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Background In aortic valve regurgitation (AR), aortic leakveéty modulates left ventricle (LV) arterial system
interaction. The aim of this study was to assepfi@lv arterial elastance {E calculated as the ratio of LV end-
systolic pressure and stroke volume, relates &rialproperties and leak severity and (2) theditgliof EJ/Emax
(with Enax the slope of the end-systolic pressure-volumetioglpas a heart-arterial coupling parameter in AR.
M ethods and Results Our work is based on human data obtained fromdystn vascular adaptation in chronic
AR. These data allowed us to assess the paramatesiscomputer model of heart-arterial interactidm.
particular, total peripheral resistance (R) andiadeak severity—expressed as leak resistangg.Rwere
quantified for different patient subgroups (grodfalllb: Eq.x = 2.15/0.62/0.47 mm Hg/mL; &= 1.24/0.66/0.90
mm Hg/mL; R = 1.9/0.6/0.85 mm Hg-s/mL, B = 0.35/0.05/0.20 mm Hg-s/mL). A parameter study
demonstrated that, R, was the main determinant of.BVith all other parameters constant, valve repaiuld
increase Eto 2.81, 1.08, and 1.54 mm Hg/mL in groups |, Had lIb, respectively. For a given/Ena, LV
pump efficiency (estimated as the ratio of strokeknand LV systolic pressure-volume area) was |aiévan the
theoretical  predicted value, except for the simole  with intact aortic valve.
Conclusions In AR, E, is determined by aortic leak severity rather thgnarterial system properties. Using
EJ/Emax @S a coupling parameter in general or as a meah@mniergetic regulatory parameter in particular is
questionable.

Effective arterial elastance {E introduced as a measure of the arterial loadhenheart! is considered a
surrogate of arterial input impedafftand a measure of arterial stiffné%4t is approximated by the ratio of left
ventricular (LV) end-systolic pressure and strok&imne and combines steady and pulsatile load cosmpey
E. can be combined with &, (the slope of the LV end-systolic pressure-volumation) to form the heart-
arterial coupling parametel/E ... The E/En . parameter is extensively used in studies consigeriechanico-
energetic aspects of heart-arterial coupffhg? In the normal heart, the/E . ratio is within the range of 0.5
to 1, and the LV operates close to its optimal &fficy (E/Emax = 0.5) or stroke work (FEmax = 1) % In
heart failure, with dilated heartsy/Enax becomes larger than1® It is therefore tempting to see/Enax as a
regulated parameter that is kept at a value ctose below 1 in the normally functioning heart.

In aortic valve regurgitation, the normal heares#! interaction is disturbed by the leaking aovialve. In such
circumstances, the mechanical interaction betweeLY and the arterial system takes place durirth bgstole
and diastole, with the severity of the aortic l&a&ing an important modulator of cardiovascular héynamics.
Although E and E,. can still be calculated from measured pressuremel(P-V) loop$® the pattern of these
P-V loops is in part determined by the aortic regation itself, and aortic leak severity shouldriéfore
interfere with the EE.x concept.

Our study is based on human data obtained fronudy sbn heart-arterial coupling {E.) and vascular
adaptation in chronic aortic regurgitati®i Devlin et af! classified the patients in 3 groups on the basis/o
performance and characterized arterial functiomiegns of E We used these data to assess the parameters of a
computer model that allows simulation of heart+@atecoupling in control and aortic regurgitatioanditions.

As such, we (1) expanded the information contaimedt, into important clinical parameters, such as total
peripheral resistance and aortic leak resistanugualy quantifying aortic leak severity. Makingtier use of

the data sets derived from the 3 patient subgronps(2) quantified the impact of changes in totatigheral
resistance, aortic leak severity, and total afteeanpliance on cardiovascular hemodynamics in gerand on
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E, in particular; and (3) assessed how far the thieateE/E.x mechanico-energetic heart-arterial coupling
framework holds in aortic regurgitation.

Methods
Human data

Data were obtained from a patient study on chranitic regurgitatio®! In this study, 45 patients (aged 50 *
14 years) were classified into 3 subgroups accgrtirLV contractility (E..) and ejection fraction (EF). Group

| consisted of 24 patients with normal contragti(iE.x>1 mm Hg/mL). Group lla consisted of 10 patients with
impaired LV contractility (Rax <1 mm g/mL) but normal EF (EF0.5), whereas group Ilb (11 patients) had both
impaired contractility and EF (EF <0.5). Hemodynamétient data, as reported by Devlin et“3lare given in
Table I.

Table I. Hemodynamic data as reported by Devlin ét¥aland calculated and estimated computer model
parameters for the 3 subgroups of aortic regurgitatdata

Group | Group lla Groun l1b

HR (beats/mir 80 78 84
Pec (Mm Hg' 19 12 22

P. (mm Hg' 15 13€ 152
Pec (MM Hg' 14€ 134 151
Ve (ML) 20z 38: 514
Ve (ML) 84 17¢ 347
EF ¢) 0.5¢ 0.5E 0.3¢
SV (mL) 11€ 204 167
RI (-) 2.81 2.5¢ 2.1¢
Emay (Mm Hg/mL 2.1t 0.62 0.47%
CO (L/min} 3.3¢ 6.2¢ 6.41
E, (mm Hg/mL" 1.24 0.6¢€ 0.9¢
E /Emas (-) 0.57 1.0€ 1.92
Emin (MM Hg/mL" 0.10z 0.02¢ 0.04¢
Vg (mLY 16 -37 26
T(s) 0.7t 0.77 0.71
tema (S) 0.2¢ 0.27 0.2t
R (mm Hg - s/mL) 1.¢ 0.€ 0.8t
C (mL/mm Hag) 1.1¢ 1.1¢ 1.1¢
L (mm Hg - ?/mL)t 0.00¢ 0.00¢ 0.00¢
Zo (mm Hg - s/mL) 0.03¢ 0.03¢ 0.03¢
Riac (mm Hg - s/mL) 0.3t 0.0t 0.2C

The lowest R4, corresponds to the most severe aortic leak. Caedpiar Devlin's reported f1.50, 0.70 and 1.36 mm Hg/mL for group |,
lla and lIb, respectively), the values we found Eqrare somewhat lower. It is not clear why oy €lculated from the reported average
values of SV and end-systolic pressure, differ thigch from their values.

" Calculated directly from data reported by Deviirmg*®

tTAssumed fixed values.

fEstimated values.

Cardiac output (CO; L/min) was calculated from tlaadas (HR/1000)-(SV/RI), with heart rate (HR, b&ain),
stroke volume (SV, mL), and regurgitation index (B&ing the ratio of LV stroke volume to the forwatdoke
volume. Devlin et & calculated RI from radionuclide LV and right véoalar counts, the latter representing
the forv[\i?rd stroke volume. Arterial elastance wakuated as the ratio of end-systolic pressure struke
volume:
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Computer model of heart-arterial interaction

LV pressure (R;) and volume (Yy) and aortic pressure {fP and flow (Qo are computed with the use of a
heart-arterial interaction model (Figure™) %

Fig. 1. In the heart-arterial interaction model, heart fition is modeled as a time-varying elastance foncti
E(t). Arterial model is a lumped parameter model stitgy of total arterial compliance (C), total petieral

resistance (R), aortic characteristic impedancg),(and the inertia of blood in the systemic artsr{&). The
model directly yields LV and aortic pressures andiadlow (Qo).
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Heart function is described by a time-varying elase modél® ' and is coupled to a 4-element, lumped-
parameter Windkessel model representing the arteed*® The systemic arterial model parameters are total
peripheral resistance (R), total arterial compl&afC), total inertance (L), and aortic charactarignpedance
(Zg). Time-varying elastance is calculated as E(t) #(W v — Vg). Cardiac parameters are the slopg.{fand
intercept (\§) of the end-systolic pressure-volume relation, dlope of the diastolic pressure-volume relation
(Emin), and LV end-diastolic pressure.{R heart rate (HR), and the time to reach maxirfedtance ¢..). The
mitral valve is simulated as a frictionless, petlfeclosing device. To allow for aortic regurgitati simulations,
the aortic valve is modeled as a linear resistth wilow resistance value (0.005 mm Hg-s/mL) duforgiard
flow and a value for the leak resistance {fRthat will be determined for the different subgssuWhen the LV-
aorta pressure difference is positive, the forwaalye resistance is used in the computations, vaseRe,, is
used when this difference becomes negative. The Imegrogrammed in Matlab 5.3 (The Mathworks, Inc,
Natick, Mass) and runs on standard PC configuration

Estimating cardiac and arterial properties and aortic valve leakage in the 3 subgroups
Cardiac parameters

Values for all heart-related parameters for thail3gsoups, obtained or calculated from the publistiedcal
study by Devlin et dt¥ are given in Table I. The time to reach.Htemay) Was estimated as 35% of the cardiac
cycle. With E.ax= Pes/(Ves— Vg) and LV end-systolic pressure.fPand volume (Y9 given, this equation can be
solved for \{ by using appropriate values for the 3 subgrouigdding Vq = 16, =37, and 26 mL in groups |, lla,
and llb, respectively. &, is calculated from the data ag FVeq— Vg), With Veqthe LV end-diastolic volume.

Arterial parameters and aortic valve leakage

The report by Devlin et & contains no data allowing a direct calculatiorthaf arterial parameters of the 4-
element Windkessel model. Therefore, these data imeiststimated in an indirect way. Fixed values are
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assumed for L (0.005 mm H§-enL) and % (0.033 mm Hg-s/mL}® 2 parameters that have been shown to
have limited impact on pressure and floflt is further assumed that total arterial compimmioes not differ
between the subgroups, being 1.15 mL/mm Hg, a wllaewe have found in another study for age-matched
hypertensive patients! The impact of total arterial compliance on hemaayits will be further assessed.

Thus, at this stage, all parameters are known, éxtoepl peripheral resistance (R) and aortic vaak
resistance (R). We then performed model simulations by use &eint combinations of R and R and
calculated LV systolic blood pressure; {B), cardiac output (CG), and regurgitation index (Rf) from the
data, with RY;, calculated as SV/(¥g — Vbwd), With Vg and Mg being the forward and backward flow
volumes through the aortic valve during one cyddspectively. The (R, R, parameter combination yielding
the closest match between measured and calculatedsvfor LV systolic pressure JPCO, and RI, evaluated
asA = ([Ps - PssinJ/LVSP)? + ([CO - CQ;J/COY + ([RI - RI;i;J/RI)?, is taken as the optimal parameter set.

Contribution of total peripheral resistance, aortic leak resistance, and total arterial compliance to E,, EJ/Enax
stroke work, and LV pump efficiency

We further assessed the effect of isolated chaimgeedal peripheral resistance or valve leak seydes sort of
sensitivity analysis) on hemodynamics and derivegmeters such as,EBtroke work, or pump efficiency. To
study, for instance, the impact of R in group |, fivst performed a “reference” simulation for tlsigbgroup (ie,
using all reference model values for group I) areka simulations with new values for R, being hkies that
were found for groups lla and IIb. The impact aof Rin group | is studied in a similar way, and these
procedures are repeated to study the impact oidRRax, in groups lla and lib.

In all 3 subgroups, additional simulations are duoi all respective reference model parametersegixfor
total arterial compliance, which is given a val@éblower (0.57 mL/mm Hg) or higher (1.72 mL/mm Hganh
the assumed reference value.

For all these simulations i calculated as.#SV, whereas heart-arterial coupling is characterizy E/Eqax
Stroke work (SW) is calculated as the area enclbsetthe LV pressure-volume loop, and the pressuhenve
area (PVA) is defined as the area enclosed fy, Ehe diastolic pressure-volume curveg,(E and the systolic
portion of the pressure-volume loop. The ratio &%/BVA is then calculated as a surrogate of LV pump
efficiency™ [®

Results
Estimating cardiac and arterial properties and aortic valve leakage in the 3 subgroups

An overview of directly derived and estimated cacdand arterial model parameters is given in Tablkhe
effect of R and R,, 0n LV systolic pressure, cardiac output, and reigatign index for the data of subgroup Ilb
is shown in Figure 2.

Fig. 2. To assess the values for total peripheral resiztafiR) and aortic valve leak resistance {fR the R-R,,
parameter space is scanned and the combinationaidRR ,, yielding the best agreement between measured
and predicted LV systolic pressum)( regurgitation indexB), and cardiac outputQ) is taken as the optimal
parameter set. For patient group llb, the best dotutindicated by arrows) is obtained for R = 0.88daR 4, =

0.2 mm Hg-s/mL.
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For a given aortic leak resistance, an increaswtad peripheral resistance yields a higher systplessure,
higher regurgitation index, and lower cardiac outpior a given R, an increase in g that is, a less severe
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leak, yields higher Plower RI, and higher CO. For subgroup llb, opliparameters that fit the measured data
are R = 0.85 mm Hg-s/mL and B = 0.2 mm Hg-s/mL, givingx = 0.001. For subgroups | and Il&,is 0.016
and 0.00007, respectively. Values for all modebp@eters are given in Table |; comparison betweersuned
(reported by Devlin et &) and simulated systolic pressure, cardiac ougmnd, regurgitation data is given in
Figure 3.

Fig. 3. Comparison between measured and predicted LV gygimdssure 4), regurgitation index B), and
cardiac output C) for the 3 patient subgroups. See Tables | arfidrimodel parameter values.
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Hemodynamic impact of R, C, and aortic valve leakage

Data showing the impact of isolated changes in yapheral resistance, total arterial compliaraed valve
leak resistance are given in Figure 4 and in THble

Table 1. Overview of simulations using the computer model

Group R RL a0 C CO SV RI SBP DBP MAP

I 1.9 0.35 1.15 3.7 140.9 2.94 160.5 63.3 116.5
I 0.6 0.35 1.15 7.7 140.6 1.47 112.8 32.8 75.7

I 0.85 0.35 1.15 6.2 137.8 1.77 126.7 42.3 88.1

I 1.9 0.05 1.15 2.0 133.7 5.58 114.3 20.9 62.6

I 1.9 0.20 1.15 3.0 148.4 3.89 145.9 41.6 96.9

I 1.9 0.35 0.57 3.4 107.8 2.45 181.9 33.6 105.7
I 1.9 0.35 1.72 3.9 157.4 3.14 152.8 82.4 123.3
I 1.9 - 1.15 6.5 80.9 1.00 228.5 178.0 205.3
lla 0.6 0.05 1.15 6.3 200.2 2.53 137.1 12.9 61.8
lla 0.85 0.05 1.15 4.6 193.3 3.33 141.2 13.3 63.8
lla 1.9 0.05 1.15 2.1 182.9 7.04 146.4 13.6 66.7
lla 0.6 0.20 1.15 8.1 195.6 1.88 146.3 24.4 81.0
lla 0.6 0.35 1.15 9.2 188.2 1.59 151.4 36.7 91.4
lla 0.6 0.05 0.57 6.7 146.6 1.71 170.0 11.7 66.7
lla 0.6 0.05 1.72 6.1 239.3 3.14 117.6 154 59.8

lla 0.6 - 1.15 12.2 154.6 1.00 166.2 78.3 1215
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Group R RL a0 C CO SV RI SBP DBP MAP

IIb 0.85 0.20 1.15 6.6 176.2 2.26 156.2 39.3 93.0
IIb 0.6 0.20 1.15 8.6 183.8 1.79 148.8 33.8 85.9
lIb 1.9 0.20 1.15 3.3 165.2 4.13 168.5 49.0 104.7
IIb 0.85 0.05 1.15 5.0 183.8 3.12 144.3 23.4 69.9
IIb 0.85 0.35 1.15 7.4 162.8 1.85 160.5 54.2 104.2
IIb 0.85 0.20 0.57 5.9 123.7 1.77 172.2 23.8 83.3
IIb 0.85 0.20 1.72 7.2 211.2 2.45 151.9 56.6 101.4
IIb 0.85 - 1.15 9.9 116.0 1.00 176.2 103.9 138.0

SBR Systolic arterial pressurBBP, diastolic arterial pressurBtAP, mean arterial pressure.

Fig. 4. A throughC, Effect of isolated changes in total peripheralisemce (R) on simulated pressure-volume
loops in the 3 subgroups. The 3 simulations forugrd (A), for instance, are obtained using (1) all referenc
model parameters for group | (as given in Tablany (2) the same parameters except for R that isngikie
values of groups lla and llb, respectively. SimilaD throughF show the impact of the severity of the aortic
leak for all subgroupsG throughl illustrate the effect of a change in total artérimmpliance on the pressure-
volume loops.
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For all groups, an increase in resistance leatiggteer systolic pressures and a rightward shithefP-V loops,
but the effect is most outspoken for group I, ieathe subgroup with the less severe aortic I€&ute 4,A-C).
Increasing resistance lowers cardiac output ang&ses regurgitation index (Table 11).

An increase in total arterial compliance (Figurd4F) yields lower LV systolic pressure and a rightwalft
of the P-V loop with a large increase in strokeuvod. Effects are most outspoken for subgroup Hiat, is, the
subgroup with the most severe aortic leak. A higlmenpliance leads to higher mean arterial pressnrgoups
| and IIb (and thus higher cardiac output) butinagroup lla. Rl increases in all groups (Table II).

The more severe the aortic leak is (ie, the lovgerdsistance B,), the lower are systolic pressure (Figur&4,
1) and end-systolic volume. Obviously, more seveeks$ yield higher Rl and lower cardiac output (Tdble
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Figure 4 D-F) and Table Il also contain no-leak simulations, chhare hypothetical post-valve repair data,
assuming that all cardiac and arterial propert&sain constant, whereas B approximates infinity (no leak).
In groups lla and lIb, valve repair would lead fgthcardiac outputx10 L/min) with only modest increases in
systolic blood pressure. In contrast, cardiac dutpould be normalized in group | (6.5 L/min), withhégh
increase in systolic pressure.

Contribution of R, C, and aortic valve leakage to arterial elastance
An increase in R, a decrease in C, and less sawvetie leaks (higher R;) lead to higher HFigure 5).

Comparing the reference simulations for the 3 gsowijth the hypothetical no-leak simulations, itdas from
Figure 5 that repairing the aortic valve would amgty increase Hrom 1.14 to 2.81, from 0.69 to 1.08, and from
0.90 to 1.54 mm Hg/mL in groups |, lla, and llb,pestively.

Fig. 5. Contribution of total peripheral resistance (R)tabarterial compliance (C), and leak severity tdesial
elastance in conditions of aortic regurgitation afat identical cardiac and arterial conditions butith an
intact aortic valve (closed symbols).
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Mechanico-energetics and E,/Eax
The relations between, B, and stroke work and betweeg ;. and SW/PVA are depicted in Figure 6.

Within each subgroup, there is no obvious relatetween SW and JE.. Concerning SW/PVA, all data
points are below the theoretical relation betweamp efficiency and FE.,. that is, SW/PVA = 1/(1 + 0.5
EJ/Emay, except for the hypothetical no-leak simulatiémrswhich the results adhere to this relation.

Fig. 6. Relation between HE.x and LV stroke workA) and between ¥ .« and SW/PVAR), a surrogate
measure of LV pump efficiency for the 3 patient sulggs. B also shows the theoretical relation between
EJ/Enax and SW/PVA. It is observed that the no-leak simulatiare the only data points adhering to this
theoretical relation.
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Discussion

In this study, we explored hemodynamic data obthinem patients with chronic aortic regurgitation tmeans

of a (relatively) simple computer model describivert-arterial interaction. The 3 patient subgroapslefined

by Devlin et dl*l on the basis of LV performance criteria show distiralues for total peripheral resistance and
aortic leak severity. Hs highest in group | (Ex>1 mm Hg/mL) due to the high total peripheral resis&a(1.9
mm Hg-s/mL) and the less severe aortic leak,{R 0.35 mm Hg-s/mL). Group lla (& <1 mm Hg/mL, EF
>0.5) has the lowest,ecause of low R (0.6 mm Hg-s/mL) and a severé&deak (R ., = 0.05 mm Hg-s/mL).
Group llb, which has the poorest LV performancg.(E 1 mm Hg/mL, EF < 0.5) has intermediate values for
E. (R =0.85 and Ry, = 0.2 mm Hg-s/mL).

Because direct data necessary to calculate arpataimeters or aortic leak resistances are lackinth as time
course of LV and aortic pressures and aortic flongrid R 5, had to be estimated in an indirect way, thereby
making use of a heart-arterial interaction modél.cArdiac parameters used are obtained from Destlial*®
and are directly implemented in our model. Conaggrthe arterial model parameters, we assumed cunsta
reference values forpZand L, parameters that have a negligible impadtload pressure and cardiac output in
their physiological rangé? "% as well as a constant compliance. We have dor@aese scan of the R:R,
parameter space for the solution that yields thsedt match between measured and predicted candijpuat,
systolic pressure, and regurgitation index. Thiscpdure yields distinct R{R, combinations for the 3
subgroups, with the best results obtained in sulmita (Figure 3). Possibly, other R-R combinations in the
vicinity of our solution may further improve thetiing results, but parameter values will not diffigr>0.05 mm
Hg-s/mL for R or Rqo

We have assumed identical total arterial compliaimcéhe 3 subgroups (1.15 mL/mm Hg), with the value
obtained from a study on hypertensive patients thithsame age range as the patients in this Sfidynother
choice for the value of total arterial complianceuld lead to different R-R,, solutions in the 3 subgroups. To
assess the impact of this assumption, extra simntatare done with all parameters kept constamgmxthat C

is increased and decreased by 50%. On averagép dosr compliance decreases cardiac output by ddda

by 23%, but increases systolic pressure by 16%.508¢ increase in compliance leads to 4% increasedn
13% increase in RIl, and 7% decrease in systolicspre. Therefore, another choice of C within the
physiological range would only minimally affect tlodtained results and still maintain the clear @ipancy
between the different subgroups.

The effect of arterial parameters (R and C) on iaftetastance is illustrated in Figure 5. It hagmbehown
earlier that—assuming that mean arterial pressuproaimates LV end-systolic pressure—Ean be
approximated as R/T, with T the duration of the Gdiyclé® In aortic regurgitation, this assumption is clgarl
violated, as apparent from Figure 5: increasingh® snoderately increases, EThe higher the valve leakage is
(group lla), the lesser the effect of an increaseotal peripheral resistance. To better illustthis effect, we
performed some extra simulations with a nonlealdagic valve while also changing R (and C) over shene
range as with the leaking valves (Table II). Them@ dre represented by the filled symbols in Figuehere it
can be seen that the relation is linear, as expe@encerning total arterial compliance, the opjgos true.
Whereas the contribution of total arterial compti@ro E is only marginal, its effect is somewhat stronger
aortic regurgitation, with higher compliances lewaglio lower E

Having observed the relative insensitivity gft& R in aortic regurgitation, it is difficult tees E as an “active”
regulatory arterial property. Total arterial comptia is mainly a passive property of the large rlasteries,
and the major determinant of,Bhat is, aortic leak severity, is a given noncolfable “property.” Thus, if
EJ/Enmax IS indeed a regulatory parameter, it can only digtrolled through changes in cardiac contractiihd
heart rate in aortic regurgitation.

In a theoretical study, it has been shown thatfgiven preload (M) and inotropic state (&x and \j) of the
LV, stroke work is determined by E.x and maximal when HE.x = 1 This relation was derived under the
assumption that SW can be approximated by the ptamfuSV and end-systolic pressure, which, obvipuis

an assumption violated in case of aortic reguiigitatThe relation between SW and/E..x for the aortic
regurgitation simulations is given in Figure 6, dndan be seen that there is no straightforwalation between
EJEn.x and SW, not even after normalization of the datal SW is not maximal for JE,. = 1. Note that
“violation” of the predicted theoretical relatioretiveen EE,,x and SW was also observed in experimental
studies with intact aortic valves. De Tombe & aleported that FE .« corresponding to maximal SW is <1,
whereas SW remains close to its maximum (>90% tifrap value) for a wide range offEnay ratios (0.3 to
1.3).

The efficiency of the heart as a pump is quantibgdthe ratio of total heart oxygen consumption atrdke
work. It has been demonstrated that ventriculatoigspressure-volume area, PVA, is strongly cated to
myocardial oxygen consumptio”! As such, SW/PVA is a surrogate index of cardiampiefficiency that can
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be calculated from the pressure-volume loop. Mogeothere is a theoretical relation between SW/Pard
E/Emax , given by SW/PVA = 1/(1 + 0.5.HEn.»).[! In aortic regurgitation, however, this theoreti€alEmay
heart-arterial coupling framework does not holdillastrated in Figure 6, where the relation betw&W/PVA
and E/E..x for the simulated data is shown. The only datafgoadhering to the theoretical relation are the
simulations with the intact aortic valve. For ather cases, pump efficiency is lower than the thecally
predicted value based o/E

The use of effective arterial elastance and #iEF, has been promoted by theoretical and experimstudies
linking E/Emax to LV mechanico-energeti€d [ 61 119 121 Note however, that JEmay is mainly a “geometrical”
parameter related to ventricular volume. With-BP.dSV and Eax = Ped(Veg — SV - V) and assuming dsmall

enough so that it can be neglectedEg. = Ve/SV - 1 = 1/EF - 1.

For ejection fractions of 0.5 to 0.7/Ena is 1 to 0.42. In failing, dilated hearts, the EFe@ases (mainly
because of the increase iggvand E/Eqax thus increases. The validity of the relation betwBg¢E, .« and EF in

aortic regurgitation is confirmed by regression Igsia on all simulated cases of Table Il, whichlgsea

regression equation 1/EF — 1 = 1.0, — 0.02;r = 0.96.

The reason LV ejection fraction is around 0.5EE.« = 1) in the normal heart can be argued on mechhnic
energetic grounds, but it has also been shown ttfiat value is explicable on the basis of evolutigna
argument&? Also, the human body has no sensors or recepting sensitive to stroke work or mechanical
efficiency. It is therefore unlikely that there arentrol mechanisms maintaining constagEg,, to operate at
optimal power or optimal efficiency. It seems metausible that cardiovascular control mechanismasbaised
on (coronary perfusion) pressure, wall stresstfairg, or flow.

It should be emphasized that this is a mathematizalel study with some inherent limitations. Thartend
the arterial tree are simulated with linear mod#isis neglecting nonlinear properties. Howevehas been
shown earlier that the combination of such lineandels yields accurate predictions of cardiovascular
hemodynamicst*!! 9 23 |n addition, the aortic valve is simulated asmape linear resistor. Incorporating a
more complex nonlinear aortic valve model may gateepatterns of aortic forward and regurgitant flostter
matching in vivo observations, but we do not hawe data necessary to derive better constitutive fawthe
aortic valve. Also, total arterial compliance isyg/m a constant value. With the large alterationsarbérial
pressure in aortic regurgitation, a nonlinear pressliependent compliance model would be a moreratecu
representation of the arterial system. It shoutdyédver, be stressed that the aim of this work iflustrate the
limitations of the conceptual fE.x heart-arterial coupling framework in aortic regtation and not to fine-
tune the computer model for a perfect simulatiothefhuman data, which is impossible with the ¢atevided
by the work of Devlin et al. To our knowledge, sutdta, which would consist of simultaneously measiié
pressure and volume and aortic pressure and fi@iguarently not available.

There is a growing clinical interest in vasculargadies in general and arterial stiffness in patéc E, being
termed arterial elastance and having stiffnesssuappears to be an attractive parameter to clesiaeithe
arterial systenff! ! 1% 4] egpecially in studies relating cardiac and artdtiaction (heart-arterial coupling).
However, E is hardly related to arterial elasticity, and @&t of an arterial parameter, it is a heart-aiteria
coupling parameter in itself. In fact, the mainesetinants of E are total peripheral resistance and cardiac
frequency’ ® and not arterial stiffness, Eannot be used as a substitute of arterial impmfdwhich becomes
most obvious in aortic regurgitation where aortia severity is an important determinant gt

In particular in aortic regurgitation, the arterigistem should be quantified by specific systenp@rties (total
peripheral resistance, total arterial complian@yer leakage resistance) rather than by a globrahpeter such
as E. The combined use of clinical data and computedatgcan help the clinician in this process of tifgimg
and quantifying the true mechanical propertiesathtihe arterial system and the aortic leak, astilated in this
study. Furthermore, these computer models allow peedict the impact of, for instance,
vasodilator/vasoconstrictive drugs or valve repaihemodynamics and cardiac load.

Though not numerous, there are several studiestiegdg, in aortic regurgitatiof® % 291 |t is nevertheless
important to heighten the awareness of cardiovasqrhctitioners and researchers for the corregtofi€, in
particular in aortic regurgitation. We have showattaortic leak is an important modulator gfdéad that the
assumptions leading to the conceptual heart-artawigpling framework linking FEnax to mechanico-energetic
parameters are violated. As such, the use,aisEan arterial function parameter and gEE,x as a coupling
parameter in general or as a mechanico-energajidatery parameter in particular is questionablahiese
conditions.
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