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Simple Summary

In our study, we compared virtual non-contrast (VNC) images with true non-contrast
(TNC) scans for measuring aortic valve calcium (AVC) at both 3.0 mm and 1.5 mm slice
thicknesses using photon-counting CT. We showed strong reproducibility of VNC scans
relative to standard TNC across different slice thicknesses. Our results demonstrated VNC
as a reliable alternative for AVC assessment. In the future, incorporating VNC into routine
clinical practice may help reduce radiation exposure while still providing comparable
evaluation of valvular disease.

Abstract

Background/Objectives: Aortic valve calcification is commonly evaluated using 3.0 mm
true non-contrast (TNC) computed tomography (CT) images. This study evaluates the
reproducibility of virtual non-contrast (VNC) reconstructions at different slice intervals
using photon-counting detector CT (PCD-CT). Methods: In this retrospective study, we
included 279 consecutive patients, who underwent PCD-CT for evaluation of native aortic
valve between February 2023 and December 2023 with both TNC and VNC images at 3.0
and 1.5 mm slice intervals. Aortic valve calcium score (AVCS) and aortic valve calcium
volume (AVCV) were compared between the two methods using paired t-tests. Agreement
for continuous variables was assessed using inter-class coefficients (ICCs). Cohen’s Kappa
() was calculated to evaluate the agreement between different modalities in diagnosing se-
vere AV calcification. Results: Compared to the standard, TNC images at 1.5 mm intervals
showed higher AVCS (mean difference: —290 =+ 418, p < 0.001), with high reproducibility
between techniques (CS: ICC 0.969, [IQR 0.962, 0.975]). Compared with reference, VNC
showed no significant differences in AVCS at either slice intervals, with excellent repro-
ducibility (3.0 mm, ICC 0.970 [0.963, 0.976]; 1.5 mm, ICC 0.971 [0.964, 0.977]). Compared
to TNC 3.0 mm, strong concordance was observed using other reconstruction techniques
in assessing severe AV calcification (k = 0.81 [95% CI: 0.74-0.88], 0.83 [95% CI: 0.76-0.90],
and 0.83 [95% CI: 0.76-0.90] for TNC at 1.5 mm, VNC at 3.0 mm, and 1.5 mm, respectively),
with low misclassification rates. Conclusions: Our study highlights high reproducibility in
the evaluation of AVCS by VNC reconstruction at 3.0 and 1.5 mm intervals compared with
reference offering a reliable alternative with an excellent diagnostic accuracy.
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1. Introduction

Aortic valve calcium (AVC) is a common cause of aortic stenosis, with increasing
prevalence in an aging population. The progressive thickening of the valve leaflets can
lead to decreased cardiac output and heart failure due to increased mechanical stress on
the left ventricle [1]. The degree of AVC, measured in Agatston units (AU), is closely
linked to disease severity and is proportional to cardiovascular complication risk [2].
While transthoracic echocardiography is preferred for the initial assessment of aortic
stenosis, computed tomography has emerged as a complementary tool for an accurate
AVC quantification [3,4].

Photon-counting detector computed tomography (PCD-CT) is a novel technology of-
fering several advantages over traditional scintillation detectors. PCD-CT directly converts
X-ray quanta into electrical signals proportional to absorbed energy, enabling spectral CT
and offering advantages such as reduced electronic noise and finer spatial resolution than
conventional CT [5]. Prior to transcatheter aortic valve repair (TAVR), an additional scan is
required for the aortic valve calcium score (AVCS) quantification using the true non-contrast
(TNC) CT. Images are typically acquired using 3.0 mm slice intervals and infrequent use
of 1.5 mm increments, with kV values ranging from 120 to 140 [6]. Virtual non-contrast
(VNC) images can be derived from contrast-enhanced CT datasets by removing iodine
from the contrast images, potentially reducing radiation exposure. While there is good
consensus on the reliability of VNC images for coronary calcium analysis, data on their use
for AVC quantification remain scarce [7]. This study aims to evaluate the reproducibility
and reliability of VNC images compared to standard TNC 3.0 mm for AVC evaluation at
different slice intervals.

2. Materials and Methods
2.1. Study Population

This single-center, retrospective study included consecutive patients aged 18 years or
older, who underwent cardiac computed tomography (CTA), using PCD-CT (Siemens
NAEOTOM Alpha, with Syngo.CT version VA50A software, Siemens Healthineers,
Forchheim, Germany,) as part of their pre-TAVR workup between February 2023 and
December 2023. The indications for PCD-CT included comprehensive assessment of the
aortic root and annulus for device sizing, evaluation of coronary ostial height, and sinus
anatomy to assess the risk of coronary obstruction, and quantification of AVC. Fifty-seven
patients were excluded due to missing TNC or VNC scans, prior valve-in-valve or bio-
prosthetic valve procedures, or missing diastolic series (Figure 1). Baseline demographics
and clinical characteristics were collected via chart review. The study protocol adhered to
the principles of the Declaration of Helsinki, followed the Strengthening the Reporting of
Observational Studies in Epidemiology (STROBE) guidelines [8], and was approved by
the Institutional Review Board of St. Francis Hospital and Heart Center, with a waiver of
informed consent due to minimal risk.
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Patients accessed For Eligibility
(N=336)

Excluded records with
e  Bioprosthetic Aortic Valve (N=11)
e Non PDC-CT scanner (N=17)

Patients underwent PCD-CT
(N=308)

Patients excluded due to:

e  Missing scans (N=8)

e  Missing diastole series (N=8)
e Significant artifacts (N=3)

e Duplicate cases (N=10)

Patients underwent PCD-CT
(N=279)

Figure 1. Patient flowchart demonstrating patient selection process. PCD-CT: photon-counting
detector computed tomography.

2.2. CCTA Image Acquisition and Reconstruction Methods

TAVR CTA and coronary artery calcium score (CACS) scans were acquired on the
Siemens Naeotom Alpha PCD-CT scanner. All CT acquisitions were ECG-gated, with end-
diastole and end-systole defined according to the ECG-based cardiac cycle. Non-contrast
CACS was performed using 120 kVp in FLASH mode and was automatically reconstructed
at mid-diastole using a QR36 kernel with a quantum reconstruction level of 2. Then, 3 mm
slices were reconstructed using both 3 mm and 1.5 mm slice increments. TAVR CTA was
acquired using 140 kVp in sequential mode, and VNC images were reconstructed using a
QR36 kernel, with a quantum reconstruction level of 2 and a 70-keV monoenergetic setting
at both 3 mm and 1.5 mm intervals. For the post-contrast dataset, the diastolic phase
matching closely to mid-diastolic timing of the non-contrast scan was selected for analysis.

2.3. Assessment of the AVCS

Quantification of the AVCS and aortic valve calcium volume (AVCV) was performed
independently by two dedicated researchers. The assessment was made using 3men-
sio Structural Heart 10.6 SP2 (Pie Medical Imaging, Maastricht, The Netherlands) on
both TNC and VNC reconstructions at 3.0 mm and 1.5 mm slice intervals, and AVCS
and AVCV were calculated using manual segmentation of the aortic valve leaflets over
sequential axial views [6]. Images were evaluated first in orthogonal planes (axial, coro-
nal, and sagittal views) to ensure accurate assessment of contiguous valvular calcium
confined to the AV leaflets and immediate annulus. Non-AV calcium was excluded, in-
cluding any calcium in the aortic sinus, coronary arteries, mitral valve, aortic wall, and left
ventricular outflow tract [9].

2.4. Statistical Analysis

Continuous values were reported as mean + standard deviation or median (interquar-
tile range [IQR]), and categorical values were presented as frequency (%). We compared
AVCS and AVCV between and within reconstruction methods following recommended
guidelines for conducting reproducibility /repeatability analyses around the technical per-
formance assessment of imaging biomarkers [10]. Comparisons between the reconstruction
methods were performed using TNC 3.0 x 3.0 mm as the reference standard. Bland-Altman
plots were created to demonstrate agreement between/within reconstruction methods dis-
playing mean bias and 95% limits of agreement (LOA). Log transformations were employed
to account for the notable heteroscedasticity of AVCS and AVCV (i.e., log(AVCS + 1)), and
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Bland—-Altman analyses were repeated with log-transformed data [11]. Scatter plots are
used to display the direct relationship between reconstruction methods as well as predictive
linear model parameters. Inter-observer comparisons (ICC) were performed using the
concordance correlation coefficient, with 95% confidence intervals (CI) on both original
and log-transformed data, and mean differences were compared using paired ¢-tests or
Wilcoxon’s rank-sum test as appropriate. AVCS was dichotomized and considered high
when >2000 AU for males and >1200 AU for females [12,13]. Cohen’s Kappa (k) along with
sensitivity /specificity was calculated to estimate agreement between categories of high /low
AVCS. Analyses were performed using SAS version 9.4 (SAS, Inc., Cary, NC, USA), with
plots created using R version 4.4.2.

2.5. Post Hoc Analyses

Two random samples of 15 subjects each were used to test the inter-observer re-
producibility between the two researchers and the intra-observer reproducibility with
themselves, respectively, 1 month after the initial image analysis was complete, to ensure
variability within/between operators did not significantly impact the primary reconstruc-
tion method comparison. We additionally performed an examination of proportionality
bias using Bland and Altman’s method [14] by regressing the average log-transformed
AVCS against the measurement difference (y- and x-axis of the Bland-Altman plot) for each
reconstruction comparison. The test for proportionality bias is equivalent to the global test
for the slope/beta estimate under the null hypothesis of no proportionality bias (beta = 0).
Gender-stratified comparisons of the reconstruction methods were produced to evaluate
potential gender differences.

3. Results
3.1. Study Population

There were 279 patients included in this study from February to December 2023
(Figure 1). The median age was 80 years (IQR 74-86), and 46% were female. Every
patient underwent cardiac CT, with PCD-CT as part of the TAVR workup. Figure 2
demonstrates an example subject, with significant AVC (2315 AU) measured using all
four reconstruction methods.

The median BMI was 27.8 kg/m? (IQR 24.5-31.5), and the majority of patients had a
history of hypertension (94%) or hyperlipidemia (76%). Roughly one-third of the patients
had a history of diabetes (33%) or atrial fibrillation (28%). The median total contrast volume
was 70 mL (IQR 60-70), and the peak tube voltage for the contrast images was set at
140 kVP per the manufacturer’s recommendation (Table 1). The median total AVCS was
1957 AU (IQR 1182-2954). Among males, 66% had a total AVCS greater than 2000 AU,
while 57% of females had a total AVCS exceeding 1200 AU.

Table 1. Patient demographics and CT parameters.

PCD-CT *
N =279

Demographics
Age, year 80 (74, 86)
Female 128 (46)
BMI, kg/m? 27.8 (24.5, 31.5)
Hypertension 261 (94)
Hyperlipidemia 213 (76)
Diabetes 92 (33)
History of atrial fibrillation 78 (28)

CT acquisition parameters
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Table 1. Cont.

PCD-CT *
Total contrast, mL 70 (60, 70)
Contrast flow rate, mL/s 4(4,4)
Peak voltage, kVP 1401
Total radiation, mSv 18.8 (14.5, 23.7)
AVC scores
Median AVC score, AU 1957 (1181, 2954)
Abnormal § AVC, n (%) 173 (62)
AVC among male subjects (n = 151)
Median AVC score, AU 2415 (1742, 3686)
Abnormal 8 AVC, n (%) 100 (66)
AVC among female subjects (n = 128)
Median AVC score, AU 1323 (752, 2239)
Abnormal § AVC, n (%) 73 (57)

* Data are presented as mean = standard deviation, median (interquartile range), or number (%).  Peak voltage
set to 140 kVP in all subjects for the contrast study and 120 kVP for the non-contrast images. § Abnormal AVC
defined as >2000 in males or >1200 AU in females. Abbreviations: AVC, aortic valve calcium; BMI, body mass
index; CT, computed tomography; PCD-CT, photon-counting detector computed tomography.

Figure 2. Aortic valve calcium scoring on 3mensio Structural Heart. Calcium contours of the same
cross-section were visualized on TNC 3.0 mm (A), TNC 1.5 mm (B), VNC 3.0 mm (C), and VNC
1.5 mm (D) reconstructions with purple and blue overlay mask demonstrating locations of included
aortic valve and excluded coronary artery calcifications, respectively. Abbreviations: TNC, true
non-contrast; VNC, virtual non-contrast.

3.2. Concordance and Discordance Between Reconstruction Methods

Bland—Altman analyses comparing the different acquisition modalities revealed agree-
ment across both TNC and VNC at different slice intervals (Figure 3), with an increase in
between-method variability associated with increasing AVC (Supplemental Figures S1 and S2).
Compared to AVCS for TNC 3.0 x 3.0 mm, TNC 3.0 x 1.5 mm demonstrated a significantly
higher mean AVCS (mean bias 290 + 418 AU, log-transformed mean bias 0.13 & 0.13 log
AU + 1), reflecting over-estimation. However, Bland—Altman plots reflected very narrow
95% limits of agreement (Figure 3A), with similar results reflected in the analyses of AVCV.
Reductions in mean bias were reflected in comparisons with the VNC 3.0 x 3.0 mm and
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VNC 3.0 x 1.5 mm reconstructions, but increased variability was reflected in wider 95%
limits of agreement using log-transformed data (Table 2 and Figure 3B,C).
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Figure 3. Panel of Bland-Altman plots demonstrating the mean log-transformed AVCS and difference
in log-transformed AVCS measurements between TNC 3 x 3 mm and TNC 3 x 1.5 mm (A), TNC
3 x 3mm and VNC 3 x 3 mm (B), and TNC 3 x 3 mm and VNC 3 x 1.5 mm (C). Bottom panel
demonstrating mean log-transformed AVCV and difference in log-transformed AVCV measurements
between TNC 3 x 3 mm and TNC 3 x 1.5 mm (D), TNC 3 x 3 mm and VNC 3 x 3 mm (E), and TNC
3 x 3 mm and VNC 3 x 1.5 mm (F). Abbreviations: AVCS, aortic valve calcium score; TNC, true
non-contrast; VNC, virtual non-contrast.

Table 2. Comparative analysis of aortic valve calcium score and calcium volume in various recon-
structions and slice thicknesses using TNC 3.0 mm as a standard reference.

TNC 3.0 mm. Comparison Comparison
Mean/Mediarll Reconstruction, Reconstruction, Mean Diff p-Value ICC (95% CD
Median (IQR) Mean + SD
Calcium score
TNC 3.0 vs. TNC 1.5 2413 + 1917, 1957 2271 (1347, 3408) 2703 + 2123 290 + 418 <0.001 0.969 (0.962, 0.975)
TNC 3.0 vs. VNC 3.0 (1181 2954) 1954 (956, 3196) 2428 + 2055 16 £ 485 0.59 0.970 (0.963, 0.976)
TNC3.0vs. VNC 1.5 ! 1993 (983, 3180) 2429 + 2039 16 + 476 0.57 0.971 (0.964, 0.977)
Calcium volume
TNC 3.0 vs. TNC 1.5 1868 - 1463, 1536 1784 (1058, 2625) 2103 + 1615 235 + 336 <0.001 0.965 (0.957, 0.972)
TNC 3.0 vs. VNC 3.0 (951 231’2) 1524 (764, 2475) 1865 + 1555 —3 +£386 0.91 0.967 (0.959, 0.974)
TNC3.0vs. VNC 1.5 ! 1545 (807, 2460) 1869 + 1545 14377 0.96 0.969 (0.961, 0.975)
Log-transformed calcium score
TNC 3.0 vs. TNC 1.5 761 4 0.68 7.76 (7.3, 8.15) 7.74 £ 0.65 0.13+0.13 <0.0001 0.964 (0.955, 0.971)
TNC 3.0 vs. VNC 3.0 7 6.7 (7.19 '8 0’4) 7.66 (7.01,8.12) 7.58 £0.76 —0.03 £0.21 0.0166 0.955 (0.944, 0.964)
TNC 3.0 vs. VNC 1.5 ’ o 7.67 (7.01, 8.1) 759 £0.75 —0.03 £0.21 0.0397 0.957 (0.946, 0.966)
Log-transformed calcium volume
TNC 3.0 vs. TNC 1.5 736 4+ 0.68. 7.40 7.52(7.07,7.89) 7.5+ 0.65 0.14+0.24 <0.0001 0.916 (0.894, 0.933)
TNC 3.0 vs. VNC 3.0 ’ (6.95 '7 7’7)' 7.4 (6.77,7.85) 7.33£0.75 —0.03 +0.26 0.0319 0.934 (0.917, 0.947)
TNC 3.0 vs. VNC 1.5 R 7.41 (6.76,7.84) 733 £0.74 —0.03 £0.25 0.0785 0.935 (0.919, 0.948)

Abbreviations: TNC, true non-contrast; VNC, virtual non-contrast; ICC, intra-class correlation coefficient; IQR,
inter-quartile range; SD, standard deviation.

Inter-observer agreement for AVCS was excellent across all comparisons, with ICC
values ranging from 0.969 (95% CI 0.962-0.975) to 0.971 (95% CI 0.964-0.977). Results were
similar when comparing AVCS using log-transformed data and when comparing AVCV
across all reconstruction methods. Correction factors generated from linear regressions were
estimated to predict TNC 3.0 x 3.0 mm AVCS and AVCV from the alternative reconstruction
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methods and are displayed in scatter plots (Figure 4), which demonstrated strong linear
relationships with excellent model fit.
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Figure 4. Scatter plots demonstrating comparison in reconstruction methods. Measurement of
log-transformed AVCS (A-C) and AVCV (D-F) using TNC 3 x 1.5 mm, VNC 3 x 3 mm, and
VNC 3 x 1.5 mm, respectively, against the TNC 3 x 3 mm reference standard. Abbreviations: AVC,
aortic valve calcium; TNC, true non-contrast; VNC, virtual non-contrast.

AVCS was considered to represent severe aortic stenosis when >2000 AU for males
and >1200 AU for females. Cohen’s Kappa (k) was calculated to assess agreement between
high /low categories across all reconstructions. Despite the significant difference in mean
AVCS comparing TNC 3.0 x 3.0 mm to TNC 1.5 mm, concordance was excellent when
comparing high/low categories from these two modalities (x = 0.81; 95% CI 0.74-0.88),
with only 24 (8.6%) subjects misclassified. Similarly, both VNC 3.0 x 3.0 mm and
VNC 3.0 x 1.5 mm demonstrated excellent concordance, when high/low categories were
compared to that of TNC 3.0 x 3.0 mm (Table 3). The sensitivity and specificity anal-
yses revealed that using TNC 3.0 x 3.0 mm as the reference for AVCS categorization,
TNC 3.0 x 1.5 mm had the highest sensitivity (98%; 95% CI 97-100) but the lowest speci-
ficity (79%; 95% CI 72-87) out of the three alternate modalities. TNC 3.0 x 1.5 mm also
had the greatest negative predictive value (98%; 95% CI 95-100). Both VNC modalities had
good sensitivity and greater specificity (Table 4).

Table 3. Agreement in classification of aortic valve calcium score from different reconstructions
techniques and slice thickness using TNC 3.0 as a standard reference.

Aortic Valve Calcium Score * Cohens Subjects
Classification Matrix Kappa Misclassified
TNC 1.5 mm
TNC 3.0 mm Low High Total
0.81
Low 84 22 106 24 (8.6%)
High 2 171 173 (0.74-0.88)

Total 86 193 279
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Table 3. Cont.
Aortic Valve Calcium Score * Cohens Subjects
Classification Matrix Kappa Misclassified
VNC 3.0 mm
TNC 3.0 mm Low High Total
0.83
Low 101 5 106 23 (8.2%)
High 18 155 173 (0.76-0.90)
Total 119 160 279
VNC 1.5 mm
TNC 3.0 mm Low High Total
0.83
Low 100 6 106 23 (8.2%)
High 17 156 173 (0.76-0.90)
Total 117 162 279

* Presented with point estimate (%) and 95% confidence limits. High AVC score defined as >2000 AU for male and
>1200 AU for female subjects. Abbreviations: TNC, true non-contrast; VNC, virtual non-contrast.

Table 4. Sensitivity and specificity assessment between different CT reconstruction techniques.

Positive Predictive =~ Negative Predictive

Comparison Sensitivity Specificity Value Value
TNC 1.5 mm vs. TNC 3.0 mm 98% (97-100) 79% (72-87) 89% (84-93) 98% (95-100)
VNC 3.0 mm vs. TNC 3.0 mm 90% (85-94) 95% (91-99) 97% (94-100) 85% (78-91)
VNC 1.5 mm vs. TNC 3.0 mm 90% (86-95) 94% (90-99) 96% (93-99) 85% (79-92)

* Presented with point estimate (%) and 95% confidence limits. Abbreviations: TNC, true non-contrast; VNC,
virtual non-contrast.

3.3. Post Hoc Analyses

Post hoc inter- and intra-operator reproducibility analyses demonstrated near per-
fect reproduction of AVCS and AVCV measurements performed on all four reconstruction
modalities and slice thicknesses, with ICC estimates ranging from 0.993 (95% CI 0.978-0.998)
t0 0.999 (95% CI 0.999-1.00) (Supplemental Table S1). There were no gender differences
found when examining stratified Bland—Altman plots (Supplemental Figure S3); stratified
ICC estimates were very similar. Although systematic bias was found to be minimal,
evidence suggesting proportionality bias reflected in log-transformed Bland—Altman plots
were further examined. Statistically significant associations were found after regressing
between-measurement differences against mean log-transformed AVC values for each com-
parison against the TNC 3.0 mm standard, which further suggest a proportional relationship
between the subjects” AVC and differences between reconstruction methods: 3 = —0.045
SE 0.011 p < 0.001; 3 = 0.116 SE 0.017 p < 0.001; and = 0.104 SE 0.017 p < 0.001 for compar-
isons with TNC 3.0 x 1.5 mm, VNC 3.0 x 3.0 mm, and VNC 3.0 x 1.5 mm, respectively.

4. Discussion

This is the largest study to date to directly compare the reliability and accuracy of TNC
and VNC imaging for AVCS measurement at different slice thicknesses using PCD-CT. Our
findings demonstrate that (1) VNC imaging offers a possible alternative to TNC imaging
for AVC quantification, exhibiting excellent agreement across various slice thicknesses;
(2) 1.5 mm slice intervals for TNC demonstrated higher AVCS compared to both 3.0 mm
TNC and VNC methods at 3.0 mm and 1.5 mm slice intervals; and (3) although TNC
1.5 mm demonstrated the highest sensitivity and NPV, VNC offered both excellent specifici-
ties and sensitivities predicting elevated AVCS. The excellent reliability of both modalities,
indicated by near-perfect Cohen’s kappa values, supports the potential of VNC imag-
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ing to improve clinical workflows and reduce radiation exposure without compromising
diagnostic accuracy.

In recent years, the multi-modality approach has highlighted the importance of cardiac
CT as a valuable tool for diagnosing aortic stenosis, especially in cases where echocardio-
graphy results are inconclusive, with guidelines recommending it as a class Ila indica-
tion [15,16]. PCD-CT is a recently approved advanced CT technology that offers improved
spatial resolution and allows the creation of VNC images from the available datasets [17].
Several studies have reported excellent reproducibility of VNC images in diagnosis for
CACS [18]. However, the consensus on the VNC-generated AVCS in routine clinical
application remains to be answered.

The findings of the present study align with the previous literature examining the
accuracy of VNC in AVC scoring [19]. Like the Feldle et al. investigation, our study also
revealed excellent concordance when comparing the mean AVCS amongst VNC and TNC
3.0 mm slice increment, regardless of slice thickness. However, incorporating the different
slice intervals provides valuable insight not addressed in the aforementioned study. Our
results highlight a difference in mean AVCS between TNC acquisition at 3.0 mm and
1.5 mm slice intervals, with the TNC 1.5 mm demonstrating notably higher AVCS. This
observation is likely attributable to the overlap of segments when 1.5 mm slice interval is
used. This is in line with the findings of Boulif et al., which demonstrated the proportional
decrease in the calcium AVCS with the increasing slice increment [20].

The high kappa values across all reconstruction methods in the current analysis high-
light the strong agreement in AVCS and AVCYV classification in severe or non-severe. In
contrast, previous studies have suggested significant underestimation when utilizing VNC
reconstruction methods [21]. Their study used conventional and pure calcium algorithms
that revealed underestimation of AVCS for all the VNC modalities regardless of the al-
gorithm. This difference was more pronounced when conventional algorithm was used
compared to pure calcium. In the current analysis, we only synthesized VNC images
using the pure calcium algorithm, which produced an insignificant number of cases that
underestimated the AVCS compared to the reference (TNC 3.0 mm). Difference in AVCS
demonstrated previously may have been due to their higher noise reduction settings (QIR
level 3/4), which likely contributed to AVCS underestimation [22]. Our use of lower QIR
(level 2) likely helped preserve calcium quantification between TNC and VNC. Other
factors contributing to this difference may have been residual contrast interference and
VNC reconstructions can also introduce noise or artifacts during the subtraction process,
causing variations in calcium assessment. Obtaining images at different keV could also
contribute to subtle differences in image reconstruction [23]. Nonetheless, our results show
that VNC images are comparable to the standard TNC 3.0 mm.

Our results reveal a trade-off between sensitivity and specificity among the different
CT protocols. The TNC 1.5 mm protocol demonstrated the highest sensitivity and NPV but
had low specificity, indicating that this modality is most effective for ruling out high AVC.
This observation is possible, as thinner slices allow better visualization, whereas minor
calcium can be missed on standard 3.0 mm slices, leading to the increased sensitivity that
we observed [20]. Our results demonstrated the possibility of proportionality bias owing
to the larger between-reconstruction differences with higher AVC scores, suggesting the
need to evaluate the precision of AVC measurements at higher values. Meanwhile, the
VNC reconstruction exhibited strong balance between sensitivity and specificity, making it
more suitable for accurate AVC quantification. Our results presented higher sensitivity and
specificity values than previous studies [19]. Such variations can arise from the different
patient populations or CT acquisition parameters that can influence the differences. These
findings have important clinical ramifications. TNC 1.5 mm may be preferable for screening,
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while VNC, with higher specificity, might be suitable for precise calcium assessment. There
is a need for careful selection of reconstruction techniques based on the clinical context,
including a comparison with echocardiographic results and extent of any hypertrophy,
which may provide a better sense around the clinical implications of these results.

Our study has several limitations. First, being a single center with a homogenous
patient population limits the generalizability of the results. Future studies with larger, multi-
center cohorts must validate these results in more diverse patient groups. Second, while
our study demonstrated excellent inter- and intra-observer reliability, the AVCS assessment
remains subjective to a degree, contributing to differences in image interpretation and score
assessment. Third, although the scans were obtained during the motion-free mid-diastolic
phase, the HR variability in atrial fibrillation could still theoretically influence the results.
This potential impact was not evaluated in our study. Fourth, models which yielded
correction factors were not validated for clinical use, and our study did not investigate
the prognostic value of these findings. Future studies should include a validation of our
correction factors and focus on clinical or procedural outcomes amongst different calcium
scores obtained using different modalities.

5. Conclusions

Our large, single-center retrospective study confirms the high reproducibility of VNC
reconstruction for precise AVC quantification compared to TNC across different slice
increments. With an expanded sample size, this study provides more substantial evidence
supporting the use of VNC images in clinical practice, potentially streamlining workflows
and reducing radiation exposure for patients.

Supplementary Materials: The following supporting information can be downloaded at https:
/ /www.mdpi.com/article/10.3390/tomography11120139/s1. Table S1: Inter-observer and Intra-
observer coefficient comparing AVC scores and volume between different reconstruction modalities
and CT slice thickness; Figure S1: Bland-Altman plots comparing true and virtual non-contrast
reconstructions without log transformation; Figure S2: Scatter plots comparing true and virtual
non-contrast reconstructions without log transformation; Figure S3: Gender-stratified Bland-Altman
plots comparing true and virtual non-contrast reconstructions.
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