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Abstract

OBJECTIVES: Maximal aortic diameter is commonly used to assess aortic risk but poorly predicts the timing and location of dissection
events in patients with connective tissue disease who undergo regular imaging surveillance. Hence, we aimed to use available surveillance
computed tomography angiography (CTA) scans to investigate the correlation between 3-dimensional (3D) growth and cyclic
transmural wall stress with the location of intimal tear formation.
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METHODS: Three type B aortic dissection patients with 2 available electrocardiogram (ECG)-gated pre-dissection CTA scans and without
surgical repair during the pre-dissection interval were retrospectively identified at our institution. Vascular deformation mapping was
used to measure 3D aortic growth between 2 pre-dissection clinical CTA studies. In addition, we performed a computational analysis to
estimate cyclic transmural wall stress in patient-specific baseline CTA geometries.

RESULTS: In all 3 connective tissue disease patients, the site of type B aortic intimal tear co-localized with areas of peak 3D aortic wall
growth. Aortic growth was detected by clinical radiological assessment in only 1 case. Co-localization of peak transmural stress and the site
of intimal tear formation were found in all cases.

CONCLUSIONS: Focal areas of growth and transmural wall stress co-localized with the site of intimal tear formation. These hypothesis-
generating results suggest a possible new analytic pathway for a more sophisticated assessment of the factors leading to the initiation of
dissection in patients with connective tissue disease. These methods could improve on current risk-stratification techniques.

Keywords: Type B aortic dissection • Aortic growth • Transmural wall stress • Diameter measurement • Vascular deformation mapping

ABBREVIATIONS

CTA Computed tomography angiography
CTD Connective tissue disease
TBAD Type B aortic dissection
VDM Vascular deformation mapping
3D 3-Dimensional

INTRODUCTION

Type B aortic dissection (TBAD) is a life-threatening condition
that requires acute medical attention with antihypertensive treat-
ment and potential surgical intervention [1, 2]. Despite significant
advances in surgical techniques for the treatment of TBAD, the
ability to predict the timing and location of dissection formation
is lacking. A variety of clinical risk factors for TBAD are known,
such as advanced age, hypertension, atherosclerosis and con-
nective tissue disease (CTD) [3, 4]. Specifically, patients with CTD
(e.g. Marfan syndrome) have a high lifetime risk of dissection and
undergo regular imaging surveillance both in the presurgical set-
ting to monitor aortic aneurysm and other complications, but
also in the post-surgical setting to monitor for surgical complica-
tions and continued growth or dissection of the residual native
aorta. Currently, the primary metric used to estimate the risk of
dissection and inform candidacy for surgical management is
maximal aortic diameter [5, 6]. Unfortunately, this metric is a
poor predictor of dissection development, with a recent study
estimating that �80% of dissection patients (both type A and
type B) have a maximal aortic diameter below standard surgical
thresholds (5.5 cm) at the time of dissection [7, 8]. In a study of
Marfan patients who developed type B dissection during the
imaging surveillance, the average pre-dissection diameter of the
affected segment was normal at 28 mm, highlighting a critical
need for better risk assessment techniques in this population [9].

Aortic growth is a complex phenomenon driven by a wide
range of biomechanical processes such as inflammation, intrinsic
structural defects related to CTD, wall constituent turnover and
hypertension [10]. While the exact sequence of events leading to
the initiation of aortic dissection remains poorly understood,
pathological, computational and animal studies have demon-
strated common pathways of medial degeneration, including
mucoid extracellular matrix accumulation, elastic fibre fragmen-
tation and smooth muscle cell necrosis, that result in progressive
loss of aortic wall integrity and ultimately the intimal tearing and
wall delamination [11]. Recent reports have highlighted that the

local transmural wall stress during a cardiac cycle can influence
long-term growth and remodelling of the aortic wall through
stress-mediated changes in aortic wall tissue composition [12–
14]. In addition, a prior study investigating the biomechanical
effects of pooling of proteoglycans within the aortic wall—a com-
mon abnormality in CTD—demonstrated that such accumulations
and the resultant osmotic swelling can lead to localized concen-
trations of wall stress that are sufficient to disrupt the extracellu-
lar matrix and initiate tearing [15].

Regardless of the exact mechanism of aortic dissection initi-
ation, the progressive loss of aortic wall integrity caused by med-
ial degeneration also results in aortic growth, a concept that has
been termed as mechanobiological instability [16]. However, aor-
tic growth is often slow and small in magnitude and, thus, un-
detected by current diameter-based measurement approaches
due to the high degree of measurement variability (on the order
of ±1–5 mm) [17]. Vascular deformation mapping (VDM) is a re-
cently developed image analysis technique that may overcome
these limitations [18]. VDM measures 3-dimensional (3D) aortic
wall deformation between 2 computed tomography angiography
(CTA) scans. This 3D deformation allows for accurate character-
ization of the localized patterns of aortic wall enlargement that
could help detect early adverse aortic remodelling leading to
acute adverse events.

In this study, we investigate the hypothesis that areas of focal
aortic enlargement, via their association with wall instability, will
co-localize spatially with the site of an intimal tear in patients
with thoracic aortic disease and CTD who developed aortic dis-
section during the course of clinical imaging surveillance.
Furthermore, we investigate the relationship between the loca-
tion of intimal tear formation, computationally obtained spatial
distribution of cyclic aortic wall stress, and the pattern of long-
term aortic wall enlargement obtained via VDM analysis.

METHODS

Patient identification and characteristics

Subjects were identified retrospectively from an internal database
of patients referred to the Department of Cardiac Surgery and
Department of Interventional Radiology at our institution with
available pre-dissection CTA imaging between January 2011 and
January 2019. These patients were recruited to an Institutional
Review Board approved study (Protocol # HUM00133798), on 18
August 2017 with waiver of informed consent. During this period,
we identified a total of 31 patients with pre-dissection CTA scans,
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although 12 were excluded for having only 1 pre-dissection CTA
(the VDM growth analysis requires 2 studies), 8 patients were
excluded due to non-ECG-gated CTA scans, 5 patients were
excluded for surgical repair of an adjacent segment in the pre-
dissection intervals, and finally, 2 patients were excluded for poor
quality CT images (e.g. poor contrast opacification, motion arte-
fact). Of the remaining 4 patients, 3 had confirmed diagnosis of
CTD and, thus in order to maximize the homogeneity of the
population, the single non-CTD patient was excluded.

Computed tomography angiography imaging

All CTA studies were performed at our institution on a 64-slice
scanner (GE Healthcare, Milwaukee, WI, USA) after intravenous
injection of 120 ml iopamidol contrast (Isoview 370, Bracco
Diagnostics, Milan, Italy). ECG-gating was used in all CTA studies.
CTA data were reconstructed at 75% of the R-R interval with
1.25-mm slice thickness and 0.625-mm slice interval.

Vascular deformation mapping

Methods for VDM have been described in detail in previous
work [12]. However, in brief, the VDM technique involves the fol-
lowing steps:

i. Segmentation: the thoracic aorta, from the aortic valve to 10
mm beyond the coeliac artery, is first segmented using a
threshold-based approach followed by manual adjustments
and the surface structure is based on this segmentation. Aortic
segmentation and automated centreline calculation are per-
formed using Mimics 21.0 (Materialise NV, Leuven, Belgium)
and the segmentation is also used to generate a mask that is
used to constrain the registration step.

ii. Image registration: deformable image registration was per-
formed between serial CTA studies using a custom MATLAB
interface to the Elastix open-source software (Utrecht,
Netherlands). Registration was performed in 2 steps, first with
an affine registration to approximately align the 2 segmenta-
tions, followed by non-rigid, multi-resolution B-spline registra-
tion using mutual information as the similarity metric.

iii. Deformation quantification: deformation between pre-
dissection CTA studies was quantified as the determinant of the
3D spatial Jacobian calculated from the final optimized image
transform and normalized by the time interval (jJj/year) to ob-
tain a deformation rate. The Jacobian determinant represents
volumetric change, and thus, a growth of 0.2 J/year at a point
on the aortic wall surface can be interpreted as a 20% volumet-
ric change over the time interval at that point. Deformation
rate values (J/year) were linearly interpolated to the vertex
points of the baseline aortic segmentation surface for display.
Positive values of J represent aortic wall expansion (yellow-red
colour scale), aortic wall compression by J values <0 (blue) and
unchanged aortic wall geometry by J � 0 (green). For further
information on the VDM methods, please refer to the
Supplementary Material.

Computational stress analysis

An aortic model was constructed from the baseline mid-
diastolic phased CTA image data using the in-house computa-
tional haemodynamics modelling environment, CRIMSON

(CardiovasculaR Integrated Modelling and SimulatiON, www.crim
son.software) [19]. The vessel wall geometry was obtained by cre-
ating 2-dimensional segmentation contours along the vessel cen-
treline, followed by subsequent lofting to create a geometric
coronary artery disease model. The aortic wall was modelled as a
thin shell using a finite element formulation. To account for the
non-linear behaviour of the vessel wall, the aortic wall is charac-
terized by a Neo-Hookean material model. The Neo-Hookean
model material stiffness constant (c) and wall thickness (t) were
varied from c = 1 MPa, t = 2 mm for the ascending aorta to
c = 2 MPa, t = 1.6 mm for the descending aorta [15, 20]. For the
Dacron graft, uniform coefficients were assigned to the entire
surface: c = 50 MPa and t = 0.5 mm [15, 20]. For each subject, the
aortic model was first prestressed to the patient-specific diastolic
pressure (listed in Table 1) using a forwards incremental prestress
strategy [21]. This procedure identifies the in vivo diastolic state
of stress in the aortic wall. Subsequently, the aortic wall is loaded
from diastolic pressure to systolic pressure to identify the distri-
bution of cyclic transmural wall stresses. A simplified conceptual
workflow of both the VDM and the computational analysis
approaches of this work is shown in Fig. 1. A more in-depth de-
scription of the computational methods can be found in the
Supplementary Material.

RESULTS

Three patients are described in this series and will be discussed
below in a case-by-case manner. A summary of the patient
demographics and the timeline is provided in Table 1.
Antihypertensive medication, dose and frequency for each pa-
tient were constant over the entire course of surveillance imaging
leading up to the dissection. Table 2 summarizes the 3D growth,
transmural wall stress and CTA follow-up for each patient.

Patient 1

The first patient was a 30-year-old female with Marfan syndrome
and scoliosis, a prior history of Bentall repair at age 15 and mul-
tiple prior mitral valve procedures. She was an active smoker at
baseline CT scan but had no other risk factors for cardiovascular
disease. The interval between her 2 surveillance CT scans was
2.3 years and her thoraco-abdominal aorta was reported to have
enlarged from 3.6 to 4.2 cm in maximal diameter over that
period by clinical radiological assessment. The recorded pulse
pressure at the baseline CT scan and the follow-up CT scan
increased from 36 to 52 mmHg. By VDM analysis, peak growth
was found in the supraceliac aorta region (0.29 J/year) and co-
localized with the site of subsequent intimal tear formation. The
peak stress value (0.35 MPa) was observed in this same region,
�1 cm proximal to the origin of the coeliac trunk (Fig. 2). The
time interval between the second CT scan and the date of dissec-
tion was 12 months.

Patient 2

The second patient was a 52-year-old male with Marfan syn-
drome, hypertension, dyslipidaemia and history of ascending
aortic aneurysm, who underwent valve-sparing repair 20 months
prior to baseline surveillance scan. His blood pressure had been
well-controlled with oral metoprolol 25 mg twice daily and
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furosemide 20 mg daily. Pulse pressure was 39 mmHg at baseline
CT scan and 40 mmHg at the follow-up CT scan. The interval be-
tween his 2 surveillance CT scans was 2.1 years. Radiology reports
did not describe any significant changes between the 2 surveil-
lance CTA studies. A focal area of growth (0.14 J/year) was identi-
fied by VDM along the posterior wall of the distal arch in close
proximity of the location of the subsequent intimal tear. The site
of peak transmural wall stress (0.14 MPa) was located along the
posterior distal arch at the lesser curvature, in close proximity
and just proximal to the site of the intimal tear (Fig. 3). The time
interval between the follow-up scan and the date of dissection
was 3.5 months.

Patient 3

The third patient was a 40-year-old male with Loeys–Dietz syn-
drome, hypertension, dyslipidaemia and a history of DeBakey
type II aortic dissection, which had been previously repaired at
an outside hospital. However, a redo repair was performed at
our institution due to residual dissection and proximal growth,
using a modified root repair due to frail sinus and coronary tis-
sue, with concurrent ascending aortic and total arch repairs,
including the innominate and left carotid artery. During the post-
operative period, blood pressure remained well controlled over a
2.1-year interval between surveillance CT scans using oral meto-
prolol 100 mg daily with a pulse pressure of 49 mmHg at the
baseline scan and 65 mmHg at the follow-up scan. Peak growth
was 0.25 J/year and was measured at the distal aortic arch. Peak
transmural wall stress was 0.14 MPa, located at the distal aortic
arch. The sites of peak growth and peak transmural stress co-
localized with the region of the subsequent intimal tear (Fig. 4).

DISCUSSION

Despite the poor performance of aortic diameter in predicting
the risk of dissection, with 50–60% of patients dissecting at a nor-
mal or mildly dilated aortic diameter (<45 mm) [7, 8], it remains
the most commonly used metric in clinical practice. Key

Table 1: Patient characteristics including antihypertensive medication and the last reported blood pressure medication before the
onset of dissection

Patient Age Gender Comorbidities Prior surgery Antihypertensive medication BP at baseline
CTA (mmHg)

BP at follow-up
CTA (mmHg)

1 30 Female Marfan syndrome Bentall procedure, mitral
valve repair

Furosemide 25 mg daily,
atenolol 25 mg daily

109/73 124/72

2 52 Male Marfan syndrome, hyperten-
sion, dyslipidaemia

David procedure Furosemide 2 0 mg daily,
metoprolol 50 mg daily

104/65 120/80

3 40 Male Loeys-Dietz syndrome,
hypertension,
dyslipidaemia

AVR with ascending tube re-
pair, redo ascending repair
with TAR

Metoprolol 100 mg daily 114/65 145/80

AVR: aortic valve replacement; BP: blood pressure; CTA: computed tomography angiography; TAR: total arch replacement.

Figure 1: Overview of methodology of (A) 3D growth analysis through a vascular deformation map and (B) computational analysis of transmural wall stress. CT: com-
puted tomography; 3D: 3-dimensional.

Table 2: Summary of 3D growth and transmural wall stress
outcomes for each patient

Case 1 Case 2 Case 3

Follow-up baseline to second CTA (years) 2.3 2.1 2.1
2-D diameter change (mm/year) 1.8 1.0 1.5
Peak growth (J/year) 0.29 0.14 0.25
Peak stress (MPa) 0.35 0.14 0.14
Follow-up second CTA to dissection (months) 11.7 3.5 11.8

CTA: computed tomography angiography; 2-D: 2-dimensional; 3D: 3-
dimensional.
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limitations of a diameter-based approach are that this method
represents aortic growth as a circumferentially uniform process,
measures growth primarily at the site of maximal aortic diameter
and is characterized by a high degree of measurement variability.
Furthermore, diameter measurements overlook the 3D features
of aortic growth. A final potential reason for the obvious discon-
nect between diameter and dissection risk may be that 3D
growth is a dynamic measure, unlike maximal diameter, and
maybe more reflective of the underlying pathological factors that
eventually lead to long-term growth and progressive loss of wall
integrity. It seems logical that an actively growing 4-cm diameter
aorta has less structural integrity than a stable 6-cm aorta.

Beyond morphological changes such as aortic growth, there
have been recent reports indicating the role of transmural wall
stress driving long-term growth and remodelling of aortic tissue
[22, 23]. For instance, in the context of hypertension, increased
blood pressure leads to locally elevated circumferential wall
stress, which promotes matrix synthesis, often via local produc-
tion of angiotensin-II, and exacerbates arterial wall stiffening. This
stiffening further causes an increase in the pulse wave velocity
that can lead to augmented central blood pressure, thereby ini-
tiating an insidious positive feedback loop that results in progres-
sive worsening [14]. In addition, prior computational research has
suggested that the accumulation of pools of proteoglycans within

the wall and subsequent osmotic swelling can lead to localized
concentrations of wall stress that may initiate intimal tearing [15]
and recent evidence has confirmed such accumulations through
clinical-pathological samples of CTD patients with aortic dissec-
tion [24]. Despite these reports, the contribution of cyclical trans-
mural wall stress in driving long-term adverse aortic events such
as aortic dissection has not been explored in detail.

To address these issues, we combine a 3D assessment of aortic
growth using an advanced image analysis technique, VDM and a
computational analysis of cyclic transmural wall stress. We sub-
mit that the VDM may be better suited to investigate the link be-
tween aortic dimensions and the risk of aortic dissection given
that it is less prone to measurement variability and capable of
depicting the 3D nature of growth. Furthermore, a computational
analysis of cyclic transmural stress in baseline CTA geometry
could indicate the areas of aortic wall that are most vulnerable to
aortic dissection due to the reported stress-mediated turnover of
aortic constituents reported in earlier growth and remodelling
reports [12–14]. This 2-pronged approach can allow for a sophis-
ticated morphological and biomechanical assessment that may
improve our current understanding of the pathogenesis of aortic
dissection.

Our results revealed that the site of intimal tear co-localized
with both focal areas of aortic growth and with cyclic transmural
wall stress, supporting our hypothesis that the risk of dissection

Figure 3: 3D growth (A, left) and computational cyclic transmural stress (A,
right) results for patient 2. The site of intimal tear (star) co-localized with a re-
gion of peak growth (delta) and the region of peak transmural stress (sigma) in
the distal arch. Serial CT images at the level of subsequent tear are shown below
(B). The greyed area reflects graft material from aortic repair. CT: computed
tomography; 3D: 3-dimensional.

Figure 2: 3D growth (A, left) and computational cyclic transmural stress (A,
right) results for patient 1. The site of intimal tear (star) co-localized with the re-
gion of peak growth (delta) and the region of peak transmural stress (sigma) in
the supraceliac aorta. Serial CT images at the level of subsequent tear are shown
below (B). The greyed area reflects graft material from aortic repair. Of note,
intraluminal artefact from metallic spinal hardware is seen on CT1 and CT2
images. CT: computed tomography; 3D: 3-dimensional.
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may be highest at locations where insufficient wall integrity (e.g.
growth) and abnormal wall stress intersect. Our study consisted
of 3 patients who all suffered from CTD. Due to an imbalance in
the signalling pathway of transforming growth factor-beta and
associated downstream cellular and extracellular structural altera-
tions, patients with CTD are known to exhibit an accelerated
growth profile compared to patients without CTD [25]. It has
been suggested that prior aortic repair is an increased risk factor
for TBAD in patients with Marfan syndrome, as was observed in
all 3 patients in our study. The preliminary findings in this study
would be more optimally validated if the outcomes of our cur-
rent series where to be compared to both CTD patients with dis-
section but without any prior aortic repair, however, serial CTA
studies in this population were not available for analysis at our
centre.

To our knowledge, the results of this study are the first to dem-
onstrate a spatial correlation between the site of intimal tear dis-
section, peak cyclic transmural wall stress and peak focal growth
using clinical imaging data from TBAD patients. Our results, while
admittedly still preliminary, suggest a potential new approach to
determine the risk of dissection in CTD patients undergoing

imaging surveillance for thoracic aortic disease. Non-invasive as-
sessment of focal growth (rather than the maximal diameter) and
cyclical transmural wall stress may more closely represent patho-
logical changes in the aortic wall that are currently thought to
play a role in the initiation of aortic dissection but which are dif-
ficult to assess using currently available methods. Considering
that both the VDM and the computational technique utilize rou-
tine ECG-gated CTA data—the mainstay of aortic disease surveil-
lance—if future research confirms the predictive value of the
proposed computational indices presented here, these findings
would be poised for translation into clinical practice.

Limitations

There are several limitations to this study, which include the
following:

i. The number of patients in this study was small, as we were lim-
ited to patients with 2 available pre-dissection ECG-gated CTAs
to perform VDM analysis, which is an uncommon occurrence.
In addition, all 3 patients had CTD, so while this may only rep-
resent a small fraction of patients with TBAD, these patients are
at higher risk of dissection and are more likely to receive regu-
lar imaging surveillance, so our findings may be best applied to
this population.

ii. There was a variable amount of time between the last surveil-
lance CT and dissection event (between about 4–12 months),
however, we were limited by available CT data, and while the
exact changes in aortic wall geometry closer to the date of dis-
section are unknown, it is reassuring that areas of aortic growth
co-localized with the site of intimal tear in all cases.

iii. We were not able to assess the potential co-localization of ab-
normal hemodynamics (e.g. elevated wall shear stress) with the
site of intimal tear, mostly owing to a lack of patient-specific
hemodynamic data (echo or phase-contrast magnetic reson-
ance imaging). However, the contribution of abnormal wall
shear stress in the dissection of the ascending aorta (type A)
related to post-stenotic jets and less so in the dissection of the
descending thoracic aorta (type B) as in all of the patients in
our study [26].

iv. This work utilized a non-linear thin shell description for the
aortic wall via a Neo-Hookean material model using available
literature data for tissue properties. Alternative multi-layer ma-
terial models and the use of patient-specific material parame-
ters can further improve the computational predictions of
aortic wall stress. Future studies will aim to obtain blood pres-
sures, next to multiphase ECG-gated CTA data, in order to de-
rive the patient-specific structural stiffness through distensibility
assessment.

CONCLUSION

In conclusion, this multiparametric analysis co-localization of
pre-dissection focal aortic growth and cyclic transmural stress
with the site of an intimal tear in TBAD patients. Our results sup-
port the roles of stress concentrations and loss of aortic wall
structural integrity that have been suggested to contribute to dis-
section initiation. While future work is needed to validate our
findings in a larger population and compare to a cohort of
patients who did not develop dissection events during imaging
surveillance, we believe the results of this study support our

Figure 4: 3D growth (A, left) and computational cyclic transmural stress (A,
right) results for patient 3. The site of intimal tear (star) co-localized with a re-
gion of peak growth (delta) and the region of peak transmural stress (sigma) in
the distal arch. Serial CT images at the level of subsequent tear are shown below
(B). The greyed area reflects graft material from aortic repair. CT: computed
tomography; 3D: 3-dimensional.
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hypothesis on the mechanisms driving aortic growth and should
motivate further investigation into the prognostic significance of
transmural wall stress and VDM growth mapping, and most im-
portantly their intersection. Given the recent availability of such
advanced aortic wall analysis techniques, we may finally be
approaching a point where dissection risk-stratification can
move from a poorly predictive diameter-based approach to a
sophisticated morphological and biomechanical assessment that
better aligns with our current understanding of the pathogenesis
of aortic dissection initiation.

SUPPLEMENTARY MATERIAL

Supplementary material is available at EJCTS online.
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