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ABSTRACT

In the last twenty years, a new way of practicing medicine has been focusing on the
problems and needs of each patient as an individual thanks to the significant advances in
healthcare technology, the so-called personalized medicine. In surgical treatments,
personalization has been possible thanks to key technologies adapted to the specific anatomy
of each patient and the needs of the physicians. Tracking systems, augmented reality (AR),
three-dimensional (3D) printing and artificial intelligence (AI) have previously supported this
individualized medicine in many ways. However, their independent contributions show several
limitations in terms of patient-to-image registration, lack of flexibility to adapt to the

requirements of each case, large preoperative planning times, and navigation complexity.

The main objective of this thesis is to increase patient personalization in surgical
treatments by combining these technologies to bring surgical navigation to new complex cases
by developing new patient registration methods, designing patient-specific tools, facilitating

access to augmented reality by the medical community, and automating surgical workflows.

In the first part of this dissertation, we present a novel framework for acral tumor
resection combining intraoperative open-source navigation software, based on an optical
tracking system, and desktop 3D printing. We used additive manufacturing to create a patient-
specific mold that maintained the same position of the distal extremity during image-guided
surgery as in the preoperative images. The feasibility of the proposed workflow was evaluated
in two clinical cases (soft-tissue sarcomas in hand and foot). We achieved an overall accuracy
of the system of 1.88 mm evaluated on the patient-specific 3D printed phantoms. Surgical
navigation was feasible during both surgeries, allowing surgeons to verify the tumor resection

margin.

Then, we propose and augmented reality navigation system that uses 3D printed
surgical guides with a tracking pattern enabling automatic patient-to-image registration in
orthopedic oncology. This specific tool fits on the patient only in a pre-designed location, in
this case bone tissue. This solution has been developed as a software application running on
Microsoft HoloLens. The workflow was validated on a 3D printed phantom replicating the
anatomy of a patient presenting an extraosseous Ewing’s sarcoma, and then tested during the
actual surgical intervention. The results showed that the surgical guide with the reference

marker can be placed precisely with an accuracy of 2 mm and a visualization error lower than
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3 mm. The application allowed physicians to visualize the skin, bone, tumor and medical

images overlaid on the phantom and patient.

To enable the use of AR and 3D printing by inexperienced users without broad technical
knowledge, we designed a step-by-step methodology. The proposed protocol describes how to
develop an AR smartphone application that allows superimposing any patient-based 3D model
onto a real-world environment using a 3D printed marker tracked by the smartphone camera.
Our solution brings AR solutions closer to the final clinical user, combining free and open-
source software with an open-access protocol. The proposed guide is already helping to

accelerate the adoption of these technologies by medical professionals and researchers.

In the next section of the thesis, we wanted to show the benefits of combining these
technologies during different stages of the surgical workflow in orthopedic oncology. We
designed a novel AR-based smartphone application that can display the patient’s anatomy and
the tumor’s location. A 3D printed reference marker, designed to fit in a unique position of the
affected bone tissue, enables automatic registration. The system has been evaluated in terms of
visualization accuracy and usability during the whole surgical workflow on six realistic
phantoms achieving a visualization error below 3 mm. The AR system was tested in two
clinical cases during surgical planning, patient communication, and surgical intervention.
These results and the positive feedback obtained from surgeons and patients suggest that the

combination of AR and 3D printing can improve efficacy, accuracy, and patients’ experience

In the final section, two surgical navigation systems have been developed and evaluated
to guide electrode placement in sacral neurostimulation procedures based on optical tracking
and augmented reality. Our results show that both systems could minimize patient discomfort
and improve surgical outcomes by reducing needle insertion time and number of punctures.
Additionally, we proposed a feasible clinical workflow for guiding SNS interventions with
both navigation methodologies, including automatically creating sacral virtual 3D models for
trajectory definition using artificial intelligence and intraoperative patient-to-image

registration.

To conclude, in this thesis we have demonstrated that the combination of technologies
such as tracking systems, augmented reality, 3D printing, and artificial intelligence overcomes
many current limitations in surgical treatments. Our results encourage the medical community
to combine these technologies to improve surgical workflows and outcomes in more clinical

scenarios.
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Introduction

1.1. Personalized medicine in surgical treatments

Medicine is constantly improving thanks to advances in technology and science. New
techniques and knowledge from physics, computer science, engineering, mathematics,
chemistry, or biology contribute to it, but the direct application on patients is what changes the
medical practice. Every day we keep discovering new detailed information about conditions,
diseases, or treatments. All these new observations are improving patients' health, thanks to
better diagnosis and treatment, fewer side effects, and faster recovery. In short, to achieve

improved medical outcomes.

In the last twenty years, we have seen a significant increment in the advances in
healthcare technology focused on the problem and needs of each patient as an individual [1].

This new way of practicing medicine is called personalized medicine [2].

Visionary scientific experts first defined this term at the beginning of the century [3],
[4]. They predicted that the new advances in biological technology would bring a new medicine
focused on the individual, thanks to innovative system approaches such as system biology. This
discipline emerged from an increased advance in biology knowledge, the integration of new
technology, and the research on multidisciplinary environments. The added value originated
from understanding the modulation of biological systems and how genes, cells, organisms, and
environments interact as complex systems [5]. This knowledge can also improve healthcare,
enhancing efficacy, scaling, precision, monitoring, discovery, treatment, prediction, and

prevention, being even more economically efficient.



Personalized medicine tries to understand each patient from the gathered data and
features that characterize them, creating a specific profile to improve clinical diagnosis and
treatment. This approach could be more precise and focused than present clinical medicine,
enhancing patient care by boosting efficacy and reducing the number of treatment failures [6].
One of the specialties that personalized medicine has impacted the most is oncology. Cancer
cells are not generic, and they depend on the genome or other features of the patient. Therefore,
personalized medicine has brought a new way of thinking by looking at the patient from a
genome-based perspective. The tumor is then characterized molecularly to find the most

appropriate therapy [7]-[10].

Personalization in medicine implies not only genetics and molecular biology but also
other areas in medicine, such as surgical treatments [11]. Computer-aided surgery (CAS) brings
high-end technology and computer-based methods to surgical interventions. More than 30
years ago, this field started with key technologies during surgical planning, surgical navigation
(Figure 1.1), and surgical robotics [12]-[18]. Preoperative medical imaging, with computed
tomography (CT) or magnetic resonance imaging (MRI), has allowed designing a strategy to
approach a surgical intervention by knowing the position of the affected areas. Surgical
navigation has provided the surgeon real-time tool tracking with respect to the patient's
anatomy. Furthermore, medical robotics has assisted with exact mechanical movements in the
operating room (OR), allowing precise surgical gestures. All in all, this medical field has
always tried to assist physicians in treating patients as individuals by utilizing different

methodologies that adapt to their features and anatomy.

It could be said that personalization is already included in any surgical treatment [19].
However, although some surgical tools try to be personalized and specific for the patient,
sometimes they are more generic than expected and not fully adapted to the patient or surgical
procedure [20]. 3D printing has overcome some of these limitations fabricating patient-specific
surgical guides, adapting hand-held tools for specific surgical procedures, or manufacturing
implants that adjust precisely to the patient's anatomy [21]-[23]. Additionally, surgical
navigation tracks instruments in real-time, allowing the surgeon to follow a personalized

treatment planning performing the correct steps.



Figure 1.1. VISLAN system with pattern marked tool and image overlay on the patient.
Image adapted from [24] (figure reprinted with permission of the copyright holder,
Elsevier).

Currently, hospitals keep focusing on surgical treatment personalization. Nonetheless,
this also implies longer preoperative times for the physicians, since they need to plan the
intervention, analyzing each case in detail to customize the treatment. Therefore, there is a need
to reduce processing time during specific tasks in preoperative planning, such as outcome
prediction or evaluation of the patients' anatomy. During the past years, artificial intelligence
(AI) has overcome this issue by using new computational power to automatically perform these
cumbersome tasks, obtaining relevant information from the patients' medical images almost

instantaneously [25].

Personalization in medicine also reaches the ORs, which are being customized based

on surgeons’ preferences and workflows to achieve a better surgical outcome. Recent



technologies provide new ways of visualizing patient information in the OR that could be
essential in surgical decision-making. Augmented reality (AR), for instance, can bring science
fiction to reality. AR systems allow physicians to visualize relevant virtual information on top

of the patient without external screens.

We have seen how new solutions provide personalization focused on the patient.
However, the use of these systems is still minimal, and the available technology still does not
target every treatment that could benefit from it. Moreover, personalization requires time that
surgeons do not have. Additionally, these technologies are not usually combined, limiting their
potential. In the following sections, I will present the state-of-the-art of these technological
advancements, focused on surgical treatments. Finally, I will report how surgical treatment

could benefit if they are all combined.

1.2. Tracking systems

Tracking systems are used in CAS procedures to track the position and orientation of
specific surgical instruments. These tools are tracked in real-time with respect to the patient’s
imaging studies during a surgical intervention improving speed, security, efficacy and,

consequently, surgical outcome [26].

Tracking devices are an essential part of surgical navigation. Optical tracking systems
(OTS) or electromagnetic tracking systems (EMTS) are the most common, thanks to their
versatility, size, and precision. OTS provide high tracking accuracy to any tool attached to
spherical reflective markers. Nonetheless, the fundamental limitation is the line-of-sight
needed for tracking since, in some scenarios, it is impossible to prevent occlusions [27]. On the
other hand, EMTS overcome this limitation. These devices are a good alternative when
occlusions are inevitable or tracked tools are inside the patient. Nevertheless, EMTS only work
in particular conditions, as precision could be degraded by the distortion of the generated

electromagnetic field caused by ferromagnetic materials, commonly used inside the OR [27].

OTS and EMTS are part of most commercial navigation systems. We can find optical
tracking devices, such as Polaris Vega (Northern Digital Inc., ON, Canada), in many surgical
navigation stations, such as StealthStation (Medtronic Plc., Dublin, Ireland) (Figure 1.2) or
Curve Navigation (BrainLAB AG, Munich, Germany). Other companies, such as Stryker
Corporation (Kalamazoo, MI, USA), Braun Healthcare (Kronberg im Taunus, Germany), or

Stereotaxis Inc. (San Luis, MO, USA), offer surgical navigation systems based on their own



tracking devices. These navigation systems are widely used in surgical treatments where rigid
structures, such as bones, are involved [28], [29] because they ensure a low patient-to-image
registration error. Neurosurgeries have benefited from these systems as well, given that the

high tracking precision they offer is essential in these procedures [30], [31].

Figure 1.2. Spinal surgical navigation system called Medtronic StealthStation. Copyright
Medtronic.

Surgical navigation systems are valuable in personalized treatments because they can
be easily adapted to each patient. Nonetheless, the commercial applications are still limited.
These solutions lack the flexibility necessary to adjust the approach to the requirements of each
case. They are designed for specific treatments, but their software is not flexible enough in
cases where more personalization is needed. For example, a navigation system for knee
interventions could be used in similar body areas, such as the elbow or the ankle. However,
these devices are not promoted to other locations due to their reduced market and the expenses,
logistics and certification involved. Also, the high cost limits their adoption. These constraints

avoid their use in specific treatments regardless of the possible benefits [20], [32].

In the past years, different open-source software proposals have reduced these
limitations. PLUS toolkit is a good example [33], since it was implemented to provide various
methods for facilitating the management of interventional tool pose and image data from a wide
range of tracking and imaging devices. In order to provide live streaming of tracking
information, PLUS uses OpenlGTLink [29], an open and simple communication protocol
specifically designed for live data transfer in image-guided therapy applications. 3D Slicer, an

open-source software platform for registration, interactive segmentation, and visualization of



medical images [34], supports this protocol. Moreover, this software allows specific built-in

applications (named modules) to develop personalized applications for surgical treatments.

The combination of open-source software and tracking devices brings new possibilities
in surgical navigation, offering extra flexibility that enables innovative solutions not available
in commercial systems. Garcia-Mato et al. proposed an intraoperative navigation solution with
an OTS and customized navigation software to accurately translate preoperative surgical
planning into the operating theater in craniosynostosis surgeries [35]. Ungi et al. have used
EMTS to track ultrasound and surgical instruments in breast tumor excision through open-
source software, significantly reducing the excised tissue compared to control procedures [36].

These systems succeed as an alternative to commercial solutions.

Nevertheless, one of the main challenges when dealing with tracking systems is the
patient-to-image registration. This step is commonly solved by calculating a fiducial-based
registration with anatomical landmarks that are visible during surgery. However, these
landmarks are difficult to identify in some procedures, such as orthopedic oncology [37], [38],
increasing the registration error. For this reason, solutions that improve patient registration on

complex surgical procedures, increasing patient personalization, must be developed.

1.3. Augmented reality

Augmented reality (AR) i1s a technology that brings the possibility to augment the
physical, real-world environment by superimposing computer-generated graphics over a user's
view of the real world. While virtual reality (VR) uses computer-generated virtual elements to
immerse users in a virtual environment completely, AR combines these virtual elements with

the real world, allowing the user to be aware of the surroundings.

For the past 30 years, AR has provided an increasing number of applications in the
medical field [39]. The interaction between virtual 3D models and the real environment has
brought tangible benefits in education and training, where students and physicians can learn in
a more interactive way, improving spatial vision and surgical ability [40]-[42]. Additionally,
other authors have created simulators to assist surgical interventions with AR systems that
provide confidence to physicians about their surgical skills [43]. AR has also enhanced
interaction and collaboration between physicians by allowing long-distance real-time

communication inside and outside of the OR [44].



Furthermore, AR applications have expanded to surgical treatments, trying to guide
surgeons during clinical interventions in many medical fields, such as head and neck surgeries
[45], maxillofacial interventions [46], orthopedic medical procedures [47], or neurosurgery
[48]. It has also shown a significant impact in needle insertion treatments, thanks to direct
visualization of the needle trajectory on top of the patient [49], [50]. All these examples are
part of personalized medicine, since they use specific virtual models and adapt the AR

application to each patient.

AR technology is mainly composed of two elements: first, a visualization device, which
lets the user view the computer-generated elements; second, a combination of computers,
software, and sensors that can track and understand the spatial information of the surroundings.
With this in mind, two kinds of AR devices have changed the way AR was initially conceived.
First, thanks to the new advances in smartphone technology, such as camera sensors and fast
microprocessors, we can now use AR right from our pockets. Software development kits
(SDKs) such as ARKit for iOS (Apple Inc, Santa Monica, CA, USA) or ARCore for Android
(Alphabet Inc, Mountain View, CA, USA) facilitate the creation of AR applications with the

cameras of our phones and a few lines of code.

The other devices that have been a game-changer for AR technology are head-mounted
displays (HMD). While smartphones need to be held with one hand and the virtual elements
are displayed through a screen, HMD free the user’s hands. These devices have a semi-
transparent glass in front of the eyes on top of which the virtual elements are projected. Then,
thanks to the cameras and sensors inside, the device detects the surroundings and where the
user is looking, displaying the augmented information right as if they were in the environment.
These revolutionary devices were brought affordably first by Microsoft (Redmond, WA, USA)
with the HoloLens (Figure 1.3) and later by Magic Leap (Plantation, FL, USA). Although
these devices are leading the way AR should be perceived, we are still far from their everyday

use in the medical field, and more possible applications need to be explored.

Besides, although AR technology has shown great potential in healthcare, the adoption
by medical professionals is still limited since they require extensive knowledge of engineering
and software development. We believe this technology could be applied to many more medical
applications if offered more straightforwardly in terms of accessibility and complexity. For

these reasons, we consider that more research is needed to spread AR through medical



professionals in surgical treatments, not only in the OR during surgical interventions, but also

for surgical planning and patient communication.

Figure 1.3. Surgeon wearing Microsoft HoloLens during a surgical intervention.

1.4. 3D printing

3D printing technology, also known as rapid prototyping or additive manufacturing,
has revolutionized the medical field with numerous advantages that involve a paradigm shift
in healthcare [51]. Its healthcare applications have increased exponentially during the last
decade, allowing anyone to easily convert 3D models created from medical imaging studies

(CT, MRI...) into physical objects using a layering technique [52].

Some examples of medical applications include medical education and training [53]-
[55], fabrication of medical devices [52], or bioprinting organs and tissues [56], [57]. The direct
interaction with the patient’s anatomy is especially important in surgery, where 3D printed

patient-specific anatomical models (biomodels) improve spatial perception, enhancing the



results in preoperative planning and clinical interventions in areas such as cardiology [58], [59],
urology [60], [61] or gynecology [62], [63]. Unique and specific surgical instruments can also
be designed and built, reducing manufacturing time and costs, enhancing customization

according to the surgeon's preference [64], [65].

More specifically, orthopedic surgery and traumatology is an area of particular interest
[66]-[68] since 3D printing can offer straightforward solutions to fabricate personalized tools
essential in this specialty. For example, this technology has facilitated patient-specific surgical
tools used for plate pre-contouring or as cutting guides designed to fit in a unique place on the
surface of the patient's bone, providing surgical guidance during the intervention [69]-[72].
Others have used rapid prototyping to design and print osteotomy guides [73], [74], contour
vascularized bone flaps [75], or reconstruct ligaments [76]. Furthermore, additive
manufacturing techniques allow fabricating custom-made implants that adapt specifically to

each patient's anatomy in situations that require high customization [77], [78].

Several companies offer support for manufacturing 3D printed tools. Nonetheless, this
technology is accessible to everyone through desktop 3D printers. This has moved hospitals
towards implementing their own in-house 3D printing hubs, improving the involvement of the
clinical staff in the workflow, self-acquiring knowledge for their institution, increasing
productivity, and reducing both cost and delivery times of the 3D printed models [79], [80].
This new trend has a significant value in personalized medicine by giving physicians resources
to create patient-specific tools (Figure 1.4) that could improve medical outcomes, adapting to

the needs of both the patient and the physicians.

Fused deposition modeling (FDM) and stereolithography (SLA) are the most common
3D printing technologies found in hospitals. They are making a significant impact on
personalizing tools in surgical treatments because of their reduced size, low cost, and
flexibility. FDM allows fabricating objects at a low cost by extruding a large variety of plastic
materials. Although manufacturing with this technique is straightforward, these 3D printers
lack the precision that sometimes is required in surgical treatments. On the other hand, SLA
printers make it possible to manufacture high precision tools in resin materials, which present
adequate properties to be used inside the OR and can be biocompatible. Additionally, some of

these resins can be sterilized following standard protocols without deformation.



Figure 1.4. 3D printed anatomical 3D models of a complex body area. Image adapted from
[80] (figure reprinted with permission of the copyright holder, Springer Nature)

There is no doubt that 3D printing has become an essential technology in everyday life
in many hospitals. It gives physicians the ability to increase treatment individualization,
benefiting both patient communication and surgical outcome. Their range of possibilities is yet
to be explored. However, there are still some drawbacks when personalization comes to mind.
Designing biomodels from medical images is time-consuming since automatic segmentation
tools are still not standard in 3D printing workflows, and the printing process requires several
hours, reducing the clinical translation. Therefore, more research is missing to offer alternatives

that reduce the impact of these limitations.

1.5. Artificial intelligence

Artificial intelligence (Al) applies computerized algorithms to analyze and interpret
large amounts of data for classification, prediction, and segmentation. Thanks to the advances
in computational technology during the last decade, Al has demonstrated outstanding potential
for clinical applications, boosting interpretation and automatization in disease diagnosis,

personalized treatment, gene editing, or drug development [81], [82].

Machine learning (ML), a subfield of Al, has already shown an incredible increase in
diagnostic performance based on medical imaging data for multiple conditions, such as cancer
[83], [84], chronic obstructive pulmonary disease (COPD) [85]-[87], or diabetic retinopathy

[88]. Surgical decision-making is still influenced by individual subjective judgment and
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deductive reasoning, which could lead to medical errors significantly affecting the surgical
outcome [89], [90]. However, the integration of Al-based tools could be a perfect alternative
to support clinical decisions by, for example, proposing algorithms that could predict risks for

postoperative complications [91] or mortality [92].

Other ML approaches have focused on automated identification of surgical phases and
instruments and predicting adverse events during medical procedures [93], [94]. For example,
Pose-Diez-de-la-Lastra et al. have proposed neural networks to automatically detect surgical
instruments from video recordings, identifying the workflow phases in cranial vault remodeling
[95]. In other cases, Al has enhanced soft-tissue navigation by detecting organ deformation

during surgery and providing patient registration [96].

Although Al algorithms have shown to be a useful tool for improving medical care,
much of the research has only been validated on local databases. It is not straightforward to
spread their use to other data or domains. Products such as NVIDIA Clara (Nvidia Corporation,
Santa Clara, CA, USA) have been developed to overcome these limitations and create scalable
Al solutions. NVIDIA Clara is an application framework optimized for healthcare that uses
built-in SDKs and reference applications, allowing researchers to develop Al tools that can
easily be integrated with the healthcare system. This platform offers a simple solution for data
annotation and computational model deployment to boost personalized medicine in any

medical discipline [97].

Furthermore, segmentation of the patient’s anatomy from medical imaging is essential
for personalization in surgical treatments since it contributes to the location and quantification
of healthy organs or pathological lesions. Also, the obtention of virtual 3D models of the
affected anatomy could be crucial to represent important structures during surgical navigation.
Nevertheless, current segmentation procedures are based on manual or semi-automatic
methods, which require ample time from the users involved in this step. The need for the
automatization of this process is evident. ML algorithms based on convolutional neural
networks (CNNs), such as U-Net [98] or SegNET [99], can provide a binary mask for each
specific region fully automatically once the computational models are trained. Automatic
segmentation has shown promising results in many anatomical areas such as the thoracic cavity
[100], abdominal cavity (Figure 1.5) [101], head and neck [102], or extremities [103].

However, although these methods show impressive segmentation results, they are usually hard
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to generalize to other studies. Their performance decreases on external data not similar to the

one used for training.
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Figure 1.5. Comparison between manual and automatic segmentation (predicted by using
a deep learning algorithm) of the subcutaneous adipose tissue (red area) and visceral
adipose tissue (green area) from a computed tomography scan. Image adapted from [99]
(figure reprinted with permission of the copyright holder, Copyright © 2020, IEEE).

Al applications have shown astonishing results in terms of accuracy and sensitivity and
are a promising tool in healthcare that is becoming the key for process automatization. In
surgical interventions, manual tasks such as pathology detection and quantification have
always been time-consuming for medical professionals, increasing surgical planning time.
Right now, many of these processes could be automated, reducing this extensive dedication.
Nevertheless, more work needs to be done to provide these solutions in other clinical
workflows. For this reason, we believe that Al should be introduced in additional surgical

scenarios to reduce manual tasks that are time-consuming for medical professionals.

1.6. Combination of these technologies

In the previous sections, we have presented how different technologies are boosting
personalized medicine in surgical treatments. However, we believe that each one has several
characteristics that limit their use in other fields. This section will first show their potential
when combined within the same workflow by reporting the state-of-the-art. After that, we will
explore different areas in surgical treatments that could benefit from combining of these

technologies.
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Tracking systems provide real-time position of medical instruments in surgical
navigation. Still, image-to-patient registration is sometimes difficult to perform in orthopedic
oncology, increasing registration error since predefined anatomical landmarks are complicated
to identify in the OR [104]. Additionally, commercial surgical navigation systems do not
extend to many orthopedic surgical procedures since they lack patient and case personalization
[20]. Nevertheless, 3D printing could offer a perfect combination with tracking systems to
overcome these drawbacks, since additive manufacturing creates personalized tools that adapt
to the specificness of the patient. For example, Schulz et al. have combined surgical navigation
and 3D printing in complex bone tumors of the trunk to enhance surgical planning. They
reported that the combination of 3D printing with other techniques could contribute to an

improved personalized medicine [105].

On the other hand, as mentioned in previous sections, AR systems have shown great
potential in surgical treatment. Nevertheless, there are some restraints if they are applied in
surgical treatments in terms of portability, calibration and tracking. These disadvantages make
it difficult to register the augmented data with the real-world space [106]. Up to now, patient
registration has been achieved by applying manual alignment (Figure 1.6) [107], or with
optical/electromagnetic tracking systems [108], [109]. These solutions seem to work in some
specific applications, but require extra hardware, add complexity to the workflow, increase

procedure time, and may not be accurate enough.

Furthermore, many navigation AR proposals are validated with methodologies that are
difficult to generalize or do not follow a rigorous error analysis [110], [111]. In this context,
tracking systems (such as EMTS or OTS) could be a perfect gold standard for error
measurements in AR systems [112]. Additionally, 3D printing could be implemented to

validate in-vitro navigation by manufacturing 3D printed phantoms based on patient data [113].

Moreover, AR and 3D printing technologies have improved orientation, guidance and
spatial skills in surgical treatments when used independently. However, long 3D printing
manufacturing times for large 3D models and AR depth perception are important limitations in
medical applications that could be solved by combining both technologies. Wake et al. showed
that the visualization of 3D models, either with AR visualization or 3D printed objects, reported
an increased value in patient education [114]. On the other hand, the integration of both

technologies has facilitated the explanation of medical conditions to the patient by simulating
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the proposed treatments in transcanal endoscopic procedures [115] or percutaneous pulmonary

interventions [116].

Figure 1.6. Usage of Microsoft HoloLens in the operating room to aid identification,
dissection and execution of vascular pedunculated flaps during reconstructive surgery.
Image adapted from [107] (figure reprinted with permission of the copyright holder,
Springer Nature).

Anatomical segmentation of affected areas in surgical treatments is based on manual
methodologies, which require extensive time from medical professionals during preoperative
planning. ML algorithms could be an alternative to automatize these models in order to reduce
processing times considerably. Izard et al. proposed using Al to automatically segment and
reconstruct anatomical models that would be used in an AR and VR platform prior to surgery,

reducing complexity in the surgical workflow [117].
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These technologies used independently are valuable in surgical treatments. However,
their combination could be crucial to improve navigation accuracy, reduce preoperative times
and navigation complexity, and add surgical value. We believe that their use is still limited and

that, combined, they can have an essential role in surgical guidance.
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Motivation and Objectives

2.1. Motivation

In surgical treatments, personalization has been possible thanks to key technologies in
surgical navigation that allow physicians to provide individualized treatment adapting to
patients’ features and anatomy. Tracking systems, augmented reality (AR), 3D printing, and
artificial intelligence (Al) have been part of this process by manufacturing patient-specific
tools, bringing new ways of visualizing patient information or reducing complexity and time
by automatically performing cumbersome tasks [28], [46], [69], [102]. However, their
independent contributions show several limitations in terms of lack of flexibility to adapt to the

requirements of each case, patient-to-image registration, and large preoperative planning times.

Commercial navigation systems have already been implemented with great success in
many surgical procedures, mainly where rigid structures, such as bone, are involved [28]-[30].
However, when they are designed for specific treatments, they are not promoted to other
procedures due to their possible reduced market, the expenses, logistics and certification
involved. Therefore, these constraints avoid their use in specific treatments regardless of the
possible benefits. The combination of open-source software and tracking devices could be an
alternative in cases where commercial systems are not enough [35], [36]. Nevertheless, the

implementation of these systems is still reduced due to limited patient personalization tools.

Moreover, one of the main challenges when dealing with tracking systems is the
patient-to-image registration. It is commonly solved by applying a fiducial-based registration
with anatomical landmarks that are visible during surgery. However, these landmarks are

difficult to identify in some procedures, such as orthopedic oncology [37], [38], increasing the
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registration error. Furthermore, registration methodologies in AR navigation systems are still
constrained by technological restrictions, such as portability, calibration and tracking. Up to
now, patient registration has been achieved by applying manual alignment [107], or with
optical/electromagnetic tracking systems [108], [109]. These solutions seem to work in some
specific applications, but require extra hardware, add complexity to the workflow, increase
procedure time, and may not be accurate enough, making their implementation impossible in

many cases.

It is worth mentioning that augmented reality technology has brought tangible benefits
in medical procedures by guiding surgeons during clinical interventions in many medical fields
[45]-[50], but we are still far from their everyday use. The adoption by medical professionals
is still restricted since they require extensive knowledge of engineering and software
development, limiting their use not only in surgical treatments, but also in surgical planning

and patient communication.

Additionally, anatomical segmentation of the patient’s anatomy from medical imaging
is essential in surgical treatments since it contributes to identifying healthy organs or
pathological lesions. Nevertheless, current segmentation procedures are based on manual or
semi-automatic methods, which require ample time from the medical. During the past years,
artificial intelligence (Al) has overcome this issue by performing these cumbersome tasks
automatically, helping to obtain relevant information from the patients' medical images almost
instantaneously [83], [85], [89], [94], [100]-[103]. However, the implementation of these
techniques has only been validated on local institutions, and it is not straightforward to spread

their use into more clinical workflows.

These technologies used independently are very valuable in surgical treatments.
However, their combination could be crucial to improve navigation accuracy, reduce
preoperative times and navigation complexity, and add surgical value. We believe that their

use is still limited and that, combined, they can have an essential role in surgical guidance.

2.2. Objectives

The main objective of this thesis is to increase patient personalization in surgical
treatments by combining key technologies such as tracking systems, augmented reality, 3D
printing and artificial intelligence. The combination of these technologies will bring surgical

navigation to new complex cases, create new patient registration methods with patient-specific
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tools, facilitate access to augmented reality by the medical community, and automate surgical

workflows. The objectives of this thesis are the following:

(1) To develop a new surgical workflow that combines 3D printing and open-source
navigation software to navigate acral tumor resection surgeries by
manufacturing patient-specific 3D printed molds to ensure patient-to-image
registration and proper margin removal, reducing errors and increasing

surgeon’s confidence.

(2) To design and evaluate an augmented reality navigation system that uses a
patient-specific 3D printed surgical guide with a reference marker for patient-

to-image registration in orthopedic oncology tumor resection surgery.

(3) To accelerate the adoption of AR and 3D printing technologies by medical
professionals by proposing an augmented-reality smartphone application to

visualize anatomical 3D models of patients using a 3D printed reference.

(4) To design and evaluate a new surgical framework that combines AR and 3D
printing for their integration in orthopedic oncology surgeries by manufacturing
3D printed patient-specific models and developing an AR smartphone
application to assist during preoperative planning, patient communication, and

surgical intervention.

(5) To propose and evaluate two different navigation systems in an advanced
surgical framework to guide electrode placement in sacral neurostimulation
surgeries designed to reduce surgical time, minimize patient discomfort, and

improve surgical outcomes.

The work presented in this thesis has been developed at Universidad Carlos III de
Madrid in collaboration with the Department of Orthopedic Surgery and Traumatology of the
Hospital General Universitario Gregorio Marafion and the Department of General Surgery of
the Hospital Universitario La Paz in Madrid, Spain. Additionally, some methods are the result
of a collaboration with the Applied Chest Imaging Laboratory (ACIL) research group from the
Radiology Department of the Brigham and Women’s Hospital and Harvard Medical School in

Boston, Massachusetts, United States.
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Surgical Navigation and 3D

Printing in Acral Tumors

3.1. Introduction

Surgical navigation allows relating the pose of specific instruments to the patient’s
imaging studies in real-time by means of a tracking system and patient-to-image registration
[118]. This technology has shown potential benefits in orthopedic oncology surgeries on pelvic,
sacral, spinal, and bone tumors [119]-[122]. Nevertheless, some of these authors have not
found strong evidence supporting a better surgical outcome for navigated operations compared
to conventional surgery [123]. Commercial navigation systems have been designed explicitly
for orthopedic procedures, such as OrthoPilot (B. Braun, Melsungen, Germany), ORTHOsoft
(Zimmer Biomet, IN, USA), or NAV3i (Stryker Corporation, MI, USA). However, there are
two limitations of these solutions in orthopedic tumor surgery: the lack of flexibility, necessary
to adapt the system to the requirements of every case, and the high cost of these devices. Very
particular procedures, such as the resection of acral tumors (those located in distal extremities
such us hands or feet), have no clear benefit from navigation because it is complicated to adapt
commercial systems to the necessities of those surgeries [20], [32]. Nevertheless, due to the
low amount of surrounding tissue, sometimes it is hard for the surgeon to ensure enough
resection margin. Surgical navigation could provide the surgeon with the tumor’s location,
leading to a more precise surgical margin outcome than conventional surgery. However, these
locations introduce a significant challenge during surgical navigation due to their large number

of joints with complex movements (e.g., hand exhibits 27 degrees of freedom). This causes
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preoperative images not to correspond to the actual limb position during surgery, so the rigid
transformation commonly applied for image-to-world registration will compromise navigation

accuracy.

To solve these problems, we propose to adapt the image-guided surgery (IGS)
workflow using two enabling technologies: open-source software and three-dimensional (3D)
printing. Software solutions such as 3D Slicer [34] can be an alternative in surgical navigation,
offering extra flexibility that enables the development of innovative solutions not available in
commercial systems [35], [36], [124], [125]. 3D printing, also known as rapid prototyping or
additive manufacturing, allows anyone to easily convert 3D models into physical objects using
a layering technique. During the last decade, the applications of 3D printing have increased
exponentially in the medical area [126], including preoperative planning, bioprinting, and
physician training. 3D printing already has an increasing impact in surgical practice, where the
ability to interact with the patient’s anatomy is crucial: anatomical models, surgical
instruments, and implants/prostheses are the main areas identified in the recent literature [127]—
[130]. Orthopedic surgery is an area of particular interest [66] since 3D printed models facilitate
the pre-contouring of plates, and cutting guides can be designed and printed adapted to each
case [69], [70]. Several companies offer support for manufacturing these tools. However, there
is also a trend to implement desktop 3D printing inside the hospital [ 79], keeping the interaction
with the printing process in-house and improving the involvement of the clinical staff in the

workflow.

3.2. Objective

3D printing may expand the possibilities of other techniques such as surgical
navigation, where patient-specific implants have enabled IGS in complex tumor resections
[131]. In this study, we suggest combining desktop 3D printing and open-source software to
navigate acral tumor resection surgeries. To do so, we propose a surgical workflow that
includes patient-specific 3D printed molds to ensure that the distal extremity position depicted
in preoperative images resembles the one found during surgery. We also designed a specific
3D printed attachment to track a surgical tool. An open-source navigation software has been
adapted for guiding the resection of these tumors. The accuracy of our solution was measured

with patient-specific 3D printed phantoms and tested during two tumor removal surgeries.
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3.3. Methods

3.3.1. Patient studies

We evaluated the feasibility of the suggested workflow in two patients. The first patient
(case 1) presented a soft-tissue sarcoma located in the thenar eminence of the right hand
(Figure 3.1a). The second patient (case 2) showed a soft-tissue sarcoma in the dorsal area of
the right foot (Figure 3.1b). The study was performed in accordance with the principles of the
1975 Declaration of Helsinki as revised in 2013. The anonymized patient data and pictures
included in this paper are used after written informed consent was obtained from the participant
and/or their legal representative, in which they approved the use of this data for dissemination

activities including scientific publications.

3.3.2. Medical image acquisition and processing

A preoperative computed tomography (CT) scan of the affected distal extremity was
acquired for both cases with slice thickness of 2.00 mm and axial in-plane pixel size of 0.80
mm (case 1) and 0.95 mm (case 2). Moreover, magnetic resonance images (MRI) were also
acquired for both cases to examine tumor boundaries in the soft tissue (T2 sequences for both
cases with resolution of 0.20 x 0.20 x 3.85 mm for case 1 and 0.30 x 0.30 x 4.4 mm for case
2). Preoperative images were acquired 102 days before the surgical intervention for case 1 and
70 days for case 2. 3D slicer [34] version 4.8 was used for the registration of the medical images
and segmentation of the anatomy of both patients. The soft-tissue tumor and surrounding
anatomical region were segmented on the CT image, taking into account information from the
registered MR images, using semi-automatic methods (thresholding, manual contour, and
island effects). The results were exported as virtual 3D models (stereo lithography files, STL).
3D models were post-processed using smoothing (median filter with kernel size 3 x 3 x 1
pixels) and hole filling (kernel size 7 < 7 x 3) in 3D Slicer to optimize 3D printing quality and
minimize manufacturing time. Figure 3.1 shows the real picture and the virtual 3D model of

the extremities and tumor (in green) for both cases.
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(b)

(d)

Figure 3.1. Representation of the clinical cases. Case 1: patient with a soft-tissue sarcoma
(green) located on the right hand. (a) Real image and (c) virtual image. Case 2: patient with
a soft-tissue sarcoma (green) in the right foot. (b) Real image and (d) virtual image.

3.3.3. Computer-aided design and manufacturing

We designed and manufactured several tools and models in this study: a mold to ensure
the position of the limb for each patient, a customized cap to enable navigation of the surgical
scalpel, and phantoms obtained from the limb of each patient to evaluate the navigation error

in a controlled scenario. This section describes the methodology followed to create each object.

Each mold was designed in Meshmixer (Autodesk Inc., CA, USA) software by
extruding the surface of the limb’s 3D mesh. This holder allows the limb to be fixed during the
surgical procedure in the same position as in the preoperative CT image. The design of the

mold considered the surgical approach and working area, to facilitate easy management during
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surgery, and presented a smooth surface on the limb side to limit any harm to the patient. It
also included an attachment for retro-reflective optical markers (rigid body, RB) to enable
navigation. The position of these markers was determined to avoid possible occlusions during
navigation. Furthermore, we included several conical holes (@ 4 mm % 3 mm depth) on the
mold surface for point-based registration and error measurement. We also designed a

customized cap with optical markers to track the electric scalpel during surgery.

(b) (c)

Figure 3.2. Three-dimensionally (3D) printed models with a rigid body (RB) attached to
them: (a) patient-specific mold for case 1; (b) patient-specific mold for case 2; (¢) electric
scalpel customizable cap.

3D models (molds and the customized cap for the surgical tool) were manufactured
with a desktop 3D printer (Witbox-2, BQ, Madrid, Spain) using polylactic acid (PLA) (Figure
3.2). The RB attachment included in the mold design of case 2 was 3D printed separately since
the whole design did not fit in the printer bed (dimensions 297 x 210 mm). 3D printed tools
were sterilized to maintain asepsis of the surgical field as they may be in contact with the
patient. The sterilization technique was based on ethylene oxide (EtO) at 37 °C to avoid
deformation (the glass transition temperature of PLA is around 55-65 °C). It involved
extensive degassing to remove the residual EtO [132]. The spherical markers used for
navigation were attached during surgery, since they are supplied in individual bags in sterile

condition.

A patient-specific phantom was manufactured for each patient case to evaluate the
performance of the IGS system before surgery (Figure 3.3a,d). Each phantom included a 3D
printed copy of the mold made for surgery and the affected extremity limb with several conical
holes (@ 4 mm % 3 mm depth) on the model surface used to evaluate the accuracy of the
navigation. Original 3D models of the mold and the limb from both cases are available in the
supplementary material as 3D Model S1 (case 1 mold), 3D Model S2 (case 1 limb), 3D Model
S3 (case 2 mold), and 3D Model S4 (case 2 limb).
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Figure 3.3. Image-guided surgery simulation on patient-specific 3D printed phantoms
based on case 1 (left) and case 2 (right). The user is recording points from the conical holes
made on the surface of the 3D printed phantoms (a,d) with the commercial pointer (b) in
case 1, and with the electric scalpel (e) in case 2. The corresponding virtual scenes are
shown in (c,f).

3.3.4. Navigation software and hardware

A specific software application named AcralTumorNavigation was developed as a
module in the 3D Slicer platform to facilitate the surgical navigation of acral tumors [34], [133].
OptiTrack multi-camera optical tracking system (NaturalPoint Inc., OR, USA) provided real-
time tool tracking during the accuracy experiments and surgery. This system is accurate and
very robust for IGS navigation in large clinical scenarios, thanks to the use of multiple cameras.
Even if the surgical team occludes the line-of-sight between some cameras and the tracked
tools, the system will provide correct tracking data [134]. Eight near-infrared cameras (model
OptiTrack Flex 13) were distributed around the operating room (OR) to cover the working area
(Figure 3.4a). The tracking system transfers the positioning data to the Acra/TumorNavigation
module using PLUS-toolkit [33] and the Openl/GTLink communication protocol [135]. Two
different tools were used as reference pointer during the surgical procedure: a passive 4-marker
probe (Northern Digital Inc. [NDI], ON, Canada) (Figure 3.3b) and an electric scalpel with a
specific optical marker configuration attached to a customized 3D printed cap (Figure 3.3¢).
A pivoting procedure [136] enabled to obtain the relationship between the RB attached to the
reference pointer and its tip. Both pointer tools were sterilized before surgery (the probe and

the customized cap using a protocol based on EtO at 37 °C and the scalpel in autoclave).

The limb mold ensures that the patient is in the same position as in the preoperative

image, granting an automatic registration between the IGS system and the patient. This holder
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included an RB that allowed the tracking device to compensate for any movement of the
patient’s limb during surgical navigation. For this purpose, the RB needs to be registered to the
mold. We proposed two alternative approaches to solve this registration problem. First, the RB
and the mold could be 3D printed together, so no external registration would be necessary as
the relative position is already known from the 3D model design. Second, if the RB and mold
could not be printed together or if the RB was displaced right before surgery, registration could
be calculated applying a fiducial-based rigid registration algorithm [136] by recording points
on the conical holes made on the surface of the mold. This method could be employed

intraoperatively.

Figure 3.4. Operating room where surgeries of case 1 and 2 were performed, showing the
distribution of the eight optical tracking system cameras in blue (a) and two surgical
monitors in pink (b).

An external screen available in the OR (Figure 3.4b) displayed the
AcralTumorNavigation software during the intraoperative navigation. First, virtual 3D models
and preoperative images of the patient were loaded in the navigation software. Then, the

surgeon selected the reference pointer (commercial probe or an electric scalpel) to be used
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during navigation and performed pivot calibration. If any misregistration between the limb
mold and its corresponding RB was detected, the application allowed the physician to calculate
an intraoperative registration by recording points on the mold’s conical holes using the
reference pointer previously selected. Once the patient’s extremity was placed on the limb
holder, the program displayed the real-time position of the reference pointer with respect to the
medical images and virtual 3D models of the patient. Moreover, AcralTumorNavigation could
calculate the real-time distance of the reference pointer tip to any 3D model (e.g., tumor),
giving visual feedback to the surgeon. It also enabled real-time visualization of the patient’s
volume-rendered image, or virtual 3D models, depending on surgeons’ interest. Furthermore,
the software could store point coordinates from the tip of the reference pointer, which were

later used for surgical validation of the tumor resection margin.

3.3.5. Surgical workflow

Once the patient was under anesthesia, surgeons prepared the affected area for the
surgical intervention by covering the patient’s limb with sterile gauzes. This step protected the
patient while the extremity was placed on the mold and avoided limb movement during the
intervention. Then, the patient limb was fixed on the sterile mold to resemble the distal
extremity position from the preoperative planning. The next step was to calibrate the reference
pointer tip with respect to the RB attached to it by pivot calibration procedure. The surgeon
verified that the IGS system was correctly registered to the patient by moving the reference
pointer to known anatomical points on the patient and confirming that they corresponded to the
correct position on the virtual models and CT image. Then, physicians proceeded with the
resection of the tumor. While performing the resection task, surgeons used the navigation
system several times to confirm they reached the margin area preoperatively planned. Once the
tumor was removed, surgeons recorded several points around the resection area to verify the
tumor resection margin. We calculated the Euclidian distance from these points to the
segmented tumor after surgery. The suggested surgical framework is summarized in Figure

3.5.
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Figure 3.5. Proposed workflow for acral tumor resection surgeries.

3.3.6. Framework evaluation

We evaluated three different aspects of the proposed framework. First, the deformation
of the 3D printed limb molds caused by the sterilization procedure. Second, the navigation
system accuracy on patients’ phantoms before surgery. Last, the feasibility of the proposed

surgical navigation workflow during surgery.

Evaluation of mold deformation and sterilization

Sterilization processes might modify the shape of the mold from its original design and
consequently increase navigation errors. To evaluate this error, we obtained a CT image from
each 3D printed mold before and after sterilization. We measured the possible deformation by
calculating the Euclidian distance between each mesh point from the model before sterilization
to the closest mesh point in the sterilized model. These models were obtained from CT images
after segmentation by intensity thresholding. The CT acquisition scan parameters were voltage
100 kV, exposure 400 mAs, and voxel size 0.9 x 0.9 x 0.5 mm. 3D models were initially pre-
registered using the conical holes included during the design of the molds. This alignment was
refined with iterative closest point registration algorithm. For case 1, the RB attachment was
removed from the hand mold virtual model in order to have a fairer comparison between both

cases, as the RB attachment of the case 2 mold could not be printed within the same design
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Surgical simulation

Prior to surgery, the navigation procedure was simulated on the 3D printed phantoms
to validate the software and to evaluate IGS system accuracy. Both reference pointers (the NDI
pointer and the navigable electric scalpel) were tested during these simulations. The workflow
included several steps: (1) pivot calibration of the reference pointers (only once at the
beginning of the simulation); (2) fixing the limb to the mold; (3) recording the position of the
conical holes (nine cones for the case 1 and 8 cones for case 2) with each reference pointer.
Steps 2 and 3 were repeated four times by one user, for each phantom and each pointer,
removing and placing back again the 3D printed limb on its mold. Navigation accuracy was
calculated as the Target Registration Error (TRE) on the conical holes on the limb for each
case. This value corresponded to the Euclidian distance between the recorded coordinates and
the ones obtained from the same position in the virtual models. In case 2, it was necessary to
register the RB and its mold before the simulation. Figure 3.3 represents a user performing the

simulation on the 3D printed phantoms

Evaluation during the surgical procedure

The proposed framework was tested during the tumor removal surgeries in both cases.
We obtained qualitative feedback from the surgeons and a quantitative validation of the
navigation system. For this purpose, we measured the distance from the surgical tumor margin,
calculated from points recorded after tumor resection, to the tumor segmented on the

preoperative CT image. This distance should correspond to the pre-planned resection margin.

3.4. Results

The error results obtained by comparing the 3D models from CT images before and
after the sterilization processes are displayed in Figure 3.6. The mean error between 3D models
15 0.13 = 0.14 mm for case 1 (Figure 3.6a) and 0.17 & 0.15 mm for case 2 (Figure 3.6b). For
case 1, the surface finger area of the pinky, ring finger and middle finger and the middle surface
area of the posterior part of the hand presented a higher error than the rest of the holder. The
maximum error (2.30 mm) was located in some small specific points of the pinkie and ring
finger. In case 2 (foot mold), some areas of the arch that tied the toes up and the surface that is

in contact with the top part of the sole of the foot presented a higher error than the rest of the
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mold. The maximum error (2.77 mm) was located on small parts on the arch and back of the

mold. No strong deformation is detected in any of the holders.

Distance (mm)
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l 0.25
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Figure 3.6. Distance comparison between the 3D models of the limb mold obtained from
CT images before and after the sterilization process: (a) Case 1 hand mold; (b) case 2 foot
mold.

The performance evaluation results of the IGS system on the two patient-specific 3D
printed phantoms using both, the commercial pointer and the electric scalpel, are presented in
Table 3.1. Each repetition corresponds to removing and placing back again the 3D printed limb
on the mold. In case 1, the total root-mean-squared error (RMSE) across four repetitions was
1.88 = 0.18 mm (NDI pointer) and 1.57 + 0.11 mm (electric scalpel). In case 2, the RMSE was
2.12 £ 0.18 mm (NDI pointer) and 1.95 + 0.43 mm (electric scalpel). In both cases, the electric
scalpel obtained a lower RMSE than the commercial pointer. Sixty percent of the points taken

with both tools presented an error below 1.97 mm.

The IGS workflow was feasible in both clinical cases during surgery. For case 1, the
hand was fixed to the mold by using elastic bands on the fingers (Figure 3.7b). The position
of the hand was corrected several times because it was slipping on the mold. The NDI pointer
was used as the reference pointer. For case 2, the foot was put into a bandage to avoid the
slipping encountered during surgery for case 1. In this surgical procedure, the electric scalpel
was chosen as a reference pointer. After the patient’s limb was positioned into the mold, we

observed that the navigation information was not correct on the screen. We presumed that this
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problem was caused by incorrect placement of the RB, so we registered the RB with the mold.
Once this new position of the RB was established, the navigation continued with no further
problems. Registration required less than 1 min. Video recordings of both clinical cases can be

found in Video S1 (surgery of case 1) and Video S2 (surgery of case 2).

Table 3.1. Target Registration Error (TRE) (mm) obtained using each reference pointer (NDI
pointer and scalpel) for cases 1 and 2 as well as the combined results for both cases and
reference pointers. (RMSE: root-mean-squared error).

Case TRE Metrics (mm) NDI Pointer Scalpel All Reference Pointers
Mean 1.80 £0.57 1.48 +%°0.53 1.64 £0.57
RMSE 1.88 +0.18 1.57 +0.11 1.72+0.22
Casel Min 087021  0.84+0.12 0.85+0.17
Max 2.60 £0.37 242 +0.27 251+0.33
Mean 2.06+0.54 1.84 £0.77 1.95+0.68
Case 2 RMSE 2.12+0.18 1.95+0.43 2.04+0.34
Min 1.33+£0.23 0.70+0.13 1.02£0.37
Max 294 +0.31 2.80+0.41 2.87+0.37
Mean 1.92+0.57 1.65 +0.68 1.78 + 0.64
RMSE 2.00+0.22 1.76 £ 0.37 1.88 £0.32
All Cases .
Min 1.10+0.32 0.77+0.15 0.94 +0.30
Max 2.77+0.38 2.61+0.40 2.68 +0.40

The navigation allowed the surgeon to evaluate the current position of the reference
pointer with respect to the tumor, and to check the surgical margins after tumor resection
(Figure 3.7). Once the surgeon finished the tumor resection, he recorded points around the
resection area with the reference pointer to verify the mean distance from the margin to the
tumor. The distribution of the Euclidian distances from each point to the tumor is shown in
Figure 3.8. The tumor-margin distance for case 1 was 4.54 +2.80 mm (average obtained from
189 recorded points), and 6.35 + 2.17 mm from 175 recorded points for case 2. In both cases,
the values obtained are above a minimum distance of 4 mm that was preoperatively planned

by the surgeons. Therefore, the navigation results showed an adequate margin.
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Figure 3.7. Image-guided surgery (IGS) during acral tumor resection surgery of case 1:
(a) surgeons in the operating room (OR); (b) case 1 affected limb after tumor resection;
(¢) CT image; (d) AcralTumorNavigation software visualization of virtual 3D models. The
red point in the CT image depicts the pointer tip. The green 3D model represents the tumor.
All images are synchronized at the same moment of the surgery (Video S1).
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Figure 3.8. Distribution of the distances between the recorded points and the tumor for
both clinical cases. Points were collected along the tumor margin during surgery. Top
images represent virtual models for each case including the tumor (green) and recorded
points (red).
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3.5. Discussion and conclusion

Here In this study, we have presented a novel framework for acral tumor resection
combining desktop 3D printing and surgical navigation. We used 3D printing technology to
create a patient-specific mold that maintained the same position of the distal extremity during
IGS as in the preoperative images. Furthermore, 3D printing allowed us to design a customized
tracking attachment to navigate specific surgical tools. The feasibility of the suggested

workflow has been evaluated on two patients with a malignant tumor in one extremity.

Patient-to-image registration is a crucial step in surgical navigation. Still, the
anatomical locations of our clinical cases include a large number of joints with complex
movements, hindering an accurate alignment between the patient and the images. Our research
proposes a solution to this problem, but several sources of error could limit the final navigation
accuracy: the 3D printed mold, the navigation system performance, and the integration of this

solution in the surgical procedure.

The proposed molds are 3D printed in PLA and have to be sterilized before surgery.
This process, based on EtO at 37 °C, may still deform the objects decreasing navigation
accuracy. To evaluate this error, we compared the virtual 3D models obtained from CT images
acquired before and after the sterilization process. The results showed that the sterilization
process produced a similar error in both cases below 0.2 mm. Higher errors were found in
localized points, far from the target, which will not influence the results close to the tumor
during resection. We believe that these errors are caused by the limited resolution of the CT
scan, which may cause small inconsistencies during the segmentation step. Nevertheless, PLA
has a low glass transition temperature, limiting its use in many hospitals where low temperature
sterilization is not available. For this reason, other alternative materials could be used, such as
stereolithography resins. Some of these resins withstand the high temperatures from more
common sterilization techniques (e.g., autoclave), and have proved lower shape deformation

after sterilization [137].

Simulation of the IGS system with patient-specific 3D printed phantoms before surgery
is not only valuable to facilitate preoperative planning, but it also allows the evaluation of the
system accuracy before the intervention. The TRE of the whole system in these phantoms was
below 1.9 mm. Our error values are higher than those reported in [131], where the authors

placed an implant on a phantom using a Polaris Vicra Tracking System (Northern Digital Inc.,
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ON, Canada). However, this difference is expected, since our framework includes an additional
source of error arising from the positioning of the limb on the mold. Moreover, we achieved
similar errors to [138], in which a multi-camera optical tracking system was also used. The
errors were similar in both clinical cases, showing that the proposed methodology may be

adapted to different extremity locations without altering the accuracy of the system.

Commercial IGS systems do not only lack flexibility when adapting to specific
requirements of tumor surgeries, but they are also limited by the tools that can be tracked during
navigation. In this study, we were able to track not only a commercial pointer but also a surgical
tool (scalpel), with a lower TRE during the simulations. This might be due to differences in the
tip shape and how it fits in the conical holes while performing the experiment. The scalpel has
a more rounded tip that might be positioned in a more consistent way when the location of the
conical holes was recorded. These results encourage us to consider creating more tracking
attachments for other surgical instruments, such as different scalpel models or drills, commonly

used in tumor resection surgeries.

The proposed workflow offered two different options for the image-to-patient
registration during surgery. The combined design of the mold and the rigid body (RB) used for
tracking allowed us to avoid the registration step in case 1. In contrast, for case 2 we had to use
the conical holes to calculate the corresponding registration. This happened both during
simulation and real surgery. The mold for case 2 was too large to be 3D printed in one session,
so we had to separate the mold from the RB and, when both parts were combined, the result
was not completely equivalent to the design. The additional time required for the registration
was negligible, and our results show that errors obtained during simulation and real surgery are
similar for both cases. The 3D printed mold with integrated RB allowed tracking the limb

automatically, avoiding the need to repeat any registration step.

The surgical outcome was evaluated by measuring the distance from the resection
margin to the pre-operative tumor. In both cases, the resulting mean distance was higher than
4 mm. This value is within the distance preoperatively planned. Additionally, the distance to
the tumor feature from the navigation system gave real-time information on the position of the
reference pointer tip with respect to the tumor, allowing surgeons to verify the adequate margin

during the resection task.

There are several limitations in our workflow. We did not consider tissue deformation

during surgery, or any change in tumor size from the acquisition of preoperative images due to
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tumor reduction or inflammation. This limitation is found in any navigation system based on
preoperative images. Surgeons must take into account this source of error during the procedure.
Despite that, their feedback from this proposal is positive, suggesting that our solution could
be beneficial in acral tumor resections, although further evaluation is needed due to our limited

sample size.

In conclusion, we have shown that the combination of open-source navigation software
and desktop 3D printing provides an interesting solution for surgical navigation in oncological
orthopedic surgery. The simulation with 3D printed limbs and its application in two clinical
cases have demonstrated the viability of the suggested framework in acral locations. This
solution could be adapted to specific patients or more complex anatomical locations such as
spine or pelvic girdle. In those cases, a surgical guide could be designed to fit on the patient’s
bone and include a tracking RB, allowing automatic registration between the surgical

navigation system and the patient.

Supplementary Materials: The following are available online at

https://zenodo.org/record/4313267#.X9Eq9GhKguV, Video S1: Surgical video recordings of

the clinical case 1, Video S2: Surgical video recordings of the clinical case 2. 3D Model S1:
3D model of the mold design from the clinical case 1 in STL format, 3D Model S2: 3D model
of the clinical case 1 limb in STL format, 3D Model S3: 3D model of the mold design from
the clinical case 2 in STL format, 3D Model S4: 3D model of the clinical case 2 limb in STL

format.

The content of this chapter has been published in Applied Sciences journal as part of the

special issue “Computer-aided Biomedical Imaging 2020: Advances and Prospects”:

R. Moreta-Martinez, J. A. Calvo-Haro, R. Pérez-Marianes, M. Garcia-Sevilla, L.
Mediavilla-Santos, J. Pascau. “Desktop 3D Printing: Key for Surgical Navigation in Acral
Tumors?”. Applied Sciences, vol. 10, no. 24, p. 8984, Dec. 2020.
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AR in Orthopedic Oncology
based on a 3D Printed

Reference

4.1. Introduction

Augmented Reality (AR) is a powerful tool in the medical field, where it gives the
opportunity to offer more patient information to the physician by including relevant clinical
data in the sight between him and the patient. This medical information can be obtained from
imaging studies of the patient (e.g., computed tomography [CT], magnetic resonance [MR],
positron emission tomography [PET]) that can be displayed overlaid on the physical world,
enabling user interaction and manipulation. During the past two decades, AR has facilitated
medical training or surgical planning and guidance. A powerful application of AR in tumor
resection surgery is the visualization of a 3D model of the segmented tumor over the patient
[139], providing relevant information to the surgeon about location and orientation. AR has
also been evaluated in training applications [140][141], where novel physicians were able to
improve their skills in terms of spatial vision and surgical ability. All these examples, while
showing the possibilities of AR in different medical scenarios, have some limitations in terms
of portability, calibration and tracking [142]. Recent technological developments could

overcome some of these restrictions. Devices such Microsoft HoloLens, a compelling head
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mounted display, or new software development kits (SDKs) such ARToolKit [143] for mobile

devices, will facilitate cheaper and simpler to set-up AR systems spreading their use.

One of the main difficulties for introducing AR in surgical guidance procedures is
registering augmented data to the real-world space [106]. Up to now, patient registration has
been achieved with optical or electromagnetic tracking systems [109][108], applying manual
alignment [107] or more advanced algorithms such as speed up robust feature (SURF) [144].
These are solutions that seem to work in some specific applications, but require extra hardware,

add complexity to the workflow, increase procedure time and may not be accurate enough.

Previous research in integrating desktop 3D printing with surgical guidance could solve
some of the identified limitations of AR in surgical applications. Patient specific designs,
created from CT or MR studies and then 3D printed in-hospital, have already shown their
advantages in orthopedic surgery in scenarios such as open-wedge high tibial osteotomy [145]
or femoral varization osteotomy [146]. These guides are designed to fit precisely in a planned
position on the patient. The combination of these surgical guides with a 3D printed AR tracking

pattern would avoid the registration problems previously identified.

Recent studies have shown applications of this approach in maxillofacial surgery,
attaching a tracking marker to a specifically designed tool that fits in the mandibula of the
patient enabling AR registration [147]. Even though this technique showed good accuracy, the
attachment of the tracking marker and the occlusal splint was manual, requiring a surface scan

for registration, which includes a complex step in the workflow.

4.2. Objective

To overcome the previous limitations, we propose an AR approach that uses a desktop
3D printer to create patient-specific tools with a tracking marker attached, enabling automatic
registration between AR and real-world spaces. This patient-specific tool fits on the patient
only in the place it was designed for. The clinical data to be included in the AR scene is
previously referenced to the tracking marker and can be easily visualized. This solution was
developed as an AR application on Microsoft HoloLens. Accuracy and user experience were
evaluated on a patient-based phantom replicating an extraosseous Ewing’s sarcoma (EES) of
the distal leg scheduled for tumor resection surgery. In addition, the AR approach was tested

by the surgeons during the actual surgical intervention.
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4.3. Materials and methods

The AR solution we present includes two main components: an AR application
developed for Microsoft HoloLens and a 3D printed patient-specific tracking marker. The
accuracy evaluation of the proposed system was performed on a 3D printed phantom
replicating a real clinical case: a patient with an EES of the distal leg. Our institution has
previous clinical experience 3D printing surgical guides to facilitate the resection of this kind
of sarcomas [146]. The addition of relevant clinical data, such as the visualization of the tumor
to resect, over the patient during surgery was achieved adding the tracking marker to this

surgical guide.

For this specific clinical case, the 3D printed phantom included the tumor and
surrounding anatomical structures (tibia and fibula). The solution for registration fits perfectly
into this case; first, because the tracking marker is added to a surgical guide that was already
used for this surgery; second, the modification of the guide does not interfere with the surgical
working area; and last, the surgical guide is positioned on a rigid structure, the tibial bone,
which means that its position could be replicated during surgery. The accuracy of this

placement was also validated on the 3D printed phantom

4.3.1. AR application

The AR software application was developed on Unity version 2017.4 LTS using C#.
The detection of the tracking marker was performed using Vuforia [148], a pattern recognition
SDK. Vuforia includes a recognition algorithm implemented for HoloLens which provides the
3D position of a tracking marker with respect to HoloLens spatial mapping coordinate space.
This algorithm enables the developed AR application to display custom 3D models with respect

to the tracking marker in the HoloLens virtual environment.

The AR application (Figure 4.1) has the following functionalities to facilitate tumor

resection surgery:

- 3D Model Visualization: Visualization of different anatomical 3D models representing
anatomy of the patient. A virtual canvas allows the user to select which models to
visualize. Anatomical models used in this clinical case included skin, bone and tumor.

- Preoperative Imaging Visualization: A virtual canvas allows the user to select the slice

and the axis (axial, sagittal or coronal) to be augmented. The images are obtained from
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any 3D modality (CT in this case) and are displayed in their actual position with respect

to the patient.

Figure 4.1. Anatomical 3D models and axial CT slice display on HoloLens application.

4.3.2. Workflow

The proposed workflow is based on the actual clinical procedure, minimizing the

additional steps to limit the interference with their actual work.

Augmented reality images

The augmented reality images are based on preoperative imaging studies (CT, MR,
PET) acquired from the patient. 3D Slicer platform was used to rigidly register the studies and
to obtain segmentations and anatomical 3D models (polygonal meshes) from the skin, distal
leg bone and sarcoma. These models were used for visualization, phantom 3D printing and to

design the surgical guide.

Surgical guide design

Based on the generated 3D models of the bone tissue and tumor, a surgical guide was
designed to be attached to the tibia close to the location of the sarcoma. The following aspects

were considered in the design: section of the bone exposed during surgery, bone surface
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features to obtain a reproducible placement and surgical working area. Meshmixer version 3.4

(Autodesk, Inc., USA) software was used for surgical guide design.

Tracking marker design

The tracking marker was designed using Autodesk Inventor 2017 (Autodesk, Inc.,
USA) following the instructions provided in Vuforia website [148] to obtain accurate tracking

results. The marker was then virtually merged to the surgical guide using the same software.

3D printing

Models were 3D printed with polylactic acid (PLA) on a dual extrusion Ultimaker 3
Extended (Ultimaker B.V., Netherlands) desktop 3D printer. Two sets of 3D models were
printed: one for validation purposes (including conical holes in the design) and other for
surgical use. Each set of 3D models included a phantom (section of the tibia, section of the
fibula and sarcoma) and a surgical guide containing the tracking marker (Figure 4.2).
Furthermore, the physicians used the 3D printed phantom to inform the patient about the

intervention and to assist in surgical planning by presenting the location and size of the tumor.

Tracking
Marker

Surgical Guide

Figure 4.2. Surgical guide containing visual marker.
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Prior to surgery, PLA must be sterilized to maintain asepsis of the surgical field by a
sterilization technique based on ethylene oxide (EtO) at 37° to avoid deformation (the glass

transition temperature of PLA is around 55 - 65 °C) and extensive degassing to remove residual

EtO [149].

4.3.3. Validation

The surgical guide placement error and the AR point localization error were evaluated.
A set of phantom and surgical guide 3D printed models was used. These models contain 20
and 6 conical holes, respectively. Conical holes were used as reference points for registration
and error measurement. An optical tracking system [Polaris, (Northern Digital, Inc., Canada)]
was used as a gold-standard for the positioning measurements. A reference pointer with optical

markers was used for point recording.

In addition, a qualitative assessment of the workflow and the functionality were

performed during the use of the AR application in surgery by expert clinicians.

Surgical guide placement error

The assessment of the surgical guide placement accuracy was performed by attaching
the surgical guide to the phantom and recording the position of the 6 conical holes with the
optical tracking system. This process was repeated three times by removing and placing back
again the guide on the phantom. The required point-based registration was computed using the

conical holes included in the validation phantom.

AR point localization error

To validate the AR visualization, a simulation of the surgery was performed using the
HoloLens application. First, the surgical guide was positioned on the phantom and the tracking
pattern was used to register the AR scene. Afterwards, 15 randomly distributed spherical
models (3 mm diameter) were augmented on the surface of 3D phantom model. The tip of the
reference pointer was positioned on every projected spherical model, using just the augmented
data as reference, and the position of the tip (provided by the optical tracking system) was
recorded (Figure 4.3). The Euclidian distance between this recorded position and actual
location was measured to quantify the AR tracking error. This experiment was performed by

three different users and each user repeated the steps three times.
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Figure 4.3. Point recording on phantom. (A) Virtual view, (B) real view and (C) AR view.

AR at the operating room

Once the AR application was tested and validated on the 3D printed phantom, the
workflow was evaluated in the surgical intervention of the patient. Surgeons used HoloLens
device and a sterilized patient-specific surgical guide (Figure 4.2) in the operating room. The
developed AR application projected the preoperative images and 3D models of the tumor and

bone on the patient for surgical guidance.

4.4. Results and discussion

The detection of the tracking marker (dual-color 3D printed pattern on the surgical
guide) by Vuforia SDK was feasible and almost immediate. One of the limitations for the
pattern detection was the required proximity, around 20 cm, to be correctly identified.
Nevertheless, once the marker is detected an optimal visualization is achieved at longer
distances, since the marker detection is required only once at the beginning of the navigation
process. The dependence of this process with light conditions was not evaluated. However, the
OR scenario presented very intense and focused light sources that did not hinder this step of

the workflow.

The accuracy results for the repeated placement of the surgical guide on the 3D printed
phantom are displayed on Figure 4.4: the average placement root-mean squared error (RMSE)
across all three repetitions was 1.87 mm. Several factors other than the surgical guide
placement contribute to this error: 3D printing accuracy of the models (phantom and surgical
guide), conical holes localization error using the tracked tool and intrinsic error from the optical

tracker.
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Figure 4.4. Surgical guide placement error for three repetitions.

Regarding the AR visualization error with HoloLens, the average RMSE for all users
and repetitions on the 15 points distributed along the surface of the phantom was 2.90 mm
(Figure 4.5). This result is mainly influenced by the pointer tip positioning with respect to the
holograms due to the depth perception, the size of the projected spheres in the AR environment
and the positioning of the surgical guide. All error sources described for the surgical guide
placement evaluation have also influence in this value. Nevertheless, the system is considered

sufficiently accurate for many AR applications in the OR.

Once the feasibility and accuracy of the proposed workflow were demonstrated, the
developed software application was tested by several physicians with extensive experience in
surgical navigation and AR on the phantom, receiving positive feedback. The registration
methods based on the positioning of the surgical guide presented an optimal accuracy and did
not interfere with the usual surgical workflow. The limitation regarding the required proximity
for marker detection could be overcome, so physicians believed that the application was ready

to be used 1n a real clinical case.
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Figure 4.5. AR point localization error for three users.

Finally, an expert surgeon evaluated the complete workflow during surgery. HoloLens
device was attached and fixed prior to the sterilization procedure. Once the area was cleared
and the tumor was visible, the surgeon placed the guide on the bone (Figure 4.6). The surgical
guide was easily placed and fitted as planned in the desired area. A second surgeon manually
held the guide until it was detected by the HoloLens application, and then it was removed from
the scene since it was not necessary during the navigation step. No quantitative error
measurements were obtained during surgery, although according to the surgeons experience

the alignment between the augmented data and the actual anatomy was accurate.
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Figure 4.6. Surgeon placing surgical guide in patient’s tibia. (A) HoloLens and (B)
surgical guide.

4.5. Conclusion and future work

AR can be an interesting technology for clinical scenarios as an alternative to surgical
navigation. However, the registration between augmented data and real-world spaces is a
limiting factor. In this work, we propose a method based on desktop 3D printing to create
patient specific tools containing a visual pattern that enables automatic registration. This
custom guide fits in a unique region in the bone surface, avoiding placement errors. This
solution has been developed in a software application running on Microsoft HoloLens. The
workflow was first validated on a 3D printed phantom replicating the anatomy of an Ewing’s
sarcoma patient, and then on the actual surgery of this clinical case. The application allowed
physicians to visualize skin, bone and tumor location overlaid on the phantom. This workflow
can be applied in cases where hard body structures such as bones are involved, so it could be

extended to many clinical applications in the surgical field and also for training and simulation.
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Although we have tested our workflow on wearable AR devices, we believe that a similar

approach can be applied to other devices such as tablets or smartphones.

The evaluation results show that the surgical guide that includes the tracking pattern
can be placed precisely onto the reference bone anatomy, with accuracy of approximately 2
mm. The addition of the AR component results in an overall localization error of around 3 mm,
which can be considered accurate considering that tracking information is obtained from the
HoloLens RGB camera. Moreover, the clinical experience during surgery demonstrated the

feasibility of the proposed workflow for AR guidance during surgical interventions.

The main advantages of our proposal are the simplicity, the easy interaction with the
AR environment and the accurate registration using patient-specific 3D printed tools. No
objective evaluation was performed regarding the added value provided by the AR guidance
on the surgical scenario. However, we think that the results from this work will encourage the
development of simple and efficient AR systems for educational, simulation and guidance

purposes on the medical field.

The content of this chapter was presented at the 21st International Conference on Medical
Image Computing & Computer Assisted Intervention (MICCAI) 2018, and published in the

journal Healthcare Technology Letters:

R. Moreta-Martinez, D. Garcia-Mato, M. Garcia-Sevilla, R. Pérez-Mananes, J. A. Calvo-
Haro, J. Pascau. “Augmented reality in computer-assisted interventions based on patient-

specific 3D printed reference”. Healthc. Technol. Lett., vol. 5, no. 5, pp. 162—166, 2018.
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Protocol to Combine AR and
3D Printing for Medical

Applications

5.1. Introduction

Augmented reality (AR) and three-dimensional (3D) printing are technologies that
provide increasing numbers of applications in the medical field. In the case of AR, the
interaction with virtual 3D models and the real environment benefits physicians in education
and training [41], [140], [141], multidisciplinary communication [150], and guidance during
clinical interventions [45], [46], [48], [107], [151], [152]. Likewise, 3D printing has become a
powerful solution for developing patient-specific customizable tools [145], [146], [153] or 3D
anatomical models, which can improve preoperative planning and clinical interventions [154],

[155].

Both AR and 3D printing improve orientation, guidance, and spatial skills in medical
procedures; thus, their combination is the next logical step. Previous work has shown that their
joint use can increase value in patient education [114], facilitating explanations of medical
conditions and proposed treatment, optimizing surgical workflow [115], [116], and improving
patient-to-model registration [156]. Although these technologies have grown exponentially in
recent years, their adoption by physicians is still limited since they require extensive

engineering knowledge and software development.
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Furthermore, in previous works, AR patient-to-image registration has been calculated
manually [107], with surface recognition algorithms [152] or has been unavailable [41]. These
methods have been considered somewhat limited when an accurate registration is required
[156]. We propose more accurate and straightforward patient-to-image registration methods by

combining AR technology and 3D printing to overcome these limitations.

5.2. Objective

The purpose of this work is to describe a step-by-step methodology that enables the use
of AR and 3D printing by inexperienced users without broad technical knowledge. The
proposed protocol describes how to develop an AR smartphone app that allows superimposing
any patient-based 3D model onto a real-world environment using a 3D printed marker tracked
by the smartphone camera. In addition, we describe an alternative approach for automatic
registration between a 3D printed biomodel (i.e., a 3D model created from a patient’s anatomy)
and the projected holograms. The described protocol is entirely based on free and multi-
platform software. Moreover, the solution is generic and can be applied to any medical imaging
modality or patient. To illustrate the methodology, we present a real clinical case of a patient

suffering from distal leg sarcoma.

5.3. Protocol

This section briefly explains each step of the protocol, the material provided and some
visual examples of the results. The complete step-by-step methodology is available in video

and written format at the Journal Of Visualized Experiments website [157].

This study was performed in accordance with the principles of the 1964 Declaration of
Helsinki as revised in 2013. The anonymized patient data and pictures included in this paper
are used after written informed consent was obtained from the participant and/or their legal
representative, in which he/she approved the use of this data for dissemination activities

including scientific publications.

5.3.1. Materials

A computer with Microsoft Windows 10 or Mac OS as operating system is needed to

complete the protocol with the following software installed: 3D Slicer (v 4.10.2), Meshmixer
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(v3.5), Unity (v. 2019) and Xcode (last version) for iOS deployment. All software tools

necessary for completing the protocol can be freely downloaded for personal purposes.

Our institution has uploaded a freely available repository in GitHub platform (GitHub
Inc., San Francisco, CA, USA), found at https://github.com/BIIG-UC3M/OpenARHealth,

containing the following material needed to complete the protocol, including a clinical case of
a patient suffering from distal leg sarcoma that is used as an example to illustrate the

methodology:

- A CT scan of a patient suffering from distal leg sarcoma.

- 3D biomodels of the patient (bone and tumor).

- 3D Slicer module ARHealth: Model Position for positioning 3D models with
respect to the 3D printed marker.

- Markers that can be 3D printed, which will be detected by the AR application to

position the virtual 3D models. There are two markers available.

Moreover, the user needs a 3D printer (with a single or dual extruder), 3D printing
material (Polylactic acid, PLA; acrylonitrile butadiene styrene, ABS) and a smartphone (either
Android or i0S devices) to complete the augmented reality application guide.

5.3.2. Protocol description

The protocol consists of a total of six sections, which are represented in Figure 5.1.

The diagram shows the results at each step using the clinical case as reference example.

51


https://github.com/BIIG-UC3M/OpenARHealth

BIOMODEL
POSITIONING

3D PRINTING Al

Reference Markers

AR APP _ I “ .
DEPLOYMENT :
android

Smartphone

VisuaLzaTion ©

L@ Visualization Mode J @ Registration Mode JJ

Figure 5.1. Proposed step-by-step protocol to develop a medical augmented reality
smartphone application with the assistance of 3D printing technology.
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The protocol starts with section 1, describing the workstation set-up and necessary
software tools. Section 2 describes how to use 3D Slicer software to easily segment target
anatomies of the patient from any medical imaging modality, obtaining the 3D models. This

step is crucial, as those are the virtual 3D models displayed in the final AR application.

In section 3, 3D Slicer is used to register the 3D models created in the previous section
with an AR marker. During this registration procedure, patient 3D models are efficiently and
simply positioned with respect to the AR marker. The position defined in this section will
determine the hologram relative position in the final app. This solution reduces complexity and
multiplies the possible applications. Section 3 describes two options for defining the spatial
relationships between the models and AR markers: Visualization and Registration mode. The
first option, Visualization mode, allows the 3D models to be positioned anywhere with respect
to the marker and displayed as the whole biomodel. This mode provides a realistic, 3D
perspective of the patient’s anatomy and allows moving and rotating of the biomodels by
moving the tracked AR marker. The second option, Registration mode, allows attachting a
marker adaptor on any part of the biomodel, offering an automatic registration procedure. With
this option, a small section of the 3D model, including the marker adaptor, can be 3D printed,

and the app can display the rest of the model as a hologram.

Section 4 provides guidelines for the 3D printing process. First, the user can choose
between two different markers: the “dual color marker” and “sticker marker”. The whole “dual
color marker” can be 3D printed but requires a dual extruder 3D printer. In case this printer is
not available, the “sticker marker” is proposed. This is a simpler marker that can be obtained
by 3D-printing the cubic structure, then pasting the images of the cube with sticker paper or
sticker glue. Furthermore, both markers were designed with extensible sections to perfectly fit

in a specific adaptor. Thus, the marker can be reused in several cases.

Section 5 describes the process to create a Unity project for AR using the Vuforia
software development kit. This step may be the most challenging portion for users with no
programming experience. Still, with these guidelines, it should be easy to obtain the final
application that is presented in section 6. The app displays the patient’s virtual models over the
smartphone screen when the camera recognizes the 3D printed marker. In order for the app to
detect the 3D marker, a minimum distance of approximately 40 cm or less from the phone to

marker, as well as good lighting conditions, are required.
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5.4. Application examples

The proposed protocol has been designed to apply AR and 3D printing technology in
any clinical scenario. In this section, we want to show what anyone can achieve following the
guide by giving multiple application examples in different medical procedures. Four different

cases are presented in Figure 5.2, showing screenshots of the final AR application.

In the first case, we have developed a smartphone application for a neurological surgery
demonstration. The AR application shows on the display virtual models of the skull (white),
brain (light orange) and tumor (red) on top of a commercial skull phantom (Figure 5.2A). To
register the virtual models with the phantom, the cubic marker was positioned on a 3D printed
guide that was designed to fit on a unique position on top of the nasal bone. The goal of this

AR app is to practice the correct surgical approach.

The following example was implemented in the same clinical case provided in the
protocol. This time, the patient’s phantom was 3D printed in two colors, representing the tibia
and fibula bones in white and the tumor after radiation therapy in red. The main objective of
the designed application was to compare the reduction of the tumor before (blue virtual model
with some transparency) and after radiotherapy (3D printed in red) (Figure 5.2B). The marker
was registered with the phantom using a surgical guide that was explicitly designed for the

intervention of the same clinical case.

Maxillofacial surgery is another discipline where AR and 3D printing can provide great
value. Figure 5.2C represents the visualization of the AR application by superimposing the
preoperative planning virtually, in this case the tumor and its safety margin in blue, on top of
a phantom based on data from a patient suffering from a carcinoma on the palate. AR offers an

enriched perspective of the location of the tumor before surgery.

In the last case, we designed an app for orthopedic surgery to visualize pre-defined
osteotomy planes and the remaining affected area in a patient suffering from a pelvis sarcoma.
The cutting planes are represented in orange, green and blue virtual models, and the remaining
pelvis is visualized in white (Figure 5.2D). It is worth mentioning that combining both
technologies, AR and 3D printing, in this case, we have reduced material waste and 3D printing
time by representing the whole affected area overlaid on a small 3D printed section of the

pelvis.
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Figure 5.2. AR visualization from a smartphone application applied to four different
clinical cases. (A) Tumor visualization on a skull phantom. (B) Virtual tumor visualization
(blue) on top of the 3D printed phantom (bone in white, reduced tumor in red) to compare
how the tumor was reduced after radiation therapy. (C) Virtual visualization of the tumor
(blue) and pre-defined tumor margin (blue) on top of a phantom based on a patient
suffering from a palate carcinoma. (D) Augmented reality visualization of the whole pelvis
(white virtual model) and pre-defined cutting planes (blue, green and orange) on top of a
small portion of a 3D printed pelvis.

5.5. Results and discussion

The final visualization of the holograms was clear and realistic, maintained the real
sizes of the biomodels, and positioned them accurately. When using the smartphone
application, the AR marker needs to be visible by the camera for the app to correctly display
the holograms. In addition, good and constant scene illumination is required for proper marker
detection. Bad light conditions or reflections on the marker surface hinder the tracking of the

AR marker and cause malfunctioning of the app.

The time required to create the app depends on several factors. The duration of section
1 is limited by the download speed. Regarding anatomy segmentation (section 2), factors
affecting segmentation time include complexity of the region and medical imaging modality
(i.e., CT is easily segmented, while MRI is more difficult). For the representative example of

the tibia, approximately 10 min were required to generate both 3D models from the CT scan.
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Biomodel positioning (section 3) is simple and straightforward. Here, it took approximately 5
min to define the biomodel position with respect to the AR marker. For the 3D printing step,
the duration is highly dependent on the selected mode. The “dual color marker” was
manufactured at high quality in 5 h and 20 min. The “sticker marker”” was manufactured in 1 h
and 30 min, plus the time required to paste the stickers. The final section for app development
can be time-consuming for those with no previous experience in Unity, but it can be easily
completed following the protocol steps. Once the AR markers have been 3D printed, the
development of an entirely new AR app can be performed in less than 1 h. This duration can

be further reduced with additional experience.

AR holds great potential in education, training, and surgical guidance in the medical
field, and its combination with 3D printing opens new possibilities. This protocol describes a
detailed methodology that enables inexperienced users to create a smartphone app combining
AR and 3D printing for the visualization of anatomical 3D models, created from medical

images of any patient, with 3D printed reference markers.

One of the most interesting clinical applications of AR and 3D printing is to improve
patient-to-physician communication by giving the patient a different perspective of the case,
improving explanations of specific medical conditions or treatments. Another possible
application includes surgical guidance for target localization, in which 3D printed patient-
specific tools (with a reference AR marker attached) can be placed on rigid structures (i.e.,
bone) and used as a reference for navigation. This application is especially useful for orthopedic

and maxillofacial surgical procedures, in which bone tissue surface is easily accessed during
surgery.

One of the main expectations when designing this protocol was that this method might
accelerate the adoption of AR by medical professionals, since it does not require broad
knowledge of medical imaging or software development, does not depend on complex
hardware and expensive software, and can be implemented on a short time. On the journal
website (Figure 5.3), we can see that the video has reached more than 10.000 views between
January 2™ of 2020 and October 6 of 2021 (in less than two years). Moreover, up to the day
this thesis was submitted, several journal articles have presented solutions combining AR and
3D printing in several disciplines citing our work. This shows a genuine readers’ interest on

these technologies in the biomedical field.
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Figure 5.3. Cumulative page views of the submitted paper on the Journal of Visualized
Experiments in video and written format [157].

To conclude, we believe that medical AR applications will keep growing thanks to new
technological advances, as the one proposed in this work. Our solution brings AR solutions
closer to the final clinical user, combining free and open-source software with an open access
protocol. This way we expect to contribute to the paradigm shift that AR and 3D printing

represent for the medical community.

The content of this chapter has been published in the Journal of Visualized Experiments

(JoVE):

R. Moreta-Martinez, D. Garcia-Mato, M. Garcia-Sevilla, R. Pérez-Marianes, J. A. Calvo-
Haro, J. Pascau. “Combining Augmented Reality and 3D Printing to Display Patient
Models on a Smartphone”. J. Vis. Exp (155), e60618 (2020).
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6.1. Introduction

Orthopedic oncology involves the treatment of patients diagnosed with tumors in bone
and soft tissues, including bone metastases, sarcomas, benign and cancerous tumors [158].
Even though these tumor types are uncommon and represent less than 1% of all new cancer
diagnoses [159], they are considered a real challenge to clinicians as five-year survival rate is

50% [160].

The standard treatment of these tumors includes their complete surgical resection,
ensuring a safety margin of healthy tissue, usually followed by external radiation therapy [161],
[162]. However, the local recurrence rate is up to 27% after a marginal resection [163]. For this
reason, it is essential to efficiently plan the surgical approach preoperatively to improve
surgical outcome, leave enough surgical margin, and reduce the risk of local recurrence or
metastasis [164]-[166]. Preoperative imaging techniques, such as computed tomography (CT)
or magnetic resonance imaging, allow estimating the size and location of the tumor and other
surrounding anatomical structures [167], [168]. However, this information is not always
available during the intervention to better identify healthy and tumorous tissue differences.
This means that the surgical procedure still depends on previous experience and subjective

judgment of the surgeon to achieve complete tumor removal [169].
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During the last decade, surgical navigation techniques have improved tumor resection
accuracy, decreasing local occurrence, and improving surgical outcomes [38], [170]. However,
navigation systems present several limitations. They require point-based patient-to-image
registration with anatomical landmarks that are difficult to identify during surgery. Besides,
real-time navigation information is displayed on external screens, requiring the surgeon to

move his attention away from the patient.

Recent technologies, such as three-dimensional (3D) printing and augmented reality
(AR), have increased their adoption in many medical areas with exciting benefits. 3D printing
allows the rapid manufacturing of 3D solid objects from a digital file [171]. In the medical
field, this includes patient-specific anatomical 3D biomodels useful for surgical planning and
patient communication [54], [58], [115]. On the other hand, AR superimposes 3D virtual
models onto physical objects in the real space, enabling the simultaneous interaction with both
of them [172]. Physicians have found significant advantages when AR is applied to medical
training [173], surgical navigation [112], [139], or needle insertion [151]. These two
technologies could overcome the limitations identified for surgical navigation by improving
surgeon's spatial perception of the anatomy and displaying relevant patient information on-site

during surgical procedures.

Despite the number of medical specialties in which 3D printing and AR have been
applied, there are not many publications reporting the use of these technologies in orthopedic
oncology. Some studies have presented patient-specific 3D printed models of the affected bone
and tumor for preoperative planning, reporting improved surgical outcomes in blood loss,
operative time, and surgical incision [174], [175]. Others propose an "in-house" workflow with
desktop 3D printers designing patient-specific surgical guides to delimit the tumor or the
osteotomy cutting plane during the surgical intervention [176], [177]. Regardless of the clear
benefit of these technologies, the 3D printing time and material required for large anatomical
models limit their application [174]. On the other hand, AR-based navigation systems have
been beneficial for improving the tumor's location before and during surgery, since it can be
overlaid on top of the patient's anatomy when the target is difficult to identify [111], [178].
However, one limitation of AR for surgical guidance is the registration of virtual and real data.
Manual alignment [107] or electromagnetic tracking systems [108] have been tested to
overcome this problem, although they provide limited accuracy and may involve extra

instrumentation or time [179].
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The combination of 3D printing and AR could overcome these limitations and improve
surgical outcomes. Previous studies have shown some initial results of this approach: Witowski
et al. designed a workflow that reduced anesthetic time, morbidity and postoperative
complications [116]; our group implemented an AR system that enabled automatic registration
with a 3D printed patient-specific surgical guide [156]. The integration of 3D printing and AR
could be useful not only during the surgical intervention, but also in all surgical workflow

stages [157].

6.2. Objective

In this study, we propose a new surgical framework including both technologies
through the treatment process in orthopedics oncology. First, to support surgical planning,
displaying the anatomical structures in three dimensions and real size. Then, assisting during
patient communication to explain the pathology and treatment approach. Finally, providing
surgical guidance by projecting the tumor and other structures over the patient's anatomy. This
solution has been developed as an AR-based smartphone application. It displays the patient's
anatomy and the tumor's location using a 3D printed reference marker designed to fit in a
unique position of the affected bone tissue, thus enabling automatic registration. To evaluate
the contribution of both technologies, we tested the proposed system on six 3D printed patient-
specific phantoms obtained from orthopedics tumors in a variety of anatomical locations. The
solution was clinically evaluated during the whole surgical workflow in two patients, reporting

physicians' and patients' perspectives using surveys.

6.3. Materials and methods

We describe the proposed orthopedics oncology surgical workflow in the following
subsections. First, we present the patients involved in this study (Section 6.3.1). Then, Section
6.3.2 describes the preoperative image acquisition protocol and the design and manufacturing
of the different tools. Next, we explain the proposed augmented reality system (Section 6.3.3)
and the evaluation of its performance on patient-specific 3D printed phantoms (Section 6.3.4).
The last section shows the deployment of this technology at each stage of the surgical workflow
(Section 6.3.5). A summary of the proposed surgical framework is presented in Figure 6.1 in

comparison with the traditional one.

61



Medical Image
Acquisition

Surgical Patient
Planning Communication
f'—/\

; Computer- 4
G’g‘“e“ta“‘a Aided Desig:> e
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6.3.1. Patient selection

We evaluated our proposal on data from six patients with tumors in bone or soft tissue
treated by the Department of Orthopedic Surgery and Traumatology at Hospital General
Universitario Gregorio Maranén. In order to maintain the anonymity of the patients, an
alphanumeric code was assigned to each of them. The selected cases included tumors on
different bones and anatomical regions (thorax, femur, hip and tibia) to ensure the added value
of our workflow in a wide range of orthopedic oncology procedures. Table 6.1 summarizes the
diagnosis, tumor size, and location for each patient. The study was performed in accordance
with the principles of the 1975 Declaration of Helsinki as revised in 2013 and was approved
by the Research Ethics Committee at Hospital General Universitario Gregorio Maranon. The
anonymized patient data and pictures included in this paper are used after written informed
consent was obtained from the participant and/or their legal representative, in which they

approved the use of this data for dissemination activities, including scientific publications.

Table 6.1. Patient demographics involved in this study.

Case ID Gender/Age Diagnosis Tumor Location Tumor Size [cm]
AR3DP0002 M/ 62 Myxofibrosarcoma Right buttock 18 x19x17
AR3DP0003 F/71 Liposarcoma Right periscapular region 3x3x%x6
AR3DP0004 M/19 Ewing Sarcoma Left iliac crest 13x19x16
AR3DP0005 F /66 Fibrous dysplasia Left femur 4x2x8
AR3DP0006 M/79 Myxofibrosarcoma Left thigh 10 x15x 12
AR3DP0007 F /84 Undifferentiated Right calf 10 %8 x 14

pleomorphic sarcoma
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6.3.2. Image processing and model manufacturing

The proposed workflow includes steps such as medical image segmentation, computer-
aided design, and 3D printing. From our experience, for each new patient, these three steps can

be completed in less than 24 hours.

Medical image acquisition and segmentation

A CT scan was acquired for each patient and used as reference image for segmentation.
CT pixel size and time span between image acquisition and surgery are displayed in Table 6.2.
We segmented the tumor and the surrounding bone tissue on 3D Slicer version 4.10 [34]. An
initial bone mask was obtained with intensity thresholding and further refined with the islands
tool, removing components such as the clinical bed. The tumor volume mask was extracted
with manual painting and erasing tools. Finally, the segmentation masks were post-processed
with hole filling (kernel size 7 x 7 x 3) to optimize 3D printing quality and minimize

manufacturing time.

Table 6.2. Resolution of the CT scan acquired for each patient and time span between image
acquisition and surgery.

Case ID CT Resolution [mm] CT - Surgery Time Span [Days]
AR3DP0002 0.93 x 0.93 x 1.00 13
AR3DP0003 1.31 x 1.31 x 3.00 101
AR3DP0004 0.98 x 0.98 x 2.50 137
AR3DP0005 0.78 x 0.78 x 0.80 92
AR3DP0006 1.10 x 1.10 = 5.00 94
AR3DP0007 1.13 x 1.13 x 3.00 83

Computer-aided design

The segmentation results were exported from 3D Slicer as virtual 3D models (stereo
lithography files, STL) to be processed on Meshmixer software (Autodesk Inc., San Rafael,
CA, USA). We used this program to design and extract several models for each patient: surgical
guides for automatic registration, small bone fragments for surgical planning, and virtual

models to display on the AR system.

Surgical guides are patient-specific tools designed to fit only in one specific location of
the anatomy, usually bone tissue, during surgery. They can serve as physical models that mark

the tumor limits during the surgery, or as cutting guides to resect the bone following the planes
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decided during surgical planning [69], [176]. To design a surgical guide, the bone area on which
it was intended to fit was selected, extracted, and extruded to create the surgical guide surface
as a negative of the bone surface. In such a way, it had the specific curvature of the bone,
perfectly fitting in that region and ensuring its unique positioning. The surgeons considered
several parameters of the intervention to define the location of the surgical guide: the expected
position and orientation of the patient, the line of sight of the physicians (that has to be
preserved), and the surrounding tissue. Each guide included holes (@ 5 mm) to attach it to the
bone using screws, and a holder for the AR tracking marker that will allow automatic patient-
to-image registration. The registration transformation was obtained with a previously

developed 3D Slicer module [157].

18 cm
27 cm

23 cm
25cm

(d) (e) (f)

Figure 6.2. Virtual 3D models from patients: (a) AR3DP0002; (b) AR3DP0003; (c)
AR3DP0004; (d) AR3DP0005, with some transparency in the bone to display the inner
tumor; (e¢) AR3DP0006; (f) AR3DP0007. Tumors are represented in red, bones in white
and surgical guides in green. Surgical cutting planes are illustrated in semi-transparent gray
in the cases that required them: (a) and (c). The 3D printed marker reference is positioned
in the surgical guide.

For each case, we also extracted several bone fragments, smaller than the segmented
bone structure, corresponding to the area of the bone in which the surgical guide was intended

to fit. They were used to practice with the positioning of the surgical guide before and during
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the intervention. Finally, other models, such as cutting planes, were designed when required
by the surgeons. Figure 6.2 shows the complete 3D models of the six patients included in this
study with bone (white), tumor (red) and the surgical guide (green) in its corresponding
position. When cutting planes were defined during surgical planning, they are displayed (semi-

transparent gray).

3D printing

Once the 3D models had been defined, surgical guides and bone fragments were
manufactured with desktop 3D printers. These tools were printed using a different technique

depending on the expected use of the models.

Surgical guides were fabricated using the stereolithography 3D printer Form 2
(Formlabs Inc., Somerville, MA, USA) with BioMed Clear V1 resin material (Formlabs Inc.).
This resin is a USP class IV certified material, allowing contact inside the patient for long
periods of time (more than a week) [180]. The 3D printed surgical guides were sterilized before
surgery with ethylene oxide (EtO) at 55° C [132]. The pieces will not deform under these
sterilization conditions, since this material withstands high temperatures without distortion

[137].

Fused deposition modeling (FDM) desktop 3D printers Ultimaker 3 Extended and
Ultimaker S5 (Ultimaker B.V., Utrecht, The Netherlands) were used to manufacture all the
other tools in polylactic acid (PLA). Bone fragments and a copy of the surgical guide were 3D
printed using different color materials. A copy of each bone fragment was sterilized using EtO
at low temperature (37° C) (this sterilization has shown to avoid low deformation in PLA [181])
to be used as guidance during the surgical intervention. These tools will not be in contact with

the patient.

6.3.3. Augmented reality system

The smartphone application, ARHealth, was developed in Unity (version 2019.3), using
C# programming language, and is compatible with Android and iOS devices. The app uses
Vuforia SDK (Parametric Technology Corporation Inc., Boston, MA, USA) to identify the
patterns of a cubic reference marker [157] in the smartphone camera field of view (FOV) and
project the virtual models overlaid onto the real-world image. These models will be correctly

registered with the patient since their relative coordinates are computed and stored using a
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previously developed 3D Slicer module [157], and then recovered by ARHealth. We designed
the cubic marker (30 x 30 x 30 mm?) to contain unique patterns in black and white on each face
(Figure 6.3). It also included an adaptor on one face to attach it to the corresponding holder in
the surgical guide. This cubic reference was 3D printed in PLA using the dual extruder 3D
Printer Ultimaker 3 Extended (Ultimaker B.V.) in white and black color materials, and it was

sterilized with EtO at low temperature (37° C) [181] before surgery.

Figure 6.3. 3D printed augmented reality cubic marker used in the augmented reality
system.

The smartphone application presents a main menu where the patient of interest is
selected. Once chosen, it displays a second menu that offers three visualization modes: Demo,

Clinic and Surgery.

- In the Demo mode, all the virtual 3D models are displayed around the AR marker,
without any patient registration (Figure 6.4a). The AR marker can be rotated to show
the virtual models from any point of view.

- Clinic mode displays the virtual 3D models in their corresponding position with respect
to the surgical guide, which is registered to the cubic marker (Figure 6.4b). This mode
is designed to be used with the surgical guide fixed on a 3D printed bone (or fragment),
allowing for surgical planning and training.

- Surgery mode will be used during the actual surgical intervention. The surgical guide
will be attached to the patient's bone, solving the registration between the patient and
the AR system. The main difference with Clinic mode is that those models that will be
essential to the surgeon, such as tumor or cutting planes, are augmented on top of the

patient to guide the operation in real-time. Besides, an occlusion texture could be
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assigned to the bone model within the app, covering the models behind it, providing the

same visualization as if the actual bone was occluding these elements (Figure 6.4c).

Others
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Figure 6.4. ARHealth smartphone application. (a) Demo mode using patient AR3DP0005
3D models, tumor is represented in red inside the bone, which is displayed in white with
transparency texture; (b) Virtual visualization (tumor in red, bone in white with
transparency texture) overlaid on top of the 3D printed bone fragment (solid white) of
patient AR3DP0007 using Clinic mode; (¢) Surgical mode visualization of patient
AR3DP0004 (tumor is represented in blue and cutting planes in semi-transparent green).
A green frame surrounding the AR marker indicates that the reference is being tracked by
the system.

The incorporation of a new case to the app is a simple process: once the necessary
biomodels have been created, they are uploaded to the Unity project. The user interface and
biomodel visualization parameters are then automatically updated. The smartphone app is then
compiled and copied to our institutional smartphone. This procedure preserves data security
since all patient related information is compiled in the app and cannot be exported or accessed.

Besides, the app currently runs on our local smartphone devices.
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6.3.4. Augmented reality system performance

The performance of the proposed augmented reality system was evaluated on six 3D
printed patient-specific phantoms, corresponding to each of the patients participating in the
study. They were designed by selecting a representative region of the patient's anatomy
(including part of the bone and the tumor) and attaching to them some supports and bases. The
supports joined parts that were not connected in the original anatomy in order to obtain a rigid
phantom. The resulting models could stand over their base to maintain stability during the
validation process. Eight small conical holes (@ 4 mm x 3 mm depth) were added to the model
surface for point-based registration and error measurement. Additionally, the surgical guides
(that included the support for the AR marker) were also modified, adding three to five conical
holes (@ 4 mm x 3 mm depth), depending on the guide size. Those holes were used for error
measurement. The phantoms dimensions are summarized in Table 6.3. These phantoms were
3D printed in PLA with the dual extruder FDM 3D printers in two different colors. The surgical
guide specifically designed for validation was 3D printed in resin material to simulate the

surgical intervention. Figure 6.5 displays the six resulting phantoms.

Table 6.3. Size dimensions of the manufactured patient-specific 3D printed phantoms.

Case ID Phantom Dimension [cm]
AR3DP0002 17 x15x 13
AR3DP0003 12x11x9
AR3DP0004 22 x22x19
AR3DP0005 16 x10x 5
AR3DP0006 17 x15x 10
AR3DP0007 22 x12x11

Surgical Guide Placement Error and the Augmented Reality Tracking Error were
evaluated to assess the precision and accuracy of the AR system. A Polaris Spectra (Northern
Digital Inc., Waterloo, ON, Canada) optical tracking system (OTS) managed by 3D Slicer was
implemented as a gold-standard for the performance evaluation, following the methodology
from a previous study [156]. Additionally, the distance range for marker detection of the system

was also studied.
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Figure 6.5. 3D printed patient-specific phantoms from patient: (a) AR3DP0002; (b)
AR3DP0003; (¢) AR3DP0004; (d) AR3DP000S; () AR3DP0006; (f) AR3DP0007. Bones
are in white, the tumors are in red, and the resin surgical guides are fitted on their
corresponding position.

Surgical guide positioning error

This error was analyzed to assess the uniqueness of the surgical guide positioning on
the bone. We attached the surgical guide to each phantom and recorded the position of the
conical holes (from 3 to 5, depending on the guide) with a pointer tracked by the OTS. The
Euclidean distance between the recorded coordinates and those obtained from the virtual
models allowed us to determine the Surgical Guide Placement Error. This process was repeated
five times by two users, removing and placing back again the guide on each phantom. We
calculated the required point-based registration [136] between the 3D printed phantom and its

virtual model using conical holes included in the validation phantom.

Augmented realty tracking error

The overall AR system performance was determined using a modified version of the
ARHealth app on a Google Pixel 4 XL smartphone (Alphabet Inc., Mountain View, CA, USA).

First, the surgical guide was positioned and fixed on the phantom. Then, the AR reference
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marker was placed on the surgical guide enabling automatic registration between the AR
system and the phantom. Once the AR system tracked the marker, 14 virtual spheres (0@ 3 mm)
were randomly augmented on the surface of the 3D printed phantom. Each user positioned the
tip of a tracked pointer on the virtual spheres by looking at the smartphone screen, and that
location was recorded with the OTS. The Euclidean distance between the recorded positions
and true positions of the spheres was calculated to evaluate the Augmented Reality Tracking
Error. Each experiment was repeated five times by two different users, removing and placing
back the surgical guide. Figure 6.6 shows the phantom of the Patient AR3DP0002 (buttock
tumor) and the smartphone with the modified version of ARHealth displaying the augmented

spheres in deep blue.

Figure 6.6. Phantom of patient AR3DP0002 (buttock tumor) and smartphone with the
ARHealth validation app. The Augmented Reality Tracking Error validation spheres are
augmented on the phantom surface in deep blue.

6.3.5. Integration of the augmented reality System in the Surgical Workflow

The proposed AR System was implemented during the whole surgical workflow of
patients AR3DP0006 and AR3DP0007. ARHealth was used at the three steps of the workflow:
by the surgeons during surgical planning, to show the virtual anatomical models to the patients

before surgery, and during the surgical intervention to display the tumor margins. Finally, a
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survey was designed to qualitatively record the opinion of the surgeons and the patients about

the proposed AR-based system.

During surgical planning, surgeons used Demo and Clinic modes from the ARHealth
app installed in a Google Pixel 4 XL smartphone. First, the user selected Demo mode from the
main menu, and holding the phone with one hand, he pointed with the camera to the AR marker
to detect it. The virtual models, such as bone and tumor, were projected on the smartphone
display. The AR app would track the cubic reference movements, and the virtual models moved
according to the face detected. Demo mode was used to take a first glimpse of the case without
needing any 3D printed biomodel. Then, Clinic mode was selected from the main menu of the
app. This time, the surgeon took the 3D printed surgical guide of the corresponding patient and
fixed it into the PLA bone fragment. Then, the cubic marker was placed on the surgical guide,
and with the smartphone camera pointing at it, the system displayed all the models with respect
to the bone fragment. This mode was used to practice with the visualization before the surgery
and with the surgical guide placement. The Clinic mode could also help analyze and discuss
alternative strategies for the surgical procedures, compare possible approaches or instruct

inexperienced surgeons.

During the last medical appointment with the patient prior to the surgery, physicians
used ARHealth as a reinforcement to explain the tumor location and the treatment they were
going to receive. With the Clinic mode selected on the smartphone, patients pointed with the
camera to the cubic marker, which was already attached to the surgical guide and the bone
fragment. They were able to rotate the marker and tailor the transparency of the models to

comprehend the details of their condition more easily.

Our proposed technology was also evaluated as guidance for tumor resection. The
system provided the tumor's location thanks to the automatic registration between the reference
marker and the surgical guide. An iPhone 6 (Apple Inc., Cupertino, CA, USA) was used as the
AR-device during the procedure. The surgical intervention was developed without
modifications until the tumor was completely removed, leaving the bone tissue exposed. After
that, the smartphone was introduced in a sterilized case (CleanCase, Steridev Inc., Lansing,
MI, USA) held by one surgeon. One of the surgeons opened the ARHealth app on the
smartphone and selected the Clinic mode. The physician placed the surgical guide with the
cubic marker attached on the sterile bone fragment and verified its position, ensuring that the

app was working as expected. The next step was to place the surgical guide on the patient's
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bone target area. Surgeons used the Surgery mode to visualize the bone and ensure the correct
placement of the guide, validating the automatic registration. Then they fixed it in the bone
with medical screws. One of the surgeons selected the occlusion bone mode and used the
smartphone to project the tumor on the patient in real-time through the AR display. They could
rotate the smartphone at any orientation to better evaluate the resection margin. Finally, they

removed the surgical guide and continued with the procedure.

We designed two different questionnaire surveys, one for the patients and the other for
the surgeons, to qualitatively assess the impact of the proposed workflow from their point of
view and identify possible aspects that could be improved. Ten surgeons from the Department
of Orthopedic Surgery and Traumatology filled the 16 questions from the surgeon's
questionnaire (Document S1). Survey's questions were scored on a 5-point Likert scale. All
participating surgeons were familiar with the AR system. The survey presented to the patients
consisted of 6 questions (Document S2) and was completed by the two patients involved in

the clinical validation.

6.4. Results

The detection of the AR cubic marker by the smartphone application was feasible and
practically immediate if they were at an appropriate distance. We zoomed in and out the Google
Pixel 4 XL and iPhone 6 smartphones, both under optimal and dim light conditions, to
determine the distance at which the marker was detected (zoom in) and lost (zoom out). In all
the cases, the AR marker was detected at 30 cm. Once the pattern was identified, it was possible
to move the phone further away from the marker up to 50 cm and maintain the visualization

(provided that the AR cube was always on the camera's FOV).

6.4.1. Augmented reality performance

Figure 6.7 displays the results obtained during the validation of the Surgical Guide
Placement Error for each phantom by two users and five repetitions each. The last column
includes the measures on all phantoms. The error obtained for Patient AR3DP000S5 could not
be analyzed due to technical errors during the corresponding evaluation experiment. The

overall Surgical Guide Placement Error was 1.75 = 0.61 mm.
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Figure 6.7. Surgical Guide Placement Error obtained for each patient phantom. The upper
and lower limits for each box represent the first and third quartile of the dataset, and the
middle line indicates the median. The whiskers stand for the highest and lowest values
(£1.5 times the standard deviation).

The Augmented Reality Tracking Error validation experiments were designed to
demonstrate the system's accuracy and independence from the user. Figure 6.8 represents the
error values for five repetitions on each phantom. The minimum mean error is obtained for
case AR3DP0007 (2.1 £ 0.9 mm) and the maximum for AR3DP0004 (4.2 = 1.5 mm). To
determine the user-dependency of the error values, we performed a paired t-test comparing the
data obtained by both users in each phantom under the null hypothesis that there is not a
significant difference between their results, obtaining a p-value > 0.05 in all cases. Overall, the

mean error of the system was 2.80 + 0.98 mm.
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Figure 6.8. Augmented Reality Tracking Error for all the patients separated by user. The
upper and lower limits for each box represent the first and third quartile of the dataset, the
middle line indicates the median. The whiskers stand for the highest and lowest values
(x1.5 times the standard deviation).

6.4.2. Integration of the Augmented Reality System in the Surgical Workflow

The integration of ARHealth was feasible on all the surgical workflow steps for patients
AR3DP0006 and AR3DP007. During the preoperative planning, surgeons used Demo and
Clinic mode from the ARHealth app to reinforce their knowledge about each patient case. It
allowed physicians to discuss the surgical approach anywhere in the hospital, thanks to the
portability of the system (Figure 6.9a,b). During the last clinical appointment, both patients
held the smartphone and tracked the AR marker easily. Patients understood how this
technology worked with just one explanation from the physician, and both used the system for
approximately 5 minutes. Figure 6.9c,d shows one of the patients using the AR system during
the clinical appointment. Detection of the cubic marker was fast, and no problems were

encountered during these two steps of the medical workflow.

During the surgical intervention, the smartphone was placed on the sterile case without
complications. The 3D printed bone fragment was useful in both cases to verify the position of
the surgical guide before placing it on the real bone. Moreover, surgical guides fitted as planned
in the target area of the patient's bone, allowing a successful registration between the AR

system and the patient's anatomy. The virtual models were projected on the patients in their
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expected location. Neither blood nor different light conditions interfered with the detection of
the cubic marker, and ARHealth could display the tumor to better evaluate the surgical margins.
Additionally, the 3D printed reference stayed fixed on the surgical guide adaptor and was easily
removed when it was no longer needed. The picture of Figure 6.9¢,f was acquired during the
surgical intervention of Patient AR3DP0007. One surgeon is holding the smartphone in the
sterile case projecting the tumor virtual model on top of the patient after tumor resection to

delimit tumor margin.

During AR3DP0006 surgical intervention, some main arteries interfered with the cubic
marker detection after placing it into the surgical guide. However, thanks to the cubic shape of
the tracking reference, the AR system detected other uncovered faces of the cubic marker,

projecting the anatomical virtual models in the right position on the patient.
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Figure 6.9. Integration of the augmented reality system at each step of the medical
workflow. (a,b) Physician using ARHealth during surgical planning of patient
AR3DP0006; (c,d) Medical staff explaining patient AR3DP0007 her condition using
ARHealth; (e,f) One physicians using ARHealth during surgical intervention of patient
AR3DP0007 after the surgical guide was placed on the patient, and other surgeon
delimiting surgical margin while looking at the AR-display. (b,d,f) Smartphone
visualization at the same moment of (a,c,e), respectively.

Nine orthopedic surgeons answered the proposed survey. Five of them had prior
experience with AR. Table 6.4 reveals the individual scores obtained from each user. The last
row and column represent the average scores per question and surgeon, and the left-most

column is a condensed form of the questions asked. The total average score obtained in the
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survey, considering the questions related to the smartphone application and the usability of the
proposed workflow, was 4.5 out of 5. Regarding the medical fields that they considered could
benefit the most from this technology as it is right now, they all selected oncologic surgery.
78% of them additionally answered orthopedic surgery and 67% chose neurosurgery, plastic

surgery or minimally invasive surgery. The 44% of the physicians also picked cardiac surgery.

Patient's survey was answered by the two patients for whom the whole medical
workflow was deployed (Table 6.5). None of them had prior experience with AR or had even
seen a 3D model of their body before. Both patients gave the maximum score to the ARHealth
system and preferred AR in the explanation of their pathology rather than a 2D image or the

standard surgeon's description.

Table 6.4. Surgeons' survey scores.

Individual Scores (per surgeon)

Questions 1 2 3 2 s p Avg. Score
1. AR in surgeries (general) 5 4 5 5 3 5 45
2. AR in surgeon’s operations (general) 5 4 3 3 4 5 4.0
3. DEMO: surgeon understanding 5 4 5 5 4 5 4.7
4. DEMO: surgical planning 5 4 5 5 5 5 4.8
5. DEMO: patient communication 5 5 5 5 5 5 5.0
6. CLINIC: PLA bone fragment 5 4 4 5 4 5 4.5
7. CLINIC: practice with AR 5 3 4 5 5 5 4.5
8. CLINIC: patient communication 5 3 5 5 3 5 43
9. SURGERY: tumor location 5 5 4 5 4 5 4.7
10. SURGERY: increase of accuracy 5 4 4 5 5 5 4.7
11. SURGERY: phone case 5 4 5 5 5 5 4.8
12. GENERIC: easiness of interpretation 5 5 4 5 4 5 4.7
13. GENERIC: patient communication 5 5 5 5 5 5 5.0
14. GENERIC: surgeon’s confidently 4 4 5 5 4 5 4.5
15. GENERIC: use this workflow 5 4 4 5 4 5 4.5
Avg. Score 4.9 4.1 4.5 4.9 4.3 5 4.5
Table 6.5. Patients' survey scores.
] Individual Scores (per patient)
Questions 1 2 Avg. Score

1. Pathology understanding before ARHealth 2 4 3

2. Pathology understanding after ARHealth 5 5 5

3. General opinion about AR 5 5 5
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6.5. Discussion and conclusion

In this study, we present and evaluate a novel framework deployed in orthopedic
oncology combining AR and 3D printing technologies to assist surgeons during different stages
of the surgical workflow. Our system supports surgical planning, enhances patient
communication, and provides guidance during surgical interventions. A smartphone-based AR
application has been developed to visualize the patient's anatomy and the tumor locations using
a 3D printed reference marker. Automatic registration between virtual and real world is
achieved by patient-specific surgical guides (with a support for the reference marker) that fit
in a unique region of the affected bone tissue. The precision of the system has been analyzed
using the clinical data from six patients, and the feasibility has been evaluated during the whole

surgical workflow on two of them.

3D printing still has significant limitations, such as long 3D printing time of large pieces
and a lot of material waste in orthopedic oncology [174]. In this study, these problems have
been tackled by 3D printing just small models, such as delimit fragments of the affected areas,
and displaying the complete biomodels with AR. This method could be an alternative to reduce

material cost and 3D printing time.

The main limitation of AR in the medical field is the required image registration
between real and virtual data [182]. Some studies try to solve this issue with a manual
registration [107], which might not be the best option in many cases. We adapted the automatic
registration technique presented in [156], proposing a more general approach. The 3D printed
surgical guide has now a marker holder attached to it. This allows the attachment of an AR
marker when the surgical guide is fixed on the patient without removing the whole surgical
guide. Additionally, we have demonstrated that this guide is placed in the target position with
a mean error below 1.80 mm in six patient-specific phantoms of different bone types and areas.
These results are comparable with those reported in [156]. The low error indicated that this

registration method could be reliable for AR systems applied to orthopedic oncology.

When evaluating the Augmented Reality Tracking Error on six patient-specific
phantoms the overall error was 2.80 mm. These results are similar to those reported in [156],
using Microsoft HoloLens, and in [183], using a tablet-based system. However, a relevant fact
is that in [156] the AR marker was two-dimensional, limiting the mobility of the AR device.

Our study obtains similar tracking error results, but with a 3D printed cubic marker that can be
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tracked from different points of view, providing freedom of movement, a crucial aspect

specially in the OR.

The AR performance achieved comes from an accumulation of different error sources,
such as the accuracy of the 3D printers, the localization of the control points, the intrinsic error
of'the OTS and the registration error. However, the low error obtained in our system encourages
us to believe that virtual models can be displayed with enough accuracy on top of the patient

to improve different steps of the surgical workflow.

The Augmented Reality Tracking Error results reveal increased variability for the
biggest phantoms, suggesting an increasing error at larger distances. Nonetheless, this is
common to all navigation systems [184]. Phantom AR3DP0002 and Phantom AR3DP0004
were the largest in our experiments and, therefore, had more error evaluation positions further
away from the origin (the AR marker). Consequently, the error results for those phantoms are
higher both in average and standard deviation. Although existing, this correlation will not affect
during this type of surgeries, on which the working volumes are limited around the surgical

guide. Anyway, this factor must be considered in each case.

The proposed AR system was favorably tested during the complete medical workflow
of two patients. The visualization of virtual 3D models of the patients was feasible using the
smartphone and the tracking marker during surgical planning, patient communication and
surgical intervention. The general opinion of the surgeons is that the system would be very
useful to establish a preoperative plan more confidently (by examining the case in three
dimensions before surgery). The solution is portable, not requiring a personal computer. The
importance of patient communication in surgical interventions was already highlighted in
[185]. In our case, both patients welcomed this technology to understand their situation better,
and surgeons found it very useful to accompany their explanations of the pathology and

surgical approach.

Additionally, the proposed methodology was easily integrated during the two clinical
interventions. The system displayed the corresponding tumor position on top of the patient with
virtual anatomical elements, boosting surgeons' confidence to verify that the tumor has been
adequately resected. The physicians believed this visualization could be beneficial in tumor
resection surgeries. Moreover, they suggested that this technology could also be advantageous
to guide osteotomy cutting planes. AR visualization offers advantages compared to image

guided information shown in standard displays, since the actual anatomy captured by the
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camera is combined with digital models in a natural way for the user. Our experience is still
limited, so further evaluation is required in a larger sample. The system accuracy is good but

may not be enough to replace surgical navigation techniques.

Finally, the survey's results revealed an overall great acceptance of this system in the
hospital and endorse the applicability of our proposal from the clinical perspective, promoting
further research on this area. The questions related to the medical fields that could potentially

benefit from this system open the future applications spectrum of this technology.

One of our system's limitations is that we created the 3D virtual biomodels based on an
CT acquired several weeks before the surgery, and the tumors may have grown, reduced or
moved in that time lapse [186]. Nevertheless, this is a limitation for any navigation system
based on preoperative images. Another limitation is that, to use the ARHealth app, one hand
must continuously hold the smartphone. A mechanical arm, holding the smartphone, could be
incorporated into the OR to address this issue. Even the system could be running on a head-
mounted display, such as Microsoft Hololens 2, to free the surgeon's hands in the procedures

and give him/her more maneuverability during surgical intervention.

With regard to the expansion of our system to other hospitals, some extra security
protocols should be applied to the smartphone application in order to preserve patients' privacy.
This could be implemented with OAuth 2.0 protocol [187] as an authorization framework to

limit the access to the app to only qualified personnel.

In conclusion, we have shown the benefits that the combination of AR and 3D printing
can bring to orthopedic oncology surgery by evaluating the proposed AR system in patient-
specific 3D printed phantoms and at each stage of the surgical workflow. We believe that this
work serves as a baseline for developing more AR and 3D printing systems for surgical

guidance, training, and patient communication.

Supplementary Materials: The following are available online at

https://www.mdpi.com/1424-8220/21/4/1370/s1, Document S1: Questionnaire given to

surgeons to validate the AR system, Document S2: Questionnaire given to patients involved

in this study to validate the AR system.
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Needle Navigation in Sacral

Neurostimulation

7.1. Introduction

Nonobstructive chronic urinary retention, urgency urinary incontinence, fecal
incontinence, and other bowel dysfunctions are pathologies that affect millions of people
globally [188]. It is estimated that 17.4% of women and 15.6% of men aged > 40 years in
Europe suffer from at least one of these conditions [189]. Although conservative treatments,
such as behavioral modification and drug therapy, are indicated as first-line alternatives, their
effect is usually limited by patient obedience, adverse medication events, or unsatisfactory

efficacy [190].

During the past two decades, sacral neuromodulation or sacral nerve stimulation (SNS)
has been considered a valid alternative when conventional treatments have failed. SNS is a
minimally invasive procedure where an electrode lead is implanted through the sacral foramina
to stimulate the nerve modulating colonic and urinary functions [191]. This practice has shown
to efficiently treat fecal incontinence [192], refractory overactive bladder [193], urinary

retention [194], or constipation [195].

One of the most crucial steps in SNS procedures is the placement of the tined lead close
to the sacral nerve, as the final position of the electrode will determine the efficacy of the
treatment. In order to reach the sacral nerve, a needle must be inserted through the posterior

sacral foramina S3 or S4, that are usually smaller than 12x8 mm [196]. Currently, surgeons
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perform a combination of visual inspection to localize bony landmarks [197], [198] and
conventional x-ray fluoroscopy (anterior and lateral projections) to estimate the location of the
target sacral foramen, decide the initial insertion trajectory, and verify the needle’s location
with respect to the sacrum while positioning the lead in place [199]. However, needle insertion
is very challenging for surgeons. Several x-ray projections are required to interpret the needle’s
position correctly. In many cases, multiple punctures are needed, causing an increase in
surgical time and patients’ discomfort and pain. Not to mention that the lack of general
reference points in patients with anatomical sacral abnormalities may increase surgical

difficulties.

Intraoperative computed tomography (CT) imaging has previously been proposed to
estimate the final position of the needle in patients with abnormal sacrum where fluoroscopy
has failed [200], [201]. Others have combined CT scans inside the operating room with
navigation systems to track the position of the needle in real-time, guiding electrode placement,
reducing procedural time, and improving surgical outcomes [202], [203]. Nonetheless, these
techniques have been used in just a few cases, only when required to perform a complex
surgical procedure correctly. Additionally, these systems involved an intraoperative CT, which
implies additional radiation exposure to both patients and medical professionals during the

intervention, restricting their integration in the clinical practice [204].

As an alternative, patient-specific 3D printed navigation templates have been proposed
for accurate electrode lead placement, using a preoperative CT scan to define needle trajectory
and perform patient registration [205]. Zhang et al. have shown that this technique could imply
lower intraoperative radiation exposure and higher efficacy of the procedure than the traditional
approach. However, the application of this proposal is limited by the long manufacturing time
of the template. Also, the patient needs to have registration markers stuck on the affected
surface for days, leading to discomfort and possible landmark displacements, resulting in a low
registration accuracy during the procedure. Moreover, removing the template once the needle
is inserted could modify the final position of the electrode lead [206]. Finally, Rubio-Perez et
al. have presented an alternative application of 3D printing for fabricating patient-specific

sacrum biomodels to understand possible anomalies of patients’ anatomy before surgery [60].

Needle insertion guidance with tracking systems has previously been proposed in
surgical procedures such as radiofrequency ablation [207], [208] or spine surgery [209]. All

these navigation systems provided successful needle guidance. Nevertheless, the navigation
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information is displayed on external screens, requiring the surgeon to divert his attention from
the patient. In this context, augmented reality (AR) technology could overcome these
limitations, providing the surgeon with real-time navigation information directly overlaid in
the surgical field. AR for needle guidance has become a feasible alternative in recent years
[210], [211]. Hecht et al. proposed a smartphone-based AR navigation system to display the
needle trajectory in the target area for ablation and biopsy procedures, demonstrating a superior
needle insertion accuracy compared to CT-guided freehand methods [110]. Besides,
Kuzhagaliyev et al. presented the combination of an AR head-mounted display with an optical
tracking system to guide the needle ablation during irreversible electroporation in the pancreas
[212]. Although these AR navigation techniques provided needle guidance solutions for
surgical treatments, they do not propose feasible patient registration methods that could be

translated to real clinical scenarios.

The described works have shown how navigation systems can improve needle guidance
using tracking devices or AR technology. However, these solutions have not been implemented
in SNS procedures yet. In the past, our group developed an open-source navigation software to
track the needle’s position with respect to the patient in real-time using an electromagnetic
tracking system (EMTS) [213]. The proposed solution did not require an intraoperative CT for
registration, providing accurate needle guidance for SNS. Nonetheless, the proposal showed
several limitations: navigation software did not indicate the target depth, preoperative CT
images had to be segmented just before surgery in a very narrow time window, and the EMTS

components required asepsis and were affected by metal distortions from other surgical tools.

This work will solve the restrictions mentioned above, proposing solutions that could

be translated to clinical practice, based on the following hypothesis:

- Optical tracking systems would be more convenient than EMTS for SNS
procedures, facilitating the asepsis and improving needle guidance.

- Augmented reality would improve the interaction of the user with the navigation
information.

- Algorithms based on artificial intelligence (Al) could perform bone segmentation
in the sacrum almost instantaneously [214], [215], solving one of the restrictions

found during image-guided navigation [117].
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7.2. Objective

In this work, we propose and evaluate two different navigation systems to guide
electrode placement in SNS surgeries designed to reduce surgical time, minimize patient
discomfort and improve surgical outcomes. For the first alternative, we developed an open-
source navigation software to guide electrode placement by real-time needle tracking with an
optical tracking system (OTS). In the second method, we introduce a smartphone-based AR
application that displays virtual guidance elements directly on the affected area, using a 3D
printed reference marker placed on the patient, facilitating needle insertion with a predefined
trajectory. We also developed and tested an automatic sacrum segmentation method based on
Artificial Intelligence to speed up the extraction of virtual models from the CT study of the
patient. Both techniques were evaluated to determine which one obtained better results than
the current surgical procedure in terms of the number of insertions, accuracy, procedure
duration, and radiation exposure. To compare the proposals with the clinical method, we
developed an x-ray software tool that calculates direct reconstruction radiograph (DRR),
simulating the fluoroscopy acquisitions during the procedure. All methods were evaluated by
twelve physicians (inexperienced and experienced users) on a realistic anthropomorphic
phantom based on a patient that underwent an SNS procedure. Finally, we propose a feasible
surgical workflow designed for clinical use to be performed during the surgical intervention,
including preoperative CT imaging, automatic virtual model creation, patient-to-image

registration, and surgical navigation based on each proposed method.
7.3. Previous work

7.3.1. Surgical navigation for SNS needle guidance using an EMTS

Previously, our research group proposed a surgical navigation system oriented to
clinical use to improve electrode placement accuracy in SNS surgical procedures. This solution
was based on an EMTS to track both the needle and the patient during the intervention. The
tracking device was connected via OpenlGTlink communication protocol to an open-source
navigation software (Figure 3.1) developed in 3D Slicer platform [34]. The proposed
methodology used a CT scan of the patient as a surgical reference during needle trajectory

planning.
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Figure 7.1. Navigation software proposal for needle guidance in sacral neuromodulation
procedures. Image adapted from [213] (figure reprinted with permission of the copyright
holder, Springer Nature).

The proposed workflow was defined as follows:

- 2-3 hours before surgery:
1. Skin fiducials placement on the patient around the visible insertion
area for image-to-patient registration.
2. CT scan acquisition and manual image segmentation to obtain a
virtual 3D model of the sacral anatomy.
- During surgery:
3. Needle and pointer calibration to obtain the position of the tool’s tip
with respect to the tracking sensor.
4. Image-to-patient registration, recording the location of skin fiducials
with a tracked pointer.
5. Target and optimal trajectory definition on the navigation software.

6. Needle navigation.

An anthropomorphic phantom of the SNS affected area was manufactured to evaluate
the system. This phantom included the sacrum bone, 3D printed in polylactic acid (PLA) and
covered with silicone (Dragon Skin 20 Slow) to mimic the patient’s soft tissue. One
experienced surgeon qualitatively evaluated the complete workflow giving positive feedback

in terms of navigation experience. Additionally, two SNS unexperienced users performed a
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total of six needle insertions in the phantom assisted with the proposed navigation system to
evaluate the procedure quantitatively. The actual needle tip position was obtained from a CT
scan acquired after each needle insertion. The error with respect to the target trajectory and the

time to perform the task were measured.

The results showed a final root-mean-squared error of 1.93 mm and a total procedure
time of 130 £+ 100 s, demonstrating that this navigation system facilitated needle insertion in
SNS procedures, reducing the time needed to perform the task and achieving high accuracy.

However, to finally bring the method to clinical use, some drawbacks should be solved:

- The validation metrics were not sufficient to conclude that the proposed
methodology could replace the current clinical procedure, as the comparison was
not based on previous literature.

- Although the phantom had a realistic appearance, the soft tissue part was made of
hard silicone. Needle insertion in this material required high pressure to reach the
sacral foramina compared to clinical patients. Therefore, the needle tended to bend,
and the insertion experience was not accurate compared to actual clinical
procedures. Furthermore, the phantom S3 and S4 foramina sizes were larger than
the average [196], so inserting the needle inside the target foramen without colliding
with the bone was more straightforward than with an actual patient.

- The navigation software was useful and intuitive, but it lacked depth navigation
feedback.

- Theuse of an EMTS was not convenient in these surgical interventions due to three
main limitations. First, the need to insert each EMTS sensor in a sterilized plastic
bag, which implied material waste and long preparation times. Second, sensor
cables interfered with the surgical field. And third, devices such as the C-Arm,
surgical bed, and stimulator, interfered with the electromagnetic field produced by
the EMTS. This hindered the definition of a clear volume without ferromagnetic
distortion, which could affect EMTS tracking accuracy.

- The proposed workflow included the acquisition of a CT scan right before the
surgery to avoid misplacements of the skin markers. This step implied that the
segmentation of the preoperative images had to be performed in a very short time
window. Virtual model creation could take long segmentation times, leading to
delays in the surgical intervention and unnecessary pressure and stress to the staff

involved in the procedure.
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All these limitations led to the search for new solutions: the design of a new experiment
that included evaluation metrics more comparable with the current procedure; 3D
manufacturing of a more realistic phantom; developing new features in the navigation software;
finding technological navigation alternatives; and developing a more automatic surgical

workflow. All these proposals will be presented in this chapter.

7.3.2. Automatic segmentation

Anatomical segmentation of medical images has always been essential for pathology
location and quantification in surgical treatments. However, current segmentation
methodologies are mainly based on manual or semi-automatic approaches, which require
extensive dedication from medical professionals. In recent years, these cumbersome tasks are
being automated thanks to the new advances in machine learning (ML), a subfield of Al

algorithms which are showing great potential in disease diagnosis and prediction.

In SNS cases where a preoperative CT scan is acquired, the segmentation of the sacrum
would be necessary to create a virtual 3D model and use it to define the trajectory for the needle
insertion. However, in most cases the sacrum is manually segmented, leading to a long
processing time. Therefore, developing tools to automatically segment these anatomical parts

would benefit SNS procedures by reducing processing time and complexity.

Our research institution, in collaboration with the Applied Chest Imaging Laboratory
(ACIL) research group at Brigham and Women’s Hospital (Boston, MA, USA) and Harvard
Medical School (Boston, MA, USA), implemented several deep learning algorithms for
automatic segmentation, facilitating fast patient screening from medical images by predicting
clinical outcomes. More specifically, we have contributed to two areas: development of a
complete automated segmentation workflow to predict body composition measurements from
thoracic CT scans (Supplementary Material, Section 10.1); automatic segmentation of all heart
cavity chambers from non-contrast non-ECG gated CT scans (Supplementary Materials,
Section 10.2). This experience has allowed the implementation of a workflow to segment sacral

bone tissue from CT scans automatically in SNS procedures, presented in Section 7.4.1.

7.4. Materials and methods

In this section, we first describe the segmentation algorithm developed to automatically

obtain the virtual model of the sacral bone from a CT scan (Section 7.4.1). Then, we present
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the anthropomorphic phantom (Section 7.4.2) and the experimental set-up (Section 7.4.3)
defined for evaluating all the navigation methodologies. Next, we explain in detail the proposed
simulation system for SNS procedures (Section 7.4.4), the navigation system based on OTS
(Section 7.4.5), and the AR system proposal for needle guidance (Section 7.4.6). After that,

we describe how the experimental study was evaluated (Section 7.4.7).

7.4.1. Automatic segmentation of the sacral bone

For this study, we used a database composed of 89 cases with manually segmented
abdominal bone structures, including right femur, left femur, right hip, left hip and sacrum
[216]. The image dimensions are 512 x 512 x (500 ~ 700). As the sacrum delineation
considered the sacral foramina as bone (we can observe on Figure 7.2 that foramina are not
visible), we applied a semi-automatic process to remove the segmented areas of the foramina
prior to the training phase. This step is crucial for SNS since the location and size of the
foramen will determine the needle’s trajectory. 3D Slicer [34] software was used to process the

data following several steps:

1. Obtain the sacrum mask from the subject.

2. Segment non-bone tissue from the CT image. For each case, we applied three
thresholding operations: from -1200 to 50, 100 and 150 HU. The best one is
selected in step 6.

3. Subtract the result from step 2 from the original sacrum to extract the sacral
foramina.

4. Perform hole filling using a closing operator (ball structural element of size 1 x 2
x 2) for each sacrum.

5. Apply wrap solidify technique [217] on 3D Slicer. This method combines shrink
wrapping, projection, and solidification algorithms to create a solid segment.
(Region: Outer surface, Carve Holes values: 3, 4, 5. Best value selected in step 6)

6. For each clinical case, the best configuration (thresholding and wrap) was
carefully selected by manually evaluating each segmentation according to sacrum

shape and foramina sizes.

The best segmentation was adopted as the new ground truth label for the sacrum.
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(b)

Figure 7.2. Example case from the training database [216]. (a) CT images, from left to
right: axial, coronal and sagittal slices. (b) Virtual 3D models of each mask (5 in total).

After the sacral foramina were removed from the original mask, each image was
classified into six classes obtained from the manual segmentation: original right femur, original
left femur, original right hip, original left hip, modified sacrum, and background. The dataset
was randomly divided into training (67 scans), validation (5 scans), and testing sets (17 scans).
To reduce the computational burden, we resampled all the images to a pixel size of 1.20 x 1.20
x 1.43 and considered a volume of interest (VOI) of dimensions 128 x 128 x 128 centered in
the sacrum. The input data always included the whole sacrum and was normalized by the mean
and standard deviation of the training data. Additionally, data augmentation was performed by
randomly shifting pixels (-20, 20) in all directions and randomly rotating images between -10°

and 10° angles, obtaining a total of 402 images for training.

The neural network implemented in this study was based on a U-Net 3D architecture
[218], represented in Figure 7.3. The proposed neural network consists of two different paths:
a contracting path (encoder) and an expanding path (decoder). The encoder uses several blocks
that include convolutional, batch normalization and max polling layers to capture the context

of the image by expanding the future maps and reducing the dimension of the original data
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within each block. Then, the decoder follows a symmetric expanding path which concatenates
the corresponding information from the contacting path to enable precise output in the sense
of both global and local features. Contrary to the contracting path, the decoder contracts the
features maps and expands the dimension of the image at each block using convolutions and
up-sampling steps. The end of the network reaches the original input size image with the
corresponding depth map and the segmented classes. More in detail, we employed a modified
version of the U-Net 3D [219] that uses strided convolutions instead of max pooling, and Leaky

rectified liner unit (Leaky ReLU) as the main activation function.

[ conv. (3x3x3)  [__] Max-pool (x2)

[ ] Up-conv (x2) = Skip Connections [ Conv. (1x1x1)

Figure 7.3. Schematic U-Net 3D architecture based on [218].

The parameters of the network were trained with dice coefficient as loss function
weighting classes according to class prevalence. A batch size of 2 images and Adam optimizer
[220] were used with an initial learning rate of 0.0001. This learning rate was reduced by a
factor of 10 whenever the loss did not change significantly after four epochs. Initial weights
and biases were selected with a He normal initializer [221]. Training was early stopped when
the loss was stabilized after twenty consecutive epochs, resulting in a total of 500 epochs to
converge. The network was implemented on Keras 2.1.6 framework with TensorFlow 2.4
backend and Python 3.6.8 as main programming language. The training was run in an Intel 17

workstation with 32GB RAM and GPU NVIDIA Titan X 12GB RAM.
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The performance of the segmentation network in 17 subjects from the test set was
studied by comparing both the ground truth and the automated segmentation method. These
images were not used for tuning the parameters of the neural network model. Dice Similarity
Coefficient (DSC) score, Average Surface Distance (ASD), Harsdorf Distance (HD), precision,
and recall were calculated to analyze the segmentation performance. Furthermore, we visually

examined the segmentation results of both the lowest and highest average DSC of the test set.

7.4.2. Sacral phantom

We evaluated the proposed surgical navigation systems on a phantom based on a patient
suffering from a bowel dysfunction that underwent an SNS procedure. The patient had a
standard sacrum shape, with average sacral foramina sizes. This study was performed in
accordance with the principles of the 1964 Declaration of Helsinki as revised in 2013. The
anonymized patient data and pictures included in this paper are used after written informed
consent was obtained from the participant and/or their legal representative, in which he/she

approved the use of this data for dissemination activities, including scientific publications.

(a) (b)

Figure 7.4. Images of the patient’s anatomy used in this study. (a) CT coronal slice image,
with segmented bone in red. (b) Virtual 3D model of the pelvic bone structures.

A preoperative sacral CT scan (Figure 7.4a), obtained with the patient in prone position,
was used as a template to manufacture an anthropomorphic phantom. The bone tissue,
including pelvis, sacrum, vertebras and skin, were segmented from the CT image (pixel
resolution of 0.625 x 0.625 x 0.330 mm) in 3D Slicer version 4.10.2 [34] applying
semiautomatic methods (thresholding, manual contour and island effects). The results were

exported as virtual 3D models (stereolithography files, STL) (Figure 7.4b) and post-processed
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using smoothing (median filter with kernel size 5 X 5 x 9 pixels) and hole filling (kernel size 7

x 7 % 3)1in 3D Slicer to optimize 3D printing quality.

The fabricated phantom was composed of two parts: bone and soft tissue. For the bone rigid
structure, the virtual 3D model of the bone was processed using Meshmixer software (Autodesk
Inc., San Rafael, CA, USA) to reduce the size by cutting the model where just the whole
sacrum, a section of the iliac crest and the first vertebra were visible. Then, we included six
conical holes (¥ 4 mm x 3 mm depth) on the bone model’s surface to perform a point-based
registration and added some features to fix the optical markers. The final design was 3D printed
in polylactic acid (PLA) (Figure 7.5a) using a Raise 3D Pro 2 (Raise3D Inc., Irvine, CA, USA)
desktop 3D printer.

©

Figure 7.5. Manufactured phantom. (a) 3D printed bone in PLA. (b) Soft tissue. (¢)
Phantom assembled.

The part that mimics the soft tissue was designed to have two layers. First, an outer
layer of low viscosity silicone Ecoflex 00-20 (Smooth-On, Inc., Macungie, PA, USA) 3 mm
thick on the exterior of the phantom’s upper side. Then, a second layer made of flexible silicone
castable foam Soma Foama 15 (Smootth-On, Inx.) on the interior of the phantom (Figure 7.5b).
A cast was designed and 3D printed to mold the silicones with the patient’s shape, including
the negative surface of the bone model. The first layer presents an initial resistance similar to
the skin when the needle is inserted, while the second layer allows realistic feedback during
needle insertion. The final phantom size was 20 % 19 cm of soft tissue and 24 x 24 cm of bone

(Figure 7.5¢c). Table 7.1 shows S3 and S4 foramina sizes (left and right).
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Table 7.1. Phantom’s sacrum foramina sizes.

Foramen Axial Size [mm] Longitudinal Size [mm]
S3 Left 7 5

53 Right 7 7
54 Left 9 6

54 Right 9 7

7.4.3. Experimental set-up

For the three proposed methodologies, a common scenario was set up to perform the
validation experiment. A Polaris Spectra (Northern Digital Inc. [NDI], Waterloo, ON, Canada)
optical tracking system (Figure 7.6a) provided real-time tool tracking during the experiment.
The tracking device transferred the positioning data to the navigation software using PLUS-
Toolkit [33] and OpenlGTLink communication protocol [135]. The two infrared cameras of
the optical tracker enabled the tracking of tools that included a configuration of three or more
retro-reflective optical markers (rigid body, RB). The navigation software was displayed on an

external screen when required by the navigation experiment (Figure 7.6b).

"o

(a)

Figure 7.6. Experiment setup. (a) Optical tracking device. (b) External display. (c¢) Rigid
body (RB) with spherical markers attached to the phantom. (d) Needle with RB attached.
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A specific optical marker configuration was attached to the phantom (Figure 7.6¢) to
compensate for any possible movement during the experiment. We calculated the registration
of the phantom with the navigation system by recording points on the conical holes made on
the surface of the bone using a passive 4-marker probe (NDI Inc.), applying then fiducial-based
rigid registration algorithm. The needle used during the experiment comes from a
demonstration surgical kit from Medtronic (Model 3550-18/042294 Lead Introducer Kit,
Medtronic PLC, Fridley, Minnesota, USA). We developed and a customized 3D printed cap
holder with a specific optical marker configuration for the needle (Figure 7.6d). Pivot
calibration [136] procedure was performed to calculate the relationship between the RB
attached to the needle and its tip. Before each experiment, a registration of the phantom and
the needle was performed. During the experiment, the needle and the phantom were always
tracked, and the position given by the tracking system was used as a gold standard to compare

with each navigation method

7.4.4. Simulation of the clinical method

A specific software application was developed as a module in 3D Slicer to simulate
current SNS surgical procedures on the manufactured phantom. In this simulation, the user first
performs a physical examination on the phantom to identify the position and orientation of the
sacral bone. Then, the objective would be to reach the target foramen by inserting the needle
using simulated x-ray projections for guidance. The software provides as many simulated
projections as needed and gives feedback if the needle is in the selected target position when

requested.

The NDI tracker provides real-time needle position with respect to the phantom. The
software allows reproducing realistic anterior and lateral x-ray projections from anatomical
structures of the phantom. In order to create the x-ray projection, a direct reconstruction
radiograph (DRR) algorithm is applied on the CT of the patient from which the phantom was
developed. The DRR program receives the CT image and the desired position for the x-ray
tube focal point, calculating a projection by a bilinear interpolation [222]. To display the needle
in the projection, we designed a virtual 3D needle model that is converted to a mask on the CT
image coordinate system in its actual position, modifying the corresponding Hounsfield units

(HU) units to metallic material (1500 HU). The software steps are summarized as follows:

1. Pivot calibration of the needle for virtual model registration.
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2. Projection orientation selection.

3. Recording of needle’s position with respect to the phantom.

4. Needle’s virtual 3D model mask creation in phantom’s CT image coordinate
system, modifying the corresponding pixel values to 1500 HU.

5. DRR algorithm execution and projection simulation.

6. Simulated x-ray projection visualization on the user interface.

Figure 7.7a shows the software user interface, the phantom with the needle inserted in
a target position, and the simulated lateral (left) and anterior (right) projections. Each projection

is calculated almost instantaneously.

Figure 7.7. User performing the clinical method simulation. (a) Lateral (left) and anterior
(right) projections with the needle circled in red. (b) User inserting the needle on the
phantom.

7.4.5. Surgical navigation with optical tracking system

A software application named SNSNavigation was developed as a module in 3D Slicer
to facilitate needle insertion in SNS procedures. This software has been adapted from Lopez-
Velazquez et. al [213]. NDI tracker transfers the position of the needle and the patient to the
software in real-time. The RB attached to the phantom compensates for any movement during

the experiment. SNSNavigation software displays information on an external screen. First, the
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virtual 3D models of the patient are loaded on the navigation software in the correct orientation
automatically. Then, once the target is selected, virtual models are displayed to visualize the
trajectory of the needle and the target area. The software divides the screen into two sections
to facilitate the guidance process, showing on the left a lateral view and an anterior view of the
virtual 3D models on the right. The needle is represented as a cylinder of @ 1.5 mm, with a
sphere of @ 2 mm on the tip. The trajectory of the needle is displayed as a red line with a sphere
of @ 2 mm representing the target point in the foramen. The anterior view plane is oriented
perpendicularly to the trajectory line. A transparent green virtual model representing the target
volume is displayed to indicate the expected final position. This model corresponds to the shape
of the foramen hole, similar to a cylinder of diameter of the foramen size and between 1 and 2
cm of length (depending on the foramen size). If the needle’s tip touches this target volume,
the model will turn red, indicating that the needle has reached the target position. Additionally,
the SNSNavigation software can calculate the real-time distance from the needle’s tip to the

target point.

Figure 7.8. User performing needle insertion using the OTS navigation system as
guidance. (a) Lateral view (left) and anterior view (right) of the navigation software. Green
model represents the trajectory area, red model indicates that the tip of the needle is in the
target position. The needle is represented with an orange virtual model. (b) User inserting
the needle on the phantom.

To reach the target, first, the user looks at both lateral and anterior views on the
navigation software (Figure 7.8a) while moving the needle until the tip of its virtual model

coincides with the target point in the navigation software. After that, the orientation of the
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needle should be corrected until it reaches the desired trajectory (given by the cone and the red
trajectory line) without moving the needle’s tip. Once the needle’s virtual model is aligned with
the position provided by the software, the user inserts the needle following that trajectory until
the target volume changes from green to red in the user interface. A controller operates the
navigation software while the user is performing the task, modifying the software options

according to the users’ needs.

7.4.6. Surgical navigation with augmented reality

We developed a smartphone AR application named SacralNSAR on Unity platform
(version 2019.3) compatible with Android and iOS devices. This application uses Vuforia
software development kit (SDK) (Parametric Technology Corporation Inc., Boston, MA, USA)
to detect and track the position of a 3D printed cubic reference marker (30 x 30 x 30 mm) with
unique black-and-white patterns on each face (Figure 7.9¢) [157]. Once the marker is detected
on the smartphone camera field of view, the virtual models are displayed overlaid on the real-

world image in real-time.

Before navigation, the app presents a menu to select the predefined target and trajectory.
Once chosen, virtual 3D models are displayed on the AR screen: the sacral bone, the optimal
trajectory to reach the selected sacral foramen, the insertion point on the surface of the

phantom, and the target needle insertion depth (Figure 7.9a).

The AR reference cube phantom (Figure 7.9c) was fixed to a 3D printed adaptor on
top of the phantom (Figure 7.9b), in the superior area of the gluteus. To know the position of
this marker with respect to the phantom, we performed a point-based registration obtaining the
position of the conical holes designed on the marker adaptor’s surface with the optical tracking
system. Then, this registration transformation was transferred and updated on the smartphone
(Google Pixel 4 XL, Alphabet Inc., USA). Additionally, a 3D Slicer module was developed to
track the position of the needle in real-time and use it as a verification tool to know if the needle

was in the correct target during the experiment.

In order to reach the target foramen while using this navigation system, the user selects
the desired target from the smartphone app. Then, holding the smartphone with one hand and
the needle with the other, the user points at the 3D printed marker with the camera until the app
tracks it. Once the virtual models appear on the AR display, the needle’s tip should be

positioned on the insertion point. The orientation is corrected using the trajectory red line model
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as a reference. Then, the user inserts the needle until the holding part reaches the orange

insertion depth virtual model. The 3D Slicer module will verify the final position of the needle.

Figure 7.9. User performing needle insertion using the AR navigation system. (a) AR
visualization on the smartphone during guidance. (b) 3D printed marker adaptor. (¢) 3D
printed cubic reference marker.

7.4.7. Evaluation of the navigation alternatives

Needle insertion performance was evaluated using the proposed phantom to compare
the current SNS procedure with the two proposed navigation methods: optical tracking system

and AR technology.

Twelve volunteers, physicians from the general surgery department at the Hospital
Universitario la Paz (Madrid, Spain), participated in the experiment. Five of them were
attending physicians, and seven medical residents. From the whole group, seven had prior
experience in SNS procedures (experienced users), while the rest just knew about the technique
(unexperienced users). None of them had previously performed the procedure as primary
surgeons, and they did not have prior experience with navigation systems, neither have used

them in the past nor daily.

Each volunteer followed the three navigation methods in random order. For each

method, we defined the same four targets (S3 Left, S3 Right, S4 Left, and S4 Right) to be found
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by each participant inserting the needle with a predefined angle and direction. For each method
and user, the target order was decided randomly to control possible sequence effects. Prior to
the experiment, an instructor explained each method and gave time to the participants to
familiarize with the system before performing the pre-defined insertions (< 15 min). The
trajectories used for training were not the same as the ones used for the examination. All the
operators started with the needle in the same position on the experiment table. The insertion
finishes once the needle reaches the target volume. Each time the user thought that the needle
was in the target position, the actual location was obtained from the optical tracking system to
check if it was correct. For the clinical method, no trajectory was predefined as physicians
performed the procedure following the standard surgical practice. A total of twelve needle
placements were performed by each participant, which resulted in a total of 144 needle

insertions for the whole experiment.
Several metrics were recorded during each intervention:

- Repetition total time: the time needed to insert the needle to the target foramen.

- Number of punctures: the number of insertions the operator needed to reach the
target. A new insertion was considered if the needle was extracted from the phantom
soft tissue and inserted again.

- Time per puncture: time spent between each puncture: Repetition total time /
Number of punctures.

- Number of stimulations: the number of times the user asked the instructor if the
needle was in the right place.

- Number of projections: the number of x-ray projections taken during each

repetition. This measure was only recorded during the clinical method.

After finishing the experiment, each user was asked to complete a questionnaire survey
that included 31 questions to rate their experience with each technique in terms of usability,

precision, and difficulty in a 5-point Likert scale.

Statistical analysis

Statistical analysis was conducted using Python 3.7 and SciPy python libraries [223].
Mann Whitney U test was used when two groups were compared. Kruskal-Wallis test was
applied when comparing more than two variables, with Conover-Iman test as post hoc analysis

between groups. Differences were considered to be statistically significant for p-values <0.05.
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Results of the Mann Whitney U and Kruskal-Wallis tests are reported as medians, interquartile

ranges (IQR) and the associated p-values, otherwise as means and standard deviations

7.5. Results

7.5.1. Sacrum segmentation performance

The segmented sacrum from the database used in this experiment had the foramina
closed, which is not valid in SNS procedures as they are crucial for defining needle trajectory.
We solved this limitation by removing the unwanted segmented areas with a semiautomatic
method described in Section 7.4.1. When reviewing the segmentation masks, we detected that
some areas inside the sacrum were not classified correctly, limiting the performance of the
automatic segmentation algorithms. However, the shapes of the foramina were accurately

segmented.

Table 7.2 shows the performance results of the network on the sacrum label for the
training, validation, and testing cases. The DSC obtained on the automatically segmented
sacrum is 90.35 + 2.49. Figure 7.10 shows the final virtual 3D model of the highest (a) and
lowest (b) DSC score from the test data set. We can observe that the foramina are easily
differentiated with a similar sacrum shape as the ground truth, obtaining a correct foramen size
in S3 and S4 locations. However, in the worst case, it seems that the smallest foramen is almost

closed in the predicted model.

Table 7.2. Sacrum performance results of the automatically segmented cases for each set
(mean + standard deviation). (DSC: Dice Score Coefficient; ASD: Average Surface Distance;
HD: Harsdorf Distance)

Sacrum Performance DSC ASD (mm) HD (mm) Precision (%) Recall (%)
Train (85%, 67) 0.971 + 0.006 0.22 +0.02 7.18 +10.83 96.81 £0.71 97.47 + 0.60
Validation (5%, 5) 0.901 + 0.035 0.95+0.33 19.05 + 14.27 93.75 + 3.99 88.72 + 6.89
Test (20%, 17) 0.906 + 0.025 0.83+0.33 16.56 + 12.12 89.11 +4.96 92.00 +4.28
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Ground Truth Prediction

(b)

Figure 7.10. Virtual 3D model of the sacrum of two different cases. (a) Case with the
highest dice score of the testing data set. (b) Case with the worst dice score of the test data
set. The ground truth manual segmentations 3D models are represented on the left side and
on the right side the predicted ones.

7.5.2. Evaluation results

According to the most experienced surgeons participating in the experiment, the needle
insertion in the phantom was comparable to the clinical procedure. The silicone mimicking soft
tissue offered a small initial resistance when trespassing the first layer, and then a smooth
needle insertion until passing through the foramen. When the needle collides with the PLA of
the bone, the sensation was similar to reaching bone in actual patients. The needle did not bend
during the insertion in the silicone, avoiding the repetition of the pivot calibration between
experiments. Due to the thick fat layer (present in the patient used to develop the phantom) and
the material properties of the foam silicone, it was difficult for some physicians to localize
bony landmarks on surface of the phantom. This step facilitates the orientation during the actual
surgical procedure. However, it did not impede the operators from perceiving the sacrum

position.
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Table 7.3 represents the medians and interquartile range (IQR) obtained from the
different experiments and metrics for the three evaluated methods. The median [IQR] time for
the physicians was 106.64 [73.4 - 215.12] seconds with the clinical approach. In comparison,
the navigation methods reduced the total time by 3 or 2 times using OTS (32.26 [24.12 - 56.71]
s) and AR (53.29 [35.73 - 94.52] s) navigation systems, respectively. Moreover, with respect
to the number of punctures needed to reach the target, the physicians needed 1 insertion in most
cases to reach the foramen when using the OTS navigation, and 1 or 2 insertions when using
the AR method. In contrast, performing the simulated clinical SNS procedure, users inserted
the needle 2.0 [1.0 to 4.0] times to reach the foramen. Additionally, operators spend more time
per puncture when inserting the needle with the AR system than with the OTS device. In all

the metrics, there is a significant difference between all methods with a p-value <0.001.

Table 7.3. Median [interquartile range] for the evaluated metrics in all experiments grouped
by guidance method.

Parameter Clinical Method OTS Method AR Method p-value

Total Time [s] 106.64 [73.40 - 215.12]  32.26 [24.12-56.71]  53.29[35.73-94.52] _ .001*

Number of Punctures 2.0[1.0-4.0] 1.0[1.0-1.0] 1.0[1.0-2.0] <0.001*

Time/Puncture [s/puncture] 51-82[37.05-77.85]  30.65[24.12-44.05] ~ 41.67[31.50-5282] _,g1*

Number of Stimulations 3.0 [1.0 - 7.0] 1.0[1.0 - 1.0] 1.0[1.0-20]  <g.001*

From Table 7.3 we can also observe IQR range is larger in all metrics if we compare
the data obtained when using the clinical with the navigation methods. For example, the IQR
from the total time parameter is [73.40 - 215.12] s for the clinical method, and [24.12 - 56.71]
s and [35.73 - 94.52] s from the OTS and AR methods, respectively. These results suggest that
navigation methods may reduce subjectivity and provide similar results regardless of the

previous user experience. Additionally, IQR for total time is larger for AR than with OTS.

Furthermore, for the traditional method, the participants asked for an average 10.71 (£
8.86) projections to complete the task. This value indicates that the radiation exposure to the
patient would have been 6.4 (mSv) if we estimate that each projection radiates 0.6 mSv [224].
No x-ray projections would be needed when using the proposed navigation systems while

navigating the needle.
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Figure 7.11. Boxplots from experiments when physicians performed the needle insertion
while using the AR method as guidance. The results are grouped by target distance and
target sacral location. (a) Distribution of the time needed to perform the task. (b)
Distribution of the number of punctures needed to reach the target. The horizontal line
inside the box represents the median and the cross the mean of each data set. (*) indicates
significant (p < 0.05) statistical comparison.

When comparing metrics grouping the results by target, we did not see any significant
difference, except when using the AR method. Figure 7.11a and Figure 7.11b show the
distribution of the total time and number of punctures, respectively, when the operators

performed the task with AR guidance. Each boxplot shows three different grouping criteria: on
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the left, by target foramen (S3L, S3R, S4L, S4R), on the center, by distance from the operator
(close, C; far, F) and on the right, by foramen sacral location (S3, S4). The distribution
demonstrates that the physicians performed significantly worse (p-value <0.05) when the
foramina are farther away in both metrics. Moreover, although no significant differences are
found in all metrics when comparing the different targets, the plots show a tendency for a higher

number of punctures and longer spent time in smaller foramina for all methods.

When comparing the different metrics grouped by the hierarchy of the physician
(residents vs. attending physicians), we did not find any significant difference. However, we
found different results between inexperienced and experienced users. Table 7.4 presents the
results separated by method and type of user (experienced and inexperienced). Focusing on the
clinical method, we found that inexperienced users inserted the needle significantly fewer times
(1.0, [1.0 - 2.0]) compared to experienced users (3.0, [1.0 - 5.25]). This probably means that
experienced users prefer to repeat the insertion and not rummage in the patient while the needle
is inserted. Looking at the OTS method, we found that experienced users took significantly
longer times to perform the task (p < 0.05). This is an unexpected finding that may indicate
that experienced users prefer to take their time to obtain a successful result, trying to avoid

unnecessary harm to patients while performing the insertion.

Table 7.4. Median [interquartile range] for the evaluated metrics grouped by method (clinical
and OTS navigation) and type of user (inexperienced and experienced).

Method Parameter Inexperienced Experienced p-value
Total Time [s] 77.29 [68.47 - 154.00]  148.56 [80.51 - 234.19]  0.076
Clinical Number of Punctures 1.0[1.0 -2.0] 3.0 [1.0 - 5.25] 0.036*
Time/puncture [s/puncture] 65.59 [44.16 - 85.59] 47.28 [27.86 - 77.07] 0.062
Number of Stimulations 1.0[1.0 - 4.0] 4.5[2.0-7.5] 0.029*
Total Time [s] 29.18 [19.92 - 34.95] 43.25[27.53-67.37]  0.021*
OTS Number of Punctures 1.0[1.0-1.0] 1.0[1.0-1.0] 0.226
Navigation Time/puncture [s/puncture] 27.92 [19.92 - 33.03] 31.69 [27.53 - 49.84] 0.033*
Number of Stimulations 1.0 [1.0 - 1.0] 1.0[1.0-1.0] 0.337

Survey results

All participants, twelve in total, answered the questionnaire. The barplot from Figure
7.12 shows the answers for ten selected questions related to the experience and personal

thoughts about each method. All the operators think that the actual procedure should be
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improved to be easier (average score of 4.58). Furthermore, 91.7 % (11) of them assigned the
highest score (total agreement, 5) when asked if more training is needed to practice the current
procedure. The operators also think that the proposed x-ray software simulator and the
manufactured phantom could be a useful training tool for current SNS procedures (mean score
4.83). Moreover, most of them (66.7 %) gave the maximum score to the usability of the OTS
navigation system, responding with an average score of 4.67 that the information provided by
the system was easy to interpret and with 4.75 that it was useful to know the needle position in
real time. Regarding AR, 27.3 % (3) of the surgeons never heard of it before, 18.2% (3) heard
about the technology but did not know what it was, 36.4 % (4) knew about the technology but
had never used it, and just 18.2 % (2) have used this technology before. The operators believed
that the information displayed on the smartphone was easy to interpret, with an average score
of 4.08. Although the physicians think that smartphone use in a sterilized case could be feasible
in the operating room (4.33), they prefer AR devices that let them have both hands available
during surgery. 66.7% agreed that they would feel more confident in SNS procedures using

any of the two navigation systems.
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Figure 7.12. Distribution of scores obtained on ten selected questions from the whole
questionnaire.

To conclude the survey, we asked the participants to compare all methods in terms of
difficulty and training needed to use them in a clinical setting, providing an order of preference.
They believed that the current SNS procedure is more complicated than the other two, being
the OTS system the easiest. They also think that the clinical method would need more training
than OTS and AR to become an expert on this technique. Additionally, 75.0 % (9) of the
participants would choose OTS navigation as the first choice for SNS procedures, followed by
AR, and almost all of them (11) would rather use any of the two proposed navigation methods

than the actual procedure. All the results are represented in Table 7.5.
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Table 7.5. Average (+ standard deviation) scores obtained in questions comparing each
method in terms of difficulty and training needed.

Question Clinical Method OTS Method AR Method

General Difficulty 3.75+0.75 2.25+0.87 2.75+1.06
Initial Difficulty 3.58 £ 0.67 1.83+0.72 2.08+£0.9
Need Previous Training 4.92+0.29 40+1.21 3.92+09
How Much Training 4.25+0.87 2.33+0.89 2.75+1.06
Faster Insertion - 4.67 +0.49 45+0.67
More Precise Insertion - 4.67 +0.49 45+0.52
More Confidence - 4.83 +£0.39 4.58 +0.51
Would you use it? - 4.75+0.45 4.67 +0.49

1st 0.0 % 75.0 % 25.0 %

Order of preference 2nd 8.3 % 25.0 % 66.7 %

3 91.7% 0.0 % 8.3 %

7.6. Discussion

In this study, we have presented and evaluated two alternative surgical navigation
systems to guide electrode placement in SNS procedures. The objectives were to reduce
surgical time, minimize patient discomfort and improve surgical outcomes. The first proposal
is based on optical tracking to guide needle insertion. In contrast, the second alternative
presents a smartphone-based AR system to virtually superimpose the planned trajectory on the
surface of the patient. Furthermore, we designed an automatic sacrum segmentation method to
speed-up the definition of the virtual models, needed for trajectory definition, from the CT
study. We have also developed an x-ray software tool simulator to compare our navigation
solutions with the clinical method. The feasibility of the proposed systems has been evaluated

by twelve physicians on a realistic anthropomorphic phantom.

Thanks to the developed machine learning algorithm, we can automatically segment
the sacrum from the CT study in less than one second, eliminating one of the drawbacks from
our previous work [213]. This method would reduce delays in the intervention, decreasing the
stress experienced by the engineers involved in the process. The results achieved great accuracy
with an average DSC of 0.906 for our method, calculated on the 17 subjects from the test set.

This value is similar to the 0.92 DSC values for the sacrum reported by Wang et al. [215] on
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the same database [216]. Moreover, we have created 3D virtual models from the segmented
masks, observing that both S3 and S4 foramina are completely visible, allowing the needle

trajectory definition before the surgical intervention.

During the evaluation, twelve physicians performed a total of 144 needle insertions.
With this experiment we have compared both navigation alternatives with the clinical method
in terms of number of punctures and time to complete the task. From these metrics we can
observe that users performing any of the proposed navigation solutions took less time to
complete each insertion, needed less punctures to reach the target, spent less time per puncture
and needed a smaller number of stimulations, compared with the clinical method. Additionally,
the results achieved from our navigation solutions in terms of average number of punctures
(1.23 £ 0.59 and 1.96 + 1.90 for the OTS and AR methods respectively) and mean puncture
time (36.83 + 20.40 s and 44.43 £ 17.53 s for the OTS and AR methods respectively) are
comparable' with the ones found in the literature that used alternative navigation procedures in
patients, obtaining similar values for number of punctures (1.5 + 0.7) and mean puncture time
(246 £ 132 s) [205]. Our solutions could improve surgical outcomes and reduce patient pain

and discomfort during surgery.

The augmented reality alternative uses a smartphone to display virtual elements
overlaid on the patient. However, the need to hold the device with one hand might not be the
best option in a surgical scenario, since surgeons usually require the use of both hands
continuously. Although this is a handicap, results from the experiment showed that AR
improved the metrics compared to the clinical method. Nevertheless, depth perception and
registration are limiting factors in AR. Participants needed significantly more punctures and
total time to reach the farthest away target foramina. This can be explained by the difficulty in
orienting the smartphone to correctly visualize the trajectory line perpendicular to the needle
insertion point. This problem increases with the distance from the user, as can be observed in
Figure 7.9, and produced a displacement of the needle trajectory when it was inserted.
Additionally, marker-based registration is still a nuisance, as the marker always needs to be
visible, frustrating users when the detection fails. As an alternative, surface recognition could
be a solution to this problem, but accuracy results are still far from those obtained with marker-

based registration [225].

! Table 7.3 shows medians and interquartile range, but we calculated means and standard deviations
from our original data for this comparison with previous literature.
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Looking into the future, head-mounted displays, such as Microsoft HoloLens 2 [226],
could be the perfect hands free AR alternative. This device recognizes hand gestures and voice
commands to control the user interface. It can also superimpose virtual information on see-
through holographic lenses with high accuracy. This device overcomes the main limitations of
using the smartphone as AR device. Although recent studies have proposed HoloLens 2 as
surgical guidance device [227], [228], registration, depth perception, and spatial awareness are
still the main drawbacks that limit its use in everyday practice. Not to mention AR technology

is still unknown for many physicians, as we could see in our survey results.

Although AR seems a promising alternative, participants obtained better results in all
the metrics when using the more traditional optical navigation system. This solution had a
better reception from the physicians, as it was more intuitive and easier to learn. Although the
need to remove the attention from the phantom, looking away at an external display, could be
the main drawback, they still performed better. Indeed, one of its best features is tracking the
needle position in real time, which helped the surgeons to insert the needle more confidently
as depth was continuously reported. This feature could be included in the AR navigation to
improve depth perception by adding an extra marker to the needle holder [228], [229].
However, this reference needs to be large enough to be detected by the AR camera, adding
extra weight that could limit the manipulation of the needle. The current state of the art in AR

needs improvement, so traditional navigation is still the best solution in the near future.

Regarding insertion time, experienced users were significantly slower and performed a
higher number of insertions in comparison with inexperienced participants. Experienced users
know that performing shorter insertions involves less suffering for the patient, although it may
take longer times or more punctures to reach the target foramen. Additionally, the metrics when
using navigation show a lower interquartile range, indicating that the variability between

surgeons is reduced, as they achieve similar results no matter the patient or the target.

Actual SNS training methodologies are just based on theoretical lectures combined with
surgical procedures where trainee physicians participate as passive spectators. When practical
lessons are offered, they are limited to performing the procedure in pigs. As shown in the results
from our survey, all the participants, including experienced users, believed that more SNS
training should be offered, including practical sessions. For that reason, we believe the

proposed simulation software and the manufactured phantom could be easily adapted for low-
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cost training, teaching professionals SNS needle insertion without involving animal

experiments.

Tracking systems or AR technologies have been previously proposed as navigation
solutions for needle insertion guidance in surgical procedures. However, these alternatives have
only been implemented in phantoms, under controlled conditions [49], [230]. Although results
suggests that they could be translated to clinical scenarios, they do not propose a feasible
clinical workflow. Hetch et al. offered an AR navigation solution with a reference marker for
registration in a phantom, but this registration method could not be easily implemented inside
the OR [110]. For this reason, the following section presents our proposal of a feasible surgical
workflow to introduce both proposed methodologies, including registration steps, in clinical

scenarios.

7.7. Surgical workflow proposal

We evaluated the proposed systems on a phantom, but steps such as tool calibration or
image-to-patient registration would not be feasible in an actual surgical scenario. Therefore,
this section introduces a practical surgical workflow for each suggested navigation

methodology that could be implemented in the operating room.

Figure 7.13 is a flowchart diagram that represents each step for both navigation

systems. Both have the following steps in common:

1. Patient CT scan acquisition right before the surgical intervention in prone
position.

2. CT scan transfer to the automatic segmentation workflow, obtaining a virtual
3D model of the sacrum.

3. Manual selection of the target foramina by using 3D Slicer and virtual
navigation 3D models creation.

4. Image-to-patient intraoperative registration.

5. Needle guidance using the selected navigation system.

Steps 4 and 5 will be explained in detail for each method in the following subsections.
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7.7.2. Optical tracking system workflow

The left side (in blue) of Figure 7.13 represents the surgical workflow using the OTS
navigation system. First, before the CT acquisition, skin fiducials are placed on the patient’s
skin surrounding the affected area. These fiducials are identified in the CT scan while defining

the needle trajectory and transferred to the navigation software.

The patient should be lying in a prone position in the OR with the skin fiducials
accessible and looking upwards. The optical tracking device is mounted on a tripod, ensuring
that it covers the surgical area. A patient RB is fixed on the skin close to the affected area to
compensate for patient’s movements. The NDI probe is used to record points on the skin
fiducials, and these coordinates enable patient-to-image registration with a point-based
algorithm. Then, a customized sterilized needle adaptor is placed on the needle. The distance
from the tip to the RB is calculated by performing pivot calibration on one side of the patient’s

bed without requiring any movement of the OTS cameras.

After registration, navigation could start. First, the support engineer initializes the
software with the navigation models that have been automatically segmented. Then, the
physician chooses which specific foramen to target. From an automatically predefined
trajectory, the physician gives feedback to the engineer updating this path for correct needle
insertion. Once the trajectory has been decided, the physician performs the insertion following
the navigation software guidance. After the needle reaches the target point, the final position
is verified with an x-ray projection. Finally, the customized cap is easily removed from the

needle to proceed with the surgical procedure, ensuring that the needle position is not modified.

7.7.3. Smartphone augmented reality application workflow

The right side (in green) of Figure 7.13 shows the surgical workflow steps for the AR
navigation system. Once the patient is in prone position and the surgical asepsis has been
ensured in the OR, the registration procedure is performed. First, a customized marker adaptor
is fixed on the skin of the patient, right above the gluteus. This marker adapter is 3D printed in
biocompatible resin material to be in contact with the patient. Then, the sterilized 3D printed
cubic reference marker is placed on the adaptor. In order to obtain the exact position of the

marker with respect to the patient’s anatomy, a two-step registration is performed [112].
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First, a mobile structured light scanner, Artec EVA® (Artec Group, Luxembourg), is
used to acquire 3D photographs, including geometric and textural information, of the surgical
field, encompassing the patient’s visible skin surface and the black and white patterns of the
cubic reference marker. With this information, we can apply a surface-to-surface registration
algorithm to align the acquired 3D texture of the skin surface with the skin model obtained
from the CT scan of the patient. Then, we identify seven landmarks from the marker patterns
on the 3D textured images. These landmarks are used to compute the position of the marker
with respect to the patient after a fiducial-based registration. Finally, the virtual models’
position is calculated and uploaded to the AR smartphone application to ensure accurate

visualization of the needle’s trajectory during the intervention.

To start the navigation, the smartphone is introduced in a sterilized case (CleanCase,
Steridev Inc., Lansing, MI, USA) to maintain the asepsis of the surgical field. Then, the surgeon
opens the SacralNSAR application and selects the desired target foramen. After that, with the
smartphone on one hand, and the needle on the other, the surgeon points to the marker reference
with the camera. Once it is detected, the trajectory of the needle is displayed overlaid in the
surgical field. The surgeon is guided by the AR app to finally insert the needle, rotating the
smartphone at any orientation to better understand the optimum trajectory and the target
insertion depth. Once the needle is inserted, the surgeon acquires an x-ray projection to verify
the correct position of the needle. Once the lead is finally in the desired position, the navigation

finishes.

112



PRE-OPERATIVE

INTRA-OPERATIVE

ki
(" Fiducials
Placement // |

\
\
\

/ Automatic \\
' Segmentation /
‘ ] @)

/ Virtual
" Planning

/ X .\. —
/
/. Needle

. Calibration
\

f’ '-\\
\ / /1% Surface-

/o \\ to-surface /
/ A

/ ¥ /
/2" Fiducial \ ./
\ Registration /

/£
A\ i
/' I /
/ \
/ \
\\
§ ; IN )
"\ Navigation \ taailoes
\ /
. Optical Tracking System (OTS) | Augmented Reality {AR) J OTS & AR ]

Figure 7.13. Proposed surgical workflow. Left side (blue) represents the proposed surgical
workflow using optical tracking for the navigation system and the right side (green) shows
the proposal for the augmented reality navigation system.
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7.8. Conclusion

In conclusion, we have shown two navigation alternatives, one based on traditional
tracking systems and the other one on AR technology, that could improve surgical outcome in
by reducing surgical time and patients’ pain, significantly reducing needle insertions in SNS
procedures. The two alternatives have been evaluated by twelve physicians performing several
needle insertions tasks in an anthropomorphic phantom with each navigation system and on a
clinical procedure simulator. We believe that these solutions are feasible to replace current SNS
clinical procedures, although AR technology still needs to be improved until it finally reaches

a clinical scenario.

Part of the content of this chapter is currently under review for publication in the journal

Computer Methods and Programs in Biomedicine:

R. Moreta-Martinez, I. Rubio-Pérez, M. Garcia-Sevilla, L. Garcia-Elcano, J. Pascau.
“Novel framework for needle navigation in sacral nerve stimulation: traditional vs optical

navigation vs augmented reality”’. Computer Methods and Programs in Biomedicine (2021)

[submitted]

This chapter also contains parts from the work that was presented in the Computer Assisted
Radiology and Surgery Proceedings of the 35th International Congress and Exhibition
(CARS 2021):

R. Moreta-Martinez, M. Garcia-Sevilla, D. Garcia-Mato, A. Pose-Diez-de-la-Lastra, I.
Rubio-Pérez, J. Pascau. “Smartphone-based augmented reality system for needle insertion
guidance in sacral nerve stimulation”. In: CARS 2021 - Computer Assisted Radiology and
Surgery Proceedings of the 35th International Congress and Exhibition, Munich, Germany,
June 21-25, 2021. Int J CARS 16, 1-119 (2021)

114



Discussion

In In the last twenty years, personalized medicine has changed the medical practice by
focusing on the problems and needs of each patient as an individual, thanks to the significant
advances in healthcare technology [2]. In surgical procedures, personalization has been
possible thanks to key navigation technologies that allow physicians to provide individualized
treatment adapting to patients’ features and anatomy. Tracking systems, augmented reality
(AR), 3D printing, and artificial intelligence (AI) have been part of this process [28], [46], [69],
[102]. However, their independent contributions show several limitations in terms of patient-
to-image registration, lack of flexibility to adapt to the requirements of each case, large
preoperative planning times, and navigation complexity. In this context, we focused our
research on combining all these technologies to introduce surgical navigation in more complex
cases, create new patient registration methods, facilitate access to augmented reality by the

medical community, and automate clinical procedures.

Surgical navigation has shown potential benefits in orthopedic oncologic surgery
thanks to the development of commercial navigation systems that have been designed for
specific procedures [119], [120]. However, commercial devices have a high cost and lack the
flexibility to adapt to the requirements of every case, showing no clear benefits in procedures
such as the resection of acral tumors (those located in distal extremities such as hands or feet).
These extremities have a large number of joints with complex movements, so traditional
registration methods do not provide sufficient accuracy. To overcome these limitations, we
presented a surgical framework that combines open-source navigation software, optical

tracking system (OTS) and desktop 3D printing to achieve accurate tumor resection.
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Our solution used additive manufacturing to create a patient-specific mold that
maintained the same pose for the distal extremity during preoperative imaging and image-
guided surgery. We validated how low-temperature sterilization did not significantly deform
the 3D printing polylactic acid (PLA) material. The combination of open-source navigation
software and 3D printing allowed us to track surgical tools with specific adaptors on the
instruments. The feasibility of the proposed workflow was evaluated in two clinical cases (soft-
tissue sarcomas in hand and foot). First, we achieved an overall accuracy of the system of 1.88
mm evaluated on the patient-specific 3D printed phantoms. Then, surgical navigation was
implemented on the surgical procedures showing that the proposed surgical workflow could be
easily integrated into the operating room to ensure proper margin during acral tumor removal.
Surgeons gave positive feedback, suggesting that our solution could benefit acral tumor

resection by reducing errors and increasing surgeons’ confidence.

Traditional navigation devices have been used in computer-assisted surgeries for the
past thirty years with great success [30], [31]. Nevertheless, AR presents great potential to
overcome some of their limitations, such as the display of navigation information, which
requires the surgeon to divert his attention from the patient. Microsoft HoloLens head-mounted
display could solve this issue by showing virtual information right in front of your eyes on a
semitransparent screen. However, current registration solutions were manual and complex
methods [107], [108], not practical for surgical applications in orthopedic oncology. To
overcome this limitation, we introduced 3D printed patient-specific surgical guides with a
tracking marker for automatic registration. This registration method was validated on a 3D
printed patient-specific phantom, showing that the surgical guide position on the bone could
be replicated with an accuracy of 2 mm and that AR visualization error was lower than 3 mm.
The solution was then evaluated during the actual surgery, where surgeons obtained a fast
automatic patient-to-image registration with the surgical guide. They could visualize the skin,
affected bone, tumor and the medical images right on top of the patient during the intervention.
Our results illustrated the feasibility of the proposed AR solution for surgical guidance in cases

where rigid body structures such as bone are accessible.

Medical applications of AR have grown exponentially in recent years [39]. In the study
presented in Chapter 4, we realized that devices such as Microsoft HoloLens can bring AR
features to surgical treatments in ways that were not imaginable before. However, these gadgets
are still in their early technological stages and their price limits the adoption by physicians. On

the other hand, smartphones could be used as AR devices, accelerating the spread of this
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technology in healthcare. Nevertheless, developing AR solutions requires advanced software
engineering skills. To solve this issue, we have presented a step-by-step methodology that
enables inexperienced users to create a smartphone app combining AR and 3D printing to
visualize anatomical 3D models. The proposed protocol requires freely available software and
provides access to a GitHub repository with a clinical example and the necessary materials to
3D print a cubic reference marker for AR visualization. Furthermore, we showed four clinical
cases where the final AR application benefits surgical specialties such as maxillofacial, neuro,
or orthopedics. We believe that our protocol contributes to accelerating the adoption of AR by
medical professionals. In less than two years after the publication of the video article [157], we
have reached more than 10.000 views, demonstrating an incredible interest in these

technologies in the biomedical field.

The next step was to show the benefits of these technologies when implemented in a
complete surgical workflow in orthopedic oncology, including preoperative planning, patient
communication, and surgical intervention. First, we evaluated the approach in six 3D printed
phantoms based on patients suffering from a large variety of tumors on different anatomical
locations. We verified the uniqueness of the 3D printed surgical guide positioning on the bone,
achieving slightly lower errors (1.75 mm) than those presented in Chapter 4. However, this
time we used a biocompatible resin material that could withstand the high temperatures from
more common sterilization techniques and contact the patient for more extended periods. The
marker developed in Chapter 4 was planar, but the cubic reference marker designed in
Chapter 5 allowed visualization of registered virtual data from different points of view. The
measured AR tracking error was of 2.80 mm, a value similar to that obtained in Chapter 4
using HoloLens. However, in some areas further from the marker, errors were larger. This must
be considered when designing applications. Nonetheless, working volumes are limited around

the surgical guide in orthopedic oncology, decreasing the importance of this error source.

After this phantom evaluation, the methodology was favorably tested during the
complete medical workflow on two clinical cases. According to the surgeons’ feedback, the
AR 3D visualization allowed establishing a surgical strategy more confidently during
preoperative planning. Both patients welcomed this technology to understand their situation
better, and surgeons found it very useful to explain the pathology and surgical approach. During
surgery, the AR system displayed the corresponding tumor position on top of the patient with
virtual anatomical elements, boosting surgeons’ confidence to verify that the tumor had been

adequately resected.
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As a final contribution, we have combined AR, 3D printing, and navigation to improve
electrode placement accuracy in sacral neurostimulation (SNS) surgeries. Our research group
proposed a surgical navigation system based on an electromagnetic tracking for these
procedures [213]. However, it presented limited software functionalities, long preoperative
planning times, and several distortions at the OR that could affect tracking accuracy. In
Chapter 7, we gather all the experience acquired from previous works to propose new
solutions to overcome the limitations mentioned above and improve needle placement in SNS
procedures. We proposed and evaluated two different navigation systems to guide electrode
placement in order to reduce surgical time, minimize patient discomfort and improve surgical
outcomes in SNS. We compared three alternatives: optical tracking of the needle, smartphone-

based AR application for virtual guidance and the standard clinical method.

Twelve physicians performed needle insertions through a specific target to validate the
performance of all alternative SNS methods on a realistic anthropomorphic phantom. With
each navigation solution, we observed that users took less average time to complete each
insertion (36.83 seconds and 44.43 seconds for the OTS and AR methods respectively) and
needed fewer average punctures to reach the target (1.23 and 1.96 for the OTS and AR methods
respectively) than following the standard clinical method (189.28 seconds and 3.65 punctures).
These results are comparable with those found in the literature that used alternative navigation

procedures in patients [205].

Finally, we proposed a feasible clinical workflow to use both navigation methodologies
during a clinical intervention. One step of the workflow included the segmentation of the sacral
bone right after the CT acquisition. We developed an Al algorithm that can automatically
segment the sacrum mask from the medical image to create the virtual 3D model used to define
the needle trajectory before surgery. This automatic method could reduce delays in the
intervention and decrease stress experienced by the staff involved in the procedure. The
segmentation results were accurate compared with the values reported in the literature on the
same database [215], [216]. Additionally, the proposed clinical workflow offers feasible
intraoperative patient-to image registration, solving the major problem encountered in this kind

of scenarios.

In this last study, we showed how AR technology could significantly improve the
clinical procedure by displaying the needle trajectory directly over the patient. However, the

need to hold the smartphone device with one hand limits surgeon’s mobility. HoloLens is
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currently the best alternative available for surgical interventions, since the surgeon visualizes
guidance information in the OR hands-free. Nevertheless, both kinds of AR devices still have
several limitations. Depth perception is deficient as shown in Chapter 7, where results were
worse in cases where the smartphone was harder to position in the proper orientation,
misleading the trajectory. This limitation may be reduced once AR technology improves. Our
AR registration methodology also obstructs surgeon’s movements during the intervention to
ensure that the reference marker is constantly visible. The future of registration will be
markerless, as new advances in sensors and cameras should improve detection inside the OR
providing completely automatic patient registration without any extra tools. However, we are

still far away from surface detection as a primary patient registration method.

Although AR seems a promising alternative to replace current surgical navigation
technologies, more traditional navigation systems are still better in some cases. OTS, although
requiring to divert the attention from the patient when looking at the navigation display, had a
better response from the physicians, being more intuitive and easier to learn. AR is a promising
alternative for teaching and training. However, more improvements are needed on AR to

replace traditional navigation, which is still the best solution in the near future.

Right now, we are living a technological transition in surgical treatments. Al has shown
a phenomenal capacity to automatize medical image analysis, accelerating personalization in
many clinical treatments. Conventional navigation devices will probably disappear, letting the
path to augmented reality systems once these devices provide substantial benefits. 3D printing
is here to stay and, indeed, it will accelerate personalization in hospitals both for patients and
physicians. Finally, patient-to-image registration and tool tracking will be marker-less thanks

to the use of Al

In this thesis we have demonstrated that the combination of technologies such as
tracking systems, augmented reality, 3D printing, and artificial intelligence overcomes many
limitations in surgical treatments. Our results encourage the medical community to combine

these technologies to improve surgical workflows and outcomes in more clinical scenarios.
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Conclusions

The main contributions and conclusions of this thesis are as follows:

e We proposed a novel framework for acral tumor resection combining desktop
3D printing and surgical navigation. We used 3D printing to create a patient-
specific mold enabling automatic patient-to-image registration for surgical
navigation. The simulation with 3D printed limbs and its application in two
clinical cases demonstrated the feasibility of the solution for guiding acral tumor

resection.

e We evaluated surgical guidance with augmented reality using 3D printed
patient-specific surgical guides containing a tracking pattern for automatic
patient-to-image registration in orthopedic oncology. The results show that the
surgical guide can be placed precisely on the reference bone anatomy. During
the surgical intervention, this solution allowed physicians to visualize bone,

tumor and medical images overlaid on the patient using Microsoft HoloLens.

e We designed a step-by-step guide that enables inexperienced users to create a
smartphone app combining augmented reality and 3D printing to visualize
anatomical 3D models obtained from patient data. Our solution brings AR
closer to the final clinical user, combining free and open-source software with

an open-access protocol.
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We presented and evaluated a novel framework deployed in orthopedic
oncology combining augmented reality on a smartphone and 3D printing to
assist at different stages of the surgical workflow. 3D printed patient-specific
surgical guides with a cubic reference marker were accurate for patient
registration. Our method supports surgical planning, enhances patient

communication, and provides guidance during surgical interventions.

Two surgical navigation systems were developed and evaluated to guide
electrode placement in sacral neurostimulation (SNS) procedures based on
optical tracking and augmented reality. Our results show that both systems
could minimize patient discomfort and improve surgical outcomes by reducing
needle insertion time and number of punctures. Additionally, we proposed a
feasible clinical workflow for guiding SNS interventions with both navigation
methodologies, including automatically creating sacral virtual 3D models for
trajectory definition using artificial intelligence and intraoperative patient-to-

image registration.
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10

Supplementary Material

10.1.  Pectoralis muscles and subcutaneous fat segmentation

Body composition measurements are considered very valuable for patient treatment, as
the distribution of fat and muscle in the body is critical in several conditions. In the case of
chronic obstructive pulmonary disease (COPD), pectoralis mass area (PMA) and subcutaneous
adipose tissue (SAT) measurements from one chest CT image slice have demonstrated to be
more clinically relevant biomarkers than others, such as body mass index, which are more

commonly used [231].

Regardless of the potential of body composition analysis, these measurements are still
cumbersome to obtain, since manual or semi-automated segmentation methods are required,
preventing their clinical use. Thus, better and more automated techniques for body composition
quantification are needed [232]. In this work, we proposed a complete automated segmentation
workflow based on convolutional neural networks (CNNs) to obtain clinically relevant PMA
and SAT measurements from CT images. First, structures were detected with the method
proposed by Onieva et al. [233], which uses CNNs to automatically identify a reproducible
axial slice from a CT where pectorals and fat are visible. Second, body composition
measurement is predicted on the selected slice by segmenting pectoralis muscles and
subcutaneous fat with a U-Net based CNN architecture. Figure 10.1 shows the anatomical

structures that are automatically segmented through the trained neural network.
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Figure 10.1. (A) Axial CT scan slice. (B) Segmented anatomical labels that contribute to
the calculation of the pectoralis muscle area (PMA) and subcutaneous adipose tissue (SAT)
measurements.

Our method showed a high correlation with clinically relevant outcomes in a large
COPD database, matching the previously reported results obtained with manual segmentations.
Best and worst segmentation results are illustrated in Figure 10.2. Additionally, the automatic
body composition measurements from CT scans obtained through our automatic segmentation
workflow have aided in finding the correlation between respiratory exacerbations and muscle

loss in current and former smokers [234].
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Figure 10.2. Segmentation results from the trained U-Net based architecture. Subject A to
Subject E represent cases with the best accuracy scores. Subject F to Subject J shows some
of the worst results cases. Color labels are defined in Figure 10.1.

The content from this section was presented in the Computer Assisted Radiology and
Surgery Proceedings of the 31st International Congress and Exhibition (CARS 2017) and is

in preparation to be submitted in the journal Radiology Al:

R. Moreta-Martinez, S. Mason, J. Onieva-Onieva, J.Pascau, R. San José Estepar, “End-to-
End Body Composition Assessment in Thoracic CT scans with Deep Learning,” Radiology

AL [in preparation]
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10.2. Multi-cavity heart segmentation

The analysis of cardiac structure and function has proven to be a key element in the
diagnosis and follow-up of patients suffering from cardiopulmonary diseases. Although
echocardiography and cardiac MRI (cMRI) are commonly acquired to study cardiac structure
and function, these are not systematically deployed in every thoracic exploration. In contrast,
computed tomographic (CT) imaging of the chest is broadly used in clinical care and lung
cancer screening in high-risk smokers [235]. For this reason, there is an increasing interest in
the community in identifying patients at higher risk of developing cardiac dysfunction from
CT scans. Delineating the structures of the heart in chest CT is a challenging task, especially
when non-contrast-enhanced and non-gated acquisitions are available. A previous approach
based on active shape models (ASMs) provided an estimation of the internal cavities (ventricles
and atria) [236]. Although ASMs can produce a proper delineation of the pericardium, the
complex shape of the cardiac chambers causes overlapping with other structures such as the
aorta or the lungs. Additionally, the lack of internal references contributes to inconsistencies in

the estimated chamber sizes.

In this work, we studied the potential of CNNs to learn the inter-relations of a
multicavity active shape model to accurately estimate the internal cavities in non-gated and
non-contrast CT scans. We proposed an innovative architecture (Figure 10.3) based on the
most recent advances in semantic segmentation that learn the appearance model of the heart

from an inaccurate training dataset (segmentation results from the ASM).
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Figure 10.3. a) DeVoNet architecture design, where k is the number of layers defined as
a batch normalization, convolution and activation. b) Design of the encoder. ¢) Design of
the decoder. GF: Growth factor, i.e., number of filters per convolutional layer. n: number
of filters in the UpConvolution layer. BN: batch normalization.

Results demonstrate that our CNN approach improves the achievements when
compared to the reference standard by analyzing correlation with measures acquired in cMRI
[237]. Figure 10.4 shows an illustration of five subjects randomly selected from our testing set
with an increasing degree of pulmonary impairment (defined by the GOLD guidelines). It is
worth noting that the overall segmentation is robust for all the subjects despite the anatomical
variation. The proposed automated method to quantify heart dysfunction given by abnormal
ventricular volumes could serve as an invaluable screening tool during regular CT explorations,

for example, within the lung cancer screening context.
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Figure 10.4. Heart cavities and walls segmentation overlays using proposed CNN
architecture for five subjects from our testing set. From left to right, full coronal view from
the CT at the ventricles’ level, axial, sagittal, and coronal close-up views and 3D mesh
rendering (walls semitransparent). For each subject, the estimated chamber ventricular
volumes are also shown.

The content from this section was presented at the 23rd International Conference on Medical
Image Computing & Computer Assisted Intervention (MICCAI) 2020, and published in the
Thoracic Image Analysis (TIA 2020) as part of the Lecture Notes in Computer Science book
series (LNCS, volume 12502):

R. Moreta-Martinez, G. Vegas Sanchez-Ferrero, L. Andresen, J. Qvortrup Holsting, and R.
San José Estépar, “Multi-cavity Heart Segmentation in Non-contrast Non-ECG Gated CT
Scans with F-CNN”. Thoracic Image Analysis, 2020, pp. 14-23.
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