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Abstract
The long-term variations of fractional flow reserve derived from coronary computed tomography (FFRCT) after surgical 
(SAVR) or transcatheter (TAVR) aortic valve replacement in patients with severe aortic valve stenosis (AS) have not been 
investigated. A total of 25 patients with isolated, severe AS underwent coronary computed tomography with 3-vessel FFRCT 
analysis (Heartflow Inc.—Redwood City, California, USA) and measurement of total coronary volume (V), left ventricular 
mass (M) and their ratio (V/M) before and 6 months after SAVR or TAVR. A significant increase in V/M due to a decrease 
in left ventricular mass 6 months after intervention was observed, whereas total coronary volume did not change (coronary 
volume pre: 2924.5 ± 867.9 mm3, coronary volume post: 2844.2 ± 792.8 mm3, P = 0.158; LV mass pre: 151.7 ± 40.7 g, LV 
mass post: 127.3 ± 34.7 g, P < 0.001; V/M pre: 19.5 ± 4.1 mm3/g, V/M post: 22.7 ± 4.28 mm3/g, P = 0.002). FFRCT (expressed 
as area under the virtual pullback curve) remained constant. This proof-of-concept study showed that FFRCT was not sub-
ject to the confounding effect of left ventricular mass regression after SAVR or TAVR. Despite significant left ventricular 
remodeling at 6 months after AS treatment, FFRCT values remained constant. Further studies are needed comparing the 
performance of the different invasive and non-invasive coronary physiological indices in this patient cohort.
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Introduction

Coronary physiology in the presence of severe aortic ste-
nosis (AS) remains a clinically relevant subject of research. 
Severe AS causes substantial physiological distortion 
on the coronary and microcirculatory level: the stenosed 
valve behaves as a proximal tandem stenosis, increased left 
ventricular afterload leads to left ventricular hypertrophy, 

coronary flow reserve and coronary perfusion pressure are 
reduced and there is an altered response to hyperemic agents 
[1]. Many of these confounding factors are reversible after 
aortic valve replacement (AVR). Fractional flow reserve 
derived from coronary computed tomography (FFRCT) has 
emerged as a valuable non-invasive coronary physiological 
test [2]. Recently it was demonstrated that FFRCT is feasible 
and safe with a moderate to good diagnostic accuracy com-
pared to invasive fractional flow reserve (FFR) in patients 
with severe AS [3]. So far, the long-term variations of FFRCT 
after AVR have not been investigated. In this study FFRCT 
was measured before and 6 months after surgical (SAVR) or 
transcatheter (TAVR) aortic valve replacement to investigate 
whether cardiac structural remodeling after relief of AS had 
an influence on FFRCT.
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Methods

This is a single center, prospective observational study 
including 25 patients with AS eligible for SAVR or TAVR 
after heart team discussion. Adult patients with isolated, 
severe, normal flow, high gradient AS with preserved left 
ventricular ejection fraction as defined on echocardiography 
(peak velocity > 4 m/s, mean gradient > 40 mmHg, aortic 
valve area < 1.0 cm2, indexed aortic valve area < 0.6 cm2/m2, 
velocity ratio < 0.25) were included. Exclusion criteria were 
history of cardiac surgery or percutaneous cardiac interven-
tion, history of acute coronary syndrome, other significant 
valvular heart disease, coronary artery stenosis necessitat-
ing revascularization, refusal or inability to give informed 
consent and contra-indication for any of the procedures 
or medications inherent to the study. All patients under-
went thorough transthoracic echocardiography before and 
6 months after the index procedure. The study protocol was 
approved by the hospital’s ethical committee, complied with 
the declaration of Helsinki and all patients signed informed 
consent. Patient inclusion took place between May 2019 and 
November 2020.

Invasive coronary angiography

Coronary angiography was performed by radial access 
according to standard practice in all patients. Only patients 
with epicardial stenosis < 30% (visual analysis by experi-
enced operator) were included.

Coronary computed tomography angiography 
(CCTA)

CCTA was performed on 2 occasions: less than one month 
before and 6 months after AVR.

We maintained a time interval of 6 months because long-
term follow-up studies have shown that up to 75% of left 
ventricular mass (LVM) regression occurred within the first 
6 months following AVR [4]. All images were acquired with 
a 320 slice GE Revolution™ scanner. Bèta-blockers were 
administered to achieve a heart rate of less than 65 beats/
minute when needed (metoprolol intravenously with a titra-
tion dose up to 15 mg) and all patients received nitroglycerin 
0.4 mg sublingually before image acquisition to ensure max-
imal vasodilation. Importantly all patients received nitrates 
for the second scan as well, this was essential to make a 
reliable comparison between the 2 scans both for coronary 
volume as for FFRCT. FFRCT was analyzed by Heartflow 
Inc. (Redwood City, California, USA) in a blinded manner.

Patient-specific coronary geometries were derived 
from conventional CCTA images. Computational fluid 

dynamics and blood flow simulations were performed to 
calculate FFRCT values which were available at all points 
of the coronary tree. FFRCT values are presented as area 
under the virtual pullback curve (FFRCTAUC) by plotting 
the FFRCT value at every 0.1 mm versus length of the ves-
sel (FFRCTAUC = Σ[FFRCT1 + FFRCT2/2 × (d2−d1)] with d 
for distance between points 1 and 2). For comparison, val-
ues were matched in length between the 2 scans. Based on 
the same CCTA images the ratio of total coronary volume 
to left ventricular myocardial mass was calculated. This 
involved the following steps: a three-dimensional patient-
specific anatomic model of the epicardial coronary arteries 
was segmented, arteries were truncated, branches off the 
main epicardial coronary arteries greater than 1 mm in diam-
eter were included and total arterial lumen volume (V) of 
the segmented epicardial coronary arteries was calculated. 
The volume of the myocardium traced from CCTA imaging 
data was multiplied by an average value of myocardial tissue 
density (1.05 g/ml) to calculate left ventricular myocardial 
mass (M). Finally, the ratio of total coronary lumen volume 
to left ventricular myocardial mass (V/M) was computed.

SAVR/TAVR procedure

Procedures were done according to standard hospital prac-
tice. TAVR was performed under conscious sedation through 
transfemoral access. SAVR was done by means of median 
sternotomy under cardiopulmonary bypass. Medtronic Cor-
evalve™ Evolut™-R (Medtronic Inc., Minneapolis, MN), 
Carpentier-Edwards (Edwards Lifesciences, Irvine, CA) and 
Trifecta™ GT (Abbott, Illinois) bioprosthesis were used.

Statistical analysis

Primary endpoint of the study was the variation of left ven-
tricular mass (M), total coronary volume (V), the ratio of 
these 2 variables (V/M) and FFRCTAUC at 6 months after 
intervention compared with baseline values. Comparison 
was done using Wilcoxon signed-rank test. A P-value < 0.05 
was considered statistically significant.

Results

Twenty-five patients with isolated, severe AS without 
obstructive coronary artery disease signed informed consent. 
Three patients had insufficient image quality for FFRCT anal-
ysis so 22 patients were finally included (aortic valve area 
0.77 ± 0.22 cm2, mean gradient 56 ± 17 mmHg, coronary 
Agatston score 208.6 ± 211.8, aortic valve Agatston score 
2960.6 ± 1696.9, mean age 72.5 ± 8.5 years, 36% men, 86% 
underwent SAVR). See Table 1.



429The International Journal of Cardiovascular Imaging (2022) 38:427–434	

1 3

Pre-scan medication (nitrates in all patients and bèta-
blockers to achieve heart rate < 65 beats per minute in 
8 patients) was well tolerated, none had symptomatic 

hypotension or excessive bradycardia. SAVR and TAVR 
were successfully performed in all patients without any 
major adverse event. One patient received a permanent dual 
chamber pacemaker after TAVR because of high-degree 
atrioventricular block without influence on the image quality 
of the second CCTA. Any valvular or paravalvular regurgita-
tion on transthoracic echocardiography after the procedure 
was graded < 1/4. At 6 months follow-up there was a sig-
nificant improvement in all hemodynamic parameters. See 
Table 2.

A significant increase in V/M due to a decrease in left ven-
tricular mass was observed, whereas total coronary volume 
did not change (coronary volume pre: 2924.5 ± 867.9 mm3, 
coronary volume post: 2844.2 ± 792.8 mm3, P = 0.158; LV 
mass pre: 151.7 ± 40.7 g, LV mass post: 127.3 ± 34.7 g, 
P < 0.001; V/M pre: 19.5 ± 4.1  mm3/g, V/M post: 
22.7 ± 4.28 mm3/g, P = 0.002). FFRCTAUC (per vessel) and 
total FFRCTAUC (per patient = sum of 3 vessels) remained 
constant. See Table 2 and Figs. 1 and 2.

Discussion

This proof-of-concept study showed that despite a signifi-
cant decrease in left ventricular mass and hence increase in 
V/M at 6 months after SAVR or TAVR, FFRCT remained 
constant.

Because AS has such a profound influence on coronary 
physiology, the 2 most widely used invasive coronary indi-
ces FFR and instantaneous wave-free ratio (iFR) have to be 

Table 1   Patient characteristics (n = 22)

BMI body mass index, BSA body surface area, AHT arterial hyperten-
sion
*Mean (SD) unless indicated otherwise

Baseline*

Age, in years 72,45 8.454
Sex, n(%) male 8 36.4
BMI 27,55 4.032
BSA 1,7955 0.2459
Angina, n(%) 4 18.2
Syncope, n(%) 3 13.6
NYHA class, n(%)
I 6 27.273
II 9 40.909
III 6 27.273
IV 1 4.5455
AHT, n(%) 16 72.7
Hypercholesterolemia, n(%) 14 63.6
Diabetes, n(%) 3 13.6
Smoking, n(%) 1 4.5
hsTroponine (mcg/L) 0,0199 0.0204
NTproBNP (ng/L) 725,33 814.78
Agatston score valve 2960,55 1696.9
Agatston score coronary 208,55 211.82

Table 2   Data comparison

AUC​ area under the curve, AVA aortic valve area, AVAi indexed AVA, MG mean gradient, Vmax maximum 
continuous wave velocity, Zva valvulo-arterial impedance, RPP rate-pressure-product, DPT diastolic perfu-
sion time, AT/ET accelaration time/ejection time

n = 22 Pre-SAVR/TAVR Post-SAVR/TAVR P-value

Mean SD Mean SD

AVA, cm2 0.77 0.22 1.83 0.47  < 0.001
AVAi, cm2/m2 0.42 0.10 1.01 0.23  < 0.001
MG, mmHg 56.14 17.38 10.55 3.20  < 0.001
Vmax, m/s 4.72 0.64 2.14 0.31  < 0.001
Zva, mmHg/ml/m2 4.07 0.84 3.05 0.61  < 0.001
RPP 15,084.5 2396.7 10,342.9 1512.2  < 0.001
DPT, s/min 37.28 3.19 41.10 2.49  < 0.001
AT/ET 0.36 0.05 0.27 0.04  < 0.001
Total segmented volume (V), mm3 2924.45 867.90 2844.18 792.80 0.158
Myocardial mass (M), gram 151.74 40.74 127.31 34.77  < 0.001
V/M ratio, mm3/gram 19.50 4.11 22.72 4.28 0.002
FFRCTAUC RCA​ 150.37 33.33 148.16 38.65 0.884
FFRCTAUC LAD 123.05 25.41 119.37 28.28 0.709
FFRCTAUC LCX 108.03 30.69 106.29 35.30 0.884
FFRCTAUC total 381.45 42.79 373.82 54.43 0.485
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interpreted with caution in this subset of patients. So far, 2 
studies have explored the long-term variations of coronary 
physiology after AVR. Scarsini et al. showed that FFR can 
decrease after TAVR at a median follow-up of 14 months 
in lesions with abnormal baseline value, whereas values 
remained stable when baseline FFR > 0.80 [5]. In contrast, 
Vendrik et al. showed a significant and consistent reduction 
of FFR values immediately post-TAVR, further lowering 
after 6 months follow-up; iFR did not change significantly 
[6]. Since its value can lower after TAVR, FFR could possi-
bly ‘underestimate’ the severity of a coronary artery stenosis 
in AS. This is caused by a blunted hyperemic response that 
is restored after relief of AS through recovery of microcircu-
latory function and coronary flow reserve resulting in more 
hyperemic systolic flow [7]. Therefore, a practical solution 
would be to measure FFR after AVR. The question here 
remains when to do this: directly after TAVR which is most 
straightforward since the patient is still on the table (for 
obvious reasons this is cumbersome after SAVR) or after 
a longer period of time i.e., after full restoration of coro-
nary and microcirculatory physiology? iFR is less subject to 
change after AVR since this is a resting index measured in 
the diastolic wave-free period only. However, the ischemic 
threshold of iFR seems to be lower probably because of 
the higher coronary resting flow associated with severe AS 

altering the pressure-flow relationship during the diastolic 
wave-free period [8, 9]. Therefore it is important to inves-
tigate if and how physiological measurements change after 
relief of AS. This informs us about the proper applicability 
of the test in question.

FFRCT uses computational fluid dynamics to calculate 
3-vessel virtual FFR based on CCTA, presuming an intact 
microcirculatory function with a preserved vasodilatory 
capacity mimicking hemodynamics as they would be after 
AS treatment [10]. In a recent study it was demonstrated that 
FFRCT is feasible and safe with a moderate to good diag-
nostic accuracy compared to invasive FFR in patients with 
severe AS. There was a tendency of higher mean FFR values 
compared to mean FFRCT values probably explained by the 
mechanisms described above [3]. Until now, it has not been 
investigated if FFRCT changes after AVR. Theoretically, this 
could be because the estimation of coronary blood flow used 
for FFRCT calculation is based on LVM that often regresses 
after treatment of AS [10]. Lower LVM causes lower abso-
lute coronary flow (ml/min) with the same perfusion (ml/
min/g) thus theoretically leading to a lower pressure loss 
and hence a higher FFRCT value [11]. This means FFRCT 
could ‘overestimate’ the severity of a coronary artery steno-
sis in AS compared to FFR. Regression of LVM after AVR 
is translated into a higher V/M ratio. V/M has already been 

Fig. 1   Graphical abstract depicting the increase in total coronary volume/left ventricular mass ratio after SAVR/TAVR with unchanged 3-vessel 
FFRCT values—see text for details
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studied in other patient populations with somewhat conflict-
ing data concerning its effect on FFRCT values. A low V/M 
on CCTA in patients with stable coronary artery disease was 
an independent predictor of invasive FFR < 0.80 irrespective 
of the presence of obstructive coronary stenosis [12]. V/M 
was lower in hypertrophic cardiomyopathy compared to 
controls, especially when there was important septal hyper-
trophy. This resulted in lower cumulative 3-vessel FFRCT 
values but somewhat surprising, no difference in FFRCT 
was seen in the mid portion of the left anterior descending 
coronary artery [13]. Patients with primary microvascular 
angina had lower V/M (intrinsically smaller caliber coronary 
arteries versus impaired vasodilatory response to nitroglyc-
erin) compared to controls. This did not lead to lower FFRCT 
values [14]. Recently, it was shown that females compared 
to males have higher V/M for the same degree of coronary 
stenosis which was associated with a higher FFRCT value 

[15]. Concerning our study, V/M could be regarded as a 
quantitative metric of imbalance between coronary blood 
supply and myocardial demand in AS that improves to a 
certain extent after AVR. It could therefore serve as a future 
marker of ‘maladaptive’ (low V/M) versus ‘adaptive’ (high 
V/M) left ventricular hypertrophy in AS. A low V/M ratio 
could also provide one of several explanations why a high 
LV mass independently conveys a worse prognosis in AS 
[16, 17].

Despite a significant increase in V/M at 6 months after 
AVR, FFRCTAUC remained constant. FFRCTAUC quantifies 
total epicardial conductance and pressure loss along the ves-
sel [18]. Previous work has shown an excellent correlation 
between this virtual FFRCT pullback curve and the invasive 
FFR pullback curve with nearly identical curves in non-
obstructive segments [19]. We used this parameter rather 
than a single point FFRCT value for comparison because 

Fig. 2   Botplots showing signifi-
cant increase of the ratio total 
coronary volume/left ventricular 
mass before and 6 months after 
SAVR/TAVR—see text for 
details
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these were all patients without significant focal stenosis. 
Also, we did not use the distal or nadir FFRCT value (defined 
as the lowest FFRCT value in a given system) since these are 
sometimes prone to false positivity [20]. We did see how-
ever a gradual decline of FFRCTAUC from the proximal to 
the distal part of the vessel (without ever reaching absolute 
FFRCT value < 0.75) reflecting the diffuse coronary disease 
that was present in our patients which is in concordance with 
previous data using invasive FFR pullbacks [21]. See Fig. 3.

An older study showed a decrease in coronary size after 
AVR with an even more important regression of LVM result-
ing in normalization of V/M compared to controls without 
AS. We did not see any change in coronary size after AVR, 
keeping in mind that we used total coronary volume instead 
of proximal coronary artery diameter [22]. Furthermore, our 
patients did not have strictly normal coronary arteries but 
diffuse disease with often high calcium burden and extensive 
atherosclerosis possibly hampering coronary vasoreactivity.

The main reason we excluded patients with angiographi-
cally moderate or severe stenosis is the duration of follow-
up during which revascularization would not have been 
possible due to the concept and the protocol of the study. 
After percutaneous coronary intervention or coronary artery 
bypass grafting the repeat CCTA would not be interpret-
able. Nevertheless, because of the propensity for myocardial 
ischemia in severe AS, it is worthwhile and interesting to 
examine coronary physiology even in the absence of angio-
graphically significant coronary artery disease. Impairment 

of coronary flow reserve with microvascular dysfunction, 
low aortic valve area, high rate pressure product, low coro-
nary perfusion pressure and short diastolic perfusion time 
are all hemodynamic factors causing myocardial ischemia 
even without coronary artery stenosis. Many of these are at 
least partially reversible after AS relief. [1, 23]. See Table 2.

A possible explanation for the stable FFRCT values is that 
our patient population did not have the severe left ventricular 
hypertrophy sometimes seen in severe AS since mean LVM 
at baseline was 151.7 ± 40.7 g [24]. This could mean that the 
absolute change in mass and thus V/M was not large enough 
(although a very substantial mass reduction of 16% was 
seen) to induce a significant change in FFRCTAUC. Also, 
since LVM regression after AVR is an ongoing process that 
can continue for years, we do not know what the evolution 
of coronary physiology will be after a longer period of time 
[24, 25]. Another possibility is the absence of focal stenosis 
with all baseline FFRCT values > 0.75 making our findings 
concordant with those of Scarsini et al. mentioned before 
[5].

Importantly, FFRCT showed low time-to-time biologi-
cal variability and proved to be a robust and reproducible 
test in the same patient on 2 totally different occasions with 
a 6 months’ time interval. Despite massive changes in the 
heart first induced by the presence of severe AS and after-
wards by AVR, FFRCT was not vulnerable to these confound-
ing factors. The most important confounders in comparing 
AS and post-AVR patients are most likely CCTA image 

Fig. 3   Illustrative example of 
FFRCT curves showing a com-
parable, gradual pressure drop 
in the left anterior descending 
coronary artery before (blue) 
and 6 months after (orange) 
SAVR—see text for details
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quality and change in LVM. None of them caused distor-
tion in the performance of FFRCT.

Further research is needed in patients with AS and con-
comitant focal coronary artery stenosis.

Theoretically it is very likely that FFRCT will remain sta-
ble even in a 50–70% stenosis since the major driver for 
the invasive FFR lowering is restoration of microcirculatory 
function and FFRCT is blinded to this change. This is inher-
ent to the technique which uses fixed inlet (aortic) and out-
let (microcirculatory) boundary conditions making FFRCT 
blinded to the presence of AS or an aortic bioprosthesis, 
with epicardial coronary anatomy being the main determi-
nant of FFRCT [26, 27].

Validation of FFRCT against the other physiological indi-
ces (invasive versus non-invasive and hyperemic versus rest-
ing) is certainly needed. A particularly appealing question 
is whether FFRCT before AVR could predict invasive FFR 
after intervention i.e., after full recovery of microcirculatory 
function and coronary flow reserve. As such, CCTA could 
become a one-stop test in patients with AS to evaluate sever-
ity of valve disease (aortic valve calcium score), severity of 
coronary artery disease (Agatston score, percentage steno-
sis, FFRCT), feasibility of TAVR (sizing, vascular access), 
left ventricular mass and V/M ratio. When FFRCT is clearly 
negative or positive far away from its ischemic cut-off point 
of 0.80, one could safely defer from revascularization or pro-
ceed to revascularization respectively without further test-
ing. In case of borderline values, invasive physiological test-
ing would be indicated by measuring iFR or FFR after AVR 
but further studies with clinical endpoints are needed to vali-
date this hypothesis. Since FFRCT did not change 6 months 
after AVR, the value obtained before AVR could be used in 
deciding whether revascularization is indicated. Should the 
FFRCT values have gone up due to regression of LV mass, 
caution would have been needed in interpreting the value 
before AVR especially when ending up in the grey-zone 
(0.75–0.80). These values could thus have become negative 
(> 0.80) after AVR, obviating the need for revascularization.

Study limitations

Our study has several limitations. This is a proof-of-concept 
study with a small number of patients having isolated AS 
without focal coronary artery stenosis, limiting the conclu-
sions that can be drawn. Specific subanalyses were not pos-
sible due to the small sample size. Invasive FFR and iFR 
were not measured and thus could not be used as a refer-
ence. However, both FFR and iFR their selves are not free 
from confounding factors as outlined above, cautioning to 
consider them as gold standard tests in severe AS. Vessel 
specific V/M data of the different coronary territories were 
not available which would have added an extra layer of data. 

Finally, patients were treated predominantly with SAVR in 
the current TAVR era but this was subordinate to the pur-
pose of the study.

Conclusion

This proof-of-concept study showed that FFRCT can be per-
formed in patients with isolated, severe AS and with a sur-
gical or transcatheter aortic bioprosthesis in place. Despite 
significant left ventricular remodeling 6 months after AVR, 
FFRCT values remained constant and were not vulnerable 
to the confounding effect of LVM regression. Further vali-
dation studies with clinical endpoints are needed before 
FFRCT could be used as a reliable stand-alone coronary test 
in patients with severe AS scheduled for AVR. The findings 
of this study add another piece of the puzzle needed to make 
appropriate decisions in the vexing combination of AS and 
coronary artery disease.
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