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1. SUMMARY 
 

Author: Shanga Bari  

Title: Literature review of 3D-printing in vascular modelling  

Aim: The aim of this articles is to review the available literature on 3DP in vascular modelling and its 

potential role in the future.  

Objectives:  

1. To identify the current role of 3D printing in vascular modelling  

2. To identify the future role of 3D printing in vascular modelling  

3. To identify the usage of 3D printing as prospective aid in vascular surgery particularly in usage of 

complex abdominal aorta aneurysm repair 

Material and methods: The articles included in this study was collected from PubMed with the 

following keywords: “ABDOMINAL AORTA ANEURYSM”, “3D PRINTING” ,“ADDITIVE 

MANUFACTURING”, “AORTIC ANEURYSM”, “VASCULAR SURGERY” , “ENDOVASCULAR 

PROCEDURE”, Additional filters used were “Full free articles”, “publication date 10 years”, “English 

articles”.  Remaining articles were screened manually according to eligibility yielding a total of 16 

articles included in this review.  

Results: From the PubMed search a total of 16 articles extracted. Amongst the selected articles both 

qualitative and quantitative studies were involved. Pre-selected data was extracted from each article 

and finally the eligible articles revised the current and future roles of 3DP in vascular surgery mainly 

focusing on complex abdominal aortic aneurysms.  

Conclusion: The usage of 3DP in vascular surgery is multipurpose and includes examples such 

preoperative planning, education and off-label use with the aim of providing personalized medical care 

in the near future. 3DP has proven to have the potential to improve both subjective and objective 

parameters in the field of vascular surgery. It can be concluded from all the articles that 3DP is a huge 

aid in preoperative planning.  

 

Keywords: Abdominal aortic aneurysm, 3D-printing, Additive manufacturing, aortic aneurysm, 

vascular surgery, endovascular procedure. 
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5. ABBREVIATIONS LIST  
 

AAA -  Abdominal aorta aneurysm 

3DP – 3D printing  

CT – Computed tomography 

MRI – Magnetic resonance imaging 

STL – Surface tessellation language 

CAD – Computer-aided design  

DICOM – Digital imaging and communications in medicine 

SLS – Selective laser sintering  

EVAR – Endovascular aneurysm repair  

VR – virtual reality  

PMSG – Physician-modified stent graft 

FEVAR – Fenestrated endovascular aneurysm repair  

FDM – Fused deposition modeling  

FFF – Fused filament fabrication 

Tg – Glass transition temperature 

Tm – Melting temperature  

IHD – Ischemic heart disease  

CABG – Coronary artery bypass graft surgery 

PCI – Percutaneous coronary intervention 

CCTA – Coronary computed tomography angiography 

CA – Coronary angiography  

TAVI – Transcatheter aortic valve implantation  
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6. TERMS 
Endoleak -  A complication that may arise after EVAR procedure  where there is persistent blood flow around 
the graft within the aneurysmal sac. 
EVAR – Procedure in which abdominal aortic aneurysm is repaired endovascularly. 
FEVAR – Endovascular repair of aortic aneurysm with preservation of blood flow to visceral branches . 
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7. INTRODUCTION 
An aneurysm is per definition a permanent and irreversible dilation of a vessel to at least a 50% 

increase than its normal diameter. The pathophysiological process underlying this disease is 

degeneration of one of the three layers of the vessel wall called the tunica media which mainly consists 

of smooth muscle cells and elastic tissue. Once this layer starts to degenerate, we have a subsequent 

dilation of the vessel wall. The risk factors for developing abdominal aortic aneurysm (referred to as 

AAA from now on) can be both due to inherited diseases such as Marfan syndrome and Ehlers-Danlos 

syndrome but also due to age older than 65 years old, male gender, smoking, family history, arterial 

hypertension and many more. (1) 

Although the overall incidence of abdominal aortic aneurysm have decreased over the last 20 years, 

which is thought to partially be due to decreased smoking (2), the risk of dying from a ruptured 

abdominal aortic aneurysm is 80%-90% (3) making it a very dangerous and a relevant condition 

requiring careful and precise diagnosis to enable the best possible treatment. A comparative study from 

2000 found that in 19 years there were no progress made in their ability to treat patients with 

abdominal aortic aneurysms despite numerous advances in both technology and critical care (4) 

highlighting the need for shift in the how we manage and treat patients suffering from this disease. One 

of the latest advancements in combining technology and medicine is 3D printing of patient-specific 

anatomy. 3D printing or rapid prototyping is a method from which a three-dimensional digital model is 

created in an additive manufacturing pattern with the help of a CT or MRI scan image that is processed 

by a computer-aided design based software program that converts the information into a specific file 

which can be processed by 3D printers (5). This method of printing can be done with different types of 

materials such as plastic and biomaterials such as living cells making it applicable in numerous fields 

and medicine being one of them. The role of 3D-printing in the medical field is multipurpose and may 

be used for drug-delivery, production of implants in a short period of time, preoperative planning of 

surgeries and may also in the future revolutionise organ transplantation (6). When using biological 

materials or living cells as the ink for the 3D printer we may create viable tissues such as skin, cardiac 

muscle, bones and several more, a process known as tissue engineering. The goal of tissue engineering 

is to repair, replace or simply regenerate damaged human tissues. However, the discussion of tissue 

engineering is beyond the scope of this article. Up to 40% of patients with aortic aneurysms may not 

be eligible for the standard treatment of abdominal aortic aneurysm because of their complex anatomy 

(5). With the help of 3D printed patient-specific models we may re-consider different approaches or 

even change our initial approach of surgical treatment options and thus provide better medical care 

both in the aspect of knowledge and research purposes but also in the clinical practice.  
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8. AIM AND OBJECTIVES 
The aim of the study was to gain knowledge on whether 3D printing could potentially be used in-house 

in clinical settings and be of great adjunctive value in vascular surgery.  

Objectives:  

1. To Identify the current role of 3D printing in vascular modelling  

2. To identify the future role of 3D printing in vascular modelling   

3. To identify the usage of 3D printing as prospective aid in vascular surgery particularly in usage of 

complex abdominal aorta aneurysm repair  
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9. LITERATURE REVIEW  
 

9.1.Types of 3D printers and their peculiarities  

 

Many different types of 3D printers have evolved since its development in 1980s. The main 3D 

printers used today are stereolithography, selective laser sintering, inkjet, fused deposition modeling 

and sheet lamination. The type of 3D printer to use depends on different factors such as the purpose of 

the model to be printed, resolution, material and many more. The main steps in how to 3D print an 

object is by converting 2D images acquired from either a CT, MRI or ultrasound into a so-called 

surface tessellation language file with the help of a CAD-software program. This STL format is simply 

the language that can later be read by the 3D printer. This CAD-file guides the 3D printer in how much 

material it needs to deposit via the nozzle and exactly where to deposit it. In other words, it is the 

framework or guideline for the 3D printer that it cannot work without.(7)  

 

Upon converting the DICOM file (the international way of handling and communicating medical data 

such as imaging) into a STL-file, there is a need for preprocessing and segmentation which is done in a 

visualization software such as MimicsInPrint, Seg3D , InVesalius and several more. During the steps 

of segmentation what happens is that the anatomical structure of interest is extracted by manually 

shading the objects in different slices of the chosen radiological method. Considering that 

segmentation is manually done or semi-automated in some cases the accuracy of the segmentation 

process depends on the experience of the operator since there is still no developed algorithm for 

creating a fully automated segmentation function that is acceptable. (8) Once the STL file is created, 

the most suitable printer must be chosen for that application. The 3D-printers can be classified into 

three main categories based on the form of material they use. Solid-based materials such as with fused 

deposition modeling, powder-based such as with selective laser sintering and finally liquid-based 

mainly used with stereolithography. The types of materials available today are numerous and includes 

polymers and polymer composites. (9) (10) What a polymer essentially is that it is a collection of 

repeated units of monomers that form in a reaction called polymerization. The reason for the huge 

interest in this particular macromolecule is that not only does it offer many useful qualities such as 

being biocompatible but it can also be used in all three forms of materials such as powder, solid and 

liquid. (11) 
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The main types of printers are the following: 

Stereolithopgraphy: 

This is the most common type of three-dimensional printing (3DP). The principle behind 

stereolithographic method is polymerization of a bath of liquid resins or hydrogels which are 

photosensitive polymers with a laser. When the resin is exposed to a certain wavelength of light by the 

laser apparatus it forms cross-linking bonds, this bonding is the way the material hardens in an additive 

manufacturing fashion. Different wavelengths have been reported in previous studies such as 325nm 

and 465nm. (12) (13) The main benefits of this type of 3DP lies in its ability to print quickly and 

precisely meaning it has high accuracy but also to do it easily and additionally it has a broad functional 

applications. (14) 

Principally the area of interest is enlightened and upon the laser beam striking this enlightened area the 

resin solidifies in each layer. The diameter of each layer is determined by energy of light source and 

timing under this light source.(15) The main important criterions that rules this technique are fill-cure 

depth, layer thickness and post-curing where the cure depth is controlled by the energy from the light 

source. The side effects of too high or too low cure depth results in exaggerated polymerization hence 

the outcome would be insufficient resolution and longer construction time respectively. The cure depth 

can be calculated from Beer-Lambert equation. (16)(14) An additional step usually required after 

printing with stereolithographic method is post-curing at which the aim is to reinforce the mechanical 

properties of the object which additionally may add to the overall time it takes to produce and have a 

ready-to-use product. Such process takes a minimum of 30-60 minutes in some cases (17) (18) and 

further variations might exist in timing. On the other hand when looking at the criteria of the material 

itself, meaning the need for the material to be photosensitive restricts its use significantly and issues 

arise in the financial point of view. (7) The materials used in this additive manufacturing technique are 

photosensitive thermoset polymers which is constructed by irreversibly curing a resin with the help of 

ultraviolet light. Resins used in stereolithography usually have several components to it such as a 

diluent, a photoinitiator and of course the monomers. The role of the diluent is regulating the 

rheological characteristics of the resin while the photoinitiator is what activates the 

photopolymerization and at what the absorption of light from the laser relays on. Examples of 

materials used in stereolithography can be subdivided into polyester, polycarbonate and polyether 

based and some examples of these are provided in the table below(14):  
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Table 1. – Materials for SLA 

Polyester Polycarbonate Polyether 

Polylactic acid (pla) Polytrimethylene 

carbonate (ptmc) 

Polyethylene glycol 

(peg) 

Polyethylene glycol 

(peg)/chitosan 

Gelatin/ptmc Peg / Chitosan 

(14) Kafle A, Luis E, Silwal R, Pan HM, Shrestha PL, Bastola AK. 3D/4D Printing of Polymers: 

Fused Deposition Modelling (FDM), Selective Laser Sintering (SLS), and Stereolithography (SLA). 

Polymers (Basel). 2021 Sep 15;13(18):3101. 

 

Other components to consider when looking at the material for SLA-printing lies in optical and 

chemical properties. As for the optical the main points are scattering, reflection and absorption as these 

determines the energy-absorption from the laser beam. The chemical properties of the resin itself such 

as molecular weight and functional groups are also of paramount to enable 3D printing at optimal 

characteristics. When comparing SLA to SLS and FDM, this technique gives a higher resolution but 

takes longer to print big objects. The main disadvantages with SLA lied in the limitations of resins 

available and the financial aspects of maintaining the printer. (14)  

Selective laser sintering: 

This method by which this type of printer works is by using powder as its substrate that consolidates in 

a layer-by-layer principle when irradiated with a CO2-laser eventually generating the physical object. 

Just like the stereolithography method, the selective laser sintering also uses photosensitive material 

just in a powder form rather than liquid. The principal behind the CO2-laser lies in the chemistry of the 

powders where carbon-hydrogen bonds absorbs energy from the laser at a wavelength of 

10.6micrometers (19) The need for post-processing abrasive blasting to smoothen the rough surfaces 

since the end-product is a porous object adds an additional step that not only yields a more expensive 

method but also takes longer. The overall available material for this printing method is what lies 

behind its interest in usage. (7)(20). Advantageously no support was required for the printed objects 

but on the contrary when compared to SLA and FDM it took the longest to print an object.(14) The 

binding of the powders can be done with different mechanisms such as chemically, complete melting 

and partial melting but usually it is done so by diffusion with the aid of a laser. Before melting the 

temperature is chosen according to the types of thermoplastic polymer, for the group of thermoplastic 

polymers called amorphous the optimal temperature is below Tg and for the semi-crystalline the 
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optimal temperature is set based on the melting point which will further commented on in the section 

about fused deposition modeling.(21)(14) Just like with fused deposition modeling the motion of the 

laser is determined by a G-code produced from a software. The most important criterion for this 

method of 3D printing is the energy density which can be defined by the total energy in a certain space 

per volume. The speed of the laser beam (which constitutes part of the formula for energy density) 

down the contour lines affects the time required to 3D print the product as it affects the maximum 

energy on a specific point of medium. Just like fused deposition modeling, the temperature is of great 

importance in this technique also but when referring to temperature in this method we are talking about 

the preheated powder rather than the heat of the nozzle as in fused deposition modeling. If the powder 

used is not at optimal temperature meaning that it is not preheated before deposited, the laser beam 

must be of higher power in order to melt the product. (14) The materials used with selective laser 

sintering are like with FDM thermoplastic polymers however made of powder and the classification 

and examples of the materials will be provided in the section of fused deposition modeling with the 

most extensively used material being PA12 powders.(14) The viscosity of the material used in 3D 

printing is important in SLS, SLA and FDM methods but additionally in SLS heat and optical 

characteristics are also important and aspects such as the conductivity of heat, reflection, scattering and 

transmission of optics must be at optimal conditions. The exemplary powder for SLS usage must be 

globular and range from 10-150 micrometers, these qualities amongst others determines the density of 

the powder.  (14) (21) The melting temperature amongst the given examples ranged from 167 degrees 

Celsius for PC and 182 degrees Celsius for PP. (14) 

 

Inkjet:  

Just like the selective laser sintering, inkjet also uses powder as a substrate but unlike SLS inkjet does 

not use CO2-laser to solidify the object but instead it uses drops of binding solution in order to 

consolidate the powder. The method by which the nozzle deposits the binding-solutions are with the 

help of heat or mechanically compressing the nozzle to eject the drops of solution. In the method that 

uses heat to eject the binding-solution a high-current travels along the resistor and meets the fluid 

which causes a vaporization bubble that expands internally, ultimately increasing pressure inside the 

thermal system and subsequently this increase in pressure ejects the drops. In the piezoelectric system, 

a voltage pulse causes changes in the fluid reservoir that leads to a volumetric difference, this 

volumetric difference causes a temporary shift in the fluid that ejects the solution from the nozzle. (21) 

The size of the drops ejected can be adjusted by changing different parameters such as temperature and 

density of the solution for an example. This type of printing is very popular in the field of biological 

printing of organs, tissue and drug delivery(22)(23). Surprisingly the materials for this type is cheaper 
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than the previously mentioned however the disadvantage with this type of printing lies in the 

resolution and precision of the printed object. (20) (7) When comparing the two types of drop-on-

demand (Droplets being ejected only when stimulated to do so) heads meaning the thermal and the 

piezoelectric, the thermal printers are faster to print with and has a more cost-effective production of 

objects. (24) On the contrary the size of the droplets are aberrant and has a low directionality of their 

drops not to mention that the binding-solutions may come in contact with heat from this type of printer 

and alter the solution. The piezoelectric inkjet printing does not possess the disadvantages of thermal 

inkjet printing such as exposing the solution to heat and is advantageous in the way that it can control 

the size of the droplets in a homogenous way. (21) 

 

The materials used with this type of printing is as mentioned powders, but one may also highlight the 

importance of the proper binding material. When discussing the powders used with inkjet printing 

some criteria’s such as flowability and wettability must be met in order to gain the best possible 

outcome. Optimal flowability is what results in the best resolution since this allows for thinner layers 

of powders to be used with each layer deposited. If the flowability is too high or too low, inadequate 

stability of the powder on the bed and a deficit in recoating will result respectively and ultimately 

giving an overall poor resolution of the printed objects. (21) The wettability refers to the amount of 

binding-solution being deposited on the powder and how much of that is being absorbed by the powder 

particles which ultimately affects the shape, speed and formation of the droplets. (25) If the wettability 

is too high or too low the outcome may be decrease in the smallest feature size and bed rearrangement 

respectively. (21) Changes that occurs to the powder particles may lead to modification in the pore size 

distribution, this in turn alters the penetration of the binder. (26)  

 

Different powders can be used with inkjet printing such as polymers, ceramics and composites. (21) 

Calcium phosphate powders is an example of substance used with inkjet printing together with 8.75% 

phosphoric acid. This mixture was used in the field of orthopedics in order to regenerate a segment of 

the femur. Further enhancement with the material was made by adding a 1-2%wt collagen in order to 

increase the cell survival, flexural strength and overall optimization. (27) Other examples in usage are 

polyethylene and maltodextrin with distilled water as the binding solution. (28) The given examples 

are those used in the field of tissue engineering and scaffolds. (21) Issues with this method of printing 

may arise in the post-processing period since some objects require sintering in order to gain sufficient 

strength however when the object is sintered it may alter the final product and or burnout the binding- 

solution and therefor the concentration of the binding-solution is of paramount importance and the 

smaller the concentration can be kept at the smaller the risk for exposure to these types of errors. (29) 

Since this method of printing is mainly used for tissue engineering, its effect inside the human 
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organism must also be considered. A study made in the field of maxillofacial reconstruction showed 

that when the object to be implanted was exposed to sintering after the printing, it resulted in a worse 

resorption by osteoclasts. (30) The post-processing sintering is not necessary in all cases as for an 

example provided by Saijo et al regarding ceramic scaffolds where they achieved sufficient strength of 

the scaffolds by altering other parameters such as the size of the powder particles and the pH of the 

binding solution rather than sintering the scaffolds. (30) When altering the pH of the binder in other 

materials such as calcium phosphate, Inzana et al. reported an increase in cellular toxicity. (27) 

 

Fused deposition modeling or fused filament fabrication:  

This type of printing differs from the aforementioned types in the fact that it deposits an almost already 

solid material in the form of thermoplastic filament.(9) Like the other methods it does so layer-by-

layer but the binding occurs as the next layer of heated material is deposited and final and complete 

consolidation occurs as the layers are cooling down. Fused deposition modeling printers are less 

expensive than the selective laser sintering and has the potential for several nozzles however these 

nozzles are limited in their range of motion. The nozzle moves according a G-code that is created by 

slicer in CAD-software which essentially is a computer language that directs the nozzle in the desired 

direction allowing to create the object of interest. (14) Since FDM uses heat to deposit the solid or 

semi-solid material it goes without saying that the temperature of the nozzle and the bed are of great 

importance. The temperature of the nozzle is what determines the melting of the filaments while the 

temperature of the bed determines the fixation of the build platform to the future printed object. Other 

key components for optimal printing with this technique depends on size of nozzle which determines 

amount of material to be deposited, bed calibration, extrusion rate which refers to the speed at which 

the material is extruded and environmental temperature.(31) With uneven calibration, the interval 

between the bed and the nozzle would eventually cause the printer to come in physical contact with the 

bed to cause deformities. When increasing the opening of the nozzle, the time it takes to produce the 

object decreases while the quality increases. (14) When changing the speed of the nozzle, the time 

required for printing also decreases (32) but it still remained the fastest printer compared to SLS and 

SLA and limitations in this comparison remained in its need for support structures and the overall poor 

surface finish. (14) Since this method deposits the material directly rather than like stereolithography 

for an example that solidifies the poured resin, it may be considered as more cost-effective since it 

only deposits the material needed for the printed object. (20) (7) The materials used for printing with 

this technique is the same as with selective laser sintering however the form differs where FDM uses 

thermoplastic polymers in filamentous-form while in SLS powder is the form of interest. Two 

subtypes of thermoplastic polymers exists first one being amorphous thermoplastics and the other one 

being semi-crystalline. If the thermoplastic polymer is formed at temperatures above the so called Tg 
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(Glass transition temperature) its assigned as amorphous while to be classified into semi-crystalline the 

temperature must exceed Tm (Melting temperature). What the Tg basically tells us is that above a 

certain temperature the material softens and converts into its glassy shape, this is true for amorphous 

materials while in semi-crystalline the Tg and Tm is constant. The Tg amongst the examples given in 

this article ranged from 105 degrees Celsius for ABS(33) to -10 degrees Celsius for PP (34). 

Regarding the melting temperatures no results were given for ABS but for PP the melting temperature 

was 165 degrees. Examples of the materials used for this additive manufacturing method is 

summarized table 2 with the most common ones being ABS and PLA.  (14) 

 

 

Table 2. – Materials used for FDM and SLS 

Semi-Crystalline filaments Amorphous filaments 

Polyether ether ketone  (peek) polyethylenimine (pei) 

Polylactic glycolic acid (plga) Acrylonitrile styrene acrylate (asa) 

Polypropylene  (pp) Polymethylmethacrylate  (pmma) 

Polylactic acid (pla) Polystyrene (ps) 

Thermoplastic polyurethane (tpu) Polyvinyl alcohol  (pva) 

Thermoplastic elastomer  (tpe) Polyetherketoneketone  (pekk) 

Polycaprolactone  (pcl) Acrylonitrile butadiene styrene 

(abs) 

 

(14) Kafle A, Luis E, Silwal R, Pan HM, Shrestha PL, Bastola AK. 3D/4D Printing of Polymers: 

Fused Deposition Modelling (FDM), Selective Laser Sintering (SLS), and Stereolithography (SLA). 

Polymers (Basel). 2021 Sep 15;13(18):3101. 

 

 

As previously mentioned for SLS, optimal temperatures must be obtained in FDM as well however the 

nozzle temperature must be a couple of degrees greater than the melting temperature since this 

decreases the viscosity and hence facilitates ejection of the filament. As far as comparing the two 

groups of the polymers, the favored group of thermoplastic polymers are the amorphous ones.(14)   
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Sheet lamination (Laminated object manufacturing): 

The principle of sheet lamination is also additive manufacturing but instead of depositing a material 

and then solidifying it the printer adds layers of thin sheets layer-by-layer to form one single object 

that is later carved out into the desired object. The real challenge with this method lies in the carving 

that may be difficult in particularly with hollow objects like a vessel. (7) (8) Examples of materials that 

are used in this technique are polymers or papers.(8)  

Examples of two other parameters that must be taken into consideration with some of the above 

mentioned materials are the tensile and the flexural characteristics which refers to the resistance of the 

material to break under tension and how the material changes upon bending loads respectively. The 

tensile characteristics are highly dependent on many factors such as the material itself, the diameter of 

each layer deposited and at the direction of material deposition. As for the flexural properties tests 

such as ISO 527 and ASTM D638 are being used to calculate the bending characteristics. (14) 

Many more 3D printers exist but the three most commonly used in medicine are selective laser 

sintering, thermal inkjet printing and fused deposition modeling. (20)(22) Some of these printing 

methods requires a certain post-printing processes such as sandblasting, need for removal of support 

material that hold the model in place during the printing (7) which may add to the time it takes to have 

a physical model ready depending on the method chosen. The time and price for the printed models 

ranged differently but pricewise it was quit expensive (35)(36) and time took from 2 hours(35) up to 1 

week respectively. (37) (38) Sheet lamination method unlike stereolithography and selective laser 

sintering don’t need to deposit extra material for support to uphold the object as it is being produced 

since the entire sheet is deposited during printing and the object is rather subtracted from the sheets. 

(7) Kafle et al. provided an overview when comparing SLA, FDM and SLS for guideline purposes 

based on certain parameters such as resolution, accuracy, surface finish, design complexity, how easy 

they were to use, printing time and the following were obtained. As for the resolution the SLA method 

was the best followed by SLS and FDM last. When looking at the accuracy of these three methods the 

SLA an SLS were equivalent and superior to FDM but when looking at how easy the printers were to 

use the results were the same but opposite meaning that FDM was superior to both SLS and SLA that 

shared the same level of complexity in usage. Regarding the surface finish the SLA method was the 

most superior followed by SLS and finally the FDM. In the design complexity, the SLS was the best-

chosen method followed by SLA and then FDM. Finally for the printing time the FDM was the fastest 

and the printer that took the longest time was SLA.(14) 
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 9.2. Current and future role of 3DP in vascular surgery  

 

When considering the role of vascular modeling and its importance in today’s medicine skepticism 

may arise due to 3D printing being a relatively unexplored field in particularly in the specialty of 

vascular surgery mainly owing to the financial and time-consuming aspects with this technology and 

thus limiting its use in emergency cases. (23) (39) (40) Additionally when using 3D printers there is a 

prerequisite of software knowledge that most surgeons don’t have which further adds to the cause of 

why it is not yet fully explored. (41) (23)However as we will see in this article it carries the potential 

to drastically change the use within this field. In conjunction with the evolution of the 3D printers, its 

usage in medical field has also dramatically expanded. Some of the main purposes of its usage in 

surgery in general today are preoperative planning including simulation, manufacturing of implants 

and surgical guides or other instruments just to mention a few. (23) (5) A study showed an increasing 

interest in its utilization in the vascular field by numbers of articles increased from 2016 to 2019 going 

from 24 to 42 (42) and the current role of vascular modeling is built around four main application 

fields.  

 

Preoperative planning 

The contributing function of additive manufacturing in preoperative planning mainly evolves around 

EVAR approaches to treat aneurysmal diseases. EVAR is a minimally invasive surgical treatment 

method by which a surgeon inserts a catheter in to an artery most commonly the common femoral 

artery (43) to thread and deploy a stent graft into the aorta at the site of the aneurysm with the help of 

radiological imaging. The main idea is to reinforce at the site of weakened wall to prevent aneurysm 

rupture and allow for proper blood flow. The role of 3D printing in preoperative planning of EVAR 

mainly lies in aiding the surgeons to choose the most appropriate surgical treatment method based on a 

3D printed model that is patient-specific. (5) Apart from the visualization and the hands-on model that 

will reinforce the understanding of the disease. The models also aid in optimization of stent graft 

selection for the surgery. (44) (45) Several studies have shown changes in graft selection after 

procedural simulation, a cohort study from 2017 by Taher et al. showed that 22% of their patients 

needed a modification in the fenestrated grafts and in 5% of the participants a second order of 

endograft was made. (46) Many different steps of preoperative planning can be modified with the help 

of 3D printed models such as device selection, graft selection in complex EVAR, optimal visualization 

and creation of fenestrations by physicians. (47) (46)(44) This type of precision and preoperative 

planning plays a big role in changes of intraoperative and postoperative parameters. A prospective 

controlled single center study in Brazil was conducted to compare two groups of residents in vascular 

surgery with the same level of experience to see if patient-specific training before an EVAR procedure 



 18 

would affect the surgical outcomes by measuring different parameters, both objective ones such as 

fluoroscopy time, total procedural time, amount of contrast used and the time needed for contralateral 

gate cannulation and also subjective parameters such as the training groups opinion in regards to the 

realism of the procedural simulation itself and also characteristics of the model such as  transparency, 

resistance and feasibility of navigation. The results of their objective parameters were as following. A 

total reduction of fluoroscopy time by 30%, the total procedural time declined by 29%, the amount of 

contrast material used was also reduced by as much as 25% and finally the biggest change was seen in 

time required for gate cannulation that decreased by 52%. (37) 

 

Surgeons aspect 

The classical way to deepen your knowledge in anatomy today is mainly with cadavers however with 

this method of learning several issues may arise such as its availability and the ethics point of view not 

to mention the potential hazardous effects of the common preservative formaldehyde that is being 

used. Not only does 3DP printing offers to resolve these issues due its high accuracy in precise sizes 

and avoidance of hazardous materials but due to advancing technology 3D models can in the same 

model be printed with both different materials but also different colors allowing for a diversity of 

prototypes making it a very useful tool for surgeons training.(48)(5)(49) A study with 96 physicians 

was conducted in order to assess the utility of 3DP as an endovascular simulator. The study was 

conducted by giving each participant a 15 minutes practice with the model with the supervision of 

either a interventional radiologist or vascular surgeon. The following tasks were done during these 15 

minutes: formation of catheter shapes, accessing aortic branches such as renal arteries and crossing-

over of the aortic bifurcation. After the practice run the participants were asked to answer 12 questions 

and data was obtained by a Likert-scale giving it a point from 1 to 5, 1 point being strongly disagree 

and 5 points being strongly agree. Upon the question if vascular access was realistic on the 3D printed 

model compared to live patients the results were 3.875 however it must be mentioned that only 71 

participants answered this questions because not all questions were applicable to all participants 

meaning that 25 physicians had no experience in live patients and therefore did not answer this 

question. When looking at the guidewire and catheter usage compared to live patients and if the 

catheterization of the vessel was realistic compared to live patient the results were 3.986 and 3.915 

respectively with only 71 physicians answering these questions as well. All the participants were also 

given the opportunity to do the procedures with a virtual-reality simulator and the following results 

were obtained from the survey. When answering the questions about if vascular access was realistic on 

the 3D model compared to VR simulator and if the catheterization of the vessels were realistic 

compared to VR the results were 4.1 and 4.083 respectively. 4.521 was the result for if whether or not 

the 3D printed model was a useful tool in practicing endovascular guidewire skills and the majority of 
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the physicians felt that their equipment handling skills were improved after usage of 3D models and 

even higher scores (4.76) would like to use the 3D printed models again for practicing. (49) (37) 

 

 

Patients education / knowledge  

Another aspect of patient-specific models is its augmentation in educating the patients on their specific 

disease in order to gain patient consent for surgery. A study was conducted in Italy with 25 patients 

undergoing complex aortic surgery in which 3D printed models were used to inform the patient, the 

result of this study yielded in 100% consents given by the patients despite explaining the down-sides 

of having a surgery in general. (50) 

 

9.3.The usage of 3DP in complex AAA repairs 

 

As previously mentioned the role of 3DP in vascular surgery is very diverse and helps in picking the 

stent graft, guidewires and approach both preoperatively and intraoperatively. The standard today is to 

base the approach and equipment’s on the CT scan of the patient however in complex abdominal aorta 

aneurysms a more specific guideline would be of great benefit since these patients deviate somewhat 

from traditional aneurysms with their complex anatomy. In recent study in the US it was shown that 

only 40-70% had suitable morphology for EVAR procedure which is the golden standard of treatment 

for AAA (51) leaving the remaining patients at a need for further investigations.  

Different properties may make an aneurysm complex such as the tortuosity of the neck, involvement of 

branching vessels orifice, size, and its location in relation to the renal arteries since this may affect the 

landing zone. A case report of a patient with a neck angulation of around 90 degrees was revised by 

both interventional radiologists and vascular surgeons at a hospital in United Kingdom but due to its 

complexity no consensus on approach and device selection could be made based on the standard work-

up of CT angiography so a decision of creating a 3D model made of thermoplastic polylactic acid was 

taken in order to gain consensus among the physicians. The model aided the physicians in agreeing 

that a stent-graft with the model Aorfix device was the appropriate choice of graft in addition the 

model also made it easier to deploy the device. (47) Same researchers had additional experience with 

an even more complex neck anatomy of a previous patient and once again the models aided in 

clarifying their modeling techniques. Certain limitations were noticed in the process such as creating a 

hollow model like an aorta was more complex and required repeated production of models and this 

repetition lead to a false discrepancy of up to 3% (52) The general conclusion according to both the 

vascular surgeons and the interventional radiologists was that a 3D printed hands-on model carried the 
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potential of being a norm upon planning complex procedures. (47) Another case report of a patient 

with complex parallel neck anatomy and perpendicular renal arteries involvement of the aneurysm had 

a hollow model printed preoperatively in order to test the stent-deployment prior to surgery, the results 

of the 6 weeks postoperative CT images showed adequate graft position. (53)  

 

In patients who have aneurysms involving one of the branching vessels orifices, the type of graft of 

preference is either a branching or a fenestrated graft that is either custom-made or chosen from the 

variety of off-shelf models. Since patient-specific grafts takes several weeks to produce and the off-

shelf models have several limitations in their properties mainly referring to their sizes from different 

angles, this opposes an issue in emergency cases where time is of the essence (54). A novel technique 

that may contribute to solving this issue is creating physician-modified stent grafts with the help of 3D 

printed anatomical models. The main idea is to 3D print the aorta of patients diseased with aneurysms 

and to use this model to create fenestrations on the actual endograft that later may be sterilized and 

used on the patient during surgery, however one may emphasize that this is an “off-label” usage. The 

first clinical case made with this new technique was by Huang et al. on a 69-year old man with a 

juxtarenal abdominal aortic aneurysm where juxtarenal refers to involvement of the lower edge of the 

renal artery or in close approximation to it. On this specific patient a digital 3D AAA model with its 

overlying skin was made and then printed from which the fenestrations were made on the stent graft 

with the help of the constructed 3D model. This case study resulted in precise fenestration creation and 

also reconstruction of both the renal arteries were triumphant. (55) A systematic review about PMSG´s 

for FEVAR was conducted in 2021 where 9 articles were found relevant to the topic and the general 

conclusion of the review was that 3D-printed templates for guiding fenestrations of endovascular stent 

grafts showed encouragement in particularly for emergency cases and this new technique carried the 

potential of both improving positioning of the endograft but also decreasing the time it takes to create 

it and ultimately being more cost-effective. (56) 

 

Another pathology of interest is aortic dissection. Issues that may arise when 3D printing an aortic 

dissection mainly lies in producing the intimal flap. (57) Hossien et al. conducted an attempt to 3D 

print three type A acute aortic dissections with polylactic acid for preprocedural planning purposes. 

The result of their study was that this method could in theory increase both the efficacy and safety 

profiles for this procedure and particularly for patients that require a stent graft placement distally and 

if there is visceral malperfusion that also requires endografting.(58) 
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Coronary artery diseases 

 

Coronary artery disease is yet another field of interest for usage of 3D printing. A case study involving 

eight patients with different coronary artery abnormalities such as coronary fistula or Kawasaki with 

aneurysm and one case of normal anatomy was retrospectively evaluated in the United Kingdom. 3D 

printed models were constructed for all eight patients with white resin and the quality of the models 

were later evaluated by a biomedical engineer with seven years of experience with 3D printing. The 

aim of this study was to assess the feasibility and evaluate its role in clinical practice. The CT scans 

and the printed models were evaluated by two groups: nine cardiovascular researchers and eight 

clinicians consisting of both cardiac surgeons and cardiologist regarding features such as anatomical 

details, insight into the diseased part of the vessel and overall usefulness compared to the CT scans 

based on either a 5-point Likert scale or a 10-point rating. Both groups reported positively on the 

anatomy mimickry. In both groups, experience with evaluating imaging ranged from no expertise to 

working with imaging on a daily basis where the majority of experienced physicians lied in the 

clinicians group. In the clinician’s group, meaning the more experienced group interestingly 89% of all 

cases reported that the 3D printed models as an adjunct was more useful than the CT scans alone. In 

97% of the researchers group reported same conclusion regarding 3D model as an adjunct. 100% of 

the clinicians group reported usefulness in their future work with these types of diseases and potential 

fields of usage was suggested for preoperative planning and exhibit diagnostic CT anatomy to 

clinicians. 89% of the researcher group agreed that on the objective of usefulness in future work and 

suggested its usage for presurgical decision-making and enhancement of decision-making for 

clinicians .(59) 

 

Ischemic heart disease is the leading cause of death in the world affecting around 1.72% of the world’s 

population. As IHD is increasing in the general population, (60) more accurate treatment guidelines are 

necessary in order to control the disease. The primary pathophysiological grounds for IHD is buildup 

of atherosclerotic plaque, (61) and the main treatment guidelines ranges from lifestyle modifications to 

revascularization with either percutaneous coronary intervention or coronary artery bypass graft. (62) 

Patients who have undergone a CABG procedure are at increased risk of complications upon diagnosis 

and PCI´s due to usage of several catheters which in turn causes longer operation time and higher 

volumes of contrast. (63) A retrospective study was conducted by Varghese et al. where a total of 392 

patients who had undergone CABG had a diagnostic coronary angiogram done and a comparison was 

made between a group with known anatomy vs. a group with unknown anatomy. The results of their 

study showed that in the group with unknown anatomy they tended to use more contrast, had an 
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increased fluoroscopy time and used more catheters thus emphasizing proper anatomy knowledge in 

CABG patients prior to diagnostic coronary angiograms. (64) Along with the procedure-associated 

factors such as increased operation time, increased volume of contrast and many more follows an 

increased risk of stroke, (65) once again highlighting the importance of anatomical knowledge in 

specific patients in order to avoid such complications since patients with previous CABG already are 

at higher risks for procedure-related strokes. (63) Another retrospective comparison was made by 

Memon et al. with five patients who had undergone CABG previously, for all five patients a 

personalized 3D- model was printed accurately with fused deposition modelling using polylactic acid 

filaments based on their coronary computed tomography angiographies. The 3D-printed models were 

compared with their CCTA and CA to evaluate the role of the 3D-models in pre-procedural planning. 

The main advantages in reported in this study was decreased procedure-time and contrast usage in 

“difficult-to-find bypass grafts”, pre-procedural planning in patients with chronic total occlusion with 

obscure ostial caps, perception of anastomotic site of the implanted graft and navigation within 

tortuous vessels. (63) To differentiate between very high-grade stenosis and chronic total occlusion is 

insufficient by computed tomography angiography due to inferior spatial resolution amongst others 

compared to coronary angiogram and a confirmatory angiogram may be indicated when complete 

occlusion is shown on the CTA.(66)(63) In one of the patients with chronic total occlusion, there were 

complications with engagement of the ostial cap by only conventional coronary angiogram due to 

vagueness and this was resolved by outlining the cap and other structure on the printed model. The 

great vessels were also printed and gave a better understanding of their tortuosity and subsequently 

better handling with the cannulation and catheters. The overall reported conclusion as far as 3D-

printed models utilization for understanding of complex anatomy in CABG patients was very positive. 

(63) 

Carotid artery and aortic arch pathology  

 

Another study was made by the same author regarding 3D printing of carotid artery and aortic arch 

anatomy. In this study five retrospective cases and one prospective case all of which had a previous 

carotid artery stenting done was analyzed. For all six patients fused deposition modelling technique 

was used and the material of choice was polylactic acid. Comparison was made between the 3D-

printed models, their carotid angiograms and 3D-computed tomography angiography on aortic arch 

type, angulation at internal carotid artery and common carotid artery, the distal landing zone for 

embolic protection device and finally in the prospective case the size of the stent and embolic 

protection device was hypothesized pre-procedurally. The study showed that 3D-printing of these 

models accurately predicted the type of aortic arch and the correct angulation at the bifurcation and 

could subsequently aid in predicting the procedural failure that correlated with angulations greater than 
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60 degrees. Regarding the size of the stent and the embolic protection device, they were anticipated 

correctly but was only chosen for a single case. The author claims that 3D-printed models in these 

specific vascular diseases can augment the understanding of the pathologies in a way that virtual 

imaging cannot provide and could consequently ameliorate clinical forecasts in carotid interventions. 

Additionally, tortuosity of the brachiocephalic trunk and internal carotid artery was also better 

understood with the 3D-printed models. (67) Although the overall risk for periprocedural stroke on the 

long-term is higher with carotid artery stenting compared to carotid artery endarterectomy according to 

a meta-analysis, (68) owing to factors such as unfavorable type of aortic arch, angulation at internal- 

and common carotid artery bifurcation, tortuosity in the distal landing zone in internal carotid artery 

and many more. (67) Memon et al. Concluded that 3D-printing of aortic arch and carotid artery pre-

procedurally could potentially decrease volume of contrast, operation- and fluoroscopy time and 

finally aid in determining appropriate size of stent and embolic protection device. The site of access 

and catheters used could also be determined pre-procedurally with help of the 3D-printed models in 

order to gain the best odds at a victorious surgery due to better understanding of the complex anatomy 

since factors such as number of catheters used, amount of contrast and surgery time were all factors 

that contributed to the overall risk of transient ischemic attack or stroke. (67) 

 

 

Valvular disease  

 

Another area in cardiology where 3D-printed model has shown to be of great adjunctive value are in 

transcatheter aortic valve replacement. Thorburn et al. Conducted a study in order to assess the 

paravalvular leak in TAVI procedure. Five randomly picked cases had their models printed based on 

their cardiac CT and the material of choice was thermoplastic polyurethane. The models were 

connected to a closed pressure system where deployment of the appropriate size of implant was 

inserted under fluoroscopy and volume of leak was measured by amount of water obtained in five 

seconds and finally divided into total paravalvular leak per second on an average. (An average of three 

trials per model was done) The amount of leak was compared to the patient’s echocardiography, and 

they were given a number on a scale based on amount of leak from 0-4 where 0 meant no leak and 4 

was a severe leak. All cases were confirmed by a cardiologist blinded to the research with expertise in 

echocardiography for evaluation of presence of paravalvular leak. The results of the post-procedural 

echocardiography were either a 0 meaning no leak or 1 meaning insignificant. In conclusion, there was 

a significant correlation between the paravalvular leak measured in the 3D-model compared to the 

post-procedure echocardiographic values. (p<0.001) (69) 
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10. RESEARCH METHODOLOGY  
 

Data sources and searches  

A thorough search was made in PubMed database with and in combination of the following terms (including 

synonyms, abbreviations and related words) “ABDOMINAL AORTA ANEURYSM”, “3D PRINTING” 

,“ADDITIVE MANUFACTURING”, “AORTIC ANEURYSM”, “VASCULAR SURGERY” , 

“ENDOVASCULAR PROCEDURE”, after searching for the keywords a total of 179  articles were found. 

Then the filters were added as provided in table 3.  

Table 3. – Filters added in the search  

Filters used in PubMed  

Free full text 

English articles  

Publication date 10 years 

 

Inclusion and exclusion criteria 

After adding the filters, all the remaining articles were manually screened by reading the abstract and 

selecting the articles according to the pre-selected inclusion and exclusion criteria enlisted in table 4. 

One article was excluded due to being unrelated to the research questions of this thesis. Additionally, 

one article was snowballed from a systematic review found in my search because it was in alignment 

with the aims and objectives. 

Table 4. – Inclusion and exclusion criteria  

Inclusion  Exclusion  

English articles  Articles in other languages  

Free full articles available Other vascular areas such as iliac and cerebral 

artery or thoracic aorta alone.  

Abdominal and thoracic aortic aneurysms Biological printing  

Articles not older than 10 years 3D printing in other anatomical areas than 

vessels such as oncology, dental, orthopaedics 

and cardiology 
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Data extraction  

After reading all articles included, the following data was extracted from each: Author´s surname, year 

of publication, country the study was carried out in, number of models printed, type of 3D-printer 

used, type of material used, purpose of usage with that model and finally the image modality from 

which the 3DP model was created. All the extracted data is systematically organized in table 5. 

 

Study selection 

The study selection in this literature review was according a four-stage process where an initial 

PubMed search was carried out following the above-mentioned keywords. This search yielded 179 

articles. Filters were applied to these 179 articles which resulted in 94 articles being excluded. When 

reading the abstracts according to inclusion and exclusion criteria additional 69 articles were excluded. 

After reading the full articles, one last article was removed due to being unrelated to the research 

questions of this thesis. Lastly one article was added by “snowballing” from a systematic review found 

in my search because it was in alignment with the aims and objectives. The total articles analysed in 

this literature review was 16. Details are shown in figure 1.  
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Figure 1. – Four-stage process of study screening and selection
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11.RESULTS AND DISCUSSION  

No. Author Year Type of 
study 

Country No. of 
subjec
ts 

Type of 
3DP 

Material
s used 

Purpose of 
usage 

Image 
modality  

1 Marti. 
Et al (5) 
  

2019 Systemati
c review  

Italy - - - Preoperative 
planning, 
surgeon training, 
patient 
education PMEG  

- 

2 Gomes 
E N. et 
al(70) 

2018 Case 
reports  

Brazil 6 FDM & 
Multije
t 

PLA & 
Photocur
able 
resin 

preoperative 
planning,  
positioning of 
endoprosthesis, 
surgery 
simulation  

CTA 

3 Coles-
Black. 
Et al 
(71) 

2021 - Australi
a 

3 FDM, 
SLA & 
Inkjet 

ABS & 
transpar
ent resin  

Surgery 
simulation, 
FEVAR, device 
selection, 
patient 
education and 
vascular trainee  

CTA 

4 Kim. et 
al(72)  

2021 Retrospec
tive study  

Korea 15 ColorJe
t & SLA 

Core 
powder 
& dental 
LT resin 

Graft 
reconstruction 
accuracy  

CTA 

5 Baron. 
Et al 
(73) 

2019 Case 
studies 

Colombi
a 

2 - Polylacti
c acid 
&polyet
hylene 
terephth
alate 
glycol-
modified 
filament  

PMEG CT 

6 Gomes. 
Et al (1) 

2021 - Brazil  4 - PLA Metric & 
volumetric 
analysis 

CTA 
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7 Mitsuo
ka. Et 
al (74) 

2019 - Japan 2 SLA Resin PMEG CTA 

8 Torres. 
Et 
al(37) 

2017 Prospectiv
e 
controlled 
clinical 
trial 

Brazil 25 PolyJet
, FDM, 
SLA 

Rubber, 
Plastics, 
photopol
ymer 
resin, 
PLA, 
Silicone 

Surgery 
simulation and 
impact on 
surgeon´s 
performance  

CT 

9 Yuan. 
Et al 
(75) 

2017 Case 
reports 

China 2 PolyJet Silica gel Anatomy 
evaluation, 
Presurgical 
planning and 
surgical 
simulation  

CT 

10 Rynio. 
Et al 
(76) 

2022 Retrospec
tive 
analysis 

Polen 29 SLA Clear 
resin 

PMEG CTA 

11 Chung. 
Et al 
(32) 

2018 - Scotlan
d 

1 FDM TPU EVAR education 
and 
preoperative 
planning  

CT 

12 Koleilat
. Et al 
(77) 

2016 Comparati
ve study 

America 7 PolyJet Biocomp
atible 
photopol
ymer 

Vessel 
positioning in 
FEVAR. Imaging 
vs. 3DP model, 
PMEG  

CT 

13 Meess. 
Et al 
(78) 

2017 Case study  America 1 PolyJet Photopol
ymer 

Surgery 
simulation,  
FEVAR, 
presurgical 
planning  

CTA 

14 Taher. 
Et 
al(46) 

2017 Retrospec
tive 
analysis of 
prospectiv
ely 
collected 
data  

America 60 SLA Liquid 
polymer 
resin 

Reviewing 
endograft fit and 
design based on 
prototype 
testing  

CTA 
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15 Khural 
et al. 
(79) 

2020 Quantitati
ve & 
qualitative 
study 

Canada 1 FDM TPU Patient-
education 

CT 

16 Leotta 
and 
Starnes
. (80) 

2015 Case study America 1 SLA Clear 
resin 

PMEG CT 

 

In table 5, I have provided examples of how to use 3D-printing models for different purposes in the 

field of vascular surgery. 100% of the literature revised in this article used CT as the image modality 

of choice, although CT is a great tool in medicine today the lack of studies on other imaging modalities 

in this article didn’t allow for proper comparison between the different imaging methods and the 

image-related errors that could arise. The most common applications of 3DP in the field of vascular 

surgery was for preoperative planning and its role in aiding with graft placement both in cases that 

required fenestrated endovascular grafts and those that only focused on the “regular” endovascular 

replacement without adding fenestration. The presurgical analysis of the 3DP models offered 

additional information that wasn’t provided by CT alone, both cases given by Gomes. Et al showed a 

more proximal landing zone than expected from the CT which shifted the surgical strategy, in one of 

them requiring an additional procedure related to the landing zone.(70) Although the authors proved 

3DP models to be of great importance regarding the understanding and rectifying surgical strategies in 

aortic diseases it does not come without limitations. The limitations were mainly pertaining to the 

segmentation in creating an STL file because this prerequired substantial anatomical knowledge. 

Another limitation was related to the imaging modality that could contain artifacts and shadows which 

subsequently could affect the extraction process when choosing the region of interest. (70) 

In the case of thoracic aortic dissection aneurysm 3DP model provided by Yuan. Et al they found a 

discrepancy in diameter of the descending aorta by 3mm compared to the CT scan. Additionally the 

surgical simulation indicated that their initial method of landing zone carried the potential to form new 

lesions and therefor a shift in the surgical plan was made to use a restrictive stent. (75) A restrictive 

stent was also used in their case of AAA due to surgical simulation proving that their original plan 

could result in a type I endoleak, (75) however in their repeated angiograph the AAA still showed a 

slight type I endoleak. In conclusion they thought that regarding anatomical measurements, 3DP 

offered an incomparable benefit over conventional imaging which plays a key role in surgeries and 

guidance could be aided on which approach to take. These changes made by the previous author is 

consistent with a retrospective analysis by Taher. Et al who assessed modifications made after testing 
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fenestrated endografts on 60 different 3DP aortic models and concerns with endograft alterations were 

sought out by engineers and surgeons. In 35% of these cases, there was a recommendation to alter the 

endograft with the main concerns as to why being the related to the proximal sealing according to the 

engineers analyzing, after surgeons tested the 3DP model, 22% of the endografts were modified by 

adding, fenestrations, changing the diameter of the graft, repositioning of the fenestrations or different 

combinations of these examples. In three cases there was a need to order a second graft. Clinical 

success was associated with if changes had been made to the final endograft and in summary the 

procedure was technically successful in 87% of the cases. (46) The risk of technical failure was related 

to the number of fenestrations required (for two or less fenestrations 0% risk and three or more 23% 

risk) and in one of the cases a type III endoleak was discovered on postoperative CTA which was 

resolved by reintervention. There were also some defeats in connecting fenestrations that resulted in 

one nephrectomy and two renal infarcts. The limitations in this this study lied in the rigid nature of the 

models that hindered the objective evaluation of blood flow and its effects on the deployed grafts in 

vitro.(46)(77) As mentioned in the section of literature review, the aortic angulation has a huge impact 

on anatomical complexity and no objective measurements were taken in these cases. A printer-related 

limitation noticed lied in the maximum length of the prototype being only 20cm and although 

aneurysms usually don’t exceed this metric it may be important in cases where complexity is extensive 

and additional evaluation of vessels such as iliac arteries are required. The overall clinical success of 

this study was comparable with the current literature and the 3DP models were found to be beneficial 

and relevant as an aiding tool in custom-made endografts to ensure personalized-anatomical fit.(46) 

With infrarenal AAA´s being the most favorable site, the role of 3DP in these cases are rudimentary, 

however in complex AAA´s their role is on the rise as an adjunct to guide surgical decision and 

appropriate device selection amongst others. (71)  

FDM, SLA and Inkjet printers all proved the same visibility under fluoroscopy but limitation with the 

material supply was encountered once again with the rigid material used by several researchers, 

(46)(71) making it harder to cross-over in tortuous iliac vessels. (71) The gross conclusion was that 

regarding cannulation and graft deployment, their study accurately simulated real-life endovascular 

procedures. (71) PMEG´s holds the potential to plan and treat complex endovascular surgeries in 

emergency cases and comorbid patients. Barón. Et al printed two patient-specific 3D models for two 

multimorbid men with four-vessel PMEG with no post-operative complications. Encouraging results 

on the sixth month follow-up CTA showed no endoleaks and fully patent vessels making it eligible for 

complicated cases however this study was limited in the number of subjects and lack of long-term 

follow up. Decreased fluoroscopy and procedural time as observed in this case could also contribute to 

better outcomes in the long-run. (73) 
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Many of these studied assessed the feasibility and accuracy of this technique whereas Rynio. Et al 

evaluated the reliability between 3DP models created for aortic stent-graft modification and patient 

CTA by ICC. (Interclass Intercorrelation Coefficient analysis) The results of their ICC analysis were 

statistically significant meaning that reliability was excellent. In terms of the actual models, geometric 

malformations was a possibility due to usage of ethylene oxide in their sterilization process but no 

specifications on how exactly were not mentioned. (76) 

Four patients were enrolled in a study made in Brazil where comparisons in terms of metrics and 

volumetrics was conducted. The preoperative CTA of four patients were superimposed on the CT scan 

of their respective 3D-printed models into the VRMesh software with the aim of measuring abdominal 

aortic points. The interval between the two different surfaces (3D CTA and preoperative CTA) of the 

same portion was defined in a span between 0-10mm and illustrated by ranges in color, blue being 0 

and red being 10mm. The distances were less than 6.3 if you disregard distal ends of the models which 

could be explained by the region of interest being above that point. Although the authors did not 

specify the printing technology used, they reported that due to printer-related parameters an increase in 

thickness of printed models of 1-mm had to be made and this was not considered in the ICC. For the 

volumetric analysis, disparity of 0-10mm was reported, however in some of the models the disparity 

was irrelevant and would not affect the overall preprocedural planning of AAA. These results cannot 

be used for planning surgeries involving mural thrombi as this would require additional measurements. 

In conclusion, the discrepancies for metric and volumetrics were less than 12% and 16% respectively. 

(1) Koleilat. Et al additionally provided metric analysis of the visceral vessel’s angles using the 

software iNtuition 3D. Two surgeons and one vascular fellow were asked to obtain measurements such 

as left renal angle, superior mesenteric angle and many more as if they were planning for a FEVAR 

procedure. Ten measurements for seven different aneurysmal complexities were gathered. For all the 

measurements the ICC was calculated to investigate the correlation of the observations of the 

physicians individually with the correlation of the average measurements obtained from the 3D printed 

model. The aim was to assess accuracy of measurements from automated imaging data versus a 3D 

printed aortic model. From the total of ten measurements only three were accurately measured by the 

physicians. When taking the average measurements of the physicians the accuracy could increase and 

therefor a post hoc sample size calculation was obtained on the number of observers required to 

measure and to take the average of those to modify a graft preoperatively Arriving at the conclusion 

that a minimum of six observers were a prerequisite to gain statistical significance for planning each 

PMEG. (77) Unfortunately the expertise of these many observer may not be feasibly in many hospitals 

due to time required for this, on the contrary it can still be time-efficient as the templates are created 

beforehand, more time is saved intraoperatively due to surgeons not being required to perform any 

measurements because this is already confirmed on the template. (80) As for the time required to 
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obtain modified grafts, Leotta. Et al presented that initially it took up to 1-2hours for workstation 

measurements but after some experience (more than 150 PMEG procedures) it has decreased down to 

approximately 30 minutes per case. Intraoperative measurements of fenestrations on the graft takes 

around 15 minutes and the total printing time for their 3DP model was 9 hours which in the future 

could offer ready-to-use templates within the next day and further decrease in printing time could 

come with the evolution of printers. (80) further propositions in additional time-saving could be made 

by incorporating a regulated facility that manages the majority of preoperative planning and a guide to 

how to fenestrate the templates could be sent back to the sending institution however for this purpose 

the materials used must be suitable for sterilization in-house. (80) With this type of cooperation, there 

would be no need for surgeons to have any expertise in the software programs or the 3D printers and 

the outcome of the templates would not be dependent on the experience of the surgeons.  

The role of PMEG in vascular surgery is to expand the limited supply of commercially available 

branched or fenestrated endografts that exists today in order to treat a broader spectrum of patients ill 

with complex aortic aneurysm. (74) Some of the authors mentioned the method by which they created 

the fenestrations with the help of a cautery, (80) (74) (77) this would however require extensive 

anatomical and surgical skills and the outcomes of the fenestrations could vary depending on the 

surgeon. Mitsuoka. Et al compared two endografts where the orifices of superior mesenteric artery, 

celiac artery and right and left renal arteries were marked. In the first graft no 3D modeling was used 

and in the second graft the vessel orifices where marked based on a 3D printed model. They noticed a 

discrepancy between the two models in terms of right renal artery location and after simulating the 

procedure multiple times, the fenestrations created were according to the 3D printed-method. (74)  

Parameters that could affect the geometry and transparency such as print speed, wall thickness, layer 

height and more was determined by Chung. Et al with the aim of optimizing accurately printed models 

for educational and planning purposes in EVAR. An increase in the printing speed altered the 

transparency of the model (32) which is crucial for proper visualization of the landing zones. Printing 

speeds of 30mm/s differed from the CAD model by 0% and a printing speed of 90mm/s differed from 

the CAD model by 8.5%. Increase in printing temperature was related to a decrease in average wall 

thickness and an increase in transparency. When the temperature was set at 255 degrees Celsius, the 

difference from the CAD model was only by 0.5% thus being the optimal temperature for this study. In 

conclusion, the optimal parameters set for infill percentage was 100% , nozzle temperature set at 255 

degrees Celsius and a printing speed of 30mm/s. (32) These results were used for TPU filaments with 

FDM technique and different outcomes may be with other materials. As far as educational purposes 

and EVAR planning, these models could be used but due to deficient anatomical property similarities 

it was not suitable for EVAR simulation. (32) The author mentions that they were evaluating the 
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models created for prediction and prevention of AAA rupture however no concrete examples were 

given on how this could predict or prevent rupture. Since this was a question of optimization, it would 

be fair enough to compare the same parameters on at least one more material other than TPU because 

the type of material is also important in optimizing the models. (32) 

As established earlier one of the current roles of 3DP is for educational purposes. In brazil, a 

simulation opportunity was created for a group of residents (training group) with the help of patient-

specific 3DP models in all patients undergoing elective EVAR in their hospital in 2015. The control 

group was enrolled in 2014 and all the residents had the same level of experience. The control group 

carried out 30 EVAR procedures in the conventional way, by supervision of a senior vascular surgeon 

while the training group carried out 25 EVAR procedures but only after simulating the steps of the 

surgery 1-3 days prior to the surgery. Evaluation was made based on a 5-point Likert scale and all the 

residents agreed that the simulation was helped in practicing the surgical steps and that training could 

help increase the patient safety. When asked about the understanding of the case, improved confidence 

and identifying difficulties the sum of points was 4.8. Upon the questions of realism in simulation and 

measurements the sum of points was 4.6 (37) All these subjective parameters was confirmed by the 

objective ones where the training group had better results than the control on fluoroscopy time, total 

procedure time, contrast volume used and time to gate cannulation. Although this was a very good, 

conducted study, the author should have also included senior vascular surgeons in the simulation in 

order to compare the results of the senior vascular surgeons to the training group in order to make a 

conclusion about if this could be applied to improve the outcomes of senior vascular surgeons as well 

and subsequently lead to a further decrease in objective parameters. With more experienced surgeons 

answering the subjective questions also, a better comparison could have been made.  

A similar study was conducted but in the case of FEVAR and only for one physician with the aim of 

determining the best treatment strategy between the conventionally planned treatment and after 

simulating the procedure with a patient-specific 3DP model and finally the actual procedure that took 

place on the ten most critical steps in a FEVAR procedure. The scoring differed from the previous case 

where only two scores could be given. (0 = approach or device selection was identical and 1 = practice 

of new device, excess time was needed that could only be offered during simulation, comparisons of 

different devices was made to arrive at a treatment decision) 30% of the procedural steps during 

simulation had a shift in approach, 40% of the steps were spent more time and radiation on than what 

would be allowed in real patients, this time was allocated to discussing possible device failures, 

perioperative complications and how to tackle those and assure accurate graft orientation. The renal 

artery access showed to be more challenging than what the CTA showed, and several catheters had to 

be used in order to engage into the right renal artery and finally a change in renal stent selection was 
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made for the patient’s actual procedure. For further details on the critical steps and their dynamics 

when compared I refer to the original article but in conclusion, they noted that more changes were 

made between the original plan of treatment to the simulation than the actual procedure. This could be 

because the authors reported making changes in the patients anatomy by a software program in order 

to “demonstrate graft position and deployment with proper behavior”, instead of changing the anatomy 

of the patient, considering changing the graft might have helped. (78)  

The role of 3DP models for the purpose of patient-education was assessed by Khural. Et al where both 

quantitative in form of feedback and qualitative in form of physical properties were evaluated by ten 

experts including vascular surgeons and interventional radiologist. The ratings were based on a scale 

of 0-10 where 0 meant not important, 5 meant being moderately important and 10 meaning it was 

extremely important. When asked about the vessel wall thickness, all the experts rated it above 8, the 

texture was not estimated positively and as for the last two parameters of flexibility and color they 

were rated above 5 by all experts and not effective by two experts respectively. (79) The printing speed 

was set at 25mm/s, printing temperature at 235 degrees Celsius. These numbers can be compared to 

the study made by Chung. Et al and some of the scores given by the experts could be explained by the 

authors lack of optimizing the printing characteristics since the same material, printing technology and 

image modality was used. Unfortunately, the author did not provide any information on what infill 

percentage was used which could have affected the average wall thickness.(32) Those exact 

parameters set by Khural. Et al were not evaluated by Chung. Et al but they did show that a printing 

temperature set at 240 degrees Celsius would yield a 4.5% difference from the original model and the 

average wall thickness would be 2.09mm. These difference in parameters could explain why there 

were some discrepancies amongst the surgeons. In addition, orthopedic surgeons were one of the 

experts given the questionnaire which could further add to the discrepancy since abdominal aortic 

aneurysm assessments are not usually part of their specialty. In conclusion, the patient-specific model 

did not seem to be of high importance. On the contrary, the questions asked may have been to the 

wrong audience since the results we are seeking for in this type of objective is mainly from patients, 

perhaps more specifically patients with complex AAA´s who have declined surgery in order to see if 

this type of education could change their mind assuming that they are candidates for the surgery in 

question.  

My research results were consistent with the literature existing today on how 3DP models are used in 

the field of vascular surgery, namely pre-and intraoperative planning, surgeon training patient 

education and off-label use. The off-label use refers to fenestration of endovascular stent grafts. (5) 

The PMEG is where the future directions mainly lie in as this can provide treatment for a broader 

group of patients ill with complex abdominal aortic aneurysm. When generalizing this sample, there is 
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a general agreement among all the studies who replicated patient-specific 3DP aortic aneurysm models 

in terms of feasibility but depending on the purpose if its usage, limitations were encountered. All the 

authors found patient-specific 3DP models in complex cases to add value in one or more of the 

followings: supporting diagnostic, device selection, appropriate graft selection, practicing graft 

deployment, predicting and preventing intraoperative complications and, allow for a safer environment 

and many more.  

 

Apart from one study who provided two cases with six month follow-up (73), none of the cases where 

PMEG was used in vivo provided any long-term outcomes and therefor the rates of in stent re-stenosis, 

graft infection or stent migration could not be compared and evaluated. In addition, out of all the 

analyzed articles only one case was in a urgent setting and had good outcomes with no complications 

and optimal post-operative angiography. (73)  
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12.CONCLUSIONS 

 

1. I have enlisted some of the most common uses of 3DP models in vascular surgery with focus on 

complex abdominal aortic aneurysms including some of their limitations. The main role of 3DP in 

vascular surgery is in preoperative planning of EVAR procedures. 3DP patient-specific models as an 

aid in abdominal aortic aneurysms have proven to decrease fluoroscopy time, intraprocedural time, 

confidence in young vascular surgeons, aid in better understanding of complex anatomy and how to 

potentially provide better outcomes. Patient education in order to gain educated consent and medical 

staff education in general are amongst other examples of the current role of 3DP in the field of 

vascular surgery.  

2. The future direction of 3DP in vascular surgery is taking a new turn towards treating patients in a 

personalized-medicine fashion where tailored anatomical parts such as a complex aortic aneurysm and 

adapting it according to the patients need in order to provide the best medical care. 3DP in the field of 

vascular surgery has thus proven to be a huge adjunctive aid in treating patients with abdominal aortic 

aneurysms. The main limitations as to why 3D printed objects are not an integrated part of vascular 

surgery today were multifactorial, time consumption being one of them which additionally would limit 

its use in emergency cases such as a ruptured aneurysm. As mentioned previously the prerequisite of 

specific software knowledge amongst surgeons was yet another limitations as to why 3DP models is 

not used in todays medical planning. Finally since most of the studies conducted on AAA were 

somehow pertaining to a certain complexity whether it be due to complicated anatomy, comorbidities 

or other causes, its usage would be limited to a certain group that fit under the category of complex 

thus further studies should be aimed at examining the role of 3DP in cases where factors such as 

anatomy is favorable for the guidelines existing today and to evaluate if it could be of importance to 

non-complicated cases, this could give a broader understanding to if 3DP could be a valuable 

adjunctive tool used for non-complicated AAA as well as complicated cases. 

3. 3DP has been proven to be beneficial but not without its limitations whether it be due to technical or 

medical issues and therefor creation of guidelines such as templates or algorithms on how to use this 

technique properly is necessary. None of the selected cases that practiced graft deployment under 

fluoroscopy provided any quantitative results on how this could potentially affect radiation exposure, 

this could be a limitation in preoperative planning and simulation. Randomized control trials and larger 

studies in general are warranted in order to investigate the true potential of using 3DP vascular models 

for complex abdominal aortic aneurysms in order to assess its accuracy in treatment outcomes for it to 

be an integrated part of today’s medicine.  
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13.PRACTICAL RECOMMENDATIONS 

 

 

Patients suffering from abdominal aorta aneurysms with complex anatomy should be evaluated for 

patient-specific 3DP models for pre-operative planning. The lack of randomized control trials inhibits 

for proper integration of 3DP in modern medicine and future research should focus on that specific 

type of study. Larger sample studies should also be implemented in order to allow for a more proper 

estimation on its benefits and to generalize results.  

 

Technical and biochemical progression in different materials should be studied in order to conclude 

which material is most suitable for mimicking real aortic properties.  

Proper guidelines should be created by a central organization in order to use this technique correctly 

since this may affect treatment approaches thus is a safety precaution to provide the best medical care.  

Future research should additionally examine the role of 3DP in ruptured or dissected aortic aneurysms 

since these complications are where the mortality rate is extremely high.  
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