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3D printing in medicine: current applications and future directions
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Introduction

Technical developments in medical imaging techniques
have led to significant improvements in the diagnostic
performance of less-invasive imaging modalities such as
computed tomography (CT), magnetic resonance imaging
(MRI), nuclear medicine and ultrasound. Quantitative
analysis of these imaging modalities allows for detection
and diagnosis of various diseases with high accuracy (1-10).
Despite promising results available in the literature,
traditional two-dimensional (2D) and three-dimensional
(3D) visualization tools are still limited to a 2D screen,
which affect realistic visualization of anatomical structures
and pathologies of 3D datasets, and this is particularly
apparent when dealing with complex pathologies. This has
created potential opportunities for the use of 3D printing
technique in medical applications.

3D printing has shown increasing applications in the
medical field over the last decades with reports covering
different areas which range from its original applications
in orthopedics to cardiovascular disease and tumor
imaging (11-15). In 2016, the Special Interest Group
(SIG) on 3D printing was established by the Radiological
Society of North America (RSNA) to provide guidelines,
recommendations and training sessions for the appropriate
use of 3D printing in medical applications with the aim
of providing better healthcare service to patients (16,17).
There is a growing body of evidence in the literature
to show how 3D-printed models assist clinicians to
better manage patients with improved clinical outcomes.
This editorial mainly focuses on the rapidly expanding
applications of 3D printing in medicine, in particular
in congenital heart disease (CHD), vascular disease and
tumors. Furthermore, an emerging area of using 3D-printed
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models to develop optimal CT scanning protocols is also
discussed, with future research directions highlighted.

Current clinical applications

Patient-specific 3D-printed models are most commonly
generated by using patient’s CT or MRI imaging data
which undergo a series of image postprocessing and
segmentation steps to extract the regions of interest
(desired anatomical structures and pathologies) from
volumetric data. 3D-printed models have been shown
to accurately replicate normal anatomical structures and
pathologies (18-20). Clinical value of 3D-printed models
in the craniomaxillofacial area has been confirmed since
the late 1980s (21,22). According to the appropriateness
guidelines developed by the SIG, 3D-printed models
have shown advantages and usefulness in patients with
complex skull, facial and mandibular fractures, and
temporomandibular joint disorders, benign and malignant
tumors (16). This has been well supported by sufficient
studies in the literature, thus it won’t be covered in this
editorial. Emerging and new applications are showing
promise in cardiovascular disease, tumor imaging and
optimal CT scanning protocols, hence, the following
sections will focus on these areas.

3D-printed models in CHD

Due to complex cardiac anatomy associated with CHD, 3D
printing serves as a useful tool to improve the understanding
of CHD. Studies support the clinical value of 3D-printed
models in CHD, specifically with reported usefulness of
3D printing in pre-surgical planning and simulation of
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complex situations (9,18,23-25). Although most of the
current literature on 3D printing in CHD is dominated by
case reports and case series, emerging evidence based on
randomized controlled trials and multicenter studies further
confirms its incremental value over traditional visualization
tools (26-31).

Loke er al. studied how the 3D-printed heart models
impacted on learning complex CHD such as tetralogy of
Fallot (ToF) (28). They randomly assigned 35 second year
pediatric residents to two groups with 17 using standard
2D method of depicting ToF and 18 using 3D-printed
model of the cardiac defect. Both groups were asked to
complete pre- and post-session questionnaires to determine
their knowledge, learning satisfaction and self-efficacy
ratings about cardiac defects. Their results showed that
3D-printed models enhanced residents’ understanding and
satisfaction during the teaching sessions when compared
to 2D images, and increased their confidence in managing
patients with ToF. Similar findings are reported by White
et al. (29) who divided 60 pediatric residents into two
groups, 29 participating in the control group and 31 in
the intervention group. Both groups received the same
20-min lecture including 2D images of ventricular septal
defect (VSD) or ToF, while the intervention group was
given 3D-printed models of normal hearts and each
CHD. Although 3D-printed models did not add beneficial
value for understanding simple CHD such as VSD,
they significantly increased participant’s confidence and
knowledge in complex CHD such as ToF. This further
confirms the advantages of 3D-printed physical models over
traditional image visualizations for demonstrating complex
cardiac lesions with a higher level of understanding.

Valverde et al. reported their multicenter study experience
of using 3D-printed models of CHD and the corresponding
impact on surgical planning and treatment (30).
This study included 40 patients with complex CHD
from ten international centers. 3D-printed models were
generated using CT and MRI images with high accuracy of
depicting anatomical structures (mean bias: -0.27+0.73 mm).
3D-printed models did not lead to change in surgical
decision in 52.5% cases, most likely due to simplicity of
the CHD cases. However, in nearly half of the cases (48%),
the surgical approach was redefined by use of 3D-printed
models, highlighting the clinical value of 3D-printed
models in managing complex cases.

In a recent study, Ryan et a/. reported their single center
experience of using 3D-printed models in CHD (31). Over
a duration of 3-year period, 928 cardiothoracic surgeries
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were performed at their pediatric hospital, of which 164
anatomical models were generated for different purposes,
such as education, patient-doctor communication, pre-
surgical intervention and planning. Seventy-nine 3D
models were specially used in the surgical planning of CHD
cases. This retrospective study demonstrates the integration
of 3D printing technology into clinical practice and its
impact on patient’s care with reductions in the operation
room and care length with assistance of 3D-printed
models. Furthermore, the 30-day readmission and 30-day
mortality rates were lower with use of 3D-printed models
when compared to the standard of care, although this did
not reach statistical significance. 3D-printed models have
been further confirmed to be an effective tool in surgical
planning of complex CHD patients, although prospective
multicenter trials are needed to validate these findings.

3D-printed models in cardiovascular disease

Applications of 3D printing in other cardiovascular disease
or cerebrovascular disease are mainly based on isolated
case reports or case series (23,32-36). Systematic reviews of
cardiovascular disease including CHD showed that 42-61%
of studies were based on case reports of 3D-printed heart or
vascular models (23,32-34). In addition to its usefulness in
replicating vascular diseases such as aortic/cerebral aneurysm
and pre-surgical planning and simulations, 3D-printed models
are also reported to guide stent graft placement and assess
coronary lumen stenosis due to calcified plaques (37,38).

Our experience shows that 3D-printed models accurately
replicated aortic aneurysm and aortic dissection based on
patient’s CT imaging data, although some measurement
differences at the aortic locations and true lumen were more
than 1.0 mm (33,34). It is challenging to reproduce the
intimal flap on 3D printing models due to very thin and fine
structure, however, this was addressed by Hossien ez al. (35).
Authors created 3D-printed models of type A acute aortic
dissection in three cases with aortic tear commencing in
the ascending aorta with involvement of aortic branches
to some extent. Solid aortic models were produced using
polylactic acid materials with demonstration of true and
false lumen in relation to the aortic branches (Figure I).
They also demonstrated the intimal flap which separates the
true lumen from the false lumen in the 3D-printed model
(Figure 2). These models can be used to guide complex
endovascular repair of aortic dissection, allow for surgical
simulation and serve as a training tool for medical students
and clinicians.
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Figure 1 Three-dimensional (3D) reconstruction of the aortic dissection of a patient, where the aortic tear located in all segments of the
aorta with flap propagated to all segments of the aorta. (A) Computed tomography scan of the chest showing complete dissected aorta;
(B) thresholding of the dissected aorta; (C) integration of segmented aorta with 3D CT image; (D) 3D surface rendering of the aorta and
surrounding structures; (E) 3D segmentation of the aorta; (F) 3D-printed model of the TAAD. TAAD, type A acute aortic dissection; TL,

true lumen; FL, false lumen. Reprinted with permission from Hossien et 4/. (35).

Figure 2 3D-printed model showing aortic branches and aortic dissection including intimal flap. (A,B) 3D printing of all components of
TAAD (aortic wall, TL, FL and flap). TAAD, type A acute aortic dissection; TL, true lumen; FL, false lumen. Reprinted with permission
from Hossien et al. (35).

Huang and colleagues in their case report further applied Different from other studies, they produced a 3D-printed
the 3D-printed model to guide fenestrated stent grafting skin template based on CT data with the aim of locating the
in a patient diagnosed with juxtarenal aortic aneurysm (37). fenestration position on the stent graft. The skin template
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Figure 3 3D virtual intravascular endoscopy images of plaque at left circumflex acquired with different beam energies and slice thicknesses.

The plaque became irregular when the slice thickness of 0.491 mm was used for image reconstruction. Arrows indicate simulated thrombus

in the main pulmonary arteries. Reprinted with permission from Sun ez a/. (38).

was used to cover the stent graft prior to the surgical
procedure for providing accurate location of fenestration
holes on the stent graft. This represents a novel approach
for improving fenestration accuracy on the stent graft,
although further research on more cases is needed.

Our recent phantom experiments using high resolution
synchrotron radiation have demonstrated the effect of
spatial resolution on the visualization of coronary calcified
plaques and associated lumen stenosis (38). Patient-specific
coronary artery models were printed using soft and elastic
TangoPlus material, while calcified plaques were printed
with rigid VeroWhite material to represent calcification.
These plaques were inserted into the three coronary models
simulating 45-90% lumen stenosis with images acquired
with high resolution synchrotron radiation CT resulting
in slice thicknesses ranging from 0.095, 0.208, 0.302 to
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0.491 mm. Both 2D and 3D assessments showed that the
high-resolution images (acquired with resolutions between
0.095 and 0.302 mm) allow for accurate assessment of
coronary plaques and lumen stenosis, while images acquired
with a slice thickness of 0.491 mm result in significant
overestimation of stenosis due to calcified plaques (Figure 3).
High resolution or ultra-high-resolution CT indicates the
research direction of improving diagnostic value of CT
angiography in calcified plaques.

3D-printed models in tumors

Imaging techniques play an important role in the diagnostic
assessment of tumors with regard to size, location and
extent of the tumors which are essential for surgical
planning and decision making of tumor resection. Due to
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Figure 4 Anterior (A), posterior (B), superior (C), and inferior (D) views of the 3D-printed liver model generated from CT images,

demonstrating the liver parenchyma (transparent), inferior vena cava and hepatic veins (purple), portal veins (blue), the tumor, and hepatic

arterial supply (pink). 3D, three-dimensional; CT, computed tomography. Reprinted with permission from Perica and Sun (42).

complexity of relationships between tumor and surrounding
structures, 3D printing technique has shown great value in
assisting tumor pre-surgical planning and simulation with
studies documenting different types of tumors that involved
brain, liver, kidneys and heart (39-45).

Of these applications, 3D printing has been increasingly
used in the pre-surgical planning and simulation of hepatic
and renal malignant tumors. A recent systematic review
has analyzed 19 studies reporting the clinical application of
3D-printed liver models (39). Despite most of the studies
being case reports in the review, qualitative and quantitative
results showed the usefulness of the 3D-printed models
in the preoperative planning and simulation of surgical
procedures of liver lesions, as well as in medical education
and training (Figure 4). 3D-printed models are shown to
accurately detect hepatic structures and tumors with high
accuracy when compared to original CT images, according
to a recent study with analysis of 15 patient-specific 3D
models (20).

Similarly, another systematic review has analyzed 15
studies reporting the 3D-printed kidney models (15). Of
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these studies, more than half of them (53%) reported
quantitative findings of 3D-printed model accuracy in
displaying renal structures or renal tumors, or reduction in
intraoperative examination time, while the remaining seven
studies reported qualitative analysis of 3D-printed kidney
models in improving patient’s understanding of normal
anatomy and pathology, and clinical value of 3D-printed
in models in pre-surgical planning or simulation of renal
procedures and reduction of complications associated with
operations. Despite these promising results, clinical trials
with inclusion of a large cohort of data at multiple clinical
sites are needed.

3D-printed models in optimization of CT
scanning protocols

An emerging research direction in using 3D-printed models
is to develop optimal scanning protocols with low radiation
dose and acceptable image quality (46). Traditionally,
anthropomorphic phantoms are used to optimize imaging
protocols, however, these phantoms only represent average
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Figure 5 CTPA protocols with use of different kVp and pitch values. (A,B) When pitch was increased to 3.2, image noise was increased with

70 and 80 kVp protocols; (C,D) in contrast, no significant change of image quality was noted with 100 and 120 kVp protocols, regardless of

pitch values. CTPA, computed tomography pulmonary angiography. Reprinted with permission from Aldosari ez al. (48).

adults or pediatrics. Patient-specific 3D-printed models
based on patient’s imaging data offer realistic models with
a high accuracy in replicating anatomy and pathology, thus
serving as a reliable tool to optimize CT protocols.
Currently, 3D-printed heart and pulmonary artery models
have been used to test different CT scanning protocols
for dose optimization (47-49). The 3D-printed cardiac
insert phantom developed by Abdullah er 4/. represents a
novel approach for optimizing cardiac CT protocols (48),
while 3D-printed pulmonary artery model by Aldosari
et al. indicates another new approach for optimizing CT
pulmonary angiography protocols with simulation of main
and peripheral pulmonary embolism (Figure 5). Significant
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dose reduction up to 80% can be achieved with resulting
diagnostic images of detecting pulmonary embolism at the
main and peripheral pulmonary arteries, thus highlighting
the feasibility of using 3D-printed pulmonary model for
developing low-dose CT protocols (48,49).

Summary and future research directions

3D-printed models have been used in many medical
areas ranging from accurate replication of anatomy and
pathology to assist pre-surgical planning and simulation of
complex surgical or interventional procedures, serve as a
useful tool for education of medical students and patients,
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and improve doctor-patient communication. Furthermore,
patient-specific 3D-printed models can be used as a cost-
effective tool to develop optimal CT scanning protocols.
Current research should go beyond investigation of the
model accuracy to focus more on clinical trials regarding
the impact of 3D printing on clinical decision-making and
patient’s outcomes. Prospective studies with inclusion of
more cases at multi-center sites are desirable to validate
these findings. With further technical improvements in
3D printing techniques and reductions in printing cost
and image post-processing time, 3D printing will be
incorporated into routine clinical diagnosis in the near
future.
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