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;; Abstract. A study of burn thresholds,from superficially penetrating radio-frequency
29 (RF) energy at 8.2 and 95 GHz for swine skin was conducted. The study determined
30 the thresholds for superficialypartial-thickness, and full-thickness burn severities after
31 5 seconds of exposure at power densities of 4-30 W/cm? and 2-15 W/cm? at 8.2 and
32 95 GHz, respectively. There weresignificant differences in the burn thresholds at the
33 different severities between the two frequencies due to the large difference in energy
34 penetration depths.«"Biopsies were collected from each burn site at 1, 24, 72, and
35 168 hr post exposure. Each sample was assessed by a burn pathologist against 20
36 histological factors Qcharacterize the damage resulting from these RF overexposures.
37 A one-dimensional, layered digital phantom that utilized realistic values for dielectric
38 and thermal properties was used to explain some observed thresholds. The results of
39 the heating and cooling response of the animal model, and histology scores of each
2(1) exposure are provided to enhance future efforts at simulation of RF overexposures and
42 to establish damage thresholds.
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1. Introduction

The radio-frequency (RF) radiation safety guidelines set by the IEEE G95.1 (2019), and
the International Commission on Non-Ionizing Radiation Protection (ICNIRP 2020)
are generally based upon determining exposure levels that could cause an excessive
temperature rise anywhere in the body. Safety factors of 10-50x below;these threshold
levels are then applied to account for the uncertainty in measured/dose and variability
in biophysical parameters (e.g., dielectric properties). The reagsensifor this choice of
a threshold are described in the standards, but basically, the threshold provides a
conservative estimate of the non-hazardous use of RF energy.” However, the safety
margins are not constant over the entire RF frequency band, and data that shows the
damage thresholds associated with RF overexposure in the.band of 6-300 GHz may be
helpful to supplement the RF standards to enable a risk=basedrapproach for managing
exposures to personnel. Foster et al (2020) has suggested that fluence thresholds for
pulsed GHz exposures may be overly conservative.sln.thespecific case of millimeter wave
(MMW) exposures at 95 GHz, over a thousand peopléshiive been shown to be safely
self-limiting and non-injurious at levels that are more than 70x the IEEE recommended
safety level in restricted environments (Miller et al*2021, IEEE 2019). But data on
damage threshold levels is sparse, and using rate-process models for estimating damage
requires verification. To address thesesgaps in'the upper GHz band, others have asked
for empirical studies to help inform model development (Mattsson et al 2021, Hirata
et al 2021, Foster, Ziskin & Balzano 2021y Foster & Vijayalaxmi 2021). This study
attempts to help address both of those concerns by providing thermal responses and
histological assessments of 352 trials‘on,swine skin. Incorporating the 8.2 and 95 GHz
exposure data from this stud&into the existing knowledge base will help establish
damage thresholds in the/6-300 GHz band. The distinguishing factor for RF exposures
in this GHz band is_that thé exposures only superficially penetrate the skin; and thus,
deeper tissues are not directly affected by the RF energy (except the eyes when open).
The subsurface tissuesimmay be heated due to conduction from the surface, but the effect
is purely thermal, and any physiological impact to those tissues can be determined by
the existing medical, knowledge on burns and hyperthermia. Thus, defining damage
thresholds for RF exposures in the 6-300 GHz band should only require knowledge
of damage toythe skin and eyes from these exposures. Damage to the eyes from
RF exposures in this band has been studied previously (Chalfin et al 2002, Kojima
et al 2009, Parker et al 2020, Foster, Laakso & Chalfin 2021); and thus, the focus of
thig study will be the skin.

To generate hazard data for skin, our laboratory conducted two similar studies
involvigsnicrowave exposures at 8.2 and 95 GHz, with incident fields of 4-30 W /cm?
and._2-15 W/cm?, respectively, on swine skin to determine the fluence for burn
thresholds. These studies expanded upon the previous burn data generated by our
laboratory at lower power densities (2-4 W/cm?) (Parker et al 2021b). The previous
study found approximate thresholds for superficial and partial-thickness burns resulting
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from RF exposures at 95 GHz. Since that study was completed, improvements indRF and
thermal modeling, dosimetry, instrumentation, and burn characterizations have enabled
us to conduct an improved version of the burn study. The improvements will enhance the
fidelity of simulations and damage estimates resulting from the exposuress Additionally,
because the previous study characterized the superficial and partialsthickness burn
thresholds, emphasis was placed in this study on determining the full-thickness burn
threshold. The partial-thickness and full-thickness burn thresholds have additional
importance, as these thresholds correspond to injury levels wheré burns are considered
a significant injury (Simonds et al 2012). N

Burn thresholds were obtained from animal models duésto the complexity of the
burn response at the organism level (Gibson et al 2020). Juvenile pigs were selected as an
appropriate animal model for the exposures because their skin is the most anatomically
similar to human skin (Moritz & Henriques 19474 Montagna & Yun 1964, Meyer
et al 1978, Sullivan et al 2001).

This paper focuses upon the exposure methodology, desimetry, and histology results
from the microwave exposures. Future studies will foetis on the effectiveness of non-
invasive measurement techniques for predicting burn severity, validation of simulations
of RF exposures to the skin, and improvements on dosimetry measurements that help
address deficiencies in the characterization of the exposure.

2. Methods and Procedures

2.1. Animal Use

Twenty-two pigs (Sus scrofa, Yorkshire, female, ages and weights shown in table
were used in this study. Six were used in pilot studies, and the remaining sixteen were
divided into two groups of eight swine each for the main studies at 8.2 and 95 GHz.
Animals had access'to food andswater ad libitum, and were allowed to acclimate to the
laboratory facilities for athleast 7 days prior to exposure.

Table. 1. Swine ages and weights

Avg Age SD Age Avg Weight SD Weight

Phase (days) (days) (kg) (kg)
Pilot 152 16 69.7 11.4
Main 95 130 12 61.2 3.5
Main 8.2 142 11 56.7 16.5

All ages and weights were recorded on the day of exposure.
SD = standard deviation

The animals involved in this study were procured, maintained, and used according
to an TACUC-approved Animal Use Protocol and established animal welfare standards,
compliant with: DoD Instruction 3216.01 (2019); US Department of Agriculture Animal
Welfare Regulations (2022); The Guide for the Care and Use of Laboratory Animals,
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8th Edition, (National Research Council 2011); and DHA-MSR 6025.02 (Defens¢ Health
Agency 2022). The Air Force Research Laboratory at Joint Base San Antonio (JBSA)
Fort Sam Houston, Texas has been accredited by AAALAC International since 1967

2.2. Analgesia and Anesthesia

Prior to waxing, analgesia was administered preemptively with Bupfenex (0.007 mg/kg,
subcutaneous (SQ)) in the lateral neck. Similarly, prior to, the RF exposures,
Buprenorphine SR-Lab (0.24 mg/kg, SQ) was administered preemptively in the same
location. Throughout the course of the experiment, the animals'were monitored each
day for indications of pain. If there were changes in behavior orwvitalsigns, the attending
veterinarian was notified, and appropriate steps were taken to alleviate the pain. Only
one subject exhibited any signs of pain post-exposurep.andithat subject’s pain was
alleviated by an additional dose of Buprenorphine SR-Lab.

Prior to anesthesia on the day of exposure, the.animal was induced with an injection
of tiletamine-zolazepam (Telazol, 4-6 mg/kg, /intramuscular (IM)) and anesthetized
initially with 3-5% isoflurane in oxygen via a facémask. The pig was then intubated
with an endotracheal tube and placed omnan autematic ventilator with the initial
tidal volume at 812 ml/kg, peak pressure at»20 cm H,O, and respiration rate at
820 breaths per minute. The ventilator setting was adjusted to maintain an end
tidal PCOy of 40+5 mm Hg. Anesthesia was maintained with 1-3% isoflurane in
oxygen. Also, since isoflurane was usedfor an extended period of time (> 1 hr),
maintenance fluids (10-15 ml/kg/hr) were administered. Throughout the course of
the procedures, vital signs were contimuously monitored and kept constant by adjusting
the isoflurane dose and using warming blankets and underbody pads. On Days 1, 3,
and 7 post-exposure, and on waxing day (3-4 days pre-exposure), the animals were
briefly anesthetized to obtain images and biopsies (post-exposure) or remove hair (pre-
exposure). On these days, thetanimals were sedated with tiletamine-zolazepam (Telazol,
4-6 mg/kg, IM) andsmaintained under anesthesia (3-5% isoflurane) via mask.

2.5. Experimental Setup

All RF exposures were conducted in enclosed, RF-absorbing, anechoic chambers at the
Tri-ServieesResearch Laboratory, JBSA Fort Sam Houston, TX. The 95 GHz MMW
exposures usedda pulsed 1 kW, adjustable pulse repetition frequency (PRF), coupled-
cavity,. traveling wave tube (CCTWT) source. The 8.2 GHz exposures used a 20 kW,
continuousswave, klystron transmitter (Model 6740, Cober Electronics, Connecticut).
For both sources, the RF energy was transmitted through a rectangular waveguide (WR-
10 for 95°GHz and WR-112 for 8.2 GHz) terminated by a pyramidal horn and into the
chamber. The RF beam emitted by the horn passed through a custom-built, dielectric
lens (Sheldon 1991), which focused the energy to a 1.7 cm full-width at half-maximum
(FWHM), Gaussian spot for 95 GHz and 10.0 cm FWHM for 8.2 GHz. The spot size
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was larger at the lower frequency due to the difference in the wavelengths of/the RE
energy.

The experimental apparatus used to conduct all of the exposures .is shown.in
figure [ The anesthetized pig was lying prone with the legs extended awayirom the
body, and the first exposure site positioned at a fixed distance fromhe transmitter.
The distance to the exposure site was verified before each exposurehrough.the use of
two laser pointers that intersected at the desired distance from the transmifter (261 cm
for 95 GHz and 130 cm for 8.2 GHz). One laser pointer was placed at_the lens center
and aligned to the beam centerline so that it would minimally intexfere with the MMW
beam. The second laser pointer was placed on an optical méunt, 120 ém off centerline.
The pig was placed on a surgical table that could move the pig vertically, horizontally,
and rotate about its longitudinal axis to align the exposure site normal to the beam.
An infrared (IR) camera (SC6700, Teledyne FLIR LLC, Wilsonville, OR) was placed on
a tripod at beam height at a set distance from the subject (60°¢m for 95 GHz, 80 cm for
8.2 GHz). The additional camera standoff at 8.2.GHz was required to reduce reflections
from the larger beam size. The IR camera was remotelgf controlled by a networked
computer (not shown), which synchronized the camera with the transmitter and also
stored the IR video during the data collection:phases.

MMW
Source
IR 94 GHz

N Lens

Local vertical
IR 8.2 GHz

centerline Cross-section
of pig

Figure 1. Experimental setup. Main beam of the transmitter is shown in red. The IR
camera for the 8.2 GHz exposures is semi-transparent to indicate the new position for
those exposures. The insert at the lower right graphically defines 8, which represents
the angle between local vertical and the plane tangent to the point of the pig flank
directly on the beam centerline. The curved arrow indicates the direction of positive
increases in 6.

For each exposure, the subject was positioned to align the exposure site as normal
to the beam as possible. Due to the natural convexity of the swine’s flank, the site
was not normal, so a digital level (AngleCube, iGaging, San Clemente, CA) was used
to measure the angle of the skin (£ 0.5°) relative to local vertical (0, see figure [1f).
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Once positioned appropriately, the site was irradiated using the appropriate source at
the desired power density for 5 s. Sham or positive control sites were positioned at the
beam centerline, but the transmitter was not energized. After exposure, the subjectiwas
positioned for the next site. Once all sites were complete, the subject was returned to
the vivarium laboratory, where the positive control exposures, post-exposure imagery,
and biopsies were conducted. All trials for a subject (RF + positivecontrols,+ shams)
were completed within a 40 and 100 min time frame for the 8.2 and 95 GHz exposures,
respectively.

~

2.4. Dosimetry

Measurements of the 95 GHz field intensity were made using two complementary
methods: RF power meter and thermal rise of a calibrated, flat‘plate. The RF power
meter method involved the use of a diode power sensor (HP-W8486A, Hewlett-Packard,
Palo Alto, CA) coupled to an open-ended, 95 GHz waveguide section, and a power
meter (HP 438A, Hewlett-Packard, Palo Alto, CA) s msed to display the output. The
sensor was mounted on a six-axis robotic arm (VS068A4-AV-6-NNN, Denso Wave, Inc.,
Aichi, Japan) to accurately scan across the,exposure region at millimeter resolution.
A calibrated sheet of 15% carbon-loaded Teflon, (CLT) (Polytetrafluoroethylene) was
placed normal to the beam 261 c¢m frem the transmitter (the desired exposure distance)
to verify the power density and beam diameteriin accordance with the method described
in Parker et al (2021a). The RF powerimeter was NIST traceable (which sets the
measurement standard at 95 GHz at +1 dB), and the CLT sheet method was within
2.2% of the power meter. Power output of the transmitter was regulated by the use of
computer-controlled variations in the duty cycle of a 1 kHz rectangular pulse train that
gated the output of the transm}ter oscillator.

Measurements of the 8.2 GHz field intensity were made using a broadband electric
field probe (EP-602, Narda, Milan, Italy). The same robotic arm was used to accurately
position the probe imthe exposure region. Power output of the transmitter was regulated
by a computer-dontrolled, analog signal generator (E8247, Keysight Technologies,
Colorado Springs, €O) to supply the input voltage to the transmitter. Additionally,
transmitter Output pewer was monitored with a diode power sensor (HP-W8481H,
Hewlett-Packard, Palo Alto, CA) connected to a directional coupler mounted before the
output horn, with'a power meter (HP 437B, Hewlett-Packard, Palo Alto, CA) used to
display'the output. The beam shape was estimated from the heating patterns resulting
from”0.3 s, 10-W pulses on a thin plastic sheet using the IR camera.

2.5 Imaging Burn Sites

Digital; color photos were collected at each of the 5 experimental time points (pre-,
1 hr post-, 24 hr post-, 72 hr post-, and 7 days post-exposure). A large scale photo
of the entire pig flank and smaller scale photos of each exposure site were collected. A
standardizing color map (Tiffen Gray Scale, Tiffen Company, Hauppauge, NY) and two
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rulers were included in each photo to account for differences in illumination andfcamera
orientation.

During the exposures, IR thermography was collected at each site with the IR
camera for 0.5 s before the exposure until 1-30 s post-exposure, the variation due to
extraneous factors. The camera uses a 640x512 sensor array with closed cycle cooling
to allow the images to be internally calibrated. IR thermography images were collected
at 125 fps, and the pixel resolution was 24.0 or 32.3 pixels/cm for the 8.2 or 95 GHz
exposures, respectively. Prior to each exposure session, a twespointy, non-uniformity
correction was conducted using a black-body source (Mikron M345,Micr0n Infrared,
Inc., Oakland, NJ). As the temperature range of the expésures spanned 25-115 °C,
operating the IR camera in superframing mode was necessary toeollect data over the
entire range. The two temperature spans used for the superframing mode were 10-90 °C
and 50-150 °C. Using this mode reduced the effective frame rate to be 62.5 fps, as the
camera interleaved the frames associated with the tWo temperature calibration settings.
Superframing was not used for the first pig in the®95 GHzmain study, which caused the
temperature readings to saturate for the 12 and 15/W/ ¢in? conditions.

2.0. Linking biopsy sites to IR imagery

Because exposures in this study could,be at low levels or required biopsy punches along
95% and 50% thermal contours, the‘intended biopsy sites were not visually distinct.
This created a problem to determine where.a biopsy should be collected. The solution
was to review the IR imagery collected during the exposure and note the pixel positions
of the corners of the box surrounding the exposure. Then, measurements of the positions
of the appropriate grid box were.made ‘at the time of the biopsy. Neither the IR imagery
nor skin measurements were exactly 5x5 cm due to the stretching and relaxation of the
skin resulting from differenges in /the body position of the subject compared to when
it was marked on Day. 0. Additionally, the IR camera view angle was not normal to
the site; and thus, the IR image required a correction for perspective. By determining
an affine transformation that mapped the positions of the corners in the perspective
corrected IR image.to the current positions on the pig skin, appropriate positions for
biopsy punchies were determined (see figure [2)).

2.7. 95 GHz Exposures

A pilot study involving five (N=5) pigs spanning the power densities 1.5-40 W /cm? were
used to establish the exposure conditions for the main study. The main study involved
eight, pigs (N=8) exposed for 5 s at power densities of 2-15 W/cm? using a 1.7 cm
FWHM Gaussian spot size. A listing of all exposures for the pilot and main study are
provided in the Supplemental Information tables S1-S15. Three or four days prior to the
exposure, each pig was sedated and a region was selected that was at least 40 cm long X
10 cm wide along each flank, more than 3 cm laterally from the spine, and between joints
of the fore- and hind-legs. The hair within this area was removed using a commercial
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Figure 2. A reversible mapping of points on ghe skin with the IR imagery was
determined using an affine transformation based on registration of the corner points.
The skin surface was distorted due to differences in the position of the pig.

hair removal waxing product, and then disinfected with cf@orhexidine and/or soap. On
the exposure day (Day 0), the pigs were sedated for the duration of all procedures and
exposures. First, any hair regrowth in{the waxed zegion was removed with a razor.
Then, 2x8 grids, where each grid is 5x5 cmy, were drawn onto each flank (32 sites total)
using a ruler and permanent black marker, and then, a silver-inked marker was used to
mark each corner position in the grid. Thessilver marker provided better contrast on
the IR imagery, which helped in the registration of points in the collected IR data. Pre-
exposure digital photographs were collected as described in section[2.5] Then the subject
was transferred to the exposufe chamber, where the experimental setup described in
section was arranged. The 82 exposures were conducted sequentially in accordance
with that subject’s exposure m}trix, viz., the top row on the left, then bottom row on
the left, then top and bottom on the right. IR thermography was collected during this
session as describedtin section2:5] Upon completion of all 32 exposures, the subject
was returned to the vivarium laboratory. There, the positive thermal control exposures
were conducted. Brass'slugs, 3 cm in diameter and heated to 100.0£5 °C were placed
in direct, thermal contact with the skin for a set duration (10 or 13 s) with steady
contact pressuire maintained by internal spring tension. The positive control exposures
were chosen'to ¢oincide with similar contact burn exposures conducted by (Burmeister
et al 20197 Ponticorvo et al 2014, Ponticorvo et al 2019) that generated partial-thickness
burns. After the positive controls were complete, the 1 hr post-exposure imaging session
wouldreommence as described in section [2.5] Next, a punch biopsy, 6 mm in diameter,
was collected from the center of seven exposure sites associated with each of the seven
power, density exposure conditions. Additionally, a punch biopsy was collected from
each of the two sham and positive control sites. The biopsy tissue was divided into two
equal sections using a scalpel with one section fixed in formalin for histopathology and
the second section placed in Allprotect tissue reagent (Qiagen, Hilden, Germany) for
later analysis. The order of biopsy locations for a given condition were randomized and
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are provided in the exposure matrices for each pig in Supplemental Information tables
S3-S15. Once all biopsies were complete, the areas were dressed with Tegraderm and
non-adherent gauze, and then covered with a layer of Ioban drape. Then, the subject
was moved to its home pen to recover.

For the Day 1, 3, and 7 post-exposure sessions, the subject was sedated, the wounds
imaged, and 11 biopsies were collected (7 MMW conditions + 2 sham <452 positive
controls). The biopsies for the four time points for the sham and pesitive controls were
collected from non-overlapping areas in the same 5x5 cm pateh of skin,rather than
the single, center biopsy collection in the MMW exposed sites. This was possible for
the controls because the exposure was uniform rather than the Gaussian distribution
of the MMW exposures. Following the biopsies on Day 7, the subject was euthanized.
After the euthanasia was confirmed, a strip of skin (approximately 1x5 cm and 1 cm
thick) was collected at ten of the sites corresponding o theiseven exposure, two positive
control, and one sham conditions. The strip was éxeised as ¢close to the center of the
exposure as possible without overlapping the existing. punch biopsy site.

Because this study involved low power expasure$ (2. and 3 W/cm?) to determine the
superficial burn threshold, the skin at these sites'often exhibited no visible indication
of exposure at the time of the biopsy. “As mentioned above, this was problematic
for determining where the center of an expesure eccurred so that a biopsy could be
appropriately collected. Using the affinestransformation of the IR imagery, the center
of the exposure was determined, and thesbiopsy punch was performed.

2.8. 8.2 GHz Fxposures

Following a similar methodology outlined in the 95 GHz study, a single pig (N=1) was
used in a pilot study at 82 GHz to determine the exposure conditions that would span
the burn severity spectrum from no effect to full-thickness burns. This was followed by
the main study involving eightpigs (N=8) to determine burn severity from eight RF
exposure conditionss=A listingrof all exposures for the pilot and main study are provided
in the Supplemental Information tables S16-S25. The conduct of the exposures was
similar to the 95 GHz study except that the beam was larger (0.10 m FWHM), and
thus 4 sites (only 2 were RF conditions) were exposed on each flank, 8 sites total per pig
(see figure . Because the sites were larger, two temperature contours, the 95 and 50%
temperature contours relative to the peak temperature change, could be determined
from the IR data. Since change in temperature is proportional to the absorbed power
density (Foster'et al 1978), the two contours could be associated with two different power
demnsities. Thus, each exposure site on the pig yielded burn data for two distinct power
density, conditions. Because the pig flank was not flat, these contour regions were not
circular, and had to be correlated with IR imagery to determine the eight biopsy points
using an affine transformation. However, the affine transformation did not account
for differences in curvature over the flank between the image and the current position.
Because a larger region was mapped in the 8.2 GHz exposures compared to the 95 GHz,
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the magnitude of the effect of curvature needed to be quantified. Therefore, each site
had two test locations that were used for uncertainty quantification of the adeuracy in
the transformation.

50%,

exposure site

95% L4 ; ~
Q : control/sham h .
)

exposure site

e (D) controysham (7). ®

Figure 3. The four exposure sites for the 8.2—Gﬁz study are labeled by numbers
within circles. RF beam power/and temperature contours are denoted by solid (95%)
or dashed (50%), red circles. Notional biopsy points are in blue closed circles. The
test locations for the affine transformation are marked with a grey, positive sign (+).

2.9. Histology

Each 6 mm biopsy punch was fixed in 10% neutral buffered formalin for 48 hr,
dehydrated in alcohol, and paraffin processed. The resulting paraffin block was then
sectioned into 7 um thick samplespand stained with hematoxylin and eosin (H&E). The
slides were reviewed by a board-certified pathologist, who was blinded to the exposure
conditions, and scored‘accordingto a 20 factor, ordinal point scale created by Gibson et
al (2020). Because the hairs were removed from the MMW exposed surface by waxing,
local inflammation of theshair follicle region was evident in the H&E stained slides at all
time points. This artifact required the pathologist to exclude the regions local to hair
follicles from¢his assessment of the skin damage. Since each slide only contained 1-2
follicles, most of the slide area was available for evaluation (see figure . Additionally,
if in the pathologist’s opinion the slide preparation was poor or unacceptable, the data
associated with those slides was excluded from further analysis. Burn severity was
largelysdetermined from the scores associated with two factors: epidermal and dermal
injury scores, using the decision tree in table [2]

Burn wounds are classified based on the deepest tissue damaged as superficial,
partial-thickness, or full-thickness, which determines the wound management necessary
for ‘suecessful healing. Superficial burn injuries only involve the epidermis and will
heal without medical intervention. Deep partial-thickness burns injure the epidermis
and papillary dermis requiring debridement of the necrotic tissue and application of a
topical burn dressing (Stone et al 2018). Based on Gibson et al, losing more than 75% of
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24 Figure 4. Sample of H&E stained slide demonstrating the relative sizes of the hair
25 follicle to the overall slide. The green ellipse represents the region excluded by the
26 pathologist for damage evaluation.

29 Table 2. Classification of burn severity based upon histology scores for Epidermal
30 and Dermal injury.

32 Severity Epidermal Injury  Dermallnjury Vascular Occlusion Adnexal Necrosis

No Burn 0 0
Superficial >1 0
Partial-thickness >3 >1
37 Full-thickness NAT N 4/5* >4/NA >4/NA

38 *If dermal injury is a 4, then both/the vascular occlusion and adnexal necrosis scores must be 4 or more to be
39 classified as full-thickness, If dermal injury is a 5, then the burn is classified as full-thickness.
40 NA = not applicable

43 the viability in the tissue,including the reticular dermis and adnexal structures (score 4
44 or greater) is clinically comsidered a full-thickness injury that requires surgical excision
of the necrotic tigsue followed by skin grafting to avoid complications (i.e., hypertrophic
47 scaring) associated with prolonged wound healing.

2.10. Bzgposure Simulation

A fone-dimensional (1D) layered, thermally isolated (adiabatic boundary condition),
53 computational phantom of the skin was used to simulate the thermal response expected
54 from the RF exposures. The layers consisted of epidermis, dermis, fat, and a terminating
musclerlayer, assumed infinite. These simulations were based upon an analytical
57 solution to Maxwell’s equations in 1D coupled to a numerical solution to the Pennes’
58 bioheat equation similar to other studies (Alekseev et al 2005, Foster et al 2020, Christ
et al 2020). Briefly, we computed the RF energy deposition from a planewave source
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incident on the layered model by solving the boundary-value problem dictated by
Maxwell’s equations. This source term was used in a finite-difference solver of the
bioheat equation, given by

or_ o (ot
Pl ot 0z 0z

where 1" denotes the temperature, p is the density of the tissue, ¢, is the heat eapacity,

) L O(2) + Bopen(T - Tp), 1)

k is the thermal conductivity, Q(z) is the source term given by Q(z) = pSAR, where
SAR is the specific absorption rate, (3 is the tissue perfusion rate,pgcg-isthe volumetric
heat capacity of blood, and T is the temperature of the core bedy blood pool, assumed
constant. Given the localized nature and short duration of the GHz exposures, we
neglect a metabolic heat generation term in equation [I}

Here, similar to (Alekseev et al 2005), the temperatuze history (heating and cooling
phases) from three exposures during the pilot studies at 8:2vand 95 GHz were used to
determine an effective thermal conductivity in the epidermis and dermis (0.5 W/m/ °C)
and a dermal perfusion rate (2.0x107* ml/s/ml) thatiwasyused for all simulations. All
subsequent analyses make use of this thermal conductivity and perfusion rate. All
other dielectric and thermal properties ‘were takenfrom the IT’IS database (Hasgall
et al 2018). The thicknesses of the layers were based upon biopsy data from Yorkshire
pig flanks (Vincelette et al 2012).

Using the perfusion and conduetivity values determined from the pilot data, the
simulated temperature response from a 1:W /cm? exposure of the 1D layered phantom
was linearly scaled to fit the heating profile of a patch of skin associated with the hottest
pixel to provide an estimate ©f the peak power density for each trial, which should
correspond to the center of the Gaussian beam. Each fit was constrained to a single
free parameter, the power dens\l’ty on target. Because the relative temperature data is
accurate within 20 mK and is independent of the RF power meters, these calculations
provided a measure of the variation in the absorbed power due to experimental factors
for each trial.

3. Results

3.1. Temperature Correlations

Figures{d| and [6|show the average surface temperature profiles for the regions associated
with the biopsy locations for each RF exposure condition in the 95 and 8.2 GHz studies,
respectively. "Each time trace represents the average of the temperature readings from
pixels associated with the biopsy punch for all skin samples at that RF condition. Error
bars represent 1 SD of the data at each time point and RF condition. Some exposures
ended prematurely; and therefore, the plots represent statistics from the available data
at that timepoint. Figures|[7]and [§|represent the distribution of skin temperatures in the
region of a punch biopsy for a typical trial at 95 and 8.2 GHz, respectively. In addition,
the blue line in each plot represents the 1D model estimate for that exposure. Each
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empirical trace shows the temperature history of the min, 5% quantile, 25% quantile,
median, 75% quantile, 95% quantile, and maximum for the pixels in a region associated
with the 6 mm biopsy punch plus any uncertainty in determining the “punch locatien.
The 1D model is well correlated to the median temperature rise during, the exposure
on times, and thus is a good predictor of peak temperature. The cooling phase is well
represented in the 95 GHz case, but less so for 8.2 GHz. The Supplemental Information
contains an HDF archive (The HDF Group & Koziol 2020) with these same emperature
distributions for every trial in this study, except where IR data’was not _available due
to camera malfunctions. =

15 W/cm? y
80 4 10 W/cm? ’J" —t -1

8 W/cm?

6 W/cm? -

4 W/cm?

.
3 W/em? . + 1

2 W/cm? = ) /'-’

60 -

201

0 1 2 3 4
Time (s)

Figure 5. Mean c@ge in surface temperature versus time for each 95 GHz exposure
condition at the biopsy site. Error bars represent 1 SD. Colors are assigned from a
sequential colormap to each power density.

In figure [9] the power densities determined from dosimetry measurements for 8.2
and 95 GHz expgsures were compared to the predicted power density using the 1D,
layered computational phantom. The triangles and circles represent the estimated,
normalized power densities for 8.2 and 95 GHz exposures, respectively. The data points
for the 8.2 GHz{ 8 W/cm? condition are shifted to the right to avoid overlap with the
95 GHz data atythe same power density. The error bars represent 1 SD. The power
density predictéd by the 1D layered phantom was computed from the least-squared fit
of thestemperature history for each trial and corrected using Fresnel’s equations for
angle of ing¢idence by 1/ cos?(6) (Jackson 1999). As expected, large angles of incidence
(>10°) did affect the absorbed RF energy, which can be seen in a similar plot in the
Supplemental Information that does not correct for . Averaged over all conditions,
the 1Drmodel underestimated the measured power densities by 4%, which is probably
indicative of the fact that the single measure of the incident angle at the center of the
exposure was not sufficient to account for the curvature of the skin over the exposure
site. The convex curvature reduces the absorbed RF energy leading to lower skin
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Figure 6. Mean change in surface temperature versus time for each 8.2 GHz exposure
condition at the biopsy site. Error bats represent-¥ SD. Colors are assigned to each
power density using the same sequential /colormap as in figure Nominal power
densities were 8, 20, 25, and 30'W /em? with punich biopsies taken at the 95% and 50%

contours.
80 -
70
e)
o 60
3>
©
[
Q.
5 50+
2
Subj: 2
40 1 Trial #: 11
Loc: B5
0 2 4 6 8 10 12

Time (s)

Figure 7. Distribution of temperatures over the biopsy region for a representative
95 GHz exposure. The solid line represents the median temperature over the region,
the green, dotted lines represent the 25% and 75% quantiles, the yellow, dashed-dotted
lines represent the 5% and 95% quantiles, and the red, dashed lines represent the
minimum and maximum temperatures. The solid, blue line represents the estimated
temperature from the 1D model.

temperatures than would be expected from measurements of the free field even after
correcting for the central angle relative to the beam path. Since the power density from
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Figure 8. Distribution of temperaturesfover the biopsy region including uncertainty
in registration of IR data points for a FepreSentative 8.2 GHz exposure. The dotted,
black line represents the median temperature over the region, the green, dotted lines
represent the 25% and 75% quantiles, the yellow, dashed-dotted lines represent the 5%
and 95% quantiles, and the red, dashed. lines represent the minimum and maximum
temperatures. The solid, blue line tepresents the estimated temperature from the 1D
model.

the 1D phantom resulted fromnthe fit of the observed temperature profile, the lower
modeled power density resultseprovide an estimate of the effect curvature would have
on the exposures in this geometry.

N

3.2. Histopathology Results

Standard box plots representing the histological scoring of epidermal and dermal burn
depth for all exposures, at 95/and 8.2 GHz are shown in figures 13} The median is
represented by a thick herizontal, grey line in the box, and the whiskers extend to the
lesser of 1.5x _the inner guartile range or the minimum and maximum values for that
condition. Because the data is ordinal, a small amount of jitter was added horizontally
to each data'peint to allow an estimate of the number of responses at a given condition.
The fout plots represent the extent of the damaged tissue in the epidermis and dermis,
respectively, according to the 0-5 scale shown in table [3

The boxplots demonstrate that the RF exposures behave in a dose-dependent
manner, 1.e., the injury severity increases as the energy deposited increases.
Additionally, there are threshold levels, below which the severity is consistently low;
then near threshold, the severity spans the full range of severity scores due to variability
in subjects and exposure; and lastly, suprathreshold exposures that are consistently
high, but have more variability than the below threshold exposures again due to subject
and exposure variability. One difference in the severity between the 8.2 GHz exposures
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Figure 9. Comparison of empirically measured power densities to the predicted values
from the 1D layered, computational phantom. Tﬁangle markers indicate 8.2 GHz
exposures, and circles indicate 95 GHz exposures. Error bars represent 1 SD of the
predicted values. Colors are assigned.to each power density based on the same colormap
in figure [6]

Table 3. Severity scores for histology, assessment of burn depth in epidermal and
dermal layers of skin.

Score  Deseription

0 Normal tissue

Damage extends through 0-25% of the layer
Damage extends through 25-50% of the layer
Damage extends through 50-75% of the layer
Damage extends through 75-99% of the layer
Damage extends through 100% of the layer

T~ W N~

and the 95 GHzéxposures is that the transition between superficial burns to more severe
partial thickness or full-thickness burns occurs quicker (over a smaller range of power
density changes) for{8.2 GHz than the 95 GHz exposures. Specifically, the severity
for 95 GHazpexposurés gradually increases over the full range of powers explored (2-15
W/cm?), whereas the 8.2 GHz exposures have a marked change at (10-15 W/cm?).
Below, this region the histology scores are essentially 0-1 and above they are 4-5. This
efféct is assumed to reflect the deeper penetration of the lower frequency MMW energy
suchhthat when the temperature is sufficient to damage the surface, the subsurface
temperature has been heated to a similar temperature by the penetrating energy. These
plotsralso show that 2 out of 123 acceptably prepared, sham exposed samples exhibited
damage consistent with superficial burns, which presumably is due to trauma caused by
the waxing procedure or histology processing artifacts. Five sham and 23 RF exposed
samples (out of a total of 736) were excluded due to poor slide quality. Box plots showing
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Figure 10. Box plots of the epidermal injury sScores for each exposure condition at
95 GHz at each experimental time point. Fach exposure condition is listed by the
nominal power density in W/cm? SHANEfor sham exposures, or P10 and P13 for the
positive control contact burns for 10 and 13 s, respectively. Jitter was added to each
data point to visualize the numberiof responses at a given condition.

the scoring of the other 18 histopathology categories defined in Gibson et al (2020) for
all exposures at 95 and 8.2 GHz are shown in the Supplemental Information.

. N
3.3. Damage Modeling
Two traditional damage metrics were computed for these burn trials: CEMy; and
Arrhenius, and each was, compared to the histological assessments of severity. The
CEMy3 metric was computed for the mean thermal response of each RF condition and
compared to thé associated burn severity level for each trial at that condition. The
results are shown initable [, where the values associated with the burn severity are
the number|of @bservations of that burn severity found in the histology for that RF
conditiongand the CEM,3 value is computed from

CEM,; = / dt RUB-T(), (2)

where T'(t)4s the temperature (in °C) at time ¢ for the mean responses shown in figures
and [, The last column in table [ computes the ratio of the experimental exposure to
the exposure reference level (ERL) for restricted environments in the IEEE C95.1-2019
standard (IEEE 2019).

The first feature to observe from table 4] is that as expected the transition from
healthy to damaged tissue (burns) are associated with CEM,3 values of 10-100 (van
Rhoon et al 2013). Additionally, the CEMy3 values for the 95 GHz exposures > 6W /cm?
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Figure 11. Box plots of the epidermal injury sScores for each exposure condition at
8.2 GHz at each experimental time point. Each exposure condition is listed by the
nominal power density in W/cm? SHANEfor sham exposures, or P10 and P13 for the
positive control contact burns for 10 and 13 s, respectively. Jitter was added to each
data point to visualize the numberiof responses at a given condition.

are many orders of magnitude above the 8.2 GHz exposures > 20 W /cm?, yet the severity
of the 95 GHz burns are essentially limited to partial thickness burns compared to the
full thickness burns at 8.2 GHz: Henge, there is poor correlation of burn severity with
the CEMy3 values. This is partially explained by the dependence of CEMy3 values on
surface temperatures, while/burns involve damage to subsurface tissues and possible
inaccuracy of the CEMys metrieé’at high temperatures (> 55 °C) (Dewhirst et al 2003).
Of note, the maximum temperatures for the 10 and 15 W/cm? conditions at 95 GHz
exceeded 100 °Cj which is consistent with the blistering that manifested with these
exposures. However, the temperature reported is based upon IR data. Since the IR
emissivity of thessteamnis slightly lower than the 0.98 value used for skin, the actual
temperature may be slightly higher. The 95 GHz exposures have significantly higher
safety factors due'to the introduction of the fluence limits for exposures above 30 GHz.
The 8.2 GHz exposures at 10-15 W /cm? were less than 10x the IEEE limit, yet they
resulted in parfial thickness and full thickness burns. The higher power (> 20 W/cm?)
8.2 GHz exposures largely resulted in full thickness burns at levels that were 15-20x
the TEEEdimit.

Next, using the Arrhenius integral based procedure that associates the burn depth
with the deepest tissue layer that yields an Arrhenius damage integral equal to one
(2 =1) (Knox et al 1979), an estimate of the burn depth from the 1D layered phantom
is made for every trial. The Arrhenius values for the rate constants were acquired from
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26 Figure 12. Box plots of the/dermal injury scores for each exposure condition at
27 95 GHz at each experimental time point. Fach exposure condition is listed by the
28 nominal power density in W/cm? SHANEfor sham exposures, or P10 and P13 for the
29 positive control contact burns for 10 and 13 s, respectively. Jitter was added to each
2(1) data point to visualize the numberiof responses at a given condition.
32
2431 Pearce (2009) and are listed in table The model predicted burn depths for each
35 trial are paired with empirical burn severity levels that are assigned by converting the
36 20-factor, histology score for each trial using table [2, and the results are presented in
;73 figure[14 The dashed, vertical ines'denote the boundaries of the epidermis and dermis
39 in the 1D phantom (at 80.and 2780 um, respectively), and the colored bands provide
40 visual guides for the regions associated with each histologically determined, burn severity
41
e level.
43 The lines and colored bands break up the domain into boxed regions. If one adds a
44 region associated with just the surface (zero depth), then ideally, the plot would have a
22 block-diagonal shape, e:g., all of the exposures associated with the “partial-thickness”
47 condition should have a burn depth in the dermis (80-2780 pum). The majority of points
48 do follow this trend, which supports the use of the 1D model to predict burn severity.
gg Where there were disparities of the ideal block-diagonal shape of histology
51 assessmentsrand predicted burn depths, the probable causes were a) accuracy of the
52 registration of points in the IR video with the biopsy centers, b) differences in the actual
;31 thickness.of the layers for each subject, c¢) dielectric and thermal properties associated
55 with each tissue, d) cooling differences between biopsy samples taken at the 50 and
56 95% temperature contours, and e) curvature of the flank at the biopsy position. An
;73 indicator of the problems in registration is seen by data points associated with exposures
59 in the lower right that predicted deep burn depths, but histology assessed as “No burn.”
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Figure 13. Box plots of thefdermal injury scores for each exposure condition at
8.2 GHz at each experimental time point. Each exposure condition is listed by the
nominal power density in W/cm? SHANEfor sham exposures, or P10 and P13 for the
positive control contact burns for 10 and 13 s, respectively. Jitter was added to each
data point to visualize the numberiof responses at a given condition.

The IR imagery of that site observed high temperatures that generated the deep burn
estimate, but the punch was follectedyin a presumably different, cooler area. Only 1
data point from the 95 GHz study is/found in this errant region because determining
the punch site for the 95 GHz samples was easier due to a single punch being made
in the center of a smaller region as compared to the multiple measurements that were
necessary to find the punch site at 8.2 GHz. The effect of the registration concerns
can also be seen insable EI, where 2 exposures at 30 W/cm? yielded “no burn”, yet the
other 30 exposures at that level were significant burns. Improvements on measuring the
curvature of the flank and integrating that information in the registration of the biopsy
points could(reduce the positional uncertainty, which would provide a better estimate
of the temperature history associated with a biopsy.

The variation’in the layer thicknesses for each individual will have a stronger effect
on the temperature response at 8.2 GHz due to the deeper penetration depth, which will
also'tend toreauise a larger uncertainty in the 8.2 GHz data. The 1D model also cannot
aceount for the spatial temperature gradient at the 50% power biopsy sites, which could
affect thetime history of the surrounding tissue and hence the damage observed. It
should also be noted that the 2 sham exposures that exhibited damage (see figure
had histology scores that would be consistent with superficial burns (epithelial damage
less than 100% thickness), which could indicate that all samples have potentially higher
histology scores due to artifacts related to waxing and sample preparation.
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Table 4. CEMy3 values, burn severity, IEEE safety margins associated with mean
response of each RF condition

Freq Power Density max T No | S| PT | FT | CEMys safety

(GHz) (W /cm?) (°0) (min) factor
8.2 4 41 321 0 0]5x10"* 3
8.2 8 48 26 5 1 0|3 x1074 6
8.2 10 53 10 |10 | 11 1|9 x10° 7
8.2 12.5 58 91 1| 19| 3[2x10° 9
8.2 15 60 2 3 18 9 | 9x102 11
8.2 20 69 0 1 15 16 |43, x10° 15
8.2 25 77 0 0 8| 24 | 8 %107 18
8.2 30 85 2 0 4| 26| 2 x10'0 22
95 2 48 27 5 0 01 3.x1071! 45
95 3 55 22 7 2 04 x10! 67
95 4 63 3 6 23 0| 6x10° 90
95 6 77 0 3 27 1|8 %107 130
95 8 90 0 2 30 Oyl 5 x10M! 180
95 10 100 0 0 32 0|4 x10™ 220
95 15 118 0 0 28 2 | 3 x10%° 340
No = No burn

S = superficial burn
PT = partial thickness burn
FT = full thickness burn

Table 5. Kineticcoefficients for skin thermal damage

A(s™1) E, (J/mol) Temperature region

8.82 x10%,. 6.03/x10° T< 53 °C
1.30 x103% 2.04 x10° T > 53 °C

A = pre-exponential factor
FE, = activation energy

During the 95 GHz pilot study, we attempted to determine full-thickness burn
thresholds from 1 s duration exposures, but after histological assessment, no samples
exhibited full-thickness burns even though RF intensities as high as 40 W/cm? were
used. The suxface temperatures exceeded 90 °C, and in most cases, the skin blistered.
However; the superficial absorption depth (corresponding to a power density of 1/e* or
13.5% of the surface level) of 300 pum coupled with the short exposure time and the
bloed flow insthe deep dermis prevented sufficient heat from propagating to the dermis-
adipose tissue interface and cause damage through the full thickness of the dermis. This
thermodynamic limiting effect of the heat conduction was validated in the 1D layered
phantom, which predicted that the maximum temperature rise at 2780 um below the
surface (the approximate depth of the dermis-adipose tissue interface) was less than
0.05 °C. The fact that the subsurface thermal dose can be drastically different than
the surface thermal dose further supports the use of Arrhenius integral values at depth
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Figure 14. Burnseverity associated with each predicted burn depth for the RF
exposed samples at all four time points. The triangles and circles represent 8.2 and
95 GHz exposures, respectively. Each of the exposure data points have vertical jitter
added to help visu‘a}lze the number of trials associated with each condition. The
dashed, vertical lines indicate boundaries of the epidermis and dermis in the 1D model.
The redy yellow, greengand white bands represent regions where the severity of the burn
was assessed, by histological assessment as full-thickness, partial-thickness, superficial
burngjyormo burn/(normal tissue), respectively. To avoid the logarithm of zero depth,

one micron is'added to all burn depths.

rather than relying only en surface values (Henriques 1947) to determine burn severity.

4. Discussion

Thé 2-4 W/eém? exposure conditions at 95 GHz were similar to those conducted in

Parker et al (2021b), where burns were assessed at only 1 time point, Day 3 after

exposureand involved multiple durations. For the exposures in the previous study that

had.5 s durations, less than 50% of the exposures at 2 W/cm? resulted in superficial

burns, which compares to 2 of 8 (25%) exposures in this study resulting in epidermal

injury scores greater than zero on Day 3 that would be considered superficial burns
(sce figure [10). More than 50% of the exposures at 3 and 4 W/cm? in the previous
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study resulted in partial-thickness burns. For this study, 1 of 8 (3 W/cm?) and 7 of:8
(4 W/ecm?) exposures resulted in dermal injury scores greater than zero, which would
be considered partial-thickness burns (see figure [12). Regardless, as expected the higher
power density exposure conditions (6 W/cm? and greater) in this study consistently
demonstrated higher injury scores than the lower power conditions.

This is the first RF skin burn study at 8.2 GHz that is known to'the authors; and
thus, there are no empirical data for comparison at these suprathreshold pewer levels.
The 8.2 GHz heating rates compare favorably with the 1D layered model predictions
as shown in figure [0 In fact, the high correlation of predicted thermal response with
the measured values enhances the confidence in the predictions using the computational
phantom.

During the 35 s of IR video collection, subject breathing could cause large relative
motion of the skin surface since the camera was fixed. The silver inked points in the
corners of the exposure areas were used in a cross-cotrelation, feature-tracking algorithm
to automate the tracking of the skin surface in eachtrial. ‘Lhe average motion of the four
corners was used to determine the center of the biopsy location at each video frame so
that appropriate pixels could be extractedifrom each video. Examples of a temperature
history extracted from the IR video with ‘and without the motion artifact removed can
be seen in figure S2 in the Supplemental Information, where the maximum difference at
a time point is 2.4 °C.

5. Conclusion

In this study, MMW overexposures on'swine at two different frequencies were used to
determine thresholds for burn damage. At the lower powers where previous data was
available, the resulting threshold estimates from this study are in agreement. The higher
power exposures demonstrated quicker time to burn estimates than those at lower power.
The empirically measured temperature response of the skin across all power densities
tested is in agreementywithy@ 1D model of heating that accounts for the conduction
of heat during exposure.’ This model was applied to 352 exposures in this study and
the mean respemse was able to predict 96% of the observed temperature rise (figure @
There was a/standard déviation of 15% associated with these predictions. Additionally,
burn depth and severity was found to correlate better with Arrhenius integral values
computed at each layer depth using the 1D model than from metrics that use surface
values. ‘An extreme case in support of this statement was the observation that 95 GHz
exposures at 40 W/cm? for 1.25 s did not cause full-thickness burns even though the
surface temperatures consistently exceeded 90 °C. The 1D model for that exposure
condition”estimated the temperature rise at the dermis-adipose boundary to be less
than. 0.05 °C. The temperature histories and histology results of all swine in the study
are available in the Supplemental Information.

Safety factors for exposures used in this study based upon the IEEE C95.1-2019
standard are significantly higher for the 95 GHz exposures compared to 8.2 GHz.
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Exposures at 8.2 GHz that caused at least partial thickness burns were only 7-20x
the IEEE limit, which may be of interest since the limit is supposed to be 10X below
any significant health effect. At 95 GHz, partial thickness burns weré caused at 90x
the IEEE limit. For full thickness burns, the safety factor for 8.2 GHz (20-30,W /cm?)
was 15-22x and for 95 GHz (greater than 15 W/cm?) was greater tham 340x. Hence,
the safety margins are significantly different over this spread of frequencies:s The main
contributor to this disparity is that the fluence limit does not apply for exposures less
than 30 GHz. Although exposures in the 6-30 GHz band distribute energy.over a larger
volume of tissue than exposures at > 30 GHz, the severity of the injury\rapidly changes
from superficial to deeper burns with only modest changes in'specific absorption. Thus,
this study might be of interest to ensure the IEEE safety margins are appropriate in the
6-30 GHz band.
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