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Objectives

Prosthetic joint infection (PJI) is a devastating complication following total joint arthro-
plasty. Non-contact induction heating of metal implants is a new and emerging treatment
for PJI. However, there may be concerns for potential tissue necrosis. It is thought that seg-
mental induction heating can be used to control the thermal dose and to limit collateral
thermal injury to the bone and surrounding tissues. The purpose of this study was to deter-
mine the thermal dose, for commonly used metal implants in orthopaedic surgery, at vari-
ous distances from the heating centre (HC).

Methods

Commonly used metal orthopaedic implants (hip stem, intramedullary nail, and locking
compression plate (LCP)) were heated segmentally using an induction heater. The thermal
dose was expressed in cumulative equivalent minutes at 43°C (CEM43) and measured with
a thermal camera at several different distances from the HC. A value of 16 CEM43 was used
as the threshold for thermal damage in bone.

Results

Despite high thermal doses at the HC (7161 CEM43 to 66 640 CEM43), the thermal dose at
various distances from the HC was lower than 16 CEM43 for the hip stem and nail. For the
fracture plate without corresponding metal screws, doses higher than 16 CEM43 were mea-
sured up to 5 mm from the HC.

Conclusion

Segmental induction heating concentrates the thermal dose at the targeted metal implant
areas and minimizes collateral thermal injury by using the non-heated metal as a heat sink.
Implant type and geometry are important factors to consider, as they influence dissipation
of heat and associated collateral thermal injury.
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Article focus
Non-contact induction heating of metal
implants is a new and emerging treat-
ment for prosthetic joint infection (PJI).

various distances from the heating centre
(HO).

Key messages

However, there is a risk of tissue necrosis
with current induction heating delivery
systems.

This study investigated whether segmen-
tal induction heating can be used to con-
trol the thermal dose and to limit collateral
thermal injury.

Infrared imaging was used to estimate
the thermal dose for different metal
implants (hip stem, intramedullary nail,
and locking compression plate (LCP)) at

Implant type and geometry are impor-
tant factors to consider as they influence
dissipation of heat and associated collat-
eral thermal injury.

For the hip stem and nail, the thermal
dose was below the threshold of thermal
damage beyond the HC.

For the LCP, doses higher than the thresh-
old were measured up to 5 mm from the
HC and were lower than the threshold
beyond 5 mm.
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Strengths and limitations

Segmental induction minimizes thermal dose to the
adjacent metal and unexposed tissues by using the
non-heated metal as a heat sink and by concentrating
the thermal dose at the targeted metal implant areas.
The heating curves of commonly used orthopaedic
implants have been characterized.

During the experiments, the heated implant was sur-
rounded by air, not by human tissue or materials that
mimic human tissue, which possibly led to an overes-
timation of the thermal doses.

Introduction
Prosthetic joint infection (PJI) is a devastating complica-
tion following total joint arthroplasty. It is therefore vital
that new treatments for the prevention and treatment of
biofilm infections in orthopaedic implants are developed.

Patients with infected implants often require multiple
procedures and prolonged antibiotic therapy.'-3 However,
this treatment can be invasive and therefore may be
impossible in patients with high comorbidity factors.
Furthermore, increasing antibiotic resistance of bacteria
limits the choice of antibiotics,*¢ and recently there have
been reports that long term treatment of antibiotics for
PJl actually induce antibiotic resistance.”8

A new and emerging method of treatment of PJl is
non-contact induction heating (NCIH) of metal implants,
and several studies have shown its effectiveness in reduc-
ing the bacterial load in vitro within a clinically feasible
temperature range and heating duration.>'? NCIH of
metal implants causes thermal damage to the bacterial
biofilm, thereby killing the bacteria on the metal
implant.®-'2 Furthermore, the heat from induction works
synergistically with antibiotics to eradicate the biofilm on
the metal implants.’ NCIH uses pulsed electromagnetic
fields (PEMF) to induce eddy currents within metallic
objects.’> These eddy currents are electrical currents
within the metallic object that oppose the change in
PEMF as derived from Faraday’s law of electromagnetic
induction, and consequently cause heating of the metal-
licimplant.’3

In theory, every metal implant is suitable for induction
heating, depending on its anatomical situation. The
major advantage of induction heating of metallicimplants
is that only the metallic implant is actively heated and
induction heating has no direct heating effect on the sur-
rounding tissue. This results in the heat generated being
directed onto the bacterial biofilm that is on the metal
implant. The surrounding tissue, however, is heated to
some extent by thermal conduction from the heated
metal, but if the tissue is well perfused by blood, the heat
will be significantly reduced in the same way as in blood
coagulation.’15

Metal implants used for in vitro studies are heated
entirely.®12 However, heating the metal implant in its

entirety in vivo may have disadvantages, as metal implants
can have complex geometrical shapes and are also fixed
to bone. These disadvantages include tissue necrosis
from a high thermal dose, heterogeneous heating, and
possibly loss of bone fixation.?-13,16-18

Heating the metal implant by overlapping segments,
segmental induction heating, has the advantage of using
the non-heated metal as a heat sink, thereby theoretically
minimizing the thermal dose and thermal damage to soft
tissue and bone. Also, segmental induction heating
allows for more homogeneous heating of a metal
implant. This is particularly relevant for objects with an
irregular shape such as the femoral stem of a total hip
prosthesis. Homogeneous heating is important to pre-
vent overheating of certain areas of the implant while
other areas are underheated. In addition, segmental
induction heating can be used for selective heating of
one or two segments. For example, in the event of a more
local infection, such as after intramedullary nailing for an
open tibial fracture, only one or two segments of the nail
may require heating. Also, areas of bone fixation can be
avoided or heated to a lower temperature using segmen-
tal induction heating.

The aim of this study is to determine the thermal dose
at the metal implant at several different distances from
the heating centre (HC) for commonly used orthopaedic
implants of different geometrical shapes. The hypothesis
is that segmental induction heating can be used for selec-
tive heating, thus concentrating the thermal dose and at
the same time minimizing the thermal dose to the adja-
cent metal and tissues not being treated.

Materials and Methods

Heating of metal implants was performed using a custom-
built induction heater that produced a PEMF of 360 kHz
and 135 W. The induction heater featured a 13-turn sole-
noid heating coil with an inner diameter of 24 mm in a
modified Helmholtz configuration: two connected 6.5-
turn solenoid coils (totals 13) with 12 mm spacing
between them. The metal implant was placed in the
12 mm space perpendicular to the solenoid, allowing
segmental non-contact heating. The coil was positioned
parallel to the table with the opening of the solenoid coil
facing the infrared thermal camera in such a way that the
camera could look through the coil in order to visualize
the part of the implant that was being heated. Figure 1
and the Supplementary Material show the setup of the
experiment.

The following commonly used implants were investi-
gated: 1) hip stem (Corail, size 11; DePuy Synthes,
Warsaw, Indiana), hydroxyapatite-coated titanium alloy
(Ti6AI4V); 2) intramedullary nail (Y-nail, 420 mm long,
11 mm diameter; Stryker, Kalamazoo, Michigan), tita-
nium alloy (Ti6Al4V); and 3) locking compression plate
(LCP) (16 holes, stainless steel; DePuy Synthes).
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Fig. 1

A photograph showing experimental setup for thermal measurements dur-
ing segmental induction heating of metal implant, in this case the hip stem.

The target temperature was 60°C, which was chosen
as this has been previously shown to be effective at inac-
tivating planktonic bacteria and potentiating antibiotic
activity against biofilm-associated organisms.101

The in vivo temperature of the implant is similar to
core body temperature (37°C), requiring an additional
23°C to achieve the target bactericidal temperature of
60°C. Therefore, the temperature increase of interest in
this investigation was 23°C above room temperature,
which was approximately 20°C.10.¢ From this, the ther-
mal dose was estimated to be 43°C, and was expressed in
cumulative equivalent minutes (CEM43).10.16
Thermal imaging. Thermal imaging was performed with
an infrared thermal camera (T440 thermal imaging infra-
red camera; FLIR Systems Inc., Wilsonville, Oregon) with
a resolution of 320 x 240 pixels. Thermal imaging was
used as it can demonstrate the heat distribution on the
surface of the metal implant while simultaneously allow-
ing multiple spot thermal measurements to be taken. In
infrared thermal imaging, the measured temperature is
affected by emissivity of a surface. Emissivity of an object
is the ratio of the amount of radiation actually emitted
from the surface to that emitted by a blackbody at the
same temperature.’ Some materials are more emissive
than others. For instance, glossy or reflective materi-
als like metals tend to have a low emissivity, meaning
that the measured temperature with infrared imaging is
lower than the actual temperature of the surface of the
object.’ To allow for accurate thermal measurements,
we adjusted the emissivity of the metal implants by coat-
ing them with a thin layer of matte black paint (Fig. 2).1?
A K-type thermocouple was used in order to compare the
temperatures of the matte-coated metal implant, mea-
sured using the thermal camera, with the thermocouple
after the PEMF had been switched off. This was because
PEMF may affect the thermocouple’s measurements.

Fig. 2a Fig. 2b

a) Photograph showing the hip stem with a thin layer of black paint and with-
out coating. b) Thermal image of hip stem with and without coating. The
emissivity of coated stem is improved, allowing uniform and accurate tem-
perature measurements.
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Fig. 3

Graph depicting temperature measurements of a hip stem after induction
heating with thermal camera (infrared camera) and K-type thermocouple. The
measurements are nearly identical.

Thermal dose calculation. The thermal dose CEM43 is a
widely used metric that converts all thermal exposures
to ‘equivalent-minutes’ at 43°C, allowing for comparison
of the thermal doses of different temperatures and dura-
tion.?° The thermal dose in CEM43 at the edge/skin of the
metal implant represents the thermal dose at the bone-
implant interface or tissue-implant interface and hence is
the dose to which the cells directly on the edge/skin of the
metal implant are exposed. For bone, 16 CEM43 is an indi-
cator of thermal damage, and for muscle, 240 CEM43 is
an indicator of irreversible thermal damage.2'22 Therefore,
16 CEM43 and 240 CEM43 were used as the threshold
values at which thermal damage could occur.?'22 The
CEM43 thermal dose was determined in the HC and at sev-
eral distances from it in a 3 x 3 pixel area that was directly
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Fig. 4c

Segmental induction heating of hip stem, distally. a) A thermal image from a thermal camera showing selective heating. The vertical lines have 1 cm spacing.
b) A graph showing thermal dose in CEM43 at several distances from the heating centre (HC). The dashed line represents 16 CEM43, the threshold for necrosis
of bone. ) A graph showing the temperature at several distances from the HC during the segmental induction heating and thereafter.

adjacent to the coil (0 cm from coil), as well as at 0.5 cm,
1.0 cm, 2.0 cm, and 3.0 cm from the coil. Temperatures
were recorded at these distances every second.

The femoral stem was heated at the proximal end, at
the distal end, and in the centre of the stem because it is
tapered and non-symmetrical. The intramedullary nail
was heated in the centre because it is mostly symmetrical
in the proximal and distal direction.

Since the LCP has different geometry at the front and
undersurface of the plate, the thermal dose was deter-
mined for the front and underside separately while it was
heated in the centre. The heating cycle and imaging was
performed once for every implant and position.
Statistical analysis. The following formula is applied to
calculate CEM43:20

0.25, T<43

CEMA43 = r*®7,r =
o0 " "lo.50, T243

The calculated thermal dose expressed in units of
CEM43 was subsequently compared with the thresholds
of 16 CEM43 for bone and 240 CEM43 for muscle to
determine if the thermal dose would lead to tissue
necrosis.2'22

Intraclass correlation (ICC) was used to compare the
temperature measured with the thermal camera with the
temperature measured by the K-type thermocouple.
Linear regression was employed to calculate the associa-
tion between ‘time to reach target temperature’ and the
thermal dose at 0 cm and 0.5 cm while correcting for
distance with 95% confidence intervals (Cls). Descriptive
statistics were used when appropriate.

Results

The temperature measurements of the thermal camera
and K-type thermocouple are depicted in Figure 3. The
ICC of the temperatures measured with the thermal
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Fig. 5a
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Segmental induction heating of hip stem centre. a) A thermal image from a thermal camera showing selective heating. The vertical lines have 1 cm spacing.
b) A graph showing thermal dose in CEM43 at several distances from the heating centre (HC). The dashed line represents 16 CEM43, the threshold for necrosis
of bone. ) A graph showing the temperature at several distances from the HC during the segmental induction heating and thereafter. Dashed lines indicate

distal direction.

camera and K-type thermocouple is 0.99 (95% Cl 0.99 to
1.00), indicating near-perfect agreement.

Hip stem. Heating of the distal end of the hip stem took
13 seconds to reach the target temperature, accumu-
lating a thermal dose of 17385 CEM43 at the HC. The
temperature profile as well as the thermal dose at several
distances from the heating coil are depicted in Figure 4.
For all distances from the heating coil, the CEM43 was
below 16 CEM43.

Heating of the centre of the hip stem took 14 seconds
to reach the target temperature, accumulating a thermal
dose of 7161 CEM43 at the HC. The temperature profile
as well as the thermal dose at several distances from the
heating coil are depicted in Figure 5. For all distances
from the heating coil, the CEM43 was below 16 CEM43.
The distal part, which has a smaller taper and less metal

to act as heat sink, seemed to have a slightly higher ther-
mal dose than the proximal part.

Heating of the proximal end of the hip stem took 23
seconds to reach the target temperature, accumulating a
thermal dose of 66 640 CEM43 at the HC. The temperature
profile, as well as the thermal dose at several distances
from the heating coil, is depicted in Figure 6. For O cm dis-
tal to the heating coil, the thermal dose was 16.8 CEM43,
which is more than the 16 CEM43 threshold. For all other
distances from the heating coil, the CEM43 was below 16
CEM43. The distal part, with the smaller taper and less
metal to act as heat sink, seemed to have a higher thermal
dose than the proximal part.

Intramedullary nail. Heating of the intramedullary nail
took 12 seconds to reach the target temperature, accu-
mulating a thermal dose of 14418 CEM43 at the HC. The

VOL. 7, NO. 11, NOVEMBER 2018
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Segmental induction heating of hip stem, proximally. a) A thermal image from a thermal camera showing selective heating. The vertical lines have 1 cm spacing.
b) A graph showing thermal dose in CEM43 at several distances from the heating centre (HC). The dashed line represents 16 CEM43, the threshold for necrosis of
bone. c) A graph showing the temperature at several distances from the HC during the segmental induction heating and thereafter. Dashed lines indicate distal

direction.

temperature profile, as well as the thermal dose at several
distances from the heating coil, is depicted in Figure 7.
For all distances from the heating coil, the CEM43 was
below 16 CEM43.

Locking compression plate (LCP). From the front, heat-
ing of the LCP took 57 seconds to reach the target tem-
perature, accumulating a thermal dose of 31860 CEM43
at the HC. The temperature profile as well as the ther-
mal dose at several distances from the heating coil are
depicted in Figure 8. For O cm distal and proximal to the
heating coil, the thermal dose was 32.6 CEM43 and 16.1
CEMA43, respectively, and for 0.5 cm distal to the heating
coil the thermal dose was 16.4 CEM43, which is more
than the 16 CEM43 threshold. For all other distances
from the heating coil, the CEM43 was below 16 CEM43.

The location of holes seemed to affect the thermal dose
and the thermal doses seemed to be higher distally.

From the underside of the LCP, heating took 54 seconds
to reach the target temperature, accumulating a thermal
dose of 20974 CEM43 at the HC. The temperature profile,
as well as the thermal dose at several distances from the
heating coil, is depicted in Figure 9. For O cm distal and
proximal to the heating coil, the thermal dose was 110
CEM43 and 36.6 CEM43, respectively, and for 0.5 cm dis-
tal and proximal to the heating coil the thermal dose was
53.1 CEM43 and 16.49 CEM43, respectively, which is
more than the 16 CEM43 threshold. For all other distances
from the heating coil, the CEM43 was below 16 CEM43.
The location of holes seemed to affect the thermal dose,
with the thermal doses being higher distally.
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Fig. 7a
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Segmental induction heating of intramedullary (IM) nail. a) A thermal image from a thermal camera showing selective heating. The vertical lines have 1 cm
spacing. b) A graph showing thermal dose in CEM43 at several distances from the heating centre (HC). The dashed line represents 16 CEM43, the threshold for
necrosis of bone. c) A graph showing the temperature at several distances from the HC during the segmental induction heating and thereafter. Dashed lines

indicate distal direction.

We found that there was a significant association
between the time to reach the target temperature and
the thermal dose for O cm (directly next to the heating
coil and the coil is not touching the implant) and 0.5 cm
distance from the heating coil. For every second of
increased time to reach the target temperature,
0.77 CEM43 (95% C10.31 to 1.22) was added to the ther-
mal dose (linear regression; p = 0.002).

Discussion

The results of our study show that segmental induction
heating can be used to heat selectively a segment of a
metal orthopaedic implant using the non-heated part of
the implant as a heat sink. Despite high thermal doses at
the HC (7161 CEM43 to 66640 CEM43), the thermal
dose at several distances from the HC was generally lower

than 16 CEM43, indicating no damage occurred to the
bone.2.22 |n all cases, the thermal dose at several dis-
tances from the HC was lower than 240 CEM43, indicat-
ing no damage to the muscle.?"?22 Hence segmental
induction heating offers greater flexibility, providing
homogeneous heating and allowing for a tailored solu-
tion compared with heating the entire implant at once.
The heating profile for the implants used in our study is
similar to the heating profiles from other groups where
there were high thermal doses (7161 CEM43 to 66640
CEM43) at the HC compared with the thresholds of ther-
mal damage of 16 CEM43 for bone and 240 CEM43 for
muscle.®17.18.23 |t is of interest that animal experiments have
shown little or no thermal damage to surrounding tissue
due to induction heating of a metal implant using similar
heating profiles. Miller et al'” heated a nickel-titanium
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Fig. 8a

40.0
389
37.7
36.3
35.0
337
324
310 -

- 29.7

285
27.
25.8
245
232
21.9
20.6
19.3
17.9 0
16.7
. -3 -2 -1-05-0 HC 0 05 1 2 3

120+

100

80

60—

Thermal dose in CEM43

40

20+

Distal (cm) Proximal (cm)

Fig. 8b

—HC —O0cm

—1Tcm ---1Tcm*

---0cm*

—2cm

0.5cm 0.5 cm*

---2cm* —3cm ---3m*

Temperature (°C)

35 T T

150
Time (s)

Fig. 8¢

Segmental induction heating of locking compression plate (LCP), front view. a) A thermal image from a thermal camera showing selective heating. The vertical
lines have 1 cm spacing. b) A graph showing thermal dose in CEM43 at several distances from the heating centre (HC). The dashed line represents 16 CEM43,
the threshold for necrosis of bone. c) A graph showing the temperature at several distances from the HC during the segmental induction heating and thereafter.

Dashed lines indicate distal direction.

shape memory rod in the femur of rats at 40°C to 60°C
using induction heating and found no evidence of
necrosis of the surrounding bone and tissues. They also
heated an osteosynthesis plate in a rabbit model with
induction heating and noted that all osteotomies under-
neath the plate healed.'® Chopra et al® have shown in a
mouse model that thermal damage is confined to a
localized region (< 2 mm) around the implant. Fang
et al'? heated metal implants in a rat model to 75°C
without any significant thermal damage on the sur-
rounding tissue. These studies are in agreement with
Samara et al,?* who have shown that bone cement
achieves durable fixation despite the temperature reach-
ing 80° C for more than ten minutes, caused by the cur-
ing process of the cement.

Chopra et al® and Miiller et al'”:'® have suggested that
the target temperature should be achieved rapidly when
heating metal implants with induction heating in order to
minimize the thermal damage to surrounding tissue. The
results of our study confirm and quantify those sugges-
tions, as for every second increase in time to reach the
target temperature, 0.77 CEM43 was added to the ther-
mal dose.

The non-heated parts of the metal implant work as a
heat sink. If the implant is heated in the centre and one
side of the non-heated part (for example, the distal part,
which has a decreasing cross-sectional area) compared
with the other non-heated part (for example, the proximal
part, which has an increasing cross-sectional area), it was
found that the part with the decreasing cross-sectional

BONE & JOINT RESEARCH
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Segmental induction heating of locking compression plate (LCP), underside. a) A thermal image from a thermal camera showing selective heating. The vertical
lines have 1 cm spacing. b) A graph showing thermal dose in CEM43 at several distances from the heating centre (HC). The dashed line represents 16 CEM43,
the threshold for necrosis of bone. c) A graph showing the temperature at several distances from the HC during the segmental induction heating and thereafter.

Dashed lines indicate distal direction.

area reached higher temperatures, resulting in the sur-
rounding tissues being exposed to higher thermal doses.
This was observed in the tapered stem hip design (Figs 5
and 6) where the distal part had a decreasing cross-sectional
area compared with the proximal part, resulting in the
thermal dose being higher for the distal than the proximal
part. We also observed this phenomenon in the LCP (Figs
8 and 9). The holes in the plate and the geometry of the
underside, the bone side, decrease the cross-sectional
area and funnel the heat, resulting in an increased thermal
dose. It should be noted, however, that when the LCPs are
used clinically the holes in the plate will be filled with
metal screws, which in turn act as a heat sink. In contrast

to theseirregularly shaped metal implants, the distribution
of the thermal dose was symmetrical for a symmetrical
implant such as the intramedullary nail (Fig. 7).

This study has the following limitations. During the
experiments, the heated implant was surrounded by air,
not by human tissue or materials that mimic human tissue.
This experimental setup was necessary when using the
infrared camera, which required a direct line of vision. As
the thermal conductivity of air and human tissue, such as
muscle or bone, are different, this will affect the interpreta-
tion of our data. The thermal conductivity of air at room
temperature is 0.0257 Watt x metre x Kelvin'' (Wm- K1),
the thermal conductivity of bone is 0.32 Wm K1, the
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thermal conductivity of blood is 0.52 Wm- K-, and the
thermal conductivity of muscle is 0.49 Wm- K1.2526 Air
can therefore be considered a thermal insulator compared
with bone or muscle. The heat capacity of air is 1006 Joule
x kilogram! x Kelvin'' (Jkg! K1), the heat capacity of bone
is 1908 Jkg' K7, the heat capacity of muscle is 1090 Jkg' K,
and the heat capacity of blood is 1050 Jkg' K1.2526
Therefore, with the same amount of heat energy delivered
at the HC, in vivo, more heat will be conducted to the bone
and muscle, probably resulting in faster cooling and lower
CEM43 values for the non-heated parts of the metal
implant. The heating of metal implants with segmental
induction heating will therefore probably be even more
selective in vivo with lower thermal damage to the tissues
surrounding the non-heated parts of the implant.

In our experiment, the distance between the metal
implant and the heating coil was a few millimetres. In
clinical application, however, this distance will be several
centimetres or more, and the field strength of the PEMF is
known to decay rapidly with distance.’® Scaling of the
induction heating coil for clinical application clearly
requires specialized and optimized designs,?” which were
not available for this investigation.

We chose 60°C as the target temperature based on
studies of planktonic bacteria and bacteria within a bio-
film.1017 Although 60°C may or may not be the optimal
temperature, it does fall within the range of effective tem-
peratures for killing bacteria within a biofilm.?17 We also
chose 60°C as it is on the lower end of the spectrum of
effective temperatures, and future studies will aim at fur-
ther reducing the thermal dose..28

The required temperatures and time to kill bacteria in
a biofilm range from 60°C to 90°C for one to ten min-
utes,®1 resulting in a high thermal dose and tissue dam-
age. Hajdu et al?® have shown that the antibacterial
activity of antimicrobial agents is significantly enhanced
by increasing the ambient temperature. Recently, Ricker
and Nuxoll'" have confirmed this synergistic effect of
antibiotics and heat in a Pseudomonas biofilm. These
findings suggest that biofilms may be eliminated at lower
temperatures and lower exposure times than previously
observed when combined with antibiotics.'28

In conclusion, segmental induction heating concen-
trates the thermal dose on focal areas of metal implants,
thus minimizing collateral thermal injury by using the
non-heated metal as a heat sink. Implant design and
geometry are important factors to consider when induc-
tion heating is used as they influence dissipation of heat
and associated collateral thermal injury.

Supplementary material
A video showing experimental setup for thermal
measurements during segmental induction heating
of metal implant, in this case the hip stem.
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