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ABSTRACT 

 
Introduction: Third molars (M3s) very often fail to erupt into function, becoming thus 
impacted. While sufficient jaw space is important, it does not always guarantee full eruption. 
Thus, other factors also play a role in this process. This work investigates the multifactorial 
etiology of M3 impaction as well as this condition’s strongest predictors. 

Material and Methods: To address the aforementioned goal, three individual studies were 
utilized. Study 1 systematically reviews the literature to a) identify key points that are impeding 
progress in the field, and b) to guide future investigations, including Studies 2 and 3. In Study 2, 
324 molar regions of 99 Canadian dental patients aged 6–24 years were assessed on retrospective 
CBCT scans and panoramic radiographs to test whether timing of M3 development (M3Dev.timing 
– a traditionally underexplored trait of M3 impaction) is a significantly trait for predicting 
M3Eruption.status. Lastly, in Study 3, 297 molar regions of 91 patients aged 9–24 years were 
simultaneously investigated to determine from a pool of multiple traits those that play the 
greatest role in the prediction of M3Eruption.status, warranting thus particular clinical concern. 

Results: Study 1 revealed key limiting points in the field, including a) inconsistent criteria for 
distinguishing erupted from impacted M3s, and b) a shortage of investigations on preadolescent 
and adolescent traits of M3 impaction – points that were addressed in Studies 2 and 3. Study 2 
revealed that M3Dev.timing is a significant predictor for M3Eruption.status (Wald X2=32.217, p.<0.001), 
and that the risk of M3 impaction is significantly reduced when M3s develop earlier (Odds=0.71; 
CI=0.61, 0.83). Study 3 demonstrated that M3Eruption.status was predicted by multiple traits, not just 
jaw space, and that along with jaw space, M3 developmental stage (Wald X2=20.92, p.<0.001) 
and patient age (Wald X2=14.21, p.<0.001) were the strongest predictors within each jaw.  

Conclusion: M3 impaction is a condition of multifactorial causes which is more accurately 
predicted by multiple traits than by traits alone. Clinical assessment of multiple traits is thus 
recommended, particularly M3 developmental stage and patient age which, along with jaw 
space, are the strongest predictors of this condition. 

 
 

Keywords: Wisdom tooth, Maxillofacial growth, Digital radiology, 3D imaging, Odontogenesis, 
tooth impaction, Maxillomandibular development.
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CHAPTER 1 | INTRODUCTION 
INTRODUCTION 

 
Third molars (M3s) or “wisdom teeth”, are the last of the three molars to develop and erupt in 
humans (Figure 1.1). Because M3s develop in the distal-most portions of the maxilla and 
mandible, they often fail to erupt into a functional position within the oral cavity, being in such 
circumstances referred to as “impacted” – a condition normally seen in humans and domestic 
animals only (Carter 2016). M3s are of great concern from a clinical standpoint because their 
impaction is often accompanied by pathoses or other complications that normally require 
professional care, such as caries, infections, and/or resorption of the adjacent second molar (M2) 
(Lysell & Rohlin 1988; Moss et al. 2007; Rodu & Martinez Jr. 1993; Stanley et al. 1988). 
         Besides being highly susceptible to becoming impacted, M3s also present notable 
developmental variability. Their morphology and ages of initiation and eruption are more 
variable than those of any other teeth (Liversidge 2008; Moyers & Enlow 1988). M3 
development begins with the crypt appearance at around the 7th year of age (Massler 1941; 
Orhan et al. 2007). This crypt appearance is then followed by mineralization of the crown and 
root(s), an event that initiates at around age 8 or 9 (Gravery 1965; Ragini et al. 2003; Richardson 
1980) but which may occur in some instances as early as age 6 or as late as age 16 – a time span 
of 10 years (Anderson et al. 1976; Fanning & Brown 1971; Garn et al. 1962; Gravery 1965; 
Haavikko 1970; Levesque et al. 1981; Moorrees et al. 1963; Nyström et al. 2007). Also subject 
to great variability is the M3’s timing of emergence into the oral cavity. Although it occurs most 
often between the ages 17 and 21 years (Korberndau & Korbendau 2003; Nelson & Ash Jr. 
2010), earlier or later emergence is not uncommon (Fayad et al. 2004; Haralabakis 1957). 

While the reasons behind this notable variability in timing of M3 eruption and 
development remain unclear, late M3 development is thought to be one of the causes why M3s 
so often fail to erupt into function. Given these potential implications, timing of M3 development 
has received increased attention in the last decades as a variable that may help clarify the early 
mechanisms that lead M3s to impaction (Lauesen et al. 2013; Marchiori et al. 2016; Svendsen & 
Björk 1988). Despite that, M3 impaction has been associated with multiple other factors, 
including insufficient jaw space (Björk et al. 1956; Broadbent 1943; Hellman 1936), M3 
malposition (Richardson 1970; Sasano et al. 2003), larger teeth (Forsberg 1988), direction of 
eruption of the dentition (Kaplan 1975), patterns of the facial skeleton (Breik & Grubor 2008), 
sex (Hattab et al. 1995; Shah et al. 1978), jaw (i.e., maxilla; mandible) (Quek et al. 2003; 
Stermer Beyer‐Olsen et al. 1989), patient age (Pogrel 2012), among several others (Årtun et al. 
2005; Behbehani et al. 2006; Kim et al. 2003; Meisami et al. 2002; Miclotte et al. 2015). M3 
impaction is therefore rooted in multiple causes, not just a single, isolated factor.  

It must be noted, however, that although several factors have been successfully associated 
with M3 impaction, our ability to anticipate this condition remains relatively restricted (Burdi & 
Moyers 1988). Today, a more definitive diagnosis of M3 impaction can only be made from adult 
ages (Carter 2016), when it is frequently too late for clinicians to intervene preventatively to 
revert or minimize the potentially harmful effects resultant from that condition. As a result, 
removal of impacted M3 is often the management option of choice in these adult individuals  
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Figure 1.1 Human teeth by class. Third molars are the distal-most of the three molars to develop and erupt in humans 
and are present in both the maxilla and the mandible. Figure adapted from (Logan et al. 2010). 

 

 

(Anyanechi et al. 2019; Dennis 2011; Friedman 2007; Huang et al. 2014; Pollan & Pogrel 2008). 
Identification of impaction- versus eruption-prone M3s from subadult ages is therefore a highly 
desired outcome in the field. The benefits would be strikingly positive: early identification of 
impaction-prone M3s could allow earlier and more frequent clinical monitoring of the patient, as 
a means to effectively manage any in-course complications. On the other hand, if no early 
evidence existed that impaction would manifest, a number of M3s could be spared from 
prophylactic surgical removal, minimizing therefore patient harm, discomfort, and potential 
surgical complications. Today, a large number of M3s are removed almost exclusively for 
preventative reasons, as a means to avoid potential problems that may (or may not) arise 
(Fernandes et al. 2009; Kruger et al. 2001). By advancing our knowledge of the multiple 
characteristics (or traits) that distinguish eruption-prone from impaction-prone M3s, a number of 
non-essential extractions is thus bound to be alleviated. 

Further investigations on the early determinants of M3 impaction are therefore necessary, 
particularly if multiple determinants are simultaneously accounted for. Currently, very limited 
data exist integrating these multiple determinants. This outcome can be attributed to a number of 
reasons: 1) Individual traits have been addressed largely in isolation from all other traits; 2) 
investigations have been focused on a restricted number of more pronounced traits (e.g., 
availability of jaw space, M3 tilt on its long axis), while other potentially useful traits remains 
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underexplored (e.g., timing of M3 development); 3) fragmented analytical methods (e.g., 
multiple individual Chi-square or t-tests) have been widely utilized while the use of more 
integrative analyses (e.g., multiple regression) remains relatively limited; 4) inconsistent 
methods or criteria have been used to determine “eruption” versus “impaction” (Ganss et al. 
1993), a fact which has reduced the translatability of results across investigations, limiting thus 
our ability to integrate the causes of  M3 impaction; 5) technical limitations of conventional two-
dimensional (2D) radiographs (e.g., magnification, distortions, superposition) have prevented 
some traits (e.g., size of the dentition) from being accurately assessed or incorporated to past 
analyses. 

Imaging resources are particularly relevant for diagnosing M3 impaction: this condition’s 
presence is very often ascertained from oral radiographs, particularly before M3s’ emergence 
(Ragini et al. 2003). This is a relevant point because M3s are only visible through direct intra-
oral clinical inspection after they emerge from their surrounding alveolar bone and soft tissues 
into the oral cavity. Of special usefulness are three-dimensional (3D) imaging methods such as 
cone-beam computed tomography (CBCT) which are an essential resource for more accurately 
determining the M3’s spatial position, size, and emergence status when compared to 
conventional 2D radiographs (Barayan & Ahmad 2013; Nguyen et al. 2011; Suomalainen et al. 
2010). With advances that permitted minimizing patient exposure to X-rays to more optimum 
levels (Santos et al. 2012), CBCT scanning technology became relatively more utilized for 
diagnostic purposes. As a result, large databases of 3D CBCT scans are available today from a 
number of institutions, and these scans are often retrospectively assessed to gain traction on 
research questions that could not be fully addressed in the past. 

The main purpose of this work is to investigate the multiple traits that increase 
predisposition of M3s to impaction as a means to help clarify the overall developmental 
mechanisms of this condition. This was done by simultaneously investigating known and 
suspected traits of M3 impaction, not only in adults but also in preadolescents and adolescents. 
For that, three individual studies were done, each carrying specific research questions. These 
studies are reported in the context of this dissertation under their own chapters. Together, these 
three studies contribute for addressing this dissertation’s main research questions, as detailed in 
Table 1.1. This entire work was done while centralizing the analyses on a trait that, despite being 
traditionally overlooked, has been consistently associated with the occurrence of M3 impaction: 
late M3 development. This trait is of central interest here because late M3 development 
manifests extremely early (e.g., a M3 that initiates development at age 10 years is already late in 
development) relative to when M3 impaction can be diagnosed (late adolescence or early 
adulthood). A combination of imaging resources (CBCT scans and panoramic oral radiographs) 
was utilized to allow the greatest possible number of traits to be investigated. Below I present the 
research questions this dissertation is structured around, including some extended background 
information regarding why and how they are addressed. 
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Figure 1.2  Timing of development of the permanent teeth in human. M3s initiate mineralization (mineralization of cusps) 
most frequently at around age eight or nine years. Despite that, M3 development can be ascertained from their crypts which often 
appear on oral radiographs a year or more before their mineralization begins. Figure from Nelson & Ash Jr. (2010). 
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1.1 Third molar impaction: what are its predictive traits, and what knowledge gaps 

remain to be addressed to advance our understanding on how this condition develops? 

M3 impaction is a condition of elevated clinical relevance in dentistry. A simple PubMed search 
for the terms “third molar” and “impaction” produces over three thousand results. Despite the 
rich literature on this condition, and in spite of the availability of several predictive methods 
(Årtun et al. 2005; Behbehani et al. 2006; De-la-Rosa-Gay et al. 2010a; Ganss et al. 1993; 
Svendsen et al. 1985) accurate anticipation of M3 impaction remains a challenge to both 
clinicians and researchers (Gupta et al. 2011; Kaplan 1975). Improving the accuracy of these 
prognostic methods remains thus a desired outcome that motivates several investigations, 
including the present one. Although M3 impaction is rooted in multiple causes (Carter & 
Worthington 2015; Marchiori et al. 2016; Rodu & Martinez Jr. 1993) which are well known to 
clinicians and researchers, a lack of investigations integrating these causes is evident in the field 
(Carter 2016; Kjaer 2015), leaving unclear which causes play the greatest role in the 
development of M3 impaction.  

Another barrier preventing M3 impaction from being accurately anticipated is that 
specialized investigations have been based extensively on cross-sectional data collected mainly 
from adult individuals, leaving traits manifested during preadolescence and/or adolescence 
unknown or undercharacterized. In addition, only a very limited number of these traits have been 
“tracked longitudinally” throughout growth, from preadolescence or early adolescence to adult 
ages (Ventä et al. 1991a). Other additionally concerning points are: a) the adoption of distinct 
methods or criteria across studies for determining “impaction” versus “eruption” (Ganss et al. 
1993); and b) prevalent conflation between lack of eruption and impaction across studies (e.g., 
lack of eruption does not necessarily imply the existence of impaction). Collectively, these 
problems are relevant because they may help explain why largely discrepant frequencies of M3 
impaction are found across the literature (Carter & Worthington 2016). Also important is the 
considerably greater concentration of studies on mandibular M3 impaction, while only a very 
reduced number of studies have addressed both jaws simultaneously. As a result, it remains 
unclear whether significant differences exist between maxilla and mandible regarding the 
mechanism that promote M3 impaction.  

These problems are, of course, concerning because they limit our understanding of how 
M3 impaction develops, affecting consequently our ability to make an accurate prognosis for this 
condition. This inability of anticipating M3 impaction from subadult ages is, however, not the 
only problem. In some circumstances, accurate diagnosis of this condition is challenging even 
when attempted from adult ages, but this is likely related to another problem: a lack of clear 
clinical directives for distinguishing impacted from non-impacted M3s is notable across the field. 
While severe cases of M3 impaction can be easily identified, the complete absence of impaction 
can be relatively harder to ascertain, particularly when M3 are nearly fully functional into the 
oral cavity. Under such circumstances, a thin subjective line may be the factor determining 
whether M3s will be retained or removed. Although some of these problems are long recurrent 
(and somewhat controversial) in the field, comprehensive systematic studies of the specialized 
literature are needed to integrate all these problems and raise awareness on their implications and 
potential solutions.  

One of the objectives of this dissertation is, therefore, to address these knowledge gaps 
and problems, by integrating all of them into a single study which may be used as a reference to 
help guide future research in this field. This is the first of three individual studies which are 
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reported in the context of the present dissertation (Scientific article 1 – Chapter 2). Due to the 
nature of the aforementioned questions, Study 1 required a systematic review of the literature 
and was designed as such. This review was done for the main purpose of: a) identifying and 
discussing potential solutions for a number of key points that are impeding progress in the field, 
and; b) guiding future investigations, including Studies 2 and 3. The questions and problems 
addressed in this Study 1 were categorized into three distinct subject areas, as follows:  

1. The definition and frequency of M3 impaction. Under this first subject area, the usage of 
distinct criteria or methods for determining “impaction” versus “eruption” was 
investigated and discussed as a potential cause for the inconsistent frequencies of M3 
impaction that are normally reported across the literature. 

2. The causes of M3 impaction. This second subject area investigates the known correlates 
of this condition. More specifically, it reviews the literature for revealing the most and 
the least extensively investigated traits of M3 impaction, while also characterizing these 
past studies, as a means to better guide future investigations on these traits. 

3. Diagnosis and management of impacted M3. This third subject area investigates the 
availability of clinical directives (e.g., guidelines, protocols, professional 
recommendations) for identifying and managing non-impacted M3s in adults. This was 
done for the main purpose of determining whether these guidelines objectively 
discriminate the boundaries between presence and absence of M3 impaction.  

Ultimately, this study was done for the main purposes of a) identifying key points that are 
impeding progress in the field and, b) discussing their implications and potential solutions.  

  

1.2 From a longitudinal standpoint, are late-developing M3s indeed at a higher risk of 

becoming impacted? How sizable is this risk? Should it concern clinicians? 

One trait that appears particularly useful in the prediction of M3 impaction is late M3 
development. Although studies dating back as early as 1930 had already taken notice of the fact 
that impacted M3s develop later than normally erupted M3s (Hammer 1930), late M3 
development only became more extensively acknowledged as a correlate of M3 impaction 
following the study of Svendsen and Bjork in 1988, where late M3 development received 
exclusive attention as a significant trait of M3 impaction. Late-developing M3s were long 
thought to be at a higher risk of becoming impacted (Björk et al. 1956; Hammer 1930) because 
they are less likely to erupt before jaw growth ceases with skeletal maturation (Svendsen & 
Björk 1988). Despite that, this risk has never been comprehensively investigated or determined 
through quantitative analytical methods that were able to reveal the implications of these delays 
in M3 development. Thus, the extent to which individuals with late-developing M3s are more 
predisposed to M3 impaction remains unclear to clinicians and researchers. Also unclear is 
whether late M3 development is indeed a stronger predictor of M3 impaction than are other 
traits. Thus, this question also merits investigation. For that, M3 development must be 
simultaneously investigated along with other traits that also affect predisposition to M3 
impaction. Such an analytical model is an essential choice because it is capable of informing 
whether late M3 development remains a significant predictor of M3 impaction even when placed 
side-by-side along with the other predictors of this condition. Also unknown is a) whether 
impacted M3s indeed develop at slower rates than erupted M3s, and b) whether, differently from  
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late-developing M3s, early-developing M3s are more likely to erupt into function. Currently, no 
data are available in the literature to answer these questions.  
 A second study (Scientific article 2 – Chapter 3) was therefore dedicated within the 
context of the present dissertation to address the aforementioned questions and raise awareness 
on the risks at which individuals with late-developing M3s are of developing M3 impaction. This 
was done while addressing problems discussed in the previous review of the literature (such as 
conflation between lack of eruption and impaction). Differently from the first study, this second 
study utilizes original data: a total of 324 M3 regions (157 in the maxilla; 167 in the mandible) 
were investigated based on retrospective oral radiographic data (cone-beam computed 
tomography scans and panoramic radiographs) of 99 multiethnic dental patients aged 6–24 years 
(57 females; 42 males). The main goals of this second study were:  

1. To calculate a model that best explains risk of functional M3 eruption versus impaction 
from a collective analysis of distinct traits suspected to alter one’s predisposition to M3 
impaction, among which M3 developmental timing was the main trait of interest. This 
first test in intended to determine whether M3 developmental timing is a significant 
predictor for M3 eruption status, warranting thus further investigation.  

2. To examine and calculate the risks of impaction for both late-developing and early-
developing M3s and to determine whether this risk differs significantly between late-
developing and early-developing M3s.  

3. To determine whether impacted and erupted M3s develop at significantly distinct rates 
during growth. 

To investigate these questions, it was hypothesized that probability of functional M3 eruption is 
contingent on M3 developmental timing: the later M3 development occurs relative to patient age, 
the more likely M3s are to become impacted.  
 

1.3 In the bigger picture, what traits merit clinical concern as predictors of M3 impaction? 

Which among these concerning traits are the strongest foretellers of this condition? 

M3s are notably known for being the last teeth to erupt into the oral cavity, usually not until the 
age 17 or later. However, this eruption only occurs in full under certain circumstances. For 
example, space must exist in the distal portions of the jaws to fully accommodate M3 eruption. 
While this space is naturally non-existent in children and preadolescents (Figure 1.3), a 
considerable amount of jaw growth is required after age 12 to create sufficient space for these 
teeth (Nelson & Ash Jr. 2010). The rich literature on M3 impaction shows however that this 
condition is rooted in multiple causes (Carter & Worthington 2015; Marchiori et al. 2016; Rodu 
& Martinez Jr. 1993), not just unavailability of jaw space. Yet, investigations in the field have 
been remarkably concentrated on few local traits, most notably retromolar space (Björk et al. 
1956; Broadbent 1943; Hellman 1936) and M3 tilt on its long axis (i.e., malposition) (Legović et 
al. 2008; Lindskog-Stokland et al. 2012; Lisboa et al. 2012; Nance et al. 2006; Phillips & White 
2012). The issue, however, is that jaw space alone does not always guarantee eruption (Gupta et 
al. 2011), neither are all non-malpositioned M3s necessarily fated to erupt into function  
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Figure 1.3 The maxillary and mandibular dentition. The panels show the dentition of a child at around age six years. A. 
Maxillary dental arch. B. Mandibular dental arch. C. Right side, showing the position and developmental stage of the first and 
second permanent molars. D. Front view, showing the dissected (right) and intact (left) sides for reference. In the mandible, 
only the empty bony crypt of the developing M2 is seen. Note that no space exists at this age to accommodate the 
development and eruption of the M3. Figure from Nelson & Ash Jr. (2010).  

 
 
 (Richardson 1980). These facts show that these two traits are not the only determinants of 
functional M3 eruption versus impaction, in spite of being likely major determinants to these 
outcomes. The etiology of M3 impaction is therefore more complex and involves additional 
factors or traits that require contemplation to more accurately anticipate the occurrence of M3 
impaction. Related to that, another notable limitation is that this research field lacks 
comprehensive studies integrating the multiple causes of M3 impaction. Because fragmented 
analyses on distinct traits of M3 impaction are so common across the field, the most important 
determinants of this condition remain unclear to clinicians and researchers. Therefore, even 
extensively investigated traits such as jaw space and M3 malposition remain unknown as to 
whether or not they are among the most important predictors of M3 impaction. Also concerning 
is the limited number of longitudinal investigations (Ventä et al. 1991a), particularly those 
associating preadolescent and/or adolescent traits with presence/absence of M3 impaction in 
adult ages (Ventä et al. 1991a). 

A

B

C

D
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This lack of longitudinal investigations on the early traits of M3 impaction is not, 
however, the only limitation. Even some of the most extensively investigated adult traits of this 
condition remain surrounded by uncertainty. For example, studies often diverge regarding 
whether sex (Celikoglu et al. 2010; Hassan 2011; Raloti et al. 2013), jaw type (e.g., maxilla; 
mandible) (Dachi & Howell 1961; Stermer Beyer‐Olsen et al. 1989), and laterality (i.e., jaw side) 
(Sasano et al. 2003; Topkara & Sari 2013) indeed play a significant role in the prediction of M3 
impaction. It appears therefore that these traits are only weak correlates of M3 impaction and that 
their predictive roles may be rather insignificant in the greater picture, when multiple variables 
are placed “side-by-side”. Therefore, analytical methods integrating multiple variables (e.g., 
multiple regression) are thus necessary to investigate these questions.  

Addressing these knowledge gaps is, of course, one of the mains objectives of the present 
dissertation. A third study was thus dedicated to that purpose (Scientific article 3 – Chapter 4). 
Similar to the second study, this third study also utilizes original radiographic data: a total of 297 
M3 regions (180 in the maxilla; 117 in the mandible) were investigated from 91 dental patients 
aged 6–24 years (54 females, 37 males). More specifically, the main objective of this third study 
was to calculate a model to best explain risk of functional M3 eruption versus impaction from a 
collective analysis of multiple traits: availability of jaw space, degree of M3 mesiodistal tilting, 
stage of M3 development, M3 crown size, jaw type, laterality (i.e., jaw side), record of 
orthodontic intervention and/or tooth extractions, sex, and patient chronologic age. This analysis 
was done for the ultimate purposes of:  

1. Identifying the traits that merit concern as longitudinal predictors for risk of functional 
M3 eruption versus impaction. 

2. Determining among these concerning traits, those that contribute most significantly for 
predicting such risks, warranting therefore particular clinical concern. 

To address these objectives, it was hypothesized that M3 impaction is a condition of 
multifactorial causes and, as such, is more fully explained by multiple traits than by traits in 
isolation. 



 

 

Table 1.1 Research questions, objectives, and hypotheses addressed in this doctorate dissertation. 
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S Main question(s): Collectively, what traits contribute significantly for anticipating functional M3 eruption versus impaction? Is late M3 

development among these traits? If so, to what extent are late developing more predisposed to impaction? Should late developing M3s be a 
concern to clinicians? 

Objective(s): 1) To identify the traits that play a collective, significant role in the longitudinal prediction of functional M3 eruption versus 
impaction; 2) to determine a) whether or not late M3 development is one of these significant traits and, if so, b) calculate the extent to which late 
developing M3s are more likely to become impacted. 

Hypothesis: M3 impaction is a condition rooted in multiple causes, being therefore more accurately anticipated from multiple traits than by traits in 
isolation. Late M3 development plays a significant role in this condition’s prediction. 

  

 

 

          

          

 

         

SP
EC

IF
IC

 Q
U

ES
TI

O
N

S 

 (Chapter 2) 
Scientific article I 

(Systematic review of the literature) 
 
Main question(s): What criteria have been most 

commonly used to identify impacted versus erupted 
M3s? Does the frequency of M3 impaction vary across 
distinct criteria? What are the most and the least 
extensively investigated traits of M3 impaction? Do 
available clinical guidelines allow a straightforward 
distinction between impacted and non-impacted M3s? 

 
Objective(s): To characterize the current state of 

knowledge on M3 impaction, regarding: 1) Its variable 
frequency across the literature; 2) its most-extensively 
investigated developmental traits; and 3) the availability 
of clinical directives for identifying and managing M3 
impaction as well as the absence of it. 

 
Working hypotheses: No specific hypotheses were 

implemented for this systematic review of the literature. 
Quantitative and qualitative analyses were utilized to 
discuss and present the findings. 

 

  (Chapter 3) 
Scientific article II 

(Novel study, based on Ph.D. research data) 
 
Main question(s): Do M3s’ developmental 

timing significantly inform their 
longitudinal predisposition (i.e., risk) to 
become erupted or impacted? Are late-
developing M3s more likely to become 
impacted? If so, to what extent?  

 
Objective(s): 1) To determine whether 

M3s’ risk of eruption versus impaction 
can be significantly predicted from their 
own developmental timing; and if so, 2) 
calculate the extent to which late 
developing M3s are more predisposed to 
impaction.   

 
Working hypothesis: The eruption versus 

impaction status of a given M3 is 
significantly predicted from its 
developmental timing: Late-developing 
M3s are at a significantly higher risk of 
becoming impacted; early developing 
M3s are at significantly more 
predisposed to erupt into function. 

 

  (Chapter 4) 
Scientific article III 

(Novel study, based on Ph.D. research data) 
 
Main question(s): When assessed 
collectively, what traits contribute 
significantly for anticipating the risk or 
M3 eruption versus impaction? 

 
Objective(s): To calculate a model that 
best explains the risk of M3 eruption 
versus impaction from a collective 
analysis of multiple traits, towards 
determining not only all significant traits 
but especially those that contribute most 
for the development of M3 impaction. 

 
Working hypothesis: M3 impaction is a 
condition of multifactorial etiology and, 
as such, is associated not only with 
unavailability of jaw space but rather 
with multiple traits which together more 
accurately predict its occurrence than 
single traits alone.  

 

 

          

Three individual studies have been designed, each addressing its own particular questions and objectives.

10 
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1.4 Investigation structure: overall objective and hypothesis 

Together the three studies reported in this dissertation address problems that are impeding 
optimum progress in the field (Study 1) as well as to advance investigations on the overall 
characteristics (or traits) that lead to M3 impaction (Study 3), particularly late M3 development – 
a traditionally underexplored trait, despite its consistent association with presence of M3 
impaction (Study 2). The literature review reported in Study 1 was therefore designed for the 
main purpose of guiding future investigations, including Studies 2 and 3 which already 
incorporate potential solutions for the problems identified in the context of Study 1. Overall, this 
dissertation contends that M3 impaction does not derive exclusively from unavailability of jaw 
space or M3 malposition (e.g., M3 tilt on its long axis), but rather from multiple co-manifesting 
traits which together more accurately anticipate M3 impaction than do single traits alone. Despite 
the fact that multiple traits are investigated here, late M3 development is suspected to contribute 
significantly for anticipating M3 impaction thus, as noted above, it received central attention in 
the present dissertation, particularly in Study 2 which was dedicated to investigate M3 
developmental timing as a predictor for M3 impaction, raising thus awareness on its importance. 
Study 3, on the other hand, focuses on the multifactorial causes of M3 impaction as a means to 
determine the overall “signs” (or traits) that may or do anticipate functional M3 eruption or 
impaction. Together, the aforementioned three studies contribute to address the overall main 
objectives of this dissertation which are to determine:  

a) The traits that, collectively, contribute significantly for longitudinally anticipating the 
risks of functional M3 eruption versus impaction.  

b) The traits that contribute most significantly for explaining the variability in M3 eruption 
status (functional eruption vs. impaction), requiring thus particular clinical attention. 

c) Whether late M3 development is among these particularly important traits and, if so, 
then calculate the risk at which late-developing M3s are of becoming impacted.
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2.1 ABSTRACT  

This study characterizes the current knowledge about three areas of relevance for research in 
third molar (M3) impaction: 1) the constant variability in the reported frequencies of M3 
impaction (Stream 1); 2) this condition’s developmental traits (Stream 2) and; 3) the availability 
of clinical directives (guidelines, protocols, professional recommendations) for identifying and 
managing non-problematic M3s (Stream 3). A systematic literature search was performed using 
PubMed, ISI Web of Science, and Ovid Medline to retrieve scientific articles using particular 
sets of keywords that were specific to each of the aforementioned areas or Streams. Articles were 
then selected according to PRISMA guidelines based on their relevance. At least five distinct 
methods or criteria for determining M3 impaction versus eruption were identified in Stream 1. 
Depending on the criteria adopted, M3 impaction frequency varied from 10 to 72 % (mandible) 
or from 11 to 50 % (maxilla). Stream 2 revealed the most extensively investigated traits of M3 
impaction: Jaw space availability, malposition of the M3 on its long axis, and sex differences. 
Stream 3 showed that clinical directives for identifying and managing non-problematic M3s are 
underprioritized, conflicted and limited in content, and that this leaves clinicians unassisted when 
assessing problematic versus non-problematic M3s. In conclusion, the use of multiple distinct 
methods or criteria across studies exaggerates biological variability and limits our understanding 
of the frequency of M3 impaction. Accurate anticipation of M3 impaction or eruption remains 
impractical due to limited knowledge on early traits, especially those manifested in pre- or early 
adolescence. Consensus is required regarding the specific circumstances distinguishing “non-
problematic” from “problematic” M3s, in order to promote evidence-based guidelines that will 
assist clinicians and their patients.         
 
 
Keywords: Wisdom teeth, maxillofacial growth, population, dental development, anatomy.



 

 14 

2.2 INTRODUCTION 

Third molars (M3s) or “wisdom teeth” are of great relevance in dental practice because they 
frequently fail to erupt, or do not erupt fully, into the oral cavity (Rodu & Martinez Jr. 1993). 
When M3s fail to emerge into a functional position, they are often regarded as “impacted” (Björk 
et al. 1956; Morris & Jerman 1971; Ventä et al. 1991b). The clinical relevance of this condition 
is further increased when impacted M3s are also associated with complications such as infections 
(Lysell & Rohlin 1988), caries (Moss et al. 2007), cysts (Stanley et al. 1988) or other pathoses or 
conditions (Rodu & Martinez Jr. 1993). Much of what is known of M3 impaction comes from an 
extensive number of studies and observations accumulated since at or near the end of the 19th 
century (M’Pherson 1898; Rushton 1888). Despite this rich literature, a number of points remain 
unclear or inconsistent, and require attention to advance our understanding of the mechanisms 
underlying or associated with M3 impaction. The main purpose of the present work is to 
systematically review the current state of knowledge for three main subject areas or investigation 
Streams (Table 2.1) in order to identify key points that are impeding progress in the field.  

The first subject area (Investigation Stream 1) addresses the variability across studies in 
terms of the criteria used to determine M3 impaction versus eruption. Despite the efforts to 
determine the worldwide prevalence of M3 impaction (Carter & Worthington 2016), reports of 
this condition’s prevalence are highly inconsistent across studies (Ragini et al. 2003). While 
some of this variability is known to be due to factors such as patient race, age, and growth 
patterns, little attention has been paid to the effect of methods (or criteria) used across studies to 
distinguish erupted from impacted M3s. Therefore, computations of the frequency of M3 
impaction depend on the manner by which this condition is defined (Björk et al. 1956). 
Depending on the definition used, M3 impaction frequency may range from 0% (Odusanya & 
Abayomi 1991) to 66% (Morris & Jerman 1971), or if all unerupted M3s are taken as 
“impacted”, even as frequent as 98% (Grover & Lorton 1985). Consistency in these criteria is 
thus essential for result translatability and accumulation of knowledge across investigations, but 
this is not the only implication; lack of concise criteria also diminishes the diagnostic accuracy of 
M3 impaction, thereby misguiding clinicians towards one or another management method. The 
effect of this variability in research methods has never been directly addressed in the field, 
despite its relevance. Raising awareness on this variability and its implications is thus one of the 
main goals of this work. Here we suggest that the variable adoption of multiple distinct criteria to 
define M3 impaction versus eruption have contributed to an artificially high variability in the 
reported frequency of M3 impaction. The first objective of this study is to identify and describe 
these criteria and assess whether particular frequencies of M3 impaction occur according to the 
criteria used. 

The second subject area of interest (Investigation Stream 2) addresses the traits that may, 
or do, predict M3 impaction, and the extent to which each of these traits has been investigated. 
M3 impaction is associated with numerous factors, including lack of eruption space due to 
insufficient growth of the jaws (Björk et al. 1956; Broadbent 1943; Hellman 1936), location of 
the M3 within the jaws (Kaur et al. 2016; Trakinienė et al. 2018), severe tilting or malposition of 
an M3 on its long axis (Richardson 1970; Sasano et al. 2003), sex (Hattab et al. 1995; Shah et al. 
1978), jaw type (i.e., maxilla; mandible) (Quek et al. 2003; Stermer Beyer‐Olsen et al. 1989), 
and patient age (Pogrel 2012). However, a gap persists between knowledge of etiology of 
impaction and the translation of this knowledge to clinical practice in benefit of patients. In 
addition, a question remains as to whether these etiological factors are also reliable early 
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predictors of M3 impaction versus eruption. Although lack of jaw space has been classically 
accepted as the major factor preventing M3 eruption (Björk et al. 1956; Ganss et al. 1993; Graber 
& Kaineg 1981; Peterson 1998; Ricketts 1972; Rodu & Martinez Jr. 1993; Schulhof 1976), 
individual jaw growth patterns cannot be accurately predicted at early ages, rendering jaw 
growth alone an unreliable longitudinal foreteller of M3 eruption versus impaction. As a result, 
lack of consensus persists regarding what early factors or traits are likely to best inform the M3’s 
risk of impaction (Carter & Worthington 2016). Identification of early traits meriting further 
investigation towards answering this question is thus essential. Under this second Stream, the 
main aim is thus to characterize the current knowledge on these M3 impaction traits (or 
impaction correlates) through an assessment of the literature to determine the extent to which 
each of these traits have been addressed in the past as well as the general characteristics of these 
studies and their samples (e.g., study design, sample size, population characteristics, etc.). The 
ultimate purpose of this work is thus to: 1) identify early developmental traits of M3 impaction, 
as well as the frequency at which they were investigated in the field and, 2) learn past studies’ 
characteristics in order to apply this knowledge to better guide future investigations in the field.   
         The third subject area under investigation here (Investigation Stream 3) addresses the 
availability of clinical directives (i.e., protocols, guidelines, professional recommendations) for 
identifying and managing non-problematic M3s (i.e., M3s not associated with diseases, harmful 
conditions and/or symptoms). Clinical management of M3s may include, but is not limited to: 1) 
removal of the follicle around the M3 crown as a means to assure M3 eruption will progress 
normally, 2) enucleation of the M3 germ, 3) transplantation of the M3 to another edentulous area 
of the dental arch (Kalamchi & Hensher 1987), 4) repositioning of the tooth (Rafetto 2015), 5) 
long-term monitoring during routine dental checkups (Alling III & Alling 1993), 6) partial 
removal of the M3 (i.e., coronectomy)(Rafetto 2015), or 7) full surgical removal of the M3 
(Alling III & Alling 1993; Cooper-Newland 1996; Friedman 1946; Laskin 1969; Rafetto 2015; 
Waite & Reynolds 1998). While M3 removal is clearly required under a number of more extreme 
scenarios – such as when the M3 pose risks to the patient’s health due to an association with 
pathoses or symptoms – management directives are unclear in less extreme, and thus more 
ambiguous, scenarios where M3s are asymptomatic and/or disease-free (Rafetto 2015; 
University of York 1998).  

Asymptomatic and/or disease-free M3s comprise the majority of all M3s encountered in 
dental practice (Boukef & Jemmali 1986; Celikoglu et al. 2010; Fernandes et al. 2009; Kruger et 
al. 2001; Stanley et al. 1988). However, available data suggest that from 35% (University of 
York 1998) to 50% (Ventä et al. 2004), if not more (Stephens et al. 1989), of all removed M3s 
are asymptomatic and/or disease-free. A review of the available clinical directives for identifying 
and managing non-problematic M3s thus becomes an important and necessary measure for two 
main reasons: 1) To identify potential gaps or inconsistencies across these directives, providing 
an opportunity for them to be addressed by specialists in the field and; 2) to clarify and promote 
evidence-based directives that will help clinicians guide their decisions. As such, the main 
objectives of Investigation Stream 3 are to: 1) investigate the availability of clinical directives 
applicable specifically to identification and management of non-problematic M3s and, 2) 
examine whether agreement exists among distinct studies regarding the circumstances under 
which M3 removal or retention should be favored.
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Table 2.1 Investigation streams and study objectives 
     

Stream 1 
 

M3 impaction: Definition, 
Diagnosis, and Frequency 

–––––––––––––––––––––– 
What criteria are used across studies for 

determining M3 impaction versus 
eruption? Can the variable usage of 

distinct criteria be ruled out as a 
promoter of variability in the frequency 

of M3 impaction across studies? 
 
 
 
Objective(s): 
To identify and describe distinct criteria 
for determining M3 impaction across 
multiple studies and assess whether the 
observed variability in the frequency of 
M3 impaction among these studies can 
be attributed to a lack of a uniform 
criteria. 

 Stream 2 
 

The multiple predictive  
traits of M3 impaction 
–––––––––––––––––––––– 

What M3 impaction traits or correlates 
have been more extensively 

investigated across the literature, and 
which traits require further 

investigation? Were early traits, 
especially those manifested during pre- 
or early- adolescence, also investigated? 
 
 
Objective(s): 
To determine the extent to which these 
traits have been addressed as well as the 
general characteristics of past studies, 
towards better guiding future 
investigations. 

 Stream 3 
 

Evidence-based M3 diagnostic 
and management protocols 

–––––––––––––––––––––– 
 
 

What is the availability of clinical 
directives for identifying and managing 
asymptomatic and/or disease-free M3s? 

Is there a consensus across studies 
regarding these management directives? 
 
 
 
Objective(s): 
To investigate the availability of 
clinical directives for identifying and 
managing non-problematic M3s and 
examine whether agreement exists 
among authors regarding the 
circumstances under which removal or 
retention should be favored for a given 
M3. 

     

This study surveys the current state of knowledge on M3 impaction, regarding a) methods or criteria for its diagnosis (stream 1); 
b) its etiology and risk factors (stream 2); and available directives for identifying and managing non-problematic M3s (stream 3). 
Each investigation stream pursues its specific question(s) and objective(s).
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2.3 MATERIAL AND METHODS 

2.3.1 Data source and characteristics of this review 

The authors of this project sought to characterize the current state of knowledge of M3 impaction 
by identifying, reviewing, and synthesizing research studies that met a set of pre-established 
criteria. Two work phases were implemented: I) Identification and acquisition of data from the 
scientific literature, and II) analysis, and synthesis of data. Three major online publication search 
engines – PubMed, ISI Web of Science, and Ovid® Medline – were used to explore the literature 
using particular keyword combinations specific to each of the three aforementioned Streams. The 
complete electronic search strategy is detailed in Figure 2.1. 

Next, all articles were screened (based on their titles and abstracts) to remove duplicates 
across the three databases and to determine whether they were contextually relevant. Lastly, all 
screened articles were read in full to confirm their appropriateness. The complete selection 
strategy is detailed in Figure 2.2. The complete set of inclusion and exclusion criteria that 
governed the selection of the literature reviewed is described in further detail just below in 
Section 2.2. Whenever applicable throughout all of the steps described above, PRISMA 
guidelines (i.e., Preferred Reporting Items for Systematic Review and Meta-analysis Protocols) 
(Moher et al. 2016) were followed.  

 
 
2.3.2 Inclusion and exclusion criteria 

During the literature search, a set of parameters was established to determine which articles to 
include in the review. All scientific articles were chosen according to the following criteria: 

1. Search terms: A combination of keywords was used to search articles of relevance within 
each Stream. For details on the terms searched see Figure 2.1. 

2. Language: English and non-English articles were considered. Non-English articles were, 
however, restricted to the languages known by the authors (i.e., French, Italian, 
Portuguese, and Spanish). It was a requirement that the whole article (e.g., not just 
title/abstract) was available in one of the above languages. 

3. Publication date: No limits were established on the year of publication. 
4. Study characteristics: Subject chronologic age, population sample size, geographic 

location, and jaw under investigation (e.g., maxilla; mandible) were recorded from all 
studies. It was a requirement that studies reported the materials or tools utilized for 
obtaining the data they presented (e.g., radiographs, clinical examination, dental plaster 
models, post-mortem skulls, etc.). 

5. Other factors: Studies addressing individuals with congenital malformations (e.g., cleft 
lip and/or palate, micrognathia), ectopically located M3s, facial trauma, or pathoses of the 
maxillofacial skeleton (e.g., cysts, tumors) were not considered for review. 

In addition to the above general inclusion/exclusion criteria, a specific set of criteria was 
established within each investigation Stream as well. This measure was done to more accurately 
address each Stream’s specific questions and objectives. The specific selection criteria applicable 
to each investigation Stream are discussed in detail in Table 2.2. 
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2.3.3 The literature search and its outcome 

All literature reviewed within Stream 1, 2, and 3 was selected via a series of screening steps and 
criteria (see above). This process was initiated with an online search utilizing a set of keyword 
combinations (see Figure 2.1) performed to retrieve all relevant literature on “third molar 
impaction”. This initial search returned an average of 1,928 records across three databases 
(Pubmed, N=2,180; Web of Science, N=1,588; Ovid Medline, N=2,017). Next, a new online 
search was performed among these records to determine whether articles should be allocated to 
Stream 1, 2, or 3. This was done by adding a directive set of keyword combinations to the 
previously entered search. Given that a particular set of keywords was entered for each Stream, 
three distinct sets of studies were retrieved. On average, 104 studies were found within Stream 1 
(Pubmed=112; Web of Science=102; Ovid Medline=97), 126 within Stream 2 (Pubmed=106; 
Web of Science=129; Ovid Medline=143), and 111 within Stream 3 (Pubmed=132; Web of 
Science=85; Ovid Medline=115), although some studies were duplicated across the three 
databases. After duplicates were removed, 303 studies were left: Stream 1=93; Stream 2=101; 
Stream 3=109 (see Figure 2.2). 

Next, all these 303 retrieved studies were a) manually screened for relevance within their 
respective Streams (based on their titles and abstracts) and then b) assessed for eligibility (based 
on their full content). Ultimately, 39 studies addressing 10,075 patients passed all screening and 
met the criteria for inclusion in this review work. Their distribution across the three investigation 
Streams was as follows: 12 (Stream 1), 20 (Stream 2), and 7 (Stream 3). The most frequent 
reasons for excluding an article retrieved under a given Stream were: 1) Out-of-scope content 
(Stream 1= 76%, Stream 2= 79%, Stream 3= 81%), 2) unavailability of the information or data 
being searched (Stream 1= 20%, Stream 2= 20%, Stream 3= 33%), and 3) ineligible formats 
(e.g., reviews, conference abstracts, etc.) (Stream 1= 3%, Stream 2= 2%, Stream 3= 0%), 4) non-
supported foreign language (Stream 1= 2%, Stream 2= 0%, Stream 3= 3%).  
 
 
2.3.4 Literature data analysis 

From each study, the following information was collected for assessment: Stream 1, a) the 
criterion used to distinguish M3 impaction from eruption, b) the frequency of M3 impaction and 
eruption reported under a given criteria; Stream 2, a) the traits directly tested for statistical 
association with presence of M3 impaction versus eruption, b) the statistical significance of the 
tested association (e.g., significant or non-significant at a given alpha level); Stream 3, a) the M3 
management protocol defended by the investigators. In addition, and for controlling purposes, 
the following information was also collected from all studies, in all Streams: authors’ names, 
publication year, geographic location, and study design. Data were extracted from the main text, 
figures, tables, and charts. Calculations were performed in some instances to determine the 
frequency of M3 impaction and/or eruption, when this information was not directly reported in 
the text. 

Quantitative and qualitative analyses were utilized. Within Stream 1, the collected data 
were analyzed in the following way: First, all criteria for determining M3 impaction versus 
eruption were extracted from the studies reviewed and listed for initial assessment. Second, equal 
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criteria were accounted for to determine those criteria which differed from each other. Third, all 
these distinct criteria were sorted based on whether or not they address the following three 
concepts: a) M3 eruption, b) M3 emergence, and 3) M3 functionality. Criterion addressing all 
three concepts were then taken as most accurate. Lastly, the frequency of M3 impaction was 
examined: a) among studies utilizing the same criteria, and b) among studies utilizing distinct 
criteria. Within Stream 2, all predictive traits of M3 impaction were first listed according to the 
study within which they were investigated and then summarized to determine their overall 
appearance (i.e., their frequency) across all studies. Next, occurrence of these traits was 
examined according to study design (e.g., longitudinal vs. cross-sectional; prospective vs. 
retrospective), sample size, population characteristics (such as patient type; e.g., orthodontic vs. 
non-orthodontic patients), and jaw investigated (e.g., maxilla vs. mandible). Within Stream 3, the 
literature was analyzed in the following way: First, a summary of studies addressing M3 
management directives was made, indicating when available the author’s specific directives for 
identifying and/or managing non-asymptomatic and/or disease-free M3s. Next, the collected 
information was assessed to determine whether or not a) these directives agree with one another 
and, b) the M3’s association with impaction, symptom(s), and/or disease(s) are each a sufficient 
reason for favoring removal of the M3.
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Electronic search strategy used for retrieving the literature reviewed 

 
 

Manual selection of studies. 

See Figure 2.2. 

 

 

 

Manual selection of studies. 

See Figure 2.2. 

 

 

Manual selection of studies. 

See Figure 2.2. 

 

Figure 2.1 Electronic search strategy for scientific articles. Each of this study’s three main subject areas of interest was 
addressed under a particular work Stream (1 through 3). Within each Stream, a particular combination of keywords was entered 
to search for scientific articles of relevance for the subject area being addressed.
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Summary of the multi steps used for selecting the literature reviewed 

 
Figure 2.2 Manual selection of scientific articles. After retrieval from their databases (Pubmed, ISI Web of Science, Ovid 
Medline), scientific articles were subject to selection steps which included manual screening (based on their titles and abstracts) 
and assessment for eligibility (based on their full content). This work adopted PRISMA guidelines (Preferred Reporting Items for 
Systematic Review and Meta-analysis Protocols) (Moher et al. 2016).
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Table 2.2 Intra-stream specific inclusion and exclusion criteria 
     

Investigation Stream 1 
Studies were selected for review 
according to the following aspects: 
Study type: Only studies reported in full 
and containing original data were 
considered for review. Letters, 
conference abstracts and literature 
reviews were excluded. 
Design: Any. Prospective and 
retrospective studies of either 
longitudinal or cross-sectional nature 
were considered.  
Data: Population-level data must have 
been available. Clinical reports of 
individual patients or isolated cases 
were excluded.  
Fulfillment of the following 
requirements: 
> The frequency of M3 impaction in 

the population investigated as well as 
the criteria utilized to determine 
eruption versus impaction must have 
been available. 

> The frequencies reported must be 
“auditable” from the totals of M3s or 
patients presented (i.e., the numbers 
of both impactions and non-
impactions must have been 
informed).  

> If a given population was 
investigated in multiple studies, only 
one of these studies were included in 
the review, avoiding thus double 
assessment of the same population.  

 Investigation Stream 2 
Studies were selected for review 
according to the following aspects: 
Study type: Only studies reported in full 
and containing original data were 
considered for review. Letters, 
conference abstracts and literature 
reviews were excluded. 
Design: Any. Prospective and 
retrospective studies of either 
longitudinal or cross-sectional nature 
were considered. 
Population-level data must have been 
available. Clinical reports of individual 
patients or isolated cases (such as those 
addressing rare conditions) were 
excluded.  
Fulfillment of the following 
requirements: 

> Occurrence of M3 impaction must 
have been directly tested for 
statistical association with one or 
more traits (e.g., jaw space, sex, 
jaw, patient age, etc.). 

> Associations of the M3 with 
pathoses or other conditions were 
not treated as a “trait” (but rather a 
consequence) of M3 impaction and 
were thus not assessed under stream 
2. 

> The criteria utilized to determine 
eruption vs. impaction must have 
been reported. 

> Studies addressing a population 
already addressed in another 
included study was only considered 
if additional (i.e., distinct) traits of 
M3 impaction were under 
evaluation in this latter study. 

 Investigation Stream 3 
Studies were selected for review 
according to the following aspects: 
Study type: Literature reviews and 
original studies were both considered 
for review, provided that their content 
was written in one of the supported 
languages. However, short publications 
such as letters and conference abstracts 
were excluded. 
Design: Any. Prospective and 
retrospective studies of either 
longitudinal or cross-sectional nature 
were considered. 
Availability of population-level data 
was not a requirement. Clinical reports 
or other studies (except letters and 
conference abstracts) were thus eligible 
for inclusion, provided that the author’s 
views regarding the most appropriate 
method for managing M3s was 
expressed. 
Fulfillment of the following 
requirements: 

> Only articles addressing clinical 
directives (i.e., guidelines, 
protocols, professional 
recommendations) for managing 
M3s (such as indications and 
contra-indications for M3 removal) 
were selected for review. 

> M3 management directives must be 
owned by the author and 
communicated through active voice. 
Third parties’ directives were not 
taken into consideration.  

     

To more accurately assess each stream’s specific questions and objectives, a specific set of inclusion/exclusion criteria was used 
to select the relevant literature within each of the three investigation streams.
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2.4 FINDINGS  

Stream 1 

Five distinct criteria for determining M3 impaction versus eruption were identified; the 
frequency of mandibular M3 impaction ranged from 10% to 72% across all criteria. 

Twelve studies were reviewed within Stream 1, each reporting its own method for identifying 
impacted and/or erupted M3s (Table 2.3–I). Combined, these studies investigated 4751 
individuals. Among the twelve methods reported, some were equal or shared similar 
particularities and were thus treated as a single criterion. Ultimately, five major criteria were 
identified (criteria A through E) (Table 2.3–II). Each of these criteria addressed one or more of 
the following concepts to some extent: a) M3’s eruption status, b) M3 emergence status, and 3) 
M3 functionality. Criterion A was taken as most complete (or precise) because it addresses all 
three concepts; Criterion E was taken as least accurate because it does not address any of these 
concepts. The least accurate criteria for determining M3 impaction was adopted most frequently, 
by five out of twelve (≈42%) studies reviewed. Criterion E was taken as less ‘accurate’ because 
it comprises studies in which M3 impaction is defined as “M3s which are prevented from 
erupting ...”, without carrying a clear definition for the term “erupting”. Only one out of twelve 
studies (≈8%) was developed based on criteria A; the most accurate criterion. Criterion A was 
taken as ‘most accurate’ because it provides sufficient information for allowing one to determine 
the M3’s levels of eruption, emergence, and functionality. 
         Among all studies reviewed, and across all criteria, the frequency of individuals with at 
least one impacted M3 varied from 23% to 57% (range=34%) (Table 2.4). This variability was 
even more pronounced among lower M3s (LM3s): from as low as 10% to as high as 72% 
(range=62%) of these LM3s were impacted, depending on the study and its criteria for 
determining impaction. Similar results were also found among upper M3s (UM3s): from 11% to 
50% (range= 39%) of all UM3s were impacted depending on the study and its adopted criteria. It 
should be noted, however, that the availability of data for UM3s was remarkably more limited 
across the literature; only four out of twelve studies (≈33%) assessed the frequency of impaction 
specifically among UM3s.  
 
The frequency of M3 impaction varied more between studies utilizing distinct criteria than 
among studies utilizing equal criteria. 

The frequency of M3 impaction ranged from as low as 23% among studies adopting criteria E to 
as high as 57% among studies adopting criteria A – a total variability of 34%. However, less 
variability was seen among studies adopting the same given criterion: the frequency of M3 
impaction varied, for instance, from 43% to 52% (range= 9%, across 3 studies) utilizing criterion 
B and from 23% to 34% (range= 11%; across 4 studies) utilizing criterion E (Table 2.4). Intra-
criterion variance in the frequency of M3 impaction was thus smaller than the variance seen 
across multiple distinct criteria. Although the effect of distinct geographic regions (and with it, 
distinct populations, ethnical groups, diets, cultural habits, etc.) may explain in part the result 
variance seen among studies utilizing a same given criterion, distinct study methodologies 
cannot be discarded as a potential contributor to the greater variability seen across studies 
utilizing distinct criteria. Therefore, the findings presented here point to an artificially high 



 

 24 

variability in the reported frequency of M3 impaction which is likely to be rooted in distinct 
research methodologies. 
 
Because of the availability of only two possible groups – eruption and impaction – M3s not 
seen as “erupted” were taken as “impacted”, regardless of their actual state of impaction.  

The frequency of M3 impaction was higher in studies adopting criterion A (57%; 1 study) and B 
(43% to 52%, across 3 studies), and lower in studies adopting criterion E (23% to 34%, 4 
studies). This occurs because compared to criterion E, more M3s fail to be taken as erupted 
under criterion A – being thus regarded as “impacted”. This may be explained by the fact that 
under criterion E, only one factor requires evaluation (i.e., eruption status) towards determining 
whether or not eruption exists while under criterion A, three factors (e.g., eruption, emergence, 
and functionality) must be concurrently addressed. The main issue, however, appears to be 
associated with the research methods used across these studies: M3s not considered or classified 
as “erupted” have only one alternative group where to be placed into – the impaction group. 
Although unerupted M3s are not necessarily all impacted, under such methodology non-erupted 
M3s – even if not impacted – must be inevitably taken as impacted. This limitation prevents not 
only M3 eruption status but also the frequency of M3 impaction from being accurately and 
consistently depicted across studies. This highlights the fact that “eruption” and “impaction” are 
two distinct outcomes which are not necessarily mutually exclusive (i.e., an erupted M3 can be 
also impacted; an unerupted M3 is not necessarily impacted). It appears thus that methods using 
four groups (erupted, unerupted, impacted, non-impacted) or, alternatively, three groups 
(erupted, impacted, and a control group including all remaining, unerupted and non-impacted 
M3s) are of greater benefit to the field given that such methods would allow impaction to be 
more accurately characterized.
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Table 2.3 Summary of studies and their criteria for identifying impacted and erupted M3s. 

 Author, year ** Criterion utilized to determine impaction and/or eruption.   

I 

Richardson, 
1975 

E Impaction = "M3s which are prevented from erupting because of their mesio-angular relationship with 
the M2". 'Non-impacted' M3s were placed into an 'eruption' group. Only two groups existed (i.e., Eruption 
vs. Impaction); M3 placement was limited to these two groups. 

 

Haavikko et al., 
1978 

D Impaction = Failure to observe "clinical eruption". Clinically erupted M3s were taken as 'erupted'. M3 
placement was limited to these two groups. 

 

Sandhu and 
Kapila, 1982 

E Impaction = Refers to "partially erupted M3s which cannot erupt because of lack of space". No 
information was provided on the status of eruption and emergence of non-impacted M3s. 

 

Scherstén et al., 
1989 

E Impaction = All M3s "in mesioangular, distoangular, or horizontal position and all non-erupted M3s with 
complete root formation and vertical position". Non-impacted M3s were placed into an 'eruption' group. 
Only two groups existed (i.e., Eruption vs. Impaction); M3 placement was limited to these two groups. 

 

Sasano et al., 
2003 

C Impaction= M3s which have failed to achieve the occlusal level of the adjacent second molar. (i.e., Class 
A of Pell and Gregory). All non-impacted M3s were placed into a group described as 'complete eruption'. 

 

Kim et al., 2003 E Impaction = "Incomplete M3 eruption ... because of inclined position relative to the M2 or the ascending 
ramus, or lack of space, with radiographic evidence of apical closure". Eruption: M3 "in full occlusion". 
Only two groups existed (i.e., Eruption vs. Impaction); M3 placement was limited to these two groups. 

 

Breik and 
Grubor, 2008 

C Impaction = M3s which have failed to reach Class A and Class I of Pell and Gregory. Eruption: "Class A 
and Class I of Pell and Gregory". Only two groups existed (i.e., Eruption vs. Impaction); M3 placement 
was limited to these two groups. 

 

Topkara and 
Sari, 2013 

B Impaction = An M3 which is "not fully erupted to its functional position or is still erupting but prevented 
from proceeding due to angular position or lack of space". Eruption: An M3 "fully erupted to its normal 
functional position". Only two groups existed (i.e., Eruption vs. Impaction); M3 placement was limited to 
these two groups. 

 

Hashemipour et 
al., 2013 

A Impaction = A M3 which "did not have functional occlusion and at the same time, its roots were fully 
formed". 'Non-impacted' M3s were placed into an 'eruption' group. Only two groups existed (i.e., Eruption 
vs. Impaction); M3 placement was limited to these two groups. 

 

Lauesen, 2013 B Impaction = "An anteriorly angulated arrested eruption in a position colliding with the M2... ". Eruption: A 
M3 which was "fully erupted to its functional position in occlusal level with the M2". Only two groups 
existed (i.e., Eruption vs. Impaction); M3 placement was limited to these two groups. 

 

Al-Anqudi, 2014 E Impaction = All M3s "in mesioangular, distoangular, or horizontal position and all non-erupted M3s with 
complete root formation and vertical position". Non-impacted M3s were placed into an 'eruption' group. 
Two groups existed (i.e., "Fully-erupted" vs. Impacted); M3 placement was limited to these two groups. 

 

Jain et al., 2019 B Impaction =  M3s which are not "fully erupted to the assumed normal functional position in the occlusal 
plane". M3s not meeting these criteria were taken as 'non-impacted'. 

 

        

 
   Criteria types Criteria usage %  

II 

   
  Criterion A. M3s which have failed to emerge to their normal functional position and are 

not in functional occlusion. 
1 out 12 studies 8%  

  Criterion B. M3s which have failed to emerge to their normal functional position. 3 out 12 studies 25%  
  Criterion C. M3s which have failed to emerge to the occlusal level. 2 out 12 studies 17%  
  Criterion D. M3s which have failed to emerge clinically. 1 out 12 studies 8%  
  Criterion E. M3s which are prevented from erupting due to mesio- or disto- angulation 

and/or lack of space. 
5 out 12 studies 42%  

       

Subtable I lists studies and their criteria for identifying impacted and/or erupted M3s. Subtable II shows that, among the twelve 
criteria identified in Subtable I, at least five are conceptually distinct from each other. Each of these five distinct criteria 
described M3 eruption, emergence, and functionality from a greater (Criterion A) to a lesser (Criterion E) level of detail. 
Criterion A was taken as most informative because it addresses three distinct concepts: M3’s eruption, emergence, and 
functionality. Criterion E was taken as least informative because it does not sufficiently address any of the aforementioned three 
concepts (i.e., it does not provide sufficient information for allowing one to determine the M3’s status of eruption, emergence, 
and functionality). (**): Indicate how criteria are matched between Subtables I and II.
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Table 2.4 M3 impaction frequency according to studies and their methods. 
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 ♀ ♂ Overall  MX MD Overall 

  Frequency of subjects with at 
least one impacted (I) / erupted 

(E) M3 

 Frequency of M3s which were 
impacted (I) / erupted (E)    

  I / E I / E I / E  I / E I / E I / E 

                 A Hashemipour et 
al., 2013 

Iran 1020 Non-orthodontic. Y Y  0.59 /  
0.41 

0.54 /  
0.44 

0.57 /  
0.43 

 . . . 

 B Jain et al., 2019 India 357 Orthodontic. Y Y  0.52 / 
0.48 

0.53 / 
0.47 

0.52 / 
0.48 

 . . . 

 B Topkara and Sari, 
2013 

Turkey 207 Orthodontic. Y Y  0.51 / 
0.49 

0.61 / 
0.39 

0.54 / 
0.46 

 . . . 

 B Lauesen, 2013 Denmark 132 Non-orthodontic. N Y  . . 0.43 / 
0.57 

 . 0.41 / 
0.59 

. 

 C Sasan et al., 2003 Japan 308 Dental students. Y Y  . . .  0.11 / 
0.62 

. . 

 C Breik and Grubor, 
2008 

Australia 39 Orthodontic, 
brachyfacial. 

N Y  . . .  . 0.63 / 
0.37 

. 

   Australia 28 Orthodontic, 
mesofacial. 

N Y  . . .  . 0.29 / 
0.71 

. 

   Australia 30 Orthodontic, 
dolichofacial. 

N Y  . . .  . 0.32 / 
0.68 

. 

 D Haavikko et al., 
1978 

Finland 80 Non-orthodontic. N Y  . . .  . 0.72 / 
0.28 

. 

   Finland 30 Orthodontic. N Y  . . .  . 0.65 / 
0.35 

. 

 E Kim et al., 2003 USA 51 Orthodontic; 
complete dentition. 

Y Y  . . .  0.50 / 
0.50 

0.40 / 
0.60 

0.45 / 
0.55 

   USA 106 Orthodontic; 
incomplete 
dentition. 

Y Y  . . .  0.16 / 
0.84 

0.22 / 
0.78 

0.19 / 
0.81 

 E Richardson, 1975 Northern 
Ireland 

95 Orthodontic. N Y  . . 0.23 / 
0.77 

 . 0.38 / 
0.62 

. 

 E Al-Anqudi, 2014 Oman 1000 . Y Y  0.37 / 
0.63 

0.30 / 
0.70 

0.34 / 
0.66 

 0.19 / 
0.81 

0.48 / 
0.32 

0.34 / 
0.66 

 E Sandhu and 
Kapila, 1982 

India 1010 . Y Y  0.30 / 
0.70 

0.23 / 
0.77 

0.26 / 
0.66 

 . . . 

 E Scherstén et al., 
1989 

Sweden 257 Dental students. Y Y  0.29 / 
0.71 

0.37 / 
0.63 

0.33 / 
0.67 

 0.35 / 
0.65 

0.46 / 
0.54 

0.41 / 
0.59 

                

 N= Patient sample size, MX= Maxilla, MD= Mandible,  
( . )= Not informed or not addressed by the study. 

        

   S1    S2  

In this table, the term “criteria” refers to the method utilized by studies to determine which M3 is impacted and which is erupted. 
Five distinct criteria were identified (see Table 1). Note that the frequency of individuals with at least one impacted M3 varied as 
much as 35% across studies of distinct criteria (e.g., from as low as 23% to as high as 57%). However, less variability was seen 
among studies adopting the same given criterion: The frequency of M3 impaction varied, for instance, from 43% to 52%  across 
studies utilizing criterion B (variability range= 9%, across 3 studies) and from 23% to 34% across studies utilizing criterion E 
(variability range= 11%; across 4 studies). In addition, sections 1 (S1) and 2 (S2) were used to bring one’s attention to the 
manner by which these frequencies are presented across the literature. For instance, impaction frequency may be reported relative 
to a total number of M3s (e.g., “12% of all M3s were impacted”) or relative to the total number of patients (e.g., “12% of all 
patients presented M3 impaction”). These are, of course, two distinct outcomes that merit attention because these methods are 
often used interchangeably across studies.  .
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Stream 2  

The most extensively investigated traits of M3 impaction were 1) availability of jaw space, 
2) malposition of the M3 on its long axis, and 3) sex differences.  

Twenty studies met the criteria to be reviewed within Stream 2, each testing for an association 
between presence of M3 impaction and one or more potential traits of this condition ( 
Table 2.5). Combined, these studies investigated 5307 individuals. Availability of jaw space (in 
the M3 region or in the jaws as a whole) was the trait most extensively tested for association with 
presence of M3 impaction. In fact, 50% of all studies reviewed here (i.e., 10 out of 20 studies) 
investigated jaw space. Tilting or malposition of the M3 long axis was the second most 
extensively investigated trait (9 out of 20 studies; 45%), followed by patient sex (6 out of 20 
studies; 30%). Other traits appeared at smaller frequencies (e.g., <25%) across the literature 
reviewed. In total, eighteen traits were identified, most of which (15 out of 18; ≈83%) were local 
traits (e.g., maxillofacial or maxillomandibular, rather than systemic). Only two systemic traits 
were identified: patient age and sex.  

Not all traits addressed in this literature review were necessarily positively and 
significantly associated with the presence of M3 impaction. Availability of M3 eruption space 
was, among all investigated traits, the one which was most often positively and significantly 
associated with presence of M3 impaction (90%; 9 out of 10 studies), followed by malposition of 
the M3 long axis (≈78%; 7 out 9 studies). Sex, however, was less consistently associated with 
presence of M3 impaction, being positively and statistically significant in only half of the studies 
where this trait was addressed (3 out 6 studies; 50%), generally due to a higher frequency of M3 
impaction in females. Other traits, however, such as jaw side (addressed in 2 out 20 studies; 
10%) and malocclusion class (addressed in 2 out 20 studies; 10%) were not statistically 
associated with presence of M3 impaction in any of the studies reviewed. 
 
Early-manifesting traits of M3 impaction were investigated in only 30% of the studies; 
collective assessment of multiple traits was rare.  

Among all studies reviewed under Stream 2, 55% (11 out of 20) utilized longitudinal 
methodologies, resulting in a notable number of traits (13 out of 18; ≈72%) being addressed over 
time (Table 2.5). This finding does not imply, however, that all these traits were studied from 
pre-adolescence to adulthood (e.g., as potential “early” traits of M3 impaction). In fact, early 
traits (i.e., pre- and early- adolescence traits) were addressed in only 30 % of all studies reviewed 
in Stream 2 (6 out of 20 studies). Jaw space availability, for example, was investigated in pre- or 
early adolescents in only 40 % of the studies in which this trait was addressed (4 out 10 studies). 
This occurred because in some of these studies, traits of M3 impaction were “tracked” 
longitudinally only within adult ages, leaving subadult traits sub-characterized. In addition, the 
great majority of these traits (90%) have been addressed traditionally in isolation from other 
traits, making it difficult to understand which trait plays a greater role in determining M3 
eruption and/or impaction. In fact, only 10% (2 out of 20) of the studies reviewed here carried a 
simultaneous analysis of multiple distinct traits. This is, of course, a limitation in the field that 
merits attention, particularly because the cause of M3 impaction is multifactorial.  

While some traits of M3 impaction were limitedly characterized in early ages, others such 
as social, nutritional, and racial traits were not addressed entirely. Also importantly is the fact 
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that early dental traits, including early M3 developmental features that may be indicative of 
eruption or impaction, have been only limitedly addressed across the literature reviewed. This 
shows that these past investigations have placed a particular focus on skeletal traits, despite the 
fact that successful M3 eruption relies also on dental development (e.g., M3s must attain a 
certain level of maturation before eruption begins). In addition to the aforementioned issues, 
some other characteristics of these past studies merit notes: UM3s were addressed by only 30% 
(6 out of 20) of the studies, while LM3s were addressed by the absolute majority (95%; 19 out of 
20) of the studies reviewed. No study addressed potential differences between maxillary and 
mandibular traits of M3 impaction, and most of what is known on M3 impaction appears to be 
prevenient from investigations on LM3s. The average patient sample size was markedly larger in 
cross-sectional studies (X̄=371; range= 50 to 1020 patients) than in longitudinal studies (X̄=178; 
range= 31 to 1011 patients), demonstrating the challenges associated with securing large patient 
groups for investigation purposes over long periods of time.  

At least 50 % of all studies (10 out of 20 studies) investigated orthodontic patients (either 
exclusively or a combination of orthodontic and non-orthodontic patients), while only 20% (4 
out of 20 studies) were based exclusively on non-orthodontic patients. The remaining six studies 
(30% of the total) did not specify the composition of their patient samples. Patients with 
incomplete dentitions (due to extraction of one or more permanent tooth other than the M3) were 
investigated in at least 30% (6 out of 20) of the studies; samples including patients with complete 
dentitions were thus more commonly seen (50%; 10 out of 20 studies). Agenesis was not directly 
discussed by any author but, when the term “complete dentition” was used, it was taken to mean 
complete absence of agenesis and extractions.
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Table 2.5 The most extensively investigated traits of M3 impaction 

 

 
 

In the literature reviewed, the most extensively investigated traits of M3 impaction versus eruption were: 1st) Jaw space and/or 
growth (10 studies), 2nd) tilting or malposition of the M3 on its long axis (9 studies) and, 3rd) sex differences (6 studies). A total 
of eighteen traits were investigated, but not all traits were found to be significantly associated with M3 impaction. Social, 
nutritional, and ethnic traits were never addressed by any of the studies reviewed. See the color-codes for significant and non-
significant traits, above. All studies utilized an alpha level= 0.05 in their statistical tests. Within most studies, traits were tested in 
isolation (from all other traits) as potential predictors of M3 impaction. About 55% of these studies were longitudinal; 45% were 
cross-sectional. (•••) Indicates early traits of M3 impaction. That is, traits recorded from pre- or early adolescent ages (<14 years 
of age) and then tested for association with presence/absence of M3 impaction in older ages. This table summarizes the main 
results from a much larger table (Supplement Table 7.1). For further details on all these studies reviewed under Stream 2 as well 
as their assessment, please refer to Supplement Table 7.1.
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Stream 3 

Clinical management directives targeting non-problematic M3s were not always available 
but when so, were limited in content and detail.   

A total of seven publications met all inclusion criteria to be reviewed under Stream 3, each 
addressing M3 management directives according to authors’ views (Table 2.6). While consensus 
was seen across all studies (7 out 7 studies) regarding the need for removing “problematic” M3s, 
management guidelines for “non-problematic” M3s were generally more limited in content and 
detail and were addressed by 5 of 7 studies. Neither retention nor removal of asymptomatic M3s 
were uniformly supported across all studies reviewed. In general, four patterns used for 
addressing non-problematic M3s were identified: 1) M3 removal is favored if one or more 
conditions are met (i.e., focus is placed on removal)(Rafetto 2015), 2) M3 retention is favored if 
one or more conditions are met (i.e., focus is placed on retention)(Cooper-Newland 1996; Laskin 
1969), 3) M3 retention is unconditionally favored (O’Neil 1968), 4) neither retention nor 
removal is favored (Singh et al. 1996). 

Removal of asymptomatic M3s was generally recommended if: a) the M3 was associated 
with diseases, b) the M3 was likely to be nonfunctional, c) overlying removable prosthesis was 
needed, d) recommended by an orthodontist; e) an orthognathic surgery was planned (Rafetto 
2015); and not recommended if: a) little or no pathological potential was seen, b) the patient can 
be monitored regularly (Cooper-Newland 1996), c) maintenance of the integrity of the maxillary 
tuberosity in edentulous patients was needed (Laskin 1969). In other studies, the retention of 
asymptomatic M3s was either unconditionally favored (O’Neil 1968) or neither defended or 
advocated (Singh et al. 1996). In this latter study, the author stated an opinion that, in the 
absence of concrete scientific data for determining the real risks associated with long-term 
retention of asymptomatic M3s, clinicians can only inform their patients on the pros and cons of 
M3 removal so that these individuals can make an informed decision on whether to remove or 
retain their M3s.  
 
Because of the absence of common clinical directives, impacted M3s were not always seen 
as problematic across authors; neither were all symptomatic M3s. 

In nearly all (six out of seven) studies reviewed, authors agreed that problematic M3s should be 
removed. What is not clear across this literature is the ‘limit’ between problematic and non-
problematic. M3 impaction, for instance, was addressed in six out of seven studies, but in only 
four studies was impaction alone seen as sufficient reason for removing the M3 (Friedman 1946; 
Laskin 1969; Rafetto 2015; Waite & Reynolds 1998). In the other two studies, removal was only 
recommended if the impacted M3 was also associated with disease(s) and/or symptomatology 
(Cooper-Newland 1996; O’Neil 1968). Therefore, even impacted M3s were in some instances 
taken as “non-problematic”. This inconsistency can be extended also to the M3’s association 
with symptoms, a topic which was addressed by four out of seven studies. Among these, three 
studies favored the removal of any M3s associated with symptoms (Cooper-Newland 1996; 
O’Neil 1968; Waite & Reynolds 1998) while in another study (Rafetto 2015), symptoms such as 
localized pain alone – especially when uncertainly associated a M3 – was not seen as a sufficient 
reason for favoring M3 removal. Like impacted M3s, symptomatic M3s may be, in such 
instances, seen as non-problematic, and therefore not necessarily require surgical management.
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Table 2.6 Directives (e.g., guidelines, protocols) for identifying and managing non-problematic M3s 
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M3 management protocols or recommendations 
expressed by distinct studies/authors 

  
 

General scope of the study including, a 
summary of the M3 management directive(s) 

defended by the author: 

Notes on asymptomatic and 
disease-free M3s or regarding 

prophylactic M3 removal: 
 

Alone, are these a 
sufficient reason for 

M3 removal? ••• 

          
Friedman H., 
1946 

USA R – Scope: Management of impacted M3s and their 
potential association with pathoses and/or conditions. 
The M3’s potential of becoming associated with 
pathoses was also seen as a reason for its removal. 
 

Routine removals of "all M3s" should 
not be a common practice. 

 Yes Yes – 

O'Neil R., 
1968 

USA R MD Scope: Management of impacted M3s and their 
potential association with pathoses and/or conditions. 
M3 removal was recommended particularly if M3s 
were associated with conditions such as pericoronal 
infection, caries, pressure effects (e.g., facial 
neuralgias), and/or follicular cysts. 

Symptomless, unerupted, and 
misplaced tooth are not reasons for 
M3 removal. Prophylactic removal of 
asymptomatic M3s was seen as a 
reasonable strategy in cases where 
the contralateral M3 has already given 
rise to complications. 
 

 No Yes Yes 

Laskin DM., 
1969 

USA R MX Scope: Management of UM3s only. M3 removal was 
recommended if: a) Impacted and/or associated with 
pericoronitis, periodontitis, caries, M2 resorption, cysts, 
and/or neoplasms; or b) Impacted and unlikely to erupt 
further due to malposition or insufficient jaw space. 
 

The necessity of maintaining the 
integrity of the maxillary tuberosity in 
edentulous patients was seen as an 
advisable reason not to remove 
asymptomatic retained UM3s located 
high in the alveolar process. 

 Yes Yes – 

Cooper-
Newland 
DL., 1996 

USA R MX;  
MD 

Scope: Management of impacted M3s and their 
potential of association with pathoses and/or 
conditions. M3 removal was recommended 
particularly if M3s were impacted and/or associated 
with pericoronitis, periodontitis, cysts, tumors, and/or 
damage to adjacent structures. 
 

Asymptomatically impacted M3s 
presenting with little or no pathological 
potential may be monitored, rather 
than removed. 

 No Yes Yes 

Singh H, et 
al., 1996 

Scotland O – Scope: M3 management strategies from clinicians of 
Hong Kong and Scotland were compared. Only 
asymptomatic M3s were taken into consideration. No 
specific M3 management guidelines were defended by 
the author. 
 

Given that the long-term risks 
associated with retainment of 
asymptomatic teeth are currently 
unknown, clinicians can only guide 
patients to the pros and cons of 
extraction. 

 – – – 

Waite PD, 
Reynolds 
RR., 1998 

USA R MX;  
MD 

Scope: Surgical management of impacted M3s. M3 
removal was strongly defended as a clinical 
management option, particularly if M3s lack space for 
eruption or are involved with lesions, pathology, 
symptomatology, and/or malocclusion. 

Non-impacted M3s with adequate 
space for eruption may be also 
considered for prophylactic removal if 
so desires the patient. 

 Yes Yes Yes 

Rafetto LK., 
2015 

USA R – Scope: Clinical guidelines for managing 
symptomatic(S+), asymptomatic(S-), diseased(D+), 
and disease-free(D-) M3s. M3 removal was favored 
particularly when M3s were D+ (regardless of any 
symptomatology). S+/D- M3s may be also removed, if 
so desires the patient. The patient should be however 
informed of the uncertainty regarding the resolution of 
the symptoms, especially when the symptoms have 
not been clearly linked to the M3. Asymptomatic M3s 
which are disease-free may be kept in place and 
monitored over time, provided that no risks are 
perceived to the patient's health. 
 

Removal of S-/D- M3s should be 
favored only when: 1) The M3 is or is 
likely to be nonfunctional; 2) an 
overlying removable prosthesis is 
needed; 3) recommended by an 
orthodontist; 4) an orthognathic 
surgery is planned. Otherwise, M3s 
may be left in place, but the patient 
must be informed of the greater 
difficulty and increased rate of 
complications associated with M3 
removal in older ages, in case it 
becomes needed. 
 

 Yes Yes No 

A total of seven publications met all inclusion criteria to be reviewed under stream 3, each addressing M3 management protocols 
or recommendations according to their author’s views. While consensus was seen in nearly all studies regarding the need for 
removing M3s associated with harmful diseases and/or conditions, management directives for “non-problematic” M3s were 
generally more limited in content and detail. Although in most studies (N=4) impaction alone was seen as a sufficient reason for 
removing a M3, in a smaller number of studies (N=2) M3 removal was defended only if in addition to being impacted M3s were 
also associated with some disease(s) and/or harmful condition. Similarly, presence of symptomatology was not always a 
sufficient reason for removing a M3, although almost all authors agreed that symptomatic M3s should be removed. Different 
from impaction and symptomatology, presence of diseases was always seen as a sufficient reason for favoring M3 removal. Note: 
Authors refer to impacted M3s in different ways. Therefore, lack of M3 functionality, lack of eruption due to insufficient space, 
and M3 misplacement were all taken as referring to impacted M3s. MX= Maxilla; MD= Mandible; I= Impaction; D= Disease(s); 
S= Symptomatology; ( – ) = The information of interest was not addressed, provided, or found. R= Study based on a review of 
the literature and/or authors’ clinical expertise/experience. O= Original study based on the authors’ own data.
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2.5 DISCUSSION  

Stream 1 

The multiple distinct criteria adopted across studies to diagnose M3 impaction versus 
eruption leads to variability in results and impedes optimal progress in the field.  

The term impaction has its origins in the Latin word impactus and refers to a state where one 
object is physically held by another (Durbeck 1943). Within the context of dental sciences, 
however, marked variance is seen in the definition of the term impaction. In 1923, tooth 
impaction had been defined as “arrested eruption caused by a clinically or radiographically 
detectable physical barrier in the eruption path, or by a tooth being malpositioned” (Blum 1923). 
In later studies, new definitions arose to take as impacted a “tooth which is prevented from 
erupting into the oral cavity within the expected time due to obstructions in its eruption path” 
(Aitasalo et al. 1972; Gensior & Strauss 1974; Öhman & Öhman 1980). Although such 
definitions employ the term “eruption” to communicate “emergence”, most of these studies do 
not define the extent to which a tooth must be emerged in order to be considered “erupted” or 
“non-impacted”. Among those studies that do establish emergence parameters, the term clinical 
eruption is commonly used: That is, a tooth is considered clinically erupted when it has 
penetrated the oral mucosa and became visible within the oral cavity (Svendsen & Björk 1988). 
One must note however that appearance into the oral cavity per se does not necessarily imply a 
lack of impaction. As a result, an additional element became relevant – tooth functionality 
(Bodner & Horowitz 1987): an impacted tooth was defined as “a tooth that is prevented from 
erupting into a normal functional position within the oral cavity”. Given the great number of 
distinct factors taken into account by these past studies (e.g., tooth malposition, physical 
obstructions, clinical eruption, functionality), today many criteria are in use to determine which 
tooth is impacted and which is erupted – being this variability most evident across studies 
addressing M3s. In this review work, for instance, twelve criteria for determining M3 impaction 
versus eruption were identified, and although some of them shared some similarities, at least five 
of them were completely distinct from each other. 

This broad range of research methods or criteria for identifying impacted M3s is of 
concern because it produces unnecessary barriers to knowledge translatability across studies, 
thus impeding optimum advances in the field. This occurs because studies utilizing distinct 
methodologies are, of course, less likely to produce compatible results. Variability in the 
reported frequencies of M3 impaction is, for instance, a concern that, despite acknowledged by 
some investigators (Björk et al. 1956; Carter & Worthington 2016; Ragini et al. 2003), has never 
been directly addressed. We contend that the variable prevalence of M3 impaction across studies 
is a major consequence of methodological inconsistencies. Across the literature reviewed in this 
work, the frequency of M3 impaction was remarkably variable. Depending on the criteria 
utilized for determining which M3 is impacted and which is erupted, the frequency of impaction 
among LM3s was as high as 72% (Haavikko et al. 1978) or as low as 10% (Sasano et al. 2003). 
In addition, greater variability in this frequency of M3 impaction was seen across studies 
utilizing distinct research criteria than across those utilizing equal or similar criteria. This shows 
that the real frequency rates of M3 impaction within a given population is often unknown due to 
method-related over- or underestimation. Up to this moment, no acceptable mechanisms exist to 
explain or control such variability across such studies. 
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Within a given geographic area or population, M3 impaction frequency remains highly 
variable; distinct research methods cannot be discarded as a promoter for such variability.   

The observed variability in the frequency of M3 impaction has, of course, direct implications to 
research and hence also clinical practice. Evidently, any condition occurring at a frequency of 
72% would require a greater deal of attention (e.g., from clinicians, public health policy makers, 
researchers, etc.) than a condition occurring at a frequency of only 10%. A high level of accuracy 
in the determination of the frequency M3 impaction is thus essential. Although the worldwide 
prevalence of M3 impaction is estimated around 24% (Carter & Worthington 2016), such 
prevalence varies according to a number of factors, including geography (and with it, distinct 
populations, ethnic groups, diets, nutrition level, culture, habits, etc.), and population 
characteristics (e.g., orthodontic vs. non-orthodontic patients).  

It is important to note, however, that this inter-study variability in the frequency of M3 
impaction remains high even within a given geographic area: In India, for instance, this 
frequency ranged from as low as 23% (Jain et al. 2019a) to as high as 53% (Sandhu & Kapila 
1982). Importantly, these two studies utilized distinct methods or criteria for determining M3 
impaction versus eruption. This suggests that geography (e.g., population differences based on 
geographic area) may play a smaller role than previously thought in this result variability across 
studies. This finding is corroborated by a recent meta-analysis where a high variability in the 
frequency of M3 impaction was also noticed across studies from a common geographic area 
(Carter & Worthington 2016). In addition, these authors found that the prevalence of M3 
impaction was not significantly different across most continents, leading them to conclude that 
geography plays a small role in explaining the observed variability in the frequency rates at 
which this condition is reported. 

Geography is not, of course, the only potential explanatory factor for such variability in 
results across studies: patient characteristics may also play a role. However, a large variability in 
the frequency rates of M3 impaction is also seen within patient groups sharing similar 
characteristics: among orthodontic patients, for instance, this frequency was noticed to range 
from 23% (Richardson 1975) to 54% (Topkara & Sari 2013). It is worth noting, however, that 
distinct research methods or criteria (for determining M3 impaction vs. eruption) were used to 
study orthodontic patients in these latter two investigations. This suggests that, like geography, 
population characteristics are also unlikely to be the main source of result variability across 
studies. Together, the aforementioned findings appear to indicate that this variability in the 
frequency of M3 impaction across studies is more comprehensively explained by factors other 
than geography and population characteristics, placing research methodologies (such as distinct 
criteria for determining M3 impaction vs. eruption) as a potential explanatory cause that should 
be further investigated and addressed.  
 
Stream 2 

Despite the rich literature on M3 impaction, early manifesting traits of this condition 
remain underexplored. 
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The dental literature carries a vast amount of information on the causes of M3 impaction. Yet, 
accurate prediction of this condition remains a challenge for both clinicians and researchers, 
especially if attempted from young individuals (e.g., pre- or early adolescence)(Burdi & Moyers 
1988; Gupta et al. 2011; Haavikko 1970). Here we utilize our present work’s findings to discuss 
four factors that contribute to this lack of predictability. These factors are: 1) Lack of studies on 
preadolescent and adolescent traits of M3 impaction; 2) focus on traits of relatively high 
unpredictability over time (e.g., jaw growth) to explain M3 impaction; 3) extensive emphasis on 
local traits to explain M3 impaction; and 4) lack of studies integrating the multiple causes of M3 
impaction.     
 
1st factor. Adult traits of M3 impaction are vast across the literature while early (i.e., subadult) 
traits are scarce, especially those manifested in pre- or early adolescence. 

During the development of this work, one characteristic was consistently seen across the 
literature: adult traits of M3 impaction were abundant while early (subadult) traits were scarce, 
especially those manifested in pre- and early adolescent ages. This work revealed that only about 
30% of all studies investigated early traits in individuals 14 years of age or younger, by 
correlating them with presence/absence of M3 impaction in adult ages. Because of this limited 
availability of information on early traits, lack of consensus persists regarding what traits are 
likely to best inform the M3’s risk of eruption and/or impaction (Carter & Worthington 2016).  

This inability of anticipating whether or not a M3 will successfully erupt or become 
impacted is, of course, more critical in pre- or early adolescent ages. This occurs because a) 
major skeletal changes in size and morphology occur during adolescence and, b) the extent to 
which the retromolar area (i.e., the jaw area distal to the M2 where M3s are expected to erupt 
into) will grow is not yet known at these early ages. In addition, size and morphology of this 
particular area of the skeleton (i.e., retromolar area) is highly variable, occurring mostly because 
1) localized growth differs from among individuals in terms of timing, rate, and amount of 
growth (Björk et al. 1956; Svendsen et al. 1985; Svendsen & Björk 1988), and 2) skeletal growth 
is influenced by multiple controlling factors (e.g., genetics, function, general body size, muscle 
activity, malnutrition, orthodontic forces)(Moyers & Enlow 1988). As a result, skeletal traits 
(i.e., traits associated with skeletal changes in size and/or morphology) of M3 eruption versus 
impaction are of limited value for anticipating M3 eruption status, as discussed below. 
 
2nd factor. Skeletal traits show a relative unpredictable variability over time, thus being of 
limited value for anticipating M3 eruption status when utilized alone. 

Skeletal traits, and their inherent variability, is a second factor impeding M3 impaction or 
eruption from being accurately anticipated. Ironically, most traits described in the literature are 
skeletal. In the present work, for instance, they accounted for approximately 78 % of all traits. 
These include M3 malposition (i.e., tilting of the M3 on its long axis) within the bone 
(Behbehani et al. 2006; Kaur et al. 2016; Niedzielska 2005; Richardson 1975, 1977; Svendsen et 
al. 1985; Ventä 1993; Vranckx et al. 2019a), gonial angle (Behbehani et al. 2006; Kaur et al. 
2016; Richardson 1977), and facial skeleton patterns (e.g., brachyfacial, mesofacial, 
dolichofacial)(Breik & Grubor 2008). The number of non-skeletal traits was on the other hand 
notably small: approximately 22 % of all traits, including systemic (i.e., non-local traits; such as 
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patient chronologic age (Årtun et al. 2005) and sex (Al-Anqudi et al. 2014; Årtun et al. 2005; 
Behbehani et al. 2006; Hashemipour et al. 2013; Scherstén et al. 1989; Topkara & Sari 2013)) 
and non-systemic (i.e., local) traits (e.g., dental traits such as mesiodistal crown size (Richardson 
1977), and timing of M3 development (Lauesen et al. 2013; Richardson 1977; Ventä 1993). 

This small representativity of systemic and dental traits is relevant because such traits are 
known to be collectively important for explaining M3 impaction. Although successful M3 
eruption relies on a delicate balance between dental and skeletal development (Svendsen & 
Björk 1988) – that is, both dental and skeletal traits must be accounted for explaining M3 
eruption or lack of eruption – the investigation of dental traits have been remarkably more 
limited than that of skeletal traits. Dental traits are even further relevant if one considers that 
impacted M3s are consistently late in development when compared to non-impacted M3s 
(Lauesen et al. 2013; Marchiori et al. 2016; Svendsen & Björk 1988). The causes for this 
developmental delay as well as the reasons why these delays favor impacted over non-impacted 
M3s merit thus investigation. Only by furthering our understanding on the multiple individual 
traits of M3 impaction – including skeletal, dental, and other traits – will we be able to more 
comprehensively characterize the early developmental signs that are indicative of M3 eruption or 
impaction.    
 
3rd factor. Most traits are local and restricted to the maxillomandibular region; the role of 
non-local factors of either biological or environmental nature remains unclear. 

In addition to being majorly based on skeletal features, most traits of M3 impaction are local and 
restricted to the maxillomandibular skeleton. As a result, the specific contribution of non-local 
factors (of either biological or environmental nature) to the development of M3 impaction 
remains unclear. Although traits such as socioeconomic status, access to dental health services, 
biologic predisposition, diet type, and nutrition level are all believed to play a role in the 
development of M3 impaction, their individual contribution remains unknown. Across the 
literature, the most extensively addressed trait of M3 impaction is local and skeletal based: jaw 
space. This metric-based trait was addressed, for instance, in half of all studies reviewed in the 
present work (Årtun et al. 2005; Behbehani et al. 2006; Ganss et al. 1993; Kaplan 1975; Kaur et 
al. 2016; Kim et al. 2003; Niedzielska et al. 2006; Richardson 1975, 1977; Ventä 1993). One of 
the main reasons surrounding researchers’ common interest in this trait is that around 90 % of all 
impacted M3s lack some space for eruption in adult individuals (Björk et al. 1956; Ledyard 
1953) – this being perhaps the most notable feature of an impacted M3. 

This lack of space in the retromolar area is, however, of limited value for predicting M3 
impaction. This occurs due to two main reasons: 1) The adult dimension of this area is only 
known at around ages 17 or 18 years, and even when a substantial amount of retromolar space is 
present in early adolescent ages, M3 eruption in older ages is not guaranteed (Gupta et al. 2011); 
2) size and morphological changes in the maxillomandibular skeleton do not completely cease in 
adult ages, continuing indefinitely throughout life (Behrents 1985; Moyers & Enlow 1988) – 
resulting thus in considerable changes in M3’s position and emergence which are cumulative 
(and substantial) over time (Ventä et al. 2001). Because of this great number of variables at play, 
M3 impaction cannot be predicted from jaw space (or lack of it) alone (Gupta et al. 2011) – a 
limitation which is discussed next.  
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4th factor. M3 impaction is a condition of multifactorial causes; yet, most of its traits have been 
investigated traditionally in isolation. 

The fourth factor contributing to propagate M3 impaction’s lack of predictability is that the traits 
of this condition have been addressed majorly in isolation across investigations. This is a 
relevant fact because M3 impaction is a condition of multifactorial causes (Rodu & Martinez Jr. 
1993), and as such its risk of occurrence is likely best estimated from multiple traits than from an 
isolated characteristic. Although jaw space is the most notable and extensively investigated trait 
of M3 impaction, its contribution (to the development of impaction) relative to that of other traits 
remains unclear. In this review work, for instance, only 20% of the studies investigated jaw 
space simultaneously with other traits (Årtun et al. 2005; Behbehani et al. 2006). More 
importantly, because of this characteristic “isolated” analytical approach, currently no consensus 
exists across the field regarding which traits play the greatest role in determining M3 eruption or 
impaction. It must be also noted that, although impacted M3s are associated with very notable 
traits in adults (e.g., lack of jaw space for M3 eruption; severe tilting of the M3 on its long axis), 
it remains unclear whether such traits can (alone or collectively) anticipate M3 eruption or 
impaction from subadult ages. Therefore, an integrated analytical approach is needed – including 
multiple traits, particularly those manifested in subadult ages – to determine whether these traits 
are capable of anticipating M3 eruption problems, including impaction.  
 
Stream 3 

Limited and inconsistent evidence-based directives for identifying and managing non-
problematic M3s leave clinicians and patients unassisted. 

Despite the availability of a number of M3 management strategies, eventually all M3s will 
require dentists to opt for either removal or clinical monitoring (Dennis 2011). We wish to note, 
however, that this work is not intended to argue for or against M3 removal or retention. Both 
methods (retention and removal) are important and necessary in a number of specific 
circumstances. In fact, notable consensus exists across the literature regarding these 
circumstances; that is, removal is normally favored when M3s are problematic (Bishara & 
Andreasen 1983; Cooper-Newland 1996; Friedman 1946; Laskin 1969; O’Neil 1968; Rafetto 
2015; Ventä 2012; Waite & Reynolds 1998), while retention (aligned to monitoring) appears to 
be the most appropriate management option when M3s are disease-free and/or asymptomatic  
(Cooper-Newland 1996; Friedman 1946; O’Neil 1968; Rafetto 2015). What remains unclear, 
however, are the specific directives for a) distinguishing problematic from non-problematic M3s 
and b) managing these more ambiguous cases, especially when M3s are in borderline 
circumstances (e.g., M3s which are non-problematic, but under apparent risk of becoming 
harmful). This review work showed that such directives (i.e., protocols, guidelines, professional 
recommendations) are not consistently available across the literature, in addition to being 
conflicting and limited in content.  

This lack of directives is of relevance to the field because it may help explain, for 
instance, why surgical removal remains a highly adopted M3 management method (Jasinevicius 
et al. 2008; Nunn et al. 2013), in spite of the majority of extracted M3s appearing to be non-
problematic (Fernandes et al. 2009; Kruger et al. 2001; Stephens et al. 1989). Pericoronitis and 
caries for instance – the two pathoses most commonly associated with M3s – affect around 2.4% 
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(Boukef & Jemmali 1986) and 0.7% (Stanley et al. 1988) of all patients, respectively, while 
predominantly asymptomatic conditions such as cysts are seen at even smaller frequencies: 0.2% 
(Stanley et al. 1988). Of course, great variability exists in the reported frequencies of these 
conditions (Boukef & Jemmali 1986; Celikoglu et al. 2010; Eliasson et al. 1989; Li et al. 2017; 
Stanley et al. 1988). Despite that, the number of M3s which are removed (Stephens et al. 1989; 
Ventä et al. 2004) remains unjustifiably higher than the number of M3s committed by diseases or 
problems (Boukef & Jemmali 1986; Celikoglu et al. 2010; Eliasson et al. 1989; Li et al. 2017; 
Stanley et al. 1988). In a past longitudinal study, for instance, it was demonstrated that 56 % of 
all normally erupted UM3s in 20-year-olds ended up being removed by age 38 years (Ventä et al. 
2004). Although these M3s were not evaluated for association with complications, diseases 
(Boukef & Jemmali 1986; Eliasson et al. 1989) and symptoms (Sasano et al. 2003) are known to 
affect UM3s even less often than LM3s. This shows that the aforementioned problems and 
conditions are unlikely to explain why M3s (especially UM3s) are so often removed – thus 
showing a gap between the existing evidence and its clinical translatability. 

Another factor contributing to increasing this gap is associated with conventional 
practices in the field: clinicians’ primary reasons for recommending M3 removal appear to be not 
due to symptoms or pathologies, but rather prevention of future problems or the belief that the 
M3 will never erupt (Cunha-Cruz et al. 2014). To help address such limitations, we contend that 
availability of comprehensive, evidence-based, directives for identifying and managing non-
problematic M3s is key and is essential for: 1) clarifying across the field the specific 
circumstances under which M3 removal or retention is needed, 2) minimizing the number of 
non-essential surgical interventions, and 3) increasing method safety in benefit of clinicians and 
their patients. 
 
Lack of consensus regarding the circumstances under which M3s are “sufficiently” 
problematic lead to foundationless decisions regarding their removal or retention. 

In addition to the limited availability of directives for identifying and managing non-problematic 
M3s, other notable discordances were seen across studies. While most experts agree that M3s not 
associated with symptoms, diseases, and impaction may be retained (Cooper-Newland 1996; 
Friedman 1946; O’Neil 1968; Rafetto 2015), association with one or more of these factors may 
lead to relevant problems that are most often managed by having the M3 removed entirely. In 
this respect, a number of questions remain in place: When exactly does a M3 become 
“sufficiently” problematic, thus meriting removal? Do all M3 complications require M3 removal 
or can some of them (e.g., caries with minimal involvement of dentine) be managed through less 
invasive management options? Alone, is M3 impaction, for instance, a sufficient reason for 
removing a M3? Our findings show that these questions are unlikely to be answered uniformly 
across the field: In the present review work, impaction was alone seen as sufficient reason for 
M3 removal in four studies (Friedman 1946; Laskin 1969; Rafetto 2015; Waite & Reynolds 
1998). In other two studies, however, it was defended that impacted M3s may only be removed if 
they are additionally associated with disease(s) and/or symptomatology (Cooper-Newland 1996; 
O’Neil 1968).  

This lack of consensus was seen also in regards to the M3’s association with symptoms: 
removal of symptomatic M3s was the default treatment recommended in most studies (Cooper-
Newland 1996; O’Neil 1968; Waite & Reynolds 1998), while in one study the author pondered 
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that such recommendation should only be made in cases where certainty exists that the observed 
symptoms are in fact associated with the presence of a M3 in the region. Otherwise, the patient's 
decision should prevail (Rafetto 2015). Distinct from impaction and symptomatology – which in 
isolation were not always seen as an ultimate determinant for M3 removal – the presence of 
disease(s) was always seen as a sufficient reason for favoring M3 removal. These findings merit 
concern because, together, they reveal a lack of consensus in the field regarding the specific 
circumstances (e.g., impaction, symptomatology, diseases) under which a M3 may be seen as 
sufficiently problematic, thus meriting removal.  

It is important noting, however, that although disease-free M3s are per se non-
problematic, their association with symptoms may create problems or discomfort to the patient, 
requiring specific clinical management measures. M3s associated with disease are, of course, not 
necessarily all symptomatic (Sasano et al. 2003), neither all asymptomatic M3s are disease-free 
(Dennis 2011). This is a relevant concept because its observance is likely to benefit new M3 
management directives in terms of accuracy and clinical applicability. Such a concept was 
addressed by only one of the studies reviewed (Rafetto 2015). In that study, specific M3 
management measures were comprehensively presented for impacted M3s in the following 
circumstances: 1) Diseased and symptomatic (D+/S+), 2) diseased and asymptomatic (D+/S-), 3) 
disease-free and symptomatic (D-/S+), and 4) disease-free and asymptomatic (D-/S-). This shows 
that the simple presence of impaction does not necessarily translate into presence of problems 
and that, for more comprehensive management directives, the M3’s association with impaction, 
disease, and symptoms must be individually (but simultaneously) accounted for. 
 
2.6 CONCLUSION 

1. Five distinct criteria for determining M3 impaction versus eruption were identified in 
this investigation. Depending on how impaction was defined, its frequency ranged 
from 10% to 72 % in the mandible and 11 to 50 % in the maxilla. Greater variability 
in the frequency of M3 impaction was seen across studies utilizing different criteria 
than among those using the same criterion. These multiple distinct criteria adopted 
across studies leads to artificial variability in results and impedes optimal progress in 
the field. The research field is likely to be benefited from the elaboration and usage 
of a more consensual criterion for determining M3 impaction versus eruption.  

2. Despite the rich literature on the etiology of M3 impaction, early traits of this 
condition remain underexplored, especially those manifested in pre- and early- 
adolescence. Although both dental and skeletal development must be accounted for 
explaining M3 eruption (or lack of it), dental developmental traits (including those of 
the M3 itself, such as timing of M3 development) remain remarkably underexplored. 
Dental development exhibits higher longitudinal predictability and is less subject to 
environmental influences when compared to skeletal development. Further 
understanding of such traits may prove a useful tool that, along other existing traits, 
will allow M3 eruption problems, including impaction, to be more accurately 
anticipated. 

3. Non-problematic M3s compound the absolute majority of all M3s encountered in 
dental practice but, due to a number of conflicting management directives currently 
in place, their identification and management are not always straightforward. Across 
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the field, consensus is needed not only on the best management practices for M3s but 
also on the specific circumstances under which M3s may be deemed “non-
problematic” and spared from removal. Currently, no clear directives exist to clarify 
these nuances around the boundaries between problematic and non-problematic M3s. 
Such characterization would be, of course, particularly useful to general dentists 
given that worldwide, these professionals are in the front line of dental health and are 
routinely challenged by the task to determine whether M3s should be monitored by 
themselves, removed, or referred to a specialist (such as oral and maxillofacial 
surgeons, orthodontists, periodontists) for advanced care. 
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3.1 ABSTRACT 

Introduction: Impacted third molars (M3s) are long known to develop later and/or more slowly 
than erupted M3s. Yet, the real risks or implications associated with carrying late-developing 
M3s has never been comprehensively examined, leaving clinicians and researchers unaware of 
their importance. This study utilizes longitudinal data to investigate and determine whether and 
to what extent late developing M3s are more predisposed to impaction. 

Material and Methods: 324 maxillary and mandibular M3s were investigated on retrospective 
cone-beam computed tomography scans and panoramic radiographs of 99 multiethnic Western 
Canadians aged 6–24 years (57 females; 42 males) who were observed longitudinally. A 
Generalized Estimating Equation (GEE) model was calculated at alpha=0.05 to best estimate risk 
of M3 impaction based upon stage of M3 development assessed within the preceding 1-8 years, 
while controlling for patient chronologic age, sex, jaw type, and jaw side. 

Results: The stage of M3 development (Wald X2=27.42, p.<0.001) at a particular patient age 
(Wald X2=10.69, p.=0.001) during growth significantly predicted M3s’ risk of erupting or 
becoming impacted in later ages. Each delay of one stage increased the likelihood of M3 
impaction by 46% (Odds=0.54; CI=0.43, 0.68), decreasing the likelihood of functional M3 
eruption by 84% (Odds=1.84; CI=1.46, 2.31). In this population, M3s initiated development at 
age 7 years, but this onset occurred on average 2.4 years later for impacted M3s when compared 
to erupted M3s. M3s initiated at age 12 were around 90% more likely to become impacted.  

Conclusion: Risk of M3 impaction versus functional eruption can be significantly estimated 
from M3 developmental timing, years in advance. This risk is increased when M3s are late in 
development. Early developing M3s, on the other hand, are significantly more predisposed to 
erupt into function. These findings contribute to further optimize clinical guidelines and to 
advance our understanding on the early characteristics that lead to M3 impaction. 

 
Keywords: Wisdom tooth, Maxillofacial growth, Skeletal development, Cone-Beam Computed 
Tomography, 3D imaging, Odontogenesis, tooth impaction, tooth development.
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3.2 INTRODUCTION 

In humans, third molars (M3s) or “wisdom teeth” are the last teeth to develop and erupt, being 
the posterior-most of the three molars. Like all human molars, M3s are never preceded by a 
deciduous tooth or replaced by a permanent tooth, being thus classified as accessional 
(Korberndau & Korbendau 2003). M3s are relevant in clinical practice because they are often 
associated with problems that usually require professional attention, particularly when M3s fail 
to emerge in the oral cavity as a result of impaction against adjacent structures or an obstructed 
path of eruption. When this occurs, M3s are often referred to as impacted, this condition being 
estimated to affect about ¼ of the world population (Carter & Worthington 2016).  
 One of the most notable characteristics of M3s is that they present considerably more 
variability in morphology, initiation timing, and time of emergence than any other tooth in the 
oral cavity (Burdi & Moyers 1988; Garn et al. 1963; Hagg & Taranger 1985; Nelson & Ash Jr. 
2010). For example, most M3 crypts become radiographically visible at around age seven or 
eight years, but this may occur as early as age five years (Barnett 1976; Liversidge 2008; 
Massler 1941; Orhan et al. 2007; reviewed in Trisovic et al. 1977) or as late as age sixteen years 
(Richardson 1980). Thus, despite an expected age of radiographic M3 appearance, some 
individuals may present early- or late-developing M3s. 
 Interestingly, impacted M3s are noticeably late in development relative to normally 
erupted M3s (Lauesen et al. 2013; Svendsen & Björk 1988), late development being a trait that 
appears to increase the M3 predisposition to impaction. Svendsen and Bjork (1988), for example, 
concluded based on their study that risk of M3 impaction could be reliably estimated from M3 
developmental stage relative to patient age. Despite that, this risk has never been 
comprehensively examined or determined, leaving clinicians and researchers unaware of the real 
implications associated with carrying late-developing M3s. Numerous studies have investigated 
M3 development (Garn et al. 1959; Gravery 1965; Haataja 1965; Haavikko 1970; Kullman et al. 
1992; Levesque et al. 1981; Liversidge 2008; Moorrees et al. 1963) but only few investigations 
spared concern to the association between M3 impaction and late M3 development (Björk et al. 
1956; Guo et al. 2014; Knell & Schmeling 2010; Lauesen et al. 2013; Olze et al. 2012; Svendsen 
& Björk 1988). Insufficient jaw space has been classically seen as one of the major causes of M3 
impaction (Kaplan 1975; Richardson 1977; Ventä 1993) and this may help explain why the 
investigation of other risk factors, including M3 developmental timing, remains unprioritized in 
spite of this condition’s multifactorial causes.  
 Studies dating back as early as 1930 had already taken notice of the fact that impacted 
M3s may develop later and/or more slowly than normally erupted M3s (Hammer 1930). Despite 
that, an association between M3 impaction and late M3 development was statistically 
demonstrated by a limited number of studies (Lauesen et al. 2013; Marchiori et al. 2016; 
Svendsen & Björk 1988), among which only two comprehensively addressed both jaws 
(Svendsen & Bjork 1988, and Marchiori 2016). By utilizing contemporary 3D imaging 
technology based on Cone-Beam Computed Tomography (CBCT) scans, our previous work 
demonstrated that late-developing M3s are consistently associated not only with impaction in 
adults (Marchiori et al. 2016) but also with short jaws in adolescents (Marchiori et al. 2019). The 
present work goes, however, one step further to address questions of key relevance in the field: 
how concerning are late-developing M3s in respect to their predisposition to impaction? Do 
impacted M3s in fact develop more slowly than erupted M3s, or just initiate later? Also unclear 
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is whether early-developing M3s are indeed significantly more predisposed to erupt into 
function. The mere absence of functional M3 eruption does not necessarily imply presence of 
M3 impaction; thus early-developing M3s may not necessarily be more prone to erupt into 
function, in spite of late-developing M3s being more predisposed to impaction. Currently, no 
data are available in the literature to answer these questions.  
 Further investigations are necessary not only to inform clinicians and researchers 
regarding the actual risks posed by delays and advances in M3 development but also to answer a 
number of related questions: For example, to what extent are late developing M3s more 
predisposed to impaction? What is the proportion of late-developing M3s that clinicians indeed 
may expect to become impacted? To help address these gaps in knowledge, this study utilizes 
radiographic data to calculate a model that best explains risk of M3 eruption versus impaction 
from a collective analysis of distinct traits suspected to alter one’s predisposition to M3 
impaction and/or eruption. It was hypothesized that late-developing M3s are more likely to 
become impacted and that risk of impaction increases with the severity of these M3 
developmental delays. To test this hypothesis, M3 developmental timing (i.e., the age of 
occurrence of a given stage of M3 development) was thus investigated as the main variable (or 
trait) of interest while sex, jaw, and jaw side were treated as control variables (i.e., covariables). 
 Ultimately, the study’s main goal was to calculate the risk of impaction for both late-
developing and early-developing M3s and to determine whether this risk differs significantly 
between late-developing and early-developing M3s. For that, longitudinal patient dental records 
were used to study individuals in two distinct instances over time (T1 and T2). This allowed M3 
development to be assessed and recorded 1-8 years in advance to M3 eruption status, thus the 
former was treated as a predictor for the latter. This investigation was done ultimately as a means 
to a) determine whether M3 developmental timing at T1 is a significant longitudinal predictor for 
M3 eruption status at T2, not just a cross-sectional correlate as it is currently known, and b) 
determine whether impacted and erupted M3s develop at significantly distinct rates during 
growth. The discussion and conclusions reported in this work are based thus on the overall 
analysis and results of multiple tests.
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3.3 MATERIALS AND METHODS 

3.3.1 Study design and sample characteristics 

This is a study of longitudinal design based on a set of retrospective radiographic dental records. 
The subjects studied here were residents in Western Canada for whom cone beam computed 
tomographic (CBCT) scans and panoramic dental radiographs were available from our 
institution’s records (College of Dentistry, University of Saskatchewan) and partner private 
dental offices. No patients were radiographed for this study; instead, all records studied were 
retrospective (i.e., preexisting) for clinical diagnostic purposes by request of general and 
specialist dentists. Imaging records were accompanied by diagnostic radiographic reports from 
an oral and maxillofacial radiologist (GVP) which helped determine the patients who were 
eligible for this study. Given that patient ethnicity is not typically recorded in professional dental 
practice, this variable could not be assessed here. Imaging records selected for this investigation 
(see Selection Criteria) were de-identified and studied under USask ethics permit BIO#11-202. 
All scans were collected using an i-CAT imaging unit, visualized on Horos software version 
3.2.1 (Nimble Co LLC, Annapolis, MD, USA), and measured using Xoran i-CAT software 
version 3.1.62 (Imaging Sciences International, U.S.A.). We adopted the dental notation system 
ISO 3950-1984(E) from the World Dental Federation (FDI) for studying and identifying the four 
molar regions and oral quadrants of the oral cavity: 1=upper right, 2=upper left, 3=lower left, 
4=lower right). 
 
3.3.2 Selection criteria 

Three hundred and twenty four molar regions (157 in the maxilla; 167 in the mandible) were 
investigated from 99 patients (57 females, 42 males) who met the selection criteria according to 
the steps shown in Supplement Figure 7.1. More than one molar region may have been included 
from each selected patient, but for a given patient, not all four molar regions were always eligible 
for inclusion (Figure 3.1). Ultimately, our final sample of molar regions was selected according 
to the following criteria:  

1. Patient age: 6 to 24 years, the period within which most M3s initiate, develop, and erupt 
(Liversidge 2008). Patient with mature M3s were not included in the study. 

2. Availability of longitudinal records: Two or more imaging records taken at distinct ages 
of the patient and containing at least one developing M3 were needed from each 
individual. If several longitudinal records were available for a given patient, the earliest 
and latest records containing radiographic evidence of a developing M3 were selected 
(Supplement Figure 7.2). This process allowed M3s to be investigated for the longest 
possible period of development. Given that these selected records (i.e., earliest and latest) 
were generated at two distinct moments in time, these records are hereon referred to as 
T1 and T2, respectively. To maximally evaluate molar developmental variability, T1 and 
T2 records taken less than one year (12 months) apart were not considered. 

3. Radiographic Record Type: Two types of images were required from each patient: a 
panoramic radiograph (at T1) and a CBCT scan (at T2). Because of their higher 
sensitivity and accuracy, CBCT scans were used to assess the 3D spatial position of the 
M3 within the jaw, including M3 eruption and emergence statuses relative to surrounding 
tissues (Supplement Figure 7.6). Panoramic radiographs, which are ubiquitous and a 
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classic source of dental development data, were used to assess the remaining variables of 
interest, maximizing thus the compatibility between this and past investigations. Given 
that M3 eruption status and molar crown size were assessed from the latest (T2) records 
available for each patient, a CBCT scan was required at T2. All other variables were 
assessed from T1 records, from panoramic radiographs.  

4. Image Quality: Panoramic radiographs and CBCT scans with sufficient visual diagnostic 
clarity were required to evaluate M3s and adjacent anatomical structures. Any images or 
imaging with motion or beam hardening artifact or other characteristics that prevented 
visualizing the areas of interest were excluded. 

5. Other inclusion/exclusion factors. Records were also excluded if: 
a. They showed congenital malformations or dysplasias of the maxillofacial 

skeleton, or if there was a history of trauma or other disturbances that may have 
affected normal dental development (e.g., cysts, micrognathia). 

b. M3 development was complete (mature) at T2. Mature M3s, or M3s for which the 
developmental stage could not be confidently determined, were excluded. Any 
oral quadrants not containing a radiographically detectable M3 at T2 were 
excluded, regardless of the reasons for that M3 absence (e.g., extraction, 
agenesis). 

c. M1s were not fully erupted to the occlusal level or were malpositioned (e.g., 
unaligned in the dental arch or with noticeable mesiodistal tilt). This condition 
was required to accurately assess the M2 and M3 positions in the dental arch 
relative to the M1’s position. 

d. Severe dental crowding, dental arch asymmetries or anterior open bite was 
present. This was done to minimize the occurrence of M3 impaction caused by 
malocclusions rather than by the traits investigated in this study. 
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Figure 3.1 Sample size of females and males as well as their eligible molar regions (oral quadrants). In A and B, each 
individual code represents a given unidentified patient and horizontal bars represent their oral quadrants. Investigated oral 
quadrants are identified by dark colors (grey) while non-investigated (excluded) oral quadrants were left uncolored (white). 
C. Shows the total number of upper and lower as well as right and left oral quadrants. D. Ultimately, 324 molar regions 
(191 in the maxilla; 133 in the mandible) of 99 patients (57 females and 42 males) were studied. Incl.=Included oral 
quadrants. Excl.=Excluded oral quadrants.
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3.3.3 Investigated traits and outcome measure 

The main purpose of this study was to evaluate whether M3 development is a significant 
predictor for M3 eruption status (eruption vs. impaction), while accounting for jaw type (maxilla; 
mandible), jaw side (right oral quadrant; left oral quadrant), sex, and patient age. In total, six 
patient characteristics (5 predictive traits; 1 outcome measure) were assessed and recorded 
(Supplement Figure 7.16). To address the study’s objective, M3 development was treated as the 
main predictive trait (or variable) to a main outcome measure of interest (M3 eruption status), 
while all remaining predictive traits were treated as covariables (i.e., controlling variables). 
Specific methods were used to assess and record the aforementioned traits, as discussed next. 
 
Outcome measure – M3 eruption status (M3Eruption.status) 
Tooth eruption is a biological process comprised of intraosseous and extraosseous stages (Jain et 
al. 2019a), thus eruption without emergence is a possible outcome. In addition, not all emerged 
teeth are necessarily functional in the oral cavity. In this work, however, eruption refers to tooth 
emergence to functionality, rather than to the intrinsic “eruptive movement” itself. 
 Also taken into account was the fact that non-emerged M3s are not necessarily all 
impacted. For that reason, M3s not classified as erupted were not automatically categorized as 
“impacted”. Instead, these M3s were placed in an additional moderator group (i.e., a group 
controlling for misclassification bias, containing all M3s seen neither as impacted nor erupted) 
(Supplement Figure 7.7). As a result, investigated M3s were placed into one of three major 
groups: Eruption, Impaction, and Moderator. M3s in the Eruption, Moderator, and Impaction 
groups are hereon referred to as M3sEruption, M3sModerator, and M3sImpaction, respectively. Because 
time of M3 emergence into the oral cavity is highly variable, M3 eruption status was investigated 
here in distinct patient ages, from 13 to 23.8 years, always from the latest (T2) oral radiographic 
records of each patient. The complete guidelines utilized for assessing emerged and non-emerged 
M3s are described in Supplement Figure 7.8 and Supplement Figure 7.9. Given that M3 eruption 
status (M3Eruption.status) was assessed at T2, this variable is also referred to as M3Eruption.status–T2. 
 
Predictive trait 1 – Stage of M3 development (M3Dev.stage) 
M3 development was assessed and according to nine radiographically distinct stages: crypt 
appearance; followed by eight progressive stages of crown and root mineralization as per 
Demirjian’s classification (1973) (Supplement Figure 7.10). Given that both mineralization and 
pre-mineralization events (Figure 3.2) were investigated here, we use the term M3 development, 
rather than other common terms (e.g., maturation, mineralization, or calcification). 

Intra- and inter-rater intraclass correlation coefficients (ICC) pilot tests of method 
repeatability and reproducibility, respectively, demonstrated agreement >95% across 
measurements (Intra-rater: ICC=0.975; Inter-rater: ICC=0.961) at an alpha level = 0.05. Because 
both CBCT (3D) and panoramic radiographs (2D) were available for all patients, accuracy of the 
assessments done on panoramic radiographs was also tested against pilot assessments done using 
3D CBCT scans. Agreement between assessments from these image types was >95% (One-way 
ANOVA, p=0.005), although M3 stage identification was in general more easily done on CBCT 
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scans. M3 developmental stage, is throughout the study referred to as M3Dev.stage but the 
alternative notations M3Dev.stage–T1, M3Dev.stage–T2, and M3Dev.stage–T1|T2 indicates whether M3 
development was studied at T1, T2, or both times, respectively. 

 
Predictive trait 2 – Females vs. males (SEX) 
A slightly greater number of females (N=57) than males (N=42) was seen in the patient sample 
investigated. From all 324 molar regions that passed our selection criteria, 191 (59%) were from 
females while 133 (41%) were from males. Although biological sex differences (SEX) are 
targeted here, the authors wish to note that sex was self-reported. Thus, it is unknown whether 
patients' reported gender differed from their biological sex. However, given this outcome’s 
relatively low frequency (0.5%) (Scheim & Bauer 2015), no result alterations were seen at the 
alpha level adopted here (5%). 
 
Predictive trait 3 – Maxilla vs. mandible (JAW) 
Maxillary and mandibular molar regions were studied, respectively, in 92.9% (N=92) and 91.9% 
(N=91) of the patients investigated here. From all molar regions assessed, 48.5% (N=157) were 
maxillary and 51.5% (N=167) were mandibular. This variable was categorized in two levels 
(maxilla; mandible) and is referred to by the notation JAW. 
 
Predictive trait 4 – Right vs. left jaw side (JSIDE) 
In this work, 75.8% (N=69) of all maxillae had both sides (right and left) assessed while 24.2% 
(N=23) were studied unilaterally. In the mandible, these respective proportions were 83.7% 
(N=77) and 16.3% (N=14). Therefore, not all maxillae and mandibles could be studied 
bilaterally (e.g., some molar regions failed to pass this study’s inclusion criteria). Despite that, 
the final sample (N=324 molar regions) contained a balanced proportion of right and left molar 
regions: right (N=160; 49.4%), left (N=164; 50.6%). Throughout the study, jaw side is referred 
to by the notation JSIDE. 
 
Predictive trait 5 – Patient chronological age (AGE) 
Patient chronological age (AGE) was scaled in years and recorded from both T1 and T2 records 
of each patient. The population’s age averaged 13.21±1.93 (Std. Dev) years at T1 and 
16.71±1.62 (Std. dev) years at T2. The amount of time passed between T1 and T2 averaged 
3.38±1.71 (std. dev) years but was as little as one year or as much as 8.9 years, depending on the 
patient evaluated ( 
Figure 3.3). The notations AGET1 and AGET2 indicate whether age was assessed from T1 or T2 
records. 
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Criteria utilized for assessing M3 development as a continuous event 

 

 
 

 
Figure 3.2 Criteria utilized for assessing M3 development. M3 development was assessed according to nine 
radiographically distinct stages: crypt appearance (Cr); followed by eight progressive stages of crown (A–D) and root (E–
H) calcification as per Demirjian’s classification. In order to be treated as a continuous event, these stages of M3 
development were converted into a scale that ranged from zero (0= Development is not in progress) to nine (9= 
Development is complete). In this scale, each additional stage of M3 development was a assigned a higher value relative 
to the previous stage, being this higher value whole (e.g., when all developmental characteristics expected for this 
particular upper stage were seen) or fractional (e.g., when only a partial number of these expected developmental 
characteristics were present). The characteristics reported in Demirjian’s original study (1973) were utilized as reference. 
Because this classification system does not account for tooth development events that occur before tooth calcification, 
crypt appearance was evaluated as follows: Initial crypt development (i.e., radiographic presence of a crypt of reduced 
dimensions) was assigned a reduced value relative to crypts which appeared sufficiently enlarged to host the calcification 
event. 
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Patient and population age at T1 (earliest records) and T2 (latest records) 

 
 

Figure 3.3 Patient and population age at T1 (earliest records) and T2 (latest records).Each bar in the 
plot comprises the period between T1 (the patient’s earliest records) and T2 (the patient’s latest records), 
but the duration of this period differs among patients as represented by bars of different lengths. This occurs 
because the amount of time elapsed between T1 and T2 differed between most patients, being this T1-T2 
period as short as 1 year or as long as 8.92 years. No patients younger than age 6 year or older than age 24 
years were investigated. 
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3.3.4 Analytical Design 

Quantitative analyses were utilized as the main method of data assessment. A Generalized 
Estimating Equation (GEE) model was calculated to predict M3 eruption status (M3Eruption.status–

T2) based upon stage of M3 development, while controlling for the influence of sex (SEX), jaw 
(JAW), jaw side (JSIDE), age (AGE) and potential interactions across independent variables. For 
this test, M3Eruption.status–T2 was the outcome measure of interest (e.g., dependent variable), 
categorized into three groups: 0=Impaction, 1=Moderator, and 2=Functional eruption. Given the 
multi-categorical nature of this dependent variable, a multinomial logistic (rather than a linear) 
regression model was utilized. The probabilities of M3Eruption.status–T2 =2 (Functional M3 eruption; 
i.e., the main response of interest) and M3Eruption.status–T2 =1 (Moderator; i.e., neither functional 
eruption or impaction) were thus determined against a reference category (M3Eruption.status–T2 =0; 
Impaction), as follows: 

Probability of observing functional eruption (i.e., M3Eruption.status–T2 =2): 
  !

!"#$%('!"#$%&'())	"	#$%('*(+,-$&(-)
 ……………………………………Prob(Eruption) 

 
Probability of observing neither impaction nor functional eruption (i.e., M3Eruption.status–T2 =1): 
 #$%('*(+,-$&(-)

!"#$%('!"#$%&'())	"	#$%('*(+,-$&(-)
 ………...................…………..……Prob(Moderator) 

 
Probability of observing impaction (i.e., M3Eruption.status–T2 =0): 
  #$%('!"#$%&'())

!"#$%('!"#$%&'())	"	#$%('*(+,-$&(-)
 ……………………………………Prob(Impaction) 

 
Where LImpaction = log(πi(Impaction)/πi(Eruption)), the logit (i.e., the log odds) for observing 
M3Eruption.status–T2 =0 (Impaction) rather than M3Eruption.status–T2 =2 (Functional eruption); and 
LModerator = log(πi(Moderator)/πi(Eruption)), the logit for observing M3Eruption.status–T2 =1 (Moderator) 
rather than M3Eruption.status–T2 =2 (Functional eruption). Each logit was determined as follows: 

 LImpaction= !"(*+%,-./01) − (%&! '! +⋯+ %&2 '2)  
 LModerator= !"(304#5,.05) − (%&! '!+	. . . +%&2 '2)  

Where !" and “%&! , . . . , %&2 ” are population parameters predicted from a number of 
independent explanatory variables “X1, … , Xk”. A total of five explanatory variables were 
investigated as potential predictors of M3Eruption.status–T2, each annotated, coded, and scaled as 
follows: 

Variable 1. M3Dev.stage: continuously-scaled variable(s), expressed through developmental 
stages values ranging from zero (0=“development not-in-progress”) to nine 
(9=“development is complete”). 

Variable 2. SEX: categorical variable, dummy coded as 0=females and 1=males, where 
the lowest level was the reference level. 

Variable 3. JAW: categorical variable, dummy coded as 0=maxilla and 1=mandible, 
where the lowest level was used as reference.  
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Variable 4. JSIDE: categorical variable, dummy coded as 0=right and 1=left, where the 
lowest level was used as reference. 

Variable 5. AGE: continuously scaled variable, coded in year. 
 
To test whether these variables were significantly associated with M3Eruption.status–T2, a 
multivariable analysis (rather than multiple univariable analyses) was utilized, as follows: 
Log(πi(j)/πi(Impaction)) = α/	6 +	β1!	6M3Dev.stage–T1 +	β17	6AGET1 +	β18	6SEX +	β19	6JAW +	β1:	6JSIDE, where 
Log(πi(j)/πi(Impaction)) is the logit of observing a given j outcome (j=2, Functional eruption; or j=1, 
Moderator) rather than the reference outcome (Impaction). In this analysis, M3Dev.stage–T1 was 
treated as the main risk factor (e.g., the main variable of interest) to a main outcome of interest 
(M3Eruption.status–T2), while all remaining variables were taken as extraneous (e.g., covariables).  

The main objective of this study was to determine whether M3 developmental timing at 
T1 (M3Dev.timing–T1) was a significant predictor for M3Eruption.status–T2. If M3Dev.stage–T1 is found 
significant, then the risks of functional M3 eruption and impaction were further investigated by 
having them calculated and compared between early- and late-developing M3s to: a) inform how 
sizeable these risks are, and b) determine whether they differ significantly between early- and 
late-developing M3s. To determine which M3s were developmentally-early and which were 
developmentally-late, a separate GEE model was utilized to regress M3Dev.stage–T1|T2 against 
AGET1|T2 (see Results for further detail). Lastly, to investigate whether M3sEruption and 
M3sImpaction develop at significantly distinct rates in the period T1-T2, a final GEE model was 
calculated by regressing M3Eruption.status against M3 developmental rate (M3Dev.rate–T1|T2; i.e., the 
number of stages M3s developed in the period T1-T2, recorded in number of stages/year). Tables 
and visual analytical methods (e.g., 95% CI error bar plots; scatter plots) were used to illustrate 
and communicate the main findings. 

In order to assure no violation of the assumption of independence, all GEE models were 
corrected for potential correlations among multiple observations from the same patient. Because 
some variables were assessed at two distinct moments in time (e.g., M3Dev.stage–T1|T2; AGET1|T2), 
repeated measures were accounted for when applicable. Inference was based on estimates from 
Wald tests. Goodness-of-fit was based on the GEE equivalent of the Akaike Information 
Criterion (AIC), the Quasi-AIC (QIC). All statistical tests were run on Statistical Package for 
Social Science (IBM SPSS Statistics, version 25, 64-bits, Armonk, NY: IBM Corp, USA) with 
an alpha level set at 0.05 (in the multivariable analyses) or 0.25 (in the univariable analyses, used 
for individual initial screening of potential interactions) (Hosmer & Lemeshow 2000). 
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3.4 RESULTS 

3.4.1 The developmental stage of M3s adolescent ages significantly predicted their risk of 
erupting or becoming impacted in subsequent years of age 

Stage of M3 development at T1 was found to be a significant predictor for M3 eruption status at 
T2. Risk of functional eruption versus M3 impaction at T2 could thus be significantly estimated 
based upon M3Dev.stage-T1 (Wald X2=27.42, p.<0.001). Importantly, the patient age at T1 (AGET1) 
also assisted significantly to estimate this risk (Wald X2=10.69, p.=0.001), thus risk of functional 
M3 eruption versus impaction at T2 depended on both stage of M3 development at T1 and 
patient age at T1. Most importantly, this risk increased when at T1 M3s were late in development 
and reduced when M3s were advanced in development. More specifically, each additional stage 
of M3 development at T1 increased the likelihood of functional M3 eruption at T2 by 84% 
(Odds=1.84; CI=1.46, 2.31) (Table 3.1), while decreasing simultaneously the odds of M3 
impaction by 46% (odds=0.54; CI=0.43, 0.68) (calculated). Importantly, stage of M3 
development was assessed from one to eight years in advance to M3 eruption status. Thus, stage 
of M3 development was a significant trait for longitudinally anticipating functional eruption 
from a longitudinal standpoint, on a populational level. Overall, the probability of functional M3 
eruption (Prob(E)) at T2 was equal to 1/(1+exp(-3.627-Q)+exp(-0.650-Q)) while the probability of M3 
impaction (Prob(I)) was equal to exp(-3.627-Q)/(1+exp(-3.627-Q)+exp(-0.650-Q)), where Q= -0.34(AGET1) 
+0.608(M3Dev.stage–T1) -0.202(SEX) +0.144(JAW) -0.030(JSIDE). 
 Other traits such as sex, jaw type, and jaw side did not contribute significantly to 
predicting the aforementioned risks. Thus, risk of either M3 impaction or functional eruption did 
not differ significantly between males and females (SEX; Wald X2=1.31, p.>0.05), maxillae and 
mandibles (SEX; Wald X2=0.14, p.>0.05), and right and left oral quadrants of a given jaw 
(JSIDE; Wald X2=0.01, p.>0.05). 
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Table 3.1 Variables tested for association with M3 eruption status, based on a 
multivariable multinomial GEE logistic regression model.   

        Odds ratio 

Variables Categories B 95% Wald CI SE p-value Sig.  Ψ 95% Wald CI 
for the Ψ 

[M3Eruption.status=0] Impaction -3.627 ( -5.91, -1.34 ) 1.17 <0.001 ❊  0.03 ( 0.00, 0.26 ) 
[M3Eruption.status=1] Moderator -0.650 ( -2.85, 1.55 ) 1.12 0.561   0.52 ( 0.06, 4.69 ) 

AgeT1 c -0.340 ( -0.54, -0.14 ) 0.10 <0.001 ❊  0.71 ( 0.58, 0.87 ) 
M3Dev.stage–T1 c 0.608 ( 0.38, 0.84 ) 0.12 <0.001 ❊  1.84 ( 1.46, 2.31 ) 

[Sex=1] Males -0.202 ( -0.85, 0.45 ) 0.33 0.541   0.82 ( 0.43, 1.56 ) 
[Sex=0] Females a        
[Jaw=1] Mandible 0.144 ( -0.30, 0.59 ) 0.23 0.524   1.16 ( 0.74, 1.80 ) 
[Jaw=0] Maxilla a        

[Jaw side=1] Left -0.030 ( -0.33, 0.27 ) 0.15 0.844   0.97 ( 0.72, 1.31 ) 
[Jaw side=0] Right a        

          

Each additional stage of M3 development at T1 (M3Dev.stage–T1) was predicted to nearly double (1.84) the likelihood 
of functional M3 eruption at T2 (M3Eruption.status–T2), but this likelihood did not differ significantly between males 
and females (SEX), maxillae and mandibles (JAW), or right and left sides of a given jaw (JSIDE). Dependent 
Variable: M3Eruption.status–T2. ( a ): Reference category; ( c ): Continuous variable (non-categorical). CI: Confidence 
interval. SE: Standard Error. Ψ: Odds ratio. Asterisk: significant terms (p-value<0.05).
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3.4.2 Radiographically detectable onset of M3 development was predicted to occur 

around age 7 years but was notably earlier or later in some individuals 

To characterize M3 developmental timing in the population, M3Dev.stage–T1|T2 was regressed 
against AGET1|T2 while accounting for SEX, JAW, and JSIDE. This controlling for SEX, JAW, 
and JSIDE was done because, in spite of their lack of association with M3Eruption.status, they may 
still be associated with M3 development. From this analysis, M3Dev.stage–T1|T2 was significantly 
associated with AGET1|T2 (Wald X2=34.77, p.<0.001; Table 3.2). Stage of M3 development was 
equal to -7.607(β0) +1.210(AGET1|T2) +0.232(JAW) -0.023(AGET1|T2)2 +0.114(SEX) -
0.102(JSIDE). M3s developed on average 0.52±0.07 (Std. Dev.) stage/year of patient age (Table 
3.2, calculated) but LM3s were on average 0.22 stages (or ≈5 months) earlier in development 
relative to UM3s (Wald X2=0.232, p.<0.001). This average developmental rate was notably 
faster in preadolescent ages, decelerating gradually towards adulthood (Figure 3.4–A). 

In this population, M3s developed at an average rate of 0.52 stage/year (i.e., one full 
stage every two years). Radiographically detectable onset of M3 development (Crypt stage) and 
mineralization (Demirjan’s stage A=calcification of cusps) occurred on average at ages 7 and 8.2 
years, respectively. However, notable developmental variance was observed: in some instances, 
M3s were late by up to four stages (≈2 years) or early by up to 2.7 stages (≈1.5 year), relative to 
the predicted stage at a particular age (Figure 3.5). This developmental variance allowed M3s to 
be categorized into three distinct groups: a) Early-developing (M3sEarly-developing), b) Late-
developing (M3sLate-developing), and c) “On-time” (M3sOn-time) (i.e., M3s which were neither late 
nor early in development). The Prob(E) and Prob(I) calculated in the previous section were then 
compared among these groups and are discussed in Section 3.4.3 below. 

The mean M3 developmental stage in this population was predicted to differ significantly 
between jaws (Wald X2=6.86, p.<0.05), but not between sexes (Wald X2=0.24, p.>0.05) or jaw 
sides (Wald X2=2.41, p.>0.05) (Table 3.2 and Figure 3.4 B-D). 
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Table 3.2 Variables and their odds of association with M3 development, based on a 
multivariable linear GEE regression model. 

       Odds ratio 

Variables Categories β 95% Wald CI SE Sig.  Ψ 95% Wald CI 
for the Ψ 

[SEX=0] Females 0.114 ( -0.34, 0.57 ) 0.23 –  1.12 ( 0.71, 1.77 ) 
[SEX=1] Males a       
[JAW=0] Maxilla 0.232 ( 0.06, 0.41 ) 0.09 ❊  1.26 ( 1.06, 1.50 ) 
[JAW=1] Mandible a       

[JSIDE=0] Right -0.102 ( -0.23, 0.03 ) 0.07 –  0.90 ( 0.79, 1.03 ) 
[JSIDE=1] Left a       

AGET1|T2 c 1.210 ( 0.81, 1.61 ) 0.21 ❊  3.35 ( 2.24, 5.01 ) 
(AGET1|T2)2 c -0.023 ( -0.04, -0.01 ) 0.01 ❊  0.98 ( 0.97, 0.99 ) 

         

Each additional year of age (AGET1|T2) increased the odds of M3 development being also one stage advanced. M3 
development was not predicted to differ significantly between sexes or jaw sides (SEX and JSIDE are not significant 
variables) but occurred differently between maxillae and mandibles (JAW is a significant variable). Dependent 
Variable: M3Dev.stage–T1|T2. a: Reference category; c: Continuous variable (i.e., no categories). CI: Confidence interval. 
SE: Standard Error. Ψ: Odds ratio. Sig.: Significant at alpha=0.05. –: Non-significant at alpha=0.05.
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Scatterplot of predicted stage of M3 development per chronological age 
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Figure 3.4 M3 development in the population studied. (A) Illustrates the mean M3 developmental path (represented by 
the line of best fit) across all ages at two distinct moments in time: at T1 (Red) and at T2 (Blue). M3s were predicted to 
develop on average 0.52±0.07 (Std. Dev.) stages/year following their initiation around age 7 years (calculated from the 
model presented in Table 4.8). The line of best fit indicates the exact stage of development that M3s are predicted to attain 
at each patient age. M3s located above this line of best fit are early in development (M3sEarly-developing); M3s located below 
the referred line are late in development (M3sLate-developing). (B) At any given age, M3s were predicted to be at a significantly 
distinct stage of development in the maxilla compared to the mandible (Blue=mandible, Red=maxilla). (C), M3s did not 
develop significantly differently between males and females (Blue=males, Red=females) and (D) jaw sides (Blue=right, 
Red=left). This is illustrated by significantly less overlap between the two predicted developmental paths in B versus C and 
D. In the plot, four distinct sizes of markers are seen, each size indicating a distinct oral quadrant (upper right; upper left; 
lower left; lower right).



 

 58 

 
 Heatmap of predicted versus observed stage of M3 development 

 
 
 
 
 
 
 

 
Figure 3.5 Predicted versus observed stage of M3 development. M3s were in some instances up to four stages late or 
nearly three stages early relative to the stage expected at that age (line of best fit). M3s located off the line of best fit are 
either early or late in development, being early-developing if located to the left and above this line, and late-developing if 
located to the right and below this line. The more distant a marker is from this line of best fit, the more severely advanced 
or delayed is M3 development. The numbers within each marker inform the magnitude of these M3 developmental delays 
and advances (measured in number of stages of M3 development; positive values=Early M3 development, negative 
values=Late M3 development). M3s which are one or more stages early in development are mapped in blue tones. M3s 
which are one or more stages late in development are mapped in pink/red tones. Yellow tones indicate M3s which are: a) 
neither early nor late in development, or b) less than one stage early or late in development.
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3.4.3 M3s in the eruption group were predicted to initiate 2.4 years earlier and were 
significantly more developed than M3s in the Moderator and impaction groups 

M3sEruption were significantly earlier in development (mean stage=6.26; CI=6.03, 6.49) than 
M3sModerator (mean stage=5.02; CI=4.84, 5.19) and M3sImpaction (mean stage=4.95; CI=4.63, 5.27) 
(Figure 3.6-A). M3sEruption were on average 1.31 stages more advanced than M3sImpaction, being 
thus approximately 2.5 years earlier in development than M3sImpaction (Figure 3.7). This result can 
be explained because, as previously reported, M3 development occurred at a rate of 0.52 
stage/year (i.e., one full stage every two years). Therefore, attainment of any given M3 stage, 
including onset of development (stage “Cr”) and mineralization (stage “A”), occurred earlier for 
M3sEruption than for M3sImpaction or M3sModerator (Figure 3.6–B). It must be noted however that 
these M3 developmental advances and delays persisted longitudinally: i.e., M3s that were early 
in development at T1 remained early in development also at T2 (see Section 4.3.5). However, 
these developmental advances and delays were seen only from preadolescence to early 
adulthood. After age 21 years, for example, M3sEruption were no longer earlier in development 
relative to M3sImpaction (Figure 3.7). 
 
 
3.4.4 Advanced-developing M3s were significantly more likely to erupt into function; late-

developing M3s were at a significantly higher risk of becoming impacted 

In the present population, the overall frequency of functional M3 eruption was 24.1%, but was 
significantly higher (52.2%) if M3 development was early by one or more stages, or significantly 
lower (1.5%) if late by one+ stages (Figure 3.8 and Table 3.3). On the other hand, the overall 
frequency of M3 impaction (18.5%) was higher among M3s which were one+ stages late in 
development (27.5%) or lower among M3s which were one+ stages early in development 
(7.9%). 

While most M3s initiated development (crypt stage) at around age 7 years, their risk of 
becoming impacted increased by 63% when initiation occurred at age 9 (i.e., two years later) 
(Odds=0.37; CI=0.26, 0.53) or by 90% when it occurred at age 12 (i.e., five years later) 
(Odds=0.10; CI=0.04, 0.24) (Table 3.1, calculated). Similarly, M3s completed crown 
development (stage E) on average at around age 14 years, but if this occurred at age twelve (i.e., 
two years earlier) then their likelihood of erupting into function was increased by 2.06 times 
(Odds=2.06; CI=1.57, 2.71) (Table 3.1, calculated). Therefore, the Prob(E) increased with M3 
developmental delays while the Prob(I) increased with M3 developmental advances (Figure 3.9). 
Most importantly, distinct Prob(E) and Prob(I) were found between M3sEarly-developing and M3sLate-

developing (Table 3.4, Table 3.5). These probabilities depended, however, on the severity of these 
M3 developmental delays and advances, as shown in Figure 3.10. 
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 Predicted stage of M3 development at all patient chronological ages 
investigated, for M3s in the Eruption, Impaction, and Moderator groups  
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Figure 3.6 Mean M3 developmental stage in distinct M3 eruption status groups. A. Relative to M3s in the 
Moderator and Impaction groups, M3s in the Eruption group were consistently at a more advanced stage of 
development.  B. Attainment of a given developmental stage – including onset of development (stage 1= crypt 
appearance) and onset of mineralization (stage 2= calcification of cusps) – was predicted to occur significantly 
earlier for M3s in the eruption group, relative to M3s in the Moderator and Impaction groups.

Eruption group Moderator group Impaction group

Eruption group Moderator group Impaction group
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Difference between the 
predicted and the observed 
stage of development for all 
M3s investigated 
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Difference between the 
predicted and the observed 
stage of development for 
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status groups 
 

Green: M3sEruption 

Red: M3sModerator 

Blue: M3sImpaction 

 
 

Figure 3.7 Difference between predicted and observed M3 development. Plots A and B quantify M3 
developmental variability in the population studied. Both plots indicate the extent to which observed M3s (gray 
marks) were developmentally deviated from zero (i.e., Y=0, the M3 developmental stage predicted at that given 
age). The more distant a mark was from Y=0, the more deviated M3 development is from the predicted M3 
developmental stage at that age. In some instances, M3 development was up to four stages late (Y-value=-3.97) 
or nearly three stages early (Y-value=2.70) relative to the predicted stage at the age. B illustrates that M3sEruption 
(green C.I.) were advanced in development (positive Y-values) while M3sImpaction (blue C.I.) were late in 
development (negative Y-values).
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Mean predicted probability of functional M3 
eruption across patient ages. 

Mean predicted probability of M3 impaction 
across patient ages. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

Figure 3.8 Mean predicted probability of functional M3 eruption and impaction across patient ages. Both plots are 
designed to illustrate the mean probabilities of functional M3 eruption (left) and impaction (right) in the population 
investigated. Note that the probability of functional M3 eruption (≈0.25) is predicted to increase slightly with age (as more 
and more M3s emerge into the oral cavity), while the risk of M3 impaction (≈0.18) is predicted to reduce slightly with age 
(as more and more M3s acquire functionality within the oral cavity). 

 
 
 
 
 
Table 3.3 Frequency at which Early- and late-developing M3s appeared in the Impaction, 
Moderator, and Eruption groups. 

   
 

IMPACTION 
GROUP 

MODERATOR 
GROUP 

ERUPTION 
GROUP  

 N % N % N % Total 
Late-developing M3s (1) 19 27.9% 48 70.6% 1 1.5% 68 

“On-time” group (2) 36 18.7% 113 58.5% 44 22.8% 193 

Early-developing M3s (3) 5 7.9% 25 39.7% 33 52.4% 63 

Total 60 18.5% 186 57.4% 78 24.1% 324 

The overall frequency of functional M3 eruption was 24.1% but was significantly higher (52.2%) if M3s were at least one stage 
early in development, or significantly lower (1.5%) if M3s were one or more stages late in development. The frequency of M3 
impaction was, in contrast, greatest among late-developing M3s (27.5%) and lowest among early-developing M3s (7.9%). (1) 
Includes all M3s which are one or more stages late in development. (2) Includes all M3s which are less than one stage early or 
late in development. (3) Includes all M3s which are one or more stages early in development.

0.246 (CI=0.236, 0.256)

0.185 (CI=0.174, 0.196)
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Figure 3.9 Individual predicted probability of functional M3 eruption and Impaction. The predicted probabilities of 
functional M3 eruption (A) and impaction (B) are shown for all M3s investigated. These probabilities varied according to 
delays (negative X-values) and advances (positive X-values) in the M3 developmental timing. The earliest M3s were in 
development at a given patient age (i.e., the more positive X-values were), the greater was their probability of erupting into 
function. In contrast, the latest M3s were in development at a given age (i.e., the more negative X-values were), the lower 
was their probability of becoming impacted. Note that in both plots (A and B) M3sEruption (green marks) are concentrated 
predominantly over positive X-values while M3sImpaction (green marks) are concentrated predominantly over negative X-
values.

M3sImpaction

M3sModerator

M3sEruption

M3 developmental timing: Delayed (– values) versus advanced (+ values)
(Difference between the observed and the predicted stage for each M3)

M3sImpaction

M3sModerator

M3sEruption

M3 developmental timing: Delayed (– values) versus advanced (+ values)
(Difference between the observed and the predicted stage for each M3)
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Table 3.4 Mean predicted probabilities of functional M3 eruption versus impaction 
according to delays or advances of at least one stage in M3 development. 

 M3 development is: 

LATE [1] ON-TIME [2] EARLY [3] 

Predicted probability of functional M3 
eruption 

Mean .080a .244b .407c 
95% Lower C.I. .073a .235b .393c 
95% Upper C.I. .087a .253b .421c 

     

Predicted probability  
of M3 impaction 

Mean .399a .152b .071c 
95% Lower C.I. .375a .145b .067c 
95% Upper C.I. .423a .159b .075c 

Values in the same row not sharing the same subscript are significantly different at p< .05 in the two-sided test 
of equality for column means. Cells with no subscript are not included in the test. Tests are adjusted for all 
pairwise comparisons using the Bonferroni correction. [1] Includes M3s which were at least one stage late (i.e., 
delayed) in development. [2] Includes M3s which were neither late nor early in development. [3] Includes M3s 
which were at least one stage early (i.e., advanced) in development. 

 
 
 
 
 

Table 3.5 Mean predicted probabilities of functional M3 eruption versus impaction 
according to delays or advances of at least two stages in M3 development. 

 M3 development is: 

LATE [1] ON-TIME [2] EARLY [3] 

Predicted probability of functional M3 
eruption 

Mean .051a .255b .489c 
95% Lower C.I. .045a .245b .458c 
95% Upper C.I. .058a .265b .520c 

     

Predicted probability 
of M3 impaction 

Mean .502a .160b .050c 
95% Lower C.I. .465a .152b .044c 
95% Upper C.I. .539a .168b .057c 

Values in the same row not sharing the same subscript are significantly different at p< .05 in the two-sided test 
of equality for column means. Cells with no subscript are not included in the test. Tests are adjusted for all 
pairwise comparisons using the Bonferroni correction. [1] Includes M3s which were at least one stage late (i.e., 
delayed) in development. [2] Includes M3s which were neither late nor early in development. [3] Includes M3s 
which were at least one stage early (i.e., advanced) in development



 

 65 

Mean predicted probabilities of functional M3 eruption and impaction 
across distinct levels of M3 developmental delays and advances. 

 
 
Figure 3.10 Probabilities of functional M3 eruption and impaction across distinct levels of M3 
developmental delays and advances. In the graph’s X-axis, negative values indicate the number of M3 
developmental stages late relative to the expected M3 developmental stage. Positive values indicate the 
number of M3 developmental stages advanced relative to the expected M3 developmental stage. The mean 
predicted probability of functional M3 eruption in this population (red line) was very reduced (e.g., <10%) 
among M3s which were one (X-axis= -1), two (X-axis= -2), three (X-axis= -3) or four (X-axis= -4) stages 
late in development, but this probability was significantly increased when, in contrast, M3 development was 
early one (X-axis= +1) or two (X-axis= +2) stages. The mean predicted probability of M3 impaction (blue 
line), on the other hand, trailed and inverse path. That is, it was notably higher among late-developing M3s 
and notably lower among early-developing M3s. 

Predicted probability of functional M3 eruption

Predicted probability of neither impaction nor functional eruption
Predicted probability of M3 impaction
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3.4.5 Although associated with a higher predisposition to impaction, late-developing M3s 

were not predicted to develop at a significantly slower rate 

To further understand how M3s developed longitudinally, the number of stages developed 
between T1 and T2 was assessed and compared across distinct groups of M3 eruption status 
(M3sEruption, M3sImpaction, and M3sModerator) and M3 developmental timing (M3sLate-developing, 
M3sEarly-developing, and M3sOn-time. Although M3sImpaction were generally late in development, their 
yearly developmental rate in the T1-T2 period (0.50 stage/year; CI=0.48, 0.52) was not 
significantly slower than the developmental rate seen for M3sEruption (0.50 stage/year; CI=0.48, 
0.51) and M3sModerator (0.52 stage/year; CI=0.51, 0.53) (Figure 3.11–A). 
 Importantly, M3 development was consistently delayed or advanced: 98% (N=142 out 
145) of the M3s that, at T1, presented any developmental delay remained delayed at T2. 
However, these late-developing M3s did not develop at significantly slower rates ( 
Figure 3.11-B). M3s that were one or more stages late in development at T1, were predicted to 
develop at an average yearly rate of 0.51 (CI=0.48, 0.53) stage in the T1-T2 period, but this 
developmental rate was not significantly slower than the rate predicted for M3sEarly-developing (0.54 
stage/year; CI=0.53, 0.56) and M3sOn-time (0.50 stage/year; CI=0.49, 0.51). M3sImpaction thus 
initiate later (Section 3.4.3) but does not develop at a significantly slower rate, when compared to 
M3sEruption.
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 Mean yearly M3 developmental rate in the period between T1 
and T2 across distinct groups of M3 eruption status. 
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Mean yearly M3 developmental rate in the period between T1 
and T2 across distinct groups of M3 developmental tempo. 
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Figure 3.11 Mean yearly M3 developmental rate in the period between T1 and T2. In both A and B, the mean yearly 
M3 development rate (i.e., M3 development in number of stages divided by number of years elapsed between T1 and T2) 
was compared among distinct groups. A. The yearly M3 developmental rate predicted for M3s in the Eruption group did 
not differ significantly from the equivalent rates in the Moderator and Impaction groups. B. The yearly M3 developmental 
rate predicted for M3s in the Delayed-developing group was not significantly slower than the rate found for M3s in the 
Moderator group.

 Impaction          Moderator                 Eruption 
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3.5 DISCUSSION 

Late-developing M3s are significantly more predisposed to become impacted: An 
overlooked sign of impaction? 

The present work reports the results of a model that was calculated to best estimate risk of M3 

impaction/eruption based primarily upon stage of M3 development at particular patient ages (i.e., 
M3Dev.timing), while controlling for sex, jaw, and jaw side, which are traits also suspected to alter 
predisposition to M3 impaction/eruption. This model revealed that risk of M3 impaction/eruption 
can be significantly estimated in both jaws (maxilla and mandible) from M3Dev.timing, while sex, 
jaw, and jaw side do not significantly contribute to estimating this risk. More importantly, the 
model reveals that late-developing M3s are at a significantly higher risk of becoming impacted 
while early-developing M3s are significantly more predisposed to emerge into function. More 
specifically, each delay of one stage of M3 development increases the risk of M3 impaction in 
29%, simultaneously decreasing the likelihood of functional M3 eruption by 41%. Therefore, 
these risks depend on the severity of the delays/advances: For example, a M3 developmental 
delay of two stages increases the odds of M3 impaction by 50%, not just 29%, but greater risks 
may be expected if more severe delays occur. 
 The proportion of late-forming M3s that become impacted has never been 
comprehensively examined or reported in the literature, nor have the risks of impaction 
associated with late M3 development ever been measured against those associated with early M3 
development. This work shows that these risks derive directly from the proportions of early- and 
late-developing M3s. For example, in this population, functional eruption appeared at an overall 
frequency of 24.1%, but this frequency was as high as 55% when M3s were at least one stage 
early in development and as low as 1.4% among M3s that were at least one stage late in 
development. To the best of our knowledge, this is the first study to demonstrate that the risks 
represented by late M3 development are indeed significant and sizable, and affect both UM3s 
and LM3s, with no side or sex differences – carrying thus direct implications to clinical practice 
in addition to promoting research in this promising topic area. 
 This work also reveals that eruption and impaction are not symmetrically antagonistic in 
their particular probabilities of occurrence: An increase of 29% in the risk of M3 impaction does 
not necessarily correspond to an equal decrease in the likelihood of functional M3 eruption, but 
rather a decrease of 41%. This finding that these outcomes are under distinct risks carries 
particular clinical implications: a) M3 developmental delays prevent functional M3 eruption 
more than they promote M3 impaction; b) absence of M3 eruption does not necessarily lead to 
the occurrence of M3 impaction (i.e., distinct risks exist for each of these two outcomes); c) 
functional eruption and impaction are often not the only possible outcomes (i.e., some M3s are 
neither erupted nor impacted). A significantly smaller likelihood of functional eruption should be 
thus expected by clinicians upon observance of late M3 development. Under such circumstances, 
M3s are also significantly more likely to become impacted but chances also exist that neither 
impaction nor eruption will ever occur. 
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The mechanisms underlying the association between late-developing M3s and their greater 
predisposition to impaction. 

One of the most notable features of M3 development is that this process presents a relatively 
consistent predictability over time: that is, early-developing M3s complete root formation early 
and erupt early (Burdi & Moyers 1988). From this work, risk of M3 impaction was significantly 
informed by M3Dev.timing, even when M3Dev.timing was assessed from one to eight years in advance 
to M3 impaction/eruption. This finding demonstrates that M3Dev.timing is a trait of both cross-
sectional and longitudinal predictive capabilities that promises to improve existing management 
protocols, particularly making prognosis of M3 eruption. Although the higher susceptibility to 
impaction seen for late-developing M3s was once thought to be caused by differences in M3 
crown size, no significant size differences were identified between early- and late-developing 
M3s (Richardson 1980). More recently, asynchronicity between timing of M3 and jaw 
development was demonstrated (Svendsen 1988) as a more suitable explanation for why late-
developing M3s are more susceptible to becoming impacted. 
 M3 development is relatively constant in duration, regardless of when M3 initiation 
occurs (Garn et al. 1962; Liversidge 2008) thus early-developing M3s tend to mature and erupt 
earlier (Burdi & Moyers 1988; Garn et al. 1962). It must be noted, however, that jaw growth 
occurs for a limited period of time only (Svendsen & Björk 1988). Therefore, although some 
correlation exists between dental and skeletal development (Demisch & Wartmann 1956; 
Engstrom et al. 1983), in some instances jaw growth ceases long before M3s can emerge into the 
oral cavity, affecting their chances of continuing to emerge thereafter (Svendsen & Björk 1988). 
Here we reveal that these chances of functional M3 eruption are indeed severely reduced, being 
nearly twice less likely to occur when M3s are one stage late in development or even six times 
less likely to occur when a delay of three stages is seen. 
 A question does, however, persist: What promotes this lack of synchronicity between 
dental and skeletal development? Although teeth and jaws do not completely depend on one 
another to develop – e.g., teeth may develop in the ovary or in the hypophysis (Kumar 2011); 
jaws develop virtually unperturbed following arrested tooth development in Tp63-null mouse 
(Mills et al. 1999; Paradis et al. 2013; Phen et al. 2018) – teeth and jaws are both subject to 
genetic and environmental influences (Lewis & Senn 2010; Olze et al. 2004) that may affect one 
more than the other. For instance, environmental factors (e.g., nutrition/body weight, 
socioeconomic status, etc.) are thought to affect skeletal development more than they affect 
dental development (Cardoso 2007). This factor helps explain for instance why late-developing 
M3s are associated with short jaws (Marchiori et al. 2019), as are impacted M3s (Ganss et al. 
1993; Marchiori et al. 2016; Ventä 1993). M3s are particularly subject to environmental 
influences because they form long after birth (Butler 1967; Garn et al. 1963; Morita et al. 2016), 
and are therefore more variable in developmental timing and morphology than any of the other 
teeth (Burdi & Moyers 1988; Garn et al. 1963; Hagg & Taranger 1985; Nelson & Ash Jr. 2010; 
Xing et al. 2017). 
 Despite the importance of environmental influences, investigations on dizygotic and 
monozygotic twins showed that heritability accounts for up to 59% of jaw growth, particularly in 
the maxilla (Trakinienė et al. 2018), and that approximately ⅔ of the total variability in the rate 
of M3 root calcification can be attributed to genetic effects (Trakinienė et al. 2019). However, 
asynchronization between tooth and jaw development may still occur as a result of specific 
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genetic controls. For instance, Tp63-driven gene regulatory network plays a role in tooth but not 
jaw development (Raj & Boughner 2016; Rostampour et al. 2019). This decoupling between 
tooth and jaw development carries relevance because it helps explain why impacted M3s are 
often developmentally late while maturation of the surrounding skeleton occurs slightly early 
(Svendsen & Björk 1988). Despite that, late M3 development has been described as a more 
discriminating feature of M3 impaction than is early skeletal maturation (Svendsen & Björk 
1988), underscoring the importance of considering late M3 development to help inform risk of 
M3 impaction as contends the present work.  
 
 
Delays in tooth development in the light of current knowledge. 

In the population investigated, radiographically detectable onset of M3 development (crypt 
appearance) occurred around age 7 years but M3sImpaction attained this crypt stage about 2.4 years 
later than did M3sEruption. Although impacted M3s were particularly late in development, the 
exact mechanisms that cause this developmental delay remain unclear. As research advances, 
experimental studies in mice (Alfaqeeh et al. 2013; Castaneda et al. 2011; Kavanagh et al. 2007) 
and more recently in miniature pigs (Wu et al. 2020) indicate that late tooth initiation may occur 
as a result of physical constraints and/or biomechanical stress that alter the concentration of 
molecular and cell signals in surrounding tissues. Given that around 90% of all impacted M3s 
lack sufficient space for eruption (Björk et al. 1956; Ledyard 1953), physical and/or 
biomechanical constraints seems a plausible explanation for why they are often late in 
development. It must be noted, however, that when M3s are late in development, other teeth also 
appear to be developmentally late (Baba-Kawano et al. 2002). This fact carries relevance 
because it suggests that risk of M3 eruption/impaction may be anticipated based upon the 
developmental timing of other teeth as well (e.g., M1, M2), as previously speculated (Björk et al. 
1956). 
 In the population investigated here, M3sImpaction were consistently late in development 
relative to M3sEruption but were not developing at a significantly slower rate. This suggests that 
impacted M3s are developmentally late not due to a slower formation rate but rather due to later 
onset of development. This finding is supported in the context that when tooth development 
initiates later, timing of all subsequent stages of tooth development also shift later (Liversidge 
2008). Up to the present moment, no data were available to help elucidate whether impacted 
M3s’ late development occurs due to later initiation or due to a slower developmental rate. 
However, delays/accelerations in tooth development may still occur under specific conditions 
(Gelbrich et al. 2015; Kavanagh et al. 2007; Verdelis et al. 2016; Wang et al. 2016): For 
instance, M3s have been reported to develop faster if the surrounding availability of space is 
artificially increased by removing the M2 (Bayram et al. 2009; Halicioglu et al. 2014; Yavuz et 
al. 2006). Although such circumstances could not be evaluated in the present work, they 
certainly warrant contemplation in future investigations. 
 Together, the aforementioned findings align to the current knowledge in sustaining that 
late-developing M3s are at a greater risk of becoming impacted because of tooth-jaw 
developmental asynchronization, likely rooted in both genetic and environmental factors yet to 
be further clarified. In general, impacted M3s appear to be developmentally late not due to a 
slower formation rate but rather due to their late initiation. Delays or accelerations in the rate of 
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M3 development are also possible outcomes but are likely rooted in factors that could not be 
accounted for in this work, thus warranting further investigation. 
 
 
Study characteristics, limitations, and implications to clinicians and researchers. 

In the population studied, M3sEruption and M3sImpaction developed at equal yearly rates, on average 
0.52 stages/year. Despite that, M3sEruption were on average 1.31 stages (i.e., ≈2.4 years) earlier in 
development relative to M3sImpaction throughout the investigation. Kohler and colleagues (1994) 
have also described a similar developmental delay of 2 to 3.5 years for retained M3s, although in 
another work only 0.6 to 0.7 year of M3 developmental delay was found (Knell & Schmeling 
2010). It must be noted, however, that in this latter study only LM3s were investigated. In fact, 
whenever possible, both jaws should be investigated: By doing that, we found that LM3s were 
on average 0.22 stages (≈5 months) earlier in development relative to UM3s. Despite that, no sex 
differences were found. Overall rate of M3 mineralization is equal in females and males 
(Haavikko 1970), but root apex closure occurs around two years later in females (Levesque et al. 
1981) leading to diverging opinions as to whether M3s develop earlier in one sex versus the 
other. Despite that, sex differences are in general small (Al-Anqudi et al. 2014; Behbehani et al. 
2006; Engstrom et al. 1983; Hashemipour et al. 2013) or non-significant (Årtun et al. 2005; 
Scherstén et al. 1989; Topkara & Sari 2013). This work supports that sex does not play a 
significant role in M3 development, particularly when other potentially more relevant factors 
(e.g., age, jaw) are simultaneously assessed, as done here. As seen for sex, no significant M3 
developmental differences were found between jaw sides, a finding supported by past work 
showing a somewhat symmetrical M3 mineralization in most individuals (Demisch & Wartmann 
1956; Friedrich et al. 2003). 
 In this investigation, M3 developmental delays and advances were seen more notably 
during preadolescence and adolescence: In nine-year-olds, M3sEruption were on average two stages 
earlier in development relative to M3sImpaction, but only one stage early in eighteen-year-olds. 
This occurred because in older ages, a higher number of M3s were nearly mature, thus with less 
developmental variability. In fact, M3 development in ages 15–20 years has been reported to 
contribute less for prediction of M3 impaction/eruption than M3 development before age 15 
years (Lauesen et al. 2013). Therefore, any developmental differences between impaction-prone 
and eruption-prone M3s are more likely to be clinically detected in preadolescent or early 
adolescent ages than in later ages. If early M3 development is a good indication that M3s will 
emerge into function, then this risk is radiographically assessable as early as preadolescence. 
Given that early-developing M3s are at a lower risk of presenting eruption problems, they are 
unlikely candidates for early surgical removal and could also require less frequent clinical 
monitoring. Late-developing M3s, on the other hand, may require closer monitoring until a 
decision regarding their removal or retention can be safely made. 
 It must be noted that the results presented in this work may only be applicable to a 
population of multiethnic Western Canadians and that M3s may develop naturally earlier or later 
in distinct populations (Fanning & Moorrees 1969). Therefore, further investigations are required 
and encouraged to determine whether late-developing M3s are similarly predisposed to 
impaction across populations of distinct ethnicity and/or geographic areas. Despite that, these 



 

 72 

results demonstrate that within a population, risk of impaction increases significantly with late 
M3 development and decreases with early M3 development. 
 In conclusion, the findings presented here reveal that risk of functional M3 eruption and 
impaction can be significantly estimated from the developmental timing of UM3s and LM3s, as 
this risk is distinct between early- and late-developing M3s. Late-developing M3s are at a 
significantly higher risk of becoming impacted; early-developing M3s are significantly more 
predisposed to erupt into function. M3s initiating development (crypt stage) at age 12 years are 
for instance approximately 90% more likely to become impacted than are M3 initiated at age 7, 
thus likely requiring closer clinical monitoring. These findings carry direct implications to 
clinical practice, contributing to further optimize M3 assessment and management guidelines, 
particularly those used to prognosticate M3 eruption. Awareness on the implications of these M3 
developmental delays and advances is an essential first step towards advancing research in this 
promising area.  
 
3.6 CONCLUSION 

1. Risk of functional M3 eruption versus impaction can be significantly estimated from 
stage of M3 development at a particular age during growth, for both UM3s and LM3s. 
Sex and jaw side do not significantly contribute towards estimating this risk. 

2. Functional M3 eruption occurs significantly more frequent among M3s that are one or 
more stages early in development (≈55%) and significantly less frequent among M3s that 
are one or more stages late in development (≈1.4%). Late-developing M3s are at a 
significantly higher risk of becoming impacted while early-developing M3s are 
significantly more predisposed to emerge into function. 

3. At a given age, each additional stage of M3 development increase the odds of functional 
M3 eruption in 41%, decreasing the odds of impaction equivalently in 29%. Therefore, 
advances in M3 development promote functional M3 eruption more than it prevents M3 
impaction. Probability of functional M3 eruption as well as risk of impaction depend thus 
on the severity of these delays/advances 

4. Although other characteristics should be additionally evaluated, this work shows that 
late-developing M3s may require closer clinical monitoring given their higher 
predisposition to become impacted. Early-developing M3s, on the other hand, may not 
require prophylactic removal given their greater predisposition to erupting into function.  

5. The crypt of Eruption-prone M3s become radiographically visible around 2.4 years 
earlier that of impaction-prone M3s, despite their approximately equal developmental 
rates (≈0.52 stages/year). It appears thus that impacted M3s are developmentally late not 
due to a slower formation rate but rather due to later onset of development. This is 
additionally supported by the fact that early-developing M3s at T1 remained early in 
development also at T2; late-developing M3s at T1 remained late in development at T2.  

6. M3 developmental delays and advances were less evident in adults than in adolescents 
because adults presented a higher proportion of nearly mature M3s which show less 
developmental variability. M3 development may be a more useful clinical predictor for 
M3 eruption and impaction if assessed from preadolescence or early adolescence. 
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4.1 ABSTRACT  

Introduction: Short retromolar jaw space is a well-established risk factor for third molar (M3) 
impaction in young adults, but space alone does not fully explain how impaction develops. Thus, 
an integrated investigation of multiple traits is required in the field. This study investigates the 
multifactorial etiology of M3 impaction as a means to determine its strongest longitudinal 
predictors, meriting thus particular clinical and investigative concern.   

Material and Methods: 297 M3 regions were studied on retrospective CBCT scans and 
panoramic radiographs of 91 multiethnic Western Canadians aged 9 to 24 years (54 females and 
37 males). All M3 regions were studied at two distinct moments in order to assess longitudinal 
changes of the various traits. To test which traits would more strongly predict M3 eruption status 
(functional eruption vs. impaction) a Generalized Estimating Equation (GEE) model was 
calculated based on a multinomial logistic regression at alpha=0.05. 

Results: Although strongly associated with unavailability of jaw space (Wald X2=17.66, 
p.<0.001), M3 eruption status was co-predicted by multiple traits: stage of M3 development 
(Wald X2=20.92, p.<0.001), degree of M3 mesiodistal tilting (Wald X2=5.79, p.<0.016), record 
of orthodontic interventions and surgical extractions (Wald X2=9.71, p.<0.021), jaw (Maxilla; 
mandible) (Wald X2=5.56, p.=0.018), and patient age (Wald X2=14.21, p.<0.001). M3 eruption 
or impaction was not significantly predicted from M3 crown size, sex, and jaw side. M3 eruption 
status was best explained by multiple traits than by each trait in isolation. Stage of M3 
development, age, and availability of jaw space were the strongest predictors within each jaw.  

Conclusion: M3 impaction is a condition of multifactorial causes and as such is not exclusively 
dependent on availability of jaw space or M3 position but rather to multiple traits which together 
more accurately anticipates M3 impaction than do these traits alone.  

 
Keywords: Wisdom tooth, Maxillofacial growth, Digital radiology, 3D imaging, Odontogenesis, 
tooth impaction, Maxillomandibular development.
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4.2 INTRODUCTION 

Impaction of third molars (M3s) or wisdom teeth is among the major problems facing the dental 
profession (Peterson 1992), affecting approximately 25% of the world population (Carter & 
Worthington 2016). When impacted, M3s not only lack functionality within the oral cavity but 
also become more prone to caries, infections, and other problems (Fisher et al. 2010; Stanley et 
al. 1988). A major concern among clinicians is that M3 impaction can only be definitively 
diagnosed near to or in adult ages, thus the ability to make an early prognosis remains a subject 
of numerous investigations. Individuals with impacted M3s tend to differ in a number of ways 
from those with normally erupted M3s (Richardson 1977), including being short in stature (2020 
Adeyemo) and presenting shorter or underdeveloped jaws (Björk et al. 1956; Ganss et al. 1993; 
Kaplan 1975) as well as malpositioned M3s (Niedzielska et al. 2006; Richardson 1977; Svendsen 
et al. 1985; Vranckx et al. 2019a), among multiple other notable traits (Ragini et al. 2003; Rodu 
& Martinez Jr. 1993). Yet, it remains unclear which traits most significantly characterize whether 
M3s are en route to functionality or impaction.  
 Although several correlates of M3 impaction have been identified (Ragini et al. 2003), 
accurate anticipation of this condition remains impractical (Burdi & Moyers 1988) because 
existing predictive methods are based on few or single traits, most notably jaw space 
(Richardson 1987; Ricketts et al. 1976; Ventä et al. 1997) and/or M3 malposition (Cryer 1968; 
Haavikko et al. 1978) which are highly variable during growth, and thus unpredictable over time. 
The retromolar area, for instance – where M3s develop and erupt – is highly variable not only in 
morphology but also in terms of timing, rate, and amount of growth (Björk et al. 1956; Svendsen 
et al. 1985; Svendsen & Björk 1988) due to the multiple factors controlling skeletal development 
(e.g., genetics, function, overall body size, muscle activity, malnutrition, orthodontic 
forces)(Moyers & Enlow 1988). Also unpredictable is the M3 position which often changes in 
erratic ways during growth (Huggins & McBride 1978; Miclotte et al. 2017; Richardson 1978; 
Silling 1973), particularly before the M3 root forms. Therefore, despite being notable traits of 
M3 impaction, M3 malposition and insufficient eruption space are not reliable predictors of M3 
eruption, particularly if considered in isolation from other traits. 
 Investigation of multiple traits is thus an essential measure for advancing our knowledge 
on the collective mechanisms leading M3s to either erupt into function or become impacted. 
Prognosis of functional M3 eruption, particularly if made from preadolescence or early-
adolescence, could facilitate early preventative clinical measures to either revert or minimize the 
harmfulness of impaction-prone M3s (Vranckx et al. 2019a) as well as the identification of 
eruption-prone M3s before some of them are prophylactically removed (Boughner 2013). It must 
be noted however that to determine which traits most significantly anticipate M3 eruption or 
impaction, the effects of a particular trait of interest must be investigated against the effects of 
other traits. Thus, multiple traits must be simultaneously investigated. This analytical method is 
relevant because despite the research advances in this field, past investigations have addressed 
potential risk factors mostly in isolation, often through individual Chi-squared tests, even when 
multiple risk factors were investigated in the same study (see Chapter 3), in spite of multiple 
regression models being more appropriate for such purpose (Carter 2016).  
 Because of this fragmented analytical approach, currently no consensus exists regarding 
whether or how combinations of traits predispose M3s towards eruption versus impaction. Past 
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studies diverge for example not only on whether M3 impaction occurs more often in females 
(Celikoglu et al. 2010; Hassan 2011; Raloti et al. 2013) versus males (Guo et al. 2014; Haidar & 
Shalhoub 1986; Hattab et al. 1995), or in the maxilla (Dachi & Howell 1961; Stermer Beyer‐
Olsen et al. 1989) versus the mandible (Quek et al. 2003; Syed et al. 2013), but also whether 
impaction frequency is symmetric between jaw sides (Sasano et al. 2003; Topkara & Sari 2013) 
or significantly higher/lower in older individuals (Jung & Cho 2013b; Scherstén et al. 1989). One 
hypothesis to explain these conflicting findings is that sex, jaw type (maxilla; mandible), jaw 
side (right vs. left), and patient age are only weak correlates of M3 impaction, a premise that can 
only be tested by investigating these and other traits simultaneously. This is, however, not the 
only issue: other traits of unclear association with M3 impaction exist and warrant 
contemplation. Individuals with larger teeth for example, including larger M3s (Henry 1969; 
Richardson 1977), are also thought to be more predisposed to M3 impaction (Forsberg 1988), 
while clinical interventions such as orthodontic therapy (Bayram et al. 2009; Yavuz et al. 2006) 
and tooth extractions (Cavanaugh 1985; Elsey & Rock 2000; Wilson 1974) are thought to 
increase one’s predisposition to M3 eruption. Similarly, late M3 development (Svendsen & 
Björk 1988) has been more recently investigated (Lauesen et al. 2013; Marchiori et al. 2019) as a 
trait that explain M3 impaction more reliably. Despite their associations with M3 impaction, all 
these traits have only rarely been addressed collectivity (Carter 2016), thus their overall and 
individual contributions remain to be determined, being this one of the main objectives of the 
present work.  
 While the aforementioned gaps in knowledge are likely addressable by utilizing proper 
analytical techniques, conflation of impaction with failure of eruption is another aspect of past 
works that also merit concern. This is a concern because erupted M3s can of course be impacted 
too, while unerupted M3s are not necessarily all impacted. This shows that “Eruption” and 
“impaction” are often not the only two possible outcomes in randomized samples (e.g., M3s 
which are neither erupted or impacted may also exist in such samples). This task has been 
embraced in the present investigation as a means to address two main questions of notable 
relevance: collectively, what signs (or traits) indeed merit clinicians’ concern as a predictor for 
M3 eruption versus impaction? Which traits are most likely to anticipate these outcomes? 
 To more comprehensively address these questions, a multiple regression model was 
calculated to best explain risk of functional M3 eruption versus impaction. This model was based 
on a collective analysis of multiple traits suspected to alter one’s predisposition to one or another 
of the above outcomes: stage of M3 development, M3 crown size, degree of M3 mesiodistal 
tilting, availability of jaw space, jaw type, jaw side, record of orthodontic intervention and/or 
tooth extractions, sex, and patient chronologic age. We hypothesized that M3 impaction is a 
condition of multifactorial causes and, as such, is more fully explained by multiple traits than by 
traits in isolation. Ultimately, this analysis was done for main purposes of: 1) identifying traits 
that collectively contribute for estimating the risks of functional M3 eruption versus impaction,  
and 2) determining the traits that contribute most significantly for predicting such risks, 
warranting thus particular clinical concern.
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4.3 MATERIALS AND METHODS 

4.3.1. Study design and sample characteristics 

This is a study of longitudinal design based on a set of retrospective radiographic dental records. 
The subjects studied here are from multiethnic populations of residents in Western Canada for 
whom cone beam computed tomographic (CBCT) scan image files and panoramic dental 
radiographs were archived at the College of Dentistry, University of Saskatchewan. All images 
had been taken by request of general and specialist dentists for various diagnostic purposes, 
and/or for surgical and orthodontic planning, and not for this investigation. Therefore, none of 
the patients investigated were radiographed for the sole purpose of this study. Imaging records 
were accompanied by diagnostic radiographic reports from an oral and maxillofacial radiologist 
(GVP) as well as clinical charts and photographs, and these recourses also helped select 
candidate patients to this study. Despite the noticed multiethnic characteristic of the population 
studied, patient ethnicity was not assessed here because this variable is not normally recorded in 
professional dental practice. Imaging records selected for this investigation (see Selection 
Criteria) were then de-identified and studied under USask ethics permit BIO#11-202. All scans 
were collected using an i-CAT imaging unit, visualized on Horos software version 3.2.1 (Nimble 
Co LLC, Annapolis, MD, USA), and measured using Xoran i-CAT software version 3.1.62 
(Imaging Sciences International, U.S.A.). We adopted the dental notation system ISO 3950-
1984(E) from the World Dental Federation (ISO & FDI 1985) for identifying molar regions and 
oral quadrants of the oral cavity: 1=upper right, 2=upper left, 3=lower left, 4=lower right).  
 
4.3.2. Selection criteria 

Two hundred and ninety seven molar regions (180 in the maxilla; 117 in the mandible) were 
investigated from 91 patients (54 females, 37 males) who met the selection criteria according to 
the steps shown in Supplement Figure 7.1. More than one molar region may have been included 
from each selected patient, but for a given patient, not all four molar regions were always eligible 
for inclusion ( 
Figure 4.1). Ultimately, our final sample of molar regions was selected according to the 
following criteria:  

1. Patient chronologic age: 9 to 24 years, a period within which M3s are likely to be 
detected radiographically for clinical or investigative purposes (Liversidge 2008).  

2. Availability of longitudinal records: Two or more radiographic records taken at distinct 
ages were required from each patient. If several longitudinal records were available for a 
given individual, the earliest (T1) and latest records (T2) containing radiographic 
evidence of a developing M3 were selected (Supplement Figure 7.2). This process 
allowed M3s to be investigated for the longest possible period of development. Towards 
evaluating maximum molar developmental variability, T1 and T2 records were only 
considered if they were one year or more apart from each other. 

3. Radiographic Record Type: Two types of images were required from each patient: a 
panoramic radiograph and a CBCT scan. Panoramic radiographs, which are a ubiquitous 
and classic source of dental development data, were required at T1 to assess multiple 
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anatomical features potentially associated with M3 eruption status, while also allowing 
compatibility between the present study and other investigations based on panoramic 
radiographs. CBCT scans, on the other hand, were required at T2 for more accurately 
assessing the M3’s three-dimensional (3D) spatial position within the jaw as well as M3 
emergence status relative to surrounding hard and soft tissues (Supplement Figure 7.6). 
CBCT scans were also used to measure the mesiodistal length of the M3 crown, a 
procedure which cannot be done accurately on panoramic radiographs due to possible 
image magnification and/or distortions.  

4. Image Quality: Images with motion artifact, beam hardening vestige or other 
characteristics that prevented visualizing the areas of interest were excluded.  

5. Morphological and Health-related factors:  
Records were also excluded if: 

a. They showed congenital malformations or pathoses of the maxillofacial skeleton, 
or if there was a history of trauma or other disturbances that may have affected 
normal dental development (e.g., cysts, micrognathia). 

b. M3 was developmentally mature at T2 (i.e., finished developing), or 
developmental stage could not be confidently determined. Any oral quadrant not 
containing a radiographically detectable M3 at T2 was also excluded, regardless 
of the reason(s) for that M3 absence (e.g., extraction, agenesis). 

c. M1s were not fully erupted to the occlusal level or were malpositioned (i.e., not 
aligned in the dental arch or with noticeable mesiodistal tiltings). Full M1 
eruption was required to accurately assess the M2 and M3 positions in the dental 
arch relative to the M1’s position. 

d. Severe dental crowding, dental arch asymmetries or anterior open bite was 
present, as a measure to address cases where M3 impaction is potentially caused 
by the characteristics investigated here, rather than by malocclusions. 
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Figure 4.1 Sample size of females and males included in the study as well as their eligible molar regions (oral 
quadrants). Each individual code on the left represents a given patient while horizontal bars represent their four oral 
quadrants. Investigated oral quadrants are identified by dark colors (grey) while non-investigated oral quadrants (i.e., oral 
quadrants that were not eligible for inclusion in the study) were left uncolored (white). Note that not all molar regions 
were always eligible for inclusion. Ultimately, this study assesses 297 molar regions (180 in the maxilla; 117 in the 
mandible) of 91 patients (54 females and 37 males). 
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4.3.3. Outcome measure and predictive traits 

A total of ten (10) patient characteristics (9 predictors; 1 outcome) were studied in the population 
investigated here. Nine of these characteristics – stage of M3 development, M3 crown size, 
degree of M3 mesiodistal tilting, availability of jaw space distal to the M1, jaw type, jaw side, 
record of orthodontic intervention and/or tooth extraction, sex, and patient age – were temporal 
and morphological traits that were simultaneously investigated as potential predictors for M3 
eruption versus impaction status – the main outcome of interest (Supplement Figure 7.5). All 
nine predictive traits were assessed in two distinct moments (i.e., longitudinally) so that their 
potential changes over time could be taken into account when predicting M3 eruption status. 
However, it must be noted that not all traits were subject to such longitudinal changes (e.g., sex, 
jaw type, M3 crown size) (Supplement Figure 7.4).  

Repeatability (intra-rater) and reproducibility (inter-rater) of the methods utilized for 
assessing the aforementioned variables were evaluated using Intraclass correlation coefficients 
(ICC) pilot tests: excellent levels were achieved in all methods (i.e., ICC>0.90) at an alpha level 
= 0.05. In addition, a number of these traits were investigated at the patient level (e.g., Sex, age) 
while others were assessed at a more restricted intra-patient level (e.g., Jaw type; jaw side). In 
several instances, M3s from more than one oral quadrant of a given patient were investigated and 
measured. Thus, dependence among multiple observations recorded from the same patient were 
accounted by the particular statistical modeling utilized (see Analytical Design). 
 
Outcome measure – M3 eruption status (M3Eruption.status) 
An additional group was created to accommodate all M3s which were categorized neither as 
erupted (i.e., functional) or impacted (i.e., unfunctional) to help control for misclassification bias 
(Supplement Figure 7.7, Supplement Figure 7.8, Supplement Figure 7.9). These three groups of 
M3 eruption status (M3Eruption.status) were identified as: Eruption, Impaction, and Moderator. For 
the purpose of this work, M3s allocated to the Eruption, Moderator, and Impaction groups will 
be hereon referred to simply as M3sEruption, M3sModerator, and M3sImpaction, respectively. Given that 
M3 eruption (M3Eruption.status) was assessed at T2, this variable is also referred to as M3Eruption.status–

T2 when applicable. 
 
Predictive trait 1 – Stage of M3 Development (M3Dev.stage) 
M3 development was assessed according to nine radiographically distinct stages: crypt 
appearance; followed by eight progressive stages of crown and root mineralization as per 
Demirjian’s classification (Supplement Figure 7.10). Given that both mineralization and pre-
mineralization events were investigated here, we henceforth use the term M3 development, 
rather than other common terms, most notably: maturation, mineralization, or calcification.  

M3 developmental stage, is throughout the study referred to as M3Dev.stage while the 
alternative notations M3Dev.stage–T1, M3Dev.stage–T2, and M3Dev.stage–T1|T2 indicate whether M3 
development was studied at T1, T2, or both times, respectively. 
 
Predictive trait 2 – M3 crown size (M3Size) 
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The mesiodistal lengths of M3 crowns were assessed in both maxillae and mandibles of all 
individuals included in the study. Given that T2 records were comprised of CBCT scans with 3D 
capabilities and superior measurement accuracy when compared to conventional 2D oral 
radiographs, all measurement data for M3 crown length were recorded at T2 using our 
previously published methodology (Supplement Figure 7.11). Measurement tools of a 
proprietary software (Xoran iCAT) was used to assess M3 crown size, being it recorded in 
millimeters. M3 crowns were measured at their maximum circumference to allow their 
maximum mesiodistal length to be recorded. Throughout the study the variable mesiodistal M3 
crown size was identified by the general notation M3Size. 
 
Predictive trait 3 – Mesiodistal tilting of the M3 on its long axis (M3Tilt) 
The mesiodistal tilting of the M3 long axis was measured on panoramic radiographs at T1 and 
T2, utilizing measurements adapted from previously published protocols. The adopted method 
utilizes a scale of M3’s degree of mesiodistal tilting that ranges from 0º to +180º (mesially) or –
180º(distally), comprising thus 360º of variability (Supplement Figure 7.12). Despite the 
theorized variance, the actual degree of mesiodistal M3 tilting in this population ranged from -
67.90º (67.90º of distal tilting) to +84.10º (84.10º of mesial tilting), resulting in an overall 
observed variance of 152º. Mesiodistal tilting of the M3 on its long axis is throughout the study 
referred to by the notation M3Tilt, while M3Tilt–T1 and M3Tilt–T2 indicate whether this variable was 
assessed at T1 or T2.  

 
Predictive trait 4 – Relative availability of retro-M1 jaw space (spaceRetro–M1) 
To study jaw space availability, the mesiodistal length of the retro-M1 area was measured 
against the combined mesiodistal lengths of M2 and M3 crowns. For that, these molar crowns 
were measured along their maximum mesiodistal diameters, while the retro-M1 area was 
measured from the distal-most point of the M1’s crown to i) the ascending ramus of the mandible 
or ii) the distal-most point of the maxillary tuberosity (Supplement Figure 7.13). Fully erupted 
M1s were used as a mesial landmark because M2s were still forming and erupting in several of 
the patients studied here. All measurements were taken and recorded from panoramic 
radiographs using values of relative (rather than absolute) space availability derived from metric 
measurements, as follows:  

;<,/=,>=#	?%,-#	

@#AB/5#4	?%,-#
= 3#?/04/?.,=	=#1C.D	0E	.D#	5#.50F3!	,5#,	(++)

G0+>/1#4	4/,+#.#5?	0E	.D#	37	,14	38	-50H1?	(++)
=		 spaceratio 

 
Where spaceratio is the relative availability of space in the retro-M1 area, expressed through a 
ratio value. Naturally, to accommodate both molars (M2 and M3), the length of the retro-M1 
area must exceed the combined length of these molar crowns. However, depending on the length 
of this space, each molar (M2; M3) may be accommodated to a different extent (e.g., fully-, 
partially-, or even non-accommodated) (Supplement Figure 7.14). This is relevant because M2s 
develop and erupt earlier than M3s, being thus more prone to be accommodated in full. To 
account for such differences, M2s and M3s were assessed individually, using a compound 
calculation method:  



 

 83 

spaceRetro–M1 =	 (	%	of	M2	accommodation) + (%	of	M3	accommodation) 
 
Where ‘% of M2 accommodation’ is the percentage of the M2 crown length accommodated in 
the existing jaw space distal to the M1, and ‘% of M3 accommodation’ is the percentage of the 
M3 crown length accommodated in the remaining space. Under this method, result values ranged 
from 0% (neither the M2 nor M3 is accommodated into their retro-M1 area) to 200% (sufficient 
space exists to accommodate both the M2 and M3). Values between 0% and 200% represent 
partial availability of space (i.e., partial accommodation of M2s and/or M3s). For analytical and 
descriptive purposes, these values were converted into a continuous scale comprising seven 
levels, as follows:   

0 – M20|M30 Neither the M2 nor M3 is accommodated into their retro-M1 area (i.e., the 
available space is insufficient).  

1 – M21|M30 Only the M2 is accommodated; to a minor extent (<50% of its crown 
length).  

2 – M22|M30 Only the M2 is accommodated; to a major extent (>50% of its crown 
length).  

3 – M23|M30 Only the M2 is accommodated; fully (100% of its crown length).  
4 – M23|M31 In addition to the M2, the M3 is also accommodated; to a minor extent 

(<50% of its crown length).  
5 – M23|M32 In addition to the M2, the M3 is also accommodated; to a major extent 

(>50% of its crown length).  
6 – M23|M33 In addition to the M2, the M3 is also accommodated; fully (100% of its 

crown length).  
 
Predictive trait 5 – Females vs. males (SEX) 
A greater number of females (N=54) than males (N=37) was seen in the patient sample assessed. 
From all 297 molar regions that passed our selection criteria, 178 (≈60%) were from females and 
119 (≈40%) were from males. Throughout the study, this variable is referred to by the notation 
SEX, being it comprised of two categorical levels: females and males. Because it is unknown 
whether these patients' reported gender differed from their biological sex (i.e., “sex” was a self-
reported by all patients), gender was taken as a proxy for sex in this population. 
 
Predictive trait 6 – Maxillary vs. mandibular jaw (JAW) 
While the rate of M3 impaction between upper and lower jaws has been reported extensively in 
the literature, most reports do not agree on whether impaction is more prevalent in one jaw 
versus the other. The present study aims to address this ambiguity. To determine whether M3 
eruption status can be significantly anticipated based upon the jaw under investigation, maxillary 
and mandibular molar regions were studied, respectively, in 91.2% (N=83) and 91.2% (N=83) of 
the patients evaluated here. From all molar regions included in the study, 48.5% (N=144) were 
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maxillary while 51.5% (N=153) were mandibular. This variable is throughout the study referred 
to by the notation JAW and is represented by two categorical levels: maxilla and mandible. 
 
Predictive trait 7 – Right vs. left oral quadrant (JSIDE) 
Given that each jaw has a molar on both the right and left sides, jaw side (i.e., right and left oral 
quadrants) was investigated as a potential predictor of M3 eruption variability. The working 
hypothesis is that the frequency of M3 impaction (or eruption) does not differ significantly 
between both sides of the maxilla or mandible. Although not all maxillae and mandibles could be 
studied bilaterally (i.e., some molar regions failed to pass this study’s inclusion criteria), the final 
sample contained a relatively balanced proportion of right and left molar regions: right (N=143; 
≈48%), left (N=154; ≈52%). Among all 83 maxillae assessed, 61 (≈73%) were studied bilaterally 
while 22 (≈27%) were studied only unilaterally ( 
Figure 4.1). Among 83 mandibles assessed, 70 (≈84%) were studied bilaterally while 13 (≈16%) 
were studied unilaterally. Throughout the study, jaw side is referred to as JSIDE and is 
represented by two categorical levels: right and left. 
 
Predictive trait 8 – Patient chronological age (AGE) 
Patient chronological age (i.e., time elapsed since birth) was assessed and recorded in years at 
two distinct moments: T1 and T2. The amount of time elapsed between T1 and T1 averaged 3.2 
years but was as short as 1 year for some patients or as long as 8.17 years for others (Figure 4.2). 
The average population ages at T1 and at T2 were 13.5±1.71 years (Std. dev.) and 16.8±1.62 
years (Std. dev.), respectively. No patients younger than age 9 year or older than age 24 years 
were investigated. Patient chronologic age is throughout the study referred to as AGE, while 
AGE–T1 and AGE–T2 informs whether AGE was assessed at T1 or T2, respectively.  
 
Predictive trait 9 – Record of clinical interventions | Clinical group (CLIG) 
Clinical interventions within a given oral quadrant, particularly those for orthodontic and/or 
surgical tooth removal purposes, were investigated here because they are suspected to alter the 
patient’s predispositions to M3 impaction. To determine whether patients’ predisposition to M3 
eruption or impaction may be anticipated from their past clinical records, four clinical groups 
(CLIG) were identified in this sample of 91 patients (Figure 4.3): 

1. BASE or “Baseline” group (N=53 patients). Includes oral quadrants who were never 
subject to orthodontic or oral surgical interventions for tooth removal. Approximately 
59% of all patients investigated fell in this group; these individuals contributed with 
58.6% (N=174) of all oral quadrants (molar regions) studied. 

2. ORTH or “Orthodontic” group (N=29 patients). Includes oral quadrants that received 
orthodontic treatment without extractions. Normally, two or more oral quadrants were 
studied in these individuals (e.g., orthodontic interventions in a given jaw are often 
bilateral). These individuals accounted for approximately 32% of the whole patient 
sample and contributed with 32% (N=95) of all molar regions studied. 
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3. EXTR or “Extraction” group (N=05 patients). Includes oral quadrants of non-orthodontic 
patients who had at least one permanent teeth (normally canines or premolars) extracted 
for reasons other than orthodontic purposes. These individuals accounted for 
approximately 5% of all patients but, given that such extractions were rarely bilateral, 
they contributed with only 3.7% (N=11) of all molar regions studied. 

4. ORTH-EXTR or “Orthodontic-Extraction” group (N=09 patients). Includes oral 
quadrantsof non-orthodontic patients who had at least one permanent teeth (normally 
canines or premolars) extracted for reasons other than orthodontic purposes. These 
individuals accounted for approximately 5% of all patients but, given that such 
extractions were rarely bilateral, they contributed with only 3.7% (N=11) of all molar 
regions studied. 
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Patient ages at T1 (earliest records) and T2 (latest records) 

 
Figure 4.2 Patient ages at T1 (earliest records) and T2 (latest records). All patients included in the 
present investigation were assessed at two distinct moments: at T1 (from their earliest records) and at T2 
(from their latest records). The bars in the plot comprise this period between T1 and T2 which differs in 
duration across most patients, showing that some patients were studied for a longer period than others. This 
T1-T2 period was as short as 1 year for some patients or as long as 8.17 years for others but averaged 3.2 
years in the whole population.
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Distribution of patients according to type of clinical intervention 
reported on their dental record(s). 

 
 

Figure 4.3 Patient groups according to the type of clinical intervention on record. Both orthodontic and 
non-orthodontic patients may have been subject to surgical tooth removal(s), leading to the identification of 
four distinct groups: 1) BASE, a baseline group of individuals who were non-orthodontic patients and for 
whom no records of tooth extraction(s) existed on file; 2) EXTR, a group of non-orthodontic patients who had 
been submitted to tooth extraction(s) for diverse reasons; 3) ORTH, a group of patients who had received 
orthodontic treatment but for whom no records of tooth extractions existed on file; and 4) ORTH-EXTR, a 
group of orthodontic patients with records of one or more teeth extracted as part of their orthodontic treatment. 
White spaces (gaps) indicate the specific oral quadrants that have not passed the study’s eligibility criteria and 
thus were not investigated.

BASE Patients (N=53) | Oral quadrants (N=174)
EXTR Patients (N=05) | Oral quadrants (N=11)
ORTH Patients (N=29) | Oral quadrants (N=95)

ORTH-EXTR Patients (N=09) | Oral quadrants (N=17)
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4.3.4. Analytical Design 

Quantitative analyses were utilized as the main method of data assessment. A Generalized 
Estimating Equation (GEE) model was calculated to predict M3 eruption status (M3Eruption.status) 
based upon stage of M3 development (M3Dev.stage), mesiodistal length of the M3 crown (M3Size), 
mesiodistal tilting of the M3 on its long axis (M3TILT), relative availability of jaw space distal 
to the M1 (spaceRetroM1), and record of orthodontic intervention and/or tooth removal (CLIG), 
while controlling for the influence of sex (SEX), jaw type (JAW), jaw side (JSIDE), age (AGE), 
and potential interactions across independent variables. For this test, M3Eruption.status was the 
outcome measure of interest (e.g., dependent variable), which was categorized into three non-
ordinal groups: 0=Impaction, 1=Moderator, and 2=Functional eruption. Given the multi-
categorical nature of this dependent variable, a multinomial logistic (rather than a linear) 
regression test was utilized. The probabilities of M3Eruption.status–T2=2 (Functional M3 eruption; 
i.e., the main response of interest) and M3Eruption.status–T2=1 (Moderator; i.e., neither functional 
eruption nor impaction) were thus determined against a reference category (M3Eruption.status–T2=0; 
Impaction), as follows: 
 
Probability of observing functional eruption (i.e., M3Eruption.status–T2 =2): 

  !

!"#$%('!"#$%&'())	"	#$%('*(+,-$&(-)
 ……………………………………ProbEruption 

 
Probability of observing neither impaction nor functional eruption (i.e., M3Eruption.status–T2 =1): 

 #$%('*(+,-$&(-)
!"#$%('!"#$%&'())	"	#$%('*(+,-$&(-)

 ………...................…………..……ProbModerator 

 
Probability of observing impaction (i.e., M3Eruption.status–T2 =0): 

  #$%('!"#$%&'())
!"#$%('!"#$%&'())	"	#$%('*(+,-$&(-)

 ……………………………………ProbImpaction 

 
Where L(Impaction) = log(πi(Impaction)/πi(Eruption)), the logit (i.e., the log odds) for observing 
M3Eruption.status–T2=0 (Impaction), rather than M3Eruption.status–T2=2 (Functional eruption); and 
L(Moderator) = log(πi(Moderator)/πi(Eruption)), the logit for observing M3Eruption.status–T2=1 (Moderator), 
rather than M3Eruption.status–T2=2 (Functional eruption). Each logit was determined as follows: 
L(Impaction)=(!"(*+%,-./01) -Q), and L(Moderator)=(!"(304#5,.05) -Q), where Q=%&! '!+. . . +%&2 '2 . 
Here, !" and “ %&! , . . . , %&2 ” are population parameters predicted from a number of independent 
explanatory variables “ X1, … , Xk ”. A total of nine explanatory variables were tested as 
potential predictors of M3Eruption.status, each annotated, coded, and scaled as follows:    
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Variable 1. M3Dev.stage: Continuously scaled variable, expressed in molar developmental 
stages that ranged from zero (0=“development not-in-progress”) to nine 
(9=“development is complete”). 

Variable 2. M3Size: Continuously scaled variable, expressed in millimeters. 
Variable 3. M3Tilt: Continuously scaled variable, expressed in degrees which ranged 

±180o from 0o.  
Variable 4. spaceRetroM1: Continuously scaled variable expressed in relative space 

availability, ranging from zero (0=insufficient) to two (2=sufficient).  
Variable 5. SEX: Categorical variable, dummy coded as 0=females and 1=males, where 

the lowest level was the reference level. 
Variable 6. JAW: Categorical variable, dummy coded as 0=maxilla and 1=mandible, 

where the lowest level was used as reference.  
Variable 7. JSIDE: Categorical variable, dummy coded as 0=right oral quadrant and 

1=left oral quadrant, where the lowest level was used as reference. 
Variable 8. AGE: Continuously scaled variable, coded in years. 
Variable 9. CLIG: categorical variable with four levels, dummy coded as 0=“BASE”, 

1=“ORTH”, 3=“EXTR”, or 4=”ORTH-EXTR” where the lowest level was 
used as reference. 

 
To identify among the aforementioned traits those which significantly predict M3Eruption.status, all 
variables were analyzed collectively (e.g., for determining their overall significance, relative to 
each other). The risks of functional M3 eruption and impaction were determined thus from a 
model which accounted for the contributions of all variables. Variables’ specific contributions 
were determined from a) their particular odds ratio and b) the model’s goodness-of-fit. 

The full and reduced forms of the collective model are given as follows: a) Full model; 
Log(πi(j)/πi(Eruption)) = !" 	I +	%&!	IMSTG-T1|T2 +	%&7	I M3Size +	%&8	I M3Tilt–T1|T2 +	%&9	I spaceRetroM1-T1|T2 
+	%&:	ISEX +	%&J	IJAW +	%&K	IJSIDE +	%&L	I AGE–T1|T2 +	%&M	ICLIG; b) Reduced model; 
Log(πi(j)/πi(Eruption)) = !" 	I . Where Log(πi(j)/πi(Eruption)) is the logit of observing a given j outcome 
(j=0, Impaction; or j=1, Moderator) rather than functional eruption. For model building purposes, 
standard analytical steps were utilized (Supplement Figure 7.15). At each step, variables or 
interaction terms that were identified as statistically significant were kept in the model for further 
investigation in subsequent steps, until a final model was determined. Subsequently, post-
estimation (Post-Hoc) tests (Bonferoni-corrected) and visual analytical methods (e.g., 95% CI 
error bar plots, bean plots, and scatter plots) were used to illustrate and communicate the main 
findings. 

GEE modeling was utilized in order to assure no violation of the assumption of 
independence, producing thus regression parameters which are corrected for potential 
correlations among multiple within-subject observations. Because some variables were subject to 
changes between T1 and T2, accounting for repeated measures was also utilized during the 
calculation of the model estimates. Inference from GEE models was based on estimates from 
Wald tests. Goodness-of-fit was assessed from the GEE equivalent of the Akaike Information 
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Criterion (AIC), the Quasi-AIC (QIC). All statistical tests were run on Statistical Package for 
Social Science (IBM SPSS Statistics, version 26, 64-bits, Armonk, NY: IBM Corp, USA) with 
an alpha level set at 0.05 (in the multivariable analyses) or 0.25 (in the univariable analyses, used 
for individual initial screening of potential interactions) (Hosmer & Lemeshow 2000). All 
predictions were made at the population level, rather than at an individual level.
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4.4 RESULTS 

4.4.1. Predictive traits and their significance  

M3 eruption status was strongly associated with unavailability of jaw space but was co-
predicted by five other traits  

Out of the nine traits examined, six contributed significantly for predicting M3Eruption.status. These 
traits were stage of M3 development (M3Dev.stage–T1|T2; Wald X2=20.92, p.<0.001), degree of 
mesiodistal tilting (JAW*M3Tilt–T1|T2; Wald X2=5.79, p.<0.016), relative availability of retro-M1 
jaw space (spaceRetroM1-T1|T2; Wald X2=17.66, p.<0.001), record of orthodontic and/or tooth 
extraction(s) (CLIG; Wald X2=9.71, p.<0.021), jaw type (JAW; Wald X2=5.56, p.=0.018), and 
patient ages at T1 and T2 (AGE–T1|T2; Wald X2=14.21, p.<0.001) (Table 4.1).   

On the other hand, M3 crown size (M3Size), sex (SEX), and jaw side (JSIDE) did not 
contribute significantly to predicting M3Eruption.status. That is, the risk of functional M3 eruption 
versus impaction was not predicted to differ significantly based upon the size of the M3 crown 
(M3Size; Wald X2=1.07, p.=0.301), or between males and females (SEX; Wald X2= 0.79, 
p.=0.374), or between the right and left oral quadrants of a jaw (JSIDE; Wald X2=0.01, 
p.=0.911) (Table 4.1). Overall, the predicted probability of functional M3 eruption in this 
population was equal to 1/[1 +exp(-2.933-Q) +exp(0.506-Q)], where Q was equal to 
0.734(M3Dev.stage–T1|T2) -0.164(M3Size) -0.077(M3Tilt–T1|T2) +0.928(spaceRetroM1-T1|T2) +2.072(JAW) 
-0.021(JSIDE) -0.305(SEX) -0.448(AGE–T1|T2) -1.872(CLIG=3) -0.641(CLIG=2) -
1.343(CLIG=1) -0.001(M3Tilt)2 +0.111(JAW=1)*(M3Tilt)2 (Table 4.2). 

 
 
  

Table 4.1 Multivariable analysis: Variables tested for association with M3 
eruption status, based on a multinomial GEE logistic regression model. 

Covariates Wald X2 Df Sig.  
     

M3Dev.stage–T1|T2 20.92 1 <0.001 ❊ 
M3Size 1.07 1 0.301  

M3Tilt–T1|T2 3.69 1 0.055  
spaceRetroM1-T1|T2 17.66 1 <0.001 ❊ 

JAW 5.56 1 0.018 ❊ 
JSIDE 0.01 1 0.911  

SEX 0.79 1 0.374  
AGE–T1|T2 14.21 1 <0.001 ❊ 

CLIG 9.71 3 0.021 ❊ 
(M3Tilt–T1|T2)2 9.72 1 <0.001 ❊ 

JAW * M3Tilt–T1|T2 5.79 1 0.016 ❊ 
     

 
Multiple morphologic and temporal traits were found to be significant predictors of M3 eruption 
status at T2 (M3Eruption.status–T2). Stage of M3 development (M3Dev.stage–T1|T2), availability of jaw space 
at T1 (spaceRetroM1-T1|T2), jaw type (JAW), patient chronological age (AGE–T1|T2), mesiodistal tilting 
of the M3 (M3Tilt–T1|T2), and clinical patient group (CLIG) were all significant and direct predictors 
of M3 eruption status. However, eruption status did not differ significantly according to the size of 
the M3 crown (M3Size) or between the sexes (SEX) or jaw sides (JSIDE). Dependent Variable: 
M3Eruption.status–T2; X2=Chi-Square; Df=Degrees of freedom; Sig.= p-value; (❊)=Significant at 
alpha=0.05.
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Table 4.2 Odds of functional M3 eruption for all investigated variables and their levels, 
based on a multivariable multinomial GEE logistic regression model.  

       Odds ratio 

Variables Categories B 95% Wald CI SE   Ψ 
95% Wald CI 

for the Ψ 
         

M3Dev.stage–T1|T2 – 0.734 ( 0.42, 1.05 ) 0.16 ❊  2.08 ( 1.52, 2.86 ) 
M3Size – -0.164 ( -0.48, 0.15 ) 0.16   0.85 ( 0.62, 1.16 ) 

M3Tilt–T1|T2 – -0.077 ( -0.12, -0.04 ) 0.02 ❊  0.93 ( 0.89, 0.96 ) 
spaceRetroM1-T1|T2 – 0.928 ( 0.50, 1.36 ) 0.22 ❊  2.53 ( 1.64, 3.90 ) 

(JAW=1) mandible 2.072 ( 0.35, 3.79 ) 0.88 ❊  7.94 ( 1.42, 44.41 ) 
(JAW=0) maxilla a       

(JSIDE=1) left -0.021 ( -0.39, 0.35 ) 0.19   0.98 ( 0.67, 1.42 ) 
(JSIDE=0) right a       

(SEX=1) males -0.305 ( -0.98, 0.37 ) 0.34   0.74 ( 0.38, 1.45 ) 
(SEX=0) females a       

AGE–T1|T2 – -0.448 ( -0.68, -0.22 ) 0.12 ❊  0.64 ( 0.51, 0.81 ) 
(CLIG=3) ORTH-EXTR 1.872 ( -3.25, -0.50 ) 0.70 ❊  6.50 ( 1.65, 25.65 ) 
(CLIG=2) ORTH 0.529 ( -2.45, 1.17 ) 0.92   1.70 ( 0.83, 3.45 ) 
(CLIG=1) EXTR 1.231 ( -2.69, 0.01 ) 0.69   3.42 ( 0.89, 13.13 ) 
(CLIG=0) CTRL a       

(M3Tilt–T1|T2)2 – -0.001 ( 0.00, 0.00 ) 0.00 ❊  1.00 ( 1.00, 1.00 ) 
(JAW=1) * M3Tilt–T1|T2 – 0.111 ( 0.02, 0.20 ) 0.05 ❊  1.12 ( 1.02, 1.22 ) 
(JAW=0) * M3Tilt–T1|T2 – a       

         
 
The table provides the odds of functional M3 eruption for all variables and their levels. Odds may be interpreted as 
a measure of strength in the association between a given predictive trait and an outcome of interest. In this respect, 
each additional degree of M3 tilting at T1 explained on average 7% of the variability in the likelihood of functional 
M3 eruption (Odds ratio=0.93). Other variables, however, explained this variability to a greater extent. Each 
additional stage of M3 development, for example, was associated with a variability of approximately 108% in the 
likelihood of functional M3 eruption (Odds ratio=2.08). Dependent Variable= M3Eruption.status–T2 (multileveled 
response); Reference level= 0 (Impaction). (a)=Reference category; (–)=Continuous variable (e.g., no categories); 
B=Coefficient; CI=Confidence interval; SE=Standard Error; (Ψ)=Odds ratio; (❊)=Significant at alpha=0.05
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4.4.2. Significant traits: Isolated effects  

1st Predictive trait. M3’s mesiodistal tilting – Severely tilted M3s were less likely to erupt 
functionally but complete lack of tilting did not necessarily rule out impaction  

The degree of M3 mesiodistal tilting (M3Tilt) significantly predicted M3 eruption status. 
However, both degree of tilt and orientation differed significantly between upper (-23.71º; 
negative tilt= distal orientation) and lower M3s (+40.74º; positive tilt= mesial orientation), 
requiring thus M3Tilt to be evaluated separately for each individual jaw. While in the maxilla, 
M3sImpaction were not necessarily more severely tilted (i.e., more deviated from 0º) (-
11.22º±17.40o, Std. Dev.) than M3sEruption (-20.62º±10.38º, Std. Dev.) and M3sModerator (-
24.78º±14.73o, Std. Dev.), in the mandible, a significantly more severe tilt was found for 
M3sImpaction (+52.52º±12.49o, Std. Dev.) than M3sEruption (+33.16º±11.65o, Std. Dev.) and 
M3sModerator (+38.76º±12.83o, Std. Dev.) (Supplement Figure 7.18).  

In general, each additional degree of M3 tilt was predicted to reduce the odds of 
functional M3 eruption at T2 by 7% (Odds=0.93; C.I.=0.89, 0.96), while promoting an increase 
of 8% in the odds of impaction (Odds=1.08; C.I.=1.04, 1.12) (Table 4.2). M3s’ probability of 
functional eruption or impaction was thus positively associated with their degree of mesiodistal 
tilt. Overall, less severely tilted M3s were more likely to erupt functionally but complete lack of 
tilt (i.e., tilt ≈ 0º; vertically positioned M3s) did not necessarily eliminate the possibility of M3 
impaction. In fact, M3s were at their lowest risk of becoming impacted when they were tilted 
slightly distally (-22º, upper M3s) or mesially (25º, lower M3s) (Figure 4.4), but tilts <-22º 
(upper M3s) or >20º (lower M3s) were associated with increased probability of impaction.  
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 Upper and Lower M3s: Predicted probabilities of functional eruption [A] 

and Impaction [B] according to the M3’s degree of mesiodistal tilting. 
 
 
 
 
 
 
 
 

A 

 

 

 
 
 
 
 

B 

 
Figure 4.4 Predicted probability of functional eruption and impaction according to the M3’s 
degree of mesiodistal tilting. The predicted probability of functional M3 eruption (A) was highest 
for upper and lower M3s presenting a less severe (i.e., mildly deviated from 0º) mesiodistal tilt 
although the probability of M3 impaction (B) was also high for some of these less-severely tilted 
M3s, especially in the maxilla (B, blue markers). Therefore, complete absence of M3 tilting did not 
ruled out the possibility of M3 impaction. In fact, M3s were at their lowest probability of becoming 
impacted when they were tilted slightly distally (-22º, upper M3s, blue line-of-best-fit) or mesially 
(25º, lower M3s, red line-of-best-fit).
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2nd Predictive trait: CLIG – Patients treated orthodontically were at a significantly lower 
risk of developing M3 impaction than other patients 

In this population, functional M3 eruption occurred at a frequency of 25.9% while the equivalent 
rate for M3 impaction was 18.2%. However, these frequencies varied considerably when patients 
were grouped according to the type of clinical intervention (CLIG) recorded in their files 
(Supplement Table 7.5). The probability of functional M3 eruption (Prob.=0.26; C.I.=0.24, 0.28) 
and impaction (Prob.=0.18; C.I.=0.16, 0.20) was predicted to differ significantly across some of 
these clinical groups. For instance, patients who had been treated orthodontically were 
significantly more likely to carry a functionally erupted M3 (Prob.=0.32; C.I.=0.27, 0.37) than 
were patients in the Baseline group (e.g., “non-orthodontic, non-extraction” group; Prob.=0.21; 
C.I.=0.18, 0.23), particularly when orthodontic intervention had been aligned to tooth 
extraction(s) (Orthodontic-extraction group; Prob.=0.49; C.I.=0.35, 0.62) (Figure 4.5–A).  
 However, the probability of functional M3 eruption does not imply that orthodontic 
patients were less likely to develop impaction: That is, the probability of M3 impaction was not 
significantly smaller in Orthodontic (Prob.=0.16; C.I.=0.12, 0.20) than was in Baseline patients 
(Prob.=0.20; C.I.=0.17, 0.23), although it was significantly reduced in the orthodontic-extraction 
group (Prob.=0.08; C.I.=0.01, 0.14) (Figure 4.5–B). Overall, orthodontic intervention allied to 
tooth extractions (Orthodontic-Extraction group) led to greater increases in the probability of 
functional M3 eruption (increase of ≈ 0.29) than decreases in the probability of M3 impaction 
(decrease of ≈ 0.12). Extractions done for non-orthodontic purposes (Extraction group) did not 
alter the probability of M3 impaction or functional eruption.
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 Predicted probability of (A) functional M3 eruption and (B) impaction according to the type of 

clinical intervention (CLIG) recorded in the patients’ files. 
 
 
 
 
 

A 

 
 
 
 
 
 

B 

 
 

Figure 4.5 Mean predicted probability of functional M3 eruption and impaction among distinct clinical patient 
groups. (A) Patients in the Orthodontic-Extraction or Orthodontic groups were significantly more likely to carry a 
functionally erupted M3 than were patients in a Baseline group (e.g., “non-orthodontic, non-extraction” group), but this 
does not automatically imply the probability of M3 impaction is significantly reduced in both orthodontic groups: that is, 
(B) relative to the Baseline group, M3 impaction was significantly less likely to occur in the Orthodontic-Extraction group 
but not in the Orthodontic group. Sample sizes (N) expresses the number of oral quadrants studied, not patients. 
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3rd Predictive trait: Availability of retro-M1 space significantly increased the likelihood of 
functional M3 eruption, but its increase over time was insufficient in most cases 

The relative availability of retro-M1 space (spaceRetroM1) significantly informed the risk of 
functional M3 eruption (spaceRetroM1-T1|T2; Wald X2= 17.66, p.<0.001; Table 4.1): Each 
additional level of relative space availability increased the odds of functional M3 eruption by 2.5 
times (Odds =2.53; C.I.=1.64, 3.90), decreasing simultaneously the odds of impaction by 61% 
(Odds =0.39; C.I.=0.26, 0.61)(calculated; Table 4.2). Notably, all M3s sufficiently 
accommodated by their retro-M1 regions at T1 erupted functionally at T2, but this frequency was 
severely reduced among M3s which had been only partially accommodated by their retro-M1 
region at T1; in this latter group only 19.5% of the M3s erupted at T2 (Supplement Table 7.6). 
The frequency of impaction at T2 was, on the other hand, notably higher among M3s that, at T1, 
were not fully accommodated (≈ 39% became impacted) than M3s which had been sufficiently 
accommodated (none became impacted).  

The probability of functional M3 eruption at T2 was thus positively and directly 
associated with the relative availability of retro-M1 space (Figure 4.6). The probability of 
impaction, on the other hand, decreased as the spaceRetroM1 increased. Of course, this availability 
of space differed according to the patient's chronological age (i.e., older patients tended to have 
more space in their jaws), but aging alone did not necessarily warrant gain of sufficient jaw 
space for fully accommodating M3 eruption: Even at T2, as much as 85% (250 out 297) of the 
retro-M1 regions investigated were still not sufficiently large to accommodate a functionally-
erupted M3s (e.g., this frequency was 98% at T1).  
 
 
4th Predictive trait: M3 developmental stage – late-developing M3s were more predisposed 
to impaction; early-developing M3s were more likely to erupt into function 

As shown in Table 4.1, the stage of M3 development significantly informed the probability of 
functional M3 eruption and impaction. M3sEruption were found to be at a significantly more 
advanced (i.e., earlier) stage of development than M3sModerator and M3sImpaction (Figure 4.7). In 
fact, even delays of only one stage assisted significantly in this prediction: provided that all the 
variables were kept constant (including age), each additional stage of M3 development increased 
the odds of functional M3 eruption in 2.1 times (C.I.=1.52, 2.86) (Table 4.2), decreasing 
simultaneously the odds of impaction by nearly half (Odds =0.48; C.I.=0.35, 0.66) (calculated). 
In general, the more advanced M3 development was relative to patient age, the higher was its 
probability of functional M3 eruption (Figure 4.7-A). In contrast, the more delayed M3 
development was relative to patient age, the higher was its probability of becoming impacted 
(Figure 4.7-B).
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Predicted probability of functional M3 eruption (upper panels) and impaction (lower 
panels) across patient age and levels of relative availability of retro-M1 space. 

 
 

Figure 4.6 Predicted probability of functional M3 eruption and impaction according to distinct levels of relative 
retro-M1 space availability. M3s developing in sufficiently large retro-M1 regions (e.g., level 6 of relative retro-M1 space 
availability) were associated with a predicted probability of functional eruption which was significantly higher than that of 
M3s developing in more physically-limited retro-M1 regions (e.g., Levels 3, 4, and 5) (A’), regardless of the age when the 
observation was made (A). Notably, M3s developing in sufficiently large retro-M1 regions (e.g., level 6 of relative retro-
M1 space availability) were also associated with a predicted probability of impaction which was significantly lower than 
that of M3s developing in more physically-limited retro-M1 regions (e.g., Levels 3, 4, and 5) (B’), regardless of the age 
when the observation was made (B).

Levels of spaceRetroM1:
(3)= M23|M30

(4)= M23|M31

(5)= M23|M32

(6)= M23|M33

Levels of spaceRetroM1:
(3)= M23|M30

(4)= M23|M31

(5)= M23|M32

(6)= M23|M33

Patient chronologic age (in years) Relative availability of retro-M1 space

Patient chronologic age (in years) Relative availability of retro-M1 space
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Predicted probability of functional M3 eruption (A) and impaction 
(B) according to advances and delays in M3 development. 

 
 

Figure 4.7 Predicted probability of functional M3 eruption and impaction for advanced- and delayed-developing 
M3s. (A) M3s which were advanced one stage in development (relative to the stage expected at the age when they were 
observed) were significantly more likely to erupt functionally than M3s which were one stage late in development. (B) The 
predicted probability of M3 impaction also differed significantly between advanced- and delayed-developing M3s.

M3 developmental timing:
(-1): delayed at least one stage (N=39)
( 0 ): ”On-time” (N=186)
(+1): advanced at least one stage (N=71)

Mean probability of functional M3 eruption:
(-1): 0.08 (C.I.=0.04, 0.10)
( 0 ): 0.26 (C.I.=0.23, 0.28)
(+1): 0.51 (C.I.=0.46, 0.56)

M3 developmental timing:
(-1): delayed at least one stage (N=39)
( 0 ): ”On-time” (N=186)
(+1): advanced at least one stage (N=71)

Mean probability of functional M3 eruption:
(-1): 0.44 (C.I.=0.37, 0.52)
( 0 ): 0.16 (C.I.=0.14, 0.19)
(+1): 0.05 (C.I.=0.03, 0.06

A

B
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5th and 6th Predictive traits: Patient age and jaw type – the probability of functional M3 
eruption decreased with age; LM3s were more likely to erupt into function  

Patient chronological age in the period T1-T2 significantly contributed for predicting 
M3Eruption.status–T2 (AGE–T1|T2; Wald X2=14.21, p.<0.001; Table 4.2). This contribution was, 
however, significant only when multiple other investigated variables were simultaneously 
investigated. Under such circumstances, the risk of functional M3 eruption and impaction could 
be significantly estimated based upon the age of the patient. In general, the older the patient, the 
smaller the likelihood of functional M3 eruption (Odds=0.64; C.I.= 0.51, 0.81). In addition to 
age, jaw type (maxilla; mandible) also contributed significantly for predicting M3Eruption.status–T2 
(JAW; Wald X2=5.56, p.=0.018; Table 4.2). As a result of a higher frequency of functional M3 
eruption in the mandible (28.1%) than in the maxilla (23.6%) (Table 4.3), LM3s were predicted 
to be significantly more likely to erupt into function (Odds=7.94; C.I.=1.42, 44.41) than were 
UM3s (Figure 4.8). However, the probability of M3 impaction in the maxilla (Prob.=0.176; 
C.I.=0.15, 0.20) and in the mandible (Prob.=0.175; C.I.=0.15, 0.20) did not differ significantly 
between upper and lower jaws. 
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Table 4.3 Observed frequency of functional M3 
eruption and impaction in the maxilla and mandible. 

 
  Impaction Moderator Eruption  
 

 

N 54 166 77  
 Row N % 18.2% 55.9% 25.9%  
 95% lower CL 14.1% 50.2% 21.2%  
 95% upper CL 22.9% 61.5% 31.1%  
 

 
     

 
 

     
 

Maxilla 

N 22a 88a 34a  
 Row N % 15.3% 61.1% 23.6%  
 95% lower CL 10.1% 53.0% 17.2%  
 95% upper CL 21.8% 68.8% 31.0%  
 

 
     

 

Mandible 

N 32a 78a 43a  
 Row N % 20.9% 51.0% 28.1%  
 95% lower CL 15.1% 43.1% 21.4%  
 95% upper CL 27.9% 58.8% 35.6%  
 

 
     

 
 

 

 

 

 

 
 

Frequency of functional M3 eruption 
and impaction according to jaw type. 
The Table shows that in this population, 
functional M3 eruption was slightly more 
frequent in the mandible than in the 
maxilla, explaining thus the model’s 
estimated higher probability of functional 
M3 eruption for lower M3s. Values in the 
same row and subtable not sharing the 
same subscript are significantly different 
at p< 0.05. Tests are adjusted using the 
Bonferroni correction.  

            A                B 

 

 

 
 
Figure 4.8 Predicted probabilities of functional eruption and impaction for upper versus lower M3s. Upper M3s were 
more likely to erupt functionally (A) but not necessarily less likely to become impacted (B), than upper M3s.
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4.4.3. Significant traits: Collective effects 

M3 eruption status was more fully explained by multiple traits than by each trait in 
isolation; M3Dev.stage, AGE, and spaceRetroM1 were the strongest predictors within each jaw 

Further analyses of the model presented in Table 4.2 and Table 4.3 showed that M3Eruption.status is 
more accurately explained by a collective group of variables than by each variable in isolation. 
For example, the overall probability of functional M3 eruption in this population was predicted 
to decrease slightly yearly (≈0.008/year of patient age) but more prominent yearly decreases 
were seen among M3s which were severely tilted (i.e., tilt >45º) or lacking space for eruption 
(Figure 4.9). This model also estimates that M3s developing in retro-M1 areas sufficiently large 
to accommodate M3 eruption (i.e., spaceRetroM1=level 6) were on average 2.5 times (Odds=2.53; 
C.I.=1.64, 3.90) more likely to erupt into function than M3s developing in insufficiently large 
retro-M1 areas (i.e., spaceRetroM1≤level 5). However, this likelihood of functional eruption was 
even higher (Odds=5.27; C.I.=2.49, 11.13) when, in addition to sufficient eruption space, M3s 
were also early in development by one or more stages. The probability of functional M3 eruption 
increases thus with availability of spaceRetroM1 or with earlier M3 development but increases even 
further when both conditions are combined (Figure 4.9 and Figure 4.10). Similarly, the 
probability of M3 impaction was also subject to the combined effects of two or more traits: It 
decreased with availability of spaceRetroM1 or with earlier M3 development but decreased even 
further when both conditions were combined. Together, these analyses show that the variability 
in M3Eruption.status is thus more completely explained by multiple variables than by variables in 
isolation. 
 In addition, a comparative post-hoc assessment of distinct multivariable models and their 
goodness-of-fit, each examining the isolated contribution of a particular variable relative to all 
remaining variables, demonstrated that the variables which most contributed to explaining 
variances in M3Eruption.status in the maxilla were, in order of importance, M3Dev.stage, AGE, and 
spaceRetroM1 (Table 4.4-A). In the mandible, however, spaceRetroM1 was the strongest predictor of 
functional M3 eruption, followed by AGE, M3Dev.stage which contributed all nearly equally to 
predicting M3Eruption.status (Table 4.4-B). Despite these differences between the maxilla and 
mandible, M3Dev.stage, spaceRetroM1, and AGE appeared as constant, strong, predictors in both 
jaws. It must be noted however that these were not, of course, the only significant predictors of 
M3Eruption.status. In both jaws, M3Tilt–T1|T2 and CLIG also played a role in the predictive model. 
From all the significant predictors, CLIG was however the weakest in both jaws. 

Overall, the probability of functional M3 eruption was found to increase in patients who 
had received orthodontic treatment and had mild or no M3 tilt but to decrease with age, late M3 
development, and/or unavailability of retro-M1 space. Risk of M3 impaction, on the other hand, 
increased in the presence of severe degrees of M3 tilt, late M3 development, and/or 
unavailability of retro-M1 space. M3 crown size, sex, and jaw side did not play a significant role 
in anticipating M3 eruption or impaction. 
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 Predicted probability of functional M3 eruption across patient ages 

 
 
 
 
 

A 

 

 

  
Predicted probability of M3 impaction across patient ages 

 
 
 
 
 

B 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 4.9 Probabilities of functional M3 eruption and impaction across patient ages. (A) The predicted probability of 
functional M3 eruption decreased by 0.008 per year of patient age but more prominent yearly decreases were seen among 
M3s which were severely tilted (i.e., tilt >45º) or lacking space for eruption. (B) The probability of M3 impaction increased 
on average 0.01 per year of patient age but more prominent yearly increases were seen among M3s which were severely 
tilted or lacking space for eruption.
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 Predicted probability of functional M3 eruption according to 

distinct conditions of relative retro-M1 space availability. 
 

A 

 

 

 

 
 

Predicted probability of functional M3 eruption according to 
retro-M1 space availability and M3 developmental timing. 

 

B 

 

 

 
Figure 4.10 Predicted probability of functional M3 eruption according to relative retro-M1 space availability and 
M3 developmental timing. (A) The average probability of functional M3 eruption for M3s which were fully 
accommodated by their retro-M1 regions in the period T1-T2 (spaceRetroM1 level 6= M23|M33) was equal to 0.60. (B) This 
probability of eruption was even further increased (Prob.=0.73) when, in addition to being fully accommodated, these M3s 
were also advanced (at least one stage) in their developmental timing. Therefore, the simultaneous assessment of two or 
more predictive traits was a factor which improved the probability of observing functional M3 eruption and thus the 
predictability of the model. While any two or more predictors may be simultaneously assessed to improve the predictability 
of the model, spaceRetroM1 and M3 developmental timing were used in this example because of their strongest contribution 
to predicting functional M3 eruption.
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 Predicted probability of M3 impaction according to distinct 

conditions of relative retro-M1 space availability.   
 

A 

 

 

 

 
 

Predicted probability of M3 impaction according to retro-M1 
space availability and M3 developmental timing. 

 

B 

 

 

 
Figure 4.11 Predicted probability of M3 impaction according to relative retro-M1 space availability and M3 
developmental timing. (A) The average probability of M3 impaction for M3s which were only minimally accommodated 
by their retro-M1 regions in the period T1-T2 (level 4 of spaceRetroM1= M23|M31) was equal to 0.23. (B) This probability of 
M3 impaction was even further decreased (Prob.=0.07) when, in addition to being only minimally accommodated, these 
M3s were also delayed (at least one stage) in their developmental timing. Therefore, the simultaneous assessment of two or 
more predictive traits was a factor which improved the probability of observing M3 impaction and thus the predictability of 
the model. While any two or more predictors may be simultaneously assessed to improve the predictability of the model, 
spaceRetroM1 and M3 developmental timing were used in this example because of their strongest contribution to predicting 
M3 impaction.
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Table 4.4 Strongest predictors of functional M3 eruption, from a comparative assessment of 
distinct multivariable models and their goodness-of-fit. 

 Model Type Format Included variables QIC Increase in the 
Goodness-of-fit(2) 

Strongest 
predictors 

 

         

A
. M

ax
ill

a  

1 Multivariable Full All(1) (see Table 5.1) 2931.86 –   
2 Multivariable Reduced All except M3Dev.stage–T1|T2 2860.77 2.42% 1st  
3 Multivariable Reduced All except M3Tilt–T1|T2 2820.19 3.81% 4th  
4 Multivariable Reduced All except spaceRetroM1-T1|T2 2830.97 3.44% 3rd  
5 Multivariable Reduced All except AGE–T1|T2 2833.27 3.36% 2nd  
6 Multivariable Reduced All except CLIG 2731.47 6.83% 5th  

         

B.
 M

an
di

bl
e 1 Multivariable Full All(1) (see Table 5.1) 3084.03 –   

2 Multivariable Reduced All except M3Dev.stage–T1|T2 2973.28 3.59% 3rd  
3 Multivariable Reduced All except M3Tilt–T1|T2 2973.02 3.60% 4th  
4 Multivariable Reduced All except spaceRetroM1-T1|T2 3071.26 0.41% 1st  
5 Multivariable Reduced All except AGE–T1|T2 2975.05 3.53% 2nd  
6 Multivariable Reduced All except CLIG 2753.45 10.72% 5th  

         
 

In subtables A and B, the goodness-of-fit of six distinct models is compared using their respective QIC values. Models with 
greater QIC values better explain the outcome's variability (i.e., presence vs. absence of functional M3 eruption) while 
models with smaller QIC values are those which least explain the outcome's variability. Removal of one or more variables 
from the full model generally results in a model with increased goodness-of-fit (i.e., reduced QIC value), but this increase 
is smaller when a more important predictor is removed and greater when a less important predictor is removed. Removal of 
less important predictors results in greater increases in the goodness-of-fit because this procedure leaves the model with 
"more important" predictors (leading thus to smaller QIC values). In contrast, removal of more important predictors results 
in smaller increases in the goodness-of-fit because this procedure leaves the model with "less important" predictors (leading 
thus to greater QIC values). For instance, removal of CLIG from the full models in subtables A or B above resulted in a 
model which better explained the variability in M3 eruption status (e.g., smaller QIC values) because other more important 
predictors of functional M3 eruption (e.g., M3Dev.stage–T1|T2, AGE–T1|T2, and spaceRetroM1-T1|T2) remained in the model, 
resulting thus in very small QIC values. In sum, the strongest predictors of functional M3 eruption in the maxilla were, in 
order of importance, M3Dev.stage–T1|T2, AGE–T1|T2, and spaceRetroM1-T1|T2. In the mandible, however, spaceRetroM1-T1|T2 was the 
strongest predictor of functional M3 eruption, followed by AGE–T1|T2, M3Dev.stage–T1|T2, and M3Tilt–T1|T2 which were all nearly 
equal in importance. (1) The full model includes the following variables: M3Dev.stage–T1|T2, M3Tilt–T1|T2, spaceRetroM1-

T1|T2, AGE–T1|T2, and CLIG. (2) Increases in the goodness-of-fit were all relative to Model 1. Models with smaller QIC 
values fit better. QIC= Quasi-AIC (Akaike Information Criterion).
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4.5 DISCUSSION 

M3 impaction is a condition of multifactorial causes which is best explained by multiple 
traits than by isolated traits. 

The present work reports a model calculated to identify traits associated with an increased 
predisposition to functional M3 eruption versus impaction as well as to determine which traits 
contribute more significantly to these outcomes. Although insufficient eruption space has been 
long thought to be a main cause of M3 impaction (Björk et al. 1956; Ganss et al. 1993; Kaplan 
1975), this model reveals that M3Eruption.status can be predicted from multiple traits, not just 
eruption space. In fact, six traits were identified to play a collective, significant role in 
anticipating M3Eruption.status: M3Dev.stage, M3Tilt, spaceRetro-M1, clinical interventions (CLIG), jaw 
type (JAW), and patient chronologic age (AGE). This finding both corroborates that M3 
impaction is a condition rooted in multifactorial causes (Björk et al. 1956; Ragini et al. 2003; 
Rodu & Martinez Jr. 1993) and reveals what traits warrant clinical concern when taken in 
collectivity. 

Simultaneous assessment of multiple traits is necessary because it allows determining the 
individual contribution of particular traits, in relation to all other traits – revealing thus predictive 
insights that may not be clear otherwise. Isolated assessments of individual traits, on the other 
hand, only allow inferences regarding the particular trait under investigation. In the present work, 
for example, CLIG, JAW, and AGE were all non-significant in isolation, but acquired a 
significant role in the prediction of M3Eruption.status when aligned to other traits. This finding 
carries relevance because it highlights a key concept: M3Eruption.status is unlikely to be accurately 
anticipated based on isolated traits. In fact, variability in M3Eruption.status was found to be best 
explained by multiple traits than by traits in isolation.  

It must be noted however that among the six predictive traits uncovered by this work, 
those that contributed most significantly for explaining variabilities in M3Eruption.status were 
spaceRetro–M1, M3Dev.stage, and AGE – these three particular traits being the ones most likely to 
assist clinicians in the prognosis of M3 eruption. Despite the acknowledged need for basing this 
prognosis on multiple factors (Kaur et al. 2016), no previous investigations have determined the 
individual contributions of such traits towards determining the ones most strongly associated 
with M3Eruption.status. This work contributes thus not only by identifying significant traits but also 
by determining the extent of their individual contribution to predicting M3Eruption.status. To the best 
of our knowledge, this is the first study to utilize quantitative analyses to comprehensively assess 
multiple longitudinal traits towards determining a) the risks that each of these traits represent, 
and b) the traits that are more likely to assist clinicians in the prognosis of M3 eruption.   

Also of relevance is the fact that some traits were not significant predictors of 
M3Eruption.status, regardless of the method utilized for assessing their significance (e.g., isolation vs. 
collectivity): M3 crown size, sex, and jaw side. Despite the hypothesis that large M3s are less 
likely to erupt than small ones (Forsberg 1988; Henry 1969), tooth size differences are in general 
small (Forsberg 1988) or non-significant (Richardson 1977), as are also differences between the 
sexes (Engstrom et al. 1983; Haavikko 1970; Levesque et al. 1981) or between right and left jaw 
sides (Hashemipour et al. 2013; Topkara & Sari 2013). By assessing these traits both in isolation 
and in collectivity, this works confirms that they are not significant correlates of M3Eruption.status, 
not warranting thus priority concern from clinical and investigative standpoints. 
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The jaw-specific mechanisms underlying an increased predisposition to functional M3 
eruption or impaction 

The present work reveals that in the mandible, the traits that most significantly explained 
variabilities in M3Eruption.status were jaw spaceRetro-M1, AGE and M3Dev.stage, in this particular order. 
However, in the maxilla, M3Dev.stage itself was the strongest predictor of M3Eruption.status, followed 
by AGE and jaw space in order of importance. Together, these findings carry relevance because 
they a) support the thought that jaw space is more critical for LM3s than UM3s (Svendsen & 
Björk 1988), and that the mechanisms that lead to M3 impaction are not necessarily the same 
between the maxilla and the mandible, and b) confirm that M3Dev.stage is a trait that despite being 
long overlooked, warrants clinical concern for being one of the traits that most significantly 
explain variabilities in M3Eruption.status, as investigated in further detail in my previous study 
(Chapter 4).  
 Importantly, less severely tilted (i.e., malpositioned) M3s were also significantly more 
likely to erupt into function. During growth, M3s often change their position or tilt as a result of 
pre-eruptive rotational movements (Huggins & McBride 1978; Miclotte et al. 2017; Richardson 
1978; Silling 1973) that occur until late in the deceleration phase of adolescent growth spurt 
(Kaur et al. 2016; Trakinienė et al. 2019). In fact, sufficient M3 positional changes (or 
uprighting) must occur to allow M3 eruption to progress normally (Hellman 1936). What 
remains unclear however are the exact mechanisms that control these M3 positional changes. 
Although M3 position appears to be under a dominant genetic influence (Trakinienė et al. 2018), 
much M3 positional changes occurs during growth, preventing M3Tilt from being a reliable 
longitudinal predictor of M3Eruption.status. This idea is supported by this work: M3Tilt was only the 
4th most important trait for explaining M3Eruption.status, after spaceRetro–M1, M3Dev.stage, and AGE. 

As seen with M3Tilt, clinical interventions were also found to be significantly associated 
with M3Eruption.status: Patients submitted to orthodontic therapy (ORTH group) were more prone to 
present functional M3 eruption than non-orthodontic patients (BASE group), especially if 
orthodontic therapy was aligned to tooth extractions (ORTH-EXTR group). Orthodontic therapy 
is thought to increase the likelihood of functional M3 eruption (Bayram et al. 2009; Yavuz et al. 
2006) because it promotes positive changes not only in eruption space but also in M3 position 
(Elsey & Rock 2000; Kim et al. 2003; Miclotte et al. 2017). We found that functional M3 
eruption is 1.7 times more likely to occur in orthodontic than in non-orthodontic patients. 
However, if orthodontic therapy is aligned to extraction of premolars, then functional M3 
eruption is up to 6 times more likely to occur. Orthodontic therapy aligned to extraction of 
premolars is thus a factor that increases significantly one’s predisposition to functional M3 
eruption (Elsey & Rock 2000), as also does the extraction of M2s (Cavanaugh 1985; Wilson 
1974). However, when tooth extractions were performed for non-orthodontic purposes, then 
functional M3 eruption was not necessarily more likely to occur, at least not significantly.  

Although the effect of tooth extractions on M3 eruption has been addressed by a number 
of past investigations (Bayram et al. 2009; Halicioglu et al. 2014; Livas et al. 2011; Miclotte et 
al. 2017), no previous investigations have examined the significance of these therapies in a more 
comprehensive scenario, when multiple other determinants of M3 eruption are simultaneously 
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accounted for. By doing so, this work reveals that orthodontic therapy – although a significant 
predictor – is the trait that least contributes for anticipating M3Eruption.status.   

Together these findings reveal that M3Eruption.status is more fully explained from multiple 
traits than by traits in isolation, particularly by spaceRetro–M1, M3Dev.stage, and AGE which were 
found to be the strongest correlates of M3Eruption.status. However, differences between the maxilla 
and the mandible exists and must be considered: e.g., jaw space was the trait more strongly 
associated with M3Eruption.status in the mandible, but not in the maxilla, suggesting that the 
mechanisms or processes that lead to M3 impaction may not be necessarily the same between the 
maxilla and the mandible. 
 
Investigation characteristics, limitations, and Implications. 

In the present work, a greater focus was placed on assessing risk of functional M3 eruption, 
rather than impaction. This analytical orientation was adopted because a number of M3s may be 
spared from prophylactic surgical removal if enough scientific evidence exists that they will 
erupt into function. Prediction of M3 impaction, on the other hand, may not be as valuable 
because it may not result in practical benefits other than reassurance regarding which M3s may 
require prophylactic surgical removal. Yet, risk of M3 impaction was still contemplated here 
because it may assist clinicians determine which M3s require closer clinical monitoring. 

To study these risks, we focused on traits of simple assessment to clinicians and that 
would not require additional radiographs, avoiding thus patient exposition to x-rays beyond the 
minimum levels normally required during regular dental checkups. Although retrospective 3D 
CBCT images were used here to more accurately assess M3 emergence, nearly all investigated 
traits (except M3 crown size which, of course, cannot be measured accurately on conventional 
2D radiographs) were assessed from panoramic radiographs, a resource commonly available to 
most practicing dentists (Ventä 1993).  

It must be noted however that the findings and conclusions reported in this investigation 
are based on a multi-ethnic population of Western Canadians which was comprised in its 
majority of individuals of European descent and contained both orthodontic (≈38%) and non-
orthodontic (≈62%) patients. Studies in other geographic regions are thus necessary for 
clarifying whether these traits of M3Eruption.status are similarly relevant across other populations. 
Also of importance is the fact that functional M3 eruption and/or impaction may be associated 
also with factors not addressed in this work (e.g., diet, nutrition, socioeconomic level, height, 
dental crowding, tooth agenesis (Carter & Worthington 2016), direction of the dentition (Kim et 
al. 2003), root developmental features (Richardson 1975), etc.), and this merits investigation as 
well. Only by collectively assessing multiple risk factors will we be able to uncover the overall 
mechanisms most likely to anticipate M3 eruption or impaction.  
 As research advances in this field, the present investigation contributes by revealing that 
risk of functional M3 eruption versus impaction can be informed based upon multiple traits, not 
just availability of jaw space or M3 position, years in advance to a final diagnosis of M3 
functionality or impaction. As these methods for making an early prognosis of M3 eruption 
evolve, a number of M3s may become candidates for targeted dental care rather than 
prophylactic surgical removal – thus minimizing patient exposition to surgical risks, discomfort, 
and promoting dental health and wellness as a whole. If to maintain good oral health all teeth 
require regular checkups, thus the burden of monitoring M3s is relatively minor. Nonetheless, 
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surgical removal remains an important clinical management option, particularly when risk of M3 
impaction and its inherent problems is imminent. The findings presented here will assist in the 
prognosis of M3 eruption by allowing these risks to be more accurately estimated. 
 
 
4.6 CONCLUSION 

From the present work it is possible to conclude that LM3s are more likely to attain full 
functionality than are UM3s, but this likelihood generally increases when M3s have sufficient 
space for eruption, are early in development, and do not present severe malposition. Orthodontic 
therapy, particularly when aligned to tooth extractions, also increases this probability of 
functional M3 eruption. The risk of M3 impaction, on the other hand, is not significantly greater 
in one jaw versus the other but increases similarly in both jaws when M3s lack sufficient space 
for eruption, are late in development, and/or present severe malposition. Overall, these risks are 
more fully explained from multiple traits than by traits in isolation, particularly from jaw space 
availability and M3 developmental timing (i.e., stage of M3 development relative to patient age). 
M3 developmental timing is thus a trait that, despite being long overlooked, significantly informs 
risk of functional M3 eruption versus impaction and improve prognosis of these outcomes. 
Together, these findings suggest that early prognosis of M3 eruption should not be based on 
isolated traits, particularly not solely on jaw space or M3 position, but rather on multiple traits. 
Longitudinal clinical trials are an important next step to ascertain the reliability of these 
prognostic methods in a clinical setting.  
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CHAPTER 5 | DISCUSSION 
DISCUSSION 

 
The present dissertation addresses the multifactorial determinants of M3 impaction (Study 3), 
while directing particular attention to an undercharacterized trait of this condition: late M3 
development (Study 2) (Björk et al. 1956; Lauesen et al. 2013; Marchiori et al. 2016). While 
investigating M3 impaction, this graduate research work was also seen as a prime opportunity to 
address a number of knowledge gaps and problems that persist and limit optimum advances in 
this research field. The systematic review of the literature reported in Study 1 reveals and discuss 
potential solutions for several of these problems. The first of these problems is the irregular 
adoption of distinct methods or criteria across studies for determining “impaction” versus 
“eruption” (Ganss et al. 1993). For example, in the aforementioned literature review alone, at 
least five distinct criteria for determining M3 impaction versus eruption were identified. 
Interestingly, the frequency of mandibular M3 impaction ranged from 10% to 72% across all 
these criteria – a variability of 62%. Most importantly, the frequency of M3 impaction varied 
more between studies utilizing distinct criteria than among studies utilizing an equal criterion, 
suggesting a possible link between distinct research methodologies and variability in the 
frequency of this condition. In Studies 2 and 3, this problem was addressed by uniformly 
utilizing a more recent concept for determining eruption and impaction: the M3’s functionality in 
the oral cavity (Jain et al. 2019a; Topkara & Sari 2013), a method of simpler assessment because 
it relies on the M3’s ability to occlude normally with their counterparts in the opposite jaw rather 
than more complex factors such as M3 angulation and/or level of eruption.   

The second problem that was identified in Study 1 was the prevalent conflation between 
lack of eruption and impaction. From that literature review, it was noticed that studies addressing 
M3 impaction are often based on only two possible groups of M3s: eruption and impaction (Al-
Anqudi et al. 2014; Breik & Grubor 2008; Haavikko et al. 1978; Hashemipour et al. 2013; Jain et 
al. 2019b; Kim et al. 2003; Lauesen et al. 2013; Richardson 1975; Sasano et al. 2003; Scherstén 
et al. 1989; Topkara & Sari 2013). The problem with this approach is, however, that M3s not 
classified as erupted are often taken as impacted, regardless of their real impaction status. Of 
course, such an approach may lead to inaccuracies in results because, as noted previously in this 
dissertation, lack of eruption does not necessarily imply existence of impaction; neither are all 
erupted M3s necessarily impaction-free. This problem was addressed in Studies 2 and 3 by 
utilizing a third group (i.e., a moderator group) which was used for the purpose of allocating all 
M3s classified neither as erupted nor impacted. This method was adopted here as a potential 
solution not only to avoid or minimize the aforementioned misclassifications but also to more 
accurately depict the real frequencies of functional M3 eruption and impaction. By utilizing such 
a method, the frequency of M3 impaction found in both studies 2 and 3 was around 18%, being 
thus smaller than the recently reported worldwide frequency M3 impaction which was 
approximately 24% (Carter & Worthington 2016).  

The third problem refers to the extensive investigation of adult traits of M3 impaction, 
most notably jaw space availability and M3 malposition, while preadolescent and adolescent 
traits remain underexplored. By reviewing the specialized literature on M3 impaction, Study 1 
also revealed that these traits have been addressed almost exclusively in isolation from other 
traits (i.e., without considering the synergistic effects of other traits) and most often from a cross-
sectional standpoint, limiting thus our understanding of the early overall scenario most likely to 
inform when M3 impaction is in course (Carter 2016). In Studies 2 and 3, these problems were 
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addressed by utilizing a combination of resources (CBCT scans and panoramic radiographs) that 
allowed simultaneously investigating multiple traits of M3 impaction across growing individuals 
of distinct ages, not just adults. In addition, all traits were assessed from one to eight years in 
advance of the occurrence of functional M3 eruption or impaction, a measure that allowed 
identifying traits that indeed anticipate M3 impaction, not just associate with it (these traits are 
discussed below). By utilizing quantitative analytical methods based on multiple regression, 
various traits could be simultaneously tested for association with presence of functional M3 
eruption and impaction. These tests showed that jaw space availability and M3 developmental 
timing (i.e., M3 developmental stage at a given patient age) are the traits that contribute most 
significantly for explaining the variabilities between functional M3 eruption and impaction, 
being therefore traits that merit particular clinical concern as predictors to these outcomes. 

The fourth problem identified in Study 1 was the notable lack of clear clinical directives 
for distinguishing impacted from non-impacted M3s in adult individuals, particularly when M3s 
are only mildly impacted and thus less distinguishable from a normally erupted M3s. Therefore, 
availability of such directives would have been an important addition to this and other studies 
where identification of impacted M3s is required. Because of this lack of clear clinical directives, 
impacted M3s are not standardly seen as problematic across clinicians and studies (Cooper-
Newland 1996; O’Neil 1968). Therefore, it remains unclear whether removal or retention of a 
given M3 can be based solely on its impaction status, and b) whether symptomatologic and/or 
diseased M3s are more likely to be seen as impacted. Study 1 contends that these problems are 
likely to be solved if the M3’s association with impaction, disease, and symptoms are 
individually but simultaneously accounted for in new clinical directives. Only by addressing the 
existing gaps in the current clinical directives will we be able improve the diagnostic accuracy of 
M3 impaction and its concerning complications. 

 

The current state of knowledge on determinants of M3 impaction: what traits warrant 
concern as predictors of this condition? Is late M3 development one of them? 

As previously stated, Studies 2 and 3 furthered the investigation on the overall determinants of 
M3 impaction while addressing to the best possible extent the problems and/or limitations 
discussed in the previous section just above. Together, these two studies revealed that M3 
impaction is a condition of multifactorial causes which is associated not only with insufficient 
jaw space or M3 malposition but with multiple predisposing traits: stage of M3 development, 
patient age, jaw space availability, degree of M3 mesiodistal tilt (i.e., malposition), record of 
orthodontic therapy and/or tooth extractions, and jaw type. Although jaw space has been 
classically associated with M3 eruption status (Björk et al. 1956; Broadbent 1943; Hellman 
1936), this work reveals that its alignment with other traits is required to more accurately 
estimate risk of M3 functional eruption or impaction. Under such circumstances (i.e., when 
aligned to other traits), jaw space is indeed one of the most important traits for anticipating the 
risk of functional M3 eruption versus impaction. 

Within each jaw, the traits that contributed most significantly for estimating the 
aforementioned risks were jaw space, stage of M3 development, and patient age. However, some 
differences were seen between the maxilla and the mandible: in the maxilla, M3 eruption status 
was more strongly explained by stage of M3 development, patient age, and jaw space in this 
particular order, while in the mandible jaw space itself was the strongest determinant of M3 
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eruption status, followed by patient age and stage of M3 development. Together these findings 
suggest that a) jaw space plays a greater role in mandibular M3 impaction, as previously 
suspected (Svendsen & Björk 1988), and that b) stage of M3 development is one of the most 
relevant traits for anticipating M3 eruption status, particularly in the maxilla where jaw space 
was shown to play a smaller role. These particular differences between the maxilla and the 
mandible have never been comprehensively investigated or reported in the literature, a fact that 
can be attributed to the classic focus of past studies on mandibular M3 impaction (Breik & 
Grubor 2008; Haavikko et al. 1978; Kim et al. 2003; Lauesen et al. 2013) given its greater 
likelihood of causing problems that may require professional assistance. 

Related to the aforementioned findings, functional M3 eruption was found to occur 
significantly more frequently among M3s that were early in development (≈55%) and 
significantly less frequently among M3s that were late in development (≈1.4%). This shows that 
late-developing M3s are at a higher risk of becoming impacted while early-developing M3s are 
significantly more predisposed to emerge into function. As a result, the risks of M3 impaction as 
well as the likelihood of functional eruption are significantly estimated from the stage of M3 
development attained a particular patient age during growth (i.e., M3 developmental timing). 
Importantly, M3 developmental timing is a significant predictor either in isolation (as shows 
Study 2; Chapter 4) or in collectivity with other traits (as shows Study 3, Chapter 5). When 
assessed in isolation, or in the presence of a minimum required number of controlling variables 
(such as jaw, sex, age, etc.) as done in Study 2, and provided that patient age is kept constant, 
each additional stage of M3 development increases the odds of functional M3 eruption in 84%, 
decreasing the odds of impaction equivalently in 46%. However, when multiple other traits (e.g., 
jaw space, degree of M3 mesiodistal tilt, record of orthodontic therapy and/or tooth extractions, 
jaw type) are simultaneously accounted for, M3 developmental timing explained to a greater 
extent the variabilities in M3 eruption status: under such circumstances, each additional stage of 
M3 development increased the odds of functional M3 eruption by 108%, not just 84%, 
decreasing the odds of impaction equivalently in 52% rather than just 46%. This work shows that 
M3 eruption status is more accurately anticipated from multiple traits. Yet, this work shows that 
M3 developmental timing (particularly when the M3 is late in development) is one of the most 
important traits for explaining variabilities in M3 eruption status and, as such, should be 
whenever possible accounted for when making a prognosis of M3 eruption. 

Based on an overall analysis of these risks, it can be concluded that late M3 development 
prevents functional M3 eruption more than it promotes M3 impaction. The probability of 
functional M3 eruption as well as risk of impaction depend thus on the severity of these 
delays/advances. For example, while most M3s in this population initiated radiographically-
detectable development (crypt stage) at around age seven years (Chapter 4), risk of impaction 
increased by 63% when M3 initiation occurred at age nine (i.e., two years later) or by 90% when 
this initiation occurs at age twelve (i.e., five years later). Similarly, most M3s are expected to 
complete crown development (Demirjan’s stage E) at around age 14 years, but if this occurred at 
age twelve (i.e., two years earlier) then their likelihood of erupting into function was predicted to 
increase by nearly 2.1 times. These risks have never been demonstrated in the literature, but 
knowledge on them is an essential tool to help clarifying predisposition to M3 impaction and 
functional eruption. In this respect, the present work contributes not only by determining these 
risks but also by promoting awareness regarding the relevance of M3 developmental delays and 
advances for clinical practice. M3 developmental timing is therefore a significant predictor that 
contributes for improving the prognosis of M3 eruption due to two main reasons: a) it 



 

 114 

significantly anticipates the risk of M3 eruption versus impaction, as it is the most important trait 
of M3 impaction in the maxilla and the third most important in the mandible; and b) stage of M3 
development and patient age can be assessed with relatively ease when compared to metric-
based traits (e.g., amount of eruption space, degree of M3 tilt or malposition, etc.) which require 
more complex assessment methods.  

Observation of the developmental timing of M3s is an important measure because 
impacted M3s were found to initiate around 2.4 years later than erupted M3s. Although the exact 
mechanisms causing this late initiation remain to be elucidated, my previous work demonstrated 
that M3 developmental delays are significantly associated with restricted jaw space conditions 
(Marchiori et al. 2016), as are impacted M3s (Marchiori et al. 2019), supporting thus the 
postulations of recent experimental studies on the fact that physical constraints are a significant 
factor leading to late tooth initiation (Alfaqeeh et al. 2013; Castaneda et al. 2011; Kavanagh et al. 
2007; Wu et al. 2020). Building on my previous work, the present study goes a step further to 
demonstrate that the developmental rates of erupted M3s and impacted M3s (≈0.52 stages/year) 
are in fact not significantly distinct. It appears therefore that impacted M3s are developmentally 
late not due to a slower formation rate but rather due to later onset of development. This was 
additionally supported by the finding that early-developing M3s at T1 remained early in 
development also at T2; late-developing M3s at T1 remained late in development at T2. 
Therefore, accelerations and/or decelerations in M3 development were not found to play a 
significant role in these M3 developmental delays/advances, in spite of their existence under 
some other specific circumstances (Gelbrich et al. 2015; Kavanagh et al. 2007; Verdelis et al. 
2016; Wang et al. 2016). While no similar studies reporting the developmental rates of impacted 
and erupted M3s are presently available for comparative purposes, early M3 initiation is known 
to shift the timing of all subsequent stages of M3 development (Liversidge 2008) and this may 
explain why erupted and impacted M3s developed at similar rates in the population studied here, 
even though impacted M3s were consistently late in development.  

Regardless of the M3 developmental rate, late-developing M3s are significantly more 
predisposed to impaction. Despite the limited number of studies also on this topic area, a 
common thought exists that M3s must be able to mature and erupt before jaws growth ceases 
(Svendsen & Björk 1988), otherwise their chances of successfully erupting is reduced to minimal 
levels. Although jaw space and M3 development were significant predictors on their own, this 
work suggests that these traits should be collectively addressed along with other traits. That is, 
the greater the number of traits which are accounted for, the more likely it is for M3 eruption 
status to be predicted accurately. For example, impacted M3s are often severely tilted on their 
long axes (Richardson 1970, 1974, 1975). However, past work revealed that M3 impaction 
cannot be accurately anticipated from M3 tilt alone (Richardson 1975). This supports therefore 
the present dissertation’s findings that multiple traits are required for more accurately 
anticipating this condition. 

Importantly, orthodontic interventions, especially when aligned to premolar extractions, 
also promote changes that significantly increase predisposition to functional M3 eruption and 
reduce risk of M3 impaction. Although an association between orthodontic therapy and risk of 
impaction has been investigated in a number of previous studies (Årtun et al. 2005; Behbehani et 
al. 2006; Kim et al. 2003; Miclotte et al. 2015), up to this moment no data were available to help 
clarify whether orthodontic therapy is a stronger predictor for functional M3 eruption than are 
other more classic traits such as jaw space availability and M3 tilt. By analysing multiple traits 
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simultaneously, the present work revealed that orthodontic therapy is the weakest predictor 
among all traits investigated. Yet, presence/absence of orthodontic therapy was found to 
significantly assist in the prediction of functional M3 eruption versus impaction and should be 
thus considered whenever possible. Importantly, when not aligned to premolar extractions, 
orthodontic interventions still increase the likelihood of functional M3 eruption but will not 
necessarily reduce the risk of M3 impaction. However, these risks are not significantly altered 
when tooth extractions are done for non-orthodontic purposes (i.e., in non-orthodontic patients), 
suggesting therefore that these risks are more strongly associated with certain groups of 
individuals than with these extraction procedures themselves (e.g., patients who do not require 
orthodontic therapy may be naturally less predisposed to M3 impaction; thus, tooth extractions 
do not improve significantly their predisposition to functional M3 eruption). Regardless of these 
particularities, this work shows that the patient’s clinical history is a factor that significantly 
contributes for estimating the risk of M3 eruption versus impaction. 

One potential limitation associated with the work reported here is that the ability of 
reliably anticipating M3 eruption on a population level may not necessarily translate into reliably 
anticipating M3 eruption on an individual level. For example, M3 developmental delays and 
advances were found to be less evident in adults than in subadults. This occurred because adults 
presented a higher proportion of nearly mature M3s which showed, of course, less 
developmental variability. From a statistical standpoint, M3 development is therefore a more 
useful predictor of M3 eruption and/or impaction when assessed from early ages (e.g., because 
the average M3 developmental rate decelerates gradually as the individuals of that population 
become adults). However, it is uncertain whether this concept is applicable to individual subjects 
(i.e., the developmental rate of individual M3s may not actually decelerate as the individual 
becomes adult). This question requires, of course, further investigation. Controlled longitudinal 
clinical studies (e.g., annual investigations of a particular individual, from preadolescence to 
early adult ages) are required to clarify how the predictors discussed here would perform on an 
individual level. Also relevant is the fact that the traits of M3 impaction were not exhausted in 
this work. Investigations on other traits are thus desirable and recommended. Lastly, similarly 
necessary is the study of other populations, a measure that would allow determining the traits 
most likely to inform presence versus absence of M3 impaction within particular populational 
groups.  
         Despite these limitation points, this work contributes to its field by advancing our 
understanding on the collective, longitudinal determinants of M3 impaction. The results 
presented here reveal that the risk of M3 impaction can be significantly estimated within each 
jaw, particularly when based on the simultaneous assessment of multiple traits. Jaw space 
availability and M3 developmental stage at a particular patient age were found to be the strongest 
longitudinal predictors. Yet other traits such as degree of M3 malposition and records of 
orthodontic therapy and/or tooth extractions also contribute significantly to this prediction.
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Conclusion 
 
The following conclusions can be drawn from the work reported in this dissertation: 

1. Distinct criteria for determining M3 impaction versus eruption have been utilized across 
the literature. Depending on how impaction was defined, its frequency may range from as 
low as 10% to as high as 72%. Conflation between impaction and lack of eruption is an 
additional common inconsistency across the field. In most randomized samples, a 
substantial number of M3s are neither erupted nor impacted. Utilization of more 
standardized methods that account for these M3s are thus required to address these issues. 

2. M3 impaction is a condition of multifactorial causes which is associated not only with 
insufficient jaw space but also with multiple predisposing traits. Within each jaw, the 
traits that contribute most significantly for estimating risk of functional M3 eruption 
versus impaction are jaw space, stage of M3 development, and patient age. Degree of 
mesiodistal M3 tilt and record of orthodontic interventions and/or tooth extractions also 
assisted significantly for estimating such a risk. 

3. Availability of jaw space is one of the most important traits for assisting in the 
determination of the risk of functional M3 eruption versus impaction, particularly in the 
mandible. However, alignment with other traits, notably stage of M3 development and 
patient age, is required for more accurately estimating this risk. Compared to UM3s, 
LM3s are significantly more likely to attain full or high functionality but are not 
necessarily less likely to become impacted. Therefore, lack of functional M3 eruption 
does not necessarily result in “impaction”.  

4. Delayed-developing M3s are more predisposed to becoming impacted; advanced-
developing M3s are more likely to erupt into function. Stage of M3 development at a 
given patient age contributes thus significantly for estimating the risk of M3 eruption 
versus impaction, particularly in the maxilla where jaw space plays a smaller role in 
determining M3 impaction. Stage of M3 development is a long overlooked trait that 
warrants concern from clinical and investigative standpoints, due to two main particular 
reasons: 1) it contributes to improve the accuracy of methods used for prognosticating 
M3 eruption, and 2) assessment of M3 development does not require complex techniques, 
being thus of easy incorporation to existing impaction predictive methods. 

5. Severely tilted M3s are significantly less likely to erupt into function but complete lack of 
tilt does not necessarily rule out risk of impaction. Orthodontic interventions, especially 
when aligned to premolar extractions, promote changes that significantly increase 
predisposition to functional M3 eruption and reduce risk of M3 impaction. When not 
aligned to premolar extractions, orthodontic intervention will increase predisposition to 
functional M3 eruption but may not necessarily reduce risk of M3 impaction. Tooth 
extractions done for purposes other than orthodontic therapy do not alter the probabilities 
of functional M3 eruption and impaction to a significant level. Therefore, records of 
orthodontic therapy must be, whenever possible, accounted for as it is a factor that helps 
inform predisposition to functional M3 eruption versus impaction. 
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CHAPTER 7 | SUPPLEMENT 
SUPPLEMENT 

 
This supplement chapter is intended to present content (methods, data, charts, figures, etc.) 
pertaining to the studies reported in the context of this dissertation. This content comprises 
material not conventionally publishable in the context of a scientific article but rather within 
journals’ supplements, appendices, or online platforms. 
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Supplement Section 7.1 

MATERIAL AND METHODS 
 
The research methods and/or protocols utilized in the present dissertation are discussed within 
the context of each specific study reported in this dissertation. Some of those methods, 
particularly those utilized in Studies 2 and 3 were, however, optimized (summarized) for 
publication purposes (e.g., most scholarly journals impose limits on word count and/or number 
of pages). Although these methods are conventional in the field (and therefore, not fully 
addressed within Studies 2 and 3), they may not be familiar to the general readership. This 
supplement section is therefore intended to supply readers with further details on these research 
methods and/or protocols. 
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7.1.1. General considerations regarding the patient selection criteria. 

To test the distinct research questions and hypotheses addressed in Studies 2 and 3, specific sets 
of variables (or traits) were investigated, resulting thus in studies with distinct sample sizes.  
Three hundred and twenty-four molar regions (157 in the maxilla; 167 in the mandible) of 99 
dental patients (57 females; 42 males) were assessed in Study 2. These patients were selected 
based on the quality, type, and availability of longitudinal radiographic records (Supplement 
Figure 7.1). If multiple longitudinal records existed, then additional selective measures were 
implemented to help select the records of interest (Supplement Figure 7.2). In addition to these 
general selective measures, other factors also helped determine sample size, including patient 
age, health condition, presence of a developing M3 in the oral quadrant under evaluation, and 
number of traits of interest. These additional selection measures are described in full within 
Study 2 (Chapter 3). 
 Two hundred and ninety-seven molar regions (144 in the maxilla; 153 in the mandible) of 
91 patients were investigated (54 females, 37 males) in Study 3. The patients investigated there, 
as well as their longitudinal records, were selected based on the same general methods and 
criteria described above for Study 2. Because Study 3 addresses a greater number of traits 
compared to Study 2, additional selection steps were implemented, and this resulted in a slightly 
smaller patient group when compared to Study 2. For instance, Study 3 evaluates M3 crown size 
as a potential trait of M3 impaction, but not all M3s studied in Study 2 were sufficiently 
developed to have their crowns measured and thus included in Study 3. The complete selection 
measures utilized in Study 3 are described in full within Study 3 (Chapter 4). 
 In general, both studies required healthy young individuals who presented at least one 
developing M3 that could be evaluated longitudinally. Therefore, two or more imaging records 
were required from each individual. If several longitudinal records were available for a given 
patient, the earliest and latest records containing radiographic evidence of a M3 were selected. 
Given that these selected records (i.e., earliest and latest) were generated at distinct moments in 
time, they are hereon referred to as T1 and T2, respectively. T1 and T2 comprised of distinct 
image types (T1 = Panoramic radiographs; T2 = CBCT scans) and were utilized to study 
different patient characteristics, as discussed next. 
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Stepwise process and criteria utilized for selecting the patients investigated 

 

 
   

 Sample 1. Includes all patients who were candidates for inclusion in the study (N=687). 
Sample 2. Patients for whom two or more longitudinal records were available (N=291). 
Sample 3. Patients for whom a) longitudinal records contained at least one M3 assessable over 

time, and b) records were dated at least one year apart (N=174). 
Sample 4. Patients whose longitudinal records contained at least one CBCT image from which M3 

eruption status could be assessed (N=99). 
Sample 5. Patients whose longitudinal records contained at least one CBCT image from which a) 

M3 eruption status could be assessed and b) M3 crowns were sufficiently formed for 
allowing its length to be measured (e.g., stage C of development) (N=91). 

 

 
Supplement Figure 7.1 Patient selection: method and criteria. Three consecutive steps were used to select the 
individuals who would be included in the study’s final patient sample. The final sample was comprised of 99 individuals 
who had 396 molar regions (i.e., oral quadrants) that fulfilled the eligibility criteria for inclusion in the study. However, not 
all of these molar regions were necessarily studied. Inclusion criteria and methods used to select oral quadrant are 
illustrated in Figure 2.2.
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Excluded (N=83)

Selection 
Step 4

Selection 
Step 3

Sample 1. Includes all patients candidates to the study (N=687).

Sample 2. Patients for whom two or more longitudinal records were available (N=291).

Sample 3. Patients for whom a) longitudinal records contained at least one M3 assessable over 
time, and b) records were dated at least one year apart (N=174).

Sample 4. Patients whose longitudinal records contained at least one CBCT image from which 
M3 eruption status could be assessed (N=99).

Sample 5. Patients whose longitudinal records contained at least one CBCT image from which a) 
M3 eruption status could be assessed and b) M3 crowns were sufficiently formed for 
allowing its diameter to be measured (e.g. stage C of development)(N=91).

Study 2 Study 3

Excluded patients.
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Methodology utilized for selecting longitudinal radiographic records 

  

 
 

 
Supplement Figure 7.2 Longitudinal radiographic record selection: method and criteria. Radiographic records were subject 
to selection criteria, as did patients and their oral quadrants. The figure displays all of the existing radiographic records of a given 
patient who was sampled here for illustrating the selection method. Five distinct radiographic records are available for this patient 
(middle column), each taken at a different age of the patient. In the radiographic records of this individual, developing M3s were 
detected for the first time on a radiograph taken at age 13.3 years, thus all images taken before this age (e.g., 10.1 and 11.1 years) 
were not included in the study. The radiograph taken at age 13.3 years was then selected as the patient’s earliest available record 
in which M3 development could be assessed (T1). Three other later radiographs were also available for this patient, taken at ages 
15.3, 18.7, and 21.3 years. However, developing M3s could be observed only at ages 15.3 and 18.7 years, but not at age 21.3 
years (all four M3s had been extracted by age 21.3 years). The radiograph taken at age 18.7 years was therefore selected as the 
patient’s latest available record in which M3 development could be observed (T2). The time elapsed between T1 and T2 in this 
patient was 5.4 years, but this number differed from patient to patient, being longer or shorter depending on the availability of 
radiographic records and images selected. 18=Upper right M3, 28=Upper left M3, 38=Lower left M3, 48=Lower right M3.
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7.1.2. General considerations regarding the investigated measures (variables). 

The main purpose of Studies 2 and 3 was to identify patient characteristics (or traits) that 
predispose M3s to impaction or functional eruption. The resources utilized in these studies 
allowed nine potential traits to be simultaneously studied towards that goal. It must be noted 
however that specific subsets of traits were investigated in Study 2 and 3, depending on their 
particular research questions (Supplement Figure 7.3). Please also note that some of these traits 
were subject to changes over time, thus they were assessed longitudinally. In addition, the author 
wishes to note that some patient characteristics (such as M3 crown size and M3 eruption status) 
are not accurately assessable from panoramic radiographs, requiring thus the utilization of CBCT 
scans for their evaluation. Details on all patient characteristics, including the imaging sources 
from which they were assessed, and whether or not they were assessed longitudinally are shown 
in Supplement Figure 7.4. Also, of relevance is the fact that some of these predictors were 
investigated at the patient level (e.g., sex and age) while others were assessed at a more local 
intra-patient level (e.g., within a given jaw, or within a given molar region) (Supplement Figure 
7.5). To manage dependence among multiple intra-patient levels, statistical modeling accounting 
for potential correlations among two or more intra-patient observations was utilized (see 
Analytical Design, within Studies 2 and 3).  

The next pages of this supplement describe in further detail each of the variables studied 
in the context of this dissertation.
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Research questions and patient characteristics addressed in Studies 2 and 3 

 

 
 
 
 
 

………………….. Study 2 
 
 
 
 
 
 
 
 
 

 
………………….. Study 3 

 
 
 
 
 

Study 2: Does M3 developmental stage at a given pre- or early adolescent age 
significantly informs M3 eruption status in subsequent years of age?  

Study 3: What traits merit most clinical concern as a predictor for M3 impaction versus 
eruption?  

 
Supplement Figure 7.3 Research questions and traits addressed in Studies 2 and 3. To investigate Study 2’s main question, 
four traits were simultaneously tested as potential predictors of M3 impaction versus eruption. Although stage of M3 
development is a trait of central interest in Study 2, it cannot be completely isolated from some other traits such as for instance 
the patient age at which those stages occurs. Study 3, on the other hand, carried a simultaneous investigation of multiple traits 
towards determining those that warrant most attention as predictors of M3 eruption versus impaction. In past studies, these traits 
had been in most instances assessed individually as predictors for M3 eruption versus impaction, simply because the materials 
and methods most often utilized in these past investigations did not permit a longitudinal assessment of several traits. In both 
studies reported here, M3 development was treated as the main predictor of interest (indicated by a thicker bar) to a main 
outcome of interest (M3 eruption status) because the literature has premised M3 developmental characteristics (particularly M3 
developmental timing) as a potentially useful predictor for M3 impaction vs. eruption – a question that was made central in these 
two Studies.

Stage of M3 development

M3 crown size

Tilting of the M3 on its long axis

Relative availability of retro-M1 jaw space
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Patient chronologic age

Record of orthodontic and/or tooth extraction(s)
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Variables, their subjectivity to longitudinal changes, and images from which they were assessed. 

 
Supplement Figure 7.4 Variables subject to longitudinal changes and images from which they were assessed. A total of ten 
traits were investigated. The general notation for each of these traits (i.e., variables) is indicated on the left, under the asterisks 
(***). Some of these traits (M3Dev.stage, M3Tilt, spaceRetroM1, and AGE) were investigated in two distinct instances over time (i.e., 
at T1 and T2), allowing their longitudinal changes to be assessed, recorded, and tested for association with an outcome measure 
of interest – M3 eruption status (M3Eruption.status). A number of other traits (JAW, JSIDE, SEX, and CLIG) were assessed at T1 or 
T2, either because they are not expected to change over time (e.g., SEX) or because they are permanently detectable over time 
(e.g., CLIG; a gap in the dental arch due a missing tooth which has been recorded as extracted). The remaining traits, namely 
M3Size and M3Eruption.status, were assessed exclusively at T2 from CBCT scans. [1] Indicates the main predictive trait of interest to a 
main outcome measure of interest [2].
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Supplement Figure 7.5 Patient characteristics addressed in the present investigation. Ten patient characteristics were investigated: M3 eruption status plus nine other 
characteristics which were tested as potential predictors for M3 eruption versus impaction. All predictors, their notation, and their levels are shown above.  
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Trait(s) assessed from each patient:
1. JAW ………… Jaw under investigation 

Categorical variable, where 0=maxilla and 1=mandible.
2. SEX …………. Sex. Categorical variable, where 0=females and 1=males.
3. AGE ………...  Patient chronologic age at T1 (earliest) and T2 (latest) radiograph.

Continuous variable, expressed in years.
4. CLIG ……….. Record of previous clinical interventions

Categorical variable, where 0=Baseline group (BASE), 
1=Orthodontic group (ORTH), 2=Extraction group (EXTR), and 
3=Orthodontic and extraction group (ORTH-EXTR).

Trait(s) assessed from each jaw:
5. JSIDE ………. Jaw side 

Trait(s) assessed from each oral quadrant:
6. M3Dev.stage–T1|T2 ……. Stage of M3 development. 

Continuous measure, from stage zero (0= Development has not 
initiated) to stage nine (9= Development is complete).

7. M3Size ………………..... M3 crown size (max. mesiodistal diameter).
Continuous measure, expressed in millimeters (mm).

8. M3Tilt –T1|T2 ………..... M3 mesiodistal tilting on its long axis.
Continuous measure, expressed in degrees and ranging from -180º 
(distal orientation) to +180º (mesial orientation).

9. rSPM1T1|T2 ………… Relative availability of jaw space distal to the M1.
Continuous measure, ranging from zero (rSPM1 is insufficient to 
accommodate the M2 and M3) to six (rSPM1 is sufficient to 
accommodate the M2 and M3). 

10. M3Eruption.status–T2 … M3 eruption status. 
Categorical measure, where 0=Impaction group, 1=Moderator group, and 
2=Eruption group.
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Investigating M3 eruption status (M3Eruption.status). 

M3 eruption status was assessed and recorded from all molar regions investigated. For that, 
CBCT scans were used because of their 3D capabilities and high sensitivity to tissue density 
(e.g., soft vs. hard tissues). While the actual amount of bone overlying an non-emerged M3 
cannot be estimated accurately from panoramic radiographs (Chandler & Laskin, 1988), CBCT 
scans are an essential tool for visualizing M3 eruption and emergence relative to surrounding 
structures and tissues. When necessary, 3D reconstructions were also utilized to inspect and 
assess M3 eruption status (Supplement Figure 7.6). 

In Studies 2 and 3, focus was placed on assessing the likelihood of M3 eruption, rather 
than impaction, because a number of M3s may be spared from prophylactic removal if enough 
evidence exists that they will erupt functionally. Predicting impaction, on the other hand, may 
not result in direct practical benefits other than reassurance regarding which M3s must be 
removed. With advances in the methods for accurately predicting M3 eruption, a number of these 
otherwise “condemned” M3s may become candidates for targeted clinical care during regular 
dental check-ups rather than removal, thus minimizing patient exposure to surgical risks, 
discomfort, and promoting dental health and wellness as a whole. 

Another concept considered here was that a given tooth can be concurrently impacted and 
erupted. Although in the dental field non-erupted M3s are often taken as “impacted”, these two 
outcomes (i.e., “eruption” and “impaction”) are not necessarily mutually exclusive. That is, an 
erupted M3 can be also impacted; an unerupted M3 is not necessarily impacted (e.g., if given the 
appropriate time, eruption may still erupt) (Carter & Worthington, 2016). Given that eruption 
and impaction are two distinct outcomes, M3s should be evaluated for eruption and impaction 
individually, while also controlling for non-eruption and non-impaction. Using this principle, 
lack of M3 eruption was not necessarily treated as “impaction”, but rather as a “Moderator” 
group comprised of M3s for which eruption status could not be anticipated or determined 
(Supplement Figure 7.7). As a result, all M3s addressed in the present investigation were 
categorized into one of the following three major groups: Eruption, Impaction, Moderator. The 
specific guidelines utilized for assigning M3s to one group or another are available in 
Supplement Figure 7.8 and Supplement Figure 7.9. Throughout Studies 2 and 3, M3 eruption 
status is referred to as M3Eruption.status–T2 (i.e., M3 eruption status assessed at T2) or simply as 
M3Eruption.status (i.e., when referring to M3 eruption status in a general sense, particularly when 
assessment time is not relevant).
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Supplement Figure 7.6 CBCT features that benefited the study of M3 eruption. CBCT images were the resource of 
choice for assessing M3 eruption status because this 3D scanning technology has an increased capability to distinguish and 
assess spatial and tissue-density (e.g., soft vs. hard tissues) (Panel A). This imaging resource allows for instance a more 
accurate assessment of M3s’ level of emergence from soft and especially hard oral tissues as well as their 3D spatial 
position relative to adjacent structures. These aspects are illustrated in Panels B–D, where distinct image configurations are 
shown (e.g., the visualization of soft tissues is targeted in B while D targets hard tissues). Panel E exhibits the 3D spatial 
position a M3 evaluated from distinct angulations or planes of view, an advantageous feature of CBCT scans when 
compared to conventional 2D oral radiographs. Figure source: Original (owned by the author).
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Overall method adopted for assessing M3s for eruption and impaction statuses. 

 
 

Supplement Figure 7.7 Evaluation of M3s for eruption, impaction as well as for lack of eruption and impaction. The 
present chart was designed to illustrate that, when evaluating the eruption and impaction statuses of M3s, “eruption” and 
“impaction” are not necessarily mutually exclusive outcomes. An important concept to bear in mind is that erupted M3s can be 
also impacted; unerupted M3s are not necessarily impacted. Given than eruption and impaction are two distinct outcomes, M3s 
should be evaluated individually for eruption and impaction, while also controlling for non-eruption and non-impaction. That 
is, “non-erupted” M3s should not be taken necessarily as impacted; neither should all “non-impacted” M3s be necessarily taken 
as erupted. Using this principle, controlling for “non-eruption” and “non-impaction” is thus a relevant measure. That is, a 
tertiary “Moderator” group is required to accommodate all M3s which were seen neither as erupted or impacted.
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Guidelines utilized for assessing eruption status for M3s with distinct levels of emergence. 

 
 

Supplement Figure 7.8 Guidelines utilized for assessing M3 eruption versus impaction statuses. Eruption status was 
assessed based on the M3’s functionality into the oral cavity as well as presence or absence of physical blockage from 
surrounding structures. This criterion allowed each M3 to be pooled into one of the following groups: Eruption, Impaction, or 
Moderator. To be included in the Eruption group, M3s must be emerged within the oral cavity or show positive prospect of 
emergence to a level and position where M3s would be able to actively contribute to the oral functions (i.e., a level and position 
allowing M3s to be full or highly functional), while also showing absence of physical blockage in its path of eruption. 
Occlusion was not used as a criterion for placing M3s into the Eruption group, because their antagonists are often missing or 
did not erupt (De-la-Rosa-Gay et al., 2010). If high or full functionality was not attained (or was unlikely to be attained due to 
severe physical blockage), then M3s were placed into the Impaction group. If attainment of high or full functionality was 
uncertain (e.g., due to moderate physical blockage), M3s were then placed into a Moderator group. The use of these three 
groups (i.e., Eruption, Impaction, Moderator) was adopted to prevent non-erupted M3s to be taken as “impacted” – an outcome 
that would necessarily occur if only two groups (i.e., Eruption and Impaction) were available. This assessment method does not 
take into account the M3’s degree of tilting on its long axis, availability of eruption space, and patient age because these factors 
were studied independently as potential predictors of M3 eruption.  ( • ) M3s were taken as “emerged” when over half (>50%) 
of their crowns’ volume (as evaluated in 3D CBCT imaging) is emerged from the surrounding bone. ( •• ) M3s were taken as 
“partially emerged” when less than half (<50%) of their crowns’ volume (as evaluated in 3D CBCT imaging) were emerged 
from the surrounding bone. ( ••• ) M3s were taken as “non-emerged” when, on 3D CBCT images, no portions of their crowns 
were emerged from the surrounding bone. M3s’ path of eruption and their degree of physical blockage (e.g., mild, moderate, 
severe) was determined according to the method detailed in Supplement Figure 7.9.
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Third molar’s path of eruption and their degree of physical blockage. 

 
Supplement Figure 7.9 Guidelines utilized for determining the degree of physical blockage of M3s in their path 
of eruption. M3s may have their paths of eruption physically blocked (“B”) by structures such as bone or adjacent 
teeth. In this study, obstruction of one third of this projected path was taken as a mild blockage (image 1) while 
obstruction of two thirds (images 2 and 6) and three thirds (images 3 and 5) were taken as moderate and severe 
blockages, respectively. Obstruction of less than one third of this path or complete absence of obstruction (image 4) 
was taken as absence of physical blockage. Please note that degree of physical blockage is not to be confused with the 
degree of tilt (i.e., malposition) of M3s. Non malpositioned M3s are not necessarily free of physical blockages, as 
shows image 6.
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Investigating stage of M3 development (M3Dev.stage). 

M3 development is a continuous biological event that, for research purposes, was categorized 
into distinct stages to be investigated in Studies 2 and 3. These stages were recorded from 
panoramic radiographs of children, adolescents, and young adults and tested as potential 
predictors of M3 eruption status. Because the presence of the empty-looking M3 crypt is the first 
radiographic sign of M3 development, this pre-mineralization event was recorded as an 
additional stage at the start of the M3 developmental scale. Therefore, in the present study, M3 
development was assessed according to nine radiographically distinct stages: crypt appearance; 
followed by eight progressive stages of crown and root mineralization as per Demirjian’s 
classification (Demirjian et al., 1973) (Supplement Figure 7.10). Given that both mineralization 
and pre-mineralization events were investigated here, the term M3 development is used 
henceforth, rather than other common terms, most notably: maturation, mineralization, or 
calcification.  

Intra-rater pilot tests of method repeatability demonstrated agreement between 
assessments in at least 95% of the cases (One-way ANOVA, p=0.005). Inter-rater pilot tests of 
method reproducibility returned an intraclass correlation coefficient (ICC) >0.975 across 
measurements. Both intra- and inter-rater tests were performed at an alpha level = 0.05. Because 
both CBCT (3D) and panoramic radiographs (2D) were available for all patients, accuracy of the 
assessments done on panoramic radiographs was also tested against pilot assessments done using 
3D CBCT scans. Agreement between assessments from these image types was >95% (One-way 
ANOVA, p=0.005), although M3 stage identification was in general more easily done on CBCT 
scans.  

All patients included in Study 2 and Study 3 had their eligible oral quadrants assessed for 
presence of an M3 at T1 (earliest radiographic records) and T2 (latest radiographic records). 
However, if a patient did not present a developing M3 (or even a crypt) at T1, status of M3 
development was recorded as zero (0 = not-in-progress or not-yet-detectable). In such cases, data 
for M3 development came from T2 records. This approach allowed M3 developmental 
variability to be assessed also in terms of presence versus absence at a given age. The variable, 
“stage of M3 development”, is throughout the study referred to as M3Dev.stage. Alternative 
notations M3Dev.stage–T1, M3Dev.stage–T2, and M3Dev.stage–T1|T2 indicate whether M3 development was 
studied at T1, T2, or both moments, respectively.
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Supplement Figure 7.10 Radiographic stages of M3 development. Both mineralization (stages A-H) and pre-
mineralization events (crypt stage) were used to categorize M3 development into nine radiographically distinct stages. 
Mineralization stages were based on Demirjian’s classification system. Image source: Panels I and II are original 
(owned by the author); panel III is adapted from Demirjan’s original study (1973) for intramural academic purposes 
only (i.e., not for publication).
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Investigating M3 crown size (M3Size). 

The mesiodistal lengths of M3 crowns were assessed in both maxillae and mandibles utilizing 
our previous tooth measurement methodology on CBCT scans (Marchiori et al., 2019a) which is 
summarized in Supplement Figure 7.11. Measurement data for M3 crown length were recorded 
from T2 imaging records (CBCT scans) of all patients included in Study 3. This was possible 
because all T2 records were comprised of or included CBCT scans. Throughout Study 3 the 
variable “mesiodistal M3 crown size” was identified by the general notation M3Size. 
Measurement tools of the Xoran iCAT software were used to take all measurements, these being 
recorded in millimeters. For that, the axial plane of each CBCT scan was positioned parallel to 
the occlusal plane of molars in the quadrant under investigation, and at the superior-inferior level 
of the interproximal contact points of any two contiguous molar crowns (i.e., M2-M3 contact 
point). At this particular position, the maximum mesiodistal crown length could be observed and 
measured. In several instances, M3s from more than one oral quadrant of a given patient were 
investigated and measured. Correlations among intra-subject observations were accounted by the 
analytical method used (see Analytical Design, in Studies 3).
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Supplement Figure 7.11 Molar crown size - measurement design. M3 crowns were measured mesiodistally utilizing a 
specialized software (Xoran I-Cat). In this program, M3 crowns as well as their 3D spatial position are visualized from any 
anatomical plane view (A-sagittal, B-axial, and C-coronal) but are measured always at the axial view for methodological 
consistency. All measurements were taken at the level of the maximum mesiodistal length of the crown by positioning the axial 
plane at the level of the crown’s interproximal contact points (segmented line, in D). This procedure will generate the image 
shown in D from which crown measurement can be taken (yellow line).
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 Investigating mesiodistal tilting of the M3 on its long axis (M3Tilt). 

The mesiodistal tilting of the M3 on its long axis was measured on panoramic radiographs at T1 
and T2, utilizing measurement methods adapted from published protocols (e.g., Castella et al., 
1998). For analytical purposes, a scale comprising 360º was utilized. In this scale, the M3’s 
degree of mesiodistal tilting ranged from 0º to 180º, positively (i.e., mesially; 0 to +180º) or 
negatively (i.e., distally; 0 to -180º) (Supplement Figure 7.12). Thus, positive degrees denoted 
mesial tilting while negative degrees denoted distal tilting. The mesiodistal tilting of the M3 on 
its long axis was addressed in all patients investigated in Study 3 and in spite of a potential 
variance of 360º, an actual mesiodistal variance of 152º was observed; that is, the observed 
tilting ranged from -67.90º (distal tilting) to +84.10º (mesial tilting). Mesiodistal tilting of the M3 
long axis was throughout Study 3 referred to by the general notation M3Tilt, while M3Tilt–T1 and 
M3Tilt–T2 indicated whether this variable was assessed at T1 or T2.
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Supplement Figure 7.12 Mesiodistal tilting of the M3 long axis - measurement design. The M3’s degree of mesiodistal 
tilting was assessed from panoramic radiographs at T1 and T2. Electronic tracing methodologies were utilized, being 
adapted from previously published protocols. All radiographic images were exported and saved as portable document 
format (.pdf) files and then visualized electronically on an image reader (Xodo Technologies Inc, PDFTron Systems Inc., 
Vancouver B.C., Canada). Overlay tracings were then utilized for ascertaining the position of the M1 and M3’s long axes. 
These long axes were based on the vertical dimension of these molar crowns, not roots (e.g., molar roots can be often 
curved). Next, the M3’s degree of mesiodistal tilting was measured relative to the M1’s tilting utilizing an electronic 
measurement tool (Protractor, independent developer at GitHub Inc., San Francisco, California, U.S.A.). Due to the 2D 
nature of the panoramic radiographs, relative (rather than absolute) tilting was assessed and posteriorly tested for 
significance as a potential predictor of the M3 eruption status. In both the maxilla and the mandible, mesial and distal tilting 
have been assigned positive and negative values, respectively. This tilting ranged from 0º to +180º (when mesially) or from 
0º to –180º (when distally), allowing a potential variability of 360º. The image illustrates an upper M3 tilted ≈20º distally 
(i.e., –20º) and a lower M3 tilted ≈19º mesially (i.e., +19º).
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Investigating the relative availability of jaw space distal to the M1 (SpaceRetroM1). 

To study jaw space availability, the mesiodistal length of the retro-M1 area was measured 
against the combined mesiodistal lengths of M2 and M3 crowns. Only molars with half or more 
of their crowns formed (e.g., stages C–H of molar development) were measured on their crown 
area of maximum circumference. Thus, this variable was only investigated in Study 3. This 
measure allowed observing and recording their maximum mesiodistal crown diameters. The 
retro-M1 area was also measured, from the distal-most point of the M1’s crown to i) the 
ascending ramus of the mandible (e.g., at the point where the ramus is intersected by the occlusal 
plane or ii) the distal-most point of the maxillary tuberosity (Supplement Figure 7.13). All 
patients included in Study 3 were evaluated for relative space availability in their jaws. Fully 
erupted M1s were used as a mesial landmark because M2s were still forming and erupting in 
several of the patients studied here. All measurements were taken and recorded from panoramic 
radiographs using values of relative (rather than absolute) space availability derived from metric 
measurements, as follows:  
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Where spaceratio is the relative availability of space in the retro-M1 area, expressed through a 
ratio value. Naturally, to accommodate both molars (M2 and M3), the length of the retro-M1 
area must exceed the combined length of these molar crowns. Therefore, depending on the length 
of this space, each molar (M2; M3) may be accommodated to distinct extents (e.g., fully-, 
partially-, or even non-accommodated) (Supplement Figure 7.14). This is noteworthy because 
M2s develop and erupt earlier than M3s, being thus more prone to be accommodated in full. To 
account for such particularities, M2s and M3s were assessed individually, using a compound 
calculation method to determine the aforementioned availability of retro-M1 space:  
 

spaceRetroM1 =	 (	%	%&	'2	)**%++%,)-.%/) + (%	%&	'3	)**%++%,)-.%/) 
 
Where ‘% of M2 accommodation’ is the percentage of the M2 crown length accommodated in 
the existing retro-M1 jaw space, and ‘% of M3 accommodation’ is the percentage of the M3 
crown length accommodated in the remaining retro-M1 space (i.e., after accounting for the space 
taken by the M2 crown). Under this method, values ranged from zero 0% (total absence of jaw 
space for both M2 and M3) to 200% (sufficient availability of space to accommodate both the 
M2 and M3). On the other hand, values between these two extremes represented partial 
availability of space (i.e., 1%-99%=partial accommodation of M2 with no accommodation of 
M3; 100%–199%=M2 is fully accommodated but accommodation of M3 is only partial). Further 
detail on this method is provided within the context of Study 3 itself. Throughout this 
dissertation, the variable ‘relative availability of retro-M1 space’ will be referred to by the 
notation spaceRetroM1.
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Supplement Figure 7.13 Relative availability of jaw space distal to the M1 – assessment design. Space availability was 
assessed from panoramic radiographs taken years before M3 eruption occurred. Electronic (i.e., computer-based) tracing 
methodologies were utilized, being adapted from existing paper-based methods. All radiographs were available in 
electronic format. All radiographs were exported and saved as a portable document format (.pdf) file which was visualized 
on an image reader (Xodo Technologies Inc., PDFTron Systems Inc., Vancouver B.C., Canada) loaded on a compatible 
browser (Chrome, Google Inc. Mountain View, California, U.S.A.). Subsequently, the space available distal to the M1 
(spaceRetroM1) as well as the maximum mesiodistal length of the M2 and M3 crowns were linearly measured utilizing in-
built electronic measurement tools to determine the extent of the M2 and M3 crowns that would be accommodated within 
the measured space (shaded areas). These measurements of the spaceRetroM1 (thicker black intersected lines) were taken at 
the level of the occlusal plane of molars (asterisks), from the distal-most point of the M1 crown (blue markers) to distal 
land markers (yellow markers). These distal land markers were specific to each jaw: the ascending mandibular ramus 
(Rm)(i.e., the point where the occlusal plane intersects the ascending ramus) and the distal-most point of the maxillary 
tuberosity (Tb) below the level where the maxillary bone fuses with the pterygoid process of the sphenoid bone. 

✽
✽

M2

M3

Tb

M2M3

+20.00º

–20.00º

Rm
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Categories of relative space availability in the retro-M1 region 

 
Supplement Figure 7.14 The distinct levels of relative retro-M1 space availability. The extent to which M2s and M3s are 
accommodated by the space available in their retro-M1 areas may vary across individuals. Depending on the relative 
availability of space in the retro-M1 area at the moment the patient’s radiograph was taken, one of the following outcomes can 
be seen:  

0) Neither M2 nor M3 are accommodated in their retro-M1 area (i.e., available space is insufficient).  
1) Only the M2 is accommodated; to a minor (•) extent (<50% of crown length) (Panel D).  
2) Only the M2 is accommodated; to a major (••) extent (>50% of crown length) (Panel D).  
3) Only the M2 is accommodated; fully (•••) (100% of its crown length) (Panels B-C).  
4) In addition to the M2, the M3 is accommodated; to a minor (•) extent (<50% of crown length) (Panel B).  
5) In addition to the M2, the M3 is accommodated; to a major (••) extent (>50% of crown length) (Panel B).  
6) In addition to the M2, the M3 is accommodated; fully (•••) (100% of crown length) (Panel A).

M1M2

M1M2

M1M2

M1M2M3

M3
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M1M2M3
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Investigating patient's chronological age (AGE). 

Age of M3 emergence into the oral cavity is highly variable, most often occurring from 17 to 21 
years (Korbendau & Korbendau, 2003), but not uncommonly before or after this age range 
(Fayad et al., 2004; Haralambakis, 1957), and occasionally as late as age 32 (Precious, 1999; I. 
L. D. S. Ventä et al., 1991). To address this variability, M3 eruption status was evaluated in this 
investigation in patients as young as age 13 years or as old as age 23.8 years. This variable 
(chronologic age) was assessed in years and recorded for all patients included in Studies 2 and 3, 
at two distinct moments: T1 and T2. Because Studies 2 and 3 utilized patient samples of distinct 
sizes (Study 2, N=99 patients; Study 3, N=91 patients), the mean population age at T1 and at T2 
also differed between these two studies. Patient chronological age is throughout the thesis 
referred to by the general notation AGE, while the alternative notations AGE-T1 and AGE-T2 
indicate whether age was assessed from the patient’s earliest (T1) or latest (T2) dental records. 
 
 
Investigating sex differences (SEX). 

Conflicting results are reported in the literature on whether or not M3 eruption (or impaction) is 
more prevalent in one sex than the other, stoking extensive discussion regarding this question in 
past and recent studies. Thus, sex remains a variable of interest for potential association with M3 
eruption versus impaction. This variable was evaluated in both Study 2 and Study 3 and, in spite 
of the slightly distinct patient sample sizes between these two studies (Study 2,  N=99 patients; 
Study 3, N=91 patients), the frequency of females remained slightly higher (≈ 58%) than that of 
males (≈ 42%) in both studies. Given that the number of females and males differ slightly 
between the aforementioned studies, sex distribution was detailed in the context of each study. 
This variable was categorized into two levels and was throughout this dissertation referred to by 
the notation SEX.
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Investigating differences between the maxilla and mandible (JAW). 

While the rate of M3 impaction between upper and lower jaws has been reported extensively in 
the literature, most reports do not agree on whether impaction is more prevalent in one jaw 
versus the other. This dissertation aims to address this ambiguity. In addition, studies on M3 
impaction have been traditionally focused on mandibular M3s (or lower M3s; LM3s), leaving the 
specialized literature with a reduced and disproportional amount of data regarding maxillary M3s 
(or upper M3s; UM3s) and their susceptibility to becoming impacted. Because of these gaps in 
knowledge, UM3s and LM3s were addressed in both Study 2 and Study 3. In fact, the 
proportional frequency between UM3s and LM3s was somewhat balanced in both studies: From 
all molar regions included in these studies (Study 2, N=324; Study 3, N=297), 48.5% were 
maxillary while 51.5% were mandibular. This variable was categorized into two levels (maxilla; 
mandible) and was throughout this dissertation referred to by the notation JAW. 
 
 
Investigating differences between right and left oral quadrants (JSIDE). 

Given that each jaw has a M3 on both the right and left sides, jaw side (a.k.a., oral quadrant) was 
investigated here as a potential factor of M3 eruption status variability. Because in most studies 
only one UM3 or LM3 are investigated from each subject (for obvious and justified reasons of 
preserving the independence between collected datapoints), it remains unclear whether jaw side 
is a factor that significantly predisposes M3s to impaction. The working hypothesis is that the 
frequency of M3 impaction (or eruption) does not differ significantly between the right and left 
sides of the maxilla or mandible. To test such premise, jaw side was investigated in both Study 2 
and Study 3. Although not all investigated maxillae and mandibles presented M3s bilaterally, the 
final sample in both studies contained a balanced proportion of right and left molar regions: 49% 
and 51% (Study 2), and 48% and 52% (Study 3). Given that the total number of oral quadrants 
studied differs between the aforementioned studies (Study 2, N=324; Study 3, N=291), further 
information on this variable is available in the context of each study.  
 Throughout this thesis, jaw side is referred to by the notation JSIDE. Potential correlation 
between two or more intra-patient observations were accounted and corrected for by the 
statistical modeling utilized (see Analytical Design).
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Investigating the influence of orthodontic and tooth extraction interventions (CLIG). 

Record of clinical interventions for orthodontic and/or surgical tooth removal purposes is a 
variable of interest here because it is suspected to alter patients’ predisposition to M3 impaction. 
This predisposition is especially increased in orthodontic patients with records of premolar 
extractions during their treatment, these extractions usually being an option for reducing the 
generalized shortage of space in these patients’ dental arches. In the present investigation, all 
patients were grouped according to type of clinical intervention reported in their dental records, 
which lead to the creation of four clinical groups (CLIG). For that, orthodontic and non-
orthodontic patients were first identified. Next, all patients with records of surgical intervention 
were also identified. This two-step process was used because, although records of surgical tooth 
extraction(s) may exist both orthodontic and non-orthodontic patients, the reason(s) why their 
teeth were removed may differ between the orthodontic and non-orthodontic groups.  

Orthodontic patients may have had one or more teeth extracted (most often premolars) 
due, mostly, to generalized lack of jaw space for appropriately accommodating all teeth in 
functional alignment. However, extractions recorded for non-orthodontic patients in this 
population were done not necessarily due to generalized lack of space in their dental arches but 
rather due to local conditions such as ectopic tooth position, proximity to lesions, apical 
infections and/or abscesses, and supernumerary tooth, among other reasons. As a result, both 
orthodontic and non-orthodontic patients were categorized according to the presence or absence 
of records of tooth extraction(s), leading thus to a total of four distinct groups, as follows:  

1) BASE, a baseline group of individuals who were non-orthodontic patients and for whom 
no records of tooth extraction(s) existed on file;  
2) EXTR, a group of non-orthodontic patients who had been submitted to tooth 
extraction(s) for reasons other than shortage of space in their dental arches;  
3) ORTH, a group of patients who had received orthodontic treatment but for whom no 
records of tooth extractions existed on file; and,  
4) ORTH-EXTR, a group of orthodontic patients with records of one or more teeth 
extracted as part of their orthodontic treatment.  

To determine whether these groups are a significant predictor for functional M3 eruption or 
impaction, the variable ‘Clinical group’ is investigated in Study 3 (Chapter 4) along with a 
number of other variables of interest. This variable is throughout this dissertation referred to by 
the notation CLIG. The number of patients and oral quadrants across the aforementioned four 
groups is detailed in the context of Study 3.



 

 160 

Supplement Section 7.2 

ANALYTICAL DESIGN 
 
 
 

 
 

Supplement Figure 7.15 Standard analytical steps utilized for simultaneous assessment of multiple variables. In Step 1, a 
main independent variable X (i.e., the main variable of interest = R) was tested simultaneously along other independent 
extraneous variables (i.e., covariables = C) for association with Y (e.g., a given outcome measure of interest which in Studies 2 
and 3 is M3Eruption.status–T2). Next, in Step 2, the significance of potential interactions was investigated among all variables that 
were significant in Step 1. This was done through individual and collective analyses of potential interactions. If an interaction 
between two or more variables was identified, then this identified interaction was kept in the model. If no significant interaction 
was found, an additional test was performed (Step 3) to determine whether any of the covariables (C) were a confounder in the 
relationship between R (variable 1) and Y (M3Eruption.status–T2). All models in Studies 2 and 3 were built from this sequence of 
analytical steps. 
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Supplement Section 7.3 

SCIENTIFIC ARTICLE I 
 
The content presented in the next pages of this section refers exclusively to scientific article I. 
This content comprises material not conventionally publishable in the context of a scientific 
article but rather within journals’ supplements, appendices, or online platforms.



 

 

Supplement Table 7.1 Literature addressing traits of M3 impaction versus eruption. 
      

    

           Traits investigated for statistical association  
with M3 eruption status (eruption vs. impaction) Author, year      

  Study location Jaw(s) investigated     
  Study design Patient sample size Sample 

characteristics  
  Groups studied Trait(s) addressed   Investigation tool(s) Patient chronologic age [a]   

              
Kaplan, 1975 Mandible only Orthodontic patients? Yes Impacted (N=20) 1. Mandibular length 
  United States of America 50 patients (♀=29; ♂=21) Complete dentition?  ? Eruption (N=30) 2. Angle of mandibular growth ••• 
  Cross-sectional; retrospective Age= 26.6 (group avg.)       If not, extractions (•)?  ?   3. Angle of tooth eruption. 
  LCR         If not, agenesis? ?     
              
Richardson, 1975 Mandible only Orthodontic patients? Yes Impacted (N=45) 1. Initial angulation of M3••• 
  Northern Ireland 95 patients (♀=?; ♂=?) Complete dentition?  Yes Eruption (N=50) 2. Change in M3 angulation over time ••• 
  Longitudinal; prospective Age= 18 (group avg.)        If not, extractions (•)?  No   3. Growth of mandible••• 
  LCR and plaster models Note(s): M3s were studied yearly from 

age 9-11 until approx. age 18). 
      If not, agenesis? No     

      
 

Note(s): Traits were assessed individually (i.e., not collectively). 
              
Richardson, 1977 Mandible only Orthodontic patients? Yes Impacted (N=45) 1. SNA-SNB ••• 

2. Articulate to pogonion ••• 
3. Gonion to pogonion ••• 
4. Gonial angle ••• 
5. Mandibular growth in length ••• 
6. Mandibular width 
7. M3 size 
8. Space between M2 and M3 ••• 
9. Angulation of the M3 ••• 
10. Initial stage of M3 calcification 
11. Arch length (plaster models). 

  Northern Ireland 95 patients (♀=54; ♂=41) Complete dentition?  ? Eruption (N=50) 
  Longitudinal; prospective Age= 18 (group avg.)        If not, extractions (•)?  ?   
  LCR and plaster models Note(s): M3s were studied yearly from 

age 9-11 until approx. age 18). 
      If not, agenesis? ?   

          
            
            
            
            
            
            
          Note(s): Traits were assessed individually (i.e., not collectively). 
              
Svendsen, 1985 Mandible only Orthodontic patients? ? Erupting (N=41 M3s) 1. Buccolingual M3 angulation ••• 
  Denmark 31 patients (♀=8; ♂=23) Complete dentition?  No Impacting (N=18 M3s)   
  Longitudinal; prospective Avg. age=19       If not, extractions (•)?  Yes     
  LCR Note(s): M3s were assessed yearly 

from age 11 until approx. age 19. 
      If not, agenesis? ?   

              
Scherstén et al., 1989 Maxilla and mandible Orthodontic patients? ? Eruption (N=171) 1. Sex (males vs. females) 
  Sweden 257 patients (♀=113; ♂=144) Complete dentition?  ? Impaction (N=86) 2. Jaws (maxilla vs. mandible) ••• 
  Cross-sectional; retrospective Age= 20 to 39 (range)       If not, extractions (•)?  ?     
  PAL         If not, agenesis? ? Note(s): Traits were assessed individually (i.e., not collectively). 
              
Ventä, 1993 Mandible only Orthodontic patients? ? Erupting (N=9 M3s) 1. M3 angulation (Winter) ••• 
  Finland 36 patients (♀=27; ♂=9) Complete dentition?  Yes Impacting (N=47 M3s) 2. M3 root formation ••• 
  Longitudinal; retrospective Age= 20 and 26       If not, extractions (•)?  No   3. Impaction type ••• 
  PAN Note(s): All patients had their M3s 

studied twice: at ages 20 and 26. M3 
eruption status was assessed in both 
instances. 

      If not, agenesis? No   4. Depth in bone ••• 
      

 
  5. Eruption space ••• 

      
 

    
      

 
Note(s): Each trait was assessed individually (i.e., not collectively) for 
potential statistical association with presence of M3 impaction. b) traits were 
assessed longitudinally, but only in adult ages. 

              
Ganns, 1993 Maxilla and mandible Orthodontic patients? No Erupted M3s (N=?) 1. M3 eruption space ••• 
  Germany 75 patients (♀=?; ♂=?) Complete dentition?  Yes Impacted M3s (N=?)   
  Longitudinal; prospective Age= 20.3 (group avg.)       If not, extractions (•)?  No     
  PAN and LCR Note(s): Patients were seen at age 13 

±3 (SD) and then again 7 years after 
that. 

      If not, agenesis? No   

              
Meisami et al., 2002 Mandible only Orthodontic patients? ? Erupted (N≈ 40% of M3s) 

Impacted (N≈60% of 
M3s) 
  

1. Fracture of the mandibular angle ••• 
  Canada 214 patients (♀=?; ♂=?) Complete dentition?  ?   
  Cross-sectional; retrospective Age= 20 to 40 (range)       If not, extractions (•)?  ?   

  PAN and hospital charts         If not, agenesis? ?   
              
Kim et al., 2003 Maxilla and mandible Orthodontic patients? Yes Non-extraction (N=51) 1. Freq. of M3 eruption vs. impaction ••• 
  United States of America 157 patients (♀=?; ♂=?) Complete dentition?  Some Extraction (N=106) 2. Mesial movement of molars ••• 
  Longitudinal; retrospective Age= 30.2 (group avg.)       If not, extractions (•)?  Yes   3. M3 eruption space ••• 
  LCR, PAN, PAL, plaster models         If not, agenesis? ?     
          Note(s): Traits were assessed individually (i.e., not collectively). 
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Artür et al., 2005 Maxilla only Orthodontic patients? Yes Impaction (N=?) 1. Retromolar space ••• 
  United States of America 132 patients (♀=?; ♂=?) Complete dentition?  Some Eruption (N=?) 2. M1's mesial orthod. movement ••• 
  Longitudinal; retrospective Age= 30.2 ±4.6 (SD) (group avg.)       If not, extractions (•)?  Yes   3. M3 angulation ••• 
  LCR Note(s): Patients were seen before (T1; 

Avg. age 12.2) and after (T2; Avg. age 
15.2) orthodontic treatment as well as 
≈10 years later (T3; Avg. age 30.2). 

      If not, agenesis? ?   4. Patient age  
      

 
  5. Sex 

      
 

  6. Metric parameters of maxillary size ••• 
      

 
  7. M3 crown size  

      
 

  8. Malocclusion Class I, II, and III 
      

 
  9. Premolar extraction  

        
 

    
        

 
Note(s): T1 and T2 traits were assessed individually and collectively for 
statistical association with the M3 eruption status seen at T3. Collectively, 
only traits 1-3 were statistically significant.   

        
 

        
 

              
Behbehani et al., 2006 Mandible only Orthodontic patients? Yes Impaction (N=?) 1. Sex ••• 
  United States of America 134 patients (♀=?; ♂=?) Complete dentition?  Some Eruption (N=?) 2. Angle Class 
  Longitudinal; retrospective Age= 30 ±4.3 (SD) (group avg.)       If not, extractions (•)?  Yes   3. Premolar extraction  
  PAN, PAL, plaster models Note(s): Patients were seen before (T1; 

Avg. age 12.2) and after (T2; Avg. age 
15.2) orthodontic treatment as well as 
≈10 years later (T3; avg. age 30). 

      If not, agenesis? No   4. M3 eruption space ••• 
          5. Gonial angle ••• 
          6. Mesial movement of the M1  
          7.  M3 size  
          8. M3 angulation  
          9. Distance between the M2 and M3 
              
          Note(s): T1 and T2 traits were assessed individually and collectively for 

statistical association with the M3 eruption status seen at T3. Collectively, 
only traits 1, 4, and 5 were statistically significant.   

          
          
              
Niedzielska et al., 2006 Mandible only Orthodontic patients? No Properly aligned (N=40 M3s) 1. M3 eruption space •••  

Poland 64 patients (♀=55; ♂=9) Complete dentition?  Yes Partial impaction (N=36 M3s) 2. M3 angulation •••  
Longitudinal; retrospective Age= 20 to 42 (range)       If not, extractions (•)?  No Complete impaction (N=52 M3s) 

 
 

PAN, dental casts Note(s): Patients were seen at T1 (age: 
14 to 32) and then again 10 years later 
(T2, age: 24 to 42).  
  

      If not, agenesis? No 
  

    
Note(s): Traits were assessed individually (i.e., not collectively).       

Breik and Grubor, 2008 Mandible only Orthodontic patients? Yes Brachyfacial (N=39) 1. Freq. of M3 eruption/impaction ••• 
  Australia 97 patients (♀=?; ♂=?) Complete dentition?  Yes Mesofacial (N=28)   
  Cross-sectional; retrospective Age= 16 (group avg.)       If not, extractions (•)?  No Dolichofacial (N=30)   
  PAN, LCR         If not, agenesis? No   
              
Hashemipour et al., 2013 Maxilla and mandible Orthodontic patients? ? Impaction (N=?) 1. Sex (females vs. males) •••  

Iran 1020 patients (♀=640; ♂=380) Complete dentition?  Some Non-impaction (N=?) 2. Jaw (maxilla vs. mandible) •••  
Cross-sectional; retrospective Age= 19 to 55 (range)       If not, extractions (•)?  Yes 

 
3. Jaw side (Right vs. left)  

PAN 
 

      If not, agenesis? ? 
  

     
Note(s): Traits were assessed individually (i.e., not collectively). 
  

Lauesen et al., 2013 Mandible only Orthodontic patients? No Eruption (N=75) 1. Degree of root development ••• 
  Denmark 132 patients (♀=61; ♂=71) Complete dentition?  Yes Impaction (N=57)   
  Longitudinal; prospective Age= 20 (group avg.)       If not, extractions (•)?  No     
  PAN, PAL Note(s): Patients were seen twice: at 

age 15 and at age 20. 
      If not, agenesis? No   

              
Topkara and Sari, 2013 Maxilla and mandible Orthodontic patients? Yes Eruption (N=75) 1. Sex (females; males)  

Turkey 207 patients (♀=145; ♂=62) Complete dentition?  Yes Impaction (N=132) 2. Jaw (maxilla; mandible)  
Cross-sectional; retrospective Age= 20 to 39 (range)       If not, extractions (•)?  No 

 
3. Jaw sides (right; left)  

PAN, PAL, plaster models 
 

      If not, agenesis? No 
  

     
Note(s): Traits were assessed individually (i.e., not collectively). 
 
  

Al-Anqudi, 2014 Maxilla and mandible Orthodontic patients? ? Fully erupted (N=2189 M3s) 1. Sex (females; males) ••• 
  Oman 1000 patients (♀=565; ♂=435) Complete dentition?  Some Impacted (N=1128 M3s) 2. Jaw (maxilla; mandible) ••• 
  Cross-sectional; retrospective Age= 19 to 26 (range)       If not, extractions (•)?  Yes     
  PAN         If not, agenesis? ? Note(s): Traits were assessed individually (i.e., not collectively). 
              
Miclotte et al., 2015 Mandible only Orthodontic patients? Some Orthod. treated (N=150) 1. Frequency of M3 eruption/impaction 
  Brazil 300 patients (♀=181; ♂=119) Complete dentition?  Yes Non-orthod. treated (N=150)   
  Cross-sectional; retrospective Age= 13 to 23 (range)       If not, extractions (•)?  No     
  PAN         If not, agenesis? No   
              
Kaur et al., 2016 Mandible only Orthodontic patients? No Fully erupted (N=50) 1. M3 size (mesiodistal width) ••• 
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  India 200 patients (♀=100; ♂=100) Complete dentition?  Yes Partially erupted (N=50) 2. M3 eruption space ••• 
3. M3 tilting (long axis) ••• 
4. M2 tilting (long axis) ••• 
5. Gonial angle 

  Cross-sectional; retrospective Age= 15 to 25       If not, extractions (•)?  No Non-erupted (N=50) 
  PAN         If not, agenesis? No Partially developed (N=50) 

            
 

          Note(s): A) Traits were assessed individually (i.e., not collectively). B) 
Significant differences were found between fully erupted and non-erupted M3s 
for all traits, except trait 5 (Gonial angle).   

              
Vranckx et al., 2019 Mandible only Orthodontic patients? Yes Fully erupted 1. M3 tilting (mesiodistal) ••• 
  Belgium 1011 patients (♀=567; ♂=444) Complete dentition?  Yes Partially erupted 2. M2 tilting (mesiodistal) ••• 
  Longitudinal; retrospective Age= 15.9 (group avg.)       If not, extractions (•)?  No Unerupted   
  PAN Note(s): Patients were seen at T1 (Avg. 

age= 13.0 ±1.4) and then again at T2 
(Avg. age= 15.9 ±1.8). 

      If not, agenesis? No Note(s): Both traits were recorded at T1, and then were individually (i.e., not 
collectively) tested for potential statistical association with the M3 eruption 
status recorded at T2. 

              
              

Studies addressing traits of M3 impaction versus eruption. The presence of M3 impaction was tested for potential statistical association with one or more traits, within all the 
studies listed above. Studies are sorted from oldest to newest. [ a ] Refers to the average (Avg.) age of patients at the moment when their M3s were assessed for eruption or 
impaction. In some instances, age may be expressed as a range (rather than as an average). It depends on how this information was made available by the author. If a given 
population was seen multiple times by the investigator(s) such as in longitudinal methodologies, then additional information is provided in the notes just below the informed 
age. All ages are expressed in years. ( • ) Refers to the extraction of any tooth other than the M3, either for orthodontic purposes or other clinical reasons. ( ••• ) Indicates 
statistically significant traits of M3 impaction. That is, traits that differed significantly between two or more of the groups investigated in each study. 
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Supplement Table 7.2. Literature retrieved and reviewed under Investigation Stream 1. 
 

 First author, year 

Pu
bM

ed
 

O
vi

d 
M

ed
lin

e 
We

b o
f S

cie
nc

e 

 

Pa
ss

ed
 s

cr
ee

ni
ng

?  

Pa
ss

ed
 e

lig
ib

ili
ty

? 
**

* 

Title 

          
 (Dienstein 1956) ✓ - ✓ 

 
- - 1 Tooth development and eruption. II. A biometric analysis of the histologic relationship of the root of the mandibular first molar of 

the rat in growth and eruption to the lower border of the mandible.  (Frumkina 1960) ✓ - ✓ 
 

- - 1 [The effect of extraction of milk molars in children on the development, eruption and setting in the dental arch of the premolars]. 
 (Rud et al. 1963) ✓ - ✓ 

 
- - 1 Effect of the sulfa cones and suturing on the incidence of pain after removal of impacted lower third molars. 

 (Allegrotti et al. 1966) ✓ - ✓ 
 

- - 1 [Incidence of caries in the permanent 1st molars during the 1st year following their eruption]. 
 (Pulver 1968) ✓ - ✓ 

 
- - 1 The etiology and prevalence of ectopic eruption of the maxillary first permanent molar. 

 (Heyden & From 1970) ✓ - ✓ 
 

- - 1 Histochemical demonstration of dehydrogenase activities during late molar crown development and tooth eruption in the mouse. 
 (Kühr & Wetzstein 1970) ✓ - ✓ 

 
- - 4 [Development and eruption of wisdom teeth with missing lateral teeth]. 

 (Jacobs 1971) ✓ - ✓ 
 

- - 1 [Prevalence of impacted and ectopic 1st and 2d molars]. 
 1973 Berkovit BK, Bass TP - ✓ - 

 
✓ - 2 Eruption rates of maxillary third molars 

 (Kameyama 1973) ✓ - ✓ 
 

- - 1 The pattern of alveolar bone activity during development and eruption of the molar in the rat. 
 (Silling 1973) ✓ ✓ ✓ 

 
✓ - 2 Development and eruption of the mandibular third molar and its response to orthodontic therapy. 

 (Pavarini et al. 1975) ✓ - ✓ 
 

- - 1 [The influence of stress on the eruption rate of molars and incisors teeth of the rat (author's transl)]. 
 (Richardson 1975) ✓ - ✓ 

 
✓ ✓ Incl. The development of third molar impaction. 

 (Fábián et al. 1978) ✓ - ✓ 
 

- - 1 [Development of the maxilla after the eruption of the 2d molars]. 
 (Haavikko et al. 1978) ✓ ✓ ✓ 

 
✓ ✓ Incl. Predicting angulational development and eruption of the lower third molar. 

 (Niitani 1979) ✓ - ✓ 
 

- - 1 [Ultrastructural study on the development of the junctional epithelium during molar tooth eruption in rats (author's transl)]. 
 (Bjerklin & Kurol 1981) ✓ ✓ ✓ 

 
- - 1 Prevalence of ectopic eruption of the maxillary first permanent molar. 

 (Richardson 1981) ✓ ✓ ✓ 
 

✓ - 2 The development of third molar impaction and its prevention. 
 (Szöllösi et al. 1981) ✓ - ✓ 

 
- - 1 [Jaw development following eruption of second molars]. 

 (Bronckers et al. 1982) ✓ ✓ ✓ 
 

- - 1 A morphometric and biochemical study of the pre-eruptive development of hamster molars in vivo. 
 (Sandhu & Kapila 1982) ✓ - ✓ 

 
✓ ✓ Incl. Incidence of impacted third molars. 

 (Hochwald et al. 1983) ✓ ✓ ✓ 
 

- - 1 Modified distolingual splitting technique for removal of impacted mandibular third molars: incidence of postoperative sequelae. 
 (Haidar & Shalhoub 1986) ✓ ✓ ✓ 

 
✓ - 2 The incidence of impacted wisdom teeth in a Saudi community. 

 (Cardoso & Issáo 1987) ✓ - ✓ 
 

- - 1 [Prevalence of occlusal caries according to degree of eruption in first permanent molars]. 
 (Takita et al. 1987) ✓ ✓ ✓ 

 
- - 1 Immunofluorescence localization of type I and type III collagen and fibronectin in mouse dental tissues in late development and 

during molar eruption.  (Evans 1988) ✓ ✓ ✓ 
 

- - 1 Incidence of lower second permanent molar impaction. 
 (Richardson 1988) ✓ - ✓ 

 
- - 1 [Development of 3rd molar impaction and its prevention]. 

 (Tudsri 1988) ✓ - ✓ 
 

✓ - 4 [Incidence of impacted wisdom teeth and complication in Thai community]. 
 (Varpio & Wellfelt 1988) ✓ ✓ ✓ 

 
- - 1 Disturbed eruption of the lower second molar: clinical appearance, prevalence, and etiology. 

 (Scherstén et al. 1989) ✓ ✓ ✓ 
 

✓ ✓ Incl. Prevalence of impacted third molars in dental students. 
 (Yaegaki et al. 1989) ✓ - ✓ 

 
- - 1 [Correlations between first molar eruption, caries incidence and caries experience in primary school children]. 

 1990 Calcagno JM, Gibson KR - ✓ - 
 

✓ - 2 Implications of possible 3rd molar impactions in the hominid fossil record 
 (Girdler 1990) ✓ ✓ ✓ 

 
✓ - 2 The unpredictability of impacted third molar development--the danger of passive observation. 

 (Pearson & Williams 1990) ✓ ✓ ✓ 
 

✓ - 2 The unpredictability of impacted third molar development'. 
 (Satake & Silva 1990) ✓ - ✓ 

 
- - 1 [Relationship between growth and tooth eruption. Relationship between growth and physical development and eruption of first 

permanent molars in S√£o Paulo students].  (al-Khateeb et al. 1991) ✓ - ✓ 
 

- - 1 The relationship between the indications for the surgical removal of impacted third molars and the incidence of alveolar osteitis. 
 (Larsen 1991) ✓ ✓ ✓ 

 
- - 1 The effect of a chlorhexidine rinse on the incidence of alveolar osteitis following the surgical removal of impacted mandibular 

third molars.  (Gibson & Calcagno 1993) ✓ ✓ ✓ 
 

- - 3 Brief communication: possible third molar impactions in the hominid fossil record. 
 (Blondeau 1994) ✓ - ✓ 

 
- - 1 [Paresthesia: incidence following the extraction of 455 mandibular impacted third molars]. 

 (Khandker & Molla 1994) ✓ - ✓ 
 

- - 1 Incidence of dry socket in surgical removal of impacted third molar. 
 (Berkovitz & Maden 1995) ✓ ✓ ✓ 

 
- - 1 The distribution of cellular retinoic acid-binding protein I (CRABPI) and cellular retinol-binding protein I (CRBPI) during molar tooth 

development and eruption in the rat.  (Bonine 1995) ✓ ✓ ✓ 
 

- - 1 Effect of chlorhexidine rinse on the incidence of dry socket in impacted mandibular third molar extraction sites. 
 (Chiapasco et al. 1995) ✓ ✓ ✓ 

 
- - 1 Germectomy or delayed removal of mandibular impacted third molars: the relationship between age and incidence of 

complications. 
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 (Berge 1996) ✓ ✓ ✓ 
 

- - 1 Incidence of infections requiring hospitalization associated with partially erupted third molars. 
 (Yamaoka et al. 1997) ✓ ✓ ✓ 

 
- - 1 Incidence of inflammation in completely impacted lower third molars. 

 (Chintakanon & Boonpinon 1998) ✓ ✓ ✓ 
 

- - 1 Ectopic eruption of the first permanent molars: prevalence and etiologic factors. 
 (Nuttall 1998) - ✓ - 

 
✓ - 2 Development of a model for the simulation of third molar eruption 

 (Güven et al. 2000) ✓ ✓ ✓ 
 

- - 1 The incidence of cysts and tumors around impacted third molars. 
 (Shapira et al. 2000) ✓ ✓ ✓ 

 
- - 1 Prevalence of tooth transposition, third molar agenesis, and maxillary canine impaction in individuals with Down syndrome. 

 2002 Artun J, Kim TW - ✓ - 
 

✓ - 2 Prevalence of third molar impaction in orthodontic patients treated with and without premolar extraction 
 (Berge 2002) ✓ ✓ ✓ 

 
- - 1 Incidence of chronic neuropathic pain subsequent to surgical removal of impacted third molars. 

 (Horta et al. 2002) - ✓ - 
 

✓ - 2 Prevalence of impacted inferior third molars position in the HUCFF-UFRJ 
 (Reyneke et al. 2002) ✓ ✓ ✓ 

 
- - 1 Age as a factor in the complication rate after removal of unerupted/impacted third molars at the time of mandibular sagittal split 

osteotomy.  (Sewerin 2002) - ✓ - 
 

✓ - 2 Prevalence of impacted/retained third molars in Danish adults. 
 (Kim et al. 2003) ✓ ✓ ✓ 

 
✓ ✓ Incl. Prevalence of third molar impaction in orthodontic patients treated nonextraction and with extraction of 4 premolars. 

 (Sasano et al. 2003) ✓ ✓ ✓ 
 

✓ ✓ Incl. Influence of angular position and degree of impaction of third molars on development of symptoms: long-term follow-up under 
good oral hygiene conditions.  (Barberia-Leache et al. 2005) ✓ - ✓ 

 
- - 1 Ectopic eruption of the maxillary first permanent molar: characteristics and occurrence in growing children. 

 (Baykul et al. 2005) ✓ ✓ ✓ 
 

- - 1 Incidence of cystic changes in radiographically normal impacted lower third molar follicles. 
 (Chye & Singh 2005) ✓ ✓ ✓ 

 
- - 1 Rapid cystic development in relation with an impacted lower third molar: a case report. 

 (Adeyemo et al. 2006) ✓ - ✓ 
 

✓ - 2 Prevalence and surgical morbidity of impacted mandibular third molar removal in the aging population: a retrospective study at 
the Lagos University Teaching Hospital.  (Arathi et al. 2006) ✓ - ✓ 

 
- - 1 Permanent molars: delayed development and eruption. 

 (Metin et al. 2006) ✓ - ✓ 
 

- - 1 Comparison of two chlorhexidine rinse protocols on the incidence of alveolar osteitis following the surgical removal of impacted 
third molars.  (Bondemark & Tsiopa 2007) ✓ - ✓ 

 
- - 1 Prevalence of ectopic eruption, impaction, retention and agenesis of the permanent second molar. 

 (Miyata et al. 2007) ✓ ✓ ✓ 
 

- - 1 Diverse effects of c-src deficiency on molar tooth development and eruption in mice. 
 (Breik & Grubor 2008) ✓ ✓ ✓ 

 
✓ ✓ Incl. The incidence of mandibular third molar impactions in different skeletal face types. 

 (Muratbegovic et al. 2008) ✓ - ✓ 
 

- - 1 Molar-incisor-hypomineralisation impact on developmental defects of enamel prevalence in a low fluoridated area. 
 (Polat et al. 2008) ✓ ✓ ✓ 

 
- - 1 Prevalence of commonly found pathoses associated with mandibular impacted third molars based on panoramic radiographs in 

Turkish population.  (Deane et al. 2009) ✓ ✓ ✓ 
 

- - 1 Physical properties of root cementum: part 12. The incidence of physiologic root resorption on unerupted third molars and its 
comparison with orthodontically treated premolars: a microcomputed-tomography study.  (Fernandes et al. 2009) ✓ ✓ ✓ 

 
- - 1 Incidence of symptoms in previously symptom-free impacted lower third molars assessed in general dental practice. 

 (Haraji et al. 2010) ✓ - ✓ 
 

- - 1 Can flap design influence the incidence of alveolar osteitis following removal of impacted mandibular third molars? 
 (Planinić et al. 2010) ✓ ✓ ✓ 

 
- - 1 Prevalence of odontogenic keratocysts associated with impacted third molars. 

 (Coleman et al. 2011) ✓ ✓ ✓ 
 

- - 1 The incidence of periodontal defects distal to the maxillary second molar after impacted third molar extraction. 
 (Ezoddini-Ardakani et al. 2011) ✓ ✓ - 

 
- - 1 Evaluation of the distortion rate of panoramic and periapical radiographs in erupted third molar inclination. 

 (Gündüz et al. 2011) ✓ - ✓ 
 

- - 1 Radiologic investigation of prevalence, associated pathologies and dental anomalies of non-third molar impacted teeth in Turkish 
oral patients.  (Byahatti & Ingafou 2012) ✓ - - 

 
✓ - 2 Prevalence of eruption status of third molars in Libyan students. 

 (Olze et al. 2012) ✓ ✓ ✓ 
 

✓ - 2 The influence of impaction on the rate of third molar mineralisation in male black Africans. 
 (Salbach et al. 2012) ✓ ✓ ✓ 

 
- - 1 Correlation between the frequency of eruption disorders for first permanent molars and the occurrence of malocclusions in early 

mixed dentition.  2013 Adaki SR, et al. ✓ - ✓ 
 

- - 1 Incidence of cystic changes in impacted lower third molar. 
 (Nejat & Eshghpour 2013) ✓ ✓ ✓ 

 
- - 1 Dry socket following surgical removal of impacted third molar in an Iranian population: incidence and risk factors. 

 (Hashemipour et al. 2013) ✓ ✓ ✓ 
 

✓ ✓ Incl. Incidence of impacted mandibular and maxillary third molars: a radiographic study in a Southeast Iran population. 
 (Jung & Cho 2013a) ✓ - - 

 
✓ - 2 Prevalence of missing and impacted third molars in adults aged 25 years and above. 

 (Lauesen et al. 2013) ✓ ✓ ✓ 
 

✓ ✓ Incl. Association between third mandibular molar impaction and degree of root development in adolescents. 
 (Syed et al. 2013) ✓ - - 

 
✓ - 2 Prevalence of Impacted Molar Teeth among Saudi Population in Asir Region, Saudi Arabia - A Retrospective Study of 3 Years. 

 (Togoo 2013) ✓ - - 
 

- - 3 Rare occurrence of inverted maxillary third molar impaction: a case report. 
 (Topkara & Sari 2013) ✓ - - 

 
✓ ✓ Incl. Investigation of third molar impaction in Turkish orthodontic patients: Prevalence, depth and angular positions. 

 (Al-Anqudi et al. 2014) ✓ - - 
 

✓ ✓ Incl. Prevalence and Pattern of Third Molar Impaction: A retrospective study of radiographs in Oman. 
 (Kumar Pillai et al. 2014) ✓ - - 

 
✓ - 2 Incidence of impacted third molars: A radiographic study in People's Hospital, Bhopal, India. 

 (Patil et al. 2014) ✓ - - 
 

- - 1 Prevalence of cysts and tumors around the retained and unerupted third molars in the Indian population. 
 (Tek et al. 2014) ✓ ✓ ✓ 

 
- - 1 Effects of the topical hemostatic agent Ankaferd Blood Stopper on the incidence of alveolar osteitis after surgical removal of an 

impacted mandibular third molar.  (Agbaje et al. 2015) ✓ - - 
 

- - 1 Coronectomy of Deeply Impacted Lower Third Molar: Incidence of Outcomes and Complications after One Year Follow-Up. 
 (Flamee et al. 2015) ✓ - ✓ 

 
- - 1 Effect of a chlorhexidine/thymol and a fluoride varnish on caries development in erupting permanent molars: a comparative study. 

 (Mahdey et al. 2015) ✓ ✓ - 
 

✓ - 2 Prevalence and Difficulty Index Associated with the 3(rd) Mandibular Molar Impaction among Malaysian Ethnicities: A Clinico-
Radiographic Study.  (Mohd Yusof et al. 2015b) ✓ ✓ ✓ 

 
- - 1 Stages in third molar development and eruption to estimate the 18-year threshold Malay juvenile. 

 (Mohd Yusof et al. 2015a) ✓ ✓ ✓ 
 

- - 1 Application of third molar development and eruption models in estimating dental age in Malay sub-adults. 
 (Mustafa 2015) ✓ - - 

 
- - 1 Prevalence of Impacted Pre-Molar Teeth in College of Dentistry, King Khalid University, Abha, Kingdom of Saudi Arabia. 

 (Sano et al. 2015) ✓ ✓ ✓ 
 

- - 1 Formation and development of maxillary first molars with delayed eruption. 
 (Vigneswaran & Shilpa 2015) ✓ - - 

 
- - 1 The incidence of cysts and tumors associated with impacted third molars. 

 (Xu et al. 2015) ✓ ✓ ✓ 
 

- - 1 Effect of oral contraceptive use on the incidence of dry socket in females following impacted mandibular third molar extraction: a 
meta-analysis. 
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 (Camargo et al. 2016) ✓ ✓ ✓ 
 

- - 1 Correlational study of impacted and non-functional lower third molar position with occurrence of pathologies. 
 (Elo et al. 2016) ✓ - ✓ 

 
- - 1 Novel incision design and primary flap closure reduces the incidence of alveolar osteitis and infection in impacted mandibular 

third molar surgery.  (Lim et al. 2016) ✓ ✓ ✓ 
 

- - 1 Prevalence of Cervical Enamel Projection and Its Impact on Furcation Involvement in Mandibular Molars: A Cone-Beam Computed 
Tomography Study in Koreans.  (Ogata & Hur 2016) ✓ ✓ ✓ 

 
- - 1 A higher incidence of dry socket may be related to the use of oral contraceptives after impacted mandibular third-molar 

extraction.  (Oguz et al. 2016) ✓ - - 
 

- - 1 Incidence of root canal treatment of second molars following adjacent impacted third molar extraction. 
 (Rahimi-Nedjat et al. 2016) ✓ ✓ ✓ 

 
- - 1 Association between eruption state of the third molar and the occurrence of mandibular angle fractures. 

 (Shin et al. 2016) ✓ ✓ - 
 

- - 1 Prevalence of pathologies related to impacted mandibular third molars. 
 (Srinivasan et al. 2016) ✓ - ✓ 

 
- - 1 Prevalence of impacted permanent mandibular second molars in South Indian population: A cross-sectional study. 

 (Kumar et al. 2017) ✓ - ✓ 
 

✓ - 2 Prevalence and Pattern of Mandibular Third Molar Impaction in Eritrean Population: A Retrospective Study. 
 (Shunmugavelu 2017) ✓ ✓ ✓ 

 
- - 3 Rare Occurrence of the Left Maxillary Horizontal Third Molar Impaction, the Right Maxillary Third Molar Vertical Impaction and the 

Left Mandibular Third Molar Vertical Impaction with Inferior Alveolar Nerve Proximity in a 30 Year Old Female: A Case Report.  (Apparaju et al. 2017) ✓ - - 
 

- - 1 Incidence of distal caries in mandibular second molars due to impacted third molars: Nonintervention strategy of asymptomatic 
third molars causes harm? A retrospective study.  (Star et al. 2017) ✓ ✓ ✓ 

 
- - 1 Impact of hypofunctional occlusion on upper and lower molars after cessation of root development in adult mice. 

 (Syed et al. 2017) ✓ ✓ - 
 

- - 1 Prevalence of Distal Caries in Mandibular Second Molar Due to Impacted Third Molar. 
 (Upadhyaya et al. 2017) ✓ - ✓ 

 
✓ - 2 Incidence and Pattern of Impaction of Mandibular Third Molars : A Single Institutional Experience in Nepal. 

 (Awais et al. 2018) - ✓ - 
 

✓ - 2 Prevalence of mandibular third molar impaction in people having various facial symmetry 
 (Güven 2018) ✓ ✓ - 

 
- - 1 Prevalence of ectopic eruption of first permanent molars in a Turkish population. 

 (McArdle et al. 2018) ✓ ✓ ✓ 
 

- - 1 The mesially impacted mandibular third molar: The incidence and consequences of distal cervical caries in the mandibular 
second molar.  (Mohajerani et al. 2018) ✓ - ✓ 

 
- - 1 Comparison of Envelope and Modified Triangular Flaps on Incidence of Dry Socket after Surgical Removal of Impacted 

Mandibular Third Molars: A Double-blind, Split-mouth Study.  (Monte-Santo et al. 2018) ✓ ✓ ✓ 
 

- - 1 Prevalence of early loss of primary molar and its impact in schoolchildren's quality of life. 
 (Unsal & Erbasar 2018) ✓ ✓ ✓ 

 
- - 1 Evaluation of the Effect of Platelet-Rich Fibrin on the Alveolar Osteitis Incidence and Periodontal Probing Depth after Extracting 

Partially Erupted Mandibular Third Molars Extraction.  (Altan & Akbulut 2019) ✓ - - 
 

- - 1 Does the Angulation of an Impacted Mandibular third Molar Affect the Prevalence of Preoperative Pathoses? 
 (Brignardello-Petersen 2019) ✓ ✓ ✓ 

 
- - 1 The prevalence of odontogenic cysts and tumors associated with impacted third molars is probably close to 5. 

 (Jain et al. 2019a) ✓ - ✓ 
 

✓ ✓ Incl. Prevalence of impacted third molars among orthodontic patients in different malocclusions. 
 (Marchiori et al. 2019) ✓ ✓ ✓ 

 
✓ - 2 Initial third molar development is delayed in jaws with short distal space: An early impaction sign? 

 (Mello et al. 2019) ✓ ✓ ✓ 
 

- - 1 Prevalence of odontogenic cysts and tumors associated with impacted third molars: A systematic review and meta-analysis. 
 (Passi et al. 2019) ✓ - - 

 
✓ - 2 Study of pattern and prevalence of mandibular impacted third molar among Delhi-National Capital Region population with newer 

proposed classification of mandibular impacted third molar: A retrospective study.  (Sejfija et al. 2019) ✓ ✓ - 
 

- - 1 Prevalence of Pathologies Associated with Impacted Third Molars in Kosovar Population: an Orthopanthomography Study. 
 (Songur et al. 2019) ✓ ✓ - 

 
- - 1 Assessing the Impact of Early Childhood Caries on the Development of First Permanent Molar Decays. 

 (Zhang et al. 2019) ✓ ✓ - 
 

- - 1 Development of a New Index to Assess the Difficulty Level of Surgical Removal of Impacted Mandibular Third Molars in an Asian 
Population.   

        

These articles address the variability of criteria used to diagnose M3 impaction. All articles were retrieved from three online databases (PubMed, Web of Science, and 
Ovid Medline). Following their retrieval, all articles were screened based on their titles and abstracts to determine whether or not they would be relevant to 
Investigation stream 1. Those articles which passed the initial screening were then assessed for eligibility based on their full content. A set of inclusion and exclusion 
criteria were used for this purpose. These criteria are detailed in the main article. Articles which met all criteria (highlighted in blue, above) were then included in the 
review work. *** Articles were excluded due to the following reasons: 1) Article is off topic / out of scope; 2) Article is relevant, but ineligible (does not address the 
subject of interest); 3) Article is relevant, but ineligible due to its presentation format (e.g., reviews, short communications); 4. Article is relevant, but ineligible 
because it is communicated in an non-supported foreign language.  
*** Exclusion reason: 
1. Off-topic / Out of scope. 
2. Relevant, but ineligible (does not address the subject of interest) 
3. Relevant, but ineligible (reviews, short communications) 
4. Relevant, but ineligible (foreign language)  
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Supplement Table 7.3 Literature retrieved and reviewed under Investigation Stream 2. 
 First author, year 
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Title 

         
 (Schelling 1910) ✓ - - - - 1 Neuralgia due to Impacted Lower Wisdom Teeth, in which Skiagrams helped the Diagnosis. 
 (Henry & Morant 1936) - ✓ - ✓ - 2 A preliminary study of the eruption of the mandibular third molar tooth in man based on measurements obtained from 

radiographs, with special reference to the problem of predicting cases of ultimate impaction of the tooth  (Newman 1949) ✓ - - - - 1 Removal of impacted molar assists in diagnosis of brucellosis. 
 (Sorensen 1949) ✓ - - ✓ - 2 Diagnosis and surgical removal of the mandibular impacted third molar. 
 1951 Pena E P R ✓ - - ✓ - 2 [Diagnosis and treatment of the impacted lower third molar]. 
 (Rouel 1953) ✓ - - - - 1 [A case of impaction of the lower permanent first molar and several cases of retention of the lower second and third molars, in 

three cases caused by adamantinoma].  (Springer 1956) ✓ - - - - 1 Root resorption of second molars caused by third molar impactions; report of case. 
 (Zhitnitskiĭ 1965) ✓ - - - - 1 [Complications caused by difficult eruption of the lower wisdom teeth]. 
 (Harnisch 1966) ✓ - - - - 1 [Differential diagnosis and method of anesthesia during eruption disorders of the lower third molar]. 
 (Inman 1966) ✓ - - - - 1 Bony changes caused by experimental technic in producing delayed eruption of hamster molars. 
 (Didenko 1967) ✓ - - - - 1 [Functional disturbances of the 8th nerve caused by unerupted wisdom tooth]. 
 (Pulver 1968) ✓ - - - - 1 The etiology and prevalence of ectopic eruption of the maxillary first permanent molar. 
 (Tzoumaris 1969) ✓ - - - - 1 [Radiographic diagnosis of impacted wisdom teeth in the mandible and the formation of tumors in this region]. 
 (Cervera Martinez 1970) ✓ - - ✓ - 2 [Clinical and radiographic diagnosis in pathological eruption of the 3d lower molar]. 
 (Maracciole & Stefanelli 1970) ✓ - - - - 1 [Mechanism of mastication and the physiopathology of referred pain in the temporomandibular joint caused by eruption of the ed 

molars].  (Kaplan 1975) ✓ - - ✓ ✓ Incl. Some factors related to mandibular third molar impaction. 
 (Richardson 1975) ✓ - ✓ ✓ ✓ Incl. The development of third molar impaction. 
 (Ugulava 1975) ✓ - - - - 1 [Errors in the diagnosis and treatment of difficult eruption of wisdom teeth]. 
 (Richardson 1977) ✓ - - ✓ ✓ Incl. The etiology and prediction of mandibular third molar impaction. 
 (Haavikko et al. 1978) ✓ - - ✓ - 2 Predicting angulational development and eruption of the lower third molar. 
 (Munteanu 1978) ✓ - - - - 1 [Acute pulpitis caused by radicular caries in an impacted molar]. 
 (Cameron 1980) ✓ - - - - 1 An investigation into some of the factors concerned in the surgical removal of the impacted lower wisdom tooth, including a 

double blind trial of chymoral.  (Cryer 1981) ✓ - - ✓ - 2 Orthodontic considerations in predicting and preventing third molar impactions: a review. 
 (Kurol & Bjerklin 1982) ✓ - - - - 1 Resorption of maxillary second primary molars caused by ectopic eruption of the maxillary first permanent molar: a longitudinal 

and histological study.  (Bjerklin & Kurol 1983) ✓ - - - - 1 Ectopic eruption of the maxillary first permanent molar: etiologic factors. 
 (Hoffmeister 1983) ✓ - - - - 1 [Tongue pressure or inherited susceptibility as a primary cause of infraclusion or impaction of deciduous molars?]. 
 (Schwimmer et al. 1983) ✓ - - - - 1 Impacted third molars: a contributing factor in mandibular fractures in contact sports. 
 (de Boer 1984) ✓ - - - - 1 [The predictive value of the sequence of eruption of the upper and lower permanent first molar to the sagittal relation of these 

elements].  (Scaramella & Quaranta 1984) ✓ - - ✓ - 2 [Problems in the diagnosis, prognosis and therapy of the impacted mandibular 3d molars]. 
 (Jurecek 1985) ✓ - - - - 1 [Perspectives in the differential diagnosis of eruption disorders of the lower wisdom teeth]. 
 (Svendsen et al. 1985) ✓ - - ✓ ✓ Incl. Prediction of lower third molar impaction from the frontal cephalometric projection. 
 (Hiranuma et al. 1986) ✓ - - - - 1 [Factors affecting prognosis after extraction of impacted wisdom teeth]. 
 (McClea 1986) ✓ - - - - 1 Impaction of first permanent molars: differential diagnosis and disimpaction technique. 
 (Zvolanek 1986) ✓ - - - - 1 Root resorption of maxillary second molars caused by impacted third molars. 
 (Hochban & Austermann 1987) ✓ - - - - 1 [Comparative studies of the place of teleradiographs and orthopantomograms in the prognosis of third molar eruption]. 
 (Pogrel 1987) ✓ - - - - 1 A solitary bone cyst possibly caused by removal of an impacted third molar. 
 (Preda et al. 1987) ✓ - - ✓ - 2 [Prediction of lower third molar eruption: verification of cephalometric methods]. 
 (Fisher et al. 1988) ✓ - - - - 1 Factors affecting the onset and severity of pain following the surgical removal of unilateral impacted mandibular third molar 

teeth.  (Gener Gonzalez et al. 1988) ✓ - - - - 1 [Analysis of causes of exodontia in patients with impacted lower wisdom teeth and their relation to occlusion]. 
 (Varpio & Wellfelt 1988) ✓ - - - - 1 Disturbed eruption of the lower second molar: clinical appearance, prevalence, and etiology. 
 (Scherstén et al. 1989) ✓ ✓ ✓ ✓ ✓ Incl. Prevalence of impacted third molars in dental students. 
 (Miller et al. 1990) ✓ - - - - 1 Cross-sectional tomography. A diagnostic technique for determining the buccolingual relationship of impacted mandibular third 

molars and the inferior alveolar neurovascular bundle.  (Miyajima et al. 1990) ✓ - - - - 1 [Treated case with horizontally impacted mandibular first molar caused by submerged primary molar]. 
 (Tatsuno 1990) ✓ - - - - 1 [The condition of dentition and the prediction of eruption at lower third molars of Japanese adolescent males]. 
 (Feifel et al. 1991) ✓ - - - - 1 [High-resolution computerized tomography in the diagnosis of impacted third molars and its implications in terms of irradiation 

exposure].  (Kugelberg et al. 1991) ✓ - - - - 1 The influence of anatomical, pathophysiological and other factors on periodontal healing after impacted lower third molar 
surgery. A multiple regression analysis.  (Larsen 1992) ✓ - - - - 1 Alveolar osteitis after surgical removal of impacted mandibular third molars. Identification of the patient at risk. 

 (Wise et al. 1992) ✓ - - - - 1 Localization of epidermal growth factor and its receptor in mandibular molars of the rat prior to and during prefunctional tooth 
eruption.  (Ganss et al. 1993) ✓ - - ✓ ✓ Incl. Prognosis of third molar eruption. 
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 (Ventä 1993) ✓ - - ✓ ✓ Incl. Predictive model for impaction of lower third molars. 
 (Capuzzi et al. 1994) ✓ - - - - 1 Extraction of impacted third molars. A longitudinal prospective study on factors that affect postoperative recovery. 
 (Checchi et al. 1996) ✓ - - - - 1 Removing high-risk impacted mandibular third molars: a surgical-orthodontic approach. 
 (Piloni & Ubios 1996) ✓ - - - - 1 Impairment of molar tooth eruption caused by x-radiation. 
 (Wise et al. 1996) ✓ - - - - 1 Effects of epidermal growth factor (EGF) and colony-stimulating factor-1 (CSF-1) on expression of c-fos in rat mandibular molars: 

implications for tooth eruption.  (Woodhouse 1996) ✓ - - - - 1 What is the future of third molar removal? Removal of impacted third molars--is the morbidity worth the risk? 
 (Ventä et al. 1997) ✓ - - ✓ - 2 A device to predict lower third molar eruption. 
 (Castella et al. 1998) ✓ - - ✓ - 2 Prediction of mandibular third molar impaction in the orthodontic patient from a panoramic radiograph. 
 (Chintakanon & Boonpinon 1998) ✓ - - - - 1 Ectopic eruption of the first permanent molars: prevalence and etiologic factors. 
 (Ooshima et al. 1998) - ✓ - - - 1 Etiology of delayed eruption of a first permanent molar. 
 (Segura et al. 1998) ✓ - - - - 1 Intracoronal radiolucency in an incompletely erupted permanent molar with a diagnosis of pericoronitis: importance of 

radiographic examination.  (Wood 1999) ✓ - ✓ ✓ - 2 Long term risks of impacted molars. 
 (Wu & Tang 1999) ✓ - - - - 1 [Maxillofacial infections caused by impacted wisdom teeth in the elder] 
 (García et al. 2000) ✓ - - - - 1 Pell-Gregory classification is unreliable as a predictor of difficulty in extracting impacted lower third molars. 
 (Goh 2001) ✓ - - - - 1 Ectopic eruption of maxillary molar tooth--an unusual cause of recurrent sinusitis. 
 (Ventä & Schou 2001a) ✓ - - ✓ - 2 Application of the Third Molar Eruption Predictor to periapical radiographs. 
 (Ventä & Schou 2001b) ✓ - - ✓ - 2 Accuracy of the Third Molar Eruption Predictor in predicting eruption. 
 (Meisami et al. 2002) ✓ - - ✓ ✓ Incl. Impacted third molars and risk of angle fracture. 
 (Reyneke et al. 2002) ✓ - - - - 1 Age as a factor in the complication rate after removal of unerupted/impacted third molars at the time of mandibular sagittal split 

osteotomy.  (Kim et al. 2003) ✓ ✓ ✓ ✓ ✓ Incl. Prevalence of third molar impaction in orthodontic patients treated nonextraction and with extraction of 4 premolars. 
 (Lucchese & Manuelli 2003) ✓ - - ✓ - 2 Prognosis of third molar eruption: a comparison of three predictive methods. 
 (Sasano et al. 2003) ✓ ✓ - ✓ - 2 Influence of angular position and degree of impaction of third molars on development of symptoms: long-term follow-up under 

good oral hygiene conditions.  (Oh et al. 2004) ✓ - - - - 1 Risk of osteoradionecrosis after extraction of impacted third molars in irradiated head and neck cancer patients. 
 (Yuasa & Sugiura 2004) ✓ - - - - 1 Clinical postoperative findings after removal of impacted mandibular third molars: prediction of postoperative facial swelling and 

pain based on preoperative variables.  (Årtun et al. 2005) ✓ - - ✓ ✓ Incl. Prediction of maxillary third molar impaction in adolescent orthodontic patients. 
 (Edamatsu et al. 2005) ✓ - - - - 1 Apoptosis-related factors in the epithelial components of dental follicles and dentigerous cysts associated with impacted third 

molars of the mandible.  (Enciso et al. 2005) - ✓ - ✓ - 2 Third-molar impaction diagnostic with cone-beam computerized tomography 
 (Harase et al. 2005) ✓ - - - - 1 Diagnostic ability of extraoral tuned aperture computed tomography (TACT) for impacted third molars. 
 (Iida et al. 2005) ✓ - - - - 1 Relationship between the risk of mandibular angle fractures and the status of incompletely erupted mandibular third molars. 
 (Matijević & Marjanović 2005) ✓ - - - - 1 [Unerupted lower third molar as a cause of acute infection in soldiers]. 
 (Tiwana et al. 2005) ✓ - - - - 1 The impact of intravenous corticosteroids with third molar surgery in patients at high risk for delayed health-related quality of life 

and clinical recovery.  (Tsai 2005) ✓ - - ✓ - 2 Factors associated with mandibular third molar eruption and impaction. 
 (Behbehani et al. 2006) ✓ - - ✓ ✓ Incl. Prediction of mandibular third-molar impaction in adolescent orthodontic patients. 
 (Kemppinen & Kalo 2006) ✓ - - - - 1 Quantification of triacylglycerols in butterfat by gas chromatography-electron impact mass spectrometry using molar correction 

factors for [M-RCOO]+ ions.  (Niedzielska et al. 2006) ✓ - - ✓ ✓ Incl. Panoramic radiographic predictors of mandibular third molar eruption. 
 (Precious 2006) - ✓ - ✓ - 3 Commentary to "Panoramic radiographic predictors of mandibular third molar eruption" 
 (Blondeau & Daniel 2007) ✓ - - - - 1 Extraction of impacted mandibular third molars: postoperative complications and their risk factors. 
 (Gbotolorun et al. 2007) ✓ - - - - 1 Assessment of factors associated with surgical difficulty in impacted mandibular third molar extraction. 
 (Golovcencu & Anistoroaei 2007) ✓ - - - - 1 [Considerations regarding a prediction method for third mandibular molar eruption]. 
 (Almendros-Marqués et al. 2008) ✓ - - - - 1 Factors influencing the prophylactic removal of asymptomatic impacted lower third molars. 
 (Breik & Grubor 2008) - ✓ ✓ ✓ ✓ Incl. The incidence of mandibular third molar impactions in different skeletal face types 
 (Gbotolorun et al. 2008) ✓ - - - - 1 The role of preoperative and intraoperative variables in predicting post operative complications after impacted mandibular third 

molar exodontia.  (Gomes et al. 2008) ✓ - - - - 1 Sensitivity and specificity of pantomography to predict inferior alveolar nerve damage during extraction of impacted lower third 
molars.  (Voegelin et al. 2008) ✓ - - - - 1 [Complications during and after surgical removal of mandibular third molars. Impact of patient related and anatomical factors]. 

 (Duka et al. 2009) ✓ - - - - 1 [Evaluation of telemedicine systems for impacted third molars diagnosis]. 
 (Ferreira-Junior et al. 2009) ✓ - - - - 1 Impacted lower third molar fused with a supernumerary tooth--diagnosis and treatment planning using cone-beam computed 

tomography.  (Ferrús-Torres et al. 2009) ✓ - - ✓ - 2 Diagnostic predictability of digital versus conventional panoramic radiographs in the presurgical evaluation of impacted 
mandibular third molars.  (Ghaeminia et al. 2009) ✓ - - - - 1 Position of the impacted third molar in relation to the mandibular canal. Diagnostic accuracy of cone beam computed 
tomography compared with panoramic radiography.  (Magnusson & Kjellberg 2009) ✓ - - - - 1 Impaction and retention of second molars: diagnosis, treatment and outcome. A retrospective follow-up study. 

 (Tüfekçi et al. 2009) ✓ - - - - 1 Opinions of American and Swedish orthodontists about the role of erupting third molars as a cause of dental crowding. 
 (Akinbami & Didia 2010) ✓ - - ✓ - 2 Analysis of body mass index, the mandible, and dental alveolar arch factors in prediction of mandibular third molar impaction: a 

pilot study.  (De-la-Rosa-Gay et al. 2010b) ✓ - - ✓ - 2 Predictive model of third molar eruption after second molar extraction. 
 (Gallesio et al. 2010) ✓ - - - - 1 Surgical extraction of impacted inferior third molars at risk for inferior alveolar nerve injury. 
 (Kim et al. 2010) ✓ - - - - 1 Independent predictors of satisfaction in impacted third molar surgery patients. 
 (Landi et al. 2010a) ✓ - - - - 1 A novel surgical approach to impacted mandibular third molars to reduce the risk of paresthesia: a case series. 
 (Landi et al. 2010b) ✓ - - - - 1 Staged removal of horizontally impacted third molars to reduce risk of inferior alveolar nerve injury. 
 (Moriguchi et al. 2010) ✓ - - - - 1 Transforming growth factor Œ≤ inducible apoptotic cascade in epithelial cells during rat molar tooth eruptions. 
 (Mozzati et al. 2010) ✓ - - - - 1 The impact of plasma rich in growth factors on clinical and biological factors involved in healing processes after third molar 

extraction.  (Carvalho & Vasconcelos 2011) ✓ - - - - 1 Assessment of factors associated with surgical difficulty during removal of impacted lower third molars. 
 (Lakhani et al. 2011) ✓ - - ✓ - 2 Anterior arch crowding--a possible predictor for mandibular third molar impaction. 
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 (Sebbar & Bourzgui 2011) ✓ - - ✓ - 2 [Predictive factors of third molar eruption]. 
 (Smith et al. 2012) ✓ - - - - 1 An atypical presentation of mechanical failure of eruption of a mandibular permanent molar: diagnosis and treatment case report. 
 (Suwansingha & Rirattanapong 

2012) 
✓ - - - - 1 Effect of fluoride varnish on caries prevention of partially erupted of permanent molar in high caries risk. 

 (Bali et al. 2013) ✓ - - - - 1 Is Pederson Index a True Predictive Difficulty Index for Impacted Mandibular Third Molar Surgery? A Meta-analysis. 
 (Begtrup et al. 2013) ✓ - - ✓ - 2 Predicting lower third molar eruption on panoramic radiographs after cephalometric comparison of profile and panoramic 

radiographs.  (Choi et al. 2013) ✓ - - - - 1 Chondrogenesis of periodontal ligament stem cells by transforming growth factor-Œ≤3 and bone morphogenetic protein-6 in a 
normal healthy impacted third molar.  (Carvalho et al. 2013) ✓ - - - - 1 Assessment of factors associated with surgical difficulty during removal of impacted maxillary third molars. 

 (Deshpande et al. 2013) ✓ - - - - 1 Proximity of impacted mandibular third molars to the inferior alveolar canal and its radiographic predictors: a panoramic 
radiographic study.  (Nejat & Eshghpour 2013) ✓ - - - - 1 Dry socket following surgical removal of impacted third molar in an Iranian population: incidence and risk factors. 

 (Gander et al. 2013) ✓ - - - - 1 [Facial pain- a rare cause. Impacted lower third molars causing primarily "unclear" facial pain: a case report]. 
 (Hashemipour et al. 2013) ✓ ✓ ✓ ✓ ✓ Incl. Incidence of impacted mandibular and maxillary third molars: a radiographic study in a Southeast Iran population. 
 (Lauesen et al. 2013) ✓ ✓ ✓ ✓ ✓ Incl. Association between third mandibular molar impaction and degree of root development in adolescents. 
 (Matzen et al. 2013) ✓ - - - - 1 Influence of cone beam CT on treatment plan before surgical intervention of mandibular third molars and impact of radiographic 

factors on deciding on coronectomy vs surgical removal.  (Obimakinde et al. 2013) ✓ - - - - 1 Role of patients' demographic characteristics and spatial orientation in predicting operative difficulty of impacted mandibular 
third molar.  (Özarslan et al. 2013) ✓ - - - - 1 Detection of epidermal growth factor receptor intensity in asymptomatic fully impacted lower third molar follicles of smoking and 
nonsmoking patients.  (Srivastava et al. 2013) ✓ - - - - 1 A new proposed regression equation for mixed dentition analysis using the sum of permanent mandibular four incisors and first 
molar as a predictor of width of unerupted canine and premolars in a sample of North Indian population.  (Topkara & Sari 2013) ✓ - - ✓ ✓ Incl. Investigation of third molar impaction in Turkish orthodontic patients: Prevalence, depth and angular positions. 

 (Xu et al. 2013) ✓ - - - - 1 Anatomic relationship between impacted third mandibular molar and the mandibular canal as the risk factor of inferior alveolar 
nerve injury.  (Al-Anqudi et al. 2014) ✓ - - ✓ ✓ Incl. Prevalence and Pattern of Third Molar Impaction: A retrospective study of radiographs in Oman. 

 (Cassetta et al. 2014) ✓ - - - - 1 Etiological factors in second mandibular molar impaction. 
 (Carvalho & Vasconcelos 2014) ✓ - - - - 1 Is overweight a risk factor for adverse events during removal of impacted lower third molars? 
 (Irja 2014) ✓ - - - - 1 Impacted third molars increase the risk for caries and periodontal pathology in neighboring second molars. 
 (Komerik et al. 2014) ✓ - - - - 1 Difficulty of impacted mandibular third molar tooth removal: predictive ability of senior surgeons and residents. 
 (Mokhtari et al. 2014) ✓ - - - - 1 Predicting the size of unerupted canines and premolars using primary maxillary first molar. 
 (Park et al. 2014) ✓ - - - - 1 Identification of possible factors impacting dental students' ability to locate MB2 canals in maxillary molars. 
 (Sharma & Narain 2014) ✓ - - - - 1 Unusual facial pain secondary to inferior alveolar nerve compression caused by impacted mandibular second molar. 
 (Alligri et al. 2015) ✓ - - - - 1 The mandibular permanent second molars and their risk of impaction: a retrospective study. 
 (Di Marco et al. 2015) - ✓ - ✓ - 2 Lower impacted third molars: clinical diagnosis and surgical treatment 
 (Harada et al. 2015) ✓ - - - - 1 Characteristic findings on panoramic radiography and cone-beam CT to predict paresthesia after extraction of impacted third 

molar.  (Huang et al. 2015) ✓ - - - - 1 Use of panoramic radiography to predict postsurgical sensory impairment following extraction of impacted mandibular third 
molars.  (Motamedi et al. 2015) ✓ - - - - 1 Orthodontic Extraction of High-Risk Impacted Mandibular Third Molars in Close Proximity to the Mandibular Canal: A Systematic 
Review.  (Miclotte et al. 2015) ✓ - - ✓ ✓ Incl. The association between orthodontic treatment and third molar position, inferior alveolar nerve involvement, and prediction of 
wisdom tooth eruption.  (Ojha et al. 2015) ✓ - - - - 1 Recurrent pain and swelling associated with impacted maxillary third molar. THE DIAGNOSIS: Squamous cell carcinoma of the 
maxillary sinus.  (Sahin et al. 2015) ✓ - - - - 1 Biangular Mandible Fracture of a Female Patient Caused by Impacted Third Molars: Do Not Remove Them Unnecessarily. 

 (Saraydar-Baser et al. 2015) ✓ - - - - 1 Comparison of the diagnostic value of CBCT and Digital Panoramic Radiography with surgical findings to determine the proximity 
of an impacted third mandibular molar to the inferior alveolar nerve canal.  (Sisman et al. 2015) ✓ - - - - 1 Diagnostic accuracy of cone-beam CT compared with panoramic images in predicting retromolar canal during extraction of 
impacted mandibular third molars.  (Yu et al. 2015) ✓ - - - - 1 Percutaneous self-injury to the femoral region caused by bur breakage during surgical extraction of a patient's impacted third 
molar.  (Antic et al. 2016a) ✓ - - - - 1 Impact of the lower third molar and injury mechanism on the risk of mandibular angle and condylar fractures. 

 (Antic et al. 2016b) ✓ - - - - 1 Does the presence of an unerupted lower third molar influence the risk of mandibular angle and condylar fractures? 
 (Bastos et al. 2016) ✓ - - ✓ - 2 The ability of orthodontists and oral/maxillofacial surgeons to predict eruption of lower third molar. 
 (Carter & Worthington 2016) ✓ - - ✓ - 3 Predictors of Third Molar Impaction: A Systematic Review and Meta-analysis. 
 (Hsiao & Boynton 2016) ✓ - - - - 1 Etiology, Classification and Management of Ectopic Eruption of Permanent First Molars. 
 (Jain et al. 2016) ✓ - - - - 1 Influence of tooth sectioning technique and various risk factors in reducing the IAN injury following surgical removal of an 

impacted mandibular third molar.  (Jaiswara et al. 2016) ✓ - - ✓ - 3 The rarest cause of impaction of mandibular third molar - A case report. 
 (Kaur et al. 2016) ✓ - - ✓ ✓ Incl. Early prediction of mandibular third molar eruption/impaction using linear and angular measurements on digital panoramic 

radiography: A radiographic study.  (Mittal et al. 2016) ✓ - - - - 1 Predicting the mesiodistal width of unerupted canine and premolars by using width of the permanent mandibular incisors and 
first molar in the Himachal population.  (Park 2016) ✓ - - - - 1 Which factors are associated with difficult surgical extraction of impacted lower third molars? 

 (Sharma et al. 2016) ✓ - - ✓ - 2 Failure of eruption of permanent molars: a diagnostic dilemma. 
 (Song 2016) ✓ - - - - 1 [The causes and treatment strategies of molar food impaction after implant restoration]. 
 (Dabbagh et al. 2017) ✓ - - - - 1 Ectopic Eruption of the Permanent Maxillary First Molar: Predictive Factors for Irreversible Outcome. 
 (Hwang et al. 2017) ✓ - - - - 1 Ectopic eruption of the maxillary second molar: Predictive factors. 
 (Upadhyaya et al. 2017) ✓ - - - - 1 Incidence of distal caries in mandibular second molars due to impacted third molars: Nonintervention strategy of asymptomatic 

third molars causes harm? A retrospective study.  (Carvalho & Vasconcelos 2018) ✓ - - - - 1 Pernambuco index: predictability of the complexity of surgery for impacted lower third molars. 
 (Elkhateeb & Awad 2018) ✓ - - - - 1 Accuracy of panoramic radiographic predictor signs in the assessment of proximity of impacted third molars with the mandibular 

canal.  (Ma et al. 2018) ✓ - - - - 1 [Application of double miniscrews for extraction of horizontally impacted wisdom tooth with high risk of injury to inferior alveolar 
nerve].  (Mubeen & Seehra 2018) ✓ - - - - 1 Failure of eruption of first permanent molar teeth: a diagnostic challenge. 

 (Trakinienė et al. 2018) ✓ - - ✓ - 2 The Impact of Genetics and Environmental Factors on the Position of the Upper Third Molars. 
 (Wang et al. 2018) ✓ - - - - 1 Radiographic features of anatomic relationship between impacted third molar and inferior alveolar canal on coronal CBCT 

images: risk factors for nerve injury after tooth extraction.  (Zhang et al. 2018) ✓ - - - - 1 Predicting postoperative facial swelling following impacted mandibular third molars extraction by using artificial neural networks 
evaluation.  (Baik et al. 2019) ✓ ✓ - ✓ - 2 Factors associated with spontaneous mesialization of impacted mandibular third molars after second molar protraction. 
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 (Jain et al. 2019b) ✓ - ✓ ✓ - 2 Prevalence of impacted third molars among orthodontic patients in different malocclusions. 
 (Kutesa et al. 2019) ✓ - - ✓ - 2 Socioeconomic and nutritional factors associated with age of eruption of third molar tooth among Ugandan adolescents. 
 (Miura et al. 2019) ✓ ✓ - - - 1 Eruption disturbance caused by an odontoma that was partially attached to the crown of the adjacent maxillary first molar, and 

step lesion excavation for the tooth preservation: A case report.  (Özveri Koyuncu et al. 2020) ✓ - - - - 1 Effect of concentrated growth factor (CGF) on short-term clinical outcomes after partially impacted mandibular third molar 
surgery: A split-mouth randomized clinical study.  (Schriber et al. 2019) ✓ - - - - 1 Risk factors for external root resorption of maxillary second molars due to impacted third molars as evaluated using cone beam 
computed tomography.  (Suter et al. 2019) ✓ - - - - 1 Risk factors for root resorption of second molars associated with impacted mandibular third molars. 

 (Tassoker 2019) ✓ - - - - 1 What Are the Risk Factors for External Root Resorption of Second Molars Associated With Impacted Third Molars? A Cone-Beam 
Computed Tomography Study.  (Tripathi et al. 2019) ✓ - - ✓ - 2 Impacted maxillary molars with rare etiology: A simplified approach to facilitated Eruption. 

 (Vranckx et al. 2019b) ✓ - - ✓ ✓ Incl. Radiographic prediction of mandibular third molar eruption and mandibular canal involvement based on angulation. 
 (Wang et al. 2019) ✓ - - - - 1 Study the predisposing factors of root resorption during orthodontic uprighting treatment of impacted mandibular third molars. 
 (Yamashita et al. 2020) ✓ - - - - 1 The State Anxiety Inventory Is Useful for Predicting the Autonomic Nervous System State of Patients Before the Extraction of an 

Impacted Mandibular Third Molar.  (Brignardello-Petersen 2020) ✓ - - - - 1 Concentrated growth factor seems to have benefits in outcomes after extraction of partially impacted third molars. 
 (Cho et al. 2020) ✓ - - - - 1 The impact of previous cesarean section (C/S) on the risk for post-molar gestational trophoblastic neoplasia (GTN). 
 

        

These articles address the most extensively investigated traits of M3 impaction versus eruption. All articles were retrieved from three online databases (PubMed, 
Web of Science, and Ovid Medline). Following their retrieval, all articles were screened based on their titles and abstracts to determine whether or not they 
would be relevant to Investigation stream 2. Those articles which passed the initial screening were then assessed for eligibility based on their full content. A set 
of inclusion and exclusion criteria were used for this purpose. These criteria are detailed in the main article. Articles which met all criteria (highlighted in blue, 
above) were then included in the review work. *** Articles were excluded due to the following reasons: 1) Article is off topic / out of scope; 2) Article is 
relevant, but ineligible (does not address the subject of interest); 3) Article is relevant, but ineligible due to its presentation format (e.g., reviews, short 
communications); 4. Article is relevant, but ineligible because it is communicated in an non-supported foreign language.  
*** Exclusion reason: 
1. Off-topic / Out of scope. 
2. Relevant, but ineligible (does not address the subject of interest) 
3. Relevant, but ineligible (reviews, short communications) 
4. Relevant, but ineligible (foreign language)  
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Supplement Table 7.4 Literature retrieved and reviewed under Investigation Stream 3. 
 First author, year 
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Title 

         
 (Friedman 1946) ✓ - - ✓ ✓ 

 
The impacted mandibular third molar problem; a discussion of the management of an important phase of surgery. 

 (Hillin 1947) ✓ ✓ ✓ ✓ - 2 Indications for the removal of impacted third molars at an early age. 
 (Uhler 1949) ✓ - ✓ - - 1 A conservative technic for the management of the common type of impacted mandibular third molar. 
 (Uhler 1951)  ✓ - ✓ ✓ - 2 Management of impacted maxillary third molars. 
 (Vallardi 1965)E. ✓ - - - - 1 [Postoperative therapeutic indications in impacted lower 3d molars]. 
 (O’Neil 1968) ✓ - ✓ ✓ ✓ 

 
The impacted mandibular third molar, indications and assessment for surgery. 

 (Laskin 1969) ✓ ✓ ✓ ✓ ✓ 
 

Indications and contraindications for removal of impacted third molars. 
 (el-Hak 1970) ✓ - - - - 1 The surgical management of the impacted lower third molar in the presence of pericoronitis. 
 1971 Levit ✓ - - - - 1 Loss of deciduous molar prior to the eruption of the first permanent molar. Management of space maintenance. 
 1978 Sharma PS, Rypel TS. ✓ - - - - 1 Ectopic eruption of permanent molars and their management (I). 
 (Sharma & Rypel 1979) ✓ - - - - 1 Ectopic eruption of permanent molars and their management (II). 
 (Thomopoulos 1981) ✓ - - - - 1 [Open management of postextraction wounds of completely or incompletely impacted mandibular third molars]. 
 (Azaz & Taicher 1982) ✓ - ✓ ✓ - Incl. Indications for removal of the mandibular impacted third molar. 
 (Fukuda et al. 1983) ✓ - - - - 4 [Surgical management in dentistry (2). Management of mandibular impacted wisdom teeth]. 
 (Schroll 1983) ✓ - - - - 1 [Indications and technic of sectioning impacted lower wisdom teeth (contribution to surgical technics)]. 
 (Rust & Carr 1985) ✓ - - - - 1 Management of ectopically erupting first permanent molars. 
 (Loh 1986) ✓ - - - - 1 The management of unilateral impacted mandibular second and third molars. Case report. 
 (Tealdi & Domini 1986) ✓ - - - - 2 [Indications for extraction of the impacted 3d molar in an orthodontic treatment program. A review of the literature]. 
 (Kalamchi & Hensher 1987) ✓ - ✓ ✓ - 2 The management of impacted mandibular third molars. 2. Treatment. 
 (Kennedy & Turley 1987) ✓ - - - - 1 The clinical management of ectopically erupting first permanent molars. 
 (Kaufman et al. 1989) ✓ - - - - 1 Surgical orthodontic management of impacted second molars. 
 (al-Khateeb et al. 1991) ✓ - - - - 1 The relationship between the indications for the surgical removal of impacted third molars and the incidence of alveolar osteitis. 
 (Dénes et al. 1993) ✓ - - - - 4 [Indications for preventive removal of impacted third molars]. 
 (Auychai et al. 1996) ✓ - - - - 1 Management of mandibular molar ectopic eruption using primary molar hemisection: case report. 
 (Cooper-Newland 1996) ✓ - ✓ ✓ ✓ 

 
Management of impacted third molar teeth. 

 (Singh et al. 1996) ✓ ✓ ✓ ✓ ✓ 
 

Management of asymptomatic impacted wisdom teeth: a multicentre comparison. 
 (Gehm & Crespi 1997) ✓ - - - - 1 Management of ectopic eruption of permanent molars. 
 (Waite & Reynolds 1998) ✓ - - ✓ ✓ 

 
Surgical management of impacted third molars. 

 (Bonetti et al. 1999) ✓ ✓ ✓ ✓ - 2 Management of bilaterally impacted mandibular second and third molars. 
 (Lee & Miller 1999) ✓ - - - - 1 Orthodontic and surgical management of a partially erupted mandibular first molar. 
 (Hegde & Munshi 2001) ✓ - - - - 1 Management of an impacted, dilacerated mandibular left permanent first molar: a case report. 
 (Olasoji et al. 2001) ✓ - ✓ ✓ - 2 Indications for the extraction of impacted third molars in a semi-urban Nigerian Teaching Hospital. 
 (Owotade et al. 2002) ✓ - ✓ ✓ - 2 Management of impacted third molars among Nigerian dentists. 
 (Halpern et al. 2003) ✓ ✓ ✓ ✓ - 2 A comparison of 2 consultation and treatment strategies to manage impacted third molars. 
 (Owotade et al. 2003) ✓ - - - - 2 Dental radiographic features of impacted third molars and some management implications. 
 (Resch 2003) ✓ - - - - 1 Clinical management of unilaterally impacted mandibular first and second molars. 
 (Bahrami et al. 2004) ✓ ✓ ✓ ✓ - 2 Effectiveness of strategies to disseminate and implement clinical guidelines for the management of impacted and unerupted 

third molars in primary dental care, a cluster randomised controlled trial.  (Bocanegra et al. 2005) ✓ - - - - 1 Effectiveness and tolerability of once-daily nimesulide versus ibuprofen in pain management after surgical extraction of an 
impacted third molar: A 24-hour, double-blind, randomized, double-dummy, parallel-group study.  (Dodson 2005) ✓ - - - - 2 Role of computerized tomography in management of impacted mandibular third molars. 

 (Leung et al. 2005) ✓ - - - - 1 A regimen of systematic periodontal care after removal of impacted mandibular third molars manages periodontal pockets 
associated with the mandibular second molars.  (Hill & Walker 2006) ✓ ✓ ✓ ✓ - 2 Conservative, non-surgical management of patients presenting with impacted lower third molars: a 5-year study. 

 (Akadiri et al. 2007) ✓ - ✓ ✓ - 2 Indications for the removal of impacted mandible third molars at Ibadan--any compliance with established guidelines? 
 (Alberto 2007) ✓ - - - - 1 Management of the impacted canine and second molar. 
 (Doğan et al. 2007) ✓ ✓ ✓ ✓ - 2 Unerupted mandibular third molars: symptoms, associated pathologies, and indications for removal in a Turkish population. 
 (Mettes et al. 2007) ✓ - - - - 1 A cluster randomised controlled trial in primary dental care based intervention to improve professional performance on routine 

oral examinations and the management of asymptomatic impacted third molars: study protocol.  (Motamedi & Shafeie 2007) ✓ - ✓ ✓ - 2 Technique to manage simultaneously impacted mandibular second and third molars in adolescent patients. 
 (Susarla & Dodson 2007) ✓ - - - - 1 Preoperative computed tomography imaging in the management of impacted mandibular third molars. 
 (Wood 2007) ✓ - - - - 1 Re: Conservative, non-surgical management of patients presenting with impacted lower third molars: a 5-year study. Br J Oral 

Maxillofac Surg 2006;44:347-50.  (Kennedy 2008) ✓ - - - - 1 Management of an ectopically erupting permanent mandibular molar: a case report. 
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 (Motamedi et al. 2008)  ✓ - - - - 1 Surgical management of a complex odontoma associated with impacted maxillary first, second, and third molars. 
 (Krishnan et al. 2009) ✓ - - ✓ - 2 Indications for removal of impacted mandibular third molars: a single institutional experience in Libya. 
 (Herce et al. 2011) ✓ - - - - 2 Management of impacted third molars based on telemedicine: a pilot study. 
 (Lübbers et al. 2011) ✓ - - - - 1 Anatomy of impacted lower third molars evaluated by computerized tomography: is there an indication for 3-dimensional 

imaging?  (Yamagata et al. 2011) ✓ - - - - 1 Prospective study establishing a management plan for impacted third molar in patients undergoing hematopoietic stem cell 
transplantation.  (Anderson et al. 2012) ✓ - - - - 1 Soft tissue and occlusal management in the surgical uprighting of impacted molars: technical note. 

 (Fu et al. 2012) ✓ ✓ ✓ ✓ - 2 Management of unilaterally deep impacted first, second, and third mandibular molars. 
 (Mettes et al. 2012) ✓ - - - - 2 Surgical removal versus retention for the management of asymptomatic impacted wisdom teeth. 
 (Mohammad et al. 2012) ✓ - - - - 1 Sublingual piroxicam in the management of postoperative pain after surgical removal of impacted mandibular third molar. 
 (Montevecchi et al. 2012) ✓ - - - - 1 Management of a deeply impacted mandibular third molar and associated large dentigerous cyst to avoid nerve injury and 

improve periodontal healing: case report.  (Wang et al. 2012) ✓ - - - - 1 [Progress on management of ectopic eruption of first permanent molars for children]. 
 (Ghaeminia 2013) ✓ - - - - 1 Coronectomy may be a way of managing impacted third molars. 
 (Hashim et al. 2013) ✓ - - - - 1 Management of complete impacted maxillary second deciduous molar with the aid of cone-beam computed tomography: Case 

report and a review of the literature.  (Manosudprasit et al. 2013) ✓ - - - - 1 Management of bilateral severely impacted mandibular second molars: a case report. 
 (Ali et al. 2014) ✓ ✓ ✓ ✓ - 2 Management of impacted wisdom teeth: teaching of undergraduate students in UK dental schools. 
 (Singh et al. 2014) ✓ - - - - 1 Transcervical removal of an impacted third molar: an uncommon indication. 
 2015 de Oliveira RS, et al. ✓ - - - - 1 Effectiveness of a standardized treatment protocol for children with active non-cavitated occlusal lesions on erupting permanent 

molars.  (Rafetto 2015) ✓ ✓ - ✓ ✓ 
 

Managing Impacted Third Molars. 
 (Choi et al. 2016) ✓ - - - - 1 Rescue therapy with orthodontic traction to manage severely impacted mandibular second¬†molars and to restore an alveolar 

bone defect.  (Ghaeminia et al. 2016) ✓ ✓ - ✓ - 2 Surgical removal versus retention for the management of asymptomatic disease-free impacted wisdom teeth. 
 (Hsiao & Boynton 2016) ✓ - - - - 1 Etiology, Classification and Management of Ectopic Eruption of Permanent First Molars. 
 (Mah & Takada 2016) ✓ - - - - 1 [Orthodontic Management of the Impacted Mandibular Second Molar Tooth]. 
 (Renton & Wilson 2016) ✓ ✓ ✓ ✓ - 2 Problems with erupting wisdom teeth: signs, symptoms, and management. 
 (Saravanan et al. 2016) ✓ - - - - 1 A Single Pre Operative Dose of Sub Mucosal Dexamethasone is Effective in Improving Post Operative Quality of Life in the 

Surgical Management of Impacted Third Molars: A Comparative Randomised Prospective Study.  (Motonobu et al. 2017) ✓ - - - - 1 Cohort study of pain symptoms and management following impacted mandibular third molar extraction. 
 (Padwa et al. 2017) ✓ - - - - 1 Surgical Uprighting Is a Successful Procedure for Management of Impacted Mandibular Second Molars. 
 (Patel et al. 2017) ✓ ✓ - ✓ - 2 Impacted Mandibular Third Molars: A Retrospective Study of 1198 Cases to Assess Indications for Surgical Removal, and 

Correlation with Age, Sex and Type of Impaction-A Single Institutional Experience.  (Atencio et al. 2018) ✓ - - - - 1 Use of Intravenous Acetaminophen in Postoperative Pain Management After Partial and Full Bony Impacted Third Molar 
Extractions: A Randomized Double-Blind Controlled Trial.  (Di Leonardo et al. 2018) ✓ - - - - 2 Management of partially impacted mandibular molars using temporary anchorage devices. 

 (Lorente et al. 2018) ✓ - - - - 2 Management of Deeply Impacted Molars with the Miniscrew-Supported Pole Technique. 
 (Maulina et al. 2018) ✓ - - - - 1 The efficacy of curcumin in managing acute inflammation pain on the post-surgical removal of impacted third molars patients: A 

randomised controlled trial.  (Modanloo et al. 2018) ✓ - - - - 1 Postoperative Pain Management after Impacted Third Molar Surgery with Preoperative Oral Lamotrigine, a Randomized, Double-
blind, Placebo-Controlled Trial.  (Ambriss et al. 2019) ✓ - - - - 1 Management of Bilateral Ectopically Erupting Maxillary Molars: A Case Report. 

 (Staderini et al. 2019) ✓ - - ✓ - 2 How to Manage Impacted Third Molars: Germectomy or Delayed Removal? A Systematic Literature Review. 
 (Talimkhani et al. 2019) ✓ - - - - 1 Comparison of Intra-Socket Bupivacaine Administration Versus Oral Mefenamic Acid Capsule for Postoperative Pain 

Management Following Removal of Impacted Mandibular Third Molars.  
        

These articles investigate the availability of clinical directives to identify and manage non-problematic M3s. All articles were retrieved from three online databases 
(PubMed, Web of Science, and Ovid Medline). Following their retrieval, all articles were screened based on their titles and abstracts to determine whether or not 
they would be relevant to Investigation stream 3. Those articles which passed the initial screening were then assessed for eligibility based on their full content. A 
set of inclusion and exclusion criteria were used for this purpose. These criteria are detailed in the main article. Articles which met all criteria (highlighted in blue, 
above) were then included in the review work. *** Articles were excluded due to the following reasons: 1) Article is off topic / out of scope; 2) Article is relevant, 
but ineligible (does not address the subject of interest); 3) Article is relevant, but ineligible due to its presentation format (e.g., reviews, short communications); 4. 
Article is relevant, but ineligible because it is communicated in an non-supported foreign language.  
*** Exclusion reason: 
1. Off-topic / Out of scope. 
2. Relevant, but ineligible (does not address the subject of interest) 
3. Relevant, but ineligible (reviews, short communications) 
4. Relevant, but ineligible (foreign language) 
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Supplement Figure 7.16 Study rationale and structural approach. In most individuals, M3s are expected to attain stage 
one of development (Onset of calcification; Demirjian’s stage A) at around age 9 years, but in other individuals this stage 
may be attained as early as age 7 years or as late as age 12 years. This shows that M3 developmental timing is subject to 
variability, being M3s early, late, or “on-time” in their expected developmental timing. The main objective of this 
investigation is to determine the risk at which these early- and late-developing M3s are of becoming impacted or erupting 
into function, and test whether these risks differ significantly. For that, the authors sought to calculate a model that best 
explains risk of M3 eruption versus impaction from a collective analysis of five traits: 1) Stage of M3 development, 2) 
patient chronologic age, 3) sex, 4) Jaw (maxilla; mandible), and 5) jaw side (right vs. left oral quadrants). Stage of M3 
development and patient chronologic age were investigated thus as the main variables of interest.
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Mean predicted probability of functional M3 eruption and impaction according to 
the severity of M3 developmental delays or advances 
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Supplement Figure 7.17 Predicted mean probability of functional M3 eruption and impaction according to M3 
developmental delays or advances. (A) The predicted mean probability of functional M3 eruption was significantly 
higher (e.g., approximately four times higher) for M3s which were at least one stage early in development 
(prob.=0.41; CI=0.39, 0.42) than the probability found for M3s which were at least one stage late in development 
(prob.=0.08; CI=0.07, 0.09). (A’) Notably, the mean probability of eruption was even further increased if M3s were 
two or more stages early in development (prob.=0.49, CI=0.46, 0.52). This probability was nearly ten times higher 
than the probability of eruption found for M3s which were at least two stages late in development (prob.=0.05; 
CI=0.04, 0.06). (B) The predicted mean probability of M3 impaction was significantly higher (e.g., nearly six times 
higher) for M3s which were at least one stage late in development (prob.=0.40; CI=0.37, 0.42) than M3s which were 
at least one stage early in development (prob.=0.07; CI=0.07, 0.07). (B’) The mean probability of impaction was even 
further increased if M3 development was at least two stages late (prob.=0.50, CI=0.46, 0.54). This probability was 
approximately ten times higher than the probability of impaction found for M3s which were two or more stages early 
in development (prob.=0.05; CI=0.04, 0.06).

Delayed developing M3s – at least one stage
Neither delayed nor advanced
Advanced developing M3s – at least one stage

Delayed developing M3s – at least two stages
Neither delayed nor advanced
Advanced developing M3s – at least two stages

Delayed developing M3s – at least one stage
Neither delayed nor advanced
Advanced developing M3s – at least one stage

Delayed developing M3s – at least two stages
Neither delayed nor advanced
Advanced developing M3s – at least two stages

A A’

B B’
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Supplement Section 7.5 

SCIENTIFIC ARTICLE III 
 
The content presented in the next pages of this section refers exclusively to scientific article III. 
This content comprises material not conventionally publishable in the context of a scientific 
article but rather within journals’ supplements, appendices, or online platforms.
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Upper and Lower M3s: degree of mesiodistal tilting across patient age 

 
 

Supplement Figure 7.18 Mean degree of mesiodistal M3 tilting in the period T1-T2. (A) In the mandible, M3sEruption 
(Blue) were more concentrated towards smaller degrees of tilting (X-axis=0º) while M3sImpaction (Red) were concentrated 
towards greater degrees of tilting (X-axis>30º, in most cases). This pattern was not as distinguishable in the maxilla. 
Therefore, in the mandible, (B-1) M3sEruption presented significantly less severe (i.e., closer to 0º) tiltings than 
M3sModerator and M3sImpaction. In the maxilla (B-2), however, M3sImpaction were not necessarily more severely tilted 
than M3sModerator and M3sEruption, showing that malposition is likely not a significant cause of M3 impaction in the maxilla 
and that even non-malpositioned M3s face challenges to become fully functional.

vA

B

B1 B2
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Supplement Table 7.5 Observed frequency of functional M3 eruption and 
impaction according to type of clinical intervention (CLIG) on patients’ files. 

  Impaction Moderator Eruption  

 
 

N 54 166 77 
  Row N % 18.2% 55.9% 25.9% 
  95% lower CL 14.1% 50.2% 21.2% 
  95% upper CL 22.9% 61.5% 31.1% 
  

 
    

  Orthodontic-extraction group N 2a,b 6a 9b 
  Row N % 11.8% 35.3% 52.9% 
  95% lower CL 2.5% 16.3% 30.3% 
  95% upper CL 32.7% 58.9% 74.6% 
       
  Orthodontic group N 15a 51a 29a 
  Row N % 15.8% 53.7% 30.5% 
  95% lower CL 9.5% 43.7% 22.0% 
  95% upper CL 24.1% 63.5% 40.3% 
       
  Extraction group N 0* 9a 2a 
  Row N % 0.0% 81.8% 18.2% 
  95% lower CL  53.3% 4.0% 
  95% upper CL  96.0% 46.7% 
       
  Baseline group N 37a 100a 37a 
  Row N % 21.3% 57.5% 21.3% 
  95% lower CL 15.7% 50.1% 15.7% 
  95% upper CL 27.8% 64.6% 27.8% 
  

 
    

  
While in the Baseline patient group no significant differences were seen in the frequencies of functional 
M3 eruption and impaction, functional M3 eruption became gradually more frequent than M3 impaction 
in the Orthodontic and Orthodontic-extraction groups. Values in the same row and subtable not sharing 
the same subscript are significantly different at p< 0.05 in a two-sided test of equality for column 
proportions. Tests are adjusted for all pairwise comparisons within a row using the Bonferroni correction. 
(*) This category is not used in comparisons because its column proportion is equal to zero or one.
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 Summary of predicted probabilities of functional M3 eruption and 

impaction among distinct clinical patient groups 
 

 

 

 

 

Supplement Figure 7.19 Predicted probabilities of functional M3 eruption and impaction according to distinct 
clinical patient groups. The probability of functional M3 eruption was significantly higher for patients in the Orthodontic 
(ORTH) and Orthodontic-Extraction (ORTH-EXTR) groups. Overall, these results show that orthodontic intervention 
allied to premolar extractions (Orthodontic-Extraction group) lead to greater increases in the probability of functional M3 
eruption (increase of ≈ 0.29, between BASE and ORTH-EXTR) than decreases in the probability of M3 impaction 
(decrease of ≈ 0.12). Orthodontic therapy thus did not decrease the probability of M3 impaction as much as it increased the 
probability of functional M3 eruption, highlighting thus that lack of functional M3 eruption is not an outcome associated 
exclusively to lack of jaw space but also to other causes such as M3 tilting and/or late M3 development.



 

181 

 

 
Supplement Table 7.6 Frequency of M3s in the Eruption, Moderator, and Impaction 
groups according to retro-M1 space availability (spaceRetroM1) at T1 and T2.  

    T1  T2  
   Impaction Moderator Eruption  Impaction Moderator Eruption  
  All Count 54 166 77  54 166 77  

   Row N % 18.20% 55.90% 25.90%  18.20% 55.90% 25.90%  

 0 M20|M30 Count 0 0 0  0 0 0  

   Row N % 0.00% 0.00% 0.00%  0.00% 0.00% 0.00%  

 1 M21|M30 Count 0 0 0  0 0 0  

   Row N % 0.00% 0.00% 0.00%  0.00% 0.00% 0.00%  

 2 M22|M30 Count 1 1 0  0 0 0  

   Row N % 50.00% 50.00% 0.00%  0.00% 0.00% 0.00%  

 3 M23|M30 Count 16 18 7  3 4 1  

   Row N % 39.00% 43.90% 17.10%  37.50% 50.00% 12.50%  

 4 M23|M31 Count 26 106 32  20 58 2  

   Row N % 15.90% 64.60% 19.50%  25.00% 72.50% 2.50%  

 5 M23|M32 Count 11 41 32  28 95 39  

   Row N % 13.10% 48.80% 38.10%  17.30% 58.60% 24.10%  

 6 M23|M33 Count 0 0 6  3 9 35  

   Row N % 0.00% 0.00% 100.00%  6.40% 19.10% 74.50%  

            

 
M3s were assessed at two distinct moments in time; T1 and T2. However, regardless of the moment when M3s were 
assessed (either at T1 or T2), functional M3 eruption was increasingly more frequent among higher levels of relative 
retro-M1 space availability (spaceRetroM1). M3 impaction, on the other hand, was increasingly less frequent in these 
higher levels of spaceRetroM1. Although these higher levels of spaceRetroM1 became more prevalent at T2, most M3s never 
obtained sufficient space for accommodating their full eruption: At T2, only approximately 15% (47 out of 297) of all 
investigated M3s were in retro-M1 regions which attained level 6 of space availability (i.e., an amount of space which 
would sufficiently accommodate M3 eruption). This presence of sufficient retro-M1 space did not, however, warrant 
occurrence of functional M3 eruption. In fact, at T2, as much as 25% (12 out of 47) of these “sufficiently 
accommodated” M3s remained in the Moderator or Impaction groups. 
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 Scatterplot of the observed M3 developmental stage by 

age, stratified according to M3 eruption status groups 
 

A 

 

 

 

 
Mean M3 developmental stage for M3s in the Eruption, 
Moderator, and Impaction groups, at all investigated patient 
ages 

 

B 

 

 

 
Supplement Figure 7.20 Mean M3 developmental stage according to the M3 eruption status group. A illustrates 
distinct concentration patterns between M3s in the Eruption and Impaction groups: M3s in the Eruption group (blue 
markers) were, on average, at a more advanced stage of development (i.e., blue markers; concentrated majorly above the 
line-of-best-fit) than M3s Impaction groups (red markers; concentrated majorly below the line-of-best-fit). B illustrates that 
these differences are statistically significantly, especially those between the Eruption and Impaction groups where no 
overlap is seen between confidence intervals.
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 Mean predicted probability of functional M3 eruption 

according to the M3 developmental stage at a given 
chronological age  

A 
 

 

 
 

 
 

Mean predicted probability of M3 impaction according to 
the M3 developmental stage at a given chronological age  

B 
 

 
 

Supplement Figure 7.21 Predicted probabilities of functional M3 eruption and impaction according to the M3 
developmental stage at a given patient chronological age. In both A and B, lines-of-best-fit indicate the predicted stage 
of M3 development across all investigated patient ages. (A) The more advanced M3 development was relative to the 
predicted stage at a given age (i.e., relative to the line-of-best-fit), the higher was the probability of functional M3 eruption. 
(B) In contrast, the more delayed M3 development was relative to the predicted stage at a given age, the higher was the 
probability of M3 impaction.
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Supplement Table 7.7 Univariable analyses: variables tested in isolation for association 
with M3 eruption status, based on multinomial GEE logistic regression models. 

 Variables Wald X2 Df Sig.  

model 1 M3Dev.stage–T1|T2 22.857 1 <0.001 ❊ 

model 2 M3Size 0.001 1 0.975  

model 3 M3Tilt–T1|T2 5.510 1 0.019 ❊ 

model 4 spaceRetroM1-T1|T2 39.686 1 <0.001 ❊ 

model 5 JAW 0.007 1 0.933  

model 6 JSIDE 0.038 1 0.845  

model 7 SEX 0.636 1 0.425  

model 8 AGE–T1|T2 0.022 1 0.882  

model 9 CITV 3.688 3 0.297  

      
 
When tested isolatedly from each other, only three variables were found to be significant predictors of M3 
eruption status. Stage of M3 development (M3Dev.stage–T1|T2), availability of jaw space at T1 (spaceRetroM1-
T1|T2), and mesiodistal tilting of the M3 (M3Tilt–T1|T2). This shows that some variables – such as AGE and 
JAW, which were significant in the multivariable model – are only able to significantly predict M3 eruption 
status in the presence of other predictors. Dependent Variable: M3Eruption.status–T2; X2=Chi-Square; 
Df=Degrees of freedom; Sig.= p-value; (❊)=Significant at alpha=0.05. 
 
 


