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Implanted medical devices in workers exposed to

radio-frequency radiation
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HOCKING B, JOYNER KH, FLEMING AHJ. Implanted medical devices in workers exposed to radio-
frequency radiation. Scand J Work Environ Health 1991;17:1—6. This paper discusses the management
of radio-frequency radiation workers who have implanted medical devices which may be adversely af-
fected by such radiation fields. The implants include orthopedic devices, cardiac pacemakers, and cochlear
implants, but exclude dental work. The effect of radio-frequency radiation on the devices may be to increase
heat load and/or produce signal interference. The mechanics of interaction are outlined and protocols
for managing cases are described. The implications for safety standards are discussed.
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Physicians should be aware that implanted medical
devices may interact in various ways with radio-
frequency radiation (RFR), and this problem should
be considered when they are placing or rehabilitating
staff who are occupationally exposed to RFR. This re-
view begins by noting the biophysics and occupations
involved; then discusses two different mechanisms of
adverse interaction, heating and electromagnetic inter-
ference; and also considers how these interactions may
be managed.

The range of metallic medical devices is increasing
yearly. They include orthopedic wires, plates, rods and
joint replacements, cardiac valves and pacemakers,
transcutaneous drug delivery systems, and cochlear im-
plants. The Australian standard AS2772 sets exposure
limits for RFR workers (figure 1), but, unlike other
national and international standards, recognizes that
staff with metallic implants require specific consider-
ation (1). However, little information is available on
this subject, and this review offers some guidance
based on our experience.

Absorption and exposure

RFR is that portion of the electromagnetic spectrum
usable for radio communications, and it is generally
considered to encompass frequencies in the range of
10 kHz to 300 GHZ. Microwave radiation is a subset
of the RFR range and covers frequencies between
300 MHz to 300 GHz.

Some of the occupational categories which may in-
volve exposure to RFR are shown in table 1.
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Figure 1. Occupational exposure limits for radio-frequency
radiation (from AS2772). (solid lines =long-term exposure
limits; A & B = possibility of shocks and burns occurring or not
occurring, respectively; broken line = maximum short-term ex-
posure level (6 min) (1).

Table 1. Uses of radic-frequency radiation (RFR). Various oc-
cupational categories are shown with the possible range of
RFR frequencies which may be encountered.

Occupation Frequency

Radiocommunications 10 kHz—300 GHz

Heating of wood and plastic

(RF welders and dryers) 10 MHz—100 MHz

Cooking (microwave ovens) 2.45 GHz

Heating of metals (induction

furnaces and some welding

processes) 50 Hz—2 MHz
Radar 400 MHz—20 GHz
Telemetry 10 kHz—300 GHz
Navigation 10 kHz—300 GHz

Medicine (eg, diathermy, cancer
hyperthermia treatment)

Analysis of chemicals and nuclei
(eg, nuclear magnetic resonance)

10 MHz—3 GHz

10 MHz—100 MHz




The human body acts as an antenna when exposed
to RFR. The energy absorption within the body dur-
ing RFR exposure is a complicated function of the fre-
quency of the RFR, the orientation of the electric-field
component of the RFR relative to the long axis of the
body, the size of the body or an organ relative to the
wavelength of the RFR, the shape of the body or an
organ, the electrical properties of the tissues, and the
amount of energy contained in the RFR.

For an upright adult 1.75 m tall, the energy absorp-
tion averaged over the body varies with frequency as
shown in figure 2 (2). It reaches a maximum at approx-
imately 80 MHz because the body acts as a resonant
antenna when the height to wavelength ratio is approx-
imately 0.4. The curve of the Australian standard (fig-
ure 1) is based on protection from this absorption pat-
tern.

The absorbed energy is lost through the movement
of free ions causing an electric current (conduction loss)
and through molecular rotation (dielectric loss). Thus
RFR propagating through a biological medium inter-
acts with it, and energy transfer occurs. This phenome-
non results in attenuation of the RFR and an increase
in the kinetic energy of the molecules of the medium
(ie, in heating). The degree of attenuation of the RFR
depends on the dielectric properties of the medium,
and these properties also change with the frequency
of the incident field (3).

Metallic implants act as antennas when exposed to
RFR and thereby enhance the local electric field. As
the absorbed energy is directly proportional to the
square of the in-situ electric field, metallic implants
enhance the absorption of energy in the vicinity of the
implant. The effect of this enhanced energy absorp-
tion is an increase in the local heat load.

With some devices (eg, pacemakers and cochlear im-
plants) the absorbed energy may also affect the oper-
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Figure 2. Calculated energy absorption averaged over the body
mass (W/kg) versus frequency. Maximum energy absorption oc-
curs when the ratio of the height (h) of the person to the wave-
fength (1) of the radiation equals 0.4, at which point resonance
occurs. As the ratio of height to wavelength changes, energy
absorption decreases rapidly (according to reference 2).
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ation of the device. Interference may enter a cardiac
pacemaker either directly through the pulse generator
or indirectly through an antenna which may be formed
by the lead system (4). Interference with cochlear im-
plants occurs through the direct reception of radio sig-
nals (5).

Heating

Metallic implants exposed to RFR increase local energy
absorption by enhancing the local electric field; if they
are thin enough, the implants may become heated, pos-
sibly adversely affecting tissue. In general, the effect
is maximal when the implant is resonant, and reso-
nance depends on the dimensions of the implant rela-
tive to the wavelength of the RFR in the tissue. The
degree of heating can be calculated with the methods
given in the appendix and described elsewhere (6, 7).
Orthopedic devices are of obvious concern but other
devices need consideration. There has been a case re-
port of a skin burn in a person wearing a transdermal
drug delivery system. The person was exposed to a
leaky microwave oven (8). New devices, such as im-
planted insulin infusion systems, will also require as-
sessment (9).

It should be noted that dental work poses a negligi-
ble hazard because the mouth is an efficient cooling
device and the teeth are heat resistant. Therefore con-
cern about heating does not apply to dental work.

The following approach to implanted devices is used
in Telecom Australia (7). Details on the implant are
obtained, including its configuration and anatomic
location, a radiograph taken at the time of the opera-
tion being useful. Details of the potential RFR ex-
posure are obtained. They must include the frequen-
cies, the field strengths, and the durations of exposure.
The likely heating effect of these exposures on the im-
plant is then calculated according to the methods
described by Fleming & Joyner (6), the worst-case es-
timates being based on the upper limits of exposure
in the Australian standard (figure 1). The extent of
heating is then assessed with regard to the hazard to
adjacent tissues. An upper acceptable limit is 1°C, but
in cases of devices adjacent to heat-sensitive tissue,
such as the atrioventricular node, lower temperature
limits may be necessary. This information is then com-
municated to the person and to management in clear,
understandable terms. In the event of a job transfer
or the introduction of new technology, a reassessment
should be considered. An example is shown in the ap-
pendix.

Electromagnetic interference

Devices such as cardiac pacemakers and cochlear im-
plants may be heated by RFR, and also electromag-
netic interference to their operation may occur.

Cardiac pacemakers. Historically interference with a
pacemaker was a common problem, but today shield-



ing largely prevents it (4). However, if the interfering
signal is of sufficient intensity or is detected by the elec-
trodes of the pacemaker, which act as antennas, it is
possible for the timing of the pacemaker to be dis-
turbed and an irregular or unwanted output produced.
Strong electric fields (2.5 kV/m) of extremely low fre-
quency (50 Hz) and RFR have been reported to cause
interference (10, 11). Powerful RFR fields which may
be encountered in the workplace should be suspect for
their ability to interfere with the pulse generator (4,
11), although programmable pacemakers are claimed
to have security systems which would prevent their
reprogramming by extraneous RFR. Sources of RFR
from which interference has been reported at work in-
clude electric arc welding equipment, transmitting
towers and antennas, dielectric and induction heaters,
and diathermy devices (11).

The following approach to pacemakers has been
adopted in Telecom Australia. Details on the pace-
maker are obtained, including information on its
shielding, past experiences, and whether or not it
reverts to a fail-safe fixed mode to avoid syncope. This
information may be obtained from the cardiac center
responsible for implanting the pacemaker and from
the manufacturer. Details on the likely RFR exposures,
including frequency, strength, modulations, and du-
ration, are obtained, and the likelihood of adverse in-
teraction is estimated in consultation with the manufac-
turer and cardiologist. The consequences of reverting
to a standby rate need to be assessed in light of the
job. For example, reversion to a fixed rate is poten-
tially more serious for work at heights than work at
ground level. If the risk of adverse consequences ap-
pears unlikely to lead to harm, the individual may be
provided with a self-contained portable electrocardi-
ograph, such as a Holter monitor and recorder, and
monitored while working under exposed circumstances
for evidence of interference to confirm the correctness
of the estimation. On the basis of this result, clear ad-
vice is given to the individual and management. In the
event of job transfer or new technology reassessment
should be considered.

It should be noted that protective suits, similar to
that used by Butrous et al (10) to protect electricity
workers with pacemakers, are not suitable for RFR
workers because of the inability of the suits to shield
the wearer effectively from RFR fields (12).

New generation pacemakers, which sense the onset
of physiological changes that occur with exercise, are
particularly likely to be used in people of working age
(13). Some of these devices utilize piezoelectric crys-
tals or other sensors which may interact with RFR and
lead to interference. This issue needs to be addressed
during the development of these new pacemakers.

Cochlear implants. Cochlear implants are likely to be
fitted to young persons who will enter the work force.
Loeb (14) has described various types of cochlear im-

plants. The simplest have a single channel, but the most
useful, the Melbourne-Nucleus cochlear implant, has
multiple channels. There are reports of the simple
devices used in America receiving radio signals (15),
but the Melbourne-Nucleus device has internal check-
ing circuits which help exclude such interference (5).
However, power and data are transmitted to the
Melbourne-Nucleus cochlear implant by electromag-
netic induction using a sequence of pulse bursts at
2.5 MHz. This frequency is also allocated for standard
frequency and time transmissions in Australia and so
may result in interference in special groups of RFR
workers. Generally the risk of interference appears
small, but RFR workers receiving implants should be
advised of the risk of interference and recommended
to report untoward ‘“voices,’’ which can be distress-
ingly misinterpreted as hallucinations (15).

It is also recognized that pulsed RFR (radar) may
cause heating of the cochlear fluid and therefore cause
a clicking sound to be heard (16). This possibility
should be allowed for when complaints of abnormal
sounds are assessed.

Discussion

The principles of managing the adverse interaction be-
tween RFR and medical devices may be summarized
as follows. First, occupational physicians or radiation
protection officers and recipients of implants must be
alert to the fact that adverse interactions may occur.
Second, a thoughtful assessment of the frequencies and
field strengths to which the worker may be exposed
should take place. Third, the possible interactions
should be carefully assessed through the use of mathe-
matical modeling and laboratory tests, or a work trial
should be performed. Fourth, clear advice on present
or possible future risks should be given to the worker
and management.

Our schemes of management are based on the as-
sumption of safe work practices being observed such
that there is compliance with the Australian standard
(figure 1). It is particularly important that work prac-
tices avoid RFR burns and shocks because, in addi-
tion to the burns or shocks, the functioning of a de-
vice may be adversely affected. Parts of the aforemen-
tioned schemes of management are complex. Our ex-
perience indicates that it is prudent to use the com-
bined skills of a scientist and a physician.

To our knowledge other national and international
standards have not addressed the protection of RFR
workers with implanted medical devices. It would seem
timely for such standards to be developed. In light of
our experience, we consider it appropriate to assess
cases individually rather than create a lower, across-
the-board RFR safety standard for workers. The num-
bers of staff involved are small and thus permit in-
dividual consideration. This approach also avoids
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problems of unfair discrimination in employment by
being very specific about any restrictions.

Although the preceding protocols have been
designed for the workplace, they may also have ap-
plication in clinical settings for patients with metallic
implants who are to be exposed to RFR.
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Appendix

The assessment of the heating of an implant can be
illustrated by the following case of a 32-year-old male
radio technician who had undergone cardiac surgery
for an ectopic focus and still had wire sutures secur-
ing his sternum.

The chest radiograh and clinical notes revealed 1-mm
stainless steel wires forming loops and near-vertical
twists of wire some 2 mm in diameter (figure A-1).
These structures were classed as both rods (the wire
twists) and rings for purposes of RFR interaction cal-
culation.

The subject was predominantly exposed to frequen-
cies between 6 and 22 MHz at low levels (=2 mW/
cm?), but the possibility existed of exposure to the
allowable limit of 25 mW/cm? for up to 8 h with pro-
vision for a maximum short-term (6 min) exposure
limit of up to 100 mW/cm?. (See figure 1 in the in-
troduction.) In the future he may be required to work
at frequencies above 30 MHz, for which the exposure
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limit is 1 mW/cm? for up to 8 h with provision for
a maximum short-term exposure limit of 5 mW/cm?.

The interaction between the incident fields and the
implants was assessed with the use of two methods,
and the subsequent tissue temperatures were calculated.
With the first method the implant was treated as a
resonant structure. A perturbational analysis involving
some simplifying assumptions was used to determine
the ability of the sutures to heat the surrounding tis-
sue. Because of to the high frequency at which the
sutures resonate, around 1650 MHz, a planar model
of the local geometry, including the sternum and sur-
rounding tissue, was used in estimating the fields in
tissue due to an external electromagnetic wave with-
out the implant being present. Two thin wire antenna
programs (1, 2) were then used to investigate the re-
sulting near fields surrounding each suture. The tech-
nique of these programs is to segment the physical wire
structure into small filamentary elements and apply the
method of moments (3).



This approach allowed the sutures to be modeled as
combinations of rods and loops and also allowed for
the investigation of the behavior of the rods or loops
as individual components. Both programs required
modification to enable modeling in conductive media
such as biological tissue. The computed currents and
near fields for the rod structures were verified (1)
against data obtained by King & Harrison (4), who
derived analytic expressions for these parameters for
a range of linear antennas in conductive media. The
numerical and analytical approaches gave similar
predictions for the electric fields at distances of half
a wire radius from the tip of the rods. We tested vari-
ous orientations of the model sutures to establish the
orientation and location for maximum enhancement
of the incident electric fields in tissue. As expected,
it was found that the electric fields adjacent to the tips
of the rods were maximal. The enhancement of the
electric fields near the tips depends in part upon the
end shape of the rods; the sharper the end, the larger
the fields. Hence the fields may be singular; the cal-
culations assumed sharp conical-shaped tips with a half
angle of 45°.

The electric field incident on the implant due to a
person being exposed to the allowable RFR limits was
calculated according to the assumption of planar tis-
sue geometry and with the methodology and electri-
cal tissue properties given in reference 5. The in-situ
electric fields which give rise to tissue heating were cal-
culated from the product of the incident electric field
and the calculated enhancement factors around the tip
of the implants. The interaction between the loops and
incident vertical magnetic fields was also investigated.
However, the resultant heating in adjacent tissues was
significantly lower than the heating due to the concen-
tration of the electric fields at the tip of the rods.

The heat transfer was analyzed numerically with a
3-D steady-state finite element model (6) based on the
bioheat equation (5). The physical boundaries of the
model extended from the outer surface of the skin
through to the inner surface of the sternum, a total
depth of 15.75 mm. The width and height of the model
volume were 10.35 and 13.75 mm, respectively. The
upper and lower surfaces of the volume were assumed
to be insulated, and the inner surface of the sternum
was clamped at 36.5°C. Heat was conducted through
the sternum and layers of skin to the skin surface ac-
cording to the methodology of Saxena & Pal (7).

The temperature rises are listed in table A-1 for the
resonant range of the implants of 1650 to 3000 MHz,
corresponding to wire twist lengths of 12 and 7 mm,
respectively. At the maximum short-term exposure lim-
it (see figure 1 in the introduction) the rise in tissue
temperature exceeded 1°C.

The second method used to determine the interac-
tion between the incident electric fields and the im-
plants made use of a quasi-static approximation for
the implant. The quasi-static approximation is valid
when the dimensions of the implant are small when

compared with the wavelength of RFR in tissue. The
wire twists were modeled as prolate spheroids (a body
obtained by rotating an ellipse about its major axis),
and the enhancement in the electric field at the tip of
the implant was calculated according to the work of
Guy (8). The fraction of the incident electric field
reaching the implant was determined from calculations
of the internal electric field distribution in whole-body
block models of a human (9). The in-situ electric fields
giving rise to the tissue heating and the subsequent tem-
perature rises were calculated as for the method using
the resonance model of implants.

Note that the maximum for the induced electric field
occurs at 80 MHz, where the whole body is acting as
a resonant object. The resultant temperature rises at
frequencies of 3, 9.5, and 80 MHz are also listed in
table A-1. The frequencies of 3 and 9.5 MHz were
chosen for calculation because the exposure limits
reach maximum values of 100 and 10 mW/cm?,
respectively. (See figure 1 in the introduction).

STERNUM

i\ 25mm

12mm
-19mm

Figure A-1. Schematic drawing of a lateral chest radiograph
showing wire sutures in the sternum.

Table A-1. Tissue temperature rises at the exposure limits.

Frequency Exposure limits Temperature rise?
(MHz) (mWicm?) (°C)
1650—3000 1 0.48
1650—3000 52 24

80 1 0.28

80 52 1.3

95 10 0.03

3 100 0.01

2 Short-term exposure limits.
b At certain frequencies the tissue-temperature rise ap-
proaches or exceeds 1°C.



After the interaction between the incident fields and
the implants was assessed, the extent of heating with
regard to adjacent tissue was determined. The wires
were embedded in cartilaginous bone, which is rela-
tively insensitive to heat, and in contact with skin,
which is capable of readily dissipating heat. Although
some of the wire loops protruded inside the rib cage,
the most critical parts were found to be the tips of the
wire twists, which were external to the rib cage and
not in contact with heat-sensitive tissue.

The advice given to the subject and management was
that work can proceed at exposure levels up to the oc-
cupational limits for frequencies below 30 MHz. How-
ever, no work at the maximum short-term exposure
limits was permitted at frequencies between 50 and
150 MHz and in the gigahertz range.
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