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Heat Accumulation During Sequential Cortical

Bone Drilling

ABSTRACT
Significant research exists regarding heat prododuring single-hole bone drilling. No
published data exist regarding repetitive sequledtiting. This study elucidates the
phenomenon of heat accumulation for sequentidirdyivith both Kirschner wires (K wires)
and standard two-flute twist drills. It was hypatized that cumulative heat would result in a
higher temperature with each subsequent drill pdis® holes in a 3 x 3 array were drilled
sequentially on moistened cadaveric tibia bone &epbdy temperature (about 37 °C). Four
thermocouples were placed at the center of fowacadit holes and 2 mm below the surface. A
battery-driven hand drill guided by a servo-coréwlmotion system was used. Six samples were
drilled with each tool (2.0-mm K wire and 2.0- &a&-mm standard drills). K wire drilling
increased temperature from 5 °C at the first ho[2Q °C at holes 6 through 9. A similar trend
was found in standard drills with less significanmdrements. The maximum temperatures of both
tools increased from <5 °C to nearly 13 °C. Théedénce between drill sizes was found to be
insignificant @ > 0.05). In conclusion, heat accumulated durirggueatial drilling, with size
difference being insignificant. K wire produced mdreat than its twist-drill counterparts. This
study has demonstrated the heat accumulation phermmand its significant effect on
temperature. Maximizing the drilling field and rethg the number of drill passes may decrease
bone injury.
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osteonecrosis; Kirschner wire



INTRODUCTION
Bone drilling is a commonly utilized orthopaediopedure. Single-pass drilling is used most
frequently to aid in screw placement; however, ipldtpass drilling is also used in certain
clinical scenarios. For instance, sequential gakses are made when preparing a joint surface
for fusion, non-union takedowns, and when fendsiyatburnated bone to accept a prosthesis,
such as a tibial tray in a total knee arthroplabhe heat generated by standard drills has been
studied extensively in the past with a multitudexperiments testing different variables,
including width of the drill, advancing speed, tinasgle, revolutions during drilling, eté?
Studies looking at heat generated by Kirschnersafikewires), which are often employed during
sequential drilling, have been limited. A recenidstby Palmisano et al compared single-pass
drilling of standard drills and K wires and foungdrsficantly higher heat production with the use
of K wires!®

One of the primary concerns with bone drilling gdares is the production of heat causing
osteonecrosis—bone death resulting from the temporgpermanent loss of blood supfiiy-to
ensue in surrounding bofA&*® This type of damage leads ultimately to collapse: a
nonhealing.” A specific subset of this disease caused by damhageo heat, thermal
osteonecrosis, is a very complex phenomenon. Ibbes theorized that osteonecrosis after
drilling causes osteocyte apoptosis, reductiodall blood flow, and increased local
osteoclastic activity'*’ This phenomenon of thermal osteonecrosis resultseaker bone with
less potential to heal, which is of significant sequence in the clinical scenarios that employ
surgical techniques that produce significant heacifically single- and multi-pass drillifg.

Temperature and associated exposure time hav&edsostudied significantfy*®°*

Numerous experimental designs have shown that peeture of 70 °C results in immediate



bone necrosi3’ Lesser temperatures have also been found to cagsesis with increased
exposure times. Irreversible cell death of ostezscgiccurs when bone has been exposed to
temperatures of 55 °C for 30 seconds and 47 °6daecond$? In the literature, the threshold
of 47 °C for 60 secondé®**is used as a designator of bone death. Otherblesizhat
significantly influence heat production are drigfidepth and cortical bone thicknégs It has
been shown that the temperature produced by ttteofral resistance during compact cortical
bone drilling is directly proportional to the diilg depth> While the use of normal saline
irrigation during drilling has been shown to deseaaximum temperature, irrigation is not
appropriate for certain clinical situatioh**For example, irrigation while drilling to prepaae
joint for fusion would potentially make visualizai difficult and it would wash away the cells
one is trying to access by drilling through thegwmndral bone.

Heat accumulation and its effects after repetisi@guential drilling are largely unknown and
have not been studied independently. Given theth@nmal conductivity of bone, it is known
that heat can accumulate with repetitive drilligthis work we hypothesized that heat would
accumulate, leading to an increase in the peakdeatyre with each subsequent drill pass of a
sequential drilling sequence. The intention of #tigly was to examine heat production in terms

of bone temperature rise during and after repetgrquential drilling.

MATERIALSAND METHODS

Experiment Design

The experimental setup is shown in Figure 1. Aicdilty used battery-driven hand drill was
attached to a servo-controlled 3-axis stage torabdtilling motions. The hand drill was

operated at a constant, full speed (around 800 tipradigh a drilling test. Bone samples were



harvested from non-embalmed human cadaveric tib&gs, ranging 36 to 71 years of age) and
stored under a -20 °C environment prior to tesfirtge residual soft tissue on the cortical surface
was removed completely to avoid any disturbancenduhe initial drill bit—bone contact. The
testing sample was clamped onto a fixture and moest to 37 °C to mimic a live-body
environment. The fixture was made of wood to mizeniemperature loss during the test, while
maintaining rigidity to hold the sample. A plagsptiate was placed on the top of the fixture to
affix the thermocouples by four steel tubes at prdpcations. The plastic plate had an identical
hole array aligned with the bone sample, allowhwytobol to travel through and drill into the
bone. The through-hole area of the plate was ldhgar the drill's cross-sectional area to prevent
the drill bit from contacting the plate, affectitige testing, or loosening the thermocouple
contact. As shown by a drilled example in Figuréh&, holes were arranged 3 mm apart from
margin to margin; thermocouples were 2.5 mm froenttble margin and 2.0 mm below the bone
surface. The hole layout was design based on aliexperiences and fixed as controlled
variable in the experiment. Thermocouples werequlat the center of four adjacent holes, so
the temperature rise caused by each pass was cbridta heat accumulation, therefore, could
be seen from the overall temperature profile. ieerhocouple depth of 2 mm was about half
way through the cortical bone for two purposes: ,@nis depth could well secure the
thermocouple tips at right positions. Second, teatpee change at this depth is likely to be
steady-state and repeatable, which is beneficidddtatistical analysi$.o ensure minimum
deviation from the designated hole locations, gilaies 0.5 mm in depth were drilled by a 0.7-

mm mini drill bit prior to the experimental tests.

In this study, three drilling tools—2.0-mm K wir2,0-mm standard drill bit, and 2.5-mm

standard drill bit—were used for comparison anceoltion of heat accumulation. Each drilling



tool was repeated six times on different bone samfilarvested from different cadavers). It
should be noted that the hole pattern and the plage were identical for the 2.0-mm K wire and
2.0-mm drill bit, but those for the 2.5-mm drill bvere scaled up accordingly to ensure the same
hole margin-to-margin spacing and thermocoupletionavith respect to the hole margin. The
drilling sequence was from the top row to the bottérom right column to the left. The drilling
depth was set to 5 mm regardless of the thicknkessrtical layer. Parameters for drilling
movement were controlled in this experiment usisgteof clinically reasonable values. The
feed rate (advancing speed into the bone) wad detan/s to simulate a steady-state drilling
based on hand-held testing in a prior sttidjhe time interval between passes was set at 1 s,
approximated from clinical cases, regardless ohthle-to-hole distance. The total drilling time
was therefore 53 s for all cases. By allowing tbathio propagate after the last hole, an

additional 5 s was added into the comparison, tota time of 58 s.

M easurement and Analysis M ethods

The heat accumulation was seen as a total tempegea adjacent to a hole during multiple
passes. Ideally, one thermocouple should be useddasuring one pass. However, unlike
single-hole drilling, the temperature distributismot symmetric with respect to the hole due to
the heat propagation from adjacent holes. As dtresumparing one hole to another may not
always be on a maximum temperature basis. Alsgldeement of nine thermocouples on the
bone surface would be technically challenging dueatential interference with the drill bit. A
large number of thermocouple pilot holes could alfect the bone integrity and heat transfer
behavior near the bone surface. Therefore, amalige approach in this study was using four
thermocouples (denoted by TC-A, TC-B, TC-C, andD)xmbedded within the 8 3-hole

array with TC-Afor holes 1, 2, 4, and 5; TC-B for holes 2, 3, 8 &nTC-C for holes 4, 5, 7 and



8; and TC-D for holes 5, 6, 8, and 9, as showrigureé 2. Drilling sequence followed the
ascending order from hole 1 to 9.

An example of data analysis is shown in FigursiBgiraw temperature data for the 2.0-mm
drill bit. The profile that first responds to thedt is TC-A, and then B, C, and D as the drill
proceeds. In the figure, the vertical lines repnésige time and the corresponding drilling pass
(hole number). The time interval between the lwes 6 s, including 5 s drilling time plus 1 s
travel time between passes. The intersected temopesaas marked by dots, were extracted for
establishing a thermocouple vs. hole chart, as shiowrigure 4. All the data were processed in
an identical manner.

RESULTS

Temperature

Temperature results as a function of holes 1 te%hown in Figure 4 for all three tools, where
the error bars represent standard errors basdteain combined tests. Temperature of K-wire
drilling increased more rapidly with the numbethotes drilled compared to both the 2.0-mm
and 2.5-mm drill bits. The initial condition of tlexperiments was set around 37 + 1 °C, thus a
temperature rise over 10 °C could expose the besed to risk. On average, for K-wire drilling,
the temperature rise reached 18 °C at hole 5 oATThe maximum temperatures (TC-B, C, and
D) remained at about 20 °C as the drilling procdetieough hole 9. In comparison, the
temperature rise of the 2.0-mm drill bit increatesnly about 13 °C and that of the 2.5-mm drill
bit increases to a slightly higher level, whictsigl much lower than the values of the K wire.

Although the 2.5-mm drill seems to generate a grédamperature change, the difference
from the 2.0-mm drill bit is statistically insigicgnt @ > 0.05). However, the differences

between the K wire and drill bits are clear. Statly significant differencesp(< 0.05) can be



found between the K wire and the 2.0-mm drill biegery hole except hole 3, and a difference
can be found along the last three holes betweeHN thige and 2.5-mm drill bit.

Based on our observations in Figure 4, heat ifitserow did not affect the drilling in the
third row and vice versa. The statistical analgbiswed a p-value > 0.05 between TC-A, hole 5
and TC-D, hole 9 for all cases. Therefore, tempeegprofiles of TC-A and TC-B are nearly
identical to those of TC-C and TC-D. TemperatufeE@-C and TC-D do not respond to the
drilling-induced heat until the second row (stagtat hole 4.) Temperatures of TC-A and TC-B
stop rising when the drilling proceeds to the thiod (starting at hole 7), though they still
remain.

Using the average temperature at four thermocoptiiesemperature field within the 5-mm
by 5-mm region (cornered by four thermocouples) interpolated to observe both the temporal
and spatial distribution at the ends of drillindd®3, 6, and 9, as shown by the contour lines in
Figure 5. The hole in the middle is hole 5, whé&aedata should be void after the hole is drilled.

For all drilling tools, it can be seen that thethegropagated to TC-C and TC-D after
drilling hole 3. The overall temperature fields ater below 12 °C. After drilling hole 6,
significant higher temperature field results frose wf K wire, which ranges from 12 °C to 25
°C, whereas the temperature fields of the driB bite still within 15 °C. Although the larger drill
bit creates a slightly higher temperature, theed#éfiice between these two sizes (2.0 mm and 2.5
mm) is, again, not obvious.

After drilling the last hole, the temperaturesha bower end of the region were still above 12
°C for K wire and above 5 °C for drill bits. Thisgnomenon could result in a larger thermal
dose in the system, consequently injuring bonegissiue to prolonged exposure at high

temperatures. Consider that after drilling the riokes (58 s after initiation), the average



temperatures across the four thermocouples we6e°03.9.9 °C, and 11.1 °C, for 2.0-mm K
wire, 2.0-mm drill, and 2.5-mm drill, respectively.

Histology

It can be concluded that K wire produces much rhead than the standard drill bits, and
consequently leads to a larger area of bone damdige.drilling was completed, three selected
bone samples (one from each case) were decalaffiedectioned to be studied microscopically.
Figure 6 shows representative slides of both at¢ and standard drills at hole 5. The
photomicrograph highlights the bony destructioncemtered. The K wire (Fig. 6A)
demonstrates noticeably increased bony destruatidrchange in bony architecture when
compared to the standard drill of the same siag @B), correlating with increased temperatures
measured during drilling as well as different daifisigns. The result of excessive heat produced
by K-wires is consistent with the literatdfé®® K-wires exerted higher forces and heat than
standard drills due to lack of cutting flutes tom/e bone debris. It should also be noted that the
differently sized standard drills show grossly $ambony destruction (Figs. 6B and 6C). It
should also be noted that all samples have a paofoiisteocytes with empty lacunae
surrounding the drill margin.

DISCUSSION

Thermal osteonecrosis of bone is a result of timebooed effects of elevated temperature and
exposure time. This study experimentally invesgédaand compared repetitive sequential

drilling in a defined sequence. By controlling &k variables except heat production, the
maximum temperatures and heat accumulation cousduaked. Each drill bit was examined

with a tooling microscope at the end of each secgiefhe absence of appreciable wear is

evidence that no increased friction from a dulliotting edge affected the temperature readings.



There are many clinical scenarios in which eithevikes or differing sizes of twist drills are
utilized for repetitive sequential drilling. Thitusly found that K wire produced significantly
higher peak temperatures and accumulated signilyjcarore heat than same size (2.0 mm) or
even larger (2.5 mm) twist drills. K wires producedigher temperature rise at each drill hole
and a maximum temperature rise over 20 °C by th#éhiiole. Given the threshold of 47 °C for
thermal damage, the absolute temperatures measurge second through ninth holes were
sufficient to cause necrosis. As for the first hatee initial drill pass did not introduce enough
heat into the system for the first thermocouplestgister temperatures consistent with
osteonecrosis. However, it is important to noté tha temperature was extracted 2.5 mm from
the hole margin. Previous work shows that a siKglare pass can create a temperature rise of
48.7 °C at 0.5 mm and 18.3 °C at 1.5 mm from tHe hmargin, which can lead to osteonecrosis
around the hole margifi.This study, however, focused more on the heatragtation,
particularly between the holes, rather than theimam temperature adjacent to the hole.
Thermocouples located in the middle of surroundialgs provide the information of heat
propagation and accumulation. Therefore, althohghpeak temperature rise at hole 9 is greater
than that at hole 1 (Fig. 4), it does not necelysarean a higher temperature adjacent to the hole
margin. Instead, it indicates that more heat haaraalated in the drilling area as the drill bit
proceeds.

Based on the data collected from all tools, it veamd that the temperature rose rapidly with
each subsequent pass until the seventh hole. shbigs that the second row of holes received
heat input from passes 1-6 as the heat dispersaagtiout the bone, whereas the last row of
holes (7-9) was not affected by the heat dispergedhe bone during passes 1-3, but only that

from passes 4-6. Conversely, the maximum tempesfior holes 1-3 were not increased by the



heat created in holes 7-9. Also, because of thgasitemperature profiles and magnitudes
across TC-A to TC-D, the heat-sink effect of aldhil or K wire may not be significant. That is,
although the tool temperature increases therengmal heat transfer due to the low conductivity
of bone. The major thermal damage factor shoulldogtia result of cumulative heat inside the
bone from multiple passes. Similar temperatureil@oficross thermocouples also suggest a
nearly constant heat flow over time, which indisdtev tool wear and low additional heat flow
from the heated drilling tool.

The data collected have large variations, likelg tubone sample inconsistency (among
different cadavers), drilling path deviation at thi#éial contact, and thermocouples disturbed by
bone debris and environmental water. Also becatifeag the effects of thermal anisotropy of
cortical bone were not considered in the experirsgrde the resultant temperature deviation
would be relatively small. For example, Lundskogdian infrared thermography and found a
nearly circular isotherm at a drilling sp8tDavidson and Jameseasured the thermal
conductivity in radial, tangential, and axial dtiea and found a small range from 0.53 to 0.58
W/mK 2

After studying the data it is clear that there moanpelling argument to avoid K wires when a
clinical scenario requires multiple drill passeBeTTemperatures recorded for twist drills were
significantly lower than those for K wires and cadidess bony destruction as evidenced by
photomicrographs of drilled bone (Fig. 6). Althoygtevious work has shown that both 2.0-mm
and 2.5-mm twist drills produce temperatures ceestsvith osteonecrosis at up to 1.5 mm from
the hole margin, the data collected in this studhytwist drills show a much lower magnitude

between the holes (or 2.5 mm from the hole mamgmpared to that of the K wire. The average



field temperature (across the four thermocouplésy drilling 9 holes was up to 50% lower with
the drill bits as compared to the K wires.

Two twist drills of different sizes, 2.0 mm and 2dbn, were tested using an identical
experimental setup. Similar trends were found wh#se two sizes. The larger drill (2.5 mm)
produced slightly more heat throughout drillingwever, this was found to be statistically
insignificant in this study. The overall trend agates with previous studies of the effects of
drills of varying sizeg:*" 101315

When looking at the accumulation of heat in theesysthroughout the drilling sequence the
trends mimic the results of the highest temperatukéter drilling the nine holes, the average
temperatures across the four thermocouples weée°C8for the 2.0-mm K wire and 9.9 °C and
11.7 °C for the 2.0-mm and 2.5-mm drills, respestivThis shows that K wire produces
significantly more heat throughout the drilling seqce than do twist drills, again demonstrating
that twist drills are a better tool for sequentialling procedures in regards to heat production.

Given that in certain clinical situations usinggation to decrease thermal exposure is not
applicable other potential options have been preshostudied. First, the use of a step drill or a
drill with different proximal and distal diametdnas been studied and found to not show a
significant decrease of temperature in surrountimge with single hole driIIin(ff. Second,
experimental drill designs including internally ¢ed drills utilizing channels through the center
of the drill where cooled irrigant is passed hagerbstudied. These have aimed to decrease
overall heat production and the development ofitiiieas a heat sink. Augustin et al found that
the use of an internally cooled drill was succdsafalecreasing temperature rise of surrounding

bone during drilling® This a potential option to be studied, howeveregithat the cooled



irrigant exits at the tip of the drill this may iibiit the extravasation of the marrow components
your are attempting to access similarly to conwaral irrigation.

Limitations of this study include its ex-vivo studgsign, which allowed for more
experimental control for quantitative comparisooywkver the results may not be the most
accurate depiction of in-vivo conditions. Also, tlesults of this study were compared on a
relative basis with a set of given conditions bseamanual drilling is difficult to specify.
Another limitation is the use of multiple cadavesfecimens of various ages, which may have
contributed to temperature variation between saspjstead of minimizing it. Lastly, the
histology tests reflect only the high-temperatuaendge around the hole margin, not the heat
accumulation-induced damage between holes.

CONCLUSIONS

For all drill bits tested temperatures close thie mpargins were high enough to cause
osteonecrosis. The maximum temperature and accteduteat increased with each drill pass,
supporting our hypothesis. The ninth hole was foioneixperience a temperature rise
approximately four times higher than that of thistffor each drill bit tested. K wires were found
to create more heat with each subsequent hole edrapared to twist drills. The accumulation
of heat was also significantly higher with the 0$& wires in comparison to twist drills, leading
to the conclusion that K wires should be avoidedépetitive drill passes. For twist drills, size
had a relatively insignificant effect on heat gated at each hole as well as the heat that
accumulated in the system throughout the drillimgezgiment. Given the heat accumulation and
heat dispersion effects of adjacent holes durifitirdy it is concluded that attempting to
maximize the drilling field as much as possible amulicing the total number of drill passes to

the clinically necessary minimum may reduce thie oisthermal injury to bone.



FUTURE DIRECTIONS

To the authors knowledge this is the only studigokind to look at sequential drill passes and
heat accumulation, and we feel that this is an i@ topic that warrants further investigation.
The current study suggests that increasing theedpaigveen drill holes may decrease the
accumulation and thus the thermal effects of setipladrilling; however, this needs to be

studied further. This work also questions the idethermal dose, which is a measurement of
exposure time to heat being introduced to a sydtethe future, a finite element analysis model
may be employed to study thermal dose and to offfiradjust the space between drill passes as
well as time between each pass. This would allerstquence of drill passes to be manipulated
to find the most appropriate sequence to redugentdesffects.
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FIGURE CAPTIONS

Figure 1. The experimental setup.

Figure 2. Hole positions and thermocouple arrangement.

Figure 3. An example of temperature data from four thermpteaifor the 2.0-mm drill bit.
Figure 4. Temperature vs. hole position during sequentidlirdy with (a) 2.0-mm K wire, (b)
2.0-mm twist drill, and (c) 2.5-mm twist drill. Enr bars represent standard errors based on the

six tests of each case.



Figureb5. Interpolated temperature field by four thermocest the end of drilling holes 3, 6,
and 9 with (a) 2.0-mm K wire, (b) 2.0-mm drill b#nd (c) 2.5-mm drill bit. The area for the 2.5-
mm drill bit is larger for the same thermocoupldtde-margin distance.

Figure 6. Representative photomicrographs of decalcifiecelsamples with (a) 2.0-mm K wire,

(b) 2.0-mm standard drill bit, and (c) 2.5-mm stamddrill bit.
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