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Abstract

Transthoracic echocardiography (TTE) evaluation of aortic stenosis (AS) is routinely performed
using the continuity equation. Inaccurate measurements of the left ventricular (LV) outflow tract
(LVOT) diameter are considered the most common source of error in AS grading. We
hypothesized that inconsistency in LVOT velocity time integral (VTI) is an under-recognized
cause of AS assessment error. We sought to determine which parameters contribute most towards
inconsistencies in AS grading by studying the prevalence of different errors in a historic cohort.
We identified patients with mild to severe AS with multiple studies from our database from 1994
to 2018 (n = 988 patients, 2859 studies). Errors were defined when: (1) LVOT diameter changed
by >2 mm, (2) LVOT VTI changed by > 15% without change in LV function from the initial TTE,
(3) aortic valve (AV) maximum velocity (Vmax), mean pressure gradient (AP) or AV VTI
decreased by > 15% without change in LV function from prior study. The most common error was
the LVOT VTI measurement with 22% prevalence. LVOT diameter, AV VTI, AV Vmax and AV
AP measurement caused errors in < 7% studies. Patients with normal LV function and more severe
AS were more likely to have LVOT VTI errors (P < 0.05). LVOT VTl is a frequent, under-
recognized source of error in assessing AS. Greater attention should be directed toward the proper
positioning of the pulsed Doppler sample volume, particularly in patients with higher grades of AS
and normal systolic function, to ensure accurate and reproducible assessment of AS.
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Introduction

Aortic stenosis (AS) is a degenerative process of progressive fibro-calcific remodeling and
thickening of the aortic valve leaflets causing obstruction of blood flow. Unlike regurgitant
lesions, which may be markedly altered in severity by varying loading conditions, AS is a
progressive disease that fails to improve unless a mechanical intervention is performed [1—
3]. AS is the most common valvular heart disease in the developed world and its prevalence
is growing due to longer life expectancies [4]. With the emerging utilization of transcatheter
aortic valve replacement procedures, especially in the moderate-risk population, the need to
accurately and reproducibly assess the severity of AS in order to optimally manage and time
interventions is critical.

Currently, quantitative assessment of AS is done almost entirely using transthoracic
echocardiography (TTE), which also provides information regarding leaflet number,
mobility, and degree of calcification. Prior to TTE, the gold standard assessment of the aortic
valve (AV) hemodynamics and estimating aortic valve area (AVA) was performed in the
catheterization laboratory by directly measuring the transaortic gradient and calculating the
AVA using the Gorlin equation [5]. Assessment of AS with TTE was first described in 1980
using the modified Bernouilli equation to estimate the peak pressure across the AV in order
to determine whether the AS was moderate or severe [6] and was subsequently validated
against invasive data [7, 8]. Using echocardiographic parameters also allows the calculation
of AVA based on the principle of conservation of mass. The AVA is routinely derived using
the continuity equation as the flow through the left ventricular outflow tract (L\VVOT) is equal
to that through the AV [9]. By measuring the LVOT diameter to calculate cross-sectional
area and the LVOT and the AV velocity-time integrals (VTI), the AVA is derived and has
been extensively validated against invasive AVA measurements [10].

Traditionally, inaccuracies in the measurement of LVOT diameter have been cited as the
most common source of error in grading AS, particularly since any errors in this
measurement are taken to the second power in the continuity equation [11]. Recently, there
has been an abundance of research focused on the delineation of LVOT morphology using
multimodality imaging, and its associated impact on estimated AVA [12, 13]. However, it is
plausible that inconsistencies in the other components of the continuity equation could
account for inaccuracies in the quantification of AS severity. We hypothesized that
misplacement of the pulsed-wave Doppler sample volume in the LVOT may be an under-
recognized cause of inaccuracy in AVA estimation.

Accordingly, the primary aim of this study was to determine how frequently errors in the
calculation of AVA in clinical practice are due to each of the parameters used in the
continuity equation, namely LVOT diameter, LVOT pulsed Doppler LVOT VTI, and AV
continuous wave Doppler VTI. Our secondary aim was to determine whether there is a
patient phenotype in which errors in the assessment of AS and calculation of AVA are more
prevalent.
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Methods

Patient population

We identified patients from our echocardiographic database dating from its beginning in
1994 through 2018 with mild to severe AS who had multiple studies using diagnostic
finding codes (Fig. 1). Patients with mechanical or bioprosthetic aortic valves were also
excluded. There was no minimum or maximum duration of time set between TTE studies.
The study was approved by the Institutional Review Board with a waiver of consent.

Study parameters

Age, gender, and body surface area (BSA) at the time of the initial study were obtained from
the echocardiographic database. AV parameters were extracted from the digital TTE reports,
including LVOT diameter measured in mid-systole in the parasternal long axis view. In our
standard TTE assessment of AS, the aortic valve and LVOT VTIs are routinely measured
offline (Philips Xcelera, Andover, MA) from the apical 3- and 5-chamber views. It is our
laboratory’s protocol to align the continuous wave Doppler of the AV VTI as close to
parallel with flow as possible, use the highest maximum velocity (Vmax) and the highest AV
VTI from any of the transducer positions. A Pedof transducer was used in the majority of
patients. When there was more than one measurement of the LVOT diameter or the LVOT
VTI saved in the digital report, the average was used in the calculation of AVA.

Definition of errors

Errors in the assessment of AS severity were defined when physiologically implausible
findings were reported on a subsequent TTE study, including: (1) the LVOT diameter
changed (either increased or decreased) by > 2 mm from the initial measurement, since this
should not change as the patient ages; (2) LVOT VTI changed by > 15% in the absence of a
change in LV function compared to the initial study, as this parameter should remain similar
in the setting of stable LV systolic function; (3) AV Vmax, mean pressure gradient (AP) or
AV VTI decreased by > 15% relative to the prior study, as these parameters may increase in
the natural history of AS but should not normally decrease. An error was excluded if
between consecutive TTE studies, left ventricular systolic function decreased by one or more
grades, e.g. normal (ejection fraction 52% or greater), mildly reduced (41-51%), moderately
reduced (30-40%), and severely reduced (less than 30%), since a decrease in ventricular
systolic performance can account for changes in aortic valve hemodynamics and therefore
calculated AVA. A cutoff of 15% change was chosen, as a lower cut-off value would fall
within the margin of typical echocardiographic measurement error. Because it is difficult to
determine whether the initial or the follow-up measurement was inaccurate, inter-
measurement discrepancy as defined above, was counted as an error when detected.

Statistical analysis

For each measurement error, the frequency was expressed as the mean and 95% confidence
intervals. In order to determine whether the presence of certain demographic or
echocardiographic findings would increase the likelihood of different AS assessment errors,
we divided the studies based on the presence or absence of that error. Subgroup analysis was
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performed based on age, gender, BSA, proportion of LV systolic dysfunction and proportion
of severe AS grade. Comparisons between groups were performed using two-tailed unpaired
Student’s ttest. P values < 0.05 were considered significant.

We identified 988 patients who met the inclusion criteria, corresponding to a total of 2859
TTE studies. The mean time between two consecutive examinations was 17 + 14 months.
Using the above definitions, the most frequent error was that of the LVOT VTI measurement
with 22% of studies exhibiting discrepant values. The remaining parameters of the
continuity equation and AS severity assessment (LVOT diameter, AV VTI, AV Vmax and
AV AP) all demonstrated less than 7% measurement errors (Table 1). Figure 2 shows the
distributions of differences between consecutive examinations in individual patients for each
of the parameters. These plots demonstrate that: (1) error occur in all five parameters, (2)
they are bi-directional for LVOT VTI and LVOT diameter, and (3) their prevalence is
markedly higher for LVOT VTI, compared to the other four parameters. Knowing that the
LVOT dimension should not change between studies, we also generated histograms that
show how frequently changes of different magnitudes were actually detected between serial
exams (Fig. 3). These histograms showed that in the vast majority of patients, LVOT
diameter was between 1.6 and 2.7 cm, and that the percentage of patients with a change of >
3 mm was negligible.

There were 628 TTEs (22%) with and 2231 TTEs (78%) without a change of > 15% LVOT
VTI values between studies. According to subgroup analysis, there were no significant
intergroup differences in age, gender, or BSA. In a sub-analysis of the TTEs with L\VOT VTI
errors based on LV systolic function and severity of AS, the TTEs with an LVOT VTI error
of > 15% were more likely to be associated with normal LV systolic function (p < 0.0001).
Additionally, patients with LVOT VTI errors had higher prevalence of severe AS (p =
0.0037) compared to those without discrepancies, who tended to have less than severe AS
(Fig. 4).

Since LVOT diameter error is frequently referred to as the most common potential source of
error, subgroup analysis showed that for TTEs with (n = 130, 4.6%) and without (n = 2729,
95.4%) LVOT errors, there was no significant difference in age, gender or BSA. Likewise,
there was no difference in the prevalence of severe AS. The patients with normal systolic
function had a higher prevalence of LVOT diameter errors than those with LV dysfunction (p
=0.003).

Because guidelines recommended partitions of LV EF are rather wide, and, as a result,
changes in this parameter may be underappreciated when they remain within the same LV
function category, we performed another subgroup analysis to better understand the potential
influence of LV EF changes on the frequency of L\VOT VTI errors. Data were reanalyzed for
the patients with quantitative EF values in their reports without using grades of LV function
(namely normal, mildly, moderately or severely reduced, according to the aforementioned
severity ranges), but using instead absolute change in EF of different magnitudes for error
exclusion. As one would expect, the frequency of LVOT VTI errors was considerably higher
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when allowing greater absolute change in EF: 8, 13, 18 and 21% for EF change of 5, 10, 15
and 20%, respectively.

Discussion

The purpose of this study was to identify the prevalence of the most common errors in the
echocardiographic assessment of AS severity, which is of significant clinical importance, as
the timing of interventions relies heavily on TTE. In a large historic cohort of patients who
underwent serial TTE evaluations of AS severity, we found that L\VOT VTI is a vastly under-
recognized source of error, when calculating AVA using the continuity equation. This study
underscores the need for careful attention to correct positioning of the LVOT VTI sample
volume in this patient population. Our findings also indicate that this error is associated with
more severe AS and the presence of preserved LV systolic function.

The first step in calculating an accurate and reproducible AVA is to ensure that all the
components of the continuity equation are acquired and measured correctly. Most attention
has been directed towards the L\VOT diameter measurement as the major contributing factor
towards AVA error, frequently citing the impact of squaring the LVOT diameter to calculate
cross-sectional area [11, 12]. Current guidelines recommend measuring the LVOT diameter
in the zoomed parasternal long-axis view in mid-systole from inner edge to inner edge [14].
However, LVOT remodeling in the setting of severe AS is known to show less distensibility,
resulting in greater systolic ellipticity, which predisposes to underestimation of cross-
sectional area [15]. Furthermore, as the cross-sectional area sampled within the LVOT
approaches the aortic valve annulus, the shape has been described as funnel or elliptical and
more cylindrical, resulting in a better correlation with 3-dimensional measurements [16].
The recently updated focused guidelines from the American Society of Echocardiography
are ambiguous in the recommendation on where exactly to measure the LVOT diameter.
Some experts recommend 3—-10 mm below the annulus level, while others advocate
measuring at the annular level [14]. The rationale for measuring 3—-10 mm below the annulus
is derived from the fact that in order for the continuity equation to be accurate, the pulsed
Doppler sample volume should be in the identical anatomic plane in which the cross-
sectional area is calculated. Our findings show that LVOT diameter errors are relatively
uncommon. This is perhaps due to the widespread awareness of the impact that this
measurement has on AVA accuracy, with increased cognizance on the part of both
sonographer and interpreting cardiologist to accurately acquire and consistently measure
LVOT diameter in consecutive studies.

Interestingly, we observed the inconsistent placement of the pulsed Doppler sample volume
in the LVOT as the greatest source of error in the calculation of AVA (22% of the cases). In
AS, at the level of the aortic annulus, the LVOT VTI may be falsely high due to
contamination by the high velocity in accelerating sub-valvular funnel. The current
guidelines recommend positioning the LVOT VTI sample volume just proximal to the region
of flow acceleration, moving the sample-volume carefully back further into the LVOT until
there is a smooth velocity curve with a well-defined peak and narrow velocity range at the
peak velocity. This finding is likely due to the incorrect positioning of the pulsed Doppler
sample volume too close to the AV, resulting in a “hybrid” VTI between the LVOT and AV,
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which is higher than the true LVOT VTI (Fig. 5). The hybrid VTI has a wider and higher
velocity range than the true LVOT VTI which has a characteristically narrow, more laminar
flow profile. This hybrid VTI results in overestimation of AVA derived by the continuity
equation, but has no impact on the AV Vmax or mean trans-aortic AP, the other two
parameters needed to assess AS severity, as these are derived only from the aortic valve VTI.

Also, one should consider the relationship between our definition of error (or non-
physiologic measurement discrepancies) for LVOT VTI and the use of the guidelines-based
grades of LV function. This is because LVOT VTI values were stratified based on these
grades that correspond to rather wide ranges of LV EF, which could potentially result in
misclassification of some patients as “errors”. It is impossible to rule out that this issue
might have contributed to our findings that LVOT VTI had the greatest variation between
serial studies and that the greatest degree of discrepancies was found with measurements in
the normal range of LV EF, defined in the guidelines is a broad EF range of 52—72%. Indeed,
we found that when specific changes in EF within narrow ranges are used to define “no
change in LV function” in lieu of the conventional guidelines-recommended definitions, the
frequency of LVVOT VTI errors was significantly lower. This finding underscores the
importance of LV EF in the evaluation of AS severity, and indicates that a more granular
way of defining changes in LV EF to facilitate interpreting the identified changes in VTI
might potentially affect the findings of our study. Nevertheless, this was a retrospective
study based on reported measurements that were performed according to the guidelines, and
may thus reflect what happens in other clinical labs that follow this approach.

The prevalence of AV Vmax, AV VTI, and AV AP errors was low in our study. This is a
likely result of using multiple transducer positions with careful adjustments to minimize the
intercept angle between the direction of flow and the Doppler angle. Any angle greater than
zero is nonparallel to flow, subject to the cosine effect and will lead to an underestimation of
the AV Vmax, AV VTI, and AV AP, and consequently AS severity [14]. Our laboratory’s
protocol emphasizes selecting the maximal velocity and tracing the associated dense
velocity curve as recommended in the guidelines. This is a longstanding laboratory standard,
which has been established before the time window of this study.

We found that patients with severe AS and normal LV systolic function demonstrated higher
rates of LVOT VTI errors. We postulate that the greater prevalence of errors in the severe AS
cohort may be due to the higher AV VTI seen in severe versus non-severe AS. This occurs
because when the pulsed Doppler sample volume is positioned too close to the area of
turbulent flow, it has a greater impact on skewing the hybrid VTI and therefore may cause
discrepancies of > 15% between studies. Additionally, patients with normal systolic function
and AS have larger AV pressure gradients than patients with systolic dysfunction. The higher
AV AP in normal systolic function studies may have a greater effect on contaminating a
hybrid VTI if the LVOT pulsed Doppler sample volume is misplaced resulting in more
discrepancies of > 15% between studies.

Importantly, we found no impact of severity of AS on LVOT diameter errors. The higher
prevalence of LVOT errors in studies of patients with normal systolic function may be a
result of greater ventricular contraction generating more LVOT distensibility and therefore
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diameter variation in systole, compared to studies with LV systolic dysfunction. In a study of
110 patients undergoing electrocardiogram-gated cardiac computed tomographic
angiography, the anterior—posterior LVOT diameter increased nearly 2 mm in systole (22.68
+ 3.09 mm) compared to diastole (20.77 + 2.93 mm) [17]. In a multimodality study of
multidetector computed tomography, 3-dimensional and 2-dimensional echocardiography in
22 patients, the LVOT area increased in all three modalities in mid-systole versus end-
diastole [18].

Limitations

The limitations of this study include its single center nature, which makes our findings not
necessarily generalizable to the experience of other laboratories. The retrospective study
design has well-known limitations of lack of standardization in potentially important
variables, such as time intervals between consecutive examinations, equipment upgrades
over the years, and different methods of assessment of LV systolic function, which in some
of the studies included qualitative estimations.

An inherent limitation in the continuity equation is the assumption that the LVOT is circular
and there is a uniform velocity profile across the LVOT, despite evidence of a slightly
skewed velocity profile with highest values located in the center of the LVOT toward the
septum in both normal subjects and patients with AS [19]. We understand that even in the
presence of stable LV systolic function, there can be alterations in the LVOT VTI due to
changes in loading conditions and heart rate, although expectedly below the 15% threshold
used in this study. Compared to the Teichholz method and the Simpson’s biplane method of
determining cardiac output, the VTI method has the lowest beat-to-beat variability [20].

Finally, the assumption that that LVOT dimension should not change between studies would
theoretically require any change in diameter > 0 mm to be considered as an error. We chose
to follow a less strict definition of change in > 2 mm as an error instead, in order to take into
account the finite precision of these measurement and the reasonable inter-measurement
variability. It is likely that this choice has impacted our finding of the relatively prevalence
of LVOT dimension error.

Conclusions

The most frequent source of discrepancy in the estimation of AVA between studies in a
single patient is in the assessment of L\VOT VTI. Discrepancies in LVOT diameter
measurement, in comparison, are less common. The standard Doppler evaluation of AV
(VTI, Vmax, and AP) yields a low rate of errors, if sampled from multiple transducer
positions. Greater attention should be directed toward the proper positioning of the pulsed
Doppler sample volume in the LVOT, particularly in patients with higher grades of AS and
preserved LV systolic function, to ensure accurate and reproducible assessment of AS.
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1,103
AS Patients (at least mild)
without prosthetic valves
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one Echo study (87)
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Patients with multiple
Echo studies

»| AS Patients with missing
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\
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Patients without
missing measurements

Fig. 1.
Flowchart of inclusion and exclusion of participants in the study
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erroneous measurements according to the preset cutoffs depicted by vertical dotted lines (see
text for details)
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BSA (m?) 1.92[1.90, 1.93] 1.92[1.89, 1.96] 1.91[1.88,1.94] 1.92[1.90, 1.94]

5 Severe Moderate Severe Moderat Severe
LV Function ™9™ “ax W a \ [ 1% %
Mild Mild Mild
N ‘ 8% }' ‘ 4%/\ mild

8% 4%
11% \\\‘ I
AS Severity i
Severe ' “ Savere ' Severe '
Fig. 4.

Transthoracic echocardiograms cohorts by demographics, left ventricular systolic function,
and aortic stenosis severity
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Fig. 5.
Placement of the pulsed Doppler sample volume in the correct (upper) location, resulting in

a characteristic narrow (top), laminar L\VOT VTI flow curve profile versus the incorrect
placement too close to the stenotic aortic valve, resulting in a falsely elevated “hybrid”
LVOT VTI (bottom)
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