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Thoracic endovascular aortic repair (TEVAR) is well established as first-line treatment 
for aortic aneurysm, penetrating ulcer, dissection, intramural hematoma, trauma, 
and coarctation. In each patient, the aortic wall will behave differently upon being 
manipulated by endovascular devices. Knowing the mechanical properties of a device 
and understanding how an individual’s aorta will respond to its presence can clarify the 
occurrence of complications, and it may also explain some of the longer-term effects 
of aortic stiffening induced by stent graft placement.1 Studies on flow dynamics can in-
crease knowledge on stent graft behavior, aortic behavior and the interaction between 
the two. In this chapter, we elaborate how the application of this knowledge can be 
helpful during crucial stages of preoperative planning, such as selection of stent graft 
type, size, and landing zones.

STIFFNESS OF ThE AOrTA ANd OF ENdOVASCulAr dEVICES

Aortic stiffness, which depends mainly on elastin and collagen content in the tunica 
media, varies along the aorta and increases with age.2 Aortic valve morphology,3 aortic 
arch geometry,4 volume and direction of flow,5 blood viscosity,6 and surrounding tissues7 
determine, together with aortic stiffness, how the aorta will deform during the cardiac 
cycle. It is of no surprise that aortic distensibility will vary between individuals.2, 8 The 
interaction between native aorta and aortic stent grafts is not fully understood and may 
depend on stent graft design, which has different mechanical properties according to 
the stent material, graft material, and other features such as longitudinal bars or fixation 
hooks.9, 10 Stent graft deployment has been shown to artificially induce aortic stiffening, 
which appears to be determined by stent graft length more than by any differences in 
stent graft design.11-13 The long-term effects of this increased stiffness are unknown, and 
need to be investigated in order to understand which patients will suffer severe adverse 
cardiovascular remodeling when using long stent grafts.1

CONSEquENCES OF COMPlIANCE MISMATCh ANd INCOrrECT SIzINg

Since endovascular devices are stiff and inert in comparison to the dynamic environment 
of the thoracic aorta, optimal sizing is crucial to ensure sufficient conformability. Poor 
stent graft conformability is associated with deployment-related complications such as 
bird-beaking,14 and may have an effect on cerebral microembolization.15 Postoperatively, 
poor conformability may be a cause of stent graft migration and type I or III endoleak.16 
Repeated excessive stresses caused by excessive oversizing can lead to stent graft 
fracture or collapse.17 Compliance mismatch between stented and non-stented aorta in 
longitudinal13 and radial direction12 leads to increased wall stress in the aorta adjacent 
to the stent graft.18 The relation between wall stress, wall degeneration and (retrograde) 
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dissection has been reported,19 and the risk of excessive oversizing in patients treated 
for dissection is widely recognized.20

rElATION OF FlOw dyNAMICS TO COMPlICATIONS AFTEr TEVAr

Electrocardiography-gated (ECG-gated) computed tomography angiography allows 
measurement of time-resolved aortic geometry. Transesophageal Doppler-ultrasound 
and ECG-gated magnetic resonance angiography allow measurement of time-resolved 
aortic flow. These images can be post-processed using computational analysis to simu-
late intraluminal pressure, friction of flow on the endothelial surface (wall shear stress), 
as well as time-resolved flow in three dimensions (4D flow MRI). Computational fluid 
dynamics (CFD) simulations can be performed to calculate blood flow and intraluminal 
pressure, structural analysis can be used to calculate intramural wall stresses. Previously, 
intraluminal pressure and wall stress measurements could only be obtained invasively 
or in ex-vivo settings.

Using flow and pressure information gathered or simulated from dynamic imaging 
and computational modeling, many of the stresses, strains and forces that are at play 
in the aorta can be quantified (Figure 1). For example, the magnitude and direction of 
displacement forces acting on a stent graft can be calculated for any region of interest 
(Figure 2). The magnitude of displacement forces depends mostly on intraluminal pres-
sure; flow-related forces determine a small part of the total displacement force.21 The 
magnitude of the displacement force is much higher in the thoracic aorta compared to 
the abdominal aorta, and the direction is upward compared to downward orientation 
along with blood flow, respectively.22 Increased blood pressure, stent graft length, and 
angulation lead to increased displacement forces, and are therefore risk factors for stent 
graft migration and endoleak.22, 23 The amount of oversizing, condition of the aortic wall 
and length of proximal sealing zone also have an effect on stent graft stability.24 Conse-
quently, stent graft manufacturers recommend to increase proximal sealing zone length 
in patients with high degrees of aortic arch angulation. Excessive oversizing does not 

Figure 1. Visualization of results from computa-
tional analysis in which the stress between the 
aortic wall and a stent graft was calculated.
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have a signifi cant impact on contact stability, but leads to disadvantageous stress distri-
butions and stent graft collapse.25 Increased stent graft angulation, as well as protrusion 
of the stent graft into the aortic arch, ‘bird-beaking’, leads to a transmural pressure load 
diff erence across the stent graft, which increases the risk of stent graft collapse.26

Flow related stresses such as wall shear stress and its derivatives oscillatory shear 
index, relative residence time; and platelet activation potential describe the friction and 
changes in direction of blood fl ow. Some of these parameters are related to thrombo-
genic activity,27 and may possibly be used to predict thrombus-related complications 
after TEVAR,28 and false lumen thrombosis in cases of aortic dissection.29

ThE POTENTIAl FOr FlOw dyNAMICS TO INFOrM STENT SIzINg

Dynamic imaging may help to optimize preoperative assessment for TEVAR planning. It 
is important to consider not only the circumferential but also the axial pulsatile aortic 
deformations. This will allow more accurate choice of stent graft diameter and length. 
Subsequently, anatomical and physiological clues can be used to estimate fl ow dynamic 
parameters for that individual patient. An old patient, with a high pulse pressure and 
an angulated proximal aortic neck with a large diameter will likely experience high dis-
placement forces, which may lead to an increased risk of type I endoleak. To reduce this 
risk and ensure stent graft stability, it may be judicial to choose a slightly longer sealing 
zone than the minimum recommended sealing zone length to ensure stent graft stabil-

Figure 2. Magnitude and orientation of drag forces in the diff erent proximal landing zones of a patient’s 
aortic arch
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ity. However, a longer stent graft will also increase displacement force magnitude, so a 
balance needs to be found. In a young trauma patient with little angulation and high 
aortic distensibility, a high rate of oversizing may be adopted (both longitudinally and 
circumferentially) to reduce the risk of endoleak, but the risks of infolding and long-term 
complications due to increased aortic stiffness need to be taken into account too. In the 
future, stent graft deployment may be simulated preoperatively (Figure 3).30 Calculation 
of flow dynamic forces may then be done in routine clinical practice to make a patient-
specific risk prediction for stent graft related complications as endoleak, collapse and 
cardiac disease.31

CONCluSION

There are differences in the mechanical properties of commercially available stent 
grafts, but all are stiff in comparison to the dynamic environment of the native thoracic 
aorta. Complications after TEVAR may be caused by a compliance mismatch between 
the endovascular device and the native aorta. The relation between flow dynamic pa-
rameters and these complications has been shown in many different ways. It is therefore 
important to take these flow dynamic parameters into account during preoperative 
planning in order to choose the most suitable stent graft type, length, diameter and 
landing zone for the individual patient.

Figure 3. Patient-specific stent graft deployment in thoracic aortic pseudoaneurysm, comparison with 
postoperative situation (left) and simulation of stent graft deployment (right). From Auricchio et al.31
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An obvious but often overlooked feature of blood flow in the aorta is that it is pulsatile. 
Flow exiting the left ventricle results in pulse pressures that define the mechanical 
forces experienced by the aortic tissue, or by a stent graft placed in the aorta. This is the 
principle that underlies this thesis, which has the objective to investigate the position of 
flow dynamics in the clinical practice of endovascular aortic repair.

The thesis starts with a number of experimental studies aimed at defining the interaction 
between stent graft and aorta. For this experimental work, an ex vivo porcine model of 
the thoracic aorta was used. In order to determine the suitability of this model, Chapter 
3 starts with a comparison of porcine and human thoracic aortic stiffness, based on an 
elaboration of data available in literature. In Chapter 4, the ex vivo model was used 
to study the effect of stent graft placement on aortic pulse wave velocity, which is a 
measure of aortic stiffness. Aortic stiffness is a predictor of cardiovascular mortality and 
might be related to long-term outcomes after endovascular repair. In Chapter 5, the 
same model was used to compare the change in pulse wave velocity after endovascular 
repair with different types of stent grafts. In Chapter 6, the effect of stent graft place-
ment on radial strain, a different measure of arterial compliance, was studied.

Then, several studies on the potential role of dynamic imaging techniques are pre-
sented. Chapter 7 is a study comprised of two parts: first an ex vivo porcine model 
is used to investigate the reliability of 4D-Flow cardiovascular magnetic resonance, 
a dynamic imaging technique, in assessing flow volume in the true and false lumen 
of aortic dissections. The second part of this study describes the application of the 
same imaging technique in a cohort of patients with aortic dissection. In Chapter 
8 and Chapter 9, ECG-gated computed tomography angiography (CTA), a different 
modality capable of imaging aortic deformations during a single cardiac cycle, is used 
to quantify these deformations in patients with aortic aneurysms and aortic valve 
stenosis, respectively.

This is followed by a number of studies on the aortic arch, in which the contribution 
of flow dynamic factors is discussed, but not studied directly. Chapter 10 is a study of 
aortic arch geometry based on static CTA images, classifying the aortic arch based on 
the Modified Arch Landing Areas Nomenclature, which is intended to support preopera-
tive planning of TEVAR. Chapter 11 is a clinical outcomes study, assessing whether the 
newly proposed MALAN classification is related to clinical results after TEVAR. Chapter 
12 is another clinical outcomes study, classifying two types of aortic dissections origi-
nating in the aortic arch and comparing the management and outcomes of these arch 
dissections.

In the last part, the outcomes of complex endovascular aortic repair techniques are 
described. Again, flow dynamic factors are not studied directly, but their potential role is 
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commented on in the discussion. Specifically, Chapter 13 is an overview of literature on 
branched stent graft technology for treating aortic arch disease. Chapter 14 is a clinical 
study describing the outcomes of endovascular repair in the abdominal aorta using 
chimney grafts, a different branch vessel preservation technique.





Chapter 3

Comparative analysis of porcine and 
human thoracic aortic stiffness

H.W.L. de Beaufort1,2, A. Ferrara3, M. Conti3, F.L. Moll2, J.A. van Herwaarden2, C.A. Figueroa4, J. 
Bismuth5, F. Auricchio3, S. Trimarchi1.6

1. Thoracic Aortic Research Center, IRCCS Policlinico San Donato, San Donato Milanese, Italy
2. Department of Vascular Surgery, University Medical Center Utrecht, Utrecht, The Netherlands
3. Department of Civil Engineering and Architecture, University of Pavia, Pavia, Italy
4. Departments of Biomedical Engineering and Surgery, University of Michigan, Ann Arbor, USA
5. Houston Methodist DeBakey Heart & Vascular Center, Houston, USA
6. Department of Scienze Biomediche per la Salute, University of Milan, Milan, Italy

European Journal of Vascular and Endovascular Surgery. 2018;55:560-566



Chapter 3

20

AbSTrACT

Objectives

To compare porcine and human thoracic aortic stiffness using available literature.

Methods

Available literature was searched for studies reporting data on porcine or human tho-
racic aortic mechanical behavior. A four-fiber constitutive model was used to transform 
the data from included studies. Thus, equibiaxial stress-stretch curves were generated 
in order to calculate circumferential and longitudinal aortic stiffness. Analysis was per-
formed separately for the ascending and descending thoracic aorta. Data on human 
aortic stiffness were divided by age <60 or ≥60 years. Porcine and human aortic stiffness 
were compared.

results

Eleven studies were included, six reported on young porcine aortas, four on human 
aortas of various ages, and one reported on both. In the ascending aorta, circumferential 
and longitudinal stiffness were 0.42 ± 0.08 MPa and 0.37 ± 0.06 MPa for porcine aortas 
(4-9 months) versus 0.55 ± 0.15 MPa and 0.45 ± 0.08 MPa for humans <60 years, and 
1.02 ± 0.59 MPa and 1.03 ± 0.54 MPa for humans ≥60 years. In the descending aorta, 
circumferential and longitudinal stiffness were 0.46 ± 0.03 MPa and 0.44 ± 0.01 MPa for 
porcine aortas (4-10 months) versus 1.04 ± 0.70 MPa and 1.24 ± 0.76 MPa for humans 
<60 years, and 3.15 ± 3.31 MPa and 1.17 ± 0.31 MPa for humans ≥60 years.

Conclusions

The stiffness of young porcine aortic tissue shows good correspondence with human 
tissue aged <60 years, especially in the ascending aorta. Young porcine aortic tissue is 
less stiff than human aortic tissue aged ≥60 years.



21

Porcine and human thoracic aortic stiffness

INTrOduCTION

The porcine aorta is relied on as a model for the human aorta in various fields of car-
diovascular research.1-4 Differences and similarities between pigs and humans in terms 
of anatomy and physiology have been investigated in order to define the translational 
value of porcine models.1 Part of the translational value of porcine models depends on 
the agreement between human and porcine aortic mechanical behavior, specifically 
stiffness.

Aortic stiffness is determined by its structural constituents in the tunica media and 
adventitia. Elastin and collagen fibers, and the degree of activation of vascular smooth 
muscle cells together determine the active mechanical behavior of the aortic wall.5 The 
passive mechanical behavior is determined mainly by the elastin and collagen fibers; the 
extent of the contribution of smooth muscles on passive mechanical behavior is not yet 
known.5 .The presence and orientation of collagen fibers endows the aortic wall with an 
anisotropic (directionally dependent) material response. In the media, the diagonal ori-
entation of collagen fibers is closer to circumferential alignment, while in the adventitia 
it is closer to axial alignment.6 Histological evaluation of the thoracic aorta shows that 
elastin and collagen fibers are organized in the same functional unit in different mam-
mals, and that the difference in size between the thoracic aorta of smaller and larger 
mammals is directly proportional to the number of these functional units.7

Numerous experimental protocols have been used to characterize the mechanical 
properties of human aortas.8-13 The results of these experiments have been used to 
formulate mathematical models that describe aortic mechanical behavior, specifically 
the relationship between stress and strain over a wide range of strains. In general, these 
mathematical formulations are called constitutive models, and their main goal is to 
be general enough to reproduce the measured experimental data and, in doing so, to 
provide a description of the tissue stiffness. Ferruzzi et al. proposed a complex four-fiber 
constitutive model for aortic mechanical behavior based on the histological structure 
of the aortic wall.14 This model was used by Roccabianca et al. to calculate regional hu-
man aortic stiffness for different age groups based on available literature data.12 Such a 
comparison has limitations, because the included datasets originate from studies with 
different testing protocols, and cannot fully account for these differences. Nevertheless, 
it can be used to evaluate the available literature in a consistent manner. Even though it 
is not straightforward to compare the data on porcine and human aortic stiffness based 
on literature, we perform the same analysis for available data on porcine aortic tissue in 
the current study.
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MATErIAlS ANd METhOdS

Selection of data on human and porcine aortas

We performed a search of Medline, EMBASE and Cochrane databases to obtain data on 
porcine aortic tissue, using the following search terms: ‘aorta’, ‘endovascular repair’, ‘pig’, 
‘porcine’, ‘ex vivo’, ‘in vitro’, ‘experimental’, ‘isolated’, ‘biomechanics’, ‘hemodynamics’ and 
synonyms. The search was last updated on 29 June 2016. Studies were included if they 
performed assessment of the stiffness of a specified region of the porcine aorta, and 
reported the results using either a plot or a nonlinear constitutive model with associ-
ated best-fit values of the material parameters. Studies reporting data only on purified 
elastic tissue, after other tissue-engineering processes or after in vivo medical or surgical 
treatment of the pigs were excluded. The reference lists of the studies that remained 
after applying in- and exclusion criteria were checked for additional relevant articles. 
For data on human aortas, we included the data from the article by Roccabianca et al., 
who included four studies after a comprehensive literature search for studies on me-
chanical testing of human aortic tissue without aneurysm or dissection.8-12 Although a 
comparison between porcine tissue and diseased human tissue would be of interest, it 
was considered beyond the scope of the current study.

data analysis

The procedure for creating consistent sets of data with associated stress-strain curves for 
the included studies was the same in the present analysis as the one previously adopted 
by Roccabianca et al.12 Such a procedure represents a consistent means for comparing 
results from different studies, regardless of the original testing protocols or constitutive 
relations used in each individual study. In particular, we aimed to compare equibiaxial 
stress-strain curves for each individual article that was included in our study. However, the 
data as reported in the considered articles were not immediately comparable. Therefore, 
it was necessary to perform additional computations in order to homogenize these data.

In short, either the strain-energy function with the corresponding material coefficients 
or the stress-stretch curves as reported in the corresponding paper were used as input 
data to simulate five loading protocols (i.e. biaxial tests with stress ratio s11: s22 = 0.5:1, 
0.75:1, 1:1, 1:0.75, and 1:0.5, where s11 and s22 are the circumferential and longitudinal 
stresses, respectively).

Then, the obtained stress-stretch curves were fitted by using the four-fiber constitu-
tive model as reported in Roccabianca et al.

W =
c

(I1 − 3) + ∑4
k = 1

c1
k

(exp[c2
k(( λk )2 − 1)2] − 1, (1)

2 4c2
k

where c, c1
k, and c2

k are positive material parameters, I1 is the first invariant of the right 
Cauchy-Green tensor C, and λk is the stretch in the direction of the k-th collagen fiber 
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family and defined in the reference configuration by the unit vector Mk = [0, sin α0
k, cos 

α0
k], with α0

k the angle between the k-th fiber family (arranged in symmetrical spirals) and 
the axial direction of the arterial wall (blood flow direction). In particular, α0

1 = 0° denotes 
the axially-arranged fiber family, α0

2 = 90° the circumferentially-arranged fiber family, and 
α0

3 = − α0
4 = α the two-fiber families symmetrically-oriented.

The Cauchy stresses in the circumferential and axial direction, σ11 and σ22, are given by:

σii = λi
∂W

− p ,    i = 1 , 2, (2)
∂λi

with p a Lagrange multiplier to enforce the incompressibility constraint and computed 
through the known zero stress in the radial direction, σ33 = 0.

In order to generate the best fit values of material parameters for the four fiber consti-
tutive model, the following objective function was minimized:

χ = ∑N
i = 1 (σ11

exp − σ11
mod) + (σ22

exp − σ22
mod) (3)

with N the total number of data points, σexp the experimental stress data, and σmod the 
corresponding model prediction values computed in Eq. (2).

The minimization was performed with a nonlinear trust-region reflective algorithm 
implemented in MATLAB, and multiple starting points randomly generated were con-
sidered to find the global best-fit solution.

Finally, circumferential and longitudinal aortic stiffness were calculated for each data 
set from the equibiaxial stress-stretch curves (s 11: s22 = 1:1) as the slope of the curve at 
the stress-stretch point corresponding to the physiological pressure of 13.33 kPa (100 
mmHg). In order to determine the stress corresponding to physiological pressure we 
used Laplace’s law:

σ =
Pphys ∙ r

 (4)
h

Sample specific values of radius and thickness were not available, so we assumed an 
average value based on previous experiments by our group.18 The reported results 
include a general overview of all included datasets, including those obtained through 
uniaxial tensile testing, but only the datasets considered to offer most reliable data on 
physiological stiffness (because these studies reported on biaxial or inflation tests) were 
used to calculate a mean value of stiffness. This analysis summarized above was made 
separately for the ascending aorta and the descending aorta. Additionally, any descrip-
tion of microstructural data, potentially motivating the reported stiffness values, was 
included.
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Limiting search results to full-length, English language papers yielded a total of 465 
articles. A flow chart of the study selection procedure can be seen in Figure 1. Eleven 
studies were included, six reported on young porcine aortas,15-20 four on human aortas 
of various ages,8-11 and one reported on both.13

Cauchy stress-stretch curve analysis

The best fit material parameters are listed in Table 1. Figure 2 shows the generated 
stress-stretch curves of porcine and human ascending thoracic aortas. The curves based 
on the data reported by Jia et al.16 and Vorp et al.8 are based on uniaxial tensile testing 
and clearly differ from the other included studies. Moreover, the curve based on the 
data reported by Jia et al.16 shows linear elastic behavior with a very low stiffness, which 
did not intersect the 100 mmHg stress point required to calculate circumferential or 
longitudinal stiffness. The curves of the eight remaining datasets (three porcine, five hu-
man), which show nonlinear elastic behavior, were considered most reliable, and were 
used to calculate mean values of aortic stiffness.

Figure 1. Flow chart of study selection.



25

Porcine and human thoracic aortic stiffness

Table 1. Best-fit values of the eight model parameters for the four-fiber family constitutive model

Tissue Age C (kPa) c1
1 (kPa) c1

2 c2
1 (kPa) c2

2 c1
3,4 (kPa) c2

3,4 α0 (deg)

Ascending aorta

Deplano et al.15 porcine 4 mo 0.054 63.260 0.001 45.203 0.001 80.811 0.001 38.424

Martin et al.13 porcine 6-9 mo 0.000 33.614 0.209 45.418 0.280 33.735 1.057 42.716

Shah et al.20 porcine 6 mo 17.828 27.639 0.730 2.850 0.003 23.259 0.590 16.230

Jia et al.16 porcine 0.5 mo 1.540 0.000 0.000 5.4x10-5 0.009 0.233 0.001 58.520

Haskett et al.10 human 0-30 y 22.410 58.370 0.600 60.160 3.240 59.850 2.990 48.100

Haskett et al.10 human 31-60 y 47.430 35.230 0.000 40.840 0.100 15.210 2.580 48.980

Vorp et al.8 human 51 y 8.300 16.220 0.070 15.740 0.000 0.000 0.070 2.540

Haskett et al.10 human ≥61 y 88.820 28.380 0.000 0.150 0.000 7.310 0.000 45.000

Labrosse et al.9 human 66-71 y 0.000 10.270 6.310 8.290 11.060 58.170 9.410 47.180

Martin et al.13 human 80-98 y 0.000 113.180 17.380 110.270 16.860 121.580 50.170 44.820

Descending aorta

Jia et al.16 porcine 0.5 mo 2.002 0.000 0.002 0.147 0.001 0.005 0.000 84.980

Marra et al.19 porcine 4-5 mo. 1.800 0.000 0.000 0.000 0.000 74.000 0.930 45.300

Polzer et al.17 porcine 10 mo. 4.682 15.593 2.242 16.352 4.670 44.629 0.733 36.824

Nauta et al.18 porcine 10-12 mo. 13.672 105.245 0.342 189.944 0.479 141.805 26.312 30.134

Garcia-Herrera et al.11 human 20-35 y 37.200 0.000 0.000 0.000 0.000 28.160 3.480 43.880

Haskett et al.10 human 0-30 y 26.770 43.330 1.520 26.730 1.530 743.350 4.970 44.870

Garcia-Herrera et al.11 human 45-60 y 24.660 0.000 0.000 0.000 0.000 90.100 5.330 42.190

Haskett et al.10 human 31-60 y 0.000 74.500 2.210 67.820 1.680 487.270 15.950 44.710

Haskett et al.10 human ≥61 y 0.000 98.340 0.000 162.730 13.720 803.360 35.640 48.120

Labrosse et al.9 human 57-71 y 0.000 3.870 10.720 6.610 5.020 61.180 6.830 42.470

Figure 2. Circumferential (left) and longitudinal (right) equibiaxial Cauchy stress-stretch curves of human 
and porcine aortic tissue for ascending aorta. The curved shape of these stress-stretch relationships (except 
in the data from Jia et al. 16 and Vorp et al 8 shows that porcine and human aortas are non-linearly elastic.
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Figure 3 shows the generated stress-stretch curves for descending thoracic aortas. The 
curves based on the data reported by Jia et al.16 and Nauta et al.18 are based on uniaxial 
tensile testing. The curve based on the data from Nauta et al.18 shows considerably stiffer 
behavior than the curves based on the data from Marra et al.19 and Polzer et al.,17 which 
is most likely due to differences in storage of the tissue. Stiffness values could not be 
calculated for the data from the study by Jia et al.16 as the equibiaxial curves did not 
intersect the 100 mmHg stress point. The curves of the eight remaining datasets (two 
porcine, six human), which show nonlinear elastic behavior, were considered most reli-
able, and were used to calculate mean values of aortic stiffness.

human versus porcine aortic stiffness

Figure 4 shows the calculated stiffness values for each of the studied datasets for the as-
cending aorta separately, and combined into groups (porcine samples, human samples 
<60 years, and human samples ≥60 years). Circumferential and longitudinal stiffness 
were 0.42 ± 0.08 MPa and 0.37 ± 0.06 MPa for porcine aortas (4-9 months); 0.55 ± 0.15 
MPa and 0.45 ± 0.08 MPa for humans <60 years; and 1.02 ± 0.59 MPa and 1.03 ± 0.54 MPa 
for humans ≥60 years.

Figure 5 shows the calculated stiffness values for the descending aorta. Circumfer-
ential and longitudinal stiffness were 0.46 ± 0.03 MPa and 0.44 ± 0.01 MPa for porcine 
aortas (4-10 months); 1.04 ± 0.70 MPa and 1.24 ± 0.76 MPa for humans <60 years and 
3.15 ± 3.31 MPa and 1.17 ± 0.31 MPa for humans ≥60 years.

Microstructural analysis

Martin et al. reported microstructural data on both human and porcine ascending aortic 
tissue, and noted a higher proportion of collagen fibers in their human tissue samples 
(80-98 years), whereas their porcine tissue samples (6-9 months) showed a higher pro-

Figure 3. Circumferential (left) and longitudinal (right) equibiaxial Cauchy stress-stretch curves of human 
and porcine descending thoracic aortic tissue. The curved shape of these stress-stretch relationships (ex-
cept in the data from Jia et al. 16 shows that porcine and human aortas are non-linearly elastic.
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Figure 5. Calculated stiffness values of porcine 
and human descending thoracic aortic tissue (a) 
for each individual study and (b) when combined 
into groups. Tissue anisotropy is evidenced by 
the difference in circumferential and longitudinal 
aortic stiffness.

Figure 4. Calculated stiffness values of porcine 
and human ascending aortic tissue (a) for each 
individual study and (b) when combined into 
groups. Tissue anisotropy is evidenced by the dif-
ference in circumferential and longitudinal aortic 
stiffness.
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portion of elastin fibers.13 Moreover, the elastin fibers were thinner and straighter in the 
human tissue samples compared to the more undulated elastin fibers in porcine tissue. 
This consideration is in line with the higher stiffness values that they found for human 
tissue compared to porcine tissue. Haskett et al. studied human ascending and descend-
ing aortic tissue in different age groups (0-30, 31-60, and >60 years) and found that, for 
all age groups, the majority of (collagen and elastin) fibers were preferentially oriented 
in the circumferential direction.10 The proportion of circumferentially aligned fibers had 
a negative correlation with peak strain.10 Finally, the distribution of fiber orientations 
changed gradually across the thickness of the aortic wall.10 Polzer et al. found the same 
pattern for porcine descending aortic tissue (aged 6-9 months), namely that the amount 
of collagen fibers with circumferential alignment was relatively low at the luminal side of 
the aortic wall, increased toward the middle of the thickness of the wall, then decreased 
towards the peripheral wall.17

dISCuSSION

We made a comparison between porcine and human tissue by fitting published data of 
porcine and human aortas to a well-established four-fiber constitutive model. This model 
is motivated by microscopic data on the histological organization of arterial collagen, 
and matches the data from humans <60 years well, but also captures the mechanical 
behavior of more aged and diseased aortas.12, 14 The results of the current analysis show 
that porcine ascending and descending thoracic aortic stiffness, which was calculated 
using data originating from very young (0.5 to 12 months) tissue, shows more similarity 
to human tissue of the <60 years age group than the ≥60 years age group. The observa-
tions of microstructural data support that aortic stiffness increases with greater collagen 
content and a more circumferential alignment of collagen and elastin fibers, both of 
which seem to increase with age in the study by Haskett et al.10

Our results suggest that ex vivo porcine aortic models, which have been used to inves-
tigate biomechanical changes in relation with bicuspid aortic valve,2 type B dissection, 
3, 21 and thoracic endovascular aortic repair,4, 18, 21 can have good translational value. The 
stiffness of the young porcine aortic tissue, which was used for these experiments, is 
relatively similar to that of human tissue up to 60 years of age, compared to older hu-
man tissue. This corresponds to the age range of patients with type B aortic dissections, 
although the presence of the disease may influence aortic stiffness, potentially reducing 
the similarities with porcine tissue. Porcine aortic tissue may be especially suitable as a 
model for patients with traumatic aortic injury, in whom the long-term effects of endo-
vascular treatment are still largely unknown. Thoracic aortic aneurysm typically occurs 
at a later age and the disease affects aortic stiffness, so porcine models may be less 
suitable to study aneurysmal disease.
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The current analysis was based on available literature of aortic biomechanics. By using 
the same constitutive model for all included studies, values of aortic stiffness were gen-
erated equally for different datasets. However, there was considerable heterogeneity 
in ex vivo aortic tissue test protocols, which is a limitation of the present study. The age 
of porcine tissue, originating from pigs of different races, ranged from 2 weeks to 12 
months;biaxial tests,13, 15, 17, 22 and inflation tests19, 20 were included; and there were differ-
ences in test conditions such as the harvest and storage method of the tissue, hydration 
during testing, ambient temperature, displacement rate, assessment of tissue thickness, 
and number and range of preconditioning cycles, all of which are known to have an 
impact on the measured stiffness.23 Moreover, we used an average value of aortic radius 
and wall thickness for aortic stiffness calculations, because sample specific values were 
not available, thereby having to introduce an additional source of bias. Nevertheless, 
despite differences in testing protocols and in tissue, most porcine curves were qualita-
tively similar to each other, showing acceptable variability of the model.

Variability in ex vivo aortic testing protocols has also been observed for human tissue 
tests,12, 24 and highlights the need for more standardized biaxial testing of the aorta. 
Some general recommendations would include testing the aortic tissue <24h after 
excision or after cryopreservation at -80°C,22 performing the experiments at 37°C, per-
forming preconditioning at an appropriate strain rate until effects of tissue hysteresis 
are reduced,15 performing the actual test up to a maximum strain of 30%,15 and an axial 
stretch of 1.25 to 1.35,25, 26 and using Cauchy stress or 2nd Piola-Kirchhoff as a definition 
of stress and true strain or Green-St.-Venant strain as a definition of strain.24 Finally, it 
may be most informative to calculate stiffness at pressure levels that correspond to 
physiological, in vivo conditions, which we chose to do based on the equibiaxial curves, 
as others have done.12 Ideally, it might be calculated at a physiological ratio between 
circumferential and longitudinal stretch.

In conclusion, biomechanical factors are important when considering the suitability 
of porcine aortic models. There seem to be few structural differences between human 
and porcine thoracic aortic tissue; and the stiffness of porcine tissue may be accurately 
described using the same model as human tissue. Literature data was available for 
young porcine thoracic aortic tissue only, and for human tissue of different ages. The 
stiffness of young porcine aortic tissue shows good correspondence with human tissue 
aged <60 years, especially in the ascending aorta, whereas young porcine aortic tissue is 
less stiff than human aortic tissue aged ≥60 years. The young porcine thoracic aorta may 
be useful especially as a model of human aortas aged <60 years.

Ethics statement

The research for this article was performed by re-analyzing published data; no animals 
or humans were engaged for this research.
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AbSTrACT

Objectives

Aortic stiffness is an independent predictor of cardiovascular mortality. In this study, the 
effect of thoracic endovascular aortic repair (TEVAR) on aortic stiffness is investigated by 
measuring aortic pulse wave velocity (PWV) in an ex-vivo porcine model.

Methods

Fifteen fresh porcine thoracic aortas were connected to a benchtop pulsatile system. In-
traluminal pressures were recorded in the ascending aorta and at the celiac trunk using 
a needle connected to a pressure sensor. The distance between the needles was divided 
by the time difference between the base of the pressure peaks to calculate aortic PWV at 
baseline and after stent graft deployment and distal stent graft extension.

results

Mean aortic PWV was 5.0 m/s at baseline. PWV increased by 4% after proximal stent 
graft deployment (p=0.09) and by 18% after stent graft extension (p<0.001). Pulse pres-
sure in the non-stented ascending aorta increased by 11.0 ± 1.2 mmHg after proximal 
stent graft deployment (p<0.001) and by 17.3 ± 1.5 mmHg after stent graft extension 
(p<0.001). The increases in PWV and pulse pressure showed a positive linear correlation 
with the percentage of stent graft coverage (p<0.001 and p<0.001).

Conclusions

In this experimental set-up, aortic stiffness increased after stent graft deployment, 
dependent on the percentage of the aorta that was covered by stent graft. These results 
show that TEVAR leads to significant changes in aortic hemodynamics, which merits 
evaluation in the clinical setting.
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INTrOduCTION

Thoracic endovascular aortic repair (TEVAR) has shown to be a safe treatment option for 
patients with thoracic aortic disease, in particular in those with severe comorbidities.1,2 
Current stent grafts offer high degrees of conformability to the native aorta. Nonethe-
less, computer simulated models show that they are characterized by a certain degree 
of stiffness, dependent on the type of graft material.3 Aortic stiffness is an important 
hemodynamic parameter that has become recognized as an independent predictor of 
cardiovascular death.4 Understanding the effects of TEVAR on aortic hemodynamics may 
play a role in successfully maintaining the delicate circulatory balance of TEVAR patients, 
but many of these effects remain unknown. Since the velocity of a pulse wave along an 
artery is positively related to the stiffness of this artery, aortic stiffness can be adequately 
quantified by measuring aortic pulse wave velocity (PWV).5,6 In the present paper, we 
report the results of experimental measurements of aortic PWV before and after TEVAR, 
to test the hypothesis that aortic stiffness increases after TEVAR.

MATErIAl ANd METhOdS

Preparation of porcine aortic specimens

Fifteen thoracic aortas of healthy pigs of a hybrid breed (10-12 months old, 160-180 kgs) 
were used. No pigs were sacrificed specifically for the purpose of this study, therefore, 
ethical approval by the local ethics committee was waived. The aortas were collected 
within 30 minutes after slaughter and transported at 4°C in isotonic saline solution, and 
used for experiments on the same day. Each specimen was surgically prepared from the 
aortic root to the celiac trunk by removing excess connective tissue and ligating side 
branches. The aorta was then connected to a continuous flow system and pressurized 
to 100 mmHg. A marker was added at the proximal connection site to the system (i.e. 
ascending aorta), at 5 cm more distally (i.e. aortic arch), and at the distal connection 
site (i.e. celiac trunk). Two independent observers measured the centerline aortic length 
between the most proximal and distal marker with a centimeter, and the diameter of the 
proximal and distal descending thoracic aorta with a digital caliper.

Pulsatile mock loop system

Subsequently, the aorta was connected to a custom-made pulsatile mock loop system, 
which is a replica of a system previously described.7 A schematic representation of the 
experimental set-up can be seen in Figure 1. It consists of two main elements: a controlled 
volumetric pump and a hydraulic afterload. The pump replicates the left ventricle and 
supplies the flow. The waveform of this flow was generated according to the Swanson 
and Clark formula.8 The afterload consists of a lumped-parameter simulator of the input 
impedance of the human circulation. This provides linear resistances, which generates a 
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pressure waveform in response to the flow waveform that accurately simulates vascular 
function, as opposed to quadratic resistances used in other pulsatile flow models.9

Measurement of pulse wave velocity before and after TEVAr

The aorta was inserted between the volumetric pump and the afterload of the pulsatile 
mock loop system using connecting tubes inserted 1 cm into the aorta. Plastic straps 
were tied around the connection sites to prevent leaking. The system was fixed at a 
heart rate of 60 bpm and a cardiac output of 5L/min. Water at a temperature of 37°C 
was used for perfusion of the system to allow optimal nitinol performance. A flow meter 
(SonoTT Clamp-On transducer, em-tec GmbH, Finning, Germany) was positioned at the 
connecting tubes at the proximal and distal ends to measure inflow and outflow of the 
system. The downstream mean pressure could be fine-tuned by changing the height 
of the water reservoir. This allowed for recording of all data at the same mean pressure. 
A 25-gauge needle was inserted at the location of the proximal and distal markers and 
connected to a 5-mm-long fluid-filled catheter and pressure sensor (Micro Switch Pres-
sure Sensor 40PC Series, Honeywell, Freeport, Illinois). Data on pressure and flow were 
acquired and digitalized at a frequency of 1 kHz with the NI DAQ USB-6210 (National 
Instruments, Austin, Texas). These data were recorded for five subsequent cardiac cycles 
for each test.

A thoracic stent graft with interrupted stent design (Valiant, Medtronic, Santa Rosa, 
California) was then deployed, using a custom-made delivery system. A 15-cm-long 
stent graft was deployed in each aorta, with the proximal landing zone 1-2 centime-
ters distal to the left subclavian artery. Stent grafts of different diameters were used 
to reach an intended oversizing of 10%. While maintaining the same flow and pulse 
rate, and pressure conditions as before TEVAR, PWV measurement was repeated after 
TEVAR. Subsequently, total stent graft length was extended on the distal end with a 
10-cm-long stent graft, also at 10% oversizing, with an intended overlap of 1-2 cm with 
the proximal stent graft. Total stent graft length was then determined from the outside 
with a centimeter. A third measurement of PWV was performed after extension, under 
the same conditions.

Figure 1. Schematic representation of the pulsatile system. A = pump; B = flow meter, C = aortic specimen, 
D = resistance chamber, E = windkessel compartment, F = water reservoir.
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The acquired pressure waveform data were analyzed with Matlab R2104a software 
(The Mathworks Inc, Natick, Massachusetts). An example of typical flow and pressure 
curves that were generated can be seen in Figure 2. An average pressure waveform of 
the five acquired cycles was created. Intraluminal pressures in the ascending aorta and 
at the celiac trunk were recorded simultaneously. The difference in time between the 
base of the pressure peak in the ascending aorta and the base of the pressure peak at 
the celiac trunk (Figure 2) was extracted. Based on the formula that the average velocity 
over a certain distance can be calculated by this distance (x) divided by the difference in 
time (t), i.e PWV = Δ x / Δ t, centerline aortic length was divided by the difference in time 
between the bases of the pressure peaks in the ascending aorta and at the celiac trunk 
to obtain PWV [6,7]. Systolic, diastolic, mean, and pulse pressures were noted.

Statistical analysis

Statistical analysis was performed with IBM SPSS Statistics version 22 (SPSS Inc., Chicago, 
Illinois). A repeated measures ANOVA was used to compare PWV before stent graft 
deployment to PWV after stent graft deployment and PWV after stent graft extension. 
Pearson’s rank correlation test was used to assess correlation between change in PWV 
and pulse pressure and the percentage of total aortic length covered by stent graft. 
Statistical significance was assumed at p-values less than 0.05.

Figure 2. Typically generated pressure 
waveforms. Five recorded cardiac cycles 
(above) are averaged into one curve (be-
low). The difference in time between the 
base (arrows) of the pressure peaks in 
the ascending aorta (red) and at the ce-
liac trunk (blue) is used to calculate PWV. 
PWV = pulse wave velocity.
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Baseline characteristics of the fifteen aortas can be seen in table 1. A 26-mm proximal 
diameter stent graft was deployed in 13 cases, for the remaining 2 cases a 24-mm stent 
graft was used. For the distal extension, a 22-mm diameter stent graft was used in 14 
cases, a 26-mm stent graft in one case. Main results can be seen in table 2. Mean aortic 
PWV was 5.0 m/s at baseline. Proximal stent graft deployment caused a 4.0% increase 
in PWV to 5.2 m/s (p=0.09), and stent graft extension resulted in an 18.0% increase to 
compared to baseline (p<0.001), to 5.8 m/s. The increase in PWV as a percentage of 
baseline PWV and the percentage of total aortic length covered by stent graft showed a 
positive linear correlation with a correlation coefficient of 0.65 (p<0.001).

Changes in intraluminal pressure in the ascending aorta and at the celiac trunk can 
be seen in Figure 3. In general, mean pressure per cardiac cycle and diastolic pressure 
remained stable after stent graft deployment, but systolic pressure increased, causing a 
significant increase in pulse pressure. Pulse pressure increased after stent graft deploy-
ment by a mean of 11.0 mmHg ( ± 1.2 mmHg) in the ascending aorta (p<0.001) and 6.5 
mmHg ( ± 0.8 mmHg) at the celiac trunk (p<0.001). After stent graft extension, the pulse 
pressure was elevated further, by 17.3 mmHg ( ± 1.5 mmHg) in the ascending aorta 
(p<0.001) and by 9.4 mmHg ( ± 0.7 mmHg) at the celiac trunk (p<0.001). The absolute in-
crease in pulse pressure in the ascending aorta and the percentage of total aortic length 
covered by stent graft showed a positive linear correlation with a correlation coefficient 
of 0.62 (p<0.001); at the celiac trunk the correlation coefficient was 0.47 (p=0.01).

Table 2. Pulse wave velocity before and after stent graft deployment, measured at constant distal pressure.

baseline After proximal stent graft 
deployment

After stent graft 
extension

Distal pressure, mmHg 97.3 ± 1.3 97.2 ± 1.2 97.0 ± 1.3

Stent graft coverage, % - 40.0 ± 3.9 63.8 ± 6.3

Pulse wave velocity, m/s 5.0 ± 0.3 m/s 5.2 ± 0.4 5.8 ± 0.4

Table 1. Characteristics of the studied porcine aortas

n = 15, mean ± standard deviation

Centerline length of thoracic aorta 352.7 ± 32.0 mm

Proximal diameter  23.4 ± 1.4 mm

Proximal oversizing 9.0 ± 4.0%

Distal diameter 18.0 ± 2.1 mm

Distal oversizing 19.5 ± 7.4%

Overlap between proximal and distal stent graft 17.7 ± 15.9 mm
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dISCuSSION

The present study was conducted to assess aortic stiff ness before and after stent graft 
deployment by measuring PWV in fresh porcine aortas. A moderate change in PWV 
was seen after stent graft deployment with a stent graft length of 15 cm, but a marked 
increase was seen when stent graft length was extended. The increase in PWV may be 
limited when a shorter part of the aorta is stented, possibly because non-stented aortic 
segments are able to compensate for the stiff er stented part. When the majority of aortic 
length is covered by stent graft, PWV increase is more evident.

In humans, a large meta-analysis showed that each 1 m/s increase in PWV was associ-
ated with a 15% risk increase of cardiovascular mortality.4 Arterial stiff ening leading to 
increased PWV often develops in parallel with cardiovascular disease, and an increased 
PWV is often seen as a marker of atherosclerotic burden. However, it may also lead to 
independent pathophysiological changes that cause an increased mortality. A sup-
posed pathophysiological mechanism is the increase of pulse wave refl ections. Because 
the aorta is stiff er, its storage capacity is reduced, and the pulse wave reaches the more 
resistant peripheral arteries at a higher velocity. This leads to a greater part of the pulse 
wave being refl ected instead of being transferred to the peripheral circulation, which 
increases left ventricular afterload and myocardial oxygen demand, ultimately leading 
to diastolic dysfunction.6 Moreover, increased arterial stiff ness is involved in the patho-
genesis of hypertension. It causes an increased pulse pressure, leading to endothelial 
dysfunction and hypertension, which in turn may cause further increases in arterial stiff -
ness.10,11 TEVAR-induced aortic stiff ness has been associated with onset of hypertension 
in young trauma patients.12 This illustrates that the potential clinical consequences of 

Figure 3. Intraluminal pressure measurements at the areas adjacent to the stent graft.
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increased PWV after TEVAR are considerable, and also that the artificially induced stiffen-
ing after TEVAR offers an opportunity to investigate the isolated effects of increased 
aortic stiffness on cardiovascular remodeling.12,13

Central (i.e. aortic) PWV is influenced by many factors, including the method used to 
measure it.5 The most commonly used method to measure central PWV is with echo 
Doppler signals of the carotid and femoral artery. When heart rate, Doppler signal trans-
mission time and distance between carotid and femoral artery are known, the PWV can 
be calculated. This non-invasive method is considered the gold standard of measuring 
aortic stiffness, and reference values have been established for different age groups. 
Carotid-femoral PWV of healthy individuals up to 30 years of age is usually between 
5.3 and 7.1 m/s. It gradually increases with age, and normally ranges between 8.0 and 
14.6 m/s for older subjects.14 In the presence of hypertension, end-stage renal disease, 
or other cardiovascular disease, these values can increase markedly.5,14 The reliability of 
carotid-femoral PWV measurements is affected by different factors, most notably those 
that influence a patient’s blood pressure, such as vasoactive medication, physical activ-
ity, and patient position.5 Moreover, it is not possible to determine the exact distance 
between carotid and femoral artery from the outside. Differences in path length can 
lead to differences in carotid-femoral PWV values of up to 30%.15 Our model allows for 
elimination of many of the aforementioned clinical confounders, including, in particu-
lar, arterial blood pressure modifications, and the distance between the two points of 
measurement.

The available clinical evidence of aortic stiffening after TEVAR is limited. Tzilalis et al. 
measured carotid-femoral PWV in 11 young patients treated with TEVAR for traumatic 
aortic injury, 13 to 60 months after the procedure, and compared this to a group of 
age-matched controls.12 They noted a mean PWV of 7.45 m/s in their control group, 
and reported a PWV of 10.41 m/s in the TEVAR group, despite some patients receiving 
antihypertensive medication. Preclinical studies of the relation between TEVAR and 
aortic stiffness found an acute reduction in compliance directly after TEVAR in an in-vivo 
porcine model,16 and a large increase in PWV of >3 m/s in an in-vivo canine model.17 
Similarly, in our ex-vivo model, we observed a significantly increased PWV after TEVAR, 
even more evident after TEVAR extension.

Using ex-vivo porcine aortas to study hemodynamics has several limitations. Although 
the elastic properties of porcine aortic tissue are within the range of human arterial tissue 
properties, young porcine aortic tissue is less stiff than aged human tissue.18 Secondly, 
water was used as a test fluid, for reasons of leaking and to prevent clogging of the pul-
satile pump, like in other ex-vivo porcine aortic studies.19,20 Although we acknowledge 
this as a limitation since the viscosity of water is lower than blood, the influence of using 
fluid with a different viscosity than blood can be expected to be small for the purpose 
of this study, because of the high velocity of blood in the aorta.21 Also, although no live 
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cells were used in the experiments, Krebs-Ringer or isotonic saline for perfusion might 
still leave the cells of the aortic wall in better condition than water. Although some 
deterioration of the aortic wall tissue undoubtedly must have taken place, we believe 
the duration of the each test was sufficiently short ( ± 2 hours) to justify the use of water. 
Furthermore, we usually opted to deploy a distal extension with a smaller diameter than 
the proximal component, because porcine aortas show considerable tapering over a 
relatively short distance. This is unusual in clinical practice, however aortic stent size 
was always congruent with the aortic model size, and the potential presence of type III 
endoleak was considered of limited importance for the analysis. Another limitation is 
the fact that only one type of stent graft was used, while differences in stent graft design 
can lead to differences in aortic compliance.3,22,23

CONCluSIONS

Stent graft deployment increased aortic stiffness and pulse pressure in this ex-vivo 
pulsatile porcine model, especially with greater stent lengths. These observations might 
have important consequences for clinical practice. Therefore, aortic stiffness after TEVAR 
merits further investigation.
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AbSTrACT

Objectives

Thoracic endovascular aortic repair (TEVAR) has been shown to lead to increased aortic 
stiffness. The aim of this study was to investigate the effect of stent graft type and stent 
graft length on aortic stiffness in a controlled, experimental setting.

Methods

Twenty porcine thoracic aortas were connected to a pulsatile mock loop system. In-
traluminal pressure was recorded at two sites in order to measure pulse wave velocity 
(PWV) for each aorta: before stent graft deployment (t1); after deployment of a 100-mm 
long stent graft (t2); and after distal extension through deployment of a second 100-mm 
long stent graft (t3). Four different types of stent grafts (Conformable Gore® TAG® Device, 
Bolton Relay® Device, Cook Zenith AlphaTM, and Medtronic Valiant®) were evaluated.

results

For the total cohort of 20 aortas, PWV increased by a mean 0.6 m/s or 8.9% of baseline 
PWV after deployment of a 100-mm proximal stent graft (p<0.001), and by a mean 1.4 
m/s or 23.0% of baseline PWV after distal extension of the stent graft (p<0.001). Univari-
able regression analysis showed a significant correlation between aortic PWV and extent 
of stent graft coverage, (P<0.001), but no significant effect of baseline aortic length, 
baseline aortic PWV, or stent graft type on the percentual increase in PWV at t2 or at t3.

Conclusions

In this experimental set-up, aortic stiffness increased significantly after stent graft de-
ployment with each of the four types of stent graft, with the increase in aortic stiffness 
depending on the extent of stent graft coverage.
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INTrOduCTION

Thoracic endovascular aortic repair (TEVAR) is the first choice of treatment for patients 
with thoracic aortic diseases and suitable anatomy.1 Understanding the effects of stent 
graft deployment on aortic physiology may help to explain some of the long-term 
outcomes after TEVAR. Stent graft deployment has been shown to significantly increase 
aortic stiffness,2 which has been clearly established as an independent predictor of 
cardiovascular mortality.3

It is currently unknown which factors are related to the increase in aortic stiffness after 
TEVAR. The material of aortic stent grafts can be up to a 100 times stiffer than native 
aortic tissue.4,5 However, there are some differences in design among commercially avail-
able stent grafts. We hypothesized that different stent graft designs may have different 
stiffening effects. Moreover, we hypothesized that the length of aorta that is covered by 
stent graft is related to the increase in aortic stiffness after TEVAR. Therefore, the aim of 
this experimental study was to investigate whether the stiffening effects of stent graft 
deployment are dependent on stent graft type and length.

MATErIAlS ANd METhOdS

Experimental set-up

The experimental set-up that was used has been described previously.6 For the cur-
rent study, twenty thoracic aortas of healthy pigs of a hybrid breed (10-12 months 
old, 160-180 kgs) were collected from a local slaughterhouse within 15 minutes after 
slaughter. The pigs were not raised or sacrificed for the purpose of this or any study 
but for commercial purposes. The aortas were transported and stored at 4°C in isotonic 
saline solution until used for experiments on the same day. At room temperature, excess 
connective tissue was removed and side branches were ligated from the aortic root to 
the celiac trunk. Under a continuous pressure of 96 mmHg,7 markers were placed on the 
outside aortic wall at the ascending aorta and at the level of the celiac trunk. Another 
marker was placed at the level where the aorta had a diameter of 23 mm, which marked 
the intended proximal stent graft position. The distance between ascending aorta and 
celiac trunk was measured using a wire and centimeter ruler.

Pulse wave velocity measurement

The aortic specimens were placed within a 3D printed guide and connected to a pulsa-
tile mock loop system,8 which is able to produce physiological pressures as a response 
to flow. The system was fixed at a heart rate of 60 beats per minute, output of 5L per 
minute, and peripheral resistance of 96 mmHg. Water at a temperature of 37°C was used 
for perfusion. The aortas were regularly with physiological saline solution to prevent 
tissue dehydration. Intraluminal pressure was recorded in the ascending aorta and at 
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the level of the celiac trunk for fi ve consecutive cardiac cycles using a needle connected 
to a pressure sensor (t1). The aorta was disconnected from the circuit and a 100-mm 
long stent graft with a diameter of 26 mm was deployed at the level where the aorta 
had a diameter of ± 23 mm, to reach a 10% degree of oversizing. The aorta was then 
reconnected and intraluminal pressures were recorded for fi ve cycles (t2). The stent graft 
was then extended with a second 100-mm long stent graft with a diameter of 22-24 mm 
and a 4 cm overlap, as is most commonly done in clinical practice. Intraluminal pressures 
were again recorded for fi ve cycles (t3). Average aortic pulse wave velocity (PWV) at t1, t2, 
and t3 was calculated by dividing the distance between ascending aorta and celiac trunk 
by the average diff erence in time between the pressure peaks over the fi ve recorded 
cycles (Fig 1).

Four diff erent stent graft types of comparable sizes were used; each stent graft type 
was tested in fi ve diff erent aortas. Stent graft type 1 (Conformable Gore® TAG® Device, W.L. 
Gore & Associates, Flagstaff , AZ, USA) is characterized by a continuous sinusoidal-shaped 
nitinol stent; Type 2 (Relay®, Bolton Medical, Barcelona, Spain) is made of Z-shaped niti-
nol stents with a woven polyester graft and one longitudinal nitinol bar. Type 3 (Zenith 
AlphaTM, Cook Medical, Bloomington, IN, USA) is made of Z-shaped nitinol stents with 
a woven polyester graft and external fi xation barbs. Type 4 (Valiant®, Medtronic, Santa 
Rosa, CA, USA) is made of Z-shaped nitinol stents with woven polyester graft. A descrip-
tion of the stent grafts used in the experiments is shown in Fig 2.

Figure 1. Generated pressure curves (average of fi ve recorded cycles) in the ascending aorta and in the 
descending aorta at the level of the celiac trunk. The distance between both pressure sensors was divided 
by the diff erence in time between the base of the pressure curves to calculate aortic pulse wave velocity. 
Red: ascending aorta, blue: descending aorta.
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Statistical analysis

IBM SPSS Statistics version 22.0 was used for statistical analysis. Normality of data was 
tested with the Shapiro-Wilk test. Univariable regression analysis was performed to test 
the eff ect of extent of stent graft coverage (t1 vs t2 vs t3) on aortic PWV, and the eff ect of 
baseline aortic length and PWV and stent graft type on the percentual increase in PWV 
at t2 and t3. Statistical signifi cance was assumed at p<0.05.

rESulTS ANd dISCuSSION

Mean aortic length (n=20) was 384.3 mm ( ± 28.44 mm) at baseline, and did not diff er 
between the diff erent stent graft groups (P=0.294). Mean aortic PWV was 6.4 m/s ( ± 
0.7 m/s) at baseline, 7.0 m/s ( ± 0.9 m/s) after deployment of a 100-mm proximal stent 
graft (t2), and 7.9 m/s ( ± 1.5 m/s) after distal extension of the stent graft (t3). This cor-
responded to an 8.9% ( ± 8.8%) increase in PWV at t2 (p<0.001) and a 23.0% ( ± 17.4%) 
increase at t3 (p<0.001).

Baseline PWV increased by 8.0% ( ± 5.4%) with stent graft type 1, by 4.7% ( ± 8.8%) 
with stent graft type 2, by 8.4% ( ± 8.3%) with stent graft type 3, and by 14.5% ( ± 11.6%) 

Figure 2. Description of the four types of stent grafts used for the experiments.
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with stent graft type 4 at t2. The differences in PWV increase at t2 did not reach statistical 
significance (P=0.386). Baseline PWV increased by 21.3% ( ± 12.2%) with stent graft type 
1, 11.7% ( ± 9.4%) with stent graft type 2, by 30.1% ( ± 20.6%) with stent graft type 3, and 
by 27.9% ( ± 23.3%) with stent graft type 4 at t3. The differences in PWV increase at t3 did 
not reach statistical significance (P=0.462).

Univariable regression analysis showed a significant correlation between aortic PWV 
and extent of stent graft coverage, (P<0.001). There was no statistically significant effect 
of baseline aortic length or baseline aortic PWV on PWV increase at t2 (P=0.666 and 
P=0.527, respectively) or on the increase in PWV at t3 (P=0.548 and P=0.610). Full details 
on the data underlying these findings can be found as supporting information.

The interaction between native aorta and aortic stent grafts is not fully understood 
and may depend on stent graft design.9,10 We used a controlled experimental set-up 
to test whether differences in stent graft design may account for different stiffening 
effects after stent graft deployment. This set-up eliminates variations in blood pressure, 
a known confounder for PWV measurements.11 Thus, each stent graft type was tested 
under the same pressure and flow conditions. Our results show a net increase in aortic 
stiffness after stent graft deployment, dependent on stent graft length.

Increased aortic PWV is widely accepted as a predictor of cardiovascular mortality, 
because it is a marker of concomitant atherosclerotic disease. However, there are also 
independent pathophysiological consequences of increased aortic stiffness. A stiffer 
aorta has a reduced capacity for storage, causing the pulse wave to reach the resistance 
of the peripheral circulation at a higher velocity, increasing the amount of pulse wave 
reflections and cardiac afterload.12 Furthermore, increased arterial stiffness is involved 
in the pathophysiology of hypertension, and TEVAR-induced aortic stiffness has been 
shown to lead to hypertension in young trauma patients.13 The effects of the artificially 
induced aortic stiffening after TEVAR on cardiovascular remodelling thus merit further 
investigation.14

Apparently, the most commonly used types of graft fabric and shapes of stent rings 
have at least similar stiffening effects. None of the currently used stent grafts have the 
capacity for longitudinal expansion. Developing a stent graft that does preserve the 
longitudinal distensibility of the native aorta while providing enough strength is a chal-
lenge that may be worth exploring. Aortic radial pulsatility may be preserved after stent 
graft deployment with the right amount of oversizing,15 thanks to the shape-memory of 
nitinol stents. However, the aorta is less stiff in longitudinal direction than in radial direc-
tion,16,17 and a compliance mismatch between stented and non-stented aortic segments 
has been reported as an effect of stent graft deployment.9,18 It seems that the presence 
of a rigid stent graft leads to increased longitudinal strain and transmural pressure in 
proximal non-stented segments. Part of type Ia endoleaks and retrograde type A dissec-
tions occur at long-term and are attributed to progression of underlying aortic disease.19 
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Since the length of stent graft was related to the increase in stiffness, one may speculate 
whether stent graft length is associated with complications.

Experimental set-ups have inherent limitations. No formal quality control of the por-
cine aortic specimens was performed, so the presence of connective tissue disorders 
or microscopic atherosclerosis could not be excluded, and may have confounded our 
results. Porcine tissue is more elastic than very aged20 or aneurysmatic21 human tissue, 
but might be similar to that of young individuals.22 We used water, which has a lower vis-
cosity than blood, for perfusion, as is also reported by other studies using ex vivo porcine 
aortas in a pulsatile flow circuit.23,24 The effect of blood viscosity on PWV is likely to be 
small in the high-speed environment of the aorta.25 The aortas were slightly constrained 
by a 3D printed guide to approximate the movement of the thoracic aorta within the 
thoracic cavity. However, the absence of surrounding tissue may impact the mechanical 
properties of a vessel.26 Finally, although the results of our experiments did not show 
major differences in stiffening effects of the studied stent graft types, our sample size 
was not sufficient to detect small differences that may have been confounded by small 
(<10%) differences in aortic length.

CONCluSIONS

Aortic stiffness increased significantly after stent graft deployment in this experimental 
study. The increase in aortic stiffness depended on the length of the aorta that was 
covered by stent graft but not on the type of stent graft.
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AbSTrACT

Objectives

To quantify the impact of thoracic endovascular aortic repair (TEVAR) on radial aortic 
strain with the aim of elucidating stent-graft-induced stiffening and complications.

Methods

Twenty fresh thoracic porcine aortas were connected to a mock circulatory loop driven 
by a centrifugal flow pump. A high-definition camera captured diameters at five differ-
ent pressure levels (100, 120, 140, 160 and 180 mmHg), before and after TEVAR. Three 
oversizing groups were created: 0-9% (n=7), 10-19% (n=6), and 20-29% (n=6). Radial 
strain (or deformation) derived from diameter amplitude divided by baseline diameter 
at 100 mmHg. Uniaxial tensile testing evaluated Young’s moduli of the specimen.

results

Radial strain was reduced after TEVAR within the stented segment by 49.4 ± 24.0% 
(P<0.001). As a result, a strain mismatch was observed between the stented segement 
and the proximal non-stented segment (7.0 ± 2.5% vs. 11.8 ± 3.9%, P<0.001), whereas 
the distal non-stented segment was unaffected (P=0.99). Stent graft oversizing did not 
significantly affect the amount of strain reduction (P=0.30). Tensile testing showed that 
the thoracic aortas tended to be more elastic proximally than distally (p=0.11).

Conclusions

TEVAR stiffened the thoracic aorta by 2-fold. Such segmental stiffening may diminish the 
Windkessel function considerably and might be associated with TEVAR-related compli-
cations, including stent-graft-induced dissection and aneurysmal dilatation. These data 
may have implications for future stent graft design, in particular for TEVAR of the highly 
compliant proximal thoracic aorta.
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INTrOduCTION

Thoracic endovascular aortic repair (TEVAR) is being performed increasingly and its prac-
tice is moving towards the arch and the ascending aorta.1,2 However, current thoracic stent 
grafts are about 125 times stiffer than native thoracic aortic tissue (55.2 vs 0.44 MPa).3,4 
Meanwhile, it is known that aortic stiffening predicts cardiovascular mortality,5 as the elas-
ticity of the thoracic aorta serves a critical function in damping the highly pulsatile flow 
coming from the left ventricle. It allows for flow storage during systole and subsequent 
release during diastole. This ‘Windkessel effect’ results in a more continuous flow pattern 
to the distal vascular beds through the cardiac cycle (Figure 1A).6 Preclinical and clinical 
studies have reported that the replacement of native aortic tissue by a much stiffer endo-
graft fabric can diminish the Windkessel effect, inducing stiffening of both the aorta and 
the heart, and reducing coronary perfusion.5,7-12 The following mechanisms are involved in 
such adverse cardiovascular remodelling after TEVAR and illustrated in Figure 1:

1. Increased conduit stiffness elevates pulse wave velocity, leading to increased pulse 
pressure8,9,12 and ventricular afterload, resulting in adverse cardiac remodelling.5,7

2. Augmented systolic and reduced diastolic pressures negatively reduce diastolic 
coronary perfusion.10,11

These mechanisms alter the equilibrium between cardiac systolic performance and 
myocardial diastolic perfusion, leading to an increased risk of long-term heart failure 
and cardiovascular events.5,13

In addition to these systemic effects, local segmental stiffening appears to increase 
wall stress in adjacent segments, due to a compliance mismatch.14 Such a mismatch has 
been reported to weaken the aortic wall, and to be associated with aneurysm forma-
tion, retrograde and stent graft-induced new dissection, or rupture.14-17 Severe stent 
graft oversizing appears to further weaken the aortic wall proportional to the degree 
of oversizing, due to subacute changes in biomechanical aortic properties.18 This was 
shown in porcine aortas after removal of the stent graft. However, the effect of stent 
graft oversizing on radial strain in a stented aorta is unclear and may provide insights in 
aortic stiffening in relation to oversizing.

Recently, our group reported decreased longitudinal strain following TEVAR in an ex-
perimental setup using porcine aortic tissue and a mock circulatory loop.19 To date, the 
impact of TEVAR on radial strain remains undetermined. Motivated by the lack of data 
and the potential important clinical consequences, we aimed to quantify radial strain 
before and after TEVAR using the same ex vivo isolated porcine model, with particular 
attention to stent graft oversizing. In addition, we assessed elastic properties through 
uniaxial tensile testing to assess homogeneity of the used specimens and to identify 
potential vulnerable aortic segments.
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MATErIAlS ANd METhOdS

Aortic specimens

Twenty fresh porcine thoracic aortas (healthy Goland pigs, commercial hybrid, of 10–12 
months old and 160–180 kg) were collected from a local slaughterhouse. No pigs were 
sacrifi ced solely for this study and ethical permission was not required by the local ethi-
cal committee. The aortas were transported on iced 0.9% saline solution (transport time 
of 30 min) and all measurements were conducted within 12h from death to ensure the 
use of fresh specimens. As the ascending aorta of pigs measures only 2–3 cm, we used 
the distal arch (with a length of 3 cm) and descending aorta (with a length of 32.5 cm) 
for these experiments. Specimens were procured from the left subclavian artery till the 
celiac trunk and all side branches were ligated. Prior to the experiments, the aortas were 

Figure 1. (A) The Windkessel eff ect.6 During systole the left ventricle ejects 100% of the stroke volume into 
the thoracic aorta. More or less 50% is directly forwarded towards the distal vascular beds, whereas the other 
50% is stored in the expanded aortic lumen. This expansion builds up energy in the elastic aortic wall, which 
is subsequently used to pump the stored volume to the peripheral circulation and the coronaries. (B) The po-
tential eff ects of ascending TEVAR on the Windkessel eff ect. In systole, radial strain in the ascending aorta is 
considerably decreased. Due to this stiff ening, the aortic wall’s ability to store volume during systole is dimin-
ished and most of the stroke volume is directly forwarded. During diastole, less fl ow is available for diastolic 
perfusion of the peripheral vasculature, including the coronaries.10,11 Moreover, the stiff ened aorta elevates 
pulse pressures,5,8,9,12 leading to increased ventricular afterload with subsequent cardiac remodelling.5,7
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bathed in 0.9% saline of room temperature (about 20 °C) for 15 min. The complete study 
protocol has been published before.19

Mock circulatory loop

The aortas were connected to a mock circulatory loop driven by a centrifugal fl ow pump 
(Medtronic Bioconsole BIO-MEDICUS 550, Minneapolis, MN, USA). This allowed for con-
trolled intraluminal pressurization. To preserve the biomechanical characteristics of the 
nitinol stents,20 water at body temperature was used (using a liquid heater; Nova Pow-
erstat Protonic®, Boise, ID, USA). Intraluminal pressures were constantly recorded using a 
pressure sensor (Micro Switch Pressure Sensor 40PC Series Chart, Honeywell, Freeport, 
IL, USA) that was connected to a fi xed silicon tube, just proximal to the aorta. Distally, 
the aorta was connected to a silicon tube that could move against low, standardized, 
resistance through a guiding half-pipe (Figure 2). A prestress of 100 mmHg (mean blood 
pressure in pigs)21 was applied for all aortas prior to diameter measurements.

radial strain calculations

The aortas were marked with a superfi cially sutured rubber dot to identify intersections 
of interest; 5 cm proximal to the stent graft, in the middle of the stented segment, and 5 
cm distal to the device. Using a high-defi nition webcam (Logitech HD Pro Webcam C920, 
Lausanne, Switzerland), snapshots (1920 x 1080 pixels) were conducted at fi ve diff erent 
pressure moments; 100, 120, 140, 160, and 180 mmHg. All photos were post-processed 

Figure 2. Schematic of the mock circulatory loop 
system. Top: The CFP propels the water through 
a soft silicon tube into the porcine aorta. ‘Fixed’ 
marks the locations where the tube is fi xed and 
‘Pressure’ shows the location of the pressure 
sensor. ‘Camera’ illustrates the location of the 
HD-camera. The ‘Output Reservoir’ is the water 
reservoir that supplies the CFP. Bottom: ‘Pre-
TEVAR’ shows the situation before TEVAR with 
the proximal, stented, and distal levels marked 
accordingly. ‘Post-TEVAR’ illustrates the situation 
after TEVAR, including the implanted stent graft. 
CFP: centrifugal fl ow pump; Dist: distal; Prox: 
proximal; Stent: stented.
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using a custom developed computer script made with Matlab (The MathWorks©, Inc., 
Natick, MA, USA). The script showed the investigator each image of the dataset to 
manually measure aortic diameters at the marked sections, perpendicular to the aortic 
wall. Mean diameter and radius were computed for each level independently by two 
investigators (F.N. and H.B., research fellows in aortic disease) to allow for intra- and 
interobserver agreement analysis. Radial aortic strain was calculated as:

Radial strain =
radius at appointed pressure − radius at 100 mmHg

x 100%
radius at 100 mmHg

Stent graft implantation

Medtronic Valiant stent grafts (Medtronic Vascular, Santa Rosa, CA, USA) with a length of 
150mm were implanted with a custom-developed loading and deployment system. To 
study the impact of stent graft oversizing, three groups of oversizing were created; 0–9% 
(n=7), 10–19% (n=7), and 20–29% (n=6). Stent graft sizing was based on adventitia–ad-
ventitia diameters at the proximal landing zone, 5cm distal to the left subclavian artery. 
These diameters were measured twice by two investigators (F.N. and M.C., engineer in 
aortic device development) with an electronic calliper, of which mean values were used 
for analysis.

uniaxial tensile testing

Directly following the radial strain measurements, all specimens were preserved in a 
refrigerator at -7 °C. Subsequently, maximum elastic moduli of the aortic specimens were 
assessed through uniaxial tensile testing22 by Day 2 after pig sacrifice (1.5 ± 0.8 days), 
minimizing the impact of delay and storage on the mechanical response of the tissue. The 
aortas were incised along the posterior wall to explant the stent graft. The preserved an-
terior aortic wall was then used for tensile testing as this was free of spinal side branches. 
Three zones of interest were distinguished in the excised thoracic aorta, i.e. proximal, 
stented, and distal. A bone-shaped specimen cutter extracted circumferential bone-
shaped strips from the aortic tissue. These specimens were used for the tensile tests, which 
was performed by an MTS Insight Testing System 10kN (MTS System Corporation, Eden 
Prairie, MN, USA) equipped with a 250 N load-cell, and by a ME- 46 Video Extensometer 
(Messphysik, Fürstenfeld, Austria). Elastic moduli derived from stress–strain curves and 
peak stress-to- rupture were quantified as peak stress needed to rupture the specimen.

Statistical analysis

Data are shown as frequencies, percentages, and mean ± standard deviation, where 
appropriate. Grubb’s testing identified outliers (a=0.05), which were excluded from the 
analysis. Shapiro–Wilk testing was used to test the normality of data distribution. Statistical 
significance was evaluated with two-tailed paired t-tests or one-way analysis of variance. 
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Intra- and interobserver agreement of aortic diameters was assessed through Lin’s con-
cordance correlation coeffi  cient method (LCCC). An LCCC of <0.90 was deemed as poor, 
0.90–0.95 as moderate, 0.95–0.99 as substantial, and >0.99 as almost perfect agreement.

rESulTS

Time between pre-TEVAR and post-TEVAR measurements was 0.6 ± 0.2h. Time of delay 
between harvesting of the aorta and the initiation of the experiment was 7.1 ± 2.6h and 
the water temperature was 37.2 ± 0.2 °C. Mean diameter at the proximal landing zone 
was 20.5 ± 0.9 mm, pressurized at 100 mmHg.

radial strain changes after thoracic endovascular aortic repair

Mean radial strains (n=20) before and after TEVAR are shown in Figure 3. In the stented 
segments, radial strain decreased from a mean 15.0 ± 4.7% before TEVAR to a mean 7.0 ± 
2.5% after TEVAR, a 2-fold reduction, on average 49%, which was statistically signifi cant 
(P<0.001). The proximal segment also tended to show a decrease of radial strain (P=0.06), 
whereas radial strain in the distal segment remained unchanged (P=0.99).

Figure 4 demonstrates radial strain along increasing pressure in the stented segments, 
before and after TEVAR. The reduction in radial strain after TEVAR was signifi cant for each 
pressure condition (P<0.001 for 120, 140, 160, and 180 mmHg) and the size of the reduc-
tion caused by TEVAR increased as pressure rose (P<0.001).

Impact of stent graft oversizing on radial strain

Figure 5 illustrates radial strain before and after TEVAR per oversizing group. There were no 
baseline diff erences in radial strain between oversizing groups (P=0.64). After TEVAR, radial 
strain in the stented segments decreased in all oversizing groups (P<0.001 for all groups). 

Figure 3. Maximum radial strain be-
tween 100–180mmHg pre- and post- 
TEVAR in the proximal, stented, and dis-
tal segments (n = 20).
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Stent graft oversizing did not aff ect the amount of strain reduction, which was 60.9 ± 
21.6% in the 0–9% oversizing group, 46.0 ± 27.7% for the 10–19% oversizing group, and 
40.2 ± 22.7% when the device was oversized with 20–29% (P=0.30). Regarding strain after 
TEVAR in the proximal and distal adjacent segments, no signifi cant diff erences in strain 
reduction were found among the oversizing groups (P=0.87 and P=0.40, respectively).

radial strain mismatch following thoracic endovascular aortic repair

After TEVAR, a signifi cant radial strain mismatch was observed between the stented 
and proximal non-stented thoracic aortas (Figure 3, P<0.001). The distal adjacent seg-
ment showed no statistically signifi cant radial strain mismatch, although a trend was 
observed (P=0.14).

Figure 4. Radial strain in the stented 
segments pre- and post-TEVAR along 
rising pressure (n=20).

Figure 5. Maximum radial strain be-
tween 100–180 mmHg in the stented 
segments for the oversizing groups 
0–9% (n = 7), 10–19% (n = 6), and 20–
29% (n = 6), pre- and post-TEVAR.
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uniaxial tensile testing

Uniaxial tensile testing demonstrated that the aortic specimens used in this study were 
homogenous regarding circumferential maximum Young’s moduli (26.1 ± 10.3MPa, 
coeffi  cient of variation = 41.4%). Figure 6A shows maximum Young’s moduli in the 
proximal, stented (central), and distal segments. Elasticity was similar along the dif-
ferent segments (P=0.41), although the proximal end tended to be more elastic than 
the distal segment (P=0.11). The elasticity of the stented segment was comparable to 
the distal segment (P=0.22). Following stent graft explant, we observed stent markers 
in the intima along the stented segment (Figure 6B), without macroscopic diff erences 
among oversizing groups. Moreover, tensile testing showed no signifi cant diff erences 
of maximum Young’s moduli (P=0.23) and stress-to-rupture rates (P=0.89) in the stented 
segment when comparing the three oversizing groups.

Intra- and interobserver agreement

For intraobserver measurements, mean diameter diff erences ± SD were 0.10 ± 0.55mm 
before TEVAR and 0.07 ± 0.60mm after TEVAR, with LCCCs of 0.96 (95% CI, 0.89–0.99) and 
0.96 (95% CI, 0.90–0.98), respectively. This indicated substantial intraobserver agree-
ment. Regarding interobserver measurements, mean diameter diff erences ± SD were 
0.30 ± 0.83mm before TEVAR and 0.27 ± 0.49 mm with LCCCs of 0.92 (95% CI, 0.80–0.97) 

Figure 6. Uniaxial tensile testing (n=20). (A) 
Mean maximum elastic moduli per zone. (B) 
Stent marks along the intima of the thoracic 
porcine aorta. Dist, distal; Prox, proximal; Stent, 
stented.



Chapter 6

60

and 0.96 (95% CI, 0.90–0.98), respectively. This indicated moderate-to-substantial in-
terobserver agreement.

dISCuSSION

Segmental stiffening by a stent graft seems to predominantly shift the adverse effects 
up-stream to the heart in a retrograde fashion. Increased impedance in the descending 
aorta increases left ventricular workload with ventricular stiffening as result,7,8 which 
is an established predictor of cardiovascular events and death.5 In addition to such 
systemic adverse effects, there may be a local compliance mismatch between a stiff 
stent graft and a more elastic aorta, as reported in this study. This mismatch has been 
suggested to play a role in important complications such as retrograde aortic dissection, 
aneurysmal dilatation, rupture, and stent graft-induced new entry tears. However, the 
rate of aortic stiffening following TEVAR remains unclear. To elucidate this, we studied 
the pact of TEVAR on radial aortic strain in an experimental model using porcine aortas 
and a mock circulatory loop. Our main finding was that TEVAR led to a twofold reduc-
tion of radial aortic strain. This suggests that TEVAR diminishes the Windkessel effect 
considerably, because radial deformation is the main determinant of volume expan-
sion.6 Moreover, we found that TEVAR-induced radial stiffening resulted in a radial strain 
mismatch in the proximal thoracic aorta. This has been associated with elevated wall 
stress and weakening of the aortic wall, increasing the risk of aneurysmal dilatation and 
aortic dissection.14-17

We observed radial strain of about 14–15% in the proximal descending porcine aorta, 
corresponding to strains in the healthy ascending adult aorta.23 Our results may therefore 
predominantly apply to the human ascending aorta. It is well reported that replacement 
of the ascending aorta with a surgical Dacron graft decreases compliance by about 30%, 
leading to increased impedance and left ventricle hypertrophy.24,25 However, these ef-
fects remain unclear for TEVAR. Our finding that TEVAR appears to reduce the Windkessel 
function by about 50% is timely and important as indications for endovascular repair 
are currently expanding to address proximal aortic pathology.2 Figure 1B illustrates the 
potential effects of stent graft-induced modification of the Windkessel effect. Following 
TEVAR, the aortic wall’s ability to store volume during systole is diminished and most 
of the stroke volume is directly forwarded. As result, less flow is available for diastolic 
perfusion of the peripheral vasculature, including the coronaries. Moreover, due to 
conduit stiffening just distal to the aortic valve, a significant increase of pulse pressure 
is expected,5,8,9 leading to elevated cardiac afterload and cardiac remodelling5,7 and 
reduced coronary perfusion.10,11 However, these potential effects of TEVAR should be 
confirmed in in vivo studies.
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In this experimental study, stent graft oversizing did not significantly affect the reduc-
tion of radial strain after TEVAR. We observed that the highest oversizing group (20–29%) 
tended to show the lowest reduction of radial strain in the stented segments. This find-
ing might be explained by the severe oversizing that creates a certain level of stent graft 
infolding, resulting in higher radial strains at rising pressures due to unfolding. Yet, this 
remains speculative. Importantly, severe stent graft oversizing is not recommended due 
to weakening of the wall and increased risks of complications.18

We observed a significant proximal radial strain mismatch following TEVAR. It has 
been reported that such a local mismatch increases wall stress.14 With each cardiac cycle, 
the aortic wall experiences this elevated stress, which eventually weakens the artery. 
The results of our experimental setup might even underestimate the impact of TEVAR 
on radial strain as the in vivo adjacent aortic segments most likely will compensate for 
the increased impedance in the stented segments, further increasing the mismatch.14 
Importantly, although young patients are not likely candidates for stent grafting, trauma 
patients that suffer from an aortic lesion are often young of age with otherwise normal 
hearts and aortas. Such patients are increasingly managed with stent grafts and the 
stiffening effects induced by TEVAR are markedly profound in this cohort, as their hearts 
and aortas are more compliant.4,9

With rising pressure, radial strain was significantly reduced. This suggests that po-
tential adverse stiffening effects of stent grafts worsen in case of hypertension, which 
emphasizes the importance of strict blood pressure regulation following TEVAR. This 
supports suggestions by others stating that perioperative hypertension may increase 
the risk of aortic dissection.26

Tensile testing showed that the thoracic aortas tended to be more elastic proximally 
than distally, in agreement with literature.27 This finding further underlines the high 
elasticity of the proximal thoracic aorta. This observation is relevant in the current era of 
proximal TEVAR and might have implications for future stent graft designs.

Study limitations

The following limitations are important to be addressed when interpreting the results. 
At first, we acknowledge that the use of porcine aortic tissue is a limitation. However, 
porcine tissue is commonly used in cardiovascular research28 as their mechanical prop-
erties are comparable to young human tissue29 and because they are more widely avail-
able than human cadaveric samples. Nonetheless, healthy porcine aortic tissue is more 
elastic than aged human aortic tissue.4.19 Additional in vivo studies in aged humans 
are therefore warranted to translate these experimental findings to clinical practice. 
Secondary, we used a simplified static pressure circulatory model. Although this model 
neglected dynamic effects that may occur owing to cyclic systolic–diastolic wall defor-
mations, such an experimental, controlled setup has repeatedly been used to assess 
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new biomechanical concepts and assess aortic mechanical properties.14 Moreover, we 
found comparable radial strain when compared with pulsatile ex vivo experimental and 
in vivo patient studies.23,28 A third limitation of this study is the use of non-thrombotic 
blood analogue. This was chosen because a thrombotic agent rapidly led to clotting 
in the mechanical pump, because there are no epithelial cells to inhibit this. Besides, 
such non-thrombotic fluids do not have relevant influence on the high-speed condition 
of the aorta.30 Therefore, we used water to pressurize the aortas, similarly to other ex 
vivo haemodynamic studies.28 We also note that our findings only apply for Medtronic 
Valiant stent grafts, which have interrupted stents. Other stent graft designs might show 
different radial strains.

CONCluSION

TEVAR stiffened the thoracic aorta in the radial direction by a factor of two, creating 
a significant strain mismatch between the stented and proximal non-stented thoracic 
aortas. Such TEVAR-induced aortic stiffening may very well diminish the Windkessel 
function, increasing pulse pressure and cardiac afterload, with risk of hypertension, 
adverse cardiac remodelling, and reduced coronary perfusion. Moreover, such a local 
radial strain mismatch is associated with elevated wall stress and increased risk of aortic 
complications including aneurysmal dilatation and post-TEVAR aortic dissection. This 
study contributes to the understanding on the impact of TEVAR on proximal thoracic 
aortic dynamics, with potential implications for future stent graft design.
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AbSTrACT

Objective

Four-dimensional flow cardiovascular magnetic resonance (4D-Flow CMR) may improve 
assessment of hemodynamics in aortic dissection patients. The purpose of this study 
was to evaluate the feasibility and accuracy of 4D-Flow CMR assessment of true and false 
lumen flow.

Methods

Thirteen ex vivo porcine aortic dissection models were mounted to a flow loop. 4D-Flow 
CMR and 2D phase contrast CMR measurements were performed, assessed for intra- and 
interobserver variability, and compared to a reference standard of sonotransducer flow 
volume measurements. Intra- and interobserver variability of 4D-Flow CMR were also 
assessed in fourteen aortic dissection patients, and compared to 2D PC-CMR.

results

In the ex vivo model, the intra- and interobserver measurements had Lin’s Correlation 
Coefficients (LCCCs) of 0.98 and 0.96 and mean differences of 0.17 ( ± 3.65) ml/beat and 
-0.59 ( ± 5.33) ml/beat; 4D and sonotransducer measurements had an LCCC of 0.95 with 
a mean difference of 0.35 ( ± 4.92) ml/beat. In aortic dissection patients, the intra- and 
interobserver measurements had LCCCs of 0.98 and 0.97 and mean differences of -0.95 ( 
± 8.24) ml/beat 0.62 ( ± 10.05) ml/beat; 4D and 2D flow had an LCCC of 0.91 with a mean 
difference of -9.27 ( ± 17.79) ml/beat, due to consistently higher flow measured with 
4D-Flow CMR in the ascending aorta.

Conclusions

4D-Flow CMR is feasible in aortic dissection patients, and can reliably assess flow in the 
true and false lumen of the aorta. This promotes potential future work on functional 
assessment of aortic dissection hemodynamics.
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INTrOduCTION

DeBakey type III aortic dissection is uncommon but life threatening when it leads to 
complications such as malperfusion syndrome, aneurysmal degeneration, and aortic 
rupture. Endovascular intervention is first line therapy in presence of such complica-
tions, whereas medical therapy is the recommended treatment for dissection patients 
without complications.1,2 However, there is currently equipoise regarding the optimal 
management of uncomplicated aortic dissection.3 A study from the International Regis-
try of Acute Aortic Dissections (IRAD) reports that nearly three quarters of patients with 
initially uncomplicated dissection eventually develop aneurysms over time, increasing 
their risk of mortality at five-year follow-up compared to patients treated with early endo-
vascular repair (29.0% vs. 15.5%).4 Identifying suitable candidates for early intervention 
is expected to improve outcomes of dissection patients, and adverse hemodynamic and 
biomechanical conditions have been identified as potential predictors of aneurysmal 
changes and dissection-related morbidity and mortality.5, 6 However, strong functional 
imaging data of such hemodynamic factors is lacking, which has been recognized as 
a major gap in evidence in both American Heart Association and European Society of 
Cardiology guidelines on aortic disease.1,2

Four-dimensional flow cardiovascular magnetic resonance (4D-Flow CMR) of blood 
flow provides full volumetric spatial and velocity encoded data, which is collected during 
several minutes but represented as one average heartbeat. 4D-Flow CMR is promising as 
a method for functional assessment of blood flow dynamics, but there are few reports 
validating it with other imaging modalities,7-9 and none specifically in the setting of 
aortic dissection. Therefore, the purpose of this study was to evaluate the feasibility and 
accuracy of 4D-Flow CMR assessment of true and false lumen flow volume compared 
to a sonotransducer reference standard. Additionally, we aimed to describe preliminary 
application of the technique in a clinical setting.

METhOdS

Creation of an ex vivo porcine debakey type III aortic dissection model

No live animals were engaged for this research. Aortas of healthy domestic swine, age 
6-9 months, weighing ≤150 kg, were purchased from a certified, commercial third 
party (Animal Technologies, Tyler, TX). The aorta was initially trimmed of excess tissue 
and separated from the heart at the aortic root just distal to the coronary arteries and 
subsequently trimmed up to the level of the renal arteries. Intercostal branches were 
ligated using silk suture and sealed using biocompatible cyanoacrylate (ETHICONTM OM-
NEXTM Surgical Sealant) to prevent leaking during subsequent hydrodynamic testing. 
The aortic dissection model was created according to a fixed number of steps (Figure 1).
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Physiological fl ow model

The descending portion of the dissection model was pulled taut and cut to 19.5 cm 
length, corresponding to the length of the test construct. The aortic root, distal aorta, 
and arch vessels were cannulated and mounted to the test fi xture using custom hose 
barb fi ttings. Silicon O-rings sealed the inner and outer surfaces of the fi xture to allow 
complete submerging of the aorta, thereby increasing the total signal of the construct 
within the MRI magnet. The infl ow and outfl ow hose barb fi ttings of the test construct 
were coupled to an MRI-compatible mock circulation loop10 for testing and imaging 
under set fl ow conditions (Figure 2). The system was fi lled with 4.5L of blood analog 
consisting of a 30/70% glycerin/water solution to permit appropriate viscous properties. 
The MRI-compatible HeartBeat Simulator, which creates controlled fi lling and ejection 
of the left ventricular component, was set to a beat rate of 70 bpm for all models. Stroke 
volumes were set individually for each aorta, ranging 30-72 ml/beat. Flow transducers 
(Transonic Systems, Ithaca, NY) with a reported accuracy of ± 4% were used to measure 
aortic infl ow and outfl ow. Thirteen dissection models were created and tested using this 
method.

Figure 1. Creation of porcine ex vivo dissection model. First, the aorta was inverted (1) and an intimal 
defect (0.5 – 1 cm wide) was made distal to the left subclavian artery (2) and enlarged 1 – 2 cm using a 
hemostat (3), thereby establishing the proximal entry tear. A hydrophilic guidewire was then advanced into 
a guide catheter and inserted through the entry tear to induce separation of the intimal and adventitial lay-
ers through the media (4). The tip of the guidewire was advanced along the length of the descending aorta 
to yield a spiral dissection; percutaneous transluminal angioplasty catheters were advanced and infl ated to 
enlarge the newly created entry tear (5) and false lumen (6). A secondary incision was made to permit the 
guidewire to exit, thereby establishing a distal re-entry tear (7), once the guidewire had traversed a length 
of 12 cm from the entry tear (8). Finally, the model was mounted to the pulsatile fl ow loop (9).
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Ex vivo CMr scan acquisition and analysis

Each ex vivo model was evaluated using 2D PC-CMR and 4D-Flow CMR techniques within 
a 1.5T MRI scanner (Magnetom Avanto, Siemens Healthineer, Erlangen, Germany) to as-
sess dissection anatomy and luminal fl ow (Figure 2). 2D PC-CMR images were acquired 
at the inlet of the model, arch vessels, proximal descending aorta, mid descending aorta, 
and outlet of the model. 2D PC-CMR imaging parameters consisted of the following: 
slice thickness 4-6 mm, bandwidth 445 Hz/px, spatial resolution 173 x 230 – 300 x 300, 
temporal resolution 41.2 – 58.6 ms, fl ip angle 20°, velocity encoding threshold 150 – 225 
cm/s. Acquired 2D PC-CMR Digital Imaging and Communications in Medicine (DICOM) 
datasets were evaluated independently by two observers (Argus Flow, Siemens, Ger-
many). 4D-Flow CMR imaging parameters consisted of the following: slice thickness 4 
mm, bandwidth 490 Hz/px, spatial resolution 320x554, temporal resolution 44.32 ms, 
velocity encoding threshold 185 – 225 cm/s. 4D-Flow CMR datasets were evaluated 
by two observers independently (GT fl ow, Gyrotools, Switzerland). To study the same 
anatomic regions as were studied with 2D PC-CMR (aortic inlet, arch vessels, proximal 
descending aorta, mid descending aorta, and aortic outlet), these planes of interest 

Figure 2. Experimental setup with ex vivo porcine aorta connected to the fl ow loop with MRI-compatible 
HeartBeat Simulator.
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were manually identified using anatomic landmarks from the magnitude data of the 
4D-Flow CMR datasets. The means of the flow values measured by the two observers 
were used to compare 4D-Flow CMR and 2D PC-CMR to each other and to a reference 
standard of sonotransducer flow measurements.

In vivo human CMr scan selection, acquisition and analysis

Our experience with 4D-Flow CMR scanning of patients with aortic dissection started 
in 2011. At the time, scan acquisition times were still around 40 min. This has decreased 
to about 7-12 min in 2016, when the last patient was included. Imaging parameters 
were: slice thickness 2-3 mm, bandwidth 445 - 789 Hz/px, spatial resolution 2.3 x 3.8 
mm – 3.4 x 5.0 mm, temporal resolution 38 – 47 ms, flip angle 7-15°, and velocity encod-
ing threshold 150-200 cm/s. The institutional database of CMR images was reviewed 
retrospectively for 4D-Flow CMR datasets acquired in aortic dissection patients from 
January 2011 through December 2016. The study was approved by the institutional 
review board at Houston Methodist Hospital. Datasets that were incomplete or acquired 
after endovascular treatment were excluded. Included datasets were evaluated by two 
observers independently at several standardized planes of interest (ascending aorta, 
proximal descending aorta, mid descending aorta, distal descending aorta), which were 
assigned manually and identified based on relation to the pulmonary artery bifurcation 
(ascending aorta, proximal and mid descending aorta) and celiac trunk (distal descend-
ing aorta). Furthermore, ascending and descending aortic flow visible on standard 2D 
PC-CMR acquisitions of the ascending aorta were compared to matched locations in the 
4D-Flow CMR flow measurements. This was done visually, by selecting a plane in the 3D 
volume that was perpendicular to the aorta in all directions (x.y.z), corresponding to the 
2D flow plane. GTflow software creates the transversal image belonging to this plane, 
which was compared to the magnitude image of the 2D data as a double check. The 
parameters of these 2D PC-CMR acquisitions in the ascending aorta were: slice thickness 
6 -7 mm, bandwidth 606 - 704 Hz/px, spatial resolution 263x400 – 367x470, temporal 
resolution 38 - 47 ms, flip angle 30°, and velocity encoding threshold 150 – 200 cm/s.

Statistical analysis

The intra- and inter-observer correlation of 4D-Flow CMR flow assessment and cor-
relation to other modalities was tested with Lin’s Concordance Correlation Coefficient 
(LCCC). An LCCC of >0.95 was considered as good agreement; 0.90-0.95 as reasonable 
agreement; and <0.90 as poor agreement between measurements. The difference be-
tween measurements was assessed with Bland-Altman analysis. Other correlations were 
tested with Spearman’s rank correlation.
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rESulTS

Ex vivo flow assessment

Figure 3 shows intra-and inter-observer variability of 4D-Flow CMR flow measurements, 
which had LCCCs of 0.98 (0.97 - 0.99) and 0.96 (0.94 - 0.97), and mean differences of 
0.17 ( ± 3.65) ml/beat and -0.59 ( ± 5.33) ml/beat, respectively. Figure 4 shows the 
comparisons between sonotransducer, 2D, and 4D-Flow CMR flow measurements. The 
agreement between 4D and 2D flow measurements had an LCCC of 0.97 (0.95 - 0.98) 
and the mean difference was -0.60 ( ± 4.81) ml/beat. The agreement between 4D-Flow 
CMR and sonotransducer measurements had an LCCC of 0.95 (0.92 - 0.97) and the mean 
difference was 0.35 ( ± 4.92) ml/beat. The agreement between sonotransducer and 2D 
flow measurements had an LCCC of 0.97 (0.94 - 0.98) and the mean difference was 0.84 
( ± 3.56) ml/beat. The results of 4D-Flow CMR flow measurements ex vivo are shown in 
Table 1.

In vivo human flow assessment

Thirty-six aortic dissection patients with available 4D-Flow CMR scans were identified. 
Ten patients were excluded because the scan had been performed after endovascular 
repair, and a further twelve patients from the start of our experience were excluded be-
cause the DICOM datasets were incomplete or contained errors, such as incorrect spatial 

Figure 3. Correlation and Bland-Altman plots of 4D-Flow cardiovascular magnetic resonance flow volume 
measurements in the ex vivo porcine aortic dissection model. A. Intra-observer variability. B. Inter observer 
variability.



Chapter 7

72

Figure 4. Correlation and Bland-Altman plots of sonotransducer, 2D phase contrast, and 4D-Flow cardiovas-
cular magnetic resonance (PC-CMR) flow volume measurements in the ex vivo porcine aortic dissection mod-
el. A. Sonotransducer versus 2D PC-CMR. B. Sonotransducer versus 4D-Flow CMR. C. 2D versus 4D-Flow CMR.

Table 1. Flow measurements in the porcine ex vivo aortic dissection model.

4d-Flow CMr
ml/beat ( ± Sd)

2d PC-CMr
ml/beat ( ± Sd)

Sonotransducer
ml/beat ( ± Sd)

Ascending aorta/inlet 45.27 ( ± 18.21) 44.21 ( ± 17.69) 39.63 ( ± 17.27)

Arch vessels 7.42 ( ± 4.65) 10.00 ( ± 4.88) -

Proximal descending

- true lumen 32.16 ( ± 11.99) 34.57 ( ± 10.61) -

- false lumen 4.48 ( ± 4.55) 5.21 ( ± 5.19) -

Mid descending

- true lumen 30.62 ( ± 14.12) 32.63 ( ± 13.22) -

- false lumen 4.15 ( ± 4.78) 4.49 ( ± 4.76) -

Distal descending/outlet 33.80 ( ± 13.12) 32.67 ( ± 12.43) 31.62 ( ± 13.29)
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resolution, too few phases per cardiac cycle, aliasing, or scans that were aborted in the 
middle of acquisition, leaving fourteen patients with 4D-Flow CMR scans for analysis. 
For the included patients, 4D-Flow acquisition duration was 15 ± 7 min. Seven of these 
patients had a DeBakey type I aortic dissection and seven had a DeBakey type III aortic 
dissection. More details on patient characteristics can be seen in Table 2.

Table 2. Characteristics of aortic dissection patients with 4D-Flow cardiovascular magnetic resonance in-
cluded in the study

n=14

Age, y ( ± SD) 60.2 ( ± 12.8)

Male, n (%) 8 (57)

Body surface area, 2.0 ( ± .3)

Systolic blood pressure, mmHg ( ± SD) 124.2 ( ± 22.5)

Diastolic blood pressure, mmHg ( ± SD) 67.5 ( ± 11.5)

Heart rate, bpm ( ± SD) 66.0 ( ± 12.0)

Stroke volume, mL ( ± SD) 99.7 ( ± 25.5)

Cardiac output, L/min (( ± SD) 6.2 (2.1)

Dissection type, n (%)

- DeBakey Type I 2 (14)

- DeBakey Type I after graft replacement of the ascending aorta 5 (36)

- DeBakey Type III 7 (50)

Dissection phase, n (%)

- acute 3 (21)

- subacute 2 (14)

- chronic 7 (50)

- unknown 2 (14)

Maximum diameter, mm ( ± SD)

- ascending aorta 41.0 ( ± 16.0)

- descending aorta 41.8 ( ± 7.8)

- abdominal aorta 33.9 ( ± 12.7)

Number of vessels from false lumen, median (range) 1 (0 – 2.5)

Presence of branch vessel obstruction, n (%)

- dynamic 1 (7)

- static 2 (14)

False lumen thrombosis, n (%)

- no 8 (57)

- partial 6 (43)

- complete 0
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Figure 5A and 5B show the intra- and interobserver variability of 4D-Flow CMR flow 
measurements in vivo. The intra-and inter-observer agreement between measurements 
had an LCCC of 0.98 (0.97 - 0.99) and 0.97 (0.96 - 0.98), and mean differences were -0.95 
( ± 8.24) ml/beat and 0.62 ( ± 10.05) ml/beat, respectively. Figure 5C shows the com-
parison of 2D and 4D-Flow CMR flow measurements in vivo. The agreement between 4D 
and 2D flow measurements had an LCCC of 0.91 (0.84 - 0.95) and the mean difference 
was -9.27 ( ± 17.79) ml/beat, with ascending aortic flow especially showing consistently 
higher flow volumes on 4D-Flow CMR (mean difference -23.76 ( ± 11.03) ml/beat). The 
discrepancy between 2D and 4D ascending aortic flow was greater in patients with 
(repaired) DeBakey Type I versus Type III aortic dissection; -28.77 ( ± 10.34) versus -18.91 
( ± 9.37) ml/beat (p=0.07). Baseline correction of flow measured with 2D PC-CMR did not 
improve the correlation with 4D-Flow CMR flow. Various other potential causes for the 

Figure 5. Correlation and Bland-Altman plots of 4D-Flow cardiovascular magnetic resonance flow volume 
measurements in aortic dissection patients (n=14). A. Intra-observer variability. B. Inter-observer variability. 
C. 2D phase contrast versus 4D-Flow cardiovascular magnetic resonance.
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off set between 2D and 4D in the ascending aorta were investigated, but no signifi cant 
correlation was found for: maximum diameter of the aortic root, maximum diameter 
of the ascending aorta, previous aortic valve replacement, or tortuosity index of the 
ascending aorta. We additionally checked which of the two methods had closer correla-
tion with the stroke volume as measured on cine-MRI sequences, but both had only a 
weak correlation (2D: Spearman’s rho: 0.31, p=0.33; 4D: 0.35, p=0.26).

In vivo measurements of fl ow using 4D-Flow CMR are shown in Figure 6 and Supple-
mental Table 2. Mean forward fl ow was larger in the true lumen than the false lumen, 
whereas more reverse fl ow was measured in the false lumen. For example, in the mid 
descending aorta, forward fl ow was 29.4 ( ± 26.1) ml/beat higher in the true lumen, 
whereas reverse fl ow was 6.78 ( ± 7.3) ml/beat higher in the false lumen. An example 
of the qualitative information that can be obtained with 4D-Flow CMR in the setting of 
aortic dissection is shown in Figure 7.

wall shear stress

Additionally, the data on wall shear stress in the false lumen, generated with GT fl ow 
software, were evaluated for all 14 patients. Average wall shear stress magnitude in 
the proximal, mid, and distal descending aorta was 0.10 ± 0.05, 0.12 ± 0.06, and 0.14 ± 
0.08 N/m2. Peak wall shear stress magnitude in the proximal, mid, and distal descending 
aorta was 0.22 ± 0.11, 0.23 ± 0.09, and 0.29 ± 0.14 N/m2. The extent of the dissection 
(DeBakey type I vs III) showed a signifi cant correlation with average wall shear stress in 
the mid and distal descending aorta (Spearman’s rho: -0.55, p=0.04 and -0.48, p=0.08), 
and with peak wall shear stress in the mid and distal descending aorta (Spearman’s rho: 

Figure 6. Bar graph showing forward and reverse fl ow as assessed by 4D-Flow cardiovascular magnetic 
resonance in the true and false lumen of aortic dissection patients (n=14) for diff erent sections of the de-
scending thoracic aorta.
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-0.48, p=0.08 and -0.59, p=0.03). No signifi cant correlations were found for false lumen 
wall shear stress and maximum diameter of the descending aorta, chronicity of the dis-
section, or partial false lumen thrombosis.

dISCuSSION

4D-Flow CMR is a promising imaging technique for the study of aortic hemodynamics, 
but has had limited clinical use so far, mainly due to long scan acquisition times in the 
past. Other obstacles are the availability of post-processing software and the additional 
cost of a research tool which may or may not be covered by insurance until its clinical 
relevance is fi rmly established. Today, scan acquisition durations are reduced to 7-12 
minutes, paving the way for clinical application of 4D-Flow CMR in acute disorders, 
including acute aortic dissection. However, in order to have full confi dence in the assess-
ment of fl ow in true and false lumen by 4D-Flow CMR, a physical model that permits the 
controlled creation of dissection geometry and that can subsequently be tested under 

Figure 7. GTfl ow-generated images of selected timesteps from 4D-Flow cardiovascular magnetic reso-
nance in a patient with type III aortic dissection, showing false lumen fi lling especially during early systole 
(timestep 2 of 20) and early diastole (timestep 8 and 10 of 20).



77

4D-flow MRI in dissection

known, controllable flow conditions is essential. Using such an ex vivo experimental 
set-up, 4D-Flow CMR proved to correlate well with transducer measurements of luminal 
flow across all evaluated areas, without consistent over- or underestimation of true or 
false lumen flow. Moreover, the intra- and interobserver variability of 4D-Flow CMR flow 
assessment in vivo proved to be small, confirming the reliability of the technique for 
clinical use.

An advantage of 4D compared to 2D flow techniques is the ability to assess the entire 
flow field of the aorta, instead of only a few select planes, allowing “off-line” assessment 
of regions of interest that at the moment of scanning may not have seemed relevant. 
Our study has not demonstrated any clinical implications yet, but in the setting of aortic 
dissection, the ability to assess the flow field within the true and false lumen may be 
useful in identifying specific parameters such as retrograde filling, oscillatory flow, wall 
shear stress, false lumen stroke volume, helical flow patterns, and entry tear position. 
Some of these parameters have been correlated to disease progression in other studies, 
with small patient samples.11, 12 Moreover, the detailed flow information that 4D-Flow 
CMR can offer may be used to improve the quality of simulations of aortic hemody-
namics with computational fluid dynamics (CFD).13, 14 The reliability of CFD simulations 
depend on the set boundary conditions,15 which is notoriously difficult in aortic dis-
section, and 4D-Flow CMR may help to set these detailed flow and velocity profiles. An 
advantage of 4D-Flow CMR is that it is not as time-consuming and does not carry the 
high computational costs of CFD.

We noted consistently higher flow values in the ascending aorta but not the descend-
ing aorta with 4D-Flow CMR compared to 2D PC-CMR. Previous studies comparing 
2D and 4D flow assessment in the ascending aorta, in healthy volunteers, found that 
flow volume is equal or lower and peak velocity is higher when estimated with 4D flow 
techniques compared to 2D measurements.16 This causes some uncertainty about which 
measurement depicts the actual flow volume most accurately. Of note, 2D PC-CMR has 
been shown to lead to a consistent underestimation of ascending aortic flow volume 
compared to left ventricular systolic volume measured on cine sequences, with more 
eccentric flow patterns causing a larger underestimation.17 Eccentric or complex aortic 
flow patterns should not lead to an underestimation with 4D-Flow CMR, which can de-
tect voxels in any direction through a 3D volume.18 In healthy volunteers, in whom flow 
patterns are laminar, the discrepancy between 2D and 4D-Flow CMR is generally small.18 
We did not note a significant discrepancy between 2D and 4D flow assessment in our ex 
vivo model, or in the descending aorta in vivo. In both situations, flow patterns are more 
laminar than in the ascending aorta. This suggests that the discrepancy between 2D 
and 4D measurements in the ascending aorta in vivo may be due to an underestimation 
of 2D measurements rather than an overestimation of 4D measurements. We noted a 
greater discrepancy between 4D and 2D in patients with (repaired) type I aortic dissec-
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tion than those with type III aortic dissection. Graft repair has been shown to lead to 
more eccentric flow patterns,19,20 which could partly explain the discrepancy between 
2D and 4D in our study. Imperfect matching of locations between 2D and 4D dataset, 
with potentially off-axis measurements, could also have played a role, which is a limita-
tion of this work.

The most important limitation of this study is the absence of a “gold standard” for 
assessing human in vivo aortic flow. Nevertheless, the data acquired in the ex vivo model, 
with strong correlations between 4D, 2D, and sonotransducer flow measurements, de-
crease the degree of uncertainty for the in vivo measurements. Furthermore, the clinical 
part of the study included scans performed between 2011 and 2016. A number of scans, 
from the early clinical experience, had to be excluded for technical errors, when scan 
acquisition times were still around 40 minutes, which in practice meant the scan was 
sometimes aborted before it was completed. The number of aborted scans is lower now 
that scan acquisition times have been reduced to about ten minutes. A further limitation 
is that eddy current corrections are not part of the analysis in the software that was used 
for 4D flow dataset post-processing, even though eddy current corrections can lead to 
differences in flow volume of up to 10 ml/beat.21 Finally, the lack of follow-up data and 
small sample size limit the potential to interpret the clinical impact of the measured 
flow conditions. Future work may be focused on determining the diagnostic and prog-
nostic value of 4D-Flow CMR by correlating flow patterns to baseline factors such as the 
chronicity of the dissection or the extent of false lumen thrombosis, and to long-term 
dissection-related outcomes.

CONCluSION

In conclusion, 4D-Flow CMR is feasible in acute aortic dissection patients, and is a reli-
able technique to assess flow in the true and false lumen of the aorta. This allows future 
work on functional assessment of aortic dissection hemodynamics.
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AbSTrACT

Objectives

Reference values of aortic deformation during the cardiac cycle can be valuable for 
preoperative planning of thoracic endovascular aortic repair (TEVAR) and for facilitating 
computational fluid dynamics. We aimed to quantify normal aortic extensibility (longi-
tudinal extension) and distensibility (radial expansion), as well as pulsatile strain, in a 
group of 10 (>60 years) individuals with abdominal or thoracic aortic aneurysms.

Methods

ECG-gated CT images of the thoracic aorta were reconstructed into virtual 3D-models of 
aortic geometry. Center lumen line length of the thoracic aorta and three longitudinal 
segments, and the aortic diameter and luminal areas of four radial intersections were 
extracted with a dedicated software script to calculate extensibility, longitudinal strain, 
distensibility, and circumferential area strain.

results

Mean extensibility and longitudinal strain of the entire thoracic aorta were 3.5 [1.3 – 
6.8] x 10-3 N-1, and 2.7 [1.0 – 4.5]%, respectively. Extensibility and longitudinal strain 
were most pronounced in the ascending aorta (20.6 [5.7 – 36.2] x 10-3 N-1 and 15.9 [6.6 
– 31.9]%) and smallest in the descending aorta (4.4 [1.6 -12.3] x 10-3 N-1 and 2.2 [0.7 
– 4.7]%). Mean distensibility and circumferential area strain were most pronounced at 
the sinotubular junction (1.7 [0.5 -2.9] x10-3 mmHg-1 and 11.3 [3.3 -18.5]%, respectively). 
Distensibility varied between 0.9 [0.3- 2.5] x10-3 mmHg-1 and 1.2 [0.3 – 3.3] x10-3 mmHg-1 
at the intersections in the aortic arch and descending aorta.

Conclusions

Pulsatile deformations in both longitudinal and circumferential directions are consider-
able throughout the thoracic aorta. These findings may have implications for preopera-
tive planning of TEVAR and highlight the need for devices that can mimic the significant 
aortic longitudinal and circumferential strains.
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INTrOduCTION

Clinical success of thoracic endovascular aortic repair (TEVAR) depends partly on correct 
sizing of the stent graft. Mis-sizing may lead to stent graft related complications such as 
type I endoleaks, retrograde or antegrade dissection, stent graft migration or collapse.1-4 
Dynamic imaging is important in order to correctly assess the conformational changes 
of the aorta over the cardiac cycle. ECG-gated computed tomography (CT) and magnetic 
resonance imaging (MRI) have been widely used in various aortic pathologies,5-8 with 
good accuracy due to high resolution and tissue contrast. Using these imaging modalities, 
the quantification of aortic distensibility assesses aortic stiffness as it takes the load (i.e. 
pulse pressure) into account, on which deformations greatly depend.9 This is important as 
aortic stiffening is a known predictor of cardiovascular disease and death.10-14 Moreover, 
quantification of aortic distensibility has been reported to have important value for pre-
operative planning.15 Local aortic wall stress can also be derived from estimates of aortic 
stiffness and measured aortic strain.16 Most studies thus far have been limited however 
to examining the circumferential strain and radial distensibility, but have neglected the 
significant longitudinal strain experienced by the aorta over the cardiac cycle.11

We present a computer-aided, semiautomatic measurement method to measure 
aortic dimensions during the cardiac cycle, based on ECG-gated CT imaging of non-
dilated and aneurysmatic thoracic aortas of eight patients with abdominal aortic aneu-
rysm and two patients with descending thoracic aortic aneurysms (seven male, three 
female) unaffected by connective tissue disorder. Thus, we aimed to quantify thoracic 
aortic distensibility (radial expansion) and circumferential strain as well as extensibility 
(longitudinal extension) and longitudinal strain.

MATErIAlS ANd METhOdS

Study population and image acquisition

Images were retrospectively selected from a group of abdominal and thoracic aortic 
aneurysm patients (aged 66-89 years) who underwent routine imaging of the entire 
aorta at the University Medical Center Utrecht, the Netherlands, with ECG-gated CTA. 
Exclusion criteria were connective tissue disorder, or prior aortic surgery. Brachial blood 
pressures at the time of imaging were collected. The study protocol was evaluated by 
the local ethical review board and formal approval and informed consent was waived.

Imaging was performed using a 64-row multi-slice CT scanner (Philip Medical Systems, 
Best, The Netherlands) with a standardized acquisition protocol (slice thickness 0.9 mm, 
increment 0.7 mm) using 90-150 mL of intravenous nonionic contrast (Iopromide, Scher-
ing, Berlin, Germany) injected at 6 mL/s, followed by a 60-mL saline chaser bolus. Scan-
ning started using bolus-triggering software with a threshold of 100 HU over baseline. 
Eight equally-spaced phases were acquired over the cardiac cycle for each patient.
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Image processing and 3d-geometric analysis

Eight three-dimensional segmentations of the aortic luminal boundary were created 
for each patient using the dynamic CT-data and ITK-Snap software.17 Next, the Vascular 
Modeling Toolkit libraries18, 19 were used to extract aortic centerlines for each phase. 
After manual designation of the proximal and distal ends of the aortic segmentation, 
the libraries automatically create a center lumen line from sinotubular junction to celiac 
bifurcation. Each center lumen line was divided into three diff erent regions (ascending 
aorta, aortic arch and descending aorta, Figure 1a). Reference cross-sections perpendic-
ular to the center lumen lines were defi ned at anatomical landmarks at the sinotubular 
junction, brachiocephalic trunk, left subclavian artery and celiac artery (Figure 1b).

Statistical analysis

All data are presented as mean [range]. Data were analysed with SPSS 23.0 (SPSS, Chi-
cago, IL, USA). Normal distribution of the data was assessed with the Shapiro-Wilk test. 
One way analysis of variance or Kruskal-Wallis test were used to compare extensibility, 
longitudinal strain, distensibility and circumferential area change between longitudinal 
segments and radial intersections, respectively. Pearson’s or Spearman’s rank test were 
used to assess correlation for age and for body surface and the observed values for 
extensibility and distensibility. P-values < 0.05 were considered statistically signifi cant.

Diff erences in the 3D segmentation of the diff erent phases of the CTA data can lead 
to signifi cant diff erences in the defi nition of the lumen boundaries. Furthermore, the 

Figure 1. Longitudinal segments and radial intersections of the thoracic aorta delineated by anatomical 
landmarks, i.e. the sinotubular junction and centerline bifurcations of the brachiocephalic trunk, left sub-
clavian artery, and celiac trunk. Also included are the average values of regional extensibility (1a) and dis-
tensibility (1b) for the study population.
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manual designation of the proximal and distal ends of the aortic lumen boundaries can 
lead to differences in the definition of center lines and cross sectional areas. To assess 
this potential variability, 3D segmentations and centerlines were obtained for all cardiac 
phases of one patient, all measurements were calculated twice, thereby providing a 
measure of intra-observer variability. Bland-Altman plots were created and Lin’s Concor-
dance Correlation Coefficient (LCCC) was calculated. An LCCC of >0.99 was considered 
as almost perfect agreement, 0.96-0.99 as substantial agreement, 0.90-0.95 as moderate 
agreement, and <0.90 as poor agreement.

Extensibility and distensibility

Circumferential and longitudinal deformations were quantified. Standard definitions10, 11 
of circumferential and longitudinal strain were used:

circumferential area strain =
maximum lumen area − minimum lumen area

* 100 unit: %
minimum lumen area

longitudinal strain =
maximum aortic length − minimum aortic length

* 100 unit: %
minimum aortic length

Additionally, the standard definition10, 11 of distensibility was also used to characterize 
the circumferential deformation:

distensibility =
maximum lumen area − minimum lumen area

unit: mmHg-1

minimum lumen area * pulse pressure

In the longitudinal direction, a formal definition of extensibility is needed. Changes 
in aortic length can be understood as the result of a force pulling up and down the 
proximal end of the aorta. This force can be approximated as the product of blood pres-
sure times aortic inlet cross sectional area. Considering this, the following definition of 
extensibility is proposed:

extensibility =
maximum aortic length − minimum aortic length

unit: mmHg-1 or N-1

minimum aortic length * pulse pressure * inlet area

Pulse pressure was calculated as the difference between systolic and diastolic pressure.
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rESulTS

Eight patients with abdominal aortic aneurysm and two patients with thoracic aortic 
aneurysm were included. Mean age was 76 ± 7 years, mean pulse pressure was 67 ± 9 
mmHg (see Table 1).

Aortic lengths, longitudinal strain, and extensibility

Mean length of the entire thoracic aorta varied from 293.8 – 444.2 mm during diastole 
to 299.5 – 457.1 during systole. Length change, extensibility, and longitudinal strain are 
listed in Table 2. There was substantial variation in extensibility of the entire thoracic 
aorta between individuals, ranging from 1.3x10-3 N-1 to 6.8x10-3N-1, but mean extensibil-
ity was similar for patients with abdominal and thoracic aneurysms. There was significant 
variation between the three different segments (p<0.01); most pronounced extensibility 
was observed in the ascending aorta. Mean longitudinal strain of the entire thoracic 
aorta amounted to 2.7%, with significant variations among the three different segments 
(p<0.01); it was most pronounced in the ascending aorta and smallest in the descending 
aorta (see Table 2). There was no significant correlation between age and extensibility. 
Body surface area was significantly correlated with extensibility of the entire aorta (cor-
relation coefficient -0.68, p=0.03) but not with the separate longitudinal segments.

Aortic diameters, areas, and distensibility

Mean diameters and lumen area changes, distensibility and circumferential area strain 
are listed in Table 3. Systolic thoracic aortic diameter ranged from 31.2 – 46.2 mm at 
the sinotubular junction to 22.9 – 40.9 mm at the celiac bifurcation. Diastolic diameter 
ranged from 30.3 – 44.1 mm at the sinotubular junction to 22.5 – 39.9 mm at the celiac 
bifurcation. Diameter change amounted up to 6 mm for some patients, although in 

Table 1. Study population

Id Sex Age, 
years

body surface 
area, mm2

Aortic disease brachial blood pressure, mmhg

1 M 66 1.7 AAA 137/78

2 M 86 1.8 AAA 140/60

3 F 89 1.7 AAA 136/81

4 F 83 1.9 AAA 148/72

5 M 72 2.2 AAA 170/90

6 M 68 2.0 AAA 162/98

7 M 76 1.7 AAA 133/70

8 M 75 2.0 AAA 125/69

9
10

M
F

75
77

1.9
1.8

TAA
TAA

151/83 (84/59 after TEVAR)
113/45 (122/57 after TEVAR)

AAA=abdominal aortic aneurysm, TAA=thoracic aortic aneurysm
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other patients, diameter changes were smaller than 0.5 mm at any level (including at 
the sinotubular junction). Accordingly, distensibility varied widely, ranging from 2.7 x 
10-3 mmHg-1 to 25.0 x 10-3 mmHg-1 at the level of the left subclavian artery, for example.

Mean distensbility was similar for patients with abdominal and thoracic aneurysms. 
Mean distensibility and circumferential area strain did not differ significantly between 
the four studied radial intersections (p=0.236 and p=0.211, respectively). There was no 
significant correlation between age and distensibility of any of the cross-sections. Body 

Table 2. Aortic length change, longitudinal strain, and extensibility of entire thoracic aorta and three longi-
tudinal segments. Data presented as mean [range].

Non dilated, n=8 Aneurysmatic, n=2 All non-stented, n=10

length change, mm

 Entire thoracic aorta 9.6 [5.6 – 16.0] 8.3 [3.7 -12.9] 9.4 [3.7 – 16.0] 

  15.8 [7.4 – 24.2] after TEVAR  

 Ascending aorta 7.5 [5.0 – 10.9] 5.1 [4.5 -5.6] 7.0 [4.5 – 10.9] 

  10.5 [8.1 -12.8] after TEVAR  

 Aortic arch 2.1 [1.0 – 5.0] 2.7 [1.4 - 4.0] 2.3 [1.0 -5.0] 

  8.1 [7.6 – 8.5] after TEVAR  

 Descending aorta 5.7 [2.3 -11.2] 3.6 [1.7 – 5.4] 5.3 [1.7 – 11.2] 

 11.0 [7.3 -14.8] after TEVAR  

Extensibility, 10-3 N-1

 Entire thoracic aorta 3.9 [1.3 – 6.8] 1.9 [1.7 – 2.2] 3.5 [1.3 – 6.8] 

  5.8 [4.2 – 7.3] after TEVAR  

 Ascending aorta 23.6 [10.2 – 36.2] 8.5 [5.7 – 11.2] 20.6 [5.7 – 36.2] 

  29.5 [14.2 – 44.8] after TEVAR  

 Aortic arch 6.6 [24.7 -22.9] 6.0 [4.4 – 7.6] 6.5 [2.5 – 22.9] 

  38.9 [16.7 – 61.1] after TEVAR  

 Descending aorta 4.7 [1.9 -12.3] N/A* 4.4 [1.6 – 12.3] 

10.5 [6.0 – 15.0] after TEVAR 

longitudinal strain, %

 Entire thoracic aorta 2.9 [1.6 – 4.5] 1.9 [1.0 – 2.9] 2.7 [1.0 – 4.5] 

  3.8 [2.0 – 5.6] after TEVAR  

 Ascending aorta 18.1 [12.3 -31.9] 7.1 [6.6 – 7.7] 15.9 [6.6 – 31.9] 

  15.3 [12.1 – 18.6] after TEVAR  

 Aortic arch 4.4 [2.0 – 11.2] 6.0 [3.4 – 8.5] 4.7 [2.0 – 11.2] 

  19.3 [16.5 – 22.0] after TEVAR  

 Descending aorta 2.4 [1.0 – 4.7] 1.2 [0.7 – 1.7] 2.2 [0.7 – 4.7] 

3.8 [2.8 – 4.7] after TEVAR 

* the luminal area at the level of the left subclavian artery could not be extracted for the pre-TEVAR CTA of 
one patient with thoracic aortic aneurysm, therefore the mean extensibility of the descending aorta could 
not be included for the two thoracic aneurysm patients.
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Table 3. Aortic diameter and area changes, distensibility, and circumferential area strain at four intersec-
tions. Data presented as mean [range].

Non dilated, n=8 Aneurysmatic, n=2t All non-stented, n=10

diameter change, mm

 Sinotubular junction 3.1 [0.5 – 6.7] 1.5 [0.8 – 2.1] 2.7 [0.5 – 6.7] 

  5.7 [3.9 – 7.5] after TEVAR  

 Brachiocephalic trunk 1.6 [0.3 – 3.7] 2.4 [1.0 -3.8] 1.7 [0.3 – 3.8] 

  4.4 [1.7 – 7.0] after TEVAR  

 Left subclavian artery 1.4 [0.4 – 4.3] N/A* 1.3 [0.3 – 4.3] 

  6.7 [5.1 – 8.2] after TEVAR  

 Celiac trunk 2.1 [0.3 – 4.8] 0.7 [0.4 -1.0] 1.8 [0.3 – 4.8] 

 4.7 [2.9 – 6.4] after TEVAR  

Area change, mm2

 Sinotubular junction 97.4 [30.9 – 201.9] 87.3 [86.4 – 88.2] 95.4 [30.9 – 201.9] 

  145.5 [90.7 – 200.2] after TEVAR  

 Brachiocephalic trunk 53.5 [23.4 – 118.0] 108.4 [39.4 – 177.3] 64.5 [23.4 – 177.3] 

  137.6 [85.8 – 189.4] after TEVAR  

 Left subclavian artery 36.5 [10.8 – 81.0] N/A* 35.4 [10.8 -81.0] 

  73.8 [51.9 – 95.7] after TEVAR  

 Celiac trunk 41.5 [13.5 – 72.5] 26.8 [11.4- 42.2] 38.6 [11.4 – 72.5] 

 82.3 [31.6 – 133.0] after TEVAR 

distensibility, 10-3 mmhg-1

 Sinotubular junction 1.7 [0.5 – 2.9] 1.5 [0.9 – 2.1] 1.7 [0.5 – 2.9] 

  3.5 [2.2 – 4.8] after TEVAR  

 Brachiocephalic trunk 1.1 [0.3 – 3.3] 1.5 [0.7 – 2.3] 1.2 [0.3 – 3.3] 

  3.0 [2.7 – 3.3] after TEVAR  

 Left subclavian artery 0.9 [0.3 – 2.5] N/A* 0.9 [0.3 – 2.5] 

  2.8 [1.7 -3.9] after TEVAR  

 Celiac trunk 1.3 [0.4 – 3.3] 0.6 [0.5 – 0.7] 1.2 [0.4 – 3.3] 

 2.7 [2.4 – 3.0] after TEVAR 

Circumferential area strain, %

 Sinotubular junction 11.6 [3.3 – 18.5] 10.1 [6.2 -14.1] 11.3 [3.3 – 18.5] 

  13.1 [7.6 – 15.3] after TEVAR  

 Brachiocephalic trunk 6.8 [2.2 – 18.4] 10.2 [4.7 – 15.6] 7.5 [2.2 – 18.4] 

  (13.0 ± 6.8 after TEVAR)  

 Left subclavian artery 5.9 [2.2 – 14.0] N/A* 5.9 [2.2 – 14.0] 

  (10.5 ± 1.0 after TEVAR)  

 Celiac trunk 8.7 [2.5 – 18.3] 3.8 [3.1 – 4.6] 7.7 [2.5 – 18.3] 

(11.4 ± 5.5 after TEVAR) 

* the diameter and luminal area at the level of the left subclavian artery could not be extracted for the pre-
TEVAR CTA of one patient with thoracic aortic aneurysm, therefore the mean pre-TEVAR diameter and area 
change, distensibility and circumferential area strain could not be included for the two thoracic aneurysm 
patients.



89

Thoracic aortic extensibility and distensibility

surface area showed a significant negative correlation with the distensibility at the level 
of the brachiocephalic trunk (correlation coefficient -0.69, p=0.026), but not at the other 
cross-sections.

Intra-observer repeatability

Intra-observer analysis showed a mean difference of 0.9 ± 3.2 mm (p=0.13), with an LCCC 
>0.99 (95%CI: >0.99 – >0.99) for length measurements. Mean difference was 5.8 ± 27.8 
mm2 (p=0.25) for area measurements, with an LCCC 0.98 (95%CI: 0.96 – 0.99) and 0.1 ± 
0.5 mm (p=0.21) for maximum diameter measurements, with an LCCC of 0.99 (95%CI: 
0.97 – 0.99), as shown in Figure 2.

dISCuSSION

The aortic deformations during the cardiac cycle, particularly those in the longitudinal 
direction, have been sparsely studied. In this work, we have quantified radial expansion, 
or distensibility, and longitudinal expansion, or extensibility. We propose a new defini-
tion of how the latter should be calculated, based on the physiological principle that the 
changes in length are caused by heart movement pulling the proximal end of the aorta 
up and down in combination with the load ejected into the ascending aorta. Our main 
findings show considerable deformations in both directions for a cohort of patients with 
abdominal or thoracic aortic aneurysms, with important variations between individuals. 
Pulsatile deformations were similar for non-dilated and aneurysmatic thoracic aortas. 
Moreover, we found that the largest deformations occur in the ascending aorta.

The clinical importance of defining extensibility and distensibility of the thoracic 
aorta encompasses different areas. Firstly, it serves a purpose for preoperative planning 
of aortic interventions. Typically, stent graft sizing is based on the maximum aortic 
diameter of the proximal landing zone. A potential measurement error of up to 5 mm 
should be taken into account for manual diameter measurements in the thoracic aorta.20 
A computer-aided, semi-automatic measurement method reduces the possibilities for 
customization but may help to reduce the measurement error,21 Our data show similar 
values of ascending aortic distensibility to those found in studies using epiaortic echog-

Figure 2. Bland-Altman plots showing intra-observer variability for measurements of (A) length; (B) area; 
(C) maximum diameter.
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raphy (during surgery)22 or cine-MRI protocols.11 We noted pulsatile diameter changes 
of up to 4.3 mm in the proximal descending aorta, which is the most common landing 
zone. Our results of semi-automatic diameter measurements show small intra-observer 
differences, and were thus sufficiently adequate to record diameter changes over the 
cardiac cycle.

Arterial stiffness is the inverse of arterial compliance. Arterial compliance is defined as 
the change in volume caused by a change in pressure. Distensibility is compliance divided 
by the initial volume, and if the artery is relatively fixed to its’ surroundings and the flow 
is pulsatile, then distensibility can be estimated as a change in cross-sectional area for a 
change in pulse pressure.9 Aortic distensibility of healthy individuals decreases sharply 
after the age of 50,11 a threshold after which most TEVAR procedures are performed. Our 
data show that, on average, diameter changes over the cardiac cycle are less than 2 mm 
in some aortic segments. However, some of our patients showed significant pulsatile 
diameter changes of up to 6 mm, despite advanced age. Therefore, dynamic imaging 
may be helpful to identify those patients with significant distensibility. ECG-gated CTA 
has a radiation dose of about 21 mGy, which is within the range of standard abdominal

CTA, but still provides images of good quality23, and can therefore be valuable for 
preoperative evaluation prior to TEVAR to prevent incorrect stent graft sizing.
Stent graft sizing comprises not only choosing the correct stent graft diameter but 
also the correct length. Few studies have quantified longitudinal deformations of the 
thoracic aorta10, 24, 25 and reference values on thoracic aortic extensibility are lacking. 
We observed descending aortic length changes ranging from 1.7 – 11.2 mm, which 
may be reason for choosing a slightly longer stent graft than may be initially expected, 
especially in presence of important aortic tortuosity. More data on longitudinal pulsatile 
deformations may help to determine the correct degree of ‘longitudinal oversizing’. Fur-
thermore, increased longitudinal strain has been reported to be an important risk factor 
of aortic dissection,24 which further underlines the importance of quantifying normal 
extensibility.

Pulsatile aortic motion has a twisting pattern. This is triggered by the load of the blood 
flow, pushed with force into the ascending aorta, combined with anatomical fixation 
by the ligamentum arteriosum at the distal arch. This twist during systole creates dif-
ficulties in measuring dimensions, length especially, in the proximal aorta, due to an 
out-of-plane movement.26 At best, if there was no out-of-plane movement, the mea-
sured length changes of the center lumen line would accurately represent the length 
changes between two anatomical landmarks. Any movement to another plane can only 
increase the length of the center lumen line. Because this out-of-plane movement is not 
measured with our method, the observed extensibility is likely to be an underestima-
tion. Therefore, the implications of aortic extensibility for choosing the correct stent 
graft length are particularly important when treating aortic lesions which necessitate 
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proximal TEVAR deployment in zone 0, as has been reported with increasing frequency 
in the last years.27, 28

Although the current generation of stent grafts already offers some amount of con-
formability to aortic pulsatile deformations, computational studies show that the stent 
material and graft material (i.e. nitinol and woven polyester or ePTFE), are still much 
stiffer than native aortic tissue.29, 30 This may explain a native aorta-to-stent graft mis-
match in distensibility and strain in radial and longitudinal directions.31 Quantification 
of normal pulsatile deformations can be used as a requirement for the next generations 
of stent grafts. Finally, assessing aortic distensibility might not only aid physicians, but 
biomedical engineers as well. For example, this type of data can be useful for computa-
tional studies32, which rely on clinical input data for the so-called ‘boundary conditions’ 
of the computational models.

A limitation of our study is that peripheral pulse pressure instead of central aortic 
pressure was used to calculate aortic distensibility. The thoracic aorta is a predominantly 
elastic artery, while the brachial artery is a predominantly muscular artery, which leads 
to an impedance mismatch between the two; however, this mismatch is reduced or even 
reversed at advanced age.33 Therefore, the effect of using brachial blood pressure as if 
it were central aortic pressure will likely be minimal for our study population. The small 
sample size and retrospective design are other significant limitations. Future studies 
involving more patients might eventually help to define more precise values of distensi-
bility, which can be used as reference values.

In conclusion, we used a semi-automated measurement method based on dynamic 
CTA imaging of the thoracic aorta to quantify aortic extensibility, distensibility, and pul-
satile strain. This method showed considerable deformations throughout the thoracic 
aorta, with notable differences between the ascending and descending aorta. Since 
deformations were similar for non-dilated and aneurysmatic thoracic aortas, our results 
may have implications for preoperative planning of TEVAR for patients with aneurysm, 
in particular in case of proximal stent graft deployment. Finally, data on aortic dynam-
ics, such as presented in this study, highlight the need for devices that can mimic the 
significant aortic longitudinal and circumferential strains.
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AbSTrACT

Objective

Understanding morphological changes of ascending, arch and descending aorta with 
cardiac and respiratory motion is critical for planning of endovascular repair of thoracic 
aorta. The aim of this study was to determine the impact of the cardiac cycle on thoracic 
aortic geometry

Methods

In this retrospective study, electrocardiogram-gated cardiac computed tomography 
from 116 patients who were evaluated for trans-catheter aortic valve replacement 
were reviewed. A protocol for measurements of maximal diameters and lengths of the 
thoracic aorta and supra-aortic vessels was established. Measurements were made in 
multi-planar views perpendicular to the semi-automatically created centerline on both 
systolic and diastolic phases.

results

Mean age was 77 ± 11 years of our study cohort. Mean systolic and diastolic diameter 
were 31.6 ± 0.42 and 30.1 ± 4.4 mm at the sinotubular junction, 35.6 ± 4.8 and 34.8 ± 
4.7 mm in the ascending aorta, 29.1 ± 3.3 and 28.5 ± 3.3 mm in the aortic arch (distal 
left common carotid artery), and 26.7 ± 5.4 and 25.8 ± 5.4 mm in the descending aorta 
respectively. Mean diameter change was 1.5 ± 0.9 mm at the STJ, 0.8 ± 0.9 mm in the 
ascending aorta, 0.6 ± 0.8 mm in the aortic arch, and 0.9 ± 1.2 mm in the descending 
aorta. Mean arterial strain was 5.0 ± 3.2% at the level of the sinotubular junction, 2.4 ± 
2.7% in the ascending aorta, 2.0 ± 2.9% in the aortic arch, and 3.9 ± 5.7% in the descend-
ing aorta.

Conclusions

Our results demonstrated that small but significant circumferential and longitudinal 
strain was present at every aortic level. These findings may have implications for endo-
vascular thoracic aortic repair and may provide reference values for future comparison.
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INTrOduCTION

Thoracic endovascular aortic repair (TEVAR) has been increasingly adopted to treat a 
spectrum of thoracic aortic diseases.1 This paradigm change has occurred secondary 
to the low morbidity and mortality associated with TEVAR.2 TEVAR success is highly 
dependent on preoperative assessment of aortic morphology. Precise measurement of 
aortic diameters is important in the selection of endograft size. An oversizing of 10-20 
% relative to the aortic diameter is usually recommended by guidelines and endograft 
manufacturers.3 Size mismatch can lead to endoleaks, rapid expansion of aneurysm sac, 
dilation of aneurysmal neck, graft migration and kinking.4-7 This has, potentially, greater 
implications in the ascending aorta and arch due to exaggerated motion.

During the cardiac cycle changes in aortic diameter and area occur secondary to the 
effect of cardiac output and aortic compliance.8,9 Endograft size for TEVAR is generally 
based on the aortic diameter of the proximal landing zone provided by non-gated com-
puted tomographic angiography (CTA).10 CTA does not account for the dynamic changes 
in the thoracic aorta and provides static aortic dimensions and hence can lead to size 
mismatch. Electrocardiogram (ECG) gated CT scans have been increasingly adopted for 
TEVAR planning given they provide information regarding the dynamic changes in the 
aorta during the cardiac cycle. However, a limited number of studies have looked at 
variations in aortic dimensions during the cardiac cycle using ECG gated CTA, and those 
have yielded conflicting results.3,10-13

The aim of this study was to determine the impact of the cardiac cycle on thoracic 
aortic geometry. In particular, to determine to what extent the aortic diameters and 
lengths vary during the cardiac cycle as determined by ECG gated CTA.

METhOdS

Patient selection

This retrospective study was conducted after approval from the institutional review 
board. A total of 116 patients undergoing ECG gated CTA in the context of an evalua-
tion for transcatheter aortic valve replacement (TAVR), were selected for morphometric 
analysis. All the ECG gated CT scans were retrospectively gated. A protocol for measure-
ments of maximal diameters and lengths of the thoracic aorta as well as the origin of the 
supra-aortic vessels was established. This protocol was set up to ensure measurements 
during systolic and diastolic phases. These phases were defined by assessing the low-
est and highest left ventricular volumes respectively and were used to make confident 
measurements during cardiac cycle. R-R interval in between 30-40 % and 70-80 % 
corresponded to systolic and diastolic phases for all the patients respectively. Patients 
with aortic dissection, TEVAR, left ventricular ejection fraction < 40%, and those without 
systolic or diastolic phases on the cardiac CTA were excluded
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Morphometric and calcium scoring

Each patient had a total of 38 measurements, 19 during systolic and 19 during diastolic 
phase. A total of 15 measurements for diameter (aortic and supra-aortic) and 4 for length 
were made (Figure 1). Measurements were made using a commercially available software 
syngo.Via (Siemens Healthcare GmbH, Germany), in multi-planar views perpendicular 
to the semi-automatically created centerline in both systolic and diastolic phases. An 
initial validation study was performed for ten patients to ensure inter and intra user 
consistency. These measurements were made independently by two physicians. Final 
measurements for 116 patients were made by one physician. Agatston score was used 
to calculate ascending, arch and descending thoracic aortic calcium similar to the way it 
is used to calculate coronary calcium. Total thoracic calcium was the sum of ascending, 
arch and descending calcium content in Hounsfi eld units (HU). These calculations are a 
built-in function on syngo.Via software.

Measures of Aortic Pulsatile distension

Aortic pulsatile distension was calculated using the following generally accepted mea-
sures14:

1. Circumferential arterial strain  ( % )   =
Systolic diameter  − diastolic diameter

x 100%
diastolic diameter

2. Longitudinal arterial strain  ( % )= 
Systolic length − diastolic length

x 100%
diastolic length

3. Arterial compliance( mm3 / kPa )=  π
( systolic diameter2 − diastolic diameter2 )

4 x pulse pressure

4. Arterial distensibility  ( % / kPa )=
systolic diameter2 − diastolic diameter2

x100%
pulse pressure x diastolic diameter2

5. Stiff ness index (dimensionless) = ln (
systolic blood pressure / diastolic blood pressure

)
arterial strain

6. Pressure − strain modulus (kPa) =
pulse pressure

arterial strain

Cardiac CTA scan

Cardiac CTA using Siemens Somatom Force Dual Source CT scanner (Siemens Healthcare 
GmbH, Germany) for TAVR included a non-contrast phase to evaluate the total calcium 
of the thoracic aorta and a contrast phase. The imaging protocol included anatomical 
coverage from the aortic arch to apex of the heart with the scan performed in a cranio-
caudal direction. Scan type for calcium evaluation was high pitch dual source “fl ash”. 
Scan type for TAVR evaluation was adaptive sequential with retrospective ECG gating 
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and included cardiac phases from 20-80%. A gantry rotation time of 0.25 seconds with a 
pitch of 3.2, slice thickness of 0.5 mm and a radiation dose of 120 KV were used for both 
non-contrast and contrast phase of the ECG gated CT scan.

Statistical analysis

Categorical data is presented as frequencies and percentages. Normally distributed 
continuous variables were reported as mean ± SD. Student t test and Mann-Whitney U 
tests were used for comparing normally distributed and skewed continuous variables 
respectively. A p-value of less than 0.05 was considered signifi cant. Data analysis was 
performed with Stata 14.0 (2015, StataCorp. College Station, TX).

Figure 1. Schematic drawing of mean circumferential strain, longitudinal strain, and distensibility at the 
measured locations in the aorta.
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rESulTS

baseline demographics and differences in diameter and length

Mean age of our cohort was 77.4 ± 10 years with 52.6 % being male. Mean ejection 
fraction and stroke volume were 62 ± 12 % and 85 ± 32 ml respectively. Mean aortic 
valve gradient was 41 ± 16 mm Hg. Chronic kidney disease and end stage renal disease 
accounted for 36.2 and 5.2 % respectively. Prevalence of hypertension was (90.4 %), dia-
betes (42.2), coronary artery disease (47.4 %), congestive heart failure (38.8), atrial fibril-
lation (26.7 %) and cerebrovascular accident (13.8 %) was seen in our patient population. 
Calcium content of the ascending, arch, descending and total thoracic aortic was 1846.1 
(3379.9), 2741.2 (3475.9), 1487.5 (2184.8) and 6064.3 (6011.6) agatston units respectively 
(Table 1).

The changes in diameter varied between 1.5 ± 0.9 mm at the sinotubular junction 
(STJ) and 0.5 ± 2.3 mm at proximal left subclavian (LSCA) (See Table 2) Changes in length 
varied between 2.5 ± 1.6 mm from STJ to proximal brachiocephalic artery (BCA) and 
0.5 ± 1.1 mm from distal BCA to distal left common carotid artery (CCA) (See Table 2). A 
detailed overview of diameter lengths at various aortic levels during systole and diastole 
is shown in Table 2.

Circumferential and longitudinal strain

Circumferential strain ranged between 5.03 ± 3.21% at the STJ and 1.79 ± 7.97% at 
the proximal left subclavian artery (LSCA) (See Figure 1A). Longitudinal strain ranged 
between 9.76 ± 12.54 % between distal LCCA to distal LSCA and 4.93 ± 3.53 % between 
STJ and proximal BCA (See Figure 1B). Distensibility ranged between 1.22 %/kPa at the 
STJ and 0.48 %/kPa at LSCA (See Figure 1C). A detailed overview of strain, compliance, 
distensibility, stiffness index and pressure-strain modulus can be seen in Table 3.

regression analysis

On univariate analysis, several variables showed significant associations with diameter 
changes for at least one of the measured locations, namely: age, weight, body mass 
index, stroke volume, ejection fraction, congestive heart failure, atrial fibrillation, 
cerebrovascular accident, peripheral arterial disease, end stage renal disease, smoking, 
and diabetes. On multivariable linear regression analysis, the two variables that showed 
significant associations with diameter changes at several of the measured locations 
were age and body mass index.

Intra- and interobserver reliability

Intra- and inter-rater reliability was evaluated using the intra-class correlation coefficient 
(ICC) and Bland-Altman analysis. Intra-observer analysis (Figure 2) showed good correla-
tion for aortic diameter (ICC 0.99; mean difference -0.001 ± 0.52 mm), supra-aortic diam-
eter (ICC 0.99; mean difference -0.03 ± 0.62 mm) and aortic length measurements (ICC 
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Table 1. Demographics of patients presenting for TAVR evaluation. Data presented as mean (SD) unless 
indicated otherwise

N=116

Age (yrs) 77.4 (10.7)

Male (%) 52.6

Race (%)

African American 9.5 

Caucasian 76.7 

Hispanic 12.1 

other 1.7 

Height (cm) 171.2 (28.5)

Weight (kg) 80.5 (19.8)

BMI (kg/m2 28.4 (6.1)

BSA (m2) 1.9 (0.3)

SBP (mmHg) 138 (23)

DBP (mmHg) 70 (12)

LVEF (%) 62 (12)

SV (mL) 85 (32)

Aortic valve gradient (mmHg) 41 (16)

Ascending aortic calcification (AU) 1846 (3379)

Aortic arch calcification (AU) 2741 (3475)

Descending aortic calcification (AU) 1487 (2184)

Total aortic calcification (AU) 6064 (6011)

Diabetes (%) 42.2

CKD (%) 36.2

HTN (%) 90.4

CAD (%) 47.4

Prior PCI (%) 16.4

Prior CABG (%) 16.4

CHF (%) 38.8

Dyslipidemia (%) 77.6

Hypercoagulable disorder (%) 4.3

ACE inhibitor use (%) 30.4

Arch category (%)

Normal 79.3 

Bovine 20.7 

ACE= angitonesinogen converting enzyme; AU=agatston unit; BMI=body mass index; BSA=body sur-
face area; CKD=chronic kidney disease; CHF=congestive heart failure; CABG= coronary artery by-
pass graft; DBP=diastolic blood pressure; HTN= Hypertension; LVEF=left ventricular ejection fraction; 
PCI=percutaneous coronary intervention; SV=stroke volume; SBP=systolic blood pressure
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0.99; mean difference 0.13 ± 0.61 mm). Inter-observer analysis (Figure 3) also showed 
good correlation for aortic diameter (ICC 0.97; mean difference 0.14 ± 1.08 mm); supra-
aortic diameter (ICC 0.95; mean difference -.08 ± 1.13) and aortic length measurements 
(ICC 0.99; mean difference -.21 ± 3.01 mm).

dISCuSSION

The aim of this study was to assess morphometric changes of the aorta during the 
cardiac cycle and quantify arterial strain in a group of patients who had ECG-gated CTAs. 
Understanding the changes would potentially allow for more appropriate sizing of the 
endograft and could result in decreased complications associated with TEVAR. It also 
gives us an appreciation of baseline motion of these arterial segments, thereby could 
lead to an understanding of the impact of TEVAR in the ascending aorta and the aortic 

Table 2. Mean diameters and lengths in millimeters during systole and diastole at various aortic levels. 
Mean difference in diameter and length at various aortic levels. Mean (SD)

Systole diastole delta p-value

diameters

Asc. Ao. STJ 31.6 (4.5) 30.1 (4.4) 1.5 (0.9) <0.01

Asc. Ao. 4 cm prox. BCA 35.6 (4.8) 34.8 (4.7) 0.8 (0.9) <0.01

Asc. Ao. Prox BCA 33.4 (3.5) 32.6 (3.4) 0.8 (0.9) <0.01

Ao. Arch Dist. BCA 31.7 (3.4) 30.9 (3.3) 0.7 (0.8) <0.01

Ao. Arch Prox. LCCA 31.4 (3.5) 30.6 (3.4) 0.7 (0.8) <0.01

Ao. Arch Dist. LCCA 29.1 (3.3) 28.5 (3.3) 0.6 (0.8) <0.01

Ao. Arch Prox. LSCA 28.8 (3.9) 28.3 (3.5) 0.5 (2.3) 0.04

Desc. Ao. Dist LSCA 26.4 (3.7) 25.7 (3.7) 0.7 (1.0) <0.01

Desc. Ao. 4 cm dist. LSCA 26.7 (5.4) 25.8 (5.4) 0.9 (1.2) <0.01

BCA ostium 17.3 (3.5) 16.5 (3.2) 0.8 (2.1) <0.01

BCA 1 cm distal 14.1 (2.3) 13.4 (2.4) 0.8 (1.2) <0.01

LCCA ostium 12.1 (2.9) 11.3 (2.7) 0.9 (1.5) <0.01

LCCA 1 cm distal 9.9 (2.8) 9.3 (2.7) 0.6 (1.4) <0.01

LSCA ostium 13.7 (3.1) 12.8 (3.1) 0.9 (2.0) <0.01

LSCA 1 cm distal 22.2 (22.0) 21.3 (21.4) 1.0 (1.6) <0.01

lengths

Asc. Ao. STJ to Prox. BCA 58.7 (21.8) 56.2 (21.2) 2.5 (1.6) <0.01

Ao. Arch Prox. BCA to dist. BCA 15.1 (3.5) 14.1 (3.7) 1.0 (1.3) <0.01

Ao. Arch Dist. BCA to Dist LCCA 8.8 (3.0) 8.2 (3.0) 0.5 (1.1) <0.01

Ao. Arch Dist LCCA to dist LSCA 16.6 (5.2) 15.4 (5.2) 1.2 (1.3) <0.01

Ao=aortic; Asc=ascending; BCA=brachiocephalic; Desc= descending; Diam=diameter; Dist= distal; 
LCCA=left common carotid artery; LSCA=left subclavian artery; Prox=proximal; STJ=sinotubular junction
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arch. Thoracic endografts are oversized at an estimated 10-20 % of the maximal aortic 
diameters. However, mismatch between aortic and endograft size leads to graft kink-
ing, endoleaks and aneurysmal dilation with deleterious effects. In this setting, more 
accurate measurements for aortic diameters might allow for proper apposition, and 
ultimately, for optimal results.

Changes in aortic diameter and area occur throughout the cardiac cycle.8,9 We 
observed highest circumferential arterial strain, expressed as a percentage change in 
maximal aortic diameter between systole and diastole in the ascending aorta followed 
by descending aorta (5.03 ± 3.21 % and 3.92 ± 5.72%) respectively. Maximal aortic diam-
eters have been reported to be larger during systole with an increase in aortic diameter 
of 27 % and 18% in the ascending and descending aorta respectively.11,13 Based on this, 
sizing of the endograft using static diameter as provided by the conventional CTA or 
by only on the end diastolic phase of an ECG-gated CTA could be potentially errone-
ous. These dynamic changes may explain higher rates of endoleaks, up to 29 %, seen 

Table 3. Arterial strain, compliance, stiffness index, and pressure-strain modulus. Mean (SD)

Arterial 
strain (%)

Arterial 
compliance 
(mm3/kPa)

Arterial 
distensibility 

(%/kPa)

Stiffness 
index

Pressure-
strain 

modulus (kPa)

Asc. Ao. STJ 5.0 (3.2) 8.8 (7.2) 1.2 (0.9) 17.7 (28.2) 239.3 (301.7)

Asc. Ao. 4 cm prox. BCA 2.4 (2.7) 5.5 (7.5) 0.6 (0.7) 29.8 (71.0) 404.5 (901.1)

Asc. Ao. Prox BCA 2.5 (2.7) 5.5 (9.3) 0.6 (0.9) 43.0 (69.3) 558.2 (874.1)

Ao. Arch Dist. BCA 2.4 (2.8) 4.3 (5.7) 0.6 (0.8) 25.2 (80.7) 334.0 (1170.5)

Ao. Arch Prox. LCCA 2.4 (2.7) 4.1 (5.0) 0.6 (0.7) 30.8 (68.9) 398.9 (965.5)

Ao. Arch Dist. LCCA 2.0 (2.9) 3.1 (4.9) 0.5 (0.7) 22.8 (63.7) 303.4 (821.6)

Ao. Arch Prox. LSCA 1.8 (8.0) 2.7 (8.9) 0.5 (1.3) 16.1 (74.6) 226.3 (1015.9)

Desc. Ao. Dist LSCA 2.9 (4.2) 3.1 (4.6) 0.7 (1.1) 6.8 (61.3) 95.5 (767.4)

Desc. Ao. 4 cm dist. LSCA 3.9 (5.7) 4.6 (6.8) 1.0 (1.8) 13.4 (58.4) 158.2 (755.0)

BCA ostium 5.3 (12.4) 2.6 (7.9) 1.4 (3.2) 0.1 (30.4) -10.2 (434.3)

BCA 1 cm distal 6.8 (12.5) 1.9 (3.2) 1.8 (4.0) 9.8 (24.0) 132.1 (321.3)

LCCA ostium 8.7 (14.7) 2.0 (4.1) 2.3 (3.8) 7.6 (25.8) 101.1 (345.0)

LCCA 1 cm distal 7.3 (16.7) 1.1 (3.5) 2.1 (6.0) 9.8 (24.0) 132.1 (321.3)

LSCA ostium 9.4 (21.8) 2.4 (5.7) 2.9 (7.4) 7.6 (25.8) 101.1 (345.0)

LSCA 1 cm distal 6.8 (18.5) 6.6 (14.2) 1.9 (6.1) 1.4 (21.2) 21.8 (285.3)

Asc. Ao. STJ to Prox. BCA 4.9 (3.5) 24.3 (24.2) 320.7 (336.3)

Ao. Arch Prox. BCA to dist. BCA 8.6 (11.8) 12.1 (34.9) 159.5 (460.7)

Ao. Arch Dist.BCA to Dist LCCA 8.3 (15.2) 6.7 (19.0) 88.2 (249.3)

Ao. Arch Dist LCCA to dist LSCA 9.8 (12.5) 14.1 (33.7) 186.4 (450.2)

Ao=aortic; Asc=ascending; BCA=brachiocephalic; Desc= descending; Diam=diameter; Dist= distal; 
LCCA=left common carotid artery; LSCA=left subclavian artery; Prox=proximal; STJ=sinotubular junction
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after TEVAR.15 Our study corroborates these findings with larger diameter seen during 
systole. However, the magnitude of arterial strain shown in our study in the ascending 
and descending (5.03 % and 3.92 %) was much smaller than the previously reported 
27% and 18% in the ascending and descending aorta respectively.11,16 The CTAs for our 
patient population were performed for preoperative planning of TAVR. High Agatston 
scores indicating significant calcifications are common in this patient population.17 
Our patient cohort also had a high mean Agatston score of aortic calcifications. In fact, 
only one patient had a total aortic calcium score of 0. More calcifications are associated 
with lower strain.18 Future studies with larger sample sizes comparing arterial strain in 
patients with thoracic aneurysm disease might provide better understanding of the 
differences in strain for a range of patient pathology.

Dynamic changes were also seen for length measurements at various aortic levels 
(p<0.01). Such changes in length were seen in the proximal zones (0,1,2), where landing 
a stent graft for ascending and arch pathologies would be relevant. Longitudinal arterial 
strain was highest in between distal LCCA to distal LSCA (corresponding to landing zone 
2) (9.76 ± 12.54 %) followed by proximal to distal BCA (8.58 ± 11.78 %). These findings 
might explain various modes of endograft failure in the thoracic aorta, since longitudi-
nal strain is not taken into consideration, and may be of particular value in branched 
and fenestrated devices. Limited data is available on longitudinal deformations of the 
thoracic aorta, and those studies have been performed using MRI,19,20 aortograms,21 or 
CT22,23 and were determined for the aortic root only,21 the ascending aorta,19,20,23 or the 
entire length of the thoracic aorta.22,23 The results of these studies showed considerable 
variability of longitudinal strain between individuals, dependent on gender,19 age,22 or 
presence of aortic insufficiency.21 The presence of aneurysmal disease is also likely to af-
fect amount of longitudinal strain.23 We measured a longitudinal strain in the ascending 
aorta of 4.93%, which is relatively low. A potential explanation for this might be due to 
the fact that patients screened for TAVR are likely to have more calcifications than the 
patient populations from other studies, which could decrease longitudinal strain.19,21-23

Our study population was limited to patients presenting for TAVR evaluation. We 
decided to use this cohort for morphometric measurements as they represent a cohort 
largely similar to patients with thoracic aortic disease in terms of age and comorbidities. 
Mean age of our study cohort was 77.4 ± 10 years which is also the mean age of patients 
affected by aneurysmal disease.24 On univariate regression analysis, a significant positive 
linear correlation was observed between circumferential strain (in at least two of the 
measured locations) and stroke volume, and negative linear correlations were seen with: 
older age, higher BMI, coronary artery disease, congestive heart failure, atrial fibrillation. 
Multivariable analysis showed negative linear correlations with older age and higher 
BMI. Many of these factors (older age, hypertension) and some other cardiovascular 
risk factors (current smoking, African American ethniticity, lower HDL) have also been 
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associated with reduced aortic distensibility in the Multi-Ethnic Study of Atherosclerosis, 
which included MRI-based measurements of aortic distensibility.25 BMI was investigated 
but not associated with distensibility on multivariable analysis in this study.25 Reduced 
distensibility is likely a generalized expression of atherosclerosis and aging in this 
population,20 and reduced distensibility/increased aortic stiffness are well-established 
as independent predictors of cardiovascular mortality.26

Our study has limitations. All the measurements in 116 patients were made by a single 
physician and it might influence the resultant values of diameter and strain. However, 
intra- and inter observer variability analysis showed small differences of under 1 mm 
thanks to automatic centerline creation embedded in syngo.via. However, there were 
several measurement locations without an anatomical landmark. Changes in length 
could have caused misidentification of these exact locations in the diastolic phase 
relative to the systolic phase. Another limitation of our study cohort is all these patients 
were evaluated for TAVR for aortic stenosis, a selected patient population. ECG-gated 
CTA offers high spatial resolution and is therefore ideal to identify small changes in size. 
However, out-of-plane movement of the aorta, a potential confounder for size measure-
ments, cannot be visualized with CT, while they might be accounted for with 4D MRI 
measurements.27 Our cohort included patients without known aortic aneurysms or 
dissection, and so the values in our study might not be applicable to aneurysmal or dis-
sected aorta. However, they will serve as a reference point in the future for comparison.

CONCluSION

Despite the fact that calcifications are associated with lower strain18 and that our patient 
cohort had a high Agatston score; at every aortic level there was a small but significant 
degree of circumferential and longitudinal aortic strain during the cardiac cycle. This 
can provide reference values for comparing it with patients with thoracic aortic disease. 
We recommend while considering TEVAR in patients with aneurysms or dissection both 
circumferential and longitudinal strain should be determined, as this might potentially 
contribute to preventing stent graft related complications.
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AbSTrACT

Objective

This study assessed whether the additional use of the aortic arch classification in type I, 
II, and III may complement Ishimaru’s aortic arch map and provide valuable information 
on the geometry and suitability of proximal landing zones for thoracic endovascular 
aortic repair.

Methods

Anonymized thoracic computed tomography scans of healthy aortas were reviewed and 
stratified according to the aortic arch classification, and 20 of each type of arch were 
selected. Further processing allowed calculation of angulation and tortuosity of each 
proximal landing zone. Data were described indicating both proximal landing zone and 
type of arch (eg, 0/I).

results

Angulation was severe (>60°) in 2/III and in 3/III. Comparisons among the types of arch 
showed an increase in proximal landing zones angulation (P < .001) and tortuosity 
(P=.009) depending on the type of arch. Comparisons within type of arch showed no 
change in angulation and tortuosity across proximal landing zones within type I arch 
(P=.349 and P=.409), and increases in angulation and tortuosity toward more distal 
proximal landing zones within type II (P=.003 and P=.043) and type III (P < .001 in both).

Conclusions

The aortic arch classification is associated with a consistent geometric pattern of the 
aortic arch map, which identifies specific proximal landing zones with suboptimal angu-
lation for stent graft deployment. Arches II and III also appear to have progressively less 
favorable anatomy for thoracic endovascular aortic repair compared with arch I.
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INTrOduCTION

Thoracic endovascular aortic repair (TEVAR) represents a well-established alternative 
to open repair in individuals with suitable anatomic features, particularly in patients 
considered at high surgical risk but with a reasonable life expectancy after the proce-
dure.1 Feasibility assessment and subsequent preoperative planning of endovascular 
treatment are based on post hoc analysis of patient contrast-enhanced computed 
tomography (CT) images.2 TEVAR requires healthy proximal and distal landing zones of 
adequate diameter (<40 mm) and length (≥20 mm) and a viable iliofemoral or infrarenal 
aortic access route.2,3 A steep aortic arch angulation, being considered highly predic-
tive of endograft failure, represents a contraindication to TEVAR.3 Notably, however, no 
consensus exists on how to measure and define critical arch angulations, with radius of 
curvature4 being the method most commonly used in the instructions for use of com-
mercially available endografts.

The actual planning of the endovascular procedure refers mainly to the identification 
of a proximal landing zone that provides adequate procedural safety and the greatest 
effectiveness and durability.3 An insufficient proximal seal or an endograft migration, or 
both, lead invariably to an incomplete exclusion of the aortic pathology (ie, endoleak), 
with the inherent continued risk of aortic rupture, resulting in TEVAR clinical failure.5 In 
this respect, the angulation of the proximal landing zone appears to be a crucial factor3 
because it increases the minimum length requirement of the landing zone for an effec-
tive deployment6 and is associated with high displacement forces that increase the risk 
of endograft migration.7-9 However, only heterogeneous definitions and methodology 
for measuring neck angulation have been reported thus far.10,11

Preoperative planning for endovascular repair of the aortic arch is described based 
on the aortic arch map reported by Ishimaru.12 This classification defines the proximal 
landing zones (0 to 4) as related to the origin of the supra-aortic vessels and indicates 
the requirement of a prophylactic rerouting of the involved aortic branches, which can 
be performed with a surgical extra-anatomic bypass13 or with endovascular procedures 
with the use of fenestrated or branched endografts14 or with the chimney technique.15 
Ishimaru’s aortic arch map, however, does not account for relevant critical anatomic 
features, including landing zone angulation and tortuosity,16,17 arch elongation, which 
typically increases with age,18 and branch vessel angulation.

Our aim was to assess whether the additional use of the aortic arch classification 
in type I, II, and III, originally developed for predicting difficult carotid stenting,19 may 
complement the aortic arch map by providing valuable information on the geometry of 
the arch landing zones and suitability and planning for TEVAR.
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METhOdS

This study reviewed anonymized thoracic CT angiography scans from patients undergo-
ing diagnostic evaluation for various indications at our institution in 2015 and was ap-
proved by the local Ethic Committee. The need for patient informed consent was waived 
because of the retrospective nature of the analysis and the use of anonymized data.

Only thin-cut (1.0 mm or 1.5 mm) CTs of patients with a healthy aortic arch with visible 
origins of the supra-aortic branches were considered. Exclusion criteria were age <60 
years, diameter of the thoracic aorta >40 mm, radius of arch curvature <20 mm, bovine 
arch, previous aortic surgery, and presence of radiologic signs of aortic dissection, 
intramural hematoma, or penetrating aortic ulcer. Aneurysmatic aortas were excluded 
because the original description of the aortic arch classification19 was based on healthy 
aortas. Aortas with radius of curvature <20 mm were excluded because the latter defines 
a steep aortic arch angulation that could alter the measurements of the proximal landing 
zone angulation and represents a contraindication to TEVAR, according to instructions 
for use of stent graft manufacturers. Bovine arches were excluded because this anatomic 
configuration does not allow a reproducible definition of Ishimaru’s aortic arch map.

Suitable cases were stratified according to aortic arch classification.19 In detail, the di-
ameter of the left common carotid artery was measured at its origin in axial view. Multi-
planar reconstruction images were then used to create a parasagittal view for each scan 
to visualize the origin of the brachiocephalic trunk and the top of the aortic arch in one 
frame. Finally, the distance between the origin of the brachiocephalic trunk and the top 
of the arch was used to classify each case as a type I, type II, or type III arch (Fig 1).

Two observers (H.W.d.B., F.S.) independently assessed CT scans for exclusion and inclu-
sion criteria. Overall, 20 cases of each type of arch were selected. Further processing, 
based on three-dimensional multiplanar reconstruction, was performed with 3Mensio 
Vascular 8.0 software (3Mensio Medical Imaging B.V., Bilthoven, The Netherlands), which 
provides specific functions for automatic measurements. Four markers (A-D) were 
placed in axial view at the level of the top of the pulmonary artery bifurcation. Points A 
and B are a midluminar point of the ascending and descending aorta at the height of the 
bifurcation of the pulmonary trunk. Points C and D are two points within the same plane 
where the distance between the ascending aorta and descending aorta is the smallest 
(Fig 2). Different variables were then measured as follows:

The radius of arch curvature was defined as half of the shortest distance between 
C and D (Fig 2, A). The aortic arch tortuosity index was defined as shortest distance 
between A and B divided by the center lumen line distance between A and B (Fig 2, B). 
Center lumen line lengths of each landing zone were measured in view perpendicular 
to the center lumen line (Fig 2, C). Zone 0 was measured starting from level of the top of 
the pulmonary artery bifurcation because this marks the beginning of the arched part of 
the ascending aorta. Zone 3 by definition has a length of 20 mm. The ratio of the outer 



113

Proximal TEVAR landing zones by arch types

Figure 1. The newly proposed modifi ed arch landing areas nomenclature (MALAN), which comprises the 
proximal landing zones according to the Ishimaru aortic arch map12 and types of arch according to the 
aortic arch classifi cation.19 CCA, Common carotid artery.

Figure 2. A, Radius of arch curvature. B, Aortic arch tortuosity index. C, Center lumen line lengths. D, Ratio 
of outer curvature length to center lumen line length (see Methods for details).



Chapter 10

114

curvature length to the center lumen line length of the arch (ie, between point A and B) 
was measured with the outer curvature function (Fig 2, D).

The angle between the fl ow axis of each proximal landing zone and the hypothetical 
body of the lesion to treat, analogous to the β angle as defi ned in the Society for Vascu-
lar Surgery reporting standards for endovascular abdominal aorta repair (EVAR),20 was 
determined. For this purpose, the center lumen line tangent angle function was used, 
which calculates the angle between tangent lines drawn for any two points along the 
center lumen line (Fig 3, A). The β angles of each proximal landing zone were calculated 
by selecting the most proximal point of the zone and a point at 40 mm distance along 
the center lumen line. The more proximal 20 mm of such a distance accounted for the 
proximal neck and the more distal 20 mm for the hypothetical body of the lesion to 
treat. For zone 0, the proximal point was selected at the level of the top of the pulmo-
nary trunk. The β angles were independently measured by two blinded investigators 
(H.W.d.B., T.M.v.B.) and classifi ed into cases of mild (<40°), moderate (40° - 60°), or severe 
(>60°) angulation.2,21

The tortuosity angle of each landing zone was measured using the tortuosity angle 
function that is incorporated in the 3Mensio software. According to the manufacturer, 
this is measured between two line elements that are defi ned by three control points that 
are all on the centerline: the fi rst point is the start of the fi rst line element, the second 
point is the end of the fi rst line element and the start of the second line element, and 
the third point is the end of the second line element. The distance between the points 
can be changed along the centerline, and was set at 20 mm for the purpose of our study 
because this was considered the minimum landing zone length (Fig 3, B).

Measurements were repeated for 10 scans (16.7%) randomly selected from the study 
group to assess intra-observer and interobserver repeatability using Bland-Altman plots. 
Data are described according to a modifi ed arch landing areas nomenclature (MALAN) 
that comprises Ishimaru’s proximal landing zones and type of arch (eg 0/I; Fig 1).

Figure 3. A, β angles20 (green lines) of the proximal landing zone, as defi ned as a by 3Mensio Vascular 8.0 
software (3Mensio Medical Imaging B.V., Bilthoven, The Netherlands). B, Tortuosity angle of proximal land-
ing zone (red lines; see Methods for details).
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Statistical analysis.

Data were analyzed using SPSS Statistics 22 software (IBM Corp, Armonk, NY). Normality 
was tested with the Shapiro-Wilk test, after which a comparison between the types of 
arch was made with one-way analysis of variance for normally distributed data and with 
the Kruskal-Wallis test for non-normally distributed data. The Jonckheere-Terpstra test 
was used to compare the angulation and tortuosity across landing zone within each 
type of arch. Continuous data are shown as the mean ± standard deviation. Statistical 
significance was assumed at P<.05.

rESulTS

The 60 selected patients (70% male) were 71 ± 8 years old. The three groups defined by 
the type of arch were comparable in age (type I: 79 ± 9 years; type II: 75 ± 9 years; type 
III: 75 ± 10 years; P=.291) and radius of curvature (Table 1). No differences were found 
between the center lumen line and outer curvature measurements (Table 1), which ex-
clude potential bias for measurements of proximal landing zones length. Landing zones 
length values were comparable between types of arch (Table 1), which in turn exclude 
bias for measurements of β angles. Angulation and tortuosity of the arch landing areas, 
defined according to the MALAN classification (Fig 1), are reported in Tables 2 and 3.

The absolute values2,21 for angulation were moderate in 0/I, 1/I, 2/I, and 3/I, and in 
0/II, 1/II, 2/II, and 3/II. Angulation was moderate in 0/III and in 1/III and was severe in 
2/III and in 3/III. Comparisons between types of arch showed a significant increase in 
landing zones angulation depending on the type of arch (P<.001). Of note, 2/II was 
significantly more angulated than 2/I (+12.0°; P=.012), 2/III was more angulated than 2/I 
(+17.2°; P<.001), and 3/III was more angulated than 3/II (+13.3°; P=.003) and 3/I (+18.3°; 

Table 1. Comparison of general indexes of arch angulation. Lengths in mm, data presented as mean ( ± 
standard deviation).

Type I Type II Type III p-value

Radius of curvature 30.6 ( ± 6.5) 29.0 ( ± 6.4) 27.3 ( ± 4.6) 0.270

Aortic arch center lumen line length 141.3 ( ± 22.6) 128.2 ( ± 15.6) 130.8 ( ± 33.9) 0.153

Aortic arch outer curvature length 166.0 ( ± 46.2) 165.4 ( ± 19.2) 173.5 ( ± 24.5) 0.617

Ratio of outer curvature to center lumen line 1.26 ( ± 0.04) 1.29 ( ± 0.05) 1.28 ( ± 0.04) 0.155

Aortic arch tortuosity index 1.48 ( ± 0.12) 1.45 ( ± 0.18) 1.57 ( ± 0.21) 0.082

Center lumen line length

Zone 0 35.5 ( ± 8.7) 32.5 ( ± 5.9) 35.6 ( ± 7.9) 0.356 

Zone 1 9.3 ( ± 2.8) 9.7 ( ± 2.7) 8.3 ( ± 3.0) 0.281 

Zone 2 16.4 ( ± 4.6) 16.7 ( ± 4.9) 16.7 ( ± 2.9) 0.967 

Zone 3 20.0 20.0 20.0  
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P<.001). Comparisons within the types of arch showed no change in angulation across 
landing zones within the type I arch (P=.349), whereas significant increases in angula-
tion were observed toward more distal landing zones within the type II (P=.003) and 
type III (P<.001) arches. Between adjacent landing areas, 3/III was more angulated than 
2/III (+9.5°; P=.017), 2/III was more angulated than 1/III (+9.4°; P=.018), and 1/III was more 
angulated than 0/III (+12.6°; P=.002).

The tortuosity index did not differ between types of arch (Table 1). In contrast, 
comparisons in tortuosity angles between types of arch showed a significant trend of 
increased landing zone tortuosity across type of ach (P=.009). Of note, 3/III was more 
tortuous than 3/II (+8.8°; P=.001) and 3/I (+13.6°; P<.001). Comparisons within types 
of arch showed no change in tortuosity angles across landing zones within the type I 
arch (P=.409), whereas there were significant increases in tortuosity toward more distal 
landing zones within the type II (P=.043) and type III (P<.001) arches. Between adjacent 
landing areas, 3/III was more tortuous than 2/III (+10.3°; P < .001), and 2/III was more 
tortuous than 1/III (+5.2°; P=.025).

Table 2. Angulation (β angle) of MALAN areas with comparisons across landing zone and type of arch. Data 
presented as mean( ± SD)

Type I Type II Type III P

Zone 0 I/0
48.6° ( ± 11.3°)

II/0
44.3° ( ± 10.5°)

III/0
39.7° ( ± 11.2°)

0.046

Zone 1 I/1
41.9° ( ± 14.5°)

II/1
50.8° ( ± 14.4°)

III/1
52.3° ( ± 12.0°)

0.040

Zone 2 I/2
44.5° ( ± 14.7°)

II/2
56.4° ( ± 16.8°)

III/2
61.7° ( ± 11.6°)

0.001

Zone 3 I/3
52.9° ( ± 11.8°)

II/2
52.3° ( ± 14.9°)

III/3
71.1° ( ± 14.1°)

<0.001

P 0.349 0.003 <0.001

Table 3. Tortuosity (tortuosity angle) of MALAN areas with comparisons across landing zone and type of 
arch. Data presented as mean ± SD.

Type I Type II Type III P

Zone 0 I/0
23.9° ( ± 8.6°)

II/0
25.9° ( ± 6.9°)

III/0
20.8° ( ± 5.9°)

0.088

Zone 1 I/1
22.0° ( ± 7.2°)

II/1
23.1° ( ± 8.8°)

III/1
23.1° ( ± 8.8°)

0.732

Zone 2 I/2
24.2° ( ± 10.3°)

II/2
29.2° ( ± 12.8°)

III/2
29.2° ( ± 6.4°)

0.213

Zone 3 I/3
25.9° ( ± 8.1°)

II/2
30.7° ( ± 8.5°)

III/3
39.5° ( ± 8.2°)

<0.001

P 0.409 0.043 <0.001
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Mean intraobserver and interobserver differences for the β angle measurements were 
0.6 ± 9.3° (P=.677) and 0.6 ± 8.1° (P=.643), respectively.

dISCuSSION

Our analysis showed that the aortic arch classification is associated with a consistent 
geometric pattern of Ishimaru’s zones that identifies specific proximal landing areas 
with suboptimal angulation and tortuosity for stent graft deployment. Also, type II and 
type III arches appear to have progressively less favorable anatomy for TEVAR compared 
with type I.

The geometric variability of the aortic arch and of its branches represents a critical 
issue for preprocedural planning of TEVAR.2,3,21 In fact, a planning based exclusively on 
the Ishimaru aortic map12 disregards the influence of angulation and tortuosity of the 
landing zones and would be valid only under the assumption that these anatomic fea-
tures are constant through the arch, which our results show applies only to type I arch.

The concept of establishing an absolute optimal value for proximal landing zone 
length is based on this assumption. However, this value varies in the literature between 
15 and 30 mm,22 and such a discrepancy confirms that other factors interfere with op-
timal neck length22 and, particularly, a localized angulation.6 Previous studies showed 
that the landing zones with greater angulation must be greater in length to provide an 
adequate sealing and fixation.6 In the aortic arch, this implies that when a longer neck is 
required, a more proximal aortic landing zone should be chosen. In this respect, 2/III and 
3/III areas, as defined according to the newly proposed MALAN classification, appear 
hostile from a geometric standpoint as proximal landing zones.

Another relevant issue is the effect of aortic angulation on the risk of graft migration21 
because it represents an important determinant of the magnitude of the displacement 
forces acting on the stent graft after its deployment.9 In fact, rather than taking into 
account only the value of the localized angulation of the actual landing zone, the whole 
arch should be considered because neck angulations proximal to the landing zone may 
also influence migration forces to some degree.9 Therefore, 2/II and 3/II areas, despite 
being associated with moderate angulations, could also actually be sub-optimal landing 
zones9 because type II arch angulation increases progressively toward the distal part of 
the arch. Further studies currently in progress, based on computational fluid dynamics, 
will show whether the geometric patterns described by the MALAN classification are 
associated with different magnitude and direction of migration forces.

Tortuosity of the aorta is another relevant anatomic feature that is associated with 
higher rates of type II endoleaks, probably due to a reduced contact surface between 
the endograft and the native aorta.16 Also, an increased risk of stroke has been reported, 
likely related to the need of a greater perioperative manipulation and the risk of dislodg-
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ment of the arch atheroma caused by the increased mechanical stress induced by the 
endograft on the outer aortic curvature.16 Even more importantly, however, tortuosity 
in the proximal and distal fixation zones was reported to be associated with type I en-
doleak.17 In this respect, our data show that 2/III and 3/III, as well as 2/II and 3/II areas, 
appear again suboptimal as proximal landing zones.

Finally, the newly proposed nomenclature may be useful also for assessment of the 
feasibility of fenestrated endografting of the arch. The take-off angles of the supra-aortic 
branches predict a difficult cannulation, consistently with the original description of the 
classification,19 and may expose the bridging stents to increased mechanical stress and 
affect seal at the fenestrations.

In the present study, we sought to elaborate an original nomenclature for aortic arch 
areas by using well-established and widely shared definitions. Consistently, because for 
TEVAR there is no consensus on how to measure the angulation of the proximal landing 
zones or on the threshold angulation values for a safe and effective endograft deploy-
ment, we used methods and angle grades previously validated for EVAR,2,20 even though 
we are aware of the hemodynamic differences between the thoracic and the abdominal 
aorta.23

As a result, the proposed MALAN classification has a readily intuitive interpretation 
based on viewing the aorta during planning in the parasagittal plane, which notably 
is also the plane required intraoperatively for stent graft deployment. Also, geometric 
calculations are not required, which can be complex and time consuming and may even 
introduce a further possible source of bias unless a standardized protocol is used.24

CONCluSIONS

We recognize that our data need to be validated in pathologic aortas, namely in patients 
who undergo TEVAR, in whom also the clinical relevance of our observations have to be 
proven by a postoperative outcome analysis. Another limitation of evaluating healthy 
aortas is the use of a hypothetical body of the lesion to treat for the calculation of β 
angles. Nevertheless, we believe that the newly introduced nomenclature provides at 
glance useful insights for assessing TEVAR feasibility and planning and represents a 
promising tool to improve the preoperative decision making process.
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AbSTrACT

Introduction

The proximal landing zone (PLZ) for thoracic endovascular aortic repair (TEVAR) can be 
described using a Modified Arch Landing Areas Nomenclature (MALAN). The aim of this 
study was to compare clinical outcomes of TEVAR, using the MALAN classification.

Methods

A multicenter retrospective analysis was performed for TEVAR patients with PLZ 2 or 3 
treated from 2007 - 2017. Patients were stratified by MALAN classification, with PLZ in a 
type III arch considered hostile, and in a type I or II arch favorable. Survival and clinical 
success rates were compared for hostile versus favorable PLZ.

results

230 patients (hostile: 116, favorable: 114) with arch TEVAR were included. In the hostile 
group, mean age was higher (72 vs. 66 yrs; p<0.01), TEVAR indication was more often an-
eurysm (52.6% vs. 37.2%, p<0.01) and less often trauma (5.2% vs. 26.5%, p<0.01), aortic 
diameter was larger (59 vs 49 mm, p<0.01) and timing of TEVAR was more often elective 
(67.2% vs. 46.9%, p<0.01). Technical success rate was not significantly different (93.0% 
vs. 96.5%, p=0.25). Median follow-up duration was 21 months (range: 0 - 122 months). 
At 5 years, estimated survival was 69.2 ± 6.8% vs. 82.2 ± 7.6% (p=0.03), primary clinical 
success 56.7 ± 7.1% vs. 72.0 ± 7.3% (p=0.02), primary assisted clinical success 60.0 ± 
7.1% vs. 79.8 ± 6.7% (p<0.01), and secondary clinical success 76.9 ± 6.1% vs. 88.3 ± 5.6% 
(p=0.03). After adjustment for age, hostile MALAN zone was a significant predictor of no 
primary assisted clinical success (HR 2.14, p=0.04).

Conclusion

A hostile MALAN zone is associated with worse clinical outcomes after TEVAR. This may 
have implications for TEVAR planning and follow-up.
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INTrOduCTION

Preoperative planning of endovascular repair of the aortic arch is based on the Aortic 
Arch Map described by Ishimaru,1 which defines the proximal landing zones (0–4) as 
related to the requirement of the prophylactic re-routing of the involved supra-aortic 
vessels, by either surgical2 or endovascular means.3,4 In fact, a planning based exclusively 
on Ishimaru’s map disregards the influence of recognized critical anatomic features as-
sociated with higher rates of endograft failure, including landing zones angulation5-7 
and tortuosity.8,9 Also, such an approach would be valid only under the assumption 
that these peculiar anatomical characteristics are constant through the arch, which in 
reality applies only to a limited number of subjects, namely those with a Type I arch 
configuration.10 In addition, TEVAR planning is currently based only on the analysis of 
aortic morphology and size by means of static imaging protocols,5,6 which do not take 
into account the peculiar biomechanical environment of the aortic arch. As a result, 
the Ishimaru’s map overlooks also the distribution of the pulsatile forces acting on the 
aortic wall, that are transmitted as displacement forces on the terminal fixation sites 
of the endograft after its deployment, potentially leading to an insufficient proximal 
seal and/or an endograft migration.11 Despite the apparent need for a specific planning 
amendment and revision for TEVAR of the arch, however, this issue has thus far remained 
largely unaddressed.

In recent studies, we have introduced10,12 a Modified Arch Landing Areas Nomencla-
ture (MALAN), that merges Ishimaru’s map with the Aortic Arch Classification in Type I, II, 
and III, originally described for predicting difficult carotid stenting,13 in which each land-
ing area is identified indicating both proximal landing zone and Type of arch (e.g. 0/I). 
Notably, this newly proposed classification has a readily intuitive interpretation, because 
it employs well-established and widely shared definitions, and is based on viewing the 
aorta during planning in the parasagittal plane, which is also the plane required intraop-
eratively for stent-graft deployment.10

We have previously demonstrated that the MALAN classification is associated with 
a consistent geometric10 and hemodynamic pattern12 of arch landing areas, which al-
lows identifying hostile zones for endograft deployment, namely 2/III and 3/III MALAN 
areas. In the present study, we performed a dedicated postoperative outcome analysis 
of patients treated with TEVAR of the arch, in order to prove the clinical relevance of the 
unfavorable anatomic and dynamic features identified by the MALAN classification, and 
support the introduction of this nomenclature in clinical practice.
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METhOdS

Patient selection

A multicenter retrospective analysis was performed, including six European referral cen-
ters. All consecutive patients who were treated by TEVAR of the arch between 2007 and 
2017 were reviewed, and only patients with proximal landing zone 2 or 3 were included 
for the purpose of the study. Exclusion criteria were: aortic coarctation, thoracoabdomi-
nal repair, and anatomic factors in which the MALAN classification could not be correctly 
determined, such as anatomic anomaly of the aortic arch (e.g. aberrant right subclavian), 
bovine arch with landing zone 2 (with landing zone 3 was not excluded), previous aortic 
arch replacement (patients with isolated ascending replacement were not excluded). 
The ethics committees at the participating centers approved of the study. The need for 
informed patient consent was waived because of the retrospective nature of the analysis 
and the use of anonymised data.

determination of MAlAN zone

Preoperative imaging data was used to determine the Type of arch13 for each patient. 
In detail, the diameter of the right common carotid was measured at its origin in axial 
view. Multiplanar reconstruction images were used to visualize the origin of the bra-
chiocephalic trunk and the top of the aortic arch in one frame. In patients with Type B 
dissections, in the case the extension of the false lumen prevented a clear definition 
of the top of the arch, the level of the LSA was considered conservatively as such. The 
distance between both locations was used to classify each patient as Type I, II or III arch. 
The MALAN zone was determined as previously described10 by combining the type of 
arch and the proximal stentgraft landing zone, according to the Ishimaru classification.1 
In cases of differences between the intended proximal landing zone during preoperative 
planning, and the actual proximal landing zone in which the stent graft was deployed, 
the latter was used for classification of MALAN zone. Landing areas 2/III and 3/III were 
considered hostile, whereas 2/I, 3/I, 2/II, and 3/III were considered favorable, based on 
their anatomical and hemodynamic characteristics10,12 (Figure 1).

Assessment of clinical outcome

Postoperative care and follow-up schedules differed per institution, but were in accor-
dance with ESVS guidelines.14 This entails at least an immediate and one-year postop-
erative CT were performed, with yearly follow-up thereafter. Technical success, primary 
clinical success, primary assisted clinical success, secondary clinical success, as defined 
by the reporting standards on TEVAR,15 and all-cause mortality were assessed at 30 days 
(or in-hospital if hospitalization exceeded the 30 day period) and at last follow-up, and 
compared for hostile versus favorable MALAN landing zones.
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Statistical methods

Statistical analysis was done with IBM SPSS Statistics version 22 (SPSS Inc, Chicago, Ill). 
Normality of data was tested with the Shapiro-Wilk test; baseline characteristics were 
compared using Student’s T-test, Mann-Whitney U test, or Chi-square test, depending 
on the distribution and type of data. 30-day outcomes were compared with a Chi-square 
test. For follow-up after one month, Kaplan-Meier analysis was used to estimate out-
comes at 5 years, and a Cox regression model was used for univariable and multivariable 
analysis of risk factors.

rESulTS

baseline and procedural characteristics

A total of 273 arch TEVAR patients were reviewed. After exclusion of patients with land-
ing zone 0 or 1, 230 patients with landing zone 2 or 3 were included (median age 70 
years, 78.7% male) in the analysis. The endograft was deployed in a hostile MALAN zone 

Figure 1. Schematic representation and 3D-reconstructions of postoperative CT scans of hostile and favor-
able MALAN landing zones.
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in 116 patients (hostile group: 50.4%), and in a favorable MALAN zone in 114 patients 
(favorable group: 49.6%). Patients in the hostile group were older than patients in the 
favorable group (72 vs. 66 yrs; p<0.01), and were more frequently affected by hyperten-
sion (88.5% vs. 65.8%, p<0.01) and hyperlipidemia (61.5% vs. 38.4%, p<0.01), were more 
often on antiplatelet therapy (72.5% vs. 50.9%, p=0.01), and had a larger maximum 
aortic diameter (59 vs 49 mm, p<0.01) (Table 1). The indication for TEVAR in the hostile 
group was more often aneurysm (52.6% vs. 37.2%, p<0.01) and less often trauma (5.2% 
vs. 26.5%), and timing of TEVAR was more often elective (67.2% vs. 46.9%, p<0.01) and 
less often emergent (14.7% vs. 33.6%, p<0.01) (Table 1). The hostile group had a larger 
proximal stent graft diameter (37 vs 34, p<0.01), while for other procedural characteris-
tics, the two groups were not significantly different (Table 2).

30-day outcomes

The technical success rate was not significantly different between the two groups 
(93.0% vs. 96.5%, p=0.25). There was also no difference in the rate of endoleaks at 30 
days (type Ia: 7.0% vs. 3.5%, type Ib: 0.9% vs. 1.8%, type II: 7.9% vs. 6.2%, type III: 1.8% vs. 
0%; p=0.39). Mortality at 30 days was 7.8% vs. 4.4% (p=0.29), primary clinical success was 
82.8% vs. 91.2% (p=0.06), primary assisted clinical success was 85.3% vs. 93.8% (p=0.04), 
and secondary clinical success was 89.7% vs. 93.0%, (p=0.37).

Follow up outcomes

The median follow-up duration was 21 months [range: 0 – 122 months]. On Kaplan-
Meier analysis, the estimated 5-year survival rate for hostile versus favorable MALAN 
zones was 69.2 ± 6.8% vs. 82.2 ± 7.6% (p=0.03), the estimated 5-year primary clinical 
success rate was 56.7 ± 7.1% vs. 72.0 ± 7.3% (p=0.02), the estimated 5-year primary as-
sisted clinical success rate was 60.0 ± 7.1% vs. 79.8 ± 6.7% (p<0.01), and the estimated 
5-year secondary clinical success rate was 76.9 ± 6.1% vs. 88.3 ± 5.6% (p=0.03) (Figure 2). 
Reasons for no clinical success are described in Table 3.

In a Cox regression model, hostile MALAN zone was a significant predictor of mortality 
(hazard ratio, HR 2.26, p=0.03), no primary clinical success (HR 2.01, p=0.02), no primary 
assisted clinical success (HR 2.70, p=0.01), and no secondary clinical success (HR 2.80, 
p=0.03) on univariable analysis. After adjustment for age, statistical significance was lost 
for hostile MALAN zone as a predictor of mortality (HR 1.36, p=0.43) and no primary clini-
cal success (HR 1.58, p=0.17), but it was still significant for no primary assisted clinical 
success (HR 2.14, p=0.04) and approached significance for no secondary clinical success 
(HR 2.3, p=0.09).
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Table 1. Baseline characteristics.

hostile*
MAlAN (n=116)

Favorable§ 
MAlAN (n=114)

p-value

demographics

Age, median [IQR] 72 [61 – 83] 66 [44 – 88] <0.01

Male gender 86 (74.1%) 95 (83.3%) 0.09

Medical history

Hypertension 100 (88.5%) 75 (65.8%) <0.01

Diabetes 17 (15.3%) 17 (14.9%) 0.93

Smoking 28 (28.0%) 38 (36.5%) 0.19

Hyperlipidemia 67 (61.5%) 43 (38.4%) <0.01

COPD 30 (30.6%) 28 (27.2%) 0.59

Chronic renal failure 22 (19.6%) 12 (10.6%) 0.06

Coronary artery disease 19 (17.1%) 23 (20.2%) 0.56

Cerebrovascular accident 9 (8.1%) 6 (5.3%) 0.40

Antiplatelet therapy

0.01
- none 31 (28.4%) 52 (48.1%) 

- single 75 (68.8%) 52 (48.1%) 

- dual 4 (3.7%) 3 (2.8%) 

Anticoagulation therapy 13 (11.9%) 10 (9.2%) 0.51

Aortic characteristics

Maximum aortic diameter, mm, mean ( ± SD) 59.3 ( ± 14.4) 48.7 ( ± 20.5) <0.01

Bovine arch 10 (9.2%) 11 (10.3%) 0.78

Previous ascending replacement 8 (6.9%) 5 (4.4%) 0.41

Surgical characteristics

Indication for TEVAR

<0.01

- aneurysm 61 (52.6%) 42 (37.2%) 

- acute dissection 17 (14.7%) 12 (10.6%) 

- PAU or IMH 20 (17.2%) 17 (15.0%) 

- Trauma 6 (5.2%) 30 (26.5%) 

- Chronic dissection 12 (10.3%) 12 (10.6%) 

Timing

<0.01
- elective 78 (67.2%) 53 (46.9%) 

- urgent 21 (18.1%) 22 (19.5%) 

- emergent 17 (14.7%) 38 (33.6%) 

ASA classification

0.78

- I 0 1 (1.1%) 

- II 6 (7.2%) 5 (5.6%) 

- III 44 (53.0%) 43 (47.8%) 

- IV 15 (18.1%) 17 (18.9%) 

- V 18 (21.7%) 24 (26.7%) 

*2/III and 3/III § 2/I, 2/II, 3/I, 3/II ASA = American Society of Anesthesiologists; COPD = chronic 
obstructive pulmonary disease; IQR = interquartile range; IMH = intramural hematoma; PAU = penetrating 
aortic ulcer; SD = standard deviation; TEVAR = thoracic endovascular aortic repair.
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dISCuSSION

Thoracic endovascular aortic repair (TEVAR) is a well-established and feasible alternative 
to open repair, particularly in patients considered unsuitable for surgery due to the pres-
ence of significant comorbidities.16 However, the reduced life expectancy of patients 
treated for thoracic aortic aneurysm17 requires an adequate preoperative patients 
stratification and selection.18,19 Outcome analyses also showed that while TEVAR of the 
descending aorta provides remarkable long-term clinical success rates,20 endovascular 
repair of aortic arch disease remains associated with disappointing midterm results.21 
This represents a critical issue because patients with aortic arch pathologies are in fact 
those that would benefit most from endovascular treatment, being surgical repair asso-
ciated with cardiopulmonary bypass and circulatory arrest, and the inherent additional 
morbidity risk.22

Our studies were conceived to potentially improve endograft performance in the 
aortic arch by refining the preoperative planning. Specifically, we aimed to introduce a 
more accurate anatomic characterization of the proximal landing zones, avoiding, how-
ever, the need for geometrical calculations, which can be complex and time-consuming, 
and may even introduce a further possible source of bias. Also, our works introduced the 
use of dynamic measurements performed by computational fluid dynamics (CFD) into 

Table 2. Procedural characteristics.

hostile*
MAlAN

Favorable §

 MAlAN
p-value

Stent graft type 0.17

- Medtronic Talent 0 3 (2.6%) 

- Medtronic Valiant 56 (48.3%) 55 (48.2%) 

- Gore TAG 9 (7.8%) 12 (10.5%) 

- Gore CTAG 27 (23.3%) 31 (27.2%) 

- Bolton Relay 11 (9.5%) 4 (3.5%) 

- Cook Zenith 13 (11.2%) 9 (7.9%) 

Proximal stent graft diameter, mm, median [range] 37 [28 – 46] 34 [21 – 46] <0.01

Oversizing, %, mean ( ± standard deviation) 15.4 ( ± 1.0) 16.2 ( ± 1.2) 0.25

Debranching 0.37

- surgical 30 (26.1%) 23 (20.2%) 

- chimney 1 (0.9%) 3 (2.6%) 

Any other adjunctive procedures 25 (27.2%) 26 (28.6%) 0.83

Final endograft landing zone different from intended 
preoperatively

3 (2.6%) 3 (2.6%) 1.0

*2/III and 3/III
§ 2/I, 2/II, 3/I, 3/II
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the preoperative decision making process, which represents a paradigm shift in current 
clinical practice.

The data presented herein showed that endograft deployment in a hostile proximal 
landing zone as defi ned by the MALAN classifi cation does not imply an increased risk 
of a technical failure, despite the unfavorable environment. Such an environment, 
however, increased the risk of early and midterm clinical failure. This can be explained 
by the previously mentioned angulation and displacement forces, which can not only 
give rise to stent graft migration11,23 but conceivably could be associated with complica-
tions as retrograde type A dissection24 and endoleaks.11 Theoretically, moving to a more 
proximal landing zone could reduce the risk of complications. However, this introduces 
the need for extra-anatomical bypass creation, thus increasing the complexity of the 
operation, especially when moving more proximal than landing zone 2. The use of scal-

Figure 2. Kaplan-Meier curves of survival, primary clinical success, primary assisted clinical success and 
secondary clinical success for hostile and favorable MALAN landing zones.
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loped devices appears a viable option to overcome this issue, and might be a field of 
further study.

Baseline differences, especially the significantly higher age in the hostile compared 
to the favorable MALAN group, can be seen as a limitation. A potential confounding 
effect of this difference in age cannot be denied, even though correction for age only 
partially shadowed the statistical significance of our findings. This is hardly surprising, as 
the associations of increasing age with worse outcomes after TEVAR25,26 are almost intui-
tive, and with type III/gothic aortic arch configuration well-documented.27-29 Most other 
baseline differences, such as the greater number of aneurysmatic patients and elective 
procedures in the hostile group, are clearly related to the difference in age. However, 
since age and aortic arch type are unmodifiable variables, in a way this does not affect 
the clinical implications of our findings.

We recognize the other limitations of our study, which are inherent to its retrospective 
fashion, especially with a median follow-up duration of less than two years over a study 
period of ten years. Differences in clinical practices between the participating centers 
might be seen as a potential source of bias, although this could also be interpreted more 
positively, because it might improve the generalizability of the study findings. However, 
this work provided evidence in a remarkable cohort of patients of the predictive value 
of the MALAN classification to identify proximal landing zones for TEVAR of the arch that 
are associated with sobering clinical results.

In conclusion, we believe that MALAN classification represents a novel, useful, and 
readily intuitive tool to improve TEVAR planning and implement stent-graft design.
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AbSTrACT

Objective:

To analyze presentation, management, and outcomes of acute aortic dissections with 
proximal entry tear in the arch.

Methods:

Patients enrolled in the International Registry of Acute Aortic Dissection and entry 
tear in the arch were classified into two groups: “arch A” (retrograde extension into the 
ascending aorta with or without antegrade extension) and “arch B” (only antegrade 
extension into the descending aorta or further distally). Presentation, management, and 
in-hospital outcomes of the two groups were compared.

results:

The arch A (n=228) and arch B (n=140) groups were similar concerning the presence of 
any preoperative complication (68.4% vs. 60.0%, p=0.115), but the types of complication 
were different. Arch A presented more commonly with shock, neurological complica-
tions, cardiac tamponade, grade 3 or 4 aortic valve insufficiency, and less frequently 
with refractory hypertension, visceral ischemia, extension of dissection, and aortic 
rupture. Management for both groups were: open surgery (77.6% vs. 18.6%, p<0.001), 
endovascular treatment (3.5% vs. 25.0%, p<0.001), and medical management (16.2% vs. 
51.4% p<0.001). Overall in-hospital mortality was similar (16.7% vs. 19.3%, p=0.574), but 
mortality tended to be lower in the arch A group after open surgery (15.3% vs. 30.8%; 
p=0.090), and higher after endovascular (25.0% vs. 14.3%, p=0.597) or medical treat-
ment (24.3% vs. 13.9%, p=0.191), although the differences were not significant.

Conclusions:

Acute aortic dissection patients with primary entry tear in the arch are currently 
managed by a patient-specific approach. In choosing the management type of these 
patients, it may be advisable to stratify them based on retrograde or only antegrade 
extension of the dissection.
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INTrOduCTION

Optimal management of acute dissections generally depends on the location and extent 
of the dissection, and its associated complications.1-3 Currently the most used classifica-
tion for acute dissection is the Stanford classification, in which Stanford type A refers to 
dissection involving the ascending aorta and the aortic arch, while Stanford type B refers 
to dissections confined to the descending aorta.2 Treatment of type A dissection typi-
cally requires immediate surgery, irrespective of the patient’s clinical condition, while for 
type B dissection, endovascular or surgical methods are typically reserved for patients 
presenting with aortic aneurysms or clinical complications.2, 4, 5

For patients with acute aortic dissection (AAD) presenting with the proximal entry 
tear (ET) in the arch, most current guidelines suggest either surgical repair, or remain 
inconclusive on the optimal strategy.4, 5 For AAD with arch ET and involvement of the 
ascending aorta, an aggressive surgical approach, even including total arch replace-
ment in the acute setting, is usually preferred.6 However, when there is no ascending 
involvement, “immediate surgery would be recommended by some, if feasible and the 
patient is viable, [while] others would select medical management if the patient has 
only an arch dissection without proximal extension, malperfusion, or bleeding, as long 
as repeat imaging demonstrates stability.”5 In current practice, aortic centers frequently 
approach AAD with ET in the arch with medical therapy in the absence of ascending 
aorta involvement. Namely, such patients, sometimes characterized as “non-A, non-B 
aortic dissection”7, are treated as a type B dissection.

The International Registry of Acute Aortic Dissection (IRAD) was developed in 1996 to 
provide more insight into the presentation, management and outcomes of acute dis-
section.8 After over 20 years of enrolling patients, IRAD offers the opportunity to provide 
a comprehensive study of AAD with arch ET. The purpose of this study is to analyze 
treatment and outcomes of AAD with arch ET, comparing retrograde versus antegrade 
extension, in order to report current management, and to identify patterns in outcomes 
that may inform future practice.

METhOdS

IRAD is an ongoing, multinational, multicenter registry that enrolls patients with acute 
aortic dissection at 52 aortic centers. Its inception and structure has been described 
previously.6 Patient and procedural data were collected using forms with 290 variables, 
which are submitted to the IRAD coordinating center at the University of Michigan, and 
checked for face and analytical validity. Institutional review committees at all participat-
ing IRAD institutions have approved the study and all subjects gave informed consent.

Patients with AAD were identified either prospectively at presentation or retrospec-
tively by searching hospital discharge diagnosis records and/or surgery, pathology, and 
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imaging databases. The diagnosis was based on autopsy, surgical visualization, or with 
imaging, which could be either computed tomography (CT), magnetic resonance imag-
ing (MRI), or echocardiography. IRAD is an observational registry and the participating 
centers each have their own treatment strategy for dissection patients; however, each 
participating center is an aortic center capable of off ering the full range of surgical, 
endovascular, and medical treatment options.

For the present study, all patients enrolled in the registry from January 1996 through 
Aug 2017 were analyzed. Patients were excluded when data regarding ET location was 
not available or when multiple ET were present. In addition, patients were excluded 
when data regarding the extent of the dissection was not reported. Based on the ET 
location and the extension of the dissection, patients were classifi ed into two groups 
(Figure 1). The fi rst group, “arch A”, consisted of patients with the ET in the aortic arch 
with retrograde extension into the ascending aorta with or without presence of ante-
grade extension (Figure 2).

The second group, “arch B”, had an ET in the aortic arch, no ascending involvement, 
and antegrade extension into the descending and/or abdominal aorta, including those 
with isolated arch involvement (Figure 3). The two groups were compared regarding de-
mographics, medical history, presence of complications at presentation, management 
and in-hospital mortality. In-hospital mortality was defi ned as death during the initial 
hospitalization period for AAD.

Statistical analysis

Data are shown as frequencies, percentages, mean ± SD, or median [25th – 75th percen-
tile]. Both groups were compared using chi-squared tests (or Fisher’s exact tests where 
appropriate) to analyze categorical variables. Student’s t-test was used to analyze 

Figure 1. Acute aortic dissection (AAD) with pri-
mary entry tear (ET) in the arch and retrograde ex-
tension into the ascending aorta, with or without 
extension into the descending aorta (arch A group) 
or no ascending involvement and antegrade exten-
sion into the descending aorta or further distally 
(arch B group).
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continuous variables with a normal distribution, and non-parametric tests of medians 
were used to analyze non-normally distributed categorical variables. A P-value <0.05 
was considered signifi cant. Data analysis was performed by a statistician (DM) with the 
use of SPSS version 24.0 (SPSS Inc, Chicago, IL).

Figure 2. Computed tomography angiography (CTA) of a patient with acute aortic dissection (AAD) and pri-
mary entry tear (ET) between the innominate artery and the left common carotid artery with retrograde ex-
tension of dissection into the ascending aorta and antegrade extension into the descending aorta (arch A).

Figure 3. Computed tomography angiography (CTA) of a patient with acute aortic dissection (AAD) and 
primary entry tear (ET) between the origin of the innominate artery and the left common carotid artery and 
no ascending involvement (arch B).
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rESulTS

baseline characteristics

A total of 368 patients (248 males, mean age 60.9 years) were included in this analysis 
(Figure 4). The arch A group consisted of 228 patients, the arch B group of 140 patients. 
The two groups were not signifi cantly diff erent concerning demographic data or medi-
cal history (see Table 1). The median aortic diameter was typically larger at the level of 
the ascending aorta for arch A compared to arch B (4.7 vs 4.0 cm, p<0.001), while it 
was not signifi cantly diff erent at the level of the arch (3.8 cm vs 3.7 cm, p=0.605) or 
the descending aorta (3.5 vs. 3.7 cm, p=0.089). The incidence of any preoperative 
complication was similar across both groups (68.4% vs. 60.0%, p=0.115) but the types 
of complications were diff erent (Table 1). The arch A group presented more commonly 
with shock (30.7% vs 15.0%, p=0.001), neurological complications (13.6% vs. 5.7%, 
p=0.022), cardiac tamponade (13.2% vs. 0.0%, p<0.001), grade 3 or 4 aortic valve insuf-
fi ciency (5.3% vs. 0.7%, p=0.021), and less frequently with refractory hypertension (0.0% 
vs. 5.0%, p=0.001), visceral ischemia (3.1% vs. 12.9%, p<0.001), extension of dissection 
(6.6% vs. 14.3%, p=0.017), and aortic rupture (0.4% vs. 3.6%, p=0.032). Also, the time 
from diagnosis to intervention was signifi cantly shorter in the arch A group (4.1 hrs vs. 
20.0 hrs, p<0.001) (Table 1).

Figure 4. Flow chart describing numerically the number of patients excluded for each reason. *In some 
patients, there was more than one reason for exclusion.
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Table 1. Baseline characteristics of acute aortic dissections with primary entry tear in the arch

Arch A Arch b P-value

N 228 140

demographics

Age, mean ± SD 60.7 ± 13.8 61.3 ± 13.7 0.678

Female 69 (30.3%) 51 (36.4%) 0.252

White race 167 (77.0%) 99 (73.3%) 0.447

Medical history

Hypertension 175 (78.8%) 114 (83.2%) 0.339

Atherosclerosis 50 (22.9%) 35 (25.9%) 0.609

Diabetes 13 (6.0%) 12 (8.8%) 0.394

Bicuspid aortic valve 11 (5.4%) 4 (3.3%) 0.428

Marfan disease 8 (3.7%) 5 (3.7%) 1.000

Renal insufficiency 9 (6.3%) 8 (8.6%) 0.609

COPD 11 (7.7%) 9 (9.8%) 0.635

Imaging

Ascending diameter 4.7 [4.0 – 5.2] 4.0 [3.5 – 4.4] <0.001

Arch diameter 3.8 [3.4 – 4.4] 3.7 [3.4 – 4.3] 0.605

Descending diameter 3.5 [3.0 – 4.0] 3.7 [3.3 – 4.3] 0.089

Clinical status

Complicated 156 (68.4%) 84 (60.0%) 0.115

shock 70 (30.7%) 21 (15.0%) 0.001

spinal cord ischemia 4 (1.8%) 2 (1.4%) 1.000 

coma 30 (13.2%) 12 (8.6%) 0.237 

periaortic hematoma 42 (18.4%) 19 (13.6%) 0.250 

descending diameter >5.5 cm 10 (4.4%) 5 (3.6%) 0.792 

refractory pain 7 (3.1%) 6 (4.3%) 0.570 

refractory hypertension 0 (0.0%) 7 (5.0%) 0.001 

limb ischemia 22 (9.6%) 14 (10.0%) 1.000 

visceral ischemia 7 (3.1%) 18 (12.9%) <0.001 

extension of dissection 15 (6.6%) 20 (14.3%) 0.017 

aortic rupture 1 (0.4%) 5 (3.6%) 0.032 

acute renal failure 16 (7.0%) 15 (10.7%) 0.248 

neurological compl 31 (13.6%) 8 (5.7%) 0.022 

cardiac tamponade 30 (13.2%) 0 (0.0%) <0.001 

congestive heart failure 13 (5.7%) 6 (4.3%) 0.634 

AI gr 3 or 4 12 (5.3%) 1 (0.7%) 0.021 

myocardial compl 13 (5.7%) 6 (4.3%) 0.634 

Time from symptom onset to diagnosis 4.5 [2.7 – 12.0] 4.8 [2.7 – 10.2] 0.806

Time from diagnosis to intervention 4.1 [2.3 – 10.0] 20.0 [3.8 – 72.0] <0.001
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Management and in-hospital outcomes

Open surgery was most frequently adopted for arch A, while it was infrequently adopted 
for arch B (77.6% vs. 18.6%, p<0.001). Endovascular treatment was used rarely for arch A, 
compared to a quarter of arch B patients (3.5% vs. 25.0%, p<0.001), and medical treat-
ment only in a small proportion of arch A patients and about half of arch B patients 
(16.2% vs. 51.4% p<0.001) (Figure 5).

The presence of preoperative complications led to more frequent adoption of invasive 
management options. Within the arch A group, complicated preoperative status was 
present in 69.5% of patients treated with open surgery (n=177), compared to 100% 
in patients who underwent endovascular treatment (n=8), and 59.5% in patients who 
received medical therapy only (n=37), (p=0.056). Within the arch B group, complicated 
preoperative status was present in 65.4% of patients treated with open surgery (n=26), 
compared to 74.3% in patients who underwent endovascular treatment (n=35), and 
48.6% in patients who received medical therapy only (n=72), (p=0.031).

The overall in-hospital mortality was similar for both groups (16.7% vs. 19.3%, P=0.574). 
However, those patients treated surgically showed a trend towards a lower mortality rate 
in the arch A group compared to the arch B group(15.3% vs. 30.8%, P=0.090). Mortality 
after endovascular or medical treatment were higher for arch A, although the diff erence 
was not signifi cant (25.0% vs. 14.3%, p=0.597 and 24.3% vs. 13.9%, p=0.191, respectively) 
(Figure 6). The causes of death were not signifi cantly diff erent for both groups (Table 2), 
although aortic rupture was more frequently reported as a cause of death for arch A 
(26.3% vs. 18.5%, p=0.462) and neurologic complications for arch B (15.8% vs. 29.6%, 
p=0.181). Antegrade or retrograde extension of dissection during the hospitalization 
period (preoperatively or when the patient was initially managed medically) occurred 
more frequently in arch B (6.6% vs. 13.8%, p=0.028).

Figure 5. Management of acute aortic 
dissections with primary entry tear in 
the arch. Note: the remaining 2.7% of 
patients in group 1 and 5.0% in group 2 
were treated with hybrid surgical/endo-
vascular methods.
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dISCuSSION

Treatment strategies for AAD patients with primary arch ET remain a subject of debate 
because contemporary classifi cations do not specifi cally stratify for these patients. This 
IRAD analysis shows that current practice diff ers from the recommendations, and that 
management and outcome of AAD is related to the extension of dissection. In particular, 
AAD with no ascending involvement are not managed with open surgery in more than 
4/5 of the cases. Namely, a patient-specifi c approach appears to be preferred depending 
on a patient’s morphological and clinical characteristics. Based on this observation, and 
due to the lack of a specifi c classifi cation of AAD patients with proximal ET at the level of 
the arch, a new subcategorization of the Stanford classifi cation might be considered, as 
“arch A”, when the ascending is involved, and “arch B” when it is not.

Changes in surgical treatment and perioperative management have improved out-
comes in arch dissection patients, but overall mortality remains high, 17.7% in this study, 
which is comparable to the results of previous studies.9-11 The majority (77.6%) of AAD 
patients with ascending aortic involvement (arch A) underwent surgical repair. Open 
surgery is the gold standard, and was associated with a lower in-hospital mortality rate 

Table 2. Causes of in-hospital death

Arch A
(n=38)

Arch b
(n=27)

p-value

Aortic rupture 10 (26.3%) 5 (18.5%) 0.462

Neurologic 6 (15.8%) 8 (29.6%) 0.181

Cardiac 5 (13.2%) 3 (11.1%) 0.804

Visceral ischemia 5 (13.2%) 2 (7.4%) 0.461

Major organ failure 2 (5.3%) 3 (11.1%) 0.383

Bleeding 1 (2.6%) 1 (3.7%) 0.805

Non specifi ed or unknown 9 (23.7%) 5 (18.5%) 0.618

Figure 6. In-hospital mortality; overall 
and by management type of acute aor-
tic dissections with primary entry tear in 
the arch.
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compared to endovascular or medical treatment (15.3% vs. 25.0% vs. 24.3%, p=0.289). 
Nevertheless, about 16% of arch A patients were managed medically. Previous studies 
have shown that this can be a realistic treatment option for patients at extreme surgical 
risk.12, 13 For AAD patients with primary ET in the arch specifically, the distance between the 
ET in the arch may result in relatively less pressurization of the false lumen and reduced 
risk for severe aortic valve regurgitation, dissection extension into the coronary arteries 
or pericardial tamponade, particularly when the retrograde false lumen is thrombosed, 
compared to classic type A dissection with ET in the ascending aorta.12, 13 Dissections 
involving the ascending aorta are not typically candidates for endovascular repair.

In contrast to the arch A group, surgery was associated with a higher in-hospital mortal-
ity rate than endovascular or medical treatment in the arch B group (30.8% vs. 14.3% vs. 
13.9%, p=0.790). These outcomes cannot be explained by the different prevalence of pre-
operative complications in the three cohorts, as these were even higher in the group that 
was treated endovascularly compared to patients submitted to open surgery (74.3% vs. 
65.4%). A potential reason for the high surgical mortality in arch B may be that open treat-
ment of descending thoracic AAD patients necessitates adjuncts like cardiac and cerebral 
protection, which are technically more difficult to perform through a left postero-lateral 
thoracotomy, and are associated with higher mortality and morbidity.14-16 Technical dif-
ficulties might also play a role when a rather proximal arch tear is repaired through a left 
thoracotomy approach. Alternatively, hybrid procedures through a median sternotomy, 
with extensive adoption of frozen elephant trunk, have been described for treating dis-
section of the ascending aorta and arch, showing satisfactory results.17-19 However, as the 
results of the current study show, the surgical approach to dissections with ET in the arch 
extending to the descending aorta can be associated with poorer results. Although endo-
vascular management of complicated descending dissection is recommended,4,5 severe 
preoperative complications may represent a reason, in some centers, for open surgery.20,21

Less invasive management, either endovascular or medical, appears beneficial in 
patients without ascending involvement, if the situation allows this approach.20-22 
In the current study, this is underlined by the shorter median time from diagnosis to 
intervention in arch A compared to arch B (4 vs 20 hrs, p<0.001), and by the fact that 
approximately half of the patients in IRAD without ascending involvement were man-
aged medically only. Rylski et al studied dissections with ET location in the arch but only 
antegrade extension (n=22) and noted 28% of patients with medical management and 
an overall in-hospital mortality of 14% (compared to 19.3% in the current study).7 Rylski 
et al. also included a cohort with ET location in the descending and retrograde extension 
into the arch but not ascending (n=21), and noted initial medical management in 28% 
with an in-hospital mortality of 5%.7 A previous IRAD report on a cohort with the same 
characteristics concerning ET location and extension showed that medical management 
was used in 53.7%, endovascular therapy in 32.8%, and open treatment in 11.9% of 
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patients, with an overall in-hospital mortality of 10.7%.23 In general, these two studies 
and the current study show that that ET location in the arch may have worse outcomes 
than ET in the descending.7,23 Although presentation of AAD may need less aggressive 
treatment when there is no ascending involvement, the risk of extension of dissection 
during medical treatment was considerable (13.8%) and may have contributed to the 
relatively high percentage of neurologic deaths in arch type B.

The findings of the present study should be viewed in the light of its limitations. Pa-
tients were not randomized to a predetermined management strategy, and therefore a 
selection bias was present in treatments provided. Furthermore, the ET were not always 
detectable on imaging studies, and in some patients, multiple ET were seen. In order to 
minimize bias, such patients were excluded from analysis. Moreover, some cases may 
have been included in which an ascending ET was identified intraoperatively, while only 
an arch tear was visible on preoperative imaging. Since primary entry tear in the arch is 
rare, a relatively small cohort could be studied. The crude numbers of mortality give a 
good impression, but did not reach significance for differences between management 
types within each group. Imaging protocols differed among centers, although imaging 
was performed by experienced physicians in aortic centers that are typically equipped 
with state of the art technologies.

CONCluSION

Although current guidelines suggest surgical repair for AAD with proximal ET into the 
arch, IRAD shows that these patients are currently managed by a patient-specific ap-
proach. In choosing the management type of this cohort, it may be advisable to stratify 
AAD based on retrograde or only antegrade extension of the dissection.
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AbSTrACT

Multiple medical device manufacturers are developing branched endografts for thoracic 
endovascular aortic repair (TEVAR), to provide a minimally invasive alternative for the 
treatment of aortic arch pathologies in patients who are deemed unfit for open or hybrid 
arch repair. Different branched endografts have been introduced, with varying number, 
size and orientation of the branches that redirect flow to the supra-aortic arteries. We 
present an overview of the currently investigated devices and review their outcomes. 
The results of branched TEVAR are promising, yet stroke remains the predominant 
periprocedural concern. For now, these procedures should be limited to select expert 
centers where the design and deployment procedure of branched endografts can be 
further developed to reduce stroke risks.
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INTrOduCTION

Open surgical repair is the gold standard for the treatment of aortic arch pathologies.1 
Due to the invasive nature of the procedure, which involves sternotomy or thoracotomy, 
hypothermic circulatory arrest and cardiopulmonary bypass, many patients are deemed 
unfit for surgery.2 Hybrid aortic arch repairs, such as the “frozen elephant trunk” tech-
nique, reduce cardiac ischemia times, but are still invasive procedures associated with 
postoperative stroke rates up to 13% and 30-day mortality rates up to 12%.3 Thoracic 
endovascular aortic repair (TEVAR) could be a minimally invasive alternative for patients 
who are deemed unfit for open or hybrid surgical repair. Yet, the origin of the supra-
aortic arteries and aortic arch angulation pose anatomical challenges for the deploy-
ment of endografts.4,5 As a result, the outcomes of TEVAR in combination with extensive 
supra-aortic interventions or chimney techniques show substantial rates of postopera-
tive stroke, Type I endoleak and retrograde Type A dissection.6 Multiple medical device 
manufacturers are now developing branched endografts for aortic arch deployment, 
extending the application of TEVAR to the proximal aorta. In the following, we review 
the literature on the technical characteristics and outcomes of branched TEVAR in the 
aortic arch and discuss the challenges and future perspectives of endovascular arch 
repair.

CurrENT TEChNIquES ANd OuTCOMES OF brANChEd TEVAr

The PubMed database was searched for studies on branched endovascular repair of 
aortic arch pathologies (zone 0 – 2). Original reports were included if the operative 
techniques and postoperative outcomes were reported. If multiple reports described 
(partly) the same patient cohort, the most recent report was selected. A total of 14 stud-
ies were included, describing endovascular treatment of 302 patients with branched 
endografts.7-20 Overall proportions were calculated with a meta-analysis of proportions 
in R version 3.4.3, using the R package ‘meta’.21

branched endograft designs

Technical characteristics of the endografts that were described in the included studies 
are reported in Table 1. Figure 1 presents the single branch endografts, Figure 2 presents 
the double branched endografts. W.L. Gore (Flagstaff, AZ, USA) and Medtronic Vascular 
(Santa Rosa, CA, USA) have developed single branch endografts that are connected to 
the target vessel using a bridging stent.7,16 The main difference between the designs 
of these devices is that the W.L. Gore device has an internal branch with a retrograde 
orientation and the Medtronic device has volcano-shaped opening without an internal 
branch. Endospan (Herzlia, Israel) and MicroPort Medical Co, Ltd (Shanghai, China) 
developed single branched endografts with a unibody design that can be combined 
with one or more fenestrations to accommodate perfusion of additional supra-aortic 
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arteries.9,18 Bolton Medical, (Sunrise, FL, USA) and Cook Medical (Bloomington, IN, USA) 
developed double branched endografts for zone 0 deployment that feature anterior 
facing internal branches that are connected to the brachiochephalic trunk (BCT) and 
left common carotid artery (LCCA) with bridging stents.8,14,20 Both endograft systems 
are individually made to fit the patient’s anatomy, the main differences between the 
endograft designs are the position and size of the two internal branches. In the Bolton 
design, the internal branches are positioned side-by-side, while in the Cook endograft 

Figure 1. Single-branched endografts. (A) NexusTM Stent Graft System for one 0 from Endospan (Herzlia, 
Israel), this endograft is customizable with an additional fenestration for the left common carotid artery. 
Image provided courtesy of Endospan; (B) CastorTM branched endograft from MicroPort Medical Co, Ltd 
(Shanghai, China), customizable with two additional fenestrations. Image provided courtesy of MicroPort 
Medical; (C) thoracic branch stent graft from Medtronic Vascular (Santa Rosa, CA, USA). Image provided 
courtesy of Medtronic Vascular; (D) Gore® TAG® thoracic endoprosthesis with retrograde internal branch 
from W.L. Gore (Flagstaff, AZ, USA). Image provided courtesy of W.L. Gore & Associates, Inc.

Figure 2. Multi-branched endografts. (A) Zone 0 endografts Bolton Medical, permission for use was grant-
ed by Bolton Medical, Sunrise; FL, USA; (B) zone 0 endograft from Cook Medical, permission for use by Cook 
Medical, Bloomington, IN, USA; (C) three versions of the Inoue Stent Graft from the PTMC institute (Kyoto, 
Japan), image from Tazaki et al. (12); (D) three component solution for zone 0 deployment S&G Biotech, Inc. 
(Seongnam, Korea), image from Lim et al.19
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the internal branch to the LCCA is smaller and positioned diagonally behind the internal 
branch to the BCT. Another important difference is that the Bolton system includes 
the bridging stents, while the Cook system is not delivered with bridging stents. This 
means that with the Cook system additional bridging stents need to be used, oustide 
their instructions for use. The Inoue Stent Graft has a unibody design without internal 
branches. This endograft has been developed at the PTMC institute (Kyoto, Japan) and is 
individually constructed from a woven Dacron polyester fabric. The branches are sewn 
upon the main body at the location of the target vessels.12

deployment procedures

The deployment procedure for branched endografts is similar to the procedure for regu-
lar TEVAR, yet additional guidewires are inserted for deployment of the branch com-
ponents. Through-and-through access is optional, depending on the patient’s anatomy 
and physician’s preference.16 Inoue et al. reported the first total endovascular aortic arch 
repair in 1999,17 the triple branched Inoue Stent Graft was inserted transfemorally with 
one large caliber sheath (24 F). The branch sections of the endograft were pulled into 
the target vessels by traction wires that were inserted via the bilateral brachial arteries 
and LCCA using small caliber sheaths (5 – 7 F). The deployment procedure of modular 
branched endografts is similar, however, additional components need to be introduced 
via the supra-aortic arteries to connect the branches in the main body to the target 
vessels. The brachial, axillary and carotid arteries can be used as access vessels to ad-
vance guidewires and bridging components into the aorta, depending on local vascular 
anatomy and preference of the physician.

Outcomes of branched TEVAr

Table 2 presents the outcomes of the included studies. The overall technical success rate 
was high and the endografts provided good patency during follow-up (94% and 96%, 
respectively). The overall rate of retrograde Type A dissection was 3.3% and overall mor-
tality was 6.1%, which is low considering the fact that the vast majority of patients had 
multiple comorbidities and were deemed unfit for open surgical repair. The results from 
Haulon et al.8 highlighted a steep learning curve even for the highly skilled endovascular 
specialist, with an early mortality rate of 30% in the first 10 cases. An improvement fol-
lowed in the next 28 cases, with a mortality rate of 7.1%. Postoperative stroke is the 
Achilles’ heel of endovascular arch repair, with an overall combined incidence of 14%. 
Multi-branched endograft deployments were associated with high stroke rates. Tazaki 
et al. reported stroke rates of 33% with the double branched and 40% for the triple 
branched Inoue Stent Graft.12 Spear et al. reported a 14.8% stroke rate with the double 
branched endograft from Cook14 and Czerny et al. reported a combined stroke rate of 
20% with the Bolton double branched endograft.20 Guidewire manipulation in the arch 



155

Status of branched TEVAR

Ta
bl

e 
2.

 O
ut

co
m

es
 o

f b
ra

nc
he

d 
TE

VA
R

Fi
rs

t a
ut

ho
r

No. of pts

Intended no. of 
branch vessels

Proximal landing 
zone 0/1/2

Technical success

Early mortality

disabling stroke

Minor stroke

Perma-nent
para-plegia

retrogra-de type 
A dissection

Follow-up, mnts 
(mean)

Patency

Type I endoleak

reinterv
endo

reinterv
open

In
ou

e 
19

99
15

17
1/

0/
14

60
%

0%
6.

7%
0%

0%
0%

13
10

0%
26

.7
%

6.
7%

0%

H
au

lo
n 

20
14

38
76

38
/0

/0
84

.2
%

13
.2

%
2.

6%
10

.5
%

2.
6%

0%
12

93
.9

%
3.

0%
6.

1%
3.

0%

Lu
 2

01
5

51
90

*
33

/0
/1

8
10

0%
2.

0%
0%

0%
N

/A
N

/A
44

10
0%

0%
0%

0%

Ro
se

lli
 2

01
5

9
9

0/
0/

9
10

0%
0%

0%
33

.3
%

0%
0%

6
10

0%
0%

0%
0%

Zh
an

g 
20

16
9

9
0/

0/
9

10
0%

0%
0%

N
/A

N
/A

N
/A

6
N

/A
N

/A
N

/A
N

/A

Sp
ea

r 2
01

6
27

54
27

/0
/0

10
0%

0%
11

.1
%

3.
7%

0%
N

/A
12

N
/A

N
/A

7.
4%

0%

H
ua

ng
 2

01
7

21
21

0/
0/

21
10

0%
0%

0%
0%

N
/A

N
/A

N
/A

10
0%

0%
N

/A
N

/A

Ta
za

ki
 2

01
7

89
12

1
7/

18
/6

4
10

0%
4.

5%
15

.7
%

N
/A

1.
1%

2.
2%

44
N

/A
10

.1
%

8.
2%

3.
4%

Pa
te

l 2
01

7
22

22
0/

0/
22

10
0%

0%
0%

0%
0%

0%
8

10
0%

0%
0%

0%

Sp
ea

r 2
01

7
3

9
3/

0/
0

10
0%

0%
0%

0%
0%

0%
6

10
0%

0%
0%

0%

Cz
er

ny
 2

01
8

15
30

15
/0

/0
10

0%
6.

7%
6.

7%
13

.3
%

0%
0%

9
10

0%
0%

6.
7%

0%

Ca
se

 re
po

rt
s

3
5

3/
0/

0
10

0%
0%

0%
0%

0%
0%

4
10

0%
0%

0%
0%

O
ve

ra
ll

30
2

46
3

12
7/

18
/1

57
94

%
[8

6 
– 

98
]

6.
1%

[3
.7

 –
 9

.8
]

9.
6%

[6
.2

 –
 1

4.
7]

8.
6%

[4
.3

 –
 1

6.
4]

3.
1%

[1
.3

 –
 6

.9
]

3.
3%

[1
.4

 –
 7

.4
]

27
96

%
[9

1 
- 9

8]
7.

5%
[3

.8
 –

 1
4.

4]
6.

6%
[4

.0
 –

 1
0.

6]
3.

3%
[1

.7
 –

 6
.6

]

* 
53

 b
ra

nc
he

d 
an

d 
37

 fe
ne

st
ra

tio
n.

 O
ve

ra
ll 

pe
rc

en
ta

ge
s 

w
er

e 
ca

lc
ul

at
ed

 w
ith

 a
 m

et
a-

an
al

ys
is

 o
f p

ro
po

rt
io

ns
, 9

5%
-c

on
fid

en
ce

 in
te

rv
al

s 
ar

e 
re

po
rt

ed
 w

ith
in

 b
ra

ck
et

s.



Chapter 13

156

and supra-aortic arteries, which are frequently burdened by atherosclerosis,7,8 is most 
likely the cause of embolic stroke in these cases.14,20

Challenges of branched TEVAr

A recent CT-based anatomical feasibility study estimated that about 70% of patients 
with arch aneurysms after surgical replacement of the ascending aorta are feasible 
for endovascular treatment with one of the currently investigated double branched 
devices.22 This is particularly interesting as redo sternotomies add significant risks for 
postoperative complications.23 Still, the majority of multi-branched endografts for 
aortic arch deployment are individually made, which takes several weeks and limits 
the application of total endovascular arch repair to elective cases. The case report from 
D’Onofrio et al. presented a successful off-the-shelf solution for total endovascular 
arch repair, using the single branched modular Nexus system from Endospan (Herzlia, 
Israel).9 Before deployment of this single branched endograft, the patient underwent an 
extra-anatomic reconstruction of the supra-aortic arteries with a right common carotid 
to LSA bypass and reimplantation of the LCCA on the graft. A recent computational 
study from our group analyzed the postoperative hemodynamic outcomes of different 
endograft designs for zone 0 repair.24 We found that a single branched design resulted in 
reduced perfusion of the supra-aortic arteries with elevated blood shear rates compared 
to double branched alternatives. The case report from Lim et al. presented a double 
branched off-the-shelf solution for zone 0 endovascular arch repair, using bifurcated 
endografts in the BCT and LCCA that were connected with a bridging component in the 
aortic arch.19 An important limitation of this technique is the need to introduce large 
caliber devices via the carotid arteries. These devices may damage the arterial wall of the 
carotid arteries, increasing postoperative stroke risks. Additionally, the hemodynamic 
displacement forces in the arch need to be taken into account,5 as they pose a challenge 
for proximal sealing and integrity of modular endografts during follow-up.25

Our perspective

Branched TEVAR is a promising extension of the armamentarium of endovascular spe-
cialists. However, this technically challenging procedure requires optimal equipment 
and endovascular experience and is associated with a steep learning curve. Preoperative 
planning is vital for a successful branched TEVAR procedure and should include imag-
ing with echocardiographic gated computed tomography angiography (CTA) to reduce 
artefacts generated by prior surgery material and cardiac motion.26 The images are 
then processed using software-assisted centerline reconstructions to acquire accurate 
measurements of the luminal diameter, arch angulation and proximal and distal landing 
zones lengths. These measurements should be discussed within the endovascular team, 
including the endograft manufacturer, to determine the feasibility of branched TEVAR 
and select the optimal endograft. Complex endovascular procedures, such as branched 
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TEVAR, should be performed in hybrid operating rooms that combine an optimal open 
surgical environment with advanced imaging capabilities to facilitate endovascular 
navigation and increase accuracy of endograft deployment. Moreover, the use of CTA 
image fusion with live fluoroscopy has shown to reduce radiation exposure and con-
trast injection during complex repairs.27 Further development of endograft design and 
deployment procedure is needed to reduce stroke rates following branched TEVAR. 
Routine use of transcranial Doppler ultrasonography can help to identify the procedural 
aspects most associated with cerebral embolization.28 Perera et al. recently reported that 
robotic catheter placement resulted in significantly less cerebral embolization during 
TEVAR compared with manual techniques.29 Additional carbon dioxide flushing of the 
endograft prior to insertion could reduce the risk of air embolism during deployment.30 
The use of cerebral protection devices, which have proven to be effective at reducing 
embolization in transcatheter aortic valve replacement,31 could also be effective for 
branched arch TEVAR. Additionally, patient-specific computational fluid dynamics analy-
sis can help to predict the hemodynamic outcomes of different treatment scenarios and 
aid endograft selection.24,32

CONCluSION

Multiple medical device manufacturers are developing branched endografts for aortic 
arch deployment, providing a minimally invasive solution for patients who are deemed 
unfit for open or hybrid arch repair. The results of branched TEVAR are promising, yet 
stroke remains the predominant periprocedural concern of total endovascular arch 
repair. For now, these procedures should be limited to select expert centers where the 
design and deployment procedure of branched endografts can be further developed to 
reduce stroke risks.
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AbSTrACT

Objective

The objective of this study was to describe our experience with endovascular aneurysm 
repair (EVAR) with the use of chimney grafts for branch vessel preservation.

Methods

Patients treated with a chimney graft procedure between October 2009 and May 2015 
were included for analysis. Patients who were not considered eligible for open surgical 
repair or for conventional, branched, or fenestrated endovascular repair were selected. 
A standardized operating procedure with left brachial or axillary artery cutdown access 
for the chimney grafts and bilateral femoral artery cutdown access for the aortic main 
device was used. Outcomes were noted according to the Society for Vascular Surgery 
reporting standards. In addition, evolution of gutter area over time was determined. 
Estimated rates of survival, freedom from aneurysm growth, and clinical success at 24 
months of follow-up were calculated.

results

Thirty-three patients (mean age, 77.6 ± 6.8 years; 87.9% male) with a mean preopera-
tive maximum aneurysm diameter of 71.7 ± 13.5 mm were included. A total of 54 of an 
intended 54 chimney grafts were deployed. Primary technical success and 30-day sec-
ondary clinical success rates were 87.9% and 84.8%, respectively. The early mortality rate 
was 6.1% (n=2). The early type Ia endoleak rate was 6.1% (n=2), and the chimney graft 
occlusion rate was 6.1% (n=2). Median follow-up duration was 26 months (interquartile 
range, 14.8-37.3 months). The estimated 2-year actuarial survival rate was 78.1% (stan-
dard error, 67.4%). Late complications included type Ia endoleak (n=1), chimney graft 
occlusion (n=2), type II endoleak with aneurysm growth (n=4), and distal stent graft limb 
kinking and occlusion (n=1). Late reinterventions included coil or glue embolization 
(n=3), distal limb extension (n=2), open endoleak ligation (n=2), Palmaz stent place-
ment (n=1), repeated EVAR (n=1), and femorofemoral bypass graft (n=1). At 2 years, the 
estimated secondary clinical success and freedom from aneurysm growth rates were 
80.5% ( ± 7.2%) and 84.4% ( ± 7.2%). Gutter size showed a small but significant decrease 
over time at the level of the proximal markers and at 10 mm distal from the markers.

Conclusions

Midterm results show that a standardized procedure for EVAR using chimney grafts for 
branch vessel preservation is an acceptable option for high-risk patients with large, 
complex aneurysms who are unfit for open repair and who have been excluded from 
fenestrated EVAR. Gutter size decreases over time, but the rate of branch vessel loss and 
reinterventions demonstrate that this approach should remain reserved for those who 
are at truly prohibitive risk for open or fenestrated stent graft repair.
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INTrOduCTION

The indications for endovascular aneurysm repair (EVAR) are increasing. Improved con-
formability of conventional stent grafts to short or angulated aortic necks and the intro-
duction of branched and fenestrated stent grafts now allow endovascular treatment of 
patients with infrarenal, pararenal, or suprarenal abdominal aortic aneurysms that could 
previously be treated only with open surgical repair.1,2 Although open repair remains 
the “gold standard” for complex aneurysms,3 suprarenal cross-clamping is required and 
can be prolonged in these cases, significantly increasing the operative risk.4,5 The option 
of open repair is therefore denied to patients with significant comorbidity.6 Moreover, 
despite technical progress, various anatomic characteristics or the urgency of the clini-
cal situation can still preclude treatment with branched or fenestrated EVAR. For those 
patients, the chimney technique has emerged as an alternative treatment method.

The chimney technique was originally described as a salvage method for unintentional 
renal artery coverage.7 Whereas they were initially used only for acute cases, chimney 
grafts also became adopted for elective cases in which fenestrated or branched EVAR 
and open repair were unavailable, and first reports showed good perioperative results.8 
However, worldwide experience is still relatively limited and based on diverse patient 
selection criteria and operative procedures.8-11 We have previously described our initial 
experience with the chimney procedure.12 In this study, we want to provide an update of 
our experience and report gutter size changes and midterm outcomes of the chimney 
procedure.

METhOdS

Selection of patients

All patients treated with a chimney procedure of the abdominal aorta at the University 
Medical Center Utrecht between October 2009 and May 2015 were included. An infra-
renal aortic neck of <10 mm denied the execution of conventional EVAR. All included 
patients were considered ineligible for open surgical repair in a multidisciplinary meet-
ing. Depending on their severity, one or more of the following criteria were reasons for 
exclusion from open surgery: chronic obstructive pulmonary disease, congestive heart 
failure, coronary artery occlusive disease, and hostile abdomen. When postponement 
of treatment was considered unacceptable because of a perceived acute rupture risk 
(eg, presence of symptoms, very large aneurysm), no consultation for customization 
of a branched or fenestrated stent graft was done. Anatomic criteria that prohibited 
fenestrated or branched EVAR were severe angulation of the aorta at the level of the 
target vessel, narrow diameter of the aorta at the level of the target branches, and very 
diseased or narrow target branches. Furthermore, a minimum proximal sealing zone 
length in the juxtarenal aorta of 15 mm was required for each patient undergoing a 
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chimney procedure and determined the number of branches targeted for a chimney 
graft.

Procedure

Procedures were performed in a standard operating room using a mobile C-arm (Vera-
dius; Philips Medical Systems, Best, The Netherlands) until June 2013 (n=19); a hybrid 
operating room was used from then on (n=14; Allura FD20; Philips Medical Systems). 
Both femoral arteries and the left brachial or axillary artery were surgically exposed, and 
100 IU/kg of heparin was administered before catheterization. A pigtail angiographic 
catheter was positioned above the ostium of the most proximal target vessel using a 
0.035-inch Radifocus hydrophilic guidewire (Terumo Medical, Tokyo, Japan) from one of 
the femoral arteries. This was followed by introduction of a long 10F to 12F flexor sheath 
(Cook Medical, Bloomington, Ind) through the left brachial artery. It was advanced to 5 
to 7 cm above the most proximal target vessel, after which angiography was performed 
to allow cannulation of all target vessels, first with a 0.035-inch hydrophilic guidewire, 
which was then changed for a 0.035-inch Rosen guidewire (Merit Medical, Galway, 
Ireland). After this, a self-expandable covered stent could be inserted ≥15 mm in the 
intended vessel. Gore Viabahn (W. L. Gore & Associates, Flagstaff, Ariz) was most com-
monly used. In cases of more than one chimney, the Viabahns were inserted sequen-
tially through one flexor sheath using separate guidewires. The aortic stent graft was 
deployed next, followed by deployment of the contralateral limb and distal extensions, 
if applicable. The preferred stent graft was the Medtronic Endurant (Medtronic, Santa 
Rosa, Calif ). Ballooning of the main device was performed only distal to the position 
of the chimney grafts. A percutaneous transluminal angioplasty balloon with a similar 
diameter to the covered stent was then used for ballooning of the chimney grafts. If 
necessary, these were extended with a second covered stent with the same diameter 
to end above the main body of the stent graft. After completion angiography, all guide-
wires and catheters could be removed, and access vessels were surgically closed. During 
the procedure, the activated clotting time was kept at ≥250 seconds. Postoperatively, 
patients were treated with dual antiplatelet therapy (clopidogrel 75 mg daily and aspirin 
100 mg daily) for 6 months, then with single antiplatelet therapy indefinitely.

Surveillance and imaging protocol

All patients underwent physical and laboratory examination and computed tomogra-
phy angiography (CTA) before hospital discharge. The subsequent follow-up protocol 
consisted of physical and laboratory testing after 6 weeks. Control CTA scans were made 
yearly from then on. A 64- or 256-slice computed tomography (CT) scanner (Philips 
Medical Systems) with a standardized acquisition protocol with a slice thickness of 0.9 
mm and increment of 0.7 mm was used; 120 mL of intravenous nonionic contrast agent 
(Iopromide; Schering, Berlin, Germany) was injected at a rate of 6 mL/s, followed by a 
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60-mL saline chaser bolus, and scanning started using bolus-triggering software with a 
threshold of 100 HU over baseline. The acquired data sets were transferred to a worksta-
tion (3mensio Vascular 4.3; 3mensio Medical Imaging BV, Bilthoven, The Netherlands) 
for assessment.

gutter size measurements

Using the 3mensio workstation, a center lumen line was drawn starting from the top 
of the chimney graft onto the iliac bifurcation, through the aorta’s main graft. Within 
each scan, three areas of interest were measured perpendicular to the center lumen line: 
total aortic area (outer edge of the aorta including the main device and the chimneys), 
main device area (outer edge of the main device), and chimney area (outer edge of the 
chimneys). The residual gutter area was calculated by subtracting the main device and 
chimney area from the total aortic area (Fig 1). The areas of interest were measured at 
the level of the proximal marker of the main device (level 1) and 10 mm distally (level 
2). The fi nal outcome of interest was the gutter area as a percentage of the total aortic 
area (proportional gutter area). All measurements were repeated three times for each 
CT scan; the mean was considered for analysis. An intraobserver variation analysis for 
proportional gutter area was performed through random sampling of CT scans from the 
total set of follow-up scans.

Analysis

A prospective database with all patients treated with EVAR at our institution was reviewed 
to identify patients treated with a chimney procedure. The local Medical Research Ethics 
Committee confi rmed that patient informed consent and offi  cial approval of this study 
by the Medical Research Ethics Committee were not required. Data on medical history, 

Figure 1. Measurement of gutter area in a pa-
tient with double chimneys. 1. Total aortic area; 
2 and 3, chimney area; 4, main graft area; 5a, 5b, 
and 5c, gutter area.
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medication use, laboratory results, operative characteristics, and follow-up outcomes 
including imaging complications and reinterventions were extracted from the digital 
patient history chart. Last preoperative, highest postoperative before discharge, and last 
available serum creatinine concentrations were noted. Acute postoperative renal func-
tion changes were graded using Risk, Injury, Failure, Loss, and End-stage renal disease 
(RIFLE) criteria, and the Chronic Kidney Disease Epidemiology Collaboration method was 
used to assess renal function in the chronic phase.13,14 Last preoperative, first postopera-
tive, and last available CTA scans of included patients were used for imaging analysis. On 
preoperative CTA, the diameter of the aorta directly inferior to the lowest renal artery 
and the distance between this level and the upper boundary of the aneurysm were 
measured to evaluate, if present, the infrarenal sealing length. The level of the inferior 
border of the most distal branch in which no chimney graft placement was planned was 
identified, first to determine the landing zone length added by the chimney procedure 
by measuring the distance to the upper boundary of the aneurysm, then to calculate 
the degree of proximal oversizing by measuring the diameter at this level. Baseline mea-
surements of maximum aortic diameter and total aneurysm volume were also obtained. 
Follow-up measurements of maximum aortic diameter and total aneurysm volume were 
obtained on first postoperative and last available CTA scans. Outcomes were reported 
according to the reporting standards of the Society for Vascular Surgery.15 In addition, 
the occurrence of bowel ischemia, deterioration of renal function, and any aneurysm-
related reintervention was noted.

Statistics

SPSS Statistics version 22 (IBM Corp, Armonk, NY) was used for statistical analysis. Nor-
mality of data was tested with the Shapiro-Wilk test. Differences in gutter size between 
single and double chimneys were compared using an independent samples Student 
t-test. The evolution of gutter size over time was tested with Spearman rank correla-
tion. Kaplan-Meier analysis was used to assess midterm follow-up outcomes. Statistical 
significance was assumed at P<.05.

rESulTS

Preoperative characteristics

Baseline characteristics can be seen in Table 1. A total of 33 patients (mean age, 77.6 
years; 87.9% male; mean maximum aneurysm diameter, 71.7 ± 13.5 mm) were included. 
During the study period, 74 fenestrated EVARs and 88 open aneurysm repairs were 
performed.



167

Midterm outcomes after chimney EVAR

Table 1. Baseline characteristics

n (%)

Mean age, y ( ± SD) 77.6 ( ± 6.8)

Male sex 29 (87.9%)

BMI ( ± SD) 25.4 ( ± 4.6)

Indication

- Juxtarenal/suprarenal aneurysm 11 (33.3%) 

- Inadequate proximal fixation/type Ia endoleak after conventional EVAR 10 (30.3%) 

- Postsurgical para-anastomotic aneurysm 4 (12.1%) 

- Infrarenal aneurysm with short proximal sealing zone 7 (21.2%) 

- Infrarenal aneurysm with large accessory renal 1 (3.0%) 

Smoking

- Current smoker 8 (24.2%) 

- Former smoker 15 (45.5%) 

- No 10 (30.3%) 

Hypertension

- None (diastolic pressure usually <90 mmHg) 9 (27.3%) 

- Controlled with 1 drug 8 (24.2%) 

- Controlled with 2 drugs 9 (27.3%) 

- Requires >2 drugs or is uncontrolled 7 (21.2%) 

Peripheral arterial occlusive disease 5 (15.2%)

Cardiac status

- Asymptomatic, with normal electrocardiogram 9 (27.3%) 

- Asymptomatic, but with MI>6m, occult MI on ECG or fixed defect on stress test 8 (24.2%) 

- Stable angina, reversible defect on stress test, silent ischemia on holter, EF 25-45%, 
controlled arrhythmia, history of CHF 

12 (36.4%) 

- Unstable angina, symptomatic/poorly controlled arrhythmia, poorly compensated or 
recurrent CHF, EF<25%, MI<6m 

4 (12.1%) 

Coronary artery disease 17 (51.5%)

Cardiac arrhythmia 9 (27.3%)

Diabetes 5 (15.2%)

Cerebrovascular disease 3 (9.1%)

Pulmonary status

- Asymptomatic, with normal chest radiograph 22 (66.7%) 

- Asymptomatic/mild dyspnea on exertion, mild chronic parenchymal changes, function 
tests 65-80% of predicted 

6 (18.2%) 

- Between 1 and 3 3 (9.1%) 

- Vital cap 1.85L, FEV1<1.2L or <35%, max voluntary ventilation <50%, PCO2>45 mmHg, 
supplemental O2, pulmonary hypertension 

2 (6.1%) 

Cancer 12 (36.4%)

Renal function

- eGFR ≥60 ml/min/1.73m2 16 (48.5%) 
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Intraoperative characteristics

Intraoperative characteristics can be seen in Table 2. A total of 54 of an intended 54 chim-
ney grafts were deployed. Thirteen patients received a chimney graft in a single renal 
artery, and 18 patients underwent bilateral renal revascularization; 1 patient underwent 
revascularization of both renal arteries, the superior mesenteric artery (SMA), and the 
celiac trunk. One patient underwent chimney placement of the SMA only. This patient 
had a history of bilateral nephrectomy, and both renal arteries had been overstented 
in a previous EVAR procedure. Primary technical success was 87.9% (n=29). Immediate 
failures were due to type Ia endoleak (6.1%; n=2), type III endoleak (3.0%; n=1), and renal 
artery occlusion (3.0%; n=1).

Initial outcomes

Details on complications and reinterventions during the initial postoperative period 
can be seen in Table 3. Median duration of postoperative hospitalization was 4 days 
(interquartile range, 3-8 days). Primary clinical success was 78.8% (n=26). After repeated 
performance of an EVAR procedure to resolve a type III endoleak and a thrombectomy to 
resolve a left brachial artery thrombosis, secondary clinical success amounted to 84.8% 
(n=28). Two patients had chimney graft occlusion. The first patient, who was treated with 

Table 1. Baseline characteristics (continued)

n (%)

- eGFR 20-60 ml/min/1.73m2 16 (48.5%) 

- eGFR <20 ml/min/1.73m2 1 (3.0%) 

Statin use 20 (60.6%)

Platelet inhibitor use

- No 12 (36.4%) 

- Aspirin 19 (57.6%) 

- Dual antiplatelet 2 (6.1%) 

Anticoagulation use 11 (33.3%)

ASA score

- II 15 (45.5%) 

- III 18 (54.5%) 

Mean maximum aneurysm diameter, mm, ( ± SD) 71.7 ( ± 13.5)

Mean total aneurysm volume, mL, ( ± SD) 281.5 ( ± 151.3)

Mean proximal sealing zone diameter, mm, ( ± SD) 26.9 ( ± 3.3)

Mean infrarenal sealing length, mm ( ± SD) 6.0 ( ± 5.6)

Mean distance proximal sealing zone to aneurysm, mm, ( ± SD) 23.8 ( ± 11.7)

ASA, American Society of Anesthesiologists; BMI, body mass index, CHF, congestive heart failure; ECG, elec-
trocardiogram; EF, ejection fraction; eGFR, estimated glomerular filtration rate; EVAR, endovascular aneu-
rysm repair; FEV1, forced expiratory volume in 1 second; MI, myocardial infarction. Categorical variables are 
presented as number (%). Continuous variables are presented as mean ( ± standard deviation).
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bilateral renal chimney grafts for a symptomatic juxtarenal aneurysm, showed patent re-
nal chimneys but partial stenosis of the SMA and a de novo occlusion of the celiac trunk 

Table 2. Intraoperative characteristics

n (%)

Timing

- Elective 28 (84.8%) 

- Symptomatic 5 (15.2%) 

Anaesthesia

- General 32 (97.0%) 

- Spinal 1 (3.0%) 

Stent graft type

- Medtronic Endurant 29 (87.9%) 

- Gore Excluder 3 (9.1%) 

- Endurant + Excluder 1 (3.0%) 

Stent graft conformation

- Bifurcation prosthesis 13 (39.4%) 

- Bifurcation prosthesis with proximal extension 4 (12.1%) 

- Uni-iliac prosthesis 2 (6.1%) 

- Proximal cuff only 9 (27.3%) 

- Abdominal tube 5 (15.2%) 

Mean proximal oversizing, % ( ± SD) 22.6 ( ± 7.7)

Number of chimneys

- One 14 (42.4%) 

- Two 18 (54.5%) 

- Four 1 (3.0%) 

Total no. of chimneys intended 54

Total no. of chimneys deployed 54

Mean operation duration, min ( ± SD) 244.9 ( ± 78.3)

Mean blood loss, mL ( ± SD) 686.4 (331.7)

Mean contrast use, mL ( ± SD) 99.2 ( ± 31.8)

Mean fluoroscopy duration, min ( ± SD) 59.8 ( ± 21.0)

Intra-operative complication 3 (9.1%)

Intra-operative unplanned procedure 0

Intra-operative conversion 0

Intra-operative death 0

Type I or III endoleak at completion angiogram 3 (9.1%)

Stent graft/chimney obstruction >30% <24hours 1 (3.0%)

Primary technical success 29 (87.9%)

Categorical variables are presented as number (%). Continuous variables are presented as mean ( ± stan-
dard deviation).
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on CTA (both caused by fresh thrombus) 2 days postoperatively. Successful stenting of 
both vessels was undertaken. During this procedure, angiography again showed normal 
patency of the two chimneys in the renal arteries. However, on postoperative day 15, 
the patient developed anuria. CTA showed a patent SMA and celiac trunk but a new 
complete occlusion of both renal chimneys. Cardiac embolisms or low-flow state was 
considered the most likely cause of the branch vessel occlusions because the patient 

Table 3. Postoperative characteristics

Total cohort

Median intensive care duration, d (range) 0 (0-5)

Median hospitalization duration, d (range) 4 (1-41)

30-d or in-hospital death 2 (6.1)

Any major complicationa 9 (27.3)

- Type Ia endoleak 2 (6.1) 

- Type III endoleak 1 (3.0) 

- Chimney thrombosis (leading to severe deterioration of 
renal function) 

2 (6.1) 

- Respiratory complication 2 (6.1) 

- Bowel ischemia 2 (6.1) 

- Access vessel thrombosis 1 (3.0) 

- Myocardial infarction 1 (3.0) 

Any minor complication 15 (45.5)

- Type II endoleak 5 (15.2) 

- Undetermined type endoleak 4 (12.1) 

- Access site hematoma 4 (12.1) 

- Mild deterioration of renal function 4 (12.1) 

Renal functionb

- Mild deterioration of renal function 4 (12.1) 

- Severe deterioration of renal function 2 (6.1) 

Any reintervention 3 (9.1)

- Repeat EVAR procedure 1 (3.0) 

- SMA and celiac trunk stenting 1 (3.0) 

- Access vessel thrombectomy 1 (3.0) 

30-d primary clinical success 26 (78.8)

30-d secondary clinical success 28 (84.8)

EVAR, endovascular aneurysm repair; SMA, superior mesenteric artery, Categorical variables are presented 
as number (%). Continuous variables are presented as median (range).
aTwo patients had more than one major complication
bMild renal function deterioration was defined as 25% to 50% decrease in estimated glomerular filtration 
rate or a 1.5 to 2x increase in serum creatinine concentration; several renal function deterioration was de-
fined as >50% decrease in estimated glomerula filtration rate or >2x increase in serum creatinine concen-
tration (Risk, Injury, Failure, Loss, and End-stage renal disease [RIFLE] criteria).



171

Midterm outcomes after chimney EVAR

had a history of ischemic cardiomyopathy and had been transferred to the cardiac care 
unit for decompensated heart failure when the bilateral renal occlusions happened. The 
patient refused further interventions and died of renal failure on postoperative day 18. 
The second patient showed occlusion of a renal artery adjacent to the chimney graft 
on duplex ultrasound within 24 hours postoperatively, which was confirmed with CTA 
3 days afterward. It showed that the chimney graft was much longer than originally 
intended and that it protruded too far into the renal artery and almost 2 cm above the 
bare stent of the aortic main device. The patient was admitted to the intensive care 
unit with acute renal failure requiring dialysis. The patient was discharged with a stable 
serum creatinine concentration around 200 mmol/L (estimated glomerular filtration 
rate, 27 mL/min/1.73 m2), and his renal function has been under regular surveillance of 
a nephrologist since.

Two patients had persistent type Ia endoleaks, which for both patients had also been 
the indication for chimney repair. The first patient presented with symptomatic bilateral 
hypogastric aneurysms caused by type II endoleak 2 months after the chimney proce-
dure. Open repair was considered the only possible intervention for these symptomatic 
and growing hypogastric aneurysms (maximum diameter, 9.7 cm), but the 82-year-old 
patient decided to refrain from open repair. The decision was made to not intervene 
for the type Ia endoleak either, as the rupture risk of the hypogastric aneurysms was 
estimated to be much higher than that of the abdominal aneurysm. The patient is being 
followed up in another hospital and was alive at 2 years of follow-up. The other patient 
underwent an attempted embolization of the endoleak. However, the endoleak was 
no longer visible during the procedure, and there has been no follow-up CT yet to see 
whether there is continued aneurysm growth. One patient, who had been treated for 
a symptomatic aneurysm, was in poor condition preoperatively and suffered from a 
Clostridium difficile infection postoperatively, from which she could not recover, and 
she died on postoperative day 23.

Midterm outcomes

Median follow-up duration was 26.0 months (interquartile range, 14.8 – 37.3 months). 
The estimated 2-year actuarial survival rate was 78.1% (standard error, ± 7.4%; Fig 2). 
Causes of death were aneurysm rupture (n=2), mesenteric ischemia due to partial oc-
clusion of the celiac trunk (n=1), unrelated (n=7), and unknown (n=2). The first case of 
rupture occurred in a patient who refused treatment for a type Ib endoleak, the second 
in a patient in whom chimney EVAR was used as a last resort to treat an aortic infection. 
Estimated 2-year primary clinical success rate was 73.3% ( ± 8.2%). Late complications 
included type Ia endoleak (n=1), chimney graft occlusion (n=2), type II endoleak with 
aneurysm growth (n=4), and distal stent graft limb kinking and occlusion (n=1). One of 
the chimney graft occlusions happened in a chimney in an accessory renal artery with 
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a diameter of 3.7 mm. Late reinterventions included coil or glue embolization (n=3), 
distal limb extension (n=2), open endoleak ligation (n=2), Palmaz stent placement (n=1), 
repeated EVAR (n=1), and femorofemoral bypass graft (n=1), leading to a secondary 
clinical success rate of 80.5% ( ± 7.2%) at 2 years (Fig 3). Follow-up serum creatinine 
values were available for 21 patients, of whom 52.4% showed a decline in renal function. 
Last available postoperative CTA scan could be compared with fi rst postoperative CTA 
scan for 29 patients. Estimated freedom from aneurysm growth at 2 years was 84.4% ( 
± 7.2%; Fig 4).

gutter size changes

Gutter size changes were assessed for 22 patients (12 single and 10 double chimneys) 
who had at least two postoperative CT scans. The 11 patients in whom gutter size was 
not assessed had similar characteristics to those of the patients in whom it was assessed. 
The initial gutter areas were signifi cantly larger for patients treated with double chim-
neys than for patients treated with a single chimney (93.0 ± 37.5 mm2 or 14.9% ± 5.3% vs 

Figure 2. Kaplan-Meier curve showing estimated survival rate with 95% confi dence intervals up to 3 years 
of follow-up.
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44.7 ± 12.0 mm2 or 9.2% ± 3.2%; P=.01). Gutter areas showed a weak trend of decrease 
over time at the level of the proximal markers (ρ=-0.22; P=.08) but not at 10 mm distally 
(ρ=-0.01; P=.97). Proportional gutter area showed a weak but signifi cant decrease over 
time at the level of the proximal markers (ρ=-0.30; P=.02) and at 10 mm distally (ρ= -0.28; 
P=.05). The results of gutter size measurements can be seen in Fig 5. Intraobserver vari-
ability was assessed for 22 scans using Bland-Altman analysis. The diff erences between 
repeated measurements were situated within the limit of agreement (2.2% and -2.1%), 
variation between measurements was small, and the coeffi  cient of dispersion was 10%.

dISCuSSION

EVAR with a chimney graft procedure off ers an endovascular solution for the treatment 
of patients with juxtarenal, pararenal, or suprarenal aortic aneurysms. It is seen as a 
viable alternative for open repair or for fenestrated or branched endovascular repair, 
although it features off -label use of endovascular devices. We have previously reported 

Figure 3. Kaplan-Meier curve showing secondary clinical success rate with 95% confi dence intervals up to 
3 years of follow-up.
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our initial experience with the chimney procedure, which showed a technical success 
rate of 92.3%, a 30-day mortality rate of 0%, and an aneurysm stabilization or shrinkage 
rate of 85%.12 This study was undertaken to give an update of the experiences gained 
since then. We now noted a primary technical success rate of 87.9% and 30-day mortal-
ity rate of 6.1% in 33 patients with asymptomatic (n=28) and symptomatic (n=5) aneu-
rysms and an estimated 2-year survival rate of 78%. Because the alternatives to EVAR 
with a chimney graft are likely to off er more durable outcomes, selection criteria for a 
chimney graft procedure should be strict in this population of patients with a reduced 
life expectancy.

Overall, reported short-term results of the chimney procedure have been good to 
excellent. Initial reports described technical success rates of up to 100% and short-term 
primary stent patency rates of up to 98%.9,10,16,17 A recently published registry shows 
similar technical success and stent patency rates of 97% and 94% for >500 patients.18 
Of note, fenestrated EVAR was available in just 3 of 13 participating centers, so many 

Figure 4. Kaplan-Meier curve showing freedom from aneurysm growth rate with 95% confi dence intervals 
up to 3 years follow-up.
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of these patients had not been excluded from fenestrated EVAR, which may lead to 
favorable technical outcomes for performance of chimney EVAR. Moreover, at 71.7 mm, 
mean aneurysm size was large in our series. Larger aneurysms are known to have worse 
outcomes, and high rates of postoperative complications after chimney procedures are 
not uncommon.9,11 We observed major postoperative complications in 27.3% of patients. 
The selection of only high-risk patients with complex anatomy is a likely explanatory fac-
tor for the rate of complications. Of the nine patients with postoperative complications 
in our series, two were treated for a symptomatic aneurysm. Finally, the freedom from 
aneurysm growth rate (Fig 4) shows a similar pattern to what has been described for 
regular EVAR, namely, a steep decrease somewhere during midterm follow-up due to 
crossing of the 5-mm growth threshold in relatively “stable” aneurysms.19,20

We observed mild early renal function decrease in 12.1% and severe early decrease in 
6.1% of patients. Early renal complications are common after endovascular treatment of 
juxtarenal aneurysms, whether with chimney or fenestrated repair.11,21,22 The complexity 
of the endovascular procedures requires increased use of contrast material, which can 
lead to renal injury. Open repair inevitably involves renal ischemic time, and postop-
erative renal dysfunction can be expected in about 18% of patients with juxtarenal 
aneurysms, although the reported incidences vary widely, depending on defi nitions 
used.3 Therefore, endovascular treatment is still more attractive than open repair for 
most patients with preoperative renal dysfunction. Although renal damage after EVAR is 
usually mild and transient, a signifi cant decline of renal function at long-term follow-up 
is encountered not infrequently after conventional, chimney, or fenestrated EVAR.11,23-25

The chimney confi guration is prone to type Ia endoleak when gutters between the 
main device and the chimney graft persist. To minimize the risk of gutter endoleaks, we 
advocate the use of covered stents and in principle adhere to a policy of 20% to 30% 
proximal oversizing and proximal sealing length of at least 15 mm. We have previously 
reported the rationale behind these choices.12 We preferentially use Viabahn stent grafts 
because they have less radial force than balloon-expandable covered stent grafts, which 

Figure 5. Scatter plot showing evolution of (A) gutter area and (B) proportional gutter area for patients with 
single and double chimneys.
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we believe may be beneficial for minimizing gutter size. Furthermore, Viabahn stent 
grafts have a heparin-bonded coating that may be beneficial for patency. In the current 
cohort, this approach led to a reduction in gutter size in 95% of patients. By aiming to 
ensure a relatively long sealing length, we performed chimney graft extension in the 
majority of cases. As increased length comes with increased resistance, the theoretical 
drawback of using relatively long covered stents is an increased risk of graft thrombosis. 
Two cases of chimney occlusion occurred because the chimney graft was longer than 
intended. Visualization problems with the mobile C-arm played a role in this; they have 
not been an issue any longer in the hybrid operating room. One of these chimneys also 
had a small diameter of 3.7 mm. We have abandoned deploying chimneys with such 
a small diameter. In accordance with our experience, a diameter of <4 mm has been 
recognized by others as a risk factor for occlusion.25

This study has several limitations. The retrospective nature and small sample size make 
our results vulnerable to bias. Second, follow-up data beyond 5 years were not available. 
This can be explained by the advanced age and comorbidity of the patients but leaves 
the uncertainty about long-term chimney durability unanswered. Finally, although we 
assessed the intraobserver variability of gutter area measurements, it is not a validated 
tool for assessing gutter size.

CONCluSIONS

Midterm results show that a standardized procedure for EVAR using chimney grafts for 
branch vessel preservation is an acceptable option for high-risk patients with large, 
complex aneurysms who are unfit for open repair and who have been excluded from 
fenestrated EVAR. Gutter size decreases over time, but the rate of branch vessel loss and 
reinterventions demonstrate that this approach should remain reserved for those who 
are at truly prohibitive risk for open or fenestrated stent graft repair.

rEFErENCES
 1. Kristmundsson T, Sonesson B, Dias N, et al. Anatomic suitability for endovascular repair of 

abdominal aortic aneurysms and possible benefits of low profile delivery systems. Vascular 
2014;22:112-115.

 2. Stark M, Suresh A, Alexander J, et al. An analysis of variables affecting aortic neck length with 
implications for fenestrated endovascular repair of abdominal aortic aneurysm. Ann Vasc Surg 
2014;28:808-815.

 3. Jongkind V, Yeung KK, Akkersdijk GJ, et al. Juxtarenal aortic aneurysm repair. J Vasc Surg 
2010;52:760-767.

 4. West CA, Noel AA, Bower TC, et al. Factors affecting outcomes of open surgical repair of pararenal 
aortic aneurysms: a 10-year experience. J Vasc Surg 2006;43:921-927; discussion: 927-8.



177

Midterm outcomes after chimney EVAR

 5. Back MR, Bandyk M, Bradner M, et al. Critical analysis of outcome determinants affecting repair of 
intact aneurysms involving the visceral aorta. Ann Vasc Surg 2005;19:648-656.

 6. Brown LC, Greenhalgh RM, Howell S, et al. Patient fitness and survival after abdominal aortic 
aneurysm repair in patients from the UK EVAR trials. Br J Surg 2007;94:709-716.

 7. Greenberg RK, Clair D, Srivastava S, et al. Should patients with challenging anatomy be offered 
endovascular aneurysm repair? J Vasc Surg 2003;38:990-996.

 8. Tolenaar JL, van Keulen JW, Trimarchi S, et al. The chimney graft, a systematic review. Ann Vasc 
Surg 2012;26:1030-1038.

 9. Bruen KJ, Feezor RJ, Daniels MJ, et al. Endovascular chimney technique versus open repair of 
juxtarenal and suprarenal aneurysms. J Vasc Surg 2011;53:895-904; discussion: 904-5.

 10. Donas KP, Pecoraro F, Bisdas T, et al. CT angiography at 24 months demonstrates durability of 
EVAR with the use of chimney grafts for para-renal aortic pathologies. J Endovasc Ther 2013;20:1-
6.

 11. Scali ST, Feezor RJ, Chang CK, et al. Critical analysis of results after chimney endovascular aortic 
aneurysm repair raises cause for concern. J Vasc Surg 2014;60:865-873; discussion: 873-5.

 12. Tolenaar JL, Zandvoort HJ, Moll FL, et al. Technical considerations and results of chimney grafts 
for the treatment of juxtarenal aneursyms. J Vasc Surg 2013;58: 607-615.

 13. Levey AS, Stevens LA, Schmid CH, et al. A new equation to estimate glomerular filtration rate. Ann 
Intern Med 2009;150:604-612.

 14. Bellomo R, Kellum JA, Ronco C. Defining and classifying acute renal failure: from advocacy to 
consensus and validation of the RIFLE criteria. Intensive Care Med 2007;33:409-413.

 15. Chaikof EL, Blankensteijn JD, Harris PL, et al. Reporting standards for endovascular aortic aneu-
rysm repair. J Vasc Surg 2002;35:1048-1060.

 16. Lee JT, Greenberg JI, Dalman RL. Early experience with the snorkel technique for juxtarenal 
aneurysms. J Vasc Surg 2012;55:935-946; discussion: 945-6.

 17. Coscas R, Kobeiter H, Desgranges P, et al. Technical aspects, current indications, and results of 
chimney grafts for juxtarenal aortic aneurysms. J Vasc Surg 2011;53:1520-1527.

 18. Donas KP, Lee JT, Lachat M, et al; PERICLES investigators. Collected world experience about the 
performance of the snorkel/chimney endovascular technique in the treatment of complex aortic 
pathologies: the PERICLES registry. Ann Surg 2015;262:546-553.

 19. Schanzer A, Greenberg RK, Hevelone N, et al. Predictors of abdominal aortic aneurysm sac en-
largement after endovascular repair. Circulation 2011;123:2848-2855.

 20. Dingemans SA, Jonker FH, Moll FL, et al. Aneurysm sac enlargement after endovascular abdomi-
nal aortic aneurysm repair. Ann Vasc Surg 2016;31:229-238.

 21. Lee JT, Varu VN, Tran K, et al. Renal function changes after snorkel/chimney repair of juxtarenal 
aneurysms. J Vasc Surg 2014;60:563-570.

 22. Linsen MA, Jongkind V, Nio D, et al. Pararenal aortic aneurysm repair using fenestrated endo-
grafts. J Vasc Surg 2012;56:238-246.

 23. Mills JL Sr, Duong ST, Leon LR Jr, et al. Comparison of the effects of open and endovascular aortic 
aneurysm repair on long-term renal function using chronic kidney disease staging based on 
glomerular filtration rate. J Vasc Surg 2008;47:1141-1149.

 24. Kristmundsson T, Sonesson B, Dias N, et al. Outcomes of fenestrated endovascular repair of 
juxtarenal aortic aneurysm. J Vasc Surg 2014;59:115-120.

 25. Tran K, Ullery BW, Lee JT. Snorkel/chimney stent morphology predicts renal dysfunction after 
complex endovascular aneurysm repair. Ann Vasc Surg 2016;30:1-11





Chapter 15

Discussion



Chapter 15

180

Thoracic endovascular aortic repair (TEVAR) is by now firmly established as the treatment 
of choice for most types of thoracic aortic disease.1 The complication rates after TEVAR 
are relatively low, with reported incidences of 1.7% for retrograde type A dissection,2 
1.0 – 3.9% for type I endoleak,3-6, and 1.0 – 2.6% for stent graft migration.4-6 However, 
the durability of the outcomes after endovascular repair remains a challenge, especially 
because the absolute numbers of patients with stent graft-related complications are 
expected to increase with the more frequent performance of TEVAR procedures.7,8 Since 
it is possible to repair thoracic aortic disease in many patients thanks to endovascular 
technology (with the result that patients live longer), it becomes important to obtain 
durable long term outcomes. However, the long-term effects of stent graft placement 
are largely unknown. Considering this gap in knowledge, it becomes crucial to study 
the risk factors for complications, understand the pathophysiology behind them and 
clarify the interaction between stent graft and aorta. Flow dynamics seem an important 
factor in this. Therefore, the objective of this thesis was to investigate the position of 
flow dynamics in the clinical practice of endovascular aortic repair.

MEChANICAl COuPlINg OF STENT grAFT TO AOrTA IN AN Ex VIVO POrCINE 
MOdEl

There are many possible parameters that can be measured in order to study the me-
chanical interaction between stent graft and aorta, of which pulse wave velocity, arterial 
strain, distensibility, and augmentation index are some examples.9,10 All of these factors 
are dependent on stroke volume and patient blood pressure, which are obviously vari-
able, both between patients and within the same patient over time.9,10 In contrast, flow 
and pressure can be tightly controlled in an experimental set-up. Although it will always 
be only an approximation of the in vivo situation, an experimental set-up thus offers 
the opportunity to measure flow dynamic parameters and study pathophysiological 
concepts.

In Chapter 3, the suitability of the porcine thoracic aorta as a model of the human 
thoracic aorta was investigated. The mechanical response of porcine as well as human 
aortic tissue depends for the most part on elastin and collagen fibers in the medial layer 
of the aortic wall. Based on literature, which was available only for young porcine tissue 
and for human tissue of various ages, it could be concluded that the young porcine 
thoracic aorta may be useful especially as a model of human aortas aged <60 years. 
In Chapter 4, a mock pulsatile circulation with the porcine thoracic aorta was used 
to study the effect of stent graft placement on aortic pulse wave velocity. Stent graft 
placement was found to increase aortic pulse wave velocity significantly. Moreover, 
despite the fact that the distal resistance was kept constant, the pulse pressure in the 
ascending aorta increased after stent graft placement. A meta-analysis, which included 
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several large epidemiological studies, found that this can be an independent predictor 
of cardiovascular mortality.11 This could lead to adverse cardiac remodeling12 and might 
thus be an explanation for the high rate of cardiovascular mortality at mid term follow-
up after TEVAR,4 although further study is needed to prove this relation.13 In Chapter 
5, the mock circulation with the porcine aorta was used again. The results of this study 
show that the increase in aortic pulse wave velocity after TEVAR is seen irrespective of 
the stent graft type, and depends mostly on the length of aorta that is covered by stent 
graft. While these two chapters showed an average increase in aortic pulse wave veloc-
ity along the length of the thoracic aorta, they did not provide more ‘local’ information. 
This phenomenon was studied into more depth in Chapter 6. Here, the increased aortic 
stiffness after stent graft placement was shown to cause an increase in radial strain, a 
different measure of arterial compliance, in the aorta proximal to the stent graft. This 
proximal strain increase, which is in accordance with the pulse pressure increase seen 
in the previous study, has been associated with elevated wall stress and weakening of 
the aortic wall, increasing the risk of aneurysmal dilatation and aortic dissection,.14,15 Al-
though these consequences of imperfect mechanical coupling offer some new insights 
into pathophysiological mechanisms, the fact that the young porcine aorta is less stiff 
than the aorta of aneurysm or dissection patients remains a limitation. However, some 
small clinical studies in aneurysm16 and trauma17 patients show similar results to the 
experimental studies in this thesis, but to fully understand what happens to aortic stiff-
ness after stent graft placement in patients with thoracic aortic disease, more research 
is needed.13

IMAgINg OF AOrTIC FlOw dyNAMICS

The first few chapters showed the imperfect mechanical coupling of stent graft to aorta, 
and how this caused a change in some flow dynamic parameters, which in turn may be 
related to complications after TEVAR. In these experimental studies, each of the flow 
dynamic variables was determined with measurements using intraluminal pressure 
catheters. Such invasive measurement is not realistic in clinical practice. In contrast, 
dynamic imaging techniques can record flow dynamics in a non-invasive manner. These 
techniques were studied in the next few chapters. In Chapter 7, 4D-Flow cardiovascular 
magnetic resonance (CMR) was used to measure the flow volume in the true and false 
lumen in an ex vivo porcine model of aortic dissection connected to a mock circulation. 
This was compared to the flow volume as measured with 2D phase-contrast CMR and 
ultrasound, and it was found to be comparable. Thus, it was concluded that 4D-Flow 
CMR is a reliable method of assessing flow dynamics in aortic dissection. For the second 
part of the study, 4D-Flow CMR data in dissection patients were used to prove that this 
technique is feasible even in the acute setting. The lack of follow-up data and small 
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sample size limited the potential to interpret the clinical impact of the measured flow 
conditions, but it is not unlikely that it will have both diagnostic and prognostic value. 
Therefore, functional assessment flow dynamics using 4D-Flow CMR will need further 
study, not just for aortic dissection, but for aortic disease in general. Especially, 4D-Flow 
CMR has the potential to investigate the importance of the aorta’s twisting movement 
pattern, and normal helical versus turbulent flow patterns into more detail. In Chapter 
8, dynamic computed tomography angiography (CTA) imaging was analyzed to study 
aortic pulsatile deformations in a cohort of 10 aneurysm patients. Considerable defor-
mations were seen throughout the thoracic aorta in both longitudinal and circumfer-
ential direction, with more pronounced deformations in the proximal aorta. In Chapter 
9, dynamic CTA was used to study aortic pulsatile deformations, this time in a different 
cohort of patients, namely with aortic valve stenosis. The deformations seen in this 
patient population were smaller than in the cohort of patients with aneurysm, but still 
a significant difference between systolic and diastolic dimensions was noted at every 
level along the aortic arch. Possibly, the fact that patients with aortic valve stenosis more 
commonly have diffuse aortic calcifications contributed to the smaller aortic deforma-
tions.18 However, in this cohort of 116 patients, the only factors that were related to the 
amount of pulsatile deformations were higher BMI and older age, which both showed 
a negative correlation on multivariable regression analysis. Since endovascular devices 
are stiff in comparison to the dynamic environment of the thoracic aorta, ideally, the 
maximum pulsatile aortic deformations are determined with preoperative dynamic 
imaging to choose the stent graft size accordingly. If only static imaging is available, the 
information from the previous two studies can be used to estimate the required amount 
of stent graft oversizing, with possibly slightly more circumferential and longitudinal 
oversizing with proximal stent graft deployment, and slightly less oversizing in older 
patients and those with high BMI.

ClASSIFICATIONS OF AOrTIC ArCh dISEASE

Chapter 10 is a study of aortic arch geometry, classifying the aortic arch based on the 
Modified Arch Landing Areas Nomenclature (MALAN). The different proximal landing 
zones according to the MALAN were associated with a consistent pattern of angulation 
and tortuosity. Since the MALAN is easily determined, it offers at glance useful insights 
for assessing TEVAR feasibility and planning. Moreover, the geometric pattern of MA-
LAN landing zones has subsequently been associated with a consistent pattern of flow 
dynamic parameters as well.19 Although the experimental studies and imaging studies 
in the first parts of this thesis were too preliminary in nature to relate flow dynamic 
parameters to clinical outcomes after TEVAR directly, the results presented Chapter 11, 
which show that hostile MALAN zones are associated with lower rates of clinical success 
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after TEVAR, can be considered an indirect proof of the potential effects of flow dynamic 
parameters on clinical outcomes. In selected patients, it might be wise to try to increase 
sealing zone length and opt for a more proximal landing zone with a less hostile geo-
metrical configuration, if possible. However, sometimes an endovascular solution is not 
available. The findings in Chapter 12 confirm the wise clinical base of the Stanford clas-
sification in treating all patients with aortic dissection and involvement of the ascending 
aorta (irrespective of the entry site) as type A (i.e. preferably with open surgery) and all 
others as type B (i.e. preferably with TEVAR or medical therapy).

ENdOVASCulAr brANCh VESSEl PrESErVATION TEChNIquES durINg 
AOrTIC rEPAIr

New directions are sought to expand endovascular technology in order to provide a 
minimally invasive solution for patients who are deemed unfit for open or hybrid repair. 
In Chapter 13, an update of the current status of branched TEVAR is given, showing that 
the results of branched TEVAR are promising, yet stroke remains the predominant peri-
procedural concern of total endovascular arch repair. Flow dynamics might play a more 
important role than what is currently known in the etiology of stroke after branched 
TEVAR.20 Branched and fenestrated technology is further developed for the abdominal 
aorta. Chapter 14 shows that for those patients who are at a truly prohibitive risk for 
open or fenestrated stent graft repair, chimney repair is an acceptable alternative. Since 
flow through the gutters between the aortic stent graft and the chimney graft is usually 
low, the gutter size decreases over time and the risk of gutter endoleaks is not as impor-
tant as was supposed. However, the risk of complications in this patient population with 
large, complex aneurysms is not negligible.

PErSPECTIVE

With the use of non-biological devices, a certain degree of mismatch between device 
mechanics and human physiology is unavoidable. In order to achieve a durable coupling 
of a stent graft to the aorta, stent graft sizing should be optimized for the significant 
longitudinal and circumferential strains. It will be a challenge for the future to develop 
stent grafts that are able to mimic these strains. Thus, by channeling blood flow in a more 
physiological way, a smaller negative effect on pulse wave velocity can be expected. 
Furthermore, more widespread use of dynamic imaging techniques can improve TEVAR 
planning, and elaboration of postoperative dynamic imaging may be used to predict 
postoperative complications. If these improvements can be accomplished, and the 
challenge of developing safe branched stent graft technology is met, not only will the 
indications for TEVAR be even wider, but the complication rates may be reduced as well, 
improving clinical outcomes for patients with thoracic aortic disease overall.
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Voor de meeste aandoeningen van de thoracale aorta is endovasculaire behandeling 
(TEVAR) tegenwoordig de eerste keuze van behandeling.1 Hierbij wordt via de lies een 
bedekte stent (stent graft) ingebracht en in de aorta ontplooid. Complicaties worden 
relatief weinig gezien, zo is in de literatuur de incidentie 1.7% voor retrograde type A 
dissectie,2 1.0 – 3.9% voor type I endoleak,3-6 en 1.0 – 2.6% voor stent graft migratie.4-6 De 
duurzaamheid van de uitkomsten na endovasculaire behandeling blijft een uitdaging, 
onder meer omdat de naar verwachting het aantal TEVAR-gerelateerde complicaties in 
absolute zin zal toenemen, vanwege de toenemende frequentie van TEVAR procedu-
res.7,8 Aangezien men dankzij endovasculaire technologie nu bij veel patiënten in staat 
is om de aandoening van de aorta te repareren (met als gevolg dat patiënten langer 
leven), zijn duurzame langetermijnsresultaten van belang. Over de langetermijnseffec-
ten van TEVAR is echter nog weinig bekend. Daarom is het cruciaal om de risicofactoren 
voor complicaties te bestuderen, de pathofysiologie ervan beter te doorgronden en de 
interactie tussen stent graft en aorta beter te begrijpen. Flowdynamiek lijkt hierin een 
belangrijke factor en dus is het doel van dit proefschrift om de rol van flowdynamiek in 
de klinische praktijk van endovasculaire behandeling van de aorta te onderzoeken.

MEChANISChE INTErACTIE TuSSEN STENT grAFT EN AOrTA IN EEN Ex VIVO 
VArkENSMOdEl

Er zijn verschillende parameters waarmee de mechanische interactie tussen stent graft 
en aorta kan worden gemeten, zoals pulse wave velocity, arterial strain, distensibility en 
augmentation index.9,10 Al deze factoren zijn afhankelijk van stroke volume en bloeddruk, 
die uiteraard variëren van patiënt tot patiënt en van het ene tijdstip tot het andere bij 
dezelfde patiënt.9,10 In een proefopstelling kunnen flow en druk daarentegen constant 
gehouden worden. Hoewel een proefopstelling altijd slechts een benadering van de in 
vivo situatie zal zijn, biedt het wel een mogelijkheid om flowdynamische parameters 
betrouwbaar te meten en hypotheses over pathofysiologie te testen.

In hoofdstuk 3 werd onderzocht hoe geschikt de thoracale aorta van varkens is als 
model voor de menselijke thoracale aorta. De mechanische functie van zowel varkens- 
als menselijke aorta’s is vooral van elastine- en collageenvezels in de lamina media van 
de aortawand afhankelijk. Uitgaande van wat er in de literatuur beschikbaar is, wat wil 
zeggen alleen data over jonge varkensaorta’s en menselijk weefsel van verschillende 
leeftijden, kon worden geconcludeerd dat de jonge varkensaorta vooral geschikt is 
als model van menselijke aorta’s tot ongeveer 60 jaar. Voor de studie in hoofdstuk 4 
werd gebruik gemaakt van een model van de circulatie, met een pulsatiele pomp en 
varkensaorta’s, om het effect van stent graftplaatsing op de pulse wave velocity te 
onderzoeken. Het bleek dat na stent graftplaatsing de pulse wave velocity significant 
toenam. Bovendien nam de polsdruk in de aorta ascendens toe, ondanks het feit dat 
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de weerstand distaal constant werd gehouden. Een meta-analyse van verschillende 
grootschalige epidemiologische studies toonde aan dat een toegenomen pulse wave 
velocity in de aorta een onafhankelijke voorspeller van cardiovasculaire mortaliteit is.11 
Ook de toename in pulse wave velocity na stent graftplaatsing kan tot negatieve cardiac 
remodeling leiden,12 wat de hoge cardiovasculaire mortaliteit op middellange termijn 
na TEVAR4 zou kunnen verklaren, hoewel dit verband nog onvoldoende is bewezen.13 
In hoofdstuk 5 werd hetzelfde model opnieuw gebruikt. De resultaten van deze studie 
laten zien dat de toename in pulse wave velocity vooral afhangt van de lengte van de 
stent graft en niet zozeer van het type stent graft. Deze twee hoofdstukken lieten een 
gemiddelde toename in pulse wave velocity zijn over de gehele lengte van de thoracale 
aorta, maar gaven niet meer lokale informatie. Dit fenomeen werd in meer detail on-
derzocht in hoofdstuk 6. Hier werd de arteriële compliance met een andere parameter 
gemeten, te weten radial strain. Een toename in radial strain in de aorta proximaal van 
de stent graft werd gezien als effect van de toegenomen stijfheid van de aorta na stent 
graftplaatsing. Deze toename in radial strain proximaal van de stent graft valt goed te 
rijmen met de toename in polsdruk in de ascendens, die in de vorige studie werd gezien. 
Een toegenomen radial strain is eerder in verband gebracht met hoge wandspanning en 
verzwakking van de aortawand, waardoor het risico op aneurysmatische verandering 
en aortadissectie toeneemt.14,15 Hoewel deze gevolgen van de suboptimale interactie 
tussen stent graft en aorta nieuwe inzichten verschaffen in pathofysiologische mecha-
nismes, blijft het feit dat de jonge varkensaorta minder stijf is dan de aorta van patiënten 
met een aneurysma of dissectie een beperking. Desalniettemin zijn er enkele kleine 
klinische studies in aneurysma-16 en traumapatiënten17 die vergelijkbare resultaten had-
den als de experimentele studies in dit proefschrift. Er is echter meer onderzoek nodig 
om volledig te kunnen begrijpen wat er met de stijfheid van de aorta gebeurt na stent 
graftplaatsing in patiënten met aandoeningen van de thoracale aorta.13

bEEldVOrMINg VAN FlOwdyNAMIEk IN dE AOrTA

De suboptimale mechanische interactie tussen stent graft en aorta en het effect hiervan 
op verschillende flowdynamische parameters werd in de eerste paar hoofdstukken 
aangetoond. Bovendien werd bediscussieerd hoe deze veranderingen mogelijk com-
plicaties na TEVAR kunnen veroorzaken. In deze experimentele studies werden de flow-
dynamische variabelen bepaald met metingen met intraluminale drukkatheters. Zulke 
invasieve metingen zijn niet realistisch in de klinische praktijk. Dynamische beeldvor-
mingstechnieken kunnen de flowdynamiek daarentegen op een non-invasieve manier 
vastleggen. Deze technieken werden bestudeerd in de volgende paar hoofdstukken. In 
hoofdstuk 7 werd 4D-Flow cardiovascular magnetic resonance (CMR) gebruikt om het 
flowvolume in het ware en valse lumen in een ex vivo varkensmodel van aortadissectie 
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te meten. Dit werd vergeleken met het flowvolume zoals dat met 2D phase-contrast 
CMR en echo werd gemeten en bleek vergelijkbaar. Er werd daarom geconcludeerd dat 
4D-Flow CMR een betrouwbare methode is om de flowdynamiek in aortadissecties te 
beoordelen. Voor het tweede deel van de studie werden data die met 4D-Flow CMR 
in patiënten werden verkregen gebruikt om te bewijzen dat deze techniek ook in de 
acute setting uitvoerbaar is. Het ontbreken van voldoende follow-up gegevens en de 
kleine studiepopulatie beperkten de mogelijkheid om de klinische impact van de ge-
meten flowcondities te interpreteren. Het is echter niet onwaarschijnlijk dat deze zowel 
diagnostische als prognostische waarde kunnen hebben, maar daarvoor is eerst meer 
onderzoek van de functionele beoordeling van flowdynamiek met 4D-Flow CMR nodig, 
niet alleen voor aortadissecties, maar voor aandoeningen van de aorta in het algemeen. 
Zo heeft 4D-Flow CMR de potentie om het ‘twisten’ van de aorta tijdens de hartcyclus 
en normale spirale versus turbulente flowpatronen beter te onderzoeken. In hoofdstuk 
8 werd dynamische computed tomography angiography (CTA) geanalyseerd om de 
pulsatiele deformaties van de aorta te bestuderen in een cohort van 10 aneurysma-
patiënten. Er werden aanzienlijke deformaties gezien in de gehele thoracale aorta in 
zowel longitudinale als circumferentiële richting, met name in de proximale aorta. In 
hoofdstuk 9 werden de deformaties van de aorta in een cohort van 116 patiënten met 
aortaklepstenose met dynamische CTA bestudeerd. In dit cohort werden minder sterke 
pulsatiele deformaties waargenomen, maar er was nog steeds een significant verschil 
tussen de systolische en diastolische omvang van de aorta op elke gemeten lokatie 
langs de aortaboog. Mogelijk kan het feit dat patiënten met aortaklepstenose vaak 
diffuse aortacalcificaties hebben bijgedragen aan de mindere mate van deformatie.18 
In dit cohort werd met multivariabele regressieanalyse echter alleen een negatieve cor-
relatie tussen pulsatiele deformaties en een hoger BMI en hogere leeftijd gezien. Omdat 
stent grafts relatief stijf zijn in vergelijking tot de dynamische omgeving van de thora-
cale aorta, zouden idealiter de maximale pulsatiele deformaties preoperatief gemeten 
moeten worden met dynamische beeldvorming om de optimale maten van de stent 
graft te kunnen kiezen. Als er alleen statische beeldvorming beschikbaar is, dan kan 
de informatie uit de eerdere twee studies gebruikt worden om een schatting te maken 
welke mate van stent graft oversizing nodig is, met mogelijke meer circumferentiële en 
longitudinale oversizing bij geplande ontplooiing van de stent graft in de proximale 
aorta, en minder oversizing bij oudere patiënten en die met een hoog BMI.

ClASSIFICATIES VAN dE AOrTAbOOg

hoofdstuk 10 is een studie van de geometrie van de aortaboog, waarin deze wordt 
geclassificeerd volgens de Modified Arch Landing Areas Nomenclature (MALAN). De 
verschillende proximale landingszones volgens MALAN waren geassocieerd met een 
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consistent patroon van angulatie en tortuositeit. Omdat de MALAN makkelijk te bepalen 
is, kan het in één oogopslag bruikbare inzichten verschaffen over de uitvoerbaarheid 
en preoperatieve planning van TEVAR. Bovendien is het geometrische patroon van de 
MALAN landingszones later geassocieerd met een consistent patroon in flowdynami-
sche parameters.19 Hoewel het te voorbarig is om met de resultaten uit de experimen-
tele en beeldvormingsstudies uit de eerste delen van dit proefschrift flowdynamische 
variabelen direct met klinische uitkomsten na TEVAR in verband te brengen, kunnen 
de resultaten uit hoofdstuk 11 worden beschouwd als indirect bewijs hiervan. In dit 
hoofdstuk werd namelijk een lagere kans op klinisch succes geobserveerd voor ongun-
stige MALAN zones. Daarom zou het in specifieke patiënten met een ongunstige MALAN 
zone mogelijk verstandig zijn de sealing zone te verlengen, wat in de aortaboog in de 
praktijk betekent dat voor een meer proximale landingszone met een minder ongun-
stige geometrische configuratie gekozen wordt. Soms is een endovasculaire oplossing 
echter niet mogelijk. De bevindingen in hoofdstuk 12 bevestigen de wijze klinische 
ervaring waar de Stanford classificatie op gestoeld is, namelijk om alle patiënten met 
een aortadissectie die de aorta ascendens betreffen (onafhankelijk van de lokatie van 
de entry tear) als een type A dissectie te behandelen (dat wil zeggen bij voorkeur met 
open chirurgie) en alle andere als een type B dissectie (dat wil zeggen bij voorkeur met 
TEVAR of medicamenteus).

ENdOVASCulAIrE TEChNIEkEN VOOr hET bEhOud VAN zIjTAkkEN 
TIjdENS bEhANdElINg VAN dE AOrTA

Er wordt gezocht naar nieuwe richtingen om endovasculaire technologie in uit te 
breiden, zodat een minimaal invasieve behandeloptie kan worden aangeboden aan 
patiënten die niet fit genoeg zijn voor open of hybride behandeling. In hoofdstuk 13 
werd een update gegeven van de huidige status van branched TEVAR. De resultaten uit 
de literatuur zijn veelbelovend, maar postoperatief herseninfarct is een belangrijke en 
zorgwekkende periprocedurele complicatie van volledig endovasculaire behandeling 
van de aortaboog. Ook bij de etiologie hiervan zou de flowdynamiek een rol kunnen 
spelen, die tot nu toe onderbelicht is gebleven.20 In de abdominale aorta is branched en 
gefenestreerde technologie verder ontwikkeld. hoofdstuk 14 laat zien dat voor patiën-
ten die ongeschikt zijn voor open behandeling of behandeling met een gefenestreerde 
stent graft, behandeling met chimneys een acceptabel alternatief is. Aangezien de flow 
door de gutters tussen de stent graft en de chimney meestal klein is, neemt de grootte 
van de gutters af tijdens follow-up en is het risico op gutter-endoleaks niet zo groot als 
soms werd verondersteld. Het risico op complicaties is echter niet verwaarloosbaar in 
deze patiëntenpopulatie met grote, complexe aneurysma’s.
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PErSPECTIEF

Met het gebruik van niet-biologische devices zal er altijd een zekere mate van mismatch 
tussen de mechanica van het device en de normale menselijke fysiologie bestaan. Om 
een duurzame verbinding tussen stent graft en aorta te verwezenlijken, is het van be-
lang een stent graft met een lengte en diameter te selecteren die optimaal is voor de 
significante longitudinale en circumferentiële strains. Bovendien is het een uitdaging 
voor de toekomst om stent grafts te ontwikkelen die deze strains kunnen nabootsen. 
Hierdoor kan de flow van het bloed op een meer fysiologische manier verlopen, waar-
door een kleiner negatief effect op de pulse wave velocity valt te verwachten. Bovendien 
zal meer algemeen gebruik van dynamische beeldvormingsmethoden de preoperatieve 
planning van TEVAR verbeteren, en elaboratie van postoperatieve dynamische beeld-
vormingdata kan gebruikt worden om het risico op complicaties te voorspellen. Als 
deze verbeteringen gerealiseerd kunnen worden, en de uitdaging van veilige branched 
technologie uiteindelijk met succes wordt aangegaan, dan zullen de indicaties voor 
TEVAR niet alleen toenemen, maar kunnen de complicaties tevens afnemen, waardoor 
klinische uitkomsten voor patiënten met aandoeningen van de thoracale aorta in het 
algemeen zullen verbeteren.
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