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WHAT THIS PAPER ADDS
This is a proof of concept study that systematically addresses the issue of the definition of an aortic arch map for
TEVAR based on the haemodynamic features of the landing zones. The present work shows that computational
fluid dynamic modelling of the arch according to the Modified Arch Landing Areas Nomenclature provides useful
insights for proper proximal landing zone selection during TEVAR planning. Further studies are required to
validate the clinical relevance of the findings.

Objective: To assess whether the Modified Arch Landing Areas Nomenclature (MALAN), which merges Ishimaru’s
map with the Aortic Arch Classification, predicts the magnitude of displacement forces and their orientation in
proximal landing zones for TEVAR.
Methods: Computational fluid dynamic (CFD) modelling was employed to prove the hypothesis. Healthy aorta CT
angiography scans were selected based on aortic arch geometry to reflect Types I to III arches equally (each
n ¼ 5). CFDs were used to compute pulsatile displacement forces along the Ishimaru’s landing zones in each
aorta including their three dimensional orientation along the upward component and sideways component.
Values were normalised to the corresponding aortic wall area to calculate equivalent surface traction (EST).
Results: In Types I and II arches, EST did not change across proximal landing zones (p ¼ .297 and p ¼ .054,
respectively), whereas in Type III, EST increased towards more distal landing zones (p ¼ .019). Comparison of EST
between adjacent zones, however, showed that EST was greater in 3/II than in 2/II (p ¼ .016), and in 3/III than in
2/III (p ¼ .016). Notably, these differences were related to the upward component, that was four times greater in
3/II compared with 2/II (p < .001), and five times greater in 3/III compared with 2/III (p < .001).
Conclusion: CFD modelling suggests that MALAN improves discrimination of expected displacement forces in
proximal landing zones for TEVAR, which might influence clinical outcomes. The clinical relevance of the finding,
however, remains to be validated in a dedicated post-operative outcome analysis of patients treated by TEVAR of
the arch.
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INTRODUCTION

Thoracic endovascular aortic repair (TEVAR) is currently the
first line treatment for aortic disease affecting the
descending thoracic aorta, because in selected patients1 it
provides low procedural morbidity and mortality, and
satisfactory mid-term results. Endovascular procedures
involving the aortic arch, however, are associated with
higher rates of post-operative clinical failure,2 and remain
complex and challenging because of the angulation and
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tortuosity of the arch and its peculiar biomechanical
environment.3

Pre-operative planning for TEVAR of the arch is based on
Ishimaru’s classification,4 which disregards landing zone
angulation and tortuosity that represent critical anatomical
features associated with higher rates of endograft failure.5e7

In addition, Ishimaru’s aortic map does not take into
account 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, poten-
tially leading to an insufficient proximal seal and/or
endograft migration.3,8 These forces can be calculated by
computational fluid dynamics (CFD), a well established en-
gineering tool extensively employed in cardiovascular
medicine, which by solving differential equations can
simulate blood flow, and allows computation of aortic
haemodynamic parameters.3

A previous study9 proposed a Modified Arch Landing
Areas Nomenclature (MALAN) (Fig. 1) that merges Ishima-
ru’s map with the Aortic Arch Classification, originally
described for predicting difficult carotid stenting,10 in which
each landing area is identified indicating both proximal
landing zone and Type of arch (e.g. 0/I). That study showed
that arch Types are associated with a consistent geometric
pattern of Ishimaru’s zones that allows identifying specific
proximal landing areas with suboptimal angulation and
tortuosity for stent graft deployment.9

The present study aimed to analyse the magnitude and
orientation of displacement forces in the aortic arch ac-
cording to the MALAN classification by means of CFD
modelling, to potentially also identify a consistent fluid
dynamic pattern, and identify specific areas with a hostile
haemodynamic environment.

METHODS

Patient population

This study reviewed anonymised thoracic CT angiography
(CTA) scans from patients undergoing diagnostic evaluation
for various indications at the study institution in 2015 and
was approved by the local ethics committee. The need for
informed patient consent was waived because of the
retrospective nature of the analysis and the use of anony-
mised data. For the purpose of the present analysis, 15
thoracic CTA scans were reviewed, five per Type of arch,
randomly chosen from 60 selected for a previous study that
defined the MALAN classification.9 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.
Inclusion and exclusion criteria have been described in
detail previously.9 Of note, as the study was conceived as a
proof of concept of the original description of the aortic
arch classification,10 which is based on healthy (i.e. non-
aneurysmal aortas), a diameter of the thoracic aorta
>40 mm was chosen as an exclusion criterion.9 Proximal

landing zones were defined as previously described in
detail.9

Computational modelling

Aortic arch haemodynamics were calculated by means of
CFD, a computational modelling method developed to
study the behavior of fluid flows by solving the Naviere
Stokes equations, characterising the motion of an incom-
pressible fluid (i.e. blood), in a specified domain (i.e. aorta).
Each CFD analysis requires definition of a three dimensional
(3D) model of the vascular anatomy of interest, and of the
boundary conditions describing the flow conditions near the
boundaries of the model.

Geometric model construction

In this study, the vascular anatomy of interest was extracted
from the CTA scans using the software Mimics v18.0
(Materialise NV, Leuven, Belgium). The aortic tract between
the aortic valve annulus and the diaphragm was considered,
including the proximal tract of brachiocephalic trunk, left
common carotid artery, and left subclavian artery. The final
3D model was exported in stereolithographic format (.stl),
and artificially extended by inserting cylindrical regions,
called flow extensions, at the boundary sections11 using the
open source library Vascular Modelling ToolKit (VMTK)
v1.3.12 This approach aimed to reduce the impact of
modelling choices and uncertainties in the boundary con-
ditions on the numerical results.13 Such fictitious domain
extensions were then removed during the post-processing
analysis.

The 3D aortic model was then discretised by VMTK v1.3
to generate a computational mesh suitable for CFD analysis.
An average cutoff of 1.8 million tetrahedral elements was
considered for the simulations. This cutoff was based on a
mesh convergence analysis that showed that further mesh
refining would have produced a difference of less than 1%
in the computed displacement forces.

Boundary conditions

Given the retrospective nature of the study, no patient
specific haemodynamic data were available for the consid-
ered cohort of patients, and therefore the same inflow and
outflow boundary conditions were applied in all cases. On
the inflow section of the ascending aorta, a flow waveform
representing a cardiac output of 4.88 L/min was used as
input. This flow waveform was derived from phase contrast
magnetic resonance imaging data of a previous cohort of
patients from the study hospital (see Appendix I) and rep-
resents a typical ascending aortic flow waveform and car-
diac output for adult patients. On the outflow sections,
three element Windkessel circuits were attached to mimic
the compliance and resistance of the distal vasculature in a
reliable way.3,14 Parameter values of the Windkessel circuits
are reported in Table A1 (see Appendix I); the use of such
values led to a physiological value of pressure in the
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simulation; the average of systolic/diastolic pressure among
the 15 cases investigated in the present study was 117/
71 mmHg. A null velocity on the luminal surface was pre-
scribed under the hypothesis of a rigid arterial wall.

Computational analysis

Numerical simulations were carried out by solving the
incompressible unsteady NaviereStokes equations in the
region of interest, under the hypothesis of Newton rheology

(i.e. assuming a constant viscosity), as commonly performed
in the case of large and medium sized vessels.15

All the CFD analyses were performed using the open
source parallel finite element solver based on Cþþ library
LifeV (www.lifev.org), tailored to blood flow applications.16

The simulated cardiac cycle lasted 1 s and was solved
with a constant time step size of 0.001 s. The computational
analysis was run for six heartbeats, to ensure the conver-
gence of velocity and pressure fields.14

Figure 1.Modified Arch Landing Areas Nomenclature (MALAN), comprising proximal landing zones according to Ishimaru’s Aortic Arch Map
and Types of arch according to the Aortic Arch Classification. (This picture was previously published in an article by the present authors in
the Journal of Vascular Surgery9).
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Post processing

The CFD simulation consisted of blood velocity, pressure,
and wall shear stress (WSS), calculated on each element of
the computational mesh over the cardiac cycle17 (Fig. 2).
The results of the simulations were post-processed using
Python script and Paraview software v4.4 (Kitware Inc.,
France) to isolate the aortic wall in each landing area for
all models. The displacement forces were then calculated
by integrating the wall pressure and the WSS at systolic
peak along the aortic wall in each MALAN area (Equation 1
in Appendix I). As previously reported, the contribution of
the pressure to the total displacement forces was several
orders of magnitude larger than the WSS contribution,3

and therefore the impact of blood viscosity was
negligible.18

The magnitude and the direction of the displacement
forces for each landing zone (0e3) were calculated in all
patients. As the surface areas of the proximal landing zones
are different across the arch, a normalised displacement
forces value, equivalent surface traction (EST), was pro-
posed to account for the impact of the geometrical differ-
ences only. The EST was calculated by dividing the
displacement forces magnitude by the surface area of the
corresponding proximal landing zone (Equation 2 in
Appendix I).

Furthermore, the individual components of each
displacement forces vector were compared among the
landing areas to evaluate the change in orientation (upward
vs. sideways) in the different Types of arch.

Of note, both engineers and clinicians were involved in
the CFD analysis.

Statistical analysis

Data were analysed using SPSS Statistics version 24 (SPSS
Inc., Chicago, IL, USA). Normality of the distribution of the
data was tested using the ShapiroeWilk test, after which
comparisons between landing zones and Types of arch were
made using the one way analysis of variance for normally
distributed data. Post hoc comparisons were made with the
Least Significant Difference test. Continuous data are re-
ported as the mean value with 95% CI within parentheses.
Statistical significance was assumed at p < .05.

RESULTS

The 15 selected patients (73% male) were 77 � 9 years old.
The three groups defined by the Type of arch were com-
parable in age (p ¼ .595) and gender.

The surface areas of the proximal landing zones were not
different between the Types of arch (P ¼ .672), thus
enabling a comparison of the displacement forces magni-
tude between the Types of arch.

Displacement forces magnitude and orientation

Comparison between Types of arch (Table 1), showed that
displacement forces magnitude was significantly different in
Zone 3 (p ¼ .007), with 3/II and 3/III having significantly
greater values than 3/I (p ¼ .004 and p ¼ .008, respec-
tively). Comparison within Types of arch (Table 1), showed
that displacement forces magnitude was significantly
different across landing zones in all the Types of arch, with
Zone 0 having the highest magnitude regardless of the Type
of arch (p < .001). Furthermore, displacement forces
magnitude in 3/III was almost twofold greater than in 2/III
(p ¼ .033), as also in 3/II compared with 2/II (p ¼ .032).

Analysis of the displacement forces orientation (Fig. 3,
Tables 2 and 3) showed that the greater changes in
displacement forces magnitude in 3/II and 3/III were related
to the upward component, that was four times greater in 3/
II compared with 2/II (p ¼ .001), and five times greater in 3/
III compared with 2/III (p < .001). Conversely, in Type I arch
the upward component did not differ through proximal
landing zones 1e3. Finally, the sideways component did not
change between proximal landing zones 1e3 in any Type of
arch.

Equivalent surface traction

Consistent with displacement forces values, comparison
between Types of arch (Table 4), showed that equivalent
surface traction was significantly different in Zone 3
(p ¼ .009), with that in 3/II and in 3/III being twofold
greater than in 3/I (p ¼ .008 and p ¼ .006). Comparisons

Figure 2. Illustrative representation of the simulation results at
systolic peak. The case of a Type III arch is reported. (A) Stream-
lines of the blood flow, (B) pressure, and (C) displacement forces
for each zone.
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within Types of arch (Table 4) showed no change in
equivalent surface traction across proximal landing zones
within Type I (p ¼ .297) and II arches (p ¼ .054), whereas
equivalent surface traction increased towards more distal
proximal landing zones within Type III (p ¼ .019). Between
adjacent landing areas, equivalent surface traction was

greater in 3/III than in 2/III (p ¼ .016), and in 3/II than in 2/
II (p ¼ .016).

DISCUSSION

The present work, which was conceived as a proof of
concept study, showed that the MALAN classification is
associated with consistent haemodynamic features that, in
addition to the geometric pattern previously reported9,
further improve its predictive value to identify hostile
proximal landing zones for TEVAR of the arch. It was found
that normalised displacement forces (i.e. equivalent surface
traction) do not vary along Ishimaru’s zones in Type I arch,
whereas they change in Type II and III, and specifically in the
distal part of the arch. The present data remain to be vali-
dated by CFD analysis in pathological aortas, and the clinical
relevance of the finding needs to be proven in a dedicated
post-operative outcome analysis of patients treated by
TEVAR of the arch. Both such studies are currently in
progress and, based on the findings reported herein, are
focused on Zones 2 and 3 of Type II and III arches. The re-
sults of these works are expected to provide relevant in-
formation to simplify the MALAN classification by reducing
the landing areas of interest, and to potentially improve the
applicability and acceptance of this new nomenclature.

TEVAR planning is currently based only on the analysis of
aortic morphology and size by means of static imaging
protocols.19,20 Conversely, the aorta is an elastic and

Table 1. Displacement forces in MALAN areas with comparisons across landing zone and Type of arch.

Type I Type II Type III p
Zone 0 0/I

13.2 (8.7e17.7) N
0/II
14.1 (9.9e18.2) N

0/III
9.5 (6.4e12.6) N

.090

Zone 1 1/I
1.7 (1.0e2.3) N

1/II
2.4 (1.6e3.1) N

1/III
2.3 (1.3e3.2) N

.211

Zone 2 2/I
3.4 (1.4e5.3) N

2/II
3.3 (2.2e4.3) N

2/III
3.1 (1.1e5.0) N

.937

Zone 3 3/I
2.6 (1.6e3.7) N

3/II
6.1 (4.2e8.0) N

3/III
5.8 (3.2e8.3) N

.007

p <.001 <.001 <.001

Results are reported as mean with 95% CI in parentheses. 3/I vs. 3/II p ¼ .010; 3/I vs. 3/III p ¼ .019.

Figure 3. Schematic representation of displacement forces
orientation.

Table 2. Upwards (U) and sideways (S) direction in MALAN areas with comparisons across landing zone and Type of arch.

Type I Type II Type III p
Zone 0 0/I

U: 0.57 (0.47e0.67)
S: 0.82 (0.74e0.89)

0/II
U: 0.61 (0.43e0.80)
S: 0.77 (0.61e0.93)

0/III
U: 0.53 (0.34e0.71)
S: 0.83 (0.71e0.96)

U: .607
S: .609

Zone 1 1/I
U: 0.15 (�0.27e0.56)
S: 0.94 (0.83e1.04)

1/II
U: 0.17 (�0.09e0.43)
S: 0.97 (0.92e1.02)

1/III
U: 0.27 (�0.03e0.57)
S: 0.94 (0.84e1.03)

U: .744
S: .759

Zone 2 2/I
U: �0.12 (�0.33e0.01)
S: 0.98 (0.94e1.02)

2/II
U: �0.29 (�0.70e0.13)
S: 0.90 (0.78e1.03)

2/III
U: 0.35 (0.03e0.67)
S: 0.90 (0.76e1.05)

U: .007
S: .344

Zone 3 3/I
U: 0.52 (0.02e1.01)
S: 0.71 (0.28e1.14)

3/II
U: 0.63 (0.12e1.13)
S: 0.64 (0.27e1.00)

3/III
U: 0.87 (0.75e0.99)
S: 0.44 (0.17e0.72)

U: .267
S: .349

p U: .004
S: .123

U: <.001
S: .034

U: <.001
S: <.001

Results are reported as mean with 95% CI in parentheses. U: 3/III vs. 2/III p ¼ .004; 3/II vs. 2/II p ¼ .001.
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dynamic conduit that expands significantly at relevant levels
per heartbeat,21,22 and exerts displacement forces that have
a relevant impact on endograft performance.3 Hence, the
introduction of dynamic measurements into clinical practice
by CFD modelling is expected to improve TEVAR planning
and stent graft design.23

The magnitude of the aortic arch displacement forces,
which is expressed by definition in Newtons, depends on
the blood pressure and the WSS. The pivotal study of Fig-
ueroa et al.3 belied the commonly held view that the main
component of the displacement forces is the shearing force
of the flow and that, as a consequence, their main orien-
tation is in the downstream direction of the flow. In fact, the
primary contributor to the displacement forces magnitude
is the blood pressure, and their orientation depends on the
geometry of the arch and is mainly in the upward direction.3

For the first time the present study describes how the
displacement forces of the arch are distributed in the
different proximal landing areas for TEVAR, defined ac-
cording to the MALAN classification.9 The data showed that
Zone 0, regardless of the Type of arch (i.e. 0/I-III), presents
higher displacement force magnitude compared with the
other arch zones, and that the displacement forces vector in
Zone 0 is oriented orthogonally to the aortic blood flood
and to the vessel longitudinal axis in that area. Despite
these unfavourable haemodynamic conditions, however,
TEVAR in Zone 0 is less likely to be complicated by endo-
leak,24 or stent graft migration, because it provides a longer
neck length compared with the other zones,24 and a mod-
erate angulation and a negligible tortuosity, regardless of
the Type of arch.9 Also, computation of equivalent surface
traction in each landing area showed that the higher

displacement force magnitude in Zone 0 results from its
consistently greater surface area, a factor that positively
correlates with displacement force magnitude.

Displacement forces with a greater magnitude and a vec-
tor orthogonal to the aortic flow and longitudinal axis were
also found in 3/II and in 3/III, compared with the proximal
adjacent areas (i.e. 2/II and 2/III, respectively). These findings
were even more evident when a comparison was made
based on equivalent surface traction. Interestingly, it was
also found that the greater equivalent surface traction was
related to changes in the upward component of the vector,
while the sideways component remained unchanged.

In contrast to 0/I-III landing areas, 3/II and 3/III are
associated with suboptimal angulation and tortuosity,9

which require a longer proximal neck length25 often un-
available because of the anatomical constraint of the origin
of left subclavian. As a consequence, the resulting biome-
chanical environment of 3/II and 3/III appears unfavourable
for endograft deployment, and therefore a more proximal
aortic landing zone should probably be chosen. In this
respect, the use of scalloped devices appears to be a viable
option to overcome the issue of short and/or angulated
proximal necks in Zone 3 by means of a standalone TEVAR,
that is without additional extra-anatomical surgical bypass
or left subclavian endovascular branching.26

In addition to the relevance for TEVAR planning, the
present findings regarding displacement forces magnitude
and orientation in Zone 0, and in Zone 3 of Type II and Type
III arch, may have implications in the development of
proximal entry tears in spontaneous Type A and Type B
aortic dissections. Further studies currently in progress will
disclose whether an anatomical risk factor may be identified

Table 4. Equivalent surface traction in MALAN areas with comparisons across landing zone and Type of arch.

Type I Type II Type III p
Zone 0 0/I

2265 (179e2739) N/m2
0/II
2393 (2096e2691) N/m2

0/III
1807 (1286e2328) N/m2

.054

Zone 1 1/I
2389 (1514e3264) N/m2

1/II
3134 (1792e4475) N/m2

1/III
2765 (1624e3906) N/m2

.460

Zone 2 2/I
2195 (1632e2757) N/m2

2/II
1953 (1141e2766) N/m2

2/III
2138 (1006e3271) N/m2

.851

Zone 3 3/I
1725 (929e2521) N/m2

3/II
3357 (2092e4622) N/m2

3/III
3442 (2557e4327) N/m2

.009

p .297 .054 .019

Results are reported as mean with 95% CI between parentheses.

Table 3. Upward force in MALAN areas with comparisons across landing zone and Type of arch.

Type I Type II Type III p
Zone 0 0/I

7.5 (5.1e9.9) N
0/II
8.3 (6.4e10.1) N

0/III
4.9 (2.8e6.9) N

.020

Zone 1 1/I
0.3 (�0.6e1.2) N

1/II
0.4 (�0.2e1.0) N

1/III
0.5 (0.0e1.0) N

.826

Zone 2 2/I
�0.4 (�1.1e0.3) N

2/II
�1.1 (�2.6e0.5) N

2/III
1.0 (0.1e2.0) N

.010

Zone 3 3/I
1.3 (0.0e2.7) N

3/II
4.3 (0.79e7.8) N

3/III
5.0 (3.1e6.8) N

.027

p <.001 <.001 <.001

3/III vs. 2/III p < .001; 3/II vs. 2/II p ¼ .001.
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based on the haemodynamic mapping reported herein,
consistent with previous reports.27,28 These data may also
provide useful insights for technical development of specific
stent grafts for endovascular repair of the ascending
aorta.29

There are some limitations to this study. First, healthy
aortas (i.e. non-aneurysmal) were employed, consistent
with the original definition of Types of arch.10 Second, the
lack of information on patient specific haemodynamic
environment means that the same flow boundary condi-
tions were employed in all cases. However, these limitations
did not hinder comparison between the haemodynamic
patterns of the different landing zones, being related to
their consistent geometric features. Finally, the limitations
inherent to the computational methods, namely the as-
sumptions of a Newtonian fluid and of a rigid arterial wall,
also should be considered.3 Nevertheless, given the small
impact of WSS, the relevance of blood viscosity is consid-
ered to be negligible,18 and the use of CFD with a rigid wall
appears to be a reasonable approach in a clinical context,30

because displacement forces mainly depend on pressure
distribution,3 and the magnitude and form of the pressure
and flow waves are not massively dependent on the
compliance of the aortic wall.30

In conclusion, it is believed that the present findings
support further studies to introduce fluid dynamic param-
eters among the criteria employed for TEVAR planning.

CONFLICT OF INTEREST

None.

FUNDING

This work was supported in part by a “5xmille” grant from
IRCCS e Policlinico San Donato.

APPENDIX I.

As this is a retrospective study, images of 15 patients under
investigations were stored with no patient specific haemo-
dynamic data to prescribe boundary conditions (this has
sometimes been called the “medical image legacy prob-
lem”). Therefore, the same boundary conditions were
employed in all cases. To find realistic non-patient specific
data, a database formed when developing the iCardioCloud
Project (www.unipv.it/compmech/icardiocloud.html) was
used; this was a project devoted to the systematic
geometrical reconstruction of a number of patients (healthy
and affected by different pathologies) with PC-MRI mea-
sures, according to a specific protocol. For the present study,
non-invasive flowmeasurements by phase contrast MRI on a
small cohort of patients (n ¼ 4) enrolled at IRCCS-Policlinico
San Donato within the project iCardioCloud (www.unipv.it/
compmech/icardiocloud.html) were employed; magnetic
resonance imaging (MRI) was performed using a 1.5-T unit
with 40-mT/m gradient power (Magnetom Sonata Maestro
Class, Siemens, Erlangen, Germany) and a four channel
cardiothoracic coil. Electrocardiographically triggered free
breathing through plane and in plane phase contrast (PC)

sequences were performed for phase velocity mapping of
aortic and branch flow with the following technical param-
eters: TR/TE ¼ 4/3.2 ms, thickness 5 mm, velocity encoding
from 150 to 350 ms, and temporal resolution 41 ms. Cuff
pressure at the time of imaging was recorded as well. The
mean of the measured inflow curves at the level of the
ascending aorta (i.e. a cardiac output of 4.88 L/min), was
used as input of the CFD analyses of the 15 patient cohort.
The plot of the flow curve is shown in Fig. A1. The peripheral
impedance at each outflow section (BCT, brachiocephalic
trunk; LCCA, left common carotid artery; LSA, left subclavian
artery; DA, descending aorta) was represented by two re-
sistances R1 and R2 and one compliance C (RCR model); for
each branch, the RCR parameters were calibrated using the
measured flow by PC-MRI and cuff pressure following the
guidelines suggested in Les et al.14 For each of the four pa-
tients, a set of RCR parameters was computed; finally, the
values of these parameters were averaged to obtain the final
set used for the present study, reported in Table A1. This is a
clearly a suboptimal surrogate of patient specific conditions;
however, it is argued that the solid empirical background in
the approach presented by Les et al.14 and the average
operation here introduced and just discussed, guarantees
good reliability of the simulations for the purpose of clinical
speculation. In fact, with this choice, pressures in the range
117/71 were obtained, which may be listed as a realistic
range.

The displacement force was calculated from integration
of the surface pressure and the WSS distributions on the
surface area of the proximal landing zones:

Equation 1:

DF ¼
Z

pndAþ
Z

sdA

where DF is the displacement force in Newtons (N),R
pndA is the force exerted by the blood pressure along a

given segment of the aortic wall in N and
R
sdA is the WSS

along the same segment in N.
Equivalent surface traction (EST) was calculated dividing

the DF by the corresponding surface area:
Equation 2:

EST ¼ jDFj=A

where EST is equivalent surface traction in N/m2, DF is
displacement force in N and A is the surface area in m2.

Table A1. Values of Windkessel model parameters - proximal
resistance R1, total peripheral resistance R2, and the total
arterial compliance C e modelling the peripheral part of the
circulation corresponding to each of outlet sections

R1 [dyn*s/cm5] R2 [dyn*s/cm5] C [cm5/dyn]
BCT 776 20251 9.32E-05
LCCA 3799 44982 3.35E-05
LSA 1394 32092 5.84E-05
DA 129 1512 1.09E-03

BCT, brachiocephalic trunk; LCCA, left common carotid artery; LSA,
left subclavian artery; DA, descending aorta.
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Figure A1. Schematic representation of the boundary conditions;
the 3D model of the aortic arch together with the RCR networks
(0D) model the downstream vascular bed.
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Left Ovarian Vein Drainage Variant: An Exceptional Cause of Pelvic
Congestion Syndrome
Jade García-Espinosa, Alberto Martínez-Martínez *

Diagnostic Imaging Department, “Virgen de las Nieves” University Hospital, Granada, Spain

A 32 year old female with unexplained chronic pelvic pain, postcoital discomfort, and a history of lower limb varicose veins
(not treated) underwent triple phase abdomino-pelvic computed tomography angiography (CTA). CTA revealed a dilated left
ovarian vein (LOV) of 8 mm diameter (panel A, black arrow) with a compressed terminal retro-aortic course (panel B,
arrowhead) and direct drainage into the inferior vena cava without communication with the otherwise normal left renal vein
(panel B, white arrow), an exceptional cause (not previously described) of pelvic congestion syndrome. To date, the patient
has not undergone any treatment but LOV coil embolisation is planned.

* Corresponding author.
E-mail address: rralbert.martinez@gmail.com (Alberto Martínez-Martínez).
1078-5884/� 2018 European Society for Vascular Surgery. Published by Elsevier Ltd. All rights reserved.
https://doi.org/10.1016/j.ejvs.2018.01.002
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