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Background: Echocardiography is widely used to assess aortic stenosis (AS) but can yield inconsistent
results, leading to uncertainty about AS severity and the need for further diagnostics. This retrospective
study aimed to evaluate a novel echocardiography-based marker, the signal intensity coefficient (SIC), for its
potential in accurately identifying and quantifying calcium in AS, enhancing noninvasive diagnostic methods.
Methods: Between May 2022 and October 2023, 112 cases of AS that were previously considered severe
by echocardiography were retrospectively evaluated, as well as a group of 50 cases of mild or moderate
AS, both at the Eastern Slovak Institute of Cardiovascular Diseases in Kosice, Slovakia. Utilizing Image]J
software, we quantified the SIC based on ultrasonic signal intensity distribution at the aortic valve’s interface.
Pixel intensity histograms were generated to measure the SIC, and it was compared with echocardiographic
variables. To account for variations in brightness due to differing acquisition settings in echocardiography
images (where the highest intensity corresponds to calcium), adaptive image binarization has been
implemented. Subsequently, the region of interest (ROI) containing calcium was interactively selected and
extracted. This process enables the calculation of a calcium pixel count, representing the spatial quantity
of calcium. This study employed multivariate logistic regression using backward elimination and stepwise
techniques. Receiver operating characteristic (ROC) curves were utilized to assess the model’s performance
in predicting AS severity and to determine the optimal cut-off point.

Results: The SIC emerged as a significant predictor of AS severity, with an odds ratio (OR) of 0.021
[95% confidence interval (CI): 0.004-0.295, P=0.008]. Incorporating SIC into a model alongside standard
echocardiographic parameters notably enhanced the C-statistic/ROC area from 0.7023 to 0.8083 (P=0.01).
Conclusions: The SIC, serving as an additional echocardiography-based marker, shows promise in

enhancing AS severity detection.
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Introduction maximum aortic jet velocity (V,,,), dimensionless index

Echocardiography serves as the standard imaging method (DD), and aortic valve area (AVA) calculated using the

for aortic stenosis (AS) severity assessment. It utilizes two- continuity equation (1,2). Despite its validation against
dimensional imaging and Doppler techniques to evaluate invasive measures, discrepancies in echocardiographic

parameters such as the mean transvalvular gradient, data due to methodological differences, left ventricular
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outflow tract (LVOT) measurement variability (smaller
LVOT diameter can lead to overestimation of AS severity),
the pressure recovery phenomenon, and flow state
conditions may necessitate additional modalities, such as
transesophageal echocardiography, computed tomography
(CT) scans, magnetic resonance imaging (MRI), or cardiac
catheterization for accurate assessment (3-9). However, the
clinical application of these additional modalities is limited
by factors such as time consumption, restricted access, and
potential adverse effects of contrast agents.

The signal intensity coefficient (SIC) in echocardiography,
which measures the reflectivity of ultrasound waves from
different heart tissues, has been proposed as a potential tool
for identifying the presence and severity of AS (10). Unlike
machine learning approaches, this method bypasses the
need for extensive labeled datasets, aiming for automated
calcium detection and quantification to streamline AS
assessment. This entails applying an adaptive image
threshold technique for segmenting images, resulting in
a binary image where calcium regions appear white and

Highlight box

Key findings

¢ Signal intensity coefficient (SIC) was found to be a significant
predictor of aortic stenosis (AS) severity.

® Incorporating SIC with standard echocardiographic parameters
significantly improved the C-statistic/receiver operating
characteristic (ROC) area.

e SIC is a promising additional echocardiography-based marker that
can enhance the detection and quantification of AS severity.

What is known and what is new?

¢ Echocardiography is a widely used tool for assessing AS and
has been validated against invasive measurements. However,
discrepancies in the data can arise, leading to uncertainty about the
true severity of AS and potentially requiring additional diagnostic
procedures. This highlights the need for improved noninvasive
diagnostic methods.

e The SIC proved to be a significant predictor of AS severity, with
an odds ratio of 0.021 (95% confidence interval: 0.004-0.295,
P=0.008). When incorporated into a model with standard
echocardiographic parameters, the SIC significantly improved the
ROC area from 0.702 to 0.808 (P=0.01).

What is the implication, and what should change now?

e The SIC, as an additional echocardiography-based marker,
shows promise in enhancing the detection of AS severity. It is
potentially a useful addition for software to be incorporated into
echocardiographic machines and reading stations, and may be the

basis for further research.

© AME Publishing Company.

other anatomical structures appear black. The aim is to
accurately detect aortic valve calcification while measuring
pixel intensity and the count of white pixels, both indicative
of calcium quantity. Higher SIC values indicate greater
reflectivity of ultrasound waves, suggesting the presence of
more calcium.

The aim of this study was to evaluate the potential
of a novel echocardiography-based marker, the SIC, for
identifying and quantifying calcium in AS, addressing the
need for more accurate noninvasive diagnostic methods.
We present this article in accordance with the STROBE
reporting checklist (available at https://cdt.amegroups.com/
article/view/10.21037/cdt-24-179/rc).

Methods
Study methods

Between May 2022 and October 2023, we retrospectively
queried our database and retrieved patients initially referred
to our institution’s specialty clinic for AS evaluation. For
this study we focused on a group of 200 adult patients
diagnosed with confirmed severe AS and a group of 85 adult
patients with mild or moderate AS, both at the Eastern
Slovak Institute of Cardiovascular Diseases and School of
Medicine, Pavol Jozef Safarik University, Kosice, Slovakia.
To be included in the study, patients had to meet specific
criteria, including confirmed AS, being over 18 years of age,
and being in sinus rhythm. Patients with atrial fibrillation,
storage or infiltrative disorders, other significant valve
diseases affecting hemodynamics, implantable devices,
systemic hypertension or poor echocardiographic windows
were excluded. Thus, our final population comprised
162 patients (112 with severe AS, 50 with mild or moderate
AS). Details of patients enrollment are listed in Figure 1. All
patients included were informed about their participation,
they had given the option to opt out and all of them
provided written informed consent to participate in the
study. The study was conducted in accordance with the
Declaration of Helsinki (as revised in 2013) and received
approval from the local ethics committee of Eastern
Slovak Institute of Cardiovascular Diseases and School of
Medicine, Pavol Jozef Safarik University, Kosice, Slovakia
(IRB/ERC:2771-343).

Routine echocardiographic analysis

Echocardiographic scans were conducted using a SC 2000
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Patients in the hospital registry from
May 2022 until October 2023
n=285 (200 severe AS, 85 mild/moderate AS)

Exclusion criteria (74 patients)
Atrial fibrillation, storage or infiltrative
diseases, other valve diseases,
implantable devices, hypertension

<

n=211

Exclusion criteria (49 patients)
Non-diagnostic images (such as poor [«
echocardiographic windows)

Y

Enrolled patients in the study group
n=162 (112 severe AS, 50 mild/moderate AS)

Figure 1 Flowchart of patients enrollment. AS, aortic stenosis.

Figure 2 Echocardiography image with CLAHE—the red circle
highlights the region of interest where the calcified aortic valve
is located. CLAHE, Contrast Limited Adaptive Histogram

Equalization.

Prime ultrasound system (Siemens Healthineers, Erlangen,
Germany). The standard 2D echocardiography protocol
encompassed all standard views, incorporating pulsed
Doppler for left ventricular outflow tract assessment and
continuous aortic Doppler flow from apical and modified
right parasternal views. The AVA was determined using the
continuity equation. Standard echocardiographic criteria
were employed to identify severe AS (11,12):

& V. >4m/s;

% Mean gradient (MG) >40 mmHg;

& DI<0.25;
% AVA by continuity equation <1 cm’.

© AME Publishing Company.
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As a mild or moderate AS were considered patients with
following echocardiographic measures (11,12):
Vi <4 m/s;
MG <40 mmHg;
% DI >0.25;

% AVA by continuity equation >1 cm’.

.
X4
®,
X4

Echocardiographic tissue analysis

To analyze tissue characteristics within a specific region
of interest (ROI), we employed a computational image
analysis technique implemented on the Image] software
platform v1.51, developed by the National Institutes of
Health in Bethesda, Maryland, USA (13,14). This method
was applied to transthoracic echocardiographic images
obtained via B-mode imaging using a parasternal short-axis
view. The end-diastolic frame, providing clear visualization
of the entire aortic annulus and leaflet tips, was chosen for
analysis.

Subsequently, the “plot profile” function in the “Analyze”
drop-down menu was utilized to generate a histogram
illustrating the gray value on the y-axis and distance in
pixels on the x-axis. In the first stage, the image histogram
was equalized to enhance contrast and extend the intensity
range using the “equalizeHist” function. This equalization
maps one distribution to another, creating a more uniform
and wider distribution of pixel intensity values, effectively
spreading the intensities across the entire range. With
pixel grayscale intensities ranging from 0 to 255, the new
intensity values of the equalized image are obtained by
applying the following remapping function to the source
echocardiography image. Subsequently, to further enhance
the contrast of the equalized image, a Contrast Limited
Adaptive Histogram Equalization (CLAHE) algorithm
was implemented (15). This algorithm divides the image
into several non-overlapping regions of nearly equal size,
creating multiple histograms that redistribute the image
brightness, thereby improving the overall image contrast.
Finally, an image binarization technique was applied using a
fixed threshold of 140 on the pixel grayscale value (ranging
from 0 to 255) (16). Pixels with intensities above 140 were
converted to white [255], and the remaining pixels were
converted to black [0], aiding in the identification of regions
with calcium presence (Figure 2). To address natural noise
constraints in echocardiography imaging, particularly
from sampling still images from echocardiography videos,
various blurring treatments were applied. These treatments
helped reduce image noise caused by echocardiography
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Figure 3 Binarization of an echocardiography image—the red

circle represents our region of interest (aortic valve).

B ]

0 255
N: 2,912 Min: 47
Mean: 191.281 Max: 241
StdDev: 39.267 Mode: 222 (125)
Value: 172 Count: 9

Figure 4 The signal intensity coefficient value is determined by
examining the distribution of signal intensity values obtained from
the region of interest, which are represented along a standard gray

scale. StdDeyv, standard deviation.

motion. Blurring the image averages rapid changes in pixel
intensities, acting as a low-pass filter that removes noise
while preserving most of the image structures.

To identify calcium, we needed to determine a threshold
for image segmentation, resulting in a binarized image where
the foreground (calcium regions) is white (Figure 3). We
initially used a constant threshold of 160 for the pixels. Pixel
values above this threshold were classified as calcium, while
those below it were considered non-calcium (such as blood,
fat, muscle, or fibrous tissue). This initial constant threshold
was established and validated in previous studies (10).
Regions identified as calcium, with intensities above the
dynamic threshold, allowed for counting the number of
white pixels. This count serves as a proxy for the region’s

© AME Publishing Company.

area and provides an indication similar to the calcium score
identified by a CT scan.

As the last step, by clicking the “List” button at the
bottom left of the histogram, a numerical table of “Plot
Values” was obtained, representing the mean pixel
intensities at various points along the tissue waveform
(Figure 4). The 25th percentile of the signal intensity
distribution (p) was computed. The SIC was then calculated
using the formula SIC =1-p/256. This SIC measure serves
as an indicator of aortic valve microstructure, capturing
changes in its tissue resulting from the interaction of the
ultrasound signal across the maximum thickness of the
valve. In this study, the Image] algorithm was utilized to
quantify the SIC measure from echocardiographic images
of all participants while maintaining blinding to their
gradient and clinical status. Previous studies have reported
correlation coefficients of 0.89 and 0.90 for inter-reader and
intra-reader reproducibility of SIC, respectively (16-19).

Statistical analysis

Continuous variables are presented as mean =+ standard
deviation (SD) if normally distributed, or as median and
interquartile range if non-normally distributed. Categorical
variables are presented as counts and percentages. Bivariate
analysis was conducted using appropriate statistical
tests based on variable nature: the two-sided #-test or
the Wilcoxon rank-sum test (Mann-Whitney U test)
for continuous variables, and the Chi-square test for
independence or Fisher’s exact test for categorical variables.
Multivariate analysis utilized logistic regression, employing
variable selection methods such as backward elimination
and stepwise, considering the small sample size. Receiver
operator characteristic (ROC) curves were used to evaluate
the performance of different models in predicting AS
severity and to identify its best cut-off. The SIC cutoff value
(threshold) for dichotomization to determine severe AS
was evaluated using the two-sample #-test, simple logistic
regression, and sensitivity analysis. A two-tailed P value
<0.05 was considered statistically significant. Statistical
analysis was carried out using Prism 9.3.0 (GraphPad
Software, San Diego, California, USA).

Results

A total of 162 study subjects participated, comprising
112 individuals diagnosed with severe AS and 50 patients
with mild or moderate AS confirmed via transthoracic
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Table 1 Clinical and echocardiographic characteristics of patients with and without echocardiography proven severe aortic stenosis

Covariate Severe AS Mild or moderate AS P value Odds ratio or difference
(n=112) (n=50) between two means (95% CI)

Age (years) 78.96+7.73 73.82+6.91 0.04 5.14 (2.75, 7.53)
Male gender 59 (52.68) 28 (47.32) 0.37 0.875 (0.80, 1.04)
LVEF (%) 52.27+8.37 57.73+6.14 0.048 -5.46 (-7.76, -3.16)
BSA (m?) 1.87+0.21 1.68+0.19 0.03 0.19 (0.12, 0.26)
Vinax (M/S) 4.52+0.57 3.17+0.42 0.04 1.35(1.19, 1.51)
MG (mmHg) 49.84+8.95 29.15+6.4 0.04 20.69 (18.26, 23.12)
DI 0.19+0.05 0.32+0.06 0.04 -0.13 (-0.15, -0.11)
AVA (cm?) 0.66+0.19 1.56+0.45 0.02 -0.9(-1.08, -0.77)
SIC 0.39+0.12 0.18+0.05 0.01 0.21(0.18, 0.24)

Data are presented as n (%) or mean + SD. Severe aortis stenosis was defined as: V. >4 m/s, MG >40 mmHg, DI <0.25, and AVA by
continuity equation <1 cm®. Mild and moderate were defined as: V..., <4 m/s, MG <40 mmHg, DI >0.25, AVA by continuity equation >1 cm?.
LVEF, left ventricular ejection fraction; BSA, body surface area; V,..,, maximum aortic jet velocity; MG, mean gradient; DI, dimensionless
index; AVA, aortic valve area; SIC, signal intensity coefficient; AS, aortic stenosis; Cl, confidence interval; SD, standard deviation.

Table 2 A multivariate logistic regression analysis performed using the backward elimination method to select the variables for inclusion in the

model

Parameter Estimate Standard error Chi-square test statistics P value OR (95% Cl)
Intercept 4.5253 1.7933 8.8051 0.004 -

AVA (cm?) 1.3034 0.6475 7.1939 0.007 9.357 (1.115, 58.643)
SIC -3.6259 1.6009 6.923 0.008 0.021 (0.004, 0.295)

Statistical tests used: OR for male gender: Fisher’s exact test; 95% ClI for differences in means: two-sample t-test. AVA, aortic valve area;
SIC, signal intensity coefficient; OR, odds ratio; Cl, confidence interval.

echocardiography. No significant differences in age and
gender were observed across all groups (Table I). Among
the assessed echocardiographic parameters, statistically
significant disparities were noted for body surface area
(BSA), V..., DI, and AVA. Notably, the most significant
discrepancy was observed in AVA mean difference of -0.9
[95% confidence interval (CI): -1.03, -0.77]. Table 1 also
depicted the mean values + SD for the SIC in patients with
and without severe AS, where a statistically significant mean
difference in SIC (0.21, 95% CI: 0.18 to 0.24, P=0.01) was
evident.

A multivariate logistic regression analysis was conducted
to predict severe AS, incorporating traditional and new
variables, including age, sex, left ventricular ejection
fraction (LVEF), BSA, V,., MG, DI, AVA, and SIC.
However, no convergent results were obtained, and none of
the predictors (excluding LVEF) were deemed significant.

max?

© AME Publishing Company.

Subsequent separate multivariate analyses focusing solely on
traditional variables or the two new variables similarly failed
to identify any significant predictors, potentially due to
multicollinearity. Nonetheless, employing variable selection
methods consistently identified two significant predictors:
traditional AVA (OR: 9.357, 95% CI: 1.115-58.643,
P=0.007) and the new variable SIC (OR: 0.021, 95% CI:
0.004-0.295, P=0.008), as summarized in Tible 2.

Table 3 summarizes the results, including estimated
ROC area, standard error, and 95% CI through bootstrap
sampling. While the multivariate logistic regression model
using only traditional AVA exhibited modest predictive
performance (ROC area: 0.7023, 95% CI: 0.5476-0.857),
the model incorporating both AVA and SIC demonstrated
superior performance (ROC area: 0.8083, 95% CI:
0.6893-0.9274), outperforming other variable subsets. It’s
worth mentioning that dichotomizing AS as severe or non-
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Table 3 The performance of different models in predicting severity
of aortic stenosis compared using ROC curve area estimates

ROC Standard 95% confidence
Parameter L

area error limits
AVA 0.7023 0.0978 0.5476-0.857
SIC and AVA 0.8083 0.0749 0.6893-0.9274

Different models are identified by the subsets of the predictors
in the first column. The model in the bottom row which includes
the predictor AVA is the reference model. ROC, receiver
operating characteristic; AVA, aortic valve area; SIC, signal
intensity coefficient.

severe based on standard echocardiographic numerical
measures is a commonly adopted approach.

In the overall study population, significant correlations
were observed between SIC and both V. (r=0.48, P<0.01)
and AVA (r=-0.62, P<0.01). Pearson correlation between
SIC and MG was 0.70, and between SIC and DI was 0.57

(Figure 5).

Discussion

The aim of this pilot study was to assess whether a novel
echocardiography-based measure could aid in identifying
alterations in the tissue structure of the aortic valve in AS
patients. Our results reveal a significant correlation between
echocardiographic SIC values and established indicators
of AS severity, including V.., AVA, DI, and MG. This
suggests that an elevated SIC reflects physiological changes
leading to structural modifications in valve leaflets and
increased hemodynamic stress. Thus, our findings suggest
that echocardiographic SIC, akin to echocardiography-
based quantification of AS severity, offers valuable insights
into subtle abnormalities in aortic valve composition across
different disease states, although the clinical applications of
SIC require further investigation.

AS is a progressive condition characterized by the
thickening and stiffening of the heart valve, leading to
blockage of the valve opening. The development of AS
involves a cycle of calcification, valve injury, and subsequent
calcification, which is the focus of advanced imaging
techniques and medical interventions. The aortic valve
is composed of three flexible leaflets made of collagen
fibers and two main cell types: valvular endothelial cells
and valvular interstitial cells. These leaflets are designed
to endure the stresses of blood flow throughout a person’s
lifetime. However, in AS, the leaflets gradually thicken

© AME Publishing Company.

and calcify, resulting in obstruction in the left ventricular
outflow tract. AS progresses through two distinct stages:
initiation, akin to atherosclerosis, and propagation,
marked by calcification and fibrosis driving disease
advancement. These phases may coexist variably within
the valve. Emerging imaging modalities and therapies
aim to target the cycle of leaflet calcification, valve injury,
and subsequent calcification (20). Endothelial damage,
triggered by repetitive mechanical stress on the valve,
initiates AS. Individuals with bicuspid aortic valves are
particularly prone to this damage. Inflammatory cells,
including macrophages and oxidized LDL, infiltrate
and form microcalcifications near lipid deposition sites,
mirroring atherosclerosis. Cardiovascular risk factors such
as age, smoking, hypertension, hyperlipidemia, and diabetes
are associated with AS incidence, though risk factors
for disease progression may differ (21). Transitioning
valvular interstitial cells into osteoblastic phenotype marks
the progression from initiation to propagation phases.
Osteoblast-like cells contribute to disease advancement by
creating a feedback loop, promoting further calcification.

The application of SIC and other ultrasound measures
for evaluating myocardial microstructure has been explored
in various cardiac disease phenotypes, such as aortic
dissection, heart failure, immune-inflammatory disease,
metabolic syndrome, hypertensive heart disease, diabetic
cardiomyopathy, and myocardial infarction (22-27).
Previous research methodologies have been limited by
reliance on non-human models, retrospective designs,
or use of integrated or mean values of backscatter signal
intensities (22,23,28). In contrast, SIC leverages the entire
grayscale distribution of the ultrasonic signal to provide
information about tissue microstructure. Furthermore,
utilizing end-diastolic B-mode frames helps mitigate signal
reconstruction artifacts (23).

Shifts in signal intensity distribution, as captured by the
SIC measure, seem to mirror tissue-level changes, including
myocardial hypertrophy, increased myocyte density,
and collagen deposition (29-31). Therefore, variations
in SIC, although measured in a predefined ROI of the
aortic valve, may represent diffuse tissue-level alterations
characteristic of AS. Our findings suggest that SIC could
serve as a noninvasive measure of aortic valve changes in AS
individuals. While SIC may predominantly reflect leaflet
calcifications in the context of AS, it could also encompass
a range of other tissue-level changes. Hence, the combined
use of SIC and echocardiography, obtained through
different imaging techniques, could complementarily
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Figure 5 Associations of the signal intensity coefficient with maximum velocity (A), aortic valve area (B), mean gradient (C), and

dimensionless index (D).

assess AS progression and provide crucial disease-related
information as a future concept for reducing radiation
usage. However, further research is needed to fully evaluate
the diagnostic and prognostic potential of SIC using
echocardiography.

Study limitations

There are several limitations in our study that should
be taken into consideration. Firstly, our conclusions are
based on a single-center study design, which involved
a small number of participants. This may introduce
patient selection bias and limit the generalizability of our
findings. In a retrospective study design, the timing of
echocardiography can vary slightly between cases. Secondly,
we did not determine the Agatston score in this study,
which could serve as a useful indicator of AS severity and
potentially be correlated with SIC (32). Furthermore, we
did not utilize the gold standard method of assessing AS
severity, which is cardiac catheterization incorporating
gradients, cardiac output measurements, and the assessment

© AME Publishing Company.

of tricuspid regurgitation, which can impact accuracy. It
is also important to note that echocardiography is at best
a semi-quantitative method and has a very high degree of
inter-examiner variability. Moreover, SIC values may also
be affected by factors such as the angle of incidence of the
ultrasound waves, the depth of the tissue being imaged, and
the quality of the imaging equipment (33). Finally, in order
to consider our results as generalizable and fully understand
how SIC can be used to monitor disease progression, it is
necessary to validate and expand upon our findings through
longitudinal studies involving larger and more diverse
groups of patients.

Conclusions

Our study results suggest that echocardiographic SIC offers
a noninvasive method to detect early alterations in the
composition of the aortic valve, akin to echocardiography-
based quantification of AS. This introduces an easily
accessible imaging tool for assessing tissue-level changes in
AS, supplementing traditional echocardiography and CT
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measurements. Our work could be a good start into a new
diagnostic tool with the potential to reduce radiation by
eliminating the need for diagnostic CT as a golden standard
before aortic valve replacement. Nevertheless, additional
research is warranted to elucidate the connection between
SIC variations and specific tissue-level changes in AS.
Longitudinal studies are also essential to assess the potential
of SIC as a dependable marker of disease progression or
response to AS treatments.
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