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Thesis abstract

Recent advancements in three-dimensional (3D) visualisation show promise for enhancing
anatomical understanding and surgical precision, particularly in procedures such as
complete mesocolic excision (CME) and pelvic exenteration for advanced rectal cancer.
Despite potential benefits in preoperative planning, intraoperative guidance, and patient
education, routine adoption remains limited. The absence of well-defined frameworks for
systematic evaluation and integration contributes to variable uptake and hinders consensus
on best practice. Further research is required to standardise implementation and appraisal

methodologies, enabling broader adoption and robust clinical evidence generation.

This thesis addresses these limitations by developing, evaluating, and integrating patient-
specific 3D anatomical models into the continuum of advanced colorectal cancer surgery.
The research spans four domains: (1) technical innovation and validation of scalable
workflows for generating high-quality models from standard imaging; (2) establishment of
standardised frameworks for assessing accuracy, educational impact, and clinical utility; (3)
evaluation of clinical feasibility in CME; and (4) application in improving patient
comprehension and decision-making for pelvic exenteration. Methods include advanced
image segmentation and mesh processing, systematic reviews of evaluation methods, and

mixed-methods studies with surgical trainees, expert CME surgeons, and patients.

Key findings show that 3D reconstructions achieve high accuracy in predicting mesenteric
vascular anatomy, significantly improve surgeons’ anatomical understanding, and enhance
inter- and intra-rater reliability for CME planning. Patient-centred applications demonstrated
improved understanding of surgical procedures, reduced decisional conflict, and support for
shared decision-making. Surgeons reported practical value in both preoperative and

intraoperative settings.

This work provides validated technical workflows, proposes evaluation frameworks, and
demonstrates educational and clinical benefits. Findings establish a foundation for future
research, including automated model generation and large-scale trials to assess long-term
clinical outcomes. Addressing both technical and patient-centred dimensions, this thesis
underscores the role of 3D visualisation in advancing surgical precision, safety, and

collaborative decision-making in advanced colorectal cancer care.
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Introduction to Three-Dimensional

Visualisation in Surgical Practice

Surgery stands at the threshold of a digital revolution. The convergence of advanced
imaging technologies, computational processing capabilities, and novel visualisation
methods is fundamentally transforming surgical practice. Three-dimensional (3D)
visualisation and computer-generated modelling have emerged as potentially transformative
tools, revolutionising the planning and execution of complex surgical procedures. This
technological evolution promises to enhance surgical precision, improve patient outcomes,

and facilitate better communication between healthcare providers and patients.

The ability to precisely visualise patient-specific anatomy before surgery represents a
significant advancement from traditional approaches that relied heavily on surgeons' ability
to mentally reconstruct three-dimensional relationships from two-dimensional imaging data.
Modern surgical practice increasingly demands precise preoperative planning and
intraoperative navigation, particularly for complex oncological procedures where achieving
complete resection while preserving critical structures is paramount. The Royal College of
Surgeons' 'Future of Surgery' review (2018) identified 3D visualisation as one of the key

technologies likely to impact surgical practice significantly in the coming decade (1).

Three-dimensional reconstruction, a cornerstone of computer-generated modelling in
surgery, entails creating detailed virtual models of anatomical structures from two-
dimensional image data. This process typically begins with acquiring medical imaging data,
such as computed tomography (CT) scans, magnetic resonance imaging (MRI), or
ultrasound images. Through sophisticated computational methods, this data can be
transformed into comprehensive 3D representations of patient anatomy. These
reconstructions have evolved from basic renderings to highly sophisticated models with
exceptional detail and accuracy, enabling unprecedented visualisation of complex

anatomical relationships (2).
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The applications of such technology in surgical practice are diverse and expanding.
Surgeons utilise these models for preoperative planning, allowing precise visualisation of the
operative field before making any incisions. This capability may improve surgical accuracy
and efficiency, reduce intraoperative risks, and ultimately enhance patient outcomes. In
complex procedures, such as craniofacial reconstruction or organ transplantation, 3D
models provide unprecedented detail, aiding surgeons in navigating critical structures.
Furthermore, these models serve as valuable tools for surgical education and training,

offering safe environments for skill development without risk to patients.

However, despite this promising potential, significant challenges remain in the widespread
adoption and validation of 3D visualisation technologies in surgical practice. Technical
hurdles include the time-intensive nature of model creation, the need for specialised
expertise, and the challenge of integrating these tools into existing clinical workflows.
Moreover, while initial studies suggest benefits in surgical planning and execution, robust
evidence demonstrating improved patient outcomes remains limited in many surgical

specialties (3-5).

The field of colorectal cancer surgery presents challenges that may benefit from advanced
visualisation techniques. Complete mesocolic excision (CME) for colon cancer, requires
precise understanding of complex mesenteric vascular anatomy. Although potentially offering
superior oncological outcomes technique's adoption has been limited partly due to concerns
about the technical complexity and risk of vascular injury during central dissection (6). Three-
dimensional visualisation could potentially address these challenges by providing clearer

understanding of patient-specific vascular anatomy and facilitating precise surgical planning.

The interaction between surgeon and patient also stands to benefit from these technological
advances. Traditional methods of explaining complex surgical procedures to patients often
fall short in conveying the full scope and implications of proposed interventions (7). Patient-
specific 3D models may enhance understanding and facilitate shared decision-making,
particularly in cases involving extensive resections such as pelvic exenteration for advanced

rectal cancer (8).

This thesis examines the role of 3D visualisation in colorectal cancer surgery decision-
making, with particular focus on its application in complete mesocolic excision and patient
education for complex pelvic surgery. Through systematic evaluation of existing evidence
and novel research, it aims to establish the utility of these technologies in improving surgical

planning, execution, and patient communication.

The technological foundation of surgical 3D visualisation encompasses various methods and

approaches, from image segmentation and reconstruction techniques to advanced
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visualisation platforms and augmented reality systems. Understanding these technical
aspects is crucial for evaluating their potential impact on surgical practice. The following
chapters will explore these foundations in detail before examining specific applications in

colorectal cancer surgery.

Overall Aim and Scope of Thesis:

The overarching aim of this thesis is to develop, implement, and evaluate patient-specific
three-dimensional (3D) anatomical models as an integrated decision-support system
throughout the continuum of advanced colorectal cancer surgery. This goal encompasses
four interrelated domains: (1) technical innovation and validation of workflows for generating
high-quality, patient-specific 3D models from standard imaging data; (2) the establishment of
standardised frameworks and metrics to evaluate model accuracy, educational impact, and
clinical utility; (3) the assessment of clinical feasibility and early integration of these models
into complete mesocolic excision (CME) procedures, informing the design of future
comparative trials; and (4) the exploration of patient-centred applications, particularly how
these visualisations can enhance patient comprehension, informed consent, and shared

decision-making processes in complex surgical interventions such as pelvic exenteration.

By systematically addressing these four domains, the thesis aims not only to consolidate the
technical foundations and methodological rigor underlying 3D visualisation but also to
illuminate the practical, humanistic, and educational dimensions that influence its adoption

and effectiveness in improving patient care.

Key challenges motivating this research:

First, the technical requirements for generating clinically useful patient-specific models from
standard medical imaging are not well defined. Current approaches often rely on proprietary
software and manual processes that limit widespread adoption. There is a clear need for
standardized, efficient workflows that can be integrated into routine clinical practice.

28



Second, the evidence base supporting surgical 3D visualisation suffers from methodological
limitations and heterogeneity in outcome measures. A systematic analysis of evaluation
approaches is needed to establish robust frameworks for assessing utility and clinical

impact.

Third, while complete mesocolic excision may offer oncological advantages, concerns about
technical complexity and vascular injury risk have limited its adoption. The potential for 3D
visualisation to address these challenges through enhanced anatomical understanding and
surgical planning requires rigorous investigation. This project seeks to ascertain if models
can be feasibly used within this context as judged by model production time and anatomical

accuracy and whether key outcome measures can be recorded to inform future work.

Finally, patient understanding of complex surgical procedures often remains poor despite
current education methods. The role of patient-specific 3D models in improving

comprehension and facilitating shared decision-making warrants careful examination.

Philosophical and Methodological Foundations:

This thesis adopts a pragmatist paradigm, drawing on both quantitative and qualitative
methods to address the multifaceted challenges of integrating patient-specific three-
dimensional (3D) anatomical models into colorectal surgical practice. Pragmatism, with its
emphasis on the practical utility and contextual relevance of knowledge, provides a flexible
framework that aligns closely with the clinical and educational objectives of the research.
Rather than adhering to a single epistemological stance, a pragmatist outlook allows the
integration of positivist, interpretivist, and constructivist elements as warranted by the
research questions at hand. Within this paradigm, methodological pluralism is encouraged,
facilitating a robust and comprehensive exploration of the value and impact of 3D

reconstructions in surgical care.

Central to this approach is the use of mixed methods, combining objective, quantitative
evaluations of accuracy, fidelity, and clinical efficacy with qualitative inquiries into user
experiences, cognitive processes, and patient perceptions. Quantitative measures—such as
congruence between the 3D model and intraoperative findings, improvements in anatomical
understanding scores, or operative/clinical outcome measures—provide objective evidence
of effectiveness. Concurrently, qualitative techniques—such as semi-structured interviews

with surgeons and patients, thematic analyses of decision-making processes—offer insight
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into the subjective, contextual, and experiential dimensions that influence how these models

are understood, employed, and valued.

In addition, the developmental phase of this work draws on principles of action research, an
approach that actively involves end-users and stakeholders—surgeons, trainees, patients,
radiologists, and IT specialists—in the design and iterative refinement of the 3D modelling
pipeline. By engaging these participants in the research cycle of planning, acting, observing,
and reflecting, the study ensures that the resulting solutions are both contextually grounded
and practically implementable. Action research not only expedites the refinement of technical
workflows but also helps tailor visualisations to the cognitive and informational needs of
diverse user groups. This participatory, iterative process enhances ecological validity and
supports the translation of research findings into improved patient care and decision-support

practices.

To systematically evaluate the utility and effectiveness of the 3D models, the thesis adapts
Kirkpatrick’s hierarchy of training evaluation as a guiding conceptual framework. By
progressing through four levels of assessment, it offers a structured approach to

understanding the models’ influence on surgical education, practice, and patient care:

. Level 1 (Reaction): Assessing surgeon and patient satisfaction, as well as perceived

usefulness of the 3D models.

. Level 2 (Learning): Measuring improvements in anatomical knowledge and spatial

understanding attributable to the 3D visualisations.

. Level 3 (Behaviour): Evaluating the influence of the models on surgical planning

processes, procedural strategies, and technical performance.

. Level 4 (Results/Outcomes): Determining the models’ ultimate impact on clinical

outcomes, patient decision-making quality, and the broader healthcare delivery context (9).

The combination of pragmatism, mixed methods, and action research thus establishes a
philosophical and methodological foundation capable of capturing the complexity of surgical
decision-making, the intricacies of patient-provider communication, and the diversity of
stakeholder expectations. By attending to both objective metrics and subjective

experiences—while simultaneously involving end-users in shaping the intervention—this
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thesis aspires to produce knowledge that is empirically sound, contextually meaningful, and

readily adaptable to evolving clinical environments.

Chapter 1: Literature review of 3D reconstruction and visualisation

methods, applications in Colorectal Surgery
Objectives:

e Outline the technical aspects of 3D visualisation of medical imaging including

imaging segmentation, rendering and visualisation methods.

¢ Introduce the theoretical grounding of 3D visualisation, its historical
development, and emergent applications in surgical training, planning, and

patient education.

e Present the conceptual rationale for integrating 3D models into routine
practice and how this aligns with the broader aims of improving quality of care

and shared decision-making in advanced colorectal cancer.

Expected Contributions:
This chapter situates the thesis in the existing literature and justifies the need for a
structured, evidence-based approach to the development and evaluation of 3D

models.

Chapter 2: Development and Validation of a 3D Modelling Pipeline

for Surgical Planning and Patient Education

Core Research Question: What methods and techniques can be utilized to design a
novel, scalable, and efficient pipeline for creating patient-specific 3D models from

standard medical imaging data?
Objectives:

1. Technical Innovation:
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e Develop a semi-automated segmentation protocol integrated into open

source/ standardised platforms.

¢ Implement advanced mesh processing and texturing techniques that
preserve anatomical detail, emphasising mesenteric vasculature and

critical landmarks.
Quality Assurance and Validation:

¢ Define and employ robust criteria for evaluating surface mesh

accuracy, anatomical fidelity, and rendering quality.

o Validate models against expert anatomical references, ensuring

reproducibility and reliability.
Patient Education Focus:

o Adapt the pipeline to produce simplified yet anatomically accurate
models for patient education, incorporating interactive features and

intuitive visual cues.

+ Integrate physically-based rendering (PBR) techniques to enhance

realism, aiding patient comprehension.

Expected Contributions:
This chapter lays the foundation for subsequent research by delivering a validated,
high-quality modelling pipeline suitable for both surgical teams and patients, thereby

facilitating downstream evaluations.

Chapter 3: Systematic Review of Evaluation Methodologies for 3D

Models in Surgical Planning

e Core Research Question: What evaluation methods have been employed to assess

3D models in surgical planning, and what is the current strength of the evidence

base?

o Objectives:
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e Identify and characterise the types of 3D modelling and printing techniques
reported in the literature for surgical planning, focusing on colorectal and

related surgical domains.

o Assess the heterogeneity of outcomes measures (e.g., anatomical
comprehension tests, operative metrics, patient-reported understanding) and

study designs used to evaluate effectiveness.

o Critically appraise the methodological quality and level of evidence, identifying
gaps and proposing a standardised evaluation framework that can be applied

in subsequent chapters.

Expected Contributions:

By delineating current practices, this chapter provides a methodological roadmap for
standardised evaluation in the following empirical studies. The review will highlight
best practices, thus informing the design of the studies on CME feasibility and patient

education.

Chapter 4: Impact of 3D Reconstructions on Understanding of

Mesenteric Vascular Anatomy (Trainees and Experts)

Core Research Question: In what ways, and to what extent, do 3D models enhance
the comprehension and interpretation of mesenteric vascular anatomy compared to

traditional CT-based methods?
Study 1 (Trainees):

¢ Aim: Evaluate whether trainees gain a significantly improved understanding
of mesenteric vascular anatomy using 3D models versus standardised CT

interpretation protocols (AMIGO).

¢ Methodology: A controlled educational intervention using objective
assessments of anatomical knowledge and spatial cognition. Pre- and post-
intervention tests will measure accuracy, speed, and confidence in vascular

identification.

+ Hypothesis: Exposure to 3D models will yield statistically higher objective

assessment scores compared to standard CT interpretation.
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e Study 2 (Experts):

e« Aim: Examine inter- and intra-rater reliability among experienced CME

surgeons using 3D models versus CT imaging for vascular interpretation.

o Methodology: Multiple expert raters will evaluate vascular variants and
critical anatomical relationships on both 3D and CT datasets. Reliability

coefficients (Cohen’s kappa) will quantify inter and intra rater consistency.
e Hypotheses:

1. Expert surgeons will exhibit higher inter/intra-rater reliability with 3D

models than with CT alone.

2. Accuracy of anatomical identification will be significantly enhanced

using 3D visualisations.

Expected Contributions:
This chapter will provide empirical evidence on the educational and interpretive value
of 3D models, informing their potential to improve anatomical understanding and

ultimately facilitate pre-operative planning and subsequent operative performance.

Chapter 5: Feasibility and Early Clinical Integration of 3D Models

for Complete Mesocolic Excision (CME)

e Core Research Question: Are 3D reconstructions feasible, accurate, and practically
useful when integrated into the clinical planning and execution of CME for right-sided
colon cancer?

o Study Design (Multicentre, International Feasibility Study):
e Objectives:

1) Assess the accuracy of 3D preoperative models in predicting intraoperative findings of

mesenteric vessel anatomy.

2) Gather structured surgeon feedback to determine usability, influence on preoperative

planning, and real-time intraoperative decision-making.
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3) Evaluate feasibility metrics for data collection—operative times, video recordings,

operative and complication rates, and short-term surgical outcomes—to inform future

large-scale trials.

4) Generate a validated, labelled dataset that can be leveraged to develop automated

segmentation algorithms (e.g., using deep learning neural networks).

e Methods:
Quantitative measures of anatomical congruence will be paired with
qualitative surgeon feedback. Feasibility endpoints will ensure practical

applicability in routine workflows.
¢ Hypothesis

3D models accurately predict intraoperative anatomy, surgeons find model

subjectively useful, key outcome measures can be reliably collected.

Expected Contributions:

This chapter offers critical early-stage evidence of real-world clinical utility and
assesses whether key outcome measures can be recorded to inform potential future
randomised controlled trials. The work also seeks to generate a validated 3D model

dataset for future segmentation research.

Chapter 6: Patient-Centered Communication and Decision-Making:

The Role of 3D Models in Pelvic Exenteration for Advanced

Colorectal Cancer

Core Research Question: How do patient-specific 3D anatomical reconstructions
influence patient comprehension, engagement, and decision-making quality in the

context of highly complex surgical procedures such as pelvic exenteration?
Objectives:

e Compare patient understanding of surgical anatomy, extent of resection, and
potential complications when using interactive 3D models versus standard CT

images and conventional verbal explanations.
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¢ Investigate whether 3D models enhance informed consent processes and
support more effective shared decision-making, using validated decision

quality and health literacy instruments.

e Explore patient perceptions through qualitative interviews to capture

experiential and subjective elements of the decision-making process.

e Hypothesis

e Personalised 3D models improve patient understanding of their disease and

proposed surgical intervention and reduces decisional conflict.

e Expected Contributions:
This chapter extends the utility of 3D models beyond the surgical team,
demonstrating their potential to improve patient comprehension, reduce decisional

conflict, and facilitate truly patient-centred care.

Chapter 7: Discussion

e Aims:

o Integrate findings from technical development, methodological
standardisation, training studies, clinical feasibility assessments, and patient-

centred evaluations.

¢ Reflect on the initial pragmatist stance, examining how the mixed-methods

approach facilitated actionable insights.

o Position the findings within existing theoretical and clinical frameworks,
offering a comprehensive conceptual model for integrating 3D visualisation

into routine surgical practice.
e Outcomes and Future Directions:

e Propose guidelines and best practices for implementing 3D modelling

pipelines in colorectal surgery and potentially other surgical domains.

o Identify areas requiring further research, including randomised controlled
trials to establish definitive clinical outcomes and ongoing efforts to automate

segmentation using convolutional neural networks.
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Literature review of 3D

reconstruction and visualisation
methods, applications in Colorectal

Surgery

1.1 Technical Foundations

1.1.1 Medical Image Processing

The creation of patient-specific three-dimensional models for surgical applications
necessitates a sophisticated understanding of medical image processing fundamentals. This
process encompasses a complex pipeline from image acquisition through to final
visualisation, with each step critically influencing the accuracy and utility of the resultant
models. This section examines the technical foundations underlying these processes, with

particular emphasis on their implications for surgical planning and intervention.

1.1.1.1 DICOM Data Structure and Properties

Digital Imaging and Communications in Medicine (DICOM) represents the international
standard for medical imaging data management. The format's hierarchical structure
encompasses both image data and critical metadata essential for accurate spatial
reconstruction. This standardisation facilitates interoperability whilst maintaining the fidelity

of spatial and patient-specific information necessary for clinical applications (10).

The DICOM hierarchy comprises multiple organisational levels, each serving distinct
purposes in data management and spatial reconstruction. At the highest level, patient
metadata provides demographic information and unique identifiers. Study-specific

information describes the imaging encounter, while series parameters detail specific
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acquisition protocols. At the most granular level, individual slice data contains both pixel

information and spatial metadata critical for accurate three-dimensional reconstruction (11).

Spatial reconstruction relies on several key DICOM parameters. Pixel spacing defines the
physical distance between adjacent pixels in the image plane, while slice thickness and
spacing characterise the through-plane resolution. The Image Position Patient (IPP) and
Image Orientation Patient (IOP) parameters enable precise spatial localisation within the
patient coordinate system. These parameters collectively enable accurate volumetric
reconstruction, with the Frame of Reference UID ensuring spatial consistency across

multiple acquisitions (10).

Cross-sectional imaging data can be mathematically represented as a three-dimensional
tensor (w x h x d). Each voxel contains an intensity value corresponding to local tissue
properties. This mathematical framework provides the foundation for subsequent processing

and analysis (see figures 1-1 and 1-2).
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Figure 1-1 diagram of vector, matrix, and 3D tensor. Cross sectional imaging can be
considered a 3D tensor consisting of a stack of 2D matrix comprised of pixels corresponding
to a numerical value.

1D Tensor,/ 2D Tensor/

Vector Maotrix
3D Tensor

Figure 1-2 Slice of CT scan demonstrating each slice can be considered a 2D array of
pixels.
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1.1.1.2 Computed Tomography Principles

Computed Tomography (CT) generates cross-sectional images by measuring X-ray
attenuation through tissue. The attenuation coefficient pu quantifies a material's X-ray
penetrability, with denser tissues exhibiting higher attenuation. These measurements are

standardised using the Hounsfield Unit (HU) scale, defined by:
HU = 1000 x (u tissue — p water)/y water — y air

This standardisation enables consistent tissue identification across different scanners and
protocols, with air approximately -1000 HU, water at 0 HU, and dense cortical bone
exceeding +1000 HU. This quantitative nature of CT imaging proves particularly

advantageous for automated processing and segmentation tasks (12).

1.1.1.3 Magnetic Resonance Imaging Characteristics

Magnetic Resonance Imaging (MRI) utilises magnetic fields and radiofrequency pulses to
generate detailed soft tissue images without ionising radiation. The technique exploits the
magnetic properties of hydrogen nuclei to create images weighted according to different
tissue properties. T1-weighted sequences emphasise anatomical detail, T2-weighted
sequences highlight fluid content, and proton density weighting reflects hydrogen

concentration (13).

Unlike CT, MR intensity values are relative rather than absolute, varying with acquisition
parameters and magnetic field strength. This inherent variability necessitates additional pre-
processing steps for consistent image analysis. The superior soft tissue contrast of MRI
proves particularly valuable for rectal cancer (14), though the lack of standardised intensity

values presents unique challenges for automated processing.
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1.2 Segmentation Approaches

Image segmentation represents a fundamental process in medical image analysis, whereby
volumetric imaging data is partitioned into distinct anatomical regions. This involves
categorising image data into distinct structures and assigning labels to each voxel based on

its membership to a particular anatomical structure (15).

This prerequisite step bridges the gap between raw imaging data and clinically meaningful
three-dimensional reconstructions. The segmentation methodology significantly influences

the accuracy of anatomical representations and the efficiency of the overall workflow (16).

Segmentation methodologies can be broadly categorised based on the degree of human
intervention required, ranging from fully manual approaches to automated algorithms. Each
methodology presents distinct advantages and limitations that must be carefully considered

in the context of specific clinical applications and accuracy requirements.

1.2.1 Manual Segmentation

Manual segmentation remains the cornerstone of medical image analysis, particularly in
scenarios demanding high precision or involving complex anatomical variations. This
approach systematically delineates anatomical structures using specialised software
interfaces by trained operators. The process typically proceeds on a slice-by-slice basis
through the imaging volume, with operators defining structure boundaries based on their

anatomical knowledge and interpretation of image features (17).
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Table 1-1 Segmentation software programmes

Materialise Mimics IntelliSpace Portal

Materialise Pro plan HepaVision

3D Slicer MEDICAL Imaging Three
Divisional Visualisation System

ITK-SNAP iPlan CMF

MI-3DVS MI-3DVS

Synapse Vincent Innersight Labs

Hisense CAS VirSSPA

Osirix X Leonardo InSpace

IQQA-Liver Superlmage Ortho edition

Ziostation M3DICS

MITK ReLiver HipPlan (Symbiosis)

Amira 4.1 3D Plus Body Visible System

M3D MedGraphics Visible Patient

Zed-Trauma Maxilim

iNtellect Cranial Navigation FreeForm Modeling System

Imascap

The principal advantage of manual segmentation lies in its flexibility and capacity to
accommodate suboptimal imaging, anatomical variants, and pathological changes. Expert
operators can apply contextual knowledge and pattern recognition skills to resolve
ambiguous boundaries and interpret complex anatomical relationships. This proves
particularly valuable in abdominopelvic imaging, where tissue interfaces lack clear contrast

differentiation, or normal anatomical relationships have been distorted by pathology (18).

Manual segmentation presents several limitations. It is time-consuming, often requiring
hours of work. This time requirement is especially problematic in acute clinical scenarios
where rapid processing is crucial. Moreover, the reliability of manual segmentation heavily
relies on the operator's expertise and consistency, leading to a need for more
standardisation and reproducibility. Studies have shown significant variations in
segmentation results between operators and even within repeated segmentations by the

same operator (16,19).
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Manual segmentation often serves as the reference standard against which semi-automated
and automated approaches are validated. However, this "gold standard" status must be
considered in the context of inherent operator variability and the potential for systematic bias
(19). The method's time efficiency and reproducibility limitations have driven the

development of more automated approaches, particularly for routine clinical applications.

Practical implementation of manual segmentation typically involves specialised software

platforms providing tools such as:
e Brush and eraser tools for regional painting
e Contour drawing with spline interpolation.
e Threshold-based region growing with manual correction.
e Multi-planar reconstruction views for three-dimensional context
¢ Real-time volume rendering for segmentation verification (20)

These tools aim to optimise the efficiency and accuracy of manual delineation while
maintaining operator control over the segmentation process. The selection of appropriate
tools and visualisation methods can significantly affect the speed and quality of manual

segmentation results.

Despite its limitations, manual segmentation remains essential in several contexts:
1. Validation of automated methods
2. Complex anatomical regions where automated approaches consistently fail.

3. Novel anatomical applications where automated algorithms have not been
developed.

4. Research applications requiring the highest possible accuracy.
5. Training data generation for machine learning algorithms

The role of manual segmentation continues to evolve with advancing technology. Modern
approaches often incorporate manual segmentation within hybrid workflows, where expert
human input guides and refines automated processes. This synthesis aims to leverage the

advantages of manual segmentation while mitigating its practical limitations.
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1.2.2 Automated Segmentation in Abdominal-Pelvic Imaging:
Challenges and Limitations of Classical Techniques

Fully automated segmentation remains a highly desirable goal owing to the time pressures
of modern medicine. With ‘one click’ the whole task would be implemented accurately and

reliably from start to finish.
Key requirements of automatic segmentation include:

1) Accuracy- relevant structures should be correctly identified and delineated precisely if
results are to be used in clinical decision making.

2) Speed- results should be sufficiently quick to enable integration into current clinical
workflows.

3) Reproducibility- results should be similar for different users analysing the same data.

4) Robust- methods should be applicable in a wide range of scenarios (15).

However, automated segmentation of abdominal and pelvic is challenging due to the
complex anatomy, low tissue contrast, and imaging artefacts. This section critically examines
the fundamental challenges inherent in abdominopelvic automated segmentation and
analyses how these challenges impact the performance of classical segmentation
techniques, including threshold-based, region-based, edge-based, and atlas-based

approaches.

1.2.2.1 Fundamental Challenges in Abdomino-Pelvic Automated Segmentation

1.2.2.1.1 Anatomical Variability

A primary challenge in abdominopelvic segmentation is the significant anatomical variability
between patients. Intraabdominal structures exhibit considerable variation in size, position
[11(21). This variability is further compounded by congenital anomalies/variations, post-

surgical changes, and tumours or lesions [2] (21).

1.2.2.1.2 Tissue Characteristics and Partial Volume Effects

The abdominopelvic region is characterised by soft tissues with similar radiodensities,
leading to minimal differentiation in Hounsfield Units (HU) between adjacent structures in
computed tomography (CT) images (22). For example, the HU values of the colon,
duodenum, mesenteric vessels, and pancreas often overlap, complicating the task of
distinguishing these organs based solely on intensity values [4]. Partial volume effects

exacerbate this issue, occurring when a single voxel encompasses multiple tissue types,
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resulting in averaged intensity values that do not accurately represent any constituent tissue
(23). This effect is particularly pronounced at tissue interfaces and in small structures (e.qg.

small calibre blood vessels), making accurate segmentation challenging.

1.2.2.1.3 Imaging Artefacts

Motion-related artefacts introduce significant complexity into the segmentation process.
Respiratory movement, cardiac pulsation, and peristalsis can cause image distortion and
blurring, leading to inaccuracies in boundary delineation (23). For instance, respiratory
motion during image acquisition can cause misalignment of anatomical structures between
successive slices. Technical artefacts, including beam hardening—especially pronounced in
the presence of metallic implants—scatter radiation, and reconstruction errors, further
degrade image quality. The variability of these artefacts across different imaging protocols
and patient characteristics necessitates segmentation methods that can handle inconsistent

image quality (23).

1.2.2.1.4 Contrast and Resolution Limitations

Limitations inherent in imaging modalities also affect segmentation efforts. In CT imaging,
balancing radiation dose with image quality often results in lower resolution images that may
not capture fine anatomical details (24). Magnetic resonance imaging (MRI), while offering
superior soft tissue contrast, can suffer from lower spatial resolution and longer acquisition
times (25). Variable contrast enhancement due to differing timing and distribution of contrast

agents can affect tissue differentiation, further complicating segmentation (26)

1.2.2.2 Limitations of Classical Segmentation Techniques in Abdominal-Pelvic

Imaging
1.2.2.2.1 Threshold-Based Methods

Threshold-based segmentation classifies pixels or voxels based on their intensity values
relative to predefined thresholds. While effective for distinguishing structures with significant
intensity differences, this method struggles in the abdominopelvic region due to the
homogeneity of tissue intensity between adjacent structures (27). Partial volume effects
further compromise thresholding by producing averaged intensities at tissue boundaries
(16). Consequently, threshold-based methods often yield inaccurate and fragmented
segmentations in abdominopelvic imaging. Furthermore, adjusting thresholds manually for
each patient is impractical and counteracts the benefits of automation. Moreover,
pathological conditions can alter tissue intensities, rendering standard thresholds ineffective
(28).
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1.2.2.2.2 Region-Based Approaches

Region-based methods, such as region growing, consider both intensity and spatial
connectivity by expanding regions from seed points based on similarity criteria (28). The
effectiveness of region-based methods is limited by the homogeneity assumptions inherent
in their design. Abdominal-pelvic structures often have heterogeneous internal structures

and share similar intensities with neighbouring tissues (28).

Consequently, region-based approaches are susceptible to "leakage" in areas with gradual
intensity transitions (29). Noise and artefacts further disrupt the homogeneity criteria, leading
to erroneous region expansion. For example, when segmenting the pancreas, region growth
may inadvertently include adjacent structures like the duodenum due to similar intensities
and proximity (21). Extensive manual intervention may be required to correct these errors,

reducing the practicality of these methods in clinical settings (21).

1.2.2.2.3 Edge-Based Methods

Edge-based segmentation focuses on detecting boundaries by identifying significant
changes in intensity gradients (28). In the abdominopelvic region, however, soft tissue
interfaces often exhibit gradual intensity transitions rather than sharp edges, making edge
detection unreliable. Imaging artefacts and noise can produce false edges or obscure true
boundaries (30). These limitations make edge-based methods insufficient for reliable
abdominopelvic segmentation without significant pre-processing or post-processing

corrections (30).

1.2.2.2.4 Atlas-Based Approaches

Atlas-based segmentation employs pre-labelled anatomical templates registered to patient
images to transfer segmentation labels (31). While promising in theory, atlas-based methods
face challenges due to significant anatomical variability in the abdominopelvic region (28).
Differences in organ morphology, pathological changes, and motion artefacts can hinder

accurate registration between the atlas and patient images (21).

Even advanced non-rigid registration techniques may struggle to accommodate the complex
deformations caused by respiratory motion and peristalsis (32). Misregistration leads to
incorrect label transfer and inaccurate segmentation, limiting the utility of atlas-based
methods in clinical practice [. Additionally, creating comprehensive atlases that account for

all anatomical variations is impractical (28,31).

A critical evaluation of commonly employed segmentation techniques in abdominopelvic
imaging uncovers inherent limitations that hinder their effectiveness. These limitations stem

not from implementation deficiencies but rather from these methods' underlying assumptions
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about image and anatomical characteristics. Threshold-based approaches falter due to
overlapping tissue intensities while region-growing methods struggle with complex tissue
interfaces. Edge detection proves unreliable given gradual tissue transitions, and atlas-

based techniques face challenges with anatomical variability (28).

The inherent complexity of abdominal anatomy, combined with technical imaging constraints,
suggests that more sophisticated approaches are required. Future methods must address

three key challenges:

1. Contextual Understanding: The ability to interpret anatomical relationships beyond

simple intensity or gradient characteristics.
2. Adaptive Processing: Robust handling of anatomical variants and imaging artefacts

3. Knowledge Integration: Incorporation of prior anatomical understanding while

maintaining flexibility for patient-specific variations

These requirements point toward machine learning approaches, which offer the potential to
learn complex patterns from data while maintaining robustness to anatomical and technical
variations. The following section examines these advanced techniques and their potential to

overcome the limitations identified in classical approaches.

1.3 Deep Learning and Segmentation

1.3.1 Neural Networks: Theoretical Underpinnings

Neural networks, inspired by the architecture of biological neural systems, have emerged as
powerful tools for approximating complex functions. The universal approximation theorem
posits that a feedforward network with a single hidden layer containing a finite number of
neurons can approximate any continuous function under certain conditions (33). This
theoretical foundation underscores the potential of neural networks to model complex

patterns within data, a capability crucial for tasks such as medical image segmentation.

Despite their theoretical versatility, classical multilayer perceptron (MLP) architectures exhibit
significant limitations in processing image data. MLPs treat inputs as flat vectors, thereby
disregarding the spatial relationships inherent in images (34). This lack of spatial awareness

leads to inefficiencies:
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e« Parameter Explosion: High-dimensional inputs result in an exponential increase in
the number of parameters, making the networks computationally infeasible and prone
to overfitting (35).

« Inability to Exploit Local Features: MLPs fail to capture local spatial patterns

essential for recognizing and segmenting anatomical structures (36).

e Lack of Translational Invariance: MLPs cannot generalise features across different

spatial locations within an image (36).

These limitations necessitated the development of architectures capable of leveraging the

spatial hierarchies and local connectivity of image data.

1.3.2 . Advanced Architectures for Segmentation

1.3.2.1 Convolutional Neural Networks (CNNs)

Convolutional neural networks (CNNs) are specialised neural networks that have become a

dominant technique for medical image segmentation.

Convolutional Neural Networks (CNNs) address the fundamental shortcomings of MLPs by
incorporating architectural innovations tailored to image processing (37). CNNs exploit
spatial hierarchies through local connectivity, weight sharing, and pooling operations,
thereby reducing the number of parameters and enhancing the ability to capture local and

global features (37).

CNNs contain three primary types of layers: convolutional, pooling, and activation layers
(figure 1-3).

1.3.2.1.1 Convolutional Layers

Convolutional layers perform feature extraction by applying learnable filters (kernels) across
local regions of the input image. These filters capture spatially localised patterns, enabling
the network to detect features such as edges, textures, and shapes (38). During training,
backpropagation optimises the kernel weights so the network can identify task-relevant
features effectively (39). Convolution is thus a dynamic feature extraction procedure,
converting visual inputs into analytical data critical for tasks like classification and

segmentation (40).
Considerations and Limitations:

o Kernel Size and Depth: The choice of kernel size affects the receptive field and the

network's ability to capture features at various scales (41).
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« Data Biases: Learned filters may inadvertently capture biases present in the training

data, necessitating careful dataset curation (42).

o Overfitting: With insufficient data, convolutional layers may overfit, highlighting the

importance of regularisation techniques (43).

1.3.2.1.2 Pooling Layers

Pooling layers are employed to reduce the spatial dimensions of feature maps, aggregating
information and providing translational invariance (44). Common pooling operations include
max pooling, which selects the maximum value within a local neighbourhood, and average
pooling, which computes the average value. By reducing the spatial resolution, pooling
layers decrease the computational load and the number of parameters in subsequent layers,
helping to prevent overfitting. They also provide a degree of spatial invariance, allowing the
network to recognise features regardless of their exact location in the input. However,

pooling can discard fine details critical for identifying subtle pathological features (45).

1.3.2.1.3 Activation Functions

Activation functions introduce non-linearity, enabling the network to model complex patterns.
The Rectified Linear Unit (ReLU) is widely used due to its computational efficiency and
mitigation of the vanishing gradient problem (46,47). However, alternatives like the Gaussian
Error Linear Unit (GELU) and Swish have shown superior performance in certain contexts
(48,49).
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Figure 1-3 Overview of convolutional neural network. The network consists of the following key components.

e InputImage: This is the raw image that is fed into the CNN for processing.

e Convolution + ReLU: These blocks represent the convolutional layers where the input image is
convolved with various kernels (also known as filters) to detect features such as edges, corners, etc.
The RelLU (Rectified Linear Unit) function introduces non-linearity into the system, allowing the network
to learn complex patterns.

e Max Pooling: Following convolution layers, max pooling layers are used to reduce the spatial
dimensions (width and height) of the input volume for the next convolution layer. It helps to reduce the
compultational load, memory usage, and helps to make the detection of features invariant to scale and
orientation.

e Connected Layers: After several convolution and pooling layers, the high-level reasoning in the neural
network is done via fully connected layers. Neurons in a fully connected layer have full connections to all
activations in the previous layer.

e Output: This is the final layer that provides the predictions of the network. It typically has several units
corresponding to the number of classes for a classification task.

e Loss: The loss function calculates how far the network’s prediction is from the actual label. It's a
measure of the error and is used during training to update the weights through a process known as
backpropagation.

e Label: This represents the true classification of the input image, used during training to compute the
loss.

e Forward Pass: This arrow signifies the direction of data flow during the prediction phase, from the input
image through the different layers up to the output.

e Backpropagation: This process involves calculating the gradient of the loss function with respect to
each weight by the chain rule, moving backwards through the layers to update the weights and minimize
the loss function.
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Training Dynamics and Loss Functions in Medical Image Segmentation

e The training process for CNN-based medical image segmentation employs
sophisticated loss functions and optimisation strategies tailored to the unique
challenges of anatomical delineation. Segmentation-specific loss functions play a
crucial role in guiding the network's learning process, with two predominant
approaches emerging in medical applications (50).

o The Dice similarity coefficient loss function specifically addresses the common
challenge of class imbalance in medical imaging, where regions of interest often
occupy a small fraction of the total image volume. This loss function quantifies the
spatial overlap between predicted and ground truth segmentations, providing a more
meaningful measure of segmentation accuracy than traditional pixel-wise metrics
(51).

o Weighted cross-entropy loss functions incorporate spatial context by applying varying
weights to different regions of the image. This approach proves particularly valuable
for emphasizing boundary regions, where segmentation accuracy is often most
critical. The weighting scheme can be adapted to prioritize clinically relevant regions
or account for varying levels of uncertainty in the ground truth annotations (52).

e The optimisation process follows a structured sequence of operations during each
training iteration. Initially, the network performs a forward pass, generating predicted
segmentation masks from input images. These predictions undergo comparison with
expert-annotated ground truth segmentations using the chosen loss function. The
backpropagation algorithm then computes gradients through the network using the
chain rule, determining how each network parameter contributed to the prediction
error (43).

o Parameter updates occur through carefully chosen optimisation algorithms, typically
variants of stochastic gradient descent (53). These optimisers dynamically adjust the
magnitude of parameter updates based on the historical behaviour of gradients,
helping to navigate the complex loss landscapes characteristic of deep neural

networks.
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1.3.3 U-Net and Its Variants

1.3.3.1 The U-Net Architecture

The U-Net architecture, initially proposed by Ronneberger et al. (52) represents a
paradigmatic advancement in medical image segmentation methodology. Its distinctive
characteristic lies in its symmetric encoder-decoder framework augmented by skip
connections, facilitating simultaneous contextual information extraction and precise spatial

localisation (54) (see figure 1-5). The architecture's fundamental components are as follows:

o Encoder Pathway (Contracting Path): This pathway implements progressive down
sampling operations through successive convolutional and pooling layers, facilitating
hierarchical feature abstraction. Each down sampling step typically doubles the
number of feature channels, enabling the network to capture increasingly complex

semantic information while reducing spatial dimensionality (54).

o Decoder Pathway (Expanding Path): The decoder systematically restores spatial
resolution through transposed convolutions or up sampling operations. This
progressive spatial reconstruction is crucial for generating detailed segmentation
maps at the original image resolution. Each up sampling operation is accompanied

by a corresponding reduction in feature channels (52).

e Skip Connections: These connections establish direct pathways between
corresponding encoder and decoder levels, facilitating the integration of high-
resolution features with contextual information. This architectural element is
particularly crucial for preserving fine structural details that might otherwise be lost

during the encoding process (45).

The architecture has demonstrated efficacy across diverse medical imaging applications
(45). Its success can be attributed to its ability to maintain a balance between global

contextual understanding and local structural precision.

An important evolution of the U-Net architecture is the 3D U-Net, designed specifically to
handle volumetric medical imaging modalities such as magnetic resonance imaging (MRI)
and computed tomography (CT) scans. Proposed by Cicek et al. (2016), the 3D U-Net
extends the original 2D U-Net to three dimensions, enabling the network to learn volumetric

features directly from the data (45).
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Figure 1-4 Architecture of 3D CNN with U-net design. The network accepts 3D imaging data
(3D tensor) and subsequently down and up samples the input data. The final probability map

predicts the likelihood that a given voxel belongs to the training labelling data.

1.3.3.2 U-Net Limitations and Enhancements

Despite its widespread adoption, the original U-Net architecture exhibits several limitations

that have prompted the development of various enhancements.
Limitations:
e Computational Inefficiency:

The concatenation of feature maps via skip connections leads to a substantial increase in
memory usage and computational cost, particularly when processing high-resolution 3D
medical images (55) This inefficiency can hinder the network's scalability and applicability in

resource-constrained environments.

¢ Architectural Rigidity:
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The fixed topology of the U-Net does not readily adapt to varying image resolutions or scales
of anatomical structures, potentially limiting its effectiveness across different imaging

modalities and clinical applications.
e Feature Redundancy:

Uncontrolled propagation of features through skip connections may result in redundant or
irrelevant information being passed to the decoder. This redundancy can contribute to
overfitting and unnecessary computational overhead without proportional gains in

performance (56).
Contemporary Architectural Variants:

To address these limitations, several variants of the U-Net architecture have been proposed,

incorporating novel mechanisms and design principles.

1.3.3.3 V-Net Architecture:

The V-Net, introduced by Milletari et al., extends the U-Net architecture to three-dimensional
(3D) medical image segmentation tasks (50). Designed specifically for volumetric data, the
V-Net employs volumetric convolutions and deconvolutions, enabling end-to-end learning

from 3D input images to 3D output segmentation maps.
Key features of the V-Net include:

e Residual Connections:
Unlike the original U-Net, which uses concatenation in skip connections, V-Net
incorporates residual connections inspired by ResNet architectures (57). These
connections add the input of a layer to its output, facilitating the training of deeper
networks by alleviating the vanishing gradient problem (this arises when gradients of
the loss function become very small as they are backpropagated through multiple
layers of the network. This issue hampers effective weight updates in the earlier

layers, leading to suboptimal learning) (50).

¢ Dice Loss Function:
V-Net utilizes the Dice similarity coefficient as the loss function during training. This
choice directly optimizes the metric of interest in segmentation tasks, especially when
dealing with imbalanced datasets where the foreground objects occupy a small

fraction of the volume (54).
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The V-Net has demonstrated superior performance in segmenting anatomical structures in
volumetric data, such as prostate MRI and cardiac CT images (50). Its design addresses the
computational challenges associated with processing 3D data by efficiently managing

memory usage and computational resources.

1.3.4 Transformer-Based Architectures

1.3.4.1 Vision Transformers (ViT)

In recent years, transformer-based architectures have emerged as a powerful alternative to
convolutional neural networks (CNNs) for various computer vision tasks (58). Originally
introduced in the context of natural language processing (NLP) (59), transformers have been
adapted for image analysis through models such as the Vision Transformer (ViT) (60). The
VIT architecture leverages self-attention mechanisms to capture global dependencies within
the data, offering a novel approach to image segmentation that addresses some of the
inherent limitations of CNNs (60).

Mechanism of Vision Transformers

The core of transformers lies in the self-attention mechanism, which allows the model to
weigh the relevance of different parts of the input data relative to each other. In the context
of image analysis, the ViT processes an image as a sequence of patches rather than as a

grid of pixels ) (60). The following steps outline how a transformer operates on image data:
The transformer architecture comprises four essential components:

¢ Patch Embedding: The initial image undergoes division into a sequence of non-
overlapping patches. These patches are flattened and projected into a lower-
dimensional space through a learnable linear transformation. This crucial step
transforms the grid-structured image data into a sequence format suitable for
transformer processing.

e Positional Encoding To preserve spatial relationships within the image, positional
information is embedded alongside the patch data. This encoding ensures the model
retains awareness of each patch's original location in the image, which is vital for
accurate spatial analysis.

e Transformer Encoder The core processing occurs in the transformer encoder, which

consists of alternating layers of:
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o Multi-head self-attention: Computes relationships between all patches

simultaneously, enabling the capture of both local and global image features.

o Feed-forward networks: Process each position independently through fully

connected layers, adding non-linear transformations to the model.

e Output Processing The final output represents a comprehensive embedding of the
input image, capturing both local features and global contextual relationships. This

output can be adapted for various tasks, including classification and segmentation.

1.3.4.2 Advantages of Vision Transformers in Medical Imaging

The self-attention mechanism enables Vision Transformers to model interactions between
distant regions of an image effectively, providing a global contextual understanding that is
particularly valuable in medical imaging. Pathological features in medical images often
exhibit complex spatial relationships that may not be adequately captured by the local
receptive fields of CNNs. The ViT's ability to consider the entire image context allows it to

recognize patterns and dependencies that span large spatial extents.

Furthermore, the ViT offers a flexible representation capable of processing variable-sized
inputs and focusing on salient features without being constrained by the locality bias inherent
in convolutional operations. This flexibility can be advantageous when dealing with medical

images of different resolutions or when the scale of anatomical structures varies significantly.

1.3.4.3 Challenges and Limitations

Despite these advantages, several challenges arise when applying Vision Transformers to
medical image segmentation. One significant limitation is the substantial data requirement
for training transformers effectively. Transformers lack the inductive biases present in CNNs,
such as translation invariance and locality, which help CNNs generalize well from limited
data. As a result, transformers often require large-scale datasets to learn meaningful
representations, a condition that is difficult to meet in medical imaging due to the scarcity of
annotated data (58).

Additionally, the computational complexity of the self-attention mechanism, which scales

quadratically with the input sequence length (i.e., the number of patches), poses practical
challenges. High-resolution medical images result in many patches, leading to increased
memory consumption and longer training times. This computational demand can limit the

applicability of ViTs in settings where resources are constrained (58).
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1.4 Rendering Methods in 3D visualisation

We can broadly divide two rendering approaches to 3D medical visualisation:

1) Volumetrically (direct) rendered models.

2) Surface (indirect) rendered models.

1.4.1 Volumetric Rendering

Volumetric or direct volume rendering is one of the two primary techniques for visualising
medical imaging data in its raw, unprocessed form (61). This approach bypasses any
intermediate representation, projecting volumetric data directly onto the viewing plane via

sophisticated optical models that simulate light interaction with materials (62).

Volumetric or direct volume rendering is one of the two primary techniques for visualising
medical imaging data in its raw, unprocessed form (61). This approach bypasses any
intermediate representation, projecting volumetric data directly onto the viewing plane via

sophisticated optical models that simulate light interaction with materials (62).

1.4.1.1 Theoretical foundations

At the core of volume rendering lies the simulation of light interaction within a participating
medium—a medium where light is absorbed, emitted, and potentially scattered as it travels
through it. The physical principles governing this interaction are based on radiative transfer
theory, which models the behaviour of light as it propagates through a volume. However,
solving the full radiative transfer equation is computationally intensive due to the complexity
of accounting for all possible interactions of light within the medium, including scattering in
multiple directions.

To render the computational requirements manageable for clinical applications, various

architectural optimisations and methodological constraints are frequently implemented.

The simplest approach, absorption-only model, assumes light within the volume can only be
absorbed, neglecting emission and scattering effects. While computationally efficient, this

model produces limited depth cues and tissue differentiation capabilities.

A widely adopted model in volume rendering is the emission-absorption model, which
focuses solely on absorption and emission phenomena while neglecting scattering effects.
This model assumes that as light travels through the medium, it is attenuated due to
absorption and augmented by emission from the medium itself. The cumulative effect of
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these interactions along a viewing ray determines the intensity of light reaching the observer
(63).

1.4.1.2 Transfer Functions and Data Classification in Volume Rendering

Transfer functions serve as a critical component in volume rendering by establishing the
mapping between raw imaging data and visual properties. In medical imaging, the scalar
values typically represent tissue-specific physical properties - Hounsfield Units (HU) in
computed tomography or signal intensities in magnetic resonance imaging (64).

Transfer functions map these scalar values to optical properties through several approaches:

1.4.1.2.1 One-dimensional Transfer Functions

The simplest approach maps scalar values directly to colour (RGB) and opacity (a) values.
While computationally efficient, these functions struggle to differentiate structures with
overlapping intensity ranges. For instance, differentiating adjacent soft tissues with similar

HU values presents a significant challenge.

1.4.1.2.2 Multi-dimensional Transfer Functions

Multi-dimensional transfer functions represent a more sophisticated approach to volume
classification by incorporating derived measures beyond simple scalar values (63). These
functions leverage first derivatives, particularly gradient magnitude, to effectively identify
tissue boundaries and transitional regions (65). Second derivatives enable the detection of
subtle structural changes, while statistical measures facilitate texture-based tissue
differentiation (66) The incorporation of distance measures from anatomical landmarks
provides valuable spatial context, particularly beneficial in complex anatomical regions
where traditional intensity-based classification proves insufficient (67). This multi-
dimensional approach, while computationally more intensive than single-dimensional
transfer functions, enables more nuanced tissue differentiation and improved boundary

detection in medical visualisation applications (66).

Transfer function design employs several methodological approaches, ranging from manual
specification to automated techniques. The most straightforward approach involves direct
specification, where colour and opacity values are manually defined for specific scalar
ranges based on standardised tissue-specific Hounsfield Units, though this requires
considerable expertise and iterative refinement (68). More sophisticated approaches
leverage histogram analysis to identify peaks corresponding to distinct tissue types,
facilitating automatic or semi-automatic transfer function generation (69). Recent advances
have introduced data-driven approaches utilising machine learning techniques trained on
expert-annotated datasets, enabling the incorporation of domain-specific medical knowledge

(70). Feature-based classification methods extend beyond simple scalar value mapping by
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incorporating derived measures such as gradient magnitude, enabling enhanced boundary
detection and structure differentiation - particularly valuable for complex anatomical regions
where tissue boundaries may be subtle or gradual (71). These various approaches offer
different trade-offs between automation, accuracy, and computational complexity, with the
choice of method often guided by specific clinical requirements and computational

constraints (72).

1.4.1.3 Practical Implementation: Discrete Ray Casting

In practical implementations, the continuous model of light interaction within the volume is
approximated using numerical methods. One predominant approach is ray casting, where
rays are projected from the observer's viewpoint through each pixel of the image plane into

the volumetric dataset.

1.4.1.3.1 Ray Casting Process

1. Ray Initialization: For each pixel on the image plane, a ray is generated starting
from the observer's eye position and passing through the pixel into the volume.

2. Sampling: Along each ray, the volume is sampled at discrete intervals. At each
sample point, the scalar data value is retrieved, often through interpolation of the
surrounding voxel data.

3. Opacity and Colour Assignment: The scalar values are mapped to optical
properties—opacity and colour—using the transfer function.

4. Compositing: The contributions from each sample are accumulated along the ray to
compute the final pixel colour. Starting from the nearest point to the observer, the
colour and opacity of each sample are combined, considering how previous samples
have attenuated the light. This process continues until the ray exits the volume or the

accumulated opacity becomes high enough that further contributions are negligible.

1.4.1.3.2 Optimisation Techniques

Rendering high-resolution volumetric datasets interactively poses significant computational
challenges. To achieve the performance necessary for practical applications, especially in

clinical settings, various optimisation strategies are employed.
1. Early Ray Termination

Early ray termination leverages the observation that once the accumulated opacity along a

ray becomes sufficiently high, additional contributions to the pixel colour are minimal.
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Therefore, the processing of a ray can be halted early, reducing computational workload
without significantly affecting image quality. This optimisation is particularly effective in
regions with dense structures, such as bones in CT scans, where opacity accumulates
quickly (73).

2. Empty Space Skipping

Empty space skipping involves identifying regions within the volume that do not contribute
meaningfully to the final image, such as areas outside the object of interest or regions of
uniform intensity. By bypassing these regions during ray traversal, computational resources
are focused on processing relevant data. Techniques such as space leaping and the use of
bounding volumes help in efficiently skipping over empty spaces, improving rendering

performance (73).
3. Acceleration Structures

Spatial data structures like octrees or k-d trees are used to organize the volumetric data
hierarchically, enabling efficient traversal and sampling. These acceleration structures
facilitate rapid identification of empty or homogeneous regions and support adaptive
sampling strategies. By adjusting the sampling rate based on the complexity of the data in
different regions, computational efficiency is improved without compromising image quality
(73).

4. GPU-Accelerated Volume Rendering

The emergence of programmable Graphics Processing Units (GPUs) has fundamentally
transformed volume rendering capabilities through massive parallelism and enhanced
memory bandwidth (74). Modern implementations leverage shader programming and texture
mapping functionalities to perform ray casting operations directly on GPU hardware,
enabling real-time rendering of substantial datasets (75). Volume bricking techniques
address memory constraints by partitioning datasets into manageable blocks, loading only

view-relevant data segments (76,77).

1.4.2 Surface Rendering

In contrast to direct rendering methods, surface rendering relies on creating a polygon mesh

intermediary form of the dataset, which is subsequently rendered. This approach is labelled
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'indirect' because it relies on a representation separate from the original dataset. Unlike
volume rendering, which directly converts volume data into images, surface rendering uses
an indirect approach by creating a polygon mesh representation. This mesh can be derived
by isolating an isosurface from the original volume data or modifying segmentation results. A
polygon mesh comprises an interconnected network of vertices, edges, and faces, shaping
the structure of a polyhedral object. Vertices represent a position in three-dimensional
Euclidian space. When a straight-line links two vertices, they form an edge, the basic mesh
geometry unit. The faces of the mesh, which are the flat surfaces, are constructed by
connecting these edges. Typically, a face is either a triangle, formed by three vertices and
their respective edges, or a quadrangle (often referred to as 'quads'), which involves four

vertices and four edges (78).

1.4.2.1 Historical context and evolution of surface rendering

The historical development of surface rendering in medical imaging reflects the interplay
between technological constraints and clinical requirements. Initially adopted primarily for its
computational efficiency, surface rendering emerged as the predominant approach to three-
dimensional medical visualisation during an era of limited computational resources (61). The
technique's ability to generate interpretable images with clear depth cues and illumination
proved particularly valuable in early medical visualisation applications, where immediate

visual comprehension was paramount (79).

The advent of modern graphics processing units (GPUs) and parallel computing
architectures has fundamentally altered the computational landscape of medical
visualisation. Contemporary GPUs support hardware-accelerated ray casting and texture-
based volume rendering, enabling real-time processing of large volumetric datasets (80).
These advances have substantially diminished the original performance advantages that
drove the adoption of surface rendering techniques. However, rather than rendering surface
rendering obsolete, these technological developments have enabled more sophisticated

applications of the technique.

Despite the diminished computational advantages, surface rendering remains important in

medical visualisation due to several factors:

(a) Interactive Visualisation on Web and Mobile Platforms
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Surface rendering favours interactive visualisation on web and mobile platforms because of
its lower memory requirements and reduced computational demands (79). Web-based
applications using technologies like WebGL can efficiently render and manipulate surface
meshes in browsers without specialised hardware (81). This accessibility is crucial for

telemedicine, remote consultations, and educational purposes.

(b) Requirement for 3D Printing

Surface mesh models are essential for 3D printing applications in medicine. The process of
additive manufacturing relies on geometric representations of structures to fabricate physical
models (82).

(c) Biomedical Virtual Simulation Using Game Engines

Biomedical simulations using computer game engines require surface mesh models to
produce deformable objects with physical properties (79). Game engines like Unity and
Unreal Engine provide physics simulations, collision detection, and interactive environments
where anatomical models can be "digitally dissected" or manipulated (83,84). Surface
meshes enable these engines to apply finite element methods and other computational

models for realistic simulations.

(d) Advanced Model Manipulation in Commercial Graphics Software

Most commercial computer graphics software operates with surface meshes, allowing for

advanced model manipulation techniques. These include:

Digital Sculpting: Programmes like ZBrush enable detailed sculpting of anatomical

features, adding fine details beyond the resolution of imaging data (85).

o Division of Structures: Meshes can be segmented into subcomponents, facilitating

focused studies on specific anatomical regions.

e Colourisation and Transparency: Surface meshes support per-vertex or per-face
colour assignments, enabling detailed colouring and transparency effects to highlight

structures.

¢ Realistic Texturing: Textures and materials can be applied to meshes to simulate

realistic organ appearances, enhancing visual comprehension (86).
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1.4.3 Surface rendering methods

1.4.3.1 Mesh extraction using marching cubes algorithm.

The marching cubes algorithm is utilised to reconstruct surfaces from 3D volumetric
datasets. Developed in 1987 by William Lorensen and Harvey Cline, this computer graphics

technique efficiently extracts an isosurface as a triangular mesh model (87).

It operates by partitioning the volume data into a grid of cubic cells, each defined by eight
corner vertices (voxels). By evaluating the scalar field/segmentation label at these vertices
against a chosen isovalue, the algorithm determines the topology of the isosurface within
each cell (88).

The marching cubes algorithm adeptly handles previously segmented data. As described
above, each voxel contains a discrete label rather than continuous density. To reconstruct a
surface, voxel labels are checked against the label of interest rather than an isovalue
threshold (79).

The core algorithm is unchanged. Cubes are processed cell-by-cell, analysing labelling
patterns at the corners. Instead of density gradients, intersections now lie at label
boundaries. These transitions are triangulated into surface facets within each cell (79). Pre-
segmentation simplifies surface selection and reduces noise. It also isolates individual
structures without visualising all tissue boundaries. But the critical process remains identical
- marching through the volume in cubes, tabulating edge intersections via lookup tables, and

connecting triangular patches.

This versatility to handle raw and segmented data makes marching cubes vital for medical
imaging. As segmentation algorithms improve, it provides an efficient path to visualise

labelled volumes in 3D.

1.4.3.2 Post-Processing of Extracted 3D Geometry

Converting volumetric scan data into 3D surface models involves key post-processing steps

to optimise visual appearance, functionality, and performance.

Two essential techniques are decimation and smoothing. However, where clinical
applications demand high anatomical accuracy, post-processing should be limited owing to

the potential distortion of the original geometry.
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1.4.3.3 Decimation

The marching cubes algorithm, while effective at extracting surface geometry, typically
generates meshes comprising hundreds of thousands of polygons from high-resolution
medical scans, far exceeding the requirements for practical visualisation. Decimation
addresses this limitation through systematic reduction of mesh complexity, selectively
removing vertices and faces while preserving anatomical fidelity and critical features. (87).
This optimisation proves particularly crucial for web-based and mobile applications, where
rendering performance directly impacts usability. The target performance of 60 frames per
second, considered optimal for smooth interaction, necessitates careful balance between

visual quality and geometric complexity (89).

Various decimation strategies exist, each offering different trade-offs between processing
speed and geometric accuracy. Error-quadric based approaches evaluate the impact of each
potential vertex removal on the overall surface geometry, prioritising operations that
minimise visible changes. Local approaches focusing on edge collapse operations offer
faster processing but may sacrifice some geometric accuracy. The degree of decimation
must be carefully calibrated for different anatomical structures; while relatively planar regions
may tolerate aggressive simplification, complex structures such as vascular networks require

more conservative approaches to maintain anatomical accuracy (90).
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Figure 1-5 Demonstrating the effect of different levels of decimation.
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1.4.3.4 Smoothing

Smoothing eliminates jagged surfaces and staircase artefacts to improve visual quality. The
marching cubes produce noticeable sharp discontinuities between adjacent cubes.
Smoothing blends these seams for more natural surfaces (91). Most smoothing approaches
do not alter the number of vertices but instead change their position and are therefore

deemed topology-preserving (79).

Common approaches iteratively adjust vertex positions based on surrounding geometry. For
example, Laplacian smoothing moves vertices to the average location of their neighbours
(91). Low-pass filters can also be applied in the normal or domains (92). These methods

improve appearance but can shrink and distort geometry.

Alternative edge-preserving filters like bilateral smoothing better maintain fidelity (93).
GUIDOS also shows promise for selective smoothing of medical models (94). Smoothing
must balance visual improvement against anatomical accuracy requirements in medical use

cases.
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1.4.3.5 Colourisation

The application of colour is essential for distinguishing anatomical structures and aiding in

user comprehension.

e Hue - Unique hues like red, blue, and yellow are more easily discriminated than

shades.

e Value - Lighter and brighter colours stand out against darker backgrounds.
e Complementary colours - Pairing opposite hues like blue/orange maximises contrast.

e Context - Consideration of the semantic meaning colour can hold.

Adhering to established medical illustration colour conventions also capitalises on existing
user familiarity. For example, arteries are red, veins are blue, nerves are yellow, etc.
Selective colourisation focusing on structures of interest reduces visual clutter. The judicious

use of colour is critical for effectively communicating complex 3D relationships (95).

1.4.4 Advanced 3D modelling techniques

Advanced computer graphics techniques, originally developed for visual effects and gaming
industries, have been adapted for medical visualisation to create highly detailed,
photorealistic anatomical models. These approaches utilise sophisticated software pipelines,
integrating specialised applications such as ZBrush, Maya, and Blender, each offering
complementary capabilities for model enhancement, texture generation, and material
definition. The application of these techniques to medical visualisation represents a
significant advancement over traditional approaches, enabling the creation of models that
combine anatomical accuracy with enhanced visual comprehension through photorealistic

rendering (96).

1.4.4.1 Complex 3D Modelling and Digital Sculpture

Complex polygon modelling in specialised software provides powerful mesh manipulation
with tools to separate, extrude, and animate components (97). This enables dividing models
into distinct regions and adding thickness to surface-only structures like vessels (86).

Animation tools are valuable for illustrating motion and function.

Digital sculpture facilitates detailed organic modelling ideal for anatomy (85). Sculpting
introduces fine surface details like muscle striations, challenging traditional techniques.

Adaptive subdivision enables high-poly sculpting projected as normal maps onto low-poly
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models, combining detail and performance (98). This workflow allows adding high-frequency

details while retaining low polygon counts for efficiency.

1.4.4.2 Retopology and Quad Remeshing

Segmented medical models contain triangle meshes. Quad remeshing converts these into
quad-based meshes better suited for optimisation, texturing, and animation (99). Most
software provides rapid retopology tools and quad-focused algorithms to rebuild the model

with primarily quads instead of triangles.
Quad meshes are preferred in many applications because they:

o Facilitate Deformation: Quads deform more predictably during animation or

simulation (100).

e Support Subdivision Surfaces: Quads are compatible with subdivision algorithms
that smooth meshes while preserving shape, enabling multi-resolution
modelling (78).

o Enhance Edge Flow: Proper edge flow aligns with the natural contours of the
anatomy, improving visual quality and facilitates placement of UV seams (see
below) (99).
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Figure 1-6 Tri to Quad retopology

1.4.4.3 UV Unwrapping
UV unwrapping maps 3D coordinates onto a 2D texture space and is a fundamental
requirement for texture application. Each vertex in the 3D mesh is assigned a coordinate (U,

V) in the 2D texture space, establishing a correspondence between the 3D model and the

2D image.
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Seams define how the 3D model is cut and laid out on the 2D UV grid. Seam placement is
optimised for clean, minimal distortion layouts specific to each model region. UV maps
should have uniform texel density (texel density refers to the level of detail present in a
texture map, it is measured by the number of texels, or texture elements packed into a given
area) and scale with efficient use of space. Grids verify correct unwrapping before texturing
(101)

1.4.4.4 Physically based rendering and texture mapping

Physically Based Rendering (PBR) is an approach that seeks to render images in a way that
models the flow of light in the real world, producing materials that react to lighting conditions
realistically (26). PBR has become a standard in industries like gaming and film due to its

ability to achieve consistent and plausible results under varied lighting environments.

In medical visualisation, PBR enhances the realism of anatomical models, improving depth
perception and material differentiation, which is beneficial for educational and

communicative purposes (27).

PBR relies on various texture maps to define the physical properties of materials. Each map

describes different physical properties of a material as summarised in table 1-2.
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Table 1-2 Common texture maps used in PBR rendering.

Map Type Description

Base Colour Defines diffuse colour without lighting. Photographic textures
provide realism.

Metallic Controls reflectance qualities - metals vs dielectrics.

Roughness Defines microsurface irregularities diffusing reflections.

Normal Encodes surface normals to fake geometry details (Surface
normals are vectors perpendicular to a surface that indicate the
orientation of the surface relative to the lighting direction) (102).

Bump Adds simulated minor height variations.

Displacement
Specular
Glossiness
Ambient Occlusion
Emission
Transparency

Translucency

‘ Alters underlying mesh vertex positions.

‘ Controls specular reflection qualities.

‘ Similar to roughness, defines surface shininess/diffusion.
‘ Simulates local occlusion to add realism.

‘ Defines self-illumination.

‘ Controls geometrical transparency.

Simulates subsurface light diffusion and scattering.
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1.5 Visualisation methods

The effectiveness of 3D medical models depends not only on the quality of their
reconstruction but critically on how users interact with them. An understanding of user
requirements and interface design is essential, as different clinical applications demand
distinct forms of interaction. Surgeons planning complex procedures may require precise
control over model orientation, transparency, and cross-sectional views, while patients need
intuitive interfaces that facilitate understanding without technical expertise. The choice of
visualisation platform therefore must consider both technical capabilities and user

experience design.
Key interaction requirements typically include:
¢ Rotation, panning and zooming controls.
e Selective visibility of anatomical structures
e Cross-sectional viewing capabilities
¢ Measurement tools
¢ Annotation features
e Screenshot or video capture functionality.

Various platforms and technologies exist for visualising computer-generated 3D models.
Each solution offers different capabilities and trade-offs between ease of use, interactive

features, and development requirements.

1.5.1 WebGL and Three.js

Web-based visualisation has become increasingly sophisticated through WebGL (Web
Graphics Library), a JavaScript API that enables hardware-accelerated 3D graphics
rendering within modern web browsers. WebGL provides low-level access to the graphics
processing unit (GPU), allowing real-time manipulation of complex 3D models without
requiring additional plugins. However, its relatively complex implementation has led to the

development of higher-level libraries that abstract these capabilities (81).

Three.js has emerged as a particularly valuable abstraction layer for medical visualisation
applications (103). This JavaScript library simplifies WebGL implementation while
maintaining performance suitable for interactive medical models. It provides built-in support

for essential features such as lighting, materials, and camera controls that facilitate
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anatomical visualisation. Importantly, Three.js enables the integration of custom shaders,
model loaders and advanced visual effects that can enhance the representation of
anatomical structures through selective transparency, highlighting, and cross-sectional views
(104).

Integration with server-side frameworks (e.g. Django (105), Flask etc.) can address inherent
limitations of browser-based rendering through server-side processing of large datasets,
sophisticated caching strategies, and optimised data delivery pipelines. Front-end
frameworks like React (106) or Vue.js (107) enhance the user interface layer, enabling
responsive layouts, state management, and complex interaction patterns. This distributed
architecture maintains the accessibility benefits of web-based platforms whilst facilitating
sophisticated features for medical education and surgical planning applications through both

client and server-side optimisations.

A key advantage of web-based platforms is their cross-platform accessibility and ease of
distribution. Users can access sophisticated 3D visualisations through standard web
browsers without installing specialised software. This makes web-based solutions
particularly suitable for educational applications and patient communication tools. However,
browser-based rendering faces certain limitations, particularly regarding memory

management and processing of large datasets typical in medical imaging.

1.5.2 Game Engines

Game engines like Unreal and Unity are integrated development environments offering
comprehensive tools for creating interactive real-time 3D applications. They combine
rendering engines, physics simulations, audio systems, and scripting tools to facilitate

sophisticated 3D visualisation and interaction possibilities.

Both engines support essential medical visualisation requirements, such as interactive 3D
model manipulation, physics-based simulation, and virtual/augmented reality integration.
However, Unreal Engine typically demands greater computational resources and has a
steeper learning curve, while Unity may require additional development effort for complex
visualisations but offers greater accessibility. The choice between these platforms ultimately
depends on specific project needs, including desired visual fidelity, performance

requirements, development expertise, and deployment constraints.

72



1.5.3 Specialised Commercial Software

Specialised medical software like 3D Slicer (108), Mimics (Materialise, 2023 (109)),
Innersight labs (110) and Visible Patient (111) allows direct use of DICOM and other medical

imaging formats, providing an ecosystem focused on clinical utility.

The choice of visualisation platform is guided by the specific clinical context and use cases.
While visual realism can be essential and facilitate user comprehension, this should not be

at the expense or neglect of required clinical functionalities.

The crucial consideration should be enabling accurate anatomy and functional simulations to
inform the surgical approach, resection planning, implant design, and other clinically driven

tasks.

Virtual reality (VR) for 3D model interaction has gathered recent attention, given its
immersive and intuitive spatial visualisation capacity. Workflow integration of virtual and
augmented reality remains limited. The practical advantage over traditional 3D planning user
desktop interfaces remains debatable, and wearing an occlusive headset in the operating

room poses logistical challenges (112).

1.5.4 3D printing

The rapid development of 3D printing technology in recent years has created new
possibilities in surgical planning and education. Dramatic reductions in cost along with
improvements in the accuracy have facilitated production of patient-specific anatomical

printed models.

3D printing or additive manufacturing/rapid prototyping was originally described in 1980’s
and is based on the principle of sequentially layering material to construct a physical object.
Each layer of material will be of equal thickness which vary between machines and

techniques- the smaller the layer height the greater the accuracy/resolution of the model.

Following image segmentation and mesh processing, anatomical structures can be exported
as stereolithography (STL) files, which serve as the digital blueprint for fabrication using 3D
printers. These STL files are then processed by slicing software, which converts the 3D
geometry into a series of two-dimensional layers and generates G-code instructions—
machine-readable commands that guide the printer’s movements, extrusion rates, and other

operational parameters.
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When selecting a particular printing method, careful consideration of its intrinsic
characteristics—such as build precision, compatible materials, and overall reliability—is

essential. This ensures that the final printed model accurately represents the target anatomy.

1.5.4.1 3D printing Methods
There are three main methods of 3D printing commonly used:
1) Material extrusion
e Fused deposition modelling (FDM)
e Fused filament fabrication (FFF)
2) Powder solidification
e Selective laser scintering (SLS)
e Binder Jetting (BJ)
3) Photopolymerisation
e Stereolithography (SLA)
e Polyjet (PJ)
e Digital Light Processing (DLA)

Material extrusion operates by continuously feeding a thermoplastic filament through a
heated nozzle. Guided by computer-controlled stepper motors, the printer head precisely
deposits molten material along the horizontal plane, layer by layer, gradually building the
desired object usually with the aid of 3D printed support structures. The thickness of these
layers can vary between machines, and decreasing the layer height can increase both the
accuracy and resolution of the printed model. Despite its accessibility and broad adoption,
material extrusion has several limitations. Print times are generally slower, and the resulting
parts often exhibit lower dimensional precision when compared with other additive
manufacturing methods. Reliability issues may also arise, potentially limiting the technique’s
utility in clinical settings where accuracy and consistent quality are essential. Nonetheless,
recent advancements have addressed some of these concerns. Enhanced filament
materials, the capacity for multi-material printing, larger build volumes, and improved
process control have collectively expanded the capabilities of material extrusion systems
(113).
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Powder solidification methods, including selective laser sintering (SLS) and binder jetting
(BJ), convert powdered feedstock into fully formed components. In SLS, a laser beam is
directed onto a thin layer of powder, causing the particles to coalesce through sintering—
heat and pressure consolidate the powder without reaching a fully liquid state. After each
layer is solidified, the build platform is incrementally lowered, and a fresh layer of powder is
applied. As the surrounding loose powder provides inherent support for overhangs, no
additional support structures are required. Binder jetting, which also relies on the sequential
deposition of powder layers, instead utilises a precisely dispensed liquid binder to adhere the

particles, achieving solidification without the need for localised heating.

(114).

Photopolymerisaton: In many prevalent photopolymerisation techniques, a vat of
photocurable resin is selectively cured using ultraviolet (UV) light emitted from LED sources.
The light is patterned through a digital mask, commonly produced by an LCD screen, which
enables highly precise layer-by-layer fabrication (see Figure 4). The build platform is typically
inverted and gradually elevated as each layer solidifies, following a conventional additive
manufacturing approach. This method can rapidly yield extremely accurate and
geometrically complex models, making it particularly well-suited for producing lattice-like

vascular structures.

However, several safety considerations must be addressed when employing
photopolymerisation processes. Direct contact with uncured resin may lead to severe
dermatitis, and measures must be taken to mitigate exposure. In addition, proper
management of volatile organic compounds (VOCs) emitted during the curing process is
necessary. Adequate ventilation systems, filtering units, and appropriate personal protective
equipment (PPE) are required to prevent hazardous inhalation or accumulation of VOCs.
Furthermore, maintaining stable temperature and humidity levels can significantly enhance
print quality and process reliability by ensuring optimal resin characteristics and curing
conditions (115).

When fabricating patient-specific anatomical models, multiple considerations must be
addressed. Each additive manufacturing technique requires a level of technical proficiency to
diagnose and resolve common mechanical or printing errors. In a clinical environment,
particularly where 3D printing is integrated into routine patient care, it may be necessary to
establish a dedicated technician or department to ensure consistent and reliable production
(114).
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1.6 3D models in surgical practice

The potential benefits of 3D modelling in surgery are multifaceted. Patient-specific
models may enhance surgeons' spatial understanding of complex anatomy, enable
preoperative rehearsal of critical procedural steps, facilitate surgical education, and
improve patient communication. In colorectal surgery specifically, 3D modelling
shows promise for procedures involving complex anatomy like complete mesocolic
excision, or pelvic exenteration for advanced rectal cancer where a comprehensive
understanding of spatial relationships is paramount.

However, despite widespread enthusiasm and increasing adoption, the evidence
supporting routine clinical implementation of 3D modelling remains limited. This
review critically examines the current applications and evidence base for 3D
modelling in surgical practice, with particular focus on colorectal surgery. | will
evaluate the methodological quality of existing studies, analyse reported outcome
measures, and identify key knowledge gaps that must be addressed to determine
the true clinical utility of these emerging technologies.

The review is structured to first examine broad surgical applications of 3D modelling
before focusing specifically on evidence in colorectal surgery across three key
domains: cancer resection, inflammatory bowel disease, and surgical education. For
each application, we analyse the quality of available evidence and evaluate reported
benefits against implementation challenges. This systematic approach enables
critical assessment of where 3D modelling may provide genuine clinical value versus

areas where evidence remains insufficient to support routine use.

1.6.1 Preoperative planning

Preoperative planning encompasses activities undertaken to comprehend patient-
specific anatomy and pathology, enabling informed surgical decision-making and
strategy development (116).
In surgical practice, 3D modelling has been applied across four principal planning
domains:
1. Anatomical Understanding Enhancement of spatial comprehension,
particularly for complex or variable anatomical relationships
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2. Patient-Specific Simulation
Virtual or physical rehearsal of procedural steps and prediction of surgical
outcomes

3. Resection Planning Precise delineation of surgical margins and critical
structures, particularly vital in oncological surgery.

4. Reconstructive Planning Development and optimisation of reconstructive

approaches, including custom implant design and surgical guide fabrication.

1.6.1.1 Anatomical understanding

Understanding three-dimensional anatomical relationships is fundamental to surgical
planning and execution. While experienced surgeons regularly interpret two-
dimensional cross-sectional imaging, mentally reconstructing complex spatial
relationships from slice data remains challenging. Three-dimensional visualisation
techniques may help overcome these cognitive demands.

Azer et al.'s systematic review of 30 studies examining 3D anatomical models in
medical education revealed mixed methodological quality. Of the 30 studies 60%
were randomised control trials and with remaining 40% non-randomised comparative
studies. 60% utilised objective outcome measures (OSCE, written exam) as opposed
to 40% in which subjective ratings were used (116). Students generally had a
preference for 3D visualisation techniques over traditional teaching methods (116).
However, not all studies demonstrated the superiority 3D in comparison to other
teaching methods. However, heterogenous study designs and non-validated
assessment methods limit definitive conclusions. The review highlighted several

interacting factors affecting model effectiveness:

e Interface design and model quality
o Cognitive load and task complexity
o Individual learner characteristics, including spatial ability.

o Integration within broader educational curricula
Few studies have compared the relative effectiveness of virtual and printed models

with the evidence base largely anecdotal. Kong et al.'s comparative study found both
virtual and physical 3D models improved understanding of hepatic segmental
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anatomy compared to traditional atlases, with no significant difference between
model types. (117).

The impact of 3D models on surgeons' anatomical understanding remains relatively under-
researched. Awan et al. demonstrated improved short-term identification of acetabular
fracture patterns among radiology trainees using 3D printed models (117). Yang et al.'s study
comparing understanding of retroperitoneal tumour anatomy across training levels found
both virtual and printed 3D models superior to conventional CT for identifying retroperitoneal
vascular structures (83.33%, 73.33% vs 46.67%, p=0.007), with greatest benefit among

junior learners (118).

Three-dimensional visualisation appears particularly valuable for complex variable anatomy.
Cromeens et al.'s study of 21 paediatric surgeons evaluating pyopagus twin anatomy found
3D printed models enabled faster and more accurate assessment of anatomical
relationships compared to CT imaging alone, suggesting specific utility in challenging

anatomical scenarios (119).

1.6.1.2 Patient specific simulation

Simulation based training has assumed increasing importance in surgical education in recent
decades owing to reduced operative volume and patient safety concerns (120). 3D
modelling has opened the possibility of patient specific rehearsal and overcomes some of
the limitations of existing simulation techniques that rely on generic models lacking real

world anatomical variation.

Patient-specific simulation can be categorised into two types: process simulation and
outcome simulation. Process simulation involves using the model to replicate certain aspects
of the surgical procedure, functioning as a form of rehearsal. Outcome simulation, on the
other hand, aims to predict the results of surgery, such as aesthetic outcomes following

reconstruction, blood flow, or organ function. (121).

1.6.1.2.1 Process simulation.

1.6.1.2.1.1 3D printed models and patient specific simulation.

Scale models of bony anatomy have been commonly utilised by trauma and maxillofacial
surgeons for planning osteotomies and pre-shaping osteosynthesis plates. The use of 3D

models is particularly advantageous in complex facial reconstructions (122) (123) (124).
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Comparative studies have frequently reported reduced operative times, enhanced accuracy,

and superior aesthetic outcomes when using patient-specific 3D models (125).

Recent advances in 3D printing technology have enabled the production of soft, flexible
materials, addressing a key challenge in surgical simulation - particularly for procedures

involving soft organs.

Coelho et al recently developed a 3D printed model with multiple materials of varying
consistencies and resistances for planning frontoethmoidal meningoencephalocele surgical
correction. Aside from reducing theatre time by an estimated 29%, the model facilitated
multidisciplinary discussion between neurosurgeon and plastic surgeons allowing alterations

of the previously defined plan (126).

In a notable feasibility study examining patient-specific models for nephrectomy procedures,
Glybochko and colleagues evaluated silicone-based replicas created for five patients
diagnosed with renal cell carcinoma. The surgical team reported high face validity for these
models, providing positive assessments of their practical utility for surgical planning and

training purposes (127).

Von Rundstedt et al. demonstrated the potential of patient-specific surgical rehearsal using
soft material models. Their study validated the models' effectiveness by comparing tumour
enucleation times and resected tissue volumes between simulated and actual procedures,
finding strong correlations. However, while these initial results show promise, the studies

lack robust objective measurements of how the simulations impact operative performance.
Additionally, the current approach faces practical limitations related to production costs and

time requirements (128).
1.6.1.2.1.2 Virtual patient specific simulation

Generating patient-specific, fully interactive surgical simulations based on imaging-
derived three-dimensional models remains largely conceptual. The high level of
complexity required—ranging from sophisticated image processing to real-time
physics simulation and integration into game-engine environments—constitutes a
significant barrier to widespread implementation (129).

Currently, only a handful of early feasibility studies are available. Rai et al utilised
Mimics (Leuven, Belgium) 3D virtual simulation environment in order to simulate 3
partial nephrectomy cases using CT reconstructed models (130). Other preliminary
studies by Head and Neck surgeons developed a virtual surgical environment for
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simulating 10 endoscopic skull base procedures, demonstrating sufficient realism to

allow patient specific rehearsal (131).

1.6.1.2.2 Outcome simulation

Outcome simulation aims to predict the results of surgical interventions. Four
principal types have been reported in the literature: aesthetic, motion, blood flow,
and structural. Aesthetic outcomes are particularly significant in facial surgery,
whether addressing congenital defects or undertaking reconstructive procedures.
Using finite element modelling, it is possible to accurately predict the soft tissue
changes resulting from bony reconstruction of the mandible, thereby allowing for
prediction of the ensuing facial appearance (132). Similarly, postoperative ranges of
motion can be modelled following orthopaedic implant placement. Such modelling
offers real-time feedback, enabling surgeons to virtually trial different implants and
placements, thereby informing clinical decision-making (133).

For interventions involving blood flow, virtual stenting enables prediction of
postoperative flow patterns. This is especially valuable in planning interventional
procedures, such as endovascular treatments for aneurysms. By predicting pressure
and wall stress following stent placement, the configuration can be optimised to
enhance clinical outcomes (121). In orthopaedics, algorithmic approaches can
predict the structural integrity of implants and their interaction with host anatomy.
Surgeons can visualise the forces and stresses acting on implants, thereby allowing

implant configurations to be optimised (134).

1.6.1.3 Tumour Resection planning

Achieving an RO (tumour-free) resection margin remains a key predictor of long-term
disease-free survival in patients with hepatobiliary malignancies (135). Three-
dimensional (3D) reconstructions derived from standard radiological imaging have
increasingly been employed to assist in pre-operative planning for liver resection
(136). Their use aims to strike a balance between securing adequate tumour
margins and preserving sufficient functioning liver parenchyma, thus reducing the
risk of post-resection liver failure. Identification of vascular tributaries is fundamental

aspect of surgical planning to preserve healthy liver.
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Several studies suggest that 3D imaging may confer technical advantages compared
with CT alone. These include significant reductions in both operative time and
intraoperative blood loss, as well as the accurate prediction of specimen volume and
surgical margins (137). In one cohort study of 305 patients, pre-operative 3D
planning led to alterations in the surgical strategy in 49 of 131 complex cases, and
reclassified 15 patients initially deemed unresectable based on 2D imaging as
amenable to curative resection (138). Integrating perfusion data into such models
can further enhance decision-making by providing automated calculations of
resection volumes, functional liver reserve, and predicted dysfunctional volumes, all
critical factors in determining hepatectomy feasibility (3).

Despite these technical benefits, the direct impact of 3D-assisted planning on
oncological outcomes remains uncertain. Findings from non-randomised
comparative studies have been conflicting, and at least one investigation found no
significant difference in RO resection rates between 2D and 3D imaging groups in the
context of hilar cholangiocarcinoma (139). Beyond hepatobiliary surgery, 3D models
have been utilised for pre-operative planning of minimally invasive partial
nephrectomy in renal cell carcinoma. Here, detailed understanding of the renal hilar
vessels is essential to maximise functional renal preservation (140). One randomised
controlled trial by Shirk et al. demonstrated that 3D reconstruction use during robotic
partial nephrectomy was associated with significantly reduced operative times,
estimated blood loss, and vessel clamp times (141). Similar findings were reported
by Porpiglia et al. and Wang et al., indicating consistent perioperative benefits
(142,143).

Similarly, in video-assisted thoracoscopic surgery (VATS) lobectomy—an
anatomically complex, lesion-oriented procedure—3D reconstructions have been
employed to elucidate the relationships between tumours, blood vessels, and
bronchi, thus aiding in procedural planning (144). Collectively, while the incorporation
of 3D visualisation strategies into surgical planning shows considerable promise in
improving procedural efficiency and anatomical delineation, robust evidence
delineating its direct impact on long-term oncological and functional outcomes
remains limited. Further high-quality, comparative studies are needed to clarify these
effects, refine integration strategies, and determine the true clinical value of 3D-
based pre-operative planning.
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1.6.1.4 Reconstruction

Oral and maxillofacial surgery (OMFS) provides an illustrative example of how three-
dimensional (3D) modelling can facilitate surgical planning and execution in the
context of complex reconstructive procedures. OMFS commonly addresses injuries
and congenital defects of the craniofacial skeleton, where both functional restoration
and aesthetic precision are crucial due to the high visibility of the affected anatomical
region and the associated psychosocial implications for patients (145). Notably, the
geometrical complexity of the craniofacial skeleton and the stringent demands on
aesthetic and functional outcomes suggest that 3D imaging may offer substantial

advantages.

Multiple applications of 3D visualisation in OMFS are reported, ranging from
improved characterisation of deformities to accurately planning osteotomies and
virtually or physically rehearsing complex reconstructions (145). Modelling
postoperative soft tissue changes is also feasible, enabling surgical teams to
anticipate aesthetic results (146). Moreover, three-dimensional printing of patient-
specific cutting guides and custom implants further refines operative precision and
may reduce operative time (147), ultimately resulting in improved surgical efficiency

and aesthetic outcomes (148).

In cases of facial trauma, detailed spatial localisation of bone fragments is
fundamental to restoring the normal facial contour and occlusion. Here, 3D
computed tomography (CT) permits accurate planning of symmetrical corrections
and optimal implant placement. Evidence supports the value of 3D CT visualisation
in managing displaced midfacial and mandibular fractures, where accurate
reconstruction is essential for both functional recovery and cosmetic

appearance(149).

Similarly, 3D imaging techniques have been employed in the evaluation and
treatment of craniofacial anomalies, including craniofacial clefts and
craniosynostoses. By revealing subtle asymmetries and accurately delineating
abnormal suture lines, 3D CT can guide more precise classification and intervention

strategies in conditions such as craniosynostosis, ultimately informing surgical
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planning and improving clinical outcomes (150). Three-dimensional printing further
enhances these applications by facilitating detailed surgical simulation and precise

osteotomy site planning.

A systematic review by Lin et al. identified 78 studies over a ten-year period that
employed 3D printing to translate virtual surgical plans into clinical practice.
Applications included occlusal splints, osteotomy and repositioning guides, fixation
plates, implants, spacers, and patient-specific models, with most studies comprising
small prospective case series (median 10 patients) focusing primarily on accuracy as
the outcome measure (151). Randomised controlled trials (RCTs) remain relatively
scarce. One such RCT by Ayoub et al. assessed computer-assisted mandibular
reconstruction using vascularised iliac crest bone grafts compared with conventional
approaches. Among 40 patients, the computer-assisted technique reduced both
transplant ischaemia time and donor site defect size (152), underscoring the
potential clinical benefits of integrating 3D planning tools into reconstructive

workflows.

Despite these advances, larger, high-quality studies are needed to establish the
broader clinical efficacy of 3D-assisted planning and reconstruction in OMFS. Such
evidence would help to refine best practices, validate outcomes, and guide the future

integration of 3D visualisation and printing into routine surgical practice.

1.6.2 3D model surgical navigation

3D model navigation can be accomplished by solely displaying the model on an additional
digital device for the operating surgeon's reference. The video transmission from a distinct
device can be displayed as a secondary screen within the console, enabling the surgeon to
reference it right next to the live operating view (for instance, using the TilePro feature

available on the daVinci platform) (153).

Augmented reality (AR) surgical navigation involves integrating computer-generated
information derived from preoperative imaging directly into the surgeon's view during

procedures. In this method, the 3D model is overlaid onto the live surgical view, providing
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real-time guidance and visualisation of underlying structures that would otherwise be

obscured.

1.6.2.1 Principles and Implementation of Surgical AR Navigation

The implementation of augmented reality navigation in surgery represents a complex
integration of spatial computing, computer vision, and surgical workflow considerations.
While the fundamental goal is straightforward - overlaying virtual information onto the
surgical field - the technical requirements for achieving this safely and effectively in clinical

practice are substantial (154).
a) Registration Methodology

In augmented reality (AR) surgical navigation, registration is the process of aligning virtual
models with the patient’s actual anatomy to ensure accurate guidance. Approaches vary in
complexity and level of automation. Manual registration relies on the surgeon’s judgement
and interaction with the model, often through software controls, to achieve basic alignment
but can be less precise (achieving accuracy of 4-6mm) (155). Point-based registration
operates through the correspondence of fiducial points between virtual and physical spaces.
This method employs either anatomical landmarks or artificial markers, requiring both
preoperative and intraoperative point selection. Various technological modalities, including
optical tracking, medical imaging, and camera systems, facilitate point localization (155).
Surface registration refines this further, using algorithms to align the patient’s external
contours or internal surfaces captured by imaging data. Surface data acquisition occurs
through various modalities, including 3D scanning devices and stereo camera systems.
While capable of achieving accuracies of 2-3mm, this approach faces challenges in partial
surface matching and accommodation of tissue deformation (155). Marker-based registration
introduces artificial markers placed near target structures, simplifying the alignment process
by providing easily trackable reference points. Finally, calibration-based registration
leverages the complementary strengths of different imaging modalities—such as ultrasound
and computed tomography—by determining their relative transformations and applying these
to the patient’s anatomy. Taken together, these techniques enhance AR-guided surgery by
improving the spatial coherence between virtual and real-world views, ultimately supporting

safer and more precise interventions.

The selection of registration method requires careful consideration of accuracy requirements
balanced against workflow disruption. While fiducial-based approaches typically provide
higher initial accuracy, they necessitate additional preoperative planning and setup time.
Marker-less approaches offer superior workflow integration but may sacrifice some degree of

precision.
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b) Tracking Systems and Real-time Updates

Tracking compensates for any movement of the patient or the AR system, ensuring accurate
superimposition of virtual elements onto the surgical field. Continuous tracking represents
perhaps the most challenging aspect of surgical AR navigation. The tracking system must
maintain sub-millimetre accuracy while accommodating patient movement (both voluntary
and involuntary), surgical instrument manipulation, tissue deformation, and changes in

surgical field exposure (156).

Current tracking technologies encompass optical, electromagnetic, and hybrid systems.
Marker-based optical tracking uses specialised cameras (often infrared) to detect and track
either active or passive markers. Active markers emit their own infrared signal, while passive
markers reflect infrared light emitted by the tracking system (155). While these offer
excellent precision, they require maintained line-of-sight. Electromagnetic systems utilise
field generators and sensors, eliminating the line-of-sight requirement but introducing
susceptibility to interference from metallic objects. Hybrid systems attempt to overcome
individual limitations by combining multiple tracking modalities, often incorporating inertial

measurement units (155).
¢) Visualisation Approaches and Human Factors

The method of delivering augmented reality content in surgery typically employs one of three
main approaches: video see-through (VST), optical see-through (OST), or projection-based

systems (157).

Video see-through, predominantly used in robotic and endoscopic surgery, integrates virtual
content with the live surgical video feed. This approach allows precise control over the virtual
overlay through image processing but introduces latency as video must be captured,
processed, and displayed. The primary advantage is that synchronisation between real and
virtual content can be precisely controlled since both are presented through the same digital

display pipeline.

Optical see-through systems use transparent displays, typically in the form of commercial
head-mounted devices like Microsoft's (now discontinued) HoloLens Meta’s Quest and
Apple’s Vision Pro (158). These systems attempt to overlay virtual content onto the
surgeon's direct view of the surgical field. However, they face significant technical challenges
including limited field of view, poor virtual object visibility in bright operating room conditions,

and substantial latency in updating virtual overlays. The ergonomic burden of wearing head-
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mounted displays during lengthy procedures presents another significant barrier to adoption
(159).

Projection-based systems directly project navigational information onto the surgical field or
patient. While this eliminates the need for wearable displays, it limits visualisation to visible
surfaces and can suffer from occlusion by instruments or personnel. Image clarity depends

heavily on surface geometry and ambient lighting conditions (155).

1.6.2.2 Current state of AR surgical navigation

The current evidence supporting the application of augmented reality (AR) in surgical
navigation, particularly within the context of abdominal procedures, remains preliminary and
methodologically constrained (160,161). Although isolated case reports, small pilot studies,
and limited feasibility investigations have begun to illustrate the potential advantages of
integrating three-dimensional (3D) anatomical overlays and real-time imaging guidance into
complex operative fields, the overall quality and robustness of this literature are lacking
(156). Many existing studies are non-comparative, often involving heterogeneous patient
populations and employing subjective endpoints, thereby hindering the ability to draw
definitive conclusions regarding the clinical impact of AR on surgical accuracy, complication

rates, or long-term patient outcomes (162).

In the setting of abdominal surgery, the inherent challenges posed by dynamic anatomical
landscapes—such as respiratory-induced organ motion, shifting topography during
laparoscopic or robotic manipulation, and variable patient positioning—further complicate the
use of AR (157,163). Achieving stable and precise image-to-patient registration is especially
difficult when key reference landmarks cannot be consistently maintained. The sensitivity of
AR overlays to slight positional changes can lead to subtle yet clinically meaningful
misalignments, potentially obscuring critical anatomical structures or providing surgeons with
misleading spatial information. Moreover, the limited field of view, potential ergonomic
constraints of current head-mounted or console-based displays, and difficulties integrating
multiple data streams into a coherent and intuitive user interface exacerbate the cognitive
load on the operating surgeon (161). The net result is an environment in which the
theoretical advantages of AR—improved visualisation, navigation, and decision-making—
may be offset by distractions, inaccuracies, or delayed adoption due to perceived complexity
and insufficient validation (158,160,161).

From an evidence perspective, the paucity of well-structured randomised controlled trials

and large-scale prospective cohorts remains a significant barrier to establishing AR as a
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standard adjunct in abdominal surgery (162,164). The relative scarcity of objective measures
and consensus-derived performance metrics underlines the urgent need for standardized
protocols, validated scoring systems, and interdisciplinary collaboration (165). Future
research efforts must focus on producing rigorous comparative data that isolate the
incremental benefit of AR over conventional imaging and navigation modalities. Such studies
should evaluate not only technical parameters—such as the accuracy of tumour localization
or vascular delineation—but also patient-centred outcomes, operative efficiency, cost-

effectiveness, and the learning curve associated with AR system implementation.

In summary, while preliminary evidence suggests that AR holds promise for enhancing
surgical navigation in abdominal procedures, the current body of literature remains
insufficient to support widespread clinical adoption. It is essential that future investigations
incorporate methodologically sound designs, objective endpoints, and robust statistical
analyses to accurately assess the role of AR in improving surgical precision, outcomes, and
safety. Only through such dedicated, high-quality research can the true clinical value of AR in
abdominal surgery be elucidated, guiding its safe and effective integration into routine

surgical practice.

1.6.3 3D models in surgical patient education

Patient education is a fundamental element of informed consent and shared decision-making
(166), yet the effectiveness of current practices is often limited. Multiple studies have
highlighted that patients frequently have a poor understanding of their forthcoming surgical
procedures (167) (52-55). Presentation style significantly influences comprehension and
retention of information (56). Against this backdrop, three-dimensional (3D) models have
been introduced as communication aids. One of the principal benefits reported for 3D
visualisation is the enhancement of anatomical understanding (116,119). Thus, compared
with standard medical illustrations, 3D representations may offer patients a clearer grasp of
their condition, which can be particularly valuable for those facing complex, high-risk

interventions.

Research exploring the use of 3D models in patient education has yielded promising results.
For instance, Yoon et al. reported that personalised printed models enhanced patient-
reported knowledge and satisfaction during consent for stage | lung cancer resections (160).
Similarly, when employed in education before robot-assisted partial nephrectomy, 3D-printed
models led to increased patient satisfaction (168). In addition, objective improvements in

patient understanding have been observed. Bernhard et al. found that patients who reviewed
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personalised 3D kidney models demonstrated improved understanding of renal physiology
(by 16.7%), anatomy (50%), tumour characteristics (39%), and the planned procedure
(44.6%) (169). Parents of paediatric patients undergoing hepatectomy also displayed better

objective knowledge when 3D-printed models were introduced during the consent process
(8).

Despite these encouraging findings, the studies published to date have primarily compared
the use of 3D models with conventional educational methods, while employing a variety of
outcome measures that have not been rigorously validated. Further research employing
validated tools and consistent metrics is necessary to establish the definitive impact of 3D

models on patient comprehension and informed decision-making.
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1.7 The Application of Three-Dimensional Modelling in

Colorectal Surgery

1.7.1 Three-Dimensional Modelling in Preoperative Planning

1.7.1.1 Vascular Mapping in Colon Cancer Surgery

Three-dimensional reconstructions derived from computed tomography have been employed
to aid surgical planning for both standard oncological colorectal resections and complete
mesocolic excision. Complete mesocolic excision (CME), first described by Hohenberger et
al., represents a standardised surgical approach comprising three fundamental principles:
dissection along embryological planes maintaining an intact mesocolic envelope, sufficient
longitudinal bowel resection, and central vascular ligation with excision of the central D3
lymph nodes (170-172).

The successful execution of CME depends on the surgeon's ability to navigate complex and
variable mesenteric vascular anatomy. Consequently, vascular injury remains a concern and

has led to the application of 3D models as a planning/intraoperative navigation adjunct (173).

Mari et al.'s (2013) randomised controlled trial evaluated three-dimensional CT angiography
reconstructions in laparoscopic colorectal surgery across 112 patients undergoing standard
colorectal resections. The intervention group (3DCT) accessed reconstructions before and
during surgery, while the control group viewed reconstructions only postoperatively (NO-
3DCT) (174).

The study found that operative times were significantly lower in the 3DCT group for all three
types of procedures. Additionally, the 3DCT group experienced fewer instances of difficulty
identifying mesenteric vessels (5 cases vs. 23 cases in the NO-3DCT group; p <0.0001) and
a lower incidence of intraoperative haemorrhage requiring haemostasis (6 cases vs. 19
cases; p=0.006). These results indicate that preoperative visualisation of 3D reconstructed
images of mesenteric vessels is associated with improved surgical efficiency and safety.
However, the study was conducted at a single centre with all procedures performed by four
surgeons, which may affect the generalizability of the findings. Furthermore, the study did
not assess long-term oncological outcomes or lymph node harvest, which are essential
factors in evaluating the overall efficacy of surgical interventions in cancer treatment (174).

Miyamoto et al. (2017) investigated the impact of 3D vascular imaging on laparoscopic-
assisted surgery for right-sided colon cancer. In their retrospective study involving 46

patients who underwent laparoscopic resection with preoperative 3D imaging reconstructed
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from multidetector CT (MDCT) scans, they compared outcomes with a control group of 20
patients who underwent LACS without 3D imaging. The 3D reconstructions provided detailed
visualisation of critical vessels, including the ileocolic artery (ICA), ileocolic vein (ICV), right
colic artery (RCA), and the gastrocolic trunk (GCT) (175).

The study found that intraoperative blood loss was significantly lower in the group utilizing
3D imaging (mean blood loss: 21.0 mL) compared to the control group (mean blood loss:
53.0 mL; p = 0.013). This reduction suggests that enhanced preoperative visualisation of
vascular anatomy may contribute to safer surgical dissection and haemostasis. However, no
significant differences were observed in operative time, conversion rate, or postoperative
complications between the groups. While these findings highlight the potential benefits of 3D
imaging in reducing intraoperative blood loss, the retrospective nature of the study and
potential selection biases limit the strength of the conclusions. Additionally, the control group
consisted of patients unable to undergo contrast enhanced MDCT due to renal dysfunction

or allergies, which may confound the results.

Luzén et al. (2018) conducted a prospective study to assess the accuracy and clinical utility
of 3D-printed models of the superior mesenteric vessels for surgical planning in D3 right
hemicolectomy. Twenty-two patients were included, and high-resolution CT angiography was
used to create both virtual 3D models and physical 3D-printed models using
stereolithography. Measurements of vascular structures were compared across virtual

models, printed models, and intraoperative findings (176).

The study reported a strong correlation for inter-arterial distances between the models and
intraoperative measurements (correlation coefficient r = 0.997, p < 0.001), indicating high
accuracy in representing arterial anatomy. However, the correlation for inter-venous
distances was weaker (r = 0.580, p = 0.005), possibly due to the variability and
compressibility of veins during surgery. These findings suggest that 3D-printed models can
accurately replicate arterial anatomy, aiding in preoperative planning for complex vascular

dissections.

Despite the promising results, the study's limitations include a relatively small sample size
and the lack of a control group or randomization. Additionally, the study did not evaluate
clinical outcomes such as operative time, intraoperative complications, or postoperative
recovery, which are crucial for determining the practical benefits of incorporating 3D models

into surgical practice (176).

A recent retrospective cohort study by Kearns et al. (2024) investigated the implementation
of three-dimensional virtual models (3DVMs) in laparoscopic complete mesocolic excision

(CME) with central vessel ligation (CVL) for right-sided colonic cancer. The authors
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evaluated outcomes in 26 patients who underwent laparoscopic CME with 3DVM guidance
against 49 historical controls who received standard mesocolic excision without central

vessel ligation or 3DVM assistance (177).

The study demonstrated high anatomical accuracy of the 3DVMs, with 96% concordance
between the reconstructed models and intraoperative findings. These surface-rendered
models, produced by a third-party company from preoperative CT mesenteric angiograms,
provided detailed visualisation of the mesenteric vasculature and surrounding anatomical
structures. Notably, no intraoperative complications were reported in the CME group utilising
3DVMs (177).

However, significant methodological limitations undermine the ability to draw meaningful
conclusions about the efficacy of 3DVM implementation. The primary limitation stems from
the non-equivalent control group. CME with CVL, as defined by Hohenberger, represents a
fundamentally different operative approach compared to standard mesocolic excision,
incorporating three distinct elements: intact mesocolic package excision, adequate
longitudinal bowel resection, and D3 lymphadenectomy with central vessel ligation.
Therefore, the observed difference in operative times between groups (mean 226 minutes
for CME versus 170 minutes for controls, p < 0.001) cannot be meaningfully attributed to
3DVM utilisation, as it likely reflects the inherent technical complexity and learning curve
associated with the CME technique itself (177).

Furthermore, the study's focus on perioperative outcomes neglects crucial long-term
oncological data and postoperative morbidity metrics. These parameters are essential for
comprehensively evaluating any novel surgical approach or technological adjunct. While the
authors observed a reduction in operative times as experience accumulated, suggesting
potential workflow optimisation, the study design precludes definitive conclusions regarding
the specific contribution of 3DVMs to surgical outcomes. Future research would benefit from
prospective randomised trials comparing CME procedures with and without 3DVM

assistance, enabling more robust assessment of this promising technological adjunct.

Collectively, these studies suggest that 3D modelling and imaging techniques can enhance
anatomical visualisation and potentially improve surgical outcomes in colon cancer surgery.
Preoperative 3D vascular mapping appears to facilitate better surgical planning, reduce
intraoperative blood loss, and decrease the difficulty in identifying mesenteric vessels.

However, several methodological limitations are evident across the studies.

Firstly, many studies have small sample sizes and retrospective designs, limiting statistical
power and introducing potential biases. The lack of control groups or use of non-equivalent

historical controls, as seen in Kearns et al. (2024), complicates the interpretation of results
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due to potential confounding variables. Specifically, comparing CME with 3DVMs to standard
mesocolic excision without 3DVMs is problematic because the two procedures differ
fundamentally in extent and complexity, making it difficult to attribute observed differences
solely to the use of 3DVMs (177).

Secondly, variability in 3D modelling techniques and absence of standardized protocols
make it challenging to compare results across studies. Differences in imaging modalities,
reconstruction software, and surgeon experience with 3D technologies can influence
outcomes. Moreover, the time and resources required to produce high-quality 3D models

may limit their practicality in routine clinical settings and are generally under reported.

Thirdly, the impact of 3D modelling on key clinical outcomes such as long-term survival,
recurrence rates, or quality of life has not been comprehensively evaluated. Most studies
focus on immediate intraoperative metrics, such as blood loss or operative time, without
assessing long-term oncological efficacy. Additionally, it is likely that 3D models would
principally affect the time taken for vessel dissection rather than the overall operative time,

suggesting that focused assessments on this specific metric would be more informative.

1.7.2 Three-Dimensional Modelling in Rectal Cancer Surgery

1.7.2.1 Pelvic Anatomy Visualisation and Nerve Preservation

Hojo et al. (2020) evaluated the utility of patient-specific 3D-printed pelvic models for lateral
pelvic lymph node dissection (LPLND) in rectal cancer. The study included 22 patients, and
3D models were created from enhanced multidetector CT scans. Thirty colorectal surgeons
assessed the models using a questionnaire, rating their usefulness in understanding pelvic

anatomy and aiding surgical planning (178).

Surgeons reported that the 3D models significantly improved their spatial comprehension of
pelvic anatomy, with an average Likert score of 4.68 out of 5. The models were felt to be
particularly beneficial in cases with clinically diagnosed metastatic lateral pelvic lymph nodes
offering improved spatial comprehension allowing surgeons to execute the dissection with
greater precision. Surgeons preferred the physical 3D models over traditional 2D imaging

and virtual 3D images displayed on screens (178).

Despite the positive feedback, the study's reliance on subjective assessments introduces
potential bias. The absence of objective measures such as an objective assessment of

anatomical understanding or clinical outcome measures limits the ability to evaluate the
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clinical impact of the 3D models. Additionally, the study did not include a control group, which

is necessary to attribute observed benefits directly to the intervention (178).

Wijsmuller et al. (2018) investigated the feasibility of creating a 3D map of pelvic nerves
using high-resolution MRI. In their prospective observational study involving 20 healthy
volunteers, the researchers utilized specific MRI sequences to enhance the visibility of pelvic

nerves and manually segmented the images to create 3D reconstructions (179).

The study demonstrated that most pelvic nerves at risk during rectal surgery could be
identified and accurately mapped. The validation by an anatomist and a radiologist showed
high inter-observer agreement (Mean 95%; range 85-100%; for hypogastric, sacral
splanchnic and obturator nerves), suggesting reliability in the nerve identification process.
The potential application of this technique lies in preoperative planning to preserve

autonomic nerves and reduce postoperative dysfunction (179).

However, the study's limitations include the use of healthy volunteers rather than patients
with rectal cancer, who may have altered anatomy due to tumour presence or previous
treatments. Additionally, the study did not evaluate the integration of the 3D nerve maps into
surgical navigation systems or measure the impact on surgical outcomes, making it difficult

to assess clinical relevance (179).

Bertrand et al. (2014) explored the use of MRI to visualise the autonomic nervous system
within the pelvis. Utilizing cadaver models, the researchers applied various MRI sequences
to generate detailed 3D reconstructions of pelvic nerves. They compared MRI
measurements with anatomical dissection findings to validate the accuracy of the imaging
techniques (180).

The study found that MRI could effectively visualise the pelvic autonomic nerves, with
measurements closely matching those obtained from dissection. This suggests that MRI-
based 3D modelling could serve as a valuable tool for understanding individual pelvic nerve

anatomy preoperatively (180).

While these findings are promising, the study's use of cadavers may not fully replicate in vivo
conditions, such as tissue characteristics and dynamic changes during surgery. Additionally,
the practical application of this technique in a clinical setting was not assessed, and the

study did not explore the impact on surgical planning or outcomes.

The application of 3D modelling in rectal cancer surgery has the potential to enhance
anatomical understanding and aid in nerve preservation strategies. However, the current

literature is predominantly based on feasibility studies and subjective assessments, lacking
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robust clinical evidence. The studies reviewed did not incorporate objective outcome

measures or assess the long-term benefits of integrating 3D models into surgical practice.

1.7.2.2 Image-Guided Navigation Systems in Rectal Cancer Surgery

Sahnan et al. explored the application of three-dimensional modelling derived from magnetic
resonance imaging for planning transanal total mesorectal excision (TaTME) (181). Through
two illustrative cases, the authors demonstrated the feasibility of generating detailed
anatomical reconstructions from standard T2-weighted MRI sequences using open-source
software and manual segmentation by specialist radiologists. The authors described an
improved appreciation of surgical anatomy and proposed potential applications in surgical
training and patient education, the small case series design without formal outcome

measures limits meaningful conclusions about clinical utility (181).

Two subsequent studies more rigorously evaluate the use of 3D model navigation in rectal
cancer surgery. Kok et al. conducted a prospective, non-randomised controlled trial to
investigate whether image-guided navigation during rectal cancer resection improves
complete resection rates compared with surgeries without navigation. The study included 33
patients who underwent resection with image-guided navigation (navigation cohort) and

compared them with a historical cohort of 142 patients (182).

The navigation system used preoperative 3D reconstructions integrated with an
electromagnetic stereotactic navigation system. Intraoperative cone-beam CT was employed

to register the model to the patient, and fiducial markers were used for tracking (182).

The study found that in patients with recurrent rectal cancer, the navigation cohort showed
significantly lower tumour-positive margin rates compared with the historical cohort (21.1%
vs. 51.2%; P = 0.047). No significant difference was observed in locally advanced primary

rectal cancer. No navigation system—associated complications occurred (182).

While these findings suggest a potential benefit of image-guided navigation in recurrent
rectal cancer surgery, several limitations must be considered. The non-randomised design
and use of a historical control group introduce potential biases, such as differences in
surgical techniques, patient selection, and perioperative care over time. The small sample
size of the navigation cohort limits statistical power, and the study did not account for
variables such as surgeon experience or the quality of the total mesorectal excision

specimen, which could influence resection margins.

It should be noted that the RO resection rates in the historical control group would be lower

than the current reported rates in the pelvic exenteration literature. The authors do not state
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their prior experience with performing pelvic exenteration. It is possible the improvements in
RO resection rates in comparison to the historical cohorts could be as the result of the
learning curve rather than the use of 3D navigation. The lack of randomisation and potential
confounders make it challenging to attribute the observed improvement in resection margins
solely to the use of image-guided navigation. Further studies in high volume pelvic
exenteration centres would be needed to corroborate these findings of oncological

superiority.

Nijkamp et al. conducted a prospective feasibility study on the safety and practicality of an
electromagnetic (EM) navigation system for pelvic surgery. The study included 33 patients

with pelvic malignancies scheduled for open surgery (183).

The navigation system utilized preoperative imaging to create a patient-specific 3D roadmap,
registered intraoperatively using cone-beam CT. A tracked pointer was used for

intraoperative guidance (183).

The navigation system was successfully used in 94% of cases, with mean target registration
errors of 4.0 mm and 6.3 mm for different patient positions. Surgeons reported that the
system facilitated faster tumour localization and improved decisiveness. No adverse events

were attributed to the navigation system (183).

As a feasibility study, the findings demonstrate that EM-based navigation systems can be
safely integrated into pelvic surgeries. However, the study did not include a control group or
assess clinical outcomes such as operative time reduction, complication rates, or long-term
patient outcomes. The involvement of the system's developers and the single-institution
setting may limit generalizability. Future studies should focus on evaluating the clinical

efficacy and potential benefits of such navigation systems in randomised controlled trials.

1.7.3 Three-Dimensional Modelling in Inflammatory bowel disease

1.7.3.1 Application in Crohn's Perianal Disease
Crohn's disease often presents with complex perianal fistulas that are challenging to
manage due to their complex anatomy and association with high morbidity. Accurate

visualisation of fistula tracts is crucial for effective surgical intervention.

Two recent studies have explored the application of three-dimensional modelling in complex
perianal Crohn's disease. Sahnan et al. (2018) first demonstrated the technical feasibility of

generating interactive three-dimensional reconstructions from standard MRI sequences
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using manual segmentation and open-source software (184). Their workflow enabled
visualisation of fistula tracts and associated anatomical structures through a mobile platform.
However, as a technical report without formal outcome measures or control groups, the

clinical utility of their approach remains unproven (184).

Jeri-McFarlane et al. (2023) attempted to advance this work by implementing artificial
intelligence-assisted segmentation to automate model generation. Their prospective study of
four patients suggested that automated approaches could feasibly create detailed
reconstructions of perianal anatomy (185). However, crucial details regarding the neural
network architecture and training methodology are absent from their report. The authors'
statement that only three segmented scans were used for training raises significant
concerns, as this sample size would likely be inadequate for developing a robust and
generalizable deep learning model. This technical limitation, combined with the study's
extremely small clinical cohort and lack of outcome measures, prevents meaningful

evaluation of the proposed benefits in surgical planning and sphincter preservation (185).

Building on these feasibility studies, Verkade et al. (2024) examined 15 patients with
transsphincteric and intersphincteric fistulas, comparing surgeons' assessments of 3D
printed models to MRI interpretations by a Gl radiologist. Two colorectal surgeons
independently evaluated the models, assessing fistula classification, complexity, internal
orifice location, and the extent of external sphincter involvement in transsphincteric cases
(186).

Using Cohen's Kappa statistic and intraclass correlation coefficients (ICC), the researchers
found almost perfect agreement (k = 0.87) between radiologists and surgeons for fistula
classification, and substantial agreement for both complexity and internal orifice location (k =
0.73). Agreement regarding external anal sphincter involvement was moderate (ICC = 0.63
and 0.52). Inter-surgeon agreement was substantial across all parameters, with kappa
values ranging from 0.73 to 0.75, and an ICC of 0.77 for sphincter involvement assessment.
These findings demonstrate strong concordance between three-dimensional model

interpretation and traditional radiological assessment (186).

This strong concordance across key surgical planning parameters suggests that 3D models
can effectively convey complex anatomical relationships to surgeons. However, the study did
not directly compare surgeons' performance using traditional imaging versus 3D models
therefore it is unknown whether 3D models conferred any advantage. While Verkade et al.
improved on previous reports with a larger sample size and structured evaluation, it shared

limitations such as not examining clinical outcomes or surgical performance metrics (186).
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These studies collectively show the progression of 3D modelling in complex perianal disease
from basic feasibility to validated anatomical representation. The next step is to conduct
studies that directly compare surgical planning and outcomes using traditional imaging

versus 3D models.

1.7.3.2 Patient specific simulation in Ulcerative colitis
Yokose et al. (2023) conducted a retrospective study using patient-specific, deformable 3D-
printed models to assist in surgical planning for ileal pouch-anal anastomosis (IPAA) in

ulcerative colitis (UC) patients (187). They compared two surgical techniques:

¢ lleal pouch-anal handsewn anastomosis (IAA): In this procedure, the ileal pouch
is directly sutured to the anus after performing a mucosectomy. The technique has

the advantage of reducing the

¢ lleal pouch-anal canal double-stapled anastomosis (IACA): this technique
connects the pouch to the anal canal using surgical staples. It preserves a portion of

the anal transition zone and rectal mucosa.

By creating flexible models from CT scans—printed at 70% of actual size—they aimed to
simulate the procedures more realistically. Measurements taken on these models, such as
the distance from the tip of the ileal artery to the coccyx, were used to assess the feasibility
of IAA (187).

The study's findings suggested that ileal pouch proximity to the anus, which was shorter in
the IAA group compared to the IACA group, could potentially inform surgical planning.
However, several significant limitations undermine the study's conclusions. These include its
retrospective design, extremely limited sample of 11 male patients, and technical difficulties
in accurately modelling vascular structures and tissue properties. The resource-intensive
nature of model production, requiring approximately 70 hours and USD $20 per model,
raises feasibility concerns. Moreover, the study's focus on pouch length as a primary
determinant of surgical approach appears oversimplified, particularly given evidence
suggesting superior outcomes with stapled versus handsewn anastomoses in many clinical
settings (188,189). In recent years there has been a shift towards the stapled technique with
several contemporary studies advocating for the use of stapled anastomosis as the standard

approach for IPAA in UC limiting the wider utility of models as a decision making aid (190).

97



1.7.4 Impact on Surgical Education and Training

1.7.4.1 Virtual Simulators and Educational Tools

Three-dimensional (3D) modelling offers innovative approaches to colorectal surgical
education by providing interactive and realistic representations of anatomy and surgical
procedures. Hassinger et al. (2010) assessed the usability and perceived effectiveness of a
virtual pelvic anatomy simulator among medical students and surgical residents (191).
Participants interacted with the simulator and completed surveys evaluating its educational
value. The study found that users considered the simulator easy to use and beneficial for
understanding pelvic anatomy. However, the reliance on subjective feedback and a small
sample size of ten participants limit the strength of these conclusions. The absence of
objective measures—such as pre- and post-intervention tests assessing knowledge
acquisition or skill enhancement—makes it difficult to quantify the simulator's actual
educational impact. Without these metrics, it's challenging to determine whether the
simulator genuinely improves understanding or if the positive feedback is influenced by user

enthusiasm for novel technology.

Similarly, Pellino et al. (2018) described a case where cadaveric simulation and 3D imaging
were integrated for preoperative planning in a patient with a retro rectal tumour (192). The
surgical team used 3D models to understand the tumour’s relationship with surrounding
structures and practiced the surgical approach on cadaver specimens. This approach
allowed for the identification of optimal dissection planes and the anticipation of potential
challenges, enhancing surgical preparedness. While this case report showcases the
practical benefits of combining 3D modelling with hands-on simulation, it remains anecdotal
and lacks empirical validation. The approach was applied to a single patient case without a
control group or comparison to standard preoperative planning methods. This limits the
ability to attribute any improvements in surgical preparedness or patient outcomes directly to

the use of 3D modelling and cadaver simulation.

Integrating 3D modelling into surgical education offers opportunities for enhanced learning
experiences. However, the current literature is constrained by a very limited number of
studies with small sample sizes, subjective assessments, and a lack of objective educational
metrics. Future studies should incorporate validated assessment tools to measure the

impact of 3D modelling on knowledge retention, skill acquisition, and clinical performance.
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2 Development of Advanced 3D

Visualisation Tools for Complex

Colorectal Cancer Surgery

2.1 Introduction

Modern colorectal cancer surgery increasingly employs complex operative techniques that
demand precise anatomical understanding and effective communication of surgical
concepts. Two procedures particularly exemplify these challenges: Complete Mesocolic
Excision (CME) and pelvic exenteration. CME requires precise identification and
management of variable mesenteric vasculature, while pelvic exenteration involves highly
morbid multi-organ pelvic resections where patient comprehension is crucial for informed
consent. Despite advances in cross-sectional imaging providing detailed anatomical data,
significant barriers persist in translating this information into clinically meaningful

visualisations that serve both surgical planning and patient education needs.

The dual requirements of technical precision and effective communication present distinct
visualisation challenges. Surgeons performing CME must mentally reconstruct complex
three-dimensional vascular relationships from cross-sectional imaging, while patients
considering pelvic exenteration must understand extensive anatomical concepts to make
informed decisions about life-altering surgery. Current visualisation approaches inadequately
address these complementary but distinct needs, highlighting the require ment for specialised
technical solutions.
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2.2 Background and requirements

2.2.1 Clinical context

2.2.1.1 Surgical Planning in CME

CME, introduced by Hohenberger and colleagues, necessitates a more radical resection
than a 'standard' hemicolectomy and represents a technically challenging procedure—the
technical CME centres primarily on managing mesenteric vasculature not ordinarily
encountered during a 'standard' hemicolectomy (170). Mesenteric blood vessels exhibit
complex and variable anatomical patterns, making each case unique. Surgeons rely on
conventional 2D CT imaging to understand these complex vascular relationships. This
requires them to perform challenging mental reconstructions, translating multiple cross-
sectional images into a comprehensive three-dimensional understanding of the patient's
vascular anatomy. This cognitive burden is particularly significant given that anatomical
variations in mesenteric vessels are common, making each case distinct and requiring

careful individual assessment.

2.2.1.2 Patient Education in Pelvic Exenteration

Modern healthcare focusses on patient-centred care, reinforced by the Montgomery ruling,
necessitates a comprehensive patient understanding of any proposed surgical intervention
(193). However, research indicates significant gaps in patient comprehension of surgical
procedures, with many unable to recall major complications or demonstrate adequate
procedural understanding (194). These challenges are particularly acute in pelvic
exenteration, where surgery is highly morbid and understanding complex anatomical

relationships is crucial for informed decision-making.

2.2.2 Need analysis.

A comprehensive needs analysis was conducted to inform the development of visualisation
tools for both CME surgical planning and pelvic exenteration patient education. This
structured approach identified critical requirements through stakeholder engagement and

systematic evaluation of technical constraints.
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2.2.2.1 CME Surgical Planning Requirements

The requirements for CME surgical planning were established through consultation with
expert CME surgeons (n=2) and analysis of existing surgical workflows. Three primary

domains of requirements emerged:

1. Anatomical Visualisation Requirements
o Accurate representation of mesenteric vasculature including:
= Superior mesenteric vein and artery
* |leocolic vessels
= Right colic vessels (when present)
= Middle colic vessels
= Constituent vessels of Henle's trunk
o Clear delineation of tumour mass and lymph nodes
o Contextual anatomical structures (colon, stomach, duodenum, and pancreas)
for intraoperative reference
2. Technical Performance Requirements
o Real-time interactive response
o Compatibility with standard clinical/personal hardware
o Integration with existing healthcare IT infrastructure
o Minimal additional computational resource requirements
o Capacity for intra-operative use
3. Interface Requirements
o Standardised anatomical colour coding
o Essential navigation controls (pan, tilt, rotate, zoom)
o Selective transparency control for individual anatomical components
o Web-based accessibility across multiple devices

o Operation within institutional network constraints

2.2.2.2 Pelvic Exenteration Patient Education Requirements

Requirements for patient education models were derived through structured interviews with

multiple stakeholder groups:

1. Patient Stakeholder Input (n=4) Key requirements identified through patient
consultation included:
o Patient-specific anatomical representations

o Clear visualisation of disease extent
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o Independent model exploration capability
o Clearly labelled anatomical structures
o Intuitive interface design suitable for varied technical abilities.
2. Clinical Team Requirements (n=3) Surgical team members (two consultant surgeons
and one specialist nurse) identified the need for:
o Accurate representation of surgical anatomy
o Compatibility with standard NHS computing infrastructure
o Web-based accessibility for virtual consultations
o Clear tumour visualisation

o Structure manipulation capabilities (hide/reveal/transparency)
2.2.2.3 Technical Feasibility Assessment
Technical feasibility was evaluated against institutional constraints and available resources:
1. Infrastructure Constraints

e Standard NHS computing hardware
e Variable network bandwidth
¢ Institutional security protocols

e Cross-platform compatibility requirements
2. Development Resources

e Available software development tools
e Image processing capabilities
e 3D visualisation frameworks

e Quality assurance tools

2.2.2.4 Synthesis of Requirements

Analysis of stakeholder input and technical constraints led to the identification of core

development priorities:
1. For CME Surgical Planning

e Emphasis on anatomical accuracy and spatial precision
e Efficient automated mesh processing for real-time interaction

e Web-based deployment for accessibility
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¢ Modular development approach for maintainability

2. For Patient Education

e Focus on visual clarity and comprehension.
¢ Intuitive interface design
e Realistic anatomical representation

¢ Interactive exploration capabilities

This needs analysis provided the foundation for subsequent technical development
decisions and informed the selection of appropriate methodologies for each application. The

contrasting requirements of surgical planning and patient education necessitated distinct

technical approaches while maintaining a cohesive overall development strategy.

2.3 Research Aims and Objectives

2.3.1 Primary Aim

The primary aim of this chapter is to develop and implement 3D visualisation workflows from
standard imaging data to meet the technical and communicative needs of advanced
colorectal cancer surgery, specifically in CME and pelvic exenteration. This work seeks to
support surgeons’ anatomical and spatial understanding while enhancing patient

engagement and understanding.

2.3.2 Specific Objectives

1. Design and implement an automated surface mesh processing pipeline that:

e Converts segmented CT data into web-accessible 3D visualisations.
e Preserves critical anatomical relationships in mesenteric vasculature and
associated anatomy.

e Maintains mesh quality while optimising computational efficiency.
2. Establish and validate quality assurance protocols for:

e Surface mesh accuracy and fidelity

e Anatomical relationship preservation
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e Computational performance metrics

3. Develop a standardised PBR workflow for patient education models that:

e Leverages surface rendering for optimal visual clarity
e Maintains anatomical accuracy while supporting interactive exploration.

¢ Integrates advanced texturing techniques for enhanced comprehension.

4. Create web-based visualisation platforms that:

e Support clinical workflow integration.

e Enable cross-device accessibility.

e Provide real-time interaction capabilities.

2.4 Methodology Overview

The development and validation of visualisation tools for complex colorectal cancer surgery
demanded distinct methodological approaches, reflecting the differing requirements of
surgical planning and patient education. This methodological framework encompassed both

technical development and comprehensive clinical validation through structured studies.

2.4.1 Development Philosophy

The contrasting requirements of surgical planning and patient education necessitated
complementary methodological approaches. The CME surgical planning tools required
precise anatomical reconstruction with demonstrable geometric accuracy and underwent
rigorous clinical validation. The pelvic exenteration patient education models, while
maintaining anatomical accuracy, prioritised effective communication and underwent

systematic evaluation of their impact on patient understanding and decision-making.

2.41.1 Development Environment

The technical implementation required a robust and reproducible development environment
that could support both complex medical image processing and interactive web-based
visualisation. Visual Studio Code (Microsoft) was selected as the integrated development
environment, utilising Python 3.9 for the core processing pipeline. The selection of
dependencies was driven by the need for scientific rigour, computational efficiency, and

maintainable code architecture.

104



The backend processing pipeline relied on established scientific computing libraries. NumPy
1.24.3 (195) and SciPy 1.11.3 (196) provided the mathematical foundation for array
operations and spatial algorithms, essential for mesh processing and geometric
transformations. Medical image processing was implemented through Nibabel 5.2.0 (197),
chosen for its robust handling of neuroimaging data formats, particularly NIFTI files. The
scikit-image 0.21.0 library facilitated advanced image processing operations, notably the

marching cubes algorithm implementation for surface mesh generation.

Mesh processing and analysis capabilities were provided by Trimesh 4.0.5 and Open3D
0.17.0, offering complementary functionality for mesh manipulation and optimisation. The
web application framework Flask 3.0.0, coupled with Werkzeug 3.0.1, enabled efficient

server-side processing and RESTful APl implementation.

For frontend development, Three.js r158 was employed as the WebGL rendering engine.
This choice was informed by its mature ecosystem, comprehensive documentation, and
optimised performance for web-based 3D graphics. The implementation utilised core
Three.js modules including orbit controls for camera manipulation, GLTFLoader for efficient

model loading, and optimised WebGL rendering capabilities.

This carefully curated technology stack ensured consistency across development and
deployment phases while maintaining the flexibility required for future enhancements. The
combination of established scientific computing libraries with modern web technologies
provided the necessary foundation for developing both precise surgical planning tools and

interactive patient education models.

2.4.1.2 Validation Framework

The validation strategy comprised three distinct workstreams:

1. CME Model Validation

e Inter-rater and intra-rater reliability study examining impact on anatomical
understanding among expert CME surgeons (chapter 4)

e Clinical feasibility study assessing anatomical accuracy against intraoperative
findings (chapter 5)

e Evaluation of surgical utility and collection of key outcome measures for future

validation work

2. Patient Education Model Validation (chapter 6)
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o Initial pilot study (n=10) collecting structured user feedback
o Randomised study evaluating impact on:
= Decisional conflict
= Procedural understanding
o Qualitative interviews exploring patient experience.
e Technical Validation (current chapter)
o Geometric accuracy assessment for CME models

o Computational efficiency metrics

2.41.3 lIterative Design Implementation

The development process followed an evidence-based iterative methodology, with each
cycle informed by rigorous validation and structured feedback. This project required the
acquisition of advanced technical skills spanning medical image processing, computer

graphics, and web development - competencies not typically part of surgical training.

The technical learning journey was structured through formal and self-directed education.
Core programming skills were developed through completion of Imperial College's Python
programming modules, supplemented by online resources focused on scientific computing
libraries and web development frameworks. Proficiency in 3D modelling was systematically
developed through structured online courses in ZBrush and Substance Painter, progressing
from basic mesh manipulation to advanced anatomical modelling and physically based
rendering techniques. This multi-faceted approach to skill acquisition proved essential for

implementing a complex processing pipeline that bridged clinical and technical domains.
Each development iteration comprised three distinct phases:

1. Development Phase The technical implementation phase involved translating

anatomical knowledge into computational solutions:

e Development of mesh processing algorithms and visualisation features
e Enhancement of existing functionality based on validation findings.
¢ Basic interface development focused on essential functionality.

e Progressive integration of advanced features as technical capabilities matured.

2. Evaluation Phase A systematic evaluation protocol assessed primarily technical and

clinical aspects:

e Integration and analysis of clinical study findings
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¢ Quantitative assessment of technical performance metrics

¢ Informal user feedback on interface functionality

e Critical analysis of technical limitations to guide further development.

3. Optimisation Phase The refinement process focused on technical performance and

clinical utility:

e Technical optimisation guided by quantitative validation metrics.

¢ Basic interface refinements based on user feedback.

e Performance optimisation based on computational profiling.

« Implementation of advanced features reflecting growing technical expertise

This iterative methodology was effective in managing the transition from clinical expertise to

technical implementation, allowing for the systematic development of increasingly

sophisticated features as programming and 3D modelling capabilities evolved. While the

approach successfully delivered functional tools for both surgical planning and patient

education, formal user interface evaluation and human-computer interaction assessment

represent important areas for future development. A structured evaluation of interface design

principles and user experience metrics would enhance future iterations of these tools.

2.4.1.4 Quality Assurance Protocol

A comprehensive quality assurance framework encompassed:

1. Geometric Accuracy Metrics The preservation of anatomical geometry was

systematically logged for each mesh:

o

o

Initial and final vertex counts

Initial and final face counts

Mean edge length pre-processing

Bounding box comparisons pre- and post-processing

Surface normal verification

2. Clinical Quality

o

O

O

Expert/intra-operative anatomical verification
Surgical workflow integration

Patient comprehension assessment
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2.5 Technical approach

Following the methodological framework outlined above, this chapter details the
development and implementation of two complementary visualisation approaches for
colorectal cancer surgery. Both approaches utilise established computer graphics and mesh

processing techniques, adapted and validated for specific clinical applications.

The technical implementation was driven by practical considerations that directly impact
clinical utility. Surface rendering methodology was selected as the foundational approach for
both applications, informed by several key factors. Surface-rendered models, constructed
from triangulated mesh geometries, offer significant computational advantages over
volumetric approaches. The reduced memory requirements enable real-time interaction on
standard clinical hardware, eliminating the need for specialised computational resources - a
crucial consideration for NHS clinical environments where high-end hardware may not be

available and where responsive performance is essential for practical utility.

The implementation comprises two distinct but complementary approaches:

2.5.1 Automated Visualisation Framework for Complete Mesocolic
Excision

This framework establishes an automated processing pipeline for reconstructing and
visualising 3D models of mesenteric vasculature and associated structures. The
implementation combines optimised mesh processing techniques with web-based rendering
to convert segmented CT data into interactive 3D visualisations. The processing pipeline
incorporates differential mesh optimisation parameters for vascular and solid organ
structures, ensuring preservation of critical anatomical relationships while maintaining
computational efficiency. The following sections detail the technical specifications, mesh
processing pipeline development, quality assurance protocols, and clinical workflow

integration.

2.5.2 Patient-Specific Educational Models for Pelvic Exenteration

The second implementation applies physically based rendering (PBR) techniques to create
patient-specific educational models. This approach emphasises visual clarity and anatomical
accuracy while ensuring accessibility for patient education and virtual consultation. The PBR

workflow incorporates advanced texturing techniques, anatomically accurate materials, and

108



optimised lighting models to enhance visual comprehension (198). Subsequent sections
cover the model development methodology, material creation workflow, and implementation

strategy.

Both implementations leverage web-based visualisation frameworks through standardised
formats such as GLB, enabling efficient deployment across various platforms and devices
through standard web browsers. This accessibility proves essential for both in-person and
remote clinical applications, supporting modern healthcare delivery requirements including
telemedicine consultations. The GLB format was specifically chosen for its efficient binary
encoding, comprehensive material support, and native scene graph implementation - crucial

features for maintaining anatomical relationships and interactive performance.

A critical consideration in both workflows was the current limitation of automated
segmentation methods for abdominal-pelvic imaging. Given these constraints, manual
segmentation, though time-intensive, was adopted as the most reliable approach for
generating accurate three-dimensional models. This approach enables precise extraction of
distinct mesh files for each anatomical structure, facilitating manipulation of visual properties
including opacity and colourisation. Manual segmentation was performed using ITK-SNAP
(20), followed by custom Python processing pipelines utilising established scientific

computing libraries for mesh generation and optimisation.

The visualisation layer employs WebGL-based rendering through Three.js (103), enabling
broad compatibility while maintaining high-quality visual output. This technical framework
prioritises practical clinical utility while ensuring the accuracy and reliability necessary for
surgical applications. Surface-rendered polygon models provide broad functionality with
various 3D technologies, making them highly suitable for virtual and augmented reality
platforms whilst enabling the option to 3D print models. Their compatibility with professional
3D modelling software allows for the integration of advanced visualisation techniques, such

as anatomical animation and physically based rendering.

The technical implementations detailed in the following sections prioritise practical clinical
utility while ensuring the accuracy and reliability necessary for surgical applications. Their

clinical validation and assessment are addressed in subsequent chapters.
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2.6 Technical implementation: Image segmentation

The generation of three-dimensional models requires the segmentation of Digital Imaging
and Communications in Medicine (DICOM) datasets. Segmentation involves the systematic
classification of individual voxels within the imaging data, with each voxel being assigned a
unique label corresponding to specific anatomical structures. Given the current limitations of
automated algorithms in accurately segmenting pelvic imaging, all segmentation was

performed manually using ITK-SNAP, an open-source software platform (20).

2.6.1 Complete mesocolic excision

For mesenteric vascular reconstruction, we utilised standard clinical staging CT imaging.

The imaging protocols encompassed:
e Porto-venous phase CT
e CT angiography
e CT colonography

Image quality was maintained with slice thickness ranging from sub-millimetre to 2.5mm,
ensuring adequate spatial resolution for accurate vessel delineation. A detailed breakdown
of segmentation times and anatomical accuracy can be found in Chapter 5 which documents

the clinical feasibility study.

The following anatomical structures were systematically segmented in each scan:

Mesenteric vasculature (arteries and veins)
e Colon

e Stomach and duodenum.

¢ Pancreas

e Tumour mass and associated pathology
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Figure 2-1 Example segmentation of pelvic MRI in ITK SNAP

2.6.2 Pelvic exenteration

The segmentation protocol for pelvic exenteration cases employed a multimodal imaging

approach, leveraging the complementary strengths of CT and MRI:

e Standard portovenous CT provided superior spatial resolution for osseous structures
and vascular anatomy, enabling precise delineation of the complete bony pelvis and

its associated vasculature.

o T2-weighted MRI offered superior soft tissue contrast resolution for primary
anatomical structures of interest, though its narrower field of view precluded

complete visualisation of the bony pelvis.

This dual-modality approach compensated for the inherent limitations of each imaging
technique. Imaging selection prioritised scans demonstrating maximal disease extent, as

these were crucial for planning patient-specific RO resection procedures.
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Anatomical Classification System

Segmented structures were categorised into three distinct groups:

1. Tumour Components

o Primary tumour mass

o Tumour deposits

o Pathological lymph nodes
2. Target Structures

o Anatomical structures requiring resection for RO status.
3. Context Anatomy

o Supporting anatomical structures

o Included to enhance patient comprehension of spatial relationships.

Where necessary/applicable, resultant anatomical mesh files from each imaging modality

were manually integrated within the 3D modelling software platform.

2.7 Technical Implementation: CME Visualisation

2.7.1 Mesh Extraction

The first stage of the pipeline utilises the Python scientific computing stack to extract surface
meshes from volumetric segmentation data. The process begins with loading NifT| format
segmentation files using python library NiBabel (v4.0.2) (197), which provides access to the
volumetric data and associated metadata, including voxel dimensions and spatial

transformations.

2.7.1.1 Marching Cubes algorithm implementation

We employ the marching cubes algorithm implemented in scikit-image for each label in the
segmentation volume to generate initial surface meshes. The marching cubes algorithm is a
fundamental technique used in medical visualisation to generate surface meshes from

volumetric imaging data.

The algorithm processes binary masks created by thresholding each label value to generate
vertex coordinates and face indices that define the surface boundary. Medical imaging
datasets often have non-uniform voxel dimensions, where the resolution within each slice (x

and y axes) differs significantly from the slice thickness (z-axis). The coordinates are scaled
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based on voxel dimensions retrieved from the NIfTI header to correct this anisotropy,

ensuring that the model accurately reflects real-world proportions.

2.7.1.2 Global transformation and mesh standardisation

Preserving spatial relationships between different mesh components is crucial for
maintaining the overall anatomical accuracy of the resulting model. Our normalisation
pipeline implements a global transformation approach that simultaneously applies identical
operations across all meshes, thereby preserving their relative positions and anatomical

relationships.

1) Global Scene Centralisation

2) The process begins by calculating a unified scene centre by aggregating all vertex
positions across the constituent meshes. This approach ensures that the
centralisation transformation considers the anatomical structure rather than treating
each component separately, thereby preserving critical spatial relationships between
anatomical structures.

3) Standardised Anatomical Orientation: A standardised -90-degree rotation around the
X-axis is applied uniformly across all meshes. This transformation aligns the model
with conventional anatomical cranial-caudal orientation.

4) Uniform scale normalisation

5) Surface Normal Standardisation: The pipeline concludes with the standardisation of
surface normals, ensuring a consistent outward-facing orientation across all mesh
surfaces. Surface normals, which are unit vectors perpendicular to the tangent plane
of a surface, are essential for rendering and visualising the model accurately, as they

determine how light interacts with the surface.

We adopted this approach after our initial mesh extraction methodology failed to preserve
anatomical spatial relationships. The original implementation processed each anatomical
structure independently, applying transformations and optimisations at the individual
component level. This approach introduced systematic errors that compromised the spatial

integrity of the final model.

The independent centring of each mesh established different reference frames for each
anatomical structure, leading to progressive spatial misalignment. Subsequent processing
steps, such as decimation and smoothing, further exacerbated this misalignment, with the

magnitude of displacement correlating with the degree of mesh decimation.
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The spatial disruption occurred in three primary ways:

1. Reference Frame Inconsistency: Independent centring resulted in multiple
inconsistent reference points, causing cumulative transformation errors across
components.

2. Non-uniform Vertex Distribution: Mesh decimation altered vertex distributions
differently for each component, leading to centroid shifts proportional to the
decimation level.

3. Differential Smoothing Effects: Separate smoothing operations caused
inconsistent boundary modifications and varying degrees of volume preservation

between adjacent structures.

The relative position shifts were quantified with each method by calculating the distance

between the centroid of each mesh with respect to one another.
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Figure 2-2 Relative shifts of each anatomical mesh with initial mesh extraction and
transformation method.
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2.7.1.3 Affine transformation for scale preservation

While the refined mesh processing methodology successfully maintained the relative spatial
relationships between anatomical structures, it did not preserve the real-world dimensions
present in the source NIFTI data. This limitation, although acceptable for purely conceptual
visualisations, posed potential constraints for future applications requiring accurate spatial

measurements, such as surgical planning or quantitative anatomical studies.
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To address this limitation, we implemented an enhanced mesh extraction process that

incorporates the NIFTI file's affine transformation matrix. The affine transformation encodes

the mapping between voxel coordinates and real-world space, encompassing scaling,

rotation, and translation components. By applying this matrix during mesh extraction, we
ensured that the resultant meshes retained the true spatial dimensions and orientations

inherent in the original imaging data.

Figure 2-3 Python code implementation of 3D mesh extraction from segmentation file with
affine transformation and scene centring and rotation to ensure correct relative positioning




vertices
faces

Each model was scaled to ensure uniform proportions required for the subsequent 3D

visualisation of the model in Three.js (see below).

2.7.2 Mesh optimisation and processing.

A primary limitation of the marching cubes algorithm is that it generates dense meshes,
mainly when applied to high-resolution medical imaging data. Each intersected cube creates
multiple triangles, leading to hundreds of thousands for typical DICOM volumes (e.g.,
256%x256%256 voxels). Rendering dense meshes in real time requires significant
computational resources, leading to degraded frame rates by end users during real-time

visualisation, particularly when multiple meshes are visualised simultaneously.

Furthermore, raw mesh outputs by marching cubes often contain stair-step artefacts
resulting from the discrete voxel grid of the input data. Additionally, redundant triangulation in
regions of low curvature or flat surfaces contributes to unnecessary complexity without

significantly improving geometric accuracy.

To address the computational burden and aesthetic limitations of the raw mesh derived from
segmentation, we developed an optimisation pipeline in Python that includes decimation,

smoothing, and an optional shrink-wrapping method.

2.7.2.1 Selective Mesh Decimation

Decimation is implemented using quadric metric reduction algorithm. The well-established

quadric error metrics algorithm by Garland and Heckbert (1997) (90) functions to:

1. Compute error quadrics for each vertex.
2. lteratively collapses edges based on minimal error.

3. Maintains mesh topology during reduction.
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This approach is useful because it prioritises the preservation of sharp features and areas of

high curvature while more aggressively simplifying flatter, less detailed regions.

Figure 2-4 Python implementation of decimation using decimation submodule from the
Trimesh library. The implementation decimated different labels to ensure adequate fidelity in
the final mesh (Label 1= artery, 2=Vein, 3= Stomach/Duodenum, 4= Colon, 5= Pancreas,
6=Tumour).

The degree of decimation varied depending on the specific mesh being processed.
Mesenteric vessels were decimated less to preserve the mesh integrity and fine vessel
detail. Experiments were conducted with models at varying levels of decimation to determine
the correct balance between reduced polygon counts and maintaining sufficient mesh

integrity and detail.

The result was a reduced mesh that maintains the most visually and geometrically important

characteristics of the original model.
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Figure 2-5 Effect of different degrees of decimation on overall model topology. Each mesh
can be decimated to 90% without any significant distortions.

UNDECIMATED MESH 50% DECIMATION 90% DECIMATION
632,944 faces 316,470 faces 63,290 faces
316,342 vertices 158,105 vertices 31,475 vertices
11.4 MB file size 5.7 MB file size 1.1 MB file size

95% DECIMATION 98% DECIMATION
31,641 faces 12,654 faces
15,643 vertices 6,145 vertices
229 KB file size 229 KB file size

2.7.2.2 Volume-Preserving Laplacian Smoothing

Laplacian smoothing was applied to the decimated mesh components to help reduce the
stepping artefact. This smoothing technique adjusts the positions of vertices iteratively based
on their local neighbourhood, effectively moving each vertex toward the average position of
its connected neighbours (91). Iterative adjustment helps to even out irregularities and

produce smoother surface transitions.

We utilised the Trimesh Laplacian smoothing, which includes a volume preservation
constraint to minimise mesh shrinkage—a common side effect of smoothing algorithms
(199). Recognising the need to preserve fine details in certain structures, we adopted a
differential smoothing approach. Specifically, vascular structures were smoothed less than
larger organs to maintain their intricate features. Smoothing was employed after decimation,
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as each mesh had fewer vertices representing the same surface. With fewer vertices, the
effect of smoothing is more pronounced, as each vertices have a greater influence on the

overall geometry.

Figure 2-6 Laplacian mesh smoothing with illustration of mesh shrinkage and ‘dotted-line’
artefact.

Unsmoothed mesh with stepping artefact

Mesh with laplacian
smoathing (50%
strength 5 iterations)

Laplacian Smoothing
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Oversmoothing with dotted
line artefact owing to volume
lorss of vessel surface mesh

Parameter optimisation was conducted across 111 anatomical models to determine optimal
mesh processing parameters while maintaining anatomical accuracy. The study evaluated
mesh decimation percentages ranging from 10% to 90% combined with Laplacian smoothing

iterations from 0 to 20, maintaining consistent smoothing strength (A = 0.3).

Surface deviation was quantified using bidirectional mean surface distance calculations
between original raw mesh from segmentation and processed meshes. This approach
utilised k-dimensional (KD) tree data structures for efficient nearest-neighbour distance
calculations between point sets (200). The bidirectional calculation ensured comprehensive
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surface comparison by computing the mean distance from the original to the processed

surface and vice versa, then averaging these values.

Accuracy thresholds were established based on anatomical significance, with vascular
structures (arteries and veins) and tumour requiring mean surface distances changes below
1.0 mm, while other anatomical structures permitted deviations up to 3.0 mm. Analysis of the
mean surface distances revealed optimal parameters for each anatomical category. Vascular
structures achieved optimal results with 20% mesh decimation and four iterations of
Laplacian smoothing (A = 0.3- moderate smoothing coefficient). The remaining anatomical
structures maintained adequate accuracy with 80% decimation and 14 iterations of
Laplacian smoothing (A = 0.3). These parameters successfully balanced mesh simplification
requirements with anatomical accuracy constraints while remaining within the specified

surface distance thresholds.

Figure 2-7 and 2-8 illustrates the effect of combined decimation and smoothing parameters

on the overall model topology for each label.
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Figure 2-7 Heat map plot demonstrating the effect of smoothing and decimation on the mean

surface distance in comparison to the unprocessed meshes for each anatomical structure

across the 111 patient data set. Such metrics allowed selection of appropriate processing

parameters to achieve predetermined levels of mesh accuracy.
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Figure 2-8 Visual comparison of the effect on mesh topology for combinations of smoothing
and decimation. As decimation increases (and vertices count reduce) the model will tolerate
less smoothing before unacceptable alterations in mesh topology occur. The model in the
bottom left corner representing 90% decimation with 20 iterations of smoothing with a
coefficient of 0.3 demonstrates the significant degradation in model fidelity that occur.

70 % decimation / no smoothing

90 % decimation /
0.3 smoothing x 4 iterations

90 % decimation /
0.3 smoothing x 10 iterations

90 % decimation /
0.3 smoothing x 20 iterations

70 % decimation /
0.3 smoothing x 4 iterations

70 % decimation /
0.3 smoothing x 10 iterations

70 % decimation /
0.3 smoothing x 20 iterations

50 % decimation /
0.3 smoothing x 4 iterations

50 % decimation /
0.3 smoothing x 10 iterations

50 % decimation /
0.3 smoothing x 20 iterations
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2.7.2.3 Shrink Wrapping

The shrink-wrap method serves as a final optional stage in our mesh optimisation pipeline,
designed to maintain geometric accuracy following decimation and smoothing operations.
This method utilises spatial computation algorithms implemented through the Trimesh and
SciPy libraries to project vertices of the processed mesh onto the surface of the original,

unprocessed mesh (201).

The method begins by constructing a k-dimensional tree (KD-tree) data structure using
SciPy's KDTree class, initially focusing on the target mesh's vertices. This spatial indexing
structure enables efficient nearest neighbour searches and facilitates rapid identification of

the closest vertices on the target mesh for each vertex in the source mesh (202).

Following the initial vertex proximity assessment, a second KD-tree is constructed using the
centroids of the target mesh's faces. This secondary spatial index enables more precise
surface projection by considering the actual geometry of the mesh surface rather than
merely vertex positions. The face centroids are computed as the arithmetic mean of each

triangle’s positions:

Projection of each vertex of the processed mesh onto the nearest face of the original mesh
was accomplished by calculating the normal for the closest face on the target mesh and

using the dot product to calculate how far the source vertex is from the target mesh.

While our use case does not require such millimetre precision, other applications may
require this level of accuracy, e.g. for tumour resection where distortions of the tumour with

the surrounding anatomy would cause potential interpretation errors.
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Figure 2-9 Visual illustration of the effects of model processing and subsequent shrink
wrapping. The shrink wrap function restores the original topology of the unprocessed high

polygon mesh derived from the segmentation file.

Raw segmentation Processed mesh Processed mesh +
30/80% decimation shrink wrap
0.3 smoething 8 iterations 30/80% decimation

2.7.3 3D model file format exports

The processed meshes are assembled into a scene using the Trimesh library, with each
mesh assigned a unique identifier corresponding to its segmentation label. The scene is then
exported in GLB format. The GLB format, developed by the Khronos Group, is a binary
version of the GL Transmission Format (gITF) designed for efficient transmission and

loading of 3D content, particularly for web-based visualisation using Three.js.

OBJ is a traditional text-based 3D file format that, while widely used, presents limitations in
the context of our model application. GLB offers several advantages over OBJ in the context

of web-based visualisation.

o File Size: GLB's binary encoding results in files that are significantly smaller
compared to OBJ's text-based files (50% reduction in file size for the same model).

e Material Management: Unlike OBJ, which lacks native material management, GLB
supports UV mapping and Physically Based Rendering (PBR) textures, allowing for
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more sophisticated material rendering and control over individual mesh properties
(e.g., transparency).

e Scene Graph Implementation: GLB's hierarchical scene graph enables the
preservation of complex structural relationships, maintaining individual component

identifiers and material definitions for enhanced user control (203).
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Table 2-1 Comparison of different 3D file formats

Feature GLB Format OBJ Format FBX Format
Data Binary format: Text-based, Binary/text-based; versatile
Representation compact and redundant, and but complex
efficient inefficient

File Size

Smaller due to
binary encoding

Larger due to text-
based structure

Medium; can be larger due
to extensive features

Parsing Speed

Faster parsing, low

Slow parsing, higher

Moderate; extensive

text format

computational computational feature set may slow
overhead demands parsing
Web Highly compatible Requires additional | Limited direct web
Compatibility with WebGL and conversion for web | compatibility; requires
Three.js use conversion
Scene Graph Native scene graph | No native scene Supports complex scene
Support supports graph: manual graphs; suitable for detailed
hierarchical models | organisation hierarchies
required
Memory Optimised for low High memory Moderate to high; depends
Utilisation memory usage utilisation due to on features used

Progressive

Supports

No native support

Limited support; often

Consistency

rendering across
devices

rendering; device-
specific issues

Loading incremental loading | for progressive requires custom
for large datasets loading implementation
Cross-Platform Consistent Inconsistent Generally consistent but

may vary due to proprietary
elements

Application in
Medical Context

Ideal for preserving
anatomical
relationships

Limited capabilities
for interactive
manipulation

Suitable for detailed
animations but adds
complexity not always
needed in medical contexts
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2.8 Web-Based Visualisation application

We developed a web application for visualising anatomical reconstructions using a client-
server architecture. The system comprises a Flask backend server for processing medical
imaging data using the workflow described above and a browser-based frontend for

interactive 3D visualisation (204).

2.8.1 Architectural Overview

The system architecture consists of two main components: a client-side visualisation engine
and the server-side processing pipeline. This division of responsibilities ensures efficient
computational task distribution, with intensive processing managed server-side while the

client side remains focused on delivering a responsive user experience.
2.8.1.1 Client-Side Architecture

The client-side implementation utilises Three.js as its core rendering engine, providing
WebGL (Web Graphics Library)-accelerated 3D graphics capabilities. WebGL is a
JavaScript API (Application Programming Interface) that enables hardware-accelerated
rendering of interactive 2D and 3D graphics within web browsers without additional plugins
(103). This choice enables hardware-accelerated rendering while maintaining broad browser

compatibility. The client architecture implements:

Real-time 3D rendering through WebGL.
Asynchronous model loading and processing.

Interactive user interface components

> nh =

Client-side state management

2.8.1.2 Server-Side Architecture

The server implementation employs Flask, a lightweight Python web framework chosen for
its efficient integration with scientific computing libraries, ease of use, and minimal overhead.
Flask is particularly suitable for applications that require integration with Python's scientific

libraries (NumPy, SciPy, etc.), which are utilised in our mesh processing pipeline.
Key server-side components include:

1. RESTful APl endpoints for model processing
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2. Asynchronous task handling
3. Real-time processing status updates

4. Efficient file management system

2.8.1.3 Frontend Implementation

The front-end implementation combines modern web libraries to create an interactive
medical visualisation platform. The system employs a component-based architecture, with

distinct modules handling different aspects of the visualisation process.

2.8.1.4 Interface Components
The user interface utilises HTMLS and Tailwind CSS (205), a utility-first CSS framework

designed to enable rapid and consistent Ul development, implementing a responsive design
pattern that adapts to various display configurations. This approach ensures consistent
functionality across different devices and screen sizes while maintaining a professional
appearance suitable for clinical applications. The final app can be seen in figures 2-10 and
2-11.

The full source code for the mesh processing and web app is available for review at the

following GitHub repository.

https://qithub.com/JAFletch-surg/3D-Anatomy-viewer
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Figure 2-10 Segmentation upload page. Users can drag and drop the file or upload via file
directories.

@ Newlab @ A [Solved] Putdyna.. 4 booksdescrorg |8) Machine Learning.. Laparoscopic CME... &) Multi-Centre Rese.. @ Splenic flexuremo.. @) Sculpting in Zbrus... Panoramic HDRi I...

CME Anatomy Viewer

Upload Segmentation File

Selected file: CME_SEG_051.nii.gz

Upload lnngc-u

Processing. 0%

Figure 2-11 Interactive colour coded 3D model derived from user uploaded segmentation
file. Transparency controls are in the upper right corner of the screen.
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2.9 Technical implementation: Patient education models

for Pelvic exenteration

A novel 3D model workflow was developed based on the initial needs analysis and patient
input. Starting with patient-specific imaging data, anatomical structures were segmented to
generate base meshes of the relevant anatomy. These initial meshes were processed using
ZBrush (Pixologic), a commercial 3D modelling and sculpting software particularly suited for
manipulating complex organic structures. ZBrush’s capability to handle dense meshes
comprising millions of polygons makes it ideal for creating highly detailed anatomical

models.

The segmented STL files were converted to FBX format before importing into ZBrush. This
conversion step is crucial as FBX's hierarchical structure preserves each anatomical
component as a distinct mesh while maintaining spatial relationships - unlike STL format
which would require merging all structures into a single mesh. This preservation of separate
anatomical structures enables independent manipulation and texturing of each component

while maintaining their correct anatomical positions in Euclidean space.

For cases utilising both CT and MRI data, the meshes from these different imaging
modalities required manual alignment. Typically, CT data provided superior resolution for
bony structures and vessels, while MRI data was used for soft tissue structures. Following
alignment, any duplicate meshes were removed to create a unified model incorporating the

optimal data from each imaging modality.

2.9.1 Model Production Workflow
The process of producing the final 3D models can be divided into the following steps:
a) Basic Smoothing

Initial smoothing was applied to remove the stepping artefacts resulting from
segmentation. This step involved flattening the angles between adjacent faces to smooth
the surface.
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b) Manual 3D Modelling and Sculpting

The workflow utilised ZBrush’s comprehensive digital sculpting toolset to refine
geometric accuracy and enhance anatomical detail. Two key features were central to this
process: Dynamesh, which enables dynamic re-meshing to maintain consistent polygon
distribution during sculpting, and Sculptris Pro, which provides adaptive tessellation -

automatically increasing mesh resolution in areas requiring finer detail.

Through these tools, each anatomical structure underwent precise refinement of both
volumetric form and surface detail. Dynamesh ensured the mesh remained malleable
during major shape adjustments by maintaining even polygon distribution, while Sculptris
Pro automatically subdivided areas requiring higher geometric detail to capture fine
anatomical features (206). This combination of techniques resulted in high-resolution
mesh representations that accurately captured both macro anatomical form and micro

surface details.

c) Creation of Low-Poly Copy

To prepare for texturing, a duplicate of each high-resolution mesh underwent a
structured optimisation process. First, the mesh was segmented into polygroups - distinct
regions that guide subsequent processing steps. These polygroups were defined using
ZBrush's masking and Pen Tool features, allowing precise control over the segmentation
of complex anatomical structures. The polygroups are particularly important as they
influence how ZBrush creates the flow of quadrilateral polygons across the model's

surface, ensuring that edge loops follow natural anatomical contours and features.

The optimised low-polygon version was then generated using ZRemesh, a specialised
retopology algorithm. ZRemesh converts the original triangular mesh into a quadrilateral-
based topology while reducing overall polygon count to a specified target. The previously
defined polygroups guided this retopology process, enforcing quadrilateral edge flows
that respect anatomical boundaries and maintaining appropriate topology in areas of
high geometric detail. Quadrilateral polygons were specifically chosen as they provide
superior results in UV unwrapping and texture mapping compared to triangular topology.
The polygroups boundaries also served to define UV seams, resulting in efficient texture
layouts that minimise distortion in the final textured model. This process is illustrated in
figure 2-12.
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Figure 2-12 Process of topologizing complex anatomical mesh structures using pen and polygrouping.
The model is manually divided into different polygroups which then serve to determine the quad

remeshing algorithm.

Lines are placed where the mesh is The mesh is divided into polygroups The polgroups are utilised by the

to be divided into polygroups. The as determined by the lines drawn remeshing process to generate high

groups are placed with a view to: onto the mesh quality quad retopology suitable for
1) optimisng the retopology and UV unwrapping and texture

2) where the eventual seams for UV mapping.

unwrapping are placed

d) UV Unwrapping

Each retopologised mesh underwent UV parameterisation, mapping the 3D surface
geometry onto a 2D plane. This transformation is crucial for accurate texture application,
as it defines how textures are projected onto the surface. Proper UV mapping ensures

textures are not distorted, preserving the model's anatomical integrity.

The UV parameterisation process utilised ZBrush's capability to automatically generate
UV seams from the polygroups boundaries. Where anatomically appropriate, polygroups
were merged prior to UV unwrapping to minimise the number of UV islands, reducing
texture complexity and potential visible seams. Seam placement was carefully
considered, ensuring they were either hidden in naturally occurring anatomical junctions

or placed in areas that would be less visible in the final model.

These optimised UV islands maintain local geometric relationships and minimise

distortion, resulting in an organised texture layout with consistent Texel density, essential
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for achieving uniform texture resolution across different model parts. This approach of
minimal, strategically placed UV seams ensures optimal texture quality while maintaining

the model's visual integrity (see Figure 2-13 and 2-14).

Figure 2-13 UV unwrapping using polygroups to determine seam placement.

The interface between
groups is determines
where seams are placed
during UV unwrapping

Different coloured

polygons represent
different palygroups
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Figure 2-14 UV grid map applied to unwrapped sacrum to demonstrate how 2D texture images are
applied to 3D model.

30 model with UV check map and co-ordinates

UV grid with check map demonstrating how the
image is mapped to 3D co-ordinates on the model

e) Detail Projection

The low-resolution mesh copy was subdivided 5-6 times using ZBrush's subdivision
capabilities to create a model with multiple subdivision levels. This progressive
subdivision provided the mesh with sufficient polygon density to capture intricate
anatomical details while maintaining the efficient quad-based topology of the low-

resolution mesh.

The high-resolution surface detail from the original sculpted mesh was then projected
onto this subdivided model. This detail projection process transferred the fine surface
features from the original high-resolution model onto the subdivided mesh, which now
had adequate polygon density to accurately represent these details. This approach
combines the benefits of an optimised quad-based topology for texturing with the
geometric detail of the original sculpted mesh, allowing the model to retain high visual
complexity and anatomical accuracy while maintaining computational efficiency through

its multi-resolution structure (see Figure 2-15).
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Figure 2-15 3D mesh with multiple subdivision levels.

4000 polygons 4,000,000 polygons

Low resolution polygon model High pelygon subdivded model with
high resolution detail

f) Export as FBX Files

Both the low-polygon and high-polygon models were exported as FBX files for use in
subsequent texturing workflows. The low-polygon model, with its optimised quad-based
topology and UV layout, served as the base mesh for texture painting. The high-polygon
model was used to generate (bake) a normal map - a specialised texture that encodes
surface detail from the high-resolution geometry into an image format. When applied to
the low-polygon model, this normal map recreates the fine anatomical details of the high-
resolution mesh through pixel shading rather than additional geometry, maintaining

visual fidelity while ensuring computational efficiency.

2.9.2 Texturing Workflow

The creation of realistic anatomical textures utilised Adobe Substance 3D Painter, an
industry-standard 3D texturing software that allows direct painting onto 3D models in real-
time. The software enables the creation of complex materials through a non-destructive,
layer-based workflow like Adobe Photoshop, but specifically designed for 3D models. The

process employed both the optimised low-polygon mesh and its high-resolution counterpart
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exported from ZBrush in FBX format. The workflow began with normal map baking, which
transfers surface detail from the high-resolution mesh onto the simplified low-polygon model
through tangent space calculations. This technique encodes surface normal direction data
within RGB channels (red for X-axis, green for Y-axis, and blue for Z-axis), enabling the

simulation of complex anatomical surface details without additional geometry.

The texturing methodology implemented a comprehensive Physically Based Rendering
(PBR) approach, which simulates realistic light interaction by accurately modelling surface
properties such as roughness, reflectivity, and metallicity. This ensures consistent material
appearance under various lighting conditions, crucial for achieving lifelike representations of

anatomical structures.

Bespoke "smart materials" were developed in Substance Painter for each anatomical
structure. These smart materials are sophisticated, procedural materials that combine
multiple texture layers and effects that automatically respond to the model's surface
properties such as curvature, height, and orientation. For instance, blood vessels received
smart materials that automatically emphasise surface detail along curved areas while
maintaining consistent colouration, while hollow organs were assigned materials that

generate appropriate surface variation based on interior and exterior surfaces.

Substance Painter's layer-based system provided precise control over these material
properties, enabling fine-tuned adjustments to surface characteristics. A significant
advantage of smart materials is their reusability - once created, they can be rapidly applied
to any anatomical structure of the same type across different patient models, automatically
adapting to each model's unique topology while maintaining consistent anatomical

appearance.

The final models utilised multiple specialised texture maps that combine to create a
physically accurate, photorealistic representation. Each map controls a specific aspect of

how the surface interacts with light (see figure 2-16):

Base colour maps provide the fundamental surface colouration without any lighting
information. For anatomical structures, these were carefully crafted to represent authentic
tissue colours while avoiding the flat appearance typical of simple colour textures.
Roughness maps control the microscopic surface detail by defining how diffuse or specular
each area appears - allowing precise control over whether surfaces appear moist, dry, or
glossy. This was particularly important for achieving realistic tissue appearances. Ambient

occlusion maps enhance depth perception by simulating how light is occluded in crevices
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and recessed areas, adding subtle shadowing that emphasises anatomical form. When
combined with the base colour, these maps significantly enhance the perception of three-
dimensional form. Subsurface scattering maps were crucial for achieving realistic tissue
appearance, simulating how light penetrates and diffuses through organic materials -
essential for replicating the translucent qualities of structures like blood vessels or

membranous tissues.

Normal maps, baked from the high-resolution models, provide fine geometric detail by
perturbing surface normals, creating the illusion of high-resolution surface detail without
additional geometry. For specific anatomical features requiring emphasis, such as tumours
or key surgical landmarks, emission maps were employed to make these structures subtly

glow or stand out from surrounding tissues.

The interaction between these various maps creates a complex, physically based material
representation that responds realistically to lighting changes. Opacity maps enable selective
transparency, allowing the viewer to see internal structures while maintaining context -
particularly useful for understanding spatial relationships between different anatomical

components.
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Figure 2-16 Example texture mapping components of low polygon sacrum mesh. The workflow show baking the normal map and the subsequent
PBR texture maps that result in the final photorealistic bone texture (far right).

Low polygon mesh

The high polygon mesh detail is baked
anto the low polygon mesh as a normal
map. This allows the high polygon detail
while keeping the polygon count low an
the associated performance advantages
far real-time rendering.

Mesh with baked
normal map

The high polygon mesh detail is
baked anto the low polygon mesh as
a mormal map. This allows the high
polygon detail while keeping the pol-
ygan count low an the associated
performance advantages for real-time
rendering,

Roughness map

Normal map

Final textured mesh of

Ambient reconstructed sacrum
occlusion map
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2.9.3 Online Model Visualisation and Interactive Interface

The three-dimensional anatomical models were deployed through the Sketchfab platform,

with direct export from Adobe Substance 3D Painter using the built-in export API.

Figure 2-17 Advanced rectal cancer PBR rendered model derived from MR and CT imaging. The two
extracted mesh were visually paired in the 3D software to enable the advantages of each imaging modality.

St Mark's Hospital
Complex Cancer Clinic

While the standard platform provides advanced visualisation and rendering capabilities, it
limits user interaction to basic pan, tilt, and zoom functions. This restriction presents a
significant limitation in clinical scenarios where the ability to selectively reveal anatomical

relationships is crucial for understanding complex spatial relationships.

To address this limitation, we developed a bespoke interactive interface using the Sketchfab
Viewer API (207), enhancing the clinical utility of these models by enabling more dynamic

interaction.
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The custom interface was implemented using HTMLS, CSS3, and JavaScript, incorporating
a responsive design framework to ensure compatibility across various devices. The interface
implements a three-state visibility system for each anatomical structure (normal, transparent,
hidden) controlled through a custom user interface. When in a transparent state, users

control the opacity of individual structures using interactive sliders.

The technical implementation utilises the Sketchfab visualisation API's manipulation
capabilities to dynamically adjust the visual properties of each structure. The system
maintains separate material states for each anatomical component, enabling real-time
adjustments to opacity levels whilst preserving the original material properties. This is
achieved through programmatic manipulation of the material channels, principally opacity
and subsurface scattering. Each anatomical structure is represented by a dedicated control
button with an associated opacity slider, allowing users to progressively reveal or conceal

specific anatomical relationships.
An example model (currently only optimised for desktop viewer) can be found at:

https://jafletch-surg.qgithub.io/CME-anatomy/

Source code for the interactive model visualiser is available at the GitHub repository:

https://qithub.com/JAFletch-surg/CME-anatomy/blob/main/index.html
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Figure 2-18 PBR Rendered model with custom Ul allowing control over each component’s
transparency and material properties.

2.10 Quality Assurance and Validation of Mesh Processing

Pipeline

To ensure the anatomical accuracy and geometric fidelity of the CME 3D reconstructions, a
comprehensive quality assurance framework was implemented across the mesh processing
method. Four key metrics were evaluated across 111 segmentations: mean surface distance
change (mm), Hausdorff distance (mm), and edge length ratio (mm). These metrics were
assessed at two critical stages: after initial decimation and following the complete processing
workflow (decimation with smoothing). For the pelvic exenteration patient education models,
where the primary goal was effective communication of surgical concepts, formal geometric

validation was not performed.
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2101 Mean Surface Distance Change

The mean surface distance change quantifies the average deviation between the processed
mesh and the original segmentation surface. This metric was evaluated in two stages to
isolate the effects of different processing steps. Following decimation alone, the mean
surface distance changes were minimal across all structures (arteries: 0.09 + 0.02 mm;
veins: 0.09 £ 0.02 mm; colon: 0.58 + 0.12 mm; pancreas: 0.57 = 0.10 mm; duodenum: 0.63

1 0.14 mm; tumour: 0.11 £ 0.04 mm).

After the complete processing pipeline incorporating both decimation and smoothing, the
surface distances increased but remained within acceptable clinical thresholds. Vascular
structures maintained high precision (arteries: 0.64 + 0.17 mm; veins: 0.87 £ 0.24 mm), while
larger anatomical structures showed greater but clinically acceptable deviations (colon: 1.67
1+ 0.66 mm; pancreas: 1.20 £ 0.30 mm; duodenum: 1.09 + 0.25 mm). Notably, only 13% of
colon cases and 9% of tumour cases exceeded the 1-3mm threshold, indicating robust

preservation of anatomical geometry throughout the processing pipeline (see table 2-2 A-B).

2.10.2 Hausdorff Distance

The Hausdorff distance measures the maximum deviation between the original and
processed meshes. Vascular structures and tumours maintained the lowest Hausdorff
distances (arteries: 4.49 + 1.35 mm; veins: 3.42 £ 0.78 mm; tumours: 3.79 £ 1.69 mm),
reflecting the conservative processing parameters applied to these critical structures. Larger
anatomical structures showed higher but expected Hausdorff distances (colon: 11.80 + 3.93
mm; duodenum: 12.07 £ 5.40 mm; pancreas: 8.06 £ 7.15 mm), primarily attributable to their
greater surface area and more aggressive optimisation parameters. Furthermore, these
larger Hausdorff distances may also be influenced by artefacts in the original segmentation,
particularly where significant misalignment between segmented layers can result in greater

surface deviations when smoothing is applied (see Table 2-2 C).

210.3 Edge Length Ratio

The edge length ratio provides a quantitative measure of mesh element quality and potential
geometric distortion. This metric is calculated as the ratio between the longest and shortest
edges in each triangular face of the mesh, normalised across the entire structure. A ratio
closer to 1.0 indicates more uniform triangulation and better preservation of the original

mesh topology. Higher ratios suggest potential mesh distortion or uneven vertex distribution.
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The edge length ratio serves as a measure of mesh quality and potential geometric
distortion, with values closer to 1.0 indicating better preservation of the original mesh
topology. Vascular structures and tumours demonstrated excellent mesh quality (arteries:
1.05 £ 0.21; veins: 1.02 + 0.19; tumours: 1.03 £ 0.18), with no cases exceeding the critical
threshold of 2.0. Larger structures showed higher edge length ratios (colon: 1.86 + 0.29;
pancreas: 1.84 + 0.28; duodenum: 1.87 £ 0.29), with varying percentages of cases
exceeding the 2.0 threshold (colon: 26%; pancreas: 11%; duodenum: 53%). This pattern
reflects the more aggressive optimisation applied to larger structures, balanced against the

clinical requirement for accurate visualisation (see Table 2-2 D).

These quantitative metrics demonstrate that the mesh processing pipeline successfully
maintains anatomical accuracy while achieving significant mesh optimisation. The differential
processing approach, applying more conservative parameters to vascular structures and
tumours, effectively preserves critical anatomical features while enabling substantial mesh

reduction in larger structures.
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Table 2-2 A-D Quality metrics for 3D reconstructions derived from 111 segmentation files

(corresponding to 111 patient cases).

A
Mean Surface distance change after decimation (mm)
number of
cases >1- % of
n Mean Min Max SD 3mm cases
Artery 111 0.09 0.06 0.13 0.02 0 0
Colon 110 0.58 0.33 0.86 0.12 0 0
Pancreas 110 0.57 0.35 0.78 0.10 0 0
Duodenum 110 0.63 0.39 1.08 0.14 0 0
Tumour 74 0.11 0.00 0.32 0.04 0 0
Vein 111 0.09 0.06 0.13 0.02 0 0
B
Mean Surface distance change after decimation and smoothing (mm)
number of
cases >1- % of
n Mean Min Max SD 3mm cases
Artery 111 0.64 0.33 1.09 0.17 0 0
Colon 110 1.67 0.60 3.28 0.66 14 13
Pancreas 110 1.20 0.63 2.30 0.30 0 0
Duodenum 110 1.09 0.59 2.00 0.25 0 0
Tumour 74 0.56 0.22 2.74 0.34 7 9
Vein 111 0.87 0.47 1.38 0.24 0 0
C
Hausdorff distance (mm)
n Mean Min Max SD
Artery 111 4.49 2.21 8.25 1.35
Colon 110 11.80 2.99 31.48 3.93
Pancreas 110 8.06 3.76 79.95 7.15
Duodenum 110 12.07 6.09 51.55 5.40
Tumour 74 3.79 1.24 11.27 1.69
Vein 111 3.42 1.92 5.52 0.78
D
Edge length ratio (mm)
number of
cases % of
n Mean Min Max SD >2mm cases
Artery 111 1.05 0.66 1.37 0.21 0 0
Colon 110 1.86 1.29 2.38 0.29 29 26
Pancreas 110 1.84 1.25 2.38 0.28 12 11
Duodenum 110 1.87 1.20 2.43 0.29 58 53
Tumour 74 1.03 0.65 1.34 0.18 0 0
Vein 111 1.02 0.65 1.34 0.19 0 0
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Figure 2-19 Box plot displaying the mean surface distance change (mm) after decimation
only for different anatomical structures, including arteries, veins, tumour, colon,
stomach/duodenum, and pancreas.
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Figure 2-20 Box plot displaying the mean surface distance change (mm) after decimation
and smoothing for different anatomical structures, including arteries, veins, tumour, colon,
stomach/duodenum, and pancreas.
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Figure 2-21 Box plot illustrating the mean edge length ratio (mm) across different anatomical
structures, including arteries, veins, tumour, colon, stomach/duodenum, and pancreas. Each
box represents the interquartile range, with the median indicated by a horizontal line within
the box. Whiskers extend to the minimum and maximum values within 1.5 times the
interquartile range, providing an overview of the mesh quality for each anatomical structure.
Lower mean edge length ratios are observed for arteries, veins, and tumours, indicating a
more uniform triangulation in these structures, while the colon, stomach/duodenum, and
pancreas exhibit higher mean edge length ratios, reflecting greater variability in mesh
element quality.
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Figure 2-22 Box plots for each mesh component demonstrating vertices counts before and
after decimation
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This chapter presents a systematic approach to developing patient-specific 3D visualisation
tools for complex colorectal cancer surgery, addressing two distinct technical challenges:
high-precision vascular modelling for CME surgical planning, and anatomically accurate yet
aesthetically optimised representations for patient education in pelvic exenteration. The
technical solutions implemented, particularly the differential mesh processing pipeline and
physically based rendering approach, establish a foundation for integrating 3D visualisation

into clinical practice.

For CME models, we present an accurate automated model workflow with a visualisation
platform that meets the core surgical and technical requirements outlined in our needs
analysis. The quantitative validation of mesh processing parameters across 111 anatomical
models provides robust evidence for the effectiveness of our differential processing
approach. The achievement of sub-millimetre accuracy in vascular structures (mean surface
distance change of 0.64 + 0.17 mm for arteries and 0.87 + 0.24 mm for veins) while
maintaining acceptable deviation in larger structures demonstrates our implementation
successfully balances precision with computational efficiency. This quantitative approach to
optimisation parameters represents a methodological advancement in surgical visualisation,

providing objective criteria for assessing model quality.

2111 Limitations and Challenges

A central limitation lies in the reliance on manual segmentation. While this method offers the
anatomical precision necessary for both surgical planning and model development, it is
highly time-consuming and subject to variability between different operators. The lack of
scalability represents a significant barrier to widespread clinical adoption. While automated
segmentation of colorectal cancer imaging is beyond this chapter's scope, we will consider it
in detail in the overall thesis discussion, emphasising artificial intelligence's role (specifically

artificial neural networks).

Another critical point is the divergent workflows developed for CME and pelvic exenteration
models. These different approaches, necessitated by distinct clinical objectives, reveal the
underlying tension between geometric precision and visual comprehensibility. The CME

workflow prioritised anatomical fidelity and automation, employing a utilitarian approach to
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model appearance, whereas the pelvic exenteration models focused on achieving
aesthetically optimised outputs for patient education. Bridging these workflows to create a
unified model capable of both surgical planning and educational use would be ideal for

maximising the value proposition of 3D models in surgery.

2.11.2 Web Platform Implementation and Interface Design

The adoption of the GLB format has facilitated efficient compression and delivery of 3D
anatomical models, supporting interactive visualisation requirements within a web-based

platform. However, several critical limitations persist:

1. The current platform lacks optimisation for mobile and tablet devices, potentially

limiting its accessibility in clinical settings

2. The absence of formal performance benchmarking across different hardware

configurations and network conditions

3. Unknown impact of variable network bandwidth, latency, and computational

capacity of clinical workstations

A notable omission is the lack of formal user interface evaluation. While basic functionality
was implemented successfully, the absence of structured assessment of interface design
principles and user experience metrics represents a significant limitation. Future work should

incorporate formal Ul/UX evaluation methodologies, including:

Systematic usability testing
Task completion analysis
User satisfaction metrics

Cognitive walkthrough evaluations

o & nh =

Accessibility assessment

211.3 Integration Challenges and Future Directions

This work must be explicitly considered as a proof of principle, requiring significant further
development before clinical implementation. This includes addressing data protection

concerns, ensuring compliance with relevant regulations (e.g., GDPR, HIPAA), and
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integrating the visualisation platform with existing clinical systems such as PACS (Picture

Archiving and Communication System).
Future development should focus on several key areas:
1. Implementation of automated segmentation techniques
2. Systematic performance benchmarking
3. Integration with clinical systems
4. Development of structured validation protocols for patient education visualisations

5. Unified workflow development bridging surgical planning and patient education

applications

2.12 Conclusion

The methodologies described establish a viable, though still evolving, foundation for creating
specialised surgical visualisation tools. The quantitative validation of mesh optimisation
parameters and systematic evaluation of visualisation techniques provide a robust
framework for future refinements. However, the reliance on manual methods, workflow
divergence, and lack of formal Ul evaluation underscore important limitations requiring

attention for broader clinical integration.

This work demonstrates technical feasibility while highlighting areas requiring further
development for clinical implementation. The subsequent chapters, evaluating clinical utility
in both surgical planning and patient education, will build upon this technical foundation

while acknowledging its current limitations.
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Systematic review of the use and

evaluation of 3D patient-specific
model for pre-operative surgical

planning

3.1 Background

3D visualisation has been highlighted as one of the key technological innovations likely to

impact surgical practice in the next decade by the Royal College of Surgeons (1). Pre-

operative planning is one of the principal applications suggested for 3D visualisation in

surgery.

Preoperative planning is a crucial aspect of safe, effective surgery. A complete
understanding of a patient’s unique anatomy enables the surgeon to plan an operative
strategy and anticipate potential difficulties. Pre-operative planning can be defined as any
activity aimed at understanding a patient’'s anatomy or pathology to inform decision-making

and/or determine an appropriate surgical strategy.

Current decision-making is based on the review of imaging modalities such as CT and MRI
in collaboration with radiology. However, extracting the relevant 3D anatomical relationships
from 2D images to apply them intra-operatively can be difficult. Intuitively, 3D reconstructions
appear to have certain advantages over traditional 2D images. Patient-specific in silico
models, derived from digital imaging and communication in medicine (DICOM) data, have
the potential to improve understanding of gross pathology and complex structural relations.
Furthermore, the advances in additive manufacturing have enabled 3D reconstructions of
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patient anatomy to be printed as physical objects allowing patient specific pre-operative

rehearsal of procedures (208).

3.2 Rationale.

Despite the initial optimism of early adopters, the effectiveness of 3D models in surgical
planning has yet to be fully demonstrated. Ensuring 3D modelling techniques have validated
clinical benefits will be essential if they are to be routinely incorporated into surgical
workflows. This is particularly pertinent when considering the necessary time and resources
needed to generate these images and prints. This systematic review seeks to ascertain how
3D models have been used in surgical planning, what methodologies and outcomes have

been used to judge efficacy and evaluate the current level of evidence available.

3.3 Objective

We sought to determine the following through a systematic review of the literature.

How have 3D patient specific models been used in surgical planning?
What specific reconstruction/printing techniques were employed

What outcome measures and study designs were used to judge effectiveness

b=

What is the current level of evidence for 3D planning against current standard

practice?

3.4 Methods

3.4.1 Protocol

Methods of the analysis and inclusion criteria were stipulated in advance in accordance to
PRISMA guidelines.
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3.4.2 Eligibility criteria

Studies evaluating the use of 3D virtual or printed models for pre-operative planning in all
surgical specialties between 2008 — 2020 were identified systematically. We excluded

animal, cadaveric, and non-English language- studies.

We excluded irrelevant articles, letters, editorials, duplicates, abstract only papers, reviews
and metanalyses or where the full text was not available. Where authors had published the
same patient cohort twice as separate papers (reporting identical outcome measures) the

most recent publication was included and older study excluded.
We utilised the PICOS framework to specify study eligibility characteristics.

3.4.2.1 Population

a) Participants of any age receiving surgical intervention in which a 3D model (virtual and/or

printed) was used for pre-operative planning were included.
b) Dental and interventional radiology patients were excluded.

3.4.2.2 Intervention

a) We considered studies which evaluated the use of 3D virtual or printed models,

reconstructed from patient imaging data for pre-operative planning.

b) Pre-operative planning was defined as any activity aimed at understanding a patient’s
anatomy, pathology in order to determine an appropriate clinical decision or operative
strategy. Studies in which 3D reconstructions were utilised for planning activities pre-

operatively and subsequently used for intra-operative navigation were also included.

c) Studies evaluating bioprinting ,3D printed custom implants, 3D ultrasound or pseudo-3D
reconstruction techniques such as Maximum Intensity Projection (MIP) as the primary

intervention were excluded.

3.4.2.3 Comparators

a) Comparators were broadly defined as ‘standard practice’(typically review of
radiographic/cross sectional imaging) for a given surgical intervention i.e. planned and

performed without the aid of 3D modelling.

3.4.2.4 Outcomes

a) The given aim of this study was to systematically evaluate the outcome measures
employed to evaluate 3D planning interventions. All outcome measures employed were

considered eligible for inclusion.
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b) We excluded studies without any defined outcome measure.

3.4.2.5 Study Designs

a) All comparative study designs were eligible for inclusion whether they were randomised

or non-randomised trials, prospective/ retrospective cohort studies or cross-over studies.

b) Case reports, case series lacking any comparator, technical papers and feasibility
studies (defined in this context as studies focussing on reconstruction methodology

rather than clinical application) were excluded.

3.4.3 Information sources

Studies were identified by searching electronic databases and scanning reference lists of
articles. Literature searches were undertaken using the OVID SP versions of the National
Library of Medicine’s MEDLINE database (1966-Present) and adapted for EMBASE. The
last search was run 21 March 2021. In addition, we manually searched the reference lists of

relevant review articles to identify any relevant studies omitted from the electronic search.

We quality controlled our review strategy by ensuring 5 studies indicative of our inclusion

criteria, were included in the resulting list of abstracts.

3.4.4 Search Strategy

The search strategy was designed in accordance with the Preferred Reporting ltems for
Systematic reviews and Meta-Analyses (PRISMA) statement and was implemented by JF.

The specific strategy is listed below.

1 ((Three dimensional or Three-dimensional or 3d or 3 d) adj3 (print* or rapid prototype* or

additive manufactur® or reconstruct* or imag* or render or virtual model*)).mp.
2 (Surger* or surgical or Operat*).mp.

3 1and2(61503)

4  Pre-operative.mp.

5 Preoperative.mp.

6 Plan*.mp.

7 4d4or5o0r6
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8 3and7

9 limit 8 to yr="2008 -2020"
10  limit 9 to yr="2013 -2020"
11 limit 10 to "review articles"
12 limit 11 to animal studies
13 1or12

14 10 not13

15 remove duplicates from 14

3.4.5 Study selection process.

We used the online systematic review management platform Covidence to screen abstracts

and full texts for data extraction.

Two independent reviewers screened each abstract for full text review to determine
inclusion. Disagreements between authors were resolved by discussion and consensus. If
consensus could not be reached the decision to include/exclude was made by the senior
author (DM). Following abstract screening the full texts were reviewed by two independent
reviewers for inclusion in the final review. Disagreements between authors were handled as

per the process outlined for abstract screening.

3.4.6 Data collection process

We developed a data extractions sheet and pilot tested on five randomly selected studies
which was subsequently refined based on user feedback. One review author extracted the
data items detailed below and a second author checked the extracted data. Discrepancies
were resolved by consensus discussion with the senior author (DM) making the final

decision if no agreement could be met.

The key areas for data collection related to the technical aspects of 3D reconstruction;
descriptions of how models were used to plan the given surgical procedure; the study design

and specific the outcome measures that were employed to assess model efficacy.
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3.4.7 Data items
a) technical aspects of 3D model production

Papers were reviewed for the technical aspects of 3D reconstruction. For virtual model
reconstruction we extracted; the imaging modality and sequence 3D reconstructed; the
rendering technique (volume versus surface rendered); the segmentation and computer
graphics software; method of segmentation; who produced the model; time taken and cost;

verification processes and the user interface used.

For research involving 3D printed models we recorded the specific printing technique, model
of printer, and material used along with the printing time and cost time per model and

whether 3D prints were sterilised for intra-operative use.
b) Specific details of model use in pre-operative planning

Details of how 3D models were utilised for planning were recorded including details of the
end user (surgeon/ radiologist, level of training etc.). Planning activities were classified a

priori as follows:

visualisation in which the model is primarily used to improve the anatomical understanding
to determine the operative strategy/improve performance; process simulation- in which
virtual/printed models were used to recreate/rehearse the entire operation or steps of the
procedure; outcome simulation where models were used to predict operative outcomes (e.g.
aesthetic appearance, organ function) and computer assisted planning. Computer assisted
planning encompasses a variable range of activities for resection or reconstructive surgery
characterised by more complex user interaction with the model. Details relating to potential

use in theatre to aid intra-operative navigation were recorded.
c) Study design

We extracted details relating the characteristics of the study design including number of
participants in intervention and comparator groups; selection of participants
(inclusion/exclusion criteria); the specific comparator used; randomisation method or where
relevant how participants were allocated to groups in non-randomised study designs; details
of any power calculations to determine sample size; whether data was collected
prospectively or retrospectively. The number and grade of the participating surgeons,
specific surgical procedure(s) and operative indication/ underlying patient pathology were

recorded.
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d) Outcome measures

Outcome reporting was extracted for each study. Our aim was to ascertain the measures
employed to judge the effectiveness of 3D planning including both qualitative and

quantitative outcomes. Expected outcome measures included:

¢ Qualitative subjective measures (e.g. Likert-scale questionnaires)

e Impact on planned procedure e.g. changes to operative strategy

e Anatomical accuracy of the model

¢ Anatomical understanding (both subjective and quantitative)

e Diagnostic accuracy and inter/intra observer reliability.

e Accuracy of surgical plan

e Surgical performance metrics- operative time (total/procedure specific step), blood
loss, intra-operative adverse events

¢ Clinical outcomes- quality of cancer resection (RO rates, recurrence, survival), post-
op complication rates (general and procedure specific), functional and aesthetic
outcomes, length of stay.

e Time/Cost

We recorded where relevant how outcomes were measured and recorded, the individual
making the measurement and any descriptor of the measurement methodology, and the time

point measurements were taken with respect to the operation.

3.4.8 Data synthesis
For all studies, we have produced tables of summary statistics grouped by specialty.
We conducted a meta-analysis of those studies that met the following criteria:

¢ All the outcomes were comparable and pooled meaningfully.

¢ All the interventions and comparators are the same or similar enough to be
meaningfully combined.

e Necessary data is available for the included studies (means and standard
deviations). For studies reporting medians, range and/or inter-quartile range we
calculated the means and standard deviations from the available data using the

method proposed by Wan et al (209).

It has been proposed that two studies can be utilised for metanalysis.
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We excluded any studies deemed to be critically at risk of bias and utilised a random effects

model assuming different studies are estimating different, yet related intervention effects.

We conducted the metanalysis where heterogeneity was low (12<50%).

3.4.9 Risk of Bias in Individual Studies

Two independent reviewers independently performed bias assessments using two validated
measures of bias. Randomised control trials were assessed using version 2 of the Cochrane
risk of bias for randomised trials (RoB 2) (210). Bias domains consist of bias arising from;
randomisation; deviations from the intended intervention; missing data; measurement of the
outcome; selection of the reported result. Each domain is assessed as at low risk, some
concerns or high risk of bias. An overall risk of bias was made for each study to correspond
to the worst risk of bias in any of the domains. If multiple domains were considered at risk it

may be judged as at high risk of bias.

Bias in non-randomised studies was assessed using the Risk of Bias In Non-Randomised
Studies -of Interventions (ROBINS-I) (211). The tool contains seven domains of bias- bias
due to; confounding; selection of participants into the study; classification of interventions;
deviations from the intended intervention; missing data; measurement of outcomes;
selection of reported results. Each domain is rated to be at low, moderate, serious, or critical

risk of bias with an overall judgement made corresponding with the worst risk in any domain.

Both assessment methods have online data collection templates that were used to collect
data. Discrepancies between the two assessors were resolved by discussion and consensus

with the senior author (DM) providing the final decision if an agreement could not be made.

3.4.10 Effect measures.

One of the aims of this systematic review was to identify the outcome measures used to
assess the utility of 3D planning across all surgical subspecialities for a diverse range of
application. We anticipated a wide range of primary outcome measures would be employed.
Based on our knowledge of the existing literature we anticipated reductions in average

operative times and blood loss would commonly be employed.

3.4.11 Data analysis

All data was analysed and visualisations produced using custom Python language scripts

(version 3.8.7, Python Software Language) using the Anaconda distribution package and

160



online Jupyter Notebooks (a server-client application that allows editing and running
executable code for data analysis via a web browser). We utilised the following Python
libraries; NumPy (v1.19.2) (195), Pandas (1.1.3) (212), Matplotlib (v3.3.2) (213), Seaborn
(v0.11.0) and the pythonmeta (v1.4.0) (214) library to perform the meta-analysis.

3.5.1 Study selection.

A total of 126 studies were identified for inclusion in the review. The search of MEDLINE and
EMBASE provided 8620 citations. After adjusting for duplicates 7438 studies remained. No
additional studies were added because of manually reviewing review articles. We excluded
6318 studies based on review of the abstract as irrelevant or not meeting our inclusion
criteria. The full text of the remaining 1120 studies were examined in further detail. 994
studies were excluded for not meeting the inclusion criteria as described. The PRISMA flow
diagram breaks down reasons for exclusion (see figure 3-1). Most studies were excluded

owing to being either case studies or lacking any comparator (n=260).
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Figure 3-2: Number of 3D planning studies published per year from 2008 -2020
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Figure 3-4 Number of 3D planning studies published by country
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Table 3-1 Summary of procedures by specialty in which 3D planning was used

Specialty Procedure n Specialty Procedure n
Breast Breast reconstruction 2 Acetabular ORIF 4
Cardiac Congential cardiac disease procedure 3 Pelvis MI cannulated screw 2
Colectomy 1 Neck of femur ORIF 1
Colorectal Colorectal resection 1 Tibial ORIF 7
Lat. pelvic lymph node dissection 1 Tibia llizarov frame 1
Otoscopy 1 Ankle ORIF 1
ENT Skull base surgery 1 Calcaneal ORIF 1
Tibia, calcaneus, tibial plateau ORIF 1
Gynaecology Endometriosis 1 Humerus ORIF 2
Myomectomy 1 Elbow ORIF 1
Hepatectomy 15 Distal radius ORIF 2
HPB Pancreaticoduodenectomy 4 T&O Lumbar spine surgery 1
Cholecystectomy 1 Total shoulder arthroplasty 3
Liver transplant 1 Total knee replacement 2
Cervical lateral screw fixation 1 Total hip replacement 2
Brain tumour resection 3 Subtalar arthrodesis 1
Endonasal transphenoid pituitary resection 1 Proximal femoral osteotomy 1
Lamiotomy &l spinal tumour resection 1 Acromioplasty 1
Neurosurgery Lgmbar di§cectomy __ 1 Femur osteoplasty 1
Microsurgical aneurysm clipping 1 Radius Corrective osteotomy 1
Pediclle screw placement 1 Coracoid osteotomy 1
Posterior lumbar fusion 1 Chest wall reconstruction (Nuss) 2
Scoliosis Corrective surgery 1 . VATS segmentectomy/Anlobectomy 2

Trigeminal microvascular decompression 1 Thoracic
Skull base surgery 1 Surgical stabilization of rib fractures 2

Mandibular resection and reconstruction 14

Maxillary osteotomy/reconstruction 7 Gastrectomy 4
OMFS Bone co);nouring . 1 Upper Gl Oesophagectomy 1
Fronto supraorbital bar advancement 1 Partial Nephrectomy 5
PCNL 2
Plastics Sural neurovascular island flap 1 Urology Radical Nephrectomy 1
La-anroscopic adrenalectomy 1

Table 3-2 Summary of study designs

Study design Allocation to groups n
Cohort study (unable to determine if All patients assessed by each 1
pro/retrospective) method
Comparative cohort (unable to determine if .
profretrospective) Unclear method of group allocation 5
Prospective cohort All patients assessed by 3D and 24
comparator
. . . Time period 9
Prospective cohort with retrospective controls Matched by patient demographics 1
Unclear method of group allocation 8
Prospective comparative cohort Ratishtielioics E
Matched 2
Time period 3
All patients assessed by each 6
method
Retrospective cohort Multiple assessors of each case 1
using 2D/3D
Unclear 1
Time period 14
Unclear 15
. . Matched 2
Ret t
etrospective comparative cohort Emergency case preciuding 3D ;
printing
No CT available for reconstruction 1
Simple 27
RCT Block 1
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3.5.2 General Summary

We observe a general trend of an increasing number of 3D planning studies published per
year with a peak number in 2018 (n= 24) (Figure 3-2). Trauma and Orthopaedics published
the highest number of studies in the period (n=37) followed by oral maxillofacial surgery
(n=23) and hepatobiliary surgery (n=19) (Figure 3-3). China, the USA and Japan account for
the maijority of 3D planning publications, accounting for 68% of published research (Figure 3-
4).

3.5.3 Study Characteristics

28/126 studies were randomised control trials. The remainder employed non-randomised
cohort designs. 50/98 were prospective studies. In 24/50 prospective studies all the included
patients were evaluated by both standard and 3D planning methods. Allocation to
intervention and control groups were most frequently determined by the period patients were
treated. 41 studies were retrospective. Intervention and comparator groups were most
determined by time periods. In 7 studies patients both standard and 3D planning techniques
were used on all patients within the cohort. In 6/98 of the non-randomised studies, we could

not determine whether data was collected pro- or retrospectively (Table 3-2).
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Table 3-3 Segmentation software utilised in studies

Software n Software Software n
Materialise Mimics 28 EOS M3D MedGraphics 1
Not stated 10 Superlmage Ortho edition Zed-Trauma 1
Workstation/ PACS 8 Leonardo InSpace Maxilim 1
3D Slicer 7 Dolphin 3D Myrian 3 dimensional volumetry 1
PACS System 6 HipPlan (Symbiosis) FreeForm Modeling System 1
MI-3DVS 5 Rhino3D Imascap 1
ITK-SNAP 4 iPlan CMF 3D Plus Body Visible System 1
Osirix X 4 Super Image Orthopaedics Dextroscope 1
Synapse Vincent 3 Amira 4.1 o MEDICAL _Ima_ging Three 1
Divisional Visulisation System
Ziostation 9 Multimodality workplace M3DICS 1
software

Materialise pro plan 3 Sensation64 3D-MIRGS 1
Hisense CAS 2 iNtellect Cranial Navigation MITK ReLiver 1
IQQA-Liver 2 Visible Patient HepaVision 1

Custom 2

Most authors utilised surface rendering for 3D virtual reconstruction/ printing (70/126). 38

studies employed volumetric rendering techniques, while in the remainder the rendering

method was not stated or could not be identified. A wide variety of segmentation software

packages were employed as outlined in table 3-4. In most studies included it was not stated

who performed the segmentation or produced the model (92/126, 73%). Surgeons produced

the model in 16 studies, radiologists in 12, external companies in 5 and an in-house

engineer in 1 study. Similarly, very few papers documented the time to produce the model,

with only 11/126 providing any information on the time to reconstruct.

Figure 3-6 A-B Breakdown of specific planning applications for virtual and printed models.
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In 75 studies virtual models were used for pre-operative planning. Models were primarily

used for basic anatomical visualisation planning applications (44/77) (Figure 3-6).

In 51 studies 3D printing was used. A wide range of printing methods and specific printing
models and materials were employed (table 3-5). In 32/51 studies the printing time was not
documented. Documented printing/model production times ranged between 5 to 100 hours
(215) (216). The cost per model was not stated in 37/51 studies. Costs ranged between as
low as £1.40 and as high as £2,600 with material extrusion printing associated with the

lowest costs per model where data was provided.

3D prints were sterilised and used intraoperatively in 18/51 studies. Figure 3-6 summarises
the specific use of 3D printed models. In 14/51 studies models were used for pure
anatomical visualisation, in 22/51 studies 3D prints were used for patient specific
simulation/rehearsal-typically fracture fixation/pre-bending osteosyntheses plates in T&O,

OMEFS and Thoracic Surgery (accounting for 21/22 3D printed simulation applications).
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Table 3-4 Summary of 3D methods, printer models and print material used for planning

Printing Method

3D Printer Model

Print Material

Color jet (CJ)

3D systems projet 660

Not stated

Material Jet (MJ)

connex 500 stratsys

Not stated

Material extrusion
(FDM & FFF)

Flashforge

PLA

Ultimaker 2

ABS

3D ORTHO Waston Med

Not stated

Axiom Dual Extruder

BQ witbox

Dimension BST 1200

HP Design Jet 3D

JGAurora

Lulzbot

Maker Gear M2 desktop

Mankati Fullscale XT plus

Not stated

SST1200es

UP-BOX 3D printer

WASP delta turbo

Songsun N2

MakerBot Replicator 2

Polyjet (PJ)

Prismlab Rapid400

Photopolymer resin

Polyjet Connex 350

Stratasys J750TM

Stereolithography
(SLA)

ProJet 660

Photopolymer resin

Not stated

Selective laser
scintering (SLS)

Spectrum Z510

Nylon

Zprinter 650

Polystyrene

EOSINT P380

Unknown

(I JEL PEEN I N QWi Al i A A A DA A A A DNININ =

Not stated

Not stated

-
o

Not stated

10
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Figure 3-7 radar plot summarising outcome measures used to evaluate 3D planning. Time and blood loss
where the most common outcome measures employed in the included studies.
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Figure 3-8 Summary of outcome measures used by each studly.
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3.5.4 Colorectal Surgery

Three studies in Colorectal surgery utilised virtual models to assist planning in Colorectal
cancer resections (175) (217) (178). The characteristics of each study are summarised in
table 3-6. Outcome measures employed in each study are summarised in figure 3-5C and

figure 3-8.

3.5.4.1 Outcome measures

Two studies utilised operative time and blood loss as their main objective outcome
measures. Saverino et al conducted a randomised study (3D n= 59 vs non 3D n=62) and
found the use of 3D volume rendered models significantly reduced intraoperative blood loss
in patients undergoing right and left hemicolectomies and anterior resection (217). In a
retrospective comparative cohort study conducted by Miyamoto et al, use of 3D planning
similarly significantly reduced operative blood loss for patients undergoing right sided
hemicolectomies in comparison to no pre-operative imaging (175). The randomised study
found a significant reduction in operative times in the 3D group; however Miyamoto et al.
found no difference between 3D and non 3D planning groups. No description of the
methodologies used to measure either blood loss or operative times were documented in
either study. No difference in other surgical performance metrics such as lymph node vyield,

conversion rates or complication rates was found in either study.

Hojo et al conducted a prospective comparative cohort study of 28 patients undergoing
lateral lymph node dissections in which all patients were assessed using 3D models and
standard CT imaging. Using a non-validated Likert scale questionnaire 35 responding
surgeons rated 3D surface rendered models as superior to a standard CT for pre-operative

anatomical understanding and intraoperative navigation (178).

3.5.5 Hepatobiliary Surgery

19 studies were performed in HPB surgery. The characteristics of each study are

summarised in table 3-7.

3D was primarily used for planning hepatectomies (13/19) for benign/ malignant tumours and

cholangiocarcinoma and eccinococcosis. 4 studies used 3D to plan
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pancreaticoduodenectomy for pancreatic cancer and the remaining two used 3d planning for

liver transplant and cholecystectomy.

3.5.5.1 Interventions

11 studies utilised 3D virtual models for basic anatomical visualisation (218) (219) (220)
(221) (222) (223) (224) (225) (226) (227) (228) with 2 studies utilising 3D printed models in
the same capacity (216) (229). 5 studies virtually simulated resection planes and estimated
resection functional volumes (230) (231) (232) (233) (234).

3.5.5.2 Outcomes

Operative time and intraoperative blood loss were the two most reported outcome measures.
8/10 reported a significant reduction in operative time in the 3D planning group (235). 5/10
studies using blood loss as an outcome measure found significantly less blood loss in the 3D
group (235) (221) (227) (233,234).

6 studies met our criteria for metanalysis:

Figure 3-9 displays a forest plot summarizing the meta-analysis of six studies (Andert 2017,
Fang 2015, Nakayama 2017, Wei 2016, Zeng 2016, Zhang 2016) evaluating the effect of
three-dimensional (3D) model utilization on intraoperative outcomes in hepatectomy. The

total sample size comprised 531 participants.

The combined mean difference of -32.53 mL (95% CI: -46.39 to -18.68) suggests that the
use of 3D models is associated with a statistically significant reduction in intraoperative
blood loss compared to standard practice (z=4.60, p<0.001). Heterogeneity was negligible
(Tau?=0.000; Q=0.39, p=0.977; I>=0%), indicating consistency across the included studies.

These findings imply that 3D models may offer a statistical reduction in blood loss.
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Figure 3-9 Metanalysis of the effect of 3D models on operative time (mins) of Hepatectomy

Experiment Group Control Group
Study ID
Mean SD n Mean SD n Bias
Andert 2017 329 40.1 16 373 90.2 17 -
Fang 2015 294.5 61.9 60 324.3 83.1 56 Moderate
Nakayama 2017 406.5 149.9 120 4343 144.6 120
Wei 2016 167.4 42.6 31 200.2 71.3 43 Moderate
Zeng 2016 408.6 65.9 25 447.3 99.3 22
Zhang 2016 142.18 21.87 11 173.5 54.88 10
MD,IV,Random
Study ID n Effect(95% CI) Weight(%)
Andert 2017 33 -44.00 [-91.17, 3.17] 8.63
Fang 2015 116 -29.80 [-56.62, -2.98] 26.71
Nakayama2017 240 -27.80 [-65.07, 9.47] 13.83
Wei 2016 74 -32.80 [-58.86, -6.74] 28.28
Zeng 2016 47 -38.70 [-87.58, 10.18] 8.04
Zhang 2016 21 -31.32[-67.71, 5.07] 14.51
Total 531 -32.53 [-46.39, -18.68] 100
6 studies included (N=531)
Heterogeneity: Tau?=0.000, Q=0.39 (p=0.977), I’=0%
Overall effect test: z=4.60, p=0.000

MD,IV,Random
Andert2017 -
Fang2015 - —_— .
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3.5.6 Oral Maxillofacial Surgery and ENT

24 studies were performed in maxillofacial surgery. The characteristics of each study are
summarised in table 3-12. 6 randomised studies (236) (237) (238) (239) (240) (241), 7
prospective cohort (242) (242) (243) (244) (245) (246) (247), and 9 retrospective cohort
studies were performed (248) (249) (250) (250) (251) (252) (253) (254) (255) (256). 3D
planning was primarily used for mandibular or maxillary reconstructions. Mandibular
resection with fibular free flap /iliac crest/ scapular free flap reconstruction was the most
common procedure for which 3D planning was evaluated (7/24) (236) (248) (257) (242)
(240) (251) (253) followed by maxillary Le fort osteotomies (5/24) (237-239,241,252) .

3.5.6.1 Interventions

Most studies utilised computer assisted planning with either 3D printed cutting guides or
simulation models. Computer assisted planning allows users to conduct 3D cephalometric
analysis to quantify the deformity and predict outcomes. Activities include simulation of the
surgical process such as osteotomies, reposition of segments, evaluation of occlusions and
soft tissue response to skeletal reconstruction. 8 studies used computer assisted planning
with subsequent manufacture of 3D printed cutting guides
(152,240,241,243,248,254,255,257) with 6 using 3D printed models for pre-operative
simulation (239,242,249,250,252).

3.5.6.2 Outcome measures

11 studies reported the operative time as an outcome measure
(236,239,244,248,249,251,252,254,258-260). Of the 8 studies which compared operative
times in the 3D group with standard planning controls 3 found significant reductions in
operative time in the 3D planning group (249) (251). The methods of recording the operative
time were not described in any of the studies with 8/11 reporting retrospective data (see
table 3-12). Where time taken for specific operative steps was reported (shaping of the
donor or defect site/ flap ischemia time) 4/5 found significant improvements using 3D
planning. The aesthetic outcome was reported in 5 studies (152,240,242,248). Only Mao et
al compared the aesthetic outcomes with a control group and found significant

improvements in facial symmetry with 3D planning (249).

The accuracy of surgery was reported in 7 studies (152,241,243,252,254,257,261). Accuracy
was assessed using objective post-operative assessment of interfragmentary distance,
contour symmetry, number of segments in the anatomical position, deviation from the virtual
plan. All four studies comparing the accuracy of 3D planning with a standard planning control

group found 3D planning was significantly more accurate (152,241,253,261).
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3.5.7 Trauma and Orthopaedics

37 were performed in trauma and orthopaedics (see table 3-14). 15 studies used
randomised study designs (124,124,262—-273). 11 studies (274-283) were prospective
cohort designs in which historical controls were used in 3/11 (277,278,280) and all patients
were assessed with both the 3D intervention and 2D comparator (radiograph or CT). 11

studies were retrospective cohort designs (124,284-291).

3.5.7.1 Interventions

22 studies utilised 3D planning in trauma fracture fixation applications and 7 for joint
arthroplasty (see table 3-14). 20 studies utilised 3D printing in total (215,263—
266,272,273,276,280,282,284,291-293,293-295). 13 studies used 3D printed models to
simulate the intended procedure. Simulation tasks involved pre-bending or selection and
application of plates/implants pre-operatively. 4 studies used 3D printed models purely for
anatomical visualisation and 2 studies used 3D printed cutting guides to transfer a virtual
plan to theatre (272,285). Computer assisted planning was used in 16/32 studies
(215,262,267,269,271,272,277-279,281,283,285,286,288,289). Planning activities consisted
of virtual fracture reduction, osteotomy placement, anatomical measurements, and virtual

implant placement/ sizing.

3.5.7.2 Outcome measures

The most common outcome used was operative time (see Figure 3-8). 23/37 studies
reported the effect of 3D planning on overall operative time (215,239,263
270,272,274,276,284,286,292—-296) with 78% (18/23) finding 3D planning significantly
reduced the overall operative time for the given procedure. None of the studies reported the
methodology for how operative time was measured, who took the measurement and whether
for randomised studies whether the rater was blinded to the intervention group. 6 studies
recorded instrumentation time with 5/6 finding significant reductions in the 3D group. 3D
planning was reported to reduced fluoroscopy time in 9/10 that utilised this outcome
measure (215,263-265,272,285,292,293,295). Operative blood loss was recorded in 16
studies (figure 3-8). 11/16 reported 3D planning significantly reduced operative blood loss
(215,264,265,269,270,270,272,273,293,295). No study recorded the method used to

estimate operative blood loss or who took the measurement.

Patient reported functional outcome measures were recorded in 11 studies . A diverse range
of specific measures included. Only 36% (4/11) studies found 3D planning improved
functional outcomes (263,265,268,293). A wide variety of functional measurement tools were

utilised (American Shoulder and Elbow Score, Subjective Shoulder Value, Simple Shoulder
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Test, SF36PCS, Japanese Orthopaedic Association score, Hospital for Special Surgery
Knee Score, MPES, Gartland-Werley Score, Knee society score, American Orthopaedic

Foot and Ankle Score, Disabilities of the Arm Shoulder and Hand scores, Harris Hip score).

5 studies evaluated the impact on surgical performance. Totoki and Zhao both found 3D

planning significantly improved the accuracy of screw placement as evaluated using post-
operative CT imaging and a validated objective measure (281) (269). 3 studies evaluated
the adequacy of fracture reduction (266) (268) . No significant difference between 3D and

standard planning was found.

3.5.8 Neurosurgery

13 studies evaluated 3D for neurosurgical/spinal procedures (see table 3-11). Two of the
studies were randomised (297) (298) with the remainder being prospective (299) (300) and
retrospective comparative cohort designs. In 4/11 studies all the included patients were
assessed with 3D and standard imaging methods. In one study patient choice was used to
allocate to each study arm (301); in the remaining cohort studies it was unclear how patients

were allocated to the intervention or comparator group (302) (303) (304) (305).

3.5.8.1 Intervention.

6 utilised 3D planning for intracranial/spinal tumours (305) (306) (307) (308) (309), 1 for
microsurgical clipping of intracranial aneurysms, 3 for degenerative disc disease, 2 for
corrective surgery adolescent scoliosis, and 1 to plan trigeminal microvascular
decompression. 9 studies used virtual models primarily for anatomical visualisation with
volumetric rendering used in 5/9 studies. 3 studies employed computer assisted planning to
manufacture 3D printed cutting guides; two studies used 3D printed models for anatomical

visualisation and pre-operative simulation.

3.5.8.2 Outcome measures

9/13 studies utilised operative time as the primary outcome measure, of which 8 reported 3D
significantly reduced operative times (305) (302). None of the studies recorded how
operative time was measured. 6 studies reported intraoperative blood loss, of which 3 found

significant reductions in the 3D intervention group.

Two studies evaluated the effect of 3D planning on surgical accuracy. 3D printed cutting
guides improved the accuracy of pedicle screw placement as assessed by post-operative CT

scan using the Raley pedicle break classification(303).
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Patient reported functional/pain outcome measures were compared in 3 studies (297) (302)
(310). The Japanese orthopaedic score (JOA), modified Rankin score, Oswestry disability
score, and visual analogue score (VAS). 2/3 studies reported significantly better scores in

the 3D model group.

Post-operative complications were evaluated in 4 studies (305) (310) (303) (304). Two
studies reported significant reductions in complication rates when 3D planning was used.
Complications were reported as a combined rate and were not defined or complication

classification systems such as Clavien-Dando were not used (305) (303).

3.5.9 Urology

8 studies were performed in Urology (see table 3-9). 3 were retrospective cohort studies;
Bertolo et al both 3D and standard 2D CT imaging was used for all patients with 3D and 2D
imaging modalities (311); Wang et al used matched controls (143) and Kamai et al allocated
patients to each study arm by the time period admitted (312). The remainder were
prospective studies; 2 studies compared all the included patients with both 3D and standard

imaging (313) (314); 2 studies used retrospective matched controls (142) (315).

3.5.9.1 Intervention

2 studies evaluated the used of 3D for planning percutaneous nephrolithotripsy for renal
calculi (313) (316). 6/8 used 3D models for planning partial/radical nephrectomy for renal cell
carcinoma (311) (312) (314) (143) (315). 3D virtual models utilised for anatomical
visualisation were the main intervention evaluated (7/8 studies) with 3 using volumetric
rendering and 4 using surface rendering techniques. 1 study evaluated 3D printed model

similarly used for anatomical visualisation (314).

3.5.9.2 Outcome measures

6 studies reported both operative time and intra-operative blood loss as outcome measures
(312) (316) (142) (315) (143). Wang et al reported significant reductions in operative times
and intra-operative blood loss in the 3D planning group (315), however none of the
remaining studies found any statistical difference between 3D and standard planning groups.
3 Studies evaluated the effect on the ischemic kidney time with no differences between
planning groups observed (142) (143) (143). The subjective usefulness was evaluated in two

studies.

Metanalysis for the effect of 3D planning on partial nephrectomy for renal cell carcinoma

operative times.
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Figure 3-11 presents a forest plot summarising the results of a meta-analysis examining the
effect of effect of 3D planning on partial nephrectomy for renal cell carcinoma operative
times. Four studies (Kamai 2010, Poriplegia 2017, Wang 2015, and Wang 2017) are

included, representing a total of 221 participants.

The combined effect size is a mean difference of -12.23 minutes (95% CI: -23.51 to -0.95),
suggesting that, on average, the intervention group demonstrated a statistically significant
improvement over the control group. Statistical measures indicate low between-study
heterogeneity (Tauz=7.037; Q = 3.14, p = 0.373; I> = 4.42%), implying that variability in
effect sizes across included studies is minimal. The overall test for effect is significant (z =
2.13, p = 0.034), favouring 3D models.
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Figure 3-10 Meta-analysis of the effect of 3D models on operative time (min) of partial nephrectomy for

renal cell carcinoma

Experiment Group Control Group
Study ID

Mean SD n Mean SD

n Bias

Kamai (2010) 124.80 2570 20 149.70 34.50

20 NRCT Serious

Poriplegia (2017) |[131.10 43.00 31 132.30 61.00 21 NRCT Serious
Wang (2015) 114.80 4150 49 121.00 31.60 45 NRCT Moderate
Wang (2017) 159.00 148.50 21 193.20 108.00 14 NRCT Moderate

MD,IV,Random

Study ID n Effect(95% CI) Weight(%)

Kamai 2010 40 -24.90 [-43.75, -6.05] 33.25

Poriplegia 2017 52 -1.20 [-31.36, 28.96] 13.58

Wang 2015 94 -6.20 [-21.04, 8.64] 51.43

Wang 2017 35 -34.20 [-119.26, 50.86] 1.75

Total 221 -12.23 [-23.51, -0.95] 100.00

4 studies included (N=221)

Heterogeneity: Tau?=7.037, Q=3.14 (p=0.373), 1>°=4.42%

Overall effect test: z=2.13, p=0.034

MD, IV, Fixed
Kamai2010 - ——
Poriplegia20dlT - —_—
Wang2015 - ——

Wang2017 -

Overall - .

T T T
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Figure 3-12 illustrates the pooled effects of 3D planning interventions on intraoperative blood
loss in partial nephrectomy for renal cell carcinoma. Four studies (Kamai 2010, Poriplegia
2017, Wang 2015, and Wang 2017) with a total sample size of 221 participants were

included in the meta-analysis.

The combined estimate indicates a statistically significant reduction in intraoperative blood
loss when 3D planning is used, with a mean difference of -25.84 mL (95% CI: -35.12 to -
16.55 mL) in favour of the experimental intervention. The test for overall effect is highly
significant (z=5.45, p<0.001). Statistical measures suggest minimal between-study
heterogeneity (Tau?=0.000; Q=2.49, p=0.478; 1>=0%), suggesting that the observed effect

sizes are consistent across included studies.
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Figure 3-11 Metanalysis of the studies evaluating the effect of 3D models on intra-operative

blood loss (ml) in partial nephrectomy for renal cell carcinoma.

Experiment Group Control Group
Study ID
Mean SD n [Mean SD n Bias
Kamai (2010) 221.60 138.10 20 ([326.30 282.80 20
Poriplegia (2017) 131.60 246.80 31 [129.00 182.00 21
Wang (2015) 142.60 46.60 49 ([158.50 57.30 45 NRCT Moderate
Wang (2017) 148.10 20.70 21 (176.10 1040 14 NRCT Moderate
MD,IV,Random
Study ID n Effect(95% CI) Weight(%)
Kamai 2010 40 -104.70 [-242.63, 33.23] 0.45
Poriplegia 2017 52  2.60[-114.05, 119.25] 0.63
Wang 2015 94  -15.90[-37.13, 5.33] 19.14
Wang 2017 35  -28.00 [-38.40, -17.60] 79.78
Total 221 -25.84 [-35.12, -16.55] 100.00
4 studies included (N=221)
Heterogeneity: Tau?=0.000, Q=2.49 (p=0.478), I>=0%
Overall effect test: z=5.45, p=0.000

MD, IV, Random
Kamai2010 - =
Pariplegia2017 -
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Wang2017 - [ |
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3.5.10 Upper Gl

5 studies were performed in upper gastrointestinal surgery (see table 3-8). Each were
comparative cohort studies with 2 retrospective (223) (317) and 2 prospective designs (318)
(one of which used retrospective controls (319)), with it being unclear in the study by Osaki
et al the specific study design (320). Patients were generally allocated to the 3D intervention
group based on the period during which their surgery was performed. In the prospective

study by Wang et al allocation to each group was by patient choice (318).

3.5.10.1 Intervention

3D was used to plan interventions for gastric cancer in 4/5 studies and oesophageal cancer.

All used volumetric rendering for anatomical visualisation.

3.5.10.2 Outcomes

4/5 studies evaluated the effect of 3D planning on intraoperative blood loss and operative
time (321) (319) (318) (317).

Wang et al. and Yuasa et al. found 3D planning significantly reduced intra-operative blood
loss (318) (317). The method of measuring blood loss was not described in any of the
included studies. 2/4 studies reported significant reductions in operative times when 3D
planning was utilised (318) (321). In fours studies complication rates were reported as a
combined rate with no specification of type or severity; no difference was found between 3D
and non 3D groups (321) (319) (318) (317). Three studies reported the number of lymph
nodes retrieved with no differences found between groups. Osaki et al evaluated the effect
of 3D visualisation on anatomical understanding. Pre-operative identification of an aberrant
left hepatic artery was significantly more accurate in the 3D group (non3D 75%[n=24/32] vs
3D 100 % [n=36/36]) (320).

3.5.11 Cardiac and Thoracic surgery

5 studies were conducted in thoracic and 3 in cardiac surgery (see tables 3-10 and 3-16). 4
utilised prospective cohort study designs in which both standard and 3D imaging modalities
were used for all the included patients. Two retrospective cohort studies were performed with
matched controls used to compare to the intervention group. For two of the included studies
we cannot ascertain whether they employed a retrospective or prospective design or how

patients were allocated to intervention or control groups.
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3.5.111 Interventions

5 studies evaluated 3D printed models that were used for anatomical visualisation and pre-
operative simulation. The remaining 3 studies used volumetric 3D virtual reconstructions for
anatomical visualisation. 3D planning was used for planning chest wall deformity surgeries
(322) (323), open rib fracture stabilisation (215), video-assisted thoracic surgery for lung
cancer (323) (324), and congenital cardiac disease interventions (325) (326) (327).

3.5.11.2 Outcome measures

4 studies evaluated the effect of 3D on operative time with 3 reporting significantly reduced
operative times using 3D (323) (328) (329), while Zhao et al reported 3D planning had no
impact on the operative time of (327). Hagiwara et al reported significantly reduced blood

loss when 3D planning was used (323).

Of the two studies which reported and compared general and procedure specific
complications, 3D had no impact (329) (329).

3.5.12 Bias assessments

Bias was prominent in most of the included studies. For the non-randomised studies 52% of
studies were at serious or critical risk of bias (31/98 serious; 20 critical). A further 36/98 were
of moderate risk of bias. The measurement of the outcome domain was the most significant
contributor of bias found identified with 30/98 studies at risk of serious or critical bias and a
further 44/98 at moderate risk. Common reasons included a lack of blinding and/or no
documented detail of how measurements were taken especially for blood loss or operative
time outcome measures. As a visual intervention blinding poses a unique challenge to
studies evaluating 3D. Confounding was the second most prominent domain contributing to

overall bias with 33/98 at moderate, 22/98 at serious and 4 studies at critical risk of bias.

Randomised studies were considered at high risk of bias in 13/27 studies. The measurement
of the outcome domain and selection of reported results were the most significant
contributors to overall bias. 15/27 studies were judged as ‘High’ or ‘Some concerns’ risk of
bias in the measurement of the primary outcome measure. Some concern/high risk of bias
within the randomisation domain was found in 11 studies. Figures 12 A & B detail the bias

assessments for each study included in the review.
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Figure 3-13 Bias assessment of randomised studies using ROB 2 bias assessment tool.
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3D models have been utilised for a wide variety of planning activities in most surgical
disciplines. As an emerging technology the number of publications evaluating 3D has
generally increased over the included period. Despite the significant heterogeneity found
between the specific procedures, 3D planning is broadly utilised for procedures involving

variable complex anatomy or where precision is required for reconstructive surgery.

While we draw a line between pre-operative planning and intra-operative navigation in
practice this line is more of a continuum, where models are frequently reviewed pre-
operatively and subsequently brought into theatre to facilitate intra-operative decision
making or 3D printed cutting jigs are manufactured to execute computer assisted planning

performed for complex limb or maxillofacial reconstructions.

The specific planning activity (i.e. visualisation, computer assisted planning, simulation etc.)
and the type of model (virtual versus printed) can be predicted by the specialty and
procedure- with certain procedures lending themselves more readily to certain model types.
3D patient specific simulation using printed models is largely restricted to procedures
involving bone. It’'s therefore dominated by trauma and orthopaedics and maxillofacial
reconstructions owing to the ease with which hard material 3D printed models can recreate
aspects of the intended surgery (e.g. sizing/ shaping implants). Procedure’s involving soft
tissue organs typically utilised virtual models for anatomical visualisation (i.e 3D virtual

models aimed at improving pre-operative understanding).

There is a significant variation in the study designs utilised to evaluate 3D models.
Comparative studies evaluating the effect of 3D planning were dominated by non-
randomised cohort designs (96/126) with 3D planning often compared with historical
controls, although the specific designs varied significantly. None of the included studies

included a power calculation to determine sample size.

The most reported outcome was operative time recorded either as the total procedure time
and/or time for a specific step (78/124). A significant proportion of studies reported 3D
planning significantly reduced operative times which would be in accordance with the
often-cited benefit of 3D planning within the pre-existing literature (208). However, these
results must be reviewed with some degree of caution owing to the inherent limitations of
non-randomised data with a lack of stated methodology for how operative time was

measured. This is reflected in the high levels of observed bias within both the randomised
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and non-randomised studies stemming from the measurement of the outcome measure. The
significant heterogeneity of procedures in which 3D planning was used largely prohibited
attempts at meta-analysis, however 3 procedures met our criteria for inclusion: acetabular
fracture fixation, partial nephrectomy, and liver resections. In each case the intervention was

favoured i.e. suggesting 3D reduced operative times in comparison to standard planning.

Blood loss was the second most reported outcome measure, included in 49/126 studies. Of
these 49 studies, 28 found the use of 3D planning significantly reduced blood loss. We
cannot make any clear conclusions with respect to the effect of 3D planning on blood loss
and the relative impact will be both intervention and procedure specific. As with operative
times, this outcome measure was subject to significant bias, as most studies used
retrospective data and did not state any methodology on how blood loss was measured or
who recorded the measurement. Furthermore, we cannot assess the clinical impact of
potential reductions in blood loss. While blood loss may reach statistical significance, the

effect on actual patient outcomes may be negligible.

A wide range of clinical outcome measures were utilised. 30 studies reported general and/or
procedure specific complication rates out of which 6 studies reported significant reductions in
complications when 3D planning was used. Of the 40 studies evaluating 3D for cancer
surgery, 8 reported oncological outcomes, of which only 5 statistically compared 3D with
standard planning (218) (225) (227) (298) (305). Clear oncological margins were the most
commonly reported outcome (owing to the lack of long term follow up data) where 3D was
not found to impact the RO rates for resections for cholangiocarcinoma (218) (225) (227) or
mengioma (298) (305) . Only Wei et al reported long term survival data finding statistically
improved survival at 6,12, 18 and 24 months for patients undergoing liver resections for

hepatocellular carcinoma (227).

Few of the included studies utilised outcome measures that would be specific to 3D e.g.
objective measures of anatomical understanding where this was the primary purpose of pre-
operative planning instead using the surrogate clinical outcomes more conveniently
obtained. Reductions in operative time and blood loss could be attributed to the improved
anatomical understanding, however this would be difficult to demonstrate based on the
current comparative studies as only one objectively analysed anatomical understanding
(320). Understanding the how and why 3D planning may be beneficial may require a mixed
methods approach that incorporates narrative and qualitative outcome measures in addition

to quantitative metrics. For example, the potential influence on a given operative plan e.g.
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tumour respectability or the extent of the resection for liver tumours may be better evaluated

qualitatively.

Evaluating the utility of 3D models in surgical planning will likely be difficult within the context
of purely quantitative outcome measures as the effect size is likely to be modest and the
number of patients that would need to be recruited to randomised studies prohibitive.
Furthermore, if we judge 3D by the standards set by randomised control trials- which were
conceived primarily to evaluate medical interventions- most studies will suffer from a
significant level of bias owing to the difficulties around blinding. Given the methodological
flaws of retrospective studies, future research should begin to include a greater proportion of

randomised prospective designs if the level of evidence for 3D planning is to be improved.

There is a lack of consistency in the literature with respect to the technical detail of model
production. While the focus on the included studies was to evaluate the clinical effectiveness
of 3D, the logistics of model production is a notable absence that makes any assessment of
their relative impact and feasibility difficult. Future research should not only focus on readily
available clinical outcome measures, but also feasibility of implementation, workflow
development of 3D model manufacturing, cost-analyses, and qualitative outcome measures

on their impact on surgeons and patients.
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Table 3-5 Summary of study design and 3D interventions in Colorectal Surgery

Author Year Pathology Procedure Study Design Allocation Tot 3D 2D Othe 3D intervention Renderin Imagin Segmentati Produce Printing Cos Print Used
al (m | (n) r g g on Software d method t time in
(n) com 3DP thear
p e
(n)
Hojo (178) 2020 Rectal cancer Lateral pelvic lymph Prospective All patients assessed 28 28 28 3D printed anatomical Surface CT not Not stated Surgeon Material $15 22 No
node dissection comparative cohort by each method understanding defined extrusion
Miyamoto 2017 Colorectal cancer Colectomy Retrospective No CT available 66 24 20 22 3D Virtual: anatomical Volumetric CT not Synapse Not stated
(175) comparative cohort visualisation defined Vincent
Saverio 2013 Colorectal cancer Colorectal resection RCT Simple 121 58 59 3D Virtual: anatomical Volumetric CTPV Workstation Not stated
(217) visualisation
Table 3-6 Summary of study design and 3D interventions in Hepatobiliary Surgery
Author Year Pathology Procedure Study Design Allocation Total 3D 2D g:’:; 3D intervention Rendering Imaging Segmentatio Produced Printing Cos Print Use
(n) (m  (n) ) n Software method t time din
3D thear
P e
Andert 2017 Cholangiocarcinoma Hilar en bloc Prospective cohort with All patients 38! 16 17 3D Virtual: anatomical Volumetric CTPV PACS System Radiologist
(218) resection retrospective controls assessed by each visualisation
method
Bozkurt 2019 Liver Liver transplant Cohort study All patients 41 41 41 Computer-assisted Not stated CT not Myrian 3 Surgeon
(230) assessed by each planning- outcome defined dimensional
method simulation volumetry
Diana (219) 2017 Gallstones Cholecystectomy Prospective All patients 58 44 54 52 3D Virtual: anatomical Surface MRI Visible Patient Not stated
comparative cohort assessed by each visualisation
method
Fang (235) 2014 Pancreatic cancer Pancreaticoduodene RCT Randomisation 62 43 19 Computer-assisted Surface CT Angio MI-3DVS Radiologist
ctomy planning- resection
Fang (231) 2015 Hepatocellular Hepatectomy Retrospective Unclear 116 60 56 Computer-assisted Surface CT Angio MI-3DVS Radiologist
carcinoma comparative cohort planning- resection
Fang (220) 2012 Pancreatic cancer Pancreaticoduodene Prospective cohort All patients 57 57 57 3D Virtual: anatomical Surface CT Angio MI-3DVS Radiologist
ctomy assessed by each visualisation
method
He (221) 2015 Hepatic alveolar Hepatectomy Prospective Unclear 106 59 47 3D Virtual: anatomical Surface Other IQQA-Liver Not stated
echinococcosis comparative cohort visualisation
Klauss 2009 Pancreatic Pancreaticoduodene Prospective cohort All patients 10 10 10 3D Virtual: anatomical Surface Multi- MITK ReLiver Radiologist
(222) carcinoma ctomy assessed by each visualisation phase CT
method
Miyamoto 2018 Pancreatic cancer Pancreaticoduodene Retrospective Time period 117 64 53 3D Virtual: anatomical Surface CT and Synapse Not stated
(223) ctomy comparative cohort visualisation MRI Vincent
Nakayama 2017 Hepatocellular Hepatectomy Retrospective Time period 240 120 120 3D Virtual: anatomical Unclear/ Multi- Synapse Surgeon
(224) carcinoma & comparative cohort visualisation Not stated phase CT Vincent
intahepatic
cholangiocarcinoma
Okuda 2015 Cholangiocarcinoma Hepatectomy Prospective cohort with Time period 118 49 69 3D Virtual: anatomical Volumetric Multi- Ziostation Not stated
(225) retrospective controls visualisation phase CT
Radke (226) 2010 Hepatectomy Hepatectomy Prospective cohort All patients 202 202 202 3D Virtual: anatomical Surface CT HepaVision Not stated
assessed by each visualisation portoven
method ous
Su (330) 2016 Hepatoblastoma Hepatectomy Retrospective Unclear 26 16 10 3D Virtual: anatomical Surface CTPV Hisense CAS Not stated
(Paeds) comparative cohort visualisation
Wang (232) 2017 Malignant and benign Segental Prospective cohort All patients 305 305 305 3D Virtual: simulation Surface Multi- IQQA-Liver Not stated
liver tumours hepatecotmy assessed by each phase CT
method
Wei (227) 2016 Hepatocellular Hepatectomy Prospective Patient choice 74 31 43 3D Virtual: anatomical Surface Multi- 3D Plus Body Not stated
carcinoma comparative cohort visualisation phase CT Visible System
Witowski 2020 Hepatocellular Hepatectomy Prospective cohort All patients 19 19 19 3D Printed: anatomical Surface CT multi 3D Slicer Surgeon Material $90 90- No
(216) carcinoma assessed by each visualisation phase extrusion 100

method
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Yang (229) 2019 Hepatocellular Hepatectomy Retrospective cohort Multiple assessors 4 4 4 3D Printed: anatomical Surface CT multi- Mimics Surgeon Polyjet $12 No
carcinoma of each case using visualisation phase 00
2D/3D
Yeo (228) 2018 Hepatocellular Hepatectomy Prospective Matched 10 5 5 3D Virtual: anatomical Surface CT not 3D Slicer Not stated
carcinoma comparative cohort visualisation defined
Zeng (233) 2016 Cholangiocarcinoma Cholangiocarcinoma RCT Simple 47 25 22 3D virtual: simulation Volumetric CT Angio MI-3DVS Not stated
Resection
Zhang (234) 2016 Hepatoblastoma Hepatectomy Retrospective Time period 21 11 10 3D virtual: simulation Volumetric CT Angio Sensation64 Not stated
comparative cohort
Zhao (331) 2017 Giant hepatic Hepatectomy Comparative cohort Unclear 5 3 2 3D Virtual: anatomical Surface CT not Hisense CAS Not stated
mesenchymal (Paeds) visualisation specified
hamartoma
Table 3-7 Summary of study design and 3D interventions in Upper Gastrointestinal Surgery
Author Year Pathology Procedure Study Design Allocation Tota 3D 2D Other 3D intervention Rendering Imaging Segmentatio Produced Printing Cos Print Use
comp
Mm@ - n Software method t time | din
3D thear
P e
Miyamoto 2016 Gastric cancer Gastrectomy Retrospective Time period 84 42 42 3D Virtual: anatomical Volumetric CT not Workstation Not stated
(321) comparative cohort visualisation defined
Osaki (320) 2015 Gastric cancer Gastrectomy Cohort study Unclear 68 32 36 3D Virtual: anatomical Volumetric CTPV Workstation Not stated
visualisation
Wada (319) 2013 Oesophageal cancer Oesophagectomy Prospective cohort with Time period 48 26 22 3D Virtual: anatomical Volumetric CT Angio Workstation Radiologist
retrospective controls visualisation
Wang (318) 2014 Gastric cancer Gastrectomy Prospective Patient choice 312 231 81 3D Virtual: anatomical Volumetric CT Angio PACS System Radiologist
comparative cohort visualisation
Yuasa (317) 2016 Gastric cancer Distal gastrectomy Retrospective Time period 192 115 77 3D Virtual: anatomical Volumetric Multi- Ziostation Not stated
comparative cohort visualisation phase CT
Table 3-8 Summary of study design and 3D interventions in Urology
Author Year Pathology Procedure Study Design Allocation Tota 3D 2D Othe 3D intervention Rendering Imaging Segmentatio Produced Printing Cos Print Use
r
M ) M) e n Software method t time din
P 3D thear
(n) P e
Bertolo 2018 Renal cell carcinoma Partial nephrectomy Retrospective cohort All patients assessed 20 20 20 3D Virtual: anatomical Volumetric CTPV PACS System Not stated
(311) by each method visualisation
Brehmer 2014 Renal stones PCNL Prospective cohort All patients assessed 35 35 35 3D Virtual: anatomical Volumetric CTnon PACS System Radiologist
(313) by each method visualisation contrast
Kamai (312) 2010 Renal cell carcinoma Radical Nephrectomy Retrospective Time period 80 20 60 3D Virtual: anatomical Volumetric CT Angio Leonardo Radiologist
comparative cohort visualisation InSpace
Parkhomen 2019 Renal Stones PCNL Prospective cohort with Matched + all 50 25 25 3D Virtual: anatomical Surface CT not 3D Slicer Not stated
ko (316) retrospective controls patients assessed by visualisation contrast
each method
Poriglia 2017 Renal cell carcinoma Partial nephrectomy Prospective Time period 52 31 21 3D Virtual: anatomical Surface CT not M3DICS Engineer
(142) comparative cohort visualisation specified
Wake (314) 2018 Renal cell carcinoma Partial nephrectomy Prospective cohort All patients assessed 10 10 10 3D Printed: anatomical Surface MRI Materialise External MJ $10 10 0
by each method visualisation Mimics company 00
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Wang (315) 2015 Renal cell carcinoma Partial nephrectomy Prospective cohort with 21 21 14 3D Virtual: anatomical Surface Multi- 3D-MIRGS Not stated
retrospective controls visualisation phase CT
Wang (143) 2017 Renal cell carcinoma Partial nephrectomy Retrospective Matched 94 49 45 3D Virtual: anatomical Surface Multi- MEDICAL Not stated
comparative cohort visualisation phase CT Imaging Three
Divisional
Visulisation
System
Zhang (332) 2018 Phaeochromocytoma Adrenalectomy Retrospective Unclear 36 14 22 3D Virtual: anatomical Surface CT Angio FreeForm Not stated
Iparaganglioma comparative cohort visualisation modelling
system
Table 3-9 Summary of study design and 3D interventions in Thoracic Surgery
Author Year Pathology Procedure Study Design Allocation Tota 3D 2D Othe 3D intervention Rendering Imaging Segmentatio Produced Printing Cos Print Use
r
™ ) M) e n Software method t time din
3 3D thear
(n) P e
Calloway 2011 Chest wall Chest Prospective cohort All patients 82 82 82 3D Virtual: anatomical Volumetric CT non Multimodality Not stated
(322) deformity reconstruction assessed using visualisation contrast workplace
each method software
Chen (329) 2018 | Rib fractures surgical Retrospective Unclear 51 17 34 3D Printed: simulation Unclear/ CT not Not stated Not stated Material Not Not No
stabilization of rib comparative cohort Not stated defined extrusion stat state
fractures ed d
Hagiwara 2014  Lung cancer VATS Case Series All patients 124 124 124 3D Virtual: anatomical Volumetric Other Workstation Surgeon
(323) segmentectomy/ assessed using visualisation
lobectomy each method
Huang 2018 Pectus Excavatum Nuss procedure Retrospective Matched 84 14 70 3D Printed: simulation Unclear/ CT not Materialise- Not stated Not Not 1
(328) comparative cohort Not stated defined Mimics stated stat
ed
Smelt 2019 Lung cancer Video assisted Prospective cohort All patients 16 16 16 3D Virtual: anatomical Volumetric Multi- ITK-SNAP Not stated Material Not Not 0
(324) thoracic surgery assessed by each visualisation phase extrusion stat state
method CT ed d
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Table 3-10 Summary of study design and 3D interventions in Neurosurgery

Author Year Pathology Procedure Study Design Allocation Total 3D 2D Othe 3D intervention Rendering Imaging Segmentatio Produced Printin Cost Print Used
r
(n) (n) (n) com n Software g 3DP time in
P metho theare
m d
Chen (305) 2012 Meningioma Meningioma Retrospective Unclear 730 473 257 3D Virtual: anatomical Volumetric CT Angio Workstation Surgeon
resection comparative cohort visualisation
Deng (299) 2014 Intraspinal Lamiotomy and Prospective cohort All patients 28 15 13 3D Virtual: anatomical Volumetric CT Angio Workstation Not stated
hemangioblastoma microsurgical tumour assessed by each visualisation
resection via method
posterior approach
Feng (297) 2020 Cervical spondylotic Cervical lateral screw RCT Simple 12 6 6 Computer-assisted Surface CT Mimics Not stated SLS Not 40 Yes
myelopathy fixation planning and 3D printed stated
cutting guides
Goertz 2018 Intracranial Microsurgical Retrospective Unclear ?time 157 117 40 3D Virtual: anatomical Volumetric CT Angio PACS System Not stated
(302) aneurysms clipping comparative cohort visualisation
Guo (306) 2018 Pituitary adenoma Endonasal Retrospective cohort Unclear 53 26 27 3D Virtual: anatomical Unclear/ CT non Not stated Not stated
transphenoid visualisation Not stated contrast
pituitary resection
Han (300) 2016 Trigeminal neuralgia Trigeminal Prospective cohort All patients 40 40 40 3D Virtual: anatomical Surface MRI 3D Slicer Not stated
microvascular assessed by each visualisation
decompression method
Haerle 2013 Pituitary lesions Skull base surgery Retrospective cohort All patients 8 12 12 3D Virtual: anatomical Volumetric MRI ITK-SNAP Surgeon
(307) assessed by each visualisation
method
Li (310) 2015 Lumbar disc Lumbar discectomy Prospective Unclear 37 15 22 3D printed: anatomical Surface CT non Materialise Not stated SLS Not Not No
comparative cohort visualisation contrast Mimics stated stated
Luo (301) 2019 Severe congenital Pediclle screw Prospective Patient choice 32 15 17 Computer-assisted Surface CT non Mimics Not stated SLS Not Not Yes
scoliosis placement comparative cohort planning and 3D printed contrast stated stated
cutting guides
Petrone 2020 Lumbar degenerative Posterior lumbar Retrospective Unclear 238 43 158 37 Computer-assisted Surface CT not OsiriX X; Not stated Not Not Not Yes
(303) disease fusion comparative cohort planning and 3D printed specified Mimics stated stated stated
cutting guides
Yang (308) 2009 Skull base tumors Skull base tumour RCT Simple 84 42 42 3D Virtual: anatomical Volumetric CT Angio Dextroscope Not stated
resection visualisation
Yang (304) 2015 Adolescent idiopathic Scoliosis Corrective Retrospective Unclear 126 50 76 3D Printed: simulation Surface CT not Not stated Not stated SLS Not Not No
scoliosis surgery comparative cohort defined stated stated
ZawyAlsofy 2020 Infratentorial brain Deep infratentorial Retrospective cohort All patients 14 14 14 3D Virtual: anatomical Not clear CT/MRI 3D Slicer Surgeon
(309) tumour tumour resection assessed by each visualisation
method
Table 3-11 Summary of study design and 3D interventions in Oral maxillofacial surgery
Author Year Pathology Procedure Study Design Allocation Tot 3D 2D Oth 3D intervention Rendering S Produced Printing Cost Print Used
al (n) (n) er Software method 3DP time in
(n) co theare
mp
(n)
Ayoub 2014 Mandibular deformity Mandibular RCT Simple 20 10 10 Computer-assisted Unclear/ CT non Materialise pro Not stated SLS Not Not Yes
(236) reconstruction with Randomisation planning with 3D printed Not stated contrast plan state state
iliac crest graft cutting guides d d
Bengtsson 2017 Grade Ill Mandibular Maxillary Le Fort RCT Simple 57 28 29 Computer-assisted Surface CT non Materialise Not stated
(237) Malocclusion osteotomy Randomisation planning contrast Mimics
Bengtsson 2018 Grade Ill Mandibular Maxillary Le Fort RCT Simple 55 28 27 Computer-assisted Surface CT non Materialise Not stated
(238) Malocclusion osteotomy Randomisation planning contrast Mimics
Bly (333) 2013 Orbital fractures Orbital reconstruction Prospective cohort with Time period 113 56 57 Computer-assisted Unclear/ CTnon iNtellect Cranial Not stated
retrospective controls planning Not stated contrast Navigation
Culie (248) 2016 Mandibular defects Mandibular resection Retrospective Time period 29 18 11 Computer-assisted Surface CT non Not stated External Not stated €25 Not Yes
and fibular free flap comparative cohort planning with 3D printed contrast company state
reconstruction cutting guides d
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Jacek (257) 2018 Oral squamous cell Mandibular resection Comparative cohort Unclear 8 4 4 Computer-assisted Volumetric CT non 3D Slicer Not stated Material Not Not No
carcinoma and scapular free flap planning with 3D printed contrast extrusion state state
reconstruction model for simulation d d
King (242) 2018 Mandibular fracture Mandibular ORIF Prospective Matched 38 19 19 3D Printed: simulation Surface CT not IntelliSpace Not stated Material Not Not No
comparative cohort defined Portal extrusion state state
d d
Kraeima 2018 Oral squamous cell Mandibular resection Prospective cohort with Time period 89 34 55 Computer assisted Surface Fused CT Materialise pro External Not stated
(243) carcinoma and reconstruction retrospective controls planning with 3D Printed and MRI plan company
cutting guide
Li (239) 2020 Class Ill mandibular Le fort | osteotomy RCT Simple randomisation 46 23 23 3D printed simulation Surface CT non Mimics Not stated SLA Not Not No
malocclusion and bilateral sagittal contrast state state
split osteotomy d d
Liu(244) 2020 Zygomaticomaxillary Bone contouring Prospective Unclear 24 13 11 Computer-assisted Surface CT non ProPlan CMF
fibrous dyspllasia comparative cohort planning- reconstruction contrast
Mao (249) 2019 Pierre robin Bilateral mandibular Retrospective Unclear 22 10 12 3D Printed: simulation Surface CT non Mimics Not stated SLS Not Not No
syndrome distraction comparative cohort contast state state
osteogenesis d d
Modabber 2012 Mandibular defects Mandibular resection RCT Simple 10 5 5 Computer-assisted Volumetric CT non Materialise- Not stated Not stated Not Not Yes
(240) and fibular free flap planning with 3D printed contrast Mimics state state
reconstruction cutting guides d d
Modest 2016 Maxillary tumour Maxillectomy Retrospective Unclear 9 4 4 3D Printed: simulation Surface CT non Materialise Radiologist Polyjet Not Not Yes
(250) with thoracodorsal comparative cohort contrast Mimics state state
scapular composite d d
free-flap
Pandey 2008 Otitis Media Otoscopy Prospective cohort All patients assessed 33 33 33 3D Virtual: anatomical Volumetric CT non PACS System Not stated
(245) by each method visualisation contrast
Ren (251) 2018 Mandibular tumour Mandibular resection Retrospective Time period 30 15 15 Computer-assisted Surface CT not Materialise Not stated
and fibular free flap comparative cohort planning- reconstruction specified Mimics
reconstruction
Rogers- 2017 Congenital facial Le fort lll midfacial Retrospective Time period 29 9 20 3D Printed: simulation Surface CT non Not stated Not stated SLS $100 Not No
Vizena deformity distraction comparative cohort contrast 0- state
(252) 2000 d
Schneider 2019 Retrognathism Le fort | osteotomy RCT Simple 21 9 12 Computer-assisted Surface CT non Dolphin 3D SLS $884 Not Yes
(241) planning and 3D printed contrast state
cutting guides d
Stirling 2014 Mandible Mandibular resection Retrospective Unclear 28 9 19 Computer-assisted Surface CT non Materialise Not stated
(253) reconstruction and reconstruction comparative cohort planning- reconstruction contrast Mimics
Swenseid 2020 Midface defects Subscapular system Retrospective Unclear 23] 9 14 Computer-assisted Surface/volu CT non Mimics Not stated Not stated Not Not Yes
(254) free flap comparative cohort planning and 3D printed me contrast state state
reconstruction cutting guides d d
Tsai (255) 2019 Cleft lip and palate Bimaxillary Retrospective Unclear 53 30 23 Computer-assisted Surface CT non Rhino3D Not stated Not stated Not Not Yes
osteotomies comparative cohort planning and 3D contrast state state
simulation and printed d d
cutting guides
Van 2015 Mandibular Bimaxillary Prospective cohort All patients assessed 66 31 35 Computer-assisted Not stated CT non Maxilim Not stated
Hemelen malocclusion osteotomy by each method planning- reconstruction contrast
(246)
Van Nunen 2013 Non syndromic Fronto supraorbital Prospective cohort with Time period 5 Computer-assisted Surface CT non Materialise Surgeon SLA 900 Not Yes
(247) trigonocephaly bar advancement retrospective controls planning- reconstruction contrast Mimics Euro/ state
skull d
Wu (256) 2017 Facial asymmetry Orthagnathic surgery Retrospective Time period 60 30 30 Computer-assisted Surface CT non Materialise Not stated
comparative cohort planning- reconstruction contrast Mimics
Zhang (261) 2015 Maxillary defects Maxillectomy and Comparative cohort Unclear 27 8 19 Computer-assisted Volumetric CT Angio iPlan CMF Not stated Not stated Not Not No
fibular free flap planning- reconstruction state state
reconstruction d d
Table 3-12 Summary of study design and 3D interventions in Gynaecological Surgery
Author Year Pathology Procedure Study Design Allocation Tot 3D 2D Oth 3D intervention Rendering I S Produced Printing Cos Print Used
al (n) (n) er Software method t time in
(n) co 3DP thear
mp e
(n)
Aluwee 2015 Uterine fibroids Myomectomy Prospective cohort All patients assessed 10 10 10 3D Virtual: anatomical Surface MRI Custom using Radiologist
(334) by each method visualisation open source

Toolkit
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Giusti (335) 2012 Endometriosis Endometriosis Prospective cohort All patients assessed 36 36 36 3D Virtual: anatomical Unclear/ MRI ITK-SNAP Not stated
resection by each method visualisation Not stated
Table 3-13 Summary of study design and 3D interventions in Trauma and Orthopaedics
Author Year Pathology Procedure Study Design Allocation Tota 3D 2D Othe ' 3D intervention Rendering Imaging Segmentatio Produced Printing = Cos Print Use
r
M M) M) e n Software method t time | din
3 3D thear
(n) P e
Cai (292) 2018 Pelvic fracture Pelvis Ml cannulated Non-RCT Not stated 137 65 72 3D Printed: simulation Surface CT non Materialise Not stated Not Not Not No
screw contrast Mimics stated stat stated
ed
Charbonnie 2018 Subacromial Acromioplasty RCT Randomisation 58 27 31 Computer-assisted Surface CT non Materialise Surgeon
r(262) impingement planning contrast Mimics
Chen (293) 2018 Proximal humerus Proximal Humeral Retrospective Time period 131 46 53 32 3D Printed: simulation Surface CT non Superlmage Surgeon Material Not Not No
fractures ORIF (plate) comparative cohort contrast Ortho edition extrusion stat stated
ed
Chen (215) 2019 Distal radius fracture Distal radius ORIF RCT Simple 48 23 25 3D Printed: simulation Surface CT non Mimics Not stated Material Not Shrs No
(volar locking plate) contrast extrusion stat
ed
Chen (336) 2020 Distal radius fracture Distal Radius ORIF Retrospective Time period 32 15 17 Computer-assisted Volume CT non Super Image Not stated
(volar locking plate) comparative cohort planning- reconstruction contrast Orthopaedics
Cherkasski 2017 Slipped femoral Proximal femoral Prospective Time period 15 5 5 5 3D Printed: simulation Surface CT non Materialise Not stated Material Not Not No
y (274) epiphysis osteotomy comparative cohort contrast Mimics extrusion stat stated
ed
Corona 2018 Post traumatic tibial Tibia llizarov frame Retrospective Emergency case 10 3D Printed: simulation surface CT non Materialise External Material 300 14.9 Yes
(284) deformity comparative cohort precluding 3D contrast Mimics company extrusion Eur
printing 0s
Dodd (275) 2015 Tibial plateau Tibial plateau ORIF Prospective cohort All patients assessed 12 12 12 3D Virtual: anatomical Unclear/ CT non OsiriX X Surgeon
fracture (plate) by each method visualisation Not stated contrast
Duan (285) 2019 Subtalar arthritis Subtalar arthrodesis Retrospective Unclear 30 14 16 Computer-assisted Surface CT non Mimics Not stated Material Not Not Yes
comparative cohort planning and 3D printed contrast extrusion stat stated
cutting guides ed
Giannetti 2016 Tibial plateau Tibial Plateau ORIF Prospective Unclear 40 16 24 3D Printed: anatomical Surface CT not OsiriX X Not stated SLA 98- 10 Yes
(276) fracture (minimally invasive comparative cohort visualisation defined 138
plate) euro
Hau (277) 2020 Knee osteoarthritis Total knee Prospective All patients assessed 35 35 35 Computer-assisted Surface CT EOS Not stated
replacement comparative cohort by each method planning-
Hsu (286) 2018 Acetabular fractures Acetabular ORIF Retrospective Time period 29 12 17 Computer-assisted Unclear/ CT not Materialise- Surgeon Not Not 612.2 No
(plate) comparative cohort planning- reconstruction Not stated defined Mimics stated stat 5+/-
ed 23.14
mins
Huang 2020 Acetabular fractures Acetabular ORIF RCT Block 40 20 20 3D printed simulation Surface CT Mimics Not stated SLA Not No
(263) (both column) (plate) stated
Kong (264) 2020 Distal radius fracture Distal Radius ORIF RCT Simple 32 16 16 3D printed simulation Surface CT Mimics Not stated Not Not Not No
(distal volar plate) stated stat stated
ed
Leon- 2020 Knee osteoarthritis Total knee Prospective All patients assessed 227 227 227 Computer-assisted Not stated CT Not stated Not stated
Munoz replacement comparative cohort by each method planning- reconstruction
(278)
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Li

Lou (265)

Mainard
(288)

Maini (337)

Maini (294)

Nashikkar
(279)

Samaila
(280)

Sariali (267)
Scalise
(289)
Totoki (281)
Van den

Berg (290)

Walenkamp
(282)

Werner
(338)

Wong (291)

Yang (268)

Yang (270)
Zhang (296)
Zhang (271)

Zhao (269)

Zheng (272)

Zheng (295)

Zheng (273)

2016

2017

2017

2016

2018

2019

2020

2016

2008

2018

2020

2015

2017

2018

2017

2016

2017

2015

2016

2017

2017

2017

Pelvic fracture

Tibial plateau
fractures

Total hip
replacement

Acetabular fractures

Acetabular fractures

Shoulder
osteoarthritis

Intra-articular
fractures of
calcaneus, tibial
plateau and distal
radius

Hip osteoarthritis

Total shoulder
arthroplasty

Distal radius fracture

Posterior tibial
plateau fractures

Malunited radius
fracture

Osteoarthritis

Femoeroacetabular
impingement

Humeral Condyle
and radial head
fracture
Trimalleolar ankle
fracture

Shoulder dislocation

Tibial plateau
fractures

Thoracolumbar
fractures, lumbar disk
herniation, lumbar
canal stenosis,
lumbar
spondylolisthesis
Intertrochanteric
proximal femoral
fracture

Distal Humerus
fractures

Calcaneal fractures

Pelvis ORIF (fixation
method not stated)

Tibial ORIF (plate)

Total hip replacement

Acetabular ORIF
(plate)

Acetabular ORIF
(plate)

Total shoulder
arthroplasty

Distal, calcaneus,
tibial plateau ORIF
(screw and plate)

Total hip replacement

Total shoulder
arthroplasty

Distal radius ORIF
(volar locking plate)

Tibial Plateau ORIF
(plate)

Radius Corrective
osteotomy

Total shoulder
arthroplasty
Femur osteoplasty

Elbow ORIF (plate)

Ankle ORIF (plate)
Coracoid osteotomy

Tibia plateau ORIF
(plate)

Lumbar spine
surgery

Intramedullary hip
screw

Humerus ORIF
(plate)

Calcaneal ORIF
(plate and screw)

Retrospective
comparative cohort

RCT

Retrospective cohort

RCT

RCT

Prospective cohort with
retrospective controls

Prospective cohort

RCT

Retrospective cross-
over

Prospective
comparative cohort

Retrospective cross
over

Prospective
comparative cohort

Prospective
comparative cohort

Retrospective cohort

RCT

RCT

Retrospective
comparative cohort

RCT

RCT

RCT

RCT

RCT

Time period

Simple

All patients assessed
by each method

Simple

Simple

Time period

All patients assessed
by each method
Simple

All patients assessed
by each method
Time period

All patients assessed

by each method
Unclear

All patients assessed
by each method

All patients assessed
by each method

Simple

Simple
Unclear
Simple

Simple

Simple

Simple

Simple

157

72

31

21

25

71

52

28

24

49

34

50

40

30

78

32

23

39

91

75

76

34

31

35

52

24

30

34

50

43

35

81

38

31

36

52

24

34

50

20

48

40

3D printed: anatomical
visualisation

3D Printed: simulation

Computer-assisted
planning

3D Printed: simulation

3D Printed: simulation

Computer-assisted
planning

3D Printed: anatomical
visualisation

Computer-assisted
planning

Computer-assisted
planning

Computer-assisted
planning

3D Virtual: anatomical
visualisation

3D Printed: simulation

Computer-assisted
planning

3D Printed: simulation

3D Virtual: anatomical
visualisation

3D Virtual: anatomical
visualisation

Computer-assisted
planning
Computer-assisted
planning

Computer-assisted
planning

Computer-assisted
planning and 3D printed
cutting guides

3D Printed: simulation

3D Printed: simulation

Volumetric

Volumetric

Surface

Surface

Surface

Surface

Volume/surf

ace

Surface

Surface

Surface

Volume

Surface

Surface

Surface

Surface

Surface

Volumetric

Volumetric

Not stated

Not stated

Volumetric

Volumetric

CT Angio

CT non
contrast

CT not
defined

CT non
contrast

CT non
contrast

CT

CT non
contrast

CT not
defined
CT non
contrast
CT not
defined
CcT

CT non
contrast

CT non
contrast

CT non
contrast

CT non
contrast

CT non
contrast

CT non
contrast
CT non
contrast

CT non
contrast

CT non
contrast

CT non
contrast

CT non
contrast

Materialise
Mimics

Materialise
Mimics

EOS imaging

Materialise
Mimics
Materialise
Mimics

Not stated

OsiriX X

HipPlan
(Symbiosis)

Custom
Zed-Trauma
Not stated

Custom

Imascap

3D Slicer

Materialise
Mimics
Materialise
Mimics
Materialise
Mimics
Materialise
Mimics
Centricity
Radiology RA
600

M3D
MedGraphics

Materialise
Mimics

Materialise
Mimics

Not stated

Not stated

External
company

Not stated

Not stated

Not stated

Not stated

Not stated
Not stated
Not stated

Not stated

Not stated

Not stated

Not stated

Not stated
Not stated
Not stated

Not stated

Surgeon

Not stated

Not stated

Not
stated

Not
stated

SLS

Material
extrusion

Material
extrusion

Material
extrusion

Material
extrusion

Material
extrusion

Material
extrusion

Not
stated

Not
stated

Not
stated

Not
stat
ed
Not
stat
ed

Not
stat

Not
stat
ed

Not
stat
ed

Not
stat
ed

$3

$3

$2

Not
stat
ed
Not
stat
ed
Not
stat
ed

Not
stated

Not
stated

Not
stated

2hr

37

min
2.5hr

2.5hr

Not
stated

Not
stated

Not
stated

No

No

No

Table 3-14 Summary of study design and 3D interventions in Plastic/Breast Surgery
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Zhao (327) 2018 Congenital Congential Comparative cohort Unclear 25 8 17 3D Printed: Volumetric CT Materialise Not stated Not Not Not No
cardiac disease cardiac disease anatomical Angio Mimics stated stat state
procedure visualisation ed d
Author Year Pathology Procedure Study Design Allocation Total 3D 2D Oihs 3D intervention Rendering Imaging Segmentation Produced Printing Cos Print Used
r
() (n) (n) comp Software method t time in
(n) 3D theare
P
Li (339) 2014 Multiple soft tissue Sural neurovascular RCT Simple 40 20 20 Computer-assisted Volumetric CT Angio Amira 4.1 Not stated
defects island flap planning
Gacto- 2010 Breast cancer Mastectomy and Prospective cohort with Time 70 35 35 Computer-assisted Volumetric CT Angio VirSSPA
Sanchez reconstruction retrospective controls planning
(340)
Zhang (341) 2019 Breast ccancer Mastectomy and RCT Simple 96 52 44 Computer-assisted Not clear CT not MI-3DVS
reconstruction planning defined
Table 3-15 Summary of study design and 3D interventions in cardiac surgery
Author Year Pathology Procedure Study Design Allocation Tota 3D 2D Othe 3D intervention Rendering Imaging Segmentatio Produced Printing Cos Print Use
M @) M) e n Software method t time din
P 3D thear
(n) P e
Garekar 2016 Double outlet right Congential cardiac Prospective cohort All patients 6 6 6 3D Printed: Unclear/ Not stated Not stated Color jet Not Not No
(325) ventricular septal disease procedure assessed by each anatomical Not stated stat state
defect method visualisation ed d
Valverde 2017 | Congential cardiac Congential cardiac Prospective All patients 40 40 40 3D Printed: Surface CT and ITK-SNAP Surgeon Material Not 35 No
(326) disease disease procedure comparative cohort assessed by each anatomical MRI extrusion stat hrs
method visualisation ed
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Impact of 3D Reconstructions on

Understanding of Mesenteric

Vascular Anatomy

4.1 Background

Werner Hohenberger and colleagues first introduced the concept of complete mesocolic

excision (CME) for colonic cancer (170). Central to the CME technique are three
foundational principles: dissection along embryological planes, sufficient longitudinal bowel
resection, and central vascular ligation coupled with the excision of central aspects of the
mesocolon (342). CME represents an advanced surgical procedure demanding a high level
of technical skill. A key challenge to CME is navigating the complex mesenteric vascular

anatomy, particularly for lesions in the right and transverse colon (342).

The central dissection performed in CME contains a risk of vascular injury, which has raised
concerns about the safety of adopting this technique widely beyond high-volume expert
centres (343,344). Results regarding the risk of vascular injury reported in two recent
randomised trials are contradictory (345,346). However, central dissection does not appear

to be associated with higher morbidity and mortality (173,347).

A detailed understanding of colonic and mesenteric anatomical variations is essential for
preoperative planning and performing these extensive surgical procedures (348).
Traditionally, this understanding is acquired by examining computed tomography (CT)
datasets. However, translating the 3D anatomical relationships inferred from 2D images for
intra-operative application presents a significant challenge, even for experienced surgeons
(349). Moreover, clinically relevant anatomical variations are often underreported.
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The advent of 3D reconstructed models from patient imaging data has the potential to
enhance anatomical comprehension (350), serving as a valuable tool for surgical planning
and execution (351). These 3D reconstructions, theoretically, offer advantages over
conventional 2D imaging, yet their utility and reliability in mesenteric vessel visualisation

have yet to be empirically validated in trainee or expert surgeons (352,353).

Building on this background, this chapter presents two complementary studies examining the
impact of three-dimensional models on understanding mesenteric vascular anatomy across

different levels of surgical expertise.

Study 1 investigates whether 3D reconstructions improve anatomical understanding among
surgical trainees compared to a standardized CT interpretation protocol (AMIGO). Through a
randomised crossover design involving 13 surgical trainees, the study evaluates the
effectiveness of 3D models versus conventional 2D imaging for identifying key vascular
structures relevant to CME. The primary research question is whether 3D visualisation
enhances trainees' ability to recognise and understand complex mesenteric vascular

relationships compared to traditional CT-based methods.

Study 2 examines the reliability and accuracy of 3D models versus standard CT imaging
among expert CME surgeons. Through a two-phase assessment of inter-rater and intra-rater
reliability involving four high-volume CME surgeons evaluating 66 cases, this study
investigates whether 3D reconstructions can improve consistency and accuracy in identifying
critical vascular anatomy among experienced practitioners. The core research question
explores if 3D visualisation technology can enhance even expert-level interpretation of

mesenteric vascular configurations.

Together, these studies aim to provide comprehensive evidence regarding the utility of 3D
models across the spectrum of surgical expertise, from trainees to established experts. Their
findings will help determine whether 3D visualization represents a valuable tool for improving
anatomical understanding and potentially enhancing the safety and effectiveness of CME

procedures.
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4.2 The impact of three-dimensional reconstruction and
standardised CT interpretation (AMIGO) on the
anatomical understanding of mesenteric vascular

anatomy for planning complete mesocolic excision

surgery. A randomised cross-over study.

e Aim: Evaluate whether trainees gain a significantly improved understanding of
mesenteric vascular anatomy using 3D models versus standardised CT interpretation
protocols (AMIGO).

¢ Hypothesis: Exposure to 3D models will yield statistically higher objective assessment

scores compared to standard CT interpretation.

4.2.1 Methods

Thirteen senior surgical trainees were recruited into a randomised, controlled, cross-over
study conducted over one month. All higher trainees in general surgery within the United
Kingdom were eligible to participate. A total of fifteen retrospective CT scans were selected.
Two consultant gastrointestinal radiologists jointly reviewed each scan to establish the
anatomical configuration of the mesenteric blood vessels and to confirm the corresponding
three-dimensional (3D) reconstruction.

The trainees were randomly divided into two groups of unequal size (Group 1: n=6; Group 2:
n=7). Each participant received an illustrated manual (see appendix 4.1) on complete
mesocolic excision (CME) anatomy two weeks before the study day, and this manual
remained available for reference throughout all assessment rounds. The same anatomical
content was also reviewed during the initial instructional anatomy workshop on the study
day.

Three training workshops were provided sequentially:
1. Basic mesenteric vascular anatomy (90 minutes)
2. The AMIGO method for CT interpretation (60 minutes)

3. 3D model usage (10 minutes)
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During the brief 3D model training, trainees were instructed on interacting with the model
(panning, tilting, zooming). Trainees were not provided with formal interpretation guidelines

or a structured approach to identifying vessels.

The fifteen patient cases were randomly assigned into three sets of five for each participant
using a random sequence generator. Each set of five cases was assessed following one of
the three workshops (basic anatomy, AMIGO, 3D models). Every trainee interpreted all
fifteen cases, with each round of testing consisting of a randomly allocated set of five cases
for each participant. No time limits were imposed on case interpretation at any stage. Figure

4-1 provides a schematic overview of the study design.
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Figure 4-1 3D vs. AMIGO study flow diagram

Group 1 n=6 | Group 2 n=7
CME ANATOMICAL TRAINING WORKSHOP (60 minutes)

Baseline testing

Randomly allocated set of five CT scans

Baseline testing

Randomly allocated set of five CT scans

Interpretation of 2D CT scans Interpretation of 2D CT scans

3D model workshop

Trainees instructed how to interpret and
navigate 3D model

AMIGO workshop

(60 minutes)

ROUND 2 Testing
3D models

Trainees use 3D models to determine
patient specific anatomy for five randomly
allocated cases

ROUND 2 Testing

Interpretation of 3D reconstructions

Interpretation of 20 CT scans
of corresponding patient cases

3D model workshop

Trainees instructed how to interpret and
navigate 30 maodel

AMIGO workshop

(60 minutes)

ROUND 3 Testing
3D models

Trainees use 3D models to determine
patient specific anatomy for five randomly
allocated cases

ROUND 3 Testing
AMIGO Method

Trainees use A

Interpretation of 3D reconstructions

L N X Interpretation of 2D CT scans
of corresponding patient cases
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4.2.1.1 Outcome measures

The primary outcome measure was an objective vascular anatomy knowledge score. This
assessment tool was initially piloted with surgeons and radiologists external to the study to
ensure its validity and reliability. The score was derived from a multiple-choice questionnaire
designed by the investigators to evaluate participants' understanding of mesenteric vascular
anatomy (Supplemental Data 1). Subjective user feedback using a custom Likert-scale

questionnaire was a secondary outcome measure.

4.2.1.2 Sample size and power calculation.

Based on preliminary data, with an estimated effect size of 0.39, power set at 80%, and an
a-level of 0.05, a sample size calculation indicated that 29 observations per group were

required to detect a statistically significant difference among the three groups.

4.2.1.3 3D model production

3D surface rendered reconstructed models were produced for fifteen colon cancer patients
using standard porto-venous phase computed tomography scans (1-2mm slice thickness).
DICOM files were imported into segmentation software ITK-SNAP (Version 3.8, open-
source). Segmentation was performed predominantly through manual methods. The larger
arterial vessels (aorta, coeliac, and superior mesenteric arteries) were segmented using a
region-based, algorithmic approach. In this process, segmentation was initiated from selected
seed points, and adjacent voxels were iteratively included until predefined threshold
parameters were no longer satisfied. In contrast, smaller-calibre vessels typically necessitated
manual segmentation. Venous structures and organs were also segmented manually due to

their homogeneity and indistinct boundaries within the surrounding anatomy.

All segmentations were initially completed by the primary investigator (JAF) and verified by
two consultant radiologists to ensure accuracy. The mesenteric arterial and venous vessels,

colon, stomach, duodenum, and pancreas were delineated for each model.

Verification consisted of a review of each scan to determine the vessel configuration, which

was then matched against the segmentation results (and 3D reconstruction). Any discrepancy

204



between reviewers was resolved by mutual consensus. Corrections where necessary were

then made to the finalised segmentation result.

PBR-rendered models with realistic texturing were produced for each case, as outlined in
Chapter 2. Models were displayed on the online platform Sketchfab. At the time of the study,
we had yet to utilise the Sketchfab API to give users control over model transparency;
therefore, models' textures and each mesh component's opacity were static. Models can be
viewed here at https://skfb.ly/prKzD.

Users could freely pan, tilt, and zoom models but lacked control over the transparency of the
individual elements. The average time for segmentation was 84 minutes (range 50-120 mins)

per case. Processing time and texturing ranged from 240- 350 minutes.

4.2.1.4 AMIGO Method

AMIGO is a mnemonic designed to facilitate the systematic analysis of mesenteric vascular
anatomy for complete mesocolic excision (CME) procedures when interpreting two-
dimensional (2D) cross-sectional computed tomography (CT) scans. This structured five-
step checklist is applied when reviewing the CT and encompasses the following anatomical

landmarks:

1. A: Identify the superior mesenteric Artery (SMA).

2. M: Identify the Middle colic artery (MCA).

3. I: Identify the lleocolic artery and vein.
4. G: Identify the Gastropancreaticocolic trunk (trunk of Henle).
5. O: Identify Other relevant structures, such as the middle colic vein (MCV) and

small bowel branches.

Prior to conducting the assessments, all participants underwent a training session with

several work examples to ensure proficiency in using the AMIGO method (see Figure 4-2)
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Figure 4-2 AMIGO CT interpretation checklist

YaMIGO

5 Steps to Interpret SMA/SMV Anatomy

Identify the Superior Mesenteric ARTERY
__| Identify the abdominal aorta
[ ] Identify the coeliac trunk
[ ] Identify the SMA

A

Identify the MIDDLE Colic Artery and birfurcation
Identify the ILEOCOLIC ARTERY / VEIN

|| Follow the SMA to the bifurcation into the ileocolic artery
[ ] Check the relation ship to the SMV (anterior vs. posterior)
| | Follow the artery to the caecum

|| Now follow the ileocolic vein back centrally

[

Check if the ICV drains back into the SMV main trunk or from ileal vein
D Check for independent right colic vein proximally

Identify the GASTROCOLIC trunk of Henle

(| Follow the SMV further proximal to the first branch of the right of the
patient

|| Identify the underlying pancreas

| | Folllow the GCT and check for the gastroepiploic vein

D Check for colonic branches

OTHER- MCV and small bowel branches
o D Go back to the GCT origin and check for any anterior branches at this level

| | If not present, follow the SMV proximal to the splenic vein and check for
anterior branch

[ | If not present check splenic vein for branches towards the transverse colon
to the level of the IMV

[ | If not present, check for the first jejunal or other left sided branches distal
to the sigmoid vein
|:] Consider radiologist input
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4.2.1.5 Statistical Analysis
All statistical analyses were conducted using SPSS (Version 23, IBM). The Shapiro—Wilk test

indicated a significant deviation from normality in the primary outcome measure (W(195) =
0.967, p < 0.001). Consequently, the differences between the median values for each group
(Baseline, AMIGO, and 3D) were evaluated using the Kruskal-Wallis test.

4.2.2 Results

Thirteen general surgical trainees participated in the study. None had received formal
instruction in CT interpretation; however, 11 of the 13 trainees reported informal, on-the-job
training. Among the participants, five had no prior experience with complete mesocolic
excision (CME), two had attended a related lecture, and six had either assisted or performed
the procedure (in whole or in part). Demographic details of the trainee cohort are presented
in Table 4-1.

Table 4-1 3D vs AMIGO Participant demographics

Length of training

ST3-4
ST5-6
ST7-8
Post-CCT 1

N o N

Previous CT instruction

None 2

Informal 11

Previous CME experience

None
Lecture

Assisted

w W N O

Performed
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Compared with baseline testing, the use of three-dimensional (3D) models resulted in
significantly improved performance, yielding a fourfold increase in median objective anatomy
knowledge scores (median: 8.0 vs. 2.0, H (2) = 76.856, P < 0.001). Likewise, the AMIGO
method enhanced anatomical understanding relative to baseline (median: 5.0 vs. 2.0, P <
0.001). Furthermore, trainees achieved substantially higher objective anatomy scores with
3D models compared to the AMIGO method, corresponding to a 60% improvement (median:
8 [3D] vs. 5 [AMIGO] vs. 2 [Baseline]; P < 0.001). Complete results are presented in Table 4-
2.

Table 4-2 Summary of test scores overall and by study group at baseline and using AMIGO
and 3D models (SD — standard deviation, maximum score = 14)

N case ) Average
Group Model ) Median Range IQR Comparator . p-value
observations Score diff.
Baseline 65 2 0-11 1.0-3.8
AMIGO 65 6 0-11 4.0-7.5 vs Baseline +2.98 <0.001
All
vs Baseline +5.13 <0.001
3D Model 65 8 1-13 6.0-9.5
vs AMIGO +2.15 <0.001
Baseline 30 2 0-11 2.0-3.3
AMIGO 30 5 0-10 2.0-7.0 vs Baseline +2.18 0.005
1
vs Baseline +5.23 <0.001
3D Model 30 8 4-10 6.0-9.5
vs AMIGO +3.05 <0.001
Baseline 35 2 0-10 1.0-4.0
AMIGO 35 6.5 2-11 5.0-8.0 vs Baseline +3.66 <0.001
2
vs Baseline +5.04 <0.001
3D Model 35 8 1-13 6.0-10.0
vs AMIGO +1.39 0.066

Both the three-dimensional (3D) model approach and the AMIGO method significantly
enhanced trainees' comprehension of mesenteric vascular anatomy compared with baseline
assessments (see Figures 4-3B and 4C). In Group 1 (AMIGO first, then 3D), participants
achieved markedly higher scores with 3D models than with AMIGO (median 8.0 vs. 5.0;
p=0.001) (Figure 4-3B). Although 3D scores were also higher than AMIGO in Group 2 (3D
first, then AMIGO), this difference did not reach statistical significance (median 8.0 vs. 6.5;
p=0.264).
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Figure 4-3 Mean scores for all candidates at baseline and using AMIGO method versus 3D
models; B- Mean scores for group 1 at baseline and using AMIGO method versus 3D
models; C- Mean scores for group 2 at baseline and using 3D models versus AMIGO

A Boxplot of test scores at baseline and using AMIGO method versus 3D
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Examining the effect of 3D models by patient case, we observed a trend for improved scores
for 3D over AMIGO and baseline. In 14/15 patient cases, 3D was superior to using the AMIGO
method. 3D models and the AMIGO method improved anatomical understanding from
baseline in each case (figure 4-4A). The median score per case improved by an average of

3.5x compared to the baseline.
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All candidates improved their performance from baseline using both 3D and AMIGO. Eleven
of thirteen candidates achieved higher test scores when using 3D models versus AMIGO
(figure 4-4B) in both groups (table 4-2).

The percentage of correct responses varied according to the specific vessel in question and
the interpretation method used (3D and AMIGO). Trainees could better identify each examined
vessel using 3D and AMIGO than the baseline. However, for each vessel, the results for 3D

were superior to those of AMIGO (Figure 4-4C).

At baseline, trainees correctly identified an average of 22.8% of mesenteric vessels (range:
3.1-44.6%), with substantial variation depending on the specific vessel examined. The
ileocolic artery and vein were most accurately recognised, with correct identification rates
increasing from 37.7% at baseline to 61.5% when using the AMIGO method and reaching 80%
with 3D models. In contrast, the trunk of Henle proved more challenging, as correct responses
increased from 12.4% at baseline to 36.2% with AMIGO and further improved to 61.6% with
3D.

Baseline recognition rates for the right and middle colic vessels were 31.6% and 22.3%,
respectively. Using the AMIGO method, these values rose to 51.5% and 54.6%, while the
introduction of 3D models led to further improvements, achieving correct identification rates

of 62.3% for right colic and 60.8% for middle colic vessels.
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Figure 4-4 A) Mean scores for baseline testing versus AMIGO versus 3D model by case

number; B) Mean scores for baseline testing versus AMIGO versus 3D model by the

candidate; C) Percentage of correct responses by the question at baseline versus AMIGO

versus 3D model
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4.2.2.1 Trainee performance by level of training and previous experience with CME
The level of trainee seniority significantly influenced overall performance on the anatomical
knowledge assessment (Kruskal-Wallis H(3) = 17.076, p < 0.001). Senior trainees achieved
higher objective knowledge scores than their junior counterparts (ST3—-4 median: 5.25/16,
IQR: 1.0-8.0; ST6 median: 5.0/16, IQR: 2.0-7.0; ST7-8 median: 6.25/16, IQR: 4.0-9.0;
post-CCT fellow median: 9.0/16, IQR: 6.0-9.5).

Prior CME experience also significantly impacted performance (Kruskal-Wallis H(3) =
16.975, p = 0.001). Trainees who had previously performed CME procedures outperformed
those with no hands-on CME experience (performed CME: median = 7.5/16, IQR: 5.25-9.5;
attended lecture only: median = 3.25/16, IQR: 1.0-6.6, p = 0.001; no previous experience:
median = 5.5/16, IQR: 2.0-7.0, p = 0.004).

4.2.2.2 Subjective user feedback

Twelve participants (92%) reported that the 3D models enhanced their understanding of
mesenteric vascular anatomy. Furthermore, eleven candidates (85%) agreed or strongly
agreed that using colour coding in the 3D models facilitated their comprehension. However,
nine trainees indicated that they would not have been able to interpret the 3D models without
prior instruction. Ten participants (77%) considered 3D models easier to interpret than the
standard CT images used in the AMIGO approach, yet twelve (92%) preferred having both

2D CT scans and 3D reconstructions available in clinical practice.

As illustrated in Figure 5, ten and thirteen participants found it easier to identify most
vascular structures using 3D models, reflecting the objective improvements observed in their
assessment scores. On average, trainees rated all colonic vessels as more readily
identifiable on 3D models (Table 4-3).

Participants were also invited to provide open-ended feedback. Key issues raised included
limitations of the 3D user interface and the models themselves. Six trainees noted that the
inability to adjust the transparency of individual structures hindered interpretation. Four
candidates reported difficulty naming vessels that were truncated and did not extend fully to
their organ of origin—an acknowledged limitation related to the imaging parameters and the

inability to segment smaller-calibre vessels fully.
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Table 4-3 Trainee subjective rating of ease of identifying colonic vessels using CT and 3D
models

Subjective ease of identification

vV | (Likert scale: 1 Very Difficult — 7 Very Easy)
esse Median

CT 3D

Superior Mesenteric Artery
Superior Mesenteric Vein
lleocolic Artery
lleocolic vein
Middle colic artery
Middle colic vein(s)
Henle's Trunk

NWWhrbho o
U100 o) O
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4.3 Inter and intra-rater reliability of multi-slice CT and 3D

Reconstructed Imaging Analysis of Mesenteric

Vascular Anatomy for Planning and Performing

Complete Mesocolic Excision

4.3.1 Study Aims

The obijectives of the study are twofold: first, to compare the inter- and intra-rater reliability of
three-dimensional (3D) models against standard computed tomography (CT) scans for
evaluating mesenteric vascular anatomy relevant to complete mesocolic excision (CME),
and second, to determine the accuracy of each imaging modality in identifying these

vascular configurations.

4.3.2 Method

4.3.2.1 Outcome measure

The primary outcome measure was an objective vascular anatomy knowledge questionnaire
(Appendix 4.3) developed by the research team to evaluate participants' comprehension of
mesenteric vascular anatomy within a clinically relevant context of right-sided complete

mesocolic excision (CME).

4.3.2.2 Participant Selection and Data Collection

Four expert CME surgeons were recruited for this investigation, three regularly serving as
instructors for the European Society of Coloproctology Minimally Invasive Training Course
(348). The fourth surgeon possessed substantial practical experience in performing CME.
Information was collected regarding each surgeon's prior CME experience and standard

preoperative planning practices.

Sixty-six patient cases were randomly selected for analysis from a prospectively maintained
CME database containing 100 total reconstructed scans using a random number generator

to create a sequence from 1 to 100. The first 66 unique numbers drawn corresponded to the
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cases included in the study. Three-dimensional reconstructions were created by manually
segmenting (JF) each CT scan using the open-source software ITK-SNAP (Version 3.8) (20)
and subsequently validated by a consultant gastrointestinal radiologist (PL). Segmentation
times were recorded to the nearest five minutes. Polygon mesh models were then generated

from the segmentation files following the methodology described in Chapter 2.

Verification of each reconstruction was performed by JF and PL, drawing upon intra-
operative video footage (see Chapter 5) sourced from the prospectively maintained CME
database. Before the study, the participating surgeons received a detailed manual defining
all relevant mesenteric vessels (Appendix 4.1 and 4.3) and a tutorial on using the 3D
models. To ensure blinding, the CT data and the corresponding 3D models were assigned
random identifiers, preventing the surgeons from associating any individual reconstruction

with its original CT scan.

4.3.2.3 Testing Procedure and Analysis

The study was conducted in two rounds. In the first round, participants completed a multiple-
choice anatomical questionnaire (see Appendix 4.2) for each of the 66 cases, using CT data
and 3D models, or vice versa, resulting in 132 assessments. After a three-month washout
period, a second round of testing was conducted. This time, 20 cases were randomly
selected from the original 66, and participants again completed the questionnaire using both
3D models and CT imaging. Each case was re-encoded to preserve blinding so that

participants could not associate the models and CT scans from the first round.

All responses were recorded electronically using Microsoft Forms (Microsoft Corp., 2023).

4.3.2.4 Data Analysis

Data analysis was conducted using Microsoft Excel (Microsoft Corp. 2023) and custom
Python 3.4 scripts within a Jupyter Notebook environment (354), offering a reproducible and
transparent computational framework. Data manipulation and analysis were performed using
Python libraries: Numpy (195) and Pandas (355) for data handling, Matplotlib (213) and

Seaborn (356) for visualisation, and SciPy (196) and Stats for statistical analysis.
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Fleiss' kappa values were calculated for each single-response question to calculate inter-
rater reliability in the first round. This measure is suited to assessing agreement among
multiple raters. For questions requiring multiple responses, a one-hot encoding approach
was applied to transform each response into binary indicators, facilitating subsequent
analyses. The mean kappa value for each question was then derived to provide an overall

measure of rater consensus.

Kappa results were interpreted as follows: values < 0 as indicating no agreement, 0.01-0.20
as none to slight, 0.21-0.40 as fair, 0.41- 0.60 as moderate, 0.61-0.80 as substantial, and
0.81-1.00 as almost perfect agreement (357).

The average agreement was quantified as the percentage of identical responses provided by
each rater for each case and question, thereby reflecting the consistency of their
assessments. Intra-rater reliability for both imaging modalities—CT and 3D models—was
evaluated using Cohen's kappa values, complemented by calculating average agreement

(the percentage of matched responses between rounds).

The mean number of correctly identified anatomical structures per case was determined for
each participant. The benchmarks for correct anatomy in each case were established
through previous intraoperative observations and a review of the imaging by a Gl radiologist
with expertise in CME anatomical evaluation. As the data did not meet normality
assumptions (as confirmed by the Shapiro—Wilk test), non-parametric statistical methods
were employed for comparative analysis. Specifically, the Mann—Whitney U test was used to
examine differences in anatomical identification accuracy between the 3D reconstructions

and the multi-slice CT datasets.

4.3.2.5 Sample Size Determination

The study analysed data from 66 patient cases. The sample size was calculated based on
an estimated kappa value of 0.7, which falls within the 'good' agreement range of 0.6 to 0.8,

providing a confidence interval of £ 0.12.
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4.3.3 Results

4.3.3.1 Participating surgeon demographics

The CME operative and imaging interpretation experience and preoperative planning

practices of each participating surgeon are outlined in Table 4-4.

Table 4-4: CME experience and preoperative planning practices of participating surgeons

Surgeon CB EVE AS KS

Operative experience

Number of years performing

CME 16 5 8 17
Number of CME performed 700 120 400 1100
Open 250 0 20 100
Laparoscopic 450 0 380 1000

Robotic 0 120 0 0

Preoperative planning processes and imaging interpretation experience

Reviews CT imaging pre-
operatively to determine Yes- alone Yes-alone  Yes-alone Yes-alone
vascular anatomy

Does the radiology report
contain any information

regarding anatomical No No No No
variants?
Formal training in CT
interpretation for CME Taught on None Taughton  Taughton
anatomy? ~ °Urs® course course
Do you use 3D
reconstructed models to No NG - No

plan and perform CME?

4.3.3.2 Segmentation time

Table 4-5 presents the segmentation times for each type of scan, while Figure 4-5 shows

how these times were distributed across the dataset.
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Table 4-5: Segmentation times summary as per scan protocol and slice thickness

Time (min) Total

Segmentation

Scan Category n Median IQR Min Max |time (min)

CT PV contrast (Slice

thickness <tmm)| 4 140 375 135 150 565
CT PV contrast (Slice 47
thickness >1-<2.5mm) 75 25 50 100 3600
CT PV contrast (Slice 4
thickness >2.5mm) 57.5 7.5 50 65 230
o eglem| AR 145 20 125 175 1615

Figure 4-5 Distribution of Time Required for 3D Model Generation. Histogram showing the

frequency of cases by segmentation duration (minutes).

Distribution of Segmentation Times for All Scans

60 80 100 120 140 160 180
Segmentation Time (minutes)
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4.3.3.3 Inter-rater reliability

The Fleiss Kappa statistical analysis (Table 4-6) conducted for Round 1 inter-rater reliability
across 66 cases demonstrated a substantially better agreement for most anatomical
landmarks when the 3D models were used. The overall Fleiss Kappa was 0.6 for 3D and 0.1
for CT.

Table 4-6: Comparative Inter-Rater Reliability Measured by Fleiss' Kappa for CT and 3D Imaging
Modalities During Round 1. This table enumerates the Fleiss' Kappa statistics for each
anatomical question, assessing raters' agreement when using CT and 3D imaging techniques.
Colour key for Fleiss' Kappa values: RED: k = 0-<0.2 (poor agreement) ORANGE: k = 0.21-0.40
(fair agreement) YELLOW: k = 0.41-0.60 (moderate agreement) LIGHT GREEN: k = 0.61-0.80
(good agreement) GREEN: k= 0.81-1.00 (very good agreement)

Question CT 3D

ICV Drainage 0.13 0.85

ICA trajectory 0.56 0.93

RCA present? 0.02 0.79

RCA trajectory 0.02 0.75

RCV present? 0.04 0.25

RCV Drainage 0.03 0.32

No. of MCA Trunks 0.01 0.47

Origin of MCA 0.15 0.75

No of MCV trunks 0.10 0.18

MCYV drainage 0.25 0.43

Constltuento\;e::ﬁllz 0.14 0.50

Henle class 0.14 0.62

No. of ASPDV 0.05 0.59

ASPDV drainage 0.08 0.73

1st Jejungl vein 0.30 057
trajectory
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4.3.3.4 Intra-rater reliability

As measured by Cohen Kappa values, the intra-rater reliability for CT and 3D imaging
modalities demonstrated a range of agreement across the anatomical structures assessed.
The average Cohen Kappa values were higher for 3D when compared to CT, as shown in
Table 4-7.

Table 4-7: Intra-Rater Reliability Assessment Using Cohen's Kappa for CT Versus 3D Imaging
Across Anatomical Questions. This table quantifies the consistency of each rater's responses
between rounds 1 and 2 by presenting Cohen's Kappa values for both CT and 3D imaging
modalities. Colour key for Fleiss' Kappa values: RED: k = 0-<0.2 (poor agreement) ORANGE: k =
0.21-0.40 (fair agreement) YELLOW: k = 0.41-0.60 (moderate agreement) LIGHT GREEN: k =
0.61-0.80 (good agreement) GREEN: k= 0.81-1.00 (very good agreement)

Intra-rater Cohen Kappa values for CT and 3D image modalities

Rater 1 Rater 2 Rater 3 Rater 4 Average Cohen Kappa
Question
CT 3D CT 3D CT 3D CT 3D CT 3D
ICV Drainage 0.0 0.6 1.0 1.0 0.5 0.6 0.0 0.8 0.37 0.76
ICA trajectory 0.9 0.8 0.7 1.0 0.7 0.9 0.5 1.0 0.68 0.92
RCA present? 0.2 0.6 0.4 0.5 0.1 0.7 0.0 0.7 0.18 0.63
RCA trajectory 0.1 0.6 0.4 0.5 0.0 0.7 0.0 0.6 0.13 0.62
RCV present? 0.6 0.2 0.3 0.7 0.0 0.2 0.0 0.4 0.22 0.37
RCV Drainage 0.7 0.3 0.4 0.7 0.0 0.2 0.2 0.4 0.32 0.42
No. of MCA Trunks 0.0 0.6 0.0 0.6 0.0 0.5 0.1 0.7 0.03 0.59
No of MCV trunks 0.0 0.2 0.4 0.4 0.3 0.2 0.3 1.0 0.25 0.46
Henle class 0.1 0.4 0.2 0.9 0.1 0.8 0.2 0.7 0.17 0.69
ASPDV 0.0 0.7 0.4 0.8 0.3 0.7 0.4 0.7 0.30 0.70
1st Jejunal vein
0.3 0.7 0.4 0.7 0.4 0.8 0.5 0.1 0.39 0.56
trajectory
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4.3.3.5 Accuracy

In a direct comparison of diagnostic accuracy, three-dimensional (3D) imaging consistently
produced higher correct vessel identification rates than computed tomography (CT) across
all evaluators. In the first round (66 cases), the mean percentage of correct responses for CT
ranged from 76% to 85%, whereas 3D imaging yielded higher mean percentages between
87% and 93% (Table 4-8, Figure 4-6). This trend persisted in the second round (20 cases),
with CT yielding correct response rates of 78% to 83% and 3D imaging demonstrating

improved accuracy, ranging from 87% to 90% (Table 4-8).

Table 4-8 Mean percentage of correct responses for CT and 3D imaging modalities by rater.
Box and whisker plots depicting the distribution of correct responses percentages for each
rater are provided in Figure 1-7.

CT correct responses (%) 3D correct responses (%)
p-value

Mean i Min Max SD | Mean | Min Max SD

Rater 1 79 49 97 11.7 | 90 68 100 7.5 | p<0.001
ROUND | Rater?2 85 68 100 8.7 92 68 100 7.9 | p<0.001

n= 66 Rater 3 76 49 97 1.8 | 93 76 100 6.0 | p<0.001
Rater 4 77 51 97 9.7 87 60 100 = 10.0 | p<0.001

Rater 1 81 70 100 8.2 87 70.3 100 7.2 | p<0.001
ROUND | Rater?2 83 62 97 9.1 90 784 100 5.8 | p<0.001
n= 20 Rater 3 80 62 97 12.0 88 514 100 11.7 | p<0.001

Rater 4 78 65 100 @ 9.2 87 67.6 100 9.5 | p<0.001
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Minimum correct response rates in the first round ranged from 49% to 68% for CT and from 60% to
76% for 3D imaging. In the second round, the minimum percentages for CT increased slightly to
62%—-70%, while for 3D, they were 51%—78%. Both modalities achieved maximum correct response
rates of up to 100% across both rounds. The standard deviation of correct responses was consistently
lower for the 3D imaging modality, indicating greater uniformity among raters when using these
reconstructions. Statistically significant differences in accuracy between the two imaging techniques

were observed, with all p-values below 0.001 for every rater in both rounds (Figure 4-7).

Figure 4-6 Box Plot Analysis of Average Correct Response Rates by Imaging Modality. This
box plot contrasts the distribution of the average percentage of correct responses for each
rater using CT (shown in blue) and 3D imaging modalities (shown in orange). The central
line in each box represents the median percentage, the box itself shows the interquartile
range (IQR), and the whiskers extend to the range of data points.
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Figure 4-7 Box Plot Distribution of Rater Accuracy Using CT and 3D Imaging Modalities. The
correct response for raters 1-4. Each rater has a pair of box plots where the blue box
represents the distribution of correct responses when using CT imaging, and the orange box
corresponds to 3D imaging. The central line in each box indicates the median accuracy, the
box limits represent the interquartile range (IQR), and the whiskers extend to the furthest
point within 1.5 times the IQR from the box. Oultliers are represented as individual points
outside the whiskers.
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4.3.3.6 Performance of 3D models relative to CT imaging by case and rater

In the initial round of case assessments, three-dimensional (3D) virtual models enhanced
diagnostic accuracy in 62 of the 66 cases (94%) compared with CT imaging alone. Across all
raters, the median accuracy improvement was 10.1 percentage points (IQR: 10.8%).
Improvements varied considerably by case, ranging from a decrease of 7.4 percentage

points to an increase of 29.1 percentage points (Figure 4-8).

In the second round, comprising 20 cases, 3D reconstructions outperformed CT in 18/ 20
cases (90%). The median accuracy improvement was 7.8 percentage points (IQR: 8.5%),
with a narrower range from -5.4 to +19.6 percentage points (Figure 4-9). Correct responses

for each case per round of testing for each rater can be visualised in figures 4-10 and 4-11.

When examining results by individual surgeons, median accuracy enhancements ranged
from 6.1 to 17.9 percentage points in the first round and from 4.8 to 10.5 points in the
second round. Despite these substantial median improvements, the wide interquartile ranges

indicated notable variability between different raters and the cases they assessed.

Overall, Raters 1—4 demonstrated higher accuracy using CT alone in 12%, 17%, 8%, and

14% of cases, respectively.
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Figure 4-8 Differential Rater Performance in Correct Responses Using CT Imaging Versus 3D Models for Round 1. The bar chart illustrates the average
absolute percentage difference in correct responses for each case, with the green bars representing the aggregated data. The overlaid scatter plot depicts
individual rater performance, with each rater denoted by a unique colour and symbol.
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Difference in percentage of correct responses (%)

Figure 4-9 Differential Rater Performance in Correct Responses Using CT Imaging Versus 3D Models for Round 2. The bar chart illustrates the
average percentage difference in correct responses for each case, with the green bars representing the aggregated data. The overlaid scatter plot
depicts individual rater performance, with each rater denoted by a unique colour and symbol
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Figure 4-10 Individual Rater Accuracy Comparison by Case in ROUND 1 Using CT and
3D Models. This series of line graphs illustrates the percentage of correct responses for

each case by four separate raters in the second evaluation round. The accuracy is

compared between two diagnostic tools: CT imaging (depicted in blue) and 3D modelling

(depicted in orange). Each graph corresponds to one of the four raters, with the x-axis
representing individual cases and the y-axis showing the accuracy percentage. Data

points on the lines indicate the accuracy achieved by the respective rater for each case
using the specified imaging modality.
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Figure 4-11 Individual Rater Accuracy Comparison by Case in ROUND 2 Using CT

and 3D Models. This series of line graphs illustrates the percentage of correct
responses for each case by four separate raters in the second evaluation round. The

accuracy is compared between two diagnostic tools: CT imaging (depicted in blue)
and 3D modelling (depicted in orange). Each graph corresponds to one of the four
raters, with the x-axis representing individual cases and the y-axis showing the

accuracy percentage. Data points on the lines indicate the accuracy achieved by the
respective rater for each case using the specified imaging modality.
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4.3.3.7 Accuracy by mesenteric vessel

Examining the percentage of correct responses per question revealed that, for most
assessed anatomical features, three-dimensional (3D) imaging consistently produced higher
accuracy rates than computed tomography (CT) (Table 4-9 and Figure 4-12). A Mann—
Whitney U test further supported this finding, demonstrating a statistically significant
difference in rater accuracy between CT and 3D approaches (U = 62.0, p = 0.038).

Table 4-10 comprehensively summarises correct responses stratified by the specific

anatomical variant.
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Table 4-9: Number(n) and per cent correct responses (%) for each anatomical questionnaire

item for CT and 3D.

Correct response percentage for each rater using CT and 3D imaging modalities

RATER 1 RATER 2 RATER 3 RATER 4 % average
correct
Question CT 3D CT 3D CT 3D CT 3D responses

n % |n %|n %({n %n %|n %[n %|n % CT 3D

ICV Drainage | 60 o1 | 64 o7 |66 0 |65 98 53 8 |65 98 [58 88 |65 93| 89.8 98.1

ICAtrajectory | 56 @ 8 | 64 97 | 66 1(? 66 100 | 55 1 83 | e6 i 100 | 51 77 | 64 o7 | 87.1 98.5

RCApresent? | 55 | 83 | 64 o7 | 54 82 | 65 98 | 38 58 | 64 . 97 | 50 76 | 59 89 | 74.6 95.5

RCA trajectory | 55 | 83 | 61 92 | 52 79 | 63 95 | 36 55 | 62 @ 94 | 47 71 | 57 | 8 | 72.0 92.0

RCV present? | 29 @ 44 | 20 30 | 22 33 | 13 | 20 | 156 23 | 17 . 26 | 18 | 27 | 23 | 35 | 31.8 27.7

RCV Drainage | 30 45 | 46 70 | 44 67 | 51 77 | 3 65 | 48 73 | 41 62 | 43 65 | 57.2 71.2

No.of MCA | o o9 | 62 o |52 70 |50 80 |47 71 | 61 92 |45 68|61 92| 769 92.0
Trunks

Origin of MCA | 65 99 | 66 100 66 0 99 | 66 100 | 65 i 98 | 66 100 | 65 @ 99 | 65 @ 98 | 08.8 99.6

Noof MCV | .. o5 | 45 68 | 30 59 | 45 68 | 20 44 | 46 70 |30 45 | 37 56 | 504 65.5
trunks

MCV drainage | 53 60 | 56 8 | 57 K 67 | 60 90 | 54 8 | 61 9 |54 81 | 57 8 | 825 89.0

Constituent | ., 0 | o7 g7 | 54 82 |60 o1 |51 77 |61 92 |51 77|56 85 78.6 89.0
vessels of Henle

Henleclass | 30 | 45 | 54 | 8 | 38 58 | 57 86 | 32 438 | 657 | 8 | 29 | 44 | 46 . 70 | 48.9 81.1

No.of ASPDV | 23 | 35 | 38 | 58 | 38 58 | 44 67 | 34 52 | 41 | 62 | 28 42 | 36 55 | 46.6 60.2

ASPDV drainage | 50 76 | 61 93 | 51 77 | 62 94 | 51 77 | 64 9 | 43 66 | 60 of 73.9 93.8

Ist Jejunal vein | o .o | o g [ 56 85 | 60 o1 |45 68 | 61 92 |46 70 | 46 70 74.6 83.7
trajectory
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Figure 4-12 Average correct responses by question using CT and 3D models.

Average correct response % by question for CT and 3D
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Table 4-10 Rater-Specific Diagnostic Accuracy for Anatomical Variants Using CT and 3D Imaging. This table presents a detailed breakdown of the correct
response rates for each rater across various anatomical variants using CT and 3D imaging modalities. The 'Total' column indicates the number of cases for
each anatomical feature, while subsequent columns provide each rater's counts (n) and percentages (%) of correct diagnoses for the two imaging methods.

RATER 1 RATER 2 RATER 3 RATER 4
Question Answer Total 3D CT 3D CT 3D CT 3D CT
n % n % n % n % n % n % n % n %
SMV 60 |60 | 10000 [ 57 | 9500 |60 | 10000 [ 60 | 10000 | 59 98.33 51 | 8500 |60 | 100.00 [ 58 96.67
dr;ii\;ge HenleTrunk 5 4 80.00 3 60.00 | 5 100.00 5 100.00 5 100.00 2 | 4000 | 5 100.00 0 0.00
Jejunal Vein 1 0 0.00 0 0.00 0 0.00 1 100.00 1 100.00 0 0.00 0 0.00 0 0.00
A Posterior a4 | 42 95.45 40 | 9091 | 44 | 10000 | 44 | 10000 | 44 | 10000 | 36 | 81.82 | 42 95.45 37 84.09
trajectory Anterior 22 | 22| 100.00 18 81.82 | 22 100.00 | 22 100.00 | 22 | 100.00 19 | 8636 |22 | 10000 | 14 63.64
RCA No 58 | 56 96.55 53 | 9138 | 57 98.28 50 86.21 56 96.55 34 | 5862 | 52 89.66 | 49 84.48
Present? Yes 8 8 100.00 2 25.00 8 100.00 4 50.00 8 100.00 4 | 5000 | 7 87.50 1 12.50
Posterior 3 2 66.67 0 0.00 3 100.00 2 66.67 3 100.00 1| 3333 | 2 66.67 0 0.00
Tra'?e%fg y Anterior 5 5 100.00 1 2000 | 5 100.00 2 40.00 5 100.00 3 | 6000 | 5 100.00 0 0.00
N/A 56 | 54 96.43 54 | 9643 | 55 98.21 48 85.71 54 96.43 32 | 5714 | 50 89.29 | 47 83.93
i Yes 26 6 23.08 7 2692 | 5 19.23 14 53.85 8 30.77 8 | 3077 | 18 69.23 16 61.54
Present? No 39 | 14 35.90 22 56.41 8 20.51 8 20.51 9 23.08 7 | 1795 | 5 12.82 2 5.13
SMV 8 6 75.00 2 2500 | 6 75.00 4 50.00 6 75.00 0 0.00 5 62.50 2 25.00
drzg;’ge Henle 17 | 13 76.47 11 6471 | 14 82.35 8 47.06 11 64.71 4 | 2353 | 2 11.76 1 5.88
N/A 40 |26 | 6500 17 | 4250 | 31 77.50 32 80.00 31 77.50 32 | 80.00 | 35 87.50 38 95.00
One 60 | 57 95.00 58 | 96.67 | 54 90.00 52 86.67 57 95.00 46 | 7667 | 60 | 10000 | 43 71.67
NTor'u':]AéA Two 5 4 80.00 1 2000 | 4 80.00 0 0.00 3 60.00 1| 2000 | o 0.00 1 20.00
No MCA 1 1 100.00 0 0.00 1 100.00 0 0.00 1 100.00 0 0.00 1 100.00 1 100.00
No MCV One 39 |34 87.18 34 | 8718 | 32 82.05 31 79.49 30 76.92 22 | 5641 | 33 84.62 30 76.92
Trunks Two 27 11 40.74 1 3.70 13 48.15 8 29.63 16 59.26 7 | 2593 | 4 14.81 0 0.00
Henle class GPCT 31 | 28 90.32 25 | 8065 | 28 90.32 25 80.65 28 90.32 20 | 6452 | 23 74.19 17 54.84
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GCT 17 13 76.47 1 5.88 12 70.59 1 5.88 13 76.47 5 | 2941 | 14 82.35 10 58.82
GPT 15 11 73.33 4 2667 | 14 93.33 11 73.33 13 86.67 7 | 4667 | 9 60.00 2 13.33
CPT 1 0 0.00 0 0.00 1 100.00 0 0.00 1 100.00 0 0.00 0 0.00 0 0.00
N/A 2 2 100.00 0 0.00 2 100.00 1 50.00 2 100.00 0 0.00 0 0.00 0 0.00
One 49 34 69.39 21 4286 | 38 77.55 37 75.51 37 75.51 33 | 6735 | 32 65.31 27 55.10

No. ASPDV
Two 7 4 57.14 2 28.57 6 85.71 1 14.29 4 57.14 1 1429 | 4 57.14 1 14.29
Jejunal vein Posterior 43 36 83.72 35 81.40 | 39 90.70 38 88.37 42 97.67 31 | 7200 | 27 62.79 33 76.74
trajectory Anterior 22 18 81.82 15 68.18 | 21 95.45 18 81.82 19 86.36 14 | 6364 | 18 81.82 13 59.09
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% Correct Answers

Figure 4-13 Comparative Analysis of Correct Response Rates by Imaging Modality Across Anatomical Variations. This paired bar chart displays
the mean percentage of correct diagnoses by all evaluators, contrasting results obtained using 3D imaging (orange bars) with those from CT
imaging (blue bars). Each pair of bars corresponds to a different anatomical variation as specified on the x-axis. The number of cases (n)
featuring each anatomical variant is indicated atop the respective bars, reflecting the sample size for each question category.
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Figure 4-14 Box and whisker plots comparing the average correct responses for Henle's
trunk using 3D and CT imaging modality by the number of constituent vessels. No statistical
difference was found between the magnitude of the improvement of 3D over CT for the
number of vessels as assessed by the Kruskall-Wallis test.
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The findings from these two complementary studies provide compelling evidence for the
utility of three-dimensional visualisation in enhancing anatomical understanding for complete
mesocolic excision surgery while also highlighting important considerations for clinical
implementation. By examining trainee and expert surgeons, we gain valuable insights into

how 3D models might benefit practitioners across the spectrum of surgical expertise.

4.4.1 Summary of Key Findings

These findings demonstrate that three-dimensional visualisation substantially enhances
anatomical understanding for trainees and expert surgeons, although the extent and nature
of this improvement differ with the level of surgical experience. Among trainees, using 3D
models resulted in a fourfold increase in anatomical knowledge scores relative to baseline,

exceeding the threefold improvement observed with the AMIGO method.

Expert surgeons also demonstrated substantial benefits from 3D visualisation, achieving
median accuracy improvements of 10.1% and 7.8% in successive study phases. Moreover,
inter-rater reliability notably increased with 3D models (Fleiss Kappa 0.6) compared to
conventional CT imaging (Fleiss Kappa 0.1), indicating that 3D visualisation may foster more
uniform interpretations of complex vascular anatomy. Although the relative improvement
among expert CME surgeons was smaller than that observed in trainees, their absolute
performance with both imaging modalities was already markedly high, as would be expected
given their greater baseline expertise. Similarly, two trainees’ overall performance was better

using CT imaging rather than 3D models.

These parallel improvements in both cohorts highlight the intrinsic value of 3D visualisation.
The varying degrees of benefit between trainees and experts offer insights into how best to
incorporate such tools in surgical education and practice. The fact that experts, despite their
familiarity with conventional imaging modalities, also showed significant enhancements
underscores that 3D visualisation extends beyond reinforcing basic anatomical knowledge to

improving the understanding of intricate spatial relationships.

Nevertheless, results from the inter-rater reliability study indicate that 3D reconstructions do
not guarantee improved understanding in every case. Although superior in most instances,
the advantages of 3D visualisation are not universal. Consequently, surgeons’ skill in

interpreting both 3D reconstructions and standard imaging techniques remains essential.
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Rather than functioning as a stand-alone solution, 3D models should be integrated as a

complementary resource to support and refine surgical planning.

4.4.2 Interpretation and Analysis of Results

4.4.2.1 Clinical implications

A significant finding across both studies was the benefit of 3D models in identifying complex

or variable anatomical features.

For instance, in the study two, five cases exhibited an atypical drainage pattern where the
ileocolic vein drained directly into Henle's trunk instead of the superior mesenteric vein
(SMV). Expert surgeons correctly identified this variant in 95% (19 out of 20) of cases using
3D imaging, compared to only 60% with conventional computed tomography (CT). Notably,
one rater failed to recognise this variant in any case using CT. The ileocolic vein is a crucial
anatomical landmark, and its ligation is one of the early critical steps in CME (171). If the
vein drains into Henle's trunk, it may not be encountered during the usual portion of the
operation, potentially leading to unexpected bleeding or ligation of the SMV or terminal ileal

branches mistaken for the ileocolic vein.

Similarly, three-dimensional (3D) imaging offers considerable advantages in identifying
smaller-calibre vessels, such as the right colic artery. This vessel, defined as a distinct
branch originating from the superior mesenteric artery (SMA) between the middle and
ileocolic arteries, was present in eight cases. Using 3D models, expert CME surgeons
accurately identified the right colic artery in 97% of instances (35 out of 36), compared with
only 34% (11 out of 36) using standard CT imaging. Recognising this artery preoperatively is
critical, as its unexpected presence may necessitate modifying the surgical approach and
mitigates the risk of inadvertent vascular injury. Additionally, 3D models assist in detecting
other potentially hazardous anatomical variants, such as a jejunal vein coursing caudally to
the origin of the middle colic artery. A supplementary video demonstrates how these models
can facilitate both the identification of such variants and the precise targeting of dissection,

thereby supporting safer intraoperative navigation (358).

Three-dimensional (3D) models afford a more comprehensive appreciation of the spatial
relationships among vascular structures than is typically achievable with conventional CT

scans. For instance in one case in which three distinct colonic veins converge into the
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superior mesenteric vein (SMV). In this scenario, correct identification of multiple middle
colic veins was notably poor using CT alone (3—29% accuracy). In contrast, 3D models not
only facilitate the recognition of each individual vessel but also provide clear insights into
their relative positions and trajectories. Such enhanced spatial understanding is critical
during complete mesocolic excision (CME), as it helps to prevent vascular injuries and

ensures a more effective lymphadenectomy.

Translating enhanced anatomical visualisation into better patient outcomes is complex and
influenced by multiple factors, including variations in surgical technique, individual surgeon
experience, intraoperative decision-making, and patient-specific considerations. While our
study provides evidence that 3D imaging improves anatomical identification, proving that this
leads to reduced vascular injuries, decreased operation times, or enhanced surgical
confidence requires further investigation. Such translational studies would necessitate large
sample sizes and multi-institutional collaboration to achieve the statistical power needed for
definitive conclusions, which may be challenging to obtain. Comparable studies using 3D to
perform liver resections and partial nephrectomy have demonstrated use of 3D models

significantly reduces blood loss and operative time (173,345,359).

Despite these limitations, our findings suggest that 3D imaging enhances agreement and
accuracy concerning critical structures integral to performing safe CME. Structures such as
the drainage pattern of the ileocolic vein, the trajectory of the ileocolic artery, the number and
origin of the middle colic arteries, and the number and drainage patterns of the middle colic
veins are pivotal for surgical planning and execution. While it is difficult to quantify precisely
how many CMEs transition from 'unsafe’' to 'safe' based solely on our study, the notable
improvements in identifying these critical structures with 3D models indicate a potential for
significant surgical and technical benefits. By pre-emptively recognising anatomical
variations, surgeons can tailor their approach to each patient, potentially reducing the risk of

intraoperative complications and improving overall surgical outcomes.

4.4.2.2 Experience-Dependent Effects

The relationship between surgical experience and benefit from 3D visualisation emerged as
complex and multifaceted. Among trainees, those with prior CME experience showed greater

improvement with 3D visualisation, suggesting that some baseline anatomical knowledge
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derived from intraoperative experience may be necessary to fully exploit the benefits of 3D

models.

This variation in benefit highlights an important consideration for implementation: the need to
consider individual differences in spatial ability and learning style when deploying 3D
visualisation tools. The finding that two participants performed better with AMIGO than 3D
models suggests that different approaches may suit different learners, and that a one-size-

fits-all approach to surgical imaging may be suboptimal.

4.4.3 Study Limitations

4.4.3.1 Methodological Limitations

Both studies have several limitations that warrant consideration. Firstly, despite our efforts to
provide precise anatomical definitions, subjectivity in vessel classification may not have been
eliminated. Incorrect responses from raters might stem from misclassification rather than a
genuine lack of understanding. This issue is particularly evident with vessels such as the
middle colic vein (MCV), right colic vein (RCV), and superior right colic vein (SRCV). Raters
may identify a draining vein in regions like the ascending colon, hepatic flexure, or
transverse colon, but variations in interpretation and naming conventions can lead to
discrepancies. For example, differentiating between a superior right colic vein and a right
colic vein can be challenging, potentially contributing to the observed low accuracy in

identifying the RCV on 3D scans.

The variation in model types and functionalities introduces complexity when comparing
outcomes between the two studies. It remains unclear how individual interface features and
varying levels of model interactivity influence users’ anatomical understanding. Nonetheless,
trainee feedback has highlighted the importance of having the ability to adjust component
transparency, suggesting that this feature may be essential for optimising the educational

and practical utility of 3D models.

While the median accuracy improvements were statistically significant, they were not
universal across all cases in both studies. This raises the question of how much these
improvements in anatomical understanding correspond to clinical benefits. It is important to
acknowledge that our assessment focused on specific facets of anatomical understanding—
namely, the presence of a vessel, its origin, or drainage pattern. This does not capture other

critical components such as scale, relative location, and the spatial relationships between
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structures. Therefore, we may not be fully appreciating the qualitative benefits that 3D

models provide in fostering a more holistic understanding of mesenteric anatomy.

The study assumes uniform high quality in both the 3D reconstructed models and CT scans
across all cases. Variability in image acquisition and reconstruction quality can influence the
accuracy of anatomical interpretation, potentially confounding the results. Additionally,
having the same team responsible for both the 3D reconstruction and the definition of the
gold standard introduces potential bias. This dual role could inadvertently align the gold
standard more closely with our 3D models than if an independent team had set the standard.
While we believe this bias is minimal—since all 3D models were reviewed by a consultant
gastrointestinal radiologist and validated using intraoperative findings—we acknowledge its
potential influence on our results. Future studies should consider involving independent

teams for reconstruction and validation to enhance robustness.

The statistical measures used to evaluate inter-rater and intra-rater reliability have their
limitations. Fleiss Kappa and Cohen Kappa values are sensitive to the prevalence of the
attribute being measured and the bias of raters, which can lead to paradoxical situations
where observed agreement is high, but kappa values are low. This phenomenon, known as
the kappa paradox, can result in misinterpretation of the agreement levels among raters
(360). However, the level of average intra-rater agreement observed corroborates our

findings and overall conclusions.

The finding that both trainees and experts preferred having access to both conventional CT
and 3D models suggests that implementation should focus on integrating 3D visualisation
into existing workflows rather than replacing current imaging modalities. This hybrid
approach might offer the best combination of detailed anatomical visualisation while

maintaining familiarity with conventional imaging interpretation.

4.5 Conclusions

The synthesis of findings from these complementary studies provides strong evidence for
the value of 3D visualisation in enhancing anatomical understanding for CME surgery, while
also highlighting important areas for development. The consistent improvement in
anatomical recognition across both trainee and expert cohorts suggests that these tools
could play a valuable role in surgical education and planning.
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However, the path to routine clinical implementation requires addressing several key

challenges, particularly regarding workflow integration and technical optimisation.

The variation in benefit observed across different user groups emphasises the importance of
considering individual differences in learning and practice styles when implementing these
tools. A flexible approach that integrates 3D visualisation with conventional imaging while

accommodating different user preferences and needs may prove most effective.

These findings represent an important step toward optimising surgical planning and
education in CME, while also providing a framework for future development and

implementation of 3D visualisation in complex surgical procedures more broadly.
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Feasibility and Early Clinical

Integration of 3D Models for

Complete Mesocolic Excision

This multicentre, international feasibility study aims to investigate integrating patient-specific

three-dimensional (3D) reconstructed models derived from preoperative imaging into the
routine clinical practice of Complete Mesocolic Excision (CME) for right-sided colon cancer.

The primary objectives are:

1. To evaluate the accuracy of 3D models in predicting intraoperative mesenteric
vessel anatomy. This involves assessing the congruence between the preoperative

3D models and the actual anatomical findings during surgery.

2. To gather surgeon feedback on the utility of 3D models. Surgeon perceptions
regarding the usability of the models, their value in preoperative planning and
intraoperative guidance, and their impact on anatomical understanding will be

collected using structured questionnaires.

3. To assess the feasibility of collecting key clinical data points for future clinical
trials. This includes determining whether essential data such as operative times,
intraoperative complications, and postoperative outcomes can be reliably recorded in

the context of using 3D models.

4. To create a validated, labelled dataset for future automation of the
segmentation process through neural networks. By generating high-quality
segmentation data, the study aims to facilitate the development of automated tools
that could streamline the creation of 3D models.
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By addressing these aims, the study seeks to provide preliminary evidence on the
practicality and potential benefits of integrating 3D modelling into CME surgery. The findings
are expected to inform the design of larger, more definitive clinical trials and contribute to the

evolving landscape of surgical innovation.

5.2 Study Population and Recruitment:

Patients aged 18 years or older, of any gender and tumour stage deemed suitable for
elective, curative resection of right-sided (including extended right hemicolectomies) or
transverse colon tumours were considered eligible. Exclusion criteria included pre-operative
imaging not adhering to the study protocol, unsuitability for or refusal of surgery, inability to
provide informed consent, or needing emergency surgery (unplanned resection within 48

hours of admission). Written informed consent was obtained from all participants.

5.2.1 Surgeon Characteristics:

Five consultant surgeons from multiple international centres participated, representing a
range of CME experience. To better characterise experience, surgeons were classified into
four groups:

Trainee Surgeon: Surgeon in training programme or post training fellowship.
Novice CME surgeon: Fewer than 20 completed CME cases.

Intermediate CME Surgeons: 20- 49.

Experienced: Over 50 CME cases performed.

o & N =

Highly Experienced: >100 CME cases performed.

5.2.2 3D model workflow

5.2.2.1 Segmentation

Pre-operative staging imaging data, consisting of either CT with port venous contrast or
CT colonography with port venous contrast, was utilised. Arterial phase imaging, when
available, served as a reference for segmentation due to the challenge of identifying
mesenteric venous structures in this phase. DICOM files were imported into ITK SNAP's
open-source segmentation software (17).
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Segmentation was primarily performed manually by a research team member (JF)
experienced in mesenteric vessel segmentation, using a Wacom Cintiq 24Pro pen
display interface. Using a threshold-based seed-growing approach, semi-automatic
segmentation was employed for the colon in CT colonography data and, when feasible,
for larger vessels like the aorta and superior mesenteric artery (SMA). Each
segmentation was verified by a consultant gastrointestinal radiologist with extensive
experience in CME anatomy. Segmentation times were prospectively recorded to the

nearest 5 minutes.

5.2.2.2 3D model processing and visualisation

3D mesh extraction and visualisation were undertaken as outlined in detail in chapter 2.

5.2.3 Pre-operative Review and Intra-operative Use:

3D models were provided to the operating surgeon the day before the procedure, along with
an instructional video demonstrating the user interface and model navigation. Surgeons
were not given specific instructions on how or for how long to use the models. All

participating surgeons reviewed the model and scan pre-operatively.

Intraoperatively, models were visualised on a separate computing device (tablet/laptop) and,
for robotic CME cases, integrated into the DaVinci Xi console using the TilePro feature. For

laparoscopic procedures, the model was displayed on an assistant monitor.

5.3 Outcome measures

5.3.1 Primary Outcomes:

1. Segmentation Time: Time required for manual segmentation of pre-operative imaging

data to create the 3D model, measured in minutes per case.

2. Model Accuracy: Qualitative assessment of the congruence between the 3D model
and intraoperative findings, with discrepancies documented using a structured

reporting tool.

3. Subjective Surgeon Feedback: Perceptions of the 3D model's usability, value for pre-
operative planning and intraoperative guidance, and impact on anatomical

understanding were collected through a custom Likert scale questionnaire.

244



4.

Pre-operative Planning Time: Duration of time spent by surgeons interacting with the

3D model during pre-operative planning.

5.3.2 Feasibility Assessment of Clinical Data Points:

The feasibility of collecting the following data points for future clinical trials was evaluated:

1.

Objective CME Anatomy Knowledge: Change in knowledge assessed through a

validated questionnaire administered before and after 3D model use.
Operative Times: Time taken for specific procedural steps.
Peri-operative Acute Haemorrhage Events: Occurrence of events defined as:
o Blood loss exceeds an estimated 15% of circulating volume.
o Need for intraoperative blood transfusion due to blood loss.
o Conversion to open surgery due to bleeding.
Perioperative Complications: Classified using the Clavien-Dindo Il system.
Post-operative Length of Hospital Stay: Duration in days.

Operative Performance: Assessed using a validated complete mesocolic excision

assessment tool and video recordings.

Oncological Specimen Quality: Lymph node yield and CME grading evaluated from

histology reports and specimen photography.

Practicality of Model Delivery: Assessment of logistical and practical aspects of pre-

operative delivery of patient-specific 3D models.

Example study questionnaires can be viewed in Appendices 5.1 -5.3.
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5.4 Sample size and patient recruitment.

Little published guidance exists on the sample size required for a pilot or feasibility trial.

The aim of the study is not to include any hypothesis testing; therefore, a power calculation
is not a valid consideration for the sample size. Patients were recruited over a 18 month

period.

Patients were recruited from the multidisciplinary colorectal cancer lists in each participating

sites.

5.5.1 Clinical Summary

Table 5-1 Patient demographic and clinical characteristics summary

Age
Median Age yrs (IQR) 69.5
Age Range 38- 88
Age category (years)
30-50 4
51-60 15
61-70 20
71-80 28
81-90 9
Sex
Female 25
Male 51
ASA
1 1
2 43
3 32
Site
St Mark's Hospital (London, United Kingdom) 29
Ikazia (Rotterdam, Netherlands) 43
Mater (Dublin, Ireland) 4
Total 76
Tumour location
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Caecum 28
Ascending colon 29
Hepatic Flexure 9
Transverse colon 10
Splenic Flexure 1
Lap/Open procedure*
Laparoscopic 39
Robotic 29
Lap/Robotic>Open 2
Open 0
Pathology (TNM 8)
T-stage
No T stage 8
pT1 8
pT2 17
pT3 37
pT4a 7
pT4b 0
N-stage
NO 44
N1a 18
N1b 8
N2a 2
N2b 5
UICC stage
| 22
A 18
]3] 2
A 4
1B 15
lnc 6
Unknown 9
EMVI~
Negative 58
Intramural 12
Extramural 6
Histopathology
Adenocarcinoma well differentiated 29
Adenocarcinoma mod. differentiated 30
Adenocarcinoma poorly differentiated 8
Other 10
Lymph Node Yields
Median 27
Range 11-89
IQR 16

Grading of specimen
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Mesocolic 76

WHO Subtype

Mucinous 7
Medullary 2
Signet cell 1
Not specified 66

Adjuvant chemo
No 56
Yes 20

5.5.2 Intraoperative haemorrhage events

No injuries to major mesenteric vessels, including the superior mesenteric vein (SMV) and
superior mesenteric artery (SMA), were observed. Three episodes of unplanned
intraoperative bleeding occurred, two of venous origin and one arterial, all of which were
successfully controlled using an energy device and vessel clipping. One episode of
significant venous bleeding necessitated conversion to an open procedure to achieve
haemostasis. The source of this bleeding was identified as a short colonic vein draining into
Henle's trunk, which was torn during elevation of the transverse colon. There was no

requirement for intraoperative blood transfusion.

5.5.3 Morbidity and mortality
30-day morbidity and mortality were recorded for all patients recruited to the study

Results are summarised in table 5-2.
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Table 5-2 Morbidity and mortality data

Length of stay Median Min Max IQR
(@) 5 2 24 6
30- mortality | 0/76
30-day | 29/76 (38%) see break down below
morbidity
Readmission | 2/76 (3%)
rate
Clavien- Dindo Grade
| 11/76 (14%) 11 lleus NG tube only
Il 11/76 (14%) 1 SMV thrombosis
2] Bronchopneumonia | |
8 lleus requiring ™ T
]l 6/76 (8%) 4/6 Anastomotic leak
e | Abdominal wall collection requiring IR drainage
T Adhesions requiring laparotomy + adhesiolysis
\") 1/76 (1%) Fast AF requiring ITU admission
Anastomotic leak 4/76 1/4 1/4 Grade A antibiotics only
(5%) __Z_/Z__m Grade B Re-laparoscopy
BT Grade C Required laparotomy + take down
anastomosis
lleus 19/76 11/19 NG only
(25%) ~7819 | NGand TPN
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5.5.4 Feasibility of intraoperative assessment of performance using
recorded video

The intraoperative video was recorded using two principal methods.

The video feed from the robotic console or laparoscopic stack was captured locally via a
video capture card and OBS Studio, an open-source, cross-platform software for video
recording and live streaming. The footage was recorded in the Matroska (MKV) format,
which was selected due to its ability to write in chunks. This feature was particularly
beneficial because it enhanced the system's resilience to power loss and software crashes.
As a result, any footage recorded in MKV was preserved even during an interruption, in

contrast to MP4 formats, which result in data loss under such conditions.

The video was also captured using the online telementoring platform Proximie. The video
was recorded directly to the platform’s secure servers over the internet. However, the quality
of the recordings was observed to fluctuate based on the available bandwidth, resulting in

variable recording quality that, at times, was insufficient for effective postoperative review.

Video can be feasibly recorded. Based on this study, we found recording on local devices

resulted in better quality and would be the method of choice for any further research.

The CMECAT tool has been recently been validated as an assessment tool to evaluate

technical performance for video recorded minimally invasive CME cases (361).
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5.5.5 Imaging and Segmentation time summary

Mean segmentation time varied depending on the specific imaging used and slice thickness.

The mean segmentation time for a 2mm porto venous CT scan was 68 minutes, with a
minimum time of 55 minutes and a maximum time of 90 minutes. The average segmentation
time for CT colonography with an average of 678 slices of<1mm thickness was 119 minutes.

Segmentation times ranged from
The total time spent segmenting scans for all included cases was 104 hours.

Segmentation time data is summarised in table 5-3 and figure 5-1.

Table 5-3 Summary table of segmentation times by scan type and slice thickness

Scan n | Slice Mean | Meanseg. | SD | Minseg. | Max seg. Total Seg.
Category thicknes | no. Time (mins) Time Time (min) | Time (min)
s (mm) | slices (min)

CTAngio |1 | <1mm 635 135 n/a | 135 135 135
CT PV 5 | £1Tmm 677 136 55 | 130 140 680
contrast
CTPV 5 | >1- 242 68 71 |55 90 3545
contrast | 2 | <2.5mm
CTPV 4 | >2.5mm | 226 49 48 |45 55 195
contrast
CTcolon |1 | <1mm 678 119 12. | 105 140 1665

4 0
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Figure 5-1 Histogram of segmentation times (minutes) per scan.

40 60 g0 100 120
Segmentation Time (minutes)

Table 5-4 Summary of imaging protocols utilised.

Scan Type Count
CT PV contrast 61

CT colon with PV contrast 14

CT Angio 1
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5.6 Anatomical Configuration of Mesenteric Vessels

5.6.1 lleocolic Vein and Artery

In this cohort of 76 cases, the ileocolic vein (ICV) predominantly drained into the superior
mesenteric vein (SMV) in 70 cases (92%). ICV drained into Henle’s trunk and an ileal vein in

3 cases, respectively (4%)

The trajectory of the ileocolic artery (ICA) in relation to the superior mesenteric vein (SMV)
was posterior in 51 cases (67%) and anterior in 25 cases (33%). The ICA was present in

100% of cases.

5.6.2 Right Colic Artery

The right colic artery (RCA) was defined as an independent branch emerging directly from
the superior mesenteric artery to supply the right colon. RCA was absent in 62 cases (82%)
and present in 14 cases (18%). Among the cases where RCA was present, the artery
followed an anterior trajectory with respect to the SMV in 9 cases (64%) and a posterior

trajectory in 5 cases (36%).

5.6.3 Middle Colic Veins

Regarding MCA trunks, a single trunk was observed in 61 cases (80%), and two trunks were
noted in 15 cases (20%). In nearly all cases (74 cases, 97%), the middle colic artery (MCA)
originated from the superior mesenteric artery (SMA). In cases with two trunks, both vessels
originated from the SMA in 13/15 cases. There were two cases where the MCA shared a
common trunk with the ileocolic artery (2%). In one of these chases a second MCA trunk

was observed originating in the typical location of the SMA.

The Middle colic vein was defined as a branch draining the transverse colon. The middle
colic vein (MCV) was most observed in a single trunk in 42 cases (54%). Two trunks were

present in 29 cases (38%), and three trunks were identified in 5 cases (7%).

The middle colic vein (MCV) exhibited greater variability than the middle colic artery (MCA).
The most common drainage site for MCV branches was the superior mesenteric vein (SMV),
which occurred in 55 cases (72%). Henle's trunk was another frequent drainage site,
observed in 21 cases (28%). Additionally, the MCV drained into the inferior mesenteric vein

(IMV) in 6 cases, the jejunal vein in 5 cases, and the splenic vein in 2 cases.
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Among cases with only one MCV branch, 33 out of 41 (80%) drained into the SMV, 7 cases
(17%) drained into Henle's trunk, and 1 case (2%) drained into the IMV. In cases where two
MCYV branches were observed, both branches most commonly drained into the SMV in 11

out of 29 cases (38%). The combination of SMV and Henle's trunk drainage was the second

most common, found in 5 out of 29 cases (17%).

5.6.4 Henle’s Trunk

In this cohort of 76 cases, the analysis of the vessels draining into Henle’s trunk revealed a
range in the number and combinations of vessels. The total number of vessels draining into
Henle's trunk per case varied from 1 to 5, with the most frequent observation being three
vessels in 29 cases (38%). Two vessels were noted in 22 cases (29%), four vessels in 17
cases (22%), and five vessels in 6 cases (8%). In 2 cases (3%), there was no identifiable
Henle's trunk, and the constituent vessels were observed to drain directly into the superior

mesenteric vein (SMV) rather than converging into a true Henle's trunk.

In terms of the specific vessels involved, the most frequently observed vessel was the right
gastroepiploic vein, identified in 71 cases (93%), followed by the anterior superior
pancreaticoduodenal vein in 63 cases (83%). The superior right colic vein was present in 53
cases (70%), while the middle colic vein and right colic vein were observed in 24 cases

(32%) and 15 cases (20%), respectively. The ileocolic vein was identified in 3 cases (4%).

When assessing the combinations of vessels, the most common configuration involved the
right gastroepiploic vein, anterior superior pancreaticoduodenal vein, and superior right colic
vein, occurring in 20 cases (26%). Another frequent combination was the right gastroepiploic
vein and anterior superior pancreaticoduodenal vein, found in 14 cases (18%). Other
combinations involved additional vessels such as the middle colic vein, right colic vein, and

ileocolic vein, with varying frequencies across the cohort.
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Table 5-5 Measured distances between mesenteric vessels landmarks.

Distance between Mean SD Min Max Normality
Count Median
landmarks (mm) (mm) (mm) (mm) (p-value)
ICA to MCA trunk 75 26.0 244 10.9 10.3 64 <0.001
ICA to RCA 8 14.5 15.35 5.6 7.6 20.5 0.06
Origin of MCA to
51 24.7 24.9 8.12 11.3 46 0.2656
bifurcation
ICV to Henle’s trunk 59 341 34.6 9.42 11.6 55 0.8567
ICV to nearest MCV
o 53 37.9 37.1 11.69 9 68.1 0.945
draining into SMV
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Figure 5-2 Histogram depicting the distribution of measured distances (in millimetres)
between the ileocolic artery and the middle colic artery trunk. The most frequent range of
measurements is between 20—30 mm.
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Figure 5-3 Histogram illustrating the distribution of measured distances (in millimetres)
between the origin of the MCA and its bifurcation into right and left branches.
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Figure 5-4 Histogram representing the distribution of measured distances (in millimetres)
between the ileocolic vein and Henle'’s trunk. The most frequent distances fall within the 35—
40 mm range.
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Figure 5-5 Histogram showing the distribution of measured distances (in millimetres)
between the ileocolic vein and the middle colic vein.
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5.7 Accuracy of Reconstructions

3D reconstructions accurately predicted the drainage of the ileocolic vein and the
relationship of the ileocolic artery with respect to the superior mesenteric vein in all cases,

achieving an accuracy of 100% (Table 5-6).

The 3D reconstructions demonstrated high accuracy in predicting the presence and course
of the right colic artery, with an overall accuracy of 98.7%. Specifically, for detecting a right
colic artery 92.9% corresponds to one case where the artery was missed on the

reconstruction compared to the intra-operative findings.

Table 5-6 Reconstruction Accuracy in Predicting Vascular Anatomy: Sensitivity, Specificity,
and Predictive Values Compared to Intraoperative Findings

Structure | Total TP FP | TN | FN | Sen | Spec | PPV | NPV | Accuracy
cases (%) | (R) | (%) | (%) (%)
(n)
Drainage of the | 76 73 0 3 0 100 | 100 | 100 | 100 100
ileocolic vein
Course of | 76 51 0 25 0 100 | 100 | 100 | 100 100
ileocolic artery in
relation to SMV
Presence of | 76 13 0 62 1 929 | 100 | 100 | 98.4 98.7
Right Colic
Artery
Course of Right | 14 5 0 8 1 83 100 | 100 | 88.9 92.9
colic artery in
relation to SMV
MCA (origin and 100 | 98.5 | 98.5 | 100 98.5
number)
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Table 5-7 Confusion matrix for prediction and presence of middle colic artery

Predicted/Actual 1 trunk 2 trunks | NV (not visualised) (Pr:git:tle d)
1 vessel 61 (TP) 0 (FN) 0 61
2 vessels 1 (FP) 6 (TP) 8 15
Total (actual) 61 5 10 76

The 3D reconstructions predicted the number of MCA trunks with an accuracy rate of 98.5%
for cases where intraoperative visualisation was possible. In 8 cases, additional predicted
vessels were not visualised intraoperatively due to exposure limitations, as dissection of
these vessels was not clinically necessary. However, in such cases, middle colic vessels
included in the dissection were accurately predicted in terms of origin and configuration of
branching (Table 5-7).

In cases where the predicted vessels were not visualised, it is possible that these vessels
were present but not detected intraoperatively. These cases were categorised as 'Not

Visualised' and excluded from sensitivity and specificity calculations.

Table 5-8 Confusion matrix for prediction and presence of middle colic veins

AElERE G trt;I nk truiks tru?\ ks (not vir:L\,Ia"sed) Png it:tled

1 vessel 41 1 (FP) 0 0 42
(TP)

2 vessels 0 9 0 20 29

3 vessels 0 0 0 5 5

Total actual 61 0 0 25 76

The constituent vessels of Henle’s Trunk were only sufficiently delineated in 29 cases to

allow visual confirmation of accuracy. Results are summarised in table 5-9.

3D models were highly accurate in predicting intra-operative findings. 100 per cent accuracy

was observed for the presence of the gastroepiploic vein and colic veins. The anterior
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superior pancreatic duodenal vein was missed in two cases and incorrectly predicted as

present in one case.

Figures 5-7 to 5-16 depict side-by-side comparisons of 3D reconstructions against the

operative findings in 8 patients.

Table 5-9 3D Reconstruction Accuracy in Predicting Henle Trunk Vascular Anatomy:

Sensitivity, Specificity, and Predictive Values Compared to Intraoperative Findings

Structur Total NV (not NP
o cases TP FN visualised Sen Spec PPV - Accuracy
(n) )

GEV 29 26 0 0 1 100 100 100 100 100
ASPDV 29 24 1 2 1 92 67 96 50 93
SRCV 29 23 0 0 1 100 100 100 100 100
RCV 29 5 0 25 0 0 100 100 100 100 100
MCV 29 9 0 20 O 0 100 100 100 100 100
ICV 29 1 0 28 O 0 100 100 100 100 100
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Figure 5-6 Example case 1 3D model predictions versus intraoperative findings. A-B ICA
passes anteriorly over SMV. MCA origin off SMA with bifurcation into right and left branches
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Figure 5-7 Example case 6- dissection of atypical colonic veins. Patient possessed 3
separate venous branches draining right and proximal transverse colon directly into the SMV
(vessels 1-3) as predicted by 3D model. Each vessel was dissected and ligated.
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Figure 5-8 Published video abstract demonstrating intra-operative use of 3D model in case 7. The
bottom image demonstrates a jejunal vein passing over SMV just caudal to the origin on the MCA. The
3D model helped identify this variant, avoid iatrogenic injury during D3 lymphadenectomy and help target
dissection of the MCA trunk.
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Figure 5-9 Case 12- two separate MCV veins draining directly info SMV as predicted by 3D
reconstruction.
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Figure 5-10 Case 12- Henle’s Trunk comprised of GEV and ASPDV
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Figure 5-11 Case 49- One MCYV trunk inserting into SMV. Henle’s Trunk was comprised of
SRCV, GEV and SRCV.

b
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Figure 5-12 Case 69- Views demonstrating the MCA trunk and MCYV trunk. Intraoperative
findings were accurately predicted by the 3D model both in terms of number of trunks and
their relative spatial relationships. Henle’s trunk was ligated at its origin.
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Figure 5-13 Case 85- Sequential intraoperative dissection views alongside 3D
reconstruction. ICV can be viewed draining into SMV at same level as jejunal/ileal vein as

can viewed on the 3D model. ICA passes posterior to SMV. The MCA trunk can be
visualised with bifurcation into left and right branches.
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Figure 5-14 Case 85 Henle’s trunk comprised of SRCV and ASPDV. GEV separate vessel
draining into SMV directly.
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Figure 5-15 Case 87- Atypical anatomy with early bifurcation of SMV with the ICA passing
between the two (star and Asterix). Model accurately predicted the vessel configuration
allowing confident dissection and ligation.
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Figure 5-16 Case 87 (continued). MCV draining into SMV in proximity with the trunk of Henle
with proximal drainage of GEV close to SMV. Confluence of two colonic vessels draining the
hepatic flexure (SRCV) and ASPDV form the other constituent vessels of Henle.

case 87
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5.7.1 Anatomical Understanding of Participating Surgeon CT
versus 3D

We observe a significant enhancement in the accuracy of mesenteric vessel assessment
when surgeons utilise three-dimensional (3D) models compared to conventional computed
tomography (CT) scans. The overall median accuracy increased from 62% with CT scans to
87% with 3D models (p=<0.001) (see figure 5-17). Accuracy with 3D resulted in a smaller

interquartile range, indicating a greater consistency.

3D models resulted in improved anatomical understanding for each of the twelve

participating surgeons. The median improvement in correct responses ranged from 11-62%.

For surgeons performing over 3 case assessments, 6/10 demonstrated statistically

significant improvements in accuracy when using 3D models.

No learning effect was observed in the accuracy of assessments for either imaging modality,
as there was no correlation between time and performance. Participants did not demonstrate
improved accuracy in later cases compared to their initial assessments (see Figure 5-18 A-
H, Table 5-10).
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Table 5-10 Summary statistic for percentage correct responses for each patrticipating surgeon using
CT scans and 3D models.

Surgeon CT 3D models
%o

ID %. |_§n median min max IQR median min max IQR p-Value
1 Trainee 12 21.5 8 53 14.5 83.5 29 100 18.5 <0.001
2 Exggg'g'ce sl 43 94 22 94 50 | 100 | 13 | <0.001
3 Novice 4 65.5 50 79 12.5 76 71 86 5.25 0.2
4 Novice 21 67 21 93 24 87 60 100 29 <0.001
5 Novice 12 64 43 92 28.5 90.5 53 100 23.5 <0.01
6 Novice 7 69 44 93 26 80 58 100 24 0.249
7 Trainee 4 24 20 64 15.5 79.5 73 86 4 0.029
8 Trainee 1 18 n/a n/a 0 59 n/a n/a 0 N/A
9 Trainee 1 62 n/a n/a 0 92 n/a n/a 0 N/A
1 Novice 3 43 42 77 17.5 58 57 77 10 0.507
12 Novice 5 43 31 50 9 86 77 93 2 <0.01
13 Experienced 1 38 n/a n/a 0 85 n/a n/a 0 N/A

Overall 100 62 8 94 34.5 87 29 100 24.25 <0.001
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Figure 5-17 Box plot comparing the percentage of correct responses for identifying
mesenteric vessel configuration using CT scans (blue) and 3D reconstructions (orange). The
median percentage correct for 3D reconstructions is higher than for CT, with reduced

variability and fewer outliers, indicating improved consistency and accuracy in identification
with the 3D modality.
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Figure 5-18 A-H Comparison of correct responses for mesenteric vessel identification using CT (blue) and 3D (orange) imaging modalities for
multiple raters. Each figure (A—I) presents data for one rater who performed at least three cases. For each rater, a box-and-whisker plot
compares the average percentage of correct responses between CT and 3D and a line plot shows the percentage of correct responses by case,
displayed chronologically. These figures highlight both the overall improvement in accuracy with 3D reconstructions and the case-by-case

variability in performance.
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Table 5-11 Comparative Percentage Differences in Correct Responses Between 3D Models

and CT scans

. 3D 3D No
Surgeon n I\III)elfafn gf:, g::,rf' M.?;( Better Worse diff.
(n) (n) (n)
11 12 55 224 8 84 12 0 0
2| 29 17 9.9 0 40 24 0 3
3| 21 12 71 6 21 4 0 0
4 4 21 24.7 -22 62 16 4 0
5| 12 22 15.6 0 50 11 0 1
9 7 30 n/a n/a n/a 1 0 0
8 4 41 n/a n/a n/a 1 0 0
7 1 47 17.5 22 60 4 0 0
6 1 12 14.8 -8 31 5 1 1
12 3 44 2.8 40 47 5 0 0
11 5 10 8.7 0 16 2 0 1
13 1 47 n/a n/a n/a 1 0 0
Overall 24 18.4 -22 62 66 5 5

In most cases, using 3D models enhanced surgeons' anatomical understanding. Detailed

results are provided in Table 5-11 and illustrated in Figures 5-19.

On average, using 3D models resulted in a 24% increase in correct responses. All

participating surgeons demonstrated improvements, with individual increases ranging from

10% to 55%.

Specifically, assessments using 3D models were more accurate in 66 out of 76 cases. In five

cases, the accuracy was identical between 3D models and CT scans, whilst in another five

cases, CT scans proved superior.

The differences in correct responses varied widely, ranging from a decrease of 22%—

indicating better performance with CT scans—to an improvement of 84% with 3D models.
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Figure 5-19 Bar chart illustrating the absolute percentage difference in correct responses between CT and 3D imaging modalities for each case. Positive

values indicate better performance with 3D, while negative values (in pink) represent cases where CT performed better. Most cases show improved accuracy
with 3D, with only a small subset exhibiting a preference for CT.
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5.7.1.1 Comparative Evaluation of Correct Responses by Mesenteric Vessel

Figure 5-20 Average correct responses by question using CT and 3D models
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Table 5-12 Average correct response by vessel using CT and 3D

Percentage (%) Correct Responses
CT 3D
ICV drainage 93 97
ICA relation to SMV 75 97
RCA Present? 63 92
RCA Relation to SMV 59 78
Number of MCA trunks 61 89
MCA origin 88 99
Number of MCV trunks 34 70
MCV drainage 57 86
Constituent vessels of Henle’s 49 77
Henle's Classification 42 77
Jejunal vein relation to SMV 57 82
Jejunal Vein relation to MCA 50 81

The accuracy of identifying vascular structures improved when using the 3D model
compared to CT imaging alone. For ICV drainage, the correct response rate increased from
93% with CT to 97% with the 3D model. The correct identification of the ICA's relation to the
SMV rose from 75% with CT to 97% with the 3D model. Similarly, the presence of the RCA
was correctly identified in 63% of cases using CT, which improved to 92% with the 3D
model. The correct determination of the RCA's relation to the SMV increased from 59% with
CT to 78% with the 3D model.

In assessing the MCA, the number of trunks was correctly identified in 61% of cases with CT,
improving to 89% with the 3D model. The origin of the MCA showed a correct response rate
of 88% with CT, rising to 99% with the 3D model. Identification of the number of MCV trunks
improved significantly from 34% with CT to 70% with the 3D model. Correct responses for
MCV drainage also increased from 56.5% with CT to 86.0% with the 3D model.

For the constituent vessels of Henle's trunk, correct responses improved from 48.6% with CT
to 77.2% with the 3D model. The accuracy of the Henle classification increased from 42%
with CT to 77% with the 3D model. The relation of the jejunal vein to the SMV was correctly
identified in 57% of cases using CT, improving to 82% with the 3D model. Similarly, correct
identification of the jejunal vein's relation to the MCA increased from 50% with CT to 81%
with the 3D model.
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5.7.2 Time spent on imaging interpretation.

3D models significantly reduced the amount of time surgeons required to determine the

vascular anatomy by 50% (12 versus 6 minutes, p=<0-0001). Figure 5-21 depicts the

distribution of time spent on each imaging modality, with results summarised in Table 5-13.

Figure 5-21 Time spent on interpretation of CT scans and 3D models to determine

mesenteric vascular anatomy
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Table 5-13 Summary statistics for time spent on imaging modality interpretation.

Statistic CT (Minutes) 3D (Minutes)
Median 12m Os 6m Os
Min 1m 40s 1m 20s
Max 35m Os 30m Os
Interquartile 12m 34s 7m Os
Range
p-Value <0.001
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5.7.3 Subjective model feedback

Figure 5-22 Diverging bar chart of surgeon responses to Likert scale questionnaire relating to

use of 3D model.
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A summary of responses to the Likert subjective questionnaire can be found in figure 5-22.

Subijective feedback regarding the utility of 3D models was generally positive. A total of 87%
of respondents agreed or strongly agreed that the 3D model was easy to interpret, while
85% felt that the model accurately represented patient anatomy. In comparison, 77%
disagreed that conventional CT imaging was easier to understand. Additionally, 100% of
respondents indicated that they would recommend the use of 3D models to colleagues, and
92% expressed a preference for incorporating 3D visualisations into their routine pre-

operative planning.

Most surgeons favoured the virtual 3D model over a 3D-printed version. While 57% mildly
agreed that the model informed their operative approach, no respondents strongly agreed.
Surgeons demonstrated a mixed response regarding whether the model substantially altered
their surgical plan, with 42% remaining neutral and 14% and 32% mildly disagreeing or

mildly agreeing, respectively.

All respondents (100%) considered the 3D models to be helpful in the training of junior

surgeons, suggesting potential value in educational applications.

This study investigates the feasibility of integrating patient-specific three-dimensional (3D)
reconstructed models into the preoperative planning and intraoperative guidance for CME in
right-sided colon cancer. By analysing both the objective accuracy of these models in
predicting mesenteric anatomy and the subjective feedback from surgeons regarding their
utility, this study provides important insights into the potential clinical applications and

limitations of 3D modelling in complex colorectal surgery.

5.8.1 Accuracy of 3D Reconstructions

The 3D reconstructions demonstrated high accuracy in predicting mesenteric vessels.
Specifically, the models accurately predicted the drainage of the ileocolic vein and the
relationship of the ileocolic artery with respect to the superior mesenteric vein (SMV) in all

cases, achieving an accuracy of 100%.
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For the right colic artery (RCA), the 3D reconstructions achieved an overall accuracy of
98.7%, correctly identifying its presence and course in 92.9% of cases. The single instance
where the RCA was missed underscores the challenges associated with visualizing this
vessel using standard Porto venous imaging phases. Even with retrospective analysis, the
RCA remained exceedingly difficult to detect on imaging, suggesting that limitations in
imaging modalities, rather than the reconstruction process, may account for such

discrepancies.

The models also predicted the number of middle colic artery (MCA) trunks with an accuracy
rate of 98.5% in cases where intraoperative visualisation was possible. However, when the
middle colic vessels were included in the dissection, their origin and branching configuration
were accurately predicted by the 3D models. This level of accuracy in mapping the MCA is
particularly relevant given its significance in preserving adequate blood supply to the

remaining colon and preventing ischemic complications.

Regarding the constituent vessels of Henle’s trunk, sufficient delineation for visual
confirmation was achieved in 29 cases. The 3D models attained 100% accuracy in
predicting the presence of the gastroepiploic vein and colic veins. The anterior superior
pancreaticoduodenal vein (ASPDV), however, exhibited lower sensitivity and specificity,
being missed in two cases and incorrectly predicted as present in one case. Although the
accuracy for the ASPDV was lower, this vessel is of less clinical importance compared to
major vessels like the ileocolic vessels and the MCA. Its variable anatomy and smaller
caliber may contribute to the challenges in accurate visualisation, and limitations in standard

porto venous imaging may not adequately capture such smaller vessels.

These findings suggest that while 3D reconstructions are highly accurate for major vessels
critical to CME, limitations remain in detecting smaller or less clinically significant vessels
due to imaging constraints. The use of standard porto venous phase imaging may not suffice
for detailed visualisation of all vascular structures, particularly smaller arterial vessels.
Incorporating arterial phase imaging could potentially enhance the detection and accuracy of
these vessels, as supported by previous studies demonstrating improved vascular
visualisation with multiphase imaging protocols (Wang et al., 2021). Although our data
doesn't allow for formal imaging recommendations, our experience suggests that a
maximum slice thickness of 2mm may improve visualisation. While scans of >2m were
accurately segmented there were numerous incidences where interpretation was difficult
with a high degree of pre-operative uncertainty relating to some of the small calibre vessels

even if the resulting model was eventually found to accurately depict the operative anatomy.
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Overall, the high accuracy rates achieved for the ileocolic vessels and MCA trunks validate
the clinical utility of 3D models in preoperative planning for right-sided colon cancer
surgeries. As the sample cases included demonstrate not only was the presence of given
vessels accurate but the models accurately depicted the configuration and spatial

relationship of vascular structures.

The ability to reliably predict the course and branching patterns of these critical vessels can
aid surgeons in strategising their operative approach, minimising intraoperative

uncertainties, and potentially reducing the risk of vascular injuries.

5.8.2 Anatomical Understanding

The integration of three-dimensional (3D) models derived from preoperative imaging
significantly enhances the understanding of mesenteric vascular anatomy compared to
conventional computed tomography (CT) scans. These findings align with previous work,
demonstrating an improvement in the identification of clinically important vascular structures.
The use of 3D models resulted in an increase in overall median accuracy, from 62% with CT
scans to 87% (p < 0.001), with a reduction in the interquartile range, indicating greater
consistency in anatomical interpretation. Each of the twelve participating surgeons
demonstrated improved understanding, with the median improvement in correct responses

ranging from 11% to 62%.

Furthermore, the use of 3D models significantly reduced interpretation time, from 12 minutes
with CT scans to 6 minutes (p < 0.001). This suggests that 3D models offer not only
enhanced accuracy but also a more efficient method for assimilating anatomical information

relevant to preoperative planning in CME.

Although our study was not designed to ascertain whether surgeons of different levels of
experience benefit differentially from 3D models in terms of anatomical understanding, the
data suggest that highly experienced surgeons with extensive CME expertise demonstrated
an average improvement of 17% in anatomical understanding compared to 43.4% for trainee
surgeons and 20% for consultants inexperienced in CME surgery. This implies that the
absolute benefit of 3D models may diminish with increasing surgical expertise, potentially
reflecting the effect of prior anatomical familiarity and experience. Additionally, differences in
imaging interpretation skills could confound these findings, suggesting the need for further

investigation into how experience with imaging impacts the utilisation of 3D models.

The 3D models improved recognition of each assessed vessel, with particularly pronounced

improvements for complex structures. Specifically, there was a 28% improvement in
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understanding the configuration of Henle's trunk and a 36% improvement in recognising the
middle colic vein. Improvements were more modest for other structures, with a 4%
improvement in recognising the drainage of the ileocolic vein and an 11% improvement for
the origin of the middle colic artery. This differential improvement likely reflects the varying
complexity and anatomical variability of these structures, with more intricate anatomical

arrangements benefiting more substantially from the visual clarity offered by 3D models.

It should be noted, however, that the measure of anatomical understanding used in this
study focuses primarily on specific aspects, such as the presence of a vessel, its origin, or
drainage pattern. This measure does not fully capture other critical components of
anatomical understanding, such as an appreciation of scale, relative location, and the spatial
relationships between structures. Consequently, we may not be appreciating a significant
portion of the qualitative benefits that 3D models provide in terms of a more holistic

understanding of mesenteric anatomy.

5.8.3 Subjective Model Feedback

The qualitative assessment of surgeon perceptions regarding 3D model utilisation yielded
predominantly positive responses, indicating a high degree of user acceptance and
perceived utility. A significant majority of respondents (87%) reported that the 3D models
were easily interpretable, while 85% affirmed that the models accurately represented patient-
specific anatomy. These findings suggest that the 3D reconstructions not only enhanced
anatomical comprehension but also provided an intuitive visualisation tool that that operating

surgeon found to be clinically useful.

The universal recommendation (100%) of 3D models to colleagues and the near-unanimous
desire (92%) for integration into routine preoperative planning underscore the perceived
value of this technology among the participating surgeons. However, the impact of 3D
models on operative approach modification was less pronounced. While a majority (57%)
mildly agreed that the models influenced their surgical approach, the absence of strong
agreement and the presence of neutral responses (42%) indicate that the primary benefit of
3D reconstructions may lie in facilitating dissection and enhancing intraoperative decision-
making through improved anatomical landmark recognition, rather than fundamentally

altering the operative strategy.
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50% of surgeons disagreed with the statement that the model was required to complete the
operation. This finding suggests that while 3D models are perceived as valuable adjuncts,
they are not considered indispensable for performing CME procedures. This perspective
aligns with the understanding that 3D reconstructions serve to augment and refine existing

surgical techniques rather than introduce novel approaches.

The discrepancy between the high perceived value and the more modest impact on
operative approach warrants further investigation. It may reflect a distinction between the
model's utility in preoperative planning and its direct influence on intraoperative decision-
making. Future studies should aim to elucidate the specific aspects of surgical planning and
execution that benefit most from 3D model integration, potentially through more granular

questionnaires or qualitative interviews with participating surgeons.

5.9 Conclusion and Future Research Directions:

This feasibility study demonstrates that the integration of patient-specific 3D reconstructed
models into the preoperative planning and intraoperative guidance for Complete Mesocolic
Excision (CME) in right-sided colon cancer is both feasible and potentially beneficial. The
high accuracy of 3D reconstructions in predicting intraoperative anatomy, particularly for
critical mesenteric vessels, supports their clinical utility. Furthermore, the significant
improvement in surgeons' anatomical understanding and reduction in interpretation time
when using 3D models compared to conventional CT scans highlights their potential to

enhance preoperative planning efficiency.

However, the study also identifies several challenges that need to be addressed before
widespread implementation can be considered. The time-intensive nature of manual
segmentation remains a significant barrier, emphasizing the need for more efficient,
automated approaches. Additionally, while subjective feedback from surgeons was
overwhelmingly positive, the impact of 3D models on altering operative approaches was less
pronounced, suggesting that their primary benefit may lie in enhancing anatomical
understanding and intraoperative navigation rather than fundamentally changing surgical

strategies.

By addressing these research areas, future studies can build upon the promising results of
this feasibility study and potentially establish 3D modelling as a standard tool in the

preoperative planning and execution of complex colorectal surgeries.
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The Role of Personalised 3D Imaging in

Enhancing Patient Comprehension and
Decision-Making in Advanced Colorectal

Cancer Treatment

6.1 Background

6.1.1 Context

The modern healthcare paradigm underscores patients' need to actively participate in
healthcare decisions (362). The historical physician-driven communication models have
given way to a patient-centric system prioritizing shared decision-making (363) (364) . This
type of care is centred on discerning individual needs and customising treatment plans
accordingly (365). Current healthcare practices strive to balance medical beneficence and

the emerging emphasis on patient autonomy.

Obtaining informed consent is a mandatory step for any surgical procedure. It embodies
patients' fundamental legal and ethical right to control their bodies (366). Legally, informed
consent is a patient's voluntary agreement to a medical or surgical intervention, with
complete comprehension of the associated risks, benefits, potential outcomes, and
alternatives (367). The appropriateness of consent was formerly evaluated via the Bolam
test, where a doctor's obligation to inform patients about potential risks hinged on the
alignment with a responsible body of medical opinion (368). However, the Montgomery ruling
has redirected the focus onto the patient’s viewpoint. Physicians are now required to
disclose any risk that they believe a particular patient would consider significant. Presenting
isolated percentage risks without considering the individual's context is no longer adequate
(368) (369). Consequently, the demand for a patient-specific consent process has risen

significantly.
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Consent should not be exclusively viewed as a legal requirement despite its roots in law.
Informed consent serves as an opportunity for healthcare professionals to reinforce patient
autonomy (370). It is a fundamental element of ethical surgical practice, encapsulating the
principle that patients are autonomous entities deserving of respect and the basic human

right of self-determination (371).

Consent should not be considered a singular event but a communication process that should
permeate every clinical interaction (371). Informed consent is increasingly manifested via
shared decision-making (SDM) in clinical practice. This represents the reciprocal relationship
between the patient and the doctor. While surgeons contribute their understanding of a
treatment's pros, cons, and alternatives, patients bring their personal experiences,
preferences, and healthcare objectives. Surgeons typically offer expert opinions and make
suggestions that can be collaboratively agreed upon with the patient to formulate the
treatment plan. Historically, patients have assumed a more passive role in surgical decision-
making. Three elements have traditionally dictated the decision-making process in surgery:
1) the patient’s functional status, 2) surgeon preference, and 3) disease characteristics.
Facilitating SDM may foster more informed decision-making that aligns with the patient's

preferences.

The Ottawa decisional support framework presents a compelling argument for enhancing
patient education. It is underpinned by cognitive, social, and organisational psychological
theories and encompasses three primary components: 1) decisional needs, 2) decisional
quality and 3) decisional support. A patient's decisional needs encompass any conflict
regarding determining the optimal course of action, a lack of understanding of their condition
or treatment (including benéefits, risks, alternatives, etc.), and unrealistic expectations. If
patients' decisional needs are unmet, their ability to make informed decisions decreases.
Numerous research studies have indicated that well-informed patients are more likely to
adhere to treatment (372), experience greater satisfaction and reduced anxiety (373), and

demonstrate superior outcomes (374).

6.1.2 Contemporary Challenges in Surgical Consent and Patient
Instruction

For consent to be regarded as valid, three prerequisites must be satisfied: patients must
possess decision-making capacity, be provided with comprehensive information, and be free
from coercion. Hence, patient instruction is integral to informed consent and shared
decision-making processes (166). For patients to make genuinely informed decisions about

their treatment, they need to comprehend the implications of their options. According to
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Marteau and colleagues, an informed decision must rely on pertinent, high-quality

information that aligns with the individual's values (166).

Nevertheless, there is concern that the prevailing consent process may not satisfy these
fundamental criteria (375) (376). Multiple studies suggest that patients often lack a solid
understanding of their surgical procedure (167) (377) (378) (379). For instance, Santavirta et
al. discovered that 37% of patients undergoing total hip replacement could not recall a
significant complication (380). Likewise, a study involving 200 patients undergoing
laparoscopic cholecystectomy showed that only 51% had sufficient understanding of their
operation, and fewer than 31% could identify a single potential complication (381). A
qualitative interview study scrutinising informed consent in rectal cancer surgery found that
none of the thirty patients felt they had a choice of surgical alternatives. This perceived
absence of choice may reflect the surgeon's dominant role in decision-making (382). When
asked about the primary outcomes of rectal cancer surgery, half of the patients could not
remember any preoperative discussion regarding changes in bowel habits, urinary function,
or sexual function (382). This is especially concerning given the value patients place on

quality-of-life-related outcomes.

There are several impediments to effective communication. Interactions between physicians
and patients can be compromised by linguistic, educational, and socio-economic challenges
(383). Patients with limited English proficiency or poor literacy are susceptible to
misunderstanding (384). Research has shown that poor health literacy negatively impacts
individuals' ability to acquire and utilise health-related information (385). For example, in a
study by Williams et al., 60% of 2659 patients at two US public hospitals failed to

comprehend the written consent document (386).

Additionally, the information provided may not always align with patients' needs regarding
content and volume. There is often a disconnect between what clinicians and patients
prioritise during the consent process (387). Clinicians commonly underestimate the
information patients wish to receive (388). Surgeons emphasise specific technical risks and
adverse outcomes during operation discussions, potentially overlooking areas of more
significant patient concern, such as functional outcomes, pain, and recovery duration (389).
Another issue is translating population-based risk estimates to an individual level.
Standardised consent forms may overlook individual needs and compromise patient
autonomy (390). Overly systematic pre-operative instruction may make clinicians insensitive
to patients' concerns (391). Aside from the legal and ethical obligations, enhancing patient
understanding is correlated with increased satisfaction, better adherence to treatment, and

fewer post-operative complications (392) (393) (394).
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6.1.3 Evaluation of Patient-Specific 3D Models in Enhancing Patient
Understanding and Decision-Making

A diverse range of interventions have been assessed to enhance patient comprehension
and decision-making. These interventions encompass changes in the timing of consent,
extended consultations, specialised educational initiatives (such as 'joint school' for patients
due for total hip replacement (395), written resources, audio-visual tools (including videos,
DVDs, websites, or software solutions), interactive multimedia, decision aids, and question
prompt sheets 28. Surgical studies vary significantly in study design and outcome measures,
making comparing interventions challenging. Given the intricate nature of decision-making
and the individual differences among patients, potential solutions must be equally diverse
and target distinct facets of the consent process (387). Ensuring comprehensive patient

education is a critical component of any such solution.

The presentation of information significantly impacts patient comprehension and recall (396).
Standalone oral information is often poorly retained. Visual aids can make information more
comprehensible for patients than text-only formats, particularly for those with limited literacy
(397). A review of the role of illustrations in health communication demonstrated that visuals
enhance attention, comprehension, recall, and adherence (398). Specifically, illustrations
can significantly improve the recall of conceptual knowledge and problem-solving information
for lay audiences (399). In a recent randomised control trial, Rosenfeld et al. assessed the
impact of standardised visual aids on the consent process for children with acute
appendicitis. Multivariate analysis revealed that standardised illustrations had the most
positive effect on parental comprehension and retention (with 75% correct on a knowledge-

based assessment, compared to 50%; p<0.01) (392).

However, illustrations do not necessarily ensure comprehension. Images must be
straightforward, clearly labelled with a sufficiently large font, and communicate a single
concept (399) (400). Three-dimensional (3D) virtual imaging and printing may offer
advantages over 2D illustrations when explaining complex anatomy and surgical procedures
(401). Akey reported benefit of 3D visualisation is enhanced anatomical perception (402)
(403) (116) (404) (405).

Preliminary studies on using 3D models in patient education have yielded promising results.
Yoon et al. reported that personalised printed models enhanced self-reported patient

knowledge and satisfaction during consent for stage 1 lung cancer surgery (406). A similar
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increase in satisfaction was observed when 3D-printed models were used for preoperative

education for patients undergoing robot-assisted partial nephrectomy (168).

3D models have also been shown to improve patient knowledge objectively. Bernhard et al.
evaluated the impact of personalised models on patients' understanding of their renal tumor
using a custom questionnaire. Patients provided with a personalised 3D kidney model
demonstrated an improved understanding of renal physiology by 16.7%, anatomy by 50%,
tumor characteristics by 39%, and the planned procedure by 44.6% (169). Parents of
children undergoing hepatectomy showed improved objective understanding when 3D-
printed models were used during the consent process (8). However, these studies only
compare 3D models against standard practice and use variable non-validated outcome
measures. It is yet to be determined whether 3D models are superior to more straightforward
multimedia solutions or visual aids. A randomised control trial investigating the effect of 3D
animation versus simple hand-drawn real-time illustrations found animation superior in
periodontal education (407). Patient-specific 3D virtual/printed models, if derived from a
patient's scan, may also facilitate personalised consent processes. This chapter evaluates

the role of such patient-specific 3D models derived from patient imaging.

6.2 Methods

6.2.1 Study Design

This prospective mixed-methods, randomised controlled study was conducted at the St
Mark’s Hospital Complex Cancer Clinic, where patients with complex colorectal cancer
receive specialised multidisciplinary consultations. Most patients are referred from other
institutions and are thus typically aware of their diagnosis before attending the clinic. Many
also require multiple appointments before surgical intervention. The study's primary objective
was to evaluate the effectiveness of personalised 3D imaging in enhancing patient

comprehension and informed decision-making in complex colorectal cancer treatment.

6.2.2 3D patient-specific model reconstruction

PBR 3D models were reconstructed from combinations of MR and CT data as outlined in
Chapter 2.
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6.2.3 Patient recruitment
Patients were recruited from the St Mark’s complex clinic list.
Inclusion criteria:

¢ Male and female patients

e Aged =18

e English and non-English-speaking patients

e Locally advanced and recurrent rectal cancer patients under consideration for
beyond TME or pelvic exenteration surgery (including sacrectomies and pelvic
sidewall excisions)

e Possess capacity and can provide consent to participate.

e Suitable imaging available (either MRI/CT scan, depending on the specific case)
Exclusion criteria

e Patients < 18 years of age

e Emergency patients

¢ No suitable imaging

e Patient not under consideration for operative intervention
e Patient lacking capacity.

¢ Did not complete the full set of questionnaires.

Patients were invited to participate in the study and provided an information leaflet. Those

who consented were randomly assigned to either the STANDARD or the 3D group.

6.2.3.1 STANDARD Group

Participants in the STANDARD group underwent the typical consultation process at the St
Mark’s Hospital Complex Cancer Clinic (CCC), which provides specialised multidisciplinary
consultations and treatments for complex colorectal cancer. Most patients are referred from
other institutions and are already aware of their diagnosis before attending the clinic. Given
the complexity of their condition, many patients also require multiple appointments before
undergoing surgical intervention. The Multidisciplinary Team (MDT), specialising in complex
colorectal cancer care, reviews each patient's case. The team brings together consultant

colorectal surgeons, gastrointestinal radiologists, cancer nurse specialists, physiotherapists,
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and other relevant specialists who collectively develop a comprehensive treatment plan for

each patient.

During the 30- to 40-minute consultation, the radiologist explains the patient's CT/MRI scans
to enhance understanding of the disease. Based on MDT recommendations, surgical options
are presented, with discussions covering potential risks and benefits specific to each
patient’s case. The clinic introduced telemedicine appointments in response to the COVID-

19 pandemic, enabling patients to discuss their care via video calls.

6.2.3.2 3D Group

Participants in the 3D group received the same standard consultation process described
above, supplemented with a personalised virtual 3D model. No strict guidelines were
imposed regarding the duration or way the 3D model was to be employed; however, it was

typically used after the imaging review to explain the proposed surgical treatment.

6.2.4 Randomisation and Interventions

Participants were randomised 1:1 into 3D model or standard consultation groups using a
computer-generated sequence. Allocation was concealed using sequentially numbered,
opaque, sealed envelopes. The 3D group received a standard consultation supplemented
with a personalised 3D model, and the standard group received a conventional consultation

without the 3D model. Participating surgeons received training in 3D model navigation.

6.2.5 Outcome measures

We collected basic demographic data for each patient, including age, gender, level of
education, and primary language, along with details of their tumour and previous surgical

interventions/ cancer treatments.
Before the consultation, patients were asked to complete the following questionnaires:

e Control preference scale measures the degree of control an individual wants to
assume when decisions are made about medical treatment. (408)

e Quality of Life (QOL) and Length of Life (LOL) preferences were assessed using
the four-point instrument designed by Meropol et al (409).

e Treatment preferences were assessed using a custom six-point Likert scale
questionnaire. Patients were asked to rate how important the following treatment

outcomes were:
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e How important is quality of life to you?

e How important is length of life to you?

e Having control of bowels

e Minimising side effects of treatment

e Being able to spend time with friends and family.
e Maintaining sexual function

e Avoiding a stoma

e Maintaining my independence

e Getting back to work

Patients were also asked to state their pre-consultation treatment preferences by selecting a
statement that best described their desired treatment preferences relating to operative

interventions.

6.2.5.1 Primary objective outcome measure: Decisional conflict score

The primary outcome, decisional conflict, was measured with the 16-item, five-response
category Decisional Conflict Score (DCS) instrument. The scale has previously been
validated and has a robust construct validity reliability with a Cronbach alpha coefficient of
over 0.78 (410). Patients were asked to complete the questionnaire before and after their
consultation, and we compared the change in score pre and post-consultation between each
group. Higher scores indicate increased decisional conflict, while lower scores signify

confidence in decision-making (see Appendix 6.3).

6.2.5.2 Secondary objective outcome measures

6.2.5.2.1 Patient knowledge score

Patients were asked to complete a custom patient knowledge questionnaire after their
consultation to assess their understanding of their proposed operation. The questionnaire

was comprised of two elements.

The first component was a multiple-answer questionnaire, in which participants were asked
to select the organs/structures that would be removed as part of their exenteration procedure
and then asked to select the single best statement that reflected the likely functional
outcomes for bowel and bladder function, stoma, mobility and sexual function. A surgical
team member independently completed this questionnaire for each patient, and the level of

agreement was ascertained.
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6.2.5.2.2 Subjective feedback

Participants from each group were instructed to fill out a questionnaire utilising a 7-point
Likert scale. This questionnaire aimed to measure their level of agreement or disagreement
with a set of statements regarding their consultation and consent process. In addition to the
core questionnaire, the 3D group was presented with an extra set of questions designed to
assess their experience and opinion of the 3D model. These statements were carefully
crafted in collaboration with the clinical team and the patients to encompass essential

aspects of the clinic.

6.2.5.2.3 Semi-structured interviews

The present study utilised a mixed methods research design to understand the benefits of
using personalised 3D models in clinical consent consultations for patients with advanced
rectal cancer undergoing pelvic exenteration. Semi-structured interviews were utilised to
ascertain patient perception and explore the potential benefits/drawbacks and how using the

3D model may have influenced their decision-making or understanding.

Data was collected using semi-structured interviews conducted over the Zoom video
conferencing platform. The research team developed the interview guide based on existing
literature regarding clinical consent and patient education. It was designed to explore
patients' experiences with and perceptions of using 3D models in their consultations based
on the data from the initial pilot study. Interviews ranged from 30 to 60 minutes and were
digitally recorded and then manually transcribed verbatim for data analysis. The interviews
continued until data saturation was reached, meaning no new themes emerged from the

discussions.

Each interview used the following predetermined open-ended questions with the flexibility to

explore themes or responses in more depth as appropriate:

1. Introduction: Each interview was commenced by explaining its purpose, assuring
confidentiality, and asking for consent to record the conversation.
2. Background Information: We collected some basic demographic and background
data.
e Can you tell me a bit about your cancer diagnosis and treatment journey up to
this point?
3. Experience with Traditional Consent Consultations:
e Could you describe your experience with traditional consent consultations
prior to your pelvic exenteration?
e How well did you feel you understood the procedure and potential outcomes

from these consultations?
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4. Experience with 3D Model-Enhanced Consultations:
e Can you describe your experience when a 3D model was used during the
consent consultation?
¢ In what ways, if any, did using the 3D model change your understanding of
the procedure?
¢ Why is understanding of your disease and potential treatment important?
e How important was the personalisation of the model, i.e., showing your
tumour and anatomy from your imaging data?
5. Comparative Analysis:
e« Could you compare your experiences with traditional consent consultations
and 3D model-enhanced consultations?
¢ Was seeing the scans a helpful experience? How does it compare to the 3D
model?
¢ How did using 3D models influence your decision-making process about the
surgery?
6. Perceived Benefits and Drawbacks:
o What were the benefits of having a 3D model during the consultation?
o Were there any drawbacks or challenges related to the use of the 3D model?
o Was the appearance of the model satisfactory?
¢ How might the model be improved to facilitate your understanding better?
7. Wrap-up:
¢ |s there anything else you think we should know about your experience with
the 3D model in your consultation?

6.2.6 Data Analysis

The study's data was analysed and visualised using Microsoft Excel (Microsoft Corp.,
Redmond, WA, USA) and Python version 3.4 within a Jupyter Notebook environment (354).
Custom Python scripts were written for data analysis. Python libraries utilised were Numpy
for numerical computations (195), Pandas for data processing (355), Matplotlib (213) and,

Seabomn (356) for graphical visualisations and SciPy for advanced statistical tests (196).

Descriptive statistics were used to summarise patient demographics and questionnaire
responses. The Shapiro-Wilk test was used to assess the normality of continuous variables.
The Mann-Whitney U test was used to compare the 3D and standard groups for continuous

variables not normally distributed. The Wilcoxon signed-rank test was used to compare pre-
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and post-intervention DCS scores within each group. Categorical variables were compared

using the chi-squared test. Statistical significance was set at p<0.05.

6.2.7 Sample size.

For the primary qualitative objective, semi-structured interviews were conducted with 3D-
group participants until thematic saturation was achieved. For the quantitative assessment of
change in DCS, we targeted 20 participants per arm following recommendations by
Whitehead et al. (411), which indicate this sample size provides adequate parameter
estimates for future trial planning. This approach was supported by our preliminary data from
10 participants showing an effect size of -0.66 for DCS reduction with 3D models, suggesting

that 20 participants per arm would provide sufficient power to detect meaningful differences.
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Figure 6-1 A-H Example patient specific 3D reconstructions.




Figure 6-2 I-P Example patient specific 3D reconstructions.
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Figure 6-3 Consort patient flow diagram
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Patient recruitment is illustrated in Figure 6-3.

The demographic data and planned pelvic exenteration procedures for each group are
summarised in Table 6-1. For a detailed description of each participant, refer to Tables 6-2
and 6-3. The exenteration procedures were classified according to the Association of
Coloproctologists of Great Britain and Ireland (ACPGBI) Advanced Malignancy
Subcommittee and the UK Pelvic Exenteration Network (UKPEN) Pelvic Exenteration

Lexicon (See Appendix 6.4).
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Table 6-1 Patient demographics summary

Standard 3D p-value
n 22 29
Locally
advanced 12 15
Diagnosis Locally 0.78
3 9
Recurrent
Other 6 4
Age (years) Median i 64 | Range 32- Median { 65 | Range 31- 0.84
76 82
Sex (M:F) 18:4 (82:18%) 18:11 (62:38%) 0.22
_External 21 28
institution
Referral 0.6
Internal
1 1
referral
. tF'rS: 19 25
Appointment ;| aPpointmen 0.8
Follow-up 3 4
Planned Pelvic Exent
. Lexicon | Median i 4.5 | IQR 5 Median i 8 | IQR 6 *0.04
exenteration score
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6.3.1 Intended Exenteration Procedures

The 3D group demonstrated a median involvement of six structures in the planned resection
(range: 2 - 11, interquartile range [IQR]: 3), compared to the standard group, which had a
median of four structures (range: 2 - 8, IQR: 2.5). We calculated an exenteration score by
numerically encoding each subcategory from the Pelvic Exenteration Lexicon and summated
the scores for each patient (e.g., P1=1, P2=2, A1=1, A2=2). We found that the 3D group had
a significantly higher score, representing more extensive surgery (3D median 8, IQR 6
versus standard median 4.5, IQR 5.75, p= 0.04).

305



Table 6-2 Detailed Demographic Characteristics and Planned Exenteration Procedures in the 3D Group

Ag | se | Grou App Previous Diagnosi EXENTERATIVE PROCEDURE PLANNED
ID e X abdominal S - -
P ’ surgery Pos:eno Antfno Cerlrtra Vessels Nerves PFM Recon Detail A(_’d Detail
117 | M| 3D 1st TME + L R P4 @ sv2 L PM1 IGAP
Uretectomy
2 | 57 F 3D 1st TME R P1 C2 SV2 R
3| 33 F 3D F/U LA C1
IGAP;
6 | 41 F 3D 1st R SCC P2 A3 C3 Urostom
y
7176 | F | 3D 1st LA c2 Cocay-
gectomy

8 | 47 3D 1st LA C1 SV1L
9 | 69 3D 1st LA C2 SV2 R PM1
1 TAH BSO
1 69 F 3D 1st (endometrial LA P1 A2 L C1 SV1L E2

cancer)

TME, end
1 colostomy +
2 75 M 3D F/U L Seminal R

vesicle

resection
il | F| a0 1st LA+ M
1 54 F 3D 1st Colectomy; R Urostom
4 proctectomy y
1l | m| 3 F/U LA+M
1 Left
7 57 F 3D F/U LA P1 C1 piriformis

fascia

11720 | F | 3D 1st LA P1 c2 L piriformis
9 fascia
2 Lap. high SN4
0 73 M 3D 1st AR R P1 Cc2 SV1L Lxx
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SGAP:
Urostom
y

Urostom
y

Urostom
y

SGAP;
Urostom
y

Coccy-
gectomy

SGAP;
Urostom

y

Penile
body

a a ()}

Interspincteri
c

dissection

i 67 3D 1st LA A3

2 Ultra-low V.

2 | o4 3D 1st ol R A3

2| 74 3D 1st Defunc. LA A3

8 colostomy

g 66 3D 1st LA P2 A3

3 5

3| es 3D 1st LA

s TME; Right

4 71 3D 1st nephrectom R A3
y

3 Defunc.

7 67 3D 1st ileostomy LA

2 77 3D 1st Hartman's R 1

g 55 3D 1st LA c1 SVIR PM1

51 64 3D 1st Right R Colon

1 hemi.

g 74 3D 1st ELAPE R

6

o | 54 3D 1st LA

f 57 3D 1st LA

6

[ 3D 1st LA

IGAP

IGAP;
Urostom

SGAP

IGAP;
Urostom

Y
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Table 6-3 Detailed Demographic Characteristics and Planned Exenteration Procedures in the STANDARD Group

Previous EXENTERATIVE PROCEDURE PLANNED
ID Age | Sex | Group | R | App. abdominal Diagnosis _ _
surgery Posterior | Anterior | Central Vessels Nerves PFM Recon Detail Add. Detail
Defunct.
5 57 | M S E | st | Y| Coiostomy LA C2
10 45 | M S E| FlU | N NE A3 C2 SV1 PM1
18 51 M S E 1st | N LA P2 A3 Cc2 SV2 B Urostomy
21 73 | M S E | 1st | N LA P2:P3 C2 SV1B
23 74 | M S E | 1st | N LA C2
27 66 | M s |e| Fu N Anal SCC A3 c2 sv2 L PM1 Urostomy
32 75 | F s E| 1st |N Stromal c2 PM1
R Ovary;
35 32 | F s I | FlU | Y IRA LA c2 = small
bowel
43 51 M s I | 1st | N PS cyst
46 38 | M s E| 1st |Y R
50 57 | M s E| 1st |N LA c1 SV2R
52 69 | M s E| 1st |Y R C2 SV2 L L ELSIE
53 66 | M s | E| 1st |N LA A2R | cC1 Boari flap
sigmoid
54 74 | M s |E| 1st |N c1 | SV2RSVI
SGAP;
56 61 M s E | 1st |Y TME LA P4 A4 C2 Sv2L SN3'L YK U
rostomy
59 73 | M s |E| st |Y Right R colon A1 HIPEC
hemi
62 75 | F s E | 1st LA P1 c1
67 67 | M s | E| st |V EMR R ‘ P4 ‘ c1
polypectomy
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7 34 F S E| 1st | N LA C1 PM1 gigf;{]y
72 75 | M S E | 1st | N LA C1 PM1
73 69 | M S E | 1st | N LA C1 PM1
74 78 | M S E | 1st | N LA A3 C2 PM1
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6.3.2 Treatment and decision making preferences

Patient responses to decision control and treatment preference and priorities are displayed
in figures 6-4 to 6-13. Chi-square test revealed no statistical difference in responses
between STANDARD and 3D groups.
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Figure 6-4 Education level of Standard and 3D groups. No statistical difference between groups
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Figure 6-5 Pre-consultation treatment preferences for Standard and 3D groups.
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Figure 6-6 Stated decision making preferences for Standard and 3D groups.
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Figure 6-7 Quality and Length of life preference for Standard and 3D groups.

Quality of Life vs Length of Life
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Figure 6-8 Treatment priorities: Stated importance of Avoiding Stoma- 3D versus Standard groups.
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Figure 6-9 Treatment priorities: Stated importance of retaining control of bowel function 3D versus Standard
Groups.
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Figure 6-10 Treatment priorities Stated importance of maintaining independence 3D versus Standard
Groups.
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Figure 6-11 Treatment priorities: Stated importance of Minimising pain- 3D versus Standard groups.
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Figure 6-12 Treatment priorities Stated importance of getting back to work- 3D versus Standard groups
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6.3.3 Decisional conflict score

The Decisional Conflict Scale (DCS) score was significantly reduced in both groups following
the consultation (3D group: median 60 pre-consultation vs. 24 post-consultation, p<0.001;
standard group: median 39 pre-consultation vs. 25 post-consultation, p=0.003). The median
reduction in DCS score was significantly more significant in the 3D group compared to the
standard group (-36 vs. -14, p=0.005)(see Figure 6-13).

Figure 6-13 Box plot adjusted DCS score pre and post consultation for 3D and STANDARD
groups.
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6.3.4 Patient knowledge questionnaire

Assessment of patient knowledge regarding anatomical structures involved in the planned
surgery revealed no significant difference between the 3D and standard groups (3D median
agreement 94.4%, IQR 16.7 vs. standard median agreement 88.4%, IQR 16.7; p=0.376).
Table 6-4 and 6-5 detail the full breakdown of agreement/ disagreement by anatomical

structure.
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Table 6-4: Breakdown of agreement/discrepancies between patient and surgeon response
by anatomical structure for the 3D GROUP

Overall
agreement Discrepancy Discrepancy
. Patient and Agreement Agrgement. Included by Included by
Anatomical Included by Not included :
Structur n surgeon gave tient and b raeon & Surgeon, Not patient not
ucture same patient a y sutgeot by Patient included by
response surgeon patien surgeon
Part of colon | 29 27(93.1%) | 9(31.0%) | 18(62.1%) 1 (3.4%) 1 (3.4%)
All of colon | 29 26 (89.7%) 0(0.0%) | 26(89.7%) 1 (3.4%) 2 (6.9%)
Rectum | 29 25(86.2%) | 22 (75.9%) | 3(10.3%) 2 (6.9%) 2 (6.9%)
Anus 29 25(86.2%) | 12 (41.4%) | 13 (44.8%) | 2(6.9%) 2 (6.9%)
Bladder | 29 25(86.2%) | 9(31.0%) | 16(55.2%) | 2 (6.9%) 2 (6.9%)
Kidney | 29 29 (100.0%) | 2(6.9%) | 27(93.1%) | 0(0.0%) 0 (0.0%)
Uterus 11 10 (90.9%) | 6(54.5%) | 4 (36.4%) 1(9.1%) 0 (0.0%)
Ovaries | 11 9(81.8%) | 5(455%) | 4(36.4%) | 2(18.2%) 0 (0.0%)
\F/’:;nj 11 10 (90.9%) | 3(7.3%) | 7(63.6%) 0 (0.0%) 1(9.1%)
All of vagina | 11 11 (100.0%) | 0(0.0%) | 11 (100.0%) | 0(0.0%) 0 (0.0%)
Piggt;’tl 18 16 (88.9%) | 3(16.7%) | 13(722%) | 2(11.1%) 0 (0.0%)
pgit‘;fte 18 13(72.2%) | 3(16.7%) | 10(55.6%) | 1(5.6%) | 4(22.2%)
f’g;'cr‘;' 18 13(722%) | 527.8%) | 8(44.4%) | 3(16.7%) | 2(11.1%)
Bone 29 26 (89.7%) | 11 (37.9%) | 15(51.7%) 1 (3.4%) 2 (6.9%)
Muscle |29 24 (82.8%) | 7(24.1%) | 17(58.6%) | 2(6.9%) 3 (10.3%)
Nerves | 29 26 (89.7%) | 9(31.0%) | 17 (58.6%) 1 (3.4%) 2 (6.9%)
JDlood [20 | 22(759%) | 1(34%) | 21(724%) | 3(10.3%) | 4(13.8%)
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Table 6-5: Breakdown of agreement/discrepancies between patient and surgeon response
by anatomical structure for the STANDARD GROUP

Overall Discrepancy Discrepancy
agreement Agreement Agreement. Included b Included b
Anatomical Patient and Included by Not included y - y
n . Surgeon, Not patient not
structure surgeon gave patient and by surgeon & by Patient included b
same surgeon patient y surgeon y
response 9
Part of colon 22 15 (68.2%) 2 (9.1%) 13 (59.1%) 1(4.5%) 6 (27.3%)
All of colon 22 20 (90.9%) 0 (0.0%) 20 (90.9%) 1(4.5%) 1(4.5%)
Rectum 22 15 (68.2%) 12 (54.5%) 3 (13.6%) 7 (31.8%) 0 (0.0%)
Anus 22 16 (72.7%) 3 (13.6%) 13 (59.1%) 3 (13.6%) 3 (13.6%)
Bladder 22 21 (95.5%) 4 (18.2%) 17 (77.3%) 1(4.5%) 0 (0.0%)
Kidney 22 21 (95.5%) 0 (0.0%) 21 (95.5%) 0 (0.0%) 1(4.5%)
Uterus 4 3 (75.0%) 1(25.0%) 2 (50.0%) 0 (0.0%) 1(25.0%)
Ovaries and
fallgpi;n bes 4 4 (100.0%) | 2 (50.0%) 2 (50.0%) 0 (0.0%) 0 (0.0%)
Part of vagina 4 3 (75.0%) 0 (0.0%) 3 (75.0%) 0 (0.0%) 1(25.0%)
All of vagina 4 4 (100.0%) 0 (0.0%) 4 (100.0%) 0 (0.0%) 0 (0.0%)
Part of Prostate 18 17 (94.4%) 0 (0.0%) 17 (94.4%) 1(5.6%) 0 (0.0%)
All of prostate 18 16 (88.9%) 1(5.6%) 15 (83.3%) 2 (11.1%) 0 (0.0%)
Seminal Vesicle 18 15 (83.3%) 2 (11.1%) 13 (72.2%) 3 (16.7%) 0 (0.0%)
Bone 22 18 (81.8%) 0 (0.0%) 18 (81.8%) 4 (18.2%) 0 (0.0%)
Muscle 22 19 (86.4%) 0 (0.0%) 19 (86.4%) 2 (9.1%) 1(4.5%)
Nerves 22 17 (77.3%) 0 (0.0%) 17 (77.3%) 3 (13.6%) 2 (9.1%)
La\:ggsbe'l?d 22 | 20(90.9%) | 0(0.0%) | 200.9%) | 1 (4.5%) 1 (4.5%)

6.3.4.1 Functional outcome perception

Higher levels of agreement were observed in the 3D group across several functional

outcomes (see Table 6-7). Specifically, bowel function agreement reached 89.6% (26/29) in

the 3D group, compared with 72.7% (16/22) in the standard group. Similarly, urinary function
agreement was 72.4% (21/29) in the 3D group and 63.6% (14/22) in the standard group.
Notably, agreement regarding the need for a stoma was significantly higher in the 3D group
(93.1%, 27/29) compared with the standard group (63.6%, 14/22). Postoperative mobility
followed the same pattern, with 79.3% agreement (23/29) in the 3D group versus 40.9%

(9/22) in the standard group. Male sexual function agreement was 77.8% (14/18) in the 3D

group, compared with 39.0% (7/18) in the standard group.

In contrast, female sexual function showed similar levels of agreement in both groups:
54.5% (6/11) in the 3D group and 50.0% (2/4) in the standard group. Overall, the mean
agreement level in the 3D group was 83.9% (n=29, range 50—100%, SD 14.42), markedly
higher than the 59.8% observed in the standard group (n=22, range 0-100%, SD 26.05).
This difference was statistically significant (Mann-Whitney U; p<0.001).
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Table 6-6 Summary of the average agreement for functional outcomes in 3D and

STANDARD groups
Functional outcome Agreement: 3D Agreement: Standard
Count/n Percentage Count/n Percentage

Bowel Function 26/29 89.60% 16/22 72.70%
Urinary function 21/29 72.40% 14/22 63.60%
Need for stoma 27129 93.10% 14/22 63.60%
Post op mobility 23/29 79.30% 9/22 40.90%
Male Sexual Function 14/18 77.78% 7/18 39%

Female Sexual Function 6/11 54.54% 2/4 50.00%

6.3.5 Subjective feedback

Responses to the Likert scale data are summarised in Figures 6-14 and 6-15.

6.3.5.1 3D Model Feedback:

In this cohort, most patients reported a favourable experience with the 3D model.
Specifically, 63.33% strongly supported the model as a tool that enhanced understanding of
their disease. In comparison, 80% indicated that the model-assisted them in making
treatment decisions, including 30% who strongly agreed. The model’'s aesthetic appeal was
highly regarded, with over 90% of patients approving of its appearance and 56.67%
expressing strong agreement. Additionally, 90% of participants disagreed that the model was
confusing, suggesting it offered clarity. Although 13% found the model somewhat distressing,
67% did not share this view. Personalised features of the model were broadly valued, with
96% of participants affirming its importance; of these, 87% either agreed or strongly agreed.
Finally, when asked to compare the 3D model with standard imaging data, 96%

demonstrated a clear preference for the 3D model.

6.3.5.2 General Feedback:

Understanding their disease and the rationale behind their operation remained crucial across
both groups. In the standard group, 88% affirmed or strongly affirmed their comprehension

of the operation's necessity, a figure slightly eclipsed by the 93% in the 3D group. Similarly,
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96% of the standard group and 93% of the 3D group agreed or strongly agreed on the

importance of understanding their disease.

When interpreting diagnostic imaging data, the 3D group reported superior comprehension.
Only 10% of the 3D group agreed or mildly concurred that deciphering the scans was
challenging, with no strong agreement. Conversely, the standard group contained 16% who

agreed or strongly agreed with the difficulty of understanding the scan imagery.

In the standard group, a quarter of respondents disagreed or strongly disagreed with the
notion that they did not comprehend the potential benefits of the operation. However, an
equal fraction agreed or strongly agreed, suggesting a segment of this group grappled with
understanding the operation's benefits. In contrast, 80% of the 3D group disagreed or
strongly disagreed with this sentiment, indicating their perceived comprehension of the
operation's benefits. This stark contrast suggests a superior grasp of the operation's benefits

within the 3D group relative to the standard group.

Patient involvement in decision-making regarding their care was viewed favourably in both
groups, with 79% of the standard group and 80% of the 3D group agreeing or strongly

agreeing that they felt involved.

Concerning the allocation of consultation time, both groups overwhelmingly agreed or
strongly agreed that the duration spent explaining their operation was appropriate (83% in

the standard group and 87% in the 3D group).

The expertise of both the doctor and nurse was highly praised in both groups. The statement
"| felt the doctor was knowledgeable about my procedure and treatments" was agreed or
strongly agreed with by 96% of the standard group and 97% of the 3D group. Similarly, 95%
in the standard group and 83% in the 3D group voiced a strong agreement with the
corresponding statement about the nurse. Both groups were highly satisfied with the overall
explanation of the disease and operation. 88% of the standard group agreed or strongly

agreed with this statement, paralleled by 83% agreement or strong agreement within the 3D

group.
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Figure 6-14 3D model subjective Likert scale questionnaire responses.
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Figure 6-15 General consultation Likert scale questionnaire responses from Standard and 3D group
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6.4 Interview data.

The following section presents the findings from a qualitative interview study that explored
using 3D models and their impact on decision-making among patients diagnosed with
advanced rectal cancer. Eighteen patients agreed to be interviewed. The interview analysis
revealed several key themes. These centred on patient understanding and engagement,
including the degree of personalisation in their care and quality of communication. Patients'
emotional responses and coping mechanisms following their diagnosis emerged as another

significant theme, as did the factors influencing their decision-making processes.

Through in-depth analysis of the interview data, these themes emerged as crucial aspects
shaping patients' experiences and perceptions of the 3D models. The subsequent
subsections delve into each theme, providing an in-depth exploration of the participants'
perspectives and insights. By examining these themes, we gain valuable insights into the
potential benefits and challenges of integrating 3D models into the decision-making process

for patients with advanced rectal cancer.

6.4.1 Understanding

During the analysis of semi-structured interviews conducted with eighteen participants
diagnosed with advanced rectal cancer, understanding emerged as a principal theme.
Specifically, patients reported that personalised three-dimensional (3D) models offered an
enhanced appreciation of their diagnosis, the rationale for complex surgery, and the interplay
of anatomical structures. The following sections illustrate how participants’ perspectives
evolved from initial uncertainty—relying on conventional explanations and black-and-white

imaging—to a more concrete, visually guided comprehension of their condition.

6.4.1.1 Comprehension of Diagnosis and Treatment

A consistent subtheme among participants was the value of the 3D model in illuminating
aspects of their anatomy and tumour burden. This was particularly evident in contexts where

standard two-dimensional (2D) imaging had proved difficult to interpret. For instance,
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Participant #8 described initial uncertainty regarding the necessity of a specialist surgical

team:

“Initially, when | saw my surgeon, he explained the usual procedure—
resect the rectum using a robot and create a stoma. But because of these
lymph nodes, it was outside the norm, and | needed a referral elsewhere.

On the MRI, it looked as though the lymph nodes were quite close, so |
wondered why they could not just ‘move the robot a bit further.’ | didn’t fully
understand why a specialist team was required. Once | saw the 3D model,

it became clear.”

In this account, the complexity of lymph node involvement gained a visual clarity that
enabled the patient to recognise why robotic resection alone was insufficient. The model

served as a tangible educational resource, bridging knowledge gaps that might persist.

Participant #16 likewise emphasised the significance of seeing a 3D representation:

“I already expected extensive surgery, but the model let me see precisely
which areas they would remove and why it was more complicated than a

routine resection.”

This explanation underscores a critical function of 3D models: the ability to combine
radiological findings with a patient-focused visualisation strategy, thus fostering deeper
comprehension of surgical rationale. This aligns with evidence suggesting patients value

accessible explanatory tools when confronted with major operative decisions.

6.4.1.2 Mental Preparedness and Acceptance

In addition to clarifying the extent of the disease, participants highlighted how an enhanced

understanding improved mental preparedness. The data revealed that a vivid grasp of the

anatomy, including the size of the tumour and proximity to vital structures, helped to reduce

psychological distress. Participant #51 reflected:
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“Does it help mentally? | think some people probably would rather Not
know... But I'm probably a bit in the middle, | want to know. And then if |
feel that it doesn't help me, I'll just exclude it from my mind sort of thing.
But if | feel that, like, | want to know what they're doing, then I'll focus on

those bits”

Similarly, Participant #11 noted:

“Maybe not so much the disease, the size of the tumour. I think |
hadn’t properly appreciated quite size of the tumour. And its relationship to
different organs, not just the bowel, but yes. And organs, you know, how so
many of them are interconnected... ‘Yes, it's made me more aware of just
how many because of the close proximity of so many different organs and
tubes, etc, etc, in the abdomen, and the size of the tumour. And, you know,

and because there is damage from the radiotherapy, just, you know, that

things are not going to be straightforward.”

These accounts suggest that improved understanding through 3D visualisation can facilitate
psychological readiness by providing a more realistic impression of the surgical challenge.
From a methodological perspective, these findings emerged consistently across transcripts,
indicating that participants’ sense of preparation was tied to the depth and clarity of the

information they had received.

6.4.1.3 Comparison with Traditional Medical Imaging

A further subtheme under ‘Understanding’ was the participants’ comparison of the 3D
models with conventional 2D imaging. Without exception, they reported that the model
offered a qualitatively different grasp of tumour location, size, and anatomical relationships.

Participant #8 succinctly contrasted the two approaches:

“It's just a lot of black and white image. You know, I'm just going on the
whatever the clinician says. Whereas the model brings things a bit more to
life. And even without any anatomy and physiology knowledge, you can

start to picture your pelvis in relation to where you're going to have an
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operation and how deepens they're going. You know, and you can't get

that from a 2d picture.”

Likewise, Participant #7 emphasised the usefulness of colour cues:

“Because it’s in colour, you notice detail you’d never spot in a black-and-

white scan. It's so much clearer.”

Others, including Patient #3, pointed out that 2D scans did not always allow them to form a

comprehensive mental picture:

“Yeah, it's when she explained the scans step by step that helped a little.

But again, like, | wasn't able to picture the whole thing.”

Patient #44 emphasised the utility of having the model available at the beginning of a

consultation:

“I think if that your model had been available straightaway and clearly on
the screen, when | arrived at the start of that consultation, then | think the
consultant would have been able, in my case thing to use that model
throughout. And there wouldn't have been any questions, and it would
have been a difficult situation, however, because the black and white was

used, and it wasn't that clear.”

Patient 8 conveyed how switching from 2D scans to a physical 3D representation created an

instant “aha” moment:

“No, because to me, they’re just the same but different shadows and |
don't... Even though you’re saying, this bit here, I'm like, well, that looks
exactly the same on the other side. But is that a different shadow or...?

The model’s much easier to understand. Me and my mum and dad all

agreed that that was so much better. Like on the first bit, where they
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showed the scans, | was just like, yes. And then when they brought out the

model | was like, oh | understand now, because | can see it.”

Overall, participants viewed the 3D model as a tangible resource that significantly improved

their understanding, communication, and experience compared to standard 2D imaging.

6.4.1.4 Summary of the ‘Understanding’ Theme

In summary, the ‘Understanding’ theme revealed that 3D models tangibly enhanced patients’
comprehension of diagnosis, surgical rationale, and the topography of their disease. This
enhanced comprehension frequently underpinned their ability to accept the necessity of
invasive procedures. As subsequent sections indicate, personalisation, communication,
emotional reassurance, and decision-making processes were often built upon this

foundational understanding.

6.4.2 Personalisation

Patients consistently stated the importance of having a model based on their scans rather
than a generic depiction of rectal cancer. This second theme—personalisation—
encompassed participants’ views on individualised care, heightened trust, and the utility of

seeing their specific tumour within their unique anatomy.

6.4.2.1 Personalisation and Understanding

Many participants felt strongly that a generic model would not have conferred the same

sense of pertinence or exactness. Participant #31, for instance, stressed:

“I needed to see exactly where my tumour was placed, how it touched
certain organs. If it were just a general model, it wouldn’t give that real-

world relevance.”

Participant #51 similarly added:

“You miss subtle details with a generic model—details that might matter a

great deal to the patient.”

328



The personalisation of models is inextricably linked to patient understanding. Patient #31
expressed the necessity of a personalised model to know exactly where the tumour is
touching: "I think you need to have it on a personalised basis for every person... to
understand where the tumour was..". Similarly, Patient #51 pointed out the specificities that

generic models would miss: "You wouldn’t get that if it were just a general model.”

Such remarks illustrate that personalisation is not merely a preference but an integral

component that strengthens the educational potential of 3D tools.

6.4.2.2 Personalisation, Comfort, and Trust

Participants also articulated how personalised 3D models contributed to feelings of
reassurance and trust in the healthcare team, reflecting a perception of being treated as an

individual rather than a statistical case.

Patient #8’s statement, "But | suppose it is nice that it is personalised. You feel more
comfortable with 'this is you', rather than this is a model”, reflects the emotional comfort

brought about by personalised care. This sentiment is emphasised by

"l think it’s less intimidating because you’re using colour, so it’s easier to
understand. Somehow, it feels more personal, that you’ve taken the time to
go, what will help this patient understand what’s going on? Yes, I've got a
medical problem, but I'm not just a thing with cancer, | am a person. And
having a model that has taken that on board and gone, okay, we want to

design something that helps you understand is much better..."

This latter quote showcases personalisation's positive emotional impact, helping engender
a sense of individual care and attention. Personalisation is about accurately representing
the patient's medical condition and acknowledging and respecting their personhood. It
signifies that the healthcare team sees the patient as an individual with unique needs,
concerns, and emotional responses. This level of attention can significantly reduce the
intimidation that patients might feel when confronted with their medical condition,

contributing to a more positive patient experience.

Participant further added:
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“I think there was something special about knowing that was a scan of my
body. It was and yeah, | don't think it would work so well. If it had been a

generic model like he described.”

These accounts reflect an interactive dimension: personalisation fosters connection and
validates the patient’s unique experience. Notably, such a relational component of care was
highlighted even by participants with strong clinical backgrounds, who nonetheless

appreciated the personalised approach.

6.4.3 Communication and Engagement

The 3D model was crucial in fostering communication within the clinical setting and beyond,
including with family members and friends. It also served to bridge knowledge gaps and

stimulate more active patient involvement.

6.4.3.1 Facilitating Communication with Friends and Family

Participants described showing their personalised models to loved ones, who often

responded with curiosity and relief. Patient #17 explained:

“Yeah, | think above all else. What it does is it helps the communication.

And it helps the understanding.”

Likewise, Patient #17’s husband spoke about how it shaped discussions with their children:

“And certainly for me, and | think for the children, it's improved that sort of
understanding and communication of what it is. And what Catherine is

going through.”

This testimony shows how the model has served as a communication bridge for the patient
and their family, who may not have as much information or understanding. We know cancer
not only impacts the patient but also their friends and family. Personalised models may help

the patients' wider support network better share in their journey, as described by patient #17:
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“We showed it to our daughters as well. And they were both fascinated...
But actually, it gives that understanding of what it is. And what we're

dealing with.”

Patient #9 similarly found it effective for sharing information with family, noting:

“It was like, a model a child would understand, you know, My son, not that
he's a child, but he understood it straight away.... we sent it to my
stepsons. And they came back within five minutes and asked about this

and asked about that. And that is extremely important.”

6.4.3.2 Bridging the Knowledge Gap Between Physicians and Patients

The 3D model also helped correct the inherent imbalance in knowledge between clinicians
and patients. Patient #16 noted:

“As | say, it's, | think when you just, if you're a surgeon, or a doctor
describing something, you've got a very clear medical understanding of

what that is, but it's very difficult to communicate it to a layperson.”

According to those interviewed, the model levelled the playing field, enabling improved
understanding and allowing them ask relevant questions about their condition. This dynamic
contributed to shared decision-making, as patients felt more comfortable engaging with

complex information.

Patient #16 described this dynamic suggesting that the models enable a more levelled

conversation between physicians and patients, making the former's explanations more
accessible.

“As | say, it's, | think when you just, if you're a surgeon, or a doctor
describing something, you've got a very clear medical understanding what
that is, but it's very difficult to communicate it to a lay person. Whereas

when you've got some form of illustration, it's very helpful.”
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This situation highlights an often overlooked but critical aspect of patient care: the difficulty in
translating complex medical knowledge to patients, who are, in most cases, laypersons
regarding medical terminologies and practices. Here, personalised 3D models can help
"level the playing field," acting as visual aids that make medical information more accessible
and understandable to patients. These models might empower patients by instilling a sense
of control and participation in their treatment. In turn, this enhanced understanding allows

patients to engage more confidently in their healthcare decisions.

6.4.3.3 Encouraging Engagement

Some participants, such as Patient #6, admitted they previously hesitated to ask questions

about 2D scans for fear of appearing uninformed:

“I thought it was really good because every time they've shown me a scan,
they point to it, and I'm like, yes, | see it but | don't, actually see it. But you

don't want to ask because you don't want to seem silly.”

By contrast, once they saw the 3D model, they felt more confident to engage with the

medical team:

“I felt like they explained it a bit more, because they actually could tell that |

understood what I'm looking at, and they’re showing.”

Patient #9 likewise emphasised how the model prompted immediate questions from the

family, underscoring its role in sparking dialogue and clarifying misconceptions.

6.4.4 Emotional Impact

Introducing personalised 3D models often elicited emotional responses ranging from relief
and lowered anxiety to improved trust in the surgical team. These responses can be

conceptualised through several subthemes.

6.4.4.1 Emotional Assurance and Reduced Anxiety

Some participants described the 3D model as helping them cope with the psychological

burden of their illness. Patient #7 expressed relief:
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“And when | saw it, it... | found it very.. what's the word.. not necessarily
uplifting, but it sort of released all the tension, because | knew exactly what
it was... | thought | was going to find it upsetting beforehand, once we saw

it, and the way it was all explained, it just opened up.”

Patient #7 states they "knew exactly what was happening”, demonstrating the models'
ability to reduce uncertainty and anxiety. This suggests that the visual and tangible nature of
the 3D models helps patients process their situation emotionally, thus significantly reducing

anxiety associated with the unknown.

6.4.4.2 Emotional Preparation and Coping Mechanisms

Patient #6 highlighted the potential impact of inadequate preoperative counselling on mental
health:

“Because if you are shocked with it... | found you go really depressed.
Because obviously I didn’t know | was having a stoma bag until two days
before the op, and because | didn’t have time to process, | was very

depressed afterwards.”

This suggests that a 3D model, introduced early enough, may allow individuals more time to
adapt emotionally. Patient #14 described the model as “less intimidating,” reinforcing that

visually oriented, detailed information can ease mental burden.

6.4.4.3 Trust and Confidence
Participants with prior negative experiences indicated that seeing a 3D model improved their
confidence in the surgical team’s preparedness. Patient #68 recounted an initial operation

where the surgeon seemed surprised by the disease extent on the morning of surgery:

“And in fact, | started to get worried the week before when | saw Professor
Xx. And he was looking at his computer screen. And, you know, he
obviously was realizing at that point that the whole thing was more serious
than I'd been told at that point. So he started talking about seminal vesicles

being affected at the margin and this and that the other obviously, I'm not
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an expert, but | could just tell by his demeanour that he wasn't, you know, |

mean, he was as if he was a bit surprised by the extent”

A subsequent incomplete resection margin further undermined the patient’s faith, with the
individual stating they should have been referred to a specialist earlier. However, seeing the

3D model in the new surgical plan restored some degree of trust:

“It's important for me to know, the scans, and the consultation and your 3d
image are fantastic. You know, I've spun it around and had a look from all
angles. It's great, you know, but for me, it's just so important that the team

know what they what they've got to do.”

Patient #8 remarked on scepticism about medical infallibility but conceded that the 3D model

felt more transparent:

“l know from first-hand experience that doctors aren’t infallible... I'm really
sceptical about everything everybody says it's nice to have the added

confidence.”

These vignettes indicate that when patients see a visually detailed depiction, they gain

reassurance that the surgical team is prepared and knowledgeable.

6.4.5 Decision Making

6.4.5.1

The decision-making process regarding undergoing extensive surgery, such as exenteration
for advanced rectal cancer, is inherently complex and multifaceted. Personalised 3D models
can significantly impact this process, aiding patients' understanding and visualization of their
medical situation, but their influence on the ultimate decision to proceed with surgery is
variable and context specific.
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6.4.5.2 Variable influence on decision-making.

A common theme among several patients was that while the 3D model improved their
comprehension of the clinical situation, it did not necessarily sway their decision to undergo
surgery. Patient #61 stated, "Probably not, in the sense that | think the information, from my
perspective, that | would need to make that decision would have been more clinical... But
what it does do is make the clinical understanding better.” Patient #19 expressed similar
sentiments: "/ don't think it changed my decision. But | think it made it easier." This indicates
that while patients appreciate the improved understanding that 3D models provide, the
decision to undertake surgery is influenced more by the clinical information and prognosis

rather than the model.

The utility of personalised 3D models in facilitating decision-making relating to undergoing
pelvic exenteration surgery can vary significantly among patients. This variability may
depend on the complexity of the patient's pathology and the specifics of the operation they're

facing.

In the case of patients facing less complex situations, the 3D model can serve as a final
confirmation of understanding rather than a primary decision-making aid. Patient #10 stated:
"Yes, it was the consultation followed by the fact that the 3D model was there, if you like,
ticked the last box almost.” In these scenarios, the model supplements the patient's

understanding, affirming the information already discussed in the consultation.

However, in more complicated scenarios or when faced with more complex operations,
patients may find the 3D model significantly more beneficial. As the same patient pointed
out, "I can see though, that for someone else, perhaps someone who has a more complex
situation, an operation that was going to be really difficult, | could see it be more helpful in

their situation on its own as a standalone system."

Certain patients have expressed the sentiment of experiencing a "perceived lack of choice"
regarding their final decision to undergo surgery. This perception emerges from the binary
nature of their options — either to proceed with surgery (offering the prospect of a long-term
cure) or to choose palliative care. However, having no "true choice" is somewhat abstract.
Rather than indicating an absolute absence of options, it reflects the harsh realities of their
medical situation. Patients perceive their choices as extremely limited due to the severe
consequences of both alternatives, thus creating a sense of restricted autonomy in their

decision-making process.

As patient #9 articulates, "It's a bit binary; you either do or you don't do it. So, you either trust

or you don't trust.” This sentiment suggests that while 3D models may give patients a deeper
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understanding of their medical situation, they do not necessarily make the decision-making

process any less daunting or binary.

While 3D models offer a tangible and visual representation of surgical procedures and
potential outcomes, they form just one part of patients' multifaceted decision-making process
when contemplating exenteration surgery. Powerful considerations, such as the balance
between length of life and quality of life, often have more influence on patient decision-

making.

Patient #9 acknowledges the value of professional confidence in the surgical team,
suggesting that the surgery option is not difficult when the professionals exude certainty.
While 3D models may provide clarity, the conversations with their medical team and the

team's confidence significantly impact their decision.

“Because if the situation was a little bit different, and, and | hope the team
would be honest with me, and they'd say “Look, this, this isn't easy to
operate on. And the outcome is going to be very uncertain”. And the
option, the other options are these drugs or this radiotherapy. So you can
have treatment A, B, or C. And then what decision to make if the team are
telling me, you know, this is difficult, but we do it all the time. And we're
confident we can get with the margin. That's clearly that's what
communicated to thus far. So, | don't have a difficult decision to make at

the moment.”

Patient #9

Patient #61’s reflection emphasizes the struggle between choosing a potentially extended
life with possible post-surgery complications versus a shorter, more fulfilling life. In their
case, the 3D model might provide some understanding of the surgical risks, but the

emotional weight of their consideration overshadows any visualization tool.

“Is that worthwhile? Maybe yes or no. When it might actually be better just
to kind of live life... and and, and live that period of least being fully

functional?...
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I would have to reconsider my options if the risks were too high, and if the
outcome wasn't going to be long term cure, which then doesn't seem to be

the case at this point in time”

Patient #61

Similarly, Patient 16's stance presents a clear 'red line.' The possibility of losing mobility and
becoming a significant burden on their family surpasses any potential benefits of surgery,
even if a 3D model might illustrate a successful surgical outcome. The quality of life emerges

as the overriding factor in their decision-making process.

“I think one of the answers be a bit more specific, for example, you know, if
there were a serious risk that | was going to be in a wheelchair, or | was
going to be, you know, lose a limb use the loss of limbs, this was stuff, |

would think, again, about whether the surgery was the right thing, because

I don't want to become a big burden on my family, or, or Indeed, indeed, on

myself, | think I'd rather, I'd rather sort of have a shorter life where | could

do more, and the longer life just hanging around.”

Patient #16

Patient #9 also reflects this sentiment. They stress the importance of making informed, life-
altering decisions. While 3D models may add detail to their understanding, the depth of
information, the grappling with quality-of-life considerations, and potential future outcomes

truly influence their choices.

“for me, it facilitates maybe making choices. You know, it made us think
much harder about the quality of life with the, with the possibility of that
final operation and some of the some of the choices that we might have to
make, you know, and, and you really shouldn't be able to make choices

like that without all of the detail and all of that information.”

Patient #9
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An interesting facet of patient decision-making in pelvic exenteration is establishing "red
lines," or absolute limits that patients express when contemplating potential surgery
outcomes. However, these "red lines" are often not likely outcomes of their proposed

surgery. Despite this, they carry significant weight in the patient's decision-making process.

Patients #9 and #16 statements demonstrate this concept. Both patients express clear
boundaries - the risk of long-term disability or becoming a burden to their families - which
they are unwilling to cross, even if it means potentially sacrificing years of life. However, it is

important to note that such outcomes were not likely consequences of their likely procedure.

This raises intriguing questions about the nature of these "red lines." Are these absolute
limits based on their current understanding and emotions, or might these boundaries shift
when faced with the tangible prospect of their mortality”? Would the detailed visualisation
provided by a 3D model of their disease and proposed surgical procedure make any

difference?

While 3D models can help patients better understand their medical situation, they do not
necessarily affect these personal and emotional considerations. This reinforces the idea that
the decision-making process around exenteration surgery is complex, involving a delicate
balance of objective information, personal values, emotions, and existential considerations. It
also emphasizes the importance of the healthcare team's clear, compassionate

communication and support in helping patients navigate this challenging terrain.

Personalised 3D models offer a tangible and visual tool to facilitate a deeper understanding
of the surgical process and its potential outcomes. They can help patients to appreciate the
reality of their post-surgical life and make more informed decisions but do not fundamentally
sway the decision-making process. The balance between length and quality of life,
professional confidence, personal thresholds for acceptable post-operative lifestyle changes,
and overall understanding of the implications of surgery are more significant influences on

patient decision-making.

6.4.5.3 Influence in Specific Circumstances:

However, there may be specific scenarios where 3D models manifestly impact decision-
making. For example, patient #31 was initially reluctant to consider posterior vaginectomy
due to the significant impact on her sex life. The visual representation provided by the 3D

model enabled her to genuinely consider this procedure as an essential step in achieving a
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curative resection. She confirmed that her "understanding of the decision-making process

has made much easier with that model definitely."

Similarly, Patient #3 faced a potential hysterectomy, which would significantly impact her
family planning. The ability to review her model at home helped her come to terms with the
necessity of this measure. She stated, "Yeah, | think that also helped and affected my
decision-making." These instances indicate that in specific, complex situations, 3D models
can play a vital role in the decision-making process, especially for operative interventions
that negatively impact areas of great importance to the patient. The visualisation and
understanding offered by 3D models may help avoid denial or cognitive dissonance
regarding the necessity of a given intervention. Offering the opportunity for patients to
visualise their tumour and how it involves organs/structures may help them come to terms

with the radicality of their proposed surgery.

In summary, while personalised 3D models can enhance patients' clinical understanding and
aid in visualizing their disease, their influence on the decision-making process for
exenteration surgery in advanced rectal cancer is variable. They appear most influential in
specific complex scenarios or when patients must balance potential outcomes against their
quality of life. For many, the decision is heavily influenced by clinical information and
prognosis, with the 3D models serving as an aid to understanding rather than a determinant

in decision-making.

The study demonstrates that personalised 3D models derived from patient imaging data can
be successfully integrated into complex cancer consultations. Models significantly reduced
patient decisional conflict more than with standard consultation. Furthermore, 3D models led
to notable improvements in patient-perceived and measured comprehension, especially
regarding functional outcomes, without directly determining final treatment decisions. This
aligns with existing literature emphasising visual aids and personalisation to enhance patient

education.

The semi-structured interviews reveal multifaceted patient-perceived benefits spanning
enhanced understanding, communication, trust, and emotional reassurance. These
interrelated themes have been less explored in past 3D modelling research on patient

education. The personalised nature of the models was especially impactful and consistent
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with the broader movement towards individualised care. The model's advantages should
also be contextualised within the broader structure of the pre-operative counselling process,
where patients have multiple appointments with a multidisciplinary team and sufficient time

for discussions.

However, the models' influence on surgical decisions depended on case complexity and
competing priorities like quality of life. This variable impact connects to the literature on
decision-making, highlighting that choices are driven by facts and deeply personal values
(412). While the models may not necessarily alter a patient's decision, they facilitate the
decision-making process. This is evidenced by the significant reduction in decisional conflict

scores and corroborated by patient interview testimonies.

One of the most striking findings was the marked improvement in patients' understanding of
their condition and the planned surgery after utilising the 3D models. This is supported by
quantitative data from knowledge questionnaires, demonstrating increased scores after
consultation, and qualitative data from semi-structured interviews, where patients
consistently expressed a deeper grasp of their anatomy, disease, and the likely outcomes of
surgery. This enhanced understanding directly translated into a sense of patient
empowerment. Patients reported feeling more in control of their decision-making, with the
tangible visualisation of their bodies and the surgical intervention facilitating informed
choices. This aligns with previous research highlighting the crucial role of visual aids in

promoting patient understanding and autonomy in complex medical contexts (413,414).

The 3D models also served as a valuable tool for communication between patients and the
healthcare team. The shared reference point provided by the model helped promote better
comprehension and facilitated patient engagement in decision-making. Furthermore, 3D
models offered emotional comfort to some patients. Tumour visualisation can help transform
the abstract threat of cancer into something concrete and manageable. Models help reduce
the knowledge gap between patients and medical professionals, potentially contributing to
increased trust. This emotional benefit aligns with studies exploring the use of visualisation

tools in reducing anxiety and enhancing coping mechanisms in cancer patients (7,415).

While the study demonstrates the value of 3D models in enhancing patient understanding
and communication, the influence on the ultimate decision to proceed with surgery is less
straightforward. The findings reveal the inherent complexity of human decision-making,
particularly in the face of high-stakes choices like exenteration surgery. For some patients,
the models acted as supplementary tools, confirming their understanding of the situation,
and informing their choice, which often remained heavily influenced by clinical factors and

prognosis. This aligns with research on decisional conflict in cancer care, emphasising the
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nuanced interplay of medical information, personal values, and emotional considerations in
patient choices (416). Patients often put forth compelling considerations, such as the
balance between length of life and quality of life, which significantly shape their decision-
making. While the 3D models offer clarity and information, the depth of conversation with
their multidisciplinary team, the team's confidence, and these weighty life considerations

significantly influence their decision.

The value and influence of 3D models may also be contingent on the complexity of a
patient's pathology and the specifics of their surgery. Patients with less extensive procedures
found 3D models useful as confirmatory aids rather than primary decision-making tools.
However, in more complex scenarios, 3D models were perceived as highly beneficial,
potentially serving as standalone decision aids. For example, in cases where surgery can
lead to significantly negative impacts on important areas of a patient's life, such as sexual

function or fertility, 3D models can aid in understanding the necessity of such interventions.

6.5.1.1 Limitations and Future Directions:

The study did not evaluate the duration or specific use of the 3D models during
consultations, nor did it assess the overall 'quality’ of these consultations, which could
influence patient comprehension. The absence of standardised protocols for using 3D
models underscores the need for further research into optimal integration strategies and
training frameworks for healthcare professionals. Furthermore, addressing potential biases
due to participant attrition and selection, alongside exploring generalisability through multi-
institutional studies, remains essential for a comprehensive evaluation. Finally, the study
does not account for the impact of 3D models on long-term knowledge retention, as testing

was conducted shortly after the consultations.

Their time-consuming production process hinders the broader clinical use of models. Simpler
models, though quicker to produce via algorithms from segmentation results, often lack the
visual appeal and clarity of the more sophisticated methods employed in this study.
Additionally, the segmentation process itself, taking 1-2 hours, remains a significant time
barrier. An alternative could be using generic models that represent typical clinical scenarios.
However, this would go against the patient's preference for personalised models and
undermine some of their key advantages. This study does not explicitly examine whether 3D
models offer distinct advantages compared to other visual aids, such as anatomical
drawings. Additionally, only virtual models were employed, and no comparison was made
regarding the potential benefits of printed models. However, it is important to acknowledge
that 3D printing a pelvic model would be technically challenging, potentially expensive, and

associated with an environmental impact (417).
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Future research should explore the potential of advanced 3D modelling techniques,
automated segmentation using machine learning methods, and generative Al solutions to
address these technical challenges. Longitudinal studies investigating the long-term impact
of 3D models on patient well-being and decisional regret, as well as research on cost-
effectiveness analyses, would further strengthen the case for integrating this technology into

routine clinical practice.

6.5.2 Conclusion

In conclusion, this study demonstrates the valuable role personalised 3D models can play in
decision-making, enhancing patient education, communication, and empowerment in pelvic
exenteration surgery. While the influence on ultimate decision-making remains nuanced, the
improvements in patient understanding, emotional comfort, and engagement in the
consultation process offer compelling evidence for integrating this technology into clinical
practice. By addressing the identified limitations and fostering continued research and
development, personalised 3D models have the potential to significantly improve patient

experience and optimise surgical outcomes in this complex and challenging area.
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Discussion

This thesis has investigated developing, implementing, and evaluating patient-specific three-

dimensional visualisation tools for complex colorectal cancer surgery. The research was
driven by two specific clinical challenges in advanced colorectal cancer surgery: the
technical complexity of complete mesocolic excision (CME), where understanding of variable
mesenteric vascular anatomy is crucial, and the need for enhanced patient comprehension
when contemplating extensive pelvic exenteration procedures. While three-dimensional
visualisation shows considerable promise in addressing these challenges, its implementation
requires rigorous validation across multiple domains before widespread clinical adoption can

be justified.

The overarching aim was to develop, validate, and evaluate patient-specific 3D anatomical
models as an integrated decision-support system throughout the continuum of advanced
colorectal cancer surgery. This encompassed four interrelated objectives: (1) technical
innovation in generating high-quality, patient-specific models from standard imaging data; (2)
establishment of standardised frameworks to evaluate model accuracy and clinical utility; (3)
assessment of clinical feasibility in CME procedures; and (4) exploration of patient-centred
applications, particularly in enhancing comprehension and shared decision-making for

complex pelvic exenteration surgery.

Our systematic review revealed significant limitations in the existing evidence base for 3D
surgical planning. Despite increasing adoption across surgical specialities, studies were
characterised by methodological heterogeneity, limited outcome measures, and a high risk of
bias. Such limitations highlight the need for robust validation across multiple domains before
widespread clinical adoption can be justified. Consequently, this thesis employed a mixed-
methods strategy, combining technical development, quantitative clinical studies, and
qualitative research to provide a more complete understanding of both the technical and

human factors influencing successful implementation.
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The novel contributions of this work include the development of a web-based automated
processing pipeline for efficient model generation and interactive visualisation; validation of
3D visualisation's impact on anatomical understanding across a range of surgical expertise
for mesenteric blood vessels; demonstration of clinical feasibility of 3D model use for
planning and performing CME surgery; and the first detailed investigation of how
personalised 3D models influence patient decision-making in advanced rectal cancer. The
research progresses systematically from technical innovation through clinical validation to
patient application, providing a comprehensive evaluation framework that could inform the
implementation of 3D visualisation in other surgical contexts. The project offers a robust

foundation on which future work can build upon.

This discussion chapter synthesises findings across these domains, critically examining the
potential of 3D visualisation to enhance surgical practice while acknowledging limitations in
the work and areas for future development. It considers the immediate practical implications
for colorectal cancer surgery and broader applications in surgical education, planning, and

patient communication.

7.1.1 Synthesis of Key Findings in Context

This dissertation applies established computer graphics methods in a novel, targeted
manner to address the specialised requirements of colorectal cancer surgery. By adapting
these surgical planning and patient education techniques, the work advances the integration
of visualisation technologies into this specific clinical context. This thesis unifies multiple
strands of technological innovation, clinical assessment, and patient-oriented insights as it
explores the role of three-dimensional (3D) modelling in advanced colorectal cancer surgery.
Findings emerging from the technical development, surgeon-focused anatomical
comprehension studies, clinical feasibility trials, and the patient education study collectively
highlight the substantial advantages of 3D visualisation tools and the remaining obstacles

that must be overcome to maximise their clinical impact.

7.1.2 Integration of Findings Across Studies

The systematic review findings helped contextualise and inform technical development and
clinical implementation. The review identified significant heterogeneity in how 3D planning
tools were evaluated, with most studies relying on readily available clinical metrics like

operative time or blood loss using retrospective study designs rather than measures specific
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to 3D visualisation. This insight influenced our approach, which seeks to validate the use of
three-dimensional models in a more comprehensive, multifaceted manner. This thesis
validates the technical fidelity of models with clinical verification of reconstruction accuracy
and comprehensively evaluates the effect on surgical anatomical understanding and patient

comprehension.

The comparative analysis of 3D model utilisation across different user groups reveals both
universal benefits and group-specific advantages while highlighting important considerations
for implementation. This systematic examination demonstrates how three-dimensional
visualisation technology can enhance anatomical understanding and surgical planning
across the spectrum of medical expertise, from trainees to experienced surgeons, while also

serving as a valuable educational tool for patients.

7.2 Technical Innovation and implementation

A significant contribution of this work is the establishment of two complementary validated
3D modelling workflows that bridge the technical domains of medical image processing and
computer graphics with distinct surgical and educational requirements. The methodological
framework developed in Chapter 2, emphasising modular architecture, data-driven
optimisation, and rigorous quality assurance protocols, provides a robust foundation for

surgical planning and patient education applications.

Introducing a web-based visualisation platform further enhances the accessibility and
usability of 3D models. Unlike traditional implementations that require specialised software
or hardware, this platform delivers interactive 3D content directly through standard web
browsers. Key features like selective transparency and standardised anatomical colour
coding align with clinical requirements while streamlining integration into existing workflows.
These advances bridge a longstanding gap between technical capability and practical
application in surgical visualisation. Ensuring models can be generated accurately and

quickly will be essential in routine widespread adoption.

Developing an automated processing workflow with quantitative validation metrics addresses
a key limitation identified in our systematic review - the lack of standardised approaches to
evaluating model quality. Previous studies in abdominal surgery have typically relied on
subjective assessments without linking these to clinical accuracy. Our validation framework,

demonstrating submillimetre accuracy for vascular structures (arteries: 0.64 £ 0.17 mm),
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provides objective criteria for assessing model fidelity while adopting core visualisation

principles that could be adopted across other surgical specialities.

This study represents the first application of advanced computer graphics techniques,
specifically Physically Based Rendering (PBR), to create patient-specific educational models
in colorectal surgery. Developing specialised PBR materials and texturing workflows has
enabled the creation of photorealistic visualisations of anatomical structures. These
advancements aim to enhance patient comprehension through intuitive and visually rich
representations. The study establishes a reproducible pipeline capable of generating
consistent, high-quality educational models by designing reusable “smart materials” for
diverse tissue types and incorporating robust UV unwrapping strategies. This approach
addresses a critical gap in patient education, advancing from traditional simplified

illustrations to personalised, anatomically accurate, and visually sophisticated models.

Creating these patient rectal cancer models required significant manual effort and technical
expertise across multiple software platforms. Considerable time was invested in digital
sculpting, UV unwrapping, and texture painting. While these processes were manually
executed during this project, subsequent efforts have focused on developing automation
tools to streamline these tasks. Early initiatives include scripting repetitive processes using
Python in Blender and ZScript in ZBrush, aiming to reduce the time required per model.
These automation strategies represent promising steps toward efficiency, though further
refinement is necessary to achieve full integration into clinical workflows (likely requiring a

complete integrated end-to-end solution).

A patient-centred, iterative design process was central to developing these models. Regular
feedback from patients informed decisions regarding colour schemes, transparency, and
overall visual style. This iterative refinement ensured the models effectively addressed
patient comprehension needs while balancing visual clarity with anatomical accuracy. The
ongoing evolution of the visualisation pipeline remains informed by patient input,

underscoring the commitment to refining the tool’s educational utility.

3D reconstruction comprises three key steps: imaging segmentation, 3D anatomical mesh
extraction, processing, and visualisation. While this project has primarily advanced the latter
two stages through innovative mesh processing pipelines and rendering techniques, the
reliance on manual segmentation represents a significant limitation. The time-intensive
nature of this process, as revealed in both the technical specifications and the clinical
feasibility study, poses a considerable barrier to widespread clinical implementation.

However, machine learning techniques offer the potential for a complete scan-to-model
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pipeline, particularly for automating the labour-intensive segmentation stage. The creation of
a validated dataset through this work provides a foundation for developing such automated

solutions.

7.3 Clinical Impact and Educational Value

The findings across chapters 4, 5, and 6 demonstrate that three-dimensional visualisation

can significantly enhance anatomical understanding across multiple user groups, advancing
beyond previous research by providing comprehensive evidence through a systematic, multi-
stakeholder evaluation approach. This work directly addresses the primary thesis aims of
developing, implementing, and evaluating patient-specific three-dimensional models as an

integrated decision-support system throughout the continuum of advanced colorectal cancer

surgery.

Critically, this research provides robust evidence of improved understanding (Kirkpatrick
Level 2) across multiple user groups - a fundamental assumption that has often been taken
for granted in previous studies of surgical visualisation technologies. While many papers cite
enhanced understanding as a benefit of 3D visualisation, few have systematically evaluated

this claim. The fourfold improvement in anatomical knowledge scores among trainees,

For expert surgeons, despite their high baseline competence, the introduction of 3D models
led to measurable improvements in both accuracy and efficiency. The enhancement of inter-
rater reliability (Fleiss Kappa 0.6 vs 0.1 for CT) suggests that 3D visualisation may
standardise anatomical interpretation among specialists. The 50% reduction in interpretation
time (from 12 to 6 minutes) demonstrates potential workflow efficiencies, particularly

valuable in time pressured clinical settings.

Across all user groups, the technology showed value in visualising complex anatomical
relationships, especially vascular arrangements. The clinical feasibility work in CME surgery
demonstrated consistent accuracy in predicting intraoperative findings and strong correlation
with surgical anatomy which supports the validity of these models as planning tools. The
efficiency gains in learning and communication suggest potential benefits for medical
education and clinical practice.

Coupled with enhanced performance among expert surgeons despite their high baseline
competence, suggests that 3D visualisation offers benefits across the spectrum of

experience levels. This finding challenges the assumption that such tools primarily benefit
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novice practitioners. Specifically, 3D imaging enables better appreciation of vessel trajectory,

presence/ absence of variants and spatial understanding.

The investigation of inter-rater reliability among expert surgeons represents a particularly
novel contribution. Expert CME surgeons demonstrated improved inter-rater reliability using
3D models (Fleiss Kappa 0.6 vs 0.1 for CT), suggesting these tools may foster more uniform

interpretations of complex vascular anatomy.

This demonstration of improved understanding is particularly significant as it underpins many
assumed benefits of 3D visualisation, such as enhanced surgical performance, better
decision-making, and improved outcomes. Previous research has often attempted to
evaluate these higher-level impacts without first establishing this baseline of improved
comprehension (418). By providing robust evidence that 3D visualisation demonstrably
enhances anatomical understanding across different user groups, this work establishes a

solid foundation for future research into clinical outcomes and surgical performance.

7.4 Critical Analysis of Research Limitations

This research aimed to develop, implement, and evaluate patient-specific three-dimensional
anatomical models to support the surgical planning and patient education in advanced
colorectal cancer surgery. While the studies demonstrated promising results, several
important limitations must be acknowledged when interpreting the findings and considering

future research directions.

7.4.1 Technical Implementation Limitations

Despite automating the 3D mesh extraction, processing, and visualisation steps, the labour-
intensive nature of manual segmentation remains a major limitation. Our findings reveal that
even experienced segmenters using dedicated equipment require a median time of 49 to
136 minutes, depending on the imaging modality and slice thickness. This time investment,
while yielding accurate models, poses challenges for integration into busy clinical workflows
where rapid turnaround is often essential. It's unlikely either surgeons or radiologists would
be able to accommodate this amount of time per case within the confines of typical job plans
in the U.K. context.
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Furthermore, manual segmentation introduces an inherent lack of reproducibility. The
accuracy of the reconstruction is heavily reliant on the subjective interpretation of the
imaging data by the clinician or technician performing the segmentation. This variability

underscores the need for more standardised and objective approaches to segmentation.

The web-based visualisation platform, while successfully delivering interactive 3D content,
faces several technical constraints that warrant consideration. The current implementation
lacks comprehensive optimisation for mobile and tablet devices - an increasingly important
consideration as healthcare delivery becomes more mobile. The absence of formal
performance benchmarking across different hardware configurations and network conditions
leaves uncertainty about real-world performance in clinical settings. Additionally, the
platform's integration with existing hospital Picture Archiving and Communication Systems

(PACS) remains undefined, presenting a significant barrier to workflow integration.

The balance between model fidelity and computational efficiency required several
compromises that may impact clinical utility. Aggressive mesh decimation of larger
anatomical structures was necessary to maintain interactive performance, potentially
sacrificing some anatomical detail. The ability to visualise very small vessels remains
constrained by imaging resolution limitations, while the mesh processing pipeline may result
in the loss of subtle anatomical features during optimisation. For patient education models
specifically, the time demands of generating photorealistic physically based rendered (PBR)

models makes the current workflow unfeasible for routine clinical implementation.

7.4.2 Clinical Validation Limitations

The clinical validation work must be interpreted within the context of its clearly defined
feasibility aims. The CME study (n=76) was designed as a multi-centre international
feasibility study with the primary objective of determining whether key clinical outcome
measures could be reliably collected to inform future trials, rather than definitively evaluating
clinical utility. The study successfully demonstrated that operative metrics, complication data,
and video recordings could be consistently gathered across multiple international sites,
providing crucial groundwork for future clinical evaluation. Validation of model accuracy was
partially limited by the extent of the dissection and operative technique. Novice CME
surgeons often did not dissect and selectively ligate the constituent vessels of Henle’s trunk
or even the middle colic vessels. However, models were found to accurately predict

intraoperative vessel configurations where visualised.
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The reliance on manual segmentation in this study underscores a key limitation: while the
high accuracy of our 3D reconstructions demonstrates that precise anatomical
representations from imaging are achievable in principle, the reproducibility of these results
is contingent on the expertise of the segmenters. Our findings reflect the accuracy of
imaging interpretation performed by highly skilled personnel, but less experienced or non-
expert segmenters may not achieve comparable outcomes. As the accuracy of the 3D model
is intrinsically linked to the fidelity of imaging interpretation and segmentation, variability in
expertise could compromise the consistency and reliability of model generation in broader

clinical or research applications.

Additionally, this study did not formally assess the specific imaging requirements for 3D
reconstruction, instead adopting a pragmatic approach that utilised the routine imaging
available for each case. While subjective experience allows us to propose
recommendations, the lack of a systematic evaluation of how scan protocols and slice
thickness influence reconstruction quality represents a limitation in our methodology. Such
an analysis would have provided valuable contributions to the literature by delineating the

optimal imaging parameters required to ensure accurate and reliable model generation.

7.4.3 Methodological limitations

The patient education study (n=51) faced substantive methodological limitations. The
absence of stratified randomisation resulted in an imbalance in disease complexity between
the standard and 3D model groups, as reflected in significantly higher pelvic exenteration
scores in the 3D group (median 8, IQR 6) compared to the standard group (median 4.5, IQR
5.75, p=0.04). This disparity complicates direct comparisons of objective outcome measures

between the groups and introduces a potential bias when interpreting the results.

The study’s focus on immediate post-consultation outcomes further limits its scope, as it
neglects the potential influence of 3D models on longer-term metrics such as decisional
regret. Decisional regret, defined as distress or remorse over a healthcare decision, offers a
valuable lens for assessing the enduring impact of patient education interventions. A more
informed patient is hypothesised to experience greater satisfaction with their decision-
making process, given a clearer understanding of their condition, the proposed surgical

approach, and associated risks. The 3D models, by providing personalised and visually
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intuitive representations of patient-specific anatomy, could plausibly mitigate decisional

conflict and enhance the alignment between patient expectations and surgical realities.

Incorporating decisional regret into the study would have required follow-up assessments
over an extended period, capturing patients’ reflections as they navigate the outcomes of
their surgery. Such data could provide critical insights into the longitudinal benefits or
limitations of integrating 3D models into patient education. Time constraints precluded this
additional layer of evaluation, limiting the study’s capacity to fully explore the long-term
impact of 3D visualisation. Future research should aim to address these gaps by evaluating
both short- and long-term outcomes, enabling a more comprehensive understanding of the

role of 3D models in patient education and decision-making.

A key limitation of both studies is the lack of comparative evaluation between different
visualisation approaches. The research examined photorealistic PBR-rendered virtual
models for patient education and simpler surface-rendered models for CME planning but did
not systematically compare these to alternative methods. This leaves critical questions

unanswered regarding the optimal approach to 3D visualisation in colorectal cancer surgery.

For the patient education study, the exclusive use of personalised models precluded
comparison with generic anatomical representations. Although patients strongly preferred
personalisation, its specific value remains unquantified, particularly given the additional time
required to generate personalised models. Additionally, we did not assess whether physical
3D printed models might provide benefits over virtual ones. While virtual models offer
interactivity and ease of distribution, physical models could enhance understanding through

tactile engagement.

In CME planning, the success of simpler automated surface-rendered models raises
questions about the necessity of higher visual fidelity. Despite lacking photorealistic textures
and lighting, these models accurately represented vascular anatomy and were well-received
by surgeons. Whether such streamlined models could also meet patient education needs,
reducing resource demands, warrants investigation. Furthermore, we did not compare 3D
visualisation to traditional tools like anatomical drawings. While 3D models theoretically
enhance spatial understanding, simpler methods might suffice in many contexts, particularly

where resources are constrained.
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7.4.4 Unmeasured Impact of Imaging Acquisition Parameters on 3D
Model Fidelity

A further limitation of this work is the absence of systematic evaluation regarding how
specific imaging acquisition parameters influence 3D model fidelity and clinical utility. Rather
than prospectively controlling imaging protocols, this study adopted a pragmatic approach
that utilised routine clinical imaging available for each case. While this strategy enhances
external validity and reflects real-world implementation conditions, it precludes definitive
conclusions about which imaging parameters are necessary or sufficient for reliable 3D

reconstruction.

7.4.41

7.4.4.2 Uncontrolled Technical Variables

Multiple technical factors remained unexamined throughout this study, despite their potential
impact on segmentation accuracy and downstream model quality. CT acquisition parameters
including scanner vendor, slice thickness and isotropy, contrast timing and dosage protocols,
radiation dose optimisation, and the presence of motion or metallic artefacts were not
systematically documented or controlled. Similarly, MRI sequence selection, coil
configuration, acceleration strategies, and motion correction techniques were not
standardised across patrticipating centres. This heterogeneity limits our ability to establish

evidence-based imaging protocols for optimal 3D reconstruction.

The absence of comprehensive DICOM metadata capture represents a missed opportunity
to retrospectively analyse the relationship between image quality parameters and
segmentation performance. Quantitative image quality metrics such as signal-to-noise ratios,
contrast-to-noise ratios, and modulation transfer function surrogates could have provided

insights into the minimum imaging requirements for clinically acceptable model generation.

7.4.4.3 Clinical Validation Constraints

The validation approach employed in this study, while clinically relevant, introduced inherent
limitations in detecting protocol-driven variations in model accuracy. Intraoperative
correlation consistently confirmed the correctness of vascular and anatomical relationships

predicted by the models, creating a "ceiling effect" that obscured more subtle geometric
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inaccuracies. The relatively coarse nature of operative findings as ground truth verification
made it difficult to detect protocol-induced degradations in model fidelity that might not
manifest as grossly incorrect anatomical relationships but could nonetheless impact surgical

planning precision.

For CME surgery specifically, this limitation is partially mitigated by the primacy of schematic
topological accuracy over millimetric precision. The key clinical requirement is accurate
representation of vascular branching patterns, spatial relationships, and anatomical variants
rather than precise vessel diameter measurements. Vessel calibre naturally varies with
patient hydration status, cardiac output, and vasoactive medications, making millimetric
accuracy less clinically relevant than topological correctness. The successful prediction of
intraoperative findings in this study suggests that routine imaging protocols may be sufficient

for capturing the schematic anatomical relationships essential for CME planning.

7.4.4.4 Implications for Reproducibility and Standardisation

The reliance on heterogeneous imaging protocols across institutions limits the reproducibility
of our findings and complicates efforts to establish standardised approaches to 3D model
generation. Without systematic evaluation of imaging parameter effects, it remains unclear
whether the observed model accuracy is attributable to favourable imaging conditions, or

operator expertise.

This uncertainty has important implications for clinical implementation. Healthcare systems
considering adoption of 3D surgical planning may question whether their existing imaging
infrastructure is adequate, or whether protocol modifications and equipment upgrades are
necessary. The absence of evidence-based imaging requirements hinders informed

decision-making regarding resource allocation and infrastructure planning.

In summary, although our models proved clinically concordant with intraoperative findings,
the thesis cannot specify which imaging parameters are optimal for reproducible, high-fidelity
reconstruction. Defining these parameters—alongside reporting standards for acquisition,
reconstruction, and quality-control metadata—should be a priority for the field. Only then can
we transition from a pragmatic, “use what you have” paradigm to an evidence-based,
protocol-driven standard that ensures consistent model quality across institutions and

vendors.
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7.5 Next steps and direction for future research

7.5.1 Clinical Validation Studies

Despite promising preliminary evidence, comprehensive clinical validation is required before
3D modelling can be considered an integral component of surgical practice. Validation must
proceed along two key paths: pilot studies that refine study endpoints and assess feasibility,

followed by more extensive multi-centre trials.

7.5.1.1 Pilot Studies

Small-scale, randomised trials are required to regarding the effect size and reliability of
outcomes associated with 3D modelling in CME. Rather than measuring global parameters
such as overall operative time, these trials should focus on technical metrics relevant to the
potential benefits of 3D models- specifically vessel dissection. Emphasis on well-defined
endpoints such times for specific operative steps (in line with the critical view concept) along
with intraoperative errors and bleeding events allows for more meaningful effect size
estimates and precise validation of assessment tools designed to capture the benefits of 3D
visualisation. Studies should include qualitative elements that examine how models are

utilised by surgeons to determine which cases/ scenarios they are especially useful.

Such studies also inform power calculations and optimise trial design for subsequent larger
studies. Particular attention should be afforded to the influence of surgeon experience, as
relative benefits of 3D models may differ for novice surgeons compared to seasoned

practitioners.

7.5.1.2 Large-Scale Clinical Trials

Once pilot studies have established reliable measurement tools and preliminary efficacy,
multi-centre randomised controlled trials (RCTs) will be essential to ascertain the impact of
3D modelling on technical performance and patient operative outcomes. These RCTs should
stratify patients according to mesenteric vessel complexity and surgeon experience to
account for variability in operative approaches. In addition to clinical and oncological
outcomes, economic evaluations must be embedded to assess cost-effectiveness and
feasibility of widespread adoption. Standardising model creation protocols across
participating centers will enable the research community to isolate the true effect of 3D
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modelling, ensuring that differences in outcomes are attributable to the technology itself

rather than inter-center heterogeneity.

7.5.2 Evidence-Based Imaging Protocols

The transition from pragmatic "use what you have" approaches to evidence-based, protocol-
driven standards requires comprehensive reporting of acquisition parameters and evaluation
of their impact on model accuracy and quality. Future work should establish minimum

acceptable, recommended, and optimal imaging protocols for different surgical applications,

with clear quality control frameworks and uncertainty quantification methods.

For CME surgery, where topological accuracy supersedes absolute milimeter precision, such
protocols should prioritise consistent visualisation of arterial and venous branching patterns
while acknowledging that perfect geometric fidelity may be neither achievable nor clinically
necessary. The development of imaging adequacy scores, analogous to pathological staging
systems, could provide standardised frameworks for assessing whether available imaging is

sufficient for reliable 3D reconstruction in specific clinical contexts.

A protocol-controlled evaluation is required to separate the contribution of acquisition
parameters from that of segmentation expertise and post-processing. Such work should (i)
prospectively standardise and systematically vary key CT/MRI parameters; (ii) capture the
full DICOM metadata to permit assessment of image quality determinants and (iii) relate
these to task-specific endpoints that matter for surgical planning. Appropriate quantitative
targets include: (1) geometric error metrics such as surface Dice, Hausdorff distance, and
centreline deviation for vessels; (2) topological correctness (e.g. preservation of small-calibre
arterial branches and venous confluences); (3) segmentation time and inter-segmenter
variability as operational surrogates of “useable image quality”; and (4) downstream clinical
surrogates such as the need for intraoperative strategy changes attributable to model
uncertainty. A multilevel mixed effects modelling framework can assign portions of the total
error variance to its principal sources: the individual scanner (hardware noise and
resolution), the acquisition protocol (slice thickness, reconstruction kernel, contrast timing),

the anatomical region under study, and the segmentation operator.
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7.5.3 Educational Impact Assessment

The potential of 3D models as an educational resource is substantial, underscoring the need

for systematic investigations of how this technology can facilitate surgical training.

7.5.3.1 Learning Curve Analysis

Longitudinal studies examining 3D models' impact on surgical skill acquisition should assess
multiple dimensions of learning. These include time to achieve predefined competency
benchmarks, transfer of skills to clinical practice, and retention of anatomical knowledge.
Cost-effectiveness analyses comparing 3D model-enhanced training against traditional
methods should evaluate whether improved learning efficiency and reduced complications
justify implementation costs. Such studies would provide crucial evidence for educational

policy decisions regarding widespread adoption of 3D modelling in surgical training.

7.5.3.2 Experience-Dependent Benefits

The relative benefit of 3D models across different levels of surgical experience requires
systematic investigation. While initial findings suggest varying advantages based on
expertise, robust evidence is needed to quantify these differences. Research should
examine how surgical experience influences the utility of 3D models in key areas including
preoperative planning, intraoperative decision-making, and team communication.
Understanding these differential benefits would enable targeted implementation strategies,

optimising the use of 3D technology throughout the surgical learning curve.

7.5.4 Machine learning approach to automated segmentation

Manual segmentation remains the limiting factor in generating 3D models. As we outlined in
the literature review in chapter 1, advancements in artificial intelligence (Al) offer a promising
path to overcome these limitations. However, there are currently no published studies on Al-
based segmentation approaches for mesenteric vessels and associated anatomy. To
establish best practices and identify optimal solutions, comprehensive benchmarking studies
are needed to compare the performance of different model architectures on large, well-

annotated datasets.
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However, the development and validation of Al-driven segmentation tools face several

challenges:

« Data Requirements: Training robust Al models necessitates large, high-quality
datasets of manually segmented scans, which are often difficult and time-consuming
to acquire. This research has created a large, validated dataset for mesenteric
vessels and associated anatomy which can serve to train Al.

¢ Computational Demands: Processing large volumes of CT data for Al model
training requires significant computational resources, both in terms of hardware and
financial investment.

e Accuracy Assessment: Traditional metrics like Dice coefficients and Jaccard
indices, while useful, may not fully capture the clinical relevance of segmentation
accuracy. The Dice coefficient and Jaccard index both measure the overlap between
predicted segmentation and ground truth, ranging from 0 (no overlap) to 1 (perfect
overlap). Missing or incorrectly segmented small vessels, even if not significantly

impacting these metrics, could have crucial implications for surgical planning.

7.5.4.1 Development of a 3D U-Net Convolutional Neural Network

The next stage of this project employs a 3D U-Net architecture specifically designed to
automate volumetric segmentation for CT imaging data. Numerous studies have shown that
3D-UNET designs perform well for volumetric imaging segmentation tasks. This initial model
encompasses four encoding blocks, each comprising two consecutive three-dimensional
(3D) convolutions followed by batch normalisation and rectified linear unit (ReLU) activation
functions, with max pooling operations to progressively downsample and increase the
receptive field. Channel depths proceed in powers of two (64—128—-256—512) before
reaching a 1024-channel bottleneck layer that integrates global context. On the decoder
side, each corresponding upsampling step deploys transposed convolutions, skip
connections to reinstate high-resolution encoder features, and the same double-convolution
structure as in the encoder. A final 1x1x1 convolution layer outputs probability maps for each
class (e.g., artery, vein, colon, pancreas, stomach/duodenum and tumour), effectively

delivering automated segmentations.
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7.5.4.2 Preliminary Validation on Synthetic and Small-Scale Datasets

Using this 3D U-Net implementation, we have conducted basic proof-of-concept

experiments:

1. Synthetic Dataset: To confirm the foundational functionality of our 3D U-Net model
and training scripts, we developed a simple, synthetic dataset. Within each
volumetric image, we placed a single white cube in an otherwise empty (black)
space, corresponding to a binary (0,1) classification task. This artificially generated
arrangement allowed us to verify that the model could learn to discriminate between
foreground (the cube) and background.

1. Small Clinical Cohort: A pilot collection of ten 64x64x64 scan imaging patches with
corresponding arterial and venous segmentation labels. The model achieved
acceptable segmentation performance on these patches, indicating promise for real-
world applications. However, the limited size of this dataset restricts the

generalisability of our findings and points to the need for expanded data collection.

The basic structure of our prototype model is outlined in the publicly available code
repository (https://github.com/JAFletch-surg/3DCNN_CME).

7.55 Implementation research and technical developments

7.5.5.1 Multi-Purpose Model Development

Maximising the utility and cost-effectiveness of 3D models necessitates creating unified
datasets that cater to diverse clinical and educational applications. Research should focus
on developing models that integrate seamlessly with multidisciplinary team (MDT)
visualisation platforms. Additional adaptations could involve tailoring models for patient
consultations by incorporating interactive features and ensuring visual clarity suitable for
non-specialist audiences. Furthermore, incorporating 3D models into surgical training
simulators with accurate tissue properties and enabling compatibility with intraoperative
navigation systems, including robotic platforms, would broaden their scope of utility. Lastly,
export functionalities for augmented reality (AR) and virtual reality (VR) applications should

be enhanced to ensure model fidelity across platforms.
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7.5.5.2 Clinical Integration Studies

Implementation research must address the technical and workflow challenges associated
with incorporating 3D models into routine clinical practice. Establishing standardised
protocols for model storage and retrieval within hospital Picture Archiving and
Communication Systems (PACS) is a critical first step. Further integration with electronic
medical record (EMR) platforms would facilitate documentation and audit processes.
Developing secure sharing protocols to enable remote access for MDT discussions and
introducing version control systems to track model iterations are additional priorities.
Automated reporting tools that document model usage and clinical outcomes would further

streamline the process and provide valuable insights into model efficacy.

7.6 Summary conclusion

This thesis set out to develop, validate, and evaluate patient-specific three-dimensional
models as an integrated decision-support system throughout the continuum of advanced
colorectal cancer surgery. Through systematic investigation across technical, educational,
and clinical domains, the research has demonstrated both the feasibility and value of 3D

visualisation while highlighting important considerations for implementation.

The technical aims were achieved through the development of validated workflows for both
surgical planning and patient education applications. The processing pipeline achieved high
accuracy for vascular structures while significantly reducing model generation time. Web-
based delivery enabled broad accessibility without specialist hardware requirements, though

manual segmentation remains a significant barrier to routine clinical implementation.

In addressing the educational objectives, the research provided robust evidence that 3D
visualisation enhances anatomical understanding across different levels of surgical
expertise. The significant improvements in trainee anatomical knowledge scores and
enhanced inter-rater reliability among expert surgeons demonstrates value for complex
mesenteric vascular anatomy. The substantial reduction in interpretation time suggests

potential workflow efficiencies.

The clinical feasibility study validated the accuracy of 3D reconstructions against
intraoperative findings and established protocols for collecting key outcome measures in

future trials. For patients considering pelvic exenteration, 3D models significantly reduced
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decisional conflict compared to standard consultation and improved understanding of
functional outcomes. The impact of model on patient decision making is complex and

situation dependent.

While this work establishes a foundation for implementing 3D visualisation in colorectal
cancer surgery, several challenges remain. Future research should focus on developing
automated segmentation approaches, conducting large-scale clinical trials to quantify impact
on surgical outcomes, and optimising integration into existing clinical workflows.
Nevertheless, the comprehensive evidence presented supports the targeted implementation
of 3D visualisation to enhance surgical precision and shared decision-making, particularly for

complex oncological procedures where detailed anatomical understanding is paramount.
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Complete mesocolic excision was first defined by
Werner Hohenberger ¥ although the indivdusl
components had been descnbed by previous
authors

Complete mesocolic excision can be
conceptualized as a colonic corollary of the total
mesorectal excision (TME) prnciple in rectal cancer
surgery. TME is based on amore radical dissection
aleng embryological planes of the dorsal mesentery
wielding a specimen containing the entire intact
vasculo-lymphatic network. TME reduces the risk of
an invelved drcumferentiad resection margin (CRM)
and resulted in dramatically reduced recurrence
rates and improved survival 19

Traditionaly, rectal cancer was associated with a
worse proanasis than colonic tumours. Hawever,
since the 1980's and the adoption of TME surgery
with multi-modal treatment strategies a shift in
prognosis favouring the former hasbeen noted.

As aresult, there has been increasing interestin
using a similar philosophy as empleyed in TME, in
arder to reduce local recurrence rates and improve
survival in colonic malignancies.,

Complete mesocolic excision was first defined by
Wemer Hohenberger 3, although the indivdual
componeants had bean describad by previous
authors. CME is based on 3 key prnciples:

1. Mesaocolic plane dissection

*  Themain component of CME invalves
dissection along embryclogical planes to
remaove a complete mesocolic envelope in
order to excise all lymph nodes draining the
turmowur.

*  Themesenteric vessels are surrounded by
two fasda’s, one ventral and one dorsal-
together they act as an envelope.

*  Lymph node metastases very rarely invade
bayond the mesocolic plane. By adhenng
to the mesocolic plane all lvmph node and
cancer cells will be removed in virtually all
Specimens.

2.Central Lymph Node Dissection

*+  Central spread occurs along the feeding vessels.
The secand camponent of CME is therefore
central vascular ligation in order to remove
all the centra D3 lymph nodes in a vertical
direction 1112

*  The bowel resection and D32 lymph node
dissections are performed in accordance to the
principles outlined in table.

4 Rationale for Complete Mesocolic Excision

*  The concept of D3 metastases has mostly been
evaluated from the perspective of cascal, right
sided and transverse colon tumaours.

*  Metastases have been foundin up to 11% of
cases, however the figure usually reported to a
range of 0-5.8%. In the MRC CLASICC trial of
laparoscopicvs open surgery for colon cancer,
the Dukes C2 rate is 6.5% 13

*  Areview of inferior mesenteric artery
invalvement reported an involverment of <5%
i3

* True skip metastases i.e. metastases in the D3
area without D1 or D2 involvement have been
foundin 0.8-2% of cases ',

3. Lengitudinal Resection

# Thefinal compeonent is resection of an adequate
length of bowel

*  Adequate longitudinal resection is considered
to be 10cm proximal and distal to the tumaour
(the sk ofinvolvement of 01 lymph nodes
beyond this is around 2% 17

* This applies to the termind ileum for cascal
tumeurs. For distal sigmaoid tumours Som should
be sufficient 12
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‘ME Colon Resections

A Right B  Extended Right C  Rightsided subtotal
Hemicolectomy Hemicolectomy Colecotmy

D Left Hemicol ectomy E Segmental resection of F Sigmoid colectomy
splenic flaxura

G Total Colectomy
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COLON

The colon is located intrapentoneally, though
segments are fixated to the retropertonsurn. The
proximal limit of the colon is well defined at the
ileocaacal valve. The caecum is the colonic pouch
inferior to the upper edge of the leocascal valve
and, as the 1ICDM0 dlassification is used in Eurcpean
and American literature, the rest of the colon
divided into the following ssaments: the ascending
celon, the hepatic flexure, the transverse colon,
the splenic flexure, the descending colon and the
sigmoid colon. A uniferm definition of the imits

of this practical division is inherently impossible,
Theright colen (midgut derved) and the left colan
thindgut derived) are divided by an undefined line
between the right tweo-thirds and the left third of
the transverse colon. The distal limit of the colon is
the recto-sigmaid junction which is located at the
level of third sacral vertebira (anatomical definition)
or at the sacral promantory (surgical definition)

18 Although the length of the colon depends on
an person's height, the length of the rectum and
hence the level of the distal colonic margin is often
referred to a3 15 cm from the anal verge measured
by arigid rectoscope '

MESOCOLON

The colon derives from the midgut and hindgut
which develops from the endodermal volk sac.

The midgut and hindgut are initially connected
anly to the posterior abdominal wall by the

dorsal mesentery, which similarly to the rest

of the endodermal yolk sac is covered by the
splanchnic mesodermal layer. Whilst the dorsal
masentery becormes the mesocolon, the splanchnic
mesodermal layer becomes the mesocolic fascia
covering the entire colon and mesocolon. The

intraperitoneal part of the mesocolic fascia is usually

referred to as the serosa and visceral peritoneum.

Themesecalon is a continuum from the small bowel

mesentery to the mesorecturn without any distinct
demarcation lines, and it contains the vessels,
lymphatic structures, and nerves of the colon .

During the &th-10th gestational weeks the midgut
rotates 180° counter clockwise around the awis

of the superior mesenteric artery. The ascencing
and descending colon adhere to the posterior
abcominal wall to fixate the loop created by the
rotation. A layer of hairy fibres called Toldt's fascia
or the mesocolic plane is formed between the
mesocolic fascia and the retroperitansal interface

6 Anatomy of the Colon and Mesocolon

¥ As a consequence the colon and mesacolon is
topographically relsted to the liver and spleen, the
retropentoneal organs and stuctures (the kidneys,
ureters, gonadal vesselsl, and most intimately to the
duodenum and the pancreas.

VASCULAR SUPPLY OF THE
COLON

The nght colon is supplied by the lleocolic artery
ICA) and middle colic artery (IMCA] both of which
originate from the superior mesenteric artery (SMAL

The inferior mesenteric artery supplies the left and
sigmaoid colon originating directly from the aorta.
The branches of these three main branches farm
the marginal arcades {arteries of Drummond) which
supply the colon,

ILEOCOLIC ARTERY AND VEIN

*  Theilescdic vessels are the most consistent
anatomical structure with a pooled prevalence
of ¥2.7% and 99.8% for the ileccolic vein and
artery respectively.

*  Theileccdic vein drains into the SMV in 97.4%,
into Herle's trunk in 1.9% and the jejunal trunk
in 0.5% of patients ™,

« With respect to the SMV the 1CA had a posterior
trajectory 57.4% of cases and passed anteriody
in 42_6% of cases. This may be contingent on
the ethnicity with a posterior position acourring
less often in Asian studies compared with 2/3 of
European studies # #2#

Theileacdic veinis relatively consistent and
usually follows the course of the 1CA and

drains into the 3MY on itsright lateral surface.
Wariations do ocour with drainage into Henle's
trunk {1.9%) and jejunal veins {0.5%). ThelCV
can insart into the SMV up to Zem cranial to tha
crossing of ICA over SMY,
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Blood supply of Right Colon 2

Marginal Artery

Hepatic Aexure

Middle Colic Artery

Middle Calic Vein

Gastroepiploic Vein
Superior Right Colic

Vein
Superior Mesenteric

Artery

Superior Mesneteric
Vein

leocolic Artery

leccelic Vein

lleocolic artery passing lleocolic artery passing
anteriorly to SMV (40% of posteriorly to SMV (60% of
patients) patients)
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Vascular Anatomy of the Colon

Left Branch of

the middle ACRTA
colic artery
; INFERICR
Right Branch MESE NTERIC
of the Middle ARTERY
Colic Artary
Left Colic
Middle Celic Artery
Artery
SUPERIOR
MESEMNTERIC
ARTERY
Sigmaid
True Right Arterias
Calic Artery
accurs in 13%
of patients
) _ Superior
lleocolic Rectal Artery

Artery

Artery to the Transverse colon with artery tothe

MR ARGy W M norw | 25 patinnis Accessory to the left colicamery onginating

from the SMA ogours in 7% of patisnts

Accassory artery tothe transverse colon occurs
i 2% of patients
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Vascular Anatomy of the Colon @

RIGHT COLIC ARTERY

The prevalence of the right colic artery varies
significantly depending on the definition used. The
three most commonly employed are:

1. Anindependent branch of the SMA between
the MCA and ICA

2. Arightbranch of the MCTA or separate MCA
branch arising of the SMA

3. Abranch of the ICA

If considered to be anindependent branch directly
emerging from the SMA, supplying the middle
porion ascending colon and running inferiody to
the avascular plane overdying the duodenum, the
RCA is only present in 15% of patients.

MIDDLE COLIC VESSELS

Themiddle colic artery is almost consistent and
present in 94.6% of cases. In around 3-346% it has
mare than one branch arising from the SMA. In a
systematic review by Megoi et al. which examined
&090 specimens from 45 separate studies (using
CTimaging and cadaveric dissection) there was
ane MCAin 88.4%, tawo in 1004% and three in 1%
of cases. Thenumber of MCas is also dependant
an the nomenclature used- Le. whether the MCA
is defined by its origin from the SMA or the colenic
terntory supplisd T

The MCA arises from the right SMA in the majority
of cases, however there are reports of other parent
vessel origins (1CA, RCA, common hepatic artery,

coaliac trunk, inferior pancreaticaduodenal artery).

TheMCA crosses anteriorly to the SMV, however a
rare retromesentenc course has been described 24
In 4-26% of individuals a separate accessary artery

arising from the SMA supplies the transverse colon
5

TheMiddle Colic Vein has been described as

a highly variable vein of the nght colon. The
nomenclature is unfortunately net uniform. The
definition used by Kuzu et al in which the MCWVis
daefined as the marginal veins draining the right twe
thirds of the transverse calon is perhaps the most
surgically useful definition when performing central
lymph node dissections *

The number of middle colic veins vary with ane
seen in TO%, twa in 26% and three in anly 2-4% of
patients 20

The MCV drains inta the SMV in the majority of
cases (2% - B3.2%). The MCV can also drain into
Henle's Trurk, inferior mesenteric vein, jejunal vein,
or the splenic vein,
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HENLE'S TRUNK

The concept of a gastrocalic trunk venous trunk was
first proposed by Henle in 1881, who recognised
the structure formed by the nght gastroepiploic and
superior right colonic veins ¥, In practice, a simple
gastracalic trunk as criginally descibed by Henle is
rarely observed. Themore accurate tenm of Henle's
trunk is fermed by the confluence of the nght
gastroepiploic vein (REV) with/without the anterior
superior pancreatico- duodenal veins (ASPOV) and
ane, two or rarely 3-4 colonic veins {nght colic vein
[RCV], superior right colic vein[3RCV], middle caolic
wein [MCW] orileocolic veins [ICV]

A right colic vein (RCWV) is not always presant. It

is reported to drain into the SMY in up to 23-

3% A® but we observe this variation much less
commonly in our patients. Rarely, two RCVs draining
to the SMV can be present. In 64% of individuads,
the ROV drains into the GPCT *

The superior right colic vain (3RCV) is, like the
ROV, not consistent, and in some patients it can be
difficult to distinguish it from either the | OV or one
of more middle colic veins (MCVI. The SRCV has
been obsarved in 29%; joining the GPCT in mast
individuals and enly in a few percent of individuals
directly into the ShMy *

Henle's trunk connects the blood supplies of the
stormach, pancreas, dusdeunum and colon.

Henle's trunk has four main subtypes proposed
based on the specific confluence of constituent
welrs

1. Gastro-colic Trunk {GCT)
* (RGEV+ SRCVI

2. Gastro-pancreatico Trunk (GPT)
« (RGEV+ ASPDV)

3. Gastro-pancreatico-duodenal colic
Trunk (GPCT)

* (RGEV+ ASPDVW + 1 colic RCV)

* (RGEV+ ASPDV + 1 colic SRCV)

* [RGEV+ ASPDV + 1 colic MCW)

*» [RGEV+ ASPDV + 2 colic SRCV + RCV)
s [RGEV+ ASPDWV + 2 colic SRCV + MCV)
»  [RGEV+ ASPDV + 2 calic ROV + MOV

100 Henle's Trunk

* [RGEV + ASPDV + 2 colic ROV + 10V

* (RGEV + ASPDV + 3 colicRCYV + SRCV +
MCW)

* (RGEV + ASPDV 4+ 3 colicRCV + SRCV +
MCW)

* [RGEV + ASPDV + 3 colic RCV + SRCV + ICW)

4. Colo-pancreatico Trunk (CPT)
«  [ASPDV + SRCV)

However, attermpts to try and classi'l:y Henle's trunk
may be not be the best approach. Surgeons per
forming CME surgery must appreci ate that constit
uent vessals may or may not be present and can
drain into a variety of locations in a wide variety

of combinations (see Tables 1 and 2). Therefore,
adequate pre-operative planning using CT imaging
{+/ 3D reconstructions) and careful intra-operative
dissection is essential,

Schematc diagram of henle's trunk and venous
drainage of right/transverse colon
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12 Henle's Trunk

Variations of the drainage
of the Antericr Superior
Pancreaticoduodenal YWein(s)

Variations of the drainage of the
Superior Right Calon Vein
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LEFT SIDED COLONIC ARTERIAL
SUPPLY

The anatomy of the left sided colonic blood supply
is simpler, though variations exist. Theinferior
mesenteric artery supplies the left colonic arterial
supply. The left colic artery (LCA) arises from the
IMA around 25-40mm from its origin from the aorta.
The LCA is presant in 95% of cases, supplying the
descending colon and splenic flexure, An accessory
left colonic artery arising from the SMA is observed
in 7% of patients ®

ThelMA continues in the sigmoid mesocolic
package giving off one to five sigmaoid artery
branches before terminating as the superior rectd
artery.

The sigmoid artery (SA} most frequently onginates
as a directbranch of the IMA (typel), cccuring

in 41-58% of individuals. Alternatively, the SA can
ariginate from the LCA (type 2; 27-45%) or atthe
origin ofthe LCA from the IMA (type 3; 9-15%). The
mast common number of sigmoid arteries is two
(21-40%), three [32-50%) and four (7-25%) 1140

An arcade, known as the arcade Riclin, located
centrally to the marginal artery connecting the MCA
and IMA or LCA is rarely observed. Itis a tortuous
artery running close to the inferior mesenteric vein
5

The venous drainage of the left colon follows the
peripheral artenies and ultimately drains into the
inferior mesenteric vein (IMV). The IMV fallows the
IMA for a short distance before ascending cranially
parallel to the aorta and dorsally to the. Pancreas
before ultimately draining into the splenic vein. In
5-20% the IMV drains into the SMY andin 5-10%
into the confluence of the SMV and splenic vein.
Surgically, this is important asit can result in an IMVY
more medial than expected 30

16 Lymphatic Drainage of the Colon

LYMPHATIC DRAINAGE OF THE
COLON

The lymphatic drainage and nodes develop
embyclogicaly alongside the arterial vessels
supplying the colon. Lymphatic nodes at risk
of metastatic involvement can be divided into
mesacolic or extramesocalic 1.

The mesacolic lymph nodes are contained within
the mesocelic envelope and can be divided by
lacation inte three groups as described by the
Japanese Sodety for Cancer of the Colon and
Rectum [JSCCR) *Ysee table and figure opposite).
The prefix of O is used to describe the axtent of the
surgical dissection to avoid confusion with the M of
the TMM classification.

The extent of the lymph node dissection-
according to JSCCR 11

0] Complete dissection of the epicolic
lymph nodes attached to the colon
and paracolic lymph nodes along the
marginal artery in the relevant colonic
section along tumour-supplying
artenes.

02 Intermediate lymph nodes along the
tumour-supplying artery {ileccolic,
right, middle, left colic, sigmoid, or
inferior mesenteric arten es from the
ongin of last sigmoid artery to origin of
left colic artery.)

D3 Complete dissection of D1 to D2 and
central lymph nodes. For left sided
tumours along the inferior mesentenc
artery between the aorta and left colic
artery.

For right sided (including up to mid
transverse tumours} lymph nodes along
the SMV and lateral to SMA

D4 Beyond level D3 1.e. para-aortal and
along 5MA between its onigin from
aorta and MCA,

The lymphatic drainage of the transverse colon and
mesocolon with the greater omentum and pancreas
can converge. This is as a result of embryonic fusion
of these structures- consequently the infrapyloric
and gastroepiploic LM are considerad local lymph
nodes ',
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Mesocolic Lymph Node Stations D1-D3 4%

222
’ -

Green = D1 Lymph nodes
Blue = D2 Lymph nodes
Purple = 03 Lymph nodes
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NERVES

Theright colon is innervated through the nerve
plexus surrounding the SMA. It is a continuation

of the coeliac nerve plexus and ganglions of

the superior mesenteric nerve plexus 4%, The
sympathetic innervation is supplied from the Sth to
12th thoracic segments, and the parasympathetic
innervation from the vagus nerve ",

Theleft calon’s sympathetic innervation is supplied
by lumbar segments through the inferior mesenteric
nerves plexus and nerves running along the IMA
The inferior mesenteric nerve plesus’ relation

to the origin of the IMA& may vary "% The
parasympathetic innervation is supplied by the

2nd to 4th sacral segrments though nerves from the
inferior and superior hypogastric plexus running
though the mesoraectum and sigmeid mesocolen to
thi colen wall #3#,

The sympathetic innervation is responsible

for colanic wall relaxation and contraction of
leocolic valve and vascular musculature, The
parasympathetic innervation is responsible for
increasad secration and bowel motility. The colonic
afferent autonomic nerves are responsible for
sensation of pain and distension .
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9.1.1.1.1.1.1.1 Appendix 4.2 Link to interrater reliability study online questionnaire

Complete mesocolic excision

anatomical understanding

auestionaire

https://forms.office.com/r/VSjWb4aqglZ
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9.1.1.1.1.1.1.2 Appendix 4.3 Mesenteric vessel defnition

3DCME: Inter/Intra rater reliability study
Vessel Definitions and Terminology

Vessel classification with review of literature and what is deemed to be most clinically
useful. Naming of vessels largely determined by the segment of colon supplied or drained.

The transition between the caecum and ascending colon is delineated by the ileocaecal
valve. In lieu of any robust radiological/anatomical precize definitions delineating the
hepatic flexure, transverse colon and splenic flexure we leave it to the discretion of each
reviewer,

lleocolic Artery and Vein

Highly consistent vessel
present in over 99% of
patients. Supplies and drains
the cascum and proximal
ascending colon

Right Calic Artery

In the literature has a highly
varied definition. For this study
an Right colic artery is defined
as an independent branch
arising from the SMA to supply
the ascending colon.

Branches arising from the
ileoceolic artery that supply
the ascending colon should
not be considered an RCA
for the purposes of the study
questionnaires.

Middle Colic Arteries

Middle colic arteries are defined
as branches arising from the
SMA to supply the transverse
colon.

In the typical configuration the
MCA will consist of ene trunk
and will bifurcate into two
branches.

Figure two depicts two inde-
pendent MCA trunks arising
fram the SMA
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3DCME: Inter/Intra rater reliability study

Vessel Definitions and Terminology

Right Colic Vein

Drains the ascending colon.

Superior Right Colic Vein
Drains the hepatic flexure

Anterior superior pancreati-
co duodenal vein

Drains the pancreatic head and
duodenum

Henles' Trunk

Defined as the confluence of the

right gastroepiploic vein (REV)

with fwithout the anterior supe-

rior pancreatico-duodenal veins (ASPDV) and one, two or rarely 3-4 colonic veins (right calic
vein [RCV], superior right colic vein [SRCV], middle colic vein [MCV] or ileocolic wveins [ICV]).
Henle is generally present in most cases but may be absent with each vessel draining directly
into the SMV as separate vessels.

We have classified Henle by the constituent
vessals:

1.Gastro-colic Trunk (GCT)
*(RGEV + SRCV)

2. Gastro-pancreatico Trunk (GPT)
*[RGEV + ASPDV)

3. Gastro-pancreatico-duodenal colic trunk
[GPCT)

*(RGEV + ASPDV + 1colic RCV)

*[RGEV + ASPDV + 1colic SRCV)

*[RGEV + ASPDV + 1colic MCV)

*(RGEV + ASPDV + 2 colic SRCY + RCV)
«[RGEV + ASPDV + 2 colic SRCYV + MCV)
*[RGEW + ASPDV + 2 colic RCV + MCV)
*[RGEV + ASPDV + 2 colic RCV + ICV)

*(RGEV + ASPDV + 3 colic RCV + SRCV +MCV)
«(RGEV + ASPDV + 3 colic RCV + SRCV +MCV)
*(RGEV + ASPDV + 3colic RCV + SRCV + ICV]

4. Colo-pancreatico Trunk {CPT)
*[ASPDV + SRCV)
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9.1.1.1.1.1.1.3 Appendix 5.1 Example anatomy questionaire used in feasibility study

Complete Mesocolic Excision Case Number [30CME0D
Pre-operative Planning Questionnaire

Surgeon Name |Tmren~.1iet | Time spent on Scan/ 15
3D model interpretation

T Scan |E| 3D virtual model |:| (Minutes)
Where does the lleccolic Vein IE SMV |:| Henle Trunk |:| Mot Sure
drain? |:| Jejunal vein |:| Mot present
What is the lleocolic Artery [ Anterior [] Posterior
trajectory related to the SMV? |:| Mot present E] Mot sure
Is the RCA present? I:I Ml IE No
(RCA defined as an artery originating inde-
pendently from the SMA between the ICA D Mot sure
and MCA)
What is the RCA trajectory [ ] Anterior [ ] Posterior
related to the SMV? IEI Mot applicable D Mot sure
What is the origin of the MCA? (] sMA [] Left colic artery
(please tick all that apply- |:| Splenic Artery [“:] leccolic artery
you may select more than one)

|:| Hepatic Artery D Coeliac artery

|:| MCA absent I:' Mot sure

How many trunks does the MCA [:l No MCA D Cne |:| Not sure

hawve?
[il Two I:[ Three

Number of MCV trunks? [] No Mcv W ©ne [ ] Not sure
D Two D Three

Where does the MCV drain into? @ SMV D Splenic Vein D Mot sure

(please tick all that apply- le's T

you may select more than one) D Henle’s Trunk D IMV

3DCME Study ESCP ﬁ- Version 2 Oct 2019
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Please select the structures which [i] Right Gastroepiploic Vein

form Henle's Trunk? . ;
IE Anterior Superior

(please tick all that apply- you may select more Pancreatico-duodenal Vein

than one)
D Superior Right Caolic Vein

[ ] Right Colic Vein

|:| lleacolic Vein

D Middle Calic Vein

D Mot sure

Which Henle's trunk type is present?

{please tick all that apply- you may select more
than one) E] Gastropancreatic Trunk {GFT)

D Gastrocolic Trunk (GCT)

D Gastropancreaticocolic Trunk {GPCT)
E] Colopancreatic Trunk (CPT)

E] Mot sure

What is the trajectory of the first I:] Anterior Ii] Posterior
jejunal vein/trunk related to the SMA
as it drains into the SMV? [ ] Notsure

Where does the first jejunal vein/trunk E] AbovelCranial @ Biakiilcaidal
lie with respect to the MCA origin
D Mot sure

ﬁ Version 2 Oct 2019

3DCME Study

m
w
g

L]
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9.1.1.1.1.1.1.4 Appendix 5.2 Example clinical proforma

Patient |ID 3DCMEQD3 INHS

London Morth West
University Healthcare

CME patient demographics
and tumour proforma

Operating Surgeon |Nonner / Toorenvliet

Hospital ||kazia
Patient No. Age Sex BMI
30DCMEDD3 57 Male 27
Previous MIYIHD 1| COPD 1| Hemiplegia =
Co-morbidties | " 0 S U o n
eart failure eptic Ulcer Disease oderate-
D el D severa CKD D
Stroke/TIA iver disease  Mild
L] | selid tumeur [
D ti 5
ASA s L] 7 [ Leukemia D
Diabetes wMild [l ADS 3
End organ
2 damage U
Previous intra- Please specify
abdominal Mo
operations?
Cther colonic D IBD
pathology
|| Polyposis syndrome
| |Lynch (Hereditary nonpolyposis colorecal
cancer syndrome)
Procedure:
j Total Calectomy D Transverse Mesocolectomy
|:| Subtotal Colectomy D Left Hemimesocolectomy
E Right Hemimesocolectomy || Stgmeid Mesocolectomy
D Extended Right Mesocolectomy [:I Segmentectomy
3D CME Study- CME patient (’ ﬁ IRAS Project 1D 263892 Version 1.0
demographics and tumour proforma  ESCP 215t Sept 2019 Page 1/8
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Tumour Location

Histopathology

- Serrated

| | Neuroendocrine
[ ] Spindle cell
W Undifferentiated

] Adenocarcinoma

] Well differentiated
[] Moderately differentiated
Poorly Differentiated

WHO SUBTYPE
Not otherwise specified [ Medullary

Mucinous

] Micrapapillary

[] Cribriform comedo-type [ Colloid
[ Signet ring cell

[ ] Other

[ | Squamous cell
[ | Adenosquamous

Primary Tumour Regional Lymph nodes
T Frimar tumaur cannat be as- MNx | Mo regionsl lymph nedes cannol be susessed D
X |sesed
T Carcinoma in st Intrae pthelial NO | Mo rcgic'“al hrmph node metastass Dl
% | or invasion of lamina propria D
M1 | Metastasisin one regional lypmph nodes |
T Tumanr invades submucosa DI
Mla | Metastasis to one regicnal ymph node Dl
T2 Tumour invades musoul ars I:l
ko il M1k | Metastads in 2-3 regional lymph nodes |:||
Tumaour invades threugh musou- e
T3 |laris propria inte pevicolarectal MNlc | Tumecar depositish in the subserows, mesentery o D
ik non peritonealised pericalic or perirectal tissues
wit haurt rnginnﬂlmn:fm}ns.is.
T. Tumour pensrstes 1o the suface
48 | .t visceral peErfaneum D M2 | Metastasisin 4 or more regionsl lymph nodes |:||
Tumour directly invades or is M2a | Metastases in 4-6 region al lymph nodes Dl
adherant to other argans or D
Tl‘b structures
M2b | Metastases in more region al lymph nodes [j

Distant metastasis

MG | Mo distant metastasis
M1 | Distant metast asis D
Mis | Metastasis confined to one organ or site {e.q. liver, lung, ovary, non regional node) D
Mk MMetastases in one or more than one argan/site ar the peritaneurn D
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Histopathology

Maximum tumaour diameter Distance of tumour to nearer Tumaour Perforation
{mim) longitudinal end
(Longitudinal margin)
38mm 11cm [] Yes RO
Mo (R1)

Local Invasion

Max. distance beyond muscu-
laris propria (mm)

Complete resection (by1mm)
at all margins

] Yes (RO
] Mo (R1)
] Ma R

Number of Lymph nodes

Number of involved lymph
nodes

Highest node involved?

] MYH assaciated polyposis

37 3 [] Yes
[] Ne
Deepest venous invasion Deepest lymphatic invasion Deepest perineural invasion
[[] None []None [] None
[] Intrarmral (W] Irtramiural [] Intrarural
Extramural [ ]Extramural [7] Extramural
Separate abnormalities CME grading
Polyps Polyposis syndrome
[] Yes Mo [JFAP | | Mesocolic
Site "5"-“3”"‘3‘ Palyposis [] Intramesacolic
:,I'I"'I rome ;
DP&utz Jeghers [] Intra-muscularis
Number 0 Serrated polypois
syndrome

Histolagcally confirmed
cistant mestasis?

Site of distant metastasis

Synchromous carcinoma

[] Yes
M No

[] Yes
| Mo

3D CME Study- CME patient

demographics and tumour proforma

@
£258

i

»

s

IRAS Project 1D 263892 Veruon 1.0
215t Sapt A9

Page A&

415




9.1.1.1.1.1.1.5 Appendix 5.3 Subjective model feedback questionnaire

PatientID 3 Surgeon toorenviiet NHS |
F mem NI’F' rl::ﬂu
St Mark's Hospital e Hea

3DCME Surgeon Feedback

This was my first experience using 3D virtual models Yes E] Mo @
derived from patient anatomy

Do you routinely review tha pre-qwrati-.r@ imaging View Mo D
yourself prior to performing CME surgary?

| used the madel Pre-operatively El

Intra-cperatively D
Please rate the following statement (cirde number)

1. The 30 model is easy to understand

Strongly Disagree 1 O 2 D 2 D 40 5 O & O 7 @ Strongly Agree

2. The 3D maodel improved my understanding of the patient’s anatomy

Strongly Disagres 1 O 2 O 3 O 40 s @ & O 7 O Strongly Agree

3. The 3D model acourately predicted the patient’s vascular anatomy

Strongly Disagree 1 O 2 O 3 O 4 O 5 O & O 7 @ Strongly Agree

4, The 3D model was easier to understand than a 2D CT scan

Strongly Disagree 10 2 O 3 O EO 5 O & O 7 @ Strongly Agree

5. Do you think the CT was more elucidative than 3D reconstructions to correctly diagnose
and interpret these images

Strongly Disagres 1 O 2 O 3 @ 4 O 5 O & O 7 O Strongly Agree

&. The 3D model helped determine my operative approach

Strongly Disagres 1 O 2 O 3 O -ﬁo 5 .@ & O 7 O Strongly Agree

7. The use of a 3D model for pre-operative planning sigrificantly changed my aperative
approach

Strongly Disagres 1 O 2 O 3 @ 4 D 5 O & O 7 O Strongly Agree

8. The use of the 3D modal helped me antidpate and avoid potential complications

Strongly Disagree 1 O 2 O 2 O -‘lio s @ & O 7 O Strongly Agree

3D CME Study (’ ﬁ IRAS Project 1D 263892 Version 1.0
Surgeon feedback ESCP st Sept 2019 Page 1/2
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9. | would recommend the use of 3D virtual models to colleagues

Strongly Disagres 10 EOBO #O EO ﬁ@ TO

Strongly Agree

10. The use of the 30 virtual model was essential to completing the operation

StronglyDisagree 1 () 2 O 3@ 40 50 0O 70

Strongly Agree

11. l'would like 30 virtual models to be part of my routine pre-operative work-up

StronglyDisagree 1(0) 2 () 30 40O 5O ¢® 70

Strongly Agree

12. The use of a 30 virtual model made dissection quicker

StranglyDisagree 1) 2 (D 30 40 SO ¢@® 70

Strongly Agree

13. lwould prefer a physical 3D printed model

StronglyDisagree 1@ 2 () 3 () 40 SO 0O 70O

Strongly Agree

14. The virtual 30 model did not help

Strongly Disagree 1@ 2 () EO 40 5 éo ?O

Strongly Agree

15. The 3D virtual madel met my expectations

StronglyDisagree 1() 2 () 3 40O 5SQ 6@ 70

Strongly Agree

16. | would request a 3D reconstruction if available for CME planning

Strongly Disagree 1 O 2 O 3 O 40 5 O 6@ ?O

Strongly Agree

17. I would use 3D virtual models in other areas of my practice

StronglyDisagree 1 () 2 O 3 40O S O] sO 70

Strongly Agree

18. 3D virtual models would be useful in training junior surgeons

StronglyDisagree 1) 2 () 30 40 5Q 8Q 7@

Strongly Agree

Comments
3D CME Study (,, h IRAS Project 1D 263892 Version 1.0
Surgeon feedback ESCP b 218t Sept 2019 Page 2/2
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9.1.1.1.1.1.1.6 Appendix 6.1 Treament and Quality of life preferences questionnaire

3DCC Study

Cluestionnaire 2

INHS |

London North West

St Mark's Hospital Univesity Healthcre

Treatment and Quality of Life Preferences

Please tick your preference for type of treatment for your cancer

A

An extensive operation with a better chance of cure but has a
higher risk of serious complications that impact my quality of Iife

B An less extensive operation that balances the chances of cure with
reducing the risk of serious complications

but not cure my disease

c An operation to help my symptoms and improve my quality of life

Cither treatment

HY) = JER B

Please Select (tick) which option best describes you

A | Quality of life is all that matters

Quality of life is more important but length of life matters,

B
C | Length of life is more important but quality of life matters
D

Length of life is all that matters

O\ o|g

Please Select (tick) which option best describes you

) ] Very
Not at all | Somewhat | Moderately | Quite a bit Important
How important is
quality of life to you? L] [] [:I = D
How important is
length of life to you? I:' [ [] L] l:l

Cluestionnaire 2
Treatment and quality of life preference

».

IRAS: 266848 Page 1
Version 1.0 20th August 2019
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3DCC Study
Questionnaire 2

Please rate how important the following areas are to you:

Not at all | Somewhat | Moderately | CQuite a bit

[] [] [ L]

L

L]

Important

Getting back to work

W]

Minimising pain/
discomfort

O

Maintaining my
independence

O [

Avoiding a stoma

Ol | (O

Ol O O

Having control of
bowels

Maintaining sexual
fuction

L] | D) [

Ol | O
O (d O D O
Ol | O

Being able to spend
time with friends
and family

RN

O
O
il
Ol

Minimising side

effects of any [ ] D D D D
treatment
Questionnaire 2 IRAS:266848 Page 2
Treatment and quality of life preference Version 1.0 20th August 2019
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9.1.1.1.1.1.1.7 Appendix 6.2 patient expected anatomical and fucntional outcome

questionnaire and subjective feedback

3DCC Study
Questionnaire 3 Colorectal . London North West
Cﬂmer F‘:,,an@nt qwstiuﬁna”e St Ma rkrs Hospltai MUHI;I'I?thFIw Hﬂﬂ"h(ﬂre

Colorectal Cancer Patient Questionnaire

The planned procedure will operate on/remove
(Please tick as appropriate. You may select more than one option)

Organs
Female
[ ] Part of the colon [ Uterus (womb)
[] All of the colon .
[ Rect ] Ovaries
ectum
, [] Partof vagina
[] Anus (sewing up of the
Battarm) [] All of the vagina
[] Bladder Male
[ Kidney ] Part of prostate
] All of prostate
Other
[] Bone(e.g. tailbone) [] Nerves
Muscle Large blood vessels
[ 9

[ ] Don'tknow/not sure

Stoma

Will you need a stoma (a bag)?

Yes, a permanent stoma for faeces (stool)

Yes, a permanent stoma for urine

Yes, two stomas one for faeces (stool) and one for urine

Yes, | will have a temporary stoma with a plan to reverse it in the future

Mo stoma is planned but there is a small chance that during the operation
one may need one to be formed for safety

Mo IRAS:266848  Page 1
Wersion 1.0 20th August 2019

[ O AL E ED
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3DCC Study INHS

. - London North West
Questionnaire 3 University Healthcare

NHS Tinast
The operation may effect (please tick as appropriate- some of the
options may not be relevant to youl):
My mobility (ability to walk)
[] Ne effect
] Mild effect on mobility / may require walking aid
] Likely significant impact on mability
Bowel function
] Mo effect I:] Mot applicable | will have a stoma
D May need to go to open my bowels more often

] May have difficulty controlling stool/flatus {(incontinence)

Urinary function
] Mo effect D Not applicable | will have a stoma for urine
|:| May need to pass urine more often

|:] May have difficulty controlling urine {incontinence)

Sexual function

Male
[] Mo O Difficulty achieving/ ] Difficulty acheving/
Change maintaining an maintaining an
erection possible erection likely
Female
] No Change [] Seme changes in ] Major changes in
Sexual function sexual function
Questionnaire 3 IRAS: 266848 Page 2
Colarectal Cancer patient questionnairs Version 1.0 20th August 2019
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3DCC Study INHS

London North West
Cuestionnaire 3 University Healthcare

MHS Truss

| am satisfied with my understanding of my operation:

Completely 1T 2 3 4 5 6 7 Completely

Disagree |:| D |:| |:| |:| |:| |:| Agree

| understand why my operation is being performed:

Completely 1 2 3 4 5 b 7 Completely

Disagree DDDDD|||| Agree

| received the right amount of information:

Completely 1 e 3 4 5 Completely

6 7
Disagree D D D I:I D |:| D Agree

Seeing my scans/3D model was helpful:

Completely 1 2 3 4 5 6 7 Completely

Disagree D D D D ] |:| ] Agree

It was difficult to understand what the scan/3D model showed:

Completely 1 2 3 4 5 &6 7 Completely

Disagree D |:| D i:] D D E] Agree

Understanding my disease is important to me:

Completely 1 2 3 4 5 & 7 Completely
x Disagree DDDDDDD Agree
The right amount of time was spent explaining my operation:

Completely 2 3 4 5 6 7 Completely

1
Disagree |:| |:| D D D E' |:| Agree

| felt involved with the decsion making around my care:
Completely 1 2 3 4 5 6 7  Completely

Disagree 1 [] D (] [0 [] [] Agree

Questionnaire 3
Colorectal Cancer patient questionnaire Wersion 1.0 20th August 2019
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INHS|
3DCC Study London North West

Cluestionnaire 3 University Healthcare
HHE Trase

| don't understand the potential benefits of the operation:

x Completely 1T 2 3 4 5 6 7 Completely
Disagree D D D D D i:' D Agree J

| understand the potential complications:

x Completely 1 2 3 4 5 & 7 Completely
Disagree [] |:| [] D ] I:l D Agree

| am clear about the expected recovery time:

Completely 1 2 3 4 5 &6 7 Completely

Disagree D D D D D I:l ]:l Agree

| understand how the operation may effect my quality of life:

Completely 1 2 3 4 5 6 7 Completely

Disagree D D D D [j D D Agree

| feel less worried about the operation after my consultation:

Completely 1 2 3 4 5 & 7 Completely

Disagree D |:| D D I:] |:| E] Agree

| feel the consultation was personal to me:

Completely 1 2 3 4 5 & 7 Completely

Disagree D D D [:I |:] El |:| Agree

| was given enough time to discuss what is important to me:

Completely 1T 2 3 4 5 &6 7 Completely

Disagree [:I D D D l:l I:' |:| Agree

The consultation met my emotional needs:
Completely 1T 2 3 4 5 6 7 Completely

Disagree I:] |:| D D D El D Agree

Questionnaire 3 IRAS: 266848 Page 4
Colarectal Cancer patient questionnaire Varsion 1.0 20th August 2019
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3DCC Study
Questionnaire 3

| was made aware of other options for treating my disease:
Completely 1 2 3 4 5 & 7 Completely

x Disagree |:| |:| |:| D D |:| [:I Agree

| felt the doctor was knowledgeable about my procedure and treatments:
Completely 1 2 3 4 5 6 7  Completely /

Disagree |:| D D D D |:| I:' Agree

| felt the nurse was knowledgable about my operation and
treatments:

x Completely 1 2 3 4 5 &6 7 Completely
Disagree D D D D D D |:| Agree
Overall | am satisfied by how my disease and operation has been

explained:

Completely

. 1 2 3 4 5 & 7 Completely (
Disagree D D D D D I___| |:| Agree

Questionnaire 3 IRAS: 266848 Page 4
Colarectal Cancer patient questionnaire Varsion 1.0 20th August 2019
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9.1.1.1.1.1.1.8 Appendix 6.3 Traditional Decisional Conflict score

3DCC Study ; e
Questionnaire 4 St Mark's Hospltal hﬁ?miﬁ:.mm

HHS Truit

Traditional Decisional Conflict Score
Pre-consultation D Post-consultation D

Meither
pooccll I Bl LN i
disagres

I know which optons are availlable to me.

| know the benefits of each option.

I know the risks and side effects of each
option.

I am clear about which benefits matter most
to me.

I am clear about which risks and side effects
matter most to me.

I am clear about which is more important to
me (the benefits or the risks and side effects.

I have encugh support from others to make a
choica.

| am choosing without pressure from others.

I have enough advice to make a choice

I am clear about the best choice for me,

| feel sure about what to choose.

This decision is easy for me to make.

I feel | have made an informed choice.

My dedsion shows what is important to
ma.

| expect to stick with my decision.

O OO OOy O (O O OO eyc
O OO OOy O p o O O oy
OO OOoOon O (OO OO
O OO OO ey O po | O ) O O R
L0 \UO O oy O o O DD|I:JD

I am satisfied with my decision.

Questionnaire 4

IRAS: 266848 Page 1
Traditional Dedsional Conflict score

Version 1.0 20th August 2019
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9.1.1.1.1.1.1.9

Appendix 6.4 Pelvic Exenteration Lexicon definitions

Type

Code Description Left (L)

Right (R)

Paosterior

F1 Presacral

Anterior

HiS% [Hagh Subcarthcal Sacrectomy)

Low sacrectomy (s53)

High sacrectomy (=5)

Sacrectomy requiring stabilisation

Partiad cyctectonry

Ureteric resection with reimplantation

Total eystectormy or radical cystoprostatectomy

Cystectomy with pubic bone resection

Cystectomy with complete penectomy

Other nat included above, please state,

Rectum or TAH/BY
Central
c2 Rectisms/-TAH MBSO partial WapneCtoiyy of seminal vesicbaf pdlliul i
comglete prostatectony
3 Rectum & TAHfoophoroctomy + Tm.dvngimﬂnrrry
Pelvic sidewall
51 Lymiphadencctomy L E R
Vessels :
sv2 Distal branches of internal iliac arery L R
Prosimal internal iliac artery and vein L R
External iliac artery or vein +- internal iliac artery or vein L ] R
SN1 (b alor neiwe L - R
SN2 | Singh norve root L R
Merves 1
Multiple nerve roots (52 or below/partial sciatic mree resection preserving L 1 R
L1551
Multiple nerve roots (51 and below/partial sciatic nerve resection presendng L B
LS nerve root)
SN5 Comgete sciatic nenve incheling lumbosacral tnmk resection (include 15 neree L R
rewdl] e mae eatensinee nedoh deserince .
. Levatgs Ani, sacral ligaments and miscles +lschial spine L R
Pelvic floor/muscles “ i "
Levator ani, sacra Iignmnnt: and musscles + ischial spine L 31
IRacus liopsoas resectionfiliac crest resection L R
Raconstruction Perineal flap reconstrection wsed, please state type
Urological reconstraction please stabe type
E1 Comenon iliac ymphadenectomy L R
Additional
E2 Para-aoetic lymphadenactomy
Fermoral nerse resection L R
Cormamon ilisc artery or vein resection L R
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