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Abstract: Background: The purpose of our in vitro study was to evaluate the impact of different
irrigation fluid temperatures in combination with different drilling speeds on intraosseous tem-
perature changes during mini-implant site preparation. Methods: Porcine ribs were used as bone
specimens. Grouping determinants were as follows: irrigation fluid temperature (10 and 20 ◦C) and
drilling speed (200, 600, 900, and 1200 RPM). The axial load was controlled at 2.0 kg. Temperature
measurements were conducted using K-type thermocouples. Results: Extreme increments were
observed only in the unirrigated groups. Irrigation invariably made a significant difference within
groups defined by the same drilling speed. The comparison of the different temperature irriga-
tion fluids (10 and 20 ◦C) in combination with the same drilling speed (200, 600, 900, or 1200 rpm)
resulted in a statistically significant difference between the two different temperatures, whereas
the use of irrigation fluid at a controlled room temperature of 20 ◦C showed significantly higher
temperature changes. Conclusions: Based on the results of the study, we conclude that irrigation
while preparing a pilot hole for a self-tapping orthodontic miniscrew is of utmost importance, even at
low drilling speeds. The temperature of the cooling fluid does influence local temperature elevation
to a significant extent.

Keywords: orthodontic screw; mini-implant; pre-drilling; heat production; temperature; irrigation;
cooled irrigation; safety; bone drilling

1. Introduction

Anchorage in the orthodontic field can be defined as a resistance to unwanted tooth
movement [1]. To achieve such resistance, anchorage units are utilized. A stable anchorage
unit is a crucial element of successful orthodontic treatment. To achieve the required
anchorage, dental implants, palatal implants, mini-plates, or mini-implants have been
used [2–4]. These devices are attached to the basal bone or the alveolar process of the
maxilla or the mandible; therefore, they provide skeletal anchorage. Given that they are
in place only for the duration of the orthodontic treatment, they are usually referred to
as temporary anchorage devices (TADs). In 1997, Kanomi introduced mini-implants that
were specifically developed to provide stable anchorage during orthodontic treatment [5].
Because of their many advantages (versatility, independence of patient adherence, minimal
surgical invasiveness, low morbidity, relative affordability, and good patient acceptance),
mini-implants have become especially popular among orthodontists [6–8]. Despite their
short length and small diameter, mini-implants offer stable anchorage for different types of
tooth movement, including retraction, distalization, mesialization, and intrusion [9,10]. In
terms of insertion, two main kinds of mini-implants may be distinguished: self-drilling,
which does not require a pilot hole, and non-self-drilling (i.e., self-tapping), which requires
the drilling of a pilot hole before the implant placement. Complications of this approach
to anchorage include injury of the roots of the neighboring teeth, implant loosening,
and even implant fracture [11]. Uemura and his colleagues concluded that mini-implant
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stability could be influenced by implant diameter, inflammation of the peri-implant tissues,
cortical bone thickness, and high mandibular plane angle [12]. It was also found that
temperature elevation at the level of the cortical bone and higher torque during insertion
may result in an early implant loss [9,13,14]. Some studies reported lower success rates
with mandibular mini-implants [11,13,15–17] due to microcracks caused by over-torquing
in thick and hard bone [9] and the consequent excessive heat production. Tachibana and
co-workers achieved optimal insertion torque by pre-drilling, and this way they managed
to avoid osteonecrosis [9]. In contrast, Gurdán et al. reported that pre-drilling for 1.6 mm
self-drilling mini-implants with a 1 mm diameter pilot drill did not decrease intraosseous
temperatures when the mini-implant was placed into a model mandible [18]. Matsuoka
et al. measured the heat production during the placement of self-drilling mini-implants
without the preparation of the pilot hole, and they found that self-drilling at speeds higher
than 150 rpm causes thermal damage [14]. Uemura and co-workers concluded that the
ratio of the diameter of the pilot hole and the mini-implant is an important factor in
implant stability [12]. Despite the beneficial advantages of adequate predrilling on implant
stability, the drilling procedure itself can have effects on intraosseous temperature during
mini-implant placement. During the rotary cutting of the drills, the generated heat may
accumulate locally, especially at the level of the denser cortical bone, which can eventually
lead to necrosis [19]. The characteristics of the bone (whether the cortex of the mandible or
the cortical bone of the anterior palate) can also lead to an increased risk of overheating
during drilling. It is amply documented in the literature that osteonecrosis occurs when
the intraosseous temperature rises to 47 ◦C [16,20]. To our knowledge, intraosseous heat
generation during pre-drilling of a pilot hole at different drilling speeds in combination
with irrigation fluids of different temperature has not been previously investigated in
the literature. The purpose of our in vitro study was to evaluate the impact of different
irrigation fluid temperatures in combination with different drilling speeds on intraosseous
temperature changes during mini-implant site preparation.

2. Materials and Methods
2.1. Bone Model

Porcine ribs were used for the experiments because of their favorable anatomical
and thermophysical characteristics [18,21,22]. The study conducted by Kim and his
colleagues [23] concluded that cortical bone thickness falls in a range of approximately
1.14–1.49 mm for the human maxilla at the sites of orthodontic implant placement. The
specimens selected were in the above-mentioned range between 1.2 and 1.5 mm (as can be
seen in Figure 1), which is also a widely used value in the literature [9].Appl. Sci. 2021, 11, 7689 3 of 12 
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Sener et al. [24] proved in their study that the increase in 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 also been confirmed by other studies [25,26]. 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 [27].

2.2. Setup

Drillings were performed in accordance with the manual of the Benefit orthodontic
implant system (PSM Medical Solutions, Tuttlingen, Germany) with a diameter of 1.4 mm
as can be seen in Figure 2.
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dong, China). The thermocouples were consistently placed into a cavity prepared with a 
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Figure 2. 1.4 mm diameter drill used for the investigation.

Osteotomies were carried out at the drilling speeds of 200, 600, 900, and 1200 rpm;
all of these mentioned were used in the literature [18,28,29]. We also compared the use
of irrigation fluids at different temperatures (20 and 10 ◦C) with no irrigation. A total of
40 drillings were performed in each of the 12 groups. Entry points for the freehand groups
were marked on the surface of the bone specimens.

Studies suggest that the maximum temperature increment can be observed in the cor-
tical layer of the bone [24–26]. 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 1.5 mm
diameter implant drill and a depth control of 1.2 mm; therefore, we could ensure that the
depth of the cavity never exceeded the cortical layer. Measurement cavities were positioned
at a 1.00 mm horizontal distance from the 1.4 mm drilling canal. 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
(Figure 3).



Appl. Sci. 2021, 11, 7689 4 of 10
Appl. Sci. 2021, 11, 7689 5 of 12 
 

 
Figure 3. A close-up of the experimental setting. 

A constant axial load of 2.0 kg was used, as it can be considered as a low hand pres-
sure, and it is extensively used in the literature, as it can be seen in reviews also concerning 
the topic [21,30–32]. The constant load was achieved by placing a weight on top of the 
drilling apparatus and then manipulating the resistance in a way that the load exerted by 
the tip of the drill was 2.0 kg. A bench drill with an 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 and 37 °C. A single drilling lasted 
5–10 s.  

A constantly controlled external irrigation was provided by a widely known, ac-
cepted, and used surgical unit (INTRAsurg 300, KaVo Dental GmbH, Biberach/Riß, Ger-
many), and the standard cannula of another system was used (W&H). The cannula was 
safely and precisely attached to the drilling machine, and it was directed toward the drill 
bit. The flow rate was 100 mL/min as recommended in the literature [33–36]. The temper-
ature of the irrigation fluid was either 20 ± 1 °C or 10 ±1 °C. The temperature of the irriga-
tion 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 ± 1 °C. 

Figure 3. A close-up of the experimental setting.

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 also concerning the
topic [21,30–32]. The constant load was achieved by placing a weight on top of the drilling
apparatus and then manipulating the resistance in a way that the load exerted by the tip
of the drill was 2.0 kg. A bench drill with an 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 and 37 ◦C. A single drilling lasted 5–10 s.

A constantly controlled external irrigation was provided by a widely known, accepted,
and used surgical unit (INTRAsurg 300, KaVo Dental GmbH, Biberach/Riß, Germany),
and the standard cannula of another system was used (W&H). The cannula was safely and
precisely attached to the drilling machine, and it was directed toward the drill bit. The flow
rate was 100 mL/min as recommended in the literature [33–36]. The temperature of the
irrigation fluid was either 20 ± 1 ◦C or 10 ± 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 ± 1 ◦C.

2.3. Collection of Data and Statistical Analysis

Baseline and peak temperatures were collected to one decimal point in a spreadsheet
file in Microsoft Excel 2013 15.0 (Microsoft Corporation, Redmond, WA, USA). Temperature
elevations were calculated as peak temperature minus baseline temperature to one decimal
point using the spreadsheet. The data were analyzed in SPSS 23.0 (Armonk, NY, USA,
IBM). The normality of distributions was tested with the Shapiro–Wilk test. As non-normal
distributions were observed, Kruskal–Wallis ANOVA was used.



Appl. Sci. 2021, 11, 7689 5 of 10
Appl. Sci. 2021, 11, 7689 6 of 12 
 

 
Figure 4. The study setting, including the bench drill, and the irrigation system (provided by the surgical unit). 

2.3. Collection of Data and Statistical Analysis 
Baseline and peak temperatures were collected to one decimal point in a spreadsheet 

file in Microsoft Excel 2013 15.0 (Microsoft Corporation, Redmond, WA, USA). Tempera-
ture elevations were calculated as peak temperature minus baseline temperature to one 
decimal point using the spreadsheet. The data were analyzed in SPSS 23.0 (Armonk, NY, 
USA, IBM). The normality of distributions was tested with the Shapiro–Wilk test. As non-
normal distributions were observed, Kruskal–Wallis ANOVA was used. 

3. Results 
The descriptive statistics of the measured thermal changes are given in Table 1.  

Table 1. Mean temperature rises, maximum and minimum of temperature rises, groups divided by different drilling 
speeds, and temperature of the irrigation fluid. 

Grouping 
Number 

Drilling 
Speed 
(rpm) 

Temperature of 
Irrigation Fluid 

(°C) 

Number of 
Drillings 

Mean (SD) 
Temperature 

Rise (°C) 

Maximum 
Temperature 

Rise (°C) 

Minimum 
Temperature 

Rise (°C) 

Median Tem-
perature Value 

(°C) 
1 200 10 40 −2.45 (0.57) −1.30 −3.50 −2.50 
2 200 20 40 0.05 (0.07) 0.20 0.00 0.00 
3 200 no irrigation 40 2.22 (0.71) 3.80 1.20 2.10 
4 600 10 40 −1.76 (0.35) −1.00 −2.80 −1.80 
5 600 20 40 1.02 (0.33) 1.30 0.00 1.20 
6 600 no irrigation 40 3.75 (0.97) 6.10 2.00 3.75 
7 900 10 40 −1.02 (0.38) 0.20 −1.30 −1.15 
8 900 20 40 1.48 (0.56) 2.60 0.50 1.30 
9 900 no irrigation 40 5.92 (1.14) 9.50 4.40 5.90 

10 1200 10 40 −0.18 (0.23) 1.30 0.00 0.10 
11 1200 20 40 1.86 (0.65) 3.40 1.20 1.70 
12 1200 no irrigation 40 7.76 (1.59) 11.50 4.70 7.45 

SD: Standard deviation. 

Figure 4. The study setting, including the bench drill, and the irrigation system (provided by the
surgical unit).

3. Results

The descriptive statistics of the measured thermal changes are given in Table 1.

Table 1. Mean temperature rises, maximum and minimum of temperature rises, groups divided by different drilling speeds,
and temperature of the irrigation fluid.

Grouping
Number

Drilling
Speed (rpm)

Temperature
of Irrigation

Fluid (◦C)

Number of
Drillings

Mean (SD)
Temperature

Rise (◦C)

Maximum
Temperature

Rise (◦C)

Minimum
Temperature

Rise (◦C)

Median
Temperature

Value (◦C)

1 200 10 40 −2.45 (0.57) −1.30 −3.50 −2.50
2 200 20 40 0.05 (0.07) 0.20 0.00 0.00
3 200 no irrigation 40 2.22 (0.71) 3.80 1.20 2.10
4 600 10 40 −1.76 (0.35) −1.00 −2.80 −1.80
5 600 20 40 1.02 (0.33) 1.30 0.00 1.20
6 600 no irrigation 40 3.75 (0.97) 6.10 2.00 3.75
7 900 10 40 −1.02 (0.38) 0.20 −1.30 −1.15
8 900 20 40 1.48 (0.56) 2.60 0.50 1.30
9 900 no irrigation 40 5.92 (1.14) 9.50 4.40 5.90
10 1200 10 40 −0.18 (0.23) 1.30 0.00 0.10
11 1200 20 40 1.86 (0.65) 3.40 1.20 1.70
12 1200 no irrigation 40 7.76 (1.59) 11.50 4.70 7.45

SD: Standard deviation.

Almost all pairwise comparisons indicated significant difference at p < 0.05; the
exceptions are given in Table 2.

In three groups, the measured temperature increment was >5 ◦C (no irrigation at 600,
900, and 1200 rpm). In one group, the temperature increment was ≥10 ◦C (no irrigation
at 900 and 1200 rpm). Thus, extreme increments were observed only in the unirrigated
groups. Irrigation invariably made a significant difference within groups defined by the
same drilling speed. The use of a 20 ◦C irrigation fluid resulted in a lower temperature
increment, which remained in the safe zone throughout the use of every drilling speed (200,
600, 900, and 1200 rpm). In all of the groups with 10 ◦C external irrigation, the measured
temperature changes were negative in comparison to the baseline cortical intraosseous



Appl. Sci. 2021, 11, 7689 6 of 10

temperature, despite the drilling procedure. This might be the result of the cooling effect of
the irrigation fluid being more pronounced than the heat-producing effect of the drilling.
The comparison of the different temperature irrigation fluids (10 and 20 ◦C) in combination
with the same drilling speed (200, 600, 900, or 1200 rpm) resulted in a statistically significant
difference between the two different temperatures, whereas the use of irrigation fluid at a
controlled room temperature of 20 ◦C showed significantly higher temperature changes.

A graphical summary of the results is given in Figure 5.

Table 2. The non-significant differences can be seen after the pairwise comparison.

Grouping Number Drilling Speed (rpm) Temperature of
Irrigation Fluid (◦C)

No significant
Difference Could Be

Observed p < 0.05

1 200 10 4
2 200 20 7, 10
3 200 no irrigation 6, 8, 11
4 600 10 1, 7
5 600 20 8, 10
6 600 no irrigation 3, 9
7 900 10 2, 4
8 900 20 3, 5, 11, 12
9 900 no irrigation 6, 12
10 1200 10 2, 5
11 1200 20 3, 8
12 1200 no irrigation 8, 9
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Figure 5. Temperature changes across the study groups. The lower margin of the boxes shows the
25th percentile, the line within the boxes marks the median, and the upper margin of the boxes
indicates the 75th percentile. The error bars (whiskers) above and below the boxes indicate the 90th
and 10th percentiles. The black dots represent the outliers. Labels of the X-axis: temperature of
cooling fluid (◦C)/rpm; NC: no cooling.
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4. Discussion

Anchorage control is a key factor of success in clinical orthodontics [11]. According
to the literature, miniscrew failure can be traced back to multiple factors, including bone
density, the thickness of the cortical bone, screw length, diameter and design (shape of
the screw thread), insertion angle and torque, the type of the miniscrew (self-drilling or
self-tapping), the amount and direction of loading, the length of the treatment period,
microfracture of the alveolar bone, and overheating [1,16,37,38].

Intraosseous heat generation can seriously interfere with the local homeostatic con-
ditions of the bone. A temperature increase to 40 ◦C initiates hyperemia; however, if the
thermal elevation continues and reaches 53 ◦C, blood flow stops entirely [20,39]. Eriksson
and colleagues reported that the threshold for thermal damage to osseous structures fell
between 44 and 47 ◦C [39,40]. This means that for the measurements of our study, where
the baseline temperature was a mean of 36 ◦C, safe temperature elevation fell between
∆t = 8–11 ◦C, depending on the exact baseline temperature of any given specimen. The
results are interpreted accordingly. Drilling at 1200 rpm without any irrigation resulted in
a mean temperature elevation of ∆t = 7.76 ◦C, with elevations reaching ∆t = 11.5 ◦C, which
is unacceptable in terms of safety. The apparently moderate mean temperature elevation of
∆t = 5.92 ◦C for the 900 rpm/no irrigation group might suggest that drilling at this speed
without irrigation could be safe, but note that the maximum elevation in this group was
still in the unsafe range (∆t = 9.5 ◦C). The mean temperature elevations without irrigation
at 200 rpm (∆t = 2.22 ◦C) and 600 rpm (∆t = 3.74 ◦C) remained in the safe range. Elevation
maxima did not exceed the safety threshold either. This might give the impression that
bone drilling without irrigation at low speeds is completely safe. Reality appears to be
a bit more complicated. Iyer and co-workers concluded that a temperature elevation of
only 4.3 ◦C caused a significant difference in the quality of the newly formed bone around
an implant [41]. In other words, it seems that thermal harm is not necessarily linked to
extreme heat elevations: lower temperatures can do harm too but not immediately and not
necessarily in the form of some necrotic process. This corroborates the repeated conclusion
that intraosseous heat elevation is best kept as low as possible, which means that no bone
drilling should happen without irrigation. While this conclusion is commonplace in im-
plant dentistry done with implants of regular dimensions, less is known about the situation
with mini-implants, which is exactly what motivated our study. From our data, it seems
that this smaller system (i.e., drills of a smaller diameter and a shallower/narrower bony
socket) is even more sensitive to heat generation (and the presence or absence of cooling),
even at low speeds.

The effects of the use of cooled irrigation fluids in bone drilling are also relatively under
investigated. The results of Isler et al. [42] suggest that the use of 4 ◦C saline might have a
positive effect on bone healing. Sener and his colleagues [24] concluded that 10 ◦C saline
can be more effective at keeping temperatures under control in an implant preparation
setting than 25 ◦C saline, whereas Kondo et al. [43] demonstrated the superiority of cold
irrigation fluid in minimizing temperature elevation in a neurosurgical setting, where strict
temperature control is crucial to protect the nervous tissue. Our research group found
that a 10 ◦C saline solution provides sufficient external cooling during normal implant
site preparation with lower temperature increments as compared to room temperature
(20 ◦C) irrigation [33,35,36]. As for the results of the present study, the use of both 10
and 20 ◦C significantly reduced heat generation at all speeds. At any speed, there was a
statistically significant difference in temperature elevation, depending on the temperature
of the irrigation fluid (and compared to the no-irrigation condition), which corroborates
our above conclusion about the sensitivity of the system.

The most important limitation of this study is its in vitro nature. Care was taken,
though, that the key elements and parameters of the model (such as the cortical thickness of
the bone and the axial load) are accepted in the literature. Furthermore, to our knowledge,
this is the first study to examine multiple aspects of heat generation and control within the
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same model in connection with orthodontic anchorage and with a clinically relevant drill
bit diameter (Ø = 1.4 mm).

Another relative limitation is that the exact drilling time was not considered, while
it obviously appears in the literature as a factor [21,44–47]. However, the results suggest
that within the short timeframe we used (no drilling lasted more than 10 s), time was not
a clinically significant factor (there was only one instance in only one group when the
temperature increment exceeded the generally accepted safety limit).

5. Conclusions

Based on the results and the relevant literature, and within the limitations of this
study, we conclude that irrigation while preparing a pilot hole for a self-tapping orthodon-
tic miniscrew is of utmost importance, even at low drilling speeds. In such cases, the
working area is small, which, without proper irrigation, probably makes the system more
susceptible to heat concentration than what can be observed during regular (i.e., prosthetic)
implant surgery. As a general conclusion, it is recommendable that, when preparing the
site for these miniscrews, the clinician should observe the “lowest possible speed with
constant irrigation” principle known from implant dentistry. As for the temperature of
the cooling fluid, this does influence local temperature elevation to a significant extent,
but the difference does not seem to be relevant from a clinical point of view. However, it
does not necessarily mean that it does not influence healing. This should be clarified in
histological studies.
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