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ABSTRACT

Nowadays, technological progress has equipped clinicians
with new useful devices for the collection, analysis and
presentation of data. As a consequence, many diseases
and pathological conditions have been studied in a more
detailed way, sometimes with remarkable results. In fact,
they are not always validated by the old physiological
models. In this respect, we present the case of low
gradient severe aortic stenosis, a condition characterised
by a small aortic valve area and a low-pressure gradient.
According to the mathematical and physical assumptions
these readings are contradictory whereas the Doppler-
echocardiography shows clearly the existence of such a
situation. In this work, we have described the physiological
base of this phenomenon and discussed the limitations

of the technology used. In this work, we are going to
analyse some conditions commonly observed in daily
clinical practice in order to prompt a critical outlook in both
clinicians and technicians about the instrumentations used
and the methods applied.

INTRODUCTION

In recent years, in the medical field, there
has been a rapid technological evolution
and a consequent abundance of clinical data
available to the specialist. However, these new
devices are based on traditional scientific
and physiological principles. Therefore, real
innovation is represented by the development
of increasingly powerful and complex algo-
rithms to improve the quality of the presenta-
tion of the results. On the one hand, the new
techniques provide a better view of patients’
physiological and pathological conditions,
but on the other hand, some inconsisten-
cies arouse, between diagnosis and physical
models. An example that attracted our atten-
tion was the publication of articles demon-
strating the existence of severe aortic stenosis
(AS) with a low-pressure gradient.

In the last years, several papers were
published stating the clinical evidence of an
important proportion of patients with AS and
‘low-gradient’ AS: that is, a small aortic valve
area (AVA <1.0cm?) consistent with severe AS
but a low mean trans-valvular gradient (AP,
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AP<40mm Hg) consistent with non-severe
AS."™ These works aim to better diagnose the
pathologies related to aortic valves and so to
improve patient classification and therapy
administration. Even if this is a crucial goal, it
would be interesting to better investigate the
physical model undergoing the human phys-
iology and the medical instrumentations.
Moreover, the increasing complexity of statis-
tical analysis of small and big clinical data
tends to push final results away from the clin-
ical procedure and instrumental apparatus
used to make the measurements, diverting
the researchers’ eyes from the critical evalua-
tion of the reliability of their findings.

Following this awareness, we decided
to focus our attention on the theoretical
and procedural aspects involved in the AS
evaluation.

State of the art

Mathematical model

To study what happens at the stenosis level,
blood is considered an ideal fluid and
Bernoulli theorem (1) and the continuity
equation for an ideal liquid (Castelli Law)
(2) are used to quantify the pressure gradient
(figure 1).*” By considering the section of the
stenosis and a section inside the ventricle, we
can state that:

Pﬁngﬁ%PU? =Py+ PgHv+%PU%/ 1)

Q=AVA-v5=Ay- vy (2)
Where:
P=pressure at the stenosis level.
H=height of the stenosis from the ground.
p=blood density.
v=blood velocity in the stenosis.
g=gravitational acceleration (9.8 m/s%).
P =pressure in the ventricle.
H =height of the ventricle from the ground.
v,=blood velocity in the ventricle.
Q=cardiac output.
AVA=area of the stenosis.
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Figure 1

(A) Schematic and ideal representation of left ventricle, aortic valve and aorta, considering the blood an ideal fluid. It

is possible to notice that the blood speed is constant across each considered section. A , ventriculararea; AVA, stenosis area;
P, stenosis pressure; P, ventricular pressure; v, blood velocity in the stenosis; v, velocity on the ventricle. (B) Parasternal
long axis view obtained with standard echography. AV, aortic valve; LA, left atrium; LV, left ventricle; LVOT, left ventricle outflow

tract.

A Farea of the ventricular section in the outflow tract.

Making the hypothesis that H=H and A, >>AVA (with the
consequence that v >>v,) and combining the two equations,
we obtain the Gorlin formula®’ that allows calculating the
stenosis area by measuring the pressure gradient between
ventricle and valve and the cardiac output:

)1, @
AVA =1\/5pRp = Q\/ 5kp (3)
If we want to calculate the pressure gradient, by

combining the Gorlin with the continuity equation for an
ideal fluid we obtain:

AP = by? (4)

So, knowing the blood density, by measuring the blood
velocity inside the stenosis, it is possible to calculate the
pressure gradient. Moreover, expressing the speed in
metres per second (m/s) and the pressure in millime-
tres of mercury (Imm Hg=133Pa), the above formula
becomes:

AP = 43 (5)

Since the flow is pulsatile, all the values considered
for calculation of AVA are the mean ones along with the
ventricular ejection phase. The estimation of aortic valve
insufficiency in daily clinical practice is commonly made
with echo Doppler or cardiac catheterisation.

Echo Doppler approach
By using a continuous wave Doppler (CWD) flowmeter,” it
is possible to measure the blood speed inside the stenosis
section and then calculate the pressure gradient. Since
the flow is pulsatile, the mean velocity during ejection is
calculated.

To measure the stenosis area, the diameter of the
section of the ventricular outflow tract (D) is measured
with echography in mid-systole and the ventricular blood

speed with a pulsed wave (PW) Doppler device.® By
applying the continuity equation (2), AVA can be easily
calculated (6). It is important to notice that A is hypoth-
esised circular (7) and all the considered values are medi-
ated along with different beats.

AVA = Arw (6)

(7)

Cardiac catheterisation

The trans-valvular pressure gradient across the aortic valve
is measured by the use of a catheter in the left ventricle
(LV) and another in the proximal aorta.” This approach
allows to directly measure the pressure gradient across
the valve but its application is limited since the procedure
is invasive and more expensive.9 10

Other techniques

Actually, with cardiac magnetic resonance it is
possible to measure the blood velocity and to calculate
through the above relation (5) the pressure gradient.

11-13

Consequences

If the above model is correct and the measurements reli-
able, it is quite obvious that if the AVA is small (severe
stenosis), the blood speed inside the stenosis should be
much higher than the one in the ventricle and the pres-
sure gradient should be high.

If this thing does not happen, something in the mathe-
matical and physiological models or in the measurement
procedure is wrong.

In this work, we will try to deepen the problem so as
to highlight the weakness of the applied model and the
standard clinical measurements issues.
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Figure 2 (A) Laminar blood flow in ventricle and across the valve; (B) laminar flow in ventricle and turbulent flow in aorta. A,
ventriculararea; P, stenosis pressure; P, ventricular pressure; v, blood velocity in the stenosis; Vs(r), blood velocity in the
stenosis as function of the distance from the valve’s wall r; v, velocity on the ventricle; As, stenosis area.

CRITICAL EVALUATION OF THE STANDARD METHODS

To better understand the weakness of the above expla-
nations, we will try to be schematic and to divide the
following paragraph with the same structure as the
previous one.

Mathematical model

The accepted mathematical model undergoing the clin-
ical approach to evaluate AS assumes that the blood
behaves as an ideal fluid, moving at a constant speed
both across sections and in time. This is a valid hypoth-
esis for short vessels with big diameters: in these cases,
the vascular resistance can be considered negligible and
the fluid ideal (viscosity equal to zero). Despite the small
length and the big diameter of the ventricle, this model
cannot be applied to AS owing to the small diameter of
the stenosis, not compatible with the hypothesis.

Moreover, since the blood viscosity is not zero (~4mPa
s) the blood is a real fluid and the flow should present
a parabolic profile (laminar flow), both in ventricle and
inside the AS (figure 2A), and the speed is impulsive,
following the ventricular contractions.

Let us try to analyse what really happens in the stenosis
and in the ventricle.

Asa consequence, the blood speed is not constant along
the stenosis section, but it presents a maximum value at
the centre and a nearly zero value near the lateral walls.

Moreover, since the speed just outside the stenosis is
high (and becomes higher if AVA is smaller) it is highly
probable that the laminar flow switches in turbulent
inside ascending aorta (figure 2B). The ideal fluid model
is really far from this real situation and the common
Doppler technique to measure velocity across the stenosis
can lose its reliability if the velocity is not measured in the
right section (see the next paragraphs).

According to the ideal fluid model, the speed of the
fluid in the ventricle and across the section is the same. If
the ventricular flow is laminar, blood speed has different
values across the stenosis section. And this is the first
problem.

Another important aspect to be considered is related to
the direction of the velocity vector. As stated by the ideal
fluid model, the speed is orthogonal both to the valve
and to the ventricular sections.

If the ventricle presents morphological alterations due
to cardiovascular pathologies (hypertrophy, dilation,
ischaemia, etc), the speed vector is certainly not perpen-
dicular to the section, the profile is not parabolic and the
blood trajectory is different (figure 3).

When AVA evaluation is made through the conti-
nuity equation, if the ventricular section is not circular
(as hypothesized in the model, see the Echo Doppler
approach subsection in the Introduction section) but
tends to become elliptical near the valve, the measure-
ment of A, is mandatory to obtain reliable results. If the
ventricle is dilated or hypertrophied, this aspect should
not be neglected.

As a consequence, the model could become unreli-
able in some serious pathological conditions, leading to
wrong results.

Since the relationship between blood speed at the
stenosis level and pressure gradient is quadratic, even if
the ideal model can be applied, a little mistake in velocity
can lead to a big mistake in terms of the gradient.

Echo Doppler approach

To properly understand the limitation of the approach, it

is important to underline some basic concepts:

1. To measure blood velocity in the stenosis, a standard
CWD flowmeter is commonly used. This technique is
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Figure 3 Example of blood flow lines in case of a (A) dilated ventricle and (B) an ischaemic one (the darkest wall area
represents the ischaemic part of the ventricle). The blood velocity is not the same along each section and not always
perpendicular to it: (C) example of speed not parallel to ultrasounds propagation axis. v, mean velocity across the stenosis; v _,
measured mean velocity; o, angle between US propagation axis and velocity.

based on waves frequency change due to reflection or
diffusion by a moving object. This frequency differ-
ence is proportional to the component of the speed
vector parallel to the ultrasounds propagation axis.
Typically, the US transducer is placed so as to have an
axis perpendicular to valvular surface but if the blood
flow has a different direction (eg, figure 3), the mea-
sured speed is underestimated and so is the gradient
(4). Moreover, the CWD approach cannot permit to
localise the measurement and the final result is the
superimposition of the speed of all blood particles in-
vested by the US bundle. In this case, the speed can
be underestimated depending on the geometrical
distribution of the laminar flow and the presence of
turbulence.

2. The measurement of velocity in the ventricle is done
with PW Doppler: this approach allows to avoid local-
isation problems but the reliability of the final speed
value depends always on the position of the measure-
ment point compared with the ventricular walls. If the
blood flows into the ventricle in an abnormal way (due,
eg, to a hypertrophic cardiomyopathy), the ventricular
blood speed can be completely wrong. Moreover, the
presence of an obstruction in the left ventricle outflow
tract, since AV decreases, generates an increase in vV
and, consequently, in vs. It is fundamental to correctly
measure vV and AV in the same outflow tract (Ay - vy is
constant) otherwise the ‘continuity’ hypothesis cannot
be applied.

A numerical example of what can happen if blood
velocity is not parallel to the US propagation axis is
proposed (see figure 3C):

Measured mean values:

D =2.4cm.

Calculated values:
AP=36mm Hg.
R=1.2cm.
A=4.52cm’,
AVA=1.5cm®.

By analysing these results, the AS could be classified
mild/moderate.

What happens if the v, is not the full velocity module
but only a component? Let us consider the case of 0=30°.

The real total velocity module (v) results 3.46 m/s
and AVA=1.3cm?® with a pressure gradient of 48mm Hg
and the correct final diagnosis should be of a moderate
stenosis. If the angle is 60°, v is 6 m/s and AVA results 0.75
cm® and AP=144mm Hg with the consequence of a real
severe stenosis. In this last case, if the angle is not consid-
ered in the calculations, the severity of the pathology is
underestimated with possible serious consequences.

Moreover, some possible mistakes in A, and/or v, esti-
mation should be considered since they can alter the
final results significantly."*

Last but not least, measurements errors due to the
experimental apparatus and practical procedure must
be considered. The axial resolution of a standard system
corresponds to the wavelength of the ultrasounds. A
transducer with a 3 MHz frequency (considering the US
velocity about 1400m/s) has an intrinsic resolution of
0.5mm. The error doubles measuring diameters (1 mm)
and becomes higher if surfaces or volumes are estimated.

If we add to these considerations the errors due to
the ventricular geometrical model'” and the difficulties
of the operator to properly define the ventricle internal
wall surface, it is clear how the measurement of ventricle

v =3.0 m/s. diameter can negatively affect the calculation of the AVA
v,=1.0 m/s. (2).
4 Corazza |, et al. Open Heart 2021;8:6001746. doi:10.1136/openhrt-2021-001746
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Referring to the above example, here it is what happens
in the best condition (0=0°) only considering the errors
on the LV diameter.

v =3.0m/s
v=1.0 m/s
D =(2.4%0.1) cm

Ap=36mm Hg

R =(1.20+0.05) cm.
A=(4.520.4) cm”.
AVA=(1.50+0.13) cm?

The axial resolution of the echocardiograph alone is
responsible for an error of 10% on the final AVA value
(without considering the errors on the speed and those
due to the procedure).

Most of the research papers, guidelines and
randomised trials on echography and Doppler assess-
ment do not consider the resolution of the technological
apparatus. Usually, the instrumentation is considered
fully reliable and the only uncertainties are the ones
due to the procedural approach and the operators.
Often these errors tend to be reduced only by statistical
methods, increasing the number of cases, even if this is
not a wise procedure.

Cardiac catheterisation
The standard approach provides the measurement of
the pressure decay across the valve, the cardiac output
and then, using the Gorlin formula (3) the valve area
can be calculated. The results reliability depends on the
accuracy of the physiological model and on the pressure
measurements. In particular, a good measure requires
the pressure to be measured or just outside the valve area.
Actually, if the pressure transducer is placed far from the
valve section, due to the enlargement of the aorta, the
pressure can be overestimated'®'” with an underestima-
tion of the pressure gradient and a consequent error in
the valve area calculation.

Similar problems can arise if the flow is turbulent and
the pressure is not constant along the aorta axis.

Other techniques
CT allows a greater spatial resolution and a better defi-
nition of the geometry of the valve and of the stenosis.
Nevertheless, it does not provide any quantification of
the haemodynamic parameters. Moreover, CT requires
the patients to be highly exposed to X-ray exposure and
the procedure is longer and more expensive than the
echography approach.'®

On the contrary, MRI provides a complete evalua-
tion making it possible to estimate both geometry and
haemodynamic without risks deriving from ionising radi-
ation exposure. The use of this technique is constantly
increasing'? and gives better results in terms of concor-
dance with the mechanical model® *' but it presents the
same limitations of CT since both are very expensive and
cannot be performed at the bedside.

DISCUSSION

Our considerations are not intended to be a denuncia-
tion of wrong or inappropriate behaviour, but represent
a starting point that can help clinicians, on the one hand,
and technicians (us, too), on the other, to improve our
way of working.

The main objective of our paper is not to simply high-
light the limitations of a physiological model and of the
instrumentation used to evaluate the behaviour of the
aortic valve: lots of papers have been published in the last
decades about this topic'® *° but nothing has changed
in the daily clinical practice and the algorithms used to
make the diagnosis are the same. Some corrections have
been proposed and implemented'® ?* but the under-
lying uncertainty due to the model’s approximations and
technological limitations are still present. As a conse-
quence, some paradoxical phenomena, like low-gradient
severe stenosis are still detected.

Lots of papers have been published to highlight these
last topics. A quick PubMed search of the keywords “low-
gradient severe aortic stenosis” reveals about 400 papers
published from 1996 till now (2021). So, the argument is
still of great interest and a common solution to overcome
the paradox does not exist.

Probably the greatest limitation of our work lies in
simplification: we voluntarily treated the subject in a
very simple and simplified way, with easy-to-understand
numerical examples, without resorting to complex math-
ematical models: our goal was certainly not to solve the
paradox of low-gradient AS, but to provide an idea of
discussion.

We would like to feed the thoughts of clinicians and
technicians daily working with performing and powerful
instrumentation and well-defined, but sometimes
unknown, physiological models.

It is undeniable that, for those who, like us, deal with
medical instrumentation, it is essential to improve the
performance and usability of the equipment, refining
the quality of the results provided. For example, a beau-
tiful radiological image, filtered and optimised through
increasingly advanced imaging algorithms, certainly
represents a goal to aim for, but it risks overshadowing
the method with which this image was constructed.

This discrepancy between what really is and what
appears, in most cases, does not in any way alter the
diagnostic chain, the therapeutic process and the
final outcome, because the expert clinician knows
how to interpret the data provided by the machines by
comparing them with other clinical parameters and with
the anamnesis.

In this scenario, clinicians’ experience plays a major
role since a deep understanding of the limits and the
technical specification of the equipment is imperative for
a correct diagnosis. At the same time, itis crucial that both
technicians and commercial agents highlight the char-
acteristics of a specific product. This acquires a signifi-
cantly greater importance in a historical period in which
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international guidelines are usually followed step by step,
without considering the intrinsic limits of the procedure
and the error of the diagnostic instrumentation used in
that specific case. As a matter of fact, if the ultrasound
examination, planned and carried out according to the
guidelines, indicates severe stenosis, then the patient
must undergo valve replacement.

This lack of knowledge is partially due to the way by
which both clinicians and technicians try to keep them-
selves up to date. As proof, usually, the technological
equipment used in hospitals is presented and discussed
in technical journals, not always considered by clinicians.
On the other hand, technicians are not always well aware
of the complexity of a certain pathological condition
from a medical point of view.

The example of this article is clear: the diagnosis of
severe AS, in the face of a low-pressure gradient across the
valve. The physical and physiological models underlying
the valvular diameter measurement procedures cannot
allow such a result. At this point, either the result or the
method or both are wrong. Probably neither the results
nor the methods are absolutely incorrect, anyway there
are limits on both fronts: the method is based on physical
assumptions and hypotheses that are not always applicable
to physiology and the result is provided through the use
of diagnostic tools with important intrinsic limitations.

We do not have a single and certain answer to the
proposed problem and we do not have the presumption
and the ability to furnish definitive answers. However,
we questioned whether these evidences are reliable or
not and we would like this doubt to belong to all those
involved in investigating aortic insufficiency.

To sum up, in our opinion, the limitations of clinical
procedures and the equipment in use should be taught to
the professionals that deal with them in their daily work.
This would allow broadening a patient’s diagnostic path
with more instrumental investigations when necessary.
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