Review of Contemporary Philosophy
ISSN: 1841-5261, e-ISSN: 2471-089X

Vol 22 (1), 2023
Pp 5651-5661

Advancements in Three-Dimensional Printing Technology:
Implications for Radiological Assessment and Management of
Cardiovascular Diseases

1.Huda Ali Essa Hattan,?- Hajar Muwafig Alruweili,3- Abdullah Taki Alabbad,*-
Abdulaziz Oumar Alsaab,>- Hanen Ebrahim Safar ,%- Ashwag Ahmed Hassan
Swaid,’-Saad Ali Alzeer,8- Khalid Ahmed Maghfuri,’-Abdulelah Awadh
Alsuhaymi.,10-Yahya Mohammed Ali Muqgri,!1- Khalid Abdualiziz Alomar,12-Nasser
Saif Musned Alrashidi,!3-Ali Abdullah Almangoor

1 Ksa, Ministry Of Health, General Administration Of Medical Services
2 Ksa, Ministry Of Health, King Abdulaziz Specialist Hospital - Sakakah
3 Ksa, Ministry Of Health, Maternity And Children Hospital In Al Hassa
4 Ksa, Ministry Of Health, Riyadh First Health Cluster
5 Ksa, Ministry Of Health, Imam Abdulrahman Bin Faisal Hospital - Dammam
6 Ksa, Ministry Of Health, King Fahd Central Hospital - Jazan
7 Ksa, Ministry Of Health, Imam Abdulrahman Alfaisal Hospital
8 Ksa, Ministry Of Health, King Fahad Hospital Gazan
9 Ksa, Ministry Of Health, General Meeqat Hospital
10Ksa, Ministry Of Health, Albshaer Genral Hospital
11Ksa, Ministry Of Health, Hotat Sudair Hospital
12Ksa, Ministry Of Health, Al-Bukayriyah General Hospital
13Ksa, Ministry Of Health, Hotat Sudair Hospital

Abstract

Background: The advent of three-dimensional (3D) printing technology has markedly transformed
medical practice, particularly in the field of cardiovascular diseases. 3D printed models facilitate better
understanding and management of complex anatomical structures, enabling personalized treatment
strategies.

Methods: This review synthesizes recent literature on the application of 3D printing in cardiovascular
medicine, focusing on its utility in congenital heart disease (CHD) and other cardiovascular disorders. A
comprehensive search was conducted across multiple databases to identify case reports, systematic
reviews, and randomized controlled trials (RCTs) that highlight the efficacy of 3D printed models in
preoperative planning, education, and clinical outcomes.

Results: The findings reveal that 3D printed models significantly enhance surgical planning and
intraoperative navigation, particularly in CHD cases. Evidence from systematic reviews indicates improved
educational outcomes for medical students and residents, as well as enhanced communication between
healthcare providers and patients. However, the current literature is predominantly comprised of case
studies and lacks extensive multicenter RCTs, limiting broader applicability.

Conclusion: 3D printing represents a burgeoning frontier in cardiovascular medicine, demonstrating
substantial potential for improving surgical precision and patient outcomes. Future research should aim to
address existing limitations, including cost-effectiveness and the development of dynamic models that
accurately replicate physiological conditions. As technology advances, 3D printing could become integral to
routine clinical practice in managing cardiovascular diseases.
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1. Introduction

Despite being an established technology, three-dimensional (3D) printing has seen significant
advancements in the last decade, with a growing body of research highlighting its therapeutic efficacy
across all domains. Patient-specific or customized 3D printed models precisely duplicate normal anatomical
features and diseases, therefore functioning as a significant resource in medical applications, including
orthopaedics, maxillofacial surgery, cardiovascular illness, and tumors [1-10]. Three-dimensional printed
physical models provide valuable insights for pre-operative planning and simulation of intricate surgical
procedures, teaching of medical students and residents, intraoperative navigation, and communication
between physicians and patients [8-14].

In these applications, evidence of 3D printed models is mostly comprised of case reports and case series,
but multi-centre studies and randomized controlled trials (RCTs) are being reported with increasing
frequency in the literature [15-20]. 3D printed models enhance physicians' confidence in addressing
various clinical scenarios by facilitating a better comprehension of the intricate spatial relationships
between normal anatomy and diseases, which standard imaging techniques cannot effectively convey. As
interest in 3D printing within the medical community increases, guidelines are emerging regarding its
appropriate application in medical contexts, as endorsed by various organizations, including the
Radiological Society of North America (RSNA) 3D Printing Special Interest Group and the newly established
Society for Cardiovascular Magnetic Resonance (SCMR) 3D Working Group. Therefore, it is essential to
comprehend the therapeutic significance of 3D printing and its possible constraints.

The review paper seeks to provide an overview of 3D printed models in medical applications, particularly
emphasizing their significance in cardiovascular illness, since their clinical uses in orthopaedics and
maxillofacial fields are well documented and validated in the literature [23-25]. This study discusses the
use of 3D printed models in establishing ideal computed tomography (CT) scanning settings for
cardiovascular disease and emphasizes future research areas.

2. Procedure for Generating 3D Segmentation Volume Data for 3D Printing

The first and crucial stage in generating a 3D printed model is to get high-quality imaging data, mostly
volumetric pictures from computed tomography (CT) or magnetic resonance imaging (MRI), but ultrasound
or invasive angiography images are also used in some studies for 3D printing [11-13]. Volume datasets first
undergo a sequence of picture post-processing and segmentation procedures (either automated or semi-
automatic) to eliminate extraneous or unnecessary structures while preserving the areas of interest for 3D
printing. Semi-automatic or manual editing is often required to retain just the anatomical features intended
for 3D printing.

The physical model may be fabricated using various materials, contingent upon many aspects, including
clinical objectives and specifications, the availability of 3D printers and printing materials, and related
expenses. Readers are directed to many review papers that provide a comprehensive overview of 3D
printing methods and 3D printed models using various printing materials [11-14,26]. This section on
bioprinting will address several materials used in the printing of cardiovascular tissues, focusing on their
mechanical qualities and biocompatibility (Figure 1).
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Figure 2. Procedure for producing a 3D printed model from the segmentation of original coronary

CT volumetric data, culminating in the development of segmented data that only includes areas of

interest (namely the coronary artery tree and ascending aorta in this instance) and an STL file for
3D printing.

3. Clinical Utilization of 3D Printing in Cardiovascular Disorders

3D printing has shown significant potential in several medical applications, contingent upon the location,
nature, and severity of diseases. In the field of tumor detection and treatment, its use mostly focuses on pre-
surgical planning and simulation or intraoperative navigation to direct surgical operations, therefore
enhancing results and minimizing problems [14,27,28]. In the domain of cardiovascular disease, specifically
congenital heart disease, the clinical utility of 3D printing emphasizes the education of medical students,
junior doctors, and residents, enhances physician-patient communication, and bolsters the confidence of
cardiologists and cardiac surgeons in managing intricate cardiac conditions [10-13,26]. 3D printing is
advantageous for the development of medical devices in the management of aortic or valvular illnesses [26-
32]. The following sections examine the therapeutic utility of 3D printing in each specialized domain, as
informed by the existing research.

4. Three-Dimensional Printing in Congenital Heart Disease

3D printing offers an exceptional perspective on intricate anatomical features, significantly contributing to
the treatment of patients with congenital heart disease (CHD). The diagnosis and treatment of congenital
heart disease (CHD) need a thorough comprehension of the intricate spatial relationships between normal
cardiac architecture and pathology, while 3D printing represents a disruptive technology that has shown
the potential to revolutionize existing practices in CHD care.

Accurate pre-surgical planning for congenital heart disease (CHD) may be facilitated by the use of 3D
printed models, as shown by recent systematic reviews, meta-analyses, and several other research [13,33-
40]. In the systematic review by Lau and Sun, out of 24 eligible papers, 15 reported on the use of 3D printed
models in the pre-operative planning of congenital heart disease therapy, detailing how these models
facilitated surgical planning and the surgeons' perspectives on their efficacy [13]. 3D printed models were
determined to aid surgeons in identifying the optimal surgical strategy, particularly in difficult congenital
heart disease instances such double outlet right ventricle (DORV) [13]. Recent research [41] indicates that
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personalized therapy strategies and optimal surgical options may be developed using patient-specific 3D
printed models.

A prevalent use of 3D printing in congenital heart disease (CHD) pertains to its utility in medical education.
This is seen in 50% of the studies within the same systematic review [13]. Among these research, four
randomized controlled trials (RCTs) compare 3D printed models with conventional teaching techniques in
congenital heart disease (CHD) for medical students and residents [16-18,42]. Although the study by Wang
et al. revealed no significant enhancement in the 3D printing group relative to the control group [42], the
other three studies demonstrated that 3D printed models were beneficial in the instruction and
comprehension of complex congenital heart disease scenarios compared to the control group utilizing
conventional teaching methods [16-18]. This aligns with earlier research indicating the effectiveness of 3D
printed models in educating healthcare professionals, patients, or families [43-45].

Less often documented domains demonstrating the therapeutic use of 3D printing in congenital
heart disease (CHD) including communication between physicians and patients or their guardians, as well
as preoperative simulation. Although there are few studies with qualitative findings, the majority of
participants agreed that 3D printed models enhanced communication between doctors and patients, as well
as among doctors. Significant satisfaction was seen with the use of 3D printed models during patient
consultations with physicians [17,36,43]. This underscores the supplementary function of 3D printed
models in enhancing doctor-patient communication.

Pre-surgical simulation is the primary objective of surgical planning, as it facilitates the execution of
intricate surgical procedures, resulting in enhanced patient treatment results. This is particularly beneficial
for novice surgeons or younger physicians to rehearse surgical simulation techniques on 3D printed
models, therefore establishing intracardiac pathways [46].

5. Three-Dimensional Printing in Structural Heart Disease and Cardiac Interventions

3D printed models possess significant utility in structural heart disease, particularly in interventional
cardiology, by simulating cardiac interventions to assess the feasibility of procedures, select suitable
devices, predict outcomes related to the procedure, and monitor post-procedural device deployment. 3D
printed models have significantly contributed to the planning of therapy for valvular illness and left atrial
appendage closure [47-49]. A comprehensive evaluation of 29 papers about 3D printing in heart valve
illness indicates that the predominant use of 3D printing is preoperative planning for valvular disease
(63%), followed by surgical training (19%) and device testing and development (11%) [50].

Wang and colleagues conducted a comprehensive analysis of 43 papers examining the use of 3D printed
models in adult cardiovascular diseases addressed with surgical or catheter-based interventions [51]. Out
of 43 research, the majority (35/43, 81%) focused on the therapeutic uses of 3D printed models in adult
cardiovascular illness, particularly facilitating cardiovascular surgery and transcatheter therapies. In many
clinical contexts, 3D printing has been identified as a valuable resource for preoperative planning and
simulation in two prevalent cardiac conditions: left atrial appendage occlusion (LAAO) and transcatheter
aortic valve replacement (TAVR). Among the 296 patients in these 35 investigations, 50% received LAAO,
whereas 17.6% got TAVR [51]. Three-dimensional printed models were used for the simulation and training
of aortic valvular disorders for the remaining eight students, enhancing surgical trainees' comprehension
of the condition.

A further use of 3D printing is in the enhancement of preoperative TAVR planning, as shown by recent
research highlighting the utility of 3D printed models for evaluating paravalvular leak (PVL) [52]. Thorburn
et al. developed five 3D printed models including the aortic root, coronary ostium, and left ventricular
outflow tract derived from cardiac CT scans. The printed models were linked to a closed pressure system
to measure PVL after TAVR implantation. The quantity of PVL assessed in 3D printed models was compared
to that identified using echocardiography in patients who had TAVR treatment. Their investigation
demonstrated a substantial association between the paravalvular leak volume in 3D printed models and
postoperative echocardiographic measures in patients [52]. This work underscores the prospective use of
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using 3D printed models to anticipate paravalvular leaks in patients undergoing TAVR; however, more
research is required to explore other factors, including the assessment of various valve sizes and the
positioning of the devices after implantation.

Haghiashtiani et al. enhanced the 3D printed aorta model by including an array of internal sensors into the
aortic root, demonstrating the potential of dynamic features in the 3D printed models [53].

The use of 3D printed models in coronary artery disease (CAD) primarily serves to facilitate the
management of intricate coronary abnormalities, as shown by case reports in the literature [54-57]. These
single case studies demonstrated the efficacy of 3D printed coronary models in simulating interventional
coronary procedures and in planning and guiding treatment strategies for complicated coronary disease.
Another use of 3D printed coronary artery models is to enhance comprehension of cardiac abnormalities.
In this investigation, Lee et al. chose eight patients, with one normal coronary artery and seven affected
arteries exhibiting various coronary abnormalities [58]. Eight patient-specific coronary models were
developed and presented to nine cardiovascular researchers and eight clinicians (comprising two cardiac
surgeons and six cardiologists) to solicit their comments on the use of 3D printed models. Both groups
reported that 3D printed models improved comprehension of coronary architecture and diseases, however
the clinically experienced group said that 3D printed models are more beneficial than CT scans alone. This
study indicated that 3D printed coronary models are beneficial in enhancing patient-physician
communication by elucidating conditions to patients, facilitating preoperative planning for cardiac
surgeons, and improving decision-making through multidisciplinary team collaboration by illustrating the
diagnostic anatomy to clinicians.

A nascent research domain is using 3D printed coronary models to explore optimum coronary CT scanning
techniques for the imaging of calcified plaques and the coronary lumen during coronary stenting. Recent
investigations by Sun and colleagues have documented their experience with favorable outcomes attained
with individualized coronary models [59-63]. High-resolution CT imaging enhances the visibility and
evaluation of coronary lumen stenosis resulting from calcified plaques, hence corroborating prior results
on the influence of spatial resolution on the diagnostic assessment of calcified coronary plaques [60].
Coronary CT angiography is extensively utilized for diagnosing CAD; however, its clinical utility in coronary
stenting is contentious due to beam hardening artifacts produced by coronary stents, which adversely
impact the precise evaluation of the coronary lumen, particularly in assessing in-stent restenosis. The
research done by Sun and Jansen [63] used 3D printed coronary artery models using six distinct stent sizes
to mimic coronary stenting. Scans performed on a state-of-the-art 192-slice CT scanner revealed that
images rebuilt using a sharp kernel method significantly enhanced the visibility of the stent and stented
lumen in comparison to those reconstructed using a conventional kernel technique. Thin slab maximum-
intensity projection (MIP) pictures facilitated superior visibility of the stented lumen compared to thick
slab MIP images. Three-dimensional volume rendering pictures provide distinct perspectives of the stent's
position relative to the coronary architecture, as seen in Figure 9. These first observations, along with
others, indicate the potential use of 3D printed coronary or cardiac models for examining optimum CT
procedures; nevertheless, more research is required to substantiate these conclusions [59,62,63].

6. Constraints and Prospective Research Avenues

The aforementioned fields provide promising outcomes of 3D printing in cardiovascular applications;
nonetheless, certain obstacles persist that impede its extensive use in clinical practice. There is a deficiency
of prospective and multi-centre research, with randomized controlled trials (RCTs) limited to the use of 3D
printing in congenital heart disease (CHD) for medical education. In contrast, case reports or case series
constitute the majority (66%) of applications in other domains, as shown by a recent review article on 3D
printing in CHD [64]. The inclusion of a larger sample size and potential longitudinal studies on mid to long-
term outcomes is essential to validate the clinical efficacy of 3D printing, specifically regarding its impact
on patient management and the significance of treatment outcome improvements when integrating 3D
printing into practice. The elevated expenses represent a significant concern that must be resolved prior to
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the integration of 3D printing into standard clinical practice. As the costs of 3D printers and printing
materials decrease, 3D printing will emerge as a viable method for both patients and physicians.

Despite the excellent precision and quality of 3D printed models, even using multicolored materials, the
majority of existing models remain static, unable to exhibit realistic qualities akin to actual tissues. The
generation of realistic and dynamic models is therapeutically significant for cardiovascular illness, since the
simulation of hemodynamic blood flow in these three-dimensional cardiovascular models is essential for
establishing an environment that accurately replicates actual physiological conditions. Recent research has
established the dynamic mechanical characteristics of 3D printing materials in relation to coronary artery
disease and coronary stents [65-67]. 3D printed bioresorbable stents fabricated from polymer materials
like polylactic acid (PLA) or polycaprolactone (PCL) have excellent compatibility with blood and cells,
making them suitable for the production of coronary stents for the treatment of coronary artery disease
[68]. Guerra et al. fabricated 3D printed composite stents with PLA and PCL materials. They demonstrated
that both PLA and PCL exhibit biocompatibility, with the PLA stent showing an average cell proliferation of
8.28% and PCL 12.46% after three days [67]. Nonetheless, each material had limitations: PLA exhibits a
high modulus (signifying great elasticity and an outstanding recoil ratio) but has inadequate qualities for
implantation, while PCL has a low modulus (indicating high stiffness and optimal radial expansion), hence
limiting its suitability for stenting applications. Consequently, composite PCL/PLA stents were advocated
since they enhance performance by mitigating the limits inherent to each material.

Despite considerable efforts by researchers to utilize 3D bioprinting technologies for the fabrication of
hearts, blood vessels, heart valves, and cardiovascular constructs [64-71], the primary technological
challenges in bioprinting involve the development of appropriate biomaterials (bioinks) that possess
adequate mechanical strength and biocompatibility to align with the biological characteristics of native
organs [72]. Bioprinting cardiovascular organs or cells is more complex since the bioprinted cells or stem
cells must sustain proliferation and differentiation within a live extracellular milieu. Although existing
bioprinters provide satisfactory resolution, enhancements are required to achieve high-precision printing
of tiny vessels.

7. Synopsis

3D printing undoubtedly represents a rapidly expanding technology over recent decades, with a rising
number of studies accessible across several medical sectors. The use of 3D printing in cardiovascular illness
represents a significant advancement in medicine, considering the global prevalence of cardiovascular
conditions and their accompanying morbidity and death rates. Customized 3D printed models transform
the existing methodologies for planning and treating patients with various cardiovascular conditions,
including congenital heart disease and acquired coronary, valvular, aortic, and pulmonary artery illnesses.
These realistic physical models augment clinicians' comprehension of intricate pathological scenarios
concerning adjacent structures and bolster their confidence in executing challenging procedures, thereby
facilitating improved patient management with reduced surgical or procedural complications. 3D
bioprinting is demonstrating a substantial influence on the advancement of 3D printing technology, shown
by first outcomes in the fabrication of biocompatible cardiovascular tissues and structures. This article
offers a summary of the therapeutic uses of 3D printing in several domains. Anticipating additional
enhancements in 3D printing technology and developments in printing materials, we hope to see more
encouraging outcomes in the literature and to witness the advantages of this approach for patient care and
clinical practice.

References

[1] Kamio, T; Hayashi, K.; Onda, T; Takaki, T,; Shibahara, T.; Yakushiji, T,; Shibui, T.; Kato, H. Utilizing a
low-cost desktop 3D printer to develop a “one-stop 3D printing lab” for oral and maxillofacial surgery
and dentistry fields. 3D Print. Med. 2018, 4, 6.

[2] Speranza, D; Citro, D.; Padula, F;; Motyl, B.; Marcolin, F; Cali, M.; Martorelli, M. Additive manufacturing
techniques for the reconstruction of 3D fetal faces. Appl. Bionics Biomech. 2017, 2017,9701762.

https://reviewofconphil.com 5656



[3] Ryan, J.; Plasencia, J.; Richardson, R.; Velez, D.; Nigro, ].J.; Pophal, S.; Frakes, D. 3D printing for
congenital heart disease: A single site’s initial three-year experience. 3D Print. Med. 2018, 4, 10.

[4] Giannopoulos, A.A.; Steigner, M.L.; George, E.; Barile, M.; Hunsaker, A.R.; Rybicki, EJ.; Mitsouras, D.
Cardiothoracic applications of 3-dimensional printing. J. Thorac. Imaging 2016, 31, 253-272.

[5] Witowski, ].; Wake, N.; Grochowska, A.; Sun, Z.; Budzynski, A.; Major, P; Popiela, T.J.; Pedziwiatr, M.
Investigating accuracy of 3d printed liver models with computed tomography. Quant. Imaging Med.
Surg. 2019, 9, 43-52.

[6] Javan, R.; Herrin, D.; Tangestanipoor, A. Understanding spatially complex segmental and branch
anatomy using 3D printing: Liver, lung, prostate, coronary arteries, and circle of Willis. Acad. Radiol.
2016, 23,1183-1189.

[7] Perica, E.; Sun, Z. Patient-specific three-dimensional printing for pre-surgical planning in
hepatocellular carcinoma treatment. Quant. Imaging Med. Surg. 2017, 7, 668-677.

[8] Costello, J.; Olivieri, L.; Krieger, A.; Thabit, 0.; Marshall, M.B.; Yoo, S.J.; Kim, P.C.; Jonas, R.A.; Nath, D.S.
Utilizing three-dimensional printing technology to assess the feasibility of high-fidelity synthetic
ventricular septal defect models for simulation in medical education. World. J. Pediatr. Congenit.
Heart Surg. 2014, 5, 421-426.

[9] Costello, ].P; Olivieri, L.J.; Su, L.; Krieger, A.; Alfares, F; Thabit, O.; Marshall, M.B.; Yoo, S.J.; Kim, P.C,;
Jonas, R.A.; et al. Incorporating three-dimensional printing into a simulation-based congenital heart
disease and critical care training curriculum for resident physicians. Congenit. Heart Dis. 2015, 10,
185-190.

[10]Javan, R.; Zeman, M. A prototype educational model for hepatobiliary interventions: Unveiling the
role of graphic designers in medical 3D printing. J. Digit. Imaging 2018, 31, 133-143.

[11]Sun, Z.; Lau, I.; Wong, Y.H.; Yeong, C.H. Personalized three-dimensional printed models in congenital
heart disease. ]. Clin. Med. 2019, 8, 522.

[12]Sun, Z.; Lee, S. A systematic review of 3D printing in cardiovascular and cerebrovascular diseases.
Anatol. J. Cardiol. 2017, 17, 423-435.

[13]Lau, I; Sun, Z. Dimensional accuracy and clinical value of 3D printed models in congenital heart
disease: A systematic review and meta-analysis. ]. Clin. Med. 2019, 8, 1483.

[14] Lupulescu, C.; Sun, Z. A systematic review of the clinical value and applications of three-dimensional
printing in renal surgery. J. Clin. Med. 2019, 8, 990. \

[15]Valverde, I.; Gomez-Ciriza, G.; Hussain, T,; Suarez-Mejias, C.; Velasco-Forte, M.N.; Byrne, N.; Ordonex,
A.; Gonzalez-Calle, A.; Anderson, D.; Hazekamp, M.G.; et al. Three dimensional printed models for
surgical planning of complex congenital heart defects: An international multicenter study. Eur. J.
Cardio-Thorac. Surg. 2017, 52, 1139-1148.

[16]White, S.C.; Sedler, J.; Jones, TW.,; Seckeler, M. Utility of three-dimensional models in resident
education on simple and complex intracardiac congenital heart defects. Congenit. Heart Dis. 2018,
13, 1045-1049.

[17]Loke, Y.H.; Harahsheh, A.S.; Krieger, A.; Olivier, L.J. Usage of 3D models of tetralogy of Fallot for
medical education: Impact on learning congenital heart disease. BMC Med. Educ. 2017, 7, 54.

[18]Su, W;; Xiao, Y;; He, S.; Huang, P; Deng, X. Three-dimensional printing models in congenital heart
disease education for medical students: A controlled comparative study. BMC Med. Educ. 2018, 18,
178.

[19]Smerling, J.; Marboe, C.C.; Lefkowitch, J.H.; Pavilicova, M.; Bacha, E.; Einstein, A.J.; Naka, Y.; Glickstein,
J.; Farooqi, K.M. Utility of 3D printed cardiac models for medical student education in congenital
heart disease: Across a spectrum of disease severity. Pediatr. Cardiol. 2019, 40, 1258-1265.

[20]Lim, K.H,; Loo, Z.Y,; Goldie, S.; Adams, J.; McMenamin, P. Use of 3D printed models in medical
education: A randomized control trial comparing 3D prints versus cadaveric materials for learning
external cardiac anatomy. Anat. Sci. Educ. 2016, 9, 213-221.

[21]Chepeley, L.; Souza, C.; Althobaity, W.; Miguel, O.; Krishna, S.; Akyuz, E.; Hodgdon, T; Torres, C.; Wake,
N.; Alexander, A.; et al. Preoperative planning and tracheal stent design in thoracic surgery: A primer

https://reviewofconphil.com 5657



for the 2017 Radiological Society of North America (RSNA) hands-on course in 3D printing. 3D Print.
Med. 2017, 3, 14.

[22] Chepelev, L.; Wake, N.; Ryan, J.; Althobaity, W.; Gupta, A.; Arribas, E.; Santiago, L.; Ballard, D.; Wang,
K.C.; Weadock, W,; et al. Radiological Society of North America (RSNA) 3D printing Special Interest
Group (SIG): Guidelines for medical 3D printing and appropriateness for clinical scenarios. 3D Print.
Med. 2018, 4, 11.

[23]Bagaria, V.; Bhansali, R.; Pawar, P. 3D printing-creating a blueprint for the future of orthopedics:
Current concept review and the road ahead! ]. Clin. Orthol. Trauma 2018, 9, 207.

[24]Skelley, N.W.; Hagerty, M.P; Stannard, J.T,; Feltz, K.P; Ma, R. Sterility of 3D-printed orthopedic
implants using fused deposition modeling. Orthopedics 2020, 43, 46.

[25]Xie, L.; Chen, C.; Zhang, Y.; Zheng, W,; Chen, H.; Cai, L. Three-dimensional printing assisted ORIF versus
conventional ORIF for tibial plateau fractures: A systematic review and meta-analysis. Int. ]. Surg.
2018, 57, 35.

[26] Anwar, S.; Singh, G.K.; Miller, J.; Sharma, M.; Manning, P; Billadello, ].J.; Eghtesady, P; Woodard, P.K. 3D
printing is a transformative technology in congenital heart disease. JACC Basic Transl. Sci. 2018, 3,
294-312.

[27]Perica, E.R,; Sun, Z. A systematic review of three-dimensional printing in liver disease. ]. Digit.
Imaging 2018, 31, 692-701.

[28]Sun, Z.; Liu, D. A systematic review of clinical value of three-dimensional printing in renal disease.
Quant. Imaging Med. Surg. 2018, 8, 311-325.

[29]Anwar, S.; Rockefeller, T,; Raptis, D.; Woodard, P; Eghtesady, P. 3D printing provides a precise
approach in the treatment of tetralogy of Fallot, pulmonary atresia with major aortopulmonary
collateral arteries. Curr. Treat. Opt. Cardiovasc. Med. 2018, 20, 5.

[30]Gallo, M.; D’'Onofrio, A.; Tarantini, G.; Nocerino, E.; Remondino, F; Gerosa, G. 3D-printing model for
complex aortic transcatheter valve treatment. Int. J. Cardiol. 2016, 210, 139-140.

[31]Godnell, J.; Pietila, T;; Samuel, B.P,; Kurup, H.K.N.; Haw, M.P,; Vettukattil, ].]. Integration of computed
tomography and three-dimensional echocardiography for hybrid three-dimensional printing in
congenital heart disease. ]. Digit. Imaging 2016, 29, 665-669.

[32]Ripley, B; Kelil, T;; Cheezum, M.K.; Goncalves, A.; Di Carli, M.F,; Rybicki, FJ.; Steigner, M.; Mitsouras, D.;
Blankstein, R. 3D printing based on cardiac CT assists anatomic visualization prior to transcatheter
aortic valve replacement. ]. Cardiovasc. Comput. Tomor. 2016, 10, 28-36.

[33]Ferrari, E.; Gallo, M.; Wang, C.; Zhang, L.; Taramasso, M.; Maisano, F,; Pirelli, L.; Berdajs, D.; von
Segesser, L.K. Three-dimensional planning in adult cardiovascular medicine for surgical and
transcatheter procedural planning, teaching and technological innovation. Interact. Cardiovasc.
Thorac. Surg. 2020, 30, 203-214.

[34] Vettukattil, ]J.J.; Nijres, B.M.; Gosnell, ].M.; Samuel, B.P; Haw, M.P. Three-dimensional printing for
surgical planning in complex congenital heart disease. J. Card. Surg. 2019, 34, 1363-1369.

[35]Bhatla, P; Tretter, J.T;; Chikkabyrappa, S.; Chakravarti, S.; Mosca, R.S. Surgical planning for a complex
double-outlet right ventricle using 3D printing. Echocardiography 2017, 34, 802-804.

[36]Biglino, G.; Koniordou, D.; Gasparini, M.; Capelli, C.; Leaver, L.K.; Khambadkone, S.; Schievano, S.;
Taylor, A.M.; Wray, ]. Piloting the use of patient-specific cardiac models as a novel tool to facilitate
communication during clinical consultations. Pediatr. Cardiol. 2017, 38, 813-818.

[37]Riggs, K.W,; Dsouza, G.; Broderick, ].T.; Moore, R.A.; Morales, D.L.S. 3D-printed models optimize
preoperative planning for pediatric cardiac tumor debulking. Transl. Pediatr. 2018, 7, 196-202.
[38]Abudayyeh, I; Gordon, B.; Ansari, M.M.; Jutzy, K.; Stoletniy, L.; Hillard, A. A practical guide to
cardiovas.cular 3D printing in clinical practice: Overview and examples. J. Interv. Cardiol. 2018, 31,

375-383.

[39]Mitsourasy, D.; Liacouras, P; Imanzadeh, A.; Giannopoulos, A.A.; Cai, T.; Kumamaru, K.K.; George, E.;
Wake, N.; Caterson, E.J.; Pomahac, B.; et al. Medical 3D printing for the radiologist. Radiographics
2015, 35,1965-1988.

https://reviewofconphil.com 5658



[40]Lau, L; Sun, Z. Three-dimensional printing in congenital heart disease: A systematic review. ]. Med.
Radiat. Sci. 2018, 65, 226-236.

[41]Xy, J.; Tian, Y,; Yin, J.; Wang, J.; Xu, W,; Shi, Z.; Fu, J.; Shu, Q. Utility of three-dimensional printing in
preoperative planning for children with anomalous pulmonary venous connection: A single center
experience. Quant. Imaging Med. Surg. 2019, 9, 1804-1814.

[42]Wang, Z.; Liu, Y.; Luo, H.; Gao, C.; Zhang, J.; Dai, Y. Is a three-dimensional printing model better than a
traditional cardiac model for medical education? A pilot randomized controlled study. Acta Cardiol.
Sin. 2017, 33, 664-669.

[43]Biglino, G.; Capelli, C.; Wray, J.; Schievano, S.; Leaver, L.K.; Khambadkone, S.; Giardini, A.; Derrick, G.;
Jones, A.; Taylor, A.M. 3D-manufactured patient-specific models of congenital heart defects for
communication in clinical practice: Feasibility and acceptability. BM] Open 2015, 5, e007165.

[44]Biglino, G.; Capelli, C.; Koniordou, D.; Robertshaw, D.; Leaver, L.K.; Schievano, S.; Taylor, A.M.; Wray, J.
Use of 3D models of congenital heart disease as an education tool for cardiac nurses. Congenit. Heart
Dis. 2017,12,113-118.

[45]Biglino, G.; Milano, E.G.; Capelli, C.; Wray, ].; Shearn, A.L,; Caputo, M.; Bucciarelli-Ducci, C.; Taylor, A.M,;
Schievano, S. Three-dimensional printing in congenital heart disease: Considerations on training and
clinical implementation from a teaching session. Int. . Artif. Organs 2019, 42, 595-599.

[46] Otton, ].M.; Birbara, N.S.; Hussain, T; Greil, G.; Foley, T.A.; Pather, N. 3D printing from cardiovascular
CT: A practical guide and review. Cardiovasc. Diagn. Ther. 2017, 7, 507-526.

[47]Fan, Y; Yang, F; Cheung, G.S.H.; Chan, A.K.Y,; Wang, D.D.; Lam, Y.Y,; Chow, M.C.W,; Leong, M.C.W,; Kam,
K.K.H.; So, K.C.Y; et al. Device sizing guided by echocardiography-based three-dimensional printing
is associated with superior outcome after percutaneous left atrial appendage occlusion. J. Am. Soc.
Echocardiogr. 2019, 32, 708-719.e1.

[48]Hachulla, A.L.; Noble, S.; Guglielmi, G.; Agulleiro, D.; Muller, H.; Vallee, J.P. 3D-printed heart model to
guide LAA closure: Useful in clinical practice? Eur. Radiol. 2019, 29, 251-258.

[49]Hosny, A.; Dilley, J.D.; Kelil, T;; Mathur, M.; Dean, M.N.; Weaver, ].C.; Ripley, B. Pre-procedural fit-testing
of TAVR valves using parametric modeling and 3D printing. ]. Cardiovasc. Comput. Tomogr. 2019, 13,
21-30.

[50] Tuncay, V.; van Ooijen, PM.A. 3D printing for heart valve disease: A systematic review. Eur. Radiol.
Exp. 2019, 3, 9.

[51]Wang, C.; Zhang, L.; Qin, T; Xi, Z.; Sun, L.; Wu, H,; Li, D. 3D printing in adult cardiovascular surgery
and interventions: A systematic review. J. Thorac Dis. 2020, 12, 3227-3237.

[52] Thorburn, C.; Abdel-Razek, O.; Fagan, S.; Pearce, N.; Furey, M.; Harris, S.; Bartellas, M.; Adams, C.
Three-dimensional printing for assessment of paravalvular leak in transcatheter aortic valve
implantation. J. Cardiothorac. Surg. 2020, 15, 211.

[53]Haghiashtiani, G.; Qiu, K.; Zhingre Sanchez, ].D.; Fuenning, Z.J.; Nair, P; Ahlbeeg, S.E.; laizzo, PA,;
McAlpine, M.C. 3D printed patient-specific aortic root models with internal sensors for minimally
invasive applications. Sci. Adv. 2020, 6, eabb4641.

[54]Misra, A.; Walters, H.L.; Kobayashi, D. Utilisation of a three-dimensional printed model for the
management of coronary-pulmonary artery fistula from left main coronary artery. Cardiol. Young
2019, 29, 431-434.

[55] Oliveira-Santos, M.; Oliveira Santos, E.; Marinho, A.V.; Leite, L.; Guardado, ].; Matos, V.; Pego, G.M,;
Marques, ].S. Patient-specific 3D printing simulation to guide complex coronary intervention. Rev.
Port. Cardiol. 2018, 37, el-e541.

[56]Aroney, N.; Lau, K; Danielle, L.; Burstow, D.; Walters, D. Three-dimensional printing: To guide
management of a right coronary artery to left ventricular fistula. Eur. Heart ]. Cardiovasc. Imaging
2018, 19, 268.

[57]Velasco Forte, M.N.; Byrne, N.; Valverde Perez, 1.; Bell, A.; Gomez-Ciriza, G.; Krasemann, T, Sievert, H,;
Simpson, ].; Pushparajah, K.; Razavi, R.; et al. 3D printed models in patients with coronary artery

https://reviewofconphil.com 5659



fistulae: Anatomical assessment and interventional planning. Eurolntervention 2017, 13, e1080-
e1083.

[58]Lee, M.; Moharem-Elgamal, S.; Beckingham, R.; Hamilton, M.; Manghat, N.; Milano, E.G.; Bucciarelli-
Ducci, C.; Caputo, M.; Biglino, G. Evaluating 3D-printed models of coronary anomalies: A survey
among clinicians and researchers at a university hospital in the UK. BM] Open 2019, 9, e025227.

[59]Abdullah, K.A.; McEntee, M.E; Reed, W.; Kench, P.L. Development of an organ-specific insert phantom
generated using a 3D printer for investigations of cardiac computed tomography protocols. ]. Med.
Radiat. Sci. 2018, 65, 175-183.

[60]Sun, Z. Personalized three-dimensional printed coronary artery models for accurate assessment of
coronary stenosis using high resolution imaging. Australas. Med. ]. 2019, 12, 105-109.

[61]Sun, Z.; Ng, C.K; Squelch, A. Synchrotron radiation computed tomography assessment of calcified
plaques and coronary stenosis with different slice thicknesses and beam energies on 3D printed
coronary models. Quant. Imaging Med. Surg. 2019, 9, 6-22.

[62]Sun, Z. 3D printed coronary models offer new opportunities for developing optimal coronary CT
angiography protocols in imaging coronary stents. Quant. Imaging Med. Surg. 2019, 9, 1350-1355.

[63]Sun, Z.; Jansen, S. Personalized 3D printed coronary models in coronary stenting. Quant. Imaging
Med. Surg. 2019, 9, 1356-1367.

[64]1llmann, C.F; Ghadiry-Tavi, R.; Hosking, M.; Harris, K.C. Utility of 3D printed cardiac models in
congenital heart disease: A scoping review. Heart 2020, 106, 1631-1637.

[65] Stepniak, K.; Ursani, A.; Paul, N.; Naguib, H. Novel 3D printing technology for CT phantom coronary
arteries with high geometrical accuracy for biomedical imaging applications. Bioprinting 2020, 18,
e00074.

[66]Qiu, T; Jiang, W.; Yan, P; Jiao, L.; Wang, X. Development of 3D-printed sulphated chitosan modified
bioresorbable stents for coronary artery disease. Front. Bioeng. Biotechnol. 2020, 8, 462.

[67] Guerra, AJ.; Cano, P; Rabionet, M.; Puig, T;; Ciurana, J. 3D-printed PCL/PLA composite stents: Towards
a new solution to cardiovascular problems. Materials 2018, 11, 1679.

[68]Skardal, A.; Zhang, ].; Prestwich, G.D. Bioprinting vessel-like constructs using hyaluronan hydrogels
crosslinked with tetrahedral polyethylene glycol tetracrylates. Biomaterials 2010, 31, 6173.

[69]Beyersdorf, F. Three-dimensional bioprinting: New horizon for cardiac surgery. Eur. J. Cardiothorac.
Surg. 2014, 46, 339-341.

[70]Wang, X.; Ao, Q.; Tian, X,; Fan, J.; Wei, Y,; Hou, W,; Tong, H.; Bai, S. 3D bioprinting technologies for hard
tissue and organ engineering. Materials 2016, 9, 802.

[71]Maiullari, E; Costantini, M.; Milan, M.; Pace, V,; Chirivi, M.; Maiullari, S.; Rainer, A.; Baci, D.; El-Sayed
Marei, H.; Seliktar, D.; et al. A multi-cellular 3D bioprinting approach for vascularized heart tissue
engineering based on HUVECs and iPSC-derived cardiomyocytes. Sci. Rep. 2018, 8, 13532.

[72]Duan, B.; Kapetanovic, E.; Hockaday, L.A.; Butcher, ].T. Three-dimensional printed trileaflet valve
conduits using biological hydrogels and human valve interstitial cells. Acta Biomater. 2014, 10, 1836.

4 gadl) A g1 g Q) () yal 3130 g Sl anil] o L BT 23l A0 Ao ludal) Lin o 9iS5 B ) ) ghail)

LRAER
de guladl) gz 3aill g Ay gadll e 15 il poal yal Jlas o ducalss cplal) A jlaall o U sale W gnd a1 4500 de Lidall L ) 1S5 Ciiaa]
Fuaraie iadle Gl i) i Lee cJuadl (<0 sainall dyag i) 315 5l0) 5 agd 8 alayY) 45206
sdagial

Ol 8 Lgials e 5 5w ey saall due Y15 Gl Gala 8 sl AE06 Aebdall gkt Jga Aaad) Cilual) G dea yall 038 pan
ilaa) jall 5 Agllall el apaail asetie iy 2ol @ (& Jals Siag ol ja) &5 Adile 5l 2alal) bl plaal) e la e 5 Zualal) ) Ul
il 5 adeil) 5 Aal jall U Jadasdll 8 sla¥) 35005 23kl Alled e ¢ gl i 3) (RCTs) Aasaiall Al sdiall (ol 5 gl
Al
:@Lﬁl\
0al el Yl 8 Aala dgal all lleadl o8 22 ol jad) Tl e 5SS Guead a1 A0 3l of ) all) s

https://reviewofconphil.com 5660



Qo 511 530305 ) ALYl el 3 Gpasiall 5 cadUall Apaglaill peiliil) 8 Ui Apmgriall e el (g Baaiosall A1 jelad ALl ()
Baaeie Agil sdiall (o jlal) ) 5 Va5 pe a3 5SE Aila) L) (8 clld pa s am sl 5 Al Bl ) adia oo
sl (U e Lginlad A0Sa) (4 25y Laa ¢ SI al)

:Gﬂu\l\

Ol sty onmyall il g Aalyall A8 Gauail 35S LASa) ety Lae ¢y seal e o) 5 Callll Cada 8 Uil Wl alag) 4005 Ze Ll i
Lo s) sanadl) g plal) Slat A paling r3la g bt s AAISH g e Al Gl @l 8 Loy cAdla) 3 5il) Ainllre e Aliionall a1 S 53
Lo Y1y ) (al pal 5 plal (& i s )l Ay peall s laall (g Gasbial 12 3 alag) 2500 deldal) e of Sy i o) 53S0 205w Ay
A sedl

sdalidal) clalsl)

sl el ¢ oal jal) aglasll GAAN R (oal yal iy geall dae V) 5 Calill (g2l yal calag) 4306 ALl

https://reviewofconphil.com 5661



