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ABSTRACT

Objectives:

Relief of AS by transcatheter aortic valve implantation (TAVI) decreases ventricular afterload 

and is expected to immediately improve LV dynamics.

Background:

In patients with aortic stenosis (AS), the afterload and endsystolic volume increases. These 

alterations are associated with a compensatory increase in end-diastolic volume and pres-

sure, and may eventually induce left ventricular(LV) dysfunction. 

Methods:

Invasive pressures and volumes (PV) were simultaneously measured by a pressure-conduc-

tance catheter in the LV of 10 patients with severe AS, before and immediately after TAVI. 

LVafterload was assessed by calculating arterial elastance (EA = ESP/stroke volume (mmHg/

ml)). The valvuloarterial impedance (Zva) was determined as index of the global LVafterload. 

Systolic and diastolic LV dynamics were measured including endsystolic and enddiastolic 

pressures (ESP, EDP) and volumes (ESV, EDV). Contractility was assessed by calculating end 

systolic elastance (EES  =ESP/ESV). To describe the interaction between LVperformance and 

systemic arterial system the ventricular-arterial coupling ratio was calculated by EES/EA . 

Results:

EA decreases from 2.50±0.95 mmHg/ml to 1.74 ±0.78mmHg/ml (p=0.002). Zva prior to 

TAVI was 5.05±1.9 and 3.6±1.0 post-TAVI (p=0.028). Immediately after successful TAVI, 

ESP decreased from 171.3±21 to 138±39mmHg (p=0.001) and ESV decreased from 71±27 

to 49±29 ml (p=0.001). Diastolic function remained unaltered immediately post-TAVI. EES/

EA increased from 1.23±0.64 to 2.63±2.15 post-TAVI (p=0.033).

Conclusions:

TAVI immediately reduces LVafterload and markedly improves LV systolic performance 

and interaction with the vascular system as assessed by invasive intraventricular PVloop 

measurements. Diastolic function remains unaltered immediately after TAVI due to direct 

unaltered intrinsic properties of LV hypertrophy.
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INTRODUCTION

In patients with aortic valve stenosis (AS) the outflow tract obstruction induces alterations 

in left ventricle (LV) dynamics by increased LV systolic pressures induced by a higher after-

load. However, in addition to the degree of outflow tract obstruction accounted for by the 

valvular stenosis the afterload is also determined by the systemic arterial system. Moreover, 

arterial stiffness may be a major contributor to LV systolic- as well as diastolic- dysfunc-

tion in patients with moderate degrees of valvular obstruction, and therefore may have 

an incremental influence on symptoms and prognosis1, 2. In response to the outflowtract 

obstruction and the increase in afterload, the LV mass compensatory increases and the 

extravascular compressive forces rise. These compensatory alterations of the left ventricle; 

concentric remodeling and hypertrophy, are eventually insufficient to compensate for the 

increased LV afterload 1. As a result a reduction in systolic LV function may be observed. The 

alterations induced by aortic valve stenosis are, at least in part, reversible by aortic valve 

replacement (AVR) 3-5. By reducing the stenosis in AVR, the resistance to cardiac outflow is 

reduced and the LV afterload will be reduced instantaneously.  

Relief of AS by transcatheter aortic valve implantation (TAVI) reduces the aortic pressure 

gradient, and decreases  the valvular stenosis induced ventricular afterload and is therefore 

expected to induce an immediate and substantial improvement in LV function. After relief 

of valvular stenosis by either AVR of by TAVI the systemic vascular afterload does remains 

of influence on systolic and diastolic LV function6.

Direct LV intracavitary pressure and volume measurements by pressure-conductance cath-

eter provide the opportunity to obtain instantaneous and continuous diastolic and systolic 

LV function responses to TAVI 7. We sought to provide insight in the effect of AS on left 

ventricular hemodynamics and the immediate effect of relief of the valvular stenosis by 

TAVI, by direct invasive assessment of ventricular hemodynamics. Furthermore, we aimed 

to assess the interaction between the LV performance and the systemic arterial system 

before and after TAVI in aortic valve stenosis.  

METHODS

Patient Population

Ten patients with severe AS were included in this study. A TAVI procedure was indicated 

according to international recommendations. The local medical ethics committee approved 

the study protocol and all patients gave written informed consent.

Aortic valve stenosis and transcatheter aortic valve implantation procedure

Transthoracic echocardiography (TTE) was performed prior to the TAVI procedure with a 

GE Vivid Dimension machine (GE Healthcare, Horten, Norway). To assess the severity of 
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valvular stenosis and left ventricular function 2D images were conducted. All views were 

obtained according to the recommendations of the American Society of Echocardiogra-

phy8. The TAVI procedures were performed with either the selfexpandable Medtronic Cor-

evalve bioprosthesis (Medtronic Inc; Minneapolis, MN) or the balloon expandable Edwards 

SAPIEN/SAPIEN XT bioprosthesis (Edwards Lifesciences LCC; Irvine, CA) at the discretion 

of the operator. The procedures have been described in detail previously9, 10. Three of the 

TAVI procedures were performed under general anesthesia, seven under mild conscious 

sedation with local analgesia for percutaneous access11. To document the position and 

function of the implanted prosthesis, TTE was repeated before hospital discharge (1-7 days 

after the procedure).  

Assessment of left ventricular function 

At time of the procedure, invasive intraventricular pressure and volume (PV) were simulta-

neously assessed by a pressure-conductance catheter positioned in the left ventricle (LV) of 

all 10 patients directly before and after TAVI. Just before dilatation of the native aortic valve 

a 7F pigtail equipped combined pressure-conductance catheter (CD Leycom, Zoetermeer, 

The Netherlands) was positioned in the LV via the contralateral femoral artery. For calibra-

tion purposes a Swan Ganz catheter was placed in the pulmonary artery via the femoral 

vein. Cardiac output was determined by thermodilution and parallel conductance was de-

termined by hypertonic saline injections to calibrate the volume signals of the conductance 

catheter7, 12, 13. Pressure volume loop assessment was performed and parameters for systolic 

and diastolic LV function as well as afterload were assessed. TAVI was performed according 

to standard procedures after the measurements. Immediately after successful aortic valve 

implantation, the conductance catheter and Swan Ganz catheter were reinserted for new 

calibration and repeated PV loop assessment for off line analysis.  

Data Analyses

Per-beat averages of the recorded variables were calculated as the mean of all beats during 

a steady state of at least 20 seconds. The following indices were obtained to assess global 

cardiac hemodynamics: heart rate (HR), cardiac index (CI), ejection fraction (EF), stroke 

volume (SV), Stroke volume index (defined as stroke volume/body surface area (BSA)), 

stroke work as the area of the PV-loop (SW).

The effects of TAVI on the LV afterload were assessed by the following parameters: Effective 

arterial elastance (EA), as an index of LV afterload, was calculated by ESP/SV. For reasons of 

comparability with previous literature the valvuloarterial impedance as an additional index 

for LV afterload comprising valvular and arterial loads was determined 14-16.

The valvuloarterial impedance (Zva) was used as an index of global left ventricular after-

load, incorporating valvular and arterial loads. It was determined as by calculating (systolic 

arterial pressure+mean gradient)/stroke volume index1, 6. The systolic arterial pressure was 
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measured invasively during the procedure; the mean transvalvular gradient was measured 

by echocardiography. 

Effects of TAVI on contractility were assessed by the end-systolic and end-diastolic volume 

(ESV, EDV), end-systolic and end-diastolic pressure (ESP, EDP), the maximal rate of pres-

sure change (dP/dtmax), the minimal rate of pressure change (dP/dtmin), the relaxation time 

constant Tau, defined as the time required for the cavity pressure at dP/dtmin to be reduced 

by half, and the preload recruited stroke work (PRSW), defined as the slope of stroke 

work-EDV relationship.

The interaction of the cardiovascular system was assessed by the end-systolic elastance 

(EES), estimated by ESP/ESV (the slope of the end systolic pressure volume relationship, 

ESPVR), and end-diastolic stiffness (EED) by EDP/EDV (the slope of the end diastolic pressure 

volume relationship (EDPVR)). Subsequently, arterial-ventricular coupling (EA/EES ), repre-

senting the index of energy efficiency was calculated. The ventricular-arterial coupling ratio 

was calculated by EES/EA, which describes the interaction between LV performance and the 

systemic arterial system17, 18. 

Data was analyzed using ConductNT software. A low-pass 10 Hz filter was used to filter 

out noise signal from surrounding. Data was analyzed on a beat per beat basis. Ventricular 

extrasystoles and irregular beats were excluded from the analyses.

Statistical Analysis 

Continuous variables are presented as means and standard deviations (SD). Comparisons 

within the AS group before and after TAVI were performed with a paired Student’s t-test. 

Categorical variables are expressed as frequencies (percentages) A p-value <0.05 was con-

sidered statistically significant. All Statistical analyses were performed using SPSS version 

21.0 (SPSS Inc., Chicago, IL).

RESULTS

Patient population

The baseline characteristics of the overall patient population are presented in Table 1. 

The average age of patients was 77.4±9 years for AS patients. Preoperative left ventricle 

function was graded as good in 6 patients, and moderate in 4 patients. 

Effect of TAVI on left ventricular hemodynamics non-invasively

As measured by TTE, the mean aortic valve area increased from 0.9±0.3 to 2.0±0.4 cm2 

(p<0.002). Mean and maximum aortic valve pressure gradient decreased from 38.5±8.4 
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to 11.3±5.1 mmHg  (p<0.001) and 65.4±16.9 to 20.4±8.9 mmHg (p<0.001) respectively 

(Table 2). Significant aortic regurgitation after TAVI (at least moderate) was present in 1 

patient. 

Table 1: Baseline clinical characteristics

Total

(n = 10)

Patients

Age, yrs 77.4 ± 9.1

BMI, kg/m2 30.6 ± 3.6

Male gender 5 (50 )

NYHA class ≥ 3 5 (50 )

History

Hypertension 7 (70 )

Diabetes 6 (60 )

Hypercholesterolemia 2 (20 )

prior MI 2 (20 )

Prior PCI 3 (30 )

CABG 1 (10 )

Table 2: pre- and postprocedural echocardiographic characteristics

pre-procedure post- procedure p-value

Aortic valve area, cm² 0.96 ± 0.28 2.29 ± 1.07 0.006

EOAI 0.48 ± 0.17 1.04 ± 0.189 0.002

AVPG max, mmHg 65.4 ± 16.8 20.4 ± 8.9 <0.001

AVPG mean, mmHg 38..5 ± 8.42 11.3 ± 5.1 <0.001

Values are mean ± SD. AVPG, aortic valve pressure gradient; EOAI, Effective orifice area index

Effects of TAVI on global cardiac hemodynamics

Prior to TAVI the mean heart rate (HR) was 69±10 beats per minute, which remained unaltered 

after TAVI (mean 71±9 beats per minute). Ejection fraction increased from a mean of 54% to 

62% after TAVI (p=0.047). Stroke volume pre-TAVI was 71 ml and increased to 85 ml (p=0.07). 

Stroke work decreased significantly from 11222 to 9518 mmHg*L (p=0.022) (Table 3).

Effects of TAVI on afterload 

The afterload decreased significantly after TAVI, as was indicated by a decrease in valvu-

loarterial impedance (Zva), as well as a decrease in effective arterial elastance  (EA). Zva 

prior to TAVI was 5.243±1.8, which decreased to 3.6±1.0 after the procedure (p=0.017). 

EA prior to TAVI was 2.61±0.95 mmHg/ml as compared to 1.75±0.77mmHg/ml after TAVI 

(p=0.006) (fig1, Table 4). 
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Figure 1: Decrease in 
afterload after in aortic valve 
stenosis patients after TAVI, 
(decrease in Ea)

The effects of TAVI on contractility  

Effects on systolic function

Immediately after successful TAVI, signifi cant improvements were observed in LV sys-

tolic function. Left ventricular ESP decreased after TAVI from 171.3±21 to 138±39mmHg 

(p=0.001), ESV decreased from 71±27 pre-TAVI to 49±29 ml (p=0.001) post-TAVI. (Figure 

2)
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Figure 2: Changes in systolic function after transcatheter aortic valve implantation, measured by 
endsystolic pressure and volume. 

Effects on diastolic function

LV diastolic function remained unaltered immediately post-TAVI; EDP pre TAVI was 17.6±5 

compared to 18.0±7mmHg post-TAVI (p=0.87) and EDV pre-TAVI was 142±27 as com-

pared to 134±27ml post-TAVI (p=0.48). The relaxation time constant Tau was 37.6±6.9 

versus 41.8±10.9 (p=0.052)
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The maximal rate of pressure change (dP/dtmax), decreased signifi cantly (1279 pre- to 1218 

post-TAVI (p=0.016).The preload recruited stroke work (PRSW) remained unaltered after 

TAVI (81 vs. 80, p= 0.84). TAVI immediately induced a leftward and concomitant downward 

shift in the LV systolic pressure volume relationship (Figure 3)
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Figure 3: schematic example of pressure-
volume loop curve of a patient pre- and 
post TAVI;Left and downward shift of the 
curve after TAVI.

Effects of TAVI on cardiovascular interaction 

The interaction of the cardiovascular system during systole improved signifi cantly after TAVI. 

The end-systolic elastance (EES), increased signifi cantly, indicating an increase in the slope of 

the end-systolic pressure volume relationship. The interaction of the cardiovascular system 

during the diastolic phase was not altered after TAVI. The end-diastolic stiffness (EED) was not 

altered by the procedure. The cardiovascular energy effi ciency improved after the procedure. 

The arterial- ventricular coupling prior to TAVI was 1.13±0.61 and decreased towards normal 

values; to 0.66±0.49 (p=-.001). The interaction between LV performance and the systemic 

arterial system increased as indicated by an increase in ventricular-arterial coupling ratio, from 

1.20±0.67 prior to TAVI, as compared to 2.62±2.15 after TAVI (p=0.030) (Figure 4, Table 5). 
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DISCUSSION

The present study is the first to document the immediate changes in left ventricular dy-

namics associated with aortic valve stenosis, measuring the immediate effects of TAVI on 

the left ventricular dynamics by obtaining intraprocedural intraventricular pressure-volume 

loops. 

This study shows that TAVI immediately reduces afterload, markedly improves LV systolic 

performance and improves the interaction of the left ventricle with the arterial system, 

while diastolic function remains unaltered immediately after TAVI. 

Tabel 3. pre- and post- TAVI LV global function

global cardiac function Pre (SD) Post (SD) p-value

HR 69 (9.90) 71 (8.50) 0.360

CI 4.24 (5.59) 5.11 (7.29) 0.229

EF 53.8 (10.6) 61.8 (15.7) 0.047

SV 70.1 (19.1) 86.0 (24.9) 0.070

SW 11222 2343 9518 3588 0.022

(HR ;heart rate  CI: cardiac index  EF: ejection fraction, SV: stroke volume, SW: stroke work as the area 
of the PV-loop SW

Tabel 4. pre- and post- TAVI afterload and contractility  

Afterload and contractility Pre (SD) Post (SD) p-value

Effective arterial elastance (EA) (ESP/SV) 2.610 0.953 1.751 0.771 0.003

the valvuloarterial impedance 5.243 1.783 3.587 0.986 0.017

end-systolic volume (ESV) 70.8 27.1 48.9 28.8 0.001

end-systolic pressure (ESP) 170.9 21.1 137.6 39.2 0.001

end-diastolic volume (EDV), 141.5 26.5 134.2 27.0 0.483

end-diastolic pressure (EDP), 17.6 4.7 18.0 7.1 0.872

 Max rate pressure change (dP/dtmax) 1.379 392 1.218 329 0.016

relaxation time constant Tau 37.6 6.9 41.8 10.9 0.052

preload recruited stroke work (PRSW) 81.0 18.5 79.6 20.2 0.836

Tabel 5. pre- and post- TAVI cardiovascular interaction 

Cardiovascular interaction Pre (SD) Post (SD) p-value

end-systolic elastance (Ees),estimated by ESP/ESV 2.767 1.135 3.618 1.659 0.039

 end-diastolic stiffness (Eed) by EDP/EDV 0.1256 0.0332 0.1336 0.0429 0.676

The ventricular-arterial coupling ratio ( Ees/EA) 1.230 0.639 2.628 2.148 0.033
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Direct effects on loading conditions

By using direct invasive measurements our study shows an immediate and marked decrease 

in LV afterload and an immediate improvement of the interaction of the LV performance 

with the vascular system as indicated by an improved ventricular-arterial coupling ratio. 

Furthermore an immediate improvement in LV contractility was shown, which has not been 

described previously. 

TAVI alters the valvular stenosis in aortic stenosis. However, the left ventricular afterload 

in patients with aortic stenosis is increased by both arterial load and the valvular stenosis. 

This LV afterload isa combination of arterial load and the valvular stenosis and has a major 

impact on LV performance. 

The arterial component of LV afterload is determined by the arterial elasticity and arteriolar 

resistance. Vascular stiffness is known to be a major contributor to LV systolic and diastolic 

dysfunction in patients with moderate degrees of aortic valve obstruction19. In patients 

with aortic stenosis, concomitant hypertension or atherosclerosis potentially decreases 

the arterial elasticity and thereby increases the afterload, in addition to the increase in 

afterload due to the valvular stenosis. 

Longstanding alterations in the structural and functional properties of the systemic arterial 

system may obscure the effect of TAVI on LV pressure and volumes, since both the aortic 

valve and the systemic arterial system contribute to the LV workload. AS and reduced 

systemic arterial compliance may often coexist in the same patient but their relative impact 

on LV function is not well understood1. Importantly, this interaction of the LV with the arte-

rial system is a determinant of cardiovascular performance20. Optimal arterialventricular 

coupling was documented to be 0.3 to 1.3 in the canine heart21. Various factors have been 

identified to alter the interaction, and change the arterialventricular coupling. In patients 

with hypertension, as well as the elderly, both the LV properties, as well as the arterial 

component alters22.; In elderly, the arterialventricular coupling thereby increases; in women 

possibly more pronounced as compared to men; in men the alterations in LV properties and 

arterial properties seem to match23,. In our study, the LV properties are altered immediately, 

while the arterial component is not directly unaltered. Changes in ventricular properties 

are reflected in the arterioventricular coupling; a significant decrease was documented in-

dicating an increase in energetic efficiency. Values of arterioventricular coupling decreased 

towards normal 20. This reveals a significant influence of the LV component in the energetic 

efficiency. However the magnitude of the arterial component in this patient population, , 

remains to be elucidated. 

Recently, it has been suggested to include additional valvular and arterial factors in the 

assessment of LV function and LV afterload and to ncorporate valvulo-arterial impedance 

Zva for patients with AS15. A high Zva in patients with severe aortic stenosis is associated 

with worse prognosis 24, 25. In patients with asymptomatic aortic stenosis, Zva was found to 

be the best mortality predictor, even measured noninvasively26. Our study shows that TAVI 



Improvement of LV systolic performance after TAVI 145

8

is associated with an acute and significant reduction in Zva, which may contribute to the 

improvement in prognosis after TAVI. These measurement may be even more precise since 

the valvulo-arterial impedance was invasively measured.

Effects on contractility

Effects on systolic function

Our study showed an immediate improvement in systolic function as measured directly 

after TAVI. Discrepancy exists among follow-up studies after aortic valve replacement27, 28. 

Earlier studies with noninvasively measured ejection fraction that showed no improvement 

after TAVI 27 29. However in our study, a significant improvement in invasively measured 

ejection fraction was shown. The accurate, precise measurements performed in our study 

among patients with preserved left ventricle function, reveal limited immediate improve-

ments even in this patient population. Patients with severe heart failure or severe left 

ventricular dysfunction were excluded in our study  study while these patients have less 

potential to improve in left ventricle function.

Especially in the elderly patients with aortic stenosis, a possible contributing factor to the 

afterload is the vascular component, caused by concomitant arterial disease and athero-

sclerosis, and thereby the intracavitary pressure is not purely valve related. This should be 

considered when interpreting contractility after TAVI, despite the successfully decreased 

required pressure for the opening of the aortic valve 

Effects on diastolic function

The diastolic function remained unaltered, while a reduction in EDP was expected. The 

unaltered diastolic function likely originates from the fact that the remodeling in response 

to longstanding AS will not be altered immediately after TAVI. This is in contrast to the 

immediate improvement of LV compliance by reperfusion in acute infarct patients 17. Obvi-

ously, patients with an acute infarct do have an acute change in LV dynamics, which can 

be (potentially) reversible by immediate reperfusion. However, TAVI patients developed 

valvular stenosis and related LV dynamic changes over a longer period of time. Therefore 

the increase in ventricular stiffness is a structural process that has developed over longer 

period, causing intrinsic changes and LV hypertrophy. The LV geometry and structural 

characteristics may however, regress and remodel over time and improve end diastolic 

compliance depending on several factors 30. Hence, to assess restoration of diastolic prop-

erties and possibly full restoration of systolic LV function after TAVI  longterm follow-up 

studies are required 31. 

CONCLUSION

TAVI immediately reduces afterload and markedly improves LV systolic performance and 

interaction with the vascular system as assessed by invasive intraventricular PV loop mea-
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surements. TAVI immediately induces a leftward and concomitant downward shift in the 

LV systolic pressure volume relationship. Diastolic function remained unaltered immediately 

after TAVI. Our direct PV loop assessment revealed the first steps towards left ventricular 

remodeling after TAVI.

LIMITATIONS

The results of our study may be specific for patients with severe aortic valve stenosis, 

extrapolation may be limited. The complexity of the measurements precluded inclusion of 

a large patient population, however, the limited number of patients of this study could be 

interpreted as a limitation. Despite this limitation the study was able to show an evident 

and marked response induced by TAVI in all patients. 
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