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Abstract

:

The success of osseointegration depends on many factors. With temperatures beyond a 47 °C threshold over 1 min, bone survival may be impaired. The purpose of the study was to evaluate, in fresh human cadaver tibiae, the temperature changes during osteotomy preparations using two straight and two tapered implant systems’ drills, external irrigation, and varying revolutions per minute (RPM). The tibiae from a fresh female cadaver were harvested bilaterally. Two tapered and two straight design drills were assessed. Two-hundred and forty osteotomies were prepared at 6 mm depth following the drill sequence of the manufacturers’ protocol for each drilling speed. Difference in temperature (ΔΤ) was calculated by subtracting the baseline from the maximum temperature (ΔT = Tmax − Tbase). Drill design and drill diameter, as independent variables or synergistically, had a significant effect on ΔΤ. Tapered drills: As the drill diameter increased, ΔΤ increased at all RPM. Straight drills: As the drill diameter increased, ΔΤ remained constant or slightly decreased at all RPM. Drill diameter and design had a significant effect on ΔΤ in human tibiae, which never exceeded the critical threshold of 47 °C. Tapered drills caused significantly greater heat production compared to straight drills.
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1. Introduction


The literature is replete with publications on delineating factors which affect the osseointegration process during preparation of the implant osteotomy and after implant placement [1,2,3,4,5,6,7,8]. The cutting action of the implant drills, while preparing the osteotomy, converts mechanical work into frictional heat energy [9,10,11]. Due to the low thermal conductivity of bone, the energy accumulates at the osteotomy site, raising the local temperature [12,13]. Temperatures beyond a threshold of 47 °C for one minute have been shown to cause protein denaturation, enzyme inactivation, osteocyte necrosis, bone resorption, and delays in regeneration [8,14,15,16,17,18]. Excessive heat may lead to hyperemia, fibrosis, necrosis, osteolytic degeneration, and increased osteoclastic and osteoblastic activity in osseous tissues [19,20,21,22,23].



Irrigation (internal, external, or combined) is recognized as the single most effective way to reduce the temperatures during implant osteotomy preparation [21,24,25,26]. However, the use of a surgical guide, the drill diameter, the drill design, the drill material, the wearing and duration of drilling, and the presence and thickness of the cortical bone may all increase the temperature of the alveolar bone [10,18,22,27,28,29,30,31]. Based on the existing literature, authors disagree as to whether high or low revolutions per minute (RPM) positively or negatively alter temperature [22,30,31,32,33,34,35,36]. Additionally, implant manufacturers develop proprietary drill designs with varying surgical protocols. Clinicians would benefit from a comparison of temperature changes with differing drill designs and speeds to decide which manufacturer to utilize in their clinical practices.



Synthetic bone blocks or animal models attempt to simulate the biomechanical responses to human bone injury [14,15,19,21,29,31,32,33,34,35,36,37,38,39,40,41]. Differences in bone macro- and microstructure, composition, and remodeling may differ when comparing animal models with human bone [42]. While an in-vivo human model is preferred for measuring temperature changes during osteotomy preparation, there are limitations with regards to the sterilization of instruments (especially the thermocouple), the quantity of available bone, and the bone density between patients. Therefore, an innovative and highly translational model using fresh human cadaver tibiae immediately postmortem, developed from one of the authors (NS), was used in the present study.



The purpose of the present study was to evaluate, in fresh human cadaver tibiae, the temperature changes (ΔΤ) during osteotomy preparations using four different implant systems’ drills (two straight, two tapered), with external irrigation and varying RPM. The null hypothesis was that osteotomy preparations at 800 RPM, with external irrigation, will produce the same heat as 1000 and 1200 RPM, in two different implant drill macro-designs (straight or tapered). The specific aims of the study were: (1) to compare ΔΤ in fresh human cadaver tibiae with osteotomy preparations at drilling speeds of 800, 1000 and 1200 RPM; and (2) to compare ΔΤ for two straight and two tapered drill designs as the osteotomy width was gradually increased following the various manufacturers’ drilling protocols.




2. Materials and Methods


No Institutional Review Board (IRB) approval was required for the completion of the present ex vivo fresh human cadaver study. The cadaver was donated for clinical and research purposes to the Department of Neurobiology and Anatomy, McGovern Medical School, University of Texas, Health Science Center at Houston. The relatives signed all the appropriate informed consents, and the cadavers were examined through blood testing to ensure the safety of the present study.



The methodology was reviewed and approved by an independent statistician. The study was funded by the Department of Periodontics and Dental Hygiene, School of Dentistry, University of Texas Health Science Center at Houston, and the implant drills were donated by three dental implant companies. A female deceased patient, aged seventy-four (74), was obtained four hours post-mortem. The time of death was 9:37 am and the patient arrived at the UT Morgue at 1:27 p.m. The patient was deceased due to complications from pneumonia and had previously obtained a do-not-resuscitate code in case of cardiopulmonary arrest. The patient had no history of osteoporosis, diabetes mellitus, bone disease, HIV, hepatitis, or cancer. The fresh, unembalmed tibiae were harvested bilaterally on the day of arrival at 1:35 pm. The overlying skin and muscle tissues were removed from the tibiae exposing the periosteum of the tibial bone. Four sections of six-inches length were prepared and placed into a 37 °C water bath, to simulate normal body temperature (Figure 1).



Calibration: Calibration of the operators (LR, NS) was completed at the beginning of the study, on a type II bone block analog (Saw bones®, Vashon island, WA, USA) maintained in the range of 95.2 °F to 99.6 °F (35.1–37.5 °C). All operators took turns preparing osteotomies using a pilot drill separate from the study. Temperature was recorded before and after each osteotomy. This process was repeated until 8 consecutive ΔT measurements fell within 2 °C of one another and the operators’ average ΔT was within 1 °C.



Room temperature was kept at a constant 71 °F (21.6 °C). A Whip-Mix temperature-regulated water bath, filled with phosphate buffered saline (PBS), was maintained at 98.6 °F (37 °C). The temperature of the saline bath was recorded with a Medline (Northfield IL) standard oral thermometer (REF MDS9950) and a K-type thermocouple (Fisher Scientific, Hampton, NH, USA 15-078-187, range −58 to 2000 °F, resolution 0.10/10, sampling rate 2.5 times per second) with an ultra-fast response naked bead probe (maximum range 260 °C) (Figure 2). The cortical thickness was measured and determined to be 6 mm wide (Figure 3). This measurement provided the final depth of drilling without perforating the cortical plate.



Four groups were included in the study: two straight (*†) and two tapered (‡≠) implant drills [* Astra Tech, Dentsply®, York, PA, USA † Premium, Sweden & Martina®, Due Carrare, Italy ‡ Nobel Biocare®, Klote, Switzerland ≠ Shelta, Sweden & Martina®, Due Carrare, Italy (Figure 4a–d)].



The osteotomies were prepared following the manufacturers’ protocol of drill order, for the placement of a dental implant with a diameter of 5 mm × 6 mm (Table 1).



Two-hundred and forty osteotomies (240) were prepared: 20 osteotomies per drill, at each RPM (800, 1000, and 1200 RPM) with external irrigation of sterile 0.9% sodium chloride saline. Each osteotomy was prepared with at least 2 mm of bone separating adjacent channels and at 2 mm from the external tibial edge to prevent dissipation of heat from surrounding osteotomies (Figure 5).



In addition, osteotomies were sequentially drilled on opposite ends of the bone to allow the surrounding tissues to cool back to normal body temperature prior to successive drilling.



The initial temperature of the bone was recorded with a K-Type thermocouple (Fisher Scientific 15-078-187, range −58 to 2000 °F, resolution 0.10/10, sampling rate 2.5 times per second) by holding the thermocouple probe against the bony outer cortical layer (Step 1) (Figure 6).



Each osteotomy was completed starting with the pilot drill with external irrigation at each of the 800, 1000, or 1200 RPM drilling speeds (Step 2), (Figure 7).



Studies reported differences in the bone temperature (1.5 °C) when the thermocouple was placed 0.5 mm lateral from the osteotomy site [12,17]. The finding was in accordance with the findings of the present study; therefore, any attempts to measure the temperature away from the osteotomy site were not applied. For each drill diameter in the drilling sequence, immediately after osteotomy preparation to the 6 mm depth, the thermocouple probe was inserted along the osteotomy wall and floor and the highest temperature value was recorded (Step 3) (Figure 8).



The bone was allowed to cool back to its original starting temperature prior to subsequent drilling (range 10–30 s). The drilling protocol was continued to enlarge the osteotomy to size for a 5 mm diameter implant. During each successive drilling, the initial and maximum bone temperatures were registered at a depth of 6 mm. The existing literature supports the use of drills up to 50 times without surface corrosion or degradation [41,43,44]. However, in our study, the implant drills were only used up to 20 times and then discarded. All values were compiled in an Excel® spreadsheet for further statistical analyses. Variations in temperature were calculated by subtracting the baseline temperature from the maximum temperature (ΔT= Tmax − Tbaseline).



Data analyses: All statistical analyses were performed using R statistical software (R 3.02), Vienna, Austria (R Core Team 2017) [45]. A generalized linear model (GLM) analysis was performed, specifying a gamma distribution, to evaluate the effect in ΔΤ using three variables: (i) the drill design, (ii) the drill diameter, and (iii) RPM. Explanatory variables were examined individually for their interactive effect on ΔΤ and synergistically in one-, two-, and three-way interactions.




3. Results


Figure 9 depicts the results of the study; the Y-axis shows the ΔΤ and the X-axis shows the drill width.



As the drill diameter increased in a tapered design drill, ΔΤ increased. As the drill diameter increased in a straight design drill, ΔΤ remained constant or slightly decreased. Both patterns were consistent between the groups of 800, 1000, and 1200 RPM. Tapered drills caused significantly greater heat generation compared to straight drills during osteotomy preparations. The 95% confidence interval (indicated in light blue) showed that, in both designs and at all RPM, the ΔΤ did not exceed the critical threshold of 47 °C.



The drill design (tapered or straight) and drill width, as independent variables, were found to significantly affect the temperature. When the variables were tested synergistically, the combination of drill design and drill width significantly affected the temperature. RPM, as a single variable, did not affect the temperature significantly, either independently or synergistically with the drill width and the drill design (Table 2).




4. Discussion


The purpose of the present study was to measure ΔΤ using fresh human cadaver tibiae to simulate the effects of the implant osteotomy preparation in human bone. Human tibiae and mandibular bone, although having different origins, possess similar compressive strength and elastic modulus [46]. Therefore, a fresh human cadaver tibiae model was used in this study.



This study adds to the breadth of published literature by comparing multiple variables together in a human bone model, which simulates clinical practice. Additionally, the human bone specimens were comprised solely of cortical bone. Previous publications have shown that drilling dense cortical bone generates greater frictional heat with increased local temperatures as compared to cortical bone from various animal models or cortico-cancellous bone, thus providing insight into drilling of type I-II bone [11,27,29,40,42]. The anatomy of edentulous sites has been measured in cadaver models and from CBCT scans [47,48,49,50]. Katranji et al. measured the buccal and lingual cortical plates’ thickness in cadavers along with the intermediary cancellous bone. The cortical plates in the edentulous mandibular sites ranged from 1.5 mm to greater than 2 mm and slightly narrower plates in the edentulous maxilla. The intermediary cancellous bone in the anterior regions of both mandible and maxilla and the maxillary premolar region measured approximately 2 mm [50]. Relating to clinical applications in implantology, after the initial 2 mm pilot drill in most implant systems, the expansion of the implant osteotomy requires drilling solely in cortical bone [50]. Other studies measured the density and thickness at the cortical and cancellous bone in atrophic edentulous ridges. The incisal/occlusal thicknesses averaged 1–2 mm but included ranges greater than 5 mm, with the apical cortical plate averaging 7 mm in thickness [47,48,49,50]. The cancellous bone density and bone volume fractions were most significant in the anterior mandible [47,48]. Mense et al. found that 20% of the patients evaluated had no cancellous bone between the buccal and lingual cortical plates, indicating that all drilling would be in cortical bone [49].



Analysis of the variables individually found that both drill design (tapered versus straight) and drill diameter significantly affected ΔΤ. The performance of multiple variable statistical analyses found the combination of design and width significantly affected temperature change. While the straight drills showed relatively constant temperature values during drilling, the tapered design drills showed a trend towards increasing temperature as the drill width increased. The ΔΤ did not exceed 10 °C, which would signify a change from our initial water bath temperature of 37 °C to the necrosis threshold of 47 °C. The methodology utilized in the present study attempted to minimize heat generation due to factors other than drill diameter, rotational speed, and design. All osteotomies were performed by three previously calibrated operators under external irrigation, providing copious amounts of cooled saline to the drill surfaces. New twist drills were used at the start of the experiment and were discarded after 20 osteotomies. Heat generation and drill wear have been shown to be minimal with fewer than 25 drill uses [41,43,44]. The osteotomies were placed solely in cortical bone, utilizing the drilling sequences specified by the tested implant manufacturers, including rotational speeds within the ranges per manufacturer guidelines.



Temperature changes in bone, due to drilling, have been investigated for decades in the medical and dental literature [8,15,21,22,24]. Comparisons between studies are challenging due to differences in methodologies. For instance, the instruments, which measure bone temperature after osteotomy preparation, vary in the published literature. Both thermocouple and infrared thermal imaging devices have been utilized and positioned at varying distances from, or within, the osteotomies after drilling [9,21,27,50]. Temperature changes after osteotomy preparation have been studied in animal and human models, within varying bone densities [8,27,42]. Thus, when comparing study results within the literature, trends in temperature change, rather than exact values, may be most relevant.



Additionally, beyond differences in the study models, modern statistical algorithms provide the means to evaluate the effects of multiple independent variables on a single dependent variable. The challenge, once again, in relating the results of the present investigation to published literature with multiple variable analyses is finding similar models, as well as variables within the models, to compare.



Scarano et al. used infrared thermography to assess temperature changes in bovine femoral bone immersed in a controlled 26 °C saline bath at 800 RPM with external irrigation [51]. The drill diameters were 3.7 mm with differing drill designs and straight versus tapered (with a tri-flute design). The single drill created the osteotomy, after which bone temperature was measured. While the absolute temperature difference between the two drill designs amounted to 2 °C, statistical analysis found this difference to be significant. The authors suggested that the geometry and number of flutes in the tapered drill influenced bone temperature [47]. While infrared thermography is highly accurate, it is generally not used to measure temperatures through liquids and can be confounded by the external irrigation required for osteotomy preparation.



Similar to the Scarano et al. study [51], Cordioli and Majzoub [29] compared temperature changes using straight design twist drills or tri-flute shaped drills in bovine cortical bone at a constant drill speed of 1500 RPM with external irrigation. Sequential drilling was performed for each drill design starting with a 2 mm twist drill (straight design) or a 3.3 mm tri-flute designed drill [29]. Thermocouple measurements found that the tri-flute shaped drills, when compared to twist drills, led to significantly lower temperature recordings after osteotomy preparation. Tri-flute burs have cutting edges directed parallel to the long axis of the drill while the cutting edges of the twist burs are perpendicular to the long axis of the drill. The highest heat values were recorded in the 2.0 mm twist drill group when compared to 3.0 mm, 3.3 mm, and 4.0 mm tri-flute drills. The authors proposed that tri-flute drill design provides a better cutting efficiency by virtue of its cutting action along the full length of the flute, leading to greater heat dissipation [29]. Interestingly, the tapered drills utilized in the present study appear to have cutting surfaces along the length of the drill; however, the resultant temperature change opposes the temperatures reported in the Scarano and Cordioli studies.



To relate thermal alterations to bone healing, Gehrke et al. compared the thermal effects of preparing osteotomies in rabbit tibia with either cylinder or tapered drills [52]. Intermittent or continuous movement of the drills was considered as well, while utilizing the rotational speeds recommended by the manufacturers of the implant systems. Processing of the histologic specimens occurred 30 days after preparation of the osteotomies. In contrast to the present study, Gehrke et al. found that the conical drill sequence produced a significantly smaller increase in temperature during both techniques (continuous and intermittent) and formed more new bone [52].



Sharawy et al. evaluated differences in temperature change using four implant systems (two internally irrigated, two externally irrigated) at either 1225, 1667, or 2500 RPM in porcine jawbone. Four K-type thermocouples were placed 1 mm from the periphery of the osteotomy [34]. The highest drilling speed (2500 RPM) consistently produced the smallest amount of temperature changes (ΔT = 4 °C), while the slower speeds produced similar results. The RPM utilized in the present study were within the ranges suggested by the manufacturers, and closer to the 1225 RPM.



Soldatos et al. utilized a similar methodology to that of the present study. They evaluated three different straight implant drill designs to create osteotomies in a polyurethane foam block of synthetic bone (Saw Bones®). Drills were used with and without external irrigation at 800, 1000, and 1200 RPM. The synthetic block was placed into a water bath providing a block temperature of 37 °C prior to drilling. With the use of external irrigation, only the 2 mm diameter pilot drills showed increased temperature over the 47 °C threshold. The straight drills produced a similar trend in temperature change as found in the present study; as the drill diameter increased, the maximum temperature tended to decrease [32].



Expanding rotational speeds beyond those of the present study, a recent investigation translated rotational speed variations, drill dimensions, and temperature changes to bone viability [53]. Osteotomies were prepared in rabbit femur using conical shaped drills (3-, 3.5-, and 4-mm diameters) at rotational speeds of 1000, 1500, 2000 RPM, or a combination of 2000 RPM for the first two drills (3- and 3.5-mm diameter) and 1000 RPM for the final 4 mm diameter drill with external irrigation. The manufacturer of the implant system recommended a rotational speed of 1200 RPM for all diameter drills. Histologic specimens were prepared immediately after the surgical procedures to test for the disappearance of viable osteocytes adjacent to the cutting surfaces. Less heat was produced at the higher rotational speeds as well as with the wider diameter drills. Similarly, osteocytes with nuclei were found in greater numbers adjacent to the cut surfaces at sites prepared with the wider diameter drills, and at the higher speeds. The authors suggested that utilizing slower speeds require more drilling time creating more frictional heat, in turn increasing the potential for osteocyte death.



In the present study, the null hypothesis was rejected since during osteotomy preparations with external irrigation, tapered drills caused significantly greater heat generation, compared to straight drills at 800, 1000, and 1200 RPM. There are some limitations regarding the present study. While an in vitro simulation of osteotomy preparation provided an acceptable model for this study, an in vivo comparison would produce a more accurate representation of a clinical setting. Sterilization of the thermocouple and standardization of the patients were the major challenges to proceeding with an in vivo study. The sterilization process disrupted the various parts and confounded precise temperature readings. In addition, the implant osteotomy preparations in the present study were on cortical bone only. An in vivo study would take into consideration the cancellous bone and the blood flow. The blood flow could influence heat dissipation, even though the literature, interestingly, does not support this statement [10]. A future recommendation should include histological, histomorphometrical, and immunohistochemical analyses of the specimens to better understand the healing response in a cellular level following each drilling protocol.



In summary, comparisons of the present study to the body of published literature show varying trends. All reports agree that drill design, drill dimensions, and rotational speed influence heat production. Though not statistically significant in the present study, for cylinder/straight drills, temperatures tended to decrease as the drill diameter increased. The tapered (or conical) drills in the present study showed the opposite trend—that temperature increased with increasing diameter. However, the temperature elevations did not reach the bone necrosis threshold of 47 °C. Other studies have shown differing trends with tapered drills [51,52,53]. The rotational speeds tested herein were within the range recommended by the manufacturers of the implant systems. Other studies presented in this discussion tested speeds much higher (up to 2500 RPM). In theory, the faster speeds provide a shorter contact time with bone yielding less frictional heat. Clinicians must consider all these variables when preparing osteotomies. The cause of implant failures may be multifactorial. Minimizing local heat generation translates to improved bone metabolism, which is critical for implant success.




5. Conclusions


The conclusions of the study:




	
The drill diameter and design had a significant effect on changes in bone temperature in a fresh human cadaver tibial model, which never exceeded the critical threshold of 47 °C.



	
The drill speed did not play a significant role in altering temperature.



	
The tapered drills caused significantly greater heat production compared to straight drills.












Author Contributions


N.S. conducted the study and drafted the manuscript; L.N.-R. conducted the study and drafted the manuscript; N.P. conducted the study; N.A. provided the funding; G.R. provided critical revision of the manuscript; and R.W. provided critical revision of the manuscript. All authors have read and agreed to the published version of the manuscript.




Funding


This study was funded by the Department of Periodontics and Dental Hygiene, School of Dentistry, University of Texas Health Science Center at Houston, TX, USA.




Institutional Review Board Statement


The Committee for the Protection of Human Subjects, the Institutional Review Board at UTHealth Science Center at Houston, does not require review and approval of research protocols utilizing cadaveric samples.




Informed Consent Statement


No separate consent is required for individual projects.




Data Availability Statement


Data are available upon request from the corresponding author.




Acknowledgments


The authors acknowledge: (i) the implant companies Dentsply® York, PA, USA, Sweden & Martina®, Due Carrare, Italy and Nobel Biocare®, Kloten, Switzerland for their kind donation of implant drills; (ii) the personnel of the University of Texas Morgue (Kurt Clark, David Hern, and Eric Todash), McGovern Medical School, Department of Neurobiology and Anatomy for their assistance, and finally, Julian Nathaniel Holland (Senior Statistician and Quantitative Biologist, Office of Research, School of Dentistry, University of Texas, Health Science Center at Houston, 7500 Cambridge str, 77054, Houston, TX, USA) for the review of the methodology and the statistical analyses of the present study.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Yoshida, K.; Uoshima, K.; Oda, K.; Maeda, T. Influence of heat stress to matrix on bone formation. Clin. Oral Implant. Res. 2009, 20, 782–790. [Google Scholar] [CrossRef]

	



Salonen, M.; Oikarinen, K.; Virtanen, K.; Pernu, H. Failures in the osseointegration of endosseous implants. Int. J. Oral Maxillofac. Implant. 1993, 8, 92–97. [Google Scholar] [CrossRef]

	



Granström, G. Osseointegration in Irradiated Cancer Patients: An Analysis with Respect to Implant Failures. J. Oral Maxillofac. Surg. 2005, 63, 579–585. [Google Scholar] [CrossRef] [PubMed]

	



Mombelli, A.; Cionca, N. Systemic diseases affecting osseointegration therapy. Clin. Oral Implant. Res. 2006, 17, 97–103. [Google Scholar] [CrossRef] [PubMed]

	



Isidor, F. Loss of osseointegration caused by occlusal load of Oral implants. Clin. Oral Implant. Res. 1996, 7, 143–152. [Google Scholar] [CrossRef]

	



Esposito, M.; Hirsch, J.-M.; Lekholm, U. Thomsen P: Biological factors contributing to failures of osseointegrated Oral implants. (I) Success criteria and epidemiology. Eur. J. Oral Sci. 1998, 106, 527–551. [Google Scholar] [CrossRef]

	



Jividen, G., Jr.; Misch, C. Reverse torque testing and early loading failures: Help or hindrance? J. Oral Implantol. 2000, 16, 82–90. [Google Scholar] [CrossRef]

	



Eriksson, A.R.; Albrektsson, T.; Grane, B.; McQueen, D. Thermal injury to bone: A vital microscopic description of heat effects. Int. J. Oral Surg. 1982, 11, 115–121. [Google Scholar] [CrossRef]

	



Oh, H.J.; Wikesjö, U.M.E.; Kang, H.-S.; Ku, Y.; Eom, T.-G.; Koo, K.-T. Effect of implant drill characteristics on heat generation in osteotomy sites: A pilot study. Clin. Oral Implant. Res. 2011, 22, 722–726. [Google Scholar] [CrossRef]

	



Misir, A.F.; Sumer, M.; Yenisey, M.; Egioglu, E. Effect of Surgical Drill Guide on Heat Generated from Implant Drilling. J. Oral Maxillofac. Surg. 2009, 67, 2663–2668. [Google Scholar] [CrossRef]

	



Tehemar, S.H. Factors affecting heat generation during implant site preparation: A review of biologic observations and future considerations. J. Oral Maxillofac. Implant. 1999, 14, 127–136. [Google Scholar]

	



Akhabar, M.F.A.; Sulong, A.W. Surgical drill bit design and thermomechanical damage in bone drilling: A review. Ann. Biomed. Eng. 2021, 49, 29–56. [Google Scholar] [CrossRef] [PubMed]

	



Albrektsson, T.; Eriksson, A. Thermally induced bone necrosis in rabbits: Relation to implant failure in humans. Clin. Orth. Rel. Res. 1985, 195, 311–312. [Google Scholar] [CrossRef]

	



Wantable, F.; Tawada, Y.; Komatsu, S.; Hata, Y. Heat distribution in bone during preparation of implant sites: Heat analysis by real-time thermography. Int. J. Oral Maxillofac. Implant. 1992, 7, 212–219. [Google Scholar]

	



Eriksson, A.R.; Albrektsson, T. Assessment of bone viability after heat trauma. Scand. J. Plast. Reconstr. Surg. 1984, 18, 261–268. [Google Scholar] [PubMed]

	



Bashutski, J.D.; D’Silva, N.J.; Wang, H.-L. Implant Compression Necrosis: Current Understanding and Case Report. J. Periodontol. 2009, 80, 700–704. [Google Scholar] [CrossRef]

	



Jochum, R.M.; Reichart, P.A. Influence of multiple use of Timedur-titanium cannon drills: Thermal Response and scanning electron microscopic findings. Clin. Oral Implant. Res. 2000, 11, 139–144. [Google Scholar] [CrossRef]

	



Strbac, G.D.; Unger, E.; Donner, R.; Bijak, M.; Watzek, G.; Zechner, W. Thermal effects of a combined irrigation method during implant site drilling. A standardized in vitro study using a bovine rib model. Clin. Oral Implant. Res. 2014, 25, 665–674. [Google Scholar] [CrossRef]

	



Calvo-Guirado, J.L.; Delgado-Peña, J.; Maté-Sánchez, J.E.; Mareque-Bueno, J.; Delgado-Ruiz, R.A.; Romanos, G.E. Novel hybrid drilling protocol. Evaluation for the implant healing. Thermal changes, crestal bone loss, and bone-to-implant contact. Clin. Oral Implant. Res. 2015, 26, 753–760. [Google Scholar] [CrossRef]

	



Eriksson, A.R.; Albrektsson, T. The effect of heat on bone regeneration: An experimental study in the rabbit using the bone growth chamber. J. Oral Maxillofac. Surg. 1984, 42, 705–711. [Google Scholar] [CrossRef]

	



Eriksson, A.R.; Adell, R. Temperatures during drilling for the placement of implants using the osseointegration technique. J. Oral Maxillofac. Surg. 1986, 44, 4–7. [Google Scholar] [CrossRef]

	



Matthews, L.S.; Hirsch, C. Temperatures Measured in Human Cortical Bone when Drilling. J. Bone Jt. Surg. 1972, 54, 297–308. [Google Scholar] [CrossRef]

	



Moss, R.W. Histopathologic reaction of bone to surgical cutting. J. Oral Surg. 1964, 17, 405–414. [Google Scholar] [CrossRef]

	



Lavelle, C.; Wedgwood, D. Effect of Internal irrigation on frictional heat generated from bone drilling. J. Oral Surg. 1980, 38, 499–503. [Google Scholar] [PubMed]

	



Krause, W.R.; Bradbury, D.W.; Kelly, J.E.; Lunceford, E.M. Temperature elevations in orthopedic cutting operations. J. Biomech. 1982, 15, 267–275. [Google Scholar] [CrossRef]

	



Augustin, G.; Davila, S.; Mihoci, K.; Udiljak, T.; Vedrina, D.S.; Antabak, A. Thermal osteonecrosis and bone drilling parameters revisited. Arch. Orthop. Trauma Surg. 2007, 128, 71–77. [Google Scholar] [CrossRef]

	



Eriksson, A.R.; Albrektsson, T.; Albrektsson, B. Heat caused by drilling cortical bone: Temperature measured in vivo in patients and animals. Acta Orthop. Scand. 1984, 55, 629.e6. [Google Scholar] [CrossRef]

	



Strbac, G.D.; Giannis, K.; Unger, E.; Mittlböck, M.; Vasak, C.; Watzek, G.; Zechner, W. Drilling- and withdrawing-Related Thermal Changes during Implant Site Osteotomies. Clin. Implant Dent. Relat. Res. 2015, 17, 161–164. [Google Scholar] [CrossRef]

	



Cordioli, G.; Majzoub, Z. Heat generation during implant site preparation: An in vitro study. Int. J. Oral Maxillofac. Implant. 1997, 12, 186–193. [Google Scholar]

	



Natali, C.; Ingle, P.; Dowell, J. Orthopedic bone drills-can they be improved? Temperature changes near the drilling face. J. Bone Jt. Surg. 1996, 78, 357–362. [Google Scholar] [CrossRef]

	



Stelzle, F.; Frenkel, C.; Riemann, M.; Knipfer, C.; Stockmann, P.; Nkenke, E. The effect of load on heat production, thermal effects and expenditure of time during implant site preparation-an experimental ex-vivo comparison between piezo surgery and conventional drilling. Clin. Oral Implant. Res. 2014, 25, e140–e148. [Google Scholar] [CrossRef] [PubMed]

	



Soldatos, N.; Gozalo, D.; Font, K.; Moreno, D.; Powell, C. Temperature changes during implant osteotomies utilizing three different implant systems: A pilot study. J. Imp. Adv. Clin. Dent. 2016, 8, 34–43. [Google Scholar]

	



Brisman, D.L. The effect of speed, pressure and time on bone temperature during the drilling of implant sites. Int. J. Oral Maxillofac. Implant. 1996, 11, 35–37. [Google Scholar]

	



Sharawy, M.; Misch, C.E.; Weller, N.; Tehemar, S. Heat generation during implant drilling: The significance of motor speed. J. Oral Maxillofac. Surg. 2002, 60, 1160–1169. [Google Scholar] [CrossRef] [PubMed]

	



Iyer, S.; Weiss, C.; Mehta, A. Effects of drill speed on heat production and the rate and quality of bone formation in dental implant osteotomies. Part II: Relationship between drill speed and healing. Int. J. Prosthodont. 1997, 10, 536. [Google Scholar] [PubMed]

	



Kim, S.-J.; Yoo, J.; Kim, Y.-S.; Shin, S.-W. Temperature change in pig rib bone during implant site preparation by low-speed drilling. J. Appl. Oral Sci. 2010, 18, 522–527. [Google Scholar] [CrossRef] [PubMed]

	



Romanos, G.E.; Bastardi, D.J.; Kakar, A.; Moore, R.; Delgado-Ruiz, R.A.; Javed, F. In vitro comparison of Resonance frequency analysis devices to evaluate implant stability of narrow diameter implants at varying drilling speeds in dense artificial bone blocks. Clin. Implant Dent. Relat. Res. 2019, 21, 1023–1027. [Google Scholar] [CrossRef]

	



Abouzgia, M.B.; James, D.F. Temperature rise during drilling through bone. Int. J. Oral Maxillofac. Implant. 1997, 12, 342. [Google Scholar]

	



Eriksson, A.R.; Albrektsson, T. Temperature threshold levels for heat-induced bone tissue injury: A vital-microscopic study in the rabbit. J. Prosthet. Dent. 1983, 50, 101–107. [Google Scholar] [CrossRef]

	



Lundskog, J. Heat and bone tissue. An experimental investigation of the thermal properties of bone and threshold levels for thermal injury. Scand. J. Plast. Reconstr. Surg. 1972, 9, 72–74. [Google Scholar]

	



Oliveira, N.; Alaejos-Algarra, F.; Mareque-Bueno, J.; Ferrés-Padró, E.; Hernández-Alfaro, F. Thermal changes and drill wear in bovine bone during implant site preparation. A comparative in vitro study: Twisted stainless steel and ceramic drills. Clin. Oral Implant. Res. 2013, 23, 963–969. [Google Scholar] [CrossRef] [PubMed]

	



Pearce, A.I.; Richards, R.G.; Milz, S.; Schneider, E.; Pearce, S.G. Animal models for implant biomaterial Research in bone: A review. Eur. Cell Mater. 2007, 13, 1–10. [Google Scholar] [CrossRef] [PubMed]

	



Misch, C.; Qu, Z.; Bidez, W. Mechanical properties of trabecular bone in the human mandible: Implications for dental implant treatment planning and surgical placement. J. Oral Maxillofac. Surg. 1999, 57, 700–706. [Google Scholar] [CrossRef]

	



Allsobrook, O.F.L.; Leichter, J.; Holborow, D.; Swain, M. Descriptive Study of the Longevity of Dental Implant Surgery Drills. Clin. Implant. Dent. Relat. Res. 2011, 13, 244–254. [Google Scholar] [CrossRef] [PubMed]

	



Chacon, G.E.; Bower, D.L.; Larsen, P.E.; McGlumphy, E.A.; Beck, F.M. Heat Production by 3 Implant Drill Systems after Repeated Drilling and Sterilization. J. Oral Maxillofac. Surg. 2006, 64, 265–269. [Google Scholar] [CrossRef] [PubMed]

	



R Core Team. R: A Language and Environment for Statistical Computing; R. Foundation for Statistical Computing: Vienna, Austria, 2013; Available online: http://www.R-project.org/ (accessed on 5 January 2019).

	



Scarano, A.; Piattelli, A.; Assenza, B.; Carinci, F.; Di Donato, L.; Romani, G.L.; Merla, A. Infrared Thermographic Evaluation of Temperature Modifications Induced during Implant Site Preparation with Cylindrical versus Conical Drills. Clin. Implant. Dent. Relat. Res. 2011, 13, 319–323. [Google Scholar] [CrossRef]

	



Dekker, H.; Schulten, A.J.M.; Christiaan, M.; Bloemena, E.; van Ruijven, L.J.; Bravenboer, N. Regional differences in microarchitecture and mineralization of the atrophic edentulous mandible: A microcomputed tomography study. Arch. Oral Biol. 2022, 133, 105302. [Google Scholar] [CrossRef]

	



Wang, S.-H.; Shen, Y.-W.; Fuh, L.-J.; Peng, S.-L.; Tsai, M.-T.; Huang, H.-L.; Hsu, J.-T. Relationship between Cortical Bone Thickness and Cancellous Bone Density at Dental Implant Sites in the Jawbone. Diagnostics 2020, 10, 710. [Google Scholar] [CrossRef]

	



Mense, C.; Saliba-Serre, B.; Ferrandez, A.-M.; Hüe, O.; Ruquet, M.; Lalys, L. Cone beam computed tomography analysis of the edentulous mandibular symphysis. J. Dent. Sci. 2021, 16, 115–122. [Google Scholar] [CrossRef]

	



Katranji, A.; Misch, K.; Wang, H.-L. Cortical Bone Thickness in Dentate and Edentulous Human Cadavers. J. Periodontol. 2007, 78, 874–878. [Google Scholar] [CrossRef]

	



Gehrke, S.A.; Treichel, T.L.E.; Junior, J.A.; de Aza, P.N.; Prados-Frutos, J.C. Effects of the technique and drill design used durimg the osteotomy on the thermal and histological stimulation. Sci. Rep. 2020, 10, 20737. [Google Scholar] [CrossRef] [PubMed]

	



Marzook, H.A.M.; Yousef, E.A.; Denewar, M.; Farahat, M.R.L. Response to the Letter to the Editor: Minimize damage of heat generated during drilling procedure. In-vitro Assessment of Bone viability with different Implant Drill Speeds. Br. J. Oral Maxillofac. Surg. 2020, 58, 301–306. [Google Scholar] [CrossRef] [PubMed]








[image: Materials 15 02369 g001 550] 





Figure 1. A six-inch-long tibial section, before the placement into a 37 °C water bath, to simulate normal body temperature. 
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Figure 2. K-type thermocouple (Fisher Scientific 15-078-187, range −58 to 2000 °F, resolution 0.1°/1°, sampling rate 2.5 times per second) with an ultra-fast response naked bead probe (maximum range 260 °C) which was used to measure the temperature. 






Figure 2. K-type thermocouple (Fisher Scientific 15-078-187, range −58 to 2000 °F, resolution 0.1°/1°, sampling rate 2.5 times per second) with an ultra-fast response naked bead probe (maximum range 260 °C) which was used to measure the temperature.
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Figure 3. Six (6) mm cortical thickness of the tibiae. 
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Figure 4. The two straight (a,b) and the two tapered (c,d) implant drills used in the study. 
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Figure 5. Each osteotomy was prepared with at least 2 mm of bone separating adjacent channels and at 2 mm from the external tibial edge to prevent the dissipation of heat from surrounding osteotomies. 
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Figure 6. The initial temperature of the bone was recorded with the use of the K-Type thermocouple holding the thermocouple probe against the bony outer cortical layer (Step 1). 
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Figure 7. Each osteotomy was completed starting with the pilot drill and with external irrigation at each of the 800, 1000, or 1200 RPM drilling speeds (Step 2). 
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Figure 8. Immediately after osteotomy preparation to the 6 mm depth, the thermocouple probe was inserted along the osteotomy wall and floor and the highest temperature value was recorded (Step 3). 
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Figure 9. The Y-axis shows the temperature change (ΔΤ), and the X-axis shows the drill width. As drill diameter increased in a tapered design drill, ΔΤ increased. As the drill diameter increased in a straight design drill, ΔΤ remained constant or slightly decreased. 
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Table 1. The osteotomies were prepared following the manufacturers’ protocol of drill order for a 5 mm diameter dental implant.
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Implant Designs

	
Drilling Protocol






	
ASTRA Tech® straight (York, PA, USA)

	
1.9 mm

	
2.5/3.1 mm

	
3.7/4.3 mm

	

	




	
Nobel Biocare® tapered

(Klote, Switzerland)

	
2.0 mm

	
3.5 mm

	
4.3 mm

	

	




	
Sweden & Martina Implantology® straight (Premium)

(Due Carrare, Italy)

	
2.0 mm

	
2.8 mm

	
3.0 mm

	
3.4 mm

	
4.25 mm




	
Sweden & Martina Implantology® tapered (Shelta)

(Due Carrare, Italy)

	
2.0 mm

	
3.8 mm

	
4.2 mm
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Table 2. Analysis of deviance; one-, two-, and three-way interactions between the variables.
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	Source
	SS
	df
	F
	p Value





	Design
	28.4
	1
	98.9
	<0.001 *



	RPM
	0.2
	2
	0.4
	<0.68



	Width
	1.2
	1
	4.3
	<0.04 *



	Design/RPM
	0.1
	2
	0.2
	<0.79



	Design/width
	2.2
	1
	7.5
	<0.01 *



	RPM/width
	0.3
	2
	0.6
	<0.55



	Design/RPM/width
	0.9
	2
	1.7
	<0.18







* Indicates statistical significance.
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