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Abstract Accurate assessment of aortic annular

dimensions is essential for successful transcatheter aortic

valve implantation (TAVI). Annular dimensions are

conventionally measured in mid-systole by multidetec-

tor computed tomography (MDCT), echocardiography

and angiography. Significant differences in systolic and

diastolic aortic annular dimensions have been demon-

strated in cohorts without aortic stenosis (AS), but it is

unknown whether similar dynamic variation in annular

dimensions exists in patients with severe calcific AS in

whom aortic compliance is likely to be substantially

reduced. We investigated the variation in aortic annular

dimensions between systole and diastole in patients with

severe calcific AS. Patients with severe calcific AS

referred for TAVI were evaluated by 128-slice MDCT.

Aortic annular diameter was measured during diastole

and systole in the modified coronal, modified sagittal,

and basal ring planes (maximal, minimal and mean

diameters). Differences between systole and diastole

were analysed by paired t test. Fifty-nine patients were

included in the analysis. Three of the five aortic

dimensions measured increased significantly during

systole. The largest change was a 0.75 mm (3.4%) mean

increase in the minimal diameter of the basal ring during

systole (p = 0.004). This corresponds closely to the

modified sagittal view, which also increased by mean

0.42 mm (1.9%) during systole (p = 0.008). There was

no significant change in the maximal diameter of the

basal ring or the modified coronal view during systole

(p [ 0.05). There is a small magnitude but statistically

significant difference in aortic annulus dimensions of

patients with severe AS referred for TAVI when

measured in diastole and systole. This small difference

is unlikely to alter clinical decisions regarding prosthesis

size or suitability for TAVI.
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Introduction
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implantation (TAVI), playing a fundamental role in

determining suitability for the procedure, appropriate

prosthesis sizing, and minimising complications [1].

TAVI workup usually involves multimodality assess-

ment of aortic annular size using echocardiography

and angiography, with increasing use of three-dimen-

sional imaging by multidetector row computed tomog-

raphy (MDCT) [2]. However, annular measurements

have been shown to vary between these modalities,

which complicate assessment and may have important

clinical implications for TAVI strategy [1]. Studies in

animal models and humans have suggested that the

aortic root is a distensible structure that exhibits

dynamic changes in diameter during the cardiac cycle,

with systolic and diastolic diameters varying by as

much as 7.5% [3–6]. However, it is unknown whether

similar dynamic variation in annular dimensions exists

in patients with severe calcific aortic stenosis (AS) in

whom aortic compliance is likely to be substantially

reduced. Dynamic variation between systole and

diastole may be clinically important since aortic

annular dimensions are conventionally measured

during mid systole by echocardiography and angiog-

raphy, but during late diastole by MDCT [1, 7, 8]. We

investigated the variation in aortic annular dimensions

between systole and diastole in patients with severe

calcific AS using high-resolution ECG-gated MDCT.

Methods

Subjects

Patients with severe symptomatic AS with aortic valve

area (AVA) \1 cm2 or indexed AVA \0.6 cm2/m2

who underwent cardiac MDCT at our centre as part of

the standard pre-procedure TAVI assessment between

2009 and 2011 were included in the study.

Pre-procedure MDCT protocol

MDCT was performed using a Siemens Definition

AS? 128 slice scanner (Siemens Medical Solutions,

Erlangen, Germany). In this population with severe

AS, sublingual GTN and beta-blockers were not

administered specifically for the purposes of the scan.

An initial topogram of the chest was performed using

120 kVp and 35 mAs. The scan of the thorax was

acquired during injection of non-ionic iodinated

contrast agent (Ultravist 370 Bayer Healthcare Tarry-

town, New York) in an antecubital vein by a dual

injector (Ultravist 370 at 6 ml/s plus a combination of

Ultravist 370 and saline at the same rate). Total

contrast dose was calculated individually based on

patient weight (approximately 90–150 ml). Retro-

spectively ECG-gated data acquisition was used with

128 9 0.6 mm collimation, scan pitch of 0.18 and a

gantry rotation time of 300 ms. Exposure parameters

included 120 kVp tube voltage and 280–320 effective

mAs, depending on patient size. Image reconstruction

parameters included 180� cardiac-gated B26 (medium

smooth Advanced Smoothing Algorithm) reconstruc-

tion algorithm and a temporal resolution of 150 ms.

Ten cardiac phases (each 10% of RR-interval) were

reconstructed with a slice thickness between 0.6 and

2 mm.

Data analysis

Images were analysed by two independent observers

using the cardiac viewer application of the Vitrea

Workstation (version V3.35 R006, Vital Images Inc.).

Images during systole (30–40% of RR-interval) and

late-diastole (70–80% of RR-interval) were loaded

using slice thickness of 0.6 mm. The systolic phase

was assessed by visually evaluating all phases of the

cardiac cycle (0–100%) and selecting the systolic

phase with maximal aortic valve leaflet opening, as

described in the echocardiogram guideline for cham-

ber quantification [9]. In our cohort this was consis-

tently observed to be between 30 and 40% of the

cardiac cycle.

Images were reconstructed using the three multi-

planar reformation planes to acquire a modified

coronal and modified sagittal view and aortic annulus

dimension was defined as the distance between the

hinge points of the aortic valve cusps on these views as

previously described [2, 10]. A transverse cut-plane at

the level of the aortic valve hinge point resulted in a

true double oblique transverse view of the aortic root

[2]. The maximal and minimal transverse ‘basal

ring’ diameters were measured at the most caudal

attachments of the aortic valve as shown in Fig. 1.

Additionally, we calculated aortic annulus area as

previously described by Ng et al. [11] using the

equation for a circular structure (pr2). However,

assuming the aortic annulus is ellipsoid in this cohort,

we calculated the aortic annulus area for those patients
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using the equation for an ellipse area: pr1r2, where r1

is maximal transverse basal ring diameter/2 and r2 is

minimal transverse basal ring diameter/2.

Statistical analysis

Normally distributed continuous variables were

expressed as mean ± standard deviation (SD). Cate-

gorical variables were presented as number and

frequencies. Differences between systolic and dia-

stolic measurements were analysed by paired sample

t test. Interobserver agreements were evaluated by

calculating intraclass correlation coefficients. Statisti-

cal analysis was performed with SPSS 18.0 (SPSS

Inc., Chicago, IL, USA). A two sided p value of\0.05

was considered statistically significant.

Results

The study included 59 patients with severe AS

(mean AVA 0.73 ± 0.2 cm2, peak gradient 82 ±

19 mmHg). The mean age was 82.4 ± 5 years with 29

(49%) male. Patient characteristics, comorbidities and

scan results are presented in Table 1. Satisfactory

quality systolic and diastolic phases for annular

dimension assessment were obtained in all patients.

Aortic annular dimensions

The aortic annular dimensions measured in systole and

diastole are summarised in Table 2. The aortic annulus

was elliptical in diastole with a greater diameter in the

modified coronal than the modified sagittal plane (25.5

vs. 21.6 mm, mean difference 3.9 mm), consistent

with previous data from cohorts with and without AS

[10, 12]. Forty-seven subjects (80%) had a C3 mm

difference between modified coronal and modified

sagittal plane diameters, which has been previously

used to define an elliptical annulus [10].

Changes in annular dimensions between systole

and diastole

During systole there was a highly statistically signif-

icant increase in the diameters of three of the five

Fig. 1 Reconstruction of a double oblique transverse image of

basal ring. A vertically oriented oblique tool is placed on a

coronal projection of the aortic root to produce a sagittal oblique

reconstruction (a). A transverse cut-plane is placed on the

sagittal reconstruction at the level of the aortic valve hinge point

to create a double oblique transverse image (b). Basal ring

measurements are performed at the most caudal attachments of

the aortic valve (c)

Table 1 Patient characteristics

All patients (n = 59)

Male sex 29 (49%)

Mean age (yrs) 82.4 ± 5

Hypertension 58 (98%)

Hyperlipidaemia 38 (64%)

Diabetes mellitus 22 (37%)

Atrial Fibrillation 22 (37%)

Previous CAD 30 (51%)

Body index mass 26.6 ± 5.8

Heart rate during scan (beats/min) 68.7 ± 9.7

Mean systolic blood pressure

at scan (mmHg)

133.5 ± 24.6

Mean diastolic blood pressure

at scan (mmHg)

68.1 ± 11.3

Radiation dose (mSv) 15 ± 7.1

Date are n (%) or mean SD
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aortic dimensions measured, as summarised in

Table 2. The greatest magnitude change was a mean

0.75 mm (3.4%) increase in the minimal diameter of

the basal ring during systole (p = 0.004). This plane

corresponds closely to the traditional modified sagittal

view (typically measured during echocardiography

assessment) and accordingly a statistically significant

mean 0.42 mm (1.9%) increase in that plane was also

observed during systole (p = 0.008). By contrast,

there was no significant change in the maximal

diameter of the basal ring during systole (p = 0.16).

This plane approximates most closely to the traditional

modified coronal view (typically measured during

angiographic assessment) and accordingly no signif-

icant change was observed that view during systole

(p = 0.12). The mean basal ring diameter showed a

mean 0.5 mm (2%) increase in diameter during systole

(p = 0.001), which was likely to be driven by the

increase in the minimal basal ring measurement.

Representative examples of annular dimensions in the

modified coronal, modified sagittal, and double

oblique transverse views are shown in Fig. 2.

The small magnitude but statistically highly sig-

nificant changes in the minimal basal ring and

Table 2 Aortic annular dimensions during systole and diastole

Diastole (mm) Systole (mm) Mean difference (mm) p value

Modified coronal view* 25.5 ± 2.7 25.3 ± 2.7 -0.23 (-0.9%) 0.115

Modified sagittal view* 21.6 ± 2.3 22 ± 2.4 ?0.42 (?1.9%) 0.008

Basal ring, maximal diameter* 28.4 ± 2.7 28.7 ± 2.7 ?0.24 (?0.7%) 0.163

Basal ring, minimal diameter* 21.7 ± 2.4 22.4 ± 2.4 ?0.75 (?3.4%) 0.004

Basal ring mean diameter* 25 ± 2.4 25.5 ± 2.4 ?0.50 (?2.0%) 0.001

* Values are displayed as mean ± SD

Fig. 2 Representative example of annular dimensions in mid

systole (top panel) and late diastole (bottom panel). Annular

dimensions in the modified coronal view (a: 24.85 mm, d:

24.80 mm), in the modified sagittal view (b: 22.90 mm,

e: 21.10 mm) and mean basal ring dimensions in the double

oblique transverse view (c: 23.50 mm, f: 22.80 mm)
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modified sagittal planes suggest subtle but consistent

changes in annular shape during systole in patients

with severe AS. Rather than a simple global expansion

during systole, expansion in the sagittal and minimal

transverse planes with little change in the coronal and

maximal transverse planes suggests that the ellipticity

of the annulus is reduced during systole. The mean

difference between the modified coronal and

modified sagittal plane diameters in individual sub-

jects during systole was 3.2 ± 2.36 mm, compared to

3.9 ± 2.03 mm during diastole (p = 0.004). Thirty-

five subjects (59%) had a C3 mm difference between

modified coronal and modified sagittal plane diame-

ters during systole (compared to 47 subjects (80%)

during diastole). Changes in aortic annular area were

consistent with these data. Annular area during

diastole was 488 ± 12 mm2 and showed a small but

significant increase during systole to 509 ± 12 mm2

(p = 0.002), which represents a 4% difference in area

between the two phases.

Bland–Altman difference plots showing the mean

differences between systolic and diastolic measure-

ments for each aortic annulus view are illustrated on

Fig. 3.

Agreement with implanted CoreValve prosthesis

size

Of the 59 patients included on this study, 34 had the

device implanted. In this cohort, the systolic and

diastolic diameter on modified coronal view correlated

with the prosthesis size chosen in 32 (94%) of the

patients. There was disagreement between the systolic

and diastolic diameter in only 2 (6%) patients. In these

cases the systolic diameter called for a small prosthesis

(26 mm) and the diastolic diameter called for a large

prosthesis (29 mm). Both patients had a small prosthe-

sis implanted. The final decision about prosthesis size at

our institution is made according to the angiographic

measurement performed at systole in the coronal view.

Reproducibility of aortic annular measurements

MDCT-derived aortic annular dimension measure-

ments were highly reproducible between observers in

10 randomly selected patients. The mean interobserver

difference (bias) and repeatability coefficient (±2SD)

was 0.011 ± 0.036. The intraclass coefficient was

0.959 (p \ 0.001).

Fig. 3 Bland-Altman plots

comparing annular

dimensions at late diastole

and mid systole in the

modified coronal view (a),

modified sagittal view (b),

basal ring maximal diameter

(c), and basal ring minimal

diameter (d). Solid
lines = Mean; Dashed
lines = Mean ± 2SD; LD
late diastole, MS mid

systole, Dmax maximal

diameter, Dmin minimal

diameter
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Discussion

This study demonstrates small magnitude but statis-

tically highly significant differences in aortic annular

diameter measurements during systole compared to

diastole in patients with severe calcific AS undergoing

workup for TAVI. The largest change was seen in the

minimal basal ring plane, which demonstrated a mean

increase of 0.75 mm during systole. There was no

significant change in the maximal basal ring plane,

suggesting that the annulus becomes more circular and

less elliptical during systole.

Previous studies in experimental animal models

have suggested significant dynamic changes in the

aortic annulus and aortic root between systole and

diastole [5, 6], but the extrapolation of these data to

humans, particularly in the context of severe calcific

AS is limited. Several studies using a range of imaging

modalities have investigated cohorts predominantly

free from significant AS, with variable findings.

Transthoracic echocardiography from a cohort of

292 patients due to undergo homograft aortic valve

or root replacement (75% for aortic incompetence,

25% for aortic stenosis or mixed aortic valve disease)

suggested substantial aortic annular diameter changes

between systole and diastole, with a mean change of

3.8% for non-calcified aortic lesions and 7.5% for

normal aortic roots [4]. The haemodynamic conse-

quences of aortic incompetence may have exaggerated

the dynamic annular changes in this population. A

small study using 16-slice MDCT reported no change

in longitudinal dimension of the aortic annulus

between diastole and systole in 25 patients free from

significant aortic or valvular disease, but may have

been underpowered to detect significant changes [13].

A larger study evaluating 169 patients undergoing

64-slice MDCT for investigation of coronary disease

with an 11% prevalence of significant AS also

reported no difference in annular diameter between

diastole and systole, but the methodology used for the

analysis is uncertain [10]. Mean coronal diameters

were similar in systole and diastole (26.5 ± 2.9 mm

and 26.3 ± 2.8 mm respectively), but the mean

systolic sagittal diameter was numerically higher

(24.2 ± 2.6 mm vs. 23.5 ± 2.7 mm during diastole)

which is broadly consistent with our findings in

patients with AS. A recent study using 64- or 256-slice

MDCT in 108 subjects free of valvular or coronary

disease showed a significant difference between

systolic and diastolic diameters in individual subjects

using a paired sample t test, but the magnitude and

direction of the change were variable and there was no

significant difference between mean systolic and

diastolic annular dimensions of the combined cohort

[3]. This highlights the importance of paired sample

analysis as used in our study, but differs from the

consistent change in systolic diameters that we

observed in patients with AS.

Only one previous study has specifically compared

annular dimensions between systole and diastole in

patients with AS [12]. This examined 26 patients with

severe AS referred for TAVI using 64-slice MDCT

and the results are consistent with our findings in the

same population. For 19 patients with paired systolic

and diastolic measurements, the mean sagittal diam-

eter was higher during systole (22.5 vs. 21.5 mm in

diastole), with systolic measures larger for 11 patients,

unchanged for seven patients, and smaller for one

patient. As in our study, the mean coronal diameter

was essentially unchanged during systole and diastole

(25.6 and 25.8 mm respectively), with systolic mea-

sures larger for seven patients, unchanged for four

patients, and smaller for eight patients.

Dynamic changes in aortic annular dimensions in

patients with AS are important because accurate

assessment of aortic annular dimensions is essential

for optimal patient selection for TAVI, appropriate

prosthesis sizing, and minimising complications such

as paravalvular regurgitation [1]. This is particularly

relevant because multimodality imaging is usually

performed during workup for TAVI. Echocardio-

graphic, angiographic and MDCT measurements are

conventionally made during mid-systole, when the

valve is open making the annular insertion easier to

define [1, 7, 8]. This is important especially for LVOT

measurements, to avoid tears during TAVI procedure

and AV balloon valvulosplaty. MDCT measurements

may be performed also during late diastole, when there

is minimal cardiac movement and the motion artefacts

are reduced, facilitating imaging analysis [1]. As

previously described and confirmed in this study, the

aortic annulus is elliptical rather than circular, with the

consistent pattern of the sagittal diameter being

smaller than the coronal diameter. Our data suggest

that the shape of the annulus changes during systole

with an increase in the sagittal but not the coronal

diameter, resulting in the annulus tending to become

more circular. The small magnitude of the change
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along with the fact that annular dimensions do not

change uniformly in all planes during systole may in

part explain the lack of difference observed in some

previous studies. This pattern might also be more

prominent in patients with severe AS than in other

populations.

Although statistically significant, the absolute dif-

ference in annular dimensions between systole and

diastole is generally small (mean 0.42–0.75 mm). The

small magnitude of annular distension in this cohort is

perhaps unsurprising as the molecular composition of

the aorta changes during aging, with alterations in

collagen fibres that become thicker and denser, losing

their predominantly circumferential orientation [14,

15]. These changes result in increased stiffness of the

aortic root and aorta, with the earliest and greatest

effects noted in the proximal aorta [16]. Significant

calcification of the valve leaflets and aortic annulus in

severe AS is also likely to directly reduce annular

distensibility.

The study has two main clinical implications. First,

with respect to selection of patients for TAVI and

appropriate prosthesis sizing, absolute differences of

the magnitude we observed (\1 mm) between systole

and diastole are unlikely to substantially impact on

patient and device selection, particularly in the setting

of multimodality imaging. However, it should be

recognised that this effect may contribute to cases

where the results of imaging appear discordant.

Second, the results found in our study probably would

not change the acquisition protocol used for this

cohort. Retrospective gating appears to be more

adequate due to the high incidence of arrhythmia in

these patients and betablockers are not used to control

heart rate at the time of the scan. In our study, the mean

radiation dose was 15 mSv, probably related to a high

incidence of atrial fibrillation (37.3%). Advances in

scanner technology and improved imaging protocols

will allow imaging at lower effective radiation doses

in the future, including volume imaging, high-pitch

ECG-triggered helical acquisition and novel image

reconstruction [16].

Limitations

This is a single centre observational study including a

relatively small number of patients that may not be a

representative sample of the wider TAVI population.

Secondly, we only measured the aortic annulus

diameter in two phases of the cardiac cycle, and our

results could be confounded by any potential co-

registration error. Although these are the phases most

frequently used for this purpose, a comparison of the

dynamic changes in each 10% of the RR-interval may

provide more complete information.

Conclusion

There is a small magnitude but statistically significant

difference in aortic annulus dimensions of patients

with severe AS referred for TAVI when measured in

diastole and systole. This small difference is unlikely

to alter clinical decisions regarding prosthesis size or

suitability for TAVI.
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