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1. Introduction 

Prosthodontically driven implant surgery has been subject of interest to dental professionals 

for the past decade. The correct positioning of implants has a number of obvious 

advantages, such as favourable functional and aesthetic outcomes, better occlusion and less 

chance of implant overload, to mention just a few. A well-positioned implant can also make 

it easier for the patient to maintain good oral hygiene, once the superstructure has been 

inserted. What follows is profound description of the procedure of implant surgery, with 

special attention to the guided surgical approach (1, 2).  

I.1. Osseointegration of dental implants 

Osseointegration, the research of which was pioneered by the Swedish Per- Ingvar 

Brånemark from the 1960s on, has become one of the most extensively researched 

phenomena in clinical dentistry(3). 

The success of medical interventions based on osseointegration depends on a torough 

understanding of the reparative properties of hard and soft tissues. The goal of the dental 

professional is to achieve a predictable and functional tissue response through the 

placement of tooth root analogues(4). 

In the early 1960s Brånemark found that titanium chambers of screw-shaped design, 

implanted in bone, could not be removed from adjacent bone once they healed in, which 

was the first experimental proof of osseointegration. Brånemark concluded that the 

edentulous jaw could be provided with jaw bone-anchored prostheses according to the 

principle of osseointegration with excellent and predictable long-term prognosis (5, 6). 

In order to allow osseointegration, the preparation of the bone must be performed in a 

minimally invasive way to avoid excessive injury of both the soft and hard tissues. 

Brånemark et al. concluded that a minimal amount of bone in the edentulous jaw should be 

removed and that the basic topography should remain the same. The retention of the 

provisional denture should be maintained during the healing of the implants. Brånemark 

also suggested that for the rehabilitation of completely edentulous cases, screw-shaped 

implants made of pure titanium, 10 mm long and 3.7 mm in diameter would be optimal (7). 

The titanium fixture did not seem to cause any adverse effect, and bone resorption from 

disuse atrophy was reduced as well. As for the healing time, Brånemark found that it was 

between 3 to 6 months, depending mostly on the healing potential of the given jaw bone of 
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the individual patient (8).  When connected to abutments, the bone around the implants 

remodels over a period of ≥1 year until it reaches a so-called steady state Installation 

surgical trauma and adaptation to the masticatory force also contributes to marginal bone 

loss, which is an otherwise normal concomitant phenomenon of dental implantation. 

Furthermore, Brånemark pointed out that successful osseointegration necessitated 

extremely careful management, both in the surgical and prosthodontic sense (4, 9). Long- 

term biochemical and biophysical analyses indicated that there was an active interaction 

between the implanted titanium fixture and the soft and hard tissues, which eventually led 

to an improved anchorage (3, 4, 8, 10-12). Therefore, it has become widely accepted that 

osseointegration, defined as direct bony support to the implant body, is the most stable 

means of implant anchorage. However, there are various factors that can influence this 

process. This thesis will focus on one of the most important of those factors: heat generated 

during implant site preparation.  

I.2. Thermal osteonecrosis, thermal damage 

As the application of metal implants has become routine in musculoskeletal trauma surgery, 

orthopaedic surgery, spine surgery, cranio-maxillofacial surgery, dentistry and oral 

implantology, drilling of bone has also become one of the most common basic surgical 

steps. Bone tissue is one of the most highly cellular and most richly vascularized structures 

in the human body. Previous studies have demonstrated that healing of the osseous structure 

can occur via repair or regeneration (13-15). As for the process of repair, this can be 

influenced by several factors including implant design, chemical composition, the material 

and shape of the implant, the physiological characteristics of the host bone bed, loading 

conditions, the topography of the implant surface, the healing potential of the host bone, 

the use of adjuvant treatments, pharmacological agents and also heat generation during 

osteotomy (14, 16-22). The bone tissue is very vulnerable to thermal injury, and the 

temperature threshold for tissue survival during osteotomy is 47˚C when drilling is 

maintained for more than 1 minute (23-25). Therefore, it is critical for successful 

osseointegration to keep heat generation under control during osteotomy. Excess heating 

above this limit can lead to the primary failure to of osseointegration. Frictional heat 

generated during the time of surgery will always cause a certain degree of necrosis of the 

surrounding undifferentiated and differentiated cells, therefore it represents a significant 

risk for failed bone integration. In vitro studies have found that heat generation during a 

session of osteotomy depends on multiple factors, as discussed below (22, 26).    
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I.3 Bone models and methods used to measure heat generation 

I.3.1. Study models 

There is no standard model for the observations into the preparation of implant sites. A 

variety of different osseous models have been used based on bone blocks from pig rib (22), 

pig mandible and maxilla (27), sheep tibia (28), bovine cortical/medullary bone (29-37), 

rabbit tibia (38) and rabbit mandible (39, 40). There were studies which used synthetic 

blocks or resin models (41-44). 

I.3.2. Heat measurement 

Different methods have been used to observe the heat generated during drilling of bone 

during the dental implant placement. To the extent of our knowledge, currently only 2 

methods have been described throughout the literature, used to record heat generated in real 

time. Thermocouples, which allow direct measurement (43, 45-51), this method was first 

presented in the field of oral implantology by Keiditsch and Horch (52). 

The other option for heat measurement is the infrared thermography which provides an 

indirect estimate (42, 48, 53, 54). 

Studies on the use of the well-established thermocouple technology are still not uniform. 

There are variations of the distance to the final drilling path and the depth of the vertical 

dimensions. A further problem is the limited ability to detect spot temperatures (26). The 

latter mentioned disadvantage can be avoided by the use of infrared technology, which is 

described to be more accurate (53). 

I.4. Parameters that influence intraosseous temperature rise during osteotomy 

I.4.1. Diameter of the drill 

It has been proved in 3 studies by Strbac and his colleagues that the thermal increment is 

inversely proportional to the diameter of the drilling burs (41, 55, 56). During the 

investigations they used a real-time model with 14 temperature sensors at defined depths 

with predefined distances of 1 and 2 mm from the final drilling path (41, 55). During 

drilling the 2 mm diameter twist drill was reached higher temperatures than the 3.5 mm 

diameter conical implant drills with the use of coolant. In their further investigations Strbac 

et al. observed that the first 2 mm diameter twist drill, which was used before the other 

diameters (3.5, 4.3, 5.0), caused significantly higher temperatures than sequential drills 
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with conical drill bits (41). Augustin and his colleagues from different part of the medical 

field (orthopaedic, traumatology) have observed the effect of drill diameter on the 

temperature generated during drilling as well (57). Augustin et al. reported that with the 

increase in drill diameter the contact surface between the drill and the bone increases, 

therefore this phenomenon leads to an increase in the overall friction which results in a 

higher heat generated. 

I.4.2. Design of the drill and number of blades 

The shape of the implant placed already determines the shape of the drill usually. 

Furthermore, a relationship can be observed between the temperature at the cutting site and 

drilling time and the design of the drills or burs. During the rotary cutting of the cortical 

layer of the bone, it took more time to cut with the spiral drill with its two spiral blades 

therefore a larger amount of heat was generated from the tip of the bur during the drilling. 

The round bur, which has eight blades completed the drilling in a shorter period of time 

(22). Having an extra flute in the drill design may influence the cutting efficiency in a 

positive way (42). On the contrary, it is also worth keeping in mind that the additional flutes 

may narrow the channels of the flutes that would otherwise function as a path for the 

removal of the bone chips, and this might eventually result in elevated frictional heat and 

further impaired cutting efficiency. More research needs to be conducted concerning the 

optimal number of flutes and its effect on cutting efficiency and frictional heat generation 

(42). It has already been recommended by Jacobsson and his colleagues that a graded series 

of drill sizes should be used instead of one large drill (58). Sharawy and his group suggested 

that continued drilling before allowing the temperature to return to the baseline level might 

lead to further temperature elevation, which can gradually reach a clinically concerning 

level. The usual 2 to 5 re-entries in the osteotomy hole during sequential drilling may 

further increase heat generation during rotary cutting. Therefore, the authors concluded that 

the surgeon should interrupt the drilling procedure every 5 s for at least 10 s and apply 

irrigation fluid to the bone, which will significantly decrease the time that the bone is 

exposed to elevated temperatures (27). 

I.4.3. Drilling speed 

Thompson (59) investigated thermal changes, mechanical effects and initial histologic 

responses to drilling in bone at various speeds in the range of 125 to 2,000 rpm. No coolant 

was used during his observations and within the above-mentioned range, the temperature 
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increased from 38.3 ˚C to 65.5 ˚C during the increase of the drilling speed. This was 

confirmed by Pallan (60). Hirsch and Matthews (61) found a directly proportional 

relationship between heat production and drilling speed when comparing speed ranges from 

345 rpm to 2,900 rpm. Wedgwood and Lavelle (62) reported growing heat production with 

increasing rotational speeds up to an rpm of 350. Eriksson and his colleagues (63, 64) 

proposed that the drilling speeds should remain in the range of 1,000-2,000 rpm. However, 

Eriksson did not experimentally investigate the temperature at drilling speeds greater than 

2,000 rpm during the use of water-coolant. In their study, Iyer et al.(39, 40) found an inverse 

relationship between drill speed and heat production when coolant was used while 

performing the drilling procedures. Kim et al.(54) used infrared thermography to compare 

the temperature elevations during the use of a low-speed system (50 rpm) and 2 

conventional systems (1200 rpm). The lowest and highest increases in temperature were 

1.57 ˚C and 2.46 ˚C for conventional drilling and about 1.67 ˚C and 1.72 ˚C for the low 

speed drilling. The difference shown was not significant, and the bone was not over-heated 

at 50 rpm without irrigation. 

I.4.4. Drill load  

Drill speed was not the only significant determinant of heat production. Rather, it was 

drilling force that was related to both the maximum temperature rise and the mean elevation 

during the entire drilling period (61). Increasing both the speed and the load allows the drill 

to cut more efficiently than at slower speeds, thus generating less frictional heat. This 

pattern was observed by Brisman and colleagues (35) when they compared axial loads of 

1.2 and 2.4 kg at 1,200 and 2,400 rpm. They found that the least heat was generated under 

2.4 kg force with 2,400 rpm. Several authors investigated the heat generated at different 

loads when using a conventional drill (65, 66). Hobkirk and Rusiniak (67) demonstrated 

that the average force applied on the handpiece during implant site preparation is 1.2 kg, 

but they did not investigate its role on heat generation. Majzoub and Cordioli (33) 

concluded that a drilling force of 2 kg remains in the clinical range. Rashad et al. (68) 

showed that increasing the axial load (5, 8, 15 and 20 N) had no effect on heat production 

during conventional drilling in cancellous and cortical bone. Stelzle focused on how load 

affected the heat produced in hard tissue. Heat generated by a spiral bur, a trephine bur, and 

a piezoelectric instrument was compared at various loads between 0 and 1000 g (69). The 

temperature increment followed the pressure increase when using the piezoelectric 

instrument and the trephine bur, but with conventional drills the temperature started to drop 



 

6 

at 500 g. The maximum temperature using a conventional drill at a load of 400-500g was 

about 45.5 ˚C; for trephine burs it was 43.9˚C at a load of 9000-1000g, and for the 

piezosurgery it was 48.6˚C. To avoid thermal damage during preparation of the implant 

site, they proposed a maximum load of 100-400 g for piezosurgery, 100-200 g and 500-

1000 g for the spiral drill, and 100-600 g for the trephine bur. 

I.4.5. Drilling time 

Heat generation is directly proportional to the duration of drilling and depends on various 

factors.(33) Kim et al concluded that at lower speeds drilling takes longer but does not lead 

to the increase of heat generated(54). Stelzle et al. (69) evaluated the applied load in 3 

systems (piezosurgery, spiral bur, trephine bur) and found that the time required to prepare 

the cavity in the bone continuously decreased with the load. The least time was observed 

with the spiral bur (5.9 seconds) which was followed by the trephine bur (7.3 seconds); 

piezosurgery took 19.5 seconds. The elevation of temperature does seem to correlate with 

the drilling time. At maximum load, the lowest temperature measured was with the spiral 

bur (40.3 ˚C), with the trephine bur this value was 43.9˚C which was followed by 

48.6˚Cduring the use of piezoelectric surgery. Rashad et al. have describe a similar outcome 

during their investigations.(68)   

I.4.6. Drill wear   

Drill wear is common phenomenon during drilling. At present many implant companies do 

not indicate how many times a drill bit should be used, thereby hindering the ability for 

dental professionals to understand the optimal frequency of drill replacement.(14) This 

could result in greater tissue trauma to the surgical bed, leading to higher rates of implant 

loss (70). The study conducted by Matthews and Hirsch (61) suggests that during bone 

drilling, bone temperature increases with the multiple use of drill. The repeated use of drill 

causes the cutting edges to wear out due to thermal and mechanical load encountered by 

them during the rotary cutting of the bone. The sharpness of the bur is directly related to 

the number of times used, pressure applied, sterilisation technique, construction material 

and surface treatment. Wear increases the surface roughness of cutting lips which increases 

the axial thrust force, temperature and cutting vibrations. Through the use of scanning 

electron microscopy (SEM) or light microscopy the wear of the drill bits can be detected 

and qualitative analysis of bony healing has been done immunohistochemically (36, 38, 70-

77).  
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Allan et al (78) investigated the effect of drill wear on temperature rise during drilling of 

the porcine mandibles in vitro. They examined three different types of drill bits: one was 

new (Leibinger 1.5 mm diameter with two flutes), one was which had drilled 600 holes, 

and the third one had been in use for several months. They detected a significant difference 

in temperatures generated by the three drills and reported that the change in temperature 

elevation was due to the amount of wear. 

Chacon et al (34) measured heat generated in bone by 3 implant drill systems after repeated 

drilling and sterilization procedures. They measured the temperature change with 

thermocouple in vitro using bovine femoral cortical bone specimen. Their results showed 

that the temperature increased with multiple usage of the drill bits. Harris and Kohles (79)in 

their study observed that repeated autoclave sterilization cycles cause a reduction in the 

cutting power of the drill bits. The investigation performed by Jochum and Reichart (80) 

using 20 Timedur cannon drills (ZL-Duraplant-Implant-4System) for 51 times in vitro on 

pig mandibles concluded that drilling of more than 40 times causes significant wear and an 

increase in temperature. However, no statistically significant difference was observed in 

bone heating between drills that were reused after washing and sterilization and drills that 

were used after washing only. They also suggested that blunting of the drill edge can be 

altered with disinfectant use and autoclaving. 

Ercoli et al (70) investigated on bovine rib and found that the TiN-coated drills showed 

greater wear and significantly lower material removal rates as compared to non-coated 

drills. Misir et al. (45) measured increase in temperature of 4 ˚C and 10˚C with K type 

thermocouple in vitro using the bovine femoral cortical bone specimen at a constant drill 

load of 2.0 kg with a speed of 1500 rpm after 35 and 45 times of use respectively. Karaca 

et al. (81) performed studies on the protective coatings that have been applied to the drills 

with the intention of improving the durability of the drills. They concluded that TiN coated 

drill bits generate more temperature during rotary cutting in comparison to the drills without 

coating. Recently Oliveira et al (72) conducted drilling experiments on bovine bone with 

twisted stainless steel and ceramic drills to find out the relation between the thermal 

changes and drill wear. They found a positive correlation between temperatures generated 

and the number of drill usage. They also reported that no severe deformations or blunting 

was observed even after 50 uses. In his study Scarano (71) reported on higher temperatures 

with more use. They concluded that regarding repeated usage, SEM examinations revealed 

that even a number of 12 drilling procedures can result in a degradation of the cutting 
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surface of trephine bur drills. Investigations on bony healing in rabbit tibias found no 

association between the number of times a drill was used and bony healing. A physiological 

balance of OPG (osteoprotegerin) and RANKL (receptor activator of the NF- κB ligand) 

was given in up to 50 drilling. Later, higher immunolabelling of all proteins was measured 

and there was a proportional relation between the expression of caspase 3 and the number 

of times a drill was used (24, 73, 74). 

The above discussion of past studies on drill wear suggests that the drill wear and 

temperature generated during bone drilling increases with the number of times a drill bit is 

re-used. However, no clear suggestion has been made on how many times a drill can be 

used until it starts producing a significant additional heat.  

I.4.7. External and internal irrigation 

The real relevance of the control of intraosseous temperature rise and the avoidance of 

thermal osteonecrosis during implant bed preparation lies in its effect on the possible 

histological changes at the implant-bone interface,that might indicate the impairment of the 

process of osseointegration (82). However, most of the available literature concentrates on 

the elucidation of the numerous aspects and parameters that might influence the intrabony 

temperature, and only a few studies have been investigating the link between irrigation and 

temperature on the histological changes at the implant site (83). 

Extensive irrigation is a major influencing in the prevention of high temperatures at the 

bone interface (22, 32, 61, 70). Cooling can be internal or external, and the simultaneous 

use and the volume or temperature of the solution can vary.  

Watanabe (22) conducted studies during heat generation in the presence or absence of 

irrigating fluid when drilling with IMZ, Brånemark, and ITI implant (F type) drills. He 

observed that maximum heat generated without irrigation was higher that with irrigation 

for any IMZ drill, and with irrigation, almost no heat was generated. Sener et al.(84) in their 

in vitro study concluded that more heat was generated in the superficial part of the cavity 

drilled than at the deeper parts. Therefore, external irrigation at room temperature proved 

to provide sufficient cooling during drilling. Lower temperature saline was more effective 

in cooling the osseous structure, and irrigation should be continued during the whole 

drilling process.  
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Benington (85) and his group did a study on bovine bone, to compare the temperatures that 

were generated with external and internal irrigation systems while preparing implant sites. 

Statistically, no significant difference was observed for one irrigant system over the other. 

The clinical benefit of using more expensive internal irrigation systems is therefore deemed 

unjustifiable, on the grounds that these systems do not appear to reduce thermal challenge 

to the bone over and above that of simple flood irrigation. The beneficial influencing role 

of external drill cooling is now generally accepted and well-documented in the literature of 

dental implants (86, 87). 

Internally cooled drills were introduce to implant dentistry in 1975 by the authors Meyer 

and Kirschner (88). The coolant is discharged from the tip of the drill, therefore it is 

hypothesised that cooling and rinsing effect of these drills would be better than with 

external cooled drills (62, 89-91). The above mentioned two authors (88) compared internal 

irrigation with no irrigation at drilling speeds of 1,300 and 2,000 rpm, they reported that 

although there was no difference in heat generation between different rotational speeds, an 

intrabony temperature of 25-35 ˚C with internal irrigation reached 103˚C without it, 

justifying the important role of internal irrigation. Wedgwood and Lavelle (62) measured 

the temperature when using semi-elliptical and round burs with internal irrigation, external 

irrigation or no irrigation. High temperature elevation developed in all cases without 

irrigation and minimal heat developed when using internal irrigation. 

I.5. The guided approach to oral implantology 

Technological advances often influence the approach to implant therapy. In the last few 

years a rapid development could be observed in the field of computer-assisted implant 

placement. Increased beneficial use of computers was made possible through the recent 

advances in computer technology, which allowed the planning and the execution of various 

steps involved in dental reconstructions during the placement of dental implants. The above 

mentioned novel possibilities include computer assistance for the planning of surgical 

interventions, for the implementation of the surgical steps, for capturing intraoral situation 

and also for designing temporary and final prosthetic solutions or even for the 

manufacturing of prosthetic components (92, 93).  

Cone-beam computed tomography (CBCT) scanning as a three-dimensional (3D) imaging 

tool led to a breakthrough in the field of implant dentistry, mainly because these scanning 

devices allow lower radiation dosages compared with the conventional computed 
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tomography (CT) scanners (93-97).  Combining the CBCT images with an implant 

planning software has made it possible to virtually plan the optimal implant positions, in 

regard of the future prosthetic needs and the vital anatomical structures. This information 

can be used to fabricate a drill guide, which ultimately results in the transfer of the planned 

implant position from the computer to the patient, with the guide directing both the 

osteotomy and the insertion of the implant (98). Most importantly, every step of the process 

can be performed in such a way that the predicted prosthodontically ideal implant position 

can be achieved without damaging the neighbouring anatomical structures (1). 

The various guide systems include the planning of the implant positions, using software 

tools. The planned positions are converted into surgical guides or loaded further into a 

positioning software through a variety of different methods. Jung and his coworkers were 

the first to categorize many of these into dynamic and static systems (2). The dynamic 

systems incorporate surgical navigation and computer-aided navigation technologies, 

which allows the surgeon to change the surgical procedure and alter the implant position in 

real time using the anatomical information available from the preoperative CBCT or CT 

scan. Dynamic systems communicate the selected positions of the implants to the operative 

field with visual imaging tools on a monitor of a computer. The surgeon can see an avatar 

of the drill in a 3D relationship to the patient’s previously scanned anatomy while preparing 

the implant site, therefore modifications can be made immediately with significantly more 

information. In addition, the navigation approach provides an essential benefit with a 

virtual surgical guidance that can be altered according to the conditions encountered during 

the surgery. Meanwhile, static systems are those that transfer the predetermined implant 

sites using rigid intraoral guides or surgical templates in the operating field (1). 

Jung et al. in their systematic review concluded that the static systems have the tendency 

to be more precise than the dynamic approaches (2). 

For the computer guided static surgery, different modalities can be distinguished regarding 

the procedure of the drill guide fabrication, such as stereolithography or the use of 

mechanical positioning devices which convert the radiographic template to a surgical drill 

guide by implementing computer transformation algorithms (1). A further form of 

differentiation of the computer guided systems can be the terms of their respective design 

for the drill guidance through the template. For instance, some systems use different drills 

with stops to achieve depth control, while others design surgical templates with sleeves of 



 

11 

increasing diameter. In some systems the implants are inserted without using a guided 

device (99-102), free-hand, whereas other systems allow a guided implant placement as 

well (103-107). Some systems use different reference markers (e.g. gutta percha markers 

on the CBCT imaging) or do not use any references for performing the surgical procedures, 

while others use pre-installed reference points such as mini-implants (107, 108). 

I.5.1. Intraosseous temperature in guided osteotomy 

Misir et al. investigated the influence of surgical drill guides on the amount of heat 

generated at depths of 3.6, and 9 mm with and without the use of guides. The mean 

maximum temperatures were higher when a guide was used, and the highest temperature 

(39.8 ˚C) was observed at a depth of 9 mm. On the contrary, Bulloch and his colleagues 

(48) did not find a significant mean maximum temperature. Jeong et al.(44)  did not find 

differences either in the temperature of the drill when they compared implant placement 

without raising a flap with the conventional method when a flap was raised. While 

intraosseous temperature changes during non-guided osteotomy have been investigated by 

numerous studies, there is a relative paucity of literature regarding such changes when 

guided osteotomy is performed. This is not surprising, as guided osteotomy has started to 

become widespread only recently. Still, the need for such studies does exist, and this was a 

major motivation for our investigations described in this thesis.  
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II. Aims and Hypotheses 

Based on the above, the work underlying the present thesis sought to find answers to the 

following questions: 

1. How does the effect of the combination of low-speed drilling and cooled irrigation 

fluid influence intraosseous temperature elevation during guided and freehand 

implant surgery?  

Our hypothesis was that with the combination of low-speed and cooled irrigation 

fluid we can control the temperature increment in such a way that with any of the 

drilling procedures it will be avoidable to do thermal damage to the bony structure. 

 

2. How does drill wear and consequent intraosseous temperature elevation during 

freehand and guided bone drilling change, with special attention to the effect of 

metal-on metal contact during guided drilling? We hypothesized that the metal-on-

metal contact would damage the surface of the drilling bits, and therefore it would 

be associated with significantly higher temperatures during the drilling procedures.   
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III. Investigation No. 1. 

III. 1. Purpose 

Our purpose was to investigate the combination of external irrigation at different 

temperatures and different drilling speeds and consequent intraosseous temperature 

elevation during freehand and guided bone drilling. Our study was designed to model 

temperature rise during implant site preparation. 

III.2. Materials and methods 

III.2.1. Bone model  

Bovine ribs were used for the experiments because of their favourable anatomical and 

thermophysical characteristics. Davidson and James had already proved that bovine ribs 

are thermally isotropic and their conductivity is similar to the human mandible (109).  

The densities of the cancellous and cortical bone of bovine ribs have been shown to be 

identical to human bone as it was concluded by computer tomography. According to this 

above mentioned study Yacker and Klein concluded that the cortical density of bovine ribs 

are to be around 1400 Hounsfield units (HU), whereas the cortical of the human mandible 

has a density value in the range between 1400 and 1600 HU (32). The study conducted by 

Katranji and his colleagues (110) concluded that cortical bone thickness falls in a range of 

approximately 1.0-2.0 mm for edentulous and 1.6-2.0 for dentate bone. The specimens 

selected were in the above-mentioned range. Sener et al (84) proved in their study that the 

increase of intraosseous temperature elevation was greater in the cortical layer of the bone 

in comparison to the deeper parts of the drilled cavity .This finding has been confirmed by 

other studies as well (69, 111). 

Bones were taken from the same animal, and the animals were not killed for the sake of the 

experiments. The specimens were all stored at a temperature of -10°C in normal saline, 

when not used as it is suggested by Sedlin and Hirsch (112). 

III.2.2. Setup  

Drillings were performed for every step of the drilling sequence (diameters of 2.0, 2.5, 3.0, 

and 3.5 mm) at a drilling speed of 800 rpm, comparing freehand versus guided surgery and 

the use of irrigation fluids at different temperatures (20°C, 15°C, and 10°C). 20 drillings 

were performed in each of the 24 groups.  
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For the groups where guided surgery was investigated and evaluated, a model surgical 

guide was designed. The guide had 2x5 guiding holes with metal sleeves (Fig. 1.) and 4 

holes for the pins for the fixation of the guide. Entry points for the freehand groups were 

marked on the surface of the bone specimens with the help of the above-mentioned surgical 

guide (Fig. 1.). 

 

Figure 1. The surgical guide designed to fit the flat cortical rib bone specimens used in the 

study. 

 

Studies suggest that the maximum temperature increment can be observed in the cortical 

layer of the bone (69, 84, 111). Therefore, we performed temperature measurements in the 

cortical layer of the bone. K-type thermocouples were used for temperature measurements 

with a connected measurement device (HoldPeak 885A, HoldPeak; Zhuhai,Guangdong, 

China). The thermocouples were consistently placed into a cavity prepared with a 2.0-mm 

diameter starting drill and a depth control of 1.8 mm; therefore, we could ensure that the 

depth of the cavity never exceeded the cortical layer. The thermocouple was placed 

touching the lateral bony wall of the cavity being closer to the implant bed to be drilled, 

followed by tight filling with bone chips derived from rib specimens of the same animal 

and the hole was thoroughly sealed with plasticine to maintain adequate insulation (Fig. 2). 
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Figure 2. A close-up of the experimental setting. (1) Surgical guide, (2) guiding 

hole, (3) metal drill guide, (4) plasticine insulating the measurement bed, and (5) K-type 

thermocouple. 

 

 Measurement cavities were positioned directly underneath the metal sleeve of the surgical 

guide, being horizontally 1.75 mm from the 2.0 mm drilling canal, 1.50 mm from the 2.5 

mm drilling canal, 1.25 mm from the 3.0-mm drilling canal, and1.00mmfrom the 3.5 mm 

(final) drilling canal. To have comparable results, the measurement cavities were prepared 

in the same positions for the freehand groups. The precise position of the measurement 

cavities was determined by a 3D-printed guide, which could be anchored with pins in the 

same position as the model surgical guide (Fig. 3). 
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Figure 3.  The surgical guide designed for the measurement bed preparation 

 

A constant axial load of 2.0 kg was used, as it can be considered as a low hand pressure, 

and it is extensively used in the literature, as it can be seen in reviews concerning the topic 

as well (14, 16, 26, 82). A bench drill with adjustable drilling speed was used for the 

experiments (Bosch PBD 40; Bosch, Stuttgart, Germany).The specimens were heated up 

to a temperature of 37°C. Drillings with temperature measurement were only executed if 

the baseline temperature of the bone was between 35°C to 37°C. 

Constantly controlled external irrigation was provided by a widely known, accepted and 

used surgical unit (W&H Implantmed SI-923; W&H, Bürmoos, Salzburg,Austria), and the  

standard cannula of the system was used (W&H). The cannula was safely and preciesely 

attached to the drilling machine and it was directed toward the drill bit. Flow rate was 105 

mL/min as described by the manual of the system. The temperature of the irrigation fluid 

was either20°C ± 1°C or 15°C ± 1°C or 10°C ±1°C. The temperature of the irrigation fluid 

was always checked with an infrared thermometer before every measurement. 

The full setup can be seen in Figure 4. All the drilling procedures were conducted in the 

same air-conditioned room, where the temperature was controlled within the range of 20°C 

± 1°C. 



 

17 

 

Figure 4. The experimental setting with the drill and the irrigation apparatus. 

 

III.2.3. Collection of data and statistical analysis 

Baseline and peak temperatures were collected to one decimal point in a spreadsheet file 

Microsoft Excel 2013 (v15.0) (Microsoft Corporation, Redmond, WA, USA). Temperature 

elevations were calculated as peak temperature minus baseline temperature to one decimal 

point using the spreadsheet. The values were statistically analysed using Statistica for 

Windows 10.0 (Statsoft, Tulsa, OK, USA). Normality of distributions was tested with the 

Shapiro-Wilk test. As for the hypothesis testing, one-way ANOVA with post-hoc Tukey 

HSD and Kruskal-Wallis ANOVA were used, as appropriate according to the normality of 

the distribution. 

III.3. Results 

Our results showing temperature rise due to drilling with a low drilling speed of 800 rpm, 

divided into groups by the drilling method (guided or freehand procedure) and the 

temperature of the irrigation fluid used for external cooling can be seen in Table 1.
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Table 1. Mean temperature rises and maximums of temperature rises for 800 rpm drilling, groups of comparison divided by surgical method and 

temperature of the irrigation fluid 

 

Grouping 

number 

Diameter of the 

drill 

Drilling speed 

(rpm) 

Guided/ 

freehand 

Temperature 

of irrigation 

fluid (°C) 

Mean (SD) 

temperature 

rise (°C) 

Maximum 

temperature 

rise (°C) 

Same diameter groups with 

statistically significant difference  

(grouping number, * - p<0.05, ** - 

p<0.01, *** - p<0.001) 

1 2.0 800 freehand 10 -1.05 (0.87) 0.00 2*, 3***, 5**, 6*** 

2 2.0 800 freehand 15 0.52 (0.60) 1.60 2* 

3 2.0 800 freehand 20 1.39 (0.55) 2.50 1***, 4*** 

4 2.0 800 guided 10 -0.07 (0.48) 1.10 3***, 6*** 

5 2.0 800 guided 15 0.66 (0.90) 2.60 1** 

6 2.0 800 guided 20 1.40 (0.46) 2.00 1***, 4*** 

7 2.5 800 freehand 10 -0.23 (0.39) 0.50 8**, 9***, 11***, 12*** 

8 2.5 800 freehand 15 1.08 (0.59) 2.50 7**, 10* 

9 2.5 800 freehand 20 1.65 (0.50) 2.70 7***, 10*** 

10 2.5 800 guided 10 -0.05 (0.56) 1.10 8*,9***, 11*, 12** 

11 2.5 800 guided 15 1.27 (0.96) 3.40 7***, 10* 

12 2.5 800 guided 20 1.35 (0.51) 2.20 7***, 10** 

13 3.0 800 freehand 10 0.28 (0.41) 1.20 14*, 15**, 17**, 18** 

14 3.0 800 freehand 15 1.62 (0.66) 3.10 13*, 16* 

15 3.0 800 freehand 20 1.84 (0.62) 3.00 13**,16** 

16 3.0 800 guided 10 0.29 (0.68) 1.30 14*, 15**, 17**, 18** 

17 3.0 800 guided 15 1.98 (1.46) 4.60 13**, 16** 

18 3.0 800 guided 20 1.83 (0.52) 2.90 13**, 16** 

19 3.5 800 freehand 10 0.57 (0.67) 2.10 20*, 21***, 23**, 24*** 

20 3.5 800 freehand 15 1.88 (0.84) 3.90 19*, 22* 

21 3.5 800 freehand 20 2.30 (0.60) 3.60 19***, 22*** 

22 3.5 800 guided 10 0.72 (0.53) 1.60 20*, 21***, 23*, 24** 

23 3.5 800 guided 15 2.04 (1.18) 5.50 19**, 22* 

24 3.5 800 guided 20 2.24 (1.13) 4.80 19***, 22** 
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In some instances, the use of irrigation fluid cooled to 10°C combined with low-speed 

drilling (800 rpm) resulted in negative temperature changes as compared to the baseline. 

This might be the result of the cooling effect of the irrigation fluid being more pronounced 

than the heat producing effect of the drilling. This phenomenon was more pronounced for 

smaller drill diameters (2.0 and 2.5mm). No mean temperature change exceeded+1.0°C 

when using irrigation fluid cooled to 10°C, regardless of the drill diameter or the drilling 

method (freehand or guided). Moreover, the highest measured temperature change was 

below +2.0°C, except for the 3.5 mm freehand scenario, where a maximum temperature 

rise of 2.10°C occurred. The temperature change was significantly lower using irrigation 

fluid cooled to 10°C compared with the result with the same diameter drilling with 

irrigation at room temperature, for every investigated drill diameter, regardless of the 

drilling method. The use of irrigation fluid cooled to 15°C combined with low-speed 

drilling of 800 rpm showed no significant reduction of temperature change, compared with 

irrigation at room temperature, regardless of both drill diameter and drilling method. Result 

of groups with the same irrigation fluid temperature, drilling method and drill diameter, 

comparing drilling with 800 rpm to our previous results of drilling with 1200 rpm can be 

seen in Table 2 (next page).  

The use of irrigation fluid cooled to 10°C resulted in the diminishing of statistically 

significant differences (P=1.000) between the 2 drilling speeds, whereas the use of 

irrigation fluid at a controlled room temperature of 20°C has shown significantly higher 

temperature changes (P<0.001). The only exception is 2.0-mm freehand drilling using 10°C 

irrigation fluid, whereas the 800 rpm group showed significantly lower temperature rise 

(P<0.05); however, the temperature rise measured with 1200rpm drilling in the same 

circumstances has shown a markedly low temperature change as well
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Table 2. Mean temperature rises compared between groups with the same drill diameter, surgical method, and temperature of irrigation fluid, 

comparing groups with the drilling 

 
      Compared groups   

Drill 

diameter 

Guided/ 

freehand 

Temperature 

of irrigation 

fluid (°C) 

Mean (SD) temperature 

rise (800 rpm group) (°C)  

Mean (SD) temperature 

rise (1200 rpm group) (°C)  

Statistically significant difference  

(* - p<0.05, ** - p<0.01, *** - 

p<0.001) 

2.0 freehand 10 -1.05 (0.87) 0.11 (0.61) * 

2.0 freehand 15 0.52 (0.60) -0.04 (1.15) none 

2.0 freehand 20 1.39 (0.55) 0.66 (0.52) none 

2.0 guided 10 -0.07 (0.48) 1.44 (0.46) none 

2.0 guided 15 0.66 (0.90) 1.74 (0.73) none 

2.0 guided 20 1.40 (0.46) 2.56 (0.92) * 

2.5 freehand 10 -0.23 (0.39) 0.15 (0.49) none 

2.5 freehand 15 1.08 (0.59) -0.02 (0.80) none 

2.5 freehand 20 1.65 (0.50) 1.13 (0.51) none 

2.5 guided 10 -0.05 (0.56) 1.85 (0.71) none 

2.5 guided 15 1.27 (0.96) 2.84 (1.19) none 

2.5 guided 20 1.35 (0.51) 3.45 (1.49) *** 

3.0 freehand 10 0.28 (0.41) 0.71 (0.96) none 

3.0 freehand 15 1.62 (0.66) 0.10 (0.76) none 

3.0 freehand 20 1.84 (0.62) 1.75 (0.65) none 

3.0 guided 10 0.29 (0.68) 2.48 (0.91) none 

3.0 guided 15 1.98 (1.46) 3.11 (1.14) none 

3.0 guided 20 1.83 (0.52) 4.35 (1.36) *** 

3.5 freehand 10 0.57 (0.67) 1.48 (0.74) none 

3.5 freehand 15 1.88 (0.84) 1.40 (0.58) none 

3.5 freehand 20 2.30 (0.60) 1.89 (0.70) none 

3.5 guided 10 0.72 (0.53) 2.75 (0.82) none 

3.5 guided 15 2.04 (1.18) 3.30 (1.52) none 

3.5 guided 20 2.24 (1.13) 4.86 (1.67) *** 
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Finally, Table 3 shows that 800 rpm guided drilling using 20°C irrigation fluid yielded 

similar results to 1200 rpm guided drilling using 10°C irrigation, with the exception of 3.0 

mm  

 

Table 3. Mean temperature rises of guided surgery groups with the same drill diameter. 

800 rpm/20°C irrigation vs. 1200 rpm/10°C irrigation. 

 

  Compared groups 

Diameter of 

the drill 

Guided/ 

freehand 

Mean (SD) 

temperature rise 

(800 rpm, 20°C 

irrigation) (°C) 

(n=20 for each 

group) 

Mean (SD) 

temperature rise 

(1200 rpm, 10°C 

irrigation group) 

(°C) (n=20 for each 

group) 

2.0 guided 1.40 (0.46) 1.44 (0.46) 

2.5 guided 1.35 (0.51) 1.85 (0.71) 

3.0 guided 1.83 (0.52) 2.48 (0.91) 

3.5 guided 2.24 (1.13) 2.75 (0.82) 
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IV. Investigation No. 2. 

IV.1. Purpose 

The study was designed in such a manner that we could precisely observe the effect of 

sterilization and extensive drill use by measuring the temperature elevation caused by the 

drill bits and visible damage to the cutting edge on magnified images at predetermined 

points of time (defined by the number of sterilization cycles and osteotomies). Regarding 

the data retrieved from the literature every drill bit is used for a mean of 2.5 osteotomies 

(implant cavity preparations) in 1 session (34).  

 

IV.2. Materials and methods 

IV.2.1. Bone model 

The bone model used was the same as described above in the first investigation as it can 

also be seen with a detailed description on Fig 5 and Fig 6. 

 

Figure 5. A schematic cross-section of the guided drilling setup. (1) surgical template, (2) 

guiding tunnel, (3) metal guiding sleeve, (4) drilling path, (5) the K-type thermocouple’s 

wire, (6) plasticine insulation, (7) well for the K-type thermocouple (8), cortical bone, (9) 

cancellous bone, and (10) distance of the thermocouple from the drilling path. 
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Figure 6. An actual in-experiment photograph of the setup. (1) surgical template, (2) 

guiding tunnel, (3) metal guiding sleeve, (4) the K-type thermocouple’s wire, (5) plasticine 

insulation, (6) cortical bone, and (7) cancellous bone. 

 

IV.2.2. Setup 

Three different groups of sterilization were defined as follows: drill bits cleaned only by 

running water, no other chemical or physical contact (control protocol, CP); drill bits 

cleaned with a soft brush using a standard disinfectant solution (Gigasept Instru AF, 

Schülke and Mayr, Germany), which was followed by 5 minutes of ultrasonic cleaning 

(Ultrasonic Cleaner JP-010, Digital Pro+, China), then a 20-minute-long sterilization 

program at 134°C (Quick Program S) in an autoclave (Vacuklav 24 B+, 

MELAG,Germany)–soft protocol (SP); drill bits cleaned with a rough brush using the same 

disinfectant solution as in group SP, followed by a 50-minute-long sterilization program at 

134°C (Universal Program) in the same autoclave as under SP (rough protocol, RP) Drill 

bits of 2.0 mm diameter were used from the tray of the SMART Guide System (Smart 

Dental Kft., Szeged, Hungary). The diameter was the beginning diameter of the full 

sequence (2.5, 3.0, 3.5 mm), which is used during every implant site preparation. 

In each group, 3 drill bits were used.  
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A maximum of 90 to 210 osteotomies were performed (in accordance to the speed of 

drilling, see Results). A single drilling lasted for a mean of 4 and 9 s, guided and freehand, 

respectively. Temperature measurements were performed after every 10th sterilization 

cycle (i.e., during every 30th drilling). The chisel edges and the cutting edges of the drill 

bits were also photographed at X30 magnification with the use of a toolmaker’s microscope 

(TM-505; Kanagawa, Japan: Mitutoyo) before every temperature measurement cycle to 

observe and detect any visible physical damage. If not done freehand, every drilling was 

carried out through a 3D-printed surgical guide (DicomLab Kft., Szeged, as it can be seen 

on Fig. 1) especially designed for flat surfaces, meeting the requirements of clinical 

standards. The guides included a metal sleeve inserted in the guiding tunnel, which means 

that we were able to examine drill wear in a metal-on metal setup. Furthermore the bone 

segments were slowly warmed to a temperature of 36°C in sterile saline before temperature 

measurements. As the purpose of the experiments were to evaluate temperature elevations, 

a baseline temperature was also recorded. In all of the observed cases, this value was 

measured at the very first drilling of the given series, before any sterilization procedure. 

Osteotomies were conducted at room temperature, where the room temperature was 

controlled with an air-conditioning system at the level of 20°C ± 1°C. 

Temperature measurement was performed with the same method and devices as described 

in the first investigation. 

For the drilling the same device, controlled axial load of 2.0 kg and a constant external 

irrigation of 105 ml/min was used as describe in investigation number one. Osteotomies 

were performed at the speed levels of 800, 1200, 1500 and 2000 rpm. 

Four main influential factors were considered: the absence or presence of the surgical guide 

(2 levels), the number of osteotomies performed (7 levels), the sterilization protocols (3 

levels), and the drilling speed (4 levels). That meant, the data were recorded ina total of 

168 conditions, and 9 measurements were taken in each condition. The resulting data set, 

defined by the described 4 main factors, contained 1134 temperature increment values (not 

1512 as mathematically added, as the full sequence of 210 osteotomies and 70 sterilizations 

could only be carried out at 800 rpm, due to the consequent wear of the drill bits). 

IV.2.3. Collection of data and statistical analysis 

Temperature elevations were calculated by the subtraction of the baseline temperature from 

the peak temperature. 
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The data were analysed in SPSS23.0 (Armonk, New York, United States: IBM). For the 

comprehensive analysis of the data, factorial ANOVA was used, with temperature 

increment as the dependent value, sterilization protocol, and drilling speed, and the total 

number of osteotomies performed as factors. For a more detailed analysis, the data were 

divided in 4 groups by the speed of drilling. Besides the descriptive statistics, groups 

defined by the sterilization protocol and the total number of osteotomies were compared 

with one-way ANOVA (with Tukey post hoc analysis) .As multiple comparisons were 

performed, the level of significance was calculated individually for each and every analysis 

by the software. Wherever a specific difference is indicated not significant, it is indicated 

as such based on the output of the software described above. 

 

IV.4. Results 

IV.4.1. Drill wear as a function of drilling speed 

At 800 rpm, it was possible to perform the maximum number of osteotomies (210, 70 

sterilization cycles). At 1200 rpm, only 120 osteotomies (40 sterilization cycles) were 

possible before the drills were worn beyond further use. At 1500 rpm, this dropped even 

further (90 osteotomies, 30 sterilization cycles), but this number did not change when the 

speed was increased to 2000 rpm. These findings were independent of whether the 

osteotomies were performed freehand or with a guiding template. Drill wear was readily 

observable at x30 magnification, especially at higher speeds. For an example, see Figure 7 
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Figure 7. The edges of a drill bit before use (A) and after 30 osteotomies at 2000 rpm (B). 

Notice that in (A) the edges area sharp, whereas in (B), sites of marked wear are detectable 

(as indicated by the white arrows); x30 magnification. 

 

IV.4.2. The effect of the individual factors on temperature elevation  

Factorial ANOVA was conducted to compare the main effects of drilling speed (DS, 4 

levels), sterilization protocol (StP, 3 levels), the number of osteotomies (NO, 7 levels, 

expressed as the number of osteotomies at every 10th sterilization cycle up to 70), and 

surgical guide use (GU, 2 levels) on temperature elevation. All effects and interactions were 

statistically significant at P< 0.000001, except for the interactions StP*GU*NO and 

Stp*GU*NO*DS, which were significant at P = 0.002 and P = 0.009, respectively. The 

main effect for DS yielded an F ratio of F (3.1008) =1588.18, P < 0.000001, indicating a 

highly significant difference between mean temperature elevation values defined by the 4 

possible speed settings. The main effect for StP yielded an F ratio of F (2,1008) = 216.98, 

P < 0.000001, indicating highly significant difference between mean temperature elevation 

values defined by the 3 sterilization protocols. The main effect for ND yielded an F ratio 

of F (6,1008) = 538.09, P <0.000001, indicating highly significant difference between mean 

temperature elevation values defined by the number of osteotomies. The main effect for 

GU yielded an F ratio of F (3.1008) = 1588.18, P < 0.000001, indicating highly significant 

difference between mean temperature elevation values defined by the presence or lack of 
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the surgical guide. As for the explanatory power of the model, R2 = 0.896indicates that the 

chosen factors explain almost ninety percent of the variance in temperature elevation. 

 In the following detailed analysis, the most important findings are given by drilling speed. 

P values come from the Tukey post hoc test, unless otherwise stated.  

IV.4.3. Temperature increments at 800 rpm  

The descriptive statistics are shown in Table 1. The most important findings for guided 

osteotomies are as follows: at 800 revolutions per minute, the first significant temperature 

increment as compared to the baseline was detected after 90 osteotomies under the control 

sterilization protocol (P = 0.00004) and the rough sterilization protocol (P =0.00007). 

Interestingly, significance was reached earlier under the soft sterilization protocol after only 

60 osteotomies (P = 0.04). Once statistical significance was reached, temperature continued 

to increase in significant steps (P < 0.0001) under all protocols up to 210 osteotomies. The 

greatest mean increment at the 210th drilling was measured under the rough protocol 

(10.06°C ± 1.27°C). At 210 osteotomies, the difference was significant between CP and 

RP (P < 0.0001) but not between CP and SP (P =0.11). SP and RP were significantly 

different (P < 0.0001). The mean peak temperature was under the necrotic threshold for all 

protocols. As for freehand drilling, significance was reached in RP and SP after only 60 

osteotomies (P = 0.00002 and P = 0.002, respectively). In CP, significance was reached at 

90 osteotomies (P = 0.00001). Like the guided condition, once statistical significance was 

reached, temperature continued to increase in significant steps (P < 0.0001) under all 

protocols up to 210osteotomies. The greatest mean increment at the 210th drilling was 

measured in RP (7.24°C ± 0.39°C), but the mean peak temperature remained under the 

necrotic threshold. At 210 osteotomies, the difference was significant between CP and both 

SP and RP (P < 0.0001). SP and RP were not significantly different (P = 0.95). The mean 

peak temperature was under the necrotic threshold for all protocols (Table 4). A graphical 

summary of the findings is given in Figure 8. 
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Table 4. Temperature increments at 800 RPM.  

Total number of drillings Number of sterilizations 

Temperature 

increment- guided 

(°C) 

SD 

Temperature 

increment- 

freehand (°C) 

 

SD 

CONTROL 

0 0 2.38 0.77 1.68 0.58 

30 10 2.28 0.98 1.98 0.59 

60 20 3.16 0.84 2.27 0.42 

90 30 4.52 1.55 3.19 0.56 

120 40 4.30 1.40 3.56 0.39 

150 50 4.51 1.06 4.01 0.42 

180 60 4.89 1.07 4.41 0.65 

210 70 5.08 1.20 4.68 0.45 

SOFT STERILIZATION 

0 0 1.81 0.59 1.79 0.31 

30 10 3.06 1.14 1.86 0.34 

60 20 3.73 1.12 2.68 0.28 

90 30 3.81 1.24 3.31 0.52 

120 40 5.36 0.83 4.28 0.32 

150 50 5.26 1.00 4.50 0.46 

180 60 5.57 0.94 5.14 0.49 

210 70 6.78 1.23 6.74 1.01 

ROUGH STERILIZATION 

0 0 1.86 0.44 1.56 0.48 

30 10 2.49 0.26 2.02 0.38 

60 20 3.47 1.25 2.98 1.01 

90 30 4.47 0.98 3.60 0.47 

120 40 5.67 1.23 4.71 0.57 

150 50 6.82 1.35 5.20 0.45 

180 60 7.93 0.80 6.31 0.51 

210 70 10.06 1.27 7.24 0.39 
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Figure 8. Temperature increments at 800 rpm. The baseline is 36 °C. The necrotic threshold 

(*) is at 11°C increment (47°C).  HP: hard/rough sterilization protocol; SP: soft sterilization 

protocol; CP: control sterilization protocol.  

 

IV.4.4. Temperature increments at 1200 rpm  

The descriptive statistics are shown in Table 2. As for guided osteotomies, the first 

significant temperature increment as compared to the baseline was detected after 30 

osteotomies under CP (P < 0.01) and SP (P < 0.01). Unexpectedly, under RP, it took longer, 

60osteotomies, to reach statistical significance (P < 0.001). Once statistical significance 

was reached, temperature continued to increase in significant steps (P < 0.001) under all 

protocols up to 120 osteotomies. The greatest mean increment at the 120th drilling was 

measured under the rough protocol (11.28°C ± 1.12°C). At 120 osteotomies, the difference 

was significant between CP and both SP and RP (P < 0.001). SP and RP were not 

significantly different (P = 1.00). The mean peak temperature reached or slightly exceeded 

the necrotic threshold under both SP and RP but not under CP. With freehand drilling, 

statistically significant temperature increment was reached after only 30 osteotomies, 

regardless of the sterilization protocol (P < 0.001). From 30 osteotomies on, the temperature 
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increased in significant steps. The greatest mean increment at the 120th drilling was 

measured under the rough protocol (7.62°C ± 0.30°C). At 120 osteotomies, the difference 

was significant between CP and RP (P < 0.01). No significant difference was found 

between CP and SP (P = 0.11). SP and RP were not significantly different (P = 0.99). The 

mean peak temperature remained under the necrotic threshold, regardless of the 

sterilization protocol (Table 5, Figure 9). 

 

Table 5. Temperature increments at 1200 RPM.  

 

Total number of drillings Number of sterilizations 

Temperature 

increment- guided 

(°C) 

SD 

Temperature 

increment- 

freehand (°C) 

SD 

CONTROL 

0 0 3.44 0.73 2.70 0.40 

30 10 5.58 0.90 4.37 0.48 

60 20 5.81 1.08 5.00 0.98 

90 30 7.73 1.28 5.78 0.92 

120 40 8.27 0.80 6.44 0.52 

SOFT STERILIZATION 

0 0 3.56 1.58 2.57 0.31 

30 10 5.50 1.10 4.30 0.46 

60 20 7.37 1.20 5.47 0.53 

90 30 10.10 1.67 6.23 0.64 

120 40 11.02 1.12 7.29 0.37 

ROUGH STERILIZATION 

0 0 3.26 0.94 2.51 0.39 

30 10 4.31 0.81 4.64 0.70 

60 20 7.49 1.14 6.00 0.44 

90 30 9.56 1.46 6.47 0.52 

120 40 11.28 1.12 7.62 0.30 
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Figure 9. Temperature increments at 1200 rpm. The baseline is 36 °C. The necrotic 

threshold is at 11°C increment (47°C). HP: hard/rough sterilization protocol; SP: soft 

sterilization protocol; CP: control sterilization protocol.  

 

IV.4.5. Temperature Increments at 1500 rpm 

The descriptive statistics are shown in Table 6. As for the guided osteotomies, the first 

significant temperature increment as compared to the baseline was detected after 30 

osteotomies under RP (P < 0.001). Under SP, it took 60 osteotomies to reach significance 

(P < 0.001). Regarding osteotomies with drills treated according to CP, significance was 

reached only at 90 osteotomies, which was the maximum at this speed (P < 0.01). Once 

statistical significance was reached, temperature continued to increase in significant steps 

(P < 0.001) up to 90 osteotomies. The greatest mean increment at the 90th drilling was 

measured under the rough protocol (9.94°C ± 0.58°C). At 90 osteotomies, the difference 

was significant between CP and both SP and RP (P < 0.001). SP and RP were not 

significantly different (P = 1.00). The mean peak temperature remained under the necrotic 

threshold, regardless of the sterilization protocol. With freehand drilling, statistically 
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significant temperature increment was reached at 30 osteotomies under both RP and SP (P< 

0.001 and P < 0.01, respectively) and at 60 osteotomies under CP(P < 0.01). Once statistical 

significance was reached, temperature continued to increase in significant steps (P < 0.001) 

up to 90 osteotomies. The greatest mean increment at the 90th drilling was measured under 

the rough protocol (8.04°C ± 0.72°C). At 90 osteotomies, the difference was significant 

between CP and RP (P < 0.01), but no significant difference was found between CP and SP 

(P = 0.85). SP and RP were not significantly different (P = 0.32).The mean peak 

temperature remained under the necrotic threshold, regardless of the sterilization protocol 

(Table 6, Figure 10). 

 

Table 6. Temperature increments at 1500 rpm.  

 

 

 

 

Total number of drillings Number of sterilizations 

Temperature 

increment- guided 

(°C) 

SD 

Temperature 

increment- 

freehand (°C) 

 

SD 

CONTROL 

0 0 5.68 0.75 4.34 0.59 

30 10 5.46 0.98 5.26 0.56 

60 20 5.89 1.16 5.83 0.56 

90 30 6.88 1.07 6.89 0.66 

SOFT STERILIZATION 

0 0 5.84 1.13 4.24 0.49 

30 10 5.82 0.75 5.44 0.34 

60 20 7.28 0.71 6.17 0.49 

90 30 9.83 0.75 7.36 0.55 

ROUGH STERILIZATION 

0 0 5.31 0.58 4.40 0.55 

30 10 7.48 0.60 6.33 0.56 

60 20 8.03 0.82 6.69 0.68 

90 30 9.94 0.58 8.04 0.72 
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Figure 10. Temperature increments at 1500 rpm. The baseline is 36 °C. The necrotic 

threshold is at 11°C increment (47°C). HP: hard/rough sterilization protocol; SP: soft 

sterilization protocol; CP: control sterilization protocol.  

 

IV.4.6. Temperature Increments at 2000 rpm  

The descriptive statistics are shown in Table 4. As for guided osteotomies, the first 

significant temperature increment, as compared to the baseline was detected at 60 

osteotomies under RP and SP (P < 0.001). Under CP, significance was reached at the 

maximum 90 osteotomies (P < 0.001). Under SP, it took 60 osteotomies to reach 

significance (P < 0.001). Once statistical significance had been reached, temperature 

continued to increase in significant steps (P < 0.001) up to 90 osteotomies. The greatest 

mean increment at the 90th drilling was measured under the rough protocol (12.48°C ± 

1.39°C). At 90 osteotomies, the difference was significant between CP and RP (P < 0.05) 

but not between CP and SP (P = 1.00). SP and RP were significantly different (P < 0.001). 

The mean peak temperature exceeded the necrotic threshold under RP. With freehand 

drilling, statistically significant temperature increment was reached at 30 osteotomies under 

RP (P < 0.05), 60 osteotomies under SP (P < 0.001), and 90 osteotomies under CP (P < 

0.001). Once statistical significance was reached, temperature continued to increase in 
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significant steps (P < 0.001) up to 90 osteotomies. The greatest mean increment at the 90th 

drilling was measured under the rough protocol (9.54°C 6 0.73°C). At 90 osteotomies, the 

difference was significant between CP and RP (P < 0.05), but no significant difference was 

found between CP and SP (P = 0.99). SP and RP were not significantly different (P = 0.45). 

The mean peak temperature remained under the necrotic threshold, regardless of the 

sterilization protocol (Table 7, Figure 11).  

Table 7. Temperature increments at 2000 rpm. 

 

 

Total number of drillings Number of sterilizations 

Temperature 

increment- guided 

(°C) 

SD 

Temperature 

increment- 

freehand (°C) 

 

SD 

CONTROL 

0 0 6.88 1.21 5.47 0.86 

30 10 6.92 1.28 6.37 0.78 

60 20 7.81 0.97 6.84 0.82 

90 30 10.77 1.55 8.33 0.80 

SOFT STERILIZATION 

0 0 7.54 0.71 5.58 0.79 

30 10 7.43 0.70 6.77 0.69 

60 20 8.81 0.58 7.46 0.55 

90 30 10.58 0.96 8.71 0.93 

ROUGH STERILIZATION 

0 0 6.97 0.97 5.82 0.91 

30 10 8.39 0.79 7.14 0.52 

60 20 9.21 0.83 7.72 0.48 

90 30 12.48 1.39 9.54 0.73 
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Figure 11. Temperature increments at 2000 rpm. The baseline is 36 °C. The necrotic 

threshold is at 11°C increment (47°C). HP: hard/rough sterilization protocol; SP: soft 

sterilization protocol; CP: control sterilization protocol.  
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V. Discussion 

Heat elevation during implant site preparation by osteotomy is a problem that has been 

discussed in the literature since the 1970s (61), as by that time it had long been established 

that temperatures comparable with those observed during dental osteotomy can cause 

permanent tissue damage (113). Naturally, the most important goal was to establish a safety 

threshold. It was Eriksson and colleagues who studied this question in detail. In their vital 

microscopic rabbit study, they demonstrated changes in the blood flow, resorption of fat 

cells, and irreversible bone damage after a 1-minute exposure to 53°C (25). Later, they 

refined that value to between 47°C and 50°C (1-minute exposure) (24), and it is after their 

work that we consider 47°C to be the safety threshold (or necrotic threshold) today. How 

much does intraosseous temperature elevate during osteotomy? Most of the studies were 

done in vitro to find out about this, and values from 40°C (61) to the extreme 130°C (85) 

were reported. The reason for this huge dispersion is most probably that, frictional heat 

generation is influenced by several factors from the application of cooling through the 

width of the drill bit. There is a consensus, though, that cooling is a sine qua non of safe 

implant site preparation. In their thorough in vivo study in sheep, Trisi and colleagues 

demonstrated that there is a relationship between the quality and quantity of cooling 

(irrigation) and periimplant bone resorption (114), which can reach levels that risk implant 

success. It was also Trisi and colleagues who studied osseointegration in vivo in a way that 

the designated implant sites were divided into 2 groups and preheated to 50°Cand 60°C, 

respectively. The authors expressed the success of 2-month osseointegration as the 

presence or absence of infrabony pocket formation and bone implant contact percentage. 

They found that although the contact percentage was comparable between the 2 groups, 

infrabony pocket formation was significantly more prevalent in the 60°C group. These 

results underline the importance of temperature control during implant site preparation. In 

the present thesis, we sought, first of all, to examine the effect of several factors that we 

believed would significantly contribute to heat generation during osteotomy: the presence 

of the metal sleeve in the surgical template and the combination of different drilling speed 

with different temperature irrigation fluids. The effect of metal to metal contact was 

compared with freehand osteotomy, and 3 further factors, sterilization, drilling speed, and 

drill wear, were also considered. To summarize the findings, at 800rpm, the intraosseous 

temperature never reached the necrotic threshold in any of the examined conditions during 

the total of 210 osteotomies. At higher drilling speeds, 90 osteotomies could be safely (i.e., 
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without approaching 47°C) performed regardless of the applied sterilization protocol and 

whether the drilling was performed freehand or through a metal guide. The results also 

show that whether guide use led to a near-necrotic temperature increment depended largely 

on the applied sterilization protocol. In general, our hypothesis regarding the significant 

and cumulative effect of each studied factor during the experiments regarding the drill wear 

has been confirmed. It has been proven that the metal guide sleeve contributes significantly 

to heat generation during osteotomy, but this does not mean a safety risk if a soft 

sterilization protocol is used. It is important to mention that SMART Guide recommends a 

drilling speed of 800 rpm in their protocols, which, in the light of our findings, seems to be 

a sound recommendation, especially that a single drill piece is not expected to be used 

anywhere near 210 times in real life. As for temperature elevations in guided osteotomy, 

only a few publications are currently available. Jeong et al compared a guided flapless 

technique with a flap procedure on resin models and found no significant difference (44). 

The study by Misir et al concluded that guided drilling led to mean peak temperature 

elevations more than 7°C higher than freehand osteotomy(45). However, their results are 

difficult to compare because of the use of bovine femora with a significantly thicker cortical 

layer. Migliorati et al performed their investigations on porcine ribs, and they found a 

higher mean peak temperature elevation with guided surgery (4.81°C) than with the open 

flap technique (4.21°C) (115). Both values are in the safe zone. Boa et al (37) compared 

external irrigation with no external irrigation using the guided technique and concluded that 

without cooling, harmful temperature elevations can develop, whereas external irrigation 

can efficiently control this problem. Dos Santos et al (75)applied the guided technique to 

rabbit tibiae and found no temperature elevation exceeding 5.8°C, which is also within the 

safe zone. Our results suggest that the use of a low drilling speed of 800 rpm combined 

with the external irrigation fluid being cooled to 10°C can result in a mean cortical 

intraosseous temperature change being below 1.0°C, regardless of drill diameter or drilling 

method (freehand surgery or guided surgery).The use of irrigation fluid being cooled to 

15°C provides no significant reduction of temperature change though All in all, the 

literature almost unequivocally suggests that guided osteotomy (with a metal sleeve) does 

not pose an extra safety risk in terms of temperature elevation, which is in agreement with 

our results. Naturally, this conclusion is true only if some factors are kept in check. Jochum 

et al (80) found that drills could be used more than 40 times before a significant temperature 

increment was detected. Misir and colleagues (45) reported temperature elevations of 4°C 

and 10°C after 35 and 45 osteotomies, respectively. In the study by Oliveira et al (72), 
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involving 50 implant site preparations with stainless steel drills, no unsafe temperature 

increment was found. The investigation of Allsobrook et al (36) also led to the conclusion 

that drills are safe in terms of heat generation up to approximately 50 osteotomies. In their 

light microscopy study, Chacon et al (34) found very little drill wear after a series of 25 

osteotomies. In the present study we found that at least 90 osteotomies could be performed 

in all studied conditions and that the most important limiting factor was drilling speed. Drill 

wear happened more rapidly at higher speeds, which led to greater temperature elevations 

earlier in the process. Speed control is an effective means of temperature control, and this 

is especially important in a guided, metal-on-metal setting. Harris et al (79) found that 

autoclaving might reduce cutting efficiency overtime. Our results support the contribution 

of sterilization to intraosseous heat generation during osteotomy, especially if osteotomy is 

performed through a surgical guide. It is safe to assume that an improper sterilization 

protocol (especially if applied repeatedly) contributes to drill wear by damaging the surface 

of the drill bit. What is a proper protocol might vary by the type and material of the drill 

bit, but we suggest that extended sessions of sterilization and rough mechanical cleaning 

are to be avoided with bits used for guided osteotomy. To summarize the above, the metal 

guide sleeve is an additional heat generating factor with a significant effect, still, it is safe 

if its effect is offset by proper speed setting and nondamaging sterilization/cleaning. 

Considering the rather high explanatory power of our model, it seems that the total number 

of osteotomies performed with a given drill bit, the speed of drilling and 

sterilization/cleaning are the most important factors to be controlled to prevent unsafe 

temperature elevation during guided osteotomy. This agrees with the literature. Finally, the 

results are to be interpreted with the following limitations in mind: first, this was an in vitro 

study. Even if we chose our model and based our procedures on the literature, these results 

come from a simplified experimental setting. Second, we applied fixed axial load. The 

obvious advantage is that this way we could avoid having to consider a factor that would 

have been difficult to measure. It must be seen, although that axial load is never fixed in 

real life. Another factor to be considered here is that we used 1 specific drill of 1 specific 

guided implantation system. This certainly limits the generalizability of the results to some 

extent. 
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VI. Conclusions 

From the above, considering the aims and within the limitations of the research, the 

following conclusions are drawn: 

The metal sleeve within the surgical guide is indeed a significant contributing factor to heat 

generation during guided osteotomy. Nonetheless, its effect can be offset by keeping the 

number of osteotomies performed with the same drill as low as possible, by drilling at lower 

speeds and by the application of soft sterilization/cleaning methods.  

Low-speed drilling (800rpm) combined with 10°C irrigation fluid appears to be a safe 

method for implant site preparation and drilling through a guide. This way, guided 

osteotomy does not carry any safety risk as compared to freehand osteotomy. 

Therefore, based on the results of the investigations that provide the basis of the present 

work, a low drilling speed with cooled irrigation are recommended when performing 

osteotomy through a surgical guide. 800 rpm and 10°C proved to be optimal in our 

experiments. Furthermore, drills that are used for guided osteotomy should be taken care 

of with extra precaution regarding the cleaning and the sterilization protocols and their use 

(the drill bits) should be maximized at a level of 90 osteotomies. 
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