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Aneurysms of ascending aorta are dilatation of the first part of the human aorta. They commonly
show no clinical symptoms. This condition increases the risk of aorta dissection, which is a life-
threatening condition. In this study we attempted to elucidate the changes in the biomechanical
properties that occur in the dilated human ascending aorta. Fourteen specimens of ascending
aorta wall were mechanically tested under a uniaxial tensile test. Two specimens from each as-
cending aorta anterior region were cut in longitudinal and circumferential directions. The samples
were stretched until rupture of the sample occurred. The obtained experimental data were proc-
essed to determine maximal stress, maximal strain and the tangential modulus of elasticity in the
linear part of the stress-strain curve. The obtained results showed a remarkable anisotropy of the
ascending aorta tissue. We found higher strength of the tissue in the circumferential direction
than in the longitudinal direction. There were no statistically significant differences between the
strains of the samples. Tangential modulus of elasticity of the aortic samples in the longitudinal di-
rection was significantly lower than the elastic modulus of the samples in the circumferential di-
rection. The tissue in the circumferential direction is stronger and stiffer than in the longitudinal

direction.
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INTRODUCTION

Aneurysm of the ascending aorta is a progressive and local-
ised dilatation of the first part of the aorta and presents a
special challenge to primary care physicians, internists, and
cardiac surgeons, because they remain asymptomatic until
they present with either dissection or rupture, which is a se-
vere life-threatening condition (Evangelista, 2010; Lavall et
al., 2012).

The incidence of aortic dissection is difficult to determine,
as many cases remain undiagnosed. As known, incidence is
about 2.9 cases per 100 000 inhabitants per year, with at
least 7000 new cases per year in the United States. How-
ever, the actual incidence could be even greater in the range
of 6-10 cases per 100 000 inhabitants per year. Most often
aortic dissection presents after the age of sixty, according to
the International Registry of Acute Aortic Dissection
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(IRAD). The average age of patients is 62; men suffer twice
as often as women (68% and 32%) and at younger age
(Mészaros et al., 2000; Erbel et al., 2014).

The most common risk factors associated with aortic dissec-
tion are: hypertension, up to 70%, aortic aneurysm — 14%,
bicuspid aortic valve — 3%, and Marfan syndrome — 5%
(Januzzi et al., 2004).

Although often in a histological analysis of the aortic wall
only age-specific changes are revealed, aortic dissection is
rarely observed in people with a completely normal aortic
media layer. Any disease or condition characterised by in-
adequate or damaged elastic fibres or muscle cells in the
media layer increases the risk of aortic dissection. This
would definitely include unclear media necrosis, Marfan
syndrome, Eller-Danlo syndrome, and other genetically al-
tered changes in connective tissue that may initially lead to
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a dilatation of the diameter of the aorta and aneurysm for-
mation (Erbel et al., 2014).

Nowadays, the only method of treatment for ascending
aorta aneurysm is surgical replacement of the dilated part.
Despite the development of modern surgical techniques, the
risk of surgery is relatively high. Consequently, it is neces-
sary to individually assess the risks associated with possible
aneurysm rupture and surgical replacement risks (Elefte-
rides, 2002; Elefteriades and Farkas, 2010).

It is known that the risk of aortic dissection increases signif-
icantly with increasing diameter of ascending aorta. There-
fore, it is considered that an ascending aorta diameter
greater than 5.5 cm is an indication for surgical replace-
ment. However, this criterion may not always be correct, as
it is known that the aortic dissection may also occur at a
lower ascending aorta diameter, as well as in the case of
comorbidities, and thus the limit value could be decreased
to 4.5 cm (Pape et al., 2007; Elefteriades and Farkas, 2010).

The absolute size of ascending aorta is a predicting tool for
an unwanted event, but probably there could be a better in-
dicator for early surgery. Devies et al. (2006) described the
aortic size index, which is the ratio between the maximum
diameter of the ascending aorta and the body surface area.
They recommend elective surgery when the aortic size in-
dex is greater than 2.75 cm/m” (Devies et al., 2006).

It has been described that remodelling of elastin and colla-
gen fibres in the aortic wall tissue occurs as a result of the
dilatation of the ascending aorta. These changes have a re-
markable effect on tissue mechanical properties, which in-
duce increased wall stress and/or decreased wall ultimate
strength (Okamoto et al., 2003; Ferrara et al., 2016).

So far, there is not much data about the biomechanical
changes and structural changes in the case of a dilated as-
cending aorta.

Analysis of biomechanical properties of ascending aorta tis-
sue and other clinical predictors can help to better under-
stand the development of ascending aorta dilatation stages,
and in the future aid in predicting or even avoiding possible
dissection or rupture of ascending aorta.

MATERIALS AND METHODS

Fourteen patients treated at the Pauls Stradin$ Clinical Uni-
versity Hospital and undergoing elective ascending aorta
surgery were selected for this study. Specimens of ascend-
ing aorta were collected from each patient, according to
planned volume of each operation. The study protocol was
approved by the Ethics Committee of Riga Stradin$ Univer-
sity and conducted in accordance with the principles stated
in the Declaration of Helsinki.

Mean age of the patients was 62.43 years (SD = 8.35).
There were nine male and five female patients. Mean
weight of the patients was 88.43 kg (SD = 12.92) and mean
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height was 1.75 m (SD = 0.09). Mean body mass index was
28.87 kg/m2 (SD = 3.88) and mean body surface area using
Do Bois formula was 2.04 m> (SD = 0.18).

Computed tomography angiography was performed on each
patient to determine the maximum size of ascending aorta.
Mean maximum size of ascending aorta was 5.82 mm (SD
= 0.44). We also calculated the aortic size index (ASI) ac-
cording to Davies et al. (2006), as maximum ascending
aorta diameter (cm) divided by body surface area (mz).
Mean aortic size index was 2.88 cm/m> (SD = 0.38).

Before testing, the materials were stored in frozen isotonic
physiological saline at —20 + 1 °C. It has been shown in ex-
periments with soft biological tissue (arteries, heart valves),
which were previously frozen and stored at low tempera-
tures, that such storage conditions do not change the bio-
mechanical properties of materials (Stemper et al., 2007;
O’Leary et al., 2014; Chow et al., 2011).

Samples of ascending aorta above the sinotubular junction
(Fig. 1) were prepared using a special stamp with two paral-
lel razor blades. Two specimens from each ascending aorta
anterior region were cut in the longitudinal and circumfer-
ential directions. The sample length was 30-35 mm, and
their width was 5 mm. Each specimen was cleaned, but the
intima and adventitia were left intact. Specimens of ascend-
ing aorta were investigated under a uniaxial tensile test.
Tensile test equipment Zwick/Roell (Germany) BDO-
FBO.5TS was used. This testing machine was equipped with
a load cell of 50.0 £ 0.1 N and was used in combination
with the testing software testXpert 2 for control and data
processing. Before the testing of the samples their thickness
was measured, using an optical cathetometer MK-6
(LOMO, Saint Petersburg, Russia). The measurement accu-
racy of the thickness was + 0.01 mm. The samples were
stretched at a speed of 5 mm/min until rupture of the sample
occurred (Fig. 2). All tests were conducted at room tem-
perature 21 = 1 °C. During the experiment, the specimen
was kept wet by spraying of isotonic physiological solution
to prevent tissue drying. The obtained experimental data
were processed using testXpert 2 software to determine

Fig. 1. Image of an excised part of dilated ascending aorta from which
samples were obtained. (A) anterior region.
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Specimen

Fig. 2. Image of a ruptured
tissue specimen.

maximal stress, maximal strain and the tangential modulus
of elasticity.

The tangential modulus of elasticity (E) characterises the
stiffness of the tissue, and a higher value indicates stiffer
tissue. The tangential modulus was expressed as a tangent
of the angle between the strain axis and tangential line on
the linear portion of the stress—strain relationship (Fig. 3),
where all load-bearing wavy collagen fibres are straight.
This approach is commonly used to determine the tangent
modulus of elasticity of soft biological tissues (Barber et
al., 2001).

The strain of the samples was calculated as:
e = [l -1y /Lyl x 100 %,

where [ — the deformed length of the sample, [, — the origi-
nal length of the sample.

The stress was calculated as:
o = F/A,

where F — axial force, A — actual cross sectional area of the
sample, calculated assuming that the tissue is incompressi-
ble.

The incompressibility of the aortic wall material due to the
high liquid content was established in Lawton (1954), and
confirmed in Carew et al. (1968). It means that the volume
of the sample during deformation is the same as in the origi-
nal (not deformed) volume of this sample. Based on this,
the actual cross section of the sample is calculated as:

A=A,/ (1+e),
where A — the original cross section area of the sample.

Statistical analysis. Statistical data analysis, calculation
and all graphs were made using GraphPad PRISM version
6.0e (GraphPad Software Inc., San Diego, California,
USA). Unequal SD comparison of medians between differ-
ent groups was performed with the Mann—Whitney test. All
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Fig. 3. Typical view of the stress—strain relationship for samples of ascend-
ing aorta: Gmax and emax — maximal stress and strain respectively, E — tan-
gential modulus of elasticity.

biomechanical parameters were presented as medians (Md)
with interquartile range (IQR). Two values were considered
as statistically significantly different if p-value was less
than 0.05 (p < 0.05).

RESULTS

The thickness of samples (Fig. 4) in the longitudinal direc-
tion was Md = 2.35 mm (2.11-2.80) and in the circumferen-
tial direction was Md = 2.34 mm (1.93-2.94). There were
no statistically significant differences between the thick-
nesses of the aortic wall in both directions (p = 0.28).

The maximal stress for samples (Fig. 5) in the longitudinal
direction was Md = 0.42 MPa (0.33-0.60) and in the cir-
cumferential direction was Md = 0.61 MPa (0.42-0.84).
There was a statistically significant difference between the

4

w
'

Thickness (mm)
b rd

Longit.udinal Circumf.erential

Fig. 4. Thickness of the aortic samples in the longitudinal and circumfer-
ential directions (there was no statistically significant difference between
the two groups, p = 0.28).
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Fig. 5. Maximal stress for the aortic samples in the longitudinal and cir-
cumferential directions.
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Fig. 6. Maximal strain for the samples of the aortic wall in the longitudinal
and circumferential directions (there was no statistically significant differ-
ence between the two groups, p = 0.90).

maximal stress for the samples of the aortic wall in the lon-
gitudinal and in the circumferential directions (p = 0.006).

There was no statistically significant difference between the
maximal strain of the samples in the longitudinal and in the
circumferential directions (Fig. 6). The maximal strain for
samples in the longitudinal direction was Md = 63.01%
(46.73-69.36) and in the circumferential direction was
Md = 61.98% (47.20-69.03), respectively (p = 0.90).

Tangential modulus of elasticity (Fig. 7) of the aortic sam-
ples in the Ilongitudinal direction Md = 1.76 MPa
(1.16-2.42) was significantly lower (p = 0.002) than the
elastic modulus of the samples in the circumferential direc-
tion Md = 2.33 MPa (1.95-3.76).

DISCUSSION

The study investigated biomechanical properties of dilated
human ascending aorta. Specimens cut from the anterior re-
gion of excised dilated aortic portion from patients undergo-
ing elective cardiac surgery were tested and analysed in cir-
cumferential and longitudinal directions.

Our results showed that there was no significant difference
between the thicknesses of the aortic wall tissue in both di-
rections. Also there was no significant difference between
the maximal strain for samples in the longitudinal and in the
circumferential directions.

The results confirmed the anisotropy of dilated ascending
aorta tissue. Values of the maximal stress for samples in the
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Fig. 7. Tangential modulus of elasticity the aortic samples in the longitudi-
nal and circumferential directions.

longitudinal direction were lower than in the circumferential
direction. Also, tangential modulus of elasticity in the longi-
tudinal direction was significantly lower than in the circum-
ferential direction. These results are consistent with studies
available in the literature (Duprey et al., 2010; Pham er al.,
2013; Ferrara et al., 2015).

It is very important to conduct further research to analyse
structural changes of ascending aorta tissue and the possible
role of clinic-pathological risk factors like aortic valve type
(bicuspid valve or tricuspid valve), ageing, hypertension
and others on these processes. This could help to better un-
derstand mechanisms and causes of biomechanical changes
in dilated ascending aorta.

REFERENCES

Barber, J. E., Kasper, F. K., Ratliff, N. B., Cosgrove, D. M., Griffin, B. P.,
Vesely, I. (2001). Mechanical properties of myxomatous mitral valves. J.
Thorac. Cardiovasc. Surg., 122, 955-962.

Carew, T. E., Vaishnav, R. N., Patel, D. J. (1968). Compressibility of the ar-
terial wall. Circulation Res., 23, 61-68.

Chow, M. J., Zhang, Y. (2011). Changes in the mechanical and biochemical
properties of aortic tissue due to cold storage. J. Surg. Res.,171,434-442.

Davies, R. R., Goldstein, L. J., Coady, M. A., Tittle, S. L., Rizzo, J. A., Kopf,
G. S., Elefteriades, J. A. (2006). Novel measurement of relative aortic size
predicts rupture of thoracic aortic aneurysms. Ann. Thorac. Surg., 81,
169-177.

Duprey, A., Khanafer, K., Schlicht, M., Avril, S., Williams, D., Berguer, R.
(2010). In vitro characterization of physiological and maximum elastic
modulus of ascending thoracic aortic aneurysm using uniaxial tensile test-
ing. Eur. J. Vasc. Endovasc. Surg., 39, 700-707.

Elefteriades, J. A. (2002). Natural history of thoracic aortic aneurysms: Indi-
cations for surgery, and surgical versus nonsurgical risks. Ann. Thorac.
Surg., 74, S1877-S1880.

Elefteriades, J. A., Farkas, E. A. (2010). Thoracic aortic aneurysm clinically
pertinent controversies and uncertainties. J. Amer. Coll. Cardiol., 55,
841-857.

Erbel, R., Aboyans, V., Boileau, C., Bossone, E., Bartolomeo, R. D.,
Eggebrecht, H., Evangelista, A., Falk, V., Frank, H., Gaemperli, O.,
Grabenwdger, M., Haverich, A., Iung, B., Manolis, A. J., Meijboom, F.,
Nienaber, C. A., Roffi, M., Rousseau, H., Sechtem, U., Sirnes, P. A.,
Allmen, R. S., Vrints, C. J. (2014). 2014 ESC Guidelines on the diagnosis
and treatment of aortic diseases: Document covering acute and chronic aor-
tic diseases of the thoracic and abdominal aorta of the adult. The Task
Force for the Diagnosis and Treatment of Aortic Diseases of the European
Society of Cardiology (ESC). Eur. Heart. J., 35 (41), 2873-2926.

Proc. Latvian Acad. Sci., Section B, Vol. 73 (2019), No. 2.



Evangelista, A. (2010). Aneurysm of the ascending aorta. Heart, 96,
979-985.

Ferrara, A., Morganti, S., Totaro, P., Mazzola, A., Auricchio, F. (2016). Hu-
man dilated ascending aorta: Mechanical characterization via uniaxial ten-
sile tests. J. Mech. Behav. Biomed. Mater., 53, 257-271.

Ferrara, A., Totaro, P., Morganti, S., Auricchio, F. (2018). Effects of
clinico-pathological risk factors on in-vitro mechanical properties of hu-
man dilated ascending aorta. J. Mech. Behav. Biomed. Mater., 77, 1-11.

Januzzi, J. L., Isselbacher, E. M., Fattori, R., Cooper, J. V., Smith, D. E.,
Fang, J., Eagle, K. A., Mehta, R. H., Nienaber, C. A., Pape, L. A. (2004).
Characterizing the young patient with aortic dissection: Results from the
International Registry of Aortic Dissection (IRAD). J. Amer. Coll.
Cardiol., 43 (4), 665-669.

Lavall, D., Schafers, H. J., Bohm, M., Laufs, U. (2012). Aneurysms of the as-
cending aorta. Dtsch. Arzteblatt Int., 109, 227-233.

Lawton, R. W. (1954). The thermoelastic behavior of isolated aortic strip of
the dog. Circulation Res,. 2 (4), 344-353.

Meészaros, 1., Mérocz, J., Szlavi, J., Schmidt, J., Tornéci, L., Nagy, L., Szép,
L. (2000). Epidemiology and clinicopathology of aortic dissection. Chest,
117 (5), 1271-1278.

Received 7 November 2018
Accepted in the final form 3 January 2019

O'Leary, S. A., Doyle, B. J., McGloughlin, T. M. (2014). The impact of long
term freezing on the mechanical properties of porcine aortic tissue. J.
Mech. Behav. Biomed. Mat., 37, 165-173.

Okamoto, R. J., Xu, H., Kouchoukos, N. T., Moon, M. R., Sundt, T. M.
(2003). The influence of mechanical properties on wall stress and
distensibility of the dilated ascending aorta. J. Thorac. Cardiovasc. Surg.,
126, 842-850.

Pape, L. A., Tsai, T. T., Isselbacher, E. M., Oh, J., O’Gara, P. T., Evangelista,
A., Fattori, R., Meinhardt, G., Trimarchi, S., Bossone, E., Suzuki, T., Coo-
per, J. V., Froehlich, J. B., Nienaber, C. A., Eagle, K. A. (2007). Interna-
tional registry of acute aortic dissection (irad) aortic diameter 5.5 cm is not
a good predictor of type a aortic dissection: Observations from the interna-
tional registry of acute aortic dissection (irad). Circulation, 116,
1120-1127.

Pham, T., Martin, C., Elefteriades, J., Sun, W. (2013). Biomechanical char-
acterization of ascending aortic aneurysm with concomitant bicuspid aortic
valve and bovine aortic arch. Acta Biomater., 9, 7927-7936.

Stemper, B. D., Yoganandan, N., Stineman, M. R., Gennarelli, T. A.,
Baisden, J. L., Pintar, F. A. (2007). Mechanics of fresh, refrigerated, and
frozen arterial tissue. J. Surg. Res., 139 (2), 236-242.

DILATETAS CILVEKA ASCENDEJOSAS AORTAS BIOMEHANISKAS IPASIBAS

Ascendgjosas aortas aneirisma ir cilveéka aortas pirmas dalas dilatacija. VisbieZak ta nerada kliniskus simptomus. Ascend&josas aortas
dilatacija ievérojami palielina aortas atslapoSanas risku, kas ir dzivibai bistams stavoklis. Petijuma autori cenSas izskaidrot biomehanisko
ipaSibu izmainas, kas rodas dilatétas cilvéka ascend&joSas aortas gadijuma. Cetrpadsmit dilatétas ascendgjoias aortas sieninas tika
mehaniski testétas ar ierici vienass noslogojuma pétijumu veikSanai. No katras ascendgjosas aortas priek$gjas sienas tika izveidoti divi
paraugi cirkulara virziena un divi paraugi gareniska virziena. Paraugi tika stiepti lidz paraugu plisumam. leglito eksperimentu dati tika
apstradati, lai noteiktu paraugu maksimalo elasticitati, maksimalo deformaciju un tangencionalo elastibas modeli. legutie rezultati paradija
nozimigu ascend€josas aortas sienas audu anizotropiju. Lielaka audu izturiba tika novérota cirkulara virziena, salidzinot ar garenvirzienu.
Audu paraugu deformacijai nav statistiski nozimiga atSkiriba abos virzienos. Iegutais aortas paraugu tangencialais elastibas modulis
gareniska virziena bija ieverojami zemaks par iegiito elastibas moduli cirkulara virziena. Audi cirkulara virziena ir stipraki un cietaki,
salidzinot ar audiem gareniska virziena.
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