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Biomechanical properties of the thoracic aorta in Marfan patients
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Background: Marfan syndrome (MFS), a genetic disorder of the connective tissue, has been strongly 
linked to dilation of the thoracic aorta, among other cardiovascular complications. As a result, MFS patients 
frequently suffer from aortic dissection and rupture, contributing to the high rate of mortality and morbidity 
among MFS patients. Despite the significant effort devoted to the investigation of mechanical and structural 
properties of aneurysmal tissue, studies on Marfan aneurysmal biomechanics are scarce. Ex vivo mechanical 
characterization of MFS aneurysmal tissue can provide a better insight into tissue strength outside the 
physiologic loading range and serve as a basis for improved risk assessment and failure prediction. 
Methods: The mechanical and microstructural properties of MFS aneurysmal thoracic aorta (MFS, n=15, 
39.5±3.91 years), non-MFS aneurysmal thoracic aorta (TAA, n=8, 52.8±4.9 years), healthy human thoracic 
aorta (HH, n=8, 75.4±6.1 years), and porcine thoracic aorta (n=10) are investigated. Planar biaxial tensile 
testing and uniaxial failure testing were utilized to characterize the mechanical and failure properties of the 
tissue, respectively. Verhoeff-Van Gieson (VVG) and PicroSirius Red stains were utilized to visualize the 
elastin and collagen fiber architecture, respectively. 
Results: MFS tissue was found to have age-dependent but diameter-independent mechanical, structural, 
and morphological properties, also showing extensive elastin fiber degradation. Non-MFS thoracic 
aneurysmal aorta was thicker and stiffer than age-matched MFS tissue. Moreover, non-MFS thoracic 
aneurysmal mechanics resembled closely the mechanics of older healthy human tissue. Younger MFS tissue 
(<40 years) exhibited similar mechanical and structural properties to aged porcine tissue. 
Conclusions: Both age and aneurysmal presence were found to be factors associated with increased 
stiffness in aortic tissue, and aortic diameter was not a significant determinant of mechanical property 
deterioration. Additionally, the presence of MFS was found to induce stiffening of the thoracic aorta, 
although not to the extent of the non-MFS aneurysm.
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Introduction

Marfan syndrome (MFS) is a multisystemic disorder of the 
connective tissue with no predilection for either sex or race, 
primarily affecting the cardiovascular, ocular, and skeletal 
systems. Occurring in 2–3 per 10,000 individuals (1), MFS 

cases are primarily caused by a mutation of the elastin-
forming FBN1 gene, leading to reduced tissue strength, loss 
of cell-matrix interactions, and phenotypic irregularities of 
MFS patients (2). 

Cardiovascular complications are the most common feature 
of MFS, including dilation of the aorta and main pulmonary 
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artery, thickening and prolapse of the atrioventricular valves, 
aortic valve regurgitation, and mitral valve prolapse (2). 
Progressive dilatation of the aortic root and subsequent aortic 
dissection and rupture is the leading cause of premature 
death in MFS patients (3). 

Due to improved awareness, presymptomatic monitoring, 
and advances in treatments, the medial life expectancy for 
patients with MFS has risen from the reported 45 years in 
1972 (4) to 72 years in 1995 (5). Nonetheless, diagnosing 
MFS is challenging, especially in patients with no or 
uncertain family history. The revised Ghent scoring criteria 
incorporate a comprehensive clinical assessment of multiple 
systems, with major weight given to aortic root aneurysm 
and ectopia lentis, and molecular genetic screening for 
mutations in the FBN1 gene (6). Additionally, the Ghent 
system highlights the age of 40 years in the evaluation of 
cardiovascular complications (1).

Despite the significant improvements in the treatment and 
diagnosis of MFS, this condition remains associated with a 
high premature mortality and morbidity (1). Notwithstanding 
the advances in MFS diagnosis and treatment, patient-
specific risk factors for premature aortic dilation and rupture 
or interventions based on individual tissue characteristics 
are lacking. 

It is known that MFS patients are at a higher risk for 
development of thoracic aortic aneurysms as compared to 
abdominal aneurysms (7); nonetheless, the former have 
been less extensively studied, particularly in the context of 
MFS. Previous studies have investigated the mechanical 
and structural properties of MFS thoracic aortic aneurysmal 
tissue both in vivo and ex vivo, consistently showing 
a decrease in aortic distensibility, increase of stiffness 
index, and increase in aortic size with dilation (3,8-15). 
However, in vivo studies are limited to the investigation of 
the physiological range of pressures and thus are unable 
to characterize the possibility of adverse events, such as 
aortic dissection and rupture potential. Comprehensive 
mechanical studies are therefore necessary for the thorough 
understanding of the mechanical behavior of MFS aortas, 
which, when coupled with patient-specific geometry and 
loading conditions, can provide insight into the risk of 
adverse events on a patient-by-patient basis. 

The objective of the present study is to characterize 
the MFS tissue mechanical and microstructural properties 
in order to provide a basis for rigorous mathematical and 
computational modeling of the MFS aortic mechanics. 
Healthy human (HH) aortic tissue, along with thoracic 
aortic aneurysmal tissue in both the Marfan and non-Marfan 

(TAA) context are subjected to planar biaxial tensile testing, 
uniaxial failure testing, and histological analysis in order to 
capture the separate contributions of the aneurysmal and 
Marfan conditions to the mechanics and structure of the 
thoracic aorta. Additionally, the roles of aging and aortic 
dilation on the mechanical and structural properties of both 
healthy and MFS tissue are investigated.

Methods

Patient data

Thoracic aortic samples from MFS patients (n=15) were 
obtained from Yale University after explantation from a 
composite graft replacement procedure (n=12), ascending 
aorta replacement (n=1), or ascending aorta replacement 
with aortic valve replacement (n=2). All patients suffered 
from a thoracic aortic aneurysm, two of which also suffered 
aortic dissection. Of the 15 patients, 3 had a bicuspid aortic 
valve. MFS patients were 39.5±3.91 years old, on average, 
ranging from 18 to 63 years of age, and consisting of seven 
females and eight males. MFS patients were separated into 
two age groups, age less than 40 years (MFS Young) and 
age greater than 40 years (MFS Old) based on the Ghent 
scoring criteria. 

Human hearts were obtained from the National Disease 
Research Interchange (NDRI, Philadelphia, PA, USA). 
The hearts were fresh frozen within a post-mortem 
recovery interval of 24 hours, aortas were explanted and 
cryopreserved, and kept frozen until testing. Patients were 
included based on the lack of cardiovascular diseases, and 
thus considered “healthy” for the purposes of this study. 
Human patients (n=10) consisted of 9 females and 1 male, 
averaging 75.4±6.1 years. Sixty-five years was used as a cut 
off age to separate the human group into Healthy Human 
Young (54.0±2.52) and Healthy Human Old (84.4±4.8) 
according to AHA guidelines (16). 

Thoracic aortic samples from non-MFS patients (n=9) 
were obtained from Emory University Hospital after 
explantation and cryopreserved within 24 hours of surgery. 
All patients suffered from a thoracic aortic aneurysm, five 
of which also suffered aortic dissection. Of the 9 patients, 1 
also had a bicuspid aortic valve. Patients were, on average, 
52.8±4.9 years old, ranging from 30 to 69 years of age, and 
consisting of 6 males and 3 females.

Porcine hearts were obtained fresh from the local abattoir 
(Holifield Farms, Covington, GA, USA), ranging between 
1 and 5 years of age. The ascending aorta was explanted and 
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cryopreserved until testing could be performed.
The use of human tissues was approved by the 

Institutional Review Board at the Georgia Institute of 
Technology. Samples were cryopreserved in a 90%/10% 
RPMI-1640/DMSO solution upon explantation and stored 
at −80 ℃ until testing could be performed.

Biaxial testing

Planar biaxial tensile testing was conducted according to 
the methods described by Sacks and Sun (17). Briefly, a 
square section of the aortic sample was cut such that the X1 
axis corresponded with the circumferential direction and X2 
with the longitudinal (Figure 1). Thickness was measured 
and averaged in three distinct locations throughout the 
testing region using a Mitutoyo 7301 rotating thickness 
gage (Aurora, IL, ±0.01 mm resolution).

 A square region was delimited by 16 suture hooks, 4 per 
side. Four graphite markers were fixed to the center of the 
tissue for strain tracking. The sample was mounted onto a 
testing machine in a trampoline-like fashion, submerged 
in a 0.9% saline solution maintained at 37° Celsius for the 
duration of the test, and subjected to a stress-controlled 
testing protocol. The ratio of the normal Lagrangian 
stress components P11:P22 was predefined with shear terms 
P12=P21=0. Samples were subjected to a minimum of 30 
equibiaxial preconditioning cycles to minimize hysteretic 
effects and ensure repeatability of the mechanical response, 
which were followed by seven testing protocols, with 
P11:P22=1:1, 0.75:1, 0.5:1, 0.3:1, 1:0.75, 1:0.5, 1:0.3.

Uniaxial testing

Uniaxial testing samples adjacent to the biaxial samples were 
carefully cut into a “dog-bone” shape to ensure failure in the 
center of the testing region and minimize grip effects. Each 
sample was aligned with the circumferential axis. Graphite 
markers were fixed along the sample for strain tracking. 
The axial force was measured by means of a 500 lbf load cell 
(TestResources SM-500-294). Samples were clamped onto 
the machine and subjected to ten preconditioning cycles 
before loading at a rate of 50 mm/min until failure. Samples 
were continuously hydrated with saline solution throughout 
testing. 

Histology

Two histological specimens (circumferentially and 
longitudinally aligned) were cut from the biaxial samples (n=3 
per testing group), fixed in 10% formalin for at least 24 hours,  
processed, and embedded in paraffin. Samples were 
sectioned into 7 µm-thick slices, and subjected to Verhoeff 
Van-Gieson (VVG) and PicroSirius Red stains. Analysis of 
tissue microstructure was performed with the Zeiss Axio 
Scope.A1 polarized light microscope and collection of 
images taken at 5×, 10×, 20×, and 40× magnification levels 
were processed with the Zeiss Zen imaging software. The 
VVG slides show both collagen (pink) and elastic fibers 
(black); PicroSirius Red slides are imaged using circularly 
polarized light showing newer, thinner collagen fibers as 
green, and older, thicker fibers as red/orange.
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Figure 1 Methods. (A) Representative aorta sample from the HH (healthy human) group, depicting the circumferential and longitudinal 
directions; (B) representative equibiaxial response, showing calculations for the tangent modulus and extensibility; (C) representative uniaxial 
response, showing ultimate tensile stress (UTS), tangent modulus, and extensibility. *, indicates point of interest.
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Data analysis

Patient age, tissue thickness, and aortic size were obtained 
from each patient group. All results are presented as mean 
± standard error. Aortic size was not available for the 
healthy human and porcine groups. All biaxial plots show 

Green Strain, calculated as ( )1 1
2

TE F F= − , and Second Piola-

Kirchoff Stress, calculated as 1 fS F
hL

−= , where F is the 

deformation gradient, f is the current force value in the 
circumferential and longitudinal directions, h and L are the 
initial unloaded thickness and length, respectively. From the 
biaxial tensile testing data, stiffness was quantified by means 
of the tangent modulus (TM) in both the low and high 
linear regions of the equibiaxial response curve (Figure 1).  
The data points within each region were fitted in the 
least-square sense by means of a custom MATLAB code 
(MathWorks, Natick, MA, USA). TM was calculated from 
the slope of the fitted line, and extensibility was defined 
as the intersection of the fitted line from the high linear 
region with the X-axis. The degree of anisotropy (DA) was 
quantified as the ratio of the maximum strains reached in 
the equibiaxial response. Additionally, ultimate tensile stress 
(UTS) and extensibility were quantified from the uniaxial 
response. 

All results were tested for normality of distribution using 
the Kolmogorov-Smirnoff test. Normally distributed results 
were compared by use of the unpaired student’s t-test, while 
the Wilcoxon rank-sum test was utilized for non-parametric 
results. P values less than 0.05 were considered significant.

Results

General results

Table 1 shows the general patient and morphological 

characteristics of each testing group. The healthy human 
patients were on average at least 20 years older than the 
other human groups. TAA and MFS Old patients were of 
similar age.

Figure 2 shows the averaged equibiaxial mechanical 
response (A) and the averaged biaxially-derived mechanical 
properties of all groups (B-E). All samples exhibited 
nonlinear, anisotropic stress-strain responses, with 
the circumferential direction less extensible than the 
longitudinal. It is important to note that each group reached 
a different equibiaxial stress level, with the MFS Young and 
porcine tissue reaching ≥150 kPa, the TAA tissue ≥120 kPa, 
the aged human ≥100 kPa, and the MFS Old tissue ~90 kPa.

In general, the aged healthy human tissues were found 
to exhibit the stiffest response, both in the low and high 
region of the mechanical response curves, along both 
testing directions. In the low linear region of the curve, 
all remaining groups exhibited similar stiffnesses, while 
in the high region, the healthy human and MFS Young 
patients exhibited the highest circumferential stiffness 
and the healthy human and MFS Old tissue exhibited the 
highest longitudinal stiffness. The porcine tissue was the 
most compliant of all groups. Similarly, the MFS Young 
and porcine tissue had the highest extensibility; the TAA 
and aged human tissue had the lowest. MFS Old and aged 
human tissue were found to exhibit the most isotropic 
equibiaxial response, while MFS Young, TAA, and porcine 
tissue were more anisotropic. All parameters are also 
summarized in Table 2 for each testing group.

Figure 3 shows the uniaxial responses of representative 
samples from each testing group (A), as well as the UTS (B) 
and extensibility (C) of each sample. The MFS Old sample 
had the lowest UTS value, at 0.63 MPa, followed by the 
aged HH (1 MPa), MFS Young (1.2 MPa), TAA (1.95 MPa), 
and porcine (3.3 MPa). The MFS Young, TAA, and porcine 

Table 1 General patient characteristics

Group Age (years) Aortic size (mm) Aortic thickness (mm)

MFS (young) 28.5±3.4 47±2.06 1.70±0.07

MFS (old) 53.3±3.7 52±3.21 1.87±0.12

TAA 52.8±4.9 63±7.49 2.25±0.13

Healthy human 75.4±6.1 – 2.07±0.12

Porcine 1–5 – 2.86±0.10

MFS, Marfan syndrome; TAA, non-Marfan thoracic aortic aneurysm.
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Figure 2 Summary of biaxial results. (A) Average equibiaxial response ± standard error for each testing group; (B) low tangent modulus 
for each group along the circumferential (blue) and longitudinal (orange) directions; (C) high tangent modulus for each group along the 
circumferential (blue) and longitudinal (orange) directions; (D) extensibility for each group along the circumferential (blue) and longitudinal 
(orange) directions; (E) degree of anisotropy measurements for each group, on a scale of 0 (perfectly anisotropic) to 1 (perfectly isotropic). 
MFS Old, Marfan syndrome with thoracic aortic aneurysm >40 years; MFS Young, Marfan syndrome with thoracic aortic aneurysm <40 years;  
TAA, non-Marfan thoracic aortic aneurysm; Healthy human (HH), human thoracic aortic tissue without known cardiovascular disease; 
Porcine, Porcine thoracic aortic tissue without known cardiovascular disease.

Table 2 Mechanical and morphological parameters for each testing group

Parameter MFS Young MFS Old TAA Healthy human Porcine

Sample size 7 7 8 8 10

Age (years) 28.50±3.36 53.29±2.69 52.80±4.89 75.44±6.05 1–5

Aortic size (mm) 46.70±2.06 52.43±3.21 62.80±7.49 – –

Thickness (mm) 1.70±0.07 1.87±0.12 2.24±0.17 2.07±0.12 2.86±0.10

EXT long 0.43±0.09 0.43±0.09 0.30±0.04 0.22±0.06 0.58±0.04

EXT circ 0.25±0.04 0.25±0.04 0.13±0.02 0.15±0.06 0.23±0.04

DA 0.50±0.90 0.64±0.06 0.47±0.06 0.63±0.01 0.46±0.00

TM long low (kPa) 155.59±42.11 154.62±35.14 147.07±23.26 345.74±0.05 142.84±0.02

TM long high (kPa) 803.15±316.40 1,917.57±653.97 1,367.28±218.81 2,293.74±0.07 611.70±0.04

TM circ low (kPa) 353.65±109.42 193.97±54.33 329.73±89.44 462.72±161.12 336.24±12.62

TM circ low (kPa) 353.65±109.42 193.97±54.33 329.73±89.44 462.72±161.12 336.24±12.62

MFS, Marfan syndrome; TAA, non-Marfan thoracic aortic aneurysm; EXT, extensibility; circ, circumferential direction; long, longitudinal 
direction; DA, degree of anisotropy; TM, tangent modulus.
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groups had similar extensibility (0.38, 0.38, and 0.44), while 
the MFS Old and aged human had extensibilities of 0.08 
and 0.13, respectively.

Figures 4 and 5 show representative VVG and PicroSirius 
images, respectively for all  testing groups, at 20× 
magnification. Histological results are separately addressed 
in the coming sections. 

Marfan tissue exhibits age-dependent mechanical 
behavior

Figure 6 shows variations in tissue thickness (A) with 
age, and the equibiaxial mechanical responses (B) for the 
MFS Young and MFS Old patients. All parameters are 
summarized and compared in Table 3 for both the MFS 
Old and MFS Young groups. MFS Old patients were 
found to have significantly less extensible (P=0.047) and 
stiffer (P=0.029) tissue along the longitudinal direction. 
Additionally, MFS Old patients also had a significantly 
larger aortic diameter (P=0.037).

No significant correlation between patient age and tissue 
thickness, extensibility, anisotropy, stiffness, or aortic size 
was found for patients under age 40. For older patients, a 
statistically significant correlation between patient age and 
tissue thickness (P=0.004) and tissue stiffness along the 
circumferential direction in the high linear region of the 

curve (P=0.012) were found. 
Figure 4A and B shows representative VVG images 

along the circumferential direction at 20× magnification 
for the MFS Young (A) and Old (B) groups. The MFS 
Old samples show more extensive elastin fiber degradation 
as well as straighter fibers than the younger counterpart. 
Additionally, as shown in Figures 5A and B, the MFS Young 
samples show a larger concentration of green fibers as 
compared to the old.

Marfan tissue exhibits diameter-independent 
mechanical behavior

Figure 6 shows tissue thickness (C) and averaged equibiaxial 
mechanical response (D) as a function of aortic size. No 
statistically significant differences were found in thickness 
or mechanical properties for each group. Parameters are 
summarized in Table 4 for both the <5 and >5 cm groups. 

MFS softens the effect of aneurysmal stiffening

Figure 7 shows the averaged equibiaxial response for the 
age-matched TAA (average age: 52.8±4.9 years) and MFS 
Old (average age: 53.3±3.7 years) groups. All parameters are 
summarized and compared in Table 5. TAA samples were 
found to be significantly thicker (P=0.022), less extensible 

Figure 3 Summary of uniaxial results. (A) Representative uniaxial response for each testing group; (B) ultimate tensile stress (UTS) for each 
representative sample; (C) extensibility for each representative sample. MFS Old, Marfan syndrome with thoracic aortic aneurysm >40 years; 
MFS Young, Marfan syndrome with thoracic aortic aneurysm <40 years; TAA, non-Marfan thoracic aortic aneurysm; Healthy human (HH), 
human thoracic aortic tissue without known cardiovascular disease; Porcine, Porcine thoracic aortic tissue without known cardiovascular 
disease.
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in the circumferential direction (P=0.016), more anisotropic 
(P=0.031), and stiffer in the high linear region along the 
circumferential direction (P=0.049).

Figure 4B  and C  shows VVG images along the 
circumferential direction at 20× magnification for both 
the MFS Old (B) and TAA (C) groups. The samples show 
various degrees of elastin degradation, but the MFS Old 
elastic fibers are straighter and more densely packed than 
the TAA tissue. Additionally, as seen in the PicroSirius 
Red stain (Figure 5B and C), the MFS Old tissue is made 
up of younger, thinner, less densely packed collagen than 
the TAA tissue, evidenced by the larger and more frequent 
interfibrillar gaps as well as the higher concentration of 
green fibers.

TAA mechanical behavior mimics aging mechanics

Figure 8 shows the equibiaxial response for the TAA group 
(average age: 52.8±4.9 years), the aged healthy human 
patients (average age: 75.4±6.1 years), an age-matched 

cohort of healthy human samples (n=3, average age:  
54±2.5 years), as well as the remaining aged human samples 
(n=5, average age: 84.4±4.7 years). 

Aside from differences in age (P=0.037), no statistically 
significant differences in the mechanical or morphological 
properties were found between the TAA samples and 
the entire cohort of healthy human patients. However, 
statist ical ly significant differences were found in 
circumferential extensibility (P=0.008) and DA (P=0.012), 
between the TAA group and its age-matched healthy human 
cohort. Additionally, there was a trend of increased stiffness 
in the high linear region along both the circumferential and 
longitudinal directions, although this was not significant 
(P=0.121 and 0.158, respectively). 

The old healthy human patient samples were found to be 
significantly less extensible along both the circumferential 
(P=0.004) and axial (P=0.011) directions, as well as 
stiffer in the high linear region of the curve along both 
directions (P=0.010). Additionally, compared to the TAA 
patients, the old human patient samples were found to be 
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Figure 4 Representative Verhoeff-Van Gieson stains along the circumferential direction for the (A) MFS Young, (B) MFS Old, (C) TAA, 
(D) HH Young, (E) HH, and (F) porcine groups. Elastic fibers are shown in black, collagen in red, and other tissue elements as yellow/
brown. MFS Old, Marfan syndrome with thoracic aortic aneurysm >40 years; MFS Young, Marfan syndrome with thoracic aortic aneurysm 
<40 years; TAA, non-Marfan thoracic aortic aneurysm; Healthy human (HH), human thoracic aortic tissue without known cardiovascular 
disease; Healthy human young (HH Young), human thoracic aortic tissue ~54 years without known cardiovascular disease; Porcine, porcine 
thoracic aortic tissue without known cardiovascular disease.
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significantly less extensible along the longitudinal direction 
(P=0.007), and stiffer in the high linear region along both 
directions (P=0.011, 0.022). Trends of increased stiffness 
in the low linear region were also found, although not 
statistically significant (P=0.083, 0.108). All parameters and 
comparisons are summarized in Table 6.

Figure 4C-E shows representative VVG images at 20× 
magnification for the TAA, HH Young, and HH samples, 
respectively. The TAA and HH samples show the most 
extensive elastin fiber degradation, with the TAA sample 
also having the lowest elastin fiber density. The HH sample 
also had the straightest elastin fibers as compared to the HH 
Young and TAA groups. Figure 5C-E shows representative 
PicroSirius Red images at 20× magnification for the TAA, 
HH Young, and HH samples, respectively. The HH Young 
samples have the highest concentration of green fibers, 
while the TAA and HH samples had more orange fibers. 
Additionally, the HH samples had much straighter collagen 
fibers than the young and TAA groups.

Aged porcine tissue may serve as a suitable animal 
model for young MFS tissue mechanics

Figure 9 shows the equibiaxial response for the MFS Young 
and porcine groups, with parameters and comparisons 
summarized in Table 7. Aside from tissue thickness, no 
statistically significant differences in mechanical parameters 
were found.

Figure 4A and F shows a similar level of elastin fiber 
crimp, concentration, and degradation in both MFS Young 
and Porcine tissue, respectively. Also, as shown in Figure 5A 
and F, both MFS Young and Porcine tissue shows extensive 
collagen crimping, although the Porcine tissue has a higher 
concentration of orange fibers than the MFS Young.

Discussion

Statement of principal findings

In this study, the mechanical and structural properties of 

100 μm

A B C

D E F

100 μm 100 μm

100 μm 100 μm 100 μm

Figure 5 Representative PicroSirius Red stains along the circumferential direction for the (A) MFS Young, (B) MFS Old, (C) TAA, (D) HH 
Young, (E) HH, and (F) porcine groups. Newer thinner collagen is shown as green, while older thicker collagen is shown as yellow/orange-
red. MFS Old, Marfan syndrome with thoracic aortic aneurysm >40 years; MFS Young, Marfan syndrome with thoracic aortic aneurysm 
<40 years; TAA, Non-Marfan thoracic aortic aneurysm; Healthy human (HH), human thoracic aortic tissue without known cardiovascular 
disease; Healthy human young (HH Young), human thoracic aortic tissue ~54 years without known cardiovascular disease; Porcine, porcine 
thoracic aortic tissue without known cardiovascular disease.
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Table 3 Comparison of mechanical and morphological parameters for the MFS Young and Old groups (Statistically significant P values are 
highlighted in italic)

Parameter MFS Young MFS Old P value

Age (years) 28.50±3.36 53.29±2.69 2.1×10−5

Aortic size (mm) 46.70±2.06 52.43±3.21 0.037

Thickness (mm) 1.70±0.07 1.87±0.12 0.004

EXT long 0.53±0.15 0.43±0.09 0.041

EXT circ 0.27±0.10 0.25±0.04 0.298

DA 0.50±0.90 0.64±0.06 0.191

TM long low (kPa) 155.59±42.11 154.62±35.14 0.465

TM long high (kPa) 803.15±316.40 1,917.57±653.97 0.029

TM circ low (kPa) 353.65±109.42 193.97±54.33 0.097

TM circ high (kPa) 4,112.64±2,097.59 1,772.53±533.19 0.012

MFS, Marfan syndrome; EXT, extensibility; circ, circumferential direction; long, longitudinal direction; DA, degree of anisotropy; TM, tangent modulus.

Figure 6 Age dependence and diameter independence of MFS properties. (A) Aortic thickness as a function of age between the MFS Old (light 
blue) and Young (dark blue) groups. Statistical significance taken at P<0.05; (B) average equibiaxial response for the MFS Old (light blue) and 
MFS Young (dark blue) groups; (C) aortic thickness as a function of diameter between the MFS <5 cm (black) and >5 cm (white) groups. Statistical 
significance taken at P<0.05; (D) average equibiaxial response for the MFS <5 cm (black) and >5 cm (white) groups. MFS, Marfan syndrome.
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MFS thoracic aortic tissue was investigated based on age, 
aneurysmal, and genetic condition effects. In MFS patients, 
aging was found to be a greater determinant of arterial 
deterioration than aortic size, which was not found to be 
a significant determining factor. Both age and aneurysmal 
condition are shown as stiffening factors in aortic tissue; 
TAA patients exhibited a stiffer mechanical response 

than their age-matched healthy human counterparts, but 
resembled the mechanical response of the significantly older 
cohort of all human patients in good cardiovascular health. 

Interestingly, aneurysmal tissue without the MFS 
condition was found to be stiffer than its age-matched MFS 
counterpart, possibly owing to the lower density of medial 
elastin fibers and reduction of the low linear region, leading 
to earlier engagement of collagen and transition of the 
mechanical response. 

Aged porcine tissue was found to have similar mechanical 
behavior and structural properties as the young MFS patients.

Discussion of principal findings in relation to other 
studies

In vivo
Significant effort has been devoted to the investigation of 
the mechanical properties and pathogenesis of AsAA tissue 
(7,13,14,18-21); however, MFS-specific studies are scarce. 
A number of in vivo studies on Marfan tissues investigate 
aortic distensibility, stiffness index, and pulse wave velocity 
(3,8-12), consistently finding increased aortic diameter (12), 
decreased distensibility (8-10), and stiffness (8,9,12) in MFS 
patients compared to age- and gender-matched controls; 
however, these parameters were not correlated, as also 
found in our study. Unfortunately, in vivo studies are limited 

Table 4 Comparison of mechanical and morphological parameters for the MFS <5 and >5 cm groups (Statistically significant P values are 
highlighted in italic)

Parameter MFS <5 cm MFS >5 cm P value

Sample size 8 6 –

Age (years) 37.63±5.24 45.50±5.80 0.168

Aortic size (mm) 44.63±1.03 57.00±1.71 1.41×10−5

Thickness (mm) 1.71±0.07 1.93±0.12 0.249

EXT long 0.56±0.12 0.39±0.07 0.141

EXT circ 0.31±0.07 0.22±0.07 0.327

DA 0.59±0.05 0.60±0.11 0.386

TM long low (kPa) 153.56±31.97 161.27±40.09 0.441

TM long high (kPa) 1,512.72±608.27 1,273.64±368.42 0.046

TM circ low (kPa) 234.47±42.26 294.37±124.30 0.292

TM circ high (kPa) 2,798.36±1,268.80 3,367.92±1,521.11 0.337

MFS, Marfan syndrome; EXT, extensibility; circ, circumferential direction; long, longitudinal direction; DA, degree of anisotropy; TM, 
tangent modulus.
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Figure 7 Average equibiaxial response for the TAA (yellow) and 
MFS Old (light blue) groups. MFS Old, Marfan syndrome with 
thoracic aortic aneurysm >40 years; TAA, non-Marfan thoracic 
aortic aneurysm.
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to investigating only the physiological range and are not 
able to study parameters such as failure criteria.

Ex vivo
To our knowledge, few publications have studied the ex vivo 
mechanical behavior of MFS tissue (13-15). Okamoto et al.  
compared the planar equibiaxial mechanical response of 
aortic tissue from age-matched MFS and BAV patients, but 
did not report significant differences in their distensibility. 
Uniaxially, higher elastic modulus and maximum stress in 
the thoracic aortic tissue of MFS patients were found as 
compared to healthy controls (15). The Jaharri study found 
maximum stress values of ~1.5 MPa along the circumferential 
direction, similar to the 1.3 MPa average found in the current 
study; Jaharri also reports higher UTS values in the MFS 
patients than the TAA group, correlating with our results.

Aneurysmal stiffening
In this study, thoracic aortic aneurysms were also found 
to be associated with stiffening. Fifty-three years old TAA 
patients were found to have similar mechanical behavior 
as the 75-year-old healthy group, but reached higher 
equibiaxial stress and UTS values. Compared to the age-
matched controls, TAA patients had stiffer mechanical 
behavior, but similar equibiaxial stress and UTS values. 
Taken together, these findings indicate that despite 
stiffening, the aneurysmal condition is not necessarily 
associated with weakening of aortic tissue, as also found by 

Iliopoulos et al. (18). Studies investigating the mechanical 
properties of ascending aortic aneurysm tissue found 
stiffening compared to age-matched controls (7,22), 
agreeing with the current study.

In addition to aneurysmal-related stiffening as reported 
in in vivo and ex vivo studies, our study also found age-
matched MFS patients to have significant tissue weakening 
in comparison to their TAA and healthy counterparts. 
Additionally, Pham et al. found BAV patients, which have 
been structurally and mechanically linked to MFS patients 
(13,14,23), to have significantly more isotropic aortic tissue 
than other AsAA patients, as also found in MFS patients in 
the current study (24). Pham also found a trend of age-related 
thickening in BAV tissue, agreeing with our MFS findings.

Aging
Aging is known to be the single greatest risk factor for 
the development of cardiovascular diseases (25). In the 
current study, the MFS patients were divided into young 
and old based on diagnostic criteria which report 40 
years as the cutoff age for major cardiovascular events (1). 
Significant differences were found in the morphological and 
mechanical properties of younger and older MFS tissue, 
showing stiffening, weakening, and thickening of thoracic 
tissue. While this was also evident in the healthy controls, 
aortic stiffening of a similar degree was not evident in 
patients under 60 years of age, similar to the AHA 65 years 
cutoff (16).

Table 5 Comparison of mechanical and morphological parameters for the TAA and Old groups (Statistically significant P values are highlighted 
in italic)

Parameter TAA MFS Old P value

Age (years) 57.29±4.83 53.29±2.69 0.242

Aortic size (mm) 62.80±7.49 52.43±3.21 0.093

Thickness (mm) 2.24±0.17 1.87±0.12 0.022

EXT long 0.30±0.04 0.43±0.09 0.102

EXT circ 0.13±0.02 0.25±0.04 0.016

DA 0.47±0.06 0.64±0.06 0.031

TM long low (kPa) 147.07±23.26 154.62±35.14 0.272

TM long high (kPa) 1,367.28±218.81 1,917.57±653.97 0.412

TM circ low (kPa) 329.73±89.44 193.97±54.33 0.085

TM circ high (kPa) 3,729.69±926.88 1,772.53±533.19 0.049

MFS, Marfan syndrome; TAA, non-Marfan thoracic aortic aneurysm; EXT, extensibility; circ, circumferential direction; long, longitudinal 
direction; DA, degree of anisotropy; TM, tangent modulus.
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Aortic size: aortic diameter did not significantly correlate 
with mechanical and morphological tissue properties in 
this study, agreeing with recently published results (7,18). 
Current guidelines recommend surgical intervention at an 
aortic diameter greater than 5.5 cm, 5.0 cm for MFS patients 
(26,27); similarly, Pape et al. show that type A dissections 
occur at a mean diameter of 5.31 cm, below the 5.5 cm  
cutoff (28). Additionally, Coady et al. (29) and Davies et al. (30) 
even show an increased risk of complications at aortic sizes 
smaller than 4 cm for descending TAAs, well under the 5.5 cm  
cutoff, also supported by the similar mean 5-year survival 
rates for patients with 4.0–5.9 cm aortic diameters (31). 

Structure
As shown in the presented results, degradation of the 
elastin fibers was observed in the MFS and TAA tissue, 
also consistent with previously published findings (32-34).  
In addition to elastin degradation, higher interfibrillar 
spaces, and decreased elastin fiber concentration have been 
documented (32-34), supporting our results. Collagen 
fiber composition and concentration were not found to be 
affected in the TAA and MFS conditions (33,35); however, 
studies also show increased rates of collagen synthesis and 
turnover in MFS patients (34). These results also agree 
with our findings, as evidenced by the observed increase of 
newer, thinner collagen in the MFS groups as compared 
to the TAA and the age-matched healthy controls. Also 
agreeing with previously published results (36-38), age-
dependent differences in the collagen fibers were found, 
showing decreased crimping and interfibrillar spacing in 
older MFS, HH, and TAA patients.

Weakness and limitations

A larger sample size would provide higher statistical 
power. Additionally, the circumferential and longitudinal 
directions of the MFS samples were determined by visual 
inspection, possibly affecting results. However, the MFS 
results obtained in this study are consistent with other 
ex vivo studies (14,15,24) and thus the visual judgment of 
axial and circumferential directions is not believed to have 
significantly affected the results presented herein. Lastly, 
quantitative microstructural analysis may provide additional 
support for the presented histological findings.

Generalizability to other populations and implications 
for clinicians and policymakers

These results provide additional insight into current clinical 

Figure 8 Average equibiaxial responses for (A) all healthy human 
patients (gray) as well by age (young: black; old: pink); (B) TAA 
(yellow) and HH Young (black) groups; (C) TAA (yellow) and 
HH (gray) groups. TAA, non-Marfan thoracic aortic aneurysm; 
Healthy human (HH), human thoracic aortic tissue without known 
cardiovascular disease; Healthy human young (HH Young), Human 
thoracic aortic tissue ~54 years without known cardiovascular 
disease; Healthy human old (HH Old), human thoracic aortic 
tissue ~84 years without known cardiovascular disease.
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Table 6 Comparison of mechanical and morphological parameters for the TAA vs. HH, TAA vs. HH Young, and TAA vs. HH Old groups 
(Statistically significant P values are highlighted in italic)

Parameter TAA Healthy human
P value (TAA 
vs. HH)

Healthy human 
Young

P value (TAA 
vs. Young)

Healthy human 
Old

P value  
(TAA vs. Old)

Sample size 8 8 – 3 – 5 –

Age (years) 52.80±4.89 75.44±6.05 0.037 54.00±2.52 0.342 84.40±4.68 0.002

Aortic size (mm) 62.80±7.49 – – – – – –

Thickness (mm) 2.24±0.17 2.07±0.12 0.272 2.36±0.10 0.345 1.98±0.16 0.137

EXT long 0.30±0.04 0.22±0.06 0.159 0.38±0.08 0.160 0.13±0.04 0.007

EXT Circ 0.13±0.02 0.15±0.06 0.336 0.29±0.06 0.008 0.07±0.03 0.067

DA 0.47±0.06 0.63±0.01 0.060 0.73±0.04 0.012 0.57±0.11 0.211

TM long low (kPa) 147.07±23.26 345.74±0.05 0.170 152.60±37.31 0.432 461.62±251.63 0.104

TM long high (kPa) 1,367.28±218.81 2,293.74±0.07 0.142 969.62±226.77 0.139 3,088.21±840.05 0.212

TM circ low (kPa) 329.73±89.44 462.72±161.12 0.488 192.41±51.33 0.196 624.91±236.98 0.108

TM circ high (kPa) 3,729.69±926.88 4,956.17±638.61 0.199 1,854.80±842.39 0.121 6,817.00±481.98 0.011

TAA, non-Marfan thoracic aortic aneurysm; HH, healthy human; EXT, extensibility; circ, circumferential direction; DA, degree of anisotropy; 
TM, tangent modulus.

trends regarding thoracic aortic aneurysms, focusing on 
the genetic predisposition of MFS. Regarding age, our 
results support the Ghent diagnostic criteria, with the 
age of 40 being a significant predictor for the onset of 
mechanical and structural deterioration of the thoracic 
aorta. Additionally, the MFS condition was found to 
accelerate aortic stiffening and weakening as compared to 

its TAA counterparts, further supporting the earlier need 
for intervention. Regarding aortic size, the results of this 
study also support current trends, indicating that an aortic 
size greater than 5.0 cm does not necessarily correlate with 
mechanical deterioration, and that other factors such as 
age may be more powerful indicators of disease onset and 
progression. In conclusion, these findings indicate that 
current aneurysmal diagnostic criteria based on aortic size 
do not provide sufficient indication of dissection or rupture 
potential.

Unanswered questions and future research

This study sheds light on the age-dependent mechanical 
properties of MFS patients as compared to healthy and 
non-MFS aneurysmal controls. However, much remains to 
be investigated. The mechanical and structural similarity 
of younger MFS and older porcine aortic tissue found 
in this study may provide a useful animal model for the 
continued mechanical investigation through experiments or 
computational approaches for future studies.

Of particular interest for future studies is the physiological 
basis behind diameter independent aneurysm onset and 
progression. Future work should focus on investigating 
cellular mechanisms in order to better understand 
aneurysmal remodeling and their long-term effects.
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Figure 9 Average equibiaxial response for the porcine (red) and 
MFS Young (dark blue) groups. MFS Young, Marfan syndrome 
with thoracic aortic aneurysm <40 years; Porcine, porcine thoracic 
aortic tissue without known cardiovascular disease.
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Moreover, the results presented herein provide a starting 
point for computational investigations of MFS, TAA, and 
healthy human aortic tissue, in order to better understand 
the underlying mechanical environment in each disease 
condition and provide patient-specific investigation 
regarding the onset and progression of thoracic aortic 
dilation in each case.
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