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ABSTRACT
Objective: The treatment of mature biofilm in implant-associated infections (IAl) has
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become increasingly challenging, mainly due to the rise of antibiotic-resistant bacteria.
While many antibacterial biomaterials harness their functionality through their surface
properties, alternating magnetic field (AMF)-induced hyperthermia offers an approach
from a fundamentally different angle.

Method: To summarize and compare the practice of assessing AMF-induced
hyperthermia in vitro and in vivo as treatment for implant-associated infections and the
efficacy of this therapy, a literature search was conducted and 18 articles were selected
based on relevance.

Results and conclusion: The studies have demonstrated that AMF-induced hyperthermia
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can effectively eliminate biofilms as a standalone treatment or in combination with

antimicrobials. Although thermal tissue damage is an inherent concern, it can be
controlled and reduced by implementing short intermittent heating patterns around
65-75°C while still preserving antibacterial efficacy. However, clear guidelines for
evaluating safety, particularly regarding thermal injury, are still lacking and should be a
key focus of future work.

1. Introduction

Advancements in healthcare have, among other things, significantly improved infection control in hospi-
tals, thereby reducing the general risk of implant-associated infections (lAls) during primary total hip and
knee arthroplasty to an estimated 1-2% [1-3]. However, specific patient populations face a substantially
higher risk, with infection rates increasing by five to tenfold in older individuals or patients who are
immunocompromised, have comorbidities, or require revision surgeries [2,4-6].

Mature bacterial biofilms, comprising the cells and extracellular matrix, play a central role in these
challenging IAls in orthopedics. The protective matrix, composed of extracellular polymeric substances,
encases bacteria and creates an environment conducive to bacterial growth; it supplies nutrients to bac-
teria, shields them from hostile environmental factors, limits antibiotic penetration, and evades effective
immune system recognition and clearance of those pathogens [7]. As bacterial reservoirs, biofilms con-
stitute an ecosystem that can perpetuate a possible self-sustaining cycle of infection recurrence.
Additionally, when harboring persister cells, they further contribute to the growth and spread of antimi-
crobial resistance (AMR) [8].

For many patients diagnosed with IAl, the only possible route to recovery requires undergoing another
surgery for debridement of the implant and possibly also a single-stage or multiple-stage revision. While
antibiotics continue to play a crucial role in preventing and treating those infections [7,9,10], an increas-
ingly more bacteria isolated from such cases exhibit resistance to (even multiple) antibiotics [11]. The
prevalence of antibiotic resistance detected in healthcare-acquired infections varies significantly by bac-
terial species [1,12]. Resistance rates range between 20% and 40% [13] for some gram-negative pheno-
types, while methicillin-resistant Staphylococcus (S.) aureus shows even greater resistance rates [14]. These
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numbers underscore the urgency for adjunctive therapies to enhance antibiotic efficacy and alleviate the
growing burden of resistance caused by hard-to-treat biofilms, or the development of entirely new treat-
ment strategies that could replace the antibiotics altogether.

Many biomaterials equipped with local antibacterial action on their surface offer an advantage over
systemically administered antibiotics. By acting directly at the site of infection, they minimize bacterial
exposure to antimicrobials, thereby reducing the risk of propagating resistance [15]. Antiadhesive or
repellent surfaces function as a prevention strategy, inhibiting bacterial attachment. Due to their typically
indiscriminative action (i.e., they also prevent adhesion of mammalian cells), they find limited use in
orthopedics [16-18]. Instead, they are more suitable for applications with undesirable surface attach-
ment, such as catheters. On the other hand, contact killing surfaces offer a more targeted approach
through direct surface contact and can be utilized in orthopedics. However, the major limitation of both
methods is that their bactericidal effect is restricted to the surface, leaving planktonic bacteria unaf-
fected [6].

Unlike both previous categories, antibacterial-releasing surfaces can target planktonic and adhered
bacteria, thereby representing a more rounded antibacterial approach [19]. Their major drawback is, how-
ever, the lack of control over antimicrobial release, potentially leading to prolonged exposures at sub-
therapeutic concentrations, which can further drive resistance [20,21]. Moreover, like conventional
antibiotics, these antimicrobials may suffer from the inability to penetrate and eradicate mature biofilms,
limiting their treatment efficacy. As a result, they are generally more effective as another preventive
measure [22-24].

Many of those devices represent sophisticated systems that may offer only marginal improvements in
immediate clinical outcomes compared to existing, more affordable alternatives. As a result, despite their
potential long-term benefits, such as reducing the burden of antimicrobial resistance, they are frequently
deemed too costly for widespread adoption.

Magnetic hyperthermia, on the other hand, represents a completely different approach to managing
IAl. Emerged originally as a cancer treatment, the use of heat has shown promise to prevent and treat
challenging biofilms not only on orthopedic devices but also on other medical devices, such as cathe-
ters, or even directly in tissues [25-28].

Most of the published work about magnetic hyperthermia focuses on utilizing superparamagnetic iron
oxide nanoparticles (SPIONs) under alternating magnetic field (AMF). Far less exploration, however, has
been devoted to using conductive metallic implants for the same purpose. The term magnetic hyper-
thermia in the literature is predominantly associated with SPION-based approaches [29], whereas the
AMF combined with bulk paramagnetic implants remains without a clear unified term.

The different terms should reflect the distinct fundamental mechanisms through which the superpara-
magnetic nanoparticles and large paramagnetic materials interact and respond to the AMF (in the range
of kHz). SPIONs generate heat through Néel relaxation and Brownian motion, and their heating efficiency
is influenced by several factors, such as size, shape, composition and coatings [30]. In contrast, in
macro-sized paramagnetic conductive implants, AMF induces eddy currents within their surface and gen-
erates heat due to electrical resistance [31].

This implant-based approach presents several advantages as a strategy to combat and treat
implant-associated infection. It repurposes existing implants already in place, making it a cost-effective
alternative to new and complex technologies. Being noninvasive, it reduces patient trauma and yet rep-
resents a method with a potential for good control over the process (once the system is characterized
and protocols are established). What matters in healthcare is safety and effectiveness, and often, progress
comes from improving what is already there.

This review summarizes the current methods of using AMF-induced heating with different types of
orthopedic metallic implants to treat implant-associated infections. In this review, we will refer to this
approach as AMF-induced hyperthermia, distinguishing it from magnetic hyperthermia associated with
SPIONs. The review will provide an overview of the field parameters used in existing studies and discuss
their clinical suitability concerning the currently known safety limits. The trends of the reported antibac-
terial efficacy and the modes in which AMF-induced hyperthermia can be used as biofilm-mitigating
therapy will be discussed. Special emphasis will be placed on its role in tackling the growing threat of
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antimicrobial resistance and evaluating its suitability as a strategy to combat it. Safety and tissue damage
will also be addressed, with respect to the thermal dose accumulated throughout treatment. Finally, the
optimal approach will be suggested, focusing on minimizing tissue damage while ensuring sufficient
bacterial eradication.

2. Literature search and selection criteria

Three literature databases (SCOPUS, Web of Science, and PubMed) were screened for relevant articles, with

’

the following keywords: ‘magnet; ‘induction heating; ‘hyperthermia; ‘treatment; ‘prevention; ‘drug release;
‘implant-associated/peri-implant/prosthetic joint infection; ‘biofilm; ‘osteomyelitis. The search term is also
summarized in Table 1. The screening process followed PRISMA flowchart and is depicted in Figure 1. A
total of 672 articles were identified through the search from 2013 to 2023 (4 articles published during 2024
were added later). After removing duplicates, 382 of the remaining articles were assessed for relevance
based on their title, yielding 67 articles for an abstract assessment. Finally, 41 articles were evaluated based
on full-text reading, and 18 were selected for the literature study, depicted in Figure 2. The inclusion criteria
of the screening process selected articles which discussed AMF induced hyperthermia in combination with

bulk implants and studied the antibacterial potential of such an approach. In contrast, articles studying the

Table 1. A summary of search criteria.

Search ((magnet* OR induc*) AND (hypertherm* OR heat*) AND (treat* OR prevent* OR (drug release)) AND ((implant associated
term: infection®) OR (peri-implant infection*) OR (prosthetic joint infection) OR biofilm OR osteomyelitis))
Year: 2013-2024

Pubmed: n = 137
Other sources: n =4

l

o Records identified from databases:

5 Scopus: n = 319

o Web of science: n =212 e Duplicate records removed: n = 290
z

e}

P
Records screened by title: Records excluded
N =382 N =319
<
s N s ™
o) Records screened by abstract: Records excluded
< N =67 N =26
i\ P \ J
: l
1]
'd 1 - )
Records screened by full-text: Records excluded
N=41 N =23
. J \ J
o Y& A
8 Records included in review
o N=18
z
. J

Figure 1. A flowchart illustrating the process of literature screening and selection (adopted from PRISMA 2020 flow
diagram).
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Pills et al. (2017) Wang et al. (2021)
Fang et al. (2017) Verheul et al. (2021)

Chopra et al. (2017) g:]vqghet ;al.,(z(gggé)
aikh et al.

2018 2024

2023 Yang et al. (2024)
Enrique et al. (2024)
Somawardana et al. (2024)

Pijls et al. (2022)
Piils et al. (2020) Prasad et al. (2022)

Pij|S et al. (201 8) Pij[S etal (2020) Sadaphal etal. (2022)

Cheng et al. (2018)
Munaweera et al. (2018)

Figure 2. A timeline of the publications included in this study.

effects of hyperthermia in combination with nanoparticles were excluded. All included publications were
experimental articles. The final full-text articles were compared in terms of the field parameters they used
for the heat generation, what material was used to generate heat (bulk metallic biomaterial), the treatment
mode (temperature used, duration of exposure), antibacterial effectiveness, tissue damage and safety.

3. Results

A total of 18 studies, which investigated the AMF-induced hyperthermia for the treatment of
implant-associated infections, were included. One study used water bath heating to assess the effects of
heat on bacterial reduction and was included for additional in silico assessment of AMF-induced hyper-
thermia [32]. Those studies were then screened to compare the operational parameters of the induction
heating, including the type of materials, magnetic field frequency, target temperature, and AMF exposure
duration. Furthermore, the tested bacterial species and the efficacy of the treatment against them were
compared and summarized in Table 2. Finally, the reported effects of induction heating on the surround-
ing tissue were assessed and outlined in Table 3. These results are further discussed in the respective
sections.

3.1. Materials used for induction heating

Only six different biomaterials were identified in the screened literature. In the 18 studies that imple-
mented induction heating with bulk biomaterials, the most used biomaterials were Ti6Al4V alloy (n=9
studies) [34,35,37-40,42,45,48] and stainless steel (n=7 studies) [32,33,36,41,45,48,49]. In contrast, the
behavior of CoCrMo alloy was reported only in two studies (n=2) [34,42], and Ti6AlI7Nb (n=1) [43], pure
titanium (n=1) [48], and magnesium (n=1) [44], which were each reported in one study. One study
investigated the outcome differences of hyperthermia on titanium and CoCrMo alloy, showing greater
bacterial reduction on the latter with the same mode of treatment [42]. Those findings are also illus-
trated in Figure 3A.

3.2. Parameters of magnetic hyperthermia

The field parameters were reported by 12 studies with frequencies in the range between 27 and 505kHz
(below 100kHz (n=4) [37-40], 100-505kHz (n=8) [32,33,35,42,43,45,48,49]). Other parameters, such as
power or field strength, were not reported consistently and could not be compared. The temperature
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across which the assessments were carried out ranged between 35 and 90°C, with most studies employ-
ing temperatures above 60°C (n=12 [32-34,36-43,45], n=6 for T<60°C [35,37,39,41,44,45]).

Like the field parameters and the temperature, the delivery mode of AMF varied considerably across
the studies. To differentiate between those AMF modes, we divided the findings into the following cat-
egories: single dosing (SD; AMF applied as one continuous dose), repeated single dosing (SDx; SD
repeated after several hours), intermittent dosing (ID; AMF exposure comprises at least two short pulses
with a (cooldown) break in-between) and repeated intermittent dosing (IDx; ID repeated after several
hours). The various modes and their differences are depicted in Figure 3B.

Looking closer into the SD AMF strategies, significant differences in the applied conditions were iden-
tified among the studies. The shortest exposure times were 10-12seconds [32]. However, most studies
used times of 0.5-3minutes [32,37-40] or longer (up to 10minutes) [32,33,36,43,44]. The ID AMF was
used only in 3 studies [32,34,42], each introducing several modes of AMF exposure. Although they varied
greatly in the number of pulses delivered per exposure (2-8x [32], 12x [42], 32x [34]), the duration of
each pulse was between 1 and 60seconds.

The SDx and IDx modes followed similar patterns. Those AMF patterns were first delivered in the
initial hours of the experiment (between 0 and 2hours), followed by another exposure spaced by
12-24 hours [35,39,41,45].

3.3. Antibacterial efficacy of hyperthermia

3.3.1. Colony-forming units (CFU) reduction through heating alone

The findings show that the efficacy of AMF-induced hyperthermia strongly depends on the applied AMF
parameters, such as temperature and the length of field exposure, where naturally longer exposures at
high temperatures resulted in greater antibacterial efficacy. However, the exact therapeutic method (i.e.,
required temperature and time) varied across bacterial species. Several studies reported comparisons
between gram-positive S. aureus and gram-negative Pseudomonas (P) aeruginosa. Their findings suggest
that S. aureus has greater hyperthermia tolerance, requiring higher temperatures and/or longer exposures
to achieve eradication comparable to P. aeruginosa [32,33,37]. A study by Wang et al. which carried out
an analogous assessment, however, suggests otherwise [45]. Another assessed gram-positive species, S.
epidermidis, showed greater susceptibility than S. aureus [34,37]. At the same time, the eradication of
gram-negative Escherichia (E.) coli was greater than that of the gram-positive organisms [34]. One study
also assessed the effects of hyperthermia against an opportunistic pathogenic yeast found in the gut,
Candida albicans, demonstrating great susceptibility of this organism to the treatment [37].

Interestingly, drug resistance did not seem to endow the organisms with greater tolerance to high
temperatures [32]. Comparisons between 24-hour biofilms and 7-day mature biofilms demonstrated that
higher temperatures and/or more prolonged exposure are required for comparable eradication of mature
biofilms [39,43], while no difference was found between 48-hour and 7-day biofilms [45].

Some shortcomings demonstrated by AMF-induced hyperthermia in a study by Wang et al. were a
very low CFU reduction of only ~1 log per AMF exposure (exposures delivered at 0 and 12h), and
regrowth of the CFU between the individual exposures [45].

The minimum effective temperature reported among the findings to successfully eradicate S. aureus
(i.e., >3-log CFU reduction) was 60°C for 1minute, achieving more than 7-log CFU reduction [38]. An
earlier publication from the same group had reported the minimum time at this temperature to be
2.5minutes (>6-log CFU reduction) [37]. In comparison, the results reported by Prasad et al. [32] did not
achieve sufficient eradication at 60°C (i.e, 1.25-log after 5minutes), indicating 65°C as the minimum
required temperature instead. The discrepancies between these studies can be attributed to the different
strains of S. aureus on which the assessments were carried out. The shortest required time reported
among the studies against S. aureus was 10seconds. However, the temperature had to be raised to more
than 75°C [32].

From the studies investigating the effects of the delivery mode of hyperthermia (SD, SDx, ID, IDx), it
can be concluded that the extent of bacterial eradication is primarily determined by the total exposure
time (i.e., cumulative time of the doses) rather than by the delivery mode (i.e., continuous (SD) vs.
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intermittent dosing (ID)) [32]. Moreover, additional reduction of bacterial load was achieved with repeated
administration of hyperthermia after several hours (with SDx and IDx modes), yielding even complete
eradication of bacteria [39,41].

3.3.2. Combination therapy: hyperthermia and antimicrobials

Some studies combined AMF-induced hyperthermia with antibiotics (n=9 studies) [33,35,36,38-42,45]
and antimicrobial peptides (n=1 study) [43]. In one study, the hyperthermia therapy was accompanied
by H, generation from magnesium implants (n=1 study) [44].

In most studies, the antimicrobial agent was added directly to the in vitro culture for 18-24hours, or
administered as an injection in vivo, following the AMF exposures. In longer experiments, the antimicro-
bials were replenished at regular intervals (e.g., every 12-24hours).

Two studies used heat as a trigger for the release of antimicrobials. A study by Kwan et al. [35] incor-
porated antibiotics into a polymer coating, which were released upon AMF exposure, and Munaweera
et al. [36] used liposomes loaded with antibiotics. The heat was generated by a titanium disk [35] and a
stainless steel washer [36], respectively.

The reported data clearly showed the combination therapy’s superiority over single treatments,
thereby confirming an additive effect of hyperthermia with antimicrobial administration (i.e., greater
bacterial load reduction was achieved by adding antimicrobials at the same temperature) [35,36,38-
40,45]. The additional decrease in bacterial load through combination therapy compared to AMF varied
per study, as each assessment was carried out differently, but it generally ranged between 1 and
>4-log CFU.

The synergistic effects of the combination therapy were apparent, especially at temperatures where
heating alone could not yield sufficient bacterial reduction [45]. In other studies, the combination ther-
apy enabled a decrease of the target temperature and/or the exposure time while still achieving com-
parable (or more significant) bacterial eradication compared to heating alone [33,39,43]. This benéeficial
effect was also observed on MRSA persisters [43]. In conditions with very high temperatures and/or
prolonged exposure time, the bacterial reduction obtained through heating alone was already very large,
and any additional antimicrobial drug treatment led to only negligible additional reduction or could not
be evaluated due to proximity to detection limits [39].

3.3.3. The working principle of hyperthermia as an antibacterial strategy

The reported data suggest that the AMF-induced hyperthermia gradually impacts the biofilm. First, it
removes the protective biofilm matrix that shields bacteria, and with extended exposures, it then reduces
the living bacteria [33]. For the latter, the proposed antibacterial mechanism is based on disrupting the
integrity of the bacterial membrane, as investigated by Wang et al. [45]. In their study, multidrug-resistant
P. geruginosa was treated with AMF, after which its resistance to meropenem (a membrane-targeting
antibiotic) was rescued [45].

However, the exact duration required to observe changes in bacterial morphology or cell count varied
per study. Chopra et al. [33] reported a reduction of bacterial load after exposures of 3-5minutes while
Wang et al. [45] found no changes in cellular morphology after a set of intermittent AMF exposures
alone and showed effects only after application of combination therapy. Similarly, almost no living bac-
teria were found after 3 minutes of exposure on stainless steel washers treated with a combination of
hyperthermia and temperature-triggered release of ciprofloxacin [36].

3.4. Tissue damage: safety limits of AMF-induced hyperthermia

3.4.1. Exposure parameters and tissue damage

The studies included in this literature review addressed the safety of AMF-induced hyperthermia by
determining the extent of tissue damage caused by the heating. The assessment was done through
computational simulations [32,41,42,45,46,49], in vivo assessment [33,42,46,47], or other wet lab methods
[48]. Histology staining methods (e.g., hematoxylin and eosin) were used to assess tissue damage in vivo.



10 M. IRMAK SALANDOVA ET AL.

Table 3. A summary of the relationship between field parameters of hyperthermia, application mode, and the resulting
tissue damage.

Temperature/AMF Tissue damage
AMF time SD(x)/ID(x) strength Type of experiment Tissue type depth CEM43
220s SD AMF 190 W In vivo Mouse muscle 3mm - Cheng [46]
15s SD AMF 800 W In vivo Mouse muscle 1.3mm -
1.5s SD AMF 4300 W In vivo Mouse muscle 0.6mm -
281s (time SD 142 W Simulation (thermal Muscle 4mm 240
to boil) dose)
281s (time SD 142 W Simulation (thermal Muscle 45mm 80
to boil) dose)
281s (time SD 142 W Simulation (thermal Muscle >5mm 16
to boil) dose)
220s SD AMF 190 W In vivo Mouse muscle 2 mm - Chopra [33]
15s SD AMF 800 W In vivo Mouse muscle 1 mm -
4s SD AMF 800 W In vivo Mouse muscle 0.5 mm -
90s SD 75°C In vivo Rat femur None - Fang [47]
120s (2x) ID 75°C In vivo Rat femur None -
13-23s SD 60°C Hip stem AMF - 0Omm (interface) <16 Pijls [48]
exposure
12s SD 60°C Intermedullary nail - 0Omm (interface) <16
AMF exposure
54-57s SD 60°C Locking compression - 0Omm (interface) 16-110
plate AMF exposure >10mm <16
10s SD 65°C (skin effect) Simulations (uniform  Soft tissue 0.5mm >240 Prasad [32]
heating); tissue
damage
assessment
10s SD 65°C (volumetric ~ Simulations (uniform  Soft tissue 2.9mm >240
heating) heating); tissue
damage
assessment
300s SD 60°C Simulations (uniform  Soft tissue 3mm >240
heating); 95%
reduction of S.
aureus
150s SD 65°C Simulations (uniform  Soft tissue 3mm >240
heating); >6 log
reduction of S.
aureus
12s SD >70°C Simulations (uniform  Soft tissue <1mm >240
heating); >6 log
reduction of S.
aureus
10s (8x) ID 70°C Simulations (uniform  Soft tissue <2mm >240
heating); 6 log
reduction of S.
aureus
35s SD 75°C Simulations (uniform  Soft tissue 2mm >240
heating); 6 log
reduction of S.
aureus
60s SD 75°C Simulations (uniform  Soft tissue 2-3mm >240
heating); 6 log
reduction of S.
aureus
10s SD 65°C Simulation (thermal Sheep muscle <1mm 240 Sadaphal [49]
dose) tissue 1mm
30
10s (12x) ID; 3005 delay 65°C Simulation (thermal Sheep muscle 1.5mm; 240; 30
dose) tissue 2.5mm
10s (12x) ID; 1505 delay 65°C Simulation (thermal Simulation 2.2mm; 240; 30
dose) sheep leg  3.8mm
- (12x) ID; 300s delay 65°C Simulation (thermal Muscle like 0.35mm 240 Shaikh [41]
dose) tissue 0.57mm 30
- SD 75°C Simulation (thermal 0.6mm 240
dose) 0.8 30
- SD 75°C In vivo (uninfected Mouse muscle 0.7-1 mm -
mice)
- (12x) ID; 300s delay 65°C In vivo (uninfected Mouse muscle 0.6-0.9mm -
mice)
- 12x IDx; 3005 delay; 65°C In vivo (all mice) Mouse muscle 0.8+0.3mm -
Every 24h
- (12x) IDx; 3005 delay; 65°C In vivo (all mice) Mouse muscle 0.7 = 0.2mm -

Every 12h

(Continued)
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Temperature/AMF Tissue damage
AMF time SD(x)/ID(x) strength Type of experiment Tissue type depth CEMA43
29s (12x) ID 75°C Simulation Sheep leg 45mm 30 Somawardana
>3mm 240 [42]
20-30s IDx; 300s 75°C In vivo Sheep tibia No effect of AMF -
(12x) delay; on the systemic

repeated for inflammatory

4 days response
12s SD 80°C Simulation Muscle 2mm <240 Wang [45]
35 (12x) ID; 300s delay 65°C Simulation Muscle 1mm <240  Wang [45]
S: seconds; min: minutes; h: hours; d: days.
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Figure 3. An overview of the findings from the literature A) portaying the frequently used materials and B) graphical
representation of the various implemented modes of AMF-induced heating.

The indirect metric for assessing tissue damage in silico was the cumulative equivalent minutes at 43°C
(CEM43). The method uses temperature and exposure time as input variables and allows for the estima-
tion of the accumulated thermal dose at discrete distances from the heat source (e.g., the implant) [50].
The specific CEM43 value can then be correlated with the extent of tissue damage, as established in
experimental studies and reviewed in prior literature [51,52].

Naturally, the extent of tissue damage increased with temperature and exposure times. In an extreme
condition simulating the boiling point (with 281 seconds to reach the boiling point), the irreversible dam-
age was detected as far as 4mm from the implant [46]. Most studies, however, investigated the impacts
of temperatures in the range of 60-80°C [32,41,42,45,47-49].

The smallest irreversible tissue damage of 1 mm was achieved with short SD/SDx AMF exposures (10—
12seconds) and temperatures up to 75°C, showing similar results in both simulation [32,49] and in vivo
tests [41]. Similar findings but without stating the exact temperature were reported by Cheng et al. [46]
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and Chopra et al. [33]. Higher temperatures (80°C) [45] or longer exposures at lower temperatures (35—
300seconds at 60-75°C [32]) deepened the damage to 2-3mm. A discrepancy was found, however,
between those simulation results and an in vivo study, which showed no tissue damage at exposure of
75°C lasting for 90-120seconds [47].

Administration of short intermittent AMF pulses (ID/IDx; 3-10seconds per pulse) at 65-70°C showed
temperature-dependent damage in the 0-3 mm range in silico [32,41,45,49] and in vivo [41]. Higher tem-
peratures and longer pulses (75-85°C and 29seconds) naturally resulted in more than 3mm [42] dam-
age. Those findings also demonstrated that extending the delays (from 150 to 300 seconds) between the
short doses of ID AMF contributed to less tissue damage [49], while repetition of the IDx AMF cycle
every 12 or 24hours did not affect the extent of tissue damage [41].

To reduce tissue damage, overheating needs to be minimized. Since frequencies used for AMF hyper-
thermia do not significantly heat the tissue, any increase in temperature is predominantly a result of
generated and subsequently conducted heat from the implant, and with proper tissue perfusion in vivo,
overheating should be minimized [37]. Furthermore, reducing the duration of AMF exposure while
increasing or maintaining the temperature yielded less tissue damage, both in vivo [33,46] and in silico
[32]. For instance, in vivo, decreasing the time from 220 to 15seconds while increasing the power from
190 to 800W reduced the damaged region from 2-3mm to 1-1.3mm [33,46]. Similarly, increasing the
temperature from 65 to 70°C while reducing the time from 150 to 12seconds decreased the damage
from 3 to less than 1mm [32].

In the study by Kwan et al. specimens were submerged in 5ml media and exposed to AMF in IDx mode
(6minutes on followed by 6 minutes off), during which the maximum temperature of the sample did not
exceed 50°C and the temperature of the surrounding media was thereby prevented from reaching over
40°C [35]. A comparable parametric configuration of AMF yielded similar results in a study by Sadaphal
et al. where the maximum temperature detected 5mm from the implant was 45°C [49]. Such arrangements
where the environment’s temperature remains as low as possible will likely avoid tissue damage [35].

3.4.2. Uniformity of heat generation as a mitigation of local overheating

Nonuniform heat generation was shown to be a consequence of complex geometries (e.g., knee implant)
and positioning of the sample with respect to the magnetic flux. Such heating patterns present greater
risks of overheating, potential tissue damage, and nonuniform antibacterial effects [32,33,48].

Studies opted for specimens of regular shapes, such as a ring [45,46], plate/washer [33,42,46,49], and
sphere/ball [32,33,41,46], to minimize those geometry-dependent effects in the primary hyperthermia
tests. To investigate the inhomogeneity of heating, the following complex geometries were chosen: knee
implant [32,33], metal plate with screws [42], hip stem, intramedullary nail, and locking compression
plate (all three from Pijls et al. [48]). The geometry-dependent heating characteristics were evaluated
through simulations [32,33,41,42,45,49], phantoms [49], ex vivo [33], and in vivo tests [49], as well as wet
lab assessment [48].

While on a simple geometry, the temperature differences are relatively small (generally, AT<10°C)
[33,45,49], across a complex surface the temperature differences were shown to be as broad as AT=20°C
on a metal plate with screws [42] or even up to 60°C on a knee implant [32,33].

Since the bulk metal implants act as a heat sink, delivering the AMF intermittently with pauses in
between enabled hotspot cooling and improved the heat distribution across the material geometry
[32,33,48,49]. For instance, a nonuniform temperature distribution on a complex knee implant geometry
ranging from 40°C to 100°C (resulting from a 3-second single exposure at 600W) may be converted to an
almost uniform surface temperature of 50°C-65°C through intermittent dosing (20 exposures of 1second
at 1500W with 50-second delays), as reported by Chopra et al. [33]. Sadaphal et al. also showed discrep-
ancies of only 5°C across the surface of their metal plate as a result of an intermittent heating setup tested
in vivo [49]. Similar to intermittent heating, slow heating allows for a more uniform heat redistribution than
fast heating [32].

Nonuniform heating patterns of bone implant plates were also observed due to varying positioning
within the solenoid (i.e., experiencing different magnetic flux), resulting in possible temperature varia-
tions of 2-15°C across the surface [42,49]. The nonuniform implant heating due to positioning was then
harnessed in a study by Pijls et al. demonstrating the feasibility of selective segmental heating of the
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implants [48]. They further showed that the CEM43 limit can be easily exceeded within a few seconds at
locations near the center of the coil, while the areas away from the heating center (~10mm) remain
below the safety limit of 16 CEM43.

Lastly, differences in heating patterns between volumetric heating and skin effect heating were delin-
eated. The skin effect heating pattern manifested a higher cooling rate after fast heating due to inward
heat conduction (i.e., the bulk implant acts as a heat sink). Consequently, the surrounding tissue accu-
mulates less thermal dose and less tissue damage. However, the advantage of the skin effect disap-
peared with slow heating, where both volumetric and skin effect heating generated analogous tissue
damage [32].

3.5. Safety monitoring systems

Accurate and real-time temperature monitoring of the surface and around the implant was also addressed
due to concerns about potential severe tissue damage because of overheating. Chopra et al. [33] and
Chang et al. [46] employed acoustic sensing comprising a hydrophone with an associated detection
system. They demonstrated on a human-sized implant that the system was remotely and noninvasively
capable of recording changes in acoustic waves, which can indicate local overheating. Furthermore, it
showed that the time to reach the boiling point decreases rapidly with power. Above 400W, it can occur
within seconds. In a high-power scenario (4300W), the medium around the knee implant started to boil
only after 2.5seconds [33,46].

4. Discussion

Research on the development of antimicrobial coatings in the past decades has evolved over various
approaches, often due to specific application requirements. However, as the burden of antimicrobial
resistance roars around us, we must consider the current strategies and their relevance in fighting those
increasingly resistant microorganisms.

Due to their extreme adaptability, bacteria are likely capable of quickly developing resistance to
almost any medicine, as they demonstrated in the middle of the twentieth century by their quick
response to our extensive (over)use of newly developed antibiotics [53]. The continued lack of strategic
research funding and insufficient government support toward small businesses and academic institutions
has made us dependent on the profit-driven Big Pharma. This imbalance has critically undermined inno-
vation and led to a sharp decline in the number of antibiotics introduced to the clinic [11,54,55]. It is,
therefore, not surprising that we find ourselves in an uneasy situation: antimicrobial resistance is on the
rise while the number of available antibiotics is dropping.

Despite their relatively low incidence rate, postoperative lAls in orthopedics have proven to be a real
challenge to treat. The mature biofilms on implants often necessitate a radical and invasive treatment
approach consisting of debridement and revision surgery alongside systemic antibiotic administration
[5,7,9,10]. Given the trend of how resistance develops and the number of different bacteria presently
encountered in PJI [1,56], there is likely not a single solution that could answer the problem of AMR.
Instead, a combination of various approaches will likely be needed to disarm those pathogens.

4.1. Working principle of AMF-induced hyperthermia for 1Als

The principle of magnetically induced hyperthermia, which initially emerged as a potential treatment for
cancer in combination with superparamagnetic iron oxide nanoparticles (SPIONs) [57], has also made its
way into the field of orthopedic surgery to treat IAls. The technique has demonstrated the ability to
sensitize the pathogens, making them more susceptible to other antimicrobial treatments or, in some
cases, being potent enough to reduce or even eradicate the pathogen load alone [58].

The utilization of large implants for AMF-induced hyperthermia naturally presents several challenges
but also offers advantages compared to the use of SPIONs. The challenges associated with bulk implants
mainly concern finding the proper equilibrium between sufficient antibacterial effects (i.e., bacterial load
reduction) and minimal tissue damage. Furthermore, the complex geometries of the large implants lead
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to inherently inhomogeneous heating, which can exacerbate local heat accumulation and potential tis-
sue damage.

One of the key benefits of AMF induced hyperthermia is the utilization of already present implants.
They eliminate the need to administer SPIONs and subsequently extract them after therapy completion,
which can be a challenging process depending on the targeted site. Furthermore, SPIONs pose cytotox-
icity risks [59-63], particularly at the high concentrations required to achieve sufficient heating [64-68].

Compared to the standard treatments (debridement and revision), another advantage is that AMF is
a non-contact, heat-inducing method that can be applied externally and is noninvasive. Also, unlike light
[69], it exhibits negligible attenuation (with frequencies below 10 MHz) throughout the tissue depth, and
therefore, with proper coil design, uniform magnetic field distribution can be achieved [70-73].
Furthermore, the field frequency and amplitude ranges applicable to magnetic hyperthermia are safe, as
shown in other studies. However, clear guidelines for the use of AMF-induced hyperthermia are yet to
be established [72,74,75].

4.2. Application of AMF-induced hyperthermia as antibacterial therapy

The data summarized in this review showed that hyperthermia can be an effective strategy for treating
IAls. The results represent an overview of the efficacy of AMF-induced hyperthermia against several
pathogenic bacterial strains, showing the similarities and delineating the differences in the required
parameters of this antibacterial therapy.

When the body detects pathogenic microorganisms, it initiates an immune response that often
includes the development of fever. This temperature elevation triggers a series of complex signaling
cascades, including increased concentration of pro-inflammatory cytokines (IL-1, IL-6, TNF). It is also asso-
ciated with the recruitment and enhanced bacteriolytic activity of neutrophils, as well as the promotion
of lymphocyte trafficking into lymph nodes [76-78]. In parallel, elevated temperature, such as that gen-
erated during AMF-induced hyperthermia, impairs pathogens through protein denaturation, which dis-
rupts membrane integrity, metabolic processes and reduces replication capacity [78-81]. Such changes
are independent of the heat origin. For instance, in a study by O'Toole et al. [82], the antibacterial effects
of heat were tested on biofilms incubated in pre-warmed water baths for various lengths of time. Their
results demonstrated that temperatures beyond 60°C and incubation times of 5minutes or longer could
achieve a 3-log (and greater) reduction of the bacterial load, which aligns with the findings in this review.
Similar results were obtained through magnetic hyperthermia using magnetic nanoparticles. This system
generated temperatures of more than 50°C and reduced the bacterial load by more than 3-log [27].
Likewise, the combination therapy comprising antibiotics and heat was assessed with magnetic nanopar-
ticles by Nguyen et al. [83] and Almutairi et al. [65], and without employing the AMF (using a water bath
instead) by Ricker et al. [84], also showing additive effects consistent with the findings of the studies
included in this review.

The results presented in this review indicate that AMF-induced hyperthermia can primarily be used in
two ways (as illustrated in Figure 4): (i) as a standalone heating method and (ii) in combination with
additional antimicrobial therapy, such as antibiotics or antimicrobial peptides.

The evidence suggests that heating alone can sufficiently reduce some bacterial species’ load (i.e.,
more than a 3-log reduction), although this requires relatively high temperatures and extended incuba-
tion times. The findings show that an optimal approach involves applying short ID AMF pulses at 65-75°C
to achieve effective antibacterial activity while minimizing tissue overheating. Intermittent AMF delivery
prevents hotspot formation and promotes homogenous heat distribution by allowing periodic cooling.
The findings from studies involving SD AMF delivery are depicted in Figure 5. They indicate that tissue
damage can be contained within 2-3mm while reducing the bacterial CFU by more than 3-log. The plot
depicts the extent of tissue damage and achieved bacterial load reduction (z-axis) as a function of tem-
perature (x-axis) and time (y-axis).

On the other hand, combination therapy requires lower temperatures and drug concentrations com-
pared to either therapy alone. It also offers a more promising approach for dealing with mature bacterial
biofilms and thereby contributes to the fight against AMR. As part of the combination therapy, heating
was shown to restore the antibacterial efficacy of antibiotics in a resistant strain of P. aeruginosa due to
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heat-induced disruptions in the bacterial membrane [45]. Supporting evidence from the literature indi-
cates that both temperature and bacterial strain dictate the gene expression [85] and mutation rates [86]
associated with resistance to specific antibiotics.

The combination therapy could also help mitigate the innate shortcomings of AMF-induced hyper-
thermia. Due to heat dissipation, the local action of hyperthermia is restricted to the immediate sur-
roundings of the implant, and only bacteria present on the surface and the (infected) tissue in direct
contact with the implant can be heated. Consequently, (planktonic) bacteria present further from the
surface and deeper in the tissue may remain unaffected, especially when aiming to reduce the accumu-
lated thermal dose to minimize tissue damage. This could be overcome through a supportive antimicro-
bial therapy, assuming the drug can diffuse deeper into the surrounding tissue [87]. Another limitation
addressed in the study by Wang et al. was the regrowth of biofilm in the absence of antimicrobials [45].
In contrast to the heating only, the combination therapy prevented the regrowth, likely by reducing the
CFU count in the biofilm below the critical viability threshold [88]. This finding prompts further studies
on temperature- and concentration-dependent biofilm regrowth [89] and provides additional support for
the use of combination therapy consisting of AMF-heating and antimicrobials.

In the included studies, the antimicrobials were predominantly delivered through direct addition to the
culture, implying that they would be administered systemically in clinical settings. Steering the future drug
delivery systems toward local on-demand approaches should be also discussed in the context of combat-
ing the advancement of AMR [35,36,90]. In contrast to systemic administration, these targeted systems aim
to decrease the exposure of bacteria to the antimicrobials and minimize the potential debilitating side
effects associated with certain drugs [91]. However, implementing such a system in combination therapies
will raise new questions regarding the temperature ranges suitable for use with antibiotics or other antimi-
crobials (e.g., antimicrobial peptides), to preserve [92,93] or potentially enhance [94] their efficacy.

None of the studies directly assessed the depth at which AMF-induced hyperthermia exhibits its anti-
bacterial effects. The only estimation could be indirectly drawn from the assessments of tissue damage,
under the assumption that mammalian and bacterial cells exhibit similar thresholds for irreversible ther-
mal injury. Since bacteria are often isolated from tissues surrounding the implants [42], future studies
should explicitly focus on determining the effective penetration depth of AMF-induced hyperthermia,
both alone and in combination therapy, required for bacterial clearance.

4.2.1. Variability in the efficacy of AMF-induced hyperthermia against various pathogens

The studies included in this review assessed the antibacterial potency of AMF-induced hyperthermia
mostly against biofilms, implicating its use mainly as treatment rather than prevention of IAl [33,36,39].
The efficacy of AMF-induced hyperthermia owes its success to the fact that (some) bacterial species (e.g.,
P. aeruginosa) show higher sensitivity to heat than eukaryotic cells [36]. However, there are also appre-
ciable differences between bacterial species [37], and the antibacterial efficacy of hyperthermia may,
therefore, vary. Regarding the orthopedic IAls, S. aureus (including MRSA), S. epidermidis, and P. aerugi-
nosa constitute the most frequently observed clinical isolates [7,10,95]. Those were also the most com-
mon subjects of investigation in the included studies, despite the rising incidence of other bacterial
species in orthopedic IAl (e.g. Cutibacterium species), which remain unaddressed [56]. Therefore, a
broader spectrum of species, including clinically relevant yeast species (e.g., Candida species [96]), should
be tested with AMF-induced hyperthermia in the future. Due to the aging demographic, more patients
will likely receive several implants throughout their lifetime. Hence, opportunistic bacterial and yeast
strains associated with other types of implants [97,98] may also become more frequent colonizers of
orthopedic implants due to the foreign body reaction, which induces local immune depression and likely
development of a new local microbiome [99]. Therefore, future hyperthermia efficacy assessment should
also account for those cases.

4.2.2. Thermotolerance: a new form of resistance in the future?
Currently, bacterial resistance to antibiotics is considered among the main challenges associated with
infection treatments, and calls for new protocols for antibiotic prescription and administration [100,101].
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Figure 4. lllustration of AMF-induced hyperthermia for treating implant-associated infections. The reviewed studies
assessed its potential application both as a standalone therapy, and as part of a combination therapy together with
externally administered or locally released drugs. Created with BioRender.com.

Although heating is presently viewed as a relatively reliable antibacterial (and sterilization) method, there
is already some evidence that IAl-related S. aureus can develop thermotolerance [102], and P. aeruginosa
encodes disaggregase-like proteins abundantly translated during heat shocks [103]. Heat-treated P. aeru-
ginosa biofilms studied by Wang et al. [45], were an exemplary case, able to recover from heat shocks
within 12 hours. With an increasing number of bacterial species identified as heat-resistant (primarily in
the food industry [104,105]) and the potential for cross-species horizontal gene transfer [106,107], these
findings support the need to optimize AMF-induced hyperthermia protocols to prevent the surge of such
resistance in the future.

4.3. Ensuring safety during AMF-induced hyperthermia

Safety remains a critical concern in AMF-induced hyperthermia, given the potential for tissue damage
due to overheating. The key factors influencing thermal behavior include the choice of biomaterial,
implant geometry, coil parameters, and the spatial orientation of the implants within the magnetic field
[70]. However, when these variables are known and well-characterized, the system is expected to follow
a predictable heating profile, allowing for the establishment of protocols that can effectively mitigate the
risk of overheating and tissue injury.

4.3.1. Tissue heating and overheating

One of the main concerns associated with AMF-induced hyperthermia is the induction of currents
in tissues and their subsequent direct heating. Although this concern cannot be directly dismissed,
researchers investigating AMF-induced hyperthermia do not generally display much concern over it
[37,46]. The frequencies typically used for AMF-induced hyperthermia (27-505kHz in the included
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Figure 5. A qualitative illustration of the effects of temperature (°C) and time (min) on the bacterial reduction (log) and
tissue damage (mm). Both bacterial reduction and tissue damage are assigned to the same z axis. Only single dose (SD)
AMF delivery data was used for this figure, as intermittent dosing (ID) introduces more variability into the data (such
as variable delays between pulses).

studies) predominantly heat the metal implants. At the same time, the contribution from the local
Joule heating of tissues has a negligible effect on the total temperature increase [33,108]. Supporting
this, Sanz et al. observed no substantial adverse effects on mammalian cells exposed to 570kHz in
vitro [75], and Herrero de la Parte et al. reported that animal exposure to frequencies between 591
and 700kHz allowed recovery, albeit with some persisting alterations in systemic markers associ-
ated with muscle damage [109]. Similar frequency ranges are also used in other therapeutic appli-
cations, such as long-wave diathermy (0.3-1MHz), with greater tissue heating typically requiring
frequencies at or above 1 MHz.

Another advantage of AMF-induced hyperthermia is that the generated currents are concentrated
within a thin surface of the metallic implant, a phenomenon called skin effect. With the frequency range
reported in this review (27-505kHz), the currents in the metal implants are expected to be confined to
a skin depth of approximately 1-3mm [110] (following an inverse relationship with the applied fre-
quency). With only the metal surface being heated, the rest of the metal implant can function as a heat
sink, a beneficial feature that helps mitigate overheating.

Much of the safety assessment of allowable parameters is still based on the long-established safety
limit postulated by Atkinson and Brezovich in 1984 [70]. Defined as a maximum permissible product of
field frequency and amplitude H, - f<4.85 - 108 A - turns - m~" - s, it significantly restricts the applicable
field parameters. Later research, however, obtained findings from in vivo tests demonstrating safety up
t0 9.59 - 10° A - m™' - s7' [109], which would likely fit the parameters of studies included in this review
(although some failed to report the field parameters). Furthermore, participants in other studies tolerated
field strength and frequency products above the Atkinson and Brezovich limit, scoring low on a discom-
fort scale. The authors of those studies also stressed the differences across various body parts and the
significance of the treatment duration, which were not accounted for in the earlier postulated safety limit
[72,111,112].

Distinctive heat tolerances between tissues were reviewed in a study by Yarmolenko et al. [51] and van
Rhoon et al. [52]. To highlight some differences relevant for orthopedics, bone exhibited lower tolerance to heat
than muscle, suffering irreversible damage at CEM43=16, while the value for human muscle was determined to
be >80 [51,113]. While heat-therapy has been employed to promote muscle recovery after exercise [114], expo-
sures to prolonged and excessive temperatures can lead to glycogen depletion and structural changes within
the muscle tissue [115]. Many reviewed studies exceeded the bone value, even several millimeters away from
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the implant-tissue interface, indicating deeper injury. Several authors [32,41,45,49] have referred to CEM43 = 240
as the thermal dose that leads to irreversible muscle damage. However, this value is usually associated with skin.
In contrast, reversible muscle damage generally occurs up to the 40-80 CEM43 range [52].

Although still frequently used, CEM43 measure of accumulated thermal dose imposes many lim-
itations on the assessment of tissue damage by AMF-induced hyperthermia. For example, the for-
mula does not account for the complexity of intracellular pathways and the effects of heat on their
various components [52,116]. Extensive analyses of CEM43's limitations have been carried out
[52,116], including suggestions for an alternative measure, such as the specific absorption rate of
eddy current-induced power [72].

4.3.2. Body heating and patient comfort
Excessive heating can naturally lead to extreme discomfort experienced by patients. In cases where
hyperthermia may represent a possibly lifesaving procedure, patients may be able to tolerate different
levels of discomfort than healthy volunteers [72,111]. Additionally, it is essential to consider whether
some of those procedures should occur under anesthesia or only when administering suitable analge-
sics. However, even in those cases, safe temperatures must be guaranteed through properly estab-
lished (and followed) protocols and/or through new and better monitoring systems. The currently
available noninvasive monitoring methods, based on detecting boiling temperatures, seem inadequate.
There are several other frequent clinical procedures during which the body experiences (primarily
local) an increase in temperature. Even initial drilling into a bone appreciably increases local temperature
to and beyond 60°C [117,118]. In patients receiving cemented prostheses, the polymerization tempera-
ture of a commonly used bone cement composed of PMMA reaches temperatures above 80°C [119].
Additionally, studies with shape-memory alloys, utilizing higher temperatures for phase transformation,
showed that temperatures up to 60°C did not elicit any excessive inflammatory responses [120,121].
Such temperatures are comparable to those reported in the included studies of this review, indicating
their potential clinical applicability. While AMF-induced hyperthermia may inevitably cause some local
tissue damage, the acceptability of such injuries remains a subjective judgment, as no clear guidelines
on this matter have been established yet.

4.4. Limitations and outlook

While not a novel topic, the design and assessment of AMF setups lack methodological standardization. The
AMF setups (diameter and number of turns in the coil) were often designed to meet the needs of a specific
research group and were custom-built in-house. As a result, the devices showed differences in the field param-
eters (power, field strength, and frequency) that each could deliver. Since the AMF-induced hyperthermia is
defined by the combination of those parameters and the material, dependent variables such as achieved/
effective temperature and antibacterial capacity vary between studies. The position of the temperature mea-
suring probes can also skew the reported temperature (i.e,, distance from the heated surface). In several stud-
ies, such details were not reported. These discrepancies in the setup additionally impede the identification of
the most suitable biomaterial for AMF-induced hyperthermia. While criteria for such evaluation have not been
defined, they should address and delineate the contribution of the heating efficiency and the intrinsic antibac-
terial properties of the materials in future studies. This standardization will be also essential for guiding the
future design of human-sized AMF-setups aimed at treating |Als across various body regions [73,122].

Quantification of the biofilm was identified as another limitation. CFU counting was the most com-
monly used method for bacterial quantification. However, this technique may introduce bias due to lim-
ited biomass recovery, cell aggregation, and its exclusive focus on the number of viable cells at the time
of assessment. As a result, it may not accurately reflect the total biomass present. The investigations
could be strengthened through additional methods, such as microscopy [123,124].

For the assessment of tissue damage, frequently utilized simulations have been shown to provide
valuable data closely aligned with in vivo findings. Employing them in safety assessments has some
advantages, such as providing faster results and (sometimes) being more cost- and time-efficient, and
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their further development should be supported. They also offer data practically impossible to obtain
through in vivo tests. Many of them, however, still rely on approximations and assumptions in their mod-
els (such as perfusion rates and tissue properties) and should, therefore, always be coupled and verified
by suitable complementary tests.

Currently, the assessment of tissue damage in AMF-induced hyperthermia remains highly subjective. No
established guidelines define the acceptable extent of tissue injury during treatment for IAl, making current
findings largely comparative rather than standardized. In cases of life-threatening IAl, treatment efficacy
should be prioritized accordingly, just like for other conditions. As seen in other severe conditions where
minor treatment-related damage is acceptable [125], eradicating specific problematic pathogens may neces-
sitate some tissue injury, provided it remains within a threshold that allows proper recovery.

5. Conclusion

The combination of globally surging antimicrobial resistance and increasing incidence of |Als has created
an urgent need for radical approaches to combat challenging biofilms. AMF-induced hyperthermia has
garnered growing interest among researchers and clinicians as a potential method to treat these (some-
times) life-threatening infections. The review highlighted the research exploring the use of implants as
the heat source instead of nanoparticles, which are more commonly seen in cancer therapies. These
studies demonstrate that hyperthermia effectively eradicates many challenging biofilms, particularly
when combined with antimicrobial agents. The results also suggest that intermittent heating patterns
can lower the accumulated thermal dose in the tissues while maintaining the antibacterial effect. Its
efficacy, however, varies depending on the species involved. Future research should establish standard-
ized guidelines and protocols to evaluate antibacterial effectiveness and the extent of tissue damage for
AMF-induced hyperthermia, which remains a critical consideration in those treatments.
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