPM existed, since aortic iIEOA

Ava(t)
Qp(t) Qumy(t) Qav

va va Rm Moy

VCPla(t)T:/é P.v(t)T =

en(t)
Tcpvc
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Table 1. Fixed parameters used to simulate all cases

1919

Pulmonary Rpa, Rpe, Rpve, Rpv, Chpa, Cove, Lpc, Lpv,
circulation ~ mmHg-s'ml™' mmHg-s'ml”™' mmHg-s*ml”™' mmHg-s*ml”™'  ml/mmHg ml/mmHg mmHg-s®>ml"' mmHg-s?>-ml"!
0.01 0.21 0.01 0.002 2 40 0.0003 0.0005
Elaesy Elﬂedv
LA elastance mmHg/ml mmHg/ml Tlac, MS Tlar, MS
0.065 0.055 50 50
Euv,, Eivegs
LV elastance mmHg/ml mmHg/ml Tivr, MS Tivr, ms
2.1 0.06 20 600
Mitral valve My, g/cm?
0.53
Aortic valve EOA,v, cm? Azo, CM
1.7 5
Systemic R.o, R, Rsve, Rgv, Cao, Csve, Lic,
circulation ~ mmHg-s'ml™' mmHg-s'ml™' mmHg-s'ml™' mmHg-s'ml™' ml/mmHg ml/mmHg mmHg-s?>-ml"!
0.05 0.1 0.01 0.8 0.5 2 0.0005
Output Pcy,, mmHg
4
Time Step,
ms p, g/ml
Other 0.2 1.06
See Glossary for abbreviations.
was 0.94 cm?m?. Qp., was calculated according to Eq. 3 (range o , 4 Q2. - =
325-679 ml/s) Ava = 4vvc = 10.000 EOA2 j va =50 \ ApmvEO‘A‘mv

Measurements on the simulated data. Several clinical indexes can
be derived from the simulated instantaneous pressures, volumes, and
flows. Timing of mitral valve opening (Tmvo) and timing of mitral
valve closure (Tmye) corresponding to the gradient inversion were
used to measure the simulated DFT. SV was calculated as the
difference between LV end-diastolic volume (Vi) and LV end-
systolic volume (Vyy,). The resulting CO was the ratio of SV to the

simulated DFT. A_pmv, Pi, P, and Q. were the averages of each
variable only over the simulated DFT, whereas Py, is the average over the
entire period. P, was the peak value of the PA pressure.

In vivo validation. We used previously published in vivo data from
our laboratory (19) to validate our numerical model. In our previous
study, 56 patients (65 = 12 yr old) were evaluated by Doppler echocar-
diography at the Quebec Heart Institute. Mitral valve EOA was deter-
mined by the continuity equation. Peak and mean mitral valve gradients
were derived from the simplified Bernoulli’s equation. Inasmuch as the
mean gradient was calculated from the instantaneous mitral flow velocity
(in m/s) at the VC obtained by the Doppler-echocardiographic system and
with the assumption that, as the first approximation, EOA did not depend
on time, Quy (in ml/s) can be estimated as

(7)
The echocardiographic mean mitral flow (va) was calculated as

p SV _ ﬂDiVOTVTILVOT

- ADFT

va - DFT (8)

where Dy vor and VTI; vor are the diameter of the LV outflow tract
(LVOT), which was assumed to be circular, and the velocity-time
integral of the flow in the LVOT, respectively.

Sensitivity analysis. The sensitivity of the model to some critical
parameters was also examined. We studied the change in Qmv, the

ratio Qmv/Qmyv, A—pmv, Apmv, Pia, Piy, Ppa, and lspk. according to left
cardiac cavity contractility (Ei,, Ew,, Ei,, and Ei ), pulmonary
resistance (R,c and R;y) and compliance (Cpa and Cpye), systemic
resistance (Rs. and Ry,) and compliance (C,, and Csyc), CO (quv
with Eg. 5), mitral inertance (Mmv), and aortic and mitral EOA
(EOA,y and EOA,,,). Each of these parameters was varied between
+25% and —25% of its reference value listed in Table 1. For mitral
EOA, two different values, which correspond to the severe and

Table 2. Parameters used for simulating a patient at rest and during mild, moderate, and strenuous exercise

HR, beats/min ~ #, ms CIL 1'min~'-m~2 CO,Vmin SV, ml DFT, ms Quv, mls iQumv, ml*s™'*m~2  fee,mS fac, ms  far, ms  Qpuy, ml/s
Low CO 50 1,200 2.3 4.1 82.8 800 103 57.5 400 1,050 1,300 325
Rest 70 857 3.3 5.9 84.9 520 163 90.7 337 770 900 396
Exercise
Mild 90 666 4.5 8.1 90 385 234 130 281 600 700 503
Moderate 110 545 5.8 10.4 94.9 300 316 175.8 245 510 600 609
Strenuous 130 461 6.9 124 95.6 240 398 221.2 221 410 490 679

BSA = 1.8 m?. See Glossary for abbreviations. HR, CI, DFT, t,., and ., values were used to calculate other values.
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moderate mismatch cutoff values we found in RESULTS, were set as
reference. For the resistances and compliances, the two parameters
were varied simultaneously.

RESULTS

Typical volume, pressure, and flow waveforms at rest are
displayed in Fig. 2. The model provides realistic patterns for all
the state variables.

Influence of iEOA on mitral gradient. Mean and peak mitral
pressure gradient values are depicted in Fig. 3, A and B.
Theoretically, the inertial term becomes null, if we take the
diastolic average or the peak instant of Eg. 2, so that the
pressure gradients depend only on EOA and Q,,,. Figure 3 is
therefore a simple representation of Eq. 2: the pressure gradi-
ents increase as EOA decreases and Q,,, increases.

A 110

120

100

80

Volume (ml)

60

40

-
N
o

-
o
o

ot |/
60

40

Pressure (mmHg)

20

0 0.2 0.4 0.6 0.8
Time (s)

()

500
400
300
200

100 f/

Flow (ml/s)

-100

200
0 02 04 06 08

Time (s)

Fig. 2. Typical LA (dotted line) and LV (solid line) volumes (A), aortic
(dashed line), LV (solid line), PA (dashed-dotted line) and LA (dotted line)
pressures (B), and aortic valve (solid line), mitral valve (dashed line), pulmo-
nary valve (dotted line) and pulmonary venous (dashed-dotted line) flows (C)
at rest (HR = 70 beats/min). Parameters are listed in Tables 1 and 2. Mitral
effective orifice area (EOA) was set to 4 cm?.
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A 50
O 40
L
IS
£ 30
[
< 2
(=
©
(0]
= 10 \\stren.
mod.
mild
0 rest
0.5 1 1.5 2
iIEOA (cm?m?)
B 100
S 8
I
E 60
o
< 40
x
o
[0]
o 20\¥s'(ren.
mod.
mild
0 rest |
0.5 1 1.5 2
iIEOA (cm?m?)

Fig. 3. Mean (A) and peak (B) maximal mitral pressure gradient (Ap) vs.
indexed EOA (iEOA) at rest and during mild, moderate (mod), and strenuous
(stren) exercise.

Correlation between Q,,, and Q... To explore the a priori
unknown relationship between Qp,, and va, we have plotted
in Fig. 4 the results for three HRs (50, 70, and 90 beats/min).

First, Qv does not remain constant at fixed HR, in contrast
to the prediction from Eq. 4. This can be explained by the fact
that simulated DFT changes according to iEOA, independently
of HR. Figure 5 shows the mitral flow pattern at rest for three
different mitral EOA values. When EOA decreases, not only is
the amplitude of E and A waves reduced, but DFT increases as
well. Indeed, mitral opening and closing times are entirely due
to the sign of the pressure gradient, which is not fixed in these
simulations but is controlled by Eq. 2. Inasmuch as SV is fixed
by Eq. 3, Qmy decreases. _

The shapes of the three QmV—QmV curves constructed at three
different HRs are similar and can be divided into two portions:
the first portion (upper part of the curves) shows a quasi-
constant Qp,, while Qpy increases progressively. This portion
corresponds to the simulated data for large iEOAs, where the

= 250 o 790 bpm

S pls

- e

H ey

O 200 P a

.= 70 bpm

£

‘= 150 1

E . e Identity line

g -l:/' > . In-vivo data

o — Simulated data

o 100 % 50 bpm —-----=-==- IN-VivO regression

Baseline relation
100 150 200 250

Mean mitral flow (ml/s)

Fig. 4. Mean mitral flow vs. root-mean-square (RMS) mitral flow. Baseline
relation is Eg. 9; in vivo regression corresponds to Eg. /0. bpm, Beats per
minute.

J Appl Physiol « VOL 295 « DECEMBER 2008 « WWW.jap.org

800z ‘9T Jaqwiadaq uo B0 ABojoisAyd-del woiy papeojumoq



http://jap.physiology.org

IMPACT OF MITRAL MISMATCH ON PULMONARY HYPERTENSION

350 T T
E-wave A-wave
i 500 Diastasis -
2 20 '
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2 200
o
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+= 100
=
50

1 15
Time (s)

Fig. 5. Mitral flow pattern at 70 beats/min for mitral EOA = 0.8 cm? (solid
line), 1.9 cm? (dashed line), and 3.0 cm? (dotted line).

mitral flow pattern is biphasic, with short E-wave deceleration
time and high E- and A-wave amplitudes (Fig. 5; EOA = 3.0
cm?). These large fluctuations and amplitudes of Q. (f) are
therefore responsible for the differences between Q,,, and OQmy.

On the contrary, the lower parts of the curves exhibit an
asymptotic linear behavior, which is characteristic of a highly
restrictive orifice (i.e., low iIEOA), where the amplitudes of E-
and A-flow waves are smaller and the E-flow wave decelera-
tion time is much longer than for large iEOAs (Fig. 5; EOA =
0.8 cm?). A linear regression without intercept between the last
points of the three curves (Fig. 4) gives the following relation:
R? = 0.99, which is different from the identity line

Quy,,, = 1.014Qu,

sim sim

9

To corroborate these results, we have plotted in Fig. 4 the
relationship between Qv and Qpy, which are calculated using
Egs. 7 and 8, respectively, from previously published in vivo
data. No in vivo data points fall below the simulated regression
line (Eq. 9), thus supporting the notion that there is a baseline
relationship between Qmv and Quy. For a fixed Qmy, Qmy
cannot be smaller than the value predicted by Eq. 9, but it can
nonetheless be higher, depending on the shape of the mitral
flow. When iEOA increases and, thus, the biphasic pattern of
mitral flow becomes more pronounced, va increases to a
greater extent than does Qmy.

In the clinical setting, factors other than the EOA influ-
ence the relationship between Quv and Qv (see Sensitivity
analysis; see Fig. 8), which explains the variation of the in
vivo data. This variation is attenuated for the simulated data
because of the use of fixed parameters (Table 1). The
baseline relationship (Eq. 9) cannot therefore be represen-
tative of daily clinical observations. Consequently, we have
considered that a regression analysis of the in vivo data
better represents the average relationship between Qny and
Qv for a standard cohort for mean mitral flow of 80-240
ml/s. The linear regression without intercept (Fig. 4) pro-
vides the following equation (R* = 0.91)

Qo = 1.159Q,,

This choice is not a correction for the numerical model, since
it is able to reproduce clinical observations but is, rather, a
better evaluation of the relationship between Q,, and Qv
PPM cutoff values. To determine the PPM cutoff values, we
used the relationship between the mitral pressure gradient and
iEOA. We normalized the mean maximal mitral pressure

(10)

vivo vivo
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gradient (Apy,y) to the square of the mean mitral valve flow
divided or indexed for the patient’s BSA (iQ2,). The rationale
for this normalization was to compensate for /) the interindi-
vidual variation in Qp,y in vivo and 2) the Q,,, variations in the
simulated data previously mentioned. The aim was therefore to
describe a unique relationship between Apy,, and iEOA. From
a theoretical standpoint, it would have been preferable to
normalize by iQZ . because the diastolic average of Eq. 2
implied

_BApw_p
iQ2, 2-iEOAZ,

th (1)
Nonetheless, we chose to use mean flow, because, in contrast
to the root-mean-square flow, it is largely used in the clinical
setting, and it can be easily and accurately measured by
Doppler echocardiography. If we define « as the ratio Qu./
Qmv, the normalized pressure gradient (K) is equal to

_Ap,, o
iQ2, 2+iEOAZ,

= 'K, (12)
Figure 6 shows the simulated normalized pressure gradients at
low CO, at rest, and at the three levels of exercise. The five
curves are superimposed because of the normalization. Indeed,
for the simulated data, « is ~1 for the five HRs (mean = 1.036,
standard deviation = 0.042) leading to

Ksim thh (]3)

In Fig. 6, we also plotted the individual data points of the
normalized mean pressure gradient for the 56 patients. The nor-
malized in vivo pressure gradient values are higher than the
simulated values. This discrepancy is due to the shift between the
simulated Eq. 9 and in vivo Eq. 10 root-mean-square flows. For in
vivo data, the range of a is 1.038-1.362, which is much higher
than for the simulated data. Therefore, for the in vivo normalized
pressure gradient, Egs. 10 and 12 give

p 0.71

Ko = 1.159%— = 5
2-iEOAZ, iEOAZ,

= 1343Kth > Ksim

(14)
Similarly to the relationship between (_va and Qmv, Eq. 14 is

x 10
2 .
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Fig. 6. Mitral pressure gradient normalized to square of the mean mitral valve
flow indexed for body surface area (K) vs. iEOA. K in vivo (Kyivo, Eq. 14) is

higher than K in simulated conditions (K;») because of higher a values in vivo
than in silico. PPM, patient-prosthesis mismatch.
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not a correction of our numerical model but, rather, is more
representative of clinical observations than the simulations
described in the present study (see Limitations of the study).

Inasmuch as PPM is similar to a residual MS, we have used
the hemodynamic severity of this valvular disease to categorize
PPM. At rest (i.e., iQmy = 100 ml-s~!-m~?2), patients with
mild and moderate MS generally have mean gradients <5 and
>5 mmHg, respectively (2). For a resting mean mitral pressure
gradient of 4 mmHg (mild MS), the normalized pressure
gradient (Eq. 14) is 4.0 X 10~* mmHg-ml 2-s?-m®, which
corresponds to iEOA of 1.16 cm?/m? (Fig. 6). The cutoff value
of iEOA corresponding to a resting mean mitral pressure
gradient of 6 mmHg (moderate MS) is 0.94 cm?/m? (Fig. 6).
These results suggest that PPM may have significant hemody-
namic impact, i.e., residual MS and high pressure gradient,
when iEOA is <1.15-1.20 cm?m?2. Hence, this cutoff value
would seem appropriate to define clinically significant moder-
ate PPM. Moreover, these results support the notion that PPM
is severe when iEOA is =0.95 cm?/m?. In athlete patients, the
objectives in terms of pressure gradient after an MVR are the
same as for other patients (3). However, because of their high
levels of physical activity, the CO requirement and, thus, the
iQmy values are higher for the athlete patients. If a one-third
increase (iQmy = 130 ml-s~'-m~2) is assumed, the cutoff
iEOA for moderate PPM is 1.51 cm?m? (Fig. 6), suggesting
that the prosthesis iEOA should not be <1.5 cm?m? for an
athlete patient.

Impact of PPM on LA and PA pressures. To further explore
the hemodynamic impact of PPM defined from the above-
mentioned cutoff values, we have plotted the curves of mean
LA pressure and mean and systolic PA pressures as a function
of iEOA (Fig. 7). The shape of these curves is very similar to
the shape of the curves in Fig. 3, except they are shifted toward
higher pressure values, in agreement with a passive elevation
of PA pressure following an increase in the mitral pressure
gradient. According to these simulated curves, P;, would be >9
mmHg and 10.5 mmHg (+17%) for moderate and severe PPM
at rest, respectively. For moderate PPM, Py, is >30 and 41
mmHg (+36%) and 15le is >44 and 55 mmHg (+25%) at rest
and during mild exercise, respectively (Fig. 7). For severe
PPM, the values were 31 and 44 mmHg (+42%) for Py, and 45
and 58 mmHg (+29%) for 15pa at rest and during mild exercise,
respectively.

Sensitivity analysis. The two main parameters that influence
PA pressure are CO and pulmonary vascular resistance (Ryp =
Rpe + Rypy). Indeed, even if mitral iEOA is sufficiently high to
avoid PPM, an increased Ryp associated with significant CO is
equivalent to a flow obstruction inside the pulmonary circula-
tion and, consequently, an increase in PA pressure with no
impact on LA and LV hemodynamics (Fig. 8). Pulmonary
compliance also plays an important role, but only on systolic
PA pressure, similar to the well-known impact of systemic
compliance on aortic pulse pressure. As opposed to LA con-
tractility, which slightly affects LA and PA pressures, an
increase of LV end-systolic and end-diastolic elastance values,
respectively, decreases and increases mean LV pressure. These
variations are echoed directly in LA and PA pressures. Fur-
thermore, when systemic resistance is augmented, not only
systolic, but also diastolic, LV pressure increases, which in
turn induces an elevation of PA pressure (Fig. 8). However,
these results should be interpreted with caution, given that our
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Fig. 7. Mean left atrial (LA) pressure (A), mean pulmonary arterial (PA)
pressure (B), and systolic PA pressure (C) vs. iEOA at rest and during mild,
moderate, and strenuous exercise.

model does not account for the right heart and control mech-
anisms, such as the systemic venous compliance, which may
act as a buffer. In addition, it does not account for LV diastolic
dysfunction, which is frequently associated with hypertensive
cardiopathy and may contribute to the development of pulmo-
nary hypertension (10). There is no significant effect of mitral
inertance, systemic compliance, aortic valve EOA, and LA
end-systolic and end-diastolic elastances.

DISCUSSION

Equation 2 and Fig. 3 clearly demonstrate that the mean
transmitral pressure gradient increases nonlinearly with mitral
valve EOA. From their in vitro study of the relationship in the
aortic and mitral positions, Dumesnil and Yoganathan (8)
concluded that a small iEOA is associated with an elevated
valve pressure gradient, and they suggested that iEOA should
ideally not be <1.3—1.5 cm?/m? in the mitral position. Never-
theless, their diastolic filling period was too short for a normal
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resting HR and CO. A diastolic filling period of 450—-500 ms,
which we used in the present study, would have been prefer-
able to 300 ms in their study. This might explain the higher
mitral gradients in their study than those simulated in the
present study.

In contrast to aortic flow, which can be basically compared
with a sine function during the systolic phase, mitral valve flow
includes two preponderant waves: the E wave at the beginning
of diastole, corresponding to the LV rapid filling, and the A
wave, corresponding to the LA end-diastolic contraction. Be-
tween these two waves, the flow decreases and is highly patient
dependent. This phase, called diastasis, depends on HR (dias-
tasis duration decreases, while HR increases) and on mitral
valve EOA (when EOA decreases, amplitudes of E- and
A-flow waves decrease and E-wave deceleration time in-
creases). These differences in flow patterns cause large dis-
crepancies (Fig. 4) between the mean flow and the root-mean-
square flow, which is much more sensitive to flow variations and
amplitudes than the mean flow rate. Using these simulations, we
demonstrated a baseline relationship, different from the identity
line, between these two flows. Only some patients with high
restrictive mitral flow pattern, mainly due to low EOA or high
CO, exhibit this baseline relationship. The difference between
Qumy and Qy,y is more important for the rest of the cohort and
could explain some discrepancies between catheterization- and

Variations (%)

40
20 -20 0 20

Variations (%)

Doppler-derived gradient. Further studies are needed to confirm
this hypothesis.

Besides the direct impact on transmitral pressure gradients
and LA and PA pressures, PPM may also have an indirect
impact on pulmonary vascular resistance (Ryp). The chronic
exposure to elevated PA pressure induces structural modifica-
tions of the pulmonary vasculature (hypertrophy of the arterial
wall and reduction of the lumen), which in turn contribute to
the increase in Ryp. The augmentation of Ryp further contrib-
utes to the increase in PA pressure (Fig. 8), thus initiating a
vicious cycle. Hence, patients with mitral stenosis or mitral
PPM often have increased Ryp. For this reason, in the present
study, we used a constant Rvp (Rpe + Rpy) of 0.212
mmHg'mlfl-s (3.5 woods), whereas the normal value for a
healthy subject is ~1 wood. In clinical practice, pulmonary
hypertension is considered to be present at Py, =25 mmHg or
P, =40 mmHg at rest and P,, =50 mmHg during exercise
(24). Moderate pulmonary hypertension is defined as Py, =50
mmHg at rest and Ppa =60 mmHg during exercise and severe
pulmonary hypertension as Ispa =60 mmHg at rest (2). There-
fore, with Ryp of 0.212 mmHg-ml"-s, we have simulated a
patient with moderate PA hypertension.

Although the main goal of MVR is to improve valvular
hemodynamics and normalize PA pressure, the results of the
present study suggest that impairment of the pulmonary vas-
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culature may have an important impact on PA pressure that
may outweigh the impact of PPM in some situations. Accord-
ing to Fig. 8, the decrease in PA pressure, i.e., the postoperative
regression of pulmonary hypertension, may be hindered by the
following factors: /) increased Ryp and reduced pulmonary
compliance due to advanced pulmonary vascular remodeling
(12, 18, 22, 26, 37), 2) postoperative increase in CO due to the
normalization of the valvular flow dynamics (5, 39), and
3) PPM. By maintaining relatively high levels of LA and PA
pressures after operation, PPM might interfere with the revers-
ibility of the structural and functional alterations of the pul-
monary vasculature and initiates a vicious cycle (27).

The results of the present study also emphasize that, beyond
PA pressure, it is important to measure and follow Ryp and PA
compliance in clinical practice. Indeed, in patients with ad-
vanced mitral valve disease, CO may progressively decrease
with time, which may, in turn, cause a “pseudonormalization”
of PA pressure. Hence, the consideration of PA pressure alone
may underestimate the severity of structural and functional
impairment of the pulmonary vessels. This is an important
limitation, given that, in patients with long-standing disease,
potentially irreversible structural changes may occur in the
pulmonary vasculature (4, 25). Several methods have been
proposed for noninvasive estimation of Ryp by Doppler echo-
cardiography (1, 31), and these methods are easily applicable
in routine practice. PA compliance can be measured by cath-
eter and is a powerful predictor of outcome in patients with
pulmonary hypertension (22). However, this hemodynamic
parameter is difficult to estimate by noninvasive methods. In
patients with severe mitral valve disease, early operation
should eventually be considered in the event of markedly
increased Ryp or reduced PA compliance, even if the patient is
asymptomatic and/or has a P,, <50 mmHg. If MVR is per-
formed in these patients, the surgeon should take care to avoid
PPM to optimize the normalization of Ryp and PA pressure.

Mitral PPM is actually not a new concept. In the first report
on mitral PPM published in 1981, Rahimtoola (29) described a
patient who remained symptomatic and had persistent PA
hypertension and progressive right-sided failure following suc-
cessful MVR. The only explanation for the persistence of PA
hypertension in this patient was a high residual transprosthetic
pressure gradient due to PPM, despite a normal functioning
prosthesis. Magne et al. (21) used thresholds of 1.2 and 0.9
cm?/m? to define moderate and severe PPM, respectively. The
results of the present theoretical study confirm the hemody-
namic relevance of the threshold values used in this previous
epidemiological study. Lam et al. (16) used a slightly higher
threshold for moderate PPM (1.25 cm?/m?), but it should be
emphasized that they used the geometric orifice area calculated
from the internal diameter of the prosthesis or the EOA
measured by the pressure half-time method to estimate the
EOA of the prosthesis in a substantial proportion of the patients
in their series. It has been shown that both methods may
overestimate the actual EOA, which may explain why the
threshold value selected in their study was somewhat higher
than that determined in the present study.

Magne et al. (21) showed that only severe PPM is associated
with higher mortality. Indeed, according to Fig. 7, the mean
and systolic PA pressures are quasi-constant until the iEOA
falls below the cutoff value defining severe PPM. Only very

IMPACT OF MITRAL MISMATCH ON PULMONARY HYPERTENSION

small iIEOA (severe PPM) affects the PA pressure, giving a
possible explanation of the conclusion of Magne et al.

Hence, two studies from a large series (n > 800) of patients
published by two independent groups of investigators (16, 21)
demonstrated that PPM is frequent after MVR and that it has a
significant effect on postoperative regression of PA hyperten-
sion, occurrence of heart failure, and survival. Previous studies
(7, 8, 19) also demonstrated that the impact of PPM on
hemodynamic outcome (i.e., transvalvular gradients and re-
gression of PA hypertension) becomes clinically relevant when
iEOA is <1.2-1.3 ¢cm?m?, whereas the impact on survival
becomes significant when iEOA is <0.9 cm?m? (16, 21).
Hence, the results obtained in these previous in vivo studies (7,
8, 16, 19, 21) are highly consistent with the results of the
present numerical study. In contrast to these results, Totaro and
Argano (36) reported that PPM is rare and has no or minimal
impact on hemodynamic and clinical outcomes following
MVR. This study was, however, based on a small number of
patients and had several important limitations that were de-
scribed in detail in a letter to the editor (28).

Limitations of the study. Our model accurately reproduces
the transmitral flow patterns as observed in patients with small
iEOAs and short diastasis. However, in patients with longer
diastasis and larger iEOAs, the net pressure gradient may
become quasi-null and lead to a reduced flow. Therefore, a
partial closing of the mitral valve may occur during diastasis
and may decrease the instantaneous EOA. In our model, this
phenomenon cannot occur, given that the iEOA is fixed
throughout diastole. As a consequence, when we simulate
patients with long diastasis and a large iEOA, an inversion of
the net pressure gradient induces the total closure of the valve
during diastasis, which is generally not observed in vivo. This
is the main determinant limiting high values of the ratio «
(root-mean-square flow + mean flow). Further improvement of
our model is thus necessary to provide more realistic mitral
valve hemodynamics in the context of large iEOAs. This could
be achieved by integrating into the model the time-dependent
variation of the mitral EOA and the opening/closing kinetics of
the leaflets.

Furthermore, we have simulated five sets of parameters
(Table 1) that do not necessarily represent the situation of all
the patients in the cohort. With the parameters listed in Table
1, the ratio a is 1.036 for the lower part of each simulated curve
(Fig. 4) and increases up to 1.116 (at 50 beats/min), whereas
the range for the cohort is 1.038-1.362. According to the
sensitivity analysis, a changes not only with iEOA, but also
with LA and LV elastances and the properties of the systemic
circulation, which therefore could also explain this discrep-
ancy. We thus elected to use a of 1.159 for a better estimation
of the PPM thresholds.

This limitation, however, does not affect the results and
conclusion of the present study, given that the impact of PPM
becomes hemodynamically relevant at lower iEOA values and
the performance of our model is good over this range of iIEOA
values.

Conclusion. This numerical study demonstrates the complex
relationship between the mean and root-mean-square mitral
flows because of the biphasic mitral flow pattern. The simula-
tions suggest that the cutoff iEOA at which the impact of mitral
PPM becomes hemodynamically significant is <1.16 cm?/m?.
The cutoff iIEOA identified in the present study for severe PPM
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is <0.94 cm?/m?. The results of the present study also suggest
that, in athlete patients, the objective should, rather, be to
provide an iEOA =1.5 cm*/m?. We emphasize the impact of
PPM on LA and PA pressures. The normalization of these
pressures following MVR is influenced by the complex inter-
action between flow rate, PPM, and pulmonary resistance and
compliance. Given that PPM is the only factor that is prevent-
able at the time of operation, an effort should be made to apply
prospective strategy at the time of operation to avoid PPM or
reduce its severity.

APPENDIX

Output condition. The output condition was the central venous
pressure P.,, which was assumed to be constant throughout the entire
cardiac cycle and equal to 4 mmHg.

Aortic valve. In the aortic position, we used the net pressure
gradient defined by Garcia et al. (14) to relate the LV and aortic
pressures, including the pressure recovery

P, ! Ly
Apav(l‘) =P,(1) — P, (1) = 5 Qu(1) EOT a Af

dQ, (1 | 1 1

dt \EOA, A,

+ 2mp

where EOA,, and A,, are constant, EOA,, = 1.7 cm?, and A,, = 5
cm?, modeling normal aortic valve prosthesis and aorta (14).

Transvalvular flows were then computed from their first derivative
as the difference between the pressure gradient and Bernoulli’s con-
vective term.

LV and LA volumes and pressures. Using the conservation of mass
principle, we can determine cardiac chamber volumes, i.e., LV (V)
and LA (Vy,), by

dVla(t)

_ dv, (1)
dr - va(t) - va(t) and

o Qi) — Qu(1)

LV pressure was calculated from the time-varying elastance [E.(7)],
defined as the instantaneous ratio Pi(£)/[Vi,(f) — Vi, ], where Vi is
the unstressed LV volume and considered constant throughout the
entire cardiac cycle. Some authors (15, 33) developed cosine or
exponential equations for E;, (7). In 1996, Sensaki et al. (30) described
the normalized elastance curves [En(fn)], defined as Ex(tn) = En(#/
tmax)/Ely,,, Where Ey,  is maximal E(f) at fmax. They found that
Ew,, = Eu,, where Ey,_ is end-systolic or maximal LV elastance
and that these curves were surprisingly similar between a wide
range of healthy subjects and ill patients, particularly during early
contraction. However, the LV relaxation was more patient depen-
dent (30). Consequently, we modified the normalized function
during the relaxation as

Ex(ty) for 0 <1y =Ty,

FA = {[EN<TIV,> -5\l (55 + By0) forn>Ti,

where Ty, =1 is the time at which the exponential LV relaxation
began. The normalized time constant (Tiy.) controlled for the LV
relaxation rate. EN(fn) is a continuous function, but its derivatives,
which are not used in the present work, are not. The parameters are as
follows: Ty, = 1.0756, 1y, = 0.0717, and Ex(0) = 0.0758. The
required elastance function was thus an interpolation of EX(#n) at iy =
fee given by

+ E\(ty) * (B, — E

min Winin

E]v(t) = interprN:rse [Elv )]
is the

where E,, = [Elvcd - EN(O)EIVCQ]/ [I — Ex(0)] and Elvcd
end-diastolic or minimal LV elastance value. In the first approxima-
tion, the LA was considered a pump, so its mathematical description

‘min
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was a delayed [LA contraction (#,c), LA relaxation ()] and attenu-
ated (Ei,, Ei.,) exponential (T.c, T.) version of the normalized
elastance curve.

Pulmonary and systemic circulatory systems. The pulmonary and
systemic circulations were modeled as two consecutive four-element
windkessel schemes. On one hand, the pulmonary system was divided
into pulmonary artery (pa) and mixed capillary-vein (pvc) compli-
ances and into the capillary (pc) and vein (pv) resistances. On the
other hand, the systemic circulation consisted of the aorta (ao) and
mixed capillary-vein (svc) compliances and the capillary (sc) and vein
(sv) resistances.

The time-constant compliance for any chamber (Cy) is given by the
relationship between the instantaneous pressure change [dPx(¢)/d¢] and
the difference of the respective instantaneous flow into [Qin(#)] and
out of [Qou(?)] the chamber

dP(7)

Ck dr = Qin(t) - Qoul(t) for

k = pa, pvc, ao, svc

For instance, the instantaneous pulmonary arterial pressure [Ppa(f)]
was calculated as dPp,(£)/dt = [Qpuv(t) — Qpc(H)]/Cpa, Where Qpc(?) is
pulmonary capillary flow and C,, is pulmonary arterial compliance.

The inertance L, accounting for the inertial effect, was described
in the same way by a first-order differential equation linking the flow
derivative [dQw(¢)/df] to the upstream pressure [Puy(#)], the down-
stream pressure [Paown(?)], the flow at the node k [Qu(7)], and the
vascular Poiseuille’s resistance (Ry)

Ldek(f)
dr

= Pln(t) - Poul(t) - Rka(t) fOr k = PC, pV7 sC
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