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A B S T R A C T

Background: Coronary artery disease (CAD) is common in patients with severe aortic stenosis (AS) and may 
impact transcatheter aortic valve replacement (TAVR) procedural and long-term outcomes. CT coronary 
angiography (CTA) and CT-derived fractional flow reserve (FFR CT ) are tools used to assess CAD. However, 
adoption in the TAVR population is hindered by safety concerns with nitroglycerin and beta-blockers. The safety, 
accuracy, and utility of CTA and FFR CT optimised with these medications for TAVR have not been established. 
Methods: This international, multi-center, prospective registry included severe AS patients referred for TAVR, 
assessed for CAD with CTA and FFR CT . Patients all received nitroglycerin and beta-blockers as needed to optimise 
image quality. Severe ventricular dysfunction, recent syncope/heart failure, critical hemodynamics, or prior 
revascularization were excluded. Significant CAD was defined as CTA stenosis ≥50 % and FFR CT ≤0.75. Primary 
endpoint was per-patient sensitivity and negative predictive value (NPV) of CTA compared to invasive coronary 
angiography (ICA). Secondary endpoints included specificity and positive predictive value (PPV) of CTA and
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Coronary Intervention; SCCT, Society of Cardiovascular Computed Tomography; TAVR, Transcatheter Aortic Valve Replacement.
* Corresponding author. Curtin University, Curtin Medical School, Harry Perkins Institute of Medical Research; 11 Robin Warren Drive, Murdoch, WA, 6150, 

Australia.
E-mail address: abdul.ihdayhid@perkins.org.au (A.R. Ihdayhid).

Contents lists available at ScienceDirect

Journal of Cardiovascular Computed Tomography

journal homepage: www.JournalofCardiovascularCT.com

https://doi.org/10.1016/j.jcct.2025.12.012
Received 23 September 2025; Received in revised form 8 December 2025; Accepted 29 December 2025
Available online xxxx
1934-5925/© 2026 Published by Elsevier Inc. on behalf of Society of Cardiovascular Computed Tomography. This is an open access article under the CC BY license 
(http://creativecommons.org/licenses/by/4.0/).

Journal of Cardiovascular Computed Tomography xxx (xxxx) xxx

Please cite this article as: Ihdayhid AR et al., Feasibility and utility of anatomical and physiological evaluation of coronary artery disease with 
cardiac CT in severe aortic stenosis (FUTURE-AS registry), Journal of Cardiovascular Computed Tomography, https://doi.org/10.1016/j. 
jcct.2025.12.012

http://creativecommons.org/licenses/by/4.0/
mailto:abdul.ihdayhid@perkins.org.au
www.sciencedirect.com/science/journal/19345925
https://doi.org/10.1016/j.jcct.2025.12.012
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1016/j.jcct.2025.12.012


FFR CT , safety, feasibility (non-evaluable rate), and the modelled potential of CTA + FFR CT to reduce pre-TAVR 
ICA.
Results: 327 patients (75.9 ± 9.7 years, 53 % male) underwent CTA. CTA was safe and well tolerated in nearly all 
patients, with transient hypotension in 4 (1.2 %). CTA was evaluable in 326 patients (99.7 %), with 9 (2.8 %) 
having a non-evaluable vessel. FFR CT and ICA were performed in 110 (33.6 %) and 133 (40.7 %) patients, 
respectively. Per-patient sensitivity, specificity, NPV, and PPV of CTA were 100 %, 71.4 %, 100 %, and 75.9 % 

and per-vessel 82.7 %, 78.9 %, 92.3 %, and 59.9 %. FFR CT improved specificity and PPV to 88.9 % and 88.0 % for 
per-patient and 95.1 % and 81.8 % for per-vessel analysis. Using a simulated triage model deferring ICA in 
patients with CTA <50 % or ≥50 % stenosis with FFR CT >0.75, 267 patients (81.7 %) could potentially have 
avoided ICA.
Conclusion: Coronary CTA performed with nitroglycerin and selective use of beta-blockers is safe and effective for 
assessing CAD in stable severe AS patients. Combining CTA and FFR CT enhances diagnostic accuracy, potentially 
reducing the need for invasive angiography and streamlining TAVR workup.

1. Introduction

Transcatheter aortic valve replacement (TAVR) is a well-established 
alternative to surgical aortic valve replacement (SAVR) with comparable 
or superior outcomes. 1–4 Coronary artery disease (CAD) frequently co-
exists in patients with severe aortic stenosis, necessitating preprocedural 
assessment to inform treatment strategies for both the underlying 
coronary and valvular heart disease. 5,6 Despite uncertainties surround-
ing the prognostic value of revascularization in patients undergoing 
TAVR, preprocedural invasive coronary angiography (ICA) remains the 
standard diagnostic approach. 6,7

Cardiac computed angiography has been central to TAVR planning, 
providing accurate and reproducible means for annular sizing, assessing 
risk of complications and guiding the procedural strategy. 8 Coronary CT 
Angiography (CTA) extends the role of cardiac CT as an established safe, 
cost-effective tool for identifying the presence of CAD and is increasingly 
utilised as a first-line non-invasive modality for evaluation of stable 
CAD. 9 However, the adoption of coronary CTA in severe AS has been 
limited by safety concerns related to the optimization of image quality 
with nitroglycerin and β-blockers and coronary calcification in an eld-
erly population. 8,10 Furthermore, as the TAVR population shifts toward 
younger, lower-risk patients, comprehensive CAD evaluation is 
increasingly important, particularly to address challenges in post-TAVR 
coronary access and lifetime planning. 6

Fractional flow reserve (FFR) is superior to anatomical stenosis alone 
in identifying CAD that warrants revascularization. 11,12 Advances in 
computational technology have enabled the derivation of non-invasive 
FFR from coronary CTA (FFR CT ), demonstrating diagnostic accuracy 
and prognostic value across various populations. 13–15 However, its 
clinical utility in patients with severe AS—a population with a high 
burden of coronary calcification—remains inadequately explored. 16 

The FUTURE-AS Registry was designed to evaluate the safety, ac-
curacy and clinical utility of integrating coronary CTA and FFR CT for 
preprocedural CAD assessment in patients with severe AS referred for 
TAVR. This study aims to determine whether coronary CTA with FFR CT 
can optimise CAD evaluation and reduce the need for unnecessary ICA in 
this population.

2. Methods

2.1. Study population

This was a prospective observational registry performed in 8 sites in 
the United States, Canada, United Kingdom and Australia between 
November 2020 and June 2024. Relevant institutional ethics commit-
tees approved the study according to national guidelines and according 
to institutional practice. Informed consent was obtained in line with the 
principals of Good Clinical Practice (GCP).

Stable patients with severe AS being considered for aortic valve 
replacement (AVR) were screened for inclusion in the study. Exclusion 
criteria were (1) severe left ventricular dysfunction (ejection fraction

<30 %) (2) critical AS (aortic valve area <0.6 cm 2 , indexed aortic valve 
area <0.4 cm 2 /m2, peak velocity >5 m/s, mean pressure gradient >60 
mm Hg, or dimensionless index <0.20), (3) recent decompensated heart 
failure or syncope within the past 90 days, (4) renal impairment with an 
estimated glomerular filtration rate ≤30 mL/min/1.73 m 2 , and (5) 
history of coronary revascularization.

2.1.1. Cardiac CTA imaging protocol and analysis
Imaging was performed using third-generation or more recent CT 

scanners as per the recommendations of the Society of Cardiovascular 
Computed Tomography. 8 Coronary CTA was acquired in the same set-
ting as the routine electrocardiogram-gated, multiphasic, 
contrast-enhanced chest, abdomen, pelvis CT used for planning TAVR 
procedures. Coronary CTA acquired in isolation was permitted if it was 
performed prior to AVR. Patients all received sublingual nitroglycerin 
(0.3–0.8 mg) to optimise image quality according to local institutional 
protocol and rate control medications were recommended to achieve 
a pre-scan heart rate of <70 beats/min. While SCCT guidelines recom-
mend a target heart rate of <60 bpm, a threshold of <70 bpm was used 
to reflect historical safety concerns surrounding beta-blocker use in 
patients with severe AS 17 . This approach was chosen to assess real-world 
feasibility in a population where rate control has traditionally been 
avoided. Sites were provided with a protocol to guide the safe admin-
istration of these medications, and any adverse events were recorded 
(Supplemental Fig. 1). Prospective electrocardiogram-gated acquisition 
was encouraged to minimize radiation dose and contrast bolus delivery 
was as per local acquisition protocols. For annular assessment, systolic 
phases (typically 20–40 % of the R–R interval) were reconstructed in 
accordance with SCCT TAVR imaging recommendations. 18 For coronary 
assessment the best quality phase usually mid-diastole, was selected for 
analysis. 17 Non-contrast gated cardiac CT images were also acquired for 
coronary artery calcium scoring. Coronary CTA images were analysed 
from either diastolic or systolic phases depending on image quality. 

Coronary CTA was analysed by experienced local readers linded to 
ICA results. All vessels >2 mm across the 18 coronary segment model 
were analysed. 17 Stenosis severity was graded according to CAD-RADS 
criteria with normal (0 %), minimal (1–24 %), mild (25–49 %), mod-
erate (50–69 %), severe (70–99 %) and occluded (100 %). 19 A vessel was 
considered to have significant disease if there was ≥1 segment with ≥50
% stenosis. A non-evaluable segment due to imaging artifact or signifi-
cant calcification was defined as a moderate stenosis.

2.1.2. FFR CT analysis
FFR CT analysis was performed by an independent core laboratory 

(HeartFlow Inc, Redwood City, CA). FFR CT was recommended for ste-
noses in the 50 %–90 % range in vessels >2 mm in diameter 20 ; however, 
application of FFR CT was at the discretion of local sites, and in some 
cases extended beyond this range. In line with the updated CAD-RADS 
2.0 guidelines and given the threshold for revascularization is typi-
cally higher in patients considered for AVR, a positive FFR CT was defined 
as ≤0.75. 19 FFR CT was measured in a lesion-specific manner 20–30 mm
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distal to the stenosis for each coronary artery >2 mm. This 
lesion-specific approach aligns with CAD-RADS 2.0 guidance, which 
recommends interpreting FFR CT at a physiologically meaningful loca-
tion distal to the lesion. Vessel-level classification was based on this 
lesion-specific value, and the lowest per-vessel FFR CT was taken as the 
per-patient FFR CT value. No routine invasive FFR measurements were 
collected as part of the study protocol.

2.1.3. Invasive coronary angiography
Decision to perform ICA (either pre-TAVR or at the time of TAVR) 

was at the discretion of institutional heart teams (Figs. 2 and 3). ICA 
before TAVR was encouraged for patients with coronary CTA indicating 
significant anatomical or physiological CAD and for uninterpretable 
proximal or mid-vessel segments (Supplementary Fig. 2). For other pa-
tients with non-significant disease, ICA at the time of the TAVR proce-
dure was encouraged. Revascularization and management decisions 
were at the discretion of local physicians. Invasive coronary angiograms 
were interpreted by experienced interventional cardiologists at each site 
as per routine clinical practice. ICA served as the reference standard for 
diagnostic accuracy analyses. A lesion was classified as significant if 
visually estimated stenosis was ≥50 %. For per-patient analyses, the ICA 
result was considered positive if any epicardial vessel >2 mm had ≥50 % 

stenosis. Coronary CTA and FFR CT analyses were conducted independ-
ently and were linded to ICA results.

2.1.4. Statistical analysis
The study endpoints assessed the accuracy, safety and feasibility of 

optimizing coronary CTA with nitroglycerin ± beta-blockers in patients 
with severe AS prior to AVR. The primary end point was the per-patient 
sensitivity and negative predictive value of coronary CTA compared to 
ICA. Secondary endpoints included a) per-patient specificity and posi-
tive predictive value of coronary CTA and FFR CT compared with ICA, b) 
per-vessel diagnostic performance, c) Incidence of symptomatic hypo-
tension or bradycardia requiring intervention following nitroglycerin or 
beta-blocker administration prior to coronary CTA, d) incidence of non-
interpretable coronary CTA or non-evaluable FFR CT and e) the modelled

clinical utility of combining coronary CTA with FFR CT to potentially 
reduce pre-TAVR ICA.

Continuous variables were expressed as mean±SD or median ± 

interquartile range, and categorical variables were expressed as fre-
quency (percentage). Diagnostic accuracy of coronary CTA (≥50 % 

stenosis) or FFR CT (≤0.75) in assessing significant CAD identified on ICA 
(≥50 % stenosis) was calculated via diagnostic accuracy, sensitivity, 
specificity, positive predictive value (PPV), and negative predictive 
value (NPV). Sensitivity and NPV for FFR CT were not assessed as FFR CT 
was used to guide ICA referrals, introducing selection bias and pre-
cluding unbiased evaluation of these metrics.

To model the potential impact of coronary CTA and FFR CT on pre-
TAVR ICA utilisation, we simulated a decision-making pathway in 
which ICA would be deferred in patients with coronary CTA <50 % or, 
for those with ≥50 % stenosis and FFR CT >0.75. While some patients in 
these categories did undergo ICA in the registry, our model assumes that 
these cases could have been managed non-invasively. For patients with 
coronary CTA ≥50 % who did not undergo FFR CT , we applied the 
observed rate of physiologically non-significant disease (FFR CT >0.75) 
from the tested subgroup to estimate the number who could have been 
similarly deferred. This approach allowed a simulation-based estimate 
of the total potential ICA deferral, assuming broader FFR CT utilisation.

3. Results

3.1. Baseline demographics

A total of 368 patients with severe aortic stenosis being considered 
for AVR were enrolled in the study (Fig. 1). A total of 41 patients were 
excluded for either meeting pre-specified exclusion criteria or not 
receiving pre-coronary CTA nitroglycerin. Therefore, the final study 
cohort included 327 patients.

Baseline characteristics are shown in Table 1. The mean age of the 
patients was 75.9 ± 9.7 years and 47.4 % were female. The mean BMI 
was 29.2 ± 7.2 and nearly all patients (86.8 %) were symptomatic. 
Median aortic valve gradient, aortic valve area and left ventricular

Fig. 1. - Study Flow Chart
FFR CT = CT-Derived Fractional Flow Reserve; ICA = Invasive coronary angiography; PCI = percutaneous coronary intervention; LV = left ventricular dysfunction. 
GTN = glyceryl trinitrate (nitroglycerin).
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ejection fraction were 40 mmHg (34–47), 0.82 cm 2 (0.70–0.98) and 60
% (55–60) respectively.

3.2. Coronary CTA/FFR CT characteristics and patient safety

Coronary CTA acquisition characteristics and safety of nitroglycerin 
are summarised in Table 2. Nitroglycerin was administered in all pa-
tients with most common dose being 400 mcg (67.2 %), although 800 
mcg was administered in 31.4 %. Beta-blockers were administered in 
21.7 % with average oral and IV dose being 54.5 ± 31.1 mg and 9.4 ± 

6.7 mg, respectively. Mean acquisition heart rate was 68.1 ± 13.2 bpm. 
Nitroglycerin and beta-blockers were tolerated in nearly all patients 
with mild, self-limiting hypotension in 4 patients (1.2 %) and no

incidence of shock, vasopressor requirement or hospital admission. 
Further details can be found in Supplementary Table 1.

Coronary CTA disease burden is summarised in Table 3. The mean 
coronary artery calcium score was 754 ± 910 and median was 445 
[108–1035] Agatston units, respectively. The mean and median calcium 

score in those who underwent FFR CT was 932 ± 967 and 647 
[239–1191] Agatston units, respectively.

The entire coronary CTA was non-evaluable in only 1 patient (0.3 %) 
with 9 patients (2.8 %) having a vessel that was entirely non-evaluable 
(Fig. 4A). A non-evaluable segment was present in 26 patients (8.0 %), 
the majority of which were side-branches (5.2 %) or distal main vessel 
segments (7.4 %) (Fig. 4B). The left main coronary artery (LMCA) or 
proximal main vessel segment were evaluable 99.7 % and 98.2 % of

Fig. 2. – Case Example 1 of FUTURE-AS Pathway
80-year-old male with severe aortic stenosis and normal left ventricular function. TAVR CT optimised with 2 sprays (800 mcg) of GTN. CT acquired at 60 bpm with no 
complications. Calcium score 219 and moderate stenosis of mid LAD. FFR CT was positive in the LAD at 0.74. Heart Team decision to medically manage CAD and defer 
pre-TAVR ICA. ICA at time of TAVR confirmed mid LAD stenosis and patient successfully treated with SAPIEN-3 TAVR device.
TAVR = transcatheter aortic valve replacement; GTN = glyceryltrinitrate; CAD = coronary artery disease; ICA = invasive coronary angiogram; LAD = left anterior 
descending artery.

Fig. 3. – Case Example 2 of FUTURE-AS Pathway 
81-year-old male with severe aortic stenosis and 
normal left ventricular function. TAVR CT opti-
mised with 2 sprays (800 mcg) of GTN and 25 mg of 
metoprolol. CT acquired at 56 bpm with no com-
plications. Calcium score of 1971 with minimal to 
mild stenosis throughout. FFR CT negative across 
major vascular territories. Heart Team decision to 
defer pre-TAVR ICA and patient treated with 
SAPIEN-3 TAVR device.
TAVR = transcatheter aortic valve replacement; 
GTN = glyceryltrinitrate; CAD = coronary artery 
disease; ICA = invasive coronary angiogram.
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patients, respectively. Significant CAD (≥50 %) was present on coronary 
CTA in 45.8 % of patients (Fig. 5A) and 38.1 % of vessels. 

Supplementary Table 2 summarises the characteristics of FFR CT in 
this cohort. FFR CT was requested in 125 patients (38.2 % of cohort), with

110 having sufficient image quality for analysis, resulting in overall 
feasibility rate of 88 % (Fig. 4B). Non-evaluability in the remaining cases 
was due to inadequate image quality for FFR CT analysis. The median 
FFR CT was 0.82 (0.74–0.89) with 29.1 % of patients having a positive 
FFR CT . (Fig. 5B).

Significant (≥50 %) stenosis in the left main or proximal LAD was 
identified on CCTA in 50 patients (15.3 %). Among these, 26 underwent 
FFR CT analysis and 11 had a positive FFR CT .

3.3. Diagnostic performance of coronary CTA and FFR CT

The per-patient and per-vessel diagnostic performance of coronary 
CTA and FFR CT with 95 % confidence intervals is summarised in Table 4. 
Invasive coronary angiography was performed in 133 patients (40.6 %). 
Significant CAD (≥50 %) was present in 47.4 % of these patients and 
27.6 % of vessels. The per-patient sensitivity, specificity, PPV and NPV 
for coronary CTA were 100 %, 71.4 %, 75.9 %, 100 % respectively with 
overall diagnostic accuracy of 84.9 %. The per-vessel performance was 
82.7 %, 78.9 %, 59.9 % and 92.3 % respectively with an overall diag-
nostic accuracy of 79.9 %. FFR CT improved the per-patient specificity 
and PPV to 88.9 % and 88.0 % respectively with a similar improvement 
for per-vessel analysis to 95.1 % and 81.8 %, respectively.

3.4. Baseline differences between ICA and Non-ICA groups

Compared with patients managed non-invasively with only coronary 
CTA±FFR CT , those subsequently referred for ICA were older (77.3 vs. 
74.9 years, p = 0.026), less likely to be male (45.1 % vs. 65.1 %, p = 

0.025), had higher aortic valve gradients on echocardiography (42 vs. 
39 mmHg, p = 0.019), more likely to be prescribed beta-blockers at time

Table 1
Patient and echocardiographic characteristics.

N = 327

Age, years (SD) 75.9 (9.7)
Gender (male), n (%) 172 (52.6)
BMI, kg/m2 (SD) 29.2 (7.2)
Hypertension, n (%) 242 (74.0)
Diabetes mellitus, n (%) 86 (26.3)
Coronary artery disease, n (%) 72 (22.0)
Previous myocardial infarction, n (%) 6 (1.8)
Hyperlipidemia, n (%) 212 (64.8)
Atrial fibrillation, n (%) 78 (23.9)
Previous stroke/TIA, n (%) 47 (14.4)
Peripheral arterial disease, n (%) 13 (4.0)
COPD, n (%) 44 (13.5)
Prior PPM or AICD, n (%) 31 (9.5)
Prior AVR, n (%) 14 (4.3)
Congestive cardiac failure, n (%) 61 (18.7)
NYHA class, n (%)
I 43 (13.1)
II 158 (48.3)
III 123 (37.6)
IV 3 (0.9)

Prior RBBB, n (%) 32 (9.8)
Prior LBBB, n (%) 26 (8.0)
Echocardiographic parameters (IQR) 
LVEF, % 60 (55–60)
Aortic mean gradient, mmHg 40 (34–47)
AVA, cm 2 0.82 (0.70–0.98)

eGFR, ml/min/1.73m 2 (SD) 70.6 (20.2)

BMI = body mass index; TIA = transient ischaemic attack, COPD = chronic 
obstructive pulmonary disease; PPM = permanent pacemaker insertion; AICD = 

automated implantable cardiac defibrillator; LBBB = left bundle branch block; 
RBBB = right bundle branch block; LVEF = left ventricular ejection fraction; 
AVA = aortic valve area; eGFR = estimated glomerular filtration rate.

Table 2
Cardiac CT acquisition and medication characteristics.

N = 327

GTN administered, n (%) 327 (100)
GTN mode of administration, n (%) 
Oral 113 (34.6)
Sublingual 213 (65.1)

GTN dose, n (%)
300 mcg 4 (1.2)
400 mcg 220 (67.2)
800 mcg 103 (31.4)

Beta blocker use, n (%) 71 (21.7)
Oral administration 38 (11.6)
IV Administration 35 (10.7)

Beta block dose, mg (SD)
Oral 54.5 (31.1)
IV 9.4 (6.7)

Adverse reactions, n (%) 
Hypotension 4 (1.2)
Symptomatic bradycardia 0
Cardiogenic shock 0
Pulmonary oedema 0
Hospital admission 0

Acquisition heart rate, bpm (SD) 68.1 (13.2)
Contrast volume, ml (SD) 96.7 (26.6)
kV a , n (%)
80 2 (0.6)
90 61 (18.7)
100 96 (29.4)
110 55 (16.8)
120 99 (30.3)

GTN = glyceryl trinitrate; IV = intravenous kV = kilovoltage. 
a Data available in 313 patients.

Table 3
Coronary CTA feasibility and disease burden.

N = 327

Calcium score, AU*
Mean (SD) 756 (912)
Median (IQR) 445 (108–1035)

CAD-RADS, n (%)
0 33 (10.1)
1 67 (20.5)
2 77 (23.5)
3 90 (27.5)
4/5 60 (18.3)

Non-evaluable, n (%)
Entire coronary CTA 1 (0.3)
Entire vessel territory 9 (2.8)
Segment(s) 26 (8.0)
LMCA 1 (0.3)
Proximal segment LAD/LCX/RCA 6 (1.8)
RCA 2 (0.6)
LAD 3 (0.92)
LCX 3 (0.92)

Side-branch 17 (5.2)
PDA 10 (3.1)
PLV 10 (3.1)
Diagonal 6 (1.8)
OM 10 (3.1)

Distal main vessel 24 (7.4)
FFR CT n (%) 110 (33.6)
FFR CT ≤0.75, n (%) 32 (29.1)
FFR CT 0.76–0.80, n (%) 12 (10.9)
FFR CT > 0.80, n (%) 66 (60.0)

ICA (stenosis severity), n (%) 133 (40.6)
ICA ≥50 % stenosis, n (%) 63 (47.4)
ICA <50 % stenosis, n (%) 70 (52.6)

LMCA = left main coronary artery; LAD = left anterior descending artery; LCX
= left circumflex artery; RCA = right coronary artery; PDA = posterior 
descending artery; PLV = posterior left ventricular artery; OM = obtuse mar-
ginal artery; FFR CT = CT-Derived Fractional Flow Reserve; ICA = invasive 
coronary angiography; AU = Agatston units.
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of coronary CTA acquisition (41.0 % vs. 14.0 %, p < 0.001) and undergo 
FFR CT analysis (45.1 % vs 25.8 %; p < 0.001). Patients referred for ICA 
also had higher coronary artery calcium scores (median 762 vs. 289 
Agatston units, p < 0.001), more severe coronary disease on CTA (CAD-
RADS 4/5: 32.3 % vs. 8.8 %, p < 0.001) and a greater proportion with 
abnormal FFR CT values ≤ 0.75 (41.7 % vs. 14.0 %, p = 0.001). In con-
trast, a history of clinical heart failure was more common in the non-ICA 
group (22.2 % vs. 13.5 %, p = 0.049) (Supplementary Table 3).

3.5. Clinical utility of coronary CTA and FFRCT

To investigate the potential impact of a coronary CTA-guided referral 
strategy, we modelled a decision-making approach in which referral to

ICA would be based on coronary CTA and FFR CT findings. Under this 
simulated model, ICA would be deferred in patients with CTA <50 % 

stenosis, or in those with CTA ≥50 % and FFR CT >0.75. Applying these 
criteria to the study cohort, 177 patients (54.1 %) had CTA <50 % and 
would be deferred from ICA. Among the remaining 150 patients with CTA
≥50 % stenosis, 77 underwent FFR CT ; of these, 46 (59.7 %) had physio-
logically non-significant disease (FFR CT >0.75) and would also be de-
ferred (Supplementary Table 2). For the 73 patients with CTA ≥50 % who 
did not undergo FFR CT , we applied the same proportion of physiologically 
non-significant disease observed in the tested group, estimating that an 
additional 44 patients could have been deferred. Based on this simulation, 
a total of 267 out of 327 patients (81.7 %) could potentially have avoided 
ICA using a coronary CTA and FFR CT guided approach (Fig. 6).

Fig. 4. – Coronary CTA and FFR CT Feasibility and Non-Evaluable Segments
A) Patients (%) with Coronary CTA or FFR CT being non-evaluable B) Patients (%) with a non-evaluable segment or vessel territory 
FFR CT = CT-Derived Fractional Flow Reserve.

Fig. 5. Coronary CTA and FFR CT Disease Burden
CTA = CT angiography, FFR CT = CT-Derived Fractional Flow Reserve.

Table 4
- Coronary CTA and FFR CT diagnostic performance.

Per Patient Analysis Per Vessel Analysis

CTCA >50 % FFRCT <0.75 CTCA >50 % FFRCT <0.75

n 133 60
True positive 63 22 91 27
False positive 20 3 61 6
True negative 50 24 228 116
False negative 0 11 a 19 26 a

Sensitivity % (95 % CI) 100.0 (94.3–100.0) Not reported a 82.7 (74.6–88.7) Not reported 
Specificity % (95 % CI) 71.4 (59.9–80.7) 88.9 (71.9–96.1) 78.9 (73.8–83.2) 95.1 (89.7–97.7) 
PPV % (95 % CI) 75.9 (65.7–83.8) 88.0 (70.0–95.8) 59.9 (51.9–67.3) 81.8 (65.6–91.4) 
NPV % (95 % CI) 100.0 (92.9–100.0) Not reported 92.3 (88.3–95.0) Not reported
ROC AUC 0.86 Not reported 79.9 Not reported
Accuracy (%) 85.0 Not reported 0.81 Not reported

CTCA = CT coronary angiography; AUC = area under the receiver operator curve; PPV = positive predictive value; NPV = negative predictive value.
a FFR CT was performed in a non-random, selected subset of patients, introducing work-up bias. As such, sensitivity, NPV, and accuracy are not reported, as these 

metrics may be biased due to the differential likelihood of undergoing ICA based on CT findings.
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4. Discussion

The FUTURE-AS Registry is the first large, multicenter study to evaluate 
the feasibility, accuracy, and clinical utility of integrating coronary CTA and 
FFR CT for the assessment of CAD in patients with severe AS undergoing 
evaluation for TAVR. Our findings demonstrate that coronary CTA, when 
optimised with nitroglycerin and selective use of beta-blockers, is seemingly 
safe and an accurate modality for identifying significant CAD in this popu-
lation. The addition of FFR CT significantly improves specificity and PPV, and 
in a simulated triage model, could have allowed ICA to be deferred in up to 
81.7 % of patients. These results have important implications for refining 
guidelines on TAVR CT imaging protocols, streamlining preprocedural 
workflows, reducing procedural risks and optimizing resource utilisation. 

Our findings build on previous work evaluating the accuracy and 
utility of coronary CTA in severe AS populations. A meta-analysis of 14 
studies and 2533 patients reported a pooled per-patient sensitivity of 97 % 

and specificity of 68 % compared to ICA. 21 In another study of 338 pa-
tients undergoing CT-FFR for coronary assessment as part of work-up for 
TAVR had a sensitivity of 77 % and specificity of 65 %, with low sensi-
tivity likely secondary low disease prevalence in the patient cohort. 22 

Despite these promising results, the adoption of coronary CTA in severe 
AS has been limited by concerns regarding image quality, particularly 
from blooming artifact from coronary calcification thereby reducing 
specificity and motion artifact from inadequately controlled heart rates 
which limit overall diagnostic accuracy. 10 Given the safety concerns of 
vasodilatation in severe AS, previous studies have all avoided adminis-
tering nitroglycerin and have had limited use of beta-blockers. 8,10

Our study addresses these concerns by demonstrating that these 
medications are well-tolerated in select stable patients with severe AS, 
with only 1.2 % experiencing mild, transient hypotension and no cases 
of severe adverse events. We achieved a high feasibility for coronary 
CTA assessment, with only 1 scan (0.3 %) completely non-evaluable due 
to motion artifact. Additionally, our study provides the first insight into 
coronary CTA feasibility for the entire 18-segment model, demonstrat-
ing that most patients with non-evaluable segments were limited to side-
branches (6.4 %) and distal segments (7.4 %). The LMCA and proximal 
main vessel segments were evaluable in 99.7 % and 98.2 % of patients 
respectively, highlighting that coronary CTA optimised with nitro-
glycerin and beta-blockers can provide a reliable and comprehensive 
coronary assessment in most patients with severe AS.

Despite the optimization of image quality in our study, coronary CTA 
demonstrated modest specificity (71.4 %), which could still lead to

unnecessary referral for ICA. FFR CT is a well-established tool that has 
high diagnostic accuracy in stable CAD populations and improves 
appropriate ICA referrals compared to coronary CTA alone in both the 
stable and acute setting. However, concerns have been raised regarding 
its accuracy in severe AS due to left ventricular hypertrophy and 
abnormal coronary physiology, which may affect hyperaemic response 
to adenosine. 6 Our initial pilot work by Michail et al. demonstrated high 
per-vessel accuracy of FFR CT in severe AS when compared with invasive 
FFR measurements. 16 Additionally, a small study by Sasaki et al. 
reported no significant difference in diagnostic performance of FFR CT 
before and after TAVR, suggesting that post-valve haemodynamic 
changes do not significantly impact FFR CT accuracy. 23

Our study is the first real-world, prospective study to demonstrate 
that a clinically available FFR CT technique significantly improves spe-
cificity and PPV to 88.9 % and 88.0 %, respectively. The feasibility of 
FFR CT in this cohort was high, with 88 % of cases being analyzable 
despite a mean calcium score of 932 ± 967 Agatston units. While true 
diagnostic performance in this cohort remains incompletely defined due 
to the lack of invasive FFR comparison, our results are broadly con-
sistent with prior studies using alternative FFR CT approaches, which 
have reported specificity between 70 and 90 %, albeit largely in retro-
spective settings and using platforms not commercially available. 24 

Recent data highlight the ongoing challenge of managing CAD in 
patients undergoing TAVR. A registry of 1911 patients reported that 
TAVR in the presence of untreated severe CAD was safe and associated 
with low rates of clinical events at 2 years. 25 In contrast, the NOTION-3 
randomized trial demonstrated that pre-TAVR PCI, guided by severe 
(>90 %) anatomical stenosis or FFR, significantly reduced the incidence 
of myocardial infarction and urgent revascularization at a median 
follow-up of 2 years. 26 The high evaluability of the left main and 
proximal coronary segments in our cohort is particularly relevant, as 
contemporary guidelines recommend considering PCI before TAVR in 
patients with severe proximal or left main coronary stenoses. 27,28 

Despite the lack of consensus on the optimal management of CAD prior 
to TAVR, current guidelines continue to recommend preprocedural CAD 
assessment as an essential component of patient evaluation. 7,29 In rou-
tine practice, CAD assessment is typically conducted separately from 

TAVR planning, with CT used for aortic root assessment and procedural 
planning and ICA performed to evaluate CAD. 6

This study suggests that integrating coronary CTA with FFR CT could, 
in a simulated model, allow deferral of ICA in over 80 % of patients, 
significantly streamlining the pre-TAVR workup. This approach has the

Fig. 6. Simulated Model of ICA Deferral based on Coronary CTA±FFR CT .
CTCA = CT coronary angiogram FFR CT = CT-Derived Fractional Flow Reserve; ICA = invasive coronary angiogram.
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potential to reduce patient discomfort, minimize costs, and eliminate 
delays to definitive valve treatment. The landmark DISCHARGE trial 
demonstrated that a CT-first diagnostic pathway significantly improved 
clinical outcomes compared to an ICA-first approach, primarily through 
a reduction in major procedural-related complications. 30 Recent data 
from Hussain et al. also support a CT-first strategy in the TAVR popu-
lation, demonstrating that a CTA-based pathway with selective use of 
CT-FFR safely reduced the need for ICA without adversely affecting 
outcomes. 31 With TAVR indications also expanding to include asymp-
tomatic and moderate AS patients, optimizing the diagnostic pathway is 
important to ensuring timely and cost-effective treatment. 32 Fur-
thermore, as TAVR is increasingly performed in younger patients, the 
cumulative lifetime risk of CAD and acute coronary syndromes becomes 
more relevant. Coronary CTA offers a readily available and accurate tool 
for evaluating both stenosis severity and plaque composition, making it 
an attractive alternative to routine ICA. Unlike CTA strategies in severe 
AS that focus solely on reporting proximal coronary segments, 33 this 
dataset demonstrates that optimised coronary CTA provides a more 
comprehensive assessment of the entire coronary tree, thereby better 
addressing the needs of younger TAVR patients who require more per-
sonalised lifetime management of both their valvular and coronary 
disease.

This study had several limitations. First, given its real-world nature, 
FFR CT was used to guide referrals for ICA, introducing selection bias and 
precluding an unbiased assessment of its sensitivity and NPV. Because 
ICA was performed at clinician discretion rather than in a prespecified 
verification subset, verification bias is possible and diagnostic perfor-
mance metrics, particularly sensitivity and NPV, may be overestimated. 
Since patients with positive FFR CT values were preferentially referred for 
ICA, those with negative results often did not undergo invasive evalu-
ation, limiting the ability to fully assess all measures of diagnostic per-
formance including accuracy overall. As a result, only specificity and 
PPV were reported for FFR CT in this analysis. Patients referred for ICA 
also differed in baseline characteristics, including higher coronary cal-
cium burden, more severe coronary disease, and less frequent clinical 
heart failure, further reinforcing this selection bias. Second, while this 
was a multicenter study, variability in local CTA acquisition protocols 
and ICA referral practices may have influenced diagnostic performance. 
Interpretation of coronary CTA, FFR CT , and ICA was conducted at the 
site level without core laboratory adjudication, which may introduce 
inter-operator variability but reflects real-world practice. Third, patients 
with prior coronary revascularization were excluded, which may impact 
the generalizability of our findings, particularly in older or higher-risk 
TAVR candidates where previous PCI or CABG is more common. Addi-
tionally, this study only included stable AS patients without critical 
hemodynamics or severe LV dysfunction, limiting the applicability of 
our findings, particularly the safety of nitroglycerin to this excluded 
cohort. Fourth, despite a high overall evaluability rate for coronary CTA 
and FFR CT , approximately one in ten patients had a non-evaluable seg-
ment, reflecting the challenges of maintaining adequate image quality in 
this patient population. In our cohort beta-blockers were used selec-
tively, with 22 % of patients receiving rate-control therapy to achieve 
a pragmatic heart-rate target of <70 bpm. This lenient target reflected 
long-standing caution around beta-blocker use in severe AS rather than 
protocol non-adherence. Importantly, despite modest beta-blocker use, 
coronary CTA evaluability remained very high. While beta-blockers 
were well tolerated when administered, the study was not designed to 
test stricter heart-rate thresholds recommended by SCCT guidelines and 
routine beta-blocker administration cannot be inferred from these data. 
Their use should remain individualised based on haemodynamic sta-
bility and local practice. In our cohort, nitroglycerin was administered in 
only stable patients with a systolic blood pressure >100 mmHg, using 
400 mcg dose in most cases (67 %), and 800 mcg in smaller proportion 
(31 %) according to site preference. Prior studies have shown that ni-
trates have a greater effect on the feasibility of FFR CT analysis than on 
the anatomical evaluability of coronary CTA, which may partly account

for the small proportion of non-evaluable FFR CT studies observed in our 
cohort. 34,35 Lastly, this study focused on preprocedural CAD assessment, 
and long-term outcomes related to CTA + FFR CT guided ICA deferral, 
revascularization decisions, and post-TAVR CAD events require inves-
tigation in future studies.

5. Conclusion

Coronary CTA, when performed with nitroglycerin and selective use 
of beta-blockers, may be a safe, feasible and accurate modality for CAD 
assessment in stable severe AS patients undergoing TAVR evaluation. 
The addition of FFR CT improves diagnostic specificity and PPV, with the 
potential to reduce unnecessary invasive angiography and streamline 
the pre-TAVR workup.
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