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ABSTRACT

Purpose—Augmented Reality (AR) is a novel promising technology, which is gaining
increasing success in the medical field. A number of applications in surgery have been
described, but few studies have been focusing on pediatric craniofacial surgery. In this
comprehensive research project, the Authors have been implementing a system for
intraoperative surgical navigation by means of HoloLens 2 by Microsoft, applied to
pediatric craniofacial surgery. The Authors tested the device in a preclinical setting first,
and then moved to real patients.

Methods — the Authors assessed the accuracy of the HoloLens 2 by performing 36
procedures in vitro on a printed 3D model of a patient. When applied in reality, 10 patients
were prospectively enrolled in the study. The virtual surgical planning was designed for
each patient and uploaded onto the software which allows for the AR interface and the
standard neurosurgical navigator. For each patient, the surgeon has been drawing
osteotomy lines both under the guidance of HoloLens2 and of the neurosurgical navigator.
The Author then checked the accuracy by means of calibrated CAD CAM cutting guides
with different grooves, in order to assess the accuracy of the osteotomies performed. We
tested levels of accuracy of 1.5 mm and +1mm .

Results —in the preclinical setting, the HoloLens 2 performed with levels of accuracy of
1.5 mm, whereas in the real setting, surgeons were able to trace the osteotomy lines
under the AR guidance for an amount of 45% (0.4 SD) of the entire line, with an accuracy
level of 1.5 mm. This percentage lowers to 34% (0.4 SD) when assessing accuracy level
of £1 mm. The results of the same tasks for the standard navigator are 36% and 16%, for

+1.5 mm and + 1 mm accuracy level, respectively.



Conclusions — The HoloLens2 did not perform worse than the standard navigator and
performed even better with an accuracy level of +£1 mm. The Authors reported encouraging
results both in the preclinical and the clinical setting. We recognize that we have strong

limitations, especially related to the small cohort of patients.



Chapter 1 INTRODUCTION



Chapter 1: Introduction

1.1 Research introduction

Craniofacial surgery addresses a spectrum of congenital and acquired cranial
and facial anomalies [1]. The discipline demands surgical precision, and a deep
knowledge of the anatomy to restore both function and form. Augmented reality
(AR), as exemplified by the HoloLens, has emerged as a transformative

technology, gaining more and more success in the medical environment [2].

In this doctoral thesis the Authors investigate the feasibility of AR through head
mounted display (HMD) such as HoloLens 2 (Microsoft), applied to pediatric
craniofacial surgery, uncovering challenges, and advances born of their
integration. Through a stepped study, we want to assess the feasibility of this

technology in the field of craniofacial surgery.

Microsoft's HoloLens technology represents a pioneering stride in augmented
reality, immersing surgeons in a holographically enriched surgical environment
[3]. In the sphere of craniofacial surgery, it can offer real-time anatomical

overlays, dynamic visualizations, and precision-guided interventions.

The Authors structured the research in three main objectives, each of them

implicating the following.



We started from studying the best technique for fronto-robital remodeling (FOR)
(a surgical technique to address forehead dysmorphologies in toddlers) and
then use it to test the HoloLens2 preclinically.

From the encouraging results obtained, the Authors started applying the
technology on actual patients and on several craniofacial procedures.

In summation, AR might redefine surgical navigation in profound ways [4].
Their appliances are still debated, but further studies might lead to a proper

integration of this promising technology into the operating theatres.

1.2. Background

1.2.1. Augmented reality

Augmented Reality (AR), often abbreviated as AR, is a promising technology
which allows the user to experience a full integration between real environment
and virtual information [5]. This stands in stark contrast to its immersive
counterpart, Virtual Reality (VR), which immerses users entirely within synthetic
digital landscapes. In AR, the real world is augmented, enriched, and layered

with virtual elements [5,6].

Azuma's description of AR includes these characteristics [6]. AR serves as a
conduit that connects the tangible physical world with the digital domain,
fostering a dynamic integration between reality and the virtual.

In the medical field, AR emerges as a transformative tool, driven by the need to
visualize intricate medical data within the same physical space as the patient

[7]. Four key domains of potential enhancement come to the fore:
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1. **Image Fusion**: Augmented Reality's capacity to blend the real world with
one or multiple images streamlines focus, obviating the need for users to shift
their attention between the physical world and a screen. [8]

2. **3D Interaction**: Augmented Reality relies on the interaction of the users

with virtual three-dimensional objects

3. **3D Visualization**: AR's stereoscopic viewing significantly enhances spatial

object perception compared to conventional 2D displays.

4. **Hand-eye Coordination**: Augmented Reality's unique attribute of allowing
users to observe their actual hand interacting with the virtual world eliminates
the need for mental mapping between displayed objects and their real-world

counterparts.

Augmented Reality predominantly takes the form of a head-mounted display
(HMD), akin to a helmet or glasses worn by the user, incorporating individual
displays in front of each eye to facilitate stereoscopic imaging and intensify the

perception of depth [9,10].

HMDs confront a distinct challenge —simultaneously presenting the real world to
the user. This challenge is met through two primary methods. Firstly, optical
see-through HMDs replicate the transparency of conventional glasses, enabling
users to perceive the physical environment directly. Alternatively, video see-

through HMDs employ onboard cameras to capture the real world, digitally
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superimposing it onto the user's view, achieving a seamless fusion of the real

and virtual information [8,11]

Augmented Reality falls within the broader context of Mixed Reality, a concept
articulated by Milgram et al. [12]. Within this framework, they establish a reality-
virtuality continuum encompassing all manifestations of Mixed Reality.
Augmented Reality and its counterpart, Virtual Reality, find their distinctive
positions along this spectrum. Augmented Reality involves augmenting the real
world with virtual elements, whereas Virtual reality, immerses users primarily in

a virtual world, supplemented by real-world objects.

Crucially, the continuum underscores that the transition from Augmented Reality
to Augmented Virtuality is gradual, devoid of clear demarcation points, as
various mixed reality experiences fluidly merge the realms of reality and the

virtual [12].

As AR technology stands on the concept of "onlay," where the camera captures
the object within its frame, the system recognizes it, and a new layer of
interaction unfolds, overlaying and seamlessly integrating virtual information

with the real-world object being framed [13].

The application of AR extends its reach into various fields, notably within the
surgical navigation [13-29]. In the medical context, AR takes the real
environment and projects a virtual layer upon it, custom-tailored to each
patient's unique anatomy [13-29].
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AR technology is also classified into two main categories: immersive and non-
immersive [5]. In the former, the operator feels fully integrated into the
surrounding reality, while in the latter, a computer orchestrates the integration of

diverse levels of information.

Today, surgical navigation heavily relies on established AR technology,
facilitating procedures like ventriculo-peritoneal shunt insertion and craniofacial
and neurosurgical tumor resections, which are now routinely conducted with the
aid of navigation systems [18]. Traditional surgical navigation involves external
devices that track the patient's position and merge information from CT scans or

MRI onto a screen.

However, conventional navigation comes with its own set of limitations,
including the constant need for the operator to shift their focus between the

patient and the screen [8,13].

AR headsets, such as Microsoft's HoloLens, represent a technological leap that
overcomes this limitation, offering a comprehensive navigation experience.
These headsets feature integrated displays that allow surgeons to access
pertinent information while keeping their attention on the surgical field [13].
They enable the visualization of critical anatomical structures, trajectories for
osteotomies, and incision points without compromising the surgeon's natural

field of vision, as the lenses remain clear.
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1.2.2. HoloLens 2

Among the AR devices that have gained prominence in healthcare, Microsoft's
HoloLens 2 stands out. This wearable AR headset offers the ability to
superimpose holographic virtual objects onto the real-world environment,
enabling medical professionals to visualize, interact with, and manipulate digital

information.

The HoloLens 2 represent the second generation of mixed reality headsets. The
device is equipped with a high-resolution visor that enables the projection of
three-dimensional holographic images onto the user's field of view and an in-built
camera.

In the context of medicine, HoloLens 2 has gained recognition for its potential to
transform medical training, surgical planning, intraoperative guidance, and
patient education.

Medical education has witnessed a paradigm shift with the introduction of
HoloLens 2. It offers a unique platform for immersive learning experiences,
enabling medical students and professionals to visualize anatomical structures in
three dimensions. For example, the device can render detailed holographic
representations of the human body, allowing students to dissect virtual cadavers,
explore complex organ systems, and understand pathological conditions in a
realistic and interactive manner [30].

HoloLens 2 has been recently gaining more recognition in the surgical field.
Surgeons can use the device to overlay patient-specific medical imaging data,
such as CT scans or MRI images, onto the surgical field in real-time. This
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augmented view aids in navigation, enabling surgeons to locate critical
structures, plan optimal incisions, and perform complex procedures with greater
confidence [31]. Additionally, the device supports telemedicine applications by
allowing remote experts to provide guidance during surgery, potentially improving
outcomes in challenging cases [32].

Physicians can also use the device to visualize and explain medical conditions to
patients and their families in an understandable and engaging manner. For
example, it can display 3D models of tumors or treatment options, enabling

patients to make informed choices about their care plans [33].

In conclusion, the HoloLens 2 represent a significant technological advancement
with transformative potential in the field of medicine. lts applications in medical
education, surgical procedures, and patient-centered care might be a solid
possibility in the future. As further research and development continue, the
integration of HoloLens 2 and similar AR devices is likely to become more

widespread, offering innovative solutions to complex challenges in healthcare.

1.2.3. Craniofacial Surgery

Craniofacial surgery stands as a subspecialty dedicated to addressing

both congenital and acquired deformities encompassing the head, skull, face,

neck, jaws, and their related anatomical structures. [34,35].
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Craniofacial Surgery addresses a broad spectrum of defects, including but
not limited to craniosynostosis (both isolated and syndromic variations),

exceptionally rare craniofacial clefts etc.

1.2.3.1 Craniosynostosis

The human skull consists of interconnected bones joined together by
cranial sutures. Typically, these sutures gradually fuse during the initial years
after birth. However, in infants where one or more sutures fuse prematurely, it
hinders the natural expansion of the skull. This, in turn, triggers compensatory
mechanisms that lead to irregular patterns of growth. Notably, skull growth occurs
perpendicular to these sutures. Thus, when a suture fuses too early, growth along
the axis defined by that suture becomes restricted, while growth near the
remaining sutures becomes accelerated, resulting in an atypical head shape, as

per Virchow’s theory [36].

The primary driving force behind the rapid skull growth observed in the
early years of life is the expanding brain. Any impediment to the growth potential
of the skull can constrain the space required by the growing brain. In instances
where compensatory mechanisms fail to provide sufficient room for the enlarging
brain, craniosynostosis can manifest, accompanied by elevated intracranial

pressure [37].
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Craniosynostosis is classified as "simple" when only one suture is involved
and "complex" when two or more sutures are affected. It can occur either as part
of a broader syndrome or as an isolated defect, referred to as "nonsyndromic"

[38]. (see figure 1)

Figure 1: top left and right, an example of sagittal synostosis, giving the
scaphocephalic shape; bottom left and right: metopic synostosis, giving

trigonocephalic shape (please refer to the text for further explanations)

Scaphocephaly

Scaphocephaly is characterized by the premature fusion of the sagittal
suture, which extends from the front to the back of the head. This condition results
in a distinctive head shape resembling a long, narrow boat, hence the term

"scapho" (figure 1, top). To compensate for the limited growth along the sagittal
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suture, the head exhibits compensatory growth patterns, particularly forward at
the coronal suture. This compensatory growth leads to the development of a
prominent forehead, frontal bossing, and an accentuated posterior head shape

known as "coning" [39].

Trigonocephaly

The premature fusion of the metopic suture, which ranks as the second
most prevalent form of single-suture craniosynostosis, is observed in
approximately 1 in 7,000 to 1 in 15,000 newborns [40]. This condition typically
results in the classic trigonocephalic phenotype [41,42]. Notably, there appears
to be a stronger genetic correlation when compared to other forms of non-
syndromic craniosynostosis, with a higher incidence among siblings and first-

degree relatives [43-46] (figure 1).

Clinical presentations of metopic suture fusion exhibit a wide spectrum of
severity. This spectrum ranges from the presence of a simple metopic ridge with
a normal forehead shape to more severe cases characterized by narrowed
foreheads, loss of the natural frontal curvature, supraorbital retrusion,
hypotelorism, and various orbital anomalies such as raised eyebrows and

epicanthus [40].

Historically, both morphological and functional criteria have been
considered to establish universal surgery guidelines, albeit without achieving
definitive outcomes. In terms of neurocognitive aspects, approximately 15% to

30% of children with trigonocephaly experience speech and language delays [47-
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49]. However, most available studies do not demonstrate clear correlations
between the severity of trigonocephalic deformities and impairment in
neurocognitive development [50,51]. Moreover, there is limited evidence of
significant variations in these aspects between patients who undergo surgical
intervention and those treated conservatively [47]. Only three multicenter studies
have reported lower motor and mental scores in children with isolated
trigonocephaly [52-54] .

The estimated risk of intracranial hypertension in individuals with metopic
suture fusion is approximately 9%, which is the lowest among all non-syndromic

craniosynostosis cases [55].

Plagiocephaly

It can be anterior or posterior.

Anterior Plagiocephaly:

Anterior plagiocephaly is determined by unilateral coronal synostosis [56].
Infants born with unilateral coronal synostosis develop a skewed head shape,

referred to as plagiocephaly, due to compensatory mechanisms [56].

The sagittal suture divides the coronal suture into two halves. In unilateral
coronal synostosis, either the right or left side of the coronal suture fuses with the
sagittal suture, resulting in asymmetry [56]. This asymmetry is evident in the
deformity of the skull, facial features, and associated complications [56].

Growth is halted in the plane perpendicular to the fused suture, leading to
a flattened forehead, but only on the same side as the closed suture. Ipsilateral
refers to the same side as the closed suture. Compensatory growth occurs both
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in a parallel plane and a perpendicular plane. Parallel plane growth is observed
at the metopic and sagittal sutures, resulting in bulging at the temporal fossa [56].
Perpendicular plane growth occurs on the side of the head with the open coronal

suture, leading to forward bulging of half of the forehead.

Top view assessment of the skull reveals frontal bone asymmetry,
increased skull width, and forward ear displacement on the ipsilateral side of the
head [57]. Frontal view assessment shows facial asymmetry, including a chin
point and tip of the nose deviation. The chin point shifts toward the contralateral
side due to the ipsilateral forward displacement of the temporomandibular joint
and ear. The tip of the nose also points toward the contralateral side [.
Complications associated with skull deformity include jaw malocclusion in up to
90% of cases, mild strabismus due to uneven orbital placement, and refractive

errors, particularly astigmatism, arising from uneven orbital development [58].

Posterior Plagiocephaly:
Unilateral lambdoid synostosis, also known as posterior plagiocephaly,
results in a skewed head shape similar to unilateral coronal synostosis. However,

in this case, the deformity primarily affects the occiput.

According to Virchow's law, growth restriction occurs on the ipsilateral side
of the head, with compensatory growth on the contralateral side. This growth
pattern impacts the base of the skull, resulting in an uneven profile when viewed

from behind. It also influences the cervical spine, which exhibits curvature [59].
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Additionally, a bulging of the mastoid can be observed when viewed from behind,

with minimal forehead asymmetries typically present [60].

Brachycephaly:

Brachycephaly, commonly referred to as a "short head," arises from the
closure of both coronal sutures.. According to Virchow's law, this condition leads
to restricted growth both in the forward ad backward directions, resulting in
recessed frontal bones and a flattened occiput.. Compensatory growth occurs

sideways due to the sagittal suture and upward due to the lambdoid sutures [60].

Turricephaly:

Turricephaly, also known as oxycephaly, acrocephaly, or high-head
syndrome, falls under the category of cephalic disorders. This term is sometimes
used to describe premature closure of not only the coronal suture but also any

other suture, such as the lambdoid suture.

Pansynostosis:

It describes cases with three or more cranial sutures closed [61].

Pansynostosis can manifest in various ways. It may appear similar to
primary microcephaly, characterized by a significantly small head with normal
proportions [62]. The most severe form of pansynostosis is kleeblattschadel

(cloverleaf skull), which results in bulging of different cranial vault bones [62].
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Syndromic Craniosynostosis

Syndromic craniosynostoses, which are genetically determined, constitute
a diverse group of conditions primarily associated with gain-of-function mutations.
These mutations frequently involve genes related to bone and cartilage
development, notably the fibroblast growth factor receptor (FGFR) family
(Crouzon, Apert, Pfeiffer Syndromes). While exceptions like craniofrontonasal
dysplasia (CFND) with X-linked inheritance and Carpenter syndrome with
autosomal recessive inheritance exist, the majority of these syndromes exhibit
an autosomal dominant mode of inheritance [63, 64]. It's noteworthy that around
half of the causative mutations occur spontaneously (de novo), often linked to
advanced paternal age, suggesting potential genetic instability that accumulates
over time [65]. In addition to craniofacial anomalies, these syndromes give rise to
complex visceral and skeletal abnormalities, particularly affecting the hands and
feet [66,67].

The overall incidence of craniosynostosis is estimated to range from 1 in
2,100 to 1 in 2,500 live births [68]. However, this incidence varies significantly
depending on the specific suture(s) involved. Some of the most commonly
diagnosed craniosynostosis-associated syndromes include Muenke (1 in
10,000-1 in 30,000), Crouzon (1 in 25,000), Pfeiffer (1 in 100,000), Apert (1 in
100,000), and Saethre-Chotzen (1 in 25,000-50,000) [Wilkie et al., 2017]. With
the exception of Saethre-Chotzen syndrome (SCS), which results from a loss-of-
function mutation in the TWIST gene [69], these syndromes are characterized by
gain-of-function mutations in the FGFR gene. We also remember less common
syndromes, such as CFND and the more recently identified syndromes caused
by ERF and TCF12 mutations.
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Given the varied clinical presentation of these conditions, a
multidisciplinary approach is imperative when caring for affected children and
their families. [70]

The dissertation of each single syndrome, is out of the intentions of this

work, please refer to the summary table 1 following, courtesy of O’Hara, Ruggiero

et al. [70]
Syndrome Raised  Airway Exorbitism Midface ~ Hyper-  Operative intervention Hand involvement Other features
ICP compromise hypoplasia telorism
Apert ++ ++ ++ +++ ++ PVE then bipartition +++ Cleft, OSA,
Class I1I or LFII/III strabismus,
developmental delay
Crouzon ++ ++ ++ ++/+ - PVE +/- monobloc _ Cervical vertebral
Class I1I fusion
Pfeiffer +++ +++ +++ +++ +/- PVE +/- early Broad deviated Multi-level airway
Class I1I monobloc thumbs and toes anomalies, Chiari,
spinal anomalies
Muenke + - - - - PVE +/- FOR - Hearing loss, seizures
Saethre-Chotzen + - +/- +/- - PVE +/- FOR, FOR, +/-mild Ptosis, strabismus, ear
Often class III rarely midface anomaly
CFND - - - - +++ Hypertelorism - Wiry hair, nail
correction +/- anomalies, strabismus,
FOR +/- PVE cleft, CNS anomalies
TCF12 +/- - - - - PVE +/- FOR, FOR - Severe
turribrachycephaly
ERF ++ - + + + Late vault expansion - Behavioural issues,
Class III hearing loss, Chiari,
language delays

CFND, craniofrontonasal dysplasia; FOR, fronto-orbital remodelling; ICP, intracranial pressure; LF, Le Fort fracture; OSA, obstructive sleep apnea; PVE,
posterior vault expansion. +, mild; ++, moderate; +++, severe; —, not present; +/—, sporadically.

Table 1: summary of the characteristics of the most common syndromic craniosynostosis
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1.2.4 Objective and aims

Objective 1: indicate a fronto-orbital remodelling technique of choice in
between the ones adopted in our Centre, to start testing the AR by means
of HoloLens 2

Objective 2: assess the feasibility of HoloLens 2 in craniofacial surgery in
an experimental preclinical setting and implement the navigation system
Objective 3: apply the intraoperative navigation system by means of
HoloLens 2 on simple surgical tasks in real patients.

Once we have indicated the technique of choice, we have used it to test
HoloLens2 in a preclinical experimental setting.

In controlled experimental instances, we found a good reliability of the device and
we have obtained the approval for the use on actual patients.

We want to assess if AR might have a future as a true support in craniofacial

surgery.
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Chapter 2 OBJECTIVE 1

FRONT-ORIBITAL REMODELLING:

TECHNIQUE OF CHOICE
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Metopic synostosis is a congenital dysmorphology causing the premature
fusion of the metopic suture. This accounts for the peculiar head-shape that these
children present and known as trigonocephaly.

Each center addresses it in their own technique, but no general consensus
has been reached. Furthermore, few studies report quantitative evaluations of
the correction obtained: hence, it is mostly based on the experience of the
surgeon.

In this study, the Authors have been first reviewing their case series, and
then indicated their technique of choice in order to test it with AR in a preclinical

setting.

2.1 Introduction

Craniosynostosis is a relatively common birth deformity, occurring in
approximately 1 in 2500 live births. Among these cases, nonsyndromic forms,
which do not involve associated syndromes, constitute the majority, accounting
for around three-quarters of all craniosynostosis cases. Specifically, the
premature fusion of the metopic suture, the second most common form of
single-suture craniosynostosis, is reported to occur in newborns at a frequency
ranging between 1 in 7000 and 1 in 15000. This condition typically manifests as
the classic trigonocephalic phenotype [42, 55].

Metopic synostosis exhibits a stronger genetic correlation when compared
to other forms of nonsyndromic craniosynostosis, with a higher prevalence
among siblings and first-degree relatives. Clinical presentations of metopic
synostosis vary widely in severity, ranging from cases characterized by a simple
metopic ridge and a normal forehead shape to severe presentations with marked

26



narrowing of the forehead, loss of the natural frontal curvature, supraorbital
retrusion, hypotelorism, and other orbital anomalies such as upward eyebrows,

epicanthus, and strabismus. [50]

In terms of neurocognitive aspects, approximately 15% to 30% of children
with trigonocephaly report speech and language delays. However, most available
studies have failed to demonstrate a clear correlation between the severity of
trigonocephalic shape and impaired neurocognitive development, nor have they
shown significant variations in these aspects between patients who underwent
surgery and those managed conservatively [53,54,56]. Additionally, the
estimated risk of intracranial hypertension in metopic synostosis is relatively low,
standing at 9%, which is the lowest among all nonsyndromic craniosynostosis

cases. 54

Therefore, the indications for treatment in metopic synostosis remain a
subject of debate, considering factors like the risk of increased intracranial
pressure (ICP) and cosmetic concerns. Several reports have attempted to identify
universal criteria for grading the severity of trigonocephaly, including measures
like forehead curvature, interfrontal angle, and intercanthal distance.

In the center of the Pediatric Neurosurgery Unit of the IRCCS Istituo delle
Neuroscienze di Bologna ISNB, we have primarily employed two distinct surgical
techniques for treating children with metopic synostosis, ranging from mild to
severe cases, over time. The objective of this study is to conduct a comparative
analysis of these two techniques, both from a clinical and quantitative
morphological standpoint.
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2.2 Methodology
2.2.1 Patient population

Between 2004 and 2020, the Pediatric Neurosurgery Unit at IRCCS ISNB
in Bologna admitted a total of 43 patients diagnosed with metopic synostosis. We
have retrospectively enrolled 10 patients among those, undergone postoperative
three-dimensional (3D) stereo-photogrammetry. This retrospective study has
received the necessary approvals and endorsements from the local Ethical
Committee Board, with reference to code CE 188-2022-OSS-AUSLBO.

Within our unit, we have been using two dfferent techniques for fronto-
orbital reshaping. The first technique involves a two-piece frontal craniotomy in
conjunction with the application of the fronto-orbital bandeau. This approach is
further referred to as "technique A" in the subsequent discussion. Subsequently,
we introduced a different approach, namely, forehead remodeling utilizing
alternated barrel staving osteotomies and bandeau, hereafter referred to as

"technique B."

For the quantitative morphological analysis, the children enrolled, were
divided into two groups: group A, comprising those who underwent the double
flap technique, and group B, consisting of individuals receiving the barrel staving
fronto-orbital remodelling procedure. We only selected children undergone
postoperative stereophotogrammetry, distributed as follows: 4 individuals for
technique A and 6 individuals for technique B. Furthermore, the results from both
groups were compared to a cohort of 10 unaffected children, matched, by age

and gender, kindly provided by Rodriguez-Florez et al. (2017) for reference. [71]
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2.2.2 Surgical techniques

Frontal Bones Transposition and Rotation Technique: "Technique A"

A straight bicoronal incision is made on the skin, and the scalp flap is carefully
elevated, extending up to the supraorbital rim. A periosteal flap is then raised.
Dissection is undertaken to locate and safeguard the supraorbital branch of the
trigeminal nerve. Subsequently, a frontal craniotomy is performed, commencing
from the anterior fontanelle and extending laterally to expose the bone fully,
reaching the level of the pterion. The frontal lobes are slightly retracted epidurally
to unveil the initial centimeter of the orbital roof, extending from the cranial midline
to the pterion. After ensuring the thorough detachment of the periorbita from the
superior inner orbital cavity, the fronto-orbital bandeau is removed. The
reconstruction of the orbital rim advances through a greenstick fracture in the
midline, aligning with the fused suture. Subsequently, the forehead is remodeled
by opposing and rotating the frontal bones (see Figure 2). These realigned bones
are secured together using absorbable plates, and the newly contoured forehead
is affixed to the restructured orbital bony unit similarly. An absorbable X-shaped
plate is employed to stabilize all the remodeled bone segments up to the nasion,
while two linear plates are fastened on the lateral sides, connecting the new
bandeau to the temporal bone (refer to Figure 3). The pericranium is then
meticulously sutured to encompass the advanced bony area, and the scalp flap
is closed using absorbable sutures in a two-layered fashion. Generally, a
subgaleal drain is positioned and remains in place for the initial 48 hours post-

surgery.
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Figure 2: the double flap forehead reconstruction, please note that the sides

have been swapped in order to achieve a proper roundness of the forehead

Alternated Barrel Staving Technique: "Technique B"

An undulating bicoronal incision is performed. In comparison to "Technique A,"
the technique to expose the forehead and the supraorbital rim, is identical. Before
initiating the reconstruction phase, bilateral barrel staving osteotomies are
conducted in the parieto-temporal bone. These osteotomies are slightly
distracted using a bone-bending clamp to facilitate expansion of the central
portion of the cranial vault. The orbital rim reconstruction entails fracturing and
expanding it at the midpoint, applying a gentle divergent force to the two
segments. These segments are then fixed together using absorbable plates. To
achieve an upward orientation of the eyebrows, the orbit rims are carefully drilled.
Vertical osteotomies, spaced 1.5 cm apart, are made in the frontal bone. The

finacuts aid in reshaping the forehead, which is securely fastened into the desired
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curvature with the aid of one or two double 20-hole plates on the back side of the

bone (see Figure 3).

Figure 3: the reconstruction, please note the alternated barrel staving on the

forehead flap, and the upper slanting shape of the orbital rim .

The two pieces are subsequently positioned together and attached to the nasion
using an X-shaped plate. Two additional fixation points between the forehead and
superorbital rim align with the mid-pupillary line, and the rim is ultimately
connected to the temporal bone using a lengthy plate on each side. On occasion,
these same extended lateral plates are utilized to secure both the forehead and

superorbital rim together (refer to Figure 4).
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Figure 4: the reconstruction mounted on the patient

Image acquisition

The surfaces generated from three-dimensional (3D)
stereophotogrammetry data, acquired with 3D MD technology, were exported in
the stereolithography (STL) format for subsequent processing. All data

manipulations were performed by the same operator.

The obtained surfaces were subjected to segmentation to isolate the

surgically remodeled portion of the forehead. The segmentation was performed

by using MeshMixer Software (Autodesk Inc. based in Toronto, ON, Canada).

32



The cutting planes employed to crop the interesting region, have been previously

described and verified in a study by Rodriguez-Florez et al. (2017) [71].

One of the reference planes passes through the right and left helix and the
nasion, representing anatomical features that remain unchanged during surgery.
The second plane is then oriented at a 120° angle relative to the first plane,

extending posteriorly through the helixes (as illustrated in Figure 5, left panel).

Figure 5: the 3D reconstruction of the sterephotogrammetry, please note
highlighted the area of interest, on the left, the cephalometric landmarks

considered, please refer to the text, on the right

Cephalometric measurements

To evaluate the extent of morphological correction achieved, we
conducted measurements of cephalometric landmarks. We considered the
interfrontoparietal-interparietal ratio and the frontal angle, both calculated from a

plane positioned parallel to the base plane at one-third of the head's height. This
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specific plane was selected because it included the most anterior point of the
forehead in metopic patients, referred to as point A (situated at the glabella, figure

5 right panel).

The interparietal distance (BC) was defined as the forehead's width,
running parallel to the line connecting the left and right crus of the helix. On the
other hand, the interfrontoparietal distance (DE) was described as the width of
the skull, extending halfway between BC and point A. Consequently, the
interfrontoparietal-interparietal ratio was calculated as DE divided by BC. The
frontal angle measurement was based on the angles DAE (as depicted in Figure

5, right panel).

Subsequently, we performed a comparative analysis of the cephalometric
measurements obtained from the transposition and rotation of frontal bones
technique (A) and the alternated barrel staving method (B). Both of these
techniques were then compared to measurements obtained from a cohort of

children non presenting metopic synostosis, matched by age and gender.

2.3 Results

We recruited a total of 10 patients for this study, with 4 undergoing
technique A and 6 undergoing technique B. The median age of these patients
at the time of the operation was 7 months. We observed that 6 of them had
severe conditions preoperatively, while 4 had conditions classified as mild-
severe. None of the patients had mild forms of the condition. During the
surgeries, one patient experienced an intraoperative dural tear, which had no
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lasting consequences, and two patients developed wound dehiscence, with

none requiring a return to the operating room. The average length of hospital

stay was 6.7 days (with a standard deviation of 1.9) as shown in Table 1.

Additionally, all patients spent one night in the intensive care unit (ICU).

For all patients, stereophotogrammetry was performed at least one year

after the surgery.

Age At Length of Frontal
Pt Operation stay Complications Severity Technique ratio DE/BC angle

1 6 months 5 days Severe B 0,791301651 108,8483663
Mild-

2 7 months 6 days severe B 0,71394722 107,8519571

3 6 months 4 days Severe B 0,908542488 98,50662142

4 7 months 7 days dural tear Severe A 0,926319146 93,18315841
Mild-

5 9 months 9 days severe A 0,775432889 103,8496923
wound Mild-

6 6 months 5 days dehiscence severe B 0,76017643 98,82133963

7 7 months 6 days Severe B 0,825364093 95,24518232

8 5 months 7 days Severe B 0,754373301 102,339888
Mild-

9 6 months 8 days severe A 0,871647057 105,0230495

wound
10 26 months 10 days dehiscence Severe A 0,825330634 85,55212391

Table 1: demographic details of the patients of the study group, alongside with

the measurements details

2.3.1 Cephalometric measurements

The mean and standard deviations of the cephalometric measurements,

including the interfrontoparietal-interparietal ratio and frontal angle, are presented

in Table 2.
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Table 2: in the first column patients (PT) are indicated by numbers, second
column the technique (TEC) is indicated, followed by the measurements
obtained for ratio DE/BC and the frontal angle.

At the bottom of the table, please find means and standard deviation for each
group comprehended the control group of unaffected patients.

Regarding the interfrontoparietal-interparietal ratio (DE/BC), no significant
differences were observed between the A group and the control group. The mean
interfrontoparietal-interparietal ratio was 79.2% in the B group and 84.97% in the
A group, whereas the control group had a mean of 83%. The corresponding p-
values for comparing the control group to the A technique (p = 0.4747) and the B
technique (p = 0.095) were not statistically significant.

For the frontal angle measurements, the B group exhibited a mean of
101.94°, while the A group reported a mean of 96.9°. In contrast, the control group
had a mean frontal angle of 107° (refer to Graph 1). The p-values for the frontal
angle comparison were 0.0257 for the A technique and 0.0822 for the B

technique.
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Graph 1: on the left please note the histogram of the ratio DE/BC. Both
techniques correct the ratio which clinically indicated the frontal width with the B
technique slightly undercorrecting this area, whereas the angle is best corrected

by the B technique rather than the A.

2.3.2 Clinical outcomes

Out of the 43 patients who underwent surgical treatment, only one case
received minimally invasive treatment, while the remaining cases underwent
open remodeling of the forehead and supraorbital rim. Among these patients, two
individuals required secondary surgeries, performed 7 and 9 years after the
primary operation, respectively. In one case, the Authors reported a recurrence
of the trigonocephalic shape , while the other child developed signs of increased
intracranial pressure.

During the secondary surgery, an intraoperative dural tear occurred in the
latter case, resulting in the accumulation of cerebrospinal fluid (CSF) that

required the placement of a temporary shunt. Regrettably, this same child
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experienced complete blindness in the right eye, despite the absence of
radiological evidence indicating thrombosis in ophthalmic and retinal veins.
Additionally, six cases presented with noticeable speech delays during

their pre-school years.

2.4 Discussion
Minimally invasive techniques, which have been successfully applied in
other forms of single-suture craniosynostosis, and in some cases for
trigonocephaly, have not gained widespread acceptance for the correction of
metopic synostosis. This is primarily due to the complex morphological changes
involved, which extend beyond the characteristic trigonocephalic shape of the

frontal bone. [72-75]

Various open techniques have been described for correction, including
forehead reshaping with or without addressing the upper part of the orbits [72-
75], as well as correction of hypotelorism through bone graft insertion [76].
Unfortunately, a degree of relapse in terms of flattening and the wedge-shaped
forehead is a common complication after surgery. Consequently, many surgeons
opt for hypercorrection. This tendency toward relapse has been associated with
the early age at which correction is typically performed, usually advised between
6 and 12 months of life [77-78]. It's worth noting that younger children are at a
higher risk of premature cranial closure and a recurrence of the trigonocephalic
shape.

At our center, we perform surgery on all primary trigonocephaly patients
after they reach 6 months of age. This timing allows for sufficient bone stiffness
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to ensure implant stability while preserving the child's natural bone regenerative
capacity.

With technique A, the metopic ridge disappears over the long term but is
eventually replaced by a noticeable forehead ridge. On the other hand, the
alternated barrel staving technique (technique B) has yielded better results in
terms of maintaining frontal roundness and a lasting correction of the metopic
ridge over time.

Our cephalometric analysis of 3D forehead shapes indicates that
technique B (alternated barrel staving) has greater correction power regarding
the angle of metopic synostosis, whereas technique A (transposition and rotation
of frontal bone flaps) achieves a broader correction of frontal stenosis, resulting
in a greater interfrontoparietal-interparietal ratio (DE/BC ratio). However, it's
important to note that both reconstruction methods did not show statistically
significant differences when compared to the control group.

Based on our experience, we prefer to focus on addressing the frontal
angle and aim for a slightly under-corrected interfrontoparietal width to prevent
forehead flatness. In general, our cephalometric measurements on metopic
patients after fronto-orbital remodeling indicate that surgery effectively improves
trigonocephaly, as evidenced by the increased interfrontoparietal-interparietal
ratio and widened frontal angle. Similar findings have been reported in
measurements taken from CT scans and 3D photos of metopic patients who

underwent various fronto-orbital remodeling procedures.
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2.5 Conclusion

In our experience, we observed that the barrel-staving technique achieved
a more significant correction of the frontal angle compared to the transposition of
two frontal bone flaps with resorbable median fixation. This was despite achieving
a less substantial correction in interfrontoparietal width. When deciding on the
most suitable technique, we believe that a degree of undercorrection in the
interfrontoparietal diameter has a milder aesthetic impact compared to
undercorrection of the metopic angle, which is a primary goal of this surgical

procedure.

However, it's essential to emphasize that definitive conclusions should not
be generalized, and the choice of the surgical approach for treating
trigonocephaly should always consider the individual's age and the specific type

and severity of the deformity.
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Chapter 3 OBJECTIVE 2

PRECLINICAL APPLICATION OF

HOLOLENS2
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3.1 Rationale of the Survey

Having chosen the fronto-orbital remodeling for trigonocephaly as the technique
that we wanted to test preclinically with AR, and due to the fact that HoloLens2
are not considered a medical device, we had to test them first in a controlled
experimental environment.

In this study, the Authors assess the accuracy of AR guidance employing the
commercially available HoloLens 2 Head-Mounted Display (HMD) [80] to
perform fronto-orbital remodeling (FOR) to correct metopic synostosis, in an

experimental setting, with a 3D printed phantom.
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3.2 Material and Method

3.2.1. Methodology

The study was structured to first implement the AR-based protocol utilizing the
HoloLens 2 smart glasses. Subsequently, the authors conducted a test session
to assess the effectiveness of AR-guided osteotomies during fronto-orbital

remodeling (FOR) procedures on a 3D printed phantom.

3.2.2. Development Phase

Virtual Content Preparation

We chose the preoperative CT scan data of a previously admitted and operated
patient presenting metopic synostosis, adhering to the study protocol CE 499-
2022-0OSS-AUSLBO. The DICOM data were acquired and segmented to create
a three-dimensional (3D) virtual model of the patient's skull. Various anatomical
parts within the patient's head were segmented utilizing Mimics (Materialise in
Leuven, Belgium). These parts included bones, brain, eye globes, and skin.
Subsequently, 3D meshes were generated based on the segmented masks and
were saved in the Standard Tessellation Language (STL) format (refer to figure

6 for illustration).
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Figure 6: Segmentation of the CT scan to obtain the virtual 3D skull model,
then 3D printed to obtain a patient-specific phantom. On the virtual skull model

the osteotomies are designed and then navigated by means of HMD.

3D Printing of Skull Phantom and CAD/CAM Templates for Accuracy
Assessment

To evaluate the accuracy of AR guidance, a specific section of the
reconstructed skull was chosen for printing. In line with clinical data, we opted to
visualize the skull from a top-down perspective, mimicking the view in an actual
surgical setting. The model was defined by cuts behind the coronal sutures and
bilaterally at the level of the fronto-zygomatic sutures, in order to maintain only
the part of the skull which is exposed during the actual procedure.

Using the cut STL file, a phantom model was created using photosensitive resin
through stereolithography (SLA) 3D printing technology (Form 3, Formlabs,
Somerville, MA, USA). In order to assess the accuracy of AR guidance,
CAD/CAM templates were designed using MeshMixer software (Autodesk Inc.,

CA, US), accordingly to the planned osteotomies. These templates were meant
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to be placed on the surface of the phantom model, serving to assess the
position of the planned FOR osteotomies.

For the AR-guided task, we specifically chose the nasal osteotomy of the orbital
rim within the context of fronto-orbital remodeling, along with the upper limit of
the rim (refer to figure7, left). The templates of the cutting guides were also 3D
printed (Form 3, Formlabs), incorporating grooves of varying widths (3 mm, 2
mm, 1 mm). This allowed us to evaluate accuracy across three different levels:
+1.5mm, £1.0 mm, and + 0.5 mm (as in figure 7, right).

To measure accuracy, a millimeter adhesive tape was associated with each
template, facilitating the assessment of the cumulative length of the traced
osteotomy within the grooves. We deemed the AR-guided task successful
(achieving a 100% success rate) when the traced osteotomy profile consistently
aligned with and remained within the groove of the cutting guides along their
entire length. For instance, in the case of the nasal osteotomy, the target length

was 27 mm, while for the frontal osteotomy, it was 75 mm.

Figure 7: On the left, the planned osteotomies for the fronto-orbital bandeau of
the FOR, on the right the 3D printed cutting guides with calibrated grooves for

both osteotomies.
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Development of the Augmented Reality (AR) Application

The virtual model of the skull, incorporating all its components such as bones,
skin, eye globes, and brain, was introduced into the Unity 3D software. This
software was further augmented with a specialized software development kit
designed for creating augmented reality applications, Vuforia Engine package
(PTC, Inc., Boston, MA, USA).

The Vuforia Engine software allowed the AR interface, by aligning the
holograms the model of the skull. This alignment was realized using the "Model
Target" function, which enabled the system to recognize the shape of an actual
object that needed to be tracked. To accomplish this, the object had to be
observed from a specific view. In our case, we opted to replicate the surgeon's
viewpoint during the fronto-orbital remodeling procedure within the operating
theater. The AR application projected a profile known as the "guide view" of the
Model Target. The user simply had to adjust the lenses until the projected
drawing aligned with the actual object.

In this study, the 3D model of the patient's skull served as the Model Target for
the registration of the virtual-to-real scene. The AR application generated
multiple holograms overlaying the printed portion of the skull, each
corresponding to a specific structure, such as the bony skull, skin, brain, eye
globes, and the planned FOR osteotomy trajectories. These holograms served
as visual guides during the surgical task.

The resulting AR application was developed as a Universal Windows Platform
(UWP) app, intended for deployment on Microsoft HoloLens 2 smart glasses.
To enhance user interaction, a box with checkboxes were incorporated into the
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user interface, allowing the user to toggle the rendering of individual virtual
anatomical structures and the planned virtual osteotomy trajectories on and off.
Furthermore, voice commands were implemented to enable a hands-free AR

guidance system, granting additional convenience and flexibility to the user.

3.2.3. Experimental Phase

To evaluate the performance of the AR application on HoloLens 2, the authors
conducted trials involving the selected FOR osteotomies, specifically the nasal
osteotomy and the frontal osteotomy, measuring 27 mm and 75 mm in length,
respectively. These osteotomies were carried out under the guidance of the AR
application.

A total of six participants were recruited, three surgeons and three engineers
(an equal mix of males and females) ranging in age from 25 to 50 years. Each
participant repeated the procedure six times using the same 3D printed
phantom, with a one-week interval between each trial. Prior to commencing the
task, participants were given detailed instructions on the objectives of the

experiment
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1. Virtual templates and planned osteotomies superimposed on the skull phantom

2. Execution of AR-guided task | | 3. Check for accuracy using templates

Figure 8 (clockwise): user’s visualization with cutting guide hologram (left) and

osteotomies (right)

Participants initiated the AR-guided task after calibrating the Head-Mounted
Display (HMD) for optimal hologram perception. The users had to enable
tracking through the Model Target tracking function and then proceeded with
the AR-guided osteotomy task. Utilizing a pencil, participants traced the
osteotomy trajectories onto the skull phantom, following the holograms
guidance. Vocal commands were available to participants, allowing them to

reveal or conceal virtual structures during the task (figure 8).
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Subsequently, another operator, using the 3D printed templates designed for
accuracy assessment, evaluated the extent to which the lines traced under AR
guidance aligned with the grooves in the individual templates. Each template
featured a calibrated tape along the groove, simplifying the measurement

process.

3.2.4. Statistical Analysis

Data from all measurements were documented. Percentages were calculated,
and the measurements underwent statistical analysis, including the Kruskal-
Wallis test and the Mann-Whitney test.

For conducting the statistical analysis, SPSS software (IBM, Armonk, New York,

USA) was employed, and a significance level of <0.05 was considered.

3.3 Results

The outcomes are reported in Table 3. When using HoloLens 2, 97% of users
successfully traced the osteotomy trajectory with an accuracy level of £1.5 mm,
as verified with the "3mm" template, for the nasal cut. However, this percentage
decreases to 80% when considering the frontal cut. For accuracy levels of +1
mm and £0.5 mm, lower success rates were observed. Specifically, for the
nasal cut, success rates were 80% and 61%, respectively. In the case of the
frontal cut, users achieved the task with an accuracy level of +1 mm in 52% of
instances, while only 33% drew the line in the groove with an accuracy level of

+0.5 mm.
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NOSE FRONTAL

PT1 CG (3 mm) CG 2 (mm) CG 1 (mm) PT1 CG@mm) CG

2 (mm) CG 1 (mm)

1 27 mm 27 mm 24 mm 1 75mm 70 mm 40 mm
2 27 mm 27 mm 27 mm 2 75mm 75 mm 55 mm
3 27 mm 25 mm 23 mm 3 75mm 75 mm 60 mm
4 27 mm 24 mm 22 mm 4 75mm 72 mm 65 mm
5 27 mm 27 mm 27 mm 5 70 mm 70 mm 60 mm
6 27 mm 26 mm 25 mm 6 75mm 75 mm 75 mm
PT2 PT2
1 27 mm 26 mm 23 mm 1 75 mm 55 mm 35 mm
2 27 mm 27 mm 26 mm 2 75mm 75 mm 75 mm
3 27 mm 27 mm 27 mm 3 75mm 73 mm 55 mm
4 27 mm 27 mm 27 mm 4 75mm 75 mm 74 mm
5 27 mm 27 mm 25 mm 5 75mm 75 mm 75 mm
6 27 mm 27 mm 27 mm 6 75mm 75 mm 35 mm PT 3
PT3
1 27 mm 25 mm 20 mm 1 75mm 75 mm 70 mm
2 27 mm 27 mm 27 mm 2 75mm 71 mm 75 mm
3 27 mm 27 mm 27 mm 3 75mm 75 mm 70 mm
4 27 mm 27 mm 27 mm 4 75mm 75 mm 75 mm
5 27 mm 27 mm 27 mm 5 75mm 70 mm 60 mm
6 27 mm 27 mm 27 mm 6 75mm 70 mm 35 mm
PT 4 PT 4
1 27 mm 27 mm 27 mm 1 75mm 75 mm 65 mm
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2 27 mm 15 mm 10 mm 2 75mm 75 mm 75 mm

3 27 mm 27 mm 26 mm 3 75mm 75 mm 75 mm
4 27 mm 27 mm 22 mm 4 75 mm 70 mm 55mm
5 27 mm 27 mm 27 mm 5 73mm 71 mm 65 mm
6 27 mm 27 mm 27 mm 6 70 mm 60 mm 60 mm
PT5 PT5
1 27 mm 27 mm 27 mm 1 70 mm 50 mm 35 mm
2 27 mm 27 mm 27 mm 2 70 mm 65 mm 55 mm
3 20mm 12 mm 11mm 3 65 mm 45 mm 35 mm
4 27 mm 25 mm 25 mm 4 75 mm 59 mm 54 mm
5 27 mm 27 mm 27 mm 5 75mm 75 mm 45 mm
6 27 mm 27 mm 27 mm 6 75 mm 57 mm 45 mm
PT6 PT 6
1 27 mm 27 mm 27 mm 1 75mm 75 mm 75 mm
2 27 mm 27 mm 27 mm 2 65 mm 60 mm 55 mm
3 27 mm 27 mm 27 mm 3 75mm 75 mm 75 mm
4 27 mm 27 mm 27 mm 4 75mm 75 mm 75 mm
5 27 mm 27 mm 27 mm 5 75mm 75 mm 75 mm
6 27 mm 27 mm 27 mm 6 75mm 75 mm 75 mm

Table 3: Measurements taken from each recruited user: on the left column the
measurements for the nasal cut; on the right column measurement for the frontal

cut. CG: cutting guide

The Kruskal-Wallis test revealed that all users effectively completed the nasal

cut task, with no significant differences among them. However, the frontal cut

51



exhibited more variations between operators (see Table 4). Only one outlier

was detected in the measurements through a Mann-Whitney test (see Table 5).

Test Statistics™”
fro3mm fro 2mm frotmm nos3mm nos2mm  nos 1mm
Kruskal-Wallis H 6.992 9.579 13.083 5.000 4883 6.521
df 5 5 5 5 5 5
Asymp. Sig 221 .088 023 416 430 259

a. Kruskal Wallis Test

b. Grouping Variable: operator

Table 4: Kruskal Wallis Test, demonstrating no significative difference between

Test Statistics”
2-0p1  op3-opl pd-opl op5-op! op6-opl op3-op2 opd-op2 op5-op2 op6-op2 op4-op3 op5-op3 op6-op3 op5-opd opb-opd4 opb-op5
z -318° -677°  -1.051°  -2023°  -1841° -921® 1214 1786° 1361 -412°  -1.997° -948°  -2207° -8168°  -2.041°
Asymp. Sig. (2-tailed) 752 498 293 043 066 357 225 074 174 680 046 343 027 414 041

a. Wilcoxon Signed Ranks Test
b. Based on negative ranks.

¢. Based on positive ranks

Table 5: Mann Whitney test, only one outlier between the operators is evident

The users found the AR guidance system highly usable, but a majority of them
noted a perceived reduction in image quality when maneuvering the pencil in

front of the visor.

3.4. Discussion

AR technology holds great promise in the medical field, with a growing number
of studies exploring its applications, particularly in surgery [4,5,14, 22-29, 81-
83]. AR enhances surgical navigation by allowing the surgeon to maintain focus
on the patient while overlaid holograms provide essential information directly on

the patient [25].
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AR HMDs are categorized as optical see-through devices or video see-through
devices [23-25,27,28,79]. This study specifically employed HoloLens 2, an

optical see-through HMD.

Craniofacial surgeries, particularly those addressing forehead anomalies need
accurate execution of osteotomies, for achieving optimal results. HoloLens has
shown promise in this regard [13]. However, the technology does have
limitations, such as depth perception and registration errors [79,82,83]. Our
previous work attempted to address these limitations, reporting static errors
ranging from 1 to 10 mm, resulting in a misalignment between the virtual and

real images [84].

This study evaluated the accuracy of HoloLens 2 in craniofacial surgery,
specifically fronto-orbital remodeling, focusing on two critical osteotomies: the
nasal and frontal cuts. Six operators participated, each performing the task six
times for both osteotomies, with a one-week interval between trials to minimize
any learning curve effect. The users traced the osteotomies with a pen guided
by HoloLens 2 projections, which displayed the phantom and lines representing
the planned osteotomies. Alignment errors and reduced sharpness were
observed when moving the pen in the field of view. Nevertheless, all users
successfully completed the task, and the traced osteotomies were checked
against cutting guides with different groove widths to assess accuracy.

Our accuracy findings are consistent with what found elsewhere in Literature
[13,24,25,85, 86]. Scherl et al. reported accuracy of less than 1.3 mm in their in
vivo study [24, 25], while Tang et al. described mean deviation of 1.68 + 0.92
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mm between preoperative virtual osteotomy planes and actual postoperative
planes, with the largest deviation being 3.46 mm [87]. Han et al. reported
promising results in craniosynostosis patients undergoing calvarial remodeling
[88].

In our study we perceived an overall good users’ experience, but we report
some limitations. These limitations encompassed registration errors and a small
augmentable field of view. While sub-millimetric precision was essential for our
task, other "surgery-specific" devices may be required for more complex
procedures, as described in the existing literature [27, 84].

Despite its limitations, our study showed encouraging results based on 36
phantom procedures, with only one outlier. However, several factors influenced
our findings, including favorable lighting conditions compared to real surgical
settings, Model Target registration errors, and operator-dependent variables.
Our next step involves enhancing the navigation system by incorporating more
detailed 3D objects for simultaneous visualization with instrument-guided
trajectories (i.e., osteotomies). The preparation time, involving 3D model
reconstruction from DICOM data segmentation and AR guidance software
setup, was relatively efficient, taking approximately one to two hours, excluding
the printing time [84]. Subsequent in vivo studies will be crucial for confirming

these preliminary findings.

3.5. Conclusions

This study is conducted in a controlled experimental setting (in vitro). The
promising outcomes regarding accuracy within a range of +1.5 mm suggest the
potential suitability of this technology for application in craniofacial surgery,
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considering that an error of 2 mm in this surgical specialty is acceptable.
However, further research, including in vivo assessments, is necessary to

address and refine the technical challenges.
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Chapter 4 OBJECTIVE 3:

APPLICATION OF HOLOLENS2

IN A CLINICAL SETTING
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4. Rationale of the survey

Our research group has previously explored the potential of AR HMDs,
specifically using Microsoft's HoloLens 2, in craniofacial surgery through
preclinical applications on phantoms [13]. In this study, which constitutes the
third part of this doctoral project, we present a case series involving the first
craniofacial patients treated with the assistance of AR HMD technology. We
compare the accuracy of drawing osteotomy trajectories under the guidance of
AR HMDs and traditional surgical navigation systems. These findings represent

our experience in in vivo clinical practice.

4.2 Materials and Methods

Our study was designed to implement the AR-based protocol on HoloLens 2
smart glasses within the real operating room environment. Subsequently, these
AR HMDs were utilized during surgical procedures to guide the drawing of
osteotomy lines. These drawings were then compared to lines traced with the
standard neurosurgical navigator, known as Stealth 7 by Medtronic. This
comparison was facilitated using 3D printed cutting guides. The subsequent
sections detail both the development phase and the experimental phase of our

study.
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4.2.1. Development Phase

4.2.1.1. Virtual Content Preparation

We initiated our study by utilizing a preoperative CT scan from patients
undergoing corrective surgery for single suture craniosynostosis. Starting from
the DICOM data obtained by each CT scan, and employing Mimics software
(Materialise, Leuven, Belgium), we created three-dimensional (3D) virtual
models of the patients’ skull. We also uploaded on the virtual model the

osteotomy lines of the virtual surgical planning, in STL format.

4.2.1.2. 3D Printing of CAD/CAM Cutting-Guides for Testing Accuracy
To evaluate the precision of the AR guidance system, we designed CAD/CAM
templates using Autodesk Inc.'s MeshMixer software (CA, US). These
templates were strategically positioned on the patient's body, aligning with
planned osteotomy locations (visualized in the figure). These templates were
then manufactured using 3D printing technology (Form 3, Formlabs) and
featured grooves of varying widths (3 mm and 2 mm). These different groove
sizes allowed us to assess three distinct levels of achievable accuracy: +1.5

mm and +1.0 mm, as depicted in Figure 9.
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Figure 9: intraoperative aspect of one of the CAD-CAM cutting guides

We defined a task as successfully completed (with a 100% success rate) when
the traced osteotomy profile remained entirely within the groove of the cutting

guides along its entire length.

4.2.1.3. The AR Application

The virtual model of the skull, complete with its various components (including
bone, skin, osteotomy lines and cutting guides), was imported into Unity 3D
(Unity Technologies San Francisco, CA, USA). To enhance its capabilities for
creating augmented reality applications, we integrated a specific software

development kit known as the Vuforia Engine (PTC, Inc. Boston, MA, USA).

Through the Vuforia Engine software, we achieved alignment between the

virtual osteotomy and the physical skull using the "Image Target" function. This
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function enables the system to recognize the QR code on the object (in this
case patient) that needs to be tracked. To accomplish this, the object must be
viewed from a specific angle, replicating the surgeon's perspective during a
craniofacial procedure while wearing the AR glasses.

In this research, the AR environments were created using Unity3D version
2019.4.21f1 (Unity Technologies located in San Francisco, CA, USA). To bring
in all the virtual models of interest, we integrated the Vuforia Engine Software

Development Kit (PTC Inc. in Boston, MA, USA).

The Vuforia Engine leverages the principles of feature tracking and matching in
computer vision to identify and track objects and images in the real world. It
then renders corresponding virtual objects based on their orientation relative to

these real-world objects.

The AR application was developed as a Universal Windows Platform (UWP)
app and deployed on Microsoft HoloLens 2 smart glasses. To provide an
interactive user experience, we incorporated toggles in the user interface, in the
form of checkboxes, allowing users to enable or disable the rendering of
individual virtual anatomical structures and planned virtual osteotomy
trajectories. Additionally, we implemented voice commands to facilitate a hands-
free AR guidance system, enabling users to show or hide the virtual structures
using voice control. On the side, we also implemented a system for remote

control.
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4.2.1.4. Image Target Tracking

In contrast to our previous work, we utilized Image Target Tracking for these
cases. Image Target Tracking, a prevalent tracking technique employed in the
Vuforia Engine, relies on recognizing and tracking a predefined image, often
taking the form of a QR-code pattern. The Vuforia Engine identifies and tracks
this image by comparing naturally extracted features from the camera image
with the preselected Image Target, which has been previously chosen for
tracking performance and stored within a cloud database. Users can access
and download the chosen Image Target from the database as a package that

can be integrated into their Unity application.

4.2.1.5. Experimental Phase

The authors assessed the AR application for HoloLens 2 by drawing
osteotomies for craniofacial surgery and comparing them with those drawn

under the guidance of the standard navigator.

The study received approval from the local ethical committee (CE AVEC 499-

2022-0SS-AUSLBO).

We enrolled 10 consecutive pediatric patients undergoing corrective surgeries
for craniosynostosis. These patients were admitted from September 2022 to
September 2023 at the Regional Center for Pediatric Neurosurgery IRCCS
Istituto delle Scienze Neurologiche di Bologna.
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One of the surgeons initially traced the planned osteotomy under the guidance
of the standard navigator, drawing a dotted line on the patient’s skull.
Subsequently, they drew the same osteotomy line after calibrating the HMD for
optimal hologram perception, using QR code tracking (figure 10). The surgeon
then drew the osteotomy line under AR guidance as a continuous line. After
each drawing, another operator assessed the accuracy of both lines using the
calibrated CAD-CAM templates. An additional operator captured photographs of
the cutting guides on the patients. Three independent operators then measured

the percentage of the drawn osteotomy line that fell within the grooves of the

cutting guides.

Figure 10: intraoperative view of the QR code tracking

62



Of all of the patients included, we selected simple tasks to test AR vs Navigator.
We selected some osteotomies both for the FOR and the sagittal suturectomy

(please see fig. 11)

Figure 11: on the left, the surgical planning and the osteotomies selected
for the FOR, on the right side the osteotomies selected for the sagittal

suturectomy

4.2.2. Statistical Analysis

Data from all measurements were documented. Percentages were calculated,
and the measurements underwent statistical analysis, including Student T test
for independent data.

The Authors used the SPSS Software (IBM, Armonk, New York, USA) for

statistical analysis, and considered a significance level of <0.05.
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4.3. Results

Patients age ranged from 4 to 44 months, median 8 months. We enrolled 5
females and 5 males. 4 patients underwent FOR, 4 sagittal suturectomy (SAG),
1 a posterior vault expansion (PVE) distraction and 1 had a total calvarial
remodeling (TCR) (demographic description of the patients is in table 6). All
patients had preoperative CT scans, and they all experienced a normal
postoperative course. 4 of them had auto-resolving minor complications (such
as dural tear and wound dehiscence), all Type 1 by Clavien Dindo. The hospital
in-stay ranged from 4 to 15 days, median 5 days. All patients were admitted at

least for one night in ICU, as per anesthesia protocol.

Age at Inhospital
Pt Gender surgery Complications Procedure  stay
1F 7 FOR 5
2 M 44 dural tear PVE 15
wound
3F 4 dehiscence SAG 7
4 M 8 dural tear SAG 4
5 M 4 SAG 5
6 M 33 TCR 6
7 F 7 dural tear FOR 6
8 M 10 SAG 4
9 F 9 FOR 5
10 F 12 FOR 5

Table 6: enrolled patients, the age is in months.

Three independent researchers measured which was the extent of the
osteotomy line falling into the groove for each navigation method. (figure 12).
For the measurements we only included 8 out of 10 patients, because the first

two patients did not have the comparison with the Navigation system.
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Cutting Guide 3 mm Cutting Guide 2 mm
Check Hololens

Figure 12: this is the graphical representation of how the measurements have

been taken

We registered a total of 67 measurements for each domain: Navigator (NAV) for
accuracy level of 3 mm, Navigator (NAV) for accuracy level of 2 mm,
Augmented Reality (AR) for accuracy level of 1.5 mm and Augmented Reality
(AR) for accuracy level of 1 mm.

The results from the descriptive statistical analysis are summarized in Table 7.
With HoloLens 2, the surgeons were able to trace an average of 45% measured
on all determinations (standard deviation SD 0.4) of the entire length of the
osteotomy line within an accuracy level of 1.5 mm. This percentage decreased

to 34% (SD 0.3) when considering an accuracy level of 1 mm.

1.5mm 1mm
Mean SD| Mean SD
NAV 36% 0.4 16% 0.3
AR 45% 0.4 34% 0.3

Table 7: descriptive analysis of the direct comparison between AR and

Navigator (NAV)
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In comparison, when using the benchmark for comparison—the neurosurgical
navigator—the operator was able to trace on average the 36% of the line (SD
0.4) for the 3 mm level of accuracy and 16% (SD 0.3) of the trajectory for the 2
mm error.

As we considered our samples to be normally distributed due to the number of

observations recorded (please refer to graph 2), we applied the two tailed test

Student t-test, for paired data with different variance. The results of the Student

t-test comparing the accuracy of AR-guided and surgical navigator-guided

osteotomies are summarized as follows:

1. At a margin of error of 1.5 mm (assessed with cutting guides with the groove
of 3 mm), the p-value obtained was 0.17. This p-value is greater than 0.05,
indicating that there is no statistically significant difference in accuracy
between the two methods at this margin of error. In this case, the AR-guided
and surgical navigator-guided osteotomies showed comparable accuracy at
a 1 mm margin of error.

2. At a margin of error of 1 mm (assessed with cutting guides of 2 mm), the p-
value obtained was 0.001. This p-value is lower than the commonly used
significance level of 0.05, indicating that there is statistically significant
difference in accuracy between AR-guided and surgical navigator-guided
osteotomies at this margin of error. In other words, the two methods
performed differently in terms of accuracy when the margin of error was 1

mm.

66



Data distribution
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Graph 2: this is the distribution of all the observations made by the three

independent observers, with means, SD and median showed.

Independent Samples Test
Levene's Test for Equality of
Variances t-test for Equality of Means
95% Confidence Interval of the
Significance Mean Std. Error Difference
F Sig. t df  One-Sided p Two-Sided p  Difference Difference Lower Upper

Measurement Equal variances assumed 1.142 286 -3.088 262 .001 .002 -13.962 4.521 -22.864 -5.060
Equal variances not -3.088 261.776 .001 .002 -13.962 4.521 -22.864 -5.060

assumed

Table 8: t student for independent data AR vs NAV. In this case we considered
both the determination for 1.5 mm and 1 mm accuracy levels as a whole data

set.
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We then performed a Student T test for independent data on the whole
determinations of measurements of NAV vs AR, without distinguishing between
1.5- and 1-mm levels of accuracy (refer to table 8). We obtained a significative p
value of 0.002, lower than the significance value. We rejected the null
hypothesis, considering that there’s a statistically significant different between
the accuracies of NAV and AR, with a d Cohen of 0.4 (medium effect size), and
an average of 40% (DS 0.37) of the line traced under the guidance of the AR vs

26% (DS 0.36) obtained with NAV.

4.3. 1. Single Patient Analysis

Patients technical details are included in the following table.

Cutting
Navigator Tracking modality Guides Notes

1 NO Model target NO
2 NO Model target YES Non-specific shape

Model

target/Image
3 YES Target YES
4 YES Image Target YES
5 YES Image Target YES Sterile Bag
6 YES Image Target YES

CT scan older than 6 month
7 No Image Target YES prior to surgery
8 YES Image Target YES Autotracking not working
9 YES Image target YES Remote control
10 YES Image target YES Remote control

Table 9: technical notes for each patient

In one case we did not introduce the comparison with the standard
neurosurgical navigator, nor the accuracy cutting guides. In another case, we
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had a problem with the cutting guides sterilization and we had to use them in a
sterile bag, which made measurements more difficult.

We changed our method of tracking during the study, due to the difficulties
encountered with the model target due to non-specific shapes (this was
particularly evident with case n.2). In the last three cases with added the extra
remote control to the normal one, to intervene, whether the operator had
problems with the holographic toolbox. One case gave outlier results due to the
fact that the CT scan was older than 6 months and the hologram did not fit the

patient.

4.4. Discussion

AR on HMD can be a promising technology for surgery. This method is
customized for each patient, providing dependable and comprehensive
visualization, integrating virtual information (like the surgical planning) with the
real environment. It enables natural and intuitive navigation, scalability, and the
flexibility to manipulate and magnify the patient's image. Furthermore, it serves
as a valuable instrument for fostering multidisciplinary deliberations and
enhancing the efficiency of resources during preoperative surgical preparation
[89].

AR holds significant potential in the medical field, particularly in surgery
[5,14,23-29,81,82]. One of the major advantages of AR, when compared to the
standard surgical navigator is eliminating the need for operators to shift their
focus and allowing them to maintain concentration on the patient while

holograms are projected onto the surgical field.
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HMDs are commonly categorized into two primary types: optical see-through
devices and video see-through devices [23-25, 27, 28, 79, 80-82]. In our

investigation, we employed the optical see-through HoloLens 2 [5].

In craniofacial surgery, an HMD must offer high accuracy and maintain the
integrity of holographic projections within the surgeon's field of view, even during
movement. HoloLens has demonstrated its potential in addressing these
requirements [13,25]. Nevertheless, certain limitations and challenges have
been reported in the existing literature, including issues related to depth
perception and registration errors [13, 27, 84]. Our previous experience has also

identified some of these limitations [5, 13].

To tackle these challenges, our research group previously worked on mitigating
registration errors, resulting in a static error range of 1 to 10 mm, which

occasionally led to misalignment between virtual and actual images [84].

In our earlier study [13], we assessed the accuracy of HoloLens 2 in craniofacial
surgery, with a particular focus on two osteotomies essential for fronto-orbital
remodeling: the nasal and frontal osteotomies, which define the orbital bandeau.
Six operators completed these tasks multiple times, with a one-week interval
between trials to prevent a cumulative learning effect. The users traced the
osteotomies using a pen under the guidance of HoloLens 2 projection,
observing the phantom and dotted lines representing the planned osteotomies
through their lenses. Some challenges related to virtual-to-real alignment and
loss of sharpness were observed when moving the pen within the field of view.
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Nevertheless, all users successfully completed the task. The osteotomies traced
with the pen were subsequently verified using cutting guides with varying groove

widths.

Our findings in terms of accuracy are consistent with prior literature and are, on
the whole, encouraging, with the maximum reported error falling within +1.5 mm.
In this current study, building upon the promising outcomes of our previous
work, we included 8 patients and compared the osteotomy lines traced under
the guidance of a surgical navigator with those traced using HoloLens 2. Our
results demonstrated that HoloLens 2 performed well, with an error of 1.5 mm
(accuracy level tested with the 3 mm cutting guide), and overall, they did not
perform worse than the golden standard, the neurosurgical navigator. Our
findings show that there’s a difference between the two groups, especially when
regarding the level of accuracy of 1 mm (assessed with the cutting guides with
the groove of 2 mm), whereas the HoloLens2 seemed to perform better than the
Neurosurgical Navigator, as we recorded a p value of 0.001, with the HoloLens
accounting for an average of the 34% of the lines traced under their guidance vs
the 16% traced under the guidance of the NAV. Empirically, we consider this
results encouraging, but we are aware that this fluctuation might be due to the
fact that with the standard navigator, the user had to turn his head continuously
during the tracing of the line, while with HoloLens 2 they had the image
continuously in front of them: this might have decreased the accuracy reported
for the NAV . Nonetheless, these accuracy levels are in line with descriptions in
existing literature [24, 25, 90, 91]. For instance, Scherl et al. reported accuracy
of less than 1.3 mm in an in vivo study [25], while Tang et al. described a mean
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deviation of 1.68 + 0.92 mm between preoperative virtual osteotomy planes and
actual postoperative osteotomy planes in head and neck oncology [91]. We
have also to highlight that the learning curve has been slightly more difficult in
vivo, rather than our previous study [13], mostly because we were not under

controlled, optimal experimental conditions.

Furthermore, our findings suggest that both methods are equally effective in
guiding osteotomies within the specified margins of error, and in some cases
HoloLens2 performed even better. However, it's crucial to consider the practical
implications and limitations of the study when interpreting these results and their

relevance to clinical practice.
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Chapter 5 USERS’ EXPERIENCE
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5.1 Users’ experience

Alongside the major work on the feasibility of HoloLens 2 in craniofaciacial
surgery, we have been administering an appreciation questionnaire to all the
researchers involved in this study.

The main aim was to acknowledge if the technical results were accompanied
with good evaluation of the ergonomics, usability and personal experience.

We have sent the questionnaire to 11 different researchers. Among those, 8 are
surgeons and 3 engineers.

These were the questions:

Anagraphics

Age

Gender

Institution

If Applicable, Surgical Specialty

Years of experience

Introductive questions

Previous experience with AR (yes/no)

Usefulness of HoloLens2 for your surgery (1-5)
HoloLens2 make the work easier (1-5)

HoloLens 2 might improve the surgical result (1-5)
HoloLens 2 might reduce the surgical timing (1-5)
In which kind of operation, they could find the best application?

Would you introduce HoloLens2 in your current practice?
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Domain 1: usage of HoloLens 2

The visualization of the model is good (1-5)

The tracking system is reliable (1-5)

The interaction with the 3D objects and hologram is easy (1-5)

| am satisfied with the wearability, comfort and ergonomics of the device (1-5)
The depth and the relations of the hologram with the real environment are good

(1-5)

Domain 2: applications of HoloLens 2
Where would you apply the device? (Yes/No)
Diagnostics

Preoperative planning

In theatre for trainees

In theatre as a surgical guide

To explain the surgery to the patient

It was possible to answer the questions with open responses, and whenever
indicated, by using YES/NO or the Likert scale from 1 to 5, whereas 1 stands for
strongly disagree and 5 for completely agree. All the users found the
questionnaire readable and easy to complete. The last domain had YES/NO

questions.
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5.2 Users’ experience: results

The most of the interviewed people are surgeons (8/11). We ranged from very
experienced surgeons (over 10 years of experience, in 3 cases) to younger
surgeons less than 10 years of experience (4/12) and also trainees (1).

Only 3 interviewees are engineers with a specialism in craniofacial surgery.

All the users had an overall positive attitude towards the device.

In the domains asking the interviewees to rate their experience with HoloLens,
the mean answer was 3.35 +/- 0.67 SD.

In terms of applicability, 5 users out of 11 found that HoloLens might be useful
in the diagnostic phase, whereas 10 of them think that HMDs will find their
major application during the preoperative phase, in theatre during the procedure
and to train the residents. Only 5 users found that HoloLens might be helpful for
the patients to understand the surgery.

10 users think that HMDs will be introduced in the clinical practice, but all of
them agree that improvements have to be made. The major application of the
HoloLens2 might be in head and neck oncology, neurosurgical oncology and
craniofacial surgery (see table 10). The overall impression has been satisfying,

and the most of the interviewees agreed.
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Introductive questions Median IQR

HoloLens2 make the work easier 3 0
HoloLens 2 might improve the surgical result 3 0
HoloLens 2 might reduce the surgical timing 3 1
Domain 1: usage of HoloLens2

The visualization of the model is good 4 1
The tracking system is reliable 3 0
The interaction with the 3D objects and

hologram is easy 3 1
| am satisfied with the wearability, comfort

and ergonomics of the device 4 0
The depth and the relations of the hologram

with the real environment are good 4 1

Table 10: these are a part of the users’ answers, calculated with median,
representing the central tendency of the answers, and IQR (inter-quartile rate)

to assess the dispersion.

5.3 Discussion

Lately, there has been a comprehensive analysis published on the utilization of
the first-generation HoloLens in the field of medicine, with it being identified as a
significant driving force in medical augmented reality (AR) research in recent
years [92]. 217 studies were included, from the release of the HoloLens in 2016
up to 2021. According to the review, the majority of research efforts are
centered on aiding surgeons during medical procedures. Nevertheless, it is
widely agreed that the accuracy and reliability of these systems are still
insufficient to replace traditional guidance systems, despite our Group has been
recently demonstrating that they might be comparable. On the other hand, the
second most commonly targeted use is in AR-enhanced medical simulation

platforms. In this context, the HoloLens has shown promise due to its capacity
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to enhance the perception and comprehension of human anatomy during pre-
intervention planning and learning phases. Our users agreed with the major
employability of the HoloLens during the preoperative phase, the intervention
and for training purposes. Other studies have been advocating the advantages
in a navigation obtained by means of HMD, as a valuable asset in neurosurgery
[93].

However, we are still far from claiming that HMD can substitute the standard
neurosurgical navigation. Some studies privilege and advocate their usage in
low-risk scenario like surgical simulation or surgical surpervision [13, 94]

Some studies have been also comparing different kind of HMDs, highlighting
their potentials in both the preoperative planning and the simulation for trainees
[95], preferring Magic Leap by Google, whereas other Authors found that AR in
surgical education is both feasible and effective as a complement to
conventional training, with the Microsoft HoloLens exhibiting the most promising
outcomes across all aspects and enhancing the performance of surgical
trainees [96].

Our experience has been overall extremely positive, and the majority of the

users would include HoloLens in their practice, with certain ameliorations.
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Chapter 6 CONCLUSIONS
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6.1 Conclusions

AR has demonstrated to be a promising technology in the medical field. The
growing fortune that it has been achieving in the surgical field in the last years,
is a sign that it might be soon incorporated in the usual practice.

Our group experience has been overall positive. From the tests on phantom to
the application on real patients, the users’ had an encouraging experience, and
we are now implementing the usage of AR on HMDs in our clinical practice.
We recognize that one of our major limitations is the small number of patients

enrolled, but further research is already ongoing to corroborate our data.
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