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Osteogenesis Imperfecta (OI) is a heritable connective tissue disorder affecting the 

synthesis and structure of type I collagen (Col1) due to autosomal dominant mutations 

in proa1(I) or proa2(I) collagen genes (COL1A1 and COL1A2). Clinical manifestations of the 

severe OI type III include bone fragility, reduced physical stature, and midface hypoplasia 

resulting in a “triangle face” phenotype. Current treatment options have low-success rates and 

focus primarily on alleviating symptoms through surgical interventions and pharmacologic use 

of antiresorptive drugs.  

The homozygous OI murine (OIM-/-) mouse model has a nonlethal, recessively inherited 

mutation of the COL1A2 gene and exhibits adult cranial and post-cranial phenotypes similar to 

humans with severe OI type III; however, the juvenile phenotype is unknown. The goals of this 

study are: (1) to determine if significant differences in craniofacial skeletal shape and size are 

present at the age of weaning (21 days/4 weeks) in the OIM-/- mice compared to the wild type 

(WT) and (2) to determine if these differences are still significant when adjusted for the 

allometric effects of body size. 

OIM-/- and WT littermates were weaned at 21 days and scanned in-vivo with a Skyscan 

1176 micro-CT system. Craniofacial geometric landmarks were collected using 3D Slicer 

software and were subsequently used to calculate interlandmark distances (ILDs) and centroid 

sizes. ILDs were scaled against skull/mandible centroid size to account for the effect of overall 

body size on shape analyses. Mann-Whitney U-tests were used to compare both absolute and 

relative (scaled) ILDs between the genotypes. 



Craniomandibular centroid sizes and absolute linear distances (skull, rostrum, palate, and 

mandible lengths) demonstrate that the OIM-/- mice are smaller overall than their WT littermates. 

When scaled to centroid size, juvenile OIM-/- mice have a decrease in nasal length, mandibular 

diastema length, and basicranium but an increase in cranial vaults, midface heights, and both 

maxillary and mandibular toothrow lengths compared to WT mice. For a given skull length, 

OIM-/- mice have shorter faces in both the anteroposterior and dorsoventral dimensions.  

The morphometric changes seen in the juvenile OIM-/- mice replicate the “triangle face” 

and relative macrocephaly that is commonly seen in human pediatric populations with OI. This 

suggests that this mouse model can potentially be used to investigate the structural changes 

underlying the human OI phenotype and for potential therapeutic interventions, such as 

biomechanical loading, myostatin knock-out, and pharmaceutical therapies. Additionally, the 

results of this study can be used to inform future investigations of Col1 in craniofacial 

development. Continuing to evaluate the etiology of this disorder can lead to better treatment 

options to improve the quality of life for patients with OI, especially pediatric patients.   
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CHAPTER I 

INTRODUCTION TO THE STUDY 

 

The following practicum report was performed as a requirement for the Master of 

Science in Medical Sciences Research Enrichment program (Anatomy Track), from May 2019 to 

May 2020, at the University of North Texas Health Science Center (UNTHSC). The study was 

conducted under the direct supervision of Rachel Menegaz, Ph.D., in the Center for Anatomical 

Sciences and Department of Physiology and Anatomy at UNTHSC. 

Osteogenesis Imperfecta (OI) is a heritable connective tissue disorder most commonly 

resulting from autosomal dominant mutations in type I collagen genes proa1(I) or proa2(I) 

(COL1A1 and COL1A2) (Phillips, Bradley et al. 2000). More commonly known as “brittle bone 

disease,” the clinical manifestations and severity of OI depend upon the nature and location of 

these mutations (Gajko-Galicka 2002). Clinical manifestations of this disorder include bone 

fragility, reduced physical stature, joint hypermobility, and low bone mineral density resulting in 

craniofacial defects and spontaneous bone fractures (Phillips, Bradley et al. 2000). The severity 

of OI exists on a spectrum, subdivided into four primary categories: OI type I (mild), type II 

(perinatally lethal), type III (severe), and type IV (intermediate) (Trejo and Rauch 2016).   

Clinical signs of OI may be present in-utero or may not manifest for several years after 

birth depending on the severity and type of OI (Womack 2014). Pediatric populations with 

severe OI type III commonly experience frequent bone fractures prior to puberty along with 

scoliosis, joint laxity, muscle weakness, respiratory complications, and reduced expected life 

spans (Shapiro, Kassim et al. 2013). Relative macrocephaly is common, as well as midface 
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hypoplasia, resulting in a “triangle face” phenotype (Womack 2014). Additionally, pediatric 

populations with OI may also have dentin deficiencies (dentinogenesis imperfecta) resulting in 

misshapen teeth prone to chipping and breaking. The combination of these phenotypic 

presentations usually leads to difficulties with feeding, thus resulting in poor weight gain, 

malnutrition, and slow development throughout childhood (Sando 2016). Weak facial joints in 

OI-affected infants may also cause difficulties with latching to breastfeed or bottle-feed and may 

cause ineffective suck-and-swallow patterns during feedings (Sando 2016). Therapeutic goals for 

children with OI depends on severity and mobility (Trejo and Rauch 2016).  

At present, there is no cure for OI. Current treatment options focus on alleviating 

symptoms and typically have low-success rates. Treatments are limited to surgical interventions 

and pharmacologic use of antiresorptive drugs (Oestreich, Carleton et al. 2016). The most widely 

used treatment for children with OI is intravenous bisphosphonate therapy, which can help 

reshape the vertebrae after compression fractures (Trejo and Rauch 2016). Non-invasive 

behavioral and exercise treatment options represent an underutilized possibility for pediatric 

patients with OI; however, the current gaps in our understanding of the relationship between 

craniofacial biomechanics, skeletal growth, and bone integrity in this disorder has resulted in few 

novel therapies.  

This study employs the homozygous OI murine (OIM-/-) mouse model to investigate the 

influence of type I collagen defects on juvenile craniofacial morphology. The OIM-/- mice 

exhibit adult cranial and post-cranial phenotypes similar to humans with severe OI type III; 

however, the juvenile phenotype is unknown. This study focuses on evaluating the juvenile 

craniofacial morphology through micro-CT based geometric morphometric analyses at 4 weeks 

of age.  
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There are two specific aims of this project. The first aim of this study is to determine if 

there are significant differences in craniofacial skeletal shape and size already present at the age 

of weaning (21 days/4 weeks) in the OI mouse model as compared to the wild type (WT). We 

hypothesize that OIM-/- mice will have, on average, absolutely smaller crania and mandibles 

compared to WT with decreased inter-landmark distances (ILD) in regions such as the midface 

and basicranium. The second aim is to determine if these differences are still significant when 

adjusted for the allometric effects of body size. For this “true shape”, we expect the OIM-/- mice 

to have relative macrocephaly and shorter midfaces (rostrum, maxilla) than WT mice. 
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CHAPTER I 

BACKGROUND AND LITERATURE 

 

Section 1: Influences of Type I Collagen on Osteogenesis Imperfecta (OI) 

Osteogenesis Imperfecta (OI) is a heritable connective tissue disorder most commonly 

resulting from autosomal dominant mutations in type I collagen genes proa1(I) or proa2(I) 

(COL1A1 and COL1A2) (Phillips, Bradley et al. 2000). However, defects in at least 17 other 

genes have now been linked to OI (Trejo and Rauch 2016).  Mature type I collagen normally 

exists as a heterotrimer, which is first synthesized as a precursor procollagen chain (Phillips, 

Bradley et al. 2000). These collagen chains normally consist of uninterrupted Glycine-Proline-

Lysine (Gly-X-Y) triplet repeats; however, X and Y could potentially be any amino acid 

(Nijhuis, Eastwood et al. 2019). Most mutations in COL1A1 or COL1A2 genes result from 

substitutions or deletions in the glycine residues, which is required for the three α chains to fold 

appropriately into collagen’s tight triple helix (Gajko-Galicka 2002). Understanding the 

importance and function of normal type I collagen is imperative in understating the phenotypic 

presentations of OI caused by these underlying genetic mutations. 

Type I collagen (Col1) is the major structural protein for tissues, such as skin, tendons, 

cartilage, and bone. While 60% of bone is comprised of an inorganic mineral component 

(typically hydroxyapatite), collagen accounts for 30% of bone (Nijhuis, Eastwood et al. 2019). 

Specifically, Col1 is the major organic component of bone and accounts for nearly 90% of the 

organic bone matrix (Shapiro, Kassim et al. 2013). As a two-phase system, the bone matrix 

receives its stiffness and rigidity from the inorganic mineral component, while collagen fibers 
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provide it with flexibility and toughness, which is measured by the ability to absorb energy 

(Viguet-Carrin, Garnero et al. 2006). Therefore, changes in the structure and synthesis of 

collagen can result in altered bone mechanical properties, increased bone turnover, reduced bone 

mineral content, and decreased bone mineral density, ultimately resulting in overall bone 

fragility (Shapiro, Kassim et al. 2013). 

 

Section 2: Clinical Manifestations of Osteogenesis Imperfecta  

More commonly known as “brittle bone disease,” clinical manifestations of this disorder 

include bone fragility, reduced physical stature, joint hypermobility, and low bone mineral 

density, which pre-disposes individuals with OI to craniofacial defects, frequent spontaneous 

bone fractures, and vertebral compressions (Phillips, Bradley et al. 2000). Exercise intolerance, 

muscle fatigue, and muscle weakness are also often reported (Gentry, Ferreira et al. 2010). The 

severity of the presented phenotype depends upon the type and location of the mutation in Col1 

genes (Gajko-Galicka 2002). 

The severity of OI exists on a spectrum, subdivided into four primary categories: OI type 

I, type II, type III, and type IV (Trejo and Rauch 2016). OI Type I represents the mildest end of 

the spectrum with straight (non-deforming) limbs, blue/grey sclera, and it is estimated to affect 

45% to 50% of the total OI population (Womack 2014). It is caused by either glycine 

substitutions or haploinsufficiency mutations that inactive one allele of COL1A1 resulting in the 

production of normal collagen at insufficient quantities (Trejo and Rauch 2016). OI type II is 

considered the “perinatally lethal” form of OI; infants with this type typically experience 

intrauterine fractures and intracranial hemorrhage resulting in death shortly after birth (Gajko-

Galicka 2002). OI type III represents the most severe form of the disease for individuals 
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surviving the neonatal period, and it is caused by structural defects in the collagen molecule 

(Gajko-Galicka 2002). Individuals with OI type III are small in height and weight for gestational 

age, experience fractures at birth, and typically have midface hypoplasia resulting in a “triangle 

face” phenotype (Womack 2014). OI type IV represents a moderately severe or intermediate 

form with characteristics in-between types I and III (Trejo and Rauch 2016).  

The estimated incidence of all types of OI ranges from 1 in 10,000 to 1 in 25,000 

worldwide (Shapiro, Kassim et al. 2013). Additionally, it seems that the incidence of OI occurs 

equally in females and males (Womack 2014). Based on the current world population, it is 

estimated that there are approximately 500,000 individuals with OI worldwide and between 

25,000 – 50,000 affected individuals in the United States (Shapiro, Kassim et al. 2013). 

However, it is expected that these measures of incidence under-represent the true number of 

cases of OI due to the inability to diagnoses infants with mild forms of OI, which is compounded 

by the increasing occurrence of early pregnancy terminations of fetuses with severe forms of OI 

(Shapiro, Kassim et al. 2013). 

 

Section 3: Osteogenesis Imperfecta in Pediatric Populations 

Clinical signs of OI may be present in-utero or may not manifest for several years after 

birth depending on the severity and type of OI (Womack 2014). Children with mild OI type I 

often possess similar physical capabilities as their healthy peers and typically require physical 

therapy or orthopedic treatments as needed for fracture management (Womack 2014). In 

contrast, pediatric populations with severe OI type III commonly experience frequent bone 

fractures (more than 200) prior to puberty along with scoliosis, joint laxity, muscle weakness, 

respiratory complications, and reduced expected life spans (Shapiro, Kassim et al. 2013). 
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Macrocephaly secondary to the infant’s small body (relative macrocephaly) is common, as well 

as midface hypoplasia (“triangle face”) caused by a prominent or protruding forehead 

accompanied by a narrow jawbone/chin (Womack 2014). The skull is typically soft and 

characterized by larger than normal fontanels.  

Additionally, infants with OI may also have dentin deficiencies (dentinogenesis 

imperfecta) resulting in discolored and misshapen teeth, which are prone to chipping and 

breaking (Womack 2014). The combination of these phenotypic presentations usually leads to 

difficulties with feeding, thus resulting in poor weight gain, malnutrition, and slow development 

throughout childhood (Sando 2016). Pediatric populations with severe forms of OI may also 

experience GERD due to hypotonia and skeletal abnormalities (Sando 2016). Weak facial joints 

and low muscle tone in infants with OI may also cause difficulties with latching to breastfeed or 

bottle-feed, as well as cause ineffective suck-and-swallow patterns during feedings (Sando 

2016). Therapeutic goals for children with OI depends on severity and mobility (Trejo and 

Rauch 2016).  

 

Section 4: Current Treatment Options for Osteogenesis Imperfecta 

Currently, there is no cure for OI. Current treatment options focus on alleviating 

symptoms, reducing fractures and disabilities, and typically have low-success rates. These 

treatments are limited to surgical interventions and pharmacologic use of antiresorptive drugs, 

such as bisphosphonates (Oestreich, Carleton et al. 2016). Bisphosphates are commonly used to 

treat osteoporosis, Paget’s disease, metastatic cancers to the bones, and other metabolic bone 

diseases due to its powerful and effective inhibition of osteoclastic bone resorption (Woo, 

Hellstein et al. 2006). Intravenous bisphosphonate therapy is currently the most widely used 
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treatment for children with OI, and it has been shown to help reshape the vertebrae after 

compression fractures and reduce long-bone fracture rates (Trejo and Rauch 2016). However, 

several well-known adverse effects have been reported to occur during and/or after the first 

exposure to intravenous bisphosphates, including fever, vomiting, and hypocalcemia (Trejo and 

Rauch 2016). Osteonecrosis of the jaws has also been reported as a potential adverse effect of 

intravenous bisphosphate therapy, which can exacerbate any pre-existing dental problems related 

to dentinogenesis imperfecta (Woo, Hellstein et al. 2006). Additionally, bisphosphonates are 

incorporated into the skeleton without being degraded, making them extremely persistent drugs 

with estimated half-lives of up to 12 years (Woo, Hellstein et al. 2006). The degree of risk for 

developing osteonecrosis in patients with OI receiving intravenous bisphosphonates is uncertain 

and warrants careful consideration and monitoring upon administration.   

The specific nutritional needs of individuals with OI have not been researched 

extensively. There are few nutritional recommendations for pediatric populations with OI, even 

though they often experience difficulties with eating and subsequent malnutrition or experience 

increased risks of weight gain or obesity due to limited physical activity  (Sando 2016). There is 

currently no scientific consensus on Vitamin D or calcium intake for OI affected individuals and 

there has been minimal research on the benefits of vitamin A and K supplements as a treatment 

option for OI (Sando 2016).  

 Bone marrow transplantation presents a novel treatment option for children with OI. In a 

two patient clinical study, two infants received prenatal transplantation of human fetal 

mesenchymal cells followed by postnatal re-transplantation with the same donor cells 

(Gotherstrom, Westgren et al. 2014). Both infants experienced improved growth and mobility 

with reduced incidence of fractures, suggesting potential clinical benefits of mesenchymal cell 
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transplantation for OI affected children (Gotherstrom, Westgren et al. 2014). Although fetal stem 

cell transplantation for children with OI is an experimental therapy, bone marrow 

transplantations performed in the osteogenesis imperfecta murine (OIM) model have 

demonstrated improved collagen content and bone mineralization with increases in bone volume 

and trabecular thickness (Mehrotra, Rosol et al. 2010). Increased weight and activity levels, in 

addition to reduced fracture rates, were also reported in the engrafted OIM mice (Mehrotra, 

Rosol et al. 2010).  

 

Section 5: Osteogenesis Imperfecta in Rodents 

 The osteogenesis imperfecta murine (OIM) model is widely used to investigate the 

influences of Col1 and additional underlying causes in osteogenesis imperfecta. The 

homozygous (OIM-/-) mouse exhibits adult cranial and post-cranial phenotypes similar to humans 

with severe OI type III, and the heterozygous (OIM+/-) mouse exhibits phenotypes similar to 

humans with mild OI Type I. The OIM-/- mouse model is homozygous for a nonlethal recessively 

inherited mutation resulting from a naturally occurring, spontaneous nucleotide deletion 

affecting the last 48 amino acids in the pro-α2 (I) collagen gene (Phillips, Bradley et al. 2000). 

This deletion causes a frameshift mutation in the COL1A2 gene resulting in the homozygous 

(OIM-/-) mouse’s inability to produce functional pro-α2(I) type I collagen chains (Phillips, 

Bradley et al. 2000). Instead of the normal, heterotrimeric chain composed of two α1(I) and one 

α2(I) collagen, OIM-/- mice exclusively produce homotrimeric, α1(I) collagen chains (Gentry, 

Ferreira et al. 2010).  

Historically, this mutation first occurred in an F2 intercross between C3H/HeJ and 

C57BL/6JLe mice (Chipman, Sweet et al. 1993). The oim mutation is currently maintained on 
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the B6C3Fe-a/a hybrid background, and the homozygous OIM-/- mouse (B6C3FE a/a-

Col1a2OIM/J) produces phenotypic characteristics most analogous to human patients with 

severe OI Type III (Gentry, Ferreira et al. 2010). Previous studies have shown that OIM-/- mouse 

body weight is significantly less compared to the body weights of WT and OIM+/- littermates 

(similar to human mild OI Type I). The accompanying muscle weakness in the OIM-/- mice 

demonstrates inherent skeletal muscle pathology (Gentry, Ferreira et al. 2010). 

The OIM mouse model has also been studied extensively for craniofacial developmental 

abnormalities due to the similar craniofacial developmental processes between mice and humans 

(Wei, Thomas et al. 2017). Craniofacial skeleton differs from the skeletal body in the complexity 

of its organization, embryonic origin, and molecular mechanisms of skeletogenesis (Wei, 

Thomas et al. 2017). The craniofacial skeleton is formed through two different mechanisms of 

ossification. The mandible and most other craniofacial bones are formed through 

intramembranous ossification, while the cranial base is formed through endochondral 

ossification (Wei, Thomas et al. 2017). Additionally, the majority of craniofacial bones, such as 

the frontal, temporal, and ethmoid bones are derived from the neural crest while the parietal and 

occipital bones are derived from mesoderm (Wei, Thomas et al. 2017). Previous studies have 

shown that type I collagen mutations impede craniofacial growth in adult (16 weeks) OIM-/- mice 

as compared to adult WT mice (Menegaz, Ladd et al. 2020). Although the exact mechanisms by 

which defective collagen synthesis results in the phenotypic characteristics of OI is not currently 

known, these structural abnormalities likely lead to delayed bone mineralization and impaired 

signal transduction in the differentiation of osteoblasts (Sando 2016).  
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Section 6: Biomechanics of Bone Growth 

Bone, whose strength depends on both the quality and quantity of collagen, is a 

mechanosensing organ that can respond to high mechanical loads to adapt to its mechanical 

environment by increasing bone formation and altering its structure to withstand increased forces 

(Oestreich, Carleton et al. 2016). Physical forces and mechanical cues during mammalian-

specific feeding behaviors, such as suckling and mastication, have been shown to drive changes 

in cell fate specification by modifying gene expression, thus affecting tissue patterning and 

craniofacial development (Li, Johnson et al. 2016). Suckling begins in-utero and requires an 

intact palate to create a net downward pressure while tongue movements create a net upward 

force on the prenatal palate (Li, Johnson et al. 2016). The loading forces applied during suckling 

dramatically increase at the initiation of nursing (Li, Johnson et al. 2016). The relationship 

between suckling and masticatory function on craniofacial growth and jaw shape suggests the 

major influence of mechanobiology in cranial morphogenesis (Li, Johnson et al. 2016).  

Furthermore, studies have shown that OIM mice grow exponentially between birth and 

weaning. Prior to weaning, growth is mediated through maternal resource partitioning and is 

minimally influenced by environmental factors that typically limit growth in weaned offspring 

(Melin, Bergmann et al. 2005). A previous study examining the combined effects of birth 

phenotype and suckling-related development and morphogenesis found that C57BL/6NCrl mice 

(a common inbred strain) experienced the most rapid postnatal growth within the first week 

(Wei, Thomas et al. 2017). During the first week, these mice experienced the highest daily 

increase in body weight (0.44g/day) and the most rapid head length growth (0.62mm/day) (Wei, 

Thomas et al. 2017). The length of the mice’s tail, tibia, femur, and whole-body also experienced 

the highest amount of growth during the first 3 weeks postnatally, but this growth slowed 
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considerably by 2 months of age (Wei, Thomas et al. 2017). The exponential growth rates 

experienced postnatally within the first month of birth occur simultaneously with the increased 

biomechanical demands of suckling. This suggests that craniofacial skeletal growth may be 

significantly influenced by the biomechanical demands of suckling and by factors that limit 

suckling performance, such as brittle bones or weak musculature. Additionally, previous studies 

performed in OIM mice suggest that increased biomechanical loading during mastication in the 

early growth period can also be used to stimulate craniofacial bone growth and improve overall 

bone quality (McBride 2019). OIM mice raised on a mechanically challenging diet of hard 

pellets experienced higher strains during mastication, and the regions undergoing the increased 

loading exhibited significantly increased bone mineral density (BMD) compared to mice of the 

same genotype raised on softer, non-challenging diets (McBride 2019). 

In addition to the influence of external forces on bone remodeling pathways, skeletal 

muscle mass may also affect the outcome of bone (Oestreich, Carleton et al. 2016). Skeletal 

muscle plays an important role as a natural source of physiological loading on the bone, and 

muscle mass is proportional to bone strength (Oestreich, Carleton et al. 2016). In a previous 

study evaluating the effects of myostatin in heterozygous OIM+/- mice, myostatin deficiency led 

to increased muscle mass, body weight, and strength in the OIM+/- mice (Oestreich, Carleton et 

al. 2016). Myostatin is a negative regulator of muscle growth in the transforming growth factor-

beta (TGF-β) protein family. Myostatin deficiency partially improved the reduced strength of 

OIM+/- mice femoral bone by altering the physicochemical properties of the bone without altering 

bone remodeling (Oestreich, Carleton et al. 2016). The results of this study further illustrate how 

biomechanical loading can influence bone quality and function, which then affects growth and 

development.   
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CHAPTER II 

SPECIFIC AIMS 

 

Aim 1: To determine if there are significant differences in craniofacial skeletal shape and size 

already present at the age of weaning (21 days/4 weeks) in the OI mouse model compared to the 

wild type (WT). 

 

Hypothesis 1: The OIM-/- mice will have, on average, smaller crania and mandibles 

compared to WT with decreased inter-landmark distances (ILD) in regions such as the 

midface and basicranium. 

 

Aim 2: To determine if the differences exhibited remain significant when adjusted for the 

allometric effects of body size. 

 

Hypothesis 2: For this “true shape”, we expect the OIM-/- mice to have relative 

macrocephaly and shorter midfaces (rostrum, maxilla) than WT mice. 
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CHAPTER III 

SIGNIFICANCE 

 

Examining the craniofacial phenotype in the homozygous OI murine (OIM-/-) mice in 

comparison to their wildtype (WT) littermates allows for the potential to identify specific 

craniofacial regions that are affected by osteogenesis imperfecta (OI). The results of this study 

can be used to inform future investigations on the influence of type I collagen (Col1) in 

craniofacial development. Additionally, examining the juvenile OIM-/- mouse model will provide 

insight into potential novel treatment options and interventions for humans affected by OI. The 

results of this study can be used as a basis for investigations into subsequent behavioral treatment 

plans, such as biomechanical loading, myostatin knock-out, and pharmaceutical therapies. 

Continuing to evaluate the etiology of this disorder and the growth mechanisms of craniofacial 

defects in humans with OI can lead to better treatment options to improve the quality of life for 

patients with OI, especially pediatric patients. 

Additionally, this study will help determine the developmental trajectory of the 

craniofacial phenotype in OIM-/- mice and whether earlier prenatal studies are necessary. 

Currently, 4 weeks of age is the earliest time point possible to retrieve data on the OI mice due to 

the nature of the mother-infant relationship and bonding that occurs prior to weaning. The results 

of this study can be used to inform future studies of craniofacial development in OIM-/- mice at 

various ages.  
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CHAPTER IV 

MATERIALS AND METHODS 

 

Section 1: Experimental Model  

 All procedures and animal care were approved by the Indiana University School of 

Medicine Institutional Animal Care and Use Committee (IACUC protocol 11133). The 

osteogenesis imperfecta murine (OIM) is a mouse strain with a nonlethal recessive inherited 

mutation of the COL1A2 gene. Homozygous OIM-/- mice (B6C3FE a/a-Col1a2OIM/J) are a 

model for the human presentation of severe OI type III. The wild type (WT) control in this 

experiment are OIM+/+ (B6C3FeF1/J) mice-/-. OIM-/- and wild type (WT) littermates were raised 

from weaning (21 days) to adulthood (16 weeks). All animals were fed at libitum. 

 

Table 1: Sample Size 

 
Female Male Total (n) 

OIM-/- 7 5 12 

WT 6 9 15 

   Total n = 27 

 

Section 2: Micro-CT Imaging  

Mice were anesthetized with inhalation isoflurane at 3-5% and maintained at 1.5% in 

preparation for in-vivo micro-computed tomography (micro-CT) scans. Imaging was performed 

at 4 weeks (post-weaning juveniles), 10 weeks (adolescents), and 16 weeks (adults) using a 

Skyscan 1176 micro-CT machine at a resolution of 8 or 16 μm3 voxels depending on cranial 
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length. The micro-CT scans were reconstructed using Skyscan NRecon software and were 

subsequently scaled 25-50% in ImageJ (Schneider, Rasband et al. 2012). This study focuses on 

juvenile specimens at 4 weeks of age. 

 

Section 3: 3D Craniofacial Landmark Collection and Repeatability Study  

From the in-vivo micro CT scans, 3D models were generated using 3D Slicer software 

(Kikinis R 2014). Multiple models at high and low threshold values were made per specimen to 

capture the nuances in bone ossification between the neurocranium and basicranium. Digital 3D 

craniofacial midline, left-sided, and right-sided landmarks were collected from the models (see 

Appendix C).   

A repeatability study (n = 3, trials = 3) was conducted to assess intra-observer precision 

in landmark placement. Following Corner and Lele (1992), error associated with landmark 

placement along the x, y, and z axes was calculated as the standard deviation for each axis 

(Corner, Lele et al. 1992, Richtsmeier and Lele 2001). Resulting standard deviations (0.000 – 

0.406 mm) were below 5% of mean skull length during week 4 (mean = 22.40 mm, 5% of mean 

= 1.12 mm). Data collected from the repeatability study was also used to determine the level of 

intra-observer variability in collecting the different types of landmarks: type I, type II, and type 

III. 

Type I landmarks are points where two or more bones meet, such as the intersection 

between sutures, and are typically the easiest to identify repetitively (Barbeito-Andrés, Anzelmo 

et al. 2012). Type III landmarks are points indicated only by geometry and include points such as 

the endpoint of a structure, the point “furthest away” from another point, and the intersection of 

interlandmark segments (Palci and Lee 2019). Type III landmarks are considered to be more 
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subjective in terms of user placement (Palci and Lee 2019). Type II landmarks represent an 

intermediate between type I and type III and include extremal points, such as points of local 

minima or maxima of a curvature, as well as tips of processes or notches in the bone (Barbeito-

Andrés, Anzelmo et al. 2012).  

Landmarks were classified by types (cranium I-III; mandible II-III) and the average of 

the standard deviations for the x, y, and z coordinates for each landmark per individual. A 

Kruskal-Wallis test (α = 0.05, cranium landmark types I-III) and a Mann-Whitney U-tests (α = 

0.05, mandible landmark types II-III) were used to test the hypothesis that a significant 

difference existed in the average standard deviations by landmark type. No significant difference 

was found in the cranium (p = 0.196) or mandible (p = 0.144) (Table 2; Figure 1). Out of the 

three aforementioned landmark types, on average, placement of type I landmarks displayed the 

most variability. This is potentially due to the unfused sutures and the open fontanelles seen in 

the juvenile mice.  There were no landmarks classified as type I on the mandible.  

 

  



 18 

Table 2: Standard Deviation Between Landmark Types in the Repeatability Study 

Week 4 Cranium 
 

Week 4 Mandible 

 

Mean 

SD 

Minimum 

SD 

Maximum 

SD 
  

Mean 

SD 

Minimum 

SD 

Maximum 

SD 

All 

landmarks 0.026 0.000 0.406 
 

All 

landmarks 0.023 0.001 0.252 

Type I  0.029 0.000 0.184 
 
Type I  - - - 

Type II 0.025 0.000 0.284 
 
Type II 0.026 0.001 0.252 

Type III 0.028 0.000 0.406 
 
Type III 0.017 0.001 0.077 

 

Figure 1: Standard Deviation Between Landmark Types in the Repeatability Study 

Week 4 Cranium 

 

Week 4 Mandible 

 

 

 

 

LANDMARK TYPE LANDMARK TYPE 
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Section 4: Morphometric, Scaling, and Statistical Analysis 

Generalized Procrustes analysis (GPA) was performed on the digitized landmarks using 

rotation and translation only (no scaling) using PAST 2.17 software (Hammer 2001). 

Measurements of interlandmark distances (ILDs), cranium centroid sizes, and mandible centroid 

sizes were calculated for each individual in Past 2.17. 

Given the large number of ILDs included in these analyses (2556 cranial and 496 

mandibular unscaled ILDs, and 2556 cranial and 496 mandibular scaled ILDs), only a select 

subset of ILDs commonly discussed in the geometric morphometric literature was chosen in 

reporting of specific results (Figure B1; Table B2; Table B4). Since landmarks were taken on 

both the left and right side for each individual, only ILDs that are significantly different between 

genotypes on both sides have been discussed in the results section of this practicum. This 

procedure minimizes the effect of skeletal asymmetry on the results.  

To investigate the effects of overall body size on morphometric analyses, ILDs were 

statistically analyzed without scaling (i.e. raw) between genotypes, as well as analyzed with 

scaling against cranium and mandible centroid size before being compared between genotypes. 

Centroid size is the square root of the sum of squared distances of all landmarks from their 

centroid, and it is the most commonly used proxy for overall size in geometric morphometric 

analyses (Klingenberg 2016).  The location of the centroid is obtained by averaging the x and y 

and z coordinates of all landmarks. Since the centroid size is independent of an object’s shape, it 

is used as a dimensionless estimate for three-dimensional size (Klingenberg 2016). These 

measurements were statistically analyzed using non-parametric Mann-Whitney U-tests (α = 0.05) 

to compare both absolute and relative (scaled) ILDs between the genotypes (Aim 1 and Aim 2). 
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Section 5: Limitations 

We acknowledge that the sample size is small due to factors beyond our immediate 

control, such as poor OIM-/- survivability. Additionally, the group of littermates used in this 

study was the genesis of a new sample that is being bred for future studies. Two individuals (n = 

2) were excluded from analyses due to rostral asymmetry spontaneously arising from the 

B6C3FeF1/J background strain (Christopher Percival, pers. comm.). We also acknowledge the 

variances in micro-CT scans of each specimen due to technician variance. These variances lead 

to further reductions in sample size due to the exclusion of poor-quality scans (n = 1).  
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CHAPTER V 

RESULTS 

 

Section 1: Size Differences Between OIM-/- and WT mice 

At the juvenile stage (4 weeks), the homozygous OIM-/- mice are significantly smaller 

overall than their wildtype (WT) littermates when comparing linear and geometric measurements 

of craniofacial size (Figure B1). Cranium centroid size (p < 0.001) and mandibular centroid size 

(p < 0.001) demonstrated that the OIM-/- mice are significantly smaller overall in terms of 

geometric measurements (Table 3). Unscaled linear measurements of cranial size, such as skull 

(p < 0.001), upper mandibular length (p < 0.001), and lower mandibular length (p < 0.001), also 

demonstrate this size difference (Table 3). The OIM-/- mice are still significantly smaller than 

their WT littermates when comparing the relative (scaled to centroid size) measurements of 

cranial length (p = 0.028) and upper/lower mandibular length (p < 0.001) 

 

Table 3: Cranium and Mandible Centroid Size and Length Between Genotypes (OIM-/- vs. WT) 

Week 4 Cranium 
Centroid size Mean SD p-value 

OIM-/- 49.412 1.627 
 <0.001 

WT 53.838 2.791 
 

Cranium Length Mean SD p-value 
OIM-/- 19.498 0.667 

 <0.001 
WT 21.360 1.075 
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Week 4 Mandible 
Centroid size Mean SD p-value 

OIM-/- 24.463 0.721  <0.001 
WT 26.526 1.316 

 
Upper Mandible 

Length (Gon-Sup) Mean SD p-value 
OIM-/- 9.939 0.379 

 <0.001 
WT 10.457 0.411 

Lower Mandible 
Length (Gon-Inf) Mean SD p-value 

OIM-/- 8.935 0.435 
 <0.001 

WT 9.510 0.511 
 

Figure 2: Cranium and Mandible Centroid Size Between Genotypes (OIM-/- vs. WT) 

Week 4 Cranium Centroid size 

 

Week 4 Mandible Centroid size 
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Figure 3: Cranium and Mandible Length Between Genotypes (OIM-/- vs. WT) 

Week 4 Cranium Length 

 

Week 4 Mandible Length 

 

 

Section 2: Shape Differences in Unscaled Analyses 

 When comparing absolute (unscaled) interlandmark distances (ILDs), significant shape 

differences were observed between OIM-/- mice and their WT littermates. Significant differences 

(p < 0.05) were observed in 2357 out of 2556 total unscaled cranial ILDs, and the mean distance 

was greater in the WT mice for 2353/2357 (99.8%) of these significant ILDs.  

In addition to reduced skull length, the OIM-/- mice had significantly reduced absolute 

nasal lengths (p < 0.001), facial lengths (p < 0.001), neurocranial lengths (p < 0.001), posterior 

facial heights (p = 0.005), mid-neurocranial heights (p = 0.019), midfacial heights (p < 0.001), 

maxillary tooth row lengths (p < 0.001), maxillary second molar (M2) lengths (p = 0.028), palate 

lengths (p < 0.001), foramen magnum lengths (p = 0.003), anterior basicranial lengths (p < 

0.001), total basicranial length (p < 0.001), and overall reduced facial widths (Table B2; Figure 

B1). Specific cranial regions in which the OIM-/- mice displayed significantly reduced widths 

include anterior zygomatic facial widths (p = 0.010), anterior neurocranium (olfactory region) 

widths (p = 0.037), bizygomatic widths (p < 0.001), neurocranial widths (p = 0.014), posterior 
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zygomatic widths (p = 0.009), and interparietal bone widths (p < 0.001). The absolute medial 

(p < 0.001) and lateral pterygoid (p < 0.001) lengths were significantly smaller in the OIM-/- 

mice as well (Table B2; Figure B1). 

There were no cranial ILDs of interest in which the OIM-/- mice were significantly larger 

than their WT counterparts when evaluating the unscaled measurements, and there were no 

significant differences (p > 0.050) between genotypes for unscaled measurements of parietal 

bone length, neurocranial height, hemi-neurocranial width, and neurocranial height. Although 

not statistically significantly different, hemi-neurocranial widths were larger in the OIM-/- mice 

(+0.163mm).  

In the mandible, significant differences (p < 0.05) were observed in 445 out of 496 total, 

unscaled ILDs. The mean distance was greater in WT mice for 431/445 (96.9%) of these 

significant ILDs. In addition to reduced upper and lower mandibular length, OIM-/- mice were 

observed to have significantly reduced TMJ lengths (p = 0.001), mandibular heights (p < 0.001), 

coronoid process – angular process distances (p < 0.001), diastema length (p < 0.001), toothrow 

length (p < 0.001), posterior mandibular corpus heights (p < 0.001), anterior mandibular corpus 

heights (p < 0.001), and posterior mandible width (p < 0.001) (Table B4; Figure B1). 

The inferior incisal width (p = 0.001) was the only mandibular ILD measurement in 

which the OIM-/- mice were significantly larger than their WT counterparts in unscaled 

measurement. There were no significant differences (p > 0.050) found between genotypes for 

absolute (unscaled) measurements of mandibular M1 and M3 molar lengths, nor were there 

significant differences between mandibular distance from the preangular notch to the incisal 

ramus along the ventral border of the mandible.  
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Section 3: Shape Differences in Analyses When Scaled to Centroid Sizes  

 When cranial ILDs were scaled to cranial centroid size, significant differences (p < 0.05) 

were observed in 1233 out of 2556 total cranial ILDs, and the mean distance was greater in the 

WT mice for only 562 (45.6%) of these significant ILDs. The remaining 671/1233 (54%) mean 

distances were greater in the OIM-/- mice. For a given cranial size, the OIM-/- mice maintained 

significantly reduced relative (scaled) nasal lengths (p < 0.001), anterior basicranial lengths (p = 

0.007), and reduced skull lengths (p = 0.028) (Table B2; Figure B1).  

However, after scaling, the OIM-/- mice were observed to have significantly increased 

relative (scaled) posterior facial heights (p < 0.001), mid-neurocranial heights (p < 0.001), 

anterior neurocranium (olfactory region) widths (p = 0.001), neurocranial widths (p < 0.001), 

posterior zygomatic widths (p < 0.001), foramen magnum lengths (p = 0.014), and maxillary 

toothrow lengths (p < 0.001) (Table B2; Figure B1). Additionally, several cranial ILDs, which 

were not significantly different unscaled, became statistically significantly different between the 

genotypes after scaling to cranial centroid size, with OIM-/- mice exhibiting significantly 

increased relative neurocranial heights (p < 0.001), hemi-neurocranial widths (p < 0.001), and 

first maxillary molar (M1) lengths (p < 0.001) (Table B2; Figure B1).  

Interestingly, many of the cranial ILDs that were significantly different between 

genotypes before scaling were found to have no significant difference (p > 0.050) after scaling to 

centroid sizes, such as facial lengths, neurocranial lengths, anterior zygomatic facial widths, 

bizygomatic widths, interparietal bone widths, palate lengths, total basicranial lengths, midfacial 

heights, M2 lengths, and medial pterygoid lengths. Although there were no significant 

differences observed between genotypes in these scaled cranial ILD measurements, the OIM-/- 

mice displayed increased relative neurocranial lengths (+ 0.001mm), anterior zygomatic facial 
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widths (+ 0.002mm), interparietal bone widths (+ 0.002mm), and midfacial heights (+ 0.001mm) 

(Table B2; Figure B1).   

In the mandible, significant differences (p < 0.05) were observed in 332 out of 496 total 

ILDs scaled to mandibular centroid size. The mean distance was greater in the WT mice for 

159/332 (47.9%). The OIM-/- mice had significantly reduced relative (scaled) mandibular heights 

(p = 0.032), coronoid process – angular process distances (p < 0.001), anterior mandibular 

corpus heights (p < 0.001), and posterior mandible width (p < 0.001) (Table B4; Figure B1). 

Interestingly, the OIM-/- mice were observed to have significantly increased individual tooth 

lengths for the first (M1, p = 0.019) and third (M3, p = 0.028) molars and increased overall 

toothrow lengths (p < 0.001) (Table B4; Figure B1). Additionally, both the superior (p = 0.004) 

and inferior incisal widths (p = 0.001) were significantly larger in the OIM-/- mice after scaling 

to centroid size (Table B4). Several mandibular ILDs that were significantly different between 

genotypes before scaling were found to have no significant difference (p > 0.050) after scaling to 

centroid sizes, such as TMJ lengths, diastema lengths, and the posterior mandible width. 

 

Section 4: Size and Shape Differences Between Sexes (Female vs. Male) 

 To investigate any potential phenotypic differences between the sexes at the juvenile 

stage, cranial and mandibular centroid sizes and lengths were evaluated between females (total n 

= 13; Table 1) and males (total n = 14; Table 1). In the OIM-/- mice, significant differences were 

observed between the sexes for cranial centroid size (p = 0.028) and cranial length (p = 0.012), 

with the males being significantly larger in both measurements (Table 4). No significant 

differences (p > 0.050) were observed in cranial centroid sizes and lengths between the WT 

males and females. Additionally, there were no significant differences between the sexes of 
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either genotype for measurements of mandibular centroid size and upper mandibular length. 

However, the WT males were observed to have significantly increased lower mandible lengths 

(measured from the gonial process to the inferior incisal alveolus, p = 0.045) compared to the 

female WT littermates (Table 5).  

 

Table 1: Sample Size 

 
Female Male Total (n) 

OIM-/- 7 5 12 

WT 6 9 15 

   Total n = 27 

    

    

Table 4: Cranium Centroid Size and Length Between Sexes (Female vs. Male); *p < 0.05 

Week 4 Cranium 
  Female Male F vs M 

Centroid Size Mean SD Mean SD p-value 
OIM-/- 48.569 1.658 50.593 0.411 0.028* 

WT 53.860 4.584 53.822 0.705 0.346 
 

  Female Male F vs M  
Cranium Length Mean SD Mean SD p-value 

OIM-/- 19.143 0.640 19.995 0.280 0.012* 
WT 21.33 1.767 21.379 0.267 0.157 
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Figure 4: Cranium Centroid Size and Length Between Sexes (Female vs. Male) 

Week 4 Pooled Centroid Size 

 

Week 4 OIM-/- Centroid Size 

 

Week 4 WT Centroid Size 

 

Week 4 OIM-/- Unscaled Cranial Length 

 

Week 4 WT Unscaled Cranial Length 
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Table 5: Mandible Centroid Size and Length Between Sexes (Female vs. Male); *p < 0.05 

Week 4 Mandible 
  Female Male F vs M   

Centroid size Mean SD Mean SD p-value 
OIM-/- 24.255 0.790 24.754 0.558 0.223 

WT 26.758 2.141 26.371 0.316 0.157 
 

  Female Male F vs M   
Upper Mandible 

Length (Gon-Sup) Mean SD Mean SD p-value 
OIM-/- 9.828 0.458 10.094 0.171 0.167 

WT 10.246 0.451 10.598 0.336 0.195 
 

 Female Male F vs M   
Lower Mandible 
Length (Gon-Inf) Mean SD Mean SD p-value 

OIM-/- 8.804 0.529 9.119 0.165 0.223 
WT 9.225 0.464 9.701 0.469 0.045* 
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Figure 5: Mandible Centroid Size and Length Between Sexes (Female vs. Male) 

Week 4 Pooled Centroid Size 

 

Week 4 OIM-/- Centroid Size 

 

Week 4 WT Centroid Size 

 
Week 4 OIM-/- Unscaled Mandible Length

 
Week 4 WT Unscaled Mandible Length 
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CHAPTER VI 

DISCUSSION 

 

In this study, 3D digital craniofacial geometric landmarks were collected to calculate 

craniomandibular interlandmark distances (ILDs) and centroid sizes to determine if significant 

differences in craniofacial skeletal shape and size are present in the juvenile homozygous OI 

murine (OIM-/-) mouse model compared to their wild type (WT) counterparts (aim 1). ILD 

measurements were subsequently scaled against craniomandibular centroid sizes to account for 

the effect of overall body size on shape analyses to determine if these differences are still 

significant when adjusted for the allometric effects of body size (aim 2).   

 Our results demonstrate that the OIM-/- mice display reduced absolute craniomandibular 

centroid sizes compared to the WT mice with shortened midfaces, basicrania, cranial vaults, 

toothrow lengths, and smaller mandibles, thus providing support for the hypothesis of aim 1 

(Figure B1). For nearly all measurements of craniofacial shape, with the exception of the inferior 

incisal width, the OIM-/- mice were absolutely smaller than their WT littermates. These findings 

are similar to the craniofacial phenotypes seen in humans with OI type III, specifically in regards 

to children with OI being smaller than unaffected children with shorter midfaces, shorter 

basicrania, and shorter maxillae resulting in dental malocclusions (underbites) (Womack 2014). 

However, these unscaled results do not distinguish between differences in size and shape.  

When the effects of overall size are accounted for, both juvenile and adult OIM-/- mice 

possess several craniofacial morphologies that are larger and more well-developed than the WT 

mice. As expected, the OIM-/- mice exhibited shorter midfaces (hypothesis 2) at both 4 weeks 



 32 

and 16 weeks (Menegaz, Ladd et al. 2020). OIM-/- mice also demonstrated increased cranial 

vault dimensions relative to their size, indicating relative macrocephaly at both week 4 and week 

16 (Menegaz, Ladd et al 2020).  This is similar to how children with OI type III often present 

with relative macrocephaly (Womack 2014). Except for relative macrocephaly, size-adjusted 

differences in craniofacial shape have not been previously examined in human patients with OI.   

However, not all morphometric differences in the juvenile mice were also seen in the 

adult mice. At 4 weeks, the OIM-/- mice had relatively shorter basicrania than WT mice 

(hypothesis 2). This is notably different compared to the adult OIM-/- mice, where no significant 

differences were observed in relative measurements of basicranial length (Menegaz, Ladd et al. 

2020). Additionally, the OIM-/- mice did not exhibit longer mandibles at 4 weeks of age; instead, 

their mandibles were significantly shorter in length and height compared to their WT littermates 

(Figure B1), which represents another major difference between the juvenile (4 weeks) OIM-/- 

mice compared to the adult (16 weeks) OIM-/- mice (Menegaz, Ladd et al. 2020).  

Scaled analyses also revealed that the OIM-/- mice displayed longer mandibular toothrow 

lengths compared to their WT counterparts at both weeks 4 and weeks 16 (Menegaz, Ladd et al. 

2020). In the adult OIM-/- mice, the longer mandibular toothrow lengths resulted in class III 

malocclusions, colloquially known as underbites (Menegaz, Ladd et al. 2020). However, this was 

not the case for the OIM-/- mice at 4 weeks of age, who exhibited longer toothrow lengths in both 

the maxillae and mandibles, thus resulting in no significant displays of class III malocclusions. 

When scaled to centroid size, the juvenile OIM-/- mice displayed significantly longer individual 

teeth than the WT, a feature not seen in the adult OIM-/- mice. This distinction is an important 

consideration for future investigations of localized structural changes driven by alterations in 

type I collagen and/or bone quality underlying the phenotypic presentations of osteogenesis 
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imperfecta (OI). These results emphasize the importance of accounting for the effects of size 

when investigating craniofacial shape changes driven by genetic variation.  

Although significant differences between the sexes were not originally anticipated, our 

results demonstrate that significant differences are present for cranial centroid size and lengths 

between male and female OIM-/- mice. Future studies should be completed with larger sample 

sizes along various times points to further evaluate the extent of these phenotypic differences 

between the sexes. 
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CHAPTER VII 

SUMMARY AND CONCLUSIONS 

 

Osteogenesis imperfecta (OI) is a rare genetic disease resulting from mutations in type I 

collagen genes, such as COL1A1 and COL1A2. These mutations affect the structure and 

synthesis of type I collagen, which is the major organic component of bone. The production of 

qualitative and quantitatively abnormal type I collagen in severe OI type III affects skeletal 

growth and structural integrity.  

This study demonstrated that juvenile homozygous (OIM-/-) mice are significantly 

smaller than the wild type (WT) mice when comparing craniomandibular centroid sizes and 

absolute linear distances in specific craniofacial regions. The juvenile OIM-/- mice exhibit shorter 

faces in both the anteroposterior and dorsoventral dimensions compared to their WT littermates. 

However, when these measurements are scaled to centroid size, the OIM-/- mice have specific 

craniofacial features that are significantly larger than their WT littermates.  

Since the OIM-/- mice are significantly smaller compared to their WT littermates at 4 

weeks of age, this demonstrates the importance of continuing to evaluate these phenotypic 

presentations at an earlier timepoint. Additionally, previous studies have shown that increased 

biomechanical loading through an altered diet can partially recover some localized craniofacial 

features in the adult (week 16) OIM-/- mice (McBride 2019). However; weaning is a major period 

of transition involving a multitude of behavioral and biomechanical changes in mammalian 

offspring. Since the juvenile OIM-/- mice have only recently weaned, future studies should 
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consider the effects of nursing/suckling on craniofacial growth and development in this mouse 

model and in pediatric patients, especially infants, with OI.  

The results of this study demonstrate that juvenile OIM-/- mice undergo morphometric 

changes that replicate phenotypes commonly seen in human pediatric populations with OI, 

including reduced craniofacial skeletal lengths, shortened basicranium, midfacial hypoplasia 

(“triangle face”) and relative macrocephaly. This suggests that this mouse model can potentially 

be used to further investigate the structural changes underlying the human OI phenotype and 

provide insight into novel potential therapeutic interventions, such as altered biomechanical 

loading, myostatin knock-out, bone marrow transplantation, and pharmaceutical therapies. 

Additionally, the results of this study can be used to inform future investigations of type I 

collagen influence in craniofacial development.  

Furthermore, the quality of life for patients with OI is not static; it is a complex and 

dynamic construct that demands constant re-evaluation. By continuing to evaluate the etiology of 

this disorder, better treatment options can be discovered to improve the quality of life for patients 

living with OI, especially pediatric patients.  

 

Section 1: Future Directions 

Future effort #1: To synthesize this data with the osteogenesis imperfecta murine (OIM) 

model at weeks 10 (Ladd 2018) and 16 (Menegaz, Ladd et al. 2020)  to develop a better 

understanding of OIM growth trajectories. 

 

Future effort #2: To extend this research to a time point before weaning. The results of 

this study indicate that differences between OIM-/- mice and WT already exist at weaning, so a 
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better understanding of pre- and peri-natal skull growth is needed to understand the development 

of the craniofacial phenotype in OI.  
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CHAPTER VIII 

INTERNSHIP EXPERIENCE 

 

 This internship practicum was performed at the University of North Texas Health Science 

Center (UNTHSC) in Fort Worth, TX, under the direct supervision of Rachel Menegaz, Ph.D., 

over the course of one year as a partial requirement for the degree of Master of Science in 

Medical Sciences. Prior to transferring to the Medical Sciences Research Track program, I was 

introduced to this project and previous studies performed by Dr. Menegaz. Upon transferring 

into the Research Track in May 2019, a general timeline and schedule was created for the 

upcoming year. This was adjusted and maintained throughout the duration of this practicum by 

Dr. Menegaz and myself. From May 2019 to August 2019, I met with Dr. Menegaz on a weekly 

basis to discuss previous studies and literature review to develop a deeper understanding of the 

scope of this project. During this time, I also re-took the MCAT in June and submitted primary 

and secondary applications for the 2020 medical schools’ entry year cycle. From August 2019 to 

October 2019, I completed the following elective courses with the first-year Texas College of 

Osteopathic Medicine (TCOM): Musculoskeletal Systems (Upper and Lower Limb Anatomy); 

Head and Neck Anatomy; and Structural Neuroscience. In addition to these lecture-based 

courses, I participated in the accompanying full-body, gross laboratory dissections. In November 

2019, I presented my practicum research proposal as a “Work-in-Progress” (WIP) seminar in the 

Center for Anatomical Sciences. 

 The mice used in this study were housed at the Indiana University School of Medicine, 

where the micro-CT scans were also performed. Dr. Menegaz then trained me on the CT 
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reconstruction NRecon software and the 3D slicer software, which was used to generate multiple 

3D models of each specimen to collect all landmarks. Upon completion of the repeatability 

study, I performed reconstructions of the week 4 micro-CT scans as needed and generated 3D 

models of the 27 specimens to collect geometric landmarks from October 2019 to February 

2020. I temporarily suspended my data collection in January 2020 to complete another elective 

course, Reproductive Systems Anatomy, with the first year TCOM students.  

 Upon completion of data acquisition, I analyzed the measurements alongside Dr. 

Menegaz to calculate interlandmark distances and centroid sizes and to discuss the implications 

of our results. These results have been reported in this practicum report. Abstracts derived from 

this research were accepted for presentations at the 2020 UNTHSC Research Appreciation Day 

and the 2020 annual meeting of the American Association of Anatomists at Experimental 

Biology in San Diego, California (Steele, Organ et al. 2020). However, I was unable to present 

my research in person due to conference cancellations related to the ongoing covid-19 pandemic. 

 Throughout this internship experience, I navigated the exciting field of graduate-level 

research. I was given a once-in-a-lifetime opportunity to learn from my PI, Rachel Menegaz, and 

my committee members. Over this past year, I have honed my abilities as a student and scientist, 

and I am excited to continue this journey as I enter the 2024 graduating class of TCOM.   
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APPENDIX A: 

ABBREVIATIONS 

 

Table A1: List of Abbreviations 

Abbreviation  Explanation  

OI Osteogenesis Imperfecta 

OIM Osteogenesis Imperfecta Murine;  

OIM-/- mice display severe (type III) osteogenesis imperfecta  

OIM-/- Homozygous Osteogenesis Imperfecta Mouse Model  

OIM+/- Heterozygous Osteogenesis Imperfecta Mouse Model  

OIM+/+ Wild Type Osteogenesis Imperfecta Mouse Model  

WT Wild Type  

Col1 Type I Collagen 

COL1A1  Collagen, type 1, alpha-1(I) chain precursor; the genes that encode type I 

(α1) collagen 

COL1A2 Collagen, type 1, alpha-2(II) chain precursor; the genes that encode type I 

(α2) collagen 

ILD Inter-Landmark Distances  

TGF-β Transforming Growth-Factor Beta protein 

BMD Bone Mineral Density 
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APPENDIX B: 

SELECT LANDMARKS AND INTERLANDMARK  

DISTANCES DISCUSSED IN RESULTS 

 

Figure B1: Select Landmarks and Interlandmark Distances Discussed in the Results 
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Table B1: Select Cranial Landmarks Discussed in the Results 

Cranial Landmarks  
Landmark Number Description 

1 Nasale 
2 Nasion 
3 Bregma 
4 Parietal-interparietal suture 
5 Opisthocranion 
6 Anterior point on the zygomatic bone 
7 Anterior point on the zygomatic fossa 
8 Lateral point on the zygoma 
9 Posterior point on the zygomatic fossa 
10 Poster point on the zygomatic root 
11 Rostral border of M1 on the alveolus 
12 Rostral border of M2 on the alveolus 
13 Rostral border of M3 on the alveolus 
14 Caudal border of M3 on the alveolus 
15 Paracondylar process 
16 Parietal-interparietal-occipital intersection 
17 Incisive foramen 
18 Premaxilla-maxilla suture on the midline of the palate 
19 Maxilla-palatine suture at the midline of the palate 
20 Caudal nasal spine 
21 Basion 
22 Opisthion 
23 Anterior point on the mid-palate foramen 
24 Maxilla-premaxilla intersection on lateral border of mid-palate foramen 
25 Posterior point on the mid-palate foramen 
26 Internal pterygoid process 
27 External pterygoid process 
28 Occipital-basisphenoid intersection on the lateral edge of the suture 
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Table B2: Select Cranial Interlandmark Distances (ILDs) Discussed in the Results; *p < 0.05 

Cranial ILDs 
 

Land
mark 

A 

Land
mark 

B 
Interlandmark Distance 

(ILD) Description 

WT 
mean 
(mm) 

OI mean 
(mm) 

p-value 

unscaled 
scaled to 
centroid 

1 2 Rostrum length 6.451 5.684 0.000* 0.000* 
1 3 Facial length 14.348 13.055 0.000* 0.373 
1 5 Skull length 21.360 19.498 0.000* 0.028* 
2 3 Frontal bone length 7.968 7.395 0.001* 0.548 
2 21 Neurocranial length 13.651 12.551 0.000* 0.829 
3 4 Parietal bone length 3.620 3.469 0.067 0.028* 
3 19 Posterior facial height 7.701 7.424 0.005* 0.000* 
3 20 Mid-neurocranial height 7.302 7.109 0.019* 0.000* 
4 21 Neurocranial height 6.940 6.851 0.943 0.000* 

6(L) 6(R) 
Anterior zygomatic facial 
width 4.840 4.545 0.010* 0.256 

7(L) 7(R) 
Anterior neurocranium 
(olfactory region) width 6.311 6.076 0.037* 0.001* 

8(L) 8(R) 
Bizygomatic (mid-skull) 
width  10.932 10.001 0.000* 0.323 

9(L) 9(R) Neurocranial width 10.390 9.998 0.014* 0.000* 
10(L) 10(R) Posterior zygomatic width 10.822 10.435 0.009* 0.000* 
16(L) 16(R) Interparietal bone width 8.032 7.438 0.000* 0.905 

17 20 Palate length 8.973 8.207 0.000* 0.399 
21 22 Foramen magnum length 3.879 3.680 0.003* 0.014* 
20 21 Total basicranial length 7.085 6.440 0.000* 0.256 
2 11 Midfacial height 5.082 4.679 0.000* 0.399 
3 9 Hemi-Neurocranial width 7.050 7.213 0.059 0.000* 

11 14 
Post-diastemal maxillary 
toothrow length 3.665 3.483 0.000* 0.000* 

11 12 M1 2.037 2.030 0.548 0.000* 
12 13 M2 1.010 0.932 0.028* 0.581 

20 26 
Medial (internal) pterygoid 
length 2.816 2.524 0.000* 0.217 

20 27 
Lateral (external) pterygoid 
length 5.026 4.477 0.000* 0.003* 

20 28 Anterior basicranial length 4.022 3.601 0.000* 0.007* 
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Table B3: Select Mandibular Landmarks Discussed in the Results 

Mandible Landmarks 
Landmark Number Description 

1 Caudal TMJ 
2 Rostral TMJ 
3 Mandibular notch 
4 Subcondylar notch 
5 Coronoid process 
6 Gonial process (angular process) 
7 Pre-angular notch 
8 Superior alveolus of the incisor 
9 Inferior alveolus of the incisor 
10 Alveolar-ramus intersection 
11 Rostral border of M1 on the alveolus 
12 Rostral border of M2 on the alveolus 
13 Rostral border of M3 on the alveolus 
14 Caudal border of M3 on the alveolus 
15 Incisal ramus along the ventral border of the mandible 
16 Incisal notch 
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Table B4: Select Mandibular Interlandmark Distances (ILDs) Discussed in the results; *p < 0.05 

Mandible ILDs 

Land
mark 

A 

Land
mark 

B 

Interlandmark Distance 
(ILD) Description 

WT 
mean 
(mm) 

OI 
mean 
(mm) 

p-value 

unscaled scaled to 
centroid 

1 2 TMJ length 1.820 1.630 0.001* 0.200 
1 6 Mandible height 3.315 2.876 0.000* 0.032* 
5 6 Coronoid process - Gonial 

process 
5.695 4.844 0.000* 0.000* 

6 8 Upper Mandible length 10.831 9.430 0.000* 0.000* 
6 9 Lower Mandible length 9.991 8.254 0.000* 0.000* 
7 14 Posterior mandibular corpus 

height 
2.235 1.922 0.000* 0.000* 

7 15 Preangular notch - incisal 
ramus 

2.372 2.371 0.648 0.001* 

8 11 Diastema length 3.066 2.782 0.000* 0.200 
11 12 M1 length 1.708 1.648 0.217 0.019* 
11 14 Post-diastemal mandibular 

toothrow length 
3.285 3.137 0.000* 0.000* 

11 15 Anterior mandibular corpus 
height 

2.904 2.522 0.000* 0.000* 

13 14 M3 length 0.927 0.906 0.755 0.028* 
6(L) 6(R)  Posterior mandible width 9.268 8.558 0.000* 0.981 
7(L) 7(R)  Mid-mandible width 5.789 5.613 0.126 0.000* 
8(L) 8(R)  Superior incisal width 1.034 1.045 0.373 0.004* 
9(L) 9(R)  Inferior incisal width 1.380 1.537 0.001* 0.000* 

 
  



 49 

APPENDIX C: 

ALL CRANIOFACIAL LANDMARKS 

 

Figure C1: Superior/Dorsal View of Cranial Landmarks 
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Table C1: Superior/Dorsal View of Cranial Landmarks 

Superior/Dorsal View 
Landmark 

Type 
1 Nasale Most anterior-medial point of the nasal bones 3 
2 Nasion Intersection of frontal and nasal bones on midline 1 
3 Bregma Intersection of the frontal and parietal bones on midline 1 
4 Pip Intersection of the parietals and interparietal on the midline 1 
5 Opcran Most caudal point on the midline 3 
6 Lnas Most anterior-lateral point of the left nasal bones  3 
7 Rnas Most anterior-lateral point of the right nasal bones  3 
8 Lzyg Most anterior point on the left zygomatic bone  3 
9 Rzyg Most anterior point on the right zygomatic bone  3 
10 Lfrnaspr Intersection of the left nasal and premaxilla and frontal bones  1 

11 Rfrnaspr 
Intersection of the right nasal and premaxilla and frontal 
bones  1 

12 Lfrzygpr 
Intersection of the left zygomatic and premaxilla and frontal 
bones  1 

13 Rfrzygpr 
Intersection of the right zygomatic and premaxilla and frontal 
bones  1 

14 Lantfoss 
Most anterior point of the left zygomatic fossa on the 
maxillary bone  2 

15 Rantfoss 
Most anterior point of the right zygomatic fossa on the 
maxillary bone  2 

16 Lzygarc Most lateral point on the left zygomatic arch  3 
17 Rzygarc Most lateral point on the right zygomatic arch  3 

18 LPzygfs 
Most posterior point of the zygomatic fossa on the left 
temporal bone  2 

19 RPzygfs 
Most posterior point of the zygomatic fossa on the right 
temporal bone  2 

20 LPzygrt Most posterior point of the left zygomatic root  3 
21 RPzygrt Most posterior point of the right zygomatic root  3 

22 Lpateoc 
Intersection of the left parietal and temporal and occipital 
bones  1 

23 Rpateoc 
Intersection of the right parietal and temporal and occipital 
bones  1 
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Figure C2: Left Lateral View of Cranial Landmarks 

 
Table C2: Left Lateral View of Cranial Landmarks 

Left Lateral View 
Landmark 

Type 

24 Rprenas Intersection of premaxilla and nasal bones on the left nasal 
notch 3 

25 Rmaxinc Most anterior point on the left premaxilla the incisal alveolus 2 
26 Rmol1 Rostral point on the left first molar on the alveolus 2 
27 Rmol2 Rostral point on the left second molar on the alveolus 2 
28 Rmol3 Rostral point on the left third molar on the alveolus 2 
29 Rretro Caudal point on the left third molar on the alveolus 2 
30 Rparacn Left paracondylar process on the caudoinferior point 3 

31 Rintpar Lateral most intersection of the left parietal and interparietal 
and occipital bones 1 

32 Rfrpatm Intersection of the left frontal and parietal and temporal 
bones 1 

33 RInfmz Inferior aspect of the intersection between left maxillary and 
zygomatic bones 2 

34 RSupmz Superior aspect of the intersection between left maxillary and 
zygomatic bones 2 

35 RInftz Inferior aspect of the intersection between left temporal and 
zygomatic bones 2 

36 RSuptz Superior aspect of the intersection between left temporal and 
zygomatic bones 2 
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Figure C3: Inferior/Basal View of Cranial Landmarks 
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Table C3: Inferior/Basal View of Cranial Landmarks 

Inferior View 
Landmark 

Type 
50 Incisiv Incisive foramen anterior border at midline 2 
51 Premax Midline intersection of the premaxilla and maxilla bones 1 
52 Mxpalat Midline intersection of the maxilla and palate bones 1 
53 Cns Caudal nasal spine 1 
54 Presphn Midline intersection of the presphenoid and sphenoid bones 2 
55 Basion Midline on the rostral border of the foramen magnum 2 
56 Opisth Midline on the caudal border of the foramen magnum 2 
57 Lantpal Most anterior point on the left mid-palate foramen 2 
58 Rantpal Most anterior point on the right mid-palate foramen 2 

59 Linfmax 
Intersection of left maxilla and premaxilla bones lateral to 
mid-palate foramen 2 

60 Rinfmax 
Intersection of right maxilla and premaxilla bones lateral to 
mid-palate foramen 2 

61 Lpospal Most posterior point on the left mid-palate foramen 2 
62 Rpospal Most posterior point on the right mid-palate foramen 2 
63 Lmaxpal Lateral aspect of left palate and maxilla bone intersection 2 
64 Rmaxpal Lateral aspect of right palate and maxilla bones intersection 2 
65 Lpalsph Lateral aspect of left palate and sphenoid bones intersection 2 
66 Rpalsph Lateral aspect of right palate and sphenoid bones intersection 2 
67 Linpter Most inferior point of left internal pterygoid process hamulus 3 

68 Rinpter 
Most inferior point of right internal pterygoid process 
hamulus 3 

69 Lexpter Most inferior point on the left external pterygoid process 3 
70 Rexpter Most inferior point on the right external pterygoid process 3 

71 Lbasocc 
Lateral aspect of left occipital and sphenoid bones 
intersection 2 

72 Rbasocc 
Lateral aspect of right occipital and sphenoid bones 
intersection 2 
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Figure C4: Right Lateral View of Mandible Landmarks 

 

Table C4: Right Lateral View of Mandible Landmarks 

Mandible: Right Lateral View 
Landmark 

Type 
89 mRccond Caudal point on the right mandibular condyle 3 
90 mRrcond Rostral point on the right mandibular condyle 3 
91 mRnotch Right mandibular notch 2 
92 mRsubcn Rostral point on the notch above the right gonial process 2 
93 mRcord Superior point on the right coronoid process 3 
94 mRgon Caudal point on the right gonial process 3 
95 mRprean Superior point on the bottom margin of the right corpus 2 
96 mRSupin Superior point on the right incisal alveolus 2 
97 mRInfin Inferior point on the right incisal alveolus 2 
98 mRalvcr Right intersection of alveolar rim and coronoid process 2 
99 mRmol1 Rostral point on the right first molar on the alveolus 2 
100 mRmol2 Rostral point on the right second molar on the alveolus 2 
101 mRmol3 Rostral point on the right third molar on the alveolus 2 
102 mRretro Caudal point on the right third molar on the alveolus 2 
103 mRinram Inferior point on the right incisal ramus 3 
104 mRinnch Right incisal notch 2 

 

 


