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ABSTRACT 

GENETICS OF SHORT ROOT ANOMALIES 

Purpose: The purpose of this study is to define clinical features and identify specific gene 
mutations that are associated with short root anomalies (SRA) among five affected families. 
This study aims to determine the potential association between clinical features and genetic 
mutations in order to provide scientific evidence for oral health providers to enhance diagnosis 
and management of patients with short root anomalies. 
 
Methods: Participants were recruited through the University of Pittsburgh and the University of 
Michigan. Study explanation, pedigree construction, subject enrollment, clinical examinations 
and collection of blood or non-stimulated saliva samples were completed under the proper 
consenting procedure as approved by Institutional Review Board. Each sample was coded and 
a small aliquot was used for genomic DNA isolation. Samples from parents and proband of 
each family were selected for whole-exome sequencing. Sequencing results were analyzed 
according to establish algorism. DNA samples from all other family members were used for 
confirmation analyses. Prioritized DNA sequence variations and their segregation with short 
root anomalies within each family were assessed. Phenotypic comparisons of the affected 
subjects within the five study families were performed to determine whether these families can 
be considered as having similar if not identical clinical presentation of SRA. Phenotypic 
features analyzed include root length, root width, taurodontism, missing teeth, whether cases 
were localized or generalized, and other pertinent dental anomalies.  

Results: Genomic analyses identified 22 genes with rare and potentially damaging variants in 
more than one affected individual of the five study families. Four out of five probands have 
variants in THAP11 gene, three out of five probands have variants in PODXL, NIPA1 and 
VEZF1 and two out of five probands have variants in additional 18 genes. The role of these 
gene variants in tooth and root development is not immediately clear. There were no variants 
involving the same gene present in all five or four families. Given WES data and literature 
evidence, there were no logical variants or candidate genes that can be targeted for segregation 
analysis. Phenotypic features documented in the affected study participants include short roots 
of various types of teeth, wider than normal root widths, taurodontism in both maxillary and 
mandibular arches, microdontia, ectopic eruption, and pulpal obliteration. Localized and 
generalized SRA cases showed differences in phenotype features. 

Conclusion: Phenotypic features of SRA vary from patient to patient. Correlating genotypes 
and phenotypes of those with short root anomalies may facilitate clinical diagnosis. By 
determining the genetic etiology of SRA, we may better understand the disease mechanism and 
be able to make sound decisions on whether applying forces and manipulating the teeth might 
lead to continued changes in root length and structure. Exploring the molecular mechanisms of 
SRA allows an understanding of whether the condition is largely a developmental anomaly or a 
progressive, long-term process. This foundational knowledge is relevant to many facets of 
dentistry where root to crown ratio must be carefully considered in treatment plan 
development. 
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1. Study Aim 

The purpose of this study is to define clinical features and identify specific gene mutations that 

are associated with short root anomalies (SRA) among five affected families. This study aims 

to determine the potential association between clinical features and genetic mutations in order 

to provide scientific evidence for oral health providers to enhance diagnosis and management 

of patients with short root anomalies. 

 

2. Definition and Diagnosis  

Short root anomalies were first described in 1972 by Lind, who observed that the roots of 

maxillary central incisors were, in few instances, so short that they must be anomalous. The 

roots were described to have a characteristic “plump” and “onion shape”, and were found to 

always affect the central incisors bilaterally. While the abnormally short and plump roots of 

the maxillary central incisors were observed in some patients, the teeth and surrounding 

tissues appeared normal both clinically and radiographically. In the same study, the “relative 

root length” was described as a diagnostic reference and continues to be used as a reference 

in subsequent studies (Lind, 1972). The relative root length is described as the ratio between 

root length (R) and crown length (C), calculated by the equation: r-m/i-m= R/C.  The apex 

marker represents (r) while the midpoint of the incisal edge represents (i). (m) represents the 

midpoint line between x and y, which mark the outer contours on either side of where the 

root and crown meet. In this pioneer study, the mean relative root length of 1.6 was noted in 

unaffected individuals while a mean relative root length of 1.1 was noted in affected 

individuals. Subsequent studies support the average relative root length of the maxillary 

central incisor to be 1.6, with short root teeth R/C presenting as less than or equal to 1.1 
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(Lind, 1972; Edwards et al.,1990; Jakobsson et al.,1973). While Lind’s method has been used 

extensively in studies assessing relative root length, recent studies have also modified or 

extended the criteria for SRA diagnosis. Such modifications include measurement of alveolar 

bone level or cementoenamel junction (CEJ) as a reference point to measure anatomical or 

clinical R/C ratios, use of pre-treatment CBCTs, and “normal" morphology determined as 

maxillary central incisors with no significant dilacerations or alterations in root shape (Wang 

et al., 2019; Cutrera et al., 2019). The diagnosis of short root anomalies is made when the 

fully developed roots are the same length or shorter than the crown and is seen in at least one 

pair of permanent teeth bilaterally (Edwards et al., 1990; Jakobsson et al., 1973). The 

diagnosis is also made when other causes of root shortening including resorption from 

orthodontic treatment, trauma, or developmental disturbance can be ruled out (Lind, 1972; 

Apajalahti et al., 2002).  

 

3. Teeth affected  

Maxillary central incisors are markedly involved in patients diagnosed with short root 

anomalies though other teeth have also been implicated in literature (Lind, 1972; Apajalahti 

et al., 1999). Studies have shown a variation in the order of most prominent involvement. 

However, premolars are often described as the next most diagnosed teeth with short roots 

(Lind, 1972; Apajalahti et al., 2002; Apajalahti et al., 1999; Ando et al., 1967).  In contrast, 

mandibular central incisors, molars and canines are the least commonly involved (Lind, 

1972; Puranik et al., 2015). Affected maxillary central incisors and premolars have been 

reported to have a distinct, similar radiographic appearance: maxillary central incisors appear 

plump with rounded apices radiographically and premolars present with blunted apices that 
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resemble root resorption (Puranik et al., 2015). A case report has been published on a non 

syndromic SRA case of a 14 year old boy who had signs of generalized short root anomalies 

in both his permanent and primary dentition. Although the primary teeth were affected, it 

was especially apparent in the maxillary first primary molars bilaterally and maxillary and 

mandibular second primary molars. Also reported in the same patient was taurodontism in 

the mandibular canines and impaction of the permanent maxillary canines bilaterally. This 

report is of significance as non syndromic occurrences of generalized SRA cases are 

extremely rare (Venkataraghavan et al., 2014).   

 

4. Prevalence (gender and ethnicity) 

Short root anomalies have often been reported to have a 2.4-2.7% prevalence in Caucasians, 

and have been reported to be as high as 10% in Mongolian and Japanese populations (Lind, 

1972; Edwards et al.,1990; Jakobsson et al., 1973; Apajalahti et al., 1999; Ando et al., 1967). 

There is recent evidence that a higher prevalence of short root anomalies may also exist among 

Hispanic populations. A recent study that observed 27 patients in a Mexican cohort reported 

that short root anomalies occur frequently in the Latino population with a strong predilection 

for anterior teeth. A different study that recruited patients with short root anomalies to assess 

for a possible increased risk for external apical root resorption in orthodontic patients was 

inclusive of a largely Hispanic population (Cutrera et al., 2019; Puranik et al., 2015). A study 

that compared root lengths and crown heights of African American, Caucasian, and Hispanic 

populations reported the Hispanic population to have significantly lower ratios of root lengths 

and crown heights compared to the other two groups, highlighting that ethnicity may play an 

important role in establishing specific reference values for diagnosis. In this study that 
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observed 333 patients consisting of 109 Caucasians, 112 African Americans and 112 

Hispanics, the mean R/C ratios varied from 1.8-2.21 for maxillary teeth and 1.83-2.49 for 

mandibular teeth, with Hispanics representing the significantly lower R/C ratios for most teeth 

compared to the other two groups. It was also reported that significant differences in R/C ratios 

existed between African Americans and Caucasians in the upper lateral incisors, lower central 

incisors, and lower first premolars. The findings of this study suggest that ethnicity may have a 

stronger influence on the tooth morphology in Hispanic patients presumably due to variations 

in genes regulating normal root development (Wang et al., 2019).  

Short root anomalies appear to have a predilection for females, as studies have reported that 

the anomaly is three times more common in females than males (Lind, 1972; Jakobsson et al., 

1973).  It has also been reported that 2.3% of the population have extremely long roots, and 

boys are more likely to have this presentation with a boy: girl ratio of 5:1 (Jakobsson et al., 

1973).  

A study analyzing panoramic radiographs of a healthy Finnish population reported that 

males tend to have higher R/C ratios compared to females, with mean R/C ratios for males 

ranging from 1.86-2.44 and values ranging from 1.78-2.46 in females. In maxillary and 

mandibular arches of both boys and girls, highest R/C mean values were found in the second 

premolars and first premolars, and the lowest R/C mean values reported in the maxillary 

central incisors, mandibular central incisors, and first molars. The reported mean R/C ratios 

were significantly larger in males for the permanent maxillary and mandibular central 

incisors, permanent maxillary lateral incisors, and first and second molars. The results 

highlight that reference values for R/C ratio assessment should be made separately for males 

and females to aid in diagnosis (Holtta et al., 2004). 
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5. Association with other dental anomalies 

There is evidence in literature that suggests short root anomalies may be implicated with the 

presence of other dental anomalies. One study reported a 46% and 33% association with tooth 

agenesis and ectopic canines, respectively, along with supernumerary teeth and the presence of 

mesiodens when observing eight SRA affected families. Another study reported that 

hypodontia, taurodontism, peg shaped, invaginations, and ectopic position frequently occurred 

in affected teeth other than maxillary central incisors and maxillary first premolars when 

studying a sample of nearly 2000 panoramic radiographs of healthy young adults (Apajalahti et 

al., 2002; Apajalahti et al., 1999). 

Case reports have made an association with microdontia and SRA presence in the primary 

dentition of affected individuals (Venkataraghavan et al., 2014). Those with short root 

anomalies have been reported to be at higher risk for root resorption in the maxillary front 

teeth, with a study reporting the frequency of root resorption in individuals with a mean R/C 

of 1.1 as high as 41.1%. In contrast, it has been reported in the same study that individuals 

with a R/C ratio higher than 1.1 has a much lower frequency of resorption at 30%. (Lind, 

1972). An additional study reported that 48% of the individuals in the short root group had 

diagnosed root resorption on one or more maxillary incisor teeth, while no root resorption 

was found in the individuals belonging to the long root group. This study made comparisons 

of children either with exceptionally short (short root with R/C < or equal to 1.1) or 

exceptionally long roots (R/C> or equal to 2.2), with a prevalence of 2.4% and 2.3% 

respectively. (Holtta et al., 2004).  
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6. Malocclusion 

Several facets of malocclusion have a reported association with short root anomalies. A higher 

frequency of anterior cross bite has been reported in patients with short root anomalies (Lind, 

1972). A higher tendency for crowding in a group of patients with short root anomalies when 

compared to a group of Caucasian patients with diagnosed long roots has also been reported. In 

this study, crowding was diagnosed in 22/25 patients with short roots, while only 4/24 subjects 

were diagnosed with crowding in the long root group (Jakobsson et al., 1973). A pioneer study 

in 1967 evaluating 300 elementary school children in Japan inferred that biting load naturally 

tends to be concentrated on the upper central incisors that have had their root formation 

completed prematurely, and that the shift in biting forces may be responsible for a localized 

etiology of root shortening rather than a more generalized etiology. A study evaluating 103 

pairs of siblings reported that genetic susceptibility of external apical root resorption is unlikely 

to be related to an individuals’ malocclusion (Ando et al., 1967). 

 

7. Association with systemic disturbances 

Shortness of the roots have been associated with systemic disturbances including Stevens 

Johnson syndrome, Down syndrome, severe short limbed dwarfism, and scleroderma, among 

others (Bajaj et al., 2012; Shaw et al.,1995). In a case report of a patient with severe short 

limbed dwarfism, in addition to generalized short roots, the dentition also had observed 

agenesis, conical short roots, and obliterated pulp chambers. Little bone support was noted on 

radiographs although clinical crowns appeared normal on all affected teeth (Shaw et al., 1995). 
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A case report on a fifteen- year-old Stevens Johnson syndrome patient reported generalized 

short roots in her dentition besides the lower first molars and lower central incisors due to a 

cessation in root development post- acute attack of SJS at age eight. This study is of special 

note because the generalized short roots observed had marked differences in root lengths (Bajaj 

et al., 2012). It is also well known that treatment regimens for some childhood cancers have a 

part in affecting crown and root development. While chemotherapy has been associated with a 

higher prevalence of enamel defects, including opacities and hypomineralization, radiotherapy 

has been implicated in producing the most severe defects affecting both crown and root 

morphology. Such disturbances in root morphology have been reported to include both 

foreshortening and blunting of the roots. In a study comparing groups receiving either 

chemotherapy alone, chemotherapy in combination with cranial radiation, or radiotherapy with 

total body irradiation (TBI) and bone marrow transplant (BMT), it was a statistically 

significant finding that root surface area was the least in the group receiving TBI/BMT. 

Further, there was no difference reported in the root surface areas according to the patients’ age 

of cancer diagnosis, providing evidence that the effect of radiotherapy and cancer treatment 

regimens can affect various age groups at different points of tooth development (Duggal, 

2003). Although there is evidence in literature of an association of short root anomalies with 

systemic disorders and treatment, there are also reports that support isolated diagnoses of short 

roots. One study reported a 1.3% prevalence of SRA in a population of 2000 healthy university 

students with no known medical history or concerns, while 10% (30/300) of healthy Japanese 

school children were diagnosed with short roots in another study (Apajalahti et al., 2002; Ando 

et al., 1967).  
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8. Differential diagnosis: trauma, EARR, orthodontic treatment sequelae 

When diagnosing short root anomalies, common differential diagnoses include trauma related 

etiology and external apical root resorption (EARR) secondary to orthodontic treatment. Since 

the upper front teeth are prone to trauma, short root anomalies in this region can be 

misdiagnosed as root resorption. Root malformations have been reported as possible sequelae 

of trauma, and can include root duplication, dilacerations, and partial or complete arrest of root 

formation (Neto et al., 2013).  

External apical root resorption is described as a decrease in root length once full root 

development has been completed. A study that evaluated two groups with short roots: one 

group with external root resorption of the maxillary front teeth and the other group with 

abnormally short roots of the maxillary central incisors, reported that the etiology of the 

resorption was either the pressure coming from the embedded canines, chronic trauma from 

orthodontic stress, or from traumatic occlusion (Ando et al., 1967). External apical root 

resorption in the maxillary central incisors has also been reported to have a high heritability 

component relative to other teeth, attributed to the fact that these roots are moved greater 

distances during treatment compared to others (Al-Wawasmi et al., 2003). 

The heritability component of EARR was further explored in another study that evaluated 

103 sibling pairs and found that siblings experience similar levels of EARR in response to 

orthodontic treatment (Harris et al., 1997).  

Orthodontically induced root resorption is defined as an injury resulting from the pressure 

applied to the root during tooth movement resulting in localized ischemic necrosis of the PDL 

in the area of pressure (Weltman et al., 2010). Although histologic studies have reported up to 
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a 90% occurrence of root resorption in orthodontically treated teeth, in most cases, the 

resorption is minor and appears less than 2.5mm radiographically. Severe root resorption is 

defined as either 1/3rd of the original root length or greater than 4 mm, which is seen in 1- 5% 

of teeth (Weltman et al., 2010). Risks of orthodontic treatment complication depends on a 

myriad of factors, including treatment duration, force magnitude, direction of movement, 

method of force, treatment technique, and patient related risk factors including developmental 

and genetic susceptibility (Weltman et al., 2010; Mavragani et al., 2000). An individual’s 

biochemical or physiological composition has been reported to play an important role in the 

effects of orthodontic forces influencing EARR, with a heritability component of 60-80% 

reported in one study (Harris et al., 1997). It has been suggested that although root resorption 

may occur in patients that have never undergone orthodontic treatment, the incidence is much 

higher with patients that have had a history of orthodontic treatment (Weltman et al., 2010).  

One study reported as high as 1/3rd of orthodontic patients presenting with signs of 

resorption, while another study found that 13/25 SRA identified individuals had undergone 

earlier orthodontic treatment (Wang et al., 2019; Harris et al., 1997). Still, it has been 

reported that having short root anomalies is not necessarily a contraindication for orthodontic 

treatment. One study reported that the incidence of severe apical root resorption of the 

incisors after orthodontic treatment was 14.5% (Marques et al., 2010), while another study 

evaluating CBCT’s of SRA patients and control patients found no significant difference in 

mean values for both root and tooth length after orthodontic treatment (Cutrera et al., 2019). 

In this study, the mean values for both groups decreased by a range of 0.6-1.3 mm (Cutrera et 

al., 2019).  
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9. Orthodontic Considerations 

Several considerations and treatment modifications have been described for patients with short 

root anomalies undergoing orthodontic treatment. Unfavorable root to crown ratios play a large 

role in the prognosis of orthodontic treatment plans when considering anchoring and the ability 

of the teeth to withstand force application (Neto et al., 2013). Several factors heavily influence 

the likelihood of apical root resorption, including the use of compressive forces (instead of 

tensile forces), apical displacement, longer treatment duration, and the introduction of intrusion 

and lingual root torque (Chan et al., 2006; Weltman et al., 2010; Han et al., 2005; Parker et al., 

1998; Costopoulos et al., 1996). A study using finite element models (FEMs) investigated the 

stress distribution at the root from orthodontic forces on deviated root shapes including short 

roots, blunt roots, roots with a bent apex, and roots with a pipette shape. External orthodontic 

forces were vertical (intrusive) and horizontal (lingual) in nature. A variation in the location of 

stress concentration was reported for the different study groups. When compared to normal 

root shapes, roots that were short, bent, or pipette shaped resulted in greater loading of the root, 

although the loading was concentrated in different parts of the root. In the short root model, it 

was reported that the decrease in the root-crown ratio might have contributed to enhanced root 

loading, leading to significant stress concentrated in the middle of the root. This study 

highlights the considerations for root shape prior to orthodontic treatment, as specific shape 

deviations may lead to a greater loading of the roots with force application (Oyama et al., 

2007). It has been suggested that once root resorption is detected, two to three month pauses in 

force, with a passive arch wire, can minimize further damage. The discontinuous force can be 

advantageous to allow for the resorbed cementum to heal before force is applied and treatment 

resumes (Acar et al., 1999). Another method that has been reported is to maintain light, 
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intermittent forces with longer intervals in between as extensive repair of the cementum occurs 

between activations that occur over longer intervals (Oppenhiem, 1942; Reitan, 1957). It has 

also been suggested that periodic radiographs are taken to monitor the movement of teeth with 

concerns of critical root length (Neto et al, 2013).  

 

10. Genetics 

Genetic influence has been reported to contribute significantly in the diagnosis of short roots. 

In the limited case reports and studies on patients with short roots, a familial occurrence has 

been established and an autosomal dominant mode of transmission has been suggested (Lind, 

1972; Edwards et al., 1990; Jakobsson et al., 1973; Apajalahti et al., 2002; Puranik et al., 

2015). In a study evaluating 8 families affected with short root anomalies- in 3/8 families the 

condition was seen in parent and child, in 2/8 families the condition appeared only in siblings, 

and in 3/8 families the condition appeared only in the affected individual. In another study, 

several cases (total of six) were noted to have a familial occurrence (Lind, 1972). One case 

report evaluating a family of 32 with 7 affected individuals reported an autosomal dominant 

pattern of inheritance after performing a pedigree analysis (Puranik et al., 2015). A case report 

on a 10- year-old girl with short roots reported that the patient’s dad, paternal uncle, aunt, and 

two cousins also had short roots while her mom and brother were not affected (Edwards et al., 

1990). The genetic susceptibility and origin of root length has also been reported. A study 

analyzing radiographs of permanent maxillary central incisors of a normal Swedish population 

of 1038 children reported clinical evidence of root length variation is of genetic origin 

(Jakobsson et al., 1973). In this study, familial occurrences of root length variation were 
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reported, with an example of long roots affecting the dentitions of the son, mother and father of 

a subject as having above average R/C ratios. In addition, the study found that short root 

anomalies affect girls significantly more often than boys, with a ratio of 2.7: 1. 

Specific genes related to matrix metalloproteinases or MMP’s and nuclear factor genes have 

also been reported to have a correlation with patients diagnosed with short roots. Matrix 

metalloproteinases are a family of structurally related extracellular matrix or cell surface 

associated enzymes, where activation is typically associated with destruction of tissue and 

subsequent pathological sequelae. In a study evaluating the gingival crevicular fluid (GCF) of 

patients with short root anomalies, it was reported that MMP-9 is characteristic in subjects 

with short roots. The findings of an activation and complex formation of MMP-9 contribute 

to evidence suggesting that GCF of patients with short roots have low collagenolytic and 

pathological activity. The presence of MMP-9 is also characteristic to patients with active 

periodontitis (Apajalahti et al., 2003). Nuclear factor I genes have also been suggested to 

have a correlation in the development of short roots. Nuclear factor I genes have been 

previously reported to play a critical role in the development of the brain, lungs, and roots of 

teeth. The function of odontoblasts is to contribute to the formation of root dentin and crowns 

of teeth. A mouse study found that disruption of the NFIC gene still allowed for the 

formation of normal Hertwig’s Epithelial Root Sheath (HERS), but disrupted the 

differentiation of odontoblasts. Since the function of NFIC genes are known to play a role in 

the postnatal stages of tooth development, while crown formation occurs in the embryonic 

stage, the disruption of the NFIC gene impacted root odontoblast differentiation and did not 

affect the crown of the tooth. The consequence of disruption in odontoblast formation during 
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the critical early-stage root formation resulted in the study’s findings of decreased cementum 

and short and abnormal root development (Park et al., 2007).  
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Significance 

Based on the gender, ethnic, and familial predispositions influencing diagnosis of short root 

anomalies in available literature, a genetic etiology has been strongly suggested. Because the 

condition of short roots can affect clinical management and influence best practice for 

treatment planning in susceptible patients, determining the etiology or etiologies of SRA to 

facilitate accurate diagnosis is potentially valuable. For instance, establishing an etiology may 

improve a clinician's understanding of how the application of forces on teeth may lead to the 

altered response on teeth with short roots, or, conversely, how these responses may cause 

harm. By improving the understanding of its etiology, we can better understand the disease 

mechanism and be able to extrapolate predictions on whether applying forces and 

manipulating the teeth might lead to continued changes in root structure. Further, exploring 

the molecular mechanisms allows an understanding of whether the condition is largely a 

developmental process or a progressive, long-term process. If it were a developmental 

process, clinicians might expect root shortening to be settled around the time development 

has plateaued, compared to a progressive condition where a worsening of root shortening can 

be expected. Furthermore, the etiology may provide insights on potentially associated defects 

or late onset phenotype making monitoring and prevention a possibility. This foundational 

knowledge can be applied broadly in many facets of dentistry where root to crown ratio must 

be heavily considered in treatment plan development. 

Study Approach 

Five families were recruited through the School of Dentistry at the University of Michigan and 

the Repository at the University of Pittsburgh. Study explanation, pedigree construction, 
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subject enrollment, clinical examinations and collection of saliva samples were completed 

under the proper consenting procedure specified in the study protocol. Saliva samples were 

subjected to genomic DNA isolation and samples from parents and the proband of each family 

were selected for whole exome sequencing (WES). Following the comparisons between 

affected and unaffected individuals, a list of prioritized variants were then be subjected to 

segregation analysis through Sanger sequencing. Assuming all five families have the same 

phenotype of SRA, sequence data were completed and a list of potential candidate variants 

from each proband were constructed. Cohort analyses using the list of candidate variants from 

the pro bands of five families were conducted to filter variants that were not shared by these 

probands. Following the filtering, the list of variants was compiled. Literature evidence of gene 

function associated with those variants were reviewed and variants likely associated with the 

root development were prioritized. Validation experiments were to be conducted based on 

comparison of variants from additional families with SRA or evaluation of animal models with 

comparable gene variants. We anticipated that the experimental results would shed light on the 

etiology of SRA.  
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1. Subject Recruitment and Enrollment 

The study protocol and subject consent forms were reviewed and approved by the Institution 

Review Board at the University of Michigan and the University of Pittsburgh. Five unrelated 

families with short root anomalies were characterized and recruited. One family was recruited 

by Dr. Kim-Berman at the University of Michigan. Two families from Chile were recruited by 

Dr. Vieira at the University of Pittsburgh. Their samples were obtained from the University of 

Pittsburgh School of Dental Medicine Dental Registry and DNA Repository (IRB#0606091). 

Two families were recruited by Dr. Hu at the University of Michigan. Study explanation, 

pedigree construction, subject enrollment, clinical examinations and collection of saliva 

samples were completed under the proper consenting procedure specified in the approved 

study protocol. 

 

 2. Whole-Exome Sequencing & Bioinformatics Analysis 

Non-stimulated saliva sample of 2ml was collected from each participant. Each sample was 

inspected, coded, then a small aliquot used for genomic DNA isolation following the 

manufacturer’s protocol (Norgen Biotek Corporation, Thorold, ON, Canada). Genomic DNA 

quality was assessed by 1.5% agarose gel electrophoresis and quantity determined using 

QubitTM Fluorometer (Thermo Fisher Scientific, Waltham, MA). Samples from parents and 

proband of each family were selected for whole exome sequencing (WES), and DNA samples 

from all other family members were used for confirmation analyses. Trio DNA samples 

following the initial quality control were submitted to Johns Hopkins Center for Inherited 

Disease Research (CIDR, Baltimore, MD) for WES. Each DNA sample at the concentration of 
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50 ng/µL, volume of 50 µL, total amount of 2.5 micrograms were plated onto a 96 well plate. 

A manifesto file with coded sample information and the plated samples were shipped to the 

CIDR on dry ice. Each sample was genotyped using Illumina QC Array. Once sample 

aliquoting errors were ruled out and performance potential and genotypes were determined to 

be appropriate then samples were subjected to WES procedure. Exome capture were completed 

using the Agilent SureSelect Human All Exon Enrichment System. Using the Illumina HiSeq 

2500 (CIDR, Baltimore, MD, paired- end sequencing was generated. Sequencing reads were 

aligned to the 1000 genomes phase 2 (GRCh37) human genome reference using BWA version 

0.7.8 (Li H. 2013). Duplicate reads were flagged with Picard version 1.109. Local realignment 

around indwells and base call quality score recalibration were performed using the Genome 

Analysis Toolkit (GATK) (McKenna et al., 2010) version v3.3-0. GATK’s reference 

confidence model workflow was used to perform joint sample genotyping to generate a multi 

sample VCF file. Variant filtering was done using the Variant Quality Score Recalibration 

(VQSR) method. Multi-sample VCF files from each family containing variants that were 

polymorphic among the family members were extracted from the multi sample VCF file 

derived from the specific cohort with similar phenotypes. All variants in individual VCF files 

were annotated using VarSeq (Golden Helix, Bozeman, MT) against a variety of data sources 

including gene annotation, function prediction and frequency information (a cut off value of 

0.01 for the minor allele frequency). Following the comparisons between the affected and 

unaffected individuals, literature review of potential function of the gene variants related to 

root development, a list of prioritized variants was then subjected to segregation analysis.   
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3. Segregation Analyses using Sanger Sequencing 

The prioritized DNA sequence variations and their segregation with the short root anomaly 

within each family were assessed by Sanger sequencing. The PCR primers were designed to 

bracket the candidate variant and the reactions were conducted following established protocols. 

The PCR amplicons were subjected to Sanger sequencing and the sequencing results were 

analyzed and compared among the members of each study family.  

 

4. Phenotypic Analyses 

Phenotypic comparisons of the five families were performed to determine whether these 

families can be considered as having similar if not identical clinical presentation of SRA. 

Families with different presentation of phenotypes may not have the same genetic etiology and 

should be analyzed separately from the cohort. Phenotypic characteristics that were analyzed 

for each subject include root length, root width, taurodontism, missing teeth, pulp chamber 

findings, whether the cases of SRA are localized or generalized, and other pertinent dental 

anomalies. 

 

Root Length 

Root length was analyzed with the use of the “R/C ratio”, which measures the root to crown 

ratio of each tooth. According to Lind, the criteria for classification of short roots is when the 

root to crown ratio of a tooth is equal to or less than 1.1. The formula used to calculate this 

ratio is described as “R/C Ratio= r-m/i-m” (see Figure 1).  
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Although Lind describes this classification only for maxillary anterior teeth, the criteria of 

short roots defined by the root to crown ratio equaling or being less than 1.1 is applied to all 

types of teeth in this current study, including all incisors, canines, premolars, and molars. 

Measurements were made using the “Ruler” tool on Adobe Photoshop, with “Pixels” as the 

measuring unit. All panoramic radiographs were imported into Adobe Photoshop and viewed at 

250% with the x-axis on 380 and y-axis set on 240. Once images were set to the correct 

magnitude, measurements were made using the formula “r-m/i-m” to calculate the root to 

crown ratio. Two independent observers agreed upon the landmarks used in the formula before 

measurements were carried out.   

 

Localized vs. Generalized SRA 

In the present study, subjects are classified as having localized or generalized cases of short 

root anomalies based on the percentage of teeth affected. In order to have an absolute 

denominator to calculate the percentage of affected teeth, 28 was the standard number used for 

all subjects. Using the AAP 1999 Classification of Periodontal disease guideline, which 

classifies localized cases as less than 30% of sites and generalized cases as more than 30% of 

sites affected, the same criteria was used in this study to classify localized and generalized 

cases of short root anomalies.  

 

Root Width 

One of Lind’s concurrent findings with the observation of short roots in maxillary anterior 

teeth was the “onion shape” appearance found in affected teeth. Because the finding of “onion 

shaped” roots is largely subjective, a modified formula was used to objectively assess whether 
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affected teeth in the current study have an abnormal root width. This formula is described as 

“Rx to Ry/x to y”, which is the ratio of the root width to crown width. Specifically, the width 

of the root is measured from the middle 1/3rd of the root and the crown width is measured at the 

CEJ (see Figure 2).  Tilk et al. (1979) published a study that measured the mesio-distal width 

of the roots at the cervical third, middle third, and apical third of 1500 permanent teeth. The 

quantitative findings of this study were used to develop a criteria for determining if root widths 

are classified as “wide” or “normal”.  

 

For maxillary central incisors, the average root width in the middle third was reported as 5.15 

mm with the standard deviation being 0.58 mm (see Figure 4). For the purposes of this study, 

measurements to 2 standard deviations were calculated. Therefore, 5.15 + 0.58 + 0.58 mm = 

6.31 mm and is the number used to calculate the average root width of a maxillary central 

incisor at the middle third.  Similarly, the average root width of the cervical third is measured 

at 6.22 mm with a standard deviation of 0.51. Therefore, 6.22 + 0.51 + 0.51 = 7.24 mm, which 

is the number used to calculate the average root width of the maxillary central incisor at the 

cervical third. By using the formula “Rx to Ry/x to y” to apply to these numbers, “Rx to Ry” 

is equivalent to the root width at the middle third and “x to y” is equivalent to the crown width 

at the CEJ, or the root width at the cervical third. Therefore, middle 1/3rd at 6.31mm divided by 

cervical 1/3rd at 7.24 mm is equal to a ratio of 0.87. For the present study, root width ratios of 

maxillary central incisors greater than 0.87 are consequently classified as “wide”, and 

anything less than 0.87 is classified as “normal”. In the event that a measurement is two 

standard deviations below the average, roots are still classified as “normal” in the present 

study. Measurements of root widths and crown widths were made using the “Ruler” tool on 
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Adobe Photoshop, with “Pixels” as the measuring unit. All panoramic radiographs were 

imported into Adobe Photoshop and viewed at 250% with the x-axis on 380 and y-axis set on 

240. 

The same method was applied to classify root widths of mandibular central incisors as “wide” 

or “normal”. In this case, the average root width for mandibular central incisors at the middle 

third is reported at 2.85 mm with a standard deviation of 0.29 (see Figure 3). Therefore, the 

calculated average root width at the middle 1/3rd with 2 standard deviations is 2.85 mm + 

0.29mm + 0.29mm = 3.43 mm. The average root width of the mandibular central incisors at the 

cervical third is reported at 3.44 mm with a standard deviation of 0.29mm. Therefore, the 

calculated average root width at the cervical 1/3rd with 2 standard deviations is 3.44 mm + 0.29 

mm + 0.29 mm= 4.02 mm. The root width ratio is determined by dividing the middle 1/3rd root 

width of 3.43 mm by the cervical 1/3rd root width of 4.02, which is equal to a root width ratio 

of 0.85. In the present study, any root width ratio of a mandibular central incisor higher than 

0.85 is therefore classified as “wide”, and any root width ratio of less than 0.85 is classified as 

“normal”. Measurements were made using the “Ruler” tool on Adobe Photoshop, with “Pixels” 

as the measuring unit. All panoramic radiographs were imported into Adobe Photoshop and 

viewed at 250% with the x-axis on 380 and y-axis set on 240. Measurements were repeated a 

second time, two weeks after the initial measurements were taken, in order to calculate intra-

class correlation. 
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Taurodontism 

In the present study, taurodontism in first and second molars of subjects were objectively 

classified based on the modified formula described by MacDonald et al (2019). MacDonald et 

al cited an article published in 1978 by Shifman and Chanannel who were the first to describe 

“variables” of a tooth used to define a “Taurodont Index”. The formula used to classify 

whether a molar is a taurodont is: (Variable 1/Variable 2) x 100, with Variable 1 being the 

lowest point of the roof of the pulp chamber to the highest point of the floor of the pulp 

chamber while Variable 2 is defined as the lowest point of the roof of the pulp chamber to the 

apex of the longest root. Using the Taurodont Index, if the calculated number is less than 20, 

the root shape is classified as “normal”. If the calculated number is between 20 to 30, it is 

classified as hypotaurodont. If the calculated number is between 30 and 40, the tooth is 

classified as a mesotaurodont, and if the taurodont index is any higher than 40, the tooth is 

classified as a hypertaurodont. For the purpose of this study, only teeth that are classified as 

mesotaurodont or hypertaurodont are classified as taurodonts in the phenotypic analysis. 

Measurements of the “variables” that determine the “Taurodont Index” number were made 

using the “Ruler” tool on Adobe Photoshop, with “Pixels” as the measuring unit. All 

panoramic radiographs were imported into Adobe Photoshop and viewed at 250% with the x-

axis on 380 and y-axis set on 240. The landmarks used in the formula for each subject were 

agreed upon by two independent observers before measurements were carried out. 

 

Pulpal findings, Missing Teeth/Agenesis, Other Dental Anomalies 

The observation of pulp stones, missing teeth/agenesis, and other dental anomalies were 

subjectively noted in each subject and agreed upon by two independent observers. Because 
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phenotypic analyses are done using only panoramic radiographs, ratios are needed for objective 

findings. Therefore, if ratios are not able to be determined, only subjective findings can be 

reported.   
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Combining the Genotypic and Phenotypic Analyses  

Following the whole exome sequencing, data from five families with similar phenotype of 

SRA were compiled, sequence variations annotated and a list of potential candidate variants 

from each proband was constructed. A cohort analyses using the list of candidate variants from 

probands of five families was conducted which allowed filtering of variants not shared by these 

probands. Following this filtering, the list of potential variants was reviewed and prioritized 

based on the functional impact of these variants.  Validation experiments involving comparison 

of variants from additional families or evaluation of the dentition from animal models with 

comparable genetic variants or mutations were performed.  
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1. Subject Recruitment and Enrollment 

Family One (USSO): Family one was a two-generation Caucasian family, with a total of 5 

subjects recruited for the study. The mother was reported to have short roots, while the father 

was unaffected with normal tooth morphology. At the time of enrollment, they had two 

daughters and one son, age 14, 8, and 7 respectively. Proband (labeled II:1) was a 14 year old 

girl who’s affected with short roots, while second daughter/proband’s sister (labeled II:2) was 

an 8 year old girl who’s also affected by short roots. The only male offspring, labeled II:3, is 

unaffected. Pedigree, oral photographs, and radiographs of subject II:1 is presented in Figure 

6., and pedigree, oral photographs, and radiographs of subject II:2 is presented in Figure 7.  

 

Family Two (USRE): Family two was a three-generation Caucasian family, with a total of 4 

subjects recruited for the study: grandmother, mother, son/half brother, and daughter/half 

sister. The family pedigree was constructed by report. At the time of enrollment, both mother 

(II:2) and grandmother (I:2) reported short roots. Radiographic confirmation of short roots was 

obtained from proband’s mother (II:2) and proband (III:5) only. Grandmother, mother, and 

daughter/half sister also reported to have hypodontia. The son/half brother (labeled III:4) is 

unaffected. Pedigree, available clinical photos, and panoramic radiographs for subjects II:2 and 

III:5 are presented in Figure 8.  

 

Family Three (KRMO): Family three was a two-generation Korean family, with a total of 4 

subjects recruited for the study: father, mother, daughter, and son. Proband (labeled II:2) was 

the only one affected with short roots, while father, mother, and son remain unaffected. 

Following the genetic analysis, the parents were found to be related (illustrated with the double 
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line between mother and father on the pedigree). Pedigree and panoramic radiographs for 

proband (subject II:2), unaffected father (subject I:1), and unaffected mother (subject I:2) are 

presented in Figure 9.  

 

Family Four (CHII): Family four was a two-generation Chilean family, with a total of 3 

subjects recruited for the study: mother, son, and second son (labeled I:2, II:1, and II:2, 

respectively). Proband (II:2) was the only affected person with short roots who’s tooth 28 is 

congenitally missing. Pedigree and panoramic radiograph for proband (subject II:2) is 

presented in Figure 10.  

 

Family Five (CHC): The proband was part of a five-generation Chilean family and was the 

only one affected with short roots (labeled V:1). The proband has maxillary canine (11) 

impaction, and agenesis of several teeth. Pedigree, clinical photos, and panoramic radiographs 

for proband (subject V:1) are presented in Figure 11.  

 

 

2. Whole-Exome Sequencing & Bioinformatics Analysis 

Whole exome sequencing was performed on 15 subjects from those five families with SRA. 

Initial QC screening of all samples demonstrated sufficient quality of the genomic DNA and 

correct subject relationship and gender. A total of 16 samples were subjected (one sample 

yielded no data due to poor sequencing performance) to sequencing, which yielded an average 

sequencing depth of 89.2x (USSOAB had no data released thus was not included in this 

calculation) and the average number of raw sequence reads was 129,580,435 with 125-bp 
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sequencing length. Following the standard WES analysis pipeline that were optimized in our 

lab, a list of heterozygous and homozygous variants with SIFT score, PolyPhen-2 score, 

Combined Annotation Dependent Depletion (CADD), Alt Allele Frequency (AAF from 

genomAD), and dbSNP 154 was compiled for each of the five families (Tables 1-5). These list 

of variants were cross checked and the affected genes common to two or more families were 

extracted and listed in Table 6.  

 

There were no variants involving the same gene present in all five families.  

 

PLEKHG5, pleckstrin homology domain-containing family G member 5, plays a role in 

angiogenesis through regulation of endothelial cells chemotaxis. It affects also the migration, 

adhesion, and matrix/bone degradation in macrophages and osteoclasts.  CHII proband has a 

novel heterozygous inframe deletion NM_020631.6:c.2163_2165delGGA:p.Glu723del and the 

USSO proband has novel compound heterozygous frameshift mutations 

NM_020631.6:c.2164_2165delGA:p.Glu722Glyfs*63 and 

NM_020631.6:c.2163delG:p.Glu722Argfs*43. Due to limited experimental data, how these 

changes impact function of PLEKHG5 cannot be deduced. 

 
 
DENND4B is a guanine nucleotide exchange factor which may activate Rab10 to promote the 

exchange of GDP to GTP, converting inactive GDP-bound Rab proteins into their active GTP-

bound form. USRE proband has a heterozygous frameshift mutation 

NM_014856.3:c.2703_2730del:p.Gln902Serfs*38 while USSO II:2 has the same mutation.  

There is no reported data on expression and potential function of DENND4B during tooth and 



 32 

tooth root development.  

  
  
IGFN1, immunoglobulin-like and fibronectin type III domain-containing protein , mediates 

homophilic cell adhesion via plasma membrane adhesion molecules, retina layer formation and 

synapse assembly. USSO II:2 has a heterozygous frameshift variant 

NM_001164586.2:c.1664_1665delAA:p.Lys555Serfs*61 while CHC proband has a 

heterozygous missense variant NM_001164586.2:c.10154G>A:p.Ser3385Asn which is rare 

(AAF 0.0017) and is predicted to be damaging.  However, the functional significance of 

IGFN1 and tooth root development cannot be predicted based on limited scientific data.  

 
 
ATXN7 encodes a transcription coactivator that mediates the interaction of STAGA complex 

with the CRX and is involved in CRX-dependent gene activation and it is necessary for 

microtubule cytoskeleton stabilization. Proband of family CHC has a novel heterozygous 3 

base-pair inframe deletion NM_001377405.1:c.116_118delAGC:p.Gln39del while proband of 

USRE has a heterozygous 3 base-pair insertion 

NM_001377405.1:c.123_125dupGCC:p.Pro43dup (rs1553686135, AAF 0.00570556). ATXN7 

involvement in tooth root development is unclear. 

 

DCHS2 encodes a calcium-dependent cell-adhesion protein. Proband of family CHC has a 

novel 4 base-pair deletion resulting in frameshift NM_001358235.2:c.4019-769_4019-

766delCAAA. Proband of family USRE has a single base change that resulted in a stop again 

NM_001358235.2:c.5392C>T:p.Arg1798Ter (rs150179829, AAF 0.00134781). Both variants 

are likely damaging to the function of DCHS2, however, its impact on tooth development is 
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unknown. 

 

ATXN1 encodes a chromatin-binding factor that repress Notch signaling in the absence of 

Notch intracellular domain by acting as a CBF1 corepressor. In concert with CIC and 

ATXN1L, ATXN1 involves in brain development. Proband of CHII has an inframe 3bp 

insertion NM_001128164.2:c.666_668dupGCA:p.Gln225dup while USRE proband has also a 

heterozygous 3bp insertion NM_001128164.2:c.624_626dupGCA:p.Gln208dup 

(rs193922926). The significance of these variants on tooth root development cannot be 

determined. 

 

HLA-DRB1 in complex with the alpha chain HLA-DRA, displays antigenic peptides on 

professional antigen presenting cells (APCs) for recognition by alpha-beta T cell receptor 

(TCR) on HLA-DRB1-restricted CD4-positive T cells. This guides antigen-specific T-helper 

effector functions, both antibody-mediated immune response and macrophage activation, to 

ultimately eliminate the infectious agents and transformed cells. CHII proband has a 

homozygous frameshift variant NM_002124.4:c.295delinsCGG:p.Gln99Argfs*31 and USSO 

has a heterozygous frameshift variant NM_002124.4:c.294delG:p.Glu98Aspfs*31. HLA-

DRB1 function in tooth development has not been determined. 

 

PODXL encodes a protein that acts as a pro-adhesive molecule, enhancing the adherence of 

cells to immobilized ligands, increasing the rate of migration and cell-cell contacts in an 

integrin-dependent manner and induces the formation of apical actin-dependent microvilli. It 

governs a positive regulation of cell-cell adhesion mediated by integrin. Both probands from 
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the Chilean families carried the heterozygous novel  inframe insertion variant, 

NM_001018111.3:c.78_83dupGTCGCC:p.Pro30_Ser31dup while USSO II:2 has a 

heterozygous frameshift mutation NM_001018111.3:c.70_85del:p.Pro24Argfs*138. 

 

RP1L1, retinitis pigmentosa 1-like 1 protein, is required for the differentiation of photoreceptor 

cells. It plays a role in the organization of outer segment of rod and cone photoreceptors. 

Proband of USSO has a heterozygous stop gain mutation 

NM_178857.6:c.4054G>T:p.Glu1352Ter while KRMO proband has a heterozygous frameshift 

variant NM_178857.6:c.324_325insT:p.Pro109Serfs*29. There is no literature evidence of 

RP1L1 involving in tooth development. 

 
PKHD1L1 has a molecular function involving in signaling receptor activity of the immune 

response and sensory perception of sound. USSO proband has a missense mutation 

NM_177531.6:c.442A>G:p.Ile148Val that is damaging while CHII proband has a splice donor 

site mutation NM_177531.6:c.6507+1G>A that has been reported to have an alternative allele 

frequency of 0.00767286 (rs72687022).  

  

ZDHHC16, palmitoyltransferase, is required during embryonic heart development and cardiac 

function, possibly involved in apoptotic process, cellular damage to DNA damage stimulus and 

telencephalon development. USSO proband has a heterozygous missense mutation 

NM_198046.3:c.117G>C:p.Trp39Cys (rs766784631) that is rare (AAF 0.00001599) and 

predicted to be damaging and USRE proband also has a missense heterozygous mutation 

NM_198046.3:c.973G>A:p.Gly325Ser (rs377074050) that is also rare (AAF 0.00001989) and 

damaging. ZDHHC16 expression during tooth development is unknown. 
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KRT76 were identified in two of the five families. Probands of the KRMO and CHC have an 

identical inframe deletion mutation NM_015848.4:c.1639_1641delAGT:p.Ser547del or 

rs370657661 which has a AAF of 0.00128743.  The putative functions of KRT76 include 

cornification, keratinization, pigmentation, cytoskeleton organization, and sebaceous gland 

development. KRT76 is typically present in epidermis. Among the many keratins expressed in 

the oral cavity, KRT76 has been previously reported to be the topmost down regulated gene 

amongst all differentially expressed genes (Ambatipudi et al., 2012). In a study conducted by 

Ambatipudi et al. (2013), who examined the differential expression of KRT76 in human and 

hamster oral precancerous and cancerous lesions, it was reported that a loss of KRT76 is 

sufficient to cause hyperplasia in the oral cavity of the mice. A possible theory on why KRT76 

loss may contribute to cancer development is that it contributes to a barrier defect in the 

epithelium, allowing it to be more exposed to potential carcinogens. The same study reported 

that there was a strong association of reduced KR76 expression with increased risk of oral 

precancerous lesions and oral squamous cell carcinoma development. Its potential role in 

development of tooth root, a mesenchyme-derived structure, is not immediately clear. 

However, understanding that existing studies are able to correlate downregulation of KRT76 

gene with pertinent oral findings may be important to form potential associations with presence 

of short roots in future studies. 

 

EP400 is a component of the NuA4 histone acetyltransferase complex which is involved in 

transcriptional activation of select genes principally by acetylation of nucleosomal histones H4 

and H2A. It binds to DNA, ATP and chromatin to impact helicase, nucleosome-dependent 

ATPase activity. An inframe insertion heterozygous variant was identified in CHC, 
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NM_015409.5:c.8223_8225dupGCA:p.Gln2748dup.  While an inframe deletion heterozygous 

variant was found in USRE proband, NM_015409.5:c.8223_8225delGCA:p.Gln2748del 

(rs528214697). Functional impact of these novel variants is unclear. 

 

ZIC5 is essential for neural crest development, converting cells from an epidermal fate to a 

neural crest cell fate. Probands from CHC and CHII carried a heterozygous inframe deletion 

NM_033132.5:c.1176_1178delGCC:p.Pro400del mutation. 

 

NIPA1 encodes a transmembrane transporter of Mg2+, although it can also transport other 

divalent cations such as Fe2+, Sr2+, Ba2+, Mn2+ and Co2+ but to a much less extent. Proband of 

family KRMO has a heterozygous inframe deletion 

NM_144599.5:c.42_47delGGCGGC:p.Ala15_Ala16del (rs531550505, AAF 0.000346947) 

while families CHC and CHII shared the same novel heterozygous inframe deletion 

NM_144599.5: c.39_41delGGC:p.Ala16del. The deleted amino acid Alanine is located in the 

topological domain of this transporter presumably interacts with the ion ligand. The speculated 

functional impact of these deletions concentrates on ligand binding. There is no literature 

evidence of this transporter regulating tooth root development. 

 

LMF1, lipase maturation factor 1, involves  in the maturation of specific proteins in the 

endoplasmic reticulum. Required for maturation and transport of active lipoprotein lipase 

(LPL) through the secretory pathway. USSO proband has a heterozygous missense variant 

NM_022773.4:c.1567C>T:p.Arg523Cys while CHII proband has a stop gain heterozygous 

mutation NM_022773.4:c.1431C>T:p.Asn477= (rs772646362). Both variants are rare, AAF of 



 37 

0.00003467 and 0.00011285, respectively, and their potential impact on LMF1 function is 

unknown. 

 
 

DNAH3 encodes Dynein axonemal heavy chain 3 which is a force generating protein of 

respiratory cilia. It produces force towards the minus ends of microtubules. Dynein has ATPase 

activity. Both CHC and CHII probands carried a heterozygous variant 

NM_017539.2:c.2724G>C:p.Arg908Ser (rs117470111, AAF0.00624139) which is predicted to 

be damaging. 

 

THAP11 encodes a transcriptional repressor that plays a central role for embryogenesis and the 

pluripotency of embryonic stem (ES) cells. It is a sequence-specific DNA-binding factor that 

represses gene expression in pluripotent ES cells by directly binding to key genetic loci and 

recruiting epigenetic modifiers. Proband of CHC has a heterozygous inframe deletion 

NM_020457.3:c.597_611delAGAGGGCGCAGCCGC: p.Glu200_Ala204del (rs750317616, 

AAF 2.84322E-05), proband of CHII has a novel heterozygous inframe deletion 

NM_020457.3:c.394_396delCAG:p.Gln132del, while proband of USRE has a homozygous 

frameshift mutation NM_020457.3:exon 1:c.369delG:p.Gln123Hisfs*42 (rs111586870). 

Proband KRMO has compound heterozygous mutation 

NM_020457.3:c.363_364delGC:p.Gln122Thrfs*117 and 

NM_020457.3:c.366_369delACAG:p.Gln122Hisfs*42. All mutation sites are located between 

functionally important regions, motifs, and domains. There is no literature evidence on how 

these mutations may impact the transcriptional repression of THAP11. However, four out of 

five porbands with rare frameshift variants that are potentially damaging to the gene function is 
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interesting. There is no literature evidence of this gene expression during tooth or tooth root 

development. Important experiments to carry out will include gene expression study by 

detection of mRNA transcripts during tooth development using both the in situ riboprobes and 

Reverse transcription polymerase chain reaction (RT-PCR). 

 
 

VEZF1 is a transcription factor specifically binds to the CT/GC-rich region of the interleukin-3 

promoter and mediates tax transactivation of IL-3.USSO proband has compound heterozygous 

frameshift variants NM_007146.3:c.1044delG:p.Gln348Hisfs*9 and 

NM_007146.3:c.1041_1042delGC:p.Gln348Alafs*27 while proband of CHC has a 

heterozygous inframe insertation variant NM_007146.3:c.1032_1034dupGCA:p.Gln354dup. 

 
 
 
ZSCAN30, zinc finger and SCAN domain-containing protein 30, may be involved in 

transcriptional regulation. Family CHC proband has a heterozygous missense variant 

NM_001112734.4:c.1186C>T:p.Arg396Trp and CHII proband also has a heterozygous stop 

gain mutation NM_001112734.4:c.325C>T:p.Arg109Ter. No literature evidence supporting 

the involvement of this gene in tooth root development.  

 
 

CACNA1A encodes voltage-dependent P/Q type calcium channel subunit alpha-1A. The 

voltage-sensitive calcium channels (VSCC) mediate the entry of calcium ions into excitable 

cells and are also involved in a variety of calcium-dependent processes, including muscle 

contraction, hormone or neurotransmitter release, gene expression, cell motility, cell division 

and cell death. Both probands of family CHC and CHII carried a heterozygous variant 
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NM_001127221.2:c.*161_*166delCAGCAG resulting in inframe deletion which will likely be 

damaging to the gene function. 

 

ANKLE1 encodes an endonuclease that probably plays a role in the DNA damage response 

and DNA repair. Proband of CHC has a heterozygous variant 

NM_152363.6:c.*132_*139delGTGTGTGT (rs5853575, AAF 0.0092908) resulting in a 

frameshift mutation, while proband of USRE also carried a heterozygous variant 

NM_152363.6:c.*141_*145delTGTGT resulting in a frameshift mutation as well. 

 

Given the diverse genetic background of the study families, we had anticipated a short list of 

variants that is shared among the affected. Unfortunately, the majority of the variants were 

shared by only two families making them unlikely to be the causative variants. The most 

logical candidate THAP11 is selected for further investigation because of potentially 

significant, functionally damaging variants identified in four study families with Hispanic, 

Asian and Caucasian background. 

 

3. Segregation Analyses using Sanger Sequencing  

When selecting candidate variants for segregation analyses, factors including number of 

probands from the study families, number of affected from the study families, literature 

evidence, animal models depicting gene function were carefully assessed and reviewed. The 

sequencing results of additional affected individual III:2 from USSO (Family 1), unaffected 

III:3 from USSO (Family 1), unaffected individual II:2 from KRMO (Family 3), and 

unaffected individual III:1 from USRE (Family 2) were referenced when filtering candidate 
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variants identified from 5 study probands.  Given the WES data and literature evidence, there 

were no logical variants or candidate genes that can be targeted for segregation analyses. 

 

4. Phenotypic Analysis 

 

Localized and generalized cases of short root anomalies 

Out of the seven subjects that underwent phenotypic analysis, four were classified as localized 

cases based on having less than 30% of the dentition affected by short root anomalies. Among 

the four subjects that were classified as having localized short root anomalies, two of the 

subjects were from the same family while the other two subjects were from a different family. 

The remaining three subjects were classified as generalized short root anomaly cases based on 

more than 30% of the dentition being affected. Among the three subjects with generalized 

cases of short root anomalies, none of them belonged to the same family (Table 7).  

 
Root length (short roots) 

The most frequently affected teeth with short roots in this study are maxillary central incisors 

(Table 8), maxillary first premolars (Table 11) and maxillary second premolars (Table 12). 

These teeth appeared to affect subjects with both localized and generalized cases. Maxillary 

first molars were affected in one subject with a localized case and one subject with a 

generalized case (Table 13).  

 

Short roots were also noted in maxillary lateral incisors, maxillary canines, maxillary second 

molars, mandibular central incisors, mandibular lateral incisors, mandibular canines, 



 41 

mandibular first premolars, mandibular second premolars, mandibular first molars, and 

mandibular second molars, but only appeared to affect cases classified as having generalized 

short root anomalies (Table 9, 10, 14, 15, 16, 17, 18, 19, 20, and 21).  

 

Root width 

Wide root widths affecting the maxillary central incisors, determined by whether root to crown 

ratio was greater than 0.87, affected five subjects, two of which were classified as localized 

cases of SRA and three of which were classified as generalized cases of SRA. In all five 

affected subjects, wide root widths of both central incisors (#8 and 9) were noted (see Table 

22).  

 

Wide root widths were also determined on mandibular central incisors in three subjects, one of 

which was classified as having localized SRA while the other two cases were classified as 

generalized cases of SRA (Table 23). Wide root width was determined if the tooth had a R/C 

ratio of >0.85. In the localized case (Family 1 Subject II:1), only #25 was noted to have a wide 

root width. In one generalized case (Family 3- Subject II:2), both mandibular central incisors 

were noted to have wide root widths (#24, 25) while the other affected generalized case 

(Family 5 Subject V:1) was noted to have wide root width in #25 only. 

 

Taurodontism 

For the purposes of this study, only mesotaurodont and hypertaurodont classifications were 

noted to be significant as having taurodontism for the purposes of this study.  
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Maxillary taurodontism was noted in three cases, two of which were noted in localized cases of 

SRA and one noted in a generalized case of SRA. Worth noting is that the two affected 

subjects (both localized cases) belong to the same family (Family 1- Subjects II:1 and II:2). In 

all three cases, both second molars (#2 and #15) were affected (Table 24).  

Mandibular taurodontism was less common, and was only noted in Family 1- Subject II:2, who 

is classified as a localized case of SRA. In this case, the mandibular second molars were 

affected (Table 25).   

 

Other Dental Anomalies 

The presence of a peg lateral was determined by the ratio of mesial-distal (M-D) width 

dimension of central incisors compared to ratio of M-D dimension of lateral incisors. A normal 

central incisor (CI) M-D width to lateral incisor (LI) M-D width ratio should equal 1.3. A 

central incisor (CI) M-D width to lateral incisor (L1) M-D width ratio of 1.6 was observed in 

one subject. Based on this criteria, a peg lateral was observed in one subject with a localized 

case of short root anomalies (Table 26).  

 
Missing teeth/agenesis was also noted in several of the subjects. Four subjects were noted to 

exhibit agenesis/ have missing teeth. Of the four subjects, only one subject was classified as a 

localized case while the other three were ones having generalized cases of SRA. In Family 2 

Subject III:5 (localized SRA case), #7 was noted to be missing. In Family 4 Subject II:2, #16 

was noted to be missing. In Family 5 Subject V:1, #7, 10, and 26 were also noted as missing 

(Table 29). It is important to note that we did not include missing third molars as missing teeth 

in our study.  
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Pulp stones were noted in three subjects. In Family 1 Subject II:1, pulp stones were noted in 

maxillary molars #3, 14, and 15. In Family 3 Subject II:2, pulp stone was noted in mandibular 

molar #30. In Family 5 Subject V:1, pulp stones was noted in maxillary molar #3. Other 

significant pulpal findings include the presence of what appears to be generalized pulpal 

obliteration in Family 3 Subject II:2, who was classified as having a generalized case of short 

root anomaly (Table 29).  

 

Several other dental anomalies were noted during phenotypic analysis of our subjects. In 

Family 2 Subject III:5, classified as having a localized case of short roots, we also noted a peg 

lateral on #10 and invaginatus on #8. In Family 4 Subject II:2, hypercementosis was noted on 

the roots of #3, 14, 18, 30, and 31. In Family 5 Subject V:1, ectopic eruption of upper left 

maxillary canine (#11) was noted (see Table 29).  

 

Reliability in Measurements 

I. Intraclass Correlation Coefficient (ICC) 

Intraclass correlation coefficient at p<0.05 was calculated for root length and crown length 

measurements taken at time one (T1) and time two (T2) across all subjects and tooth types. 

Most measurements had an ICC of 0.8 or higher, which represents a good-strong correlation 

between repeated measurements. Measurements with an ICC of ≥ 0.7 but < 0.8 represent a fair 

correlation, and this was noted in the root length measurements for #8 and #9 and the crown 

length measurement for #9. One measurement, the crown length of tooth #14, had an ICC of 

0.591, which represents a less than ideal correlation between the measurements taken at both 

time points.  
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Intraclass correlation coefficient was also calculated for root width and crown width 

measurements of central incisors taken at time one (T1) and time two (T2) across all subjects. 

All measurements had an ICC of 0.9 and above, which represents a very strong correlation 

between repeated measurements (See Table 29). 

 

II. Bland Altman Plots  

Several Bland-Altman plots were created to illustrate the reliability of repeated measurements 

taken. 

 

In Figure 12, a Bland-Altman plot depicting root length taken the first time (R1) compared to 

root length taken the second time (R2) across all subjects and tooth types found that most 

measurements (all but four), are within five pixels of each other. 

In Figure 13, a Bland-Altman plot depicting crown length taken the first time (C1) compared to 

crown length taken the second time (C2) across all subjects and tooth types found that most 

data points tend to cluster around the “mean”, with limited points that appear as outliers.  

 

In Figure 14, a Bland-Altman plot depicting root width measurements of maxillary central 

incisors taken the first time (RW1) compared to root width measurements taken the second 

time (RW2) across all subjects found that all measurements are within one pixel of each other. 

The data appears scattered due to the limited number of data points illustrated in the plot. 

Similarly, in Figure 15, a Bland-Altman plot depicting root width of mandibular central 

incisors taken the first time (RW1) compared to root width measurements taken the second 

time (RW2) across all subjects found that most measurements cluster around the “mean”, and 
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are within one pixel of each other. Due to the limited number of data points, data appears 

scattered although data points are within an acceptable range of error. 

 

In Figure 16 and 17, Bland-Altman plots depicting crown width of maxillary central incisors 

and mandibular central incisors taken the first time (CW1) compared to crown width 

measurements taken the second time (CW2) across all subjects found that most measurements 

cluster around the mean and are within 1-1.5 pixels of each other, with the exception of a few 

outlier data points.  

 

In Figure 18 and 19, Bland-Altman plots depicting Variable 1 measurements (to calculate 

Taurodont Index) of maxillary first and second molars taken at time point one (V1_1) and time 

point two (V1_2) across all subjects found that most data points cluster around the mean, 

which are within two pixels of each other.  

 

In Figures 20 and 21, Bland-Altman plots depicting Variable 2 measurements (to calculate 

Taurodont Index) of maxillary first and second molars taken at time point one (V2_1) and time 

point two (V2_2) across all subjects found that most data points cluster around the mean, 

which are within three pixels of each other.  
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1. Findings 

This study represents a comprehensive genetic and phenotypic evaluation of five families 

(seven subjects total) with non-syndromic short root anomalies. The aim of this study was to 

define clinical features and identify specific gene mutations that are associated with short root 

anomalies, and to determine the potential association between clinical features and genetic 

mutations in order to provide scientific evidence for oral health providers to enhance diagnosis 

and management of patients with short root anomalies.  

 

Among the five families in this study, affected probands in USSO (Family 1) and USRE 

(Family 2) presented with localized short roots while probands of KRMO (Family 3), CHC 

(Family 4) and CHII (Family 5) families have generalized short roots. The number of 

participants recruited from the study families was small, which limited the power to identify 

potential candidate variants. Family USSO is the only family with affected individuals in both 

the parents’ and the children’s generation, which was very important for filtering variants to 

narrow down potential causality. The other four families have simplex cases making 

determining the mode of inheritance difficult. 

 

I. Genotypic Analysis  

There were no variants involving the same gene present in five families. Four out of five 

probands have genetic variants in THAP11. All variants are located between functionally 

important regions, motifs, and domains. How these variants may impact the function of 

THAP11 cannot be predicted. Variants of gene KRT76 were identified in two of the five 

families. Probands of the KRMO and CHC have an identical inframe deletion mutation which 
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was interesting as these two families are diverse in their genetic background. This alternative 

allele, rs370657661, has a frequency of 0.00128743 in the general population.  

 
There were 20 additional unique genes with potentially damaging variants shared by at least 

two of the five study families. Each unique gene annotation and function was reviewed.  We 

cross checked those variants with the variants from the sequencing results of additional 

affected individual (III:2) in USSO family, and not a single one of those genes was identified 

among the list of variants of USSO III:2 producing no logical candidates for further 

segregation analysis. Given this finding, our decision was made to focus the study on 1) careful 

analysis of all data sets to ensure accuracy, and 2) active recruitment of additional families 

with SRA with both generalized and localized cases. 

 

II. Phenotypic Analysis  

Determining Reliability in Measurements  

Reliability of measurements was evaluated in two different ways. First, all measurements taken 

(root length, crown length, root width, crown width, variables for determining taurodontism, 

and mesial-distal widths to calculate ratio between central and lateral incisor for peg lateral 

determination) were repeated twice, spaced two weeks apart. The measurements taken at time 

point one and time point two were then used to calculate intraclass correlation coefficients 

(ICC) for each measurement. A two-way mixed effects model was used where subjects are 

random and the measurer effect is fixed. The intraclass correlation coefficients were done 

using an absolute agreement definition, where p value was < 0.05.  
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An ICC value of 0.9 and above is classified as having a strong correlation, value of 0.8-0.9 is 

classified as having a good correlation, 0.7-0.8 as having fair correlation, and any ICC equal to 

0.5 or below is classified as having poor correlation. 

The second way to evaluate reliability was to create a series of Bland-Altman plots for the 

different measurements (root length, crown length, root width, crown width, variables used to 

calculate Taurodont Index, values to calculate ratio for peg lateral) to illustrate whether 

repeated measurements tend to “cluster” around a mean, which would be interpreted that most 

measurements are within an acceptable range of error. Alternatively, if repeated measurements 

vary significantly from the measurements taken at time point one, this would be illustrated by 

data appearing more scattered on the plots and would suggest that the methodology to gather 

data may not be as accurate. 

Out of the seven subjects that underwent phenotypic analysis, four were classified as localized 

cases based on having less than 30% of the dentition affected by short root anomalies. The 

remaining 3 subjects were classified as generalized short root anomaly cases based on more 

than 30% of the dentition being affected. All subjects in the present study self-reported a non-

contributory medical history. As non-syndromic occurrences of generalized short root 

anomalies are rare, the finding of three out of seven of our subjects being considered as having 

generalized short root anomalies is of significance.  

 
The most frequently affected teeth with short roots in this study are maxillary central incisors, 

maxillary first premolars and maxillary second premolars. These teeth appeared to affect 

subjects with both localized and generalized cases. This finding supports previously reported 

studies that short root anomalies typically affect maxillary central incisors, and premolars are 
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often described as the next most diagnosed tooth type with short roots (Lind, 1972; Apajalahti 

et al., 2002; Apajalahti et al., 1999; Ando et al., 1967; Puranik et al., 2015). Maxillary first 

molars were affected in one subject with a localized case (Family 2 Subject II:2), and one 

subject with a generalized case (Family 5, Subject V:1).  

 

Short roots were also noted in maxillary lateral incisors, maxillary canines, maxillary second 

molars, mandibular central incisors, mandibular lateral incisors, mandibular canines, 

mandibular first premolars, mandibular second premolars, mandibular first molars, and 

mandibular second molars, but only appeared to affect cases classified as having generalized 

short root anomalies. This finding is supported by previous studies that found the tooth types 

that are least affected by short root anomalies include mandibular central incisors, molars, and 

canines (Lind, 1972; Puranik et al., 2015).  

 

The characteristic of a “plump, onion shape” root appearance in affected maxillary central 

incisors as described by Lind in 1972 was quantified in the present study. Wide root widths 

affecting the maxillary central incisors, determined by whether root to crown ratio was greater 

than 0.87, affected five subjects, two of which were classified as localized cases of SRA and 

three of which were classified as generalized cases of SRA. In all five affected subjects, wide 

root widths of both central incisors (#8 and 9) were noted. Our findings, using a formula to 

quantifiably assess the “wide root width” or “plump, onion shape” characteristic supported 

Lind’s (1972) report that maxillary central incisors affected by short roots tend to have this 

characteristic shape.  
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Wide root widths were also determined on mandibular central incisors in three subjects, one of 

which was classified as having localized SRA while the other two cases were classified as 

generalized cases of SRA. Wide root width was determined if the tooth had a R/C ratio of 

>0.85. In the localized case (Family 1 Subject II:1), only #25 was noted to have a wide root 

width. In one generalized case (Family 3- Subject II:2), both mandibular central incisors were 

noted to have wide root widths (#24, 25) while the other affected generalized case (Family 5 

Subject V:1) was noted to have wide root width in #25 only. The finding of a wide root width 

or characteristic “plump, onion shape” in affected mandibular central incisors with short roots 

has not been reported previously.  

 

Taurodontism is identified based on radiographic assessment and affected teeth typically take 

on a rectangular shape tapering towards the roots. A typical presentation of taurodont-affected 

teeth include an exceedingly large pulp chamber, absence of the cervical constriction, and 

significantly shorter roots (Dineshshankar et al., 2014; Shifman and Chanannel, 1978).  Only 

mesotaurodont and hypertaurodont classifications were noted to be significant as having 

taurodontism for the purposes of this study. Maxillary taurodontism was noted in three cases, 

two of which were noted in localized cases of SRA and one noted in a generalized case of 

SRA. Worth noting is that the two affected subjects (both localized cases) belong to the same 

family (Family 1- Subjects II:1 and II:2). In all three cases, both second molars (#2 and #15) 

were affected. Mandibular taurodontism was less common, and was only noted in Family 1- 

Subject II:2, who is classified as a localized case of SRA. In this case, the mandibular second 

molars were affected (#18 and #31). Our findings from this study support previous studies that 

have suggested taurodontism and short roots may occur together (Apajahlati et al. 2002; 
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Apajahlati et al., 1999). In our present study, taurodontism was only considered and 

measurements made for all maxillary and mandibular first and second molar tooth types. 

However, a previous case report found that taurodontism in the mandibular canines occurred in 

a patient who had non-syndromic generalized short roots (Venkataraghavan et al., 2014). 

Therefore, taurodontism for more than just molar tooth types may be considered for 

exploration in future studies.  

 
Missing teeth/agenesis was noted in several of the subjects. Four subjects were noted to exhibit 

agenesis/ have missing teeth. Of the four subjects, only one subject was classified as a 

localized case while the other three were ones having generalized cases of SRA. In Family 2 

Subject III:5 (localized SRA case), #7 was noted to be missing. In Family 4 Subject II:2, #16 

was noted to be missing. In Family 5 Subject V:1, #7, 10, and 26 were also noted as missing. It 

is important to note that we did not include missing third molars as missing teeth in our study. 

The observation of agenesis/missing teeth phenotype in several of our subjects gives the 

impression that short root phenotypes may coexist with the finding of agenesis. The findings of 

agenesis in several of our affected subjects is supported by previous studies that have reported 

a significant association between short roots and tooth agenesis, with one study even reporting 

as high as a 46% association (Apajalahti et al., 2002; Apajalahti et al., 1999, Shaw et al., 1995).  

 

Pulp stones were noted in three subjects. In Family 1 Subject II:1, pulp stones were noted in 

maxillary molars #3, 14, and 15. In Family 3 Subject II:2, pulp stone was noted in mandibular 

molar #30. In Family 5 Subject V:1, pulp stones was noted in maxillary molar #3. Other 

significant pulpal findings include the presence of what appears to be generalized pulpal 

obliteration in Family 3 Subject II:2, who was classified as having a generalized case of short 
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root anomaly. A previous case report of a patient with severe short limbed dwarfism reported 

the observation of obliterated pulp chambers in addition to generalized short roots and agenesis 

(Shaw et al., 1995).  Interestingly, our subject (Family 3 Subject II:2) was found to also have 

generalized short roots and pulpal obliteration. However, our subject has reported no 

significant health concerns and is therefore considered as having a non-syndromic case of short 

root anomalies.  

 

Several other dental anomalies were noted during phenotypic analysis of our subjects. In 

Family 2 Subject III:5, classified as having a localized case of short roots, we also noted a peg 

lateral on #10 and invaginatus on #8. In Family 4 Subject II:2, hypercementosis was noted on 

the roots of #3, 14, 18, 30, and 31. In Family 5 Subject V:1, ectopic eruption of upper left 

maxillary canine (#11) was noted. These findings are consistent with previous studies that 

report the incidence of peg shaped teeth, invaginations, ectopically positioned teeth, 

mesiodens, and other dental anomalies are higher in patients with affected short root anomalies 

(Apajalahti et al., 2002; Apajalahti et al., 1999).  
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Summary of Phenotypic Conclusions 
 

1. The most frequently affected teeth with short roots in this study are maxillary central 
incisors, maxillary first premolars, and maxillary second premolars. These teeth 
appeared to affect subjects with both localized and generalized cases. This supports 
previous studies that report these tooth types as most commonly affected by SRA. 
 

2. Other tooth types appeared to be affected by short roots, but were only seen in subjects 
with generalized cases of short root anomalies. These teeth include maxillary lateral 
incisors, maxillary canines, maxillary second molars, mandibular central incisors, 
mandibular lateral incisors, mandibular canines, mandibular first premolars, mandibular 
second premolars, mandibular first molars, and mandibular second molars. 
 

3. Our findings, using a formula to quantifiably assess the “wide root width” or “plump, 
onion shape” characteristic supported Lind (1972)’s report that maxillary central 
incisors affected by short roots tend to have this characteristic shape. 
 

4. Wide root widths were seen in mandibular central incisors in three subjects, one who 
had a localized case of SRA while the other two cases were classified as generalized 
cases of SRA. The finding of a wide root width or characteristic “plump, onion shape” 
in affected mandibular central incisors with short roots has not been reported 
previously. 
 

5. Our findings from the study support previous studies that have suggested taurodontism 
and short roots may occur together.  
 

6. Missing teeth/agenesis was noted in four of seven subjects. Of the four subjects, only 
one subject was classified as a localized case of SRA while the other three were 
generalized cases. 
 

7. Pulp stones were noted in one subject with a localized case of SRA, and in two subjects 
with generalized cases of SRA. Generalized pulpal obliteration was noted in one 
subject with a generalized case of short roots.  
 

8. Several other dental anomalies were noted during phenotypic analysis of all our 
affected subjects. These include peg shaped teeth, invaginations, hypercementosis, and 
ectopically positioned teeth. 

 
There appears to be a phenotypic difference between localized and generalized SRA. Localized 

SRA is generally limited to maxillary teeth, specifically, maxillary central incisors and 1st and 

2nd premolars.  The results seem to indicate that SRA localized and generalized cases may 

have different etiologies, therefore, representing different disease entities. 
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2. Limitations 
 
The study has a significant limitation that includes having a small number of study families 

with a limited number of available family members for enrollment. Our study participants were 

recruited from the United States and Chile. The small number of participants drawn from two 

different countries limits the generalizability of our results to a particular population. It is also 

difficult to determine the relative size of the genetic effect, as there are many known factors, 

which can be sources of variation in disease risk such as environmental effects, which may 

vary across the different geographic regions. Due to the limited number of study participants, it 

is also difficult to draw correlations with the potential role of ethnicities and gender and the 

prevalence of short root anomalies as reported in previous literature. Further, only two of the 

five families had more than one affected family member for analysis. Therefore, it is difficult 

to draw conclusions or comment on the mode of inheritance based on the limited number of 

recruited subjects. It is important to note, however, that both subjects in Family 1 USSO had 

localized cases and both subjects in Family 2 USRE also had localized cases. Therefore, it is 

possible that there is a genetic component in determining whether short root anomalies present 

similarly within the same family. 

 

Another limitation is in the inconsistencies with quality and number of radiographs, clinical 

photos, and diagnostic information obtained across the families/subjects. For instance, some 

available radiographs were not of reasonable quality to allow for measurements and this was 

noted in our raw data tables. Additionally, we used panoramic radiographs rather than 

periapical radiographs for phenotype characterizations. If periapical radiographs were used 

instead, we might expect more precise measurements when compared to measurements taken 
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from a panoramic radiograph. Phenotypic assessment was carefully completed with the data 

and diagnostic information available. Two independent raters agreed on whether various 

phenotypic features were present or not, but neither raters were able to complete individual 

clinical examinations to confirm or negate agreed findings. Only one rater completed 

measurements at time point 1 and time point 2 (two weeks later), therefore measurements have 

only intra-rater reliability but no external validity or inter-rater reliability. Information on 

dental history and past dental treatment was also not readily available to us, so it is unclear 

whether some teeth were congenitally missing or due to past treatment rendered. Due to the 

inconsistencies in diagnostic information, it is possible that additional clinical features may be 

present and undocumented in this study.  

 

The absence of a comprehensive and standard medical assessment across all subjects may have 

led to an inaccurate diagnosis of non-syndromic short root anomalies. All subjects are 

presumed to be healthy based on self-reporting, however, it is possible that medical histories 

reported were not complete or accurate. This would be especially significant in determining 

whether there is a mutual etiology between subjects that exhibit localized cases of short roots 

versus those with generalized cases of short root anomalies. It is possible that subjects in our 

study population identified as having non-syndromic short root anomalies have subclinical 

characteristics that would suggest a systemic etiology.  

 

3. Future Directions 

From this pilot study, we learned that a systematic approach to define specific phenotype 

associated with each SRA case is critical. It is our impression that SRA localized and 
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generalized cases may have different etiologies, therefore, representing different disease 

entities. The contributions made by this study included the establishment of an assessment 

scheme for phenotype characterization. Additionally, those five fully characterized study 

families are valuable resources for cohort analysis when additional SRA families are recruited 

and their sequence data available for comparisons. 

 

As with all genetic disorders, the quest to determine causality has to begin with proper 

characterization of phenotype, which will allow distinguishing cases with similar phenotypic 

presentations but different disease entities. The more consistently accurate the clinical 

diagnosis can be determined for a case, the more likely it will be to determine the genetic 

etiology of the case. 

 

We considered this study a pilot study with objectives to establish the 1) enrollment and 

characterization protocol, 2) phenotypic assessment scheme, and 3) sequencing data analysis 

strategies. The logical follow up study will include enrollment and characterization of 

additional families with SRA, both generalized and localized types, and cohort analysis of 

sequencing data from all affected individuals who presented with similar if not the same 

clinical phenotypic features of SRA. 
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In this study,  there were no shared variants in genes across the subjects across the five affected 

families. We identified variants of gene THAP11 in four of the five probands which are rare 

sequence variants that may impact gene function. However, further study of the expression of 

THAP11 during tooth development is necessary in order to determine its role on tooth root 

formation. Additionally, we found 22 additional unique genes with potentially damaging 

variants shared by at least two of the five study families. However, after cross checking these 

candidates with the sequencing results of additional affected individuals in Family 1, we were 

unable to produce any logical candidates for further segregation analysis. Because this is a pilot 

study in exploring the genetic etiology of short root anomalies, there is ongoing active 

recruitment for subsequent studies of subjects with both localized and generalized expression 

of short roots. Findings from genotypic analysis in subsequent studies may be able to reference 

and draw from the identification of unique genes and variants reported in this current study.    

We were able to develop a protocol for phenotypic analysis of our subjects across the families 

that can be referenced in subsequent studies/future directions. We were able to apply existing 

criteria from previous literature, make modifications to existing indices, and create quantifiable 

metrics to characterize phenotypic characteristics such as classifying localized vs. generalized 

cases, short root length, wide root widths, taurodontism, and other significant dental anomalies.  

In subjects with localized cases of short root anomalies, we observed the anomaly in maxillary 

central incisors, first premolars, second premolars, and first molars. Other tooth types were 
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affected by short roots, but this was only seen in subjects with generalized cases of short roots. 

We also observed that the characteristic of wide root widths affected both maxillary and 

mandibular central incisors in both localized and generalized cases of short root anomalies. 

Taurodontism was noted in the second molars of subjects with both localized and generalized 

cases of short roots. Other dental anomalies, such as agenesis, peg lateral, invaginatus, ectopic 

eruption, and pulpal findings, were noted in subjects with both localized and generalized cases 

of short roots, supporting previous literature that suggests short root anomalies tend to co-exist 

with other dental anomalies.  

Phenotypic variability among the subjects and families recruited in our study suggest that there 

may be multiple causative genetic and epigenetic factors at play that determine whether short 

root anomalies are expressed in a localized or generalized manner, and additional studies 

should continue to explore these etiologies.  
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Table 1A. Candidate heterozygous variants in II:2 USSONO (affected 2nd child) of Family 1  
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 69 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 70 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 71 

 
 
Table 1B. Candidate homozygous variants in II:2 USSONO (affected 2nd child) of Family 1 
USSO 
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Table 2A. Candidate heterozygous variants in II:2 (affected mother) of Family 2 (USRE) 
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Table 2B. Candidate homozygous variants in II:2 (affected mother) of Family 2 (USRE). 
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Table 3A.  Candidate heterozygous variants in II:2 KRMOSO (affected 2nd child) of Family 3 
(KRMO).  

 

 
 
Table 3B.  Candidate homozygous variants in II:2 KRMOSO (affected 2nd child) of Family 3 
(KRMO).  
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Table 4A. Candidate heterozygous variants in II:2 (affected 2nd child) of Family 4 (CHII). 
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Table 4B. Candidate homozygous variants in II:2 (affected 2nd child) of Family 4 (CHII). 
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Table 5A. Candidate heterozygous variants in V:1 (affected 1st child) of Family 5 (CHC). 
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Table 5B. Candidate homozygous variants in V:1 (affected 1st child) of Family 5 (CHC). 
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Table 6. Shared candidate variants across all five SRA families. Each gene that has variants in 
more than one family was collected in this table.  
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Table 7. Localized and generalized cases of short root anomalies (SRA), number of teeth 
affected and number of teeth present among subjects of five families. In order to have an 
absolute denominator to calculate the percentage of affected teeth, 28 was the standard number 
used for “# of Teeth Present” in all subjects. Localized cases are %SRA less than 30% and 
generalized cases are %SRA are more than 30%. 
 
 
Subject # of Teeth Affected # of Teeth Present % SRA Localized Generalized 

Family 1- Subject II:1 5 28 18 Y - 

Family 1- Subject II:2 4 28 14 Y - 

Family 2- Subject II:2 8 28 29 Y - 

Family 2- Subject III:5 3 28 11 Y - 

Family 3- Subject II:2 10 28 36 - Y 

Family 4- Subject II:2 22 28 79 - Y 

Family 5- Subject V:1 17 28 61 - Y 
Y represents the presence of either a localized or generalized classification.  
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Table 8. Root to crown ratio (R/C) of maxillary central incisors. Unit of measure is in pixels. 
Short root anomalies are defined as a R/C ratio of ≤ 1.1. All calculated R/C ratios < 1.1 are 
marked with an asterisk.  
 

Root Length 
(Maxillary) 

Tooth 
# 

Root Length 
(Pixels) 

Crown Length 
(Pixels) 

R/C Ratio 
Length 

Central Incisors 
    

Subject 
    

Family 1- Subject II:1 8 50 36 1.4 

 
9 49 44 1.1* 

Family 1- Subject II:2 8 35 45 0.8* 

 
9 38 56 0.8* 

Family 4- Subject II:2 8 31 60 0.5* 

 
9 33 63 0.5* 

Family 3- Subject II:2 8 23 31 0.7* 

 
9 22 30 0.7* 

Family 2- Subject II:2 8 39 39 1.0* 

 
9 37 41 0.9* 

Family 2- Subject III:5 8 51 40 1.3 

 
9 48 42 1.2 

Family 5- Subject V:1 8 33 41 0.8* 

 
9 35 42 0.8* 

 
* represents the presence of a R/C ratio of ≤ 1.1 and short root anomaly classification 
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Table 9. Root to crown ratio (R/C) of maxillary lateral incisors. Unit of measure is in pixels. 
Short root anomalies are defined as a R/C ratio of ≤ 1.1. All calculated R/C ratios < 1.1 are 
marked with an asterisk.  
 

Root Length 
(Maxillary) 

Tooth 
# 

Root Length 
(Pixels) 

Crown Length 
(Pixels) 

R/C Ratio 
Length 

Lateral Incisors 
    

Subject 
    

Family 1- Subject II:1 7 50 39 1.3 

 
10 50 43 1.2 

Family 1- Subject II:2 7 59 44 1.3 

 
10 61 42 1.5 

Family 4- Subject II:2 7 30 55 0.6* 

 
10 39 39 1.0* 

Family 3- Subject II:2 7 24 25 1.0* 

 
10 28 22 1.3 

Family 2- Subject II:2 7 47 39 1.2 

 
10 52 40 1.3 

Family 2- Subject III:5 7 N/A N/A N/A 

 
10 47 32 1.5 

Family 5- Subject V:1 7 N/A N/A N/A 

 
10 N/A N/A N/A 

 
* represents the presence of a R/C ratio of ≤ 1.1 and short root anomaly classification 
N/A represents teeth that are not present and therefore no calculation can be made 
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Table 10. Root to crown ratio (R/C) of maxillary canines. Unit of measure is in pixels. Short 
root anomalies are defined as a R/C ratio of ≤ 1.1. All calculated R/C ratios < 1.1 are marked 
with an asterisk.  
 

Root Length 
(Maxillary) 

Tooth 
# 

Root Length 
(Pixels) 

Crown Length 
(Pixels) 

R/C Ratio 
Length 

Canines 
    

Subject 
    

Family 1- Subject II:1 6 86 58 1.5 

 
11 84 61 1.4 

Family 1- Subject II:2 6 88 50 1.8 

 
11 84 45 1.9 

Family 4- Subject II:2 6 52 53 1.0* 

 
11 55 52 1.1* 

Family 3- Subject II:2 6 31 27 1.2 

 
11 32 25 1.3 

Family 2- Subject II:2 6 N/A N/A N/A 

 
11 N/A N/A N/A 

Family 2- Subject III:5 6 48 35 1.4 

 
11 61 37 1.7 

Family 5- Subject V:1 6 39 47 0.8* 

 
11 15 17 0.9* 

 
* represents the presence of a R/C ratio of ≤ 1.1 and short root anomaly classification 
N/A represents teeth that are not present and therefore no calculation can be made 
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Table 11. Root to crown ratio (R/C) of maxillary first premolars. Unit of measure is in pixels. 
Short root anomalies are defined as a R/C ratio of ≤ 1.1. All calculated R/C ratios < 1.1 are 
marked with an asterisk.  
 

Root Length 
(Maxillary) 

Tooth 
# 

Root Length 
(Pixels) 

Crown Length 
(Pixels) 

R/C Ratio 
Length 

First Premolars 
    

Subject 
    

Family 1- Subject II:1 5 39 40 1.0* 

 
12 30 40 0.8* 

Family 1- Subject II:2 5 51 38 1.3 

 
12 57 38 1.5 

Family 4- Subject II:2 5 40 44 0.9* 

 
12 39 46 0.9* 

Family 3- Subject II:2 5 30 29 1.0* 

 
12 31 25 1.2 

Family 2- Subject II:2 5 30 36 0.8* 

 
12 33 41 0.8* 

Family 2- Subject III:5 5 23 25 0.9* 

 
12 44 37 1.2 

Family 5- Subject V:1 5 35 42 0.8* 

 
12 21 31 0.7* 

 
* represents the presence of a R/C ratio of ≤ 1.1 and short root anomaly classification 
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Table 12. Root to crown ratio (R/C) of maxillary second premolars. Unit of measure is in 
pixels. Short root anomalies are defined as a R/C ratio of ≤ 1.1. All calculated R/C ratios < 1.1 
are marked with an asterisk.  
 

Root Length 
(Maxillary) 

Tooth 
# 

Root Length 
(Pixels) 

Crown Length 
(Pixels) 

R/C Ratio 
Length 

Second Premolars 
    

Subject 
    

Family 1- Subject II:1 4 38 35 1.1* 

 
13 40 37 1.1* 

Family 1- Subject II:2 4 40 39 1.0* 

 
13 42 38 1.1* 

Family 4- Subject II:2 4 45 43 1.1* 

 
13 44 44 1.0* 

Family 3- Subject II:2 4 30 28 1.1* 

 
13 28 20 1.4 

Family 2- Subject II:2 4 38 34 1.1* 

 
13 30 36 0.8* 

Family 2- Subject III:5 4 37 33 1.1* 

 
13 32 36 0.9* 

Family 5- Subject V:1 4 33 37 0.9* 

 
13 35 34 1.0* 

 
* represents the presence of a R/C ratio of ≤ 1.1 and short root anomaly classification 
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Table 13. Root to crown ratio (R/C) of maxillary first molars. Unit of measure is in pixels. 
Short root anomalies are defined as a R/C ratio of ≤ 1.1. All calculated R/C ratios < 1.1 are 
marked with an asterisk.  
 

Root Length 
(Maxillary) 

Tooth 
# 

Root Length 
(Pixels) 

Crown Length 
(Pixels) 

R/C Ratio 
Length 

First Molars 
    

Subject 
    

Family 1- Subject II:1 3 63 35 1.8 

 
14 51 44 1.2 

Family 1- Subject II:2 3 64 38 1.7 

 
14 67 36 1.9 

Family 4- Subject II:2 3 53 44 1.2 

 
14 56 41 1.4 

Family 3- Subject II:2 3 33 23 1.4 

 
14 29 21 1.4 

Family 2- Subject II:2 3 44 40 1.1* 

 
14 43 39 1.1* 

Family 2- Subject III:5 3 51 35 1.5 

 
14 37 30 1.2 

Family 5- Subject V:1 3 43 40 1.1* 

 
14 62 41 1.5 

 
* represents the presence of a R/C ratio of ≤ 1.1 and short root anomaly classification 
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Table 14. Root to crown ratio (R/C) of maxillary second molars. Unit of measure is in pixels. 
Short root anomalies are defined as a R/C ratio of ≤ 1.1. All calculated R/C ratios < 1.1 are 
marked with an asterisk.  
 

Root Length 
(Maxillary) 

Tooth 
# 

Root Length 
(Pixels) 

Crown Length 
(Pixels) 

R/C Ratio 
Length 

Second Molars 
    

Subject 
    

Family 1- Subject II:1 2 59 38 1.6 

 
15 58 37 1.6 

Family 1- Subject II:2 N/A N/A N/A N/A 

 
N/A N/A N/A N/A 

Family 4- Subject II:2 2 49 46 1.1* 

 
15 52 40 1.3 

Family 3- Subject II:2 2 47 48 1.0* 

 
15 17 20 0.9* 

Family 2- Subject II:2 2 59 39 1.5 

 
15 62 35 1.8 

Family 2- Subject III:5 N/A N/A N/A N/A 

 
N/A N/A N/A N/A 

Family 5- Subject V:1 2 44 45 1.0* 

 
15 39 35 1.1* 

 
* represents the presence of a R/C ratio of ≤ 1.1 and short root anomaly classification 
N/A represents teeth that are either not present or not fully erupted and therefore no calculation 
can be made 
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Table 15. Root to crown ratio (R/C) of mandibular central incisors. Unit of measure is in 
pixels. Short root anomalies are defined as a R/C ratio of ≤ 1.1. All calculated R/C ratios < 1.1 
are marked with an asterisk.  
 

Root Length 
(Mandibular) 

Tooth 
# 

Root Length 
(Pixels) 

Crown Length 
(Pixels) 

R/C Ratio 
Length 

Central Incisors 
    

Subject 
    

Family 1- Subject II:1 24 61 38 1.6 

 
25 59 39 1.5 

Family 1- Subject II:2 24 55 38 1.5 

 
25 64 39 1.6 

Family 4- Subject II:2 24 34 38 0.9* 

 
25 32 35 0.9* 

Family 3- Subject II:2 24 21 20 1.0* 

 
25 25 20 1.3 

Family 2- Subject II:2 24 N/A N/A N/A 

 
25 43 28 1.5 

Family 2- Subject III:5 24 32 23 1.4 

 
25 29 24 1.2 

Family 5- Subject V:1 24 30 30 1.0* 
 
* represents the presence of a R/C ratio of ≤ 1.1 and short root anomaly classification 
N/A represents teeth that are not present and therefore no calculation can be made 
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Table 16. Root to crown ratio (R/C) of mandibular lateral incisors. Unit of measure is in 
pixels. Short root anomalies are defined as a R/C ratio of ≤ 1.1. All calculated R/C ratios < 1.1 
are marked with an asterisk.  
 

Root Length 
(Mandibular) 

Tooth 
# 

Root Length 
(Pixels) 

Crown Length 
(Pixels) 

R/C Ratio 
Length 

Lateral Incisors 
    

Subject 
    

Family 1- Subject II:1 23 63 44 1.4 

 
26 72 41 1.8 

Family 1- Subject II:2 23 60 41 1.5 

 
26 66 41 1.6 

Family 4- Subject II:2 23 41 45 0.9* 

 
26 41 47 0.9* 

Family 3- Subject II:2 23 27 19 1.4 

 
26 27 20 1.4 

Family 2- Subject II:2 23 43 33 1.3 

 
26 46 33 1.4 

Family 2- Subject III:5 23 41 33 1.2 

 
26 50 32 1.6 

Family 5- Subject V:1 23 29 33 0.9* 

 
26 N/A N/A N/A 

 
* represents the presence of a R/C ratio of ≤ 1.1 and short root anomaly classification 
N/A represents teeth that are not present and therefore no calculation can be made 
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Table 17. Root to crown ratio (R/C) of mandibular canines. Unit of measure is in pixels. Short 
root anomalies are defined as a R/C ratio of ≤ 1.1. All calculated R/C ratios < 1.1 are marked 
with an asterisk.  
 

Root Length 
(Mandibular) 

Tooth 
# 

Root Length 
(Pixels) 

Crown Length 
(Pixels) 

R/C Ratio 
Length 

Canines 
    

Subject 
    

Family 1- Subject II:1 22 61 42 1.6 

 
27 58 44 1.3 

Family 1- Subject II:2 22 83 43 1.9 

 
27 87 45 1.9 

Family 4- Subject II:2 22 50 53 0.9* 

 
27 56 52 1.1* 

Family 3- Subject II:2 22 27 22 1.2 

 
27 29 21 1.4 

Family 2- Subject II:2 22 45 36 1.3 

 
27 49 41 1.2 

Family 2- Subject III:5 22 44 39 1.1* 

 
27 56 40 1.4 

Family 5- Subject V:1 22 35 30 1.2 

 
27 37 33 1.1* 

 
* represents the presence of a R/C ratio of ≤ 1.1 and short root anomaly classification 
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Table 18. Root to crown ratio (R/C) of mandibular first premolars. Unit of measure is in 
pixels. Short root anomalies are defined as a R/C ratio of ≤ 1.1. All calculated R/C ratios < 1.1 
are marked with an asterisk.  
 

Root Length 
(Mandibular) 

Tooth 
# 

Root Length 
(Pixels) 

Crown Length 
(Pixels) 

R/C Ratio 
Length 

First Premolars 
    

Subject 
    

Family 1- Subject II:1 21 57 40 1.4 

 
28 63 38 1.7 

Family 1- Subject II:2 21 72 36 2.0 

 
28 64 39 1.6 

Family 4- Subject II:2 21 42 42 1.0* 

 
28 40 45 0.9* 

Family 3- Subject II:2 21 29 23 1.3 

 
28 30 23 1.3 

Family 2- Subject II:2 21 N/A N/A N/A 

 
28 N/A N/A N/A 

Family 2- Subject III:5 21 42 32 1.3 

 
28 40 33 1.2 

Family 5- Subject V:1 21 37 33 1.1* 

 
28 36 35 1.0* 

 
* represents the presence of a R/C ratio of ≤ 1.1 and short root anomaly classification 
N/A represents teeth that are not present and therefore no calculation can be made 
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Table 19. Root to crown ratio (R/C) of mandibular second premolars. Unit of measure is in 
pixels. Short root anomalies are defined as a R/C ratio of ≤ 1.1. All calculated R/C ratios < 1.1 
are marked with an asterisk.  
 

Root Length 
(Mandibular) 

Tooth 
# 

Root Length 
(Pixels) 

Crown Length 
(Pixels) 

R/C Ratio 
Length 

Second Premolars 
    

Subject 
    

Family 1- Subject II:1 20 50 38 1.3 

 
29 62 40 1.6 

Family 1- Subject II:2 20 48 36 1.3 

 
29 64 39 1.6 

Family 4- Subject II:2 20 38 43 0.9* 

 
29 37 42 0.9* 

Family 3- Subject II:2 20 23 22 1.0* 

 
29 27 20 1.4 

Family 2- Subject II:2 20 48 33 1.5 

 
29 38 29 1.3 

Family 2- Subject III:5 20 39 29 1.3 

 
29 37 32 1.2 

Family 5- Subject V:1 20 41 34 1.2 

 
29 30 35 0.9* 

 
* represents the presence of a R/C ratio of ≤ 1.1 and short root anomaly classification 
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Table 20. Root to crown ratio (R/C) of mandibular first molars. Unit of measure is in pixels. 
Short root anomalies are defined as a R/C ratio of ≤ 1.1. All calculated R/C ratios < 1.1 are 
marked with an asterisk.  
 

Root Length 
(Mandibular) 

Tooth 
# 

Root Length 
(Pixels) 

Crown Length 
(Pixels) 

R/C Ratio 
Length 

First Molars 
    

Subject 
    

Family 1- Subject II:1 19 56 36 1.6 

 
30 60 37 1.6 

Family 1- Subject II:2 19 59 32 1.8 

 
30 64 35 1.8 

Family 4- Subject II:2 19 46 48 1.0* 

 
30 56 40 1.4 

Family 3- Subject II:2 19 30 23 1.3 

 
30 32 22 1.5 

Family 2- Subject II:2 19 51 39 1.3 

 
30 57 36 1.6 

Family 2- Subject III:5 19 69 33 2.1 

 
30 63 33 1.9 

Family 5- Subject V:1 19 66 40 1.7 

 
30 64 42 1.5 

* represents the presence of a R/C ratio of ≤ 1.1 and short root anomaly classification 
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Table 21. Root to crown ratio (R/C) of mandibular second molars. Unit of measure is in pixels. 
Short root anomalies are defined as a R/C ratio of ≤ 1.1. All calculated R/C ratios < 1.1 are 
marked with an asterisk.  
 
 

Root Length 
(Mandibular) 

Tooth 
# 

Root Length 
(Pixels) 

Crown Length 
(Pixels) 

R/C Ratio 
Length 

Second Molars 
    

Subject 
    

Family 1- Subject II:1 18 48 34 1.4 

 
31 55 31 1.8 

Family 1- Subject II:2 18 N/A N/A N/A 

 
31 N/A N/A N/A 

Family 4- Subject II:2 18 44 40 1.1* 

 
31 43 43 1.0* 

Family 3- Subject II:2 18 27 23 1.2 

 
31 24 22 1.1* 

Family 2- Subject II:2 18 59 36 1.6 

 
31 51 34 1.3 

Family 2- Subject III:5 18 N/A N/A N/A 

 
31 N/A N/A N/A 

Family 5- Subject V:1 18 29 24 1.2 

 
31 49 38 1.3 

 
* represents the presence of a R/C ratio of ≤ 1.1 and short root anomaly classification 
N/A represents teeth that are not present and therefore no calculation can be made 
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Table 22.  Root width is determined by the R/C ratio, where “R” is represented by the root 
width at the middle third of the root, and “C” is represented by the root width at the cervical 
third of the root. Root width ratios of maxillary central incisors ≥ 0.87 are classified as “wide”, 
and anything < 0.87 is classified as “normal”.  
 

Root Width 
(Maxillary Central 

Incisors) Tooth # 

Root Width at the 
Middle 1/3rd  of 

the root 
(Pixels) 

Crown Width at the 
Cervical 1/3rd of the 

root 
(Pixels) 

R/C Ratio 
for Width 

Subject 
    

Family 1- Subject II:1 8 22 28 0.79 

 
9 23 28 0.82 

Family 1- Subject II:2 8 42 43 0.98* 

 
9 40 44 0.91* 

Family 2- Subject II:2 8 34 37 0.92* 

 
9 32 36 0.89* 

Family 2- Subject III:5 8 26 32 0.81 

 
9 27 32 0.84 

Family 3- Subject II:2 8 20 19 1.05* 

 
9 21 20 1.05* 

Family 4- Subject II:2 8 33 36 0.92* 

 
9 35 40 0.88* 

Family 5- Subject V:1 8 39 43 0.91* 

 
9 40 42 0.95* 

* represents a R/C ratio (for width) greater than 0.87 and a “wide” root classification  

 

 



 108 

Table 23.  Root width is determined by the R/C ratio, where “R” is represented by the root 
width at the middle third of the root, and “C” is represented by the root width at the cervical 
third of the root. Root width ratios of mandibular central incisors ≥ 0.85 are classified as 
“wide”, and anything < 0.85 is classified as “normal”.  
 

Root Width  
(Mandibular 

Central Incisors) 
 

Tooth # 
 

Root Width at 
the Middle 1/3rd  

of the root 
(Pixels) 

Crown Width at 
the Cervical 1/3rd 

of the root 
(Pixels) 

R/C Ratio for 
Width 

Subject 
    Family 1- Subject 

II:1 24 16 22 0.73 

 
25 17 20 0.85* 

Family 1- Subject 
II:2 24 20 25 0.80 

 
25 22 26 0.84 

Family 2- Subject 
II:2 24 N/A N/A N/A 

 
25 17 21 0.81 

Family 2- Subject 
III:5 24 11 15 0.73 

 
25 11 17 0.65 

Family 3- Subject 
II:2 24 12 14 0.86* 

 
25 11 13 0.85* 

Family 4- Subject 
II:2 24 17 22 0.77 

 
25 14 19 0.74 

Family 5- Subject 
V:1 24 26 32 0.81 

 
25 33 34 0.97* 

* represents a R/C ratio (for width) greater than 0.85 and a “wide” root classification  
N/A represents teeth that are not present and therefore no calculation can be made 
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Table 24. The presence of taurodontism in the maxillary molars across all subjects as 
determined by the Taurodont Index, which is represented by the formula Variable 1/Variable 2 
as described by MacDonald et al. (26). Variable 1 represents the lowest point of the roof of the 
pulp chamber to the highest point of the floor of the pulp chamber. Variable 2 is defined as the 
lowest point of the roof of the pulp chamber to the apex of the longest root of the molar. If the 
taurodont index is ≥30-40, the molar is classified as a mesotaurodont. If the taurodont index is 
≥40, the molar is classified as a hypertaurodont. If the taurodont index is < 30, the molar is 
classified as normal.  
 
 

Taurodont 
(Maxillary Molars) Tooth # 

Variable 1 
(Pixels) 

Variable 2 
(Pixels) 

 
Taurodont Index 

 

Subject 
    Family 1- Subject II:1 2 19 57 33* 

 
3 16 57 28 

 
14 16 57 24 

 
15 16 47 34* 

Family 1- Subject II:2 2 27 47 57** 

 
3 16 70 23 

 
14 17 59 29 

 
15 31 49 63** 

Family 2- Subject II:2 2 10 67 15 

 
3 10 54 19 

 
14 5 49 10 

 
15 9 61 15 

Family 2- Subject III:5 3 10 58 17 

 
14 8 53 15 

Family 3- Subject II:2 2 41 26 15 

 
3 3 31 10 

 
14 3 29 10 

 
15 5 30 17 

Family 4- Subject II:2 2 22 53 42** 

 
3 6 53 11 

 
14 5 51 10 

 
15 26 51 51** 

Family 5- Subject V:1 N/A N/A N/A N/A 

* represents mesotaurodont classification 
** represents hypertaurodont classification 
N/A represents teeth that are not diagnostic for measurement on available radiographs  
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Table 25. The presence of taurodontism in the mandibular molars across all subjects as 
determined by the Taurodont Index, which is represented by the formula Variable 1/Variable 2 
as described by MacDonald et al. (26). Variable 1 represents the lowest point of the roof of the 
pulp chamber to the highest point of the floor of the pulp chamber. Variable 2 is defined as the 
lowest point of the roof of the pulp chamber to the apex of the longest root of the molar. If the 
taurodont index is ≥30-40, the molar is classified as a mesotaurodont. If the taurodont index is 
≥40, the molar is classified as a hypertaurodont. If the taurodont index is < 30, the molar is 
classified as normal.  
 

Taurodont 
(Mandibular Molars) Tooth # 

Variable 1 
(Pixels) 

Variable 2 
(Pixels) 

 
Taurodont Index 

 

Subject 
    Family 1- Subject II:1 18 11 44 25 

 
19 11 56 19 

 
30 11 63 17 

 
31 13 57 23 

Family 1- Subject II:2 18 24 50 48** 

 
19 8 64 13 

 
30 9 73 12 

 
31 19 46 41** 

Family 2- Subject II:2 18 4 65 8 

 
19 6 65 9 

 
30 4 52 8 

 
31 4 50 8 

Family 2- Subject III:5 19 8 69 12 

 
30 7 66 11 

Family 3- Subject II:2 18 5 30 17 

 
19 2 32 6 

 
30 2 32 6 

 
31 3 29 10 

Family 4- Subject II:2 18 10 43 23 

 
19 13 55 24 

 
30 11 51 22 

 
31 11 48 23 

Family 5- Subject V:1 N/A N/A N/A N/A 

** represents hypertaurodont classification 
N/A represents teeth that are not diagnostic for measurement on available radiographs  
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Table 26.  Presence of peg lateral was determined by the ratio of mesial-distal (M-D) width 
dimension of central incisors compared to ratio of M-D dimension of lateral incisors. A normal 
central incisor (CI) M-D width to lateral incisor (LI) M-D width ratio should equal 1.3. CI/LI 
ratios greater than 1.3 determines small lateral incisor/peg lateral classification.  
 
 

Peg Lateral 
Tooth # 

(CI) 
M-D Width 

(Pixels) 
Tooth # 

(LI) 
M-D Width 

(Pixels) 
CI/LI 
Ratio 

Subject 
     Family 1- Subject 

II:1 8 37 7 28 1.3 

 
9 41 10 31 1.3 

Family 1- Subject 
II:2 8 50 7 38 1.3 

 
9 47 10 35 1.3 

Family 2- Subject 
II:2 8 42 7 35 1.2 

 
9 40 10 34 1.2 

Family 2- Subject 
III:5 8 36 7 N/A N/A 

 
9 36 10 22 1.6* 

Family 3- Subject 
II:2 8 22 7 17 1.3 

 
9 23 10 18 1.3 

Family 4- Subject 
II:2 8 38 7 32 1.2 

 
9 41 10 31 1.3 

Family 5- Subject 
V:1 8 42 7 N/A N/A 

 
9 44 10 N/A N/A 

* represents a CI/LI ratio significantly > 1.3 and peg lateral classification 
N/A represents teeth that are not present and therefore no ratio calculation can be made 
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Table 27. Measurements for root length and crown length measurements taken at time one 
(T1) and time two (T2) across all subjects and tooth types.  
 

Measurements of Root Length and 
Crown Length at T1 and T2  T1 T2 

Subject Tooth # R1 (Pixels) 
C1  

(Pixels) 
R2  

(Pixels) 
C2  

(Pixels) 
Family 1, Subject II:1 2 59 38 55 37 

 
3 63 35 53 36 

 
4 38 35 37 34 

 
5 39 40 39 44 

 
6 86 58 81 56 

 
7 50 39 54 47 

 
8 50 36 46 39 

 
9 49 44 44 42 

 
10 50 43 54 44 

 
11 84 61 79 57 

 
12 30 40 37 44 

 
13 40 37 40 41 

 
14 51 44 52 43 

 
15 58 37 61 45 

 
18 48 34 48 37 

 
19 56 36 61 39 

 
20 50 38 49 34 

 
21 57 40 59 36 

 
22 61 42 66 40 

 
23 63 44 66 37 

 
24 61 38 63 33 

 
25 59 39 63 32 

 
26 72 41 71 40 

 
27 58 44 65 42 

 
28 63 38 66 36 

 
29 62 40 62 37 

 
30 60 37 60 42 

 
31 55 31 53 34 

Family 1, Subject II:2 3 64 38 66 37 

 
4 40 39 41 37 

 
5 51 38 51 42 

 
6 88 50 80 54 

 
7 59 44 53 44 

 
8 35 45 35 46 

 
9 38 46 38 46 

 
10 61 42 54 42 
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11 84 45 85 50 

 
12 57 38 53 41 

 
13 42 38 43 39 

 
14 67 36 62 44 

 
19 59 32 63 32 

 
20 48 36 51 33 

 
21 72 36 68 36 

 
22 83 43 86 40 

 
23 60 41 64 39 

 
24 55 38 58 35 

 
25 64 39 64 38 

 
26 66 41 65 40 

 
27 87 45 87 41 

 
28 64 39 70 35 

 
29 64 39 55 30 

 
30 64 35 71 34 

Family 2- Subject II:2 2 59 39 59 37 

 
3 44 40 46 42 

 
4 38 34 38 34 

 
5 30 36 33 37 

 
7 47 39 50 37 

 
8 39 39 40 40 

 
9 37 41 36 40 

 
10 52 40 52 40 

 
12 33 41 33 40 

 
13 30 36 29 35 

 
14 43 39 44 38 

 
15 62 35 60 34 

 
18 59 36 58 32 

 
19 51 39 51 37 

 
20 48 33 50 30 

 
22 45 36 42 36 

 
23 43 33 45 30 

 
25 43 28 37 30 

 
26 46 33 46 30 

 
27 49 41 49 37 

 
29 38 29 37 25 

 
30 57 36 57 35 

 
31 51 34 54 30 

Family 2, Subject III:5 3 51 35 50 31 

 
4 37 33 36 32 

 
5 23 25 24 22 
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6 48 35 53 39 

 
8 51 40 54 39 

 
9 48 42 49 40 

 
10 47 32 49 31 

 
11 61 37 61 36 

 
12 44 37 39 34 

 
13 32 36 34 32 

 
14 37 30 45 32 

 
19 69 33 63 32 

 
20 39 29 38 33 

 
21 42 32 42 31 

 
22 44 39 42 40 

 
23 41 33 43 30 

 
24 32 23 37 26 

 
25 29 24 36 30 

 
26 50 32 49 30 

 
27 56 40 55 38 

 
28 40 33 45 32 

 
29 37 32 41 33 

 
30 63 33 59 30 

Family 3, Subject II:2 2 27 26 28 26 

 
3 33 23 34 24 

 
4 30 28 27 25 

 
5 30 29 28 26 

 
6 31 27 28 25 

 
7 24 25 23 25 

 
8 23 31 26 24 

 
9 22 30 26 25 

 
10 28 22 27 20 

 
11 32 25 31 23 

 
12 31 25 33 21 

 
13 28 20 31 20 

 
14 29 21 29 22 

 
15 17 20 18 21 

 
18 27 23 23 24 

 
19 30 23 27 22 

 
20 23 22 23 19 

 
21 29 23 28 21 

 
22 27 22 27 20 

 
23 27 19 29 19 

 
24 21 20 20 17 

 
25 25 20 25 19 
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26 27 20 25 18 

 
27 29 21 24 20 

 
28 30 23 27 21 

 
29 27 20 25 19 

 
30 32 22 30 21 

 
31 24 22 27 22 

Family 4, Subject II:2 2 49 46 52 41 

 
3 53 44 49 44 

 
4 45 43 44 49 

 
5 40 44 42 49 

 
6 52 53 52 55 

 
7 30 55 33 48 

 
8 31 60 46 49 

 
9 33 63 46 46 

 
10 39 39 37 40 

 
11 55 52 56 52 

 
12 39 46 44 46 

 
13 44 44 46 48 

 
14 56 41 56 42 

 
15 52 40 51 48 

 
18 44 40 42 39 

 
19 46 48 47 48 

 
20 38 43 40 43 

 
21 42 42 46 43 

 
22 50 53 57 53 

 
23 41 45 38 44 

 
24 34 38 35 38 

 
25 32 35 35 34 

 
26 41 47 43 48 

 
27 56 52 58 50 

 
28 40 45 41 44 

 
29 37 42 39 41 

 
30 56 40 50 40 

 
31 43 43 46 38 

Family 5, Subject V:1 2 44 45 43 47 

 
3 43 40 53 37 

 
4 33 37 33 34 

 
5 35 42 37 40 

 
6 39 47 39 44 

 
8 33 41 44 40 

 
9 35 42 37 38 

 
11 15 17 14 15 
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12 21 31 20 30 

 
13 35 34 37 39 

 
14 62 41 48 41 

 
15 39 35 38 40 

 
18 29 24 28 22 

 
19 66 40 60 46 

 
20 41 34 36 33 

 
21 37 33 36 33 

 
22 35 30 35 33 

 
23 29 33 27 29 

 
24 30 30 30 28 

 
25 28 31 30 29 

 
27 37 33 38 35 

 
28 36 35 37 34 

 
29 30 35 30 33 

 
30 64 42 62 37 

 
31 49 38 47 34 
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Table 28.  Measurements for root width (RW) and crown width (CW) taken at time one (T1) 
and time two (T2) across all subjects and tooth types.  
 
ICC for Root Width and Crown Width  T1 T2 

Subject Tooth # 
RW1 
(Pixels) 

CW1 
(Pixels) 

RW2 
(Pixels) 

CW2 
(Pixels) 

Family 1, Subject II:1 8 22 28 22 28 

 
9 23 28 25 31 

 
24 16 22 18 22 

 
25 17 20 17 21 

Family 1, Subject II:2 8 42 43 41 40 

 
9 40 44 40 43 

 
24 20 25 20 24 

 
25 22 26 20 25 

Family 2, Subject II:2 8 34 37 33 37 

 
9 32 36 33 37 

 
25 17 21 16 20 

Family 2, Subject III:5 8 26 32 24 34 

 
9 27 32 26 32 

 
24 11 15 12 16 

 
25 11 17 12 17 

Family 3, Subject II:2 8 20 19 20 19 

 
9 21 20 21 22 

 
24 12 14 12 13 

 
25 11 13 11 13 

Family 4, Subject II:2 8 33 36 35 39 

 
9 35 40 35 40 

 
24 17 22 17 21 

 
25 14 19 17 22 

Family 5, Subject V:1 8 39 43 40 44 

 
9 40 42 40 43 

 
24 26 32 30 34 

 
25 33 34 28 30 
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Table 29. Intraclass correlation coefficient (ICC) calculated for root length (R) and crown 
length (C) measurements across all tooth types. Intraclass correlation coefficient (ICC) 
calculated for crown width (CW) and root width (RW) measurements on maxillary and 
mandibular central incisors only. An ICC value of 0.9 and above represents a strong intraclass 
correlation. An ICC value of 0.8-0.89 represents good intraclass correlation. An ICC value of 
0.7 to 0.79 represents a fair intraclass correlation. An ICC value of 0.5 and below represents a 
poor intraclass correlation. This is a two-way mixed effects model where people effects are 
random and measures effects are fixed. 

Tooth Number ICC for  
Root Length 

(R1, R2) 

ICC for 
Crown 
Length 

 (C1, C2) 

ICC for  
Root Width 

(RW1, RW2) 

ICC for  
Crown Width 
(CW1, CW2) 

2 0.983 0.945 N/A N/A 
3 0.847 0.949 N/A N/A 
4 0.965 0.883 N/A N/A 
5 0.981 0.920 N/A N/A 
6 0.980 0.969 N/A N/A 
7 0.965 0.884 N/A N/A 
8 0.722 0.822 0.989 0.977 
9 0.785 0.701 0.993 0.983 

10 0.951 0.992 N/A N/A 
11 0.997 0.985 N/A N/A 
12 0.928 0.940 N/A N/A 
13 0.959 0.918 N/A N/A 
14 0.860 0.591 N/A N/A 
15 0.995 0.836 N/A N/A 
18 0.989 0.945 N/A N/A 
19 0.949 0.948 N/A N/A 
20 0.966 0.911 N/A N/A 
21 0.986 0.963 N/A N/A 
22 0.982 0.980 N/A N/A 
23 0.983 0.919 N/A N/A 
24 0.987 0.925 0.993 0.986 
25 0.967 0.841 0.937 0.947 
26 0.997 0.984 N/A N/A 
27 0.985 0.962 N/A N/A 
28 0.973 0.960 N/A N/A 
29 0.961 0.864 N/A N/A 
30 0.947 0.902 N/A N/A 
31 0.974 0.869 N/A N/A 
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Table 30.  Summary table describing phenotypic characteristics observed in subjects with 
localized and generalized short root anomalies.   
 

Phenotype Localized SRA Cases  
(n=4) 

Generalized SRA cases  
(n=3) 

Root Length  
(Short Roots) 

Seen in: 
Maxillary central incisors, first 

premolars, second premolars, first 
molars 

Seen in: 
Maxillary central incisors, lateral 
incisors, canines, first premolars, 

second premolars, first molars, second 
molars. 

 
Mandibular central incisors, lateral 
incisors, canines, first premolars, 

second premolars, first molars, second 
molars. 

Wide Root Width 
(Central Incisors only) 

Seen in: 
Maxillary central incisors, 
Mandibular central incisors 

Seen in: 
Maxillary central incisors 

Mandibular central incisors 

Taurodontism 
(Molars only) 

Seen in: 
Maxillary second molars, 
Mandibular second molars 

Seen in: 
Maxillary second molars 

Peg Lateral Present in one subject Not observed 

Agenesis Seen in: 
Lateral incisor 

Seen in: 
Maxillary lateral incisors, canines 

 
Mandibular central incisor, lateral 

incisor, first premolar, second 
premolar 

Other Dental Anomalies Dens invaginatus  
Pulp stones  

 

Pulpal obliteration  
Hypercementosis  
Ectopic eruption 

Pulp stones 

 



 120 

 

 

Chapter IX 

Figures 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 121 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1. Modified diagram from Figure 5. of Lind article (25) to depict anatomical landmarks 
used to measure relative root length (R/C). Points of intersection between the outer contours of 
the root and their crown, x and y are connected by a straight line. Root length (R) is measured 
from the midpoint of this line, (m), to the apex (r), and crown height (C) is measured from (m) 
to the middle of the incisal edge (i).  
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Figure 2. Modified diagram from Figure 5. of Lind article (25) to depict “Ry” and “Rx”, 
landmarks used to measure root width at the middle 1/3rd of the root.  The formula used to 
measure root width is the distance from Rx to Ry divided by the distance from x to y. “Rx to 
Ry” is equivalent to the root width at the middle third while the distance from x to y represents 
the crown width at the level of the CEJ. Root width ratios of maxillary central incisors greater 
than 0.87 are classified as “wide”, and anything less than 0.87 is classified as “normal”. Root 
width ratios of mandibular central incisors greater than 0.85 are classified as “wide”, and 
anything less than 0.85 is classified as “normal”. 
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Figure 3. Root widths of mandibular teeth. Adapted from Table 2 of Tilk et al. article (38) 
describing average root widths of mandibular central incisors at the cervical third, middle third, 
and apical third. Individual standard deviations noted for the three width areas.  
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Figure 4. Root widths of maxillary teeth. Adapted from Table 1 from Tilk et al. article (38) 
describing average root widths of maxillary central incisors at the cervical third, middle third, 
and apical third. Individual standard deviations noted for the three width areas. All values are 
expressed in mm. 
*Mean and standard deviation 
+95% confidence interval  
++Range 
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Figure 5. Taurodont Index adapted from Table 1. of MacDonald et al. article (26). 
Classification of type of taurodont (hypo-, meso-, and hyper-) with corresponding taurodont 
index. Taurodont index is defined by the formula: (Variable 1/Variable 2) x 100. Variable 1 
represents the lowest point of the root of the pulp chamber to the highest point of the floor of 
the pulp chamber. Variable 2 is defined as the lowest point of the roof of the pulp chamber to 
the apex of the longest root of the tooth. If the calculated taurodont index is less than 20, the 
root shape is classified as “normal”. If the calculated number is between 20 to 30, it is 
classified as hypotaurodont. If the calculated number is between 30 and 40, the tooth is 
classified as a mesotaurodont, and if the taurodont index is any higher than 40, the tooth is 
classified as a hypertaurodont. For the purpose of this study, only teeth that are classified as 
mesotaurodont or hypertaurodont are classified as taurodonts in the phenotypic analysis.  
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Figure 6.  Pedigree, oral photographs, and radiographs of subject II:1(age 14) in Family one 
below. Localized short roots noted on #4, 5, 9, 12, 13. Wide root width noted on #25, 
taurodontism on #2, 15, and pulp stones noted in #3, 14, 15. 
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Figure 7.  Pedigree, oral photographs, and radiographs of subject II:2 (age 8) in Family one 
below. Localized short roots noted on #4, 8, 9, 13. Wide root width noted on #8 and #9, 
taurodontism noted on #2, 15, 18, 31, and pulp stone identified on #30.  
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Figure 8. Panoramic radiograph of subject II:2 in Family Two noted in box “A”. Localized 
short roots noted on #3, 4, 5, 8, 9, 12, 13, 14. Wide root width noted on #8, 9. Box “B” 
illustrates the pedigree of both affected subjects II:2 and III:5 in Family Two. Box “C” is a 
clinical oral photograph of subject III:5. Box “D” is a panoramic radiograph of subject III:5 
from Family Two. Localized short roots noted on #4, 5, and 13. Agenesis of #7, invaginatus of 
#8, peg lateral of #10, and pulp stone noted on #3.  
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Figure 9. Pedigree and panoramic radiograph for subject II:2 in Family Three (boxes A and 
D). Generalized short roots noted on #2, 4, 5, 7, 8, 9, 15, 20, 24, 31. Wide root width noted on 
#8 and #9 and generalized obliteration of pulp noted on panoramic radiograph. Box “B” is the 
panoramic radiograph of subject I:1 (unaffected father), and Box “C” is the panoramic 
radiograph of subject I:2 (unaffected mother). Blue asterisks denote members recruited in this 
study. 
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Figure 10. Pedigree and panoramic radiograph for subject II:2 in Family Four below. 
Generalized short roots noted on #2, 4, 5, 6, 7, 8, 9, 10, 11, 12, 13, 18, 19, 20, 21, 22, 23, 26, 
27, 28, 29, 31. Wide root widths noted on #8 and #9, taurodontism noted on #2 and #15, and 
hypercementosis noted on #3, 14, 18, 30, and 31. 
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Figure 11. Pedigree, clinical photos, and radiographs of subject V:1 in Family Five. 
Generalized short roots noted on #2, 3, 4, 5, 6, 8, 9, 11, 12, 13, 15, 21, 23, 24, 25, 28, 29. Wide 
root width noted on #8, 9, and 25. Agenesis of #7, 10, 26, and ectopic eruption noted of #11.  
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Figure 12. Bland-Altman plot depicting root length taken the first time =R1 compared to root 
length taken the second time=R2 across all 7 subjects and tooth types. All measurements, with 
the exception of four measurements, are within 5 pixels of each other. X-axis represents the 
average of R1 and R2 while the Y-axis represents the difference between R1 and R2. 
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Figure 14. Bland-Altman plot depicting root width taken the first time =RW1 compared to 
root width taken the second time=RW2 of maxillary central incisors across all seven subjects.  
 
 
 
 
 
 
 
Figure 13. Bland-Altman plot depicting crown length taken the first time =C1 compared to 
crown length taken the second time=C2 across all seven subjects and tooth types. X-axis 
represents the average of C1 and C2 while the Y-axis represents the difference between C1 and 
C2.  
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Figure 14. Bland-Altman plot depicting root width taken the first time =RW1 compared to 
crown length taken the second time=RW2 across all seven subjects for maxillary central 
incisors. All measurements are within 1 unit (pixel) of each other. X-axis represents the 
average of RW1 and RW2 while the Y-axis represents the difference between RW1 and RW2. 
Data appears scattered due to small amount of data points (only root widths of central incisors 
were measured). 
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Figure 15. Bland-Altman plot depicting root width taken the first time =RW1 compared to 
root width taken the second time=RW2 of mandibular central incisors across all seven subjects. 
X-axis represents the average of RW1 and RW2 while the Y-axis represents the difference 
between RW1 and RW2. Data appears scattered due to small amount of data points (only root 
widths of central incisors were measured). 
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Figure 16. Bland-Altman plot depicting crown width taken the first time =CW1 compared to 
crown width taken the second time=CW2 of maxillary central incisors across all seven 
subjects. X-axis represents the average of CW1 and CW2 while the Y-axis represents the 
difference between CW1 and CW2. 
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Figure 17. Bland-Altman plot depicting crown width taken the first time =CW1 compared to 
crown width taken the second time=CW2 of mandibular central incisors across all seven 
subjects. X-axis represents the average of CW1 and CW2 while the Y-axis represents the 
difference between CW1 and CW2. 
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Figure 18. Bland-Altman plot depicting Variable 1 (one of the variables to assess Taurodont 
Index) taken the first time =V1_1 compared to Variable 1 taken the second time=V1_2 of 
maxillary first and second molars across all seven subjects. X-axis represents the average of 
V1_1 and V1_2 while the Y-axis represents the difference between V1_1 and V1_2. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 139 

 
 
 
 
 
 
 
 
 

 
 
 
 
Figure 19. Bland-Altman plot depicting Variable 1 (one of the variables to assess Taurodont 
Index) taken the first time =V1_1 compared to Variable 1 taken the second time=V1_2 of 
mandibular first and second molars across all seven subjects. X-axis represents the average of 
V1_1 and V1_2 while the Y-axis represents the difference between V1_1 and V1_2. 
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Figure 20. Bland-Altman plot depicting Variable 2 (one of the variables to assess Taurodont 
Index) taken the first time =V2_1 compared to Variable 2 taken the second time=V2_2 of 
maxillary first and second molars across all seven subjects. X-axis represents the average of 
V2_1 and V2_2 while the Y-axis represents the difference between V2_1 and V2_2. 
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Figure 21. Bland-Altman plot depicting Variable 2 (one of the variables to assess Taurodont 
Index) taken the first time =V2_1 compared to Variable 2 taken the second time=V2_2 of 
mandibular first and second molars across all seven subjects. X-axis represents the average of 
V2_1 and V2_2 while the Y-axis represents the difference between V2_1 and V2_2. 
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