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Background: Recently, three-dimensional (3D) printing has shown great interest in medicine, and 3D
printed models may be rendered as part of the pre-surgical planning process in order to better understand
the complexities of an individual’s anatomy. The aim of this study is to investigate the feasibility of utilising
3D printed liver models as clinical tools in pre-operative planning for resectable hepatocellular carcinoma
(HCC) lesions.

Methods: High-resolution contrast-enhanced computed tomography (CT) images were acquired and
utilized to generate a patient-specific 3D printed liver model. Hepatic structures were segmented and edited
to produce a printable model delineating intrahepatic anatomy and a resectable HCC lesion. Quantitative
assessment of 3D model accuracy compared measurements of critical anatomical landmarks acquired
from the original CT images, standard tessellation language (STL) files, and the 3D printed liver model.
Comparative analysis of surveys completed by two radiologists investigated the clinical value of 3D printed
liver models in radiology. The application of utilizing 3D printed liver models as tools in surgical planning
for resectable HCC lesions was evaluated through kappa analysis of questionnaires completed by two
abdominal surgeons.

Results: A scaled down multi-material 3D liver model delineating patient-specific hepatic anatomy and
pathology was produced, requiring a total production time of 25.25 hours and costing a total of AUD $1,250.
A discrepancy was found in the total mean of measurements at each stage of production, with a total mean
of 18.28+9.31 mm for measurements acquired from the original CT data, 15.63+8.06 mm for the STL files,
and 14.47+7.71 mm for the 3D printed liver model. The 3D liver model did not enhance the radiologists’
perception of patient-specific anatomy or pathology. Kappa analysis of the surgeon’s responses to survey
questions yielded a percentage agreement of 80%, and a k value of 0.38 (P=0.24) indicating fair agreement.
Conclusions: Study outcomes indicate that there is minimal value in utilizing the 3D printed models in
diagnostic radiology. The potential usefulness of utilizing patient-specific 3D printed liver models as tools
in surgical planning and intraoperative guidance for HCC treatment is verified. However, the feasibility of
this application is currently challenged by identified limitations in 3D model production, including the cost
and time required for model production, and inaccuracies potentially introduced at each stage of model

fabrication.
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Introduction

Liver lesion resection is often a complex task requiring
sound comprehension of patient specific anatomical and
pathological characteristics to ensure optimal surgical
outcomes (1-6). Diagnostic imaging plays a major role in the
diagnosis and characterisation of liver lesions, with imaging
appearance and radiological reporting outcomes being utilized
to direct patient-specific treatment planning (7,8). However,
confidence in the comprehension of anatomical, pathological
and structural complexities which surgeons require to
conduct hepatic resections, may not always be supported by
two-dimensional (2D) imaging alone (2).

Multi-planar medical images and three-dimensional
(3D) reconstructions have the ability to provide valuable
information related to the lesion and its extent. However,
complex anatomical networks and information pertaining
to spatial relationships, structural depth, and topological
characteristics may not be truly appreciated (2,5,9).
Currently, 3D printed models are being used as clinical
tools in the endeavour to bridge this gap, enhancing the
viewer’s cognitive comprehension of anatomy and pathology
in areas such as medical education, surgical training,
surgical planning and operative simulation (2,3,9-20). The
tactile experience is known to support a holistic evaluation
of important anatomical and/or pathological features (10),
with the manipulation and visualization of the physical
3D printed models providing the in-depth understanding
required to plan accurate, safe, and effective surgical
procedures (4,5,13,14,16,17-21).

3D printed liver models have been found to enhance
the viewer’s understanding of highly variable and complex
hepatic anatomy (13,14,16,18,22). There are a number
of case studies that deem 3D printed liver models to be
useful clinical tools in pre- and perioperative processes
for the resection of liver lesions and in living donor liver
transplant procedures (3,6,9,13,16,23). However, evidence-
based research evaluating the feasibility of 3D liver models
in hepatocellular carcinoma (HCC) treatment is lacking.
HCC is known for its pathological complexity, often
spreading to surrounding intrahepatic structures and thus
contributing to challenges in clinical management (1).
If surgical intervention is classified as a viable option for
treatment, it is imperative that the procedure is verified
as safe and effective to ensure optimal surgical outcomes
(1-3). Further exploration in the application and clinical
value of 3D printed models for pre-operative planning in
HCC treatment is therefore warranted. It is also noted that
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there is currently no research investigating the application
of 3D liver models in diagnostic reporting for HCC,
which precedes and often directs the decision for surgical
management by providing diagnosis and report of imaging
characteristics (1,8).

A recent systematic review identifies the need for a large-
scale study that implements qualitative and/or quantitative
methods to holistically evaluate the clinical applications of
3D printed liver models, with the outcomes of existing case
studies alone perceived to lack credibility due to the absence
of qualitative and/or quantitative data (20). This research
may be considered as a small-scale pilot study implementing
an evidence-based, holistic methodological approach. The
aim of this study is to investigate the feasibility of utilizing
3D printed liver models as clinical tools in pre-operative
planning for resectable HCC lesions. Both qualitative and
quantitative approaches to data collection and analysis are
applied to assess the clinical value of a single patient-specific
3D liver model in two major pre-operative stages. This
includes diagnostic reporting and pre-surgical planning.
Details of the production process, and statistical analysis of
3D model accuracy are also included to evaluate whether
the reported applications are feasible.

Methods

Ethics approval for this study was obtained from Curtin
University’s Human Research Ethics Committee
(HRE2017-0153). Due to the retrospective collection of de-
identified computed tomography (CT) image data, ethics
approval from the clinical center and patient consent was
waived.

Generation of 3D printed liver model

A four-step production process was implemented to
generate the patient-specific 3D liver model utilized for this
study (Figure 1) (3,6,9,10,21,24,25).

CT data acquisition

An anonymised, contrast-enhanced abdominal CT Digital
Imaging and Communications in Medicine (DICOM)
dataset complying with a set of specified image selection
criteria (Supplement I) was obtained. Arterial and portal
venous datasets at 1 mm slice thickness had been acquired
using a 64-slice CT scanner (Siemens Definition, Siemens
Healthcare, Forchheim, Germany). Image datasets for
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Multiphase CT DICOM data

Analyze 12.0 segmentation of CT data
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Figure 1 Flow diagram depicting the workflow for 3D printed liver model generation. 3D, three-dimensional.

both arterial and portal venous enhancement phases were
required to allow for adequate visualization of the tumour,
normal liver parenchyma, portal and hepatic venous
networks, and arterial supply (23).

Image segmentation

Medical imaging visualization, analysis, and segmentation
was conducted using a commercially available biomedical
image processing software, Analyze 12.0 (AnalyzeDirect,
Inc., Lexana, KS, USA). Image visualization and processing
tools within this software were used to (I) apply a median
filter, reducing image noise and enhancing the anatomical
boundaries for accurate segmentation; (II) segment
structures of interest; and (III) export the segmented
data in standard tessellation language (STL) file format
as required for editing and 3D printing (10,16,18,22-25).
Anatomical structures that were perceived likely to affect
decisions made in surgical planning included the inferior
vena cava, portal vein and associated branches, hepatic
veins, hepatic artery, the tumour and associated arterial
supply, and the liver body (2,3,9,23). These structures
were segmented for inclusion within the final 3D liver
model using a combination of manual and semi-automatic
tools as defined in Supplement II.

Image data editing

Geomagic Wrap 2017 3D Systems, Korea, Inc., Seoul,
Korea) was used to refine segmented structures in
preparation for 3D printing. This involved the utilization
of manual, semi-automatic and automatic editing tools. All
individual files were then decimated and exported in STL
file format for 3D printing.
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3D printing

PolyJet print technology was identified as the most
appropriate 3D printing method due to its ability to print
highly accurate, multi-material models in a timely manner
with little post-processing requirements (4,12). Stratasys’
Objet500 Connex3 multi-material printer, available
through Objective 3D (Melbourne, Victoria, Australia), was
selected for 3D printing. PolyJet VeroClear transparent
and rigid opaque photopolymers were used to print the
model (Figure 2), which was scaled down to 60% of its true
size. Additionally, a full-size model depicting the arterial
enhancement characteristics of the tumour and associated
hepatic arterial supply was printed using the rigid opaque
VeroMagenta photopolymer (Figure 3).

Data collection and analysis

Measuring model accuracy
Two independent observers completed measurements for
five key anatomical landmarks including antero-posterior
and medio-lateral diameters for the superior and inferior
aspect of the inferior vena cava, the portal vein, and hepatic
artery. Three measurements in each orientation at each
landmark were performed and recorded in millimetres (24).
This process was repeated for the three main stages of 3D
model production, with measurements acquired from the
original CT data using the measurement tool in RadiAnt
DICOM viewer, the STL files using the measurement tool
available in Geomagic Wrap, and the final 3D printed liver
model using electronic callipers.

All measurements acquired from the 3D printed liver
model were scaled up using the calculation depicted in
Eq. [1], where M; represents the scaled-up measurement,
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Figure 2 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 tumour, and hepatic

arterial supply (pink). 3D, three-dimensional; C'T, computed tomography.

and M, represents the raw measurement acquired from
scaled down 3D printed liver model. This ensured
consistency for accurate statistical analysis.

My = (M,x 0.6) + M, (1]

Determining clinical value in radiology

Two independent radiologists were recruited through
selective sampling to evaluate the usefulness of 3D printed
liver models in the diagnostic reporting process for HCC
cases (Supplement III).

Both participants were given the CT images and 3D
printed liver model to complete a short nine-question
survey (Supplement IV) involving questions related to the
potential usefulness in the application of 3D printed models
in radiology, and more specifically, as tools in diagnostic
reporting for HCC. Participants answered multiple-choice
questions, 5-point Likert scales, and open-ended questions
for short answer responses. The level of agreement existing
between the two professionals was assessed by a single
observer, determined through comparative analysis of
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responses to each survey question (26).

Determining clinical value in surgical planning

Two independent abdominal surgeons were recruited
through selective sampling to evaluate the potential
usefulness of 3D printed liver models in surgical planning
for resectable HCC lesions (Supplement III).

Both surgeons completed an interactive thirteen-question
survey involving a combination of multiple choice and
short answer questions (Supplement V). To complete the
questionnaire, both participants were given the 3D printed
liver and tumour models, in addition to a 3D reconstruction of
the printed model. Questions were related to the 3D models
provided, and how these models may be applied in practice.

The level of inter-observer agreement was determined
and quantified by Cohen’s kappa statistics, and responses to
short answer questions were discussed as appropriate.

Statistical analysis

Accuracy measurements recorded by two independent
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Figure 3 Anterior view of the full-size 3D printed tumour model
demonstrating the arterial phase enhancement characteristics of
the tumour and associated hepatic arterial branches. 3D, three-

dimensional.

observers were entered into SPSS (SPSS 24.0, IBM
Corporation, Armonk, NY, USA) for statistical analysis.
A paired sample t-test was applied to statistically evaluate
the magnitude and direction of difference in the mean
measurements of specified anatomical landmarks acquired
at each stage of data processing (5). Accuracy of the 3D
liver model was achieved if the difference between in the
mean of measurements obtained from the CT data and the
3D liver model was <1 mm (24). Paired samples statistics
are presented as mean = standard deviation, and paired
differences are presented as the mean with the associated
95% confidence interval (CI) and t-statistic. T-statistics
are presented as r(df)=t, p where ¢ is the t-value, df is the
degrees of freedom (N-1), and P is the P value. Statistical
significance was defined where P<0.05, being used to accept
or reject the null (H)) or alternative hypotheses (H,), where
Ho=ttigerence A Hy=thgiree 70

The surgeon’s responses to multiple-choice questions
were assessed for inter-observer agreement through Kappa
analysis. Crosstabulation results produced by SPSS were
used to calculate the percentage agreement (P) as depicted
by Eq. [2], where A represents the number of times both
surgeons agreed in support of the use of 3D liver models,
a represents the number of times both surgeons selected
a multiple-choice question that did not support the use of
3D liver models, and T representing the total number of
questions used for kappa analysis (27,28).
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(A+a)

P= %100 2]

As the percentage agreement value does not account
for the possibility for random agreement, Cohen’s kappa
statistic (k) is used to determine and quantify the level of
inter-observer agreement. The calculated kappa statistic is
interpreted using a standardised range of « values. A «k value
of 0 indicates poor inter-observer agreement; 0.01 to 0.20,
slight agreement; 0.21 to 0.40, fair agreement; 0.41 to 0.60,
moderate agreement; 0.61 to 0.80, good agreement; and
0.81 to 1.00, excellent agreement (27,28). The « value was
considered statistically significant if P<0.05.

Results
Cost and time required for 3D model production

The scaled down 3D liver model and the full-size tumour
model were priced at AUD $1,250 and AUD $175
respectively. The total time required to produce the 3D liver
model was 25.25 hours including 6 hours for segmentation,
4 hours for editing, 11 hours for printing, and 4.25 hours for
post-print processing. Post-processing for the liver model
involved cleaning, polishing and applying a clear coat to
achieve transparency. The tumour model required 5.15 hours
to print, and an additional 1 hour for post-processing which
involved cleaning and drying.

3D printed liver model accuracy

The mean differences between paired variables, the t-values,
and associated descriptive statistics were calculated using a
paired sample #-test (Table I1). The Shapiro-Wilk’s test was
utilized to assess normality, affirming normal distribution
for measurement data acquired from the CT images
(P=0.07), STL files (P=0.24), and 3D liver model (P=0.46).
There were no outliers identified in the data collected for
statistical analysis.

The average measurements acquired from the original CT
data (18.28+9.31 mm) were greater than that of the STL file
data (15.63+8.06 mm), with a difference of 2.65 mm (95%
CI, -3.65 t0 8.95), t [11] =0.93, P=0.37. A greater difference
in the total average measurements is noted when comparing
measurements from the original CT data to the physical 3D
liver model (14.47+7.71 mm), with a variance of 3.81 mm
(95% CI, -1.93 to 9.55), t [11] =1.46, P=0.17. The smallest
difference in the means is demonstrated when pairing the
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Table 1 Comparing the mean measurements of specified anatomical landmarks acquired from the original CT data, edited STL files, and the

scaled down 3D printed liver model

Paired samples statistics (mm)

Paired samples test (paired differences)

Paired
. i 95% confidence interval of the difference
comparisons Total mean Star?dgrd Mean difference ¢ of P
deviation (mm) Lower (mm) Upper (mm)
Pair 1
CT data 18.28 9.31
2.65 -3.65 8.95 0.93 11 0.37
STL files 15.63 8.06
Pair 2
CT data 18.28 9.31
3.81 -1.93 9.55 1.46 11 0.17
3D liver model 14.47 7.71
Pair 3
STL files 15.63 8.06
1.16 -0.31 2.63 1.74 11 0.11
3D liver model 14.47 7.71

3D, three-dimensional; CT, computed tomography; STL, standard tessellation language; t, t-statistic; df, degrees of freedom; P, P value.

measurements acquired from the STL files and 3D liver
model, with a variance of 1.16 mm (95% CI, -0.31 to 2.63),
t[11] =1.74, P=0.11.

Statistical significance was not achieved for any of the
three-paired sample #-tests. As each of the mean differences
were not statistically significant from zero, we fail to
reject the null hypothesis (H,) and reject the alternative
hypothesis (H,), where H,=p,=0 and H 4=p1,0.

Radiologist’s questionnaire response

When asked how useful they perceived the 3D printed
liver model to be as a tool in diagnostic reporting for the
given case, radiologist one (R1) deemed the model to be
somewhat useful and radiologist two (R2) deemed it to be
not useful at all. Both radiologists agreed that the 3D liver
model did not improve their understanding of patient-
specific pathological characteristics when compared to the
CT images. R1 considered 3D liver models to be potentially
useful supplementary tools in the diagnostic reporting
process when viewing image datasets for patients with
complex hepatic lesions, compared to R2 who indicated no
use for 3D models in the diagnostic reporting process for
hepatic lesions. Both participants considered the 3D models
to be useful in assisting interprofessional communication
between radiologists and associated health professionals
involved in the treatment planning for patients with
complex liver lesions. R1 did not believe that the 3D liver
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model would be useful in the education and training for
junior radiologists or registrars, while R2 was unsure about
its potential.

In response to short answer and feedback questions, one
participant commented on the liver model’s ability to allow
for a better appreciation of the tumour’s orientation in space
within the liver. It was also suggested that the liver model
might be a useful supplementary tool for surgical trainees
when learning how to interpret multi-planar medical
images.

Surgeon’s questionnaire response

Percentage agreement was calculated, quantifying the
number of times both surgeons agreed that the 3D printed
liver model was, or was not considered useful in the surgical
management of HCC lesions. In this case, 80% agreement
was achieved. A « value of 0.38 (P=0.24) was obtained,
indicating fair agreement.

Both surgeons believed that the 3D printed liver model
allowed for a better perception of information related to
structural depth and spatial relationships when compared
to the corresponding 3D reconstructed image provided.
Participants indicated that this information is particularly
important in surgical planning for HCC. Both surgeons
believed that the 3D liver model would be useful in the
process of identifying a safe surgical pathway, in addition
to intraoperative navigation and orientation. The separate
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tumour model was also deemed to be potentially useful in
treatment planning, however it cannot be confirmed that it
was able to provide additional information when compared
to the 3D reconstructed image. Neither surgeon was able to
confirm that the 3D models could reduce operating times
by replacing the need for intraoperative visualization aids
(such as Doppler ultrasound or cholangiography), although
they both believed in the potential for the models to reduce
the chance of intraoperative complications in complex HCC
cases. The surgeons were in disagreement when asked if the
scaled down model impacted on their ability to visualize the
details of anatomical structures.

Discussion
3D model production

The cost and time required for 3D liver model production
remains to be a major limitation (4,9,13,18). In aim of
reducing print time and cost, the liver model was printed at
60% of its true size. While it is not a true representation of
the patient’s anatomy, the scaled down model is relatively
light, can be held in one hand, and is easy to manipulate.
This finding is supported by recent research conducted
by Igami et al. (9) and Oshiro et al. (23) who produced
liver models scaled down to 70% and 50% of their true
size respectively. The results of this study were not able
to confirm whether the size of the printed model had an
impact upon the viewer’s ability to identify or distinguish
the details of intrahepatic anatomy and pathology. However,
it can be confirmed that there is an element of structural
distortion caused by light refraction from the transparent
material inside the liver as reported by Oshiro et al. (23).

Both segmentation and editing processes are tedious
and contribute significantly to the considerable time
required for 3D liver model production. 3D model
fabrication methods are well defined in existing literature
(3,6,9,10,18,21,22,24,25), however there remains a need for
efficient, accurate and cost effective automated programs
to further streamline the liver model production process,
consequently improving feasibility and encouraging the
integration of 3D printed liver models within clinical
practice (9,12,13,18,20-22).

Individuals creating the 3D liver model for pre-operative
applications should attain a sound understanding of the
software involved, as well as the anatomy and pathology of
interest (20,29). Involvement of the reporting radiologist and
surgeon (or surgeons) in 3D liver model production should
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also be considered to ensure accuracy of segmentation and
identification of appropriate critical structures required
for surgical planning (10,20). The importance of satisfying
certain pre-requisites and implementing methods for quality
control pertaining to software management and model
production should be considered by future researchers.
This may facilitate the acquisition of a patient-specific 3D
printed liver model that is pathologically, anatomically, and
structurally correct (20,29).

Model accuracy

The results for each of the three paired samples #-tests
demonstrate a mean difference greater than 1 mm, indicating
that undesirable variances exist in the measurements for
specified anatomical landmarks at each stage of 3D model
production. Although the segmentation, editing, and 3D
printing processes are all considered as possible influential
factors contributing to the observed variance, it is logical
to surmise that the difference was largely influenced by the
segmentation and editing process (10,22), with the mean
difference in CT and STL file measurements being greater
than that of the STL and 3D liver model measurements.

The most recent systematic review conducted
by Witowski et /. (20) identifies the lack of studies
implementing quantitative methods to statistically verify
liver model accuracy. Model accuracy is important in the
evaluation of feasibility, as it ensures accuracy and safety in
the delineation of effective surgical pathways (20). While
there are two studies that are identified to evaluate liver
model accuracy through statistical analysis (5,13), this is
the first study attempting to define the magnitude and
direction of difference in accuracy measurements acquired
at each stage of 3D liver model fabrication. Soon ez a/. (5)
implemented a similar methodological approach in the
quantitative evaluation of model accuracy, utilizing a paired
samples 7-test to compare measurements acquired from the
original CT data and the corresponding 3D printed model.
While the authors were able to confirm model accuracy
with a mean difference of 0.1£0.06 mm (P<0.05), their
results are not completely comparable to this study due to
the fact that the full-size model utilized was printed with
Fused Filament Fabrication technology (5).

Zein et al. (13) produced three 3D liver models, printed
using PolyJet technology. Intraoperative measurements were
acquired and compared to measurements taken from the
corresponding liver model, which is regarded as the gold
standard in the evaluation of 3D liver model accuracy (20).
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The models were deemed highly accurate, with mean
dimensional errors of <1.3 mm for vascular structures, and
<4.0 mm for the entire liver model (13). Differences existing
between the quantitative methods and accuracy tolerances
applied are identified to cause difficulties when comparing
results. A universal threshold in the classification of 3D liver
model accuracy should be defined and applied in future
research to allow for consistency in quantitative evaluation
and true comparison of results between studies.

Clinical value in radiology

In accordance with the results yielded from the radiologist’s
questionnaire, it is apparent that 3D liver models are
perceived to have minimal value in radiology, and
more specifically as tools supplementing the diagnostic
reporting process for HCC cases. These results alone
deem the application of 3D printed liver models in the
diagnostic reporting for HCC lesions as unfeasible.
However, promising results were obtained with regards
to the possibility of utilizing the patient-specific model to
facilitate effective interprofessional communication between
radiologists and other health professionals involved in pre-
operative processes.

Based on the survey outcomes and participant feedback,
it is evident that the real clinical value of the 3D printed
liver models lies in applications beyond diagnostic reporting
where individuals are likely to gain a more in-depth and
holistic understanding of anatomy and pathology through
3D representations of 2D images. Physical 3D modelling
has been identified to support efficient and effective
perception of positional and structural information
through the direct visualization of anatomy and pathology
(2,3,9,13,14,16,22,25). This ultimately surpasses the need
for mental 3D reconstruction involved when attempting
to understand 2D images (29), which may be considered
particularly valuable in the case of HCC due to the
relative complexity of hepatic anatomy and pathological
characteristics associated with certain HCC lesions (1,5).

Clinical value in surgical planning

It should be noted that this is the first study attempting to
evaluate the clinical value of 3D liver models in surgical
planning for HCC implementing both qualitative and
quantitative approaches to data collection and analysis.
Findings within case studies that utilized 3D printed liver
models as tools in the surgical management for various liver
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lesions provided valuable information in the development
of survey questions for this study (3,9,13,16,23). Such
information allowed for the evaluation of whether
the applications identified in current literature were
transferrable and applicable to HCC treatment.
Encouraging results were obtained with regards to
the perceived usefulness of both the 3D liver and tumour
models as tools in surgical planning for complex resectable
HCC lesions, verifying the feasibility of this application.
Specifically, it was confirmed that the 3D liver model could
assist in the identification of a safe surgical pathway through
enhancing the viewer’s perception of structural and spatial
information related to the case at hand (3,9,13,16,23).
Contrary to the findings of a study conducted by Kong
et al. (14), the 3D liver model used in this study was
perceived to allow for better appreciation of spatial
and structural characteristics when compared to the
corresponding 3D reconstructed image provided. However,
the relatively basic nature of the 3D visualization software
employed could have influenced this result. Although
the participants could not confirm the 3D liver model’s
ability to replace the need for intraoperative visualization
tools (such as Doppler ultrasound and cholangiography)
as suggested by Igami ez a/. (9) and Zein et al. (13), they
deemed the models to be potentially useful tools in
intraoperative navigation and orientation (3,9,13,16).

Study limitations, recommendations and future research

There are a number of limitations associated with this
small-scale study that must be noted. First, despite efforts
to ensure consistency in the orientation and location of
measurements for each anatomical landmark recorded by
two independent observers, the chance for inconsistencies
cannot be ruled out and must be considered as a possible
factor influencing the observed variance in the means.
Increasing the number of recorded measurements and
number of observers involved in recording measurements
may address this and help to reduce the chance for or effect
of measurement error (24). Second, relying on medical
images to acquire the baseline accuracy measurements has
its disadvantages due to associated inaccuracies of 2D multi-
planar imaging, consequently influencing the evaluation
of model accuracy (13). Obtaining intra-operative
measurements from the native liver as achieved by Zein
et al. (13) would be considered as the gold standard in the
evaluation of model accuracy (20). Third, while printing
the 3D liver model at 60% of its true size allowed for a
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significant reduction in costs and improved model tangibility
(9,23), the potential loss of visual or spatial information as
a result of the scaling down process remains a possibility
and is identified as an area for further exploration. Lastly,
it must be noted that the principle researcher alone was
responsible for quantitative comparative analysis of survey
responses. Introducing a second objective observer into this
process would assist in minimizing the potential for bias,
thus improving credibility of results (26).

This study demonstrates how a mixed methods approach
may be implemented to allow for a holistic evaluation of
feasibility. Future research should implement a similar
mixed methods approach with larger sample sizes to
further assess the clinical value and application of patient-
specific 3D liver models in surgical management of HCC.
Applications other than surgical planning should also be
explored, including the possibility for the 3D liver models
to act as facilitators of patient-surgeon communication,
interprofessional communication, as well as surgical
education and training for HCC lesions (20). Future
research in this area is warranted.

In conclusion, study outcomes indicate that there is
minimal value in the application of 3D printed models
in radiology, and more specifically in the diagnostic
reporting process for HCC lesions. Encouraging results
were achieved with regard to the potential clinical value
of utilizing patient-specific 3D printed liver models in the
pre-surgical management for resectable HCC lesions. The
feasibility of this application is currently challenged by
identified limitations including the cost and time of model
production, and potential inaccuracies introduced with each
stage of model fabrication.
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Supplementary

Supplement I Inclusion criteria requirements for CT image dataset collection

Inclusion criteria for CT image data acquisition

Abdominal or liver specific scans acquired for the study needed to fulfil the following selection criteria

1 Datasets must be obtained as original DICOM files that have been de-identified

2 Only contrast-enhanced scans will be accepted, including tri-phase or quad-phase enhancement protocols (this may include pre-
contrast, arterial phase, portal venous phase, and delayed phase images datasets)

3 Datasets collected are required to have been acquired using a 64 slice CT scanner or greater to ensure adequate image quality

From the datasets collected, the most appropriate case was selected for image processing and 3D printing based on the following

selection criteria

4 Lesion(s) must be a single lesion with a diameter less than 5 cm, or 2-3 lesions with a diameter less than 3 cm

5 Lesion(s) are preferably solitary and confined to the liver

6 Selected CT datasets are considered good quality, being identified with minimal image noise (or high signal-to-noise ratio) and
adequate imaging of enhancement phases

7 Lesion(s) are identified to demonstrate strong enhancement characteristics consistent with HCC including avid arterial enhancement,
and rapid portal venous washout

8 Image data is obtained with a 1.25-mm slice thickness or less

CT, computed tomography; DICOM, digital imaging and communications in medicine; 3D, three-dimensional; HCC, hepatocellular

carcinoma.

Supplement II Defining the segmentation process

Critical structure

CT dataset utilised

Approximate time

required for segmentation

Comments

Liver body

Tumour and
associated arterial
vascular supply

Portal and
hepatic veins (and
associated venous
branches)

Axial, portal
venous phase
image data

Axial, arterial
phase image data

Axial, segmented
liver body
originating from
the portal venous
image data

4 hours

1 hour

1 hour

Manual segmentation

Error in manual segmentation was minimised by (I) selecting
the portal venous phase dataset featuring normal enhancement
of liver parenchyma; and (Il) applying a median filter to better
define liver boundaries

Semi-automatic segmentation involving (l) rough manual
segmentation to distinguish the region including the tumour
and hepatic arteries; followed by (1l) application of a suitable
threshold to separate the enhancing structures from non-
enhancing intrahepatic tissues

Combination of thresholding and object separator tools utilised

Success of thresholding was dependent on the quality of
contrast enhancement

The segmented liver volume data was used as unwanted
abdominal structures of similar attenuation were excluded,
allowing for the thresholding to be more effective

CT, computed tomography.



Supplement III Selection criteria for participant recruitment
(I)  Selection criteria for the recruitment of radiologists
Radiologists were approached to voluntarily participate in this study in accordance with the following selection criteria.
The participant was required to:
(i)  Currently specialise in diagnostic reporting for abdominal imaging, body imaging, and/or oncology;
(@i1) Be currently practicing within this specialisation;
(iii) Be located within the Perth metropolitan area.

(I)  Selection criteria for the recruitment of surgeons
Surgeons were approached to voluntarily participate in this study in accordance with the following selection criteria.
The participant was required to:
(i)  Currently specialise in abdominal surgery, hepatic surgery, and/or treatment of hepatic lesions;
(i) Be currently practicing within this specialisation;
(ii)) Be located within the Perth metropolitan area.

Supplement IV

QUESTIONNAIRE

Patient-Specific 3D Printing in Surgical Planning for Hepatocellular Carcinoma
(HCC) Treatment

] | have received information regarding this research and had an opportunity

to ask questions. | believe | understand the purpose, extent and possible
risks of my involvement in this project and | voluntarily consent to take part.

SECTION ONE - Clinical Details

(1) How many years have you practiced as a radiologist? Please specify the number
of months or years below.

[1<5 [J6-10 [ 11-150] 16-20 [ >20 Please Circle: months / years

(2) If applicable, please specify your specialist area in diagnostic radiology below.

SECTION TWO — Applications of the 3D Printed Model in Radiology

(3) On a scale from 1 to 5 how useful do you perceive the 3D printed model to be
during the diagnostic reporting process for the case provided in this study:

Not at all Not so Somewhat | Very useful | Extremely
useful useful useful useful
1 2 3 4 5

(4) When compared to the CT images, does the 3D printed model improve your
understanding or report of patient-specific pathological characteristics (for
example, presence or degree of vascular invasion)?

[0 YES (please proceed to Q4a)
[0 NO (please proceed to Q5)



(a) Please list the pathological characteristic(s) that the 3D printed model allows
for a better appreciation of.

(5) Do you perceive the 3D printed model to be a useful supplementary tool in the

diagnostic reporting process for patients with hepatic lesions demonstrating
malignant characteristics?

U YES, in all cases
U YES, in simple cases only

U YES, in complex cases only
LI NO

(6) On a scale from 1 to 5, how useful do you perceive the 3D printed model to be in
assisting interprofessional communication between radiologists and associated
health professionals involved in the treatment planning for patient’s with complex

liver lesions?
Not at all Not so Somewhat | Very useful | Extremely
useful useful useful useful
1 2 3 4 5

(7) On a scale from 1 to 5, how useful do you perceive the 3D printed model to be in
assisting interprofessional communication between radiologists and associated

health professionals involved in the treatment planning for patient’s with simple
liver lesions?

Not at all Not so Somewhat | Very useful | Extremely
useful useful useful useful
1 2 3 4 5




(8) Would the 3D printed models be useful in education and training of junior
radiologists or registrars?

I YES (please proceed to Q7a)
O NO

O Unsure

(a) How would the 3D printed models be useful in education and training?
For example, they would allow students to have a more comprehensive
understanding of the reporting process or pathological characteristics.

(9) Please use the space below to detail any additional feedback, comments,

concerns, or suggestions. Your input and professional opinion is greatly
appreciated.

End of questionnaire. Thank you.



Supplement V

QUESTIONNAIRE

Patient-Specific 3D Printing in Surgical Planning for Hepatocellular Carcinoma
(HCC) Treatment

] | have received information regarding this research and had an opportunity

to ask questions. | believe | understand the purpose, extent and possible
risks of my involvement in this project and | voluntarily consent to take part.

SECTION ONE - Clinical Details

(1) How many years have you performed surgical procedures for liver lesions?
Please specify the number of months or years below.
[1<5 [J6-10 [ 11-150] 16-20 [ >20 Please Circle: months / years

(2) Please specify your current field of work below. For example, Hepatologist,
Abdominal Surgeon, Gatroenterologist etc.

[ Hepatologist [1 Abdominal Surgeon [ Gastroenteriologist
[1 Others (please specify below)

SECTION TWO - Analysis of the 3D Printed Liver Model and Tumour Model

(3) When comparing the 3D reconstruction of the CT image to the 3D printed liver
model...

(a) Does the 3D printed model give you a better perception of the depth of
intrahepatic structures?
J YES
[0 NO

LI They provide the same information

(b) Does the 3D printed model give you a better perception of the spatial
relationships between intrahepatic structures?
O YES

0 NO
[ They provide the same information



(c) Is understanding the depth of and spatial relationship between intrahepatic
structures (including blood vessels and the tumours or tumours) important in
surgical planning for liver lesions?

I YES, information related to both depth and spatial relationships is important
[ YES, only the depth of structures

O YES, only the spatial relationships between structures

I NO, neither is important in surgical planning

(4) The 3D printed liver model has been scaled down to 60% of its true size due to
cost.

(a) Do you perceive this to have an impact upon your ability to visualise
intrahepatic structures?
U YES

O NO

(b) Do you perceive this to have an impact upon your ability to visualise details of
anatomical structures?

O YES
O NO
0O MAYBE

(5) When comparing the 3D reconstruction of the CT image to the full size 3D printed
tumour model, does the 3D printed model provide any additional information?
[ YES (please specify below)
0 NO

(6) Would the separate 3D printed tumour model be useful in the treatment planning
or surgical process?

I YES (please specify below)
O NO




SECTION THREE — Applications of the 3D Printed Model

(7) Could the 3D printed model assist you to improve surgical planning by allowing
you to identify a safer surgical pathway?
O YES
O NO

[J UNSURE

(8) Would the physical 3D printed model be useful during the surgical procedure?
For example*, the model may be used as a guide to orientate or navigate the

cutting plane, by being physically positioned in the same way as the patient
and/or the liver itself.

[0 YES (please proceed to Q8a)
[0 NO (please proceed to Q9)

(a) How would the physical 3D printed model be useful during surgery?
I It would assist in the way mentioned in the example* above
[J OTHER (please provide a short explanation of how the physical model
could be of assistance during surgery below)

(9) Could the 3D printed models assist in reducing operating times by replacing the
need to use intraoperative visualisation tools such as Doppler ultrasound and/or
cholangiography?

U YES
I NO

U Unsure
1 Maybe, depending on the complexity of the patient’s pathology



(10) Do you believe that 3D printed liver models could have the potential to reduce
the chance of intraoperative complications?

Note: you may tick more than one box to answer this question

I YES, in all cases (complex and relatively simple cases)

I YES, in complex cases only

O YES, in simple cases only

[ YES, the enhanced perception that the printed models provide could further
reduce the chance of intraoperative complications

J NO, the 3D reconstructed images give enough information to reduce the

chance of intraoperative complications, the printed model would give no extra
information to further reduce chances
U Unsure

(11)  Could you think of any additional ways that the 3D printed models may be
useful in your profession?

U YES (please provide a short description below)
[J NO (please proceed to Q12)

(12)  Would the 3D printed models be useful in education and training of junior
surgeons?

U YES (please proceed to Q12a)
I NO (please proceed to Q13)
U Unsure (please proceed to Q13)

(a) How would the 3D printed models be useful in education and training?
For example, they would allow students to have a more comprehensive
understanding of the surgical planning process and the procedure.




(13) Please use the space below to detail any additional feedback, comments,
concerns, or suggestions. Your input and professional opinion is greatly
appreciated.

End of questionnaire. Thank you.



