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Abstract: Successful liver cancer resection requires a comprehensive pre- and intraoperative under-
standing of the spatial relationships between a patient’s cancer and intrahepatic anatomy. The recent
literature has highlighted that patient-specific 3D-printed liver models (3DPLMs) reconstructed from
medical imaging data may enhance the comprehension of patients’ liver anatomy and thereby provide
a useful preoperative planning and intraoperative guidance tool for liver cancer resection (LCR). The
purpose of this systematic review was to critically examine the utility and feasibility of 3DPLMs for
LCR surgical planning and intraoperative guidance and explore whether these applications improve
patient outcomes. Articles were retrieved from four electronic databases (Scopus, Embase, PubMed,
and Curtin University Database) according to predetermined eligibility criteria. In total, 22 eligible
articles were identified, including 11 original research articles and 11 case reports. Key concepts were
synthesised using an inductive content analysis approach suitable for this heterogeneous body of
literature. There is significant descriptive and case-report evidence that 3DPLMs strengthen pre- and
intraoperative comprehension of patient liver and liver tumour anatomy and can enhance pre- and
intraoperative surgical decision making for LCR. The analysis of these studies presents large variances
in the times and costs necessary to produce 3DPLMs, as studies did not provide the full expenses
of materials, software, and equipment. Production times were focused on different aspects of the
3D printing process and were not comparable. The review nonetheless demonstrates the potential
value of 3DPLMs as preoperative planning and intraoperative guidance tools for LCR. Future studies
should detail these economic data points to ensure 3DPLMs’ viability. Further experimental research
and randomised controlled trials are also necessary to examine the relationship between 3DPLMs
and patient’s intra- and postoperative outcomes.

Keywords: three-dimensional printing; hepatic tumour; liver cancer resection; model; surgical
planning; intraoperative guidance

1. Introduction

Liver cancer is among the most commonly diagnosed malignancies globally and is the
third leading cause of cancer deaths worldwide [1–4]. Its global incidence is predicted to
accelerate, implicating significant mortality and burden of disease [1,2]. The most common
radical treatment for liver cancer in patients with adequate healthy liver reserves is surgical
resection [5–10]. Successful resection relies on highly specific preoperative planning due to
the liver’s complex anatomy and significant anatomical variability between patients [10–13].
Hepatic vasculature, for example, may present multiple common variants. The right,
middle and left hepatic veins each have three to four independent variants, while the portal
veins, hepatic arteries and the biliary tree may also have structural variance [10]. This
increases the complexity of the spatial relationships between intrahepatic structures and,
therefore, requires adaptive and personalised surgical techniques [10]. During resection, a
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sufficient future liver remnant must be preserved, while tumours must be resected with
an adequate margin to prevent reoccurrence [10,13,14]. This requires a comprehensive
pre- and intraoperative understanding of the spatial relationships between a patient’s
cancer and hepatic anatomy [10,15,16]. The increasing preference for laparoscopic resection
procedures that restrict surgical field overview further emphasises the importance of this
understanding [12,17].

Computed tomography (CT) and magnetic resonance imaging (MRI) are fundamental
in preoperative planning of liver cancer resection (LCR) [10–13,18]. CT provides three-
dimensional (3D) datasets with high spatial resolution; hence, it is traditionally most
commonly used in studies for image processing and segmentation of hepatic structures.
In recent years, MRI has also increasingly been performed in liver imaging due to its high
contrast-to-noise ratio, and the opportunity of making a clinical diagnosis without using
contrast medium. These modalities require the surgeon to mentally reconstruct a 3D visuali-
sation of the liver and its structures from a series of two-dimensional (2D) images [13,15,19].
This can be particularly challenging due to liver’s complex anatomy and the sophisticated
spatial relationships between its intrahepatic structures [10,13]. Three-dimensional volume
renderings (3DVRs) assist in comprehending these relationships; however, they still require
the surgeon to mentally reconstruct depth and spatial location information from a 2D
image [16,18,19].

Advances in 3D printing (3DP) may alleviate these difficulties through the introduction
of patient-specific 3D-printed liver models (3DPLMs) [20]. 3DP is a form of additive
manufacturing where 3D objects are fabricated layer by layer from a digital file [21]. There
are several 3DP technologies currently utilised in medicine, and at baseline, these involve
a liquid, powder, or filament material being selectively deposited and then fused layer
by layer via light, thermal energy, or a bonding agent to produce a solid material [21,22].
Segmentations of patients’ individual liver anatomy and pathology from their medical
imaging data can be reconstructed in 3D file formats suitable for 3DP and then used to
print representative 3DPLMs [12,17].

Previous literature reviews by Perica and Sun [20], Witowski et al. [23] and Bangeas
et al. [24] highlight 3DPLMs’ surgical planning value; however, there is limited system-
atic research describing whether 3DPLMs enhance LCR surgical planning, or examining
whether 3DPLMs improve LCR patients’ intra- and postoperative outcomes. This review,
therefore, seeks to build on previous 3DPLM literature by providing an up-to-date critical
examination of the utility of 3DPLMs for surgical planning and intraoperative guidance
of LCR, exploring whether these applications improve patient outcomes. The rapidly
advancing nature of 3DP technology [25,26] justifies an updated review, as does the rising
incidence of liver cancer and increasing preference for laparoscopic approaches, which
should increase demand for tools that enhance preoperative comprehension of patient
liver anatomy.

The following research question will be explored: Do 3DPLMs enhance surgical
planning and intraoperative guidance of LCR to improve patient outcomes? To address
this question, this review will describe qualitatively the impact of 3DPLMs on pre- and
intraoperative LCR surgical decision making, while considering how 3DPLM production
methods affect their clinical feasibility, and explore how 3DPLMs affect patients’ LCR
outcomes, using several measures, including future liver remnant volume; surgery duration;
intraoperative blood loss; postoperative success (i.e., adequate resection margins and lack
of reoccurrence) vs. morbidity (i.e., postoperative liver devascularisation or failure); and
patients’ LCR literacy/knowledge and ability to provide informed consent.

2. Materials and Methods
2.1. Search Strategy

A thorough literature search was performed following the Preferred Reporting Items
for Systematic Review and Meta-Analysis guidelines [27]. Three primary searches were
conducted across the Scopus, Embase, and PubMed databases, and the Curtin Library
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Catalogue (Table 1). The Curtin Library Catalogue contains research articles from an exten-
sive list of scholarly databases beyond Scopus, Embase, and PubMed, and was, therefore,
utilised to broaden the search results and achieve a more comprehensive literature search.

Table 1. Search strategies to identify suitable studies for inclusion in the review.

Search No. Boolean Operator Term Field

Search
Strategy 1

hepat* OR liver Title
AND print* OR model* Title

AND 3D OR 3-dimensional OR three-dimensional OR
“3D-printed” OR “3D-printing” Title

AND tumour* OR tumor* OR cancer* OR carcinoma* OR
malignan* OR metas* Any field

AND surg* OR oper* Any field
AND patient* OR segment* Any field

Search
Strategy 2

hepa* OR liver Title
AND print* OR model* Title

AND 3D OR 3-dimensional OR three-dimensional OR
“3D-printed” OR “3D-printing” Title

AND 3D-print* OR “3D print” OR “3D printing” Any field

AND tumour* OR tumor* OR cancer* OR carcinoma* OR
malignan* OR metast * Any field

AND outcom* OR patien* OR consent* OR duration OR
time OR success OR morbidity OR result* Any field

Search
Strategy 3

“medical imaging” OR “computed tomography” OR
CT OR “magnetic resonance imaging” OR MRI Title

AND 3D OR 3-dimensional OR three-dimensional OR
“3D-printed” OR “3D-printing” Title

AND print* OR model* Title
AND liver OR hepat* Any field

The asterisk (*) placed at the end of search terms above is a wildcard search operator which automatically
includes alternate endings of that word in the search (eg. ‘hepat*’ will include, ‘hepatobiliary’, ‘hepatic’,
‘hepatectomy’, etc.).

Search Strategy 1 was designed to identify results discussing 3DPLMs in the context
of liver cancer surgery/operations, while Search Strategy 2 used specific search terms to
return literature discussing patient outcomes. Search Strategy 3 was a broader search to
ensure comprehensive coverage of the literature. The search engine wildcard asterisk (*)
symbol was used to further broaden the search results, with the final search for this review
being performed in early June 2023.

2.2. Inclusion and Exclusion Criteria

Results were included if they were peer-reviewed, full-text articles published in
English in the last five years examining the 3DPLM applications in LCR surgical planning
and/or intraoperative guidance. The five-year publishing date threshold was selected to
establish currency as 3DP technology has advanced rapidly over recent years. Articles
discussing 3DP production methods/materials were included, as these factors directly
impact 3DPLMs’ clinical validity and feasibility [28]. Articles describing 3D-printed liver
phantoms for surgical simulation were also included, as 3D-printed phantoms in other
specialties can provide tangible surgical benefits [28]. The limited original research present
in the literature ultimately required the inclusion of case reports, which was a common
practice in previous 3DPLM reviews [20,23,24]. To ensure a suitability-focused review,
articles were excluded if they concentrated exclusively on liver transplantation or non-
cancerous pathology; if they discussed clinical education exclusively without carry over to
surgical planning/performance; or if they focused exclusively on 3D bioprinting. Articles
were also excluded if they were cadaver studies or if they were not available in English.
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2.3. Article Identification, Screening, and Quality Assessment

After performing all searches, duplicate results were removed. The remaining articles
were screened by title and abstract to exclude irrelevant results. After full-text screening,
16 eligible articles were identified [9,11,13,15–17,19,22,29–36]. These articles’ references
were examined to identify five secondary articles [12,14,37–39]. One further article was
identified serendipitously during a manual search [40]. Altogether, 22 articles were identi-
fied for inclusion in the review (Figure 1). The quality of each study was assessed using
the “Quality Assessment Tool for Studies with Diverse Designs” (QATSDD), developed by
Sirriyeh et al. [41], which evaluates the methodological and reporting quality of the studies
by ranking them against 16 quality criteria. The QATSDD is an established tool designed
specifically to assess diverse evidence within systematic reviews in healthcare [41] and is,
therefore, highly applicable to the literature included in this review. Reference searching
and data extraction was conducted by one assessor (T.R.), with results validated by another
assessor (A.W.).
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2.4. Data Extraction and Synthesis

The articles’ heterogeneity and limited quantitative evidence excluded the use of statis-
tical/quantitative analysis methods in this review [42,43]. Data were instead extracted and
synthesised using an inductive content analysis approach [44]. This method is appropriate
to distil and synthesise the identified literature in a way that defines key concepts [42–44].
Each article was read thoroughly, and open coding was applied. Codes were tabulated and
then grouped to define overarching concepts that, when synthesised, describe 3DPLMs’
impacts on LCR surgical planning, intraoperative guidance, and patient outcomes.
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3. Results

The articles identified for review constitute a highly heterogeneous body of litera-
ture, consisting of 11 case reports, of which 1 is an international conference paper [12]
included to increase the review’s comprehensiveness [45]; and 11 original research studies,
of which 3 employ a true experimental research methodology, 2 are quasi-experimental
studies [15,35], 1 is a descriptive survey study [11], and 5 are observational
studies [16,17,19,34,38]. Table 2 further summaries each article’s key characteristics.

The heterogeneous literature prompted quality assessment via the QATSDD from
Sirriyeh et al. [41], the results of which are shown in Table 3. The QATSDD highlighted
the major limitation of the selected articles—and by extension, the major limitation of this
review itself—which is that there is a very limited proportion of methodologically rigorous
research describing 3DPLMs’ applications in LCR. The majority of presented evidence
is qualitative case-report evidence or is significantly lacking in methodological rigour or
statistical significance. It is currently not possible to generalise findings to inform 3DPLM-
LCR practice; however, clear themes emerge in this review that may have explanatory
power concerning 3DPLMs’ utility in LCR, which may motivate future research efforts to
rigorously evaluate the impact of 3DPLMs on LCR patients’ outcomes.
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Table 2. Study characteristics and key findings in eligible articles.

Article Purpose Country of
Origin Study Design Sample

Imaging Modality/3D
Modelling

Software/3DP Method
3DP Materials/

Production Costs and Time Relevant Findings

Rhu et al. [9] (2021)

Produce a 3DPLM to guide
surgical planning and

intraoperative procedure for a
complex LCR case.

Korea Case report

Patient
w/hepatocellular

carcinoma and
intrahepatic metastases

n = 1

MRI
Mimics

FFF

3DP materials N/P
USD 15 material costs

6 h. printing time

3DPLM improved understanding of
tumour location during preoperative

planning and improved comprehension of
the surgical field intraoperatively to guide

resection.

Streba et al. [11] (2018)

Design a reproducible,
cost-effective method for liver

tumour 3DP, which
incorporates tissue stiffness

information.

Romania Descriptive
survey

Medical students
n = 43

Residents
n = 12

CT and MRI
InVesalius 3.1.1,

Meshmixer, UP Studio
FFF

Co-polyester filament material
Production cost N/P

Time N/P

3DP liver tumour models may demonstrate
clinical utility in resection surgical planning

and education.

Guachi
et al.

[12] (2021)

Develop a workflow to produce
individualised 3DPLMs from

medical imaging data.
Italy Case report

Patient w/liver
tumour

n = 1

CT
Mimics and Slicer

FFF

PLA
Production cost N/P

Time N/P

FFF approach to 3DP provides balance
between quality, time, and cost; however, it
cannot mimic liver tissue characteristics for

surgical simulation.

Huber et al. [13] (2021)
Explore how 3DPLMs assist

preoperative planning of
complex LCR.

Germany Case report Liver surgery cases
n = 10

CT
Cella Medical Solutions

Methods N/P

TPUR–parenchyma,
ABS–intrahepatic structures
EUR 1500–2000 cost per case

10-day production time

3DPLMs improved preoperative planning
for resection planes and liver vascular

reconstruction.
3DPLMs improved intraoperative detection

of small/deeply located metastases.

Muguruza Blanco et al.
[14] (2019)

Produce a
patient-individualised 3DPLM

with functionalised internal
surfaces for use in surgical

planning.

Spain Case report
Patient w/hepatic

metastases
n = 1

CT and MRI
Mimics, Meshmixer,

Keyshot
FFF

PLA and PVA–3DP mould
+ 3 silicone rubbers tested

~EUR 120 per model
~10 h. segmentation and
rendering time per model

Translucent, soft 3DPLMs assisted surgical
simulation and planning by allowing

surgeons to rehearse surgical incisions
while viewing the spatial relationships

between intrahepatic structures.

Huettl et al. [15] (2021)

Compare the clinical utility of
3DPLMs, 3D virtual reality, and

2D imaging for preoperative
planning of LCR.

Germany Quasi-
experimental

HPB doctors and
medical students

n = 30

CT
Synapse 3D

Cella Medical Solutions
Methods N/P

TPUR–parenchyma
ABS–intrahepatic structures

Production cost N/P
Time N/P

Use of 3DPLM improved participants’
accuracy and speed in identifying the

locations of liver tumours.

Yang et al. [16] (2019)
Investigate if 3DPLMs improve

appreciation of surgical
anatomy.

China Prospective
comparative

Surgical residents
n = 45

CT
Mimics 14.01, PolyJet

Studio 3D
FFF

Transparent photopolymers
~USD 1200 production cost

Time N/P

3DPLMs improved participants’ ability to
correctly assign tumour location and
provide appropriate resection plans.

Witowski
et al.

[17] (2020)

Evaluate the impact of 3DPLMs
on preoperative decision

making for laparoscopic LCR.
Poland Prospective

observational

Patients w/liver
malignancies

undergoing laparoscopic
liver resection

n = 19

CT
3D Slicer

FFF

PLA–intrahepatic structures
Transparent

silicone–parenchyma
Production cost N/P

~5 days production time

3DPLMs changed the preoperative surgical
plan for several patients by providing

better comprehension of spatial
relationships between liver lesions and

vasculature.

Cheng et al. [19] (2022)

Method to improve the
efficiency and cost of 3DPLM
production. Explore the value

of 3DPLMs for complex
laparoscopic hepatectomy.

China Prospective
comparative

Patients w/HPB cancer
for laparoscopic

resection
n = 54

CT
E3D, Ultimaker Cura

SLA

Photosensitive resin
USD 104.40 µ production cost

56.8 h. µ production time

3DPLMs assisted surgical planning and
intraoperative decision making, although

there were no significant differences in
patient outcomes between the 3DP and

non-3DP groups.



Appl. Sci. 2023, 13, 10757 7 of 18

Table 2. Cont.

Article Purpose Country of
Origin Study Design Sample

Imaging Modality/3D
Modelling

Software/3DP Method
3DP Materials/

Production Costs and Time Relevant Findings

Valls-
Esteve et al.
[22] (2023)

Cost-effective approach to
producing

patient-individualised 3DPLMs
for use in surgical simulation

and training.

Spain Case report
Paediatric patients
w/liver tumours

n = 3

CT
IntelliSpace Portal

FFF and SLS

PLA, PA12, silicone
~EUR 500 per model

8–24 h. per model

Transparent, soft silicone ‘parenchyma’ cast
inside 3DP mould enhanced surgical

planning and allowed physical
practice/rehearsal using surgical

equipment.

Cheng et al.
[29] (2023)

Compare the value of 3DPLMs,
3D virtual reconstruction, and

2D imaging for resection
surgical planning and intern

education.

China Randomised-
controlled

HPB surgery interns
n = 62

CT
E3D, Ultimaker Cura

SLA

Photosensitive resin
Production cost N/P

Time N/P

3DPLMs significantly improved
participants’ ability to identify correct

tumour location and design appropriate
surgical plans (p < 0.05).

Giehl-Brown
et al.

[30] (2023)

Evaluate the impact of 3DPLMs
on patients’ understanding and

satisfaction with surgical
education in HPB surgery.

Germany Randomised
controlled

Patients presenting for
liver surgery

n = 40

CT
Meshmixer, Ultimaker

Cura 4.7,
w/segmentation by

MeVis
FFF

PLA
Production cost N/P

Time N/P

No significant differences in patient
outcomes between 3DP and non-3DP

groups; however, 3DP group demonstrated
increased understanding of their disease

and surgery.

Lopez-Lopez
et al.

[31] (2021)

Validate the accuracy of
3DPLMs and evaluate their

utility for LCR surgical
planning, teaching, and

provision of patient
information.

Spain

Case report,
descriptive

survey,
randomised
controlled

Patients w/hepatic
malignancies

n = 35
HPB surgeons n = 23

Medical students n = 75

CT and MRI
3D-MSP

3DP method N/P

TPUR–parenchyma
ABS–intrahepatic structures

EUR 950 production cost
22 h. production time

3DPLMs assisted surgical planning and
education and improved patient

understanding of their pathology and
proposed surgical procedure but did not

affect the surgical outcome.

Tooulias
et al.

[32] (2021)

Produce an accurate,
patient-individualised 3DPLM

containing a tumour for
resection.

Greece Case report
Patient w/liver

malignancy for resection
n = 1

CT
3D model software N/P

3DP method N/P

3DP materials N/P
Production cost N/P

Time N/P

Use of 3DPLMs may facilitate more
targeted tissue resection to preserve a

greater volume of healthy parenchyma.

Li et al.
[33] (2021)

Explore the value of 3DPLMs as
intraoperative tools to assist

LCR.
China Case report

Patients w/liver
malignancies for

resection
n = 8

CT
Mimics 20.0

SLS

Nylon (polyamide)
Production cost N/P

~2-day production time

3DPLMs assist individualised surgical
planning and can be used intraoperatively
to enhance navigation of the surgical field.

Joo et al. [34] (2019)
Investigate the clinical utility of

3DPLMs for
imaging–pathology matching.

Korea Prospective
comparative

Patients w/multi-focal
liver malignancies

n = 20

MRI
MEDIP

FFF

ABS–intrahepatic structures
Transparent

silicone–parenchyma
Production cost N/P

Time N/P

3DPLMs improved detection rate for
imaging–pathology matching during gross
pathological examination, suggesting their

value in cancer diagnosis and staging.

Yang et al. [35] (2018)

Evaluate if patient
understanding of hepatic
anatomy, pathology, and

surgery is improved with the
use of 3DPLMs.

China
Quasi

experimental
pre-test post-test

Parents of children
w/liver malignancies for

partial hepatectomy
n = 14

CT
Mimics 14.01

SLA

Photosensitive resin
~USD 450 USD per model
~8 h. segmentation time

Use of 3DPLMs improved parental
understanding of liver anatomy, pathology,

and proposed surgical procedures.

Smillie et al.
[36] (2021)

Provide a method for
producing 3DPLMs for use in

surgical and anatomical
teaching.

United
Kingdom Case report 3DPLM

n = 1

CT
Simpleware ScanIP,

GrabCAD, Meshmixer
Material jetting

Opaque photopolymers
GBP 1343 material cost

58 h. printing time

3DPLMs offer a realistic alternative to
cadaveric teaching, but must be developed

to mimic liver tissue characteristics to
maximise surgical simulation applications.



Appl. Sci. 2023, 13, 10757 8 of 18

Table 2. Cont.

Article Purpose Country of
Origin Study Design Sample

Imaging Modality/3D
Modelling

Software/3DP Method
3DP Materials/

Production Costs and Time Relevant Findings

Tan et al.
[37] (2021)

Produce a 3DP liver phantom
with hollow biliary structures

for use in surgical planning and
simulation.

Germany Case report 3DPLM
n = 1

N/A
SolidWorks, Meshmixer
FFF and material jetting

Rubber-like photopolymer,
ABS, silicone rubber
Production cost N/P

Time N/P

3DPLM accurately replicated the liver and
was suitable for surgical simulation.

Estermann
et al.

[38] (2020)

Identify materials suitable for
3DPLM production, which
mimic the characteristics of

biological liver tissue.

Austria Quantitative
comparative

Biological liver tissue
samples
n = 36

N/A
3D model software N/A

FFF

Rubber-like photopolymer,
silicones

Production cost N/A
Time N/A

Rubber-like photopolymer 3DP material
was the least accurate liver tissue mimic,
while some silicone elastomer materials
demonstrated useful tissue-mimicking

qualities.

Tejo-Otero
et al.

[39] (2020)

Determine a 3DP material that
mimics liver tissue properties

and produce a life-like 3DPLM
for surgical simulation.

Spain Case report 3DPLM
n = 1

CT
IntelliSpace Portal

SLS

PA12–3DP mould
Multiple liver-mimicking

materials tested
EUR 513 total production cost

Time N/P

1:1 mixed composition of 6%wt polyvinyl
alcohol/1%wt phytagel and 1%wt agarose

closely mimics biological liver tissue
qualities.

Laureiro
et al.

[40] (2020)

Describe the utility of a 3DPLM
for preoperative planning and
intraoperative guidance of a

complex LCR.

Italy Case report Patient w/liver cancer
n = 1

CT
3D model software N/P

3DP method N/P

3DP materials N/P
~EUR 1200 production cost
~35 h. total production time

3DPLM improved surgeons’ ability to
identify optimal dissection plane and

vascular reconstruction approach.

Abbreviations—HBP: hepatopancreatobiliary, CT: computed tomography, FFF: fused filament fabrication, MRI: magnetic resonance imaging, 3DP: 3D printed, 3DPLMs: 3D-printed liver
models, TPUR: transparent polyurethane rubber, ABS: acrylonitrile butadiene styrene, PLA: polylactic acid, PVA: polyvinyl alcohol, SLA: stereolithography, SLS: selective laser sintering,
PA12: Polymide 12, N/A: not available, N/P: not provided. Credits—Mimics (Materialise, Leuven, Belgium), InVesalius (Renato Archer Information Technology Center, Campinas,
Brazil), Meshmixer (Autodesk Inc., San Francisco, CA, USA), UP Studio (Tiertime Technology Co., Ltd., Beijing, China), Slicer (open source, slicer.org), Cella Medical Solutions (external
service provider), Keyshot (Luxion, Costa Mesa, CA, USA), Synapse 3D (FUJIFILM Europe GmbH, Düsseldorf, Germany), E3D (Central and Southern E3D Digital Medical and Virtual
Reality Research Center, Beijing, China), Ultimaker Cura (Ultimaker, New York, NY, USA), IntelliSpace Portal (Philips, The Netherlands) 3D-MSP (Cella Medical Solutions, Bajo, Spain),
MEDIP (MEDICALIP Co., Ltd., Seoul, Republic of Korea), Simpleware ScanIP (Synopsys Inc., Sunnyvale, CA, USA), GrabCAD (Stratasys, Edina, MN, USA), SolidWorks (Dassault
Systèmes SE, Velizy-Villacoubla, France), IntelliSpace Portal (Philips, The Netherlands).

Table 3. Quality assessment of articles using scoring developed by Sirriyeh et al. [41].

Article
Explicit

Theoretical
Framework

Statement of
Aim/

Objective

Research
Setting

Description

Sample Size
Considered
in Terms of

Analysis

Reasonably
Sized and

Representa-
tive

Sample

Data
Collection
Procedure
Described

Data
Collection

Tool(s)
Rationale

Detailed
Recruitment

Data

Assesses
Measure-
ment Tool
Reliabil-

ity/Validity

Question
Correlates to

Data
Collection

Method

Question
Correlates to

Data
Collection

Tool

Question
Correlates to

Analysis
Method

Justification
for

Analytical
Method

Reliability of
Analytical

Process
Assessed

User
Involvement

in Design

Strengths
and

Limitations

Quality
Assessment

Rhu et al. [9]
(2021) N/A 3 2 N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A 1 6/9

66.7%

Streba et al.
[11] (2018) 1 3 2 0 1 2 0 1 0 1 N/A 0 0 N/A 0 0 11/42

26.2%

Guachi
et al. [12]

(2021)
N/A 3 2 N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A 1 6/9

66.7%

Huber et al.
[13] (2021) N/A 1 1 N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A 0 2/9

22.2%
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Table 3. Cont.

Article
Explicit

Theoretical
Framework

Statement of
Aim/

Objective

Research
Setting

Description

Sample Size
Considered
in Terms of

Analysis

Reasonably
Sized and

Representa-
tive

Sample

Data
Collection
Procedure
Described

Data
Collection

Tool(s)
Rationale

Detailed
Recruitment

Data

Assesses
Measure-
ment Tool
Reliabil-

ity/Validity

Question
Correlates to

Data
Collection

Method

Question
Correlates to

Data
Collection

Tool

Question
Correlates to

Analysis
Method

Justification
for

Analytical
Method

Reliability of
Analytical

Process
Assessed

User
Involvement

in Design

Strengths
and

Limitations

Quality
Assessment

Muguruza
Blanco et al.
[14] (2019)

N/A 3 2 N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A 1 6/9
66.7%

Huettl et al.
[15] (2021) 1 2 1 0 2 3 1 2 1 0 0 0 0 1 0 2 16/48

33.3%

Yang et al.
[16] (2019) 1 3 1 0 1 1 0 1 1 2 N/A 3 0 N/A 0 1 15/42

35.7%

Witowski
et al. [17]

(2020)
1 3 2 0 1 0 0 2 0 2 N/A N/A N/A N/A 2 3 16/36

44.4%

Cheng et al.
[19] (2022) 1 3 1 1 2 2 0 2 1 0 N/A 0 1 N/A 0 2 16/42

38.1%

Valls-Esteve
et al. [22]

(2023)
N/A 3 2 N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A 1 6/9

66.7%

Cheng et al.
[29] (2023) 2 3 3 0 2 3 2 2 1 2 N/A 2 0 N/A 0 1 23/42

54.8%

Giehl-Brown
et al. [30]

(2023)
3 3 3 0 2 3 0 3 0 3 N/A 2 0 N/A N/A 2 24/39

61.5%

Lopez-Lopez
et al. [31]

(2021)
1 3 2 0 2 2 1 1 2 2 N/A 2 2 N/A 0 2 22/42

52.4%

Tooulias
et al. [32]

(2021)
N/A 1 1 N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A 0 2/9

22.2%

Li et al. [33]
(2021) N/A 3 2 N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A 0 5/9

55.6%

Joo et al. [34]
(2019) 1 3 1 0 1 2 0 2 1 3 N/A 3 0 N/A 0 2 19/42

45.2%

Yang et al.
[35] (2018) 1 1 3 0 1 2 0 2 0 1 N/A 2 1 N/A 0 2 16/42

38.1%

Smillie et al.
[36] (2021) N/A 3 3 N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A 2 8/9

88.9%

Tan et al. [37]
(2021) N/A 3 3 N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A 0 6/9

66.7%

Estermann
et al. [38]

(2020)
1 3 2 N/A N/A 3 3 N/A 2 3 N/A 3 3 N/A 0 3 26/33

78.8%

Tejo-Otero
et al. [39]

(2020)
N/A 3 3 N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A 1 7/9

77.8%

Laureiro
et al. [40]

(2020)
N/A 2 3 N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A 1 6/7

66.7%

The 16 criteria listed above were scored for each article based on the degree to which that article met those criteria, as outlined by Sirriyeh et al. [40]. 0 = Not at all, 1 = Very slightly,
2 = Moderately, 3 = Completely. Criteria not applicable to an article were marked N/A and excluded from the final quality assessment percentage score calculation.
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3.1. Surgical Planning and Intraoperative Decision Making

Thirteen articles (59.1%) reported that 3DPLMs enhanced surgical planning for
LCR [11,13–17,19,22,29,31–33,40]. Seven of these articles were original research stud-
ies [11,15–17,19,29,31]; however, only two examined actual LCR cases [17,19]. The other
five studied how patient-specific 3DPLMs improved resident/intern/medical student sur-
gical planning and anatomical understanding [11,15,16,29,31], and their findings were less
transferable to surgeons’ preoperative decision making.

Six articles (27.3%) described the utility of 3DPLMs for intraoperative guidance and
navigation of the surgical field during LCR [9,13,19,22,33,40]. Only one original research
article supported these findings [19] (the remaining five were case reports), limiting
their generalisability.

3.2. 3DPLMs Can Enhance Patient Outcomes

None of the studies demonstrated statistically significant improvements in patients’
surgical outcomes; however, there was still considerable evidence (albeit primarily case-
report-based) indicating that 3DPLMs can enhance LCR surgical planning and performance,
and by extension, patients’ surgical outcomes [9,13,14,17,19,22,29,30,32,36,37,39,40]. An
isolated study by Joo et al. [34] demonstrated that 3DPLMs can improve patients’ postop-
erative pathological staging and diagnosis by improving the tumour imaging–pathology
matching detection rate.

Five articles (22.7%) described how 3DPLMs can enhance patients’ understanding of
their pathology and proposed surgical intervention and improve their ability to provide
informed consent [22,30–32,35]. Only two of these were original research articles [30,35].

3.3. Surgical Simulation and Clinical Education

Four articles (18.2%) described 3DPLMs for surgical simulation of LCR [14,22,38,39],
while five articles (22.7%) demonstrated how 3DPLMs may enhance surgical/anatomical
teaching [16,29,31,36,37]. These applications are less relevant to this review but suggest that
3DPLMs could improve the preparedness—and, by extension, the surgical performance—of
more junior surgical staff.

3.4. Diversity of 3DPLM Production Methods

Table 2 demonstrates the diverse 3DP technologies and materials and varied times
and costs involved in 3DPLM production. Fused filament fabrication (FFF) was the most
common 3DP technology identified in this review (50%), followed by stereolithography
(SLA) (13.6%) and selective laser sintering (SLS) (13.6%). These correlated with the fre-
quently utilised 3DP materials, including acrylonitrile butadiene styrene (ABS) (22.7%),
polylactic acid (PLA) (22.7%), and Polymide 12 (PA12, commonly known as nylon) (13.6%).
Transparent silicone/silicone-like materials were used in 10 articles (45.5%) to represent
liver parenchyma.

The imaging protocols, and segmentation and processing methods used also varied
across the included articles. Nevertheless, 3DPLM accuracy was generally adequate for
clinical use, with studies reporting CT-validated dimensional error of <0.7–2% [31,37,39]
or no greater than a few millimetres [17,22,31]. The majority of studies (68.2%) created
3DPLMs using CT imaging data. Two studies exclusively used MRI datasets as per the
preoperative protocol [9,34], and three studies used a combination of CT and MRI [11,14,31]
datasets to segment their 3D models without distinction or comment.

3.5. Need for Experimental Research

Most articles described the need for true experimental research to prove the utility and
feasibility of 3DPLMs in LCR surgical planning and intraoperative guidance and the benefit
of 3DPLMs for patient LCR outcomes [13,15–17,19,30,34,35]. Research is also necessary to
determine the best-practice approaches to 3DPLM production relative to time and monetary
factors [12,16,17,35,36,39,40].
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4. Discussion

Analysis of the 22 studies included in this review reveals several key findings, the first
being that 3DPLMs can enhance surgical planning and intraoperative guidance of LCR by
providing a more cognisable representation of patient liver anatomy and pathology. The im-
proved comprehension of patient liver anatomy granted by 3DPLMs enhances surgical deci-
sion making and facilitates more targeted and accurate resections. 3DPLMs may, therefore,
provide an overall benefit to LCR patient outcomes; however, further experimental research
and clinical trials are necessary to confirm and quantify this relationship definitively.

Traditionally, LCR surgical planning is based on a patient’s CT and/or MRI imaging.
The surgeon uses 2D axial/multiplanar images and 3DVRs to determine appropriate resec-
tion planes and vascular/biliary reconstruction approaches. This requires using images on
a 2D screen to construct a 3D mental visualisation of sophisticated patient liver structures.
3DPLMs can facilitate this task by providing a transparent [13–17,22,31], colour-coded
[12,15,16,19,22,32,34–36,40], tactile [11,14–16,40], manipulable [11,14,16,19,29,31,40] and
highly cognisable [14–17,19,29,31] representation of individualised patient liver anatomy,
which improves comprehension of the complex and highly variable 3D spatial relation-
ships between intrahepatic structures [14,16,19,22,29,31,33,40] and enhances cognitive
localisation of liver tumours [15–17,29], as demonstrated in Figure 2. The improved
anatomical perception assists surgeons in selecting the most appropriate surgical strate-
gies [11,14,16,17,19,29,33,40], resection planes [13,16,17,33,40], and vascular reconstruction
approaches [13,40].
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Figure 2. Three-dimensional spatial location and relationship of liver tumour (T) with intrahepatic
anatomy can be better appreciated using 3DPLM (right) compared to CT (left). Reprinted with
permission under the open access from Cheng et al. [29].

The above description of 3DPLMs’ preoperative value is drawn primarily from qual-
itative, case-report evidence, limiting its generalisability. In a prospective observational
study, however, Witowski et al. [17] reported that using 3DPLMs in surgical planning of la-
paroscopic LCR resulted in preoperative changes to surgical strategy for four patients (21%
of study sample) due to the models improving cognitive localisation of intrahepatic lesions.
Lopez-Lopez et al. [31] performed a descriptive survey of HPB consultants, which indicated
unanimously that 3DPLMs could improve preoperative understanding of intrahepatic spa-
tial relationships and assist in defining the most appropriate LCR surgical strategies. These
studies were limited by small sample sizes and were not truly experimental; however, they
indicate 3DPLMs’ baseline utility in LCR surgical planning.

Further original research supporting 3DPLMs’ surgical planning value is limited to
resident/intern populations. In a randomised controlled study, Cheng et al. [29] showed
statistically significant improvement in interns’ surgical planning test scores when us-
ing 3DPLMs (vs. CT and 3DVRs). Yang et al. [16], in a prospective comparative study
involving surgical residents, demonstrated that 3DPLMs (vs. CT and 3DVRs) resulted
in statistically significant improvements in tumour localisation and surgical plan design.
These studies were more methodologically rigorous than those by Witowski et al. and
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Lopez-Lopez et al.; however, they only demonstrated 3DPLMs’ surgical planning value for
trainee liver surgeons.

This raises the question: Do qualified liver surgeons, who are capable of
planning/performing LCR using medical images, actually receive significant benefit from
3DPLMs? In a quasi-experimental study, Huettl et al. [15] found no significant difference
in the surgical planning abilities of HPB consultants and fellows when presented with
either 3DPLMs or 3D-PDF liver models (equivalent to 3DVRs). This study’s methodology
was limited, and it lacked comparison of 3DPLMs and 2D axial/multiplanar imaging,
but it supported the idea that 3DPLMs may be superfluous for qualified surgeons [9,19].
3DPLMs’ value may be limited, therefore, to particularly complex LCR cases, where lesions
are located deeply among intrahepatic structures, or where underlying liver disease limits
future liver remnant viability [9,13,17,19,31,40].

HPB surgeons must be proficient in correlating mental reconstructions of patient liver
anatomy with the actual surgical field during an operation [19]. This is particularly impor-
tant during laparoscopic procedures where there is restricted anatomical overview [12,17].
Several articles argue, therefore, of the benefits of 3DPLMs for intraoperative guidance dur-
ing LCR [9,13,19,22,33,40]. 3DPLMs can be oriented and compared directly to the surgical
field, improving comprehension and navigation of the viewed anatomy (Figure 3) [9,19,33].
In this application, 3DPLMs can be used to better locate and identify lesions for resec-
tion [9,13,19], verify the position of vascular structures to inform potential adjustments
to the resection plane [19,33], and better comprehend the locations of deeper anatomical
structures hidden within the liver parenchyma [13,19,22]. 3DPLMs may also improve intra-
operative detection of smaller metastases to ensure removal [13], and they may decrease
the likelihood of intraoperative complications such as damage to intrahepatic vessels [19]
and liver devascularisation [13,40].
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Figure 3. Comparison of 3DPLM to the surgical field shows that it enhances identification of key
structures. vB5: the ventral bile duct of segment 5, dB5: the dorsal bile duct of segment 5, B8: the bile
duct of segment 8, RAB: right anterior bile duct, RHV: right hepatic vein, RHV-V5: the venous reflux
of hepatic segment 5 to RHV, RHV-V6: the venous reflux of hepatic segment 6 to RHV. Reprinted
with permission under the open access from Cheng et al. [19].

Again, these findings are not generalisable as they are drawn primarily from qualita-
tive, case-report evidence. A prospective comparative study by Cheng et al. [19] was the
only original research identified that demonstrates direct evidence of 3DPLMs’ intraop-
erative utility during LCR. In this study, the use of 3DPLMs for intraoperative guidance
resulted in real-time changes to the surgical strategy for four patients in the 3DPLM group
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(16.7% of the study group) due to improved navigation of the surgical field (vs. no changes
in the non-3DPLM group). This study was limited by its small sample size and hetero-
geneity of patient cases. The impact of 3DPLMs on intraoperative decision making in
this study could also have been confounded by its surgeons using indocyanine green
fluorescent staining as a supplementary navigation tool across the entire study population.
Elsewhere, as with surgical planning, 3DPLMs’ utility for intraoperative guidance of LCR
was demonstrated qualitatively and through case-report evidence, but currently lacks a
methodologically rigorous backing. Similarly, it seems intraoperative use of 3DPLMs is
likely mostly relevant for highly complex or laparoscopic cases [9,13,19].

Despite the reported preoperative and intraoperative value of 3DPLMs for LCR,
this review identified no statistically significant evidence that 3DPLMs improve patients’
surgical outcomes. Only three studies included in this review recorded patients’ intra-
and/or postoperative outcome data [19,30,33]. There were no statistically significant
positive correlations identified between the use of 3DPLMs and patients’ future liver
remnant volume, duration of surgery, intraoperative blood loss, resection margins, cancer
reoccurrence, liver devascularisation, or postoperative liver failure.

The lack of statistical evidence does not disprove the potential benefit of 3DPLMs for
patient outcomes. Instead, it is likely a product of there being no exhaustive experimental
research with sample sizes large enough to overcome the heterogeneity of individual LCR
cases [17,19,30,31]. Ultimately, there is considerable qualitative evidence that 3DPLMs can
optimise LCRs and permit more targeted resections, which minimise complications. This
should increase the likelihood of postoperative success and reduce the chances of morbidity,
implying that 3DPLMs can directly improve LCR patients’ surgical outcomes.

A clear theme across the literature included in this review is the demand for method-
ologically rigorous, multi-institutional clinical trials to prove the clinical utility of 3DPLMs
in LCR surgical planning and intraoperative guidance [13,15–17,19,30,34,35]. These trials
must incorporate appropriate control groups and enrol sufficient patients to reach statisti-
cally significant conclusions [17,19]. One such study has been developed by Huber et al. [46]
and is scheduled for completion during 2024. This type of research is crucial to progress
3DPLM technology past its current ‘proof-of-concept’ phase.

3DPLMs may also benefit patient outcomes by improving patients’ understanding
of their pathology and surgical intervention [22,30–32,35]. In a randomised controlled
trial, Giehl-Brown et al. [30] demonstrated statistically significant improvements in LCR
patients’ surgical education when using 3DPLMs (vs. education sheets). Yang et al. [35]
demonstrated statistically significant improvements in paediatric patients’ parents’ LCR
understanding when consulted using 3DPLMs (vs. CT images). The latter study’s pre-
test/post-test methodology likely confounds its results, but together these articles’ findings
are consistent with other literature examining the patient education value of 3D-printed
models [47–49].

Improving patients’ LCR knowledge using 3DPLMs should enhance their participation
in preoperative decision making and ability to provide informed consent [30]. Greater
health literacy following 3DPLM-based education may also improve their postoperative
compliance, which then correlates positively with reduced length of hospital stay and
decreased postoperative complications [30]. Although limited to gross specimens, 3DPLMs
may also benefit patients’ postoperative diagnostic/staging outcomes by improving tumour
imaging–pathology matching detection rate [34].

The 3DPLMs demonstrated by articles in this review can be divided into four cate-
gories as demonstrated in Figure 4: (1) single/large-piece 3D-printed parenchyma/tumour
model; (2) 3D-printed intrahepatic structures model (with/without 3D-printed parenchyma
casing); (3) 3D-printed intrahepatic structures model and parenchyma mould with
casted/transparent parenchyma; (4) and simulation-specific hollow models.
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Figure 4. Comparison of four different 3DPLM construction approaches. (1) Single/large-piece
3D-printed parenchyma/tumour model; (2) 3D-printed intrahepatic structures model (with/without
3D-printed parenchyma casing); (3) 3D-printed intrahepatic structures model and parenchyma
mould with casted/transparent parenchyma; (4) simulation-specific hollow models. Image 1
(top left) reprinted with permission under the open access from Tooulias et al. [32]. Image 2
(top right) reprinted with permission under the open access from Cheng et al. [29]. Image 3
(bottom left) reprinted with permission under the open access from Huettl et al. [15]. Image 4
(bottom right) reprinted with permission under the open access from Tan et al. [37].

Construction approach aside, 3DPLM production begins with a patient’s volumetric
imaging data (typically CT or MRI) being post-processed (e.g., noise and blur reduction [12]
and co-registration of multiphase CT volumes [13]/fusion of CT and MRI volumes [31])
and segmented to produce a 3D virtual liver/intrahepatic structures model [12]. The
current literature aligns with the previous findings of Perica and Sun [20], demonstrating
the predominant use of CT imaging data compared to MRI for segmentation of the 3D
rendered models. Although MRI provides high soft tissue contrast useful in evaluating focal
liver lesions, it is utilised less frequently for 3DPLM production due to its inferior spatial
resolution and the limited availability of high-resolution 3T scanners [34]. CT is preferred,
as its superior spatial resolution and ability to rapidly acquire contrast-enhanced images in
multiple phases allows highly accurate and detailed delineation of intrahepatic vasculature
while minimising patient motion artifacts [10]. This ultimately produces imaging datasets
more conducive to accurate 3DPLM production. Higher spatial resolutions possible via CT
also improve the accuracy and effectiveness of automatic and semi-automatic segmentation
processes, better supporting 3DPLM production efficiency [10,20].

Segmentation involves digitally extracting the individual voxels within a patient’s
imaging volume, which correspond to the liver parenchyma and separate intrahepatic
structures and lesions [12,50]. Segmentations are exported in a file format—typically
stereolithography (STL)—that uses a tessellated polygon mesh to represent the 3D hepatic
structures’ surface geometries [12,14–16,22,34,35]. The 3D printer uses these files to produce
a 3D-printed model [12]. Figure 5 demonstrates an example of a final STL rendering used
for 3DPLM production, compared to a segmented CT image slice and original CT image
slice from the corresponding patient imaging data.
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The current ‘gold standard’ for diagnostic-use liver segmentation is a manual approach
(i.e., voxel-by-voxel, slice-by-slice); however, this is highly laborious and time consum-
ing [20,51]. Accordingly, the articles in this review use combinations of semi-automatic and
automatic segmentation techniques, including adaptive region growing [13,17,31,32,35]
and threshold filtering [17,32] (i.e., region-based techniques [50]); and active contour algo-
rithms [13,31] (i.e., boundary-based techniques [50]). These algorithm-based approaches au-
tomatically isolate and segment liver/intrahepatic tissues based on homogeneities and/or
changes in local voxel/tissue intensity [50]. They increase segmentation efficiency consider-
ably, but still require time-consuming manual validation and correction [11,16,17,35,51–53].

A major limitation of 3DPLMs is their time and monetary costs [9,11,13–17,19,31,35,36].
Average 3DPLM production times across the reviewed articles were ~24 h, owing to
the laborious nature of segmentation and wait times during the 3DP process [14,15,35].
Ongoing research aims to increase the efficiency and reproducibility of automatic liver
segmentation using artificial intelligence to reduce 3DPLM production times [12]. The
average cost of 3DPLMs in this review ranged from ~USD 100 to ~USD 2000 (excludes
software and 3D printer costs). Costs should decrease as 3DP technology becomes more
accessible; however, they currently limit the 3DPLMs’ feasibility for day-to-day clinical
use [16,19,31,33,35,40].

3DPLMs’ clinical feasibility must be considered against their 3DP technology [22]. For
example, an FFF 3DPLM’s resolution is limited by the FFF printer’s nozzle diameter [21].
Lesions and vessels smaller than this diameter cannot be printed [21]. It is possible to artifi-
cially increase the diameter of lesions that are otherwise too small to print, as demonstrated
by Joo et al. [34]; however, this approach undermines dimensional accuracy. It could not
be used for a 3DPLM used to guide a millimetre-precise LCR—instead, a more advanced,
and likely more expensive, 3D printer technology would be required. In contrast, a patient
education 3DPLM could sacrifice millimetre accuracy to reduce costs. This illustrates the
need for research that standardises and validates which 3DP technologies and 3DPLM
types are most feasible and cost-effective for different 3DPLM clinical applications [17,39].

Ultimately, the selection of 3D printing methods and materials depends on the
3DPLM’s clinical application. SLA 3D printing methods use photopolymers to create
transparent or opaque resin models with high detail, which may assist in surgical planning,
while SLS technology often uses nylon to produce models with high elasticity, strength,
and heat resistance for surgical training. Despite the aforementioned limitations of FFF
3D printing, this method is popular as it is suitable to use with a range of materials with
different properties and produces minimal waste. ABS and PLA produce tough, rigid
models and are some of the most affordable materials used in FFF 3D printing. Brown
et al. [30] reported statistically significant improvements in patient education supported by
PLA FFF 3DPLMs. The low cost of production in this context is particularly encouraging
for further research. Alternatively, FFF can be used to create more flexible 3D models
from elastomers. Estermann et al. [38] demonstrated several silicone elastomer materials,
and Tejo-Otero et al. [39] demonstrated agarose, or a 1:1 mixture of polyvinyl alcohol and
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phytagel, as potential 3DPLM materials that mimic biological liver tissue. They point
toward an exciting future where patient-specific, tissue-life-like 3DPLMs can be used to
preoperatively rehearse and perfect complex patient LCRs [14,22,36,38,39].

5. Conclusions

There is significant qualitative and case-report evidence that 3DPLMs strengthen pre-
and intraoperative comprehension of liver and tumour anatomy by providing accurate and
highly cognisable 3D representations of patients’ individualised intrahepatic structures.
This improved anatomical comprehension can optimise preoperative decision making
and enhance intraoperative surgical performance for LCR. Future research should look
to determine the clinical value and feasibility of 3DPLMs for LCR surgical planning and
intraoperative guidance in terms of patients’ direct surgical outcomes, and the monetary
and time costs associated with different 3DPLM production methods.
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