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ARTICLE INFO ABSTRACT
Keywords: Background: Computed tomography (CT)-based myocardial extracellular volume (ECV) assessment during
Aortic valve stenosis transcatheter aortic valve implantation (TAVI) planning is prognostically informative but limited by operator-
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dependent workflows. We developed a fully automated, standardized pipeline for volumetric ECV quantifica-
tion and a derived metric reflecting the burden of myocardial extracellular matrix expansion (hECV-B) and
evaluated their association with clinical outcomes after TAVI.

Methods: In a single-centre study of consecutive pre-TAVI cardiac CT examinations (10/2020-12/2023), a stan-
dardized pipeline performed automated cardiac segmentation, reorientation, co-registration and subtraction of
late post-contrast and pre-contrast scans, and volumetric ECV mapping. hECV-B was defined as the fraction of
left-ventricular voxels above prespecified ECV thresholds. Agreement between automated and manual (two ra-
diologists) ECV was assessed with Bland-Altman analysis. Associations with a composite of all-cause death or
heart-failure hospitalization at 12 months were evaluated using Kaplan-Meier/log-rank and multivariable Cox
models adjusted for clinical and echocardiographic covariates.

Results: Of 664 screened patients, 438 were analysed (221 women and 217 men; median age 82 years). End-to-
end processing was <4.5 min/patient. The composite outcome occurred in 74 patients (16.9%). Bland—Altman
analysis showed negligible mean bias (<1%), with wider limits of agreement (—11.3%-13.1%). Elevated auto-
mated whole-LV ECV and hECV-B were independently associated with adverse outcomes, with risk predomi-
nantly concentrated at higher ECV values.

Conclusion: Fully automated CT-derived ECV and hECV-B assessment is feasible at scale and provides operator-
independent markers of myocardial extracellular expansion associated with adverse outcomes after TAVI, sup-
porting its potential role in standardized pre-procedural risk stratification in aortic stenosis.

Abbreviations: AIC, Akaike Information Criterion; AS, aortic stenosis; CT, computed tomography; CTA, computed tomography angiography; DICOM, Digital
Imaging and Communications in Medicine; ECG, electrocardiogram; ECV, extracellular volume; hECV-B, high ECV burden; Hct, haematocrit; HU, Hounsfield unit;
LAX, long axis; LV, left ventricle; LVEF, left ventricle ejection fraction; NIfTI, Neuroimaging Informatics Technology Initiative; PACS, Picture Archiving and Com-
munication System; ROI, region of interest; SAX, short axis; TAVI, transcatheter aortic valve implantation; VOI, volume of interest.
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1. Introduction

The clinical value of computed tomography (CT)-based extracellular
volume (ECV) assessment in patients with aortic stenosis (AS) under-
going CT for transcatheter aortic valve implantation (TAVI) planning
has been well established, demonstrating associations with all-cause
mortality and hospitalization for heart failure, and has also proven
useful for the detection of amyloidosis in this setting.’?

Compared with cardiac magnetic resonance, the non-invasive refer-
ence standard for myocardial ECV assessment,>* CT-derived ECV quan-
tification offers important practical advantages: it can be derived from the
same study used for standard TAVI planning by adding a delayed low-dose
scan, without the need for additional contrast volume.®”’

Despite this strength, current CT-derived ECV assessment methods
rely mainly on manual region-of-interest placement ~° or on
semi-automated software solutions. '°'® These workflows require
expert operators, and exhibit user-level variability.'*!® As a result,
CT-derived ECV is still considered an emerging research technique, not
yet recommended in the major European Society of Cardiology or
American Heart Association guidelines for routine use. The main reasons
why it remains confined to the category of promising but not yet clin-
ically indicated biomarkers lie in the absence of standardized and fully
automated methods for its extraction, which currently prevents the
design of large prospective trials and, consequently, its potential clinical
adoption. Broader adoption will likely require fully automated,
operator-independent techniques capable of producing consistent
volumetric myocardial characterization.

To date, no study has evaluated a fully automated, end-to-end pipeline
for CT-derived ECV quantification in a large, real-world TAVI population.
Furthermore, prior studies have focused primarily on single-slice or seg-
mental average ECV values, whereas the increasing availability of high-
resolution volumetric CT datasets allows for voxel-wise analysis and the
possibility of novel biomarkers that capture the full spatial distribution of
myocardial extracellular matrix expansion across the left ventricle.

Accordingly, the aims of this study were to develop a robust, fully
automated end-to-end pipeline for volumetric ECV quantification; to
derive a volumetric parameter reflecting the burden of myocardial
extracellular matrix expansion (hECV-B) based on voxel-wise ECV
threshold profiling; to evaluate the association of these automated bio-
markers with 12-month all-cause mortality or heart-failure hospitali-
zation in a large, real-world cohort of patients undergoing TAVI. By
addressing current methodological limitations, this study aims to sup-
port the development of standardized, operator-independent CT-based
myocardial tissue characterization.

2. Methods
2.1. Study population and study design

This single-centre observational study was approved by the institu-
tional review board (CTMyoC 112/INT/2019) and registered at www.
clinicaltrials.gov (NCT06029400). The study is a retrospective analysis
of prospectively collected data and was conducted in accordance with
the Declaration of Helsinki. Written informed consent was obtained
from all participants.

Patients who underwent CT for TAVI planning at IRCCS San Raffaele
Hospital between October 2020 and December 2023 and subsequently
underwent TAVI were considered for inclusion. Patients with a bicuspid
aortic valve, prior aortic valve prosthesis, periprocedural complications
or death during index hospitalization, or missing data required for ECV
calculation were excluded.

2.2. CT data acquisition and reconstruction

CT examinations were performed on a second-generation dual-
source scanner (SOMATOM Definition Flash, Siemens Healthineers,
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Erlangen, Germany). The CT protocol included pre-contrast and late
post-contrast cardiac scans, both performed using prospective electro-
cardiogram (ECG)-gating at a fixed 280 ms delay from the R-wave peak,
acquired before and 5 min after CT angiography (CTA), respectively.
CTA consisted of a retrospectively ECG-gated cardiac CT immediately
followed by an ultra-high pitch thoracic-abdominal scan, for cardiac
assessment, device sizing, and vascular access evaluation. CTA acquis-
ition was triggered by the contrast bolus arrival in the left ventricle.
Technical details of the pre-contrast and late post-contrast scan are
provided in Supplementary Table 1.

2.3. Manual ECV quantification

Manual ECV analysis was performed by two radiologists, Reader 1
(DV) and Reader 2 (CG), with 7 and 3 years of experience in car-
diovascular imaging. Both readers were blinded to each other’s mea-
surements. For extracellular volume (ECV) quantification, late post-
contrast CT attenuation values (in Hounsfield units, HU) of the myo-
cardium were obtained by placing a region of interest (ROI) larger than
2 ecm? within the interventricular septum on a mid-ventricular slice,
avoiding areas of beam hardening, streak artefacts, or myocardial scars.
Blood pool attenuation was measured on the same slice by placing an
ROI larger than 1 cm? within the left ventricular cavity. Pre- and late
post-contrast CT scans were rigidly co-registered using the picture
archiving and communication system (Enterprise Imaging, Agfa
HealthCare, Belgium), after which the myocardial and blood pool ROIs
were transferred to the pre-contrast images. ECV was then calculated
using the following formula:

AHU,y,

ECV = (1 chz)m

@

where Het is the haematocrit value, and AHUy,y, and AHUp)04 represent
the change in attenuation of myocardium and blood pool before and
after contrast administration. Hct values were obtained from blood
samples within 24 hours of the CT scan.

2.4. Automatic ECV and hECV-B quantification

A fully automatic pipeline was developed to quantify ECV using the
subtraction method,'® given Het, and pre- and late post-contrast cardiac
CT scans. The pipeline comprises four steps (Fig. 1). A detailed
description of image post-processing methods and hardware specifica-
tions are available in the Supplementary Material.

DICOM images were exported from PACS, converted into NIfTI for-
mat, and cardiac structures of interest were segmented directly on late
post-contrast CT using the pre-trained nnU-Net TotalSegmentator model
(“heartchambers_highres” task).'” Segmented structures included the
left ventricular (LV) myocardium, cardiac chambers, and aorta. The
interventricular septum and mitral valve plane were derived through
logical operations. All segmentations and images were then resampled
to an isotropic voxel size of 1 mm?>,

Segmentations were post-processed to define myocardial orientation
and volumes of interest (VOIs). Short-axis views were generated by
estimating the LV long axis via principal component analysis and
applying an affine rotation. The LV myocardium was refined using 1 mm
erosion to exclude boundary voxels and regions adjacent to valves;
robustness of ECV measurements to boundary modifications was also
assessed using 2 mm erosion. The myocardium was divided according to
the 16-segment AHA model.

Two myocardial VOIs were analysed: whole-LV (segments 1-16) and
septal baso-medial regions (segments 2, 3, 8, 9). Two spherical VOIs
(1.5 cm diameter) were positioned in the blood pool: one at the centre of
mass of the left atrium and the other at the centre of mass of the basal LV
blood pool to estimate AHUpjpod-
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a) Segmentation

b) Segmentations post-processing

: d)EGV, = (1-Hct)

SAX rotation

Pre-contrast images were co-registered to late post-contrast images
using rigid and deformable transformations. Then, a subtraction map
was created by calculating

AHU; = HUlate; — HUpre; (@3]
for each voxel i, where HUlate; and HUpre; are the attenuations in HU
measured on late post-contrast and pre-contrast images, respectively,
and AHUj; is the corresponding change in attenuation.

Finally, the voxel-wise ECV map was obtained by scaling each voxel i
of the subtraction map using the formula

AHU;

ECV;, = (1 — HC[) m

3
where Hct is the haematocrit value, AHU; is the differential attenuation
in HU for each voxel i, AHUpj00q is a scalar representing the differential
attenuation in HU within the blood pool before and after contrast
administration, calculated as the median differential attenuation within

c) Co-registratio
AHU; = HUla
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Fig. 1. Automated ECV quantification pipeline.
a) Segmentation of cardiac structures on the late
post-contrast CT using a pre-trained nnU-Net,
with generation of support segmentations (inter-
ventricular septum and mitral valve plane, shown
in yellow) via morphological and logical opera-
tions; b) Post-processing of segmentations,
including estimation of the long-axis orientation
to generate short-axis (SAX) views, myocardial
division according to the 16-segment AHA model
(apex excluded), and definition of myocardial
and blood-pool volumes of interest (VOIs); c)
Rigid and deformable co-registration of the pre-
contrast (Pre) CT to the late post-contrast (Late)
CT and creation of the voxel-wise subtraction
map; d) Computation of the extracellular volume
(ECV) map.

200.0
‘1&0.0'
s

, 100.0
50.0
w00
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AHU;
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the two spherical VOIs placed in the basal LV and left atrium cavities,
ECV; is the ECV value for voxel i. Mean ECV values were extracted for
whole-LV and septal VOIs.

ECV profiling was performed by calculating the proportion of LV
myocardial voxels exceeding thresholds from 20% to 70%, encompass-
ing the physiological and pathological spectrum of myocardial ECV
values, from healthy myocardium to pathological expansion up to the
levels observed in advanced amyloidosis.> hECV-B was computed as the
proportion of LV voxels exceeding a given ECV threshold (identi-
fied using the approach described in the Statistical analysis section),
integrating both the extent and severity of extracellular matrix
expansion.

2.5. Outcome

The outcome was a composite of all-cause mortality (death) and
heart failure hospitalization (HF), evaluated at 12 months after TAVL.
Events occurring after the observation period were censored.
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2.6. Statistical analysis

Descriptive statistics of the study population were calculated, and
the association of continuous and categorical variables with event
occurrence was evaluated using t-tests or Mann-Whitney U tests as
appropriate (based on the Shapiro-Wilk test result) and Chi-square tests,
respectively.

To compare manual and automatic ECV measures, correlation was
evaluated using the Pearson correlation coefficient and linear regres-
sion, whereas agreement was assessed by calculating bias and 95%
limits of agreement using the Bland-Altman method. Agreement be-
tween ECV measures obtained using 1 mm and 2 mm erosion was also
assessed.

Group differences in ECV profiling were evaluated using the energy
distance, a non-parametric measure of dissimilarity based on average
pairwise Euclidean distances between patient-specific curves, as
described by Székely et al.'® The energy statistic was estimated using the
unbiased V-statistic estimator, and statistical significance of dissim-
ilarity between curves was assessed using a permutation test with 2000
random label reassignments.

Survival was first estimated using the Kaplan-Meier method. To
identify cutoff values for continuous variables, a log-rank test was
applied within a 4-fold stratified cross-validation framework, repeated
20 times for robustness. In each fold, 30 candidate cutoffs were ran-
domly sampled from the variable's dynamic range. The cutoff that
yielded the widest separation between survival curves (i.e., the lowest
average p-value on the validation sets) while keeping at least 20% of
patients in the minority group was selected. The optimal hECV-B cutoff
was then derived at the identified ECV threshold using the same method.

Independent associations of ECV and hECV-B with the composite
outcome were assessed using Cox proportional hazards models. Uni-
variable analyses were performed for each predictor of interest. Multi-
variable models were subsequently fitted, each incorporating age, sex,
EuroSCORE 11, left ventricular ejection fraction, and aortic valve mean
gradient as covariates, along with one ECV-related variable at a time.
Additional multivariable models were fitted to evaluate the incremental
prognostic value of whole-LV ECV over septal ECV measured either
manually or automatically, with the same covariates retained. Model fit
was compared using the likelihood ratio test and the Akaike Information
Criterion (AIC). AAIC was defined as the AIC of the base model minus
that of the full model; negative values indicate improved fit with the
addition of the variable of interest. Multicollinearity among candidate
predictors was evaluated using the variance inflation factor (cutoff = 5).
To assess whether the prognostic effect of ECV was consistent across
patient subgroups, interaction terms between ECV and EuroSCORE II,
left ventricular ejection fraction, and mean aortic gradient were tested
separately in multivariable models.

Finally, sensitivity analyses were conducted by progressively
restricting the cohort to patients with whole-LV ECV <45%, <40%, and
<35%, with multivariable Cox models refitted using the same covariate
adjustment.

All statistical analyses were performed using Python (version
3.9.13). A two-sided significance level of p = 0.05 was used for all hy-
pothesis tests.

3. Results
3.1. Population characteristics

Six hundred sixty-four patients underwent CT for TAVI planning at
our institution in the observation period and subsequently underwent
TAVL. As illustrated in the study flowchart (Fig. 2), 15 patients were
excluded for having a bicuspid aortic valve, 18 for prior valvular sur-
gery, 4 had intraprocedural complications, and 5 died during the TAVI
procedure or index hospitalization. One patient with severe aortic
insufficiency and one with amyloidosis associated with aortic stenosis
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were also excluded. Data required for ECV calculation were not avail-
able in 34 patients (the cardiac pre-contrast scan, the late post-contrast
scan and the haematocrit value were missing in 4, 29, and 1 patient,
respectively), while CT acquisitions were of insufficient quality for ECV
quantification in 14 patients. Finally, 135 patients were lost at follow-
up, resulting in 438 patients included in the analysis. To assess poten-
tial selection bias, baseline clinical characteristics were compared be-
tween included patients and the 116 of 135 patients lost to follow-up for
whom clinical data were available (Supplementary Table 2).

The median follow-up was 15.6 months (IQR: 13.5-18.3), during
which 93 of 438 patients (21.2%) experienced the composite outcome.
Within the considered 12-month period, 57 deaths (10.7%) occurred,
and the composite outcome of death or hospitalization for heart failure
was observed in 74 patients (16.9%).

Population characteristics at the time of the CT examination for the
complete cohort and with respect to the occurrence of the composite
outcome are reported in Table 1. The median (IQR) age was 82.0
(78.0,85.0), half of the patients (50.5%) were females, and the median
EuroSCORE Il was 4.7 (2.9, 7.9). The parameters derived from CT for the
complete cohort and stratified by outcome are summarized in Table 2.

3.2. Processing time and ECV findings

The automatic pipeline was successfully applied to the complete
population. Processing times per-patient were as follows: segmentation
of cardiac structures, <120 s; reorientation and VOI definition, <20 s;
resampling and co-registration, <120 s; subtraction map generation and
ECV and hECV-B computation, <10 s. Total end-to-end automatic pro-
cessing time was <4.5 min.

ECV was consistently higher in patients who experienced the com-
posite outcome compared to those who did not, and the difference was
statistically significant for most measures, including septal and whole-
LV ECV by automatic analysis (29.4% vs 31.6%, p = 0.033 and 29.3%
vs 32.5%, p = 0.001, respectively) and septal measures by reader R2
(28.0 vs 30.4, p = 0.002), but not for septal ECV measures by reader R1
(p = 0.148). Example cases are provided in Fig. 3.

3.3. ECV measurement agreement

Agreement of ECV measurements was assessed in patients with
readings from both readers (n = 311; Fig. 4). R1 had measurements for
all patients. Measures of ECV from readers R1 and R2 were unbiased,
and agreement was moderate, with Bland-Altman limits of agreement of
49.3% and a Pearson correlation coefficient of 0.60 (p < 0.001). Similar

664 patients with CT for TAVI
planning + underwent TAVI

226 patients excluded:
* 91 for exclusion criteria:
* 15 bicuspid valve
* 18 previous valvular surgery
e 4intraprocedural complications
5intraprocedural death or death during index
hospitalization for the TAVI procedure
* 2 comorbidities
e 34 Hct, pre- or late-contrast CT missing
* 13 low-quality CT
* 135 lost at follow-up

—>! .

438 patients included

Fig. 2. Patient selection flowchart.
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Table 1
Patients’ characteristics at the time of the pre-TAVI CT examination.
Overall Death or HF Death or HF P-Value
- +
n 438 364 74
Age (years) 82.0 [78.0,85.0] 82.0 [78.0,85.0] 82.5 [78.0,86.0] 0.224
Sex Female 221 (50.5) 196 (53.8) 25(33.8) 0.003
Male 217 (49.5) 168 (46.2) 49 (66.2)
BMI (kg/mz) 25.0 [23.0,28.0] 25.0 [23.0,28.0] 24.0 [22.0,26.8] 0.082
Diabetes No 309 (70.5) 268 (73.6) 41 (55.4) 0.003
Yes 129 (29.5) 96 (26.4) 33 (44.6)
Hypertension No 86 (19.6) 71 (19.5) 15 (20.3) 1.000
Yes 352 (80.4) 293 (80.5) 59 (79.7)
Hypercholesterolaemia No 190 (43.4) 155 (42.6) 35 (47.3) 0.537
yes 248 (56.6) 209 (57.4) 39 (52.7)
Current smoker No 416 (95.0) 346 (95.1) 70 (94.6) 0.775
Yes 22 (5.0) 18 (4.9) 4(5.4)
Former smoker No 313 (71.5) 262 (72.0) 51 (68.9) 0.697
Yes 125 (28.5) 102 (28.0) 23 (31.1)
CKD No 357 (81.5) 308 (84.6) 49 (66.2) <0.001
Yes 81 (18.5) 56 (15.4) 25 (33.8)
Previous revascularization CABG 17 (3.9) 12 (3.3) 5(6.8) 0.559
CABG + PCI 11 (2.5) 9(2.5) 2(2.7)
No 323 (73.7) 271 (74.5) 52 (70.3)
PCI 87 (19.9) 72 (19.8) 15 (20.3)
LF-LG aortic stenosis No 370 (84.5) 317 (87.1) 53 (71.6) 0.002
Yes 68 (15.5) 47 (12.9) 21 (28.4)
BNP (ng/dL) 1115.0 [476.2,2606.8] 995.0 [435.0,2434.0] 1800.0 [685.5,3174.0] 0.028
TnT (ng/L) 24.0 [16.5,39.2] 23.0 [16.1,34.6] 38.5 [20.1,52.7] 0.001
EuroSCORE II (%) 4.7 [2.9,7.9] 4.7 [2.8,7.6] 5.0 [4.3,11.7] 0.012
Table 2
Imaging characteristics derived from pre-TAVI CT examination.
n Overall Death or HF Death or HF P-Value
- +
438 364 74
Echocardiography variables
LVEF (%) 59.0 [54.0,64.0] 60.0 [55.0,64.0] 55.0 [45.5,61.0] <0.001
AVA indexed (cm?/m?) 0.39 [0.33,0.47] 0.39 [0.33,0.47] 0.42 [0.34,0.50] 0.078
AV mean gradient (mmHg) 44.0 [39.0,53.0] 44.0 [40.0,54.0] 41.0 [28.2,47.0] <0.001
IVS thickness (mm) 13.0 [12.0,14.0] 13.0 [12.0,14.0] 13.0 [12.0,14.0] 0.471
Relative wall thickness 0.50 [0.44,0.58] 0.50 [0.44,0.58] 0.48 [0.43,0.55] 0.085
CT variables
LV-EDV indexed (mL/Inz) 84.1 [70.8,96.5] 82.6 [70.6,95.8] 88.3 [71.8110.8] 0.033
LVEF (%) 62.0 [50.2,69.0] 63.0 [52.0,70.0] 55.0 [39.0,63.0] <0.001
LV mass indexed (g/m?) 90.0 [75.7109.2] 89.6 [75.5107.4] 96.8 [77.5116.7] 0.037
RV-EDV indexed (mL/m2) 86.8 [74.8,97.3] 85.7 [73.8,94.9] 94.8 [83.2114.2] <0.001
RV-EF (%) 49.0 [42.0,56.0] 50.0 [44.0,56.0] 44.0 [37.0,52.0] <0.001
AV calcium score (AU) 2160 [1495,3271] 2171 [1460,3335] 2124 [1601,3077]1 0.918
CACS (AU) 603 [226,1574] 552 [200,1445] 1155 [440,2232] <0.001
ECVg 1 (%) 28.0 [26.0,32.0] 28.0 [25.8,32.0] 29.0 [26.2,33.8] 0.148
ECVg g2 (%) 28.7 [25.6,31.9] 28.0 [25.4,31.4] 30.4 [27.0,34.1] 0.001
ECVs manu (%) 28.5 [25.5,32.1] 28.0 [25.3,32.0] 30.1 [26.5,33.9] 0.019
ECVs auto (%) 29.6 [25.4,34.5] 29.4 [25.3,33.9] 31.6 [25.5,37.8] 0.033
ECVLy.auto (%) 29.7 [26.1,33.8] 29.3 [25.9,33.1] 32.5 [27.3,38.0] 0.001

agreement was observed when comparing the average of manual mea-
sures with the automatic measures, with Bland—Altman bias below 1%
and limits of agreement within —11.3-13.1%, and Pearson correlation
coefficients of 0.55 and 0.45 (both p < 0.001) for septal and whole-LV
ECV, respectively.

ECV measurements from 1-mm and 2-mm eroded boundaries
showed excellent agreement for both septal and whole-LV regions, with
bias below 0.03% and limits of agreement within —0.4-0.5% (Supple-
mentary Fig. 1).

3.4. ECV profile and hECV-B analysis

The fraction of left-ventricular myocardial voxels exceeding each
ECV cutoff between 20% and 70% was consistently higher in patients
who experienced the composite outcome compared to those who did not

(Fig. 5). The separation between groups was most pronounced at ECV
values between 28% and 40%, with an 8.2% peak in the absolute dif-
ference between voxel fractions at ECV = 33%. Consistent with the vi-
sual analysis, the non-parametric energy-distance test confirmed
a statistically significant difference between the curves of the two groups
(energy distance = 8.95, p < 0.001).

3.5. Survival analysis

In Kaplan-Meier survival analysis (Fig. 6), patients with a mean ECV
higher than the identified cutoffs of 30% (p = 0.006) and 33% (p <
0.006) for manual and automatic measures, respectively, had a sig-
nificantly increased risk of the composite endpoint. For the identified
ECV cutoff, an hECV-B cutoff of 42.6% provided the best separation
between survival curves (p < 0.001).
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ECV (%)

Fig. 3. Representative automated CT-derived extracellular volume (ECV) maps in two women with severe aortic stenosis. Panels a-c show a 66-year-old patient with
elevated mean ECV (34.9%) who experienced the composite outcome. Long-axis, short-axis, and 3-dimensional reconstruction of the ECV map demonstrate diffusely
increased myocardial ECV, consistent with more advanced extracellular matrix expansion. Panels d-f show a patient with lower mean ECV (24.2%) who remained
event-free, with comparatively lower myocardial ECV values, consistent with limited extracellular expansion. Colour scale represents voxel-wise ECV percentage.

All variables were significantly associated with the outcome in uni-
variable analysis. In multivariable analyses (Table 3), automatic ECV
measures obtained from the whole-LV (1.04 [1.00-1.07], p = 0.028) and
hECV-B (1.02 [1.00-1.03], p = 0.043) remained significantly associated
with the composite outcome, whereas septal ECV measures, wether
obtained manually (p = 0.469) or automatically (p = 0.375), were not.

No significant interaction was detected between whole-LV ECV and
EuroSCORE II, LVEF, or mean aortic gradient (all p > 0.38), suggesting
that the prognostic effect of whole-LV ECV was consistent across the
range of these variables. Whole-LV ECV provided independent and in-
cremental prognostic value over septal ECV regardless of the septal
measurement approach, whether manual (HR 1.04 [1.00-1.08], p =
0.041; AAIC —2.07) or automatic (HR 1.07 [1.01-1.13], p = 0.018;
AAIC —3.44), and after adjustment for covariates (Supplementary
Table 3). All variance inflation factors were low (maximum 2.61), sug-
gesting no relevant collinearity among variables, even in models
including whole-LV and septal ECV measures.

In sensitivity multivariable analyses progressively excluding patients
with whole-LV ECV values < 45%, < 40%, and < 35%, whole-LV ECV
and hECV-B were no longer associated with the outcome (Supplemen-
tary Table 4). As progressively lower ECV cutoffs were applied, hazard
ratios moved closer to 1.0, suggesting that the increased risk was largely
concentrated among patients with the highest ECV values.

4. Discussion

This study demonstrates the feasibility and prognostic value of fully
automated myocardial ECV quantification using routine pre- and late
post-contrast cardiac CT in a large, real-world cohort of patients un-
dergoing transcatheter aortic valve implantation (TAVI).

Our automated pipeline successfully processed imaging data from
438 TAVI patients, showing its practicality and broad -clinical
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applicability. The end-to-end processing time—below 5 min for seg-
mentation, reorientation, registration, subtraction, and ECV map-
ping—suggests that integration into routine workflows is achievable
without substantial time burden. Because segmentation and co-
registration are independent tasks, they could be parallelized to fur-
ther shorten execution time. The algorithm is also adaptable to dual-
energy or photon-counting CT acquisitions, where ECV quantification
can be derived directly from iodine maps, eliminating the need for
subtraction and co-registration, removing potential registration errors,
and further reducing computational load.%*¢

In Bland-Altman analysis, mean bias between automatic and manual
measurements was negligible (<1%), and agreement was only margin-
ally lower than manual inter-reader agreement. However, limits of
agreement (£9-13%) were wider than previously reported. Smaller
prior cohorts (~20 patients) may have underestimated real-world vari-
ability, whereas our larger dataset (n = 438) better reflects routine
practice.”!%?° In addition, our lower-dose protocol (160 vs 240-340
mAs at 120 kV) may have increased image noise and measurement
dispersion. Methodological differences likely also contributed: manual
septal measurements relied on small 2D regions of interest, favouring
intrinsic homogeneity, whereas automated analysis used larger 3D
volumetric regions of the medio-basal septum and whole-LV. Clinically,
these limits exceed typical biological variability in AS (2-4%), limiting
measurement method interchangeability for longitudinal follow-up or
subtle phenotypic differentiation, but remain sufficient to distinguish AS
from transthyretin amyloidosis cohorts, where differences are substan-
tially larger (up to 20-30%).%'° Importantly, full automation eliminates
inter-observer variability and enables consistent, scalable quantitative
assessment.

Both the manual and automated ECV cutoffs identified in this study
(30% and 33%, respectively) fall within the 95% confidence interval
(28.5-33.7%) reported in a recent meta-analysis, in which the pooled
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Fig. 4. Correlation and agreement between manual and automated ECV measurements. Top row: scatter plots with linear regression lines for septal ECV measured
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Fig. 5. Voxel-wise ECV-threshold profiles in patients with and without the
composite outcome. Curves show the proportion of left-ventricular (LV) myo-
cardial voxels exceeding each extracellular volume (ECV) cutoff from 20% to
70% for patients who experienced the composite outcome (orange) and those
who did not (blue). Shaded bands represent interquartile ranges. The black
dashed line shows the absolute difference between median curves at each
threshold, indicating the range of maximal separation between groups.

CT-derived ECV threshold for defining elevated values and predicting
prognosis was 30.7%."

In our cohort, whole-LV ECV was independently associated with the
outcome, while septal ECV was not. The superior prognostic perfor-
mance of whole-LV metrics compared to septal ECV aligns with the
notion that extracellular volume expansion in aortic stenosis is region-
ally heterogeneous, with documented base-apex and transmural gradi-
ents,'® and that a global measure may better capture the extent of diffuse
left ventricular remodelling than a regional surrogate limited to the
septum. Septal ECV was significantly associated with outcomes in uni-
variable analysis but, unlike prior reports, did not emerge as an inde-
pendent predictor in multivariable models. Rather than a true
inconsistency, this discrepancy may reflect methodological heteroge-
neity across studies that have evaluated the prognostic value of septal
CT-derived ECV, a finding consistent with the substantial variability in

adjustment, cohort characteristics and follow-up
7,11,13

covariate
duration.

The absence of dedicated testing for transthyretin amyloidosis, with
a previously reported prevalence of ~12% in patients with severe AS,
likely led to inclusion of patients with concomitant dual pathology.?’
Although the independent association of ECV with outcomes has been
confirmed in 'pure' AS cohorts with negative bone scintigraphy screen-
ing,'®2?! this limitation is shared by many studies evaluating the prog-
nostic value of ECV in AS.""®1! Notably, the loss of association between
whole-LV ECV and hECV-B and the outcome in sensitivity analyses
excluding patients with high whole-LV ECV values (>45%, >40%, and
>35%) underscores the disproportionate event burden within the upper
tail of the ECV distribution. These findings suggest that the prognostic
signal is amplified at higher ECV values and is attenuated when extreme
extracellular expansion is excluded.
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Fig. 6. Kaplan-Meier survival curves for the composite outcome according to manual and automated ECV measures and hECV-B. Panels show survival probability
stratified by optimal cross-validated thresholds for (from left to right) manual septal ECV, automated septal ECV, automated whole-LV ECV, and LV hECV-B defined
at the 33% ECV threshold. For each metric, the orange curve represents patients with values equal or above the identified cutoff, and the blue curve represents those
below. Corresponding log-rank test statistics, p-values, and numbers at risk over time are shown below each panel.

Table 3
Univariable and multivariable Cox proportional hazard models.
Univariable analysis HR (95%CI), P-value Multivariable analysis® HR (95%CI), P-value AAIC LRT
ECVs. manu (%) 1.05 (1.01-1.09), p = 0.011 1.02 (0.97-1.06), p = 0.469 +1.488 x2 =0.512, p = 0.474
(per 1% increase)
ECVs.auto (%) 1.04 (1.01-1.07), p = 0.006 1.01 (0.98-1.04), p = 0.375 +1.226 Xz =0.774, p = 0.379
(per 1% increase)
ECVLy.auto (%) 1.07 (1.04-1.10), p < 0.001 1.04 (1.00-1.07), p = 0.028 —2.526 X2 = 4.526, p = 0.033
(per 1% increase)
hECV-Byy 33 (%) 1.03 (1.02-1.04), p < 0.001 1.02 (1.00-1.03), p = 0.043 —2.029 X2 = 4.029, p = 0.045

(per 1% increase)

# Adjusted for age, sex, EuroSCORE II, LVEF measured at echocardiography and AV mean gradient.

From a pathophysiological perspective, diffuse interstitial remodel-
ling and focal replacement fibrosis represent complementary stages of
myocardial adaptation in aortic stenosis. Early pressure-overload
remodelling is dominated by reactive interstitial expansion, whereas
advanced disease is characterized by irreversible replacement fibrosis
following myocyte loss.?>?3 In this context, voxel-wise ECV analysis
provides a volumetric assessment of extracellular matrix expansion
across the entire myocardium. By quantifying the proportion of left
ventricular voxels exceeding a predefined ECV threshold, hECV-B re-
flects the extent and spatial distribution of myocardial extracellular
matrix expansion. As such, it may encompass heterogeneous myocardial
phenotypes characterized by increased extracellular volume, including
advanced interstitial remodelling, foci of replacement fibrosis — which
cardiac MRI studies have shown typically involve a limited proportion of
the myocardium (2-8%),>*%° and infiltrative processes. For example,
prior CT data have found ECV values of 34 + 4% in patients with
early-stage transthyretin amyloidosis (Perugini score 1).2° In our cohort,
a hECV-B exceeding 43% of left ventricular voxels above the data-driven
ECV threshold of 33% was independently associated with adverse out-
comes after adjusting for clinical and echocardiographic parameters.
This finding underscores the potential of volumetric ECV-derived met-
rics as complementary biomarkers that integrate both the magnitude
and distribution of extracellular matrix expansion. As CT-derived ECV
continues to evolve, such volumetric approaches may enable more
comprehensive phenotyping of myocardial disease, with potential ap-
plications extending beyond TAVI to hypertensive heart disease, car-
diomyopathy evaluation, and therapy monitoring. %?772°,

Cardiac MRI remains the reference standard for non-invasive myo-
cardial tissue characterization. However, CT-derived ECV enables
myocardial assessment within the routine TAVI planning examination,
without additional contrast administration. Compared to MRI, CT is
more widely available, requires shorter acquisition times, and is better
tolerated in patients with claustrophobia or metallic implants.?

This study has several limitations. It was conducted at a single high-
volume centre using a single scanner platform, which may limit gen-
eralizability. External validation across vendors, reconstruction kernels,
and acquisition protocols is needed. We did not include histological or
MRI-based ECV validation, preventing direct comparison of absolute
ECV measures with gold-standard tissue characterization. Additionally,
20% of initially eligible patients were lost at follow-up. Although most
baseline characteristics, including ECV, were comparable between
included and excluded patients, small but statistically significant dif-
ferences were observed in selected clinical and functional parameters (e.
g., AV mean gradient, EuroSCORE II). These variables were adjusted for
in multivariable analyses, but residual selection bias cannot be entirely
excluded.

5. Conclusion

In conclusion, leveraging a robust, fully automated image-processing
pipeline, we derived volumetric CT-based ECV maps and quantified
myocardial extracellular matrix expansion in patients with aortic ste-
nosis undergoing TAVI. Automated whole left ventricular ECV and
hECV-B were feasible at scale and independently associated with 12-
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month adverse outcomes, with risk predominantly concentrated among
patients with higher ECV values. These findings support the potential of
standardized, operator-independent CT-based myocardial tissue char-
acterization to enhance pre-procedural risk stratification in TAVI can-
didates. Further multicentre validation is warranted to define its role
across diverse myocardial phenotypes and clinical settings.
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