,.,,.,,f:_,!Ui!L;'. .-¥¥.it,

..

HUMAN ExPosuRE To NoN10N1z1N'M~c"""lR~,::,;,;ein~1•'?\NT ENERGYPOTENTIAL HAZARDS AND SAFETY STANDARDS
(INVITED PAPER) -

BY

S. M. MICHAELSON

Reprinted from PROCEEDINGS OF THE IEEE

VOL. 60, NO. 4, APRIL, 1972
pp. 389-421

Com,cm ©

1972~TH, INsm::,:;;, ~:;~.::':".:"" ErnmoN<eS EN7"· !NC,

/
l.

Human Exposure to Nonionizing Radiant
Energy-Potential Hazards and
Safety Standards
SOL M. MICHAELSON

Invited Paper

Abstract-During the last quarter century there has been a marked
development and increased utilization of equipment and devices for military, industrial, consumer-use, entertainment, and medical applications
that emit a large variety of nonionizing radiant energies. These include
ultraviolet, infrared, visible light, microwaves, and radio-frequency waves,
which are all classified as electromagnetic waves. Many of. the electromagnetic waves at certain frequencies, power levels, and exposure durations can produce biological effects or injury depending on multiple physical and biological variables. Although equipment which utilizes or emits
electromagnetic waves provides immeasurable benefits to mankind, it may
also create potential hazards to the individual through uncontrolled and
excessive radiation emissions. Consequently, questions are being raised
such as: l) How serious are these problems, what are their dimensions,
and what acute and/or chronic effects on the human body may be involved? 2) How adequate is our present knowledge about personnel
hazards of these radiation types? 3) How can exposure be reduced? 4)
How can better regulation be obtained to reduce exposure? This paper reviews the pathophysiology of exposure lo ultraviolet, infrared, coherent
electromagnetic radiation !laser!, microwaves, and radio-frequency radiation, and the protection guides which have been established for these
energies. It is also pointed out that there is a need lo set limits on the
amount of exposure individuals can accept with safely; setting stpndards,
however, is a very complicated process. The objectives of protecti~n are to
prevent acute effects and to limit the risks of late effects. The second object_ive, namely, to limit the risk of possible late effects, becomes difficult.
Protection standards are the results of empirical approaches lo various
problems reflecting current qualitative and quantitative knowledge. A
numerical value for a standard of effect implies a knowledge of the effect
produced at a given level of stress, and that both effect and stress are
measurable. One problem is the definition of what an "effect" is and
whether it can ultimately be shown to modify man's "way of life" or that
of his offspring. If there were a clear-cut relationship between exposure
level and pathophysiologic effect, the problem of setting standards would
be greatly simplified. Not only are there numerous variables to be considered, but it is often difficult or impossible to obtain the necessary data to
draw valid conclusions concerning effects of exposure to various radiant
energies. It is important lo maintain a proper perspective, and assess
realistically the biomedical effects of these radiant energies so that the
worker or general public will not be unduly exposed nor will research,
development, and beneficial utilization of these energies be hampered or
restricted by an undue concern for effects which may be nonexistent or
minimal in comparison to other environmental hazards. There is a need
for scientific competence-research aimed at creating credible knowledge
and data which can stand against the pressure of legal challenge as well
as the understandable bias of special interest groups.
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This paper 1s based on work performed under Contract with the U. S.
Atomic Energy Commission at the University of Rochester Atomic
Energy Project and has been assigned Report UR-49-1511. This invited
paper is one of a series planned on topics of general interest-The Editor.

. The _author_ is ~ith the Department of Radiation Biology and
B1ophys1cs, Umvers1ty of Rochester School of Medicine and Dentistry,
Rochester, N. Y. 14642.

INTRODUCTION

URING THE LAST quarter century there has been a
marked development and increased utilization of equipment and devices for military, industrial, consumer-use,
and medical applications that emit a large variety of nonionizing
. radiant energies. These include ultraviolet (UV), infrared (IR),
visible light, microwaves, and radio-frequency (RF) waves, which
are all classified as electromagnetic waves. With passage in the
United States of the "Radiation Control for Health and Safety
Act of 1968" (PL-90-602) and the "Occupational Safety and
Health Act of 1970" (PL-91-596) there has been a resurgence of
interest in the biologic effects of exposure to electromagnetic
energies.
The Radiation Control for Health and Safety Act provides for
the protection of the public from unnecessary exposure to radiation from electronic products. The Secretary of Health, Education, and Welfare (HEW) is authorized by the act to promulgate
performance standards for electronic products and regulations
pertaining to record keeping, reporting, certification, and notification. Electronic products capable of emitting ionizing or nonionizing radiation, sonic, infrasonic, or ultrasonic waves are
subject to radiation control under the act. Television receivers,
microwave ovens, X-ray machines, lasers, UV lights, diathermy
units, IR heaters, ultrasonic cleaners, and particle accelerators
are examples of electronic products included in the control program. Manufacturers, dealers, and distributors of electronic
products each have responsibilities identified in the act and the
regulations. HEW's Bureau of Radiological Health (BRH) is
responsible for administering the act. BRH is implementing the
program by 1) conducting biological research to determine
health effects on man from electronic-product radiation, with
emphasis on low exposure levels, 2) developing radiation-safety
performance standards for specific electronic products, 3) operating an electronic-product testing and evaluation laboratory,
4) developing and evaluating instrumentation and methods for
the detection and measurement of electronic-product radiation,
5) surveying and inspecting electronic devices to determine
radiation levels under conditions of use and evaluating publichealth significance of these levels, and 6) establishing a program
to assure that electronic products comply with applicable standards.
The Occupational Safety and Health Act of 1970, designed to
assure _safe and healthful working conditions for the nation's
working men and women, provides broad authority to the Department of Labor and the Department of Health, Education,

D

390

PROCEEDINGS OF THE IEEE, APRIL

1972

TABLE I•
NONIONIZING ELECTROMAGNETIC RADIATIONS

Radiation

Wavelength
Range

Energy per
Photon
(electron volts)

Frequency
Range

Effects of
Absorption

180 to 400 nm

106 GHz

7 to 3. I

exci t. of sub-she! I
and va 1ence
electrons

Visible

400 to 780 nm

5x 1o5 GHz

3. 1 to 1.5

excit. of valence
electrons

Near Infrared

780 to 2.5x104 ~m

3x105 to 104
GHz

1.5

Far

&

Near UV

to 0.04

incr. k i net. energy

of rotat. and vibr.
( i ncr. temp.)

Far Infrared

2. 5x 104 to
I .25x!05nm

3x 104 to
2x 103 GHz

0.04 to 0.008

incr.

Microwaves

3 mm to 100 cm

105 to 300 MHz

4xlo- 4 tg
1.2x10-

i ncr. ki net. energy

1.2xlo- 6 to
1. 2x 10-9

unknown

Radio/Television
(broadcast)

Im to 1000 m

300 KHz to
300 MHz

k i net. energy
of rota t. and
vibr. ( i ncr.
temp.)
of rota t. {incr.
temp.)

• Partially adopted from Casey [2].

and Welfare. The major provisions are: 1) to promulgate, modify,
and improve mandatoryoccupationalsafety and health standards;
2) to prescribe regulations requiring employers to maintain accurate records and reports concerning work-related injury, illness,
and death, and employee exposure to potentially toxic substances
including physical agents; 3) to develop criteria for dealing with
toxic materials and harmful physical agents, indicating safe
exposure levels for workers for various periods of time.
It is apparent that a growing concern has developed in the
military and other government agencies, industry, and professional societies regarding health hazards associated with the
development, manufacture, and operation of devices that emit
these radiant energies. For an excellent discussion of the industrial
aspects of many of the radiant energies covered in this paper the
reader is referred to the review by Matelsky [1].
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BIOPHYSICS

The energies of the electromagnetic spectrum (Table I, Fig. 1)
[2], [3] are propagated in the form of waves which act as small
bundles of energy with many of the properties ordinarily ascribed
to particles. These are called photons or quanta. The energies
residing in these photons (E) are directly proportional to the frequency II of oscillation of the specific electromagnetic radiation
associated with them by the formula E=h11, where his Planck's
constant. The photon energy and the frequency of an electromagnetic wave are inversely proportional to its wavelength. The
longer the wavelength, the lower is the photon energy; the shorter
the wavelength the higher the photon energy. The energy is
measured in electronvolts (eV).
To provide some perspective on the order of magnitude of the
electronvolt, it may be noted that 1 MeV (1 000 000 eV) is
equivalent to the energy required to lift a 1-mg weight to a height
of 10 nm. The thermal energy or motion of molecules at room
temperature is about 1/30 eV; the energy of bonds holding atoms
together in molecules of chemical compounds ranges from a
fraction of an electronvolt to approximately 4 eV, whereas
nuclear binding energy holding'protons and neutrons together is
millions of electron volts [4].
As the frequency decreases, the energy of the emitted photons
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}
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<, Adapted from Air Force Manual AFM 161-8, 1969.

Fig. 1. Nonionizing electromagnetic radiation. (Adapted from Air
Force Manual AFM 161-8, 1969.)

is insufficient, under normal circumstances, to dislodge orbital
electrons and produce ion pairs. The minimum photon energies
capable of producing ionization in water and atomic oxygen,
hydrogen, nitrogen, and carbon are between 12 and 15 eV. Inasmuch as these atoms constitute the basic elements of living
tissue, 12 eV may be considered the lower limit for ionization in
biological systems. Although weak hydrogen bonds in macromolecules may involve ionization levels_ less than 12 eV, energies
below this value can generally be considered, biologically speaking, as nonionizing [1].
Radiant energy can produce an effect only when it is absorbed
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by matter. The primary modes of action of these radiations are
either photochemical or therinal. The basic law of Grotthus and•
Draper states that no photochemical reaction can occur unless
radiant energy is absorbed. Such absorption requires that the
energy of the photons be transferred to the absorbing molecules
[1].
The nonionizing radiant energies absorbed into the molecule
either affect the electronic energy levels of its atoms, or change the
rotational, vibrational, and transitional energies of the molecules.
In biological systems, energy transfer produces electron excitation,
which can result in dissociation of the molecule if the bonding
electrons are involved, dissipation of the excitation energy in the
form of fluorescence or phosphoresence, the formation of free
radicals, and degradation into heat. In the latter situation,
absorption changes the vibrational or rotational energy and increases the kinetic energy of the molecule [1].
The effects of interaction between radiant energy and biological systems are dependent upon the energy of the radiated
photons, the degree to which these photons are capable of penetrating into the system, and the ability of specific molecules to
undergo chemical changes when these energies are absorbed [1].
It is also relevant to consider the energy flux or the time rate at
which the energy is received (that is, the power delivered). The
designation electronvolts applys to the quanta or parcels of energy delivered.
Even though high-power levels can be reached at longer wavelengths, ionization does not occur, but heating is possible (4).
The relative effectiveness of different wavelengths in eliciting a
specific photochemical response constitutes the "action spectrum"
for that response. Photochemical reactions primarily occur upon
absorption of radiant energy in the UV and visible portions of
the spectrum. Thermal effects are produced upon absorption of
energy in the IR, microwave, and RF portions of the electromagnetic spectrum [1].
Many of the electromagnetic energies at certain frequencies,
power levels, and exposure durations can produce biological
effects or injury depending on multiple physical and biological
variables. Although equipment which utilizes or emits electromagnetic waves provides immeasurable benefits to mankind, it may
also create potential hazards to the individual through uncon·
trolled and excessive radiation emissions.
PROTECTION GUIDES AND STANDARDS

There is a need to set limits on the amount of exposure to
radiant energies individuals can accept with safety. Setting protection standards, however, is a very complicated process. The
objectives of protection are to prevent acute effects and to limit
the risks of late effects. The objective of preventing acute effects
can be achieved in normal circumstances. The second objective,
to limit the risk of possible late effects, becomes difficult.
Because of the tremendous impact that the two piecesoflegislation already mentioned will have on the development and utilization of nonionizing radiant energies, it is important to consider
some of the philosophic as well as practical aspects of standard
development and promulgation. Protection standards should be
based on scientific evidence, but quite often are the result of
empirical approaches to various problems reflecting current
qualitative and quantitative knowledge. A numerical value for a
standard implies a knowledge of the effect produced at a given
level of stress, and that both effect and stress are measurable. One
problem is the definition of what an "effect" is and whether it can
ultimately be shown to modify man's "way of life" or that of his
offspring [5].

If there were a clear-cut relationship between exposure level
and pathophysiologic effect; the problem of setting standards
would be greatly simplified. Not only are there numerous variables to be considered, but it is often difficult or impossible to
obtain the necessary data to draw valid conclusions concerning
effects of exposure to various radiant energies.
As in all biological processes, there is a certain range of levels
between those that produce absolutely no effects and those that
produce detectable effects. Since, furthermore, a detectable effect
is not necessarily one that is irreparable or even a sign that the
threshold for damage has been reached, the setting of permissible
or allowable energy density levels is extremely difficult.
To insure uniform and effective control of potential heaith
hazards from radiant-energy exposure, it is necessary to establish
uniform effect or threshold values. Ideally, effect or threshold
values should be predicated on firm human data. If such data are
not available, however, extrapolation from well-designed,
adequately performed, and properly analyzed animal investigations is required. Additional research is necessary to establish
personnel exposure standards for each part of the radiant-energy
spectrum, which takes into consideration frequency effects, type
of modulation, exposure time, power density, field effects,wavepolarization effects, and threshold phenomena. In establishment
of a standard, it is necessary to keep in mind the essential differences between a "personnel exposure" standard and a "performance" standard for a piece of equipment.
It must also be appreciated that in considering standards for
different population groupings, one has to use a certain amount of
inference, calculation, and judgement. The importance of the
application to the individual or groups of individuals--'uses such
as defense, industrial, and consumer applications, medicine,
agriculture, characteristics of the personnel that may be exposec;l,
degree of risk of incurring exposures substantially above the
planned limits, and their consequences [6] have to be considered.
As Taylor [5] points out in discussing standards for ionizing
radiation exposure, it is reasonable to suppose that an allowable
exposure of population groups to radiation originating from a
controllable source would be at some level less than that causing
an observed effect. For exposures above the minimum Eo to cause
an observed effect, there are various dose-effect relationships that
may vary with the effect and the manner in which the dose is
delivered. The allowable dose might be arbitrarily set as low as
zero, where there is clearly no direct or indirect benefit to anyone.
A level above zero would be set in consideration of possible
needs, benefits, risks, and costs. The principle of acceptable risk,
not always explicitly stated, is not new. Many activities in which
we indulge involve some risk, however small, which is usua11y
accepted or rejected without a formal balancing of gain and loss

[7].
Before a true evaluation of the risks involved in exposure to
radiant energies can be made, one has to know what the doseeffect relationship is for low levels of exposure. It is important to
know the rate and extent of injury and recovery in man. It would
also be valuable to know whether one can extrapolate from in
vitro to in vivo studies, or from lower animals to man. It is essential
that exposure risks be assessed for appropriate standards to be
set, so that the potential risk does not exceed a level judged to be
acceptable. With regard to the nonionizing electromagnetic energies, most of the evidence indicates a threshold for effect, which
should provide a much better risk analysis.
1
The enactment of the Radiation Control for Health and Safety
Act of 1968 and the Occupational Safety and Health Act of 1970
have given impetus to setting product emission and personnel-

392

PROCEEDINGS OF THE IEEE, APRIL

exposure standards to protect workers, consumers, and the public
at large. Lauriston Taylor, president of the National Council on
Radiation Protection and Measurements (NCRP) in discussing
ionizing radiation protection trends [8] noted that political consideration of radiation-protection matters is appropriate, but
where it is carried out in an unobjective manner it can also be
troublesome. It is important to make sure that unreasonable
pressures are not developed in the promulgation of protection
standards. An area of considerable concern is the developing
interest of many groups in problems of radiation protection. An
important trend in the U. S. is toward governmental control of
all uses ofradiation. Applied rationally, this promises to be useful,
but radiation control is already better than for most pollutants,
and there is a dubious need for frenetic attacks on the problem

[8].
It is apparent that much work remains to be done with regard
to standards. An estimation of the risk involved must be made,
and an estimation of the benefit must also be made, a problem
which seems to have been ignored to a large extent [9]. This
could also be said about the setting of standards for all sorts of
risks.
There is no question that standards should be promulgated
when need is demonstrated. They should be developed, however,
by those who have sound knowledge and concepts of radiant
energy interaction with the body as a whole or specific parts
(critical organs) 1 of the body. In addition, a clear differentiation
has to be made between biologic effects per se, which do not result
in short-term or latent functional impairment against which the
body cannot maintain homeostasis and effectiveness, and injury,
which may impair normal body activity by somatic change or
induce genetic damage.
UV

ENERGY

Many materials at color temperatures above about 2500°K
or otherwise excited to corresponding energies, may emit UV
radiation as their excited atomic orbital electrons lose energy and
return to the ground state. The energy range of UV radiation is
3.26 eV (380-nm wavelength) to 123 eV (10-nm wavelength).
From a biological standpoint, the transition between excitation
and ionization of molecules occurs at about 100 nm. The UV
spectrum can be separated into three additional regions: vacuum,
100-190 nm, which is absorbed by both air and water; far,
190-300 nm, which is strongly absorbed by major biological
molecules and is mutagenic; near, 300-380 nm, which is absorbed
by some biological molecules, but appears not to be mutagenic
[10].
The nonionizing portions of the UV spectrum are also classified as blacklight region (400 to 300 nm), erythemal region (320250 nm), germicidal region (280-220 nm), and ozone production
region (230-170 nm). The direct biological effects of solar UV
radiation occur at wavelengths from about 300 nm and longer.
Below 300 nm the ultraviolet radiation is effectively filtered out
by the ozone in the atmosphere. This absorbed radiation however, can contribute to many indirect effects through photochemical reactions with environmental pollutants [11].
1 A critical organ
can be defined as that organ which on exposure to
radiant energies results in the greatest compromise to the optimal functioning and homeokinesis of the organism. This definition invokes the
following considerations: 1) potential for exposure; 2) relative sensitivity to the radiant energy; 3) the essentialness or indispensability of the
organ to the well being of the individual.
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A large number of artificial sources of UV energy are available
in a variety of forms for use in the home, laboratory and medical
environments, and commercial and industrial applications. The
principal man-made UV energy sources include germicidal lamps,
various arc processes, and coherent energy sources such as the
laser. UV lasers are being developed that have extreme power
capabilities with bandwidth in order of only a few nanometers.
The most common industrial source of exposure to UV radiation
is from electric arc welding operations and the use of germicidal
lamps [12].
Some common uses include: illumination from fluorescent
lamps, phosphorescence for illuminating instrument panel dials,
chemical synthesis and analysis, product or process inspection,
photoengraving, crime detection, sterilization of food, water, and
air, vitamin production, medical diagnosis and therapy, photocopying processes, photoelectric scanning, electrostatic processes,
glass blowing, hot-metal operations, and entertainment [12].
Population exposures could result from the wide range of apparatus used in homes, industries, places of entertainment, health
clubs, and scientific and medical environments [13].
The degenerative and bactericidal effects of UV are used in
medicine for some therapeutic and diagnostic purposes [14]. In
addition to the medical applications of UV, there is a growing
list of industrial and public health uses [15]-[18]. Most of the
applications deal with the germicidal effects of UV against a wide
variety of microorganisms such as molds, bacteria, and viruses.
This use has been suggested for airborne infections in hospitals,
schools, and other places where large groups of people may congregate [17]. The principal human health effects from exposures
in this region result because of the overlapping erythemal effects
[12].
Several quantities and units have been suggested for characterizing UV. The choice of quantity depends upon the effects of
interest [17].
.Minimal Erythema Dose (MED): The shortest exposure at a
certain distance which will produce a perceptible reddening of the
skin after 8 h which disappears within 24 h [15].
Minimal Perceptible Erythema (MPE): A just perceptible
erythema which disappears in 24 h; this is essentially the same as
the MED [16].
Erythemal Unit (EU): 20 µ W/cm 2 of homogeneous radiation
of wavelength 296. 7 nm [11], [18].
Germicidal Unit (GU): 100 µW /cm 2 of radiation of wavelength 253.7 nm [19].
Subvesicular Dose (SVD): A dose large enough to produce a
reddening of the order of 6-8 percent reflex difference (between
green-blue) which, however, does not produce blistering [20].
Minimal Color Dose (MCD): The time of exposure of a 1 by 1
cm2 test area to a high-pressure mercury quartz lamp that gives a
reaction after 48 h [21].
The indirect effects of UV energy include the photochemical
alteration of protein as evidenced by germicidal effects, and the
ability to interact with chemicals present in air such as the production to ozone and oxides of nitrogen. Generally these effects are
dependent on wavelength [12]. Health hazards are associated
with various welding processes which include photons with energies in excess of 5 eV (250 nm), which are capable of dissociating
molecular oxygen with the subsequent formation of ozone, and
photons with energies in excess of 6.5 and 9.5 eV, capable of
breaking N-O and N-N bounds, respectively. Under these conditions, oxides of nitrogen can be formed. Investigations into this
area have shown that the formation of these gases is not only
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TABLE II•
SUMMARY OF SOME BIOLOGIC EFFECTS OF

UV

RADIATION

Radiation

Effect

260 nm maximum - effect falls rapidly

Germicidal

at shorter or longer wavelengths;
effective range associated with
absorption band of nucleoproteins.

200-400 nm - maximum effect 29032 0 nm,

Care i nogen i c

Ozone production

In germicidal range.

Photos ens it i za ti on

Wavelength at which this occurs varies

with absorption characteristic of
chemi ca I compounds i nvo I ved.
Pigmentation

280-320
melanin
(maximum
n:ielanin

nm stimulates formation of

- little tanning; 300-f150 nm,
360-500 nm)oxidizes preformed
- tanning.

Thickening of stratum
corneum

Degeneration of
collagen

In so I ar range 300-400 nm.
Parallels cumulated exposure in solar
range 300-400 nm,

Keratoconj unct i vi tis

Greater effect at shorter wavelengths0, I 5 x 10-1 J at 288 nm will produce
effect.

Anti rachi tic

Ergosterol to Vit. D; l international
unit of Vit. D formed from ergosterol
when 9 x 10-5 J,249 to 313 nm absorbed,

Erythema

296, 7 nm 25,000 .a\.J sec/cm 2 minimal
amount of power to produce erythema at
this wavelength, which is wavelength of
maximum sensitivity; erythema can be
produced by shorter or longer wavelengths
(within a limited range) but more power
is necessary.

• Modified from Ferris [4].

potential, but does, in fact, occur in the area surrounding welding
operations [22]. Photons above 3.5 eV have sufficient energy to
break NO-C, C-C, and H-H bonds [23].
The blacklight region is gnerally not considered to be biologically active except in the production of rapid skin pigmentation
and photoreactions. Most of the solar UV energy reaching the
earth's surface falls within this region. It is in this region that UV
produces fluorescence [12].
Pathophysiology

For a comprehensive review of the literature on the biomedical
aspects of exposure to UV radiation up to 1960, the reader is
referred to the publication of Buchanan et al. [24]. Urbach [18]
has compiled the biologic effects of UV radiation with emphasis
on the skin. A review of hazards in general has been prepared by
Leach [10], and Lerman [25] discussed UV in relation to effects
on the eye. Biologic effects of UV are listed in Table II.
Specific absorbed wavelengths of UV that can elicit a specific
biologic response constitute the "action spectra" for that response. These action spectra define the relative effectiveness of
different wavelengths in eliciting a specific response when absorbed [26].
The injurious effects of UV energy on living systems appear
to be related to their ability to be absorbed by either the nucleic
acid or unconjugated proteins of the cell, and the photochemical
reaction that occurs with some receptors in these fractions. The
inability of UV photons to penetrate any appreciable distance into
the body limits the areas of concern to the skin and to the eyes [1].

In the intact animal, incident UV radiation does not penetrate
through the skin. Below 290-nm absorption in humans is entirely
in the epidermis. Between 290 and 320 nm, less than 10 percent
reaches the dermis; above 400 nm, over 50 percent reaches the
dermis. Whole-body exposure to UV radiation is possible, however common articles of clothing are effectively opaque to UV.
The maximum erythemal effect is produced at 260 nm, with
the secondary peak at 290 nm, and with appreciable (60-70percent) effect at 280 nm [27]. The erythemal response to wavelengths above 320 nm is relatively poor. This is undoubtedly due
to the inability of the low-energy photons to produce the specific
photochemical reactions required to elicit this response [1].
The sunburn spectrum of sunlight is in the UV zone, 290-310
nm, with a peak at about 300 nm. Repeated exposures of fairskinned individuals to the sunburn spectrum results in actinic
skin manifested by a dry, brown, inelastic, and wrinkled skin.
Sailor's, farmer's, or fisherman's skin are names given to actinic
skin, which indicates their occupational origin [28]. Oil field,
pipeline, and construction workers also develop this condition.
Actinic skin is not harmful in itself, but is a warning to susceptible
individuals who tan poorly that certain conditions may develop
such as senile keratoses, squamous cell epitheliomas, and basal
cell epitheliomas [29]. The carcinogenic effects of UV have been
extensively reviewed by Blum [30], [31]. The carcinogenic action
spectrum for humans is believed to be in the region between
280-320 nm [12]. Although there is adequate evidence that wavelengths below 320 nm can produce skin cancers directly or indirectly, it is noteworthy that, with the millions of man-hours of
exposure to these radiant energies from welding operations,
plasma torches, ultraviolet lamps, etc., no cases of industrially
induced skin cancer or keratosis have been reported. This may be
because the acute manifestations, i.e., skin-burn and conjunctivitis, are such painful experiences that steps are taken to prevent
exposure of the skin to doses that could be tumorigenic [1].
Some fundamental aspects of UV and skin carcinogenesis in man
have been reviewed by Epstein et al. [32].
Potential Occupational Exposures

Occupations potentially associated with U'v radiation exposure
include the following [29] :
aircraft workers
barbers
bath attendants
brick masons
burners, metal
cattlemen
construction workers
cutters, metal
drug makers
electricians
farmers
fishermen
food irradiators
foundry workers
furnance workers
gardeners
gas mantle makers
glass blowers
glass furnace workers
hairdressers
herders

iron workers
lifeguards
lithographers
metal casting inspectors
miners, open pit
nurses
oil field workers
pipeline workers
plasma torch operators
railroad track workers
ranchers
road workers
seamen
skimmers, glass
steel mill workers
stockmen.
stokers
tobacco irradiatms
vitamin D preparation makers
welders.
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Standard erythemal curve.

Critical Organs

The critical organs are the skin and eyes, resulting in erythema
of the skin and skin cancer, rapid skin aging, photosensitization,
and keratoconjunctivitis. Excessive exposure to UV energy in the
ery1:hemal region results in severe injury to the .skin. and eyes.
Ecythema may range from slight reddening of the skin to severe
blistering. Photosensitizing agents have action spectra that are
frequently in the UV range. Many plants such as figs, limes,
parsnips, and pinkrot celery contain photosensitizing chemicals.
The combined effect of skin contact and exposure to UV energy
results in exaggerated sunburn and frequent blisters. An important industrial photosensitizer is coal tar, with an action spectrum
in the visible light region (12].
Although the effects of UV radiation on eyes and skin have
been known for a long time, the mechanism of its interference
with biological systems is only generally understood. Probably
the most accurate information concerning effects on the eye has
been furnished by Pitts et al. [33], [34].
Harmful effects on the eyes primarily involve the cornea by
producing a very painful photophthalmia. Objective findings include excessive lacrimation, irritation, and congestion of the
conjunctiva, punctate staining of the cornea due to epithelial
defects, and ciliary spasm. These symptoms usually become apparent after a latency period of from 6 to 12 h following exposure
to UV radiation of sufficient magnitude. This latency period is
variable in both directions and it is related to the degree of exposure. The most common cause is probably negligence, i.e.,
failure to wear protective goggles when handling industrial welding equipment and when using artificial sunlamps in the home.
Excessive exposure to sun reflection at the seashore, in the desert,
or from snow fields will produce the same symptoms. Photochemical denaturation and coagulation of protein structures are
the basic mechanisms of cell damage. Nucleoproteins are particularly susceptible with maximal sensitivity at a wavelength of
265 nm, while the proteins of cytoplasm are maximally sensitive
at 280 nm. The human cornea is highly sensitive at 288 nm [35].
Production of erythema by UV radiation has been the subject·
of many reports. Based upon early work, a standard curve of
erythemal effectiveness has been proposed. This curve shows two
maxima of erythemal effectiveness, one around 250 nm and
another around 300 nm (Fig. 2). Because of these two maxima,
it would appear that the erythema resulting from the shorter

1972

wavelengths is different from that produced by the longer wavelengths. The so-called Standard Erythema Curve was first delineated by Hausser an_d Vahle [36]. Subsequent investigators
were in good agreement with the data on relative responses between wavelengths 280 and 320 nm. The greatest discrepancies
occurred at wavelengths in the region of 250 nm [26]. Everett et
al. [27] concluded that the more energetic photons of the lower
wavelength UV radiations were more efficient in the production
of erythema. The wavelengths of peak effectiveness were 250 nm
and 260 nm, respectively. The major differences in these three
spectra can somewhat be explained by the work of Urbach and
Davies (37] who showed that the action spectrum depended
upon the elapsed time of examination, and the means used for the
detection of the extent of erythema. Until such time as more
definitive data become available, the American Industrial
Hygiene Association (AIHA) Committee on the Nonionizing
Radiations believes it prudent to continue acceptance of the
Standard Erythemal Action Spectrum Curve in the evaluation of
skin hazard potential from ultraviolet radiations [26]. More
definitive data must be obtained on the effect of UV on the skin.
The erythemal curves are based on very artificial measures of
"redness" indicative of a lack of maturity in experimental approach in this field.
The cornea and conjunctiva of the eye are primary absorbers of
UV energy. Mild exposures produce no immediate effect, however, several hours later discomfort is noted as a result of inflammation of the cornea (keratitis). There is no evidence that
deleterious effects result to the lens or retina (12].
The almost complete absorption of the abiotic wavelengths in
the cornea and aqueous humor prevent photochemical reactions
within the lens. Photon energies at about 3.5 eV (360 nm) can
excite the lens of the eye to fluoresce and produce a diffuse haziness inside the eye that can interfere with visual acuity and produce some eye fatigue. However, when sufficient external luminous flux is also provided, this low-level internal "illumination"
is overridden [1].
Snow blindness, which exhibits some of the symptoms of
visual blindness, is principally characterized by a burning and
scratching of the external surfaces of the eye resulting from exposure to the UV portions of the energy spectrum, which are
absorbed in these tissues. In this regard, snow blindness is the
equivalent ofa "sunburn of the eyeball" [29].
Threshold

The degree of injury to the skin is a direct function of the
initial absorbed dose, weighted in relation to the erythemal effectiveness of the incident wavelength. That necessary to elicit a
just barely visually perceived reddening of the skin, based on the
standard erythemal curve, is in the order of 3Xl04 µW·s/cm 2
(3X1Q-2 J/cm2), ranging from 2Xl04 µW·s/cm 2 for previously
untanned fair skin to 5Xl04 µW·s/cm 2 for darker Caucasian
skin. This value of 2Xl0 4 µW·s/cm 2 is variously referred to as
the Threshold Dose for Erythema (TDE), the dose for MPE, or
the MED. If values are determined on the basis of the more
recently suggested curves, the MED for the "average" skin may
be closer to 8Xl03 µW·s/cm 2 • These doses relate to normal skin,
and skin which has not received exposures to ultraviolet in the
immediate past. The defensive measures taken by the skin after
the symptoms of the first exposure have subsided will necessitate
larger than the initial threshold dose to produce similar effects [1].
The action spectrum for UV keratitis, as determined in rabbits'
eyes, is similar to that of skin erythema, except that the peak
effect is shifted somewhat to the lower wavelengths. Maximum
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TABLE III
THRESHOLD DOSES FOR KERATITIS AND ERYTHEMA
2
Threshold Dose (µW sec/cm )

Wave 1ength of Maxi mum

Effectiveness

288 nm

253. 7 nm

Kera ti tis

4

Rabbit

I • 5 x 10

Human

0.3 x 104 (Calculated

from

Wavelength of
Germicidal Lamp

Human

l.2 x l 4

o

253.7 nm dose and relative

effectiveness from rabbit data)
Erythema

296. 7 nm
Human

2.0 x 10 4 (Measured
on upper arm, some

· Human

3,0 x 104

parts of back)

Duration of
AAA Council on Physical Medicine

Exposure/day
7 hr
24 hr

Tota I dose/day
· (253. 7 nm)
1.2 X 103

0.9

X

)03

keratitic effect is at 288 nm, falling off to about zero at 310 nm at
the long wavelength side of the curve, and reaching minimum
effect at about 280 nm [38], [39]. Threshold keratitic reaction"to
filtered radiant energy at 288 nm occurs with a dose of 1.5 X 104
µW · s/cm 2• The thinness of the conjunctiva! epithelium and the
almost complete absence of the stratum corneum and melanin
granules deprive the conjunctiva of the protective action these
structures afford the skin. There is, thus, no increasing tolerance
developed to subsequent irradiation [1].
The investigations by Pitts and associates [33], [34] have contributed fundamental data for the production of photokeratitis.
Animal and human exposures were made to establish the photokeratitis threshold and a biotic action spectrum. The a biotic action
spectrum ranged from 210 to 320 nm. The peak of the UV
threshold curve was at 270 nm for the rabbit and the primate. The
rabbit photokeratitis threshold was 0.05 X 106 ergs/cm2 at 270 nm.
The primate threshold was 0.04Xl0 4 ergs/cm 2 at 270 nm. The
human threshold at 280 nm was 0.05 X 10 6 ergs/cm 2•
Most of the UV rays up to 320 nm are absorbed by the cornea,
while the lens absorbs those between 320 and 390 nm [25]. Since
the cornea absorbs almost all of the UV rays up to 320 nm, this
form of radiation will produce severe corneal damage before any
lenticular changes. Transmittance and absorbance studies of UV
radiation including the longer rays (over 320 nm) indicate that the
intensity of UV energy required for a minimum or threshold response in the lens would be two or three times that necessary for a
similar reaction in the cornea [25]. Severe corneal burns would
have to ensue prior to development of lenticular damage [25].
It would seem thus that under ordinary circumstances the
deleterious effects of UV radiation with respect to its cataractogenic action is of little significance [25], [35]. To protect the
eye against overexposure to UV radiation, conscientious use of
protective gear recommended for this purpose should be adequate [35].
Protection Guides

Threshold doses for keratitis and erythema are summarized in
Table III. In 1948, the Council on Physical Medicine of the American Medical Association issued criteria for safe exposure to
radiant energy from germicidal lamps [40]. This group recommended that for the primarily used wavelength, 253.7 nm, exposures should not exceed 0.5 µ W /cm 2 for periods of 7 h or less,
nor 0.1 µW /cm 2 in the case of continuous exposure (Table III).
The threshold dose for erythema and its relationship to wave-

length vary considerably with the part of the body studied. On the
more sensitive skin of the abdomen, the shortest wavelength
studied, 250 nm, was the most effective, and the threshold dose
for erythema at that wavelength was about 0.6Xl0 4 µW·s/cm 2 •
The AMA recommends an intensity limit of 0.5 µW /cm 2 for
exposures of 7 h or less per day, and the value in the table represents the total dose delivered in 7 h at that rate.
A ten-fold margin of safety has been allowed in the recommended exposure limits, relative to the threshold dose for production of keratitis by 253.7-nm radiation. It must be recognized
that this standard applies only to 253.7-nm radiation, and
evaluation of the hazard from sources of UV other than germicidal lamps must take into account the relative effectiveness of the
wavelengths produced. UV-absorbing goggles are recommended
where any possible hazard to the eyes exists, and the hazard of
erythema should then also be evaluated. This situation may be
complicated by photosensitization due to substances on the skin,
disease, or drug administration.
With the recognition that many parameters affect threshold
values, Matelsky [1] suggested the following threshold doses
based on the standard erythemal curve (weighted on the basis of
their action spectra):
1) minimum erythemal dose for previously nonexposed
skin-2 X 104-2.5 X 104 µW • s/cm 2 of erythemally weighted
UV;
2) minimum erythemal dose for previously exposed skin2.5 X10L3.5 Xl0 4 µW · s/cm 2 of erythemally weighted UV;
3) minimum keratitic dose-1.5Xl0 3 µW·s/cm 2 of keratitically weighted UV.
The American Conference of Governmental Industrial
Hygienists (ACGIH), Cincinnati, Ohio, has proposed thresholdlimit values (TLV) for UV radiation [41]. 2
The TLV for occupational exposure to UV radiation incident
2 These threshold-limit values refer to levels of physical agents and
represent conditions under which it is believed that nearly all workers
may be repeatedly exposed day after day without adverse effect. Because
of wide variations in individual susceptibility, exposure of an occasional
individual at, or even below, the threshold limit may not prevent annoyance, aggravation of a pre-existing condition, or physiological damage.
Threshold limit values refer to levels of exposure for a 8-h workday
for a 40-h work week. Exceptions are those limits which are given a
ceiling value C. They should be used as guides in the control of health
hazards and should not be used as fine lines between safe and dangerous
levels of exposures. These threshold limits are based on the best available information from industrial experience, from experimental human
and animal studies, and when possible, from a combination of the three.
These limits are intended for use in the practice of industrial hygiene
and should be interpreted and applied only by a person trained in this
discipline. They are not intended for use, or for modification for use,
1) in the evaluation or control of the levels of physical agents in the community, 2) as proof or disproof of an existing physical disability, or 3)
for adoption by countries whose working conditions differ from those in
the United States of America.
These values are reviewed annually by the Committee on Threshold
Limits for Physical Agents for revisions or additions, as further information becomes available.
Ceiling Value-There are some physical agents which produce physiological response from short intense exposure and whose threshold limit is more appropriately based on this particular response. Physical
agents with this type of response are best controlled by a ceiling C limit
which is a maximum level of exposure which should not be exceeded.
Notice of Intent-At the beginning of each year, proposed actions of
the Coinmittee for the forthcoming year are issued in the form of a
"Notice of Intent." This notice provides not only an opportunity for
comment, but solicits suggestions of physical agents to be added to the
list. The suggestions should be accompanied by substantiating evidence.
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upon skin or eye where irradiance values are known and exposure
time is controlled are as follows [41].
1) For the near UV spectral region (320-400 nm), total
irradiance incident upon the unprotected skin or eye should not
exceed 0.1 W/cm 2 •
2) For the actinic-UV spectral region (200-315 nm), radiant
exposure incident upon the unprotected skin or eye should not
exceed the level of 100 mJ / cm2 for 200 nm to 1000 mJ / cm 2 for 315
nm wavelengths.
These threshold limit values refer to UV radiation' in the
spectral region between 200 and 400 nm and represent conditions
under which it is believed that nearly all workers may be repeatedly exposed without adverse effect. These values for exposure
of the eye or the skin apply to UV radiation from arcs, and gas
and vapor discharges, and incandescent sources, but do not apply
to UV lasers or solar radiation. These levels should not be used
for determining exposure of photosensitive individuals to UV
radiation. These values should be used as guides in the control
of exposure to continuous sources where the exposure relation
shall not be less than 0.1 s [41].
Personal protection against the effects from the radiant energies below 'A= 320 nm can be accomplished by the use of eye
glasses, goggles, plastic face shields, protective clothing, or by the
use of sun-screen creams or lotions. The use of tinted glasses or
goggles is seldom indicated for the intensities of UV normally
encountered in industry, but offer added protection and comfort
against the very high visible brightness which usually accompanies
UV emissions [26].
VISIBLE ENERGY (LIGHT)

Introduction

Visible light is that band of the electromagnetic spectrum
from 380 to 750 nm, capable of stimulating the photoreceptors of
the eye and thereby producing a sensation called vision. The
physical phenomenon of light may be viewed in two different
ways: as energy quanta (photons) or as waves passing through a
medium. The interaction of visible light with biological systems
can be interpreted as a manifestation of both viewpoints [42].
The radiant energies of light are transmitted through the eye
media without appreciable absorption before reaching the retinal
area. Although these photons have relatively low energy values,
3.1-1.65 eV, they are unique in that they initiate a photochemical
chain reaction in a light-sensitive absorber present in the cells of
the retina, the end result of which is the sensation of vision [1].
Vision involves the capacity of the eye to adapt to enormous variations in ambient illumination. This adaptation is mediated by the
two interspersed photoreceptive systems of the retina. Cone cells
are involved with perception of color and vision at higher levels
of ambient illumination; rod cells are functional under reduced
illumination [43]. The photolabile substances which undergo
chemical changes are pigments made up of retinene combined
with specific proteins [1]. The mechanism of the photochemical
reaction which occurs when these "visible" radiant energies are
absorbed is not completely known. Several hypotheses have been
proposed to explain the mechanism whereby neural stimulation
results from absorption of one light quantum by one molecule
of visual pigment [44]-[48]. It appears to be an initiating one
which, once started, continues as an oxidation-reduction reaction in a series of equilibrium steps involving intermediate degradation products of the pigment and vitamin A [49].
Intense sources of radiation in the visible wavelengths, exclusive of lasers, are continuously available from the sun, from arti-
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TABLE IVa
UNITS OF LIGHT MEASUREMENT
Term
Lumen

Definition

The unit of luminous flux.

The flux emitted in

unit solid angle of one steradian by a point

source having a uniform intensity of one candela
(C. I.E.) Abbreviation: Im.
Lux

A unit of illumination of one lumen per square
metre. (C.I.E.) Abbreviation: Ix.

lufJlen per square foot
Foot-candle

A unit of illumination. An illumination of one
lumen per square foot. Abbrevjation: lm/ft2 or
Jn,/sq.ft. NOTE: One lm/ft2 equals 10.764 lux.

Candela

The unit of luminous intensity,
It is of magnitude
such that the luminance of a full radiator at the
temperature of solidification of platinum is 60 units
of luminous intensity per square centimeter.
(C.1.E.) Abbreviation: ed.

Candle-power

The light-radiating capacity of a source in a
given directionJ in terms of the luminous intensity
expressed in cande I as.

Nit

A unit of luminance. A luminance of one candela
per square meter. (C.I.E.) Abbreviation: nt.

Sti lb

A unit of luminance. A luminance of one candela
per square centimeter. Abbreviation: sb.

Aposti lb

A unit of luminance. The luminance of a uniform
diffuser emitting one lumen per square meter.
Abbreviation: asb.

Lambert

A unit of luminance. The luminance of a uniform
diffuser emitting one lumen per square centimeter,
The milli-lambert is one thousandth of a lambert.

Foot-lambert
Equ i va I ent Foot-candle,

A unit of luminance. The luminance of a uniform
diffuser emitting one lumen per square foot.
Abbreviation: ft-l.

deprecated

• From AGARD [51].

ficial light sources, from highly incandescent bodies, and from
arc processes such as welding. These are rarely monochromatic,
seldom collimated, and are noncoherent. There are ample data
to show that photons of energy in the visible portion of the
spectrum are involved in biochemical changes in lower forms of
life, that photochemically they can modify or mediate other
photochemical processes (i.e., photoreactivation), and that these
energies are intimately associated with photodynamic processes

[1]:
Certain high-intensity light sources (producing absorbed energy levels greater than 50 caljcm2/min) may cause eye injury.
Items which would probably fall in this category include highintensity reading lamps, movie and slide projector bulbs, spot
lights, flood lights, etc. These items probably number in the tens
of thousands or even millions [50].
Nomenclature

To better understand the consequences of light absorption,
mention of the nomenclature which is used in this field is indicated (Table IV). The relationship between light intensity and
illuminance units [51], [52] is indicated in Tables V and VI.
The term luminance (B) describes the luminous intensity of an
object per unit area of surface. There are many different measures
of luminance; the basic unit is the lambert (L), which is equal to
one lumen per square centimeter or l/,r candle per square centimeter. Since the lambert is an inconveniently large unit, luminance
is usually measured in millilamberts (1 mL = 1 L X 10-3), in microlamberts (1 µL = 1 L X 10- 6), in micromillilamberts (1 µmL = 1
L X 10- 9), or in micromicrolamberts (1 µµL = 1 L X 10-12). In the
English system, the unit analogous to the lambert (lumens/square
centimeter) is the footlambert (lumens/square foot). The conversion is 1 fL = 1.076 mL. Illuminance (E) is the density of the
luminous flux deposited on a surface. A common unit is the
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TABLE

V•

RELATIONSHIP BETWEEN LIGHT INTENSITY AND ILLUMINANCE UNITS
lntensi ty ( l)

I lumen/steradian = I candle= I candle power

llluminance (E)

lumens/cm2
1 lumen/m2 = I meter candle "' I lux

Luminous Emittance (L)

lumens/cm2
lumens/m2

=

1,02 candelas

I lumen/ft2 = I ft-candle (ft-c)

I umens/f t2
Luminance (8)

lumens/steradian/m2 (or cm2)
lamber ts (Lt = mi 11 i lamberts (ml) x 103 = microlamberts
(11L) x 10 for a perfectly diffusing surface, I \ambert =
I/ candles/cm2 foot-lanbert (ft-L) "' 1.076 ml

terms of thresholds. "Threshold" is defined as a point probability
of a target being seen. Any probability of detection may be considered the "threshold," but 50 percent is a good value in the
absence of a reason to select another. The particular value of the
probability selected depends on the use that is to be made of the
data [53].
For an excellent review of the human response to the light
environment, the summary by Roth and Finkelstein [42] should
be consulted. A detailed review of physiological optics has been
prepared by Graham [55]. Comprehensive information is available on vision as related to dark adaptation and night vision
[43], [56].

• Sears [52].

The penetrating ability of visible light is slight except for
transparent materials such as the lens and humors of the eye.
TABLE VI•
Light entering the eye from a bright source is focused on the retina
UNITS OF LUMINANCE
and therefore, the thermal irradiance is independent of the inverse
cd/ft
cd/crn
ed/m
asb
fl
square law for image sizes greater than the diffraction limit [57]. _
0.000 I
0,092 9
I
0.291 9
Cande I as per sq .m.
3,141 6
Because of its narrow depth of penetration, visible light in
(nits)
does not manifest itself as a potential hazard. There are
general
I
10 000
Candelas per sq.em.
2 919
929
31'416
(sti lbs)
situations, however, in which it can become hazardous. For exCandelas per sq.ft,
0. 001 076
10. 76
3,141 6
I
33,82
ample, pulsating light at certain frequencies has been reported
3,426
0. 000 342 6
Footlarrberts
1
0.318 3
10. 764
as a potential source for producing psychological effects. In some
0.000 OJI BJ
0.318 3
Apostl lbs (asb)
0.029 57
0.092 9
1
situations, epileptiform responses can be produced in seizureI •lumen/929 cm2 ~ I Ni 11 llambert
1 Foot lambert
prone individuals exposed to pulsating light near the alpha
rhythm frequency of the EEG. Probably the one greatest danger
of visible light is 'that of high-intensity light, which may cause
6
10
4
8
0
9
7
transient loss of visual function (flashblindness) or irreversible
Nits
10-3
io-4
.0005
thermal injury of the retina [13].
st libs
A rare reaction to fluorescent lighting has been observed in
0.8
1.0
0.6
0.4
0.2
Candelas/sq. ft.
individuals who are sensitive to visible light. This sensitivity is
2,5
0.15
1.5
3
manifested by urticaria (urticaria solaris) or by erythema and
Footlad,erts
(erythema solare perstans) of exposed areas [29].
edema
20
10
30
15
25
Aposti lbs
A level of illumination in excess of the amount needed for
good vision may produce a feeling of discomfort and eye fatigue.
• AGARD [51].
An intensely brilliant light source such as the sun, a carbon arc,
or a welder's· arc may produce temporary or permanent blind
foot-candle (fc). Other units are the mile-candle, centimeter- areas in the retina. This occurs when the retina is subjected to incandle (phot), and meter-candle (lux). In each case, the term tense light without proper protection, and is known as eclipse
means that the flux is measured in candles per square foot, per blindness [29]. Injuries to the eyes from observing eclipses of the
square mile, per square centimeter, or per square meter. The sun have been known since earliest history. Reports of such injurcandle (c) is the unit of luminous intensity([). The candle is equal ies date back as far as Hippocrates (460-370 B.C.), and sporadic
to one lumen per unit solid angle (steradian). One lumen is references to this have been made throughout the centuries [35].
This condition is no doubt due to the retinal heating effect of in0.00147 Wat 555 nm [53].
tense visible light and of IR rays. Glare may produce a feeling of
Pat hophysiology
visual discomfort. If the glare is substantial or frequently induced,
may result in tiredness, irritability, possibly headache, a~d a
it
Light rays reflected from an object pass through the cornea
in work efficiency [29].
decrease
at the front of the eye, through the liquid (aqueous humor) in
blindness is a relatively new problem to man, occurring
Flash
through
the anterior chamber directly behind the cornea, and then
man has developed sources of light brighter than the
since
only
cones
and
rods
The
retina.
the
onto
humor
vitreous.
and
the lens
of the retina transduce the light into neuroelectrical phenomena. sun [13 ]. It is due to glare, which is defined as any degree of light
The neural elements of the retina are gathered into the optic falling upon the retina in excess of that which enables one to see
nerve at the blind spot and pass by discrete pathways to the clearly; that is, any excess of light which hinders instead of helps
highest visual center in the brain, the occipital cortex [42]. vision [42]. Glare can be differentiated into the following types:
Spectral transmission of the ocular media has been documented 1) veiling glare, created by light uniformly superimposed on the
retinal image which reduces contrast and, therefore, visibility;
by Boettner [54].
The remarkable operating characteristics of the normal eye 2) dazzling glare, adventitious light scattered in the ocular media
include, in addition to the advantage of two- and three-dimen- so as not to form part of the retinal image; 3) scotomatic or blindsional response, an absolute threshold of 10-5 mL, contrast sensi- ing glare (flash blindness), produced by light of sufficient intensity
tivity of 1 percent, differential color sensitivity at the sodium to reduce the sensitivity of the retina.
Although all three types of glare are present in the case of
line of a wavelength of 1 nm, and minimum perceptible acuity of
light, the effects of the first two are primarily evihigh-intensity
o.oos' [53 l.
Capacities of the eye are ordinarily measured and defined in dent only when the source is present. The third type, scotomatic or
'
c
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blinding glare, is especially significant in flash blindness, where it
produces symptoms (afterimages) which persist long after the
light itself has vanished. The afterimage is a prolongation of the
physiological processes which produced the original sensation response after cessation of stimulation [42].
Regardless of whether the glare source is direct or indirect
(reflected or specular), it can cause discomfort, it can affect the
visual performance, or it can do both. The visual discomfort or
annoyance from glare is a common well-understood experience
and has been confirmed by many experiments. In connection
with certain experimental studies, it has been found that people
sometimes become more physically tense and restless under glare
conditions than under nonglare conditions [42].
While the effect of glare on visual performance can be of serious consequence by itself, the visual discomfort brought about
by glar~ can also be a matter of some concern. Though the cause
is physical, the discomfort brought about by it is often of a subjective nature. The evaluation of discomfort, then, must make use
of subjective responses as criteria (42]. Involved in such procedures is the concept of "borderline between comfort and discomfort" which is discussed by Luckiesh and Guth [58].
Flashblindness results from the bleaching of the visual pigments of the eye. Flashblinding can be prevented with proper
filtering of light when the occurrence is expected (13]. In flashblindness the afterimage is essentially a temporary blind area or
scotoma in the field of vision. The time duration of this blind area
is proportional to the intensity and duration of the light exposure.
The greater the intensity and/or the longer the duration of exposure, the more intense and, to a certain extent, the more persistent the afterimage. Ordinarily, the sequence of events following stimulation of the retina by a flash of light is the primary sensation of light followed by a series of positive and negative afterimages. With moderate light intensities, afterimages are not
noticed because of the complex action or successive stimulation
and continuous movement of the eye. If the original stimulation,
however, is of sufficient duration and intensity, the sensation will
persist with an intensity adequate to reduce or entirely obliterate
foveal perception until the effect is dissipated. This is the primary
factor in flashblindness (42]. Loss of vision from high-intensity
light has been the subject of a recent symposium [51].
Irreversible thermal injury of the retina has been known for
years. Lookouts for airplanes have on occasion suffered retinal
lesions which appear to be caused by heat generated at the sun's
image on the retina [13]. The subject of retinal injury from highintensity light is covered in depth in the NATO publication noted
above (51]. Visible light (noncoherent sources) does not seem to
be cataractogenic [25], [35].
Critical Organs
The visible light range presents little biological hazard except
possibly to the eye [13].
Threshold
Visual acuity is an important limiting factor in all human detection, target recognition, or other visual tasks. Acuity, like
many other visual capacities, is measured and defined in terms of
thresh<.>lds. One type of visual threshold is a value determined
statistically at which there is a 50-percent probability of the target
being seen. In most practical situations a higher probability of
seeing, such as 95 or 100 percent, is required [42].
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Fig. 3. The maximum dose Q (in joules per square centimeter) to
produce retinal burn, as a function of time of irradiation, with irradiated retinal area as parameter (from Roth and Finkelstein (42]).
I-Ham et al. [60], image size= 240 µm. II-Ham et al. [60], image
size= 700 µm. III-Ham et al. (61], image size= 1000 µm. (Adapted
by Vos [62] from data of Ham et al. [60], [61 ].)

Due to the optical properties of the eye, the heat energy per
unit area on a small part of the retina may be greater by a factor
of 105 than on the cornea. For visible light a power density of 1
W /cm2 will exceed the threshold for pain within 1 s; with a thermal time constant of 0.1 s, the threshold energy density per pulse
will be 0.1 J/cm 2 • The factors become exceedingly important in
relation to coherent light sources (laser). The sensation of heat,
however, serves as an effective warning system under those conditions where there is time to react.
There appear to be three predominant factors controlling
potential hazard to the eye: 1) intensity, 2) pupil dilation (that is,
the area of exposure), and 3) length of exposure. If these factors
are controlled to keep the absorbed energy below the threshold
of thermal burning [reported to be between 40 and 50 (cal/cm 2) /
min], no eye injury should be expected [13].
Illumination at the eye of 240 000 lm/ft2 represents the probable level required for retinal burns [42]. This is also given as 0.5
to 1.5 cal/cm2 [ 59]. This energy must be delivered at a rate of at
least0.7 calj(cm2 • s), however, or the rate of heat dissipation in the
tissue will be sufficient to prevent elevation of the temperature to
a degree where a burn will result. The threshold appears to depend upon the time of irradiation and upon the size of the irradiated area (Fig. 3) [42], [60]-[ 62].
Protection Guides
The human visual system is a very versatile one, with ample
capabilities of adaptation to a variety of environmental changes.
This versatility dictates that many variables in the physical and
biological envirnnment must be assessed in evaluating human
standards for visual performance [63].
Normally, intense bright sunlight causes maximal constriction
of the pupil, thus reducing the energy density on the retina. The
bright sunlight, furthermore, causes painful photophobia which
will not permit prolonged direct and fixed observation of the sun.
The lid reflex (approximately 150 ms) is another mechanism
to protect the eye. The continuous action of these measures would
be adequate under normal conditions to avoid burn injuries to
the retina [35].
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Detailed recommendations for proper illumination are available [64], [65] and should be consulted. Some recommended
values are shown in Table VII.
INFRARED

TABLE VII•
RECOMMENDED MINIMUM VALUES OF ILLUMINATION
FOR VARIOUS CLASSES OF VISUAL TASKS
Minimum
Illumination
on Task~'d;

(lumens/sq.ft.,
IR radiation extends from beyond the red end •Of the visible
footcand 1es}
Class of Visual Task
Typical Examp Jes
portion of the electromagnetic spectrum (750 nm) to about 1 X 106
To permit safe movement. (e.g. in
2
nm. The IR spectrum is frequently arbitrarily divided into three
corridors with ii ttle traffic}
seeing
I
Casua
bands: the near IR(\ 750-3000 nm), the middle IR(\ 3 X 103-3 X
Boiler house (coal and ash
10
handling); dead storage of rough,
104 nm), and the far IR (\ 3 X 104 to approximately 1 X 106 nm)
bulky materials; locker rooms
[66].
Rough, intermittent bench and
machine work; rough inspection
All hot bodies radiate in the IR, and radiate IR to other Ordinary rough tasks
15
and counting of stock parts;
objects with lower surface temperatures. The direct damaging
assemb I y of _heavy machinery
effect of the IR results from an increase in temperature of the abMedium bench and machine work,
assemb 1y and inspection.
JO
sorbing tissue that depends upon which wavelengths are absorbed, Moderately critical tasks
Ordinary office work such as
re~d i ng, writing, f i 1 i ng
the parameters involved in heat conduction and dissipation, the
Fine bench and machine war k,
total amount of energy delivered to the tissue, and the period over
assembly and inspection; extraCritical tasks
70
which the energy is supplied [1].
fine painting, spraying; sewing
dark co Iored goods.
There is little evidence that photons in the IR (i.e., less than
Assembly and inspection of deli1.5 eV) are capable of entering into photochemical reactions in
ca te mechanisms; tool and
Very critical tasks
150
die making; gauge inspection;
biological systems, probably because they are too low in energy
fine grinding work
to affect the electron energy levels of these atoms. The interaction Exceptionally difficult
Joo·
fine watchmaking and repairing
or more
or important tasks
that does occur upon absorption involves an increase in the kiradiant
the
of
netic energy of the system, producing a degradation
" From Lawson [64].
energy to heat. Thus the primary response to exposure to the IR
** These figures refer to the mean value of illumination obtained durwavelengths is a thermal one [1].
ing the life of the installation and averaged over the work plane or
IR radiation is regarded mainly as an occupational rather than specific task area (i.e., the so-called "service value of illumination").
environmental hazard. Exposure to 750-5000-nm IR involving
temperatures from 1000°-8000°K can occur in many industries.
from direct IR sources as well as from other heat sources, specif- dermis [67]. This value may be increased in highly pigmented skin
ically hot metals, glass making, paint and enamel drying, and [1 l.
welding. IR is also used in the fields of photography, chemistry,
The most prominent direct effects of low-wavelength IR
astronomy, criminology, and physiotherapy, and in homes and radiations on the skin include the acute skin burn, increased
eating establishments for both heating and cooking purposes.
vasodilation of the capillary beds, and an increased pigmentation
In the military, passive and active systems are employed for which can persist for long periods of time. Under conditions of
tactical communications, beacons, reconnaissance, surveillance, continuous exposure to high intensities of radiation, the erythemrecognition, navigation, airborne proximity warning, direction atous appearance due to vasodilation may become permanent.
finding, tracking, homing, fire control, bombing, missile guidance, Many factors mediate the ability to produce actual skin burn, and
etc. Passive IR systems are systems that function to detect IR it is evident that for this immediate effect, the rate at which the
radiation emitted by objects (targets). Active IR systems function temperature of the skin is permitted to increase is of prime imin a manner similar to radar, in that an IR source generates and portance [1].
radiates energy which is reflected from objects and is then deThe pathological effects of intense IR radiation on the skin of
tected. The active IR system represents the greatest hazard to the eyelids are those of an ordinary burn; erythema and blistering
personnel, since the IR source generally produces a searchlight are the major symptoms. Necrosis of the lid has not been retype of beam, which is filtered to remove any radiation in the form ported, primarily because thermal sensation or pain is encounof visible light [66].
tered long before injurious exposure could occur. This automatically gives the individual an indication thereby giving him a chan<:e
Pathophysiology
to protect himself. Repetitive exposure to sunburn doses can,
.Most biological materials are considered opaque to wave- however, give rise to blepharitis, a chronic inflammation of the
length shorter than 1500 nm because of the almost complete ab- lids [1].
Lehmann et al. [68] showed that when IR was applied to the
sorption of these radiations by water. Radiant energies in the
of the ulnar nerve at the elbow, an analgesic effect was found
area
into
transmitted
be
can
IR
near
the
of
region
short-wavelength
distally in the area supplied by this nerve. This finding is in agreethe deeper tissues of the dermis and the eye.
Skin absorptance is a function of the wavelengths incident ment with previous experimental evidence, obtained in isolated
upon it. Energies of wavelengths shorter than 1500 nm are com- nerves or in small animals, which demonstrated that nerve conpletely absorbed in the surface layers of the skin, where the heat duction could be temporarily blocked by heat application.
The heat load imposed on the skin can be removed by the cirproduced is quickly dissipated. The only region of high transmission is between 750-1300 nm, with a maximum at 1100 nm. At this culating blood or evaporation of moisture. The fact that the eye
wavelength, 20 percent of the energy incident upon the surface of is unable to dissipate the heat and the focusing nature of its lens
\
the corneum of the epidermis will reach a depth of 5 mm into the makes it the organ of major concern.

J

PROCEEDINGS OF THE IEEE, APRIL

400

Gersten et al. [69] have reviewed the literature on the effectiveness of IR radiation as a heating modality.
Potential Occupational Exposures

Occupations potentially associated with IR radiation exposures include the following [29]:
bakers
blacksmiths
braziers
chemists
cloth inspectors
cooks
dryers, lacquer
electricians
firemen, stationary
foundry Workers
furnace workers
gas mantle hardeners
glass blowers

glass furnace workers
heat treaters
laser operators
iron workers
kiln operators
motion picture machine operators
plasma torch operators
skimmers, glass
solderers
steel mill workers
stokers
welders.

Critical Organs

The cornea of the eye is highly transparent to energies between
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sense the heating effects of IR, and thus be alerted before damage
occurs, assuming they have knowledge of the presence of a nearby active IR system. It is possible, however, for the eyes to be
damaged before the heating effects provide sufficient warning. It
is not advisable to stare into a source of intense IR radiation, even
though the source is equipped with a filter and all visible light is
removed [66).
In one study [72), Rhesus monkeys were exposed for several
hours to 70 mW /cm 2 near IR radiation. No eye damage or decrement in visual discrimination could be detected. The author concluded that in a normal room temperature environment, the eye
should be capable of dissipating solar thermal radiation. But he
does point out that although no immediate ocular injury occurred,
long-term exposure might well cause damage.
In the lens, transmission of the shorter wavelengths varies
with age and nuclear sclerosis. In the young child the lens transmits about 8 percent of radiation shorter than 300 nm. By 22
years, radiation shorter than 300 nm is not transmitted, while by
63 years of age the minimum wavelength transmitted is 400 nm.
At all ages wavelengths longer than 2700 nm are absorbed. There
are selective IR absorption bands from 1400 nm to 1600 nm and
from 1800 nm to 2000 nm. The effective zone of partial absorption is from 400 nm to 2500 nm [73).

750 nm and 1300 nm and becomes opaque to radiant energy
above 2000 nm. Thermal damage to the cornea is dependent upon

Cataract

the absorbed dose, and probably occurs in the thin epithelium
rather than in the deeper stroma. A dose of 7.6 W · s/cm2 of wavelengths between 880-1100 nm was found to elicit minimum regressive corneal damage, whereas only 2.8 W · s/cm 2 of energy between 1200-1700 nm produced this response [70]. These values
are consistent with absorption characteristics. With excessive exposure to these critical wavelengths, there may be complete destruction of the protective epithelium, with opacification of the
stroma due to coagulation of the protein. Obviously, such denaturization in an area over the pupil would seriously interfere
with vision. The probability of incurring such an insult is low
except where highly collimated sources can irradiate the eye without producing sensation of pain in the surrounding skin tissue [1].
The iris is a highly pigmented organ and will absorb practically
all of the IR radiations reaching it. It is very susceptible to radiations below 1300 nm, as these are appreciably transmitted through
the cornea and aqueous humor. The rate at which the heat buildup in the cornea is dissipated is strongly influenced by its contact
with the air and with the lacrimal fluid. The-iris can dissipate its
heat only to the surrounding media, and it would, therefore, be
expected that the corneal dose required to elicit damage in the
iris would be more than that for corneal damage by a factor
greater than the increment of absorption in the cornea and the
aqueous humor. An iris dose of about 4.2 W · s/cm 2 has been suggested as the minimum producing damage [71) from a source
emitting principally between 800-1100 nm, which would require
a dose to the corneal surface of 10.8 W · s/cm 2 • Damage to both
the cornea and the iris is an acute occurrence, and there are no
data available that would indicate that chronic effects in these
structures can result from subliminal exposures to IR radiations.
The occurrence of aqueous flare as a result of anterior ocular irradiation has not been thoroughly studied in light of its appearance as a criterion for damage of these tissues [1).
It is possible that military personnel might interrupt an IR
beam (from an active system) without being aware of the fact.
This danger does not exist where only passive systems are in operation. Usually the danger is not too great because personnel will

For the sake of convenience, a cataract can be defined as an
opacity of the crystalline lens or of its capsule, which may be developmental or degenerative, obstructing passage of light. The
degenerative cataract is a manifestation of aging, systemic disease,
trauma, or certain forms of radiant energies among others.
Precise definition and meticulous care are required in choosing
proper criteria for designation of a cataract. Such criteria may
include the following. 1) The most minute and subtle changes in
the crystalline lens, recognized by the examiner, whether or not
they interfere with vision-the term "cataract" for such minute
changes is not a very good one and may lead to misinterpretation
if not more closely defined. 2) Lens changes which are obvious to
any qualified ophthalmologist but which do not severely interfere
with visual acuity. 3) Lens changes which reduce visual acuity,
but are by no means in the category of mature "cataracts" (though
one depends here on the clinical judgment of the examiner in interpreting changes observed in animal eyes and correlating them
with possible deterioration of vision in man). 4) Mature cataracts,
where the lens is milky white and vision is reduced to light projection only [35).
Damage of the lens of the eye from IR has been the subject of
considerable investigation over a period of many years. The term
"Glass-Workers" cataract has become generic for lenticular opacities found in individuals exposed to processes hot enough to be
luminous [1].
In 1907, Robinson [74) published the results of his investigations in England on the incidence of opacities on the posterior
surface of the lens in the eyes of glass workers, that were different
than senile cataracts in appearance. It was upon his recommendation that the disease, radiation cataract, became scheduled as occupational in origin in England and by 1921 was copied into the
U. S. Workman's Compensation Act.
In 1950, Dunn [75) of Corning Glass Company was unable to
find evidence of any ocular disturbance among glass workers who
had been exposed to IR for at least 20 years to 2 (caijcm2)/min
at 2000°K. But he did recommend more detailed studies to be
conducted at other industries.
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Keatinge et al. [76] were unable to find any posterior cortical
changes in the eyes of iron-rolling mill workers ex~osed to 0.020.1 (cal/cm2)/s for an average of 17 years; however, there was a
higher incidence of posterior capsular opacities. The opacity
originated in the capsular plane and extended to the cortex. This
differs from what is classified as a heat cataract.
Although some serious dissent has arisen as to the validity of
the data obtained by earlier investigators [75], the weight of evidence as of now favors the concept that the IR energies emitted
from hot sources in industry is the etiological agent responsible
· for IR cataractogenesis [76]-[78].
The lens of the eye is a vascular, and its position, suspended as
it were behind the iris, removes it from any blood vessels that
could assist in dissipation of the built-up heat load. In the normal
state, the lens is quite transparent to wavelengths in the IR below
1300 nm which reach it. It is this question of transparency which
has raised questions as to whether cataract formation is a direct
result of energy absorption by the lens, or the indirect effect of
temperature increase due to the absorption by the iris. A corneal
dose of 7.6 W· s/cm 2 in the pupillary area of rabbit eyes from IR
energy resulted in the production of faint transient opacities in
the anterior subcapsular region of the lens [70]. These were obtained with intensities of 63 W · s/cm2, and points out only that
even the small amount of thermally effective energy absorbed by
the lens is capable of producing an effect if the dose is sufficient.
The original mechanism postulated for the formation of radiation cataracts was the focusing of the rays on the posterior surface of the lens causing the maximum damage at that point.
Vogt [80] considered changes arising from increase in lenticular
temperature and direct effects on the lens fibers. Changes in the
lens are secondary to heating of the whole anterior segment of the
eye. After the initial damage to the anterior portion, the cataract
becomes well defined at the posterior surface of the cortex with
successive degeneration of the posterior lens fibers.
Evidence has been presented indicating that heat,per se, in the
absence oflR can produce cataracts. Goldmann [78], [79] noted
that elevation of temperature at the anterior portion of the lens
is the prime etiologic factor in glassblower's cataract.
The experimental production of IR cataracts, which requires
heat much greater than the intensities to which human beings are
ordinarily exposed, indicates that the lesion results from a local
thermal effect rather than from the absorption of specific rays by
the lens fibers [25]. Langley et al. [81] note that the lenticular
lesions following the exposure of an animal to an IR cataractogenic dose of radiation are located adjacent to burned areas of the
iris. These studies tend to confirm Goldmann's [78], [79] observations that the lenticular changes occur secondarily to heating.
That is, the IR rays are absorbed by the iris pigment epithelium
and then converted to heat, thus damaging the adjacent lens
epithelium.
Absorption by the retina is strongest at the very shortest IR
wavelengths, making it almost impossible to separate the effects
from those of the visible radiations. The mechanism of retinal
damage involves the absorption of energy by the highly pigmented
epithelial layer which separates the retina from the choroid, and
the rate of conduction of heat from this layer into the adjacent
tissues. The production of retinal burn, as with other intraocular
tissue is dose-rate dependent. The reduction in retinal irradiance,
due to selective spectral absorption through all the other ocular
media, is more than offset by the focusing effect of the lens and
the cornea. Therefore, the size or area of the image on the retinalchoroid apparatus and the absorbed irradiance are the predomi-

nant factors in the production of burn. One-millimeter burns have
been experimentally produced with 0.1-s exposures to retinal
irradiances ranging from 20 to 40 W/cm2 • Assuming an iris diameter of 5 mm, the probable corneal dose would have been about
1 W·s/cm 2 [1].
There are wide variations in data obtained by different investigators, but some agreement in the relationship between dose,
dose rate, and burn diameter exists, especially in the sizes below
1 mm and exposure of 0.1 s or less [60], [82], [83]. Retinal disability relates to the area in which the burn occurs, the degree to
which the underlying choroid and sclera are involved, and the
size of the burn. Obviously, even a threshold burn in the foveal
area is more serious than one on the periphery of the retina. The
probability of eliciting a retinal burn from industrial processes is
quite remote. However, where highly intense and compact sources
of radiant energy are being used, an insulting dose can occur in
fractions of a second, before pain becomes evident [1].
Perception
In the skin, sensations of warmth and cold are evoked by
radiation exchanges between the skin and the environment [84].
There seems to be no specific morphological substrate of thermoreceptors. The thermosensitive structures are a network of free
nerve endings [85]-[87]. Thermosensitive nerve endings can be
defined in two different ways: 1) by the specific temperature sensation aroused by stimulation of a receptor, and 2) by the response
of a receptor-as indicated by action potentials-to temperature
changes [88]. These sensations, which are so important to the
body economy as thermal detectors for regulating body temperature, are evoked when even the slightest change in skin temperature occurs [89].
At certain constant temperatures, the thermoreceptors show
a steady discharge, the frequency of which is dependent on the
absolute temperature. The steady discharge of a single fiber has a
maximum frequency of 2-15 impulses/s. The temperature of the
maximum discharge is between 38 and 43°C for so-called warm
fibers [88].
Weber in 1846 proposed that the rate of change of skin temperature dT,/dt was the effective stimulus for temperature sensation [90]. Many investigators subsequently confirmed the fact
that under certain circumstances, a direct relationship could be
established between dT./ dt and temperature sensation, and both
Hardy and Oppel [91] and Hendler and Hardy [92] made quantitative measures of this relationship. Hendler and Hardy [92] also
found that pulses ofIR radiation producing surface dT./dt's over
400 times those of longer pulses, and 30 times those of longer
pulses at a subcutaneous depth of 150-200 µ., all resulted in the
same level of sensation, namely, threshold.
The threshold for warmth perception is reached at a warming
of the skin at a rate of about 0.001-0.002°C/s at a skin temperature range of 32°C-37°C. Threshold and intensity of temperature
sensation depend to a large extent on the size of the skin area
changing temperature. Similarly, the minimal time of warming
the skin before a temperature sensation is elicited depends on the
size of the area affected and on the density of the specific temperature receptors in that area. The main experimental evidence indicates that temperature sensation is little influenced by the absolute temperature of the skin and is governed by the rate of change
of the skin temperature [93]. Results of Cook [94], however, indicate that skin temperature is the vital factor in determining pain,
though only insofar as this is a measure of the temperature of the
thermal pain receptors below the skin surface.
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Although spatial summation of warmth sense occurs, some
investigators suggest summation is absent in the case of pain sensation; this appears to be based on experiments with irradiated
areas of 10 cm2 and less, in which the pain-producing intensity was
independent of exposed area [89]. Cook [94], on the other hand,
showed that the intensities provoking pain, like those producing
sensation of warmth, decrease with increasing exposed area. A
physical explanation of both these phenomena, not involving
spatial summation, is that the rate of heat transfer from the superficial tissues decreases with increasing exposed area. Thus radiation intensities to produce either warmth or pain decrease with
increasing area if it is assumed that sensations of warmth and pain
depend only on the temperature of end organs [94].
It should be pointed out in this context that the temperature
of the skin (and presumably that of the temperature receptors) can
be changed and then maintained at some level, higher or lower
than the initial level. Temperature sensation, which initially may
be quite marked, gradually subsides, and the subject reports feeling thermally neutral. Since adaptation is such a prominent phenomenon in the study of temperature sensation, the absolute temperature of the sensory endings cannot be the sole determinant of
temperature sensation. There are many other easily observable
phenomena which also indicate that temperature sensations do
not depend only on the absolute temperature of the cutaneous
thermal receptors [95].
Pain threshold measurements can be influenced by such variables as the skin temperature prior to measurement and vasomotor tone [96]. It has been found that the first sensation of pain
is perceived when a certain temperature threshold is exceeded at
the pain receptors [97]-[100]. It can be assumed that the skin
temperature at which pain occurs is independent of the amount
of blood flow through the skin and of the skin temperature before
the exposure [68].
Investigations have demonstrated an appreciable individual
variability of the pain threshold [101]-[104], and that the pain
threshold varies from one area of the body to the other [68].
Using IR, Lehmann et al. [68] found that pain occurred at a
measured skin temperature of 49.3 to 52.0°C, if the pain threshold
was tested over the pad of the little finger. These values are appreciably higher than those determined by Hardy et al. [99], and
Wertheimer and Ward [100] found in other areas that the temperature in the area of the pain receptors was between 44.1 and
44.9°C. This discrepancy is probably based on the fact that Hardy
t!t al. [99] and Wertheimer and Ward [100] indirectly determined
the temperature which actually caused the irritation or the stimulation of the pain receptors in the skin tissues, whereas Lehmann
et al. [68] made a direct measurement of the surface temperature
of the skin in an area where no pain receptors are found.
·· Davson [105] has shown that the cornea and iris exhibit thermal sensitivity to IR. In man, a warm sensation (about 10°C elevation in temperature) is experienced in the eye when the cornea is
exposed to IR at a transfer rate of 2 (cal/cm2)/s [106].
Radiant stimulation of the cornea produces a greater temperature change in the moderately constricted iris than in the cornea
itself. Further stimulation indicates that not only does the iris
temperature surpass that of the cornea but it persists for a longer
period [105].
Threshold

Ebaugh and Thauer [107] conducted a series of experiments to
determine the effect of skin temperature upon the threshold of
warmth sensation. The temperature of the surrounding air varied
between l5°C and 41 °C and thresholds were measured in terms
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of (mcaljcm 2)/s. There was no significant change in threshold of
warmth sensation in spite of the change of room temperature and
concurrent change in skin temperature.
Among the sensations evoked by radiation, pain is an important response. To study this pain, an apparatus has been devised
by Hardy and associates [96]. The equipment consists of an exposure unit and a control unit. The exposure unit consists of a
projection lamp, a condensing lens, and an aperture behind which
the blackened skin of the subject is placed. Immediately in front
of the aperture is an opaque shutter which permits exposing the
skin for a fixed period of time to the radiation. The control unit
consists essentially of variable resistors and transformers to control the intensity of the lamp. The control unit also contains a
meter which reads directly the intensity of radiation passing
through the aperture to the skin.
The experimental procedure for measuring pain threshold for
thermal radiation is as follows: the subject places his forehead or
other skin area against the aperture. The radiation is turned on
for a period of 3 s and the subject is asked when he perceives a
sensation of pain. If pain is not perceived, the intensity of light is
increased and after a short interval the skin is irradiated again.
This procedure is repeated until the subject perceives a sensation
of sharp pricking pain just at the end of the 3-s exposure.
Using this method of stimulation it has been found that pain
threshold among subjects in the United States was uniform, independent of sex or age, when measured under controlled conditions on the exposed skin of the forehead or back of the hand [89].
Using thermal radiation to determine pain threshold, Hardy
et al. [99] observed that the initial skin temperature was important
in values obtained. The pain threshold varies linearly with skin
temperature and at a skin temperature of 45°C no further stimulus
is required. This relationship indicates that pain threshold for any
level of skin temperature represents that amount of radiation
which is required to raise the skin temperature to 45°C. Physiologically, this means that the pain threshold is dependent upon
skin temperature alone and not upon the rate of heating of the
skin, nor upon the rate of change of internal thermal gradients.
It has been found that this temperature has a mean value of
44.5 ± u 0 c [89] ..
The stimulus giving rise to pain is the same as that giving rise
to flexor reflex responses in the spinal animal. When the skin temperature reaches 45°C, reflex responses are obtained. This type of
stimulus giving rise as it does to both pain and reflex activity, is
termed "noxious stimulation" [108]. As the intensity of radiation
above threshold is increased, increasing intensities of pain are
perceived. There is a marked increase in pain between 45°C and
52°C after which the increase in painfulness becomes less. Maximal pain is perceived at skin temperature of approximately 65°C
[109].
It has been shown that a skin temperature of 45°C is critical
for evoking pain and reflex responses. Moritz and Henriques
[110] have shown that 45°C is also critical in producing cutaneous
burns. Skin temperatures lower than 44-45°C do not, in general,
produce a burn. It may be speculated that noxious stimulation results from chemical reactions in the skin probably involving inactivation of cellular protein [111 ]. The.pain threshold is thereby
determined as the lowest rate of inactivation of tissue proteins
which, if sufficiently prolonged, will cause tissue damage. Pain is
related to skin temperature only, whereas tissue damage is dependent upon both the skin temperature and the duration of the
hyperthermic episode [89].
The IR technique described by Hardy et al. [96] has been
widely used in investigations of pain, and of the effect of drugs
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upon the pain threshold. Gregg [112] has provided a physical
basis for this method of stimulating pain, and has also published
skin temperatures at which burning pain is felt. Tha_t smaller areas
can tolerate higher intensities of radiant heat is apparent from the
results of workers using the Hardy-Wolff-Goodell technique
[96]. A blackened area (3.5 cm 2) of the forehead can tolerate approximately 0.07 to 0.09 (caljcm2)/s in prolonged exposures.
It should be pointed out that the intensity of pain sensation
does not depend solely on the peripheral excitation pattern sent
from the pain receptors, but also on many other factors influencing at that time the central nervous system, such as suggestions,
attitude, and other psychologic factors [113]. In addition, subthreshold changes in skin temperature do occur without evoking
temperature sensations. Whether these subthreshold changes play
a role in thermoregulation is unknown. On the other hand,
marked alteration in rate of change and magnitude of change in
skin temperature can occur without evoking the temperature sensations usually reported. Thus precooled skin can be rapidly ·
heated without evoking sensations of warmth [95]. Also, subjects
used for threshold sensation experiments are usually well trained,
and are particularly attentive to stimuli they expect. Al1 extraneous sensory stimuli are removed cir :kept at some low consta.nt
level. Consequently, these conditions are:appreciably different
from those to be expected in practical situations, where naive
personnel may be exposed to slight painful stimuli under very
distracting circumstances [95].
The tolerance limits of the human body for IR radiations have
been determined by several workers. Lloyd-Smith and Mendelssohn [114] found that an incident intensity of 0.04 (cal/cm 2)/s of
short-wave IR could just be tolerated by epigastric and interscapular skin areas of 144 cm2 • Approximately 25 percent of this
energy flux would be reflected, so their result corresponds to a
tolerated transmitted intensity of0.03 (caljcm2)/s [115]. On skin
purposely blackened to obtain maximum absorption, it has been
shown that maximum temperature increase in situ, which produced burns, ranged from 56°C after a 0.5-s exposure to 5.6 W •s/
cm2 of filtered radiation, to 15°C for a 100-s exposure to 13 W •s/
cm2 [116].
Transmission and absorption factors of the ocular media for
the IR spectrum and threshold doses to elicit minimum damage
have been determined [1], [70], [71].
1) Dose for corneal damage: 7.6 W·s/cm2-880-1100 nm;
2.8 W•s/cm2-1200-1700 nm.
2) Corneal dose to produce damage in the iris: 10.8 W·s/cm2
·
-800-1100 nm.
2•
s/cm
·
W
burns-1
retinal
of
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2
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causing a 1-mm burn.)
Some early investigators described an "intraocular burn factor" to IR and designated the most effective region to be between
900 nm and 1000 nm [117]. At these wavelengths, a corneal
threshold dose of 0.07 W·s/cm 2 was required to produce flare,
whereas at 1400 nm the threshold dose was 0.18 W · s/cm 2 • Energies above 1400 nm will not reach the iris and, ifit is assumed that
the energy per unit area per each 100-nm band between 800 nm
and 1400 nm incident on the cornea is 0.18 W·s/cm2, then the
integrated dose on the cornea would be 1.1 W·s/cm 2, or approximately one-tenth the dose at which threshold visual burns
of the iris are seen [1].

devising protection standards against IR induced cataract is to
correlate the information on the radiation emitted during industrial processes with cataract formation. The dosages of radiation
which cause ..cataract are :unknown. Only a small amount of experimentation on animals has been done, but it has provided some
knowledge of the way cataract is formed; the numerical data obtained cannot be used in devising standards, due to the relatively
massive and frequent doses used in experiments and possible
physiological and anatomical differences between rabbit and hu·
·
man eyes [73].
The nonlinearity of the dose-damage relationship cannot be
neglected in accepting the "threshold values." Also, the limits
were obtained from experiments on animals subjected to relatively massive and frequent doses to IR sources with intensities
10-100 W/cm2 • If indeed workers are subjected to such high intensities-typical value in glass and steel industries is 1 W/cm2then it might be appropriate to apply the threshold values to man
and accept 0.1 of these values for maximum premissible dose to
prevent damage. Otherwise, the exp~riments must be conducted
to simulate conditions in the environment or industries. The extent and localization of damage within the eye depends upon the
visual size and intensity of the illuminating source [1].
Acute ocular damage from the incandescent hot bodies found
in industry can occur with energy densities between 4 to 8 W · s/
cm 2 (1-2 cal/cm2) incident upon the cornea; the ocular tissues involved would depend upon the wavelengths that are absorbed. As
these relate to threshold phenomena, it would appear that a
maximum permissible dose of 0.4-0.8 W·s/cm2 (0.1-0.2 cal/cm2)
could limit the occurrence of these acute effects [1].
LASER

The acronym laser is commonly applied to devices using molecular amplification by stimulated emission of radiation operating with an output wavelength of 200 nm to 2 X 16'4 nm. It includes masers, optical masers, and lasers and refers to coherent
light sources emitting visible, IR, and/or UV light as shown in
Fig. 1.
Various materials have been found which through proper
choice allow one to achieve stimulated emission at distinct wavelengths throughout the visible, near-UV, and far-IR spectrum.
Output ranges from single pulses as short as 10-12 s to continuous
wave (CW) [35]. Generally speaking, there are three types of exposures encountered for laser beams, depending upon the mode
of operation. These are: Q-switching (exposure time less than 100
ns), normal multiple-spike mode (exposure time ranging from
100 µ,s to 1 or 2 ms), and the CW mode, where tne time of ex. posure may vary from a few milliseconds to seconds or minutes,
depending upon conditions [118].
The characteristics of lasers which influence their effect upon
biological systems include the duration of the pulse, the time interval between pulses, the specific wavelength emitted, and the
energy density of the beam. The degree of damage produced depends upon the absorbing tissue, its absorption characteristics,
the size of the absorbing area, and its vascularity [1].
The extremely collimated character and high degree of monochromaticity of the laser beam make this energy of great industrial, military, and communications potential and of physiologic
interest. Lasers .are used in communications, precision measurements, radar systems (lidar), guidance systems, range finding,
metal working, photography, holography,'and medicine. In medProtection Guides
icine, these include eye surgery; in dentistry, cutting hard tooth
Protection guides for IR exposure are designed primarily for material; in industry, welding metals and cutting stone; in comprotection against ocular effects. The main difficulty, however, in munications, long-distance transmission; and in geodesy, accurate
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surveying. Lasers do not constitute an environmental hazard to
the general public in the sense that air pollution, noise, radioactive
fallout, etc., do, except under rather special circumstances, such
as range finding at a military reservation or at a commercial airport, satellite tracking, air turbulence and pollution studies, laser
illumination at art exhibits, and holographic public displays.
Generally speaking, laser exposure is confined mostly to military
personnel, university and industrial researchers, medical patients,
and other special groups in modern society [118]. Lasers may be
used to beam information over communication channels, ground
to air, ship to ship, airport traffic control, highway surveying
alignment, satellite tracking, missile guidance, and interception
around cities. Lasers may also be installed in public places to
count traffic, control various contrivances, etc. Lasers are multiplying rapidly in the industrial and research fields [118].
It has become common practice to describe the output of
pulsed lasers in terms of energy (joules), and that from CW lasers
in terms of power (watts). The joule per square centimeter is used
to express absorbed energy density, and the watt per square
centimeter to describe power density [1].

Pat hophysiology
Several excellent reviews are available on the subject of biologic effects and hazard criteria for laser exposure [60], [61],
[119 ]-[124] as well as a "state-of-the-art" series of papers in Congressional hearings [125] and conferences [51], [126], [127].
Biologic effects can occur through three mechanisms of interaction: 1) a thermal effect; 2) acoustic transients; 3) other phenomena [120]. The latter two effects are only seen with high power
density laser pulses. When laser light impinges on tissue, the
absorbed energy produces heat. The resultant rapid rise in temperature can easily denature tissue protein. Since tissue is not
homogenous, light absorption is not homogenous and the thermal
stress is greatest around those portions of tissue that are the most
efficient absorbers. Rapid and localized absorption produces high
temperatures. Steam production, evident only at high exposure
levels, can be quite dangerous if it occurs in an enclosed and completely filled volume such as the cranial cavity or the eye. A second
interaction mechanism is an elastic or acoustic transient or pressure wave. As the light pulse impinges on tissue, a portion of the
energy is transduced to a mechanical compression wave (acoustic
energy), and a sonic transient wave is built up. This sonic wave
can rip and tear tissue, and, if near the surface, can send out a
plume of debris from th_e impact. Other phenomena such as free
radical formation, are believed to exist during laser impact on
biological systems, but this has not yet been conclusively demonstrated [128].
It is generally considered that the biologic effects resulting
from exposures to laser energy are primarily a manifestation of a
thermal response. Of special interest have been the data available
on acute exposures to the eye and skin. For the most part, these
data have been limited to research on experimental animals with
little documented evidence from accidental exposures to man. The
significance of chronic exposures of man to laser energy and the
effect of environmental contamination from direct and indirect
use of these devices apparently has received little attention [129].
Lasers, however, can cause damage to living tissue. The extent of
the damage depends primarily upon the frequency of the energy,
the power density of the beam, the exposure time, and the type of
tissue exposed to the beam. The laser is usually a hazard to only
those tissues through which the energy can penetrate and which
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will absorb the wavelength involved. With potential hazard evaluation and safety in mind, the concern is primarily with two
organs-the eye and the skin [128].

Critical Organs
The primary hazard from laser radiation is exposure of the
eye. Radiation levels, if kept below those damaging to the eye,
will not harm other tissues and organs of the body. Eye damage
can range from mild retinal burns, with little or no loss of visual
acuity, to severe lesions with loss of central vision, to total loss of
the eye from gross overexposure. Long-term exposure of the
retina to wavelengths in the visible spectrum, at levels not far
below the burn threshold, may cause irreversible effects. Longterm exposure of the eye to the near-IR wavelengths can result
in opacification of the lens. Overexposure of the cornea to UV
wavelengths produces a painful inflammation of the corneal epithelium. Overexposure to a Q-switched laser is especially dangerous and can result in loss of the eye. All structures of the eye can
be damaged, but the retina is the most sensitive structure. If laser
radiation levels in the spectral range 400-1400 nm are limited to
those considered safe for the eye, biological effects to other parts
of the body can be ignored [118].
Light is focused by the cornea and lens onto the fovea of the
retina. In this process, the energy density of the light is concen·trated by a factor of 104 to 106 over that falling on the pupil. For
this reason, laser energy may pose a serious hazard to the eye. The
human eye is relatively transparent to light in a wavelength range
of about 400-1400 nm. This includes not only the visible range of
400-700 nm, but also a portion of the IR which is not perceived
[128].
The portion of the eye affected by the laser is dependent upon
the wavelength of the energy. The ruby laser emits at 694.3 nm.
Greater than 90 percent of the energy is transmitted through the
ocular media to the retina. Of the energy reaching the retina,
about 60 percent is absorbed in the neuroectodermal coat. Almost all of the rest of the energy, 40 percent, is absorbed in the
pigment epithelium. Since the pigment epithelium is only 10 µm
thick, the greatest absorption per unit volume of energy occurs
here, and this layer is the most susceptible to damage. Lesions
may be produced here without the receptor cells being damaged
[122].
The neodymium laser radiation of 1060 nm is absorbed to a
greater extent in the ocular media, with less of its energy reaching
the retina than in the case of visible light. Thus there is a greater
chance of damage by means of steam production than from other
laser types. The aqueous and vitreous bodies are colloidal suspensions in water, and the absorption characteristics of the media
are similar to those of water [128].
Carbon dioxide lasers operate at 10 600 nm. The eye is not
very transparent to this frequency range, and danger at low power
densities comes from lesions produced on the cornea.
UV lasers currently present only a limited hazard to the eye.
Up to 300 nm, essentially all of the incident radiation is absorbed
by the cornea : between 300 nm and 400 nm the cornea, aqueous
humor, and lens absorb nearly all of the incident radiation. This
is particularly true in the adult eye. Thus the energy amplification
present with visible laser radiation is not a factor for exposure to
UV lasers. UV lasers could produce thermal injury to the cornea,
conjunctiva, and possibly to the iris and lens, similar to that sometimes seen among arc welders [130].
The degree of injury to the retina is a function of the physical
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TABLE VII[•
parameters of power density, exposure time, wavelength, and
DAMAGE THRESHOLDS
RETINAL
image diameter on the retina. It also depends upon the individual
retina
the
in
exposed: whether he is lightly or heavily pigmented
Pu I se
WaveLevel
Duration
and choroid, whether he has a large or small pupillary diameter,
length
Type
whether his exposure is limited by the blink reflex (usually taken
0,85 J/cm 2
200 mi crosec.
694,3 nm
Non-q-swi tched
as about 150 ms in man), and many other physical and biological
0,07 J/cm 2
30 nanosec.
694.3 nm
Q-swi tched
parameters. Theories of retinal damage span the gap from pure
6 watts/cm 2
white Ii ght
Continuous wave
thermal burn through explosive steam damage, shock waves,
Raman and Brillouin scattering, to ionization [131]-[133]. Fail• From Sliney and Palmisano [145].
ure of the pure thermal model is especially prominent in the giantpulse Q-switched laser with the actual threshold ten times lower
than expected. Here even for minimum image size the retinal veloped by Ham [60], [61], [122], Geeraets [136], [137], Vassiliadis [138], [139], and Zweng [140] and their associates. The data
image acts infinitely large [62].
The type of damage inflicted on the human eye by laser beams of Ham and associates appear to be more conservative than others,
ranges, therefore, from a small and inconsequential retinal burn and many safety experts have tended to use their data in developin the periphery of the fund us, to severe damage of the macular ing safety criteria [141]-[143].
The power density required to reach the threshold of retinal
area, with consequent loss of visual acuity, up to massive hemorhas been shown to increase with a reduction in pulse durainjury
possible
rhaging and extrusion of tissue into the vitreous, with
loss of the entire eye. The Q-switched laser, because of its high tion. The precise mechanism for producing damage under Qpower density and short exposure time, represents potentially the switched conditions is not yet fully understood. The consensus at
greatest hazard. There have been a few bad exposures to Q- the moment seems to be that a thermal model describes reasonswitched lasers [133], but there is no indication at present that ably well the observed histological damage, at least for laser
lasers constitute an environmental hazard to large sections of the pulses down to microsecond guration. Most investigators agree
public [118]. There is the possibility that ranging operations that the retinal injury threshold, defined as that energy or power
around airports and on military maneuvers may expose the public density required to produce a barely observable lesion after a
inadveftently to Q-switched laser beams. However, this is no more. period of S min or more postexposure, would lie in the range of
likely at present than exposure of the public to a misfired gun or several tenths of a joule per square centimeter for pulsed white
light (xenon) and normal-mode pulsed ruby systems, and an order
rocket, or a crashing military aircraft [118].
The effects of laser on the skin cannot be ignored. The large of magnitude lower for Q-switched ruby [141]-[143]. There is
amount of skin surface makes the skin readily accessible to acute some evidence that these thresholds based on rabbit retina are
somewhat lower than those for man and other primates [13S].
and repeated exposures to laser.
lnj ury threshold information for exposure to repetitively pulsed
In the skin, laser produces damage in varying degrees, depending upon the type of laser, the duration of exposure, the area of lasers is not currently available. Considering only thermal damtissue involved, and the incident energy density [1]. Skin pigmen- age, some theoretical guidelines can be given on the basis of thertation is a major factor in the severity of injury although, if suffi- mal diffusion calculations. A 10-µm retinal spot should cool to
cient energy is absorbed, even nonpigmented skin will suffer dam- near-ambient temperature on 100 ms. Thus an off-time of 100 ms
age. The effects of absorption of high energy densities by the skin between pulses will probably prevent significant temperature
appear to be primarily that of "burn," although it has not been buildup in the retina. Pulsed lasers operating at repetition rates of
fully determined to what extent these are the same as thermal less than 10 pulses/s with pulse lengths of 10 ms or shorter shoulsJ
fall into the same category as single-pulsed lasers. Experimental
burns.
confirmation of these calculations is not yet available; it is, how- ,
Threshold
ever, for pulse repetition rates greater than 10 pulses/s [130].
Thresholds of retinal damage for different wavelengths are
Leibowitz and Luzzio [144] have reported that cataracts can
speculative. Because of the lack of information on the human eye, be induced in rabbits exposed to high levels (29.S J/cm2) dethreshold values are based upon data obtained from experimental livered to the cornea from a ruby laser with a pulse length of 1.3
animals, mostly rabbits. As in most other cases, extrapolation to ms. It should be noted that this level is several orders of magnitude
the human eye must be made with caution.
greater than the threshold for retinal injury.
Research on retinal burns and clinical experience have shown
The thresholds for biologic damage at the retina of the eye
that the rabbit retina provides a useful model for estimating a safe derived from experimental work on animals are summarized in
level of human exposure. The energy values necessary to produce Table VIII [14S].
threshold lesions are reported to be significantly lower in the
Protection Guides
rabbit then in the human [~34], [135].
Ham et al. [118] have noted that while laser beams do not
Although data exist on the retinal and corneal thresholds for
laser radiation in the visible range, similar data for the near IR are constitute a widespread environmental hazard to the eye at pressparse and almost totally Jacking for the far IR, with the exception ent, there is no assurance that such will not be the case in the
of some benchmarks for the CO2 laser operating at 10 600 nm future. As the use of the 0.1 to S.0 mW He-Ne laser expands, so
does that portion of the general population that could be exposed
[13S].
Determination of thresholds of retinal injury have only em- to such radiation. It becomes imperative, therefore, to set a maxployed laser systems in common use such as ruby, helium-neon, imum-exposure limit for chronic as well as single exposures [146].
argon YAG (yttrium-aluminum-garnet)-neodymium, and carbon It is important, therefore, to assess realistically the biological
dioxide. Comprehensive data on ocular effects have been de- effects of laser radiation on man so that research workers and the .
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TABLE

IX•

LASER PROTECTION GUIDES-EYE
Q•Swi tched
694.J nm
I ns - I usec pu I se
J/cm 2

Source or
Agency

10-7

ACGIH (41)

I

laser Work-

I x 10·8

X

cw

Non Q-Swi tched

694.J nm
1 us-0.1 sec pulse
J/cm2

I

X

10- 6

I x 10-7

400 - 750 nm
0, I sec
W/cm2
I

X

I x 10-6

7mm pupi I
diameter

shop ( 150)

5.0

X

10-B

5.0

X

10-7

5.0

X

Corrment

io-5

10- 6

3mm pupi I
diameter

I x 10·7

U.S. Army-

I

X

io-6

I x 10· 6

Navy ( 145, 147)
U.S. Air
Fo~ce (3)

).5

X

io- 6

I x 10-S

45

X

10-5

5

5

X

10-l

Ruby (693.4
nm)

X

10- 6

Neody11i um

(1060 nm)

• Partially adapted from Powell et al. (129].

TABLE

X•

LASER PROTECTION GUIDES-SKIN

1 ns - I µs
J/cm 2

A()GlH

(41)

Pu 1sed
1 µs - 1. 0 sec
W/cm2

0.1

0.1

0.1

0. 1

0.01

0.1

CW

5 sec
W/cm2

5 sec

W/cm 2

Laser
Workshop ( 150)

0. 1

Army-

Navy(l45, 147)

0. 1

0.1

• Partially adapted from Powell et al. (129].

general public will not be unduly exposed in the future, and research and development within the military, university, and industrial complexes will not be hampered by an undue concern for
biological effects which may be minimal when compared to ~ther
hazards of the modern environment [118].
Both the Army and the Navy [145], [147], and the U.S. Air
Force [3] have adopted safety criteria for the protection of military personnel, and the American Conference of Governmental
Industrial Hygienists [41], [148] has issued a guide for codes or
regulations on laser safety. In addition, many government agencies and industrial organizations have issued their own manuals
on laser safety.
Some major factors governing laser safety standards are [118] :
1) po~er density (watts per square centimeter) at the cornea, or
energy in joules (J) entering the eye;
2) exposure time;
3) wavelength or spectral distribution at cornea;
4) transmission through ocular media (OM) as function of
wavelength;
5) diameter of pupil;
6) diameter of retinal image;
7) absorptance or trans.mission by retinal pigment epithelium
as a function of wavelength;
8) absorptance or transmission by choroid as a function of
wavelength.
The most recent protection guides for laser exposure have been
tabulated by Powell et al. [129] and Setter et al. [149]. These are
listed in Tables IX and X.
Approaches to laser safety vary greatly among individuals and
groups who have an interest in the problem. Most programs in
industry, government, and universities are still in the evolutionary
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stages. Usually, an early consideration in such programs is the
institution of periodic eye examinations. Some organizations have
written policies and practices outlining the responsibility of management, technical supervision, environmental health, safety, and
medical personnel, but such policies are usually broadly defined
with a specific provision for attending to problems on an individual-case basis. All such policies and procedures should emphasize the primary reliance placed on supervisory personnel for
the safe conduct of laser operations; engineering controls rather
than personal protective equipment (goggles) should be stressed.
Engineering measures should take into account such factors as
interlocks, proper layout of room areas, shielding materials, and
warning signs. Commercially available protective eyewear is designed for protection against specific wavelengths; no single device protects against all laser wavelengths [141 ]-[ 143].
The American Conference of Governmental Industrial Hygienists has prepared a guide for laser installations [148]. In this
document it is noted that hazard controls for laser radiation vary
depending on the type of laseIT being used and the manner of its
use. Only properly indocrinated persons shall be placed in charge
of laser installations and operations. Control of laser hazards
shall be under the supervision of personnel knowledgeable in
laser hazards. A closed installation shall be used when feasible
(the equivalent of a closed installation can be achieved by installing a laser in a light-proof enclosure).
The following are general precautions (common to every laser
installation).
1) Personnel should not look into the primary beam or at
speculaPreflections of the beam when power or energy densities
exceed the permissible exposure levels.
2) Personnel should avoid aiming the laser with the eye to prevent looking, afong the axis of the beam, which increases the
hazard from reflections.
3) Work with lasers should be done in areas of high general
illumination to keep pupils constricted and thus limit the energy
which might inadvertently enter the eyes.
4) Shatter resistant safety eyewear designed to filter out the
specific frequencies characteristic of the system affords partial
protection. Safety glasses should be evaluated periodically to insure maintenance of adequate optical density at the desired laser
wavelength. There should be assurance that laser goggles designed
for protection from specific lasers are not mistakenly used with
different wavelengths of laser radiation. Distinctively colored
frames are recommended, and the optical density should be shown
on the filter. Laser safety glasses exposed to very intense energy or
power density levels may lose effectiveness and should be discarded.
5) The laser beam shall be terminated by a target material
that is nonreflective and is fire resistant; an area shall be cleared of
personnel for a reasonable distance on all sides of the anticipated
path of the beam.
6) Personnel should avoid electrical shock from the potentially dangerous electrical sources of high and low voltage.
7) Special precautions should be taken if high-voltage tube
rectifiers (over 15 kV) are used, because there is a possibility that
X-rays will be generated.
MICROWAVES

The microwave portion of the electromagnetic spectrum extends from about 300 GHz to 100 MHz. On a functional or operational basis the microwave section of the electromagm:tic spectrum is divided into so-called RF or radar bands as indicated in
Table XI [66].
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TABLE XI•

'\

MICROWAVE BANDS

'

l

Desi gnat ion

Radio-frequency

Radar

Wave I ength

Frequency

(cm)

(MHz)
UHF
Ultra high
frequency
300-3000 MHz

390-1550

76.9-19.3

1550-5200

19.3·5. 77

SHF
Super high
frequency
3000-30,000
MHz

,c

3900-6200

7.69-4.84

X

5200-10, 900

5. 77-2. 75

K

IO, 900· 36,000

2. 75·0.834

EHF
30,000-300,000
MHz

Q

36, 000-46, 000

0.834-0.652

V

46, 00d-56, 000

o. 652-0. 536

,,

• Modified fro m U.S. Air Force Public~tion, AF T.O.
31Z-10-4 [66).
:\
,'

I
I

I

I

i

i

'

I'
•
I

l
i·

t·
'

i

Microwave energy, when propagat6d, is categorized into two
discrete modes kno wn as CW and pv\seo. CW is associated with
communication tra nsmitting devi~e~ ~'rid consumer products,
induswith radar ' and
are assocfated
whereas pulsed micr owaves
.
~· l
. .
.
trial and medical eq uipment.
The absorption of microwave· ene{gy is directly dependent ·
upon the electrical p roperties of the absorbing medium, specifically, its dielectric constant ar.id t,lectrical conductivity. These
properties change as the frequency of the applied electrical field
changes. Values of d ielectric constant and electrical conductivity
and depth of penetra tion have been dete,rmined for many tissues
[151], [152]. Because of its tissue-penetratin g capability, heat
generated as a result of the transformation of microwave energy
is directly proportional at any depth to, the intensity of the energy
present, neglecting h eat transfer by other methods. The so-called
"volumetric" heating which results th~refrom is quite unlike that
·· ·
due to conductive he a ting [153].
When microwave s are absorbed ~r.any material, the energy is
transformed into increased kinetic energy of the absorbing molecules, which, by increased collision with adjacent molecules, produces a general heati ng of the entire medium. The energy value of
6
1 quantum of micro waves (4XIO-Ll.2Xl0 - eV) is much too
for ionization, no
necessary
excitation
of
pe
low to produce the ty
matter how many quanta are absorbed [154].
Knowledge of the electrical properties of a tissue permits direct calculation of th e absorption coefficient. Absorption coefficients of 2.5 and 0.6 f or 10 000 MHz and 3000 MHz, respectively,
have been obtained in skin. The reciprocals of these coefficients
define the depths at which the incident intensity is reduced to l/e,
or about 37 percent o fits initial power. For 10 000-MHz microwaves this is about 4 mm, ·while for 3000-MHz microwaves it is
approximately 16 mm [153].
When considering the biological effects of microwave radiation, the wavelength or frequency of the energy and its relationship to the physical d imensions of objects exposed to radiation
become important fac tors. Absorption of energy radiating from a
source into space also depends upon the relative absorption cross
section of the irradiat ed object. Thus the size of the object with
relation to the wavele ngth of the incident field plays a role. If a
small part of the bod y were subjected to far-field exposure to
radiant energy of rela tively long wavelength, it is possible that

this part could absorb more energy than that which falls on its
shadow cross section [155]. The term "far field" refers to that
region away from a source of microwave energy where the power
density decreases with increased distance, according to an inversesquare law.
One of the chief difficulties in working with free field micro~ave irradiation is to determine how much of the incident energy
1s absorbed by the tissues. Anything introduced into the microwave field tends to distort the field pattern in a generally unpredictable manner. Therefore, the field strength as measured by even
a fine probe at ~om~ particular location may be quite changed
when the test obJect itself replaces the probe [153].
A complete description of microwave-tissue interactions is not
possible in this review. For excellent reviews of microwave energy-tissue interaction the papers by Guy [156]-[159], Lehmann
[160]:-[166], Schwan [151], [152], [155], [167]-[184] and their
.·.
associates, and Vogelman [185], [186] should be consulted.
available,
is
Additional information on microwave bioeffects
from Congressional Hearings on Electronic Products Radiation
Control_ [125], [187], recent bibliographies [188], [189], sympo_sia
proceedmgs [190], [191 ], and books on application of microwa~es
in,diathermy [192], [193].
Pat hophysiology

The extensive investigations into microwave bioeffects in the
Triservice Program [194]-[199], recent reviews [200]-[203], and
the results of the most recent studies of the Bureau of Radiological
Health [13], [146], [204], [205] conclusively show that for frequencies between 1200 MHz and 24 500 MHz, exposure to power
de~sity o~ 100 ~W /cm2 for 1 h or more could have pathophysiologic mamfestations of a thermal nature. At power densities below
mW /cm2 , however, evidence of pathologic change is none_x1ste~t or ~quivocal. It is important, therefore, to assess the possible b1olog1c effects of power densities below 100 mW /cm2 •
According to the best evidence available, the most important
effect of microwave absorption is the conversion of the absorbed
energy into heat. Exposure of various species of animals to wholebody microwave radiation at levels of 100 mW /cm2 or more is
characterized by a temperature rise which is a function of the
thermal regulatory processes and active adaptation of the animal.
The end res~l~ is either re".ersible or irreversible change dependingon the conditions of the madiation and the physiologic state of
the animal.
. A great deal of controversy has arisen concerning the relative
importance of thermal or nonthermal effects of microwave radiation. Thermal effects have been well demonstrated and documented, but the _evidence for a nonthermal effect is at best only
..
,
suggestive [201], [202], [206].
been
generally
has
effect
Evidence presented for a nonthermal
procataract
biochemical,
microscopic,
areas:
in one of several
duction, and neurological. Pearl-chain formation with blood cells
and bacteria is considered to be biologically insignificant [154]
'
.
[168].
been
has
which
The phenomenon of pearl-chain formation,
alleged to be indicative of nonthermal effects of microwaves is
discussed by several investigators [173], [184]. In considering
nonthermal effects of microwaves the excellent study by Sher
[184] should be noted. He concluded that the
implications for pearl-chain formation are that on no account
can biological pearl-chain formation occur for particles smaller
t~an 3µ (diameter) without risking overheating of tissues. Particles smaller than about 30µ (diameter) would not form pearlchams; freely moveable particles of this size are not available in
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the body. In conclusion then, it can be said with certainty that
pearl-chain formation will not occur due to microwave irradiation (by usual pulsed or CW systems) in human beings who are
even loosely observing the thermal tolerance threshold.
On the question of orientation of nonsperical particles,
consideration of time constants lead to the conclusion that such
particles cannot respond to peak values of the field. It can be said
that structures shorter than 15µ will not be oriented by pulsed or
unpulsed fields which do not overheat the tissues. It is unlikely
that any histological structure exists which is superficial, sufficiently large and free to be oriented. Therefore, on the basis of
the somewhat sparse data on orientation it can be said that significant biological orientation within human beings or large
animals is very unlikely [184].
Schwan [173] states that orientation is caused by "the change in
potential electric energy which occurs if a non-spherical particle
is turned with reference to the applied field."
Several investigators have reported effects of microwaves and
RF energies that have been attributed to interactions with neuronal elements [207]-[211].
Frey [207] has reported an acoustic response which is believed
to be a direct auditory nerve response to microwaves. He reported
that this energy occurred instantaneously and at average power
densities as low as 100 µ,W /cm 2, the frequency, modulation, and
peak power density being the important variables. The nature of
the perception was described as a buzz, ticking, or knocking, depending upon the pulsewidth and pulse repetition rate. The apparent source of the sounds was localized as being within or
immediately behind the head. Selective shielding revealed that the
most sensitive area was the region directly over the temporal lobe
of the brain and that greatest sensitivity was to the frequency
range from 300 MHz to 1200 MHz.
Sommer and Von Gierke [212] acknowledged the existence of
this phenomenon, but stated that these results were not due to
direct stimulation of neural fibers or cortical neural tissue but
rather to electromechanical transduction. They concluded that
"stimulation of the cochlea through electromechanical field forces
by air or bone conduction appear to be the most likely explanation."
It should be noted that significant though extremely inefficient
rectification of microwave energy may be possible in vivo [213].
Thus some of the nonthermal neurologically related observations
can be explained, especially where one hears pulse repetition frequency. There is no evidence that this auditory sensation constitutes a risk of injury. Considering that many sources of auditory
sensation exist in the normal environment and are not considered
hazards, more evidence is required that this phenomenon has any
relevance in hazard evaluation.
The possibility that microwaves may interact with the central
nervous system (CNS) without significant heating has been suggested by several Soviet investigators [195], [200], [202], [203],
[206], [214]-[236].
Although some Soviet investigators describe the thermal nature of microwaves, the majority stress nonthermal or specific
microwave effects at the molecular and cellular level, in contrast
to studies performed in the United States that generally reflect the
physiologic response of the organism to the thermal burden imposed by microwaves.
A considerable body of literature has grown in the USSR on
transient functional changes following low-dose 10-mW/cm 2 microwave irradiation studied by conditional response experimentation. The Soviets have strongly and repeatedly stressed that the
CNS must be considered as being moderately or highly sensitive
to radiation injuries. Their conceptual basis for this view is largely
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centered about Pavlovian "nervism." Very briefly, this theory may
be interpreted to mean that the CNS exerts a controlling influence
over all types ofreactions in the organism, including various local
tissue reactions. Nonnervous reactions are considered as only of
secondary importance because of the basic controlling role of the
central nervous system in the whole organism. Thus in considering
microwave pathogenesis, Soviet physiologists have persistently
sought the CNS mechanism that might be responsible for each
microwave-induced phenomenon [195].
The work in this area has been criticized because of limited
statistical analysis of data, inadequate controls, and lack of quantification of the results. Conditional-response studies intrinsically
do not lend themselves to objective interpretation.
It is of interest to note that one Soviet author [221] while accepting evidence of a neural effect of microwaves at field intensities which do not produce measurable thermal changes, maintains
that a specific, e.g., nonthermal microwave, effect has not been
experimentally verified. He reasons that, since biological objects
are electrically heterogeneous and since microwave-range electromagnetic fields (EMF) have a known selective thermal effect on
various tissues and organs, a difference between a microwave
effect and a neutral heat effect is .not necessarily due to an unknown extrathermal factor, but might well be a function of an
uneven distribution of heat in the organism which could exert its
own peculiar effect. The specific action of microwave EMF, in
Osipov's [221] view, should only be understood as a demonstrable
transfer of EMF energy into nonthermal energy. He, therefore,
eels that the many alleged "nonthermal" microwave effects [215 ],
[216] may well be "microthermal" effects in the absence of conclusive experimental evidence to the contrary [214].
These low-level effects on the CNS have not been confirmed
outside of the USSR. One of the main difficulties in confirming
this work is quantification. U.S. investigators have not been able
to obtain information on how these studies were conducted, even
though attempts have been made.
One does not know how much confidence to put in the conclusions of the Soviet investigators. The results of Soviet experiments do not clearly indicate whether the changes produced by
microwaves are due to generalized thermal effects or to more specific influences on particularly vulnerable tissues. The lack of precise temperature or power-density measurement devices no doubt
plays a part in the assumption of nonthermal "specific" microwave effects.
Osipov [221], in a review of neurologic responses to microwave exposure, concluded that most subjective symptoms were
reversible and that pathological damage to neural structures was
insignificant. Only rarely were microwaves found to cause hallucinations, syncope, adynamia, and other manifestations of the
so-called "diencephalic" syndrome.
Livshits [223], another leading Soviet investigator, states the
following:
During the last 15 years, disputes among researchers studying
the effects of radiation on the higher nervous activity by the conditioned reflex and zoopsychological methods have not ceased.
In conditioned reflex investigations, it has been discovered that
irradiation induces various disturbances of the higher nervous activity. It must be mentioned that such an effect of radiation is
observed only in experiments conducted according to the
schemes used by I. P. Pavlov and his followers. Among the authors that have investigated the effects of radiation upon conditioned reflexes in different animals, there is no complete unanimity in the evaluation of the phenomena that they observed and the
understanding of their mechanism. The opinion of certain foreign researchers that the change in the latent period and values
of the conditioned reflex expresses only or primarily a change in
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the excitability of the unconditioned reflex centers, in general
contradicts the considerable material obtained in the laboratories
of I. P. Pavlov and his followers. In radiation pathology, in particular, this question is complex and will require a special investigation.
A number of effects in man have also been described by Soviet
investigators [206], [214]-[221], [226], [229], [232], [233]. Most
of these effects are subjective, consisting offatigability, headache,
sleepiness, irritability, loss of appetite, and memory difficulties.
Cardiovascular effects consist of !ability of the pulse and blood
pressure, heart enlargement and murmurs, and ECG changes. Increased 11 31 uptake by the thyroid, changes in serum proteins, decrease in olfactory sensation, falling hair, and disruption of sexual
potency have also been noted. Cataracts have been observed as
well as psychic changes including unstable mood, hypochondriasis, and anxiety. The nervous and cardiovascular disruptions are
noted to be benign and do not lead to loss of work capacity.
Dodge [218], in his review of the Soviet research in this area,
stated
An often disappointing facet of the Soviet and East European
literature on the subject of clinical manifestations of microwave
exposure is the lack of pertinent data presented on the circumstances of irradiation; frequency, effective area of irradiation,
orientation of the body with respect to the source, waveform
(continuous or pulsed; modulation factors), exposure schedule
and duration, natural shielding factors, and a whole plethora of
important environmental factors (heat, humidity, light, etc.) are
often omitted from clinical and hygienic reports. In addition, the
physiological and psychological status of human subjects such as
health, previous or concommitant medication, and mental status
is also more often than not omitted. These variables, both individually and combined, affect the human response to microwave
radiation.
In reviewing the Soviet literature on RF and microwave effects
it becomes obvious that frequently Soviet publications fail to provide essential information that is necessary to evaluate how well
the experimental design was developed and controlled, what specific parameters were studied, how the investigators measured
their field intensities or exposures, the number of subjects in the
experimental study group, and whether or not controls were adequate. From the kind and amount of information that is often
lacking in Soviet publications, one is led to wonder about the
conclusions reached by the investigators [236].
From the Soviet publications dealing with the mechanisms of
the biological effects of RF and microwaves of "thermal" and
"nonthermal" intensities, it is clear that the Soviet scientists need
to do a great deal more definitive research in these two areas. One
scientific shortcoming is the apparent lack of corroborating studies [236].
The subjective symptomatology of microwave-induced disorders is documented. Nevertheless, as noted by Soviet physicians who conducted the clinical studies, patients suffering
from a variety of chronic diseases may exhibit eventually about
the same dysfunctions of the central nervous and cardiovascular
system as those exposed to microwaves. Disorders attributable to
chronic microwave exposure are difficult to diagnose and the skill
of differential diagnosis plays an important role in arriving at the
final analysis either implicating or exonerating microwave energy
[236].
It is known that an RF field can be reinforced in the region of
peripheral nervous tissue causing a temperature rise, even while
nearby muscle and skin show no measurable temperature effect.
When peripheral nerves are heated above a minimum level they
may trigger spontaneously. Evidence presented by McAfee
[237]-[239] indicates that it is thermal stimulation of the pe-
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ripheral nervous system that produces the neurophysiological
and behavioral changes observed. The interaction between the
peripheral nervous system and the central nervous system would
account for effect on heart rhythm, blood chemistry, etc., as reported by the Soviets.
McAfee [237], [238] demonstrated that, regardless of the
heating method employed, the nociceptive response of a decerebrate cat occurred when the temperature of isolated nerves (radial
or sciatic) or areas of the skin rich in cutaneous nerve fibers
reached a threshold temperature of 45°C. The nociceptive response consisted ofrespiratory changes, increased blood pressure,
and reflex (crossed extensor) changes. These studies conducted at
3000 MHz provide an explanation for behavioral effects in terms
of responses evoked by microwave-induced heating of afferent
nerve fibers. These studies further demonstrate errors that can be
encountered when comparing responses obtained by irradiation
of different regions of the animal. Such experiments and conclusions deserve careful consideration when physiologic changes in
animals exposed to microwaves are .attributed to specific or
nonthermal effects of microwave exposure [240].
Roth [203] in his extensive and critical review states:
The possibility of nonthermal effects has been the subject of
much interest. However, a review of the literature, which claims
the existence of such effects, fails to be quantitatively convincing .... More research, especially conducted from a more quantitative point of view, is needed to clarify this point ... no
specific biological effects can be deduced ... other nonthermal
effects quoted in the Soviet and American literature are biologically interesting but have never been clearly shown to be related
to symptoms in man.
Before discussing specific thermal effects of microwave exposure, it might serve well to review some general physiologic
effects of heat.
Severe high body temperatures may cause denaturation of protein, irreversible coagulation of protein, increased permeability
of cell membranes, liberation of toxins, and decrease in enzyme
activity as well as many other changes. Chemical reactions in the
body are speeded up by temperature increases. The rate of chemical reactions may be doubled by a rise of 10°C. The neuron (the
basic functional unit in the nervous system) is seriously impaired
at high temperatures. At a temperature of about 41°C the central
nervous system cannot function normally. Conditions such as
prostration, coma, and even death may occur (241 ].
Temperature increase in the body during exposure to microwaves depends upon the following factors: 1) the specific area or
areas of the body that are exposed and the efficiency of heat
elimination, 2) the intensity of the field strength, 3) the duration
of exposure, 4) the specific frequency or wavelength, 5) the thickness of skin and subcutaneous tissue. These variables determine
the percentage of radiant energy that is absorbed by the various
tissues of the body [178], [179].
It has been shown in man subjected to 3000 MHz applied over
the arm that the application of about 100 W of RF energy to an
area 'of about 100 cm 2 causes a rise in temperature of about 5°C
during the first 5 min. The rise in temperature of about 1°C/min
corresponds to an absorbed flow of0.1-1 W /cm 2 [242].
In partial-body exposure under normal conditions, the
body acts as a cooling reservoir, which stabilizes the temperature
of the exposed part. This stabilization is due to an equilibrium
established between the energy absorbed by the exposed part of
the body and the amount of heat energy carried away from that
area. This heat transport is due to increased blood flow to cooler
parts of the body, which are maintained at normal temperature
by heat regulating mechanisms of the body such as heat loss due
to sweat evaporation, radiation, and convection. If the amount of
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absorbed energy is in excess of the optimal amount of heat energy
·which can be handled by the mechanism of temperature regulation, the excess of energy will cause a continuous temperature
rise with time. Fever, and under some circumstances local tissue
destruction, can result [178], [179].
•
· The amount of heat which the human body can transfer to
the outside is, under normal circumstances, about 0.01 W/cm2
body surface. This may be raised about tenfold under very favorable circumstances. This means that the human body's ability to
absorb radiant energy without causing a continuous temperature
rise is limited to a value somewhere between 100 and 1000 W
[178], [179].
.
The above information has formed the basis for setting tolerance limits and standards for microwave exposure. For more detailed information in this respect the publications by Schwan and
Li [151], [152], [176], [177], Schwan and Piersol [178], [179],
Cook [94], [242], Herrick and Krusen [241], Roth [203], and
Lehmann and associates [161]-[166] should be consulted.
To date there is very little information on injury other than
burns [195], [243] and possibly cataracts [244]-[246] in man
from exposure to microwaves, although a number of retrospective
studies have been done on human populations exposed to microwave radiation. These have been for the most part either among
radar operators and repairmen or personnel involved in production and testing of microwave equipment, primarily radar. The
studies may be divided into essentially 2 categories; those seeking
general effects, and those specifically seeking changes in the lens
of the eye. Barron and Baraff [247] studied 335 microwaveexposed workers and compared them with a control population.
No differences were found in physical inventories of the two
groups nor were any differences in death, disease, sick leave, or
subjective complaints found. No blood or urine changes and no
increase in ocular pathology of the microwave exposed group was
noted. Both groups were equally fertile as determined by reproductive history.
A case report has been published relating a death in a man to
microwave exposure [248]. This is the only case of death reported
in association with microwave exposure, and it is doubtful
whether the microwave exposure had a significant effect, if any,
in causing the death. It was, in fact, a case of acute appendicitis in
which evisceration of the wound occurred on the tenth postoperative day, leading to profound shock and death. Knauf [249]
and Kalant [154] both note that no other deaths from microwave
exposure had even been recorded and that "deaths due .to appendicitis and shock are not uncommon." In fact, Ely [250] has
pointed out that this case was thoroughly discounted as due to
microwave exposure in an Armed Forces Institute of Pathology
Memorandum of July 25, 1957.

Potential Occupational Exposures

Occupations in which microwave energy is used include the
following [29]:
air crewmen
electronic engineers
furniture-veneering operators
microwave-development workers
microwave-diathermy operators
microwave-oven operators
drug sterilizers
food sterilizers

microwave testers
missile launchers
radar mechanics
radar operators
microwave-oven maintenance
workers
physicists.

1972

Critical Organs
In areas of the body in which relatively little blood circulates,
the temperature may rise more rit'pidly than in vascular parts of
the body, since an important mechanism for the interchange of
heat, namely blood circulation; is not effective. Tissue damage is
more likely to occur in thcis~ areas where proportionately a
greater rise in temperature can occur. The lens of the eye may be
more susceptible to thermal damage, since this structure does not
possess an adequate vascular' system for the exchange of heat.
Therefore, exposure of the eye at sufficient power density(> 100
mW /cm2) and duration (1 h}'.may generate heat so that opacities
may develop in the lens, with the end result of cataract production.
Carpenter and his associates ·have done considerable work on
2450-MHz microwave-induced;l!cataracts in the eyes of rabbits
[251]-[257]. On the basis of isome of these studies, Carpenter
has suggested a nonthermal ;mechanism for cataractogenesis.
This suggestion is based on the-observation that repeated "subthreshold" exposures will produce cataracts with a smaller rise in
intraocular temperature thap. a single larger exposure with a
greater rise in temperature, which does not produce a cataract.
These investigators concluded that there is no critical intraocular
temperature for cataract production and, therefore, the cataractogenic effect must be nonthermal.
Recent studies [258]-[260] have confirmed that thermal coagulation of lens protein is the basis for cataract production after
high power density (> 100 mW /cm 2) long-duration (1-h) 2450MHz exposure.
The possibility of a cumulative effect on the lens from repeated
"subthreshold" exposures of rabbits' eyes to microwaves has
also been suggested by Carpenter and associates [252], [253],
[255], [256]. Other investigators, however, point out that no
cumulative rise in temperature can occur if the intervals between
exposures exceed the time required for the tissue to return to
normal temperature. The reported cumulative effect is, for all
practical purposes, the accumulation of damage resulting from
repeated exposures e&ch of which is individually capable of producing some degree.of damage [154], [201], [261].
It should be understood that a cumulative effect is the accumulation of damage resulting from repeated exposures each of
which is individually capable of producing some small degree of
damage. In other words, a single exposure can result in covert
thermal injury, but the incurred damage repairs itself within a
1.ufficient time period, for example hours or days, and therefore
is reversible and does not advance to a noticeable permanent or
semipermanent state. If & second exposure or several repetitive
exposures take place at time intervals shorter than that needed for
repair, damage can advance to a noticeable stage. Since this is
what actually takes place, the suggestion of cumulative effects
from microwave exposure is questionable.
It is important at this point to define the cumulative effect
produced by ionizing radiation to put this question in its proper
perspective. In ionizing radiation every quantum ionizes, hence
cumulative effects represent the fact that given sufficient total
exposure, enough damage is caused to become demonstrable.
Even in this case, however, "repair" can affect the dose-dose rate
versus effect curve and is not fully understood, eliciti.ng, therefore,
considerable debate among many radiobiologists. It has been
suggested (and there are some experimental data to support the
concept) that injury incurred from exposure to ionizing radiation
is cumulative. This cumulative effect is a manifestation of the
irreparability of a certain fraction of ionizing radiation injury
which has been designated as residual radiation injury. This com-
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TABLE XU
ponent of residual radiation injury is additive with frequency of
TEMPERATURE INCREASE TO PRODUCE A
AND
lNTENSITY
STIMULUS
exposures
between
exposures and is not dependent on intervals
2
THRESHOLD WARMTH SENSATION OVER 37 cm
been
has
individual
exposed
the
of
potential
recovery
full
once the
FOREHEAD SURFACE AREA"
realized [262].
Fa, Infrared
10,000 HHz
3000 HHz
The most recent studies in this respect are noted in the Annual
Increase i1
Increase in
Skin Temp,
Temp.
i ty
Skin
Dens
Power
Density
Power
Density
Power
time
Exposure
Message from the President of the United States Transmitting the
("C)
(mW/cm2)
(m'il/cm2)
("C)
(sec)
(mW/cm2)
Annual Report on the Administration of the Radiation Control
.025
4.2 - 8.4
.035
21.0
1
58.6
for Health and Safety Act of 1968 (Public Law 90-602), Covering
4.2
.025
.040
16. 7
46.0
2
field
free
to
1970 [146]. Repeated 1-h daily exposures of rabbits
.060
4.2
12.6
33.5
4
2 of2450-MHzradiation in the
/cm
mW
50
to
15
of
densities
power
far field at distances of 150 and 287 cm from a standard gain horn
• Data from Hendler [153], [263].
showed no lenticular changes in the eyes of the animals. Numbers
of exposures have varied between 12 to 34. One set of animals,
exposed 12 to 20 times at 15 mW /cm 2, was reexposed 19 to 33
the tolerated intensity of 3000-MHz microwaves is over four times
times at 30 mW /cm2 with no visible eye effects.
that of both short- and long-wave IR radiation, the energy
Animals placed in the near field with their eyes 2 in from the
absorbed in all cases in the first 1.5 mm of tissues is approxidipole crossover of a corner reflector antenna (2450 MHz)
mately the same. In the microwave case 20 percent of the energy
showed varied reactions when exposed to free field power denentering the skin is absorbed in this depth. The remaining 80 per2 • Moderate cataracts were formed in all
sities of 50to 120 mW /cm
cent is absorbed in the deeper tissues and does not influence pain
animals exposed an average of 16 times to 110 mW /cm2 • Animals
The energy absorption in a 1.5-mm depth is approxisensation.
exposed 25 times to 100 mW /cm 2 showed negative results. Again,
mately 90 and 100 percent, respectively, for short- and long-wave
all exposures were of 1-h duration.
radiant heat [94], [242].
Another recent study [260] indicated that average power is the
Although the temperature gradient on exposure varies with
significant factor in cataract formation, but the higher the average
radiation penetration and exposure time, studies show that, expower used, the lower is the time required for opacity induction.
cept for very short exposures (about 3 s or less), the gradient in
Peak power as such is not a significant factor in microwave inducthe first few millimeters of tissue is small after both microwave
tion of cataracts. There is no simple dose dependency for threshand IR exposures. From this it can be suggested that a thermal
old levels of cataract induction. The threshold dose varies in a
pain sensation is evoked when end organs located at approximanner which could imply a heating mechanism for initial
mately 1.5 mm below the skin surface reach a temperature of
cataract induction.
about 46°C [94], [242]. It can be tentatively concluded that therIt is quite apparent then that at subthreshold power levels,
mal pain occurs at an approximately constant skin temperature
there is still some question regarding the cumulative effects on
for all thermogenic radiations.
the lens. Differences in patterns of peak pulse levels and off time
between pulses may be critical factors [203].
Threshold
Studies of lenticular opacities in U. S. microwave workers
For the purpose of setting safety standards to limit exposure of
have been performed by Zaret and associates [244]-[246] who
to microwave radiation, a threshold below which no
individuals
reported no late lens defects peculiar to microwave exposure.
effects are evident has to be determined.
biological
harmful
They did note, however, a small but statistically significant inand Eijkman and Vendrik [266] studied
[265]
Vos
and
Vendrik
crease in posterior polar defects. While some of these surveys may
by IR and 3000-MHz microwave
induced
sensation
warmth
indicate a statistically significant increase in lenticular defects in
concluded that for their condiThey
skin.
forearm
the
of
heating
microwave workers, none have shown any clinically significant
0.4-l.0°C occurring at a depth of
of
rise
temperature
a
tions,
defects in terms of decreased visual acuity. The scoring methods
about 300-500 µ produced a threshold warmth sensation.
used both for degree of exposure and lenticular defects in all
. Hendler and associates [153], [26.3] made detailed studies of
cases were not particularly sound, and their validity has been
the cutaneous receptor response of man to 10 000-MHz and 3000questioned [202].
MHz microwaves and for IR. The forehead was selected for study
of warmth sensation, since previous studies had shown that the
Perception
temperature receptors in the skin of the forehead are relatively
Awareness of microwave exposure is developed by several numerous and evenly distributed, so that it constitutes a lowmechanisms including cutaneous thermal sensation or pain. The threshold region of uniform temperature sensitivity [91 ]. In these
subjective awareness of warmth could be an indicator of micro- studies it was also noted that there was a persistence of warmth
_wave exposure and several investigators have established the after cessation of the exposure, which is taken to indicate conthresholds for microwave-induced thermal sensation and pain in tinued existence of an effective temperature difference between the
man [94], [153], [242], [263]-[266]. The physiology ofthermal subcutaneous tissue layers [263].
Schwan et al. [264] found that if a person's forehead is exposed
sensation and pain, which is essentially the basis for microwave
microwaves, the reaction time (the
to 74 mW/cm2 of 3000-MHz
perception, has been reviewed in the section of IR energy.
r
person is aware of the sensation of
the
before
elapses
which
time
irradiation,
of
Differences in method of irradiation, areas
73 s. Warmth perception of 56
and
15
between
varied
warmth)
microwave
of
nature
nonuniform
the
also
and
sites,
anatomical
power distribution in experiments combine to render difficult any mW /cm2 ranged between 50 sand 3 min of exposure.
Irradiance levels of 10 000-Y!Hz and 3000-MHz microwaves
detailed comparison. However, the results support the idea'that
threshold sensation and pain occur when energy absorption (and as well as for IR stimuli producing a threshold sensation of
corresponding temperature rise) in a critical thickness of super- warmth are summarized in Table XII. These data indicate that
ficial tissues exceeds a certain value. It is significant that although when a 40-cm2 area of the face is exposed to microwaves, thermal
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TABLE XIII
THRESHOLD FOR PAIN SENSATION AS A FUNCTION
OF EXPOSURE DURATION•

(3000 MHz; 9.5 cm 2 area)
,ewer Dens I ty

(W/cm2

Exposure Time

microwave area (300 MHz-300 000 MHz) is p!!rmitted only for a
specified length of time determined by the following equation:

T

6000

x2

=-p

(sec)

3.1

20

2.5

30

·1.5

6d

1.0

120

0.83

]972

>180

• Data from Cook (94).
sensation can be elicited within 1 s at power densities of 21
mW /cm 2 for 10 000 MHz, and 58.6 mW /cm 2 for 3000 MHz.
Within 4 s the threshold is lowered by approximately 50 percent,
i.e., 12.6 mW /cm 2 (10 000 MHz) and 33.5 mW /cm2 (3000 MHz),
respectively, [153]. On this basis, if the entire face were to be exposed, the threshold for thermal sensation to 10 000 MHz would
be 4-6 mW /cm2 within 5 s or approximately 10 mW /cm2 for a
0.5-s exposure [267]. It should be noted that these calculations
appear to be based on the assumption of uniform temperature
sensitivity of the facial skin. Due to shape factors and nonuniform
sensitivity, it is likely that the figures may be somewhat low, although the practical significance of corrections to these figures is
probably small [95].
Cook [94] investigated the pain threshold for 3000-MHz
microwaves. All experiments were carried out at room temperature of 20 ± 1°C, and with minimal air circulation. As far as
could be judged, the sensations of warmth and pain with microwave heating differed little from those felt when heating was produced by IR radiation. The initial skin temperatures in these experiments were in the range 31.5-33.5°C, and the average skin
temperature rise required to achieve pain was 15.0°C. Apparently
a thermal pain sensation is evoked when end organs located at
approximately 1.5 mm below the skin surface reach a temperature
of about 46°C.
Threshold for pain reaction to 3000-MHz exposure of a 9.5cm2 area of the forearm ranges from 830 mW/cm2 for exposures
longer than 3 min to 3.1 W/cm2 for a 20-s exposure period. If a
larger area (53 cm 2) is exposed, the pain threshold for a 3-min
exposure is 560 mW /cm2 [94]. The threshold for pain sensation
as a function of exposure time is shown in Table XIII.
These data and other information on microwave sensation
suggest that cutaneous perception of microwaves may provide a
protection factor with sufficient margin of safety constituting a
warning mechanism to prevent exposure to microwaves at levels
that could be injurious.
All evidence to date indicates that for frequencies in the 1000MHz to 24 000-MHz range, average power density of 100
mW /cm 2 near-field or far-field exposure is the threshold for
pathophysiologic effect on the lens of the eye. It is quite possible
that other body organs or systems may have a higher threshold
for injury.
Protection Guides

The first proposal for 10 mW /cm 2 as a protection guide was
made by Schwan in 1953 to the U. S. Navy and was based on
simple physiological considerations [268]. While the limit of 10
mW /cm 2 served as a practical exposure level in the military for
several years, it was felt that the duration of exposure was important and that higher levels could be tolerated for shorter
periods. A new guide was developed, therefore, and published in
1965 [269]. In this document, exposure of personnel within a

where TP is the permissible time of exposure in minutes during
any 1-h period, and X is the power density in the area to be
occupied, in milliwatts per square centimeter.
The formula applies only to power densities up to 100
mW/cm 2 , because exposure of less than 2 min isoperationally
impractical; its use for power densities above 55 mW /cm2 is
contraindicated.
Guides and exposure levels published in 1965 are in force
today, and appear to be entirely safe. To the present day, there is
no documented evidence of injury to military personnel from the
operation and maintenance of radars within the limits of microwave exposure prescribed by the military.
These considerations and the rather extensive body of experimental data then available from the Tri-Service sponsored
studies [194], [195] were reviewed in Subcommittee 4 of the
American National Standards Institute (ANSI) Committee
C95.1 which in 1966 recommended 10 mW/cm2 as the standard
[270]. This standard states:
For normal environmental conditions and for incident electromagnetic energy of frequencies from 10 to 100,000 MHz the
radiation protection guide is 10 mW /cm2 as averaged over any
possible 0.1 hour period.
This standard permits a maximum power density of 10
mW /cm2 for periods of 0.1-h or more; and a maximum energy

density of 1 mW·h/cm2 during any 0.1-h period. This guide
applies whether the radiation is continuous or intermittent.
These recommendations are qualified as follows:
Body temperature depends in part on sources of heat input
such as electromagnetic radiation, physical labor and high ambient temperature and on heat dissipation capability as affected
by clothing, humidity, etc. People who suffer from circulatory
difficulties and certain other ailments are more vulnerable. The
power levels established by the radiation guide numbers are related in a complicated way to power levels at which damage may
occur. The guide numbers are appropriate for moderate environments. Under conditions of moderate to severe heat stress, the
guide number given should be appropriately reduced. Under
conditions of intense cold, higher guide numbers may also be appropriate after careful consideration is given to the individual
situation. These formulated recommendations pertain to both
whole-body irradiation and partial-body irradiation. Partialbody irradiation must be included since it has been shown that
some parts of the body (e.g., eyes, testes) may be harmed if exposed to incident radiation levels significantly in excess of the
recommended levels.
The ANSI C95.1 standard has also been proposed for occupational exposure in accordance with the U. S. Occupational
Safety and Health Act of 1970 [271].
Mumford [272] has proposed that the 10 mW /cm2 microwave
exposure standard be adjusted in relation to environmental conditions. According to this recommendation the exposure limit would
be 10 mW /cm 2 when the temperature-humidity index (THI) is
::;70; when the THI is 70-79, the limit is (80-THI) mW /cm 2 ;
and when the THI is ~79, the limit is 1 mW /cm2 • Conceptually,
this approach is valid; in practice, however, it is of questionable
utility because of the lack of objective measurement of the performance capability of the body under these conditions.
The most recent recommendation is that which is under consideration by the American Conference of Governmental In-
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dustrial Hygienists (ACGIH) [41]. Using the "threshold-limit"
concept, for the frequency range of 100 MHz to 100 GHz, the
ACGIH has suggested:
The Threshold Limit value for occupational microwave energy
exposure where power densities are known and exposure time controlled is as follows:
I) For average power density levels up to but not exceeding IO
mW /cm 2, total exposure time shall be limited to the 8-hour
workday (continuous exposure).
2) For average power density le\lels from IO mW /cm2 up to but
not exceeding 25 mW /cm2 , total exposure time shall be limited to no more than IO minutes for any 60 minute period
during an 8-hour workday (intermittent exposure).
3) For average power density levels in excess of 25 mW /cm 2, exposure is not permissible (ceiling value).

The following general rules should be observed to prevent unnecessary exposures to microwaves [273].
1) The supervisory staff should be made responsible for
mapping out areas of unsafe power densities, i.e., above 10
mW /cm2, either by means of power-density meters or by theoretical calculations. Appropriate warning signs should be posted.
Ingress into hazardous areas by personnel is to be permitted only
under emergency conditions, and periods of exposure in these
areas are to be kept to an absolute minimum commensurate with
proper maintenance and operating procedures.
2) Personnel are to be prohibited from working in the field of
radiation of any energized antenna, waveguide, feed-horn structure, or transmission line where the power density is unsafe.
3) The practice of discharging into the surrounding area of
RF output of high-power generators is to be discouraged.
Dummy loads, water loads, or absorbent material are to be used
to absorb the energy output of such equipment while being
tested.
4) Where test procedures require free space radiation, the
antenna is to be positioned so as to direct the radiated beam
away from inhabited structures or other places where there are
personnel.
To meet possible hazardous situations, protective suits have
been designed for personnel. These suits reflect the incident RF
energy, making it safe for the wearers. Because of the nature of
fabrics used, the present suits severely limit the ventilation
and perspiration of the user. Their utility, therefore, is limited to
very cold environmental conditions [274].
Consideration of the 10-mW/cm2 safety standard for microwave exposure has led to considerable controversy. There are
presently groups in this country seeking changes in the standard,
some seeking to lower the present limit and others seeking to
raise it. There is not now in the Western literature any evidence
of injury occurring at the 10-mW/cm2 level.
The greatest need today in the assessment of biological effects
of microwave exposure is to maintain a realistic perspective on
the nature of microwave fields and the possible effects from exposure. The mechanisms by which cell damage is produced, the
biological tolerance of the most susceptible tissues, and safe levels
of intensity must be established in an organized fashion. Ultimately, a clear differentiation between hazard and biologic effect
must be made.
The only effect of microwave radiation which has been determined to be hazardous is the dielectric heating, which presents
a thermal hazard to the human body. The ANSI C95.l Standard
of 10 mW /cm2, which is based on thermal equilibrium conditions
for whole-body radiation, is roughly a factor often below thresholds of damage by thermal effects, assuming a long duration of
exposure-i.e., ¼ h or more. Safety is assured by the proper

observance of the ANSI C95.l Standard which specifies a maximum exposure level of 10 mW /cm 2 under normal environmental
conditions averaged over any possible 0.1 h. This has been and
continues to be the generally accepted standard in the Western
world for safety in microwave radiation fields.
It is often said, usually informally, that the exposure level limit
of 10 mW /cm2 was little more than a guess on the part of early
investigators, was founded on scanty research evidence, and must
be scrapped for a much lower level in light of "new" questions being raised on effects of RF radiation. The standard originally set
in 1957 and later established by ANSI C95.l was based on very
sound experimental evidence gathered by military and civilian
scientists. The latter group included many now recognized as
international authorities on the subject. Thus the limit of 10
mW/cm 2 cannot be challenged on the premise that is formulation
had no basis in fact, or was the arbitrary decision of individuals
having no insight into the problem.
The question of microwave-hazard evaluation presents a very
considerable problem. There are many areas in which presently
available data are questionable, contradictory, or inapplicable.
Many of the present deficiencies in microwave-hazards investigations must be eliminated before good sound data will be available
on which to base precise microwave-exposure standards. The
U. S. standard of 10 mW /cm 2 has been in effect for about 15
years. The Soviet maximum permissible exposure is 0.01 mW /cm2
for a work day which, however, can be raised to 1 mW /cm2 for a
15-20-min exposure during a work day. It is questionable whether
the Soviets can, in fact, function within this limit which was
reached, to a great extent, on the basis of psychological and
neurasthenic responses in exposed personnel, which have not
been observed in this country.
It is highly questionable whether any of the presently available
experimental data can be validly applied to humans and used as
· arguments in favor of lowering of the present standard of 10
mW /cm2 • Only in the coming years, with the development of
better equipment for generating, measuring, and recording microwave energy will this problem be solved.
Probably the best solution at present is to keep the 10mW /cm 2 standard rather than make arbitrary decisions with
insufficient information. A greater effort should be made to obtain the data necessary to mak;e rational and informed decisions
concerning the hazards of microwave radiation.
To make effective any legislated limits or hazard evaluation, a
precise and accurate system of dosimetry is essential. It would be
fruitless to set a limit which cannot be enforced for lacl< of a
device to measure microwave-field strengths accurately and in
many different situations. Likewise, hazards cannot be evaluated
if they cannot be quantitated.
RADIOFREQUENCY

Behling [275] and Kall [276] have reviewed the literature on
the biologic effects of radio- and low-frequency ( :s; 30-MHz)
electromagnetic radiation. Radio- and \ow-frequency radiation
emitters usually are transmitting devices. These frequencies, however, are also utilized in medical diathermy units. High-frequency
alternating-current application in diathermy (deep-tissue heating)
has erroneously been given the name of "ultra-short wave"
therapy [275]. "Radio low-frequency diathermy units continue to
be used in many settings including hospitals, physicians' offices,
treatment centers, and athletic departments of secondary schools,
colleges, or universities. They are handled by all types of personnel. They are used by many disciplines not identified with organized medicine." Broadcast stations, boosters, and radio transmit-
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ters make the greatest contribution to the observed ambient
radiation levels in the RF range [50].

Pat hophysiology
Bollinger [277] has reported on an extensive biomedical study
of low-frequency radiation. Short-term (1-h) exposures of monkeys to 10.5, 19.3, and 26.6 MHz under the experimental conditions employed (100-200 mW /cm 2) did not produce discernible
biological effects. Cellular components of the blood remained
unaffected. Serum K+, LOH, SGOT, SGPT, and CPK determinations revealed no detectable alterations in cell-membrane
integrity. Serum glucose and protein determinations indicated no
alterations in general metabolic activity, while serum BUN and
Na+ determinations indicated no obvious disruption of excretory capabilities. Deep-body temperature and ECG measurements revealed no obvious indication of thermal stress. It was
noted, however, that at 26.6 MHz and at power densities of
greater than 400-plus mW /cm2, thermal stress in monkeys became
evident.
There are reports, based on in vitro studies, which indicate
some biologic effects including changes in certain enzyme systems
[278], [279] that have been considered as evidence of nonthermal
effects. Although some investigators still question the interpretation of these so-called nonthermal effects [174], [175], [183],
[186], [201], [202], [206], [280], numerous claims strongly supporting nonthermal interactions between electric and magnetic
fields exist in the literature on RF bioeffects. One of the most
significant and consistent of these effects is "pearl-chain" formation which is observed within a frequency range of 1-100 MHz.
Pearl-chain formation refers to the tendency of microscopic particles to show rearrangement under the influence of electrical
fields, and to form chains of particles in the field direction. Particles suspended in a liquid of a different dielectric constant become electrically polarized when they are subjected to a highfrequency alternating field. Electrical charges appear on the
boundaries of the particle, which in essence create an electrical
dipole, aligning itself with the electrical field. Particles in close
proximity will tend to attract each other forming the characteristic pearl chains [172], [182], [184], [281]. The ability of the
particle to rotate its dipole in the field direction is more restricted
at the higher frequencies [282].
Possibly related to "pearl-chain" formation of particles is
the strange behavior of unicellular organisms and microorganisms
when exposed to RF fields. Nonmotile organisms orient themselves parallel to the lines of force at frequencies in the lower
megahertz range, and some of them lie at right angles to the lines
of force at higher frequencies. Similarly, motile microorganisms
travel only parallel to the field at lower frequencies (8.5 MHz)
and at right angle to the lines of force at higher frequencies
[283]. Snails and planaria, too, seem to have the ability to detect
the presence and direction of a relatively weak electromagnetic
field [284], [285].
Takashima [286], in exposing alcohol dehydrogenase and
DNA to very low frequency and RF fields found no observable
structural changes (as determined by changes in enzyme activity,
hypochromicity, and viscosity) even though absorption of electromagnetic energy was observable through measurement of
dielectric loss. Maximum absorption was shown to exist around
the frequency of 1 MHz for alcohol dehydrogenase and in the
kilohertz region for DNA.
Questionable nonthermal chemical changes in macromolecules
were reported by Bach [278], [279] who observed that irradiation
at 13 MHz produced a component in gamma globulin that has a
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different electrophoretic mobility as well as different immunochemical properties from unirradiated gamma globulin. Bach
also found a decrease in enzymatic activity of a-amylase even after
relatively short exposures to an RF energy.
Heating of electrolytes in RF fields has an important bearing
upon the extent to which biological specimens are heated when
placed in such fields [287], [288]. Biological effects of highfrequency alternating currents have been observed for bacteria
and viruses, which were totally inactivated when an alternating
current was passed through the liquid medium below the temperature at which heating effects may occur [289].
Heller and Teixeria-Pinto [290] reported bactericidal effects
and chromosomal aberrations as a result of exposure to a pulsed
frequency of 27 MHz with no observable change in water temperature. These biological effects have been termed nonthermal
since no appreciable change in temperature of the system could
be detected. The results are probably thermal in nature [154].
The separation of thermal and nonthermal effects in biological
systems, however, might very well rest in our inability to detect
highly localized or microthermal centers [206], [221], [280].

Protection Guide
There is no evidence of hazard to man from low-frequency
energy under normal conditions of operation and exposure. RF
radiation is generally considered less of a biological hazard than
microwave radiation. Although broadcast stations are regulated
by the Federal Communications Commission, this is mainly to
prevent mutual interference of broadcast activities. The various
regulations reflect this philosophy. For example, no minimum
antenna height is specified for TV transmitters; both maximum
height and power are specified, however, to limit transmission
area. The specifications for UHF TV stations (channels 14 to 83)
could lead to ground-level radiation in excess of 2 mW /cm2 •
Further, it is possible that radiation levels in tall buildings in the
vicinity of buildings supporting transmitter towers may be considerably higher than 2 mW /cm 2 [50].
Concern, nevertheless, has been aroused about the safety of
personnel in intense RF fields close to transmitting aerials operating in the MF-HF bands. Such environments are in general
of a near-field type which preclude the measurement of power
flux. In the frequency band of interest, i.e., below 30 MHz, the
potentially hazardous environments are generally within this
complex (near-field) region [291]. Since hazard evaluation in this
frequency range is a function of measurement in the near field,
mention should be made of the problems inherent in such assessment. As is well known, microwave propagation is characterized
by a near field and a far field, the distinction relating to the nature
of the radiation's source. The far field has a relatively simple
propagation pattern which is not closely dependent on the nature
of the source. That is, one could change the source geometry
slightly and not change the far-field pattern very much. The farfield propagation pattern has sinusoidal properties in time and,
locally, in space. That is, it has a sinusoidal form in space at an
instant in time, and in time at a point in space. The electric-field
vector has a fixed relationship with the magnetic-field vector and
with the vector denoting the flow of power. These relationships
are relatively simple to derive from Maxwell's equations. The
concept of power flow in a far field is a meaningful one and the
units of milliwatts per square centimeter are entirely appropriate
and meaningful. The power follows the inverse square law in the
far field. The near field is quite different. It has a complex pattern
which is very closely dependent on the detailed nature of the
radiating source and its immediate environment. It is sinusoidal
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There is a need to set limits on the amount of exposure to
in time at any point in space, but it is not necessarily sinusoidal
in space at an instant in time. The electric-field vector has no radiant energies individuals can accept with safety. Setting protecfixed relationship to the magnetic-field vector. The vector denot- tion standards, however, is a very complicated process. Conseing power flow is not a meaningful quantity in the near field. It quently questions are being raised such as: 1) How serious are
can be measured with power-flow measuring instruments; the these problems, what are their dimensions, and what acute and/ or
result of the measurement, however, is meaningless. The extent of chronic effects on the human body may be involved? 2) How
the near field is proportional to the directivity of the source. The adequate is our present knowledge about personnel hazards of
more directional the antenna, in general, the farther out the near these radiation types? 3) How can exposure be reduced? 4) How
can better regulation be obtained to reduce exposure?
field extends [183].
Protection standards are the results of empirical approaches to
The currently accepted U. S. exposure standard for micro2
waves, which is 10 mW /cm averaged over any possible 0.1-h various problems reflecting current qualitative and quantitative
period [270], includes the frequency range of 10 MHz to 100 000 knowledge. A numerical value for a standard of effect implies a
MHz. The studies by Bollinger [277], which revealed no effects knowledge of the effect produced at a given level of stress, and
after 1-h exposures to 100-200 mW /cm 2 of 10.5, 19.3, and 26.6 that both effect and stress are measurable. One problem is the
MHz, may be indicative that the safety standard for low-fre- definition of what an "effect" is and whether it can ultimately be
quency ( < 100-MHz) RF radiation could be raised above 10 shown to modify man's "way of life" or that of his offspring.
If there were a clear-cut relationship between exposure level
mW/cm 2•
To ensure that personnel are not subjected unduly to RF and pathophysiologic effect, the problem of setting standards
radiation in the HF band, a maximum permissible limit for con- would be greatly simplified. Not only are there numerous varitinuous exposure of 200 V/m electric-field intensity has been ables to be considered, but it is often difficult or impossible to
adopted. This is the electric intensity equivalent to a power den- obtain the necessary data to draw valid conclusions concerning
sity of 10 mW /cm2 under plane-wave (far-field) conditions. The effects of exposure to various radiant energies.
It is important to maintain a proper perspective, and assess
reason for selecting electric intensity as the basis for safety assessthe biomedical effects of these radiant energies so that
a
of
realistically
ment is that human tissue has the electrical characteristics
or general public will not be unduly exposed nor will
worker
the
the
to
susceptible
particularly
lossy dielectric and is therefore
and beneficial utilization of these energies
development,
•
research,
291].
[
field
RF
the
of
electric component
On the basis of their analysis and experimental work, Rogers be hampered or restricted by an undue concern for effects which
and King [291] suggest that under plane-wave (far-field) condi- may be nonexistent or minimal in comparison to other environtions the body could endure an RF radiation power density mental hazards. There is a need for scientific competencegreater than 10 mW /cm2 (E; ,,,,,zoo V/m) for frequencies in the research aimed at creating credible knowledge and data that can
HF band and conclude that an electric-field strength of 1000 V/m stand against the pressure of legal challenge as well as the underis considered to be the safe limit for continuous daily exposure standable bias of special interest groups.
to RF radiation in the range below 30 MHz.
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