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ABSTRACT

In this Perspective article, we explore the definition and use of clinical tolerability metrics associated with nonspecific eddy current heating in
magnetic field hyperthermia (MFH). We revisit the origins of the “Brezovich criterion,” H, f <485 MAm™'s™", as it is applied to axial time-
varying magnetic fields H (t) = H, sin(2nft) and the human torso. We then consider alternative metrics, including the “maximal specific
absorption rate” (SAR.x) of eddy-current-induced power absorbed per unit mass of tissue. With reference to previously published clinical
data and the results of two volunteer studies in our laboratory, we show that the SAR,,, metric is both suitable and reliable. We also show
how it may be extracted from in silico finite element models to cope with confounding effects such as anatomical hot spots and non-axial-
field geometries. We note a parallel with a standardized metric, the “local SAR” used in magnetic resonance imaging (MRI). We suggest that
the limits established in clinical MRI (that the local SAR, averaged over 10 g of tissue and 6 min of treatment, should not exceed 20 mW g~ "
in the torso or head, and 40 mW g~ ! in the limbs) might be regarded as a good starting point for the design of MFH interventions. We con-
clude with the recommendation that the SAR,,,x metric is adopted for future use in the development of clinically safe and tolerable MFH
equipment.

© 2023 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license (http://
creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0153336

I. INTRODUCTION
In magnetic field hyperthermia (MFH), a time-varying magnetic

the intended MFH heating of the implanted materials. As such, it is
a potentially treatment-limiting source of thermal loading that may

field H(t)=H,sin(2nft) is used to deliver thermal energy into
implanted magnetic materials in the human body, for therapeutic pur-
poses.” The implanted materials are typically injectable magnetic
nanoparticle suspensions,”” albeit there is also interest in millimeter-
scale thermal seeds.” Currently, MFH is used clinically in the treatment
of glioblastoma and prostate cancer’ and is being tested for pancreatic
cancer.’ It is also the subject of extensive in vitro and preclinical testing
as researchers explore ways to optimize and use it.”

Although the focus of MFH is on heating the implanted mate-
rials, all mammalian tissues are electrically conductive due to their
high water content, and as such, the time-varying magnetic fields
induce circulating electrical currents (eddy currents) in accordance
with Faraday’s law of induction. This “nonspecific” tissue heating—
meaning that part of the tissue heating which is not associated with
the implanted materials and, as such, does not necessarily affect the
intended treatment region—appears alongside, and in addition to,

be delivered to the patient during MFH.

Both clinically and theoretically, eddy current heating was consid-
ered in some detail in the early 1980s in relation to an early variant of
MFH that utilized a single-turn magnetic field generator known as a
“Magnetrode.”” " Shortly thereafter, Brezovich and co-workers reported
on a human tolerance study, from which they concluded that a useful
rule-of-thumb for whole-body MFH systems was that to avoid excessive
nonspecific eddy current heating, the product H, f should not exceed 485
MAm 's """ Subsequently, the Brezovich criterion has been widely
used in the evaluation of prospective clinical applications of MFH,"
while, at the same time, it has become the subject of much discussion, as
researchers have debated both its merits and its applicability.'***

In this Perspective article, we explore the definition and use of
tolerability metrics in MFH. We begin by revisiting the theoretical ori-
gins of the Brezovich criterion, recalling the experimental conditions
to which it applies and reminding ourselves how to apply it to different
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geometries and tissue types. We then consider other metrics, including
the “maximal specific (per unit mass of tissue) absorption rate”
SAR . which we believe may be preferable for safety and design pur-
poses. We apply the SAR,.x approach to data collected in two human
volunteer studies in which MFH-style time-varying magnetic fields
were applied to participants’ arms, legs, and torsos. These data include
tests using a new clinical MFH system.” We further investigate the
SAR.x method through comparisons with finite element analysis
models of relevance to the volunteer studies. Finally, we review and
consider prospects for future research and development in this field.

Il. THEORY

Oleson'" provides a succinct derivation of the analytic formulas
governing power deposition into a cylindrically symmetric load
aligned coaxially with a cylindrically symmetric applied magnetic field,
summarized as follows. .

We define a coordinate system (¥, 0, z) in which the time-
varying applied field H is aligned along (0, 0, z),

H=Hz=H,(r)e"z, (1)

where o = 27 fis the angular frequency and where we assume that the
field is axially symmetric but may vary radially. Faraday’s law in the
integral form is

9
fi;E-dl_ —EJMOH.nd& @)

where E is the induced electric field, dl is a line element along a closed
contour, and # is a unit vector normal to the surface element dS. [N.B.:
Strictly speaking, the permeability y of the load medium should be
used in Eq. (2) rather than u,, but, given that in biological tissues, yu is
very close to the permeability of free space—e.g., Liyater = 0.999 992
uo—the difference is negligible.]

Given the assumed symmetry of H, it follows that the induced E
field will be tangential [ie., E= E(r) 0], so that

%E(r) o dl = 27rE(r) = —iop, Jr H,(r') 2t dr’, 3)
0

iop, ("

~E(r) = f—""J Hy(r') ¥ar'. (4)
r Jo

The power density, in Wm > (or sometimes reported in

mW cm > for convenient reference to tissue loading), associated with

this field is

Py(r) :%O'EE*, (5)

where E” is the complex conjugate of E and ¢ is the electrical conduc-
tivity of the load, in Sm ™. The general solution for Eq. (5), using Eq.
(4), is then

2r2

. 2
Py (r) O UOHO(r’)r'dr'} . (6)

In the special case, where the magnetic field is uniform throughout the
volume of the load, so that H, (') = H,, for all ' in the range from 0 to
1, this reduces to the form

pubs.aip.org/aip/apl
1
Py(r) = s 0w’ ,ui Hg r (7)
:%an w2 H2 217 (8)

Finally, if the magnetic field extends over a cylindrical load volume of
length L and radius R, the total power deposited into that volume is

R

1
Protal =LJ Py(r) 2nrdr:1—6Lnacu2 (2 H R*. 9)

0
Equations (7)-(9) are frequently cited in the literature and were used
to derive the Brezovich criterion. [N.B.: Note that there is a typograph-
ical error in Atkinson et al,'” where the pre-factor 1 in Eq. (8) is
missing,]

It may be noted that the derivation earlier assumes that there is
negligible attenuation of the applied magnetic fields due to the induced
eddy currents. This assumption has been tested in silico for cylinders
of muscle-equivalent tissue of radius up to the 15cm of a typical
human torso.”” As expected for electromagnetic field effects, the atten-
uation is frequency dependent: for fup to 1 MHz, it is <1%; at 5 MHz,
<2%; and at 13.56 MHz, <8%. Given that contemporary MFH gener-
ally operates in the range 100 to 350 kHz, the assumption of negligible
attenuation looks to be a valid approximation in practice.

lll. COMMENTARY ON THE BREZOVICH CRITERION
AND OTHER TOLERABILITY METRICS

The Brezovich criterion, H,f < 485 MA m s ! was experimen-
tally determined to be a physiologically tolerable level of prolonged
exposure (more than 1 h) to the torso."”'* Volunteers lying on a gur-
ney bed were axially positioned within a 30 cm wide single-turn coil
operating at f=13.56 MHz, and the current was increased until the
power loading (the amount of power dissipated in the tissue) was
200 W—a value that the authors selected based on modeling and on
“the extensive clinical experience with the Magnetrode.”'* In one par-
ticular individual, the field amplitude at the 200 W loading was found
to be 362 Am ™', giving H,f=491 MAm ™ 's™". The criterion value
was set to be a little lower than this, at H,f= 485 MA m s L

From this description, it is clear that a key step in the derivation
of the Brezovich criterion limit was the assumption that 200 W was an
acceptable power loading to the adult torso, with the key justification
for this resting on clinical experience with the Magnetrode. At that
time (the early 1980s), the Magnetrode had already been used clini-
cally for many years, with published reports including data from more
than 3000 treatments.”” The Magnetrode had a very simple design,
comprising a single rolled metal sheet of variable radius and length,
and was well suited to operation at 13.56 MHz.'’ Magnetrode treat-
ments were not, strictly speaking, MFH treatments as they are known
today, as they were conducted without any implanted magnetic mate-
rials. Instead, the Magnetrode relied on deep-tissue eddy current heat-
ing alone, a mechanism of action sometimes called “inductothermy.”*

A review of the literature on the Magnetrode shows that the tol-
erable power loadings were, as would be expected, strongly dependent
on the body part being treated, and the geometry and extent of the
applied field. Oleson'" reported on the operating powers and efficien-
cies of clinical Magnetrode systems designed for the torso, thigh, and
neck, indicating that the typical loadings, applied continuously in
treatment sessions up to 1h long, were ca. 750, 450, and 330 W,
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TABLE 1. Physical dimensions, magnetic field amplitude (measured in the central
transverse plane, at a radius corresponding to the interface between the subcutane-
ous fat and muscle layers), and power loading characteristics of three variants of the
Magnetrode electromagnetic heating system that was used clinically in the 1970s
and 1980s."

PERSPECTIVE pubs.aip.org/aip/apl

TABLE |ll. Local power densities Py(ri) and maximal specific absorption rates
SARmax in muscle tissue of electrical conductivity omusce at the r = riy; interface
between muscle and subcutaneous fat in the torso, thigh, and neck, calculated using
Eq. (8) and data from Tables | and Il, for eddy currents induced by an axial field of
amplitude H, and frequency f = 13.56 MHz.

Characteristic Torso  Thigh  Neck  Parameter Torso'*  Torso''  Thigh''  Neck"
Magnetrode radius (cm) 24.75 11.0 11.0 Tint (cm) 14.0 14.0 7.0 7.0
Magnetrode length (cm) 28.6 7.9 1.9 H,(Am™") 35.8 64 170 188
Muscle/fat boundary radius (cm) 14.0 7.0 7.0 Hof MAm 's™") 485 870 2300 2550
Field at muscle/fat boundary (Am™") 64 170 188 Omuscle (SM™Y) 0.63 0.63 0.16 0.16
Applied power (W) 900 600 600 Py (tint) (mW cm ™) 22.7 72.5 32.5 39.7
Loading efficiency (%) 83% 76% 55% SAR,.x (MW gfl) 20.8 66.5 29.8 36.4
Loading power (W) 747 456 330

SARmax = Pv(rint)/pmusclev (10)

respectively (Table 1). Similarly, Storm et al®'’ referred to
Magnetrode torso treatments at absorbed power levels of 500 to
1000 W. As such, the 200 W reported by Brezovich et al. was in fact
significantly smaller than that reported by Oleson and Storm et al. as
typical for the Magnetrode at that time.

The Magnetrode data reported by Oleson included measure-
ments of the magnetic field amplitudes in the central transverse planes
of the three systems. These data are listed in Table I for the cylinder
radii rjy corresponding to the interface between the subcutaneous fat
and the muscle layers in the torso, thigh, and neck. They allow a com-
parison to be made with the Brezovich criterion by considering the
corresponding Py (7in) power densities, using Eq. (8). This requires
estimates of the electrical conductivity ¢ of the tissue at the 13.56 MHz
frequency applied by Oleson and Brezovich. For this, we use the latest
data available through the ITIS database’*—see Table Il—and we fol-
low Oleson'' and assume that the maximal power density will be asso-
ciated with the muscle layer closest to the subcutaneous fat layer, on
the basis that (a) the skin layer is too thin and too proximal to the ther-
mal sink of the environment for it to be the primary site for tolerability
effects to manifest, (b) the subcutaneous fat layer has a low ¢ and so
does not experience significant heating, and (c) the muscle has the
highest ¢ and will, therefore, experience the largest induced eddy
current.

The results of these Py (i) calculations are shown in Table I1I
using the reported data from Brezovich'* and Oleson."" Also shown in
Table III is another metric,

TABLE II. Electrical conductivities o (in Sm~") of selected human tissues in <1 and
13.56 MHz electromagnetic fields.”® (*Datapoint estimated by assumed correlation
with frequency-dependent non-directional muscle values; “*datapoints estimated by
averaging over the three organs.)

Tissue o at <1 MHz o at 13.56 MHz
Bone (cortical) 0.01 0.05
Muscle (non-directional) 0.46 0.63
Muscle (transverse to fibers) 0.12 0.16

Fat (including subcutaneous) 0.08 0.06

Skin 0.15 0.24
Viscera (liver/kidney/spleen) 0.25™ 0.48™

which we introduce as a somewhat more intuitive means of reporting
the maximal specific absorption rates (power absorbed per unit mass)
at the muscle/fat interface, obtained using pysce = 1.09 g cm ™ as the
density of muscle tissue.”

On inspection of the H,f, Py(fint), and SARy metrics in Table
111, it is notable that the thigh and neck H, f values are ca. 3 to 5 times
higher than the torso H, f values, while for Py (i) and SAR ., there
is no such divergence. This is logical, as the Py (7iy;) and SARq met-
rics intrinsically take into account the scale of the body part being
treated, while the H,, f metric does not. This points to the latter being
better suited than the former as indicators of clinical tolerability;
indeed, metrics analogous to Py (i) and SAR., are reported in the
literature in the context of clinical systems design. For example, the
Magforce GmbH clinical MFH system used for the torso and cranium
was designed assuming a value of 25 mW cm ™ as the maximum
allowable peripheral heating level.'®

At this point, it is also interesting to follow the suggestion of
Kozissnik et al."” and draw a parallel between the safety considerations
employed in magnetic resonance imaging (MRI) and those in MFH,
given that the lower range of alternating field frequencies employed in
MRI systems may be similar to those used in MFH systems. In partic-
ular, the latest IEC 60601-2-33 standard”’ on the safety and essential
performance characteristics of MRI equipment includes a summary of
recommended SAR limits for the exposure of different body regions to
spatially localized radio frequency fields—see Table IV. It may be
noted here that the standard presents lower SAR limits (in the range 2
to 10 mWg ') for homogeneous-field extended-treatment-volume

TABLE IV. Summary of data from the IEC 60601-2-33 standard for safety and
essential performance of MRI equipment regarding allowable Local SAR levels (spe-
cific absorption rates, in mWg~", measured over any 10g of tissue and averaged
over 6 min) for the operating modes and body regions indicated. Reprinted with per-
mission from IEC 60601-2-33ed. 4.0 (2022). Copyright 2022 IEC Geneva,
Switzerland. www.iec.ch.

Operating mode Head Trunk Extremities
Normal 10 10 20
First level controlled 20 20 40
Second level controlled >20 >20 >40
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systems such as whole-body scanners. However, in our opinion, the
limits associated with local exposure in MRI, as given in Table IV, are
more appropriate, as they better reflect the inhomogeneous field distri-
butions that are a feature of current clinical MFH systems.”

It is notable in Table IV that the allowable levels of exposure
depend on the operating mode. “Normal” means a mode of operation
of the MR equipment in which none of the outputs has a value that
can cause physiological stress to patients; “First Level Controlled”
means that one or more outputs of the equipment may cause physio-
logical stress to patients and needs to be controlled by medical supervi-
sion; and “Second Level Controlled” means that one or more outputs
reach a value that can produce significant risk for patients, for which
explicit ethical approval is required.””

Comparing the SAR,,, limits for MFH in Table III with the First
Level Controlled Local SAR limits for MRI in Table IV, it is apparent
that with one exception, they all lie between 20 and 40 mW g~ . The
exception is the SAR . = 66.5 mW g ' for Magnetrode treatments of
the torso.'' It is interesting here to note a report by Storm et al.® on
the clinical side effects of such treatments, viz. profuse sweating, skin
flushing, an up to 1°C rise in core temperature, elevated pulse and
respiratory rates, and increased blood pressure. It is also interesting to
note that despite this catalogue of side effects, the clinical opinion
expressed by Storm et al. is that “an absorbed power density to 1000
watts generally was well tolerated in our patients, with virtually no
normal tissue injury.”® This is a reminder that the question of what is
“tolerable” for a potentially life-saving intervention in a clinical setting
is quite different to what is tolerable in a healthy volunteer study.

Finally, it is worth noting the influence of the duty cycle on toler-
ability. Magnetrode treatment protocols typically involved 60 min of
continuous exposure to the time-varying field. In contrast, the IEC
60601-2-33 Local SAR limits refer to an averaged exposure over 6 min,
and furthermore, it is noted that shorter duration treatments may be
at higher values: “the SAR limit over any 10's period shall not exceed
two times the stated values.””” This dependency is logical, given that
the power deposited into any given tissue volume will disperse into the
surrounding tissue and/or environment with a relaxation time con-
stant 7 that is dependent on the thermal diffusivity x of the tissue as
well as on the geometry of the system. For example, in a long cylinder
of radius r, it can be shown”® that t 22 r2 /4. Hence, for the torso case
with muscle of diffusivity x = 1.31cm®s ', at r=140cm, 1 2237 s
is a characteristic time for the dissipation of heat away from the load-
ing site, while for the thigh or neck at r=7.0cm, 7 9.

IV. HUMAN TOLERANCE TESTS

To further illustrate and explore the tolerability factors described
earlier, we report here on two volunteer studies that were performed
in our laboratory using a variety of magnetic field geometries and duty
cycles. Both studies were undertaken following Institutional Research
Ethics Committee review and approval.

In study 1, 330 kHz time-varying magnetic fields were applied
continuously, for 5min, to four different sites (wrist, forearm, ankle,
and calf), in 13 volunteers. The field was generated using a 3-turn sole-
noid coil and had an amplitude H, (r) ranging from 5.73kAm™" on
axis (at 7= 0) to 8.76 KAm™" at r= 6.6 cm, the largest measured limb
radius. (As a benchmark reference and with limiting assumptions and
caveats as discussed in the supplementary material, we note that the
maximum H,f=2890 MAm 's ™' used here was ca. 2.1x the

PERSPECTIVE pubs.aip.org/aip/apl

corresponding, scaled, Brezovich criterion value.) Local increases in
skin temperature (see Fig. 1) were monitored using a thermal imaging
camera directed at the central plane of the coil.

Study 2 was run independently to study 1 and involved 15 volun-
teers, 12 of whom had not participated in the first study. In this study,
the field was applied on a duty cycle of 67%—15min of 2min on,
1 min off—that is the same as is currently being used in the clinical
treatment of pancreatic cancer.” This study was conducted in two
parts. In study 2A, a 242 kHz axial field was applied to the thigh using
a 3-turn solenoid (a larger version of that used in study 1), at ampli-
tudes ranging from 6.69 kA m ™' on axis to 10.43kAm ™" at 7= 8.0 cm,
the largest measured thigh radius. The maximum H,f=2525
MAm 's ! here was ca. 2.2x the corresponding, scaled, Brezovich
criterion value (see the supplementary material). In study 2B, a mag-
netic field generator manufactured by Resonant Circuits Limited for
clinical applications® containing a single-sided 2-turn coil in the shape
of a curved ellipse was used to direct 330 kHz magnetic fields into the
torso. The maximal field amplitude (normal to the skin surface) in this
case was 4.9 kA m ™, this being for the skin at closest approach to the
coil, touching the coil housing. The observed increases in skin temper-
ature, monitored using a thermal probe taped to the skin in the central
plane of the thigh coil, or directly under the current-carrying part of
the torso coil, showed a saw-tooth response that followed the on-off
cycling of the field (see Fig. 2).

The SARmax = Py (7int)/ Prauscte Metric was evaluated for the initial
2min of heating for each of the study 1 and study 2A axial-field
experiments, where Py (i) was estimated using Eq. (6) and ¢ =0.12
Sm™' from Table II. [N.B. Eq. (6) was used rather than Eq. (7)
because H,, (r) was not constant; however, H,, (r) was well described by
a third-order polynomial function of r, and the integration was
straightforward.] These calculations used limb dimensions as mea-
sured for each of the participants, and it was assumed that the interface

3.0
25 | <& Wrist

O Forearm
2.0 A Ankle

Change in Skin Temperature (°C)

1.5
1.0
0.5
0.0 ¢
0 100 200 300
Time (s)

FIG. 1. Study 1 results: increases in local skin temperature at four sites (wrist, fore-
arm, ankle, and calf), averaged across 13 individuals, due to eddy current heating
from an axial magnetic field of amplitude H,(r) that ranged from 5.7kAm~" (on
axis, at r =0) to 8.7kAm~" (at r =6.5cm, the largest measured limb radius), and
frequency f = 330 kHz, applied continuously for 5 min.
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FIG. 2. Study 2 results: increases in local skin temperature, averaged across 15
individuals, due to eddy current heating applied with a 67% duty cycle (15 min of
2min on, 1min off). Thigh: axial field, amplitude from 6.5kAm~" on axis to
10.1kAm~" at r==8.0cm, the largest measured thigh radius, and frequency
f =242 kHz. Torso: single-sided field from a curved elliptical coil, maximal ampli-
tude 49kAm~" at closest skincoil distance, and frequency f = 330 kHz.

between muscle and subcutaneous fat was at a radius i,y = toin — d,
where the thickness d was taken to be 1.2 mm for the wrists and fore-
arms, 2.8 mm for the ankles and calves, and 5.7 mm for the thighs.29
These case-by-case SAR,.x values are plotted against the observed
increase in skin temperature, AT, — ¢ 1o 120 s)» in Fig. 3. A linear fit to
the data, passing through the origin, has a Pearson coefficient
Rp=10.89 and a Spearman coefficient Rg = 0.87, both of which, being
close to 1, indicate an underlying linear correlation. Such a correlation
is expected only if thermal conduction and diffusion effects are

¢ Wrist A Ankle
25 + 0O Forearm 0O Calf
—~ O Thigh o
(@]
e 20 t
515 |
K 1.0 |
<
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0_0.".“...1....|..|.|||.|
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FIG. 3. Initial increase (first 2 min) in local skin temperature for each of the study 1
and study 2A experiments in which a time-varying magnetic field was applied axi-
ally, as a function of the calculated SAR,.x metric. The dotted line is a fit to the
data which indicates a linear correlation between the two metrics.
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negligible,'" which appears, therefore, to be the case in these initial
heating experiments.

The non-axial-field coil geometry used in study 2B precludes appli-
cation of the SAR,,,, metric estimation method to that data. However, a
feature of the self-optimizing resonant-circuit-based magnetic field gener-
ator used in study 2 was that it was possible to estimate the loading
power (the amount of power being directed into the load, i.e., the tissue),
in each experiment, by monitoring the amplitude of the resonant current.
This metric varies from person to person in accordance, at least in part,
with the degree to which their body part ‘ills’ the magnetic coil. Figure 4
shows a plot of the observed maximum difference in skin temperature,
AT, over the full 15min of both the thigh and torso experiments vs
the loading power. A reasonably strong linear correlation is evident for
the torso data (Rp = Rs= 0.82), but for the thigh data, the correlation is
weaker (Rp = 0.51, Rg = 0.48). Nevertheless, there appears to be a definite
positive association between eddy current heating and loading powers.

The physiological aspects of the eddy current heating were further
investigated in both studies by measuring each participant’s heart rate,
systolic and diastolic blood pressure, and blood oxygenation levels
before and after each experiment. No clear trends were observed in
any of the physiological metrics, in either study. In study 2, participants
were also invited to fill out a questionnaire at the conclusion of each
session. When asked to rate their experience of the experiments, with
regard to heat, on a scale from 1 = “not at all uncomfortable,” 2 = “not
so uncomfortable,” 3 =“somewhat uncomfortable,” 4= “very
uncomfortable,” and 5 = “extremely uncomfortable,” the mean ratings
from 14 respondents were 1.14 and 1.07 in studies 2A and 2B, respec-
tively. This indicates that on the basis of both quantitative and qualita-
tive metrics, the nonspecific heating effects associated with the
experiments performed were, in all cases, very well tolerated.

V. FINITE ELEMENT ANALYSIS

Although the Brezovich H,, f parameter and the maximal specific
absorption rate SAR,, are simple and convenient rules-of-thumb as
MFH design metrics, there is no doubt that they are highly simplified
model parameters that neglect many important considerations. These
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FIG. 4. Maximum observed change in local skin temperature over the full 15 min of
the study 2 experiments, as a function of the amount of power delivered into the tis-
sue. The dotted lines are straight line fits, passing through the origin.
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include the effects of perfusion and metabolism on the physiological
tolerability of a given thermal load, and the influence of application
characteristics such as the duty cycle and environmental control. It is
beyond the scope of this Perspective article to survey all such factors;
however, there are two aspects of improved modeling that may be con-
veniently illustrated, which are relevant to the human tolerance studies
described earlier, viz., anatomical “hot spots” and non-axial-field
geometries.

Clinically observed MFH hot spots have been reported at skin
folds and at bone surfaces’ and have been modeled in detail for the
prospective clinical modality of magnetic particle imaging.”’ Here, we
use the commercial Opera-3D finite element analysis package
(Dassault Systemes UK Ltd) to estimate local SAR levels in the human
calf, under comparable applied field conditions to those used in study
1. The results, summarized in Fig. 5, clearly show a hot spot of
increased SAR around the anterior of the calf, where the tibia lies clos-
est to the skin. (This same feature had been noted, in passing, in the
thermal camera images used to record temperatures in study 1.) As
may have been expected, the calculated anterior SARy, at
Tgdn = 6.2 cm of ca. 40 mW g is significantly higher than the SAR
=~ 15 mWg ' estimated from Eq. (6) at that radius. The calculated
posterior SARg, of ca. 18 mW g~ is also slightly higher than the cal-
culated SAR,,,.; this may be attributed to the relatively thick layer of
low-electrical-conductivity subcutaneous fat in that region leading to
slightly higher eddy currents and more heating there.

For the non-axial-field geometry of the study 2B torso experi-
ments, the freely available FEMM software package was used,”’ and
the tissue of the torso was treated as a cylindrical “slab,” as shown in
Fig. 6. The calculations here focused on the eddy currents induced in
the tissue in closest proximity to the 2-turn coil. (Note here that only
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FIG. 5. (a) Simplified cross section of the
human calf, showing the different tissue
compartments of bone (tibia and fibula),
muscle, fat, and skin. (b) Modeled eddy
current induced power density at the
radius of the skin, subject to an axial time-
varying magnetic field as in study 1, show-
ing a hot spot in the vicinity of the tibia.

one needs only to consider the component of the magnetic field that is
normal to the skin surface, as this is the part that generates the circulat-
ing current in the tissue.) In this case, the modeled SARyq, in the skin
directly under the coil is ca. 29 mW g~ . This level fell by 50% at radii
*4 cm from the coil radius.

As one further consideration, it is interesting to adopt the
approach to local SAR tolerability outlined in the IEC 60601-2-33
standard and to estimate what the calculated SAR, levels would be if
they were measured over a minimum of 10g of tissue and averaged
over 6 min. For the Study 1 hot spot in Fig. 5, we estimate that if aver-
aged over 10g of skin tissue and 6 min, this is ca. 20 mW g~ ; while
for the study 2B hot spot with a 67% duty cycle, we estimate it is ca. 19
mW gfl. Both of these are rather low levels, well in line with the First
Level Controlled limits of the standard (Table TV), and a good deal
lower than the clinically acceptable Magnetrode levels (Table III). In
this context, it is perhaps not surprising that the participants in the
human volunteer studies experienced no notable discomfort, in any of
the experiments.

Finally, we note that another option to limit the effects of surface
hot spots is to employ some form of local remediation. Kumar et al.”’
describe one such approach, which involves surface cooling using a
controlled-flow water jacket. As described further in the supplemen-
tary material, we have modeled another approach, which is to apply
an electrically conductive material pad—one could envision a saline-
impregnated cotton patch—directly over the anticipated hot spot, so
as to provide a parallel path outside the body for the eddy current. In
principle, the latter could be simple to implement, and as such, it
might be a useful aspect of clinical application of MFH in regions of
the body where hot spots are unavoidable due to anatomical features
such as the proximity of bone to the skin, as was the case in Study 1.

FIG. 6. (a) Simplified cross section of the
human torso, showing the different tissue
compartments of muscle, fat, and skin, in
a region near to the 2-turn coil used

@) == (b) _
OO £
§ £
§ zs
§ Fat g
=]
o
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in study 2B. (b) Modeled current density in
the tissue slab, showing that the largest
eddy currents flow in the skin directly
underneath the coil.
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VI. DISCUSSION AND CONCLUSIONS

Clinical safety and tolerability factors are important facets of the
development of any therapeutic intervention, and this applies also to
MFH magnetic field generators. However, in the MFH literature, many
instances may be found where an unqualified reference is made to the
Brezovich criterion as an arbiter of what is and is not acceptable, purely
on the basis of whether the H,f product happens to fall below or above
485 MA m™'s ™. This is not the fault of the parameter itself: when used
in the context and with proper appreciation for its origin and derivation
(as outlined in Sec. II), it is a perfectly reasonable design parameter for
some clinical MFH systems. However, that does not mean that there
might not be preferable metrics that might be used, that might be less
liable to misuse and misapplication, and more closely aligned with
established tolerability metrics already used in other disciplines.

We propose, as an alternative to H,f, the SAR,,,x metric, this
being the maximum specific absorption rate (SAR, in Wkg ' or
mW g ') of eddy-current-induced power absorbed per unit mass of
tissue, measured over a minimum mass of 10 g of tissue and averaged
in time over 6 min of normal operation of the MFH intervention. (In
treatment protocols with durations of more than 6 min, the SAR .«
should be evaluated at different timepoints throughout the treatment
and the maximal value used.) The mass and time averaging here are
intended to take into account both the spatial and temporal aspects of
heat transport in the body and are aligned to the protocols established
for tolerance testing of MRI equipment operating with local transmit
coils in the IEC 60601-2-33 standard.”’

The SAR concept is already well known and frequently used in
clinical settings and has the advantage of being likely to be readily
understood and accepted. The SAR,,,, metric also has the advantage
of being relatively easily estimated, either from first-principles calcula-
tions (as illustrated in Secs. III and V) or from finite element analysis
simulations (as in Sec. V), and may also be directly measured in suit-
able phantoms.'" Furthermore, as shown in Sec. IV, it looks to be a
reliable metric when compared to human volunteer data, and it is
adaptable to the consideration of hot spots and the treatment of non-
axial-field geometries, as featured in Sec. V.

It may be noted that another possible alternative to the H, f met-
ric is the “loading power,” which we have used here to describe the
engineering-based parameter, wherein the manufacturers of MFH sys-
tems can monitor the total amount of power deposited into the sub-
ject. This corresponds to the method described in IEC 60601-2-33 for
whole-body or partial-body MRI scanners using volume transmit coils.
We consider this to be a useful option in some cases, especially where
the mass of tissue being exposed to the MFH field is known, so that an
effective SAR, averaged over the entire mass, may be defined.
However, we think that in most cases, the SAR,,x metric is likely to be
more informative.

Turning to the question of what should be taken as safe limits for
SARax for clinical applications of MFH, once again it seems that valu-
able lessons may be learned from the clinical MRI experience. We rec-
ommend that as a starting point for a given application, the limits
presented in Table I'V should be considered, e.g,, that for a First Level
Controlled MFH indication where it is intended that the operation of
the MFH generator would be under medical supervision but not
requiring any particular patient-specific ethical approval, then SAR .«
should not exceed 20 mW g™ in the torso or head, and 40 mW g~ in
the limbs, these values being averaged over 10 g of tissue and 6 min of
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normal treatment. It should be noted that this statement does not pre-
clude the use of higher SAR,,,., levels should the clinical benefit justify
it; indeed, a glance at the SAR,,,x values listed in Table III that were
used clinically for many years of the Magnetrode treatment shows that
in many cases, elevated SAR,.x levels may, indeed, be justified.
However, as a rule-of-thumb, the levels presented in Table IV would
look to be a good starting point.

Finally, it is perhaps useful to remark on the application of clinical
tolerability limits in preclinical settings. On the basis of the assumption
that the electrical conductivity of non-human mammalian tissue is com-
parable to human tissue of the same type, it seems logical that the SAR
associated with MFH-generated eddy current heating in animal tissue
should be treated as if it were human tissue. Indeed, it is interesting to
apply the SAR,,.x approach to data reported on nonspecific heating in
mice:” doing so shows that no adverse effects were observed in the ani-
mals at levels up to 24 mW g ' (at H,=56kAm ' and f= 153 kHz,
asSUMINg 7ouse =20mm and oyye0e = 046 S m™ "), but that at 44
mWg ' (Hy,=7.6kAm "), morbidity and injuries were observed.
Reducing the duty cycle from 100% to 50%, and thereby lowering the
SAR to 22 mW gfl, it returned the MFH to tolerable levels for the ani-
mals.” As such, it appears that the SAR,,,,, metric can, indeed, be use-
tully applied to animal studies of MFH.

To conclude, it is clear that the SAR,,, tolerability metric is
grounded in fundamental science, that it is well defined and clinically
recognizable, that it may be estimated via both experimental and i sil-
ico routes, and that it can be used in both clinical and preclinical set-
tings. Furthermore, we propose that there is a ready parallel to be
made between the established guidelines for local SAR limits for MRI,
and guidelines for SAR,,,,, limits for MFH. As such, it is our hope that
the future adoption and use of the SARy,, tolerability metric may
prove to be a useful step toward the development of standards and
methods for testing the safety and tolerability of magnetic field hyper-
thermia equipment.

SUPPLEMENTARY MATERIAL

See the supplementary material for further details on the volun-
teer studies and on the thermal modeling studies.
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