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Abstract

Background

Patients with normal perfusion, normal myocardial flow reserve (MFR) and no coronary artery
calcium (CAC) on myocardia perfusion imaging are considered low risk. Yet, adverse events
still occur and no routinely reported imaging marker stratifies residual risk. This study aims to
determine whether fully automated ascending aortic calcification (AAC) from the attenuation

correction CT stratifies risk in these patients.

Methods

In the multicenter REFINE-PET registry, AAC was quantified from non-contrast CT using deep
learning aortic segmentation and Agatston scoring. Triple-normal was defined as stress total
perfusion deficit (TPD) <5%, MFR >2 and CAC 0. The primary endpoint was cardiovascular
death, myocardial infarction or heart failure admission, with heart failure admisson as key

secondary endpoint. Cox models were adjusted for clinical confounders.

Results

Of 21,923 patients, 3,580 (16.3%) were triple-normal, of whom 1,322 (36.9%) had AAC
(median Agatston 65, IQR 22-212). Agreement with three blinded readers was good to excellent
(Intraclass correlation coefficient 0.87-0.90). Over a median follow-up of 52 months (IQR 26-
69), 194 primary events occurred. Per standard deviation, AAC was independently associated
with the primary endpoint (adjusted HR 1.24, 95% CI 1.09-1.40; p<0.001), heart failure
admission (adjusted HR 1.30, 95% CI 1.10-1.55; p=0.003) and all-cause mortality (adjusted HR

1.17, 95% CI 1.04-1.32; p=0.009). AAC improved model fit beyond clinical factors, MFR and
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TPD (p<0.009), with modest gainsin discrimination (AC 0.007-0.009).

Conclusions
In patients with normal PET readouts, automated AAC was independently associated with
adverse outcomes, most strongly heart failure admission, beyond clinical risk factors, perfusion

and flow.
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Clinical Perspective

What |s New?

In 3,580 patients with normal perfusion, normal myocardial flow reserve and no coronary
artery calcium on PET, more than one in three had ascending aortic calcification on the
attenuation correction CT.

Ascending aortic calcification was independently associated with cardiovascular death,
myocardial infarction or heart failure admission (adjusted hazard ratio per SD 1.24, 95%
Cl 1.09-1.40), most strongly with heart failure admission.

A fast, fully automated method scored ascending aortic calcification with agreement to

expert readers similar to agreement between readers.

What AretheClinical Implications?

A normal perfusion PET with normal flow and no coronary calcium does not mean
uniformly low risk when the ascending aortais calcified.

Because ascending aortic calcification is scored automatically from the CT acquired with
every perfusion PET, it could be reported routinely without additional scanning, cost or
radiation.

Patients presumed low risk who have ascending aortic calcification may warrant heart
failure-oriented prevention, such as natriuretic peptide screening, pending prospective

validation.
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Nonstandard Abbreviationsand Acronyms
AAC = ascending aortic calcification

adjHR = adjusted hazard ratio

CAC = coronary artery calcium
eGFR=estimated glomerular filtration rate
ICC=intraclass correlation coefficient

MFR = myocardial flow reserve

TPD = total perfusion deficit

UHR = unadjusted hazard ratio
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| ntroduction

Contemporary myocardial perfusion imaging with positron emission tomography (PET) yields a
multiparametric readout. Relative perfusion, myocardial flow reserve (MFR) and coronary artery
calcium (CAC) from low-dose CT attenuation correction scans are independently prognostic'?.
Patients normal across all three are at low short-term risk®.

However, while cardiovascular event rates after a normal perfusion PET scan are low, they are
not zero and because normal studies constitute a large share of clinical volume, the proportion of
overall events arising from this group is considerable®”. In this population, residual risk is not
evenly distributed. In higher-risk cohorts such as patients with chronic kidney disease, diabetes
or advanced age, annualized all-cause mortality after visually normal perfusion imaging has been
reported well above 1% and reaches double digits in advanced renal impairment, such that a
normal scan identifies lower relative but not low absolute risk®®. These groups represent a
growing share of referrals as lower-risk patients are triaged to coronary CT angiography and the
prevalence of cardiovascular-kidney-metabolic (CKM) syndrome rises’™. Over the same period,
the diagnostic yield of both invasive angiography and noninvasive stress testing has fallen*
and the phenotype driving events has shifted toward diffuse nonobstructive atherosclerosis and
microvascular remodeling. As such, the paradigm on which the negative predictive value of
myocardial perfusion imaging rests, the search for flow-limiting epicardial disease, captures a
shrinking fraction of the risk carried by the patients now being scanned. Standard PET measures
primarily characterize coronary and myocardial disease while not reflecting extracoronary
vascular disease. Once perfusion, flow and coronary calcium are al normal, no routinely
reported imaging marker remains to separate risk within the group and management defaults to

clinical risk factors alone.
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82

83 Aortic wall calcification addresses this gap. It reflects both intimal atherosclerosis and medial
84 arteria calcification and contributes to aortic stiffening, elevated afterload and left ventricular
85 remodeling, mechanisms that coronary markers capture only indirectly****. Beyond its impact on
86 hemodynamics, aortic calcification is associated with various cardiovascular and non-
87  cardiovascular outcomes, including stroke, peripheral arterial disease, aneurysm rupture, aortic
88  dissection, reduced coronary blood flow, chronic obstructive pulmonary disease, hip fractures
89  and calcification in other major blood vessels, leading to adverse consequences'®*°.

90 Most hybrid imaging examinations, such as perfusion PET/CT, include a non-contrast low-dose
91  CT scan for attenuation correction, covering the ascending aorta. AAC can therefore be assessed
92  opportunistically without additional image acquisition or radiation exposure and no further
93 healthcare system burden. Manual aortic calcium scoring requires an operator to delineate the
94  vessel wall, define segment boundaries and attribute each lesion, a workload that has limited the
95 assessment of vascular calcification in routine reporting despite being present on every cardiac
96 PET/CT. Artificia intelligence (Al) approaches based on automated segmentation models can
97  reduce thisworkload and enable segment-specific calcium scoring at scale®?.

98 We therefore developed a fully automated approach for segment-specific aortic calcium
99  quantification from low-dose CT scans and evaluated, in the multicenter REFINE PET registry,

100  whether AAC identifies residual risk in patients whose perfusion, flow and coronary calcium are

101  normal.
102
103 Methods

104  Study design and participants
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105  An overview of the study design is shown in Figure 1. This study was performed as part of the
106 REFINE PET registry *. We evaluated consecutive patients who underwent myocardial perfusion
107  imaging PET at one of thirteen sites between 2007 and 2020. Patients were excluded if they did
108  not recelve a CT scan alongside the PET scan, if the scan did not capture the entire axial range
109  between T5 and T11 vertebrae, or if automated segmentation failed. All eligible registry patients
110  wereincluded and no formal sample size calculation was performed. Patients with total perfusion
111 deficit (TPD) <5%, MFR >2 and no CAC were included for the primary analysis. These patients
112  are referred to as triple-normal patients throughout this manuscript. A secondary analysis was
113  performed for the full cohort.

114

115  Sites either obtained written informed consent or the requirement for written informed consent
116  was waived for this retrospective analysis of clinically acquired imaging. This study was
117 conducted in accordance with the Declaration of Helsinki and approved by the institutional
118  review boards at each participating site.

119

120  Endpoints

121 The primary endpoint was a composite of cardiovascular death, myocardial infarction or heart
122 failure admission with all-cause mortality and heart failure as secondary endpoints. A separate
123 analysis was performed for the individual components of the composite endpoint. All-cause
124 mortality was determined through linkage with the National Death Index. This registry provides
125  the most comprehensive coverage of deaths in the United States and generally identifies more
126  events than the Social Security Administration Death Master File* or ingtitutional electronic

127 health records®. Deaths were classified as cardiovascular based on available clinical information
Z
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128 and in line with published endpoint definitions®. This category covered sudden cardiac death and
129  fatal myocardial infarction, heart failure, stroke, cardiovascular hemorrhage and complications of
130  cardiovascular procedures. Deaths from other cardiovascular conditions, such as pulmonary
131  embolism or peripheral arterial disease, were also included. Cases of incident myocardial
132 infarction were identified by screening electronic health records. An experienced cardiac
133 imaging physician then reviewed each suspected event, drawing on all available clinical findings,
134  laboratory values, imaging studies and invasive coronary angiograms to confirm or reject the

135 diagnosis.
136

137 Imaging and clinical parameters

138 Hybrid perfusion PET/CT was performed at the corresponding centers and PET/CT images were
139  transferred to the core laboratory at Cedars-Sinai Medical Center. For MFR and TPD calculation,
140  standard clinical routine software within the Cedars-Sina Cardiac Suite (QPET, Cedars-Sinai
141  Medical Center, Los Angeles) was employed by trained technologists for PET quantification
142 blinded to outcomes. Early dynamic acquisitions were used to measure stress and rest myocardial
143 blood flow, with MFR calculated as stress myocardial blood flow / rest myocardial blood flow.
144  Normal myocardia perfusion was defined as stress TPD <5%, normal flow was defined as MFR
145  >2, and absence of coronary calcium was defined as CAC 0. CAC was measured from low-dose
146 CT scans based on a previously developed approach®. Left ventricular gection fraction was
147  measured from PET. All employed clinical parameters were collected as part of the REFINE
148  PET registry and included age, sex, body mass index, hypertension, diabetes, smoking and
149  estimated glomerular filtration rate (eGFR)™.

150
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151  Marker quantification

152 Aortic calcification was quantified fully automatically from the non-contrast CT scan of each
153 rest and dress PET/CT (Figure 2). The aorta and al bones were segmented with
154  TotalSegmentator #’. To standardize the anatomical coverage across patients, al computation
155  was restricted to the axial region between the T5 and T11 vertebrae. The aorta was subdivided
156  into ascending, arch, and descending thoracic segments by a slice-wise 2D connected-component
157 analysis running from caudal to cranial. The first appearance of at least three consecutive axial
158  dlices with two separate lumina defined the onset of the ascending aorta. From there, the
159  descending lumen was tracked across slices as the component with the greatest overlap with the
160  descending lumen below, or the more posterior component in case of a tie. The remaining
161  component was labeled ascending aorta. The first run of at least three consecutive slices
162  returning to a single lumen defined the boundary with the aortic arch.

163  For each segment, an aortic wall volume of interest was created by first dilating (expanding) the
164  segmented volume by 3 mm and subsequently subtracting the 5 mm eroded mask to remove the
165 lumen. To avoid collisions between the dilated mask and bone structures, al bone masks were
166  dilated by 4 mm and subtracted from the aortic wall volume. Candidate calcification was defined
167  as>130 Hounsfield units. Each lesion was attributed to the segment containing the majority of its
168  voxes, preventing splitting or double counting. To avoid false-positive detection due to noise,
169  lesions below a volume of 0.02 mL were discarded®?. Agatston scores were computed per
170 lesion using standard Agatston scoring with adjustment for slice thickness®. The ascending and
171 descending thoracic aortic Agatston scores are the sums of all lesions attributed to the respective
172 segment.

173
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174  Subgroup and sensitivity analyses

175  Measurement reliability was assessed using the paired rest and stress CT acquisitions of the same
176  examination. Since these are separated by minutes and share patient positioning, discordance
177 reflects acquisition and quantification variability rather than biological change. Agreement of
178  continuous AAC was quantified by Pearson correlation. Robustness of the time-to-event analysis
179  was evaluated via multiple sensitivity analyses, including stress versus rest, binarized at the
180 median versus continuous, descending thoracic aorta calcification versus AAC, with relaxed
181  CAC criterion (0-100) versus the strict criterion (CAC 0) and in the full versus the triple-normal
182  cohort.

183

184 Reader study

185 A total of 244 scans from 122 patients were manually assessed for calcified lesions in the
186  ascending aorta by three experienced (mean 11 years) clinical readers. The readers were blinded
187  toclinical information and to each other. Patients were randomly sampled for each Al-quantified
188  rest AAC range (0, 1-100, 101-400 and >400) from the full cohort. Among the 122 patients, 24
189  were read by all three readers to determine inter-reader variability. Each reader annotated all
190 calcified lesions using the Cedars-Sina Cardiac Suite software. For each patient, the readers
191  annotated rest and stress scans separately with a washout duration of at least one day. Inter-
192 reader agreement and reader-deep learning agreement were evaluated via the intraclass
193  correlation coefficient (ICC), specifically ICC (2,1) and using Pearson correlation.

194

195 Statistical analyss

196  Continuous variables are summarized as mean and standard deviation or median and interquartile
10
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197  ranges (IQR) according to their distribution, which was assessed with the Shapiro-Wilk test.
198  Categorical variables are reported as counts and percentages. Between independent groups,
199  normally distributed continuous variables were compared with the independent samples t-test
200 and non-normally distributed variables with the Mann-Whitney U test. Categorical variables
201 were compared with the Chi-squared test, or Fisher's exact test where expected cell counts were
202 low.

203

204  Time-to-event outcomes were analyzed using cumulative hazard estimates and multivariable Cox
205 proportional hazards models, both unadjusted (u) and adjusted (adj) for prespecified
206  confounders. Confounders for adjustment included age, sex, body mass index, hypertension,
207  diabetes, smoking, eGFR, and left ventricular gection fraction. The full cohort was additionally
208 adjusted for TPD, MFR and CAC. Confounders were imputed with the median or mode.
209 Endpoints were tested in a fixed hierarchy. The primary endpoint was a composite of
210 cardiovascular death, myocardial infarction or heart failure admission in the triple-normal cohort.
211 Conditional on the primary endpoint being met at a two-sided alpha of 0.05, heart failure
212  admission was tested as the key secondary endpoint at the same alpha. All-cause mortality,
213 individua components of the composite and all analyses in the full cohort, in the CAC 0-100
214  cohort and using stress rather than rest acquisitions are included as secondary analyses. Fine-
215  Gray models were employed to adjust for competing risks in the primary composite and the
216  secondary heart failure endpoint. Continuous AAC values were loglp-transformed since they are
217 not normally distributed and are zero for a large proportion of patients. Since event and
218  censoring data availability differed slightly across endpoints and because completeness of AAC

219  exposures varied by acquisition (rest vs. stress), the number of patients and events contributing to
11
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220 each Cox model varies marginally across endpoints and predictors. Maximum follow-up time
221 was limited to 10 years. The proportional hazards assumption was tested using Schoenfeld
222  residuals. Restricted cubic spline models with four knots were employed to assess continued
223  associations over the full parameter range. Incremental prognostic value was assessed by
224  comparing nested cause-specific Cox models with and without AAC using the likelihood-ratio
225  test, Harrel's C (paired bootstrap 95% CI; 1,000 resamples; leave-one-site-out cross-validation)
226 and calibration of cross-validated 5-year risk. Base models comprised the clinical covariates,
227 without and with continuous MFR and stress TPD. All tests were two-sided, and effect estimates
228  were reported with 95% confidence intervals (Cls) and exact p-values. Analyses were performed
229 in Python (version 3.13.13) with the packages SciPy (1.17.1), lifelines (0.30.3), SimplelTK

230 (2.5.5), NumPy (2.4.6) and pandas (2.3.3).
231

232  Reaults

233 Patient characteristics

234  An overview of the study design is shown in Figure 1 and the cohort flow diagram in
235  Supplemental Figure S1. Of 21,923 patients in the full cohort, 3,580 (16.3%) had normal
236  perfusion (stress TPD <5%), normal flow (MFR >2) and CAC 0, constituting the defined triple-
237 normal cohort. Median age was 60 years (IQR 51-68) and 1,263 patients (35.3%) were male.
238  Hypertension was present in 2,361 patients (65.9%), diabetes in 953 (26.6%) and a history of
239  smoking in 905 (25.3%). AAC was detected in 1,322 patients (36.9%), with a median AAC
240  Agatston score of 65.0 (IQR 22.4-211.9) among those affected. Over a median follow-up of 51.6
241 months (IQR 26.3-68.8), 194 primary composite events occurred, corresponding to 1.15 events

242 per 100 patient-years.
12
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243

244 Patients with any AAC were older (median 65 vs. 58 years; p<0.001) and more frequently had
245  hypertension (71.9% vs. 62.5%; p<0.001) and diabetes (29.0% vs. 25.2%; p=0.030). They had
246 lower rena function (median eGFR 74.0 vs. 81.0 mL/min/1.73 m?, p<0.001) and lower MFR
247 within the normal range (median 2.7 vs. 2.9; p<0.001). A smoking history was less frequent in
248  patients with AAC (19.6% vs. 28.6%; p<0.001). Differences in stress TPD (median 1.4% vs.
249  1.5%; p=0.004) and left ventricular gection fraction (median 70.8% vs. 70.1%; p=0.011)
250 reached datistical significance but were negligible in magnitude. The clinical characteristics
251 stratified by the presence of AAC are presented in Table 1.

252

253  Reader study

254  Al-derived calcified lesions were compared with manual annotations by three experienced
255  clinical readers in 244 scans of 122 patients, of which 24 patients were annotated by all three
256  readers independently. Manual annotation of AAC required a mean of 4.7 minutes per scan.
257  Mean pairwise inter-reader correlation was high (r=0.92, p<0.001), with similar reader-to-deep
258  learning correlation (r=0.90, p<0.001). Agreement between the deep learning approach and the
259  mean of the reader annotations was good on rest acquisitions (ICC 0.87, r=0.88, p<0.001) and
260 excellent on sress acquisitions (ICC 0.90, r=0.91, p<0.001). Agreement was consistent across
261 individual readers, with ICCs of 0.82 to 0.84 on rest and 0.91 to 0.94 on stress. Within-reader
262  agreement between the paired rest and stress acquisitions of the same examination was lower
263  than both (ICC 0.81, range 0.77 to 0.89), indicating that variability attributable to acquisition
264  exceeded variability attributable to the observer. Full results are provided in Supplemental

265 TableSl1.
13
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266

267  Prognostic associations

268  Cumulative hazard estimates for the primary composite endpoint stratified by AAC are shown in
269  Figure 3. 10-year event rates were 8.1% in patients with no AAC and 13.7% in patients with any
270 AAC. AAC was associated with the primary composite endpoint of cardiovascular death,
271 myocardia infarction or heart failure admission in the unadjusted analysis (unadjusted hazard
272 ratio [uHR] 1.42, 95% CI 1.25-1.60; p<0.001) and remained associated after adjustment for age,
273  seX, body mass index, hypertension, diabetes, smoking, eGFR and left ventricular gection
274  fraction (adjusted hazard ratio [adjHR] 1.24, 95% CI 1.09-1.40; p<0.001; Table 2). The key
275  secondary endpoint, heart failure admission, showed the strongest association of all endpoints
276  tested, both before (UHR 1.63, 95% CI 1.37-1.93; p<0.001) and after adjustment (adjHR 1.30,
277 95% CI 1.10-1.55; p=0.003). All-cause mortality, as an additional secondary endpoint, was
278  concordantly associated (UHR 1.33, 95% CI 1.19-1.48; p<0.001; adjHR 1.17, 95% CI 1.04-1.32;
279  p=0.009). Accounting for competing risks did not alter these findings, with Fine-Gray
280 subdistribution adjHR of 1.10 (95% CI 1.05-1.14; p<0.001) per standard deviation for the
281  composite (Supplemental Figure S2) and 1.17 (95% CI 1.11-1.24; p<0.001) for heart failure
282  admission.

283

284  Restricted cubic spline analysis demonstrated a significant monotonic increase in hazard across
285 the observed AAC range without evidence of a threshold effect (Figure 4, p=0.005). Risk was
286 aready eevated at low absolute Agatston scores, with the adjusted hazard of AAC increasing at
287 any Agatston units above zero. An adjHR of 2.00 compared to AAC>0 was reached at

288  approximately AAC>1000.
14
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289

290 Components of the primary composite are shown in Supplemental Figure S3. Of 194 primary
291  events, 95 (49%) were heart failure admissions, 65 (33%) myocardial infarctions and 34 (18%)
292  cardiovascular deaths without previous heart failure admission or myocardia infarction during
203  follow-up. Adjusted HRs per standard deviation of AAC were 1.30 (95% CI 1.10-1.55) for heart
294  failure admission, 1.15 (95% CI 0.84-1.57) for cardiovascular death and 1.07 (95% CI 0.84-1.38)
295  for myocardial infarction.

296

297  Adding AAC to the clinical model improved mode fit for the primary endpoint (likelihood-ratio
208 %2 9.3; p=0.002) and for heart failure admission (32 8.9; p=0.003), including when MFR and
299  stress TPD were added to the base model (p=0.004 and p=0.009). Discrimination increased
300 modestly (primary endpoint C 0.685 to 0.693, AC 0.007, 95% CI -0.001 to 0.024; heart failure
301 admission C 0.801 to 0.810, AC 0.009, 95% CI -0.001 to 0.027) and was consistent under leave-
302 one-Site-out cross-validation. Calibration of 5-year risk was preserved (calibration slope 0.88 to
303  0.89, observed/expected ratio 0.97 to 1.00; Supplemental Table S2).

304

305 Subgroup and sensitivity analyses

306 Senditivity analyses are summarized in Supplemental Table S3. Rest and stress AAC were
307 strongly correlated (r=0.83; p<0.001) and substituting stress for rest acquisitions left the primary
308 association essentially unchanged (UHR 1.45, 95% Cl 1.28-1.64; p<0.001; adjHR 1.26, 95% CI
300 1.11-1.43; p<0.001).

310

311  The association was preserved when the full cohort was analyzed (UHR 1.48, 95% CI 1.43-1.53;
15
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312 p<0.001; adjHR 1.11, 95% CI 1.07-1.15; p<0.001). The adjusted point estimate per standard
313  deviation was smaller in the full cohort than in the triple-normal cohort (1.11 vs. 1.24) while
314 being estimated with substantially greater precision, consistent with AAC carrying the most
315 incremental information where the coronary readout is uninformative. The corresponding
316 analysis in the CAC 0-100 cohort demonstrated a significant association with the primary
317  endpoint, unchanged compared to the stricter (CAC 0) definition of triple-normal (UHR 1.38,
318  95% CI 1.25-1.53; p<0.001; adjHR 1.23, 95% CI 1.11-1.37; p<0.001).

319

320 Cadcification of the descending thoracic aorta, scored as a separate segment, was likewise
321  associated with the primary endpoint (UHR 1.37, 95% CI 1.19-1.59; p<0.001; adjHR 1.19, 95%
322 Cl 1.03-1.39; p=0.022) and correlated only moderately with AAC (r=0.52, p<0.001).
323  Dichotomizing AAC at 0, which also represented the median, yielded a consistent effect (UHR
324 1.76,95% Cl 1.34-2.33; p<0.001; adjHR 1.44, 95% Cl 1.08-1.91; p=0.014).

325

326  Discussion

327 In this multicenter study of 21,923 consecutive patients undergoing perfusion PET, fully
328 automated AAC was independently associated with adverse outcomes among the 3,580 patients
329  with normal perfusion, normal myocardial flow and no coronary calcium. AAC was associated
330 with the primary composite endpoint (adjHR 1.24 per SD, 95% CI 1.09-1.40), with heart failure
331 admission as the key secondary endpoint (adjHR 1.30, 95% CI 1.10-1.55) and with all-cause
332 mortality (adjHR 1.17, 95% CI 1.04-1.32). The associations were independent of clinical risk
333 factors and of perfusion as well as flow within the norma range, athough the gain in

334 discrimination was modest, as expected when a single marker is added to an established risk
16


https://doi.org/10.64898/2026.10.09.26365170
http://creativecommons.org/licenses/by-nc/4.0/

medRxiv preprint doi: https://doi.org/10.64898/2026.10.09.26365170; this version posted October 12, 2026. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted medRxiv a license to display the preprint in perpetuity.
It is made available under a CC-BY-NC 4.0 International license .

335  model***®.

336

337  Theassociation with heart failure admission shows hemodynamic contribution through increased
338 aortic stiffness and ventricular afterload rather than a purely atherosclerotic pathway. The
339 ascending aortaisthe principal contributor to the Windkessdl reservoir, so stiffening at this level
340 raises the pressure the ventricle must generate during early gection, when instantaneous wall
341  stress peaks™. Proximal stiffening increases early systolic afterload, while stiffening along the
342  remainder of the aorta amplifies wave reflection and shifts reflected load earlier into systole,
343  adding a late systolic afterload component repeatedly linked to concentric remodeling, impaired
344  relaxation and incident heart failure in community cohorts**. Aortic wall calcification serves as
345 an indirect marker of these vascular changes and can be quantified opportunistically from

346  routingdy acquired CT images.
347

348  Left ventricular gection fraction was preserved in both groups and differed by less than one
349  percentage point (median 70.8% versus 70.1%). The residual risk identified by AAC is therefore
350 invisble to the only measure of ventricular performance the PET study already reports. Thisis
351 consigent with a trgectory toward heart failure with preserved gection fraction, in which
352 gection fraction is normal by definition. Ejection fraction aloneis therefore an inadequate screen
353 inthispopulation.

354

355 In the Multi-Ethnic Study of Atherosclerosis, thoracic aortic calcium predicted coronary heart
356 disease and cardiovascular events, although its incremental value over coronary calcium was

357 modest *. Razavi et al. recently showed across the full spectrum of coronary calcium burden that
17
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358  thoracic aortic calcium remained associated with incident cardiovascular disease and all-cause
359  mortality, with the strongest associations in participants with CAC 0%*. This study extends these
360 observations to a clinically referred population with normal perfusion, preserved MFR and no
361 CAC, using segment-specific quantification of aortic calcium. First, MFR forms part of the
362 negative-test definition, so the residual risk identified here persists in patients without
363 impairment of global myocardial flow reserve, which a calcium-only cohort cannot do. Second,
364 the aorta was scored in separate segments rather than as a single territory. Third, the population
365 consigs of symptomatic patients referred for testing rather than asymptomatic community
366  volunteers, leading to different absolute risk and clinical decision-making.

367 The workload of manual scoring has kept extracoronary calcium out of routine reporting of low-
368 dose CT images. In our reader study, annotation required a mean of 4.7 minutes per scan, which
369 for the triple-normal cohort alone would amount to several hundred reader-hours. Anchoring
370 quantification on a foundation segmentation model removes this bottleneck while avoiding the
371 requirement of re-training an artificial intelligence model”. Agreement between the automated
372 AAC scores and expert readers was good to excellent (ICC 0.87-0.90) and was equal to that of
373 inter-reader agreement. The same approach of deriving quantitative imaging biomarkers by
374 anchoring simple modifications on general-purpose segmentation models has recently been
375  applied to perivascular adipose tissue and tracer uptake in cardiac amyloidosi s,

376

377  Normal studies dominate cardiac PET volume overall**. Triple-normal patients accounted for
378  16.3% of consecutive referrals in the employed real-world multicenter registry. These patients
379 may currently be reassured and discharged without targeted follow-up examinations. As such,

380 even alow event rate trandates into a considerable absolute number of events arising from a
18
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381 group that receives no further clinical attention. CT scans are acquired in every PET/CT
382 examination, including oncological and other non-cardiac exams.  Opportunistic AAC
383 quantification requires no additional image acquisition, contrast administration or radiation
384  exposure and could be incorporated into PET/CT reporting as an additional quantitative measure
385 This would be an extension of existing guidance, which already recommends opportunistic
386  evaluation of coronary calcium and incidental findings on hybrid nuclear CT attenuation maps®.
387

388 If confirmed prospectively, elevated AAC could prompt targeted heart failure work-up. The
389 predominance of heart failure admissions suggests that preventive attention in triple-normal
300 patients with AAC should extend to heart failure risk, in addition to atherosclerotic risk factor
391 management, for example through natriuretic peptide-based screening as recommended for
392 patientsat risk of heart failure®.

393

394  Women accounted for 64.7% of the triple-normal cohort, reflecting the known enrichment of
395 norma perfusion studies and of CAC 0 among women®, who simultaneously carry a
39 disproportionate burden of heart failure with preserved gection fraction and of non-obstructive
397  coronary disease®®,

398

399  Thisstudy has several limitations. Our data are cons stent with, but do not establish, a stiffening-
400 mediated pathway. We had no direct measure of aortic stiffness such as pulse wave velocity or
401  augmentation index. Calcification extent is a surrogate of stiffening rather than a quantification
402  of it. The analysis is observational, so residual confounding by unmeasured factors such as

403 mineral metabolism, systemic inflammation, duration of hypertension or visceral adiposity,
19
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404 which BMI captures incompletely”, cannot be excluded. The aortic arch could not be scored
405  becauseit isfrequently outside of the field of view. Absolute risk in this population remains low.
406  Thegain in discrimination was modest. A substantial share of events occurred in patients without
407 AAC. Thisis expected, given that AAC was absent in 63% of the cohort and that events in this
408  population also arise through non-calcific pathways such as hypertensive or metabolic heart
409 disease. Absence of AAC therefore does not exclude risk. The cohort included thirteen sites
410  across North America and Europe with differing scanners and protocols. Because AAC is an
411  anatomical marker independent of the perfusion tracer, it can in principle be derived from any
412 low-dose CT covering the ascending aorta, including SPECT/CT and oncological PET/CT.
413  However, we did not evaluate AAC in the context of these imaging modalities.

414

415  Conclusons

416  Even when perfusion, flow and coronary calcium are all normal, calcification of the ascending
417  aorta signals residual risk, particularly for heart failure. Scored fully automatically from the
418  attenuation-corrected CT without additional scanning, cost or radiation, it could identify patients

419  presumed low risk who merit heart failure-oriented prevention.
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Tables

Table 1. Clinica characteristics. AAC=Ascending aortic calcification. CAC=coronary artery

calcium. eGFR=estimated glomerular filtration rate. LVEF=left ventricular gection fraction.

MFR=myocardial flow reserve. SD=standard deviation. TAC=descending thoracic aorta

calcification. TPD=total perfusion deficit.

Overall AAC=0 AAC>0 P-Value
Number of patients, n (%) 3580 (100) 2258 (63.1) 1322 (36.9)
60.0 58.0 65.0

Age, median [Q1, Q3] [51.0,68.0] [50.0,66.0] [55.0,72.0]  <0.001

Male sex, n (%) yes 1263 (35.3) 781 (34.6) 482 (36.5) 0.274
no 2317(64.7) 1477 (65.4) 840 (63.5)
31.1 30.9 315

Body massindex, median [Q1, Q3] [26.6,37.6] [26.6,37.2] [26.5,38.5] 0.093
eGFR, mL/min/1.73m? median [Q1, 78.7 81.0 74.0

Q3] [60.0,94.6] [63.0,96.0] [60.0,90.9] <0.001
70.4 70.1 70.8

Rest LVEF, median [Q1, Q3] [63.6,76.3] [63.6,75.7] [63.6,77.4] 0.011

MFR, median [Q1, Q3] 28[24,33] 29[2534] 27[233.2 <0.001

TPD, median [Q1, Q3] 15[052.8 15[06,228] 1.4[0.4,2.7] 0.004
CAC, mean (SD) 0.0 (0.0) 0.0 (0.0) 0.0 (0.0)
0.0 65.0

AAC, median [Q1, Q3] [0.0,30.7] 0.0[0.000]  [224211.9] <0.001
143.9 50.2 595.1

TAC, median [Q1, Q3] [12.2,584.9] [0.0,218.4] [184.9,1545.7]  <0.001

Hypertension, n (%) yes 2361(65.9) 1411 (62.5) 950 (71.9)  <0.001
no 1179 (32.9) 808 (35.8) 371(28.1)
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NA
Diabetes Mellitus, n (%) yes
no
NA
Smoking, n (%) yes

no

40 (1.1)
953 (26.6)
2625 (73.3)
2(0.1)

905 (25.3)

2675 (74.7)

39 (1.7)
570 (25.2)
1686 (74.7)
2(0.1)

646 (28.6)

1612 (71.4)

1(0.1)
383 (29.0)
939 (71.0)

0(0.0)
259 (19.6)

1063 (80.4)

0.03

<0.001
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Table 2. Continuous AAC Cox regression results for the primary and secondary endpoints
in the triple-normal cohort. Models were adjusted for age, sex, body mass index, hypertension,
diabetes, smoking, estimated glomerular filtration rate (eGFR) and left ventricular gection

fraction. adjHR=adjusted hazard ratio. CI=Confidence interval. uHR=unadjusted hazard ratio.

p value p value
Endpoint UHR (95% ClI) AdjHR (95% CI)

(unadjusted) (adjusted)
Composite 1.42 (1.25-1.60) <0.001 1.24 (1.09-1.40) <0.001
Heart failure admission 1.63(1.37-1.93) <0.001 1.30 (1.10-1.55) 0.003
Death 1.33(1.19-1.48) <0.001 1.17 (1.04-1.32) 0.009
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659 Figures

Does automated ascending aortic calcification (AAC) from low-dose CT predict prognosis in patients with normal perfusion,

normal flow and no coronary calcium?
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Deep learning enables accurate automated AAC scoring on low-dose CT. Associations are strongest for heart failure, consistent
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with an afterload rather than a coronary mechanism

Figure 1. Study overview. AAC=ascending aortic calcification. Cl=Confidence interval.
HR=hazard ratio. adjHR=adjusted hazard ratio. TPD=total perfusion deficit. MFR=myocardial

flow reserve. CAC=coronary artery calcium. ICC=Intraclass correlation coefficient
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664

665 Figure 2. Calcification detection workflow. First, TotalSegmentator aorta segmentations are
666  derived (A). Next, the aorta segmentations are dlightly dilated to include the aortic wall and the
667 lumen is removed (B). Subsequently, calcifications are identified in the resulting volume based
668 on Hounsfield unit (>130 HU) thresholding (C). The final calcified lesions are then further
669  processed by computing the Agatston score with lesions contained in the ascending aorta (blue)

670 handled separately from lesions in the descending thoracic aorta (yellow) (D).
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673 Figure 3. Association of ascending aortic calcification (AAC) Agatston with the primary
674 composite cardiovascular endpoint (heart failure admisson or cardiovascular death or
675 myocardial infarction), capped at a follow-up duration of 10 years. adjHR=adjusted hazard ratio.

676 Cl=Confidenceinterval.
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678  Figure4. The adjusted hazard ratio for the primary composite cardiovascular endpoint
679  continuously increases with higher AAC Agatston scores. Rug lines (vertical gray lines above

680  thex axis) indicate the AAC distribution. AAC=ascending aortic calcification. HR=Hazard ratio.
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