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FIGURE CAPT1ONS

R¥ foot currents for a grounded subject exposed to a vertically-
palarized plane wave.

Current reduction factor {R ] as a function of frequency, for band
{0.7-50 MHz. Rl is the ratid of the foot currents with and without

shoes.

Experimental arrangement for the measurement of Thuman hody
impedance.

Ratio of foot to hand currents (IF/IH}.

Current reduction factor (Rz) plotted against frequency for
various styrofoar thicknesses., R, is the ratio of foot current
with styrofoam separating subjecg from ground to current when

subject 1s barcfoet on ground.

Current. reduction factor (R ] plotted as a function of styrofoam
floor thickness at f = 27.12"MHz. The subject wore rubber—-soled
shoes. R, is the ratio of foot current with styrofoem separating
suhject from ground to current when subjeet is directly on ground.

Foot current reduction factor with the metallic bypass straps fo
reduce high SARs in the ankle repion. d is the width of the

metallic strap.

Current for perception without gloves and with conducting
gloves. The sections where the perceptions occur are also

indicated.

Foot current induced in an adult male (h = }.75 m) subjected to
fields recommended in the ANSI-I1982 RF safety puide.

Ankle-scction high~water-content tissue SAR for adult male (h =
1.75 m) for electric fields recormended in the ANST-1982 RF safoty

guide.

Average body impedance of adult males (N = 197), adult females (N
= 170), and ten-vear-old children (dashed line) for pgrasping
contact with a brass rod of diameter 1.5 cm and length 14 cm.

Average hody impedance of adult males (N = 197), adult females (N
= 170), and ten—year—gld children (dashed line) for finger contact

(plate of area 144 mm™}.
Average threshold current for perception, finger contact for adult

males (N = 197}, adult femalcs (¥ = 170), and ten-year-old chil-
dren. Contact area = 23 mm .
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Average threshold current for vpain, finger contact, for adult
males (N = 197), adult femﬁles (N = 170), and ten-ycar—old chil-
dren. Contact area = 25 mm™.

Average threshold current for perception, grasping contact, for
adult males (N = 197), adult females (N = 170), and ten-year-old

children.

Norton eqguivalent circuit for a human being in conductive contact
with a large metallic object. ch = short-circuit current induced
in the metallic object. ;

Average threshold electric field for perception for grounded adult
males (solid 1ines) and ten—-year-old children {dashed limes) in
finger contact with varicus vehicles. Contact area = 25 mm .

Average threshold electric field for pain for grounded adult males
(solid lines) and ten-year—-old children {(dashed Ti%;s) in finger

contact with various wvehiecles. Contact area = 25 mm .,

Averape threshold electric field for perception for prounded adult
males (solid lines) and ten-year—-old children ({(dashed 1lines) in
grasping contact with various vehicles.

Average threshold electric field for perceptien for grounded adult
femalﬁs in finger contact with various vehicles. Contact area =

25 ™m .

Average threshold electric field for pain for grounded adult
femalgs in finger contact with various vehicles. Contact arca =

25 mm .

Average threshold electric field for perception for grounded adult
females in grasping contact with various vehicles.

Layer numbering scheme used for the model of the human body. Fach
layer is 1.31 cm from its neighhbors. Layer 1 is 0.65% cm from the
top of the head.

The layer—averaged SAR for a uniform RF magnetic field of 1 A/m at
30 MMz, The magnetic field is linearly polarized from front to
back of the hody. Layver numbhers for the body are defined in

Fipgure 23.

SARs in mW/kg for layer no. 38. Note the position of the peak SAR
of 693 wW/kg. Radiatlon parameters are the sawe as in Figure 24.

A proposed radio-frequency protection guide for occupational
EXPOSUres.,

Radio-frequency protection guide for the general population.
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Average measured impedance Z of adult males (N=2) for grasping
contact.

Open circuit electrode reactance Xc’ and computed value of body
impedance Z. as a function of frequency.

b
Average value of threshold currents for two subjects.

Induced currents and ankle-section wet-tissue SARs for the ANSI
£95,1-1982 recommended E-field of 61.4 V/m [1].

Capacitance-to-ground, effective area, and effective height of
various vehicles in quasi-static (low frequency) status.

Tissue dieleetric propertics at 3 MHz.
Whole-body-averaged and peak SARs scaled from the values calculated
at 30 MHz for an anatomically-realistic model of a human being. A

magnetic field of 1 A/m oriented from front to back of the body is
assumed to obtain highest possible SARs,

Occupational exposure radio-frequency protection guides.
Whole—hody-averaped and peak SARs for an anatomically-realistic
model of a buman being for RF magnetic fields given hy Fa. 20. A

magnetic field orientation from front to back of the body is
assumed to obtain highest possible 5ARs.

Radio-frequencey protection guides for general population,.

Induced currents and ankle-section SARs for an incident E-field of
& V/m (scaled from Tahle 4).
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BASIS FOR RFR-SAFETY STANDARDS

IN THE 10 kEz - 50 MHz REGION

I. INTRODUCTION

The radio-frequency radiation {(RFR) standards presently suggested by the
American National Standards Tnstitute (ANSI) [1], the American Conference of
Governmental Industrial Hygienists (ACGIF) [2], and more recently hy
standards-setting groups elsewhere (Canada, TRPA, Australia, etc.) [3], have
reilied on the knowledse of whole-hody—-average specific ahbhsorption rate
{(SAR). This knowledpe has led to recommendations that the allowed power
density can be increased in propertion to the square of the freaueney
from 1 m‘.-!/cm2 (. = 6l.4 V/m} for frequencies bhelow 30 MHz. Recognizing that
if the exposure limits were allowed to dincrease without limit at lower
frequencies, potential hazards could exist for shock and hurn, an upper hound
of 100 nﬁfcmz (E = 614 V/m) has heen recommended for the repion 10 WHz - 3
MHz. Even though the present proiect did not call for studies ahove 3 Miz,
because of the similarity of engineering analysis, we have cxamined the entire
region 10 kHz —~ 50 MPAz.

This report gives the data on RF currents induced in a human being for
plane-wave exposure conditions 0-530 MHz [4]. lsing electromagnetic scaling
concepts, projections have been made for individuals of different heights, as
well as for 10- and S5-year-old children. Also studied is the effect of shoes
on the induced RF currents. HWe had previously conducted a study where the
hody impedance and threshold currents needed to produce sensations of
perception and pain had heen measured for 367 hupan subjects for the frequency
range 10 kHz to 3 MHz [5]. As a part of the present preoject, we have ohtained
data on boedy impedance and threshold currents for perception at higher
frequencies to 50 MHz. We have also studied the role of false floors in the
workplace to reduce RF currents induced in a human operator as wel] as some

safety ecuipment to mitigate RF hazards. Toward the latter ohijective we have

[
[



characterized the use of current-hypass metallic straps to reduce the high
SARs in the ankle region and metal-ccated insuvlating gloves to reduce contact
hazards.,

A great deal of effort was expended to study the thermal implications of
high SARs in the body extremities {(wrist and ankle sections) at the ANSI
recommended VLF-VHF safety levels. The data generated as a result of these
studies have been written up as a paper (attached here as Appendix A) that has

been submitted for possible publication to IEEE Transactions on Biomedical

Engineering. Surface temperature elevations of the wrist and ankle sections
were measured for a healthy human subject at room temperature (22-25° C) for a
variety of RF currents and SARs for the frequency band 1-50 MHz.

To obtain the SARs due to RF magnetic fields, we have developed a three-
dimensional, 36,776-cell inhomogeneous model of man. This model is based on
the anatomic cross sections of the human bedy [6] where one of 14 tissue types
are used to describe a grid of dimensions 0.635 x 0.635 cms. The data are
then combined to obtain percentages of the various tissues in cubical cells of
dimensions 1.31 cm for each of the sides. Using the previously described
impedance method [7], SARs are calculated for the model exposed to a uniform
RF magnetic field at 30 MBz polarized from front to back of the body, which is
the highest coupling orientation for the magnetic field component of electro-
mapgnetic waves. Electromagnetic scaling concepts are used to estimate whole-
body-~averaged and peak SARs due to RF magnetic fields at other frequencies in
the band 0.1-100 MHz,

The avallable data are used to recommend occupational as well as general
population safety guidelines for RFR. An important feature of the recommended
guideline for frequencies higher than or equal to 100 kHz is a limit of 100 mA
on the RF current induced in the human body for no contact with metallie
objects in RF fields. At lower frequencies, the limiting currents are reduced
in proportion to the frequency. Radio-frequency current meters are presently
being developed in our laboratory that should allow these measurements in the
frequency band 10 kHz - 50 MHz. 1In the ahsence of knowledge of coupling of
spatially-inhomogenecous RF fields to the human hody, averaging of the E- and
H-fields over the volume of the human body is recommended to use the proposed

guidelines. Some initial work in estimating the SARs for spatially-variable



VIiF fields has previously been done in our laboratory [4,8]. Further work is,

however, needed to define the absorption for spatially-variable RF fields.

IT. RF CURRENTS INBUCED IN A HIMAN BEING
FOR PLANE-WAVE FXPOSURE CONDITIONS

We bhave previously shown [9] that wvertically-polarized incident plane
waves arc capable of ipnducing fairly significant RF currents in a free-
standing, grounded human heing. The foot current Ih flowing under this
gituation has heen measured for a number of human subjects and found to

satisfy the following empirical relationship

2 4
o= D108 b f /my v

where E  is the plane-wave incident electrie field (assumed wvertical) in
V/m, hm is the height of the individual in meters and fHHz is the frequency ip
Miz, Equation 1 is very similar though about 20 percent higher than the
expression empirically obtained by Deno [10] for 50/60 Hz currents induced in
a human. Fairly similar results have alsoc heen reported hy a number of
authors, most notahly Hill and Walsh [11, to 10 MHz], Tell et al. [12, to l.47
MHz ], Guy and Chou [13, 0.146 MHz], and by Gronhaug and Busmundrud [l4, to
27.0 MHz!. In our previous work [9], we had found Eq. 1 to be wvalid to 27.4
MHz. To abtain the uvpper freaquency limit for Eq. 1, we comnducted a sct of
experiments to determine the foot currents flowing through a free-standing,
grounded human being in the freguency ranpe of 27 to 50 MHz.

The RF radiator consisted of a guarter-wave monopole antenna excited by

means of a Renwood model TS 4305 transceiver (for f = 27 MHz) or MCl power

generator model 15122 (for f in range 30 te 50 Miz), The electric field
intensity E at the position of the subject was measured via a Holaday H3003
probe (for f = 27 MHz) or an Instruments for Industry, Inc. model EFS-1 field
meter. The c¢urrents were measured by having the subject stand harefoot or
with rubber-soled shoes on a 6 mm thick 21 x 32 cm polyvethylene sheet clad on

both sides with copper. The current from the upper copper sheet passed to the



lower plate through a2 relatively noninductive carbon resistor {nominal value
= 5 §1) placed at the center of the sensor across which the RF voltage V was
measured using a Fluke model B060A digital multimeter. The impedance Z of
this resistor was measured at each of the experimental frequencies using
Hewlett Packard (HP) model &4815A vector impedance meter (frequency range of
this dinstrument is 0.5 te 108 MHz). The current Ih was then obtained as
IV‘!IZ[. For all of the experiments the subjects were at a distance of 5
meters or more from the radiator. This was to satisfy the distance needed for
far-field irradiation: d #» 2 szk = A/2 for quarter-wave moncpole antennas.
In order to ground the lower plate of the current sensor, it was placed on a
sheet of aluminum screening (approximately 2.5 m ¥ 2.5 m). This screening was
not earthed, recognizing that there would be sufficient capacitance and hence
a fairly small reactance between it and the ground under the asphalt. At
least three subjects were used and the individual measurements scaled to the
average adult male height of 1.75 m through the scaling relatienship from
Eq. 1 that Ih & h2. Figure 1 shows the average values of Ih/E as a function
of frequency. For frequencies in excess of 27 MHz, the experimentally

observed currents are found to be in pood agreement with the following empir-

ical expression:

Ih - 11.0 fMHz sinl T fMHz mA (2
E fr 2 fr (v/m)
which is also plotted for comparison in Figure 1. The expression in Eq. 2

uses a factor similar to the current reduction factor sin (% . fMHszr} at the
base of a rod monopole antenna of a length somewhat in excess of a quarter
wavelength. Noting that a resonance frequency of about 32-35 MHz was previ-
ously observed for a 1.75 m—tall human being under grounded conditions [15},
an fr = 32 MHz bhas been used to calculate the numbers from Eq. 2 that are
plotted for comparison in Figure 1. A multiplier term of 11.0 is used in Eq.
2 to obtain an agreement with Egq. ! at 27.4 MHz., It should be recalled that
Eqg. 1 was previously tested at lower freguencies 0.63-27.4 MHz, In formulat-
ing Egq. 2 we have made use of an experimental ohservatien [4] that the

distribution of induced current in a standing human being is fairly similar to
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Figure 1. RF foot currents for a grounded subject exposed

to a vertically-polarized plane wave.

© Fron Eq. 2, i = 11.0<fM:Hz> sin[ﬂ (%ﬂiz)]




the current distribution on a metallic wonopole antenmna — the current
variation may be approximated by a fraction of a2 sine wave with the maximum
value at the base or feet, provided the frequency is 1less than or equal
to fr. For f larger than fr’ as anticipated from the current variation on a
monopole antenna, the current would no longer he maximum at its base, bhut
rather at a point increasing higher up on the monopole. The factor EMHz/fr is
included in Egq. 2 1in recognition of the fact (alse seen in Eq. 1) that the

magnitude of the induced RF current increases with increasing frequency.

ITI. EFFECT OF SHOES ON THE INDUCED RF CURRENTS

We had determined earlier [9] that the currents measured for subjects
wearing rubber-scled shoes were lower than those for barefoot conditions. As
a part of this project we have extended the measurements to higher freauen-
cies. The measured reduction in current as a function of frequency is plotted
in Figure 2. VWhereas a current reduction factor on the order of 0.62-0.64 was
observed for lower frequencies of about 1 MHz, the current may be as high as
0.8-0.82 times the barefoot current at higher frequencies. Consequently,
rubber-scled shoes were found to be incapable of reducing the RF-induced
currents except by fairly small amounts. The electrical "safety shoes” {(Size
11, Vibram Manufacturing Company; rubher sole thickness = 1.75 cm) were
previously ohserved [4] to be even worse in this regard and gave currents that
were somewhat higher than those with street-type rubber-soled shoes. This ray

be due to a somewhat larger socle area leading to a higher capacitance and

hence lower reactance to ground at RF frequencies.

IV. CCNTACT HAZARDS IN THE VLF TO VHF BAND

We have previously evaluated the threshold incident electric fields for
the frequency band 10 kHz - 3 MHz for perception and pain for conditions of
contact with commonly encountered metallic objects such as car, wvan, school
bus, cte. [5). To extend the data te 50 MIiz we have carried out additional
experiments for the body impedance and threshold currents for perception.

The averages of the data obtained for two volunteers are given in Tahles

1 and 2. For impedance measurements, the arrangement of Figure 3 was used
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TARLE 1. AVERAGE MEASURED IMPEDANCE Z OF ADUILT MALES (N=2) FOR GRASPING

CONTACT
Z magnitude and phase
Z magnitude and phase Ohms
Ohms subjects with rubber-
FMHz (subjects barefoot) soled shoes
1 416.,0 £L_ -9.7° 1006.0 £ -72°
3 385.0 L -15.2° 460.0 £ ~55.4°
9.5 316.4 /_ -30.2° 280.0 L. -42.8°
16 216.4 /_ ~39.8° 231.6 /_ -43°
22.5 213.6 £ ~46.2° 194.0 [_ -46°
27 192.0 £ -48.8° 179.0 /_ -48°
40,68 137.4 £_ -50.4° 135.8 £_ -49.2°
46 132.4 £ -50.5° 133.0 £ -49.4°
50 126.0 £ -51.3° 124.8 L. -49.9°

TABLE 2., OPEN CIRCUIT ELECTRODE REACTANCE X ,

IMPEDANCE Zb AS A FUNCTION OF FREQUéﬁCY

AND COMPUTED VALUE OF

Open Circuit

Computed Body

Computed Body

Electrode Impedance Z Impedance Z

Reactance X {subject harefocot) {(with shoes?
FMHz Ohms Ohms Ohms
) 13.5 K /_ -90° 418.0 /_ -8.0° 1082.4 L ~70.6°
3 4.5 X £_ -90° 392.4 £ -10.4° 501.3 £_ -51.8°
9.5 1.4 K /_ -90° 348.6 [ ~17.8° 413.0 £_ ~33.2°
16 850 [ -90° 251.8 /_ ~26.7° 276.3 L. -29.3°
22.5 600 /_ -90° 272.9 [ ~27.9° 242,7 /_ ~29.7°
27 495 £ -90° 256.6 L. -28.3° 232.4 [ -29.7°
40.68 330 /_ -89° 186.8 L. -28.8° 183.7 /_ -27.9°
46 290 /_ -90° 186.5 /_ -26.4° 185.5 /_ -24,8°
50 267 £_ ~90° 180.7 /_ -26.3° 175.9 4. -24.8°

BODY



Scheoatic srrangement for threshold current measurements

EF Power Source

To point A

10 ¢

Fluke wodel
BDH0A digital
pultimeter

VECTOR
IMPEDAXCE
METER
HP Model 4B15A

Aluminum WOODER
grounding TABLE
strap
" (91 % 122 cm;
2l 0.3 cm thick)

///////////“::::"::;7*/ /

Figure 3. Experimental arrangement for the measurement of
human hody impedance.



which is similar to that of reference 5, except that the width of the vertical
aluminum plate has heen widened to 122 cm to reduce its inductance and hence
its effective impedance at higher frequencies. It was argued that a wider
plate is also more simulant of the actual conditions of contact of a human
with large metallic obhjects and in that sense the measurements will be more
representative of the effective impedance of the human body. The subject
stood barefoot or with rubber-soled street shoes on a large (1.22 x 1.22 m)
aluminum sheet which served as the ground plane and held a cylindrical brass
rod electrode (diameter 1.5 cm, length = 14 cm) in the palm of his hand. The
impedance between the rod electrode and ground was measured using a wvector
impedance wmeter, Hewlett Packard model 4815A (frequency range 0.5-108 MiHz).
The data are given in Table 1. Recognizing that the open—circuit capacitance
of the rod electrode to ground may be substantial and that this will modify
the measured wvalues, the open—circuit reactance Xc was measured as a function
of frequency. The data on XC are given 1in Table 2. Since impedance Z of
Table 1 may be considered as a parallel combination of Xc and the actual body
impedance Zb of the subject, this allows the calculation of Zb. The wvalues
thus calculated are given in Tahle 2. It is interesting to note that there is
very little difference in the human body impedance with and without shoes for
higher fregquencies. This, of course, is on account of substantial ecapacitance
hetween feet and ground for a subject wearing sheces, which is equivalent to a

fairly low series reactance, particularly at higher RF frequencies.

V. CURRENTS FOR THRESHOLD OF PERCEPTION

The schematic arrangement for threshold currents of perception is shown
in the ipnsert of Figure 3. Measurements were made with the subject grasping
the rod electrode while the second grounding electrode was provided by a
flexible copper armband around his forearm just below the elbow. The power'
sources used were: General Radio type 1330-A bridge oscillator and Kron-Hite
model BR 7500 power amplifier for measurements at 1 MHz; 100 W Kenwood model
TS 4305 transveceiver for the frequency band 3-30 MHz; and MCL power generator

model 15122 for frequencies higher than 30 MHz.

To determine the current entering the hand of the subject at f = | MHz,

a Fluke model 80604 digital multimeter {(with model 85 RF high frequency probe)

~ 10 —



wag used to measure the voltape across a 10 ohm low-inductance resigstor in
series with the rod electrode. For freguencies 3-530 MHz a hidirectional power
meter (Philco Model 164B) was used to determine the forward and reflected
pOWEeTrSs. It was found necessary to use impedance matching networks at the
various experimental frequencies to reduce the reflected power. The same were
therefore designed and fabricated for each of the frequencies using three
reactances in the T-network configuration. EKnowing the forward and reflected

powers, P, and P respectively, and the measured resistance R between the two

¥ R’
terminals (with subject holding the rod electrode and the armband around his

forearm), it is possible to determine the hand current Ih from the

relationship,

p, - p, | /2

The average of the currents for threshold of perception for two subiects is

given in Table 3. Note that the current for threshold of perception is rela-

TABLFE 3. AVERAGHE VALUR OF THRESHOLD CURRENTS TFOR TWO SUBJECTS

Threshold

Current
FMHZ mA
i 280.0
3 287.5
9.5 297.0
16 303.9
22.5 303.9
27 301.0
33 266.0
40.68 26747
46 298.7

50 289.2



tively independent of frequency for the frequency band 1-50 MHz. A similar
result was previously obtained for a 367-subject study, albeit for a narrower
frequency band 0.1-3.0 MHz [5]. As previously noted for lower frequencies
0.1-3.0 MHz, the sensation of current, for the newly-studied higher frequen-
cies to 50 MHz, dis also one of heating felt mostly in the region of the
wrist. For this cross section the current density and hence the SAR is the
highest. The relative constancy of the threshold current of perception in the
frequency region 3-50 MHz may be due to the relative constancy of the tissue
conductivity ¢ in this frequency region and a relatively freguency-independent

SAR on the order of B80-90 W/kg needed 1in the wrist cross section for percep-

tion of warmth.

VI. RATIO OF FOOT TO HAND CURRENT FOR

CONDITIONS OF CGRASPING CONTACT
As discussed in reference 5, substantial hand currents have been
estimated for a human being holding the handle of wvehicles parked inm the E-
fields sagpested in the ANST guideline. A set of experiments were performed
to determine the fraction of the hand current that would pass through the
subject's feet. 4 purpose of these experiments also was to be able to
estimate the SAR at the other extremity of the human body of relatively small
cross section; i.e., the ankle section. The experimental setup was similar to
the one used for determining the threshoeld currents In the last section
(Figure 3). However, in these experiments no armband was used. The current
flowing through the feet was measured hy means of the bilaver current sensor
described in detail in Section 1I. The ratioc of the foot to hand currents is
plotted in Figure 4 as a function of frequency. While the use of footwear
reduces substantially the flow of currents at lower frequencies, at higher
frequencies there is 1ittle difference with or without shoes. Also, over a

third of the current entering the hand will pass through the feet at higher

frequencies with or without shoes.

VII. USE OF FALSE FLOORS TN THE WORKPLACE

We have evaluated a possible use of false floors in reducing the RF

currents induced in a human operator. Reduced RF currents should reduce the
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ankle-section SAR since the Jlatter is proportional to IE. We have used
sytrofoam sheets to separate the subjects from the ground. The reduction in
current for wvarious thicknesses of styrofoam is given in Figure 5 as a
function of freauency. It should be noted that a styrofoam platform 15-20 cm
thick under the feet resulted in an induced current that was substantially
less at lower frequencies (& 27 MHz) than if this platform had not been
used., The efficacy of these dielectric platforms diminished, however, with
increasing frequencies. At 50 MHz, for example, even with a 30 cm thick
platform the RF c¢urrent passing through the feet of an operator was almost

two~thirds as much as for grounded conditions.
A similar result was obtained for a subject wearing rubber-soled

shoes. The corresponding reduction in the foet current at the irradiation

frequency of 27.12 Mz is shown iIn Figure 6 for wvarious thicknesses of the

styrofoam platforms.
The data of Figures 5 and 6 indicate that usec of insulating floors to

scparate the operator from ground can provide an effective technique to

diminish the RF-induced currents in the workplace environment, particularly at

lower RF fregquencies. Similiar techniques cannot, unfortunately, be used for

the general population.

VITI. EFFORTS TO MITTGATE RF HAZARDBS TK THE WORKPLACKE

A. Use of Current—Bypass Metallic Straps to
Reduce fhe High SARs in the Ankle Region

We have investigated the use of grounding metallic straps to bypass the
current from the ankle cross section reducing thereby the otherwise high SARs

in this region. We have measured the current reduction factors when copper

grounding straps of a couple of widths (3 and 6 cm) were used for both of the

lega. The grounding straps werc wrapped around the legs approximately 20 cm

above the bottom of the feet and connected to the lower ground plate of the

bilayer current sensor. For experiments at frequencies higher than or equal

to 27 MHz, gquarter-wavelength monopole antennas, described in Section IT, were

used as sources of radiation and the currents were measured through the sub-

ject's feet with and without the use of the grounding straps. Since the

aunarter-wavelength antennas would have been unwieldy at lower frequencies, the
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experiments were done somewhat differently for frequencies of 1-25.5 MHz.
Similar to the experimental arrangement of Figure 3, the current in these
experiments passed through the human body on account of the subject holding a
rod electrode with one hand while standing on a 1.22 x 1.22 m aluminum
platform te which the ground terminal of the RF generator had been
connected. The current passing through the feet was measured by means of the
21 x 32 or bilayer current sensor described earlier (Section II). The foot
current reduction factor with and without the copper bypass straps is shown in
Figure 7 for various frequencies. Reduction in current is fairly substantial
at lower frequencies and rises to a wvalue of about 0.4~0.5 at the higher
frequencies. This is to be expected since the straps are likely to present an
equivalent inductance reducing their efficacy at higher frequencies. Also, as
expected, the narrower 3 cm straps result in currents passing through the feet
that are somewhat Jlarger than those for broader 6 cm straps, particularly at
higher frequencies. Tt is interesting to mote, however, that even at the high

frequencies, use of the grounding straps will reduce the ankle-section SARs by

a factor of almost four to six.

B. Use of Metal-Coated Tnsulating
Gloves to Reduce Contact Hazards

We have investipated the use of metal-coated gloves to spread the RF
current to a wider area, thereby reducing the current density. S8ince the
sensations of perception and pain are related to the current density, it was
argued that this should help in reducing the contact hazards in the work-
place. Experiments have been performed using a kitchen rubber glove (average
thickness = 0.3 mm) that was covered with two copper tapes (each & cm wide, 30
em long, 0.8 mm thick) to allew conduction of current to Ttegions of the
forearm past the wrist. Since the effective conduction cross section of the
wrist 1s the smallest for the arm, which therefore results in the highest SARs
in this section, it was argued that larger RF currents may then be passed to
the forearm without heat or pain experienced by the subject. Similar to the
experiments in Section V, the subject held a cylindrical brass rod electrode

{diameter = 1.5 cm, length = 14 cm) while the second electrode was provided by

means of a copper band around the upper arm. Currents for perception at vari-
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ous frequencies are shown in Figure 8 for the subject without gloves and with
conducting gloves. The sections where the perceptions occur are also
indicated for the two curves in Figure 8. As expected, a somewhat larger
current is needed to cause threshold of perception with the use of metal-
coated insulating gloves. Unfortunately, however, the increase in current
threshold is by a factor less than 2. 8s alsoc observed earlier [5], the
sensation is one of tingling or pricking at lower frequencies and one of heat
for frequencies higher than 100 kHz. Whereas the data in the past [3] were
obtained only for frequencies up to 3 MHz, it is interesting to note that the
threshold current for perception is relatively independent of frequency even
at the higher frequencies to freauencies as high as 40 MHz. This was to be
experted since the perception phenomenon at these frequencies is thermal in
nature and is, therefore, dependent only on SAR. The reason for only slight
increase in the threshold current for perception with the use of the
conducting gloves is that high SARs are now caused at the elbow section. The
elbow section 1is also fairly bony and hence presents a relatively small
conduction cross section as well. It is obvious that a lenger glove that

would carry the RF current past this section may help in Iincreasing the

threshold for perception current even higher.

I¥. FOOT CURRENTS AND PEAK SARs PROJECTED
FOR ANST C95-1982 GUIDE [1] ON E~F1ELDS

From the ANSI C€65.1-1982 guide, rms E-fields are given by the following:

614 V/m for 0.3 < f £ 3.0

=
#

MHz
Ko ;842 V/m for 3.0 < fMHz < a0
"MHz
E = 6l.4 V/m for 30.0 < fup, < 300 (4)

We can use Eqs. ! and 2 te calculate the foot currents induced in a human of

height h = 1.75 m subjected to ANSI C95.]1-1982 sugpested E-fields. These are

plotted in Figure 9. For frequencies to 10 WNz, currents fairly similar to

those in Figure 9 have also been projected by Hill and Walsh [11]. We project
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a current on the order of 780 mA for E = 6.4 V/m (1 mWXcmz) for a frequency
of 40 MHz with a value iIncreasing or decreasing as h® for taller and shorter
individuals, From reference 4 it should be noted that currents fairly

comparable to these shown in Figure 9 will also be set up in the other

sections of the body as well.

A. B8ARs in the Cross Section of the Ankle

The anatomical data for the cross section threough the ankle have been

used to estimate the effective cross—-sectional area for the flow of the RF

currents [4]. The effective cross—-sectional area Ae is estimated by the
equation
Accc + Alal + Amom
A = - (5)
e UC

where Ac’ Al’ and Am are the physical areas of the high-water-content and low-
water—content tissues, and of the region containing red marrow, of conductivi-
ties Gc’ 01, and Um, respectively. The areas Ac’ Al’ and Am estimated for the
anatomical cross section of the ankle [4] are, respectively, 4.7, 27.2, and
8.1 cm2. Taking o, = 0.6 S/m, o, = 0.03 8/m, and o = 0.26 S/m for the fre-
queney band 3-30 MHz [16], an effective area of 9.5 cm2 is calculated for the
cross section through the ankle for a human adult even though the physical
cross section is on the order of 40 om™.

To estimate SARs in the various tissue types, we proceed as follows,
The total current Ih/2 in each of the legs is assumed to be distributed as the
inverse of the impedances 7Zg+  For the i-~th tissue of area Ai’ where the
individual areas may refer to the aforementioned physical areas of the high-

water—-content and low-water-content tissues and of the region containing red

MATrow

g
z, = : (6)
i [Ui + jNEiJ Al
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SAR| = b % o (9)
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i i [sJ [U. + w e, A
11 i 1 1

where . and £y are the conductivity and permittivity of the i-th tissue at

frequency w in radians/s

L is the length of the section of the leg

Jj = lifﬁi is the current density per unit area in the i-th tissue
mass density of the i-th tissue.

1

Pi
From Ea. 9, it 4is elear that the highest SAR occurs in high-water—content
tissues with the highest conductivity. For these tissues a wmass density

of 103 kg!mj is assumed.

For E-fields recommended in the ANST (€95.1-1982 RF sgafety puide, the
high—-water—content {(wet-) tissue SARs for the ankle section are calculated by
using the currents Ih from Figure 9 and the valves of the conductivities 9.
from reference 16, These are shown in Figure 0. A fairly large ankle-
section SAR of 222 W/kg is projected for a standing adult of height h = 1.75 m
at a fregquency of 40 MHz. This is, of course, considerably in excess of the
ANST €95.1-~1982 guideline of 8 W/kg for any 1 g of tissue.

Since the current is somewhat lower for a subject wearing shoes, the
numbers in Figure 10 must be multiplied by the square of the corresponding

current reduction factors from Figure 2.

B. Scaling toe Other Heights; Five- and Ten-Year-01d Children

From Eq. [, it is seen that the induced current is proporticnal to h™

and 1is comsequently smaller for shorter isdividuals. Since the cross-—
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sectional dimensions of the hody are to a first-order of approximation also

2 .
» the current density J, and hence the ankle-

proportional to (t-.lfeight)zf3 or h
section SAR {(proportional to J2) may not be wvery different at a specific
frequency from one height to another. From electromagnetic scaling concepts,
the frequency corresponding to maximum ankle-section current or wet-tissue SAR
would, however, increase as 1/h, to being on the order of 46.7 Miz for a 1.5
m-tall adult, 50.7 MHz for a ten-year—old child (h = 1.38 m), and 62.5 MHz for
a five-year-old child (h = 1.12 m), as against 40 MHz for a 1.75 m-tall adult
human. Since the current increases as f, the maximum SARs projected at the
new peak-SAR frequencies would be considerahly higher. Linearly interpolating
between the wvalues given at 40,68 and 100 MHz [16], we have taken somewhat
larger conductivities a, of the wet tissues at the higher frequencies and have
uscd the values 0.693, 0.73, and 0.77 S/m at 40 and 46.3, and at 50.7 and 62.5
MHz, respectively. The highest ankle-section wet-tissue SARs projected for
ten- and five-year-old children for 1 mW/sz incident plane waves (Rinc =

6l.4 me] arc estimated to bhe 328 and 462 W/kg, respectively (seec Table 4).

X. CONTACT HAZARDS IN THE FREQUENCY BAND 10 kHz - 3 MHz

Our previous work [5,17,18] has pointed to a potential for shock and
burn upon contact with large ungrounded metallic ohjects such as automohiles,

vans, fences, ete., for dincident electrie fields considerably lower than the

ANST and ACGTH supgpgested E-fields of 614 V/m for frequencies lower than 3
MHz. CExperimental data have heen obtained [5,18] for 367 human subiects for

the body impedance and threshold currents needed to produce sensations of

perception and pain for the 10 kHz — 3 MHz band. Even though the measurements

were made for adults of ages between 18-70 (197 male and 170 female subjects),
scaling relationships have heen developed to project the results for ten-year-
0ld children. The details of these measurements are given In the report [18]
based on these studies. Highlights of the results have bheen published as

reference 9. Tmportant graphs based on this study are reproduced here as

Figures 11-15.

The procedure used to calculate the incident electric fields for

thresholds of perception and pain upon contact with ungrounded metallic ob-

jects is as follows {17}, The human being represented by a scries equivalent



TARLE 4. INDUCED CURRENTS AND ANKLF-SECTION WET-TISSU¥ SARs FOR THE ANSY
CH5.1-1982 RECOMMENDED E-FIELD OF 61.4 V/m [1]

Ankle-section
Wet—-tissue

Height Frequency IhT SAR*

m MHz méh W/ ke

Average adult 175 40.0 780 222
Adult 1.5 46.7 669 284
10-year-old child 1.38 50.7 615 328
S-year—~old child 1.12 62.5 499 462

t For subjects wearing shoes, the currents are somewhat lower (gce Figure
2). This would result in correspondingly lower SARs.

E P s .

We have assumed a conductivity of 0.62% S$/m for the high-water—content

tigssues at 40 and 46.7 MHz [16]. Somewhat larger conductivities of 0.73 and

.77 S/m are taken at 50.7 and 62.5 Mz, regpectively. 'The corresponding

dielectric constants taken are 97.3 for 40 and 46.7 MHz and 92.9 and 87.4

for 50.7 and 62.5 Mz, respecotively.

circuit of resistance Rh and reactance —th may be considered to be in
parallel with the equivalent cirvcuit of the large metallic object (see the
Norten equivalent circudit of Figure 16). Assuming that the leakage resistance
to ground of the metallic object is wvery large, the equivalent circuit of the
object is purely capacitive, given by CO?.

The current induced in a human bejﬁg in contact with the ohject 15 then

given by

- 726 =
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og
where ch = magnitude of the short-circuit current flowing through the
vehicle
- Jwlan:)seffﬁ
w = 2nf, f = frequency
€, = permittivity of free space = 8.854 x 10#12 F/m
E = electric field incident on the vehicle (V/m)
Seff = effective area of the wvehicle tabulated for some of the
vehiecles in Table 5
Rh’ Xh = resistance, reactance of the human being in contact with the
vehicle {(Ohms)
COFZ = capacitance-to~-ground of the wvehicle (tahulated for some of

the vehicles in Table 5) (F).

From measurements of the magnitudes of the short-circuit current Ich’(

we Seff E] and the cpen-circult voltage of the ungrounded object

I
_ se

oc‘ w C

’V
og

one can calculate the effective area Seff and its height h. The corresponding
values for some vehicles are given in Table 5.

The average values of body impedance and threshold currents (Figures [l-
15) have been used to calculate the thresbold E-fields for perception and pain
when a human being is in grasping or finger contact with various vehicles, for

which the pertinent properties are given in Table 5. The magnitude of the

threshold E~field is given by Fq. 11
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TABLE 5. CAPACITANCE-TO-GROUND, EFFECTIVE ARFA, AND EFFECTIVE HEIGHT OF
VARIOUS VEHICLES IN QUASI-STATIC (LOW FREQUENCY) FIELDS

Capacitance- Effective Effective
to-ground Cog area geff height h
Vehicle pF m m
19
Compact car 800 26.4 0.292
GMC van™ 1045 58.6 0.5
20, 21
School bus 2650 116.8 0.4

* measured by us at a local broadcast station at 700 kH=z.

The average threshold E-fields for 197 male subjects and 170 female subjects
and the scaled values for 10-year-old children are plotted versus frequency in
Figures 17-22 [5,18]. It can he seen that for several cases the values of the
E~field are below the ANSI (95.1-1982 guideline of E = 614 V/m for £ < 3 MHz,
From Eq. 11 we can calculate the current that will flow through the
human body upon grasping a vehicle in an incident field of 614 V/m. We calcu-
late that a current of 854 md will flow through the human hand holding an
automobile wvan (Cog = 1045 pF from Table 5) parked in the ANSI-recommended
electric field of 614 V/m at a frequency of 3 MHz. Following a procedure
similar to that of Section IX (Eq. 5), we can estimate an effective cross-
sectional area of the human wrist by apportioning the tissues into one of
three categories —— the high—, the medium—, and the low-conductivity tissues,
respectively. An effective cross—-sectional area Ae of 11.1 em”™ is thus calcu-

lated from the anatomical cross section of the wrist [6]. The wet-tissue SAR

may be estimated from the equation
2 2,2
7o e = 17/A, 0P (12)

where p is the mass—-density of the tissue, taken to be lO3 kg!m3 for the high-

water—content tissues.
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XI. THERMAL IMPLICATIONS OF RIGH RF CURRENTS IN THE BODY EXTREMITTES

As aforementioned, substantial RF currents may flow through the human
legs or through the hand and wrist upon contact with large metallic objects
for E-fields recommended by the ANSI €95,1-1982 RF safety guideline. These
currents will result in high wet-tissue SARs in the hrody extremities such as
the ankle and wrist sections. A study was conducted to determine the thermal
implications of high RF currents in the ankle and wrist sections. The data
generated as a result of this study have been submitted for possible

publication to IEFE Transactions on Biomedical Engineering. The summary of

the results is given in the following.

Surface temperature elevation of the wrist and the ankle sections were
measured for a healthy human subject at room temperature (22-25° C) for a
variety of RF currents and associated wet-tissue SARs for the frequency band
1-5¢ MHz, Rates of surface temperature increase in °C/min are given by the
best-fit relationships: 0.0045 x SAR in W/kg for the ankle section and 0.0048
x SAR for the wrist section, the latter being involved for c¢onditions of
contact with ungrounded bhodies like cars, trucks, fences, etc. Since wet-
tissue ankle-section SARs on the order of 172-222 W/kg (see TFigure 10) and
wrist—-section SARs as high as 1316* V/kg have previously been projected for E-
fields recommended in the ANSI €95.,1-1982 safety sguide, fairly high rates of

surface temperature increase are therefore anticipated. The deeper tissue

temperatures may be even higher.

XII. COUPLING OF RF MAGNETIC FIELD TO THE HUMAN BODY

To obtain the SARs due to RF magnetiec fields, we have developed a three-
dimensional, 36,776—-cell inhomogeneous model of man. This model is based on
the anatomic cross sections of the human body [6] where each of the available
sectional diagrams with spacings typically on the order of 23 to 27 mm were

overlaid with a fine square mesh (&4 = 6.35 mm) and one of 14 tissue types

Calculated for the projected current of 854 mA at 3 MHZ flowing through a
wrist effective cross-sectional area of 11.1 om™,



representative of the predominant tissue in a given square was entered in the
data base. The various tissues and the respective electrical properties [24]
assumed for calculations at 30 Mz are given in Table 6. Thus the data asso-
ciated with a particular layer consisted of three numbers for each square cell
in the mesh: x and y positions relative to some anatomical reference point in
this layer and an integer indicating which tissue the cell contained. The
data were entered for each of the lavers of the body for which the anatomical
diagrams were available. Since these layers are somewhat variable in separa-

tions, a new set of equispaced layers with spacings of 6.35% mm were defined.

TABLE 6., TISSUE DIELECTRIC PROPERTIES AT 30 MH=z

Froperties at 30 MHz
Tissue Type

g, S/m £,
air 0.0 1.0
muscle 0.75 103.0
fat, bone 0.04 29.0
blood .30 100.0
intestine 0.30 60.0
cartilage 0.04 29.0
liver 0.52 130.0
kidney 0.80 200.0
pancreas 0.70 200.0
spleen 0.70 200.0
lung tissue” 0.50 100.0
heart 0.€5 200.0
nerve, brain 0.46 1530.0
skin 0.75 103.0
eye 0.46 150.0

* We used 33% lung tissue and 67% air for the lung properties.
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This step was necessary since a regular grid network simplifies the computer
software. The data were then redefined in a global (medel) coordinate system,
and this required an x-y shift for each of the original Jayers in order that
the anatomical reference point for cach layer would conform te the vertical
contour of the body. The percentages of the tissuves in a particular cubical
cell of the final regularly spaced model (A = 6.35 mm) were computed by using
a linear interpolation of the original data. This process resulted in a data
base of cell positions and percentages of 14 different tissue types of Table 1
for approximately 320,000 cells for torso alone. In order to reduce the
numher of cells for the present studies, a somewhat coarser wmwodel was
needed. We have, therefore, volume-averaged the data for cells of dimensions
1.31 = 1.31 x 1.31 cm getting thereby the tissue percentages for each of the
larger cells. The previously described impedance method [7] has been used for
calculating the SARs duc to an RF magnetic field at 30 MHz. A brief descrip-

tion of the impedance method is given in the following.

A. The Tmpedance Method

Tn this method applicable for the human body prohlem for quasi-static
frecuencies to about 40 MHiz [27}, the biological body is represented by a
network of impedances whose values are obtained from the complex conductivi-
ties ¢ + jwe of the wvarious regions of the body. To obtain the impedance
network for the present calculations, the tissue percentapes for each of the

36,776 cells are used to obtain the average electrical properties (g, €} for

the individual cells. These are then used to ohtain the various impedances

from the expression

S I _ 1/4
m Ul’J’K+j w E

P
o
s

et

i,j,k

where i, j, k indicates the cell index; m is the direction which can be x, ¥,
L, i,3,k . ; L
or z; and U;’j’k and am’J’ are the electrical properties of the i, j, k-th

cell in the m~th direction. Fven though isotropic electrical properties have

been used for the present study, 1t should bhe recognized that directional



averaging of the electrical properties done at the stage of going from smaller
to larger cells would have resulted in anisotropic properties for the cells --
a feature that is likely to be impertant in the VLF band of frequencies.

The effect of the RF magnetic field H is to set up emfs in the impedance
loops of the model given from Faraday's law of induction by ju Hy ﬁn 62 where
ﬁn is the magnetic field normal to the plane of the loop of area A". The
coupled equations for the various loops of the impedance network form a sparse
linear system which may be solved efficiently for the unknown lcop currents
using successive overrelaxation [23}. A relaxation factor of 1.3 was found to
be satisfactory for this problem. Once the loop currents are known, the
currents which flow through the various elements of the impedance network are
obtained by taking differences in currents for the lecops that are common to

that impedance element. The SAR for a given cell can then be computed from

the expansion

SAR, =_1_’/_2_..'Real [plj.])k JJ IZ + pl,J,k IJ ’2 + pl"]’k 'J |2]
Lisk g 43 X x y y 2 z
) (14)
where p;»J’k is the complex resistivity of the cell, given by
o' = % ; TN (15)
™ Ul’J’ +3we 1,7,
m m

5 is the current density for the cell and dm is the average mass density
of the tissues in the cell. For the present calculations, a mass density

of 103 kg/m3 has been assumed for all the cells of the body.

B. The Calculated SARs

SARs have been calculated for a uniform RF magnetic field of ! A/m that
is linearly polarized from front tc back of the body at a frequency of 30
MHz. This polarization was selected since it couples the most power to the
body on an averaged hasis [24]. From our calculations we obtain a whole-body-
averaged SAR of 0.0314 W/kg with a peak value of 0.693 W/kg at location (11,

9) in layer no. 38 (see Fipure 23 for the layer numbering for the model). The
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whole-body-averaged SAR of 0.0314 W/kg for mapnetic field alone appears to be
reasonable as compared to the value of 0.0528 W/kg given in the dosimetry
handbook [24] for a plane-wave irradiation of a homopeneous prolate spheroidal
model of man at 30 MHz, B = 1 A/m.

The calculated homogeneous layer—averaged SARs for the bhuman body are
shown in Figure 24. Maximum layer-averaged SAR of 0.071 W/kg is calculated
for layer no. 20 just below the neck (see Figure 23). The SAR distribution
for layer no. 38 is shown in Figure 25. This is the section corresponding to
the location of the peak SAR (693 oW/kg) in the body. 1In this figure it can
also be noted that, as expected, the regions of highest current densities and
SARs occur close to the surface, i.e., for largest distances from the cen—

ter. From SAR one can calculate the local current density J from the rela-

tionship

SAR = ;’ J (16)

We have scaled the 5AR results oktained at 30 Miz to other freguencies
in the bhand 0.1 tao 100 MHz to obtain an estimate of the whole-hody-averaged
and peak SARs, and the peak current densities. The results are given in Tabhle
7. In scaling the results up and down the freaguency range, the induced cur-
rents are assumed to scale as f from Faraday's law of induction and SARs from
Eq. 16 as f2 . 0{(02 + wzszj. The wvalues of {o, &) corresponding to wet

tissues {1h] are also given in Tahle 7 for scaling from the calculated values

at 30 MHz to other frequencies.

XIIT. RECOMMENDATIONS FOR A RADIO-FREQUENCY PROTECTION GUIDE

A. For Occupational Exposures

The proposed radio-frequency protectieon guide (RFPG) is given in Table

8. We have used the information available in references 1 and ? for the

recommendations at higher radio frequencies. The proposed RFPC is pletted in

Figure 26. Since higher E-fields proposed in Table 8 for the band 0.01-30

MHz, if these are vertical, would result in high RF induced currents and a
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lLayer numbers for the body are defined in Figure 23.
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Radiation parameters are the same as in Figure 24.
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TARLE 7. WHOLE-BODY-AVERAGED AND PEAK SARs SCALED FROM THE VALUES CALCULATED AT 30 MHz FOR AN ANATOMICALLY-

REALLSTIC MODEL OF A HUMAN BYING. A MAGNETIC FIELD CF [ A/m ORTENTED FROM FRONT TO BACK OF THF
BODY TS5 ASSUMED TO OBTATN HIGHEST POSSTBLE SARs.

Wet tissue Whole-body-- Peak Peak
a %— | averaged SAR Current Density SAR
Ftiz S/m © T"E‘é_z W/kg mA /e W/kg
L g4+ w e
0.1 (.4 25000 2,231 5.22 x 1077 0.0072 1.5 x 107°
0.2 0.4 — 2.10 * 4,42 x 1070 0.022 9.75 x 1077
1.0 0.48 2000 1.977 6062 x 1077 0.072 0.2 % 107
3.0 0.5 —— 1.761% 3.71 x 1072 0.216 B.19 x 1075
10.0 0.625 160 1.568 3.67 x 1077 0.72 0.081
30.0 0.612 113 1.492 0.0314 2.16 0.693
100.0 0.89 71.7  0.936 0.219 7.20 4.83

% . ; . :
Obtained by logarithmic interpolation.



TARLE 8. OCCUPATIONAL EXPOSURE RADIQ-FREQUENCY PROTECTION GUIDES

Plane-Wave

Frequency Equivalent
Range E H Power Denﬁity
(MHz) Vim Alm {mW/em™)
0.01 - 0.1 " 614 163 —
0.1 - 3.0 * o614 16.3/f -
3 - 30 * 1es2/r 16.3/f -
30 - 100 61.4 16.3/f _—
100 - 300 61.4 0.163 1.0
1/2 1/2
300 - 3000 61.4 (£/300) 0.163 (£/300) £/300
3000 - 300,000 194 0.5 10.0

Note: f = freguency in MHz. E and H are the magnitudes of electric and

magnetic fields, respectively.

* . )
The personnel access areas should be restricted to limit induced RF currents
as defined in the following.

potential for shock and burns for contact with ungrounded metallic hodies, the
personnel access areas should be limited in the following manner:

1. For free-standing individuals (no contact with metallic bodies), RF

current induced in the human body should he less than or egual to

100 mA as measured through both feet or 50 mA as measured through

each of the feet. For a frequency of 1ess than 100 kHz, the

allowable induced current should be reduced as follows:
I=1.01f mA (17)

kHz

through both feet or one-half as much through each of the feet.
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RFPG

The above limitations oun RF induced currents are suggested to
ensure that the ankle-section SARs for frequencies higher thap 0.1
MHz will be no more than 5.8-10.7 W/kg for adults of heights 1.75-
1.5 me For frequencies lower than 100 kHz, the current densities im
the ankle section will be slightly lower than those needed for
stimulating thresholds for the nerve/muscle system [25].

For vertically-polarized electric filelds, the above limitation
on current would restrict the magnitude of the E-field to Iess than
(300/f) V/m for frequencies in excess of 0.1 Miz (Section II).

For conditions of contact with metallic bhodies, maximum RF current
through an iImpedance equivalent to that of the human hody for
conditions of grasping contact (see Fig. 11), as measured with a

contact current meter shall not exceed the following values

0.5 kaz mA

—
i

for 10 € f € 100 kHz (183

50 mA

for f > 0.1 Mi=z {19)

The current limits given by Egs. 18 and 19 would help ensure that
the current experienced by a human being upon contacting these
metallic bodies would be less than that needed for perception or
pain at each of the frequencies (Section X).

Steps such as prounding and use of safety equipment that result.
in reduced currents would obviocusly allow existence of higher fields

without exceeding the above limits for conditions of contact with

metallic bodics.

Significantly higher RF magnetic fields are recommended in the proposcd

of Table 8. For the frequency band 0.1-100 Miz, the RF magnetic field

guideline is



H == A/m (20)

For magnetie fields given hy Eq. 20, the peak and whole-~body-averaged
SARs can be scaled from Table 7. These are given in Table 9 along with the
peak internal current densities. A magnetic field orientation from front to
back of the bhody is assumed for these calculations. This orientation was

selected hecause of its strongest coupling to the human body.

TABLE 9. WHOLE-BODY-AVERAGED AND PEAK S8ARs FOR AN ANATOMICALLY-REALISTIC
MODEL OF A HUMAK BEIKRG FOR RF MACNETIC FIELDS GIVEN BY REQ. 20. A

MAGNETIC FIELD ORTENTATION FROM FRONT TO BACK OF THE BODY IS ASSUMED
TO OBTAIN HIGHEST POSSIBLE SARs.

Whole-body- Peak
Averaged Current
H SAR Density Peak SAR
fMH? Afm W/ke mA/cm2 Wike

0.1 163 0.014 1,17 0.31
0.3 54.3 0.013 1.17 0.29
1.0 16.3 0.012 1.17 0.27
3.0 5.43 0.011 1.17 0.24
16.0 1.63 0.010 1417 0.22
30.0 0.54 0.009 1.17 0.20
100.0 .16 0.006 1.17 0.13

* A magnetic field of 163 A/m corresponds to a magnetic flux of 2.05 gauss in
the gaussian system of units.

For frequencies less than (.1 MHz, an RF magnetic field of 163 A/m

2
implies a peak current density < 0.0117 ka? mA/em” where the frequency ka?
ig in kHz, which is considerably Jlower than the threshold of perception aof

currents at these frequencies (see Fipure 13).

R. For General Public

The proposed RFPG for the general public is given in Tahle 1l and is

plotted in Figure 27.



TARLE 10. RADIO-FREQUENCY PROTECTION GUIDES FOR GENERAL POPULATION

Plane-wave

Frequency Equivalent
Range E H Power Density
MHz V/m A/m mW/cm2

0.01 - 0.1 (@) 41.4* 163 -
Gl = 140 (@) g1,4* 16.3/f .
1.0 - 3.9 @) g4t 16.3/£ s
3.9 - 30 (®) 240/t 16.3/£ "
30 - 100 (e) gt 16.3/f S
100 - 5,900 0.g£l/2t 0.163 =
5,900 - 300,000 61.4 0.163 (d) 1.0

The frequency f dis in MHz. E and H are the magnitudes of electric and

magnetic fields, respectively. Explanation for (a)-(d) is given below.

*
spatially—-averaged over a volume corresponding to that of an automobile.

t spatially-averaged over a volume corresponding to that of a human being.

(a) The electric field E suggested for these frequency bands is lower than
the threshold of perception of commonly encountered metallic bodies such
as a car, a van, etc. It is, however, close to the threshold of
perception for finger contact of a school bus by a child (see Figure 17).

(b) For the E-field suggested here, the current induced in a free-standing
(no contact with metallic bodies) human being is less than or equal to
100 mA (one leg current = 50 mA), which is consistent with the access
area limitation for occupational exposures.

(¢)  An incident electric field of 8 V/m implies the following for maximum

induced currents and ankle-section SARs.
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TABLE 11. TNDUCED CURRENTS AND ANKLE-SECTION SARs FOR AN INCIDENT E-FIELD OF
8 ¥/m (SCALED FROM TABLE 4),

Ty Ankle-section
Height Frequency SAR
m MHz mA W/ kg
Average adult 1.75 40.0 101.6 3.8
10~year-old child 1.38 50.7 80.1 5.6
S-year-old child 1.12 62.5 65.0 7.8

We have assumed a conductivity of 0.693 S/m for the high-water-content
tissues at 40 and 46.7 MHz [16]. Somewhat larger conductivities of 0.73 and
0.77 5/m are takep at 50.7 and 62.5 MHz, respectively. The corresponding
dielectric constants taken are 97.3 for 40 and 46.7 MHz and 92.9 and 87.4
for 50.7 and 62.5 MHz, respectively.

(d) At  higher freguencies, a power density of 1 mW/cm2 is suggested to
prevent threshold of perception of warmth [26]., Also the suggested power

density of 1 mWIsz is consistent with the recently proposed NCRP

guideline for the general population.

The knowledpe on the coupling of spatially nonuniform electromagnetic
fields to the human body is grossly inadegquate though some initial work along
these lines was previously done in our laboratory [14,8]. It is recommended
that the E-fields for the freduency band 0.01-100 Mz be considerably lowered
because of the RF induced currents and the potential for contact hazards. It
is felt, however, that a volume averaging of the E-fieids may be gquite
appropriate. For noncontact situations where the concern is primarily that of
BRF induced currents for the Irequency band 1~100 MHz, ao incident E-field
spatially-averaged over the volume of the human body should not exceed the
values given in Table 10. Yor the lower frequencies the concern is primarily
that of contact hazards due to instantanecus flow of large currents upon

touching ungrounded metallic bodies. An incident FE~field spatially-averaged

- 56 -



over a volume corresponding to that of an automobile should not exceed the
values suggested for the frecuency band 0.01-1.0 MHz.

Very little information is presently available on the relationship of
biological effects with the peak wvalues of pulsed fields. It is suggested,
therefore, that the instantaneous peak wvalues of the F- and H-fields not
exceed ]100 times the limits given in Tahles 8 and 10 at the corresponding
frequencies [3]. Similar to the ARSI pguideline [1] for intermittent
exposures, the fields time-averaged over any 6-minute period should not exceed
the limits given in Tables & and 10.

Tn situations where simultaneocus exposure occurs from a number of
sources at different freguencies, the exposure should be measured at each
frequency and expressed as a fraction of the E and H 1imits at the
corresponding frequencieg {(from Table 8 or 10, whichever 1s appropriate}. The

sun of the squares of these fractions should not exceed unity.

XTv. COMPARTSON OF THE RECOMIIERDED RFPCs
WITH STANDARDS AT OTHER FREQUENCIES

From Eq. 18, the suggested limit on the contact current is 1.5 mA at 3

kHz. This may be compared with the National Electrie Safety Code [27] which
specifics a rmaxinum leakage current of C.5 mA from portable electrical tools
and Thousehold appliances and 0.75 mA for permanently fixed appliances.
Recognizing that the threshold current for perception at 3  kHz ds
approximately 3 times higher than that at 60 Hz [28], a suggested contact

current of 1.5 mA is not out of lime with the leakage current of 0.5-0.75 mA

spcecified in the National Electric Safety Code.
¥or higher RF freauencies, the suggested guideline of 10 mWmez for

occupational exposures 1is in agreement with the occupational standard for

ation, while a reduced guideline of 1 mwrfr‘mz {ser Tahle 10) is

infrared radi n,

consistent with the recently proposed NCRP guideline for the general

population.

X¥V. SOME AREAS RECOMMENDED FOE FURTHER WORK

As aforementioned, the knowledge on the coupling of spatially nonuniform

electromagnetic fields to the human body is grossly inadeguate. Recognizing



this inadequacy, we have, in the past, examined the coupling of cosinusoidally
varying E-fields in the VHF band tec a 180-cell inhomogeneous btlock medel of
man and have obtained an empirical eguation that gives the reduced SAR vis a
vis that for uniform or plane-wave exposures [4,8]. Because of the tremendous
advances in the field since this early work, additional work, both
experimental and theoretical, could and should be undertaken to examine the
issue in preater detail and to c¢btain a valid way of interpreting the
spatially wvariable fields that are the norm in real-~life situations. New
numerically-efficient procedures based on a high-resolution (40,000 cells)
anatomically-realistic model of man have recently been developed [29-31] that
may be useful for these studies.

Since the proposed RFPGs rely upon the limits of currents through the
body for contact as well as free-field (no large metal objects) conditions,
portahle instrumentation is needed to validate that the Iimiting currents are
not exceeded. We have fabricated a 1/8"-thick bilayer current sensor in the
form of a shoe imsert. The current induced in the body passes through this
sensor to the ground. An RF diode is used to rectify this current which is
then displayed on a digital display. Either instantaneocus or six-minute-—
averaged current can be displayed from this portable, operator-mounted unit.
With further work and detailed testing, this unit could bhe perfected for
applications in this area. The detailed testing must also include the
measurements of induced currents for spatially nonuniform fields both in the
context of occupational as well as general population exposures, Such
measurements are needed to wvalidate the concept of wvolume-averaging of the
fields and to examine 1if the greatly reduced FE-fields sugpested for the
general population are justified. An RF current meter with an impedance
corresponding to the average impedance for the humans under grasping contact
conditions (sse Figure 11) could similarly be used to validate the proposed .
concept of volume-averaging of E-fields for contact situations. Such a meter
could eventually be used to ascertain that the proposed current limits under
contact conditions are not exceeded.

To be consistent on the SAR basis, significantly higher RF magnetic

fields have been suggested in the proposed RFPGs for the occupational as well

as general population exposures. Some recent, albeit uncenfirmed, reports

- 5 -



have alluded to the hiological effects of low RF magnetic fields. Further

work is definitely in order to examine the validity of the claimed biological

effects due to RF magnetic fields. Last, but ngt least, one necds to study

the biclopical effects of exposure to RF currents of the propesed curtrent
densities in the VLF teo VHF range of frequencies. Implicit in the current-
limited guidelines of Tables R and 10 are current densities at the extremities
as high as 5.3-8.4 mAfcmz. It may be appropriate to study the effects of RF

currents on blood, bone marrow, and other relevant hiological media.
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APPENDIX A

THERMAL IMPLICATINNS OF HIGH SARs IN THE BODY EXTREMTTIES
AT THE ANS1 RECOMMENDED MF-VHF SAFETY LEVELS*g

Jin-Yuan Chen and Om P, Gandhi
Department of Electrical Engineering
University of Utah
Salt Lake City, Utah 84112

Abstract

Surface temperature elevation of the wrist- and the ankie-sections

were measured for a healthy human swbject at room temperature (22-25° C)

for a wvariety of RF currents and SARs in the freocuency band 1-50 MHz.

The ohbserved highest rates of temperature increase in °C/rin are given

by the best-fit relationships: 0.0045 x SAR in ¥/kg for the arkle-

section and C(.0048 x SAR
involved for conditions of
trucks, fences, etc. Since
W/kg and wrist-section SARs
projected for the E-fields
puide, fairly high rates

antiripated.

for the wrist-section, the latter being
contact with ungrounded bodies like cars,
ankle-section SARs on the order of 1B2-243
as high as 1045 W/kg have previously been
recommended in the ANSI (C95.1-1982 safety

of temperature iIncrease are therefore

" This work was supported hv the 1IS5AF School of Aernspace Medicine,
Brooks Alr Force Rase, Texas, under Contract F33615-85-C-4522,
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water—content tissues are 47.6 and 25 W/kg,
respectively.
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THERMAL IMPLICATIONS OF HIGH S5ARs IN THE BODY EXTREMITIES
AT THE ARSI RECOMMENDED MF-VHF SAFETY LEVELS

Introduction

The radio-frequency radiation (RFR) standards supgested [1,2] by
the American National Standards Institute (ANS5T), the American Confer-
ence of Governmental Ipdustrial Bygienists (ACGIH) and, more recently,
by standards-setting groups elsewhere (Canada, IRPA, Australia, etc.),
have relied on the knowledpe of whole-body-averapge specific absorption
rate {S5AR). This knowledge has led to recommendations that the allowed
power density can he increased in proportion to the square of the fre-
quency from 1 mi/en? (E = 61.4 V/m) for frequencies below 30 MHz.
Recognizing that if the exposure limits were allowed to Iincrease without
limit at Jower freguencies, potential hazards could exist for shock and
burn, an upper hound of 100 mi/em? (E = 614 V/m) has been recommended
for the repion N.3-3.0 Miz.

We have shown [3,4] that vertically polarized incldent plane waves
are capable of inducing fairly sipgnificant RF currents in a hupan being
standing on a2 ground plane. Foot currents on the order of 627 mA with a
value peaking at 780 mA at 40 MHz have been projected for a 1.75 m tall
barefoot human heing for the electric fields recommended in the ANST
C95.1-1982 RF Safety Guide. There is only a wmarginal reduction in these
currents with the use of footwear particularly at the VHF frequencies
t4]. As these currents flow through ihe small cross sectlon, highly
like the ankle section, fairly high current densities

bony reglons

result, with an SAR in high-water—content tissues esrimated to be on the



order of 182 W/kg for the frequency band 3-30 MHz, increasing to a still
higher value of 243 W/kg for E = 61.4 V/m (1 mchmz) at 40 MHz. Using
electromagnetic scaling corcepts, the corresponding ankle-section B5ARs
as high as 371 and 534 W/kg have been projected for ten- and five-year-
old children, rtespectively, for £ = 50.7 and 62.5 MHz. Fairly large RF
currents flowing through the body have alsc been projected for a human
in either touching or prasping contact with commonly éncountered
ungrounded bodies such as a car, a truck, a fence, etc. [5-7]. As an
example, we estimate that a carrent of 879 mA will flow through the
human hand holding an avtomohile wvan parked In the ANSI-rerommended
electric field of 614 V/m at a frequercy of 3 MHz. This will produce an
SAF in the high—water—cnﬁtent tissues of the wrist of about 1045 W/kg.
In this paper, the data are piven on the surface temperature
elevation of the ankle-section and the wrist for a healthy human subject
at roor temperature (22-25°C). Different rates of heating were observed
for the various locations at the surface for both the ankle- and wrist-
sections. Moast of the data were, therefore, obhtained for the locations
where the hipghest rates of heating were observed; namely, at the front
of the leg and at the inside of the wrist. Rates of heating for these
points are given for a variety of RF currents and the concomitant
estimated brigh-water—content tissue SARs in the frequency band 1-50
MHz. Best-fit relationships are ohtained for the rates of temperature
rise AT/At in °C/min. These are! AT/at = 0.0045 x SAR for the ankle-
section and AT/At = 0.0048 x SAR for the wrist-section, where the SAR is

in Wke. Subtstantial rates of surface temperature increase are

therefore implied for the SARs that have been projected for the ANSI-



recommended safety levels. It should he recognized that internal tissue
temperatures may be still higher, leading one to guestion the safety of

the so-called safety guideline.

Experimental Procedures and SAR Cajeculations

For ankle-section measurements, a copper tape (6 cm wide x 0.8 mm
thick) was wrapped around the lower leg as one of the electrodes while
the other electrode was provided by a wide area (1.2 x 2.4 m) aluminum
sheet under the foot. The suhject wore his normal shoe, which in this
case was a rubher-soled shee. The current passing through the foot was
measured using a bilayer current sensor similar to the one described in
our earlier paper [4]. This current sensor was made of a 6 mm—-thick, 21
x 32 cm polyethylene sheet clad on both sides with copper. The current
from the upper sheet on which the subdect's foot was placed passed to
the lower plate throuvgh a relatively noninductive carbon resistor
(nominal value = 5 ) placed at the center of the bilaver sensor. The
impedance Z of the resistor in this setting was measured and is given in
Table 1 for each of the experimental frequencies. RF voltape V across
the resistor was measured using a Fluke model 8060A digital multimeter
(with model 85 RF hiph-frequency probe), and used to calculate the

The currents thus obtalned were compared with a

current 1 = IV'KIZ

direct measurement of RF current using Tektronix P 6042 current probe (0
- 50 MBz) torether with a Tektronix 7603 oscilloscope. For these
measurements a single—foot current sensor was fabricated and used. This
also is & hilaver sensor of two copper sheets of dimensions 8 x 21 em

with a separating layer of 2.5 cm thick styrofoam. The current path



Tahle 1. Impedance Z of the current
SEEnsor at*various fre-

guencles.
Frequencies pA
MHz Ohms
3.0 5.5 /+5°
5.0 5.5 /+8°
10.0 5.7 [+14°
27.12 6.85 /+34°
40.68 B.0 f+43°
50 B.9 /+47°

Inductive component of the measured impedance is due primarily to the
inductance of the coaxial connector (Amphenol 31-10) and of the

connecting lead,

hetween the two plates was provided by means of a shorting copper
conductor around which the probe P 6042 could be looped for current
measurements, For freaquencies to 40.68 MHz, the currents calculated
using Fluke multimeter were within 5 percent of those obtalned with
Tektronix current probe. Because of the simplicity of the direct-—
reading Fluke multimeter, thies instrument was wused in all further
experiments. The surface temperatures for the various locations of
the ankle-section were measured wvsing a semiconductor fiberoptic
temperature prohe [B8] that was taped with a thin plastic tape at the
respective locations to provide good contact with the body.

A similar procedure was followed for the wrist-section measure-

-4 -



ments where the current passed from the copper armband, wrapped around
the forearm fust below the.elbow, through the hand placed on the bllayer
current sensor back to the RF power source. The power sources used to
create the RF currents at the various frequencies were: 1. General
Radio Type 1330-A bdridge oscillator connected to a Krohn-Hite model
BR7500 amplifier for power at 1 MHz; 2. A 100 W Kenwood model TS 4305
transreceiver (1.8-30 MHz) for frequencies between 3 and 27.12 MHz; and
3. MCL RF power generator model 15122 for 30 MHz and above.

To estimate SARs in the various tissue types, we proceed as fol-
lows. The total current It is assumed to be distribured as the inverse

of the impedances Zi' For the i-th tissuve of area Ai,

L — (0

1
1 —
4 4
: _ t 2},_ _ I, (ci jwei] AL -
i ¢ 1 L {o, + jue ) A,
Z, i
i"i
J. I
1 t
E = - = n (3)
i o, + juweg f [ai + wai} Ay
* H 1
o, E; F. lIt|2 9,
SAR| = e = )
1 i Py i (ci +w’ el) A
where 9 and €, are the conductivity and permittivity of the

i-th tissue at frequency w ip radians/s



£ 1s the length of the section of the leg

Ji = IiIA is the current density per unit arez in the
i-th tissue

p, = mass density of the i-th tissue.
From Ea. 4, it 4is clear that the highest SAP occurs 1n hiph-water-—
content tissuves with the highest conductivity. For these tissues a mass
density of 103 kg/m3 is assumed. For the SAR calculations 1in this
paper, we have looked at the anatomy of the ankle- and wrist cross-—
sections and have «cataloged the tissues 1Into one of three broad
categories: 1. Area A., conductivity o, of the high—-water—-content,

high-conductivity tissues like muscle, blood, skin, etc.; 2. Area Am,

conductivity o, of mediur conductivity tissues like red marrow; and
3. Ares A£’ conductivity oy of the low-water—content tissues like bone,
fat, tendon, etc. The areas AC, Am, AE estimated from the anatomical

cross section of the ankle [9] are, respectively, 11.75, 20.25 and 68
percent of the total cross-sectional area Ag. The Icorresponding
subareas estimated from the anatomical diagram of the cross-section of
the wrist [10] are: 31.2, 14,0 and 34.8 percent of the total cross-
section for the hiph, medium, and low conductivity tissues,
respectivelv. For the experimental subject, the total areas for the
ankle- and wrist-sections were measured to be 40  and 23.7 cmz,
respectively. The conductivities O.s O and Oy and the dielectric

constants € _, £, and €, taken at the various frequencies are given in

Table 2 [11,12].



Tahle 2. Conductivities for the various tissues
at different frequencies [11,12].

UC €C cm Em UE. 61
fymz S/m S/m §/m
1.0 0.4 2000 0.22 100 0.03 20
3.0 0.45 1600 0.22 74 0.03 20
5.0 0.50 1200 0.22 63 0.03 20
10.0 0.625 160 0.22 40 0.03 20
27.12 0612 113 0.27 32 0.03 20
40.68 0.693 87.3 0.27 27 0.03 L4 .6
50.0 0.722 [ 93 0.27 25 0.03 13.4

Surface Terperature Elevation of the Ankle-
and Wrist-Sections Due to RF Current Flow

Tt was recognized that surface temperature elevations along the
circumference of the ankle~ and wrist-sections may be nonuniform, hoth
on account of the inhomogenecus SAR distribution as well as different
thermal conductivities of the tissues. The skin over the ankle, for
example, is not 1likely to get heated as fast on account of the Iow
thermal conductivity bony region dFust underneath, Experiments were
performed to ohtain surface temperature elevations at four representa-
tive points each for the ankle- and wrist-sections. The data are shown

in Figs., 1 and 2, respectively. For the ankle-section the rates of

heating are fairly comparable for points 1 and 2 at the front and back
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of the leg, respectively. As expected, considerahly lower rates of
heating are observed for points 3 and 4 on the skin above the bony
regions of the ankles, To estimate the highest rates of heating, point
1 at the front of the lep was used for the remainder of the experiments
in this study. An Iinteresting polnt to note from Fig. 1 1is that the
temperature at point 1 rises to a "painful" surface temperature of
41.5°C after just nine minutes of exposure for a current that has been
estimated through each of the human legs at the ANSI-recommended safety
level of 1 mwfcmz at 40.68 MHz [4]. The response "painful” is likely to
be due to higher deeper temperatures experienced under this condition.
Since the purpose of our experiments was to ©study rates of heating
rather than the thermoregulatory phenomenon, experiments were mostly
discontinued once some tapering of the temperature rise had set in. In
related mnumerical studies {to be published), we have modeled increased
blood flow and sweating from the lower part of the human leg for current
flow conditions similar to those of Fig. 1. The surface temperature was
found to rise to a maximum of 42.6° C approximately 13 minutes after the
onset of RF current. The temperatures decreased thereafter asymptoti-
cally approaching a steady-state surface temperature of 39.8° C.

The highest rate of heating for the wrist section (see Fig. 2) was
vhtained for point (a) on the i1inside of the wrist. This point was
consequently used for all further experiments in this study.

Since it 1s difficult to set up high-power far—-field irradiation
facilities, particularly at lower RF frequencies, a question naturally
arises whether temperature measurements based on a copper tape electrode

exposure system are vrepresentative of the currents that are estimated



for plane-wave exposures. An important aspect of the latter exposures
is that the current 1s 1Induced over the entire body and propagates
through the legs resulting in highly-concentrated current densitles and
hence large SARs in the ankle section. Consequently, a couple of exper-
iments were performed using vertical monopole antennas as radiators at
the higher RF frequencies 27.12 and 40.68 MHz where the radiator length
L, which is typically a fraction of a wavelength (i), can be quite
reasonable. We used antennas of length 1.14 m or 0.103 X and 1.54 m or
0.209 X at the two respective frequencies. The radiator at 27.12 MHz
was a base-loaded commercially avallable antenna used for CB radios
while the antenna at 40.68 MHz consisted of a vertical length of wire
selected for convenience of matching to the RF source. To satisfy the
far-field condition d » 2 (ZL)EIA, one need only be about I to 2 m away
from the monopole above ground antennas of the two lengths that were
used. The rates of temperature rise obtained using vertical monopole
radiaters are compared in Figs. 3 and 4 with those obtained wusing the
copper tape as one of the electrodes. The agreement 15 quite good.,
Because of the convenience of using the copper tape as the current
launching electrode particularly at MF frequencies, this procedure was
used in all further experiments.

Some typlical graphs on the surface temperature elevations for the
peints 1 and (a) of ankle- and wrist—sections, respectively, are given
in Figs. 5-8 for a few representative RF currents that are indicated on
respective figures. Also given in the individual captions are the SARs
estimated for the high-conductivity, high-water—-content tissues of the
respective anatomic cross sections. Since In actuality these currents

are induced as a result of exposure to electromagnetic fields [3,4], one

- i1 -
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Surface temperature of point ! of the ankle-section under conditions of RF current
through the leg. Initial rates of temperature rise for the curves (1)

and (2} are 0.29 and 0.09°C/min., respectively. The corresponding

SARs estimated for the high-water-content tissues are 46 and 24 W/kg.
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can estimate the incident electric fields that it will take to induce
the currents given in Figs. 5-8. The respective incident plane—-wave E-
fields are 62.8 V/m for Fig. 5 and 27.5 and 19.8 V/m for Fig. 6 and E-
fields of 190 V/m, and 111.8 and 81 V¥/m incident on an automobile van
for Figs. 7 and 8, respectively [5,7]). It may be recalled that high
currents pass through the human wrist only upon contacting ungrounded
metallic bodies; 1n this case grasping the handle of an automobile
van. In Figs. 9 and 10 we have plotted the initial rates of heating for
a large number of data that we have collected. Using the least-squares
approximation to a straight line dependence, we have obtained empirical
relationships for the highest rates of heating of the surface for ankle-

and wrist-sections. These are:

%% = 0.0045 x SAR °C/min (5)
surface

for point 1 of the ankle-section, and,

%% = 0.0048 x SAR °C/min (6)
surface

for point (a) of the wrist-section, where the B8AR 4s iIn W/kg and

pertains to the high-water-content tissues in the respective cross

sections.

It is ipteresting to note that fairly comparable rates of maximal

heating have been obtained for both the ankle- and wrist-sections.
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Conclusions

We have reported the surface temperature increases of the wrist-
and ankle-section for a healthy human subject for a variety of RF
currents for the frequency band 1-50 MHz. From the data given in this
paper, substantial rates of surface heating are projected for the E-
fields suggested in the ANSI (95.1-1982 RF Safety Guideline [1]. Since
internal tissue temperatures may be even higher, one can question the

safety of the so—called safety guidelines.
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