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Abstract

BACKGROUND

Three-dimensional (3D) modelling technology translates the patient-specific
anatomical information derived from two-dimensional radiological images into
virtual or physical 3D models, which more closely resemble the complex
environment encountered during surgery. It has been successfully applied to
surgical planning and navigation, as well as surgical training and patient
education in several surgical specialties, but its uptake lags behind in colorectal
surgery. Rectal cancer surgery poses specific challenges due to the complex
anatomy of the pelvis, which is difficult to comprehend and visualise.

AIM
To review the current and emerging applications of the 3D models, both virtual
and physical, in rectal cancer surgery.
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METHODS

Medline/PubMed, Embase and Scopus databases were searched using the
keywords “rectal surgery”, “ three-dimensional”, “3D”,
“modelling”, “3D printing”, “surgical planning”, “surgical navigation”, “surgical
education”, “patient education” to identify the eligible full-text studies published
in English between 2001 and 2020. Reference list from each article was manually
reviewed to identify additional relevant papers. The conference abstracts, animal
and cadaveric studies and studies describing 3D pelvimetry or radiotherapy
planning were excluded. Data were extracted from the retrieved manuscripts and
summarised in a descriptive way. The manuscript was prepared and revised in
accordance with PRISMA 2009 checklist.

voou

colorectal surgery”,

RESULTS

Sixteen studies, including 9 feasibility studies, were included in the systematic
review. The studies were classified into four categories: feasibility of the use of 3D
modelling technology in rectal cancer surgery, preoperative planning and intraop-
erative navigation, surgical education and surgical device design. Thirteen studies
used virtual models, one 3D printed model and 2 both types of models. The
construction of virtual and physical models depicting the normal pelvic anatomy
and rectal cancer, was shown to be feasible. Within the clinical context, 3D models
were used to identify vascular anomalies, for surgical planning and navigation in
lateral pelvic wall lymph node dissection and in management of recurrent rectal
cancer. Both physical and virtual 3D models were found to be valuable in surgical
education, with a preference for 3D printed models. The main limitations of the
current technology identified in the studies were related to the restrictions of the
segmentation process and the lack of 3D printing materials that could mimic the
soft and deformable tissues.

CONCLUSION

3D modelling technology has potential to be utilised in multiple aspects of rectal
cancer surgery, however, it is still at the experimental stage of application in this
setting.

Key Words: Rectal cancer; Three-dimensional modelling; Three-dimensional printing;
Image-guided surgery; Surgical navigation; Surgical education

©The Author(s) 2021. Published by Baishideng Publishing Group Inc. All rights reserved.

Core Tip: Three-dimensional (3D) modelling technology has revolutionized
preoperative planning, intraoperative navigation, and surgical training in several
surgical specialties. Rectal cancer surgery poses significant challenges due to the
complex anatomy of the pelvis. While there is marked interest in the application of 3D
modelling in this field, it appears to be still in its relative infancy. Future research and
technological developments will enable clinical application of the virtual and physical
3D models to enhance surgical vision before and during rectal cancer surgery.

Citation: Przedlacka A, Pellino G, Fletcher J, Bello F, Tekkis PP, Kontovounisios C. Current
and future role of three-dimensional modelling technology in rectal cancer surgery: A
systematic review. World J Gastrointest Surg 2021; 13(12): 1754-1769

URL: https://www.wjgnet.com/1948-9366/full/v13/i12/1754.htm

DOI: https://dx.doi.org/10.4240/wjgs.v13.i12.1754

INTRODUCTION

Colorectal cancer is the second leading cause of cancer deaths worldwide[1]. Cancer of
the rectum accounts for approximately 30% of all colorectal malignancies. Rectal
cancer surgery has undergone revolutionary changes within the last three decades.
The standard application of the total mesorectal excision (TME), the use of
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combination of chemo- and radiotherapy and the advent of minimally invasive
approaches have all contributed to the improvement of patients” surgical and
oncological outcomes[2,3]. However, rectal cancer surgery still poses significant
technical challenges due to the complex anatomy of the pelvis, which contains crucial
digestive, urinary and gynaecological organs, surrounded by the intimately
interlinked minute pelvic nerves and vessels, all together enclosed within a rigid and
often narrow space.

Obtaining the correct diagnosis and formulating a comprehensive management plan
requires an effective multidisciplinary communication between the radiologists,
surgeons and oncologists, which heavily relies on the radiological investigations.
Magnetic resonance imaging (MRI) has become the gold standard in rectal cancer
assessment[4]; however, it can be very difficult to comprehend for a non-expert eye.
The use of three-dimensional (3D) models, both virtual and 3D printed, presents the
information obtained from the two-dimensional radiological images in a way that
resembles the complex 3D pelvic space encountered intraoperatively.

3D models have been found beneficial to all aspects of surgical care, from the
recognition of patient’s individual anatomy and creation of precise surgical roadmap,
through surgical education to patient interaction[5,6].

Within the colorectal surgery, 3D imaging is used in computed tomography (CT)
colonography where it provides the “fly-through” views of the colon, and in 3D
reconstruction of CT angiography, which has already become a routine part of
preoperative planning for cancer segmental colectomies in many institutions[7,8].
While the use of these two modalities has been thoroughly reported, the use of 3D
modelling technology in rectal cancer surgery has not been reviewed. The two most
recent systematic reviews of the applications of 3D printing in colorectal surgery
identified only one paper addressing its use in rectal surgery, however these
systematic reviews did not address the use of 3D virtual models[9,10].

This systematic review aims to provide a comprehensive picture of the current role
of the 3D modelling technology in rectal cancer surgery and to identify the future
directions of exploration of its application.

MATERIALS AND METHODS

Literature search

Electronic databases, PubMed/MEDLINE, Embase and Scopus, were searched to
identify studies describing the use of 3D models, both virtual and physical, in rectal
cancer surgery between 2000 and 2020. Keywords in the search strategy included:

“3D”, "three-dimensional”, “model”, “colorectal”, “rectum”, “surgery”, “planning”’,
” “"

“navigation”, “simulation”, “surgical education”, “patient education”. The reference
section of each paper was further screened for other relevant papers.

Inclusion criteria

All full-text studies published in English, which described 3D virtual or physical
models used in any aspect of rectal cancer surgery were considered eligible for
inclusion, regardless of study type.

Exclusion criteria

Duplicate articles, review papers and conference abstracts were excluded. Studies in
which 3D models were derived from animals or cadavers, as well as studies of pelvic
volumetry and radiotherapy planning were excluded.

Screening and data extraction

Title and abstract screening were performed independently by two reviewers
(Przedlacka A and Fletcher J). The cases where consensus was not achieved, were
resolved by Kontovounisios C and Pellino G. Full-text review and data extraction were
performed independently by two reviewers (Przedlacka A and Kontovounisios C).
The manuscript was drafted by Przedlacka A and revised by all authors.

The following information was extracted from each study: Author, year of
publication, country where study was conducted, patient demographics, indication for
3D modelling, type of model (virtual or physical), methodology of image
segmentation, time and cost of 3D modelling and 3D printing, study outcomes and
limitations. The manuscript was prepared and revised according to the PRISMA 2009
Checklist[11].
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RESULTS

Study characteristics

The details of the study screening are presented in Figure 1. Sixteen studies were
found to be eligible for inclusion in the present systematic review. There were 8
studies from Asia, 7 from Europe and one from the United States. The studies were
published between 2006 and 2020, with 14 out of 16 published since 2017. There was
one single-centre open-label randomised controlled trial, 4 retrospective studies, 9
feasibility or pilot studies and 2 case reports. The characteristics of the studies and
their participants are shown in Table 1. The application of 3D modelling in each study
is presented in Table 2.

The use of virtual 3D models was reported in 13 studies, 3D printed models in one
and both types of models in two studies. Models were derived from CT scans in 8
studies, from MRI scans in five studies, while the combination of both modalities was
used in two studies. Further characteristics of the methodology of 3D modelling and
3D printing described in studies are presented in Table 3.

For the purpose of the descriptive presentation of the results of the present
systematic review, the studies were divided into four categories: (1) Feasibility of
application of 3D modelling technology in rectal cancer surgery; (2) Surgical planning
and navigation; (3) Surgical education; and (4) Surgical device design.

Feasibility of application of 3D modelling technology in rectal cancer surgery
Feasibility of construction of 3D models of normal pelvic anatomy: Kontovounisios
et al[12] constructed 10 models of healthy volunteers (5 males and 5 females) to
demonstrate the feasibility of creation of virtual models of normal pelvic anatomy.
MRI images were manually segmented in ITK-SNAP and further post-processing was
applied in MeshLab. The particular focus was placed on the central pelvic
compartment, which contains the rectum, intra/extra-luminal fat and the mesorectum,
and is relevant to the TME resection. The authors noted that the methodology could be
applied to create models of rectal cancer, which could be utilised for surgical planning
and patient consultation.

Hamabe and Ito[13] explored the feasibility of creation of a 3D printed model of
pelvic anatomy relevant to rectal cancer surgery and specifically to lateral pelvic
lymph node (LPN) dissection. The CT images of a healthy male volunteer and a female
with rectal cancer were manually segmented to create 3D replicas of patients’
anatomy, including pelvic bones, pelvic floor muscles, internal and external iliac
vessels with their branches, nerves and urogenital organs. The central compartment
with the mesorectum and the rectum were not included in the models. The full-sized
models were 3D printed with ultraviolet-cured resin. They could be cleaved in a
sagittal plane to allow for the inspection of the deep parts.

Feasibility of construction of 3D models of rectal cancer: Sahnan et al[14] presented
the feasibility of construction of two 3D virtual models for surgical planning of
transanal TME (TaTME). These were created through manual segmentation of
standard axial T2-weighted Spectral Attenuated Inversion Recovery sequences
performed by a specialist consultant gastrointestinal radiologist. In the first case of a
male patient with low rectal cancer, the model provided insight into the location at
which the tumour penetrated the rectal wall and demonstrated the close relation but
clearance of the tumour from the prostate and the urinary system. In the second case
of a male with ulcerative colitis who was scheduled for combined single incision
laparoscopy and TaTME completion proctectomy and ileoanal pouch, it provided an
understanding of the anatomical landmarks and the insight into the relation between
the internal sphincter and rectum, as well as between the prostate and urethra.
Przedlacka et al[15] reported constructing thirty 3D virtual models derived from the
MRI T2 weighted sequences of patients with rectal cancer. The authors showed the
feasibility of manual segmentation of the rectal wall layers to present the difference in
the 3D appearance of T1 and T3 tumours. The authors also presented a model
demonstrating infiltration of the prostatic gland in a T4 tumour. The models of early
rectal cancer which comprise the central compartment only can be utilised for the
assessment of suitability for the local excision of rectal cancer, while models of
advanced tumours which display the central compartment in the context of the entire
pelvic anatomy can be applied for preoperative planning of the beyond-TME surgery.
Garcia-Granero et al[16] presented the feasibility of application of a mathematical
3D-based model of image processing and reconstruction (3D-IPR) method to generate
virtual 3D models of pelvis and to assess the invasion of the prostate by the rectal
cancer. Two cases demonstrate the use and the diagnostic reliability of 3D-IPR models
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Table 1 Characteristics of the studies and participants

Number of Gender
Ref. Count Study type A Age (yr,
i ytyp participants ge (y1) (male/female)
Kontovounisios et al[10], United Feasibility 10 No data 5/5
2019 Kingdom
Hamabe et al[11], 2017 Japan Feasibility 2 No data 1/1
Sahnan et al[12], 2018 United Feasibility 2 No data 2/0
Kingdom
Przedlacka et al[13], 2020 United Feasibility 30 No data No data
Kingdom
Garcia-Granero et al[14], Spain/Italy Feasibility 2 No data 2/0
2020
Garcia-Granero ef al[15], Spain/Italy Feasibility 2 No data 1/1
2020
Sueda et al[16], 2019 Japan Case report 1 83 0/1
Chen et al[17], 2020 China Case report 1 68 1/0
Kim et al[18], 2020 South Korea Prospective observational 10 Median 60; range (40- 8/2
80)
Hojo et al[19], 2020 Japan Retrospective Qualitative 30 No data No data
Horie et al[20], 2018 Japan Retrospective 10 Median 62; range (43- 8/2
77)
Hojo et al[21], 2020 Japan Retrospective 11Rectal cancer: 5 Median 67; range (56- 6/5
79)
Nijkamp et al[22], 2018 The Feasibility 33Rectal cancer: 8 No data No data
Netherlands
Hassinger et al[23], 2020 United States Pilot study 10 No data No data
Hojo et al[24], 2019 Japan Single-centre randomised 102 No data
controlled
Brannigan ef al[25], 2006 Belgium Feasibility 6 Mean 66.5; range (54- 3/3

81)

Jaishideng®
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based on preoperative pelvic MRI and correlated with pathology as reference
standard. A 60-year-old male with locally advanced primary rectal cancer was found
to have infiltration of levator ani muscle and prostate with an uncertain urethral
invasion on the MRI scan. Contrary to that, the 3D-IPR model showed infiltration of
the puborectalis muscle, but neither prostate nor urethra was invaded. Patient
underwent abdominoperineal excision with TME and partial en bloc prostatectomy
with neoadjuvant chemoradiotherapy. Pathology showed RO resection with no
residual tumour cells in the prostate gland.

The second case illustrates a patient with ulcerative colitis and locally advanced
primary rectal cancer infiltrating the puborectalis muscle and the prostate, treated with
neoadjuvant chemoradiotherapy. The post-treatment MRI showed low tumour
regression with persistent infiltration of the puborectalis muscle and the prostate
gland. The 3D-IPR reconstruction based of the post-treatment MRI showed infiltration
of the puborectalis muscle bilaterally and the prostate. Patient underwent total pelvic
exenteration. The histopathology report confirmed a mucinous adenocarcinoma infilt-
rating the puborectalis muscle and the prostate with RO resection.

In a separate study[17], the feasibility and diagnostic reliability of the same mathem-
atical approach with 3D-IPR model based on pelvic MRI was evaluated in the
assessment of the circumferential resection margin in two patients with locally
advanced primary and recurrent rectal cancer. In the first case, the MRI reported
locally advanced rectal cancer infiltrating the posterior vaginal wall and the internal
sphincter with dubious external sphincter infiltration. 3D-IPR confirmed infiltration of
these structures but indicated clearance of the external sphincter. Patient underwent
neoadjuvant chemoradiotherapy followed by inter-sphincteric anterior resection of the
rectum extended into posterior vaginal wall. Pathology showed presence of fibrosis
and acellular mucin pools in the posterior vaginal wall and internal sphincter and
confirmed that the RO resection was achieved. In the second case of a patient who had
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Table 2 Application of the three-dimensional modelling technology

Ref. Pathology Surgical procedure Application Main findings
Kontovounisios ~ Normal pelvis NA NA Feasibility of construction of virtual 3D models
et al[10] of pelvis
Hamabe et al[11]  Normal pelvisRectal NA NA Feasibility of construction of 3D printed models
cancer of pelvis and rectal cancer
Sahnan et al[12] ~ Low rectal TaTME NA Feasibility of application of 3D models in
cancerUlcerative colitis surgical planning of TaTME
Przedlackaetal  Rectal cancer T1-T4 NA Preoperative Feasibility of construction of virtual 3D models
[13] planning of T stages of rectal cancer
Garcia-Granero et Locally advanced rectal ~ TME with en block Preoperative Feasibility of application of a mathematical
al[14] cancer prostatectomyTotal pelvic planning method to generate 3D models and assess
exenteration prostate invasion in men with rectal cancer
Garcia-Granero et Locally advanced Beyond TME Preoperative Feasibility of application of a mathematical
al[15] primary and recurrent planning method to generate 3D models and assess CRM
rectal cancer status
Sueda et al[16] Upper rectal cancer Laparoscopic anterior resection Preoperative Identification of Retzius venous short circuit
planning prior to laparoscopic anterior resection
Chen et al[17] Rectal cancer (TAN2Mx)  Laparoscopic-assisted radical Preoperative Preoperative recognition of situs inversus
resection of rectum planning
Kim et al[18] Rectal cancer with TME with LPLND Preoperative Index LPNs among ICG-bearing lymph nodes
metastatic LPNs planning and can be identified intraoperatively by matching
navigation 3D models
Hojo et al[19] Rectal cancer with LPLND Preoperative 3D -printed models are useful for surgical
metastatic LPNs planning and planning of LPLND, especially in cases with
navigation LPN metastases
Horie et al[20] Advanced low rectal TME, tumour-specific mesorectal ~ Preoperative 3D reconstruction revealed vascular anatomy
cancer resection or total proctocolectomy  planning variations in 40%
with LPLND
Hojo et al[21] Infra-renal recurrence of ~ Curative resection beyond TME Preoperative Usefulness of 3D models in surgical planning
colorectal cancer planning and and navigation for resection of infra-renal
navigation recurrence of colorectal cancer, including rectal
cancer
Nijkamp et al[22]  Locally advanced Resection of tumour Intraoperative Feasibility of integration of 3D model into the
primary and recurrent navigation novel EM- based navigation system

Hassinger et al

[23]

Hojo et al[24]

Brannigan et al

[25]

rectal cancer

Normal pelvic anatomy

Lower rectal cancer

Middle and lower rectal
cancer

NA

Relevant to LPLND

Laparoscopic resection of rectal
cancer

Surgical education

Surgical education

Surgical device
design

VAPS teaches clinically relevant anatomy and
is preferred to traditional methods. More
detailed model is required

3D virtual and printed models are useful for
teaching LPLND

The optimal angulation of a stapling device for
transverse rectal transection is between 62° and
68°

TaTME: Transanal total mesorectal excision; TME: Total mesorectal excision; CRM: Circumferential resection margin; LPN: Lateral pelvic sidewall lymph

nodes; LPLND: Lateral pelvic lymph node dissection; VAPS: Virtual pelvic anatomy simulator.

Jaishideng®

previously undergone anterior resection for rectal cancer, MRI images showed pelvic
sidewall recurrence infiltrating the levator ani muscle and the left obturator muscle
without bone infiltration. 3D-IPR also indicated the invasion of the levator ani and the
left obturator muscles but additionally, it suggested the infiltration of the left seminal
vesicle and the left ischial spine. Patient underwent abdominoperineal excision
extending to the pelvic periosteal lamina. Pathology showed R1 resection with the
invasion of the left seminal vesicle, levator ani, obturator muscle and positive CRM at

the bone surface as indicated by the 3D-IPR[14].

Application of 3D modelling technology in preoperative planning and intraoperative

navigation in rectal cancer surgery
Preoperative recognition of vascular anatomy: Sueda et al[18] reported the usefulness
of the 3D reconstruction of the CT images in pre-operative planning in an 83-year-old
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Table 3 Details of the three-dimensional model creation process

Radiological . Segmentation Segmentation 3D Printin 3D printin
Study 3D model . g Segmentation g . g . 9 P . g
modality performed by time time material
Kontovounisios  Virtual MRI Manual No data No data NA NA
et al[10]
Hamabe et al[11] Printed CT Manual Colorectal Surgeon 40 h M -37h30 Ultraviolet-
and Technician min; F-34h  curated resin
20 min
Sahnan et al[12] ~ Virtual MRI Manual Consultant Segmentation: 15 NA NA
gastrointestinal minSmoothing: 10
radiologist min
Przedlacka etal ~ Virtual MRI Manual No data No data NA NA
[13]
Garcia-Granero  Virtual MRI 3D-IPR No data No data NA NA
et al[14]
Garcia-Granero  Virtual MRI 3D-IPR No data No data NA NA
et al[15]
Sueda et al[16] Virtual CT No data No data No data NA NA
Chen et al[17] Virtual CT/MRI No data No data No data NA NA
Kim et al[18] Virtual CT No data No data No data NA NA
Hojo et al[19] Virtual/printed CT Manual Colorectal surgeon No data 40h No data
(decreased
with
experience)
Horie et al[20] Virtual CT No data No data No data NA NA
Hojo et al[21] Virtual No data No data No data No data No data NA
Nijkamp et al[22] Virtual CT Automatic (bones); No data 1-3h NA
Semi-automatic
(arteries); Manual (other
structures)
Hassingeretal ~ Virtual CT/MRI No data No data No data NA
[23]
Hojo et al[24] Virtual/Printed CT No data Colorectal Surgeon No data 22h
and Radiologist
Branniganetal  Virtual CT Semi-automatic No data No data NA NA

[25]

MRI: Magnetic resonance imaging; CT: Computed tomography; 3D-IPR: Three-dimensional image processing and reconstruction.

Jaishideng®

Japanese woman with upper rectal cancer and an unexpected finding of a rare venous
malformation - the Retzius venous short circuit between the inferior mesenteric vein
and the inferior vena cava. During laparoscopic anterior resection, the Retzius vein
and the inferior mesenteric vein were ligated without bleeding, and the mesorectal
excision was successfully completed.

Chen et al[19] described the application of preoperative recognition of anatomy
which enhanced surgical planning in a 68-year-old Chinese woman with rectal cancer
(T3N2Mx) and situs inversus. Preoperative identification of the congenital anomaly
through the use of 3D virtual reconstruction of patient’s radiological images (CT and
MRI) with Mimics system (Materialise) allowed for the safe completion of laparo-
scopic-assisted radical resection of rectal cancer with distal ileostomy.

LPN dissection: Kim ef al[20] described the use of 3D reconstruction of preoperative
CT images for surgical planning and intraoperative navigation during LPN dissection
(LPLND). Thirteen patients scheduled to undergo TME with LPLND for rectal cancer
were prospectively enrolled in the study. 3D images were constructed through volume
rendering and depicted bones and essential structures in the pelvic sidewall, such as
the obturator nerve and muscles, arteries and index LPNs, defined as metastatic LPNs
identified on pre-treatment MRI. During surgery, LPNs were removed under the
guidance of real-time fluorescence imaging with indocyanine green (ICG). The
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Records identified from
databases (7 = 2830)

Duplicate records
removed (7 = 637)

Records screened
(n = 2193)

Records excluded
(n = 2143)

Reports sought for
retrieval (n = 50)

Reports not retrieved
(n=2)

Reports assessed for
eligibility (7 = 48)

Reports excluded

Conference abstracts (7 = 23)
Wrong setting (7 = 5)

Studies included in Cadaveric studies (7 = 4)
review (7 = 16)

Figure 1 PRISMA flowchart.

surgeon verified the position of the index nodes with 3D reconstruction images
displayed on the computer or the console monitor in the case of robotic surgery. All
index LPNs among ICG-bearing lymph nodes were clearly identified intraoperatively
by matching the corresponding 3D reconstructions.

Hojo et al[21] evaluated the subjective utility of 3D pelvic images and 3D physical
models for surgical planning and navigation in LPLND. 3D images were constructed
preoperatively from the enhanced CT scan images in 22 patients planned for LPLND
for rectal cancer (5 open, 12 Laparoscopic, 5 robotic procedures). The models were
printed with white polylactic acid. LPN metastasis was confirmed in 19 sides in 17
patients. Thirty surgeons with experience of laparoscopic colorectal surgery evaluated
the subjective usefulness of 3D virtual and printed models by answering a three-item
questionnaire using the 5-point Likert scale. The mean score for the subjective
usefulness of a 3D model for understanding anatomy was 4.68 (range 3-5) and it was
statistically significantly higher in cases with LPN metastases than in those without.
Sixty percent of surgeons indicated 3D model, and 27% 3D image as the best modality
for preoperative simulation. Eighty-seven percent indicated 3D model, and 13% 3D
image as the best modality for intraoperative navigation. 3D models were found to be
more helpful for comprehension of 3D spatial anatomy than the virtual models (4.83
and 4.36, respectively, P < 0.001). The ease of use of 3D models and 3D images was
scored 4.60 and 4.20, respectively (P = 0.015).

Horie et al[22] reported the application of 3D virtual images in surgical planning
and preoperative simulation for laparoscopic LPLND. 3D images were created from
CT images and depicted the tumour, branches of the internal mesenteric artery, the
iliac artery and vein, ureters, urinary bladder, enlarged lymph nodes, iliopsoas muscle
and bones. The records of 10 consecutive patients with advanced low rectal cancer
(below peritoneal reflection) who underwent TME, tumour-specific mesorectal
resection or total proctocolectomy with LPLND after preoperative 3D simulation were
retrospectively reviewed. In four cases (40%) 3D reconstruction revealed variations in
vascular anatomy (confirmed intraoperatively), such as duplicate inferior vesical
arteries or the obturator artery with a common origin with the internal iliac artery.
Authors concluded that 3D preoperative reconstruction can be useful for the safe
performance of laparoscopic LPLND.

Recurrent rectal cancer: Hojo et al[23] reported the utility of the 3D virtual and 3D
printed models in surgical planning and navigation for the resection of intra-
abdominal infra-renal recurrence of colorectal cancer. Amongst eleven patients
included in the study, rectum was the site of primary cancer in five, out of which four
underwent open and one laparoscopic surgery. 3D virtual images were created
preoperatively for nine patients and 3D printed models for two patients. In all patients
with rectal cancer virtual models used for intraoperative navigation. RO resection was
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achieved in 8 cases. The clinical applicability of this technology was presented in a case
of a 65-year-old male with recurrent rectal cancer invading the external iliac artery and
vein following low anterior resection. RO resection of the recurrent tumour together
with artificial replacement of both external iliac artery and vein was achieved after the
multidisciplinary approach to surgical planning based on 3D virtual model.

Integration of 3D modelling and stereotactic navigation: Nijkamp et al[24] explored
the integration of two novel technologies to enhance pelvic cancer surgery. A virtual
3D model of pelvis, including pelvic bones, arteries, veins, and ureters, derived from
an enhanced CT scan was integrated into a novel electromagnetic (EM) surgical
navigation system for pelvic cancer resections. The 3D model serving as a surgical
roadmap was registered to an intraoperative CT scan performed with C-arm cone-
beam CT during surgery. The navigation system achieved accuracy of 5 mm and
required an additional operating time of 20 min. Thirty-three patients with at least one
rigid tumour target were included in the study. Amongst these, seven had a locally
advanced primary rectal cancer and one a recurrent rectal cancer with a deposit
between external and internal iliac artery. Thirteen surgeons assessed the usability of
the tracking system of which 12 completed the questionnaire. The fusion of two novel
technologies was found to be feasible. The System Usability Scale score ranged
between 57.5 and 95.0 (mean 74), indicating high probability of acceptance.

Surgical education

Normal pelvic anatomy: Hassinger et al[25] presented a pilot study of the usability
and perceived effectiveness of a virtual pelvic anatomy simulator (VAPS) - an
interactive virtual 3D model created through the segmentation of MR and CT images
of a male patient. The interactive 3D model can be manipulated in space, and
radiological images were displayed alongside the model. Pelvic structures are labelled
with clinically relevant descriptions. All participants (5 medical students and 5
surgical residents) agreed that VAPS teaches clinically relevant anatomy and 90%
preferred this type of education to traditional methods. Participants felt that the
addition of surgically relevant anatomical details such as Denonvillier’s and
Weldeyer's fascia would be beneficial.

LPLND: Hojo et al[26] conducted a single-centre, open-label, randomised, controlled
trial to compare the effectiveness and usefulness of a 3D printed pelvic model as an
educational tool for LPLND. Four 3D printed models, previously used for surgical
planning of LPLND in patients with rectal cancer and which displayed pelvic bones,
ureter, external iliac artery and its branches, obturator nerve and pelvic sidewall
muscles, were utilised. The objective utility of 3D models was evaluated with a short
and long test. The short test included 10 questions related to pelvic anatomy
knowledge. In the long test, participants were asked to name the anatomical structures
in the textbook, in virtual 3D images, in 3D printed model and within the intraop-
erative scene. The subjective utility was assessed through a questionnaire.

A total of 102 participants (34 medical students, 34 residents and 34 junior colorectal
surgeons without LPLND experience) were randomly assigned to two groups: the 3D
model group and the textbook group. In the first education round, participants studied
pelvic anatomy from the 3D model (3D model group) or from the textbook (textbook
group). The groups then switched the educational methods. The participants’
knowledge was assessed after each education round. Before education, there was no
significant difference in knowledge between the two groups. After education, the short
and long test scores of the 3D model group were significantly higher than those of the
textbook group for students (short test; P = 0.05, long test; p-0.03), residents (short test;
P =0.05, long test; P = 0.002), and surgeons (short test; P = 0.009, long test; P < 0.001).
The questionnaire showed the positive feedback rate to exceed 60%. The rate of
positive feedback was lower amongst students than residents and surgeons.

Surgical device design

Brannigan et al[27] applied 3D modelling technology to evaluate the interaction of a
standard stapling device with the rectum while dividing it during the TME procedure.
Pelvic 3D models were created though semi-automatic segmentation of CT images of
six patients planned to undergo elective laparoscopic resection for cancer of the
middle and lower third of the rectum. Additionally, a 3D virtual model of a 45° roticu-
lating surgical stapler was created, which allowed for preoperative assessment of the
position of the cartridge head in relation to the rectum a simulation tool. The main
finding was that with the use of such a stapler, it is physically impossible to achieve
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perpendicular transection of the rectum. It was shown that to achieve a perpendicular
position of the stapler with the mesorectal plane, the stapling device would have to
enter the abdomen through right pelvic bone. The standard roticulator with
angulation 45° must align with the rectum at an angle of at least 12°. The optimal
angulation of the roticulating stapler for transverse rectal stapling would be between
62° and 68°.

DISCUSSION

This systematic review provides an overview of the current applications and the future
directions for exploration of the 3D modelling technology in rectal cancer surgery. A
small number of eligible studies identified in a thorough literature search and a
relatively high proportion of the feasibility or pilot studies indicate that 3D modelling
is still in its infancy within the realm of rectal cancer surgery.

TME, which can be performed via open, laparoscopic or robotic approach, has long
been established as the gold standard surgical approach to the curative resection of
rectal cancer[28,29]. The 3D models, displayed as virtual images[12,25] or physical
models[11] can be used to appreciate the spatial pelvic relationships relevant to the
TME surgery.

TaTME is a relatively new surgical technique, which was introduced to overcome
the inherent limitations of the abdominal approach, such as poor exposure of the TME
plane and difficult instrument manipulation in a deep pelvic space[30]. Sahnan et al
[14] present the feasibility of construction of a virtual model which can enhance
surgical planning and the general comprehension of the TaTME planes. As opposed to
the traditional two-dimensional radiological image, a 3D model can be rotated to
present the anatomy from the same angle as encountered during surgery. The opacity
of the individual components of the model can also be manipulated as required.

MRI is accepted as the gold standard for assessment of rectal cancer[31,32]. The
most important prognostic factor from the MR image is the distance of the tumour to
the CRM[31]. CRM involvement is associated with an increased risk of local cancer
recurrence[33]. Threatened CRM can be reliably assessed on preoperative MRI[34].
However, MRI has been reported to overestimate the CRM involvement in low and
anterior tumours[35]. Garcia-Granero et al[16] present a promising novel diagnostic
approach to the assessment of the CRM involvement and prostatic infiltration in
locally advanced rectal cancer with the mathematic 3D-IPR model which was shown
in this feasibility study to have good correlation with the pathology findings.

The same model was demonstrated to be useful in the assessment of infiltration of
other surrounding structures in locally advanced primary and recurrent rectal cancer
in which case the feasibility of achieving an RO resection is of paramount significance
[17]. In the case presented by the authors 3D-IPR correctly predicted the local infilt-
ration of the ischial bone, which if used for surgical planning, would have allowed for
the correct determination of the extent of resection required to achieve RO. The 3D-IPR
method may have potential to identify the extent of tumour infiltration more
accurately than the MRI images it was derived from but further studies are required to
evaluate this.

The management of early rectal cancer presents its own challenges. Almost one-
third of screening-detected rectal cancers are confined to the bowel wall without nodal
spread[36]. Currently, there is wide variation in management of early rectal cancer but
majority proportion of patients are treated with major surgery[37]. However, the
minimally invasive approaches, such as transanal excision or transanal minimally
invasive surgery are gaining increasing acceptance. High resolution MRI allows for
clear depiction of the fine details of the rectal wall and it is possible to distinguish
mucosa from the submucosa and the muscularis propria[38]. Przedlacka et al[15]
demonstrate the feasibility of segmentation of the rectal wall to illustrate the depth of
tumour invasion three-dimensionally. This presents the future direction of the
exploration of the role of 3D models as a tool for the assessment of the indication and
the extent of local minimally invasive resection.

A separate group of studies describe the role of 3D reconstructions of CT images
commonly applied to the assessment of aberrant vascular anatomy or vascular
pathologies which if unrecognised, pose a risk of intraoperative bleeding. The 3D
virtual[39] and printed[40] models of vascular anatomy relevant to the complete
mesocolic excision, particularly when performed with D3 Lymph node dissection,
have been shown to be accurate[41] and to improve surgical outcomes, such as
operative time, intraoperative blood loss or lymph node harvest[8,42].
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In the context on rectal cancer, CT-based 3D images are particularly applicable to
the LPLND. Metastasis to the internal iliac and obturator lymph nodes occur in
approximately 15% of patients with low rectal cancer[43]. The optimal management of
metastatic LPNs is still a subject to a debate with significant differences between the
management in Eastern (particularly Japan) and Western countries[44]. Eastern
countries tend to adapt a more radical surgical approach with prophylactic LPLND,
while Western countries favour the use of neoadjuvant chemoradiotherapy. TME with
LPLND is associated with prolonged operative time and potential morbidity,
including blood loss and autonomic nerve dysfunction[45]. 3D models can be utilised
to assess patient individual vascular anatomy and to locate the metastatic lymph
nodes.

Hojo et al[21] demonstrated the subjective usefulness of the 3D models for
preoperative planning and intraoperative navigation for LPLND, especially in cases
with clinically metastatic LPNs. While large metastatic LPNs are easy to locate intraop-
eratively, the metastatic LPNs which have reduced in size due to CRT can be more
difficult to identify. The use of 3D models derived from the initial staging CT scans
obtained prior to the CRT can facilitate locating these nodes. The 3D printed model
was perceived superior in this context to the virtual model. The value of 3D printed
anatomical models in transferring complex anatomical knowledge has been previously
shown by Marconi et al[46].

Novel technologies complement each other in providing a sophisticated
environment which enhances surgical vision. Nijkamp et al[24] showed that it was
feasible and beneficial to implement virtual 3D models into the stereotactic navigation
with a novel EM-tracking system. A similarly promising feasibility for the application
of a 3D model in stereotactic navigation for right hemicolectomy was reported by
Volonté et al[47]. Optical stereotactic navigation has been previously explored in
laparoscopic and robotic locally advanced rectal cancer surgery by Atallah et al[48,49]
but in these cases it did not include the use of a 3D reconstructed model. As shown by
Brannigan et al[27], 3D modelling technology can also be utilised to guide the
development of surgical devices.

Technological advances have revolutionised surgical training as well. It has been
shown that computer-based training can enhance acquisition of anatomical and
pathological knowledge and that students value highly this approach[49-51]. Due to
the low availability, high cost and ethical issues associated with the use of cadavers,
traditional cadaver-based training is now largely replaced with simulation or even
virtual reality modules[52]. However, as shown by Pellino et al[53] 3D models can
equally enhance even the cadaveric simulation. In a patient with a rare retrorectal
tumour, a 3D virtual model derived from patient’s radiological images was used for
cadaveric simulation of the planned complex procedure with abdominal and perineal
approach.

The main factors that contribute to the slow uptake of the 3D modelling technology
in rectal cancer surgery are related to the methodology of 3D image generation. 3D
models are generated through the segmentation of a two-dimensional radiological
image, which can be described as dividing an image into multiple labelled areas
representing organs or tissues. Image segmentation relies on the principle that
different tissues are characterised by specific range of pixel intensities. It can be
performed manually, where each pixel of each slice of the radiological image is
labelled manually, semi-automatically or fully automatically, where algorithms that
recognise pixel distribution according to a pre-specified threshold are used.

3D modelling has an established role in surgical planning in maxillofacial,
orthopaedic and liver surgery[5,6]. Organs, such as bones and muscles, with large
contrast between pixel intensities between different tissues on radiological images,
lend themselves well to the automatic or semi-automatic segmentation. Radiological
MR images of the pelvis require manual segmentation due to close proximity of pixels
with similar intensity representing separate organs. This can be extremely labour- and
time-consuming. Hamabe and Ito[13] reported time of construction of virtual model of
up to 40 h, however, it did significantly decrease with experience.

The ability to reconstruct minute pelvic structures is crucial for the clinical
application of 3D modelling[24]. One of the complications of the TME surgery is the
autonomic nerve injury leading to impaired urinary and sexual function. This is due to
the difficult visualisation of the pelvic plexus, neurovascular bundles and pudendal
nerves[54]. It has been shown in the cadaveric and living human studies that it is
possible to create 3D representations of the autonomic pelvic nerves, which are at risk
of injury during pelvic surgery, from the MRI scans of the cadavers or healthy
volunteers, respectively[55,56]. None of the models in the studies reviewed presented
pelvic anatomy in such detail.
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The potential barrier in the way of clinical application of the 3D printed models in
rectal cancer surgery is related to the lack of appropriate material that could replicate
the elasticity and plasticity of the bowel wall or fat tissue. Hamabe and Ito[13] noted
that technological developments are required before the models suitable for surgical
simulation can be fabricated. While cost of 3D printing has been previously cited as
another potential barrier, it was not identified as a possible limitation in the present
review.

While the feasibility, clinical applicability in selected cases and subjective usefulness
of the 3D models in rectal cancer surgery were reported in the studies, their accuracy
and the true therapeutic impact of their use in preoperative planning and intraop-
erative navigation on surgical and oncological outcomes will require further invest-
igation in well-designed randomised controlled studies.

This systematic review has limitations. Firstly, only studies published in English
language were included. The level of evidence is low due to the intrinsic studies’
quality. Similarly, owing to the large proportion of feasibility studies, the lack of
patients’ demographic information in other studies and heterogenous outcomes
reported, no meaningful statistical analysis could be performed.

The future directions of development of the 3D modelling technology in rectal
cancer concluded from this review should focus on three main areas - improvement of
the 3D modelling technology, validation of the technology and assessment of the
benefits and limitations of its application in surgical practice. Firstly, the automation or
semi-automation of the segmentation of the two-dimensional radiological image
should be sought to reduce the time and workload required for the construction of the
3D model. This can be achieved through the application of the artificial intelligence
and machine learning algorithms.

Secondly, the fidelity of 3D models of rectal cancer and pelvis ought to be assessed
through well-designed blinded studies validating the prediction of rectal cancer
staging provided by the 3D model against the histological assessment of the surgical
specimen. Similarly, the accuracy of the patient-specific pelvic anatomical information
needs to be validated against the intra-operative findings.

Thirdly, the future randomised controlled studies are required to establish the
impact of the application of 3D models on the surgical and oncological outcomes,
compared to the established practice of the use of traditional two-dimensional
radiological studies in the process of surgical planning. Well-designed multi-centre,
randomised trials are required to assess whether there is a statistically significant
difference in outcomes, such as surgical time, blood loss, complication rate, RO
resection, CRM, cancer recurrence rate or cancer-free survival, when the use of 3D
models and 2D radiological images in operative planning are compared.

The current systematic review identified the need for the future exploration of the
application of the 3D models in surgical training. The two examples identified in this
review[25,26] indicate a level of interest in this area and show a perceived and
objective improvement in anatomical knowledge with the use of 3D models in normal
pelvic anatomy and anatomy specifically relevant to LPLND. However, further well-
designed randomised controlled studies are needed to establish the impact of the use
of the 3D models on the acquisition of pelvic and rectal anatomy understanding, as
well as practical surgical skills relevant to the performance of surgical tasks during the
rectal cancer surgery, such as TME procedure or minimally invasive rectal cancer
approaches.

Lastly, the systematic review revealed the lack of application of 3D modelling
technology in patient interaction. The future exploration of this technology needs to
also focus on this aspect of the rectal cancer surgical care. It will be necessary to
explore the possibility and the impact of the use of 3D models in the process of patient
consultation, discussion of the treatment options and obtaining an informed consent.

The future exploration of the 3D modelling technology in rectal cancer surgery
should also address the question whether the 3D printed models present any
additional benefits compared to the 3D virtual models. This will be relevant to all the
fields of application of this technology - surgical planning and operative rehearsal, as
well as in the acquisition of the anatomical knowledge or surgical skills, and in patient
interaction. In parallel, the technological improvements in the 3D printing materials
are required for the construction of clinically relevant 3D printed models and are
expected to allow for the creation of physical models, which can more accurately
resemble human tissues.
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CONCLUSION

The systematic review provides a complete, practical and comprehensive review of the
current role of 3D modelling in rectal cancer surgery. It identifies the main areas of
interest in this novel approach to patient-tailored image-guided surgery for rectal
cancer, and it demonstrates its limitations and directions for the future development
and research.

There is an increasing interest in the application of 3D modelling technology in
surgical planning and navigation, as well as education, within the realm of rectal
cancer surgery. The sixteen studies identified in the review were largely represented
by the feasibility or pilot studies, suggesting the relative infancy of the application of
this technology in rectal cancer surgery and the need for further research to evaluate
its benefits and limitations in clinical practice.

3D modelling can be applied to construct the 3D models, both virtual and physical,
of normal pelvic and rectal anatomy, as well as different stages of rectal cancer,
including those invading other pelvic structures. 3D models can be applied in surgical
planning and navigation in TME, TaTME, beyond-TME surgery or LPLND. They have
been showed to improve perceived and objective anatomical knowledge relevant to
rectal cancer surgery. However, thus far, 3D models of rectal cancer have not been
employed in the patient education or interaction.

Further developments in the 3D modelling methodology and technological
developments in 3D printing, as well as future well-designed randomised controlled
trials, are necessary for the 3D modelling technology to become clinically applicable in
rectal cancer surgery.

ARTICLE HIGHLIGHTS

Research background

Three-dimensional (3D) modelling technology has been gaining an increasing interest
in various surgical subspecialities and aspects of surgical care, such as operative
planning and navigation, surgical education and patient interaction. However, the
uptake of this novel technology lags behind in rectal cancer surgery.

Research motivation

The motivation of the current systematic review is to evaluate the role of 3D modelling
technology in rectal cancer surgery and to provide the future directions for its
development.

Research objectives

The systemic review aims to provide a comprehensive and up-to-date review of the
current applications of 3D modelling technology in rectal cancer surgery and to
identify its benefits and limitations.

Research methods

Electronic databases, PubMed/MEDLINE, Embase and Scopus, were searched to
identify studies addressing the application of 3D models, both virtual and physical, in
rectal cancer surgery between 2000 and 2020. All full-text studies were considered
eligible. Animal and cadaveric studies, as well as studies of pelvic volumetry and
radiotherapy planning were excluded.

Research results

Sixteen studies were found to be eligible for inclusion in the current systematic review,
amongst which there was one single-centre open-label randomised controlled trial, 4
retrospective studies, 9 feasibility or pilot studies and 2 case reports. Thirteen studies
described the use of virtual 3D models, one study evaluated 3D printed models and
both types of models were described in two studies. The applications of 3D modelling
technology in rectal cancer surgery could be divided into four categories: (1)
Feasibility of application of 3D modelling technology in rectal cancer surgery; (2)
Durgical planning and navigation; (3) Surgical education; and (4) Surgical device
design.
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Research conclusions

The 3D modelling technology is in its relative infancy in the field of rectal cancer
surgery. While the creation of virtual and physical 3D models of rectal cancer and
pelvic anatomy has been shown to be feasible, future developments in segmentation
technique and 3D printing materials are needed to make it clinically relevant.

Research perspectives

Further well-designed randomised controlled studies are required to assess the fidelity
of virtual and physical 3D models of rectal cancer and pelvic anatomy, and to evaluate
the influence of their use on surgical and oncological outcomes in rectal cancer
surgery.
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