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ABSTRACT

The continual growth of glassmaking, steel, foundry, welding, and related
industries has contributed to a marked increase in human exposure to
infrared radiation (IR). New IR sources, such as communication systems
and industrial heat sources, have also generated additional occupational
concern in that they could result in more workers being exposed to IR.

The purpose of this IR literature review was to determine the current
state of scientific knowledge regarding human biological effects
resulting from exposure to noncoherent IR sources. The review includes
research reported in both domestic and foreign publications, governmental
hearings, symposia, conferences, and contract reports. All of the
hazards reported in the literature are reviewed and discussed in detail.
Ocular hazards received primary coverage, followed by skin hazards and
"other" hazards. The report also presents additional information on
types of IR sources, modes of biological interaction, existing exposure
standards, and control measures.
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INTRODUCTION

During the past 50 years there has been an increase in worker exposure to
IR in the glassmaking, metal, and foundry industries, from welding
operations and other hot industrial processes. The potential health
effects from exposure to newer IR sources, such as industrial heating
devices, is particularly of concern because an increasing number of
workers may be exposed to broadband IR over long periods of time. While
effects on the traditional target organs, the eye and skin, have been
fairly well defined, questions persist concerning basic physiological
mechanisms through which IR acts on man and its effects on other tissues
and organs.

This report reviews the relevant literature to find the current state of
scientific knowledge on the biological effects of exposure to broadband,
noncoherent IR sources. The report presents and discusses the types and

nature of IR sources, modes of interaction, means of detection, existing
standards, and control measures.



BACKGROUND

THE ELECTROMAGNETIC SPECTRUM

As commonly used, the word "light" refers to the portion of the
electromagnetic spectrum (EMS) that produces a visual effect. The EMS is
a classification scheme used to group electromagnetic radiation according
to wavelength, frequency, or energy. The radiation is propagated as
transverse waves consisting of electric and magnetic fields oscillating
in mutually perpendicular planes. The term "radiation" has also been
defined as "radiant energy"” and is similarly applied to energy that is
propagated through space as electromagnetic radiation.

The several types of radiation can be described by either wave or
particle characteristics. Both descriptions are necessary to explain

- certain physical phenomena of radiation. When considered as waves,
radiation is characterized by wavelength and frequency of oscillation.
The wavelength (\) is defined as the distance between two points in a
periodic wave that has the same phase; it is expressed in units of
length, i.e., millimeters (mm), nanometers (mnm), etc. The frequency (f)
is defined as the number of waves passing a given point in unit time (one
second), and is expressed in units of hertz (Hz), which is equal to one
cycle per second. Wavelength and frequency are related as:

c=x.f°f (1)
where ¢ is the velocity of light.

The wave properties of radiation are evident in such phenomena as
diffraction, interference, refraction, and polarization. In some
circumstances electromagnetic energy behaves as a collection of
particles, energy in discrete bundles, or "quanta." The particle concept
of light is used to explain such phenomena as the photoelectric effect,
photon emission and absorption, photon-electron interaction, etc. A
single quantum of electromagnetic radiation is termed a "photon" and its
energy is commonly expressed in units of electron volts (eV).

The frequency range of the EMS is very large. The physical properties of
these radiations are the same, but the large frequency range requires
separation into more easily manageable regions. The wavelength, energy,
or frequency of the radiation is used to separate the EMS into regions
such as the radiowave, microwave, IR, visible, ultraviolet (UV), X-ray,
and gamma ray regions, as shown in Table 1.

The energy (E) of a photon is directly proportional to the frequency of
oscillation of the specific electromagnetic radiation:

E= h.f (2)
where h is Planck's constant, defined as 6.626 x 104 joule.seconds.
If Equation 1 is used, this relationship becomes:

E = hc (3)
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It is apparent from Equation 3 that the photon energy is inversely
proportional to its wavelength. By substituting appropriate values, one
can calculate the photon energy in eV:

E=12.4 (4)
—

In this equation, must be in units of micrometers ( m).

Some of the more important properties of electromagnetic radiation are
that it

o travels through empty space and air at a constant
velocity (3x1%m.s~1);

0 is ordinarily propagated in straight lines;

o is reflected in traveling from one homogeneous
medium to another of different density;

o is refracted or bent in passing from one medium to
another of different density;

0 1is diffracted when passing an obstacle to form
geometrical patterns that are not straight lines;

0 can be polarized, as can all transverse waves;

o and interacts strongly with charged particles.

NONIONIZING RADIATION

Table 1 also shows the EMS regions that have insufficient photon energy
to ionize matter. Any radiation having an energy less than about 12 eV
is designated as nonionizing radiation (NIR). The modes by which NIR
interacts with matter are either photochemical or thermal. Draper's Law
states that no photochemical reaction can occur unless radiant energy is
absorbed by matter. Such absorption results in transfer of energy to the
absorbing molecules of matter. This may be accomplished by raising
atomic energy levels or by increasing either intermolecular or
intramolecular translational and rotational vibration modes.

The interaction of NIR with biological systems produces electron
excitation and results in (a) dissociation of the molecule, if the outer
shell (bonding) electrons are involved; (b) dissipation of excitation
energy in the form of luminescence (delayed or immediate emission of
visible radiation after exposure to exciting radiation), and/or (c)
subsequent dissipation of the energy into vibrational or rotational
modes, which produces heat.

The resultant biological effects depend upon the incident photon energy,
the transmission characteristics of the tissue exposed, and the ability
of specific molecules to be changed chemically when the photon energies
are absorbed. '

As the frequency of the EMS decreases, a point is reached at which the
energy of the photon is insufficient under normal conditions to dislodge
the atomic orbital electron and form an ion pair. The minimum photon



energy capable of producing an ion pair in atomic oxygen, hydrogen, and
carbon is between 12 and 15 eV which corresponds to wavelengths of
approximately O.1 and 0.08 pm. Since these atoms are the base elements
of living biological tissue, Matelsky (1) suggested that 12 eV be
considered the lower limit for ionization in biological material. This
means that energies below this value may generally be regarded, in terms
of biological effects, as nonionizing. Conversely, energies greater than
12 eV can be regarded as biologically ionizing. It has been stated (2),
however, that radiation with wavelengths less than 0.2 um is not
biologically significant because these wavelengths are strongly absorbed
in air. This further reinforces the conclusion that it is impossible to
specify an exact dividing line between the ionizing and nonionizing
regions and the value remains arbitrary. The relative effectiveness of
different wavelengths in eliciting a specific photochemical or thermal
response is referred to as the "action spectrum" or spectral sensitivity
for that response (3).

INFRARED RADIATION
Historical Aspects

Man has always been subject to the optical radiation emitted by the sun,
fire, and other heat sources. The ability to light a fire by
concentrating the sun's rays by means of concave mirrors was known in
ancient times. IR was not, however, investigated scientifically until the
eighteenth century. At that time the existence and the differentiation
of light from heat was unknown. Light and heat were vaguely considered
together as "radiant heat." In 1800, Sir William Herschel (4)
investigated the thermal effect or "heating power" of each of the colors
in the solar spectrum obtained with a glass prism. The prismatic
spectrum was projected on a table and a mercury thermometer was used as a
heat detector. The temperature was measured at different points within
the spectrum and the increase in temperature measured in the solar
spectrum relative to the temperature measured in the shade was

evaluated. The results showed that the temperature increased from the
violet to the red end of the spectrum. Herschel deduced that an
"invisible light" existed below the red end of the solar spectrum. After
studying the optical characteristic of the "invisible light," he
concluded that it is reflected and refracted in a manner similar to
visible light.

In the 30 years following Herschel's conclusions, little progress was
made in IR measurements beyond establishing that it obeyed the basic laws
of optics. This lack of progress was due to the lack of instrumentation
more sensitive than the ordinary thermometer.

In 1831, Nobili and Melloni (5) greatly improved IR detection techniques
by using the more sensitive thermopile instead of thermometers. They
noted that IR consisted of rays of different wavelengths, just as light
consists of rays of different colors. They also supported Herschel's
observations regarding heat and light effects by suggesting that the same
radiation produces different effects, depending on whether it is observed
by the eye or a thermopile.



In 1835, Ampere (6) hypothesized that light and IR had similar
characteristics. Not all investigators agreed with this claim and the
resulting controversy was not settled until 1847 when Fizeau, Foucoult,
and Knoblauch (7) showed that IR and light exhibit identical physical
properties.

After the physical similarities between IR and light were established,
adequate methods were sought to measure wavelengths in the IR region,
especially the long-wave limit of the IR spectrum. Precision
instrumentation was not available and initial measurements made by
prismatic or interferometric techniques were unreliable. In 1880, a
major advance in measurement technique resulted from Langley's (8)
invention of the bolometer to measure radiant heat by registering the
change in conductivity. The sensitivity of the bolometer was much
greater than that of the thermopile used by Melloni. Rubens and Nichols
(6) were able to estimate the long-wave limits of the IR spectrum to be
20 ym and further instrument refinement and development enabled later
investigators (9) to extend wavelength measurements.

In this century more sophisticated detection and measurement techniques
using photoelectric phenomena have characterized the IR spectrum in more
detail. The 20th century also marked the beginning of IR transmission and
absorption studies in ocular tissues. World War II and the expanding use
of IR in industry stimulated technical developments and health hazard
research.

Properties

The IR portion of the EMS extends from the visible red light to the
microwave region. All objects, blackbody or otherwise, emit IR as a
function of temperature. Although a continuum of IR wavelengths is
emitted (Figure 1), the wavelength of maximum intensity is determined by
Wien's Displacement Law (10) shown in Equation 5:

m = 2898
- (5)

where T is the temperature in Kelvin and um is the wavelength in um.
Figure 1 shows that increasing the source temperature causes the peak of
the radiation curve to mgve toward shorter wavelengths and the intensity
of the emitted radiation to increase. Physical matter emits IR in
accordance to blackbody radiation laws, except for a factor of
proportionality called emissivity. The emissivity factor, which is a
fraction of unity, equals one for a blackbody.

The properties of IR photons are similar to those of other EMS photons.
IR travels in straight lines from the source, obeys the inverse square
law, and is propagated in a vacuum as well as in other media. IR is not
transferred by thermal convection or conduction in a physical medium and
is often incorrectly referred to as heat waves because it generates heat
in any absorbing medium. IR can also undergo several interactions,
including reflection, absorption, transmission, refraction, and
diffraction.
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Figure 1. Emission of optical radiation from
blackbodies at various temperatures.



The IR region is often divided into specific zones to categorize various
biological effects. There is much disagreement among biologists in
defining these zones. In an attempt to clarify the situation, the
International Commission on Illumination (CIE) (11), has defined three
biologically significant bands, that are defined in Table 2. In this
report IR-A is considered the near IR region, and IR-B and IR-C the far
region.

Table 2. CIE-designated infrared bands

Band Wavelength Frequency Energy
designation range, um range, Hz range, eV
IR-A 0.76 - 1.4 (3.95 - 2.14) x 1014 1.63 - 0.89
IR-B 1.4 - 3.0 (2.14 - 1.0) x10l4 0.89 - 0.41
IR-C 3.0 - 1000 1.0 x 104 - 3.0 x 1011 0.41-0.001




MEASUREMENT OF INFRARED RADIATION
Quantities and Units

Any discussion of IR hazards requires mention of several physical terms.

In specifying exposure levels, one normally uses "radiant exposure" in

joules per square centimeter (J.cm“z)or "irradiance" in watts per

square centimeter(W.cm2) (11). For small wavelength intervals,

"spectral irradiance" (W.em=2.nm~1) or "spectral radiant exposure"
(J.cm'z.nm—l) are used. Retinal exposure for extended IR sources is

expressed in terms of "radiance" in watts per square centimeter per
steradian (W.cm-2.sr~1) or"integrated radiance" in Jeem=2.sr~1. A

summary of radiometric terms and units has been prepared by Meyer-Arendt (12).

INSTRUMENTATION

When IR impinges upon matter, the portion absorbed increases the energy
content of the absorbing material, resulting in a temperature increase.
This increase can be measured using secondary effects, such as the
variation in physical properties (volume, pressure, refractivity,
conductivity, thermoelectricity, pyroelectricity, electron emission) or
chemical properties.

The basic function of any IR detector is to convert radiant energy into
another form of energy that can be easily measured. The two categories
of IR detectors are thermal and photonic. Thermal detectors rely on a
rise in temperature in the detecting medium, which causes a change in
resistance or capacitance. This change provides a signal proportional to
the radiant energy absorbed. These detectors respond to a broad IR
spectrum, require no cooling, have low sensitivity, have a response time
measured in milliseconds, and are relatively inexpensive. The spectral
response of these detectors, e.g., thermistor, bolometer, thermopile, and
pyroelectric, depends on the absorption properties of the material used.

Photon detectors are semiconductors with which incident IR photons
interact to produce electrons. These detectors usually respond to a
narrow range of wavelengths, require cooling, have fast response times,
and are more expensive than thermal detectors. The essential difference
between the two types is that the photon detector determines the number
of quanta per second absorbed, whereas the thermal detector depends on
the total power absorbed.

A narrow band spectral filter can be applied to the incident IR energy to
selectively transmit to the detector only certain wavelength bands.

These filters are made by vacuum depositing thin films of materials that
have high transmission properties in the IR region onto suitable
transparent substrates.

Various models of spectroradiometers are commercially available that will
measure the spectral energy distribution of IR sources, but most of these



devices become expensive when spectral information is required beyond
1.2 ym. When this is the case, radiometers with special filters can be
used. Additional information on IR detectors can be found in References
13 and 14.

Considerations of the mechanical, electrical, and thermal variations in
the detector; spectral response; aging of components; methods of
calibration; atmospheric contaminants; and reflections are very
important when making laboratory and field measurements. The
investigator must understand the characteristics and limitations of the
instrumentation to reliably and accurately assess the biological effects
or hazards.

10



SOURCES AND USES OF INFRARED RADIATION

The many types of IR sources fall into one of two classifications:
artificial or natural. Both are found in the work environment.

ARTIFICIAL SOURCES

Artificial sources includes various types of commercial incandescent,
fluorescent, and high-intensity-discharge lamps; artificial blackbody
sources; metal rod heaters; hot metal; and glass. These broadband
sources require fiiters to limit their output to a specific wavelength
band .

NATURAL SOURCES

Natural IR sources are numerous and cannot be readily controlled by man.
The most significant natural source is the sun. The total radiant power
received from the sun is approximately 135 oW . cm™2 normal to the

earth's surface (15). Approximately one-half of the total radiant power
hitting the earth is in the IR region. The sun resembles a blackbody at
a temperature of 6000 K and peaks at a wavelength of about 0.55 um,
although the radiation extends through the UV and into the IR region.

Occupational Exposure
IR normally is considered an occupational rather than an environmental
hazard and is regarded as such in this report. In many industries a wide

range of IR wavelengths occurs from artificial sources.

The following are some common occupations that have potential for IR
~ exposure:

Bakers and cooks Glass furnace workers
Blacksmiths Heat treaters

Braziers IR laser operators
Chemists Ironworkers

Cloth inspectors ; Kiln operators
Construction workers Motion picture machine operators
Dryers, lacquer Plasma torch operators
Electricians Roofers

Farmers ° Skimmers, glass

Firemen, stationary Solderers

Foundry workers Steam locomotive, fireman
Furnace workers Steel mill workers

Gas mantle hardeners Stokers

Glass blowers Welders

It should be emphasized that workers in other occupations may be exposed

when working conditions dictate that they occupy areas close to IR
sources.

11



POPULATION AT RISK

Little information is available on the types of IR sources and the number
of workers exposed. Moss et al. (16) estimated the number of American
workers potentially exposed to electromagnetic radiation by occupational
group. The conclusions drawn concerning the number of workers

potentially exposed to the optical radiation region (UV, visible, and IR)
are:

o The number of workers potentially exposed to optical
radiation is estimated to be more than 100 million.

o The two occupational categories for which exposure is
the highest are operative and clerical workers, each
of which represents about 17% of the total workforce.

o Approximately 20% of the workforce receives its major
exposure from the sun; most workers are exposed to
lamps of some type.

It should be noted that the optical radiation region was analyzed

collectively rather than individually because many sources emit UV,
visible, and IR radiation simultaneously.

12



BIOLOGICAL EFFECTS OF INFRARED RADIATION
INTRODUCTION

Generally, IR cannot enter into photochemical reactions in biological
systems because of the low photon energy; however, absorption of IR
photons increases the kinetic energy of the tissue when the radiant
energy is converted to heat. The resulting rise in temperature depends
on the wavelength, exposure duration, and total energy absorbed by the
tissue. A review of the literature reveals that most research on IR
biological effects pertains to ocular effects. Considerably fewer
studies have investigated the effect on the skin and other tissues and
organs.

IR from all sources constitutes an important component of the
microclimate. Traditionally, far IR has been associated with radiant
heat such as that found in glassblowing operations, foundries, furnaces,
etc. Occupational exposure to high levels of radiant heat in the far IR
region may induce a thermal stress condition (17). This effect of
industrial IR on thermal stress in the workplace is an important one and
normal safety precautions should be taken against such heat stress. For
purposes of this review the division between near and far IR regions is
assumed to be at 3 um.

OCULAR EFFECTS
Background

The eye possesses certain protective mechanisms (e.g., blink and pupil
reflexes), that are adequate in the natural environment, where IR usually
is accompanied by intense visible light. Some industrial IR sources do
not emit intense light so these reflexes are not triggered (see Figure
2). Because of its vascularity, the retina can dissipate the heat
produced by absorbed radiation fairly well. Other ocular structures do
not have this capability, and, therefore, can absorb significant amounts
of IR, depending on the wavelength.

An important feature of the eye is its focusing ability. The optic media
focuses the incident radiation so that a significant point concentration
of energy is produced. The degree of concentration depends on the size
of the radiation source and the spread of the incident flux within the
eye.

The following sections describe the structure and function of the eye and
its optical characteristics.

Anatomy and Physiology

The adult human eyeball is approximately spherical in shape, has a
diameter of about 24 mm, and weighs 6 to 8 gm (18). Figure 3 shows the
general structure of the human eye. The eyeball is composed of three
layers: sclera, choroid, and retina. The sclera and choroid layers each
have an anterior and a posterior portion.

13
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The sclera is a rigid, white fibrous tissue. Its anterior portion, the
cornea, which is a transparent, highly refractive element of the eye, is
approximately 0.8 to 0.9 mm thick at the center and about 1 mm thick at
the periphery(18). Although the cornea is composed of several layers,
the corneal epithelium is thin and extremely sensitive containing
numerous nerve endings, but no blood vessels.

The middle or choroid layer of the eye contains many blood vessels and a
large amount of pigment. The anterior portion of the choroid is composed
of three separate structures: iris, ciliary body, and suspensory
ligament.

The iris, the highly vascular, colored part of the eye, consists of
muscle fibers arranged in the form of a doughnut-shaped structure (the
pupil). The iris functions as a diaphragm to control the amount of light
entering the eye. The small muscles that control the pupil's size
contain several nerve fibers.

Directly behind the pupil and iris is the crystalline lens. The lens is
an elastic, biconvex body suspended from the ciliary body by the
suspensory ligaments. It is second to the cornea in importance as a
refractive element of the eye and is the major organ for accommodation.
The approximate diameter of an adult lens is 10 mm and its thickness is
about 3.7 to 4.0 mm, which increases to 4.5 mm or more during maximum
accommodation (18). Throughout life, epithelial cells differentiate to
form fibers which make up most of the lens tissue. Since the lens has no
nerve or blood supply, the aqueous humor maintains most of the metabolic
function and balance of the lens. The lens consists of approximately
one-third water (dry weight), one-third structural protein, and one-third
a mixture of nucleic acids, metabolic enzymes, and other molecules
synthesized within the lens itself.

The retina, which is the innermost layer of the eyeball, is composed of a
layer of nerve tissue extending anteriorly from the optic nerve to the
ora serrata. Lateral to the optic nerve is the central fovea, a shallow,
round depression. Large blood vessels circle above and below the fovea,
whereas small blood vessels are found within the fovea itself. Because
only that image of an external object that falls upon the fovea can be
seen sharply, the eyes adjust to focus the object of interest into this
central part of the visual field.

The eyeball is not a solid sphere but contains a large interior cavity
that is divided into two subcavities, anterior and posterior. The entire
anterior cavity, which consists of an anterior and a posterior chamber,
is in front of the lens. The aqueous humor, which is contained in both
chambers of the anterior cavity, is a clear, watery fluid composed of
sodium chloride, urea, glucose, and a few proteins (18). Although the
mechanism by which the aqueous humor forms is not completely understood,
a constant, replenishing flow enters the posterior chamber from the
anterior chamber and drains through the canal of Schlemm. Since this
flow is fairly uniform, the amount of aqueous humor remains relatively
fixed and thereby maintains the eyeball shape.
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The posterior cavity of the eyeball, i.e., the space between the lens and
retina, is considerably larger than the anterior cavity. The posterior
cavity contains vitreous humor which is a colorless, gelatinous-like mass
that is 99% water. The vitreous humor has a "glasslike" transparency and
a medium index of refraction (19). This mass also helps to maintain
sufficient intraocular pressure to retain the shape of the eyeball.
Neither the aqueous nor the vitreous humor contains a nerve or blood
supply system.

Accessory Organs

The eyelids and lacrimal glands are two other organs that influence the
extent of IR injury to the eye.

Each eyelid is approximately 0.65 mm thick (20) and consists of muscle
and skin with a border of thick connective tissue at the free edge. A
mucous membrane, the conjunctiva, lines each lid and extends over the
exposed surface of the eyeball. The conjunctiva has a system of glands
that secrete a fluid which moistens, lubricates, and flushes the surface
of the eyeball and the eyelids. The most significant gland in this
system is the lacrimal gland, found beneath the conjunctiva. The gland
system also consists of lacrimal sacs and lacrimal ducts, which drain the
fluid from the lacrimal gland into the conjunctiva producing the fluid
film on the cornea.

Optical Properties

The ocular structures reflect, refract, and scatter incident IR. The
absorption of specific radiation wavelengths by these structures causes
specific biological responses.

The major factor affecting the degree of biological response is the
energy absorbed (or dose). In the ocular system however, the amount of
IR energy reaching a particular tissue depends on the transmittance of
the structures between the source and the tissue. Most researchers have
concentrated their investigations on determining the transmission and/or
absorption properties of the various ocular structures.

Transmission and Absorption

Barly investigations of ocular transmittance assumed that the absorption
of IR by the eye was similar to an equal thickness of water. Most
reported results were estimates at best. Vogt (21) hypothesized that the
lens absorbs more IR than does any other ocular tissue.

Kutscher (22) published the first accurate data on the ocular
transmittance, which were later confirmed by Minton (23). The
reliability of many studies that were performed before the mid-fifties is
questionable, however, because several factors were not considered, e.g.,
environmental laboratory conditions, species-specific variations, and the
effects of enucleation.
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Wiesinger et al. (24) compared the transmittance of freshly enucleated
rabbit eyes with distilled water and physiological saline solution.
Although little difference was found in transmission levels, the use of
fresh specimens and consideration of the effects of saline solution on
ransmission are noteworthy.

In 1960, Geeraets et al. (25) exposed rabbit eyes and human eyes to the
0.35 to 1.5 m wavelength region to determine the effect of variation in
retinal and choroidal pigmentation on the amount of light absorbed.
Wavelengths above 1.1 m are much less affected by pigmentation of the
retina-choroid layers (see Figures 4 and 5).

Some investigators did not accept the assumption that the difference
between transmittance and absorptance in animal and human tissue were
minimal despite their anatomical differences. Boettner and Wolter (26)
noted the lack of experimental data on the transmittance/absorptance of
human eyes. Since most research had been limited to animal eyes, they
undertook a comprehensive study of the transmission/absorption
characteristics of the separate ocular components in nine human eyes.
They measured both direct and total transmittance. Direct transmittance
measurement was defined as the radiation passing through the ocular
media. Total transmittance included the direct transmittance and
scattered radiation. The results are summarized below and shown
graphically in Figures 6 and 7.

o) Total corneal transmittance exceeds 85% between 0.5 and
1.3 um and reaches the maximum at 1.1 pm. Beyond 1.3 um,
two water absorption bands appear at about 1.43 and
1.95 um, but corneal transmission remains high outside
these bands. The cornea is the only ocular structure
that has maximum transmittance as high as 1.0 um.
Corneal absorption of IR is total beyond 2.0 jim.

o The aqueous humor transmits to about 2.4 ym with water
absorption bands at 0.98, 1.2, 1.43, and 1.95 um.

o The lens exhibits high transmission to about 1.4 ym and
has water absorption bands at 0.98 and 1.2 um.

o) The transmission of the vitreous humor exceeds 90% and
has water absorption bands at 0.98 and 1.2 um.

Boettner and Wolter also studied the effects of aging, scattering, and
time after enucleation on transmission and absorption for selected ocular
structures. Within the IR region, they reported the following:

1. Scattering and age effects in the aqueous humor.

2. A significant decrease in lenticular transmission
occurred with age.

3. The amount of scattering through the entire eye (young
and old) decreased with increasing wavelength.

Prince (27) evaluated the effects due to delayed post-mortem enucleation,
preservation of the eye in saline solution or by refrigeration, and
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variations in the amount of blood retained in the retinal-choroidal
vascular system. Based on his rabbit eye studies, he found that
dehydration, blood drainage, and preservation in saline solution for an
extended period altered specific areas of the absorption curve.

In 1968, Geeraets and Berry (28) examined the transmittance of 28 intact
human eyes by using methods similar to those of Boettner and Wolter (26).
The data from the two studies are compared in Figure 8. The
transmittance difference is substantial and has not been resolved.

Sliney (2) hypothesized that the difference may be due to measurement of
the transmission of the entire eye versus the transmission of the ocular
media separately and the use of correction factors for scatter. Imn 1979,
Barker (29) measured the transmittance of the cornea, aqueous, humor
lens, and vitreous humor in nine freshly enucleated pigmented rabbit eyes
from 0.2 to 2.5 ym. Infrared transmittance results were similar to the
transmittance spectrum of water and agreed with existing literature data.

Ruth et. al. (32) influenced by previous work by Fischer et al. (30) and
Franke (31), proposed that the aqueous humor, lens, and vitreous humor be
collectively termed the inner eye and that the absorption be viewed
compositely, as illustrated in Figure 9. This figure is useful in
relating the absorption by the eye to the spectral distribution of
various IR sources (Figures 10 and 11). However, Figure 9 does not take
into consideration the absorption of optical radiation by the cornea.

Direct and Indirect Effects on Components

At this point, based on the optical characteristics of the eye, it is
appropriate to examine the adverse effects and possible damage mechanisms
on various ocular components.

Eyelid--

It is often assumed that the eyelid and its associated blink reflex
protect the retina from IR burns and replenishes the film of liquid on
the exposed surface of the eyeball. Investigations into the extent of IR
transmission by the eyelid have not been reported in the literature;
however, because the anatomical structure of the eyelid and that of body
skin are relatively similar, it is possible to estimate the IR
transmission. The eyelid is approximately 0.65 mm thick. Comparison of
this value with the average penetration of IR at 1.23 pm (Figure 26)
shows that approximately 60% of the incident radiation could penetrate a
skin thickness of 0.65 mm. If these statements are accepted, serious
doubt is cast on the previously assumed protective effect of the blink
reflex. The specific effect of these observations has not been
identified, but at least the potential hazard should be at least
recognized.

Cornea--

Exposure of the cornea results in a cutaneous burn similar to that which
occurs on the skin. In 1916, Verhoeff, Bell, and Walker (33) theorized
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Composite absorption of optical
radiation by aqueous humor, lens,
and vitreous body.
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Figure 11. Comparison of the energy absorption of
the eye with blackbody temperatures.
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that the posterior corneal surface may show more damage than the anterior
surface since the latter is cooled by air and lacrimal fluid. Kutscher
(22) notes that exposure to high-intensity far IR produces immediate and
severe corneal pain that causes reflexive shutting of the eyes and
averting of the head. Burn lesions are not common in IR industrial
situations (2). The results of such a burn is destruction of the
superficial corneal epithelium and denaturization of the underlying
proteinaceous stromal layer, which causes corneal opacification (34).

Lele and Weddell (35) suggested that a specific thermal sensation, as
well as the sensation of pain, may be produced by the application of IR
to the cornea. Their study presents little information on spectral
exposure characteristics. Dawson (36) exposed cat corneas to a tungsten
filament lamp with a known spectral distribution from 0.4 to 2.6 um. He
found many of the above effects depended on exposure level, but the
source used was too intense to ascertain the occurrence of a thermal
sensation. Dawson noted that the corneal regeneration capability permits
exposure levels exceeding threshold for sensory nerve stimulation without
permanent damage. Sliney (2) states that the sensory nerve endings in
the human cornea are quite sensitive to a small temperature elevation and
a temperature of 47°C elicits a pain response. This suggests that a
thermal sensation is activated at a lower temperature than the actual
pain stimulus level. Other studies (37, 38) have reported similar
results.

In 1941, Krivobok (39) implied that IR irritates the corneal nerve
endings. The pain response caused by exposure of the cornea to
high-intensity IR seems to indicate this is true, although the meaning of
"irritate" is not clear. Further research in this area has not been
reported in the literature.

Aqueous Humor--

The aqueous humor, which is located between the cornea, iris, and lens
will absorb IR and increase in temperature. This increased temperature
could contribute to the temperature rise of other ocular components, most
notably the lens; however, little is known about this phenomenon.

Iris--

The effects of IR on the iris have been summarized by Duke-Elder (40).
As shown in Figure 12, the melanin pigment in the iris does not strongly
absorb IR beyond 0.8 uym. However, since visible radiation is often
produced in conjunction with IR, the melanin pigments' higher absorption
of visible radiation may produce the thermal damage. Moderate exposure
doses result in miosis (constriction of the pupil), hyperemia, and the
formation of aqueous flares. More severe exposure may lead to muscle
paralysis, congestion with hemorrhage, thrombosis, and stromal
inflammation. Necrosis of the iris may occur causing the formation of
bleached atrophic areas within a few days. A loss of pigmentation at the
edges of the iris occurs within 2 to 4 days after exposure.
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Goldmann (43) proposed that a general heating of the iris occurs as a
result of IR absorption. Overheating of the iris may cause adhesions to
the lens or cornea, which are not only painful, but could contribute to a
quasi-cataract formation. Wolbarsht (44) states that lenticular heating
by conduction from the heated iris is not likely to be a significant
intermediate step in cataractogenesis that follows chronic IR exposures.
A recent communication (45) has indicated the iris may be highly
reflective for 0.92 um wavelength regardless of pigmentation.

Lens--

Lenticular damage by IR is due to several factors. Since the lens is
avascular it has a poor dissipating heat capacity. Also, the viewing of
"extended" IR sources results in a weak energy concentration in the lens
(Figure 13). Furthermore, the lens is a growing and actively
metabolizing tissue throughout life. As a result of the continuing
metabolic activity, the optical clarity of the lens becomes progressively
reduced with age as well as such factors as metabolic disorders, ocular
inflammation, and blunt trauma. This reduction in optical clarity is
caused by different types of opacities, generally referred to as
cataracts, all of which do not, necessarily result in lowered visual
acuity.

Many reports in the literature prior to 1930 claim a higher incidence of
cataracts among glassblowers and furnace workers than among the
non-exposed population. The first lenticular damage associated with
optical radiation was reported in 1739 by Heister (46), who suggested a
relationship between cataracts and exposure to sunlight. Early
researchers, such as Plenk, Wathen, Wenzel, and Beer (47), noted that
cataracts seemed more prevalent among workers in certain occupations
involving prolonged exposure to heat sources, e.g., hot metal, sun, and
glass furnaces. In 1855, MacKenzie (48), suggested that glassblowers,
forgemen, cooks, laundryworkers, etc., exhibited this disease more
frequently than the general population. In 1886, Meyhofer (49) provided
epidemiological data on the number of glassworkers having posterior
cortical opacities. In 1907, Legge (50) was instrumental in establishing
glassblowers' cataract as a legal occupational disease in Great Britain.
Reviews of early literature on occupational heat cataract have been
performed by Turner (34), Edbrooke and Edwards (51), and Emarah (47).
The beginning of the 20th century brought about intense interest in and
debate over the etiology of occupational cataract. In 1915, Robinson
(52) stated that IR caused heat induced cataracts. Prior to this time
controversy had focused on whether heat, light, or both caused
cataracts. According to Verhoeff et al. (33), the cornea and anterior
lens both absorb IR; however, the cornea is cooled by air whereas the
anterior lens is cooled by heat dissipation into the circulating aqueous
humor. These investigations further stated that a heat induced cataract
cannot form on the anterior lens surface because prolonged heating of
both surfaces does not occur. These investigations also postulated that
lack of convective currents in the vitreous humor prevented cooling and
caused cataracts to form on the posterior lens. However, they were not
totally satisfied with this theory because heat interferes with normal
ciliary body function and lens metabolism.
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The controversy was further stimulated by Vogt and Goldmann. Vogt (21)
maintained that cataracts were due to the direct absorption of the
radiant energy by the lens. In studies made between 1930 and 1950,
Goldmann (43,53,54) contended that the cataract resulted from indirect
heating of the lens by the iris. During the years that followed,
numerous investigators added further support to Goldmann's hypothesis,
despite some disagreement (34). 1In a 1960 study undertaken to resolve
the issue, Langley et.al. (55) showed that irradiation of the iris only
was sufficient to produce a lenticular opacity in the eye of a rabbit.
This confirmed Goldmann's view that IR absorbed by the pigment epithelium
of the iris converts to heat, which damages the lens and causes the
cataract. Zaret (56) noted that the development of adhesions between the
iris and lens capsule is delayed. He concluded that IR damages the lens
capsule directly by altering its permeability or elasticity and
disrupting normal protein metabolism in the adjacent fibers, which is in
agreement with Vogt's (21) hypothesis.

In a well-defined study Pitts et al. (57) recently showed that no
permanent lenticular opacities could be induced by direct exposure of the
lens of pigmented rabbit eyes. Pitts used a filtered 5000-W Xenon,
high-pressure lamp to demonstrate that all lens damage is dependent on
iris involvement. These findings support the Goldmann hypothesis just
discussed. The primary ocular lesion was an anterior, epithelial,
subcapsular opacity, which initially appeared as small whitish dots.
These dots developed into white patches in the area of the anterior
capsule just beneath and in contact with the iris. Ocular damage from IR
was related to the rate of delivery of radiation. The following
summarizes the findings:

THRESHOLDS (J.cm~2)

IR Irradiances Cornea Iris Lens
4.0 mW.cm-2 5000 3500 550
4.0 mW.cm-2 1250 1250 2250

A preliminary report by Tengroth (58) indicates that a detailed Swedish

epidemiological study of 227 furnace, iron, and steel workers showed no

increase in the frequency of lens changes among this group compared with
a group of nonexposed persons of the same age.

On the basis of animal experimentation and theoretical analyses, two
theories have been advanced to account for the formation of what are now
called "infrared cataracts." One theory suggests that cataract formation
is due to direct absorption of IR in the lens; the other suggests such
formation is secondary to heating of the aqueous humor and iris caused by
absorption of IR. Few investigations have considered the role of other
types of cataract (e.g., diabetic or senile) in relation to IR
cataractogenesis. Investigators have also largely neglected the
influence of heredity, race, disease, sunlight, and the immunological and
nutritional factors that can affect cataractogenesis. Gehring (50),
however, has provided an excellent review of the cataractogenic
potential associated with chemical agents.
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Retina--

Since absorption by the retina is greatest at short IR wavelengths, it is
difficult to distinguish the exposure effects to near IR from those of
visible radiation.

Early investigations were concerned mainly with the effects of sunlight
on the retina. In 1950, Cogan (60) realized the problem of separating
damage of IR from that produced by visible radiation. He noted that far
IR probably does not damage the retina because it is absorbed largely by
the anterior portions of the eye. But near IR and visible radiation not
only reach the retina but are refracted by the ocular media to focus the
incoming energy onto the retina. A few years later Duke-Elder (40)
proposed that the IR burns or lesions on the retina are caused
indiscriminately by IR or visible radiation. He believed that the
reaction is unrelated, either quantitatively or qualitatively, to any
particular wavelength, but depends only on the concentration of energy
incident in the region.

In the establishment of IR threshold values, several factors must be
considered. These include pupil size, spectral transmittance of the
ocular media, spectral absorptance of the retina, exposure duration,
image size, blood flow, source spectral distribution, dose rate, and
exposure evaluation criteria. One of the most critical problems has been
to define the threshold lesion, which has ranged from the "slightest
visible tissue change" to the appearance of an "ophthalmologically
detectable lesion."

In 1963, Bredemeyer et al. (61) examined the relative effectiveness of
different wavelengths in producing retinal burns. He exposed rabbits to
six wavebands in the interval between 0.2 and 3.0 um while maintaining a
constant image size and exposure duration. Bredemeyer's data showed that
higher corneal irradiances was required to produce a retinal burn with
longer wavelengths.

In 1963 Geeraets and Ridgeway (62) concluded that a thermal mechanism can
adequately account for the retinal damage produced by IR. As stated by
Ham et al. (63), mathematical model determinations for threshold retinal
burn seem to be associated with a critical temperature. Ham found,
however, that the time-temperature history is the deciding factor in
determining thermal injury. Questions concerning the mechanism(s)
leading to retinal injury are still unresolved with regard to the
importance of thermal versus photochemical effects. It is difficult to
ascertain where thermal injury ceases to play a primary role and
thermally enhanced photochemical effects become important. In 1979, Ham
et al. (64) proposed a scheme that addressed this dilemma. Figure 14
shows a comparison of the retinal sensitivity for various wavelengths.
For extended exposures, about three orders of magnitude greater corneal
exposure is required to produce a minimal retinal lesion from infrared
radiation (1.064 um) than from blue light (0.442 um). Figure 15 shows
the increase in retinal temperature above ambient as a function of
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exposure time for several wavelengths. Notice that the infrared
radiation wavelengths remain well within the thermal zone. According to
Ham, the "IR component makes an almost negligible contribution to the
production of lesions as compared to the visible component (Figure 16)."

Other Ocular Tissue--

Several reports concerning the effect of IR on secondary ocular tissues
are included for purposes of completeness; however, no conclusive
statement will be made on these reports.

In 1924 Muller (65) studied the possibility of muscle paralysis in the
iris. Although specific information was not available concerning the
source, experimental conditions, etc., short exposures (4 minutes)
resulted in a transient sphincter irritation with miosis. Longer
exposures (4-10 minutes) produced a temporary sphincter paralysis and
dilated pupils. Exposures greater than 10 minutes resulted in permanent
sphincter paralysis. No further research on this effect has been
reported.

Fry and Miller (66) investigated the influence of IR on visual recovery
following exposure to high-intensity "flash" radiation. They reported
that visible radiation alone influenced the recovery time for foveal
performance and that IR has no effect in prolonging the recovery time.
In a related vein, Luckiesh and Moss (67) suggested that no significant
difference in visual functions occurred in subjects with normal vision
when reading in the presence of artificial light that has a higher
percentage of IR than in natural light of the same intensity.
Interestingly, Sliney, et al. (68), using lasers, found that the eye
could respond (foveal sensitivity) to radiation at wavelengths as far as
1.064 yum.

In a study by Sano and Obata (69) ocular IR exposure temporarily
increased intra-ocular pressure. Any relationship between this effect
and glaucoma has apprently not been reported in other studies.

In a recent study (70) of Russian glass factory workers, the investigator
found a prevalence of various ocular changes, including a preponderance
of chronic inflammatory and degenerative alterations of the conjunctiva
and the occurrence of degenerative alterations in the area of the macula
lutea in the form of fine, light-colored foci, nonuniform pigmentation,
and cellularity. Disturbances in color vision were reported in a number
of workers, but not a single cataract was found among the 290 subjects
and 109 controls.

INDUSTRIAL EXPOSURE LEVELS

Few studies have been made on the biological impact of industrial IR
exposures. Table 3 presents typical data from the literature on worker
exposure levels. Although this table is very useful in comparing a wide
range of IR industrial exposure situations, a lack of consistency is
evident in reporting of such parameters as irradiance and exposure
duration. This is especially true in earlier studies related to the
occurrence of lens damage in the form of "glassblowers' cataracts."
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A more recent study (72) of glassblowers exposed to an irradiance level
of approximately 0.14 W.cm~2 for a number of years has shown no
evidence of cataract formation. In addition, Keatinge et al. (73) were
unable to find posterior cortical changes in the lens of iron rolling
mill workers exposed to irradiance levels of 0.08 to 0.42 W.cm~2. They
did report, however, a higher incidence of posterior capsular opacities
originating in the capsular plane and extending to the cortex.
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In 1971, Wallace et al. (78) conducted a large scale epidemiological
investigation on 1000 workers in a large steel mill, 900 of whom had been
exposed to IR. Exposure levels were classified as high, intermediate,
low, and no risk. Different job classifications were scored according to
relative exposure. The exposure index was then multiplied by the number
of years of risk to arrive at a total exposure istimate in
"exposure-years." The investigators defined Type III cataract (no cases
were found) as that which grossly disturbs vision and requires surgery.
They defined Type II cataracts as posterior, polar subcapsular,
saucer-shaped cataracts capable of interfering somewhat with visual
acuity. Type I cataracts were defined as not true cataracts, but small
nonhomogenities that did not interfere with visual acuity. Figure 17
shows the percentage of people with Type I bilateral cortical cataracts
as a function of population age. As shown in Figure 18, comparison of
the percentage of Type I cataracts with the number of "exposure-years"
for the whole population, showed that the incidence of Type I cataracts
increased only slightly with exposure. In a preliminary report of a
study recently conducted in Sweden, Tengroth (58) indicated no increase
in frequency of lens changes between exposed and nonexposed iron and
steel workers. Whereas, it appears as though the incidence of infrared
cataracts caused by the older industrial sources has decreased over the
years, recent investigations of exposure to industrial IR sources give
rise to some concern. In 1971, Hager et al. (75) found several cases of
"eire" cataracts among locomotive firemen exposed to fire temperatures of
1300 to 1500 K with wavelengths in the range of 0.8 to 1.4 um.

Irradiance levels were found to be from 0.05 to 0.18 W.cm=2. Newer IR
sources include welding arcs and industrial heating lamps. Comprehensive
studies of different welding processes by Hubner et al. (86), Moss et al.
(83, 85), and Marshall et al. (81, 87) have shown that IR irradiance
levels can be very high. Despite the high potential exposure hazard, few
cataracts have been reported by welders.

The IR lamps used in paint and enamel drying operations are another
source of worker exposure. In 1975, Ruth et al. (32) reported on what
were designated as eye risk levels of 0.001 to 0.05 W.cm=2 from various
types of heating lamps having spectral distributions in the near IR
region. Optical sources growing in applications are fiber optic
communication systems, which use light-emitting and laser diodes. These
sources, because of the inherent attenuation factors of fiber optics,
generally emit radiation in the spectral range from 0.8 to 1.0 ym. Use
of IR-LED control units, such as those found in TV sets, are increasing
and have stimulated studies on IR ocular effects (88,89). To date, the
literature indicates no reported incidence of cataracts from exposure to
these newer IR sources.

Zaret et al. (56) recently reported two cases of a rapid (3-year)
cataract formation and capsular opacification allegedly due to IR
exposure from a domestic electric oven and range. Although the cataract
observed may not have been entirely caused by IR (patient had previous
medical diathermy treatment), it is possible that IR accelerated
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cataractogenesis. In another case, Zaret et al. claimed IR was the sole

implicating factor. Measurements of the oven ranged from 0.024 to 0.097
W.cm™%.

As a result of exposure to certain industrial infrared sources (welding
arcs, arc lamps, xenon arcs, etc.) retinal injury to workers in the form
of burns and/or lesions is possible because of the focusing effect of IR
on the retina by the cornea and lens. Moreover, the size or area of the
image on the retina, as well as the absorbed irradiance, are the
predominant factors for such injury as discussed by Sliney (90). 1In
1976, Ruprecht (76) reported the effects of "accidental” worker exposure
to a welding arc having a maximum temperature of 6500 K. He reported
that about 60% of the total optical radiation energy produced by the arc
was IR. The exposure caused fovea-macular damage, with blurred vision
and increased pigmentation in the center of the fovea.

Sensintaffar et al. (79) have reported the occurrence of conjunctivitis
and decreased lacrimation. Other reports (70,84) also, mention
conjunctivitis and decreased lacrimation. It is clear that exposure to
IR will increase evaporation of the tear film and therefore aggravate
preexisting deficiencies in accessory lacrimation ("dry-eye"). Figure 19
illustrates this effect with a typical IR heat lamp. Since the cornea
does not transmit IR beyond 2.5 um, this increases evaporation of the
tear film causing a dry-eye condition.

In recent years, much experimental research has been aimed at
establishing the threshold for retinal damage. This research has been
summarized by Clark (74) and Sliney (90). Unfortunately, laser sources
were used in most of these studies and the results may not be applicable
to industrial nonlaser situations.

SKIN EFFECTS
Background

Generally, IR is incapable of entering into photochemical reactions in
biological tissues because of the low photon energy; however, upon
absorption, IR photons increase the kinetic energy of the tissue
molecules by converting radiant energy to heat. The resulting rise in
temperature depends on the wavelength, exposure duration, and total
energy delivered to the tissue. The degree of damage (direct and/or
indirect) can be significantly influenced by the absence or effectiveness
of physiological reflexes and responses.

To understand the effects of IR on skin, one must be familiar not only
with the optical and thermal properties of skin, but also with its other
related characteristics. Because of its high water content (60-7Q%),
skin may be regarded as having absorption properties similar to those of
water.
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Anatomy and Physiology

The skin is one of the largest of the body's organs, comprising
agproximately 4% of the body weight and has a surface area of 1.6 to 2.0
m¢ in adults (20). Thickness varies over different parts of the body
generally it is from 1 to 2 mm thick, although some areas may be up to 6
mm thick (18). The skin has two major layers: the thin outer layer
(epidermis) and the thicker inner layer (dermis) (Figure 20). The
epidermis varies from 0.07 to 0.12 mm in thickness over most of the body,
except on the palms and soles where it is thicker. Collectively viewed,
the dermis consists of loose and dense connective tissue (collagenous
bundles) containing hair and hair follicles, sebaceous and sweat glands,
diffuse blood vessels, nerve endings, fat cells and muscle. The dermis
also contains mast cells and lysosomes, which release vasodilation
substances and protein digesting enzymes when injured. The thickness of
the dermis is approximately 1 to 2 mm; it is thinner on the eyelids and
much thicker on the palms and soles. The dermis is also thinner in women
than on men.

The color of the skin is the result of at least four components: (a)
carotenoid pigment, (b) oxyhemoglobin and reduced hemoglobin, (c)
melanin, and (d) the proteins (keratin, collagens, elastin, etc.). The
number and distribution of the melanosomes (the melanin-containing
granules) within the epidermis, and the melanin content of the granules
determine the major differences in the skin color. Melanin-free skin is
uniformly pinkish white. Racial differences in the amount and
distribution patterns of melanin in the skin indicates the skin
absorption of IR must vary racially and geographically.

Physiologically, the skin has many diverse functions, such as protection,
excretion, thermoregulation, sensation, and maintenance of fluid and
electrolyte balance. The skin cannot be considered as just an equivalent
thickness of water; rather it is an extremely nonhomogeneous tissue that
is important to consider when determining its optical and thermal
properties.

Optical Properties

Since the skin is generally warmer than the surrounding environment, it
radiates heat. Figure 21 shows a significant difference between the
solar spectrum and that from the skin surface (320C blackbody). The

sun radiates predominately in the wavelength region of 0.3 to 2.0 um,
whereas human skin radiates in the region of 3.0 to 20 um, regardless of
the amount of pigmentation (91,92).

The importance of having accurate information regarding spectral
reflectance and transmittance of the human skin has long been recognized,
but measurement difficulties have prevented the acquisition of meaningful
data. For example, Pauli and Ivancevic (93) and Cartwright (94) report
that IR penetrates deeply into the human body, whereas, Aldrich (95) and
Hardy and Muschenheim (96) report minimal penetration.
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Although Hardy (91) had previously investigated the subject, Jacquez et
al. provided the first reliable and verifiable data concerning the
reflectance and transmittance characteristics of Caucasian and black skin
(97,98). TFigure 22 shows the reflectance curves determined in the above
studies. From 3 to 20 ym the reflectivity is approximately 3%. Between
0.4 and 2.0 um the reflectivity is much higher although it varies with
sex pigmentation, skin area and skin blood flow. The maximum
reflectivity occurs between 0.8 and 1.2 ym which is comparable to the
wavelength distribution of modern IR heating devices (Figure 23). It
must be remembered, however, that the different sources have different IR
spectral characteristics. It should also be noted that the skin's
spectral reflectance is in agreement with the spectral irradiance curve
for solar radiation. Thus, the skin reflects most of the solar radiation
and still is able to rid the body of heat by radiation. 3Beyond 1.5 um,
the skin pigmentation does not affect reflectivity.

The second important IR optical characteristic is depth of penetration
into the skin surface. The skin, which is a dynamic and heterogeneous
tissue, will scatter transmitted radiation as shown in Figures 24 a and
b. These figures show the transmission for the indicated wavelengths
through excised skin. As Hardy (91) states, if the skin were perfectly
diffuse, the transmitted radiation would follow Lambert's Cosine Law for
all wavelengths. Figure 24 points up two things. First, short
wavelengths are scattered more than long wavelengths; and second, the
differences due to wavelengths are minimized as skin thickness

increases. Since scattering decreases with longer wavelengths, one would
expect a greater percentage of IR transmission. The absorption of IR by
skin depends not only upon skin and blood pigments and other substances,
but also upon the degree of scattering in the microstructure of the

skin. TFigure 25 shows the transmission spectrum of excised white human
skin. The dips in the spectrum at 1.4, and 1.92 um are due to water
absorption bands. This is important because water is the principal
absorber in biological tissues. As illustrated, the skin is essentially
opaque beyond 2.6 ym; however, near IR penetrates the skin surface
considerably, the maximum penetration being between 1.1 and 1.2 um.
Figure 25 also suggests that wavelengths in the 0.8 to 1.3 ym region are
transmitted more effectively in biological materials. Figure 26 shows
the average penetration of near IR below the skin surface in both black
and white skin. Although Figure 26 is somewhat schematic because of the
variation of skin layers, it indicates that at least 20%¢ of the radiation
up to 1.2 uym penetrates to a depth of about 2.0 mm (extrapolated) and
hence interacts directly with nerve endings and capillaries. This
estimate is lower than that of Forsythe and Christison (100) who reported
that 20% of IR at 1.1 m penetrated the skin to a depth of 5.0 mm. As
noted by Hardy (92), the absorption coefficient for skin is not constant
because of differences in scattering and absorption within the skin
layers. The skin's complexity and variability make an exact calculation
of IR penetration difficult. Coblentz (101) has estimated the IR skin
penetration range in the spectral region ranging from 0.76 to 1.5um as 1
to 10mm, and in the 1.5 to 15.0 uym region as 0.05 to 1.0 mm.
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Direct and Indirect Effects

It would appear that the critical wavelength region for skin exposure is
between 1.1 and 1.2 ym. This region may be potentially hazardous due to
IR photon penetration in the dermal layer of the skin. Caution should be
exercised in high-intensity exposure situations, particularly where
sources emit in the near IR region. However, non-penetrating IR will
cause, for the same intensity, a higher surface temperature.

The effects most often reported include acute skinburn, increased
vasodilation of the arterioles, and the gradual increase in pigmentation.
The latter may be due to chronic exposure since it persists for an
extended time. The development of an erythematous-like appearance among
certain occupational groups exposed to high IR intensities may be viewed
as a chronic effect (3). Chronic exposure to low level IR has been
reported by Matelsky (1) to cause inflammation of the eyelid. DMatelsky
also reported more severe effects as a result of intense exposure of the
eyelid and compared those effects to an ordinary burn with erythema,
edema, and blistering. TFigure 27 gives a conceptual explanation of these
effects.

Damage Mechanisms

The principal mode of damage to tissue depends upon its optical
properties and the incident IR wavelengths. For example, far IR is
almost totally absorbed at the epidermis resulting in surface heating.

Several factors enter into the heating or thermal effect on tissues and
the resulting symptomatology. One factor is the total energy residing in
molecular or atomic vibrations which can be transferred to neighboring
atoms and molecules. If one area of the skin absorbs the incident IR
photons, the energy is quickly dissipated to surrounding tissue. The
temperature increase is a measure of the average heat (vibrational
energy) of a tissue such as skin. The quantity can be determined by
using a mechanical device (thermocouple), mathematic calculations, or
subjective responses.

In 1846, Webner (102) proposed that the rate of change in skin
temperature was the effective stimulus for sensation (pain). Hendler and
Hardy (103) later confirmed this relationship through quantitative
measurements. They reported a warmth perception rate threshold of 0.001
to 0.0020C per second at skin temperatures ranging from 32° to

370C. How long the skin must be warmed before a temperature sensation

is elicited depends on the size of the irradiation area and the density
of temperature receptors in that area. While Hendler and Hardy
disregarded skin temperature as a factor, Cook (104) indicated that skin
temperature alone is the vital factor in heat induced pain.

Henriques (105) proposed a second mechanism (sensation of pain), based on
the direct tissue damage (denaturization) that occurred at approximately
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469 to 47°C. The pain threshold, regardless of initial skin
temperature, occurs at a mean value of 44.5 % 1.3°C (106,107); hence,
it depends on skin temperature alone and not upon the rate of skin
heating or the rate of change of an internal thermal gradient.

The human body has an extremely sensitive and complex protective
mechanism that is stimulated by an increase in skin temperature (warmth
sensation). This warmth sensation is perceived when a thermoreceptor is
stimulated by heat and sends a nerve impulse to the hypothalamic
thermoregulatory center in the brain. Secondary physiological responses
(vasodilation) are then initiated to dissipate the absorbed infrared
energy (108).

At higher intensities, thermoreceptors may not quickly sense the rapid
temperature increase especially in the case of the more penetrating near
IR. Effects vary with the temperature of the skin and the exposure
duration.

A skin temperature lower than 44 to 459C does not generally produce a
burn (3). At or slightly above this level, reddening of the skin or
erythema can occur, causing increased pain due to release of bradykinin.
As the skin temperature increases to values much above 50°C most enzyme
systems will be destroyed. Numerous factors affect the degree of skin
reasponses to IR including individual variability (physical and
physiological), environmental conditions (humidity), clothing, and state
of physical factors.

Exposure Thresholds

Several investigations have sought to establish the level at which a pain
response and simultaneous skin burn threshold occurs. Practically
speaking, few skin burns result from high-intensity IR exposures.

Thermal burns, which do occur in industry, usually result from contact
with hot objects reather than exposure to IR sources. The level of far IR
exposure upon the skin (whole body irradiance) that causes the sensation
of warmth, is less than about 0.01 W.cm~2. Thus the sensation of

warmth and pain serve as an inherent protection for the prevention of
thermal skin injury.
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OTHER REPORTED EFFECTS FROM INFRARED RADIATION

A number of reports have described specific effects of IR on man,
animals, and isolated cells. Although in some cases these reports may
not have been confirmed by independent workers, they are included here
for completeness.

Studies by Krivobok (39) indicated that IR produced a limited level of
organ and tissue degradation in areas remote from the eye. He reported
changes such as vascular congestion in the spleen and kidneys.
Zelentsova (109,111) reported a long-term decrease in the immunological
reactivity (i.e., phagocyte count, phagocytic index, and bactericidal
properties of the skin) of foundry workers exposed to IR at irradiance
levels from 0.07 to 0.02 W.cm™2. The latter report indicated that, at
lower intensity levels, IR stimulated the body's protective mechanisms.

Lehmann et al. (111) demonstrated that the application of IR to the ulnar
nerve area at the elbow produced a distal analgesic effect in the area
supplied by this nerve. Lehmann states that this finding is in agreement
with previous experimental evidence that nerve conduction can be
temporarily blocked by application of IR.

A study by Broneff and Blumlein (112) indicated that the upper
respiratory passages of iron foundry workers were damaged by many years
of exposure to intensive near IR. Chronic rhinitis (in most instances
with polyps and hyperphasia of the mucous membranes), chronic laryngitis
and sinus troubles were prevalent in almost 50% of the exposed workers.
According to the study, these disorders were 5 to 10 times more frequent
in the exposed group than in the control group.

Episodes of apnea !a transient suspension of respiration) have been
reported in infants exposed to radiant warmers (113). The relationship
between changes in irradiance levels and the incidence of apnea is not
known. Radiant warmers for infants are used to make up for loss of body
heat. These warmers normally produce far IR, rather than near IR,
radiation so as to maximize heating and minimigze potential skin and eye
damage. Knish (114) reported that exposure of teenage children to IR
from a Solux lamp in doses of 0.5 to 0.6 cal.cm™2 caused reaction of

the sympathetic adrenergic systems and produced phasic changes in the
excretion of epinephrine and neoepinephrine in the urine.

Tissues located near the body surface and sensitive to thermal insult are
the thyroid and testicle. The principal biological effect encountered
from thermal insult to the thyroid is variance in hormone production; in
the testicle, the effect is a temporary aspermia. Little information has
been reported on these potential interactions, but they should not be
overlooked.

The safety of overhead IR heating lamps have been questioned because of

their widespread use in neonatal operating rooms. Arima and Fonkalsrud
(115) studied the incidence of postoperative intestinal adhesions and
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microscopic intestinal injury resulting from the use of these overhead
lamps. In the study the intestines of 45 rabbits were exposed to IR for
2 hours or longer. The incidence and severity of adhesions correlated
directly with the length of exposure to IR. No histological evidence of
intestinal injury was apparent in exposed intestines under the study
conditions. Although the results of this study may not be definitely
applicable to the human infant, it suggests that "precautions" be taken
when viscera are exposed to external IR sources.

Gordon and Surrey (116) used rat liver mitochondria to study the genetic
effects of IR. They postulate that the sites of adenosine triphosphate
production were the primary target of IR and the occurrence of chromosome
aberrations was a secondary phenomenon. In 1971, Gordon et al. (117)
again demonstrated such effects by exposing pig kidney cells to near IR.
They observed significant increases in chromatid breaks and exchanges.
Summarizing the work of other investigators in the field, Krell et al. (118)
stated that near IR inhibits repair of spontaneous aberrations by
interfering with chromosome hydrogen bonding, whether in base pairing in
the double stranded DNA; in the complex structure of histone, enzymes,
and DNA; or in both. The average energy required to dissociate hydrogen
bonds is 0.06 eV, which is within the capability of IR. If IR can cause
these chromosome effects, perhaps mutagenesis can occur; however,
hereditary changes due to IR have not been demonstrated to date. The
significant number of reports in the literature on genetic effects
produced by IR exposure of insects, plants, and animal cells creates some
concern that IR may have the potential to affect human cells.

Although there is no evidence IR per se can cause cancer, it may be
implicated in carcinogenesis induced primarily by other agents

(119-121). Henry (122), for instance, reports an increased incidence of
skin cancer in various workers occupationally exposed to heat.

Peterkin (123) reported that exposure to heat has also been associated
with an increased incidence of squamous cell carcinoma of lower
extremities in Irish women. These women spent much time sitting in front
of peat fires and, as a result, developed erythema ab igne, a condition
that is presumably related to chronic exposure to hot fires. Because
peat fires can emit ultraviolet radiation and chemical carcinogens then
the carcinomas reported by Henry and Peterkin may have resulted from
chronic exposure to ultraviolet radiation and other chemicals rather than
IR.

In a related vein, Lawrence (124) observed a rare occurrence of squamous
cell carcinoma in old burn scars (Marjolin ulcers). Whether or not a
casual relationship exist between the two is still unknown. Of interest
is the evidence by Owens (125), which shows that mice irradiated with
UV-B develop more skin tumors at a faster rate when they are kept in a
heated environment (38 to 39°C) than at normal room temperature.

Similar conclusions may be made regarding possible synergistic effects
between IR and chemical carcinogens. Hahn and Strand (126) have shown
that hyperthermia (43°C) increases mammalian cell membrane permeability
and enhances the effects of adriamycin and other cytotoxic agents. This
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suggests that hyperthermia--and by implication, exposure to IR--might
also potentiate the effects of chemical carcinogens (127).

Beyond this indirect evidence, little information exists that links
exposure to IR with carcinogenesis. Because of the serious consequences
of underestimating cancer risk, however, further investigations should be
performed.
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INFRARED STANDARDS

There are currently no official standards covering exposure of skin or

eyes to non-coherent IR "extended" sources. The only standard available
for evaluating such sources is the American National Standards Institute
(ANSI) Z-136.1 standard (128) which was developed only for laser sources.

Several investigators have suggested safe IR exposure levels for the

eye. In 1968, Matelsky (1) stated that acute ocular damage from
incandescent "hot" bodies can occur with a radiant exposure on the cornea
of 4 to 8 J.cm~2; however, this single radiant exposure concept ignores
exposure duration. He further recommended that a maximum permissible
radiant exposure of 0.4 to 0.8 J.cm=2 would probably prevent the
occurrence of chronic effects on intraocular tissues.

While Matelsky's proposal was based on industrial source measurements,
Sliney (2) used experimental laser criteria to recommend that a chronic
exposure to industrial IR sources be limited to an average ocular
irradiance of approximately 0.0l W.cm=2 to prevent ocular effects.
Exposures up to 0.1 W.cm™2 would be permitted for several minutes.

The American Conference of Governmental Industrial Hygienists (ACGIH) has
issued a notice of intent to establish a TLV for ocular exposure to near
IR from noncoherent sources (129). The TLV would apply to ocular
exposure in an 8-hour workday and require knowledge of the spectral
radiance and total irradiance of the source as measured at the eye of the
worker.

It must be noted that the use of a laser standard to limit exposure to
broadband IR sources can only be regarded as a temporary measure. The
lack of data on biological effects of occupational IR exposure impedes
the setting of rational occupational standards for acute and chronic
exposures.
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INFRARED PROTECTION AND CONTROL MEASURES

The primary goal in limiting exposure to IR sources, especially in the
near IR region, is protection of the skin and eyes. This is best
accomplished by engineering means, e.g., controlling the emission from
the source and erecting barriers. Although such measures are not
extremely sophisticated, if used properly, they can be reasonably
effective. The high surface temperature of hot equipment may be reduced
by insulation. However, this method is usually practical only for
equipment with low surface temperatures due to thickness of material
needed for effective insulation.

Barriers can be pléced between the source and the worker to reflect or
absorb IR. Aluminum is widely used to control IR in the industrial
environment because of its high reflectance. If used, its surface must
be well polished and clean for maximum effectiveness. Other types of
shields, such as glass, heat exchangers and aluminum cloth, absorb IR
and give up heat by convection. Cooling is accomplished by special
ventilation or water circulation. For convenience purposes, shields
should be portable in case they have to be removed for emergency repair
or maintenance of machinery. Baffled lamp housings are often used to
control laboratory arc sources such as spectroscopic equipment and
optical calibration sources. Reflective booths and curtains are used in
welding operations to protect passersby. Although conventional welding
curtains (canvas) are effective in absorbing optical radiation, recent
investigations of transparent curtains demonstrate IR transmittance
levels up to 80% (130). The spectral transmission properties of such
curtains should be examined before they are used for protection against
IR exposure (131). In paint and enamel drying operations that use arrays
of intense heating lamps, enclosures should be interlocked with glass or
metal doors. Posting of warning signs or labels is also advisable.
Pre-placement medical examinations with particular attention to eye and
skin lesions can be an important means of avoiding misassignment of
susceptible workers to jobs associated with intensive IR.

In cases where engineering controls are nonexistent or inadequate,
personal protective devices can be used. Lightweight cotton clothing is
recommended for skin protection. Additional protection is afforded by
reflective aluminized aprons or coats, and when radiant heat loads are
excessive, ventilated suits may be necessary. The transmittance values
specified for filters in welding goggles and furnace inspection goggles
for glass workers, steel and foundry workers, and welders were originally
developed empirically. Optical transmission characteristics are now
standardized as shades numbers and are specific for particular
applications.

Although maximum transmittance for IR are specified for each shade, the
visual transmittance (T,) or visual optical density (D) defines the

shade number (S#) as follows:

S# = 7/3 (Dy) + 1 (5)

where Dy = -logi0Ty. For example, a filter with a visual
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transmittance of 1000 (e.g., Dy = 3) has a shade number of 8. The
standards for shade number were developed in the late 1920s at the
National Bureau of Standards (132) and have since been adapted, with
slight modification, for transmission tolerances as a Federal Standard
(13%) and as ANSI Standard Z87.1 (134). Various types of goggles and
spectacles with proper filters can be worn (Figure 28).

In a recent study, Campbell (135) found that only one of 55 shade models
of welding filter plates failed to meet the ANSI specifications for IR
transmittance up to 2.6 um. The overall effectiveness of absorptive
filters in the IR region is questionable because the absorbed IR raises
the temperature of the filter causing it to become a secondary source for
reradiation of heat into the eye. Although most of this energy is at
longer wavelengths, the heat created can be unpleasant and may cause
corneal irritation (pain) behind the glasses and prompt the worker to
remove the goggles/spectacles. Reflective metal coatings can be
deposited on the front surface of the absorbing filter to reflect the
undesirable optical spectrum and still allow transmittance of the visible
spectrum. Reflective filters are the most desirable method of ocular
protection against IR since there is no heat build up on the filter. The
major difficulty with reflective filters is their susceptibility to
scratching or breakdown of the coating.

A study by Hubner et al. (86) on the radiant power and effectiveness of
eye protection devices for welding recommends that the filter
specifications for near IR transmittance must be made more severe,

whereas they may be less stringent for the far IR region (except for high
temperature welding). The study also recommends that the eye protection
specifications for furnace inspection goggles be made much more stringent.

Probably the most important factor in the design of eye-protection
devices is comfort. No matter how effective the filter may be, goggles
that are not reasonably comfortable will not be worn. A compromise must
be reached between comfort and safety considerations. In the future,
however, safety may have to receive more emphasis because of the rapid
increase in new, near IR sources and in the number of potentially exposed
workers. Increased responsibility will be imparted to the industrial
hygienist to recognize potential IR hazards and to administer the proper
control measures.
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SELECTION CHART OF RECOMMENDED EYE PROTECTORS
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GOGGLES, Flexible Fitting, Hooded Ventilation
GOGGLES, Cushioned Fitting, Rigid Body

SPECTACLES, Metal Frame, with Sideshields
SPECTACLES, Plastic Frame, with Sideshields
SPECTACLES, Metal-Plastic Frame, with Sideshields
WELDING GOGGLES, Eyecup Type, Tinted Lenses

. WELDING GOGGLES, Coverspec Type, Tinted Lenses
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Figure 28. Selection chart of eye protectors.
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SUMMARY

In general the early literature dealing with the biological effects of IR
is of questionable value because available instrumentation lacked
sophistication and sensitivity. Because IR is primarily an occupational
hazard, more research is needed on actual industrial exposure to
determine threshold limits and irradiance values and to study the
epidemiology of IR-induced damage. Whereas the IR emitted by older
occupational sources (i.e., glass and metal furnaces) has been
predominantly in the far region; that emitted by newer and more intense
sources (i.e., home and industrial heating devices) is mainly in the near
region. As a result, the risk of ocular and skin damage could increase.

The eye is a complex organ consisting of several interdependent, yet
optically and biologically differing, ocular structures. The absence of
an extensive heat-dissipation mechanism and the strong focusing ability
make the eye the primary critical organ for damage by IR radiation.
Transmission and absorption studies indicate that the cornea, iris, lens,
and retina are the ocular structures most likely to be damaged. The
action spectrum of eye hazards seems to be confined predominately to the
near IR region. Peak transmittance is about 1.1 pm for the cornea. A
strong absorption of IR energy by the aqueous humor, iris, lens, and
vitreous humor occurs at wavelength bands of 0.9 to 1.1 uym and 1.2 to

1.4 yme The cornea is essentially opaque beyond 2 ym. The effects of IR
on secondary ocular tissues have not been confirmed. Figure 29 shows the
potential IR biological effects as a function of wavelength.

In general, near IR is potentially far more hazardous than IR. The
direct relationship between exposure to IR and the development of
lenticular opacities as definitive for cataract development seems valid.
The primary cause-effect presently remains unresolved. Most of the
literature favors Goldman's hypothesis which states that results from IR
damage to the lens (cataract) results from absorption of the radiation by
the iris and subsequent heat transfer to the lens. Recent
investigations, however, support the "combined" theory which involves
both heat transfer from the iris and direct absorption by the lens. The
acute effect on the retina is thermal with lesion development. The
effect on the eyelid and cornea is essentially that of a cutaneous

burn (3).

The ability of significant amounts of IR to penetrate the eyelid to the
cornea increases the probability of internal ocular damage. The iris is
very susceptible to damage by absorption of IR, apparently because of its
heavy pigmentation. Except for general heating, no other effects have
been reported. The literature contains no references to investigations
dealing with the transmittance or absorptance properties of the iris.
There is a lack of quantitative occupational exposure data on low-level,
chronic effects in these ocular structures.

The definition of what is a cataract has received considerable attention
in the literature. A central question is the difference between a
temporary opacity and a permanent cataract. Apparently, many researchers
have noted lenticular opacities, but whether or not these opacities are
made visible by the increased heat associated with IR exposure or by
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direct photonic involvement is not clear. Other questions concern the
location of opacities and their duration. One thing is very apparent,
however, regardless of the etiology (if any) of opacities, it is probably
safe to state that this potential hazard has largely been eliminated by
use of appropriate filters, control measures, and automated techniques.
No epidemics of IR cataracts have been or are being currently reported
anywhere.

The skin is a fairly complex nonhomogeneous structure with well-defined
and generally accepted optical properties. The action spectrum of skin
hazards seems to be confined essentially to the near IR region with a
peak around 1.1 to 1.2 um. The near region is potentially more hazardous
than the far region because of its ability to penetrate into the dermis.
Reported damaging effects are acute skin burn, vasodilation of capillary
beds, and-long-lasting pigmentation increase. Caution should, therefore,
be exercised in cases of possible exposure to high-intensity occupational
sources, i.e., newer sources that emit in the near region. Such sources
are IR space heaters that are being used more and more by consumers and
industries to reduce home and office heating costs. Such devices warm up
any solid object in front of it almost instantly with little energy being
expended on heating air. These devices could conceivably emit high IR
irradiance levels at close distances and produce adverse effects on
portions of unsuspecting populations, i.e., infants and elderly.
Extensive research is lacking on the effects of low intensity chronic
exposure from near IR sources. Available data indicate only the
occurrence of an erythematous-like appearance of the skin and some eyelid
inflammation in certain occupations.

The skin has an inherent, natural protective mechanism to sense the
thermal effect of IR before the pain or burn threshold is reached. In
addition, the body has a fairly effective heat-dissipating mechanism.
Future injuries may occur from excessive exposure to high-intensity, near
IR sources, but thus far such cases have been infrequent. The effect of
far IR as a cause of heat stress may decrease, because newer sources
emit predominantly in the near IR region. The other biological effects
attributed to IR are only reported observations and further investigation
is necessary before any conclusions can be made. No human mutagenic or
carcinogenic effects from exposure to IR have been reported to date.

It therefore appears that the greatest biological concern associated with
IR, based on all the available information, would either be a dry
eye/skin condition or retinal damage - rather than the historical
cataract involvement. This is not to imply that cataract production is
impossible for broad-band IR exposure, but rather to suggest to
Industrial Hygienists that a far more realistic and controllable effect
exists. The recent studies by Pitts and Tengroth on cataractogenesis
have helped to make this risk interpretation. With the rapid rise of new
IR sources, both near and far, it is recognized that more investigations
need to be performed on the role of IR synergism with ultraviolet and/or
visible radiation as well as microwave radiation.

The lack of pertinent industrial exposure data has resulted in the
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virtual nonexistence of occupational standards for broadband, noncoherent
IR sources. A great need exists for research in industrial situations to
establish exposure standards; to determine irradiance levels; and to
evaluate the role that length of exposure plays in damaging the eyes and
skin. Data collected should include not only the area and spectral
distribution of the source, but also the working conditions, the
protective measures, and the distance of workers from the source so more
precise estimates can be made of the radiation dose, and the dose rate
incident on the eye and skin.
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