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Abstract
The goal of this extension study was to compare the 10-year outcome of 3.3 mm 
diameter titanium–zirconium (TiZr) or grade IV titanium (Ti) implants in mandibular 
implant-overdentures.
Materials and Methods: This study is the 10-year follow-up from a randomised, con-
trolled, double-blind, split-mouth multicentre clinical trial. Patients with edentulous 
mandibles had received two implants in the interforaminal region (bone-level, diame-
ter 3.3 mm, microrough surface), one of TiZr (test) and one of Ti (control). Implant sur-
vival and success, plaque and sulcus bleeding indices, probing pocket depth, gingival 
margin, clinical attachment level and radiographic crestal bone levels were evaluated.
Results: Fifty of 91 patients with implants were available for the 10-year examination 
and 36 patients were valid for the intent-to-treat (ITT) analysis. The implant success 
rate was calculated as 94.6% and 91.9% for the TiZr implants and the Ti implants re-
spectively. Four implants were lost (TiZr = 1; Ti = 3) in the entire study period. Kaplan–
Meier survival analyses estimated 10- year implant survival rate for TiZr to 98.9% and 
Ti 95.8%.The mean of total and functional crestal bone loss was 1.49 mm (±1.37 mm) 
and 0.82 mm (±1.09 mm) in the TiZr group and 1.56 mm (±1.34 mm) and 0.85 mm 
(±1.16 mm) in the Ti group.
Conclusions: This split-mouth design RCT on mandibular implant-overdentures evi-
denced, bearing in mind its follow-up time-related reduced cohort size, high 10-year 
implant success- and survival rates. These results confirm TiZr as well-suited implant 
material for realising small-diameter implants.
Registered on www.​clini​caltr​ials.​gov: NCT01878331.
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1  |  INTRODUC TION

Complete tooth loss continues to have a high prevalence in the 
older population, yet tends to develop at a later age (Hugoson 
et  al.,  2005; Norderyd et  al.,  2015). Complete edentulism in el-
derly patients is a challenge for the dental profession, as it re-
quires a special age-adequate approach to treatment planning. 
Conventional dentures replace most of the lost structures, but 
cannot fully compensate functional impairment after tooth loss 
(Müller,  2014). Complete dentures treatment presents a number 
of disadvantages: hardships with stabilisation of the denture, es-
pecially in the mandible, incomplete recovery of chewing function 
with poor chewing efficiency and inability for patients to chew 
certain foods as well as speech difficulties. Patients often uncon-
sciously adapt their food choice and limit their mandibular move-
ments to the range which prevents denture displacement or pain. 
These shortcomings can affect the nutritional status and further-
more lead to avoidance of social contacts and a reduced quality 
of life (Müller, 2014). Over the time, as a denture is worn, physical 
retention decreases due to bone atrophy along with ageing and 
occlusal load bearing. As a rule, these problems are caused pri-
marily by structural changes after atrophic changes in the alveolar 
bone and the inability to achieve sufficient stabilisation of classi-
cal complete dentures. Along with the increasing life expectancy, 
prospective planning is also required in view of a potential future 
functional decline which may render the patient dependent for the 
activities of daily living.

The implant mandibular overdenture with two interforaminal 
implants presents a multitude of functional and psycho-social 
improvements for the edentulous patient when compared to a 
conventional complete denture, which often falls short in fully re-
storing impaired oral function after tooth loss (Feine et al., 2002; 
Thomason et al., 2012). A number of scientific studies prove the 
positive impact on the level of patient satisfaction and quality of 
life of patients with implant-supported overdentures compared to 
conventional complete lower jaw dentures (Cardoso et al., 2016; 
Enkling et al., 2017; Kutkut et al., 2018; Yunus et al., 2016; Zhang 
et al., 2017).

However, achieving consent for implantation in elderly pa-
tients is often difficult, especially when there is a need for bone 
augmentation surgery to place implants of standard diameter. 
Therefore, special attention is focused on the possibility of treat-
ing edentulous patients with dentures supported by dental im-
plants inserted without additional bone augmentation. Reducing 
the invasiveness of surgical interventions enhance achieving pa-
tient's consent for this type of treatment and lower the morbidity 
and cost of the treatment. One of the solutions is the placement 
of small diameter implants in edentulous areas of the jaw with in-
sufficient bone volume of the alveolar ridge, in particular its width 
(Bielemann et al., 2019).

Encouraged by long-term success of implant-overdentures, the 
indications of endosseous implants are more and more extended to 
clinically challenging situations in terms of available bone volume for 

implant anchorage as well as compromised general health conditions 
(Engfors et al., 2004; Kowar et al., 2013). Progress in the implant sur-
faces has allowed for shorter healing times and improved osseointe-
gration (Papaspyridakos et  al.,  2014; Schimmel et  al.,  2014). New 
TiZr alloys have been developed with improved mechanical prop-
erties which allow diameter-reduced implants being inserted even 
in clinically unfavourable anatomical conditions and thus further 
extend the indications for implant restorations (Marcello-Machado 
et al., 2018; Sohrabi et al., 2012).

The characteristics of the material and the implant surface are 
key factors for a successful outcome in modern implantology, be-
cause they not only influence the strength of the implant and its 
osseointegration but also a clinical performance and long-term 
clinical outcome (Fernandes et al., 2022; Ghazal et al., 2019; Hultin 
et  al.,  2020). TiZr alloy, which combines two materials with high 
biocompatibility, has already proven its best biomechanical force 
parameters. A chemically modified hydrophilic SLA surface can be 
created on TiZr implants, which promotes faster osseointegration 
compared to a normal SLA surface.

Titanium is considered the ‘gold standard’ for dental implants 
due to its corrosion resistance and biocompatibility, but titanium 
alloys containing zirconium show even better tensile and fatigue 
strength than pure titanium (Kobayashi et al., 1995). To increase 
the strength for small-diameter two-piece implants, TiZr alloy 
(Roxolid®; Institute Straumann AG, Basel, Switzerland) implants 
with the SLActive® surface have been introduced. 36-months’ 
non-inferiority of Roxolid® implants was reported for mandib-
ular overdentures in a multi-centre randomised controlled trial 
(Al-Nawas et  al.,  2012; Quirynen et  al.,  2015). Safety and long-
term results after 60 months were already published (Müller 
et  al.,  2015). The present study aims to confirm the safety and 
long-term clinical performance in terms of implant survival and 
success, plaque and sulcus bleeding indices and radiographic 
crestal bone levels, Roxolid® implants after 10 years in the pre-
viously reported patient cohort provided with mandibular two-im-
plant overdentures.

2  |  MATERIAL S AND METHODS

This study was designed as prospective 5- to 10-year follow-up of 
a randomised, controlled, double-blind, split-mouth, multi-centre 
clinical trial with a duration of 36 months in the core study. The 
materials and methods of the core study and the 5-year follow-
up have been published previously (Al-Nawas et  al.,  2012; Müller 
et al., 2015; Quirynen et al., 2015). The 10-year follow-up study was 
conducted at six centres in four countries (Belgium, Germany, Italy 
and Switzerland). The study was performed in accordance with the 
Declaration of Helsinki and Good Clinical Practice (ISO 14155:2011) 
and approved by the Independent Ethics Committees of the coordi-
nating investigator and all study centres. All participating patients 
gave their written informed consent. The study was registered at 
www.​clini​caltr​ials.​gov (NCT01878331).
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2.1  |  Patients and implants

Patients who had completed the core study were invited to partici-
pate in the follow-up study to collect long-term outcomes at 5 and 
10 years after implant placement. The patients were selected ac-
cording to predefined inclusion and exclusion criteria. The inclusion 
criteria were as follows:

•	 informed and written consent,
•	 treatment in the core study,
•	 completion of 36 month visit of the core study, and
•	 commitment to participate in the study until the 10-year fol-

low-up examinations.

The exclusion criteria were as follows:

•	 physical handicaps interfering with the ability to perform ade-
quate oral hygiene,

•	 conditions or circumstances, in the opinion of the investigator, 
which would prevent completion of study participation or inter-
fere with analysis of study results, such as history of non-compli-
ance or unreliability,

•	 use of any investigational drug or device during the study period.

All patients had presented with an edentulous mandible 
and had received two Straumann bone-level implants (Institut 
Straumann AG, Basel, Switzerland) in the interforaminal region, 
randomly allocated to one side in a double-blind, split-mouth de-
sign. The randomisation sequence had been computer-generated 
and the sequence been stored in sealed non-transparent consec-
utively numbered envelopes: They were only opened after the 
preparation of the osteotomy sites. Patients and examiners re-
mained blinded to the allocation. Both implants had a diameter of 
3.3 mm and a SLActive® surface. The test implant was fabricated 
from TiZr and the control implant from Ti, as defined in the core 
study (Al-Nawas et al., 2012).

2.2  |  Surgical procedure

In the core study, surgery was performed under local anaesthesia 
following a standard surgical procedure. Implants of 8, 10, 12, and 
14 mm length had been inserted and healing abutments had been 
installed to allow for trans-mucosal healing. Adequate bone height 
of at least 9 mm above vital structures in the intraforaminal region 
was required. The bone width allowed for the insertion of 3.3 mm 
implants without concurrent bone augmentation techniques. 
Sutures had been removed 1–2 weeks after surgery and the healing 
abutments had been replaced by Locator abutments (Zest Anchors 
LLC, Escondido, CA, USA) 6–8 weeks after implant placement. An 
implant-supported, removable overdenture had been placed within 
2 weeks following abutment connection. The patients had attended 
follow-up visits at 6, 12, 24, 36, and 60 months. Patients from six 

centres who consented for the follow-up study were then recalled 
for the 10-year clinical visit.

2.3  |  Implant survival and success

Implants still in place 10 years after surgery were counted as 
surviving implants. Adapted from the Buser criteria, implant suc-
cess was defined as follows: The possibility for restoration, the 
absence of persistent patient complaints (pain, foreign body sen-
sation and/or dysesthesia), the absence of recurrent peri-implant 
infection with suppuration, the absence of implant mobility and 
the absence of continuous radiolucency around the implant (Buser 
et al., 1990).

2.4  |  Peri-implant bone level

Standardised panoramic radiographs were taken at baseline and 6, 
12, 24, 36, 60, and 120 months after implant placement (Figure 1). 
Film-based images were digitised via video camera, light box and 
image analysis program (Brägger,  1998; Brägger et  al.,  2004) and 
digital images were analysed using ImageJ 1.33 open software 
(National Institutes of Health, Bethesda, MD, USA). The analysis of 
all images was performed by one independent expert (S.H.).

The known implant length was used as reference for the anal-
ysis. The reference line for the bone-level measurements was the 
implant chamfer 0.2 mm above the implant shoulder. The bone level 
was defined as the distance between the reference point and the 
first bone-to-implant contact (Figure 2). The mean value from me-
sial and distal measurements was used for analysis. The bone-level 
change was calculated as a function of the baseline level at implant 
placement. The peri-implant tissue was clinically judged with regard 
to its colour, consistency and surface morphology.

2.5  |  Soft tissue assessment

Soft tissue assessment was performed at prosthesis placement 
and 6, 12, 24, 36, 60 and 120 months after implant placement by 
calibrated operators. Modified plaque index (mPI) and the modified 

F I G U R E  1  Radiograph showing test and control implant in 
the interforaminal region. The analysis was performed by an 
independent investigator using ImageJ software.
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4  |    MÜLLER et al.

sulcus bleeding index (mSBI) according to Mombelli were recorded 
for the lingual, buccal, mesial and distal sites of the implant (Mombelli 
et al., 1987). In addition, probing pocket depths, gingival margins and 
clinical attachment levels were assessed.

2.6  |  Oral health-related quality of life 
questionnaire

Oral health-related quality of life (OHRQoL) was measured per 
the Oral Health Impact Profile for Edentulous Patients (OHIP-
Edent) (Allen & Locker,  2002). The questionnaire included 20 
questions to be answered on a 6-point scale (worst score = 1, best 
score = 6).

2.7  |  Safety assessment

Patient safety evaluation included reporting of complications, ad-
verse events (AEs), serious adverse events (SAEs) and device de-
ficiencies. AEs and SAEs between 5- and 10-year follow-up were 
assessed for their relation to the study device and severity.

2.8  |  Statistical analysis

Efficacy analysis was performed for implant survival and success, 
crestal bone-level change and soft tissue parameters up to 10 years 
after implant placement reported here based on the ITT data set. 
Comparisons between the test and the control groups were based 
on the corresponding 95% confidence intervals. Changes in crestal 
bone levels have been compared by t-tests between the treatment 
groups, and the p-values are of descriptive nature. Continuous data 
are presented as mean values (±standard deviation). For the analysis 
of crestal bone-level changes presented here, missing data were not 
imputed. Kaplan–Meier analysis was used to evaluate implant success 
and survival and the distributions were compared by log-rank tests. 
The ‘safety data’ enclose all enrolled patients, who received a study 
device during the core study and who entered the follow-up study.

3  |  RESULTS

3.1  |  Patients

Ninety-one patients were enrolled in the core study, of whom 75 
patients completed the 36-month visit. When preparing the au-
thorisation for the follow-up study, one centre had only one eligible 
participant, and it seemed unreasonable to obtain ethical approval 
for this single case. A further centre did not obtain ethical approval 
within the given time frame. Several patients could not be traced 
anymore, so that, finally 26 patients were not available. Finally, 49 

F I G U R E  2  Illustration of the bone-level measurements. (1) 
Chamfer to first implant-to-bone contact, mesial (2) Chamfer to 
first implant-to-bone contact, distal (3) Length of implant. Müller 
et al. BMC Oral Health (2015) 15:123.

F I G U R E  3  Patient flow diagram for 
the core (0–36 months) and the follow-up 
study (up to 60 months).
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    |  5MÜLLER et al.

patients from the core study consented to participate for the 5 and 
10 years of the follow-up study. One additional patient consented 
later to take part in the 10-year follow-up, therefore the total num-
ber of eligible patients amounted to 50. The recruitment for the 
follow-up period started in June 2013 and the last 10-year visit was 
performed in September 2018.

All 50 patients were eligible for participation, but 14 patients 
were excluded from the ITT analysis because of withdrawal of 
consent (n = 6), death (n = 6) and loss to follow-up (n = 2), resulting 
in an ITT population of 36 participants. A further 11 patients were 
excluded from the PP analysis, because of safety reporting issues 
(n = 7), SAE timeline reporting deviations (n = 3) and replacement of a 
lost implant during the core study (n = 1), providing a PP population 
of 25 participants (Figure 3).

The mean age of the ITT population at the 10-year follow-up visit 
was 76 ± 8 years (range 60–96 years). The patient demographic char-
acteristics are presented in Table 1. The majority of patients (83.3%) 
suffered from clinically relevant diseases; among the most frequent 
ones were hypertension, surgeries for different reasons and hy-
perlipidaemia. Clinically relevant dental diseases were reported for 
16.7% of the patients.

3.2  |  Implant survival and success

3.2.1  |  Primary analysis (implant survival)

The primary efficacy variable in this clinical study is implant survival 
assessed between baseline (surgery) and 10 years later. The ITT data 
set for the analysis of the 10-year follow-up data consists of 36 pa-
tients. However, for the evaluation of implant survival and success 
from one additional patient who consented later were considered. 
This patient lost his Ti implant in the 5- to 10-year follow-up pe-
riod. Since no other data were available, this patient could not be 

considered for the regular ITT efficacy analysis, but for the evalu-
ation of implant survival and success (extended ITT cohort, n = 37).

Table 2 shows that in the extended ITT cohort of the 10-year 
follow-up analysis, two Ti implants were lost, leading to a survival 
rate of 94.6% (95% CI = 81.4% to 99.4%) in this group. The survival 
rate of TiZr implants was 100%.

3.2.2  |  Implant success 10 years after surgery

Ten years after surgery, 94.6% of the TiZr implants and 91.9% of the 
Ti implants in the ITT analysis set were considered ‘successful’. The 
95% confidence intervals are widely overlapping, indicating no sta-
tistically significant difference between both treatments.

Reasons for non-successful implants during the 10-year fol-
low-up visit were implant loss (n = 2 in the Ti group), peri-implant 
infection with suppuration (n = 1 in the TiZr group and n = 1 in the 
Ti group) and pain, foreign body sensation, dysesthesia (n = 1 in the 
TiZr group).

3.2.3  |  Kaplan–Meier survival analysis for the 
entire study

Implant survival and success were additionally analysed from im-
plant loading until the 10-year follow-up visit. A total of four im-
plants were lost: 3 Ti and 1 TiZr implants (Figure 4).

Due to three implant losses during the first 3 months after im-
plant loading, the overall probability for implant survival declined to 
96.7% until that point in time and remained at this level until the 
end of the 10-year observation period. The overall probability for 
implant survival was dropped to 94.7% after 120 months because 
one patient lost his implant between 60 and 120 months. The mean 
overall survival time amounted to 116 months (95% confidence in-
terval: 111–120 months).

The separate survival analyses for the two implant types showed 
the following: The cumulated probability for the survival of Ti and 
TiZr implants accumulated to 95.8% and 98.9% respectively. A log 
rank test, comparing these two probabilities showed no significant 
difference (p = .31). The mean overall survival times accumulated to 
117 months (95% confidence interval: 113 to 122 months) for the Ti 
group and to 119 months (95% confidence interval 116–121 months) 
for the TiZr group, respectively. Kaplan–Meier curves for implant 
survival of the two different implant types over the entire 10-year 
observation period are shown in Figure 4.

In accordance with the survival analysis over the entire obser-
vation period, implant success was also evaluated from implant 
loading until the 10-year follow-up visit. Ten implants in nine pa-
tients were considered as ‘non-successful’: four TiZr implants and 
six Ti implants. A Kaplan–Meier analysis covering all treated pa-
tients over 10 years showed a probability for implant success of 
85.4% over both treatment groups (93.8% for TiZr implants and 
90.7% for Ti implants).

TA B L E  1  Demographic characteristics of the study population 
(ITT set).

N %

Gender

Male 20 55.6

Female 16 44.4

Smoking status

Non-smoker 23 63.9

Past-smokera 13 36.1

Current clinically relevant disease

Yesb 30 83.3

No 5 13.9

Note: Demographic patient data, 60 months after implant placement 
(ITT set, n = 36).
ai.e. >10 cigarettes/day.
bHypertension and hypercholesterolaemia.
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6  |    MÜLLER et al.

3.3  |  Bone-level change

There were no notable differences in total crestal bone-level 
changes between the TiZr and the Ti groups, assessed 10 years 
after implant placement (p = 0.837). The mean change in the TiZr 
and Ti group was 1.49 mm (±1.37 mm) and 1.56 (±1.34 mm), re-
spectively, ranging from −0.5 to 6.34 mm and from −0.31 to 
5.51 mm, respectively, indicating a similar bone loss in both treat-
ment groups.

Bone loss was observed in both treatment groups also with re-
gard to the functional crestal bone levels with a mean change of 
0.82 mm (±1.09 mm) in the TiZr group and of 0.85 mm (±1.16 mm) in 
the Ti group, ranging from −0.50 to 5.05 mm and −0.20 to 4.75 mm 
respectively. The changes are not significantly different between 
the treatments (p = 0.910).

Figure 5 shows the course of total and functional crestal bone 
levels over the entire observation period of the core and follow-up 
studies. The major part of bone loss occurred early after implant 
loading while the bone level remained almost unchanged between 3 
and 5 years after surgery. Thereafter, it accelerated slightly between 
5 and 10 year after surgery (Figure 5).

3.4  |  Soft tissue assessments

The appearance of the soft tissue at the 10-year follow-up was 
‘physiological’ in 83.3% of the TiZr sites and 82.9% of the Ti sites. 
The colour of the soft tissue was ‘pink’ in 86.1% of TiZr sites and 
88.6% of the Ti sites. The tissue consistency was predominantly de-
scribed as ‘firm’ for 66.7% of the TiZr sites and 68.6% of the Ti sites. 
The surface morphology of the soft tissue was ‘smooth’ in 63.9% 
of the TiZr sites and 62.9% of the Ti sites. The remainder was rated 
‘stippled’ in both groups. Oral hygiene was rated ‘excellent’ or ‘good’ 
for 58.4% of the TiZr sites and 62.9% of the Ti sites.

3.5  |  Other clinical measurements

Ten years after surgery, assessments resulted in the following:

The incidence of plaque (i.e. plaque index) at the different sites 
ranged from 30.6% to 44.4% for TiZr implants and from 28.6% 
to 45.7% for Ti implants.
The incidence of bleeding (i.e. sulcus bleeding index) at the dif-
ferent sites ranged from 16.7% to 30.6% for TiZr implants and 
from 20.0% to 28.6% for Ti implants.
The mean probing pocket depth ranged from 3.8 to 4.2 mm for 
TiZr implants and from 3.9 to 4.0 mm for Ti implants at the differ-
ent sites around the implant.
The mean gingival margin ranged from 1.9 to 2.4 mm for TiZr im-
plants and from 1.8 to 2.3 mm for Ti implants at the different 
sites around the implant.
The mean clinical attachment level ranged from 1.5 to 2.2 mm 
for TiZr implants and from 1.7 to 2.0 mm for Ti implants at the 
different sites around the implant.
The 95% confidence intervals for all clinical measurements were 
widely overlapping between the two groups indicating the ab-
sence of statistically significant differences.

3.6  |  Patient-reported outcomes

The mean score of the OHRQoL questionnaire (OHIP-EDENT) over 
all 20 questions amounted to 5.49. The 95% confidence interval 
ranged from 5.26 to 5.77, indicating a very high OHRQoL.

3.7  |  Safety

During the last 5 years of follow-up, in total, 59 AEs occurred in 31 
out of 50 patients. The majority of AEs were biological complications 
(35.6%) such as peri-implant infections, recession, bone loss or pres-
sure ulcers and technical complications (32.2%) such as fractures 
and other complications with the prosthesis. Six patients died due 
to reasons unrelated to the study. Twelve AEs were considered as 

TA B L E  2  Implant survival and success at 10-year follow-up visit 
(extended ITT set).

Implant survival

TiZr (N = 37)
Ti grade IV 
(N = 37)

N % n %

Yes 37 100.0 35 94.6

No 0 0 2 5.4

95% confidence interval n.a. 81.4–99.4

Implant success N % n %

Successful 35 94.6 34 91.9

Not successful 2 5.4 3 8.1

95% confidence interval 81.4–99.4 78.0–97.9

F I G U R E  4  Kaplan–Meier Curve for implant survival over 
10 years for the two implant types.
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serious, however, none of them was related neither to study device 
nor to study procedure. Neither additional complications nor device 
deficiencies have been observed.

4  |  DISCUSSION

The use of osseointegrated implants to stabilise removable den-
tures on the lower jaw remains one of the great achievements of 
modern dentistry (Müller,  2014; Schimmel et  al.,  2017). The crea-
tion of a support from two dental implants for a removable denture 
on the lower jaw and its stabilisation reduces the extent of bone 
atrophy around the implants (Kremer et al., 2016), increases chew-
ing efficiency (Enkling et al., 2017), reduces atrophy of the masse-
ter muscles (Müller et al., 2012), and significantly improves the oral 
health-related quality of life (Müller et  al.,  2013). Today, the pro-
posed standard of care for edentulous patients is an implant-sup-
ported overdenture anchored on two implants in the mandible to 
ensure patient satisfaction with the dental prosthesis over the long 
term (Müller, 2014).

The introduction of reduced-diameter implants expands the 
possibilities for implant placement in challenging clinical situations 
of severely atrophied edentulous lower jaw and narrow bone ridges 
when there is no sufficient bone resource for standard diameter 

implants placement and additional surgical intervention of bone 
augmentation is required. Small diameter implants (3.5 mm and less) 
have proven to be effective for overdentures in edentulous patients 
(LaBarre et  al.,  2008). In this case, two small diameter implants 
are sufficient support for the mandibular overdentures (El-Sheikh 
et al., 2012). The placement of small diameter implants without ad-
ditional bone augmentation is an encouraging treatment option for 
patients avoiding additional surgical interventions and may contrib-
ute to their acceptance of treatment, reduce morbidity and lower 
the treatment cost (Hof et al., 2014; Pommer et al., 2014).

Although documented results of narrow implants for mandibular 
overdentures use are promising, studies evaluating long-term clinical 
results as well as oral health-related quality of life outcomes in pa-
tients receiving treatment with small-diameter implants are scarce.

The strength of this study is the follow-up period in an elderly 
population that extends to 120 months. Until to date, limited sci-
entific evidence on the long-term survival of small-diameter im-
plants in mandibular overdentures has been aggregated (Assaf 
et al., 2015; Marcello-Machado et al., 2018). In the present study, 
after 120 months’ follow-up the cumulated probability for survival 
reached 95.8% and 98.9% for Ti and TiZr implants respectively. 
These survival rates are in line with earlier reported data. Assaf and 
co-workers summarised data from 17 studies on the outcomes of 
1641 narrow diameter implants with an observation period of up 

F I G U R E  5  Total and functional crestal bone levels (mean) from baseline to the 10-year follow-up. Implants were categorised according to 
crestal bone-level change (ITT set).
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to 12 years and revealed the mean survival rate of 98.6% (Assaf 
et al., 2015). Marcello-Machado's meta-analysis based on collected 
data from 12 relevant studies on narrow diameter implants (790 
implants in total) outcomes as mandibular overdentures retainers 
showed survival rate ranged from 80% to 100% (Marcello-Machado 
et al., 2018).

Long-term outcomes for small-diameter implants seem to be 
comparable or higher than the overall survival rate 92.5% and 85.9% 
reported for the standard diameter implants (Bakker et  al.,  2019) 
after 20 years follow-up and (Ueda et al., 2011) after 10–24 years, re-
spectively. The average success rate was 96%, however, the reported 
long-term success rate was lower than short term (94% and 98% re-
spectively). The long-term results might suggest that the longer the 
follow-up period the more implants are lost, but analysis of failures 
in the present study showed that they occurred mainly during the 
first year after placement. Specifically, a total of four implants were 
lost from implant loading time point until the 10-year follow-up visit. 
Three implant losses occurred during the first 3 month after implant 
loading resulting in the decline of overall probability for implant 
survival to 96.7%. One more implant failed in the period between 
60 and 120 months and overall probability for implant survival was 
calculated as 94.7%. Early implant failures were also reported by 
other authors (Bakker et  al.,  2019; Patzelt et  al.,  2014; Riemann 
et al., 2019), suggesting a possible failure mode related to compro-
mised osseointegration as opposed to other reasons associated with 
late failures, like, for example, occlusal overload or biological com-
plications. Osteoimmunological in  vitro studies analysing mesen-
chymal stem cell and macrophage behaviour have recently indicated 
that TiZr induced enhanced osteogenic and anti-inflammatory factor 
release by these cells when compared to Ti (Hotchkiss et al., 2017, 
2019). Furthermore, these in vitro results corroborated with subtle 
differences in the in vivo healing kinetics leading to different qual-
ities and potentially stronger bone around TiZr as compared to Ti 
implants (Galli et al., 2017; Jimbo et al., 2015; Kämmerer et al., 2014; 
Saulacic et al., 2012; Thoma et al., 2011; Wen et al., 2014). While 
these observations would explain lower early failure rates in TiZr 
implants, future in-depth studies will be required to substantiate 
a clear causal relationship between these different osteoimmuno-
logical properties of the investigated materials and implant survival 
(Albrektsson et al., 2019).

This study was planned and executed as a prospective, ran-
domised, double-blind and split-mouth clinical trial comparing the 
clinical outcomes of using small diameter implants made of TiZr and 
implants made of Ti Grade IV as mandibular overdenture supports. 
One of the strengths of this study is the split-mouth design, which 
provides an identical biological environment to the test and con-
trol implant. Even the right- or left-handedness of a patient or the 
preferred chewing side is unlikely to have influenced the results, as 
the side-attribution of the test and control groups was randomised. 
Although the implants were made of different materials, their de-
sign, surface and diameter (3.3 mm) were common characteristics 
that made it impossible for the clinician to distinguish the implants 
visually. This unique opportunity formed the basis of the study 

design: two implants were placed in the mandible with random and 
double-blind allocation. According to the split-mouth design of this 
clinical research, the interforaminal space of the edentulous mandi-
ble of the study subject was divided into two experimental sites that 
were randomly assigned to the insertion of TiZr or Ti implants and 
each patient received implant treatment with both types of small 
diameter implants. This approach has a significant advantage due to 
the elimination of the influence of many inter-subject variabilities 
on the estimated treatment effect. Since the patient also serves as 
his/her own control, which generally increases statistical efficiency, 
fewer patients are needed for the study (Lesaffre et al., 2007).

After an observation period of 120 months, no significant differ-
ences in crestal bone-level change, clinical parameters, or survival 
and success rates were found between the groups. The outcomes 
seen at 12 as well as 36 months continued until 120 months, indicat-
ing that the outcomes of TiZr implants in this clinical setting were 
comparable to those in Ti implants.

Long-term observational studies are crucial when recommending 
a medical device for clinical use, even more so for elderly patients, 
where prosthodontic restorations should be designed for long-term 
survival, as renewal of prostheses and surgical interventions might be-
come difficult with increasing frailty and multimorbidity. Adjustments 
which may become necessary to adapt the prosthodontic restoration 
to functional decline should rather be performed by a simple alter-
ation of the denture to minimise the challenges to an elderly person's 
neuroplasticity and capacity of adaptation. Technical complications 
or failures in late life might be minimised when using only well docu-
mented and high-quality materials for dental restorations. Biological 
complications may still occur, as the overall risk of implant failure 
seems influenced by biological parameters like history of periodon-
tal disease or residual periodontal pockets (Cho-Yan Lee et al., 2012; 
Zangrando et al., 2015) in addition to age-related changes, such as im-
munosenescence and a generally poorer level of oral hygiene. Patient 
behaviour such as smoking (Gruica et  al.,  2004) poor oral hygiene 
(Jepsen et al., 2015) or the absence of an adequate peri-implant width 
of keratinised and attached mucosa may also play a role. Technical 
aspects such as implant design and surface may also largely vary the 
clinical outcome, as was recently demonstrated in a large-scale indus-
try-independent study on implant survival (Derks et al., 2015, 2016). 
In the latter study, the mentioned risk factors were confirmed, and in 
addition, implant length and implant brand were identified as relevant 
factors for long-term implant survival and success.

The present data confirm that Roxolid® implants were compa-
rable to the traditional Grade IV titanium alloy in 3.3 mm diameter 
implants for an implant-supported mandibular overdenture over a 
10-year period. This confirmation is of particular importance with 
regard to the above-mentioned concern about safety and quality of 
implant materials in pre-elderly and elderly patients. The peri-im-
plant bone loss, modified Plaque Index, modified Sulcus Bleeding 
Index as well as implant success and survival are not statistically dif-
ferent between the two implant materials, confirming that the test 
group did not perform inferior to the control group. In this noninfe-
riority study both ITT and per-protocol analyses of clinical outcomes 
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have been conducted. Applying of the intention-to-treat ITT princi-
ple is important for estimating the efficacy of treatment that is clin-
ically relevant.

However, any clinical study has inherent inconsistencies, as one 
patient may vary from the other in a multitude of aspects, especially 
at an advanced age where the prevalence of chronic diseases in-
creases. A further substantial shortcoming is that not all of the 91 
patients who originally received implants were available for all fol-
low-up visits. The core study was planned for 36 months, and ethical 
permission and insurance had expired after this follow-up period 
and renewal was necessary. One centre had only one participant re-
cruited, and it seemed unreasonable to undergo the effort of study 
submission to the Ethics Committee for this single case. A further 
centre did not obtain ethical approval in time. Consequently, 26 pa-
tients were lost for recruitment for the present study. A worst-case 
implant survival rate was therefore calculated at 53.8%. However, 
knowing that 10 patients were not included for formal reasons, and 
considering that the included patients did not differ statistically from 
the not-included participants from the core study at baseline as well 
as at 12-month, 24-month and 36-month follow-up, it seems rea-
sonable to assume that this worst-case scenario is unrealistic. The 
crestal bone-level changes reported in the present study are within 
the range reported in the literature for similar clinical indications. A 
recent meta-analysis on marginal bone-level changes at dental im-
plants after an observation period of 60 months concludes that the 
annual bone level in the present study below or much below what 
hitherto has been reported (Laurell & Lundgren, 2011). The change 
in total crestal bone level noted in the present patient cohort after 
10 years was 1.49 ± 1.37 mm for the TiZr group and 1.56 ± 1.34 mm 
in the Ti group respectively. The reported bone-level changes after 
60 months are in between the one reported by Laurell end Lundgren 
for the Straumann Dental Implant System (0.48 mm (95% CI −0.598, 
−0.360) and the Brånemark System with 0.75 mm (95% CI −0.802, 
−0.693). When comparing these results with the ones from the me-
ta-analysis, it has to be born in mind that both, elderly and eden-
tulous patients are at particular risk for poor oral hygiene. Around 
one-third of this study's patient cohort did present with modified 
Plaque Index and modified Sulcus Bleeding Index scores above zero. 
However, little is known on the impact of biofilm on the peri-implant 
bone level (Salvi et al., 2017), especially for elderly patients with an 
aged immune system. The relation between peri-implantitis and oral 
hygiene will be of increasing importance for the dental profession, as 
a growing number of patients with implants will age, hence poor oral 
hygiene seems pre-programmed.

The benefits of implant overdentures for edentulous patients 
are well documented and the cost-effectiveness of this treatment 
protocol has been demonstrated (Feine et  al.,  2002; Thomason 
et al., 2012; Vogel et al., 2013). Compared to conventional dentures, 
the chewing efficiency may be significantly improved, given that new 
implant-supported removable overdentures are manufactured (Van 
Der Bilt et al., 2010). The chewing muscles seem more trained due 
to the improved chewing performance and after stabilising a lower 
denture by means of implants the muscle bulk can be re-gained, 

even in very old adults (Müller et al., 2012). The benefits of mandib-
ular overdentures on oral function have recently been summarised 
in a systematic review (Srinivasan et al., 2023).

Further improvements of overdentures compared to conven-
tional complete dentures comprise denture satisfaction and oral 
health-related quality of life (Awad et al., 2014; Rashid et al., 2011), 
although these outcome measures are complex and may vary be-
tween cultures and personalities (Awad et al., 2014). Elderly persons 
are in general less demanding concerning an improvement of their 
denture performance (Müller et al., 1994; Steele et al., 2004), yet do 
in general appreciate an improvement of their chewing performance 
(Øzhayat & Gotfredsen,  2019). Nevertheless, around one-third of 
edentulous patients reject implant insertion because they object 
the surgical intervention (Walton & MacEntee, 2005). Low-diameter 
implants may not only have a positive effect on the preservation 
of the residual alveolar ridge and therefore be biologically favour-
able in certain clinical situations. They may also avoid invasive bone 
augmentation procedures (Al-Nawas et al., 2015) whereby patient's 
morbidity as well as treatment costs and time can be reduced sig-
nificantly (Sohrabi et al., 2012) and the smaller the intervention, the 
more likely is the acceptance in edentulous patients.

This split-mouth design RCT on mandibular implant-overden-
tures evidenced, bearing in mind its follow-up time related reduced 
cohort size, high 10-year implant success and survival rates. These 
results confirm TiZr (Roxolid) as a well-suited implant material for 
realising small-diameter implants.
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