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Abstract

Background and aims Surgical planning in liver resection depends on the precise understanding of the three-dimensional
(3D) relation of tumors to the intrahepatic vascular trees. This study aimed to investigate the impact of 3D printing (3DP)
technology on the understanding of surgical liver anatomy.

Methods We selected four hepatic tumors that were previously resected. For each tumor, a virtual 3D reconstruction (VIR)
model was created from multi-detector computed tomography (MDCT) and was prototyped using a 3D printer. Forty-five
surgical residents were evenly assigned to each group (3DP, VIR, and MDCT groups). After evaluation of the MDCT scans,
VIR model, or 3DP model of each tumor, surgical residents were asked to assign hepatic tumor locations and state surgical
resection proposals. The time used to specify the tumor location was recorded. The correct responses and time spent were
compared between the three groups.

Results The assignment of tumor location improved steadily from MDCT, to VIR, and to 3DP, with a mean score of 34.50,
55.25, and 80.92, respectively. These scores were out of 100 points. The 3DP group had significantly higher scores com-
pared with other groups (p <0.001). Furthermore, 3DP significantly improved the accuracy of surgical resection proposal
(p<0.001). The mean accuracy of the surgical resection proposal for 3DP, VIR, and MDCT was 57, 25, and 25%, respec-
tively. The 3DP group took significantly less time, compared with other groups (p < 0.005). The mean time spent on assessing
the tumor location for 3DP, VIR, and MDCT groups was 93, 223, and 286 s, respectively.

Conclusions 3D printing improves the understanding of surgical liver anatomy for surgical residents. The improved com-
prehension of liver anatomy may facilitate laparoscopy or open liver resection.

Keywords Three-dimensional printing - Surgical anatomy - Hepatic tumor - Computed tomography - Virtual 3D
reconstruction

Abbreviations MDCT Multi-detector computed tomography

2D Two-dimensional VIR Three-dimensional virtual reconstruction
3D Three-dimensional

3DP Three-dimensional printing

CT Computed tomography

> Yan Zou Key Unit of Methodology in Clinical Research, Guangdong

monknut@ 126.com; 378319696 @qq.com

Department of Pediatric Surgery, Guangzhou Women

and Children’s Medical Center, Guangzhou Medical
University, 9 Jinsui Rd., Tianhe District, Guangzhou 510623,
China

Department of Hepatobiliary Surgery, the Fifth People’s
Hospital of Dongguan City, Dongguan, China

3 First Affiliated Hospital of Sun Yat-Sen University,
Guangzhou, China

Provincial Hospital of Chinese Medicine, Guangzhou, China

The Second Affiliated Hospital, Guangzhou University
of Chinese Medicine, Guangzhou, China

Department of Radiology, Guangdong Provincial Hospital
of Chinese Medicine, Guangzhou University of Chinese
Medicine, Guangzhou, China

Department of Radiology, Guangzhou Women and Children’s
Medical Center, Guangzhou Medical University, Guangzhou,
China

@ Springer


http://orcid.org/0000-0001-6261-5287
http://crossmark.crossref.org/dialog/?doi=10.1007/s00464-018-6308-8&domain=pdf

412

Surgical Endoscopy (2019) 33:411-417

The liver consists of complex anatomical structures and is
divided into eight autonomous segments based on the Couin-
aud classification [1, 2]. A comprehensive understanding of
the spatial relationship of hepatic pathology to the vascular
and biliary system is imperative for successful hepatectomy.
Traditionally, surgeons rely on multi-detector computed
tomography (MDCT) or magnetic resonance imaging to
evaluate the spatial relationship of hepatic pathology to the
vascular and biliary system. However, these conventional
radiological modalities provide only two-dimensional (2D)
images of a three-dimensional (3D) organ. To overcome
the limitations of 2D imaging, VIR of the liver is gener-
ated by means of dedicated software based on a standard
medical image dataset [3]. VIR provides surgeons with more
in-depth knowledge of the topographic anatomy and more
precise localization of liver pathology [3-5]. These digi-
tal 3D models represent a valid step forward compared to
conventional radiology and are more effective and precise
in clarifying surgical liver anatomy [4]. In contrast, VIR
is usually viewed through a flat screen and depends on the
viewer’s mental ability to transfer digital 3D images into
virtual 3D structures. Thus, the accuracy of localizing liver
pathology could vary among surgeons [4]. Moreover, the
sense of touch, which is considered essential for the proper
comprehension of any 3D organ, is unavailable in VIR [6].

The spread of 3DP technology in various fields of surgery
has considerable potential with respect to producing physi-
cal 3D organ models [7-15]. The 3DP liver model based
on MDCT images provides a high-fidelity representation
of the original liver organ [7, 9, 16—18]. 3DP liver models
demonstrate hepatic anatomy and tumors with high accu-
racy [19]. Preliminary results suggest that 3DP liver models
allow surgeons to better evaluate crucial anatomical features
such as precise localization of small tumors, which may not
be easily accessible with traditional imaging methods [9,
18]. The models can assist with preoperative planning and
may be used in the simulation of surgical procedures for the
treatment of malignant hepatic tumors [19]. These 3DP liver
models might have the potential to overcome the limitations
of MDCT and VIR. The models will be of great surgical
value as the 3DP model can help to improve the understand-
ing of surgical liver anatomy.

We designed this cross-sectional study to ascertain
whether the 3DP liver model could be more informative

than standard MDCT and VIRs with regard to predicting
the surgical anatomy of the liver.

Methods

Four hepatic tumors (three cases of hepatoblastoma and one
case of focal nodular hyperplasia) that had been surgically
resected were selected. These tumors included those situated
in only one liver segment and those positioned at the border
where the traditional Couinaud classification conflicts with
the individual vascular tree-based segment border. Specifi-
cally, one tumor was located in segment 5, one in segment
2 and 3, one in the right hemiliver, and one in the right
hemiliver and segment 1 (Table 1).

For each patient, a VIR model was created from the orig-
inal MDCT dataset. Thereafter, a full-size physical liver
model was prototyped using a 3D printer. Correspondingly,
the dataset of each patient was classified into MDCT, VIRs,
and 3DP model groups (Figs. 1, 2, 3). The operating sur-
geon, radiologists, and technicians worked closely regarding
the process of 3D segmentation.

3D printing process

Enhanced computed tomography (CT) data were collected
with a Philips Brilliance 64-MDCT scanner (Philips, Ein-
dhoven, Netherlands). MDCT images were obtained with
multiple phase scanning, with a slice height of 0.625 mm.
Ultravist (Iopromide) 370 was the contrast medium. The CT
data were imported to the Mimics software program v14.01
(Materialize Corp, Leuven, Belgium) to perform segmenta-
tion of the tumor and mass vascular system in the abdomen,
and were saved in the “STL” file format. The segmentation
was performed both automatically and manually. The STL
files were then imported into the PolyJet Studio™ 3D print-
ing software program for preprocessing [20]. Subsequently,
the data flow was exported to the Stratasys J750TM 3D
printer, which has full-color capability with texture map-
ping and color gradients. The Transparent VeroClear™
and RGD720 were used to build the model. The 1:1 scale
patient-specific 3D model displays the tumor, normal hepatic
parenchymal, hepatic vein, and portal vein. The hepatic

Table 1 Tumors characteristics

. Case Diagnosis Location Size (cm) Surgical procedure
and surgical procedures
1 FNH Segment 5 7.1x4.5%6.9 Segmentectomy 5
2 HB Segment 5, 6,7, 8 6.3%x5.1x8.8 Right hepatectomy
3 HB Segment 2, 3 8.1x5.7x7.5 Bisegmentectomy 2, 3
4 HB Segment 1, 5, 6,7, 8 6.4x3.1x3.7 Right hepatectomy

FNH focal nodular hyperplasia, HB hepatoblastoma
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Fig. 1 MDCT images showing multifocal intrahepatic tumors involving both the right liver and caudate lobe (case 4) (A axial plane, B coronal
plane). Arrows indicating tumors. MDCT multi-detector computed tomography

A

Fig.2 VIR of the patient in Fig. 1 (case 4) (A anterior view, B posterior view). The red color shows the tumors; blue color shows the inferior
vena cava and hepatic veins, and the purple color shows the portal vein. (Color figure online)

Fig.3 3D printed liver model of the patient in Fig. 1 (case 4) (A anterior view, B posterior view). The red color shows the tumors; blue color
shows the inferior vena cava and hepatic veins, and the purple color shows the portal vein. (Color figure online)
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artery is not printed. The production of a full-size model
costs approximately $1200.

Study design

This research was designed as a prospective compara-
tive study with three parallel groups. Surgical residents
(2—4 years of training) without any notification of the study
purpose were invited to participate in this study. Forty-
five surgical residents evenly assigned to one of the three
groups (MDCT, VIR, and 3DP groups) to evaluate the dif-
ferent presentations of patients’ anatomical data. The MDCT
images were loaded on the software to provide uniform study
conditions, allowing both axial and coronal scans visualiza-
tion, while the 3D virtual reconstructions were loaded onto
the visualization software which enables free rotation and
zooming of the virtual model. Regarding the patient-specific
3DP liver models, the surgical residents were allowed to
freely handle them.

The residents were asked to state the liver segment where
the tumor was located and to make a minimal resection
proposal, including the tumor, safety margin (1 cm), and
dependent liver tissue. The time (seconds) spent on assign-
ing each tumor location was recorded.

For tumor allocation to the liver segments, 100 points
were awarded if all segments in which the tumors resided
were correctly identified. If the tumor was located in more
than one segment, the 100 achievable points were divided
between these segments. Erroneously identified segments
were awarded a minus point according to the formula men-
tioned earlier [4]. The resection proposals were considered
correct or incorrect, based on surgical recommendations
proposed by the operating surgeon and a senior radiologist.
Only those who achieved 100 points in the tumor location
assignment and who presented the resection proposal using
the Brisbane 2000 Terminology of Liver Resections [21]
were considered correct.

This study was approved by the Institutional Review
Board of Guangzhou Women and Children’s Medical Center
(Guangzhou, China). All patient records were anonymized
and de-identified prior to analysis.

Statistical analysis

The statistical analyses were performed with R version
3.3.2 (R Core Team, Vienna, Austria) using freely dis-
tributed software packages. Two-tailed p values of <0.05
were considered statistically significant. The outcomes of
the three groups were compared using one-way analysis of
variance. Multiple pairwise comparisons of the groups were
performed using the Bonferroni method.

@ Springer

Results

Assignment of tumor location improved steadily from
MDCT, to VIR, and to the 3DP model, with a mean score of
34.50, 55.25, and 80.92, respectively (Table 2). These scores
were out of 100 points. The 3DP model group achieved sig-
nificantly higher scores compared to the VIR and MDCT
groups (p <0.001, Fig. 4). No significant difference was
observed between the VIR and MDCT groups.

Furthermore, the 3DP liver model significantly improved
the accuracy of surgical resection proposal (p <0.001,
Fig. 5), compared to VIR and MDCT. The mean accuracy
for the 3DP model, VIR, and MDCT groups was 57, 25, and
25%, respectively.

The mean time spent on assigning tumor location for
the 3DP model, VIR, and MDCT was 93, 223, and 286 s,
respectively. The 3DP model took significantly less time,
compared to the two other groups, regarding the assignment
of tumor location (p <0.005, Fig. 6); no significant differ-
ence was observed between the VIR and MDCT groups.

Discussion

Our study showed that patient-specific 3DP liver mod-
els were more informative compared to VIR and MDCT
with respect to the understanding of surgical liver anatomy
for surgical residents. The 3DP liver model significantly
improved the accuracy of hepatic tumor location assign-
ment, taking less time and allowing for better surgical resec-
tion planning. Based on our findings, it will be especially
important and meaningful to further investigate how 3DP
liver models will change intraoperative decision-making and
clinical outcomes in the future.

The 3DP liver model achieved a more precise assign-
ment of the diseased liver segment compared to VIR and
MDCT. Previous studies suggest that the 3DP model
may be more informative for locating complicated and
small hepatic tumors [9, 18, 22, 23]. Additionally, 3DP
of other organs has yielded similar results regarding the

Table 2 Tumor assignment, surgical resection proposal, and time for
each group

Characteristics 3DP (n=15) VIR (n=15) MDCT (n=15)

Score 80.92+19.34 55.25+14.26  34.50+29.11
(mean + SD)

Proposal 0.57+0.31 0.25+0.16 0.25+0.16
(mean +SD)

Time (mean+SD) 93.42+65.72 223.12+137.20 286.10+108.33

3DP 3D printed model, VIR virtual 3D reconstruction, MDCT multi-
ple detector computed tomography
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clarification of the specific anatomy of solid organs [14,
24]. These consistent results show that the 3DP model is
useful for clarifying complicated surgical anatomy, and
our results suggest that the 3DP liver model could be a
useful tool to aid surgical residents to understand the sur-
gical anatomy of diseased livers. 3D printing has unique
advantages over VIR and MDCT. The spatial structural
relationship of the liver is straightforward in the patient-
specific 3DP model. Moreover, with the 3DP model, sur-
geons have the ability to examine and touch the region of
interest, which is considered important for understanding
the target anatomy [6, 25]. 3DP is expected to have a broad
influence on different fields of surgery and should be piv-
otal for training future generations of surgeons and other
care providers [24].

Unexpectedly, no significant difference was found
between VIR and MDCT regarding the accuracy of tumor
location assignment, although better scores for VIR were
observed. In contrast, a previous study including different
levels of surgeons showed that VIR resulted in a signifi-
cantly increased precision of tumor localization compared
to MDCT [4]. The inclusion of only surgical residents and
a small study sample in our series may account for the dif-
ference in results between that study and ours. Furthermore,
this inconsistency may also reflect the variability of VIR,
which depends on the viewer’s mental ability to transfer
digital 3D images into virtual 3D structures.

The surgical resection proposals were more accurate in
the 3DP liver model group. Regarding the resection propos-
als, only residents who achieved a correct assignment of all
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Fig.6 Box plot of the three
models regarding the average 500
time spent on tumor location
assignment. 3DP 3D-printed
model, VIR VIR, MDCT multi-
detector computed tomography 400
300+
[}
£
=
200+
100+
I
O_

3DP

diseased hepatic segments, with correct surgical statements
using the classic method, were considered to have presented
correct surgical resection proposals. Reasonably, better
tumor assignment should result in more accurate surgical
resection planning. However, a resident’s understanding of
the Brisbane 2000 liver resection terminology could also
have influenced the resection proposals, which might explain
why VIR did not show any superiority to MDCT. The physi-
cal 3D representation of the target anatomical area appears
to provide support for surgeons in preoperative planning [7].
Handling these models with both inflow and outflow struc-
tured printed provide a mental reconstruction of the anatomy
that makes not only the comprehension but also the memori-
zation of essential details easier [6]. Furthermore, 3DP can
also be sterilized and brought into the operating theater to
assist real-time surgery [9]. Additionally, these 3D models
can be especially useful in minimally invasive surgery [22].

The transformation of information was quicker in the
3DP group than in the VIR and MDCT groups. The ben-
efit of quicker information transformation in 3DP of other
solid organs has also been reported [14]. The speed of visual
information transfer that the sense of touch offers through
the handling of a physical object, which is missing when the
same images (either 2D or 3D) are displayed on a screen,
is evidently prominent [26]. 3DP technology has notably
advanced in the past few decades and has been used in the
fields of preoperative surgical planning [17, 27, 28].

The current study has some limitations. First, this study
enrolled only surgical residents who may be considered
less experienced in the clinical setting. The study may only
reflect the usefulness of 3DP in helping less experienced
surgeons to understand the surgical anatomy of the liver.
Clarifying the impact of 3DP with regard to surgeons with
different levels of experience, and especially its impact on
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surgical outcome, is critical. Thus, it will be important to
investigate whether a better understanding of the surgical
liver anatomy will lead to better complete resection rates
and decreased surgical complications.

Furthermore, as an emerging technology, 3DP has its
own limitations. Producing a 3D model is costly and time-
consuming, which is the main drawback limiting the wide-
spread use of 3DP technology [19, 27]. Fortunately, there are
currently tests being done on low-cost solutions [22, 29]. As
3DP technology evolves and costs continue to fall, patient-
specific 3DP may become common for both clinical and
educational purposes.

Conclusion

The 3DP liver model helped to improve the understanding of
hepatic surgical anatomy by surgical residents. With the 3DP
model, accurate tumor localization and better surgical plan-
ning can be achieved quickly. The improved comprehension
of liver anatomy may facilitate laparoscopy or open liver
resection. Further study including surgeons with different
levels of experience and a larger study population may be
needed to accurately clarify the impact of 3DP in the clinical
setting and if the 3D model leads to better clinical outcomes
in hepatic resections.
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