
The Unattained Power of the 
Third Dimension in Medical Imaging:

Implications for Clinical Practice

Rob F.M. van Doremalen

Uitnodiging
Voor het bijwonen van de openbare en 

online verdediging van mijn proefschrift:

The Unattained Power of the Third 
Dimension in Medical Imaging: 

Implications for Clinical Practice
Rob van Doremalen

Vrijdag 10 december 2021 om 12.30

In de Berkhoffzaal (collegezaal 4),
Universiteit Twente,
Gebouw de waaier,

Drienerlolaan 5, Enschede

Paranimfen:
Marcel Welleweerd

Toon de Groot
promotievanrob@doremalenvan.nl



The Unattained Power of the Third
Dimension in Medical Imaging

Implications for Clinical Practice

Rob F.M. van Doremalen

i



ii

Members of the Graduation Committee

Chairman:
Prof.dr. J.N. de Kok (University of Twente)

Promoter:
Dr.ir. F. van der Heijden (University of Twente)

Co-promoters:
Dr. E. van ’t Riet (Deventer Hospital)
Dr. F.J. Siepel (University of Twente)

Members:
Prof.dr.ir. C.H. Slump (University of Twente)
Prof.dr. R.H. Geelkerken (University of Twente)
Prof.dr. T.J.J. Maal (Radboudumc)
Prof.dr. L.E. Smeele (Netherlands Cancer Institute - Antoni van Leeuwenhoek)
Dr.ir. J.E.N. Jaspers (University Medical Center Utrecht)

Nederlandse titel:

De Onbenutte Kracht van de Derde Dimensie in
Medische Beeldvorming

Implicaties voor de Klinische Praktijk

Academic thesis, University of Twente, Enschede, the Netherlands, with a summary in Dutch.

Author: Rob F. M. van Doremalen
Cover design: Thomas van Tilburg
Printed by: Gildeprint
ISBN: 978-90-365-5298-1
DOI: 10.3990/1.9789036552981

Copyright © Rob F. M. van Doremalen, 2021
All rights reserved. No part of this publication may be reproduced or transmitted in any form or by
any means without written permission of the author.

The author gratefully acknowledges support for the publication of this thesis by:
Deventer Ziekenhuis; Robotics and Mechatronics (RaM); ChipSoft.

Research of multiple studies described in this thesis were financially supported by three unrestricted
research grant from the Pioneers in Health Care Innovation Fund, a fund established by the Univer-
sity of Twente, Saxion University of Applied Sciences, Medisch Spectrum Twente, ZiekenhuisGroep
Twente and Deventer Hospital.



iii

THE UNATTAINED POWER OF THE THIRD
DIMENSION IN MEDICAL IMAGING

IMPLICATIONS FOR CLINICAL PRACTICE

DISSERTATION

to obtain
the degree of doctor at the University of Twente,

on the authority of the rector magnificus,
prof.dr.ir. A. Veldkamp,

on the account of decision of the graduation committee,
to be publicly defended

on Friday the 10th of December 2021 at 12:45 hours

by

Robertus Franciscus Maria van Doremalen

born on the 23rd of April 1990
in ’s Herthogenbosch, the Netherlands



iv

This dissertation has been approved by:

Dr.ir. F. van der Heijden (Promotor)
Dr. E. van ’t Riet (Co-promotor)
Dr. F.J. Siepel (Co-promotor)





Table of Contents

1 General introduction 1
1.1 Medical imaging . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1
1.2 3D utilization methods . . . . . . . . . . . . . . . . . . . . . . . . . . . 10
1.3 Integration of the third dimension in clinical practice . . . . . . . . . . 15
1.4 Thesis goal & outline . . . . . . . . . . . . . . . . . . . . . . . . . . . . 19

I Intuitive visualisations 29

2 Validation of Low-Cost Smartphone-Based Thermal Camera for
Diabetic Foot Assessment 33
2.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 35
2.2 Materials and methods . . . . . . . . . . . . . . . . . . . . . . . . . . . 36
2.3 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 38
2.4 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 39

3 Infrared 3D Thermography for Inflammation Detection in Dia-
betic Foot Disease: A Proof of Concept 49
3.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 51
3.2 Methods . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 52
3.3 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 55
3.4 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 61

4 Novel Breast Specimen Orientation Approach through 3D Visual-
izations for Relocating Inadequate Margins based on the Surgical
Clips: Feasibility Study. 67
4.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 69
4.2 Methods . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 70
4.3 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 74
4.4 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 76

vi



TABLE OF CONTENTS vii

II Geometry derived measurements 83

5 Accurate Measurements of the Skin Surface Area of the Healthy
Auricle and Skin Deficiency in Microtia Patients 87
5.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 89
5.2 Materials & methods . . . . . . . . . . . . . . . . . . . . . . . . . . . . 90
5.3 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 93
5.4 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 93

6 Flexible versus Standard Intramedullary Rod in Posterior Stabi-
lized Primary Total Knee Arthroplasty: Protocol for a Random-
ized Controlled Trial 101
6.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 103
6.2 Methods/Design . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 103
6.3 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 111

III 3D modelling & simulation 115

7 Use of Rapid Prototyping in a Midshaft Clavicular Pseudarthrosis
Repair: Case Report 119
7.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 120
7.2 Case report . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 120
7.3 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 122

8 Can 3D Printing avoid Discomfort Related Implant Removal in
Midshaft Clavicle Fractures: a Four Year Follow Up 127
8.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 129
8.2 Materials and Methods . . . . . . . . . . . . . . . . . . . . . . . . . . . 129
8.3 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 133
8.4 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 134

9 General discussion 141
9.1 Studied 3D utilization methods and clinical acceptance . . . . . . . . . 142
9.2 Outlook and future perspective . . . . . . . . . . . . . . . . . . . . . . 145
9.3 Concluding remarks . . . . . . . . . . . . . . . . . . . . . . . . . . . . 147

Summary (Dutch) 149

List of Publications 151

About the author 153

Dankwoord 155





1
Chapter 1

General introduction

There is great power and potential hidden in the third dimension in medical imag-
ing, maybe even more than already is utilized in standard clinical practice. Three-
dimensional (3D) imaging can, for instance, be used for a more intuitive visualization,
extracting a broader spectrum of geometric measurements, patient specific modelling,
and simulating outcomes. A wide variety of 3D utilization methods are available to
accommodate for these applications. Explicit and targeted use of these 3D methods
can have an increased value over conventional two dimensional (2D) approach. Al-
though these 3D utilization methods are to some extent well-established, the premise
of this thesis is that they are not yet used to their full potential.

The goal of this thesis is to demonstrate the yet unattained power and potential of
the third dimension in medical imaging. The aim is to do so by presenting vari-
ous research projects introducing new applications over the range of 3D methods in
different medical areas and clinical settings. This is followed by a discussion about
the potential of 3D utilization methods within Dutch peripheral hospitals and the
requirements for achieving this potential in the future. Deventer Hospital serves as
example to provide context within this discussion.

Further in this introduction, the context of the third dimension within medical imag-
ing will be provided, followed by a summary of 3D utilization methods, and the
current integration of these methods in clinical practice. The introduction ends with
the goal and outline of this thesis.

1.1 Medical imaging

The section below aims to provide context of the third dimension within medical imag-
ing to support the description of 3D utilization methods in the subsequent section.
First, a couple of basic concepts of medical images, like acquisition, are described, fol-
lowed by a selection of image processing technologies to obtain the basics for utilizing
the third dimension.
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Medical image acquisition

Various technologies are available to acquire medical images, through different modal-
ities. Every image acquisition technology and modality has its own characteristics
with corresponding pros and cons. In following paragraph, the image output, image
quality and detail, and different utilization purposes are described.
An important characteristic is the type of output image, which can either be a pro-
jection or slice images. Projection images are a flat representation of the body and
are either of the exterior when signals are detected after reflection from the surface,
like in visible light photos (Fig. 1.2E & F), or of the interior when the signals are
detected after passing through the body, like X-ray images (Fig. 1.2A). Slice images
on the other hand, represent a cross-sectional plane through the body, like images
from computed tomography (CT), magnetic resonance imaging (MRI) or ultrasound
(US), (Fig. 1.2A). Projection images of the exterior and slice images can be processed
into different types of 3D images, respectively termed 3D surfaces and 3D volumes.
These different 3D image types can be important in the choice for a medical image
modality.
Another characteristic is image quality and detail, which depends on, among others,
noise, artefacts and spatial resolution. Noise is a well-known characteristic and is often
defined by the signal to noise- or contrast to noise ratio [1]. Different artefacts or errors
during imaging can cause reduction of quality, like motion, aliasing and scattering.
Spatial resolution is the minimal distance between two neighbouring structures at
which they are still distinguishable.
Purpose of image acquisition can be anatomical or functional, and diagnostic or in-
terventional. Anatomical imaging refers to imaging modalities that visualize the
anatomical or morphological structures, whereas functional imaging modalities visu-
alize specific attributes, such as blood flow or areas with high metabolic activity. The
third dimension is often used for a better approximation of the geometry, for which
anatomical imaging is better suited in contrast to functional imaging. While most
imaging is performed to facilitate clinical decision making, also called diagnostics,
many imaging modalities can also be used to support interventional procedures.

Imaging modalities

A broad spectrum of medical image modalities is available, including but not limited
to those listed in table 1.1. Each modality is listed with their (in)ability to capture
the third dimension. A selection of modalities is highlighted in this respect, arranged
per domain by increasing wavelength used to receive information (Fig. 1.1): nuclear
decay, radiography, optics, radiofrequency (RF), and sound.

Nuclear decay In nuclear medicine, gamma rays are detected from nuclear decay
of radioactive tracers injected in the body. 3D imaging modalities within this do-
main are positron emission tomography (PET) and single-photon emission computed
tomography (SPECT), which both produce slice images. Applications are mainly
functional, for example, fluorodeoxyglucose (FDG) -PET is used to localize areas
with high metabolism [2].
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Figure 1.1: The distribution of different medical imaging domains over the fre-
quency spectrum, based on the wavelength used to receive information. (Adapted from:
https://commons.wikimedia.org/wiki/File:EM_spectrumrevised.png; licensed under the Creative Com-
mons Attribution-Share Alike 3.0 Unported license.)

Radiography Radiography is based on the detection of electromagnetic radiation
called X-rays. In addition to the well-known X-ray images, variations exist like mam-
mography, fluoroscopy and angiography. These modalities produce projection images
of the interior of the body, and are thereby not suited for 3D surface reconstruction.
Slice images, suitable for 3D volume imaging, can be acquired using CT. Besides the
standard fan beam CT scanners, also cone beam CT scanners (CBCT) are available
[3, 4]. The CBCT is more prone to scattering and noise, but uses a significant lower
radiation dose compared to the fan-beam CT [3]. CBCT is mainly used together with
PET for anatomical context, in hybrid operating rooms or in maxillofacial surgery
[5–8].

Optics Multiple imaging modalities reside within the optical spectrum (Table 1.1).
While most lie within the visible light spectrum, some employ higher (laser speckle)
or lower frequencies (thermography) [9–12]. Only confocal microscopy and optical
coherence tomography (OCT) generate slice images suitable for 3D volume imaging
[13, 14]. The majority of the modalities produce a projection image of the exterior,
which can either be used to generate a 3D surface or as texture on a 3D surface [4,
15, 16]. The latter requires an additional 3D surface imaging modality [17]. These
modalities are often based on optics and can be employed in a handheld device, or
a stationary system. Handheld devices are mobile and can cover a large surface and
capture self-occluding areas by continuously scanning the surface. However, it is more
prone to movement artefacts and registration errors. Although less mobile, stationary
systems can image 3D surfaces near instantaneous, limit motion and registration
artefacts, and enable temporal 3D surface imaging. These modalities are mainly
employed in maxillofacial and plastic surgery [4, 18–20].

Radiofrequency Slice images can be generated using the principles of nuclear mag-
netic resonance, known as MRI. MRI uses RF pulses to excite nuclear spin in hydrogen
atoms in a homogeneous magnetic field within the MRI scanner and subsequently de-
tects the RF signal excited from these atoms when they realign within this field. MRI
is expensive and has a limited availability, but its harmless nature and diversity in
sequences makes MRI an interesting modality for generating a 3D volume [21, 22].
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Table 1.1: Overview of medical imaging modalities, sorted by frequency.

Categories
/domains

Name Anatomical (A)
/ functional (F)

Slice Projection 3D

Nuclear decay Scintigraphy F X
Bone scan F X
PET F X X
SPECT F X X

Radiography X-ray A X
Mammography A X
Fluoroscopy A X
Angiography Both X
Bone densitometry F X
Fan beam CT Both X X
Cone beam CT Both X X

Optics/ Photography A X X
Visible light Endoscopy A X

Microscopy Both X
Confocal microscopy Both X X
Fluorescence F X

Optics/ Hyperspectral F X
other Near IR Both X X

Thermal IR F X
OCT A X X
Laser Speckle F X

NMR/RF NMR / MRI Both X X

Sound US Both X X
PAI1 A X X

Abbreviations: PET: Positron emission tomography; SPECT: Single-photon emission
computerized tomography; CT: Computed tomography; IR: Infrared; OCT: Optical coher-
ence tomography; NMR: Nuclear magnetic resonance; MRI: Magnetic resonance imaging;
US: Ultrasound; PAI: Photoacoustic imaging
1With PAI the source is laser (optic), which is converted to US.
Disclaimer: Some modalities might be missing from this overview.
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Sound US imaging is a very popular modality due to its harmless nature and real-
time visualization of internal structures. With a piezoelectric transducer, it basically
sends soundwaves in the body and detects these waves after reflection in the body.
These reflections are caused by a transition of tissue density. Based on the time
between sending and detecting the soundwave, the spatial location can be determined
in order to construct slice image. US can also be used in lithotripsy, a kidney stone
treatment. Another imaging modality that detects soundwaves with a piezoelectric
transducer is photo acoustics imaging (PAI) [23]. However, in contrast to US the
soundwaves in PAI are the result of thermal expansion of tissue caused by a laser
pulse.

Medical image processing
After discussing the basics of medical image acquisition, the following pages address
processing technologies to generate 3D medical images and to ready them for 3D uti-
lization methods. First, the composition of the 3D volume and 3D surface data types
are explained together with how they can be constructed, followed by the processing
methods: filtering, semantic segmentation and image registration.

3D data types

3D volumes Every image modality that generates slice images has the potential
to create a 3D volume, also known as a volumetric dataset. With CT, for example,
multiple slices can be imaged above each other (Fig. 1.2B). When these slices are suf-
ficiently close to each other a 3D volume can be constructed (Fig. 1.2C). A slice image
can be interpreted as a 2D array or matrix of pixels with corresponding pixel values.
As depicted in figure 1.2A, each pixel directly corresponds to a certain area of the
body within that cross-sectional plane. This area is defined by the pixel dimensions:
the width and height. The smaller the pixel dimensions the more detailed the image
becomes, corresponding to a higher resolution. However, the minimal pixel dimen-
sions are limited by the spatial resolution of the image acquisition modality [4]. When
the slice thickness is also known, each pixel gains a third dimension: the depth. With
the depth, every pixel defines a cubic volume in three dimensions, termed a voxel.
Multiple slices can be stacked (Fig. 1.2B) to form a 3D array, when slice distance is
equal or less than slice thickness [24]. From this 3D array, further referred to as 3D
volume, it is possible to also extract 2D arrays (slice images) in cross-sectional planes
perpendicular to the original cross-sectional plane orientation. This is called multi-
planar reconstruction (MPR; Fig. 1.2D). The original plane in CT is the transversal
plane and through MPR the coronal and sagittal plane can also be constructed.
Constructing a 3D volume with handheld systems like US is not as straightforward
as with stationary systems, such as CT or MRI. A few approaches are available
[25]. The first approach is to use a dedicated 2D array US probe instead of a 1D
array. This is fast and easy to handle, but expensive, has a limited field of view and
limited termporal or spatial resolution. The second approach is to use a standard 1D
array US probe and capture slice images from different angles or positions. These
varying positions and angles can be obtained mechanical, with a motor, or in free-
hand mode. In free-hand mode the probe position and orientation can be tracked
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Figure 1.2: Visual representation of a 2D cross-sectional slice and projection image of a
bovine heel, created with radiography (A). 3D volumes can be constructed (C) by stacking
slice images (B). Alternative planes can be reconstructed from 3D volumes (D). Through
active stereo-photogrammetry (E) a depth map (F left) can be generated from which sub-
sequently a 3D surface can be constructed (G). Metadata like color can be added to the
surface (F & G right). A 3D surface model (H) can be build by stitching multiple surfaces
(G), or by computing the isosurface of the bone from the 3D volume (H).
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through optical or electromagnetic navigation, or with a steady hand. The steady
hand can be supported by an interpolation algorithm [25].

3D surfaces In contrast to 3D volumes, a 3D surface only represents the exterior
surface of a structure within a 3D coordinate system. They can either be extracted
from 3D volumes or directly generated from, among others, projection images of
the exterior. The latter can be achieved through varying 3D surface imaging and
reconstruction technologies.
A 3D surface is also known as a mesh and consists of vertices, edges and faces (Fig.
1.2G & H, Fig. 1.5) [26]. Vertices are points defined by 3D coordinates. Edges
are lines that connect two vertices. Faces are polygon surfaces also defined by the
vertices and are generally triangles defined by three vertices. Aside from geometrical
information, vertices and faces can store metadata, like colour (Fig. 1.2G right),
distances, temperature, blood perfusion, or the normal vector. The normal vector
defines the interior and exterior of the structure. A method to include metadata on
a 3D surface is ‘texture mapping’, where a 2D texture map is projected on the faces
[27], [12, 16, 26–29]. A 2D texture map can, for instance, be a projection image from
different medical imaging modalities (Section 1.2).
A 3D surface can be extracted from a 3D volume by determining the surface that
encloses the voxels representing the intended structure (Fig. 1.2C). A typical approach
is computing the isosurface (Fig. 1.2H). An isosurface represents the surface of equal
value in a 3D volume, dividing it into two regions of respectively higher and lower
values, and often computed using the marching cube algorithm [30]. The isosurface
is defined by a threshold value, separating intended structure from other structures
or the background. For some structures, a clear threshold value can be found within
the original data, for example in CT between bone and soft tissue, or skin and air.
For other structures, like most organs, an isosurface can be computed based on a
label map acquired through semantic segmentation. The interior voxel values are not
included in the 3D surface.
Besides extraction from 3D volumes, 3D surfaces can be directly reconstructed with
3D surface imaging modalities as discussed within Section 1.1. These modalities are
often faster, more precise, less toxic and cheaper than modalities producing slice im-
ages [15]. Furthermore, they have the potential to directly map additional surface
images on the surface as metadata. The surface reconstruction methods implemented
in most of the medical 3D surface imaging devices are stereo-photogrammetry, struc-
tured light projection, or the combination, called active stereo-photogrammetry [21,
31, 32]. They often provide the most accurate, detailed and robust results. However,
by exception, the same technology as in confocal microscopy is implemented in an
intraoral scanner for 3D imaging the teeth and gum. Other methods are, the very
fast but less accurate time of flight (ToF) method [33], and the slow, but potentially
very accurate 3D laser scanning method [34]. The latter is less suited for the majority
of daily medical purposes, due to motion sensitivity.
Generally, the output of these different surface reconstruction methods are depth
maps, or disparity maps which are inversely proportional to depth maps. In a depth
map, the distance of individual pixels to the camera is stored. Figure 1.2 displays how
such a depth map is computed (Fig. 1.2F left) through active stereo-photogrammetry
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(Fig. 1.2E). In this stage, a projection image from another modality can be registered
to the depth map, such that their pixel information corresponds (Fig. 1.2F & G
right). The depth map can be converted to a point cloud from which subsuquently
a 3D surface can be constructed (Fig 1.2G). A 3D surface model can be build by
stitching multiple surfaces (Fig. 1.2H) [35].

Processing methods

Filtering 3D volumes can be further processed by filtering or adjusting window/level
settings [36]. Filters can be used to smoothen the image, reduce noise, enhance con-
trast, or correct for artefacts. Window/level settings define the range of pixel values
over which the displayed intensity is distributed to enhance desired structures in con-
trast to others. 3D surfaces can also be further processed. Using different filters, a
surface can be cleaned, repaired, smoothed and remeshed. Multiple surfaces can be
stitched and merged into a larger surface or a solid 3D model [37].

Semantic segmentation Through semantic segmentation, every pixel or voxel can
be assigned a label, resulting in a label map. Such a label indicates the physical repre-
sentation of the voxel, often to distinquish anatomical structures or the background.
As such, it carries semantic information. This can be applied on the voxels of a 3D
volume, but also on the pixel of a depth map before 3D surface generation.
Segmentation can be performed manually, but this can be a time-consuming endeav-
our. Therefore, various (semi-)automatic segmentation methods are available. The
most commonly used conventional segmentation methods are thresholding, region
growing and watershedding [24, 38, 39]. These methods have different limitations
dependent on modality [24, 38]. In addition to these conventional methods, artificial
intelligence (AI) or deep learning has gained immense popularity in the last decade as
an automatic segmentation method, due to increasing graphic processing capabilities
[40, 41]. In particular, convolutional neural networks (CNNs) with a U-net structure
produce impressive results in segmenting medical images and are less obstructed by
the limitation of conventional methods [42–44]. Even though CNNs show great po-
tential, they have limitations in contrast to the conventional segmentation methods.
Essentially, a CNN learns to interpret data from a large pre-segmented dataset. Con-
sequently, a CNN can only become as good as the supplied dataset, implying that a
badly segmented dataset will result in a poor performing CNN. Therefore, gathering
and labelling such a dataset is a crucial, but time and labour-intensive process. Fur-
thermore, in most cases a trained CNN is only applicable to the single purpose it is
trained for.

Image registration Two images can be registered to each other. The aim of im-
age registration is to position corresponding pixels, voxels, or vertices from different
images in same spatial location of a 3D space. These positions represent the same
area or volume within the human body in each image. Image registration can be
used to combine or compare data from different images in the same 3D space and
can be applied to two 3D volumes [45, 46], two 3D surfaces [47] or to a 3D surface
to 3D volume [48, 49]. 3D volume registration can either be mono- or multimodal.
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Figure 1.3: For bioengineering the human ear it remains a challenge to preserve the unique
and complex shape. This study aimed to preserve the shape with a smart scaffold design.
After 30 days of in vitro pre-culture a µCT 3D volume was acquired of the ear-shaped
construct (A). From this 3D volume a 3D surface was extracted and compared with the
digital design (C). Subsequently a deviation map was constructed using Hausdorff metric
(B). The used colormap ranges from 0 red, 0.5 green to 1 mm blue. Only the edges (known
as wireframe) of the original design are visualized to display the direction of the deviation
of the CT model of the bio-printed construct, inward or outward. With a mean deviation of
0.13 mm and RMS of 0.19 mm a high shape fidelity of the ear constructs was observed [55].

Projection images can be registered to a depth map to provide metadata to a 3D
surface. For the majority of applications rigid registration methods suffice and for
other deformable registration methods are available. Furthermore, through analysis
methods the outcome of registered 3D images can be evaluated.
Rigid registration of both 3D surfaces and 3D volumes can be performed manually
by interactively dragging and rotating one image to match the other, but a more
accurate approach is registration based on control points, from which a transformation
(translation, scaling and rotation) can be estimated. These control points represent
similar locations in both images and can be selected manually or through a feature
detection algorithm [50–52]. Specifically for 3D surfaces, the manual or control point
based approach is commonly used for a first rough alignment, followed by the fine
registration method known as iterative closest point (ICP). An alternative for 3D
volume registration is intensity-based registration [4, 51, 52]. Approaches to register
3D surfaces to 3D volumes can either be through control points, or by first extracting
the 3D surface from the 3D volume and subsequently registering the two 3D surfaces
[48].
Occasionally, a structure is deformed in one 3D image compared to the other, which
can be deformed back to the first image such that the shape corresponds with the
first. For this purpose, the deformable registration methods B-spline, optical flow/
Demon, or statistical deformation modelling are available [53, 54].
Through analysis methods the quality of registration or the geometric deviation be-
tween two 3D images can be evaluated. For the 3D volumes this can be done by ana-
lyzing the number of overlapping voxels by calculating the dice or Jaccard similarity
coefficient [56]. For 3D surfaces the distance between two surfaces can be calculated
using the Hausdorff metric, which subsequently can be visualized in colour, creating
a distance or deviation map [57, 58]. See figure 1.3 for a use case.

Logical operations When multiple solid 3D models or label maps are available
logical- or Boolean operations can be used in further processing. Through these
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operations it is possible to add, subtract, combine or cut different models or label
maps. This is for instance useful in modelling and simulations (Section 1.2) [37].

1.2 3D utilization methods

This section will describe in greater detail the different methods and technologies for
utilizing the third dimension in medical imaging. The methods are subdivided in: 1)
intuitive visualization; 2) 3D geometry derived parameters; and 3) 3D modelling &
simulation.

Intuitive visualizations
Sensibly, the majority of medical requests within hospitals are for 2D visualization
purposes. Visualization of 2D images is more straightforward on standard screens
in the hospital environment and requires limited user interaction. In addition, most
projection image modalities as well as US are more readily available, faster, cheaper
and less harmful than modalities for quality 3D volumes. Also, they often need less
storage capacity and processing power.
Despite these clear benefits, 2D images also have their shortcomings, which make them
prone to misinterpretation. Depending on the camera orientation or perspective, 2D
projection images can appear skewed, resulting in misinterpretation of geometrical
features. In addition, it can cause superimposition in projection images that capture
the interior, like depicted in figure 1.4A. In contrast to projection images, slice images
are not affected by superimposition (Fig. 1.4B). However, misinterpretation in slice
images can occur due to the orientation of the cross-sectional plane. A trained eye
is needed to recognize these misinterpretations, which makes 2D visualizations less
intuitive for the inexperienced [59].
3D visualization has the potential to overcome the aforementioned shortcomings and
provides a more intuitive overview of the anatomy and pathology. 3D visualizations
are therefore particularly valuable for the untrained eye of patients or physicians in
training. Quick and intuitive overview of 3D images can also guide the physician dur-
ing interventions. Through interaction the observer can render, and thereby visualize,
different orientations.
Different 3D visualization methods are available for 3D volumes and surfaces. Digital
outputs of these methods are still 2D projection images, because they are visualized
on a flat screen in the hospital. However, they can be rendered from every orienta-
tion, thus overcoming regular 2D image shortcomings. Many methods to visualize 3D
volumes directly are often already available in the viewing software of radiologists,
such as MPR, digital reconstructed radiographs (DRR), maximal intensity projection
(MIP) and volume rendering [60]. MPR can generate a slice image in every orienta-
tion. Through DRR and MIP, an X-ray like projection can be rendered from every
angle and by rotating the camera virtually, an illusion of 3D can be created. Volume
rendering can visualize the exterior of anatomic structures (Fig. 1.4C), for instance,
with the volume raycasting algorithm. The benefit of volume rendering is that be-
sides visualizing the 3D geometry, colour can be assigned to the surface, based on
corresponding pixel intensity.
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Figure 1.4: X-ray (A), 2D CT scan slice (B), 3D volume rendering (C) and 3D printed
replica (D) of the same injury [68].

Moving to 3D surface visualizations, the most straightforward method is surface ren-
dering (Fig. 1.2G & H). A couple of upcoming methods to visualize 3D surfaces are
3D printing (Fig. 1.4D), virtual reality (VR) and augmented reality (AR). 3D print-
ing becomes more and more available, and can be used for simple visual models like
the knee in figure 1.4D. This type of 3D printed replicas are increasingly welcomed
in the operating theater for a quick and intuitive overview of, for instance, complex
bone structures [61, 62]. Use of VR and AR is mainly in the experimental or research
phase [63, 64]. A 3D visualization method generated from two projection images is
stereoscopic imaging. Similar to the human eyes, stereoscopic imaging uses projection
images from two perspectives, one for each eye, to provide depth perception for the
observer. This is, for instance, useful in endo- or laparoscopic procedures [65–67].
The combination of multiple images can provide intuitive visualization through 3D
image registration. 3D volumes can be visualized alongside each other or as an overlay.
This can, for instance, be used to view functional images in anatomical context by
fusing PET with CT or MRI images [69]. Or it can be used to assess current with
previous states of the body to, for example, evaluate outcome of an intervention by
registering pre- to postoperative images. A second example is to monitor pathologies
in follow up, like oedema, or the development of (congenital) deformations, like trauma
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or craniosystosis [70–72]. Changes in shape or form can be visualized in distance maps
(Fig. 1.3). On 3D surfaces functional data from projection images can be registered
to intuitively visualize the functional data of the image on its anatomical location [49,
73].
During interventions 3D image registration can provide intuitive visualization for navi-
gation purposes. Conventional surgical navigation registers and visualizes the surgical
tool within preoperative images or planning based on optical or electromagnetic track-
ing, potentially including surgical planning [74]. Opposed to registering fragments of
the real world to 3D images in conventional navigation, the images can be registered
to the real world, known as augmented reality. 3D images can be projected on or
in the real world using a projector or AR glasses[64, 75]. Finally, preoperative 3D
volumes can be registered to intraoperative images for navigation. For instance, CT
to fluoroscopy or MRI to real-time US [76, 77].

3D geometry derived parameters

User interpretation of visualized medical images is still a subjective outcome. More
objective and quantitative geometrical measurements can be extracted from medical
images. However, for 2D images these measurements are limited by the camera or
cross-sectional orientation. 3D images, on the other hand, are not affected by these
limitations, such that three elementary types of scalar parameters can be extracted
from the 3D geometry: volumes [m3], surface areas [m2] and distances [m].
Volumes can either be calculated using 3D volumes by determining the number
and dimensions of voxels in a structure, or by calculating the area within a solid
3D surface. Clinical applications are, for instance, to determine volumes of tumours,
cysts or lesions from 3D volumes for treatment response evaluations or follow up, to
determine the breast volume from a 3D surface scan for reconstruction purposes, or
to determine cardiac volume for cardiac function [78–83].
Surface areas can be easily extracted from 3D surfaces by combining the surfaces of
every face within the region of interest (ROI). Clinical applications are, for instance,
to calculate the size of wound areas for follow up, or the amount of skin that is
necessary for reconstructions [Chapter 5], or wound repair [15, 84, 85].
Distances can be extracted as an Euclidean or geodesic distance. The Euclidean
distance is the shortest distance between two points within a Euclidean space/3D
coordinate system. These two points can be extracted from both 3D volumes (two
voxels) and 3D surfaces (two vertices). Geodesic distance is the shortest distance or
path between two points, following the 3D surface mesh (Fig.1.5)[78, 86–90].
Secondary geometry derived measurements can be constructed from volumes, surface
areas and distances, describing their relations. Examples are angles for assessing frac-
ture malunions or the volume/surface ratio to assess malignancy of tumours [78, 91–
93]. Other options are deviations between two image sets after 3D image registration
quantified in the Dice or Jackard score with 3D volumes or average Hausdorff distance
with 3D surfaces [56].
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Figure 1.5: Graphic visualization of difference between Euclidean and Geodesic distance
from point A to point B on a curved mesh. The orange line represents the Euclidean distance
and goes straight from A to B. The black line represents the Geodesic distance and follows
the curvature of the mesh to connect both points.

3D modelling & simulation

Although, 3D geometry derived parameters are objective and comprehensible mea-
surements from 3D images, they simultaneously reduce the 3D information to a single
scalar value. 3D modelling and simulation on the other hand can objectively utilize
the entire 3D geometry. Modelling- and simulation-based 3D images can be used 1) to
digitally prepare certain interventions with the option to subsequently translate this
to the actual intervention; 2) for patient specific designs; or 3) to simulate intended
outcome for clinical decision making and patient’s expectation management.
Modelling and simulating interventions for preparation purposes can roughly be di-
vided in two categories, namely path planning and surgical 3D planning. First, the
goal of path planning is to efficiently reach a destination within the body while limit-
ing damage to critical structures. By analyzing a patient’s specific geometry, a certain
path through the body can be modelled or simulated. Clinical applications for plan-
ning such a path can, for instance, be to insert implants, needles for biopsies, electrode
stimulations or ablations, or other surgical tools for resections and coagulations [94–
96]. This planning can be translated to the intervention by means of an intuitive
visualization, which is either static or through surgical navigation, or by means of
robotic assistance. Clinical examples are removal of a brain tumour or cyst, breast
biopsy, or liver lesion ablation [96–98]. Second, besides reaching the destination, cer-
tain surgical proceedings at the destination can also be planned. With (computer
assisted) surgical 3D planning, primarily the angle and position of tools, implants
and anatomical structures can be planned. Clinical applications can, for instance,
be incisions in case of a resection, or sawing, drilling, placing implants or reducing
bone fragments in case of an osteotomy or bone fracture [4, 99, 100]. Well-established
clinical examples in maxillofacial surgery are the surgical planning of the size and
location of teeth implants, or the planning of the resections as well as the subsequent
reconstruction using part of the patients’ fibula in case of a mandible cancer [4, 101].
In addition to the translation methods for path planning, surgical 3D planning can
also be translated to the operating theater using physical surgical guides. Surgical
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guides are patient specific instruments with the design based on their anatomy [62,
102].

Along with patient specific surgical guides, more patient specific designs can be mod-
elled based on 3D medical images, namely anatomical replicas, orthosis, prosthetics
and implants. Anatomical replicas, often 3D printed, are already mentioned as an
intuitive visualization method (1.2.1). Orthoses are medical appliances that exert
external forces on parts of the body to support joint or correct deformity [103], like
braces or adjusted seats, and can be personalised using 3D surface scanning [104,
105]. Or in case of congenital deformation a deformable statistical deformation model
of an average population can be used to design helmets to correct craniosynostosis
[106]. Prostheses are artificial devices that replace body parts and can be intended
for external or internal use. External use can either be aesthetic, like an artificial
nose or ear (anaplastology), or functional, like limb replacement [107, 108]. Their
aesthetic design can be based on symmetry or population average and can subse-
quently be made fitting on the current deformation. Symmetry can be achieved by
digitally mirroring the contralateral side. Prosthetic implants for internal use can
also be designed to approach original anatomical morphology. Clinical examples are
replacement implants for shoulder, hip or knee, or even a skull or orbital floor implant
after trauma [109–111]. Also, other types of implants like osteosynthesis material can
benefit from a patient specific design, for example, fixation plates to follow the cur-
vature of the bony structures and reach the optimal screw location. These plates can
be individually fabricated, which is expensive, or a mould can be 3D printed to bend
available plates accordingly [112–114]. For implants the material biocompatibility
is important. In the future, implants may be tissue engineered and bioactive with
autologous cells. 3D printing is a valuable fabrication tool for patient specific designs
and even for bio-engineered implants, because of its efficiency in small fabrication
numbers [115].

Simulating the intended outcome of an intervention using different modelling tech-
nologies can be a valuable utilization method within surgical 3D planning [4, 116].
Either aesthetic or functional outcomes can be simulated. Clinical examples of sim-
ulating aesthetic outcome can be found for orthognathic surgery, rhinoplasty and
breast reconstruction. Simulation of orthognathic surgery is based on a CBCT 3D
volume of the head, 3D model of the denture and optionally a 3D surface photo of
the face, which are registered to each other. Different software options are available,
which each employ different modelling methods to forecast soft tissue responses. The
most commonly used methods are a mass-spring model, finite element model or mass
tensor model [116]. For rhinoplasty and breast reconstruction soft tissue modelling
solely based on 3D surface photos is available, employing, for instance, a tissue elastic
model [117]. Clinical examples of simulating functional outcome are scarce to none
existent, but can be found for research to support evidence-based decision making, or
for industry to support medical instrument and implant design. Available methods for
simulating functional outcome are finite element modelling, finite element analysis,
or B-spline modelling with different utilisations [118, 119].
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1.3 Integration of the third dimension in clinical practice

Previous section suggests abundant utilization of the third dimension. However, ma-
jority of aforementioned examples are still in a research setting and are only sparsely
adopted in daily clinical practice. This section reviews to what extent 3D utilization
methods are adopted based on informal interviews with medical specialists from var-
ious disciplines in the peripheral, medium-sized teaching hospital Deventer Hospital.
Medical specialists from the following disciplines were interviewed: otorhinolaryn-
gology, orthopaedics, radiology, general surgery, maxillofacial surgery, and plastic
surgery.
In this section the results of the interviews are presented. First, the general use
of medical images including 3D is presented, structured with similar subdivision as
in previous Section 1.2. Subsequently, the attitude of medical specialists toward
exploiting the third dimension is discussed, followed with their awareness concerning
different options and desire regarding future options.

General use of medical images

The medical specialists were asked which medical images they used and for wich pur-
pose. Majority of the medical imaging is facilitated by the radiology and nuclear
imaging department, of which the most common modalities are X-ray, CT, MRI,
PET, medical photography, and US. Medical imaging used by medical specialists
themselves and not facilitated by radiology or nuclear imaging are US, including 3D
US, photography, fluorescence imaging and endoscopic modalities like standard en-
doscopy, arthroscopy, microscopy or laparoscopy. In addition, some modalities are
used in close collaboration with radiology, like fluoroscopy, or image guided inter-
ventions with for instance CT or MRI. For which purpose this imaging is used is
subdivided in visualization, measurements, and modelling & simulation.

Visualization Vast majority of medical images are viewed two dimensionally, as
2D projection or slice image. They are, when available, analyzed in combination
with the radiology report. Visualizations with respect to 3D are volume renderings
and MPR at request from radiology, and stereoscopic imaging. The plastic surgeon
stated that he sporadically requests a volume rendering from a CT scan to assess
fracture lines. Furthermore, the radiologist stated that volume rendering is also used
to visualize arteries in and around the heart or brain from contrast-CT or -MRI. An
interviewed orthopedic and general surgeon stated they do not need 3D volume ren-
derings themselves, because of their trained spatial cognition [120]. The radiologist
can use MPR in specific cases to align the 2D planes with certain structures. Two
mentioned examples were 1) the rotation of a knee MRI to align with a tendon for the
orthopedic surgeon and 2) the rotation of a wrist CT scan to align with a scaphoid for
the plastic surgeon. Recently, radiology acquired an AI application that automatically
detects and segments lung nodules in thorax CT scans to aid in visual assessment.
The otorhinolaryngologists and plastic surgeon stated they use stereoscopy in intra-
operative microscopy for a 3D perspective. With other modalities like arthroscopy
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and fluoroscopy medical specialists reported they can shift the perspective to create
a 3D perspective using their spatial cognition.
Related to image registration only the PET-CT overlay was known. The radiologist
explained they have an ‘anatomical linking’ option in their software, which is a feature-
based 3D volume registration tool to match the position of two 3D volumes within
one 3D space to visualize corresponding slices alongside each other. Unfortunately,
the results are not always satisfactory and this option is therefore rarely used. For
navigation purposes, the otorhinolaryngologists real-time register and visualize the
position of an endoscope to a pre-operative CT scan during surgery, the general
surgeon matches US and laparoscopic images in the surgical robot and the radiologist
explained they aid urologists with real-time US image registration to a pre-operative
MRI scan for navigation. An orthopedic surgeon explained that they would like to
register pre- to postoperative CT scans for outcome evaluation, but they often lack a
postoperative CT or MRI for such purposes.

Measurements Interviewees reported that majority of measurements, like dis-
tances, gaps, angles, diameters, surfaces and volumes are performed two dimensionally
in projection or slice images. Most sizes are indicated with diameters instead of a sur-
face or volume, for instance, in case of tumors and lesions. The radiologist explained
that measuring diameters is more time efficient and the results are clinically equally
relevant. On one hand, an orthopedic surgeon stated to be aware of the potential
errors in their 2D measurements (Section 1.2) and accepts these as long as they have
no clinically relevant impact. On the other hand, the plastic surgeon stated that he
trusts his software application to produce a reliable outcome. As opposed to the mea-
surements performed in 2D, there were also measurements mentioned that do include
the third dimension. Examples are diameter or cross-sectional surface measurements
and volume measurements. The first involves aligning slice images through MPR and
is for instance used to measure the cross-section of an artery. Second, the volumes
can either be computed from two perpendicular surface measurements, for instance to
determine bladder or breast implant volumes, or through segmentation, to determine
volumes of the thyroid, liver segments, or heart capacity.
From the interview it became clear that most measurements are facilitated by radi-
ology. This especially applies to the more complex measurements, although medical
specialists would perform these themselves when specialized software is available. For
instance, one orthopedic surgeon uses such software in treatment of dysplasia or sco-
liosis in children. Measurements can also be outsourced to an external company. For
example, an orthopedic surgeon outsources measurements for shoulder arthroplasty.
This company measures various angles and the pivot point from a CT 3D volume of
the shoulder.

Modeling & simulation Modeling or simulation applications are scarce among
the interviewees. The radiologist could only recall facilitating volume calculations
of, for instance, the liver to simulate the functional outcome after partial resection.
The orthopedic and plastic surgeons can perform simulations based on X-ray images
to compute which implant would fit optimally for hip replacements or fracture re-
pairs. One orthopedic surgeon reported to occasionally order drill guides for shoulder
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replacements externally, from the same company that provides the aforementioned
measurements. The other orthopedic surgeon, who is specialized in total knee arthro-
plasty, stated he orders a patient specific prosthetic knee implant from their usual
implant supplier. This only happens in rare cases, once every few years. Maxillo-
facial surgeons explained they use modelling software for planning dental implant
placement, but not yet for orthognathic surgery [4].

Attitude

The attitude of the medical specialist as end-user towards adoptation of new 3D
utilization methods is essential for further clinical integration. Based on the interviews
an attempt is made to construct an average attitude.
In general, every medical specialist interviewed was open towards new methods as
long as it has a clear objective or subjective benefit for improving patient care. This
benefit can be direct or indirect. Direct benefits can be 1) a better, more accurate
and valid diagnosis that positively influences clinical decision making, and 2) a higher
chance of success or improved outcome from interventions. Indirect benefits can be
1) a better cost efficiency, making healthcare more affordable, 2) a time reduction,
which may reduce costs or risks for the patient, 3) an improved work process, leaving
less room for errors and solve existing frustrations, and 4) improved ergonomics for
the medical specialist, resulting in better endurance and less work-related injuries.
Nevertheless, these benefits must outweigh potential negative factors, like becoming
more expensive, time consuming, or negatively affecting patient care outcome. Ad-
ditionally, the following reasons for rejection of new methods were also mentioned.
First, implementation of a method can negatively affect current work processes, such
that it becomes inefficient or requires a drastic change. The plastic surgeon for in-
stance would reject a 3D camera if output was not obtainable from every workstation,
forcing them to revolve their work processes around certain workstations. Second, an-
other factor is when the method is not ready for efficient implementation, which can
cause frustration. This, for instance, applies to internal or external services when
the operators are inexperienced, too slow, bad in communication, or do not comply
to agreements. It also applies to software, when the application is slow, unstable,
not user-friendly, too complex, or badly accessible. Bad accessibility can negatively
affect the work process, for instance, when a separate workstation is needed, or when
images can’t be directly retrieved from the hospital image archive (PACS). The ra-
diologist mentioned for example a software package that was unstable and therefore
avoided using it despite its potential benefits. Third, the last negative factor men-
tioned is when a disproportionate investment is necessary, for instance, when extra
training is needed to acquire the necessary expertise to efficiently use new methods.
In these cases, the steepness of the learning curve and the incidence may play a role
in acceptance. The orthopaedic surgeon mentioned this for example when discussing
3D-printing.
The benefits must outweigh the disadvantages, but this balance is experienced dif-
ferently per individual. Some medical specialists are more open towards innovations
in general and are willing to invest time and accept some initial frustrations. Other
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specialists are more critical and cautious toward changes in patient care and are less
flexible with time.

Awareness and desire

The level of awareness of medical specialists concerning new options appeared to be
mainly based on offers from industry or from peers. Peers can be new specialists or
residents that picked up new innovative methods from previous workplace or through
guidelines and protocols. New options from literature are sporadically picked up on
conferences, but are not generally interpreted as viable options. Awareness and desires
mentioned in the interviews are listed in table 1.3 divided by discipline.

Table 1.3: Awareness and desires regarding 3D utilization methods per interviewed disci-
pline.

Discipline
interviewees

Specific awareness or desire

Otology: Desires the option to share their stereoscopic images from their perioperative
microscopy on 3D screens for training and consultations, within the hospital
and with other centres.
Is curious about the clinical value of a CT to MRI registration to evaluate
tumour location related to bony structures.

Rhinoplasty: Is unaware of the potential of 3D photography, but open towards experiencing
its potential benefits.

Orthopedic
surgery:

Is already experimenting with 3D modelling with an external company.
Is interested in a cost-efficient facilitation of 3D modelling within hospital.

Maxillofacial
surgery:

Is aware of the options for 3D planning in orthognathic surgery, but still hesi-
tant to start because planning can result in a more complex treatment which
is not always necessary for satisfactory results.

Plastic
surgery:

Is aware of the possibilities with 3D photography, but states that the improve-
ment in patient care is not significant enough and would only be interesting if
it has minimal financial consequence or impact on current work processes

General
surgery:

Desires for 3D visualization in interdisciplinary communication, like presented
in Chapter 4
Has experienced no benefit in perioperative 3D visualizations through AR.
A long training period and much practical experience help him to create a
sufficient mental 3D perspective

Radiology: Desires for better software application to be able to facilitate more complex
diagnostic tools.
Further processing and modelling activities like 3D printing would be out of
scope of radiology and more suited for Medical Technology department.
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Conclusion from the interviews
These interviews were meant to provide an impression of the extent to which different
3D image utilization methods are adopted and accepted in daily clinical practice, not
as systematic review. Scientific value of these interviews is limited as the selected
interviewed population consists of a subsample from one hospital. Furthermore, no
validated questionnaires or qualitative analysis techniques were used. Although nu-
meral integrated 3D utilization methods were mentioned, several methods and tools,
like 3D printing, surface scanning or image registration, were still unknown or un-
available to the medical specialists. The impression acquired from these interviews
is that in general medical specialists are open toward new methods, but the benefits
have to outweigh the costs and potential frustrations. Options to achieve effective
implementation will be elaborated on in the Section 9 “General discussion”.

1.4 Thesis goal & outline

With the acquired insights concerning 3D utilization methods and their clinical inte-
gration from respectively Section 1.2 and 1.3 the following research question of this
thesis is constructed:

If we introduce different 3D utilization methods in various clinical settings:
1) what is the clinical value and
2) which factors promote clinical acceptance?

The objective of this thesis is to show this value of the third dimension in medical
imaging and discuss the potential use and effective implementation within current
medical practice for which the medium-sized teaching hospital Deventer Hospital
serves as a reference point. The aim is to do so through an overview of scientific
showcases over the range of 3D utilization methods as provided in Section1.2. For
this reason, this thesis is subdivided similarly in three parts related to the different
3D utilization methods.

Part I: “Intuitive visualizations” demonstrates two projects showcasing the
value of visualizing 1) functional or 2) pathological data within anatomical context
of a 3D surface.
The first project revolves around monitoring diabetic feet for ulcer formation. People
with advanced diabetes are prone to pressure ulcers, due to a of lost sense of touch in
their feet. A local temperature raise of at least 2.2 degrees Celsius between two feet
on the exact same location for multiple days in a row is a pre-sign of such ulcer [121].
Daily measuring multiple spots on your feet can be tedious and thus therapy com-
pliance is low. Using 3D thermography may aid monitoring and promote compliance
as it captures and visualizes functional thermal data on the 3D surface of the foot.
For home monitoring an affordable thermal camera is needed, which is validated for
this purpose in Chapter 2. This thermal camera is subsequently used in Chapter
3 to generate 3D thermographic images, by registering the thermal images to a 3D
surface.
The second project is aimed to support the interdisciplinary team during breast con-
serving treatment in breast cancer. After the tumour is surgically removed with
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tight margins, the removed tissue is pathologically assessed for inadequate margins.
The challenge is to associate the found margins with the situation in the breast of the
patient after surgery. This is a 3D orientation problem, as disorientation occurs some-
where in the transfer to pathology, probably due the deformability of breast tissue.
Chapter 4 presents a novel approach for orienting in the deformable 3D space and
intuitively visualize the found margins in and on a 3D model of the removed tissue.

Part II: “Geometry derived measurements” showcases how medical practice
can benefit from the extraction of a surface from a complex 3D shape and how changes
in shape can be quantified after surgery with 3D image registration.
People with congenital malformation of the ear, known as microtia, can be helped
through plastic surgery with an auricular implant. However, skin deficiency in the
malformed ear causes problems and the complex shape of the ear complicates quan-
tification of this deficiency. In Chapter 5 a method is described to determine the
skin deficiency from a 3D surface.
To what extend a knee prosthesis after arthroplasty resembles the original anatomy
may influence functional outcome. With the novel method described in Chapter 6
deviation in joint surface can be measured. This method employs an intensity based
3D registration methods to accurately align pre- and postoperative CT 3D volumes.

Part III: “3D modelling & simulation” presents a method to simulate surgical
fracture repair and to model the fixation plate by preoperative contouring. For ex-
ample, when a clavicle fracture is displaced, surgical repair is indicated by means of
open reduction and internal fixation. The 3D shape of a clavicle can be complex and
the fixation plates often had to be contoured during surgery to accommodate for an
adequate fit. The reduction and fixation can be simulated by 3D printing replicas of
the fractured parts and the mirrored healthy contralateral clavicle. Subsequently, a
fixation plate can be contoured preoperatively according to the physical curvature of
the 3D printed replicas. Chapter 7 reports a case where this procedure was tested
successfully and in Chapter 8 the four-year outcome of a small case-series is pre-
sented.

The thesis ends with a general discussion in Chapter 9. Here the clinical value of
the 3D utilization methods used in chapter 2 to 8 will be evaluated. Additionally,
clinical acceptance of respective methods will be discussed as experience by involved
clinicians and in context of the attitude and desires of the interviewed medical special-
ist in Section 1.3. This is subsequently converted to an outlook and implementation
suggestions of different type of utilization methods for Dutch peripheral hospitals in
order to maximally exploit the yet unattained power of the third dimension in medical
imaging.

References
[1] M. Welvaert and Y. Rosseel, “On the definition of signal-to-noise ratio and contrast-to-noise

ratio for fMRI data,” PLoS One, vol. 8, no. 11, 2013. doi: 10.1371/journal.pone.0077089.

https://doi.org/10.1371/journal.pone.0077089


1

GENERAL INTRODUCTION 21

[2] W. A. Weber, M. Schwaiger, and N. Avril, “Quantitative assessment of tumor metabolism
using FDG-PET imaging,” Nucl. Med. Biol., vol. 27, no. 7, pp. 683–687, 2000. doi: 10.1016/
S0969-8051(00)00141-4.

[3] W. C. Scarfe and A. G. Farman, “What is Cone-Beam CT and How Does it Work?” Dent.
Clin. North Am., vol. 52, no. 4, pp. 707–730, 2008. doi: 10.1016/j.cden.2008.05.005.

[4] T. J. J. Maal, R. J. Klijn, and S. J. Bergé, “3D Imaging for Craniomaxillofacial Applications
in Orthognathic and Facial Surgery Planning,” Craniomaxillofacial Reconstr. Correct. Bone
Surg., pp. 255–281, 2019. doi: 10.1007/978-1-4939-1529-3_20.

[5] A. G. Farman and W. C. Scarfe, “The Basics of Maxillofacial Cone Beam Computed Tomog-
raphy,” Semin. Orthod., vol. 15, no. 1, pp. 2–13, 2009. doi: 10.1053/j.sodo.2008.09.001.

[6] A. Nemtoi, C. Czink, D. Haba, and A. Gahleitner, “Cone beam CT: A current overview of
devices,” Dentomaxillofacial Radiol., vol. 42, no. 8, 2013. doi: 10.1259/dmfr.20120443.

[7] H. Gaêta-Araujo, T. Alzoubi, K. d. F. Vasconcelos, K. Orhan, R. Pauwels, J. W. Casselman,
and R. Jacobs, “Cone beam computed tomography in dentomaxillofacial radiology: a two-
decade overview,” Dentomaxillofacial Radiol., vol. 49, no. 8, p. 20 200 145, Dec. 2020. doi:
10.1259/dmfr.20200145.

[8] P. Patel, A. Dutta, V. Tatikonda, and D. Patel, “Cone Beam Computed Tomography (Cbct):
a Review,” J. Adv. Med. Dent. Sci. Res. J Adv Med Dent Scie Res, vol. 44, no. 3, pp. 40–42,
2016.

[9] W. Heeman, W. Steenbergen, G. M. van Dam, and E. C. Boerma, “Clinical applications of
laser speckle contrast imaging: a review,” J. Biomed. Opt., vol. 24, no. 08, p. 1, 2019. doi:
10.1117/1.jbo.24.8.080901.

[10] N. Jasti, S. Bista, H. Bhargav, S. Sinha, S. Gupta, S. K. Chaturvedi, and B. N. Gangadhar,
“Medical applications of infrared thermography: A Narrative review,” J. Stem Cells, vol. 14,
no. 1, pp. 35–53, 2019.

[11] B. Lahiri, S. Bagavathiappan, T. Jayakumar, and J. Philip, “Medical applications of infrared
thermography: A review,” Infrared Phys. Technol., vol. 55, no. 4, pp. 221–235, Jul. 2012.
doi: 10.1016/j.infrared.2012.03.007.

[12] E. Y. K. Ng and M. Etehadtavakol, Application of Infrared to Biomedical Sciences. 2017,
pp. 45–57, isbn: 978-981-10-3146-5.

[13] A. H. Kashani, C. L. Chen, J. K. Gahm, F. Zheng, G. M. Richter, P. J. Rosenfeld, Y. Shi,
and R. K. Wang, “Optical coherence tomography angiography: A comprehensive review of
current methods and clinical applications,” Prog. Retin. Eye Res., vol. 60, pp. 66–100, 2017.
doi: 10.1016/j.preteyeres.2017.07.002.

[14] A. C. Tan, G. S. Tan, A. K. Denniston, P. A. Keane, M. Ang, D. Milea, U. Chakravarthy,
and C. M. Cheung, “An overview of the clinical applications of optical coherence tomography
angiography,” Eye, vol. 32, no. 2, pp. 262–286, 2018. doi: 10.1038/eye.2017.181.

[15] A. Haleem and M. Javaid, “3D scanning applications in medical field: A literature-based
review,” Clin. Epidemiol. Glob. Heal., vol. 7, no. 2, pp. 199–210, Jun. 2019. doi: 10.1016/
j.cegh.2018.05.006.

[16] G. Chernov, V. Chernov, and M. Barboza Flores, “3D Dynamic Thermography System for
Biomedical Applications,” in Appl. Infrared to Biomed. Sci. QIRT Council, 2017, pp. 517–
545, isbn: 9789811031472. doi: 10.1007/978-981-10-3147-2_28.

[17] C.-H. J. Tzou, N. M. Artner, I. Pona, A. Hold, E. Placheta, W. G. Kropatsch, and M. Frey,
“Comparison of three-dimensional surface-imaging systems,” J. Plast. Reconstr. Aesthetic
Surg., vol. 67, no. 4, pp. 489–497, Apr. 2014. doi: 10.1016/j.bjps.2014.01.003.

[18] M. A. Papadopoulos, P. K. Christou, P. K. Christou, A. E. Athanasiou, P. Boettcher, H. F.
Zeilhofer, R. Sader, and N. A. Papadopulos, “Three-dimensional craniofacial reconstruction
imaging,” Oral Surgery, Oral Med. Oral Pathol. Oral Radiol. Endodontology, vol. 93, no. 4,
pp. 382–393, Apr. 2002. doi: 10.1067/moe.2002.121385.

https://doi.org/10.1016/S0969-8051(00)00141-4
https://doi.org/10.1016/S0969-8051(00)00141-4
https://doi.org/10.1016/j.cden.2008.05.005
https://doi.org/10.1007/978-1-4939-1529-3_20
https://doi.org/10.1053/j.sodo.2008.09.001
https://doi.org/10.1259/dmfr.20120443
https://doi.org/10.1259/dmfr.20200145
https://doi.org/10.1117/1.jbo.24.8.080901
https://doi.org/10.1016/j.infrared.2012.03.007
https://doi.org/10.1016/j.preteyeres.2017.07.002
https://doi.org/10.1038/eye.2017.181
https://doi.org/10.1016/j.cegh.2018.05.006
https://doi.org/10.1016/j.cegh.2018.05.006
https://doi.org/10.1007/978-981-10-3147-2_28
https://doi.org/10.1016/j.bjps.2014.01.003
https://doi.org/10.1067/moe.2002.121385


1

22

[19] J. B. Chang, K. H. Small, M. Choi, and N. S. Karp, “Three-Dimensional Surface Imaging
in Plastic Surgery: Foundation, Practical Applications, and beyond,” Plast. Reconstr. Surg.,
vol. 135, no. 5, pp. 1295–1304, 2015. doi: 10.1097/PRS.0000000000001221.

[20] R. L. O’Connell, R. J. Stevens, P. A. Harris, and J. E. Rusby, “Review of three-dimensional
(3D) surface imaging for oncoplastic, reconstructive and aesthetic breast surgery,” The
Breast, vol. 24, no. 4, pp. 331–342, Aug. 2015. doi: 10.1016/j.breast.2015.03.011.

[21] O. H. Karatas and E. Toy, “Three-dimensional imaging techniques: A literature review,”
Eur. J. Dent., vol. 08, no. 01, pp. 132–140, Jan. 2014. doi: 10.4103/1305-7456.126269.

[22] R. Kramme, K.-P. Hoffmann, and R. S. Pozos, Eds., Springer Handbook of Medical Tech-
nology. Berlin, Heidelberg: Springer Berlin Heidelberg, 2011, isbn: 978-3-540-74657-7. doi:
10.1007/978-3-540-74658-4.

[23] P. Beard, “Biomedical photoacoustic imaging,” Interface Focus, vol. 1, no. 4, pp. 602–631,
Aug. 2011. doi: 10.1098/rsfs.2011.0028.

[24] I. Despotović, B. Goossens, and W. Philips, “MRI Segmentation of the Human Brain: Chal-
lenges, Methods, and Applications,” Comput. Math. Methods Med., vol. 2015, pp. 1–23,
2015. doi: 10.1155/2015/450341.

[25] F. Mohamed and C. Vei Siang, “A Survey on 3D Ultrasound Reconstruction Techniques,”
in Artif. Intell. - Appl. Med. Biol. IntechOpen, Jul. 2019, p. 13. doi: 10.5772/intechopen.
81628.

[26] N. Kivolya. “How does 3D scanning technology work?” (2020), [Online]. Available: https:
//www.artec3d.com/learning-center/3d-scanning-technology.

[27] S. Barone, A. Paoli, and A. V. Razionale, “Assessment of Chronic Wounds by Three-
Dimensional Optical Imaging Based on Integrating Geometrical, Chromatic, and Thermal
Data,” Proc. Inst. Mech. Eng. Part H J. Eng. Med., vol. 225, no. 2, pp. 181–193, Feb. 2011.
doi: 10.1243/09544119JEIM705.

[28] D. Khan, M. A. Shirazi, and M. Y. Kim, “Single shot laser speckle based 3D acquisition
system for medical applications,” Opt. Lasers Eng., vol. 105, no. November 2017, pp. 43–53,
2018. doi: 10.1016/j.optlaseng.2018.01.001.

[29] A. Chromy and L. Zalud, “The roscan thermal 3d body scanning system: Medical applica-
bility and benefits for unobtrusive sensing and objective diagnosis,” Sensors (Switzerland),
vol. 20, no. 22, pp. 1–24, 2020. doi: 10.3390/s20226656.

[30] V. Lempitsky, “Surface extraction from binary volumes with higher-order smoothness,” in
2010 IEEE Comput. Soc. Conf. Comput. Vis. Pattern Recognit., IEEE, Jun. 2010, pp. 1197–
1204, isbn: 978-1-4244-6984-0. doi: 10.1109/CVPR.2010.5539832.

[31] J. Jung, C.-H. Lee, J.-W. Lee, and B.-J. Choi, “Three dimensional evaluation of soft tissue
after orthognathic surgery,” Head Face Med., vol. 14, no. 1, p. 21, Dec. 2018. doi: 10.1186/
s13005-018-0179-z.

[32] F. Alshammery, “Three dimensional (3D) imaging techniques in orthodontics-An update,”
J. Fam. Med. Prim. Care, vol. 9, no. 6, p. 2626, 2020. doi: 10.4103/jfmpc.jfmpc_64_20.

[33] S. Giancola, M. Valenti, and R. Sala, A survey on 3D cameras: Metrological comparison
of time-of-flight, structured-light and active stereoscopy technologies. 2018, pp. 89–90, isbn:
9783319917603. doi: 10.1007/978-3-319-91761-0.

[34] S. B. Sholts, S. K. Wärmländer, L. M. Flores, K. W. Miller, and P. L. Walker, “Variation in
the Measurement of Cranial Volume and Surface Area Using 3D Laser Scanning Technology,”
J. Forensic Sci., vol. 55, no. 4, pp. 871–876, Mar. 2010. doi: 10.1111/j.1556-4029.2010.
01380.x.

[35] A. Maiti and D. Chakravarty, “Performance analysis of different surface reconstruction al-
gorithms for 3D reconstruction of outdoor objects from their digital images,” Springerplus,
vol. 5, no. 1, p. 932, Dec. 2016. doi: 10.1186/s40064-016-2425-9.

[36] N. Papanikolaou and S. Karampekios, Image Processing in Radiology, E. Neri, D. Caramella,
and C. Bartolozzi, Eds., ser. Medical Radiology. Berlin, Heidelberg: Springer Berlin Heidel-
berg, 2008, pp. 15–26, isbn: 978-3-540-25915-2. doi: 10.1007/978-3-540-49830-8.

https://doi.org/10.1097/PRS.0000000000001221
https://doi.org/10.1016/j.breast.2015.03.011
https://doi.org/10.4103/1305-7456.126269
https://doi.org/10.1007/978-3-540-74658-4
https://doi.org/10.1098/rsfs.2011.0028
https://doi.org/10.1155/2015/450341
https://doi.org/10.5772/intechopen.81628
https://doi.org/10.5772/intechopen.81628
https://www.artec3d.com/learning-center/3d-scanning-technology
https://www.artec3d.com/learning-center/3d-scanning-technology
https://doi.org/10.1243/09544119JEIM705
https://doi.org/10.1016/j.optlaseng.2018.01.001
https://doi.org/10.3390/s20226656
https://doi.org/10.1109/CVPR.2010.5539832
https://doi.org/10.1186/s13005-018-0179-z
https://doi.org/10.1186/s13005-018-0179-z
https://doi.org/10.4103/jfmpc.jfmpc_64_20
https://doi.org/10.1007/978-3-319-91761-0
https://doi.org/10.1111/j.1556-4029.2010.01380.x
https://doi.org/10.1111/j.1556-4029.2010.01380.x
https://doi.org/10.1186/s40064-016-2425-9
https://doi.org/10.1007/978-3-540-49830-8


1

GENERAL INTRODUCTION 23

[37] M. Botsch, L. Kobbelt, M. Pauly, P. Alliez, and B. Levy, Polygon Mesh Processing. A K
Peters/CRC Press, Oct. 2010, isbn: 9781439865316. doi: 10.1201/b10688.

[38] N. Sharma, A. K. Ray, K. K. Shukla, S. Sharma, S. Pradhan, A. Srivastva, and L. Aggarwal,
“Automated medical image segmentation techniques,” J. Med. Phys., vol. 35, no. 1, pp. 3–14,
2010. doi: 10.4103/0971-6203.58777.

[39] K. Ramesh, G. Kumar, K. Swapna, D. Datta, and S. Rajest, “A Review of Medical Image
Segmentation Algorithms,” EAI Endorsed Trans. Pervasive Heal. Technol., p. 169 184, Apr.
2021. doi: 10.4108/eai.12-4-2021.169184.

[40] M. I. Razzak, S. Naz, and A. Zaib, “Deep learning for medical image processing: Overview,
challenges and the future,” Lect. Notes Comput. Vis. Biomech., vol. 26, pp. 323–350, 2018.
doi: 10.1007/978-3-319-65981-7_12.

[41] M. H. Hesamian, W. Jia, X. He, and P. Kennedy, “Deep Learning Techniques for Medi-
cal Image Segmentation: Achievements and Challenges,” J. Digit. Imaging, vol. 32, no. 4,
pp. 582–596, 2019. doi: 10.1007/s10278-019-00227-x.

[42] Y. Weng, T. Zhou, Y. Li, and X. Qiu, “NAS-Unet: Neural architecture search for medical
image segmentation,” IEEE Access, vol. 7, pp. 44 247–44 257, 2019. doi: 10.1109/ACCESS.
2019.2908991.

[43] C. S. Perone and J. Cohen-Adad, “Promises and limitations of deep learning for medical
image segmentation,” J. Med. Artif. Intell., vol. 2, pp. 1–1, 2019. doi: 10.21037/jmai.2019.
01.01.

[44] S. A. Taghanaki, K. Abhishek, J. P. Cohen, J. Cohen-Adad, and G. Hamarneh, Deep seman-
tic segmentation of natural and medical images: a review, 1. Springer Netherlands, 2021,
vol. 54, pp. 137–178, isbn: 0123456789. doi: 10.1007/s10462-020-09854-1.

[45] F. P. Oliveira and J. M. R. Tavares, “Medical image registration: a review,” Comput. Methods
Biomech. Biomed. Engin., vol. 17, no. 2, pp. 73–93, Jan. 2014. doi: 10.1080/10255842.2012.
670855.

[46] N. Tawfik, H. A. Elnemr, M. Fakhr, M. I. Dessouky, and F. E. Abd El-Samie, “Survey study
of multimodality medical image fusion methods,” Multimed. Tools Appl., vol. 80, no. 4,
pp. 6369–6396, Feb. 2021. doi: 10.1007/s11042-020-08834-5.

[47] G. K. L. Tam, Zhi-Quan Cheng, Yu-Kun Lai, F. C. Langbein, Yonghuai Liu, D. Marshall,
R. R. Martin, Xian-Fang Sun, and P. L. Rosin, “Registration of 3D Point Clouds and
Meshes: A Survey from Rigid to Nonrigid,” IEEE Trans. Vis. Comput. Graph., vol. 19,
no. 7, pp. 1199–1217, Jul. 2013. doi: 10.1109/TVCG.2012.310.

[48] P. De Groeve, F. Schutyser, J. Van Cleynenbreugel, and P. Suetens, “Registration of 3D
Photographs with Spiral CT Images for Soft Tissue Simulation in Maxillofacial Surgery,” in
Lect. Notes Comput. Sci. (including Subser. Lect. Notes Artif. Intell. Lect. Notes Bioinfor-
matics), vol. 2208, 2001, pp. 991–996, isbn: 3540426973. doi: 10.1007/3-540-45468-3_118.

[49] E. Saiti and T. Theoharis, “An application independent review of multimodal 3D registration
methods,” Comput. Graph., vol. 91, pp. 153–178, Oct. 2020. doi: 10.1016/j.cag.2020.07.
012.

[50] L.-Y. Hsu and M. Loew, “Fully automatic 3D feature-based registration of multi-modality
medical images,” Image Vis. Comput., vol. 19, no. 1-2, pp. 75–85, Jan. 2001. doi: 10.1016/
S0262-8856(00)00058-5.

[51] R. A. McLaughlin, J. Hipwell, D. J. Hawkes, J. Noble, J. V. Byrne, and T. Cox, “A Compar-
ison of 2D-3D Intensity-Based Registration and Feature-Based Registration for Neurointer-
ventions,” in MICCAI 2002, vol. 2489, 2002, pp. 517–524, isbn: 3540442251. doi: 10.1007/3-
540-45787-9_65.

[52] M. Abdel-Basset, A. E. Fakhry, I. El-henawy, T. Qiu, and A. K. Sangaiah, “Feature and
Intensity Based Medical Image Registration Using Particle Swarm Optimization,” J. Med.
Syst., vol. 41, no. 12, p. 197, Dec. 2017. doi: 10.1007/s10916-017-0846-9.

https://doi.org/10.1201/b10688
https://doi.org/10.4103/0971-6203.58777
https://doi.org/10.4108/eai.12-4-2021.169184
https://doi.org/10.1007/978-3-319-65981-7_12
https://doi.org/10.1007/s10278-019-00227-x
https://doi.org/10.1109/ACCESS.2019.2908991
https://doi.org/10.1109/ACCESS.2019.2908991
https://doi.org/10.21037/jmai.2019.01.01
https://doi.org/10.21037/jmai.2019.01.01
https://doi.org/10.1007/s10462-020-09854-1
https://doi.org/10.1080/10255842.2012.670855
https://doi.org/10.1080/10255842.2012.670855
https://doi.org/10.1007/s11042-020-08834-5
https://doi.org/10.1109/TVCG.2012.310
https://doi.org/10.1007/3-540-45468-3_118
https://doi.org/10.1016/j.cag.2020.07.012
https://doi.org/10.1016/j.cag.2020.07.012
https://doi.org/10.1016/S0262-8856(00)00058-5
https://doi.org/10.1016/S0262-8856(00)00058-5
https://doi.org/10.1007/3-540-45787-9_65
https://doi.org/10.1007/3-540-45787-9_65
https://doi.org/10.1007/s10916-017-0846-9


1

24

[53] R. Szeliski and S. Lavallée, “Matching 3-D anatomical surfaces with non-rigid deformations
using octree-splines,” Int. J. Comput. Vis., vol. 18, no. 2, pp. 171–186, May 1996. doi:
10.1007/BF00055001.

[54] J. Shackleford, N. Kandasamy, and G. Sharp, High Performance Deformable Image Reg-
istration Algorithms for Manycore Processors. Elsevier, 2013, isbn: 9780124077416. doi:
10.1016/C2012-0-03039-6.

[55] I. Otto et al., “Biofabrication of a shape-stable auricular structure for the reconstruction
of ear deformities,” Mater. Today Bio, vol. 9, no. June 2020, p. 100 094, Jan. 2021. doi:
10.1016/j.mtbio.2021.100094.

[56] J. Bertels, T. Eelbode, M. Berman, D. Vandermeulen, F. Maes, R. Bisschops, and M. B.
Blaschko, “Optimizing the Dice Score and Jaccard Index for Medical Image Segmentation:
Theory and Practice,” in Lect. Notes Comput. Sci. (including Subser. Lect. Notes Artif.
Intell. Lect. Notes Bioinformatics), vol. 11765 LNCS, 2019, pp. 92–100, isbn: 9783030322441.
doi: 10.1007/978-3-030-32245-8_11.

[57] C. Kau, A. Cronin, P. Durning, A. Zhurov, A. Sandham, and S. Richmond, “A new method
for the 3D measurement of postoperative swelling following orthognathic surgery,” Orthod.
Craniofacial Res., vol. 9, no. 1, pp. 31–37, Feb. 2006. doi: 10.1111/j.1601-6343.2006.
00341.x.

[58] N. Tokkari, R. M. Verdaasdonk, N. Liberton, J. Wolff, M. den Heijer, A. van der Veen, and
J. H. Klaessens, “Comparison and use of 3D scanners to improve the quantification of medical
images (surface structures and volumes) during follow up of clinical (surgical) procedures,”
in Adv. Biomed. Clin. Diagnostic Surg. Guid. Syst. XV, A. Mahadevan-Jansen, T. Vo-
Dinh, and W. S. Grundfest, Eds., vol. 10054, Feb. 2017, 100540Z, isbn: 9781510605497. doi:
10.1117/12.2253241.

[59] A. van der Gijp, C. J. Ravesloot, M. F. van der Schaaf, I. C. van der Schaaf, J. C. Huige, K. L.
Vincken, O. T. Ten Cate, and J. P. van Schaik, “Volumetric and Two-Dimensional Image
Interpretation Show Different Cognitive Processes in Learners,” Acad. Radiol., vol. 22, no. 5,
pp. 632–639, May 2015. doi: 10.1016/j.acra.2015.01.001.

[60] Q. Zhang, R. Eagleson, and T. M. Peters, “Volume Visualization: A Technical Overview
with a Focus on Medical Applications,” J. Digit. Imaging, vol. 24, no. 4, pp. 640–664, Aug.
2011. doi: 10.1007/s10278-010-9321-6.

[61] A. Aimar, A. Palermo, and B. Innocenti, “The Role of 3D Printing in Medical Applications:
A State of the Art,” J. Healthc. Eng., vol. 2019, pp. 1–10, Mar. 2019. doi: 10.1155/2019/
5340616.

[62] D. H. Ballard, P. Mills, R. Duszak, J. A. Weisman, F. J. Rybicki, and P. K. Woodard,
“Medical 3D Printing Cost-Savings in Orthopedic and Maxillofacial Surgery: Cost Analysis
of Operating Room Time Saved with 3D Printed Anatomic Models and Surgical Guides,”
Acad. Radiol., vol. 27, no. 8, pp. 1103–1113, Aug. 2020. doi: 10.1016/j.acra.2019.08.011.

[63] J. Sutherland et al., “Applying Modern Virtual and Augmented Reality Technologies to
Medical Images and Models,” J. Digit. Imaging, vol. 32, no. 1, pp. 38–53, Feb. 2019. doi:
10.1007/s10278-018-0122-7.

[64] J. W. Meulstee, J. Nijsink, R. Schreurs, L. M. Verhamme, T. Xi, H. H. K. Delye, W. A.
Borstlap, and T. J. J. Maal, “Toward Holographic-Guided Surgery,” Surg. Innov., vol. 26,
no. 1, pp. 86–94, Feb. 2019. doi: 10.1177/1553350618799552.

[65] J. Hofmeister, T. G. Frank, A. Cuschieri, and N. J. Wade, “Perceptual aspects of two-
dimensional and stereoscopic display techniques in endoscopic surgery: Review and current
problems,” Semin. Laparosc. Surg., vol. 8, no. 1, aslas0080012, Mar. 2001. doi: 10.1053/
slas.2001.20835.

[66] S. Livatino, L. T. De Paolis, M. D’Agostino, A. Zocco, A. Agrimi, A. De Santis, L. V. Bruno,
and M. Lapresa, “Stereoscopic Visualization and 3-D Technologies in Medical Endoscopic
Teleoperation,” IEEE Trans. Ind. Electron., vol. 62, no. 1, pp. 525–535, Jan. 2015. doi:
10.1109/TIE.2014.2334675.

https://doi.org/10.1007/BF00055001
https://doi.org/10.1016/C2012-0-03039-6
https://doi.org/10.1016/j.mtbio.2021.100094
https://doi.org/10.1007/978-3-030-32245-8_11
https://doi.org/10.1111/j.1601-6343.2006.00341.x
https://doi.org/10.1111/j.1601-6343.2006.00341.x
https://doi.org/10.1117/12.2253241
https://doi.org/10.1016/j.acra.2015.01.001
https://doi.org/10.1007/s10278-010-9321-6
https://doi.org/10.1155/2019/5340616
https://doi.org/10.1155/2019/5340616
https://doi.org/10.1016/j.acra.2019.08.011
https://doi.org/10.1007/s10278-018-0122-7
https://doi.org/10.1177/1553350618799552
https://doi.org/10.1053/slas.2001.20835
https://doi.org/10.1053/slas.2001.20835
https://doi.org/10.1109/TIE.2014.2334675


1

GENERAL INTRODUCTION 25

[67] R. R. Rubio, R. D. Bonaventura, I. Kournoutas, D. Barakat, V. Vigo, I. El-Sayed, and A. A.
Abla, “Stereoscopy in Surgical Neuroanatomy: Past, Present, and Future,” Oper. Neurosurg.,
vol. 18, no. 2, pp. 105–117, Jun. 2019. doi: 10.1093/ons/opz123.

[68] N. Bizzotto et al., “3D Printed replica of articular fractures for surgical planning and patient
consent: a two years multi-centric experience,” 3D Print. Med., vol. 2, no. 1, p. 2, Dec. 2016.
doi: 10.1186/s41205-016-0006-8.

[69] C. Cohade and R. L. Wahl, “Applications of positron emission tomography/computed to-
mography image fusion in clinical positron emission tomography—clinical use, interpretation
methods, diagnostic improvements,” Semin. Nucl. Med., vol. 33, no. 3, pp. 228–237, Jul.
2003. doi: 10.1053/snuc.2003.127312.

[70] J. Meulstee, L. Verhamme, W. Borstlap, H. Delye, S. Bergé, and T. Maal, “The use of 3D
stereophotogrammetry in the post-operative treatment and evaluation of endoscopic assisted
repair of craniosynostosis,” Int. J. Oral Maxillofac. Surg., vol. 42, no. 10, p. 1215, Oct. 2013.
doi: 10.1016/j.ijom.2013.07.155.

[71] M. R. Bénard, R. F. M. van Doremalen, A. B. Wymenga, and P. J. C. Heesterbeek, “Flexible
versus standard intramedullary rod in posterior stabilized primary total knee arthroplasty:
protocol for a randomized controlled trial,” J. Orthop. Surg. Res., vol. 15, no. 1, p. 472, Dec.
2020. doi: 10.1186/s13018-020-01989-9.

[72] A. Verhulst, T. Wesselius, H. Glas, R. Vreeken, D. Ulrich, and T. Maal, “Accuracy and
reproducibility of a newly developed tool for volume measurements of the arm using 3D
stereophotogrammetry,” J. Plast. Reconstr. Aesthetic Surg., vol. 70, no. 12, pp. 1753–1759,
Dec. 2017. doi: 10.1016/j.bjps.2017.07.016.

[73] A. Chizari, T. Knop, B. Sirmacek, F. van der Heijden, and W. Steenbergen, “Exploration
of movement artefacts in handheld laser speckle contrast perfusion imaging,” Biomed. Opt.
Express, vol. 11, no. 5, p. 2352, May 2020. doi: 10.1364/BOE.387252.

[74] S. Hassfeld, J. Zöller, F. K. Albert, C. R. Wirtz, M. Knauth, and J. Mühling, “Preoperative
planning and intraoperative navigation in skull base surgery,” J. Cranio-Maxillofacial Surg.,
vol. 26, no. 4, pp. 220–225, Aug. 1998. doi: 10.1016/S1010-5182(98)80017-6.

[75] S. Hummelink, A. C. Verhulst, T. J. Maal, Y. L. Hoogeveen, L. J. Schultze Kool, and D. J.
Ulrich, “An innovative method of planning and displaying flap volume in DIEP flap breast
reconstructions,” J. Plast. Reconstr. Aesthetic Surg., vol. 70, no. 7, pp. 871–875, Jul. 2017.
doi: 10.1016/j.bjps.2017.04.008.

[76] K. Nakashima, T. Uematsu, T. L. Harada, K. Takahashi, S. Nishimura, Y. Tadokoro, T.
Hayashi, J. Watanabe, and T. Sugino, “MRI-detected breast lesions: clinical implications
and evaluation based on MRI/ultrasonography fusion technology,” Jpn. J. Radiol., vol. 37,
no. 10, pp. 685–693, 2019. doi: 10.1007/s11604-019-00866-8.

[77] B. B. Ghoshhajra, R. A. P. Takx, L. L. Stone, E. E. Girard, E. S. Brilakis, W. L. Lombardi,
R. W. Yeh, and F. A. Jaffer, “Real-time fusion of coronary CT angiography with x-ray
fluoroscopy during chronic total occlusion PCI,” Eur. Radiol., vol. 27, no. 6, pp. 2464–2473,
Jun. 2017. doi: 10.1007/s00330-016-4599-5.

[78] O. M. Tepper, K. H. Small, J. G. Unger, D. L. Feldman, N. Kumar, M. Choi, and N. S.
Karp, “3D analysis of breast augmentation defines operative changes and their relationship
to implant dimensions,” Ann. Plast. Surg., vol. 62, no. 5, pp. 570–575, 2009. doi: 10.1097/
SAP.0b013e31819faff9.

[79] L. Tu et al., “Intracranial Volume Quantification from 3D Photography,” in Lect. Notes
Comput. Sci. (including Subser. Lect. Notes Artif. Intell. Lect. Notes Bioinformatics), Icv,
vol. 10550 LNCS, 2017, pp. 116–123, isbn: 9783319675428. doi: 10.1007/978-3-319-67543-
5_11.

[80] M. Lagendijk, E. L. Vos, K. P. Ramlakhan, C. Verhoef, A. H. J. Koning, W. van Lankeren,
and L. B. Koppert, “Breast and Tumour Volume Measurements in Breast Cancer Patients Us-
ing 3-D Automated Breast Volume Scanner Images,” World J. Surg., vol. 42, no. 7, pp. 2087–
2093, Jul. 2018. doi: 10.1007/s00268-017-4432-6.

https://doi.org/10.1093/ons/opz123
https://doi.org/10.1186/s41205-016-0006-8
https://doi.org/10.1053/snuc.2003.127312
https://doi.org/10.1016/j.ijom.2013.07.155
https://doi.org/10.1186/s13018-020-01989-9
https://doi.org/10.1016/j.bjps.2017.07.016
https://doi.org/10.1364/BOE.387252
https://doi.org/10.1016/S1010-5182(98)80017-6
https://doi.org/10.1016/j.bjps.2017.04.008
https://doi.org/10.1007/s11604-019-00866-8
https://doi.org/10.1007/s00330-016-4599-5
https://doi.org/10.1097/SAP.0b013e31819faff9
https://doi.org/10.1097/SAP.0b013e31819faff9
https://doi.org/10.1007/978-3-319-67543-5_11
https://doi.org/10.1007/978-3-319-67543-5_11
https://doi.org/10.1007/s00268-017-4432-6


1

26

[81] S. Uretsky, E. Argulian, J. Narula, and S. D. Wolff, “Use of Cardiac Magnetic Resonance
Imaging in Assessing Mitral Regurgitation,” J. Am. Coll. Cardiol., vol. 71, no. 5, pp. 547–
563, Feb. 2018. doi: 10.1016/j.jacc.2017.12.009.

[82] H.-j. Xie, X. Zhang, Y.-x. Mo, H. Long, T.-h. Rong, and X.-d. Su, “Tumor Volume Is Better
Than Diameter for Predicting the Prognosis of Patients with Early-Stage Non-small Cell
Lung Cancer,” Ann. Surg. Oncol., vol. 26, no. 8, pp. 2401–2408, Aug. 2019. doi: 10.1245/
s10434-019-07412-w.

[83] R. C. Killaars, M. L. G. Preuβ, N. J. P. de Vos, C. C. J. L. Y. van Berlo, M. B. I. Lobbes,
R. R. W. J. van der Hulst, and A. A. Piatkowski, “Clinical Assessment of Breast Volume:
Can 3D Imaging Be the Gold Standard?” Plast. Reconstr. Surg. - Glob. Open, vol. 8, no. 11,
e3236, Nov. 2020. doi: 10.1097/GOX.0000000000003236.

[84] Z. Rashaan, A. Euser, P. van Zuijlen, and R. Breederveld, “Three-dimensional imaging is
a novel and reliable technique to measure total body surface area,” Burns, vol. 44, no. 4,
pp. 816–822, Jun. 2018. doi: 10.1016/j.burns.2017.12.008.

[85] H. M. Dastjerdi, D. Töpfer, S. J. Rupitsch, and A. Maier, “Measuring Surface Area of Skin
Lesions with 2D and 3D Algorithms,” Int. J. Biomed. Imaging, vol. 2019, pp. 1–9, Jan. 2019.
doi: 10.1155/2019/4035148.

[86] A. M. L. Meesters, J. Kraeima, H. Banierink, C. H. Slump, J. P. P. M. de Vries, K. ten
Duis, M. J. H. Witjes, and F. F. A. IJpma, “Introduction of a three-dimensional computed
tomography measurement method for acetabular fractures,” PLoS One, vol. 14, no. 6, H.
Tsuchiya, Ed., e0218612, Jun. 2019. doi: 10.1371/journal.pone.0218612.

[87] A. M. L. Meesters, K. ten Duis, H. Banierink, V. M. A. Stirler, P. C. R. Wouters, J. Kraeima,
J.-P. P. M. de Vries, M. J. H. Witjes, and F. F. A. IJpma, “What Are the Interobserver
and Intraobserver Variability of Gap and Stepoff Measurements in Acetabular Fractures?”
Clin. Orthop. Relat. Res., vol. 478, no. 12, pp. 2801–2808, Dec. 2020. doi: 10.1097/CORR.
0000000000001398.

[88] V. Giannini, V. Bianchi, S. Carabalona, S. Mazzetti, F. Maggiorotto, F. Kubatzki, D. Regge,
R. Ponzone, and L. Martincich, “MRI to predict nipple-areola complex (NAC) involvement:
An automatic method to compute the 3D distance between the NAC and tumor,” J. Surg.
Oncol., vol. 116, no. 8, pp. 1069–1078, Dec. 2017. doi: 10.1002/jso.24788.

[89] D. K. Kim, D. H. Choi, J. W. Lee, J. D. Yang, H. Y. Chung, B. C. Cho, and K. Y. Choi,
“Method of Individual Adjustment for 3D CT Analysis: Linear Measurement,” Biomed Res.
Int., vol. 2016, pp. 1–9, 2016. doi: 10.1155/2016/6893072.

[90] H. Abbas, Y. Hicks, D. Marshall, A. I. Zhurov, and S. Richmond, “A 3D morphometric per-
spective for facial gender analysis and classification using geodesic path curvature features,”
Comput. Vis. Media, vol. 4, no. 1, pp. 17–32, Mar. 2018. doi: 10.1007/s41095-017-0097-1.

[91] N. M. Fiorentino, P. R. Atkins, M. J. Kutschke, J. M. Goebel, K. B. Foreman, and A. E.
Anderson, “Soft tissue artifact causes significant errors in the calculation of joint angles and
range of motion at the hip,” Gait Posture, vol. 55, no. March, pp. 184–190, Jun. 2017. doi:
10.1016/j.gaitpost.2017.03.033.

[92] P. Decazes, S. Becker, M. N. Toledano, P. Vera, P. Desbordes, F. Jardin, H. Tilly, and I.
Gardin, “Tumor fragmentation estimated by volume surface ratio of tumors measured on
18F-FDG PET/CT is an independent prognostic factor of diffuse large B-cell lymphoma,”
Eur. J. Nucl. Med. Mol. Imaging, vol. 45, no. 10, pp. 1672–1679, Sep. 2018. doi: 10.1007/
s00259-018-4041-0.

[93] L. Longoni, R. Brunati, P. Sale, R. Casale, G. Ronconi, and G. Ferriero, “Smartphone
applications validated for joint angle measurement: a systematic review,” Int. J. Rehabil.
Res., vol. 42, no. 1, pp. 11–19, Mar. 2019. doi: 10.1097/MRR.0000000000000332.

[94] G. Deeb, L. Antonos, S. Tack, C. Carrico, D. Laskin, and J. G. Deeb, “Is Cone-Beam Com-
puted Tomography Always Necessary for Dental Implant Placement?” J. Oral Maxillofac.
Surg., vol. 75, no. 2, pp. 285–289, Feb. 2017. doi: 10.1016/j.joms.2016.11.005.

https://doi.org/10.1016/j.jacc.2017.12.009
https://doi.org/10.1245/s10434-019-07412-w
https://doi.org/10.1245/s10434-019-07412-w
https://doi.org/10.1097/GOX.0000000000003236
https://doi.org/10.1016/j.burns.2017.12.008
https://doi.org/10.1155/2019/4035148
https://doi.org/10.1371/journal.pone.0218612
https://doi.org/10.1097/CORR.0000000000001398
https://doi.org/10.1097/CORR.0000000000001398
https://doi.org/10.1002/jso.24788
https://doi.org/10.1155/2016/6893072
https://doi.org/10.1007/s41095-017-0097-1
https://doi.org/10.1016/j.gaitpost.2017.03.033
https://doi.org/10.1007/s00259-018-4041-0
https://doi.org/10.1007/s00259-018-4041-0
https://doi.org/10.1097/MRR.0000000000000332
https://doi.org/10.1016/j.joms.2016.11.005


1

GENERAL INTRODUCTION 27

[95] R. S. Puijk, A. H. Ruarus, H. J. Scheffer, L. G. Vroomen, A. A. van Tilborg, J. J. de
Vries, F. H. Berger, P. M. van den Tol, and M. R. Meijerink, “Percutaneous Liver Tumour
Ablation: Image Guidance, Endpoint Assessment, and Quality Control,” Can. Assoc. Radiol.
J., vol. 69, no. 1, pp. 51–62, Feb. 2018. doi: 10.1016/j.carj.2017.11.001.

[96] F. J. Siepel, B. Maris, M. K. Welleweerd, V. Groenhuis, P. Fiorini, and S. Stramigioli,
“Needle and Biopsy Robots: a Review,” Curr. Robot. Reports, vol. 2, no. 1, pp. 73–84, Mar.
2021. doi: 10.1007/s43154-020-00042-1.

[97] D. A. Orringer, A. Golby, and F. Jolesz, “Neuronavigation in the surgical management of
brain tumors: current and future trends,” Expert Rev. Med. Devices, vol. 9, no. 5, pp. 491–
500, Sep. 2012. doi: 10.1586/erd.12.42.

[98] U. Bick et al., “Image-guided breast biopsy and localisation: recommendations for informa-
tion to women and referring physicians by the European Society of Breast Imaging,” Insights
Imaging, vol. 11, no. 1, p. 12, Dec. 2020. doi: 10.1186/s13244-019-0803-x.

[99] L. Dubois, R. Schreurs, J. Jansen, T. J. Maal, H. Essig, P. J. Gooris, and A. G. Becking,
“Predictability in orbital reconstruction: A human cadaver study. Part II: Navigation-assisted
orbital reconstruction,” J. Cranio-Maxillofacial Surg., vol. 43, no. 10, pp. 2042–2049, Dec.
2015. doi: 10.1016/j.jcms.2015.07.020.

[100] E. Fomekong, S. E. Safi, and C. Raftopoulos, “Spine Navigation Based on 3-Dimensional
Robotic Fluoroscopy for Accurate Percutaneous Pedicle Screw Placement: A Prospective
Study of 66 Consecutive Cases,” World Neurosurg., vol. 108, pp. 76–83, Dec. 2017. doi:
10.1016/j.wneu.2017.08.149.

[101] N. Panchal, L. Mahmood, A. Retana, and R. Emery, “Dynamic Navigation for Dental Im-
plant Surgery,” Oral Maxillofac. Surg. Clin. North Am., vol. 31, no. 4, pp. 539–547, Nov.
2019. doi: 10.1016/j.coms.2019.08.001.

[102] P. A. J. Pijpker, J. Kraeima, M. J. H. Witjes, D. L. M. Oterdoom, M. H. Coppes, R. J. M.
Groen, and J. M. A. Kuijlen, “Accuracy Assessment of Pedicle and Lateral Mass Screw
Insertion Assisted by Customized 3D-Printed Drill Guides: A Human Cadaver Study,” Oper.
Neurosurg., vol. 16, no. 1, pp. 94–102, Jan. 2019. doi: 10.1093/ons/opy060.

[103] E. Martin, Concise Medical Dictionary. Oxford University Press, Jan. 2015, isbn: 9780199687817.
doi: 10.1093/acref/9780199687817.001.0001.

[104] M. Farhan, J. Z. Wang, P. Bray, J. Burns, and T. L. Cheng, “Comparison of 3D scanning
versus traditional methods of capturing foot and ankle morphology for the fabrication of
orthoses: a systematic review,” J. Foot Ankle Res., vol. 14, no. 1, p. 2, Dec. 2021. doi:
10.1186/s13047-020-00442-8.

[105] S. Grazioso, T. Caporaso, M. Selvaggio, D. Panariello, R. Ruggiero, and G. Di Gironimo,
“Using photogrammetric 3D body reconstruction for the design of patient–tailored assistive
devices,” in 2019 II Work. Metrol. Ind. 4.0 IoT, IEEE, Jun. 2019, pp. 240–242, isbn: 978-
1-7281-0429-4. doi: 10.1109/METROI4.2019.8792894.

[106] J. Meulstee, L. Verhamme, W. Borstlap, F. Van der Heijden, G. De Jong, T. Xi, S. Bergé,
H. Delye, and T. Maal, “A new method for three-dimensional evaluation of the cranial shape
and the automatic identification of craniosynostosis using 3D stereophotogrammetry,” Int.
J. Oral Maxillofac. Surg., vol. 46, no. 7, pp. 819–826, Jul. 2017. doi: 10.1016/j.ijom.2017.
03.017.

[107] S. Bockey, P. Berssenbrügge, D. Dirksen, K. Wermker, M. Klein, and C. Runte, “Computer-
aided design of facial prostheses by means of 3D-data acquisition and following symmetry
analysis,” J. Cranio-Maxillofacial Surg., vol. 46, no. 8, pp. 1320–1328, Aug. 2018. doi: 10.
1016/j.jcms.2018.05.020.

[108] A. Manero, P. Smith, J. Sparkman, M. Dombrowski, D. Courbin, A. Kester, I. Womack,
and A. Chi, “Implementation of 3D Printing Technology in the Field of Prosthetics: Past,
Present, and Future,” Int. J. Environ. Res. Public Health, vol. 16, no. 9, p. 1641, May 2019.
doi: 10.3390/ijerph16091641.

https://doi.org/10.1016/j.carj.2017.11.001
https://doi.org/10.1007/s43154-020-00042-1
https://doi.org/10.1586/erd.12.42
https://doi.org/10.1186/s13244-019-0803-x
https://doi.org/10.1016/j.jcms.2015.07.020
https://doi.org/10.1016/j.wneu.2017.08.149
https://doi.org/10.1016/j.coms.2019.08.001
https://doi.org/10.1093/ons/opy060
https://doi.org/10.1093/acref/9780199687817.001.0001
https://doi.org/10.1186/s13047-020-00442-8
https://doi.org/10.1109/METROI4.2019.8792894
https://doi.org/10.1016/j.ijom.2017.03.017
https://doi.org/10.1016/j.ijom.2017.03.017
https://doi.org/10.1016/j.jcms.2018.05.020
https://doi.org/10.1016/j.jcms.2018.05.020
https://doi.org/10.3390/ijerph16091641


28

[109] T. Gander, H. Essig, P. Metzler, D. Lindhorst, L. Dubois, M. Rücker, and P. Schumann,
“Patient specific implants (PSI) in reconstruction of orbital floor and wall fractures,” J.
Cranio-Maxillofacial Surg., vol. 43, no. 1, pp. 126–130, Jan. 2015. doi: 10.1016/j.jcms.
2014.10.024.

[110] M. C. Wyatt, “Custom 3D-Printed Acetabular Implants in hip Surgery–Innovative Break-
through or Expensive Bespoke Upgrade?” HIP Int., vol. 25, no. 4, pp. 375–379, Jul. 2015.
doi: 10.5301/hipint.5000294.

[111] E. Altiok, B. Berg-Johansen, S. Lovald, and S. M. Kurtz, “Applications of Polyetheretherke-
tone in Craniomaxillofacial Surgical Reconstruction,” in PEEK Biomater. Handb. 2nd ed.,
Elsevier, 2019, pp. 319–331, isbn: 9780128125243. doi: 10.1016/B978-0-12-812524-3.00019-
3.

[112] P. Upex, P. Jouffroy, and G. Riouallon, “Application of 3D printing for treating fractures of
both columns of the acetabulum: Benefit of pre-contouring plates on the mirrored healthy
pelvis,” Orthop. Traumatol. Surg. Res., vol. 103, no. 3, pp. 331–334, May 2017. doi: 10.
1016/j.otsr.2016.11.021.

[113] L. Maini, T. Verma, A. Sharma, A. Sharma, A. Mishra, and S. Jha, “Evaluation of accuracy
of virtual surgical planning for patient-specific pre-contoured plate in acetabular fracture
fixation,” Arch. Orthop. Trauma Surg., vol. 138, no. 4, pp. 495–504, Apr. 2018. doi: 10.
1007/s00402-018-2868-2.

[114] F. F. A. IJpma, A. M. L. Meesters, B. B. J. Merema, K. ten Duis, J.-P. P. M. de Vries, H.
Banierink, K. W. Wendt, J. Kraeima, and M. J. H. Witjes, “Feasibility of Imaging-Based 3-
Dimensional Models to Design Patient-Specific Osteosynthesis Plates and Drilling Guides,”
JAMA Netw. Open, vol. 4, no. 2, Feb. 2021. doi: 10.1001/jamanetworkopen.2020.37519.

[115] Q. Yan, H. Dong, J. Su, J. Han, B. Song, Q. Wei, and Y. Shi, “A Review of 3D Printing
Technology for Medical Applications,” Engineering, vol. 4, no. 5, pp. 729–742, Oct. 2018.
doi: 10.1016/j.eng.2018.07.021.

[116] E. C. Olivetti, S. Nicotera, F. Marcolin, E. Vezzetti, J. P. A. Sotong, E. Zavattero, and G.
Ramieri, “3D Soft-Tissue Prediction Methodologies for Orthognathic Surgery—A Literature
Review,” Appl. Sci., vol. 9, no. 21, p. 4550, Oct. 2019. doi: 10.3390/app9214550.

[117] P. de Heras Ciechomski, M. Constantinescu, J. Garcia, R. Olariu, I. Dindoyal, S. Le Huu,
and M. Reyes, “Development and Implementation of a Web-Enabled 3D Consultation Tool
for Breast Augmentation Surgery Based on 3D-Image Reconstruction of 2D Pictures,” J.
Med. Internet Res., vol. 14, no. 1, e21, Feb. 2012. doi: 10.2196/jmir.1903.

[118] K. Kappert, M. van Alphen, S. van Dijk, L. Smeele, A. Balm, and F. van der Heijden, “An
interactive surgical simulation tool to assess the consequences of a partial glossectomy on a
biomechanical model of the tongue,” Comput. Methods Biomech. Biomed. Engin., vol. 22,
no. 8, pp. 827–839, Jun. 2019. doi: 10.1080/10255842.2019.1599362.

[119] V. Groenhuis, F. Visentin, F. J. Siepel, B. M. Maris, D. Dall’alba, P. Fiorini, and S. Strami-
gioli, “Analytical derivation of elasticity in breast phantoms for deformation tracking,” Int.
J. Comput. Assist. Radiol. Surg., vol. 13, no. 10, pp. 1641–1650, 2018. doi: 10.1007/s11548-
018-1803-x.

[120] T. Vajsbaher, H. Schultheis, and N. K. Francis, “Spatial cognition in minimally invasive
surgery: a systematic review,” BMC Surg., vol. 18, no. 1, p. 94, Dec. 2018. doi: 10.1186/
s12893-018-0416-1.

[121] L. A. Lavery, K. R. Higgins, D. R. Lanctot, G. P. Constantinides, R. G. Zamorano, D. G.
Armstrong, K. A. Athanasiou, and C. M. Agrawal, “Home Monitoring of Foot Skin Tem-
peratures to Prevent Ulceration,” Diabetes Care, vol. 27, no. 11, pp. 2642–2647, Nov. 2004.
doi: 10.2337/diacare.27.11.2642.

https://doi.org/10.1016/j.jcms.2014.10.024
https://doi.org/10.1016/j.jcms.2014.10.024
https://doi.org/10.5301/hipint.5000294
https://doi.org/10.1016/B978-0-12-812524-3.00019-3
https://doi.org/10.1016/B978-0-12-812524-3.00019-3
https://doi.org/10.1016/j.otsr.2016.11.021
https://doi.org/10.1016/j.otsr.2016.11.021
https://doi.org/10.1007/s00402-018-2868-2
https://doi.org/10.1007/s00402-018-2868-2
https://doi.org/10.1001/jamanetworkopen.2020.37519
https://doi.org/10.1016/j.eng.2018.07.021
https://doi.org/10.3390/app9214550
https://doi.org/10.2196/jmir.1903
https://doi.org/10.1080/10255842.2019.1599362
https://doi.org/10.1007/s11548-018-1803-x
https://doi.org/10.1007/s11548-018-1803-x
https://doi.org/10.1186/s12893-018-0416-1
https://doi.org/10.1186/s12893-018-0416-1
https://doi.org/10.2337/diacare.27.11.2642


Part I

Intuitive visualisations

29









2
Chapter 2

Validation of Low-Cost
Smartphone-Based Thermal
Camera for Diabetic Foot
Assessment

Rob F.M. van Doremalena,b, Jaap J. van Nettenb,c, Jeff G. van Baalb,d, Miriam M.R. Vollenbroek-
Huttena,b and Ferdi van der Heijdena

aRobotics and Mechatronics, University of Twente, The Netherlands
bZiekenhuisgroep Twente, Almelo, The Netherlands
cSchool of Clinical Sciences, Queensland University of Technology, Brisbane City, Australia
dCardiff University, Cardiff, Wales, United Kingdom

Adapted from Diabetes Research and Clinical Practice
2019, Volume 149 Pages 132-139. DOI: 10.1016/j.diabres.2019.01.032

33



2

34

Abstract

Aims: Infrared thermal imaging (IR) is not yet routinely implemented for early de-
tection of diabetic foot ulcers (DFU), despite proven clinical effectiveness. Low-cost,
smartphone-based IR-cameras are now available and may lower the threshold for im-
plementation, but the quality of these cameras is unknown. We aim to validate a
smartphone-based IR-camera against a high-end IR-camera for diabetic foot assess-
ment.
Methods: We acquired plantar IR images of feet of 32 participants with a current or
recently healed DFU with the smartphone-based FLIR-One and the high-end FLIR-
SC305. Contralateral temperature differences of the entire plantar foot and nine
pre-specified regions were compared for validation. Intra-class correlations coefficient
(ICC(3,1)) and Bland-Altman plots were used to test agreement. Clinical validity
was assessed by calculating statistical measures of diagnostic performance.
Results: Almost perfect agreement was found for temperature measurements in
both the entire plantar foot and the combined pre-specified regions, respectively, with
ICC values of 0.987 and 0.981, Bland-Altman plots’ mean ∆=-0.14 and ∆=-0.06.
Diagnostic accuracy showed 94% and 93% sensitivity, and 86% and 91% specificity.
Conclusion: The smartphone-based IR-camera shows excellent validity for diabetic
foot assessment.
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2.1 Introduction

Ulceration and infection are frequently occurring foot complications in people with
diabetes and peripheral neuropathy, and these complications increase morbidity and
mortality [1, 2]. If not treated quickly, the consequences can be devastating. There-
fore, early detection of diabetic foot complications is critical. However, detection
by self-examination may be impeded by health impairments related to diabetes and
other comorbidities, like bad eyesight, limited mobility or social impairment [3]. An
alternative is frequent examination by health professionals, but this is costly and
may be meddlesome for the patient. An advanced home assessment tool to monitor
the foot in people with diabetes is desirable, and for this measurement of foot skin
temperature is a promising modality [4–11].
Temperature assessment is built on the notion that the heating up of the skin is
a predictor for a diabetic foot ulcer (DFU) [12, 13]. Before skin breaks down, it
heats up due to inflammation and enzymatic autolysis of tissue resulting from mild to
moderate repetitive stresses on the foot that go unnoticed due to neuropathy [12, 13].
Such inflammation is only present in the affected side. This makes detection possible,
by determining the temperature difference between the affected location and the same
location on the contralateral foot. Using this principle, three randomized controlled
trials have shown that diabetic foot ulceration can be prevented when contralateral
foot temperature differences are monitored, followed by preventative actions when
a temperature increase >2.2oC is found in specific plantar foot regions on one foot
[8–10]. In addition, further research has confirmed this threshold, and additionally
indicated that the most optimal cut-of value for determining urgency of treatment is a
1.35oC difference between average temperatures of the entire plantar foot [7]. Despite
the promising findings from these RCTs and the clear and objectively measurable
cut-off values, temperature monitoring to prevent diabetic foot ulcers is hardly used
in daily practice [14].
Originally, temperature assessment in the seminal RCTs were done with simple hand-
held infrared thermometers [8–10]. The reason why this method is not implemented
in daily foot care is not clear, but may have to do with reimbursement, a lack of confir-
mation of trial results in other geographical settings, and with participant barriers in
the daily use of the thermometer [11]. Recent studies have exploited thermal infrared
(IR) cameras. With IR, temperature profiles of the foot can be studied in more detail
than with handheld thermography, and the identification of (pre-signs of) DFU may
become automated with these devices, reducing the effort by the participants and the
clinician to acquire and assess images [6, 7, 11, 15].
However, broad implementation of thermal assessment is still obstructed. A major
reason are the costs of IR-cameras, as well as the need for complex data analysis.
With newly available low-cost smartphone-based IR-cameras, the price barrier dis-
appears and development of smartphone applications focused on DFU assessment to
improve usability of data analysis and implementation in diabetes clinical practice
becomes feasible [16–18]. However, it is unknown if the quality of these low-cost cam-
eras is sufficient to reliably depict clinical outcomes. A smartphone-based IR-camera
has been compared to a high-end camera in one pilot study [19]. They reported
promising results, but in a small sample (5 DFUs) and only the intra- and inter-
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Figure 2.1: A) Smartphone with underneath a FLIR One IR-camera connected. They are
placed within the 3D printed mount for tripod fixation. On the screen is a thermal infrared
foot image visible of a participant while holding a black cloth. B) Annotation order with
respective region of interest size portrayed on a grayscale healthy foot thermal image taken
with the high-end IR-camera setup. From 1 to 9: Hallux, dig 3, dig 5, MTP 1, MTP 3, MPT
5, lateral midfoot, central midfoot and cuboid.

rater reliability was researched, with unknown cut-off points; validity and reliability
of the smartphone-based IR-camera itself were not investigated. It remains therefore
unknown whether this low-cost IR-camera can be safely applied for DFU detection.
In this study, we aim to validate a smartphone-based IR-camera in a daily setting
against high-end IR-cameras for DFU assessment.

2.2 Materials and methods

Design

In this single-centre prospective clinical study, a convenience sample of 32 consecutive
participants with diabetes mellitus who visited the multidisciplinary outpatient dia-
betic foot clinic of Hospital Group Twente (Almelo, The Netherlands) was included.
Every participant had a current, or recently healed (<4 weeks), diabetic foot ulcer.
People with a major amputation (i.e. above the ankle) were excluded.
The Medical Ethical Committee Twente approved the study protocol (K17-45), and
informed consent was obtained from each subject prior to the start of the study.
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Materials
The smartphone-based IR-camera setup comprised the second-generation FLIR one
for Android (FLIR Systems, Wilsonville, OR), a smartphone-based IR and color cam-
era with thermal resolution 160x120 pixels, visual (color) resolution 640x480 pixels,
operating temperature of 0 to 35oC, scene temperature range of –20 to 120oC, fo-
cus of 15 cm to infinite, angle of view of 46ox35o and a male micro USB connector.
The smartphone-based IR-camera was attached to a Motorola XT1642 Moto G4 Plus
smartphone (Motorola Mobility LLC, Chicago, Il), and operated with the “Thermal
camera+ for FLIR One” application by Georg Friedrich (available in the Google Play
Store). A mount was 3D-printed to stabilize the smartphone-based IR-camera, at-
tached to the smartphone and mounted on a camera tripod. A black cloth was held
behind the participants’ feet to reduce the influence of background heat and light
(Fig. 2.1A).
The set-up for the high-end IR-camera has been extensively described elsewhere [7].
In short, it comprised a FLIR (Wilsonville, OR) SC305 thermal camera for IR and
a Canon (Tokyo, Japan) Eos-40D for color, light module, thermal reference elements
and foot support, mounted in a wooden box with dimensions 600x600x1900 mm, with
a light shielding extension in front. At the end of the box was an entrance for the
feet with a light shielding extension, which was covered with the same black cloth, to
eliminate influence of the ambient light.

Study procedures
Measurements were performed during one visit to the outpatient clinic. Participants
were seated in supine position on a treatment bench with their lower legs supported
by the bench and their bare feet over the edge. Their feet remained exposed to the
environment for 5 minutes, to allow equilibration of foot temperature.
Two sets of plantar IR and colour images of both feet were obtained from each par-
ticipant within one measurement. Measurements took 2-3 minutes, with a maximum
of 5 minutes.
The first set of images was taken with the smartphone-based IR-camera setup, placed
at such a distance that both feet were within the cameras’ maximum field of view,
for which an approximate distance of 1 meter (±25 cm) was needed. The participant
was instructed to hold up the black cloth behind their feet.
The second set was taken with the high-end IR-camera setup: the treatment bench
was rolled towards the wooden box, and participants were asked to place their feet
on support bars inside [7].

Image processing
Image acquisition in the smartphone-based IR-camera setup was done with the smart-
phone application. For the high-end IR setup, custom-made Matlab software (The
MathWorks, Natick, MA) was used as described before [7].
Post-processing consisted firstly of delineating the boundaries of the feet in the colour
images to discriminate the feet from the background using Photoshop CC 2015 (Adobe
Systems, San Jose, CA). Subsequent steps were performed in Matlab, consisting of
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semi-automatically aligning the IR images with the corresponding delineated colour
images. After alignment, the delineated colour images were used as mask for the IR
images to separate foot pixels from the background.
Successive, we calculated the average temperature in the entire plantar foot and in
the nine pre-specified plantar foot regions of interest. Six of these nine regions were
those defined in previous studies [8–10]: hallux, first, third, and fifth metatarsal
heads, metatarsocuneiform joint, and cuboid. Three additional regions of interest
were identified as susceptible for DFU and were therefore added to the analyses:
third and fifth toe, and lateral metatarsocuneiform joint (Fig. 2.1B) [20]. All regions
were manually annotated in the colour images with standardized circular masks 10
mm in diameter. The masks on the third and fifth toe were 5 mm in diameter, as
these regions were smaller anatomically. The contralateral difference was calculated
by subtracting the temperature of the left foot from the right foot. Measurements
were excluded when the region of interest fell partially or completely outside the field
of view of one of the IR-cameras, or when it was missing due to minor amputations.

Statistical analysis

Intra-class correlation coefficient (ICC(3,1)) and Bland-Altman plots were used to test
agreement between smartphone-based IR-camera and the high-end IR-camera, with
the second regarded as gold standard in measuring contralateral foot temperature
difference [21]. Analyses were performed for the entire plantar foot, for the nine
pre-specified regions combined, and for each region separately.
Clinical validity was studied by calculating the accuracy with which the smartphone-
based IR-camera detected clinically meaningful outcomes. Cut-off points to detect a
clinical outcome were defined, based on previous studies, as 1.35oC for the average
temperature difference between the entire plantar side of both feet [7], and 2.2oC
for the temperature difference between two pre-specified contralateral regions [7–10].
Validity was assessed by calculating diagnostic accuracy of the smartphone based
IR-camera via its sensitivity, specificity, negative and positive predictive values, and
negative and positive likelihood ratios of the clinical cut-off points, with the high-end
camera as gold standard [22].

2.3 Results

Study population.

Characteristics of the 32 participants included are shown in table 1. All participants
had peripheral neuropathy, no participant had a major amputation, the population
was predominantly male and around 67 years of age. Four participants had a recently
healed DFU, all other participants had an existing DFU, most often (n=13) classified
as University of Texas 1A.
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Table 2.1: Participant characteristics.

Characteristic N=32

Gender (male : female) 24:8
Age (years) (mean ± SD) 67±12

(Previous) Ulcer Location
Hallux 9

Digitus 2-5 8
Metatarsal heads 16

Midfoot or heel 8
Charcot foot 1

Affected side (left : right : both) 19:7:6
Diabetes mellitus type (1 : 2 : unknown) 1:29:2

University of Texas classification
0 (no DFU<4 weeks) 4

1 (A : B-D) 13:4
2 (A : B-D) 4:5
3 (A : B-D) 0:2

Note: DFU= Diabetic Foot Ulcer

Plantar foot temperature
The left-right temperature assessment of the entire plantar foot was completed for
30 participants; two were excluded because one feet partially fell out of the field of
view of the high-end IR-camera. The results showed excellent reliability and a good
agreement in the Bland-Altman plots (Table 2 and Fig. 2.2 top).

Regional foot temperatures
The left-right comparison of foot skin temperature in the regions of interest was pos-
sible in all participants. A total of 14 (4.8%) regions (in 8 different participants) were
excluded, leaving a total of 274 regions in the 32 participants for analysis. Together,
these regions showed an excellent reliability and a good agreement in the Bland-
Altman plots (Table 2 and Fig. 2.2 bottom). The results of each region, shown in
table 3, showed similar good agreements.

2.4 Discussion

To bring home monitoring for diabetic foot ulcer assessment towards diabetes clinical
practice, we compared plantar foot temperatures of people with diabetes acquired
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Table 2.2: Main temperature assessment results of entire plantar foot and all nine regions
on the plantar foot combined.

Entire plantar foot Nine pre-specified regions combined

Count [n=] 30 274
ICC(3,1) 0.987 0.981

Bland- Altman
Mean difference -0.14 -0.06

Limits of agreement -1.0 to 0.75 -1.4 to 1.3
Sensitivity 94% 93%
Specificity 86% 91%

LLR+ 6.56 10.86
LLR- 0.07 0.07

Positive predictive value 0.88 0.90
Negative predictive value 0.92 0.95
Note: LLR= likelihood ratio

Table 2.3: Temperature assessment results of all nine regions on the plantar foot separate.

Region Hallux Dig 3 Dig 5 MTP 1 MTP 3 MTP 5 Midfoot Midfoot
lateral

Cuboid

Count [n=] 28 28 28 32 32 30 32 32 32
ICC(3,1) 0.991 0.973 0.929 0.992 0.993 0.984 0.972 0.989 0.969

Bland- Altman
Mean difference -0.02 -0.02 -0.06 -0.01 -0.07 -0.07 -0.06 -0.07 -0.18
Negative LoA -1.2 -1.6 -2.5 -1.1 -1.1 -1.4 -1.4 -0.89 -1.4
Positive LoA 1.2 1.6 2.4 1.1 0.93 1.3 1.3 0.75 1.0

Sensitivity 94% 93% 91% 95% 94% 93% 91% 100% 88%
Specificity 90% 64% 94% 92% 86% 100% 95% 96% 96%

LLR+ 9.4 2.6 15.45 12.31 6.61 ∼ 19.09 23 21
LLR- 0.06 0.11 0.10 0.06 0.06 0.07 0.10 0 0.13
PPV 0.94 0.72 0.91 0.95 0.90 1 0.91 0.90 0.88
NPV 0.90 0.90 0.94 0.92 0.92 0.94 0.95 1 0.96

Note: “Midfoot” indicates the metatarsocuneiform joint. LoA= Limits of Agreement; LLR= likelihood ratio; PPV=
Positive predictive value; NPV= Negative predictive value; MTP = Metatarsophalangeal joint; ∼=divided by zero
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Figure 2.2: Top) Intra-class correlation and Bland-Altman plot for the average plantar foot
temperatures. Bottom) Intra-class correlation and Bland-Altman plot for all regional foot
temperatures. Every region is numbered according to the numbering in Fig. 2.1B. Outliers
in the Bland-Altman plot all concern the two toe regions (digitus 3 (1 outlier in 28) and
digitus 5 (5 outliers in 28)).

with a smartphone-based IR-camera and a high-end IR-camera. The resulting intra-
class correlation and Bland-Altman plots of the contralateral foot temperature dif-
ferences showed high agreement between the two cameras. The clinical applicability
of the smartphone-based IR camera for accurate (impending) DFU detection showed
a strong performance in all measures of diagnostic accuracy. Based on these results,
we conclude that the smartphone-based IR-camera is as accurate as a high-end IR-
camera for DFU assessment and it is thereby safe to assume that the performance
results of previous research [7, 15] apply for both the high-end and smartphone-based
IR-camera.
It is crucial to validate new devices before progressing to further research and imple-
mentation. This is especially important when newer devices have reduced resolution
and potentially reduced accuracy, such as the smartphone-based IR camera under
study here. For thermal imaging devices specifically, it was recently shown that qual-
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ity and accuracy of other handheld devices varied substantially and was frequently
insufficient for DFU assessment [23], even though some of these devices are being used
for such assessment in daily practice. This increases the need for extensive validation
of new devices, and thereby the current study, even further.
The findings of the current study show high agreement between the smartphone-based
and the high-end IR-camera. Firstly, ICC values were well above the threshold (0.9)
that is considered excellent agreement [21]. Second, analyses with Bland-Altman
plots showed mean differences between both cameras to be very small (<0.15oC), a
difference that is negligible from a clinical perspective. Thirdly, and most important
from a clinical perspective, in comparison with the gold standard IR-camera all mea-
sures of diagnostic accuracy were satisfactory: likelihood ratios are considered the
most important for clinical decision-making [22]; the positive likelihood ratio >5 (as
found in this study) indicates strong evidence, and the negative likelihood ratio found
(<0.1) indicates convincing evidence [22]. Because of this, further research can aim
for development of a targeted automatic IR-image evaluation application for the as-
sessment of DFU to provide user-friendly data processing, to progress implementation
of temperature monitoring for DFU assessment.
This study had various strength and limitations. A strength was the constant relative
temperature (minimal spatial variation within each image) of the FLIR One, which
was needed to accurately measure contralateral differences [24]. While the absolute
temperature stability of the FLIR One has been shown by Klaessens et al. to fluctuate
[24], this does not affect the temperature differences within one image. We suggest
in future research and daily clinical practice to continue using primarily the relative
temperature difference between two feet.
More device quality control measurements of this smartphone-based IR-camera have
been tested by Klaessens et al. and were concluded to be a good alternative to high-
end cameras for routine clinical measurements [24]. Therefore, these measurements
were excluded in this study. These measurements include among others: stability,
repeatability, temperature gradient and temperature in relation to the object distance.
Another strength of the smartphone-based IR-camera used in this study is the colour-
camera that is incorporated within the device, less than one centimetre apart from
its IR-camera. This can be used to delineate the feet from the background, even
when (for example) the toes are on room temperature. The geometric transformation
needed for this delineation depends on the viewing angles between the IR and colour
cameras. With them being so close to each other, only a minimal transformation
is necessary. This also means that both colour and IR-images are available in one
device. With diagnostic accuracy of colour images only recently found to be sub-
optimal [25], it has been suggested that this combination is an important step forward
in diabetic foot telemedicine [25]. The current smartphone-based IR-camera provides
this combination.
Measurements in the toe region and central of the foot were specifically added because
these are susceptible for DFU [20] even though these were not used in previous studies
[8–10]. It was hypothesized that with the accuracy of the IR camera, it should be
possible to validly assess the temperature of the lesser toes in more detail than with
spot thermometers or other devices. While this was feasible, the smaller toes showed
a lesser performance and agreement compared to the rest. However, we expect this
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to be primarily the result of a geometrical transformation error, as described in the
previous paragraph. This error mainly occurred in the toes, because of a common
angulation between the toes and the plantar side of the feet. With almost all of the
results in the toe region still in the range of good agreement, we think it is safe to
conclude that the smartphone-based IR-camera is valid for all regions.
Another limitation of our study concerned the support of the foot at the cuboid region,
and (in some cases) also the lesser toes, in the high-end IR-camera setup against the
set-up. This contact with the setup might have influenced the temperature of the
foot. In the smartphone-based IR-camera setup, the feet were placed just over the
edge of the research bench to avoid contact with any object that might influence foot
temperature.
A limitation within participant selection was that all of them were under care for
a DFU and no developing ulcers or feet that were ulcer-free for longer periods of
time were measured. While we do not expect any differences in performance of the
smartphone-based IR-camera in this population, it might be useful in future research
to validate the camera also for this population specifically.
A final limitation was the manual annotation of regions of interest on the measure-
ments of both the high-end and the smartphone-based IR-camera. This was needed
because no validated programs or applications currently exist for reliable automatic
annotation. By doing it all manually, each annotation could be carefully checked by
the researcher. However, this method is susceptible to human error and despite check-
ing, it cannot be ruled out that minor differences in contralateral annotation occurred.
By visually checking each annotation for accuracy and with the high agreement found,
it is not expected that this has had a major influence on the results.
As stated before, we can now assume that the results of studies with high-end IR-
cameras (e.g. [6, 7, 11, 15]) also apply to this smartphone-based IR-camera. However,
the performance of high-end IR-cameras are only tested in the clinic setting, with
participants under treatment. The next step is to test the predictive value of IR-
cameras in peoples home.
For home implementation, an important development would be the creation of specific
acquisition and automatic assessment algorithms for the smartphone application to
assess the IR images. Such an application is firstly needed to move the smartphone
camera from a research towards a clinical setting, as it enhances usability by non-
technicians. Different approaches of such applications are being developed already,
such as an application in which the thermal images are shared with a specialist for
evaluation [16], or an application with automatic evaluation a server or in a standalone
application [17, 18]. For automatic evaluation, our suggestion would be to evaluate
the entire feet instead of certain specific regions. This becomes possible, because
a thermal map of the entire feet is available with IR-imaging. This may reduce
the chance of missing a critical spot with impending ulceration. This approach is
similar to automated comparison as done using high-end IR cameras [26].To do so
the smartphone application should accurately register and align the contralateral
feet surfaces for a pixel-by-pixel comparison of the left and right foot. We suggest
averaging with the neighbouring pixels to minimize registration errors.
Another aspect in future development of smartphone-based IR cameras is the possibil-
ity to monitor other aspects of the foot, rather than the plantar side alone. Compared
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to for example the Bath-mat that has been recently developed for DFU assessment
[27], smartphone-based IR cameras can also monitor the medial, lateral and dorsal
side of the foot. With around 50% of foot ulcers not developing on the plantar side
[20], this is a clinically relevant addition. Future research should investigate possi-
bilities to measure temperature around the foot, for example by validating a dorsal
temperature view including contralateral comparison of regions, or by creating 3D
thermal images of the whole foot.
For clinical practice, the smartphone-based IR camera tested in this study is al-
ready commercially available, which makes it possible for clinics or people to obtain
the camera and monitor their feet. The promising outcomes on the validity of the
smartphone-based IR camera bring implementation of this advanced monitoring tool
much closer to daily clinical practice.

2.5 Conclusion

The low-cost smartphone-based thermal infrared camera showed excellent reliability
and validity for the assessment of temperature differences between contralateral feet
in people with diabetic foot complications. For this reason, the smartphone based
IR-camera can be used as assessment tool for monitoring and preventing diabetic foot
ulcers in daily clinical practice.
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Abstract

Background: Thermal assessment of the plantar surface of the foot using spot
thermometers and thermal imaging has been proven effective in diabetic foot ulcer
prevention. However, with traditional cameras this is limited to single spots or a
two-dimensional (2D) view of the plantar side of foot, where only 50% of the ulcers
occur. To improve ulcer detection, the view has to be extended beyond 2D. Our aim
is to explore for proof of concept the combination of three-dimensional (3D) models
with thermal imaging for inflammation detection in diabetic foot disease.
Methods: From eight participants with a current diabetic foot ulcer we simulta-
neously acquired a 3D foot model and three thermal infrared images using a high-
resolution medical 3D imaging system aligned with three smartphone-based thermal
infrared cameras. Using spatial transformations, we aimed to map thermal images
onto the 3D model, to create the 3D visualizations. Expert clinicians assessed these
for quality and face validity as +;+/-;-.
Results: We could replace the texture maps (colour definitions) of the 3D model
with the infrared images and created the first-ever 3D thermographs of the diabetic
foot. We then converted these models to 3D PDF-files compatible with the hospital
IT environment. Face validity was assessed as ‘+’ in six and ‘+/-‘ in two cases.
Conclusion: We have provided a proof of concept for the creation of clinically useful
3D thermal foot images to assess the diabetic foot skin temperature in 3D in a hospital
IT environment. Future developments are expected to improve the image-processing
techniques to result in easier, handheld applications and driving further research.
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3.1 Introduction

Ulceration and infection are frequently occurring foot complications in people with
diabetes and peripheral neuropathy. These complications increase morbidity and mor-
tality [1, 2]. If not treated quickly, the consequences can be devastating. Therefore,
early detection of diabetic foot complications is critical [1]. However, due to loss of
sensation in the feet, people often fail to notice these ulcers, while self-examination
is impeded by health impairments related to diabetes and other comorbidities, like
bad eyesight, limited mobility or social impairment [3]. Self-examination by means
of measuring the foot skin temperature can make the difference, as this has proven
efficacy in ulcer prevention [3–11].
Initial studies on foot skin temperature as self-assessment tool used thermal spot
thermometers [8–10]. Participants of the studies were requested to measure six pre-
defined spots on each foot and calculate the difference between both feet for each
spot. In case a temperature difference greater than 2.2oC (4oF) was found on two
subsequent days, participants were advised to contact their healthcare professional.
This approach proved effective in ulcer prevention [8–10]. However, with the spot
thermometer it is possible that a hotspot not occurring at the six predefined positions
is missed and the method lacks usability as it requires participants to calculate these
differences themselves, and do so every day.
Follow-up studies utilized thermal infrared (IR) imaging. This technique is contactless
and has the potential to improve usability, as it captures the entire plantar side of
both feet [3–7, 11–14]. Further, a computer or dedicated application can calculate
thermal differences [15]. These initiatives have not yet resulted in home monitoring
systems, as initial IR-cameras were too expensive. With the commercialisation of
cheap smartphone-based IR-cameras, costs have reduced dramatically and studies for
home application are within reach.
However, IR-cameras still have a major shortcoming. When an image is taken, this
image is two-dimensional (2D). For example, if the plantar side is imaged, ulcers
developing on the dorsal side will be missed. Since only half of the ulcers occur on
the plantar side, the other half would go unnoticed [16]. Alternatively, one might
choose to make various photos, but automatic calculation of temperature differences
has only been shown possible for the plantar side, because only from the plantar side
can both similar aspects of both feet be captured in one image [15]. A multiple-photo
approach would also require extra effort in assessing these photos, which may not be
feasible in busy daily clinical practice or home monitoring.
Three-dimensional (3D) thermography, when fully developed, could be the solution to
most of the mentioned shortcomings. With a 3D model, one can view the feet beyond
the plantar site in only one image. In addition, the third dimension provides extra
information that may facilitate clinical assessment, and can be used for automatic
evaluation of contralateral temperature differences at the plantar, medial, dorsal and
lateral foot side. Some 3D thermography approaches of the feet have been proposed,
but never applied in a medical setting [17–21]. With the ultimate goal in mind to
create a fully developed 3D thermography system, the aim of the current article
is to explore for the first time ever how 3D thermographs would be of benefit to
inflammation detection in diabetic feet as proof of concept. This is investigated with
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an experimental setup in which 3D imaging is added to already existing 2D thermal
imaging modalities.

3.2 Methods

Study design

In this single-centre prospective cross-sectional study, a convenience sample of eight
consecutive participants with diabetes mellitus who visited the multidisciplinary out-
patient diabetic foot centre of expertise of Ziekenhuisgroep (Hospital Group) Twente
(Almelo, The Netherlands) was included. Inclusion criteria were a current diabetic
foot ulcer and ability to comply with all study measurements. To investigate 3D
temperature difference assessment in diabetic foot disease, participants with a mea-
surable temperature difference were required; this is more likely when an ulcer is
present, hence our decision for this inclusion criterion. The Medical Ethical Commit-
tee Twente approved the study protocol (K17-45), and informed consent was obtained
from each subject prior to the start of the study.

Materials

The 3D thermography setup comprised a high-resolution medical 3D imaging system
and three thermal infrared (IR) cameras. The medical 3D imaging system (Vectra
XT, Canfield Imaging Systems, Fairfield, NJ; Fig. 3.1) creates 3D models using a
passive photogrammetry technique. This technique is comparable to how humans see
3D with two eyes, but instead of eyes, the system uses three pairs of high-resolution
cameras. To extend the view around the body the system captures images from
three viewing angles with three pairs of cameras. This creates a body image (i.e.
patient’s feet in this study) with a combined view of 270 degrees. The IR-cameras
(FLIR One for Android generation 2, FLIR Systems, Wilsonville, OR; Fig. 3.1)
were smartphone-based IR and color cameras with thermal resolution 160x120 pixels,
visual (color) resolution 640x480 pixels, operating temperature of 0 to 35oC, scene
temperature range of –20 to 120oC, focus of 15 cm to infinite, angle of view of 46ox35o
and a male micro USB connector. For the study, the IR-cameras were connected to
a laptop with Linux distribution (Dell Precision 3520 i7-7700hq), not a smartphone.
To combine the thermal images with the 3D model, each thermal camera and 3D
camera pair must approximately have the same point of view. In addition, bot images
must be taken at approximately the same moment. We therefore mounted the three
IR-cameras to the 3D imaging system, at approximately the same point of view (Fig.
3.1A). Using a custom Linux driver and Matlab (The MathWorks, Natick, MA), we
simultaneously acquired two images (1 IR and 1 colour) from each IR-camera.

Study procedures

After providing informed consent during regular treatment, participants were included
for 3D measurements preceding their next follow-up consultation at the outpatient
clinic. Participants were laid down in supine position on a treatment bench with their
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Figure 3.1: Imaging setup. In the middle the Vectra XT,3D imaging system can be seen
(white). On the inner side of every viewpoint of the 3D imaging system, a FLIR One IR-
camera was attached (blue indicator), and connected to the laptop in front of the 3D imaging
system. A) Above each viewpoint the resulting 2D images are provided. On top, framed
in red, the two images from the IR-camera are shown (left: color image; right: thermal IR
image in grayscale). B) Bottom image, framed in black, is the texture map from the 3D
image system.
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Figure 3.2: Graphic overview of the transformation process to replace the original texture
map (A) with the IR-image (B). C) The feet were cut out of the images using Photoshop
and the thermal images were roughly placed on the texture map. D) The thermal images
were transformed to cover the appropriate surface of the texture map and a color map was
applied. The color map ranged from 15oC (dark blue) to 41oC (dark red)

lower legs supported by a pillow and their bare feet over the edge of the bench. Their
feet remained exposed to the environment for 5 minutes to allow equilibration of foot
temperature. An image was taken with the 3D imaging system simultaneously with
the images from IR-cameras.

Image processing
The 3D-images were exported from the 3D imaging system in the Wavefront .obj
file format accompanied with a Material Template Library file (.mtl) and a texture
map (.bmp). A texture map is an image used to define the colours of the surface
(Fig. 3.1B). An .mtl file links the texture map to the 3D model. This provided the
possibility to define the colours of the surface of the 3D model with the IR-data by
replacing the texture maps with the IR-images. Before the IR-images could replace
the texture maps, they had to be spatially transformed to the dimensions of the
texture maps (Fig. 3.2). For the transformation, Matlab and Photoshop CC 2015
(Adobe Systems, San Jose, CA) were used.
For the spatial transformation, we used a point-based projective transformation. This
type of transformation is, for instance used in aerial photo projections on roadmaps.
It uses at least four corresponding points; in our application, this concerned four
identifiable points on the boundaries of the foot visible in both the texture map and
IR image; for example, this could concern the heel, hallux, medial to MTP 1, lateral
to 5, etc.. This transformation works when all selected 3D object points are lying in
a 2D plane. In the frontal images of the plantar foot view this condition is met. In
the images from the medial and lateral side of the foot this was poorly met, because
both feet were in different 2D planes, with one foot behind the other. Therefore, each
foot was separately extracted from the thermal image using photoshop and subse-
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Table 3.1: Participant demographics.

# Sex Age DM
type

UT
class.

Nr.
ulcers

Location Side Amputation

1 M 61 2 2A 2 Metatarsal head
5 & heel

L Dig 3+4 R

2 M 66 2 2B 1 Hallux R Dig 2+3 L
3 F 57 2 1A 1 Midfoot R -
4 F 58 2 1A 1 Hallux R -

5 M 89 1 1A 2 Metatarsal head
5 & 4th toe

R -

6 M 58 2 1A 1 Midfoot L Forefoot L
7 M 74 2 0A 0 Heel L -
8 M 61 2 1A 1 Hallux L -
Note: DM = diabetes mellitus; UT = University of Texas Ulcer classification; M = male;
F = female; L = left foot; R = right foot.

quently transformed in Matlab. Furthermore, besides the projective transformation
a fine registration was added based on deformable registration [22]. The results were
combined in a new texture map.

Face validity

The 3D thermographs were assessed for face validity. Face validity was defined as the
combined technical and clinical assessment of the 3D infrared visualizations. Each im-
age was assessed for technical shortcomings by a qualified technical physician (RvD),
and clinically by two experienced physician assistants (both >15 years of experience
in diabetic foot care). Their combined findings were translated in a face validity score
of ‘+’ (directly applicable in clinic), ‘+/-‘ (applicable, but some shortcomings), ‘?’
(unable to provide an outcome), or ‘–‘ (image not applicable in clinic).

3.3 Results

Study population

Characteristics of the eight participants included are shown in table 3.1. All par-
ticipants had peripheral neuropathy, three participants had minor amputations and
the population was predominantly male, around 65 years of age. All participants,
except one, had an existing DFU, most often (5 of 8) classified as University of Texas
1A. The ulcer in one participant, case 7, healed in the period between inclusion and
measurements.
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3D thermographs
As 3D thermograph results, the image data from eight participants were successfully
processed. With 3D processing software (Meshlab,Visual Computing Lab, Pisa, Italy;
and/or Daz3D, DAS Productions Inc, Draper, Utah) the 3D models were converted
to universal 3D files (.U3D), which we then managed to integrate in a PDF file using
adobe acrobat pro (Adobe Inc. San Jose, California). This resulted in PDF files
where the feet could be rotated in 3D and assessed visually for thermal anomalies:
the result for each participant, in combination with the original 3D models, can be
found in Appendix A of the digital version of this thesis, while table 3.2 shows a static
image for each participant. The PDF-files were compatible with the secured hospital
IT system.
Technical assessment showed that thermal texture maps were successfully created for
all eight participants. However, some minor errors were also found (Table 3.2). To
some extent, the occluding boundaries in the 3D thermography models had a dark blue
color. This was an artefact where the background color was calculated as representing
the foot. Furthermore, it can be seen in all 3D thermographs that three separate
texture maps were used, as the transitions were still visible in a registration fault line.
The dorsal side of the feet was not yet included, because only 270 degrees around
the image could be captured with the 3D imaging system. For detailed assessment of
each image, see table 3.2.
Findings from clinical assessment are summarized in table 3.2. Technical and clinical
assessment was combined in a face validity score. Face validity was assessed as ‘+’ in
6 cases and ‘+/-‘ in 2 cases.
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Table 3.2: An overview of all the cases with face validity. To support the clinical
interpretation, static images are shown. See Figure 2 for the temperature scale.

# Findings 3D models

1

Technical assessments:
Fault lines: Both heels
Background projection:
Mainly on the dorsal right foot
Artefacts: -

Clinical interpretation:
3D thermograph:
Overall increased temperature left foot.
Inflammation suspected:
Fifth metatarsal head (MTP5) left,
anteromedial heel left.
Live assessment:
Suspicion confirmed with present ulcer.

Face validity assessment: +

Original 3D photo

3D thermograph

2

Technical assessments:
Fault lines: Both heels
Background projection: Both heels,
minor overall boundaries
Artefacts: MTP4 due to reflection
on the foot.

Clinical interpretation:
3D thermograph:
Overall increased temperature left.
Inflammation suspected:
Hallux Left and MTP5 right.
Live assessment:
Hallux left confirmed with present ulcer.
MTP5 right confirmed
with an ulcer pre-sign (blister).

Face validity assessment: +

Original 3D photo

3D thermograph
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3

Technical assessments:
Fault lines: Both heels, right foot plantar
Background projection: Overall
boundaries right foot and above the
ankle, due to patient stockings.
Minor, dorsal side left foot.
Artefacts: -

Clinical interpretation:
3D thermograph:
Overall increased temperature right.
Inflammation suspected:
Central and medial midfoot,
extending to forefoot
Live assessment:
Ulcer present on medial midfoot,
interdigital ulcer pre-sign (blister)
between hallux and dig 2.

Face validity assessment: +/-

Original 3D photo

3D thermograph

4

Technical assessments:
Fault lines: -
Background projection:
Minor, dorsal side of both feet
Artefacts: -

Clinical interpretation:
3D thermograph:
No temperature difference is notable.
Inflammation suspected:
Right foot at hallux and MTP1; Left foot
MTP1; However, no temperature
difference, so no conclusive suspicion.
Live assessment:
Right an ulcer at the hallux was present.
Left a pre-sign (haematoma) at MTP1.

Face validity assessment: +

Original 3D photo

3D thermograph
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5

Technical assessments:
Fault lines: Both heels, medially.
Background projection:
Left heel, minor overall boundaries.
Artefacts: -

Clinical interpretation:
3D thermograph:
No evident temperature difference.
Inflammation suspected:
Right MTP5 and surrounding toes.
Live assessment:
Confirmed ulcer lateral at MTP5 and
dorsal on dig4. Callus found lateral at
MTP5 on left foot.

Face validity assessment: +

Original 3D photo

3D thermograph

6

Technical assessments:
Fault lines: Minor, on right heel.
Background projection:
Minor, dorsal side of both feet,
right toes and around the ankle.
Artefacts: -

Clinical interpretation:
3D thermograph:
Overall increased temperature left foot.
Inflammation suspected:
Overall left foot
Live assessment:
Amputation wound on top of the stump.

Face validity assessment: +/-

Original 3D photo

3D thermograph
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7

Technical assessments:
Fault lines: Minimally on both heels.
Background projection:
Minor dorsally at the boundaries,
mainly above the ankles.
Artefacts: -

Clinical interpretation:
3D thermograph:
Left heel and midfoot increased
temperature.
Inflammation suspected: Left heel
Live assessment:
Recently healed ulcer on the left heel.

Face validity assessment: +

Original 3D photo

3D thermograph

8

Technical assessments:
Fault lines: Both heels
Background projection:
Left heel, minor boundaries
Artefacts: -

Clinical interpretation:
3D thermograph:
Inflammation suspected:
Left Hallux and right medial midfoot.
Live assessment:
Confirmed ulcer on left hallux.
Right medial midfoot
was assessed as an ulcer risk area.

Face validity assessment: +

Original 3D photo

3D thermograph

Note: The corresponding rotatable 3D PDF thermographs can be found in Appendix
A of the digital version of this thesis. The 3D view can only be enabled in an adobe
pdf-viewer after accepting to trust the document. As the 3D thermography system
is an still an experimental setup some technical errors are present and reviewed
in the technical assessment. The fault lines, dark blue background projection and
additional artefacts are highlighted. First clinical assessment the interpretation of
the 3D thermographs from experience clinicians are stated with suspected locations
and compared with the live assessment.
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3.4 Discussion

We aimed to create 3D thermographs to explore how it could benefit inflammation
detection in diabetic foot disease, and succeeded in creating the first-ever 3D diabetic
foot thermographs with adequate face validity. We combined infrared images with a
3D model for thermal assessment beyond the plantar side of the foot in people with
diabetes with foot ulceration. Within this first set of 3D thermographs, ulcer-related
temperature differences were clearly visible, and three ulcer pre-signs and two areas
at-risk could also be identified. Furthermore, a more diffuse temperature increase was
visible in 6 patients, implicating more severe inflammation or infection [7]. Finally, in
one patient we could identify inflammation at the location of a recently healed ulcer.
Taken together, this confirms the clinical usefulness of temperature assessment, and
shows proof of the concept that the 3D thermographs can create the means to go
beyond the plantar side in inflammation detection in diabetic foot disease.
Besides the clinical benefits of inflammation detection for ulcer prevention at the
medial, lateral and dorsal side with the generated 3D view, the 3D thermographs also
have some technical advantages over 2D images when working towards an automatic
evaluation tool. For instance, when the background temperature matches the foot
temperature, differentiation between foot and background is difficult with 2D thermal
images [15]. Using 3D, feet are automatically differentiated from the background
with the additional depth information. Furthermore, in 2D images the position of
the camera with respect to the feet, in terms of distance and viewing angle, is very
important for temperature assessment, whereas this has less effect in 3D [15].
The eight cases investigated generally showed accurate 3D thermographs. However,
some image registration errors with the thermal texture maps still occurred. These
errors were visible as dark blue background on the boundaries and fault lines, for
instance visible around the heel. These registration errors resulted from substantial
differences in extrinsic camera parameters (FOV, resolution, etc.) between the 3D
imaging system and the IR-camera used in this study. Furthermore, we were limited
by not being able to perfectly align physically the IR cameras with the 3D imaging
system, as that would block the view in our setup. We solved this by transforming
the IR-image to the texture maps, but this could not rule out some minor errors. By
transforming the IR-image its pixels values, and with it their temperature values, are
interpolated to cover the whole surface. No clinical relevant temperature deviation is
expected from this process. Future integration of thermal cameras within 3D systems
will overcome these registration problems, a technical solution that will be available
for medical applications in the near future. Another limitation to be acknowledged
is that we only included participants with an actual foot ulcer. As described in the
methods, this was chosen to maximize temperature differences. It is important to
note that a system for ulcer detection will have to be validated in patients at high-
risk of ulceration. However, with the adequate temperature difference detection in the
current patients, both for ulcers as well as for pre-signs, we hypothesize that detecting
differences >2.2oC will be feasible.
For this study, we used a medical grade high-resolution 3D imaging system to get high-
end, medically validated 3D models of the feet. The benefit was that the images were
of high quality and no movement errors occurred, because the images were created
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with just one shot. However, the 3D imaging system was limited to a 270 degrees
view around the feet, which meant that the dorsal side of the feet was still missing.
Furthermore, the 3D system is too big and expensive to be already implemented as
home monitoring application. As this study was set up to show a proof of concept
of 3D thermography, future research can now focus on technical improvements, to
reduce the size of the system needed to acquire 3D thermographs of the foot, and to
include the dorsal side.
The 3D thermographs show potential for DFU assessment. The smartphone-based
thermal-cameras are reasonably priced and have been proven valid in comparison
with high-end thermal-cameras [23]. Although the thermal camera used was small
and affordable, our 3D camera system was big and expensive. For an affordable and
handheld 3D imaging device, our suggestion would be the use of a depth sensor camera
[24]. This type of camera is already used to make 3D foot models for orthopaedic
purposes, yet that is without integration of thermal cameras. Fusing a depth sensor
camera with a thermal camera is described for industrial purposes [24], and this is a
promising road for future medical applications. Furthermore, depth sensor cameras
are now being integrated in high-end smartphones, and one can expect them to become
available in a broader range of future smartphones. On the long term, an IR-camera
add-on might already suffice for a handheld 3D thermography device.
Another area for future research is the development of automatic evaluation, to reduce
the assessment time for users and clinicians and improve usability and implementa-
tion. In our opinion, the best approach for an automatic evaluation algorithm is
to determine the corresponding 3D location between the feet with a mirroring and
active shape analysis method. In such a method, each foot is fitted to a statistical
shape model. The result consists of two feet models in which each indexed 3D point
corresponds with same location on both feet. The difference between the average
temperatures around these corresponding 3D points (vertex) with a radius of maxi-
mal 0.5 cm would be an ideal indicator for a potential DFU, similar to the current
pathological threshold used for spot thermometry at the foot skin [8–10].

3.5 Conclusion

We have provided a proof of concept for the creation of clinically useful 3D thermo-
graphs for inflammation detection in diabetic foot disease in a hospital IT environ-
ment. This opens the door for future developments, to improve the image-processing
techniques towards easier, handheld applications, thereby driving further research and
clinical implementation.
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Abstract

Purpose: The current breast specimen orientation method after breast-conserving
surgery is potentially inaccurate due to deformability and mobility of the extracted
breast tissue. This complicates targeted relocation during re-excision or radiation.
Therefore, we propose a new 3D visualization method to communicate the breast
specimen orientation to instantly provide an intuitive overview of the resection mar-
gins in relation to the surgical clips on the wound bed.
Methods: In 15 female patients undergoing breast-conserving surgery, the surgeon
labeled the surgical clips on the specimen and the wound bed. During pathologic
assessment, after inking, a 3D scan was made of the specimen. Tumor tissue was
annotated on the histological image and transposed to the respective location inside
the 3D model. The transposed resection margins with respect to the labeled surgical
clips were calculated and visualized. Intuitivity of the visualization was tested (face
validity) as well as the quality of displayed resection margins and labels clips.
Results: Average face validity score for 3D visualization was between ‘++’ and ‘+’
for surgeons and between ‘+’ and ‘+/-’ for pathologists. Average difference between
computed resection margins and reported histologic margins was 1 mm. In 8 cases
not all clips could be labeled in situ. In 5 cases not all labeled clips could not be
retrieved by pathology.
Conclusion: While relocating inadequate resection margins in vivo based on the cli-
plables was not feasible, as consistent accurate surgical clip labelling proved challeng-
ing, the visualization method appeared valuable in interdisciplinary communications.



4

BREAST SPECIMEN ORIENTATION FOR RELOCATION 69

4.1 Introduction

Lifetime risk of developing breast cancer is approximately 1 in 7 for women in the
Netherlands [1]. Breast-conserving surgery (BCS) has become the preferred therapy
for breast cancer [2]. With BCS, tumor tissue is surgically removed with adequate
margin, followed by adjuvant radiotherapy (RT). Before closing the breast, the sur-
geon embeds five surgical clips in the wound bed for relocation during RT (deep,
superior, inferior, medial, and lateral). Tumor resection with inadequate margins is
associated with an increased risk of disease recurrence [3, 4]. Therefore, the patholo-
gist assesses the specimen histologically after surgery. In case of inadequate margins,
the Dutch guidelines advise a re-excision or additional local RT boost [5, 6].

To limit tissue removal in re-excision or unintended radiation damage in local RT,
an accurate relocation of the inadequate margins is needed for a targeted approach.
Communication of the breast specimen orientation from surgical theatre to pathol-
ogy is essential for accurately relocating the tumor tissue. Current best practice for
communicating breast specimen orientation is to annotate the original anatomical
orientation of the specimen in vivo, by first defining six sides (superficial, deep, supe-
rior, inferior, medial, and lateral) and subsequently labeling three of them, e.g. three
different length stitches [7, 8]. When inadequate margins are found, pathology reports
the location relating to one of these sides.

The highly deformable nature of breast tissue makes it difficult to keep track of the
original anatomical orientation of the surface of both specimen and wound bed during
excision, labeling, and transportation. This can result in disorientation in one in
three cases [8]. Accurate communication of the breast specimen orientation between
operating theatre and pathology can enable targeted therapy and reduce potential
overtreatment [7, 9–11]. In literature only few articles present an alternative breast
specimen orientation method to tackle this problem [12–14]. Intraoperative margin
assessment could also prevent postoperative inadequate margins [15–17]. However,
until this is 100% effective, the breast specimen orientation for relocation purposes
remains relevant.

We propose a new 3D visualization method to communicate the breast specimen
orientation between the pathologist and surgeon. The aim of this visualization is to
instantly provide an intuitive overview of the resection margins and their relation to
the surgical clips on the wound bed. To our best knowledge, only Koivuholma et
al. proposed similar 3D visualization [18]. The resection margins are computed from
histological images. The surgical clip locations are obtained by labeling them on the
specimen during excision, similar to van Lanschot et al. [19]. Unlike the current breast
specimen orientation approach, these surgical clips follow possible deformations of the
wound bed and are thereby not affected by the deformable nature of the breast tissue.
We hypothesize that this approach could improve relocation of inadequate margins
during re-excision and radiotherapy. In this study, we investigated three outcomes:
First, whether the 3D visualization provides an instant intuitive overview; Second, if
the displayed resection margins are realistic; Third, if surgical clip labeling is clinically
feasible.
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4.2 Methods

Study design

Figure 4.1: The adaptation of the study pro-
cedure relative to standard procedure. Dark
blue boxes are overlapping instances, light
blue boxes are only standard procedures and
orange is an adaptation or addition in the
study procedure. Yellow boxes indicate in-
stances where data is extracted for 3D visu-
alization.

In this single-center prospective feasibil-
ity study, we included 15 female patients
planned for breast-conserving surgery
at Deventer Hospital (Deventer, The
Netherlands). As inclusion criteria, the
patients had to be diagnosed with breast
cancer, both invasive or in situ, quali-
fied for breast-conserving surgery, above
the age of 18, and without a history of
surgery in the concerned breast. Pa-
tients meeting these criteria were in-
formed about the study by their treating
healthcare professional of the Deventer
Hospital.
The Medical Ethical Committee “Isala
clinics Zwolle” approved the study pro-
tocol (181105), and we obtained in-
formed consent from each participant
prior to the start of the study.

Study procedure
Surgery Standard hospital procedure
was retained where possible to avoid im-
pact on treatment outcome. However,
to ensure accuracy of labeling the clips
on the specimen, a couple of adaptations
were made relative to the standard pro-
cedure (Fig. 4.1). In the study proce-
dure, the locations of surgical clips on
the wound bed are labeled on the speci-
men with similar surgical clips, referred
to as cliplabels in this article. The surgi-
cal clips and cliplabels were placed dur-
ing incision to ensure accurate mirrored
positions (deep, superior, inferior, me-
dial, and lateral).

Pathology Standard hospital proce-
dure was retained where possible. In ad-
dition to standard inking, the cliplabels
were inked with a yellow dot, because yellow was not yet used (Fig. 4.2). Subse-
quently, the specimen was 3D scanned before slicing the specimen in evenly spaced
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Figure 4.2: Breast specimen after inking with cliplabels inked yellow.

slices. In case tumor tissue was not palpable or macroscopic visible, the slices were
sent to radiology for a 2D specimen radiograph.

3D visualization method
Data acquisition The 3D visualization method requires three input variables,
which were acquired during pathologic assessment (Fig 4.1): 1) A 3D model of the
specimen, which was acquired with a 3D camera after inking to include the colors in
the 3D model; 2) An overview image of the slices including annotations where the
slices were cut to fit the microscope glass; 3) A collection of digital histological im-
ages with tumor tissue annotated by the pathologist. Only tumor tissue that resides
within a margin of 10 mm from the edge was annotated.
For the 3D scanning setup, we used an Intelr RealSenseTM D435 depth camera
(Intel Corporation, Santa Clara, California, US), with RecFusion software (ImFusion
Gmbh, Munich, Germany). This setup was selected because it is small, portable,
inexpensive, and deals well with reflective surfaces. We mounted the camera in a
portable custom setup with a transparent turntable (Fig. 4.3). Specimens were 3D
scanned by slowly rotating the turntable, always starting with the superficial side up
and superior side towards the camera mount. The resulting 3D image was processed
in Meshmixer (Autodesk, San Rafael, CA, USA) to remove noise and to create a
solid 3D model. Subsequently, the yellow ink was intensified with the painting tool
in Meshlab (Visual Computing Lab, Pisa, Italy). Slice overview images, already
taken in standard procedure, were also exported. Digital histological images were
annotated by the pathologist using the highlighter function in the Microsoft snipping
tool. The background was removed in the slice overview image and the histological
images using Photoshop CS5 (Adobe Systems, San Jose, CA) before continuing with
the image processing tool.

Image processing Our goal was to visualize the resection margin on the surface
of the 3D model relative to the location of the cliplabels and thereby surgical clips



4

72

Figure 4.3: The 3D imaging setup. Blue circle: The 3D camera. Red circle: the transparent
turntable where the specimen is placed.

on the wound bed. To acquire this visualization, the locations of the cliplabels were
manually annotated on the 3D model. Moreover, the location of tumor tissue in
the histologic image must be translated to this 3D model. After this translation,
the distance between the tumor tissue and the surface of the 3D model (resection
margin) can be computed and visualized. The steps to accomplish this are displayed
in Fig. 4.4 and processed using our custom program developed in MATLAB (The
MathWorks, Natick, MA) [20].

Outcome measures

1: Instant and intuitive 3D visualization The 3D visualizations were clinically
assessed for face validity by pathologists and surgeons separately. Face validity was
defined as its ability to clarify the orientation of tumor data in the specimen translated
in a score of ‘+ +’ (Greatly clarifies the orientation),‘+’, ‘+/-’ (Neutral: nor clarifying,
nor disorienting), ‘-’, or ‘- -’ (Causes additional disorientation).

2: Resection margin evaluation The histologic resection margins from patho-
logic assessment were compared to the respective resection margins computed from
the 3D model. In contrast to the histologic resection margins, the resection margins
from the 3D model are not restricted to the 2D plane of the histologic images. For
proper comparison, the resection margins from the 3D model are computed in two
ways: unrestricted considering all directions, called the 3D margin; and within the
same 2D plane as pathologic margin assessment, called the 2D margin. For every
resection margin, the minimal distance and anatomical orientation are documented.
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Figure 4.4: The different steps to acquire the 3D visualization. 1) The number of slices
was determined from the slice overview image. 2) The 3D model was digitally sliced into
equally sized slices. 3) The cliplabels were labeled based on the yellow inking corresponding
to their anatomical orientation during surgery. 4) The tumor tissue from the histologic
image is translated to the 3D model in three consecutive steps (4 a, b & c), which are
repeated for every annotated histologic image. 4a) The tumor tissue is digitally delineated
in the histologic image. 4b) The delineated image is registered to the respective part in the
slice overview image. 4c) The slice from this overview image is registered to the respective
digital slice of the 3D model. Registration is performed through a deformable, affine, and
B-spline grid-based technique [21]. 5) The smallest distance of each point on the surface of
the 3D model to the registered tumor was calculated using the Hausdorff metric, generating
a distance map. This distance map was visualized in color, but transparent, to show the
cliplabels and tumor inside the model as well.
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Our primary objective is to validate found margins by the 3D model by comparing the
2D margins with histologic margins. Our secondary objective is to study the effects
of computing the unrestricted 3D margins, as the unrestricted 3D margins should
theoretically provide a more realistic representation of the resection margin.

3: Feasibility of surgical clip labeling We assessed the feasibility to accurately
translate the location of the surgical clips on the wound bed to the 3D visualization.
Feasibility was determined based on observations during surgery and pathological
analysis, i.e. which problems arose and where the study procedure had to be altered.

4.3 Results

Patient demographics
Characteristics of the 15 participants are shown in table 4.1. Two participants (#6
and 12) had a combination of invasive ductal carcinoma (IDC) and ductal carcinoma
in situ (DCIS). Pathologic assessment within two other participants (#5 and 13)
showed a resection margin larger than 10 mm and these participants were therefore
not annotated, processed, and visualized.

Outcome measure 1: Instant and intuitive 3D visualization
For all cases with a resection margin <10 mm, a 3D visualization was successfully
reconstructed (Fig. 4.5). For the best impression of the results, we refer to the version
in GIF format, which can be found in Appendix B of the digital version of this thesis.
For the 13 cases, face validity was assessed by the surgeon as ‘++’ in 4 cases, ‘+’ in 7
cases, and ‘+/-‘ in 1 case, and assessed by the pathologist as ‘+’ in 6 cases and ‘+/-‘
in 7 cases.

Outcome measure 2: Resection margin evaluation
Table 4.2 shows the margins found by the pathologist as compared to the margins
computed from the 3D model. The mean absolute difference between the distance
found by the pathologist and the distance computed from the 2D plane in the 3D
model was 1.1 mm. The maximal difference between the distance computed from the
3D model in 3D and in the 2D plane was 2.7 mm.
For all cases with a resection margin <10 mm, a 3D visualization was successfully
reconstructed (Fig. 4.5). For the best impression of the results, we refer to the version
in GIF format, which can be found in Appendix B of the digital version of this thesis.
For the 13 cases, face validity was assessed by the surgeon as ‘++’ in 4 cases, ‘+’ in 7
cases, and ‘+/-‘ in 1 case, and assessed by the pathologist as ‘+’ in 6 cases and ‘+/-‘
in 7 cases.

Outcome measure 3: Feasibility of surgical clip labeling
Surgery In 7 out of the 15 cases, the exact study procedure was followed. In more
challenging cases, the surgeon chose to embed the clips and cliplabels after excision,
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Table 4.1: Patient demographics.

# age tumor type TNM
classification

location side

1 74 IDC gr. I cT1N0 UOQ L
2 54 DCIS gr. II UOQ R
3 71 DCIS gr. II UIQ R
4 52 IDC gr. II cT2N0 UOQ L
5 62 LCIS (Pleomorphic) Central L
6 53 IDC gr. III + DCIS gr. III cT1N0 LIQ R
7 59 ILC gr. II cT2N0 LIQ L
8 86 IDC gr. II cT2N0 UOQ R
9 61 IDC gr. I (Mucinous) cT1N0 Inner half L

10 65 IDC gr. I cT1N0 UOQ+Upper half R
11 71 IDC gr. II cT2N0 UOQ L
12 57 IDC gr I + DCIS gr. II UOQ+LOQ R
13 51 IDC gr. II cT2N0 Central L
14 69 ILC gr. II cT2N0 UOQ R
15 55 DCIS gr. II LIQ L
Note: IDC = Invasive ductal carcinoma; ILC = Invasive lobular carcinoma; DCIS = Ductal
carcinoma in situ; LCIS = Lobular carcinoma in situ; UOQ = upper outer quadrant; UIQ
= upper inner quadrant; LIQ = lower inner quadrant; LOQ = lower outer quadrant.

outside the body, to reduce the risk of inadequate margins. In five cases (#8, 9, 10,
14, and 15) all cliplabels and clips were placed after excision and in three cases (#2,
12 and 13) some were placed during and others after excision. The surgeons estimated
the extra time required for clip placement to be less than five minutes.

Pathology All specimens were subsequently processed at the department of pathol-
ogy according to the study procedure. The located clips were inked yellow which was
well identifiable in the histologic images. However, not all cliplabels could be re-
trieved. In five cases (#1, 3, 7, 11 and 14) the respective lateral, lateral, inferior,
medial or deep cliplabel appeared missing. In cases 3 and 7, the medial cliplabels
appeared double as two were situated in close proximity to each other at the medial
side of the specimen. In case of a missing or double cliplabel, identifying the matching
surgical clip in the wound bed was challenging. Tumor delineation by the pathologist
required five to ten minutes.
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Figure 4.5: Example of 3D visualizations of case 4 (A) and 15 (B). Top two pictures
show the annotated slice overview images and the bottom two a representation of the 3D
visualization of respective cases.

4.4 Discussion

Summary
In this article, we present a novel breast specimen orientation approach with 3D
visualization in a small cohort. The goal was to test feasibility and evaluate to what
extent the 3D visualization supports the relocation of inadequate resection margins.
In this novel approach, the surgical clips embedded in the wound bed were also labeled
on the specimen. Histologic findings were subsequently reported relative to the clips,
instead of relative to the original anatomical orientation in vivo. We evaluated the
feasibility through three outcome measures.

Interpretation results

Outcome measure 1: Instant and intuitive 3D visualization For outcome
measure 1, a pathologist (RS) and surgeon (HT) scored the face validity of the 3D
visualizations for intuitivity. These scores suggest the 3D visualizations are predom-
inantly of added value for the surgeons. Experienced pathologists are trained to
mentally generate a 3D perspective of the resection margins similar to the 3D vi-
sualization, termed spatial cognition [22]. IIt neither improves nor confuses the 3D
perspective of the pathologist. Hence, the pathologist’s face validity score ranges
from ‘+/-’ to ‘+’. On the other hand, communicating this 3D perspective of the
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Table 4.2: Resection margins determined from the 3D model and from pathology.

Case 3D Distance
[mm]

2D Distance
[mm]

Pathology
[mm]

Difference
[mm]

1 7.5 8.1 superficial 9 superficial -0.9
2 5.6 5.6 deep 8 deep/superficial -2.4
3 0 0.1 superficial, medial, inferior, 0 superficial 0.1
4 6.4 6.4 deep 4 deep 2.4
5 - - >10 deep -

6 0.7 3.4 superficial/ medial
<1 superficial; 2 medial;
4 deep; 6 superior;
CIS 4 superficial

2.4 to 3.4

7 3.8 3.8 inferior/deep 2 inferior/superficial; 3 deep 1.8
8 1.3 1.4 superior 2 deep; 4 superficial -0.6
9 1.8 1.8 superficial 1.2 superficial 0.6

10 4.1 4.5 lateral/deep 4 deep 0.5
11 0.8 0.8 inferior/deep 2 deep -1.2
12 0.1 0.1 superior/superficial, 0.3 deep 4 superficial; CIS <1 deep 0
13 - - >10 inferior/superficial -
14 2.2 2.2 deep 2 deep; 5 superficial 0.2

15 0.2 0.3 medial, 0.2 deep 0 medial, deep/superficial;
<1 inferior

0

resection margin to interdisciplinary colleagues is challenging and the visualization
method might be helpful for this purpose. Therefore, pathologists might welcome the
3D visualization for the interdisciplinary communication of their 3D perspective.
In all cases, the 3D visualization provided the surgeon with a 3D perspective of the
resection margin in the specimen on a level that couldn’t be obtained from conven-
tional reports. The scores ‘+/-’ to ‘++’ were primarily based on the specific case. The
3D visualization was extremely helpful (‘++’) in cases where the minimal resection
margin was situated close to a cliplabel, or in a direct line between two cliplabels,
which enables easy relocating in case of re-excision. We hypothesize that the 3D
visualization becomes less effective when the cliplabels are situated further from the
resection margin, since the uncertainty of the inadequate margin location would be
larger, which might be the underlying factor for the difference in scores.

Outcome measure 2: Resection margin evaluation We compared the histo-
logic margins to both the 2D and 3D margins computed from the 3D model. The
found differences can possibly be attributed to rounding errors to whole numbers by
pathology, or the occurrences that the specimen is a bit squeezed during slicing, re-
sulting in a smaller histologic resection margin superficial and deep and vice versa
for the rest. Moreover, some cases contained tears in the histologic slice, which could
not be digitally repaired, overestimating the margin. The largest difference of 3 mm
can be attributed to the fact that pathologic assessment was not determined in the
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2D plane of the histologic slice, but perpendicular to it as it was the most outer slice
of the specimen. Here, the unrestricted 3D visualization resection margin is close to
the histologic margin. This highlights the added value of the ability to determine the
resection margin in all directions. A mean difference of around 1 mm for the reported
resection margin between pathologic assessment and the 2D plane from the 3D visu-
alization is within expected range since the pathologist rounds the numbers to whole
diameters. Given that the deformations during slicing could be partially responsible
for the differences, the results suggest that our 3D visualization is rather accurate.

Outcome measure 3: Feasibility of surgical clip labeling For outcome mea-
sure 3, we investigated the feasibility of this clip-based approach for breast specimen
orientation. The approach has the potential to directly link the histologic findings
to the wound bed surface. However, for this approach to work, the locations of the
cliplabels on the specimen have to correlate directly to the locations of the clips on
the wound bed. Some problems were observed during the course of this study. First,
in a selection of cases, the surgeon chose to place a part of the clips and cliplabels
ex vivo directly after excision, which possibly distorts the correlation between both
locations. We suspect that sufficient training and experience overcomes this prob-
lem, but the presence of this learning curve does complicate broad implementation.
Second, we observed in two cases (#3 and 7) that two cliplabels were situated very
close to each other. We suspect that in these cases the surgeon chose to increase the
margin around the tumor, resulting in both the clip and the cliplabel being located on
the specimen. Third, a cliplabel appeared missing in several cases. Multiple reasons
can contribute to a missing cliplabel: 1) The surgeon chose to decrease the margin,
meaning the cliplabel is embedded in the wound bed; 2) A cliplabel detached during
excision; 3) A cliplabel gets enveloped by the specimen tissue, in which case the label
was later found during slicing. Originally, anatomical orientations were assigned to
each clip at pathology. This proved to be difficult when a clip (with unknown ori-
entation) was missing or appeared double. For future research, we are looking for a
more robust approach to prevent these problems [8]. At last, the procedure required
extra time from both medical specialists, especially the pathologist. In daily practice
the pathologist would only have to use this method in difficult cases with inadequate
margins, which decreases the overall time-burden on the pathologist.

Strengths and limitations
Research design The strengths of our study design are: 1) it is a prospective
study; 2) multiple types of cancers (DCIS, LCIS, IDC and ILC) were included,; 3)
both multiple quantitative and qualitative outcomes were measured; and 4) multiple
surgeons participated, suggesting the results are more generalizable towards other
hospitals. A limitation was we were not able to test the method with a re-excision.

Research setup The strengths of the research setup were: 1) an affordable 3D
camera that handles wet and reflective surfaces well; and 2) a compact and mobile
turntable setup to capture the 3D model of the specimen, which allowed coloring of
the clips to mark them as well. Limitations were: 1) the relatively low detail of the
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camera (1 mm) leading to a smoothed 3D model; 2) the turntable setup left the bottom
of the specimen uncaptured; 3) the procedure was time-consuming and laborious; 4)
missing data points such as disappeared clips, or teared histologic images; 5) digital
slicing was equally distributed over the specimen and not based on the real thickness
of each slice; and 6) the deformable registration algorithm did not account for varying
stiffness of different tissue types within the specimen.
There were two comparable studies, one about the label-based relocation approach
[19], and one describing a 3D visualization method of the specimen [18]. First, the
study by van Lanschot et al. demonstrated a label-based relocation approach dur-
ing oral cavity oncology surgery. The main difference with our approach was, aside
from the specimen type, that they performed an intraoperative margin assessment.
Therefore, they were able to number the labels and remove them before closing the
wound. Second, the study by Koivulhoma et al. presented a 3D visualisation method
of a tongue specimen including histology. Besides specimen type, there were several
differences with our setup. First, their scanning method needed optic spray to handle
wet reflective surfaces. Second, they implemented a net to capture the bottom of the
specimen, where we employed a transparent turntable. Third, their method can cope
with slices in multiple directions, where our method assumes parallel slicing, which is
the standard at our pathology department. Fourth, they interpolated between tumor
slices to create one solid tumor, where we chose not to, because multiple solids (DCIS)
can be present and interpolation could result in a misrepresentation of tumor tissue.
Last, their method did not provide an estimation of the resection margins.

Future perspectives

Further research should be directed at improving the clip labeling technique or finding
an alternative to link the location in the histologic margins to in-vivo wound bed
surface. The 3D visualization proved useful despite unsuccessful cliplabel placement.
Accurate relocation of inadequate margins is only feasible when the cliplabels are an
exact representation of the surgical clips embedded in the wound bed.
When an accurate clip labeling technique is available and validated, it is interesting
to extract the geodesic distance between clips and inadequate margin. The geodesic
distance is the shortest distance following the curvature of the specimens’ surface,
which represents the maximum distance between the potential inadequate margin and
the concerning clip. In addition to which clips are in the proximity of the resection
margin for re-excision, the surgeon also acquires the geodesic distance from each clip
with this method.
These distances could prove even more beneficial in radiotherapy, where it could
indicate the area at risk for residual tumor. In radiotherapy, the geodesic distances
can be interpreted as radius for a spherical area around each clip. Where these spheres
overlap can be considered as the area at risk. Tissue rearrangement and oncoplasty
will not influence relocation, because the clips move along with the wound bed if they
do not detach. A follow-up study investigating detachment and retrievability of the
clips could shed light on this part.
Although it is out of the scope of this article, the algorithm to compute the geodesic
distance is developed [20]. Although not accurate due to suboptimal clip labeling
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discussed in outcome measure 1, the distances were plotted on the 3D visualizations
to provide visual understanding (see Appendix B of the digital version of this thesis).
An alternative strategy for follow-up research is to focus solely on the 3D visualization
benefits and disregard the cliplabels, as the 3D visualization provides an intuitive
3D perspective in interdisciplinary communications. For example, a CT scan of the
specimen can function as an alternative to the 3D imaging setup. A CT scan provides
interior information, which can be linked to histology or pre-operative imaging, at the
cost of higher expenses. By combining both methods, we could, in theory, achieve
higher registration and visualization performance.
As mentioned in the introduction, an efficient method to avoid inadequate margins is
through intraoperative margin assessment. However, for as long pathologic assessment
remains necessary, research for improved breast specimen orientation methods remains
relevant.

4.5 Conclusion

In this article, we presented a novel 3D visualization method to communicate the
breast specimen orientation with respect to resection margins. While relocating in-
adequate resection margins in vivo based on the cliplables was not feasible, as con-
sistent accurate surgical clip labelling proved challenging, the visualization method
appeared valuable in interdisciplinary communications. The 3D resection margins
approximated or might even improve the reported margins of the pathologist.
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Abstract

Purpose: The limited cranial skin covering auricular implants is an important yet
underrated factor in auricular reconstruction, for both reconstruction surgery and
tissue engineering strategies.
Methods: We report exact measurements on skin deficiency in microtia patients
and propose an accessible pre-operative method for these measurements. Plaster
ear models (n = 11; M:F = 2:1) of lobulartype microtia patients admitted to the
University Medical Center Utrecht in The Netherlands were scanned using a micro-
CT or a cone-beam CT. The resulting images were converted into mesh models from
which the surface area could be calculated.
Results: The mean total skin area of an adult-size healthy ear was 47.3 cm2, with
49.0 cm2 in men and 44.3 cm2 in women. Microtia ears average 14.5 cm2, with 15.6
cm2 in men and 12.6 cm2 in women. The amount of skin deficiency was 25.4 cm2,
with 26.7 cm2 in men and 23.1 cm2 in women.
Conclusion: This study proposes a novel method to provide quantitative data on
the skin surface area of the healthy adult auricle and the amount of skin deficiency in
microtia patients. We demonstrate that the microtia ear has <50 % of skin available
compared to healthy ears. Limited skin availability in microtia patients can lead to
healing problems after auricular reconstruction and poses a significant challenge in
the development of tissue engineered cartilage implants. The results of this study
could be used to evaluate outcomes and investigate new techniques with regard to
tissue-engineered auricular constructs.
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5.1 Introduction

Microtia is a congenital malformation of the external ear, characterized by under-
development of the auricle, ranging from a slight reduction in size to a peanut-like
lobular structure or its complete absence [1–3]. The prevalence of microtia depends
on ethnicity and region, with an overall prevalence of 1.55 per 10,000 births (CI
1.50-1.60), and with lobular-type microtia being the most frequent type [2]. Associ-
ated craniofacial abnormalities include auditory canal atresia, middle ear dysplasia,
mandibular hypoplasia, facial cleft or facial asymmetry [1, 4].

There are various options for the treatment of microtia, including osseointegrated
prostheses and alloplastic implants such as Medporr [5–9]. Currently, surgical recon-
struction of the auricle using autologous costal cartilage is most often performed [10–
14]. The carved framework is in fact considerably thicker and less pliable than natural
cartilage in order to maintain shape and detail of the implant when covered with the
thick cranial skin. The skin poses some important but often overlooked challenges in
auricular reconstruction, among which limited skin availability and contractive forces
on the implant [14–16].

The skin is a highly viscoelastic tissue and therefore has high mechanical restraining
capabilities [17, 18]. Elastin and collagen are among the structural components en-
suring tensile strength and extensibility. With increasing strain, the skin off ers more
resistance and presses the underlying material. These contraction forces may lead to
healing problems following auricular reconstruction [15, 16]. This is especially evident
in microtia patients, who may have only limited skin available [8].

The same problem arises in regenerative approaches for engineering an auricular im-
plant. Although many advances have been achieved in ear-shaped cartilage regener-
ation, a major challenge is the maintenance of size and shape of the relatively large
complex-shaped three-dimensional (3D) construct after implantation. The covering
skin applies a great deal of pressure on the neocartilage implant, which initially lacks
adequate mechanical stability to withstand such forces. With less skin available, these
forces will increasingly hamper the development of the auricular construct [12].

To generate sufficient skin coverage of the implanted framework, in auricular recon-
struction, tissue expansion, flap transposition and skin grafts can be utilized [14, 19,
20]. There is very Iimited information in the literature on the actual amount of skin in
the normal ear. Yazar et al. calculated the area of skin covering the healthy human
auricle in a Turkish population [21]. More relevantly, no data is available on skin
surface area of microtia ears, leaving the shortage of skin that must be compensated
for with e.g. skin grafting an educated guess.

This retrospective study addresses these issues and provides quantitative data on skin
surface area of both healthy and microtia ears in humans, with specific interest in the
amount of missing skin for adequate coverage of an auricular implant. In addition, we
present an accessible method to assess skin requirements pre-operatively in patients
with auricular deformations. Moreover, this method may be especially interesting
as an evaluation tool for size evaluation after reconstruction or analysis of a tissue-
engineered auricular implant.
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5.2 Materials & methods

Patient demographics

Plaster ear models of microtia patients admitted to the University Medical Center
Utrecht (UMCU), the Netherlands, have been collected between 1999 and 2005. Mi-
crotia ears of the lobular type were selected for this study and compared to their
contralateral normal counterparts. The lower age limit of 9 years was chosen based
on the age at which the majority of auricular reconstructions are performed [11], coin-
ciding with the average age of maturity of the ear [22, 23]. All procedures performed in
the study involving human participants were in accordance with the ethical standards
of the institutional research committee and with the 1964 Helsinki Declaration and
its later amendments or comparable ethical standards. Because of anonymous plaster
model analysis, the institutional review committee required no ethical approval or
informed consent.

Computed tomography scanning of plaster ear models

Plaster models were scanned using a micro-computed tomography scanner (µCT;
Quantum FX, Perkin Elmer, USA; tube voltage 90 kV; tube current 180 µA; scan
time of 17 seconds; voxel size of 0.146 x 0.146 x 0.146 mm3) or a cone-beam computed
tomography scanner (CBCT; Next Generation, i-Cat; voxel size of 0.250 x 0.250 x
0.250 mm3) depending on the size of the models. The CBCT scanner yielded DICOM
(Digital Imaging and Communication in Medicine) images. The images from the µCT
were converted into DICOM files as well using Analyze 11.0 (MayoClinic, USA).

Creation of digital 3D models

Volumetric data of the plaster models were extracted from the scans with Matlab
R2013a (The Mathworks Inc., USA) using a threshold technique, which defines the
volumetric data as every pixel above a certain threshold value. The isosurface, i.e.
the three-dimensional surface that represents the points of the constant value, was
subsequently computed from the volumetric data and exported into STL-files, known
as mesh models. A mesh model is a representation of the surface of the original
plaster model. They are made up of small connecting triangles (faces), defined by
coordinates in a three-dimensional grid (vertices). Each face has its own surface area
and the accumulated areas of all faces will provide an accurate measurement of the
surface are of the plaster model (Fig. 5.1).

Surface area calculation

The surface area calculation was subsequently performed using MeshLab (Visual Com-
puting Lab, Italy), which is a 3D mesh processing system. By computing the geomet-
ric measures, a surface in square millimeters (mm2) was obtained. The calculation
for the auricular surface area itself differs from the calculation of the skin deficiency,
as these require deficiency area boundaries of the models.
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Figure 5.1: Mesh model based on CT scan of the auricular plaster model. The surface of
the original model is represented by small connecting triangles (faces), which all have their
own surface area. Accumulation of these areas provides an accurate measurement of the
total surface area of the model.

Determination of the auricular surface area The first objective of this study
is to determine the exact auricular surface area. Therefore, the boundaries of the
area included in the calculations were set at the curvature where the auricle joins the
cranium. The external ear, including the lobe, was subsequently cut out at its base
by means of a drawing tool (Fig. 5.2). This approach will be referred to as the ’base
method’ throughout this chapter.

Determination of the amount of skin deficiency in microtia ears The second
objective is to determine the amount of skin deficiency for auricular reconstruction
in microtia patients. The difference between the surface area of the healthy ear and
the microtia ear equals the amount of skin missing to cover an implant with the same
surface as the healthy contralateral ear. However, because of the differences in shape,
there is a discrepancy in base areas of the healthy ear and the microtia ear. Therefore,
a fixed domain around both ears was selected (Fig. 5.3) in order to eliminate such
confounding factors. Comparison of identical domains will allow objective calculation
of the difference in skin surface areas, and thus the determination of the amount of
skin deficiency. This approach will be referred to as the ’fixed method’.

Statistical analysis

Calculations of the mean and standard deviation (SD) of the surface area were per-
formed using Microsoft Excel (Microsoft Corporation, USA). In order to evaluate the
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Figure 5.2: ’Base method’ for calculation of auricular surface area. Boundaries used in
the base method, where the ear model is cut out at its base for calculation of the auricular
surface area of the healthy adult ear.

Figure 5.3: ’Fixed method’ for calculation of differences between ears. Boundaries used in
the fixed method, where a fixed domain around the respective ears enables quantification of
skin deficiency.
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Table 5.1: Mean skin surface area of the healthy and the microtia ear. Using the base
method, where the auricle was cut out at its base, the exact auricular surface area was
determined.

Healthy ear (cm2) Microtia ear (cm2)

Male (n = 7) 49.0 (SD: 4.7) 15.6 (SD: 4.7)
Female (n = 4) 44.2 (SD: 1.6) 12.6 (SD: 1.9)
Overall (n=11) 47.3 (SD: 4.4) 14.5 (SD: 4.1)

validity of our method, the results were compared to the only comparable study [21].
Difference significance in comparison to this previous study was calculated using a
Welch t-test in GraphPad (GraphPad Software, USA). Difference significance between
women and men was calculated using the Mann Whitney u-test in SPSS (IBM, USA).
A significant difference was defined as p < 0.05.

5.3 Results

Patient demographics
Eleven patients with lobular-type microtia were included in this retrospective study
(M:F = 2:1). Patients were between 9 and 52 years old at the time of the first
reconstruction surgery, with a mean of 26 years and a median of 22 years (male:
mean 27 years, median 22 years; female: mean 24 years, median 20 years).

Surface area of the auricle
The exact auricular surface area of a healthy adult-size human ear, as determined
using the base method, was calculated to be 47.3 cm2 (SD 4.4) overall, where men
generally had larger ears (49.0 cm2, SD 4.7) than women (44.2 cm2, SD 1.6; p =
0.073; Table 5.1). Using this same method, microtia ears average 14.5 cm2 (SD 4.0),
with 15.6 cm2 (SD 4.7) in men and 12.6 cm2 (SD 1.9) in women (p = 0.412; Table
5.1).

Amount of skin deficiency in microtia ears
The difference between the surface area of the healthy ear and the microtia ear, as
calculated using the fixed method, can be interpreted as the amount of skin missing
to cover the auricular implant. The mean skin deficiency was 25.4 cm2 (SD 4.6), with
26.7 cm2 in men (SD 4.6) and 23.1 cm2 in women (SD 4.1; p = 0.315; Table 5.2).

5.4 Discussion

Limited skin availability in microtia patients proves to be a problem in both surgical
and regenerative medicine approaches for the reconstruction of the auricle. Skin
expansion and skin grafting solutions are currently used to generate sufficient skin
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Table 5.2: Mean difference in skin surface area between healthy and microtia ear, as
calculated using the fixed method. By selecting a fixed domain around both ears, an objective
calculation of the difference in surface area was obtained. This difference can be interpreted
as the amount of skin deficiency on the microtia side compared to the healthy ear.

Difference (cm2) Deficiency (%)

Male (n = 7) 26.7 (SD: 4.6) 54.5
Female (n = 4) 23.1 (SD: 4.1) 52.3
Overall (n=11) 25.4 (SD: 4.6) 53.1

coverage of the reconstructed implant, yet the actual amount of skin required for
an implant to be adequately covered remains an educated guess. Meanwhile, novel
tissue-engineering approaches to reconstruct the auricle are hampered in several ways
[12]. One of the main problems is that the construct does not keep its shape under
the tight skin envelope [16]. Although we fully agree that mechanical properties of
the tissue-engineered auricle should also be investigated [24], it seems imperative to
objectively assess the amount of skin deficiency in the microtia patient.
This retrospective study used 3D scan images to calculate auricular surface area.
The results indicate that the healthy human adult-size auricle averages 47.3 cm2

overall, with 49.0 cm2 in men and 44.3 cm2 in women in our patient population.
These numbers are comparable to a similar study conducted by Yazar et al. (2013)
[21]. Their study involved a technique based on measuring cut-out silicone impression
models, conducted on a population of adult Turkish men and women. The skin
area calculated using this technique was also determined with boundaries set at the
curvature from auricle to skull, and by adding the mean anterior and posterior surface
areas the data could be compared to the current study. The male population in the
study by Yazar et al. (2013) exhibited a total skin surface area of 51.4 cm2 (p = 0.23),
whereas woman had quite smaller ears with 41.0 cm2 (p = 0.03), averaging 46.3 cm2

overall (p = 0.51) [21]. Overall, the auricular surface areas in both studies do not
diff er significantly, as expected. The significant difference in the female Turkish
population may be explained by the small subject group in our study, or possibly an
ethnical effect [25].
Calculating the exact auricular skin surface area and subsequently the amount of skin
deficiency contributes to the general knowledge on the properties of the healthy adult
auricle and may aid surgeons pre-operatively. The method we propose here to calcu-
late the auricular surface area yields similar results as a previous study [21]. However,
this base method is not appropriate for determining the amount of skin deficiency on
the microtia side, as it does not take into account differences in the area where the
auricle joins the skull, and there is a discrepancy in this base-area between microtia
and healthy ears. In addition, the determination of the base borders is rather subjec-
tive, and even more challenging to define in an underdeveloped auricular structure.
A more objective way to calculate the difference in skin area between the healthy
and the microtia ear, as proposed in the current study, is by using a fixed border
around both ears, which enables comparison between two identical domains. The
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subsequently calculated difference in surface area can be interpreted as the amount
of skin missing for adequate coverage of a reconstructed auricular implant. Following
this fixed method, our study indicates an average shortage of 25.4 cm2 overall, with
26.7 cm2 in men and 23.1 cm2 in women. These numbers indicate a skin deficiency
on the microtia side of more than 50 %.
The mechanical properties of the skin enable it to off er more resistance with increas-
ing strain [18]. Stretching the skin over an auricular implant places increasing forces
on the underlying material. The findings of this study indicate that there is a signif-
icant deficiency of skin on the microtia side, making the influence of the mechanical
properties of the skin on the auricular implant a factor that should not be ignored in
clinical practice. In regenerative medicine approaches, the contractive forces of the
skin play an especially important yet often overlooked role as well. Previous experi-
ments are mostly performed in murine models with relatively loose skin [16], contrary
to the thick and stiff human cranial skin [18]. In microtia patients, where there is a
loss of skin over the ear and mastoid area, the contractive forces will be even stronger.
Tissue-engineered constructs may not be able to maintain their shape in the tight skin
envelope in these patients. Providing extra skin through e.g. tissue expansion may
be imperative to a successful tissue- engineered implant. This study could provide
an impetus for further research on regenerative medicine approaches to microtia and
auricular reconstruction.
We have presented a reliable and simple method for the calculation of skin deficiency
in microtia patients, one that is less time-consuming and labor-intensive than the
method proposed in a previous study [21]. We believe that our method can easily be
applied in clinical practice in preparation of auricular reconstruction or for evaluating
post-reconstruction aesthetic outcomes, yet it may be even more interesting as an
evaluation tool for size preservation of large and complex shaped tissue-engineered
constructs.
Although in this study only lobular-type microtia patients were included, this method
can potentially be applied to all types of auricular deformation. Scanning plaster
models casted from the patient relieves the diagnostic burden on the patient and
obviates radiation exposure. In the future, handheld 3D laser scanners may make
the process even easier [26]. The presence of small bubbles in the plaster and cotton
wads in the ear canal are of little importance in the measurements, as these may only
influence the results at square millimeter level. One limitation of the current study is
the use of two different types of CT scanners and the subjective determination of the
boundaries of the base of the ear. Nevertheless, the difference in resolution between
the two scanners is only marginal, and the potential fluctuations arising from the
above factors are on a negligible square millimeter scope.

5.5 Conclusion

This retrospective study is one of two studies looking at the area of skin covering
the auricle. It determined the exact skin surface area of the healthy human auri-
cle and proposed a new method by which accurate calculation of the skin deficit in
microtia patients can be achieved. This method could aid reconstructive surgery in
clinical practice. Our study demonstrates that microtia patients have a deficiency
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of more than 50 % when compared to the healthy ear. Supplementing this amount
of skin one way or another in microtia patients may improve healing after auricular
reconstruction and diminish excessive forces within neocartilage development in en-
gineered constructs. Future studies should be performed to evaluate the use of this
method to analyze aesthetic results after ear reconstruction or the usage during clin-
ical practice, e.g. to determine the size of the skin graft during the second stage of
ear reconstruction.
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Abstract

Background: In total knee arthroplasty (TKA) a flexible intramedullary rod can
be used to account for sagittal bowing of the distal femur. Although patients report
better postoperative functional outcome when the flexible rod is used, it has not been
studied how the use of the flexible rod affects the placement of the femur component
TKA and how this relates to activities of daily living such as stairclimbing, and rising
from a chair. It is expected that the use of the flexible rod will result in an overall more
flexed femoral component, a larger patellar tendon moment arm, and consequently in
better functional outcome. The goal of this study is to compare the flexible rod to the
standard intramedullary rod in primary TKA in terms of fit of the TKA, functional
outcome of ADL, and sizing of the femoral component.
Methods: A single-blind randomized controlled trial with two groups (flexible vs
standard rod), with the patients blinded for group allocation, and follow-up until
two years postoperative. The fit of the TKA is quantified in two parameters: 1)
the flexion angle of the TKA in the sagittal plane, and 2) the sagittal profile of the
distal femur compared between preoperative bone and the TKA. Both parameters are
calculated in 3D volume images obtained using fluoroscopy. Functional outcome will
be measured using: 1) the timed Get-up and Go test; 2) the stair climbing test; 3)
knee power output; and 4) patient and clinician reported outcomes. Cartilage is not
visible in the 3D volumes, therefore during the TKA procedure different parameters
will be measured to account for this, and also to study if the amount of bone removed
during the procedure is affected by group allocation.
Discussion: The sagittal fit of TKA is not a standardized outcome measure. We
discuss our choice of parameters to define the sagittal fit (i.e. flexion angle and
sagittal profile), our choice for the parameters we measure during the TKA procedure
to account for the lack of cartilage thickness in fluoroscopy, and our choice for the
parameters to study if the amount of bone removed during the procedure is affected
by group allocation. Lastly, we discuss the merits of this planned trial.

Netherlands Trial Register, 4888, registered 30 March 2015:
https://www.trialregister.nl/trial/4888
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6.1 Introduction

Total knee arthroplasty (TKA) is a cost-effective surgical procedure for degenerative
knee osteoarthritis. Although TKA has good long-term results there are still some
patients with poor long-term results [1]. Also, the good results are not always related
to patient satisfaction and functional outcome [2, 3]. This may be caused by the fact
that the kinematics of the TKA do not properly mimic the kinematics of the natural
knee. Manufacturers of TKAs have addressed this by integrating aspects of natural
knee kinematics into their TKA designs and instruments [4].
One aspect influencing natural knee kinematics is sagittal placement of the femoral
component [5]. The instruments used for alignment of the femoral component are
classically used intramedullary, and implanting the femoral component can be per-
formed either according to the anatomy of the distal femur, ignoring sagittal bowing
of the femur, or according to the longitudinal axis of the femur in the sagittal plane.
The amount of sagittal bowing can differ between individuals, [6], and therefore to
account for sagittal bowing during placement of the femoral component, a flexible
intramedullary rod (flex rod) can be used instead of the standard intramedullary rod
[7].
Up till now, the literature has not been conclusive which of the rods should be used,
and acknowledges the dilemma of implanting the femoral component either according
to the anatomy of the distal femur, or according to the longitudinal axis of the femur
in the sagittal plane, thus ignoring sagittal bowing. The standard rod is still being
considered a safe option. But it is hypothesized that the advantage of the flex rod is
that less bone needs to be removed because the femoral component has a better fit to
the natural anatomy of the distal femur in the sagittal plane. This would lead to more
natural femorotibial kinematics through increasing the patellar tendon moment arm,
and thus the possibility for larger knee power output. This effect has been found in a
modeling study [8], and could potentially lead to better functional outcome in vivo.
Indeed patient reported functional outcome is higher up till two years in patients
operated using the flex rod when compared the standard rod [7]. It is expected that
due to less oversizing in the TKA procedure using the flex rod activities of daily living
(ADL) such as stairclimbing, and rising from a chair can be performed more optimally
[9]. Marra et al. have also shown in their modelling study that less oversizing resulted
in better patellofemoral kinematics during rising from a chair [8]. It is also expected
that with the use of the flex rod, the proper fit of the TKA will result in an overall
smaller size chosen by the surgeon, as has been found in a retrospectively analyzed
cohort and a modelling study [7, 10].

6.2 Methods/Design

Aim

The primary aim of this study is to compare the flex rod with the standard rod
in terms of post-operative sagittal fit of the distal femur. In addition, sizing, and
post-operative functional outcome will be evaluated.



6

104

Design and setting
A single-blind randomized controlled trial with two groups (flex rod vs standard rod),
with the participants blinded for group allocation. Participants will be measured
on five occasions in our outpatient clinic (preoperative, per-operative/postoperative,
three months, one year, and two years postoperative). The study ends after two year
follow-up. The trial has been set up according to CONSORT guidelines [11], and
ethical approval for this study was obtained fromMedisch-ethische toetsingscommissie
Slotervaartziekenhuis en Reade (approval ID P1453).

Participants
Subjects will be selected from the waiting list for patients scheduled for elective TKA
in our hospital. Inclusion and exclusion criteria are shown in table 6.1. Eligible
subjects will be contacted, after their surgeon’s consent, by phone by a research
nurse explaining the study, and when they are interested in participating, the patient
information sheet will be send. Eligible patients are contacted again after a minimum
of one week for verbal consent. Written informed consent is obtained at the first study
contact in our outpatient clinic.

Description of materials
All participants will receive the posterior stabilized model Triathlon (Stryker, Mah-
wah, New Jersey, USA). This model is used to standardize the posterior placement of
the femoral component (in contrast to a cruciate-retaining model), which is expected
to yield differences in the anterior part of the distal femur and therefore differences
in patellofemoral function between the groups.

TKA procedure
The surgical technique is a standardized bone-referenced technique. A tibial bone
cut is made based on the standard extramedullary jig from the system aiming at
resection of 9 mm bone from the unworn lateral side, or 3 mm below a worn medial
compartment. The amount of valgus of the distal cut femur jig is set on the femur
angle measured on hip-knee-ankle radiographs of the individual patient. A special
custom-made aiming device with an offset of 5 mm (for the flex rod) and 10 mm
(for the standard rod) referencing from the intercondylar notch is used to standardize
the entry points of the two rods (Fig. 6.1). Sizing of the femur component is done
with posterior referencing. Standard 3◦ of femoral external rotation is used in these
series. Necessary soft tissue releases are done for gap balancing. A standard patella
resurfacing is done, and the total implant is placed cemented.

Investigational product
For this study the difference between the two groups is the use of the flex rod or
the standard rod during TKA. These rods are used in TKA to position the femoral
component in the correct sagittal orientation (Fig. 6.2). The difference between the
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Figure 6.1: The custom-made aiming device used to standardize the distal entry points of
the two rods. The device has a small cylinder which is placed in the intercondylar notch,
and two holes, all interspaced at 5 mm. The anterior and posterior holes are used to mark
the entry point for the standard rod and flex rod, respectively.

Figure 6.2: The difference between the standard rod (shaded in background) and the flex
rod (clear in foreground) shown in the sagittal view of the distal femur.
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Table 6.1: The inclusion and exclusion criteria of the subjects.

Type Description

Inclusion
criteria

• Patient with non-inflammatory knee osteoarthritis which is
radiologically confirmed and which requires total knee replacement

• Age between 40 and 75 years, inclusive
• Patient plans to be available for follow-up until two years post-operative
• Patient is in stable health and is free of or treated for cardiac, pulmonary,

hematological, or other conditions that would pose excessive operative risk
• Patient has <10◦ fixed (non-correctable) varus

or valgus deformity of the knee

Exclusion
criteria

• Patient has a BMI >35
• Patient’s expected physical activity after surgery is 2 or less on the UCLA

Activity Scale

•
Patient has had previous hip or knee replacement surgery in the last
6 months, or is planned to have a (second) hipor knee replacement in
the next 6-12 months (because of the effect on function)

• Patient has had a previous hip replacement on the affected side
(this may cause for a restriction for the rod placement during surgery)

• Patient has had major, non-arthroscopic surgery to the study knee,
including HTO

• Patient has an active, local infection or systemic infection
• Patient has physical, emotional or neurological conditions that would

compromise compliance with post-operative rehabilitation and follow-up
• Bone stock compromised by disease, infection or prior implantation

which cannot provide adequate support and/or fixation to the prosthesis
• Severe instability of the knee joint secondary to the absence of

collateral ligament integrity and function
• Severe instability of the knee joint due to loss of cartilage reported as

“substance loss”
• Patient has knee flexion >90>
• Patient has fixed flexion deformity >10> (passive extension lag)
• Patient has >30> extension deficit (active restraint to extension)
• Patient does not have a proper functioning patella tendon on the affected

side measured as inability of active extension of the knee
• Patient has quadriceps weakness on the affected side;

score on MRC scale >4
• Patient has rheumatoid arthritis, any auto-immune disorder

or immunosuppressive disorder

two rods is that the flex rod allows for bowing in the sagittal plane, thus following
the natural anatomy of the femur. There are no extra risks involved with use of the
flex rod. Both rods are part of the operating instruments used for placement of the
TKA (Stryker, Mahwah, New Jersey, USA).

Study parameters

The fit of the femoral component is quantified in two parameters: the flexion angle
of the TKA in the sagittal plane (Fig. 6.3), and the sagittal profile at three slices:
medial, lateral, and at level of the trochlea (Fig. 6.4). Both parameters will be
measured in a 3D volume image of the knee, reconstructed from images obtained
with fluoroscopic assessments using the MultiDiagnost Eleva (MDE, Philips, Amster-
dam, The Netherlands). All reconstructions and measurements are performed with
custom-written software using Matlab (The MathWorks, Natick, MA), and results are
exported to a data sheet for analysis.
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Figure 6.3: The flexion angle (θ) of the prosthesis. This angle is measured in the sagittal
plane between the longitudinal bone stub axis (BSA), and the frontal flange (FF). The double
arrows are used for determining the orientation of the BSA. The angle γ between the neutral
line of the femoral component (N) and the BSA is calculated by γ=θ-7◦.

Primary study parameter The flexion angle of the TKA in the sagittal plane
is measured to determine difference in femoral component placement between the
groups. This angle is defined as the angle ‘γ’ between the bone stub axis (BSA) of
the femur [12] and the neutral line of the femoral component of the prosthesis [13]
(Fig. 6.3). Due to artifacts in the fluoroscopic assessment caused by the metal in the
prosthesis, the neutral line is unidentifiable. However, the most anterior plane on the
inside of the femoral component of the prosthesis can be detected in the fluoroscopic
assessment, the frontal flange (Fig. 6.3). Therefore, the angle ‘θ’ between the frontal
flange and the BSA is measured. The angle between the frontal flange and the neutral
line is 97o, thus the formula γ=θ-7◦ can be used for future comparison between
gamma and theta measurements. To obtain the angle ‘θ’, the BSA is aligned with the
vertical y-axis by coronal and sagittal rotating the 3D volume image. Furthermore,
the transversal plane is rotated towards a anatomic orientation to correct any femur
rotation deviations from acquisition. The latter is necessary to be able to compare
different cases. Once the orientation of the femur is standardized within the 3D
volume image, the frontal flange can be manually annotated and compared with the
y-axis, the BSA. For annotation the sagittal slice with most prominent frontal flange
is chosen and too minimize measurement error from manual annotation an average
over 5 iterations is used. We hypothesize that the flexion angle will be larger in the
flex rod group (i.e. better fit to the distal anatomy of the femur, Fig. 6.2).

Secondary study parameters The sagittal profile is calculated as the length of
lines connecting the intersection of the posterior condylar offset of the distal femur in
the sagittal plane (PCOi), and the outer border of either the native femur or femoral
component (Fig. 6.4A). The PCOi must be at the exact same location before and
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Figure 6.4: A) Sagittal contour of the distal femur. The sagittal profile lines are oriented
with between the intersection of the posterior condylar offset(PCOi) and the outer border of
the native bone or femoral component (shown here). For the profile, five lines are plotted:
straight anterior (ANT), anterior at 30◦ (ANT30), straight distal (DIST), posterior at 30◦

(POST30), and straight posterior (POST). B) The orientation of the 3 sagittal slices ofthe
femur where the sagittal profile is calculated: 1) the medial slice; 2) the trochlea slice; and
3) the lateral slice. All slices are orientedperpendicular to the line through the PCOi (see
(A)).

after TKA to allow comparison. For this reason, the 3D volume images from before
and after TKA are aligned using an automatic intensity-based images registration
algorithm in Matlab, based on the shaft of the femur. Furthermore, for constant
measurements the exact same slice has to be selected in every subject. To achieve these
constant measurements we pre-align a random 3D volume image with a prosthesis as
calibration set. The 3D volume images after TKA are aligned with this calibration
set using the same intensity-based image registration algorithm. Subsequently, the
before TKA images are aligned using the same transformation variables.
Due to artefacts in the 3D volume images, the sagittal profile of the trochlea is uniden-
tifiable and sagittal profiles of the condyles are affected. For the best representation
of the sagittal profiles the original designs of the manufacturer are converted in a
3D volume image and added with the pre-aligned calibration set. To avoid image
registration errors a pre-aligned calibration set is created for each prosthesis size.
The sagittal profiles of the native femur and the TKA will be calculated at 3 slices:
(Fig. 6.4B): 1) the slice through the most distal point on the medial condyle, oriented
at 17.1% of the prosthesis width from the medial side, 2) the slice through the trochlea
at the most cranial point of the distal femur, oriented at exactly the middle of the
prosthesis, and 3) the slice through the most distal point on the lateral condyle,
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oriented at 1/4th of the prosthesis width from the lateral side.
One goal of the TKA procedure is restoration of the joint line. This would mean that
the amount of implant material at the medial and lateral condyle in full extension
of the knee is ±1 mm from the native situation (DIST, Fig. 6.4B). A second goal
is restoration of the flexion radius. This is operationalized as the amount of implant
material at straight posterior at 90◦ of knee flexion (POST, Fig. 6.4B) which should
be the same as in the native situation (±1 mm). For mid flexion stability (at 30◦
of knee flexion) it is also important that the amount of implant material equals the
native situation (FLEX30, Fig. 6.4B). Patellofemoral function can be determined at
the trochlear slice. At PCO straight anterior (ANT, Fig. 6.4B) the amount of im-
plant should equal the amount of native bone (±1 mm). When the knee flexes, the
patella rests on the medial and lateral condyles instead of in the trochlea. So, also
on the medial and lateral slices at 30◦ from straight anterior the length will be calcu-
lated (ANT30, Fig. 6.4B). The lengths of the sagittal profile lines are automatically
calculated. In case the segmentation of the femur is incorrect due to artefacts, the
lengths are manually corrected. For all five lines the length in the native situation is
subtracted from the length in the component, resulting in a positive sign when the
implant is bigger than the native femur (i.e. “overstuffing”), and a negative sign when
the implant is smaller than the native femur (i.e. “understuffing”). The margins are
defined as +/- 1 mm (range of 2 mm). We hypothesize that the differences of the
anterior and posterior sagittal contours on the three slices between the preoperative
situation and the postoperative image will be smaller in the flex rod group (i.e. better
fit). In the images of the native femur articular cartilage cannot be seen [14]. There-
fore, an average cartilage thickness of 2 mm will be added to the lengths in the native
femur [14].

Functional outcome Functional outcome will be measured using (1) the timed
Get-up and Go test, to measure functional mobility [27]; (2) the stair climbing test
to measure ability to ascend and descend a flight of stairs of 14 steps [28]; (3) the
Leg Extensor Power Rig (Queens Medical Centre, Nottingham, UK) to measure knee
power output [4, 15]. The rig consists of a seat and footplate connected via a lever and
chain to a flywheel. Application of force accelerates the flywheel from rest and output
is recorded as both maximal wattage (W) generated and as relative power-bodyweight
ratio (%) of a single leg extension. The power output is recorded five times per leg
and the highest output of the leg in study will be used for analysis and (4) Oxford
Knee Score [10], KOOS-PS [26], KUJALA patella score [22], and Knee Society Score
[19] to measure patient and clinician reported outcomes. Table 6.2 shows the schedule
for the functional outcome measurements. The hypothesis is that patients in the flex
rod group will have better results on all functional outcome scores.

Other study parameters In addition three other study parameters are included:
1) Baseline information: The following demographic and disease-related data will
be collected preoperatively: age, gender, height, weight, strength (Medical Research
Council scale), physical activities (UCLA activity score [15]), primary diagnosis, side,
alignment of involved knee, and previous surgery of the affected knee;
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Table 6.2: The surgical study parameters.

Parameter Scale or
units

Scored
by Details

Sagittal thickness of the
bone cuts during surgery mm Surgeon

The bone cuts are posterior cut of patella, anterior cut medial condyle,
anterior cut trochlea, anterior cut lateral condyle, anterior 45° cut medial
condyle, anterior 45° cut trochlea, anterior 45° cut lateral condyle, distal
cut of medial condyle, distal cut of lateral condyle, posterior cut of medial
condyle, and posterior cut of lateral condyle. Measured using a Vernier caliper.

Cartilage score of the
bone cuts

No, partial,
good Surgeon See above for the bone cuts

Area of bone cuts mm2 Researcher All bone cuts are placed with the cut side facing a standardized reference
sheet, photographed, and post-operative the area is measured using ImageJ

Cut bone not covered by
implant, in mediolateral
direction by medial and
lateral coverage with implant

mm Surgeon

Measured per-operative by the surgeon using a Venier caliper. This distance
will be measured at the intersection of the anterior chamfer cut and the neutral
of the component, at the ventral part of the indention on the component and at
the intersection of the neutral of the component and the dorsal chamfer cut

TKA procedure time min n/a Collected post-operatively from hospital information system
Recut or sizing problem n/a Surgeon
Number of releases of
collateral ligaments n/a Surgeon

Size of components n/a n/a Collected post-operatively from hospital information system
Intra-operative
complications n/a Surgeon

Tourniquet time min n/a Collected post-operatively from hospital information system

Table 6.3: Schedule of functional outcome and radiological measurements.

Parameter Visit
Pre-operative 3 months 12 months 24 months

Fit (flexion angle
and sagittal profile)

Multi Diagnost Eleva,
supine

Multi Diagnost Eleva,
supine

- -

Functional
outcome

Time Get-up and Go test,
stair climbing test,
Leg Extensor Power Rig

Time Get-up and Go test,
stair climbing test,
Leg Extensor Power Rig

Time Get-up and Go test,
stair climbing test,
Leg Extensor Power Rig

Time Get-up and Go test,
stair climbing test,
Leg Extensor Power Rig

Posterior
condylar offset

Lateral x-ray, standing Lateral x-ray, standing Lateral x-ray, standing -

Patellar
tendon angle

Lateral x-ray, standing,
45◦ flexion

Lateral x-ray, standing,
45◦ flexion

Lateral x-ray, standing,
45◦ flexion

-

Patellar tilt and
displacement

Sky-line patella x-ray,
supine

Sky-line patella x-ray,
supine

Sky-line patella x-ray,
supine

-

2) Operative information: See table 6.2 for an overview of the parameters recorded
during surgery;

3) Radiological information: The following radiological parameters will be mea-
sured (see table 6.3 for an overview of the radiology schedule): 1) Posterior Condylar
Offset (PCO) measured on regular true lateral X-ray [16]; 2) Patellar Tendon Angle
(PTA) measured on weight bearing with 45◦ flexion lateral X-ray; 3) Lateral patellar
tilt, [17] and lateral patellar displacement of patellofemoral joint measured on supine
sky-line patella X-ray; [18] 4) Slope of the tibial component with respect to the tibia
measured on the post-operative lateral X-ray.

All patients will receive post-operative standard care according to the usual practice
of our hospital. Post-operative blood loss and/or complications will be documented
on the case report form. Post-operative data through time of hospital discharge will
be reported on the discharge form.
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Statistical analysis

Sagittal flexion angle of the TKA will be reported as mean and standard deviation
(or median and interquartile range (IQR)). An independent two-sample t-test (or
non-parametric equivalent) will be used to analyze the effect of group (flex rod versus
standard rod). All secondary outcome parameters will be reported as mean and SD
(or median and IQR). Repeated mixed model analysis techniques will be used to
analyze the effects of group, time, and their interaction. All other study parameters
will be reported as mean and standard deviation (or median and IQR). Independent
T-tests (or non-parametric equivalent) and Chi square (in case of frequencies) will be
used to analyze the effect of group. All statistical analyses will be performed using
Stata, Release 13 (StataCorp LLC, College Station, Texas, USA).
The sample size calculation is based on the primary study parameter: flexion angle
of the prosthesis in the sagittal plane. Our hypothesis is that this angle at three
months will be smaller in the standard rod group compared to the flex rod group.
First, the flexion angle in posterior stabilized TKA has been reported to be about 6◦
[19]. Second, the mean intra-observer difference between measurements for this angle
is 2.3◦ with an estimated standard deviation of 5◦ [20]. We assume that a clinical
relevance of a mean difference of 5◦ between the rod groups can be measured, [21] but
this will be further studied in our study. Using G*Power (version 3.1.7 [22]), a sample
size was calculated for an Independent two-sample t-test, with the variables m1 =
6◦, m2 = 11◦, σ1 = 5◦, σ2 = 5◦, α = 0.05, power = 0.80. This calculation yielded a
sample size for the total group of N = 54, with 27 for each group. Taking into account
a drop out of participants during the course of the study of 10%, a sample size of N
= 60 subjects is needed, with 30 subjects in each group.

6.3 Discussion

This randomized controlled trial has been set up to assess how the use of a flex
rod affects the fit of the TKA and if this results in better functional outcome. As
the sagittal fit of TKA is not a standardized outcome measure, we chose to define
the fit with two outcome measures: the first being the flexion angle of the femoral
component. It is expected that the flexion angle will be larger in the flex rod group
as the femoral component is expected to have a better fit to the distal anatomy of the
femur. The second outcome measure is the contour of the distal femur, quantified in
the anterior sagittal profile and the posterior sagittal profile at various positions. It is
expected that for the flex rod group, due to smaller sizing of the femoral component,
the distal anatomy of the femur with TKA will be closer to the pre-operative distal
anatomy. We expect that this will be most apparent in the anterior profile where
the effect of overstuffing after use of the standard rod is expected to be largest [17].
Also, for this reason, patients in this trial will receive a posterior stabilized TKA,
standardizing the posterior placement of the femoral component (in contrast to a
cruciate-retaining TKA), and with differences in the anterior part of the distal femur
as the only degree of freedom.
Custom-made software is used for calculating the parameters of sagittal fit of the
TKA. Due to the unavailability of existing software for measuring the specific pa-
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rameters for the specific model of TKA, this software was produced in-house. The
advantages of this software is that it is tailored made for the study-specific parameters.
Disadvantages of this software are that currently we have no data on the reliability
and validity of the measurements and that by using imaging of the knee, it is unable
to account for articular cartilage thickness [20]. During the TKA procedure, the car-
tilage of the different cuts will be scored. Using this information, the measurements
of the sagittal profile can be corrected for cartilage thickness of 0, 1, and 2mm, with
the values based on the literature [20]. Other parameters that are measured during
the TKA procedure are the sagittal thickness (in millimeters) of the cuts, and the
area of the cuts. It is expected that due to a better fit of the femoral component to
the distal anatomy in the flexible IM rod group, less bone has to be cut, resulting in
lower thickness and smaller area of these cuts.
We expect that the use of the flex rod will result in an overall better functional
outcome. This is supported by Hitt et al [7], who studied patient and clinician
reported outcome measures in a RCT. The modeling study by Marra et al [8] showed
that such effects may be explained by the increase in the patellar tendon moment arm.
Our aim is to study the effects of a flex rod in a prospective RCT combining imaging,
surgery details, functional outcome, and patient-reported outcomes, thus providing a
data set on which our hypotheses can be thoroughly tested.
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7.1 Introduction

Clavicle fractures represent 2.6 % of all clinically presented adult fractures, of which
81% are located in the midshaft or diaphysis of the clavicle, the OTA type 15-B
fracture [1, 2].
The majority of these fractures are treated with a sling. In cases where the fracture
shows skin tenting, open fractures, the presence of neurovascular compromise, multiple
trauma or fractures with displacement and shortening, surgical treatment may be
recommended [3–7].
Between January 2010 and October 2014, 110 patients had open reduction and in-
ternal fixation of their type 15-B fracture in the Isala (Zwolle, The Netherlands), of
which 35 cases (31%) were due to non-union. According to the surgery reports, the
used plate did not fit the broken clavicle in 37 cases (34%) and in 8 (23%) non-union
cases. It had to be altered by bending perioperatively or exchanging by another plate.
In four cases, (4%) the lateral part of the plate was placed medially, and the other
way around.
The alteration process takes time and the resulting quality of alteration may dif-
fer between surgeons and surgeries. Preoperative planning is a manner in which to
improve current efficiency and workflow in open reposition reduction and internal fix-
ation procedures. The perioperative alteration process can be avoided by performing
the osteosynthetic plate selection and adjustment preoperatively. This could be done
by constructing a physical three-dimensional model of the fractured clavicle and/or
the mirrored version of the contralateral clavicle. In this manner, the plate can be
adjusted preoperatively to fit the curvature of the (modelled) clavicle. The literature
reports a similar technique for the fractured calcaneus and minimal invasive fixation
of clavicle fractures [8, 9].
In this case we report the repair of a clavicle pseudarthrosis supported by low budget,
in hospital, rapid prototyping, developed and performed by a trauma surgeon and a
technical medicine student.

7.2 Case report

A 27-year-old woman on a bicycle, was hit by a car travelling at an estimated speed
of 40 km/h. This resulted in a head injury and a fractured clavicle and tibia. The
head injury had no serious effects, the clavicle was treated conservatively and the
fractured tibia was fixed intramedullary. By mere stabilization of the shoulder with
a sling the clavicle fracture did not consolidate and after a year she still experienced
limited function of her shoulder. An attempt to treat the fracture with a bone growth
stimulator was futile and after seventeen months the pseudarthrosis of the clavicle
fracture was planned for surgical fixation by means of an open reposition and internal
fixation.
The prolonged period of time resulted in extensive remodeling of the bone around the
fracture site. This has resulted in bulky fracture lines and shortening of the clavicle,
due to callus formation and bone resorption respectively (Fig. 7.1A).
A CT scan of both clavicles was made with an existing protocol designed for 3D visual-
ization of the bone structure in the shoulder. From this scan, using the mathematical



7

RAPID PROTOTYPING IN A CLAVICULAR REPAIR 121

Figure 7.1: A) Plastic replica of the pseudarthrosis of the fractured right clavicle (bottom)
and mirrored contralateral, left and healthy, clavicle (top). Around the fracture the callus
formation can be seen. During surgery the callus was removed. B)3D mesh models of the
fractured clavicle (bottom) and the mirrored contralateral clavicle (top).

software Matlab (The Mathworks Inc., Natick, MA), the clavicles were segmented,
converted into 3D surface mesh models (Fig. 7.1B) and exported as stereolithography
files (.stl). Thereafter, the exported models were processed in the program Meshlab
(Visual Computing Lab, Pisa, Italy). Some example processing steps are, mirroring
the contralateral clavicle and separating the fragments. The result was one represen-
tative model of the fractured clavicle and one of the mirrored contralateral clavicle.
The next step was to create physical models by means of a rapid prototyping tech-
nique (Fig. 7.1A). In this case the plastic models were created out of PLA (polylactic
acid) by means of fused deposition modeling, using a low-budget 3D printer, the bq
Witbox (Fig. 7.2A). This printing process has been described in detail before [10–13].
Two models were available for fitting the plate, the fractured clavicle and the mirrored
contralateral clavicle. Since the majority of the patients has symmetrical clavicles
[14], and in the present case remodeling created an unrealistic representation of the
bone structure, the mirrored contralateral reconstruction was used as a guide for the
curvature of the plate (Fig. 7.2B). Furthermore, the same tools as used in surgery
were used to assess the curvature of the plate before sterilization.
With these models, the type of plate and the optimal location on the clavicle were
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Figure 7.2: A) Low budget 3D printer, BQ Witbox, using fused deposition modelling.
B) The osteosynthetic plate after bending it to the curvature of the mirrored contralateral
model. The plate is outlined on the plastic model.

predetermined. Several different available plates were tested that there was a maxi-
mum bone to plate contact, and three screws on the medial and lateral fragment were
able to penetrate both cortical layers of the clavicle. If a standard plate had met these
requirements, a sterile version could have been used during surgery. In the present
case the targeted plate was bent to fit the models and resterilized for surgical use.
As a result, the surgery was technically a success. This entails that no surgery time
was spent on altering the osteosynthetic plate and the clavicle was reconstructed on
the curvature of the plate. Demineralized bone matrix was used to fill the gap in
the fracture caused by the remodeling of the bone. The accumulated time it took to
prepare for surgery in this single case was approximately 4 hours.
Eleven months follow-up showed no pain or irritations and consolidation of the frac-
ture (Fig. 7.3).

7.3 Discussion

This case shows that improvements can be made in the workflow of the conventional
operative procedure. Usually a plate is selected based on the repositioned fracture
perioperatively. Now, with a better preoperative orientation of the situation, the
plate selection and prebending can be completed before starting the surgery, and
open reduction can be guided by the curvature of the plate. Another advantage of
pre-selecting a plate is that only the targeted surface of the bone has to be prepared,
which limits the damage to surrounding tissue.
Also instead of using k-wires, the surgeon can use the plate to reposition and recon-
struct the bone. This is possible when one side of the fractured bone is first attached
to the plate and subsequently the other section of the bone is fixated to the plate, as
planned preoperatively.
In this case it has been shown that it is possible to obtain an anatomical model for
fitting plates and surgical preparation. No intervention of an expensive third party
for 3D printing is required. Additionally, the costs of the material are less than 1
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Figure 7.3: X-Ray image of the clavicle. A) 5 days prior to and B) 64 day after surgery.

Euro/US Dollar per clavicle after a relatively small investment of 1700 euro, 1900 US
Dollar, for the 3D printer (Fig. 7.2A). When properly applied, this method could
reduce the incision time and its variability, improve the surgeons’ workflow and might
even reduce the need of removing the plate at a later stage. This method is not
confined to clavicles, but is applicable to a broad range of complex fractures.

7.5 Conclusion

Through a pilot study it is shown that, with a low-budget 3D printer and without
intervention of a third party, an anatomical plastic model can be created to aid in a
surgical intervention in short time.
A clinical study is pending for further validation of the method and clinical value.
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Abstract

Introduction: Due to the variation in shape and curvature of the clavicle, plates
often have to be adjusted during surgery to acquire a good fit. Poorly fitted plates
can cause discomfort, eventually requiring implant removal. 3D printed replicas of the
fractured clavicle can assist in planning of the surgical approach, plate selection and,
if necessary, adjustment of the plate prior to surgery. We hypothesized this method
of preoperative preparation would reduce implant related discomfort resulting in a
reduced reoperation rate
Materials and Methods: In a prospective cohort study perioperative plate handling
and clavicle fixation was timed and follow up data was collected from participants
undergoing operative treatment for a midshaft clavicle fracture. The control group
(n=7) received conventional surgery with standard precontoured plates. For the in-
tervention group (n=7) 3D printed replicas of the fractured clavicle and a mirrored
version of the healthy contralateral clavicle were available prior to surgery for planning
of the surgical approach, and for plate selection and contouring. Primary outcome
was reoperation rate due to implant related discomfort. Secondary outcomes were
complications and time differences in the different surgical phases (reduction, fixation
and overall operation time)
Results: More participants in the control group had the plate removed due to dis-
comfort compared to the intervention group (5/7 vs. 0/6; P=0.012). One participant
was excluded from the intervention group due to a postoperative complication; an
infection occurred at the implant site. No relevant time difference in surgical plate
handling was found between both groups.
Conclusion: Preoperative preparation using 3D printed replicas of the clavicle frac-
ture may reduce implant removal caused by plated related discomfort. No relevant
effect on surgery time was found.

Registered with ‘toetsingonline.nl’, trial number NL51269.075/14, 17-02-2015
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8.1 Introduction

Clavicle fractures account for 2% to 5% of all clinically presented fractures in adults
[1–3]. Most fractures (81%) are located in the midshaft or diaphysis of the clavicle
(type 15-B as classified by the Orthopaedic Trauma Association) [4]. Conservative
treatment, by mere immobilization of the shoulder with a sling, is sufficient in the
majority of fractures. However, more severely displaced fractures may require surgical
intervention [1, 5–8].
Surgical treatment often consists of open reduction and internal fixation (ORIF) with
plates [9]. Different types of precontoured clavicle plates are available, but a good fit
is often difficult to acquire due to variations in shape and curvature of the clavicle
[10]. Plates are selected and manually adjusted intra-operatively in order to follow the
curvature of the clavicle to prevent excessive space between the clavicle and plate,
thereby achieving rigid fixation and minimizing patient discomfort. However, the
sterile conditions in the operating theater are suboptimal for these activities, due
to limited view and access to the fracture. Plate related discomfort is one of the
main reasons for implant removal in a secondary operation. In 20 to 39% of the
cases the implant is removed within three years [11–14]. Using patient specific 3D
printed replicas of the fractured and the contralateral clavicles it is possible to select,
precontoured and pre-fit a suitable plate preoperatively [15]. Also, the approach for
reduction and fixation can be planned ahead.
The aim of this study was to test if surgical preparation using 3D printed replicas can
improve surgical midshaft clavicle fracture treatment. Similar methods have been de-
scribed for minimal invasive fixation of clavicle fractures and acetabular and calcaneal
fractures, with promising results [16–20]. We hypothesized that, by using this tech-
nique, patient discomfort would decrease resulting in fewer secondary interventions
for implant removal. Furthermore, we hypothesized a reduction in both operation
time and complications could be achieved.

8.2 Materials and Methods

Study design

This study was designed as a single-center, non-blinded, prospective cohort clinical
trial. The study was reviewed and approved by the local institutional review board
(protocol 14.11157) and registered with ‘toetsingonline.nl’ (#NL51269.075/14). All
participants provided written informed consent prior to enrollment in the study.
Participants were included from the outpatient trauma clinic of a large regional hospi-
tal, which is also one of the major trauma centers in the Netherlands. All consecutive
patients between October 2014 and June 2015, with an acute midshaft clavicle frac-
ture who considered operative treatment, were asked to participate. All procedures
were performed by experienced trauma surgeons and/or final year trauma residents.
Furthermore, participants were followed for a total of four years.
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Figure 8.1: Screenshot of three-dimensional surface mesh models of the fractured clavicle
(right) and the contralateral clavicle (left).

Inclusion and exclusion criteria

The inclusion criteria for this study were: all midshaft clavicle fractures (OTA type
15-B), with an age between seventeen and seventy and an indication for ORIF. Indi-
cations for ORIF included: displacement or shortening of the clavicle, neurovascular
compromise, open fractures, superior displacement of fracture elements with tenting
of the skin or expected patient benefit from a quick recovery. Exclusion criteria were:
non-midshaft fractures, an age outside the seventeen to seventy range, pregnancy,
and a history of one, or multiple clavicle fractures. Patients with insufficient un-
derstanding of the Dutch language or deemed incapable of participation were also
excluded.

3D printing patient specific plastic replicas

For this study we 3D printed a replica of the fractured clavicle and healthy recon-
struction of the fractured clavicle by mirroring the contralateral healthy clavicle. The
process of producing these replicas consisted of three consecutive steps: 1) imaging;
2) image processing; and 3) 3D printing.
In case no computed tomography (CT) scan was available, a low-dose CT scan of both
clavicles was made at least two days prior to surgery (estimated exposure of 135 Dose-
Length Product). No extra radiation was used for both clavicles in contrast to one as
both are situated in the same axial slice. Both clavicles were segmented from these
images, then converted in a 3D surface model and exported in the STL format using
the mathematical programming software MATLAB (The Mathworks Inc. Natick,
MA; Fig 8.1). Through further processing in MeshLab (Visual Computing Lab, Pisa,
Italy), the fractured elements were separated. Furthermore, the healthy contralateral
clavicle was mirrored, using de symmetrical features of the body to create a healthy
reconstruction of the fractured clavicle [21–23]. These models were 3D printed with
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Figure 8.2: A) 3D printed models of the mirrored contralateral clavicle (top) and the
fractured clavicle (bottom). B) Two models stabilized in clay for support purposes. On
top the model of the mirrored contralateral clavicle, with the marked fracture lines. The
bottom model consists of multiple fragments of the fractured clavicle. The precontoured
plate isoutlined on both clavicles and fitted on the fractured model.

Figure 8.3: The left picture shows a pair of bending pliers and a precontoured plate in a
basket, ready for sterilization. The right picture shows regular bending irons, used for both
preoperative planning and perioperative plate adjustments.

polylactic acid (PLA) plastic (Fig. 8.2A), using slicing software Cura (Version 15.02.1,
Ultimaking Ltd., Geldermalsen, The Netherlands) on a BQ Witbox 3D printer (BQ,
Navarra, Spain). This fabrication process has been described in detail in literature
[24–28].
The resulting 3D printed replicas of the fractured clavicle and healthy reconstruction
were used for the preparation and planning of the surgical treatment.

Surgical preparation and planning
With the 3D printed replicas it is possible to plan the reposition of the fractured
elements, select the most suitable plate, make necessary adjustments the shape of the
plate and plan the position of the plate over the fractured clavicle.
For support, both models were partially embedded in clay (Fig. 8.2B). From here
the optimal plate type and length could be determined using several different non-
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sterile fitting plates (3.5 mm LCP Superior Anterior Clavicle Plates, Synthes Depuy).
Criteria for a good fit included: optimal surface conformity, and a minimum of two,
preferably three, bicortical screws in both the main proximal and distal fragment. If
a standard plate did not fit well enough adjustments were made using appropriate
surgical tools (Synthes Depuy; Fig. 8.3) and the plate would be resterilized prior
to surgery. The position of the plate and proposed surgical approach were discussed
with the surgeons and documented before surgery.

Operative intervention
Standard hospital protocols were retained, in order to minimize differences in sur-
gical procedures between the control and intervention group. Both groups received
prophylactic antibiotics and underwent superior plate fixation of the injured clavicle,
followed by control fluoroscopy prior to wound closure. In literature this surgical tech-
nique has been described in detail before [29]. All participants were provided with a
sling for the first postoperative week, after which small range-of-motion exercises were
introduced. Follow up appointments were made at two and six weeks after surgery,
for purposes of wound inspection and function evaluation respectively. In addition,
participants were provided with rehabilitation instructions.

Outcome measures
The primary outcome was time to reinterventions for discomfort related implant re-
moval, for which patients were monitored in a four year follow up. Plate discomfort
can be cause by plate design, positioning and fit. Plate design and positioning re-
mained constant, only fit was altered with our proposed preparation method. Sec-
ondary outcomes were: complications and relevant time difference in surgical plate
handling. The plate handling time was isolated from the surgery time with perioper-
ative time measurements.
Five different moments were defined (T1 to T5):

T1: Incision;
T2: Start of reduction: the fracture site has been exposed and surgeons make a first

attempt to reduce the fracture;
T3: Plate fixation: the first screw is placed;
T4: The last screw is put into place;
T5: The wound is closed.

T1 to T5 defines the standard overall surgery time. The period between T2 and T4
represents the time needed for the entire process of plate fixation and specifically T2
till T3 was the process of fracture reduction. Time differences larger than 5 minutes
were considered to be relevant.

Statistical analysis
Statistical analysis was performed using SPSS software (Version 22, IBM corp©, Ark-
monk, New York, United States). Descriptive statistics were used to describe patient
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Figure 8.4: Flowchart of the patient selection procedure.

characteristics of the different groups. For the primary outcome a Kaplan Meier
curve with Log Rank (Mantal-Cox) test was performed. For the secondary outcome
the student t-test was used to compare the means of parametric independent vari-
ables. Non-parametric variables were assessed using a Mann-Whitney U test. Results
with p < 0.05 were considered to be significant.

8.3 Results

Study population

Two hundred and three patients presented at our hospital between October 2014 and
June 2015, with a clavicle fracture. A total of 189 patient were excluded (Fig. 8.4),
the remaining fourteen patients, with an equal number of fractures, participated in
the study. Patient characteristics are reported in table 8.1.
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Table 8.1: Patient characteristics.

Characteristics Control
group (n=7)

Intervention
group (n=7)

P*

Sex
-Male 6 6 1.000
-Female 1 1 1.000

Age (SD) 36.6 (20.8) 42.0 (12.9) 0.571
Fracture characteristics

-Days between injury and surgery (SD) 12.0 (2.8) 16.6 (6.5) 0.127
-Dislocation 7 6 0.299
-Shortening 2 3 0.577
-Comminution 4 5 0.577
-OTA classification (B1/B2) 3/4 2/5 0.577

*Differences were considered significant at p = 0.05.

Discomfort related implant removal
Compared to the intervention group, participants in the control group underwent
significantly more reoperations for removal of the plate (5/7 vs. 0/7; p = 0.012).
Five participants (71.5%) in the control group experienced plate related discomfort
requiring implant removal. No participants in the intervention group suffered from
plate related discomfort requiring implant removal. However, one participant from
the intervention group was excluded due to an infection complication (5/7 vs 0/6; p
= 0.012).

Perioperative time measurements
Perioperative time measurements are reported in table 8.2. Only plate fixation time
had a significant and relevant time difference (>5 minutes) in favor of the control
group (6:57 minutes; p = 0.032).
In the intervention group one patient (14.3%) suffered from a delayed union twelve
weeks after the initial procedure due to an infection at the implant site. The patient
was treated by surgical debridement of the wound and refixation with a standard
plate.

8.4 Discussion

Introduction
The aim of this study was to investigate the patient benefit from preoperative prepa-
ration using 3D printed replicas of the fractured clavicle and a healthy mirrored
reconstruction. We compared two patient groups, each with seven participants who
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Table 8.2: Time measurements†.

Phase Control
group(n=7)

Intervention
group (n=7)

∆ time P-value

Reduction (T2-T3) 21:32 (7:12) 18:10 (8:12) 3:22 0.430
Fixation (T3-T4) 08:55 (1:15) 15:52 (6:37) -6:57 0.032*

Fracture repair (T2-T4) 30:28 (7:09) 34:03 (9:45) -3:25 0.450
Operation time (T1-T5) 54:25 (10:27) 1:02:08 (12:07) -7:42 0.227
†All measurements are noted as minutes and seconds (mm:ss), or hours, minutes
and seconds (h:mm:ss) with the standard deviation in parenthesis.
*Differences were considered significant at p < 0.05.

underwent plate fixation for an acute midshaft clavicle fracture. The control group
was treated with conventional plate fixation using standard precontoured plates, the
intervention group was treated using the preoperative preparation as described. The
results showed a significant difference in discomfort related implant removal in favor
of the intervention group, which may indicate that preoperative preparation could re-
duce plate related discomfort. Other than the fixation time no relevant perioperative
time differences were observed. With one infection (14%) at the implant site in the
intervention group, there was no significant difference in complication rate.

Discussion results
Our results indicate that preoperative preparation using 3D printed replicas of the
clavicle could result in fewer discomfort related secondary operations. Assuming that
a poorly fitted plate is one of the main reasons for discomfort in patients, ensuring a
good fit may spare patients a secondary operation for implant removal. Every surgery
holds a risk, is expensive and is a burden on the patient, so avoiding secondary surgery
has a positive impact on the patient and healthcare expenses. As for perioperative
time differences, we expected a shortening because the plate selection and adjustment
steps were taken out of the operating room. However, the only significant time differ-
ence was found in the fixation phase, and in favor of the control group. The reason
for this contradiction can probably be explained by the apparent learning curve of
the procedure. The procedure was new for all participating physicians and the seven
cases were distributed over five surgeons, so no data beyond the learning curve could
be perceived. Last, only one complication was registered, a delayed union due to
infection in the intervention group.

Research design
This study has several strengths and limitations. The most important limitation
is the small number of participants, which makes it difficult to draw any definitive
conclusions. However, this study has a long follow-up time; all patients were followed
for a minimum of four years. According to a large retrospective cohort within our
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hospital 99% of the implant removal is performed within three years after surgery,
so we can assume that the chance of missing any secondary interventions is small.
Secondly, selection of participating surgeon was not altered from daily practice. As
a consequence, five different surgeons operated in the intervention group, hence no
learning curve could be studied. However, one surgeon performed three operations in
the intervention group within a short period of time and we noticed that he slowly
learned to adapt the procedure to his advantage, which may indicate that more benefit
could be gained. Besides, the heterogeneity of the participating surgeons has a limiting
effect on comparing surgical time in this small cohort. Last, the control group has a
high reoperation rate (71%) compared to a retrospective cohort in our hospital (39%)
[14]. All time-measurements were executed by the coordinating investigator in order
to ensure consistency.

Method evaluation

A CT scan protocol was designed with the lowest radiation dose possible, while pre-
serving bone tissue contrast for segmentation according to the ALARA (as low as
reasonably achievable) principle. Given the potential benefit of reduced reoperation
rate, the extra radiation rate is deemed justifiable. In two cases (29%) a suitable CT
scan was available and therefore the subjects were not exposed to extra radiation for
this study. No extra radiation was used for imaging both clavicles as opposed to one,
because both are in the same transversal plane.
During the course of this study, the time it took to prepare the 3D models for 3D
printing was reduced from four hours to one hour. For implementation in daily prac-
tice this process can be optimized and shortened even further. Recent developments
enable clinical staff to do the preprocessing within the hospital IT environment with
dedicated software linked to the PACS. 3D printing time itself can also be optimized.
We managed to print both replicas in around three hours, however by for instance
increasing the nozzle size this can be done in less time. By increasing nozzle size some
submillimeter detail will be lost, which is not required for this application.
Not all plates need adjustment preoperatively. While planning placement of the plate
the position of the surgical reposition clamps for temporary fixation are taken into
account. Perioperatively plated adjustment was documented in 6 out of 7 cases in
the control group and one case in the intervention group. The latter was caused by
an obstructing tension screw to fixate the acquired reduction, this emphasizes the
importance of planning and discussing the temporal fixation of the reduction before
plate adjustment.

Future perspective

Even though it was not in the scope of this study, some extra benefits were observed
and discussed. As one surgeon performed three consecutive surgeries in the interven-
tion group, he gained confidence in the shape of the plate cohering to the patient’s
clavicle and in the planned placement of the plate related to the fracture lines. With
enough confidence in a good plate fitting, the cortex can be exposed without visible
conformation of reposition, which makes it possible to shorten the needed incision.
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This can increase aesthetic outcome and possibly reduce loss of sensation in the skin.
In addition, with this confidence, the plate can be used to guide the reduction of
the fracture. Based on the fracture line the plate can be placed and fixated laterally
and subsequently medially, by temporarily clamping the plate to the clavicle. This
way the placement of the plate is not hindered by the reposition clamps, which are
normally placed to temporarily hold the reduction, and the most ideal placement can
be used.
Furthermore, having the plastic replicas and a digital representation of inpatient
orientation available in the OR proved to be a valuable tool in planning the approach
and preserving bone marrow and blood supply to the cortex.
In summary, the results of this study suggest that surgical preparation with 3D print-
ing could lead to a reduction in discomfort related implant removal, and related risks
and expenses. Limitations are the extra work and time needed for preparation, costs,
extra radiation exposure in most cases and additional sterilization before surgery.
However, the current study population is too small to draw any definitive conclu-
sions. Since the start of this study we have seen the acceptance and integration of
3D printing in hospitals grow. With this growth the limitations of 3D printing keep
decreasing.
We hypothesized that the low reoperation rate in the intervention group was due to
a good fit of the plate, theoretically because it improves the length, alignment and
rotation of the clavicle and thereby the accuracy of the reduction. One could argue
that more might be gained by applying this kind of preparation to other types of
fractures, such as intra-articular fractures and fractures which are not easily acces-
sible. Intra-articular fractures depend heavily on an accurate reduction to preserve
functional outcome of the joint. In case of pelvic fractures, surgeons often experience
difficulties gaining good access to the fracture, so being able to trust the shape and
planned placement of the plate could be a big help.

8.5 Conclusion

We have tested a preoperative preparation method for internal fixation of midshaft
clavicle fractures using 3D printed replicas of the clavicle fracture. Our results suggest
that preoperative planning may reduce discomfort related implant removal. This
in turn leads to reduced healthcare costs. No relevant effect on surgery time was
observed.
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Chapter 9

General discussion

The goal of this thesis is to demonstrate the yet unattained power and potential of
the third dimension in medical imaging by presenting various research projects intro-
ducing new applications over the range of 3D utilization methods in different medical
areas. The intention is to advise clinicians and peripheral hospitals in effective future-
oriented implementation.

The body of work consists of five explorative scientific projects. Each project was
performed in a different hospital, with a different discipline, applying a different 3D
utilization method (Table 9.1). This diversity does make them suitable for the goal of
this thesis. Each individual project is initiated from a clinical problem statement with
a medical specialist as stakeholder closely involved to ensure clinical relevance. This
chapter discusses the applied 3D utilization methods together with respective clinical
acceptance as experienced by involved clinicians and in context of the attitude and
desires of the interviewed medical specialist in Section 1.3. Subsequently, the future
perspective of 3D utilization methods in Dutch peripheral hospitals is discussed and
an outlook is given on how they might be implemented effectively.

Table 9.1: Overview of projects in this thesis related to chapters, including location, de-
partment and applied 3D utilization methods.

Project Ch. Intuitive
visualization

Geometry derived
measurements

3D modelling
and simulation

Surgical
department Hospital

1 2 & 3 x Vascular ZGT; Almelo

2 4 x x x Mamma Deventer Hospital;
Deventer

3 5 x Plastic UMCU; Utrecht

4 6 x Orthopedic Sint Maartenskliniek;
Nijmegen

5 7 & 8 x x x Trauma Isala; Zwolle

141
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9.1 Studied 3D utilization methods and clinical acceptance

Although the previous chapters are already categorized in three parts according to
their most important 3D utilization method, most projects employed a combination of
methods to achieve the intended goal. In this section, these methods are recapitulated
based on the same subdivision as described in Section 1.2 (Table 9.1), namely I)
intuitive visualization, II) geometry derived measurements and III) 3D modelling &
simulation. From these methods the observed clinical value and clinical acceptance
will be discussed. Clinical value will be discussed with respect to the value described in
Section 1.2 ‘3D utilization methods’. Clinical acceptance will be discusses in relation
to the subjective appreciation of involved clinicians, together with the attitude derived
from the interviews with medical specialists in Section 1.3.

Intuitive visualization
3D visualizations provide a quick and intuitive overview that can lead to new case
related insights, aid communication of these insights to colleagues, and improve doc-
umentation of certain pathologies for follow up (Section 1.2). Besides project 1 and
2 from respective Part I, also project 5 describes an intuitive visualization method.

In project 1, the skin temperature of diabetic feet was visualized in 3D using 3D
thermography. It provided the attending specialists with accurate insight in the
current state, according to face validity scores and can theoretically be used
for consultation or documentation of foot ulcer progress. Involved medical spe-
cialists were impressed with the intuitivity of the visualization, but for clinical
acceptance low effort acquisition is desired.

In project 2, the resection margin – the distance between resection surface and tu-
mor tissue – was visualized in color on a 3D model of the specimen. This
provided an intuitive overview of the histopathologic assessment after breast
conserving surgery for the interdisciplinary team. Clinical acceptance was high.
The intuitive overview is mainly valuable for surgeons. Pathologists can nav-
igate without such visualization based on their trained spatial cognition, but
highly value this overview to communicate their findings. The involved pathol-
ogist stated she was prepared to accept extra effort in order to facilitate such
visualizations.

In project 5, 3D printed replicas and digital surface rendering were used to intu-
itively visualize the fractured clavicle and a healthy reconstruction. This pro-
vided the surgeon a quick and intuitive insight in the current state and intended
outcome, both visually and tactile. Additionally, observed insights allowed the
surgeon to potentially 1) reevaluate plan of approach, 2) limit incision, while re-
maining overview and orientation which reduces scar tissue, and 3) place fixation
material according to the planning, as the outline of the plate was delineated
on the replica. Multiple surgeons were involved. Acceptance and adoption de-
pended on their openness towards new approaches. Continuation of 3D printing
outside research setting was not feasible due to impact on workflow with respect
to time and effort, and availability of a clavicle CT scan.
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These projects demonstrated that 3D visualizations are generally well received by
medical specialists due to its intuitive features. The added value however, is subjective
and difficult to prove. Therefore, general clinical acceptance often decreases as soon
as the visualization demands extra effort, time or expenses.

Geometry derived measurements
Measurements derived from 3D geometry can be more accurate or provide otherwise
unavailable quantitative information compared to measurements from mere 2D im-
ages. These measurements can be used for clinical decision making and planning,
or for outcome evaluation of interventions (Section 1.2). Aside from project 3 and 4
residing in Part II: “3D geometry derived measurements”, also project 2 and 5 include
some geometry derived measurement methods.

In project 2, two geometry derived measurements are performed: 1) computation
of resection margin in 3D using the Hausdorff metric, which is subsequently
used to 2) determine the geodesic distance between minimal resection margin
and the surgical clips, which represents the distance between these two along
the wound bed. The first is used for visualization as described above. The
latter can be used as guide during re-excisions or to support radiotherapists in
delineating boost radiation area.

In project 3, the skin surface of the ear was measured from a 3D surface, which
was in turn extracted from CT scans of plaster models. With this method the
difference in skin surface between a healthy and malformed ear was calculated.
This provided the plastic surgeon with an insight about the amount of extra skin
needed for reconstructing purposes. The study outcome concluded a relatively
consistent difference within the study population. Therefore, clinical implemen-
tation of the method was not required, which ensues further discussing clinical
acceptance irrelevant.

In project 4, two geometry derived study parameters from pre- and postoperative
CT scans are presented. First parameter is the angle between femur central line
and prosthesis. The second one is the difference in joint surface before and after
surgery. The latter is expressed as the distance between one central point and
the surface at five angles. Both parameters offer a quantitative measure for knee
prosthetic placement. These are used to objectively compare outcome of two
surgical techniques. Follow-up research aims to investigate relation with clinical
outcome. Efficient use of this method requires training and is time consuming,
which might hinder clinical acceptance.

In project 5, the screw lengths for plate fixation were measured pre-operatively
using the 3D printed clavicles and a caliper. It served as an indication for intra-
operative measurements. Intraoperative measurement is still advised, because
deviations can occur as the drill angles can vary. This method can potentially
avoid extremely protruding screws with associated risks. These measures were
clinically accepted in case no extra time or effort is required.
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These projects demonstrated that by utilizing the third dimension in medical images
the accuracy and precision of the measurements can increase, but acquiring those
requires time, expertise and effort. For clinical acceptance the clinical relevance is
important, which is the effect on clinical decision making or clinical outcome. This
effect needs to be proportionate to the investment for acceptance, in contrast to
research where abundant accuracy is desired to avoid a potential weak link. That is
why such measurements are often discontinued after a study.

3D modelling and simulation
Modelling and simulation methods can be used in planning and preparations of in-
terventions. Critical decision making and proceedings can be transfered from the
intervention to a more safe and calm preoperative setting. This potentially makes
surgery and its outcome more predictable (Section 1.2). Methods within this cate-
gory are described in project 5, from Part III, and in project 2.

In project 2, within the discussion of Chapter 4, a simulation is proposed to reduce
the uncertainty of the residual tumor location in a CT scan, based on the com-
puted geodesic and the radiopaque surgical clips on the wound bed. This could
potentially support radiotherapists in delineating boost radiation area. Dur-
ing the course of this study resistance was encountered because this proposed
method could disrupt the current work processes of the surgeon, pathologist
and radiotherapist, which negatively influences clinical acceptance.

In project 5, the fracture reduction was simulated and the fixation plate was re-
modeled when needed. The objective was to improve anatomic reduction using
the remodeled fixation plate to reduce patient discomfort. The remodeled fix-
ation plate was appreciated by the surgeon. Chapter 8 did indicate that the
clinical outcome potentially improves. Moreover, interarticular and hard-to-
reach fractures would potentially benefit even more. It is expected that this
method could be clinically accepted among the more open surgeons if 3D prints
are facilitated and work process is optimized.

These projects demonstrated that 3D modelling and simulation applications can be
disrupting and time-consuming, while the amount of patient benefit varies between
cases and is difficult to prove. This statement is supported by the fact that existing
applications are scarce. For the applications that do exist, extra care is taken to make
them extensively accessible for medical specialists to ensure clinical acceptance, for
example the applications mentioned mentioned in Section 1.3.

To summarize, the recurring topic in each category is that the applications are
well received as long as no investments like time, effort or expenses are necessary.
However, if additional investment is needed for such application, then the clinical
acceptance will depend on its respective clinical value. Applications can, for example,
be clinically valuable if they would make daily practice easier, less (time) intensive, or
if they would positively affect clinical decision making or clinical outcome. However,
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this value is hard to define or quantify and therefore hard to prove. The challenge to
prove this value depends on the type of utilization method. In case of visualizations,
the clinical value is hard to define due to its subjectivity. The challenging factor
for new measurement applications is to what extent an increased accuracy is still
clinically relevant. And regarding modelling and simulations it is difficult to define
the actual effect on clinical outcome. Health technolology assessments might provide
more insight on this topic in the future. In the end, with applications that have
proven their value, clinical acceptance will depend on balance between this value and
required investment.

9.2 Outlook and future perspective

Previous section highlighted the unattained power of the third dimension in medical
imaging in different 3D utilization methods, but also established that clinical accep-
tance is reliant on the balance between clinical value and required investments. This
triggers the question, how can the third dimension be utilized effectively within pe-
ripheral hospitals? Deriving from experience gained in the projects, roughly three
options are available to implement new 3D utilization methods: 1) Medical special-
ist operated software applications, 2) industry provided services and 3) in-hospital
facilitation. This section further elaborates on these options and subsequently evalu-
ates how this can be applied to the individual projects to finish with a summarized
statement.

Implementation options
Medical specialist operated software applications With dedicated software,
medical specialists are self-reliant in exploring the third dimension in medical im-
ages. However, these software applications must be stable, accessible and intuitive
for clinical acceptance. This often means that the software must be available on every
workstation and is linked to the relevant databases. Intuitive use is dependent on the
expertise of the medical specialist. Medical specialists from, for instance, radiology,
nuclear medicine and radiotherapy have acquired more expertise on advanced soft-
ware applications, through training and experience. More intuitive software designs
are desired if the image processing is not an inherent part of a medical specialist’s
job. This often means that either only the simpler methods are incorporated in the
software, or the more complex methods are hidden within a clinical application spe-
cific workflow. With the latter, the software becomes a black box and the hidden
utilization methods cannot be used for deviating tasks. Optionally, different modules
have to be procured for different clinical workflows.
Required investments for software implementations are intermediate. The costs for
licenses can be high and IT capacity is needed to incorporate the software in hospital
environment and link to relevant databases.

Industry provided services In case the expertise for certain clinical applications
is absent within the hospital, this expertise can be obtained through commercial ser-
vices. An example are the 3D measurements and surgical guides for shoulder arthro-



9

146

plasty in orthopedic surgery as mentioned in Section 1.3. For clinical acceptance,
these services can either be aimed at specific clinical applications in which minimal
intervention of the medical specialist is needed, or as an consultation office where
more unique cases can be discussed and processed in a patient-tailored solution. Ei-
ther way, the threshold for the medical specialist should be low and output must be
consistent and satisfactory.
Required initial investments are relatively low as additional expertise or training on
the subject is unnecessary. However, collaboration and data transfer agreements have
to be arranged and expenses are often per individual patient case and can be high.

In-hospital facilitation 3D utilization methods can also be facilitated within the
hospital. A selection of visualizations and measurements are already facilitated by
radiology utilizing their more advanced software, as mentioned in Section 1.3. The ex-
pertise of radiology concerning modeling, simulation and 3D image registration might
be limited, but can be acquired through training or attracting medical specialists with
expertise. Such specialists can support attending medical specialists, like orthopedic,
plastic, craniofacial, and general surgeons in interventional preparations, in similar
fashion to the radiology and pathology departments in supporting in diagnostics and
clinical decision making. The level of clinical acceptance is increased by integrating
these services similarly to the other supporting departments. As an example, their
specialists should be available for consultations and participate in interdisciplinary
meetings. An additional advantage of in-hospital facilitation opposed to external, in-
dustry provided services is the shift towards a technology pull instead of a technology
push.
Required initial investments can get relatively high, especially when such medical
specialists are not available yet. Current work processes must be reevaluated and
expertise must be attracted. Different hospitals in the Netherlands have started ex-
perimenting with such internal facilities, termed 3D labs, employing technical physi-
cians. These 3D labs have the potential to be less expensive than other options when
efficiently implemented and are able to evolve along with and boost scientific devel-
opments.

An interesting hybrid solution to minimize investments for individual hospitals is to
collaborate with a 3D lab from other hospitals. This 3D lab can dispatch expertise
and function as an regional facility. Such collaborations are already established for
the 3D planning of orthognathic surgery. Similar constructions are also employed
with, for example, radiotherapy and clinical laboratory departments.

Implementation of presented projects
How would the projects, presented in the body of this thesis, fit within described
implementation option? Every project is burdened with a different investment barrier
for which a different implementation options is best suitable.
The ‘medical specialist operated software’ option is suitable for the 3D thermography
project (Project 1) and the 3D breast specimen visualization project (Project 2). The
3D image registration methods for 3D thermography is best integrated in respective
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medical device which can be operated at medical photography or by the specialists
treating the foot. The ultimate goal of this project was to implement this method in a
home monitoring device. Thus, patients should eventually be able to operate it also.
This might still be an achievable goal, with current development of integrated depth
sensors in smartphones in combination with the smartphone-based thermal camera
described in Chapter 2. The 3D breast specimen visualization method is preferably
implemented directly at pathology, as their expertise is required as input. Although
they are a supporting department, they lack the specific imaging expertise. Thus the
complex registration methods must probably be build hidden into the background of
a software application to construct a clinically accepted application.
The remaining projects 3 to 5 could best be facilitated either in-hospital or exter-
nally when expertise is unavailable. The geometry derived measurements to evaluate
post-operative knee arthroplasty (Project 4) could probably be facilitated by the ra-
diology department, especially the first study parameter (angle between prosthesis
and femur shaft). The second study parameter includes complex image registration
methods for which additional training is advised. Clinical applications of the skin
surface calculation (Project 3) and the clavicle 3D print (Project 5) are potentially
best facilitated by a 3D lab-like department, because the radiology department is
not adept to handling 3D surfaces. Where skin surface calculation could potentially
also be performed as an industry provided service, the clinical application of the
clavicle 3D print project is too time-sensitive due to the acute nature of the injury.
An in-hospital facilitation shows more potential for seamless work process integration.

To summarize, ‘medical specialist operated software’ is advised for relatively simple
3D utilization methods that need to be readily available, or that can be directly inte-
grated in a medical device. Examples are simple measurements, quick visualizations
and e-health devices. When clinical applications get too complex, in-hospital facili-
tation is advised. However, external services are an option when this is unavailable.
In-hosptital, the radiology and nuclear medicine department might be able to facili-
tate the majority of application. For the remaining applications, it is advised to invest
in 3D lab-like expertise, to enable optimal clinical workflows and a technology pull.

9.3 Concluding remarks

The presented projects showcased a glimpse of the yet unattained power hidden in
the third dimension of medical imaging within different clinical settings. The used
methods and applications might support or improve current clinical practice. How-
ever, insufficient expertise was available to ensure seamless integration in standart
practice. Consequently, investment required from the individual clinicians was too
high to ensure clinical acceptance. To overcome this obstacle, this thesis advises and
promotes hospitals to invest in 3D lab-like expertise either in-house or in collabora-
tion with other hospitals. Assumption is that a solid integration of in-house expertise
would promote effective adoptation of 3D utilization methods. With this approach
one might even expect an exponentially increased value with the power of three as
suggested by the title of this thesis.





Summary (Dutch)

Onder medische beeldvorming valt alle beeldvorming die gebruikt wordt in de gezond-
heidszorg. Een indrukwekkende hoeveelheid en verscheidenheid aan anatomische of
functionele informatie wordt uit deze beelden gehaald. Deze informatie wordt ge-
bruikt ter ondersteuning bij klinische besluitvorming of gedurende behandelingen.
De stelling van dit proefschrift is echter dat hier nog veel meer uit te halen is door de
derde dimensie (3D) beter te benutten en doelgerichter in te zetten. Op het moment
worden medische beelden voornamelijk als tweedimensionale (2D) plaatjes bekeken.
Het doel van dit proefschrift is dan ook om te onderzoeken waar deze extra klinische
waarde ligt en hoe dit effectief in ziekenhuizen ingezet kan worden.

Een grote diversiteit aan modaliteiten om medische beelden te verkrijgen is beschik-
baar, elk met hun eigen (on)mogelijkheden binnen de derde dimensie. De verkregen
beelden kunnen projecties of doorsnedes zijn. Projectie-beelden zijn platte 2D projec-
ties van de werkelijke driedimensionale wereld, zoals de standaard foto’s en röntgen-
foto’s. Doorsnedes zijn een vertegenwoordiging van een bepaald vlak in het lichaam,
zoals echo(ultrasound)-, CT- en MRI-beelden. Deze 2D beelden kunnen vervolgens
twee typen 3D beelden omgezet worden: 3D volumes en 3D oppervlakten. 1) Een 3D
volume is vergelijkbaar met een kubus welke uit heel veel kleine blokjes bestaat. Elk
blokje in deze kubus stelt een pixel voor met een eigen kleur of intensiteit. Een 3D
volume kan bijvoorbeeld opgebouwd worden door meerdere aansluitende doorsnedes
te stapelen. De CT en MRI creëren automatisch 3D volumes, maar dit is ook mo-
gelijk met echo, zoals bekend van zwangerschapsecho’s. 2) Een 3D oppervlakte verte-
genwoordigd vaak de buitenkant van bepaalde structuren en bestaat uit vele kleine
driehoekjes. Ze zijn bekend van grafische beelden in computerspellen of animatiefilms
waar het ook wel een mesh wordt genoemd. 3D oppervlaktes kunnen met 3D camera’s
verkregen worden, maar ook uit 3D volumes na segmentatie.
Met verschillende verwerkingstechnieken als filteren, segmentatie, beeldregistratie en
logische operatoren kunnen beide typen 3D beelden verder bewerkt worden voor ver-
schillende medische toepassingen.

Wat zijn toepassingen van de derde dimensie in medische beelden? De 3D beelden
kunnen op grofweg drie manieren ingezet worden voor: 1) meer intuïtieve visualisaties
van bijvoorbeeld het menselijk lichaam; 2) nauwkeurigere geometrische metingen van
de anatomie; en 3) 3D modelleren of simuleren van behandelingen. Dit proefschrift
beschrijft vijf projecten verspreid over deze drie toepassingen.
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1. In hoofdstuk 2 en 3 wordt een methode beschreven waarin de temperatuur op
een 3D model van de voet intuïtief gevisualiseerd wordt. Hoofdstuk 4 beschrijft
een methode die na borstsparende operatie de afstand tussen de chirurgische
snijvlakken en kankerweefsel inzichtelijk maakt.

2. Hoofdstuk 5 beschrijft een manier om de huidoppervlakte van een oor te bepalen
van een 3D oppervlakte ter voorbereiding van oorschelpreconstructies. In hoofd-
stuk 6 wordt een meetmethode gepresenteerd waarmee de plaatsing van een
knieprothese geëvalueerd kan worden ten opzichte van oorspronkelijk gewricht-
soppervlakte.

3. In hoofdstuk 7 en 8 wordt een procedure besproken om het chirurgisch behan-
delen van sleutelbeenbreuken te verbeteren door een replica van het sleutelbeen
te 3D printen.

Op basis van deze projecten is naar de meerwaarde van de derde dimensie gekeken
en geëvalueerd hoe deze effectief ingezet kan worden. Daarnaast zijn ook interviews
afgenomen met verschillende medisch specialisten in Deventer Ziekenhuis. In de inter-
views is gekeken waar de derde dimensie al benut wordt en in welke mate de specialis-
ten open staan tot introductie van nieuwe toepassingen. Uit de interviews en projecten
is gebleken dat 3D toepassingen relatief weinig worden ingezet. Medisch specialisten
staan grotendeels positief tegenover het introduceren van nieuwe 3D toepassingen,
mits de meerwaarde in balans is met de benodigde investering (tijd, geld, moeite en
frustratie).

Uit de projecten en interviews zijn 3 opties afgeleid om nieuwe toepassingen effectief
in gebruik te nemen: 1) Medisch specialisten passen deze zelf toe met gebruiksvrien-
delijke softwareapplicaties. Dit is ideaal voor relatief makkelijke toepassingen, totdat
het te veel, divers of complex wordt; 2) Toepassingen worden gefaciliteerd door on-
dersteunende afdeling wanneer optie 1 niet volstaat. Veel visualisaties en metingen
kunnen eventueel bij radiologie uitgevoerd worden, echter voor toepassingen met 3D
oppervlakten en het modelleren of simuleren van behandelingen is 3Dlab-achtige ex-
pertise nodig; 3) Een extern bedrijf levert de toepassing als dienst, wat voor zeldzame
en specialistische casuïstiek handig is of als 3Dlab-achtige expertise niet beschikbaar
is.
Als toekomstgerichte implementatiestrategie is advies voor ziekenhuizen om te in-
vesteren in 3Dlab-achtige expertise binnen het ziekenhuis of in samenwerking met
andere ziekenhuizen. Dit zorgt voor betere borging van 3D toepassingen en vraagges-
tuurde ontwikkelingen.
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Appendix B: supplementary files Chapter 4

The GIF files of 13 cases, reffered to in Chapter 4, can be found in the attachements of this 
pdf file. In most adobe readers this can be found on the left:
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