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Abstract
Aims: Evaluation of aortic stenosis (AS) is based on echocardiographic measurement of mean pressure 
gradient (MPG), flow velocity (Vmax) and aortic valve area (AVA). The objective of the present study was 
to analyse the impact of systemic haemodynamic variables and concomitant mitral regurgitation (MR) on 
aortic MPG, Vmax and AVA in severe AS.

Methods and results: A pulsatile circulatory model was designed to study function and interdepend-
ence of stenotic aortic (AVA: 1.0 cm², 0.8 cm² and 0.6 cm²) and insufficient mitral prosthetic valves (n=8; 
effective regurgitant orifice area [EROA] <0.2 cm² vs. >0.4 cm²) using Doppler ultrasound. In the absence 
of severe MR, a stepwise increase of stroke volume (SV) and a decrease of AVA was associated with 
a proportional increase of aortic MPG. When MR with EROA <0.2 cm² vs. >0.4 cm² was introduced, for-
ward SV decreased significantly (70.9±1.1 ml vs. 60.8±1.6 ml vs. 47.4±1.1 ml; p=0.02) while MR volume 
increased proportionally. This was associated with a subsequent reduction of aortic MPG (57.1±9.4 mmHg 
vs. 48.6±13.8 mmHg vs. 33.64±9.5 mmHg; p=0.035) and Vmax (5.09±0.4 m/s vs. 4.91±0.73 m/s vs. 
3.75±0.57 m/s; p=0.007). Calculated AVA remained unchanged (without MR: AVA=0.53±0.04 cm² vs. with 
MR: AVA=0.52±0.05 cm²; p=ns). In the setting of severe AS without MR, changes of vascular resist-
ance (SVR) and compliance (C) did not impact on aortic MPG (low SVR and C: 66±13.8 mmHg and 
61.1±20 mmHg vs. high SVR and C: 60.9±9.2 mmHg and 71.5±13.5 mmHg; p=ns) In concomitant 
severe MR, aortic MPG and Vmax were not significantly reduced by increased SVR (36.6±2.2 mmHg vs. 
34.9±5.6 mmHg, p=0.608; 3.89±0.18 m/s vs. 3.96±0.28 m/s; p=ns).

Conclusions: Systemic haemodynamic variables and concomitant MR may potentially affect diagnostic 
accuracy of echocardiographic AS evaluation. As demonstrated in the present study, MPG and Vmax are 
flow-dependent and significantly reduced by a reduction of forward SV from concomitant severe MR, 
resulting in another entity of low-flow low-gradient aortic stenosis. In contrast, calculated AVA appears to 
be a robust parameter of AS evaluation if severe MR is present. Changes of SVR and C did not affect the 
diagnostic accuracy of AS evaluation.
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Abbreviations
AS aortic stenosis
AVA aortic valve area
C arterial compliance
CW continuous wave Doppler
EF ejection fraction
EROA effective regurgitant orifice area
HR heart rate
LV left ventricle
MPG mean pressure gradient
MR mitral regurgitation
PW pulsed wave Doppler
SV stroke volume
SVR systemic vascular resistance
Vmax maximum transaortic flow velocity

Introduction
The measurement of mean pressure gradient (MPG), maximum 
flow velocity (Vmax) and calculation of aortic valve area (AVA) are 
well established to evaluate the severity of aortic stenosis (AS). 
According to current guidelines, AS is severe when MPG and Vmax 
are above 40 mmHg and 4 m/s and AVA is below 1.0 cm2, respec-
tively1. However, as MPG and Vmax are flow-generated and depend 

on stroke volume (SV), they are susceptible to the effect of chang-
ing haemodynamic circulatory variables as well as the effect of 
concomitant mitral valve disease2-6. Particularly in patients with 
decreased LV stroke volumes, the diagnosis of severe AS fre-
quently represents a challenge7-10.

Therefore, the purpose of this study was to analyse the impact 
of different circulatory variables as well as concomitant mitral 
regurgitation on echocardiographic measurement (MPG, Vmax, 
AVA) in stenotic aortic valves in a standardised circulatory model.

Editorial, see page 1622

Methods
A pulsatile mock circulatory model was designed to facilitate the 
controlled adjustment of multiple circulatory parameters as well 
as aortic and mitral valve function (Figure 1, Table 1). The sys-
tem is driven by a pulsatile pump (Harvard Apparatus, Holliston, 
MA, USA) generating total left ventricular (LV) stroke volumes 
of 15-100 ml. The pump rate (heart rate [HR]) was from 10 to 
100 beats per minute (bpm) and the output phase ratio (ratio of sys-
tole length and diastole length in %) from 25/75-50/50. A water-
glycerol solution (70% water, 30% glycerol) approximating the 
viscosity of blood at a temperature of 21°C was used to prime 
the circuit; cornstarch (10 g/l) was added to facilitate Doppler 

Figure 1. Illustration of the pulsatile mock circulatory model. A circulatory model was designed to investigate the impact of systemic 
circulatory parameters and concomitant mitral valve dysfunction on transaortic haemodynamics in aortic stenosis. A: agitator; C: compliance 
element; CV: check valve; D: Doppler probe; DD: Doppler device; H: heating; M: monitor; N: narrowing valve; P: pressure measuring; 
PT: pressure transducer; R: reciprocating pump; T: temperature; V: valve
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measurements. An immersion heater was used to hold the tem-
perature constant at 21°C and an agitator was used to prevent the 
settling of cornstarch in the venous capacity module. A polyethyl-
ene air chamber was integrated to adjust different values of arte-
rial compliance (C) within the range from 0.4-2.0 ml/mmHg. The 
systemic vascular resistance (SVR) of the circulation was adapted 
by narrowing the tube diameter using a spherical valve.

Two self-expanding biological valves were positioned on the 
inflow (mitral) and outflow (aortic) of the ventricle. A rectangular 
bend with a silicone membrane was integrated to facilitate a coax-
ial view on the stenotic or insufficient jet without angular adjust-
ment (α=0°). Invasive pressure measurement was recorded and 
controlled with a pressure monitor (Viridia Component Monitoring 
System [CMS]; Hewlett Packard, Palo Alto, CA, USA) and the 
flow was simultaneously recorded with a Doppler ultrasound 
machine (CX50; Philips Medical Systems, Andover, MA, USA). 

Table 1. Valve status, circulatory parameters and adjustment 
range for ex vivo investigation in circulatory model.

Circulatory parameters and 
valve status

Range of adjustment

Stroke volume (ml) 30 ➞ 70 ➞ 100 ml

Heart rate (bpm) 40 ➞ 70 ➞ 100 bpm

Systemic vascular resistance 
(dyn×sec×cm–5) 600 ➞1,200 ➞ 1,800 ➞ 2,200

Compliance (ml/mmHg) 0.4 ➞ 0.75 ➞ 1 ➞1.5 ➞ 2

“Unphysiological” extreme  
(SV: ml; HR: bpm)

SV: 30 ➞ 70 ➞ 100

HR: 40 ➞ 70 ➞ 100

Aortic valve area (cm²) >2.0 vs. 1.0 vs. 0.8 vs. 0.6

Mitral regurgitation (EROA; cm²) none vs. <0.2 vs. >0.4

EROA: effective regurgitant orifice area; HR: heart rate; SV: stroke volume

Figure 2. Functional status of aortic and mitral valves. A) Aortic 
stenosis was created by suturing the valve leaflets and reducing AVA 
from >2.0 cm² to 1.0 cm2, 0.8 cm2 and 0.6 cm2. B) Mitral 
regurgitation was created by positioning a coronary stent across the 
mitral leaflets to prevent full leaflet coaptation. Stent sizes were 
modified to generate MR with an EROA <0.2 cm² or EROA >0.4 cm².

The results and measured values of this set-up are comparable to 
the in vivo setting.

IMPLEMENTATION OF AORTIC STENOSIS AND MITRAL 
REGURGITATION IN THE MOCK CIRCUIT
A self-expanding biological valve (diameter 26 mm; length 
20 mm) was used in the aortic position. Aortic stenosis was cre-
ated by a centripetal suture along the commissures of the valve 
(Figure 2A). AVA was reduced stepwise from >2.0 cm2 to 1.0 cm², 
0.8 cm² and 0.6 cm² for the creation of moderate and severe AS, 
respectively. A total of 15 prosthetic valves (five per AVA) were 
tested in the circulatory model and assessed non-invasively under 
varying haemodynamic conditions.

Mitral regurgitation was introduced into the circuit by position-
ing a nitinol stent with a defined lumen area across the leaflets of 
the mitral prosthesis to prevent full leaflet coaptation (Figure 2B). 
Severity of MR was adapted using different stent sizes, thus 
causing different effective regurgitant orifice areas (EROAs). 
Hence, a mitral regurgitation was created from moderate (EROA 
<0.2 cm²) to severe (EROA >0.4 cm²) regurgitation.

TEST PROTOCOL
The test protocol included four measurement cycles combining 
different grades of aortic stenosis with different grades of mitral 
regurgitation as well as per protocol defined adjustment steps of 
the stroke volume, heart rate, systemic vascular resistance and arte-
rial compliance (Figure 3, Table 1). Depending on the measure-
ment cycle, the output parameters were either fixed at SV=80 ml, 
HR=70 bpm, SVR=1,200 dyn×sec×cm–5, and C=1 ml/mmHg or 
adjusted according to predefined steps.

To evaluate the potential concordant effects of arterial com-
pliance and systemic vascular resistance on aortic valve haemo-
dynamics in severe AS, arterial compliance was minimised and 
systemic vascular resistance was maximised in measurement 
cycle 4 (“maximum LV afterload”), including the evaluation of 
mitral regurgitation in this setting. For each measurement cycle, 
the circuit was recalibrated and resistance and compliance were 
adjusted to the predefined baseline parameters.

MEASURING TECHNIQUES
MPG, AVA and maximum flow velocity (Vmax) were measured 
by a continuous wave (CW), pulsed wave (PW) Doppler (Philips 
Medical Systems ultrasound machine). The maximum flow veloc-
ity across the aortic valve was recorded and the pressure gradient 
and AVA were calculated by the simplified Bernoulli and continu-
ity equations, respectively. Ventricular, aortic and venous pressures 
were measured invasively using standard fluid-filled catheters and 
transducers.

STATISTICAL ANALYSIS
The analysis was performed with SPSS software (IBM Corp., 
Armonk, NY, USA). The comparison of different groups was 
analysed using the Kruskal-Wallis test for independent samples. 
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All results are expressed with the mean and standard deviation and 
the test of statistical significance (p<0.05).

Results
CYCLE 1. IMPACT OF AORTIC VALVE AREA, SYSTEMIC 
VASCULAR RESISTANCE AND COMPLIANCE ON 
TRANSVALVULAR FLOW AND GRADIENT
When SV, SVR and C were constant, a reduction of valve open-
ing area (representing progressive stenosis) was associated with 
a significant increase of Vmax and MPG (Figure 4A). When AVA 
reduced from >2.0 cm2 to 0.6 cm2, flow velocity across the AV 
increased significantly from 222.2±44.5 cm/s to 509.2±39.9 cm/s 
(p=0.002). Also, in severe AS (AVA=0.6 cm2), a stepwise increase 
of SV (30 ml-100 ml) was associated with a significant increase 
of MPG from 20.2±3.1 mmHg (SV=30 ml) to 92.7±20.4 mmHg 
(SV=100 ml) (p=0.002). In contrast, in non-stenotic valves, 
the MPG increased non-significantly by 9.7 mmHg when SV 
increased from 30 ml to 100 ml.

To investigate the impact of C and SVR on aortic haemo-
dynamics, MPG was recorded with a stepwise increase of 
either SVR (600-2,200 dyn×sec×cm–5) or arterial compliance 
(0.4-2 ml/mmHg) in different grades of AS. Neither changes of 
SVR nor changes of C had a significant impact on MPG when 

the other parameters remained unchanged (Figure 4B, Figure 4C). 
Changes of haemodynamics during different measurement cycles 
are detailed in Table 2.

CYCLE 2. IMPACT OF MITRAL REGURGITATION ON 
FORWARD STROKE VOLUME, MPG, FLOW VELOCITY AND 
CALCULATED AVA IN SEVERE AS
Forward stroke volume was measured in severe AS (AVA=0.6 cm2) 
at varying pre-set total stroke volumes of the Harvard ventricle 
(30 ml, 60 ml, 100 ml) and varying concomitant grades of mitral 
regurgitation.

Without MR, no significant difference between the total SV 
and the forward SV was detected. With concomitant MR with 
an EROA >0.4 cm², forward SV decreased significantly from 
70±1.0 ml to 60.8±1.6 ml (p=0.003) and 47.4±1.1 ml (p=0.002), 
at a pre-set stroke volume of 60 ml (Figure 5A). With the intro-
duction of severe MR into the model, transaortic MPG and 
flow velocity across severe AS (AVA=0.6 cm²) decreased pro-
portionally from 57.1±9.5 mmHg and 540.0±15.3 cm/s without 
MR to 33.6±9.5 mmHg (p=0.03) and 415.0±35.6 cm/s (p=0.02) 
with concomitant severe MR (EROA >0.4 cm²), respectively 
(Figure 5B, Figure 5C). MR-associated reduction of the transaor-
tic gradient in severe AS was higher in higher LV stroke volumes 

Cycle 1

Cycle 2

Cycle 3

Cycle 4

AVA=1 cm2

AVA=1 cm2

AVA=2 cm2

(non stenotic)

AVA=0.8 cm2

AVA=0.8 cm2

AVA=0.6 cm2

AVA=0.6 cm2

AVA=0.6 cm2

AVA=0.6 cm2

no MR

no MR

moderate
MR

moderate
MR

severe MR

severe MR

severe MR

no MR

no MR

Adjustment of
circulatory parameters

Adjustment of
circulatory parameters

SVR=1,200 dyn×sec×cm–5

C=1.0 ml/mmHg

SVR=2,200 dyn×sec×cm–5

C=0.4 ml/mmHg

Figure 3. Overview of measurement cycles 1-4. Cycle 1. Impact of aortic valve area, systemic vascular resistance and compliance on 
transvalvular flow and gradient. Cycle 2. Impact of mitral regurgitation on forward stroke volume, MPG, flow velocity and calculated AVA in 
severe AS. Cycle 3. Impact of systemic vascular resistance and arterial compliance in severe AS and concomitant MR. Cycle 4. Impact of 
maximum LV afterload (minimal C, maximal SVR).
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Figure 4. Impact of aortic valve area, systemic vascular resistance and compliance on transvalvular flow and gradient (MR grade 0). 
Impact of AVA (A), SVR (B) and compliance (C) on Vmax and MPG. Neither SVR nor arterial compliance has an impact on transaortic MPG. 
The results of each measurement are based on the evaluation of five valves. #: significant (p<0.05) difference between the groups. n.s.: not 
significant (p≥0.05) versus baseline.

Table 2. Impact of aortic valve area, systemic vascular resistance and compliance on transvalvular flow and gradient.

Impact of AVA on Vmax and MPG (constant: HR, SV, SVR, C. MR grade 0)

AVA (cm2) Vmax (cm/s) p-value MPG (mmHg) p-value
>2.5 222.2±44.5 <0.001 9.5±4.6 <0.001

1.0 298.6±35.6 <0.001 18.2±3.1 <0.001

0.8 360.6±15.4 <0.001 27.4±3.1 <0.001

0.6 509.2±39.9 <0.001 57.1±9.4 <0.001

Impact of SVR on MPG (constant: HR, SV, C. MR grade 0)

AVA (cm2) SVR (dyn×sec×cm–5) 600 1,200 1,800 2,200 p-value
>2.5 11.2±5.1 11.7±5.5 10.6±4.7 11.0±4.7 0.851

1.0 22.9±1.0 23.0±2.4 22.6±3.5 23.1±3.9 0.927

0.8 32.7±4.9 34.6±1.7 33.1±3.6 31.9±3.3 0.506

0.6 66.0±13.8 69.9±13.2 63.7±11.2 60.9±9.2 0.615

Impact of C on MPG (constant: HR, SV, SVR. MR grade 0)

AVA (cm2) Compliance (ml/mmHg) 0.4 0.75 1 1.5 2 p-value
>2.5 11.0±5.4 11.1±5.5 11.3±5.6 11.7±5.6 11.5±5.2    1

1.0 21.9±4.6 22.5±2.8 23.3±1.5 23.4±3.3 23.8±2.7 0.8

0.8 30.9±3.2 33.7±1.6 35.3±3.4 35.4±3.5 36.3±2.0 0.1

0.6 61.1±20 67.8±15.7 71.1±15.0 68.7±11.9 71.5±13.5 0.7
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(Table 3). In contrast, calculated AVA remained unchanged irre-
spective of mitral valve function: without MR the AVA was 
0.53±0.04 cm², with MR with EROA <0.2 cm² and EROA 
>0.4 cm² AVA was 0.53±0.07 cm² and 0.52±0.05 cm² (p=0.932), 
respectively (Figure 5D).

CYCLE 3. IMPACT OF SVR AND ARTERIAL C IN SEVERE AS 
AND CONCOMITANT MR
To evaluate the effect of changing conditions of SVR or C on aor-
tic haemodynamics with concomitant MR, MPG and AVA were 
recorded with EROA <0.2 cm² versus EROA >0.4 cm² and with 

MPG - no MR
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MPG - severe MR
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Figure 5. Impact of concomitant MR on transaortic flow, gradient and calculated AVA in severe AS. Concomitant MR results in a significant 
reduction of forward stroke volume (A), mean pressure gradient (B) and flow velocity (C) across severe aortic stenosis. In contrast, 
concomitant MR has no effect on AVA (calculated according to continuity equation) (D). The results of each measurement are based on the 
evaluation of five valves. #: significant (p<0.05) difference between the groups of MR. n.s.: not significant (p≥0.05).

Table 3. Haemodynamic impact of concomitant MR on MPG and Vmax in severe AS.

Measured forward stroke volume MR Grade 0 EROA <0.2 cm² EROA >0.4 cm² p
Total LV stroke volume (ml) 30 34.5±1 28.4±1.9 18.5±1.1 0.002

70 70.9±1.1 60.8±1.6 47.4±1.6 0.002

100 99.4±1.7 84.5±3.3 71.2±2.2 0.002

Mean gradient measured across the aortic valve MR Grade 0 EROA <0.2 cm² EROA >0.4 cm² p
Total LV stroke volume (ml) 30 20.2±3.1 16.5±3.4 8.9±2.5 0.005

70 57.1±9.4 48.6±13.8 33.6±9.5 0.035

100 92.7±20.4 70±10.9 52.5±9.8 0.008

Fixed SV=70 ml MR Grade 0 EROA <0.2 cm² EROA >0.4 cm² p
Vmax 540±15.3 484±49.9 415.5±35.6 0.207

MPG 57.1±9.4 48.6±13.8 33.6±9.5 0.035

AVA 0.53±0.036 0.53±0.07 0.52±0.05 0.932

Conditions of circulatory model: AVA=0.6 cm², HR=70 bpm, SVR=1,200, C=1 ml/mmHg
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Figure 6. Impact of SVR and compliance on transaortic gradient and aortic valve area. Transaortic MPG and AVA were not affected by 
changes of SVR (A & B) or compliance (C & D). The results of each measurement are based on the evaluation of five valves. n.s: not 
significant (p≥0.05).

either a stepwise increase of the SVR (600-2,200 dyn×sec×cm–5) 
or a stepwise increase of arterial C (0.4-2 ml/mmHg).

Neither changes of SVR nor changes of C had an effect on 
aortic haemodynamics, irrespective of mitral valve function 
(Figure 6A-Figure 6D).

CYCLE 4. IMPACT OF MAXIMUM LV AFTERLOAD (MINIMAL C, 
MAXIMAL SVR)
The concept of maximum LV afterload conditions was introduced 
into the model to unmask potential concordant effects of arterial C 
and SVR on aortic valve haemodynamics. In vivo, these rather 
“unphysiologic” conditions can potentially occur under maximum 
vasoconstriction in a low compliant arterial system and call into 
question the reliability of non-invasive echocardiographic evalu-
ation of AS outside of physiologic boundaries.

In this experimental set-up, C is minimal (C 0.4 ml/mmHg) 
and SVR is maximal (SVR=2,200 dyn×sec×cm–5). The follow-
ing results compare physiologic standard conditions (SV=80 ml; 
HR=70 bpm; SVR=1,200 dyn×sec×cm–5; C=1 ml/mmHg) with 
the result of the maximum LV afterload conditions.

In this set-up, only with an AS=0.6 cm² and an MR with 
EROA >0.4 cm² does the MPG significantly decrease from 
58.7±13.7 to 28.1±3.1 mmHg versus standard conditions (no MR: 
67.1±10.7 mmHg; EROA >0.4 cm2: 41.1±5.9 mmHg; p=0.02), 
thus rendering this parameter less reliable for AS evaluation. In 
contrast, calculated AVA remains stable irrespective of MR sever-
ity, SVR or C. Therefore, AVA appears to be a robust parameter 

for AS evaluation even under maximum LV afterload conditions 
(Figure 7A, Figure 7B).

Discussion
Non-invasive echocardiographic evaluation of the aortic valve using 
Doppler-based calculation of the mean gradient and AVA is gener-
ally accepted as a reliable and robust technique for grading aortic 
stenosis11. However, there is a complex association between trans-
valvular aortic flow, left ventricular stroke volume, concomitant 
mitral valve disease and systemic circulatory variables which may 
impact on the diagnostic accuracy of the standard parameters used 
for echo evaluation of AS severity. Therefore, the purpose of the 
present study was to evaluate systematically the effect of the above 
variables on MPG, Vmax and AVA in an ex vivo circulatory model.

As the present study demonstrates, MPG and Vmax across the 
aortic valve mainly depend on AVA and LV forward stroke vol-
ume. A decrease in AVA and an increase in LV stroke volume 
results in a rise of MPG and Vmax – a well-established relation-
ship, which is described by the simplified Bernoulli and continuity 
equations12,13. In the present study, this association is confirmed: 
an increase of SV results in an increase of MPG and Vmax in all 
grades of AS severity (measurement cycles 1 & 2). MPG and Vmax 
are affected by LV forward SV whereas alterations of systemic 
parameters – such as vascular resistance or arterial compliance – 
do not impact on these parameters.

As confirmed by the present analysis, changes of SVR and C 
do not affect the diagnostic accuracy of transaortic MPG or Vmax 
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through a wide physiologic range14,15. This observation is of clini-
cal relevance, as patients with severe AS also frequently present 
with reduced arterial compliance16. As reported by Briand et al, 
reduced systemic arterial compliance in patients with severe AS 
contributes significantly to left ventricular afterload17. The present 
study now confirms that increased LV afterload itself does not 
impact on MPG, Vmax and AVA, and therefore does not affect the 
diagnostic accuracy of echocardiographic evaluation.

However, in the ex vivo model the impact of systemic vari-
ables on AS changes profoundly when low arterial compliance 
coincides with high SVR and severe mitral regurgitation: then, 
despite severe AS, MPG is significantly reduced (measurement 
cycle 4) due to a reduction of LV forward stroke volume whereas 
AVA remains unchanged. Therefore, in this subtype of low-flow, 
low-gradient AS, MPG and Vmax are not reliable for AS severity 
grading. Instead, AVA calculated by the continuity equation should 
preferably be used in this setting as it is independent of flow and 
seems to be a robust parameter in a wide range of haemodynamic 
conditions.

In patients with multivalvular heart disease, MR frequently 
coexists with severe AS18-20. The present study also investigated 
the effect of concomitant MR on aortic haemodynamics in a wide 
range of ex vivo scenarios. In all these measurement cycles, severe 
MR had a significant impact on LV forward stroke volume and 
resulted in low-gradient AS (cycles 2, 3 and 4). When MR was 
introduced and EROA increased further from <0.2 cm² to >0.4 cm², 
forward SV decreased significantly from 70.9±1.1 ml (without 
MR) to 60.8±1.6 ml (EROA <0.2 cm2) and to 47.4±1.1 ml (EROA 
>0.4 cm2, p=0.002), whereas MR volume increased proportionally 
(EROA <0.2 cm²: 13.6±2.4 ml; EROA >0.4 cm²: 27.7±2.8 ml), 
respectively.

This association between EROA of MR and a reduced trans-
valvular gradient in patients with severe AS confirms what has 
been observed clinically and reported as a possible cause of 
another entity of low-flow, low-gradient AS (LGAS). However, 
this phenomenon has only been observed in few cases and has not 
yet been studied systematically21. Although other causes of LGAS 

– including LV systolic dysfunction or paradoxical low stroke vol-
ume with preserved EF – are much better understood, the pre-
valence of LGAS due to severe MR is probably a very common 
yet underestimated pathophysiology in patients with low-gradient 
severe AS1,22-24. However, in patients with multivalvular heart dis-
ease, an effect of mitral regurgitation on transaortic gradient has 
been observed due to the reduction of forward stroke volume25.

In contrast to MPG, AVA remained unchanged irrespective of 
mitral valve function. In the present study, AVA was 0.53±0.04 cm² 
without MR and unchanged at 0.52±0.05 cm² with severe MR 
(p=0.932). Therefore, calculation of AVA seems to be a very 
robust parameter for evaluation of aortic stenosis severity as it is 
independent of stroke volume.

Limitations
The purpose of the present study was to investigate the impact 
and interdependence of systemic haemodynamic parameters and 
concomitant mitral regurgitation on gradient, flow and AVA and 
the reliability of these parameters for grading of AS. Although an 
ex vivo circulatory model allows the isolated adjustment of all of 
the above variables and thus generates valuable insights into their 
haemodynamic effect, it only partially reproduces their complex 
in vivo interaction and cannot reproduce the preload and afterload 
dependent effects of the Frank-Starling mechanism. Therefore, the 
above observations require further studies in human physiology.

Conclusions
Systemic haemodynamic variables and concomitant MR may 
potentially affect transvalvular gradient, flow and AVA in severe 
aortic stenosis and thus impact on the diagnostic accuracy of non-
invasive echocardiographic evaluation of AS. As demonstrated in 
the present study, MPG and Vmax are flow-dependent and signi-
ficantly reduced by a reduction of forward SV from concomitant 
severe MR, resulting in another specific entity of low-flow low-
gradient aortic stenosis despite preserved LV function and normal 
or even elevated LV total stroke volume. In contrast, calculated 
AVA appears to be a robust parameter of AS evaluation if severe 

Key - measurement series:
1 no AS; no MR
2 no AS; severe MR
3 AVA=1 cm2; no MR
4 AVA=0.8 cm2; no MR
5 AVA=0.6 cm2; no MR
6 AVA=0.6 cm2; severe MR
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Figure 7. Comparison of MPG and AVA under standard and maximum afterload conditions. A) MPG. B) AVA. The results of each 
measurement are based on the evaluation of five valves.  #: significant (p<0.05) difference between the groups. n.s.: not significant (p≥0.05).
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Low-gradient aortic stenosis and concomitant mitral regurgitation

MR is present. Changes of SVR and C did not affect the diag-
nostic accuracy of AS evaluation. Physicians should be aware of 
this phenomenon as it has an inherent risk of underestimating AS 
severity. Further clinical confirmation will be required.

Impact on daily practice
In severe aortic stenosis, mean transvalvular gradient (MPG) 
and maximum flow velocity (Vmax) are dependent on forward 
stroke volume (SV). As observed in the present study, MPG and 
Vmax can be significantly reduced from concomitant severe MR 
by forward SV reduction, resulting in another specific entity 
of low-flow, low-gradient aortic stenosis despite preserved LV 
function and normal or even elevated LV total stroke volume. 
In contrast, calculated aortic valve area appears to be a robust 
parameter of AS evaluation if severe MR is present. Physicians 
should be aware of this phenomenon as it carries an inherent 
risk of underestimating AS severity.

Acknowledgements
The authors thank Mrs Annette Schmidt, FSU Jena, for her assis-
tance in conducting the above experiments.

Funding
Friedrich-Schiller University Jena, Institutional Funding (no grant 
number).

Conflict of interest statement
The authors have no conflicts of interest to declare.

References
 1. Baumgartner H, Falk V, Bax JJ, De Bonis M, Hamm C, 
Holm PJ, Iung B, Lancellotti P, Lansac E, Rodriguez Muñoz D, 
Rosenhek R, Sjögren J, Tornos Mas P, Vahanian A, Walther T, 
Wendler O, Windecker S, Zamorano JL; ESC Scientific Document 
Group. 2017 ESC/EACTS Guidelines for the management of val-
vular heart disease. Eur Heart J. 2017;38:2739-91.
 2. Lauten A, Figulla HR, Möllmann H, Holzhey D, Kötting J, 
Beckmann A, Veit C, Cremer J, Kuck KH, Lange R, Zahn R, Sack S, 
Schuler G, Walther T, Beyersdorf F, Bohm M, Heusch G, Meinertz T, 
Neumann T, Welz A, Mohr FW, Hamm CW; GARY Executive. TAVI 
for low-flow, low-gradient severe aortic stenosis with preserved or 
reduced ejection fraction: a subgroup analysis from the German 
Aortic Valve Registry (GARY). EuroIntervention. 2014;10:850-9.
 3. Clavel MA, Berthelot-Richer M, Le Ven F, Capoulade R, 
Dahou A, Dumesnil JG, Mathieu P, Pibarot P. Impact of classic and 
paradoxical low flow on survival after aortic valve replacement for 
severe aortic stenosis. J Am Coll Cardiol. 2015;65:645-53.
 4. Unger P, Clavel MA, Lindman BR, Mathieu P, Pibarot P. 
Pathophysiology and management of multivalvular disease. Nat 
Rev Cardiol. 2016;13:429-40.
 5. Selle A, Figulla HR, Ferrari M, Rademacher W, Goebel B, 
Hamadanchi A, Franz M, Schlueter A, Lehmann T, Lauten A. 

Impact of rapid ventricular pacing during TAVI on microvascular 
tissue perfusion. Clin Res Cardiol. 2014;103:902-11.
 6. Möllmann H, Linke A, Holzhey DM, Walther T, Manoharan G, 
Schafer U, Heinz-Kuck K, Van Boven AJ, Redwood SR, Kovac J, 
Butter C, Sondergaard L, Lauten A, Schymik G, Worthley SG. 
Implantation and 30-Day Follow-Up on All 4 Valve Sizes Within 
the Portico Transcatheter Aortic Bioprosthetic Family. JACC 
Cardiovasc Interv. 2017;10:1538-47.
 7. Lauten A, Zahn R, Horack M, Sievert H, Linke A, Ferrari M, 
Harnath A, Grube E, Gerckens U, Kuck KH, Sack S, Senges J, 
Figulla HR; German Transcatheter Aortic Valve Interventions 
Registry Investigators. Transcatheter aortic valve implantation in 
patients with low-flow, low-gradient aortic stenosis. JACC 
Cardiovasc Interv. 2012;5:552-9.
 8. deFilippi CR, Willett DL, Brickner ME, Appleton CP, 
Yancy CW, Eichhorn EJ, Grayburn PA. Usefulness of dobutamine 
echocardiography in distinguishing severe from nonsevere valvular 
aortic stenosis in patients with depressed left ventricular function 
and low transvalvular gradients. Am J Cardiol. 1995;75:191-4.
 9. Burwash IG. Low-flow, low-gradient aortic stenosis: from 
evaluation to treatment. Curr Opin Cardiol. 2007;22:84-91.
 10. Lauten A, Ferrari M, Goebel B, Rademacher W, Schumm J, 
Uth O, Kiehntopf M, Figulla HR, Jung C. Microvascular tissue per-
fusion is impaired in acutely decompensated heart failure and 
improves following standard treatment. Eur J Heart Fail. 
2011;13:711-7.
 11. Daniel WG, Baumgartner H, Gohlke-Bärwolf C, Hanrath P, 
Horstkotte D, Koch KC, Mügge A, Schäfers HJ, Flachskampf FA. 
[Aortic stenosis]. [Article in German]. Clin Res Cardiol. 2006;95: 
620-41.
 12. Mascherbauer J, Schima H, Rosenhek R, Czerny M, 
Maurer G, Baumgartner H. Value and limitations of aortic valve 
resistance with particular consideration of low flow-low gradient 
aortic stenosis: an in vitro study. Eur Heart J. 2004;25:787-93.
 13. Goebel B, Haugaa KH, Meyer K, Otto S, Jung C, Lauten A, 
Figulla HR, Edvardsen T, Poerner TC. Early diastolic strain rate 
predicts response to heart failure therapy in patients with dilated 
cardiomyopathy. Int J Cardiovasc Imaging. 2014;30:505-13.
 14. Kadem L, Garcia D, Durand LG, Rieu R, Dumesnil JG, 
Pibarot P. Value and limitations of peak-to-peak gradient for evalu-
ation of aortic stenosis. J Heart Valve Dis. 2006;15:609-16.
 15. Mascherbauer J, Fuchs C, Stoiber M, Schima H, Pernicka E, 
Maurer G, Baumgartner H. Systemic pressure does not directly 
affect pressure gradient and valve area estimates in aortic stenosis 
in vitro. Eur Heart J. 2008;29:2049-57.
 16. O’Rourke MF, Staessen JA, Vlachopoulos C, Duprez D, 
Plante GE. Clinical applications of arterial stiffness; definitions and 
reference values. Am J Hypertens. 2002;15:426-44.
 17. Briand M, Dumesnil JG, Kadem L, Tongue AG, Rieu R, 
Garcia D, Pibarot P. Reduced systemic arterial compliance impacts 
significantly on left ventricular afterload and function in aortic ste-
nosis: implications for diagnosis and treatment. J Am Coll Cardiol. 
2005;46:291-8.



1644

EuroIntervention 2
0
1
8

;1
3

:16
3

5
-16

4
4

 18. Lindroos M, Kupari M, Heikkila J, Tilvis R. Prevalence of aor-
tic valve abnormalities in the elderly: an echocardiographic study of 
a random population sample. J Am Coll Cardiol. 1993;21:1220-5.
 19. Klein AL, Burstow DJ, Tajik AJ, Zachariah PK, Taliercio CP, 
Taylor CL, Bailey KR, Seward JB. Age-related prevalence of valvular 
regurgitation in normal subjects: a comprehensive color flow exami-
nation of 118 volunteers. J Am Soc Echocardiogr. 1990;3:54-63.
 20. Nkomo VT, Gardin JM, Skelton TN, Gottdiener JS, Scott CG, 
Enriquez-Sarano M. Burden of valvular heart diseases: a popula-
tion-based study. Lancet. 2006;368:1005-11.
 21. Pislaru SV, Pellikka PA. The spectrum of low-output low-
gradient aortic stenosis with normal ejection fraction. Heart. 
2016;102:665-71.
 22. Kadem L, Dumesnil JG, Rieu R, Durand LG, Garcia D, 
Pibarot P. Impact of systemic hypertension on the assessment of 
aortic stenosis. Heart. 2005;91:354-61.

 23. Lauten J, Rost C, Breithardt OA, Seligmann C, 
Klinghammer L, Daniel WG, Flachskampf FA. Invasive hemody-
namic characteristics of low gradient severe aortic stenosis despite 
preserved ejection fraction. J Am Coll Cardiol. 2013;61: 
1799-808.
 24. Baron SJ, Arnold SV, Herrmann HC, Holmes DR Jr, 
Szeto WY, Allen KB, Chhatriwalla AK, Vemulapali S, O’Brien S, 
Dai D, Cohen DJ. Impact of Ejection Fraction and Aortic Valve 
Gradient on Outcomes of Transcatheter Aortic Valve Replacement. 
J Am Coll Cardiol. 2016;67:2349-58.
 25. Rossi A, Dandale R, Nistri S, Faggiano P, Cicoira M, 
Benfari G, Onorati F, Santini F, Messika-Zeitoun D, Enriquez-
Sarano M, Vassanelli C. Functional mitral regurgitation in patients 
with aortic stenosis: prevalence, clinical correlates and pathophysio-
logical determinants: a quantitative prospective study. Eur Heart J 
Cardiovasc Imaging. 2014;15:631-6.


