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Implant dentistry has developed over the past 50 years from an experimental state 

to a very sophisticated treatment procedure with the purpose of rehabilitating patients 

that are fully edentulous but also those with partially missing teeth. Compared with 

traditional prosthetics, fixed dental prostheses on natural teeth or removable partial 

dentures, the introduction of dental implants provided improved functional results. These 

are associated with significant biological and clinical advantages nowadays resulting 

nowadays in implant survival rates of 95% or more over 10 years [1, 2]. 

A key pioneer clinician of modern implant dentistry was Prof. P. I. Branemark 

(University of Gothenburg, Sweden). Another pioneer at that time was Professor Andre 

Schroeder (University of Bern, Switzerland). In the 1960s, Professor Branemark et al. 

defined the osseointegration concept [3] and the first preclinical and clinical studies were 

performed in that decade [4]. Schroeder was the first to document the direct bone to 

implant contact principle for titanium implants using undecalcified histological sections 

[5]. In 1981, he was also the first to report on soft tissue reactions to titanium implants 

[5]. Up till the mid-1980s, basic surgical guidelines were established for a more 

reproducible surgical approach and thus more predictable implant osseointegration. 

These guidelines included a low-trauma surgical technique for implant osteotomy 

preparations to avoid overheating of the bone during preparation, implant insertion 

techniques resulting in improved primary stability and in a healing period of 3-6 months 

(without functional loading) [3]. 

Immediately after implantation, sufficient primary stability needs to be achieved by 

a solid mechanical anchoring of the implant into the surrounding bone, which provides 

an adequate mechanical microenvironment for the gradual establishment of the 

secondary stability. The primary stability plays a dominant role for implant stability in 

the first week after implantation and thereafter decreases significantly to a minimal level 

at about 5 weeks postoperatively [6].The secondary stability is based on a biological 

process-called osseointegration during which a growing direct structural contact between 

the implant surfaces and newly formed bone tissue is established [7]. The degree of 

secondary stability increases continually after implantation and then very rapidly rises 

from 2.5 weeks post surgically until reaching a plateau level at about 5 to 6 weeks after 

implantation. The whole process of transition from the primary stability to the secondary 

stability takes roughly 5-8 weeks [6]. In clinical practice, the degree of implant stability 
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1 

is used as a major indicator to determine the time point to start implant loading. It has 

also been introduced as an indicator for the prognosis of an implant (risk of failure) [8]. 

This has led to the introduction of a number of methods, such as resonance frequency 

analysis (RFA), that have been developed to estimate the degree of implant stability. 

In the past, many efforts have been made to identify and develop novel techniques 

for the quantitative assessment of implant stability. An ideal technique should be simple, 

noninvasive and clinician-friendly, i.e. easy to use and simple where the interpretation of 

the data is concerned. One of the candidate techniques to achieve this goal is the 

Periotest® [9]. This apparatus is based on a metal rod, which is displaced in a backward 

and forward movement at a given speed. When the rod taps an object, it decelerates. The 

contact time per impact between the rod and the implant lies within the range of 

milliseconds and represents the measured parameter based on a scale of values ranging 

from –8 to +50. These figures are called PTV. The more negative the value, the more 

stable the implant, based on the assumption that it is surrounded by dense bone. On the 

other hand, if PTV is positive, it means it has more capacity to absorb impact and 

therefore, the assumption is that it surrounded by less dense fibrous tissue [10]. However, 

since the data of the Periotest® is strongly related to the excitation direction and position, 

the reading acquired from this method does not always correspond precisely to a 

biomechanical parameter [12]. Another method used to assess the degree of mechanical 

implant stability is resonance frequency analysis (RFA) [13]. 

The Implant Stability Quotient(ISQ) value has shown to be positively correlated to 

the mechanical stability of an implant. RFA is a non-invasive technique and shows a 

high reproducibility of results [14, 15]. In recent years, RFA has become one of the most 

widely used techniques to assess mechanical implant stability in situ in order to 

determine the possible loading scheme and to assess the long-term survival of the dental 

implant[16]. The normal range of ISQ values that has been generally reported for dental 

implants in the primary stability phase is between 60 and 80. However, some studies 

suggested that ISQ values of at least 55 at the time of implant placement may be 

considered to show a clinically sufficient stability value, and can possibly still be used 

also as a predictor of a successful osseointegration result. Respecting the immediate 

implant loading approach, an ISQ value of 60-65 is generally considered to be associated 

with a good prognosis.  
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Many attempts have been made to speed up the osteointegration process leading to 

earlier functionality of implants in patients and indeed are nowadays continuously 

pursued in the field of oral implantology [26]. Immediate implantation has been 

described as associated with several advantages, such as the reduction of surgical trauma, 

the shortening of the treatment time as well as the improved preservation of surrounding 

bone and soft tissue. In cases with sufficient primary stability, evidence is presented in 

the literature that immediate implantation (or even immediate loading i.e. loading of the 

implant directly after placement) yield equal efficacy respecting long term success and 

aesthetic outcomes compared to delayed implantation [17]. However, the technique of 

immediate implantation is still a challenge with respect to achieving sufficient primary 

implant stability, if not achieved, may lead to a higher implant failure rate [18]. Careful 

case selection must be performed to avoid treatment failures and aesthetic complications 

when deciding between immediate and delayed implant placement [18]. Therefore, it is 

also of great significance to estimate the case-specific ISQ values in order to create a 

detailed treatment plan. For this purpose, continuous efforts are made to elucidate the 

various factors influencing ISQ values (using the RFA technique) and thus mechanical 

stability results. Some of the factors that possibly influence the ISQ values are implant 

design [19], insertion torque [20], immediate/delayed implantation [21], drilling design 

[22, 23], bone density [24], bone grafting, and mechanical loading pattern [25]. A 

significant influence of mentioned factors became clear when the relationship between 

ISQ values and single and/or several possible influencing factors were assessed. Albeit 

so, the weight coefficients of the various influencing factors for the ISQ values remained 

unrevealed, so that most of the decisions made by clinicians are still largely based on 

practical experience. A mathematical model may play a critical and helpful role to 

thoroughly assess the individual contributions of the various factors on ISQ values in 

clinical situations by performing multivariate analyses. 

This thesis is divided in two parts: the first part relates to clinical research, 

comprising two studies. In the first one, we determined the contribution of individual 

factors influencing the ISQ values in a clinical set up. In addition we wished to provide a 

baseline data set for the creation of a mathematical model to estimate the likely ISQ 

value for an individual case. For this purpose we retrospectively analyzed both the 

patient related data and the clinical data of 329 implants from 177 patients by using 
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multivariate linear regression analysis. In the second study we went into greater depth in 

this topic and formulated the following two hypotheses: firstly, we hypothesized that the 

key factors influencing the ISQ values are dependent on the dental implant type used and 

also on the surgeon and his/her surgical techniques; secondly, we hypothesized that 

general factors exsist that are independent from the surgeon- and the implant system, but 

that still influence the key factors. 

Since about the year 2000, the dental research community tried to improve implant 

therapy further with the specific goal to optimize the so-called primary and secondary 

objectives of implant therapy [26]. The primary objective of implant therapy was defined 

as two-fold [26]: first, to achieve successful treatment outcomes from a functional, 

esthetic and phonetic point of view with high predictability and good long-term stability; 

and, secondly to have low risks of complications during healing and during the 

follow-up period. These latter aspects are most important from the patients point of view 

since they want to know what risks are associated with the different possible treatment 

proposals, and what the long-term prognosis their implant has. Treatment outcomes are 

primarily quantified by the  assessment of implant survival and success rates, but 

increasingly also according to patient-centered outcomes [27]. Several clinical papers 

reporting on 10-year clinical outcomes with contemporary modern surface-modified 

implants revealed implant survival rates of more than 95%, and that less than 5% of 

implants show complications such as purulent infection or periimplantitis [28]. Similar 

results were reported by a few studies with follow-up periods of up to 23 years. [29, 30] 

In clinical practice, the problem of the presence of local bone defects or of 

insufficient local bone mass for implant placement is encountered relatively often.  

There are a number of treatments available to solve this issue: they are mainly based on 

bone graft technologies, such as the use of autograft materials, xenograft and/or allograft 

bone. 

A useful bone graft material should basically exhibit the following four 

characteristics and/or capabilities in order to be ideal for clinical use [31-33]: (i) 

osteointegration capacity: the ability to structurally and chemically bind to the surface of  

the native bone without an intervening layer of fibrous tissue; (ii) osteoconduction,: the 

ability to support the growth of new bone over its surface; (iii) osteoinduction: the ability 

to induce the formation of new bone tissue by differentiation of pluripotential stem cells 
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from the surrounding tissues or the blood vasculature in order to generate osteoblasts; 

and (iv) osteogenesis: stimulate and support the formation of new bone tissue by 

osteoblasts present within the graft material. 

An autogenic bone graft is ideal because it is harvested from the patient 

himself/herself and satisfies the above ideals. It thus is not rejected and is more likely to 

be incorporated than allograft or xenograft materials. It also has both the osteogenic and 

the osteoinductive properties, and these are able to support actively bone healing. 

However, harvesting an autograft adds an extra procedure to the reconstructive surgery, 

and donor site complications are not infrequent [34-37]. In addition, in patients with 

multiple co-morbidities, harvesting the compromised bone tissue may not be associated 

with the expected bone healing potential for the osteotomy and/or fusion sites. 

Furthermore, an autograft preferably has intact cortical bone parts in order to ensure 

structural stiffness and integrity. 

Other forms of bone grafts are: allografts, xenografts, and /or synthetic materials – 

these are able to eliminate the need for secondary procedures and prevent donor site 

pathologies. However, rejection and/or slower incorporation of these materials into the 

desired bony site can be significant disadvantages associated with the by use of these 

graft materials. In well-vascularized bone tissue, such as cancellous bone, it has been 

documented that there is no difference in the complication rates at the osteotomy site 

between autografts and allografts [37-39]. However, in less vascularized areas, 

successful graft incorporation can be a problem [37, 40, 41]. 

Allografts are donated from humans and usually undergo vigorous cleaning and 

sterilization processes before they are ready for surgeons to be used [42]. In general, 

allogenic bone grafts can be classified into fresh, fresh-frozen, freeze dried, and 

demineralized types, depending on the preparation process. Fresher grafts have a higher 

potential of osteoinductivity, but are less readily available than other graft types, that 

have a longer shelf life; but these other ones have lower immuocompatibility properties 

and a reduced material property (such as a reduced strength etc.) [37]. 

A xenograft is derived from a non-human species. Therefore, bioincompatibility 

and antigenicity are significantly greater than for allografts. Moreover they require more 

elaborate and intensive cleaning and sterilization measures, which can result in 

significantly reduced osteoinductive properties. However, owing to the abundance of 
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donors, these types of grafts are more readily available. and due to the extensive 

sterilization processing, their shelf life is generally long. The most frequently used 

xenograft material in orthopedic and dental surgery is bovine-derived [26, 37]. 

A variety of artificial materials has been used over the past decades to fill bone 

defects [43]. A comparison among them reveals the following: autogenous bone grafts 

satisfy the required properties best (as discussed above); allografts do have some 

osseointegrative and osteoconductive properties and may exhibit some osteoinductive 

potential, but they are not osteogenic (due to the absence of live cells). Synthetic bone 

graft substitutes only have osteointegrative and osteoconductive properties (but are 

available in unlimited quantities). In order to improve their potential osteoinductive 

factors have been absorbed into the materials, such as recombinant human bone 

morphogenetic protein-2 (rhBMP-2) and others. 

RhBMP-2, a member of the transforming growth factor beta (TGF-β) superfamily, 

is in clinical over more than a decade [44, 45]. It is used in clinical practice for spinal 

fusion [46] and for treatment of non-unions to enhance the bone formation processes and 

to accelerate the bony healing response; in dental practice it is used for oral and 

maxillofacial reconstruction [47, 48]. Even though the clinical use of BMP-2 is very 

successful, its clinical application is associated with some serious unwanted effects such 

as heterotopic bone formation [49], bone resorption (by osteoclast activation) and 

formation of cyst-like bone voids [50], as well as postoperative inflammatory swelling 

[51, 52] and neurological symptoms. BMP-2 is clinically applied topically in a free form 

together with an absorbable collagen sponge (ACS) [53]. The recommended dose is 

exceedingly high (12mg/ACS unit; i.e. approximately 37.3mg of BMP-2 per gram of 

ACS); and in this high dosage scheme the reason for many of the untoward side effects 

possible lies [47, 54]. 

In the second part of the thesis, we aim at solving two questions: (1) Which 

factor(s) cause the acute inflammation when using the BMP-2/ACS construct? Is it the 

BMP-2 itself, the degree of tissue vascularity, local micromechanical conditions of 

different physiologic stress fields, the collagen in a dry state or in a wet state? The 

second question is as follows: Is a combined use of BMP-2 together with the polymer 

hyaluronic acid (HA) able to promote the osteogenesis activity at lower dosage levels of 

BMP-2 in the BMP-2/ACS construct? 



1

17

Chapter 1 
 

14 

from the surrounding tissues or the blood vasculature in order to generate osteoblasts; 

and (iv) osteogenesis: stimulate and support the formation of new bone tissue by 

osteoblasts present within the graft material. 

An autogenic bone graft is ideal because it is harvested from the patient 

himself/herself and satisfies the above ideals. It thus is not rejected and is more likely to 

be incorporated than allograft or xenograft materials. It also has both the osteogenic and 

the osteoinductive properties, and these are able to support actively bone healing. 

However, harvesting an autograft adds an extra procedure to the reconstructive surgery, 

and donor site complications are not infrequent [34-37]. In addition, in patients with 

multiple co-morbidities, harvesting the compromised bone tissue may not be associated 

with the expected bone healing potential for the osteotomy and/or fusion sites. 

Furthermore, an autograft preferably has intact cortical bone parts in order to ensure 

structural stiffness and integrity. 

Other forms of bone grafts are: allografts, xenografts, and /or synthetic materials – 

these are able to eliminate the need for secondary procedures and prevent donor site 

pathologies. However, rejection and/or slower incorporation of these materials into the 

desired bony site can be significant disadvantages associated with the by use of these 

graft materials. In well-vascularized bone tissue, such as cancellous bone, it has been 

documented that there is no difference in the complication rates at the osteotomy site 

between autografts and allografts [37-39]. However, in less vascularized areas, 

successful graft incorporation can be a problem [37, 40, 41]. 

Allografts are donated from humans and usually undergo vigorous cleaning and 

sterilization processes before they are ready for surgeons to be used [42]. In general, 

allogenic bone grafts can be classified into fresh, fresh-frozen, freeze dried, and 

demineralized types, depending on the preparation process. Fresher grafts have a higher 

potential of osteoinductivity, but are less readily available than other graft types, that 

have a longer shelf life; but these other ones have lower immuocompatibility properties 

and a reduced material property (such as a reduced strength etc.) [37]. 

A xenograft is derived from a non-human species. Therefore, bioincompatibility 

and antigenicity are significantly greater than for allografts. Moreover they require more 

elaborate and intensive cleaning and sterilization measures, which can result in 

significantly reduced osteoinductive properties. However, owing to the abundance of 
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donors, these types of grafts are more readily available. and due to the extensive 

sterilization processing, their shelf life is generally long. The most frequently used 

xenograft material in orthopedic and dental surgery is bovine-derived [26, 37]. 

A variety of artificial materials has been used over the past decades to fill bone 

defects [43]. A comparison among them reveals the following: autogenous bone grafts 

satisfy the required properties best (as discussed above); allografts do have some 

osseointegrative and osteoconductive properties and may exhibit some osteoinductive 

potential, but they are not osteogenic (due to the absence of live cells). Synthetic bone 

graft substitutes only have osteointegrative and osteoconductive properties (but are 

available in unlimited quantities). In order to improve their potential osteoinductive 

factors have been absorbed into the materials, such as recombinant human bone 

morphogenetic protein-2 (rhBMP-2) and others. 

RhBMP-2, a member of the transforming growth factor beta (TGF-β) superfamily, 

is in clinical over more than a decade [44, 45]. It is used in clinical practice for spinal 

fusion [46] and for treatment of non-unions to enhance the bone formation processes and 

to accelerate the bony healing response; in dental practice it is used for oral and 

maxillofacial reconstruction [47, 48]. Even though the clinical use of BMP-2 is very 

successful, its clinical application is associated with some serious unwanted effects such 

as heterotopic bone formation [49], bone resorption (by osteoclast activation) and 

formation of cyst-like bone voids [50], as well as postoperative inflammatory swelling 

[51, 52] and neurological symptoms. BMP-2 is clinically applied topically in a free form 

together with an absorbable collagen sponge (ACS) [53]. The recommended dose is 

exceedingly high (12mg/ACS unit; i.e. approximately 37.3mg of BMP-2 per gram of 

ACS); and in this high dosage scheme the reason for many of the untoward side effects 

possible lies [47, 54]. 

In the second part of the thesis, we aim at solving two questions: (1) Which 

factor(s) cause the acute inflammation when using the BMP-2/ACS construct? Is it the 

BMP-2 itself, the degree of tissue vascularity, local micromechanical conditions of 

different physiologic stress fields, the collagen in a dry state or in a wet state? The 

second question is as follows: Is a combined use of BMP-2 together with the polymer 

hyaluronic acid (HA) able to promote the osteogenesis activity at lower dosage levels of 

BMP-2 in the BMP-2/ACS construct? 
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The following figure represents a short overview of the history of the development 

of dental implants over the past 50 years [26], and the girl-cartoon in it illustrates where 

this thesis is located on a time-frame in relation to the developmental implant history.  

In this thesis, we addressed the following scientific objectives: 

1. Systematic evaluation of the contribution of possible individual factors 

influencing the ISQ values in a clinical set up and a baseline data set for the 

creation of a mathematical model to estimate the likely ISQ value for an 

individual case. (Chapter 2) 

2. Identification of the key factors influencing the ISQ values; these were found 

to be firstly dependent on the dental implant type used and also on the surgeon 

and his/her surgical techniques; secondly, general factors exist that are 

independent from both the surgeon- and the implant system, but that still 

influence the key factors. (Chapter 3) 

3. To provide a review of the clinical significance of implant stability quotient 

measurements. (Chapter 4) 

4. To elucidate which factor(s) cause the acute inflammation when using the 

BMP-2/ACS construct: Is it the BMP-2 itself, the degree of tissue vascularity, 

local micromechanical conditions of different physiologic stress fields, or the 

collagen in a dry state or in a wet state? (Chapter 5) 

5. To clarify if a combined use of BMP-2 together with the polymer hyaluronic 

acid (HA) is able to promote the osteogenesis activity at lower dosage levels of 

BMP-2 in the BMP-2/ACS construct? (Chapter 6) 
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ABSTRACT 
Objectives:  

To mathematically evaluate the influence of multiple factors on implant stability quotient 

values in clinical practice. 

Materials and methods:  

In 177 patients (329 implants), resonance frequency analysis (RFA) was performed at T1 

(measured immediately at the time of implant placement) and at T2 (measured before 

dental restoration). Using a multivariate linear regression model, we analyzed the 

influence of the following 11 candidate factors: gender, age, maxillary/mandibular 

location, bone type, immediate/delayed implantation, bone grafting (presence or 

absence), insertion torque, I-stage or II-stage healing pattern, implant diameter, implant 

length and T1-T2 time interval. 

Results:  

The following parameters were identified to significantly influence the ISQ values at T1: 

Insertion torque, bone grafting, I-/II-stage healing pattern, immediate/delayed 

implantation, maxillary/mandibular location, implant diameter and gender. In contrast, 

the ISQ values at T2 were only significantly influenced by 3 factors: implant diameter, 

T1-T2 time interval, and insertion torque. 

Conclusion:  

Among the 11 candidate parameters, 7 key factors were found to influence the T1-ISQ 

values, and only 3 key factors the T2 measurements. Both T1 and T2 data were found to 

be influenced by implant diameter and insertion torque. T1 was influenced specifically 

by the gender of the patient, the location (maxillary or mandibular), by the implantation 

mode (immediate/delayed implantation), by the healing stage and by the absence or 

presence of bone graft materials. 

Keywords:  

Resonance frequency analysis; Implant stability quotient; Dental implant; Implant 

diameter; Immediate implantation; Delayed implantation; Insertion torque value. 
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Introduction  

Since the pioneering work of Branemark in 1952 [1], dental implants have become a 

widely used treatment option in the past decades. Dental implants are used to provide 

mechanical support for various dental prostheses, such as crowns, bridges, dentures and 

orthodontic apparatuses. The basis for such a desired support function by an implant is 

its mechanical stability. This is generally described, as a function of time, as primary and 

a secondary stability. The primary stability largely is based on an immediate mechanical 

anchoring of the implant in surrounding bone upon surgical implantation. The secondary 

stability is achieved by a biological healing process called osseointegration and it forms 

a direct structural and functional connection between the implant and the neoformed 

surrounding bone tissues, without any interpositioned connective tissue [2]. In clinical 

practice, the degree of implant stability is considered to be an important parameter to 

estimate the scope of mechanical loading capability and to provide baseline information 

as a tool to assess the clinical outcome and time course [3]. 

A large number of efforts have been made to identify and to develop novel 

techniques for the quantitative assessment of the implant stability. An ideal technique 

should be simple, noninvasive and clinician-friendly. One of the candidate techniques to 

achieve this goal is resonance frequency analysis (RFA). RFA consists of an implant 

vibration activity that is triggered by specific magnetic pulses, which can be translated 

into an implant stability quotient (ISQ) value. The ISQ value is positively correlated to 

the mechanical stability of an implant. RFA is a non-invasive technique and shows a 

high reproducibility of results [4, 5]. In recent years, RFA has become one of the most 

widely used techniques to assess stability on the spot in order to determine the possible 

loading occasion and to assess the long-term survival of dental implants [6].  

Attempts to achieve early functionality of implants have been continuously pursued 

in the field of oral implantology. Immediate implantation is associated with several 

advantages, such as the reduction of surgical trauma, the shortening of the treatment time 

as well as the improved preservation of surrounding bone and soft tissue. And in cases 

with sufficient primary stability, evidence is presented in the literature that immediate 

implantation (or even immediate loading) yield equal efficacy respecting long term 

success and aesthetic outcome compared to delayed implantation [7]. However, the 

technique of immediate implantation is still a challenge with respect to achieving 



2

29

Chapter 2 

26 

ABSTRACT 
Objectives:  
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sufficient primary stability of the implant that, if not achieved, may lead to a 

higher implant failure rate [8]. Careful case selection must be performed to avoid 

treatment failures and aesthetic complications when deciding between immediate and 

delayed implant placement [8]. Therefore, it is also of great significance to estimate the 

case-specific ISQ values in order to create a detailed treatment plan. For this purpose, 

continuous efforts are made to elucidate the influence of various factors on ISQ values 

using the RFA technique. In previous studies, some of the actors that were investigated 

that possibly influence the ISQ values are implant design [9], insertion torque [10], 

immediate/delayed implantation [11], drilling design [12, 13], bone density [14], bone 

grafting, and mechanical loading pattern [15]. Most of these studies demonstrated a 

significant influence of such factor on the basis of the assessment of the relationship 

between ISQ values and single and/or several factors. Albeit so, the weight coefficients 

of the various influencing factors for the ISQ values remained unrevealed, so that most 

of the decisions made by clinicians are still made largely based on practical experience. 

A mathematical model may play a critical role to thoroughly assess the individual 

contribution of the various factors on ISQ values in clinical situations by performing 

multivariate analyses. Hitherto, there is still a lack of such an adequate mathematic 

model. 

In this study, we retrospectively analyzed both the demographic and clinical data of 

329 implants from 177 patients by using a multivariate linear regression analysis. We 

wished to determine the contribution of each of the individual factors to the ISQ values 

in a clinical set up in order to provide baseline data for the creation of a mathematical 

model to estimate the likely ISQ value for an individual case 

 

Patients and Methods 

Patients and implants 

In this retrospective study, we reviewed the data of all the patients who received 

implant treatment in the Best&Easy Dental Clinic, Hangzhou, China from 2012 to 2015. 

SICace implants (SIC Invent AG, Basel, Switzerland) with different diameters and 

lengths were used. All the implants were placed by the same surgeon. In total, 177 

patients with 329 implants were included in the study. There were two implant failures 

(the failure rate was 0.6%) over this time period.  
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General inclusion and exclusion criteria for implant treatments 

In the Best&Easy Dental Clinic, we used the American Society of Anesthesiologist 

(ASA) classifications (ASA1, ASA2 and ASA3) to evaluate the systemic health status of 

patients for establishing the inclusion criteria for implant treatment [16]. Briefly, 

well-controlled status of the patient in case of systemic disease (to tolerate the surgery). 

Respecting the oral health, patients with only mild and/or moderate (but well controlled) 

periodontitis were also included as well as patients with a good oral hygiene status. 

Patients were excluded from implant surgery if they were pregnant or would be unable to 

withstand the stress of dental implant surgery (ASA4-5). Patients were also excluded if 

they bore severe/uncontrolled periodontitis. 

Implantation treatment procedure 

Before treatment, the demographic characteristics and the medical history were both 

recorded carefully. Each patient signed an informed consent form. Thereafter, cone-beam 

CT scan was performed to evaluate the volume and structure of bone tissue at the 

implant sites in order to define an implantation plan.  

Standard surgical procedures were used. Briefly, the patients were medicated with 

amoxicillin (0.5g orally, twice per day, with a start half an hour before surgery) for three 

days. Oral rinse (Cetylpyridinium Chloride Gargle, Hangzhou, China) was performed for 

disinfection before surgery. 1.7ml Articaine (articaine hydrochloride and epinephrine 

tartrate Products Dentaires Pierre Rolland, France) was used as injection (on average one 

injection for one implant for local anesthesia). SICace implants with various diameters 

and lengths were placed as planned. Immediate and delayed implantations were 

performed in these patients according to their oral health conditions. Both I-stage and 

II-stage healing patterns were used in these patients. The II-stage healing pattern was 

used only if the insertion torque was <20Ncm or the ISQ value <65. The data were 

routinely recorded. During surgery, the implant sites were categorized into type I, II, III 

and IV according to the classification of Lekholm & Zarb [17]. 

Patient records 

We retrospectively collected the following data from patients (potential candidate 

factors possibly influencing the ISQ values: (X1) gender; (X2) age; (X3) 

maxillar/mandibular location; (X4) immediate/delayed implantation; (X5) presence or 

absence of bone grafting; (X6) implant diameter; (X7) implant length; (X8) I/II-stage 
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healing pattern; (X9) insertion torque; (X10) bone type; and (X11) T1-T2 time interval. 

The ISQ values (measured with Osstell™ Mentor, Integration Diagnostic Ltd., 

Goteborg, Sweden) were recorded from the mesial, distal, lingual and buccal sites of 

each implant at both T1 (immediately after implantation) and T2 (immediately before 

restoration and loading). Typically, after 6-12 weeks, patients received the restoration 

therapy. In a few cases, the patients received the restoration/loading therapy as late as 

one year.  

Statistical analysis 

Initially, we used the Kruskal-Wallis test to compare the ISQ values from the mesial, 

distal, lingual and buccal sites of implants at T1 and T2. We used paired-t tests to assess 

the difference in ISQ values at T1 and T2 for either immediately placed or delayed 

placed implants. We also applied paired-t tests to assess the influence of 

immediate/delayed implantation on ISQ values at T1 or T2. Thereafter, we performed 

multivariate linear regression analyses to determine the weight coefficients of the 11 

candidate factors possibly influencing the ISQ values at both T1 and T2 time points. All 

the statistical analyses were performed using a SPSS® 21.0 software (SPSS, Chicago, IL, 

USA). Level of significance was set at p<0.05, and the confidence level at 95%. 

In the multivariate linear regression analysis, the categories of the influencing 

factors were transformed into numbers as following: (X1) male=1, female=2; (X3) 

maxillary=1, mandible=2; (X4) immediate=1, delayed=2; (X5) bone grafting: no=1, 

yes=2, (X8) I-stage=2, II-stage=1. Dummy variables were used for bone types (X10): 

type 1=100, type 2=010, type 3=001, type 4=000. The numbers for the remaining factors 

were directly used for statistical analysis. 

 

Results 

In this study, 329 implants from 177 patients were included. The descriptive 

characteristics of all the patients and implants were listed in Table 1. There were no 

significant differences among the ISQ values measured from the labial, lingual, distal 

and mesial sites at the time points of either immediately after implantation (T1) or right 

before loading (T2) (Table 2). For both immediate and delayed implantation, the ISQ 

values at T1 were significantly lower than those at T2 (Table 3). At T1, the ISQ values of 

immediately-placed implants were significantly lower than those of delayed-placed 
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implants. At T2, there was no significant difference between the ISQ values of 

immediately-placed implants and those of the delayed implants (Table 3). 

 

Characteristics 
and Factors (X)  Category    no. of 

patients 

 
no. of 

implants 
 

Number of patients  177  
    
Number of implants   329 
    
(X1) Gender  
 

Male 103  
Female 74  

    
(X2) Age 
 

19-30 17 18 
30-40 32 65 
40-50 45 70 
50-60 44 86 
60-70 20 50 
70-80 9 25 

80-100 2 5 
Missing data 8 10 

    
(X3) Maxillary/mandible location 
 

Maxilla 66 112 
Mandibular 111 217 

    
(X4) Immediate/delayed implantation 
 

Immediate 71 103 
Delayed 106 226 

    
(X5) The need of bone graft 
 

Yes 21 27 
No 156 302 

    
(X6) Implant diameter 3.5  30 

4  203 
4.5  58 
5  38 

    
(X7) Implant length 
 

7.5  6 
9.5  120 
11.5  103 



2

33

Chapter 2 

30 

healing pattern; (X9) insertion torque; (X10) bone type; and (X11) T1-T2 time interval. 

The ISQ values (measured with Osstell™ Mentor, Integration Diagnostic Ltd., 

Goteborg, Sweden) were recorded from the mesial, distal, lingual and buccal sites of 

each implant at both T1 (immediately after implantation) and T2 (immediately before 

restoration and loading). Typically, after 6-12 weeks, patients received the restoration 

therapy. In a few cases, the patients received the restoration/loading therapy as late as 

one year.  

Statistical analysis 

Initially, we used the Kruskal-Wallis test to compare the ISQ values from the mesial, 

distal, lingual and buccal sites of implants at T1 and T2. We used paired-t tests to assess 

the difference in ISQ values at T1 and T2 for either immediately placed or delayed 

placed implants. We also applied paired-t tests to assess the influence of 

immediate/delayed implantation on ISQ values at T1 or T2. Thereafter, we performed 

multivariate linear regression analyses to determine the weight coefficients of the 11 

candidate factors possibly influencing the ISQ values at both T1 and T2 time points. All 

the statistical analyses were performed using a SPSS® 21.0 software (SPSS, Chicago, IL, 

USA). Level of significance was set at p<0.05, and the confidence level at 95%. 

In the multivariate linear regression analysis, the categories of the influencing 

factors were transformed into numbers as following: (X1) male=1, female=2; (X3) 

maxillary=1, mandible=2; (X4) immediate=1, delayed=2; (X5) bone grafting: no=1, 

yes=2, (X8) I-stage=2, II-stage=1. Dummy variables were used for bone types (X10): 

type 1=100, type 2=010, type 3=001, type 4=000. The numbers for the remaining factors 

were directly used for statistical analysis. 

 

Results 

In this study, 329 implants from 177 patients were included. The descriptive 

characteristics of all the patients and implants were listed in Table 1. There were no 

significant differences among the ISQ values measured from the labial, lingual, distal 

and mesial sites at the time points of either immediately after implantation (T1) or right 

before loading (T2) (Table 2). For both immediate and delayed implantation, the ISQ 

values at T1 were significantly lower than those at T2 (Table 3). At T1, the ISQ values of 

immediately-placed implants were significantly lower than those of delayed-placed 
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implants. At T2, there was no significant difference between the ISQ values of 

immediately-placed implants and those of the delayed implants (Table 3). 

 

Characteristics 
and Factors (X)  Category    no. of 

patients 

 
no. of 

implants 
 

Number of patients  177  
    
Number of implants   329 
    
(X1) Gender  
 

Male 103  
Female 74  

    
(X2) Age 
 

19-30 17 18 
30-40 32 65 
40-50 45 70 
50-60 44 86 
60-70 20 50 
70-80 9 25 

80-100 2 5 
Missing data 8 10 

    
(X3) Maxillary/mandible location 
 

Maxilla 66 112 
Mandibular 111 217 

    
(X4) Immediate/delayed implantation 
 

Immediate 71 103 
Delayed 106 226 

    
(X5) The need of bone graft 
 

Yes 21 27 
No 156 302 

    
(X6) Implant diameter 3.5  30 

4  203 
4.5  58 
5  38 

    
(X7) Implant length 
 

7.5  6 
9.5  120 
11.5  103 
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13  95 
14.5  5 

    
(X8) I/II-stage healing pattern 
 

I-stage  105 
II-stage  224 

    
(X9) Insertion torque (Ncm) 
 

11-20  38 
21-30  99 
31-40  52 
41-50  118 
51-60  7 

missing data  15 
    
(X10) Bone type 
 

1  95 
2  51 
3  62 
4  83 

missing data  38 
    
(X11) T1-T2 time interval (months) 
 

1.5  21 
2  30 

2.5  37 
3  25 

3.5  47 
4  30 
5  31 
6  46 

> 7  35 
missing data  27 

Table 1 Descriptive characteristic of the patients and implants 

 

 Mesial Distal Labial Lingual Mean P 

T1 74.85±6.48 74.09±6.65 74.02±7.19 74.40±6.86 74.34±6.75 1.78 

T2 77.26±4.78 76.65±4.75 76.97±5.04 77.14±4.98 77.00±4.89 0.62 
 

Table 2 Kruskal-Wallis analysis to compare the values of Implant Stability Quotient (ISQ) that were measured 

from the labial, lingual, distal and mesial sites using Resonance Frequency Analysis FRA technique 

immediately after implantation (T1) and right before loading (T2), respectively.  
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T1 T2 P 

Immediate 73.68±6.50 77.00±4.30 <0.001* 

Delayed 75.82±5.49 77.63±4.07 0.001* 

P 0.038* 0.334  

 

Table 3 Paired t test analysis to compare the values of Implant Stability Quotient (ISQ) between immediately 

after implantation (T1) and right before loading (T2) for either immediate implantation or delayed implantation 

respectively (Horizontal). Paired-t test to assess the influence of immediate/delayed implantation on ISQ 

values at T1 or T2 (Vertical). *: Statistically significant difference. 

At T1, the multivariate linear regression analysis showed that the ISQ values were 

significantly influenced by 7 factors: (X1) Gender; (X3) Maxillary/mandibular location; 

(X4) Immediate/delayed implantation; (X5) Bone graft; (X6) Implant diameter; (X8) 

one-stage/two-stage implantation; and (X9) Insertion torque (Table 4). The relative 

weight coefficients (presented as standardized coefficients) of these factors were as 

following: (X1) 0.111; (X3) 0.121; (X4) 0.148; (X5) -0.235; (X6) 0.119; (X8) 0.241; and 

(X9) 0.286. The formula to calculate the ISQ values with the contribution of each factor 

was as follows: 

Y (T1) =57.263+1.317(X1)+1.471(X3)+1.836(X4)-4.990(X5)+1.669(X6)+2.961(X8)+ 

0.131(X9).  

Constant and 
Influencing 
factors (X) 

Unstand. Coef. Stand. 
Coef. 
Beta 

t Sig. 

95.0% Confidence 
Interval for B 

B Std. 
Error 

Lower 
Bound 

Upper 
Bound 

Constant 57.263 4.226 - 13.551 .000 48.942 65.585 

X1 1.317 .622 .111 2.116 .035 .091 2.542 

X3 1.471 .652 .121 2.257 .025 .188 2.755 

X4 1.836 .664 .148 2.763 .006 .527 3.144 

X5 -4.990 1.135 -.235 -4.395 .000 -7.226 -2.754 

X6 1.669 .754 .119 2.212 .028 .183 3.154 

X8 2.961 .657 .241 4.504 .000 1.666 4.255 
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T1 T2 P 
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Delayed 75.82±5.49 77.63±4.07 0.001* 

P 0.038* 0.334  

 

Table 3 Paired t test analysis to compare the values of Implant Stability Quotient (ISQ) between immediately 

after implantation (T1) and right before loading (T2) for either immediate implantation or delayed implantation 

respectively (Horizontal). Paired-t test to assess the influence of immediate/delayed implantation on ISQ 

values at T1 or T2 (Vertical). *: Statistically significant difference. 

At T1, the multivariate linear regression analysis showed that the ISQ values were 

significantly influenced by 7 factors: (X1) Gender; (X3) Maxillary/mandibular location; 

(X4) Immediate/delayed implantation; (X5) Bone graft; (X6) Implant diameter; (X8) 

one-stage/two-stage implantation; and (X9) Insertion torque (Table 4). The relative 

weight coefficients (presented as standardized coefficients) of these factors were as 

following: (X1) 0.111; (X3) 0.121; (X4) 0.148; (X5) -0.235; (X6) 0.119; (X8) 0.241; and 

(X9) 0.286. The formula to calculate the ISQ values with the contribution of each factor 

was as follows: 

Y (T1) =57.263+1.317(X1)+1.471(X3)+1.836(X4)-4.990(X5)+1.669(X6)+2.961(X8)+ 

0.131(X9).  

Constant and 
Influencing 
factors (X) 

Unstand. Coef. Stand. 
Coef. 
Beta 

t Sig. 

95.0% Confidence 
Interval for B 

B Std. 
Error 

Lower 
Bound 

Upper 
Bound 

Constant 57.263 4.226 - 13.551 .000 48.942 65.585 

X1 1.317 .622 .111 2.116 .035 .091 2.542 

X3 1.471 .652 .121 2.257 .025 .188 2.755 

X4 1.836 .664 .148 2.763 .006 .527 3.144 
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X9 .131 .025 .286 5.313 .000 .082 .180 

 

Table 4 Multivariate linear regression analysis to analyze the weight coefficient of each influencing factor for 

the values of Implant Stability Quotient (ISQ) that were measured immediately after implantation T1. Unstand. 

Coef.: Unstandardized Coefficients; Stand. Coef.: Standardized Coefficients.  

(X1: Gender; X3: Maxillary/mandibular location; X4: Immediate/delayed implantation; X5: the need of Bone 

grafting; X6: Implant diameter; X8: I/II stage implantation; X9: Insertion torque.) 

At T2, the ISQ values were significantly influenced by 3 factors: (X6) Implant 

diameter; (X9) Insertion torque; and (X11) T1-T2 time interval (Table 5). The formula to 

calculate the ISQ value with the contribution of each factor was as follows:  

Y (T2) =56.988+4.080(X6)+0.048(X9)+0.014(X11).  

Constant and 
Influencing 
factors (X) 

Unstand. Coef. Stand. 
Coef. 
Beta 

t Sig. 

95.0% 
Confidence 
Interval for B 

B Std. 
Error 

Lower 
Bound 

Upper 
Bound 

Constant 56.988 3.043 - 18.726 .000 50.977 63.000 

X6 4.080 .698 .414 5.848 .000 2.702 5.459 

X9 .048 .023 .150 2.115 .036 .003 .093 

X11 .014 .005 .191 2.715 .007 .004 .025 

 

Table 5 Multivariate linear regression analysis to analyze the weight coefficient of each influencing factor for 

the values of Implant Stability Quotient (ISQ) that were measured right before loading T2. Unstand. Coef.: 

Unstandardized Coefficients; Stand. Coef.: Standardized Coefficients. (X6: Implant diameter; X9: Insertion 

torque; X11: T1-T2 time interval) 

 

Discussion 

In the field of dental implantology, a consensus has been reached that sufficient primary 

stability is critical in order to provide a mechanically stable microenvironment for the 

proper establishment of implant osseointegration ─ the biological basis for the secondary 

stability and for full implant functionality. Consequently, the availability of numeric 

stability values is a prerequisite for the estimation of the loading time schedule and the 

assessment of the long-term success rate of implants. RFA is a tool for the rapid, easy, 

objective and non-invasive measurements of the stability of implants without causing 
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any patient discomfort. In a recent well-controlled in-vitro study, ISQ values measured 

with RFA were found to be proportional to the mechanical stability of implants [10]. On 

this basis, ISQ values are widely used as a basic parameter for clinical decision making. 

A precise and reliable estimation of the ISQ value in each case is thus a fundamental 

need to provide grounding for designing a realistic and accurate treatment plan. In this 

study, by a retrospectively analysis, the possible role of 11 different candidate factors 

were considered. On these grounds, we formulated a mathematical model to estimate the 

weight coefficients of candidate factors for a more precise assessment of both the 

primary and secondary implant stabilities (Table 4 and Table 5).  

The design of an implant is one of the most fundamental elements to affect the implant 

primary and secondary stability [9]. The design features consist of two major categories: 

1) the macro-design, such as thread design and body shape; 2) the micro-design, such as 

the implant topography [9]. Gehrke et al recently indicated that the conical implants with 

a wide pitch were associated with significantly greater primary stability values than the 

semiconical implants with narrow pitch bores. In our study, we used only one implant 

type (SICace) with an identical macro- and micro-design, which thus may exclude the 

potential influence of implant design factors. Therefore, we didn’t include the implant 

design as a candidate factor in our analysis. Similarly, the preparation technique of the 

surgical site may also potentially influence implant stability [18]. This parameter was 

also excluded in this study, since the surgical site preparation was performed by the same 

experienced implantologist using one single implant system. 

Bone type was not found to be a determining parameter influencing either T1 or T2 in 

our study. This finding was consistent with a recent 1-year follow-up study with 101 

implants [19]. In that study, it was concluded that the baseline microstructural bone 

characteristics that were assessed by histomorphometric and microtomographic analyses 

didn’t significantly influence implant stability. Furthermore, using a similar classification 

method as in this study, the bone type was found not to be a significant influencing 

parameter either [20]. 

Apart from the implant design, the diameter and length of implants were other 

implant-related factors that might influence implant stabilities. In a recent in-vitro 

biomechanical study, the primary stability of wider implants was found to be 

significantly higher in hard bone than the narrower implants using insertion torque as a 
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any patient discomfort. In a recent well-controlled in-vitro study, ISQ values measured 

with RFA were found to be proportional to the mechanical stability of implants [10]. On 

this basis, ISQ values are widely used as a basic parameter for clinical decision making. 

A precise and reliable estimation of the ISQ value in each case is thus a fundamental 

need to provide grounding for designing a realistic and accurate treatment plan. In this 

study, by a retrospectively analysis, the possible role of 11 different candidate factors 

were considered. On these grounds, we formulated a mathematical model to estimate the 

weight coefficients of candidate factors for a more precise assessment of both the 

primary and secondary implant stabilities (Table 4 and Table 5).  

The design of an implant is one of the most fundamental elements to affect the implant 

primary and secondary stability [9]. The design features consist of two major categories: 

1) the macro-design, such as thread design and body shape; 2) the micro-design, such as 

the implant topography [9]. Gehrke et al recently indicated that the conical implants with 

a wide pitch were associated with significantly greater primary stability values than the 

semiconical implants with narrow pitch bores. In our study, we used only one implant 

type (SICace) with an identical macro- and micro-design, which thus may exclude the 

potential influence of implant design factors. Therefore, we didn’t include the implant 

design as a candidate factor in our analysis. Similarly, the preparation technique of the 

surgical site may also potentially influence implant stability [18]. This parameter was 

also excluded in this study, since the surgical site preparation was performed by the same 

experienced implantologist using one single implant system. 

Bone type was not found to be a determining parameter influencing either T1 or T2 in 

our study. This finding was consistent with a recent 1-year follow-up study with 101 

implants [19]. In that study, it was concluded that the baseline microstructural bone 

characteristics that were assessed by histomorphometric and microtomographic analyses 

didn’t significantly influence implant stability. Furthermore, using a similar classification 

method as in this study, the bone type was found not to be a significant influencing 

parameter either [20]. 

Apart from the implant design, the diameter and length of implants were other 

implant-related factors that might influence implant stabilities. In a recent in-vitro 

biomechanical study, the primary stability of wider implants was found to be 

significantly higher in hard bone than the narrower implants using insertion torque as a 
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parameter [14]. However, such differences have not been confirmed when using ISQ 

values as the estimator. These conflicting data might originate from a much smaller 

correlation (than generally assumed) between micromotion and insertion torque values 

than those obtained with ISQ measurements [10]. In fact, in a small-scale prospective 

clinical trial, Lang and his colleagues showed that ISQ values were not correlate with 

implant diameter values over a 12-week post-operative monitoring time period [21]. 

However, in our retrospective study with 329 implants, the implant diameter was found 

to be a significant parameter influencing ISQ values both at T1 (Figure 4) and T2 (Figure 

5). At T1, using formula (T1), the 1.5-mm-diameter difference between the 3.5mmɸ and 

5mmɸ implants could be transformed into a difference of 2.503±1.131 (calculated by 

multiplying 1.5 by 1.669) in ISQ values. However, its weight coefficient was 0.119, 

which was quite similar with X1, X3 and X4, but much lower than X5, X8 and X9. 

These data suggested that the implant diameter was a significant but relatively mild 

influencing factor to estimate ISQ values at T1. In contrast, such 1.5mm difference in 

implant diameter could be transformed into a difference of 6.120±1.047 at T2. The 

weight coefficient of implant diameter (0.414) was also much higher than X9 (0.150) 

and X11 (0.191) at this time point. These results thus indicated that the implant diameter 

was a major influencing factor on ISQ values at T2 (Figure 5). Previous studies also 

showed that implant diameters could significantly influence ISQ values [22, 23]. In 

contrast to this, the implant length was not found to be a significant influencing 

parameter at either T1 or T2 time points in our study. This finding was consistent with a 

previous study showing that implant length didn’t significantly influence primary 

stabilities of implants [20]. However, the implant length still might play a role in 

influencing implant stability provided that singly calculated correlations between 

implant length and implant stabilities were performed [24, 25]. Furthermore, in 

particular cases, such as in patients with low bone quality, the optimization of the 

implant length and diameter should be considered in order to achieve higher primary 

implant stability values [26]. 

The maxillary/mandibular location was expected to represent a determining 

parameter influencing ISQ values, and indeed most implants in the maxilla had an ISQ 

of <60, and those in the mandible had an ISQ of >60 [27]. It was also found that the ISQ 

values were generally higher in the mandible (59.8) than in the maxilla (55.0), but when 
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using cylindrical implants, then they were not associated with a significant difference 

[20]. Furthermore, a similar phenomenon was also observed by Gehrke et al. [22]. In 

contrast to this, mandibular implants were found to show statistically higher ISQ values 

than maxillary implants [23]. In our study, we showed that the maxillary/mandible 

implant location was clearly a significant influencing factor at T1, but not at T2. 

According to the formula, the mandibular location might confer implants with 

1.471±0.652 (mean±SE) higher values than those of the maxillary location. The weight 

coefficient of this factor was 0.121, which indicated its mild influence. This finding may 

also explain why a significant difference was not always detectable, even though a 

higher value was always found in the mandibular implants. 

Immediate implantation is able to significantly shorten the clinical treatment time. 

Therefore, immediate implantation has been extensively evaluated (provided favorable 

conditions are given) in the last two decades, and they have been reported to yield 

success rates ranging from 92.7% to 98% [28]. The 7-year cumulative survival rate for 

immediately-placed implants with an immediate loading scheme could also reach 94.6% 

success rate [29]. In a long-term follow-up study, no significant differences in the 

success rates and in the aesthetic outcomes between immediately- and delayed-placed 

implants [7] were reported. Gehrke et al recently showed that delayed placed implants 

bore insignificantly higher ISQ values than the immediately placed implants [11]. In our 

study, we showed that immediate/delayed implantation was a significant influencing 

factor on ISQ values at T1, at which a delayed implantation might confer implants with 

1.836±0.664 (mean±SE) higher ISQ values than immediate implants do (Table 4). 

However, at T2, this parameter is not significantly different any more between the two 

groups (Table 5). These data from multivariate linear regression analyses were consistent 

with those from Paired-t test (Table 3). These findings showed that, with a careful 

selection of cases, an immediate implantation exhibited no significant difference in 

secondary stabilities when comparing with delayed implantation. However, 

immediate/delayed implantation can result in significantly different ISQ values when 

considering maxillary locations [30]. 

Similarly for some other candidate factors, conflicting findings were found 

respecting the relationship between gender and ISQ values. Previous studies showed that 

males were associated with either significantly higher [31], or significantly lower [32] or 
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parameter [14]. However, such differences have not been confirmed when using ISQ 

values as the estimator. These conflicting data might originate from a much smaller 

correlation (than generally assumed) between micromotion and insertion torque values 

than those obtained with ISQ measurements [10]. In fact, in a small-scale prospective 

clinical trial, Lang and his colleagues showed that ISQ values were not correlate with 

implant diameter values over a 12-week post-operative monitoring time period [21]. 
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5mmɸ implants could be transformed into a difference of 2.503±1.131 (calculated by 

multiplying 1.5 by 1.669) in ISQ values. However, its weight coefficient was 0.119, 

which was quite similar with X1, X3 and X4, but much lower than X5, X8 and X9. 

These data suggested that the implant diameter was a significant but relatively mild 

influencing factor to estimate ISQ values at T1. In contrast, such 1.5mm difference in 

implant diameter could be transformed into a difference of 6.120±1.047 at T2. The 

weight coefficient of implant diameter (0.414) was also much higher than X9 (0.150) 

and X11 (0.191) at this time point. These results thus indicated that the implant diameter 

was a major influencing factor on ISQ values at T2 (Figure 5). Previous studies also 

showed that implant diameters could significantly influence ISQ values [22, 23]. In 

contrast to this, the implant length was not found to be a significant influencing 

parameter at either T1 or T2 time points in our study. This finding was consistent with a 

previous study showing that implant length didn’t significantly influence primary 

stabilities of implants [20]. However, the implant length still might play a role in 

influencing implant stability provided that singly calculated correlations between 

implant length and implant stabilities were performed [24, 25]. Furthermore, in 

particular cases, such as in patients with low bone quality, the optimization of the 

implant length and diameter should be considered in order to achieve higher primary 

implant stability values [26]. 

The maxillary/mandibular location was expected to represent a determining 

parameter influencing ISQ values, and indeed most implants in the maxilla had an ISQ 

of <60, and those in the mandible had an ISQ of >60 [27]. It was also found that the ISQ 

values were generally higher in the mandible (59.8) than in the maxilla (55.0), but when 
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using cylindrical implants, then they were not associated with a significant difference 

[20]. Furthermore, a similar phenomenon was also observed by Gehrke et al. [22]. In 

contrast to this, mandibular implants were found to show statistically higher ISQ values 

than maxillary implants [23]. In our study, we showed that the maxillary/mandible 

implant location was clearly a significant influencing factor at T1, but not at T2. 

According to the formula, the mandibular location might confer implants with 

1.471±0.652 (mean±SE) higher values than those of the maxillary location. The weight 

coefficient of this factor was 0.121, which indicated its mild influence. This finding may 

also explain why a significant difference was not always detectable, even though a 

higher value was always found in the mandibular implants. 

Immediate implantation is able to significantly shorten the clinical treatment time. 

Therefore, immediate implantation has been extensively evaluated (provided favorable 

conditions are given) in the last two decades, and they have been reported to yield 

success rates ranging from 92.7% to 98% [28]. The 7-year cumulative survival rate for 

immediately-placed implants with an immediate loading scheme could also reach 94.6% 

success rate [29]. In a long-term follow-up study, no significant differences in the 

success rates and in the aesthetic outcomes between immediately- and delayed-placed 

implants [7] were reported. Gehrke et al recently showed that delayed placed implants 

bore insignificantly higher ISQ values than the immediately placed implants [11]. In our 

study, we showed that immediate/delayed implantation was a significant influencing 

factor on ISQ values at T1, at which a delayed implantation might confer implants with 

1.836±0.664 (mean±SE) higher ISQ values than immediate implants do (Table 4). 

However, at T2, this parameter is not significantly different any more between the two 

groups (Table 5). These data from multivariate linear regression analyses were consistent 

with those from Paired-t test (Table 3). These findings showed that, with a careful 

selection of cases, an immediate implantation exhibited no significant difference in 

secondary stabilities when comparing with delayed implantation. However, 

immediate/delayed implantation can result in significantly different ISQ values when 

considering maxillary locations [30]. 

Similarly for some other candidate factors, conflicting findings were found 

respecting the relationship between gender and ISQ values. Previous studies showed that 

males were associated with either significantly higher [31], or significantly lower [32] or 
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similar [33] ISQ values when comparisons were done with females. Gule et al showed 

that the gender-parameter indeed influenced the ISQ values significantly only if a second 

measurement was done [34]. This inconsistency may be due to a large variation of the 

experimental conditions, such as the choice of the measurement time point, special 

implant locations and inclusion of different types of populations/ethnics. In our study, 

the female patients showed 1.317±0.622 (mean±SE) higher ISQ values than the males 

(which was a significant difference at T1, but not at T2). We didn’t identify a significant 

influence of the age of the patient on the ISQ values at either T1 or T2. 

In our study, the need of bone grafting indeed negatively influenced ISQ values. 

4.990±0.622 (mean±SE) lower ISQ value could be expected when there was such a need. 

This sounded reasonable since such a need was indeed associated with significantly 

smaller bone coverage of the implants. The II-stage healing pattern showed significantly 

higher ISQ values (2.961±0.622 (mean±SE)) than the I-stage healing pattern at T1. This 

was also not unexpected since the II-stage healing pattern was performed with insertion 

torques < 20N or the ISQ value <65 in this study. At T2, this factor became insignificant, 

which suggested that I/II-stage implantation might not influence the osseointegration 

process. Consistently, I/II-stage implantation was previously shown not to result in 

different degrees of osseointegration [35]. 

One limitation of this study is that the formula might be specific for the 

implantologist, this implant system and/or this dental clinic. Careful interpretation is thus 

needed if extrapolation of the current data is planned to estimate ISQ values for 

patients/implants of other implantologists. However, with this study, we would like to 

provide a mathematical basis to analyze the weight coefficients of potential influencing 

factors. Every implantologist can establish his or her own formula to more precisely 

estimate ISQ values for the future cases. In future studies, we will further investigate the 

reliability and accuracy of this mathematic model for other types of implants. 

 

Conclusions:  

Among the 11 candidate parameters, 7 key factors influencing the ISQ values at T1 were 

identified, and only 3 key factors at T2. Within the limitations of this study, the 

mathematical model used enabled us to evaluate not only the significance but also the 

weight coefficients of various influencing parameters, which thus provides a viable 
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novel method to more accurately estimate the ISQ values of implants. 
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ABSTRACT 
Objectives:  

Identification of the potential general influencing factors for a mathematical prediction 

of the implant stability quotient (ISQ) values in clinical practice. 

Materials and methods:  

We collected the ISQ values of 559 implants from 2 different brands (SICace and 

Osstem) that were placed by 2 different surgeons in 336 patients. ISQ measurements 

were taken at 2 different time points, namely at T1 (measured immediately at the time of 

implant placement) and at T2 (measured before dental restoration). 329 implants (group 

1) were SICace implants placed by surgeon 1, and 113 SICace implants (group 2) and 

115 Osstem implants (group 3) were placed by surgeon 2. Using a multivariate linear 

regression model, we analyzed the influence of the following 11 candidate factors for 

stability prediction: sex, age, maxillary/mandibular location, bone type, 

immediate/delayed implantation, bone grafting (presence or absence), insertion torque, 

I-stage or II-stage healing pattern, implant diameter, implant length and T1-T2 time 

interval. 

Results:  

At T1 the need of bone grafting as predictor was found to significantly influence ISQ 

values in all the three groups with their weight coefficients ranging from -4 to -5. In 

contrast to this at time point T2 it was the implant diameter that consistently influenced 

the ISQ values in all the three groups (with weight coefficients ranging from 3.4 to 4.2). 

Factors like sex, age, I/II-stage implantation and bone type showed no significant 

influence on ISQ values at T2; and implant length showed no significant influence on 

ISQ values at either T1 or T2 time points. 

Conclusions:  

Among the selected 11 candidate factors, the need of bone grafting and implant diameter 

were found to significantly influence ISQ values at T1 and T2, respectively. These 

findings provide a rational basis for mathematical models to quantitatively predict ISQ 

values of implants in clinical practice. 

Keywords:  

Resonance frequency analysis; Implant stability quotient; Dental implant; Bone grafting; 

Implant diameter. 
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Introduction 

In the past decades, dental implantation has become one of the most widely used 

treatment options to treat (partially or completely) edentulous patients. Without the risk 

of damaging natural teeth, dental implants serve as artificial roots in jaw bones, thereby 

mechanically supporting various upper dentures such as crowns, bridges and 

overdentures. Consequently, their mechanical stability forms the biological basis for the 

implant functions. Immediately after implantation, a sufficient primary stability must be 

achieved by the mechanical engraving of the implant into the surrounding bone, which 

provides an indispensable mechanical microenvironment for the gradual establishment 

of secondary stability. The primary stability plays a dominant role for implant stability in 

the first week after implantation and thereafter decreases significantly to minimal level at 

about 5 weeks [1].The secondary stability is based on a biological process ─called 

osseointegration─ during which a direct structural contact between the implant surfaces 

and the neoformed surrounding bone tissues is formed [2]. The secondary stability 

increases after implantation and rapidly increases from 2.5 weeks to a plateau level at 5 

or 6 weeks after implantation. The whole process of transition from the primary stability 

to the secondary stability takes roughly 5-8 weeks [1]. In clinical practice, the implant 

stability is used as a major indicator to determine the time frame for loading and for the 

prognosis of the implants (failure) [3]. As a consequence of this, many methods, such as 

resonance frequency analysis (RFA), have been developed to estimate implant stability. 

In recent years, RFA has become one of the most widely used techniques to assess 

implant stability in clinical practice [4]. RFA is performed by measuring the response of 

an implant-attached piezo-ceramic element to a vibration stimulus consisting of small 

sinusoidal signals in the range of 5 to 15 kHz, in steps of 25 Hz on the other element. 

The peak amplitude of the response is then encoded into a parameter called the implant 

stability quotient (ISQ), that ranges from 0 to 100[5]. The ISQ value reflects positively 

the general mechanical stability of an implant. A more precise prediction of the ISQ 

values could help surgeon to determine the possible loading scheme for the patient and 

to assess the long-term survival probability of dental implants [4]. ISQ values are, 

however, influenced by various clinical factors; and many clinical trials were performed 

to investigate the influences of different clinical factors on ISQ measuring results. 

However, most of such clinical trials focused on one or a few parameters only, which 
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ABSTRACT 
Objectives:  

Identification of the potential general influencing factors for a mathematical prediction 

of the implant stability quotient (ISQ) values in clinical practice. 

Materials and methods:  

We collected the ISQ values of 559 implants from 2 different brands (SICace and 

Osstem) that were placed by 2 different surgeons in 336 patients. ISQ measurements 

were taken at 2 different time points, namely at T1 (measured immediately at the time of 

implant placement) and at T2 (measured before dental restoration). 329 implants (group 

1) were SICace implants placed by surgeon 1, and 113 SICace implants (group 2) and 

115 Osstem implants (group 3) were placed by surgeon 2. Using a multivariate linear 

regression model, we analyzed the influence of the following 11 candidate factors for 

stability prediction: sex, age, maxillary/mandibular location, bone type, 

immediate/delayed implantation, bone grafting (presence or absence), insertion torque, 

I-stage or II-stage healing pattern, implant diameter, implant length and T1-T2 time 

interval. 

Results:  

At T1 the need of bone grafting as predictor was found to significantly influence ISQ 

values in all the three groups with their weight coefficients ranging from -4 to -5. In 

contrast to this at time point T2 it was the implant diameter that consistently influenced 

the ISQ values in all the three groups (with weight coefficients ranging from 3.4 to 4.2). 

Factors like sex, age, I/II-stage implantation and bone type showed no significant 

influence on ISQ values at T2; and implant length showed no significant influence on 

ISQ values at either T1 or T2 time points. 

Conclusions:  

Among the selected 11 candidate factors, the need of bone grafting and implant diameter 

were found to significantly influence ISQ values at T1 and T2, respectively. These 

findings provide a rational basis for mathematical models to quantitatively predict ISQ 

values of implants in clinical practice. 
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increases after implantation and rapidly increases from 2.5 weeks to a plateau level at 5 

or 6 weeks after implantation. The whole process of transition from the primary stability 

to the secondary stability takes roughly 5-8 weeks [1]. In clinical practice, the implant 

stability is used as a major indicator to determine the time frame for loading and for the 

prognosis of the implants (failure) [3]. As a consequence of this, many methods, such as 

resonance frequency analysis (RFA), have been developed to estimate implant stability. 

In recent years, RFA has become one of the most widely used techniques to assess 

implant stability in clinical practice [4]. RFA is performed by measuring the response of 

an implant-attached piezo-ceramic element to a vibration stimulus consisting of small 

sinusoidal signals in the range of 5 to 15 kHz, in steps of 25 Hz on the other element. 

The peak amplitude of the response is then encoded into a parameter called the implant 

stability quotient (ISQ), that ranges from 0 to 100[5]. The ISQ value reflects positively 

the general mechanical stability of an implant. A more precise prediction of the ISQ 

values could help surgeon to determine the possible loading scheme for the patient and 
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may help to only qualitatively assess the influence of various factors on future ISQ 

measurements, but are unable to quantitatively predict ISQ values (and thus mechanical 

stability) during the healing course. In our recent study, we used a new model by 

performing a multivariate linear regression analysis to filter out and quantify the most 

significant contributions of selected factors from 11 candidate factors to ISQ values to be 

expected during the healing course on an implant [6]. In this study, we analyzed the data 

of 329 patients receiving SICace implants treated by one surgeon (group 1). Both ISQ 

values at T1 and T2 were found to be influenced by the implant diameter and the 

insertion torque. Moreover, ISQ-values obtained at T1 were influenced specifically by 

the sex of the patient, the location (maxillary or mandibular), by the implantation mode 

(immediate/delayed implantation), by the healing stage (time factor) and by the absence 

or presence of bone graft material. In addition, besides the 11 candidate factors, other 

factors were found to play a role, such as the implant design, including the macrodesign 

(thread design and body shape), as well as the microdesign (implant topography) [5], the 

drilling technique [7], and the preparation technique of the surgical site [8]. Given these 

findings, we assumed that the equation might be related specifically to the surgeon and 

the implant system that is chosen in clinical practice. In this study, at either T1 or T2, if 

one factor was found to significantly influence the ISQ values consistently in the three 

groups, then we categorized the factor as a general influencing factor. It will be of 

paramount significance for the surgeon to identify the potential general influencing 

factors that are applicable for other surgeons and other implant systems. We collected the 

data of SICace implants from one surgeon as well as the data of both SICace implants 

and Osstem implants from another surgeon. By doing this, we would be able to find out 

and identify the potential general factors that consistently and significantly (or 

insignificantly) influence the ISQ values.  

Materials and Methods 

Patients and implants 

The conduct of this study was approved by the Review Boards of the Best & Easy 

Dental Clinic and Huayang Dental Clinic, People’s Republic of China. It is routine for 

all patients at both dental clinics to provide an informed written consent for potential 

inclusion in clinical studies. In this retrospective study, the data of 331 SICace implants 

from surgeon no. 1 were obtained from Best&Easy Dental Clinic, Hangzhou, China 
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from 2012 to 2015 (group 1). SICace implants (SIC Invent AG, Basel, Switzerland) as 

we reported earlier [6]. We also reviewed the data of all the patients who received 

implant treatment in the Huayang Dental Clinic, Cixi, China from 2012 to 2015; and we 

e also included 113 SICace implants (SIC Invent AG, Basel, Switzerland) from 81 

patients (group 2) and 115 implants TSIII implants (OSSTEM, Seoul, Korea) from 78 

patients treated by surgeon no. 2 (group 3). There were 1 implant failure in 113 SIC (the 

failure rate was 0.9%) and 2 implant failures in 115 TSIII (the failure rate was 1.7%) 

over this time period. The data of the failed two implants were not included in the 

subsequent analysis.  

General inclusion and exclusion criteria for implant treatments. 

In both dental clinics, we adopted the patients for implant treatment based on the same 

grounds and criteria: if they were classified as ASA1, ASA2 and ASA3, according to the 

American Society of Anesthesiology (ASA) classifications. Patients with uncontrolled or 

severe periodontitis were excluded, as well as pregnant patients. 

Patient records. 

We retrospectively reviewed the following parameters from the patients: (X1) sex; (X2) 

age; (X3) maxillar/mandibular location; (X4) immediate/delayed implantation; (X5) 

presence or absence of bone grafting; (X6) implant diameter; (X7) implant length; (X8) 

I/II-stage healing pattern; (X9) insertion torque; (X10) bone type; and (X11) T1-T2 time 

interval. The II-stage healing method was used only if the insertion torque was <20Ncm 

or the ISQ value <65. According to the classification of Lekholm & Zarb [9], the bone 

type of the implantation sites were categorized into type I, II, III and IV. 

The ISQ values were measured with Osstell™ Mentor (Integration Diagnostic Ltd., 

Goteborg, Sweden) from the mesial, distal, lingual and buccal sites of each implant at 

both T1 (measured immediately at the time of implant placement) and T2 (measured 

before dental restoration). The mean ISQ values from the four sites were used for 

statistical analysis.  

Statistical analysis 

We performed multivariate linear regression analyses to determine the weight 

coefficients of the 11 candidate factors at both T1 and T2 time points. All the statistical 

analyses were performed using SPSS® 21.0 software (SPSS, Chicago, IL, USA). The 

level of significance was set at p<0.05, and the confidence level at 95%. We also 



3

51

Chapter 3 

48 

may help to only qualitatively assess the influence of various factors on future ISQ 

measurements, but are unable to quantitatively predict ISQ values (and thus mechanical 

stability) during the healing course. In our recent study, we used a new model by 

performing a multivariate linear regression analysis to filter out and quantify the most 

significant contributions of selected factors from 11 candidate factors to ISQ values to be 

expected during the healing course on an implant [6]. In this study, we analyzed the data 

of 329 patients receiving SICace implants treated by one surgeon (group 1). Both ISQ 

values at T1 and T2 were found to be influenced by the implant diameter and the 

insertion torque. Moreover, ISQ-values obtained at T1 were influenced specifically by 

the sex of the patient, the location (maxillary or mandibular), by the implantation mode 

(immediate/delayed implantation), by the healing stage (time factor) and by the absence 

or presence of bone graft material. In addition, besides the 11 candidate factors, other 

factors were found to play a role, such as the implant design, including the macrodesign 

(thread design and body shape), as well as the microdesign (implant topography) [5], the 

drilling technique [7], and the preparation technique of the surgical site [8]. Given these 

findings, we assumed that the equation might be related specifically to the surgeon and 

the implant system that is chosen in clinical practice. In this study, at either T1 or T2, if 

one factor was found to significantly influence the ISQ values consistently in the three 

groups, then we categorized the factor as a general influencing factor. It will be of 

paramount significance for the surgeon to identify the potential general influencing 

factors that are applicable for other surgeons and other implant systems. We collected the 

data of SICace implants from one surgeon as well as the data of both SICace implants 

and Osstem implants from another surgeon. By doing this, we would be able to find out 

and identify the potential general factors that consistently and significantly (or 

insignificantly) influence the ISQ values.  

Materials and Methods 

Patients and implants 

The conduct of this study was approved by the Review Boards of the Best & Easy 

Dental Clinic and Huayang Dental Clinic, People’s Republic of China. It is routine for 

all patients at both dental clinics to provide an informed written consent for potential 

inclusion in clinical studies. In this retrospective study, the data of 331 SICace implants 

from surgeon no. 1 were obtained from Best&Easy Dental Clinic, Hangzhou, China 

Chapter 3 

49 

3 

from 2012 to 2015 (group 1). SICace implants (SIC Invent AG, Basel, Switzerland) as 

we reported earlier [6]. We also reviewed the data of all the patients who received 

implant treatment in the Huayang Dental Clinic, Cixi, China from 2012 to 2015; and we 

e also included 113 SICace implants (SIC Invent AG, Basel, Switzerland) from 81 

patients (group 2) and 115 implants TSIII implants (OSSTEM, Seoul, Korea) from 78 

patients treated by surgeon no. 2 (group 3). There were 1 implant failure in 113 SIC (the 

failure rate was 0.9%) and 2 implant failures in 115 TSIII (the failure rate was 1.7%) 

over this time period. The data of the failed two implants were not included in the 

subsequent analysis.  

General inclusion and exclusion criteria for implant treatments. 

In both dental clinics, we adopted the patients for implant treatment based on the same 

grounds and criteria: if they were classified as ASA1, ASA2 and ASA3, according to the 

American Society of Anesthesiology (ASA) classifications. Patients with uncontrolled or 

severe periodontitis were excluded, as well as pregnant patients. 

Patient records. 

We retrospectively reviewed the following parameters from the patients: (X1) sex; (X2) 

age; (X3) maxillar/mandibular location; (X4) immediate/delayed implantation; (X5) 

presence or absence of bone grafting; (X6) implant diameter; (X7) implant length; (X8) 

I/II-stage healing pattern; (X9) insertion torque; (X10) bone type; and (X11) T1-T2 time 

interval. The II-stage healing method was used only if the insertion torque was <20Ncm 

or the ISQ value <65. According to the classification of Lekholm & Zarb [9], the bone 

type of the implantation sites were categorized into type I, II, III and IV. 

The ISQ values were measured with Osstell™ Mentor (Integration Diagnostic Ltd., 

Goteborg, Sweden) from the mesial, distal, lingual and buccal sites of each implant at 

both T1 (measured immediately at the time of implant placement) and T2 (measured 

before dental restoration). The mean ISQ values from the four sites were used for 

statistical analysis.  

Statistical analysis 

We performed multivariate linear regression analyses to determine the weight 

coefficients of the 11 candidate factors at both T1 and T2 time points. All the statistical 

analyses were performed using SPSS® 21.0 software (SPSS, Chicago, IL, USA). The 
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performed an unpaired t test to compare the results with the model we established. The 

following influencing factors were transformed into numerical values as follows: (X1) 

male=1, female=2; (X3) maxillary=1, mandible=2; (X4) immediate=1, delayed=2; (X5) 

bone grafting: no=1, yes=2, (X8) I-stage=2, II-stage=1. Dummy variables were used for 

bone types (X10): type 1=100, type 2=010, type 3=001, type 4=000.  

Results 

The descriptive characteristics of all the patients and implants are listed in Table 1. At T1 

(immediately after implantation), the need of bone grafting (X5) was found to 

significantly influence ISQ values in all three groups with their unstandardized 

coefficients ranging from -4 to -5 (Table 2). Unpaired t test showed that X5 was indeed a 

significant influencing factor for all the three groups and its influence (from -5.5 to -7.1) 

was larger than the range estimated by our model (Figure 1). In contrast, X7 (Implant 

length) showed no significantly influence on ISQ value at either T1 or T2. At T2, X6 

(Implant diameter) was found to consistently influence ISQ values in all three groups, 

with their coefficients ranging from -3.4 to -4.2 (Table 3). In contrast to this, sex (X1), 

age (X2), I/IIstage implantation (X8) and bone type (X10) showed no significant 

influence on ISQ values at T2 (Table 3).  
 

Characteristics 
and Factors (X) 
 

Category Group 1 
Dentist 
no. 1 
SICace 

Group 2 
Dentist 
no. 2 
SICace 

Group 3 
Dentist 
no. 2 
Osstem 

 Number of patients  177 81 78 
      

 Number of implants  329 113 115 
      
X1 
 

Sex  
 

Male 103 36 33 
Female 74 45 45 

      
X2 
 

Age (years) 
 

19-30 18 15 12 
31-40 65 24 16 
41-50 70 25 27 
51-60 86 35 32 
61-70 50 13 23 
71-80 25 1 5 
81-100 5 0 0 
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Missing 
data 10 0 0 

      
X3 
 

Maxillary/mandi
ble location 
 

Maxilla 112 40 55 
Mandibula
r 217 73 60 

      
X4 
 

Immediate/delay
ed implantation 
 

Immediate 103 44 25 

Delayed 226 69 90 
      
X5 
 

The need of  
bone graft 
 

Yes 27 24 36 

No 302 89 79 
      
X6 Implant 

diameter(mm) 
3.5 30 18 0 
3.7 0 0 19 
4 203 89 0 
4.2 0 0 27 
4.5 58 0 59 
5 38 6 10 

      
X7 
 

Implant 
length(mm) 
 

7.5 6 6 0 
8.5 0 0 22 
9.5 120 52 0 
10 0 0 56 
11.5 103 34 18 
13 95 20 19 
14.5 5 1 0 

      
X8 
 

I/II-stage  
healing pattern 
 

I-stage 105 89 73 

II-stage 224 24 42 

      
X9 
 

Insertion torque 
(Ncm) 

10-20 38 17 22 
21-30 99 38 26 
31-40 52 42 60 
41-50 118 14 7 
51-60 7 2 0 
Missing 
data 15 0 0 

      
X10 Bone type 1 95 21 13 
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Table 1 Descriptive characteristics of patients and implants 

 

Constant and 
Influencing 
factors (X) 

Unstand. Coef. β±SE 

Group 1 
Dentist 
no. 1 
SICace 

Group 2 
Dentist 
no. 2 
SICace 

Group 3 
Dentist 
no. 2 
Osstem 

Constant 57.263±4.226*** 57.444±4.470*** 62.730±3.556*** 

X1 1.317±.622* ─ ─ 

X2 ─ 0.143±0.051** ─ 

X3 1.471±.652* ─ ─ 

X4 1.836±.664** ─ ─ 

X5 -4.990±1.135*** -4.006±1.638* -4.117±1.255*** 

X6 1.669±.754* ─ ─ 

X7 ─ ─ ─ 

X8 2.961±.657*** ─ 4.948±1.234*** 

  2 51 69 67 
3 62 15 17 
4 83 8 18 
Missing 
data 38 0 0 

      
X11 
 

T1-T2 time  
interval (months) 
 

1.5 21 2 1 
2 30 2 0 
2.5 37 0 0 
3 25 0 0 
3.5 47 0 0 
4 30 51 66 
5 31 30 16 
6-9 81 28 32 
Missing 
data 27 0 0 
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X9 0.131±.025*** ─ 0.277±0.069*** 

X10(1, 2, 3) ─ 7.590±3.119* ─ 

 

Table 2 Multivariate linear regression analysis to analyze the weight coefficients of each influencing factor for 

the values of Implant Stability Quotients (ISQ) that were measured immediately after implantation T1. Unstand. 

Coef.: Unstandardized Coefficients. (X1): Sex; (X2): Age; (X3): Maxillary/mandibular location; (X4): 

Immediate/delayed implantation; (X5): the need of Bone grafting; (X6): Implant diameter; (X7): Implant 

length; (X8): I/II stage implantation; (X9): Insertion torque; (X10) bone type; (X11): T1-T2 time interval. 

Double underlines indicated the significant general influencing factors. Dotted underlines indicated the 

insignificant general influencing factors.   *: 0.01<P≤0.05, **: 0.001<P≤0.01, ***: P≤0.001. 

 

 
 
Figure 1. Data of Unpaired t tests to analyze the influence of bone grafting on the values of Implant Stability 

Quotients (ISQ) that were measured immediately after implantation. n: implant numbers. Data were presented 

as Mean with Min and Max. 

Constant and 
Influencing 
factors (X) 

Unstand. Coef. β±SE 

Group 1 
Dentist 
no. 1 
SICace 

Group 2 
Dentist 
no. 2 
SICace 

Group 3 
Dentist 
no. 2 
Osstem 

Constant 56.988±3.043*** 73.198±7.275*** 50.608±4.765*** 

X1 ─ ─ ─ 

X2 ─ ─ ─ 
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X3 ─ ─ 2.646±0.752*** 

X4 ─ ─ 4.628±1.002*** 

X5 ─ -2.665±1.111* ─ 

X6 4.080±0.698*** 3.454±1.222** 4.197±1.194*** 

X7 ─ ─ ─ 

X8 ─ ─ ─ 

X9 0.048±0.698* ─ ─ 

X10 ─ ─ ─ 

X11 0.014±0.005** ─ ─ 

 
Table 3 Multivariate linear regression analysis to analyze the weight coefficient of each influencing factor for 

the values of Implant Stability Quotient (ISQ) that were measured right before loading T2. Unstand. Coef.: 

Unstandardized Coefficients. (X1): Sex; (X2): Age; (X3): Maxillary/mandibular location; (X4): 

Immediate/delayed implantation; (X5): the need of Bone grafting; (X6): Implant diameter; (X7): Implant 

length; (X8): I/II stage implantation; (X9): Insertion torque; (X10) bone type; (X11): T1-T2 time interval. 

Double underlines indicated the significant general influencing factors. Dotted underlines indicated the 

insignificant general influencing factors. *: 0.01<P≤0.05, **: 0.001<P≤0.01, ***: P≤0.001. 

 
Discussion 

In clinical practice ISQ values are frequently used and are of high importance to estimate 

the stability of implants and to assess their prognosis. A more precise prediction of ISQ 

values will support surgeons to take appropriate measures at earlier time points during 

the implant healing course and thus to reduce the risk of failures. However, most of the 

analyses done nowadays only provide a course qualitative evaluation of the significance 

and role of one and/or several influencing factors. There is still a shortage of useful and 

practical methodologies to more precisely and mathematically more accurate predict the 

ISQ values of implants. In our recent study, we formulated a mathematical model to 

estimate the weight coefficients of candidate factors for a more precise assessment of 

both the primary and the secondary implant stabilities [6]. The primary goal of this 

model is to provide a practical tool for surgeons to predict the ISQ values of the implants 

of their patients in order to early-on plan appropriate corrective therapeutic measures. 
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Consequently, such a model may be personalized to the surgeon and his/her methods and 

also specific to implant-types. An obvious question thus rises whether we can use such a 

model to analyze the general influencing factors for (future) ISQ values. With this 

incentive in mind, we created the current model to analyze the data of one type implants 

from two different surgeons and also the data of two types of implant systems (from the 

same surgeon) in this study. We found that the need of bone grafting (X5) and implant 

diameter (X6) were the general most significant influencing factors, irrespective of the 

surgeon or the implant type for future ISQ values at T1 and T2, respectively.  

At T1, the need of bone grafting (X5) was found to be the only significant general 

influencing factor (Table 2). We attributed this finding to the fact that the bone coverage 

of the implants would be significantly smaller if bone grafting was needed. Interestingly, 

the weight coefficients of the three groups were ranging from -4 to -5, which were quite 

close to each other. This finding implies that the surgeon may conclude that if the patient 

had a bone grafting then ISQ values smaller than 4 to 5 will result. And this is precisely 

the clinical significance of our study that aims to provide a practical and calculable 

method to predict ISQ values. If we had used a conventional method with unpaired t 

tests to evaluate the influence of X5 on ISQ values, we could still find a significant 

difference between the groups with and without bone grafting (Figure 1). However, 

difference values then range from -5.5 to -7.1, which is much larger than those obtained 

in our model. This difference might be attributed to the fact that the influences of other 

factors were not considered in the conventional method and thus remained unbalanced. 

At T2, this factor became even less pronounced or even non-significant in influencing 

ISQ values (Table 2), which had made it a generally non-significant influencing factor.  

Several in-vitro studies previously demonstrated that longer implants are associated 

with significantly higher ISQ values than shorter ones [10, 11]. However, these findings 

were not confirmed by clinical studies; in contrary, these showed that implant length 

does not significantly influence primary stability results [12]. In consistence with these 

clinical findings, our data showed that implant length (X7) is unable to significantly 

influence ISQ values (in all the three groups) at either T1 or T2 time points. This finding 

thus suggests that attempts to increase primary and secondary stability by using longer 

implants in clinical practice do not have a solid scientific base.  

The diameter of implants is another implant design-related factor that might 
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analyses done nowadays only provide a course qualitative evaluation of the significance 
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ISQ values of implants. In our recent study, we formulated a mathematical model to 

estimate the weight coefficients of candidate factors for a more precise assessment of 

both the primary and the secondary implant stabilities [6]. The primary goal of this 

model is to provide a practical tool for surgeons to predict the ISQ values of the implants 

of their patients in order to early-on plan appropriate corrective therapeutic measures. 

Chapter 3 

55 

3 

Consequently, such a model may be personalized to the surgeon and his/her methods and 

also specific to implant-types. An obvious question thus rises whether we can use such a 

model to analyze the general influencing factors for (future) ISQ values. With this 
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difference values then range from -5.5 to -7.1, which is much larger than those obtained 

in our model. This difference might be attributed to the fact that the influences of other 

factors were not considered in the conventional method and thus remained unbalanced. 

At T2, this factor became even less pronounced or even non-significant in influencing 

ISQ values (Table 2), which had made it a generally non-significant influencing factor.  

Several in-vitro studies previously demonstrated that longer implants are associated 

with significantly higher ISQ values than shorter ones [10, 11]. However, these findings 

were not confirmed by clinical studies; in contrary, these showed that implant length 

does not significantly influence primary stability results [12]. In consistence with these 

clinical findings, our data showed that implant length (X7) is unable to significantly 

influence ISQ values (in all the three groups) at either T1 or T2 time points. This finding 

thus suggests that attempts to increase primary and secondary stability by using longer 

implants in clinical practice do not have a solid scientific base.  

The diameter of implants is another implant design-related factor that might 
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influence implant stabilities. In a recent in-vitro biomechanical study using insertion 

torque as a parameter, wider implants were found to be associated with significantly 

higher insertion torques in hard bone than narrower implants [13]. However, such 

differences were not significant for primary stability values since indeed no significant 

differences were found respecting ISQ values. These phenomena might be attributed to a 

much smaller correlation between micromotion and insertion torque values than those 

obtained with ISQ measurements [14]. In fact, in a small-scale prospective clinical trial, 

Lang and his colleagues showed that ISQ values did not correlate with implant diameter 

values over a 12-week post-operative monitoring time period [15]. On the other hand, 

several studies also showed that implant diameters could significantly influence ISQ 

values [16, 17]. In our current study, we found that the implant diameter was a general 

significant influencing factor; however, not at T1 but at T2. And this finding is consistent 

with our previous report where the influence of implant diameter on ISQ values was 

found to be much larger at T2 than at T1. Interestingly, the coefficients were 

4.080±0.698, 3.454±1.222 and 4.197±1.194 for the three groups of implants, 

respectively, which were indeed quite similar to each other. This finding suggested that 

we might be able to even quantitatively predict ISQs at T2: the 1.5-mm-diameter 

difference between the 3.5-mm and 5-mm implants could be transformed into a 

difference of 5.175 to 6.296 (calculated by multiplying 1.5 by 3.454 and 4.197) in ISQ 

values.  

In addition to these significant general influencing factors, we also found several 

general insignificant influencing factors at T2, such as sex (X1), age (X2), I/II stage 

implantation (X8) and bone type (X10). In previous reports, the influence of sex on 

implant stability was found to be variable and inconsistent. Males were shown to have 

either significantly higher [18], or significantly lower [19] or similar [20] ISQ values in 

comparison with females. In our study, the sex showed no significant influence 2 of the 3 

groups at T1 and in all the 3 groups no influence at T2, which suggests the minimal 

importance of sex in predicting ISQ values. The influence of age as a general factor 

showed a similar pattern.  

Bone type was previously found not to be a significant influencing factor on 

implant stability [12], and the baseline microstructural bone characteristics that were 

assessed by histomorphometric and microtomographic analyses neither showed a 
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significant influence on implant stability [21]. In our study, bone type was only 

important in one group at T1, which showed a rather high weight coefficient of 

7.590±3.119. It remained unclear whether this result could be attributed to the relatively 

low number of type-4 bone cases in this group. The availability of a larger sample size 

might provide additional data for clarification of this aspect. Factor X8 ─ I/II stage 

implantation (X8) ─ was found to significantly influence ISQ values at T1 in two groups 

(of our 3 groups) with high weight coefficients (2.961±.657 and 4.948±1.234). In 

addition, these influences showed either a surgeon-specific or an implant type-dependent 

characteristic. And such influences were found to be absent at T2. On the other hand, we 

identified also a previous study in which a I/II-stage implantation didn’t result in 

different degrees of osseointegration [22]. Further investigations should be done to 

clarify the influencing pattern of I/II-stage implantation when surgeons wish to get 

predictive information respecting ISQ values. 

Another interesting coincidence occurred to the factor maxillary/mandibular 

location (X3) and the factor immediate/delayed implantation (X4). Both of these 

revealed significant influences for SICace implants from surgeon no. 1 at T1 and for 

Osstem implants from surgeon no. 2 at T2. And the influences were moderate at T1 and 

robust at T2, which were clearly not negligible. However, within the limits of this study, 

we were unable to correlate these findings to a rational pattern. 

A clear limitation of this study was the limitations in the set-up of the groups. For 

either the same surgeon or the same implant system, we only had two groups. 

Furthermore, the numbers of implants were not completely comparable in the three 

groups, which might influence the power of the statistical analysis. Careful interpretation 

is thus needed if extrapolations, based on the current data, are planned to estimate ISQ 

values for other implant types. But with the encouragement of the current study, we 

would like to attract the attention of surgeons to undertake multivariate linear regression 

analyses and establish their own equations. With a growing accumulation of such 

equations, we will be able to establish more precise evidence-based models to predict 

ISQ values in clinical practice.  
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ABSTRACT 
Objective:  

Resonance frequency analysis (RFA) has become one of the most widely used 

techniques to assess implant stability in clinical practice. However, ISQ values are under 

the influence of a large number of clinical and biological factors, and clinical 

interpretation of data often remains unclear. It is the goal of this article to review all 

factors of potential influence on ISQ measurements and provide a referenced overview 

of these for the practising clinician. 

Materials and methods:  

We searched Pubmed for “resonance frequency analysis” and a number of associated 

factors such as implant stability quotient, insertion torque, bone quality, etc in order to 

identify all possible factors that have been identified previously to directly or indirectly 

influencing ISQ.  

Results:  

A complete list of potential factors that influence ISQ values, including direction of 

measurement, gender, implant location, immediate/delayed implantation, implant 

diameter, implant length, insertion torque, bone quality (bone type, bone graft, cortical 

bone thickness, bone to implant contact, bone vascularity), T1-T2 time interval, I/II stage 

implantation, implant number and surgical technique is provided, together with their 

references. Studies encountered generally used a few arbitrarily chosen factors to be 

investigated, were largely incomplete and lacked appropriate controls. 

Conclusions:  

The results revealed quite an extensive list of factors potentially influencing ISQ 

measurement data. However, additional comparative data and strict systematic reviews 

are needed to provide the clinician with useful practical criteria for ISQ data 

interpretation. Regrettably, insufficient numbers of studies and of systematic reviews are 

presently available to provide such desired information. 
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Introduction 

In the past decades, dental implantology has become one of the most widely used 

treatment options to treat (partially or completely) edentulous patients. Without the risk 

of damaging natural teeth, dental implants serve as artificial roots in jaw bones, thereby 

mechanically supporting various fixed and removable (partial) dent. Consequently, their 

well-established mechanical stability forms the biological basis for their successful use 

in daily life. Immediately after implantation, a sufficient primary stability must be 

achieved by the mechanical retention of the implant into the surrounding bone, which 

provides an indispensable mechanical microenvironment for the gradual establishment 

of bone healing, also known as osseointegration. The primary stability plays a dominant 

role for implant stability during the first week after implantation, and thereafter 

decreases significantly to minimal levels at about 2 weeks [1] [2] postoperatively. 

Whereas the primary stability of implant-to-bone contact sites are established by 

appropriate surgical anchoring techniques of the implants [3], the secondary stability is 

based on a biological process - called osseointegration - during which a new and 

structurally physiological contact between the implant surfaces and the neoformed 

surrounding bone tissues is formed [4] by inherent osteogenic activities. The degree of 

secondary stability then increases continuously, and more rapidly increases about 2.5 

weeks after implantation to achieve a plateau level at about 5 or 6 weeks after 

implantation. The whole transition process from the initially dominating primary 

stability phase to the finally dominating secondary stability phase lasts roughly 5-8 

weeks [1].  

In clinical practice, implant stability measurements (ISQ) are used as a an indirect 

indicator to determine the time frame for practical implant loading and as a prognostic 

indicator for possible implants failure [5]. Given the high clinical significance of 

quantitative implant stability estimations, a number of methods, such as the Periotest 

assay and resonance frequency analysis (RFA), have been developed to estimate 

quantitatively this parameter. 

In recent years, RFA has become one of the most widely used techniques to assess 

implant stability in clinical practice [6]. RFA is performed by measuring the response of 

an implant-attached piezo-ceramic element to a vibration stimulus consisting of small 

sinusoidal signals in the range of 5 to 15 kHz, in steps of 25 Hz on the other element. 
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measurement data. However, additional comparative data and strict systematic reviews 

are needed to provide the clinician with useful practical criteria for ISQ data 

interpretation. Regrettably, insufficient numbers of studies and of systematic reviews are 

presently available to provide such desired information. 
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Introduction 

In the past decades, dental implantology has become one of the most widely used 

treatment options to treat (partially or completely) edentulous patients. Without the risk 

of damaging natural teeth, dental implants serve as artificial roots in jaw bones, thereby 

mechanically supporting various fixed and removable (partial) dent. Consequently, their 

well-established mechanical stability forms the biological basis for their successful use 

in daily life. Immediately after implantation, a sufficient primary stability must be 

achieved by the mechanical retention of the implant into the surrounding bone, which 

provides an indispensable mechanical microenvironment for the gradual establishment 

of bone healing, also known as osseointegration. The primary stability plays a dominant 

role for implant stability during the first week after implantation, and thereafter 

decreases significantly to minimal levels at about 2 weeks [1] [2] postoperatively. 

Whereas the primary stability of implant-to-bone contact sites are established by 

appropriate surgical anchoring techniques of the implants [3], the secondary stability is 

based on a biological process - called osseointegration - during which a new and 

structurally physiological contact between the implant surfaces and the neoformed 

surrounding bone tissues is formed [4] by inherent osteogenic activities. The degree of 

secondary stability then increases continuously, and more rapidly increases about 2.5 

weeks after implantation to achieve a plateau level at about 5 or 6 weeks after 

implantation. The whole transition process from the initially dominating primary 

stability phase to the finally dominating secondary stability phase lasts roughly 5-8 

weeks [1].  

In clinical practice, implant stability measurements (ISQ) are used as a an indirect 

indicator to determine the time frame for practical implant loading and as a prognostic 

indicator for possible implants failure [5]. Given the high clinical significance of 

quantitative implant stability estimations, a number of methods, such as the Periotest 

assay and resonance frequency analysis (RFA), have been developed to estimate 

quantitatively this parameter. 

In recent years, RFA has become one of the most widely used techniques to assess 

implant stability in clinical practice [6]. RFA is performed by measuring the response of 

an implant-attached piezo-ceramic element to a vibration stimulus consisting of small 

sinusoidal signals in the range of 5 to 15 kHz, in steps of 25 Hz on the other element. 
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The peak amplitude of the response is then encoded into a parameter called the implant 

stability quotient (ISQ) that ranges from 0 to 100 [7]. The ISQ value reflects positively 

the general mechanical stability of an implant. And a more detailed analysis of recorded 

ISQ values of a patient is of significant help for the surgeon to estimate the practical 

loading scheme for an individual patient and to assess, on a quantitative scale, the 

long-term survival probability of dental implants [6].  

ISQ values are, however, under the influence of a large number of clinical and 

biological factors, and it is the goal of this review article to provide a systematic 

overview on the factors that have been reported to influence ISQ values, and on their 

clinical-practical significance. It was previously established that among the various 

reported ISQ-influencing factors it is only the age of the patient [8,9] that was later on 

identified as factor not to have an influence on ISQ values. In this article, the possible 

potential factors have influence on ISQ values will be reviewed. 

1. Direction of measurement 

Respecting the topographical directions of measurements in patients, three publications 

so far revealed that the measurements from different directions do not lead to significant 

differences in the ISQ measurement results [10-12]. However, they suggest that if two 

different topographical directions were to be used this may allow clinicians to detect 

different patterns of ISQ changes that would otherwise not be identified if only one 

direction of measurement was applied.  

However, in two in-vitro studies [13,14] it was found that the measurement 

direction appears to have indeed an influence on the ISQ measurement results, however 

only under very specific conditions that are provided by the defect characteristics. The 

defined six different defect models were these: a 3-wall-2.5 mm one, a 3-wall-5 mm one, 

a 1-wall-2.5 mm model, 1-wall-5 mm model, a circumferential -2.5 mm one and a 

circumferential 5 mm defect model in an adult bovine rib bone. A possible explanation 

for this finding is that the topographical directions of measurement may have an 

influence on ISQ measurement result provided that extreme types of bone defects are 

established that, however, clinically are very rarely seen (if at all).  

2. Gender  

In previous publications it was reported that the influence of sex on implant stability 

(and thus ISQ measurements) was variable and inconsistent. Males were found to have 
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either significantly higher [8,11,15-19], or significantly lower [9,20] ISQ values in 

comparison with females, or yield similar results [21,22]. For example, Gule et al [23] 

showed that the gender-parameter indeed is able to influence the ISQ values significantly, 

but only if a second measurement was performed This inconsistency may be due to a 

large variation of the experimental conditions established, such as the choice of the 

measurement time point, the specific implant locations or the inclusion of different types 

of populations/ethnics that may have played a role in leading to such conflicting findings 

with respect to the relationship between gender and ISQ values. 

3. Implant Location 

Implant location in the dental area is considered to be a potential factor able to influence 

the ISQ values. However, in several studies the locations used for measurements were 

defined differently by different authors: anterior or posterior [15,23] and mandibular or 

maxillary [16,17,21,24-27] locations were used using different definitions. In relation to 

location within the dental arch, statistical analyses indicated higher ISQ values for 

anterior implants than for posterior fixtures [9]. However, in other studies no significant 

differences were found among ISQ values placed either in the anterior mandible, the 

posterior mandible, or the anterior maxilla [15,23]. It was also reported that the ISQ 

values of implants are generally higher in the mandible (59.8) compared to those placed 

in the maxilla (55.0). An interesting aspect of this finding is that it seems to be dependent 

on the shape of implants since when implants of a cylindrical form were used then no 

significant differences [28] among ISQ data were found , independent of implant shape 

and of location in the jaw. However, in most publications it is reported that ISQ values of 

implants placed in the mandibular region are significantly higher than those placed in the 

maxillary regions [16,17,21,24-27]. And this was also the case if implants of an 

ultrawide shape were used [29]. In addition a recent study of our own group [11] 

revealed that the maxillary/mandible location clearly has a significant impact on ISQ 

data at T1, but not at T2. 

4. Immediate versus delayed implantation 

The immediate implantation surgical protocol is able to significantly shorten 

clinical treatment time, and is thus becoming more and more popular. On the basis of 

this trend the immediate implantation technique has been extensively evaluated during 

the last two decades, under the precondition that favorable clinical conditions were 
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present in the patients [30,31], and patients not fulfilling these were excluded; and 

various authors reported then clinical success rates ranging from 92.7% to 98% [32,33].  

However, in one long-term follow-up study [34], no significant differences were 

reported of the success rates, and also the aesthetic outcomes were comparable when 

immediately- and delayed-placed implants were compared. But even though this study 

was prospective in nature, protocols did not entirely fulfill all the required prerequisites 

for such epidemiological analyses; moreover they were not multicentral in nature either. 

Given this background it is of great interest to realize that immediate/delayed 

implantation can indeed result in significantly different ISQ values when comparing 

different maxillary locations [35]. Gehrke et al. showed that delayed-placed implants 

were not associated with significantly higher ISQ values than immediately placed 

implants [7]. The same results were revealed in a recent study from our group [11]. 

 Malchiodi et al [36] found that immediate implant combined with delayed implant 

placement seems to be associated with similar ISQ values at the times of insertion, and 

also when loading begins(more than 3 months); this implies that secondary stability 

rapidly catches up, i.e. to ISQ values of similar magnitude as when obtained during the 

primary stability time phase. 

5. Implant diameter  

Diameter and length of implants were identified as other factors that can be of 

influence on implant ISQ results. In a small-scale prospective clinical trial, Lang and his 

colleagues [37] showed that ISQ values did not correlate with implant diameter values 

when measured over a 12-week post-operative monitoring time period. However, a 

number of other studies showed that implant diameters could indeed significantly 

influence ISQ values; more specifically it was found that if the implant diameter 

increased, then the ISQ values obtained also increased [16,17,24,38-42]. 

Interestingly other studies on this topic revealed conflicting data: for the final 

measurement (8th or 12th week) there were no significant differences of ISQ data found 

between 4.8mm diameter implants and those of 4.1 mm; however the ISQ data obtained 

for these two groups were significantly higher than those for a 3.3 mm diameter group (p 

<.05) [23]. Interestingly no statistical differences between ISQ measuring results at 

primary and secondary implant stability time points, measured by RFA for 3.75 mm 

diameter groups and 4.25 mm diameter implants of conventional shapes were found. 

Chapter 4 

67 

4 

[43]. We are thus confronted with a number of studies providing conflicting results 

respecting ISQ measuring data and implant diameter, and no clear correlations could be 

identified. Furthermore, the studies of Alsabeeha et al H [22], Akkocaoglu et al [44] and 

Ohta et al [12] showed specifically that no clear correlation is identifiable between ISQ 

values and implant diameter. 

6. Implant length 

Various clinical studies reported that implant length does not significantly influence 

primary stability of dental implants (as for example for 8 mm,10 mm,12 mm and 14 mm 

long implants [23] , for 10 mm and 11.5 mm lengths [40] and for 7.5 mm, 9.5 mm,11.5 

mm,13 mm and 14.5 mm lengths [11] ).  

In contrast to these clinical data, several in-vitro studies reported that longer 

implants are generally associated with significantly higher ISQ values than shorter ones 

[41,45]. In some recent publications it was, however, found that this correlative 

relationship of implant lengths and ISQ values is not of a general validity, but is 

restricted in correlation to implants of specific diameter groups such as those of 

diameters of 3.8 mm [46]. Bataineh et al [47] showed that such a significant correlation 

is ony present if an implant length of 15 mm is used. Two clinical studies ([28,39]) 

reported that an implant length-correlation to ISQ values could be only be found in 

implants placed in a maxillary location, but not in mandible. Moreover, the maximum 

implant length that Lozano-Carrascal et al [6] used in their study was only 17 mm which 

indeed is not commonly used in clinical practice. Only one clinical study was found in 

the literature in which ISQ values were reported  to correlate with the length of 

implants used ( and these related to implants of  8 mm, 9.5 mm,11 mm,13 mm,15 mm 

and 18 mm in length [48]). 

It thus appears from the presently available literature, that longer fixture length can 

be a factor that is able to influence the implant stability, but only in case of very 

particular clinical and geometrical implant situations. 

7. Insertion torque 

A large number of publications deal with the possible correlation between the insertion 

torque (IT) and ISQ value. IT measurements had been introduced into oral implantology 

in the early days in in order to provide the clinician with a tool to quantify the degree of 

primary stability of the implant, and in order to place the surgical technique on a 
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quantitative footing. The basis for this conflicting data information (as Fig 1 showed) 

may originate from a much smaller correlation (than generally assumed) between 

micromotion and insertion torque values than those obtained with ISQ values [49]. And 

indeed in some studies a very weak correlation was found between IT values and ISQ 

values at the time of implant placement [48,50-52]. On the other hand, in several studies 

a strong correlation between IT values and ISQ values were described [12,16,27,36,53]. 

Given this conflicting data situation the clinical usefulness of ISQ measurements as a 

substitute parameter for IT measurements remains questionable, and data need to be 

interpreted with great caution. 

8. Macro- and micro-design of the dental implant 

The design of an implant is one of the most fundamental parameter to influence implant 

primary and secondary stability [54]. In general, the design features consist of two major 

categories: 1) the macro-design, such as the thread design and the body shape [16]; 2) 

the micro-design, such as the implant surface topography [54]. 

Respecting primary implant stability values relating to macro-design, it was reported 

that under experimental conditions in dense bone blocks, 

wider diameter implants(4.1mm) are more stable than narrower implants(3.7mm); and in 

soft bone blocks, the tapered TSV implants were found to be more stable than TM 

implants [55]. 

Gehrke et al [54] recently indicated that conical implants with a wide pitch(1mm) 

are associated with significantly greater primary stability values than semiconical 

implants with narrow pitch(0.5mm) bores.  

Akkocaoglu et al M [44] compared the ITI® TE® solid implant with a 

macro-designed (increased diameter at the collar region, coupled with more threads) 

with the solid screw implant from ITI® synOcta® - The ITI implant revealed higher ISQ 

values; it thus was concluded that the macro-design has also an influence on the ISQ 

values.  

Another study with implants of a reverse-tapered design and of narrow-diameters 

showed lower initial stabilities than the conventionally tapered implants [56] . On the 

basis of ISQ measurements, it was concluded that the design of the apical area of the 

implant influences the implant stability [57], and this is supported by corresponding ISQ 

data.  
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Respecting straight and tapered implants, significant correlations and linear 

relationships were found between ISQ data for both groups. In the publication of 

Howashi et al [58] , ISQ SLAactive implants (60.42 ± 6.82) showed significantly higher 

ISQ values than SLA implants [59], the difference between the two implants being only 

the implant surface design, i.e. chemical modification of the implant surface to induce 

different microtopographies on a micro- and nano level [60]. 

Respecting the influence of implant design on ISQ measurement data only one 

publication was found in which the design factor did not have a significant influence on 

the implant stability quotient [61]. In this study, a comparison was made between 

an implant body design without self-tapping blades with an implant type with 

self-tapping blades. It remains unclear, however, what the basis of the absence of a 

difference of ISQ values was. 

Respecting the role of the micro-design factor in influencing ISQ 

measurements, Guler et al [23] pointed out that when comparing sandblasted, large-grit, 

acid-etched (SLA) and SLActive surface implants, there were no significant differences 

detected for insertion ISQ-measurements. However second measurements at the   4th 

week, showed that SLActive implants revealed significantly higher ISQ values than SLA 

implants did. As for the final measurement (8th week), there was no significant difference 

detectable between the two implant types [23]. Thus, only a short temporary difference 

was found during the healing phase of the implant. However, implant stabilization data 

(ISQ values) were similar at all time points measured for the conventional SLA and the 

chemically modified SLAcive implants in type 2 diabetic patients with a relatively poor 

glycemic control [62], implying that under disease conditions such minor differences in 

just the surface chemistry, but not the micro topography of the surface, are measurably 

not effective. 

In another study , in which the same two implant groups (SLA vs. SLActive) were 

compared with each other, researchers found no differences respecting the ISQ values, at 

any point in time during the postsurgical healing phases in patients who were not 

suffering from any disease [37]. Similarly it was found that dioxide grit-blasted dental 

implants ,with and without chemical fluoride implant surface modification, did not 

reveal any differences in ISQ values at any point in time [63]: neither did the 

fluoride-surface treated implants exhibit differences in RFA values when compared 
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with grit-blasted ones [64], even though such chemical implant surface modifications 

had been found to positively promote the biological process of osseointegration and to 

shorten the healing time [65]. In another example, a thin molecular implant coating by 

bisphosphonate-containing fibrinogen was found to be able to improve and accelerate 

osseointegration of metal implants in human bone [66], no differences of ISQ data ware 

measurable compared to the control groups. In addition in such surface-modifed 

construct no observable differences in RFA values were found when using the Nobel 

ActiveTM implant system as a implant in comparison with appropriate control implants 

[67]. Thus on a level of surface modifications of chemical and/or biological nature, and 

in addition to the presently used microtopographically modified surface geometries, the 

limits of the ISQ measurement sensitivities may be reached when dealing with smaller 

extents of differences in the degrees of osseointegration and mechanical stabilities. It 

appears, thus, that strongly bioactive surface modifications need to be operative locally 

such as, for example, with strongly osteogenic agents (like experimentally investigated 

by Hunziker et al [68]),  that are able to induce significant additional gains over 

conventional surface-modifications, in order to achieve clearly more rapid and more 

extensive osseointegration of implants, and in particular also in patients with diseases 

such as diabetes, osteoporosis, local osteopenia, etc. 

 Another example of design-based improvement of implant healing is that for 

implants with a built-in `platform switch` and a conical connection with a back-tapered 

collar design. These implants clearly achieved higher primary stability ISQ values at 

insertion time [69] and thus represent very promising novel design changes forming a 

basis for future design-based further developments.  

    In a recent systematic review it was concluded [70] that rough-surface modified 

implants are associated with significantly higher success rates than dental implants with 

smooth surfaces; however, a mechanistic relationship between implant surface roughness 

(microdesign) and degree of primary stability could not be established. 

9. Implant site: bone quality 

A number of publications report on a possible relationship between bone quality at the 

implant site and implant stability/ISQ values. However, in the various studies relating to 

this topic different parameters were used to quantify and describe this aspect, for which 

reason a basis of comparison is hard to identify. In this article we review this topic in a 
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structured way taking into account the local bone type, the use of bone graft, the cortical 

bone thickness, the bone to implant contact (BIC) area and the bone vascularity. 

9.1. Bone type 

The local bone type was not found in previous reports to be a parameter of 

significant influence on either T1 or T2 data acquisition in our own recent study [11]. 

Furthermore, using a similar classification method, Zarb&Lekholm reported also that the 

bone type was found not to be a significant influencing parameter either [28]. The 

authors point out that the ISQ value was only weakly associated with the bone type if 

assessed by stereomicroscopy or micro-CT in the maxilla. Caution is thus necessary 

when interpreting data if RFA is used as a tool to evaluate bone quality at 

the implant site, especially in the mandible [71]. Moreover, in another study, it was 

concluded that host-site variables such as age, gender, bone volume, and bone quality 

were reported not to influence the primary stability values obtained by ISQ 

measurements of implants [22]. 

In contrast to these findings, there are several studies that disagree with these 

conclusions. They found that bone density assessment using CBCT is an efficient 

method and significantly [40,72,73] correlated with implant stability parameters as well 

as with the Lekholm and Zarb index. On this basis it is thus possible to predict prior 

to implant placement an expected initial implant stability to be obtained, providing 

clinicians with a tool for the quantitative assessment of the expected values for 

immediate or early loading of implants using CBCT scans, [74]. Directly after placement, 

at weeks 4 and 12 of the postoperative healing phase, significant differences were found 

between two groups of patients with either type 2 or with type 4 bone at the implantation 

site [75]. In addition a significant difference was also reported in the ISQ values of three 

implants in bone types III and IV (Barewal et al [76] and [74], and it was found that ISQ 

was significantly different at 3 weeks in types 1 and 4 bone, but after 5 weeks, no signal 

differences were encountered any more between the different bone types. On the other 

hand Herekar M et al [77] found that the bone types indeed correlate with 

secondary stability results (4w), but not with those of primary stability.  

There are thus controversial views in the literature concerning this aspect of the 

value of ISQ measurements. A possible reason for this may be that bone type 

classification is very rough and is a subjective method, lacking a clear-cut quantitative 
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structured way taking into account the local bone type, the use of bone graft, the cortical 

bone thickness, the bone to implant contact (BIC) area and the bone vascularity. 

9.1. Bone type 

The local bone type was not found in previous reports to be a parameter of 

significant influence on either T1 or T2 data acquisition in our own recent study [11]. 

Furthermore, using a similar classification method, Zarb&Lekholm reported also that the 

bone type was found not to be a significant influencing parameter either [28]. The 

authors point out that the ISQ value was only weakly associated with the bone type if 

assessed by stereomicroscopy or micro-CT in the maxilla. Caution is thus necessary 

when interpreting data if RFA is used as a tool to evaluate bone quality at 

the implant site, especially in the mandible [71]. Moreover, in another study, it was 

concluded that host-site variables such as age, gender, bone volume, and bone quality 

were reported not to influence the primary stability values obtained by ISQ 

measurements of implants [22]. 

In contrast to these findings, there are several studies that disagree with these 

conclusions. They found that bone density assessment using CBCT is an efficient 

method and significantly [40,72,73] correlated with implant stability parameters as well 

as with the Lekholm and Zarb index. On this basis it is thus possible to predict prior 

to implant placement an expected initial implant stability to be obtained, providing 

clinicians with a tool for the quantitative assessment of the expected values for 

immediate or early loading of implants using CBCT scans, [74]. Directly after placement, 

at weeks 4 and 12 of the postoperative healing phase, significant differences were found 

between two groups of patients with either type 2 or with type 4 bone at the implantation 

site [75]. In addition a significant difference was also reported in the ISQ values of three 

implants in bone types III and IV (Barewal et al [76] and [74], and it was found that ISQ 

was significantly different at 3 weeks in types 1 and 4 bone, but after 5 weeks, no signal 

differences were encountered any more between the different bone types. On the other 

hand Herekar M et al [77] found that the bone types indeed correlate with 

secondary stability results (4w), but not with those of primary stability.  

There are thus controversial views in the literature concerning this aspect of the 

value of ISQ measurements. A possible reason for this may be that bone type 

classification is very rough and is a subjective method, lacking a clear-cut quantitative 
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and reproducible basis, and thus the identification of a specific prevailing bone type in 

studies remains quite variable between different authors [78]. 

9.2. Bone graft  

In our recent investigation [11] we found that bone grafting during the surgery in a 

patient indeed is negatively correlated to ISQ values. However, other publications [79-81] 

showed that no significant differences are found for ISQ values between bone grafted 

and non-bone grafted cases. These results are  similar to those in the study by Yang SM 

et al [82].In this study there was no correlation detectable between marginal bone loss 

and changes of implant stability data. 

Several other studies describe clinical cases with the presence of local bone defects, 

and they found that with the increase of the size of the bone defects, the ISQ 

measurements values decreased [53], and implant stability at the time of placement 

correlated with bone quantity and quality assessments [83]. 

9.3. Cortical bone thickness  

It was recently confirmed [45, 84] in a clinical study that the thickness of the cortical 

bone exhibited a positive correlation with local ISQ values, and loss of cortical bone lead 

to a reduced the stability of implants and resulted in reduced ISQ values [12]. In an in 

vitro study, ISQ values were found to highly correlate with each other respecting 

trabecular bone density and cortical bone thickness, and with changes in their 

densities/thickness (Pearson correlation=0.90, p<0.01) in [85]). The same type of 

correlations were found in the studies of Bayarchimeg D [86], Hsu JT [87], Merheb [88], 

Song [89] and Andres-Garcia R [90], Turkyilmaz I [91]. 

However, a recent 1-year follow-up study with 101 implants [92] lead to the 

conclusion that cortical bone thickness changes over time did not significantly influence 

implant stability values over time when analyzed by CBCT methods. The reasons for 

this discrepancy of data remain unclear.  

In a previous systematic review [94] it was concluded that there exists a positive 

association between implant primary stability degree and bone mineral density at the 

sites. However, the methodological quality and control of bias of the studies needs 

improvement in order to provide convincing evidence. 

9.4. Bone to implant contact (BIC) 

Primary implant stability is related to the degree of mechanical fixation of an 
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implant with the surrounding native bone tissue after implant insertion [47]. Secondary 

stability of implants depends on the formation of new bone tissue in the peri-implant 

space and on the bone remodeling activities at the implant-bone interface, and is under 

influence of the implant surface itself and a number of biological factors such as 

vascularity, local bone density, etc and the wound healing time [94-96]. Some 

researchers hypothesized that the BIC values correlate with the implant stability quotient, 

and they found a positive correlation between them [97]. However the degree of 

osseointegration (BIC) was then found not to correlate with ISQ values, particularly not 

when people measured only the BIC values, i.e. the bone - implant – contact area 

[44,98,99]. BIC indeed is referring only to a relative bone-coverage value of the implant 

surface area, but it ignores the presence and number of anchoring trabeculae that are 

needed to establish the connections and mechanical anchoring of the implant surface 

with the parent bone surface This aspect was recently discussed in more detail by Haegi 

et al [100]. Moreover, BIC measurements are often restricted by authors to analysis of 

just one central histological section, rather than encompassing 360 degrees around the 

implant, and thus are remain non-representative of the spatial degree of osseointegration. 

9.5. Bone vascularity 

Vascularity of bone tissue is an important factor in the process of new bone 

formation and osseointegration. In spite of this importance only one publication was 

found to deal with this parameter [101]. The authors found a 

significant correlation between the mean value of bone vascularity (quantified by Laser 

Doppler Flowmetry) and values obtained by RFA. A positive correlation was indeed 

detected when the degrees of vascularity changed.  

10. T1-T2 time interval 

In a number of publications the time intervals chosen between T1 and T2 were 

arbitrarily, and were often at 6 [102], 12 [103], or 16week [26] intervals when 

monitoring implant stability. Lang et al. [37] recommended to monitor 

implant stability by RFA at earlier time points, i.e. at 3 and 8 weeks post-surgically. In 

our recent retrospective analysis [11], time periods from 4 weeks to more than 9 months 

had been used, and it was found that secondary stability is indeed positively correlated to 

the T1-T2 time interval under these measuring conditions. This result was found to be 

consistent with Fischer’s study [83] in which ISQ measurement data were also found to 
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and reproducible basis, and thus the identification of a specific prevailing bone type in 

studies remains quite variable between different authors [78]. 
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However, a recent 1-year follow-up study with 101 implants [92] lead to the 

conclusion that cortical bone thickness changes over time did not significantly influence 

implant stability values over time when analyzed by CBCT methods. The reasons for 

this discrepancy of data remain unclear.  

In a previous systematic review [94] it was concluded that there exists a positive 

association between implant primary stability degree and bone mineral density at the 

sites. However, the methodological quality and control of bias of the studies needs 

improvement in order to provide convincing evidence. 

9.4. Bone to implant contact (BIC) 

Primary implant stability is related to the degree of mechanical fixation of an 
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implant with the surrounding native bone tissue after implant insertion [47]. Secondary 

stability of implants depends on the formation of new bone tissue in the peri-implant 

space and on the bone remodeling activities at the implant-bone interface, and is under 

influence of the implant surface itself and a number of biological factors such as 

vascularity, local bone density, etc and the wound healing time [94-96]. Some 

researchers hypothesized that the BIC values correlate with the implant stability quotient, 

and they found a positive correlation between them [97]. However the degree of 

osseointegration (BIC) was then found not to correlate with ISQ values, particularly not 

when people measured only the BIC values, i.e. the bone - implant – contact area 

[44,98,99]. BIC indeed is referring only to a relative bone-coverage value of the implant 

surface area, but it ignores the presence and number of anchoring trabeculae that are 

needed to establish the connections and mechanical anchoring of the implant surface 

with the parent bone surface This aspect was recently discussed in more detail by Haegi 

et al [100]. Moreover, BIC measurements are often restricted by authors to analysis of 

just one central histological section, rather than encompassing 360 degrees around the 

implant, and thus are remain non-representative of the spatial degree of osseointegration. 

9.5. Bone vascularity 

Vascularity of bone tissue is an important factor in the process of new bone 

formation and osseointegration. In spite of this importance only one publication was 

found to deal with this parameter [101]. The authors found a 

significant correlation between the mean value of bone vascularity (quantified by Laser 

Doppler Flowmetry) and values obtained by RFA. A positive correlation was indeed 

detected when the degrees of vascularity changed.  

10. T1-T2 time interval 

In a number of publications the time intervals chosen between T1 and T2 were 

arbitrarily, and were often at 6 [102], 12 [103], or 16week [26] intervals when 

monitoring implant stability. Lang et al. [37] recommended to monitor 

implant stability by RFA at earlier time points, i.e. at 3 and 8 weeks post-surgically. In 

our recent retrospective analysis [11], time periods from 4 weeks to more than 9 months 

had been used, and it was found that secondary stability is indeed positively correlated to 

the T1-T2 time interval under these measuring conditions. This result was found to be 

consistent with Fischer’s study [83] in which ISQ measurement data were also found to 
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increase with healing time when measured at 3, 6, and 12 months postoperatively.  

Some surgeons suggest immediate loading after implant insertion , and the 

respective studies showed that [104-108] immediate  loading did indeed not negatively 

affect implant stability, neither marginal bone levels nor the peri-implant health status 

when compared to conventional postoperative loading schemes of single-tooth implants. 

We were able to identify one systematic review and meta-analysis on loading 

protocols for single-implant crowns; it was concluded [109] that immediately and 

conventionally loaded single-implant crowns are equally successful regarding implant 

survival and marginal bone loss. This conclusion is primarily derived from studies 

evaluating implants inserted with a torque ≥ 20 to 45 Ncm or an implant stability 

quotient (ISQ) ≥ 60 to 65, and with no need for simultaneous bone augmentation; thus 

the authors drew a conclusion that is based on a number of specific conditions (and is 

thus of limited validity). Given this, it is important to consider all possible influencing 

factors (as illustrated in this review article) when planning clinical studies. 

11. I/II stage implantation 

Only a few publications investigate a possible relationship between I/II stage 

implantation and ISQ values. There were no differences found between 2-stage and 

1-stage implant surgical protocols respecting ISQ values obtained in a in-vitro study 

[110], and neither in a clinical investigation [111] over the postoperative time course 

(observed for 6 months). However, in our recent publication [11], we identified that in 

stage I surgery cases, higher ISQ values were encountered over the postoperative time 

interval of 26 to 302 days.  

12. Implant number 

We were able to identify one publication that investigated this aspect of the 

possible role of implant numbers influencing implant stability; the authors found that an 

increasing number of implants, i.e. from 2 to 4 in mandibular implant overdentures, did 

not have a significant influence on implant stability ISQ [112]. 

13. Surgery  

From the perspective of the surgical technique used during implant placement, the 

results presented in the literature are very variable and controversial. In many 

publications the authors express the belief that the use of a specific surgical technique is 

able to improve the postsurgical implant stability quotient. For example it was reported 

Chapter 4 

75 

4 

that the application of the so-called osteotome expansion technique is associated with a 

significant improvement in secondary stability results [113], and the use of the osseous 

densification technique was reported to increase the degree of primary stability achieved 

[114]. The technique also influences the resulting bone mineral density as well as the 

percentage of bone coverage of the implant surface when compared with conventional 

drilling techniques. The described data showed that the bone expansion technique is able 

to substantially increase the ISQ values for primary stability and also achieved similar 

degrees of primary and secondary stabilities compared with the conventional technique. 

Both groups reached stability plateaus at week 10 [115]. When we look at FG 

(full-guided workflows) implant surgical approaches it is reported that as it is often 

associated with a reduced need of bone volume reduction for osteotomy preparation 

purposes, and it can lead to greater primary stability results (ISQ measurements) 

[116] Some authors also report that the flap design also has a measurable and positive 

influence on postoperative ISQ values [117]. And the study of Shayesteh [118] 

illustrated that an osteotome-based technique yielded higher primary stability 

results than conventional drilling techniques do. However, after 3 months observation 

time it was found that this technique did not show superior results respecting ISQ data 

than the conventional technique. Moreover, it was reported that 

self-tapping implants achieve significantly higher stability values than non-self-tapping 

ones [119]. In another technical report it was described that when using thinner drills 

for implant placement [120] in the maxillary posterior (region where bone quality 

generally is poor) this may improve the primary implant stability results also; and this 

may help clinicians to obtain higher implant survival rates in their patients. In sites 

with poor bone density placement of implants by use of an adapted drilling technique 

[121] was described to be beneficial in enhancing primary implant stability (illustrated 

be improved ISQ measuring results) and thus may improve the total implant survival 

rate. 

A technique relating to piezoelectric-based surgical approaches, as described by 

Stacchi et al [122], was reported to decrease ISQ values to a smaller degree and in an 

earlier shifting from a decreasing to an increasing stability pattern, when compared with 

the traditional drilling technique.  Conventional implant placement techniques and those 

using Summer's Osteotome technique [123] were reported to also influence stability 
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increase with healing time when measured at 3, 6, and 12 months postoperatively.  
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thus of limited validity). Given this, it is important to consider all possible influencing 

factors (as illustrated in this review article) when planning clinical studies. 
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We were able to identify one publication that investigated this aspect of the 

possible role of implant numbers influencing implant stability; the authors found that an 

increasing number of implants, i.e. from 2 to 4 in mandibular implant overdentures, did 

not have a significant influence on implant stability ISQ [112]. 

13. Surgery  

From the perspective of the surgical technique used during implant placement, the 

results presented in the literature are very variable and controversial. In many 

publications the authors express the belief that the use of a specific surgical technique is 

able to improve the postsurgical implant stability quotient. For example it was reported 
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that the application of the so-called osteotome expansion technique is associated with a 

significant improvement in secondary stability results [113], and the use of the osseous 

densification technique was reported to increase the degree of primary stability achieved 

[114]. The technique also influences the resulting bone mineral density as well as the 

percentage of bone coverage of the implant surface when compared with conventional 

drilling techniques. The described data showed that the bone expansion technique is able 

to substantially increase the ISQ values for primary stability and also achieved similar 

degrees of primary and secondary stabilities compared with the conventional technique. 

Both groups reached stability plateaus at week 10 [115]. When we look at FG 

(full-guided workflows) implant surgical approaches it is reported that as it is often 

associated with a reduced need of bone volume reduction for osteotomy preparation 

purposes, and it can lead to greater primary stability results (ISQ measurements) 

[116] Some authors also report that the flap design also has a measurable and positive 

influence on postoperative ISQ values [117]. And the study of Shayesteh [118] 

illustrated that an osteotome-based technique yielded higher primary stability 

results than conventional drilling techniques do. However, after 3 months observation 

time it was found that this technique did not show superior results respecting ISQ data 

than the conventional technique. Moreover, it was reported that 

self-tapping implants achieve significantly higher stability values than non-self-tapping 

ones [119]. In another technical report it was described that when using thinner drills 

for implant placement [120] in the maxillary posterior (region where bone quality 

generally is poor) this may improve the primary implant stability results also; and this 

may help clinicians to obtain higher implant survival rates in their patients. In sites 

with poor bone density placement of implants by use of an adapted drilling technique 

[121] was described to be beneficial in enhancing primary implant stability (illustrated 

be improved ISQ measuring results) and thus may improve the total implant survival 

rate. 

A technique relating to piezoelectric-based surgical approaches, as described by 

Stacchi et al [122], was reported to decrease ISQ values to a smaller degree and in an 

earlier shifting from a decreasing to an increasing stability pattern, when compared with 

the traditional drilling technique.  Conventional implant placement techniques and those 

using Summer's Osteotome technique [123] were reported to also influence stability 



78

Chapter 4 

76 

results assessed by ISQ measurements.  

However, two different clinical studies report that osteotomy preparation by either 

standard or soft bone surgical protocols does not lead to significantly different implant 

survival results nor to any differences in postoperative stability data for the 

specific implant designs used [50]; in another report no evidence was found of any 

additional beneficial or adverse effect when using low-level laser surgical 

approaches(the first irradiation was performed in the immediate postoperative 

period ) [124] on the stability of the implants (measured by RFA). A recently published 

systematic review on this topic [125] concluded that there is, at best, very weak evidence 

that surgical techniques used would influence primary and/or secondary postoperative 

implant stability results. 

14. Statistics  

The statistical methods followed the different publications are illustrated in table 2. The 

ISQ data very often do not show a normal distribution pattern. Therefore statistical 

comparisons of ISQ data between experimental groups and control groups are preferably 

performed by using nonparametric tests [11,44,48], an observation that often is not 

considered in the scientific literature related to this topic. In a large number of studies 

[11,35,54] linear regression analyses (multivariate linear analysis, stepwise multiple 

regressions) were applied, which may be the adequate methods for the analysis of such 

multifactorial data. . 

15. Discussion 

In view of the published literature it appears that the stability of dental implants depends 

on a number of factors, and results from various authors often are in conflict with each 

other. We present an overview of the factors that possibly  influence ISQ measurements 

and conclude that at least 15 relevant factors (see Table1) can be identified in the 

literature to do so, but as a whole set they have never been taken into account in any 

single study (see Table 2). So far, researchers only focused on a few subjectively chosen 

factors in their investigations. For example, Bischof et al [28] reported that the ISQ 

values of various implants are generally higher in the mandible than in the maxilla; 

however,  this finding seems to be dependent on the shape of implants since when 

implants of a cylindrical form were placed in the same area then no significant 

differences were encountered between ISQ data of implants. There are some  
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researchers that  took larger numbers of contributing factors into consideration in their 

studies, but no one went  to the optimal experimental design to consider all those  

playing a possible role in influencing ISQ measurements, thus yielding a basis for 

conflicting results. 

Another possible reason of the presence of large numbers of conflicting data in the 

literature may be related to the fact that some of these factors were not clearly quantified 

such as the bone type when used as a contributing factor. Bone type  is difficult to 

reproducibly quantify and classify, and thus, most authors simply choose a subjective 

scheme according to the Zarb classification [126]. Another example for this is the bone 

defect [13] or the implant location when  not provided in a precise and quantitative 

topographical way. Thus there is a great need to develop methods that allow precise and 

reproducible factor descriptions on a quantitative basis. 

In this study, we tried to identify and list all the potential factors that possibly have 

an influence on implant stability quotient measurements (see Tables1 and 2), and if 

researchers do not consider these factors before the clinical trial designs and/or 

experimental studies, their studies will easily result in biased information. 

Given the above defined aim of this review, we intentionally did not perform a 

literature analysis in the traditional way such as to classify the publications according to 

study classification (such as a retrospective study, or random controlled study (to assess 

the degree of reliability of these studies). In a recent systematic review in 2015 by 

Manzano-Moreno et al [127], it was described that from hundreds of publications the 

number of publications fulfilling strict scientific criteria for a solid and conclusive study 

was only 39, and thus they were able to identify only 6 factors that potentially contribute 

to ISQ measurement results. They found that 12 publications relate to dental implant 

design in relation to dental implant stability, 8 relate to surgical techniques in 

relationship to dental implant stability and 5 relate to a relationship between cone beam 

computed tomography (CBCT) and ISQ. This does not necessarily mean that the 

possible influencing factors are limited to 6 since many factors seem to be associated 

with the ISQ measurements. It does illustrate, however, that the availability of 

prospective randomized control trial publications is still quite insufficient. 

The number of factors modulating ISQ measurement data is useful to know for 

experimental investigations, experimental designs and clinical trials. However, for the 

practicing clinician who needs a quick and reliable feedback from such measurements 
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results assessed by ISQ measurements.  
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survival results nor to any differences in postoperative stability data for the 

specific implant designs used [50]; in another report no evidence was found of any 

additional beneficial or adverse effect when using low-level laser surgical 

approaches(the first irradiation was performed in the immediate postoperative 

period ) [124] on the stability of the implants (measured by RFA). A recently published 

systematic review on this topic [125] concluded that there is, at best, very weak evidence 

that surgical techniques used would influence primary and/or secondary postoperative 

implant stability results. 

14. Statistics  

The statistical methods followed the different publications are illustrated in table 2. The 

ISQ data very often do not show a normal distribution pattern. Therefore statistical 

comparisons of ISQ data between experimental groups and control groups are preferably 

performed by using nonparametric tests [11,44,48], an observation that often is not 

considered in the scientific literature related to this topic. In a large number of studies 

[11,35,54] linear regression analyses (multivariate linear analysis, stepwise multiple 

regressions) were applied, which may be the adequate methods for the analysis of such 

multifactorial data. . 

15. Discussion 

In view of the published literature it appears that the stability of dental implants depends 

on a number of factors, and results from various authors often are in conflict with each 

other. We present an overview of the factors that possibly  influence ISQ measurements 

and conclude that at least 15 relevant factors (see Table1) can be identified in the 

literature to do so, but as a whole set they have never been taken into account in any 

single study (see Table 2). So far, researchers only focused on a few subjectively chosen 

factors in their investigations. For example, Bischof et al [28] reported that the ISQ 

values of various implants are generally higher in the mandible than in the maxilla; 

however,  this finding seems to be dependent on the shape of implants since when 

implants of a cylindrical form were placed in the same area then no significant 

differences were encountered between ISQ data of implants. There are some  
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researchers that  took larger numbers of contributing factors into consideration in their 

studies, but no one went  to the optimal experimental design to consider all those  

playing a possible role in influencing ISQ measurements, thus yielding a basis for 

conflicting results. 

Another possible reason of the presence of large numbers of conflicting data in the 

literature may be related to the fact that some of these factors were not clearly quantified 

such as the bone type when used as a contributing factor. Bone type  is difficult to 

reproducibly quantify and classify, and thus, most authors simply choose a subjective 

scheme according to the Zarb classification [126]. Another example for this is the bone 

defect [13] or the implant location when  not provided in a precise and quantitative 

topographical way. Thus there is a great need to develop methods that allow precise and 

reproducible factor descriptions on a quantitative basis. 

In this study, we tried to identify and list all the potential factors that possibly have 

an influence on implant stability quotient measurements (see Tables1 and 2), and if 

researchers do not consider these factors before the clinical trial designs and/or 

experimental studies, their studies will easily result in biased information. 

Given the above defined aim of this review, we intentionally did not perform a 

literature analysis in the traditional way such as to classify the publications according to 

study classification (such as a retrospective study, or random controlled study (to assess 

the degree of reliability of these studies). In a recent systematic review in 2015 by 

Manzano-Moreno et al [127], it was described that from hundreds of publications the 

number of publications fulfilling strict scientific criteria for a solid and conclusive study 

was only 39, and thus they were able to identify only 6 factors that potentially contribute 

to ISQ measurement results. They found that 12 publications relate to dental implant 

design in relation to dental implant stability, 8 relate to surgical techniques in 

relationship to dental implant stability and 5 relate to a relationship between cone beam 

computed tomography (CBCT) and ISQ. This does not necessarily mean that the 

possible influencing factors are limited to 6 since many factors seem to be associated 

with the ISQ measurements. It does illustrate, however, that the availability of 

prospective randomized control trial publications is still quite insufficient. 

The number of factors modulating ISQ measurement data is useful to know for 

experimental investigations, experimental designs and clinical trials. However, for the 

practicing clinician who needs a quick and reliable feedback from such measurements 
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for the clinical assessment of predictability of the outcome of the implant and the 

assessment of it’s stability, but also for the patient information, a simplified and rapid 

approach that provides this information on the spot is still needed. Clearly for such 

practical purposes the analysis needs simplification for rapid feasibility. In order to be 

able to suggest such a rapid approach for the practicing clinician we analyzed in our 

recent study [128] this situation and found that for example the `bone graft` factor is a 

general factor, i.e. is an independent factor of other influences on primary (ISQ1) 

implant stability measurements. More such analyses will be possibile with the future 

availability a well-planned and founded prospective randomized clinical trials.
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for the clinical assessment of predictability of the outcome of the implant and the 

assessment of it’s stability, but also for the patient information, a simplified and rapid 

approach that provides this information on the spot is still needed. Clearly for such 

practical purposes the analysis needs simplification for rapid feasibility. In order to be 

able to suggest such a rapid approach for the practicing clinician we analyzed in our 

recent study [128] this situation and found that for example the `bone graft` factor is a 

general factor, i.e. is an independent factor of other influences on primary (ISQ1) 

implant stability measurements. More such analyses will be possibile with the future 

availability a well-planned and founded prospective randomized clinical trials.
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ABSTRACT 
Objectives:  

Absorbed collagen sponge (ACS)/bone morphogenetic protein-2 (BMP-2) are widely 

used in clinical practice for bone regeneration. However, the application of this product 

was found to be associated with a significant pro-inflammatory response, particularly in 

the early phase after implantation. This study aimed to clarify if the pro-inflammatory 

activities, associated with BMP-2 added to ACS, were related to the physical state of the 

carrier itself, i.e., a wet or a highly dehydrated state of the ACS, to the local degree of 

vascularisation and/or to local biomechanical factors. ACS (0.8 cm diameter)/BMP-2 

were implanted subcutaneously in the back of 12 eight-week-old Sprague Dawley rats. 

Two days after surgery, the implanted materials were retrieved and analyzed 

histologically and histomorphometrically. The acute inflammatory response following 

implantation of ACS was dependent of neither the presence or absence of BMP-2 nor the 

degree of vascularization in the surrounding tissue nor the hydration state (wet versus 

dry) of the ACS material at the time of implantation. Differential micro biomechanical 

factors operating at the implantation site appeared to have an influence on the thickness 

of inflammation. We conclude that the degree of the early inflammatory response of the 

ACS/BMP-2 may be associated with the physical and chemical properties of the carrier 

material itself.  

Key words:  

Bone morphogenetic protein-2 (BMP-2); absorbable collagen sponge (ACS); 

inflammation; vascularization; biomechanical;  
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Introduction 

Recombinant human bone morphogenetic protein-2 (BMP-2), a member of the 

transforming growth factor beta (TGF-β) superfamily, is in clinical use since more than a 

decade [1, 2]. It is used in clinical practice for spinal fusion [3] and for treatment of 

non-unions to enhance bone formation processes and to accelerate the bony healing 

response; in dental practice it is used for oral and maxillofacial reconstruction [4, 5]. 

And even though the clinical use of BMP-2 is very successful, its clinical 

application is associated with some serious unwanted effects such as heterotopic bone 

formation [6], bone resorption (by osteoclast activation) and formation of cyst-like bone 

voids [7], as well as postoperative inflammatory swelling [8, 9] and neurological 

symptoms, etc.  

BMP-2 is clinically applied as a free factor (Infuse® (USA), Inductos® (Europe)) 

together with an ACS as a carrier. BMP-2 of this product is used in very high dosage, 

and it is believed that it is this high dosage level of BMP-2 that leads to extensive 

inflammatory responses. This use-associated inflammation is one of the main reasons 

why several of the above described unwanted effects do occur. It is also believed by 

many authors that BMP-2 itself contributes significantly to the enhancing of the 

inflammatory response during and after the implantation of the construct in this kind of a 

tissue engineering approach. And indeed, several publications report that BMP-2 itself 

enhances the swelling and the inflammatory response in conjunction with the carrier 

material (ACS) [10].  

Seroma formation is, for example, a frequently observed side effect of BMP-2-use, 

encountered most commonly in the first week postoperatively, as described in several 

studies [8, 11]. Rihnet et al. [12] found that lumbar seromas occurred in 1.2% of 

rhBMP-2 treated patients compared to 0% in the control patient population. Robin et al. 

[8] described postoperative seroma formations associated with BMP-2 use in the cervical 

region that led to bilateral paresthesia of the upper extremities. In clinical cases with 

BMP-2-induced seromas, elevated serum levels of inflammatory cytokines were found, 

such as those of IL-6, IL-8, and TNF-α [13], as well as those of IL-10 [10].  

And indeed in the publication of Lee KB et al [10], a dose-dependency of the 

inflammatory response to high dosage levels of BMP-2 was found. However, in a report 

of Gang Wu et al [14] it was described that BMP-2, in particular when delivered in a 
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slow release system, is able to attenuate inflammatory responses. In another in vivo 

animal experiments [15], microcomputed tomography and histological analyses 

confirmed that PCL/PLGA/collagen/rhBMP-2 scaffolds (long-term delivery mode) 

showed the best bone healing quality at both weeks 4 and 8 after implantation without 

inflammatory response. Thus, conflicting data are encountered in the scientific literature 

respecting the role of BMP-2 and it use-associated inflammation. 

The purpose of this study was to investigate if the use of BMP-2, when applied at 

high concentrations as a free factor together with a carrier material (ACS), is indeed 

associated with a pro-inflammatory response in the acute phase of the body response, i.e. 

in the initial two days after implantation of this growth factor with the carrier material. It 

is, indeed, conceivable that it is not the BMP-2 itself that triggers the intensive 

inflammatory response, but that the inflammation may be elicited by a number of other 

factors operating in close topographical vicinity to the deposited collagen carrier. Such 

candidate factors may be the degree of tissue vascularity, or the local micromechanical 

conditions of different physiological stress fields, i.e. depend on differences in the local 

biological environment (differential niche biology). Another role may be played by the 

physical state in which the collagen carrier itself is deposited, i.e. inserted in a dry state 

or in a wet state into the living tissue spaces.  

In order to clarify the possible role of these various candidate factors, the SD rat 

was used as the animal model. ACS carrier material was implanted in the subcutaneous 

space in the back area (lumbar level). By this set up the deposited collagen carrier patch 

is exposed on one side towards the skin, where the skin muscles of the rat generate a 

continuous instability situation, i.e. a high biomechanical instability [16]. On the 

opposite side of the collagen patch, facing the large underlying lumber muscle package, 

a relatively stable micromechanical environment is present. In addition, the two different 

biomechanical niches around these implants are also characterized by specific 

differential densities of blood vessels. The differential blood vessel densities at these two 

opposite locations (skin side versus lumbar body side) were quantified in this study in 

order to elucidate their possible proinflammatory contribution.  

Our data revealed that neither the different micro-biomechanical compartments 

have an influence on the degree of the inflammatory response to the construct nor the 

differential densities of blood vessels or the hydration state of the collagen carrier. 
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Moreover, it was found that BMP-2 itself did not enhance the inflammatory response 

compared to the negative control group without BMP-2. It thus is concluded that it is the 

collagen carrier itself that is the determining factor in eliciting and regulating the degree 

of the inflammatory response in the acute phase after implantation of a BMP-2/ACS 

carrier construct in the bodily environment.  

Materials and Methods 

Animal preparation 

24 eight-week-old male SD rats (mean weight 230g, range from 190-250g) were used in 

this study and divided into 4 experimental groups (n=6 samples per group). ACSs 

(Medtronic Sofamor Danek, Memphis, USA) were cut into identically sized circular 

samples (8 mm diameter). The experimental groups were defined as follows: Group1: 

ACS + 20ul sterile water, group2: ACS +20ul BMP2(the concentration is 1µg/µl); the 

samples of these two groups were stored under aseptic conditions overnight. Group 3: 

ACS +20µl sterile water and group 4: ACS +20µl BMP2 were prepared freshly before 

surgery. 

For induction of a general anesthesia 3% pentobarbital were intraperitoneally injected. 

Aseptic techniques were used during the surgical procedures. The iliac crest was used as 

the landmark for determining the location of the skin incision, a 25mm posterior 

longitudinal incision was made bilaterally, 5-10mm laterally from the midline. ACSs 

were implanted with or without BMP2 into the subcutaneous space of the lumbar back. 

Animal Husbandry 

The SD rats were kept in animal experiment center (Zhejiang Chinese Medical 

University Laboratory Animal Research Center, Hangzhou, China). Temperature for 

keeping the SD rats was 18-23 centigrade, day/night light cycle time were 14h/10h, 

humidity 60%-80%, sterile complete feed(Anlimo, Nanjing, China) and filtered water 

were freely avaialble. 

Tissue Processing 

The rats were sacrificed on postoperative day 2, at which point the collagen samples 

were retrieved with the adhering/surrounding tissues and chemically fixed in buffered 10% 

formaldehyde solution[16] for 1 day at ambient temperature, they were rinsed in tap 

water, dehydrated in ethanol and embedded in methylmethacrylate [14]. Using a Leica 

diamond saw (Leco VC-50,St.Joseph,USA), the tissue blocks were cut into 5-7 slices, 
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600-um-thick and 1mm apart, according to a systematic random sampling protocol [17]. 

All slices were then glued to plastic specimen holders and ground down to a final 

thickness of 80-100 um. They were then surface-polished and surface-stained with 

McNeal’s Tetrachrome, basic Fuchsine and Toluidine blue, according to the publication 

of Schenk et al. [18]. 

Histomorphometry 

Sample volume and volume of inflammation 

The sections were photographed at a final magnification of ×40 in a Nikon light 

microscope (Eclipse 50i Microscope, Tokyo, Japan), and photographic subsampling 

performed according to a systematic random-sampling protocol [17]. Using the 

photographic prints, the volume of the implants and the inflammation areas (associated 

with each sample) were determined by point counting [19], respecting stereological 

principles. The final volumes were estimated using Cavalieri's principle [17]. 

Thickness of inflammation volume 

It was visually observed that the inflammation thickness of the periimplant inflammation 

zone was different when comparing the skin side and lumber body side areas. It 

therefore was decided to measure the thickness of the skin side and the opposite location 

at the body side by drawing parallel lines across the sample and vertically to its surface; 

thickness measurements were performed along these lines between the implant surface 

boundary and the end of the inflammation zone.  

Blood vessel density 

In dry ACS and BMP2/ACS group, using the photographic prints (magnification ×40), 

areas for high magnification imaging (x200) were chosen according to a systematic 

random protocol to be photographed and for morphometrical determination of the area 

density of blood vessels, again both on the skin side and on the opposite body side [17].  

Statistical analysis 

Independent t-tests were applied to the data to obtain specific comparisons between 

experimental and control groups of the histomorphometrical data. All statistical analyses 

were performed with SPSS® 21.0 software (SPSS, Chicago, IL, USA), and statistical 

significance was defined as p<0.05. 

Results 

Figures 1A to 1D illustrated that already on the 2nd day after implantation, all collagen 
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implants were surrounded by a capsule of inflamed tissue (delineated by a red line), and 

was highly vascularized. The inflammatory response involved large numbers of 

macrophages around each of the implanted collagen sponges (Fig. 1E). The outer border 

of the inflammation border of the collagen implant was delineated by a red line and the 

inner border of the inflammatory zone by a yellow line (Fig 1, A-D).  
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Figure 1. Microscopic findings following subcutaneous implantation of: A: dry ACS, B: dry 
BMP2/ACS, C: wet ACS, D: wet BMP2/ACS, E: high magnification of inflamed zone. The 
inflammatory zone was delineated by two different lines: the outer border in red, the inner 
border in yellow. Bar =500μm (in A, B, C, D). The upper side is skin side and the lower side is 
lumber body side. Numerous macrophages were identified in the highly vascularized inflamed 
zone (cf. 1E, bar = 20μm). 

The degree of inflammation activity was gauged by estimation of the volume of the 

implanted sample and the volume of the inflamed tissue. As figures 2 and 3 showed, the 

volumes of the implanted collagen sample and the inflammation area were increased 

when the carrier (ACS) was loaded with BMP-2. However, there were no significant 

differences observed between the collagen sponge volumes in the presence or absence of 

BMP2, nor if implanted in a wet or a dry (dehydrated) state.  

 
Figure 2. Mean volumes of collagen implants. No significant differences were found between 
dry ACS and dry BMP2/ACS nor between wet ACS and wet BMP2/ACS. Data were present as 
Means ± SEM.  
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Figure 3. Periimplant inflammation volume. No significant differences were found between dry 

ACS and dry BMP2/ACS nor between wet ACS and wet BMP2/ACS. Data were present as 

Means ± SEM.  
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The differential blood vessel densities at these two opposite locations (skin side versus 

lumbar body side) were quantified in this study in order to elucidate their possible role to 

contribute to the proinflammatory response. As Fig. 5 shows, the area density of blood 

vessels on both sides were different, the area density of blood vessels in the control 

group on the lumbar body side was significantly higher than that on the skin side 

(p=0.014). In the group with BMP-2, the area density of blood vessels was found to be 

higher on the lumbar body side than on the skin side, but was not significantly different 

(due to a high degree of variation; cf SEM-error bar in figure 5). Fig. 6 illustrates typical 

areas and blood vessel densities as encountered on the skin side (A) and the lumbar body 

side (B). 

 
Figure 5. Area density of blood vessels in the dry and wet ACS implant groups, comparing the 
skin side blood vessel density with the lumbar body side blood vessel density. The data reveal 
that the density is significantly different physiologically (p<0.05). 
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Figure 6. Illustration of blood vessel density in the inflamed area at the skin side (A, C) and the 
lumbar body side (B, D) from the dry (A, B) and wet (C, D) ACS. Arrows point to selected 
blood vessels. I: inflammation area. Bar=100µm. 
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Figure 6. Illustration of blood vessel density in the inflamed area at the skin side (A, C) and the 
lumbar body side (B, D) from the dry (A, B) and wet (C, D) ACS. Arrows point to selected 
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Discussion 

This study is focusing on the initial response of the tissue to the implantation of a sterile 

scaffold i.e. collagen matrix scaffold, available commercially for use in human patients.  

The acute phase of inflammation within the two initial days after implantation is a 

sterile type of inflammation in the absence of an infection. It is a non-specific tissue 

response to the foreign body material implanted (carriers, biomaterials) [20]. And it is 

associated with tissue swelling, formation of edema as well as the influx of a cell 

population of the acute inflammatory response type, represented mainly by macrophages, 

and later on by foreign body giant cells [21]. This inflammatory response is not to be 

confused with infection, which is caused by foreign agents such as bacteria, viruses, etc. 

In this study no infection was observed, and the inflammatory responses were all sterile 

in nature.  

The comparison between wet ACS and dry ACS implanted in the subcutaneously 

space of rats revealed no difference in extent of inflammation in the acute phase (Fig.3). 

And also the sample size of the ACS, implanted the same way in all experimental groups, 

exhibited no differences to occure during these two early postimplantation days, i.e. no 

differences in early degradation activities (Fig. 2); also the degree of inflammation, 

quantified by the inflammation volume around the implanted materials (Fig.3) during 

this acute inflammation phase did not reveal any significant differences between the 

control group and BMP2/ACS groups. These findings indicate that the acute 

inflammatory response in such cases is most likely based on the non-specific tissue 

reactions to foreign materials placed into the body, and it is not dependent on other 

factors in its extent. 

In particular, the comparison between the extent of inflammation in topographically 

different areas such as the skin area compared to the lumbar body area, which are 

subjected to different biomechanical stress fields [16], and also to different degrees of 

vascularity (Fig. 5 and Fig6), that both physiologically do occur at these sites, revealed 

no differences in the extent of the inflammatory response (Figs. 3). This basically 

implies that the degree of vascularity is irrelevant respecting the extent of the acute 

inflammation response that can be expected following implantation of foreign materials 

into the body. And the same applies to the state of the hydration of the implant material 

which is similarly irrelevant to the acute inflammation response with these materials i.e. 
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implanted in a wet hydrated state or implanted into the body in a dry state. Due to the 

absence of the difference in the inflammatory response in 2 days it is probably implied 

that the dry material implanted get hydrated very rapidly inside the body so that no 

difference in inflammatory response can be monitored. However, the thickness of the 

local inflammation appeared quite irregular in the groups carrying BMP-2, represented 

by larger coefficient of variation (Fig.5) (dry BMP2/ACS group: CV=100%, CE=45%) 

The thickness of the local inflammatory response was thus the only factor identified to 

show any differences between the two chosen topographical locations (skin versus 

lumbar body), and was thus associated with an asymmetrical response and a high degree 

of variation(dry BMP2/ACS group: CV=100%, CE=45%). This finding maybe a 

consequence of the angiogenetic activity of BMP-2 that has been proved previously by 

various authors [22-24], and may be related to a more rapid formation of blood vessels 

during the inflammation response when BMP-2 is present, and thus lead to the observed 

high irregularity of the extent of the inflammatory response. However, as a whole, the 

total inflammatory response remains the same in all experimental groups (Fig.3).  

In the literature it is described that in the subcutaneous tissue of rats, close to the 

skin, this area is biomechanically very instable, due to continuous skin muscle activities 

which are associated with irregular mechanical forces to occur, whereas in deeper areas 

near the lumber spine muscles, less biomechanical instability is present in the associated 

tissues [16]; thus, the implanted materials are physiologically exposed at the skin side 

and at the lumbar body side to differential mechanical force fields with differential 

instability conditions. However, no major difference were observed respecting the extent 

of inflammation around the implanted materials at the different site, minor differences 

respecting thickness of local inflammation and its variance was found to be different. 

The most surprising finding in this study is the fact that the presence or absence of 

BMP-2 has no effect on the extent of the initial acute inflammatory response.  

From studies in various animal models, BMPs are known to have species-specific 

osteoinductive dose requirements [25]. For example, in 2002, rhBMP2/ACS was 

FDA-approved as an autograft replacement for interbody spinal fusion procedures in 

human patients (at a concentration of 1.5mg/cc) [26]. The BMP-2 concentration 

necessary for inducing consistent bone formation is substantially higher in nonhuman 

primates (0.75-2.0mg/ml) than in rodents (0.02-0.4mg/ml) [25] In a recent publication, 
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Luginbuehl et al [27] found that 25ug/ml in rodents, 50µg/ml in dogs,100µg/ml in non 

human primates and 800µg/ml in humans, are quite different optimal osteoinductive 

BMP-2 concentrations, compared to the presently use clinical setting (0.75mg/ml and 

1.5mg/ml BMP2) [28]. 

In a study of Lee et al [10], the total amounts of BMP2 used were 10µg and 20µg, 

and were diluted to 1mg/ml and 2mg/ml, for addition to the ACS carrier, and resulted in 

a final BMP-2 /ACS carrier concentration of 3.3mg/g and 6.67mg/g for use. These 

authors found the inflammatory response to this construct not only to be dependent on 

the presence of BMP-2, but also proportionally related to its concentration. In our study, 

we used a total BMP2 amount of 20µg, dissolved and diluted to 1mg/ml, and resulting in 

a BMP-2 /ACS carrier concentration of 10mg/g, i.e. used BMP-2 in the same order of 

magnitude. However, we were unable to observe any additional pro-inflammatory 

response by the presence of BMP-2, as described by other authors [10, 29]. Thus we 

conclude that the primary factors leading to the inflammatory response in the body are 

actually associated with the carrier itself and its chemical properties, but not to the 

presence of BMP-2. The materials used and the experimental conditions chosen in our 

study were the same (BMP-2, collagen) or quite similar (experimental conditions) to 

these previous studies [10].  

It was interesting to find that in the different local areas (skin vs. lumbar body site), 

the thickness of the inflammatory response was indeed significantly different (Fig.4) 

and/or of high variability (see discussion above). We hypothesized that at sites of higher 

blood vessel densities on body side, we would expect more inflammation to occur, since 

inflammatroy responsed are dependend on the presence of an extensive blood 

vasculature, and and would expect less inflammation at sites where the blood vessel 

densitiy is lower. Since this was not the case in our study (see Fig.5), and this factor 

obviously overpowered by another biological influence, we attribute this finding to a 

higher biomechanical stability condition on the site with thicker inflammatory responsed, 

i.e. on the skin side. As Fig.5 illustrates in the group with dehydrated collagen sponges 

without BMP-2, the blood vessel density at the body side is significantly higher than that 

of the skin side. In the group with a dehydrated collagen sponge with BMP-2, the 

thickness of the inflammation zone between these two topographical sites did not show a 

significant difference, which would not be expected if the suggested hypothesis would 
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be operative. The difference in inflammation thickness may thus be related to other 

factors, such as discussed above and in a recent review article of James, A.W. et al [5], 

in which the authors describe that specific anatomic locations can be associated with 

distinctive adverse events to implanted materials. 

We thus conclude that according to our experimental findings the use of BMP-2 is 

not associated with the enhancement of pro-inflammatory effects in the initial phase of 

scaffold material implantation. The acute inflammatory response appears to be triggered 

predominately by the carrier material itself, its chemistry and physical properties, 

irrespective of the presence of BMP-2 or its absence. Given the fact that BMP-2 has 

been described by several authors to have an attenuating effect on inflammatory 

responses in the later phases of the implantations [14], it is actually not surprising that 

we are unable to confirm that BMP-2 would have a pro-inflammatory function. 
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ABSTRACT 
Objectives:  

To test the hypothesis that hyaluronic acid (HA) can significantly promote the 

osteogenic potential of BMP-2/ACS (absorbed collagen sponge), an efficacious product 

to heal large oral bone defects, thereby allowing to use it at lower dosage, and thus 

reducing its side-effects due to the unphysiologically high doses of BMP-2;  

Methods:  

In a subcutaneous bone induction model in rats, we first sorted out the optimal 

HA-polymer size and concentration with microCT. Thereafter, we 

histomorphometrically quantified the effect of HA on new bone formation, total 

construct volume and densities of blood vessels and macrophages in ACS with 5, 10, 

20μg BMP-2;  

Results:  

The screening experiments revealed that the 100 µg/ml HA polymer of 48 kDa 

molecular weight could yield the highest new bone formation. 18 days post-surgery, HA 

could significantly enhance the total volume of newly formed bone by approximately 

100% and also the total construct volume only in 10μg-BMP-2 group. HA could also 

significantly enhance the numerical area density of blood vessels in 5μg-BMP-2 and 

10μg-BMP-2 groups. HA didn’t influence the numerical density of macrophages. 

Conclusions:  

An optimal combined administration of HA could significantly promote osteogenic and 

angiogenic activity of BMP-2/ACS, thus potentially minimizing its potential 

side-effects. 

Key words:  

Hyaluronic acid, bone morphogenetic protein-2, absorbable collagen sponge 
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Introduction 

Recombinant human bone morphogenetic protein-2 (BMP-2) is in clinical use mainly for 

the generation of spinal fusions since more than a decade [1, 2]. In recent years, BMP-2 

has also been proven to be an efficacious way to promote bone regeneration in the field 

of dentistry and maxillofacial surgery, such as ridge augmentation [3], sinus lift [4], 

periodontal and periimplant [5] bone regeneration. It is able to accelerate bony healing 

processes, and substitute autologous bone transplantation [6, 7]. Overall, its clinical use 

is quite successful; however, the use of BMP-2 is unfortunately associated with a 

number of severe undesired side effects that are able to seriously impair the health of 

patients and the musculoskeletal functions of the treated patients [7, 8]. Such side-effects 

include, among others, ectopic bone formation, paralysis and neurological disturbances 

[9, 10]; but malignant pathologies are not involved [11, 12]. 

BMP-2 is clinically applied topically in a free form together with an absorbable 

collagen sponge (ACS) [13]. The recommended dose is exceedingly high (12mg/ACS 

unit; i.e. approximately 37.3mg of BMP-2 per gram of ACS sponge); and in this high 

dosage scheme probably lies the reason for many of the untoward side effects [6, 9]. It 

is, however, not only the dosage that is able to influence the response of the targeted 

populations of progenitor cells and their differentiation pathways, but also the mode of 

application and the manner in which the agent is locally presented to the targeted cell 

populations. On the other hand, the microenvironment (niche conditions) in which the 

desired bone formation activity is aimed to take place also has a significant influence on 

the degree and speed of the process as well as the type of ossification process 

(enchondral or desmal); for example the local biomechanical niche conditions are able to 

influence this process [14], but less so the density of blood vessels present [15], even 

though the high numbers of blood vessels establish the presence of large numbers of 

perivascular adult stem cells [16] as a source of precursor cells for osteogenesis [17]. 

And for this reason some researchers described previously [18] that a sequential release 

of an angiogenic factor (initial release) with the osteogenic factor (BMP-2; delayed 

release) is able to accelerate bone formation activities. 

Respecting the methods of enhancement of BMP-2 bioactivity, glycosaminoglycans 

(GAGs) have been described previously to have such a potential, in particular relating to 

the desired osteogenesis effects [19]. Hyaluronic acid (HA) belongs chemically to the 
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large groups of GAGs [20]); they are a group of large linear polysaccharides constructed 

of repeating disaccharide units, containing amino sugars and uronic acid, and are one of 

the most frequently used tools to improve the microenvironment for BMP-induced 

osteogenesis. It has been found that the active components in GAGs for this desired 

osteogenic enhancement effects are able to bind, stabilize and present growth factors to 

cells for improved receptor interaction [21]. Furthermore, they can directly the 

immediate signaling activities of BMP2 through enhancing the subsequent recruitment 

of type II receptor subunits to BMP-type I receptor complexes [22]. As one of the main 

GAG components, HA can be a promising drug to promote the osteogenic potentials of 

BMP-2. HA is able to stimulate osteoinduction activities in bone wound healing 

processes [19]. In particular high-molecular weight HA (≈1900KDa) was found in 

animal experiments to be able to promote this effect. And Huang et al [23] found that 

low molecular weight HA (60kDa) and high-weight HA (900 and 2300kDa) were able to 

significantly stimulate cell growth and to increase osteocalcin mRNA expression levels. 

In addition it was revealed in previous research that HA is involved in several biological 

processes [24], such as cell differentiation [25], angiogenesis [26], morphogenesis [27] 

and wound healing [28]; furthermore HA was described to be able to inhibit osteoclast 

differentiation [29] in addition to its down-regulation potential of BMP-2 antagonists 

[30]. 

In this study we hypothesize that a combination use of BMP-2 with HA is able to 

promote the osteogenesis activity in a subcutaneous bone induction model at lower 

dosage levels of BMP-2 in ACS. 

Materials and Methods 

Experimental Design 

We proceeded in two steps: initially we performed screening experiments in a 

subcutaneous bone induction model to determine the optimal HA polymer size and 

concentration to be used for the main experiment. In the main experiment we elucidated 

the optimal dosage of BMP-2 to be used together with ACS and HA within a time period 

of 18 days. 

Animals, anesthesia and surgery 

The animal experiment was approved by Ethical Committee of School of Stomatology, 

Zhejiang Chinese Medical University. All animal experiments were carried out 
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according to the ethic laws and regulations of China and the guidelines of animal care 

established by Zhejiang Chinese Medical University. SD rats (mean weight: 230g, range 

from 190-250g) were used in this study for all experiments. The animal experiments, 

such as anesthesia, sample randomization and surgery were performed as we previous 

described [15]. 

Screening Experiments 

oHA-Moleculer Weights  
(kDa) 

HA-Concentrations (µg/ml) BMP-2-Dosages  
(µg) 

<8 50 0 
48 100 5 

660 500 10 
1610 1000 20 
3100   

 
Table 1. Screening parameters 

 
The HA screening experiments were performed using 5 different HA polymer lengths to 

be tested, and each one of them was tested at 6 different concentrations of the polymer, 

and at 3 different dosages of BMP-2 (see Table 1). 

Each of the HA polymer test was performed in the presence of ACS (Inductos®, 

Medtronic, USA) (identical circular ACS samples were prepared of 8 mm diameter), and 

with 5, 10 or 20 µg of BMP-2 (Inductos®, Medtronic, USA). BMP-2 portions were 

added to ACS sponges from syringes; thereafter the HA-solution was added (20µl 

portions per sample), just before implantation. The choice of three different dosages of 

BMP-2 was determined according to previous publications [31, 32]. In these screening 

experiments one test sample was implanted in 35 SD rats on the left and right back side 

per animal. The evaluations of the degrees of osteoinduction obtained were performed 

using micro CT scans (Skyscan1176, Bruker, Belgium) and the results were assessed by 

two independent observers for maximum subcutaneous bone signal intensity. 

Main Experiment 

24 eight-week-old male SD rats were used for the main experiment; and in each animal 

two 8mm diameter BMP-2/ACS implants were placed. 8 experimental groups (n=6 

samples and 6 animals per group) were set up as following: 

G1: no BMP-2, ACS alone;  

G2: BMP-2/ACS, 5µg BMP-2;  
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G3: BMP-2/ACS, 10µg BMP-2;  

G4: BMP-2/ACS, 20µg BMP-2;  

G5: no BMP-2, ACS alone + 2µg HA;  

G6: BMP-2/ACS (5ug BMP-2) + 2µg HA;  

G7: BMP-2/ACS (10ug BMP-2) + 2µg HA;  

G8: BMP-2/ACS (20ug BMP-2) + 2µg HA.  

A preimplantation control group of ACS sponges was also included in the study in order 

to determine the basic carrier volume before implantation as a time 0 reference volume. 

In the groups containing HA, this compound was used at a concentration of 100µg 

HA/ml, and the amount of 20µl solution was added per sample. Samples were then 

stored overnight under aseptic conditions in a sterile hood for induction of sample drying 

before implantation. 

Tissue Processing 

Eighteen days post operation the implanted samples were retrieved together with the 

surrounding tissues and chemically fixed dehydrated, embedded in methylmethacrylate; 

sections of 600 µm in thickness were produced and taken with a 1000µm-interval 

between two adjacent sections. The sections were thereafter glued to Plexiglas boards, 

polished down (sand paper) to 100µm thickness and then stained with McNeal's 

tetrachrome, toluidine blue O, and basic fuchsin, as described previously [15].  

Histomorphometry and Stereology 

The histological sections were photographed at a final magnification of ×200 in a Nikon 

light microscope (Eclipse 50i, Tokyo, Japan), and photographic subsampling was 

performed according to a systematic random-sampling protocol [33]. Using the 

photographic prints, the areas of the implants and the areas of newly formed bone tissue 

were measured histomorophometrically using point counting methods [33]. Mineralized 

bone tissue stained pink and unmineralized bone tissue light blue (see Figure 6C) were 

defined as newly formed bone tissue; areas of collagen carrier material were measured 

the same way [34]. 

Stereological Estimators 

Volume Estimators. The preimplantation reference volumes of the collagen carrier 

materials (n=6) were estimated using the principle of Cavalieri [35] as well as the final 

remaining total tissue volumes [33] at the end of the implantation time period (18 days). 
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The degree of carrier degradation was computed by dividing the reference volume of 

carrier material at time point zero divided by the carrier material volume present at the 

end of the experiment. The areas of newly formed bone tissue and remaining carrier 

materials were estimated at final magnifications of ×200, and were subsampled 

according to a systematic random protocol [33, 35].  

Numerical Estimators. Blood vessel area density and blood vessel numerical area density 

(number of blood vessel cross-sections per unit tissue area) (at ×200 magnification) as 

well as macrophage numerical area densities (at ×400 magnification) were estimated as 

previously described [33].  

Statistical analysis 

All data are presented as mean values together with the standard error (SE) of the mean. 

Differences between the experimental groups were analyzed using the one-way 

ANOVA-test. Statistical significance was defined as p<0.05. Correlation coefficients 

were determined using the Pearson product-moment correlation coefficient. Significance 

of correlation was defined if p-values<0.05 were obtained. All statistical analyses were 

performed with SPSS® 21.0 software (SPSS, Chicago, IL, USA). The Bonferroni 

post-hoc test was implemented for data comparison purposes. 

 
Results 

The screening experiments revealed that the HA polymer of 48 kDa molecular weight 

was able to yield the highest osteogenesis activity, when applied at a concentration of 

100 µg/ml (dosage volume: 20µl) of HA (Figure 1), and with an added BMP-2 amount 

of 10 µg (BMP-2 concentration in the solution: 1µg/µl; BMP-solution-volume added: 10 

µl/sample).  
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Figure 1. MicroCT images of BMP-2/ACS constructs (10µg BMP-2 per sample) in the presence 
or absence of 100, 500 or 1000 µg/ml HA with different polymer sizes (<8, 48, 660, 1610, 3080 
(kDa)) at 18 days after implant placement. 

5, 10 and 20μg BMP-2 resulted in a similar total volume of newly formed bone 

tissue, while no bone was detected with or without HA in the absence of BMP-2 (Figure 

2). The combined administration of HA significantly increased the volume of neoformed 

bone in the 10µg-BMP-2 group (p=0.024) by approximately 100%. HA also increased 

new bone formation in the 20µg-BMP-2 group, which was, however, insignificant 

(p=0.3). In the 5µg-BMP-2 group no such enhancement effect was observed. 

 

Figure 2. Mean volumes of newly formed bone tissue in the BMP-2/ACS constructs, in the 
presence or absence of 100ug/ml HA (48kDa) implanted at different BMP-2 dosages; 18 days 
after implant placement. Values represent means±SEM; n=6 per experimental group. The 
asterisks denote the level of statistical significance, i.e. *: p<0.05. The compared groups are 
indicated by brackets. 

The total construct volumes did not significantly differ among the groups without 

HA (Figure 3). However, among the groups with HA, the total construct volume of the 

10µg-BMP-2 group in the presence of HA showed a significantly higher volume than the 

5µg-BMP-2 group (P=0.03) and 0µg-BMP-2 group (P=0.007), respectively, but not the 

20µg-BMP-2 group. Only the 10µg-BMP-2 group with HA resulted in a significantly 

higher total construct volume when compared to the time 0 (control group). 
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The volumes of remaining ACS showed a decreasing trend from the 0µg-BMP-2 

group to the 10µg-BMP-2 group; the trend then reversed to the 20µg-BMP-2 group 

(Figure 4). Computation of the coefficient of correlation between the first three dosages 

(0, 5 and 10-µg-BMP-2) in the absence of HA revealed a value for r=-0.62 (p=0.006), i.e. 

a significantly correlated trend was present; in the presence of HA and the same 

BMP-dosage groups, the correlation coefficient was r=-0.459 (p=0.075). The combined 

administration of HA didn’t significantly influence remaining ACS volumes for each 

dosage group. The coefficients of variations (CV) and coefficients of errors (CE) varied 

between CV = 69% (CE=35%) for the 0µg-BMP group with HA, and CV=27.8% 

(CE=13.9%) for the 10µg-BMP group without HA. 

 

Figure 4. Mean volumes of residual collagen carrier material of the BMP-2/ACS constructs, in 
the presence or absence of 100ug/ml HA (48kDa) implanted at different BMP-2 dosages; 18 
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Figure 1. MicroCT images of BMP-2/ACS constructs (10µg BMP-2 per sample) in the presence 
or absence of 100, 500 or 1000 µg/ml HA with different polymer sizes (<8, 48, 660, 1610, 3080 
(kDa)) at 18 days after implant placement. 
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new bone formation in the 20µg-BMP-2 group, which was, however, insignificant 

(p=0.3). In the 5µg-BMP-2 group no such enhancement effect was observed. 
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days after implant placement. Values represent means±SEM; n=6 per experimental group. n.s.: 
denotes absence of significant differences (P>0.05). The compared groups are indicated by 
brackets. 

No significant differences in numerical area density of macrophages were present 

among these groups (Figure 5, Figure 6G). The 10μg-BMP-2 group value also was found 

to be significantly higher than the number of cross-sectioned blood vessels per unit 

tissue area in the 20µg-BMP2 experimental group (p=0.02); but it did not significantly 

differ compared to the group of 5µg-BMP-2+HA (Figure 7). The combined 

administration of HA significantly promoted the number of blood vessel in the 5μg- 

(p=0.017) and 10µg-BMP-2 dosage group (p=0.0001), but not in the 20μg-BMP-2 

group. 

 

Figure 5. Mean values of the numerical area densities of macrophage cell profiles in the 
BMP-2/ACS constructs, in the presence or absence of 100ug/ml HA (48kDa) implanted at 
different BMP-2 dosages; 18 days after implant placement. Values represent means±SEM; n=6 
per experimental group. n.s.: denotes absence of significant differences (P>0.05).The compared 
groups are indicated by brackets. 
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Figure 6. Light micrographs of BMP-2/ACS constructs, in the presence or absence of 100μg/ml 
HA (48kDa) at time of retrieval (18 days) at low (A, B) and high (C, D, E, F, G) magnifications: 
A, C, E, G: BMP-2 10µg+HA; B, D, F: BMP-2 10µg in the absence of HA. A illustrates 
homogenous bone forming activities throughout the construct, whereas in B formation of new 
bone tissue occurs preferentially at the interface of the construct with the native tissue. C&D 
illustrate the newly formed bone tissue (b) in these two groups at higher magnifications and 
remaining collagen carrier material (c). E&F illustrate the blood vessels (*) and unminieralized 
bone areas (White Arrow); osteoblasts (Black Arrow). In E&F, the newly formed woven bone 
shows a typical irregular pattern of osteocyte distribution (Green Arrow) within the mineralized 
bone matrix (pink-red stained areas). In E larger numbers of blood vessels (*) are present 
compared to D.; G illustrates the macrophages (Red Arrow) within BMP-2/ACS constructs. 
Magnification bars in A, C: 500μm; in C, D, G: 100μm, E, F: 25μm. 
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Figure 7. Mean values of the numerical area densities of blood vessel profiles in the 
BMP-2/ACS constructs, in the presence or absence of 100ug/ml HA (48kDa) implanted at 
different BMP-2 dosages; 18 days after implant placement. Values represent means±SEM; n=6 
per experimental group. The asterisks denote the level of statistical significance, i.e. (*: P<0.05, 
**: P<0.01, ***: P<0.001). The compared groups are indicated by brackets. 

In the 10µg-BMP-2+HA group (Figures 6A, 6C), significantly less ACS, larger 

volumes of new bone were present when compared to 10µg-BMP-2 group (Figure 6B, 

6D). The number of cross-sectioned blood vessels was higher in Figure 6E than in 

Figure 6F, and that in Figure 6E the cross-section areas of the blood vessels are generally 

smaller. The computation of the average blood vessel cross sectioned area, obtained by 

dividing the mean blood vessel areal density by the mean number of blood vessel cross 

sections per area, revealed that the mean area per vessel for the 10µg-BMP-2 +HA group 

is 0.7×10-4mm2, and the mean area per blood vessel for the 10µg-BMP-2 group without 

HA is 2×10-4mm2; thus the mean cross sectioned-blood vessel area is about 3× larger in 

the experimental group in the absence of HA than in the same BMP dosage group in the 

presence of HA. In addition, histological observation revealed that in the 10µg-BMP-2 

group without HA, the typically observed patterns of carrier degradation and new bone 

formation differed: whereas bone formation activities generally occurred throughout the 

ACS carrier materials (see Figure 6A), in the 10μg-BMP group in the absence of HA the 

new bone formation activities occurred preferentially in the peripheral areas of the 

Chapter 6 

129 

6 

carrier materials (Figure 6B). However, the quality of newly formed bone tissue was 

found upon morphological examination to be the same in all experimental groups; in 

particular also the numerical density of osteoclasts appeared to be the same in all groups 

in which bone tissue had been generated, and no decline or change of the osteoclast 

numerical density was observed in any experimental group, in particular not in the 

10μg-BMP group+HA group.  

 

Discussion 

HA is one of the major physiological components of the extracellular matrix (ECM), in 

all the connective tissues of the body. It is involved in a number of major biological 

processes, such as tissue organization, wound healing, angiogenesis, and remodeling of 

skeletal tissues [36-38]. In addition, HA is polyanionic in nature and therefore capable of 

forming ionic bonds with cationic growth factors such as BMPs, which seems to be of 

significance for clinical applications [38]. In this study, we found that the combined 

administration of HA could significantly enhance the osteogenic potential of 

BMP-2/ACS, allowing a minimized unwanted side-effects [7]. 

Our extensive preliminary screening experiments revealed that an HA polymer 

length of about 48kDa was of the optimal size range for the desired effect when used at a 

concentration of approximately 100µg/ml. This might be because that HA established at 

these conditions the optimal form of a gel, in which BMP-2 was most efficiently 

entrapped to optimally retain its bioactivity [39]. As a meshwork, HA might also reduce 

the free diffusion capabilities of BMP-2 and its flow, thus acting as a slow release system 

with an enhanced osteogenic activity potential [40]. 

In the present study, HA, at the optimal specifications, clearly promoted the 

BMP-dependent osteogenesis activity (Figure 2). In addition, the total carrier volume 

(Figure 3) and the number of blood vessel cross-sections per unit area of tissue, were 

also the highest in the 10μg-BMP group+HA group (Figure 6). Such effects were indeed 

absent in all other experimental groups without HA where the generated new bone mass 

did not even vary as a function of different BMP-2 dosage levels (Figure 2). The 

promoting effect of HA on new bone formation was only seen at dosages higher than the 

10μg-BMP group (Figure 2), which suggested that this group might thus lie in the range 

of a minimal BMP dosage needed for the desired effect of higher bone volume 
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generation in the present conditions.  

The inflammatory response to BMP-2/ACS, was found to be the same in all 

experimental groups (Figure 5). The HA-dependent promoting effect for bone formation 

was unlikely attributed to a modification effect of HA on the inflammatory response. 

Instead, the HA-dependent facilitating effect on bone-formation might be more likely 

associated with the degree of formation of new blood vessels, i.e. with the angiogenetic 

activity associated with the osteogenetic response. On one hand we found that the 

number of cross-sectioned blood vessels clearly was highest in the 10μg-BMP-2 group, 

on the other hand, this effect is clearly associated with the presence of a higher total 

surface area of blood vessel wall, and thus of a larger blood vessel-wall associated 

perivascular tissue space, than when only fewer and thicker blood vessels are present; 

and it is indeed the perivascular tissue area that is the niche space carrying the pericytes, 

and thus harbours the population of blood vessel associated adult stem cells of the 

mesenchymal type [41]; these have been previously found and identified to be able to 

differentiate into bone forming osteoblasts [42].  

HA polymers showed an angiogenetic effect at specific polymer lengths [43], and 

BMP-2 itself was also shown to have itself some angiogenetic activity [44]. In addition, 

HA could also facilitate the migration of the perivascular stem cells [45] from their 

original niche to distant sites within the newly forming tissues. HA is well-known to 

stimulate signal transduction pathways [46, 47] that in turn facilitate cell locomotion 

[47]. Moreover, our data were also consistent with a recent study of Jungju Kim [48]: he 

found that BMP-2 activity was accompagnied only with the highest expression of 

osteocalcin and with a mature form of bone tissue with positive vascular markers (such 

as CD31 and vascular endothelial growth factors) when applied in the presence of HA, 

illustrating again that active angiogenesis was one of the key factors accounting for 

successful new bone formation [49]. 

It should always be kept in mind that BMP-activity is also associated with the 

recruitment, formation and activation of osteoclasts, leading to immediate bone 

resorption activities. In this study no significant variation of osteoclast density in the 

newly formed bone tissue compartments among the groups. It thus appeared unlikely 

that a lower degree of bone resorption activity would be a significant factor in supporting 

the formation of higher bone volumes in the 10μg-BMP group. It was indeed the careful 
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dosage that was needed for BMP-2 in order to work out the required balanced-dosage of 

minimizing the osteoclastogeneic effects of BMP-2 and maximizing the osteogenetic 

effects of this pleiomorphic growth factor as we recently illustrated in sheep [40].  

The clearly higher degree of blood vessel numbers and thus blood vessel wall 

surface area in the 10µg-BMP-2 group highly suggested that the HA-dependent 

osteogenic promotion effect of BMP-2 was related to a concomitantly associated 

increased angiogenetic activity. The fact that the total construct volume was also the 

largest one for the 10μg-BMP-2 group among all the experimental groups, supported this 

view since this large total construct volume was mainly due to the increased presence of 

bone tissue, and not to an increased volume of inflammatory area or swelling effect; 

moreover the volume of the residual ACS was indeed the smallest one in this group, both 

in relative (Figure 4) and absolute terms (data not shown). The high degree of scatter of 

the mean values of the residual collagen in the experimental groups, represented by the 

coefficients of variations of these groups, was, however, fairly large, and again it was the 

smallest for the 10μg-BMP-2 groups (Figure 4); the CE of the 10μg-BMP-2 group in the 

absence of HA was 13.9%, and in the presence of HA was 30.6%. We thus were unable 

to put forward a clear explanation for our finding, but we are inclined to assume that this 

result is associated with a more rapid and efficient degradation of the collagen carrier 

materials deposited. However since the degree of inflammatory response was quite 

similar in all groups (Figure 5), and no significant differences were encountered, it could 

be speculated that this phenomenon might be associated with a higher degree of 

osteolytic activity in this group; i.e. with a more rapid bone resorption activity in this 

group with the highest bone mass. There were, however, no indications found for the 

presence of higher numbers of osteoclasts in this group, and indeed the detailed 

morphological examination did not reveal any differences between groups in this respect. 

However, another possible (and more likely) explanation may be related to the more 

extensive angiogenetic activity encountered in this group: rapidly ingrowing and forming 

new blood vessels may be associated with the more efficient degradation of the collagen 

carrier materials, and indeed angiogenesis associated with tissue engineering approaches 

was previously described to be associated with such degradative activities [50]. Another 

indicator for favoring this hypothesis was the specific morphological pattern of new 

bone formation observed in this group: whereas in all the other experimental groups new 
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bone tissue had formed mainly at the periphery of the constructs where probably most 

blood vessels were present, i.e. at the interface of the vascularized native tissue with the 

avascular construct (and bone tissue indeed does not form in the absence of a blood 

vasculature [51]. This pattern of bone formation relating to an osteogenic construct using 

ACS as carrier was observed by us also in a recent study [15]. However, the 

10μg-BMP-2 group is the only one in which bone formation activities occurred by a 

different pattern, namely throughout the carrier construct with blood vessels being 

present all the way through the construct at high numerical densities (Figure 7). It 

appeared more probable that the more efficient degradation activities for the ACS 

(Figure 4) were associated with this more aggressive angiogenetic activity.  
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bone tissue had formed mainly at the periphery of the constructs where probably most 

blood vessels were present, i.e. at the interface of the vascularized native tissue with the 

avascular construct (and bone tissue indeed does not form in the absence of a blood 

vasculature [51]. This pattern of bone formation relating to an osteogenic construct using 

ACS as carrier was observed by us also in a recent study [15]. However, the 

10μg-BMP-2 group is the only one in which bone formation activities occurred by a 

different pattern, namely throughout the carrier construct with blood vessels being 

present all the way through the construct at high numerical densities (Figure 7). It 

appeared more probable that the more efficient degradation activities for the ACS 

(Figure 4) were associated with this more aggressive angiogenetic activity.  
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General discussion 

Part I 

A large number of efforts have been made to identify and to develop novel techniques 

for the quantitative assessment of implant stability. An ideal technique should be simple, 

noninvasive and clinician-friendly. One of the candidate techniques to achieve this goal 

is resonance frequency analysis (RFA). RFA consists of an induced implant vibration 

activity that is triggered by specific magnetic pulses. Measurements are performed in the 

range of 5-15kHz. The resulting signals can then be expressed as an implant stability 

quotient (ISQ) value, and are translated to a score between 1 - 100. The ISQ quotient 

value is positively correlated to the mechanical stability of an implant. Its mathematical 

foundation is based on an equation in which a constant, representing a mass, a damping 

and a spring constant, which is related with a number of influencing factors that then 

together define the resulting ISQ number. RFA is a non-invasive technique and shows a 

high reproducibility of results [1, 2]. In recent years, RFA has become one of the most 

widely used techniques to assess mechanical implant stability in situ, in clinical practice 

in order to determine a possible loading scheme and to assess the long-term survival of 

dental implants [3]. ISQ measurements are typically made at two time points following 

implant placement and are expressed as ISQ 1 and ISQ 2. 

In view of the published literature it appears that the stability of dental implants 

depends on a number of factors, and published results from various authors often conflict 

with each other. We present here a short overview of the factors possibly able to 

influencing ISQ measurements, and indeed the number of them is at least 15 (see 

Chapter 4, Table1); and indeed no one publication in the field takes all of these factors 

into account (see chapter 4, Table 2). In clinical experiments 1 (Chapter 2) and 2 

(Chapter 3) we tried to solve the above described problems, and specifically in chapter 2 

we found that the potential factors influencing the ISQ 1 measurement data are sex, 

topographical location, immediate/delayed implantation, bone grafting, implant diameter, 

I/II stage implantation & insertion torque. ISQ 2 data were found to be influenced by 

implant diameter, insertion torque and by the T1-T2 time interval. Upon comparison 

with other studies, we found that previous researchers only focused on a few, 

subjectively chosen factors in their investigations which thus may be ignoring some 

clinically important factors of influence and thus result in wrong conclusions. For 
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example, Bischof et al [4] reported that the ISQ values of various types of implants are 

generally higher in the mandible (59.8±6.7) than in the maxilla (55±6.8); but 

interestingly, this finding seems to be dependent on the shape of the implants since when 

implants of a cylindrical form were placed in these two sites then no significant 

differences were encountered between the ISQ data. So, in our first clinical research 

study we considered as many factors as possible in a retrospective study, and even 

though we tried to be very complete, we later realized (also thanks to the reviewers 

critiques) that we still had missed some factors such as the cortical bone thickness. 

In the second clinical study (chapter 3), we found the bone graft-factor to be a 

general influencing factor which significantly influenced the ISQ1 values consistently in 

the three different patient groups we investigated. We were also able to identify the 

implant-diameter factor to be a general factor for ISQ2 values. It can be of paramount 

significance for surgeons to consider and take into account these potential general 

influencing factors and their role for different implant systems and different surgical 

techniques used. A limitation of this study was the in the set-up of the groups. For either 

the same surgeon or for the same implant system, we only had two groups of patients. 

Furthermore, the numbers of implants were not completely comparable between the 

three groups, which might have influenced the power of the statistical analysis. Careful 

interpretation is thus needed if extrapolations, based on the current data, are planned to 

estimate ISQ values for other implant types. But given the insight provided by the 

current study, we would like to encourage surgeons planning ISQ-related clinical studies 

to undertake multivariate linear regression analyses and establish their own equations.  

Based on the data of the second clinical study, we additionally came up with a new 

hypothesis: we hypothesized that a number of implants and surgical procedures do 

indeed not have an influence on implant ISQ values. This is in particular the case when 

the Ymin-value is higher than 55. Respecting the ISQ-equation for the three patient 

groups investigated in our study (following is the equations from chapter 3, table 2) 

Y(1)=57.263+1.317(X1)+1.471(X3)+1.836(X4)-4.990(X5)+1.669(X6)+2.961(X8)

+0.131(X9).  

Y(2)= 57.444+0.143(X2)-4.006(X5)+7.590(X10) 

Y(3)=62.730-4.117(X5)+4.928(X8)+0.277(X9) 

the constants in group 1, group 2 and group 3 were “57.357.263±4.226”, 
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quotient (ISQ) value, and are translated to a score between 1 - 100. The ISQ quotient 

value is positively correlated to the mechanical stability of an implant. Its mathematical 

foundation is based on an equation in which a constant, representing a mass, a damping 

and a spring constant, which is related with a number of influencing factors that then 

together define the resulting ISQ number. RFA is a non-invasive technique and shows a 

high reproducibility of results [1, 2]. In recent years, RFA has become one of the most 

widely used techniques to assess mechanical implant stability in situ, in clinical practice 

in order to determine a possible loading scheme and to assess the long-term survival of 

dental implants [3]. ISQ measurements are typically made at two time points following 

implant placement and are expressed as ISQ 1 and ISQ 2. 

In view of the published literature it appears that the stability of dental implants 

depends on a number of factors, and published results from various authors often conflict 

with each other. We present here a short overview of the factors possibly able to 

influencing ISQ measurements, and indeed the number of them is at least 15 (see 

Chapter 4, Table1); and indeed no one publication in the field takes all of these factors 

into account (see chapter 4, Table 2). In clinical experiments 1 (Chapter 2) and 2 

(Chapter 3) we tried to solve the above described problems, and specifically in chapter 2 

we found that the potential factors influencing the ISQ 1 measurement data are sex, 

topographical location, immediate/delayed implantation, bone grafting, implant diameter, 

I/II stage implantation & insertion torque. ISQ 2 data were found to be influenced by 

implant diameter, insertion torque and by the T1-T2 time interval. Upon comparison 

with other studies, we found that previous researchers only focused on a few, 

subjectively chosen factors in their investigations which thus may be ignoring some 

clinically important factors of influence and thus result in wrong conclusions. For 
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example, Bischof et al [4] reported that the ISQ values of various types of implants are 

generally higher in the mandible (59.8±6.7) than in the maxilla (55±6.8); but 

interestingly, this finding seems to be dependent on the shape of the implants since when 

implants of a cylindrical form were placed in these two sites then no significant 

differences were encountered between the ISQ data. So, in our first clinical research 

study we considered as many factors as possible in a retrospective study, and even 

though we tried to be very complete, we later realized (also thanks to the reviewers 

critiques) that we still had missed some factors such as the cortical bone thickness. 

In the second clinical study (chapter 3), we found the bone graft-factor to be a 

general influencing factor which significantly influenced the ISQ1 values consistently in 

the three different patient groups we investigated. We were also able to identify the 

implant-diameter factor to be a general factor for ISQ2 values. It can be of paramount 

significance for surgeons to consider and take into account these potential general 

influencing factors and their role for different implant systems and different surgical 

techniques used. A limitation of this study was the in the set-up of the groups. For either 

the same surgeon or for the same implant system, we only had two groups of patients. 

Furthermore, the numbers of implants were not completely comparable between the 

three groups, which might have influenced the power of the statistical analysis. Careful 

interpretation is thus needed if extrapolations, based on the current data, are planned to 

estimate ISQ values for other implant types. But given the insight provided by the 

current study, we would like to encourage surgeons planning ISQ-related clinical studies 

to undertake multivariate linear regression analyses and establish their own equations.  

Based on the data of the second clinical study, we additionally came up with a new 

hypothesis: we hypothesized that a number of implants and surgical procedures do 

indeed not have an influence on implant ISQ values. This is in particular the case when 

the Ymin-value is higher than 55. Respecting the ISQ-equation for the three patient 

groups investigated in our study (following is the equations from chapter 3, table 2) 

Y(1)=57.263+1.317(X1)+1.471(X3)+1.836(X4)-4.990(X5)+1.669(X6)+2.961(X8)

+0.131(X9).  

Y(2)= 57.444+0.143(X2)-4.006(X5)+7.590(X10) 

Y(3)=62.730-4.117(X5)+4.928(X8)+0.277(X9) 

the constants in group 1, group 2 and group 3 were “57.357.263±4.226”, 
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“57.444±4.470”, and “62.730±3.556”(see Chapter 3, Tables 1 and 2, describing the 

potential factors for each group of implants, surgery and patients), and in each group the 

constant minus the standard deviation (SD) for the three group are “53.13”, “52.97”, and 

“59.17”; furthermore, if we subtract also the possible negative influencing factors in the 

quotients, then the resulting constant values are only somewhat smaller than (or equal to) 

a constant value of 55, i.e. they are “48.14”, “48.97”, and “55.17”. This illustrates that 

even in a worst case scenario the predictable ISQ will be higher than 55, which is the 

minimum critical primary ISQ value that is required for a successful clinical result. Thus, 

if the constant value obtained is fairy high (i.e. close to 55), the other contributing factors 

become much less influential on the final stability degree obtained. And this finding may 

help to explain why in some cases taking ISQ values into account has no extra value. An 

example illustrating this is the Astra implant for which this is indeed claimed by the 

company. However, this hypothesis needs to be tested in future clinical research projects. 

Upon comparison with previous studies we found that we have some conflicting 

results with other researchers. A possible reason for the presence of large numbers of 

conflicting data in the literature in general may be related to the fact that some of these 

factors have not been clearly quantified in their nature, such as the `bone type` when 

used as a contributing factor. This is a factor, that is difficult to reproducibly quantify 

and classify, and thus, most authors simply choose a subjective scheme according to the 

Zarb classification [5]. Thus there is a great need to develop methods that allow precise 

and reproducible factor descriptions on a quantitative basis. 

In chapter 4, we did not perform a literature analysis in the traditional way such as 

to organize the publications according to study classification (like retrospective study, or 

random controlled study etc to assess the degree of reliability of these studies). This type 

of work had been done in a recent systematic review by Manzano-Moreno et al in 2015 

[6], and it was described by these authors that from hundreds of publications the number 

of publications fulfilling strict scientific criteria for a solid and conclusive analysis was 

only 39. On these grounds they were able then to identify only 6 factors that potentially 

contribute to ISQ measurement results; in particular they identified the following 

influencing factors: dental implant design; cone beam computed tomography (CBCT) 

bone density; loading time; surgical techniques; bone quality and bone augmentation. 

This, however, does not mean that the possible influencing factors are only 6 since a 
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large number of factors seem to be associated with the ISQ measurements; and the 

needed available number of prospective randomized control trial publications to confirm 

this is still quite insufficient.  

Part II 

Recombinant human bone morphogenetic protein-2 (BMP-2), a member of the 

transforming growth factor beta (TGF-β) superfamily, is in clinical use for more than a 

decade [7, 8]. It is used in clinical practice for spinal fusion [9] and for treatment of 

non-unions to enhance bone formation processes and to accelerate the bony healing 

response; in dental practice it is used for oral and maxillofacial reconstruction [10, 11]. 

And even though the clinical use of BMP-2 is very successful, its clinical 

application is associated with some serious unwanted effects such as heterotopic bone 

formation [12], bone resorption (by osteoclast activation) and formation of cyst-like 

bone voids [13], as well as postoperative inflammatory swelling [14, 15] and 

neurological symptoms, etc. BMP-2 is clinically applied topically in a free form together 

with an absorbable collagen sponge (ACS) [16]. The recommended dose is exceedingly 

high (up to 12mg/Absorbable collagen sponge (ACS) unit; i.e. approximately 37.3mg of 

BMP-2 are used per gram of ACS sponge); and in this high dosage scheme probably lies 

the reason for many of the untoward side effects[10, 17]. 

Respecting the animal experiments presented in this thesis, the first study aimed to 

clarify if the pro-inflammatory activities, associated with the use of BMP-2 added to 

ACS in vivo, were related to the physical state of the carrier itself, or to other influencing 

factors. Our data showed that the acute inflammatory response following implantation of 

ACS was independent of the presence or absence of BMP-2 (used at a total amount of 

20μg BMP-2 in the ACS carrier which corresponds to a concentration of 10mg BMP-2/g 

ACS). Differential microbiomechanical factors operating at the implantation site 

appeared not to have an influence on the degree of inflammation and its volume either; 

however, they revealed an influence on the thickness of the inflamed tissue space at the 

skin side and the body side.  

The overdosaged use and the release mechanism of BMP-2 may be also possible 

reasons for the side effects mentioned above. In the second animal experiment (chapter 

6), we combined the use of BMP-2 with hyaluronic acid polymers (HA) in the hope to 

be able to decrease the dosage of BMP-2 and promote additional osteogenesis activity. 
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Our extensive preliminary screening experiments revealed that an HA polymer 

length of about 48kDa was of the optimal size range for the desired effect when used at a 

concentration of approximately 100µg/ml.  

In the main study, HA, used at the optimal specifications, clearly promoted then the 

BMP-dependent osteogenesis activity. The promoting effect of HA on new bone 

formation was only seen at dosages higher than the 10μg-BMP group, which suggested 

that this group might thus lie in the range of a minimal BMP dosage needed for the 

desired effect of higher bone volume generation under the chosen experimental 

conditions. 

We then attempted to elucidate the possible biological foundation for HA to 

promote BMP-2 dependent osteogenesis. We found that in the experimental groups of 

BMP-2+HA the density of blood vessels was higher than the other groups; so the  

associated higher angiogenesis activity may be a reason. However, we are not able to 

exclude other contributing factors: HA may establish when used at the optimal 

concentration for a maximal effect the optimal form of a gel, in which BMP-2 is most 

efficiently entrapped, optimally retained and slowly released for maximal bioactivity 

[18]. As a meshwork scaffold itself, HA might also reduce the free diffusion capabilities 

of BMP-2 and its flow, thus acting as a slow release system with an enhanced osteogenic 

activity potential [19]. Additional experiments will be needed to clarify the operating 

mechanism. 

Limitations   

1) Clinical research  

One limitation of the first study is that the equation used might be too specific for 

the implantologist, for this implant system and/or for the dental clinic in which the study 

was performed. Careful interpretation is thus needed if extrapolation of the data is 

planned to estimate ISQ values for patients/implants of other implantologists. 

A major limitation of the second study is the limited number of implants analyzed; 

and in addition, they were not completely comparable between the three patient groups. 

This circumstance might influence the power of the statistical analysis. Careful 

interpretation is thus needed if extrapolations, based on the current data, are planned to 

estimate ISQ values for other implant types. 

2) Animal research 
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In the two studies, we used the subcutaneous model for ectopic ossification in rats. 

Although bone formation in an ectopic model is considered as a golden standard to 

confirm the osteoinductivity potential of a biomaterial, it has its limitations. It can not 

provide conclusive evidence that this biomaterial is able to functionally repair bone 

defects. Thus critical bone-defect models are needed to evaluate whether the desired 

repair of bone tissue can be performed also at the orthotopic site. 

Future perspectives 

In the future, we would like to design a prospective randomized clinical trial to study all 

possible factors influencing ISQ. Ideally, each surgeon would then be able to identify 

his/her own ISQ values generated; enabling the surgeon to specifically improve his/her 

approach and pay specific attention to the critical factors at play. 

Respecting our animal experiments it is desirable to better understand the 

underlying mechanisms operating in the use of the BMP-2/ACS product, associated with 

acute (undesirable) inflammation; and relating to the HA combined use with BMP-2, not 

only an improved understanding of the mechanism is desirable, but also the development 

of a combined new product. This should allow significant reduction of the BMP-2 

dosages needed for osteogenesis therapy, and also make it a safer therapy with less (or 

none) side effects as well as more cost-effective one for broader application in the 

population. 

 

 

 

 

 



7

147

Chapter 7 

144 

Our extensive preliminary screening experiments revealed that an HA polymer 

length of about 48kDa was of the optimal size range for the desired effect when used at a 

concentration of approximately 100µg/ml.  

In the main study, HA, used at the optimal specifications, clearly promoted then the 

BMP-dependent osteogenesis activity. The promoting effect of HA on new bone 

formation was only seen at dosages higher than the 10μg-BMP group, which suggested 

that this group might thus lie in the range of a minimal BMP dosage needed for the 

desired effect of higher bone volume generation under the chosen experimental 

conditions. 

We then attempted to elucidate the possible biological foundation for HA to 

promote BMP-2 dependent osteogenesis. We found that in the experimental groups of 

BMP-2+HA the density of blood vessels was higher than the other groups; so the  

associated higher angiogenesis activity may be a reason. However, we are not able to 

exclude other contributing factors: HA may establish when used at the optimal 

concentration for a maximal effect the optimal form of a gel, in which BMP-2 is most 

efficiently entrapped, optimally retained and slowly released for maximal bioactivity 

[18]. As a meshwork scaffold itself, HA might also reduce the free diffusion capabilities 

of BMP-2 and its flow, thus acting as a slow release system with an enhanced osteogenic 

activity potential [19]. Additional experiments will be needed to clarify the operating 

mechanism. 

Limitations   

1) Clinical research  

One limitation of the first study is that the equation used might be too specific for 

the implantologist, for this implant system and/or for the dental clinic in which the study 

was performed. Careful interpretation is thus needed if extrapolation of the data is 

planned to estimate ISQ values for patients/implants of other implantologists. 

A major limitation of the second study is the limited number of implants analyzed; 

and in addition, they were not completely comparable between the three patient groups. 

This circumstance might influence the power of the statistical analysis. Careful 

interpretation is thus needed if extrapolations, based on the current data, are planned to 

estimate ISQ values for other implant types. 

2) Animal research 

Chapter 7 

145 

7 

In the two studies, we used the subcutaneous model for ectopic ossification in rats. 

Although bone formation in an ectopic model is considered as a golden standard to 

confirm the osteoinductivity potential of a biomaterial, it has its limitations. It can not 

provide conclusive evidence that this biomaterial is able to functionally repair bone 

defects. Thus critical bone-defect models are needed to evaluate whether the desired 

repair of bone tissue can be performed also at the orthotopic site. 

Future perspectives 

In the future, we would like to design a prospective randomized clinical trial to study all 

possible factors influencing ISQ. Ideally, each surgeon would then be able to identify 

his/her own ISQ values generated; enabling the surgeon to specifically improve his/her 

approach and pay specific attention to the critical factors at play. 

Respecting our animal experiments it is desirable to better understand the 

underlying mechanisms operating in the use of the BMP-2/ACS product, associated with 

acute (undesirable) inflammation; and relating to the HA combined use with BMP-2, not 

only an improved understanding of the mechanism is desirable, but also the development 

of a combined new product. This should allow significant reduction of the BMP-2 

dosages needed for osteogenesis therapy, and also make it a safer therapy with less (or 

none) side effects as well as more cost-effective one for broader application in the 

population. 

 

 

 

 

 



148

Chapter 7 

146 

References 

[1] Meredith N. Assessment of implant stability as a prognostic determinant. The 

International journal of prosthodontics. 1998;11:491-501. 

[2] Al-Jetaily S, Al-Dosari AA. Assessment of Osstell and Periotest(R) systems in 

measuring dental implant stability (in vitro study). The Saudi dental journal. 

2011;23:17-21. 

[3] Lozano-Carrascal N, Salomo-Coll O, Gilabert-Cerda M, Farre-Pages N, 

Gargallo-Albiol J, Hernandez-Alfaro F. Effect of implant macro-design on primary 

stability: A prospective clinical study. Medicina oral, patologia oral y cirugia bucal. 

2016;21:e214-21. 

[4] Bischof M, Nedir R, Szmukler-Moncler S, Bernard JP, Samson J. Implant stability 

measurement of delayed and immediately loaded implants during healing. Clinical 

oral implants research. 2004;15:529-39. 

[5] Lekholm U, Zarb GA. Patient selection and preparation. In: Bra°nemark P-I, Zarb 

GA, Albrektsson T, editors. Tissue integrated prostheses: osseointegration in clinical 

dentistry. Chicago: Quintessence; 1985. p. 199–209. 

[6] Manzano-Moreno FJ, Herrera-Briones FJ, Bassam T, Vallecillo-Capilla MF, 

Reyes-Botella C. Factors Affecting Dental Implant Stability Measured Using the 

Ostell Mentor Device: A Systematic Review. Implant Dent. 2015;24:565-77. 

[7] Wozney JM, Rosen V, Celeste AJ, Mitsock LM, Whitters MJ, Kriz RW, et al. Novel 

regulators of bone formation: molecular clones and activities. Science. 

1988;242:1528-34. 

[8] Bessa PC, Casal M, Reis RL. Bone morphogenetic proteins in tissue engineering: the 

road from the laboratory to the clinic, part I (basic concepts). Journal of tissue 

engineering and regenerative medicine. 2008;2:1-13. 

[9] Cahill KS, Chi JH, Day A, Claus EB. Prevalence, complications, and hospital 

charges associated with use of bone-morphogenetic proteins in spinal fusion 

procedures. Jama. 2009;302:58-66. 

[10] Benglis D, Wang MY, Levi AD. A comprehensive review of the safety profile of 

bone morphogenetic protein in spine surgery. Neurosurgery. 2008;62:ONS423-31. 

Chapter 7 

147 

7 

[11] James AW, LaChaud G, Shen J, Asatrian G, Nguyen V, Zhang X, et al. A Review of 

the Clinical Side Effects of Bone Morphogenetic Protein-2. Tissue engineering Part 

B, Reviews. 2016;22:284-97. 

[12] Shah RK, Moncayo VM, Smitson RD, Pierre-Jerome C, Terk MR. Recombinant 

human bone morphogenetic protein 2-induced heterotopic ossification of the 

retroperitoneum, psoas muscle, pelvis and abdominal wall following lumbar spinal 

fusion. Skeletal radiology. 2010;39:501-4. 

[13] Balseiro S, Nottmeier EW. Vertebral osteolysis originating from subchondral cyst 

end plate defects in transforaminal lumbar interbody fusion using rhBMP-2. Report 

of two cases. The spine journal : official journal of the North American Spine Society. 

2010;10:e6-e10. 

[14] Robin BN, Chaput CD, Zeitouni S, Rahm MD, Zerris VA, Sampson HW. 

Cytokine-mediated inflammatory reaction following posterior cervical 

decompression and fusion associated with recombinant human bone morphogenetic 

protein-2: a case study. Spine. 2010;35:E1350-4. 

[15] Garrett MP, Kakarla UK, Porter RW, Sonntag VK. Formation of painful seroma and 

edema after the use of recombinant human bone morphogenetic protein-2 in 

posterolateral lumbar spine fusions. Neurosurgery. 2010;66:1044-9. 

[16] Burkus JK, Heim SE, Gornet MF, Zdeblick TA. Is INFUSE bone graft superior to 

autograft bone? An integrated analysis of clinical trials using the LT-CAGE lumbar 

tapered fusion device. Journal of spinal disorders & techniques. 2003;16:113-22. 

[17] Hofstetter CP, Hofer AS, Levi AD. Exploratory meta-analysis on dose-related 

efficacy and morbidity of bone morphogenetic protein in spinal arthrodesis surgery. 

Journal of neurosurgery Spine. 2016;24:457-75. 

[18] Hulsart-Billstrom G, Yuen PK, Marsell R, Hilborn J, Larsson S, Ossipov D. 

Bisphosphonate-linked hyaluronic acid hydrogel sequesters and enzymatically 

releases active bone morphogenetic protein-2 for induction of osteogenic 

differentiation. Biomacromolecules. 2013;14:3055-63. 

[19] Hunziker EB, Jovanovic J, Horner A, Keel MJ, Lippuner K, Shintani N. 

Optimisation of BMP-2 dosage for the osseointegration of porous titanium implants 

in an ovine model. European cells & materials. 2016;32:241-56. 



7

149

Chapter 7 

146 

References 

[1] Meredith N. Assessment of implant stability as a prognostic determinant. The 

International journal of prosthodontics. 1998;11:491-501. 

[2] Al-Jetaily S, Al-Dosari AA. Assessment of Osstell and Periotest(R) systems in 

measuring dental implant stability (in vitro study). The Saudi dental journal. 

2011;23:17-21. 

[3] Lozano-Carrascal N, Salomo-Coll O, Gilabert-Cerda M, Farre-Pages N, 

Gargallo-Albiol J, Hernandez-Alfaro F. Effect of implant macro-design on primary 

stability: A prospective clinical study. Medicina oral, patologia oral y cirugia bucal. 

2016;21:e214-21. 

[4] Bischof M, Nedir R, Szmukler-Moncler S, Bernard JP, Samson J. Implant stability 

measurement of delayed and immediately loaded implants during healing. Clinical 

oral implants research. 2004;15:529-39. 

[5] Lekholm U, Zarb GA. Patient selection and preparation. In: Bra°nemark P-I, Zarb 

GA, Albrektsson T, editors. Tissue integrated prostheses: osseointegration in clinical 

dentistry. Chicago: Quintessence; 1985. p. 199–209. 

[6] Manzano-Moreno FJ, Herrera-Briones FJ, Bassam T, Vallecillo-Capilla MF, 

Reyes-Botella C. Factors Affecting Dental Implant Stability Measured Using the 

Ostell Mentor Device: A Systematic Review. Implant Dent. 2015;24:565-77. 

[7] Wozney JM, Rosen V, Celeste AJ, Mitsock LM, Whitters MJ, Kriz RW, et al. Novel 

regulators of bone formation: molecular clones and activities. Science. 

1988;242:1528-34. 

[8] Bessa PC, Casal M, Reis RL. Bone morphogenetic proteins in tissue engineering: the 

road from the laboratory to the clinic, part I (basic concepts). Journal of tissue 

engineering and regenerative medicine. 2008;2:1-13. 

[9] Cahill KS, Chi JH, Day A, Claus EB. Prevalence, complications, and hospital 

charges associated with use of bone-morphogenetic proteins in spinal fusion 

procedures. Jama. 2009;302:58-66. 

[10] Benglis D, Wang MY, Levi AD. A comprehensive review of the safety profile of 

bone morphogenetic protein in spine surgery. Neurosurgery. 2008;62:ONS423-31. 

Chapter 7 

147 

7 

[11] James AW, LaChaud G, Shen J, Asatrian G, Nguyen V, Zhang X, et al. A Review of 

the Clinical Side Effects of Bone Morphogenetic Protein-2. Tissue engineering Part 

B, Reviews. 2016;22:284-97. 

[12] Shah RK, Moncayo VM, Smitson RD, Pierre-Jerome C, Terk MR. Recombinant 

human bone morphogenetic protein 2-induced heterotopic ossification of the 

retroperitoneum, psoas muscle, pelvis and abdominal wall following lumbar spinal 

fusion. Skeletal radiology. 2010;39:501-4. 

[13] Balseiro S, Nottmeier EW. Vertebral osteolysis originating from subchondral cyst 

end plate defects in transforaminal lumbar interbody fusion using rhBMP-2. Report 

of two cases. The spine journal : official journal of the North American Spine Society. 

2010;10:e6-e10. 

[14] Robin BN, Chaput CD, Zeitouni S, Rahm MD, Zerris VA, Sampson HW. 

Cytokine-mediated inflammatory reaction following posterior cervical 

decompression and fusion associated with recombinant human bone morphogenetic 

protein-2: a case study. Spine. 2010;35:E1350-4. 

[15] Garrett MP, Kakarla UK, Porter RW, Sonntag VK. Formation of painful seroma and 

edema after the use of recombinant human bone morphogenetic protein-2 in 

posterolateral lumbar spine fusions. Neurosurgery. 2010;66:1044-9. 

[16] Burkus JK, Heim SE, Gornet MF, Zdeblick TA. Is INFUSE bone graft superior to 

autograft bone? An integrated analysis of clinical trials using the LT-CAGE lumbar 

tapered fusion device. Journal of spinal disorders & techniques. 2003;16:113-22. 

[17] Hofstetter CP, Hofer AS, Levi AD. Exploratory meta-analysis on dose-related 

efficacy and morbidity of bone morphogenetic protein in spinal arthrodesis surgery. 

Journal of neurosurgery Spine. 2016;24:457-75. 

[18] Hulsart-Billstrom G, Yuen PK, Marsell R, Hilborn J, Larsson S, Ossipov D. 

Bisphosphonate-linked hyaluronic acid hydrogel sequesters and enzymatically 

releases active bone morphogenetic protein-2 for induction of osteogenic 

differentiation. Biomacromolecules. 2013;14:3055-63. 

[19] Hunziker EB, Jovanovic J, Horner A, Keel MJ, Lippuner K, Shintani N. 

Optimisation of BMP-2 dosage for the osseointegration of porous titanium implants 

in an ovine model. European cells & materials. 2016;32:241-56. 



150

Chapter 7 

148 

 

 

  

 

 

 

 
 

 

 

 

 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 8 
 

CHAPTER 
 

General Summary 



Chapter 7 

148 

 

 

  

 

 

 

 
 

 

 

 

 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 8 
 

CHAPTER 
 

General Summary 



152

Chapter 8 

150 

General summary 

Primary stability of dental implants is a key predictor for the prognosis and survival of 

an implant. Bone grafting as well as osteogenic therapy at the implantation site are the 

main contributors to compromised implant healing results. This thesis explores the 

factors influencing primary stability and its assessment by resonance frequency 

measurements (implant stability quotient (ISQ)). It also explores possible causes for 

failures of local osteogenic therapy at the implant site such as the role of the acute 

inflammation of a collagen carrier material used together with the osteogenic agent 

BMP-2; in addition, a possible therapeutic improvement of bone formation activity by 

adding hyaluronan polymer molecules to the BMP-2/ACS construct is also investigated . 

Chapter 1. Here we addressed a problem that in the past years was dealt with by a 

large number of publications: possible factors that may influence the primary stability of 

implants are investigated and discussed in them. However, earlier research during the 

more developmental phase of oral implantology, most of these studies focussed on only 

3 or 4 factors. As time went on, more and more factors were identified that contribute  

to primary stability results. We reviewed the pool of all these factors that we were able to 

identify in the scientific literature in order to provide a summary of possible factors 

influencing ISQ measurement data. We were able to identify about 15 factors that 

possibly influence the primary stability; some of them had been mentioned just casually 

as possible factors, and one factor, i.e. the number of implants as a factor, was described 

by only one publication as a factor of influence on ISQ measuring data. Given the very 

heterogeneous data we realized that some of the key influencing factors were indeed 

overlooked in past studies, maybe some of them were simply ignored? This situation 

promoted us to the design of a comprehensive approach to this topic aiming at the 

elucidation of a complete set of factors that play a role in influencing ISQ measuring 

data. 

Chapter 2. We performed a retrospective study in order to explore the set of 

possible factors influencing ISQ measurements. The following factors that were included 

in this study: insertion torque, immediate/delayed implantation, I/II stage healing pattern, 

bone graft, sex, age, maxillary/mandibular location, bone type, implant diameter and 

length for ISQ 1. Beside these factors we added the time interval for ISQ 2. We then 

found ISQ 1 associated factors: sex, maxillary/mandibular location, immediate/delayed 
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implantation, bone graft, implant diameter, I/II stage implantation and insertion torque 

and ISQ 2 - associated factors: implant diameter, insertion torque and T1-T2 time 

interval. When comparing with previous publications, this was then the first time that a 

total of 10 factors were considered that could influence the ISQ 1 measurement analysis 

and a total of 11 factors for ISQ 2.  

Chapter 3. Based on our discovery described in chapter 2, we came up with the 

hypothesis that the influencing factor effects are not fixed but that they could vary 

among different dentists and/or with different implants. If that is indeed the case the 

question was then: are there factors that are not sensitive to such influences (of surgeon 

and implant type)? And our investigation indeed revealed when comparing the results 

between two dentists, all influencing factors changed, but only one factor did not. The 

factor “bone grafting” stayed constant in its role. This finding indeed is consistent with 

the clinical belief that the primary stability degree is related to the bone quality and 

quantity of the local implantation spot. 

In the first part of this thesis, we were able to confirm our hypothesis that the 

factors influencing ISQ measurement data have their specific weights, and that these 

factors vary indeed from dentist to dentist, as well as among different implant systems. 

Moreover we were able to identify some factors with a fixed general contributing weight, 

and these thus will not change as a function of surgeon or implant type used can; these 

factors we called the key factors; and we found that these key factors are most useful as 

predictors for the prognosis and the survival rate of the dental implant. 

In our experimental studies relating to the clarification of the factors with 

proinflammatory effects in the therapeutic approaches for active osteoinduction 

measures we used rhBMP-2 as the osteoinductive agent together with an absorbable 

collagen sponge (ACS). These are both in clinical use. Given the high dosages for 

BMP-2 used in the clinical practice, associated with a large number of untoward side 

effects such as inflammation, ectopic bone formation, paralysis etc., we identified a great 

need to investigate new methods that are able to reduce the dosages of BMP-2 and the 

associated side effects.  

In Chapter 5, we used fibrous collagen as carrier material to elucidate the factors 

that possibly are associated with the acute inflammatory response observed in the body 

when this material is implanted to treat bone defects. We found that the acute 



8

153

Chapter 8 

150 

General summary 

Primary stability of dental implants is a key predictor for the prognosis and survival of 

an implant. Bone grafting as well as osteogenic therapy at the implantation site are the 

main contributors to compromised implant healing results. This thesis explores the 

factors influencing primary stability and its assessment by resonance frequency 

measurements (implant stability quotient (ISQ)). It also explores possible causes for 

failures of local osteogenic therapy at the implant site such as the role of the acute 

inflammation of a collagen carrier material used together with the osteogenic agent 

BMP-2; in addition, a possible therapeutic improvement of bone formation activity by 

adding hyaluronan polymer molecules to the BMP-2/ACS construct is also investigated . 

Chapter 1. Here we addressed a problem that in the past years was dealt with by a 

large number of publications: possible factors that may influence the primary stability of 

implants are investigated and discussed in them. However, earlier research during the 

more developmental phase of oral implantology, most of these studies focussed on only 

3 or 4 factors. As time went on, more and more factors were identified that contribute  

to primary stability results. We reviewed the pool of all these factors that we were able to 

identify in the scientific literature in order to provide a summary of possible factors 

influencing ISQ measurement data. We were able to identify about 15 factors that 

possibly influence the primary stability; some of them had been mentioned just casually 

as possible factors, and one factor, i.e. the number of implants as a factor, was described 

by only one publication as a factor of influence on ISQ measuring data. Given the very 

heterogeneous data we realized that some of the key influencing factors were indeed 

overlooked in past studies, maybe some of them were simply ignored? This situation 

promoted us to the design of a comprehensive approach to this topic aiming at the 

elucidation of a complete set of factors that play a role in influencing ISQ measuring 

data. 

Chapter 2. We performed a retrospective study in order to explore the set of 

possible factors influencing ISQ measurements. The following factors that were included 

in this study: insertion torque, immediate/delayed implantation, I/II stage healing pattern, 

bone graft, sex, age, maxillary/mandibular location, bone type, implant diameter and 

length for ISQ 1. Beside these factors we added the time interval for ISQ 2. We then 

found ISQ 1 associated factors: sex, maxillary/mandibular location, immediate/delayed 

Chapter 8 

 

implantation, bone graft, implant diameter, I/II stage implantation and insertion torque 

and ISQ 2 - associated factors: implant diameter, insertion torque and T1-T2 time 

interval. When comparing with previous publications, this was then the first time that a 

total of 10 factors were considered that could influence the ISQ 1 measurement analysis 

and a total of 11 factors for ISQ 2.  

Chapter 3. Based on our discovery described in chapter 2, we came up with the 

hypothesis that the influencing factor effects are not fixed but that they could vary 

among different dentists and/or with different implants. If that is indeed the case the 

question was then: are there factors that are not sensitive to such influences (of surgeon 

and implant type)? And our investigation indeed revealed when comparing the results 

between two dentists, all influencing factors changed, but only one factor did not. The 

factor “bone grafting” stayed constant in its role. This finding indeed is consistent with 

the clinical belief that the primary stability degree is related to the bone quality and 

quantity of the local implantation spot. 

In the first part of this thesis, we were able to confirm our hypothesis that the 

factors influencing ISQ measurement data have their specific weights, and that these 

factors vary indeed from dentist to dentist, as well as among different implant systems. 

Moreover we were able to identify some factors with a fixed general contributing weight, 

and these thus will not change as a function of surgeon or implant type used can; these 

factors we called the key factors; and we found that these key factors are most useful as 

predictors for the prognosis and the survival rate of the dental implant. 

In our experimental studies relating to the clarification of the factors with 

proinflammatory effects in the therapeutic approaches for active osteoinduction 

measures we used rhBMP-2 as the osteoinductive agent together with an absorbable 

collagen sponge (ACS). These are both in clinical use. Given the high dosages for 

BMP-2 used in the clinical practice, associated with a large number of untoward side 

effects such as inflammation, ectopic bone formation, paralysis etc., we identified a great 

need to investigate new methods that are able to reduce the dosages of BMP-2 and the 

associated side effects.  

In Chapter 5, we used fibrous collagen as carrier material to elucidate the factors 

that possibly are associated with the acute inflammatory response observed in the body 

when this material is implanted to treat bone defects. We found that the acute 



154

Chapter 8 

152 

inflammation indeed is associated with the carrier material itself, but not with the use of 

BMP-2, nor as a result of micromechanical factors operating at the local implantation 

site. We also found that the micro biomechanical instead of degree of vascularity has an 

influence on the extent (thickness) of the inflammation process.  

In chapter 6, we wished to clarify if a combined use of BMP-2 together with the 

polymer hyaluronic acid (HA) and an absorbable collagen sponge (ACS) is able to 

promote the osteogenesis activity of BMP-2 and thus would enable us to decrease the 

necessary dosage of BMP-2 for clinical use. We found that HA was indeed able to 

significantly promote BMP-2-triggered osteogenesis, and thus potentially help to 

minimize the unwanted side-effects of this therapy. One possible reason for this observed 

beneficial effect may be found in an increased associated angiogenic activity. 
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