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SUMMARY
Three-dimensional bioprinting has been proposed as a promising novel approach to
craniofacial regeneration, such as in the alveolar cleft reconstruction of pediatric patients with
cleft defects. In order to test the safety and efficacy of experimental grafting materials, an
appropriate large animal model must be established. The Nova Scotia Duck Tolling Retriever
(NSDTR) was recently identified as a potential canid large animal with spontaneous alveolar

clefts (Wolf et al., 2014).

The current study was conducted using the cone beam computed tomographs (CBCTSs)
of nine affected NSDTRs with alveolar defects. All dogs displayed bilateral clefting. 3D Slicer
software was used to generate the models of each dog cranium and render the 3D models of
each defect. Geomagic Control software was then used to analyze the volume and height
(superoinferiorly) of the models of the alveolar defects. This data was compared with average

volumetric and shape data from a human sample (n=35).

NSDTR defects were found to be superoinferiorly taller and considerably narrower
mesiodistally than human clefts but absolutely larger in terms of volume. While NSDTRs may
provide a sufficient model for narrow alveolar clefts, the biomechanical and physiological
challenges posed by very wide cleft defects are unlikely to be well-mimicked in this model

organism.
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I INTRODUCTION

Background

The current gold standard for restoring the bony defect in alveolar clefts is autogenous
bone grafting, although there are limitations related to the donor sites (Khojasteh et al., 2015).
Advances in biomaterials and bioprinting may soon allow for custom-printed bone grafts, such
as for alveolar clefts, which incorporate cells, the synthetic or natural scaffold matrix, and
signaling molecules to induce tissue regeneration in the defect site based on natural healing
potential (Sears et al., 2016). Prior to in vivo studies in humans, a large animal model may be
needed to test the safety and efficacy of tissue engineered materials. Studies of tissue
engineered grafts in animals thus far have involved animals in which the defect in the alveolar
bone was artificially created (Pourebrahim et al., 2013; Ruiter et al., 2011). In 2014, Wolf et al.
identified Nova Scotia Duck Tolling Retrievers as a potential animal model exhibiting
spontaneous alveolar clefts. Characterizing the size and shape of NSDTR alveolar clefts will
help to determine whether this canid would be a suitable model for animal studies of tissue
engineered alveolar graft templates. The hope is that with success in animal studies, we would
transition to human clinical trials and eventually be able to routinely utilize tissue engineered

technologies in the reconstruction of cleft defects.

Purpose of the Study

The purpose of the study is to characterize the volume and 3D morphology of alveolar
defects in affected NSDTRs and compare with cleft defects in humans to determine if NSDTRs
are a potential animal model for studying tissue engineered nasoalveolar graft templates for

alveolar bone grafting.



Significance of the Study

e This study assesses alveolar defects that occur spontaneously in NSDTRs. In
previous studies, alveolar clefts in animals have been created by means of a cleft
creation surgery or by being congenitally induced (Kamal et al., 2017).

e  This study takes quantitative measurements of the volume and dimensions of the
alveolar defects of the affected NSDTRs. Only gross phenotypic characterization of the

affected dogs has been done (Wolf et al., 2015).

Null Hypotheses

e  Alveolar defects of affected NSDTRs have similar volume to cleft defects in
humans.
e  Alveolar defects of affected NSDTRs have similar 3D morphology to cleft defects in

humans.



Il REVIEW OF THE RELATED LITERATURE

What Is Cleft Lip and Palate?

Cleft lip (CL) and cleft palate (CP) are congenital abnormalities of the primary palate and
secondary palate, respectively, resulting from failure of fusion during embryonic development
(Goodacre and Swan, 2008). Cleft defects are divided into two groups: cleft palate only (CPO)
and cleft lip with or without cleft palate (CL/P) (Mossey et al., 2009). CPO is more likely to
associated with syndromes than CL/P (Goodacre and Swan, 2008). Most clefting is non-
syndromic, occurring as an isolated abnormality (Dixon et al., 2011). Non-syndromic clefting is
the most commonly occurring craniofacial birth defect in humans (Marazita, 2012). Clefts are
classified as unilateral or bilateral and microform, incomplete, or complete based on level of
involvement. An incomplete cleft refers to a small notch-like opening. A cleft is described as
complete if it goes through the upper lip, upper gum tissue, palate, and into the nasal base.
Usually located between the lateral incisor and canine, a complete alveolar cleft results in two
palatal segments with no bony separation between the base of the nose and the front teeth (as
shown in Figure 1). A cleft palate - an opening in the roof of the mouth - varies in size and may
involve the soft or hard palate. A cleft affecting only the soft palate is often referred to as a

submucous cleft (Fritzsche, 2009).
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Figure 1. Diagrams illustrating the features of (A) a normal mouth and lip unaffected by an
orofacial cleft; (B) unilateral cleft lip; (C) unilateral complete alveolar cleft; (D) cleft palate only;
and (E) unilateral cleft lip and cleft palate.

The incidence of orofacial clefting is about 1-1.5 in 1000 live births and varies with
geography and ethnicity (Tanaka, 2012). The incidence of CL/P is approximately 2 per 1000 live
births among Asian Americans in the United States, while it is 1 per 1000 among Caucasians
and the lowest among African Americans at 0.3 per 1000 (Fritzsche, 2009; Goodacre and
Swan, 2008). Unilateral clefts are more common than bilateral clefts by a 9:1 ratio and occur
twice as frequently on the left side than on the right side (Goodacre and Swan, 2008). Boys are
twice as likely to be affected by CL/P than girls, and CPO is more likely to affect girls than boys

by a 2:1 ratio (Dixon et al., 2011).

Orofacial clefts have complex and long-lasting medical, psychological, and social
implications for children into their adulthood (Fritzsche, 2009). The primary goals in cleft care
are to correct the physical defect of the lips and oral cavity and achieve the best outcome in
esthetics, speech, feeding, hearing, and psychology. In addition to surgical interventions to
repair clefts, children with cleft defects need multidisciplinary management from birth to

adulthood. The cleft team involves plastic surgery, oral surgery, otolaryngology, dentistry,



orthodontics, nursing, speech therapy, audiology, counselling, psychology, and genetics

(Moreau et al., 2007).

Developmental Pathogenesis

Clefting can occur between weeks 6 and 11 of pregnancy when there are disturbances
in the complex process of craniofacial development which involves cell migration, growth,
differentiation, and apoptosis (Dixon et al., 2011). Craniofacial development begins by the 4th
week of human embryogenesis as neural crest cells migrate and form the frontonasal
prominence, the paired maxillary processes, and the paired mandibular processes (Dixon et al.,
2011). By the end of the 4th week, the formation of nasal placodes divides the frontonasal
prominence into paired medial and lateral nasal processes. During the 6th week of
embryogenesis, the upper lip and primary palate are formed through the merging of the medial
nasal processes with each other and with the maxillary processes on each side. As the lateral
nasal processes undergo peak cell division at this time, they are especially susceptible to
teratogenic insults which may disrupt the closure mechanism (Mossey et al., 2009). Failure in
the fusion of these processes or disturbances in growth lead to clefting of the upper lip,
alveolus, and/ or primary palate (Weissler et al., 2016). Since the lip and primary palate arise
from different embryonic structures than the secondary palate, cleft defects are categorized

separately as CL/P or CPO.

Secondary palate development begins by the 7th week of gestation when outgrowths
from the maxillary processes - the paired palatal shelves - begin growing vertically on each side
of the developing tongue (Marazita, 2012). As the tongue flattens in the 7th week, the palatal
shelves elevate to meet each other horizontally at the midline (as shown in Figure 2) and fuse at
the midline. Differentiation of the palatal mesenchyme gives rise to the bony structures of the

hard palate and muscles of the soft palate. By the 10th week of embryonic development, the



secondary palate fuses with the primary palate and nasal septum, allowing for two completely
separate oral and nasal cavities. Failure in the elevation, migration, or fusion of the palatal

shelves can lead to cleft defects (Mossey et al. 2009).

(A)

Medial nasal proc
Primary palate

Nasal septum
Palatine processes

Primary palate

Fused palate

Palatine raphe

(U R
Figure 2. Diagrams depicting embryonic development of the palate at (A) 7 weeks and (B)
10 weeks.
Etiology

35% of CL/P and 54% of CPO are syndromic, meaning that the orofacial clefts occur as
a component of a syndrome (Mossey et al., 2009). There are approximately 200 syndromes
associated with CL/P and 400 syndromes associated with CPO, including DiGeorge syndrome,
Van der Woude syndrome, Pierre Robin sequence, velocardiofacial syndrome, hemifacial
microsomia/Goldenhar syndrome, and Trisomy 13 (Fritzsche, 2009). Less than 3% of syndromic
clefts result from a single gene disorder (Mossey et al., 2009). Clefting is more commonly not
associated with a syndrome. Isolated clefting is thought to have a multifactorial etiology
involving both genetic and environmental factors (Dixon et al., 2011). Risk factors associated
with clefting include smoking, anticonvulsant medications, and deficiencies in certain nutrients
such as zinc, vitamin A, and folic acid (Goodacre and Swan, 2008). Smoking has consistently

been found to increase the risk of CLP and CPO in a dose-response relationship (Shi et al.,



2008). Diabetes, obesity, and older maternal age have also been found to increase risk for clefts

(Fritzsche, 2009).

Genetics certainly play a role in the occurrence of clefts as evidenced by the familial
tendency of clefting. With regard to non-syndromic clefts, if only one parent is affected by CL/P,
there is approximately a 4% chance the baby is affected; the risk increases to 17% for the
second child. If neither parent has CL/P but give birth to one affected child, the risk that their
second child is born with a cleft is 4%. CL/P and CPO are believed to have heterogeneous
etiologies since the familial clustering and concordance recorded in twins for CL/P is different
than for CPO (Mossey et al. 2009). CPO and CP/L have been found to not segregate in the

same family in most cases (Dixon et al., 2011).

With regard to development of the lip and primary palate, molecular studies have
identified several genes as associating with or attributing to non-syndromic clefts. The initiation
and outgrowths of the facial processes may be controlled in part by the interaction of fibroblast
growth factors (FGFs), sonic hedgehog (SHH), bone morphogenic proteins (BMPs); the fusion
mechanism itself may be influenced by SHH, MSX1 and MSX2, and TP63 which may control
signaling by BMPs and FGFs (Mossey et al., 2009). As for the development of the secondary
palate, palatal growth is regulated by signaling between the palatal epithelium and
mesenchyme, which includes FGF10, its receptor FGFR2b, SHH, and MSX1. The elevation of
the palatal shelves is thought to be controlled by local accumulation of glycosaminoglycans,
signaling molecule jagged 2 (JAG2), and interferon regulatory factor 6 (IRF6). The fusion of the
palatal shelves is thought to be driven by cell-adhesion molecules, desmosomal proteins, and

growth factors such as transforming growth factor a (TGFa) and TGFB3 (Mossey et al., 2009).



While much of the genetic basis is still not well understood, recent genome-wide studies
have identified specific genes and genomic regions that may increase susceptibility to cleft
defects in Caucasian and Asian populations (Wolf et al., 2015). Several of the candidate
genes/loci identified by linkage and association studies include BMP4, MSX1, FGFR1, and
FGF8 (Leslie and Murray, 2012). Studies have also found that genes associated with syndromic
clefting with a mendelian inheritance pattern can cause phenocopies of isolated clefts - one
such example is IRF6, the causal gene of van der Woude syndrome, which is strongly

associated with non-syndromic clefts (Leslie and Marazita, 2013).

Timeline of Cleft Treatment

Since pre-natal ultrasonography can detect cleft lip at 16 weeks gestation, cleft care can
begin before birth with education and counseling for the parents. Although timing protocols vary
across countries, at most North American programs, the first surgical intervention, the
cheiloplasty, is done at 2 to 3 months of age to repair the lip and anterior palate. Soft palate
closure is done at 4 to 12 months, once the airway is more secure (Goodacre and Swan, 2008).
The second surgery is the palatoplasty to repair the cleft palate, usually at around 1 year of age.
However, the timing of this procedure can vary anywhere from 6 months to 5 years due to the
opposing benefits of early vs late repair (Goodacre and Swan, 2008). Early intervention to close
off the nasopharynx from the oropharynx can permit better speech development, but later
surgical repair minimizes the effect that palatal scarring has on restricting maxillary growth
potential (James et al., 2014). Once the cleft palate repair is done, speech and language
therapists can begin to evaluate and guide speech development (James et al., 2014). If needed,
secondary surgery for a palatal muscle repair (a pharyngoplasty) can be done at age 3 to 5
years (James et al., 2014). Additionally, at this time, the cleft surgeon can consider nasal and lip
revisions to improve cosmetics and/ or function for the child before starting school in order to

minimize possible contribution to negative psychosocial interactions.



When the child is between 6 and 9 years old and in mixed dentition, the pediatric dentist
and orthodontist can monitor tooth exfoliation and eruption and maxillary growth patterns. The
deciduous and permanent lateral incisors are the most commonly affected teeth in children with
clefts - in fact, more than half have hypodontia and one fifth have supernumerary teeth in the
region (Weissler et al., 2016). Non-syndromic clefting may also result in delays in dental

development of up to 1.56 years, including on the non-cleft side (Weissler et al., 2016).

Phase | orthodontics may be necessary to address maxillary growth deficiency before
the child is ready for alveolar bone grafting, which is done when root formation of the permanent
canine is one-half to two-thirds complete, to repair the bony deformity in the gum ridge (as
depicted in Figure 3). Eruption of the permanent canine normally occurs between age 10 to 12
years. This grafting procedure involves reopening the cleft bony line and filling in the deformity
with graft harvested from the iliac crest or tibial plateau (Kang, 2017). The goal in repairing the
bone defect is to establish the proper arch form, for the canines erupt through the established

bone graft, and to enable subsequent orthodontic management (Kang, 2017).

Figure 3. The region of defect in the alveolar ridge for bone grafting.
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Some children with cleft who develop extreme secondary maxillary hypoplasia and suffer
from negative psychosocial effects as a result may need maxillary distraction before skeletal
maturity. Otherwise, orthognathic surgery can be done to address mid-face deficiency once
skeletal growth has ceased, in conjunction with phase Il orthodontic treatment to level and align
the arches (Levy-Bercowski et al., 2011). After orthognathic surgery and alveolar grafting
establish adequate nasal bony support and skeletal projection, patients may benefit from final

rhinoplasty and lip revisions (James et al., 2014).

Current Methods of Grafting

Bone grafting is categorized based on when it is done, as either primary, secondary, or
tertiary (Moreau et al., 2007). Timing of alveolar bone grafting depends on dental development
rather than age, since dental development is often delayed and variable for children with clefts
(Levy-Bercowski et al., 2011). Primary bone grafting, which is grafting that is done at or shortly
after birth (within the first two years), has been shown to restrict maxillary growth and thus has
largely fallen out of favor (James et al, 2014). Early secondary grafting is done between age 2
and 5 before eruption of the permanent dentition (Mahajan et al., 2017). Conventional
secondary bone grafting is done at the end of mixed dentition when the canine is erupting; this
is currently the most typical treatment schedule (Kang, 2017). Late secondary, or tertiary, repair
is grafting that is done when the child is in full permanent dentition (Mahajan et al., 2017).
Factors that have been associated with better grafting outcomes are maxillary expansion due to
improved operative access, presurgical tooth extraction due to less trauma at the surgical site
during the grafting procedure, and presurgical and postsurgical orthodontics (Weissler et al.,

2016; Liao and Huang, 2015).
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The primary goals of secondary alveolar bone grafting in cleft patients are to restore the
bony defect in order to achieve maxillary stabilization and adequate nasal bony support (Palhazi
et al., 2014). By establishing the proper arch form and continuity, the repair of the osseous
defect can allow for tooth eruption and subsequent orthodontic treatment (Berger et al., 2014).
Bone grafting also supports the upper lip and nasal cartilage and soft tissue, resulting in
improvement in facial esthetics (Moreau et al., 2007). Autologous bone grafts (grafts of “donor”
bone taken from another site on the patient themselves) have been the gold standard method of
bony reconstruction. At least 80 percent of secondary alveolar bone grafts are considered
successful, although there is some debate on what measures of outcomes are valuable
(Weissler et al., 2016). The limitations of autologous grafts are donor site morbidity, limited bone
availability, and postoperative pain (Kang, 2017). These drawbacks are significant, especially in
cases where the initial outcome is not successful and the child needs to undergo a revision
bone grafting procedure. In fact, pain at the donor site (the iliac crest) has been reported to be
more severe than at the cleft site (Weissler et al., 2016). Although the outcomes of iliac crest
grafting are overall good, tissue engineering has emerged as a promising alternative method for
restoring alveolar cleft architecture without the disadvantages of autologous grafts (Khojasteh et

al., 2015).

Tissue Engineering Approach

The goals of tissue engineering are to stimulate regeneration of tissues in defect sites
and to achieve functional and esthetic outcomes. The concept of 3D printed bioscaffolds is that
these scaffolds made from custom biomaterials combined with osteoinductive growth factors will
guide bone regeneration by endogenous cells capable of osteogenic activity (Matsuno et al.,
2010). The advantage of bioprinting over acellular scaffolds is the 3D cell distribution, which
increases vascularity and nutrition for tissue regeneration (Nyberg et al., 2017). The biomaterial

of choice must be biocompatible, biodegradable such that formation of new bone replaces the
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resorbing graft, support cell growth and differentiation, and be mechanically stable to maintain
its structural integrity (Sears et al., 2016). An additional challenge of tissue engineering in
restoring the alveolus in children with cleft defects is that the scaffold must be designed to
encourage ongoing growth in the child without distorting, scarring, or needing to be replaced
(Moreau et al., 2007). Since materials used to bioprint have lower mechanical strength than the
thermoplastic polymers used for acellular scaffolds, research has focused on improving the
mechanical properties of biomaterials. Recently, composite bioscaffolds have been developed
to enhance the desired properties of synthetic ceramics and natural polymers and overcome
their limitations (Matsuno et al., 2010). For instance, hybrid scaffolds consisting of
biodegradable polymers and biocompatible hydrogel inks have shown promise (Guvendiren et

al., 2016).

In addition to biomaterials needing to exhibit the appropriate chemical and mechanical
properties, the scaffold itself should be bioprintable and able to be customized in a complex 3D
geometry to fit the anatomy of a patient’s defect site. As a first step, 3D programs have
successfully been utilized to virtually visualize patient-specific 3D templates. Palhazi and
colleagues (2014) used 3D software to virtually visualize and then print 3D models of the
nasoalveolar bone graft templates for 10 patients with unilateral CL and CP using their CBCTs.
Berger et al. (2014) conducted an in vitro study in which he demonstrated the potential for cell
seeding, proliferation, and osteogenic differentiation on custom 3D printed scaffolds, which were
modeled with a different 3D software. One proof of concept study used 3D printed molds to
fabricate cryogel scaffolds for 3D reconstructed maxillary defects and found that the cryogels
accurately and nearly completely filled the molds and exhibited similar overall properties, such
as mechanical durability and high pore interconnectivity, even in their complex geometric forms
(Hixon et al., 2017). While these studies demonstrate successful 3D modeling and fabrication of

constructs for complex architecture of alveolar ridge defects, there is a need for additional
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research in developing biomaterials, printing scaffolds in complex 3D geometries with structural

integrity, and understanding their performance in vivo (Nyberg et al., 2017).

Animal Models for Tissue Engineering Studies

In order to understand the safety and clinical effect of novel 3D bioscaffolds for cleft
defects in vivo, we need to identify an appropriate animal model for future studies. Mice have
traditionally been the most frequently studied animal model for better understanding the genetic
basis human orofacial clefts (Wolf et al., 2015). However, since we want to focus on 3D
scaffolds designed to fill an alveolar defect in secondary bone grafting, a limitation of the mouse
model is that mice usually exhibit CPO, not CL/P. Furthermore, a larger animal model would be
better suited for this task, since the size of the cleft defect would be closer to that in the human
and a larger size may have different biomechanical implications which in turn may affect graft
survival. In fact, the limitations of size, complexity, and tri-dimensional volume of artificially
created clefts in rabbits were cited in a study that successfully reconstructed new bone in the
defect sites with 3D printed bioceramic scaffolds coated with osteogenic agents (Lopez et al.,

2019).

Animal models for experimental alveolar grafting have been developed by cleft creation
surgery in rabbits (Kamal et al., 2017), beagle dogs (Yuanzheng et al., 2015), goats (Ruiter et
al., 2011), and pigs (Caballero et al., 2015). Spontaneous cleft development in utero has also
been shown to be possible to accomplish by feeding goats or sheep plants of the Nicotiana
genus (Panter et al., 1990; Panter et al., 2000). The ideal animal model would exhibit
spontaneous congenital cleft lip-cleft palate. Dogs have been used as models for craniofacial
surgical techniques and may also be suitable models for studying tissue regeneration of cleft
defects (Wolf et al., 2015). The Nova Scotia Duck Tolling Retriever was recently identified as a

canid animal model with naturally occurring craniofacial defects similar to those observed in
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humans with Pierre Robin Sequence (Wolf et al., 2014). This study identified a DLX6 LINE-1
insertion as the causative mutation in a subset of NSDTRs with cleft palate and mandibular
abnormalities. A board certified veterinary dentist with experience in CL/P evaluation did a gross
phenotypic assessment of the affected NSDTRs’ clefts. Micro-computed tomography (microCT)
analysis was done to further characterize the phenotypic spectrum of two NSDTRs with cleft lip
and palate and syndactyly (CLPS) and three controls. In two severely affected NSDTR cases
with bilateral complete CL and CP, microCT found the presence of bilateral bone and soft tissue
clefts of the primary and secondary palate in the region between the incisors and canine teeth

(Wolf et al., 2015).

In Wolf's 2015 study, a genome-wide association study in NSDTRs including whole-
genome sequencing of three CLPS dogs and four controls led to the identification of a
frameshift mutation within ADAMTS20 responsible for cleft lip in a group of affected NSDTRs
(Wolf et al., 2015). A parallel GWAS done in a cohort of native Guatemalans did not find the
causative mutation within ADAMTS20 but did identify four novel risk variants for CL/P with
Sanger sequencing of ADAMTS20. Similar to humans, NSDTRs have been shown to exhibit
molecular and phenotypic heterogeneity of orofacial clefting within the breed and therefore may
be an appropriate animal model to study the repair of alveolar cleft defects using tissue

engineered scaffolds (Wolf et al., 2015).
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M. MATERIALS AND METHODS
Sample
Collection of data from NSDTRs were approved for Wolf’s study by the University of
California, Davis Animal Care and Use Committee (protocol #16892; for details on their
protocols see Wolf et al., 2015). We analyzed the CBCTs of the NSDTRs with CL/P (n = 9) in

this study. All dogs had bilateral clefting.

3D Slicer for Volume Rendering of Alveolar Defect Site

3D Slicer 4.6.2 was used to render the initial 3D volume of cleft defects in affected
NSDTRs. An open source software platform, 3D Slicer is used by physicians and researchers
for medical image informatics, image processing, and three-dimensional (3D) visualization. The
files for each dog were opened to generate the 3D model of each dog (Figure 4). Since all dogs

displayed bilateral clefting, we created models for both the left and right side defects.
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Figure 4. The model of the dog cranium.

The “four-up” view was selected for visualization of the 3D model as well as the cross-
sectional slices of the model in three dimensions - sagittal, transverse, and frontal. Within each
cross-sectional module, slice visibility was able to toggled on and off to visualize the location of
the cross-sectional slice on the generated 3D model; the slider was used to view the slices,

occurring at 1.0 mm intervals, across the entire model (as shown in Figure 5).
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Figure 5. Four-up view showing the frontal (A), sagittal (B), and transverse (C) cross-
sectional slices. Slice visibility can be toggled on during the process of filling in the defect to
visualize the location on the 3D model (D).

In the Segment Editor module, the program allows for the selection of the threshold
range of density for the area that will be selected. We set each threshold to exclude bone (and
thus to allow us to “fill in” the area of soft tissue and open space of the defect). To create the
model, a round brush was used with a diameter varying from 0.5 mm to 3 mm, adjusted

according to the size of the cleft segment.

The paintbrush tool was used to “fill in” the area of the defect in each slice (moving from
anterior to posterior), starting in the frontal view. The chosen threshold value prevented coloring

in of the maxillary bone even if the paint tool did pass over any part of it. Once the defect was
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colored in on all the appropriate frontal slices, the same segment was filled in with the

paintbrush through all of the corresponding transverse slices.

After the cleft in the alveolus was filled in, the Model Maker module was used to render
the 3D surface model (as shown in Figure 6) based on segmented image data - in other words,
the segments that were filled in using the paint tool. The segmented models were visualized
with the original model of the dog cranium to ensure that they fit smoothly (as shown in Figure
7). The adjustable parameters within the Model Maker are the number of smoothing iterations
and target decimation - or reduction in the number of polygons. The corresponding sliders for

these parameters were used to select a smoothen value of 15 and decimation value of 0.20 for

the model creations, which were then saved as .ply files.

Figure 6. The rendered 3D models based on the segments that have been filled in.
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Figure 7. Visualization of the generated 3D models of the filled in segments within the
defect sites.

Geomagic Control Used for Model Smoothing and Measurements of Volume and Length

The model created from 3D Slicer, a ply file, was opened in Geomagic Control 2014 for
the process of fixing small holes in the models, smoothing the surface, and measuring volume
and length. Under the polygons module, the file was intersected with the appropriate plane to
divide the left and right models of the alveolar cleft defect (as shown in Figure 8), and the model
for each side was subsequently saved as its own file in order to perform the Geomagic Control

analysis individually for each model.
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Figure 8. The YZ-plane used to separate the models of the left and right cleft defects into
two separate files.

Initially the lasso tool was used to remove any extraneous fragments; for minor
discontinuities in the surface of the model, the “fill single” option in the polygons module was
used to fill any openings and to add a new mesh to match the curvature of the surrounding
mesh. The Mesh Doctor tool was applied to each of the models to smooth the surface by
removing spikes, highly creased edges, and small components and irregularities (as shown in

Figure 9). The threshold for each Mesh Doctor setting was kept constant for all models.
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Figure 9. (A) The model after extraneous fragments were deleted and holes were filled in.

(B) The model after Mesh Doctor tool was applied to smooth the surface.

In the Analysis tab, Geomagic Control was able to compute the volume of the model in

mm?. The height of the defect was computed automatically once two points were manually

selected from the most superior and inferior aspects of the 3D volume (as shown in Figure 10).
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Figure 10. ~ Calculation of height from the most inferior to superior aspects of the cleft defect.

Human Cleft Data

Bakhsh, 2020 collected data on volume and shape of clefts in a human sample (IRB:
201501711). The same methods for cleft modeling in 3D Slicer and dimension measurement in

GeoMagic Control, as described above, were used for the human sample.
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As reported in Table |, for affected NSDTRs, the mean defect volume was determined to

be 4322.50 mm? for left side defects, 4357.31 mm? for right side defects, and 4339.91 mm? for

all clefts. The minimum and maximum volumetric values were 614.83 mm?® and 9824.95 mm?®,

respectively. As reported in Table Il, the mean superoinferior height was found to be 107.19 mm

for the alveolar defects on the left side, 104.80 mm for defects on the right side, and 106.00 mm

for all defects. The minimum and maximum height values were 57.62 mmand 149.93 mm,

respectively.

TABLE |

VOLUME OF DEFECTS IN AFFECTED NSDTRS

Dog Model Left Side (mm?3) Right Side (mm?) Mean (mm?)
1 1187.73 4122.03 2654.88
2 2755.29 3361.02 3058.16
3 5512.90 9824.95 7668.92
4 2418.37 2857.21 2637.79
5 3718.50 3370.94 3544.72
6 5872.88 6956.98 6414.93
7 5619.48 614.83 3117.15
8 7442.81 2585.02 5013.92
9 4374.56 5522.83 4948.69
Mean Volume (mm?) 4322.50 4357.31 4339.91
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TABLE I
HEIGHT OF DEFECTS IN AFFECTED NSDTRS
Dog Model Left Side (mm) Right Side (mm) Mean (mm)
1 75.65 141.39 108.52
2 73.91 80.20 77.05
3 98.51 108.45 103.48
4 90.40 86.90 88.65
5 119.45 96.18 107.82
6 149.93 148.95 149.44
7 111.88 57.62 84.75
8 118.18 107.56 112.87
9 126.81 115.95 121.38
Mean Height (mm) 107.19 104.80 106.00

The median volume of NSDTR defects was found to be 3920.26 mm?® and the standard
deviation was 2313.02 mm?, as reported in Table lll. For superoinferior height, the median was
108 mm and the standard deviation was 26 mm. The results for human clefts are reported in
Table IV (for more details on the human subjects data, see Bakhsh, 2020). With regard to
volume of human clefts, the mean was 783.96 mm? with a standard deviation of 361.16 mm?®,
and the median was 661.01 mm?. For height, the mean was 12.18 mm with a standard deviation
of 2.35 mm, and the median was 10.52 mm. For width, measured at the nasal floor, the mean

was 11.62 mm with a standard deviation of 3.72 mm, and the median was 11.76 mm.
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TABLE Il
DESCRIPTIVE STATISTICS FOR NSDTR CLEFTS
Volume (mm?) Height (mm)
Mean 4339.91 106.00
Median 3920.26 108.01
Standard Deviation 2313.02 26.18
TABLE IV
DESCRIPTIVE STATISTICS FOR HUMAN CLEFTS
Volume (mm?®) Height (mm) Width at the nasal floor (mm)
Mean 783.96 12.18 11.62
Median 661.01 10.52 11.76
Standard Deviation 361.16 2.35 3.72

Comparison Between NSDTRs and Humans

As our data was assumed not to fit a normal distribution, Mann-Whitney U tests,

appropriate for non-parametric data, were used to evaluate for significant differences on the

continuous dependent variables of volume and height for alveolar defects between NSDTRs

and humans. The results of the Mann-Whitney U tests are reported in Table V.
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TABLE V
MANN-WHITNEY U TESTS EVALUATING SIGNIFICANT DIFFERENCES IN VOLUME AND
HEIGHT FOR ALVEOLAR DEFECTS BETWEEN NSDTR AND HUMAN GROUPS

Volume Height
Chi-square Statistic 28.765 35.679
Degrees of Freedom 1 1
p-value < 0.001 < 0.001

The Mann-Whitney U test showed that there was a statistically significant difference in
median defect volume between NSDTRs and humans, x*(1) = 28.765, p < 0.001. The Mann-
Whitney U test showed that there was also a statistically significant difference in median defect
height between NSDTRs and humans, x*(1) = 35.679, p < 0.001. The variations in volume
(mm?) and height (mm) of alveolar defects in affected NSDTRs and humans are depicted in

Figure 11 and Figure 12, respectively.



10000

8000

6000

Volume (mm?3)

4000

0
|

2000
L

Dog Human

Figure 11. Box plot depicting variation in volume (mm?) of defects in NSDTR and human
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V. DISCUSSION

While secondary alveolar bone grafting in the repair of cleft defects yields good
outcomes, the latest advances in biomaterials and design technologies bring us closer to an
alternate craniofacial regeneration approach that overcomes the challenges of autologous grafts
(Nyberg et al., 2017). The 3D-bioprinting strategy seeks to create patient-specific cell-laden
scaffolds for craniofacial defects of complex geometry to induce tissue regeneration
(Thrivikraman et al., 2017). In the search for a safe and effective tissue-engineered strategy for
alveolar cleft reconstruction, an appropriate biological model is needed to conduct testing of 3D-

printed tissue analogs (Kamal et al., 2017).

Previous animal studies of 3D-bioscaffolds have used animal models with surgically-
induced alveolar defects (Yuanzheng et al., 2015). Cleft models in which the alveolar defect was
created and filled in a single surgery do not represent a true non-healing defect and have a
bioenvironment that is different from the real clinical scenario (Kamal et al., 2017). Even for
protocols that place the bone graft in a second stage surgery after epithelial lining has covered
the defect, a naturally occurring cleft would most closely mimic the human environment in terms
of histologic and biomechanical properties of the reconstructive scaffolds. Moreover, the animal
model should have a sizeable enough skeletal defect that it is feasible to perform surgeries for
clinical testing and simulates the human scenario (Lopez et al., 2019). The ideal large animal
model exhibits spontaneous congenital cleft lip-cleft palate - with a defect that similar in
morphology, size, and region to that of pediatric patient. The NSDTR was recently identified as
a potential canid large animal with naturally occurring cleft defects (Wolf et al., 2015). Only
gross phenotype of the defects has been assessed (Wolf et al., 2015); thus, this study aims to
characterize the size and morphology of alveolar defects in affected NSDTRs to compare with

cleft defects in humans.
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The Mann-Whitney U tests found there to be a statistically significant difference in defect
volume and in defect height between NSDTRs and humans (p<0.001). In comparison to human
clefts studied by Bakhsh, 2020, NSDTR defects were found to be absolutely larger in terms of
volume but taller superoinferiorly and considerably narrower mesiodistally. With respect to cleft
morphology, even the minimum recorded height measurement for an NSDTR cleft far exceeded
the maximum recorded height for a human cleft. This marked difference was also true of defect
width — even the widest NSDTR cleft was far narrower than the human cleft of the smallest
mesiodistal width at the nasal floor. Attempts to measure defect width at the nasal floor in
NSDTRs were unsuccessful because the defects tapered to a width of only several millimeters
towards the most superior aspect. The alveolar defect volume in our NSDTR sample was also
found to be absolutely larger when compared to cleft volume in a human sample of ten children
with unilateral cleft defects (Du et al., 2017). In comparison to the average volume of NSDTR
defects of 4339.91 mm?3, the mean cleft volume in this human sample was 1.52 mL, or 1520

mm?.

The narrow shape of alveolar defects in NSDTRs do not well mimic the human scenario
and the applicability of the results of nasoalveolar graft testing in these dogs would be
compromised. Due to the biomechanical and physiological challenges posed by very wide cleft
defects, NSDTRs are likely not an appropriate craniofacial model for matching the complexity of
complete alveolar cleft in pediatric patients in terms of width. However, they may provide a
sufficient model for the repair of narrow alveolar clefts. It is possible that the clefts represented
in the above human sample were on the wider end of the spectrum since they presented after
failed previous graft attempts; it may be worth investigating the prevalence and dimensions of
narrow alveolar clefts. While this animal model is restricted in terms of width of defect as far as
our data shows, similarities to the human clinical scenario include anatomic location of the

defect, extension to the nasal floor and adjacent dentition, and non-healing status of the defect,
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as opposed to some surgical animal models in which native bone healing may affect the

osteogenic efficacy (Kamal et al., 2017).

This study had several limitations. One limitation was small experimental group size.
Given the small sample size, the size and shape of clefts found in the affected NSDTRs
included in this study may not be representative of the entire population of affected NSDTRs.
Moreover, this study assessed the single breed of dog recently identified as exhibiting
spontaneous alveolar clefts; future studies may identify and investigate multiple different breeds,
in which cleft defects of varying size and volume may be observed. From a technical standpoint,
the methods used to generate the 3D models of the defects were not a previously used
standardized protocol. However, they were very similar to the process used to visualize human

alveolar clefts in an image-data processing software (Palhazi et al., 2014).

To further investigate the potential of a canid large animal model for preclinical studies,
future studies can characterize the volume and morphology of alveolar defects in other dog
breeds that have been reported to exhibit spontaneous cleft, such as Boston Terriers or French
Bulldogs (Roman et al., 2019). As discussed previously, it would also be worthwhile to assess

whether clefts are narrower in a population of pediatric patients who have not had graft failure.

Although the field of bioengineering has witnessed significant breakthroughs in the
development of biomaterials and technologies, there are still gaps in knowledge regarding the
optimal parameters of bioprinting; for large volume bone defects, the challenge is even greater
(Thrivikraman et al., 2017). In 2013, Cipitria et al. demonstrated successful bone bridging in
critical-sized defects in sheep tibiae using composite scaffolds with a volume of 7916.82 mm?,
printed in medical grade polycaprolactone (PCL) with B-tricalcium phosphate microparticles.

With regards to the development of custom bioscaffolds for large volume alveolar bone defects
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in human patients, Bartnikowski et al., 2020 demonstrated a workflow for fabricating patient
specific PCL scaffolds based on CT scans for horizontal or vertical alveolar bone augmentation
— the volume of 3D printed constructs ranged from 360 mm?® to 1060 mm?. If canids exhibiting
naturally occurring cleft have defects within the volumetric range our study has found (from
614.83 mm? to 9824.95 mm?), the current literature indicates that the capabilities of bioprinting
are just at or below the limit of being able to handle these large volumes. Further advances in
bioprinting specifically for large volume defects is likely necessary before clinical assessment in

a large animal model is feasible.

Establishing an animal model for testing tissue engineered constructs would bring us
closer to exploring the potential of a novel treatment approach to alveolar cleft reconstruction in
children. If animal studies can demonstrate the safety and efficacy of novel regenerative
strategies for alveolar defects, these tissue engineered treatments will likely also be applicable

to many other large craniofacial anomalies.
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VL. CONCLUSION
According to this quantitative study evaluating the volume and shape of alveolar defects
in affected NSDTRs and comparing this to the data on human clefts, we found there to be a
statistically significant difference in defect volume and in defect height between NSDTRs and
humans. In conclusion, we reject our null hypotheses that alveolar defects of affected NSDTRs
do not have similar volume or 3D morphology to alveolar defects in humans. Therefore,
NSDTRs are likely not an appropriate craniofacial model for studying tissue engineered alveolar

graft templates for wide cleft defects.
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Appendix A

Figure 13.

Landmarks labeled on dog cranium.
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Landmarks

1. Nasion

2. Rhinion

3. Sup. Nasomaxillary suture (R)

4. Sup. Nasomaxillary suture (L)

5. Sup. Premaxillary suture (R)

6. Sup. Premaxillary suture (L)

7. Inf. Nasomaxillary suture (R)

8. Inf. Nasomaxillary suture (L)

9. Inf. Premaxillary suture (R)

10. Inf. Premaxillary suture (L)

11. Prosthion

12. Frontomaxillary suture at orbit (R)

13. Frontomaxillary suture at orbit (L)

14. Point of greatest incurvature on zygomaxillary
suture (R)

15. Point of greatest incurvature on zygomaxillary
suture (L)

16. Pterion (R)

17. Pterion (L)

18. Lambda

19. Point of greatest incurvature on occipital
suture (R)

20. Point of greatest incurvature on occipital
suture (L)

21. Basion

22. Anterior basisphenoid
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Appendix B
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Figure 14. Box plot depicting variation in alveolar cleft volume (mm?®) between dogs affected

by cleft palate and dogs with nasal cleft.
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Appendix C
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Figure 15. Principal component analysis explaining morphological differences between dogs
affected by cleft palate and dogs with nasal cleft.

@Dogs with cleft palate were found to have shorter snouts and wider crania.
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