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Abstract: Bone overheating is a possible cause of implants early failure. When a surgical guide is
used, the risk of heat injury is greater due to the reduced efficacy of the irrigation. The aim of this ex
vivo study was to evaluate the effect of an additional built-in irrigation on bone temperature variation
during implant osteotomy. Twelve bovine ribs were used. Cone beam computerized tomography
(CBCT) was performed and a 3D-printed surgical guide with additional built-in irrigation tubes
was produced for each rib. A total of 48 osteotomies were prepared, to compare the supplementary
internal irrigation system (Group A) with external irrigation alone (Group B), no irrigation (Group
C) and with free-hand surgery with external irrigation (Group D). Temperature was measured by
three thermocouples placed at depths of 1.5, 7, and 12 mm. The largest temperature variation at
each thermocouple showed median values of 3.0 °C, 1.9 °C, and 2.3 °C in Group 1; 2.3 °C, 1.7 °C,
and 0.9 °C in Group 2; 3.2 °C, 1.6 °C, and 2.0 °C in Group 3; 2.0 °C, 2.0 °C, and 1.3 °C in Group 4,
respectively. No differences were found among the four groups. In general, the highest temperature
increase was observed with the use of the first drill (cortical perforator). Post-experimental CBCT
revealed the presence of radiopaque material clogging the aperture of the internal irrigation channels.
Additional internal irrigation was not found to significantly contribute to decrease bone temperature
in this ex vivo setting.

Keywords: dental implants; guided surgery; irrigation system; three-dimensional printing; os-
teotomy; overheating

1. Introduction

Overheating is a possible cause of implants failure during the early phases of healing,
due to an excessive thermal stress to the bone [1-3].

Frictional heat is always generated during implant site preparation with cutting tools
at high speed [4,5] and during implant insertion [6]. When bone is exposed to excessive
heat, tissue necrosis can be triggered [7]. It has been demonstrated that the threshold
temperature for bone tissue viability is 47 °C for 1 min and a linear relationship between
time of exposure and the extent of the damaged area has been observed [8].

Heat causes a dehydration of the tissue, a denaturation of membrane proteins, a de-
crease in osteoblastic and osteoclastic activity, and interrupts the microcirculation contribut-
ing to cells necrosis [9,10]. Besides, necrotic tissue is more prone to bacterial infections [10].
Ultimately, a thermal injury induces an irreversible bone resorption [7], which can impede
the osseointegration process. Several factors that influence overheating during implant
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site preparation have been identified, including the drill characteristics [9,11,12], the host
bone [13], operator-related variables [14,15], and the surgical technique [16-18].

Computer-guided surgery allows accurate implant positioning and results in less
postoperative discomfort [19]. However, there are some concerns regarding the risk of
bone overheating during a guided surgery. Previous studies have found that a drilling
procedure with the use of a surgical guide can cause a greater increase of temperature
compared with a conventional drilling method [11,16,20].

As reported in previous studies, increased drill length and physical barriers, repre-
sented by the sleeve and the guide itself, could block the irrigation fluid flow to the drilling
site, thus resulting in a deficient irrigation [11,21]. Moreover, the possible friction between
drills and the sleeve may increase heat generation. For this reason, various strategies have
been advocated, including a copious and continuous irrigation, a frequent intermittent drill
movement, the renovation of the drill kit after a certain usage and procedures for an im-
proved cooling [16,19]. Other surgical strategies are pilot-drill guided surgery, half-guided
surgery with a free-handed implant insertion and an open-flap guided surgery [22,23].

In the recent years, the huge advancements in the three-dimensional (3D) printing
technology have offered alternative techniques to the conventional stereolithography for
the production of surgical guides [24,25]. In this context, a novel type of 3D-printed surgical
guide characterized by a supplementary built-in internal irrigation has been proposed,
aiming to provide an additional irrigation to the surgical field. This type of guide may be
a viable option to decrease the risk of bone overheating, however, its efficacy has never
been tested. It is hypothesized that, during a guided implant surgery, the use of this
supplementary irrigation may reduce the bone temperature increase when compared with
a conventional external irrigation.

The purpose of this ex vivo study was to investigate the effect of a supplementary
built-in irrigation in terms of bone temperature variation during dental implant osteotomy.
For this purpose, surgical guides provided with supplementary built-in irrigation tubes
were produced for guided osteotomies in bovine ribs. Different irrigation methods were
tested, and the bone temperature was recorded during the drilling procedures in three
fixed positions.

2. Materials and Methods
2.1. Study Design

In this ex vivo experiment, a 3D-printed surgical guide provided with built-in ir-
rigation tubes for supplementary internal irrigation was tested. Bone temperature was
recorded during osteotomy preparation. The workflow of the study is presented in Figure
S1. Twelve fresh bovine ribs were used to conduct the study. The specimens were acquired
from a local butcher shop and stored at —18 °C. They all had the soft tissue removed before
the initiation of the experiment.

2.2. Surgical Guide Production

Each bone specimen was subjected to cone beam computed tomography (CBCT)
(Orthophos XG 3D unit; Dentsply Sirona, Bensheim, Germany) with the following param-
eters: 85 kV, 4 mA, 14.4 s. From the CBCT data, the implant planning was carried out
using a dedicated software (NaviMAX®, Biomax S.p.a., Vicenza, Italy). For each specimen,
four 4.1 x 13 mm T3 Certain® Parallel Walled Non-Platform Switched Implants (Zimmer
Biomet Dental, Palm Beach Gardens, FL, USA) were planned. The implants were intended
to be perfectly parallel to each other, perpendicular to the bone crest with an inter-implant
distance of 3 mm. The fixation pins were planned one on each lateral side of the rib. Drill
holes of 1.8 mm in diameter for the insertion of the thermocouples were also designed
laterally and perpendicularly to the osteotomies (Figure 1a).
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Figure 1. Virtual planning (a) and images of both sides ((b) and (c)) of one of the 3D-printed guides
utilized in the experiment. (1) Fixation pins; (2) thermocouple drill holes; (3) implant positions.

An acrylic (MED620) 3D-printed surgical guide (NaviGUIDE®, Biomax S.p.a., Vicenza,
Italy) was then produced for each rib, according to the individual planning using an
Objet30 OrthoDesk (Stratasys, Ltd., Eden Prairie, MN, USA) printer. The axes resolution
was 600 dpi, 600 dpi and 900 dpi for X-, Y- and Z-axes respectively.

The guide was provided with a built-in tube system for internal irrigation, with an
aperture in the proximity of each polyetheretherketone (PEEK) sleeve (Figure 1b,c). The
average diameter of the internal irrigation tube system was 2.2 mm (range 3.6 mm to
1 mm).

2.3. Temperature Measurement

Bone temperature was measured using type-K thermocouple (TC Instruments, Torino,
Italy) with a 0.5 mm tip, coupled to a data logger thermometer (Pico Technology TC-08,
Pico Technology, Cambridgshire, UK), which allowed constant, real-time temperature
recording (PICOLOGO6 software was used as interface). This device was able to record the
temperature with an interval of 0.5 s and a resolution of 0.01 °C. The bone temperature
was recorded at 1.5 mm from the nominal implant surface at three osteotomy depths:
thermocouples (Tc) were inserted at the depths of 1.5 mm (Tc1), 7 mm (Tc2), and 12 mm
(Tc3) from the bone crest (Figure 2).
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Figure 2. (a) Schematic drawing of the procedure. A 4.1 x 13 mm dental implant osteotomy was planned. The bone

temperature was recorded

at 1.5 mm from the nominal implant surface at three osteotomy depths from the bone crest:

1.5 mm (Tcl), 7 mm (Tc2), and 12 mm (Tc3). (b) One of the 3D-printed guides fixed on its own experimental specimen, with

three thermocouples (Tc) in place.

2.4. Surgical Protocol

The following conditions were tested: guided osteotomy using the surgical guide with
external irrigation and an additional internal irrigation with the use of built-in tubes (Group
1); guided osteotomy using the surgical guide with external irrigation only (Group 2);
guided osteotomy using the surgical guide without irrigation (Group 3); osteotomy final-
ized without the use of a surgical guide, with external irrigation (Group 4).

Four dental implant osteotomies—one for each group—were carried out in each of
the 12 ribs, so that a total of 48 sites were included in this study (Figure 3). The position of
the osteotomies in each rib was randomized using a computer-generated method.

Before the initiation of the experiment, the specimens were immersed in room-
temperature (19 °C) water for 12 h. Each rib was clamped to a bench vise, the fixation pin
holes were made and the surgical guide was then secured to the substrate. Lateral holes
for the thermocouples were prepared with a 1.8 mm calibrated drill and their tips were
then inserted.

Osteotomies were performed using a surgical motor (Implantmed, W&H, Burmoos,
Austria) and a 20:1 reduction surgical contra angle handpiece (WS-75, W&H) at 1200 rpm
according to a sequential drill preparation, as suggested by the manufacturer (Zimmer
Biomet Dental). Regarding the irrigation modalities, a 0.9% saline solution at room temper-
ature was used for irrigation using the pump of the surgical motor for groups 1, 2 and 4
with an emission flow of 90 ml/min. A Y-type irrigation tubing set was connected to the
external and to the built-in tube system for internal irrigation in Group 1; irrigation tube
was connected only to the external irrigation in Group 2 and Group 4; in Group 3 irrigation
was disabled.

Certain® Tapered Navigator® System For Guided Surgery (Zimmer Biomet Dental)
was utilized. The following drill sequence was used with a continuous movement: Cortical
Perforator drill, 2.0 mm, 2.75 mm, 3.00 mm, and 3.25 mm twist drills. After each drilling,
the osteotomy site was irrigated with room temperature saline solution with a syringe to
remove bone chips and debris. Thirty seconds were waited between the finalization of
one drilling step and the initiation of the following one. To secure a precise osteotomy in
Group 4, an initial cortical engraving (approximately 1.5 mm deep) was carried out with
the use of the surgical guide. According to the manufacturer, drill positioning handles
were used. To prevent the effect of drill wear, four new drill sets were used, so that each
drill was used for 12 osteotomies only.

The guides were removed after the completion of the experiment and subjected to a
CBCT with the same parameters as above with the aim of qualitatively investigating the
condition of the internal tube system.
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Figure 3. Comparison of the 4 experimental conditions: (1) guided osteotomy using the surgical
guide with external irrigation and an additional internal irrigation with the use of additional built-in
tubes (Group 1); (2) guided osteotomy using the surgical guide with an external irrigation only
(Group 2); (3) guided osteotomy using the surgical guide without irrigation (Group 3); (4) osteotomy
finalized without the use of a surgical guide, with external irrigation (Group 4).

2.5. Outcome Measures

The primary outcome measure was the largest temperature variation, calculated as
the difference from the maximum temperature during the experiment and the starting
temperature at Tcl.

The secondary outcome measures were the largest temperature variation at Tc2 and
Tc3, and the average temperature increase with respect to starting temperature (calculated
as average difference between each recorded temperature and starting temperature) at Tcl,
Tc2, and Tc3.

2.6. Sample Size

A minimum of 8 units were required to have a 90% chance of detecting, as significant
at the 5% level, a standardized effect size of 1.3 in the primary outcome measure in a paired
design. The sample size was increased to 11 units to take into account the adjustment for
multiple comparison (Group 1 was compared with groups 2, 3, and 4).

2.7. Statistical Analysis

All outcome measures were continuous and were expressed as median and interquar-
tile range (IQR). Since the outcome measures were not normally distributed (Normality
assumption was checked using quantile-quantile plots), non-parametric testing was per-
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formed. Each outcome measure was compared between test group (Group 1) and each
control group (groups 2, 3, and 4) using Wilcoxon signed rank test with Benjamini-Hochberg
adjustment for multiple comparisons (adjusted p-values were indicated with p,g;). All tests
were 2-sided and a p-value < 0.05 was considered statistically significant. Statistical analysis
was performed using R 4.0 (R Foundation for Statistical Computing, Vienna, Austria) [26].

3. Results

The evolution of temperature variation over time as average of the twelve samples for
each group is displayed in Figure 4.
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Figure 4. Mean temperature variation (AT) over time. The initiation of each drilling sequence step is
indicated as follows: (*) Cortical Perforator drill; (e) 2.0 mm; (A) 2.75 mm; (4) 3.00 mm; (H) 3.25 mm
twist drills.

The largest temperature variation at Tcl showed a median of 3.0 °C (IQR 2.4-3.4 °C) in
Group 1, which was not statistically different than Group 2 (median 2.3 °C, IQR 1.4-3.7 °C;
Padj = 0.83), Group 3 (median 3.2 °C, IQR 2.9-6.2 °C; py4; = 0.81), or Group 4 (median 2.0 °C,
IQR 1.5-3.3 °C; pagj = 0.83) (Figure 5 and Table S1).

Among the secondary outcome measures, the largest temperature variation at Tc2
showed a median of 1.9 °C (IQR 1.5-3.2 °C) in Group 1, which was not statistically different
than Group 2 (median 1.7 °C, IQR 1.2-2.5 °C; p,4; = 0.49), Group 3 (median 1.6 °C, IQR
1.0-3.4 °C; pagj = 0.49) or Group 4 (median 2.0 °C, IQR 1.0-2.5 °C; p,yj = 0.49) (Figure 6 and
Table S1).
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Figure 5. Boxplot showing the largest temperature variation (AT) at Tc1 in the four groups.
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Figure 6. Boxplots showing the largest of temperature variation (AT) at Tc2 (a) and Tc3 (b) in the four groups.

The largest temperature variation at Tc3 showed a median of 2.3 °C (IQR 1.8-3.5 °C) in
Group 1, which was not statistically different than Group 2 (median 0.9°C, IQR 0.7-2.2 °C;
Padj = 0.15), Group 3 (median 2.0 °C, IQR 0.9-2.5 °C; pyy; = 0.15) or Group 4 (median 1.3 °C,
IQR 0.6-2.1 °C; pygj = 0.27) (Figure 6 and Table S1).

Among the secondary outcome measures, the average temperature increment with
respect to starting temperature is displayed in Figure 7 and Table S2. At Tc1, the average
temperature increment showed a median of 1.0°C (IQR 0.7-1.6 °C) in Group 1, which was
not statistically different than Group 2 (median 0.8 °C, IQR 0.5-1.1 °C; p,y; = 0.42), Group 3
(median 1.3 °C, IQR 0.8-2.3 °C; p,y4j = 0.51) or Group 4 (median 0.8 °C, IQR 0.4-1.0 °C;
Padj = 0.48).

At Ic2, the average temperature increment showed a median of 0.9 °C (IQR 0.7-1.2 °C)
in Group 1, which was higher with respect to Group 2 (median 0.5 °C, IQR 0.4-0.9 °C;
Padgj = 0.03) but was not statistically different than Group 3 (median 0.7 °C, IQR 0.4-1.3 °C;
Padgj = 0.19) or Group 4 (median 0.7 °C, IQR 0.3-0.8 °C; p,y; = 0.19).

At Tc3, the average temperature increment showed a median of 1.0 °C (IQR 0.7-1.1 °C)
in Group 1, which was higher with respect to Group 2 (median 0.4 °C, IQR 0.1-0.7 °C;
Pagj = 0.03), Group 3 (median 0.6 °C, IQR 0.1-0.7 °C; p,4; = 0.03) and Group 4 (median
0.3 °C, IQR 0.2-0.7 °C; pygj = 0.03).
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Figure 7. Boxplots showing the average temperature variation (AT) with respect to starting temperature at (a) Tc1, (b) Tc2,

and (c) Tc3 in the four groups.

Post-experimental CBCT observations revealed the presence of radio-opaque material
partially occluding the aperture of the internal irrigation tubes and also attached to the
inner surface of the guide sleeves (Figure 8).

Figure 8. Cone beam computerized tomography (CBCT) images of one of the surgical guides after
the experimental phase. Condensed bone tissue partially occupies the final parts of the built-in
irrigation tubes.

4. Discussion

The surgical guide with internal irrigation investigated in the present study has been
proposed with the intent to provide an additional source of irrigation of the surgical field.
The built-in irrigation tubes were designed to reach the body of the drill, underneath the
guide sleeve. To the best of our knowledge, no other studies on this type of 3D-printed
surgical guide has been published with the exception of a case report, where a similar
guide was described [27]. Supposedly, a guide with such design should overcome one of
the major issues of computer guided implant surgery, that is the risk of bone overheating.

This study, however, did not support the initial hypothesis that supplementary ir-
rigation may reduce the bone temperature increase, as we did not find any significant
difference in the largest temperature variation among the different groups.
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It was observed that the median highest temperatures were found in the cortical bone
(Tcl) with the use of the first drill, i.e., Cortical Perforator drill, in the majority of cases
(Figure 4). This fact, which is in accordance with previous studies, may be explained by
the impact of a relatively small drill on intact highly dense bone [17,28]. Cortical bone is
denser and more resistant than trabecular bone; it has a high coefficient of friction and
a low thermal conductivity, which hinders heat dissipation [29]. The initial drill, in fact,
encounters greater resistance and must remove considerable quantities of cortical bone
at the drill entrance point. Subsequent larger drills, on the other hand, induce lower
temperature variations as they have to remove smaller quantities of cortical bone tissue
and the larger flute spaces can facilitate irrigation and bone chips removal [18,30]. The
lower temperature variations recorded at Tc2 and Tc3, which were located in the medullar
bone, can be explained by the lower density and the lower cutting resistance while drilling
this tissue compared to the cortical bone [31].

In a study by Liu et al., a conventional external irrigation from the hand-piece, an
internal tube in the surgical guide and a drill with an internal cooling were compared. The
findings showed that the guide with the internal tube was a superior irrigation method
than the conventional external irrigation, while it was less efficient than the internal drill
cooling [32]. In the present study, however, the use of the supplementary internal irrigation
(Group 1) did not significantly reduce the temperature variation compared with an external
irrigation only (Group 2). No significant differences on temperature variation were found
between Group 3 and Group 4 as well. A tendency, however, can be outlined for the main
outcome, presenting the Group 3 with the highest temperature increase and Group 4 with
the lowest.

According to the assumption that the limit condition for bone regeneration is 47 °C for
1 min [8], the magnitude of temperature increase during the drilling procedure in this study
seems to be rather safe in all groups. According to the temperature variation observed in
this in vitro study, the threshold value was never exceeded. On the contrary the maximum
temperature increase was lower than 5 °C in most cases. Such values are in accordance
with previous in vitro and ex vivo studies. Investigating the effect of drilling speed and
irrigation liquid temperature during guided and freehand implant surgery in bovine ribs,
Barrack et al. recorded a maximum bone temperature increase of 2.10 °C [33]. In another ex
vivo study in porcine ribs, bone temperature with open-flap and flapless guided implant
surgery registered a maximum temperature increase of 4.81 °C [20].

It must be said that the actual maximum bone temperature at the site of drilling cannot
be registered with thermocouples. The probe tips were located at 1.5 mm from the heat
source, corresponding to the nominal implant surface. Bone has low thermal conductivity
properties, and we could expect a low grade of heat distribution through the bone [34].
Therefore, temperatures at the immediate vicinity of an osteotomy may have been much
higher, as demonstrated by Aghvami et al. [31].

In this study, the persistence of an increased temperature was assessed by the average
temperature increment from the starting temperature. Values of Group 1 were significantly
higher than Group 2 in Tc2 and higher than groups 2, 3, and 4 in Tc3. This difference,
even though of limited amount, may indicate that there was a heat concentration in the
medullar bone and more specifically at the apex of the preparation for Group 1. It was
speculated that drilling preparation caused the clogging of the internal irrigation tubes
aperture facing the bone, as previously reported [11]. This theory was confirmed by CT
observations carried out after the experimental phase. As matter of fact, the final parts
of the built-in irrigation tubes were impacted by condensed bone tissue (Figure 8). This
obstructive material could have negatively affected the temperature variation in two ways,
since it would have impeded the irrigation flow from the internal tube and increased the
friction with the drill.

To reduce this phenomenon, it could be postulated that a more powerful irrigation
should be performed. In the setting of the present study, the irrigation fluid flow originated
from the hand-piece and it was distributed among the external and the internal built-
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in tubes. It can be speculated that the fluid pressure at the end of the tubes was too
weak. Another source of irrigation, distinct from that provided in the hand-piece may be
recommended. Moreover, the drilling method may have contributed to the creation of the
clog. Even though a recent study demonstrated that the intermittent drilling movement
during a conventional osteotomy did not decrease the bone temperature [35], this method
may be relevant during guided surgery, since it increases the irrigation flow and remove a
major amount of bone debris from the drilling site [36].

With the present study, the novel irrigation method was tested in an ex vivo model
using bovine ribs. This model was chosen since it resembles the morphological characteris-
tics and thermal properties similar to human bone [34]. 3D-printing technology was used
to fabricate surgical guides specifically designed for each experimental ex vivo substrate.
Thanks to this approach, thermocouples positioning, which usually requires a standardized
in vitro condition, was closer to clinical reality. The results on temperature variation can
hardly be reproduced in an in vivo setting, with a different basal temperature and in the
absence of the blood flow. Another limitation may rely on the fact that biological substrates
were used, which differed one from another in terms of cortical thickness and medullar
density. The lack of a constant drill load may represent a limitation, but the use of a testing
machine could have affected a passive insertion of the drills through the sleeves. Therefore
a manual drilling by a single operator was adopted. To obtain a more precise temperature
recording, each osteotomy was performed with one continuous movement and then 30 s
were waited. It must be said that his method is rarely reproduced in the clinical scenario,
since the lag time from one drill to the subsequent is usually shorter.

Further studies should test the guide under different conditions, such as an additional
irrigation source and a different drilling method. A finite element analysis should be run to
identify which elements (e.g., irrigation volumetric flow and pressure) should be modified
to avoid the clogging of the tubes.

5. Conclusions

The additional internal irrigation was not associated with a decrease of the average
bone temperature. Within the limitations of an ex vivo model, it was showed that the tem-
perature increases never exceeded the threshold for bone damage. The highest temperature
variation was associated with the use of the cortical perforator drill. Moreover, bone debris
was found obstructing the internal irrigation tubes, thus reducing the cooling efficiency
of the guide. The present findings highlight a need for further investigations on the need
and the optimization of the supplementary irrigation system and to assess the effects of the
drilling methods on bone heating.
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