
Abstract— In this work we propose an engineering framework 
to support pre-operative decision making process and to plan 
optimal intervention strategies in complex and unusual vascular 
anatomies.  Different engineering approaches are implemented: 
3D printed models, computational fluid dynamics (CFD) analyses 
and virtual examination of best surgical access. The rare case of 
a patient with double aortic arch is presented. Obtained results 
confirmed the high potential of those tools to support clinical 
decisions.  
Keywords—aortic arch, patient-specific modelling, 3D 

printing, CFD. 

I. INTRODUCTION 
OUBLE aortic arch (DAA) is a rare pathology
characterized by a bifurcation of the ascending aorta
which forms a vascular ring around the trachea and the 

esophagus and causes wheezing and difficulties in respiration 
and swallowing. Usually symptoms lead to diagnosis and 
surgical treatment in early childhood; symptomatic adult 
patients are extremely rare and the surgical treatment could be 
a challenge [1]. 

The aim of our study is to propose an engineering 
framework to support clinical decisions: on one side, 3D 
printed models could help surgeons to better understand the 
patient unique vascular anatomy and to plan the procedure. On 
the other side, patient-specific computational fluid dynamics 
(CFD) analyses of pre-operative condition compared with 
different post-operative configurations may suggest the most 
conservative surgical approach in terms of hemodynamic 
performance. Finally, a tool that creates virtual surgical 
windows has been developed to plan the optimal surgical 
access for minimally invasive intervention. 

II. METHODS

A 20-year-old female referred to IRCCS San Matteo 
Hospital of Pavia with dysphagia and difficulties in respiration 
for evaluation and management. 64-slice Computed 
Tomography (CT) revealed DAA with distal trachea and 
esophagus compressed by the vascular ring. A surgery is 
required to tie off and separate the smaller branch of the DAA 
and to relieve pressure on the esophagus and trachea. A 
minimally invasive approach was considered the most feasible 
choice. It consists in left mini-thoracotomy (incision through 
intercostal space) and clamping of the left-sided aortic arch. A 
bronchoscopy was required to evaluate if there is a 
compromise of the tracheal lumen and to determine the degree 
of tracheomalacia, which is a pathological weakness and 

floppiness of the wall of the trachea, due to the compression of 
the DAA [2]. 

A. 3D printing 
Pre-operative CT images are pre-processed and segmented. 

A semi-automatic gradient-based level set technique 
implemented in VMTK software is employed [3], and 3D 
surface models of the vessel lumen and tracheal lumen are 
created. The full-size physical model is then manufactured 
with gypsum binder jetting process (printer: Project 460+, 
3DSystems). 

B. CFD analysis 
The 3D surface of the aortic lumen is processed through a 

developed pipeline which leads to the generation of a CFD-
suitable mesh in a semi-automatic way. Operations are 
performed using VMTK library.  Boundary conditions are then 
set: mean values of flow waves are directly imposed in the 
ascending aorta and 3 element Windkessels are attached to 
each output (i.e. descending aorta and four supraortic vessels). 
The Navier-Stokes equations are computationally solved 
within a rigid wall domain using a Finite Element Analysis 
software, i.e., the open-source C++ library LifeV 
(www.lifev.org). 

C. Virtual surgical planning 
After loading DICOM images in Matlab (Mathworks Inc, 

Natick, MA), the developed algorithm allows the user to: 
easily segment chest by erasing internal structures; create 
surgical windows simulating mini-sternotomy or mini-
thoracotomy approaches; widen/tighten and/or move the 
virtual window in order evaluate different options and to make 
the proper surgical choice. 

III. RESULTS AND DISCUSSIONS

A. 3D printing 
3D printed model of the pathological aorta (see Figure 1) 

has been examined by a team of cardiovascular surgeons and 
interventional radiologists. The model has proved very helpful 
for a deep understanding of the patient’s anatomy and to plan 
surgery. In particular, the optimal surgical strategy in terms of 
“tying off and separation” position is investigated. In addition, 
the hollow model of the tracheal lumen is employed to 
evaluate tracheal patency and select the type, flexible or rigid, 
and size of bronchoscope in order to perform bronchoscopy. 
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B. CFD analysis 
CFD Simulations are performed to compute velocity and 

pressure solution, both in the pathologic tract and in a healthy 
portion. Following a specific need of the clinicians, different 
virtual scenarios of postsurgical geometry are created in order 
to simulate their hemodynamic patterns and to evaluate which 
would be the most conservative surgical approach in terms of 
hemodynamic performance. Figure 2 shows the results in 
terms of velocity field at systolic peak for the pre-operative 
and the “best” post-operative configuration.  

C. Virtual surgical planning 
DICOM images of the chest with the virtual window are 

then visualized with OsiriX software. An example of virtual 
window is reported in Figure 3. Different surgical choices are 
virtually experimented by the surgeons, which could finally 
define the best position and dimensions of the reduced 
“surgical window”. Indeed, left mini-thoracotomy surgery 
involves an incision made though the left side of the chest, 
parallel to the ribs. The choice of the intercostal space (second 
or third, generally) determines the site of exposition along the 
aorta. The choice of a wrong access could limit significantly 
the feasibility of surgical procedure causing unpredictable 
difficulties during surgical procedures. 

IV. CONCLUSION

In this work, different engineering approaches have been 
implemented for a complicated and unusual case. The 
potential utility of those tools to support physicians during the 
decision making has been demonstrated. 
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Figure 2: Instantaneous velocity at the systolic peak taken from the CFD 
simulation for (a) pre-operative and (b) virtual post-operative configuration. 
Black arrows highlight the cutting position.

Figure 1: 3D printed double aortic arch (red) and tracheal lumen (white). 

Figure 3: Mini-thoracotomy procedure (up) and an example of virtual 
surgical window (down).
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