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POPULAR SCIENCE SUMMARY OF THE THESIS 
 

Background and aims: A single dental implant is a common treatment for a missing front 

tooth in the upper jaw that is commonly performed in young adult patients. Only a few 

scientific studies exist on how well these implants functions in the long term and no 

studies have been performed previously to explore hold and split forces in single implants. 

The aims of this thesis were to increase the knowledge about the long-term success of 

single implants in young adults and to compare the forces used by the implant's on the 

actions holding and splitting food, with those a natural tooth when connected in a dental 

bridge or not.  

Materials and methods: The thesis include three studies. In Studies I and II, 42 patients 

received implants in 1996 and 1997 and were examined after 14 to 20 years of follow-up. 

In Study I, the gums and bones surrounding the implants were examined. Radiographs of 

the implants were taken to compare the bone levels at the implants, at the time the 

implant crowns placement, with the bone levels at the 14 to 20-year follow-up. Analyses 

were performed to investigate the associations between bone levels and the probing 

depth at the implants, contact between the implant and the opposing tooth, and nicotine 

use. Study II involved the analysis of scanned models using a 3-D software to compare 

the positions of the teeth next to the implants at the time of crown placement with the 

position after 14 to 20-years. The associations between patient and implant 

characteristics were examined to identify the potential risk factors for more severe tooth 

movements over time. Both the patients and the dentist rated the satisfaction with the 

appearance of the crowns. In Study III, 16 patients wearing a 3-unit bridge, connected with 

wings to the adjacent teeth (resin-bonded bridge), were compared before and after 

treatment with single implants with regards to hold and split forces. The patients 

performed a hold-and-split task to measure the forces twice, first wearing a resin-

bonded bridge and later a single implant.  

Results: The results of Study I showed that single implants in the front of the upper jaw 

show good long-term survival and success. The bone levels surrounding the implants did 

not show any significant associations with probing depth, whether the implant was in 

contact with the opposing tooth, or with the usage of nicotine. Complications occurred, 

but in most cases, only minor adjustments were needed to address them. In Study II 
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findings showed that the adjacent teeth changed position in relation to the implants, 

causing the implant to appear shorter than the surrounding teeth (implant infraposition). 

The degree of positional change was found to be more severe in patients with a lower 

anterior facial height of more than 70 mm, when the implant had no contact with the 

opposing tooth, when the implant was placed in positions two and three, or when tooth 

loss was caused by other reasons than trauma. Despite the positional changes, most of 

the patients were satisfied with the appearance of their implant crowns, and they 

reported higher levels of satisfaction than the dentists. In Study III, the results revealed 

that the hold and split forces differed between a single implant and a freestanding tooth, 

in a similar way as the hold forces between a pontic and a tooth connected in a bridge. 

No statistical differences were found between a tooth freestanding next to an implant or 

connected in a bridge. 

Conclusions: The thesis concludes that single implants in the frontal part of the upper 

jaw perform well overtime in young adults. Over time the implant crowns tend to end up 

in an infraposition, which seem to occur especially in patients with a lower anterior facial 

height of more than 70 mm, when the implant crown is not biting against the tooth in the 

opposing jaw, when the implant is placed in position two and three or when the reason for 

tooth loss is other than trauma. Despite the infraposition of the implants, patients are 

generally satisfied with the appearance of their implant crowns and report a higher grade 

of satisfaction than the dentist. The sensitive control mechanisms needed for holding and 

splitting food appear to be impaired on implants compared to teeth. This impairment is 

similar to that of the pontic in a small 3-unit bridge in the front part of the upper jaw. 

However, the differences in hold and split forces between a freestanding tooth and a 

tooth connected in a bridge were too small to conclude that they are of practical 

relevance. It should be noted that these conclusions are limited by the constraints of the 

studies including the relatively small groups of patients must. In addition, further research 

is needed to determine the predictors of infraposition of implants.  

Clinical relevance: The findings of this research can be useful in treatment planning of 

patients in need of single implants in the front of the upper jaw. The patients should be 

informed that the implant is expected to function well overtime but there is a possibility 

that the crown of the implant may become shorter than the adjacent teeth in the long 

term. This will not cause an esthetic problem for most patients but for young adults with 

a long remaining lifetime, the need to change or repair the implant crown may occur once 



or a few times during a lifetime. To minimize the risk of infraposition, it is advisable to delay 

single implant treatment in the front area of the upper jaw for as long as possible. In 

addition, patients with a lower anterior facial height of more than 70 mm and with implants 

in positions two and three may have a higher risk for implant infraposition. 

 





ABSTRACT  
 

Background: Single anterior implants are frequently used in the treatment of patients with 

single anterior tooth loss. Compared with other types of implant treatments, single 

implants are commonly performed in younger patients where the cause of tooth loss 

often is non-inflammatory. However, there is a scarcity of long-term follow-up studies, 

especially in the cohort representing the younger segment of the adult population. Lack 

of periodontal mechanoreceptors (PMRs) around implants and reduced function of PMRs 

around teeth connected in full-arch bridges have been shown to affect the oral fine motor 

control. However, there is no study on the comparison of oral fine motor control between 

single anterior implants and the alternative treatment, a 3-unit bridge. 

Aims: The objective of this thesis was to investigate the performance of single anterior 

maxillary single implants in young adults. The specific aims of Studies I and II was primarily 

to report long-term survival, success, complications, radiological findings and movement 

of adjacent teeth after 14–20 years follow-up. The secondary aims were to explore 

correlations between changes in marginal bone levels in relation to probing depth (PD), 

occlusal contact, and nicotine use, and to investigate the associations between the 

movement of adjacent teeth, patient and implant characteristics, and the aesthetic 

assessment of the implant crown. Study III aimed to compare oral fine motor control of 

patients with single anterior tooth loss treated with 3-unit resin-bonded bridges (RBBs) 

or single implants. 

Materials and methods: In Studies I and II, 40 out of 42 patients who received single 

anterior implants were re-examined after a period of 14–20 years. Data were collected to 

assess the long-term survival, success, biological findings and complications of the 

implants. After 14-20 years, radiological findings were compared with baseline data. A 3-

D analysis and calculations were used to investigate the movements of teeth adjacent to 

the single implants and their associations with patient and implant characteristics. 

Additionally, an assessment of perceived aesthetics was performed. In Study III, a 

behavioral hold-and-split test was conducted on 16 patients with missing maxillary 

central incisors. The test was performed twice, once with a 3-unit resin-bonded bridge 

(RBB) and once with a single implant. The conditions connected tooth (CT), pontic (P), 
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freestanding tooth (T) and single implant (SI) were tested for differences regarding the 

variables hold force, variability of hold force, split force and duration of split. 

Results: In Study I, the cumulative survival rate for implants (CSRi) was 96.1% whereas that 

for crowns was of 80.4% (CSRc). All the remaining implants were considered successful. 

The mean marginal bone loss was 0.1 ± 1.1 (range, -5.1–1.6) mm and the mean PD was 4.0 ± 

1.8 (range, 0–9) mm after 14–20 years follow-up. There was no significant correlation 

found between marginal bone levels and PD, implant occlusion, or nicotine use (p >0.05). 

Technical and/or biological complications were found in 50% of the patients, but only 22% 

required substantial further treatment. In Study II, the 3-D movements of teeth adjacent 

to the single implant showed a mean movement of 1.0 ± 0.5 mm in the incisal direction 

(vertical; Y-axis), 0.5 ± 0.8 mm in the bucco-lingual direction (sagittal; Z-axis) and −0.0 ± 

0.1 mm in the mesio-distal direction (horizontal; X-axis). No patient showed a completely 

stable vertical relationship (Y-axis). Lower anterior facial height (LAFH) ≥70 mm was 

significant correlated with more severe vertical tooth movement (>1 mm) (p <0.05). 

Furthermore, implants in occlusion, implants in central incisor position and in patients 

when trauma was the reason for tooth loss were significantly correlated with less 

movement of teeth adjacent the single implants (p <0.05). Despite the infraposition the 

patients rated the esthetic of the implant crown to a VAS score of 85% ± 19% (range, 20%–

100%). Significantly lower VAS scores (p <0.05) were correlated with increased tooth 

movement in patients with central incisor implants. The dentist ratings of 67% ± 23% 

(range, 10%–100%) were significantly lower that the patients (p <0.05). In Study III, 

significantly higher (p <0.05) hold force, variability of hold force and split force was found 

for the single implants compared to the adjacent teeth. Further, the pontic of the RBB 

showed higher hold forces (p <0.05) than the adjacent connected tooth in a similar 

manner as the implant. However, no significant differences (p >0.05) were found between 

the tooth connected in the RBB and the freestanding tooth.  

Conclusion: Within the limitations of the studies this thesis highlights that single anterior 

maxillary implants in young adults show good long-term performance with high success 

and survival rates and only small changes in marginal bone levels. Complications occur 

over time; however, they do not seem to be of great concern to the patients. Positional 

changes of adjacent teeth in relation to the single implants occur over time in all patients 

but to different degrees. However, the changes seem to be more extensive in patients 

with LAFH ≥70mm, patients without implant occlusion, patients with implants in the lateral 



and canine positions, and patients with tooth loss caused by reasons other than trauma. 

Only few patients (10%) found the differences in tooth position esthetically disturbing 

while the dentist was more critical. Furthermore, single implants show impaired oral fine 

motor control in relation to freestanding adjacent teeth which was also observed for 

pontics in relation to connected teeth. However, teeth connected in 3-unit anterior 

bridges appear to maintain sensitivity in oral fine motor control. 

Clinical implications: This thesis suggests that patients planned for single anterior 

maxillary implants should be provided with information that the implant is expected to 

perform well overtime. However, the implant crown will most likely end up in infraposition 

in relation to the adjacent tooth. In most patients this will not cause an esthetic problem 

but in young adults with a long remaining lifetime, the need to change or repair the implant 

crown may occur once or a few times. To minimize the risk of infraposition, it is advisable 

to delay anterior maxillary single implant treatment for as long as possible. Patients with 

a lower anterior facial height of more than 70 mm or implants in lateral or canine position 

might be in higher risk of more severe infraposition  
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1 BACKGROUND AND LITERATURE REVIEW 
 

1.1 SINGLE ANTERIOR IMPLANTS 

1.1.1 History of single implants 

The field of implantology has undergone significant development since the first patient 

was treated in 1965.1 In the 1960s and 1970s, the majority of implant treatments involved 

full-arch bridges for edentulous jaws and only later single and partial implant treatments 

became available. Since it was first described by Jemt in 1986,2 single implant treatment 

has become more frequent over the years. The number of implants placed per patient at 

a major Swedish implant clinic decreased from a mean of 5.7% to 2.2% between 1986 and 

2013.3 Currently, reports from a Swedish hospital indicate an even lower rate of 1.9 implant 

per patient.4 In a public dental health organization in Sweden (Folktandvården Stockholm 

AB), the mean number of implants per patient has decreased from 2.3 to 1.6 over the last 

11 years (Figure 1), and the total number of single implants has increased by 3.5 times 

(Figure 2). This trend reflects the widespread adoption of single-implant treatment, which 

is now a recognized treatment option regularly used in dental practices worldwide. 

FIGURE 1    Number of implants per patient and year at Folktandvården Stockholm between 2011 
and 2022.  

                                                                                                                           Source: Folktandvården Stockholm AB, 2023 
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FIGURE 2    Total number of single implants installed in three different age groups between 2011 and 
2022. Total number of patients treated 5310. 

                             Source: Folktandvården Stockholm AB, 2023 

 

1.1.2 Long-term follow-up 

Single implants in the anterior maxilla are fairly well documented in the literature.5-8 

However, publications of long-term follow-up studies of single implants are scarce. A 

review revealed that only 367 patients were monitored for a period of more than 10 years.9 

Among the published long-term studies of single implants10-19 eight show observation 

periods exceeding 15 years.10-14,20-22 These scientific papers are based on three Swedish 

patient materials. The Dierens group12,20,21 conducted a research that was based on a 

retrospective material with single implants in different locations in both the upper and 

lower jaws including patients with a mean age of 24 (range, 14–57) years. The Andersson 

group10,11 conducted a study with a prospectively collected material including 57 patients 

with a mean age of 32 (range, 15–57) years at implant placement (51 patients premolar to 

premolar in the maxilla). The Jemt group conducted a study of 27 patients with a mean 

age of 25 (range, 13–62) years with implants placed in the anterior maxilla.13,14,22 

Furthermore, Jemt et al. followed another 344 patients between 15 and 30 years of follow-

up retrospectively.23 The total single implant population in this study consisted of 2417 

patients with a mean age at implant placement of 36 ± 19 (range, 13–89) years. In this 

group, 51% were <30 years with 33% between the ages of 19 and 23 years and 49% 

year 
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between the ages of 30 and 90 years. Hence, a large part of the patients historically 

treated with single implants belong to the young adult group. 

1.1.3 Implant treatment in younger groups of patients 

When comparing younger and older patients an important clinical consideration is that in 

the younger groups, the implants are expected to remain in function for a significantly 

longer period. At least another 60 years. All throughout the patient’s life, we can expect 

physiological changes due to, additional facial development,24 changes of the dental 

arches,25 gingival recession,14,25,26 changes in the marginal bone levels,27,28 and changes in 

shade, shape, and position25,29,30 of the adjacent teeth. 

Few implant studies have been performed including patients in very young ages (<18 

years). These studies include patients from 3 years of age31 that have been followed for 

up to 24 years.31 The studies are mainly case reports,32 or consists of small sample sizes 

33,34. The patients are most commonly suffering from congenital oligodontia, including 

patients diagnosed with the genetic syndrome of ectodermal dysplasia,35 while a few 

studies involve patients with dental trauma.31 Single implants in the anterior maxilla of 

young patients with a longer follow-up periods were reported in four studies18,23,36,37. In one 

study, with a mean patient age of 15 ± 2 years, 38 single implants were included and 

followed for 5–79 months,36 one group with a mean age of 15 (range, 14–19) years, provided 

with 15 single implants, was followed for 8 years,18 and one a group of 18 patients between 

13 and 18 years were followed for 10 years.37 In the 30-year follow-up by Jemt23 586 

patients (55% of 1066 patients) between 13 and 25 years at the time of inclusion were 

followed up retrospectively for up to 15 years. 

1.1.4 Etiology of tooth loss in younger populations 

Studies on single implants have indicated that the primary causes of tooth loss are dental 

trauma and congenital absence of tooth germs (agenesis). The prevalence of dental 

trauma as an etiological factor ranged from 56% to 62% in a Swedish population and 32% 

in a Western world population from seven different centers. Agenesis was the primary 

cause of tooth loss in 16% and 18% of the cases in the aforementioned studies, 

respectively.38-40 Moberg and coworkers reported that the reason for tooth loss in the 

maxillary central and lateral incisors was trauma in 97% of the patients receiving single 

anterior maxillary implants.41 
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The prevalence of agenesis varies among the ethnic groups. Australia and Europe have a 

higher prevalence than North America with females showing a slightly higher prevalence 

than males.42 Epidemiological studies performed in different parts of Sweden have shown 

the prevalence of agenesis to range between 6.1% and 7.4%.43-45 The highest frequency is 

observed in the mandibular second premolar followed by the maxillary lateral incisor.42 

Swedish studies have reported a prevalence of 2.2–3.1% for agenesis of the maxillary 

lateral incisor,44,45 whereas a worldwide meta-analysis showed a lower prevalence of 1.6–

1.8% (95% CI).42 The prevalence of agenesis is believed to be increasing over time in 

Caucasian populations.46 The prevalence of frontal tooth loss due to trauma have been 

reported to range from 0.3%–0.4% in epidemiological Scandinavian studies44,47 and 97% 

of dental injuries affects maxillary central incisors.47 Although dental trauma is the etiology 

in only a small proportion of patients with tooth loss, these patients comprise a 

substantial part of patients with single implants. 

1.1.5 Outcome of implant treatments 

Implant treatment outcomes depend on several variables. Patient selection is important 

in addition to clinical conditions and proper treatment plans. Additionally, achieving a 

favorable outcome may also depend on the skill and experience of the practitioner 

performing the treatment and the facility where the treatment is performed.48,49 Single 

anterior maxillary implant treatment is regarded as one of the most challenging implant 

procedures,50 and the treatment should be performed in the best possible manner. 

The number of implant companies and systems have increased over the years from only 

a few to several hundred, maybe thousands of different implants to choose from. The 

inclusion criteria for patients receiving implant treatment were strict in early studies on 

single implants,51,52 and treatment was performed by a limited number of clinicians, 

predominantly specialists.1 Currently, the inclusion criteria are moderate, and treatments 

are being performed by a larger number of dentists, many of whom are not specialists 

and may have less experience than their predecessors. In 2014, the average number of 

implants placed per dentist annually worldwide was estimated to be less than 50,53 and 

is perhaps even lower today.  

The number of implants placed can be used as a measure of a surgeon's experience with 

implant surgery. To have placed less than 50 implants in total has been regarded as a 

threshold indicating relatively low experience.48,54 Some studies have shown that the 
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results of implant treatments improve with the increased experience of implant 

surgeons,49,54-59 while opposing results reported also have been in the literature.3,60 The 

results in the dental literature are contradictory when it comes to differences in failure 

rates whether the surgeon is a specialist or a general dentist.3 Early studies have shown 

that well-trained GPs accomplished the same results as specialists when treating 

selected cases with single implants.38,61 Additionally as a group, female surgeons have 

been shown to present lower failure rates.3 Implant treatments require the expertise of 

experienced practitioners49 who have acquired the necessary skills and knowledge to 

achieve predictable results. However, not all dentists may possess the right attitudes or 

capacities to achieve consistently high success rates.3,53 The skills and communication 

within the treatment team are also important for a good outcome.62 Early implant failures 

have been found to vary from 0% to 10.2% among different treatment centers.48,54 This 

can be attributed to the skills and experience of the clinicians and team as well as the 

treatment center's facilities and environment. 

1.1.5.1 Survival, success, and complications 

Survival, the most definitive measure of implant treatment, reflects the implant remaining 

in place over time.6 However, the success of the treatment cannot be solely based on 

survival; it must also encompass good health of the surrounding implant tissue and proper 

functionality. Albrektsson et al.63,64 described the importance of specific radiological and 

clinical criteria in evaluating the success of implant treatment. Parameters, such as 

marginal bone levels, plaque, bleeding on probing (BoP), and technical and biological 

complications, should be evaluated in both scientific studies and daily clinical work. 

Many studies report on probing depth (PD) around implants.65-68 This parameter is 

contradictive in the literature. While some researchers believe that probing around 

implants is crucial for diagnosis and prognosis,65,68 others believe that PD around implants 

is a less important predictor of implant health and that probing might even be harmful to 

the implants.69,70 Failures and complications may occur in both implants and implant-

supported single crowns. Complications occurring at the implant level are more 

catastrophic, complicated, and expensive to treat than those at the abutment or crown 

level. 

Meta analyses have reported survival rates of single implants of 97% after 5 years and 

95% after 10 years and of implant-supported single crowns of 96%–98% after 5 years and 
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89% after 10 years.7,71,72 The most frequent technical complications after 5 years were 

screw loosening, loss of retention of the crown, and fracture of the veneering material.7,71 

Biological outcomes vary between different studies; however, marginal bone loss, 

mucositis, suppuration, and soft tissue changes have been frequently reported.7 When 

treating patients with single anterior implants, aesthetics becomes an important 

outcome. Thereby, the aesthetic parameters, such as mucosal recession and changes in 

color and position of adjacent teeth, need to be evaluated to assess the success of these 

treatments. 

Agenesis and trauma, the most frequent causes of tooth loss in younger patients, are non-

inflammatory, whereas tooth loss that occurs later in life is often caused by inflammation. 

Patients with non-inflammatory etiologies show higher 10-year implant survival rates and 

lower complication rates than patients with periodontal origin to their tooth loss.73 A 

retrospective study of 1017 patients revealed that the highest risk for obvious bleeding on 

probing and/or suppuration in combination with bone loss >1 tread, during the first year 

was found in the group of middle-aged patients (50–55 years). Younger (and older) 

patients showed significantly lower risks. The risk of early mucosal inflammation and bone 

loss increases significantly by 8% per year from 17 to 53 years of age.49  

1.2 FACIAL TYPE, VERTICAL FACIAL AND DENTAL CHANGES 

In the dental discipline of orthodontics, patients are often categorized according to facial 

type. Facial type as well as malocclusion influence the orthodontic treatments results74,75 

and determine the long-term treatment success.76,77 Craniofacial growth potential varies 

across different developmental stages78 (Figure 3). Childhood growth is largely influenced 

by genetics, physical health, and environmental factors. Puberty is marked by temporary 

growth acceleration, followed by a plateau during adolescence also including differences 

between the sexes. In young adulthood, subtle changes continue to occur in the 

craniofacial structure, which persist into adulthood78-84 (Figure 3). During growth of the 

facial skeleton from birth to young adulthood different growth patterns of have been 

observed between individuals and between different facial types84. The continuous 

development of the face throughout life, particularly the vertical changes of the anterior 

maxillary skeleton, differs depending on the individuals’ facial type and sex.78,79,85-89 

Historically, the facial shape of a patient has not played a significant role in 

prosthodontics. However, when replacing teeth in the anterior zone of the maxilla, the 
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facial shape and growth pattern may be relevant factors to consider for optimal treatment 

outcome and long-term prognosis. 

 

 

FIGURE 3    Craniofacial growth potential throughout life 
Inspiration from Behrents, 1985.78 Illustration Gabriel Issa. 

 

1.2.1 Classification of facial types 

Facial types are categorized into three groups based on their vertical dimensions: long 

(dolichocephalic), neutral (mesocephalic), and short (brachycephalic) types82,90 (Figure 

4). Individuals with the long facial type have an increased total anterior facial height (TAFH) 

due to a vertical excess of the lower anterior facial height (LAFH), whereas patients with 

the short facial type show a decrease in TAFH due to small vertical dimensions of LAFH82 

(Figure 4). The long face pattern can be further categorized into three subtypes: mild, 

moderate, and severe.76 Long face individuals can present with and without an open bite. 

Patients with an open bite presented short ramus mandibulae, while those without an 

open bite presented long ramus.91 Patients with long facial shapes have also been shown 

to exhibit a more open gonial angle (the angle between the posterior and inferiors borders 

of ramus and basis mandibulae).92,93 The growth characteristics for long- and short face 

patients are so specific that they override sexual dimorphism.81-83 However, growth 

patterns have been shown to differ both within facial groups and between sexes. 89,94-96  

♀♂ 
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FIGURE 4    Schematic sketch of the three craniofacial types. (A) Long facial type, (B) neutral facial 
type, and (C) short facial type. TAFH = total anterior facial height, UAFH = upper anterior facial 
height, LAFH = lower anterior facial height. 

 

The methods for diagnosis of facial type is difficult to standardize, which leads to 

controversy regarding the incidence of individuals with different vertical facial growth 

patterns.94,96-99 The prevalence of different facial types varies between ethnic groups and 

is difficult to identify from the literature. Brazilian and American studies involving a mix of 

ethnic groups show prevalence of the long facial type ranging from 6% to 35%. Individuals 

of Brazilian and African descent have been shown to exhibit the long facial type more 

often than Caucasian individuals.76 The developmental patterns of individuals with long 

face differ74-77,100 from the other groups, and it has been suggested that patients in this 

group have a higher degree of vertical tooth movements over time.10,22 The facial type has 

been shown to be fairly constant from childhood to young adulthood and is believed to 

stay that way throughout life.89,101 However, the long face pattern may have been reported 

to deteriorate during adolescence and is sometimes only diagnosed post-adolescence.102 

1.2.2 Methods of measurements 

Cephalometric tracings and measurements86,92,103,104 and photogrammetric analysis76 are 

techniques used to measure craniofacial growth and tooth movements during eruption. 

Multiple cephalometric, dental, and soft tissue variables can describe the morphology of 

a face classified as long face.76,80,97 Cephalometric tracing, in which a long face is 

characterized by increased TAFH due to increased LAFH, is a commonly used method to 

identify long-, neutral-, and short face patients.97 Another cephalometric method is to 

classify the groups by a quota of the LAFH/TAFH where ≥58% classifies patients as long 

face and ≤56% as short face.105  

B C A 

UAFH 

LAFH 

TAFH 
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Photogrammetric analysis, another method used by orthodontists to classify different 

facial types by using clinical landmarks on the soft tissue on photographs, has been 

previously described.76,80,94,106 Linear and angular photogrammetry can be used to 

measure and analyze soft tissue facial profiles by examining reference lines and angles in 

frontal and lateral photographs.106 Photogrammetry has been used to establish normal 

values,107 facial proportions and growth106,108,109 as well as in daily use for clinical diagnosis 

and treatment planning.94 Methodological variables, such as accurate head position, 

standardized camera position, and distance from the patient are important to achieve 

reliable results .110,111 Both linear and angular photogrammetry methods were found to be 

reliable when comparing standardized facial lateral photography with cephalometric 

radiography to characterize craniofacial morphology. A significant correlation between 

both angular and linear measurements with the highest correlation for estimates of 

vertical facial height have been found.112 Clinical facial assessments has also been 

employed to diagnose facial patterns on standardized extra- and intraoral photographs. 

It was shown to be effective, reproducible, and suitable for patients >18 years.102 

1.2.3 Vertical facial changes through life 

From childhood, the growth of the maxilla follows a strict chronology, where it first grows 

in the transverse plane, followed by the sagittal plane, and finally in the vertical plane.84 

Sagittal growth of the maxilla is strongly linked to the growth of skeletal body height. 

Vertical growth occurs via the displacement and remodeling of the orbits, maxillary 

sinuses, and nasal cavity.84 Facial growth patterns are established in childhood, even 

before the eruption of permanent teeth and long before the adolescent growth spurt 

(Figure 3). It has been indicated that in children, a fast growth rate for the upper anterior 

face is associated with a slow growth rate for the lower anterior face and vice versa. These 

different growth patterns may lead to the development of different facial types.81  

During adolescence, events may occur that magnify or maintain differences between the 

facial types.80-82 Both sexes develop based on their adolescent growth patterns 

(horizontal or vertical) until their 20s; however, in young adulthood (Figure 3), everyone 

starts to grow vertically. Females complete their facial growth at around 17–18 years, 

whereas males continue to grow until approximately 25 years. Further, females may 

experience later growth owing to post-fertilization stimulation.79,84 Studies on young 

adults (mean age of 21–26 years at inclusion) followed for 5–20 years have shown that 

most patients present a slow continued increase in anterior facial dimensions with the 
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most significant changes occurring in the LAFH.86,91,92,104,113 TAFH increases in both sexes 

over time, whereas LAFH increases more in females.22,85,86 Consequently, older individuals 

and females tend to have more vertical growth patterns.114,115  

Individuals with a mean age of 22 years in two different studies showed a mean increase 

in anterior facial height ranging from 1.6 to 2 mm during a period of 20 years.104,116 The 

changes have been shown to be larger in young adulthood than mid adulthood (Figure 3) 

and to decrease in rate with age.91,117,118 As a result of changes in body posture, soft tissue, 

muscle function, and bone remodeling, vertical facial development in the anterior maxilla 

may occur in the fourth and fifth decade of life and possibly even later.79,85-87,114,117 

Continuous vertical development is believed to be limited to individuals with healthy and 

complete dentitions. However, patients with single tooth loss exhibit minimal differences 

in growth compared with those suffering from multiple tooth loss, which show less vertical 

growth.79,104 

1.2.4 Continuous eruption and up-righting of maxillary incisors 

To maintain teeth in balanced occlusion and to compensate for dental attrition 

throughout life, changes in the surrounding tissues, including the alveolar bone, occur as 

vertical facial changes takes place. This results in compensatory tilting and eruption of 

the maxillary incisors into the created space.79,85,95,104 The upper incisors become more 

upright (anterior displacement of the apex and posterior movement of the crown) with 

age in both sexes, well into late adulthood.79,114,116,117 Individuals with a long face, shown to 

have a thinner and longer alveolar bone in the anterior maxilla, show a more prominent 

growth pattern with continuous vertical eruption of the maxillary incisors persisting for a 

longer period throughout their lifespan.95  

In female patients aged 9–25 years, a continuous vertical eruption of the central incisor 

of 6 mm during a period of 9–16 years has been observed.119 In older groups with mean 

ages of 25 and 30 years at inclusion, vertical movement of maxillary incisors of 1.0 mm 

after 20 years follow-up and 0.2 mm after 2–8 years was observed85,104. The retroclination 

of the maxillary incisors ranges from 1.4° to 3°.116,120 Some authors have suggested that the 

increase in the lower anterior face during adulthood is a result of the eruption/tilting of 

the teeth and not vice versa.91,104 Theytaz and Kiliaridis121 have shown the post eruptive 

movements of the maxillary incisors to be accompanied by a small gingival recessions 

after 2–10 years in adult patients (20–50 years) which is hypothesized to be associated 
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with increase of the LAFH.121 However, Huanca Ghislanzoni and colleagues122 did not 

provide evidence that gingival recession accompanies the continuous eruption of 

incisors, despite findings of such a correlation in premolars and molars.122  

1.3 MOVEMENT OF TEETH ADJACENT TO SINGLE IMPLANTS 

In the situation with single implants, the adaptation of adjacent natural teeth due to 

continuous vertical changes of the face throughout life has been reported to cause 

dramatic positional changes of the adjacent teeth in relation to the implant.79 This causes 

the implant to end up in infraposition. Both the implant itself and the surrounding bone 

and mucosa are affected by the changes that have been reported to vary among 

individuals, ranging from no observed differences to 2–3 mm.79,123 The incidence of 

infraposition of a single anterior maxillary implant has been reported to be higher in female 

than in male patients after 15 years in function.10,22 

It was early observed that the risk of infraposition was higher in very young patients, and 

therefore stated that patients should not be provided with implants before the age of 17 

to 18 years, when they have reached their growth maxima.124 However, in a study of 15 

young patients, aged 13–19 years, patients of the same age at implant insertion were 

reported to show different degrees of infraposition (0.8–1.6 mm) after 3 years of follow-

up.123 Other studies, including patients with a mean age of 25 and 32 years at the time of 

implant placement, also showed different degrees of infraposition (0–>1 mm) after 16–19 

years with the implants in function.10,22 Therefore, as opposed to age, skeletal maturation 

and changes have been stated to be important factors to consider in predicting the risk 

of implants ending up in infraposition.18,123Additionally, similar patterns of infraposition as 

with single implants have been reported in ankylotic teeth after trauma.125  

Movement of adjacent teeth in relation to single anterior implants has been shown to 

occur in vertical, sagittal, and horizontal directions. A systematic review and meta-

analysis, including 27 studies and 1572 patients with a mean age of 42 years followed up 

for a mean time of 19 years, reported a prevalence of infraposition >1 mm in 21% of the 

placed implants (five studies). Additionally, it has been found that there is a risk of almost 

every second implant126 of opening of approximal contacts in combination with 

infrapositon.127,128 
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1.3.1 Digital measurements of tooth movement 

Throughout the years, two-dimensional (2-D) techniques have been used to measure 

infraposition (Table 1). Since the early 1990s, three-dimensional (3-D) CAD software has 

been used to analyze photographed or scanned study models through 

superimposition.129-132 The 3-D technique have been shown to be as accurate as using a 

digital caliper on study models133 and have been used in two articles to study tooth 

movement in relation to single implants127,128 (Table 2). For reliable superimposition and 3-

D measurement, choosing a correct point of reference is critical.122 Different parts of the 

palate have been used with less successful results. When the curvature of the central part 

of the hard palate was used as a reference area, comparatively small vertical tooth 

movements were difficult to detect.128 Furthermore, the palatal rugae were found to be 

too unstable in vertical dimensions to be used as references.134 When the single implant 

crown together with the third rugae was used as the point of reference127 relatively small 

tooth movements was shown in relation to studies using 2-D methods.  
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Table 1  Overview of scientific articles with 2-D methods to measure maxillary single implant 
infraposition. Numbers presented as mean ± SD (range) according to presentation in the studies.
*Cohorts divided into two groups
**Two different methods used

Table 2   Overview of scientific articles with 3-D methods to measure tooth movement. 
Note: The article by Jemt 2005 is a case study

 1) 14 1) 18 (15.5–21) 1)  0.7 (0.1-1.7)
 2) 14 2) 44 (40–55) 2) 0.7 (0.1-1.9)

1+2) 18% >1

Jemt et al. 2007 Clinical 
Photographs

25 16 25 Canine-canine 14 % >1 Female

0.4 (95% CI; 
0.2/0.6)
Incisor position: 
0.5 (95% CI; 
0.2/0.9)

Vilhjalmsso
n et al.

2013 Radiographs 23 3 35 (20–56) Canine-canine 0.67 (0.13–1.8) Lower age

 1) 22 1) 23±4 Rate %/y
2) 13 2) 40±6 1)  1.0% ± 0.46%

2) 0.3% ± 0.2%
Nilsson et 
al.

2019 Clinical 
Photographs

22 5 (3.3–6.6) 23 (18-53) Canine-canine 3%>1 None

Canine -Canine 

(11 cases 
splinted)

Max value of 1.7

Rate mm/year 
0.08 

Sauvin et al. 2022 Radiographs 23 13 (8-17) 48 (19-66) Lateral and 
central incisors 

0.6±0.35 
(0.2–1.6)

None

Wittneben 
et al.

2022 Photographed 
models, 
radiographs

28 3 48 (23–79) 1st premolar- 1st 

premolar

0.25 Crown 
length of 
implant 
crown and 
adjcent 
teeth

Significant 
risk factors

Year of 
publication

Scientific papers with 2-D methods to measure single implant infraposition
Study Method Number 

of 
patients 

Mean 
follow-up 

time 
(years)

Age at 
inclusion

Results mean 
infraposition 

(mm)

Bernard et 
al.*

Radiographs 4 (2–9) Canine-canine None2004

Central and 
lateral 
incisor 
position

Andersson 
et al.**

Clinical 
photographs (1), 
Radiographs (2)

34 18 (17–19) 31.4 (18–56) Canine-canine Female

Chang and 
Wennström

Radiographs 22 8 40 (19–71)

1) 35% >1                
2) Mean 0.2 ± 
0.3

Schwartz-
Arad and 
Bichacho *

Clinical 
Photographs

8 ± 5 
(3–16)

Central incisors Lower age

10% >1 None

Polymeri et 
al.

Radiographs 76 (1–15) 45 (21–78) Canine-canine Delayed 
placement, 
lower age

Cocchetto 
et al.

Clinical 
Photographs

60 11± 4 
(5–20)

35 ± 10 (20-
65)

2nd premolar-

2nd premolar

Implant 
position

2020

2019

2012

2013

2015

Mean age at 
inclusion

 (range)

Jemt 2005 Palate 1 16 25 Premolar and 
central incisor

No obvious tooth 
movements 
detected

None

Brahem et 
al.

2017 Implant and 3rd 

rugae

57 5 30 ± 10 2nd premolar-

2nd premolar

4% <1 None

Study Reference

Number 
of 

patients 
analyzed

Mean 
follow-up 

time 
(years)

Implant 
position

Results vertical 
infraposition 

(mm)

Identified 
risk factors

Year of 
publication

Scientific papers with 3-D methods to measure infraposition
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1.4  OBJECTIVE AND SUBJECTIVE AESTHETIC EVALUATION 

In the early years of implant treatment, a successful treatment outcome was based 

primarily on receiving and maintaining osseointegration. High predictability in achieving 

osseointegration as well as high survival and success rates have been reported.7,11,13,135,136 

However, new technical possibilities for producing single implant crowns in combination 

with patient demand have added aesthetic outcomes an important parameter of 

success.137 

Aesthetics is particularly important when treatment is performed in the anterior maxilla 

and in patients with a high smile line.138 The perceptions of what is important to achieve 

aesthetic satisfaction differ between dentists and patients. Variables, such as the size and 

form of papillae, deviant peri-implant soft tissue appearance, visibility of metal, 

emergence profile, size, shape, and shade of single implant crowns compared with 

adjacent teeth, were considered significant by dentists but have been shown to be less 

important for the patient.5,136,138-143 

The importance of reproducible aesthetic evaluations for the comparison of 

odontological treatment results was reported by Gotfredsen 2004.137 A vast number of 

different indices have been developed since then. Methods used to measure the dentists' 

objective clinical assessments of the aesthetic result in single anterior implant studies 

include California Dental Association (CDA) quality evaluation index,41,144-146 Jemt’s papilla 

index,143,147-150 pink aesthetic score/white aesthetic score (PES/WES),141,142,151-159 Copenhagen 

index score (CIS),160 complex aesthetic index (CEI),161 implant crown aesthetic index 

(ICAI),136,145,156,158,159,162,163 prosthetic aesthetic index (PEI),164 dental aesthetic index (DAI),165 

implant aesthetic score (IES),166 and peri-implant and crown index (PICI).158  

The visual analogue scale (VAS) is a commonly used method that can and have been used 

for both objective and subjective assessments of the aesthetic result in single anterior 

implants.5,135-143,146,152,154,155,157,158,162,167-171 Alternative methods used for subjective evaluation of 

patients include the use of oral health impact profile (OHIP) in its various forms,141,160,164,165,172-

175 orofacial aesthetic scale (OAS),165,174,176 and questionnaires that incorporate different 

types of scales for responses.41,149,156,157,170,175,177-180 Patient-reported outcome measures 

(PROMs), have been used in implant dentistry to evaluate the influence of oral health 

status, care, and other non-clinical values on a patient's quality of life.181-185 The main 

characteristics of concern for the patients, regarding aesthetic evaluation of anterior 
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teeth, are the shape and color of the crowns.186 High aesthetic satisfaction has been shown 

to be more positively associated with the patients willingness to undergo implant 

treatment again compared to functional aspects such as chewing ability and phonetics.170 

1.4.1 Visual analogue scale 

Research using the VAS to evaluate the aesthetic outcomes of single anterior maxillary 

implants generally shows relatively high, although varying, results. Patients with mean ages 

ranging from 33 to 50 years assessed the aesthetics between 91% and 96%, after mean 

follow-up times of 3–8 years,137,140,155,187 whereas another group of patients with a mean age 

of 32 years showed only 85% (range, 38%–98%) satisfaction after <4 years.138 The 

satisfaction has been shown to decrease from 93% to 76% between 3 and 10 years of 

follow-up.135 

Several studies show weak correlation between patient and observer satisfaction 

regarding aesthetics.10,137,139 In a study comparing the assessment of patients (mean age 

32 years) to that of prosthodontists after a mean follow-up time of 3 years, it was found 

that VAS results differed between 94% and 74% respectively.139 After a considerably 

longer mean follow-up time of 18 years, patient (mean age 31 years) and operator 

assessments differed between 91% and 57%, respectively.10 Patients with single maxillary 

implants from premolar to premolar (mean age 33–40 years) valued the aesthetic of their 

implant crowns at 90%–92% on the VAS scale after 2–10 years.137,152,154 

1.4.2  California Dental Association evaluation index 

The CDA quality evaluation index was originally developed and has mainly been used for 

evaluation of tooth-supported restorative prosthodontic reconstructions188-193 but has 

also been used for evaluation of implant-supported prosthodontics.41,145,146,194,195 

1.4.3  Smile line 

The smile line of patients can be classified into three different groups defined by the 

amount of gingival display at the maximum smile. The first is the high smile line, with an 

uninterrupted full display of the anterior teeth in combination with the gingiva cervical to 

the teeth. The second is the average smile line, displaying 75%–100% of the teeth as well 

as interproximal papillae, and third, the low smile line that displays less than 75% of the 

teeth.196 However, this classification is not intended for use in patients with implants. 

Therefore, a modified criterion has been used to classify smile lines particularly in patients 
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with anterior implants.197 These criteria stipulate that if the gingiva of the teeth adjacent 

to the implant restorations is visible, it would define a high smile line, even if the full-length 

implant crown is not visible. If the papillae of the adjacent teeth are visible, this indicates 

a medium smile line, even if the papillae approximal to the implant are not visible.  

The etiology of a high smile line does not correlate with lip length. However, a correlation 

has been found with a high smile line and the efficiency of the lip elevation musculature 

198 and with patients belonging to the long face group.95 Females have been reported to 

have significantly higher smile line than males,196,199,200 and younger patients to commonly 

show a higher smile line than older patients. In a group of patients ranging from 23 to 52 

years, the patients with a high smile line were approximately seven years younger than 

those with a low smile line. All men with a high smile line were younger than 32 years.199 

1.5 ORAL FINE MOTOR CONTROL IN TOOTH AND IMPLANT-SUPPORTED 
RESTORATIONS 

Single dental implants or tooth-supported fixed dental prostheses (FDP) are commonly 

used prosthetic treatment options in patients with single anterior tooth loss. The 

periodontal membrane surrounding natural teeth contains periodontal 

mechanoreceptors (PMRs) that provide sensory feedback essential for holding, biting, 

and chewing food. Implants, lack the periodontal membrane and the associated sensory 

feedback (Figure 5). 

 

FIGURE 5    Illustration of the different biology around a tooth and an implant as well as the 
sensorimotor signaling from the PMRs located in the periodontal membrane to the CNS providing 
feedback to the jaw muscles. (A) Periodontal membrane, (B) Bone-to-implant contact (BIC) with 
lack of periodontal membrane. (C) Jaw muscles. 
Illustrations tooth/implant and face by Nicole Winitsky, brain from Shutterstock. 
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1.5.1 Proprioception 

Proprioception or kinesthesia enables the awareness of body parts, such as muscles, 

limbs, and joints, without relying on audio-visual input.201 Another phenomena worth 

mentioning in the context of oral motor control is stereognosis, which refers to “the ability 

to recognize shape, structure and texture of food and objects placed in the oral cavity”.202 

Proprioception involves sensory nerve endings, known as proprioceptive receptors. These 

receptors are located in various parts of the body, including the periosteum and the 

periodontal ligament.203 Innervation of the periodontal ligament has been histologically 

examined in humans since 1913 (Dependorf, 1913) and neurophysiologically since 1976.204 

1.5.2  Periodontal mechanoreceptors and sensorimotor regulation 

Various sensory organs send signals to the central nervous system to regulate biting force 

and speed. The ability to hold and split food depends on these mechanisms. The 

periodontal membrane surrounding the roots of the teeth represents one of these 

sensory organs and consists of both organized and “free” nerve endings. Some of these 

are periodontal mechanoreceptors (PMRs), a specialized group of receptors that controls 

the jaw muscles during biting and chewing.205-210 The PMRs are sensitive to mechanical 

stimuli. The loading of a tooth causes the periodontal membrane to stretch and activates 

the PMRs to send input about forces acting on the tooth to the central nervous system 

(CNS).208,211-213 The CNS then uses the sensory information to adjust and refine the 

masticatory movements. By providing feedback to the jaw muscles, delicate adjustments 

of intensity, direction, and rate of occlusal load are enabled214-216 (Figure 5). These 

mechanisms are particularly important for positioning and holding food between the 

teeth, adjusting the bite force to the firmness of the food, and enabling chewing.211,217,218 

The highest sensitivity to changes is in most PMRs exhibited at very low force levels, which 

have been shown to be below 1 N for anterior and 3–4 N for posterior teeth.217,219 Anterior 

teeth exhibit a greater number of periodontal receptors resulting in the higher sensitivity 

to low force than posterior teeth.206,220,221 Owing to their ability to detect low forces (below 

1 N) with high sensitivity, periodontal receptors in the anterior teeth have been suggested 

to be well suited for detecting information regarding initial tooth contact as well as holding 

of food.209 When the process of splitting food occurs and the forces of tooth loading 

increase, the sensitivity of the PMRs decreases. Only a small number of PMRs remain 

sensitive and can change their firing rate when fast and forceful loads are applied.217 
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For instance, the lack of PMRs in patients with dental implants impairs the fine motor 

control of the jaws.220 The effect of this is a lower ability to control the positioning of food, 

and to adjust the intensity and direction of force in relation to the consistency of food.222 

Implants have been reported to have an approximately 10- to 50-fold higher passive 

threshold for detecting loads than natural teeth.217,223 The interocclusal active tactile 

threshold is twice as high for an implant occluding against a tooth and three times as high 

for an implant occluding against another implant compared with natural occluding 

teeth.224 

1.5.3  Osseoperception 

Osseoperception acts on dental implants lacking periodontal membranes and is an 

expression coined by PI Brånemark. It can be described as a perception originating from 

the bone 225 through external stimuli such as a bone-anchored prosthesis. The exact 

mechanism behind this phenomenon is still unknown. However, it appears to involve 

activation and sensory input from mechanoreceptors in adjacent tissues such as the 

periosteum, mucosa, skin, muscles, temporomandibular joint, and bone. The sensory input 

from these mechanoreceptors results in the perception of the transmitted stimuli but has 

shown to be limited and not fully replace the function of the PMRs.211,220,223,226,227 

1.5.4  Oral fine motor control 

The absence (dental implants) or alteration (dental anesthesia) of sensory inputs from 

PMRs leads to an inability to properly control forces and regulate spatial positioning 

209,211,222,226,228. Dental anesthesia has been shown to affect hold and split actions by creating 

a higher and more variable hold force. The absence of effect on the splitting behavior 

indicates that this action is not influenced by PMRs.209 Instead, the forces involved in 

splitting are believed to be mostly influenced by mechanical characteristics such as the 

shape of the splitting tooth's incisal edge.209,229  

Studies on edentulous patients with bimaxillary full-arch implant prostheses have 

revealed that they exhibit impaired force control during initial tooth–food contact and 

mastication compared with those with natural dentition.215,230-233 This is most likely 

because of the absence of PMRs in patients with implants. Interestingly, patients treated 

with bimaxillary tooth-supported bridges also exhibited impairments.226 The variability 

and levels of holding forces were intermediate between individuals with natural teeth and 

implant-supported bridges. This indicates that the ability to control the magnitude of 
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holding forces are somewhat remained but weakened.211 Thus, it has been proposed that, 

owing to the inhibition of rich sensory information from the PMRs, it might be advisable to 

refrain from splinting separate teeth together in rigid constructions.211 

Single implants lack support from neighboring implants and cannot be compared with 

implants connected to bridges in terms of occlusal loads. Unlike bridges, single implants 

require protection of surrounding natural teeth.177 The maximum bite force exerted by a 

natural single anterior incisor is approximately 42% to 48% of the maximum bite force 

displayed by the first molar. In individuals in early adulthood (19–29 years), bite force has 

been shown to differ between males and females. The central incisors differ in mean bite 

force between 94 N and 146 N for females and males, respectively,234 and the maximum 

bite forces have been shown to vary from 90 N to 370 N.235 Despite the ability to generate 

high maximum bite forces, such forces are seldom used. For example, the mean force 

required to split a peanut (Estrella, roasted and salted) and a biscuit (McVities Digestive) 

have been shown to be 18 N and 9 N, respectively.209  

The holding and biting forces differ between age groups, and children with primary or 

mixed dentition show higher and more variable hold forces than older children with 

permanent dentitions (13–18 years) and patients aged between 18 and 35 years.236 The 

holding forces in adults have been reported to range from 0.6 to 0.8 N.209,220,226,229,236,237 The 

duration of split has been shown to be 50% shorter in children with primary dentition than 

adults, while no significant differences have been observed in the splitting force.236 

1.6 TREATMENT OPTIONS AT SINGLE ANTERIOR TOOTH LOSS 

The historical options for treatment of young adult patients with single anterior tooth loss 

have been orthodontic space closure238,239, 3-unit FDPs, resin-bonded bridges (RBBs)240, 

or auto transplantation in the Western world previous to the implant era241-244. The 

selection of treatment method should be determined, after thorough planning based on 

the specific needs and circumstances of each patient. The best aesthetic and functional 

outcomes are most likely achieved by the collaboration of a multidisciplinary dental 

team.239,245 Since single implant treatment, started to be used also in young adult 

patients18,36,37 it has grown to become a frequently used treatment option in this group of 

patients (Table 2).23  

Various factors should be considered when considering this treatment modality, such as 

the time-consuming nature of the procedure, high cost, risks of damage to hard and soft 
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tissues and neighboring teeth, and potential prosthodontic and surgical failures.3,39,246 

Single-implant treatment has previously been stated to be the most popular treatment 

for replacing a single tooth.247 However, with new options regarding the minimally invasive 

treatment with RBBs, with a metal framework or in full ceramics, this may be subject to 

change.248 

1.6.1  Tooth-supported fixed dental prostheses 

Before 1986, treatment options for single implants were unavailable. The non-removable 

prosthetic treatments used in patients with single-tooth loss were 3-unit FDPs or RBBs. 

Both options used metal frameworks with acrylic and, later, porcelain veneering. A review 

article reporting the estimated survival, success, and complications of FDPs after 5 and 

10 years reported survival rates of 94% and 80%, respectively6. Caries and devitalization 

of teeth were found to be the most common biological complications, while fractures of 

the veneering material and loss of retention the most common technical complications. 

The same study reported 5- and 10-year survival rates of 95% and 89%, respectively, for 

single implants. FDPs showed significantly higher annual failure rate than single implants.6 

1.6.2  Resin-bonded bridges 

RBBs are an attractive treatment option to avoid the preparation of adjacent teeth in 

younger patients. Before single implants became available, Rochette-type resin-bonded 

bridge (RBB) was routinely performed in patients with single anterior tooth loss at a large 

prosthodontic clinic in Sweden. However, since the late 1990s, when single implants 

started to be used also in the younger patient groups, single implant treatment has 

become a more frequent choice of treatment. In the 1970s, RBBs were considered a long-

term temporary solution with survival rates of 1–2 years249,250 but have more recently been 

shown to possess survival rates that must be considered acceptable for definitive 

treatments.248,251  

In the last two decades, the development of ceramic materials has taken big steps, and 

RBBs, currently the full ceramic options, are becoming a more commonly used treatment 

option252,253. A systematic review of RBBs248 followed up for a mean time of 6 (range, 5–13) 

years found that the most frequent technical complication was debonding, which 

occurred in 15% of the bridges. Metal–ceramic bridges have shown an estimated 5-year 

survival rate of 91% and a 10-year survival rate of 83%. The full ceramic RBBs ranged from 

93% to 100% with zirconia being the most successful material with 100% survival after 5 
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years248. When comparing the location in the mouth and number of abutment teeth, the 

highest 5-year survival rates were seen for bridges retained on only one adjacent tooth 

in the anterior maxilla (94%–96%)248 although other locations also have been shown to 

function well253. Single implant crowns show survival rates of 96% after 5 years and 89% 

after 10 years.7 Although higher survival rates are shown for single implants, considering 

the low cost, short treatment time, minimally invasive nature, and improved success and 

survival rates of RBBs, this option should be considered an attractive choice of treatment. 
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1.7 RATIONALE FOR THE THESIS AND HYPOTHESIS 

 

Study I  

The introduction of this thesis highlights that single implant treatment has been 

performed for almost 40 years; however, a scarcity of long-term studies (>15 years) 

focusing on this method of treatment remains.7,9,136 Given the increasing number of 

patients receiving single implant treatment; long-term survival, success, and 

complications, particularly in individuals in early adulthood, require further study.126 The 

hypothesis of Study I was that treatment with single implants in the anterior maxilla has a 

good long-term prognosis in early adulthood with a positive correlation between marginal 

bone loss and PD, implant occlusion, and usage of nicotine. 

 

Study II 

The influence of the craniofacial morphology on the movement of teeth adjacent to single 

implants in young adults remains unclear and requires further assessment using a more 

robust methodology. Previous studies have suggested that patients with a long facial type 

have a higher degree of vertical tooth movement over time10,22,95 and that females possess 

more pronounced vertical growth78,115. Further studies on biological changes related to the 

teeth and tissues surrounding single implants and to evaluate the subjective assessment 

of aesthetics in a younger group of patients after a long follow-up are in demand. In Study 

II, implants in the anterior maxilla in young adults were hypothesized to end up in 

infraposition after 14–20 years in function and the degree of tooth movement to be 

positively related to the long facial type. It was further hypothesized that patients asses 

the aesthetics as good despite infraposition and rate the aesthetics higher than 

professionals.  

 

Study III 

The introduction also further presents that owing to the lack of PMRs, the oral fine motor 

control is disturbed in patients with full-arch implant-supported bridges, and the ability 

to hold and split food is inferior to that of natural teeth. Teeth connected in full-arch 
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bridges also perform inferiorly to natural teeth, most likely due to the disturbance of the 

PMRs when connected in rigid constructions.226 No previous studies have been 

conducted on oral fine motor control in treatments with single anterior implants and small 

bridges. The hypothesis in Study III was that single implants, pontics, and teeth connected 

with RBB would exhibit inferior oral fine motor control compared with freestanding teeth 

adjacent to dental implants. 

 





2 RESEARCH AIMS 
 

The overall aim of this thesis was to research the area of single anterior maxillary implants 

in a group of young adults after an extended period of time and further to examine the 

sensorimotor-function of the implants in relation adjacent teeth and tooth-supported 

bridges shortly after implant treatment.  

 

Study I 

The primary aim of this study to was report long-term survival, success, biological 

parameters, complications, and radiological findings of single anterior maxillary implants 

in young adults. The secondary aim was to evaluate associations between changes in 

marginal bone levels in relation to probing depth, occlusal contact and usage of nicotine 

in this relatively young cohort.  

 

Study II 

The aims were to analyze the frequency and degree of tooth movement adjacent to single 

implants in the anterior maxilla in young adults and to clarify whether different patient 

characteristics can be related to long-term prognosis regarding the position of the 

implants in relation to the adjacent teeth. It was further, to examine and compare the 

patients and dentist view of the esthetics after 14–20 years.  

 

Study III 

The aim of this study was to compare the oral fine motor control in patients with tooth 

loss of a single maxillary central incisor treated with resin-bonded bridges and single 

implant crowns in close proximity to the implant treatment. 
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3 MATERIALS AND METHODS 
 

Studies I and II were based on the same study group, including 42 consecutively treated 

single implant patients at the Department of Juvenile Prosthodontics at Folktandvården 

Eastman Institute in Stockholm between January 1996 and November 1997. A protocol 

was designed for the treatment procedure and follow-up of the clinical and radiographic 

parameters. Baseline data were recorded for all patients at the time of crown delivery. The 

same parameters were assessed again after a lapse of one year. After a mean period of 

17 ± 2 (range, 14–20) years a new examination was performed, and biological parameters 

were added to the protocol. These studies are referred to as the “Long-term follow-up” 

studies. 

In Study III, 16 patients retrieved from the lists of patients scheduled for single anterior 

implant treatment at the Department of Prosthetic Dentistry, Folktandvården 

Eastmaninstitutet in Stockholm, the Department of Prosthetic Dentistry, Folktandvården 

Uppsala, and the Uppsala Surgical Center (Sweden) between November 2020 and 

January 2022 were included. The first hold-and-split test was performed before the 

beginning of the implant treatment, with the patients restored with metal-ceramic resin-

bonded bridges (RBBs), and the second was performed after a mean time of 31 (range, 8–

56) weeks after the first test session, a median time of 28 (range, 12–52) weeks from 

implant installation and five (range, 2–9) weeks after delivery of the single implant crowns. 

Results were compared between the two test sessions, with the patients acting as their 

own controls. This study is referred to as the “oral fine motor control” study.  

 

3.1 PATIENTS 

 

3.1.1 Long-term follow-up (Studies I and II) 

At baseline, the cohort was comprised of 24 male and 18 female patients. The mean age 

was 21 ± 3 (range, 16–30) years at the time of implant treatment. Trauma (n=26) and 

aplasia (n=14) were the two main reasons for single anterior tooth loss. In another two 

patients the tooth loss was attributed to idiopathic root resorption and tooth 

malformation. Pre-prosthetic orthodontic treatment was performed in 16 patients (38%). 
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The central (25) and lateral incisors (24) were the primary locations of the implants, and 

four implants were placed in the canine position. In total, 53 implants were performed, 

with each patient receiving between one to three single implants. Patients with remaining 

original single implant crowns (n=32) were included in the study on movement of adjacent 

teeth (Study II). 

 

3.1.2 Oral fine motor control (Study III) 

Patients missing one maxillary central incisor, scheduled for single implant treatment, and 

restored with an intermediate 3-unit, metal-ceramic resin-bonded bridge (RBB) attached 

to one tooth on each side of the missing tooth were assessed for inclusion. The exclusion 

criteria included the presence of temporomandibular pathologies, subjective symptoms 

or malfunction during chewing or biting, allergy to peanuts, and missing or prosthetically 

treated occluded teeth in the anterior mandible. All patients who met the inclusion criteria 

were scheduled for examination and treatment planning (Figure 6). The cohort that 

completed the single implant treatment and followed through with the two hold-and-split 

examinations consisted of 12 men and 4 women who all had lost their central incisors due 

to. At the first examination, the mean age of the patients was 24 ± 9 (range, 20–59) years, 

and they had been restored with RBBs between 0.6 and 9 years (median: 4 years) before. 

Pre-prosthetic orthodontic treatment had been performed in five patients (31%) prior to 

the RBB treatment, and two (12%) still had a metal retention cord bonded to the lower 

anterior teeth. In two patients, the RBB had been dislodged and re-cemented once. 

Additionally, the RBB had been dislodged more than once in one patient, and more than 

five times in three patients (19%). Ten of the patients (63%) had never had their RBB re-

cemented. 
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FIGURE 6    Flowchart of patients examined for inclusion or exclusion in Study III.  
† Patients considered not suitable or unwilling to go through with implant treatment continued to 
wear the same resin-bonded bridge (RBB) or received a new RBB.  
‡ Patients who later decided to continue wearing the RBB, experienced loss of implant prior to 
prosthetics, or whose treatment duration was prolonged outside the study timeframe. 
 

3.2 IMPLANT TREATMENT 

3.2.1 Long-term follow-up (Studies I and II) 

The implants were installed by the same oral surgeon (UT), and the prosthetic treatments 

were performed by a single prosthodontist (KO). Brånemark implants (MK III; Nobel 

Biocare AB, Göteborg, Sweden) with a machined surface were installed using a two-stage 

protocol procedure.254 The mean healing time from extraction of the primary or 

permanent tooth to implant placement was 29 ± 37 (range, 3–120) months. Data from two 

patients was missing. The installed implants were 3.75 mm wide and 15 mm (47%), or 18 

mm (53 %) long. Bone quality was classified as grade 2 or 3 according to the Lekholm and 

Zarb classification.255 Data from 10 patients/12 implants was missing. After a mean duration 

of 8 ± 2 (range, 6–16) months, the second stage surgery was performed and abutment 

cylinders of CeraOne type (Nobelpharma AB, Gothenburg, Sweden) were selected based 

on mucosal thickness.2 Abutments of varying lengths –1 mm (23%), 2 mm (28%), 3 mm 
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(40%), or 4 mm (9%)– were used. Permanent crown placement took place after a mean 

time of 3 ± 2 (range, 1–8) weeks after the second stage surgery, and the CeraOne 

abutments were secured to the implants using gold screws256 tightened to 32 Ncm using 

a torque driver (Nobel Biocare AB). The 53 aluminum oxide crowns, produced by the same 

dental technician (MV), were cemented onto the abutments using zinc phosphate cement 

(Harvard Cement, Harvard Dental Inter. GmbH i.G, Hoppegarten, Germany). In all but four 

of the crowns, a vent hole257 was incorporated into the palatal surface approximately 1.5 

mm from the cervical border of the crown. This had the objective of preventing excessive 

submucosal spread of the cement along the abutments.  

3.2.2 Oral fine motor control (Study III) 

In this study, the implant procedure was conducted by six different prosthodontists and 

eight implant surgeons. All but one patient underwent treatment at Folktandvården 

Eastmaninstitutet in Stockholm. The remaining patient was treated at Folktandvården 

Uppsala and at a private clinic in Uppsala. The width and length of the implants ranged 

between 2.75–4.3 mm and 11–13 mm, respectively. Implants from five different 

manufacturers (Straumann Bone Level, Institute Straumann AG, Basel, Switzerland; Nobel 

Branemark MK III, Nobel Active, Nobel Parallel, Nobel Biocare Zürich, Switzerland; Astra 

Tech EV, Dentsply Sirona Implants, Mölndal, Sweden) were used. Fifteen patients (data 

missing in one case) received screw-retained ceramic crowns. All implants with internal 

implant-abutment connections (81%) had crowns attached to the implants with titanium 

bases.  

3.3 DATA COLLECTION 

3.3.1 Long-term follow-up (Studies I and II) 

3.3.1.1 Baseline data and one-year examination 

At both baseline (42 patients/53 implants) and one-year follow-up (40 patients/50 

implants), the clinical examinations were performed by the treating prosthodontist (KO). 

All radiographs were exposed and assessed by the same oral radiologist (AF). During the 

baseline (crown delivery) and the one-year examination, the general health status, 

nicotine use, pain or mobility, and occlusal contacts on the implants were recorded. 

Marginal bone levels were registered, and impressions for study models were taken. 



   MATERIALS AND METHODS 

 

3.3.1.2 14–20-year examination 

After 14–20 years, the patients were contacted and asked to participate in a long-term 

follow-up of their implant treatments. Clinical examination at the follow-up was 

performed by a different prosthodontist (NW), and the radiological examination was 

performed by a different oral radiologist (LW). 

Survival and success (Study I) 

Single implants and original crowns still in use, including re-cemented crowns, were 

documented as survivals. Radiological success was calculated according to the criteria 

delineated by Albrektsson and Isidor63 according to which implants with less than 1.5 mm 

of bone loss during the initial year of function and less than 0.2 mm of bone loss per year 

thereafter, together with the absence of pain, mobility or paresthesia, are considered 

successful. 

Marginal bone levels (Study I) 

Radiographic examination at the long-term follow-up was performed in accordance with 

the original protocol, with standardized periapical radiographs obtained using a film holder 

and the long-cone paralleling technique. The projection was decided using the baseline 

radiographs as a guide and aimed to expose the greatest extent of readable screw 

threads and at the same time include the apical parts of the implant as well as the 

surrounding bone. To mimic the analogue technique with dental double film packets 

(Ektaspeed Plus, Eastman Kodak, Rochester, N.Y.) that had been used at baseline and at 

the one-year follow-up, all implants except three were exposed on digital image phosphor 

plates (VistaScan S0, 2x3cm Mini/Perio/CombiPlus, Dürr, Germany) in film holders 

(Skandia Denta, Falun, Sweden) and scanned using a dental imaging scanner (VistaScan 

Perio Plus IP, Dürr, Germany). The remaining three implants (corresponding to three 

patients) were exposed using digital sensors. The radiological images from baseline and 

the one-year follow-up were re-measured with a digital caliper and a magnifying glass on 

a light table and compared with the images from the long-term follow-up measured using 

the digital radiography software Romexis (Planmeca Romexis, Planmeca Oy, Helsinki, 

Finland). Marginal bone levels were measured in a blinded manner according to figure 7, 

and the mean values of the mesial and distal measurements were calculated for each 

implant. To evaluate intra-observer variability, the same radiologist measured the 

radiographs of the first ten patients (13 implants) obtained at baseline, one-year follow-
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up, and at the 14–20-year follow-up a second time, more than two months after the initial 

measurements, and with the observer blinded to patient identity and time of exposure. 

 

 

 
 

FIGURE 7    Measurements of marginal bone levels (mm) measured mesially and distally from the 
cervical part of the implant collar (A) to the first visible bone-to-implant contact (BIC) (B).  
Note: A and B mesially at the same level.  
 
 

Biological parameters (Study I) 

Observations related to plaque and mucosal health were not registered during the first 

two examinations. The additional parameters presence of plaque, bleeding on probing 

(BoP), probing depth (PD), and pus were incorporated to the clinical examination at the 

long-term follow-up for both implants and for contralateral teeth used as control. In two 

patients with both upper central incisors replaced by single implants, the adjacent instead 

of the contralateral teeth were used as control. The parameters were measured on four 

different surfaces (mesial, buccal, distal, and palatal) on both implants and on the 

contralateral tooth.11 PDs were assessed by applying gentle pressure until slight resistance 

was felt using a metal probe with recordings to the nearest millimeter.41 The recorded data 

was divided into two groups based on whether the PD was above or below 6 mm.67,258 BoP 

was recorded if it occurred subsequent to the measurement of PD. The mean PD and BoP 

for the mesial and distal surfaces were calculated and used in the correlation analysis with 

changes in bone levels. 
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Complications (Study I) 

Biological and technical complications, occurring up until the 14–20-year follow-up, were 

reported by the patients or retrieved from dental records, and were noted at both implant 

and patient levels. A recurring complication in the same patient was reported as one 

event, except in cases in which the crown had initially been chipped and later progressed 

to a fracture. Subsequently, this was considered a fracture. 

 

Patient and implant characteristics (Study II) 

Parameters categorised as patient and implant characteristics included a) facial type 

(long, neutral, short), b) lower anterior facial height (LAFH), c) sex (m/f), d) age at time of 

crown placement, e) position of the implant in the maxilla (central incisor, lateral incisor, 

canine), f) implant occlusion (yes/no), g) cause of tooth loss (trauma or aplasia), h) follow-

up period (years) and i) pre-prosthetic orthodontic treatment (yes/no). Data were 

collected during clinical examinations or from dental records. A 0.8 µm occlusal strip 

(TrollFoil, Trollhätteplast AB, Trollhättan, Sweden) was used to register occlusal contacts 

between implant crowns and opposing teeth at the maximal intercuspal position (MIP).  

 

Facial type and lower anterior facial height (Study II) 

The facial type of the patient and the LAFH measurements were determined using linear 

photogrammetry (Figure 8). To ensure a natural posture of the head and a parallel 

alignment of the occlusal and the horizontal planes, the patient was positioned in a 

cephalostat during the acquisition of extra-oral photographs (Figure 8).259  
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FIGURE 8    Linear and angular photogrammetric analyses with the patient placed in a cephalostat. 
Landmarks and distances: N=Soft tissue nasion, Sn=Subnasal, Me=Soft tissue menton,112,259,260 
UAFH=Upper anterior facial height (N-Sn), LAFH=lower anterior facial height (Sn-Me), TAFH=total 
anterior facial height (N-Me). (e) Ear post, (n) Nasal positioner 

 

The patients were instructed to relax their lips, jaws, and face, as well as to maintain a 

natural head posture during the procedure. Since a cephalostat was not available in six 

cases, the photographs were obtained without, while adhering to the same protocol. A 

“reference ruler” was included in all photographs to minimize measurement errors. In the 

images obtained in the cephalostat, the ruler was placed on the ear post and nasal 

positioner (Figure 8), otherwise it was attached to the wall next to the patient. The soft 

tissue landmarks (Figure 8) were identified by (NW) together with an experienced 

orthodontist (AA)112,259,260 according to the methodology proposed by Zhang et al.112 A ruler 

calibrated to the one depicted in the images was used for the measurements. With a slight 

amendment, the methodology described by Jamroz et al.105 in a Caucasian population was 

used to determine the facial type (Figure 9). LAFH was further dichotomized as above or 

below 70 mm.  

 

 

e 

n 
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FIGURE 9    Classification of the three facial types, (A) long face, (B) neutral face, and (C) short 
face. TAFH= total anterior facial height, UAFH = upper anterior facial height, LAFH = lower anterior 
facial height 
 

Tooth movement adjacent to single implants (Study II) 

Plaster casts (Coecal, GC, Tokyo, Japan) produced from the impressions obtained at the 

long-term follow-up examination were scanned (Trios D900, 3Shape, Copenhagen, 

Denmark) together with the casts produced at baseline. The scans were converted into 

stereolithography (STL) files (Dental System 2013, 3Shape, Denmark, Copenhagen) and 

uploaded to the inspection and metrology software Geomagic Control X (Geomagic 

Control X, software version 2018.1.1 64-bit; 3-D Systems, South Carolina, United States) to 

measure differences in the position of the tooth adjacent to the single implant between 

the two sets of casts in 3-D. To visualize the occlusal plane of each patient, en face 

photographs were captured during maximal smiling in the cephalostat. These 

photographs were then used in combination with the follow-up scans of the models. 

Manual alignment of the occlusal plane of the scanned follow-up models was performed 

in the 3-D coordinate system of the Geomagic Control X software. The aligned models 

were then superimposed with a semi-transparent overlay (WindowTop v3.4.5; GitHub) 

onto the en face photographs, enabling alignment of the models with the horizontal plane 

of the patient. The models were repositioned using the software based on the angle of 

inclination of the tooth being measured. This was performed for later measurement of the 

3-D movement of the adjacent tooth relative to its own longitudinal axis.  

The area of reference, selected as the buccal surface of the implant crown, was marked 

on the follow-up model in the software to cover an area as extensive as possible. To 

ensure accurate results during the matching process of the two sets of casts, any regions 

that had artifacts or alterations in the shape of the implant crown surface, such as crown 
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fractures, were excluded.127 Additionally, areas located in close proximity to the marginal 

gingiva and the incisal edge of the buccal surface of the implant crown were omitted from 

the matching process because of the potential risk of inaccuracy. Using automatic 

matching in the Geomagic software, the marked area was then aligned with its 

corresponding buccal region on the implant crown on the scanned baseline model, 

enabling the two models from each patient to be oriented in the same 3-D coordinate 

system in the software. 

The 3-D movement was compared in the midline at the incisal edge of the tooth 

positioned mesially to the single implant crown. However, in two sets of casts the adjacent 

teeth located distal to the implant crown was measured instead. These two situations 

included one patient with two central incisor implants as well as a veneer that had been 

placed on the tooth mesial to the implant. If two separate single implants had been placed 

in different quadrants, the analysis was performed on the implant placed in the right 

quadrant. Differences in positions were calculated by the software and registered in mm 

as tooth movements between the two casts. The values calculated on the y-axis 

represent the tooth's vertical (incisal) movement, those on the z-axis represent its sagittal 

(bucco-palatal) movement, and those on the x-axis correspond to the lateral (mesio-

distal) movement (Figure 10). The rate of displacement was determined by dividing the 

vertical (Y-axis) movement in mm by the follow-up time (in years). 
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FIGURE 10    Software-assisted 3-D analysis of adjacent tooth movements. (a, b) Showing matching 
of the models from baseline (pink) and 14–20-year follow-up (blue). (a) Incisal (y-axis, green) and 
mesio-distal (x-axis, red) movement. (b) Mesio-distal (x-axis, red) and bucco-palatal (z-axis, 
yellow) movement. Single implant crown (SI) 21 used as reference when movements of adjacent 
tooth (AT) 11 was measured. (c) Annotations showing deviations on the implant position 21 after 
best-fit alignment. The color scale indicates magnitude of deviation, ranging from -1 mm to 1 mm, 
with green color corresponding to alignment with deviations below 0.05 mm. 

 

Objective assessment of esthetics (Study II) 

Objective aesthetic assessments were performed using the California Dental Association 

(CDA) index144 and the visual analogue scale (VAS).261 The CDA index was used to rate the 

clinical quality of the single implant crowns. Two dentists (NW and AL) evaluated the 

crowns using the following CDA criteria: “color,” “shape,” “surface,” and “marginal integrity.” 

The rating scale consisted of four categories: “R”(Romeo) for “excellent”, “S” (Sierra) for 

“acceptable”, “T” (Tango) for “should be replaced”, and “V” (Victor) for “must be replaced” 

41,145. Evaluation of the surface of the implant crown was performed visually as well as with 

the use of a dental probe. A dental probe was also used to assess marginal integrity, which 

could not be analyzed in 11 patients due to the presence of deep submucosal margins. In 

accordance with the CDA guidelines,144 the rating with the most superior grade was 

selected as the final rating in case of disagreement between the two observers.  
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During the clinical examination, the dentist (NW) assessed the aesthetics using the VAS. 

The answer to the question: “How satisfied are you with the aesthetics of the implant 

crown?” was graded on a 10 mm scale,137,139,142,158,168,261 with the endpoints being "not satisfied 

at all" (0) and "completely satisfied" (10). The responses were recorded in millimeters and 

presented as percentage of the overall distance.262 

Subjective assessment of aesthetics (Study II) 

Subjective aesthetic evaluations were conducted using the VAS137,146 following the same 

protocol used during the assessment conducted by the dentist. To reduce the possibility 

of bias due to the presence of the examiner, the clinical examination concluded with the 

VAS question being answered by the patient alone in an isolated room. 

Smile line (Study II) 

The smile line was categorized by two investigators (NW and JIS) based on photographs 

of the patient exhibiting a maximum smile. A modified version of a method previously 

described in a study on anterior implants197 was used for the assessment (Figure 11).  

 

 

FIGURE 11    Determination of smile line. The smile line was classified as high if mucosa was visible 
cervically to the implant crown (A), as medium if only parts of the papilla were visible or if there 
was an absence of papillae mesially and/or distally to the implant (B), and as low if there was no 
visible mucosa in the implant region (C).  
Note: The numbers indicate the position of the implant in each case.  

 

3.3.2 Measurement of oral fine motor control (Study III) 

3.3.2.1 Equipment (Study III) 

A custom-built apparatus (DC 200 Hz; Department of Integrative Medical Biology, Umeå 

University, Umeå, Sweden) was used to measure the hold and split forces.263 The 

apparatus consisted of a bar-shaped metal handle covered with plastic, measuring 11 cm 

in length and 0.7 cm in diameter. The handle was attached to duralumin blocks ending in 

two parallel rectangular plates with a stiffness of 50 N/mm between them. The upper 
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duralumin block included a strain gauge force transducer that changed resistance when 

compressed. By converting the applied force into an electrical signal, the hold and split 

forces applied to the plate were measured and recorded. The equipment was designed 

to ensure that the force measurement remained unaffected by the position on the plate 

where the force was applied.226 

3.3.2.2 Experimental procedure (Study III) 

The test consisted of holding and splitting half a peanut and was carried out in a quiet 

room with the patient seated in a comfortable chair in front of a table. The patients were 

asked to sit in an upright position and hold the force transducer using one hand. 

Additionally, to maintain a horizontal alignment between the anterior teeth and the upper 

plate of the transducer, the patients were advised to rest their elbow on the table.226,263 

After the hilum was removed, the patients placed a peanut half (Estrella salta jordnötter, 

Estrella AB, Angered, Sweden) on the force transducer. The patient was asked to hold the 

nut between one upper central incisor and its antagonist with “a force as low as possible” 

for 3–4 seconds (hold phase), and then to split the peanut when asked to do so (split 

phase).209,226,236,263-266 To ensure that the patients were comfortable with the hold-and-

split task, they were allowed at least five practice trials before the actual recording of the 

hold and split forces. Additional practice was provided if required until the patient felt at 

ease with the procedure. The recording was repeated five times, and the mean value of 

the five recordings value was used for further analysis. In total, at the two experimental 

sessions, four conditions were tested. First, with the RBB in place on the connected tooth 

(CT) and on the pontic (P), and then after the single implant treatment on the same tooth, 

now freestanding, (T) and on the adjacent single implant (SI). 

3.3.2.3 Data analysis (Study III) 

The force signals were recorded at a rate of 1000 samples per second (1000 Hz), and the 

signals were low-pass filtered at 250 Hz. A data acquisition and analysis software system 

(WinSC/WinZoom v1.52.0.1; Umeå University, Physiology Section, IBM, Umeå, Sweden) with 

a 12-bit resolution at 800 Hz was used to monitor, measure, collect, and analyze the 

holding and splitting force data. The collected data were used to analyze various aspects 

of the force, including its magnitude, duration, and pattern over time. Four outcome 

variables (hold force, variability of hold force, split force, and duration of split) were 

extracted and calculated. As in previous studies,226,263 the force profile of each trial was 
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separated into two distinct phases: the hold phase and split phase (Figure 12). The 

software automatically identified the demarcations between the phases, which were 

subsequently verified through manual inspection for accuracy. The point at which the 

force rate exceeded 5 N/s, the minimum rate of increase previously shown to be reliably 

detected during an individual trial226, was selected as the point of onset of the hold and 

split phases (Figure 12). The outcome variable “variability of the hold force” was calculated 

by dividing the standard deviation of the hold force by the mean of the hold force within 

an individual trial. The split force was assessed by identifying the peak of the force profile 

corresponding to the moment when the peanut was split. The duration of the split was 

defined as the time elapsed from the onset to the moment when the peak force of the 

split phase was reached (Figure 12). 

 

FIGURE 12    Force profile illustration. (A) the point where contact between peanut and 
tooth/implant/pontic is established. (B) the initiation of the split phase. (C) the peak of the split 
force. (D) the hold phase, illustrated by the fluctuating force line from 5 N/s after initial contact with 
the peanut to 5 N/s before the onset of the split phase. (E) the split phase, illustrated by a force 
profile with a rapid rise until the peak at the breaking of the peanut, followed by a fast decline.  
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3.4 STATISTICAL ANALYSES 

3.4.1 Study I 

3.4.1.1 Descriptive statistics 

Mean values and standard deviations (x ± SD) were computed and reported alongside 

ranges. 

3.4.1.2 Inferential statistics 

The estimated cumulative survival rates for implants (CSRi) and implant crowns (CSRc) 

were calculated using the Kaplan-Meier method.267 To evaluate the relationship between 

PD and changes in marginal bone levels the Pearson correlation test was employed. A 

paired t-test was conducted to detect disparities in bone-level changes between 

nicotine users and non-nicotine users, as well as between implant crowns with or without 

occlusion at MIP. Intra-observer consistency in the radiological measurements of bone 

levels was assessed using the intraclass correlation test (ICC), with values <0.4 indicating 

poor agreement, values between 0.4 and 0.59 indicating moderate agreement, values 

between 0.6 and 0.74 indicating good agreement, and values >0.75 indicating excellent 

agreement.268 The standard error of measurements (SEM) was calculated. 

3.4.2 Study II 

3.4.2.1 Descriptive statistics 

Mean values, standard deviations (x ± SD), median values, interquartile ranges (IQR), and 

ranges were calculated. Mean and median values of tooth movement were rounded to 

the closest 0.5 mm. 

3.4.2.2 Inferential statistics 

Associations between tooth movement and the variables a) facial type, b) LAFH (more or 

less than 70 mm), c) sex, d) age at time of crown delivery, e) position of the implant in the 

maxilla, f) implant occlusion, g) cause of tooth loss, h) follow-up period and i) pre-

prosthetic orthodontic treatment were analyzed with quantile regression analysis of the 

50th percentile. A univariate model was used to for each of the exposure variables. 

Further, a multivariate model was used for the main exposure LAFH that was adjusted for 

teeth adjacent to implants in central incisor position (yes/no), and implant in occlusion 

(yes/no). Additionally, a logistic regression model including these same variables but with 
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movement of adjacent teeth as a dichotomous variable of more or less than 1 mm was 

used. 

To analyze the statistical interaction between vertical tooth movement of >1mm, LAFH >70 

mm and implants with or without occlusion, a quantile regression model was stratified on 

implants without occlusal contact, that included trauma as the cause of tooth loss or 

teeth adjacent to implants in the central incisor position.  

The level of agreement between the VAS scores reported by the clinician and the patients 

was assessed using the Spearman correlation, the kappa test, contingency tables and 

paired t-test. A quantile regression analysis of the VAS score for each patient, which 

included the smile line, was carried out for all patients, and it was stratified only for those 

patients with implants in the central incisor position. 

Statistical significance for the quantile regression and the odds ratio (OR) (not including 1 

in the case of logistic regression) was determined by considering p-values <0.05 and 95% 

confidence intervals of regression coefficients not including the 0 value. All statistical 

analyses were performed using the Stata 15 SE software (StataCorp LLC, College Station, 

Texas, United States). 

3.4.3 Study III 

3.4.3.1 Descriptive statistics 

All four outcome variables (hold force, variability of hold force, split force, and duration of 

split) are presented as means ± standard deviations (x ± SD) at the test conditions CT, P, 

T, and SI. The Shapiro-Wilk test, histograms, and normal Q-Q plots were used to assess 

the normal distribution of the data. 

3.4.3.2 Inferential statistics 

The split force variable, which showed a normal distribution, was analyzed using the paired 

Student’s t-test, while the hold force, variability of hold force, and duration of split 

variables, which showed skewed distributions, were analyzed using the Wilcoxon signed-

rank test. Statistical significance was assumed at p-values of <0.05. 

3.5 ETHICAL CONSIDERATIONS 

All three studies received approval by the Swedish Ethical Review Authority in Stockholm. 

Studies I and II, Dnr 2013/1302-31/3 and Study III, Dnr 2018/1677-31/1. In all studies patient 
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data was processed according to applicable confidentiality rules and in accordance with 

the laws that govern registration and management of databases. Each patient/study 

subject received a trial subject number as well as a patient number (patient code) that 

was recorded in all forms. All data and results were recorded in coded form and then 

entered into the department's database, where the patient identification list is also 

located. Permission for the database was obtained from the Swedish Authority for Privacy 

Protection's. As specified in the Helsinki declaration, all included patients signed a written 

informed consent form before the commencement of the study. Study III was registered 

in the ISRCTN registry (24104637). 

 

 





4 RESULTS 
 

4.1 CLINICAL AND RADIOGRAPHIC PARAMETERS (STUDY I) 

4.1.1 Patients lost to follow-up 

At the 14–20-year (mean 17 ± 2) follow-up examination, two patients from the original 

cohort of 42 were unable to attend the examination. Both patients were lost after 1-year 

follow-up. One had the implant crown re-cemented after four months in function and the 

other had no reported complications before the dropout.  

4.1.2 Patients 

The remaining 40 patients with 51 implants had a mean age of 38 ± 4 (range, 32–47) years 

at the 14–20-year follow-up. The mean age of delivery of the crowns was 21 ± 3 (range, 

16–30) years. Trauma (25) and aplasia (13) were the main causes of tooth loss. Good 

general health without any illnesses or medical conditions was reported in 95% of patients 

at baseline (n=42). This percentage decreased to 77% at the 14–20-year examination 

(n=40) with patients starting with medications for asthma, allergy, rheumatism, migraine, 

epilepsy, ADHD, high Blood pressure. The number of patients using nicotine (smoking or 

snuff) increased from four at baseline to 16 at the 14–20-year examination. 

4.1.3 Implant and crown survival 

At the completion of the study (n=40), two implants in two patients failed (5% 

patients/4% implants), reaching a CSRi of 96.1%. The first, removed after 3.5 years, 

displayed loss of buccal bone, mucositis, and pus and was not reinstated. The second 

failed implant was initially placed too buccally and showed exposure of threads at 

baseline. The implant was removed and replaced 11 years later because of esthetic 

concerns with 6 mm bone loss and soft tissue recession, exposing the implant up to the 

eighth thread. Of the remaining 38 patients, 10 original single crowns in six different 

patients were replaced during the follow-up period. In four patients, six crowns were 

replaced due to accidents, while in two female patients, four crowns were replaced due 

to infraposition and esthetic concerns. In all patients in whom single implant crowns were 

replaced due to an accident, the etiology of tooth loss was trauma. A CSRc of 80.4% was 

found after 14–20 years in function. 
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4.1.4 Implant success 

According to the success criteria of Albrektsson and Isidor (1993), all remaining implants 

were considered successful (100%). No mobility, pain, and/or paresthesia were found at 

any of the implants during follow-up. Marginal bone loss was less than 1.5 mm during the 

first year in function (0.2 mm), and the mean rate of marginal bone per years was less 

than 0.2 mm (0.01 mm) during the remaining period of follow-up. 

4.1.5 Marginal bone levels 

In one patient, the baseline radiographs were missing, and this patient was excluded from 

Study I. From baseline to the 14–20-year follow-up, a mean marginal bone level change of 

−0.1 ± 1.1 (range, -5.1–1.6) mm was measured. While an increase in marginal bone levels of 

more than 0.1 mm was measured in 24 (50%) of the implants, bone loss of >1 mm was 

measured in nine implants (19%) (Figure 13). Marginal bone loss >2 mm was measured in 

only one implant (Figure 13). The mean bone loss was −0.2 ± 0.9 (range, −2.0–1.1) mm for 

implants with (n=11) occlusal contact, and −0.1 ± 1.2 (range, −5.1–1.6) mm for implants 

without (n=37) occlusal contact MIP (p >0.05) (Figure 14). A mean bone loss of −0.2 ± 0.83 

(range, −2.0–1.0) mm was measured in nicotine users (n=16) and −0.1 ± 1.3 (range, −5.1–1.6) 

mm in non-nicotine users (n=32; p >0.05) (Figure 14). Regarding precision of 

measurements of the marginal bone levels, the intra-observer variability analyzed with 

intraclass correlation test (ICC) showed a kappa value (with 95% confidence interval) of 

0.71 for radiographs exposed at baseline, 0.91 at the 1–year follow-up, and 0.66 at the 14–

20-year follow-up. The SEM at the 14–20-year follow-up was 0.46 mm. 
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FIGURE 13    Radiological changes in marginal bone levels from baseline to the 14–20-year follow-
up. Mean value of mesial and distal measurements calculated. Lines at 0.25 show error of 
measurement.269 Bars with parts in red show bone loss above 1 mm. (n=48)

FIGURE 14    Box plot showing the results of bone level changes in relation to usage of nicotine (A) 
(p=0.77) and to occlusion (B) (p=0.6).
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4.1.6 Biological parameters 

At the 14–20-year follow-up, the implants (n=48) and contralateral natural teeth (n=48) 

were found to have plaque in 31% (n= 15) and 59% (n=24) of the cases and bleeding on 

probing (BoP) in 79% (n=38) and 58% (n=28) of the cases, respectively. The mean PD on 

implants was 4.0 ± 1.8 (range, 0–9) mm, and PD >6 mm was found in nine implants (19%) 

(Figure 15).  

 

 

 

FIGURE 15    Probing depth (PD) of single implants at the 14–20-year follow-up. Mean value of 
mesial and distal measurements calculated. Bars above the red line show implants with probing 
dept >6 mm. (n = 48) 

 

 

Plaque was detected at 15 implants. Among the surfaces with a PD >6 mm (n=29), BoP 

was found in 22 (75%), plaque in two (7%), and pus in five surfaces (17%). The five surfaces 

with pus showed a mean PD of 5.3 ± 1.9 (range, 3–7.5) mm. One patient experienced 

recurrent pus and swelling over the past ten years without concurrent progressive loss of 

bone (Figure 16). 
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FIGURE 16    Patient reporting recurrent buccal swelling with pus since the last 10 years, at right 
central incisor implant, at the 15-year follow-up examination. Clinical status showing probing depth 
(PD) of 8 mm mesially and 7 mm distally with bleeding on probing (BoP) at both sites. Radiological 
measurements show a mean marginal bone loss after the first year of 0.4 mm and an additional 1.0 
mm from year one to 15-year examination. A. Radiograph at the 5-year follow-up before onset of 
recurrent mucosal swelling and pus. B. Radiograph at the 15-year follow-up with mean marginal 
bone loss of 1.4 mm. C. Clinical photograph at the 15-year follow-up with implant appearing shorter 
and buccally tilted in relation to adjacent central incisor. Movements of adjacent tooth: 0.4 mm in 
incisal direction (Y-axis), 0.5 mm in palatal direction (Z-axis) and 0.03 mm in mesial direction (X-
axis).  
Note: Level of first bone-to-implant contact (BIC), short roots and deep placement of implant on radiographs.  
 

 

The only implant that was showing >2 mm bone loss (Figure 17) was presented with a PD 

of 3 mm and absence of BoP and pus. Out of seven implants showing PD >6 mm and BoP 

only two showed a men bone loss >1 mm (Figure 17). Additionally, the implants with a mean 

PD >6 mm (25%) were displayed with a mean bone loss of 0.2 ± 1.1 (range, −2.0–1.4) mm. 

The results of the Pearson correlation test failed to show any significant correlation (p 

>0.05) between PD and marginal bone level changes (Figure 17). 
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FIGURE 17    Changes in marginal bone level, probing depth (PD) and bleeding on probing (BoP) 
registered on implant level at the 14–20-year examination. Mean levels of mesial and distal surfaces 
calculated for PD and marginal bone levels. BoP reported as positive when either mesial or distal 
site was positive (red dot) (n=48). 

 

4.1.7 Complications 

Among the 42 patients at baseline, 21 patients experienced complications (50%), 17 had 

one complication each, while the remaining four patients had 2–4 complications each. In 

total, nine patients experienced technical complications (21%), and 19 had biological 

complications (45%). Only one patient experienced both biological and technical 

complications. Technical complications observed on the implant crowns included 

chipping of the ceramics (2), fracture of the ceramic (3), abutment screw loosening (3), 

and re-cementation of the crown (3). Regarding biological complications, 12 implants 

presented with fistulae with (6) or without pus (6), and seven were presented with soft 

tissue recession with visible titanium. Substantial treatment due to the complications 

were performed in 22% of the patients. 
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4.2 MOVEMENT OF ADJACENT TEETH (STUDY II) 

4.2.1 Patients lost to follow-up 

Within the study group of 42 patients treated with single anterior implants in 1996–1997, 

two did not attend the 14–20-year examination. Additionally, one patient experienced 

implant loss and did not opt for replacement, one had both the implant and crown 

replaced, and six patients had their crowns changed. 

4.2.2 Tooth movement adjacent to single implants 

The remaining 32 patients were included in the examination regarding 3-D tooth 

movement adjacent to the implants. Due to difficulties in 3-D matching, two additional 

patients were excluded from the measurements. The two paired models of the remaining 

30 patients were compared with regards to 3-D tooth positions. The tooth movements 

calculated by the software (30 adjacent teeth) showed a 3-D displacement ranging from 

0.0 to 2.5 mm including mesio-distal (X), bucco-palatal (Z), and incisal (Y) directions. The 

mean displacements in Y-direction were 1 ± 0.5 (0.1–2.2) mm, in Z-direction 0.5 ± 0.8 

(−2.2–2.3) mm, and in X-direction −0.0 ± 0.1 (-0.2–0.1) mm. Moreover, vertical tooth 

movement along the Y-axis occurred in the incisal direction in all patients, while tooth 

movement along the Z-axis was predominantly seen in the palatal direction (70%) as 

opposed to the buccal direction (30%). Along the X-axis, there was an equal occurrence 

of mesial and distal movements (50%). In 30% of patients with an incisal movement of >1 

mm, a mean measure of 1.5 ± 0.4 (range, 1.0–2.2) mm was observed. Additionally, the mean 

vertical movement of the teeth adjacent to implants in the central incisor position was 

less (0.5 ± 0.3 mm) than the movement of teeth adjacent to implants in the lateral incisor 

and canine positions (1.0 ± 0.5 mm). See figure 18 for visualization of adjacent tooth 

movements.  
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FIGURE 18    Presentation of the patient with the most extensive buccal movement. The adjacent 
upper left central incisor showed 2.2 mm buccal movement, 0.4 mm incisal movement, and 0.01 
mm mesial movement in relation to the implant in upper left lateral position at 17-year follow-up. 
(A) Frontal photographs of the clinical presentation at baseline and (B) at 17-year follow-up. (C, D) 
Visualization of the movements in Z- and X-axes from an occlusal view in the 3-D software and in 
a clinical picture. (E1–3, E4) Visualization of the movements in Y- and X-axes in a buccal view in the 
software and a clinical picture. (E1) The different colors indicate the magnitude of movement and 
(E2) the dotted areas illustrate the movement. The overlaying of the models is shown in E3.  
Note: Patient received pre-prosthetic orthodontic treatment prior to implant placement, clinical picture 
showing tongue pressure. Diastema mesial to the implant is not present at baseline. 
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4.2.3 Patient and implant characteristics 

Among the 30 patients measured for tooth movements the mean age at crown delivery 

was 21 ± 3 (range, 16–30) years and the mean time of follow-up was 17 ± 2 (range, 14–20) 

years. The main causes of tooth loss were trauma (18) and aplasia (11). Thirteen patients 

underwent pre-prosthetic orthodontic treatment before implant placement. The 

implants were placed in the central incisor (14), lateral incisor (13), and canine (3) positions, 

with six implants in occlusion. A long facial type was found in 15 (50%) patients, a neutral 

facial type in three (10%), and a short facial type in the remaining 12 (40%) patients. Lower 

anterior facial height (LAFH) ≥70 mm was reported in 16 (53%) patients, and a LAFH <70 

mm in 14 (47%) patients. 

The results of the uni- and multivariate quantile regression analyses are presented in 

Table 3. Univariate quantile regression analysis failed to show any significant correlation 

between the tooth movement of adjacent teeth (Y-axis) and patient characteristics 

regarding LAFH ≥70mm, sex, age at crown delivery, follow-up period, pre-prosthetic 

orthodontic treatment and facial type (Table 3; p >0.05). However, the univariate test 

showed significant correlations between less tooth movement and implant in occlusion, 

implant in central incisor position and when trauma was the reason for tooth loss (Table 

3; p <0.05). The multivariate quantile regression analysis showed an association between 

the degree of tooth movement and implants in occlusion (p <0.05), implants in the central 

incisor position, and LAFH ≥70 mm (Table 3; p <0.05). A statistically significant correlation 

between LAFH of >70 mm and tooth movement of >1 mm (odds ratio (OR), 13; 95% CI, 1.4–

124.3) was observed with logistic regression analysis (p <0.05). 
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TABLE 3    Uni- and multivariate quantile regression analyses of the association between tooth 
movement in the incisal direction (Y-axis) and patient and implant characteristics.

4.2.4 Assessment of quality and esthetics

The results of the evaluation according to the California Dental Association (CDA) are 

shown in table 4. In this evaluation, 27 patients (87%) received R- and S-ratings (excellent 

and satisfactory), and three (10%) received T-ratings (should be replaced). All T-ratings 

had issues related to color and shape, and no V-rating (must be replaced) was given.

The aesthetic ratings according to the VAS is shown in table 5. The mean esthetic VAS 

rating by the dentist was 67% ± 23% (range, 10%–100%), with a lower score for single 

implant crowns in females of 56% ± 26% (range, 10%–90%) than for males of 76% ± 16% 

(range, 40%–100%). Regarding the patient's assessment of esthetics, the results were 

85% ± 19% (range, 20%–100%), with somewhat lower ratings for females of 80% ± 23% 

(range, 20%–100%) than males of 89% ± 14% (range, 50%–100%). No significant 

correlations were found between the patients’ VAS scores and the degree of incisal tooth 

movement, smile line, age, or sex in the overall study population (p >0.05). However, in 

patients with central incisor implants, a significant correlation was observed (p <0.01) 

between lower patient VAS scores and increased incisal tooth movement. Regarding 

patient assessment, when incisal tooth movement exceeded 1 mm, the VAS score was 

78% ± 28%, whereas cases with less incisal tooth movement had a corresponding score 

of 88% ± 14%. Satisfaction with the esthetics of single implant crowns was rated higher by 

73% of the patients than the dentist. Additionally, only 10% of the implant crowns were 
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rated as “fully satisfied” by the dentist, while 33% were given the same rating among the 

patients. The kappa test revealed low agreement ( index 0.09) and paired t-test showed 

significant differences (p <0.05) between patients and dentist (Figure 19). 

TABLE 4    Dentist evaluation of the quality of the implant crown using the California Dental 
Association (CDA) index 270. R (Romeo) = excellent, S (Sierra) = acceptable, T (Tango) = should be 
replaced, V (Victor) = must be replaced. Marginal integrity could only be analyzed in 19 patients 
due to deep submucosal margins not possible to probe in 11 patients. (n=30)

TABLE 5    Evaluation according to visual analogue scale (VAS) of the esthetic outcome of the 
implants by patients and dentist answering the question “How satisfied are you with the 
aesthetics of your/the patients implant crown.” (n=30)
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FIGURE 19    Illustration of the percentage of patients rating their esthetics as >80% on the visual 
analogue scale (VAS) in comparison to the dentist.  
Illustrated by Nicole Winitsky. Patient and dentist from Presenter media. 

 

4.2.5 Smile line 

Categorization of the smile line resulted in three patients (10%) presenting with a high 

smile line, 19 with a medium smile line (63%), and eight (27%) with a low smile line. 
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4.3 ORAL FINE MOTOR CONTROL (STUDY III) 

4.3.1 Hold force 

The mean hold force values for each of the four different conditions were as follows: 1) 1.32 

± 1.16 N for CT (connected tooth); 2) 1.80 ± 1.87 N for P (pontic); 3) 1.14 ± 0.84 N for T 

(freestanding tooth); and 4) 1.78 ± 1.28 N for SI (single implant). Statistically significant 

differences were found between CT and P (p <0.05) and between T and SI (p <0.05), but 

no statistically significant differences were found between CT and T (p >0.05) or between 

P and SI (p >0.05) (Figure 20). 

4.3.2 Variability of hold force 

The results for the mean variability of the hold force were as follows: 1) 0.74 ± 0.71 N for 

CT; 2) 1.07 ± 1.27 N for P; 3) 0.69 ± 0.47 N for T; and 4) 0.82 ± 0.43 N for SI. There were no 

significant differences between CT and P (p >0.05); however, there was a significant 

difference in the hold force variability between T and SI (p <0.05). In addition, no 

significant differences were found between CT and T (p >0.05) or between P and SI (p 

>0.05) (Figure 20). 

4.3.3 Split force 

The analysis of the split force revealed the following mean measurements: 1) 56.35 ± 16.99 

N for CT; 2) 55.22 ± 17.60 N for P; 3) 57.17 ± 18.87 N for T; and 4) 51.59 ± 16.11 N for SI. No 

statistically significant differences were found between CT and P (p >0.05), CT and T (p 

>0.05), or P and SI (p >0.05). However, a significant difference was observed between T 

and SI (p <0.05) (Figure 20). 

4.3.4 Duration of split 

When duration of split force was analyzed, the measurements of 1) 0.16 ± 0.08 s for CT; 2) 

0.19 ± 0.12 s for P; 3) 0.18 ± 0.09 s for T; and 4) 0.20 ± 0.14 s for SI were obtained. 

Furthermore, statistical analysis showed significant differences between CT and P (p 

<0.05), but not between T and SI (p >0.05), CT and T (p >0.05), or P and SI (p >0.05) 

(Figure 20). 
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FIGURE 20    Mean values of the measured parameters including hold force (A), variability of hold 
force (B), split force (C), and duration of split (D) tested in the four conditions: connected tooth 
(CT), pontic (P), freestanding tooth (T), and single implant (SI). N, Newton. S, time in seconds.  
* Statistically significant difference 

A 
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5 DISCUSSION 
 

5.1 MAIN FINDINGS AND GENERAL DISCUSSION 

This thesis consists of three longitudinal studies: two studies involved the long-term 

follow-up of single implants in the anterior maxilla and one study examined the 

differences in oral fine motor control between single implants, freestanding teeth and 

teeth connected in 3-unit anterior RBBs in maxillary central incisor position. The single 

implant treatment is a treatment modality growing in numbers that is often performed in 

young adult patients in need of their implants in function for a long remaining lifetime. 

Therefore, long-term follow-ups to evaluate how the treatments succeed over time and 

studies regarding sensorimotor regulation in relation to alternative treatments are 

important areas for investigation. 

The results presented within this thesis have contributed to increased knowledge of the 

changes occurring over time regarding single anterior implants and how patients and 

dentists perceive long-term single implant esthetics. It has also provided suggestions on 

how to predict the degree of adjacent tooth movement in individual patients. 

Furthermore, results have enhanced the understanding of oral fine motor control 

regarding single implants and teeth connected in 3-unit anterior bridges. 

5.2 CLINICAL AND RADIOGRAPHIC PARAMETERS (Study I) 

5.2.1 Survival and success 

High long-term survival rates have been reported for single implants.7,11,13,135,136 A systematic 

review of single implants revealed a cumulative survival rate for single implants (CSRi) of 

95% and a cumulative survival rate for single implant crowns (CSRc) of 89% after more 

than 10 years.7,9 Furthermore, cohorts with mean ages between 32 and 42 years with the 

main part of the implants positioned from canine to canine report a 10–18-year CSRi 

between 96% and 100%11,135,136,271 and a CSRc of 84%–90%.11,135 The studies with the longest 

follow-up times (>15 years)11,271 reported a CSRi ranging from 97% to 100%, which is in close 

resemblance with the findings of Study I (96% CSRi, mean follow-up time 17 years). In a 

younger cohort with a mean age of 25 years followed for 15 years, a CSRi of 100% and a 

CSRc of 77% were observed.13 
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In correlation with the CSRc of 80% in Study I (mean age of 21 years), a slight tendency 

towards younger cohorts showing lower CSRc after long-term follow-up can be observed. 

These differences may be attributed to greater facial development and tooth movement 

in younger adults than in older adults,91,116,118,272,273 resulting in a more severe infraposition 

and desire to change implant crowns for esthetic reasons. Additionally, Study I found that 

patients who underwent crown replacement due to trauma (accidents) during the follow-

up period were the same as those who received their single implants due to tooth loss 

from trauma. Patient characteristics, such as horizontal overbite >3 mm,274 incompetent 

lip closure,275 participation in high-risk sports or activities,276 and risk-prone 

personalities275 increase the likelihood of repeated trauma to the anterior teeth. The high 

prevalence of trauma-induced etiology among younger patients requiring single implant 

treatment in the anterior maxilla41 may thereby contribute to the higher rate of 

replacement of the single implant crowns in the younger cohorts.  

Implant failures are distinguished as early or late failures based on the inability to establish 

or maintain osseointegration under functional conditions. Jemt concluded in a follow-up 

study of 30 years23 that the failure rate of single implants decreased over time and that 

early failures (0–1 year) were more frequent, particularly in implants with turned surfaces 

as was used in the cohort in studies I and II. However, Study I did not report any early 

implant failures, but two late failures were observed at 3.5 and 11 years. Late implant 

failures have been described as multifactorial, resulting from factors such as bone quality 

and volume, overload, bacterial infection and patient health status277 as well as smoking 

habits and early inflammatory problems significantly correlated with history of 

periodontitis.278 The implant failures in the present study were attributed to a misplaced 

implant and an early aggressive infection. The implant removed after 3.5 years due to an 

aggressive early local infection had a 6 mm bone loss at removal and failed to meet the 

success criteria.63 The second implant failure occurred due to the improper positioning of 

the implant, causing severe loss of the buccal bone and soft tissue, which ultimately led 

to the removal of the implant after 11 years. 

All surviving implants in Study I were considered successful (100%) according to the 

success criteria63 and in conclusion with a previously performed single implant study,177 

less than 0.2 mm of bone loss per year was observed. An annual rate of bone loss of 0.04–

0.07 mm/year has been observed after 5–10 years of follow-up.67,177,279 An even lower rate 

of bone loss per year of 0.01 mm annually after the first year was found in Study I. 
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Considering the cohort of young adults, it may be debatable whether the success criteria 

of continued bone loss of less than 0.2 mm annually is applicable. A bone loss of 0.2 

mm/year for 30 years would result in a 6 mm bone loss. A 6 mm bone loss in an anterior 

single implant in a 50-year-old may be deemed unsuccessful despite the absence of 

pain, paresthesia, and mobility issues, according to the criteria for implant success.64,280-

282 

As emphasized in a previous study, the current criteria of success based on edentulous 

patients could be revised to better relate to single implant treatments.283 The results from 

Study I and previous studies of 0.01–0.07 mm mean annual bone loss after the first year 

show that a limit of less than 0.2 mm/year is reasonable.67,177,279 Although osseointegration 

remains the primary factor for successful implant treatment, additional criteria, including 

biological, prosthetic, and esthetic, as well as complications and subjective factors 

reported by patients, should be considered and included in future studies137,284,285. 

5.2.2 Marginal bone levels 

Marginal bone levels surrounding dental implants are commonly assessed in both clinical 

and research settings.269 However, standardized and well-exposed baseline radiographs 

may not always be obtained, which can hinder the accurate monitoring of bone levels 

over time. In Study I, radiographs were obtained according to protocol at the time of 

crown delivery providing credible baseline measurements for future follow-up. 

5.2.2.1 Methodology 

Intraoral radiographs are reliable to determine marginal bone levels around implants.286,287 

However, studies have demonstrated that radiographic measurements of marginal bone 

levels in monkeys tend to indicate values that are 0.1–0.5 mm less than the histological 

marginal bone level.288 Limitations may arise when measuring changes in radiologic bone 

levels over time owing to various factors such as variations in the angle of projection, 

degree of exposure, variation in bone levels over time, and observer variability. To improve 

precision at the follow-up examinations in Study I, radiographs were taken using the 

paralleling technique at the same oral radiology department, with previous radiographs 

serving as a guide and according to the same established protocol. The projection was 

confirmed by assessing the sharpness of the treads on both sides of the implants. By 

making sure that sharp implant treads are obtained on all images it has been suggested 

that individual bite-blocks are not necessary.289 
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In study I radiographs from baseline, 1-year follow-up were remeasured by the same 

radiologist that measured the radiographs from the final examination (LW). It should be 

noted that radiographs at baseline and 1-year follow-up were captured on radiological 

films, whereas the final radiographs were exposed on digital phosphor plates. The mean 

measurement error for marginal bone levels around Brånemark implants has been 

reported to be a of 0.25 mm with a standard deviation of 0.7 mm.269 Furthermore, it has 

been stated that only with very accurate and reproducible techniques the radiographic 

measurements of marginal bone levels will be sensitive enough to measure bone loss 

under 1.0 mm. Most likely the small values reported for loss and gain of bone under 1.0 mm 

are measurement errors,290 which should be considered when evaluating the results of 

such measurements. 

5.2.2.2 Bone loss 

Study I reported a mean marginal bone loss of 0.1 ± 1.1 mm from baseline to final follow-up 

(mean, 17 years), with a mean of 0.2 ± 1.0 mm occurring during the first year and a mean 

of 0.2 ± 1.0 mm from year 1 to the final follow-up. These observations appear to be in line 

with those of another long-term follow-up study on single implants with a turned surface, 

in the anterior maxilla in young adults13. This study reported the mean marginal bone loss, 

after 15 years to be 0.7 mm, with 0.6 mm occurring during the first year and 0.1 mm from 

year 1 to year 15.13 

Furthermore, two studies that focused on a majority (80% and 87%, respectively) of single 

anterior maxillary implants with two different surfaces and included cohorts with higher 

mean ages (32 and 42 years) reported similar marginal bone level changes. After mean 

follow-up times of 16 and 18 years, respectively these studies reported a total mean bone 

loss of 0.4 and 0.8 mm, respectively.11,271 One of the studies reported a mean bone loss of 

0.5 mm during the first year and a mean increase in bone of 0.1 mm from year 1 to year 

18,11 whereas the other study reported a mean bone loss of 0.9 mm during the first 6 years, 

followed by a mean increase of 0.13 mm from year 6 to year 16.271 Study I and the 18-year 

follow-up study11 exhibited comparable outcomes concerning more severe bone loss in 

individual implants, as both studies revealed that 4% of the implants demonstrated >1.8 

mm bone loss during the follow-up period from baseline. However, the 15-year follow-up 

study by Jemt13 did not identify any instances of bone loss above this threshold. Study I 

reported a mean bone level of 1.5 ± 0.7 mm at final examination measured from the most 

cervical part of the implant to the first bone-to-implant contact (BIC), which coincides 
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with the findings of other studies between 0.9 mm and 1.92 mm after 15–18 years.11,13,271 

Further, in a review article of single implants, a mean marginal bone loss of 1.3 (range, 0.3–

2.1) mm were reported from the five included long-term (>10 years) studies.9 Other 

studies have reported on bone loss of <0.5 mm at anterior maxillary single implants after 

5 years.137,179,291-293 Additionally, it is intriguing to compare these numbers with the natural 

reduction in marginal bone levels around teeth that has been found to be 1 mm in all 

positions of the mouth, when comparing healthy patients with good oral hygiene between 

the ages of 21-30 years and 41-50 years.104,294 

Hence, most single anterior maxillary implants seem to yield stable crestal bone levels 

over time, with no or little bone loss and occasional bone gain. However, as stated by 

DeBruyn et al.,295 it should be considered that the mean values may obscure the implants 

that exhibit the most significant bone-level loss and gain (Figure 13). 

5.2.2.3 Bone gain 

In Study I, bone loss and gain were observed among implants followed up for 14–20 years. 

Based on the error of measurement as a limit, ≥0.25 mm of bone loss and bone gain were 

observed in 33% and 40% of the implants, respectively (Figure 13). Increase in bone levels 

have observed in previous single implant studies.11,271,293,296-306 Moreover, implants with 

mean decrease in bone levels from baseline to year one were found to later show a mean 

increase in bone levels from year one to the final follow-up.11,271,307 Study I and a study by 

Donati et al. found 52% of the single implants to present bone gain with maximum levels 

of 1.6 and 1.8 mm, respectively.307 

The factors responsible for the observed increase in bone levels remain unclear, and 

several hypotheses have been suggested, including actual bone apposition or errors in 

radiographic measurement.306,308 In a study where 10.2% of the implants showed positive 

values of more than 1.8 mm (equivalent to more than 3 threads on Branemark implants), 

two independent examiners re-analyzed the data and confirmed the positive 

measurements. It was suggested that the phenomenon of "bone apposition" could occur 

even without surgical bone augmentation. Furthermore, if bone gain were due to 

measurement errors, it would likely affect bone loss measurements as well.306 Considering 

that bone gain as high as 1.8 mm has been observed, it appears unlikely that measurement 

error alone can account for the phenomenon.  
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In the context of this thesis evaluating infraposition, it is expected that with time, as 

adjacent teeth and also the surrounding bone move in an incisal direction104 the implant 

will become positioned even further below the bone crest. Previous studies have shown 

that dental implant bone levels can be influenced by adjacent teeth,309 thus it is 

reasonable to speculate that continued tooth movement causing infraposition may 

contribute to the observed increase in bone levels over time. 

5.2.2.4 Bone loss occlusion and usage of nicotine 

Previously reported bone level measurements comparing single implants with and 

without occlusion or articulation have shown a higher mean annual bone reduction in 

implants with occlusal contacts than in those without.177 In contrast, studies in dogs found 

no induction of marginal bone loss in implants with mucositis upon lateral static loads. 

Instead, bone remodeling and higher bone density were found in the peri-implant bone 

surrounding the loaded implants.310 Smoking have been reported to be a predisposing 

factor for early (<1 year with prosthesis in function) mucositis with marginal bone loss, and 

implant failure.49,278,311-315 In Study I, the parameter usage of nicotine included both patients 

that was smoking and using snuff. No significant correlation between bone levels and 

occlusion (p >0.05) or usage of nicotine (p >0.05) was found.  

5.2.3 Complications 

According to a systematic literature review and meta-analysis, the reporting of 

complications varies significantly between studies.7 Frequent categorizations used are 

soft and hard tissue complications or biological and technical complications. Commonly 

reported soft tissue complications are fistulae, mucositis, bleeding on probing (BoP), pus 

and soft tissue recession with visible titanium. Hard tissue complications may include 

severe bone loss and probing depth (PD) of >5 mm.316 Other complications mentioned in 

the literature are mechanical, prosthetic, and esthetic.7,285,317 In a recent study by Sailer at 

al., the prosthetic complications for single implants were categorized into 

fracture/loosening of retaining abutment, loss of crown retention, chipping or fracture of 

the veneering material, fractures of ceramic abutments, and aesthetic complications.285 

In Study I, the complications were divided into biological and technical complications. 

Fistula, pus, and visible titanium were considered biological complications, whereas 

loosening/fracture of abutment screws, and fracture and re-cementation of crowns were 

regarded as technical complications. The complication of loosened abutment screws 
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accompanied by soft tissue problems, frequently seen in the 1980s and early 1990s246 

was reduced with the introduction of better screw joint systems.11,256 However, according 

to more recent literature, the most frequent technical complications are still screw 

loosening followed by loss of retention, and fracture of the veneering material, in that 

order.7 These complications were also observed in Study I but occurring at the same 

frequency as one another. Between 21 patients, 19 implants showed biological 

complications and 11 technical. However, only a minority (22%) of the complications 

required more advanced treatment than polishing, rinsing, or information. To enable 

comparison of complication rates across different studies, efforts have been made to 

establish a standardized categorization of complications for use in clinical trials in the 

future.318 

5.2.4 Biological parameters 

The implants in Study I had less plaque than the contralateral natural teeth but more BoP 

and the percentage of implants showing BoP (79%) was more than double the percentage 

with plaque (31%). One possible explanation could be that the patients may have cleaned 

the implant especially thoroughly the day before examination. Another could be that the 

measurements of BoP may not be an entirely reliable parameter for measuring 

inflammation. In Study I, positive BoP was registered when bleeding occurred after 

measuring PD. However, some patients with positive BoP exhibited a bright red, thin band 

of blood along the soft tissue margin instead of profuse bleeding. Although registered as 

positive BoP, this type of bleeding is suspected to be associated with mucosal trauma 

rather than mucosal inflammation.13,319 Some studies have found BoP not to correlate with 

either PD or rate of bone loss, while other studies found correlation between BoP and bone 

loss.12,67,320 

The measurement of PD around implants differs from probing around teeth321 and is 

sensitive to technique. The results can be influenced by factors such as the force used 

and the presence and shape of prosthetic components.69,322,323 There are probes available 

to control the light forces of 0.2–0.25 N recommended to use.66,157,288,324 However, in clinical 

work on patients these probes are rarely used and the force is thereby hard to control. 

A mean PD of 4.0 ± 1.8 mm was found at the single implants in Study I, 14–20 years after 

implant placement. This corresponds with previous research findings on single implants 

with a mean of 4.2 ± 0.5 mm PD after 6–7 years under healthy conditions.325 After 5 years 
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of follow-up, a median PD of 2.8 mm was observed in single anterior maxillary implants,157 

while the mean dimensions of the peri-implant mucosa were reported to be 6 mm one 

year after implantation in another study.309 The threshold of 6 mm, previously used to 

differentiate between shallow and deep PDs,67,258 was also employed in Study I. The 

present study revealed that 25% of single anterior maxillary implants had a PD of >6 mm, 

while a previous cohort with a mean age of 47 years demonstrated this depth in 73% of 

the implants.309 Implants in bridges have been shown to present only 15% of PD >6 mm 67. 

This could be explained by the fact that single implants in the esthetic zone are often 

placed deeper in the bone next to a neighboring tooth with a healthy periodontium and 

thereby naturally show a deeper PD.70 Moreover, the mucosal thickness varies more in 

areas adjacent to natural dentition than in edentulous areas, which can also impact 

differences in PD.323  

Our findings of PD ranging from 0 mm to 9 mm with as little as 0.1 ± 1.1 mm of bone loss 

confirms a previous 18-year follow-up study of single implant with the same range of PD 

and a mean bone loss of 0.4 ± 0.87 mm.11 Research proposes that to regard of PD of >6 

mm as pathological would not be correct and that deep PDs around implants can be a 

non-pathological finding without clinical correlation with bone loss.11,13,67,69,70,157 Study I 

support this, as among the six implants that displayed deep PDs (>6 mm) and bone loss, 

three exhibited bone loss exceeding 1 mm (Figure 17). This is exemplified through the 

patient in Study I (Figure 16), that reported recurrent buccal mucosal swelling and pus by 

the implant during a 10-year period at the 15-year follow-up and revealed unchanged 

bone levels compared with the 5-year follow-up that the at mesial and distal sites. 

Moreover, this finding corroborates an earlier study´s failure to establish a correlation 

between buccal fistulas and mesial and distal bone loss in patients with identical single 

implants and prosthetic solution as in Study I.13 The lack of significant correlation found 

between PD and bone level changes in Study I suggests that PD is likely to be an unreliable 

predictors for peri-implant bone loss and implant failures.69,326  

5.3 FACIAL SHAPE (Study II) 

Study II classified 50% of patients with long facial type, 40% with short facial type, and 

10% with neutral facial type. Comparing facial types across studies can be challenging due 

to variations in classification methods and ethnic differences.10,94,96,98 However, a study on 

a Caucasian population reported the distribution of the facial types tapered, ovoid, and 
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square to 22%, 40% and 18%, respectively and another study long, normal, and short facial 

types to 23%, 44% and 35%, respectivley.10,96 Facial types can be categorized by various 

methods. Linear photogrammetry, used in Study II, has been reported to provide accurate 

assessments of vertical facial characteristics.112,259 Moreover, the soft tissue landmarks 

used in this study were found to be reliable for evaluating facial morphology in Caucasian 

patients, with the highest reliability found for the estimates of the vertical facial heights.112 

The ratio between lower anterior facial height (LAFH) and total anterior facial height 

(TAFH) has been used to classify the different facial types.105 This method was originally 

used with measurements on cephalometric radiographs and defined short face as <56%, 

neutral as 57%, and long face as ≥58%. In study II, this was slightly modified to widen the 

range for neutral face to 56%–58%. To detect the soft tissue landmarks more easily, some 

were marked on the patient's face during the photography procedure that was performed 

in the cephalostat to ensure natural head posture based on the photographic setup 

described in previous studies.94,327  

5.4 MOVEMENT OF ADJACENT TEETH (Study II) 

5.4.1 Methodology 

Several publications on tooth movements adjacent to single implants have used 2-D 

measurements on radiographs or clinical photographs with or without a standardized 

procedure (Table 1),10,146,169,273,328-330 whereas only few have used a 3-D technique (Table 

2).127,128 Study II intended to investigate positional differences between single anterior 

maxillary implants in relation to adjacent teeth rather than other oral structures. Therefore, 

the implant was chosen as the reference. Previous studies have used other oral 

references such as the palatal rugae and the hard palate.122,128,134 Their findings suggested 

vertical instability of palatal rugae134 and identified the challenges of detecting small 

changes in tooth movement when using the palate as a reference.122,128  

When performing the 3-D matching and measuring in Study II, the buccal surface of the 

implant was regarded as the most stable area of the implant crown was thereby chosen 

as the area of reference. Since gingival coronal migration14,122 and incisal attrition331 are 

known to occur the most cervical and incisal parts of the buccal surface were excluded 

from the reference area. However, the tooth movements were measured at the incisal 

edge of the adjacent tooth. In case of attrition over time, this would cause 

underestimation of tooth movements in Study II.  
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5.4.2 Characteristics and tooth movement 

Studies have reported that the growth patterns connected to the  long, neutral, and short 

facial types, remain relatively stable between the ages of five and 25 years. Moreover, the 

tendency to maintain the original facial type with age is considered to be strong.89 In Study 

II, no significant correlation was found between facial type and the degree of tooth 

movement. Neither Aarts et al.332 nor Andersson et al.10 found any connection between 

facial type and continuous eruption of teeth and facial growth, whereas Jemt et al. 2007 

showed that TAFH together with a backward rotation of the mandible was significantly 

increased in females in comparison to males.22 A relevant method for measuring and 

categorizing facial types with regard to implant treatment is needed to further investigate 

the association between facial type and infraposition of single implants. 

The vertical dimensions of the face have previously been suggested to be associated with 

vertical tooth movements in younger as well as adult patients.10,22 A LAFH of more than 70 

mm was shown in Study II to be significantly positively correlated with a more pronounced 

movement (>1 mm) of teeth adjacent to anterior single implants. A longitudinal study 

followed 27 males and 29 females with normal craniofacial development between the 

ages of 17 to 48 years, and found a mean increase in LAFH, with of 2.5 ± 2.0 mm for males 

and 3.2 ± 1.6 mm for females. Between the ages 31 and 48 years (15 patients), both sexes 

revealed an increase of 1.7 ± 1.2 mm in LAFH.118 Thereby, the rate of increase in LAFH can 

be calculated to a mean of 0.06 mm per year, which is comparable with the rate of tooth 

movement found in the single implants in Study II (mean 0.05 mm/year). This implies that 

the vertical changes in the LAFH may be positively associated with the infraposition of 

implants in the anterior maxilla. Further, males are known to generally possess larger faces 

with larger facial dimensions than females. This was presented in a study of untreated 

females and males aged 25–46 years with “acceptable occlusion and acceptable facial 

skeletal features”.333 The cohort displayed a mean LAFH, at 25 and 45 years of for females, 

of 63 mm and 65 mm, and for males of 68 mm and 70 mm, respectively. Hence, a 70 mm 

LAFH in a female may mean a greater risk of more severe adjacent tooth movement than 

if seen in a male, suggesting that the limit should be different for males and females. More 

studies with larger groups of patients are needed to further evaluate whether the limit of 

70 mm can be used as a predictor for more pronounced movement in general and in 

teeth adjacent to single anterior maxillary implants.  
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Reports are inconsistent regarding differences in tooth eruption and jaw development 

between the sexes. Some studies report more significant changes in adult females than 

in males10,22,126,334-336 while others show no significant differences.273,313,328,329 No significant 

correlation was found in Study II between the degree of vertical (incisal) movement of the 

adjacent teeth and sex. However, by pooling the measurements with data from Jemt et 

al.22 and Anderson et al.10 a significant correlation (p <0.05) between tooth movement of 

>1 mm and females was found (Table 6). 

Table 6    Number of implants with different amount of vertical infraposition of single implant 
crowns and gender in the present study and as pooled data with results from Jemt et al22 and 
Andersson et al 10.

Tooth movements in the palatal direction represent the up-righting of the adjacent teeth. 

In Study II, the mean palatal movement of the crown of the clinical tooth was measured 

to 0.5 ± 0.8 mm, ranging from 2.2 mm palatally to 2.3 mm buccally. Female patients 

presented a mean palatal movement of 0.2 ± 0.02 (range, 0.2–0.3) mm and male patients 

a somewhat larger mean palatal movement of 0.89 ± 0.74 (range, 0.2–2.2) mm (p >0.05). 

Some studies78,117 claim that up righting of incisors occurs in both adult males and females 

during continuous eruption while another118 suggest that incisor eruption in males occurs 

without retroclination while in females the crown tip moves towards the palate as eruption 

takes place. Therefore, the results of Study II do not support the findings from West & 

McNamara118 that the movement of the crown of the adjacent tooth in the bucco-palatal 

direction differs between the sexes. 

Maxillary teeth continue to erupt during adulthood.78,79,85,95,104,118,122,330 Vertical facial growth 

continues at later ages than somatic growth84 and varies widely between 

individuals.89,94,96,337 Thus, chronological age may not be a good parameter for estimating 

the cessation of either facial development or eruption of teeth.84,95,122 Different results have 
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been published regarding the correlation between age and infraposition of single implant 

crowns in the anterior maxilla in adult patients.169,272,335,338  

The mean vertical movement of anterior maxillary teeth adjacent to single implants in 

Study II (mean age at crown delivery at 21 years) was 1.0 ± 0.5 (range, 0.1–2.2) mm after 

14–20 years of follow-up. This is somewhat higher than what was found in studies with 

older cohorts of patients (mean ages 35–48 years) where mean values ranging between 

0.4 and 0.7 mm was found after 4–13 years follow-up169,313,329. Implant infraposition of >1 

mm was found at the rate of 4%–21% in studies with mean ages of 23–31 years10,20,22,127 after 

5–18 years. A systematic review found infraposition of >1 mm in 21% of implants.126 The 

finding of 30% of tooth movement of >1 mm in Study II exceeds that in previous studies. 

The higher degree of tooth movement in Study II may be a result of the younger age of 

patients and the long follow-up time. The 3-D methodology used with the implant as the 

reference point probably also plays a role in the difference in degree of tooth movement 

found in other studies (Table 1, 2). 

The results from Study II showed no significant association between age the degree of 

tooth movement (p=0.69, 95% CI -0.38–0.56) which is in agreement with previous 

studies.10,127,146,169,273,328,329,335 Furthermore, tooth movement continues until the fourth104 and 

fifth decade122 of life although both continued development of the jaws and tooth eruption 

have been stated to occur to a lesser degree after the second decade of life.336 

Infraposition have been found to be more prominent in cohorts of younger adults patients 

(<30 years) than in older adult patients (≥30 years),272,335 and the rate of infraposition have 

to decrease by 0.0013 mm for each additional year of age.272 However, another study 

reported that infraposition can occur to the same extent in adults (40–55 years) as in a 

younger group of patients (15.5–21 years).273  

In Study II, the vertical displacement of teeth adjacent to single anterior implants showed 

a mean of 0.5 ± 0.3 mm for central incisors and 1.0 ± 0.5 mm for lateral incisors and 

canines, with significant differences (p <0.01) between the two categories. Previous 

studies are inconclusive concerning differences in infraposition depending on the 

position of the implant in the maxilla. In a study material on young adult and adult patients 

by Bernard et al.273 no differences in infraposition between maxillary single implants in the 

central, lateral, or canine position were reported. In contrast, Thilander et al.37 found the 
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lateral incisor position, to be extra critical to place implants in regarding infraposition in 

patients 13–17 years. 

The lack of occlusal contact has been suggested to influence the continuous eruption of 

teeth.339 In a normal population of 24 dentate women aged 48 years, 25% of the central 

incisors and 50% of the lateral incisors lacked occlusal contact.122 In Study II, 80% (n=24) 

of the implants lacked occlusal contact at the 14–20-year follow-up while in another 

study on anterior maxillary single implants, 62% (n=24) of the implants lacked occlusion.146  

Regarding the pattern for continued eruption in the presence or absence of initial occlusal 

contacts in the female population without implants, lateral maxillary incisors erupted to a 

greater extent without contacts and no differences were found between maxillary central 

incisors with and without occlusal contact.122 Nilsson et al.146 did not show any correlation 

between implant infraposition and occlusion on implants, while Thilander et al.18 found no 

or only minor infraposition in patients with incisors in occlusion and more severe changes 

in patients lacking occlusion. The univariate analysis in Study II revealed less vertical 

adjacent tooth movement when the implant was in occlusion(p <0.05). Further, the 

multivariate analysis indicated less incisal tooth movement associated with implants in 

occlusion, implants in the central incisor position, and implants placed due to tooth loss 

caused by trauma (p <0.05). 

Previous reports have stated that pre-prosthetic orthodontics might give rise to more 

severe inferior position of a single implant due to the risk of relapse.18 However, no 

correlation with tooth movement in anterior maxillary single implants and pre-prosthetic 

orthodontics were found in Study II, or in supporting observations by Nilsson et al.146 and 

Brahem et al.127 

5.4.3 Esthetic considerations 

The esthetic outcome of single anterior implant treatments is important in ensuring 

patient satisfaction with the treatment.181 Single anterior implant crowns might be one of 

the most challenging treatments to perform with a good esthetic result due to the 

visibility and the immediate comparison of the natural adjacent teeth.248 A vast number 

of esthetic indexes have been developed the last two decades to assess the esthetic 

results of single anterior maxillary implants.340 With the growing focus of patient related 

outcome measures (PROMs) in research,341 evaluation of the patients’ perspectives on 

implant treatments is more frequently used.136,137,165,171,329 The main characteristics of 



Nicole Winitsky 

concern for the patients, regarding the esthetics of anterior teeth have been reported to 

be the shape and the color of the crowns.186 Additionally, high patient esthetic satisfaction 

has been shown to be more positively associated with a greater willingness to undergo 

implant treatment again, compared with functional satisfaction such as chewing ability 

and phonetics.170 However, to enable comparison between different studies, a consensus 

is needed regarding the tools for assessing esthetics.341,342  

5.4.3.1 Visual analogue scale (VAS) 

The VAS is a frequently used tool for assessing the esthetics of single implants and the 

esthetics have been rated high by patients (score, 90% to 92%).157,184 It was recently 

appointed as one of two recommended tools to use for subjective and objective 

evaluation of esthetics in clinical trials.318 In Study II, the female ratings (mean score, 80%) 

of the esthetics were shown to be lower than the males (mean score, 89%) which was also 

found in another study178 and might be explained by females as such being more focused 

on dental esthetics.139,186,343 Moreover, in Study II, another observation is that the dentist 

also rated the esthetics lower for the female patients (mean score, 56%) than for male 

patients (mean score, 76%) (p >0.05). The mean patient VAS rating of 85% at follow-up 

after 14–20 years in Study II (37 years mean age), was somewhat lower compared to an 

older cohort (mean age 50 years) after 17–19 years where a mean VAS rating of 91% was 

found.10 However, another study did not find age as a predictor of higher patient 

satisfaction regarding aesthetics in within an older group of patients (mean age 48 years) 

after a mean follow-up of 13 years.329 This finding may be attributed to the mean age 

already being relatively high. Further, the VAS score has been shown to decrease with 

time in a comparison of single anterior implants between 3 and 10 years follow-up.135 The 

reasons for this are ascribed to the changes in position, color, and shape in relation to 

adjacent teeth over time.135  

 

Assessments by the dentist and patient have been shown to correlate badly, with higher 

esthetic assessments from the patient.10,142,149,158,160 A systematic review found that implant 

crowns in single anterior maxillary implants rate between 81% to 96% on the VAS by the 

patients and 62% to 90% by the dentist.340 In Study II, the assessed satisfaction with 

aesthetics by the patients was higher (mean score 85%) than by the dentist (mean score 

67%). Only three patients (10%) rated the esthetics of their crowns as <60% while the 
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dentist rated 10 crowns (33%) at <60%. Professionals tend to be more critical and look at 

details that are not important to patients.139 

In Study II, no significant correlation was found between VAS ratings and the overall 

degree of tooth movement (p >0.05). However, lower VAS ratings were significantly 

correlated with increased tooth movement in patients with implants in the central incisor 

position (p <0.05). The VAS rating for patients with a vertical tooth movement of >1 mm 

was found to be lower (78%) than for those with <1 mm (88%). A previous study on anterior 

maxillary implants correlated esthetic VAS ratings with observed infraposition after a 

mean follow-up time of 4.5 years.146  

A patient with a high smile line shows more of the clinical crowns and gingiva/mucosa, 

which would be expected to lower the esthetic rating if good esthetics are not achieved. 

The results from Study II did not, however, show any correlation between smile line and 

the esthetic VAS rating. This agrees with a previous study where no differences in esthetic 

assessment according to VAS were found in the different smile types,187 but is 

inconclusive with other results showing that patients with a low smile line rate their 

esthetics higher on the VAS-scale.138 

In a study by Chang et al differences between single anterior implants in relation to the 

adjacent natural teeth such as being longer, having a smaller facial lingual width, being 

surrounded by thicker facial mucosa, and lower papilla height were identified.140 Despite 

this a mean of 96% patient satisfaction were presented regarding the appearance of the 

single implants crowns. In agreement with a Chang et al139,140, the patients in Study II 

showed relatively high mean satisfaction of 85% regarding aesthetic, despite 

infraposition. 

5.5 ORAL FINE MOTOR CONTROL (Study III) 

It has been shown that the oral fine motor control is disturbed when natural teeth are 

connected in rigid full-arch bridges and even more so with full-arch implant bridges.226 It 

has been suggested that to keep the sensory information from the periodontal 

mechanoreceptors (PMRs) intact, it may be advisable to refrain from splinting separate 

teeth together in rigid constructions.211  

In the hold-and-split test performed in study III, higher hold forces express impaired force 

control. The findings in Study III showed significantly higher hold forces, variability of hold 
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force, and split force on the single implant (SI) than those observed on the adjacent non-

splinted central incisor (T) (p <0.05) (Figure 20). This confirms the lower sensibility shown 

in another study with higher (p <0.05) mean tactile perception threshold values for single 

implants than for natural teeth.344 However, another study by Enkling et al345 showed that 

active tactile perception did not differ between single implants and natural teeth when 

occluding against natural teeth.345 By anesthetizing the natural antagonistic tooth, the 

Enkling research group further showed that a single implant may possess sensitivity in 

itself, and not only in the antagonistic tooth.346 The higher forces and thresholds found in 

anesthetized teeth imply that the sensitive functional response present around the tooth 

is due to the presence of PMR's in the periodontal membrane203,209,347 whereas implants 

lacking the periodontal membrane, and thereby PMRs, depend on osseoperception.223  

The PMRs at the incisors exhibit the highest sensitivity and activity at approximately  

1 N206,209,217 which is in the same order of magnitude as the mean hold forces (1.14 ± 0.84 N) 

of the freestanding tooth measured in Study III. This implies that the hold forces produced 

in the hold-and-split test is within the range of load where the incisors perform the best. 

In accordance with previous studies, this implies an important role of the incisors to act 

as sensors, signaling to the CNS when, how hard, and in what direction the bolus should 

be split.237,348 The less sensitive single implants (hold force 1.78 ± 1.28 N) also exhibited 

significantly higher split forces (p <0.05) than those of a freestanding tooth (Figure 20). In 

the resin-bonded bridge (RBB) situation, statistically significant differences were 

identified between the tooth connected in the bridge (CT) and the pontic (P) in Study III 

(p <0.05). The similar significant differences between T and SI as those between CT and 

P may indicate that the oral fine motor control of P in the anterior 3-unit bridge resembles 

the response from a single anterior implant. 

In contrast to the hypothesis in Study III; that teeth connected with RBBs, pontics, and 

single implants would exhibit inferior oral fine motor control compared with freestanding 

teeth adjacent to dental implants; no significant differences were found in hold force, 

variability of hold force, split force, or duration of split between teeth connected in the 

RBB (CT) and non-splinted teeth (T) adjacent to a single implant (p >0.05). These non-

significant results diverge from previous findings regarding teeth connected in full-arch 

bridges.226 Non-significant results could be caused by many reasons and should be 

interpreted with caution. However according to the results in Study III, teeth supporting 

smaller anterior bridges do not appear to be affected in the same manner as those 
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supporting full-arch bridges. One reason for this could be the greater steadiness provided 

by larger bridges which involves of the more stable and less sensitive posterior teeth. 

206,349 Additionally, the mechanics of the curved shape and the more extensive material 

dimensions of the larger bridges contribute to enhanced stability.350-352  

Furthermore, it is known that periodontal mechanoreceptors can respond to the 

stimulation of more than one tooth, via so-called receptive fields that involve also the 

adjacent teeth.204,353-355 It has previously been proposed that in the event of loss of 

information on occlusal load from a tooth, receptors in healthy adjacent teeth will provide 

the information.355 In the case of small anterior bridges, although the sensitivity of the 

tooth connected to the bridge may be reduced, signaling from adjacent teeth may 

sufficiently compensate for the holding of food to remain unaffected. Given the 

documented sensitivity of incisors to loads in all directions,206 it is plausible that, in teeth 

connected in anterior 3-unit bridges, the buccolingual sensitivity may also compensate 

for the decrease in mesial and distal sensitivity. 

5.5.1 Choice of prosthetic solution 

The choice of an appropriate prosthetic treatment should be based on scientific 

knowledge, clinical considerations, dentist training and experience as well as patient 

preferences. It has been proposed, that the sensorimotor response should be considered 

in the decision-making of a prosthetic solution.211 Research shows that implant-supported 

single crowns have lower annual failure rate than conventional tooth-supported bridges.6 

This is further supported by the reported 10-year CSR, in which implant-supported single 

crowns showed higher survival than those of 3-unit RBBs and conventional bridges (p 

<0.05).356 Moreover, another study showed higher survival rates (p <0.05) for teeth 

adjacent to single implants than for teeth supporting 3-unit conventional tooth-

supported bridges, while no differences were found (p <0.05) between the single implant 

crowns and RBBs (p >0.05)356. A study on patient satisfaction revealed that Oral health-

related quality of life (OHRQoL) increased significantly and was similar among patients 

treated with single implants and 3-unit bridges.173 When considering the effect of oral fine 

motor control in decision-making regarding treatment of tooth loss of a central incisor, 

no significant differences between the treatment modalities were found in Study III.  
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5.6 METHODOLOGICAL CONSIDERATIONS 

This thesis comprised three studies based on two patient cohorts. Studies I and II were 

longitudinal, wherein the results of an intervention were studied long-term in the same 

patients on different occasions using prospectively collected data. Study III was a 

longitudinal study with prospectively collected data in which the two different 

interventions were compared, and the patients served as their own controls. 

5.6.1 Limitations 

5.6.1.1 Studies I and II 

Study I had several limitations, including the potential for incomplete or misinterpreted 

long-term data from patient records as well as the possibility of patients not recalling 

events accurately, due of the retrospectively nature of data collection. Moreover, the 

measurements of marginal bone levels were measured by a single observer. Additionally, 

no individual film holders and different radiographic films, plates and sensors were used 

over time which may have influenced the results. The utilization of a non-standardized 

probe and the prosthetic reconstruction not being removed prior to probing, giving lower 

retrievability, may have affected the accuracy and reliability of the PD measurements. 

Furthermore, no baseline PD measurements were available. The evaluation of BoP can be 

regarded as uncertain because of differences in the characteristics of bleeding. 

In Study II, when capturing the photographs in the cephalostate, the possibility of the 

patients not adopting the correct natural head posture could have led to inconsistences 

in the photogrammetric analysis. Using only the buccal surface of the implant crown as a 

reference point and using impression material and plaster to fabricate the models, in 

conjunction with the continuous attrition of the adjacent teeth, might have further 

confounded the measurement of displacement of the adjacent tooth. The facial shape 

and smile line could have been categorized differently, potentially leading to dissimilar 

outcomes in terms of their association with tooth displacement. The use of the CDA index, 

which had not been developed for implants, hindered the assessment of marginal 

discrepancies in the implant crown. Furthermore, the VAS assessment was performed by 

only one observer. In both studies I and II, the number of patients was relatively small. 
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5.6.1.2 Study III 

The limitations of this study include the hardness of peanuts, which can differ within and 

between bags. This type of test also depends on the patient’s state of mind. Efforts were 

made to make the environment as calm and relaxed as possible and not to differ between 

the patients; however, personal factors within the patients could still have affected their 

behavior during the testing. The outlier age of one patient might have affected the results. 

Additionally, the four patients who had experienced dislodgement of the RBB more than 

once prior to the hold-and-split test, could have added uncertainty to their results 

compared to those of the remaining patients. Furthermore, the length of time spent with 

the implant crown before the test might have affected the patients’ sense of security with 

the crown and potentially impacted the hold-and-split task. 

5.6.2 Strengths 

5.6.2.1 Studies I and II 

A strength of both studies was the long-term follow-up with a fairly homogeneous patient 

cohort and the prospective collection of data. Additionally, a small number of dropouts, 

with 40 of 42 patients having been re-examined after 14–20 years, was a notable strength. 

Although the choice to measure the buccal surface of the implant crown was a limitation, 

as stated earlier, it could also have been considered a strength because it provided an 

opportunity to detect small differences in tooth movement between the implant crown 

and adjacent teeth. Furthermore, the use of 3-D measurements offers a less invasive 

alternative to the radiographic methods used in some prior studies. 

5.6.2.2 Study III 

The strength of this study was that the study design allowed to use of the patients as 

their own controls while employing a previously standardized method for testing. This 

approach allowed a direct comparison between the two groups and enhanced the validity 

of the results. 

 





 

6 CONCLUSIONS 
 

The main research questions addressed in this thesis are how single anterior maxillary 

implants perform long-term and how the differences in tooth movement and oral fine 

motor control differs between single implants, adjacent teeth, and teeth connected in 

small bridges, all in a group of young adults. Studies on long-term follow-up of young adult 

patients with single anterior maxillary implants are scarce. Furthermore, no studies have 

previously conducted to compare the hold-and-split forces between the anterior 

maxillary treatment modalities of single implants and 3-unit bridges.  

The findings of study I, suggest that single implants perform well in young adults, with 

good long-term success and high survival rates. Complications occurred over time but 

did not seem to be of great concern to the patients. Furthermore, a mean marginal bone 

loss of 0.1 ± 1.1 (range, -5.1–1.6) mm and a mean PD of 4.0 ± 1.8 (range, 0–9) mm was found 

with no significant correlation (p >0.05) between the two. A single implant differs from a 

natural tooth in that it lacks a periodontal membrane. As the continuous facial changes 

occurs throughout life, an implant cannot adapt in the same way that a natural tooth can 

and thereby end up in infraposition in relation to the adjacent natural tooth. Study II 

shows that infraposition seems to occur in all patients, but with individual variation. The 

characteristics LAFH ≥70 mm, implants without occlusion, implants in the lateral and 

canine positions, and implants placed when the etiology of tooth loss was other than 

trauma might be used as predictors of more advanced infraposition (>1 mm). Despite 

infraposition, the patients satisfaction with the esthetics of the single implants after 14–

20 years was high. The lack of a periodontal membrane in implants further affects the 

sensorimotor performance of a single anterior implant. In Study III, the oral fine motor 

control of a single implant was found to be impaired in relation to the adjacent 

freestanding natural tooth and to resemble the sensorimotor response of the pontic in an 

anterior 3-unit RBB. Additionally, no significant differences were found between the oral 

fine motor control of a tooth connected in a 3-unit RBB or a freestanding tooth adjacent 

to a single implant.  

The clinical implications of this thesis would be to inform patients planned for single 

anterior maxillary implants about the good long-term prognosis of the implant. However, 

the implant crown is expected to end up in infraposition in relation to the adjacent tooth. 
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In most patients, this will not cause an esthetic problem but in young adults with a long 

remaining lifetime, the need to change or repair the implant crown may occur once or a 

few times. To minimize the risk of infraposition, it is advisable to delay anterior maxillary 

single implant treatment for as long as possible. In addition, it should be noted that 

patients with a lower anterior facial height of more than 70 mm and with implants in the 

lateral and canine positions might be in higher risk of more severe infraposition.  

The conclusions drawn from these studies are subject to limitations, as they are based on 

relatively small patient groups. Further research is needed to confirm the possible 

predictors of more severe infraposition and the findings regarding oral fine motor control 

of treatment with single anterior maxillary implants in relation to 3-unit bridges. 

 



 

7 FUTURE RESEARCH DIRECTIONS 
 

This thesis provides some insights into the treatment of single anterior implants, while 

also highlighting the need for further exploration of the topic through future research 

endeavors. 

The scanned study models, radiographs and photographs used in Studies I and II have 

potential for application in various new studies. To enhance comprehension of bone level 

changes surrounding single implants long-term, it would be worthwhile to also assess 

bone levels at adjacent teeth. Additionally, re-evaluation of the scanned 3-D models for 

tooth movement by adding two points of reference in the palate would be interesting to 

compare with the measurements in Study II. It would further be intriguing to compare 

tooth movement measured using 3-D software to radiological and photogrammetric 

measurements in the same material. Furthermore, measurements of the loss of 

approximal contacts and the movement of the entire segment of teeth adjacent to the 

implant could provide additional valuable data.  

The findings of Study II could be enhanced by conducting a novel regression analysis of 

the current data on tooth movement in relation to marginal bone levels and implant length. 

Furthermore, it would be interesting to compare the results of the implant length analysis 

with those of recent studies in which shorter implants were utilized. 

The scanned models used in Study II can further be utilized to determine the long-term 

changes in the volume of the buccal soft tissue and underlying bone. Additionally, 

analyzing the volumes of buccal hard and soft tissue in relation to the degree of 

infraposition and mesial and distal radiological bone levels would be beneficial. 

Furthermore, the scanned models and photographs could be used to analyze the length, 

height and width ratio of the teeth and their correlation with facial shape. Establishment 

of a correlation between tooth shape or dimensions and facial shape could be utilized to 

predict the degree of future infraposition. 

A multicenter study in which patients are followed from time of crown delivery to shorter 

follow-up timepoints than in Study II (1, 3, 5, and 10 years), could provide valuable insights 

into the mechanisms of tooth movement in relation to single implants over time. This 

approach would enable the study to include a larger patient cohort, thereby increasing 
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the generalizability and reliability of the results. Moreover, conducting another follow-up 

study of the patients included in Studies I and II, after an additional 10-year period would 

be compelling to provide additional valuable data and insights. 

In Study III, functional and esthetic patient-reported outcome measures (PROMs) of the 

16 patients were compiled. Continued gathering of PROMs in patients with RBBs later 

receiving single implants would provide valuable data for comparing PROMs between the 

two treatment modalities. To achieve statistically significant results faster, this could be 

performed multicentered. 

Molars response better to stronger forces (4 N) than the incisors and the bone volume 

surrounding implants in molar areas is larger, which may affect the sensitivity of the 

implants to loads through osseoperception. Hence, investigating the variations in hold and 

split forces in a molar implant compared with a molar 3-unit bridge, would be an 

interesting approach. 
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