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Abstract
Aims Aortic stiffness, measured as aortic pulse wave velocity (PWV), is a powerful predictor of cardiovascular health but is 
difficult to accurately obtain non-invasively. This study sought to develop a novel CT aortic stiffness index (CTASI) which 
incorporates both anatomical (calcification) and physiological (distensibility) aspects of aortic health.
Methods Invasive PWV and CT scans were obtained for 80 patients undergoing TAVI (cohort 1). CT data alone were 
obtained from an additional 238 patients (cohort 2). Aortic calcification was quantified using a modified Agatston’s meth-
odology. Distensibility-PWV was calculated from minimum and maximum ascending aorta areas. Linear regression of 
these values was used to construct CTASI from cohort 1. CTASI was then calculated for cohort 2 who were prospectively 
followed-up.
Results CTASI correlated with invasive PWV (rho = 0.47, p < 0.01) with a higher correlation coefficient than distensibility-
PWV (rho = 0.35, p < 0.01) and aortic calcification (rho = 0.36, p < 0.01). Compared to invasive PWV, CTASI had a good 
accuracy as a diagnostic test (AOC 0.72 [95% CI 0.61–0.84]), superior to aortic calcification and distensibility-PWV alone 
(χ2 = 0.82, p = 0.02). There were 61 deaths during a median follow-up of 771 days (95% CI 751.4–790.5). CTASI was able 
to predict 1-year mortality (OR 2.58, 95% CI 1.18–5.61, p = 0.02) and Kaplan–Meier survival (log-rank p = 0.03).
Conclusion CTASI is a stronger measure of aortic stiffness than aortic calcification or distensibility alone. Given the prolific 
use of CT scanning for assessing coronary and vascular disease, the additional calculation of CTASI during these scans could 
provide an important direct measurement of vascular health and guide pharmacological therapy.
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Introduction

Arterial stiffness is an independent predictor of mortality [1, 
2] , the development of end-organ damage [3, 4] and cardio-
vascular events [1, 2]. The gold-standard for assessing arte-
rial stiffness is invasively obtained aortic pulse wave velocity 
(PWV) [1]. Typically this involves insertion of catheters into 
the aortic root [5]  which is not indicated/desirable in the 

majority of patients. A number of non-invasive techniques 
have been proposed to examine either the physiological 
[6–12] or anatomical [13–19]  aspects of aortic stiffness but 
accuracy, reproducibility, operator dependence or other rea-
sons preclude their routine clinical use [20] .

Computer tomography (CT) is widely used in the assess-
ment of cardiovascular disease. However, the use of CT 
to assess aortic stiffness through PWV has not yet been 
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reported. Unlike other modalities, CT can assess both phys-
iological and anatomical components of aortic stiffness: 
through cross-sectional distensibility of the aorta identified 
during ECG-synchronised contrast-enhanced CT scanning 
and through the quantification of aortic calcification.

This study contained two parts. First with cohort 1, we 
set out to correlate these two features with invasively meas-
ured PWV and to use them to construct a CT Aortic Stiff-
ness Index (CTASI). Second, as we have previously shown 
that invasively measured PWV predicts 1 year mortality in 
patients undergoing TAVI [5] , we sought to further extend 
these findings using CTASI similarly in a separate cohort of 
post-TAVI patients (cohort 2).

Methods

Patient flow through the study protocol is displayed in Fig. 1. 
To construct CTASI, the necessary invasive data were con-
secutively gathered from patients who had TAVI in our cen-
tre by those operators who routinely measure it during the 
procedure. 106 such patients underwent TAVI from January 
until September 2017. 25 patients were excluded because of 
inadequate CT data and one patient because of poor-quality 
invasive data. The remaining 80 patients were included in 
this analysis.

For the prognostic validation cohort, 423 patients who 
underwent TAVI between August 2015 and December 2016 
were identified. Patients who died within 30 days after the 
TAVI were excluded (n = 8). We also excluded 177 patients 
in whom the CT data were inadequate (n = 35) or unavail-
able (n = 75), or in whom blood pressure was not recorded 

simultaneously with the CT (n = 67). The remaining 238 
patients made up this cohort.

Invasive PWV

Invasive PWV was calculated according to our previously 
published methodology [5] . Briefly, prior to TAVI simul-
taneous pressure signals were obtained from a fluid-filled 
catheter at the aortic root and the 6F sheath in the common 
femoral artery. A bespoke foot-to-foot algorithm written 
in Matlab (Version R2015a, the MathWorks, Natick, MA, 
USA) was used to calculate pulse wave time. If in sinus 
rhythm, data were ensembled from a series of cardiac cycles 
(typically 10–15) through automated recognition of the peak 
of the QRS complex. If in AF, to avoid errors with ensem-
ble averaging, a single cardiac cycle was assessed; pulse 
wave time readings from a minimum of five cardiac cycles 
were then averaged to provide the mean pulse wave time. An 
automated step was used to identify the peak of the second 
derivate to select the point of the pressure upstroke in an 
objective fashion. Pulse wave distance was calculated using 
a semi-automated vessel identification step which was then 
measured from the contrast-enhanced CT using a commer-
cial package (Syngo.via, Siemens Healthineers, Erlangen, 
Germany). PWV was then calculated:

CT scanning

All patients underwent a CT scan for TAVI planning using 
a standardised protocol with a third-generation dual source 

Invasive PWV (m∕s) =
Distance

Pulse wave time

Fig. 1  Diagram of patient flow 
through the study protocol
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CT scanner (Somatom FORCE, Siemens Healthineers, 
Germany). No premedication for heart rate control (which 
is unnecessary in TAVI-planning CT) or vasodilatation 
(which is contraindicated in severe aortic stenosis) was 
added for CT acquisition. CT images of the thoracic aorta 
were obtained using a retrospective electrocardiographically 
gated protocol with automatic exposure control x-ray tube 
current modulation, providing datasets at 10% increments of 
the R–R interval. CT examination of the ilio-femoral arter-
ies were performed using a high-pitch (TurboFlash) helical 
scan. A dose optimisation algorithm (CARE-Dose4D) auto-
matically adjusted the x-ray tube voltage (range 70–140 kV 
in 10 kV increments) and the x-ray tube current (mAs) based 
on the patient size. The images were obtained using 85 ml 
of contrast agent (Omnipaque-350; 50 ml injected at 5 ml/s 
followed by 35 ml injected at 3.5 ml/s, followed by 40 ml 
of saline injected at 3.5 ml/s). The dataset was imported to 
a post-processing workstation with a commercial package 
(Syngo.via, Siemens Healthineers, Erlangen, Germany) for 
further analysis.

Aortic calcification

Total aortic calcium was quantified by Agatston’s meth-
odology [21] , with a threshold for calcium detection set at 
850 Hounsfield Units as previously suggested for contrast 
scans [22] . Calcification was identified at this threshold 
in an automated fashion and segmented semi-automati-
cally using a commercial package (Syngo.CT CAScoring, 
Syngo.via, Siemens Healthineers, Erlangen, Germany) 

from aortic root to the right or left common femoral artery 
at the femoral head. Aortic leaflet and LVOT calcifications 
were excluded. Data were obtained from the same iliac and 
femoral vessels as the invasive data (Fig. 2).

Aortic distensibility

Images were analysed using Syngo.CT Vascular Analysis 
(Syngo.Via, Siemens Healthineers, Erlangen, Germany). 
A section of the ascending aorta that was en-face to the 
imaging plane was identified manually and images at 10% 
increments of the cardiac cycle were analysed. Data were 
exported in DICOM format and analysed using Radiant 
DICOM viewer (Medixant, Poznań, Poland). Aortic area 
was measured in an automated fashion using a bespoke 
Matlab programme (Version R2015a, the MathWorks, 
Natick, MA, USA) and the maximum (Amax) and mini-
mum (Amin) areas identified (Fig. 2).

Brachial artery blood pressure was measured non-
invasively using an automated sphygmomanometer at the 
same time as the CT scan with the patient supine prior to 
scanning.

Distensibility and distensibility-PWV were calculated 
according to established principles [23]  where:

and:

Distensibility
(

mm Hg−1
)

=
Amax − Amin

Amax × PulsePressure

Fig. 2  Example of aortic area 
(a) and aortic calcification (b) 
measurements obtained from 
contrast CT. a ECG-sequenced 
cross-sections of the ascending 
aorta are taken at 10% intervals 
throughout the cardiac cycle 
and aortic area calculated using 
automated software. The largest 
and smallest aortic areas are 
identified (highlighted with a 
red box in this example) and 
processed. b Using automated 
commercial software, the 
degree of aortic calcification 
can be calculated by selecting 
each body of calcium from 
aortic root to femoral head
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where ρ is the density of blood, assumed to be 1055 kg/m3.

Patient follow‑up

All patient data were collected and entered prospectively on 
a local online database from the point of referral to follow-
up. Mortality data were obtained from the NHS Spine (a 
central framework including most NHS organisations across 
the UK).

Statistics

Sample size was determined using Freedman’s method [24]  
and hazard ratios estimated from previous invasive data. 
Assuming an uneven distribution between groups (with a 
ratio of 0.66) as before, we determined a minimum of 239 
patients were required with an expectation of 35 events to 
give an 80% power to reject a hazard ratio of at least 0.30 at 
the 0.05 significance (two-tail).

Distribution of data was assessed using a Shapiro–Wilk 
test. If normally distributed, continuous data are displayed 
as mean ± standard deviation; if non-normally distributed as 
median (95% confidence interval [CI]). Unpaired data were 
compared with Student’s t test or Mann–Whitney U test as 
appropriate. Correlation between non-normally distributed 
data was assessed with Spearman’s rank order correlation.

Potential variables that may influence 1-year survival 
were identified from previous registry-based studies [25–27]. 
Linear and logistic regression analysis were performed to 
assess univariate relationships between continuous and 
discrete variables, respectively. A multivariate regression 
model was constructed for all variables with a p value 
of < 0.1. Aortic calcification, aortic distensibility and the 
linear regression derived CTASI were compared for diag-
nostic efficiency against an invasively obtained cut-off of 

DistensibilityPWV (m∕s) =
1

√

� × Distensibility

10.0 m/s [28]  using receiver-operator characteristic (ROC) 
curve analysis.

Because of the debate over the appropriate pulse wave 
velocity cut-point [20, 28]  and the variability of PWV 
according to age [29] , the optimum PWV for this patient 
group was determined according to the highest Youden index 
from a series of ROC calculations against 1 year mortality 
using the function “cutpt” in STATA. This value was used to 
categorise individuals into high- and low-risk groups. Sur-
vival analysis was assessed using a Kaplan–Meier analysis.

Data analysis was performed using STATA 13.1 for Win-
dows (STATA software, College Station, TX, USA). A p 
value of < 0.05 was considered statistically significant.

Results

Baseline demographics for both cohorts are shown in 
Table 1.

Cohort1: construction of CTASI

Invasive and non-invasive data in these 80 patients are 
displayed in Table 1. Median invasive-PWV was 9.71 m/s 
(95% CI 8.9–10.4) and distensibility-PWV 11.7 (95% CI 
11.0–12.9) m/s. Aortic calcification was markedly skewed 
and was logarithmically transformed. A reasonable correla-
tion was noted between invasive-PWV and distensibility-
PWV (rho = 0.35, p < 0.01) and log-transformed aortic cal-
cification (rho = 0.36, p < 0.01).

Linear regression analysis showed a relationship between 
invasive-PWV and both log-transformed aortic calcification 
(β = 1.29, 95% CI 0.31–2.29, p = 0.01) and distensibility-
PWV (β = 0.19, 95% CI 0.04–0.33, p = 0.01). Using this 
regression analysis, CTASI was constructed:

CT Aortic Stiffness Index(CTASI,m/s) = 3.40 + (0.19 × 
Distensibility PWV) + (1.29 ×  log10[aortic calcification])

Table 1  Baseline demographics 
for the PWV construction group 
(cohort 1), PWV validation 
group (cohort 2) and the 
combined dataset

Cohort 1
PWV construction (n = 80)

Cohort 2
PWV validation (n = 246)

Total
(n = 326)

Age, yrs (95% CI) 83.9 (93.3–84.7) 83.0 (82.2–83.9) 84.3 (83.6–85.0)
Male (%) 47 (58.8) 129 (52.4) 176 (54.0)
Logistic Euroscore 1 (95% CI) 15.4 (14.2–17.6) 14.5 (12.7–17.8) 15.3 (14.1–17.0)
Smoking history (%) 25 (31.3) 111 (45.1) 136 (41.7)
Diabetes 13 (18.8%) 58 (23.6%) 71 (21.8%)
Previous myocardial infarction 9 (11.3%) 41 (16.7%) 50 (15.3%)
Pulmonary disease 14 (17.5%) 62 (25.2%) 76 (23.3%)
Extracardiac arteriopathy 5 (6.3%) 23 (9.3%) 28 (8.6%)
Hypercholesterolemia 29 (36.3%) 173 (70.3%) 202 (62.0%)
Hypertension 55 (68.6%) 199 (80.9%) 244 (74.8%)
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Median CTASI was 10.0 m/s (9.7–10.4). CTASI corre-
lated with invasive pulse wave velocity (r = 0.47, p < 0.01) 
with a higher rank correlation coefficient than the indi-
vidual CT-derived measures (Fig. 3).

Univariate analysis revealed a relationship between 
CTASI and systolic BP (β = 0.01, 95% CI 0.00–0.01, 
p = 0.04), pulse pressure (β = 0.01, 95% CI 0.00–0.02, 
p < 0.01), body mass index (β = −0.02, 95% CI: −0.04 
to 0.00, p = 0.01) and age (β = 0.05, 95% CI 0.04–0.08, 
p < 0.01) of which only body mass index (β = −0.02, 
95% CI −0.04 to 0.00, p = 0.04) and age (β = 0.05, 95% 
CI 0.03–0.07, p < 0.01) were preserved on multivariate 
analysis (Table 2).

ROC curves were created using an invasive PWV 
threshold of 10 m/s and demonstrated CTASI to have good 
accuracy as a diagnostic test, better than distensibility-
PWV and aortic calcification alone (CTASI Area Under 
Curve (AOC) 0.72 [95% CI 0.61–0.84], distensibility-
PWV AOC 0.69 [95% CI 0.57–0.80], log aortic calcifica-
tion AOC 0.65 [95% CI 0.53–0.77]; χ2 = 0.82, p = 0.02, 
Fig. 3).

Cohort 2: prognostic validation of CTASI 
following TAVI

Median follow-up of cohort 2 was 771 days (95% CI 
751.4–790.5) during which time there were 61 deaths with 
a 1-year mortality of 12.6%. Using a series of ROC curves a 
CTASI value of 10.5 m/s was identified as most informative 
for predicting 1-year mortality (Youden index = 0.23, sensi-
tivity = 0.57, specificity = 0.66, AOC = 0.62) and this value 
was used to stratify patients into low- and high-risk groups 
(patient characteristic data shown in Table 3). Using this cut-
off, univariate analysis revealed significance for CTASI only 
in predicting 1-year mortality (OR 2.58, 95% CI 1.18–5.61, 
p = 0.02, Table 4). Kaplan–Meier survival analysis was also 
significant (log-rank p = 0.03, Fig. 4).

Using similarly generated cut-points for calcification and 
distensibility-PWV individually showed both to be predic-
tive of 1-year mortality (aortic calcification cut-point 3.69: 
OR 2.14, 95% CI 1.06–4.35, p = 0.04; distensibility PWV 
cut-point 12.19 m/s: OR 2.55, 95% CI 1.20–5.41, p = 0.02) 
but not significant for survival analysis (aortic calcification 
log-rank p = 0.1, distensibility PWV log-rank p = 0.06).

Fig. 3  a Invasively measured PWV correlated with distensibility-
PWV (left), log-transformed aortic calcification (middle) and CT 
aortic stiffness index (CTASI, right). b Diagnostic characteristics of 
distensibility-PWV, log-transformed aortic calcification and CTASI. 
A significant correlation was noted with both CT-derived measures 
(distensibility-PWV and log-transformed aortic calcification); how-

ever, a stronger correlation was apparent with CTASI. Furthermore, 
when an invasive-PWV value of 10 m/s was taken as the ‘gold stand-
ard’ value a good area under the curve value of 0.72 was found, sig-
nificantly higher than those according to distensibility-PWV or aortic 
calcification alone
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Discussion

Pulse Wave Velocity is a powerful tool for identifying car-
diovascular risk and can be used to guide therapeutic pre-
ventative strategies. Its use has been limited by difficulties 
in obtaining accurate non-invasive measures. In this study, 
we have derived a novel CT aortic stiffness index (CTASI) 
from two features that reflect pulse wave velocity (aortic 
distensibility and calcification); this index shows a good 
correlation with invasive PWV. In a second patient cohort, 
we have shown that CTASI can risk-stratify patients with 
regards to 1-year mortality.

Direct vascular assessment by CTASI

Conventional cardiovascular risk factors, while useful and 
modifiable, do not give a direct measure of cardiovascular 
health and cannot therefore consistently predict the devel-
opment of overt disease [30] nor identify preclinical states 
[31]. There are several alternative modalities that can offer a 
more direct assessment of the vascular system by measuring 
either physiological or anatomical characteristics.

Physiological assessment tools include endothelial func-
tion testing using techniques such as flow mediated dilata-
tion or peripheral artery tonometry both of which are prog-
nostic markers of cardiovascular events and mortality [6] . 
However, these are relatively operator dependent [7] , have 
modest levels of reproducibility [8]  and their results have 
not been consistent in all studies [7]. MRI-calculated PWV 
velocity has been shown to predict cardiovascular events in 
some (but not all) age-groups [9] . Similarly, aortic disten-
sibility can also be measured using MRI [12] where it cor-
relates with mortality and cardiovascular events [11] . Alter-
natively, a number of specific physiology-based non-invasive 

tools have been devised to assess PWV [10]  but at present 
none are accurate enough for clinical recommendation [20] .

Carotid Intima-Medial Thickness is an anatomical assess-
ment measured by ultrasound and is predictive of future 
cardiovascular events [13]  although its additive effect over 
other conventional risk factors is small [14] . Coronary artery 
calcium scoring through CT scanning appears to provide 
greater insight into cardiovascular event risk [15]  although 
is more expensive and laborious. Additionally, aortic calci-
fication in the descending aorta measured by CT has been 
shown to correlate with non-invasive PWV [16] and accord-
ingly can predict cardiac and all-cause mortality [17, 18], 
particularly if more rapidly progressive [19] .

Given the ability of either physiological and anatomical 
characteristics to measure vascular stiffness, we identified 
the potential for CT to assess both of these domains. Whilst 
CT carries a good spatial resolution, its contrast and tempo-
ral resolution is lower than MRI but despite this, we found 
relative clarity in identifying the dynamic changes in ascend-
ing aorta diameter during the cardiac cycle in the majority 
(90%) of patients. Even without the integration of calcifi-
cation, we found a reasonable correlation with invasively 
obtained PWV. Calcification was assessed using a modified 
Agatston methodology [22]  thus allowing the protocol to be 
completed in a single scan.

Our resultant measure of vascular health (CTASI) there-
fore directly quantifies aortic stiffness, one of the earliest 
subclinical changes in the progression of cardiovascular 
disease [32]. By incorporating both anatomical (aortic cal-
cification) and physiological (aortic distensibility) charac-
teristics, we have created an index that correlates well with 
invasive-PWV and is able to predict an abnormal invasvie-
PWV [28]  more impressively than either characteristic 
alone. Furthermore, CTASI was appropriately related to 
patient factors (BMI and age) [5, 33] .

Table 2  Clinical features of 
Cohort 1 and their relationship 
with CT aortic stiffness index 
(CTASI)

Statistically significant variables displayed in bold font

Univariate analysis Multivariate analysis

Variable β 95% CI p value β 95% CI p value

Ex/Current smoker 0.14 −0.15 to 0.42 0.35
Hypercholesterolaemia -0.01 −0.50 to 0.21 0.43
Hypertension 0.19 −0.22 to 0.61 0.36
Sex 0.18 −0.14 to 0.51 0.26
Egfr 0.00 −0.01 to 0.00 0.43
Left Ventricular function -0.05 −0.30 to 0.20 0.71
Diabetes -0.17 −0.55 to 0.21 0.38
Diastolic BP 0.00 −0.02 to 0.01 0.63
Pulse pressure 0.01 0.00 to 0.02  < 0.01 0.01 −0.01 to 0.03 0.18
Systolic BP 0.01 0.00 to 0.01 0.04 −0.01 −0.02 to 0.01 0.51
Body mass index −0.02 −0.04 to 0.00 0.01 −0.02 −0.04 to 0.00 0.04
Age 0.05 0.04 to 0.08  < 0.01 0.05 0.03 to 0.07  < 0.01
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CTASI and prognosis

Aortic stiffness is superior to brachial systolic or pulse pres-
sure in its assessment of cardiovascular health [34] . Inva-
sively obtained PWV is the gold-standard measure of aortic 
stiffness [1]  and is a good predictor of subclinical [4]  and 
clinical [3]  end-organ damage, as well as cardiovascular 
mortality independent of classical cardiovascular risk fac-
tors [2] . Recent work has shown that it predicts mortality in 
patients undergoing TAVI [5] .

Thus, to demonstrate the clinical importance of CTASI, 
we wanted to replicate these findings. In a second cohort 
of patients undergoing only CTASI calculation, we have 
confirmed this. Appropriately, the estimated cut-off 
value of 10.5 m/s is very similar to our previous invasive 

findings [5]  and consistent with current guidelines [28] . 
Whilst both of the individual measures of calcification and 
distensibility have some prognostic abilities in this regard 
neither was as strong as CTASI. Furthermore, in our mod-
erately sized cohort, CTASI was more informative than 
other known or potential prognostic markers.

Therefore, CTASI has the potential for prospective use 
to risk stratify and guide therapy [35–37] in all patients 
undergoing contrast CT, or could be used as a tool to 
assess cardiovascular health in its own right. A particu-
lar group of patients for which this will be applicable is 
those undergoing CT coronary assessment where a broader 
assessment of vascular health, in addition to the recogni-
tion of coronary disease, can now be assessed and treated.

Table 3  Baseline characteristics 
of cohort 2 and characteristics 
according to a high (> 10.5 m/s) 
or low (< 10.5 m/s) risk CT 
aortic stiffness index (CTASI)

All (n = 238) Low CTASI (n = 151) High CTASI (n = 87)

Male 126 (52.9%) 77 (51.0%) 49 (56.3%)
Age, yrs (95% CI) 84.0 (83.2–84.7) 81.9 (80.3–82.7) 85.7 (84.5–87.0)
Diabetes mellitus 58 (21.0%) 38 (25.2%) 20 (23.0%)
Hypertension 194 (81.5%) 122 (80.8%) 72 (82.8%)
Previous/current smoker 110 (46.2%) 63 (41.7%) 47 (54.0%)
eGFR (ml/min) 59.0 ± 21.4 60.1 ± 22.3 57.1 ± 19.8
Hypercholesterolemia 169 (71.0%) 113 (74.8%) 56 (64.4%)
Previous valve surgery 7 (2.9%) 6 (4.0%) 1 (1.1%)
Previous PCI 37 (15.5%) 22 (14.6%) 15 (17.2%)
Neurological disease 50 (21.0%) 26 (17.2%) 24 (27.6%)
Extracardiac arteriopathy 22 (9.2%) 12 (7.9%) 10 (11.5%)
Logistic euroscore 1 15.8 (14.4–18.2) 14.9 (13.2–17.0) 20.1 (14.9–24.0)
CCS angina class
 0 173 (72.6%) 110 (72.8%) 63 (72.4%)
 1 19 (7.9%) 12 (7.9%) 7 (8.0%0
 2 31 (13.0%) 18 (11.9%) 13 (14.9%)
 3 13 (5.4%) 10 (6.6%) 3 (3.4%)
 4 2 (0.8%) 1 (0.7%) 1 (1.1%)
NYHA class
 1 5 (2.1%) 2 (1.3%) 3 (3.4%)
 2 62 (26.1%) 38 (25.2%) 24 (27.6%)
 3 144 (59.2%) 94 (62.3%) 50 (57.5%)
 4 27 (11.3%) 17 11.2%) 10 (11.5%)
Aortic valve peak gradient (mmHg) 75.6 (72.4–78.9) 74.9 (70.9–79.0) 76.8 (71.2–82.4)
Aortic valve mean gradient (mmHg) 45.5 (43.5–47.6) 45.4 (42.8–48.0) 45.8 (42.3–49.3)
Mitral regurigtation pre-procedure
 None/mild 176 (73.9%) 113 (74.8%) 63 (72.4%)
 Moderate 54 (22.7%) 33 (21.9%) 21 (24.1%)
 Severe 8 (3.4%) 5 (3.3%) 3 (3.4%)
LV function
 > 50% 165 (69.3%) 102 (67.5%) 63 (72.4%)
 30–49% 50 (21.0%) 33 (21.9%) 17 (19.5%)
 < 30% 23 (9.7%) 16 (10.6%) 7 (8.0%)
Pulmonary artery pressure (mmHg) 41.2 (39.2–43.1) 40.5 (38.1–43.0) 42.1 (38.7–45.4)
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Limitations

In clinical practice, a significant number of cardiac contrast 
CT scans are limited to the thorax and will not include more 
distal vasculature. However, they will therefore include the 
ascending aorta, arch and descending aorta and calcification 

from this section could be used to calculate CTASI. Further 
work to clarify the relationship between this quantification 
of calcification and the measure of calcification we have 
used here will be required to confirm the weighting for this 
more focussed assessment. Encouragingly, the aortic arch 
seems the most informative in terms of aortic calcification 
and risk [18] .

For the purposes of our follow-up cohort, we were forced 
to exclude 177 patients because of inadequate or unavail-
able CT data, or because blood pressure was not recorded 
simultaneously. However, there is nothing to suggest these 
patients differed in any way from our final cohort with simi-
lar Logistic Euroscore 1 values (15.4 [95% CI 14.2–17.6] vs 
17.2 [95% CI 15.6–19.9], p = 0.32).

The rate of exclusion with regards to adequate CT data 
occurred in 10% of patients in this study. Whilst this partly 
reflects the limitations of CT with some implications for 
further work, it is recognised that the TAVI cohorts present 
some challenges in scanning where beta-blockade is not used 
and the patient’s ability to adequately breath-hold is often 
impaired. Therefore, we would anticipate a lower exclusion 
rate in the general population.

In comparison to MRI, the temporal resolution of CT is 
lower. This may have implications on accuracy when the two 
modalities are compared but we anticipate this being minor. 
Unlike MRI, we were able to include our second assessment 
of stiffness (that of calcification) that ultimately improved 
the accuracy of our measurement. We also acknowledge that 
retrospective ECG-synchronisation carries a higher radiation 
dose and further work may be required to establish whether 
prospective ECG- synchronisation is as accurate for CTASI.

We opted to exclude patients from follow-up if they died 
within the first 30 days after TAVI on the assumption that 
their cause of death may have stemmed from the procedure 
rather than their cardiovascular health. When they were 
included in the analysis, the predictive value of CTASI was 
preserved (Kaplan–Meier log-rank p = 0.01) demonstrating 
that this action did not cloud our analysis.

The concept of quantifying aortic calcification by the 
Agatston method with a modified Hounsfield threshold has 
been used by several groups previously [16, 17, 19] . We 
chose to use a cut-off value that has been demonstrated to 
be most insightful when contrast is administered [22]. How-
ever, further work may be required comparing contrast and 
non-contrast scans to ensure maximal accuracy has been 
achieved.

Conclusion

By assessing the distensibility of the ascending aorta and 
incorporating the degree of aortic calcification, we have cre-
ated the CT aortic stiffness index (CTASI). We have shown 
the clinical relevance of CTASI in that it is able to predict 

Table 4  Logistic regression analysis for potential predictors of 1-year 
mortality following TAVR in cohort 2 

Statistically significant variables are shown in bold font

Univariate analysis

Variable OR 95% CI p valve

Age 1.02 0.96–1.08 0.51
Gender 0.86 0.40–1.86 0.71
Critical pre-operative state 2.36 0.24–23.4 0.46
Baseline NHYA class 1.13 0.62–2.10 0.68
Mitral regurgitation 1.13 0.64–2.01 0.67
Body mass index 0.98 0.95–1.02 0.43
Pulmonary disease 0.56 0.20–1.52 0.25
Diabetes 0.94 0.38–2.31 0.89
Hypertension 1.15 0.42–3.20 0.78
Hypercholesterolemia 1.40 0.57–3.42 0.47
Discharge aortic regurgitation 1.21 0.61–2.40 0.58
Discharge peak aortic gradient 1.00 0.95–1.05 0.98
Previous MI 1.24 0.47–3.25 0.67
Egfr 0.99 0.97–1.01 0.33
LV function 1.49 0.87–2.55 0.15
Logistic Euroscore 1 1.02 0.99–1.05 0.16
PA systolic pressure 1.04 0.99–1.09 0.09
CTASI > 10.5 m/s 2.58 1.18–5.61 0.02

Fig. 4  Kaplan–Meier survival analysis following successful TAVI 
according to CT aortic stiffness index (CTASI). Using CTASI long-
term outcome of patients undergoing TAVI can be predicted. CTASI 
cut-off was 10.5 m/s. Patients who died within 30-days after TAVI 
were excluded to avoid confounding from procedural mortality
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mortality in patients following a TAVI. This measure could 
now be obtained in any patient undergoing a contrast CT 
scan to provide a direct assessment of vascular health, iden-
tify preclinical disease states and potentially guide early 
intervention strategies. Further evaluation of CTASI in other 
cardiovascular risk groups is warranted.
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