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failure, periaortic hematoma, aortic rupture, persistent pain 
or uncontrollable hypertension (2). The aim of medical ther-
apy is to prevent the occurrence of early and late complica-
tions through tight control of heart rate and blood pressure. 
However, a delayed increase in the aortic diameter occurs in 
up to 60% of patients with initially uncomplicated ABAD, de-
spite optimal medical therapy (3). The resulting aortic aneu-
rysm and rupture risk is a common reason for intervention at 
a later stage. However, when aneurysms occur in the chronic 
phase, the true lumen (TL) has often assumed a narrow con-
figuration that limits the deployment of an endograft. Ad-
ditionally, scarring and thickening of the intimal flap in the 
chronic phase (4) make aortic remodeling, including TL ex-
pansion, less likely to occur. Hence, endovascular repair has 
less chance to be successful and open surgical repair is the 
only treatment option, which is however associated with a 
higher risk of complications (5).

Predictors of aortic growth in uncomplicated ABAD are 
valuable, as they might identify candidates for early (endo-
vascular) intervention. Several clinical and radiologic factors 
have been recognized as predictors of aortic growth, which 
appear to indicate an increased false lumen (FL) pressure as 
a potential underlying pathophysiological mechanism (6, 7). 
Among these factors, the size and location of entry tears is 

DOI: 10.5301/ijao.5000627 

A novel insight into the role of entry tears in type B 
aortic dissection: pressure measurements in  
an in vitro model
Stefania Marconi1, Ettore Lanzarone2, Hector De Beaufort3, Michele Conti1, Santi Trimarchi3, Ferdinando Auricchio2

1 Department of Civil Engineering and Architecture, University of Pavia, Pavia - Italy
2 National Research Council of Italy - Institute for Applied Mathematics and Information Technologies (CNR-IMATI), Milan - Italy
3 IRCCS Policlinico San Donato, San Donato Milanese, Milan - Italy

Introduction

Aortic dissection is defined as the separation of layers 
within the aortic wall, due to an intimal tear. The blood enters 
the intima-media space and causes the propagation of the 
dissection, creating a false channel. Dissections can be clas-
sified either as Stanford Type A, when the false channel in-
volves the ascending aorta and/or the aortic arch, or Stanford 
Type B, when such a channel involves the descending thoracic 
and abdominal aorta only (1).

Medical therapy is actually the preferred treatment for 
patients with Acute type B Aortic Dissection (ABAD) without 
signs of complications, such as visceral malperfusion, renal 
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believed to be of particular influence on FL pressure; how-
ever, the available data on actual FL pressure are limited  
(8, 9). Other predictors are: age <60 years; Caucasian race; 
max TL diameter at admission >40 mm; FL diameter >22 mm; 
large ratio between FL diameter and total aortic diameter;  
elliptical configuration of the TL with circular formation of the 
FL; fully patent FL; partial thrombosis of the FL that may oc-
clude distal re-entry tears (with sac formation) and result into 
higher diastolic FL pressure (6). Nonetheless, it is not easy to 
arrange all of these predictors under a common pathophysi-
ological denominator, and predicting late aortic dilatation in 
initially uncomplicated ABAD remains elusive; thus, more evi-
dence for well-defined variables or imaging characteristics is 
still necessary (10).

The proposed model of abdominal aortic dissection is 
intended to investigate solely the effect of tears on dissec-
tion hemodynamics. Hemodynamics in aortic dissection is a 
complex problem since the phenomenon is driven by many 
factors and by their interactions, as usually happens in bio-
logical phenomena. In such complex problems, where the in-
teractions between different factors may or not play a role in 
determining the final effect, is important to first thoroughly 
understand the contribution of each factor alone and, only 
afterwards, to investigate interactions between 2 or more of 
them. According to clinical guidelines (2), many geometrical 
parameters are usually considered and evaluated to assess 
the prognosis of chronic dissections. Guidelines state that 
medical imaging in aortic dissections should be mainly aimed 
at evaluating: i) the aortic diameters; ii) the shape and extent 
of a dissection membrane; iii) the involvement of the aortic 
valve and the aortic branches in a dissection process; iv) the 
relationship with adjacent structures; v) the presence of mu-
ral thrombus. The presence of an entry and a re-entry tear 
is also indicated as 1 of the additional items to check in the 
medical images (2), but their role in the choice of the most 
suitable therapy is not clear and only marginally addressed. 
Furthermore, guidelines do not evaluate tears dimension and 
their configuration, in terms of number and position.

More generally, the actual role of entry tears in dissec-
tion evolution is still controversial. Few recent studies on 
phantoms (9, 11-13), suggest paying more attention to the 
number, location and dimension of tears, even if their role is 
not completely isolated from the effect of other factors. Wall 
elasticity definitely has an effect on hemodynamics, as high-
lighted by 2 studies: i) Rudenick et al (12) show that elasticity 
plays a fundamental role in determining flows and pressures 
in the dissection; ii) Chung et al in (13) study the TL collapse 
in dissections using both a rigid and a deformable wall model, 
highlighting a contribution of wall elasticity to hemodynam-
ics. Moreover, rigid wall assumption is still widely adopted in 
computational fluid-dynamic simulations (e.g., (14)): here, 
wall compliance is neglected due to the high computational 
effort compared to the contribution of the wall elasticity.

In light of these considerations, the goal of this paper is two 
fold. On the one hand, we formalize some indexes that synthet-
ically describe the fluid dynamics in the FL with respect to the 
TL. Indeed, we consider the coupling of the pressures between 
TL and FL: a strong coupling means that the high pressures of 
the TL and the systolic peak are exactly replicated in the FL, 
whereas a weak coupling means that the pressure waveform in 

the TL is only marginally mirrored in the FL. Dilatation and mor-
tality risks are increased with completely patent and partially 
thrombosed FL lumen, when compared to completely throm-
bosed FL (7, 15); hence, the weak coupling between TL and FL 
could be considered as beneficial for positive aortic remodel-
ing and improved clinical outcomes.

On the other hand, we investigate the predictors of these 
indexes and the variables that impact on them, under the 
hypothesis that the coupling can be a predictor of late clini-
cal events in dissection patients. In fact, in clinical practice, 
TL pressure can be derived from the systemic pressure (e.g., 
the aortic pressure can be derived from peripheral measure-
ments, using proper medical devices [16]) or directly mea-
sured using an arterial line placement (e.g., in the radial or 
femoral artery (17)), and some geometrical and mechanical 
information can be derived from medical images (18). But, 
concerning FL pressure, no information can be derived from 
these TL measurements. Thus, the possibility of retrieving in-
formation on FL pressure would be an added value for the 
diagnostic process; indeed, the identification of a relationship 
between TL and FL pressure (e.g., through the coupling index-
es) in different pathologic conditions would lead to predict FL 
pressure starting from TL pressure acquisitions.

As mentioned, the number and the diameter of the tears 
are thought to be of major importance in predicting late fail-
ure of ABAD medical treatment. Hence, in this paper, we in-
vestigate the impact of different configurations of the entry 
tears (in terms of size, number, and location) on the TL/FL 
pressure coupling, and we isolate their role in order to pro-
vide new findings on which to rely during the assessment of 
clinical cases.

Knowing the number of factors influencing the actual evo-
lution of the dissection, we created an experimental in vitro 
setting that focuses on the tears only. Indeed, we defined a 
simplified model that, in our opinion, is able to eliminate the 
effects of other confounding factors besides the presence, 
the location and the dimension of tears. For this purpose, we 
introduced some simplifications in order to exclude such oth-
er factors, mainly: i) wall elasticity, by means of rigid walls; ii) 
patient-specific geometries, by means of a simplified model 
with a schematic geometry based on average values of diam-
eters and length of true and FL; iii) pathologic alterations of 
systemic pressure and heart beat.

The in vitro system consists of a dissection model, with an 
idealized geometry, plugged to a pulsatile mock circulatory 
loop that simulates the systemic circulation by controlling the 
boundary fluid-dynamic conditions.

Materials and methods

In this section, we present the in vitro setting (composed 
of the simulator of the aortic dissection and a pulsatile mock 
loop), and we define the coupling indexes. Finally, we list all 
tested experimental conditions.

In vitro setting

The aortic dissection simulator is intended to be a simpli-
fied model, which resembles the geometrical properties of a 
typical Type B thoracic aorta dissection.
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A scheme of simulator and a detail of its inner structure 
are depicted in Figure 1. It is composed of the TL, the FL, and 
an internal elastic membrane that reproduces the intimal flap 
dividing the 2 lumens. The model has a total length of 298 
mm (including the connections with the pulsatile mock loop), 
a distance between the proximal and the distal extent of the 
dissection of 200 mm, an internal diameter of 15 mm for the 
TL and of 30 mm for the FL. This resembles the maximum 
aortic diameter of 44 mm reported for patients with acute 
aortic dissection in the INSTEAD trial (19). Moreover, the FL 
diameter is often slightly larger than TL diameter, although 
the difference between the two is not always as large as in 
our setup, at least in the early phase (19, 20). Hence, because 
of this FL/TL ratio and the thickness of the intimal flap, our 
model is intended to resemble a chronic dissection rather 
than an acute one (21).

The model is endowed with 6 accesses for pressure mea-
surement at different positions: 3 for the TL and 3 for the 
FL (Fig. 1C). They are labeled as TL1, TL2 and TL3 for the TL, 
starting from the proximal one; similarly, they are denoted 
as FL1, FL2 and FL3 for the FL. Pressures are acquired in cor-
respondence of each membrane tears (proximal H1 and distal 
H3) and in the middle of them (H2 position). They represent 
the most crucial sections to monitor in order to highlight dif-
ferences between the considered configurations. Two con-
nectors are located at both terminals of the model, to allow 
attaching 0.05-inch soft silicone tubes for extracorporeal  
circulation.

The 2 rigid components are 3D printed using the trans-
parent rigid resin VeroClear RGD810 (Stratasys), through the 
photo-polymeric printer Objet 30 Pro (Stratasys). After the 
3D printing, the components are postprocessed to remove 
the support material FullCure 705 (Stratasys). Finally, their 
surface is sanded and polished with lacquer to improve its 
transparency, which is reduced by the contact with the sup-
port material during 3D printing, especially on the curved 
surfaces.

The dissection septum usually consists of the intima 
membrane or the intima and media membranes. However, 
this structure is altered by the presence of the chronic dissec-
tion (i.e., the condition addressed in this paper) and becomes 
stiffer. Thus, for a proper dimensioning, we cannot refer to 
the physiological values known from the literature. Unfortu-
nately, there are no detailed data on the mechanical behav-
ior of the inner membrane in the literature, possibly due to 
the difficulties in retrieving such data and the high variability 
among subjects, both in acute and chronic dissections. To the 
best of our knowledge, even though it is related to the carotid 
artery, quantitative information is available only in (22), and 
we relied on it to compute the increase in stiffness of the inti-
mal flap as proportional to the increase in stiffness observed 
in carotid arteries. Indeed, an increase of 33% was observed 
in comparing the median value of the healthy population with 
that of the aortic dissection population. Moreover, our work 
considers chronic dissections, we must consider more rigid 
walls even within the aortic dissection population. Thus, we 
consider the intermediate value between the median value 
and the 0.75 quartile of this population, which corresponds 
to an increase of about 60% with respect to the median value 
of the healthy population. The same 60% reduction was im-
posed on the compliance, thus considering the compliant be-
havior of the inner membrane in chronic patients to be about 
40% of a normal abdominal aorta wall.

The thickness of the membrane is thus selected by tak-
ing into account the elastic modulus of the adopted silicone 
material in order to reach a compliance of about 0.64 mm 
on the cardiac cycle (40% of 1.6 ± 0.2 mm, i.e., the value of 
a normal abdominal aorta as reported in (23)). Our assump-
tion has been preliminary validated from a qualitative point 
of view by comparing the mechanical behavior of the silicone 
membrane with the septal motion, as described in (24), using 
phase contrast magnetic resonance imaging (MRI) of the 3D 
printed model. A specific mechanical testing campaign con-
ducted on ex vivo inner membrane tissue specimens of pa-
tients affected by abdominal chronic dissection and treated 
with open surgery would further verify our estimation.

Fig. 1 - Dissection model: scheme (A), transversal cross section with 
the inner structure (B) and longitudinal cross section of TL and FL 
with the positions of tears, pressure measurements and intimal flap 
(black line) (C). Positions of tears, i.e., inner membrane holes: H1 
(proximal on the left) and H3 (distal on the right). Positions of pres-
sure measurements at both TL and FL side: proximal (TL1 and FL1 
on the left), intermediate (TL2 and FL2 in the center) and distal (TL3 
and FL3 on the right).
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Silicon elastomer for inner membranes is a common choice 
to reproduce deformable vessel walls (see, e.g., (25)). The sili-
cone used to manufacture the inner membrane is the 2-part 
Sylgard 184 Silicone Elastomer kit (Dow Corning), mixed in a 
ratio of 10 parts of silicone base to 1 part of curing agent by 
weight. The silicone mixture is cured at room temperature 
(about 23°C) for 2 days. Such selected base/curing agent ratio 
and curing temperature determine an elastic modulus of the 
material of 1.32 ± 0.07 MPa, as reported in (26). A molding 
technique is used to produce the membrane: a mold for each 
membrane to test, containing the tears of the selected size 
and location, is 3D printed using fused deposition modeling 
(FDM) technology (A4v2, 3NTR) with poly-lactic acid material. 
The molds are designed to ensure 2 mm of thickness of each 
final silicone membrane (Fig. 2B), which ensure a compliance 
of 0.64 mm on the cardiac cycle. Before the silicone pour-
ing, molds are preprocessed using a wax release agent to fa-
cilitate the silicone detachment and to fill the small gaps and 
surface irregularities due to the FDM process. Before each in 
vitro test, the model is assembled using steel M3 screws and 
bolts. Moreover, in order to reduce leakages, all the junctions 
of the model are sealed using silicone (Fig. 2A).

It must be stressed that, considering other similar in vitro 
studies, no quantitative explanation of the mechanical prop-

erties for the intimal flap is usually provided. To the best of 
our knowledge, a detailed description can be found only in 
Tsai et al (9). They set the thickness of the TL wall, the FL wall 
and the membrane based on pathoanatomic studies on acute 
dissection, which show that two thirds of the thickness re-
mains in the dissection flap, while one third remains in the FL 
wall. Consequently, they adopted a wall thickness of 3 mm for 
the TL, 1 mm for the FL and 2 mm for the intimal flap, even if 
they were simulating a chronic dissection. In any case, no in-
formation on the mechanical properties was used to develop 
the model. Even though we have a different rationale, our de-
sign is in agreement with (9), as our intimal flap is 2 mm thick 
and made of the same material.

The in vitro dissection model is then inserted into a pul-
satile mock loop, which mimics the fluid dynamic behavior 
of the aorta (Fig. 3). It includes 3 main elements: a ventric-
ular chamber (i.e., a volumetric pump), a systemic imped-
ance simulator and a reservoir. A description of the system is  
reported below; further details can be found in (27, 28).

The pump consists of a chamber equipped with 2 one-
way bileaflet valves, whose volume variations are imposed 
by the movement of a piston (CPA series cylinders; Waircom 
MBS). The inlet valve is connected to the reservoir, and the 
outlet to the systemic impedance simulator. The volume of 
the chamber, and thus the flow in the impedance simula-
tor, is imposed by a low-inertia brushless motor (MCS06C41; 
Lenze) driven by an electronic controller (Servo 9322EK; 
Lenze) based on an electronic cam logic. The motor moves a 
ball screw (SH12.712.7R; SKF) that transforms the rotational 
motion of the motor shaft into the translation of the piston. 
The impedance simulator is a hydraulic afterload circuit that 
replicates the characteristics of the systemic circulation of an 
adult subject. It is based on a 3-parameter lumped model, 
with a characteristic resistance equal to 0.9 mm Hg/[L/min], 
in series with the parallel circuit of a peripheral resistance 
equal to 16 mm Hg/[L/min] and a compliance equal to 0.141 
[L/min]/[mm Hg/s]. Each resistance is a hollow cylinder filled 
with a porous material, while the compliance consists of an 
air chamber of 5 L in volume. We remark that, differently 
from other systems available in the literature, the afterload 
contains linear resistances to better replicate the pressure-

Fig. 3 - Dissection model inserted in the pulsatile mock loop (27): 
drawing (A) and picture (B).

Fig. 2 - Assembled and sealed printed model of dissection (A); mold 
and silicone membrane (B).
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flow characteristics of the vasculature (27). In our tests, the in 
vitro dissection model is inserted in series between the ven-
tricular chamber and the afterload.

The flow waveform in the dissection model and the af-
terload is generated according to the Swanson and Clark 
formula (29):

. . .0.924 0.23 2 0.092 3

0

a
s s s

s

Q Q sin t sin t sin  t
T T T

t T

π π π             = + +                  
< <

where Ts is the systolic duration, Qa the maximum flow, and 
the time t is measured starting from the beginning of the sys-
tole. Both Ts and Qa can be expressed as function of the mean 
flow and the cardiac cycle duration (30, 31), which are the 
tuned parameters. Examples of waveforms are provided in 
Figure 4. We note that, to the best of our knowledge, widely 
accepted flow waveforms in dissections are not available in 
the literature. In any case, the few observations available in 
the literature are in agreement and compatible with the stan-
dard Swanson and Clark cardiac flow waveform (32).

The circuit is filled with water at room temperature, which 
corresponds to a reduced viscosity of the fluid with respect to 
that of the whole blood.

On the one hand, in vitro studies conducted on mock 
loops that replicate the circulation have been widely carried 
out with water instead of blood. Possibly, in the case of a fine 
replication of blood density and viscosity is required, addi-
tives are added to water (saline solutions, water–sucrose so-
lutions, etc.). See for example (27), which includes a review of 
the literature on mock loop systems up to 2009 and does not 
employ blood, and (28), where a discussion about the fluid is 

included. Moreover, the tendency to use water is confirmed 
also in more recent papers, (e.g., (33)). On the other hand, 
the impact of the reduced viscosity on our analyses is dis-
cussed later in the results section.

The pressure waveform in response to the flow waveform 
is generated by the afterload, including the dissection model. 
A physiological waveform pressure is obtained thanks to the 
physiological values of the parameters in the circuit and the 
Swanson and Clark waveform. A fine tuning of the hydraulic 
afterload is carried out in order to have a physiological mean 
systemic pressure of 95 mmHg for water at room tempera-
ture; this value is determined by relying on the value acquired 
immediately downstream the in vitro dissection model, at 
the entry of the afterload circuit.

Measurements refer to the pressures at the 6 men-
tioned points (Fig. 1C). In addition, the pressure at the entry 
of the afterload circuit is acquired to check that the mean 
pressure of 95 mmHg is respected, and that the waveform 
is compatible with a physiological waveform. Pressures are 
measured with micro switch pressure sensor 40PC (Honey-
well). Signals are acquired and digitalized (at frequency of 
1 kHz) with the NI DAQ USB-6210 (National Instruments) 
and processed using a customized LabVIEW (National In-
struments tool.

For each experiment, pressures are acquired for 5 car-
diac cycles once the transient activation period of the cir-
cuit is over. Then, the 5 waveforms are mediated point by 
point in order to reduce the noise (average of the points 
corresponding to the same instant within the cardiac cy-
cle), thus obtaining a representative waveform for a cardiac  
cycle.

Coupling indexes

The dataset for each experiment consists of the represen-
tative pressure waveform for each of the 6 acquired points: 
proximal pressures PTL1(t) and PFL1(t); intermediate pressures 
PTL2(t) and PFL2(t); distal pressures PTL3(t) and PFL3(t). Moreover, 
the waveforms of the pressure gradients at the 3 sections 
are derived as follows: ∆P1(t) = PTL1(t) - PFL1(t); ∆P2(t) = PTL2(t) 
- PFL2(t); ∆P3(t) = PTL3(t) - PFL3(t). Five coupling indexes are de-
fined based on these waveforms:

1. Mean pressure gradient between TL and FL (∆Pmean): the 
mean values ∆P1 , ∆P2  and ∆P3  are extracted from the 
waveforms ∆P1(t), ∆P2(t) and ∆P3(t), respectively, and 
further mediated between them:

 
1 2 3

3mean

P P P
P

∆ +∆ +∆
∆ =  Eq. [1]

Such a pressure gradient accounts for the average pressure 
difference between the two chambers. The higher is the 
pressure gradient, the more the intimal flap is mechanically 
stressed, which could be one of the factors improving dissec-
tion propagation or intimal flap rupture.

2. Maximum pressure gradient between TL and FL 
(∆Pmax): the maximum values ∆P1

M , ∆P2
M  and ∆P3

M are 

Fig. 4 - Flow waveform according to the Swanson and Clark formula 
(29) in the tested conditions: (A) mean flow = 4 L/min; (B) mean 
flow = 5 L/min. Black lines refer to heart rate equal to 60 bpm, while 
gray lines to 70 bpm.
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extracted from the waveforms ∆P1(t), ∆P2(t) and ∆P3(t), 
respectively, and further mediated between them:

 1 2 3
max 3

M M MP P P
P

∆ +∆ +∆
∆ =  Eq. [2]

3. Minimum pressure gradient between TL and FL (∆Pmax): 
the minimum values ∆P1

m , ∆P2
m and ∆P3

m  are extracted 
from the waveforms ∆P1(t), ∆P2(t) and ∆P3(t), respective-
ly, and further mediated among them:

 1 2 3

3

m m m

min

P P P
P

∆ +∆ +∆
∆ =  Eq. [3]

4. Difference between peak pressures (δpeak): the maxi-
mum pressure PTL

M in the TL is taken as the maximum of 
pressure values in PTL1(t), PTL2(t), PTL3(t), and the maximum 
pressure PFL

M in the FL as the maximum of pressure val-
ues in PFL1(t), PFL2(t), PFL3(t). Then, the relative difference is 
given by:

  
M M

FL TL
peak M

TL

P P

P
δ −

=  Eq. [4]

This parameter describes how the systolic wave differently 
propagates into the TL and FL, only in terms of waveform 
peak value, neglecting the phase shift that is instead consid-
ered in the index 5.

5. Normalized waveform distance A: at each section i (i 
= 1, 2, 3), we compute the area between the pressure 
waveforms PTLi(t) and PFLi(t) divided by the area below the 
pressure waveform PTLi(t) as follows:

| ( ) ( )| | ( )|

( ) ( )
T TLi FLi T i

i

T TLi T TLi

P t P t dt P t dt
A

P t dt P t dt

∫ − ∫ ∆
= =

∫ ∫
 Eq. [5]

where T represents the considered time period. Obviously, 
in the presence of a digitalized discrete signal, integrals are 
reformulated as summations. The normalized waveform dis-
tance is defined as the average of these values:

  1 2 3

3

A A A
A

+ +
=  Eq. [6]

and expressed in percentage. This parameter describes the 
synchronization of the pulse waveform between TL and FL, 
taking into account both the amplitude difference and the 
phase shift between them. Indeed, if the two waves are in 
phase, the value of A is only given by the amplitude differ-
ence, while it increases the more the pulse waves are phase 
shifted.

The first 3 gradient indexes and the waveform distance 
A are computed for the systolic period only, the diastolic pe-
riod only, and the entire cardiac cycle. Indeed, period T in 

 Equation [5] refers to the systolic period, to the diastolic peri-
od, and to the entire cardiac period, respectively. As for δpeak, 
only 1 index is computed considering the peaks over the en-
tire cardiac cycle. We remark that, differently from the other 
indexes, δpeak does not account for any delay of the pressure 
waveform in the FL with respect to the TL. Indeed, given 2 
pressure waveforms PTLi(t) and PFLi(t), the absolute value of 
the pressure gradient ∆Pi(t) increases while the waveforms 
are out of phase, thus increasing index A and the pressure 
gradient indexes. On the contrary, δpeak remains the same 
while only shifting PFLi(t) with respect to PTLi(t). A representa-
tive reading of the indexes is provided in Figure 5.

Finally, in the presence of several repetitions for a given 
experimental condition, the indexes are expressed in terms 
of mean value and standard error between the experiments.

Experiments

The goal of the experiments is to test the effect of dif-
ferent tear configurations on the indexes defined above. The 
effects of the tears alone are tested, while the other factors 
are fixed: rigid external wall; simple geometry; controlled, 
uniform and repeatable mechanical properties of the mem-
brane; controlled and repeatable fluid dynamic conditions.

We tested 3 diameter values for the tears (circular tears) 
and 3 different layouts: only 1 tear in the proximal location 
(H1), only 1 tear in the distal location (H3), and 2 tears in 
the proximal and distal locations (H1 + H3). Proximal and 
distal locations refer to the same sections in which proximal 
pressures (PTL1(t) and PFL1(t)) and distal pressures (PTL3(t) and 
PFL3(t)) are acquired, respectively. The 9 tested configurations 
with tears are reported in Table I; moreover, as a reference, 
we also tested the case of a membrane without tears.

We performed a total of 124 experiments. Each of the 
10 configurations is tested at 4 combinations of physiologi-
cal mean flow and heart rate: (a) 5 L/min and 60 bpm; (b)  
5 L/min and 70 bpm; (c) 4 L/min and 60 bpm; (d) 4 L/min and 
70 bpm. The choice of testing only physiological ranges comes 
from the absence of defined evidence in the literature of al-
tered heart behavior (in terms of mean flow and heart rate) 
and hypertension in the presence of aortic dissection Acquisi-
tions made on each experimental configuration with tears are 
repeated 3 times; moreover, the test without tears is repeated 
4 times for each mean flow and heart rate configuration. Seven 
pressures signals are acquired during each experiment: 3 pres-
sures in the FL, 3 in the TL, and 1 distal pressure.

Results

In this section we present and discuss the results of the 
experiments in terms of coupling indexes. Here we summarize 
the most relevant outcomes; for the sake of completeness, 
the entire set of results is reported in the supplementary ap-
pendix, available online as supplementary material at www.
artificial-organs.com.

Similar coupling indexes are found between the H1, H3 and 
H1 + H3 configurations, whereas the absence of tears shows 
a significantly weaker coupling between TL and FL pressures, 
as expected. For example, Figure 6 reports ∆Pmean for the en-
tire cardiac cycle as function of tear diameter, showing the 
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significant difference between the absence of tears (diameter 
= 0) and the other 3 diameters. Similar differences are also 
observed for all other indexes in all periods (systolic, diastolic 
and entire cardiac cycle). This highlights the effect of the tears 
on increasing the coupling while on the contrary, in case of 
similar behaviors with and without tears, the coupling would 
be attributed to the membrane itself rather than to the tears.

TABLE I - Labeling of different tear configurations

Diameter H1 H3 H1 + H3

0.3 cm H1/03 H3/03 H1 + H3/03

0.6 cm H1/06 H3/06 H1 + H3/06

1.0 cm H1/10 H3/10 H1 + H3/10

Fig. 6 - ∆Pmean for the entire cycle in function of the diameter of the tears for the different configuration. The absence of tears is drawn as 
diameter equal to 0 for all configurations. Labels (A), (B), (C) and (D) are in accordance with the last paragraph of Section 2.3, and bars rep-
resent the standard error among repetitions.

Fig. 5 - Graphical representation of the indexes on a reference pair of TL (black line) and FL (gray line) pressures. (A) Segments indicat-
ing ∆Pi(t) at some time instants; positive and negative contribution are indicated by a label and by a gray color in the area of positive 
contributions; mean, minimum, maximum and average over the 3 measurement sections are extracted from these ∆Pi(t). (B) Parameters 
for computing δpeak, assuming all peaks from the same section (C) integrals of |∆Pi(t)| (3 indicated areas) and of PTLi(t) (gray area) for the 
computation of Ai; A is then obtained mediating over the 3 measurement sections.
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Focusing on ∆Pmean over the entire cycle for 5 L/min and 60 
bpm, we observe a value of 103.34 ± 15.45 mmHg in the no-
tears configuration, which is significantly larger in comparison 
to 3.50 ± 1.88 mmHg in configuration H1, -3.76 ± 0.63 mmHg 
in configuration H3, and 0.62 ± 0.75 mmHg in configuration 
H1 + H3 (all values for entry tears diameter of 1.0 cm). Similar 
results are found for the other combinations of mean flow 
and heart rate (see supplementary Table II, available online 
at www.artificial-organs.com).

Comparing cases H1 and H3 with only 1 tear, a quite per-
fect coupling is observed: |∆Pmean| is always below 7 mmHg; 
∆Pmax is below 25 mmHg in most of the cases, with a maxi-
mum of 42.24 mmHg; |δpeak| is commonly lower than 1%, 
with a maximum of 6.07%; A shows values typically lower 
than 5% with a maximum of 20.02%. Moreover, there are no 
significant trends with respect to the diameter of the tear, 
and no relevant differences are observed between the H1 
and H3 cases, showing that the position of the tear does not 
affect the coupling in the presence of only 1 tear. Finally, the 
indexes do not show any relevant difference while consider-
ing the systolic period, the diastolic one, or the entire car-
diac cycle. These results suggest that a small or even null flow 
passes through the tear and that only a hydrostatic pressure 
is transmitted to the FL though the tear. The only remarkable 

difference is observed for ∆Pmin, with values around -20%, 
showing that the minimum pressure is not completely trans-
mitted from TL to FL.

The only trends that can be observed are an increasing of 
∆Pmean and ∆Pmax and a decreasing of δpeak with respect to the 
diameter of the tear for the H1 case, while nothing can be de-
tected for the other indexes or for H3. For example, in Figure 7  
we report these 3 indexes as a function of the tear diameter 
(systolic and diastolic cases for the first 2 indexes, entire cardiac 
cycle for the latter) for the case with 5 L/min and 60 bpm. This is 
probably due to a flow passage through the tear, which reduces 
the perfect coupling of the hydrostatic pressure transmission; 
in fact, the coupling is reduced for higher tear sizes. It is also re-
duced when the tear is in position H1 rather than H3, probably 
because of the higher inertias and pressure oscillations that are 
present in the proximal sections of the dissection model.

When considering 2 tears, i.e., the H1-H3 configuration, 
results show that the trends are a bit more variable, with 
similar behaviors for tears with diameter 0.3 cm and 1.0 
cm, whereas a different behavior is observed with diameter  
0.6 cm. For example, Figure 7 shows a minimum of the line 
H1-H3 at diameter 0.6 cm for ∆Pmean, and irregular trends  
for the other indexes as well. In the presence of 2 tears, it 
seems that low and high diameters behave similarly and are 

Fig. 7 - ∆Pmean in function of the di-
ameter of the tears for the systolic 
(A) and diastolic (B) periods; ∆Pmax in 
function of the diameter of the tears 
for the systolic (C) and diastolic (D) 
periods; δpeak in function of the di-
ameter of the tears for the entire 
cardiac period (E). Plots refer to the 
case with 5 L/min and 60 bpm, and 
bars represent the standard error 
among repetitions.
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associated with a strong coupling, whereas the intermediate 
diameter of 0.6 cm behaves differently.

A possible reason could be that 2 small tears behave as 
only 1 tear, since no flow passes through the tears and a hy-
drostatic pressure is simply transmitted. On the contrary, for 
large diameters, the flow passes without problems from TL 
to FL and the same hydraulic conditions can be found in both 
lumina, with strong coupling in this case as well. Finally, for 
intermediate diameters, the flow passes though the tears 
but the associated load losses make the hydraulic condi-
tions different between TL and FL, thus generating the ob-
served trends (see Fig. 7 and the tables in the supplementary  
material, available online at www.artificial-organs.com).

All of the observed trends do not seem to depend on 
mean flow and heart rate, as similar behaviors can be found 
in all of the flow regimens. We note that we worked with wa-
ter at room temperature, i.e., with a reduced viscosity than 
that of whole blood. However, our results show a low passage 
of flow through the tears, and that the main contribution to 
coupling is given by the hydrostatic pressure. In any case, a 
higher viscosity corresponds to an even lower flow given the 
same pressure gradient, according to the Hagen-Poiseuille 
equation. Even if this equation represents a reasonable ap-
proximation for laminar flow, it clearly shows that an increase 
in the viscosity determines a flow reduction in the presence 
of the same pressure drop. As we found, low flows crossing 
the tears, including a higher viscosity, would only induce an 
even lower flow. Hence, the outcomes we found can be con-
sidered general and the adopted working fluid does not rep-
resent a limitation in our layout (with rigid walls).

Discussion and clinical implications

The coupling between pressures and flows in TL and FL 
is thought to be an important predictor for failure of medi-
cal treatment and late aneurysmal dilation after ABAD. The 
possibility of predicting this coupling from standard clinical 
investigations (i.e., medical images) could be of high impor-
tance for early risk stratification of patients with ABAD, and 
thus for identifying suitable candidates for early endovascular 
intervention. Indeed, a main goal is to estimate the FL pres-
sure based on geometric information retrieved from medical 
images, and TL pressure information retrieved from systemic 
pressure. Thus, this in vitro study sought to investigate the 
impact of entry tear configurations on FL pressure.

Our model is different from the in vivo conditions of ABAD 
patients for 2 main reasons. First, the fluid dynamics in dis-
sected aortas is an extremely complex and uninvestigated 
phenomenon, which is also highly variable from patient to 
patient; second, a quantitative literature of the phenomenon 
is absent. Based on these points, we decided to investigate 
the phenomenon in a simplified layout, characterized by the 
absence of confounders. The goals are to analyze the impact 
of only 1 factor at a time, and to compare different conditions 
under the same controlled layout. In particular, in this work, 
we focus only on the inner membrane and on the contribu-
tion of tears (number, location and dimension) on pressure 
distribution.

Within this context, wall elasticity should be a fixed val-
ue that reproduces the characteristics of dissected patients. 

However, due to the high variability from patient to patient, 
setting a specific elasticity would in any case reduce the gen-
erality of the layout, which would be suitable for only a sub-
set of dissected patients. In other words, any elasticity choice 
would not give insights into the entire patient population. 
Moreover, wall elasticity would represent an important con-
founder that could interact with tears and could mask their 
impact. As a consequence, we have kept the external wall 
rigid. Also for the aortic geometry, it is not possible to iden-
tify a reference geometry for all dissected patients. A more 
complex geometry would create many superimposed effects, 
which would be very complex to take into account and, above 
all, would strongly depend on the reproduced patient, due to 
the high variability between patients. Thus, as for wall elastic-
ity, we have preferred to work on a simple geometry to elimi-
nate this confounding factor. Finally, another difference from 
in vivo conditions resides in the shape of the tears. Tears are 
circular in our model, whereas the in vivo shape is that of a 
single, usually horizontal, slit. Moreover, we considered tears 
of 0.3 cm, 0.6 cm and 1 cm, while differences of 0.3 cm are 
likely to fall within the measurement error in clinical practice, 
even with improved imaging techniques.

As a main outcome, we found that tears have a high im-
pact on the coupling between TL and FL. But, on the contrary, 
tears alone might not be responsible for the different behav-
iors observed in clinical practice. Indeed, all configurations 
have shown very similar behaviors in terms of FL pressures 
and coupling. This means that the clinically observed differ-
ences are due to the interaction with other factors, e.g., the 
elasticity of the vessel walls, the presence of thrombus in the 
FL, and the aortic geometry. Hence, our main observation is 
that clinicians should include other factors in the evaluation 
of late aortic dilation risk, without being limited to the num-
ber of entry tears, their diameters and locations.

To enter into more detail, we found that a single tear is 
associated with a higher relative FL pressure than 2 tears, in 
particular for configuration H1. Theoretically, the underly-
ing mechanism is that multiple tears allow for higher flow 
exchange between TL and FL, such that FL does not remain 
constantly pressurized. We also observed higher relative  
FL pressures (i.e., lower ∆Pmean and ∆Pmax) with a diameter of 
0.3 cm rather than with 1 cm. This is in contrast with previ-
ous findings, which show that larger entry tears are associ-
ated with more adverse events (34). Other in vitro studies 
found higher relative FL pressures with larger tears (9, 11). 
However, the tear diameters in our experiments were all 
below the cutoff value of 1 cm. Interestingly, our intermedi-
ate diameter (0.6 cm) showed consistently lower relative FL 
pressures compared to 0.3 cm and 1 cm. Thus, it seems that 
the relation between tear size and relative FL pressure is not 
linear or monotonic, at least in our model where other fac-
tors are voluntarily neglected, and might be more complex 
than previously thought. The distal location of a single tear 
seems to be associated with higher relative FL pressures (i.e., 
lower ∆Pmean and ∆Pmax) than the proximal location. This is in 
contrast to what was previously found in a similar deformable 
model from Tsai et al (9), since we found that pressure in the 
FL is higher than in the TL in case of a single distal tear, while 
Tsai et al found that FL pressure is higher both in proximal and 
distal tears.
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However, the differences we observed for single proximal 
and distal tears are small. Finally, heart rate and mean blood 
flow, within physiological ranges, have a negligible influence 
on FL pressure in comparison to the effects of the entry tears. 
However, in some ABAD patients, heart rate frequently in-
creases to high values, especially in the presence of pain. 
These outcomes are analyzed in the light of the existing lit-
erature on the phenomenon.

Other ABAD in vitro models are available in the literature, 
however, they differ from our layout mainly because we iso-
late the effect of the tears from the other factors. Tsai et al 
(9) investigated how dimension, location and number of tears 
are able to influence the FL pressure, using a deformable 
model consisting of 2 parallel tubes inserted in a mock loop 
simulator. Tear sizes ranged from 6.4 mm to 3.2 mm in the 
following configurations: proximal and distal tear, proximal 
tear only, distal tear only. They found that: i) pressure differ-
ences are higher in case of a small tear; ii) systolic pressure is 
higher in the TL while diastolic pressure is higher in FL; iii) the 
configuration with both proximal and distal tears shows small 
differences between TL and FL pressure, while differences are 
higher with 1 proximal or distal tear only; iv) an increase in 
cardiac frequency causes an increase in diastolic FL pressure. 
Rudenick et al (11) investigated the influence of dimension, 
location and number of tears on FL hemodynamics in Type 
B dissection (using a silicone and latex dissection model with 
tears of 4 or 10 mm) by testing the same configurations of 
(9). Results are in agreement with (9), showing systolic, dia-
stolic and mean pressures higher in the TL than in the FL for 
a small tear, while pressures show little differences for bigger 
tears. Rudenick et al (12) identified the effect of wall elastic-
ity on hemodynamics in descending aortic dissections. Chung  
et al (13) studied the effects of anatomic and physiological 
factors involved in TL collapse. Compared to other works 
already available in the literature, the novelty of our study 
relies in the clarification of the contribution of tears alone, 
without other confounding factors. More specifically: (i) with 
respect to the work of Tsai et al (9), we made improvements 
in the setup, using a more comprehensive set of tear con-
figurations including 3 different sizes (3, 6 and 10 mm) and  
3 different locations (proximal, distal and both). Moreover, 
we also paid attention to the position where the pressure dif-
ferences are measured (in front of each tear, both in the TL 
and the FL); (ii) with respect to the work of Rudenick et al 
(11), the main improvement is the exclusion of wall elasticity, 
due to its known contribution to hemodynamics (thoroughly 
investigated in [12] as well), to evaluate only 1 factor alone. 
The authors themselves claim that the results could be af-
fected by a nonphysiological compliance of the model.

Besides the in vitro models, modern imaging techniques 
offer the opportunity to study aortic hemodynamics in vivo in 
more detail than before. The available in vivo studies describe 
how the number and size of the entry tears impact on the 
evolution of ABAD patients. In particular, Tolenaar et al (6) 
analyzed the number of entry tears as one of several morpho-
logic predictors retrieved from medical imaging, and assessed 
its usefulness in predicting aortic dilation in ABAD patients. 
They found that the aortic growth rate is higher if a single 
intimal tear was detected on the initial CTA scan. Thus, they 
supposed that the presence of a single intimal tear might fa-

cilitate pressurization of the FL, resulting in increased aortic 
growth, whereas a more adequate outflow might be present 
in patients with multiple intimal tears. Nevertheless, the de-
tection of intimal tears is highly dependent on the quality of 
the image and the observers’ experience. Tolenaar et at (35) 
also investigated whether the number of identifiable entry 
tears is associated with aortic growth in long-term ABAD. The 
median aortic growth rate (5.8 mm/y) was significantly higher 
in patients with 1 visible entry tear than in patients with 2 
entry tears (0.98 mm/y; p = 0.01) and in patients with 3 en-
try tears (1.31 mm/y, p = 0.010). Patients with 4 entry tears 
(median, 2.50 mm/y, p = 0.992) and without visible entry 
tears (median, 1.60 mm/y, p = 0.156), in whom the number 
of segments was relatively low, did not show a significant dif-
ference in growth rate compared with patients with 1 entry 
tear. Evangelista et al (34) evaluated the usefulness of size 
and location of entry tears as predictors in dissection evolu-
tion. They found that proximal location and tear size >10 mm 
seem to be associated with a higher incidence in dissection-
related events. Two-dimensional phase-contrast MRI has also 
been used to study the behavior of the intimal flap, which 
showed movements of 0.68 ± 0.2 mm during the cardiac cycle 
in the acute phase, which are reduced at short- and mid-term 
followup (24). Evangelista et al (36) investigated the use of 
imaging techniques as prognostic value for high risk compli-
cations. Murayama et al (37) found that TL and FL diameters 
change during the cardiac cycle in some patients, but not in 
others. In actuality, in the acute phase, a larger number pa-
tients showed diameter changes, but the effect of diameter 
variation on TL and FL pressures could not be assessed.

Both (6) and (35) are in accordance with our findings: in 
fact, we found that H1 and H3 configuration show a perfect 
coupling between TL and FL. On the other hand, our findings 
are partially in contrast with findings of (34), since our results 
show how location does not affect the coupling in presence 
of just 1 tear, while we agree that no differences are visible 
for tear size <10 mm.

Thus, our study suggests that attention must be paid to 
the number of the tears more than to dimension and loca-
tion as predictors of dissection evolution. The agreement 
between clinical evidence and our findings proves that our 
simplified models could be a good starting point towards 
fluid-dynamic identification of dissection evolution in order 
to establish more reliable predictors. In our view, a global ap-
proach to dissection analysis should include both in vivo im-
aging and in vitro studies, which are complementary. The first 
shows the behavior of the dissection, while the latter tries to 
identify the reasons for such behavior.

Finally, attempts to explain the effect of diameter varia-
tion on TL and FL pressures have also been made through 
computational fluid dynamics (CFD) (38). Karmonik et al (14) 
showed that the result of aneurysmal dilatation of type B dis-
section is a reduction in FL pressure. Theoretically, this could 
be a reaction to an initially increased FL pressure, or to an un-
favorable TL/FL coupling. Soudah et al (39) used CFD methods 
on the same models used in the in vitro experiments of (11). 
Simulations were made on a rigid dissection model with a rig-
id intimal flap of 2 mm of thickness, resembling a chronic dis-
section, while the experimental model was instead made of 
latex. Simulated pressures at the inflow of the model and at 
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the inlet of the TL were in agreement with the experimental 
ones, while differences in simulated and experimental pres-
sures were found in both TL and FL, especially for small tears.

Future work will be aimed at investigating the effects of 
entry tears in combination with other factors, such as the 
elasticity of the aortic wall and the intimal flap, along with 
an evaluation of different flow, heart rate and pressure condi-
tions, such as hypertension.

A similar experimental plane, but using ex vivo porcine 
aortas, might be valuable for this purpose. Other clinical pre-
dictors of aortic growth will be considered alone in a system-
atic way, to quantify the effect of each individual factor. This 
will further help clinicians to identify ABAD patients who are 
suitable candidates for early intervention.

Finally, we stress that the choice of a 3D printing approach 
is twofold. On the one hand, it allows rapid prototyping in the 
presence of 1 piece at a time production, as in our case, while 
all other techniques are more expensive for producing only 1 
artifact. On the other hand, future extensions of the work will 
involve the study of other factors, always taken 1 at a time; 
in this case, besides the production of 1 or a few products 
per type, patient-specific geometries and features can also 
be easily reproduced thanks to 3D printing technology. Thus, 
the approach proposed in this study is general and valid for 
further analyses.

Conclusions

We developed an in vitro model with the aim of reproduc-
ing an ABAD case in which the effect of the entry tears can be 
isolated from all other factors. Our model shows significant 
differences with respect to previous studies. Thus, we dem-
onstrate that some of the previously observed behaviours of 
TL and FL pressures cannot be solely explained by diameter, 
number and location of the entry tears. On the contrary, the 
resulting behavior must be seen as an interaction with a num-
ber of other factors.

Indeed, here we focused only on the number and diam-
eter of tears, neglecting the presence of elastic walls or par-
ticular tear geometries. For this purpose, the best solution 
was to consider a simplified in vitro setting.

Our results show that the presence of the tears is highly 
significant but that, neglecting the other factors, the clinical 
evidences related to different tears are not captured. Hence, 
as mentioned, they can be attributed to the combination of 
several aspects.
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