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Four-dimensional analysis of aortic root
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Abstract
Aims Aortic root motion is suspected to contribute to proximal aortic dissection. While motion of the aorta in four dimensions
p p

can be traced with real-time imaging, displacement and rotation in quantitative terms remain unknown. The hypothesis was

to show feasibility of quantification of three-dimensional aortic root motion from dynamic CT imaging.
Methods Dynamic CT images of 40 patients for coronary assessment were acquired using a dynamic protocol. Scans were ECG-

and results triggered and segmented in 10 time-stepped phases (0-90%) per cardiac cycle. With identification of the sinotubular junc-

tion (STJ), a patient-specific co-ordinate system was created with the z-axis (out-of-plane) parallel to longitudinal direction.
The left and right coronary ostia were traced at each time-step to quantify downward motion in reference to the ST] plane,
motion within the ST] plane (in-plane), and the degree of rotation. Enrolled individuals had an age of 65 + 12, and 14 were
male (35%). The out-of-plane motion was recorded with the largest displacement of 10.26 + 2.20 and 8.67 + 1.69 mm re-
ferenced by left and right coronary ostia, respectively. The mean downward movement of aortic root was 9.13 + 1.86 mm.
The largest in-plane motion was recorded at 9.17 + 2.33 mm and 6.51 + 1.75 mm referenced by left and right coronary os-
tia, respectively. The largest ST] in-plane motion was 7.37 + 1.96 mm, and rotation of the aortic root was 11.8 + 4.60°.

Conclusion In vivo spatial and temporal displacement of the aortic root can be identified and quantified from multiphase ECG-gated
contrast-enhanced CT images. Knowledge of normal 4D motion of the aortic root may help understand its biomechanical
impact in patients with aortopathy and pre- and post-surgical or transcatheter aortic valve replacement.
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Introduction

Aortic dissection is a rare but potentially life-threatening condition.” In
addition to hypertension and aortic dilation,? the motion of the aortic
root has also been suggested as conditional factor for dissection. During
the cardiac cycle, the aortic annulus is exposed to ventricular traction in
systole and relaxation in diastole.** Traction forces generated by the
heart move the aortic annulus, causing motion transmitted to the as-
cending aorta. Aortic root motion has been shown to change in parallel
with cardiovascular conditions such as left ventricular hypokinesis and
aortic insufficiency. Since the supra-aortic vessels are relatively con-
strained compared with the ascending aorta, different aortic root mo-
tions can result in different levels of focal aortic wall stress, which has
been proposed as a risk prediction index for aortic dissection.>®
Quantitative motion and stress parameters specific to certain tissue
pathologies are not known yet.

Similar to motion, aortic wall stiffness is also thought to increase the risk
of dissection.”® Circumferential stress, largely related to blood pressure, is
areflection of aortic distensibility and pulse wave velocity. However, there
are currently no diagnostic tests available to measure longitudinal wall stiff-
ness of the ascending aorta. Three main dynamic mechanical factors may
contribute to stress in the ascending aorta: systolic arterial blood pressure,
blood flow characteristics, and motion of the aorta during cardiac cycle.9
The latter is thought to significantly affect longitudinal stress in the ascend-
ing aorta.® However, clinical studies that examine the relationship be-
tween these parameters and aortic diameter, aortic wall stiffness, or the
incidence of acute aortic syndromes are missing.

CT is the most widely and commonly used imaging modality for car-
diovascular diagnosis."""? Studies showed that ECG-gated CT angio-
gram can provide reliable measurements of ascending aorta by
suppressing cardiac pulsation artefacts (i.e. aortic root motion).'>'?
With retrospective ECG gating, the entire cardiac cycle can be recon-
structed, and reviewed with incorporation of dynamic information, the
fourth dimension of CT imaging.™

The aim of this study was to quantify and describe the spatial motion
of the aortic root during cardiac cycle (see Supplementary data online)
in a cohort with no known cardiovascular disease.
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Methods

Image selection

Dynamic CT images were retrieved from the picture and achieving system
(PACS) of the Department of Radiology at Royal Brompton and Harefield
Hospitals from January 2006 to December 2012. CTCA (CT cardiac
angiogram) image data from 40 patients with no cardiovascular risk factors,
no known coronary artery disease, or any aortic valve abnormality and normal
ventricular function were chosen, if the following criteria were also fulfilled:
(i) contrast-enhanced retrospective ECG-gated multidetector computed
tomography (MDCT) of the heart; (i) at least 10 cm of ascending aorta
from aortic annulus scanned in the image set; (iii) 10 evenly time-stepped im-
aging acquisitions during one cardiac cycle; (iv) normal anatomy of aortic root
and ascending aorta within the scanned volume; and (v) quality of image suffi-
cient to identify commissures and coronary ostia. These CTCA scans were
performed for clinical indications such as atypical chest pain to exclude coron-
ary artery disease; no individual in this study cohort had a bicuspid aortic valve
or any aortopathy. The study is in compliance with the Helsinki Declaration
and has been ethically approved by Health Research Authority (IRAS project
ID: 281535, REC reference: 20/PR/0835); patient’s informed consent form
was waived while retrospectively utilizing anonymised image data and demo-
graphics from electronic medical notes.

CTCA image acquisition

All CTCA scans were acquired on a 6é4-slice (Toshiba Aquilion, Otawara,
Japan) MBCT scanner with retrospective ECG gating and 100 or
120 kVp. The patients received oral metoprolol (up to 100 mg) to reduce
the heart rate < 60 bpm and sublingual glycery! trinitrate (800 pg) before
the procedure. The images were acquired at 0.5 mm collimation with vari-
able tube rotation and pitch based on patient’s heart rate. 60 to 80 mL of
non-ionic, low-osmolar iodinated contrast agent (lopromaide, Ultravist
370, Bayer Healthcare, Reading, UK) was administered intravenously using
a dual-headed power injector. Scan image acquisition was commenced using
bolus-tracking technique. The CTCA data were obtained at 0.5 mm colli-
mation, spaced and reconstructed at 2.0 mm thickness at every 10% phase
of cardiac cycle (from 0 to 90%) to be used for the final motion analysis.
Conventionally, 30-40% and 70-80% of the R-R interval represent the sys-
tolic and diastolic phase, retrospectively.”® The mean radiation dose was
13.1 mSv using a conversion factor of 0.014.
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Figure 1 Definition of sinotubular junction (STJ) plane at TPy phase. (A) Anatomy of aortic root and heart. AA, ascending aorta; AR, aortic root; LA,
left atrium; LV, left ventricle. (B) Anatomical landmarks to define the STJ plane (view perpendicular to the ST) plane). NCC, non-coronary cusp; RCC,
right coronary cusp; LCC, left coronary cusp. Three commissures were marked as P1, P2, and P3, while O is the geometrical centre of three commis-
sures. (C) Definition of the aortic root local co-ordinates. (D) View of the ST| plane and aortic root local co-ordinate in 3D.

Motion assessment

3D Slicer software (version 5.2.1, open source, BSD-style licence)'® was em-
ployed for off-line image processing. Raw image data were anonymised and
transferred to 3D Slicer (on an imaging processing PC) for sequencing and re-
construction. Zero per cent cardiac cycle phase (TPg) at transverse plane was
selected as reference phase for identifying the sinotubular junction (ST)) plane
in each case (Figure 1A). Three commissures were marked by three landmark
points (P1, P2, and P3) in the following order: non-coronary cusp (NCC) and
left coronary cusp (LCC) (P1), LCC and right coronary cusp (RCC) (P2), then
RCC-NCC (P3) to establish a patient-specific ST) plane in each case. The geo-
metrical centre point of three commissures (O) was also calculated and defined
as the origin of aortic root local co-ordinate (Figure 1B). Local normal direction
of the ST] plane at point O is defined as z-direction of the local co-ordinate
(Figure 1C), while the local x-direction is defined by the vector from point O
to P2. The y-direction was defined by following the right-hand rule that is
the cross product of unit vector in z-direction and x-direction (Figure 1D). In
this scenario, the y-direction is not explicitly defined and without clinical mean-
ing. Therefore, we choose to report the ST in-plane displacement ( dyp) (refer
to the displacement parallel to the ST] plane) rather than specific displacement
into x-direction and y-direction.

Left and right coronary ostia were selected as anatomic markers (L; for left
coronary ostium and R; for right coronary ostium, i represents the corre-
sponding time-step phase number), while a mid-point (M,) is defined as
the geometrical centre of the left and right coronary ostia in the same phase
to trace the spatial location and capture temporospatial aortic motion
(Figure 2). Both the left and right coronary ostia were manually marked in
each time-step phase (cardiac cycle 0-90%, TP, to TPs) followed by mapping
all markers (L, R;, and M;) onto the local aortic root co-ordinate system.

Total displacement of left and right coronary ostia as well as the mid-point
within a cardiac cycle was calculated. Total displacement between time-step
phases can be projected on the z-axis to calculate the out-of-plane displace-
ment ( dop) (Figure 3A), and the displacement component projected on the
ST plane is defined as the in-plane displacement ( d;,) (Figure 3B). Thus,
out-of-plane motion is defined as aortic root displacement along the perpen-
dicular direction (z-direction) of the STJ plane (i.e. corresponding to aortic
root downward motion), while in-plane motion is defined as aortic root dis-
placement parallel to the ST] plane. Finally, the largest in-plane and
out-of-plane displacements were calculated for each case.

For each frame, a vector from the left to the right coronary ostia is firstly

defined, e.g. at the TP, frame the vector is defined as LO—R:). The maximum

— —

angle between all vectors ( LoRy to LgRy) is defined as the aortic root ro-
tation angle (r) within a cardiac cycle; rotation was not decomposed into
principal directions. Maximum aortic root rotation angle reported the max-
imum overall spatial rotation of aortic root within cardiac cycle landmarked
by the left and right coronary ostia (Figure 3C). In an attempt to prove high
inter-operator reproducibility, aortic motion assessment was performed
strictly according to protocol and by two experienced specialists independ-
ently; each case was repeated three times to assess reproducibility in the
attempt to minimize human error.

Statistical analysis

All statistical analyses were performed using SPSS® version 25 (IBM Corp.
Armonk, NY, USA). Continuous variables were presented as mean and
standard deviation or median and inter-quartile range; categorical variables
were presented as frequencies and percentages. Pearson correlation was
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Figure 2 Summary of workflow.

employed to test each operator’s reproducibility (intra-operator), while in-
traclass correlation coefficient (ICC) was employed to test data reliability
from two independent aortic motion assessment operators (inter-
operator). P values of <0.05 were considered statistically significant.

Results

The hypothesis to quantify aortic root motion was proved as aortic
root motion was quantified in three dimensions that was then decom-
posed into out-of-plane displacement ( dop), in-plane displacement (
dip), and rotation angle (r). A total of 40 eligible CT image datasets
from 40 patients were retrieved and analysed.

Aortic root motion

The co-ordinates of commissures and coronary ostia were transferred
to a local (patient-specific) aortic root co-ordinate system in each case.
The geometrical centre of left and right coronary ostia was defined as
mid-point (M;) to represent the root and computed by the co-ordinates
of left and right coronary ostia.

The out-of-plane motion (longitudinal) was recorded with the max-
imum displacement being 10.26 + 2.20 mm and 8.67 + 1.69 mm for the
left and right coronary ostia, respectively. The out-of-plane displace-
ment of the aortic root (marked by mid-point M) was 9.13 +
1.86 mm. The STJ in-plane displacement was 9.17 + 2.33 for the left
coronary ostium and 6.51 +1.75 mm for the right coronary ostium.
The aortic root in-plane displacement was 7.37 +1.96 mm (Figure 4)
and the aortic root rotation angle (r) was 11.8 +4.60°.

Data reproducibility

Two experienced operators analysed and measured the images inde-
pendently, but following the same processing protocol. Each oper-
ator repeated the motion measurement three times to allow
assessment of inter- and intra-operator reproducibility. The results
demonstrated strong reproducibility of displacement measurements
with an R-value or linear correlation coefficient ranging from 0.885 to
0.947 (P < 0.001) and 0.883 to 0.959 (P < 0.001), for operators 1 and 2,
respectively (Table 7). Similar reproducibility results were seen for
rotation measurement with an R-value ranging from 0.835 to 0.912
(P<0.001) and 0.876 to 0.932 (P<0.001) for operators 1 and 2,
respectively (Figure 5).

ICC was 0.96 for aortic root longitudinal displacement and 0.928 for
aortic root rotation angle (Table 2), demonstrating excellent reprodu-
cibility between the two operators.

Superimpose

Coordinate trasfer

ICC results for the left and right coronary ostia in-plane displacement
are also included in Table 2, which again showed good consistency be-
tween independent measurements by the two operators.

Discussion

Besides some quantitative observations from invasive contrast angiogram
and cardiovascular magnetic resonance (CMR), little is known about quan-
titative assessment of aortic motion. This is the first report on quantitative
measurements of aortic root motion in three dimensions in a cohort not
affected by any aortopathy or aortic valve disease and provides a technical
platform for studies in patient groups. Based on retrospective ECG-gated
CT aortograms, the longitudinal (downward) motion of the aortic root was
measured at 9.13 & 1.86 mm and thus in the range to previously reported
downward movement of the aortic annulus of 12.6 + 3.6 mm (pre-PEARS)
vs. 7.9 +2.9 mm (post-PEARS) using complex CMR*"” Other had re-
ported 7.1 + 2.5 mm and 9.6 + 3.4 mm by use of invasive aortography.*'®
The feature of ST] in-plane motion of 7.37 + 1.96 mm with an annulus ro-
tation of 11.8 + 4.60° has never been identified before and is reported for
the first time. Thus, a relatively simple and pragmatic ECG-gated dynamic
CT aortogram may offer a new view to the aortic root and provide reliable
information aortic root motion in three dimensions.

Although dynamic changes in aortic diameter during the cardiac cycle
have been described, quantitative analysis of systolic and diastolic changes
at the level of the aortic root was not reported in previous human studies
by MDCT.">"2° Only experimental sonomicrometry studies in dogs®'
and finite element model analysis** had shown enlargement of the aortic
root dimensions during systole compared with diastole. There is an on-
going discussion”® about the mechanism by which the aortic roct dilates
prior to opening of the aortic valve, involving passive fluid dynamics or
possibly even active processes that could be impeded in some pathologies.

Angiography and echocardiography are important imaging modal-
ities for visualization of the aortic root but are difficult to provide
quantitative information. With the advent of transcatheter aortic
valve implantation procedures,®*™%¢ closed chest imaging becomes
even more important, regarding value sizing, and accurate positioning
of the prosthesis, to avoid coronary obstruction.>* Currently used
angiography is limited by its two-dimensional character.™"*% Similar to
advanced ultrasound imaging, MDCT can provide three-dimensional
images with a high spatial resolution for detailed information on the anat-
omy of the aortic root and the relation of the annulus to coronary ostia."
The use of real-time 3D transoesophageal echocardiography (TOE) to
guide cardiac interventions has increased over the last few years. Direct
planimetry of the aortic annular area by 3D TOE volumetric imaging

4
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Figure 3 Definition of aortic root motion between time phases. (A) Out-of-plane displacement ( dy) is defined as the displacement in z-direction.
(B) In-plane displacement ( d;p) is defined by projecting total displacement between time phases onto STJ plane. (C) aortic rotation angle (r) is defined as
the angle between the left and right ostia connection lines at two consecutive time phases.

showed the best agreement with MDCT as a ‘gold standard’,”’ although
still underestimating the MDCT planimetered areas by up to 9.6%, due to
lower spatial resolution of 3D TOE volumetric imaging.27

Impact of aortic stiffness on aortic motion

The wall of aorta is a dynamic composite structure consisting of matrix
macromolecules and vascular cells. Each component plays a role in

determining the structure of aortic tissue, while disruption of any of
these components can change the mechanical behaviour of the aortic
wall.”® Vascular calcification is a factor that is also associated with arter-
ial stiffness, and a marker of cardiovascular diseases. Calcification occurs
in the intimal and medial layers of arterial walls and causes decreased
vascular elasticity®”>° with aortic stiffness as a known predictor of car-

diovascular mortality.'
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Aortic motion and impact on wall stress

Aortic insufficiency admittedly leads to increased stroke volume as a
compensatory mechanism, which is closely linked to an increase in aor-
tic root displacement in its axial direction.®* A relationship between
stroke volume and increased aortic displacement in the frontal—dorsal
direction has also been suggested based on 2D echocardiography.®*~*
Pulsations of the aorta in severe cases of aortic insufficiency are well
known, and can even be transmitted to the patient’s head (nodding
or de Musset’s sign). The augmenting impact of aortic insufficiency on
aortic root displacement was already suggested 20 years ago® and con-
firmed by multivariate analysis.>?

While the extent of aortic root motion and concomitant blood pres-
sure and aortic wall stiffness determine aortic wall stress,4 results of a
wall stress analysis can be highly meaningful especially in a comparative
sense. The 32% increase in longitudinal stress in the ascending aorta in
patients with aortic insufficiency compared with normal value function
goes along with a significant change in aortic root motion from 4.3 to
7.3 mm.>? Even more detrimental effects are expected to be with larger
displacement found in some patients.>> Unfortunately, aortic root mo-
tion is commonly neglected in most biomechanical simulations of the
ascending aorta, which may have impact on simulation results.>®

Aortic motion in three dimensions
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Figure 4 Aortic motion in three dimensions.

Concomitant aortic dilatation may also increase mechanical stress
within the aorta. According to the fundamental Laplace law, under a
pressure P, the circumferential and longitudinal stresses in a cylinder
of a thickness t and radius R are PR/t and PR/2t, respectively.’” With
the wall thickness decreasing as the aorta dilates, both the circumferen-
tial and longitudinal stresses would increase and add to the risk of aortic
dissection.

Impact of impaired 3D aortic motion on

aortic pathologies

During a normal contraction cycle of the left ventricle, the movement
of the aortic annulus towards the apex results in longitudinal stretch in
the ascending aorta. Accordingly, the major systolic movement of the
aortic root is downward; in-plane motion and clockwise axial twist
were found to be not reluctant for longitudinal deformation.” Thus,
aortic root displacement would be reduced in patients with the left ven-
tricular systolic dysfunction lowing aortic wall stress.

In the future, non-invasive aortic root movement measures may
identify patients at higher risk for progressive aortic enlargement and
adverse clinical outcomes, potentially allowing for closer monitoring
and more appropriate therapy in patients with cardiovascular dis-
eases. > "®3% This could be important in populations with high risk of
developing aortic dissection or aneurysmatic formation, including pa-
tients with bicuspid aortic valve and connective tissue disorders, espe-
cially Marfan’s syndrome.

Unfortunately, the mere aortic diameter is not a good predictor of
aortic dissection and additional parameters should be assessed for
better risk prediction.>” Impairment of elastic properties of the as-
cending aorta is a predictor of aortic complications in patients with
bicuspid aortic valve.***" Alterations of functionality often precede
patho-anatomical changes in cardiovascular pathophysiology. Moreover,
longitudinal strain on proximal aorta, but not circumferential strain
and distensibility, was an independent predictor of aortic root growth
rate in Marfan syndrome patients by using dynamic CMR.*? The out-
plane motion of the aortic root due to ventricular traction was sug-
gested to contribute to aortic dissection by increasing its longitudinal
stress; the largest aortic wall stress increase due to aortic root dis-
placement was located ~20 mm above the ST)."® The implementation
of dynamic CT imaging as part of a routine scan protocol would re-
markably reduce invasiveness time and cost to provide information
on stress and motion of the ascending aorta.

Table 1 Pearson correlation analyses on inter-operator reproducibility
LCA ostium RCA ostium Mid-point Rotation
In-plane Out-plane In-plane Out-plane In-plane Out-plane

Operator 1 1st vs. 2nd attempt r 0.885 0.922 0.945 0.920 0.945 0.893 0.912
P <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001

1st vs. 3rd attempt r 0.903 0.893 0.947 0912 0.923 0.936 0.835

P <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001

2nd vs. 3rd attempt r 0.930 0.925 0.953 0.909 0.935 0.923 0.907

P <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001

Operator 2 1st vs. 2nd attempt r 0.938 0.951 0.927 0.883 0.959 0.943 0.932
P <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001

1st vs. 3rd attempt r 0.915 0.936 0.903 0.909 0.931 0.921 0.903

P <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001

2nd vs. 3rd attempt r 0.948 0.937 0.924 0.932 0.928 0.931 0.876

P <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001
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Figure 5 Pearson correlation analyses on inter-operator reproducibility.
Table 2 Intraclass correlation analyses on intra-operator reproducibility
LCA ostium RCA ostium Mid-point rotation
In-plane Out-plane In-plane Out-plane In-plane Out-plane
ICC 0.930 0.916 0.615 0.942 0.952 0.960 0.928
P <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001
Limitations whole cardiac cycle will increase radiation dose slightly, comprehensive

Natural 4D motion was identified and measured by manual tracing poten-
tially involving human error or bias. To minimize human error, inter- and
intra-person reliability was tested and showed good data reproducibility.
As artificial intelligence-based image recognition techniques are evolving,
more precise and accurate motion assessment methods will eventually
even improve the quality of motion quantification.

Our observations were made in a relatively small cohort (40 patients)
from two cardiovascular centres, but robust methodology was used to
quantify aortic root motion with a retrospective ECG-gate CT angio-
gram. In this study, we only demonstrate the potential to perform 3D
quantitative motion analysis of the aortic root, but larger prospective
studies wound be required to assess the relationship of aortic root mo-
tion to the outcomes in terms of aortic dilatation and dissection.

Compared with CMR, CTA can provide geometry information with
better spatial resolution (smaller slice thickness) of anatomical details
after contrast enhancement, allowing quantification of 3D motion, es-
pecially rotation of the aortic root. Although CTA acquired during the

scrutiny safety analysis deemed the imaging protocol to be safe with a
0.048% increased risk of cancer burden; with the most modern CT
scanner, the extra radiation dose would be even lower.

Conclusion

The in vivo spatial and temporal displacement of the aortic root can be iden-
tified and quantified from multiphase ECG-gated contrast-enhanced
dynamic CT images. Knowledge of normal 3D motion of the aortic root
may help understand the biomechanical impact of impaired 3D motion
in normal individuals and patients with any aortopathy.

Supplementary data

Supplementary data are available at European Heart Journal — Imaging
Methods and Practice online.
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