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a b s t r a c t 

Uni-dimensional Doppler echocardiography data provide the mainstay of quantative assessment of aor- 

tic stenosis, with the transvalvular pressure drop a key indicator of haemodynamic burden. Sophisticated 

methods of obtaining velocity data, combined with improved computational analysis, are facilitating in- 

creasingly robust and reproducible measurement. Imaging modalities which permit acquisition of three- 

dimensional blood velocity vector fields enable angle-independent valve interrogation and calculation of 

enhanced measures of the transvalvular pressure drop. This manuscript clarifies the fundamental princi- 

ples of physics that underpin the evaluation of aortic stenosis and explores modern techniques that may 

provide more accurate means to grade aortic stenosis and inform appropriate management. 

© 2021 Published by Elsevier Inc. 
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ntroduction 

Aortic stenosis (AS) is characterised by progressive thickening 

nd calcification of the aortic valve leaflets resulting in restricted 

eaflet excursion and obstruction of cardiac output [1] . Studies re- 

ort a high prevalence of AS (3.9% in the 70-79 year old age group)

nd a rising incidence in aging populations [ 2 , 3 ]. In the setting

f impeded blood flow, the ventricle experiences an increased de- 

and to generate pressures capable of propelling blood across the 

arrowed valve orifice [2] . Consequently, a number of maladap- 

ations at the microscopic level summate to cause left ventricu- 

ar (LV) remodelling and eventual impairment [4] . Depressed sys- 

olic function heralds a late stage of disease, and is associated with 

oor outcomes [5] . The mainstay of treatment is surgical or tran- 

catheter valve replacement with the severity of AS governing the 

eed and timing of intervention [ 6 , 7 ]. 

AS manifests as angina, syncope and dyspnoea, with each ad- 

itional symptom suggestive of increasingly advanced disease [8] . 

owever, reported symptoms are not universally indicative of dis- 

ase severity and asymptomatic patients may have haemodynam- 

cally significant disease [1] . Clinical examination may identify the 

athology, but is insufficiently sensitive to grade disease severity 
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1] . Therefore, quantifiable measures of valve haemodynamics are 

ssential to substantiate decision-making. In many cases grading 

he severity of AS is complex, and several factors are assessed in 

ombination. 

ssessing the severity of AS 

Whilst symptomatic status and presence of LV impairment 

re dichotomised into binary outcomes, AS severity is categorised 

ased on quantifiable metrics. Historically, retrograde LV catheter- 

sation yielding a “peak-to-peak gradient” and orifice area by the 

orlin (or Hakki) method provided such metrics with the asso- 

iated risks of haemorrhage, stroke, vascular injury, and expo- 

ure to ionising radiation [ 9 , 10 ]. As such, catherization is reserved

or cases where uncertainty remains after intensive investigation 

 6 , 7 ]. Non-invasive haemodynamic and anatomic biomarkers of AS 

everity acquired from echocardiography are the current standard 

ractice ( Table 1 ). In earlier guidelines, Doppler Echocardiography 

DE)-derived aortic valve area (AVA) < 1.0cm [2] or body surface 

rea (BSA)-indexed valve area < 0.6cm 

2 /m 

2 alone denoted severe 

S [11] . One study of 16,156 echocardiograms with AVA < 1.5cm 

2] demonstrated an absence of ventricular outflow obstruction 

n 12.4% subjects, a finding supported by subsequent larger scale 

tudies, indicating the pitfalls of assigning severity using this met- 

ic in isolation [12–14] . Contemporary guidelines emphasise com- 

ined evaluation using anatomic and haemodynamic measures of 

isease severity with transaortic velocity (V max ) > 4m/s or a mean 
ation of aortic stenosis: From Bernoulli and Doppler to Navier- 
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Table 1 

Doppler echocardiographic markers of disease severity. 

Parameter Advantages Disadvantages 

Peak aortic velocity - direct measurement 

- evidence base 

- potential inaccuracy due to probe alignment 

Peak pressure drop - easy to calculate - potential inaccuracy due to probe alignment, with potential for 

amplification of inaccuracy due to squared velocity term. 

- potential for miscalculation if elevated LVOT velocities are 

encountered 

- negates pressure recovery 

Mean pressure drop - evidence base 

- correlation with invasive peak-to-peak pressure drops 

- potential inaccuracy due to probe alignment 

- negates pressure recovery 

Effective orifice area - less flow-dependent measure of obstruction 

- evidence base 

- potential inaccuracy due to probe alignment 

- potential inaccuracy due to LVOT diameter measurement 

- calculated value 

Dimensionless Index - overcomes difficulty of LVOT measurement - limited evidence base 

Energy Loss Index - accounts for pressure recovery - potential inaccuracy due to probe alignment 

- calculated value 

- additional complexity 

Abbreviations: LVOT – left ventricular outflow tract 

Fig. 1. Changes in the assessment of aortic stenosis. Adapted and simplified 2020 ACC/AHA Aortic Valve Management Algorithm. Additional management steps, when 

compared with the 2006 guidelines are highlighted in orange.(7,17) Abbreviations: AS – aortic stenosis, AVA – aortic valve area, BNP – brain natriuretic peptide, BP – blood 

pressure, DSE – dobutamine stress echocardiogram, ETT – exercise tolerance test, LVEF – left ventricular ejection fraction, SVI – stroke volume index, TPD – transvalvular 

pressure drop, V max – peak jet velocity 
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ransvalvular gradient of > 40mmHg denoting severe AS ( Figure 1 ) 

 6 , 7 ]. 

Retrospective registry data have demonstrated that nearly 60% 

f patients are asymptomatic despite having severe AS diagnosed 

y conventional methods [15] , a finding that justifies judicious 

se of exercise stress testing to unmask symptoms where activ- 

ty levels are subconsciously or deliberately reduced [ 16 , 17 ]. Dis- 

ordance between Doppler-derived metrics exists in up to 30% 

f patients [ 18 , 19 ]. Invasive measurements are similarly prone to 

nconsistent grading with 25% exhibiting disagreement between 

atheter-derived pressure drops and valve areas, a finding more 

ommon in individuals with reduced stroke volume [20] . Guide- 

ines now place greater emphasis on thorough assessment of LV 

unction. Dobutamine-stress echocardiography (DSE) facilitates as- 

essment of the Transvalvular Pressure Drop (TPD) at baseline and 

nder inotrope-stimulation whilst also yielding measures of con- 

ractile (or “flow”) reserve allowing further differentiation of se- 

ere AS in the context of myocardial function [21] . Sub-categories 

nclude true severe, low-flow low-gradient severe and pseudo-low 

ow low-gradient AS [22] (see table 2 ). Expansion of this classi- 

a

2 
cation highlights the heterogeneity of the underlying pathology 

nd the need for increasingly sophisticated assessment. 

In some cases, surrogate biomarkers of severity are assessed 

here categorisation proves challenging based on conventional 

etrics. For example, valve calcification on cardiac CT (quantified 

y an Agatston score > 1274 units for women and > 2065 units for 

en) is a useful discriminator for identifying severe AS and pro- 

ides valuable prognostic data [19] . Serum biomarkers, for instance 

rain natruiuretic peptide (BNP) indicative of myocardial stretch, 

tratify symptom-free survival and outcomes, and are included in 

uidelines [ 6 , 7 ]. 

Ultimately, more accurate and reproducible measures for as- 

igning severity of AS are needed. Indeed, alternative methods for 

rading the severity of AS have garnered interest but are yet to 

emonstrate utility beyond conventional techniques [23] . 

undamental physical principles 

Despite discordant echocardiographic markers of AS severity 

nd different haemodynamic states associated with AS, clear cut- 
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Table 2 

Biomarkers used for classification of discordant AS. 

Parameter True Severe Low flow, low gradient Pseudo- low flow, low gradient 

Aortic Valve Area/cm 

2 /Indexed cm 

2 /m 

2 ≤1.0/ ≤0.6 ≤1.0/ ≤0.6 ≤1.0/ ≤0.6 

Peak aortic velocity/m/s > 4 < 4 < 4 

Mean Pressure Drop/mmHg > 40 < 40 < 40 

Stroke Volume Index/ ml/m 

2 > 35 < 35 < 35 

Augmentation of flow parameters under inotropic stimulation NA Yes No 

Fig. 2. The physics of the transvalvular pressure drop. Schematic diagram of cross-sectional flow past a stenosis demonstrating the concepts of the maximum drop (measured 

by the Bernoulli equation) and net drop (measured by the Navier-Stokes equation). The peak velocity measurement made at the vena contracta (P2) yields the peak pressure 

drop, whereas further downstream the fully recovered pressure, inclusive of the irreversible losses is described by the net pressure drop (P3). ∗ ∗Adapted from Donati F 

Thesis: Non-Invasive Relative Pressure Estimation using 4D Flow MRI 2016. 
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ff points are indicated in international guidelines to guide deci- 

ion making for AVR. This leads one to consider how these physics 

ased parameters are derived and whether in the contemporary 

ra they can be improved upon to enable better risk stratification. 

When a body of fluid flows past a constriction, momentum is 

onserved: spatial acceleration causes energy transfer from poten- 

ial into kinetic energy, resulting in a pressure drop ( Figure 2 ). Be-

ond the narrowing (where vessel cross sectional area increases), 

he fluid decelerates and kinetic energy is partially returned into 

ressure energy density – a phenomenon known as pressure re- 

overy (position 3 on Figure 2 ) [24] . Blood velocity can be mea-

ured at the vena contracta (point of maximum convergence - po- 

ition 2 on Figure 2 ) and application of either the Bernoulli or 

avier-Stokes equations allows calculation of the pressure drop 

25] . 

et versus peak pressure drop 

Application of the Bernoulli formula to the peak velocity 

ecorded at the vena contracta yields the peak TPD , which accounts 

or the gain in kinetic energy but not the irreversible energy loss 

hich occurs distal to the vena contracta. The net TPD refers to 

he pressure drop after complete pressure recovery, i.e. after ir- 

eversible losses have occurred. Instantaneous differences of pres- 

ure transduction obtained by cardiac catheterisation yields a di- 
3 
ect measure of the net TPD and is clinically robust despite chal- 

enges associated with transducer positioning for complete pres- 

ure recovery, oscillation in pressure measurement, and patient 

olume status [ 26 , 27 ]. 

The peak TPD is thus a surrogate of the true burden that has 

emonstrated to be practical and useful, with excellent levels of 

orrelation with peak-to-peak TPDs [28] and successful AS sever- 

ty grading in clinical guidelines [29] . However, experimental evi- 

ence has suggested that the irreversible energy loss (i.e secondary 

o friction) represented by the net TPD best assesses the addi- 

ional haemodynamic burden of stenosis [30] . Therefore, correc- 

ion of routinely acquired metrics to incorporate pressure recovery 

ave been proposed. One such example is the energy loss index 

ELI) [31] which demonstrated additional prognosticating power in 

rospective evaluation of 1873 asymptomatic AS patients from the 

 imvastatin and E zetimibe in A ortic S tenosis (SEAS) [32] . Of note,

he ELI was a predictor of combined aortic valve events (aortic 

alve replacement, hospitalization for heart failure resulting from 

S progression, and cardiovascular death) independent of peak aor- 

ic velocity or mean aortic gradient [32] . 

he Bernoulli equation 

The Bernoulli equation is used to compute the peak pressure 

ifference from velocity data. It is a simplification of the Navier- 
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Fig. 3. Velocity data for transvalvular pressure drop calculation. Schematic diagram demonstrating the different approaches to velocity data acquisition. In the case of the 

conventional Doppler Echocardiography this involves 2D-image acquisition, followed by uni-dimensional velocity acquisition using continuous wave Doppler (right). This is 

compared with 4D-Flow MRI, where initial gated-acquisition is followed by processing which yields aortic segmentation with a centreline. From this individual velocity 

vectors across the region of interest can be visualised, giving a 3D representation of blood flow (left). Naturally more data can be input to calculate TPD using 4D-flow MRI 

and thus estimations should demonstrate improved accuracy. Moreover, being an angle-independent technique it is less prone to interobserver variability as observed with 

transthoracic echocardiography. Abbreviations: 2D – two dimensional, 3D – three dimensional, 4D-flow MRI – four dimensional flow magnetic resonance imaging, TPD –

transvalvular pressure drop 
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tokes equation by considering a single, unidimensional streamline 

f flow [33] , and formulates the pressure drop �P between points 

 and 2 of a streamline S as ( equation 1 ): 

P = p 2 − p 1 = 

ρ

2 

(
V 

2 
2 − V 

2 
1 

)
+ 

2 ∫ 
1 

dv 
dt 

ds + R ( v ) (1) 

The pressure drop is determined by the addition of 3 compo- 

ents: the spatial (i.e. convective) acceleration resulting from the 

roduct of mass density and the velocity change [ ρ
2 
( V 2 

2 
− V 2 

1 
) ], the 
4 
emporal (i.e. unsteady or kinetic) acceleration [ 
2 
∫ 
1 

dv 
dt 

ds ] and the vis- 

ous losses [ R (v)]. Viscous energy losses account for the dissipation 

esulting from friction, either laminar or turbulent. Laminar losses 

esult from the friction between parallel planes of fluid, whereas 

urbulent losses occur where laminar flow breaks down into vor- 

ices, helices and eddy type currents. 

Evidence has demonstrated that in AS convective acceleration is 

esponsible for the largest component of the TPD [34] . Therefore, 

he equation was modified into a format omitting the terms for 

emporal acceleration [ 
2 
∫ 
1 

dv 
dt 

ds ] and the viscous component [ R (v)], 
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�P = p 2 − p 1 = 

ρ

2 

(
V 

2 
2 − V 

2 
1 

)
(2) 

The modified Bernoulli ( equation 2 ) is used when LVOT blood 

elocity is > 1 m/s – conditions seldom encountered within a 

ealthy ventricle, but which may be present under pathological 

bstruction to outflow (as in hypertrophic cardiomyopathy) [35] . In 

ost situations, the equation can be further simplified by omission 

f the LVOT velocity term [ V 2 
1 

] leading to the Simplified Bernoulli 

SB) equation [35] : 

p = 

ρ

2 

v 2 (3) 

The mean pressure drop is also derived from DE using the SB 

quation and reflects the difference between LV and aortic pressure 

hroughout systole (see equation 4 ), where [ V p ] is the peak systolic

elocity and [ V m 

] the mean systolic velocity [36] : 

P m 

= 8 V 

2 
m 

[
V p 

V p + V m 

]
(4) 

implified Bernoulli in clinical practice 

In clinical practice, measuring the relative shift in frequency of 

eflected ultrasound waves permits calculation of velocity using 

he Doppler effect, facilitating computation of the instantaneous 

eak TPD and mean TPD via the SB equation [35] . Peak velocity 

s an independent predictor of outcome and strongly associated 

ith mortality [37] . The mean TPD has significant diagnostic im- 

ortance, correlating well with catheter-derived TPDs and adverse 

linical outcome [ 38 , 39 ]. 

The assumptions intrinsic for the application of SB pressure 

rops are not unreasonable. The temporal acceleration component 

n Eq.1 is omitted, negating the pulsatile nature of physiological 

lood flow and assuming steady flow [ 40 , 41 ] but this is inconse-

uential as the temporal acceleration is null at the time of maxi- 

um constriction (instantaneous peak drop), and positive acceler- 

tion is compensated by the negative acceleration when comput- 

ng the average drop [42] . Moreover, higher peak aortic jet veloci- 

ies observed in AS yield a pressure drop which is determined by 

he convective rather than temporal acceleration [40] . Notably, a 

ighly-controlled phantom circuit has been used to demonstrate 

tronger correlations with SB-derived peak pressure drops com- 

ared with catheter against a ground truth computational fluid dy- 

amics (CFD) solution, demonstrating improved correlation using 

B calculations [33] . The ease at which DE and SB can be used to

ield TPD drops, whilst standing on a firm evidence base, justifies 

he continued use of the technique for first-line evaluation of AS. 

Nevertheless, over-simplification of the physics and method- 

logical limitations of acquiring velocity data both contribute to 

he limitations of SB. SB assumes an ideal system where energetic 

osses are ignored, whereas turbulent dissipation, frequently en- 

ountered distal to stenotic and bicuspid valves, has independent 

tratification value 43 . Thus, the energy losses that are true cause 

f the additional haemodynamic burden are overlooked [32,44,45] . 

The tendency of SB to yield overestimated peak TPDs when 

ompared with invasive measurements is widely recognised. The 

ifference can be explained by the requisite assumption that 

he entire velocity field (i.e. all the velocity vectors across the 

alve cross section) have a magnitude equal to the peak velocity, 

hereas in reality, the velocity field is heterogenous [41] . More- 

ver, the velocity-based technique yields an instantaneous TPD 

nd the catheter measures the pressure drop at two distinct time 

oints (peak to peak). 
5 
Technical aspects impact the quality of DE velocity acquisition. 

eak velocity measurement requires alignment of incident con- 

inuous wave (CW) Doppler beam to interrogate a single stream- 

ine of maximal identified flow [41] . Incorrect alignment may re- 

ult in substantial underestimation of velocity and it is possible 

or the maximum velocity to be missed altogether. In the clini- 

al setting, up to 15 0 of angulation between the incident beam 

nd maximal jet is permissible, resulting in a 5% underestima- 

ion of the true value [35] . Sampling the streamline from CW 

oppler yields the uni-dimensional peak jet velocity, disregarding 

he three-dimensional (3D) blood flow across the valve [46] . More- 

ver, eccentric jets observed across severely calcified or bicuspid 

alves may prove challenging to characterise on 2D echocardiog- 

aphy elevating the risk of discordant measurements and incorrect 

stimation of TPD [ 47 , 48 ]. Difficulties in obtaining diagnostic sono- 

raphic windows is a further challenge, especially in elderly co- 

orts where AS is most prevalent [49] . 

Strategies to maximise accuracy of the measurement include re- 

eated samples in multiple sonographic windows (the apical win- 

ow with supplementary suprasternal and right parasternal views) 

o ensure a true measure of maximal jet velocity [48] . Current 

uidelines also advise additional data acquisitions over several 

eartbeats to allow for beat-to-beat variation, particularly in the 

etting of arrhythmia. Furthermore, use of dedicated, non-imaging 

oppler probes is recommended to ensure that maximal aortic ve- 

ocity measurements are obtained [48] . Concurrent mitral regurgi- 

ation can introduce unwanted interference with this measurement 

esulting in incorrect grading, and careful evaluation is required to 

void this. 

uilding on Bernoulli: the Navier-Stokes equation 

The physics of blood flow in the large arteries and aortic steno- 

is is ruled by the incompressible Navier-Stokes equation, which in 

ssence is the 3D extension of Bernoulli’s equation ( equation 5 ) 25 : 

[
δV 

δt 
+ ( V . ∇ ) V 

]
= −∇P + ρg + μ∇ 

2 V (5) 

Components are analogous to the full Bernoulli equation, 

ith terms for temporal acceleration ( δV 
δt 

) , convective acceleration 

(V. ∇) V ), body forces ( ρg ) and viscous energy losses ( μ∇ 

2 V ). With

pplication to AS, body forces consist of changes in gravitation and 

uoyancy (which are equal and can therefore be omitted) [50] . 

onvective acceleration is an expression of energy expended to ac- 

elerate blood across the stenosed valve which can be reduced to 

he SB equation used in Doppler-derived peak TPD [33] . 

The Navier-Stokes equation requires 3D velocity vectors in the 

ntire domain, rather than focusing on a single velocity component 

f a single streamline in SB. By relying on fewer assumptions, and 

y accounting for pressure recovery and irreversible pressure loss, 

ore accurate estimation of TPD (and cardiac afterload) is possible 

 Table 3 ). 

cquisition of dense velocity fields 

agnetic resonance imaging 

Contemporary velocity acquisition is achieved using conven- 

ional phase-contrast MRI (PC MRI) and more sophisticated tech- 

iques (4D-flow MRI) [ 51 , 52 ]. 

Flow velocity is proportional to the MR phase signal observed 

cross a gradient magnetic field – the core principle underpinning 

C MRI. Commonly used unidirectional 2D PC-MRI is based on the 

pplication of two interleaved acquisition sequences which differ 

nly by the amplitude of a “phase-encoding” bipolar gradient per- 

endicular to the imaging plane, and that allows determination of 
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Table 3 

Key differences between the simplified Bernoulli and Navier-Stokes equations 

Simplified Bernoulli Navier-Stokes 

Flow Steady Non-steady (i.e. pulsatile) 

Fluid Inviscid Viscous 

Velocity Data 1D 2D, 3D 

Data Acquisition Doppler Echocardiography, 2D PC-MRI 4D-Flow MRI, velocity vector ultrasound 

Pressure Recovery Neglected Included 

Pressure Drop Estimation Peak Net 

Abbreviations: 1D- uni-dimensional, 3D – three-dimensional, 2D PC-MRI – 2D phase contrast magnetic resonance 

imaging, 4D-Flow MRI – four dimensional flow magnetic resonance imaging 
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he difference (or phase shift) in MR signal between the images. 

he upper velocity limit that can be recorded (termed velocity en- 

oding, VENC) is pre-defined prior to scanning and relates to the 

mplitude of the phase-encoding gradient. Subsequent data acqui- 

ition yields velocity as a function of the phase shift and VENC. 

nsufficient VENC may result in aliasing although methods which 

unwrap” the data to facilitate analysis exist [53] . 

Assessment of valve disease demands precise velocity measure- 

ent, requiring sampling within the region of interest (ROI) to 

dentify the peak velocity and a VENC threshold exceeding the in- 

ended acquisition. Measurements with unidirectional 2D PC-MRI 

an be affected if the acquisition plane is not orthogonal to the 

irection of peak flow, similar to the challenges faced with DE. 

tudies comparing velocities derived from 2D PC-MRI and DE have 

emonstrated strong correlation (r = 0.95, p < 0.001), with values 

nder-estimated using 2D PC-MRI (-11.2% ±10.2, p < 0.001), prob- 

bly as a consequence of limitations in slice positioning (a require- 

ent that can be corrected by direct visualisation in echocardio- 

raphy, but not necessarily within an MRI study) [54] . Moreover, 

RI velocity acquisition is limited to one slice, whereas Doppler 

echniques can sample along the entire line of insonation. Anatom- 

cal measures, such as geometric orifice area ascertained using 

lanimetry, effective orifice area using the continuity equation, or 

ccurate LVOT cross sectional area from MRI have been reported 

ith similar results to TTE [55] . 

Contemporary CMR techniques confer the ability to acquire 

D, cine phase-contrast imaging with three-directional velocity- 

ncoding, a technique commonly termed 4D-flow MRI. The accu- 

acy of data acquired using 4D flow MRI has been validated against 

old standard techniques such as invasive catheter measurements 

n a porcine model [56] . 

There are substantial advantages to 4D flow MRI-derived veloci- 

ies. By encoding for velocity in all three directions, slice alignment 

ecomes irrelevant, ensuring maximal velocity is acquired. High in- 

raclass correlation coefficients for peak aortic velocities have been 

bserved for both intraobserver (r = 0.92, p < 0.0 0 01) and interob-

erver (r = 0.88, p < 0.02) variability [57] . In one study evaluating

eak velocity in patients with AS and healthy volunteers using DE, 

C-MRI and 4D-flow MRI, 2D PC-MRI underestimated peak aor- 

ic velocity when compared with DE whilst 4D-Flow MRI yielded 

igher velocities than the other two methods (mean difference 

rom TTE: + 16.6 ± 10.5%, p < 0.001) and significantly improved con- 

ordance with mean pressure drop and effective orifice area [54] . 

ose et al described a method for obtaining velocity maximal in- 

ensity plots in paediatric patients with either bicuspid or unicus- 

id valves which yielded similar velocities to DE (MIP 4D-Flow MRI 

.056 ± 0 .83 vs. DE 2.036 + 0.95 m/s, difference = 1.1%, P < 0.2485), 

nd also confirmed that velocities were underestimated using 2D- 

C MRI [58] . In a small cohort (n = 10) of severe AS patients un-

ergoing TAVI, DE significantly overestimated peak pressure drops 

61 ± 32 mmHg, p < 0.0 0 02) when compared with 4D-flow MRI (54

26 mmHG, p = 0.67), with ground-truth TPD measured invasively 

50 ± 34 mmHg) [59] . This particular case may demonstrate the 

endency of SB to overestimate the pressure drop, especially where 
6 
reater velocities are encountered. In summary, DE may correctly 

dentify peak velocity where insonation is correctly aligned with a 

oaxial jet, whereas MRI may yield higher values in more techni- 

ally challenging cases where flow displacement is substantial, or 

eam-alignment is unsatisfactory. 

omputed tomography 

Velocity data from CT datasets have been reported with high 

evels of correlation with 4D-flow MRI [60] . The velocity was com- 

uted from retrospective analysis of endocardial deformation and 

ubsequent application of CFD calculation. Despite the capability 

f higher spatial and temporal resolution, substantial processing 

ower and computation time are requisite for the technique. Clin- 

cal applicability of such techniques remains to be seen. 

ltrasound 

CW and pulsed wave (PW) Doppler echocardiography are 

idely used to estimate blood flow velocity in clinical prac- 

ice. Technological advances now permit acquisition of 2D- and 

D-velocity data using ultrasound (termed “velocity vector ultra- 

ound”) [61] , though remain limited to carotid vascular or trans- 

sophageal echocardiographic (TEE) imaging due to depth penetra- 

ion and image quality. Some, however, have potential transtho- 

acic application. The techniques use ultra-high frame (UHF) rate 

chocardiography ( > 10 0 0 frames per second [fps]) compares to the 

onventional rate of 50 fps) [62] to obtain these data and are al- 

eady installed in some clinical systems (e.g. blood speckle imag- 

ng (BSI), (GE Vingmed, Horten, Norway) [62] . This technique ex- 

loits technology similar to speckle tracking used for the calcu- 

ation of myocardial strain, wherein a small group of pixels (or 

kernels”) are identified and tracked. Speckle patterns in BSI are 

cquired from the blood flow signal rather than the myocardium, 

nd resulting data analysed using a best-match algorithm, with re- 

ults that correlate well with phase contrast MRI [ 63 , 64 ]. It should

e noted that BSI technology yields a 2D representation of veloc- 

ty vectors that overlay the underlying ultrasound magnitude im- 

ge. A further contrast-enhanced echocardiographic technique uses 

peckle decorrelation analysis to yield out-of-plane velocity data 

rom cross sectional imaging, and has been shown to be effective 

n measuring velocities up to 1m/s in the rabbit aorta that cor- 

elate closely with ultrasound imaging velocimetry and invasive 

atheter measurement [65] . Olesen et al reported successful 2D ve- 

ocity vector imaging of a healthy aortic valve, but the low resolu- 

ion images were limited by signal-noise ratio [66] . Aliasing may 

rove problematic at higher velocities and feasibility of capturing 

he higher velocities in AS is undergoing evaluation. Further limi- 

ations include inadequate tissue penetration and image quality at 

HF rate with current transducer technology and substantial pro- 

essing times for some techniques. 
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erivation of pressure drop using 3D velocity vectors 

Methods to non-invasively capture the TPD have been described 

sing both computational analysis of acquired velocity data, and 

ther CFD techniques that simulate velocity, as summarised in 

able 4 . [88,89] 

Various components of the full Navier-Stokes equation have 

een used as surrogate measures of the net TPD from 3D velocity 

ectors. Accounting for only the spatial acceleration to estimate the 

eak TPD is the most common choice. The most basic technique 

nvolves application of SB to the peak velocity data, thus emulating 

E and inheriting the assumptions and limitations of SB formula- 

ion, but with 4D flow MRI providing an ability to capture the peak 

elocity with more certainty [59] . An improved version is to esti- 

ate the actual spatial (i.e. convective) acceleration at the point 

f maximum constriction: by accounting for the velocity profile in 

he cross section of the lumen at vena contract level, it is possi- 

le to correct for a variable overestimation of SB [41] , a technique 

nown as the Simplified Advective Work-Energy Relative pressure 

SAW). 

More intensive approaches focus on quantifying flow inefficien- 

ies. Viscous energy losses due to friction between laminar planes 

esult in dissipation of kinetic energy, and this has been success- 

ully measured non-invasively using PC-MRI [67] . Barker et al de- 

cribed application of a reformulated Navier-Stokes equation to 

ield viscous dissipation at the individual voxel within a defined 

OI facilitating the calculation of net viscous energy loss over time, 

hich demonstrated good correlation with conventional TPD as- 

essment in a small group of patients combined AS and aortic di- 

atation [67] . 

Where the pressure drop is large, the greatest share of irre- 

ersible energy loss is due to turbulent flow, characterised by ir- 

egular fluctuations and mixing, in contrast to the regular and 

mooth layers of laminar flow. Turbulent flow that serves as a 

urther obstruction to flow itself is frequently present distal to a 

tenosis and has been demonstrated both experimentally and the 

uman aorta [ 68 , 69 ]. Measurements of turbulent kinetic energy 

sing 4D-flow MRI have been described [70] . Additionally, turbu- 

ence intensity using 4D-flow MRI correlates well with assessment 

sing laser particle velocimetry [ 71 , 72 ]. 

Direct estimation of the net TPD using 4D-Flow MRI requires 

pecialised MRI sequences to acquire all the components of the 

urbulent dissipation [ 43 , 73 ]. Working with a fixed stenosis phan- 

om, it has been demonstrated using the energy balance equation 

hat turbulent kinetic energy-based estimates of irreversible pres- 

ure loss correlate well with computational ground-truth solutions, 

ith substantial improvements over the SB and incremental im- 

rovement over the Extended Bernoulli [74] . In the same study, at 

linically-practical spatial resolutions, the signal-to-noise ratio did 

ot have a significant impact on the measured pressure drop, al- 

hough the data were acquired in steady flow conditions. Other 

roups have compared turbulent kinetic energy measurements in 

S patients against the mean TPD, demonstrating no correlation 

mongst AS patients suggesting this measure captures data distinct 

rom conventional methods [43] . 

We have described assessment of net TPD using the Work- 

nergy Relative Pressure (WERP) [75] . This formulation was applied 

o synthesised aortic coarctation and healthy aorta data demon- 

trating good correlation with computed ground truth pressures 

75] . The Simplified Advective Work [SAW] applies an abbreviated 

orm of the WERP equations to an outlet plane (3D) velocity profile 

t the level of the vena contracta and delivers improved precision 

nd accuracy [41] . Mathematical development of virtual fields has 

hown to further improve robustness and accuracy in the estimates 

n the virtual WERP (vWERP) with further improvement incorpo- 

ating turbulent energy dissipation (vWERP-t) [76] . 
7 
iscussion 

Categorising the severity of aortic stenosis requires integration 

f data describing both the degree of valvular obstruction and the 

esponse of the ventricle with attention to systemic loading condi- 

ions. The current clinical standard of echocardiography represents 

n accessible, cost effective and pragmatic technique. It is, how- 

ver, subject to some limitations that clinicians should be aware of. 

ardiac magnetic resonance imaging with 4D flow overcomes some 

f these limitations but is restricted by a lack of large scale valida- 

ion studies, cost and widespread availability. It remains yet to be 

stablished whether it may be useful as an adjunct to echocardio- 

raphy and if so for what patient populations. 

Justification for improved measures of valvular severity is evi- 

enced clinically with both discordance and poor symptomatic cor- 

elation, which are a result of methodological and intrinsic lim- 

tations of the DE velocity acquisition and the SB equation re- 

pectively. Invasive haemodynamic quantification has been long- 

egarded as the gold-standard for stratification of AS, being a “di- 

ect measurement” and accounting for pressure recovery and thus 

he real burden on the ventricle [77] . Despite early studies indi- 

ating a strong correlation between DE-derived instantaneous peak 

nd catheter-derived peak-peak TPDs [78] , contemporary reports 

uggest a more substantial discrepancy exists [79] . Interestingly, 

he correlation between instantaneous peak and peak-to-peak TPDs 

as weaker amongst AS patients compared with hypertrophic car- 

iomyopathy patients (r 2 = 0.69 vs 0.98) demonstrating the diffi- 

ulty of estimating the net TPD from a peak measurement in AS 

80] . Non-invasive measures of the net TPD, without the associ- 

ted risks of catheterisation, represent an ideal which can now be 

chieved [76] . 

Various formulations stemming from the Navier-Stokes equa- 

ions aim to quantify the net TPD. Laminar viscous losses are a 

urrogate of the net TPD, but comprise only a minute proportion of 

verall dissipation and is severely underestimated and dependent 

n spatial resolution [73] . Pressure mapping undertaken from 4D- 

ow MRI data has been successfully piloted in patients with bicus- 

id AV yielding additional haemodynamic quantification above and 

eyond conventional techniques [81] . Viscous losses due to turbu- 

ent effects are the largest component for large net TPDs, and by 

ntegrating the turbulent component into the estimation the net 

PD can be measured non-invasively from 4D-flow MRI data with 

xcellent accuracy [76] . 

These increasingly comprehensive computational techniques are 

nvisaged to play a role in the future assessment of AS ( figure 4 ).

hilst DE rightfully remains the primary screening and assess- 

ent tool in AS, 4D-flow MRI may complement the assessment 

f borderline cases and assist clinical decision-making. Particular 

linical scenarios where more accurate and detailed information 

ay be helpful include: (A) asymptomatic severe AS where overes- 

imated Doppler gradients may explain the lack of symptoms, (B) 

on-severe AS with discordant measurements (including bicuspid 

ortic valves), (C) significant AS in the setting of aortic dilation, a 

roup where the TPD may be underestimated [43] , and (D) dis- 

inction between low-flow, low gradient AS and pseudo-severe AS 

s an alternative to stress echocardiography. 

Groups have demonstrated feasibility and validated the use of 

D flow MRI in patients with severe AS [59] . 4D-flow MRI–derived 

B pressure drops and effective orifice area displayed a superior 

ssociation to 6-minute walk test and LV mass regression when 

ompared to echocardiography alone [59] . The 3D velocity data 

rom MRI overcome DE limitations by being angle-independent, 

ith potential for increased precision and reproducibility. Coupled 

ith gold-standard myocardial function assessment, accurate aor- 

ic anatomy and geometry, a more complete picture of the global 

fterload and ventricular response is possible. Direct visualisation 



H
.
 G

ill,
 J.
 Fern

a
n

d
es,

 O
.
 C

h
eh

a
b
 et

 a
l.
 

Tren
d

s
 in

 C
a

rd
io

va
scu

la
r
 M

ed
icin

e
 xxx

 (xxxx)
 xxx

 

A
R

T
IC

L
E

 IN
 P

R
E

S
S

 

JID
:
 T

C
M
 

[m
5
G

;
 D

ecem
b
er
 2

7
,
 2

0
2
1
;1

7
:5

6
 ]
 

Table 4 

Non-invasive pressure drop/surrogates from 4D-flow MRI 

Author and year Study Subject Comparator Measure of AS severity Findings/Comments 

Dyverfelt et al, 2013 72 AS n = 14, controls n = 4 Irreversible pressure loss from energy loss 

index (ELI). Multiple modalities used. 

TKE TKE strongly correlated with ELI. R 2 = 0.91 

P < 0.001. Study demonstrates the relationship 

between a surrogate of the net TPD and a 

clinically-validated measure. 

Barker et al, 2014 67 AS n = 14, controls = 12 Max and Net TPD Viscous Energy losses Significant correlation between SB (r2 = 0.86, 

p < 0.001) and ELI (r2 = 0.91, p < 0.001). 

Interobserver variability mean limit of 

agreement was 6%. 

Casas et al, 2016 88 CFD-simulated MRI data from a 

stenotic flow phantom, varying 

stenosis 

Max TPD from SB Net TPD from EB, Pressure Poisson equation 

TKE/viscous dissipation 

Strong linear correlation between net TPD and SB 

and EB derived pressure drop. Very strong 

linear correlation between viscous and 

turbulent energy loss and net TPD. 

Binter et al, 2017 43 AS n = 55 (severe 27, mild/moderate 

24), controls = 10 

Doppler Echocardiography – mean pressure 

gradient, Energy Loss Index 

TKE No significant or only weak correlation between 

MPG and TKE. Negative correlation with ELI 

Ha et al, 2017 74 Phantom with compliant tubing, fixed 

valve orifice, steady flow 

Computational fluid dynamics ground truth, 

Extended Bernoulli (EB) 

Turbulent Energy Dissipation Turbulent energy dissipation was better 

correlated with ground truth CFD solution 

(R 2 = 0.999), improving on that achieved by EB 

(R 2 = 0.990) and SB (R 2 = 0.991). 

Haralddson et al 2017 89 rPhantom with rigid pipe, fixed 

cosine-shaped stenosis 

Computational fluid dynamics solution Reynold Stress Tensor Identification of Reynolds stress tensor and use of 

Poisson Pressure Equation (PPE) for pressure 

loss solution 

Donati et al, 2017 41 Bicuspid aortic valve n = 32 SB and NS from 4D-flow MRI velocities Simplified Advective Work (SAW) SAW improves precision and accuracy over SB in 

the estimation of peak TPD requiring minimal 

extra time or computation 

Marlevi et al, 2020 76 Stenotic Phantom/in silico Catheter sensors Virtual work-energy relative pressure 

accounting for turbulence (vWERP-t) 

vWERP-t showed nearly perfect correlation with 

ground truth measurements of the net pressure 

drop . 

Abbreviations: AS – aortic stenosis, EB – Extended Bernoulli NS – Navier-Stokes, SB – Simplified Bernoulli, TKE - turbulent kinetic energy, TPD – transvalvular pressure drop, 

8
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Fig. 4. The anticipated role of 4D flow MRI in the clinical assessment of aortic stenosis. 4D-flow MRI can be used alongside Doppler echocardiography and offers potential 

advantages beyond current guidelines. Further investigation (potentially including dobutamine stress echocardiography, stress-CMR, cardiac CT, serum biomarkers and exercise 

testing) is required in cases of continued uncertainty. Abbreviations: AS – aortic stenosis, AVA – aortic valve area, MRI – magnetic resonance imaging, TPD – transvalvular 

pressure drop, V max – peak jet velocity 
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f the blood flow provides additional insight and a host of 4D-flow 

erived parameters may also have clinical significance [82] . 

Whilst many US velocity vector techniques either lack the capa- 

ility or are limited to non-clinical systems, 4D-flow MRI is a vali- 

ated method of acquiring 3D-velocity data on commercially avail- 

ble equipment. Despite this, 4D-flow MRI is not routinely under- 

aken and several factors account for this. DE is well-established 

s the gold-standard non-invasive test for diagnosis and surveil- 

ance of AS, with guideline-driven patient pathways and the in- 

rastructure to support this at all levels of healthcare. On the other 

and, despite increasing availability, access to and expertise in car- 

iac MRI is restricted to larger centres on account of the hard- 

are and upkeep expenses, and the skilled personnel requisite for 

elivery and analysis. At present there is limited practicality for 

epeated scanning required for surveillance. Moreover, transtho- 

acic echocardiography is used universally without contraindica- 

ion, whereas MRI is unsuitable for patients suffering from claus- 

rophobia or those with ferromagnetic or metallic implants. Body 

abitus may adversely impact image quality for DE, but may ren- 

er MRI unfeasible if scanner bore is limiting. Furthermore, DE is 

ast with data and analysis available instantaneously, whereas long 

canning times may preclude MRI in patients unable to tolerate ly- 

ng supine for extended periods, although this can be minimised 

ith the latest accelerated acquisition sequences [83] . Acquisi- 
9 
ion over several heart beats required for 4D flow MRI can lead 

o inaccuracy in patients with inconsistent R-R interval, although 

rguably DE suffers similarly requiring several measurements to 

ccount for beat-to-beat variation. Furthermore, prosthetic valve 

mplants with metallic components are difficult to analyse using 

RI due to metallic artefact, which is less of a limitation with 

E. 

Important technical considerations are necessary when inte- 

rating data into clinical decision-making. MRI suffers from par- 

ial volume averaging effects with underestimated velocity at the 

nterface between blood and static tissue. Conversely, flow at the 

essel wall is minute, thus impact to TPD calculations is likely 

o be minimal. Similar to 2D-phase contrast MRI, signal-to-noise 

atio tends to fall at higher VENC settings, whilst lower settings 

isk aliasing – problems that may be mitigated by dual- or multi- 

ENC acquisition [84] . Reduced interobserver and intraobserver 

ariability when compared with DE is a theoretical advantage and 

emonstrated in small cohorts but yet to be evaluated on a larger 

cale [59] . Most computational TPD techniques warrant segmenta- 

ion of a ROI, however a great advantage of WERP and vWERP is 

hat they minimise the impact of segmentation variability [ 76 , 85 ]. 

hereas some techniques require substantial systems infrastruc- 

ure for computation, SAW is less intensive than most NS-based 

echniques and provides rapidly with little computational cost as 
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elocity data is only required in a single observation plane, akin to 

D-PC MRI with 3 directional encoding [41] . 

uture work 

The paucity of data is a significant barrier to more widespread 

sage of 4D flow MRI velocity data. Although validated for veloc- 

ty, 4D-flow MRI derived pressure computations would ideally have 

irect comparison with transduced pressure data. Challenges of 

chieving this in vivo exist due to ethical considerations of the ad- 

itional procedural risk. One way of overcoming this is the devel- 

pment of advanced phantom models suitable for multi-modality 

ssessment. Our team has developed such a phantom comprising 

f a compliant valve and aorta circuit, with successful imaging 

ith both ultrasound and MRI, and embedded pressure sensors for 

 non-damped, consistently positioned for direct transduction to 

omplement non-invasive estimates [86] . 

To date no large scale trial has addressed the relative prognos- 

icating power of 4D-flow MRI-derived measures, compared with 

nvasive catheterisation and conventional DE. Undertaking a direct 

omparison between the three modalities is ethically unjustified 

xcept in selected groups, i.e. those that warrant cardiac catheter- 

sation for other reasons, or at the time valve replacement, and 

n the latter of these groups the data may be biased for assess- 

ng prognosis. A prospective therapeutic trial comparing short- and 

ntermediate- term outcomes based on DE-guided versus 4D-flow 

RI-guided management for patients with discordant echocardio- 

raphic parameters may prove instructive and demonstrate a use 

ase, although large numbers would be necessary to power the 

tudy due to the heterogeneity of the patient group. Further pi- 

ot work establishing normal values to delineate different degrees 

f severity required before such a trial could be undertaken. Stan- 

ardisation of proprietary acquisition and post-processing tools is 

ecessary to support multi-centre studies. 

Emergent ultrasound techniques to capture more detailed ve- 

ocity fields still require significant development. Much of the cur- 

ent data relate to carotid ultrasound or TEE (with limited depth 

enetration) and may not be applicable to transthoracic imaging 

r limited to transesophageal echocardiography. Where the aortic 

alve has been imaged, the signal-noise ratio prevented velocity 

stimation, although techniques to overcome this such as multi- 

elocity encoding, or coded excitation have been suggested [61] . 

echniques providing out-of-plane velocity vector imaging usually 

equire contrast and vast computation power. Progress with trans- 

ucer technology is essential before translation into clinical cohorts 

87] . 

onclusions 

The TPD is a key marker of the increased haemodynamic bur- 

en placed on the left ventricle. Despite widespread clinical use 

nd a firm evidence base for the use of SB on DE data, there

re opportunities to increase the accuracy and precision of cur- 

ent methods of measurement. Novel avenues of evaluation are 

merging but require more work to establish normal values and 

tility beyond current techniques. Furthermore, developments in 

robe and processor technology will be necessary before prelimi- 

ary techniques developed using 4D-flow MRI can be applied using 

ardiac ultrasound in everyday clinical practice. 
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