
UCSF
UC San Francisco Previously Published Works

Title
Temporal evolution of ascending aortic aneurysm wall stress predicts all-cause mortality

Permalink
https://escholarship.org/uc/item/61v4c252

Journal
Interdisciplinary CardioVascular and Thoracic Surgery, 39(1)

ISSN
1569-9293

Authors
Zamirpour, Siavash
Gulati, Arushi
Xuan, Yue
et al.

Publication Date
2024-07-03

DOI
10.1093/icvts/ivae116
 
Peer reviewed

eScholarship.org Powered by the California Digital Library
University of California

https://escholarship.org/uc/item/61v4c252
https://escholarship.org/uc/item/61v4c252#author
https://escholarship.org
http://www.cdlib.org/


Cite this article as: Zamirpour S, Gulati A, Xuan Y, Leach JR, Saloner DA, Guccione JM et al. Temporal evolution of ascending aortic aneurysm wall stress predicts all- 
cause mortality. Interdiscip CardioVasc Thorac Surg 2024; doi:10.1093/icvts/ivae116.

Temporal evolution of ascending aortic aneurysm wall stress predicts 
all-cause mortality

Siavash Zamirpour a,†, Arushi Gulati a,†, Yue Xuan a, Joseph R. Leach b, David A. Saloner b,  

Julius M. Guccione a, Marko T. Boskovski a, Liang Gea and Elaine E. Tseng a,�

aDepartment of Surgery, University of California San Francisco and San Francisco VA Healthcare System, San Francisco, CA, USA 
bDepartment of Radiology, University of California San Francisco and San Francisco VA Healthcare System, San Francisco, CA, USA 

� Corresponding author. Division of Cardiothoracic Surgery, University of California San Francisco, San Francisco VA Medical Center, 500 Parnassus Ave.,  
Suite 405W, San Francisco, CA 94143, USA. Tel: þ1-415-221-4810; e-mail: Elaine.Tseng@ucsf.edu (E.E. Tseng).

Received 5 February 2024; received in revised form 29 May 2024; accepted 18 June 2024

Abstract 

OBJECTIVES: Diameter-based risk stratification for elective repair of ascending aortic aneurysm fails to prevent type A dissection in 
many patients. Aneurysm wall stresses may contribute to risk prediction; however, rates of wall stress change over time are poorly under-
stood. Our objective was to examine aneurysm wall stress changes over 3–5 years and subsequent all-cause mortality.

†The first two authors contributed equally to this work.
Presented at the American Association for Thoracic Surgery 103rd Annual Meeting, Los Angeles, CA, 6–9 May 2023.
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METHODS: Male veterans with <5.5 cm ascending aortic aneurysms and computed tomography at baseline and 3- to 5-year follow-up 
underwent three-dimensional aneurysm model construction. Peak circumferential and longitudinal wall stresses at systole were calcu-
lated using finite element analysis. Temporal trends were assessed by mixed-effects modelling. Changes in aortic wall stresses, diameter 
and length over time were evaluated as predictors of subsequent 3-year all-cause mortality by Cox proportional hazards modelling.

RESULTS: Sixty-two male veterans were included in the study. Yearly changes in geometric and biomechanical measures were 
0.12 mm/year (95% confidence interval, 0.04–0.20) for aortic diameter, 0.41 mm/year (0.12–0.71) for aortic length, 1.19 kPa/year −5.94 to 
8.33) for peak circumferential stress, and 0.48 kPa/year (−3.89 to 4.84) for peak longitudinal stress. Yearly change in peak circumferential 
stress was significantly associated with hazard of death—hazard ratio for peak circumferential stress growth per 10 kPa/year, 1.27 (95% CI, 
1.02–1.60; P¼ 0.037); hazard ratio for peak circumferential stress growth � 32 kPa/year, 8.47 (95% CI, 2.42–30; P< 0.001).

CONCLUSIONS: In this population of nonsurgical aneurysm patients, large temporal changes in peak circumferential stress, but not aor-
tic diameter or length, was associated with all-cause mortality. Biomechanical stress and stress changes over time may be beneficial as 
additional risk factors for elective surgery in small aneurysms.

Keywords: Ascending thoracic aortic aneurysm • Type A dissection • Wall stress

ABBREVIATIONS   

3D Three-dimensional  
ATAD Acute type A dissection  
aTAA Ascending thoracic aortic aneurysm  
CTA Computed tomography angiography  
DTA Descending thoracic aorta  
FEA Finite element analysis 

INTRODUCTION

Ascending thoracic aortic aneurysm (aTAA) is a well-established 
risk factor for acute type A dissection (ATAD), a highly fatal 
cardiovascular catastrophe with in-hospital mortality of 11–23% 
[1, 2]. The primary strategy to prevent ATAD in aTAA patients is 
elective surgical repair at a diameter �5.5 cm at most centres for 
patients without rapid growth, symptoms or a family history of 
connective tissue disorder or sudden death [3, 4]. The adequacy 
of the 5.5 cm absolute size threshold is controversial, with addi-
tional recommendations for intervention at 4.5–5.0 cm based on 
concomitant procedures and center experience, as well as alter-
native measures of relative aortic size.

ATAD is a complex haemodynamic and biomechanical phe-
nomenon with associations beyond aortic diameter [4]. It has 
been estimated that up to 90% of aTAA patients fail to meet 
elective surgical repair guidelines prior to dissection [5, 6], 
reflecting the need to study aTAA dissection risk in a patient- 
specific and mechanistic manner. Finite element analysis (FEA) is 
a validated computational method which can assess failure 
modes and determine wall stresses using patient-specific geom-
etry, material properties, and haemodynamic loading conditions. 
We previously showed that there is a significant overlap in wall 
stresses across different aortic diameters [7–9]. Moreover, prior 
FEA studies have implicated peak wall stresses at specific points 
in time as a biomechanical risk factor in aTAA [10–12]. However, 
little data exist on the evolution of aTAA biomechanics over 
time. The aim of this study was to investigate wall stress changes 
over a several-year period and subsequent clinical events in 
patients with <5.5 cm aTAA considered to be at low risk 
of dissection.

MATERIALS AND METHODS

Ethical statement

This study was approved by the Institutional Review Board (IRB) 
at the University of California San Francisco and San Francisco 
Veterans Affairs Healthcare System (IRB 13–10932, approved 
8/19/2010). Written consent was waived for this retrospec-
tive study.

Data acquisition

Patients were identified from a cardiac surgery aortic clinic 
spanning July 2011 to September 2019 based on the following 
inclusion criteria: patients with aTAA �4.0 cm and <5.5 cm with-
out rapid growth or connective tissue disorder, who had 
electrocardiogram-gated computed tomography angiography 
(CTA) scans at baseline and at a follow-up period of 3–5 years. 
For patients with more than 1 follow-up CT scan, the most re-
cent available scan was used. Patient records were reviewed to 
obtain baseline demographic and clinical data, as well as the pri-
mary outcomes of incidence of surgical aTAA repair and all- 
cause mortality for up to 3 years following the 2nd scan. Patients 
were excluded if they had primarily aortic root or arch dilata-
tion, prior surgical aortic valve replacement, or poor CTA image 
quality. De-identified images were used to reconstruct three- 
dimensional (3D) geometries of left ventricular outflow tract, 
aortic annulus, sinuses, sinotubular junction, ascending aorta, 
arch, and a portion of descending thoracic aorta (DTA). 
Maximum diameter in the diastolic phase was measured from 
CTA scans using centerline 3D reconstruction by a single radiol-
ogist blinded to stress results. Aortic length was measured as 
the sum of 50 straight centerline measurements from the 
aortic annulus to the innominate artery centerline as described 
previously [13].

Development of model for finite element analysis

FEA is a validated computational method for in vivo determina-
tion of aneurysm wall stress [14] which is the force per unit area 
applied to the aortic wall. Stress is defined by 6 directional com-
ponents; of these, we focused on the circumferential and 
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longitudinal directions as they are likely implicated in the intimal 
tear that initiates aortic dissection. As previously described, we 
conducted FEA while taking into account the zero-pressure ge-
ometry [14]. To create a model for FEA of each aorta, CTA 
images were imported into MeVisLab (http://www.mevislab.de/ 
home/about-mevislab). Aortic lumen segmentation was per-
formed on planes reconstructed orthogonal to the long axis of 
the aorta, from left ventricular outflow tract to DTA. Segmented 
data were imported into GeoMagic (3D Systems, Morrisville, 
NC) for 3D surface reconstruction. Reconstructed surfaces were 
then imported into TrueGrid (XYZ Scientific Applications Inc., 
Pleasant Hill, CA) for FE mesh generation. Convergence studies 
were performed to determine optimal mesh density. The mesh 
was refined until the stress results varied <1% for 2 subsequent 
mesh refinements. Ultimately, 3 elements were used across the 
vessel wall thickness for each model, with �11 000 elements. 
These meshes were imported into LS-DYNA (LSTC Inc., 
Livermore, CA) for pressure-loading simulations.

Zero-pressure correction

ATAA geometry under in vivo physiologic blood pressure condi-
tions was considered prestressed, which must be accounted for 
to accurately determine in vivo wall stress [14, 15]. We used a 
modified updated Lagrangian method to calculate a geometric 
configuration that when loaded to physiological stresses would 
match the prestressed aortic geometry [16].

Collagen-embedded hyperelastic material model

The aTAA wall was modelled as an incompressible hyperelastic 
material, comprised of non-collagen matrix reinforced with dis-
persed collagen fibres [17]. Details of the equations of the strain 
energy density function for the aTAA model have been de-
scribed previously [7, 14, 18]. ATAA material properties were 
obtained from our previous aTAA biaxial stretch testing and 
specified separately for bicuspid and tricuspid aortic valve 
aneurysms [7, 12, 18, 19].

Finite element simulation

LS-DYNA was used to perform FE simulations with the specified 
collagen-embedded hyperelastic material model. Three- 
dimensional brick elements were used to reconstruct the aTAA 
wall. Wall thickness, derived from our prior aneurysm experi-
mental studies [7, 8, 12, 18, 19]. was set at 1.75 mm. Translational 
motion was fixed proximally at left ventricular outflow tract, 
20 mm below the annulus, to allow aortic root motion during 
the cardiac cycle and fixed distally at DTA to account for the 
physiologic effect of the ligamentum arteriosum, without con-
straints to rotational motion. Simulations were then performed 
by applying time-dependent arterial pressure to the aortic lu-
men, mimicking normal cardiac cycles. Physiologic blood pres-
sure was assumed to be 120/80 mmHg for all patients to 
consistently compare wall stress magnitudes at the same pres-
sure. Cardiac cycles had a duration of 800 ms, including a 
300 ms increase from diastolic to systolic pressure followed by a 
500 ms decrease to diastolic pressure.

Data analysis

Mechanical stresses on the aortic wall due to pressure loading 
were calculated. Analyses were performed at systole utilizing 
99th-percentile wall stresses (hereafter referred to as peak 
stresses) to avoid artefacts arising from inhomogeneities in the 
mesh, as previously described. Peak stresses in the circumferen-
tial and longitudinal direction were calculated at the ascending 
aorta using LS-DYNA post-processing software. Reproducibility 
of wall stresses was tested with 2 independently reconstructing 
aTAA models and performing FEA as described above in a 20% 
subset of patients.

Statistical analyses were performed using R version 4.1.1 
(http://www.r-project.org). Temporal changes in aortic diameter, 
length, and peak wall stresses were assessed using mixed-effects 
modelling using the lme4 package with a fixed effect for the 
number of years from the initial scan and a random intercept at 
the patient level to account for baseline differences and differen-
ces in the length of follow-up among patients.

Annual growth rates in aortic diameter, length, and peak wall 
stresses were assessed as continuous covariates in separate uni-
variate Cox proportional hazards models of all-cause mortality 
in the 3 years following the 2nd scan using the survival and 
ggsurvplot packages. Normality of covariates was assessed with 
the Shapiro–Wilks test. As a sensitivity analysis, models were refit 
after winsorizing any non-normal covariates as follows: values 
below the 5th percentile were replaced with the 5th percentile 
value, and values above the 95th percentile were replaced with 
the 95th percentile value. For any covariates meeting the signifi-
cance threshold in the preceding step, binary breakpoints were 
assessed by minimizing the P-value on the coefficient across a 
range of candidate thresholds. Cox proportional hazards models 
were fit for binary breakpoints from the 10th percentile (e.g. 
change in peak circumferential stress �−48 kPa/year) to the 
90th percentile (e.g. change in peak circumferential stress 
�40 kPa/year). The chosen breakpoint resulted in the Cox model 
with the minimum P-value. Linearized risks were calculated us-
ing the summary function. The proportional hazards assumption 
was assessed by plotting the Schoenfeld residuals against time. 
As there were no surgical aTAA repairs during the follow-up pe-
riod, there was no need to account for the competing risk of re-
pair. Median follow-up following the 2nd scan was estimated by 
applying the Kaplan–Meier method to the censored times.

Pearson’s r was calculated for the correlations among annual 
growth rates in aortic diameter, length, and peak wall stresses. 
Two-sided P< 0.05 was considered statistically significant.

RESULTS

Clinical profiles

Sixty-two male patients had a mean (SD) age of 67 (7.7) years 
(Table 1). Common comorbidities at baseline were obesity 
(mean body mass index 30.0 [5.6]), former smoking history 
(35/62, 56%), hypertension (44/62, 71%) and hyperlipidemia 
(44/62, 71%). Rates of antihypertensive medication use ranged 
from 15/62 (27%) for diuretics to 22/62 (35%) for beta-blockers. 
Common haemodynamic risk factors at baseline were aortic 
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insufficiency (17/48, 35%), mitral insufficiency (6/48, 13%) and 
bicuspid aortic valve (5/62, 8.1%).

Median follow-up between the 1st and 2nd scans was 4.0 
(interquartile range, 3.2–4.6) years (Table 2). At the 1st scan, 
mean blood pressure was 125 (14)/77 (10) mmHg, with 32/58 
(55%) exceeding 130/80 mmHg. At the 2nd scan, mean blood 
pressure was 125 (14)/75 (10) mmHg, with 21/57 (37%) exceed-
ing 130/80 mmHg.

On reproducibility analyses in a 20% subset of patients 
(n¼ 12), the difference in results between 2 independent investi-
gators was 3±(2)% in the circumferential direction and 1±(2)% in 
the longitudinal direction.

Annual growth rates

Based on linear mixed-effects models (Table 3), baseline values 
were 42.7 mm (95% confidence interval [CI], 41.6–43.7) for aortic 
diameter, 119 mm (116–122) for aortic length, 428 kPa 
(408–449) for peak circumferential stress, and 234 kPa (221–246) 
for peak longitudinal stress. Growth rates were 0.12 mm/year 
(0.04–0.20) for diameter, 0.41 mm/year (0.12–0.71) for length, 
1.19 kPa/year (−5.94 to 8.33) for peak circumferential stress, and 
0.48 kPa/year (−3.89 to 4.84) for peak longitudinal stress.

All-cause mortality

There was a median follow-up of 3.55 years (interquartile range, 
3.11–4.31) following the 2nd scan. During this time, 10 patients 
died, of which 1 death was specifically attributed to a non- 
cardiac cause (pneumonia), while cardiac or aortic causes could 
not be ruled out in the other cases in the absence of autopsy. 
No patients underwent aortic repair.

Annual growth rates in aortic diameter, length, and peak wall 
stresses were initially assessed as continuous variables in Cox 
proportional hazards models of all-cause mortality following the 
2nd scan (Table 4). Of these variables, only peak circumferential 
stress growth rate had a significant association with all-cause 
mortality (hazard ratio, 1.27 per 10 kPa/year; 95% CI, 1.02–1.60; 
P¼ 0.037). Peak longitudinal stress growth rate was not signifi-
cantly associated with all-cause mortality (hazard ratio, 1.02 per 
10 kPa/year; 95% CI, 0.74–1.42; P¼ 0.88). Annual growth rates in 
aortic diameter and peak longitudinal stress met statistical signif-
icance for non-normality. Winsorizing these covariates did not 
alter the significance of their respective Cox models.

The binary breakpoint minimizing the P-value for this associa-
tion was 32 kPa/year, representing the 85th percentile peak cir-
cumferential stress growth rate in the study population (Fig. 1). 
The hazard ratio for peak circumferential stress growth �32 kPa/ 
year was 8.47 (95% CI, 2.42–30; P< 0.001). Probabilities of death 

Table 1: Characteristics of the study population at baseline.

Characteristic Overall

N 62
Age, mean (SD) 67 (7.7)
Male, n (%) 62 (100)
Race, n (%)

Caucasian 47 (76)
African American 7 (11)
Alaska Native or Native American 2 (3.2)
Asian 1 (1.6)
Multiracial 1 (1.6)
Unknown 4 (6.5)

Comorbidities
Body mass index, mean (SD), kg/m2 30.0 (5.6)
Smoking history, n (%)

Active 14 (23)
Former 33 (53)
Never 15 (24)

Hypertension, n (%) 44 (71)
Hyperlipidaemia, n (%) 44 (71)
Diabetes mellitus, n (%) 8 (13)
Chronic obstructive pulmonary disease, n (%) 15 (24)

Antihypertensive medications, n (%)
ACEi/ARB 21 (34)
Beta-blocker 22 (35)
Diuretic 15 (24)
Calcium channel blocker 17 (27)

Haemodynamic factors
Bicuspid aortic valve, n (%) 5 (8.1)
Aortic insufficiency, n (%) 17 (35)
Aortic stenosis, n (%) 3 (4.8)
Left ventricular ejection fraction, mean (SD), % 61 (8)
Mitral insufficiency, n (%) 6 (13)
Mitral stenosis, n (%) 0 (0)

Missing data were 2 (3.2%) for body mass index, 14 (23%) for valvulopa-
thies and 20 (32%) for ejection fraction.
ACEi: angiotensin-converting enzyme inhibitor; ARB: angiotensin II recep-
tor blocker.

Table 2: Characteristics of the baseline and follow-up scans 
used for finite element analysis.

Characteristic Overall

N 62
Time between 1st and 2nd scan (years), mean (SD) 4.0 (0.85)
Time between 1st and 2nd scan, n (%)

3 years 21 (34)
4 years 24 (39)
5 years 17 (27)

Blood pressure at 1st scan (mmHg), mean (SD) 125 (14)/77 (10)
Blood pressure at 1st scan, n (%)
�130/80 32 (55)
�140/90 8 (14)

Blood pressure at 2nd scan (mmHg), mean (SD) 125 (14)/75 (10)
Blood pressure at 2nd scan, n (%)
�130/80 21 (37)
�140/90 10 (18)

Missing data were 4 (6%) for blood pressure measurements at the 1st scan 
and 5 (8%) for blood pressure measurements at the 2nd scan.

Table 3: Baseline values and annual growth rates for geo-
metric and biomechanical features of ascending thoracic aor-
tic aneurysms, as estimated by linear mixed-effects modelling.

Characteristic Baseline  
(95% CI)

Annual growth 
rate (95% CI)

Aortic diameter (mm) 42.7 (41.6 to 43.7) 0.12 (0.04 to 0.20)
Aortic length (mm) 119 (116 to 122) 0.41 (0.12 to 0.71)
Peak circumferential stress (kPa) 428 (408 to 449) 1.19 (−5.94 to 8.33)
Peak longitudinal stress (kPa) 234 (221 to 246) 0.48 (−3.89 to 4.84)
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for patients with an increase in peak circumferential stress 
�32kPa/year were 0.66, 1.36 and 5.72% at 1, 2 and 3 years, 
respectively.

Correlations among annual growth rates

Among annual growth rates in aneurysm features (Fig. 2), peak 
circumferential stress growth rate had the highest correlation 
with peak longitudinal stress growth rate(r¼ 0.56, P< 0.001), fol-
lowed by aortic length growth rate (r¼ 0.36, P¼ 0.004). There 
was no significant correlation between peak circumferential 
stress growth rate and aortic diameter growth rate (r ¼
−0.04, P¼ 0.76).

DISCUSSION

Current guidelines for prophylactic repair of aTAA are based on 
absolute diameter, diameter indexed to body surface area or 
height, cross-sectional area indexed to height, or large temporal 
increase in diameter [3]. Little prior work has examined temporal 
changes in other geometric and biomechanical features of 
aTAAs. In this study, we found that while growth rates in diame-
ter, length, and peak wall stresses were modest overall, there 
was an association between elevated growth rates in peak cir-
cumferential stress and risk of subsequent mortality. Moreover, 
there was a poor correlation between peak circumferential stress 
growth rate and aortic diameter growth rate. Given that wall 
stresses are a complex function of local aortic geometry, these 
findings suggest that local aortic geometry may change indepen-
dently of global aortic radius. These results are important for fu-
ture ATAD risk stratification in nonsurgical aTAA patients and 
indicate that a population of patients may be at higher risk of 
mortality despite aneurysm size stability, although the relation-
ship of this finding with dissection risk specifically must be ex-
plored further.

These findings are supported by a recent FEA study of patients 
with aortic diameters <50 mm who experienced ATAD, finding 
that areas of peak stress correlated with the initial location of 
the intimal tear and not the area of greatest aortic diameter [20]. 
Prior studies have reported that aortic wall strength tends to be 
greater in the circumferential rather than longitudinal direction 
and have implicated peak longitudinal stresses at a single time 
point in risk of dissection or death [10–12, 21–23]. Interestingly 
in this study, interval change in peak circumferential rather than 
longitudinal stress was associated with all-cause mortality. These 
findings are not necessarily in conflict, given the complex inter-
play among variations in local aneurysm geometry and changes 
in peak wall stress, as well as our finding that annual growth 
rates in peak circumferential and longitudinal stresses were 
strongly correlated. Future work may explore whether a combi-
nation of peak circumferential and longitudinal stresses at a par-
ticular point in time, as well as their recent temporal evolution, 
improves risk prediction for dissection or death.

To date, no studies have directly compared aTAA wall stresses 
within the same patient over multiple time points. One prior 
study of DTA aneurysms found that the need for surgery corre-
sponded more strongly with increased peak stresses than with 
aortic diameter, although it was limited by a mean follow-up 
time of 17.5 months [24]. Our results further suggest that in 
patients with similar diameters, peak wall stress changes over a 

Table 4: Univariate associations between annual growth 
rates in geometric and biomechanical aneurysm features and 
subsequent all-cause mortality, as estimated by Cox propor-
tional hazards modelling.

Univariate model Hazard ratio  
(95% CI)

P-value

Aortic diameter growth rate (continuous 
increment of 1 mm/year)

0.37 (0.04–3.86) 0.41

Aortic length growth rate (continuous in-
crement of 1 mm/year)

1.23 (0.72–2.10) 0.45

Peak circumferential stress growth rate 
(continuous increment of 10 kPa/year)

1.27 (1.02–1.60) 0.037

Peak longitudinal stress growth rate 
(continuous increment of 10 kPa/year)

1.02 (0.74–1.42) 0.88

Peak circumferential þ longitudinal stress 
growth rate (continuous increment of 
20 kPa/year)

1.43 (0.98–2.09) 0.051

Peak circumferential stress growth rate 
�32 kPa/year (binary classification)

8.47 (2.42–30) 0.0008

The binary breakpoint for peak circumferential stress growth rate was 
found by minimizing the P-value across candidate thresholds (−48 to 
39 kPa/year in 1-kPa/year increments). 32 kPa/year represents the 85th 
percentile peak circumferential stress growth rate in the study population.

Figure 1: (A) Evolution of peak circumferential wall stresses over time and sub-
sequent mortality. Vertical step-offs demonstrate the timing and magnitude of 
changes in peak circumferential wall stress during follow-up. Terminal points 
demonstrate the clinical event at the latest follow-up. (B) Kaplan–Meier curves 
showing freedom from all-cause mortality following the 2nd scan, stratified by 
change in peak circumferential stress between the 1st and 2nd scans. Dashed 
lines indicate the 95% confidence interval.
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period of 3–5 years may be associated with subsequent 
aTAA risk.

Understanding the temporal evolution of patient-specific an-
eurysm wall stresses is important to not only inform appropriate 
patient-specific intervals for aneurysm surveillance but also pro-
vide guidance in medical optimization and surgical decision- 
making. Uncontrolled hypertension is 1 modifiable risk factor 
strongly associated with aneurysm formation and dissection [25, 
26]. One FEA study demonstrated that increases in applied blood 
pressure from 120 to 160 mmHg caused increases in wall stress 
across the whole aTAA surface, with the largest increases at areas 
with peak stress [27]. Furthermore, 1 prospective study using 
echocardiogram data from chronically hypertensive patients 
found that aTAA wall stresses decreased 33.0 (1.2)% when sys-
tolic pressure decreased from 160 to 110 mmHg, and 21.0 (0.7)% 
when systolic pressure decreased from 140 to 110 mmHg [28]. 
While that study did not use FEA, it suggests that wall stress 
change over time may help evaluate the effectiveness of antihy-
pertensive treatment in aTAA patients.

Study limitations

One study limitation is the inclusion of only male and primarily 
Caucasian patients, reflective of patient demographics of the VA 
Healthcare system where we practice. Previous literature sug-
gests male sex is a protective factor for aortic dissection risk [29]. 

However, male veterans have a high prevalence of aneurysm 
risk factors including hypertension, hyperlipidemia, obesity and 
smoking [25]. Accordingly, our results may reflect mixed effects 
and may not apply to more diverse populations or to women. 
Moreover, while this observational, retrospective study suggests 
an association between temporal changes in peak wall stresses 
and subsequent risk of mortality, causal interpretation should 
be avoided.

Notably, we did not directly observe aortic dissection or the 
need for urgent aneurysm repair during the study period, as we 
lacked reliable postmortem data. While some percentage of 
unspecified cardiac deaths in an aneurysm population is likely 
attributable to aortic events, there are few robust estimates of 
this trend. Future studies specifically designed for prospective 
aortic event adjudication are needed to assess whether patients 
with increasing wall stress despite stable aortic diameter may 
benefit from increased surveillance or earlier operative interven-
tion. It is important to note the assumptions underlying FE 
modelling. In order to make wall stress a clinically translatable 
method of risk determination, we were limited by available clini-
cal information (i.e. CTA imaging). Therefore, we could not ac-
count for inhomogeneities along the aortic wall and used 
averaged material properties as there are currently no means to 
determine material properties in vivo. Nevertheless, we have 
previously demonstrated that there is no significant difference in 
FEA-calculated stresses when using population-averaged mate-
rial properties compared to patient-specific material properties 
[30]. As in other FEA studies, we did not account for the viscous 
effect in our model. While prior work has demonstrated that the 
hysteresis per cycle is stable and small [31], the viscous effect on 
the aorta may still be of importance in determining the true 
stress and strain during dynamic loading and unloading phases 
within the cardiac cycle.

While we investigated wall stresses via FEA, reductions in wall 
strength can influence dissection events. Fluid–structure interac-
tion investigations to determine wall shear stress may be impor-
tant to understand the role of wall strength in aTAA 
development and growth.

CONCLUSION

Patients with aTAA diameters under the threshold for surgical in-
tervention are managed with clinical surveillance. In this study 
population, changes in aortic diameter, length, and peak wall 
stresses were modest over 3–5 years. However, death in the 
years following these changes was significantly associated with a 
large peak circumferential stress growth rate but not a diameter 
or length growth rate. Changes in local aortic geometry could 
explain the association between stress changes over time and 
the risk of mortality despite a stable global diameter. This finding 
warrants further prospective investigation to follow aortic geom-
etry and stress over time with careful adjudication of adverse 
aortic events.

FUNDING

This work was supported by the UCSF School of Medicine 
Summer Explore Fellowship (to S.Z. and A.G.), American 
Association for Thoracic Surgery Summer Intern Scholarship (to 
S.Z.), Council on Cardiovascular Surgery and Anesthesia of the 

Figure 2: Correlation between annual peak circumferential stress growth rate 
and annual growth rates in aortic diameter, length and peak longitudinal 
stress. Pearson’s r and its respective P-value are shown, as is the linear best-fit 
line. Outcomes refer to events following the 2nd scan.

6 S. Zamirpour et al. / Interdisciplinary CardioVascular and Thoracic Surgery 



American Heart Association Student Scholarship in 
Cardiovascular Surgery (to S.Z.), National Institutes of Health 
[K25HL150408 to Y.X. and R01HL119857 to L.G. and E.E.T.], and 
United States Department of Veterans Affairs [I01-CX002071 to 
D.A.S. and I01CX002365-01A1 to L.G. and E.E.T.].

Conflict of interest: None declared.

DATA AVAILABILITY

The data underlying this article cannot be shared publicly for the 
privacy of individuals who participated in the study. De- 
identified data will be shared on reasonable request to the cor-
responding author.

Author contributions

Siavash Zamirpour: Data curation; Formal analysis; Investigation; 
Methodology; Software; Visualization; Writing—original draft; Writing—review 
& editing. Arushi Gulati: Data curation; Formal analysis; Investigation; 
Methodology; Software; Visualization; Writing—original draft; Writing—review 
& editing. Yue Xuan: Data curation; Investigation; Methodology; Writing—re-
view & editing. Joseph R. Leach: Conceptualization; Writing—review & edit-
ing. David A. Saloner: Conceptualization; Methodology; Resources; 
Writing—review & editing. Julius M. Guccione: Conceptualization; 
Methodology; Resources; Writing—review & editing. Marko T. Boskovski: 
Formal analysis; Visualization; Writing—review & editing. Liang Ge: 
Conceptualization; Formal analysis; Funding acquisition; Methodology; 
Project administration; Resources; Software; Supervision; Validation; 
Visualization; Writing—review & editing. Elaine E. Tseng: Conceptualization; 
Formal analysis; Funding acquisition; Methodology; Project administration; 
Resources; Supervision; Validation; Visualization; Writing – original draft; 
Writing—review & editing.

Reviewer information

Interactive CardioVascular and Thoracic Surgery thanks Roman Gottardi, 
Antonino S. Rubino and Marek Jasinski for their contribution to the peer re-
view process of this article.

REFERENCES

0[1] Catalano MA, Mamdouhi T, Pupovac S, Kennedy KF, Brinster DR, 
Hartman A et al. Age, sex, and contemporary outcomes in surgical re-
pair of type A aortic dissection: insights from the National Inpatient 
Sample. JTCVS Open 2022;11:23–36.

0[2] Wolfe SB, Sundt TM, Isselbacher EM, Cameron DE, Trimarchi S, 
Bekeredjian R, et al., IRAD researchers. Survival after operative repair of 
acute type A aortic dissection varies according to the presence and type 
of preoperative malperfusion. J Thorac Cardiovasc Surg 2024;168: 
37–49.e6.

0[3] Isselbacher EM, Preventza O, Hamilton Black Iii J, Augoustides JG, Beck 
AW, Bolen MA, et al., Writing Committee Members. 2022 ACC/AHA 
Guideline for the Diagnosis and Management of Aortic Disease. J Am 
Coll Cardiol 2022;80:e223–e393.

0[4] Solomon MD, Leong T, Sung SH, Lee C, Allen JG, Huh J, et al., Kaiser 
Permanente Northern California Center for Thoracic Aortic Disease. 
Association of thoracic aortic aneurysm size with long-term patient out-
comes: the KP-TAA study. JAMA Cardiol 2022;7:1160–9.

0[5] Pape LA, Tsai TT, Isselbacher EM, Oh JK, O'gara PT, Evangelista A, et al., 
International Registry of Acute Aortic Dissection (IRAD) Investigators. 
Aortic diameter �5.5 cm is not a good predictor of type A aortic dissec-
tion: observations from the International Registry of Acute Aortic 
Dissection (IRAD). Circulation 2007;116:1120–7.

0[6] Rylski B, Branchetti E, Bavaria JE, Vallabhajosyula P, Szeto WY, Milewski 
RK et al. Modeling of predissection aortic size in acute type A dissection: 
more than 90% fail to meet the guidelines for elective ascending re-
placement. J Thorac Cardiovasc Surg 2014;148:944–8.e1.

0[7] Wang Z, Flores N, Lum M, Wisneski AD, Xuan Y, Inman J et al. Wall 
stress analyses in patients with �5 cm versus <5 cm ascending thoracic 
aortic aneurysm. J Thorac Cardiovasc Surge 2020;162:1452–9.

0[8] Gomez A, Wang Z, Xuan Y, Wisneski AD, Hope MD, Saloner DA et al. 
Wall stress distribution in bicuspid aortic valve–associated ascending 
thoracic aortic aneurysms. Ann Thorac Surg 2020;110:807–14.

0[9] Gomez A, Wang Z, Xuan Y, Hope MD, Saloner DA, Guccione JM et al. 
Association of diameter and wall stresses of tricuspid aortic valve as-
cending thoracic aortic aneurysms. J Thorac Cardiovasc Surg 2021; 
164:1365–75.

[10] Emerel L, Thunes J, Kickliter T, Billaud M, Phillippi JA, Vorp DA et al. 
Predissection-derived geometric and distensibility indices reveal in-
creased peak longitudinal stress and stiffness in patients sustaining acute 
type A aortic dissection: implications for predicting dissection. J Thorac 
Cardiovasc Surg 2019;158:355–63.

[11] Zamirpour S, Xuan Y, Wang Z, Gomez A, Hope MD, Leach J et al. 
Association of 3-year all-cause mortality and peak wall stresses of as-
cending thoracic aortic aneurysms in veterans. Semin Thorac 
Cardiovasc Surg 2023;35:447–56.

[12] Zamirpour S, Xuan Y, Wang Z, Gomez A, Leach J, Mitsouras D et al. 
Aortic area/height ratio, peak wall stresses, and outcomes in veterans 
with tricuspid vs bicuspid aortic valve associated ascending thoracic 
aortic aneurysms. J Thorac Cardiovasc Surg 2023;166:1583–93.e2.

[13] Gulati A, Zamirpour S, Leach J, Khan A, Wang Z, Xuan Y et al. Ascending 
thoracic aortic aneurysm elongation occurs in parallel with dilatation in 
a nonsurgical population. Eur J Cardiothorac Surg 2023;63:ezad241.

[14] Krishnan K, Ge L, Haraldsson H, Hope MD, Saloner DA, Guccione JM 
et al Ascending thoracic aortic aneurysm wall stress analysis using 
patient-specific finite element modeling of in vivo magnetic resonance 
imaging. Interact CardioVasc Thorac Surg 2015;21:471–80.

[15] Wisneski AD, Mookhoek A, Chitsaz S et al. Patient-specific finite ele-
ment analysis of ascending thoracic aortic aneurysm. J Heart Valve Dis 
2014;23:18.

[16] Gee MW, F€orster C, Wall WA. A computational strategy for prestressing 
patient-specific biomechanical problems under finite deformation. 
Numer Methods Biomed Eng 2010;26:52–72.

[17] Gasser TC, Ogden RW, Holzapfel GA. Hyperelastic modelling of arterial 
layers with distributed collagen fibre orientations. J R Soc Interface 
2006;3:15–35.

[18] Xuan Y, Wang Z, Liu R, Haraldsson H, Hope MD, Saloner DA et al. 
Wall stress on ascending thoracic aortic aneurysms with bicuspid 
compared with tricuspid aortic valve. J Thorac Cardiovasc Surg 2018; 
156:492–500.

[19] Azadani AN, Chitsaz S, Mannion A, Mookhoek A, Wisneski A, Guccione 
JM et al. Biomechanical properties of human ascending thoracic aortic 
aneurysms. Ann Thorac Surg 2013;96:50–8.

[20] Plonek T, Zak M, Rylski B, Berezowski M, Czerny M, Beyersdorf F et al. 
Wall stress correlates with intimal entry tear localization in type A aortic 
dissection. Interact CardioVasc Thorac Surg 2018;27:797–801.

[21] Pichamuthu JE, Phillippi JA, Cleary DA, Chew DW, Hempel J, Vorp DA 
et al Differential tensile strength and collagen composition in ascending 
aortic aneurysms by aortic valve phenotype. Ann Thorac Surg 2013; 
96:2147–54.

[22] Iliopoulos DC, Deveja RP, Kritharis EP, Perrea D, Sionis GD, Toutouzas K 
et al. Regional and directional variations in the mechanical properties of 
ascending thoracic aortic aneurysms. Med Eng Phys 2009;31:1–9.

[23] Manopoulos C, Karathanasis I, Kouerinis I, Angouras DC, Lazaris A, 
Tsangaris S et al. Identification of regional/layer differences in failure 
properties and thickness as important biomechanical factors responsi-
ble for the initiation of aortic dissections. J Biomech 2018;80:102–10.

[24] Shang EK, Nathan DP, Sprinkle SR, Vigmostad SC, Fairman RM, Bavaria 
JE et al. Peak wall stress predicts expansion rate in descending thoracic 
aortic aneurysms. Ann Thorac Surg 2013;95:593–8.

[25] Howard DPJ, Banerjee A, Fairhead JF, Perkins J, Silver LE, Rothwell PM, 
Oxford Vascular Study. Population-based study of incidence and out-
come of acute aortic dissection and premorbid risk factor control: 10- 
year results from the Oxford Vascular Study. Circulation 2013; 
127:2031–7.

[26] Huynh N, Thordsen S, Thomas T, Mackey-Bojack SM, Duncanson ER, 
Nwuado D et al. Clinical and pathologic findings of aortic dissection at 

V
A

SC
U

LA
R

 D
IS

EA
SE

 

7 S. Zamirpour et al. / Interdisciplinary CardioVascular and Thoracic Surgery 



autopsy: review of 336 cases over nearly 6 decades. Am Heart J 2019; 
209:108–15.

[27] Plonek T, Zak M, Burzynska K, Rylski B, Gozdzik A, Kustrzycki W et al. The 
combined impact of mechanical factors on the wall stress of the human as-
cending aorta—a finite elements study. BMC Cardiovasc Disord 2017;17:297.

[28] Rabkin SW, Janusz MT. Aortic wall stress in hypertension and ascending 
thoracic aortic aneurysms: implications for antihypertensive therapy. 
High Blood Press Cardiovasc Prev 2013;20:265–71.

[29] Davies RR, Goldstein LJ, Coady MA, Tittle SL, Rizzo JA, Kopf GS et al. 
Yearly rupture or dissection rates for thoracic aortic aneurysms: simple 
prediction based on size. Ann Thorac Surg 2002;73:17–28.

[30] Wang Z, Xuan Y, Guccione JM, Tseng EE, Ge L. Impact of patient- 
specific material properties on aneurysm wall stress: a finite element 
study. J Heart Valve Dis 2018;27:275–84.

[31] Fung YC, Mechanical properties and active remodeling of blood vessels. 
In: Fung YC (eds) Biomechanics. New York: Springer, 1993, 321–91.

Published by Oxford University Press on behalf of the European Association for Cardio-Thoracic Surgery 2024.
This work is written by (a) US Government employee(s) and is in the public domain in the US.
Interdisciplinary CardioVascular and Thoracic Surgery, 2024, 39, 1–8
https://doi.org/10.1093/icvts/ivae116
Original article

8 S. Zamirpour et al. / Interdisciplinary CardioVascular and Thoracic Surgery 


	Active Content List
	INTRODUCTION
	MATERIALS AND METHODS
	RESULTS
	DISCUSSION
	CONCLUSION
	FUNDING
	DATA AVAILABILITY
	Author contributions
	Reviewer information
	REFERENCES




