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Background: Computed tomography angiography-based global longitudinal strain (CTA-GLS) is feasible 
for myocardial assessment, but limited data are available for patients undergoing transcatheter aortic valve 
implantation (TAVI). This study sought to analyze the association between CTA-GLS and perioperative 
aortic regurgitation (AR), and its prognostic value in TAVI patients.
Methods: Consecutive TAVI recipients at Beijing Anzhen Hospital were enrolled in this retrospective 
study from June 2021 to January 2024. The patients underwent transthoracic echocardiography (TTE), 
and pre-TAVI CTA. Nonlinear relationships between CTA-GLS and AR were evaluated using restricted 
cubic splines (RCSs). The performance of the multivariate Cox proportional hazards models were assessed 
by the concordance index (C-index), integrated discrimination improvement (IDI), and net reclassification 
improvement (NRI).
Results: The study included 369 TAVI patients with a median age of 73.0 years, of whom 56.1% were 
male. CTA-GLS exhibited a strong nonlinear correlation with pre-procedural AR (P<0.001) and post-
operative AR improvement (P=0.004). In the multivariate Cox proportional hazards regression, each 1% 
absolute decrease in CTA-GLS remained a significant predictor of all-cause mortality and heart failure 
hospitalization (HFH) post-TAVI [hazard ratio (HR): 1.47; 95% confidence interval (CI): 1.22–1.78; 
P<0.001]. The following three nested models were developed: Model 1, which included clinical parameters; 
Model 2, which included CTA-GLS, and Model 3, which combined both. Adding CTA-GLS improved the 
C-index from 0.66 (95% CI: 0.53–0.79) to 0.81 (95% CI: 0.75–0.87) (P=0.028), which was also reflected in 
the NRI [0.89 (95% CI: 0.56–1.22), P<0.001] and IDI [0.05 (95% CI: 0.02–0.09), P=0.003].
Conclusions: Pre-TAVI CTA-GLS is nonlinearly linked to pre-procedural AR and its improvement. It 
can be used to independently predict post-TAVI outcomes and adds incremental value to clinical parameters.
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Introduction

Valvular heart disease is a major global health issue, 
affecting over 2% of the population (1). Transcatheter aortic 
valve implantation (TAVI) has become the recommended 
treatment for patients with severe symptomatic aortic 
stenosis (AS), yielding favorable results in terms of 
hemodynamics and clinical outcomes (2,3). This procedure 
is beneficial in managing pure aortic regurgitation (AR) and 
in younger, lower-risk patients with AS (4,5). While long-
term outcomes and survival following TAVI are strongly 
associated with preoperative left ventricular (LV) function 
in patients with chronic AR (6,7), post-TAVI AR has been 
shown to significantly worsen clinical outcomes, leading 
to increased morbidity and mortality (8,9). Recent studies 
have highlighted that structural and functional cardiac 
alterations resulting from adverse cardiac remodeling are 
closely correlated with clinical prognosis (10-12). However, 
research on the relationship between AR, adverse LV 
remodeling, and long-term clinical outcomes is limited.

Echocardiography and strain imaging can provide 
advanced insights into the assessment of myocardial 
mechanics (13,14). However, LV ejection fraction (LVEF) can 
remain normal despite substantial myocardial damage (15).  
Global longitudinal strain (GLS) calculated using cardiac 
magnetic resonance (CMR) is a noninvasive imaging 
marker that detects subclinical myocardial deformation 
abnormalities before changes in LVEF occur and can predict 
adverse outcomes in patients undergoing TAVI (16,17). 
However, CMR is rarely used in patients with TAVI, and 
computed tomography angiography (CTA) is a prerequisite 
for patients for whom TAVI is being considered (18). 
CTA precisely measures the aortic valve anatomy and 
quantifies aortic valve calcification, enabling the accurate 
determination of TAVI prosthesis sizing and procedural 
access (19). 

In a previous study, we established that CTA-GLS 
reliably evaluates changes in myocardial mechanics, yielding 
results comparable to those of CMR, and demonstrating 
good intra-observer agreement (20). Fukui et al. showed 
that CTA-GLS is a feasible and effective method and 
enhances risk stratification by offering independent 
and incremental prognostic value beyond clinical and 
echocardiographic parameters (21). CTA-GLS is clinically 
applicable and is also independently associated with 
outcomes after TAVI, even in patients with preserved LVEF 
(18,22). Thus, this study aimed to explore the potential 
interactions between CTA-GLS and perioperative AR, 
and to assess the prognostic value of CTA-GLS in patients 

undergoing TAVI. We present this article in accordance 
with the STROBE reporting checklist (available at https://
qims.amegroups.com/article/view/10.21037/qims-2025-
841/rc). 

Methods

Study population

The study adhered to the principles of the Declaration 
of Helsinki and its subsequent amendments. The study 
protocol was approved by the Institutional Review Board 
(IRB) of Beijing Anzhen Hospital (No. 2025216X), which 
waived the requirement of informed consent due to the 
retrospective nature of this study.

Consecutive adult TAVI recipients at Beijing Anzhen 
Hospital were enrolled in this retrospective study from June 
2021 to January 2024. Patients were included in the study if 
they met the following inclusion criteria: (I) had a diagnosis 
of severe symptomatic AS; and (II) were an appropriate 
candidate for TAVI. Patients were excluded from the study 
if they met any the following exclusion criteria: (I) had 
poor-quality images; (II) had incomplete LV coverage; and/
or (III) were lost to follow-up.

The aortic valve morphology (including the bicuspid 
aortic valve morphology), prosthesis type (i.e., balloon-
expandable valve, self-expanding valve, or AR valve) and 
size, access route, and the use of pre- and post-dilation 
procedures were recorded for all patients. The patients 
underwent comprehensive clinical evaluation, transthoracic 
echocardiography (TTE), and pre-TAVI CTA for planning. 
The clinical baseline characteristics included age, sex, body 
mass index (BMI), heart rate, brain natriuretic peptide 
(BNP) level, and New York Heart Association (NYHA) 
functional class. Information on each patient’s prior history 
of smoking, drinking, chronic obstructive pulmonary 
disease, atrial fibrillation/flutter, coronary artery disease 
and revascularization, hypertension, hyperlipidemia, and 
diabetes mellitus was obtained from their medical records. 

The clinical endpoints of this study were a composite of 
all-cause mortality and heart failure hospitalization (HFH) 
after TAVI. A hospitalization event qualified as an HFH 
event if it met the following pre-specified criteria based on 
objective evidence from medical records: (I) the presence of 
new or worsening signs and symptoms of heart failure (HF; 
e.g., dyspnea, orthopnea, pulmonary rales, or peripheral 
edema); and (II) the administration of intravenous diuretics 
and/or inotropic agents during hospitalization. Elevated 
natriuretic peptide levels at admission [BNP ≥400 pg/mL 
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or N-terminal pro-B-type natriuretic peptide (NT-proBNP) 
≥1,000 pg/mL] provided supportive—but not essential—
evidence for adjudication. Follow-up was conducted via 
telephonic interviews or using medical records, and cardiac 
death events were classified according to Valve Academic 
Research Consortium-3 criteria (23). To ensure objectivity 
in the adjudication process, all potential events were 
evaluated by study reviewers who were blinded to treatment 
group assignments. The time to event for the composite 
outcome was defined as the interval from TAVI to the 
first adverse event. Patients who did not experience the 
composite endpoint event were censored at the date of their 
last known contact.

Echocardiographic parameters and definitions

The first TTE was performed preoperatively. The 
post-procedural evaluation was based on the first TTE 
obtained within one week of the TAVI. When multiple 
examinations were conducted during this period (including 
intraprocedural, 24–48-hour post-procedural, or pre-
discharge assessments), the results from the initial TTE 
were consistently used. All patients completed TTE 
within this specified timeframe. The echocardiographic 
examinations followed standard clinical protocols, were 
performed by sonographers with varying qualifications, and 
employed a dual-reading and consensus process whereby 
each report was initially prepared by a junior physician, 
and then reviewed by an assessing physician who had 
access to the initial evaluation of the junior physician. The 
assessment clearly differentiated between paravalvular and 
transvalvular regurgitation, and all physicians involved in 
the reading process were unblinded to the patients’ clinical 
information. 

All the echocardiographic parameters were measured 
in accordance with current guidelines (24) and comprised 
LVEF, LV end-diastolic diameter (LVEDD), and tricuspid 
annular plane systolic excursion (TAPSE). The post-
TAVI assessment of AR was performed according to the 
guidelines of the American Society of Echocardiography 
for assessing valvular regurgitation after percutaneous valve 
repair or replacement. This evaluation used color Doppler 
jet characteristics, continuous-wave and pulsed-wave 
Doppler techniques, and quantitative Doppler evaluation to 
determine the severity of AR. 

All the patients’ ultrasound assessments were evaluated 
by sonographers. Pre-procedural and post-procedural AR 
were graded using a five-class scheme as follows (23,25): 0, 

none or trace; 1, mild; 2, mild to moderate; 3, moderate; 
4, moderate to severe; and 5, severe. The primary study 
endpoint was alterations in the AR class, with the AR of 
patients categorized as improved (AR grade decreased) or 
not improved (AR grade increased or unchanged). To align 
this scale with conventional grading categories and provide 
the quantitative criteria used for adjudication, a detailed 
mapping table has been included as Table S1.

CTA protocols and reconstruction

All the patients were examined using a dual-source 
computed tomography (CT) scanner (Somatom Definition 
Flash, Siemens Healthineers, Forchheim, Germany). The 
protocols and instrument parameters have been described 
in an earlier study (20). Prospective electrocardiogram 
gating was used for all scans without premedication for 
heart rate control, as patients with tachycardia (>100 beats 
per minute) or arrhythmias were referred for cardiology 
consultation. The improved temporal resolution of the 
CT systems maintained diagnostic image quality even 
at elevated heart rates. The scan range ran from 1.0 cm 
below the tracheal carina to 1.5 cm below the cardiac apex. 
Automated bolus tracking was performed with the region of 
interest positioned in the ascending aorta. Contrast agent 
(Iohexol 350, GE Ltd., WI, USA) was administered at  
0.8 mL/kg with a flow rate of 4.0–5.0 mL/s, followed by a 
30 mL saline flush. The CTA cine series was reconstructed 
for conventional function and strain analysis. This 
reconstruction used a slice thickness of 0.6 mm with an 
increment of 0.4 mm. The images were reconstructed in 
11 phases per cardiac cycle, at 10% intervals spanning 0% 
to 100% of the R-R interval. An iterative reconstruction 
factor of three was applied during this process. The 
volume CT dose index was 22.48±8.06 mGy, and the dose-
length product was 782.88±199.04 mGy⋅cm. The effective 
radiation dose from the CT scans was calculated using the 
dose-length product multiplied by an older conversion 
factor of 0.014 mSv⋅mGy−1⋅cm−1 (25).

CTA-GLS measurement

The CTA datasets were imported into the commercially 
available CVI software (version 5.17, Circle Cardiovascular 
Imaging Inc., Calgary, AB, Canada). For the strain analysis, 
two-dimensional cine loops of both two- and four-chamber 
views, along with a sequence of short-axis views (comprising 
10–14 slices from the basal to the apical left ventricle), were 

https://cdn.amegroups.cn/static/public/QIMS-2025-841-Supplementary.pdf
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created. The CVI software was used for this purpose, with 
each slice having a thickness of 8 mm and no increment. For 
the strain analysis, the end-systolic and end-diastolic cardiac 
phases were automatically identified. Three long-axis views 
(four-, three-, and two-chamber) were reconstructed using 
double-oblique multiplanar reconstructions. Subsequently, 
the endocardial border was manually outlined in each view 
at end-diastole (when the LV cavity was the largest) and 
end-systole (when the LV cavity was the smallest). Care 
was taken to avoid placing points at the mitral annulus, LV 
outflow tract areas, and papillary muscles. This process was 
followed by automated feature-tracking (FT) propagation 
throughout the cardiac cycle and a review of the individual 
tracings. Manual adjustments of the segmented contours 
were performed at key cardiac phases (end-systole and 
end-diastole) as necessary to optimize tracking accuracy 
and ensure proper alignment with myocardial motion. 
The cine loops were then imported into the FT model of 
the software. The CTA-GLS was then derived from the 
strain curves. Research has shown that CTA-GLS offers 
reliable and interchangeable results for assessing myocardial 
mechanical changes compared to CMR, with good intra-
observer agreement (20). LV function and strain were 
assessed by two reporting clinicians: Y.C.C. (with 4 years 
of experience), and Y.F.G. (with 5 years of experience). A 
subset of 50 patients from the study cohort was randomly 
selected to examine inter-observer agreement based on 
the intraclass correlation coefficient (ICC). In this study, 
a reduction in its absolute value of CTA-GLS (i.e., less 
negative values) reflected worse LV systolic function.

Statistical analysis

The statistical analysis was performed using R software 
(version 4.4.1; R Foundation for Statistical Computing, 
Vienna, Austria). The continuous variables are expressed 
as the mean ± standard deviation, and the categorical 
variables are reported as the frequency or percentage. The 
Kolmogorov-Smirnov test was used to assess the normality 
of the continuous data. Group differences were analyzed 
using the independent t-test for the normally distributed 
data and the Mann-Whitney U-test for the non-normally 
distributed data. Pearson’s Chi-squared test was used to 
analyze the categorical variables. The nonlinear relationship 
between CTA-GLS and pre-procedural AR, post-operative 
AR improvement, and post-procedural AR was evaluated 
using restricted cubic splines (RCSs). Multiple imputation 
was applied to manage missing data. Multivariate Cox 

proportional hazards models were developed. Univariate 
regression models were initially established for each variable 
and those with P values <0.100 in the univariate analysis 
were included in multivariate regression. A backward-
selection approach was used to develop the multivariate 
models, and variables with P values <0.05 were retained. 
Estimated hazard ratios (HRs) were reported together with 
their 95% confidence intervals (CIs) and P values. The “self-
expanding valve” and “aortic regurgitation valve” categories 
were combined into a single group due to low sample sizes. 
The “balloon-expandable valve” group was used as the 
reference group. Firth’s penalized-likelihood regression was 
employed to address potential small-sample bias due to the 
low number of events in our cohort. This method corrects 
for bias in maximum likelihood estimation by modifying 
the likelihood function (26). To assess the robustness of the 
primary study findings, a complete-case sensitivity analysis 
was also performed. A clinical model was constructed with 
variables found to be significant univariate predictors of 
the events, which was subsequently integrated with CTA-
GLS to form a nested model. Sensitivity analyses were 
conducted to compare different models. The sensitivity, 
specificity, positive predictive value (PPV), and negative 
predictive value (NPV) were reported, along with the 95% 
CIs. Models were assessed in terms of discrimination and 
calibration using the concordance index (C-index) and 
the Akaike information criterion (AIC), respectively. A 
time-dependent receiver operating characteristic curve at 
each time quartile point was also calculated to assess the 
predictive value of the Cox proportional hazards models. 
In addition, integrated discrimination improvement (IDI) 
and net reclassification improvement (NRI) were applied to 
quantify the performance enhancement of the CTA-GLS 
combined model relative to the clinical model. Kaplan-
Meier survival curves were used for the survival analysis.

Results

Study population

Figure 1 presents the patient screening and selection 
process. A total of 457 consecutive patients successfully 
underwent TAVI at Beijing Anzhen Hospital from June 
2021 to January 2024 and met the study inclusion criteria. 
Of these, 16 patients with poor-quality pre-TAVI CTA 
images for strain analysis due to breathing or arrhythmia 
artifacts, 33 patients with incomplete LV coverage, and 
39 patients who were lost to follow-up (36 could not be 
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contacted despite multiple attempts, and 3 refused to 
cooperate further) were excluded from the study. The date 
of last contact was August 23, 2024, yielding a complete 
follow-up rate of 89.1% (369 of 414). Thus, ultimately, 369 
patients [median age: 73.0 years, interquartile range (IQR), 
68–78 years; males: 56.1%] were included in the study.

The indication for TAVI was AS in 65.0% (240 of 369) 
of the patients, mixed disease in 21.1% (78 of 369), and 
regurgitation in 13.8% (51 of 369). All procedures were 
performed via transfemoral access. Events occurred in 6.2% 
(23 of 369) of the patients over 486 days (IQR, 322–751 days)  
of follow-up. All-cause mortality was the primary driver 
(n=19), with only four adjudicated HFH events recorded. 
Table 1 summarizes the baseline characteristics of the 
patients, and provides comparisons between those who 
experienced events after TAVI and those who did not 
during the follow-up period. The inter-reader agreement 
ICC was 0.91 for the measurement of CTA-GLS. A higher 
prevalence of smoking and CTA-GLS and lower heart 
rate were observed in the events group compared with the 
no-events group (all P<0.05). No differences were found 
between the two groups in terms of the other clinical risk 
factors, previous history, and echocardiographic parameters, 
as well as key procedural characteristics, including 
prosthesis type and size, and the use of pre-dilation or post-
dilation procedures (all P>0.05). A comparison of the key 
baseline characteristics between the patients included in 
the final analysis (n=369) and those excluded solely due to 
loss to follow-up (n=39) revealed no statistically significant 
differences (Table S2).

Association among pre-procedural AR, post-operative AR 
improvement, post-procedural AR, and CTA-GLS

A Sankey plot (Figure S1) was generated to depict the 
percentage changes in the AR class from baseline to post-
TAVI. At baseline, 47 patients (12.7%) were categorized 
as class 0, 156 (42.3%) as class 1, 5 (1.4%) as class 2, 68 
(18.4%) as class 3, 16 (4.3%) as class 4, and 77 (20.9%) as 
class 5. The Sankey plot showed the proportions of each AR 
grade from baseline to post-TAVI. In the paired analysis, 
239 of 369 (64.8%) patients experienced AR improvement 
of at least 1 grade after TAVI in their post-operative 
echocardiography compared with their preoperative 
echocardiography. Conversely, 130 of 369 (35.2%) patients 
exhibited an unchanged or increased AR grade immediately 
after TAVI.

RCS functions relating to pre-procedural AR, post-
operative AR improvement, post-procedural AR, and CTA-
GLS are illustrated in Figure 2. CTA-GLS was strongly 
nonlinearly correlated with pre-procedural AR (P for 
nonlinear <0.001) and post-operative AR improvement 
(P for nonlinear =0.004). The RCS analysis revealed an 
“inverted U-shaped” association between CTA-GLS and 
pre-procedural AR, showing an initially increasing and then 
decreasing trend with a cutoff value of −9.7%. The RCS 
curve demonstrated that CTA-GLS led to a reduced event 
rate of AR improvement with a reduced magnitude of CTA-
GLS. There was no evidence of a nonlinear trend between 
CTA-GLS and post-procedural AR (P for nonlinear 
=0.174).

457 consecutive patients underwent TAVI at Beijing 
Anzhen Hospital between June 2021 and January 2024

369 pre-TAVI CTA images were eligible for CTA-GLS 
and prognostic analysis

Excluded patients (n=88)
•	 Poor image quality (n=16)
•	 Incomplete LV coverage (n=33)
•	 Lost to follow-up (n=39)

Events
n=23

No events
n=346

Figure 1 Study flowchart. CTA, computed tomography angiography; CTA-GLS, computed tomography angiography-based global 
longitudinal strain; LV, left ventricular; TAVI, transcatheter aortic valve implantation. 
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Table 1 Baseline characteristics

Characteristic All (n=369) Events (n=23) No events (n=346) P value

Age, years 73.0 (68.0, 78.0) 74.0 (69.0, 81.0) 73 (68.0, 79.0) 0.355

Sex (male) 207 (56.1) 17 (73.9) 190 (54.9) 0.075

Follow-up period, days 486.0 (322.0, 751.0) 651.0 (456.0, 871.5) 475.0 (315.3, 747.3) 0.033

BMI, kg/m2 24.2 (22.1, 26.7) 24.5 (22.7, 28.1) 24.2 (22.1, 26.7) 0.543

Heart rate, bmp 72.0 (68.0, 80.0) 69.0 (60.5, 72.5) 72.5 (68.0, 80.0) 0.008

Diabetes 100 (27.1) 4 (17.4) 96 (27.7) 0.279

Hypertension 227 (61.5) 18 (78.3) 209 (60.4) 0.088

Smoking 83 (22.5) 9 (39.1) 74 (21.4) 0.048

Alcohol 50 (13.6) 3 (13.0) 47 (13.6) >0.999

Dyslipidemia 180 (48.8) 10 (43.5) 170 (49.1) 0.599

BNP, pg/mL 851.0 (289.0, 2,249.0) 1,085.0 (504.0, 2,251.0) 842.0 (275.3, 2,248.8) 0.129

NYHA functional class III or IV 168 (45.5) 14 (60.9) 154 (44.5) 0.127

COPD 17 (4.6) 2 (8.7) 15 (4.3) 0.287

AF 40 (10.8) 3 (13.0) 37 (10.7) 0.727

CAD 206 (55.8) 13 (56.5) 193 (55.8) 0.945

Previous PCI 54 (14.6) 4 (17.4) 50 (14.5) 0.759

Previous CABG 3 (0.8) 1 (4.3) 2 (0.6) 0.176

LVEF, % 60.0 (53.0, 66.0) 58.0 (52.0, 61.5) 60.0 (53.0, 66.0) 0.167

LVEDD, mm 50.0 (45.0, 58.0) 50.0 (44.0, 57.0) 50.0 (46.0, 58.0) 0.801

TAPSE, mm 20.6 (19.0, 22.6) 19.6 (19.0, 22.3) 20.6 (19.0, 22.6) 0.363

Moderate to severe AR class (class 3–5) 161 (43.6) 149 (43.1) 12 (52.2) 0.394

CTA-GLS, % −8.9 (−12.1, −6.6) −6.0 (−7.4, −5.2) −9.2 (−12.3, −6.7) <0.001

Bicuspid valve 43 (11.7) 4 (17.4) 39 (11.3) 0.326

Prothesis size, mm 20.0 (18.0, 22.0) 22.0 (19.0, 22.0) 20.0 (18.0, 22.0) 0.039

Prothesis type 0.297

Balloon-expandable valve 346 (93.8) 21 (91.3) 325 (93.9)

Self-expanding valve 9 (2.4) 0 (0.0) 9 (2.6)

Aortic regurgitation valve 14 (3.8) 2 (8.7) 12 (3.5)

Pre-dilation procedure 287 (77.8) 21 (91.3) 266 (76.9) 0.107

Post-dilation procedure 142 (38.5) 8 (34.8) 134 (38.7) 0.706

Values are presented as median (interquartile range) or number (percentage). AF, atrial fibrillation; AR, aortic regurgitation; BMI, body mass 
index; BNP, brain natriuretic peptide; CABG, coronary artery bypass grafting; CAD, coronary artery disease; COPD, chronic obstructive 
pulmonary disease; CTA-GLS, computed tomography angiography-based global longitudinal strain; LVEDD, left ventricular end-diastolic 
diameter; LVEF, left ventricular ejection fractions; NYHA, New York Heart Association; PCI, percutaneous coronary intervention; TAPSE, 
tricuspid annular plane systolic excursion. 
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Prognosis

The results of the Cox proportional hazards regression 
are presented in Table 2. In the univariate Cox regression 
analysis, sex (HR =2.54; 95% CI: 1.00–6.45), smoking (HR 
=2.89; 95% CI: 1.24–6.73), NYHA functional class III or 
IV (HR =2.18; 95% CI: 0.94–5.06), and CTA-GLS (HR 
=1.48; 95% CI: 1.24–1.78) were significant predictors of all-
cause mortality and HFH after TAVI (all P<0.100). Only 
CTA-GLS (HR =1.47; 95% CI: 1.22–1.78) remained in the 
Cox proportional hazards regression (P<0.001). In Firth’s 
penalized-likelihood regression analysis (Table S3), CTA-
GLS remained significantly associated with the outcome 
(HR =1.45, 95% CI: 1.22–1.77, P<0.001). In the Kaplan-
Meier survival analysis, there was an increased risk for the 
composite outcome endpoint according to the presence of 
a reduced magnitude of CTA-GLS (Figure 3). Only two 
variables had missing values: 31 of 369 (8.4%) for TAPSE, 
and 78 of 369 (21.1%) for prosthesis size. A sensitivity Cox 
regression analysis (Table S4) was performed on the 265 
patients with complete data. The results of this analysis were 
entirely consistent with the primary model, demonstrating 
that CTA-GLS remained significantly associated with the 
outcome (HR =1.68, 95% CI: 1.22–2.32, P=0.001).

To assess the incremental value of CTA-GLS in 
predicting post-TAVI AR improvement, the following three 
nested models were constructed: Model 1, which included 
the clinical parameters remaining in the univariate Cox 
regression analysis; Model 2, which included the CTA-GLS 

parameter; and Model 3, which comprised Model 1 + Model 2.  
The corresponding accuracies, sensitivities, specificities, 
PPVs, and NPVs of each model are set out in Table S5. 
Model 1, Model 2, and Model 3 exhibited sensitivities of 
0.65, 0.83, and 0.96, and specificities of 0.65, 0.65, and 0.56, 
respectively. Compared with Model 1, Model 3 showed 
significantly higher sensitivity, specificity, and NPV (all 
P<0.001). However, no significant differences were observed 
in the sensitivities, PPVs, and NPVs between Model 2 and 
Model 3 (all P>0.05). The addition of CTA-GLS improved 
model fit and model performance (Table 3). Integrating 
CTA-GLS into Model 1 significantly increased the C-index 
from 0.66 (95% CI: 0.53–0.79) to 0.81 (95% CI: 0.75–0.87) 
(P=0.028). This enhancement was also reflected in the NRI 
[0.89 (95% CI: 0.56–1.22), P<0.001] and IDI [0.05 (95% 
CI: 0.02–0.09), P=0.003].

Discussion

This study demonstrated three main findings. First, a 
nonlinear relationship was observed between pre-procedural 
AR and CTA-GLS, as well as between post-operative AR 
improvement and CTA-GLS. Second, a comprehensive 
assessment of long-term outcomes in patients undergoing 
TAVI is feasible using CTA-GLS. Third, CTA-GLS could 
potentially serve as an adjunctive tool for assessing TAVI 
patients; however, further studies need to be conducted 
to determine its role relative to current guideline-
recommended protocols.
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Table 2 Univariate and multivariate analysis of clinical outcomes

Characteristic
Univariate Multivariate

HR (95% CI) P value HR (95% CI) P value

Age, years 1.02 (0.96, 1.07) 0.567

Sex (male) 2.54 (1.00, 6.45) 0.050 1.36 (0.46, 4.03) 0.576

BMI 1.06 (0.94, 1.20) 0.319

Heart rate 0.96 (0.92, 1.01) 0.127

Diabetes 0.66 (0.22, 1.97) 0.460

Hypertension 1.76 (0.65, 4.76) 0.262

Smoking 2.89 (1.24, 6.73) 0.014 2.45 (0.90, 6.67) 0.081

Alcohol 1.03 (0.31, 3.49) 0.958

Dyslipidemia 0.92 (0.40, 2.10) 0.837

BNP 1.00 (1.00, 1.00) 0.786

NYHA functional class III or IV 2.18 (0.94, 5.06) 0.069 1.87 (0.80, 4.41) 0.151

Moderate to severe AR class (class 3–5) 1.49 (0.66, 3.39) 0.339

COPD 2.46 (0.57, 10.61) 0.226

AF 1.50 (0.44, 5.13) 0.520

CAD 1.26 (0.55, 2.90) 0.581

Previous PCI 1.26 (0.43, 3.73) 0.677

Previous CABG 3.05 (0.40, 23.15) 0.281

LVEF 0.99 (0.95, 1.03) 0.579

LVEDD 1.00 (0.95, 1.05) 0.873

TAPSE 0.98 (0.86, 1.11) 0.753

CTA-GLS 1.48 (1.24, 1.78) <0.001 1.47 (1.22, 1.78) <0.001

Bicuspid valve 1.21 (0.41, 3.59) 0.732

Prothesis size 1.14 (0.91, 1.44) 0.249

Prothesis type 2.78 (0.35, 22.08) 0.333

Pre-dilation procedure 1.97 (0.46, 8.45) 0.360

Post-dilation procedure 1.22 (0.51, 2.90) 0.652

AF, atrial fibrillation; AR, aortic regurgitation; BMI, body mass index; BNP, brain natriuretic peptide; CABG, coronary artery bypass grafting; 
CAD, coronary artery disease; CI, confidence interval; COPD, chronic obstructive pulmonary disease; CTA-GLS, computed tomography 
angiography-based global longitudinal strain; HR, hazard ratio; LVEDD, left ventricular end-diastolic diameter; LVEF, left ventricular ejection 
fractions; NYHA, New York Heart Association; PCI, percutaneous coronary intervention; TAPSE, tricuspid annular plane systolic excursion. 

TAVI is increasingly being used to treat predominant 
AR, degenerated bioprosthetic valves, and bicuspid aortic 
valves in selected cases (27). However, severe AR pre-TAVI 
and post-TAVI AR have been reported to be associated 
with increased long-term mortality (28,29). Pre-existing AR 
results in volume overload, which leads to LV dilatation and 

eccentric hypertrophy (30). Despite variations in baseline 
AR class at the time of the TAVI procedure, patients 
have been reported to exhibit dynamic improvements in 
cardiac remodeling, which could be due to the relief from 
pressure and volume overload (31). Therefore, myocardial 
change and function were assessed using GLS to detect 
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early myocardial changes during therapy (32). The results 
of this assessment indicated that cardiac remodeling was 
associated with pre-procedural AR and post-operative AR 
improvement. The RCS analysis revealed an “inverted 
U-shaped” association between CTA-GLS and pre-
procedural AR. Specifically, as the magnitude of CTA-GLS 
decreased, there was an initial increase in the severity of AR 
up to a cutoff value of −9.7%, after which further decreases 
in magnitude of CTA-GLS were associated with a decrease 
in AR severity. This pattern suggests a complex interplay 
that may be explained by compensatory mechanisms 
rather than a straightforward causal relationship. The 

present study suggests that higher GLS is associated 
with diminished myocardial contractility and reduced LV 
functional reserve, which may compromise the ability of 
the heart to adapt to the hemodynamic changes after TAVI. 
This observation might be related to several factors, such as 
the potential contribution of HF to ventricular dysfunction 
or technical considerations in AR assessment. These 
preliminary findings suggest a need for further exploration 
of valvular-ventricular interactions in severe AS. 

The  in ter-observer  agreement  for  CTA-GLS 
measurements was excellent. Therefore, myocardial strain 
assessment appears promising for further risk stratification 
in patients before TAVI. This evaluation is essential to guide 
subsequent interventions, such as post-dilation procedures, 
valve-in-valve procedures, or leak closure, to optimize 
patient outcomes. No correlation was found between CTA-
GLS and post-procedural AR. This might be because the 
rates of moderate to severe AR after TAVR depend on 
the sizing of the prosthesis and the anatomical structure 
of the aortic root, the imaging modalities employed, and 
the timing of the assessment, as well as the procedure (33). 
Further, it should be recognized that immediate post-
procedural AR is predominantly influenced by device-
related, anatomical, and procedural factors, including the 
prosthesis type/size, degree and pattern of annular/LV 
outflow tract (LVOT) calcification, implantation depth, 
and use of post-dilatation procedures. These factors likely 
determine the severity of early post-TAVR AR, which may 
help explain the lack of correlation between CTA-GLS and 
post-procedural AR observed in this study.

Poor pre-procedural GLS has been reported to be 
significantly correlated with adverse clinical outcomes 
post-TAVI (13,14). LV geometric deformation before 
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Figure 3 Kaplan-Meier curves for composite outcomes. Survival 
curves by change in CTA-GLS. Patients with baseline CTA-GLS 
>−7.5% had a higher risk of the composite outcome of death or 
heart failure hospitalization than those with baseline CTA-GLS 
≤−7.5% (P<0.001). More negative values on the X-axis indicate 
better left ventricular function. CTA-GLS, computed tomography 
angiography-based global longitudinal strain.

Table 3 Incremental prognostic value of CTA-GLS

Model-fit statistics Model 1 Model 2 Model 3

AIC 207 190 188

Model performance (95% CI)

C-index 0.66 (0.53, 0.79) 0.77 (0.67, 0.86) 0.81 (0.75, 0.87)

AUC (t) at t=322 days 0.71 (0.61, 0.81) 0.60 (0.50, 0.70) 0.70 (0.65, 0.76)

AUC (t) at t=486 days 0.56 (0.45, 0.67) 0.82 (0.75, 0.89) 0.83 (0.79, 0.87)

AUC (t) at t=751 days 0.69 (0.62, 0.77) 0.83 (0.78, 0.88) 0.87 (0.83, 0.91)

Model 1: sex, smoking, age, and NYHA functional class III or IV; Model 2: CTA-GLS; Model 3: Model 1 + Model 2. AIC, Akaike’s an 
information criterion; AUC, are under the curve; CI, confidence interval; C-index, concordance index; CTA-GLS, computed tomography 
angiography-based global longitudinal strain; NYHA, New York Heart Association. 
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TAVI may play a critical role in influencing patient 
prognosis after the procedure (34). While TTE remains 
the primary modality for assessing myocardial function 
in TAVI patients, CTA-GLS may serve as an adjunctive 
tool in select cases, particularly when additional functional 
data are needed beyond standard imaging. According to 
Koike et al., myocardial evaluation with CTA using CT-
based extracellular volume and CTA-GLS is feasible and is 
independently associated with 1-year outcomes after TAVI, 
even in those with preserved LVEF (18). The current study 
further demonstrated that pre-procedural CTA-GLS serves 
as a valuable predictor of events after TAVI. Importantly, 
CTA-GLS provides additional predictive value beyond 
conventional clinical and echocardiographic assessments of 
death or HFH. The present study is the first to show the 
nonlinear relationship between pre-procedural AR, post-
TAVI AR improvement, and CTA-GLS.

This finding highlights the potential of CTA-GLS as a 
comprehensive and effective tool in assessing and managing 
patients undergoing TAVI procedures. Indeed, CTA-
GLS holds immense potential in clinical practice beyond 
predicting improvement in post-TAVI AR and long-term 
outcomes. It could not only assist clinicians to identify 
patients who are likely to derive greater benefits from 
the operation but could also improve risk stratification 
and refine the timing of the intervention. From an 
implementation perspective, CTA-GLS could be integrated 
into routine pre-TAVI planning CT with minimal 
additional workflow when software solutions are available. 
However, the broader adoption of this approach still 
requires addressing key challenges, including the external 
validation and standardization of FT protocols. In summary, 
incorporating CTA-GLS into clinical practice will enhance 
the precision of patient management throughout the TAVI 
process. Further, as CTA is a part of the work-up for TAVI, 
the CTA-GLS assessment can be easily added to standard 
TAVI CT planning. However, the imaging parameter needs 
to be integrated into future clinical trials to determine 
whether it can be potentially used for decision-making, 
including decisions related to the timing of the intervention 
and post-TAVR follow-up.

This study had several limitations. First, this was a 
retrospective study; thus, the findings need to be verified 
in prospective studies. The exact shape of the RCS curve 
between pre-procedural CTA-GLS and post-TAVI AR 
improvement needs to be clarified. Second, an accurate 
assessment of AR class could be challenging when severe 
AS or mixed aortic valve disease is present. Although 

echocardiographic analyses were not performed under 
core laboratory supervision, they were conducted by highly 
experienced specialists and were clinically relevant. Future 
studies incorporating advanced imaging modalities like 
four-dimensional flow magnetic resonance imaging or 
intraprocedural hemodynamic assessment could help better 
characterize AR severity in this challenging population. 
Third, the effect of the presence of bicuspid aortic valves 
and the effect of prosthesis-patient mismatch after TAVI 
was not assessed. The absence of systematically collected 
device-related, anatomical, and procedural covariates (e.g., 
the valve model, implantation depth, and calcification 
distribution) might have confounded the post-TAVI 
analysis. Further, the generalizability of our findings 
might be limited by the single-center retrospective design 
and the relatively low event rate observed in this cohort. 
Despite the relatively low event rate (6%) of our study, 
sensitivity analyses using Firth’s bias-reduced logistic 
regression confirmed our primary findings. However, the 
generalizability of these results to populations with different 
event rates warrants further investigation.

Conclusions

CTA-GLS can be used to evaluate perioperative AR and 
prognosis in TAVI patients, and is independently associated 
with all-cause mortality and HFH. The integration of 
CTA-GLS into the clinical assessment provides valuable 
information beyond clinical parameters, which demonstrates 
its potential as an effective imaging tool to enhance risk 
stratification and treatment response. However, more 
prospective studies are required to validate these findings.
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Supplementary

Table S1 Mapping of the six-tier AR scale to conventional categories and quantitative criteria

Six-tier AR scale Conventional categories Key quantitative and qualitative criteria

0 None or trace VC width (mm): not quantifiable; jet width/LVOT (%): narrow (<5); RF (%): <15

1 Mild VC width (mm): <2; jet width/LVOT (%): narrow (5 to <15); RF (%): <15

2 Mild to moderate VC width (mm): 2 to <4; jet width/LVOT (%): intermediate (15 to <30); RF (%): 15 to <30

3 Moderate VC width (mm): 4 to <5; jet width/LVOT (%): intermediate (30 to <45); RF (%): 30 to <40

4 Moderate to severe VC width (mm): 5 to <6; jet width/LVOT (%): large (45 to <60); RF (%): 40 to <50

5 Severe VC width (mm): ≥6; jet width/LVOT (%): large (≥60); RF (%): ≥50

AR, aortic regurgitation; LVOT, left ventricular outflow tract; RF, regurgitant fraction; VC, vena contracta. 

Table S2 Comparison of baseline characteristics between the final analysis patients and patients excluded due to loss to follow-up

Characteristic Final analysis patients (n=369) Patients lost to follow-up (n=39) P value

Age, years 73.0 (68.0, 78.0) 75 (71.0, 80.0) 0.086

Sex (male), n (%) 207 (56.1) 18 (46.2) 0.235

BMI, kg/m2 24.2 (22.1, 26.7) 24.3 (21.5, 26.4) 0.392

Heart rate, bmp 72.0 (68.0, 80.0) 75 (70, 82) 0.467

Diabetes, n (%) 100 (27.1) 14 (35.9) 0.244

Hypertension, n (%) 227 (61.5) 24 (61.5) 0.998

Smoking, n (%) 83 (22.5) 7 (17.9) 0.515

Alcohol, n (%) 50 (13.6) 2 (5.1) 0.203

Dyslipidemia, n (%) 180 (48.8) 16 (41.0) 0.357

BNP, pg/mL 851.0 (289.0, 2249.0) 1017 (474, 2431) 0.353

NYHA functional class III or IV, n (%) 168 (45.5) 22 (56.4) 0.195

COPD, n (%) 17 (4.6) 4 (10.3) 0.130

AF, n (%) 40 (10.8) 7 (17.9) 0.189

CAD, n (%) 206 (55.8) 19 (48.7) 0.396

Previous PCI, n (%) 54 (14.6) 8 (20.5) 0.331

Previous CABG, n (%) 3 (0.8) 2 (5.1) 0.074

LVEF, % 60.0 (53.0, 66.0) 60.0 (52.0, 65.0) 0.558

LVEDD, mm 50.0 (45.0, 58.0) 47 (44.0, 53.0) 0.067

TAPSE, mm 20.6 (19.0, 22.6) 20.0 (19.0, 20.9) 0.065

Moderate to severe AR class (Class 3–5), n (%) 161 (43.6) 12 (30.8) 0.122

CTA-GLS, % −8.9 (−12.1, −6.6) −8.1 (−11.1, −6.4) 0.459

Values are presented as median (interquartile range) or number (percentage). BMI, body mass index; BNP, brain natriuretic peptide; NYHA, 
New York Heart Association; COPD, chronic obstructive pulmonary disease; AF, atrial fibrillation; CAD, coronary artery disease; PCI, 
percutaneous coronary intervention; CABG, coronary artery bypass grafting; LVEF, left ventricular ejection fractions; LVEDD, left ventricular 
end-diastolic diameter; TAPSE, tricuspid annular plane systolic excursion; AR, aortic regurgitation; CTA-GLS, computed tomography 
angiography-based global longitudinal strain. 

Table S3 Firth’s penalized-likelihood regression analysis of clinical outcomes

Characteristic
Multivariate

HR (95% CI) P value

Sex (male), n (%) 1.35 (0.48, 4.02) 0.568

Smoking, n (%) 2.37 (0.89, 6.46) 0.082

NYHA functional class III or IV, n (%) 1.85 (0.81, 4.41) 0.142

CTA-GLS, % 1.45 (1.22, 1.77) <0.001

CI, confidence interval; CTA-GLS, computed tomography angiography-based global longitudinal strain; HR, hazard ratio; NYHA, New York 
Heart Association. 
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Table S4 Results of the sensitivity Cox regression analysis using complete cases

Characteristic
Univariate Multivariate

HR (95% CI) P value HR (95% CI) P value

Age, years 1.01 (0.95, 1.08) 0.738

Sex (male) 2.10 (0.73, 6.06) 0.168

BMI, kg/m2 1.10 (0.95, 1.27) 0.214

Heart rate, bmp 0.96 (0.91, 1.02) 0.168

Diabetes 0.55 (0.16, 1.94) 0.355

Hypertension 1.06 (0.36, 3.07) 0.922

Smoking 1.92 (0.67, 5.57) 0.227

Alcohol 0.81 (0.18, 3.61) 0.785

Dyslipidemia 1.16 (0.43, 3.13) 0.770

BNP, pg/mL 1.00 (1.00, 1.00) 0.660

NYHA functional class III or IV 2.02 (0.74, 5.47) 0.169

Moderate to severe AR class (Class 3–5) 1.50 (0.55, 4.15) 0.430

COPD 2.42 (0.55, 10.72) 0.243

AF 0.59 (0.08, 4.50) 0.610

CAD 1.41 (0.51, 3.90) 0.506

Previous PCI 0.85 (0.19, 3.77) 0.833

Previous CABG 2.77 (0.35, 21.86) 0.333

LVEF, % 1.00 (0.96, 1.05) 0.971

LVEDD, mm 0.98 (0.91, 1.05) 0.528

TAPSE, mm 1.03 (0.89, 1.18) 0.729

CTA-GLS, % 1.68 (1.22, 2.32) 0.001 1.68 (1.22, 2.32) 0.001

Bicuspid valve 0.76 (0.17, 3.33) 0.711

Prothesis size 1.14 (0.88, 1.47) 0.325

Prothesis type, mm –* 0.988

Pre-dilation procedure –* 0.998

Post-dilation procedure 1.57 (0.57, 4.30) 0.382

*, the reference group had zero events, resulting in a non-estimable hazard ratio. BMI, body mass index; BNP, brain natriuretic peptide; CI, 
confidence interval; HR, hazard ratio; NYHA, New York Heart Association; AR, aortic regurgitation; COPD, chronic obstructive pulmonary 
disease; AF, atrial fibrillation; CAD, coronary artery disease; PCI, percutaneous coronary intervention; CABG, coronary artery bypass 
grafting; LVEF, left ventricular ejection fractions; LVEDD, left ventricular end-diastolic diameter; TAPSE, tricuspid annular plane systolic 
excursion; CTA-GLS, computed tomography angiography-based global longitudinal strain.

Table S5 Performance evaluation of models

Sen. Spec. PPV NPV

Model 1 0.65 (0.43, 0.84) 0.65 (0.60, 0.70) 0.11 (0.06, 0.18) 0.97 (0.93, 0.98)

Model 2 0.83 (0.61, 0.95) 0.65 (0.60, 0.70) 0.14 (0.09, 0.21) 0.98 (0.95, 0.99)

Model 3 0.96 (0.78, 0.99) 0.56 (0.51, 0.61) 0.13 (0.08, 0.19) 0.99 (0.97, 0.99)

P value

Model 1 vs. Model 2 0.179 >0.999 0.521 0.254

Model 1 vs. Model 3 0.022 0.016 0.664 0.044

Model 2 vs. Model 3 0.346 0.016 0.808 0.380

Data in parentheses are the 95% CIs. Model 1: sex, smoking, age, and NYHA functional class III or IV; Model 2: CTA-GLS; Model 3: Model 
1 + Model 2. CI, confidence interval; NPV; negative predictive value; PPV, positive predictive value; Sen., sensitivity; Spec., specificity. 
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Figure S1 Sankey plot showing the percentage changes in AR class from pre-procedural to post-TAVI. AR class: 0, none or trace; 1, mild; 2, 
mild to moderate; 3, moderate; 4, moderate to severe; and 5, severe. AR, aortic regurgitation; TAVI, transcatheter aortic valve implantation. 


