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ABSTRACT
Background: Heat generated during bone drill-

ing may be associated with thermal necrosis and 
direct damage, leading to complications after sur-
gery. This preclinical study evaluates the in vivo 
effects of saline irrigation, drilling device type, and 
device sharpness on heat generation and bone 
damage in viable cortical bone.

Methods: Bicortical drilling of each tibial di-
aphysis from anesthetized research dogs was per-
formed to evaluate temperature and bone damage 
using five different devices with or without saline 
irrigation.

Results: Saline irrigation and sharp drill bits 
were associated with smaller temperature increases 
and less acute osteonecrosis. Conventional tro-
car tip Kirschner wires were associated with the 
largest temperature increase and the most acute 
osteonecrosis changes.

Conclusion: The use of saline irrigation during 
bone drilling reduces temperature change and  
osteonecrosis. Furthermore, we recommend that 
the use of dull drill bits or standard tip Kirschner 
wires be avoided. Lastly, drill bit design can di-
rectly contribute to bone damage during drilling.

Clinical Relevance: This study provides in vivo 
data from a preclinical model to validate the ben-
efits of saline irrigation and sharp drill bits during 
bone drilling to regulate increases in temperature 

and decrease associated osteonecrosis. Risk for 
early implant loosening and poor surgical out-
come is influenced by thermal osteonecrosis of 
bone such that consistent use of saline irrigation, 
sharp drill bits, and optimized designs may have 
important clinical advantages.

Level of Evidence: II
Keywords: fracture surgery; osteonecrosis; bone 

drilling; saline irrigation; heat generation

INTRODUCTION
Bone drilling is fundamental to the practice of ortho-

paedic fracture surgery. Drilling into bone generates fric-
tional heat that may contribute to thermal osteonecrosis. 
Heat-induced osteonecrosis occurs when bone sustains a 
temperature of 47° Celsius (C) for a period longer than 
60 seconds or 50°C for 30 seconds.1,2 The threshold tem-
perature for immediate bone death due to applied heat 
is 70°C.3 Cortical bone will reach temperatures beyond 
100°C in the surgical setting if no heat-counteracting 
measures are applied.4 Cortical bone injury and necrosis 
can lead to bony resorption around the screw with the 
formation of fibrous tissue and subsequent loss of im-
plant and bone interface.5-7 The effects of bone injury that 
occur with specific temperature thresholds have been 
reported in association with oromaxillofacial implants.8

Fracture plating construct stability relies on screw 
purchase into the bone. The sufficient purchase of a 
screw translates into bone-plate stability by producing 
adequate friction between a bone and the applied plate 
or by providing a stable interface to resist torsional or 
axial load in an intramedullary nail or locking plate. 
Loss of the bone-screw interface in non-locking plates 
decreases screw pullout strength and implant stability.9 

Unstable orthopaedic implants predispose to premature 
implant failure, fractures, delayed union or nonunion, and 
increases the risk for infection.10 Therefore, any cause 
for decreased screw-bone interface may contribute to sig-
nificant surgical complications and minimizing the risk 
of bone necrosis during screw placement is important.

Regulating heat production is routinely practiced in 
orthopaedic surgical settings. In order to minimize heat 
production, it is recommended to use smaller diameter 
and sharp drill bits, avoid the use of blunted drill bits, 
drill with decreased rotational acceleration rates, use 
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low-frequency vibration-drilling, alter the angle of screw 
insertion, and irrigate during active drilling.11-14

Related studies insist that irrigation while drilling is 
the superior method for temperature regulation.2,3 Irriga-
tion reduces drill site temperature by heat conduction—
i.e., irrigation acts as a coolant to provide lubrication 
to decrease friction and facilitate the removal of bony 
debris that may obstruct drill flutes and decrease heat 
dissipation. When drill sites were irrigated externally 
with normal saline at a rate of 500 mL per minute, the 
local temperature never increased beyond threshold 
temperatures of 50 °C.5

Previous reports examining the effects of drilling on 
bone have focused primarily on cadaveric and tissue 
explant models, which do not account for the influences 
of live cells and blood supply on resultant damage.2,3,9,12 

Therefore, the purpose of the present study was to 
evaluate the effects of saline irrigation on regulating 
temperature increase and acute bone damage using dif-
ferent drill bits and Kirschner wire devices commonly 
used in fracture surgery in a live translational model. 
The study was designed to test the hypothesis that 
temperature change and initial cortical bone damage 
will each be significantly (P < 0.05) different based on 
the type of drill bit or wire used for bone drilling and 
that saline irrigation will effectively mitigate temperature 
change and damage.

METHODS
With approval from our institutional animal care and 

use committee, skeletally mature purpose-bred research 
dogs (n = 5) were premedicated, anesthetized, and pre-
pared for aseptic surgery of both hindlimbs as part of 
an unrelated terminal procedure. Rectal temperature was 
measured during the procedure. For each canine, both 
tibias (n = 10) were treated as matched pairs to allow 
for drill bit type and irrigation assignments as described. 
A medial approach to expose the tibial diaphysis was 
performed, and hemorrhage was controlled with electro-
surgery. Five diaphyseal drill sites were marked on the 
medial tibial diaphysis each 2 cm apart (Fig. 1A). Each 
drill site was assigned to one of the five drilling devices 
to be tested, and right and left tibias were alternated to 
receive or not receive saline irrigation during drilling, 
creating 10 treatment groups for comparison (n = 5 per 
treatment group) with the following:

•	 New (sharp) 2.5 mm drill bit (DePuy Synthes, 
West Chester, PA, USA)

	 o With saline irrigation (SDB+)
	 o Without saline irrigation (SDB-)
•	 Dulled 2.5 mm drill bit (DePuy Synthes) – dulled 

by performing 10 bicortical drill tunnels in femo-
ral cortical bone

	 o With saline irrigation (DDB+)
	 o Without saline irrigation (DDB-)
•	 New 2.5 mm drill bit (Osteocentric Technologies, 

Inc, Austin, TX, USA)
	 o With saline irrigation (ODB+)
	 o Without saline irrigation (ODB-)
•	 New drill-tip 1.6 mm Kirschner wire (DePuy 

Synthes)
	 o With saline irrigation (DKW+)
	 o Without saline irrigation (DKW-)
•	 New spade-tip 1.6 mm Kirschner wire (DePuy 

Synthes)
	 o With saline irrigation (SKW+)
	 o Without saline irrigation (SKW-)
Drill devices were rotated among drill site locations 

for each dog so that each device was assigned to each 
location and order of drilling in equal numbers. Imme-
diately prior to drilling, the temperature (°C) of the tip 
of the drilling device was measured at the cis15 (near) 
cortex using a calibrated infrared thermometer gun 
(Fisherbrand, Thermo Fisher Scientific, Waltham, MA, 
USA) (Fig. 1B). High-speed (910 rpm) single-pass bicorti-
cal drilling of each site was performed using standard 
surgical power equipment (Arthrex 600 System, Arthrex, 
Inc., Naples, FL, USA) and the assigned drilling device 
with or without saline irrigation. A single board-certified 
veterinary orthopaedic surgeon with more than 20 years 
of experience performing open reduction internal fixation 
procedures performed the bone drilling for this experi-
ment. Drilling was performed using a standard surgical 
technique with consistent pressure based on tactile 
response according to the manufacturer’s instructions. 
Based on flute design, Osteocentric drill bits (ODB) 
bits were advanced with relatively less pressure during 
drilling. Per the manufacturer, OsteoGuard drill bits 
(Osteocentric Technologies, Inc.) are designed with a 
unique cutting tip, longer flutes with uniform volume, 
and no side cutting to remove less bone more efficiently 
with less damage.

Drill sleeves were used during the drilling process. 

Figure 1. (A) Tibial diaphysis shown with drill sites spaced 2 cm 
apart. (B) Traceable® Infrared Thermometer Gun measuring drill 
bit temperature immediately upon cessation of drilling. C. 60-cc 
bulb syringe applying irrigation at drill bit tip during active drilling 
of cortical bone.
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Saline irrigation was performed using room-temperature 
sterile isotonic saline via 60 ml bulb syringe delivered 
in standard clinical fashion (Fig. 1C). Immediately after 
drilling, the temperature (°C) of the tip of the drilling 
device was measured at the cis cortex using a calibrated 
infrared thermometer gun.16

Immediately after the completion of drilling, dogs 
were humanely euthanized while still under anesthesia. 
Histological examination of bone necrosis tends to occur 
in a pattern. Eriksson and Albrektsson described thermal 
osteonecrosis as occurring over several weeks.1 Patholo-
gists note the earliest signs of bone ischemia are seen 
by day two in the marrow spaces with loss of nuclear 
staining of marrow cells, osteocyte depletion, and the 
appearance of large round, ovoid spaces filled with fat. 
By day 15, osteocytic lacunae are empty and trabecular 
surfaces are devoid of cells while capillaries, fibroblasts, 
and foamy histiocytes may be appreciated at the border 
of the necrotic zone.7

The tibias were immediately disarticulated and dis-
sected free from all soft tissues. Each drill site with 1 
cm of surrounding bone circumferentially was collected 
and processed. The cis (near) and trans (opposite) 
cortices were separated and analyzed individually. Half 
of the samples were processed for scanning electron 
microscopy (SEM),17 and the other half were processed 
for histology.

Samples destined for SEM were fixed in 2% para-
formaldehyde, 2% glutaraldehyde in 100 mM sodium 
cacodylate buffer pH = 7.35. All specimen preparation 
was performed at our university’s electron microscopy 
core facility. Fixed tissues were rinsed with 100 mM 
sodium cacodylate buffer, pH 7.35 containing 130 mM 
sucrose. Secondary fixation was performed using 1% 
osmium tetroxide (Ted Pella, Inc., Redding, CA, USA) 
in cacodylate buffer using a Pelco Biowave (Ted Pella, 
Inc.) operated at 100 Watts for 1 min. Specimens were 
then incubated at 4 °C for 1 hour, initially rinsed with 
cacodylate buffer, and further rinsed with distilled water. 
Using the Pelco Biowave, a graded dehydration series 
(per exchange, 100 Watts for 40s) was performed us-
ing ethanol. Samples were dried using the Tousimis 
Autosamdri 815 (Tousimis, Rockville, MD, USA), and 
samples were sputter-coated with 20 nm of platinum 
using the EMS 150T-ES Sputter Coater. Images of the 
drill site and surrounding bone were acquired with a 
FEI Quanta 600F scanning electron microscope (FEI, 
ThermoFisher Scientific, Hillsboro, OR, USA) using a 
high-vacuum secondary electron (Everhart-Thornley) 
detector at 25X to 25,000X magnification, a voltage of 5 
or 20kV and spot of 3 or 8.

Samples destined for histology were fixed in 10% 
neutral buffered formalin fixative. Once properly fixed, 

the bone specimens were demineralized with 10% eth-
ylenediaminetetraacetic acid (EDTA) in PBS, sectioned 
in two at the drill site when sufficiently softened, and 
processed for H&E staining.

An in-house scoring system was created to evaluate 
severity/extent of four histologic changes at the drill site 
(total out of 12 points) for both H&E staining and SEM:

1.	 loss of osteocytes from lacunae/bone necrosis 
(out of 3 points),

2.	 bone coagulation (thermal injury) (out of 3 
points),

3.	 soft tissue coagulation (out of 3 points), and 
4.	 debris in/neighboring the drill site (out of 3 

points)
The highest score represents the most severe pathol-

ogy. Histologic scoring of the drill sites was performed 
by two board-certified veterinary pathologists blinded to 
treatments. Both pathologists scored all sites and their 
mean scores were used for statistical analyses based on 
strong inter-observer agreement (r2 = 0.91).

Statistical Analysis
Each continuous outcome measure (Δheat, struc-

tural damage, zone of necrosis) was compared among 
groups for cis or trans cortices using one-way ANOVA 
with multiple pairwise comparisons with corrections. 
Within-group comparisons were made for cis versus 
trans cortices and irrigation versus no irrigation using 
paired t-tests. Differences were considered statistically 
significant at P < 0.05. Correlations between change in 
temperature and bone damage or necrosis were assessed 
using Pearson Product Moment Correlations with r > 0.7 
considered strong.

RESULTS
Rectal temperature was consistent among dogs at a 

mean of 37.8 °C (range, 36.1-38.3). Immediately prior 
to drilling, the temperature of the tip of the drilling 
device was consistent among dogs at a mean of 25.4 
°C (range, 22-28.6).

Heat Generation
Saline irrigation while drilling resulted in smaller 

temperature increases than drilling without saline 
irrigation for all groups except for 1.6 mm spade-tip 
Kirschner wires (SKW- = 4.7 °C ± 2.9; SKW+ = 2.9 °C ± 
1.3) (Fig. 2). The effects of saline irrigation on change in 
temperature did not reach statistical significance for any 
drilling device tested (P > 0.1). Sharp 2.5 mm drill bits 
with saline were associated with the smallest increase in 
temperature after drilling (SDB+ = 0.2 °C ± 0.7). Overall, 
SKW- reached the highest temperature change of 7.6 
°C and SDB+ achieved the lowest temperature change 
of -0.1 °C. One-way ANOVA with pairwise comparisons 
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Figure 2. Mean ± standard deviation of change in temperature of drill 
sites before and after drilling using 10 drilling techniques. These 
box-and whiskers plot for median, interquartile range, minimum, 
and maximum values for temperature change for each drilling device 
tested. Note: different letters above plot indicate statistically signifi-
cant differences (P < 0.05) among groups with “a” representing the 
smallest change in temperature.

produced the following statistically significant differ-
ences: SDB-, SDB+, and ODB+ had significantly smaller 
temperature increases compared to DKW- and DKW+ 
(P < 0.03). SDB-, SDB+, and ODB+ also had significantly 
smaller temperature increases than SKW- and SKW+ (P 
< 0.042). Surprisingly, dull drill bits did not show any 
statistically significant differences to other groups for 
change in temperature.

Bone Damage 
H&E

One-way ANOVA comparison among groups showed 
significant findings. SKW- and SKW+ had significantly 
higher total histopathologic scores than all other groups 
(P < 0.05) (Table 1). ODB+ had a significantly lower 
histopathologic score than both DDB-, DDB+, DKW-, 
and SDB- (P < 0.05) (Table 1). There were no other 
statistically significant findings.

Saline irrigation while drilling was associated with 
lower histopathology scores compared to drilling with-
out irrigation across all drilling techniques (Table 1). 
Further, subcategory analyses showed that SKW+ and 
SKW- had significantly higher osteocyte loss/bone ne-
crosis and bone coagulation (thermal injury) scores at 
drill sites than all other groups with or without saline 
(P < 0.05). This finding is characterized by large num-
bers of empty bone lacunae and prominent basophilia 
of the disrupted bone matrix at/extending out from 
the drill site, respectively (Fig. 3 A and B). In contrast, 
the drill sites created with ODB were less disrupted 
with only small numbers of empty bone lacunae and 

small quantities of basophilia of the bone matrix im-
mediately neighboring the drill site (Fig. 3 C and D). 
Other treatment groups (for example, SDB+ in Fig. 3 
E and F) occasionally showed moderate disruption of 
bone at the drill site associated with moderate quanti-
ties of empty bone lacunae and basophilia of the bone 
matrix (but not as extensive as the spade tip 1.6 mm 
Kirschner wire group).

SEM
Similar to the histology findings, SEM showed that 

drill sites created by SKW had more surface and drill 
site microfractures and structural disarray of organic 
scaffolding. ODB created the least damage when com-
pared to the other drilling devices (Fig. 4).

DISCUSSION
This novel preclinical study examined the in vivo 

effects that saline irrigation, drilling device type, and 
device sharpness have on heat generation and bone 
damage in viable cortical bone. Five different drill bits 
and wires commonly used for orthopaedic surgery were 
compared using temperature measurements, histologic 
assessments, and scanning electron microscopy (SEM). 
The results of this study confirm that saline irrigation 
provides a counterregulatory effect on heat generation 
produced by drilling into the bone. As a result, con-
comitant saline irrigation was associated with less dis-
ruption of cortical bone secondary to osteonecrosis as 
represented by histopathology scores and SEM imaging 
assessments.

There were also notable differences between drilling 
instruments. Compared to their dulled counterparts, 
sharper drill bits were associated with smaller tem-
perature increases with or without saline irrigation. 
Importantly, standard trocar tip 1.6 mm Kirschner wires 
(SKW) were associated with the highest temperature 
increase and most severe histopathologic changes in 

Table 1. Mean ± Standard Deviation of Total 
Histopathologic Scores

Saline 
Irrigation

SDB DDB ODB DKW SKW

Yes 5.6 + 0.8 5.8 + 1 4.6 + 1.5 5.3 + 1.9 8.5 + 1.4

No 6.0 + 2.2 6.3 + 2.6 5.2 + 1.1 6.2 + 1.2 9.1 + 1.5

Note: In-house scoring system attributes up to 3 points (1=mild, 
2=moderate, 3=marked) for four different attributes: osteocyte 
loss/bone necrosis, bone coagulation, soft tissue coagulation, and 
debris at neighboring drill site.  The maximum score possible is 
12.  A higher score equals more damage. 

Key: SDB=sharp drill bit, DDB=dulled drill bit, ODB=Osteocentric 
drill bit, DKW=drill-tip Kirschner wire, SKW=spade-tip Kirschner 
wire.
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Figure 3. Representative H&E images of drill sites in tibial cortices with increasing severity of bone 
coagulation (thermal damage) and osteocyte loss/bone necrosis for selected drill types. Bone necrosis is 
characterized by empty osteocytic lacunae (osteocyte loss) within areas of bone coagulation (basophilia) 
neighboring or surrounding the drill site. Bone and cellular debris is commonly seen within drill sites. 
Left column (A, C, E, G, I) represent drill bits and K-wires without saline irrigation. Right column (B, 
D, F, H, J) represent drill bits and K-wires with saline irrigation. In-house pathology scores (out of 3) 
for the following images are based on bone coagulation, and osteocyte loss/osteonecrosis: 
A.  ODB- scores (1,1)
B.  ODB+ scores (1,1)
C.  DDB- scores (1,1)
D.  DDB+ scores (2,3)
E.  DKW- scores (2,1)
F.  DKW+ scores (1,2)
G.  SDB- scores (1,1)
H.  SDB+ scores (2,2)
I.   SKW- scores (3,3)
J.   SKW+ scores (2,2)

B, C, E, G, H, I, J (10x magnification; scale bar = 200 μm). A, D, F (4x magnification; scale bar = 500 μm).

Figure 4. (A-E). Representative scanning electron microscopy (SEM) images visual-
izing varying degree of bony damage, debris, and necrosis of drill sites produced by 
osteocentric drill bits with saline (ODB+) and without saline (ODB-). Left column 
(A-C) represents drill sites subjected to drilling without saline. All images of the left 
column taken from the cis (near) cortex of the tibial specimen. Right column (D-F) 
shown to represent drill sites subjected to drilling with saline. All images of the left 
column taken from the trans (far) cortex of the tibial specimen. Magnification across 
rows is held constant. Top row (A,D) is shown at 25x magnification (scale bar = 
2 mm); middle row (B,E) is shown at 280x magnification (scale bar = 200 μm); 
bottom row is shown at 4,000x magnification (scale bar = 10 μm). Comparative 
observation of either column shows that drill sites created by Osteocentric drill bits 
(ODB) in the presence of saline had less structural disarray of organic scaffolding 
than DePuy Synthes drill sites (SDB) created without saline.
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the presence of saline irrigation and without. In contrast, 
the Osteocentric drill bits (ODB) performed the best 
in terms of limiting bony damage, drill site debris, and 
osteonecrosis as seen on H&E and SEM. Interestingly, 
though ODB outperformed all other drill bits from H&E 
and SEM standpoints, sharp DePuy Synthes drill bits 
(SDB) performed the best in terms of limiting tempera-
ture increases. The clinical significance of this trend may 
suggest that variables inherent to each drill bit other 
than their ability to regulate temperature increase in 
the presence of saline irrigation could influence drilling-
related bone damage such that multiple factors, includ-
ing saline irrigation, sharpness, and design, should be 
considered for optimizing bone drilling for subsequent 
implant placement.

Much of the recent literature involves oromaxillo-
facial surgery.18-20 Other current studies involve either 
cadaveric human, bovine, rabbit, or porcine models.1-4 

One study by Lundskog et al.21 from 1972 did use liv-
ing human bone to evaluate thermal properties. Of 
the animal models, canine and porcine bone has been 
shown to be the most representative of human cortical 
bone.22 Our study is unique in that we used live canine 
models with drilling taking place at baseline physiologic 
temperatures during general anesthesia to show the 
effects on perfused bone and surrounding tissue. In 
essence, we were able to evaluate the effects of drilling 
on live tissue using valid and applicable basic science 
outcome measures.

Drilling into bone in one form or another is ubiq-
uitous in orthopaedic surgery. The friction generated 
with drilling produces heat that may reach temperatures 
above physiologic levels. The poor thermal conductivity 
of bone inhibits heat dissipation. Therefore, if no coun-
termeasures are applied while drilling, local drill site 
temperatures reach threshold measurements associated 
with deleterious bony effects including necrosis.2-5,23,24

Why does this matter? Circumferential osteonecrosis 
at a drill site can lead to poor outcomes.7 If osteonecrosis 
occurs, less viable bone remains to produce a com-
pressive force to support bone purchase with screws.8 

Implants with unsatisfactory purchase are associated 
with early loosening and poor surgical outcomes such 
as higher rates of infection, implant instability, and 
reoperation.25,26

Bone changes occur at set temperatures with instant 
osteonecrosis occurring at temperatures at or above 
70°C or above 47°C for 1 min. Temperatures can exceed 
100°C if counterregulatory measures to heat produc-
tion are not employed.1-4 Therefore, careful application 
of these compensatory measures should be practiced 
by orthopaedic surgeons to manage heat production. 
Heat-reducing measures include, but are not limited 

to, decreasing the drill bit diameter, slowing rotational 
drilling speeds, avoiding the use of blunt drill tips, and 
irrigating during drilling to facilitate heat-dissipation.9-12

Limitations of the study must be considered when 
interpreting and applying these data. Temperature mea-
surement was performed using a non-contact infrared 
instrument to determine drill device tip temperature. 
While this method is accurate and was standardized 
for the experiment, it does not provide a measure of 
bone temperature. As such, comparisons among drill-
ing devices must be limited to the relative change in 
temperature as presented. However, the associated 
bone damage relative to temperature change does pro-
vide direct clinically applicable data, especially based 
on the use of live bone in a surgically-based animal 
model. Saline irrigation was performed at a constant 
rate by hand, which is representative of the standard 
practice in the operating room. As such, the exact rate 
of irrigation was not measured. One study suggests that 
irrigation at 500 mL/min successfully limited drill site 
temperatures to below 50°C.4 Our goal was to recreate 
what occurs in surgery to determine if irrigating makes 
a practical difference.

Future studies may seek to clarify what factors are 
responsible for how individual drill bits or wires influ-
ence osteonecrosis in the setting of controlled tempera-
ture over the long term. For example, a future study 
may include another animal model in the context of 
induced osteotomies followed by the use of a standard 
plating technique with drilling occurring with or without 
saline irrigation to compare rates of implant loosening 
and failure, infection, and reoperation. Admittedly, the 
question may arise whether this is clinically relevant 
and if it affects patient outcomes. Although this may be 
challenging to verify, the authors feel strongly enough 
that they have incorporated this into their clinical prac-
tice and wanted to evaluate this in a controlled basic 
science model.

The use of saline irrigation during bone drilling 
reduces temperature change and bone necrosis. Fur-
thermore, we do not recommend using dull drill bits or 
standard tip Kirschner wires if trying to minimize heat 
generation and osteonecrosis. Lastly, drill bit design 
can directly contribute to bone damage during drilling. 
Taken together, these results provide in vivo data from 
a preclinical model to validate the benefits of saline ir-
rigation and sharp drill bits during bone drilling to regu-
late increases in temperature and decrease associated 
osteonecrosis. Risk for early implant loosening and poor 
surgical outcome is influenced by thermal osteonecrosis 
of bone such that consistent use of saline irrigation, 
sharp drill bits, and optimized drill device designs may 
have important clinical advantages.



Volume 42 Issue 2    28

Irrigating While Drilling Bone

REFERENCES
1. 	 Eriksson R, Albrektsson T. The effect of heat on 

bone regeneration: An experimental study in the rab-
bit using the bone growth chamber. J Oral Maxillofac 
Surg. 1984;42:705–11. https://doi.org/10.1016/0278-
2391(84)90417-8.

2.	 Augustin G, Davila S, Mihoci K, Udiljak T, Ve-
drina DS, Antabak A. Thermal osteonecrosis and 
bone drilling parameters revisited. Arch Orthop Trau-
ma Surg. 2008;128:71–7. https://doi.org/10.1007/
s00402-007-0427-3.

3.	 Timon C, Keady C. Thermal osteonecrosis caused 
by bone drilling in orthopedic surgery: A literature 
review. Cureus. 2019;11:e5226. https://dx.doi.
org/10.7759%2Fcureus.5226.

4.	 Matthews LS, Hirsch C. Temperatures measured 
in human cortical bone when drilling. J Bone Joint 
Surg Am. 1972;54:297–308.

5.	 Pandey RK, Panda S. Drilling of bone: A compre-
hensive review. J Clin Orthop Trauma. 2013;4:15–30. 
https://doi.org/10.1016/j.jcot.2013.01.002.

6.	 Mediouni M, Schlatterer DR, Khoury A, Von 
Bergen T, Shetty SH, Arora M, et al. Optimal 
parameters to avoid thermal necrosis during bone 
drilling: A finite element analysis. J Orthop Res. 
2017;35:2386–91. https://doi.org/10.1002/jor.23542.

7.	 Fondi C, Franchi A. Definition of bone necrosis 
by the pathologist. Clin Cases Miner Bone Metab. 
2007;4:21–6.

8.	 Eriksson R, Adell R. Temperatures during drilling 
for the placement of implants using the osseointegra-
tion technique. J Oral Maxillofac Surg. 1986;44:4–7. 
https://doi.org/10.1016/0278-2391(86)90006-6.

9.	 Friis E, Tsao A, Topoleski LDT, Jones LC. Intro-
duction to mechanical testing of orthopedic implants. 
Mech Test Orthop Implants. 2017:3–15. http://
dx.doi.org/10.1016/B978-0-08-100286-5.00001-9.

10.	 Augustin G, Zigman T, Davila S, Udiljak T, 
Staroveski T, Brezak D, et al. Cortical bone drill-
ing and thermal osteonecrosis. Clin Biomech (Bristol, 
Avon). 2012;27:313–25. https://doi.org/10.1016/j.
clinbiomech.2011.10.010.

11.	 Manoogian S, Lee AK, Widmaier JC. The effect 
of insertion technique on temperatures for standard 
and self-drilling external fixation pins. J Orthop 
Trauma. 2017;31:e247–51. https://doi.org/10.1097/
bot.0000000000000859.

12.	 Muffly MT, Winegar CD, Miller MC, Altman 
GT. Cadaveric study of bone tissue temperature 
during pin site drilling using fluoroptic thermogra-
phy. J Orthop Trauma. 2018;32:e315–9. https://doi.
org/10.1097/bot.0000000000001191.

13.	 Alam K, Hassan E, Imran SH, Khan M. In-vitro 
analysis of forces in conventional and ultrasoni-
cally assisted drilling of bone. Biomed Mater Eng. 
2016;27:101–10. https://doi.org/10.3233/bme-
161569.

14.	 Kalidindi V. “Optimization of drill design and coolant 
systems during dental implant surgery” University 
of Kentucky Master’s Theses. 2004;314. Available 
at: https://uknowledge.uky.edu/gradschool_the-
ses/314 Accessed Dec. 1, 2020.

15.	 Tu YK, Tsai HH, Chen LW, Huang CC, Chen YC, 
Lin L. Finite element simulation of drill bit and bone 
thermal contact during drilling. 2008 2nd Interna-
tional Conference on Bioinformatics and Biomedical 
Engineering. 2008:1268–71.

16.	 Karaca F, Aksakal B, Kom M. Influence of or-
thopaedic drilling parameters on temperature and 
histopathology of bovine tibia: an in vitro study. Med 
Eng Phys. 2011;33:1221–7. https://doi.org/10.1016/j.
medengphy.2011.05.013.

17.	 Lo Giudice R, Puleio R, Rizzo D, Alibrandi A, 
Lo Giudice G, Centofanti A, et al. Comparative 
investigation of cutting devices on bone blocks: an 
SEM morphological analysis. Appl Sci. 2019;9:351. 
https://doi.org/10.3390/app9020351.

18.	 Gehrke SA. Evaluation of the cortical bone reaction 
around implants using a single-use final drill. J Cranio-
fac Surg. 2015;26:1482–6. https://doi.org/10.1097/
scs.0000000000001788.

19.	 Carvalho ACG de S, Queiroz TP, Okamoto R, 
Margonar R, Garcia IR Jr., Filho OM. Evaluation 
of bone heating, immediate bone cell viability, and 
wear of high-resistance drills after the creation of 
implant osteotomies in rabbit tibias. Int J Oral Maxil-
lofac Implants. 2011;26:1193–201.

20.	 Oliphant BW, Kim H, Osgood GM, Golden RD, 
Hawks MA, Hsieh AH, et al. Predrilling does 
not improve the pullout strength of external fixator 
pins. J Orthop Trauma. 2013;27:e25–30. https://doi.
org/10.1097/bot.0b013e3182511ed7.

21.	 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;9:1–80.

22.	 Aerssens J, Boonen S, Lowet G, Dequeker J. 
Interspecies differences in bone composition, density, 
and quality: potential implications for in vivo bone 
research. Endocrinology. 1998;139:663–70. https://
doi.org/10.1210/endo.139.2.5751.

23.	 Davidson SR, James DF. Measurement of thermal 
conductivity of bovine cortical bone. Med Eng Phys. 
2000;22:741–7. https://doi.org/10.1016/S1350-
4533(01)00003-0.



J. C. Woods, J. L. Cook, C. C. Bozynski, J. D. Tegethoff, K. Kuroki, B. D. Crist

29    The Iowa Orthopedic Journal

24.	 Feldmann A, Wili P, Maquer G, Zysset P. The 
thermal conductivity of cortical and cancellous 
bone. Eur Cell Mater. 2018;35:25–33. https://doi.
org/10.22203/ecm.v035a03.

25.	 Tawy GF, Rowe PJ, Riches PE. Thermal dam-
age done to bone by burring and sawing with and 
without irrigation in knee arthroplasty. J Arthro-
plasty. 2016;31:1102–8. https://doi.org/10.1016/j.
arth.2015.11.002.

26.	 KH Jo, KH Yoon, KS Park, JH Bae, KH You, JH 
Han, et al. Thermally induced bone necrosis dur-
ing implant surgery: 3 case reports. J Korean Assoc 
Oral Maxillofac Surg. 2011;37:406–14. https://doi.
org/10.5125/jkaoms.2011.37.5.406.


	__EPub December 2022
	Cover for Issue 2 e-pub



