














bioRxiv preprint doi: https://doi.org/10.1101/416065; this version posted September 13, 2018. The copyright holder for this preprint (which was
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available
under aCC-BY-NC 4.0 International license.
MAKAROV et al., WHOLE BODY NON-CONTACT ELECTROMAGNETIC STIMULATION, SEPTEMBER 2018 18

Fig. 7. Complex rms magnitude of the electric field (V/m) at 1,500 W input power.
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Fig. 7. (cont.). Complex rms magnitude of the electric field (V/m) at 1,500 W input power.
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muscles. It is also interesting to observe that the fields in bone may be quite high, in particular
in the femur and pelvic bones.

However, the computed local electric fields may considerably exceed the values reported
in Table[lll, in particular by 1.5-6 times. These peak values are less accurate. One potential
source of the numerical error is insufficient resolution of lengthy and time-consuming full-body

computations very close to the interfaces where higher fields are usually observed.

TABLE III: Computed electric field levels (V/m RMS) in every individual tissue at 1.5 kW
input power (ANSYS® Electromagnetic Suite 18.2.0).

Mesh Tissue Ave. E Field Mesh Tissue Ave. E Field
(V/m RMS) (V/m RMS)
1 Air Internal Maxillary Sinus Left 7.7 39 Cuneiform Medial right 0.6
2 Air Internal Maxillary Sinus Right 6.9 40 discC02C03 10.3
3 Arteries 10.5 41 discC03C04 11.6
4 Bladder 28.0 42 discC04C05 14.3
5 CO01 14.5 43 discC05C06 16.9
6 C02 13.6 44 discC06C07 19.0
7 C03 14.8 45 discCO7TO1 20.6
8 C04 18.5 46 discLO1L02 13.9
9 C05 21.7 47 discL02L03 11.5
10 C06 26.1 48 discLO3L04 8.4
11 Co7 29.6 49 discL0O4L05 47
12 Calcaneous left 0.6 50 discLOSL06 7.1
13 Calcaneous right 1.1 51 discL06S00 13.8
14 Cartilagel Left 18.5 52 discTO1T02 20.2
15 Cartilagel Right 19.9 53 discT02T03 17.6
16 Cartilage2 Left 19.7 54 discT03T04 17.9
17 Cartilage2 Right 20.3 55 discT04TO05 17.4
18 Cartilage3 Left 21.2 56 discTO5T06 15.8
19 Cartilage3 Right 20.9 57 discT06TO07 15.2
20 Cartilage4 Left 22.5 58 discTO7TO8 144
21 Cartilage4 Right 21.8 59 discTO8T09 13.6
22 Cartilage5 Left 24.3 60 discT09T10 13.2
23 Cartilage5 Right 22.6 61 discT10T11 12.5
24 Cartilage6 Left 36.3 62 discT11T12 132
25 Cartilage6 Right 359 63 discT12L01 134
26 Cerebellum 1.4 64 Eye Left 5.0
27 Clavicle left 55.6 65 Eye Right 5.3
28 Clavicle right 349 66 FeetlPhalange left 0.5
29 Coccyx 42.6 67 Feet1Phalange right 0.4
30 CSF OuterShell 35 68 Feet2Phalange left 0.4
31 CSF Ventricles 0.4 69 Feet2Phalange right 0.4
32 Cuboid Left 0.9 70 Feet3Phalange left 0.3
33 Cuboid Right 0.6 71 Feet3Phalange right 0.4
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Cuneiform Lateral left
Cuneiform Lateral right
Cuneiform Medial left
Femur Bone Marrow Right
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Femur right
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160 Muscle Psoas left 13.9 197 Ribs leftl1 51.7
161 Muscle Psoas right 13.9 198 Ribs left12 39.0
162 Muscle Quadriceps left 20.2 199 Ribs rightl 29.6
163 Muscle Quadriceps right 19.9 200 Ribs right2 26.2
164 Muscle Rectus Abdominis left bottom 32.3 201 Ribs right3 25.2
165 Muscle Rectus Abdominis left middle 34.9 202 Ribs right4 26.1
166 Muscle Rectus Abdominis left top 39.1 203 Ribs right5 27.2
167 Muscle Rectus Abdominis right bottom 325 204 Ribs right6 29.9
168 Muscle Rectus Abdominis right middle 354 205 Ribs right7 35.6
169 Muscle Rectus Abdominis right top 38.1 206 Ribs right8 43.2
170 Muscle Sartorius left 18.6 207 Ribs right9 53.9
171 Muscle Sartorius right 17.5 208 Ribs right10 58.9
172 Muscle Tibialis Anterior left 6.2 209 Ribs rightl1 56.9
173 Muscle Tibialis Anterior right 5.8 210 Ribs right12 40.9
174 Muscle Trapezius left 23.6 211 Sacrum 45.7
175 Muscle Trapezius right 24.0 212 Scapula left 38.2
176 Muscle Tricep left 12.0 213 Scapula right 38.8
177 Muscle Tricep right 14.0 214 Skin Shell 27.8
178 Navicular left 1.8 215 Skull 22.8
179 Navicular right 0.7 216 Sphenoid 8.9
180 Patella left 243 217 Spleen 339
181 Patella right 22.6 218 Sternum 25.2
182 Peripheral Nerve left 17.1 219 Stomach 22.6
183 Peripheral Nerve Right 14.1 220 TO1 28.4
184 Pubic Symphysis 32.1 221 TO2 27.2
185 Radial Nerve left 14.6 222 TO3 27.2
186 Radial Nerve right 12.4 223 TO04 26.9
187 Ribs leftl 26.4 224 TOS5 25.7
188 Ribs left2 30.1 225 T06 25.5
189 Ribs left3 26.4 226 TO7 26.2
190 Ribs left4 26.7 227 TO8 26.4
191 Ribs left5 28.3 228 TO09 26.9
192 Ribs left6 31.5 229 T10 26.1
193 Ribs left7 37.3 230 T11 26.4
231 T12 27.5 240 Trabecular upper right 0.9
232 Talus left 1.3 241 Trachea Sinus 12.4
233 Talus right 0.6 242 Ulna Radius left 8.1
234 Tibia left 8.3 243 Ulna Radius right 7.8
235 Tibia right 79 244 Uterus 17.3
236 Tongue 52 245 Veins lower 12.5
237 Trabecular lower left 0.5 246 Veins upper 12.4
238 Trabecular lower right 0.8 247 White Matter 1.0
239 Trabecular upper left 0.7
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C. SAR levels

The body-averaged or the whole-body (global-body) SAR;.qy is given by averaging the local

SAR over the entire body volume. In terms of the complex field phasor E(r), one has

SARpugy = — / o) B EBE)rdv (7

%Ody %ody 2p(r)

Here, o(r) is the local tissue conductivity and p(r) is the local mass density. At full power
of 3kW and positioned at the shoulder landmark, the global-body SAR computed via ANSYS
Electromagnetic Suite 18.2.0 is 0.25 W/kg. Thus, the total power dissipation in the body does
not exceed 30 W, i.e., 1% of the total power. The same percentage ratio is valid at half input
power.

The second critical estimate is SAR;,, which is given by averaging over a contiguous volume

with the weight of 1g,

SAR;, = VL / o) B EBErdv )

Vig 2p(r)
The maximum value of SAR,,, in the body computed via ANSYS Electromagnetic Suite 18.2.0
at the full power of 3kW and located at the shoulder landmark is 4.55 W/kg.

Although this last value might appear to be relatively high, it is still within the corresponding
SAR limits in MRI machines [27, 28]. In particular, the major applicable MRI safety stan-
dard [28]] issued by the International Electrotechnical Commission (IEC) and also accepted by
the U.S. Food and Drug Administration in the normal mode (mode of operation that causes no
physiological stress to patients) limits global-body SAR to 2 W/kg, global-head SAR to 3.2 W/kg,
local head and torso SAR to 10 W/kg, and local extremity SAR to 20 W/kg [27]. The global

SAR limits are intended to ensure a body core temperature of 39°C or less [27, 28].

V. DISCUSSION

We envision several potential application scenarios of the present electromagnetic stimulation
device, though others may certainly be feasible. First, it could be tested for chronic pain treatment
as suggested in the introduction. For example, one potential target is the spinal cord. Epidural
spinal cord stimulation (SCS) has been used for pain management in the past several decades [29].
However, SCS involves surgical implantation of a pulse generator device that delivers weak

currents to nerve fibers of the spinal cord. A noninvasive alternative is transcutaneous spinal
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direct current stimulation (tcDCS) [30]], which delivers an average electric field of 0.15 V/m in
the spinal cord between the electrodes. In comparison, our coil can induce an electric field in
the spinal cord grey matter of approximately an order of magnitude higher compared to direct
current stimulation.

Another potential application for our coil device is treatment of psychiatric disorders such as
major depressive disorder. Repetitive transcranial magnetic stimulation (rTMS) was first shown
to be efficacious for the treatment of depression in the mid-1990s [31] and subsequently cleared
by the U.S. FDA in 2008 for treatment-resistant depression (TRD). Clinical rTMS uses a focal
figure-of-8 coil to deliver electric field pulses at the dorsal lateral prefrontal cortex at an intensity
sufficient to induce action potentials in the underlying neurons. Several strategies using nonfocal
(whole brain) subthreshold stimulation are currently being explored for the treatment of TRD.
For example, it was reported that low-field (< 1 V/m) stimulation delivered using a MRI-gradient
type coil had a rapid mood-elevating effect in animals and bipolar patients [32H335], and has been
shown to affect brain glucose metabolism [36]]. In addition, a system has been proposed, using
a series of rotating permanent magnets to induce a small current in the brain in order to entrain
neural oscillations, enhance cortical plasticity, normalize cerebral blood flow, and altogether
ameliorate depressive symptoms [37]. An embodiment of our coil can be made smaller for

efficient transcranial brain stimulation.

VI. CONCLUSIONS

In this technical study we described a whole-body non-contact electromagnetic stimulation
device based on the concept of a familiar MRI RF resonating coil, but at a much lower resonant
frequency (100-150kHz), with a field modulation option (0.5-100 Hz) and with an input power
level of up to 3kW. Its unique features include a high electric field level within the subject’s
biological tissue due to the resonant effect but at a low power dissipation, or SAR level, in the
body itself.

Due to a large resonator volume and its non-contact nature, the subject may be conveniently
located anywhere within the resonating coil over a prolonged period of time at moderate and safe
electric field levels. The electric field effect does not depend on a particular body position within
the resonator. The field penetration is deep everywhere in the body including the extremities;

muscles, bones, and peripheral tissues are mostly affected. Over a shorter period of time, the
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electric field levels could be increased to relatively large values with an amplitude of about
1 V/icm.

We envision treatment of chronic pain, and particularly neuropathic pain, as the primary
potential clinical application for the device. The device enables whole-body coverage, which
could be useful in the treatment of widespread pain conditions, such as painful polyneuropathy or
fibromyalgia. In addition, a deeper tissue penetration can be achieved without causing side-effects
caused by high current density in the skin associated with the traditional contact electrodes.
Another potential application might include for example facilitation of chronic skin wound
healing [38]. Medium to high electric field levels approaching or even exceeding 30 V/m RMS
could likely be applied. It should be noted that these potential clinical applications are speculative
and warrant empirical testing in the future.

Considerable attention has been paid to device safety including both the AC power safety and
human exposure to electromagnetic fields. In the former case, we have used inductive coupling,
which assures that there is no direct current path from the AC power outlet to the coil. This
design enhances overall device safety at any power level, including high-power operation. As
with more traditional MRI devices, no large metal objects should be located in the immediate
vicinity of the coil.

Human exposure to the electromagnetic field within the coil has been evaluated by performing
extensive modeling with two independent numerical methods and with an anatomically realistic
multi-tissue human phantom. We have shown that the SAR levels within the body correspond to
the safety standards of the International Electrotechnical Commission when the input power level
of the amplifier driver does not exceed 3kW. We have also shown that the electric field levels
generally comply with the safety standards of the International Commission on Non-Ionizing

Radiation Protection when the input power level of the amplifier driver does not exceed 1.5kW.
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