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Introduction
Aortic stenosis (AS) affects between 3 and 7% of the population above the age of 65, 
which makes it the most common valvular heart disease in the developed world [1, 
2]. AS is characterised as progressive hardening and narrowing of the aortic valve [3]. 
Severe stenosis is associated with significantly low survival rates at two years following 
symptom onset [4, 5]. Replacement of severely stenotic valve is therefore necessary to 
reduce morbidity and mortality associated with AS [6].
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The currently available treatment options for symptomatic, severe AS are surgical aor-
tic valve replacement (SAVR) and transcatheter aortic valve replacement (TAVR) [7, 8]. 
Since its introduction in 2002, TAVR has been established as the preferred treatment 
option for severe, progressive AS in patients with prohibitive surgical risk [9, 10]. TAVR, 
also known as transcatheter aortic valve implantation (TAVI), is a method by which a 
self- or balloon-expandable (S-E/B-E) bioprosthetic valve is delivered at the designated 
location by a catheter that is advanced into the vasculature through a peripheral artery 
[11]. The implanted valve displaces the leaflets of the existing calcified and stenotic valve 
to restore normal blood flow. Every year, around 3,250 people undergo TAVR in the UK 
[12]. New research findings have shown that TAVR is a non-inferior, or even superior 
treatment option compared to SAVR for low-surgical risk groups [13, 14]. The number 
of patients treated with TAVI is therefore expected to increase within the next few years.

TAVR has received great attention for being less invasive compared to open-heart 
SAVR, with significant reduction in risk of strokes, major bleeding and atrial fibrillation 
[15, 16]. Despite this, several complications are more prevalent in TAVR. These include 
paravalvular leak (PVL), new-onset conduction disturbance (NOCD) requiring perma-
nent pacemaker implantation (PPI), rupture of the aortic annulus and coronary artery 
obstruction (CAO). PVL refers to the retrograde flow of blood from the aortic root into 
the left ventricle [17]. Failure to achieve circumferential seal between the bioprosthetic 
valve and the aortic annulus may result in regurgitation [18]. Conduction disturbances 
arise due to high pressures exerted by the valve frame on the critical region of the heart, 
where the conduction pathways are located [19]. Given that there is a large variety of 
transcatheter aortic valve (TAV) sizes and designs to choose from, understanding the 
patient’s anatomy is crucial in selecting the valve that obtains the best fit. Pre-proce-
dural imaging scans provide vital information about the anatomy of the patient’s aortic 
root, which help clinicians decide which TAV system and implantation depth to adopt 
on a case by case basis [20, 21]. Procedural planning involves a multidisciplinary team 
approach with input from radiologists, clinical and interventional cardiologists [22]. 
Even with thorough planning, the absence of a standardised strategy to predict how the 
prosthetic valve will adapt in  situ means that certain complications are extremely dif-
ficult to anticipate.

Advancements in the field of three-dimensional (3D) printing have made it possible to 
obtain from pre-procedural imaging scans of patients a physical replica of the individu-
als’ unique anatomy. The 2D volumetric data provided by cardiac Computed Tomogra-
phy (CT), Magnetic Resonance Imaging (MRI) or echocardiography can be converted 
into patient-specific 3D models by means of additive manufacturing [23, 24]. In fact, 3D 
printed models have been used extensively in the field of cardiology to educate medical 
students and train surgical or interventional trainee doctors [25–27]. Patient-specific 3D 
printed models have also been used to aid in the doctor–patient communication and 
improve the process of informed consent [28].

More recently, patient-specific anatomic models have been used in the field of valvu-
lar heart disease. The physical replicas enable physicians to simulate the procedure by 
inserting the bioprosthetic valve in the models. Subsequently, the interaction between 
the patient’s anatomy and the valve can be assessed. Certain anatomical features, such as 
the volume of aortic annulus calcifications or the ovality of the valve’s landing zone, are 
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factors that are known to affect the compatibility of the currently available valves with 
the patient’s anatomy [29]. Having discussed that models have the potential to represent 
the anatomical characteristics of each patient, simulation of TAVR on 3D printed mod-
els may be useful for preoperative planning. It could provide information on the clinical 
outcomes and on the risk of occurrence of postoperative complications. If this is true, 
then 3D printing could be used to address some of the current challenges of the proce-
dure, such as the selection of suitable patients to undergo TAVR or the selection of the 
most appropriate valve for each case.

Due to the novelty of the application of 3D printing as a pre-surgical planning tool 
for TAVR, it remains unclear whether 3D models can be used to accurately predict the 
occurrence of intra- or post-procedural complications (e.g. PVL, CAO, NOCD etc.). 
The usefulness of simulating the TAVI procedure on patient-specific 3D printed mod-
els, with the aim to minimise complication severity or risk of occurrence, remains to be 
established. Previous systematic reviews have described the application of 3D printing 
in cardiovascular surgery and interventional radiology, but none has evaluated its use in 
TAVR [30, 31].

The aim of this systematic review is to evaluate the application of patient-specific 3D 
printed models in preoperative planning for TAVR. The objectives are to (a) to under-
stand the accuracy of predicting TAVR associated complications through the use of 3D 
printed models, (b) to appreciate whether pre-surgical planning using these models can 
moderate the risk of occurrence of adverse events and (c) to understand the practicality 
and usefulness of 3D models in clinical practice.

Results
Study selection

As shown by the PRISMA figure (Fig.  1), the literature search yielded a total of 219 
records. Duplicate articles were excluded narrowing the results down to 173. Articles 
were then screened against the eligibility criteria on the basis of title, abstract and type 
of scientific article which further narrowed the results down to 22. The full text of the 
remaining articles was retrieved and nine studies were excluded. The most common rea-
son for exclusion was the use of 3D models to simply visualise the patient’s anatomy, 
without application of model in TAVR planning or for prediction of complications. The 
use of models for the characterisation of haemodynamic changes post-valve deployment 
was the second most common reason for exclusion. One study was excluded because it 
had utilised 3D models to test their assumption for the underlying mechanism of a com-
plication and another study because it had utilised 3D models for benchtop prediction 
of PVL following SAVR. A total of 13 papers were left for inclusion in this systematic 
review.

Study characteristics and demographics

The study characteristics, patient demographics, postoperative clinical outcomes and 
complications of TAVR are summarised in Table  1. PVL is the most commonly stud-
ied complication. Six studies (6/13) have retrospectively recruited between five and 30 
patients that had undergone TAVR [32–37]. They explored whether patient-specific 
3D printed models could be used to predict the occurrence, location and/or severity of 
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PVL. Three papers (3/13) performed TAVR on the 3D models of a sum of four patients, 
who had intra-procedural CAO [38–40]. The aim was to explore whether simulation of 
the procedure, using the same implantation technique as in the clinical setting, could 
predict the occurrence of the adverse event. Hatoum et al. tested a range of TAV sizes, 
designs and implantation approaches to identify which method could have been used 
in the actual procedure to prevent CAO [40]. Zhang et  al. investigated the possibility 
of predicting intra-procedural aortic annular rupture by performing the surgery on the 
models of two patients who died as a result of this complication [38]. One study (1/13) 
utilised the pre-surgical imaging data of a patient who had experienced NOCD follow-
ing TAVR, to 3D print a patient-specific model [41]. They tested a range of valve sizes 
and implantation depths, to (a) observe if they could use the model to predict the in vivo 
outcomes and (b) to understand which TAV approach could have prevented the adverse 
event. In two studies (2/13) the anatomies of two challenging cases, with high intra-
procedural complication risk, were reconstructed using 3D printing [42, 43]. TAVI was 
performed inside the physical models to prospectively assess the safety of TAVR. One 
study (1/13) tested a newly developed valve delivery method that can be used to achieve 
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Fig. 1  PRISMA flow chart. The PRISMA diagram was adapted from Moher D, Liberati A, Tetzlaff J, Altman DG, 
The PRISMA Group (2009) [32]
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native and bioprosthetic valve commissural alignment [44]. They initially recruited 3 
patients whose anatomies were replicated using 3D printing. The patient-specific models 
were used to test the efficacy of the newly developed approach in achieving commissural 
alignment, before performing the surgery in vivo. The total number of patients across all 
13 studies included in the review is 107. Seven (7/13) studies do not report the severity 
of AS, while two (2/13) studies report the surgical risk score of their population.

Model construction and key characteristics

Table 2 summarises the types of 3D printers and materials used to construct the mod-
els. All (13/13) studies used the pre-procedural CT imaging data to reproduced the 
patients’ anatomies. Stereolithography (SLA) was the most commonly used 3D print-
ing technique followed by material jetting. Time and/or costs of model construction are 
reported in four papers. Key model characteristics are also summarised in Table 2.

Study methodology and findings

Paravalvular leak

Ripley et al. developed a light transmission test that highlights the presence and location 
of gaps between the valve frame and the model’s aortic wall [32]. The severity of PVL 
was quantified by, the surface area of projected light as a percentage to the total annulus 
area. The sensitivity and specificity of their methodology for predicting the occurrence 
of PVL are 67% and 71%, respectively. Out of the six true positive cases, the predicted 
location of PVL was correct in five. The predicted severity for five patients with true 
mild PVL, ranged from 0.8 to 4.7%. For the single case of moderate PVL the predicted 
severity was 1.0%.

Tanaka et al. attached each 3D model with the implanted valve to a pulsatile flow cir-
culation system that replicated the in vivo haemodynamic conditions [33]. Next, an elec-
tromagnetic flow sensor was used to measure the regurgitant flow rate. The flow rates 
obtained from the six replicas ranged from 0.45 to 1.18 L/min. In each case, the derived 
value matched the patient’s aortic regurgitation (AR) grade that was obtained via clinical 
echocardiography. In vivo AR grades ranged from mild to moderate-severe. Micro-CT 
was performed to measure the gap area between the wall of the model’s aortic annulus 
and the stent frame. In five (5/6) cases, the surface area of the gap was consistent with 
each patient’s AR grade. In one (1/6) case the gap area predicted a larger PVL grade than 
clinically observed PVL. In five (5/6) cases, the location of the gap area in the model 
matched the site of the clinically observed leak. Similarly, Thorburn et al. developed a 
closed pressure system to quantitatively assess PVL [34]. Once the pressure difference 
across the valve reached 60 mmHg, the volume of regurgitant fluid (ml) was measured 
over 5 s. The process was repeated three times and the average rate of PVL (ml/s) was 
calculated for each model. The average rates obtained ranged from 19.1 to 24.1 ml/s. For 
each case, the rate of PVL was significantly associated with the degree of clinically con-
firmed leakage (p < 0.001).

Reiff et al. performed micro-CT on the 3D models following valve deployment, to visu-
ally examine for the presence and location of gap areas [35]. PVL severity was calculated 
as a percentage of the total circumference. Predicted outcomes were compared with 
each patient’s post-procedural PVL grade and location. The observer correctly predicted 
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the absence of PVL in nine (9/10) cases and the presence of PVL in eight (8/10) cases. 
Six (6/9) patients with clinically confirmed mild PVL were classified as moderate. The 
predicted location of PVL was correct in eight (8/10) patients. The sensitivity and spec-
ificity of annular calcium volume (measured on pre-procedural CT) in predicting the 
occurrence of PVL were 60% and 90%, respectively. The sensitivity and specificity of 
annulus eccentricity index (AEI) were found to be 40% and 50%, respectively.

Hosny et al. designed a valve sizer that was inserted in each model and was sequentially 
opened to 20, 23, 26 and 29 mm that represent the range of diameters of the currently 
available valves [36]. The valve size, with a gap area that could not be further reduced by 
a greater size, was defined as "best fit". The observer correctly predicted the valve size 
that was used in vivo in 19 (64%) cases. In the six patients who received B-E valves and 
there was discrepancy between the predicted and actual valve size, the observer always 
predicted a larger size. Of those six patients, five (5/6) had clinical diagnosis of PVL. Pre-
diction of PVL occurrence was decided on visual confirmation of gap areas. The sensitiv-
ity and specificity of the method used to predict PVL were 60% and 73%, respectively.

To quantify post-TAVR annular strain, Qian et al. inserted radiopaque beads to their 
models [37]. They measured the displacement of the beads by performing a CT scan 
before and after TAV deployment. Areas of focal strain unevenness were determined by 
calculating a bulge index. The sensitivity and specificity of the maximum bulge index 
for predicting significant PVL were 71% and 82%, respectively. The best predictor of 
significant PVL was the volume of annular calcium (mm3) measured on pre-TAVR CT, 
with sensitivity and specificity of 86% and 72%, respectively. Annular ellipticity was a 
poor predictor of PVL. Bulge index was the only predictor of PVL following ad hoc post-
dilation. The location of maximum bulge index matched the dominant PVL site in nine 
(9/12) patients.

New‑onset conduction disturbances

Haghiashtiani et al. inserted pressure sensors in the walls of a patient-specific 3D model, 
at the site where the conduction pathways of the heart are located [41]. A range of valve 
sizes and implantation depths were tested. Heatmaps allowed to visually assess the pres-
sure exerted by each valve on the critical region. The maximum pressure values yielded 
by the 29-mm valve implanted at a shallow, intermediate and deep height were 234, 
486 and 404  kPa, respectively. The pressure values for the 26-, 29- and 31-mm valves 
implanted at intermediate height were 60, 375 and 528 kPa, respectively.

Coronary artery obstruction and aortic annular rapture

Zhang et  al. observed the outcomes of valve deployment in four patient-specific 3D 
models by means of endoscopy [38]. The displaced valvular calcifications in one case, 
and the distal edge of the valve frame in the second model, obstructed the left coronary 
ostia of the 3D models. In the other two patient-specific replicas, expansion of the B-E 
valves resulted in rapture of the aortic annulus. In vitro simulations replicated the in vivo 
complications of each case. In another study, Schmauss et al. printed the anatomy of a 
patient who died as a result of intra-procedural CAO [39]. Based on observations during 
the valve implantation in the model, it was concluded that the small and non-compliant 
sinuses of Valsalva may have necessitated a deeper implantation of the valve frame in the 
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aortic annulus. This could avoid occlusion of both coronary ostia. Hatoum et al. attached 
the model of a patient who experienced CAO during TAVR, to a left heart pulse simu-
lator [40]. The patient’s preoperative haemodynamics were replicated. The coronary 
artery flow rate was measured before and after valve implantation. Coronary obstruction 
was quantified using the Fractional Flow Reserve (FFR) equation, which is the rate of 
coronary blood flow post-TAVR as a percentage to the pre-procedural coronary blood 
flow rate. FFR below 75% was defined as inadequate coronary perfusion. The FFR of the 
29-mm B-E Sapien 3 was 45.7 ± 0.6%, while the 26-mm B-E Sapien 3 expanded with a 
29-mm balloon gave an FFR of 92.1 ± 1.2%. The 31-mm S-E CoreValve in the supra-
annular and sub-annular implantation depths yielded FFR values of 89.6 ± 1.1% and 
98.3 ± 1.1%, respectively.

Redondo et al. obtained the preoperative CT scans of three patients to construct their 
anatomy on a computer software [44]. TAVI was simulated in silico, in order to esti-
mate the degrees of required rotation needed to obtain commissural alignment of native 
and prosthetic valves. TAVs were deployed in the 3D models according to the calculated 
patient-specific rotation, as estimated in silico. No coronary ostia overlap was detected 
in any of the models. TAVI was then performed on 3 patients according to the specific 
rotation that was calculated in silico and tested on the 3D models. Postoperative CT 
scans confirmed the absence of coronary ostia obstruction.

Challenging cases

Yaku et al. identified an aortic intramural haematoma on the pre-procedural CT scan of 
a patient, whose anatomy was replicated using 3D printing [42]. A pressure gauge was 
used to measure the force exerted on the haematoma during the advancement of the 
catheter in the model. The maximum pressures exerted from the S-E and B-E valve cath-
eters were 155 ± 41 mmHg and 120 ± 14 mmHg, respectively. The B-E valve was cho-
sen to be deployed in  vivo. In another case, the prosthetic mitral valve was shown to 
be very close to the aortic annulus [43]. Concerns were raised as the interaction of the 
TAVR guidewire with the mitral valve could have caused irreversible valve dysfunction. 
TAVR was performed on the patient-specific anatomic model with the selected guide-
wire being safely inserted in the left ventricle, without interference with the mitral valve. 
The same guidewire was used for the clinical procedure.

Discussion
According to the results of this systematic review, simulation of TAVR on patient-spe-
cific 3D printed models portray to be an accurate way of predicting post-procedural 
occurrence of PVL. The models could be used as pre-surgical planning tools in chal-
lenging cases, enabling the delivery of personalised TAVI treatment for better outcomes. 
There is evidence to support that in the future, 3D printed anatomical replicas could be 
used to reduce the incidence of procedural CAO, aortic annular rapture and lower the 
proportion of patients that require PPI following TAVR.

Prediction of TAVR complications

In the 13 studies included, 3D printing was mostly applied to predict paravalvular regur-
gitation, of which six papers assessed this complication [32–37]. The review highlights 
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that patient-specific 3D printed models can be used in various ways to predict post-
procedural occurrence of PVL. The findings show that each methodology has a differ-
ent accuracy in correctly identifying true positive and true negative cases. The light 
transmission test developed by Ripley et al., was more sensitive in predicting the occur-
rence of PVL, compared to the methodology adopted by Hosny et al. [32, 36]. The lat-
ter created a valve sizer according to B-E Sapien valve specifications, which was used 
to simulate TAVI in the physical models. Of note, S-E valves have different designs and 
dimensions to B-E valves. Given that half of the recruited patients received S-E valves, 
using the valve sizer to retrospectively predict the incidence of PVL may have compro-
mised the sensitivity of their test. Reiff et al. have found that patient-specific 3D mod-
els with implanted valves can be used to predict the presence of paravalvular leak with 
high sensitivity (80%) and specificity (90%) [35]. Similarly, Qian et al. have shown that 
maximum bulge index was the second-best predictor of PVL, demonstrating that 3D 
models can be used to predict paravalvular AR with fairly high sensitivity and specificity 
[37]. Although to this day, no single risk factor has been found to be a perfect predictor, 
several anatomical characteristics have been shown to be associated with PVL. Annular 
calcium volume score > 3000 AU is considered the most significant anatomical predic-
tor of PVL, with sensitivity of 86% and specificity of 80% [45]. The AEI is used to define 
the ovality of the aortic annulus, with zero indicating a perfect circle [46]. Wong et al. 
have shown that an AEI of greater than 0.25 can predict the occurrence of PVL with a 
sensitivity and specificity of 80% and 86%, respectively [46]. It appears that simulation 
of TAVR on patient-specific 3D printed models can achieve comparable sensitivity val-
ues to the most significant anatomical predictors of PVL. However, the results should be 
interpreted with caution. The studies have retrospectively recruited their participants, 
and as such knew which patients had clinically confirmed leakage. This may have intro-
duced bias during the in vitro assessment of PVL, favouring higher sensitivity and speci-
ficity values. Before making any recommendations for the application of 3D printing in 
clinical practice, future studies should aim to use 3D models to predict the occurrence of 
PVL prospectively.

A number of studies have found that even mild PVL is associated with significantly 
poorer long-term outcomes and higher mortality rates [47, 48]. Furthermore, post-
implantation procedures, such as balloon post-dilation, as a means of reducing the 
severity of PVL, carry additional risks [49]. Emerging data highlight the necessity for 
accurate prediction of PVL severity preoperative, in order to carefully select the size and 
type of valve to be implanted. Predicting the severity of PVL outside the human body 
can be particularly challenging, due to the fact that regurgitant volume is influenced 
by haemodynamic conditions and tends to be greater during systole [50]. This might 
explain why eligible studies that tried to predict the grade of PVL without taking into 
consideration the dynamic nature of paravalvular AR across the cardiac cycle have failed 
to get accurate predictions [32, 35, 37]. This review supports that imitating the in vivo 
haemodynamic conditions inside 3D models that resemble in  situ tissue with realistic 
tensile and texture strength and flexibility could be an accurate way of predicting the 
severity of PVL. However, unless further studies with larger sample size reproduce these 
findings, the clinical application of 3D printing for the prediction of PVL severity cannot 
be recommended yet.
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Oversizing of the TAV relative to the circumference of the aortic annulus by more than 
25% may cause the annulus to rapture due to exertion of high radial force [51]. One study 
has shown that practising TAVR on 3D models could be useful in predicting aortic annu-
lar rapture [38]. To predict this complication, the materials used to 3D print the models 
should approximate the modulus of elasticity of human aortic tissue. Currently available 
3D printing materials, exhibit strain-softening mechanical behaviour when subjected to 
tension, which is opposite to the strain-stiffening behaviour of normal human vascula-
ture [33, 35, 36, 38, 41]. Wang et al. have demonstrated that multi-material 3D printers 
can be used to create meta-materials with similar mechanical properties to human tissue 
[52]. This was achieved by embedding sinusoidal wave structures, printed using a stiff 
material, to the soft wall of the 3D models. In this way, they were able to approximate the 
strain-stiffening properties of human tissue, and have shown that it is possible to print 
patient-specific tissue-mimicking 3D printed models. Future studies should replicate the 
anatomy of patients with postoperative aortic annular rapture, to explore the accuracy of 
using patient-specific tissue-mimicking 3D models to predict the adverse event.

Safety of TAVR

This review supports that pre-surgical rehearsal of TAVI on patient-specific 3D printed 
models can help mitigate the risk of occurrence of certain procedural complications. In 
particular, Hatoum et al. tested different valve sizes, types and implantation depths, and 
concluded that a deeper implantation of an S-E valve could have prevented the occur-
rence of CAO [40]. This raises the issue as to whether pre-procedural benchtop TAV 
deployment in 3D models could have prevented the death of four patients who died as a 
result of CAO. It can be argued that preventative planning by means of 3D printing may 
help improve the safety of the procedure. To strengthen this argument, this review draws 
the reader’s attention to two studies that used 3D printing to ensure the safety of TAVR 
prospectively [42, 43]. The challenging anatomies of two patients were printed, enabling 
interventional cardiologists to practise different catheter advancement methods. In each 
case, the surgeons had selected the personalised approach that was shown to be associ-
ated with the highest chance of procedural success. The outcomes of the clinical pro-
cedures, which are summarised in Table 1, show that no adverse events had occurred 
during TAVR and that the patient with the aortic intramural haematoma was doing well 
6 months postoperatively.

A proportion of patients who require PPI following TAVR remain undesirably high 
[53]. Haghiashtiani et  al. have shown that 3D models with internal pressure sensors 
can be used to reduce the incidence of NOCDs [41]. Their tests have shown that, had 
the selected valve been implanted in a supra-annular position, the conduction distur-
bance might have been prevented. Shallow positioning of the 29-mm valve was found 
to exert lower pressure on the critical region and thus lower chance of disrupting the 
conduction of signals through the pathways. Simulation of TAVR on the 3D model 
could have predicted the occurrence of the adverse event and would possibly guide the 
selection of the appropriate depth of implantation. However, the pressure threshold val-
ues, above which conduction disturbances occur have not been previously established, 
which further complicates the process of preventative planning. This could be a topic 
for future research. Studies should recruit large cohorts of patients with and without 
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post-procedural conduction disturbances and utilise patient-specific models with inter-
nal sensors to define threshold values. The 3D models could then be used in clinical 
practice, to guide the selection of the most appropriate valve size, type and implantation 
depth on an individual patient basis.

Usefulness and practicality

This review aimed to evaluate the application of 3D printing for TAVR, in order to 
explore the possibility of introducing this technology as a standardised pre-surgical 
planning tool in clinical practice. As previously mentioned, pre-procedural imaging 
scans are useful in measuring certain anatomical features, which help clinicians plan 
for the procedure. However, physical interactions between the patient’s anatomy and 
the valve prosthesis cannot be inferred from imaging data. For instance, the valve tends 
to maintain circularity during expansion in situ and subsequently may reduce the oval-
ity of the annulus [54]. These physical interactions can be replicated inside 3D models 
and may therefore provide better insight into the adaption of the valve after deployment 
[55]. Although 3D printing may help to prevent the occurrence of several complications, 
the practicality of its use in clinical practice remains unclear. Production of high-quality 
patient-specific models is both time consuming and costly [31]. Tertiary centres offering 
TAVI would need to be supplied with expensive, SLA or material jetting printers that 
will be able to print the patient’s anatomy with high accuracy. Furthermore, appropri-
ately trained personnel would be required to segment the desired anatomy and prepare 
the digital files for printing. Pre-procedurally, surgeons would need to spend lots of time 
in testing several different valves which may be impractical in emergency situations. 
Transcatheter heart valves are expensive themselves, and testing a range of different 
types and sizes in each model may not be a sustainable option. Other TAVR complica-
tions, such as intra-procedural major bleeding or post-procedural stroke events, will be 
much more difficult to replicate and consequently plan for using 3D printing. Finally, if 
the clinically recommended prosthesis is tested on 3D models and found to obtain inap-
propriate fit, it is unclear how such disagreements should be resolved. Taking into con-
sideration the findings of this review and the discussed limitations of 3D printing, there 
is currently weak evidence to support the application of 3D printed models as a stand-
ardised pre-surgical planning tool for TAVR. Large randomised controlled trials should 
examine the effects of preoperative planning using patient-specific models on appropri-
ate clinical outcomes, used in the conduct of TAVR clinical research, such as all-cause 
mortality, length of hospitalisation, presence and severity of valve-related complications 
or patient-reported quality of life [56].

Study limitations
Despite all efforts to select the most appropriate evidence for this review, it is possible 
certain bias would have been introduced in the rejection of research report, when con-
sidering eligibility. Despite this, the eligibility criteria are summarised in Table 1, which 
allow independent researchers to review the study selection process. Quality assessment 
of included studies was not performed due to the absence of a standardised assessment 
tool for proof-of-concept studies. This highlights the need for a standardised methodol-
ogy to assess the risk of bias in feasibility studies.
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Conclusion
This is the first systematic review that aims to evaluate the application of 3D printing 
in pre-procedural planning for TAVR. The findings of this review show that patient-
specific 3D printed models can be used to predict the occurrence and severity of PVL 
with reasonable accuracy. The existing evidence is limited by the small population size 
and retrospective nature of these proof-of-concept studies that could be addressed 
in future research. Prospective assessment would provide better insight into the 
sensitivity and specificity of benchtop TAVR simulation in predicting paravalvular 
regurgitation. For the prediction of aortic annular rapture, the review suggests that 
tissue-mimicking 3D models may be a better way forward in observing whether the 
annulus can withstand the tensile load of the valve frame. Future research is needed to 
explore the clinical usefulness of these models in mitigating the risk of aortic annular 
rapture. This review shows that it is feasible to use patient-specific 3D printed models 
to test a range of valves and implantation strategies, in order to deliver personalised 
treatment with lower risk of complication occurrence. Adverse events, such as CAO 
or cardiac arrhythmias, requiring the insertion of permanent pacemakers, could be 
prevented with the help of 3D printing. Due to the experimental nature of the stud-
ies on this topic, further research is required to produce clinically relevant evidence 
in order to draw more concrete conclusions. From a clinical perspective, 3D models 
can be used to complement the current clinical practices in planning for challenging 
cases. Despite this, due to practicality issues, patient-specific 3D printed models are 
not recommended for routine clinical practice, as a means of facilitating the decision-
making for the delivery of individual patient care.

Methods
Eligibility criteria

Studies were eligible for inclusion in this review provided that the inclusion and 
exclusion criteria were met. The eligibility criteria are summarised in Table 3.

Information sources and search strategy

This review has followed the PRISMA guidelines for reporting systematic reviews 
[57]. The preferred scholar search engines were searched on the 28/01/2022 with 
no year limit: Web of Science, Embase and MEDLINE. Initially the search strategy 
was specific to 3D printing and TAVR associated complications, which gave very few 
results. The terms used to search for complications were replaced with universal ter-
minology that refer to TAVR. This has helped expand on the results and make sure all 
relevant studies were identified. Relevant free text search terms to be identified in the 
title and/or abstract and Medical Subject Headings were combined using the Boolean 
AND operator. The full electronic search strategy of one of the databases is provided 
below.

Study selection

The option to exclude review articles using the advanced search engine was not 
always possible, and therefore, in two databases the review papers were manually 
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excluded. Following de-duplication, the title, abstract and type of scientific article 
were screened against the eligibility criteria by a single reviewer. The results were nar-
rowed down to potentially relevant articles. Full-text screening of remaining papers 
was performed, whereby eligibility against the inclusion criteria was assessed.

Data collection process

Data collection was performed by the reviewer and the following information was 
extracted from relevant papers: study design including study aims, number of partici-
pants, age range, gender, cardiovascular profile of patients (severity of AS and surgical 
risk score), TAVR approach used in vivo and on the 3D models, patient outcomes, study 
methodology and findings. Imaging scans used to construct the models, the anatomy 
represented by the models, type of 3D printer, materials used for model construction, 
time, costs and key model characteristics were also extracted if available.

Table 3  Eligibility criteria

Inclusion criteria Exclusion criteria

Participants with a diagnosis of aortic stenosis, who 
have undergone TAVR

The application of 3D printing for supravalvular aortic 
stenosis, aortic root replacement, minimally invasive 
aortic valve replacement or surgical aortic valve 
replacement

Use of preoperative imaging data from real patients, 
to segment cardiovascular region of interest and 
construct the models. This process allows the patient’s 
anatomy to be represented by the 3D object

Computational 3D modelling only

Application of any 3D printing method to either con-
struct the patient’s anatomy or print a mould to cast 
3D silicone parts

Studies that exclusively assess the feasibility of creating 
accurate and representative patient-specific 3D models 
from pre-procedural imaging data

Studies should
(a) use patient-specific 3D models as pre-surgical 
planning tools to predict the occurrence of intra- or 
post-procedural TAVR associated complications (e.g. 
PVL, coronary artery obstruction, new-onset conduc-
tion disturbances etc.) or,
(b) perform different TAV approaches (e.g. valve size, 
valve type, implantation depth, etc.) on models, with 
the aim to minimise the complication’s severity or risk 
of occurrence

Studies with a primary focus on using 3D models to 
imitate the haemodynamic changes after the deploy-
ment of the valve

The outcomes obtained through the simulation of 
TAVR on the 3D printed objects must be compared to 
the in vivo outcomes

Studies with a focus on exploring assumptions for the 
biophysical mechanism of complications following TAV 
placement

Review articles, conference abstracts, editorial com-
ments, letters and video–audio journals

3D printed models for training cardiothoracic surgical 
trainees

Studies with no access to full paper

Articles not available in English language
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Appendix A
Search Strategy:

	 1.	 TAVI.ti,ab.
	 2.	 TAVR.ti,ab.
	 3.	 (Transcatheter aortic adj2 replacement).ti,ab.
	 4.	 (Transcatheter aortic adj2 implantation).ti,ab.
	 5.	 Trans-catheter aortic valve replacement.ti,ab.
	 6.	 Trans-catheter aortic valve implantation.ti,ab.
	 7.	 aortic stenosis.ti,ab.
	 8.	 *Transcatheter Aortic Valve Replacement/
	 9.	 3D print*.ti,ab.
	10.	 3-D print*.ti,ab.
	11.	 Three dimensional print*.ti,ab.
	12.	 Three-dimensional heart model.ti,ab.
	13.	 3-dimensional print*.ti,ab.
	14.	 Printing, Three-Dimensional/
	15.	 aortic valve model*.ab,ti.
	16.	 1 or 2 or 3 or 4 or 5 or 6 or 7 or 8
	17.	 9 or 10 or 11 or 12 or 13 or 14 or 15
	18.	 16 and 17
	19.	 limit 18 to english language
	20.	 limit 19 to "review articles"
	21.	 19 not 20

Full electronic search of MEDLINE database.

Abbreviations
AEI	� Annulus eccentricity index
AR	� Aortic regurgitation
AS	� Aortic stenosis
B-E	� Balloon-expandable
CAO	� Coronary artery obstruction
CTA​	� Computed Tomography Angiography
CT	� Computed Tomography
ECG	� Electrocardiogram
FDM	� Fused Deposition Modelling
FFR	� Fractional Flow Reserve
HR	� Heart Rate
LVOT	� Left ventricular outflow tract
mAP	� Mean Arterial Pressure
MRI	� Magnetic Resonance Imaging
NOCD	� New-onset conduction disturbance
PPI	� Permanent pacemaker implantation
PVL	� Paravalvular leak
SAVR	� Surgical aortic valve replacement
S-E	� Self-expandable
SLA	� Stereolithography
STS	� Society of Thoracic Surgeons (score)
TAV	� Transcatheter aortic valve
TAVI	� Transcatheter aortic valve implantation
TAVR	� Transcatheter aortic valve replacement
2D	� Two-dimensional
3D	� Three-dimensional
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