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Objective: The prognostic value of coronary artery calcium (CAC) volume and density was derived from an automated artificial
intelligence (AI)-based analysis of non-electrocardiogram-gated chest CT.

Materials and Methods: In this retrospective study, 7,552 asymptomatic adults who underwent chest CT as part of a national
health screening program between 2007 and 2014 at two tertiary hospitals were examined for eligibility, of whom 1,109 with
detectable CAC were analyzed. CAC density was derived by back-calculation from the Agatston score and CAC volume, both of
which were obtained using AI software on chest CT. Differences in the probability of being free from major adverse
cardiovascular events (MACE) across the four combined CAC volume-density groups were assessed using Kaplan-Meier curves
and restricted mean survival time (RMST). Multivariable Cox proportional hazards models were used to assess the association
between CAC volume and density and MACE.

Results: Among the 1,109 participants with nonzero CAC (median age, 60.3 years; 87% men), 207 experienced MACE during a
median follow-up of 7.7 years. Ten-year RMSTs were 9.45 years in the low-volume-high-density group, 9.07 years in the low-
volume-low-density group, 8.03 years in the high-volume-high-density group, and 7.68 years in the high-volume-low-density
group. Differences in time to MACE were predominantly driven by CAC volume, with no significant density-related differences
within the volume strata. CAC density demonstrated a significant, independent, inverse association after adjusting for CAC
volume and clinical covariates (hazard ratio [HR] per increase by standard deviation [SD], 0.786; 95% confidence interval [CI],
0.659-0.936; P = 0.007). CAC volume also remained independently associated with an increased risk of MACE (HR per increase
by SD, 2.608; 95% (I, 2.016-3.374; P < 0.001).

Conclusion: CAC density derived from chest CT using automated AI quantification was independently and inversely
associated with MACE, providing additional prognostic value when added to CAC volume.
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Opportunistic AI-Based CAC Volume and Density on Chest CT

INTRODUCTION

The coronary artery calcium (CAC) score is a robust
predictor of atherosclerotic cardiovascular disease events
and informs preventive therapy decisions in individuals at
intermediate risk [1,2]. The Agatston score is the most widely
used CAC metric in clinical practice because of its ease of
use in postprocessing and calculation. For each plaque, the
Agatston score is determined by multiplying the lesion area
by a density weighting factor, which is assigned from 1 to 4
based on peak attenuation in Hounsfield units (HU) [3].

The calcium density, which reflects the concentration of
calcium within an atherosclerotic plaque, directly influences
the Agatston score [4]. Although the Agatston score is a
well-established risk predictor, several population-based
cohort studies using cardiac CT have shown that higher
calcium density is independently associated with a lower
risk of cardiovascular events [5-10].

CAC can also be detected and quantified using non-
electrocardiogram (ECG)-gated chest CT, with previous
studies demonstrating strong concordance with dedicated
ECG-gated calcium-scoring CT, thereby confirming its
prognostic value [11-16]. With the increasing use of
chest CT for lung cancer screening, artificial intelligence
(AI)-based CAC quantification offers opportunities for
opportunistic screening and timely preventive interventions
[17-22]. However, the feasibility and prognostic value
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of CAC density derived from chest CT remain not well
established.

In this study, we evaluated the association between
CAC volume, density, and cardiovascular events using fully
automated AI-based quantification of non-ECG-gated chest
(CTs performed as part of health screening at two medical
centers.

MATERIALS AND METHODS

This retrospective study was approved by the Institutional
Review Boards of two hospitals in South Korea, Severance
Hospital (Center A) and Chonnam National University
Hospital (Center B), both of which waived the requirement
for written informed consent (IRB No. 4-2023-0985 at
Center A and IRB No. CNUH-2023-303 at Center B).

Study Population

A total of 7,552 adults aged 40 years or older who
underwent chest CT as part of a national health screening
program between January 2007 and December 2014 were
examined for eligibility (5,111 from Center A and 2,441
from Center B). Of these, 2,577 were excluded due to
having less than 6 months of follow-up (n = 2,062), missing
clinical data (n = 367), history of cardiovascular disease
(n =122), or segmentation failure (n = 26). Among the
remaining 4,975 participants, 3,866 had no CAC (Agatston

Participants underwent non-ECG-
screening between January 2007 and December 2014 (n = 7,552)

gated chest CT as part of health

Excluded due to (n =2,577)
* Follow-up <6 months (n = 2,062)
* Missing clinical data (n = 367)
* Known CVD (n = 122)
* AT segmentation failure (n = 26)

A4

\ Eligible particip

ants (n = 4,975) ‘

A

—»‘ Excluded due to absence of CAC (n = 3,866) ‘
4

‘ Final analytic cohort (n = 1,109) ‘

v v v v
Low-volume-high-density Low-volume-low-density High-volume-high-density High-volume-low-density
(n=162) (n=669) (n=116) (n=162)

Fig. 1. Flowchart of the study population selection and group stratification. Participants were stratified into four groups according to
CAC volume and CAC density, categorized as high (top quartile) or low (lower three quartiles). The top-quartile cutoffs were 173 mm? for
CAC volume and 3.4 for CAC density. CAC = coronary artery calcium, ECG = electrocardiogram, CVD = cardiovascular disease, Al = artificial

intelligence
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score of 0) based on visual assessment or AI-based
Agatston scoring and were excluded since the CAC density
could not be calculated without detectable calcification.
The final analytic cohort comprised 1,109 participants with
non-zero CAC (Fig. 1).

All 1,109 participants were included in a previous study
that investigated the prognostic value of thoracic aortic
calcification and CAC using the Agatston score; however,
neither CAC volume nor density was evaluated [23].

All the CT scans were acquired without ECG gating and
without contrast. Slice thickness was 1.0 or 1.25 mm in
Center A, and 3.0, 3.8, or 5.0 mm in Center B. Detailed
acquisition parameters are summarized in Supplementary
Table 1.

AI-Based CAC Quantification

Automated CAC quantification was performed using
commercially available software (ClariCardio, version 1.0;
ClariPi, Seoul, South Korea), which employs convolutional
neural networks to segment the coronary arteries and
calculate the Agatston score and CAC volume. Agatston
scores were generated using the standard 130-HU threshold
with automatic slice thickness correction standardized to a
3-mm reference. Validation demonstrated high agreement
with manual measurements, with a concordance correlation
coefficient of 0.895 [23,24].

Because the software does not provide per-lesion HU
values, the CAC density score was back-calculated by
dividing the Agatston score by the total CAC area (calculated
as CAC volume divided by slice thickness), which is
consistent with previous studies [5,6,8-10]. This yielded
a dimensionless Agatston-derived density factor (range,
1-4) reflecting the participant-level average peak density,
hereafter referred to as the CAC density.

Risk Factors and Participant Qutcomes

Baseline clinical data, including age, sex, body mass index,
medical history, and laboratory findings, were obtained from
electronic medical records. The occurrence of major adverse
cardiovascular events (MACE), a composite of unstable
angina requiring hospitalization or revascularization,
myocardial infarction, ischemic stroke, and cardiovascular
death, was confirmed, and the time to first MACE was
calculated by reviewing electronic medical records. Events
were adjudicated until December 31, 2023. Participants
without MACE were censored at the last recorded clinical
encounter. A minimum follow-up of six months post-CT was
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required.

Statistical Analysis

Skewed variables (Agatston score, CAC area, and CAC
volume) were log-transformed using natural logarithms.
Descriptive statistics were compared using the Wilcoxon
rank-sum test or the )? test. Spearman’s correlation
coefficients were used to evaluate the relationships among
the CAC measures.

To evaluate the joint prognostic value of CAC volume and
density, the participants were stratified into four groups
based on whether their CAC volume and density fell within
the top quartile (high volume or high density) or the lower
three quartiles (low volume or low density). The probability
of being free from MACE was estimated using the Kaplan-
Meier method, and pairwise comparisons of the Kaplan-
Meier curves were conducted using the log-rank test with
Bonferroni correction.

To quantify event-free time, the restricted mean survival
time (RMST) was calculated at 5 and 10 years using the
trapezoidal rule without assuming a parametric survival
distribution. The RMST represents the area under the Kaplan-
Meier curve within a defined follow-up period (e.g., a 5-year
RMST of four years indicates that a participant remained
free of MACE for four years within five years after baseline)
[25]. RMST estimates, pairwise differences, 95% confidence
intervals (CIs), and P-values were obtained using 1,000
bootstrap replicates before and after inverse probability
of treatment weighting (IPTW). For the IPTW-adjusted
analyses, generalized propensity scores were estimated using
multinomial logistic regression, adjusting for all baseline
covariates. Stabilized IPTW weights were calculated, and
the covariate balance was evaluated using standardized
mean differences. After weighting, all covariates achieved
adequate balance, with standardized mean differences of
<0.1 across all variables (Supplementary Table 2).

Univariable and multivariable Cox proportional hazards
regression analyses were performed to evaluate the
association between CAC measures and MACE. The full
model included CAC volume, CAC density, and clinical
covariates, while excluding Agatston score and CAC area
to avoid multicollinearity. The proportional hazards
assumption was evaluated using Schoenfeld residuals, and
time-varying coefficient Cox models were applied to any
violations (Supplementary Table 3). Sensitivity analyses
were performed for the subgroups defined by consistent CT
acquisition parameters.

https://doi.org/10.3348/kir.2025.1614 kjronline.org



Opportunistic AI-Based CAC Volume and Density on Chest CT

All statistical analyses were performed using R software
(version 4.2.1; R Foundation for Statistical Computing,
Vienna, Austria). A P-value <0.05 was considered
statistically significant, except for pairwise comparisons
among the four groups using the log-rank test and RMST
analyses, for which a Bonferroni-adjusted significance
threshold (P < 0.008) was applied.

RESULTS

Baseline Characteristics

The median age of the 1,109 participants was 60.3 years
(interquartile range, 55.0-66.9 years), and 965 (87%) were
men. The median follow-up was 7.7 years (8,598 person-
years), during which 207 participants experienced MACE.

Table 1 summarizes the baseline characteristics, with
comparisons between the top quartile (quartile 4) and the
lower quartiles (quartiles 1-3) for both CAC volume and
density. The cutoff for the top quartile was 173 mm? for CAC
volume and 3.4 for CAC density.

Participants in the top-volume quartile were older and
had a higher prevalence of hypertension, diabetes, and
dyslipidemia. They also had significantly lower body mass
index, total cholesterol, and low-density lipoprotein (LDL)
cholesterol levels, whereas high-density lipoprotein (HDL)
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cholesterol levels did not differ. The MACE incidence in the
top-volume quartile was 47.5 per 1,000 person-years versus
21.5 in the lower quartiles (P < 0.001). When stratified by
CAC density, participants in the top-density quartile were
older and had lower total and LDL cholesterol levels. The
MACE incidence in the top-density quartile was 24.7 per 1,000
person-years versus 28.3 in the lower quartiles (P = 0.422).

Correlation Among CAC Measures

The log-transformed Agatston score, CAC area, and CAC
volume showed very strong correlations (Spearman’s p > 0.9)
(Supplementary Table 4). In contrast, CAC density was
only moderately correlated with the other three measures
(Spearman’s p = 0.644, 0.617, and 0.518 for Agatston score,
CAC area, and CAC volume, respectively).

Occurrence of MACE by Combined CAC Volume and Density
Participants were stratified into four groups based on the
top quartile cutoff for CAC volume and density: 162 in the
low-volume-high-density group, 669 in the low-volume-low-
density group, 116 in the high-volume-high-density group,
and 162 in the high-volume-low-density group (Figs. 1, 2).
The Kaplan-Meier curves of the probability of freedom from
MACE showed clear differences among the four groups over
time (Fig. 3). Differences in MACE risk were primarily driven

Table 1. Baseline characteristics of study participants by CAC volume and density

Grouping by CAC volume

Grouping by CAC density

Variables Quartiles 1-3 Quartile 4 p Quartiles 1-3 Quartile 4 p
(n=832) (n=277) (n=832) (n=277)
Age, yr 59.0 (53.8-65.2)  64.6 (59.5-71.0)  <0.001  60.0 (54.8-66.5)  61.3 (55.9-68.1) 0.029
Sex, male 716 (86.1) 249 (89.9) 0.174 725 (87.1) 240 (86.6) 0.773
BMI, kg/m? 24.4 (22.5-26.3) 23.9 (22.1-26.0) 0.028  24.3 (22.5-26.2) 24.2 (22.1-26.3) 0.443
Hypertension 279 (33.5) 133 (48.0) <0.001 313 (37.6) 99 (35.7) 0.575
Diabetes 148 (17.8) 82 (29.6) <0.001 163 (19.6) 67 (24.2) 0.102
Dyslipidemia 87 (10.5) 42 (15.2) 0.034 94 (11.3) 35 (12.6) 0.548
Total cholesterol, mg/dL 194.0 (171.0-219.0) 181.0 (154.7-207.0) <0.001 193.0 (169.0-218.5) 188.0 (159.0-210.0)  0.010
HDL-C, mg/dL 47.0 (40.0-55.0)  47.0 (40.0-56.0) 0.738  47.0 (40.0-55.0)  47.0 (41.0-56.0) 0.214
LDL-C, mg/dL 121.5 (99.0-143.0) 109.0 (81.0-133.0) <0.001 121.0 (96.0-143.0) 113.0 (87.0-134.0) <0.001
Ever smoker 600 (72.1) 205 (74.0) 0.541 607 (72.9) 198 (71.5) 0.917
MACE per 1,000 person-years 21.5 47.5 <0.001 28.3 24.7 0.422
Agatston score 31.7 (11.1-71.3)  396.9 (264.5-693.7) <0.001  35.6 (11.2-114.0) 153.8 (62.7-410.1) <0.001
CAC volume, mm? 36.7 (14.4-76.0)  369.3 (250.8-610.4) <0.001  47.3 (16.1-127.9) 124.5 (52.8-355.7)  <0.001
CAC density 2.6 (2.0-3.2) 3.3 (3.0-3.6) <0.001 2.5 (2.0-3.0) 3.6 (3.5-3.8) <0.001

Data are presented as medians with interquartile ranges in parentheses for continuous variables and as numbers with percentages in
parentheses for categorical variables. CAC density is a dimensionless Agatston-derived factor (range, 1-4), reflecting the participant-level
average peak density. The cutoff values for the top quartiles were 173 mm? for CAC volume and 3.4 for CAC density.

CAC = coronary artery calcium, BMI = body mass index, HDL-C = high-density lipoprotein cholesterol, LDL-C = low-density lipoprotein

cholesterol, MACE = major adverse cardiovascular events
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Fig. 2. Representative cases of CAC with high and low densities. A: High-volume-high-density CAC in a 65-year-old male, showing diffuse
calcification from the left main to the left anterior descending artery (blue areas). The Agatston score was 2,978, CAC volume was 2,343 mm’,
and density was 3.8. The participant did not experience MACE during the follow-up period of 3,291 days. B: High-volume-low-density CAC
in a 70-year-old male, showing scattered calcifications in the left anterior descending artery, diagonal branch, ramus intermedius, and left
circumflex artery (red areas). The Agatston score was 853, CAC volume was 967 mm?, and density was 2.6. The participant experienced MACE
3,156 days after the baseline CT scan. CAC = coronary artery calcium, MACE = major adverse cardiovascular events

by CAC volume rather than CAC density. The low-volume-
high-density group exhibited the most favorable prognosis,
showing a significantly longer time to MACE than the high-
volume-low-density group (log-rank P < 0.001) and a
marginally longer time than the high-volume-high-density
group (log-rank P = 0.011). No significant differences were
observed between groups within the same volume category
(log-rank P = 1.00 for both comparisons).

Table 2 presents the RMST estimates at 5 and 10 years
across the four groups. At 5 and 10 years, pairwise
comparisons showed no statistically significant differences
between the two high-volume groups (P = 0.946 at 5 years and
P = 0.450 at 10 years) or between the two low-volume groups
(P =0.018 at 5 years and P = 0.038 at 10 years), whereas
all other between-group comparisons were statistically
significant (P < 0.008). Overall, the differences in RMST were
predominantly driven by CAC volume. Within each volume
stratum, higher CAC density was associated with higher
RMST; yet these differences were not statistically significant.
The RMST estimates remained largely consistent after IPTW
adjustment, with the relative group rankings preserved.

Association of CAC Measures With MACE

Table 3 presents the results of the Cox proportional
hazards regression analyses for MACE. In the univariable
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analysis, the log-transformed Agatston score, CAC area, and
CAC volume were associated with an increased risk of MACE.
Each score showed a time-dependent interaction (hazard
ratio [HR] <1), suggesting that its association with MACE
diminished over time. In contrast, CAC density was not
significantly associated with MACE in univariable analysis.
In the multivariable analysis adjusted for clinical covariates,
CAC density showed a significant inverse association with
MACE (HR per standard deviation [SD], 0.786; 95% (I,
0.659-0.936; P = 0.007), while CAC volume remained
independently associated with an increased risk of MACE
(HR per SD, 2.608; 95% (I, 2.016-3.374; P < 0.001).

A restricted cubic spline curve revealed a nonlinear
relationship between CAC volume and MACE risk, with the
greatest increase in HR observed between Z-scores of 1
and 2 (Fig. 4A). The time-interaction term for CAC volume
yielded an HR of 0.922 per year (per SD), indicating that
the relative risk associated with volume decreased by
approximately 7.8% annually, reflecting time-dependent
attenuation of risk (Fig. 4B). For CAC density, the adjusted
model revealed a clear inverse association with MACE risk,
not observed in the unadjusted model (Fig. 4C, D).

Sensitivity Analyses
Sensitivity analyses restricted to subgroups with uniform

https://doi.org/10.3348/kir.2025.1614 kjronline.org
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Fig. 3. Kaplan-Meier curves for the probability of freedom from MACE stratified by CAC volume and density. High CAC volume and density
were defined as values within the top quartile of each respective measure (>173 mm? for CAC volume and >3.4 for CAC density). The
number at risk at selected time points is displayed below the x-axis. The truncation times for calculating the restricted mean survival
times were 5 and 10 years. MACE = major adverse cardiovascular events, CAC = coronary artery calcium

Table 2. RMST across CAC volume-density groups

5-year RMST

10-year RMST

G
roups Unweighted

Weighted

Unweighted Weighted

Low-volume-high-density
Low-volume-low-density
High-volume-high-density
High-volume-low-density

4.92 (4.83-4.99)
4.77 (4.70-4.84)
4.28 (3.97-4.56)
4.27 (4.02-4.49)

4.92 (4.80-4.99)
4.77 (4.70-4.84)
4.38 (4.04-4.65)
4.31 (4.04-4.54)

9.45 (9.14-9.70)
9.07 (8.87-9.25)
8.03 (7.35-8.69)
7.68 (7.09-8.21)

9.45 (9.13-9.72)
9.08 (8.88-9.27)
8.33 (7.59-8.95)
7.85 (7.24-8.40)

Values are presented as RMST in years, with 95% confidence intervals in parentheses. The results are shown for both unweighted and
weighted analyses, with the latter incorporating inverse probability of treatment weighting. The 5-year RMST of 4.92 years in the low-
volume-high-density group indicates that individuals in this group remained free of MACE for approximately 4.92 of the 5 years following

baseline.

RMST = restricted mean survival time, CAC = coronary artery calcium, MACE = major adverse cardiovascular events

CT acquisition parameters demonstrated a consistent
inverse association between CAC density and MACE risk
(Supplementary Table 5). As in the full cohort, this
association persisted across participants scanned with a
standard reconstruction kernel (n = 1,015), at 120 kVp (n =
865), with 1-3 mm slice thickness (n = 998), or with 1 mm
slice thickness (n = 660), with multivariable HRs of 0.819,

kjronline.org https://doi.org/10.3348/kjr.2025.1614

0.728, 0.738, and 0.688, respectively (all P < 0.05).

DISCUSSION

In this health-screening population study, CAC density
derived from non-ECG-gated chest CT was significantly
associated with a lower risk of MACE after adjusting for CAC
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Table 3. Cox proportional hazards regression analysis for MACE

Kim et al.

Univariable analysis

Multivariable analysis*

CAC measure

HR (95% CI), per SD P HR (95% CI), per SD P
[n(Agatston) 2.182 (1.721-2.767) <0.001
Time interaction term for n(Agatston) 0.924 (0.887-0.962) <0.001
[n(Area) 1.807 (1.452-2.248) <0.001
Time interaction term for (n(Area) 0.944 (0.907-0.983) 0.005
In(Volume) 2.365 (1.862-3.000) <0.001 2.608 (2.016-3.374) <0.001
Time interaction term for [n(Volume) 0.916 (0.879-0.955) <0.001 0.922 (0.884-0.961) <0.001
Density 1.045 (0.910-1.200) 0.531 0.786 (0.659-0.936) 0.007

HR values were calculated for an increase by SD. Schoenfeld residuals indicated violation of the proportional hazards assumption for
[n(Agatston), In(Area), and In(Volume) (see Supplementary Table 3); consequently, time-varying coefficient Cox models were used for

these variables.

*The multivariable analysis included CAC volume, CAC density, and clinical covariates (age, sex, body mass index, hypertension, diabetes,
dyslipidemia, smoking, high-density lipoprotein cholesterol, low-density lipoprotein cholesterol, blood urea nitrogen, and creatinine). For

simplicity, the results for clinical covariates are not shown.

MACE = major adverse cardiovascular events, HR = hazard ratio, SD = standard deviation, CAC = coronary artery calcium, CI = confidence

interval

volume (adjusted HR per SD, 0.786), corresponding to a
21.4% lower risk per SD increase. In time-to-event analyses,
differences in time to MACE were primarily determined by CAC
volume, whereas CAC density provided an additional but non-
significant prognostic separation within the volume strata.

Multiple cohort studies have shown that the prognostic
value of CAC density becomes apparent only when the
overall plague burden is considered. In MESA, the CAC
Consortium, and subsequent meta-analyses, CAC density
demonstrated no significant or positive associations with
cardiovascular events when models were adjusted solely
for demographic or clinical variables [5,6,8,9,26-28].
Individuals with higher CAC density tend to be older and
have a greater plaque burden, resulting in a moderate
density-volume correlation, as observed in previous studies
and in ours [9,27,29]. Such shared variance can obscure
the inverse association between density and outcomes
in unadjusted models. However, after formal adjustment
for CAC volume, higher CAC density was consistently
correlated with lower cardiovascular event risk, supporting
the concept that denser calcification reflects a more
stable plaque [27]. A recent meta-analysis reaffirmed this
relationship: higher CAC density was associated with a 20%
lower risk of cardiovascular events per SD increase only
in models adjusted for CAC volume [28]. Our findings are
consistent with these observations and extend the prior
evidence of the prognostic implications of CAC density in an
independent Asian health-screening cohort using AI-based
quantification from non-ECG-gated chest CT.

Our RMST analyses evaluating the joint prognostic value
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of CAC volume and density indicated that CAC volume was
the primary determinant of prognosis. Although CAC density
showed a modest, non-significant modifying effect within
each volume stratum in our rigorously adjusted analyses,

a consistent directional trend was observed. Prior studies
have shown that the prognostic value of CAC density is
most evident in low-burden populations [8-10]. This volume-
dependent prognostic effect of CAC density may partly reflect
the limited dynamic range of the Agatston-derived density
factor, which caps higher-density plaques at a maximum
value of four, particularly in individuals with high plaque
burden. However, the persistence of volume-dependent
effects, even in studies using direct HU-based density
measurements, suggests that this phenomenon cannot be
explained solely by metric limitations [9]. In individuals
with extensive calcified plaques, CAC volume itself may

act as a dominant risk enhancer, thereby attenuating the
incremental prognostic contribution of CAC density [5-10,29-
31]. Meanwhile, the observed attenuation of the hazard
associated with CAC volume over follow-up is consistent
with prior observations in asymptomatic screening cohorts,
where baseline plaque burden strongly predicts early events,
yet its relative prognostic impact diminishes over longer
follow-up as competing risk factors, medical treatments, and
risk modification accumulate [32-34].

The prognostic relevance of CAC density derived from
chest CT images using automated Al-based quantification
remains to be established. Naghavi et al. [35] recently
applied AI to ECG-gated CAC scoring scans and reported
improved outcome prediction using plaque characteristics,

https://doi.org/10.3348/kir.2025.1614 kjronline.org
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Fig. 4. Restricted cubic spline plots for HRs for MACE according to CAC volume and density. A: Adjusted HRs for MACE across the range

of log-transformed CAC volume (Z-scores). B: Time-varying HRs for log-transformed CAC volume estimated from a Cox model with a time
interaction term. The HR at time 7 is modeled as: HR(z) = 2.608 x 0.922¢. C, D: Unadjusted and adjusted HRs across the range of CAC density,
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including density and distribution. As incidental CAC Agatston score divided by the total plaque area. Although
becomes increasingly relevant in routine chest CT scans, this metric does not represent lesion-level “true density,”
Al may enhance its use in opportunistic cardiovascular it reasonably reflects the patient-level tendency toward
risk stratification. Our findings support the feasibility of denser or less dense calcification and can be derived from
deriving CAC volume and density from chest CT scans and routinely available variables (Agatston score, volume,
underscore the importance of interpreting these metrics and slice thickness). This back-calculated density metric
together. If validated in larger cohorts, this approach may was also used in several foundational studies, in which
reduce the need for dedicated CAC-scoring CT scans in it consistently demonstrated an inverse association
screening programs. with cardiovascular outcomes [5,6,8,9]. While the direct
We used the average peak density calculated as the measurement of HU offers greater precision, manual or
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semi-automated quantification is time-consuming and prone
to inter-observer variability. These limitations highlight

the need for Al-driven HU-based density metrics and their
systematic validation.

The acquisition parameters critically influence CAC
measurements. Slice thickness affects the detection of small
lesions through partial volume effects and alters image
noise [36], whereas lower kVp settings increase calcium
attenuation, potentially necessitating higher HU thresholds
than the standard 130 HU [37]. Despite some variability,
most examinations in this study were performed under
relatively consistent parameters: predominantly 1-3 mm
slice thickness, 120 kVp, and a standard reconstruction
kernel. Moreover, the AI software accounts for this
variability by normalizing the Agatston scores to a 3-mm
reference standard. Sensitivity analyses restricted to
uniform acquisition parameters consistently demonstrated
an inverse association between CAC density and MACE.
Future studies should systematically evaluate the effect of
acquisition parameters on Al-based CAC quantification and
cardiovascular risk reclassification.

This study has several limitations. First, CAC density was
derived as a participant-level, area-weighted, Agatston-
based metric rather than as a direct lesion-level HU
measurement. Accordingly, it does not capture lesion-
level heterogeneity or mixed calcification patterns.
Secondly, lipid-lowering therapy, a potential confounder
affecting CAC measures and outcomes, could not be
reliably assessed. Third, the CT acquisition parameters were
not fully homogeneous across centers. Fourth, outcome
ascertainment relied on institutional electronic medical
records without linkage to national claims data, potentially
leading to the under-ascertainment of events occurring
outside institutions. However, this limitation is likely to
be non-differential, generally biasing the results toward
the null. Lastly, participants with less than six months
of follow-up were excluded to ensure reliable outcome
ascertainment, potentially introducing retention bias.

In conclusion, CAC density derived from non-ECG-
gated chest CT using automated AI quantification was
independently and inversely associated with cardiovascular
events. The combined interpretation of CAC volume
and density may provide a more nuanced assessment of
cardiovascular risk beyond the Agatston score alone and
holds promise for opportunistic risk assessment using
routine chest CT scans.
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