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Background: Procedural planning for transcatheter aortic valve replacement (TAVR) is routinely
performed using contrast computed tomography (CT) in patients with severe aortic stenosis (AS). Despite
its potential, little investigation has been done into the possibility of aortic valve calcification (AVC) scoring
in contrast-enhanced CT. Contrast CT has superior spatial and contrast resolution compared to the non-
contrast Agatston score protocol, which would allow for development of better pattern and distribution
descriptors of calcific lesions in the aortic valve (AV).

Methods: We developed a new false positive rate (FPR) based method that can quantify leaflet calcification
based on shape overlap metrics. We also introduce a novel regional scheme for quantifying the shape and
structure of calcification using topographic maps. The study was designed to: (I) determine the feasibility
of using a novel method based on FPR to detect AVC using contrast-enhanced CT images by assessing
the volume scores measured using FPR versus non-contrast methods and alternative contrast methods for
volume scoring based on fixed or dynamic HU thresholds. (I) Develop a new scheme for assessing calcific
geometry and structure and evaluate patterns of calcification in the varied presentation of AS.

Results: Our results show a very strong correlation with non-contrast volume (r=0.919, P<0.001; n=178)
and Agatston scores (r=0.913, P<0.001; n=178) that were evaluated using a standard calcium scoring
technique. Finally, we analyzed the differences and similarities in the patterns of calcific deposition with
respect to sex and degree of severity.

Conclusions: The FPR method demonstrates the best overall agreement with non-contrast scores
across both low and high ends of calcific density compared to luminal attenuation methods. In addition,
we showed that leaflet calcific deposition follows distinctive patterns across the belly of the leaflet, with
the rate of calcific progression peaking at the non-coronary cusp (NCC) leaflet and lowest for the right-
coronary cusp. Females experience significantly lower calcific deposition compared to males despite
showing similar patterns and symptoms. Our findings suggest that precise regional assessment of calcific
progression could be an important tool for monitoring AS development as well as predicting peri-

procedural complications in TAVR.
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Introduction

Aortic valve calcification (AVC) strongly influences native
and artificial valve behavior and is a key feature involved
in the development and progression of aortic stenosis
(AS) (1). AVC is presented in aortic sclerosis, a disease in
which the valve leaflets begin to thicken and develop regions
of focal calcification, and over time can progress to AS
(1,2). AS is characterized as a gradual decrease of the valve
orifice area leading to left ventricular outflow tract (LVOT)
obstruction and left ventricular (LV) hypertrophy due to an
increased afterload (3). Prior to the recent introduction of
the minimally invasive transcatheter aortic valve replacement
(TAVR), surgical aortic valve (AV) replacement was the only
possible intervention for severe AS. As TAVR is becoming
more frequent (4), the procedure is continuously advancing
with improvements in valve and delivery system designs,
as well as increased clinician experience (4). It is therefore
critical that during procedural planning, valuable prognostic
information is collected to help plan and optimize patient-
specific interventions (5). Primarily, detailed calcification
assessment must be included in this process (5,6) as AVC is
associated with a variety of peri-procedural complications
(5,7). In the context of TAVR, the new valve may be restricted
from expanding completely due to native calcification. The
presence of leaflet and/or LVOT calcification is a risk factor
to paravalvular leakage surrounding the implant (8), annular
rupture, aortic root (AR) injury or conduction abnormalities
which may increase the risk of mortality (9,10).

Currently the only established method for assessing
AVC quantitatively is via the Agatston method through
non-contrast computed tomography (CT) images (11,12).
Which was originally applied for quantifying coronary
artery calcium (CAC) but has since been used to quantify
cardiovascular calcification in various regions. In the case
of the AV, it is measured at the cusp/leaflet region avoiding
extra valvular calcium in the LVOT or the ascending
aorta (11). Pixels above 130 Hounsfield unit (HU) are
segmented and within each lesion in a 2D cross-section,
the maximum HU is calculated and used to obtain a density
weighting factor (DWF) which is multiplied by the 2D
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area of the lesion. The sum of this areas multiplied by
DWEFE is then calculated to obtain the final Agatston score
for the region of interest (11,12). It is primarily used as
secondary diagnostic test for AS, when echocardiographic
measures are discordant (6,11). However, this score has
key limitations, it requires low resolution 2.5-3 mm
axial views, which severely limits regional quantification of
calcium burden (11,12). Furthermore, the lack of contrast
precludes qualitative assessment of AV anatomy or valve
planimetry (6). Both limitations motivate the design of
new scoring method based on high resolution contrast CT
images (13,14), especially in the context of TAVR, where
accurate annular assessment using contrast CT is a necessity
for procedural planning (6).

Previous studies (14-19) investigated simpler modifications
to the standard Agatston technique when using contrast-
enhanced CT images. These approaches were mainly
motivated by the idea of using a new cut-off thresholding
value, either fixed or dynamically determined based on
luminal attenuation. In that regard, we previously (20)
developed a method that does not explicitly rely on luminal
attenuation. Instead, initial leaflet calcification regions
are determined based on the intensity characteristics
of a bounding AR segmentation. Using those initial
conditions, an iterative region growing method adjusts
the Hounsfield band for calcific detection gradually, until
satisfying certain overlap criteria between calcific and
non-calcific segments in the image. We were able to show
strong correlation with gold standard non-contrast and
echocardiographic based indices of AS severity (20). In
this study we focused the study cohort on the tricuspid
valve morphology and introduced a new anatomically
based regional mapping scheme to provide a quantitative
description of location, quantity, and average intensity
of calcific deposition. The new topographic maps may
provide a unique perspective for interpretation of calcific
progression in terms of sex- and severity-based differences.
To the best of our knowledge, this is the first study on
in-vivo quantitative description of AV leaflet calcification
using high resolution CT imaging.
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Table 1 Baseline patient characteristics of study cohort

Category Value
Age (years), mean + SD 80.5+7.3
Sex, n (%)

Female 80 (44.9)

Male 98 (55.1)
AS severity, n (%)

Non severe 49 (27.5)

Severe 129 (72.5)
NYHA class, n (%)

I 17 (9.6)

I 70 (39.3)

I} 78 (43.8)

v 13 (7.3)
Coronary artery disease, n (%) 85 (47.8)
Hypertension, n (%) 164 (92.1)
Type 2 diabetes mellitus, n (%) 74 (41.6)
Dyslipidemia, n (%) 132 (74.2)
Atrial fibrillation, n (%) 65 (36.5)

SD, standard deviation; NYHA, New York Heart Association; AS,
aortic stenosis.

Methods

We evaluated the proposed method on a cohort of patients
diagnosed with AS. We compared the scores using the
proposed method on the contrast-enhanced images to
the standard scores produced for non-contrast (16,18,21)
images that were scored using commercially available
software (Calcium scoring application, Syngo.via; Siemens
Healtheneers, Forchheim, Germany).

Study population

We retrospectively selected 178 patients diagnosed with
AS from Hamilton General Hospital (Hamilton, Canada;
between 2020 and 2022). Non-consecutive data collection
included patients evaluated for TAVR with severe or non-
severe AS diagnosed by 2D doppler echocardiography
and who underwent both gated contrast and non-contrast
CT within 3 months of the echocardiogram. Severity was
determined by recommended thresholds for AV area, peak
aortic jet velocity and mean valve pressure gradient (22). The
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study was conducted in accordance with the Declaration of
Helsinki (as revised in 2013). The study was approved by
the Hamilton integrated research ethics board (HiREB) and
individual consent for this retrospective analysis was waived.
The selections were done by operators blinded to the
objectives and contents of this study. Clinical measurements
were performed per relevant guidelines and regulations
including guidelines of the American College of Cardiology
and American Heart Association. Demographic and
procedural data were collected from the patients’ medical
records (see 1able 1 for patient characteristics).

CT acquisition

The patients underwent both contrast and non-contrast
enhanced CT scans using GE Healthcare Discovery
CT750 HD Scanner 64 slice 40 mm detector. Contrast CT
images were acquired using retrospective gating without
tube current modulation of the entire cardiac cycle using
a slice thickness of 0.625 mm. Prospectively ECG gated
non-contrast CT was performed in a sequential mode at
60-80% of the RR interval using a slice thickness of 3 mm
(see Table S1 for CT acquisition parameters).

Computational analysis

Calcification detection

We developed a framework which consists of pipelines
designed for the 3D visualization and quantification of calcific
lesions using contrast-enhanced thoracic CT images (Figures
1-6; Tibles 1-4). The proposed calcium detection method uses
a novel segmentation scheme that is based on automatically
detected local image features (Figure 2). The proposed method
obviates the need for manual annotation of a region of interest
in the ascending aorta or a predetermined minimum HU
cutoff value. Our developed computational framework requires
the field of view to be initially localized to the AV based on
the standard assessment guidelines for TAVR planning (Figure
1A). A partial AR model is then automatically segmented
(Figure 1B). Using the AR segmentation, principal directions
and landmark points are generated semi-automatically (Figure
1A4,1B). Using this initial set of parameters, a fully automatic
detection scheme is designed to detect the maximal amount
of calcific content regardless of the effect of the contrast
agent on luminal attenuation (Figure 2). This is accomplished
by measuring the false positive rate (FPR) between iterative
decrements of HU threshold reconstructions of calcific
segments and the partial AR model (Figure 2).
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A Image pre-processing and automatic calcific detection

FPR algorithm attempts to find
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detection of calcific regions in
the blood pool
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Figure 1 Framework for calcification assessment. Visual representation of the computational framework developed for the assessment
of calcification pattern and structure in contrast enhanced CT images for AS. (A) Left: initial localization of AVj right: automatic
calcific threshold determination based on automatic estimation of the ration between non-calcified lumen segments and calcific regions.
(B) Different quantification color-coded maps from left to right; calcification separated by leaflet 1-3 corresponding to NCC, RCC and
LCC respectively; radial distance map with range of [0-annular perimeter (mm)]; longitudinal distance map with range of [0-height of STJ
(mm)]; HU intensity map for calcific lesions detected, color mapped by a fixed Hounsfield intensity range of 484-1,585 HU. The color
bar is partitioned into 4 sections with 275.25 HU difference for each partition. (C) Schematic diagram of proposed anatomically based
18 region model of the aortic valve, regions are counted in clockwise order started from the NCC. Region subdivisions are based on
parametric coordinates in cylindrical coordinate system, normalized by patient specific aortic root dimensional measurements (STJ height
h, annular area derived radius r and angles 6 between the interleaflet edges measured from the “en-face” short axis view of the valve. FPR,
false positive rate; NCC, non-coronary cusp; RCC, right coronary cusp; LCC, left coronary cusp; HU, Hounsfield unit; STJ, sino-tubular

junction; CT, computed tomography; AS, aortic stenosis; AV, aortic valve.
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Figure 2 Calcification detection algorithm. Visual representation of the proposed algorithm for calcification detection in contrast enhanced

CT. (A) Initialization step with automatically detected aortic root segmentation and “en-face” short axis view of leaflets. (B) 2D short-axis

section of the aortic valve with overlaid contours of detected calcium segments in red and partial aortic root lumen in cyan using the different

methods. (C) FPR wvs. threshold curve measuring the rate of calcific pixels classified as non-calcific lumen segments, we exhaustively search
for an optimal threshold in a wide HU band. Such that the resulting calcific segmentation is neither under nor over estimated. LA, luminal
attenuation; SD, standard deviation; AR, aortic root; CT, computed tomography; FPR, false positive rate; HU, Hounsfield unit.

Assessment of the calcification detection method

Appropriate statistical tests were performed using Jamovi
v.1.8. Summaries of the variables and tests performed in
(Figures 4,6; Tables 2-4) are outlined as follows. Correlations
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and comparisons between the variables were performed
using Spearman’s rank correlation test, Wilcoxon rank
paired z-test, non-parametric One-way ANOVA (Kruskal-
Wallis) followed by post-hoc Dwass-Steel-Critchlow-
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A Patient # 18 M, S) Patient # 36 (M, S)
Volume score (contrast): 921 mm® Volume score (contrast): 1,370 mm®
Calcium threshold (contrast): 421 HU Calcium threshold (contrast): 399 HU
Volume score (non-contrast): 3,432 mm?® Volume score (non-contrast): 5,018 mm?®
Agatston score (non-contrast): 3,122 AU Agatston score (non-contrast): 4,315 AU
C Patient # 77 (M, S) D Patient # 143 (M, NS)
Volume score (contrast): 965 mm?® Volume score (contrast): 110 mm?®
Calcium threshold (contrast): 307 HU Calcium threshold (contrast): 497 HU
Volume score (non-contrast): 2,642 mm?® Volume score (non-contrast): 568 mm®
Agatston score (non-contrast): 2,144 AU Agatston score (non-contrast): 505 AU
E Patient # 24 (F, S) F Patient # 75 (F, S)
Volume score (contrast): 899 mm® Volume score (contrast): 444 mm®
Calcium threshold (contrast): 392 HU Calcium threshold (contrast): 481 HU
Volume score (non-contrast): 3,050 mm?® Volume score (non-contrast): 1,729 mm?®
Agatston score (non-contrast): 2,471 AU Agatston score (non-contrast): 1,477 AU
G Patient # 27 (M, S) H Patient # 148 (F, NS)
Volume score (contrast): 1,284 mm® Volume score (contrast): 125 mm?®
Calcium threshold (contrast): 296 HU Calcium threshold (contrast): 545 HU
Volume score (non-contrast): 3,281 mm® Volume score (non-contrast): 711 mm?®
Agatston score (non-contrast): 2,748 AU Agatston score (non-contrast): 571 AU
Intensity, HU
-50.00 200 400 600 800 1000 1200 1400 1600

\ | J |

Figure 3 Amount of calcification in contrast vs. non-contrast (representative cases). (A-H) Eight patients were selected around the median volume
score grouped by sex (M-F) and AS severity (NS-S). The left panel shows the detected calcification in the same patient using contrast enhanced
images. The right panel shows the detected calcification in the same patient using non-contrast images. Field of view, orientation and opacity

mapping matching was ensured to facilitate comparison. M, male; F, female; NS, non-severe; S, severe; AS, aortic stenosis; HU, Hounsfield unit.
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Figure 4 Statistics and data plots for parameters (N=178). (A) Scatter plot of contrast vs. non-contrast calcific volume; (B) boxplot

comparing contrast (different methods vs. non-contrast calcific volume; (C-F) Bland-Altman plot of differences. HU, Hounsfield unit; SD,

standard deviation; FPR, false positive rate; LA, luminal attenuation.

Fligner pairwise comparisons where applicable. Bland-
Altman analysis of difference was used to compare the
developed FPR method alongside the conventional
methods based on a fixed HU threshold [650] or a mean
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HU attenuation at the ascending aorta (+1.5SD, +2.5SD,
+3SD, +3.55D, +4SD) (Figures 4,6A). Values were reported
as median [25"-75" percentile], mean + standard deviation
or mean difference [lower limit of agreement, upper limit
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A Patient # 18 (M, S) B Patient # 24 (F, S)

Radial distance, mm Longitudinal distance, mm
20 15 10 5 0 20 15 10 5 0
_— s C oee—
G Male, severe (n=73) H Female, severe (n=56)

Calcification volume, mm?® Calcification intensity, HU
10 20 30 40 50 60 70 80 90 450 500 550 600 650 700 750

Figure 5 Pattern of calcification in AS (contrast, representative cases). (A-F) Six patients were selected around the median volume score grouped
by sex (M-F) and AS severity (NS-S). The left panel shows the detected calcification, color mapped by a normalized radial distance range
of (0-25.4 mm). The right panel shows the detected calcification, color mapped by a normalized longitudinal distance range of (0-23.4 mm).
Regional volume, annular center, and annular plane proximity (%) were calculated for each leaflet, termed as non-coronary cusp (IN), right coronary
cusp (R) and left-coronary cusp (L) respectively. (G-J) Bullseye aortic valve plot with 18 region maps described in Figure 1C median values for
each categorical group (sex and severity) were used to color the volume and HU intensity map. For the volume maps median (IQR) values were

annotated inside the borders of each region. AS, aortic stenosis; M, male; F, female; NS, non-severe; S, severe; IQR, interquartile range.
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B Radar plot for regional calcific volume contribution of the R18 region model comparing four
categorical cohorts grouped by gender and AS severity

= Male severe (N=73)
Female severe (N=56)
== Male non-severe (N=25)
== Female non-severe (N=24)

8@/4/ ge\\\l
Coaptation zone
NCC

Figure 6 Comparative analysis of calcific detection methods and regional distribution of calcification across the cohort (N=178). (A)

Spearman’s correlation heatmap between all contrast calcific volume scores and non-contrast volume and Agatston scores. (B) Radar plot

with categories grouped by sex and AS severity showing regional median volume spread in each region defined in Figure 1C. AS, aortic

stenosis.
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Table 2 Summary parameter statistics

Female Male

Parameter

Non (n=24) Severe (n=56) Non (n=25) Severe (n=73)
Contrast CT calcific volume (mm®) 148 [115-209] 473 [374-759] 538 [302-737] 1,133 [780-1,483]
Indexed contrast CT calcific volume (mm?®cm?) 39 [26-57] 125 [84-215] 114 [61-143] 215 [172-302]
FPR derived calcific threshold (HU) 462 [423-533] 443 [391-591] 424 [348-491] 375 [307-415]
Non-contrast calcific volume (mm®) 834 [615-1,094] 2,042 [1,434-2,878] 1,716 [1,374-2,227] 3,281 [2,672-4,363]
Non-contrast Agatston score (AU) 707 [516-867] 1,570 [1,197-2,205] 1,445 [1,145-1,820] 2,645 [2,094-3,460]
Contrast CT calcific volume
NCC (mm?®) 64 [26-102] 209 [136-353] 246 [123-312] 449 [304-571]
RCC (mm®) 36 [24-65] 122 [80-253] 114 [85-151] 343 [210-483]
LCC (mm®) 44 [29-96] 153 [76-222] 167 [113-239] 300 [209-494]
Annular area (cm?) 4.0 [3.3-4.5] 4.1[3.5-4.5] 5.2 [4.6-5.6] 5.1 [4.5-5.6]
Annular radius (mm) 11.3[10.2-12] 11.4[10.6-12] 12.9 [12.1-13.3] 12.7 [12.0-13.4]
STJ height (mm) 19.7 [18-21] 20.5 [19.1-22.5] 23.6 [21-25.6] 23.4 [21.1-25.5]

All continuous parameters presented as median [interquartile range]. CT, computed tomography; FPR, false positive rate; HU, Hounsfield
unit; NCC, non-coronary cusp; RCC, right coronary cusp; LCC, left coronary cusp; STJ, sino-tubular junction.

Table 3 Summary of one-way ANOVA Kruskal-Wallis post-hoc analysis (N=178)

One-way ANOVA (non-parametric) (Dwass-Steel-Critchlow-Fligner pairwise comparisons)

Region F-NSvs. F-S M-NS vs. M-S F-Svs. M-S F-NS vs. M-S F-Svs. M-NS F-NS vs. M-NS
R1 0.197 0.316 0.002 <0.001 0.836 0.102
R2 0.242 0.025 0.046 <0.001 0.886 0.757
R3 0.172 0.363 0.054 <0.001 0.976 0.105
R4 0.006 0.036 <0.001 <0.001 0.681 0.003
R5 <0.001 0.126 0.006 <0.001 0.982 <0.001
R6 0.003 0.136 0.006 <0.001 0.887 <0.001
R7 0.01 <0.001 0.003 <0.001 0.121 0.912
R8 0.008 0.173 0.113 <0.001 0.991 0.203
R9 0.096 0.261 0.023 <0.001 0.947 0.113
R10 0.052 0.002 <0.001 <0.001 0.949 0.264
R11 0.002 0.03 0.041 <0.001 0.603 0.356
R12 0.003 0.008 <0.001 <0.001 0.874 <0.001
R13 0.007 0.027 0.005 <0.001 1 0.068
R14 0.057 0.099 0.161 0.001 0.826 0.447
R15 0.002 0.023 0.001 <0.001 0.979 0.026
R16 0.271 0.054 0.107 0.003 0.816 0.855
R17 0.392 0.298 0.969 0.179 0.515 0.994
R18 0.242 0.987 0.997 0.345 0.955 0.688

Results of regional volume post-hoc pairwise comparisons between categories comparing sex and severity effect on regional calcific
distribution, P values reported to three significant figures. R, region; F, female; M, male; S, severe; NS, non-severe.
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Table 4 Summary of paired sample t-tests Wilcoxon rank

Paired samples t-test (Wilcoxon W) Wilcoxon test statistic P value Mean difference Standard error difference
NCC
Coaptation zone—R1
Belly left—R4 184 <0.001 -52.182 4.33
Belly right—R5 339 <0.001 —-42.766 4.77
Belly left—R4
Attachment left—R10 8,985 0.056 6.946 4.04
Attachment mid—R11 10,466 <0.001 15.868 4.85
Belly right—R5
Attachment mid—R11 9,659 0.009 9.758 4.68
Attachment right—R12 9,077 0.079 4172 3.99
RCC
Coaptation zone—R2
Belly posterior—R6 734 <0.001 -33.118 3.57
Belly anterior—R7 739 <0.001 -30.991 3.43
Belly posterior—R6
Attachment posterior—R13 8,640 0.264 2.969 4.58
Attachment mid—R14 12,006 <0.001 16.889 3.84
Belly anterior—R7
Attachment mid—R14 11,386 <0.001 13.096 3.79
Attachment anterior—R15 9,823 0.007 7.308 3.59
LCC
Coaptation zone—R3
Belly anterior—R8 1,400 <0.001 -24.08 3.15
Belly posterior—R9 830 <0.001 -37.433 4.08
Belly anterior—R8
Attachment anterior—R16 7,829 0.848 0.464 3.87
Attachment mid—R17 8,967 0.082 4.597 4.17
Belly posterior—R9
Attachment mid—R17 10,931 <0.001 17.933 4.97
Attachment posterior—R18 11,546 <0.001 20.779 477

Entire cohort was used in the analysis, pairs of adjacent regions in each leaflet cusp were used to evaluate statistical differences in
regional volume across the valve surface. NCC, non-coronary cusp; RCC, right coronary cusp; LCC, left coronary cusp; R, region.

of agreement]| where applicable. Finally, interobserver
variability was measured using the intraclass correlation
coefficient (ICC; two-way random agreement) for a sub
cohort of 49 patients. Statistical significance was considered
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when the P value was less than 0.05. Detailed information
regarding derivation and normalization of relevant
parameters is outlined in Appendix 1 (section Normalization
of the metrics).
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Geometrical and structural map of detected calcification
Once the calcified voxels are detected with FPR, we
generate density and topographic maps of both radial
and longitudinal measurements for the detected calcific
regions (Figure 1B). We developed an anatomical,
18 region mapping scheme (Figure 1C) based on the
following standardized measurements: height to sino-
tubular-junction, annular area derived radius and angles of
the interleaflet triangle (Figure 14). These measurements
were used as distance thresholds (18 regions from
coaptation zone to attachment) in order to quantify
regional calcific volume and average Hounsfield intensity
across the cohort (Figures 5,6B). Detailed information
regarding methodology and theory is presented in
Appendix 1, Figure S1 and Table S2.

Results

This study consisted of patients diagnosed with non-severe
(49/178; 27.5%) and severe (129/178; 72.5%) AS. The
cohort had an average age of 80.5+7.3 years and included
males (98/178; 55.1%) and females (80/178; 44.9%). Baseline
characteristics are presented in 7able 1. Interobserver
variability was assessed on a random sub-group of 49
patients using ICC (two-way random agreement) showing
excellent reproducibility for the contrast CT calcific volume
parameter (ICC: 0.95; 95% CI: 0.94-0.96; raters =2).

FPR method assessment

The contrast and non-contrast segmented calcium volumes
were compared for the 8 representative patient samples in
Figure 3. By focusing the field of view on the AV in both
contrast and non-contrast images, we can qualitatively
compare the patterns of calcification detected between
the contrast (FPR method) and non-contrast (standard
130 HU). The detected calcification is identified with a
red outline around the region of interest in each subplot
(Figure 3). In general, we can observe a strong agreement
of detected calcification between both images in terms of
the shape and location. Additionally, calcification volume
using the FPR method showed the best correlation against
non-contrast volume and Agatston scores (r=0.919,
P<0.001; r=0.913, P<0.001) in contrast-enhanced images
(Figures 44,6A4). With regards to absolute volume of
detected calcification, a large difference is observed.
Contrast images consistently produces a lower total
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volume of detected calcification compared to the non-
contrast images. Paired comparisons (Figures 3,4B; Tuble 2)
showed significantly lower volume scores for the contrast
images compared to non-contrast volume scores. This
underestimation was observed for all methods evaluated
against non-contrast (Figure 4B). Visual differences
between detected calcific volumes using the proposed
method and non-contrast images (130 HU threshold) are
presented in (Figure 3). Given the systemic bias with non-
contrast, we compared FPR with methods based on fixed
HU or dynamic HU thresholds using luminal attenuation
with Bland-Altman agreement plots (Figure 4C-4F), all
against the same reference non-contrast volume scores. All
evaluated methods showed a proportional bias that increases
at higher calcium volumes when compared to non-contrast
(Figure 4C,4D) with mean luminal attenuation +3SD being
the closest method to the FPR (r=0.974; P<0.001) (Figure
6A). Moreover, comparative analysis showed the FPR
method had the best overall performance in terms of both
low and high calcification volumes with a mean bias (1,840.1)
and an error at the low and high levels of agreement
[-1.96SD: -287.2, +1.96SD: 3,967.5]. Compared to the
fixed SD methods, we can clearly observe that at higher SD,
bias increases at high level of agreement as the threshold
becomes over-conservative in capturing calcific segments.
Alternatively, at lower SD, bias increases at the low level
of agreement as the determined threshold overestimates
calcific segments.

Finally, we can also observe the behavior of the
different methods on a representative severe AS patient in
Figure 2B,2C with high thresholds (+3SD, +4SD) missing
small calcific nodules and low thresholds (+1.55D) merging
large calcific regions between the leaflets.

We highlight that luminal attenuation derived methods
can over or underestimate calcific deposition, especially in
situations of high variance in the blood pool HU intensity
distribution or low calcific densities in non-severe cases
(16,19). Our FPR method can demonstrably compensate for
these limitations, by iterative refinement of HU threshold
based on an image specific FPR. This has implications for
both a diagnostic use case of contrast-enhanced calcification
score and accurate regional assessment of calcific nodules.
Precise regional assessment cannot be performed in non-
contrast CT due to low contrast and spatial resolution. This
is critical as it may provide an incremental improvement
over current qualitative criteria of calcification assessment

in TAVR planning (6).
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Geometry and structure of leaflet calcification in AS

Due to the complex morphology and structure of calcific
presentation, the single value scores developed for CAC
scoring (11,12) precludes determining the progression
of calcific deposition in AS (23,24). The high contrast
and spatial resolution in contrast images combined with
a precise calcific detection method, provides a unique
opportunity to examine the regional presentation of
calcific deposition in AS. In that respect, we generated
topographic distance maps for both radial and longitudinal
distance relative to each patient’s AV dimensions (annular
radius and STJ height) as presented in Figure SA-5E. We
arranged the results of 6 representative patients grouped
by sex and AS severity. Furthermore, using the anatomical
18 region mapping scheme described in Figure 1C, we
evaluated this regional presentation across the entire
cohort (Figure 5G-57) both in terms of calcific volume and
average Hounsfield intensity in each region. Furthermore,
we compared calcific volume contribution between the
different groups as well as between the regions for the
entire cohort (Figure 6B; Tables 3,4).

In terms of the regional presentation of calcification for
each cusp (Figure 5), we observed four primary patterns of
calcific distribution organized by severity and sex as follows:

(I)  Severe: maximal calcific deposition in near the belly
region of all leaflets followed by root attachment
edges with significantly lower calcification near the
coaptation zones (Figure SA-5D,5G,5H; Table 4).
In males the amount of calcification is significantly
higher across most regions (Figure 6B, Tuble 3).
While in females (Figure 5B,5D,5H), a lower calcific
progression rate presents calcific arcs primarily near
free edges of the leaflets that have not yet developed
in rings at the fixed edge (Figure 6B; Table 3).

(II) Non-severe: maximal calcific deposition near sites of
root attachment and belly, prominent near the non
and left coronary cusps (Figure SE,SE51,57). At this
stage calcification primarily presents as disconnected
deposits with males presenting significantly higher
calcific deposition near leaflet attachment edges
between the non and right coronary leaflets than
temales (Figure SE57,6B; Table 3).

Overall, inter-region comparison (Figure 6B; Table 4)
shows a radial spoke pattern of calcific progression that is
clustered around the belly region of the leaflets, followed
by the root attachment at both sides of the leaflets and
significantly decreasing near the coaptation zone. In terms
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of scale, the non-coronary leaflet experiences the most
calcific thickening followed by the right and then left
coronary leaflet.

We remark that current /z-vivo quantitative description
of regional calcification is limited (7) and most
previous studies relied on excised tissue analysis (23) or
biomechanical simulated models (25,26). Our patient
specific geometric model was designed to capture the
local pattern of calcific deposition. Our results indicate
that although calcific progression in each leaflet follows a
particular pattern that agrees with previous literature, the
rate of calcific progression is clearly asymmetric across
the different leaflets. Furthermore, females experience
significantly less calcific deposition within those patterns
despite experiencing similar degrees of valve obstruction.
This observation concurs with recent data (16,27,28), which
may add further evidence that calcific thickening alone
is not enough to cause significant valve obstruction and
subsequent clinical symptoms of AS.

Discussion

AS is generally characterized as a gradual decrease of the
valve orifice area leading to LVOT obstruction and later, LV
hypertrophy due to an increased afterload. There are two
primary pathways for AS development, calcific deposition,
and rheumatic heart disease. Globally, calcific AS accounts
for the majority of AS pathology particularly in developed
countries with prevalence increasing with age. Accurate
quantification of calcific burden is therefore critical in
the AS diagnostic process, particularly in situations when
standard diagnostic measures (e.g., echocardiography) are
inconclusive (11).

Current techniques using contrast-enhanced imaging,
which are based on luminal attenuation or a fixed HU
threshold, have shown promise in terms of ease of use and
reproducibility. Despite the benefits, these methods may
underestimate calcification in the leaflets, especially if
image noise or calcific deposits in the sino-tubular junction
(STJ) plane are present. Additionally, these methods may
be sensitive to interscan, inter-device and cohort selection,
which may explain the wide variation of values used
for calcium thresholding (14-19). Thus, we propose an
approach that can dynamically adjust the threshold based
on local image features. Finally, using high detail contrast
imaging, presents a potential to move beyond the bulk
volume or Agatston scores (13,16). New markers based on
the regional patterns of calcification could be a valuable
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add-on to existing CT-TAVR guidance protocols, given that
in current CT-TAVR (6) assessment, AS severity is already
confirmed and valvular calcification is only described
qualitatively to plan interventions. Another motivation
for developing new markers for measuring calcific burden
is the strong evidence that shape, position, and density
distribution of calcification are all closely related to peri-
procedural outcomes (6,7,29).

FPR method provides an attenuation stable calcific
detection threshold

The key advantage of the FPR method is that by
considering a shape overlap measure in guiding the
optimization for calcium threshold detection, the method
can better adapt to general fluctuations in the intraluminal
contrast. Therefore, it can work equally well in both high
and low calcific densities. The FPR method (Figure 2)
relies on the automatic estimation of the FPR of detected
contrast material (19) to guide the detection of an optimal
threshold of calcific regions. This is based on the idea that
the detection of scattered calcific lesions can be guided by
the more reliable estimation of the larger AR model with
well-defined boundaries. Indeed, the direct evaluation
of AS scoring is currently based on non-contrast images
(6,11). We showed that the volume scores derived using
the proposed method had the strongest correlation with
standardized non-contrast calcific scores (Figure 64) and
further demonstrated the limitations of fixed and luminal
attenuation methods, particularly in either under or
overestimation of calcific content at high or low calcific
concentrations, respectively (Figure 4C-4F). This could
be particularly important in improving the reproducibility
of calcification assessment using contrast images in
large, randomized cohorts, especially in females. Despite
exhibiting significantly lower calcific deposition compared
to males (Figure 5), females still present with symptoms of
severe AS (27). In addition, a more precise calcific detection
method can have added prognostic use for TAVR planning (6).
By determining the regional effect of calcific deposition in
periprocedural scenarios (6,7,29) (e.g., paravalvular leakage,
left-bundle branch block).

A precise calcium detection method is necessary to
accurately evaluate regional calcific distribution and
hence understand the more likely pattern of progression.
Furthermore, once a calcific threshold is identified, we
can proceed to evaluate the HU intensity distribution
specific to calcific regions (Figure 1B; Figure 5G-5I).
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With higher intensity corresponding to denser calcific
concentrations, this may also correspond to earlier vs later
calcific deposition (26). From one aspect, diffuse regions
may be attributed to late-stage leaflet fibrosis (16). Another
aspect of calcification intensity grading is the possibility of
predicting leaflet mobility, given that the pattern and rate
of calcific progression affects the tissue material properties
inducing impairment to physiological function (23-26).

Volume scores for patients with AS in contrast-enbanced
images are significantly lower than those using non-
contrast images

Previously reported volume scores using contrast
images (14,17-19) were considerably lower compared
to expected volume scores in AS (21,30). This apparent
underestimation, even when using different techniques,
was not sufficiently discussed in the literature. Quantifying
this bias has important implications for both the diagnostic
and prognostic use cases of contrast CT imaging. Indeed,
quantifying this relative error in measurement would
decrease uncertainty in deriving sex-specific thresholds
for AS severity determination. In terms of the comparing
contrast and non-contrast calcific estimation, we can
observe close qualitative agreement with detected
calcification, both in terms of location relative to aortic
leaflet surface and pattern of distribution (Figure 3).
Additionally, we showed significant correlation in volume
between both non-contrast and contrast images (Figure
6A4). Despite these agreements, the total volume scores for
contrast images seem to be significantly underestimated
compared to those for non-contrast images (Figures 3,4B;
Table 2). Potential reasons for this disagreement are as
follows (31,32). The non-contrast Agatston protocol
uses a lower axial resolution (3 vs. 0.625 mm), which
may cause an overestimation of large calcific nodules
and underestimation of smaller deposits. This is due
to the increased slice thickness via the partial volume
effect (33). This error would be nonlinear and sensitive
to local calcium densities and orientation, which we can
observe in our experiments (Figure 3B,3H; Figure 4B-
4F). And this also can explain observed underestimation
of calcium scores when using the “en-face” reconstructed
view (34). Secondly, dense calcific regions with large HU
values may produce blooming artifacts (32) which could
further compound the volume error with a higher slice
thickness. Both factors may imply a more accurate volume
measurement using contrast images with lower slice
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thickness and contrast differentiation between the tissues.

Varied patterns of calcific distribution can be detected and
quantified using contrast CT

In order to better assess calcification in various regions of
the cardiovascular system, new quantitative criteria (13)
were suggested to go beyond the existing calcification
assessment methods (12) which only rely on the quantity of
calcification. These markers could be especially important
in the context of TAVR planning since different factors
can influence the severity of various complications during
and post-operation such as the location, quantity, and type
of the calcific deposits (6,7,35,36). We have, therefore,
developed a geometrical mapping framework that quantifies
the topology of the calcification in the AV based on the
common anatomical definitions of a tricuspid AV (37,38)
and focused on the leaflet region of the valve to provide
an in-vivo quantitative description of the pattern of calcific
progression in AS.

We showed qualitative and quantitative patterns of
calcific distribution that seem to closely match those
demonstrated in ex-vivo studies by Thubrikar ez 4/. (23), and
those posited in biomechanical simulated models (24-26,38).
These experiments chiefly entail the following: calcification
advances primarily from the high stress regions of the
valve leaflets which form arcs and eventually rings covering
the leaflet’s surface. Among the four distinctive patterns
described previously (24-26), we observed that the primary
pattern of calcific arcs forming between the two attachment
edges of each leaflet along the belly seems to dominate
across sex and severity categories (Figure SG-57, Figure 6B).
In severe tricuspid cases, calcific nodules form arcs
connecting the root attachment points and eventually form
fully connected rings that conform to the free and fixed edge
of the leaflets from both sides (Figure 5). In contrast, non-
severe AS cases have calcification that is less developed and
concentrated near the coaptation between the non and left
coronary leaflets (Figure 5). We also demonstrated that this
pattern is presented in both males and females with females
experiencing a significantly lower amount across all regions
(Figures 5,6). Differences in AV size do not sufficiently
explain this wide discrepancy (Table 2). This finding provides
further evidence that biomechanics of functional impairment
in females are not dominated by calcific leaflet thickening
and it seems that leaflet fibrosis could play a much bigger
role in worsening clinical symptoms for females with AS
(16,27,28,39). In addition, we further show that asymmetry
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in cusp sizes and shapes (40) leads to analogous asymmetry
in quantity and pattern of calcific distribution across the
valve. Regarding regional volume scores, we show a relative
increase in non-coronary cusp (NCC) calcification which
agrees with previous experiments using similar patient
cohorts and image modalities (7) (Tiable 2). The relatively
longer length of the NCC (40) along with the direction of
calcific progression can explain the discrepancy in volume.
This observation could have important implications for post-
procedural complications due to the proximity of NCC
calcification to the ventricular conduction system (6,7,29). In
summary, accurate quantification of the asymmetry in calcific
deposits may be important to avoid various procedural
complications if related to the positioning and expansion of
the implant (7,10,18,41).

This study aims to shed further light on the relationship
between calcific leaflet thickening, subsequent valve
obstruction and presentation of clinical symptoms (42). A
better understanding the biomechanical causes of impaired
leaflet mobility may provide an opportunity to decide on
optimal intervention times, new staging criteria (43) and
personalized patient treatment (44,45).

Limitations

Preliminary findings from this study are based on an
observational cohort of patients. Our non-consecutive cohort
was chosen to evaluate and verify the proposed methods in a
balanced distribution of sex and AS severity which may not
reflect in a larger population study. Further investigation
is needed in a multi-center setting to better judge the
effectiveness of the method in more clinical contexts as well
as interscan and inter-device variability. Finally, some of
the proposed metrics for calcification assessment should be
further analyzed in the context of peri-procedural outcomes
in TAVR/TAVI. Future work is needed to develop stronger
indices based on these descriptors, which can provide a
prognostic impact in relation with implantable device size,
type, and expansion behavior.

Conclusions

Calcific AS is the most common valvular disease, with
high mortality rate once symptoms are presented. AVR
intervention is currently the only treatment option in which
AVC deposited in and around the valve is an important
factor for procedural risk assessment and predicting
complications in TAVR. The presented computational
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assessment tool can be used to characterize the complex
patterns of calcification at different stages of the disease. We
found that calcific progression appears to follow distinctive
patterns for each leaflet, with differences emerging in the
stage of calcific progression between the leaflets. This
difference in rate of progression is also significantly affected
by sex which cannot be explained by the difference in valve
sizes. In addition, we provide a new method for calcific
detection that could potentially overcome the inherent
variability of contrast material effect on HU attenuation
which could enable additional quantitative criteria for
calcific assessment in routinely used contrast CT for TAVR
planning. In summary, detailed quantitative description of
the complex patterns of leaflet calcification, combined with
accurate anatomical assessment of AV morphology, could
be critical for simultaneously monitoring the progression of
AS, and determining the best treatment options, especially
for asymptomatic patients who might eventually need an
AV replacement.
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