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For surgical aortic valve replacement, the Society of Thoracic Surgeons score (STSS) is the
reference standard for the prediction of operative risk. In transcatheter aortic valve implan-
tation (TAVI) though, where the procedure itself is minimally invasive, the traditional risk
assessment is supplemented by CTA. Through a consistent approach to the acquisition of high-
quality images and the standardised reporting of annular measurements and adverse root and
vascular features, patients at risk of complications can be identified. In turn, this may allow for
a personalised procedural approach and treatment strategies devised to potentially reduce or
mitigate this risk. This article provides a systematic and standardised approach to pre-
procedural work-up with computed tomography angiography (CTA) and explores the cur-
rent state of evidence and future areas of development in this rapidly developing field.

© 2019 The Royal College of Radiologists. Published by Elsevier Ltd. All rights reserved.

Introduction

Transcatheter aortic valve implantation (TAVI, also
known as Transcatheter aortic valve replacement [TAVR])
was first performed in 2002." Since this time, the use of TAVI
has expanded in volume as its evidence across an increasing
range of patient cohorts has grown. Initially, the TAVI pro-
cedure was reserved for those deemed inoperable and
surgically high risk.” Multiple randomised control trials,
including the recent PARTNER 3 and Evolut trials, have
subsequently proven the efficacy of TAVI for intermediate
and low-risk patients compared with surgically implanted
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valve replacements.>* In parallel with these trials the evi-
dence supporting the role of computed tomography (CT)
angiography (CTA) in procedural planning has grown and is
generally favourable (Fig 1).

Imaging has a key role to play in the evaluation of pa-
tients considered for TAVL>® The advent of electrocardio-
gram (ECG)-gated CT acquisition has enabled motion-free
images of the aortic root to be acquired with exquisite
anatomical detail. The majority of the information required
for TAVI transcatheter heart valve (THV) selection and im-
plantation can be gleaned from the CT TAVI dataset: annular
and root dimensions and geometry can be measured; high-
risk features for adverse events, such as coronary occlusion,
annular injury, and post-TAVI conduction abnormalities can
be detected and the lowest risk transcutaneous access route
determined. Valve-in-valve TAVI similarly benefits from
pre-procedural CTA, although requires a completely
different framework of assessment.
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Figure 1 The growth of literature exploring the use of CTA in TAVI work-up as the evidence base supporting its use has grown.

This article provides an overview of the key facets of CT
for TAVI, from acquisition of the TAVI dataset, interpretation
and key findings, and a glimpse into future developments
likely to impact on clinical practice.

The CT TAVI dataset

An ECG-gated dataset allows for motion-free assessment
of the aortic root. In the formative years of TAVI, CTA was
often limited to the aortic arch to mid-femoral arteries.
More recently, however, as the number of access sites has
increased, the TAVI dataset now often is extended to include
the subclavians to mid-femoral arteries. In centres that use
the carotid artery as an access route, inclusion of the ca-
rotids and circle of Willis extends this scan range further,
and ensuring adequate cerebral vascular supply is a critical
determinant of patient suitability for this approach. Ideally,
scans should be undertaken in a combined approach with
only one dose of contrast medium given. Additionally, a pre-
contrast calcium score dataset and a separate assessment of
the coronary arteries may also be added. An overview of
guidance to acquire suitable CT images necessary for TAVI
planning is provided below.

Patient preparation

As for any contrast-enhanced study, intravenous access is
required, and should be through a minimum 20-G cannula.
A dual head injector is required for correct contrast medium
timing and is necessary to achieve overlap between ECG-
synchronisation and contrast delivery. Chronic kidney dis-
ease is relatively prevalent in those referred for TAVI,
however, special precautions are no longer recommended
for patients with estimated glomerular filtration rate (eGFR)
>45 ml/min/1.73m?. Additionally, the risk for those in the
30—45 ml/min/1.73m? bracket is considered low and peri-
procedural hydration is no longer indicated.” In severe renal
impairment, cautious pre-scan intravenous hydration with
0.9% intravenous saline is suggested, but local agreed pro-
tocols should be followed as for any contrast-enhanced CT

study.” Unenhanced acquisitions may allow limited visual-
isation that may remain useful to the interventionist.

Acquisition

During protocolling for CT TAVI, the addition of an aortic
valve calcium score should be considered. Although most
aortic stenosis is graded accurately using echocardiography,
in around 25% of cases there remains uncertainty as to the
true severity of aortic stenosis, and calcium scoring can
assist in determining this.® The aortic valve calcium score
has been shown to provide excellent discrimination for
severe aortic stenosis with gender-specific thresholds.'°
For men, a score of >2,062 AU, and for women >1,377 AU,
are strongly indicative of severe aortic stenosis. This is
performed as for coronary artery calcium Agatston scoring,
prior to the CTA TAVI contrast acquisition.

The challenge of a CTA TAVI scan is often how to combine
an ECG-gated dataset of the aortic root structures with a
vascular CT angiogram from skull (or subclavians if carotid
information is not required) to upper-thigh. At present,
there are three commonly used strategies (or variations
thereof): (1) initial ECG-gated scan of the aortic root fol-
lowed by a standard vascular CT angiogram from skull base
to upper-thigh. This approach images the aortic root and
cardiac structures twice. This, however, decreases the dose,
compared to a fully gated scan, as it limits the ECG-gated
scan range, which is the most dose-intensive. (2) Single
acquisition with ECG-gating from the skull to thorax, fol-
lowed by non-ECG-gated scan from the abdomen to upper
thigh. Given the extra time taken for imaging of the thorax,
this method is more susceptible to breathing artefact. (3)
High-pitch single-phase ECG-gated acquisition of the
vasculature and cardiac structures in a single scanning
volume, with this timed to acquire the heart at mid systole.

Intra-arterial opacification >250 HU, at the level of the
ascending aorta, is recommended."’ Contrast medium vol-
umes of 50—100 ml, at rate of 4—6 ml, are typically required,
with the precise rate and volume dependent on the hard-
ware in use, patient size, and scanning technique in use.
Lower doses of contrast medium administered at lower
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rates of 3 ml/s coupled with lower tube voltage can be
achieved with high image quality irrespective of the use of
64-section,'? wide-bore,’> "> or dual-source!®!® scanner
technology, and should be used in those with chronic kid-
ney disease. Future developments in dual energy and
spectral imaging allowing for mono-energetic reconstruc-
tion techniques may allow for lower volumes of contrast
medium in future.'

Radiation dose considerations

The necessity of an ECG-gated aortic root dataset in
addition to a near whole-body CT angiogram increases the
dose compared with a standard CT angiogram acquisition.
Nevertheless, the overriding focus should be to obtain
diagnostic-quality images, particularly of the aortic root,
whilst still following the principle of ‘As low as reasonably
practicable’ (ALARP).” Current guidelines are for a tube
potential of 100 kV for patients with a body mass index
(BMI) <30 kg/m? or 120 kV for >30 kg/m?''; however,
where scanning hardware allows, more aggressive tube
voltage reduction can be achieved with 80 kV commonly
used for BMIs <26—28 kg/m?.%°

Traditionally patients receiving TAVI have often been in
their eighth or ninth decades of life, with a mean age of
80—84 years in high/intermediate-risk trials.”' ~* Although
this has fallen slightly in more recent low-risk trials, even in
the PARTNER 3 trial, the mean age of recruited patients was
73 years.* Thus although radiation dose should be moni-
tored, diagnostic image quality and contrast medium dose
are arguably of greater concern.

Imaging of the aortic root

As a minimum, the aortic root must be imaged, but the
whole heart can be included to add information about the
coronary arteries (either as part of a single scan or as a
separate acquisition). ECG gating during acquisition is
mandatory. The size of the aortic root is most frequently at
its maximum during systole,’>?° with the majority of in-
dustry THV sizing algorithms using systolic measurements.
As aresult, annulus measurements during diastole may lead
to under sizing of THV.®?” As such, scanning of the aortic
root should acquire systolic phase imaging. Infrequently,
such as in the setting of septal hypertrophy, the aortic root is
largest during diastole, as a result of which there is some
benefit to the acquisition the full cardiac cycle.?®?%9 Such
acquisition is further meritorious as it provides multiple
phases to work with to reduce the impact of motion arte-
fact; however, such acquisition should be weighed against
radiation and contrast medium concerns, particularly if
high-pitch single-phase whole-body acquisitions are being
performed.

Aortic root: anatomical definitions and assessment

The aortic root consists of the aortic annulus, sinuses of
Valsalva, valvular cusps, fibrous interleaflet triangles, coro-
nary artery ostia, and sinotubular junction.*%!

Annulus

Accurate identification and planar analysis of the
annulus is required for TAVI. Most commercially available
software packages now facilitate identification of the aortic
annulus automatically. User confirmation of the annulus is
necessary, however, and as such, an understanding of the
methods required to define the annulus is required, with
the most commonly used technique being that of the
sequential identification of each of the hinge points of the
three cusps (Fig 2).

The perimeter, area, and diameter of the annulus are all
important measures in THV sizing algorithms. Delineation
of these should always be reviewed and corrected where
necessary, as software-derived contours are not always ac-
curate. In the presence of annular calcification, the annulus
contour should be defined as to be harmonious with the
rest of the annulus, running through the calcium in a
manner that would best represent the annulus were the
calcification absent.

Aortic root and annulus dimensions vary throughout the
cardiac cycle’*; with the annular area being more sensitive
to changes during the cardiac cycle than perimeter.””> The
annulus is usually largest during systole and should there-
fore ideally be measured during this phase, although where
the full cardiac cycle acquisition has been performed, a re-
view of the whole cardiac cycle should be performed to
confirm this is the case. Currently available software for
semi-automated analysis will usually only measure and
extract a single pre-selected cardiac phase, potentially
limiting its role in this assessment of the cardiac cycle.
There are early reports of full cycle segmentation following
the manual identification of the hinge points allowing for a
more rapid assessment of cyclical annular deformation and
identification of the phase with the largest area.>” Such
advancements will be further bolstered in the future by
advances in the automatic identification and segmentation
of the aortic root.>*>*

In the future we may be able to progress beyond
matching annular sizing to industry provided sizing
recommendation charts to a bespoke model utilising
patient-specific computational flow dynamic (CFD)
models. Through the use of deformable models and
simulated THVs, the impact of the THV on the native ge-
ometry can be assessed.>® To date such models have been
shown to be accurate in their prediction of the degree of
annular stretch and displacement and deformation of both
leaflets and left ventricular outflow tract.® Such modelling
has in turn allowed for the accurate prediction of the
severity and location of paravalvular leakage by identifying
regions where the presence of calcium may result in loss of
contact between the annulus and the adjacent stent.>’*
Furthermore, by quantifying the level and force of con-
tact of the deployed valve against the membranous
septum, the likelihood of damage to the conduction sys-
tem and subsequent requirement for pacemaker has been
predicted with high accuracy.® Future work is required to
test the impact of this information on outcomes in pro-
spective studies.
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Valve type

Characterisation of valve type (i.e., true or functional bi,
tri, or quadri-cuspid) should be performed on all TAVI CT.
Although in current clinical cohorts, predominantly
composed of septuagenarians and octogenarians, tricuspid
valve morphology is the most commonly encountered,
bicuspid valves still account for 6—8% of patients presenting
for TAVL.>*? With reducing cohort age, such as seen in the
most recent low-risk trials, the frequency of bicuspid aortic
valves presenting for consideration is likely to increase.
Bicuspid valves reduce the success rates for TAVI (85.3%
versus 91.4%)*! with consequent higher conversion rate to
surgery (2% vs 0.2%). Recognition and communication of the
bicuspid valve nature is therefore important, especially as
bicuspid valve morphology can be overlooked in >50% of
cases based on echocardiography alone.*?

Although numerous bicuspid aortic valve morphology
classifications exist, a TAVI-centred classification has been
created.”® This categorises bicuspid aortic valve morphology
based on whether there are two or three commissures and
the presence/absence of a raphe. This divides bicuspid aortic
valves into three types: (1) functional/acquired tri-
commissural, (2) bi-commissural with raphe, and (3) bi-
commissural without raphe.

Valve morphology and associated findings should always
be reported. Valve calcification should be quantified and
qualified.*’ Raphe position (between which leaflets) and
length should also be noted.** Bicuspid aortic valve disease
is part of an aortopathy and the ascending aorta, arch and
descending aorta should be carefully inspected, with dila-
tion, aneurysms and coarctation all more common in
bicuspid valve disease. An additional challenge with
bicuspid aortic valve disease is the definition of the annulus
and annular plane, given that only two points of reference
exist in the bi-commissural type valves. A schematic for
overcoming such limitations, based on the traditional
annular sizing approach, is provided in Fig 3. Although such
measurements are highly reproducible, further work in
optimising pre-procedural sizing is required in bicuspid
valves; post-procedural imaging shows deployed TAVIs to
be under-expanded by 11% relative to the native annulus, in
contrast to devices deployed in tricuspid valves, which
usually reach their expected dimensions.*’

Calcific burden

THV are deployed in specific landing zones, defined by
the distal left ventricular outflow tract (LVOT), aortic

annulus, and valve cusps.**’ The degree of calcification
within this landing zone varies with patients, with severely
stenotic valves often yielding Agatston scores in excess of
2,000. There is also variance in the regions of the landing
zone most afflicted, with non-coronary and left coronary
cusps more frequently calcified. Sub-annular calcification
presents a risk of paravalvular regurgitation, especially if
the morphology of the calcium is more protruding than
eccentric.** > Balloon expandable valves are at increased
risk of rupture with large protruding calcifications, and self-
expanding valves should be considered in these situations.

At present, evaluation of landing zone calcification is
non-quantitative, with anatomical distribution, protruding
versus non-protruding calcifications noted, with a visual
score of mild/moderate/severe assigned (Fig 4).°

Optimal projection curves

TAVI CT can be used to plan optimal C-arm angulations,
i.e.,, angulations that present the axis of the aortic root
parallel to the fluoroscopic detector (Fig 5). These predictive
angulations correlate well with the final procedural c-arm
angles and more importantly, reduce procedural time and
volume of contrast medium administered.”® %

Often, views with LAO 10 are the result, and an institu-
tional preference should be clarified, and should be re-
ported with their corresponding cranial or caudal
angulation (Fig 5). When extreme angulation (>30°) is
required to achieve these, alternate angulations should be
provided; however, it is essential to recognise that CT pre-
dicted angles are only helpful if the patient is positioned in a
similar fashion during CT and the TAVI procedure.

Prediction of risk

For surgical aortic valve replacement, the Society of
Thoracic Surgeons score (STSS) is the reference standard for
the prediction of operative risk.* In TAVI, where the pro-
cedure itself is minimally invasive, the traditional risk
assessment is supplemented by CTA. Through the individ-
ualised anatomical assessment provided by the CTA, a per-
sonalised risk of complications can be identified. Through
the identification of specific CT features, the risk of coronary
occlusion, annular rupture, paravalvular leakage, conduc-
tion disturbances, and vascular injury can all be predicted.

Figure 2 Defining the annular plane. The annular plane is created by localising the three hinge points of the three valve cusps. This can be done in a
standardised and reproducible manner using the following technique. First, an approximate plane is defined through the aortic valve (a—d). The
centre of the cursor should then be located over the right coronary cusp (RCC) hinge point scrolling down until the hinge disappears (e—h). This is
now one of the three hinge points defined, and this annular point should remain fixed until the remaining two points are identified. The second
planeis thenrotated so that it transects the location of the non-coronary cusp (NCC) (i) and then angled (j) until the NCC cusp hinge point disappears,
justas the RCC did in the previous step (arrowhead, i—1). Now two of the three planar points are fixed, and the only thing that should now be moved
or rotated is the third plane (note no movementin(g) or (k) during the previous steps). This third plane (0) should now be angled until the third hinge
point disappears (m—p). The three hinge points are now fixed in place. To confirm the accurate placement of these (often required in heavily calcified
annuli and cusps), the cursor can now be centred in the annulus and the view rotated (q), so that each of the three hinge points can be visualised in
turn (yellow dashed circles, r—t). Once these hinge points are confirmed, the annular area and perimeter can be measured (u—w).
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Figure 3 Annulus definition in bicuspid aortic valves. First an approximate aortic root plane is defined (a—c) with the cursor centred over the middle or
raphe of the cusp in the approximate right coronary cusp position. Once this is centred and the cusps appear relatively symmetrical, the image is scrolled
down (e—g) until the hinge point of this cusp is reached (arrowhead, (h)). The plane that transects the second hinge point (k) is then angled, until the
second hinge point is reached (arrowhead, (1)). Two techniques can then be used to define the final annular plane: the plane orthogonal to the plane
transecting the hinge points (m) can be angled, until the smallest short axis diameter is achieved (p). Over- and under-angulation results in greater
diameters (arrows in (n) and (0)) demonstrating the appearance of a wider annulus with angulation compared with the minimal diameter achieved in
(p). Alternatively, the image can be scrolled up to the commissures of the bicuspid valve (q) and the plane going through these (r) angled until they are
both symmetrical (note the wider commissure circled in (p)), which becomes closed and symmetrical with the opposite commissure as circled in (t).
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Figure 4 A semi-quantitative approach to LVOT calcification. In mild calcification, the calcification is lamellated along the annular wall, non-
protruding and small in size. In moderate cases, there are multiple nodules of calcification or a single nodule with limited protrusion. In se-
vere calcification, the nodule is large and protruding with extension into the LVOT or protruding with multiple nodules of calcification.

Figure 5 MPR planes for optimal projection curve. The coronal—oblique plane passes through the NCC and left coronary cusp hinge-points while
the sagittal oblique plane passes through the RCC hinge-point. This produces a viewpoint of the three cusps centred on the right coronary cusp

with all equidistant from one another: optimal for stent deployment.

Annular rupture

Annular rupture occurs in only 0.1% of TAVI procedures;
however, it has a mortality of up to 75% when an uncon-
tained rupture arises.®>°° It is increased by both patient
related and procedural related factors. Prior radiotherapy,
female gender, sub-annular calcification (especially inferior
to the non-coronary cusp, and in the upper LVOT <2 mm
below annular plane) all increase the risk. Procedural fac-
tors of THV oversizing >20%, and balloon-expanding valves
all increase the risk.“®°® Forearmed with the knowledge
that the annulus is hostile and at risk of rupture through the

identification of subannular calcification and its location
means that the procedure can be modified. Either through
the use of self-expanding valves, or alternately through the
use of reduced over sizing of valves, with this especially
pertinent where an annulus sits in the grey zone between
two potentially viable THV sizes.

Coronary occlusion and sinotubular junction injury
One of the most feared complications of TAVI is that of

coronary occlusion. Although rare, at 0.7% of all TAVISs, there
is significant mortality when it occurs with a 41% 30-day

Radiology, https://doi.org/10.1016/j.crad.2019.11.015
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mortality.%”®® Coronary occlusion is usually the result of an
imbalance between the size of the THV and native aortic
root, leading to occlusion of the coronary ostium. Deter-
mination of the coronary ostial height and sinus of Valsalva
diameter is therefore mandatory on pre-procedural TAVI CT.
All measurements are relatively straightforward (a sche-
matic is shown in Fig 6, with a high-risk anatomy example
in Fig 7): (1) coronary ostial height: after establishing the
annular plane, the ostial height is determined perpendic-
ular to the annular plane. Ostial heights of <12 mm carry an
increased risk of post-implant coronary occlusion®’; how-
ever, are not absolute contraindications; (2) sinuses of
Valsalva: diameters measured on an in-plane en-face view,
either cusp to cusp or cusp to commissure. For bicuspid
valves, cusp to cusp is measured. The final figure is the
average of all three measurements, with <30 mm consid-
ered higher risk®’; and (3) sinotubular junction: the dis-
tance from annulus to the sinotubular junction and
sinotubular junction planar diameters should also be

measured. Comparison between expected THV length and
sinotubular junction height is necessary to avoid injury post
implantation when there is a small diameter.

The combination of a low coronary height and a narrow
sinus indicates a geometry that is at particular risk of sub-
sequent coronary occlusion, although it should be noted
that 13% of cases will have this anatomy with only a small
subset experiencing obstruction.®’

Paravalvular regurgitation

Paravalvular (annular) regurgitation (PAR) is an impor-
tant cause of mortality after TAVI, with a greater than
twofold increase in 1-year mortality in those with moderate
to severe PAR.°>~7! Although procedural factors, such as
device malpositioning (excessive aortic or ventricular
positioning), are relevant, anatomical factors detected by CT
are major determinants of PAR. These factors include device
under-sizing,>’? root angulation,”® and excess landing

(9)

(i)

Figure 6 Schematic for the measurement of coronary artery height (a—c), sinus of valsalva diameter (d—f) and sinotubular junction diameter
(g—i). For measurement of the coronary heights, the annular plane is first defined (a) and remains static. The coronary height is measured
perpendicular to the annular plane (red line in (b) and (c)) to obtain the left coronary height (b) and right coronary height (c). The sinus of
valsalva diameter is measured at the widest diameter within the sinuses (d, e), with the three cusp to commissure distances measured (f). The
final reported value is the average of these three. The sinotubular diameter is then measured at the junction between the sinus and aorta (g, h)

with a single diameter measurement performed at this site (I).
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Figure 7 High-risk anatomical features for TAVI insertion. (a—c) demonstrate low coronary ostial heights on the left (a), and right (b) as well as a
small sinus (c). In (d) and (e) there is a large volume of nodular protuberant calcification below the non-coronary cusp (arrowhead) placing this
patient at increased risk for paravalvular regurgitation and annular rupture.

zone calcification (both annular and left ventricular outflow
tract calcification).** ! Bicuspid valve morphology has also
been reported to be associated with increased rates of
PAR,’47° although this appears to be much less of an issue
with the most recent generation of valves.*>’%77

Conduction disturbances

Significant advances in TAVI design in conjunction with
improved patient selection and risk prediction using CTA
have led to a substantial reduction in the incidence of
procedural complications over the last decade.®® One
complication that persists despite these advances is post-
procedural conduction disturbance requiring pacemaker
implantation, which in a recent meta-analysis of 10,822
cases remained high at 16.2% of cases. Assessment of the
length of the semi-membranous septum may be a useful
marker in the identification of patients at risk of this
complication, allowing for targeting of preventative treat-
ment or alteration of procedural strategy. The membranous
septal length is measured in the coronal plane, at the
longest point between the cusp hinge point and the
muscular septum, with a length <8 mm predictive of high-
degree atrioventricular (AV)-block post-TAVL.”® Several
subsequent studies have confirmed this observation, and
additionally, demonstrated the additive deleterious effect of
calcification of the landing zone, particularly when located
beneath the left coronary cusp.’” 8! Such features provide
additive incremental risk over and above the clinical and
procedural risk factors of deep implant depth, and pre-

existing right bundle branch block.2%%! Highlighting the
length of the membranous septum can, in turn, allow the
interventionist to alter the implantation depth of the valve
to prevent damage to the conduction system. Such an
approach has been shown to reduce the rate of PPM inser-
tion from 10% to 3%.5? Knowledge of these anatomical and
procedural markers of risk may in future lead to new valve
designs to mitigate this. One such valve design was the
Centera valve (Edwards Lifesciences, Irvine, CA, USA), which
had a fixed implant depth due to the combination of a waist,
sinus bulge and flared LVOT component. Early trials vali-
dated this concept of a fixed implant depth with 1 year
outcomes from this valve showing rates of PPM insertion of
only 5%.5° Although this valve has subsequently been
withdrawn from development due to issues with device
tracking and manipulation, it provides a powerful proof of
concept of translating research findings into actionable
outcomes. Such advances in design combined with knowl-
edge of the differing risk profiles of both individual patients
and devices may in the future allow for targeted device
selection to best address the patient specific risk profile as
quantified by their CTA.

THV delivery route and vascular assessment

Although understanding of the aortic root is funda-
mental to deployment of a transcatheter aortic valve,
appreciation of the vascular access is also mandatory for
optimal delivery of the device. At present, the transfemoral
route is usually the first route of choice®*®> and the
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approach with the most experience worldwide.?® The
PARTNER2 and SURTVAI trials demonstrated a major
vascular complication rate of up to 6%>>%78 with risk fac-
tors for major vascular complications being identified as
increased vessel tortuosity, increased calcification, and
insufficient vessel diameter. Initial devices had a cut-off
external THV sheath:vessel diameter ratio of >1.05; how-
ever, newer evidence suggests a threshold of >1.12 can be
used, particularly in the absence of severe calcification.?’

Alternative approaches are required when the trans-
femoral approaches are contraindicated.®® The original ap-
proaches included trans-apical and direct trans-aortic. The
trans-subclavian approach has migrated from a surgical to
percutaneous approach, with the left-side access favoured,
although the trans-carotid approach requires minimally
invasive surgery, with the left carotid again favoured due to
favourable alignment with the ascending aorta.”’ %% The
most recent approach being explored is that of the trans-
caval approach, with crossover into the abdominal aorta
in the retroperitoneum.”® This technique remains experi-
mental, however, and has stringent abdominal anatomy
requirements including a suitable calcium-free window in
the aorta in a position where it directly apposes the vena
cava, and necessitates the use of a post-procedural occluder
device.

The vascular CT angiogram should be carefully assessed
for suitability, primarily for transfemoral route access, and if
not suitable, also for trans-carotid and trans-subclavian
routes. This can easily be achieved manually with double-
oblique views on multiplanar reformats. Semi-automated
evaluation with post-processing algorithms facilitates
easier evaluation, with curved multiplanar reformats well
suited to this task.

Access routes should be assessed for the calcium severity.
Special note should be made of obvious luminal protrusions
and circumferential/near-circumferential  calcification,
particularly at bends and bifurcations. These may limit
vessel elasticity, and therefore, the ability to accommodate
the transiting deployment sheath.

Knowledge of the tortuosity of the vasculature is also
vital. Although most bends can be navigated with the
deployment sheath, with limited risk of damage, acute an-
gles and heavily calcified tortuous vessels present a greater
challenge. The minimum vessel diameters should be eval-
uated and reported for each segment from common
femoral/subclavian/common carotid artery to the aortic
root. All vasculature should be assessed for additional pa-
thologies, including but not limited to: aneurysm, dissec-
tion, tethering, and focal stenosis. The intended access sites
should be assessed for any variant anatomy, such as high
bifurcation of the common femoral artery or heavy calcifi-
cation anteriorly at the expected puncture site.

Coronary artery assessment

Coronary artery disease (CAD) is common in those un-
dergoing TAVR, with >60% of patients having at least one
vessel with >70% stenosis.”>>> Although management of

CAD remains controversial, good procedural success is re-
ported, and identification of this beforehand can allow for
appropriate discussion with the patient.”* With improving
spatial and temporal resolution as well as broader z-axis
coverage, modern CT systems can visualise the coronaries
with diagnostic image quality. This is especially true for the
assessment of coronary artery anatomy anomalies. Full
diagnostic quality, in those with contraindications to usual
practice, however, is challenging due to multiple factors. As
part of patient preparation, nitrates are contraindicated,
reducing coronary artery dilation that would normally be
present in a CTA. Often, those necessitating TAVI have high
coronary calcific burden further reducing the confidence of
the reporter.”> Despite these limitations, a high negative
predictive value can often be achieved.”’® Limiting the
reporting of CAD in TAVI patients to only those with “high-
risk” CAD (two-vessels with >50% stenosis with involve-
ment of the proximal left anterior descending [LAD] artery,
or three-vessels with >50% stenosis, or left main with >50%
stenosis) may be more appropriate in the TAVI/TAVR pop-
ulation given the higher age, background burden of disease,
and limited evidence of significant benefit of concomitant/
preprocedural percutaneous coronary intervention (PCI) for
incidentally detected CAD in this group.”’-?¢ Use of such a
threshold reduced the number of positive CTA examinations
from 41% to 11% in one study.””> Reporting of CAD may
nonetheless be useful in appropriately selected patients
(younger, sinus rhythm, low calcium burden) with the po-
tential to reduce the need for a separate diagnostic angio-
gram. Given the challenge of rate control end-systolic CTA
may be more appropriate in this cohort of patients.

Holistic care

As with any radiographic imaging technique, it is para-
mount that all acquired data are thoroughly assessed for
relevant and incidental clinical findings. The CT dataset
available for TAVI is effectively a CT examinations of the
neck/chest/abdomen/pelvis with an additional ECG-gated
cardiac set. The whole wide field of view acquired should
be reviewed as normal by a trained radiologist. The long-
term consequence of missed findings is becoming more
relevant as the mean cohort age for TAVI reduces.” Nineteen
to 20% of TAVI work-up examinations have incidental
potentially malignant findings.””'°° These incidental find-
ings are potentially significant, and are associated with
poorer survival than in those without incidental findings.””
Importantly though, if these findings are detected and
addressed in concert, with their TAVI triaged accordingly to
best facilitate ongoing care, the differences in survival be-
tween those with and without significant findings becomes
negligible.!0%-101

Post-procedural follow-up and assessment

The main imaging method to follow-up TAVI is that of
echocardiography.'’>!> CT imaging provides a useful
adjunct in the follow-up period post-TAVI for problem-
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solving, providing information about the THV geometry,
position, and leaflet assessment.'’*""® In clinical scenarios
where there is clinical concern for infective endocarditis,
valve thrombosis, or structural degeneration, that has not
been confirmed/excluded on echocardiography, CTA of the
root can provide useful ancillary information.”®>

Follow-up CT should focus on the aortic root and be of
diagnostic quality for the entire cardiac cycle to allow for
both anatomical and functional assessment. Imaging can be
challenging due to streak, blooming, and motion artefacts
from the metallic stent struts. Beta-blockers can be used to
reduce heart rate and R-R variability and thus improve
image quality where the transvalvular gradient is mild to
moderate. The THV leaflets should be uniform in size and
motion on the four-dimensional (D) CT dataset. Leaflet
thickening or restricted movement, termed hypo-
attenuated leaflet thickening or hypo-attenuation
affecting motion, usually represent the formation of
thrombus or pannus (Fig 8).!'%~ '8 CT attenuation is a useful
adjunct in the assessment or perileaflet thickening with
<145 HU suggestive of thrombus rather than pannus.''®
Due to the relatively low temporal resolution of CTA,
maximal leaflet opening may be missed, occurring in be-
tween the captured phases. As a result, and given the im-
plications for treatment, restricted motion should be
reported with caution in the absence of leaflet
thickening.''®118:120

Valve—In—Valve implantation

TAVI valve-in-valve (VIV) implantation within failing
existing surgical bioprosthetic valves has demonstrated
promise with a high technical success rate, an 83—100% 30-
day survival with symptomatic outcomes of New York Heart
Association (NYHA) class of I/Il achieved in 89—100%.'”!
Maintenance of good technical results have been demon-
strated out to 3 years, and the indications for this are likely
to grow with time.'??

The Valve-In-Valve International Data (VIVID) registry
shows a 2.3% risk of coronary occlusion in valve in valve
implants, compared with 0.66% for native valve TAVI.%"'%3
This increased rate is due to three factors: firstly, the

surgical valve leaflets are a continuous sheet of pericardium,
meaning that when forced open they form a tube pinned
between the original surgical valve and the newly implan-
ted TAVI; secondly, the aortic root dimensions are
frequently small with a reduced height between the neo-
annulus and the coronaries; and third, the position of the
existing implanted prosthetic heart valve (IPHV) can be
asymmetrically sited so as to be canted towards one of the
ostia.

Implantation of a THV within a pre-existing surgical
valve brings several new challenges in pre-procedural
planning. The native annulus is no longer the narrowest
point in which the new TAVI valve will now anchor itself,
with this now defined by the neo-annulus of the IPHV,
which may be elevated in position compared to the native
annulus. IPHV are comprised of surgical (stented versus
stentless) and THV. In a stented IPHV, the bioprosthetic
leaflets are forced into a perpetual open position forming
a cylinder. This cylinder prevents flow through the mesh
of the new TAVI and fixes the orientation of the aortic
root. This orientation may deviate significantly from
perpendicular to the sinotubular junction. Given this
altered orientation, there is increased possibility of coro-
nary ostia occlusion. A method to evaluate the altered
orientation proposed is the virtual THV to coronary dis-
tance.'”* This is designed to predict the distance of the
new implanted THV frame from the coronary ostia. It is
based on a comparison of the predicted outer circumfer-
ence of the IPHV compared with the coronary ostia. A
threshold of 4 mm has a high accuracy for the prediction
of coronary occlusion with an area under the curve of
0.94:123 however, this of course means that some with a
shorter distance will go unoccluded, although some with a
greater distance will occlude. Thus a more granular range
of values can also be considered where <3 mm is high
risk, 3—6 mm intermediate, and >6 mm low. A schematic
for the assessment of the surgical valve replacement is
provided in Fig 9, with examples of high-risk features in
Fig 10.

The CT TAVI for a VIV should be the same as for standard
TAVI, with at minimum an ECG-gated aortic root dataset
and vascular CT angiogram. If the neo-annulus of the IPHV is

Figure 8 Hypo-attenuated leaflet thickening (HALT) in a Sapien XT valve showing three leaflet thrombosis on the short axis (a) as low atten-
uation centred on the middle of each of the three leaflets, and on the long axis view (b and c) as meniscal low attenuation thickest at the hinge

points. This involves >75% of the leaflet length of all three leaflets.
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Figure 9 Aortic VIV assessment with calculation of virtual transcatheter to coronary ostia distances. As with assessment of the native aortic
valve an annular plane needs to be defined. This is done using the three most basal points of the surgical aortic valve basal ring. First, an
approximate aortic plane is described (a—d). Following this the image is centred on the most basal point of the undulation in the RCC position
(e—h). The most basal point of the undulations in the approximate NCC and LCC position are then identified in the same way as the native aortic
valve (i—p). Based on the known valve size or based on the valve area and internal diameter (q), a virtual transcatheter valve is then simulated
within the surgical valve (r—s) from which the distances between this and the coronary ostia can be measured.
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G)

(h)

Figure 10 Examples of low- and high-risk coronary anatomy in patients undergoing VIV work-up. In (a) and (b) the coronaries arise above the
uppermost extent of the surgical stent struts eliminating the risk of procedural related coronary occlusion. In (c—e) a patient with a stentless
surgical aortic valve has a distorted root with very low coronary arteries, and a small Sinus of Valsalva placing them at high risk of occlusion. In
(f) and (g) the virtual transcatheter heart valve to coronary ostia distances are small bilaterally, with (h) demonstrating the impending occlusion
of the left main by the adjacent leaflet (arrowhead) should a TAVI be inserted.

not specified in the patient medical records, this can be
estimated on CT.!?> CT allows for demonstration of the inner
valve area and an effective diameter, in a method similar for
native annulus. Reference charts are available; however,
they do not cover the complete range of available THVs, or
indeed previously implanted surgical valves.'?>!26

TAVI-in-TAVI

Due to the combination of the limited time over which
TAVI has been performed, and the historical high burden of
comorbidities in those that received TAVI, the frequency
with which degenerate TAVIs are encountered is low!?7;
however, as TAVI becomes more commonly performed in
lower-risk groups, degenerate TAVI valves will become
more commonplace. Re-do TAVI within the first TAVI has
been shown to be an effective therapy with favourable
short- and medium-term outcomes.'?® Currently, data are
extremely limited on risk markers for risk of coronary
obstruction in TAVI-in-TAVI. In the largest case series to

date, coronary occlusion occurred in one case (2% of total
cases) secondary to native leaflet displacement during valve
deployment.'?® The mechanism of the risk of coronary oc-
clusion in TAVI-in-TAVI is likely similar to that of VIV, with
the initial TAVI leaflets being held open creating a covered
stent within the root. Thus until more substantive evidence
is available, it is reasonable to approach these in a similar
manner to VIV, with the use of the VTC technique. The
second stent to be inserted will be of the same size as the
initial TAVI device; however, TAVI expansion is frequently
incomplete.*® Thus the native TAVI should not be used as
the marker for measuring VTC, and the theoretical
maximum expansion should be used in the VTC measure-
ment. Systolic imaging to ascertain the height of the open
leaflets is beneficial, as unlike SAVR, the stents do not offer a
useful surrogate marker of leaflet height in TAVI devices.
Additional attention must be paid to the risk of sinus seal-
off, especially in self-expanding valves as their supra-
annular leaflet position and long skirt all bring the valve
closer to the St] and increase the possibility of complete
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circumferential sealing in those with small sinuses and a
low sinotubular junction.

Post-TAVI coronary intervention

The incidence of progression of the underlying CAD and
need for subsequent post-TAVI PClI is poorly understood at
present. Despite a high prevalence of obstructive CAD pre-
TAVI, the need for post procedural intervention was only 3%
in one study of 1,000 TAVIs inserted.'”” In those who do
require PCI, the TAVI device presents a significant hurdle to the
performance of procedure, with stent struts frequently over-
lying the access route for coronary ostial engagement."*"
Outside of the acute setting where direct progression to ICA
is recommended, CTA can play a useful role in the work-up of
the cause of angina post-TAVI. Although the challenge of a
high calcium burden remains post-TAVI, beta-blockade and
glyceryl trinitrate can be safely administered, improving the
visualisation of the coronary arteries. The most common
cause is progression of the original CAD; however, delayed
coronary obstruction secondary to the TAVI implantation can
occur months after the initial valve insertion.*! As with acute
occlusions, low coronary heights, and a narrow sinus of Val-
salva are risk factors, with valve-in-valve procedures, neo-
sinus and native leaflet thrombus and fibrous endotheliali-
sation posited to be further risk factors for delayed obstruc-
tion.®! CTA can also be used to map out the procedural
approach, examining the location of the stent struts, upper
margin of the TAVI skirt, and the position of the native aortic
leaflet in relation to the coronary ostia."*? For the latter, partial
leaflet compromise of the coronary ostium has been reported
in up to 42% of cases, more frequently on the right than left."*?

Report generation

Screenshots with the required measurements should be
stored with the patient CT TAVI DICOM dataset for quick
reference on the PACS system. These include aortic annulus
dimensions, aortic root dimensions, coronary ostial heights,
vascular approach (as either 3D volumes or 2D centreline
images). A suggested standardised report proforma is pro-
vided in Table 1. A report combining screenshots or line
drawings with the measurements obtained from CT can
make for a more intuitive and easily understood summary,
which can more readily be incorporated into the catheter
laboratory environment. Where local software permits,
such an approach is salutatory.

A mechanism should be present to allow for the dis-
cussion of TAVI cases, particularly when adverse imaging
features are present. Cardiac imagers should feel empow-
ered to highlight adverse features and their prognostic
implications. Such features may not alter whether a TAVI is
conducted; after all, many of these patients are of high- or
prohibitive-surgical risk such that no alternative treatment
strategies are available; however, prior knowledge of risk
can allow for mitigating steps to be undertaken. These can
range from changing of the valve type being used, such as
using a self-expanding valve in a root anatomy at risk of

Table 1
Suggested reporting template for reporting of TAVI work-up studies.

CT TAVI
COMPARISON:
FINDINGS:
GENERAL:
Levocardia
Conventional drainage of the SVC, IVC and coronary sinus
Conventional pulmonary venous drainage into the left atrium
Left aortic arch, with normal branching pattern
AORTIC VALVE AND ANNULUS:
____ Trileaflet valve
Severe aortic valve calcification (aortic valve calcium score:

____AU).

The annulus during _____systole/_____diastole (phase _____%) measures:
Area: (mm?).

Perimeter: _____ (mm)

Left coronary height: __ (mm)

Right coronary height: __ (mm)

Sinus: (mm)

Sinotubular junction height: (mm).

Sinotubular junction diameter: (mm)

LVOT calcification is absent/ present.

The estimated deployment angleis ____ °

ABDOMINAL AORTA:

The abdominal aorta and major branches (coeliac axis, superior
mesenteric, renal, and inferior mesenteric arteries) are intact

Pelvic vessels (internal and external iliac arteries) are intact

Right iliofemoral arteries measure (mm) in minimum diameter,
without significant tortuosity, calcification, or narrowing

Left iliofemoral arteries measure _____ (mm) in minimum diameter,
without significant tortuosity, calcification, or narrowing

(If iliofemoral access is not feasible):

Right subclavian artery measures
tortuosity, calcification, or narrowing

Left subclavian artery measures (mm), without significant
tortuosity, calcification, or narrowing

Patent right common carotid artery measures ______ (mm) minimum
diameter, without significant tortuosity, calcification, or narrowing

Patent left common carotid artery measures (mm) minimum
diameter, without significant tortuosity, calcification, or narrowing

Patent right vertebral artery

Patent left vertebral artery

CARDIAC FINDINGS:

Cardiac chambers are normal in size

Right dominant coronary system

____ Extensive triple vessel coronary artery calcifications are seen

No proximal obstructive coronary artery disease

EXTRACARDIAC FINDINGS:

No significant extra-cardiac findings

IMPRESSION:

Severe aortic valve stenosis with the annulus measurement during
___ systole/ diastole (mm)

The cross-sectional area of the annulus during systole is _____ (cm?).

The perimeter during systole is (mm).

___ Femoral access suitable.

(mm), without significant

rupture, wiring the coronaries prior to commencement of
TAVI deployment if at high risk, through to performing the
procedure in a hybrid theatre to minimise occlusion to
revascularisation times should an occlusion occur.

Summary

For surgical aortic valve replacement, the Society of
Thoracic Surgeons score (STSS) is the reference standard for
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the prediction of operative risk. In TAVI though, where the
procedure itself is minimally invasive, the traditional risk
assessment is supplemented by CTA. Through a consistent
approach to the acquisition of high-quality images, and the
standardised reporting of annular measurements and
adverse root and vascular features, patients at risk of com-
plications can be identified. In turn, this may allow for a
personalised procedural approach and treatment strategies
devised to potentially reduce or mitigate this risk.
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