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Space flight inevitably exposes the human
to a number of unusual environmental stresses,
both physical and mental, which can be divided
into three broad basic groups: (1) elements re-
sulting from flight dynamics which include
acceleration, vibration, noise, and weightless-
ness; (2) elements characieristic of outer space
as an inhabitable environment including the
various radiations —ultraviolet, infrared, radio,
microwave, and ionizing, and lack of a gaseous
atmosphere supportive of life; and (3) elements
intimately related to man living confined for a
time in spacecraft cabins that involve problems
connected with isolation as a member of a very
small community, artificial atmosphere require-
ments, and altered biologic rhythms. The monu-
mental personal and coordinated group responsi-
bilities required for success of the flight mission,
extraordinary working conditions in confinement,
novelty of the situation and, indeed, the pos-
sible boredom attendant upon a long flight, are
fraught with potential dangers that can sig-
nificantly increase neuroemotional and psy-
chologic stresses.

The material in world scientific literature in
the field of aviation and space medicine and
biology and related topics since the year 1920
is voluminous; it would be futile to attempt to
review and reference all of it in one volume.
Consequently, the authors of each chapter pre-
pared a critical presentation of the present state
of knowledge on the chapter topic. Information
in each chapter emphasizes fundamental prin-
ciples involved and summarizes laboratory

IX

experiments and spaceflight data. Wherever
possible, the authors reference major publica-
tions with extensive bibliographtes such as
review papers, monographs, and other studies.
The reader is referred to these publications for
more complete bibliographic citations.

Although cach chapter is relatively brief and
concise, it became necessary to divide Volume
II into two parts. In Book One of Volume II,
the topics concern influence on the organism
of artificial gaseous atmospheres, thermal
properties, and altered atmospheric and dynamic
flight factors. Book Two is an examination of
influence on the organism of radiant energy,
psychophysiologic problems of space flight,
methods of physiologic investigations in flight,
and transmission of information.

The extraordinary advances documented here
have directly influenced methodology in related
scientific fields; advancements in aerospace
medicine have been applied to the practice
of clinical medicine. Examples include progress
in knowledge of pulmonary function and respira-
tion tests, biomedical monitoring of the critically
ill, materials for artificial heart valves and pros-
thetic devices, electronic pacemakers, develop-
ment of fiber-optic lighting for endoscopic
procedures, use of high-energy particles and
heavy nuclei in radiobiology and therapy, and
more efficient collection, storage, and retrieval
of medical information.

In a rapidly advancing field of study and
development, the solution of one problem
frequently introduces new and even more chal-
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lenging problems to be explored. Space biology
and medicine is no exception. The authors of
each chapter have identified those areas in
their specialties where further investigations
are needed to solve problems and answer ques-
tions which at present are unresolved.

In the field of space physiology, the problem
of man’s adaptation to weightlessness and sub-
sequent readaptation to the gravitational force
of Earth demands further intensive investigation.
The mechanisms of adaptation and levels in the
organism at which these occur, as well as the
time sequence for retention of acquired adapta-
tion, are phenomena that demand more com-
prehensive and in-depth study. The Skylab
program has provided a tool whereby these
problems and many others discussed in this
volume can be intensively studied in the future.

The preparation of any book would not be
possible without the direct support and assistance
of numerous persons. Our sincere gratitude is
extended to all those who actively participated
in the preparation of this volume. This includes
the authors, and a great number of specialists
who compiled preliminary surveys of the litera-
ture and thereby significantly lightened the bur-
dens of the authors. We wish to express our

deep thanks to the translators whose tasks
were complex and to the reviewers whose con-
structive comments and criticisms increased the
quality of the chapters.

In conclusion, we consider it vital to note the
significant contributions to the general ideas,
policies, and structure of the volume made by

Professor L. D. Carlson and the late Academician
V. V. Parin.

)AL@-(\MW

JoHN P. MARBARGER
University of Illinois at the Medical Center
Chicago, USA

P. V. VAsIL'YEV
Institute of Medical and Biological Problems
MZ USSR

Moscow
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RADIO-FREQUENCY AND MICROWAVE ENERGIES,
MAGNETIC AND ELECTRIC FIELDS

SOL M. MICHAELSON
University of Rochester. New York USA

Ordinarily, man exists in equilibrium within
very narrow ranges of physical influences of the
Earth, such as temperature, pressure, electro-
magnetic radiant energies, and geomagnetic
fields. The advent of space travel has imposed
the problem on man of taking him out of his
normal sphere of environment.

In this chapter, the biologic effects of radio-
frequency and microwave energies as well as
electric and magnetic fields be
sidered in relation to their influences on man’s
functional capabilities. It is unlikely
that these energies constitute a hazard to space
flicht under ordinary circumstances. Neverthe-
less, it is not only of academic interest but also
of practical importance to review what we know
about the influence of these energies on the physi-
ology and behavior of organisms, to provide a
basis for assessment and prediction of how man
will fare in space.! '

will con-

most

PHYSICAL CHARACTERISTICS

A common characteristic of electromagnetic
fields (EMF) in all ranges —from geomagnetic and
geoelectric fields of the Earth to solar radio
emission—is the periodicity of their intensity
changes: daily, monthly, and seasonal. A second
common characteristic of the Earth’s electrical
field and of the atmospheric and radio-emission
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fields is their approximately identical minimum
average intensity in the environments, on the
order of 10-* V/m (for radio emission in the
atmosphere, for atmospherics, and for the elec-
tric field in a water medjum). Along with periodic
changes around this average value, spontaneous
changes also occur (increase in intensity) in the
EMF of the biosphere which vary from doubling
their average level to exceeding it hundreds of
times (radio emission) [211].

In future space operations, in addition to
electromagnetic radiation, individuals may be
exposed to a wide range of magnetic field
intensities and gradients. Regular and irregular
variations, thought to be caused by electric
currents in the upper atmosphere, are super-
imposed on the steady geomagnetic field. Although
electric currents are of a magnitude of several
million amperes, the current density is very low.
Also, the electric field which is intrinsically

' The material in this chapter constitutes review and
evaluation of the pertinent literature by the author, in col-
laboration with Yu. I. Novitskiy. Z. V. Gordon, A. S. Pres-
man, and Yu. A. Kholodov, whose contributions are gratefully
acknowledged.

Additional support for this chapter was provided by Mrs.
Margaret Anderson Bush, who not only typed several drafts
of this manuscript with exemplary patience and competence.
but also assisted in organizing and checking the bibliography.
The author wishes to acknowledge her assistance with ex-
treme gratitude.
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linked with the current system is of an order of
magnitude (10-* V/cm), which apparently is com-
plétely harmless [64]. The physical characteristics
of electromagnetic, magnetic, and electric fields
in space are detailed in Volume I, Part 1, Chapter
2, providing further information.

To provide a basis for understanding the
biologic effects of radio-frequency and micro-
wave energies, review of some fundamental
aspects of electromagnetic radiation is indicated.
The nonionizing electromagnetic (EM) spectrum
encompasses wavelengths from 3 X 10% meters
to 3X10~2nm, the energies of which can be
propagated in a vacuum or through a number of
media (air, water, tissue). Electromagnetic energy
is generated through the change in the state of
motion of an electron, this change being ac-
companied by the emission or absorption of EM
energy. The EM waves vary in space and time,
and the wavelength is inversely proportional to
the magnitude of energy change. The physically
varying qualities are actually a set of quantities:
electric (E) and magnetic (H) field vectors. These
vector quantities are related to each other per-
pendicularly and sinusoidally, and a resultant of
the two vectors is the propagated EM wave.
Measurable quantities which characterize the
waves are: frequency of the sinusoidal activity,
peak-to-peak length between the sine wave
components (wavelength), and energy content.

The magnetic field is a geophysical phenomenon
of unknown origin. The Earth is in a geomagnetic
field imposed from the North and South Poles
of the planet. Other properties of the magnetic
field are its direction, homogeneity, and strength.

The energies of the electromagnetic spectrum
(Fig. 1) [156] are propagated in the form of waves
that act as small bundles of energy with many of
the properties ordinarily ascribed to particles,
which are called photons or quanta. The energies
residing in photons (E) are directly proportional
to the frequency of oscillation of the specific
electromagnetic radiation associated with them
by the formula E=hv, where k is Planck’s
constant. The photon energy measured in electron
volts (€V) and the frequency of an electromagnetic
wave are inversely proportional to the wavelength.

The radio-frequency (RF) portion of the electro-

magnetic spectrum is considered to extend from
0.03 MHz (very low frequency— VLF) to 300 000
MHz (extremely high frequency—EHF). On a
functional or operational basis, frequencies in
the region from 100 MHz to 300 000 MHz (300
GHz) are designated microwaves. The various
RF bands are shown in Table 1. Radio-frequency
energy, when propagated, is categorized into two
discrete modes known as continuous wave (CW)
and pulsed.

TABLE 1.— Radio-Frequency Bands

Frequency (MHz) | Designation Definition
0.03 VLF Very low frequency
0.03-0.3 LF Low frequency
0.3-3 MF Medium frequency
3-30 HF High frequency
30-300 VHF Very high frequency
300-3000 UHF Ultrahigh frequency
3000-30 000 SHF Super high frequency
30 000-300 000 EHF Extremely high frequency
Biophysics

As the frequency decreases, the EM energy
of the emitted photons is insufficient, under
normal circumstances, to dislodge orbital elec-
trons and produce ion pairs. The minimum photon
energy capable of producing ionization in water,
and atomic oxygen, hydrogen, nitrogen, and
carbon, is between 12 and 15 eV. Inasmuch as
these atoms constitute the basic elements of
living tissue, 12 €V may be considered the lower
limit for ionization in biologic systems. Since the
energy value of 1 quantum RF is 0.024—4.0 X 10-6
eV, the type of electronic excitation necessary
for ionization is not possible, no matter how many
quanta are absorbed.

The nonionizing radiant energies absorbed
into the molecule either affect the electronic
energy levels of its atoms, or change the rota-
tional, vibrational, and transitional energies of
the molecules. In biologic systems, absorbed
RF energy is transformed into increased kinetic
energy of the absorbing molecules, thereby pro-
ducing a general heating of the tissue. Such
heating results from both ionic conduction and
vibration of the dipole molecules of water and
proteins [125].
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FicuRE 1. Nonionizing electromagnetic radiation (adapted from Ref. [156}).

The absorption of RF energy is dependent upon
the electrical properties of the absorbing medium,
specifically, its dielectric constant and electrical
conductivity. These properties change as the
frequency of the applied electrical field changes.
Values of dielectric constant and electrical
conductivity and depth of penetration have been
determined for many tissues [260]. The absorp-
tion of RF energy is high and the depth of pene-
tration low in tissues of high water content
such as muscle, brain tissue, internal organs,
and skin, while the absorption is lower in tissues
of low water content such as fat and bone. Re-

flections beiween interfaces separating tissues
of high and low water content can produce
standing waves accompanied by hot spots that
can be maximum in either tissue, regardless of
dielectric constant or conductivity [125].

In considering the biologic effects of RF
energy, the wavelength or frequency of the energy
and its relationship to the physical dimensions
of objects exposed to radiation become important
factors. Absorption of energy radiating from a
source into space also depends upon the relative
absorption cross section of the irradiated objects.
Thus, the size of the object with relation to the

REEP(‘“"”?BUITY OF THE
¢ S LAGE IS POOR
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wavelength of the incident field plays a role [1].
A complete description of RF or microwave
energy-tissue interactions is not possible in this

chapter. Several excellent reviews, however, are
available [1, 106, 125, 157, 185, 221, 245, 253-
256, 260-263, 306].

PATHOPHYSIOLOGIC ASPECTS OF
RADIO-FREQUENCY RADIATION

Systematic research on the biologic effects of
RF radiation was begun immediately after World
War II [282]). The results of these investigations
are available in reports of the “Tri-Service
Program” [189], reviews [50, 128, 187, 199, 245],
books [98, 185, 211, 221, 293], and symposia
proceedings [49, 73]. Glaser [86] has recently
prepared a comprehensive bibliography of the
literature on RF and microwave bioeffects.

Extensive investigations into microwave bio-
effects during the last quarter century show
conclusively that, for frequencies between 1200
and 24 500 MHz, exposure to power density of 100
mW/em? for 1 h or more, could have pathophysio-
logic manifestations of a thermal nature. Such
manifestations would be characterized by tem-
perature rise, which is a function of the thermal
regulatory processes, and active adaptation of
the animal. The end result is either reversible
or irreversible change, depending on the condi-
tions of the irradiation and the physiologic state
of the animal. At power densities below 100
mW/cm?, however, evidence of pathologic
changes is nonexistent or equivocal. A great deal
of discussion, nevertheless, has been engendered
concerning the relative importance of thermal
or nonthermal effects of RF and microwave
radiation.

The results of some in vitro studies have been
considered as evidence of nonthermal effects
of RF radiation. Although some investigators
still question the interpretation of these so-called
nonthermal effects [187, 188, 199, 245, 251, 269,
270], several support nonthermal interactions
between tissues and electric and magnetic fields
141, 185, 211, 221, 232].

The phenomenon of pearl-chain formation is
suggested as evidence of nonthermal effects of
RF. This phenomenon can be seen when sus-

pended particles of charcoal, starch, milk,
erythrocytes, or leukocytes are placed in a CW
or pulsed RF field in the range 1-100 MHz. The
particles become oriented into a chainlike form
parallel to the electric lines of force. For each
particle type there is a frequency range where
the effect occurs at minimum field strength [125].
Apparently some pearl-chain formation is due
to the attraction between particles in which dipole
charges are induced by the RF fields [251]. It is
also of interest that bacteria, planaria, and snails
react to relatively weak electric and magnetic
fields [37].

It is unlikely that any histologic structure
exists in the body that is superficial, sufficiently
large and free to be oriented [269]. The effect
occurs in biologic tissue at field levels where
there will be damaging thermal effects; therefore,
pearl-chain formation has no biologic significance
as far as the human body is concerned [251,
270].

The literature on the biologic effects of radio-
and low-frequency (<30 MHz) electromagnetic
radiation has been reviewed by several authors
[21, 141, 185, 190, 211, 232]. Bollinger [35] has
reported on an extensive biomedical study of
low-frequency RF radiation. Short-term (1 h)
exposures of monkeys to 10.5, 19.3, and 26.6
MHz, under the experimental conditions which
employed 100 to 200 mW/cm?, did not produce
discernible biologic effects.

An acoustic response corresponding to the
frequency of modulation has been reported in
individuals exposed to radars of relatively low
average power [79]. This phenomenon apparently
is not due to direct stimulation of neural fibers
or cortical neural tissue, but rather to stimulation
of the cochlea through electromechanical field
forces by air or bone conduction [108, 276].

Thermal Effects

Body temperature increase during exposure
to microwaves depends on: (a) the specific area
of the body exposed and the efficiency of heat
elimination; (b) intensity of field strength; (c)
duration of exposure; (d) specific frequency or
wavelength; and (e) thickness of skin and sub-
cutaneous tissue. These variables determine the
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percentage of radiant energy absorbed by various
tissues of the body [262, 263].

In partial body exposure under normal con-
ditions, the body acts as a cooling reservoir,
which stabilizes the temperature of the exposed
part. The stabilization is due to an equilibrium
established between the energy absorbed by the
exposed part of the body and the amount of heat
carried away from it. This heat transport is due
to increased blood flow to cooler parts of the
body, which are maintained at normal tempera-
ture by heat-regulating mechanisms of the body
such as heat loss due to sweating evaporation,

radiation, and convection. If the amount of ab-

sorbed energy exceeds the optimal amount of
heat energy which can be handled by the mecha-

nisms of temperature regulation, the excess

energy will cause continuous temperature rise

with time. Fever, and under some circumstances,
local tissue destruction can result [262, 263].

Threshold for Perception

Awareness of microwave exposure is devel-
oped by several mechanisms including cutaneous
thermal sensation or pain. The physiology of

thermal sensation and pain in relation to micro-

wave perception has been reviewed by Michaelson
[190]. The subjective awareness of warmth
could be an indicator of microwave exposure,
and several investigators have established the

thresholds for microwave-induced thermal sensa-

tion and pain in man [54, 55, 115, 259, 304]. The
results of these studies are shown in Table 2;
the data suggest that cutaneous perception

could constitute a warning mechanism to pre-
vent exposure to microwaves at possibly injuri-
ous levels.

Cataracts

Microwaves have been shown to produce
cataracts in some experimental animals, and there
are reports of microwave-induced cataracts in
man. The techniques used and interpretation of
results and conclusions, however, are quite
often equivocal. Careful review of these reports
indicates insufficient quantitation and correla-
tion of pathophysiology with the level of micro-
wave radiation. The literature on this subject is
discussed by several reviewers [39, 128, 178,
187, 188, 190, 195, 199, 200, 245, 272].

Carpenter and associates [45] reported that
single or repeated exposure of rabbits’ eyes to
2450 MHz pulsed or CW can cause clouding
when the lens temperature increases 4°C. The
greater the power density the higher the tem-
perature, and the time required to produce len-
ticular clouding was decreased. Latency time
observed for lens changes averaged 3.5 days.
Baillie [3] determined that lens opacification is
a temperature-dependent phenomenon. Car-
penter [45] also suggested a cumulative effect on
the lens from repeated subthreshold exposures
of rabbits’ eyes to microwaves. The reported
cumulative effect, for all practical purposes, is
accumulation of damage resulting from repeated
exposures, each individually capable of produc-
ing some degree of damage; no cumulative rise
in temperature occurs if the interval between
exposures exceeds the time required for the

TABLE 2. —Stimulus Intensity to Produce a Threshold Sensation*

3000 MH:z 10000 MHz Far infrared
Exposure time (s) Power density Power density Increase in skin Power density Increase in skin
(mW/cm?2) (mW/cm?) temp. (°C) (mW/cm?) temp. (°C)
1 58.6 21.0 0.025 4.2-84 0.035
2 46.0 16.7 0.040 4.2 0.025
4 33.5 12.6 0.060 4.2
20 3100.02
60 1800.0 2
120 1000.0 2

! Data from Cook {54] and Hendler [115].

2 Threshold for pain sensation.

574-271 O - 75 - pt.2 = 2
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tissue to return to normal temperature. The
concept of cumulative effect in relation to micro-
wave-induced cataractogenesis is discussed by
Michaelson [187].

Zaret and associates [313] performed ophthal-
mologic studies among selected microwave
workers and reported no late lens defects pe-
culiar to microwave exposure. They did note a
small, statistically significant increase in pos-
terior polar defects but no decrement in visual
acuity. In other studies, it has been shown that
lenticular markings of a possible congenital
nature may reach a certain magnitude and pro-
gress no further, even when there is no change
in the occupational setting [272]. It should be
noted that the reports by Zaret and associates
[313] are not accepted by the community of
ophthalmologists. The reports, in general, do
not indicate any relationship between the actual
power level and pathology. Analysis of the re-
ports of microwave-induced cataracts [117, 155,
201, 273] permits the conclusion that, as a rule,
the development or detection of cataract coincide
only accidentally in time with the exposure to
microwaves and, it was actually due to other
causes such as uveitis, congenital clouding, or
the like [272). It should also be recognized that
individuals studied in such surveys could have
been exposed to ionizing radiation as well as to
microwaves.

In actual radar or microwave-communication
operation, it is important to note that a technician
is rarely exposed to high-intensity microwaves
for a potentially harmful time, since he would
probably feel the heat due to energy absorption
which would serve as a warning. Apparently,
damage to the lens from exposure to microwaves
may seldom occur (if at all), and only under un-
usual circumstances. Under normal working
conditions, personnel are exposed at levels
representing several orders of magnitude below
the level with which various changes in the lens
are produced experimentally. Exposure to a ro-
tating radar antenna is no practical threat to the
lens, even at high power densities [272]. There
are no experimental data demonstrating cataract
formation associated with whole-animal exposure
[187, 195, 272]. On the basis of present knowledge
of conditions under which experimental micro-

wave cataract arises and its diagnosis and
treatment, it must be acknowledged that none of
the cases of microwave-induced cataracts in man
described in the literature is fully verified.
Well-controlled prospective epidemiologic studies
associated with accurate records of microwave
exposure will be required to determine if occu-
pational exposure to power densities in the range
of 10—100 mW/cm? can result in cataract forma-

tion [272].

Effects on Reproduction

The testes. The effect of microwaves on the
testes has been studied [74, 95, 123, 266]. Ex-
posure of the scrotal area at high-power densities
(> 250 mW/cm?) results in varying degrees of
testicular damage such as edema, enlargement
of the testis, atrophy, fibrosis, and coagulation
necrosis of seminiferous tubules in rats, rabbits,
or dogs exposed to 2450, 3000, 10 000, or 24 000
MHz.

Ely et al [74], using 2880 MHz, tried to
determine the lowest power density which would
produce minimal changes in the most sensitive
animal of a group of dogs. They found 5 mW/cm?
to be the threshold for testicular damage, for an
indefinite exposure. The field intensity required
to maintain a threshold temperature was chosen
from the most sensitive of the 35 dogs exposed.
The threshold temperature of 37°C was the lowest
damaging temperature found in this study. It
should be noted that this was based on a single
animal which may be spurious; sufficient controls
were not used, and, there may have been a normal
incidence of histologic damage in unexposed
animals. The authors point out that the damage
observed at such low-power levels is slight,
almost certainly fully recoverable, and the
response of the testes to heating from a radar
source is similar to that from other sources of
heat. The same effect, which is reversible, can
also be caused by a hot bath or constrictive
clothing and should therefore not be considered
hazardous. It is questionable, therefore, whether
such effects should be legitimately considered
as a basis for appraisal of hazard from micro-
wave exposure [128].

Whole-body exposure of dogs to 24 000 MHz
[61] or guinea pigs to 3000 MHz [77] did not
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affect reproduction. Exposure to 3000 MHz,
8 mW/cm? did not affect mating of mice or rats
[204].

Reports of human sterility from exposure to

i Barron and
associates [17, 18] found no evidence of fertility
changes in their surveys of humans. There is one
case report of altered fertility in a man from
unusually high exposures to microwaves [244];
without preexposure examination of this indi-
vidual, any causal relationship is tenuous. The
patient, a repairman at a weather radar installa-
tion, frequently performed maintenance on the
radar antenna while the equipment was in
operation; he did not wear protective clothing.
On occasion, while working near the microwave
beam, the patient noted a sensation of warmth.
He was exposed repeatedly to microwave power
densities more than 3000 times the currently
accepted safe level established by the US Air
Force.

The testes are sensitive to temperature eleva-
tion because of their physical location relative to
the body surface and poor ability to dissipate heat
by means of the vascular system. Any clothing
that prevents maintenance of an intrascrotal tem-
perature that is at least 1 °C below body tempera-
ture will significantly lower sperm output. Testic-
ular reaction to heat: injury resulting from RF
radiation appears to be the same as the reaction
to high fever associated with many illnesses.

The ovaries. Gorodetskaya [96] has reported
that exposure of 2- to 3-month-old mice to 10000
MHz, 400 mW/cm? for 5 min caused a decrease
in the number of estral cycles with increase
in duration of individual cycle stages. One
month after exposure, the estral pattern was
reestablished.

The mating of normal females and microwave-
irradiated males resulted in a decrease in number
of progeny, lower average weight of offspring,
and increase in number of stillborn. When mated
with normals, microwave-treated females pro-
duced weaker offspring than did similarly treated
males.

Deformed offspring were observed exclusively
from microwave-exposed females. Histologic
studies revealed degenerative changes in the
germinal epithelium. In the ovaries, follicular

crowaves are (uestionable

epithelial cells were degenerated with pyknotic
nuclei. Comparison of changes in testis and ovary
indicate the female gonads to be more sensitive.
Similar but less pronounced changes result from
convectional heating.

In other reports, reproductive studies on guinea
pigs exposed to 3 GHz microwaves [77] and dogs
exposed to 24 GHz indicated no adverse effects
from exposure [61]. Exposure of rats and mice
to 3 GHz (ca. 10 mW/cm?) had no detectable
effect on mating behavior [204].

Timeskova [289] studied the influence of micro-
waves on testicular function, impregnation, the
course of pregnancy, and the offspring of sexually
mature rabbits subjected to whole-body irradia-
tion with centimeter microwaves at 100 mW/cm?
with an exposure time of 15 min. Their rectal
temperatures rose by 3°—4°C. In these experi-
ments it was found that the granulosa cells in the
mature and maturing follicles of the rabbits
degenerated and decomposed. The irradiated
females were difficult to mate and were impreg-
nated only after 6 or even 10 days with the male.
It should be pointed out that 100 mW/em? is an
unrealistically high power density and will no
doubt cause such effects by the extreme
thermalization.

Two female beagle dogs were exposed to micro-
wave radiation of 24 000 MHz at a power density
of 20 mW/cm?. During a period of 20 months,
one dog was exposed for a total of 2631 h (6.7
h/d, 5 d/wk). Another dog was exposed for a
total of 3670 h (16.5 h/d, 4 d/wk). Both dogs
reproduced normally. One animal had a litter of
five (one stillborn) after 1500 h exposure; the
other dog had two litters—five puppies (two
stillborn) after 200 h exposure, and four puppies
(one stillborn) after 1850 h exposure [61].

Although some experimental data indicate
that high power densities can affect the testes
and ovary, it is apparent that these responses
are a result of the heat which develops in the
animal. The experimental evidence tends “to
support the conclusion that the effects of micro-
wave radiation on the gonads are primarily of
thermal origin.

There is little information on the response of
the human female. Rubin and Erdman [246] ob-
served that neither conception nor pregnancy in
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humans was disturbed by therapeutic microwave
diathermy application. Disturbance in menstru-
ation is mentioned by Osipov [217] as one of the
effects of an electromagnetic field on the indi-
vidual, although results of other studies of women
working 3 to 11 years in microwave fields do not
support this report [218].

Effects reported by Marha and associates [184,
185] include: decreased spermatogenesis, altered
sex ratio of births, changes in menstrual patterns,
retarded fetal development, congenital defects
in newborn babies, and decreased lactation in
nursing mothers. They also report an increased
incidence of miscarriages in women working with
microwaves. Because of these reports, adoles-
cents and gravid females are not permitted to
work with HF, VHF, or UHF equipment as a
preventive measure [185]. According to these
authors, such effects occur at thermal microwave
exposure intensities (greater than 10 mW/cm?).
It must be noted that in some countries a far
greater number of women are employed in the
industrial work force than in others; many of
these women work swing shifts after taking care
of their families during the day. The influence of
such interacting variables may have been over-
looked in these surveys. More details are needed
relating work cycle/work shift information of the
affected women, how it affects the menstrual
patterns, and lactation of nursing mothers who
are part of an occupationally equivalent control
population, especially with respect to work
shift. These reports raise the question: What
effects do working a regular job, or irregular
shifts, have on lactation and menstruation in
general? Also: What is the incidence and preva-
lence of miscarriages in the general working
population that is equivalent to the microwave-
exposed group in every way except exposure?

Visceral Pathophysiology

In rats exposed whole-body to 2450 MHz,
100£15% mW/cm?, from 8-15 min for 1-28
exposures, histopathologic examination of the
organs (testis, eye lens, liver, spleen, lung,
kidney, heart, thyroid, and brain) was made.
The only significant observation in the micro-
wave-exposed group was atrophy of the tubules

of the testis. No other significant histopathologic
changes were observed in the microwave-irradi-
ated rats [129]. It should be noted that the
power density was extremely high, especially for
rats.

In a study by McLees et al {179] in which
partially hepatectomized rats were exposed to
13.12 MHz ca 1 mW/g, examination of liver
sections obtained immediately after 28 to 44 h
exposure failed to reveal any definite pathologic
changes. There was no evidence of hepatocyte
swelling or erythrocyte accumulation.

Delay in gastric emptying time has been de-
scribed in dogs exposed to 300—3000 MHz 1
mW/cm? for 30 min [99, 281]. Repeated exposures
resulted in diminution of the effect. Increased
gastric evacuation was noted after partial
denervation of the stomach. Similar results
were obtained in guinea pigs exposed to 3000
MHz, 0.5-1 mW/cm? [281]. In a study of stomach
secretory function, when dogs were irradiated
with 300—-3000 MHz, 1 mW/cm?, secretion of
gastric juices In response to meat was sup-
pressed significantly, especially during the
first (nervous reflex) phase, and its acidity was
lowered [281].

According to Subbota [281], under exposure to
microwaves of low, “nonthermal’ intensity, the
dominant picture is suppression of the evacua-
tory motor function of the gastrointestinal tract.
Since the opposite appears on partial denerva-
tion of the stomach, it must be assumed that
microwaves at ‘“‘nonthermal” levels have a dual
effect on this gastrointestinal tract function:
mediated action (through changes in function of
the CNS) and a direct effect on the organ or its
local innervation. Possible humoral-chemical
changes capable of producing the same shifts
should not be excluded.

Pitenin and Subbota [226] have reported that
local irradiation of the anterior celiac region in
rabbits (which corresponds to the epigastric
region in man) causes selective injury to the
stomach mucosa. After 10 min exposure to 2450
MHz, 110-120 mW/cm?, half the animals de-
veloped gastric ulcers on the anterior wall of
the stomach, i.e., on the wall nearest the source
of radiation. All other tissues through which the
microwave energy had penetrated before reach-
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ing the mucosa remained practically undamaged.
The temperature of the stomach contents did
not rise above 40°-42°C. At still higher radiation
intensities (150 mW/cm? and more), ulcers were
found in practically all the animals.

It appears that the amount of temperature
developed in the visceral organs during 2450
MHz microwave irradiation may be a function of
animal size as well as duration and intensity of
radiation. Imig and Searle [122], and Searle et
al [264] showed that the amount of temperature
developed in visceral tissues during exposure
was inversely related to animal size, being great-
est in rabbits, next in small dogs, and lowest
in large dogs.

Effect on Hematopoietic Tissue and Blood

Analysis of blood changes has been carried
out by numerous investigators because of its
easy accessibility and availability of quantitative
techniques, to study the biologic effects of micro-
waves and RF. Most of the data are based on
studies with rodents, rabbits, and dogs under
controlled exposure conditions, or in man where
field intensities and duration of exposure are not
easily measured.

A number of authors state that the blood
picture is not affected noticeably by RF or
microwaves [17, 57, 169, 233], however, leukocy-
tosis, lymphocytopenia, eosinopenia, alteration
in red blood cell lifespan and bone marrow
function, as well as a drop in hemoglobin have
been reported [87, 118, 119, 120, 198, 247, 249].
The effect of microwave radiation on hema-
topoietic organs has also been studied. Some
investigators have been unable to detect any
shifts [300]. Kitsovskaya [145] observed only a
slight decrease in the number of polymorpho-
nuclear neutrophils. The time of onset and degree
of hematopoietic change may be dependent upon
the wavelength, field intensity, and duration of
exposure [145, 194, 198]. It is suggested that
leukocyte response is related to hypothalamic-
hypophysial-adrenal stimulation due to thermal
stress {193].

A significant decrease in leukocytes and
erythrocytes was noted in rats after 7 h of
continuous exposure to 24 000 MHz, 20 mW/cm?

with recovery in 1 weck; 10 min of continuous
exposure to 20 mW/cm?2; and 3 h of continuous
exposure to 10 mW/cm? with recovery in 2 days
[62].

In mice irradiated with 10 000 MHz at 450
mW/cm? for 5 min, decreases in erythrocyte,
leukocyte, and hemoglobin values were noted
immediately, and at 1 and 5 days. Hematologic
recovery was evident 10 days after exposure.
Convectional heat produced less distinct changes,
with more rapid recovery than when exposed to
microwaves [97]. Leukocytosis was reported in
mice enclosed in a slowly rotating polystyrene
cabin, irradiated daily for 16-19 months at
10 000 MHz, 100 mW/cm2, 4.5 min/d. The rectal
temperature rose an average of 3.3°C after each
radiation treatment [228].

Hyde and Friedman [121] studied the effects
from exposure of mice to 3000 MHz, 20 mW/cm?
and 10 000 MHz, 17, 40, or 60 mW/cm?2 up to 15
min. No significant effect on total or differential
leukocyte count or hemoglobin concentration
was noted immediately or 3, 7, or 20 days after
exposure. There were no changes in femoral
bone marrow other than inconstant, slight in-
crease in the eosinophil series of the exposed
animals which was not reflected in peripheral
blood counts.

Kitsovskaya [145] subjected rats to 3000 MHz
according to the following schedule: 10 mW/cm?,
60 min, 216 days; 40 mW/cm?2, 15 min, 20 days;
100 mW/cm?2, 5 min, 6 days. At 40 mW/cm? and
100 mW/cm?, total red blood cell count (RBC),
white blood cell count (WBC), and absolute
lymphocytes were decreased; granulocytes and
reticulocytes were elevated. At 10 mW/cm?,
total WBC, and absolute lymphocytes decreased,
and granulocytes increased. Bone marrow ex-
amination revealed erythroid hyperplasia at the
higher power levels. The blood did not return to
normal state months after the series of irradia-
tions was discontinued.

Baranski [5] exposed guinea pigs and rabbits
to 3000 MHz pulsed or CW 3.5 mW/cm? power
density for 3 months, 3 h daily. Peripheral blood,
bone marrow, lymph nodes, and spleen were
examined. Increases in absolute lymphocyte
counts in peripheral blood, abnormalities in
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nuclear structure, mitosis in the erythroblastic
cell series in the bone marrow and in lymphoid
cells in lymph nodes and spleen were observed.
Baranski suggests that extrathermal complex
interactions seem to be the underlying mechanism
for the changes.

Budd et al [40] investigated the sensitivity of
the fetal rat hematologic system following in
utero microwave irradiation. Pregnant Sprague-
Dawley rats were exposed one at a time to whole-
body 2450 MHz 100 mW/cm? CW microwaves
at 15 days gestation. Under these conditions, the
rectal temperature of the pregnant rats increased
4.2°C above that of the controls. Hematologic
changes were measured in the pregnant rats at
4 h, 24 h, and 5 d postirradiation (shortly before
the fetuses were removed). Body and spleen
weights, and hematologic changes were measured
in the fetal rats at 20 days gestation. No signifi-
cant differences were found between control and
microwave-exposed pregnant rats in body weight,
total leukocyte count, erythrocyte count, hemato-
crit, or hemoglobin value. Microwave-irradiated
fetuses had significantly lower spleen weights
(P < 0.05), total leukocyte counts (P < 0.01), and
somewhat lower hemoglobin values (P < 0.10)
than controls. No appreciable differences were
observed between microwave-irradiated fetuses
and their controls in body weight, **Fe uptake
in blood, or fetal resorption. The lack of any
effect in the pregnant rat exposed to 100 mW/cm?
or any greater effect in the fetus than that evi-
denced is worthy of note.

Spalding [278] exposed mice to 800 MHz 2 h
daily for 120 days in a closed system (wave
guide) at an incidence level of 43 mW/cm? Body
weight, red and white blood cell count, hemato-
crit, hemoglobin, growth, voluntary activity
and life span remained normal. Ivanov [124]
reported distinct changes in the proportions of
white and red bone marrow stem cells in rabbits
chronically exposed to meter waves at 1 mW/cm?2

In dogs exposed whole-body to microwaves
there was a marked decrease in lymphocytes and
eosinophils after 6 h, 2800 MHz 100 mW/cm?
[195]. The neutrophils remained slightly increased
at 24 h, while eosinophil and lymphocyte values
returned to normal levels. Following 2 h exposure

at 165 mW/cm?, there was slight leukopenia and
decrease in neutrophils. When the exposure was
3 h, leukocytosis was evident immediately, and
was more marked at 24 h, reflecting the neutro-
phil response. There was a moderate decline in
lymphocytes immediately following 2 to 3 h
exposure, with recovery to the preexposure level
at 24 h. Following 2 h exposure, there was slight
decrease in eosinophils which was unchanged
at 24 h. Eosinophil change was negligible at the
termination of 3 h exposure and moderately
decreased at 24 h.

After exposure to 1285 MHz, 100 mW/cm?2, for
6 h, there was an increase in leukocytes and
neutrophils. At 24 h, the neutrophil level was
still noticeably increased from the preexposure
level. Lymphocyte and eosinophil values were
moderately depressed and at 24 h, slightly
exceeded their initial values.

Six hours of exposure to 200 MHz, 165 mW/cm?
resulted in a marked increase in neutrophils and
a mild decrease in lymphocytes. The leukocyte
count was further increased, and the lymphocytes
markedly increased the following day. Eosino-
phils were moderately decreased [195].

Comparison of leukocyte changes over a 60-
day period after a 6-h exposure at 100 mW/em?,
2800 MHz or 1285 MHz, revealed that 1285 MHz
had a slightly greater and more prolonged effect
on leukocyte response. Recovery of leukocytes
and neutrophils to the preexposure level occurred
1 to 2 weeks after 1285 MHz and within 1 week
after 2800 MHz exposure. A 25 to 40% lymphocyte
increase from the preexposure level was noted
from 1 day to 2 years after 1285 MHz exposure.
The reticulocyte count was moderately diminished
during this period. Lymphocytopenia from 2800
MHz was followed by recovery to 95% of initial
value in 24 h and a gradual decrease to 54% of
initial value by 60 days.

Early and sustained leukocytosis in dogs ex-
posed to thermogenic levels of microwaves may
be related to stimulation of the hematopoietic
system, leukocytic mobilization, or recirculation
of sequestered cells. Eosinopenia and transient
lymphocytopenia with rebound or overcompensa-
tion when accompanied by neutrophilia may
indicate increased adrenal function.
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Rhesus monkeys were exposed to 10.5 MHz,
200 mW/cm? for 1 h; 19.27 MHz, 170 mW/cm?
for 4 h, and for 13 consecutive days 4 h each day
at a power density of 115 mW/cm?; and 26.6
MHz, 100 mW/em? for 1 h. Hematolngic examina-
tions which included hematocrit, total white cell
count, differential count, and morphologic evalua-
tions, indicated no obvious effect of RF ex-
posure on the formed elements of the blood.
Hematocrit, total white cells, and differential
cell estimations fell within the range of normal.
Platelet level remained normal, and there were
no changes in the clotting mechanism. Histologic
examination of bone marrow and spleen revealed
no evident pathology [205]. The authors con-
cluded that RF exposure had no effect on the
hematopoietic system.

There are few reports of RF—or microwave-
induced hematologic changes in man. In surveys
of military and industrial radar personnel,
variable hematologic changes have been reported
{17, 18, 57, 110, 160, 170, 203, 275]. Reticulocy-
tosis has been noted in some studies [160, 275].

Barron et al [18] reported an apparent decrease
in polymorphonuclear cells and increase in
eosinophils and monocytes in a group of occu-
pationally exposed workers. In a later report,
however, these authors [17] found the decreases
incorrect, due to variation in a laboratory tech-
nician’s interpretation.

Baranski and Czerski [7] reported on the hema-
tologic examination of a large group of people
occupationally exposed to microwaves. They
concluded that a small drop in the number of
erythrocytes takes place in all individuals ex-
posed to microwaves; incidence is related to
length of employment and degree of exposure.
Various leukocyte shifts occur in the first year
of employment, with normalization later, a
symptom which does not appear in groups having
worked for 1 to 5 years. A tendency toward
lymphocytosis with accompanying eosinophilia
is apparent in persons having worked more than
5 years under conditions of low and medium
microwave exposure. Three groups of leukocyte
changes occur in persons exposed to substantial
irradiation for more than 5 years: most frequent
are absolute and relative lymphocytosis accom-

panied by eosinophilia and monocytosis, or rela-
tive lymphocytosis; next is absolute lymphocytosis
with monocytosis; and neutrophilic leukocytosis
is last. About 50% of persons exposed to micro-
waves show a moderate drop in platelet number.
This poses the question if exposure to x-rays
or other environmental factors may not be the
entity, or at least a contributor, in such findings
[221].

Cardiovascular Effects

Several investigators report that exposure of
animals or man to electromagnetic radiation
may result in direct or indirect effects on the
cardiovascular system [68, 89, 151, 159, 209,
212, 215, 216, 230, 233, 279, 301]. Some authors
suggest that exposure to microwaves at inten-
sities that do not produce appreciable thermal
effects may lead to functional changes, which are
observed in connection with acute as well as
chronic exposures [89, 233].

Disturbances of the blood circulation that have
been described [101] are evidenced by change in
blood flow {241], usually an increase in flow which
is proportional to both the intensity and duration
of exposure [242]; a decrease is observed only
in denervated extremities. These phenomena are
related to vasodilation. Negative results, however,
have also been reported in studies of persons
working with radar [247]. Aberrations in vascular
reactions, such as oscillation of vascular tonus
[75], have also been reported.

Increased heart rate has been observed after
exposure to power densities of 50-130 mW/cm?
for variable periods ranging 10-140 min [56, 186,
279]. Slowing of heart rate is reported by some
investigators with low (or which they consider
nonthermal) levels of microwaves [137, 249, 300,
301]; others have reported increased heart rate
with low-level microwave exposure over the
dorsal aspect of rabbits [235, 236].

Decrease in blood pressure from microwave
exposure has been reported by some investi-
gators [89, 92, 137, 214, 249] while by others, an
increase in blood pressure [56, 176, 224]. Also,
blood pressure rises slightly at first and then
begins to fall [2, 16, 247], an effect which can be
pronounced and last for several weeks following



420 PART 3 RADIANT ENERGY FROM SPACE—-EFFECT ON THE ORGANISM

exposure. To confuse the picture still more, a
decrease in blood pressure in man and an in-
crease in blood pressure in the rabbit under
comparable irradiation has also been reported
[15, 16]. These somewhat contradictory re-
ports indicate that the relationship is quite
complex and these discrepancies reveal several
defects in some experiments which should be
recognized, such as frequency, power density of
microwaves, duration of exposure, animal
restraint, and inadequacy of statistical analysis
[286].

Subbota [281] has noted that when rabbits
were chronically exposed to 2450 MHz, 10 mW/
cm?, little change in arterial pressure was evident.
However, hemodynamic shifts were quite clearly
in evidence even at 1 mW/cm?2 No hemodynamic
shifts were observed beginning with the fourth
or fifth treatment. When the rabbits were ex-
posed to 50 mW/cm?, the arterial pressure
dropped, then recovered its initial level after
1-2 h. Characteristically, these effects were
registered only after the first few microwave
treatments, and later, as the treatments were
repeated (once every 1-3 days), the arterial pres-
sure change became smaller in degree until
disappearance at the ninth or tenth treatment.
The rectal temperature rise was 1°-1.7°C after
the first exposure, but 0.7°-0.9°C after nine to
ten treatments.

Presman and Levitina [235, 236] reported a
differential effect on the heart rate of rabbits;
the animals were exposed to 2450 MHz (CW),
7-12 mW/cm?, for 20 min. Ventral exposure
resulted in bradycardia (slowing of heart beat).
Irradiation of the dorsal portions of the head
produced an acceleration. In a later study the
same investigators used pulsed 3000 MHz at
a power density of 3-5 mW/cm?. Under these
conditions, irradiation of the ventral aspect of
the animal caused a shift of rhythm in the direc-
tion of acceleration. This effect was far more
pronounced with the pulse-modulated radiation
than with CW. The investigators suggest that
the possible cause lies in the deeper penetra-
tion into the tissue of the modulated waves.
Presman also interprets these data as indicating
an effect on the parasympathetic nervous system
(vagus nerve) during ventral irradiation and on the

sympathetic nervous system during dorsal
exposure.

Levitina [159] has suggested that the periph-
eral nervous system is the mediator between
microwave radiation and its possible effects
on heart rate. Irradiation of ventral body areas
of rabbits with high power density-pulsed micro-
waves resulted in a lower pulse. If the skin was
anesthetized, cardiac rate did not change. The
author concluded that the reduced cardiac
rhythm, as the result of ventral exposure, was due
to microwaves acting on the skin receptors.

McAfee [175] points out how data can be
misinterpreted to be the result of some unknown
effect of microwave radiation, when hyper-
thermal effects are not involved. In cats, when
peripheral nerves are stimulated by 45°C tem-
perature, adrenal medullary secretion occurs
and a rise in blood pressure is developed as
a result of adrenaline secretion [173]. The
halogenated hydrocarbon anesthetics in combina-
tion with injected adrenalin frequently produce
ventricular arrhythmias [132]. If an animal is
irradiated with microwaves and the analeptic
effect is elicited deliberately or accidentally,
a sequence of events will be observed identical
to that obtained by simply injecting adrenalin.
With some anesthetic agents the heart rate
increases in dogs, and in unanesthetized animals
heart rate is modified by an analeptic response if
such response is accidentally produced {173].
McAfee {175] questions whether experiments
on the effect of microwave radiation on heart
rate are carefully controlled for this possibility.
If so, it is not mentioned in the literature.

In rabbits and dogs, whole-body irradiation
(100-200 mW/cm?) causes brief constriction and
subsequent dilation, especially in the veins of
the pia mater [279]. Dogs exhibit slowing of
heart rate with alteration in the electrocardiogram
during 3000 MHz, 5 mW/em? exposure. Brady-
cardia, sinus arrhythmia, retardation of auricular
and ventricular conduction, changes (usually
a decrease) in the P- and T-deflections, and a
broadening of the QRS complex are observed
[301}. More marked and persistent electro-
cardiogram (ECG) changes are noted in dogs
with experimentally induced myocardial infarc-
tion than in normal dogs when exposed to micro-
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waves [301}. Changes in the heart rate, coagula-
tion time, and a fall in blood pressure have been
reported in dogs exposed for 30 min at 5 mW/
cm? 3000 MHz microwaves [233].

Hemodilution is an early manifestation of
any heat stress in the mammal, and it occurs
during the first 30 min exposure prior to tempera-
ture increase. As the exposure is prolonged,
hemodilution is reversed as a result of dehydra-
tion, and hemoconcentration follows. The early
hemodilution possibly reflects an influx of extra-
vascular fluid as a result of the extensive periph-
eral vasodilation. This permits dissipation of
absorbed heat.

Hemodynamic response of the dog exposed to
2800 MHz pulsed resembles that of acute heat
stress as manifested by early hemodilution fol-
lowed by hemoconcentration. As the exposure
is prolonged, hemoconcentration becomes more
evident. Dogs exposed at 165 mW/cm? show
a body weight loss of 2.0%/h. At 100 mW/cm?,
there is weight loss of 1.25%jh, and hemodilu-
tion occurs, contrasted with hemoconcentration
evident at 165 mW/cm? [195].

Functional damage to the cardiovascular sys-
tem indicated by hypotonus, bradycardia, de-
layed auricular and ventricular conductivity,
and decreased height of ECG waves in workers in
RF fields is reported [67, 212, 215, 216].

Drogichina and associates [68] have reported
the clinical observation of persons chronically
exposed to intense radiation, indicating that in
individual cases, the ‘“angiodystonic” mani-
festations caused by chronic exposure to super
high frequency radiation may develop further into
more serious autonomic and cardiovascular
pathologies. These are characterized by a
tendency to angiospastic reactions and cerebral
autonomic vascular attacks accompanied by
pronounced arterial pressure lability and coro-
nary spasms with corresponding changes in
ECG. Osipov [217], however, points out that
these changes do not diminish work capacity,
and are reversible. Although temperature rise
cannot be measured in these individuals, Osipov
feels that this is a reflection of the lack of precise
instrumentation, and prefers to consider these
changes due to microthermal rather than non-
thermal effects.

According to a group of authors, the symp-
toms of chronic exposure to c¢m waves (the
level of vasomotor disturbances) are divided
into three stages [185] of: (a) initial, compen-
sated; (b) gradual changes; (c) where changes
proceed rapidly. The degree of change depends
on intensity and duration of exposure.

It would appear that functional cardiac changes
can result from microwave exposure which,
doubtless, are due to autonomic nervous system
response to thermal effects. It has been noted
that McAfee [173] indicates that thermal stimula-
tion of the peripheral nerves produces the neuro-
physiologic and behavioral changes observed.
Interaction between the peripheral nervous sys-
tem and the central nervous system would ac-
count for the reported effects on heart rhythm,
blood chemistry, and ECG. On the other hand,
Tolgskaya and Gordon [291] observed morphologic
modification of receptors after one exposure to
microwaves, changes which decreased with
repeated exposures. They suggest that receptors
of the reflexogenic zone of the curve of the
aorta, the carotid sinus, and all layers of the
auricular wall are highly sensitive to microwaves.

Central Nervous System (CNS)

The suggestion that microwaves may interact
with the central nervous system by a mechanism
other than heating has been made by various
investigators [89, 90, 141, 162, 185, 201, 211, 221,
231, 232, 236, 249, 291, 300], who stress that the
CNS must be considered as moderately or highly
sensitive to radiation injuries. Their conceptual
basis for this is centered largely about Pavlovian
conditional response studies.?

These reports, chiefly from Soviet and other
East European investigators, are based on a
definition of thermal as those effects associated
with measurable local or whole-organism tem-
perature rise from an equilibrated baseline. Most

2Tt should be pointed out that although the nervism prin-
ciple of I. M. Semenov and I. P. Pavlov constitutes one of the
most important theoretical bases for Soviet medicine in
general, specific studies are based on the theoretical founda-
tion of the special scientific discipline within the frame-
work of which a given effect is being studied, i.e., encephalog-
raphy, biochemistry, cardiovascular pathophysiology, and so
forth. (Personal communication from Professor S. V. Gordon)
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other investigators use the term thermal in a
somewhat different sense, taking into account
that an organism can be affected thermally
without demonstrable temperature rise. In fact,
a rise in temperature means that the functional
reserves of the organism for maintaining homeo-
stasis have been exceeded.

In one of the earliest studies on neurologic
effects of microwaves by Oldendorf [213], evi-
dence was found of focal coagulation necrosis in
rabbit brains exposed to 2450 MHz. The first
report on the effect of microwave energy (in the
cm range) on the conditional response activity
of experimental animals was made by Gordon
et al [93]. In subsequent years, the study of the
nonthermal effects of microwaves gradually
occupied the central role in electrophysiologic
studies in the Soviet Union [211].

Baldwin, Bach and Lewis [4] found that ex-
posure of monkeys to 225-400 MHz was followed
by neurologic signs of agitation, drowsiness,
akinesia, and eye signs, as well as autonomic,
sensory, and motor abnormalities. There were
signs of diencephalic and mesencephalic dis-
turbances; alternation of arousal and drowsiness,
together with confirming electroencephalogram
(EEG) signs. The response depended on orienta-
tion of the head in the field and reflections from
the surrounding enclosure. Rabbits whose heads
were exposed for 30 min to 3-300 MHz showed
increased excitation of cortical and other visual
analyzers [291].

Chickens, pigeons, and sea gulls exposed to
9300 and 16000 MH:z (pulsed) 10 mW/cm?
showed sustained extensor activity of wings and
legs commencing within a few seconds. These
birds showed distress and unsteady gait [283].
Whole-body exposure of chicks to 24 000 MHz
produced staggering gait and muscular weak-
ness [63]. Rats given head irradiation at 24 500
MHz tried to avoid the microwave field, suggest-
ing awareness of a stimulus [136]. The most
conspicuous effects were muscle spasms, tremors,
and clonic convulsions. This stimulation was
capable of arousing a rat from deep surgical
anesthesia. In a study with audiogenic seizure-
susceptible mice and rats sensitive to sound
stimulation, Kitsovskaya [144, 146] found that
the seizure response to noise was suppressed

after exposure to 3000 MHz pulsed microwaves
at an average power density of 10 mW/cm?.

Tolgskaya [294] studied the effects of pulsed
and CW 3000 and 10000 MHz microwaves on
rats at various intensities. Emphasis was placed
on morphologic changes. The more pronounced
morphologic changes in the nervous system
following 3000 MHz than 10000 MHz at 1-10
mW/cm? was interpreted as evidence of a
nonthermal effect. Pulsed waves were more effec-
tive than CW. The greater effectiveness of pulsed
microwaves was also noted by Marha [183].

Conditional responses (CR). Troyanskiy and
Kruglikov [296, 297] exposed rats to SHF fields.
Radiation at thermal (50 mW/cm?) and non-
thermal (10 mW/cm?) intensities affected intra-
uterine development and led to changes in
function of higher centers of the central nervous
system in prenatally irradiated animals. Ex-
posure of pregnant rats at an intensity of 10
mW/cm? accelerated postnatal development,
and made conditional response indices worse
in their offspring. Animals prenatally irradiated
at an intensity of 50 mW/cm? and those derived
from crossing exposed males with nonexposed
females exhibited similar changes such as anom-
alies, deformities, peculiarities of higher nerv-
ous activity [296]. In the offspring of exposed
animals, besides abnormalities and developmental
anomalies, disturbances in the functions of higher
sections of the CNS were also observed in the
form of delayed development and alteration of
electrodefensive and motor-food conditioned
reflexes [297].

Yakovleva and associates [309, 310] reported
that single and repeated exposures of rats to
microwaves, 5-15 mW/cm?, weakened the ex-
citation process and decreased the functional
mobility of cells in the cerebral cortex. Edem-
atous changes throughout the entire -cross
section of the cortex were most often noted.
The greatest number of altered cells was with
repeated exposures at 15 mW/cm? [310]. In
another study with cats, the background bio-
electric activity recorded in efferent fibers of
renal, splenic, and lower mesenteric nerves
under single exposure to 30 mW/cm? increased
in 50% of the cases [309].

Lobanova [165] summarized her findings at
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3000 MHz suggesting two phases are determined
in changes in CR during exposure: an increase
in excitability of the central nervous system,
i.e. a weakening of active inhibition; and a second
phase of weakened excitation, with the devel-
opment of external inhibition. In a later study,
however, Lobanova and Goncharova [166] re-
ported that chronic exposure of animals to RF
in the 155-191 MHz range for 4.5 months at
“low intensity” does not have a marked effect
on their CR.

In conditional response studies in dogs ir-
radiated with 50 MHz to specific zones of the
cerebral cortex, exposure at 7-14 W output
power elicited no response; 20-25 W caused
defensive reactions and deterioration of dis-
crimination [162). Subbota [280] found altera-
tion of conditional response in dogs exposed
to SHF (3000-30 000 MHz). The exposure time
was 1-2 h. The direction of changes in intense
radiation, in the majority of cases, was op-
posite that observed after weak radiation. At
5 mW/cm?2, increased salivation was observed
as a positive CR with relative stability of differ-
entiation. The latent period of CR in the majority
of cases was shortened with 100 mW/cm2 A
positive CR was almost always depressed,
and differentiations were delayed. Tests with
repeated radiation indicated possible adaptation
of the cortex to the EMF. On the other hand,
no disorders of behavior were noted in two female
dogs irradiated whole-body several hours a day
for more than a year with 24 500 MHz microwaves
at 20 mW/cm?; their behavior was normal during
the whole experiment [61]. In rabbits, brief
exposure to 10 mW/cm? VHF (30-300 MHz)
intensified conditional responses to different
stimuli, whereas prolonged exposure produced an
inhibitory effect. Selective sensitivity of the brain
to this frequency was demonstrated by reversible
structural changes in the cerebral cortex and
diencephalon [138].

Promtova [237] pointed out in CR studies the
importance of the initial functional state of the
animals. In healthy dogs, an increase was first
noted in food-conditioned reflexes with differ-
entiation maintained, followed by a phase of sharp
decrease in CR and retardation of differentia-
tions. In dogs with disturbed higher nervous

activity, the action of UHF (300-3000 MHz)
worsened the pathologic state of brain cortex
in the first phase, and normalized higher nervous
activity in the second phase. According to
Subbota [280] under the effect of weak and
intensive SHF fields (300 MHz-300 GHz),
changes in higher nervous activity can occur
in three ways:
(a) because of direct penetration of electro-
magnetic waves into brain;
(b) reflexively, because of stimulation
of the receptor apparatus; and
(c) by a humoral-chemical route.

Activity. Lobanova [164] exposed rats to 3000
MH:z pulsed microwaves, after which the animals
were tested for swimming time. A decrease in
endurance was noted among rats exposed to
power-time combinations ranging from 100
mW/cm? for 5 min to 10 mW/cm? for 90 min.

Cortical effects. Several investigators have
reported that RF or microwave exposure pro-
duces alterations in the electroencephalogram
(EEG) {4, 109, 139, 140, 141, 143, 161, 274, 311)].
Stimulation is often followed by increased am-
plitude and decreased frequency of EEG compo-
nents, or by decreased amplitude and increased
frequency. The general character of the observed
EEG alterations is constant throughout a wide
range of intensities (0.02 mW/cm?®> to~ 100
mW/cm?). In general, the percentage of cases
evidencing alterations increases with increasing
intensity. However, one investigator revealed a
greater percent of responses at 0.02 mW/cm?
than at intermediate intensities [161]. The EEG
responses show a substantial delay which de-
creases with radiation intensity from about 100
s at 0.02 mW/cm? to about 20 s at 10 mW/cm2.
Apparently, the observed responses are unaltered
when visual, auditory, and olfactory channels
are blocked [141, 161]. Comparable neuroelectric
changes have been observed in a strip of cortex
isolated by cutting from surrounding tissue [141].

EEG tracings in rabbits exposed to 3000 MHz
(pulsed) 5 mW/cm? showed slight desynchroni-
zation from the motor region; at 20 mW/cm?,
variations in the amplitude were observed. Rab-
bits irradiated with 300 to 3000 MHz showed
changes in the EEG; 300 MHz had the greatest
biologic effect while 3000 MHz had proportion-
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ately less pronounced effects. Pulsed microwaves
produced a greater effect than CW microwaves.
Rabbits exposed to 40 MHz, 0.1 mW/cm?, show
EEG changes in the cortical and subcortical brain
structures produced by a 3-min exposure [47].
An SHF field (3000 MHz—300 GHz), 40 mW/cm?,
1 min, on the head of a rabbit caused changes in
the background activity of neurons in the
optical cortex of the brain [48]. The SHF field
facilitated responses of the neurons to a flash of
light. According to the author, judging from
morphologic data, glial elements could be more
sensitive than the neurons. Exposure of rabbits
to 300, 577, or 2400 MHz (CW) for 5 min at power
levels as low as 0.02 mW/cm?® resulted in EEG
changes in more than 50% of the animals studied
[109, 141, 314]. Other investigators [8]. however,
reported that rabbits exposed to 3000 MHz (CW)
or 10 000 MHz (pulsed) at 5 mW/cm® showed no
changes in EEG tracings. These reports suggest
that microwave radiation may affect hypothalamic
and midbrain functioning, and strong inferential
evidence exists for an effect on cerebral, cortical,
and reticular system function {286, 311]. Accord-
ing to Gvozdikova and associates [109], the
greatest cortical sensitivity occurs in the meter
range, less in the decimeter, and least in the
centimeter band.

Reviewing the literature on EEG effects
requires awareness of certain deficiencies in this
methodology. There is not always a one-to-one
correspondence between functional state and
character of EEG recording —which may lead to
mistaken interpretation of the functional conse-
quences of changes in the character of spontan-
eous activity as the result of exposure to micro-
waves. Spontaneous activity is easy to measure,
but extremely difficult to interpret [113].

Frey [81] has elicited evoked potentials in the
brain stem of cats by exposure to pulse-modulated
UHF energy. The threshold power density neces-
sary to evoke the potentials was approximately
30 wW/cm? average and 60 mW/cm? peak. Frey
suggests that the potentials were neural rather
than an artifact. Within the carrier-frequency
range used (1.2-1.525 GHz), there appeared to
be a reduction of effect at the highest frequency.
Variation in power density had a distinct effect
on the evoked potential.

Behavioral effects. Justesen and King [126]
studied the behavioral effects in rats exposed in
a closed-space situation to 2450 MHz. Average
power densities approximated 2.5, 5.0, 10, or
15 mW/em?, A major finding was—rate of
recurrence of an iterative (phasic) tongue-licking
reflex increased and then fell off as dose increased
to 14 mW/cm?2. At the high level of 14 mW/cm?2,
invariably there was a behavioral state suggesting
flaccid paralysis. The animal recovered within
5-10 min after removal from the experimental
chamber and thereafter exhibited no behavioral
signs of stress.

Readings from rectal thermometers were taken
immediately before and after 0,~ 4.5, 9.6, and
14 mW/cm? exposures. The 0 and ~ 4.5 mW/cm?
levels were associated with small but statistically
unreliable rises in average temperature after
60 min intermittently presented irradiation.
The ~ 14 mW/cm? exposure reliably increased
temperatures after 19 min intermittent irradia-
tion—and after 60 min two of the animals ex-
hibited temperatures greater than 44°C. The
temperature data confirmed an impression grow-
ing from earlier behavioral observations that
the rat is highly variable in individual thermo-
regulatory capability. Rats were presented 2450
MHz energy as a cue for obtaining sugar water,
but none discriminated the cue. In essence,
Justesen and King [126] found no chronic ill
effects behaviorally or neurohistologically from
fairly long-term intermittent exposures approxi-
mating 2.5 to 15 mW/cm?; although some acute
effects were observed, none was (or is) incom-
patible with the supposition that thermalization
was the only consequence of irradiation.

Nealeigh et al [207] found that exposure of
Sprague-Dawley rats to 2450 MHz, 50 mW/cm?,
immediately prior to running in a Y-maze, sig-
nificantly improved performance. It is suggested
that microwave exposure may produce effects
similar to a variety of CNS stimulants which
act by facilitating consolidation of the memory
trace. In another study by the same investigators,
10-week-old beagle pups were tested in an ap-
proach runway after whole-body exposure to
2450 MHz microwaves, and showed no appreciable
changes in performance and/or motivation.

In the context of behavioral effects, it should
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be noted that beh

avior is not a simple process
and that behavioral effects represent the algebraic
sum of different effects in different systems.
Such effects could be a response to subtle tem-

noavatiara 1t 1
peraturc input signals which may arise in many

body structures.

Effect on learning ability. Conditional response
studies have indicated alteration in learning as a
consequence of RF or microwave exposure [16,
89, 168, 280]. Retrograde amnesia and depressed
learning have been described in rats exposed to
microwaves [38, 127]. The field intensity in these
studies evidently was quite high. Behavioral
effects, nevertheless, have also been demon-
strated with apparently low-intensity fields ac-
cording to the authors [149, 150, 284]. It should
be noted that more precise power density meas-
urements [107] revealed thermally significant
levels in some studies [149, 150]

Subbota [280] noted alternating arousal and
drowsiness effects in dogs subjected to pulsed
UHF fields. Turner [299] has suggested that the
phenomenon of pulsed-energy sleep may be
related to the effects described above. In this
technique, a low-intensity current (0.2 mA) is
applied to the brain between occipital and orbital
electrodes; the current is pulsed at a rate between
1 and 100 pps, with a pulse duration of 0.3 ms.
Under these conditions a sleeplike state (ap-
parently quite similar to normal physiologic sleep)
is observed. In the USSR, pulsed-energy sleep
has been used as therapy for psychopathologic
conditions [286].

Histopathology. According to some authors,
morphological and histochemical studies of the
nervous system show cellular changes following
3000-30000 MHz exposures at 10 mW/cm?
[290, 292, 293]. Degeneration of neurons in the
cerebral cortex and retrograde changes in the
kidney and myocardium of rabbits have been
produced by exposure to 200 MHz. Exposure of
rabbit heads to 2450 MHz resulted in focal lesions
in the cerebral cortex. Whole-body exposures of
rats to 1430 MHz produced lesions of the brain
[213,266,291].

Rabbits exposed to 3000 MHz (pulsed or CW),
5 to 20 mW/cm?, showed evidence of brain injury.
Cells of cortex, cerebellum, and subcortical struc-
tures had deficient tigroid content, vacuolization

in some cells, proliferation of glial cells, conges-
tion of the meninges, and superficial cerebral
cortex vessels were frequently observed at 30
mW/em?. Some red cell effusion and enlarged
perivascular spaces were noted. There were more
pronounced morphologic changes in the nervous
system of rats following 3000 MHz than after
10000 MHz at 1 to 10 mW/cm?; pulsed waves
were more effective than CW [291]. Exposure
of cats for 1 h to 10000 MHz 400 mW/cm?
resulted in injury to cerebral and spinal cord
nerve cells; changes occurred in tigroid substance
and other components of nerve cells [33].
Rabbits exposed to 10 000 MHz (pulsed) 5 mW/
cm? showed no evidence of morphologic damage
to the brain [8]. Exposure of dog head to 2450
MHz (CW) produced no effect on brain or cere-
brospinal fluid [265].

Gordon et al [92] found that “low-intensity”
microwaves produced only slight morphologic
changes in the axon-soma and axon-dendrite
interneuron connections of the cerebral cortex
and in the receptor and interoceptor apparatuses
in various receptor zones (skin, intestinal wall,
wall of urinary bladder, myocardium, and aorta).
In addition to these changes, low-intensity irradia-
tion led to histochemical shifts in the form of
reduction in the nucleoprotein content of various
cells and tissues. These changes were reversible
and disappeared within 3-4 weeks. Further evi-
dence for morphologic change in the CNS
under low-power densities was found by other
investigators [168, 220, 294]. In all these
studies, the morphologic changes noted centered
around rearrangement and atypical appearance
of the synaptic area. Kevork’yan [137] points
out that a “‘gelatinization” of the synapse takes
place during short exposures to UHF radiation,
this effect being reversible.

Tolgskaya and associates [168, 290, 291,
294, 295] have investigated the influence of
pulsed and CW 3000 and 10000 MHz on the
morphology of nervous tissue in rats and rabbits.
In brief, with exposure to 3000 MHz (110 and
40 mW/cm?), severe clinical symptoms of
overheating were observed, often leading to
death. Severe vascular disorders such as edema
and numerous hemorrhages of the brain and in-
ternal organs were morphologically predominant.
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In repeated, but less prolonged, exposure to
high and medium levels, vascular disorders and
degenerative changes in internal organs and the
nervous system were less severe. With repeated
exposures, the animals better withstood succes-
sive exposures. They continued to gain weight,
body temperature recovered quickly afterirradia-
tion, and overheating disappeared [294].

Similar effects in afferent nerve cells of cats
were reported by Pervushin [220]. He used UHF
at intensity levels of 0.5 to 10 mW/cm?, and
30 mW/cm2, for 2 h/d, 1-5 d, and reported par-
ticular sensitivity in preterminal sections of the
afferent cells and in myelinated fibers; the non-
myelinated fibers appeared to be unaffected.

At high field intensities, when death results
from overheating (hyperthermia), the vascular
changes are hyperemia, hemorrhage, and
acute dystrophic manifestations [6, 66, 202,
208]. The changes described are greatest when
in the site of direct irradiation. At lower field
intensities, the changes are of a more general
dystrophic character, and proliferation of
the glia and vascular changes are not as prom-
inent [66]. When the animal is sacrificed within
1 to 3 weeks after exposure, dystrophic changes
are only isolated and there is no hyperemia
[66]. It should be noted, however, after total-
body irradiation, the histopathologic changes
are present not only in the CNS, but also in other
organs: myocardium, intestine, liver, gallbladder,
and urinary bladder [36, 66, 116, 202, 208].
This was shown by Dolina [66] when rabbits were
exposed daily to 3000 MHz CW 40-100 mW/
em? or 220270 mW/cm? for 5-15 minutes. He
found diffuse nervous system and circulatory
system damage.

Some reviewers [188, 192, 195, 199] have sug-
gested that investigations purported to show
neurologic effects at nonthermal microwave
intensities 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.
There is no complete unanimity among the
authors that have investigated conditional
responses in different animals, in the evaluation
of observed phenomena and understanding of
their mechanisms. These studies are complex

and require a special investigative approach
{163].

In regard to the relationship of body tempera-
ture and physiologic functions, it is important to
realize that temperature input signals arise in
many body structures. The following have been
identified experimentally: (a) preoptic anterior
hypothalamus, (b) posterior hypothalamus, (c)
midbrain, medulla, motor cortex, and thalamus,
(d) spinal cord, (e) skin, (f) respiratory tract, and (g)
viscera. All these, except the motor cortex and
thalamus, have been shown to evoke behavioral
and/or physiologic responses to changes in local
temperature [112].

In regard to the sensitivity of neural tissue
to microwaves, it should be understood that the
intensity of electrical membrane potential of
nervous tissue is generally measured in mV.
The membrane potential of animal muscle
and nerve cells is generally in the range of
—70 to —110 mV; animal cells cultured in vitro
may show values as low as —10 to —30 mV;
and protozoan cells have been shown to display
potentials in the range of —30 to —100 mV
[177]. Because of their selective permeability,
electrical double layers are formed at biologic
membranes which cause differences of potential
between both sides of the membrane. Therefore,
the membranes are placed within electrical fields
which are conditioned by electrical double layers.
The power of these fields is considerable, which
amounts to 10° V/cm with a potential difference
of 100 mV and a membrane thickness of 100 A.
For microwave energy to be effective, therefore,
tremendous fields must be exerted to cause any
effects [32]. Microwave fields are only capable
of applying a potential to a biologic membrane
which is many orders of magnitude smaller than
the resting potential and, for this reason, should
be unable to excite or change normal patterns
[254, 255, 256]. A great deal is known about the
excitation of membranes by low-frequency and
DC currents. In these cases, excitation is pos-
sible with current densities of the order of 1
mA/em? in tissue. At higher frequencies, and
particularly at microwave frequencies, higher
current densities are required to cause excitation
if it is at all possible. It is difficult to perceive,
therefore, how microwave fields can affect
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xcitahle biologic membranes at power densities

less than those which would cause thermal effects
[256].
Observations in man. A number of effects in

described [89, 137, 185, 201, 211, 217, 221, 232,
249, 291], most of which are subjective — fatiga-
bility, headache, sleepiness, irritability, loss of
appetite, and memory difficulties. Psychic
changes have been observed that include un-
stable mood, hypochondriasis, and anxiety. Most
of the subjective symptoms are reversible, and
pathological damage to neural structures is
insignificant. Microwaves rarely, if at all, cause
hallucinations, syncope, adynamia, and other
manifestations of the so-called diencephalic
syndrome. It has been pointed out that much of
the work is based on subjective rather than
objective findings [219]. It should be noted that
individuals suffering from a variety of chronic
diseases may exhibit the same dysfunctions of the
central nervous and cardiovascular systems as
those reported as a result of exposure to micro-
waves.

Soviet and other East European investigators
have contributed most of the reports on human
effects of RF and microwave energies; the
greatest emphasis is on effects produced at less
than thermogenic power flux densities (< 10
mW/cm?). According to these authors, the
responses of an organism to microwaves are
directly or indirectly referrable to the central
nervous system [91, 187, 192, 221, 232].

Neurasthenia syndromes. The observed neur-
asthenic effects from electromagnetic radiation
have been organized into categories by wave-
length, organ system, or clinical syndrome. Many
of the reports in man can be classified as:
(a) neurasthenic syndrome, (b) autonomic vago-
tonic dystonia, and (c) diencephalic syndrome
[65]. Drogichina et al [68] report all three classes
of symptoms in personnel subjected to microwave
fields of a few mW/cm2 The basic symptom-
atology and neuropathology underlying all these
syndromes is reportedly due to the functional
disturbance created in the central nervous sys-
tem caused by reported nonthermal mechanisms.
These effects do not result from an observable rise
in body temperature, and are reported to occur

at levels far below those required to produce a
temperature rise. The symptoms are manifested
by weakness, fatigue, vague feelings of discom-
fort, headache, drowsiness, palpitations. faint-
ness, memory loss, and confusion. Such syn-
dromes are completely reversible in most cases,
with little or no time lost from work [217]. In
contrast, other authors emphasize the resultant
time lost from work, and necessary hospitaliza-
tions [90, 91, 158]. One author reported that
physical activity in both organized and un-
organized forms modifies the incidence of func-
tional cardiovascular disorders in radar oper-
ators, but he stresses environmental factors and
job immobility as contributing to the incidence
[71].

Clinical observations of humans exposed to
microwave fields have suggested that motor
effects may be accompanied by sleep disturb-
ances, lower resistance to fatigue, increased
irritability, and memory concentration deficits
[72, 137, 248, 249, 267]. Kevork’yan [137] reported
that workers exposed to moderate intensity
microwave fields are prone to a syndrome that
includes sleep disturbances, memory changes,
and fatiguing rapidly under work requiring men-
tal concentration. Sadchikova and Orlova [249]
also found general debility, listlessness, and
increased irritability in individuals chronically
exposed to low-to-moderate intensity microwave
fields in an industrial environment. They classi-
fied the people according to exposure: (1)
periodic to 3—4 mW/cm?, (2) periodic to less than
1 mW/em?, and (3) constant to less than 0.1
mW/cm2. In group (1), a vagotonic reaction was

.observed with symptoms of bradycardia, and

prolongation of intra-auricular and intraventric-
ular conduction. In those exposed continuously,
group (3), the result reported was an asthenic
syndrome with irritability. The control group,
apparently, was not composed of matched
workers, but of a group of college students be-
tween the ages of 25 and 40.

In regard to the question of neurasthenic
responses, Cohen and White [52] have presented
an extensive review of neurocirculatory asthenia
(NCA) as a clinical syndrome that has implica-
tions in assessing the reported effects of low-
level microwaves. Neurocirculatory asthenia
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presents as a familial disorder with a mean age
of onset of 26 years (range 25-35 years). Twice
as many cases are presented in females compared
with males. The authors relate that onset of the
syndrome in predisposed individuals is usually
precipitated or made worse by emotion-provoking
circumstances, medical illness, unaccustomed
or hard muscular labor (particularly if involun-
tary), pregnancy, and in various situations in
military service. Exact etiological relationships
are unknown, but point toward environmental
influences and familial predisposition.

It is relevant to point out that the effects re-
ported by East European investigators have not
been observed in the West, even at higher ex-
posure levels. It is important, therefore, that
thorough, well-controlled experimental and
clinical investigations be undertaken to determine
the presence of these reported effects, the levels
of exposure at which they occur, and the extent
to which they represent a hazard to the individual.

Olfactory-optical apparatus. Alteration of
olfactory thresholds was found in occupationally
exposed individuals in fields between 30 MHz and
300 GHz, which suggests sympathetic and para-
sympathetic inhibition [82, 87, 88, 130, 167].
Some reduction in the excitability of the olfactory
and optical analyzers has been reported in
workers [88, 167]. Increase in olfactory threshold
[82, 130] and curtailment of chronaxie [130]
have also been reported. Lobanova and Gordon
[167] found lower olfactory sensitivities among
358 workers exposed to microwaves than among
members of a control group. Among experimental
subjects exposed continuously to power densities
up to 1 mW/cm?, the lowest sensitivity was in
those exposed less than a year, or more than 6
years; among subjects exposed periodically to
power densities up to several mW/cm?, the sen-
sitivity decreased with increased exposure time.

Cortical  activity. Electroencephalographic
examination has revealed various cortical altera-
tions. Under the influence of weak, chronic
microwave action, excitability and reactivity of
the cerebral cortex decreased [302]; slow activity
during the alpha rhythm was maintained; length
of the latent period of awakening increased; and
listlessness, sometimes of a paradoxical charac-
ter, occurred [298]. The most pronounced changes

were observed in persons with severe symptoms
from The
character of the changes (generalized paroxysmal
activity), according to the authors [85], indicates
functional damage at the mesodiencephalic
level. Kolesnik and Malyshev [148] reported that
accidental exposure of a man’s head and upper
trunk to 10000 MHz, 10 mW/cm? for 15 min re-
sulted in asthenia and on the EEG he showed
lowered voltage, a rapid beta rhythm, and a slow
theta rhythm.

Sensory effects. Sensory effects have also been
reported in humans exposed to RF. When Grin-
barg [100] applied the electrical field of 50 MHz
energy through electrodes, the threshold for
pain was raised. Sheyvekhman [271], using elec-
trodes to apply the electrical field of 50 MHz
energy for 5 min to human heads, found auditory
threshold changes in the exposed individuals.

Frey [78, 79] has reported that individuals can
detect pulse-modulated electromagnetic energy at
wavelengths of 10 to 70 cm and at average power
densities of 0.4 to 2.1 mW/em?. The reported
sensations were usually auditory in nature and
described as hissing, buzzing, or clicking sounds.
Frey [80] believes that modulation is necessary
for perception of microwaves. There is no evi-
dence that this auditory sensation constitutes
a risk of injury. Considering that many sources
of auditory sensation exist in the normal environ-
ment and are not considered hazards, more
evidence of hazard is required. This phenomenon
is apparently not due to direct stimulation of
neural fibers or cortical neural tissue but rather
to stimulation of the cochlea through electro-
mechanical field forces by air or bone conduction
[108, 276]. Vogelman [307] points out that
significant though inefficient rectification of
microwave energy may be possible in vivo.

Proposed mechanisms of neural effects.
Presman [231, 232] suggests that resonant
absorption at super-high frequencies (GHz
range) could cause transitions of molecules,
especially protein molecules, to excited states.
He also discusses changes in the Na* to K*
gradient across cell membranes, because of
different effects of microwaves on degrees of
hydration of these ions, as well as changes
in cell permeability by the disruption of protein

the action of centimeter waves.
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hydration in the cell membrane. It must be
emphasized that all this is speculative, with no
experimental data given in support [221].
Presman [231] has also stated that the changes
in functions of the nervous system produced by
microwaves are not specific. Such changes are
produced by any means of stimulation or varia-
tion of the excitability of the peripheral and
central parts of the nervous system. Hence,
naturally it can be assumed that the action of
microwaves under this system may be due to
stimulation or variation of the excitability of

the nervous tissues. The elucidation of the

physical and chemical mechanisms of micro-

waves on excitable structures involves con-
siderable difficulties, since the physical-chemical
mechanisms of excitability of living tissue in
general is still far from clear.

MacGregor [180], who reviewed briefly some
of the literature on influence of microwaves
on the nervous system, suggested possible
mechanisms of low intensity microwave in-
fluence on neural function [180, 181]:

A. Direct effects (primary effect on ap-
paratus for neuroelectric ionic fluxes).
1. Direct influence on ionic currents
leading in turn to influence on trans-
membrane potentials in nerve cells.
2. Localized heating.

a. change membrane properties,
thereby disrupt transport pro-
cesses;

b. induce convection currents,
thereby disrupt transport
processes;

c. affect processes of synaptic
transmission;

d. affect processes of excitable
membrane.

3. Chemical or structural change in
components of membrane, or in
apparatus of synaptic mechanisms
or of excitable membrane.

B. Indirect effects.
1. Primary effect on cell metabolism.
a. alter by heating or by structural
change, properties of membrane,
thereby disrupting nutritional
transfer;
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b. cause structural change in an
enzyme or any critical molecule
at any stage of metabolic cycle;

c. alter by localized heating, pro-
cesses of metabolism at any
critical stage.

2. Primary effect reflects stress.

a. neural response to disruption of
any  neuroendocrine  control
system;

b. neural response to disruption of
any physiologic process;

c. neural sensory response to field
directly or to localized tempera-
ture disturbances.

C. Disruption by any physical mechanism
of hypothetical glial or electromagnetic
organic control systems.

MacGregor [181] suggests that intracranial
electrical fields associated with low-intensity
microwave irradiation may induce transmem-
brane potentials of tenths of millivolts (or more)
and that, therefore, such externally applied
fields may disturb normal nervous function
through this mechanism. On the other hand
(already been pointed out), 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. Peripheral nerves heated
above a minimum level may trigger spontaneously
[173].

Schwan [256] has noted that membranes are
short-circuited by currents of frequency above
100 MHz. The electrical field strength which
exists in a nerve membrane is about 500 kV/cm.
The field strengths applied by a microwave
field to the human body are infinitely smaller,
and hence, cannot evoke stimulation.

Many investigators do not accept the possi-
bility of nonthermal neural stimulation, and ex-
plain these effects entirely upon local heating.
Pinneo et al [225] postulated that many so-
called nonthermal effects may actually be specific
thermal effects on certain neural structures.
They examined the thermal stimulation of periph-
eral nerves exposed to 3000 MHz and 10000
MHz microwave radiation and infrared energies.
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Their experiments showed that all three sources
of energy produced the same effects on the
central nervous system. They suggested that
experiments purporting to show nonthermal
effects should be examined with the possibility
in mind that a thermally induced neurophysiologic
response may have occurred.

McAfee [171] feels that the neural effects of
microwave stimulation are due solely to the ther-
mal effects of the radiation and that these effects
arise from stimulation of afferent pathways of the
peripheral nervous system structures. Studies
by McAfee and associates [171, 172, 173, 174,
176} provide convincing evidence that the pre-
sumed nonthermal effects on CNS from micro-
waves are a result of thermal stimulation of
peripheral nervous structures. Studies claiming
CNS effects of microwaves should include con-
trols for possible peripheral nervous system
effects such as those described. These studies
provide an explanation for behavioral effects
in terms of responses evoked by microwave-
induced heating of afferent nerve fibers, and
further demonstrate errors that can be en-
countered when comparing responses obtained by
irradiation of different regions of the animals.
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.

It is apparent that the reports which claim the
existence of nonthermal effects are equivocal.
Additional research is needed, especially from
a more quantitative point of view, to clarify this
point. Specific effects quoted in the literature
are biologically interesting but have not been
clearly shown to be related to symptoms in man
[245].

Regardless of what the mechanisms are, the
important point is whether or not the effects
attributed to these mechanisms do indeed exist,
and if they exist, to what extent they represent
harm to the organism. The East European investi-
gators obviously feel that the effects they report
are due to nonthermal interactions and warrant
consideration. This is reflected in the East
European standards for personnel exposure.

Standards

To insure uniform and effective control of
potential health hazards from RF and microwave
exposure, it is necessary to establish standards
or protection guides. Similar to most biologic
processes, there is a certain range of levels
between those that produce absolutely no effects
and those that produce detectable effects.
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. In
establishing 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. A more
detailed discussion of microwave exposure
standards is presented by Michaelson [190, 191}
and Schwan [257].

There is no evidence of hazard to man from RF
and microwaves under normal conditions of
operation and exposure. Nevertheless, ‘concern
has been aroused about the safety of personnel
in intense RF fields close to transmitting anten-
nas operating in the MF/HF bands. Such en-
vironments are, in general, of a near-field type
which preclude the measurement of power flux.
In the frequency bands below 30 MHz, the
potentially hazardous environments are generally
within this complex (near-field) region [243].
Since hazard evaluation in this frequency range
is a function of measurement in the near-field,
attention should be paid to the problems inherent
in such measurement.

The first proposal for 10 mW/cm? as a protec-
tion guide for microwaves was made to the US
Navy by Schwan in 1953; it was based on simple
physiologic considerations. The amount of heat
which the human body can transfer to the exter-
nal environment is, under normal circumstances,
about 0.01 W/cm? body surface which may be
raised about tenfold under very favorable circum-
stances. 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 {262, 263].

These considerations, and the extensive body
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reviewed by a committee of the American
National Standards Institute (ANSI) which, in
1566, recommended 10 mW/cm? as
[250]:
For normal environmental conditions
and for incident electromagnetic energy
of frequencies from 10 to 100 000 MHz
the radiation protection guide is 10
mW/cm? as averaged over any possible
0.1 hour period.

tha
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This standard permits a maximum power
density of 10 mW/cm? for 0.1 h or more; and a

maximum energy density of 1 mW h/em? during
any 0.1-h period. This guide applies whether the
radiation is continuous or intermittent and is
intended for the general public as well as workers.
Guides and exposure levels in force todav
appear to be entirely safe. So far, there is no
documented evidence of injury to military or
industrial personnel, or the general public, from
the operation and maintenance of radars and
other RF and microwave-emitting sources within
the 10 mW/cm? limit of exposure. A compilation
of various standards is presented in Table 3.
Rogers and King[243] suggest that under plane-
wave (far-field) conditions the body could endure
an RF radiation power density greater than

TABLE 3.—Recommended Maximum Permissible Intensities for Radio-Frequency Radiation

Maximum permis- Frequency (MHz) Country or source Specifications
sible intensity
10-100 000 ANSI 1966; Canada 1966 1 mWh/cm? for each 6 min
30-30 000 Great Britain 1960 Daily exposure
US Army and US Air Force 1965 10 mW/cm? cont. exposure
10 mW/cm? France (military) 1969 10-100 mW/cm? lim. occup.
100-100 000
. 6000
Min. = XmW/omip
Sweden 1961 occupational
German Fed. Republic 1962
all Sweden 1961 General public
France 1969 prolonged occupat. exp.
1 mW/cm?2 -
> 300 USSR 1965; Poland 1961 1520 min/d
(protective goggles required)
0.1 mW/cm? > 300 USSR 1965; Poland 1961 2-3 h/d
0.025 mW/cm? > 300 Czechoslovakia 1968 (CW) 8 h/d (occup.)
0.01 mW/cm? > 300 USSR 1965 workday
Poland 1961 workday
Czechoslovakia 1968 (pulsed) 8 h/d (occup.)
20 V/m E field 0.06-30 USSR 1965
5 A/m H field
10 V/im 30-300 Czechoslovakia 1968 (pulsed) 8 h/d (occup.)
5V/m 30-300 USSR 1965
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10 mW/cm? (E; =200 V/m) for frequencies in
the HF band and suggest that an electric field
strength of 1000 V/m can be considered the safe
limit for continuous daily exposure to RF radia-
tion in the range below 30 MHz. Schwan {257]
points out, in his review of microwave radiation
and standards criteria, that there are circum-
stances where standards based on flux levels
fail. This happens in the presence of complex
field patterns, i.e., in the near-field of antennas
or in the presence of several fields generated by
different transmitters or by reflecting surfaces.
He suggests that under these circumstances, a
tolerance current density in tissue of 3 mA/cm?
may well serve as a better guide for work-related
exposure in complex fields. This current density
for simple fields corresponds to a flux of 10 mW/
cm? between 100 and 1000 MHz. Therefore,
protection guide numbers may be:

(a) 3mA/cm? for frequencies above 10

MH:z
(b) 1 mA/cm?
KHz to 10 MHz

for frequencies below 10
KHz

In the USSR, maximum permissible intensities
or recommended protection standards, estab-
lished in 1959 (Provisional Sanitary Rules for
Work with Centimetric-Wave Generators, USSR
Ministry of Health, 1959), are based on observa-
tions of reactions reported from low-level ex-
posure to RF or microwaves. These levels are
indicated in Table 3. An intermittency correction
factor of 10 has been proposed for intermittent
radiation when radiating devices are used in
circular- and sector-scanning modes [221]. In
addition, levels of exposure differing by one order

(c) 0.3 mA/cm?

3 Although most East European countries follow the Soviet
standard, Czechoslovakia, since 1968, permits a relaxation
of 2.5 for CW emission, i.e. 0.025 mW/cm? in contrast to
0.01 mW/em? for pulsed systems. In June 1973 Poland
revised safety standards for radio-frequency radiation in the
range of 0.3-300 GHz. The new standards enacted under
Public Law No. 153 permit unlimited exposure of humans
to field intensities of 0.01 mW/cm2, Eight h/d exposure is
permitted for intensities up to 0.2 mW/cm? for stationary
fields and 1 mW/cm? for rotating fields. Exposures up to
10 mW/cm? are permitted for short periods (11.5 s in a sta-
tionary field; 4.8 min in a rotating field). Exposures greater
than 10 mW/cm? are prohibited without approved safety
equipment.

for frequencies from 10-

of magnitude are permissible because of possible
field gradients and limits of accuracy of the
measuring apparatus [90].%

The divergences between US and East Euro-
pean standards are, to a great degree, due to
differences in basic philosophy— differences
which appear in industrial hygiene and basic
scientific research. The standard used in the
US and most other countries is, as already noted,
based on the amount of exogenous heatload
which the body could tolerate and dissipate
without any resulting rise in body temperature.
This tolerance level was calculated to be 10 mW/
cm? for continuous exposure. In contrast with US
standards, the USSR maximum permissible ex-
posures are based on asthenia syndromes re-
ported by workers in the microwave field.

There is no evidence in Western world scien-
tific literature that the present US standard of
10 mW/cm? represents a hazardous exposure
level. If the general philosophy of industrial
hygiene in the United States is considered, that
for every toxic substance there exists a concen-
tration or level below which no injurious effects
will result and that not all effects represent
hazards, this position becomes even more sound.

According to Magnuson et al [182], the indus-
trial hygiene philosophy of the USSR basically
consists of:

(1) The maximum exposure is defined as that
level at which daily work in that en-
vironment will not result in any deviation
in the normal state, as well as not result
in disease.

(2) Standards are based entirely on presence
or absence of biologic effects without
regard to the feasibility of reaching such
levels in practice.

(3) The values are maximum exposures
rather than time-weighted averages.

(4) Regardless of the value set the optimum
value and goal is zero.

Maximum permissible exposure (MPE) values
are not rigid ceilings but, in fact, excursions
above these values within reasonable limits are
permitted and the maximum permissibles rep-
resent desirable values for which to strive rather
than absolute values to be used in practice.

In view of the basic differences in industrial

REPRCDUCIBILITY OF THE
ORICILILL PAGE IS POOR
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hygiene philosophy, it does not appear that the
standards used in the US and USSR are as
irreconcilable as would appear.

Protective Measures

Recommendations for protection against
injurious levels of RF are described in various
publications [94, 154, 221, 229, 239, 240, 268,
312]. These protective meastires are for individ-
uals and groups, by means of protective clothing,
goggles, and shielding materials, and are based

on technical and organizational principles.

EFFECTS OF ELECTRICAL FIELDS

The effects of static electric fields (SEF)
and low-frequency (60 Hz) electric fields, dis-
cussed in this section, are of particular interest.
Reports on biologic effects of SEF have been
reviewed by Novitskiy et al [211], who note that
woodworking, paper, and other
industries, static electric charges are formed and
accumulated from friction of materials with
high dielectric properties. The number of people
working in a static electric field increases as
direct current, super high-frequency electro-
transmission lines (400 to 750 kV) are put into
production. Studies on animals [44, 46, 131, 227]
indicate that SEF, if it does have a biologic
effect, is quite weak and unimpressive. In dis-
cussing the biologic effects of electric fields,
it is important to distinguish between where the
body is in contact with two conductors at dif-
ferent potentials (two-contact case), and where
the body is in an external electric field, insulated

in textile,

from conductors (no-contact case). The latter is
of primary concern in this section. A brief discus-
sion of the two-contact case may be helpful,
however, in understanding the no-contact case.

When the body is in contact with two con-
ductors at different potentials, current flows
through the body. The biologic effects of “‘electric
shock” have been discussed in a number of
reviews [58, 59, 60, 133, 134, 135, 258]. Typical
threshold values for 50-60 Hz currents lasting
a few seconds are given in Table 4. The threshold
for sensation is approximately 1 mA total body
current. At approximately 10 mA the “let-go”
threshold is reached, a level characterized by loss

TABLE 4. —Threshold Levels for Electric

Currents?
Human reaction Total body Current density
current
Sensgation 1 mA 0.1-1 mA/cm?
Let-go 10 mA 0.1-1 mA/cm?
Fibrillation 100 mA about 1 mA/cm?

! Adapted from Schwan [258].

of ability to let go of a hand-held live conductor.
A current of approximately 100 mA through the

torso causes ventricular fibrillation in man
which could result in death [258]. Keesey and
Letcher [134, 135] recommend a safety threshold
of 5 mA for the average person including children.

Organs vary greatly in sensitivity and pathologic
response to electric currents. Organic damage to
the nervous system occurs in that portion of the
brain or spinal cord where the current passes
through. It is not specific and sometimes similar
to that found in other types of cerebral injuries.
Current effects on the skin are twofold: first,
in passing through the skin, electric energy is
transformed into heat which alters the structures
along the path of the current; second, free dis-
charge causes formation of electric sparks which
leads to formation of third degree burns. Death
from electrical injuries is usually due to cardiac or
respiratory arrest. In most instances, cardiac
arrest results ventricular fibrillation.
Respiratory arrest may be due to direct effects
of the current on the respiratory center, or
secondary to hypoxia of the cells of the center
due to inadequate perfusion as a result of the
ventricular fibrillation [76].

At the cellular level, biologic effect is a function
of current density rather than total body current
[84, 258]. A safety threshold of 5 mA would
correspond to a current density somewhere
between 0.1 and 1 mA/cm? [258].

In the no-contact case, an alternating field
gives rise to a flow of current within the body.
Schwan [258] has considered the possibility of
low-frequency fields giving rise to dangerous
current densities in the body. He showed that
current density would be proportional to both
field strength and frequency. His results, in
Table 5, indicate that the field, to cause dangerous
current densities, is two orders of magnitude

from
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TABLE 5. —External 60 Hz Fields Required to
Produce Dangerous Current Densities in the Body?

Current density Field strength

0.1 mA/cm? 1 MV/cm
1 mA/cm2 10 MV/cm
Air breakdown 30 KV/cm

1 Adapted from Schwan [258].

higher than the field strength at which air breaks
down as an insulator, and sparking occurs.

A body of literature, nevertheless, indicates
that there are biologic effects when animals are
exposed to stationary and low-frequency electric
fields. This literature has been reviewed by
Novitskiy, Gordon, Presman, and Kholodov
[211]. A wide range of physiologic effects has
been reported, including changes in blood
indices, heartbeat, and respiration, ranging in
severity up to anaphylactic shock following re-
peated exposure, and to death. Widespread
morphologic changes have also been reported.
Field strengths at which effects were noted varied
from approximately 50—-5000 V/cm, with most
reported field strengths between 200 and 2000
V/em. For the most part, this work is difficult to
interpret, since frequently, field strength and
frequency are not specified, and in many cases
the fields were pulsed rather than continuous
wave.

In sharp contrast to the above-mentioned work,
in a study by Knickerbocker, Kouwenhoven, and
Barnes [147], 22 male mice were exposed to a
60-Hz field of 4 kV/in (1.9 kV/cm) for 1500 h
during 10Y, months. Careful observation failed
to reveal any effect on the general health, be-
havior, or reproductive ability of these animals;
necropsies performed after exposure failed to
show any pathologic effects.

A number of studies carried out on persons
occupationally exposed to high electric fields
[211, 252] describe complaints such as listless-
ness, excitability, headache, drowsiness, and
fatigue — attributed to exposure to high electric
fields. The problem in interpreting such findings
is that it is often difficult to determine which
factors in the working environment are respon-

sible for the observed symptoms, since all are
noted in various occupational settings. Ulrich and
Ferin [303] have suggested irregular shifts
(i.e. night work) and dry air as possible factors
in the initiation of the signs and symptoms cited.

Kouwenhoven et al [152, 153] have studied
linemen, many of whom had spent several years
working on high-voltage transmission lines.
They found no physical, mental, or emotional
effects which could be attributed to exposure to
high electric fields.

In summary, neither animal experimentation
nor clinical studies so far have provided clear
evidence for harmful effect of human exposure
to stationary or low-frequency electric fields.
Until such evidence is found, the obvious
dangers of electrical sparking should determine
the limits of safe human exposure.

EFFECTS OF MAGNETIC FIELDS

A great amount of information has been ac-
cumulated during the last decade on the biologic
effects of magnetic fields. Although all these
works are not of equal value, the large number
indicates the rapid development of this field
[211]. In recent years, summary articles have
appeared discussing questions on magnetobiology
in detail [12, 13, 19, 20, 23, 24, 31, 41, 42, 43,
53, 83, 102, 111, 141, 210, 232].

In traveling to outer space, astronauts will
leave not only the Earth’s gravitational field, but
also its familiar geomagnetic environment.
Fortunately, unlike the
it is possible to create various magnetic environ-
ments in limited volumes on the Earth. With the
aid of special coils or shielding materials, such
systems can be used to study the possible
effects of magnetic conditions along different
paths of future spaceflight trajectories ([83).

The existence of biologic effects of magnetic
fields is now well-documented. Biomagnetic
effects have been reported in a variety of sys-
tems [103, 211] that include bacteria [114],
cell cultures [69, 206, 238], insects [51, 206, 285],
plants [70], and other organisms, as well as mam-
mals including man.

A few physical concepts may be helpful in

zero-g environment,
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understanding biomagnetic phenomena. Unlike
external electrical fields (no-contact case),
magnetic fields easily penetrate biologic materials
so that the entire specimen experiences the field.
In the case of a uniform field, the entire specimen
experiences nearly the same field. In the case
of a gradient field, the field becomes progres-
sively stronger from one side of the specimen to
the other.

Table 6 lists several possible interactions
suggested as significant in causing biomagnetic
effects. There is little direct evidence, however,
to establish the significance of any of these mech-
anisms. In the case of gradient fields, para-
magnetic substances may be attracted toward
the stronger field and diamagnetic substances
toward the weaker field; this phenomenon is
not possible in uniform fields. In the case of
alternating magnetic fields, indirect effects may
be caused by magnetically induced electric
currents.

TABLE 6.— Possible Mechanisms for Biomagnetic
Effects?

Type of reaction Reacting agent

Transient free radicals
Membranes

Neuronal function
Hormone secretion

Interaction

Diffusion
Semiconductor effects
Rate changes

Bond angles distortion Enzyme-substrate
Rotational polarization Specific reactive sites
change molecules

Rate change Quantum proton tunneling in

DNA (genetic code effect)

Segregation Paramagnetic and diamagnetic
substances (gradient fields)
Induction Electric currents (alternating

fields)

! Adapted from Barnothy [13].

Relatively little is known about the specific
eftects on man of high- and low-intensity mag-
netic fields. Past studies in magnetobiology have
been directed mainly toward determining the
effects of magnetic fields that differ from those
of the geomagnetic field in animals, plants, and
simple chemical systems. Review of this material
is available [42].

Since man has evolved in the Earth’s geo-
magnetic environment, it is plausible to assume
that removing him from this environment could
have detrimental effects {83). Very few human
exposures to a magnetically quiet environment
have been reported. A certain amount of ex-
perience, however, has accumulated during
ordnance work inside degaussing coils. A health
survey of personnel exposed to an almost mag-
netically quiet environment during most of their
working days for seveéral years revealed no ail-
ment traceable to this unusual environmental
exposure [22]. Effects are summarized in Table 7.

TABLE 7. —Effects of Magnetic Fields on Man!

Magnetic field Time Effect on man?

Alternating Visual sensations — phos-
phenes

Nonchanging—up| 15 min No sensation in part or

to 20 kG entire body exposure
5 kG less than No aftereffects
3 dfyr
man-!
1 After Beischer [26].

2 Taste and pain sensation caused by interaction with fillings
of teeth sometimes described.

Animals have been experimentally exposed to
very high fields. Beischer [25] exposed mice to
uniform fields of up to 120 000 gauss * (G) and to
a field of 45 000 G with a gradient of 7000 G/cm.
Exposures were for 1 h. No changes were ob-
served in either growth rate or hemogram for
8 months after exposure. More detailed experi-
ments were carried out with squirrel monkeys
in high fields. Changes were noted in the monkeys’
electrocardiograms [27, 28] and electroencephalo-
grams. Kholodov et al [142] have also reported
changes in the EEG of rabbits exposed to fields
of 800 oersteds (Oe). In terms of health hazards,
the significance (if any) of these changes in ECG
and EEG has not been established.

4Field strengths are commonly given as flux density (B) in
gauss (G) or as field intensity (H) in oersteds (Oe). For pur-
poses of this chapter the two measures may be considered
numerically equivalent.
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According to Beischer [26], in prolonged
exposures (days to weeks), effects apparently
are due to the gradual accumulation of physical
and biochemical imbalances. Several effects
reported in animals exposed to moderate fields
(1000-10 000 G), for several days to several
weeks, include growth retardation, hematologic
changes [10], morphologic changes [14], and
delayed wound healing [105]. It has been sug-
gested [9] that these effects may be due to in-
hibition of mitosis, and that rapidly dividing
tumors might be especially sensitive to the
effects of magnetic fields. Experiments with
tumor-bearing mice have given promising results
[9, 11, 104], and the possibility of using magnetic
fields in human cancer.therapy should be given
serious consideration.

The evidence of possible mutagenic effects of
magnetic fields is mixed. Close and Beischer [51]
found no genetic effects in Drosophila exposed to
fields up to 120000 G for as much as 1 h. Mulay
and Mulay [206] also failed to observe genetic
effects in Drosophila exposed to fields of 100 to
4000 Oe during one to three generations. On the
other hand, Tegenkamp [285], also working with
Drosophila, reported mutations and deviations
in sex ratio in the offspring of flies exposed to
fields up to 520 Oe for 24 h. Thus, the question
of possible genetic effects remains unresolved.

Evidence that man can tolerate short exposures
to high magnetic fields without apparent ill
effects is indicated by workers in various physics
laboratories in the US who were accidentally, or
in the course of their work, exposed to up to
20000 G for as long as 15 min. The only sensa-
tions noted to occur while in the field were taste
sensations and mild tooth pain reported by some
workers with metal fillings. No aftereffects were
reported [22]. Individuals exposed to alternating
fields have reported visual sensations, termed
phosphenes [22, 211], which are considered an
indirect effect due to induced electric currents.

A set of safety standards for human exposure
to magnetic fields has been recommended by the
directors of the Stanford Linear Accelerator
Center (SLAC). The standards, shown in Table 8,
reflect the results of animal experimentation and
careful observation of personnel at the Center
who were exposed to magnetic fields.

TABLE 8. —Safety Standards for Magnetic Fields
Recommended by SLAC

Exposed part Extende(g) periods Shol'(tm ;ilg;iods
Whole body or head 200 G 2000 G
Arms and hands 2000 G 20000 G

Novitskiy et al [211] have reported on a study
by A. M. Vyalov of 1500 workers occupationally
exposed to magnetic fields. They spent 20—60%
of their workdays with their hands in fields of
350—3500 Oe, and their heads in fields of no more
than 150—250 Qe. A number of general symptoms
was reported, including headache, fatigue, low
blood pressure, and decreased white blood cell
count. A set of specific effects to the hands of a
number of the workers, also reported, included
sweating of palms, high skin temperature, sub-
cutaneous edema, and shedding of skin from the
palms. As a result of this study, Vyalov recom-
mended the safety standards shown in Table 9,

TABLE 9. —Safety Standards for Magnetic Fields
Recommended by A. M. Vyalov?

Exposed part Field Gradient
Whole body 300 Oe 5-20 Oe/cm
Hands 700 Oe 10-20 Oe/cm

! Adapted from Novitskiy et al [211).

which do not differ greatly from the SLAC
standards for exposures of long duration. The
lower value for maximum hand exposure in the
Vyalov standard is probably a result of the
aforementioned hand symptoms.

Very Weak Magnetic Fields

The normal geomagnetic field at the Earth’s
surface is approximately 0.5 G or 50 000 gammas
(1 gamma= 105 G), but varies somewhat both
with geographic locale and with time. The
physiologic significance, if any, of this weak
magnetic field is poorly understood. It is possible
to create an experimental area with almost no
magnetic field either by shielding the area from,
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or compensating for, the geomagnetic field.
Studies of the biologic effects of such magneti-
cally quiet environments are of interest because
of (a) the possibility of harmful effects when man
travels in space, removed from the geomagnetic
field, and (b) scientific interest in the possible
physiologic role of the normal geomagnetic field.

In a number of studies on various organisms
in magnetically quiet environments, various
effects have been reported; this material has been
reviewed by Conley [53]. Only studies on man
will be considered here.

Numerous studies have suggested correla-
tions between various health problems and either
geographic variations in the geomagnetic field
[211], or temporal fluctuations in the magnetic
field in a given area [20, 211]. However, the signif-
icance of these relationships is indeed tenuous.

In two closely related experimental studies
with volunteers in fields of approximately 50
gammas or less [29, 30], six men who spent
10 days in this low intensity magnetic field
remained in good health and felt no ill effects.
Various physiologic and psychologic tests were
administered to detect any effects of the ex-
posure; for the most part, the results were nega-
tive. There was, however, significant change in
the critical flicker or fusion frequency threshold
(CFF), or the frequency at which a flickering
light cannot be distinguished visually from a con-
stant one. These subtle changes in CFF cannot
be considered harmful. They do indicate that
removal of the geomagnetic field has a biologic
effect, and suggest the possibility that longer
exposures might cause more severe effects.

In conclusion, it has been shown that static
magnetic fields have deleterious effects in lab-
oratory animals, but there is little information
relating potential human injury to field strength,
field gradient, and duration of exposure. Given
this lack of information, the recommended
safety standards from SLAC (Table 8) and from
S. M. Vyalov (Table 9) can be regarded only as
tentative guidelines, subject to change on the
basis of new information. Little is known about the
biologic effects of human exposure to alternating
magnetic fields, and meaningful recommenda-
tions for safety standards cannot be made at
this time. Harmful effects have not been apparent

when human volunteers were kept in a mag-
netically quiet environment for up to 10 days.
There is evidence, however, suggesting that the
normal geomagnetic field may have some physio-
logic role, the significance of which is not yet
understood. Removal from the normal geomag-
netic field should be considered as a possible
hazard in future space voyages of long duration.

MECHANISM OF THE EFFECT OF
EMW AND EMF

Since the quantum energy is too small in the
RF and microwave bands to cause rupture of
even the weakest chemical bonds in any biologic
structures, several theories of a molecular mech-
anism of microwave action have been suggested:

a specific thermal effect;

nonthermal protein coagulation resulting
from resonant vibrations of the side
chains in the protein molecules;

pearl-chain effect which involves
orientation of suspended particles;

disturbance of electromagnetic function
regulation.

None of these hypotheses has yet been proved
[222].

The mechanism whereby RF and microwave
energy is absorbed is exceedingly complex,
especially in the heterogeneous structures of a
living organism. In accordance with the electrical
properties of human tissues (dielectric constant,
loss factor, conductivity), and varying with the
particular frequency, RF energy can be ab-
sorbed by energy loss due to ion conductivity and
dielectric loss due to relaxation of the dipole
molecules of water. As electromagnetic oscil-
lations increase, so does this latter phenomenon
increase in importance. The result is that electro-
magnetic energy is turned into heat energy at the
expense of the regulating oscillation of the water
molecules and ions [91]. It is thought, too, that
there may be a resonant absorption of radiation
by protein molecules at super high and ultra-
high frequencies [305]. Damage to functioning
of the cell’s membrane apparatus may be the
primary mechanism of action of electromagnetic
energy absorption [211].



438 PART 3 RADIANT ENERGY FROM SPACE—EFFECT ON THE ORGANISM

It may be assumed that the microwave field
intensifies or suppresses metabolic processes
(for example, tissue respiration) by influencing
enzymatic activity. It has been demonstrated
experimentally that metabolic changes are
sensed by chemoreceptors. Consequently, infor-
mation should then proceed to the CNS when
there is surface microwave absorption (A less
than 10 cm) [222].

Presman [231, 232] has suggested that electro-
magnetic fields give rise to a regulatory process
in the living organism (alongside the nervous
reflex and humoral processes), i.e., that intracellu-
lar processes are controlled, along with inter-
actions of organs and systems. Proceeding from
these considerations, it is possible that this regu-
latory mechanism might be disturbed under
microwave irradiation. Subbota and Kovach
[282], however, do not concur, since there is
no proof of the electromagnetic wave functional
regulatory mechanism in the organism.

A specific (e.g. nonthermal) microwave effect
has not been verified experimentally. Since
biologic objects are electrically heterogeneous
and since microwave-range electromagnetic
fields 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 extra-
thermal factor, but might well be a function of
an uneven distribution of heat in the organism
that could exert its own peculiar effect. The
alleged nonthermal microwave effects may well
be microthermal effects in the absence of con-
clusive experimental evidence to the contrary
[217]. Investigations reported to show neurologic
effects at nonthermal microwave intensities do
not indicate clearly whether the changes pro-
duced by microwaves are due to generalized
thermal effects, or to more specific influences on
particularly vulnerable tissues. The lack of pre-
cise temperature-measuring or power-density
measurement devices may play a part in the
assumption of nonthermal or specific micro-
wave effects.

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. Studies by McAfee
[173] indicate that thermal stimulation of the
peripheral nervous system may produce the
neurophysiological and behavioral changes
reported.

According to the best evidence available, the
most important effect of microwave absorption
is the conversion of the absorbed energy into
heat, which, under proper physical and physio-
logical conditions, may manifest itself by a
temperature rise which is a function of the
thermal regulatory processes and active adapta-
tion of the animal. The end result is either re-
versible or irreversible change depending on the
conditions of irradiation and physiologic state of
the individual.

On the basis of published material on the bio-
logic effect of low-frequency electric fields (EF),
it is difficult to reach a conclusion about the
biophysical mechanism of the effect of EF. There
are contradictory data about the frequency-
selective character of the biologic effect of EF,
but there are still no data about the relation of
the biologic effect to intensity and duration of
EF action over a wide range of parameters [211].

Physiologic systems, from an electrical point
of view, are assumed to be a combination of
resistors and capacitors. When a steady direct
current is passed through tissue, the tissue
behaves like a simple electrolytic resistance path.
In the presence of electrical currents, the body
behaves like an electrochemical system. On the
other hand, for anatomical reasons such as the
presence of membranes, it generates potential
differences between different parts of the body.
Therefore, when considering the possibility of
electric currents acting on the body, the end re-
sult will be integration of the intrinsic currents
plus the externally applied currents [76].

When animals, isolated organs, neoplastic and
non-neoplastic tissue cultures, and simple chemi-
cal systems have been exposed to high magnetic
fields, a great variety of biologic effects has been
produced [42]. So far, no definite magnetic
dose-effect relationship has been established.
Effects have been predicated on the basis of
field strength alone, as well as on the inhomoge-
neity of the paramagnetic strength of the field.
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The mechanisms proposed for the biologic
action of magnetic fields, reviewed by Busby
[42] and Grissett [102], include:

(a) generation of electromotive force in
moving conduciors;

{(b) force exerted on moving charge carriers
at critical sites;

(c) diamagnetic and paramagnetic effects—
an impressed magnetic field alters the
orbital character of electrons in a man-
ner so that the magnetic field produced is
in opposition to the externally applied
field;

rotational diffusion—an increase 1n
magnetic field will reduce rotational dif-
fusion and a decrease will enhance rota-
tional diffusion leading to decrease in bio-
chemical reaction rates;

«

~—

(e) alteration of bond angles, which may in-
fluencc chemical reaction rates;

(f) alteration of tunneling rate of protons in
hydrogen bonds of macromolecular
systems.

PROBLEMS REQUIRING FUTURE
RESEARCH EFFORT

Since the intrusien of man into space involves
drastic changes in his environment—changes
which can range from reduced magnetic fields to
very high fields created in the spacecraft (which
may also include radio-frequency effects)—it is
important to assess the need for research in
these areas as related to space biology. Investi-
gations in these areas are difficult. Definitive
experiments that can be demonstrated readily
afid repeatedly and, hopefully, understood are
lacking. It is a fact that any biologic consequence
of a field, particularly if it is a weak field, is quite
remarkable. Because of the challenging nature,
it is most important that good, repeatable,
readily demonstrable effects be sought and found;
these effects need not be a great number, but
must be unambiguous {277].

In general, the distinctive feature of the action
of electric and electromagnetic fields is the de-
pendence of the field effectiveness on the

geometry of the object being affected. It is
necessary, therefore, to know the physical
properties of the object of study [211].

It is not always possible to use generally
accepted electrophysiologic methods in studying
the influence of microwave fields on the organism,
since the sensors (electrodes, thermocouples)
can act as receiving antennas so that substantial
high-frequency voltages are induced during
irradiation. These voltages may give rise to
secondary but sometimes very strong stimuli
ranging up to thermal coagulation of protein
in tissues. Unfortunately, investigators have, at
times, overlooked this [222].

In experimental studies on animals, it must
be remembered that changes in the organism
depend, to a major degree, on the geometric
dimensions of the animals, due to the depth of
penetration of microwave energy which varies
with wavelength. It is known that at a given
wavelength (for example, A=10 cm), vitally
important organs in mice and rats may absorb
the electromagnetic energy, while in dogs and
especially in man, almost all of this energy is
absorbed by the superficial tissues of the head,
thorax, and abdominal wall. The brain, heart,
and other vital organs may escape direct irradia-
tion in these cases [222].

The features of the microwave effect on
the organism are known at present only for
certain discrete points in the electromagnetic
spectrum. Information on the mechanism
of action on various organs and organ systems
is incomplete, and little study has been directed
toward the peculiarities of the microwave effect
on the permeability of cell membranes, tissue
respiration, and other organic functions. Very
little attention has been given to the combined
influence of electromagnetic energy and various
environmental factors (high temperature, oxygen
deficiency); time-intensity relationships, the
type of modulation, and other parameters
should also be taken into account [222].

Since most reported low-level effects relate to
behavioral and CNS changes, studies are needed
to determine the nature and mechanism(s) of
the nervous system’s reactions, if any, to electro-
magnetic and magnetic fields and to investigate
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the degree to which the individual’s performance
capabilities may be affected. The neuroendocrine
and central nervous systems, because of their
important integratory and regulatory functions,
should be given attention as possible sensitive
areas. The question whether reported CNS
changes in man, if they are validated, would be
important enough to affect his performance
at the low permissible doses, which do not
endanger his health and comfort, should be
resolved [83].

In any assessment of the hazards of exposure
to nonionizing electromagnetic energy, it is
extremely important to use a team approach
of physical and biologic scientists working
together. Physical scientists include individuals
well-grounded in electromagnetic field theory
and electronics. Biologic scientists include
those with experience in genetics, behavioral
sciences, physiology, biochemistry, and path-
ology, as well as individuals with broad or
horizontal training in human or veterinary
medicine. The physical scientists and biologic
scientists should be complemented with bio-
physicists who provide a bridge between these
two major orientations.

Specitically, the problem of dosimetry is over-
riding, for interpretation of biologic research is,
without question, dependent on good dosimetric
measurement. In addition to accurate measure-
ment of the ambient electromagnetic fields,
the amount of energy actually deposited in the
tissue under investigation should be determined.
Therefore, there is need for an accurate general
purpose reader, the development of implantable
probes should be encouraged, and an integrating
dosimeter would be of considerable utility in
hazards assessment. In this context, it should be
remembered that, although good dosimetry and
implantable probes are essential, they would be
of no value without a precise definition of the
biologic problem under consideration. Labora-
tories with proper EM sources, and exposure,
dosimetry, and animal facilities are required.

It is important that research be conducted
so that all aspects of the study are quantified, in-
cluding the fields induced both inside and out-
side the tissues, type and degree of the effect,
whether the effect is harmful, harmless, or merely

an artifact, whether it is a thermal or nonthermal
effect, and how it relates to the results obtained
by other investigators. Body size of the experi-
mental animal with appropriate scaling must
be taken into account along with accurate in
vivo dosimetry so that an investigator’s results ob-
tained with one animal species can be related to
those of another investigator using other species.
Since body absorption cross sections and internal
heating patterns can differ widely, an investigator
may think he is observing a low-level or a non-
thermal effect in one animal because the inci-
dent power is low, while in actuality, the animal
may be exposed to as much absorbed power
in a specific region of the body as another larger
animal with much higher incident powers. This
points out the need for both physical and physio-
logic (comparative) scaling of animal species.

Particular attention should be paid to instru-
mentation problems—to the development of
more adequate probes for making measurements
in the presence of EMW or EMF. Field strength,
electrophysiological, and thermal probes which
will give artifact-free readings, will not distort the
field in any way, and which will not give rise to
inadvertent stimulation of the tissue due to in-
duced currents, are essential before any degree
of reliance can be placed on findings of altered
physiology or behavior due to EMF or EMW.

More research is needed to determine the
effects of physical characteristics of an exposed
individual as well as the effects of external
factors such as temperature, humidity, and air
currents on his tolerance to EM fields. It is
necessary to show the differences in effects and
potential hazards in whole-body and partial-
body irradiation under various EM exposure
and heat stress conditions. Information is needed
on the significance of maximum absorbed power
density, average absorbed power density (per
unit volume), and the average absorbed power
density (per unit body surface area) to potential
hazards for both continuous and intermittent
exposures.

The greatest need today in the assessment of
biologic effects of EMW, EMF, electric and mag-
netic fields is to maintain a realistic perspective
on the nature of these radiations and the possible
effects from exposure. The mechanisms which
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produce cell damage, the biological tolerance of
the most susceptible tissues, and safe levels of
intensity must be established in an organized
fashion. Ultimately, clear differentiation must be

made between hazard and biologic effeci.

COMBINED STRESSES

During flight in space, man is subjected to
an entire range of factors (electromagnetic
radiation, accelerations, vibrations, weight-
lessness, changes in barometric pressure and
gas composition, numerous emotional-psychic
effects) which will act on him in a variety of
combinations and sequences. Under occupa-
tional conditions, people working with microwave
generators are subjected not only to the micro-
wave, but also to other factors such as soft
x-rays, noise, noxious gases (CO and others),
and high and low temperatures in the environ-
ment. Their importance in pathogenesis of dis-
ease has not been adequately studied [221].
Interaction between stresses may manifest
itself as addition of responses, the individual
stress responses may be antagonistic and cause
some canceling, or there may be simply no
apparent interaction [308].

The subject of combined stresses which could
have implications for space exploration has
been reviewed or noted by several authors
[34, 195, 232, 245, 308]. In recent years, in-
formation has become available on combined
effects of RF and microwave energies and
other factors on the organism. Synergism
or other forms of interaction of microwaves and
ionizing radiation have been noted by several
investigators [196, 197, 233, 234, 287, 288].
Microwave modification of response to x-irradia-
tion is related to duration and sequence of micro-
wave exposures as well as the time between the
exposure and the x-irradiation [195].

The effect of hypothalamic depressant drugs
on the response to microwave exposure has
been reported by Michaelson and associates
[193, 195]. Studies have been reported on the
influence of differences in ambient temperature
on the response to microwave exposure [195].
Petrov and Yarokhno [223] noted inhibition
of adaptation to hypoxia when rabbits were

exposed to lerawaves il
with a reduced O, content.

The potential of microwaves to increase or
reduce the injurious effects of x-irradiation
couild have appiication in space operaiions
and clinical radiation therapy. A possible
mechanism may be that hypoxia reduces the
formation and toxic effect of free radicals.
Any molecular alteration may modify target
molecules. Thermogenesis and stress may
influence metabolism and endocrine response.
The severe injury from x-irradiation at lethal dose
levels may exceed or nullify any modifying
capability of microwaves. The specific effects
of frequency, power density, and x-ray doses
and dose rates, and temporal separation of
the two radiation modes have not yet been
adequately determined, nor has the significance
of this synergism been established for human
exposure [245].

Adaptation to EF has rcsulted in increased
resistance of mice to ionizing radiation exposure
in the lethal range [131]. Interaction of magnetic
fields with other factors has been reported
as a reduction of ionizing radiation lethality
by pretreatment with magnetic fields [3] and
increase in lifespan in tumor-bearing mice
[104]. On the other hand, in experiments
on Drosophila melanogaster, synergistic effects
of a magnetic field with x-irradiation, starvation,
hyperoxia, or hypoxia were not observed [51].

These isolated reports of interactions of
combined radiant energies as well as other factors
suggest areas of investigation which could
provide basic information on mechanisms of
action as well as practical approaches to counter-
act undesirable effects of these radiant energies.
Information should be obtained on the inter-
action of combinations of various radiant energies
in addition to stresses on the body as a result
of acceleration, gaseous atmospheres,
agents, hypoxia, exercise, heat, cold, vibration,
weighlessness, and noise.

toxic

SUMMARY
The effort in this chapter has been to review,
synthesize, and critically analyze the literature
on human response (which, of necessity, requires
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concurrent consideration of other animal species)
to RF and microwave energies, magnetic and
electric fields. Although there is considerable
agreement among scientists, there are lacunae
of disagreement. It is especially recommended
that apparent discrepancies be studied and
analyzed in detail, taking into consideration all
the biophysical factors inside and outside the
body that might influence the individual’s
response, paying due regard to the regulatory
systems that might be involved in regulation after
exposure to these energies and fields.

The features of the microwave effect on the
organism are known at present only for certain

discrete points in the electromagnetic spectrum.
Information on the mechanism of action on
various organs and organ systems is incomplete.
Very little attention has been given to the com-
bined influence of electromagnetic energy and
various*environmental factors (high temperature,
oxygen deficiency), time-intensity relationships,
and the type of modulation.

Free international exchange of information and
closer personal contact between scientists would
help resolve the discrepancies and divergence of
opinion in understanding biologic and clinical
effects of exposure to RF and microwave
energies, magnetic and electrical fields.
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Chapter 11

ULTRAVIOLET, VISIBLE, AND INFRARED RAYS!

JOHN H. TAYLOR

University of California, San Diego, La Jolla, California USA

AND

A. A. LETAVET

Academy of Sciences USSR, Moscow

That portion of the electromagnetic spectral
continuum which is bounded on the shortwave
end by x-radiation and on the longwave end by
the shortest microwaves is generally divided into
three regions. Wavelengths between approxi-
mately 1.0 X 10-8 and 4.0 X 10-7 m (100 to 4000 A)
are described as ultraviolet rays since they lie
in a spectral region beyond the shortwave limit
of normal human vision. The wavelength band
between about 7.5 X 10-7 and 1 X 10-3 m (0.75
to 1000 um), waves too long to excite the visual
process, is called the region of infrared rays. The
narrow region which lies between the ultraviolet
and the infrared, spanning less than one octave,
contains those wavelengths (about 3.8 X 10-7 to
7.5 X 107, or 380 to 750 nm) which are capable
of stimulating the human sense of vision and which

This chapter was prepared by combining separate
material submitted by the two authors independently. The
two manuscripts reviewed by the Joint Editorial Board were
in good agreement in regard to content and emphasis, with
one exception, that being the greater stress placed upon
hygienic considerations by Professor Letavet. Space limita-
tion in format required condensing the original material;
however, the editors believe that all salient points have been
included, and the references should be consulted for detailed
information. Attention is called particularly to the material on
safety and standards for radiation exposure developed by
Soviet scientists.
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give the enormously important expericnces of
light and color.

Each of these three regions is characterized by
certain biologic effects which its band of wave-
lengths produces, although there is some overlap
at the arbitrary boundaries mentioned above, and
some biologic processes (notably photosynthesis)
require contributions from widely disparate
spectral loci. Furthermore, many of the important
actions of some wavelengths may involve the
organism only secondarily, rather than by any
direct absorption and utilization of the rays them-
selves. In order for electromagnetic energy to
be detected, measured, or utilized, it must be
made to impinge on an appropriate sensor or
material. A ray of light is invisible and can be
visually sensed only when it enters the eye either
directly or by reflection from some substance.
Ultraviolet radiation can be sensed through its
effects on biologic systems, by causing it to excite
a fluorescing material, or by other indirect means.
Infrared rays are usually only sensed by reason
of their heating ability, or by their action on one
or another biological or chemical process.

The importance of ultraviolet, visible, and
infrared rays to biological systems is immense;
with very few exceptions, all life forms on Earth
depend on the direct or indirect effects of these
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wavelengths. At the same time, it is clear that
exposure to excessive amounts of energy in these
spectral regions can result in biologically harm-
ful consequences which may range from minor
impairment of function to death of the organism.
A balance must therefore be maintained, so that
optimal amounts of the radiations in question are
provided. In the average terrestrial environment
this balance has generally been achieved, partly
through adaptive processes in evolution, and
partly through purposeful modification of the en-
vironment, especially by man. In the hostile en-
vironment of space, which is characterized by
extremes of radiative energy levels, it is neces-
sary to modify the radiative environment to en-
sure that the needs of the organism are met but
not grossly exceeded. In some cases, of course,
it may be desirable to provide lethal levels of radi-
ation for such specific operations as the control
of microorganisms by ultraviolet irradiation. With
this exception, however, the objective is to main-
tain levels of ultraviolet, visible, and infrared en-
ergies within biologically advantageous limits,

Although the visible part of the electromagnetic
spectrum is very small in extent, this narrow
range of wavelengths is of paramount importance
to man because within it lies the adequate stim-
ulus to human vision. Since vision is unarguably
the most important of our senses, considerable
emphasis must be given to problems associated
with establishment and maintenance of the best
possible conditions in the visual environment.
While the visible spectrum is only a minute part
of the electromagnetic domain, a tremendous
amount of information about the world can be ex-
tracted, thanks to the exquisitely fine discrimina-
tions which the visual system is capable of per-
forming. These discriminations, however, are best
made under conditions where neither too little
nor too much light energy is present, so that a
prime objective in space operations is to provide
light levels which lead to the highest possible
discriminability of form, contrast, movement,
color, and fine detail.

This chapter will discuss the radiation sources
in the spectral regions under consideration, and
describe the more important associated biological
and psychophysiological effects. The problem of
protection from excessively high or low levels of

radiant energy in these spectral regions will be
discussed, with suggestions for optimal levels.

SOURCES OF ULTRAVIOLET, VISIBLE,
AND INFRARED ENERGY

The production of energy in the three spectral
regions, ultraviolet, visible, and infrared, is
associated in a general way with the different
physical systems which are capable of emitting
energy at the wavelengths involved. Visible
light is produced, for example, from the change
in energy level of the planetary electrons of
atoms to a lower state, while infrared radiation
is consequent upon vibrations and rotations at the
molecular level. The Sun is the most important
energy source in the spectral regions of interest
here. It is the only significant natural source for
most wavelengths, and only when solar energy
is unavailable or insufficient must there be
recourse to artificial energy sources. In each
wavelength region, available manmade devices
may be used to supplement or replace direct
energy from the Sun.

Although the Sun radiates energy over a wide
band of wavelengths (less than 1 A to beyond 100
m), 99% of this energy is contained in the region
from 0.275 to 4.67 um, and about one-half lies
within the visible spectrum. The solar irradiance
spectrum has recently been redetermined by
Thekaekara [15] for the range of wavelengths
between 0.2 and 2.6 um; he suggests adoption of
the data in Figure 1 for practical purposes.
Knowledge of the solar spectrum is important
not only because of the direct biological and
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FiGURE 1.—The solar spectral irradiance curve outside the
atmosphere. (From Thekaekara [15])
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medical consequences, bui alsv because of
secondary effects arising from spacecraft heat-
ing by the near infrared, materials degradation in
the ultraviolet, and influences on the radiation

belts.

Ultraviolet Sources

Less than 5% of the Sun’s energy is in the
ultraviolet. Nevertheless, sufficient shortwave
potency is present so that, even after attenuation
due to the Earth’s atmosphere, direct sunlight is
active in a variety of biological processes. When
solar energy in the ultraviolet region is lost,
either through direct shadowing or transmission
losses imposed by an intervening medium, it may
be necessary to provide an artificial source to
maintain a desired biotic effect. Such sources,
long known, are available in a number of forms
which are usually designed for maximum
efficacy in one or another frequency band in
the ultraviolet region, according to the intended
use.

Since incandescent lamps are exceedingly
inefficient sources of ultraviolet, radiating only
a small fraction of their energy in the longer UV
wavebands, an electrical arc is generally used
instead. The most convenient types in space
applications are the enclosed arcs of mercury,
hydrogen, and xenon, with mercury most fre-
quently chosen for reasons of cost, convenience,
and reliability. (A discussion of ultraviolet
sources of all types may be found in Koller [9]).
Distribution of energy in the mercury arc depends
heavily on the vapor pressure of the metal during
lamp operation. At low pressures almost all of
the emitted energy is at the mercury resonance
line at 2537 A; such lamps are widely used for
germicidal effectiveness. When such a low pres-
sure arc is contained in a quartz envelope, trans-
parent to the 1849 A line, part of the atmospheric
oxygen in its vicinity is converted to ozone.

As the pressure is increased there is a broad-
ening of the emission lines, a relative shift in
spectral energy output toward the longer wave-
lengths, and an increase in the continuous back-
ground against which the bright lines appear.
(See Ref. [9], p. 46.) Medium pressures, there-
fore, are used in lamps when the intention is to

AAAAAAA wndiasia M
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ultraviolet range. At very high pressures, mercury
arcs radiate largely in the visible and near-

Sources of Visible Light

Approximately one-half the Sun’s energy is in
the visible spectrum, which extends from about
380 to 750 nm. Because of this, and the intensity
of solar radiation compared with relatively feeble
artificial sources, the Sun is the single most
important source of light. It is hardly surprising
that many terrestrial biologic processes are either
dependent upon, or influenced by, energy lying
in this spectral region. The two peaks of the
chlorophyll absorption spectrum lie near the ends
of the light region, and the maximum sensitivity
of most visual systems, including man’s, is found
quite close to the solar energy maximum. In
Figure 1, the Sun’s spectrum is essentially con-
tinuous throughout the visible light region, and
aside from certain irregularities due to absorp-
tion by elements of the outer solar layers, is
approximated by the energy distribution of an
incandescent blackbody at 6000°K for visible
wavelengths, Artificial sources of visible light
historically have been designed to approximate
energy distribution, hence the color, of sunlight.
In the long chronicle of manmade lights, from
flames to incandescent filaments to fluorescent
lamps to the most recent of electroluminescent
devices, the first concern has been to supplement
or replace solar energy with light that will permit
normal visual function. Fairly recently, and only
secondarily, has there been much effort to devise
artificial lighting for other purposes, such as for
growing plants,

The most common source of artificial light is
the incandescent tungsten filament. In its
simplest form, an incandescent lamp consists
of a glass envelope filled with an inert gas or
partially evacuated and a wire or ribbon of
tungsten heated by passage of an electrical
current, The distribution of energy from such a
lamp in the visible spectrum depends upon the
temperature to which the filament is heated, as
shown in Figure 2. From the standpoint of visual
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FIGURE 2.—Spectral energy distribution in the visible region
from tungsten at different operating temperatures. (From

Kaufman [8])

efhiciency, higher operating temperatures are
desirable, but this leads to short lamp life. The
recent development of tungsten-halogen lamps
represents a major step forward toward greater
visual efficiency. In the tungsten-halogen lamp,
the filament is operated at high temperature in
an atmosphere of bromine or iodine vapor so that
the evaporated tungsten redeposits on the fila-
ment instead of on the walls of the envelope. Any
tungsten lamp, however, radiates a great deal of
energy in the near-infrared, and many times this
heat production may be intolerable. Moreover,
when the purpose of the device is to generate
light in the visible wavelengths, it is obvious that
incandescent lamps are inherently inefficient.
For these reasons, essentially, other means of
converting electrical energy into light have been
developed.

Fluorescent lamps ordinarily consist of a low-
pressure mercury arc enclosed in a tube, the
walls of which are coated with chemical phos-
phors which fluoresce when excited by the ultra-
violet of the mercury spectrum. In comparison
with tungsten lamps they are highly efhicient
and produce little infrared. As an example,
a conventional 40-W tungsten lamp yields
465 1m.? while a 40-W fluorescent provides 2600
Im. Through the proper choice of phosphors, the
energy distribution of fluorescent lamps may be

adjusted over a wide gamut. Thus, lamps have
been developed to show energy maxima in those
spectral bands involved in photosynthesis, as
well as to approximate daylight illumination. A
great range of fluorescent lamps is presently
available and their characteristics may be found
in several lighting handbooks (see Ref. [8]).
The life expectancy of fluorescent lamps is many
times greater than the incandescents; about
7.5:1 for the two lamps mentioned above.

Other sources of visible light include open arcs,
enclosed arcs, electroluminescent panels, photo-
emissive diodes, and a number of less important
ones, such as luminescent phosphors and chemilu-
minescent fluid mixtures. The xenon arc, espe-
cially in its short-arc version, is a source with high
efficiency and a spectral energy distribution close
to daylight. Sodium vapor arcs achieve very high
efficiencies, but radiate in the visible only at 5890
and 5896 A. The concentrated arc lamp, which
uses zirconium oxide as the negative electrode,
is useful when only a small source is needed (0.127
to 2.79 mm). Open arcs, usually between carbon
electrodes, are of little interest in space applica-
tions. Low energy sources, such as photodiodes
and electroluminescent devices, find application
mainly in visual displays and where high-intensity
white light is not required, because of their ten-
dency toward exotic emission spectra. Flashtubes,
usually xenon-filled, are adaptable in visual sig-
naling, for optical pumping of lasers, and where-
ever a short burst of high-intensity visible light
is required.

Incandescent and fluorescent lamps will likely
continue to be the most important practical sources
of visible light, especially for general illumination,

.and photobiotic and psychophysiological activi-

ties. Lasers, although biologically and medically
applicable in the clinic and in the laboratory, are
only now being considered for operational bio-
medical uses in space flight. The special qualities
of monochromaticity, tunability, coherency, and

2The lumen (Im) is the unit of luminous flux, that is, the
radiant flux evaluated in terms of the response of the visual
system. For a wavelength of 555 nm (the sensitivity peak of
human photopic vision, v.i.), a lossless light source would pro-
duce 680 Ilm/W. Many factors in lamp design and operation
act to lower the efficiency, especially the relatively high infra-
red emittance.
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the high-power densities involved, make them ex-
citing candidates for wider use in photobiological
research.

Infrared Sources

All bodies not at absolute zero temperature ra-
diate energy in the infrared region of the electro-
magnetic spectrum. The Sun, again, is the most
important source of direct radiation; about 45%
of its energy is emitted at wavelengths on the near-
infrared (see Fig. 1). Cooler objects show energy
maxima at longer wavelengths (suggested by Fig.
3) until, at terrestrial temperatures, a blackbody
radiates with a peak intensity at about 10 wm,
Much of the infrared radiation in the environment
either comes directly from the Sun or indirectly
by reradiation from matter so heated. By use of
suitable materials of high thermal inertia, it is
possible to store solar energy for use when the
Sun’s direct rays are absent or weakened. The
many sources of infrared include fire and other
exothermic chemical reactions as well as mechan-
ical processes. Only those which use electrical
input will be discussed here.
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Any incandescent filament lamp is a rich
source of infrared. Depending upon the operating
temperature, from 75 to 80% of the energy lies
in this spectral region, largely in the invisible
range from 760 to 5000 nm. For this reason, the
most common artificial source for obtaining
infrared rays from electrical current is a tungsten
lamp operated at a relatively low temperature
so that the output maximum is shifted toward
the longer wavelengths. In general, such lamps
are used for the range from 760 to 4000 nm, while
sheathed resistance radiant heaters are used for
wavelengths from 1500 to 14 000 nm. The advan-
tage of the latter is the capability to radiate the
longer wavelengths that are absorbed by the glass
or quartz envelope of an incandescent lamp, and
they are extremely rugged and long-lasting. The
important sources of energy in three regions of
the electromagnetic spectrum (ultraviolet, visible,
and infrared) have been indicated.

The list is by no means complete, but it should
be evident that, in the absence of natural solar
radiation, man has been able to devise artificial
means for providing useful amounts of energy
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in any desired spectral band. In the sections of
this chapter that follow, the importance of these
three spectral regions in space biology and
medicine will be discussed.

THE VISIBLE SPECTRUM

The range of wavelengths between the approxi-
mate limits of 380 to 750 nm comprises the visible
spectrum, since this band of energy is capable of
stimulating the organs of sight and producing the
sensation of light. Although this region of the
spectrum exhibits other bioactive properties,
including heating and activation of photo-
synthesis, its most important role in space opera-
tions is to act as the stimulus to vision. The
human visual system, including the entire eye-
to-brain complex, can perform a number of fine
discriminations over a wide range of intensity
levels. The literature on vision is vast; to sum-
marize the accumulated knowledge would be
beyond the scope of this chapter. Among com-
pendia of the human visual response data, the
works of Roth [14] and Davson [5] are highly
recommended.

Visual sensitivity to the wavelengths of the
light spectrum varies in two important ways.
First, the eye shows a sensitivity curve which is
roughly symmetrical about a maximum sensitivity
peak. For vision in bright light this peak occurs
at 555 nm; if this value is taken as unity, the
sensitivity at 380 nm is 0.00004, while at 750 nm
it is 0.00012. Second, at low light levels, the
sensitivity maximum is shifted toward the blue
end of the spectrum, occurring at about 505 nm
when the eye is totally dark-adapted. The
relationships are indicated in Figure 4. The
implications are clear that wavelengths in the
blue-green region are most efficient in stimulating
vision, and that relatively large amounts of energy
are needed at the violet and red extremes. When
the eye is given adequate energy, it is possible
to make very fine discriminations between wave-
lengths. Color discrimination is better in some
spectral regions than in others (Fig. 5), and it is
likely that this reflects the properties of the
photosensitive pigments in the retinal cone cells,
which are active in color vision. At low light
levels, color discrimination is absent and only

1.0
=
// \
/ \
/ Rod vision®

0.8~—+# \

. / \
Z \
2 \\
5
c 0.6 \
@ \
o Cone vision \\
2 \
T \
°© 04 \

\

(@]
o
~J

0.2 \

0

400 500 600 700
Violet Blue-Green Yellow Red

Wavelength (nm)

FIGURE 4.—Spectral sensitivity curves of human visual
receptors. Cones are the retinal cells active in high-level,
daylight seeing, and in color vision. Rods, which are more

sensitive over much of the visible range, are responsible*

for night vision at levels too low for the cones to be
stimulated, but color vision is not possible. (From Roth [14])

rhodopsin, the single photopigment of the retinal
rod cells, is activated.

Useful vision is possible over a wide range of
energy levels, although such visual functions as
contrast discrimination, color vision, visual
acuity, and the like are best performed in the
upper part of this range.®? The immense gamut
of naturally occurring light levels on Earth and in
space is shown in Figure 6. That the eye is able
to perform successfully over so many orders of
magnitude is due in part to the duplex nature of
the retinal mosaic (rods and cones), partly to pho-

3Under fully dark-adapted conditions. the sensitivity of the
eye is very great; for wavelength 307 nm the energy flux
required for detection of light amounts to about 9 X 10-16 W.
This amount of energy would require 150 million years to
raise the temperature of 1 g of water 1° C. Put another way,
the mechanical energy of a pea falling from a height of 1 in.
would, if converted into luminous energy, be sufficient to
give a faint impression of light to every man who ever lived.
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FIGURE 5. — Hue discrimination in the visible spectrum. Under
optimal conditions wavelengths varying as little as 1 nm
can be differentiated. (From Roth [14])

tochemical adaptation at the retinal level, partly
to the adjustment of the iris, and partly to the fact
that neural connections in the visual pathways
and/or in the retina can change as a function of
the light level. From the visual standpoint, sufh-
cient light of the proper kind must always be avail-
able in space operations which depend upon
human visual performance. This implies that the
luminance of the critical visual tasks should be
controlled to fall within the range roughly be-
tween 10 and 1000 millilamberts (mL) (30 and
3000 cd/m?2). The quality of illumination likewise
is very important, for it is possible to make some
of the necessary discriminations only when the
energy of the illuminant is spread broadly through-
out the visible spectrum. When light from the
natural environment is too great, it must be re-
duced by filters, screens, visors, or occulting
shields. When too little natural light is available,
it must be supplemented by artificial sources, or,
in some cases, redirected by means of reflectors.

In certain applications, notably when the space-
crew must maintain dark adaptation for observa-
tion of low-level phenomena, extravehicular ac-
tivity in shadow, or any other activity in the relative
dark, it is desirable to eliminate all light for up to
about 30 min until the eye has reached its maxi-

mm aancitivite I this i
1 L.

mum sensitivity. If this is no
sible to maintain some useful vision during the
adaptation process with deep red illumination
(or wearing deep red goggles), which allows the
Figure 4 indicates
that wavelengths longer than 650 nm are suited
to this purpose. During sleep or rest periods, it is
also necessary to reduce or eliminate light from
the eye, sometimes accomplished by complete
shuttering of spacecraft windows and turning off
all lights except those for emergency use.

R U R LY« o 5, |
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Contrast Discrimination

Ordinary seeing depends upon differences in
the luminances of objects or patterns in the visual
environment, To detect an object against its
background in the absence of a color difference
between the two, a criterion amount of brightness
contrast must be present. Luminance contrast
is now universally defined by the ratio between
the luminance differcnce between object and
background and the luminance of the back-
ground itself, thus:

C= AL/Lbkg (l)

Contrast, then, can vary between the limits of
—1 (for objects of zero luminance against any
background luminance) to plus infinity (for bright
objects against a zero-luminance background).
Many studies have been made of human contrast
sensitivity as a function of such variables as
size, shape, position in the field, presentation
time, and the level of background luminance.
These investigations have been well-summarized
[5, 14]. The general form of the relationship for
simple circular objects against uniform back-
grounds is indicated by Figure 7. Luminance
contrast seems to be much more important to
the detection process than color contrast; color
aids detection only when luminance contrast is
insufficient or absent. Furthermore, to a first
approximation, the detectability of objects of
equivalent numerical contrast but opposite sign
is the same.

Visual Acuity

The ability to discriminate fine detail is
influenced by a number of factors, but the
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FIGURE 7.— Relationship between size of an object, background luminance, and object’s contrast
needed for visual detection. (From Roth [14])

underlying need is that the optical components
of the eye be able to provide a well-focused
image on the retina. Assuming that the refrac-
tive state of the individual is unimpaired, only
those factors which tend to degrade normal
visual acuity will be outlined. The luminance level
of the task is of first importance. Either too little
or too much light leads to poor performance,
although for different reasons. At very low levels
the relatively coarse mosaic of rods in the periph-
eral retina is stimulated, presumably with many
receptors converging functionally upon very few
fibers in the optical pathways. Also, at low levels,
the pupil of the eye enlarges so that considerable
spherical aberration comes into play. At very
high energy levels visual acuity again deterio-
rates, which is thought due to excessive bleaching
of the photopigments, glare effects (v.i.), and
diffraction caused by a too-small pupil, although
other factors may be present. Fortunately, the
high-level effects on acuity are confined to a few
limited situations, and can be controlled easily
through use of attenuators.

The optimum luminance range for ordinary acu-

ity is shown in Figure 8. Contrast likewise affects
acuity, and more than a tenfold increase is needed
in the size of the detail to be discriminated if the
contrast drops from 0.50 to 0.02, according to Cobb
and Moss [3]. Visual acuity is less also when the
pattern is moving, or when the time allowed for
observation is short. Loss in acuity is shown
during high-altitude flight when no objects are
in the visual field at optical infinity (Whiteside
{18]). In this case, also at low adaptation levels,
the eye tends to become myopic and distance
acuity impaired. For the optimization, mainte-
nance, and protection of visual acuity, the light
environment should be controlled within those
limits which enable best function, and, when
possible, the objects of regard should be designed
to have sufficient contrast for easy discrimination
without error.

Other visual discriminations. While contrast
discrimination and visual acuity are highly im-
portant components of visual performance, there
are several other means by which information is
extracted from the light patterns falling onto the
retinas of the two eyes. Included are motion dis-
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FIGURE 8.— Visual acuity as a function of background lumi-
nance for two different colors. (From Roth [14})

crimination, depth perception, the perception of
intermittency (flicker), and others. References [3,
5, 11, 14] provide detailed discussion of these
aspects of the seeing process.

Light as a Stressor

Occasionally light may act to degrade human
performance. The most common and obvious in-
stance is when too much light energy is present
over the whole visual field, or the distribution of
light is disadvantageous. In the former case, dis-
comfort and disability result—discomfort from
excessive pupillary contraction, squinting, and
possibly, nystagmus; disability from the phenom-
enon of glare, which (in its precise definition) is
a consequence of light scattering within the eye,
leading to reduction in contrast of the retinal im-
age. The problem of too much light over the whole
field usually is easily controlled with visors,
goggles, or an overall filter, which should be spec-
trally neutral. Glare, on the other hand, is fre-
quently harder to control, requiring careful design

of light sources, and special shielding from natural
light such as direct sun rays or refiection of solar
energy from highly reflecting surfaces. An addi-
tional strategy is to plan human activity so that
the possibility of sudden confrontation by glare
sources is eliminated.

The phenomenon of flash blindness is another
visual stressor. This effect is consequent upon
the eye being subjected to a sudden burst of high
visible energy. usually unexpected. The results
include startle, pain, and a more or less temporary
loss of visual function — effects that are especially
grave if the observer happens to be dark-adapted
at the moment of exposure. Recovery time varies
with the initial state of adaptation and with in-
tensity and duration of the flash, its spatial and
temporal distribution, and spectral energy con-
tent. Moderate exposures lead to momentary rais-
ing of the visual threshold, temporary loss of vision
over the area affected (scotoma), and any per-
formance decrement resulting from the startle
pattern or other gross bodily response such as
avoidance. Greater intensities and longer expo-
sures may lead to more lasting disability and
ocular pathology. (Consult Reference [4] for de-
tails.) Protection against flash blindness is easy
only when the flash may be anticipated or when
the onset is gradual enough for the natural blink
response to be initiated. Research is in progress
on the development of protective goggles and
visors with rapid opacification times, but the ideal
system has yet to be devised.

Either rhythmical or erratic changes in light
level, especially if the energy extremes are great,
can likewise be stressful. The amplitude and fre-
quency of rhythmical variations, as well as the
level of the prevailing average luminance influence
the effects observed. In minor cases only mild
annoyance or distraction may result, but in severe
cases there may be serious interference with per-
formance, not only through direct effects on the
visual system but also through the development
of somatic problems such as headache and fa-
tigue. If the alterations in intensity are of the ap-
propriate level and at frequencies at or near the
alpha rhythm, there is a possibility of inducing
seizures in certain individuals, especially those
known to be epilepsy-prone. The prevention of all
these untoward effects is through elimination of
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either aperiodic or periodic light fluctuations, or
their attenuation to a level which is small relative
to the steady ambient environmental luminance.

Standardization of the Light Environment
in Space Operations

To ensure optimal performance and comfort
for spacecrews much can be done by means
of careful design of spacecraft and habitat
lighting. Work sites should be arranged in ac-
cordance with established principles of illumina-
tion engineering; lighting recommendations
for a great number of tasks have been developed.
(For example, see Ref. [8].) Generally speaking,
illumination levels for prolonged critical seeing
should be in the range from 538-2152 lux (50-
200 ft-ca) and the reflectance of surfaces should
be such that the luminance ratios between a task
and its surroundings are not excessive. Direct
and reflected glare are to be avoided by proper
placement of luminaires and attention to the
optical properties of surfaces. In modern lighting
practice in the USA, an effort is made to arrange
the light environment in accordance with recom-
mendations of the Illuminating Engineering
Society [8]. exemplified in Figure 9. Special

Ratios Type of seeing
1to1/3 Between task and adjacent
surroundings
1to 1/10 Between task and remoter
darker surfaces

1to10 Between task and remoter
lighter surfaces

20 to 1 Between luminaires (or
windows) and surfaces
adjacent to them

40 to 1 Anywhere within the normal
field of view

FIGURE 9.—Recommended luminance ratios for prolonged
critical seeing. These are maximum values; reductions are
generally beneficial. (From Kaufman [8])

supplementary lighting, either fixed or portable,
may be needed for tasks requiring best acuity
and contrast discrimination. Polarizing materials
can often be used to control reflected glare or,
in crossed pairs, for the attenuation of sunlight.

Soviet standards for minimum illumination of
work surfaces are indicated in Table 1. Illumina-
tion standards in the USSR deal with precision
of work in terms of the smallest object that can
be distinguished (measured in millimeters);
contrast between object and background; back-
ground characteristics; and lighting system. The
illumination standards cover two types of lighting
systems: general lighting systems, and combined
lighting systems, in which local illumination con-
centrating light directly on work positions is
added to general illumination.

Artificial Illumination Hygiene Standards

According to Soviet standards, the minimum il-
lumination of work surfaces should correspond
to the illumination levels, in lux units, in Table 1.
The established illumination standards including
those that specify two types of lighting systems
were given in the previous subsection of this
chapter.

General illumination is divided into: general
uniform illumination (uniform distribution of light
without consideration of arrangement of equip-
ment); general local illumination (light is dis-
tributed with consideration of arrangement of
work positions). The use of only local lighting
in buildings is not permitted.

The standards specify that objects to be
distinguished be located 0.5 m from the worker’s
eyes. These standards are increased by one order
when the object is more than 0.5 m from the eye,
and when stressed visual work is continuous
for more than half the work day, also when
objects on moving surfaces must be distinguished.

Soviet and US studies provide ample evidence
that optimization of illumination levels leads to
significant increases in productivity, accuracy,
worker comfort, morale, and safety. (See Table 2.)

Since part of an astronaut’s job involves ex-
tremely high precision and low and moderate
contrast between the object to be distinguished
and the surrounding background, an illumination

REPRODUCIBILITY OF THE
ORIA™ AT, PAGE IS POOR
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TABLE 1.— Work Surface Hllumination Siandards
Ilumination in lux
Description of Smallest dimensions Subclass of
visual work of workpiece visual work Contrast General lighting | Combined lighting
system system )

Highest precision Less than 0.15 mm Low 300 4 000
Low
Moderate 300 3000
Low
Moderate 300 2 000
High
Moderate
High 300 1250
High

Very high precision From 0.15 to 0.3 mm Low 300 3 000
Low
Moderate 300 25 000
Low
Moderate 300 1 500
High
Moderate
High 200 750
High

High precision From 0.3 to 0.3 mm Low 300 1 500
Low
Moderate 200 750
Low
Moderate 200 600
High
Moderate
High 150 400
High

Moderate precision From 0.5 to 1 mm Low 200 600
Low
Moderate 150 500
Low
Moderate 100 400
High
Moderate
High 100 300
High

level of 300 lux (Ix) can be recommended as
the level for general illumination of the working
environment. It was necessary to resort to
combined lighting for greater illumination of
scales, instrument panels, and the like; the light-
ing level of these elements may be increased to
1500-2500 Ix. Lower lighting levels, of the order
of 50—100 Ix, causing no irritation and creating
the feeling of complete comfort and ‘“home
conditions,” are recommended for astronaut
rest areas.

The spectral energy content of artificial light
should approximate that of sunlight, ideally.
If this is not possible, the source should at least
radiate at all wavelengths in the visible spectrum
with neither large peaks nor significant voids;
that is, the appearance of colors should be normal
and neutral surfaces color-free.

Instruments, controls, and displays involving
the visual system have been of cardinal interest
to human engineers, so that extensive data are
available to the designer. Handbooks of equip-
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TABLE 2. —Tolerable Weighted Mean Brightness

of Work Surface
Tolerable weighted mean
Area of work surface in m? luminance of work surface
(units)
Less than 0.01 2500
From 0.01 to 0.02 1800
From 0.02 to 0.05 1300
From 0.05 to 0.15 1000
From 0.15 to 0.4 700
0.4 and larger 500

ment design (e.g. Morgan et al [11]) detail the
visual considerations that lead to optimal
performance.

Rest and sleep sites should be designed to have
lower luminance, although complete darkness may
never be desirable. Intermediate levels are
recommended for periods of relaxation, and
as low a level consistent with crew safety may
be used during sleep.

In long-term space flight, such as manned
interplanetary missions or in lunar or planetary
habitats, it may be desirable to establish a
program of lighting control designed to main-
tain the normal terrestrial circadian cycle.
Although much of the existing data regarding
circadian rhythmometry come from animal
studies, it seems clear that the light regimen
dominates such important biorhythms as sus-
ceptibility to radiation or to various noxious
stimuli (see Ref. [1]). Finally, there are higher
order psychologic effects from the use of light
and color in the environment, including such
relative intangibles as crew morale and inter-
personal relationships.

THE ULTRAVIOLET SPECTRUM

Only a small part of the Sun’s energy is in the
ultraviolet region of the spectrum, which is
shown in Figure 1. Nevertheless, sufficient
radiation is present so that protection from pro-
longed exposure to direct solar rays must be
arranged. Happily, this is quite easy, since
ordinary materials (glass and various visor
materials) that are transparent to visible wave-
lengths, afford excellent protection from the
bioactive part of the ultraviolet spectrum.

Moderate exposure of the human body to ultra-
violet is, of course, salutary, and the shorter
wavelengths have germicidal properties which
are useful in spacecraft and habitat hygiene.
Excessive exposures, depending upon the wave-
lengths involved, can result in damage to man’s
superficial skin tissues and ocular pathology.
Although voluminous quantitative data exist
regarding germicidal, antirachitic, and skin
effects of ultraviolet [1, 8, 17], ocular damage
in humans is only now being critically assessed,
chiefly through excellent work by Pitts and
colleagues [12]. It is possible here to give only a
brief overview of the known effects of ultraviolet.

Germicidal Action

The bactericidal properties of ultraviolet
radiation have been known for nearly a century,
and abundant data relate lethal efficacy to both
energy and wavelength. The germicidal action
spectrum has been confirmed for numerous
microorganisms, and the curve shown in Figure
10 is now well-established. In a general way, this
curve follows the absorption spectrum of nucleic
acid, and the ability of ultraviolet to inactivate
cells depends upon their capacity for repair of
DNA lesions, according to Todd and Tobias
[16]. Since low-pressure mercury vapor lamps
emit strongly in the 2537 A line, very near the
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FIGURE 10.— Bactericidal efficiency of ultraviolet radiation.
(Based on data of Kaufman [8])
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action spectrum peak, these lamps are highly
effectual germicidal devices, so that their appli-
cation in general or local sterilization of living
spaces and equipment is possible. Additional
bactericidal and fungicidal action results from
the generation of ozone by radiation of the 1845 A
line, if water vapor is present in the atmosphere.
The deodorant property of ozone may be de-
sirable in confined living spaces during long
periods. The amount of ultraviolet energy re-
quired to inactivate a wide variety of bacilli,
yeasts, molds, and viruses may be found in the
literature [1, 8, 9, 17]. Temperature has little
effect on the lethality of irradiation, but humidity
is important; death rates are greatly reduced
when the humidity is high. For this reason,
germicidal lamps are often installed in ventilating
and air-conditioning ducts where low humidities
prevail

Action on the Skin

The two most obvious results of exposing
human skin to either solar or artificial ultraviolet
are erythema (sunburn) and pigmentation (tan-
ning). Both effects have been studied quantita-
tively, and although there are wide individual

differences in sensitivity, it is possible to describe
the action specita and time courses of cach.
In some individuals, there may be other con-
sequences of exposure to ultraviolet, including
polymorphic light eruption and skin cancer with
wavelengths below about 3200 A and uriicaria
solare both below 3200 A and in the waveband
from 4000 to 5000 A (not a true ultraviolet
effect). It may be assumed, however, that such
idiosyncratic persons will not be selected for
spacecrews. Both erythema and tanning depend
upon the penetration and absorption of the
cutaneous layers, and the observed differences
in susceptibility between blond and dark skins
must be due in large part to differences in the
depth of penetration and the constituents
of the various layers. (The reflectivity of both light
and dark skins is essentially equal for ultraviolet
wavelengths.) The transmission of human skin,
layer by layer, is shown in Figure 11, which
indicates that wavelengths below 4000 A are
totally absorbed before reaching the subcu-
taneous layer. Clearly, the biotic effects of
ultraviolet on human skin are confined to ap-
proximately the upper 2 mm.

The action spectrum for erythema is shown
in Figure 12. Reddening occurs after exposure

| i | l ] |
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a Corneum 0.03 mm

b Epidermis 0.05 mm

¢ Epidermis 4 papillare 0.5 mm

d Epidermis + corium 2 mm

FIGURE 11.—Transmission of layers of human skin. (From Koller [9})
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FIGURE 12.— Action spectrum for erythema. (Data from two
sources as shown by Koller [9])

with a latency of 1-6 h and persists for 1 to 3
days. The degree of effect varies with exposure
time and intensity, and the reference unit is called
the minimum perceptible erythema (MPE).
According to Koller [9], 2.5 X MPE results in
vivid erythema, 5 X MPE in a painful sunburn,
and 10 X MPE in blistering. Higher exposures can
lead to necrosis. These values, however, are only
approximate, based on noonday sunlight on the
Earth’s surface, which has a different energy
spectrum from that of artificial sources or solar
radiation outside the atmosphere. Also, the above
factors are greater for longwave than for short-
wave ultraviolet. The mechanism of ultraviolet
erythema, which merely indicates dermal
vasodilation, is probably through release of a
histaminelike compound that reaches the lower
vascular layers by diffusion.

Tanning of the skin is imperfectly understood,
but twe major phases have been described.
The first phase has the same action spectrum
as erythema, and follows it in time with a longer
latency and much longer persistence. Presum-
ably, tanning reflects the same photochemical
changes that result in erythema, but the two
effects may be only indirectly related. The
second phase of tanning occurs in individuals
previously exposed to ultraviolet. It differs from
the first phase in that its action spectrum is
broadened and displaced toward the longer
wavelengths, with a peak at about 3460 A,
suggesting a different underlying photochemical
mechanism [9]. Phase 2 tanning also shows

essentially zero latency. The important point
is that space crewmembers with a recent pre-
flight history of tanning are likely to be more
resistant to ultraviolet radiation of the skin.

Ultraviolet Photophthalmia

Exposure of the human eye to excessive levels
of ultraviolet energy results in ocular pathology
of various kinds and degrees of severity. It
has been shown by Boettner and Wolter [2]
that no radiation shorter than 3800 A can pene-
trate to the retina of the adult eye, and that
most of the energy below 3000 A is completely
absorbed in traversing the cornea and vitreous,
i.e., before reaching the anterior surface of the
lens. The effects of ultraviolet radiation on the
eye are manifested only through its action on the
superficial tissues. The symptoms of over-
exposure include changes in corneal epithelium,
erythema of the lids, photophobia, and pain—
effects that are usually transient, but may be
dangerously incapacitating in certain space
operations. Unlike the skin, the eye and its sur-
rounding tissues do not develop a tolerance to
ultraviolet exposure, therefore protection must be
sustained despite repeated exposure. Pitts
et al [12] describe the onset and course of
ultraviolet photophthalmia thus:

The ordinary clinical photokeratitis follows
a characteristic course. After exposure, there
is a period of latency varying somewhat
inversely with the severity of the exposure.
The latency may be as short as 30 minutes
and as long as 24 hours but is typically 6
to 12 hours. Conjunctivitis sets in and is
accompanied with an erythema of the skin
surrounding the face and eyelids. There is
a sensation of foreign body or ‘sand’ in
the eyes, varying degrees of photophobia,
lacrimation, and blepharospasm. These
acute symptoms usually last from 6 to
24 hours, but almost all discomfort dis-
appears within 48 hours. Very rarely does
exposure result in permanent damage.

In a subsequent study, Pitts et al [13] present
quantitative data regarding the human threshold
for photokeratitis, which they found to be 0.05 %
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spectrum for photokeratitis in primates (Fig. 13).

It is relatively easy to protect the eyes from
abiotic ultraviolet radiation with suitable visor
and goggle materials, but it must be emphasized
that the photophthalmia consequent upon over-
exposure is very insidious, because of the long
latency between exposure and development of
symptoms. Accordingly, it is mandatory to exer-
cise constant vigilance in the use of protective
measures. Pitts et al [13] give formulas and
calculations for protection against the ultraviolet
levels encountered in the space environment,
and show the protective characteristics of mate-
rials now used in the US.

at 280 nm. They also give the action

THE INFRARED SPECTRUM

Radiation is one of four means of heat exchange
between the organism and the environment. (The
others — convection, conduction, and vaporiza-
tion—will not be treated here.) Man and other
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FIGURE 13.— Action spectrum for primate photophthalmia.
(From Pitts et al [12])

organisms may either absorb heat from radiating
bodies which are at higher temperatures than
theirs, or lose heat by radiating energy to cooler
bodies or to space. Man, as with other homoio-
thermic animals, requires that his environmental
temperature exchange be within certain limits
if he is to sustain comfort and unimpaired
bodily function, both of which are essential
to optimal performance. In the space environ-
ment the Sun is the most important source of
infrared radiation, and the solar heating effect
on both man and his spacecraft has been an
important element in the design of vehicles and
clothing. In much of the extensive literature
about the pathologic effects of heat and cold,
the response of the organism to alterations in
body heat, due to all causes, is considered and the
data referring to tolerance limits, effects of brief
exposure, and acclimatization are almost never
applicable to radiant heating or cooling alone.
Nevertheless, radical alterations of either local
or systemic temperatures due to radiant effects
may have identical results, and some pathologies
are uniquely produced by infrared radiation.

Because infrared radiation can penetrate the
skin more deeply than shorter wavelengths, the
heating effect on subcutaneous vascular tissue
is direct, and blood so heated circulates through-
out the body to produce a systemic elevation
in temperature. The transmission of human skin
in the spectrum up to 1400 nm is shown in
Figure 11. Radiative heat loss to the environment
follows the same rules as absorption; clothing
and spacecraft materials must be chosen so as
to maintain thermal equilibrium within the some-
what narrow range required for optimum physi-
ologic and psychologic states. The vast literature
on heat tolerance, thermal balance, and protec-
tion has been summarized by Roth [14]}.

Pathologic Effects

Too much or too little heat is deleterious to
the organism. Between the obvious extremes of
freezing and burning of tissues, several patho-
logic conditions result from exposure to excess
infrared radiation or from uncontrolled loss of
body heat through the radiative mechanism.
The former problem is remedied by removing
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heat, usually by conductive or evaporative
means; the latter by providing supplementary
heat from radiation, conduction, or convection.
The three most debilitating systemic effects
of excess heat are cramps, prostration, and
pyrexia heat. The first is successfully treat-
able by increasing salt uptake. Heat prostra-
tion is a common syndrome caused by collapse
of peripheral circulation, which is most frequently
precipitated during strenuous physical activity.
It is not associated with increase in internal
body temperature, and may be prevented (and
treated) by oral administration of water and salt.

Heat pyrexia is graver, resulting from a break-
down of the body’s heat regulatory mechanism.
Rectal temperature is elevated and sweating
diminishes or stops. Treatment is radical (usu-
ally immersion of the whole body in ice water),
so that prevention is essential in space operations.
Less severe pathologic effects of heat, such as
discomfort, anorexia, mild dehydration, and
excessive sweating, while relatively unimportant
in the terrestrial context, may be critically import-
ant in space operations. Since the eyes are
transparent to infrared energy in some wavebands
(Fig. 14), the heating effect may lead to ocular
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FIGURE 14.—Total transmittance of the whole human eye as a function of wavelength. Data for young
adult eyes except for the region below 380 nm, which is for a child’s eye; in adults. these wavelengths
are completely absorbed by the lens. (From Boettner and Wolter [2])
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pathology; the syndrome known as glassblowers’
cataract is thought to be so caused, although
the limited exposure times in space probably
preclude its occurrence. Infrared radiation also
has germicidal uses in the control of thermosensi-
tive and hydrophilic microorganisms.

Standardization

To establish standards for infrared radiation in
isolation is virtually impossible, for it is only
one of several contributors to the thermal environ-
ment. Direct radiation works in concert with
convection, conduction, evaporation, and re-
radiation in an exceedingly complex manner;
the total thermal exchange pattern results from
interplay of these factors. The radiant component
in heat exchange is, of itself, complicated by
crew motility, arrangement and surface tempera-
ture of different parts of the spacecraft or
habitat interior, and local differences in wall
temperature in the vicinity of feed-through equip-
ment, windows, or any structural anomalies [14].
With the exception of studies on the threshold for
pain caused by radiant heat, there are few quanti-
tative data regarding the effects of infrared
radiation (loss or gain) separated from the other
elements in thermal exchange. In evaluating the
many investigations of thermal stress, it must be
remembered that infrared radiation may or may
not be important, depending upon the structure
of the total heat environment. Similarly, an at-
tempt to establish radiant heat standards must
account for both indirect and direct effects on the
body.

Analysis of the integral heat exchange between
man and environment establishes primarily the
importance of individual means of heat transfer
(radiation, convection, evaporation). It would not
be reasonable to expect perfect agreement of
data obtained by individual investigators. The
figures of Hardy and DuBois [7] and Letavet and
Malysheva [10] at room conditions of 20° C
(presented in Table 3) are quite close.

Radiative heat transfer, according to Table 3,
occupies the most important position, If the ratio
of the radiative components is as large in heat
exchange between man and his environment
under usual comfortable conditions, when the

TaBLE 3.— Heat Losses of Man by Radiation,
Convection, and Evaporation

Letavet and
Malysheva [10}

Hardy and
DuBois [7]

Heat losses

cal/h % cal/h %

Radiation 45.7 59.1 41.7 55.6

Convection 11.0 14.2 11.5 15.3

Evaporation 20.6 26.7 21.8 29.1
77.3 100 75 100

air temperature is equal to the room tempera-
ture, then a change of room temperature will
naturally have a strong effect on body reactions
and the heat sensations of man.

In tests with the temperature of all rooms at
+40° C and at the same air temperature, dis-
ruption of the heat regulating functions naturally
occurred for short periods, even in a state of
rest, threatening overheating; moisture loss
reached 300400 ml/h. Reduction of the temper-
ature of all rooms to +14° C eliminated almost
entirely the overheating effect of air at a tempera-
ture of 40° C; moisture losses decreased from
300 ml/h to 75 ml/h; satisfactory feeling was
restored and there were no complaints of dis-
comfort, heat, or stuffiness.

By using cooled surfaces it is possible to
completely eliminate or significantly alleviate
the overheating effect of high air temperature.
The use of cooled surfaces makes it possible to
bring heat sensations very close to “comfort”
at air temperatures that are uncomfortably close
to overheating. For example, conditions very close
to comfort were created at an air temperature
of 25° C and raw chamber of 10° C, although in
addition to comfort, cooling was evaluated spo-
radically. In the absence of cooling, an air temper-
ature of 25° C is always assessed as uncomfort-
able. At low room air temperature, a comfort
state can be achieved by infrared radiation.
Industrial infrared heaters, usually called radiant
heaters, may be various panel installations
mounted on walls and ceiling, gas infrared
radiators, and similar, The air temperature may
be a few degrees lower when radiant heaters
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are used than with convective heating, since
the direct effect of radiation on the body produces
the required physiologic thermal equilibrium.
When air heaters are used, the air temperature
in the room is felt as pleasant at 20-22° C,
but with radiant heating, the air temperature
need only be 15-18°C,

Data collected on the dynamics of local radia-
tive cooling suggest that the skin, to a certain
extent, is transparent to the natural infrared
radiation of body tissues. Thus, cooling of sub-
cutaneous tissues and muscles can occur directly
through the skin as a result of heat loss, also
indirectly through infrared radiation.

In space travel, environmental conditions can
be created under which the principles of infrared
radiation action on the body, both radiative heat-
ing and radiative cooling, can be utilized for the
purpose of providing favorable or ‘‘comfort-
able” conditions in the spacecraft environment
(Table 4).

Protection against excessive heat gain or loss
through radiation is accomplished in two major
ways. The first is through the use of reflective

TABLE 4.—Time of Tolerance of Infrared
Radiation at Various Intensities

Radiation Source with Source with
cal/em? - min Amaxts) = 3.6 um | Apaxe = 1.07 um

2 159 305

3 39.4 5.88

4 27.3 379

5 16.0 26.9

6 17.9 21.2

7 10.9 17.6

8 9.5 14.5
materials in spacecraft, habitat, and space

garment design. The second is by means of
supplemental heating or cooling of either space
suits or (in a shirt-sleeve environment) of the
living areas. While a discussion of the many
factors involved in materials and devices used
in thermal control is beyond the purview of this
chapter, it should be recognized that the bio-
engineering efforts of the past decade have suc-
cessfully eliminated thermal stress in spacecraft,
and during extravehicular activity, for prolonged
periods. '
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IONIZING RADIATION

CORNELIUS A. TOBIAS !

University of California. Berkeley USA

The first manned orbital space flight was ac-
complished by the Soviet cosmonaut, Yuri
Gagarin, and many subsequent flights, including
lunar landings by American astronauts, Neal
Armstrong and others have proved the feasi-
bility of exploring, with human participation,
the properties of space nearest us and through-
out the solar system. At the time of this writing,
scientists of many nations are at work per-
fecting space stations—large manned orbital
laboratories —where astronauts can remain for
extended periods. ,

The success of manned exploration of the
planetary system depends on many factors,
including an understanding of the physical
properties and biologic effects of ionizing space
radiations which are being discovered and ana-
lyzed as part of the scientific exploration of space.

Man’s safety in space depends not only on
radiobiologic studies, but also, we are becoming
increasingly aware, that our understanding of the
origin of organic molecules in space and of evolu-

! This author (C.A.T.) wishes to acknowledge assistance
from Drs. Paul W. Todd. Pennsylvania State University.
and Stanley B. Curtis, Donner Laboratory, University of
California, Berkeley, who were consulted on various technical
points. Gratitude is also expressed for the translating and
editorial assistance of Della J. Mundy.
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tion, maintenance, and transmigration of life on
celestial objects also depends on these studies.
Space-related radiobiologic studies have already
yielded information that is useful not only to

" space science, but also to certain fields of biology

and medicine on Earth.

Successful study of space has brought about
the development of a new branch of science—
space radiobiology.?

The Discovery of Cosmic Rays
and Their Biologic Effects

The discovery of cosmic rays was connected
with the question of how ionization changes with
altitude. :

In 1911, V. Hess completed several flights in a
balloon, carrying with him a Wulf Electrometer
[86, 87]. Greater ionization was revealed at a

2 In writing this chapter and attempting to translate
material in different languages. the authors have agreed upon
these abbreviations:

US4 USSR Definition

GCR GKI  CGalactic Cosmic Radiation

LET LPE Linear Energy Transfer

rad " rad Absorbed dose of ionizing radiation
(1 rad =100 erg/g)

rem ber Roentgen Equivalent Man (rad X RBE)

RBE OBE  Relative Biological Effect

DNA DNK Deoxyribonucleic acid
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height rather than at ground level. This led Hess,
who received the Nobel prize for his discovery in
1936, to suspect the existence of a special radia-
tion much harder than vy-irradiation and of
extraterrestrial origin. At this time the radiation
was called Hohenstrahlung, or “high altitude
radiation.” In 1923, Millikan and Otis, in meas-
uring the absorption coefficient of cosmic rays
in lead on the summit of Pike’s Peak (4300 m),
came to the conclusion that the absorption
coefficient was of the same magnitude as that for

y-rays. In June 1925, the Soviet physicists,

Myssowsky and Tuwim, at Lake Onega, were
able to determine the coefficient of absorption
for cosmic rays in water at a depth up to 10 m.?
The results showed that the coefficient of ab-
sorption for the penetrating radiation was ten
times less than that for y-rays. In August 1925,
Millikan and Cameron reached the same con-
clusion [120]. Since then, the existence of cosmic
radiation has not been seriously questioned.

In 1927, Skobelzyn proved experimentally,
by the use of Wilson cloud chambers, that cosmic
radiation contains charged particles of extremely
high energies [156]. In 1947, Freier and asso-
ciates made the very important discovery,
by flying photographic emulsions in high-altitude
balloons, that nuclear particles with mass num-
bers up to 40 and with energies of several billion
electron volts are continually entering the Earth’s
atmosphere [54]. These particles are now known
as the heavy nuclei of galactic cosmic rays. In
1967, Fowler demonstrated the existence of
super heavy particles, with an atomic number up
to and perhaps beyond that of uranium (Z=92),
located within cosmic rays [53].

Radiation events in the solar system connected
with solar flares were first discovered when a
worldwide change in ground-level cosmic back-
ground radiation was observed in 1956. Since that
time, numerous discoveries and measurements
made in satellites by S. Vernov, J. Van Allen,
and others have provided detailed information
relating to the nature and composition of the
Earth’s radiation belt, solar wind and flares, solar
and galactic heavy-ion radiation, and other
related phenomena [177, 183].

3 See Hess, V. F., and J. Eugster, op. cit., (1949) pp. 9-10.

By 1925, Nadson and Fillippov established
that 1ionizing radiation can alter inheritable
properties in yeast cells [125]. In 1926, Mueller
succeeded in proving that some of the changes
observed in postirradiation Drosophila were
mutations which segregated according to the
classical laws of genetics [123, 124|. Then the
question arose of the possible role of cosmic
rays in evolutionary processes. Rajewsky
demonstrated that cosmic rays are mutagenic:

The reports of H. Thomas, and of A.
Delbriick and N. W. Timoféeff-Ressovsky
published in Nature suggest the following
considerations, and led us to give some pro-
visional results from our own experiments.

This question has often been discussed by
various workers in genetics, and has usually
been answered in the negative because of
the known small intensity of cosmic radia-
tion at sea level. and because of the amount
of the mutation rate with x-rays and radium.
The amount of air ionization was used as a
means of comparison. As a matter of fact,
on the basis of 2 ion pairs/ceS-! for air
ionization by cosmic radiation, the total
dose is very small, even after prolonged
exposure (e.g., about 2.5 X103 R after 30
d). This dose is too small to cause muta-
tion experimentally, compared with the
dose of x-ray of 30 R which is necessary to
produce an appreciable rise in mutation rate.

An important fact, however, has been left
out of consideration, which may be decisive:
the showers and bursts which arise when
cosmic rays penetrate matter and the re-
sulting secondary effects. . . .

In our tests we exposed a series of objects
to the effects of cosmic radiation under
suitable lead screening. The dimensions of
the screens were calculated according to the
Rossi Curve for showers, and the observa-
tions of Schwegler. Apart from the controls
which were unscreened, we chose screens
with an optimal wall thickness (maximum for
showers) also screens least favorable to the
production of showers.

We give here just the results obtained
with one fungus (Bombardia lunata Zickler).
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In the case of this fungus we know, on the

basis of former experiments. a few strains to
be particularly stable as regards spontaneous
mutation, but which display clearly recog-
nizable mutation after exposure to x-rays.
Cuitures growing in Petri dishes were ex-
posed in various series for periods of 4
to 6 weeks. At the end of exposure each
culture was cut into squares of equal size
and these were then further cultured
separately in test tubes. Among these
secondary cultures were a number which
showed mutations, and these occurred more
frequently under optimal screening than the
control’s unsuitably screened cultures.
The results are tabulated below:

Number of | Percentage
Total number
. cultures of cultures
Screening | of secondary . X
showing showing
cultures - :
mutation mutation
Controls
and un-
suitable
screening 3095 22 0.71
Optimal
screening 2721 85 3.1

It can be seen that the rate of mutated cul-
tures is relatively large. Even granting that
the actual number of mutations may be
smaller than the number of mutated cultures,
there nevertheless remains an excess of
mutations under the optimally screened
cultures compared with the rest.*

Koltsov wrote in the 1930s:

We know nothing of the role of neutrons,
protons and positrons as possible factors
influencing mutation processes. But a
practical problem—the provision of safety
for our brave flyers in the stratosphere—
urgently demands the quantitative and
qualitative study of the biological effects of
those radiations which are found in the
stratospheres.

A. Piccard, who completed flights to the strato-
sphere in a balloon in 1931-1932, fully recognized

4 From extract of Rajewsky’s work in: Hess, V. F., and J.
Eugster, op. cit. (1949) pp. 89-90.

the possibility of the existence of biologic
cffects due to cosmic rays.?

In 1931, Zirkle showed that a-particles with
high linear energy transfer (LET) are biologically
more effective than vyrays; a-particles must
direcily sirike the cell nuclei in order to have a
lethal effect [196].

In 1934, academician L. Orbeli, promoting a
plan of scientific investigation on the effects of
atmospheric conditions on man and animals,
remarked:

We do not know what type of physiological
effect these rays have, particularly those
which are found in the upper layers of the
atmosphere. A systematic study of this
question by means of experimentation with
humans and animals is needed.

The biologic experiments, carried out at first
with balloons and later with rockets, could not
provide convincing answers to the questions pos-
tulated because of the brevity and relatively low
altitudes of these flights. The Swiss scientist,
Eugster [49], described a variety of cosmic ray
exposures. He compared effects on biologic
objects stored in the Simplon Tunnel, located
beneath a massive mountain and absorbing most
of the cosmic radiation, with effects noted at the
top of the Alps and in high-altitude balloons.
Eugster developed the idea of investigating the
effects of single cosmic ray particles on individual
cells through the use of photographic emulsion
to register the passage of particles.

Shortly after the discovery of heavy primaries
in cosmic rays, Schaefer pointed out the pos-
sible hazard to humans of heavy-ion *“thin downs”
(or the events occurring at the end of a heavy-ion
track as the particle comes to rest [148]) when
flying at high altitudes. Krebs put forth the idea
that multipronged nuclear stars can produce a
biologic effect [96], and Tobias (1951, 1952)
worked out methods for biologic research with
cosmic ray particles [166].

Chase and associates in 1954 detected changes
in hair color of black mice (C57bl) which were
exposed to cosmic rays in high-altitude balloons
[29]. A few gray streaks were also found, which

3 See Hess. V. F.. and J. Eugster. op. cit. (1949) p. 11.
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appeared to correspond to single-particle tracks.
Experiments with mice on Mt. Elbrus and
during flights on aerostats confirmed that hair
graying occurred in separate areas.

Numerous biologic objects were then flown in
balloons. For example, Slater and Tobias ob-
served developmental malformations in maize
exposed at 24 000-36 000 m (80 000-120 000 ft) in
balloons for 48 h [157]. However, the practical
difficulties of keeping biologic materials aloft
for extended periods of time, such as necessary
limitations in weight and size, have, in many
cases, not allowed us to obtain statistically
significant data on biologic effects of cosmic
radiation. As a result, this has required simulat-
ing cosmic radiation at ground level.

Biologic studies with accelerated protons,
deuterons, and helium ions were begun at the
Berkeley cyclotron [168] in 1947, and later at
Dubna [104].

Following the first manned orbital space flights,
scientists from various countries (H. Strughold,
N. Sisakian, V. Chernigovsky, R. Lovelace,
V. Parin, O. Gazenko, and others) predicted that
space biology and medicine were fast becoming
new areas for scientific research.

Lebedinsky, Langham, Nefedov, Saksonov,
and other scientists concluded that space radia-
tion might present limitations for manned
space flight. A committee of the US Academy of
Sciences, headed by W. Langham, D. Grahn, and
C. A. Tobias and other groups, such as Y.
Grigor'yev and associates in the USSR, made
detailed studies of the problem of space radiation
hazards [63, 98].

Several fundamental theoretical and practical
directions for research in space radiobiology
resulted from such studies; these trends included:

peculiarities of biologic effects due to various
types of space radiation;

combined effects of cosmic radiation and
other extreme factors in space flight;

radiation hazard on both short- and long-
term flights and the establishment of
permissible levels of radiation;

methods of protecting astronauts and possi-
ble biologic links in the life-support system
from cosmic radiation;

system of dosimetric control;
means of individual protection;

pharmacologic means of protection from
radiation injury.

The problem of evaluating radiation hazard
for a given space flight is especially complex.
The total dose, dose rate, and distribution of
linear energy transfers (LET) must be deter-
mined. Shielding the spacecraft can modify
the radiation spectrum. Evaluation of the sig-
nificance of cosmic ray, heavy-ion radiation
damage to structures essential for life in the
human organism is an extremely important
problem. Possible repair of radiation-induced
injury should be considered, as well as direct
influence on astronaut performance and long-
term effects such as carcinogenesis. Synergism
of all these factors under spaceflight conditions
must also be considered in the evaluation of
radiation hazard.

Results of the research conducted at the Dubna
proton accelerator (50 to 730 MeV), at Serpukhov
(70 GeV), and at several accelerators in the USA,
as well as data obtained during space flights.
made it apparent that the space radiation hazard
on short flights (less than 1 month) is minimal.
Orbits within the lower radiation belt, however,
should be avoided, and certain regions of this
belt must be crossed as rapidly as possible.
Operational, dosimetric control should be pro-
vided and solar flares predicted. In the event of
a very large, unexpected solar flare, it might be
advisable to postpone or terminate a flight.

The problem of radiation hazard is more
complex on long flights, at large orbital radii, and
on lunar or planetary journeys (duration greater
than 1 month). In order to evaluate the hazard
on such flights, two types of research appear to
be necessary.

First, it is necessary to know the hazard from
continued exposure within the limits of the
Earth’s atmosphere (the level of background
radiation on Earth) compared with the level
found in space. Second, the nature and severity
of hazardous effects from heavy particles in
galactic radiation must be understood.

An experiment designed to continue for
several years was initiated in the USSR in 1966
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[72], in an effort to answer the first question.
The experiment, which became known as the
“Chronic Irradiation Experiment,” was con-
ducted with 246 dogs under simulated long-term
spaceflight conditions. The data obtained from
this experiment permit evaluation of the effects
of 3- to 6-yr continuous irradiation at different
annual doses (25, 75, 150, 225 rem). Protracted
experiments with primates are also being con-
ducted in the US. A great deal of attention is
constantly being given to more precise definitions
of radiation effects on humans, from available
therapeutic data and data from radiation acci-
dents [172].

The second problem of biologic effects of
heavy ions can be evaluated partially from
experiments with accelerated heavy particles at
ground level, and partially by verifying the results
of these experiments. Establishment of two linear
accelerators in Berkeley and New Haven in
1958 made possible the first biologic experiments
with low-energy heavy ions [147]. In 1967, low-
energy accelerated ions with atomic numbers
greater than 18 first became available to radio-
biologists at Dubna. Heavy ions of nitrogen and
oxygen were accelerated to energies of more than
1 billion eV at Princeton and Berkeley in 1971
[77, 187]. At current rates of technical progress,
perhaps within the next few years, it may become
possible through the use of accelerators to study
the biologic effects of a significant part of the
primary cosmic ray spectrum. So far, only limited

data have been obtained from spaceflight
simulation in the laboratory.
Space radiobiology has thus accumulated

extensive material for study in a relatively short
time. This experience will allow judicious evalu-
ation of the degree of hazard present in cosmic
radiation and will allow us to outline a series of
tasks which will require mandatory study in
long-term space flight.

COSMIC RADIATION -
EVALUATION OF POSSIBLE
RADIATION EXPOSURE

Flight duration, trajectory, and other param-
eters determine the evaluation of the limits of
possible exposure to space radiations and of the

574-271 O - 75 - pt.2 - 6

corresponding radiation hazard to the crew on a
given flight. Radiation hazard from the following
sources of ionizing radiation will be discussed:
galactic cosmic radiation; solar flares; and the
Earth’s radiation belt.

The radiation hazard from artificial on-board
isotope sources, from atomic propulsion installa-
tion sources, and from other sources specific to
each mission must also be considered.

Another source of artificial radiation is atomic
bomb testing. Certain types of radiation from
such tests become trapped in the Earth’s geo-
magnetic field (the so-called artificial radiation
belts of the Earth), creating an area of high
radiation which can persist for several years.
During landings on other planets, radiation from
natural radioactive ores, and, in certain cases,
induced radioactivity, may also act on the crew of
spacecraft.

Characteristic of manned space flights, all
factors essential for thorough evaluation of pos-
sible radiation effects are not simultaneously
available. Such factors include spatial and
temporal distribution of dose ¢ in the body, and
linear energy transfer (LET) distribution to each
part of the body. Even the LET distribution is not
always sufficient for this evaluation; theoretically
it would be better to have information on the
distribution of cosmic ray particles by atomic
number, mass, and velocity.

Instead of the detailed information outlined
above (which, even if available, would consist of
so many numbers that computer handling of the
information would be necessary), simplifications
and approximations in regard to space radiation
quality and dose are more usually encountered.

For example, it may be possible to measure the
“exposure”’ dose outside the body and to identify
the source of radiation, thereby learning about
its LET distribution. If exposure is a result of
radiation caused by solar flares, something may
be known of the magnetic rigidity spectrum of
the particles. and the amount of their absorption
in tissue may be estimated. The presence of
shielding creates additional complexities: (a) as a
consequence of unequal distribution of shielding
mass at the ship’s surface, local dose magnitudes

6 The unit of dose is the rad. One rad corresponds to 100
ergs absorbed/g tissue.
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at various points in the ship will differ signifi-
cantly; unequal spatial distribution of absorbed
dose in the astronaut’s body will be observed;
(b) the shielding may provide a source for second-
ary particles and quanta [11, 19, 56, 142].

The varying nature of dose distributions en-
countered during a flight can be approximated
by the introduction of models in which biologic
objects may be placed in situations simulating
space flight. But extrapolation of the results
obtained from experimental animals, when
applied to man, leads to special problems which
are not always possible to resolve.

Various dose criteria are used to evaluate
radiation hazard, because of the complex radia-
tion environment in space. For low-energy radia-
tions, the surface dose is the most suitable
criterion. Radiations of this type may be en-
countered when low-energy protons from solar
flares are present, or if an astronaut leaves the
spacecraft in the region of the electron layer of

TABLE 1.—Influence of Type of Radiation and
Thickness of Shielding on Choice of Dose
Criteria in Evaluation of Radiation Hazard

Thickness of
Type of radiation shielding in Dose criteria
g/cm?
Galactic cosmic =1 Mean tissue dose;
radiation dose to the bone
marrow !
Solar flares =1 Surface dose
1+5 Absorbed dose in
critical organ ?
5+10 Mean tissue dose;
dose to the bone
marrow and
gonads 3
Earth’s radiation belt <2 Absorbed dose in a
(protons) critical organ
=2 Mean tissue dose
Earth’s radiation belt =1 Surface dose; dose
(electrons) to skin and eyes 3

! Special consideration must be given to the effects of
individual heavy primary particles on nonregenerating
tissues such as certain parts of the nervous system.

2 Acute exposures to large solar flares are considered.
Doses from small flares on long space journeys to other
planets must be considered as protracted exposures.

3 In orbiting spacecraft, chronic exposures must be
considered.

the Earth’s radiation belt. Under such conditions,
the skin, and lens and retina of the eye may
be considered critical organs. For high-energy
radiation exposure in the presence of spacecraft
shielding, exposure to man may be considered
uniform, and the concept of mean tissue dose is
appropriate. A typical case is exposure to high-
energy protons of solar flares with high magnetic
rigidity. In these cases, the bone marrow appears
to be the critical organ. There are intermediary
situations where one may be guided by the
absorbed dose to a particular critical organ. This
occurs when astronauts are exposed to protons
from the lower radiation belt or to solar flares of
medium magnetic rigidity. Examples of such
correlations are shown in Table 1.

Galactic Cosmic Radiation

Galactic cosmic radiation is made up of protons
(~85%), a particles (~13%) and heavy nuclei
(~2%) (34, 189]. Heavy nuclei include nuclei of
elements with atomic numbers greater than 2
up to and including the iron group (Z=26).
Galactic cosmic rays also have a “superheavy”
component consisting of particles of very high
atomic number up to and including that of
uranium (Z=92). The possibility that trans-
uranium atoms also may occur is being investi-
gated. Although extremely heavy particles are
quite rare, they must be taken into account, since
each of these arriving in a sensitive region could
have serious effects. A large fraction of the dose
can be attributed to nuclei with a charge greater
than 3. The dose delivered by the heavy particles
at constant velocity is proportional to the square
of their atomic number (Z2), which accounts for
their significance in producing biologic effects
[34]. Table 2 shows estimates of dose contribu-
tion for various heavy particles. In addition to
dose, the distribution of linear energy transfer
(LET) is very important. Figure 1 presents
integral number LET spectra for galactic cosmic
rays.

It is essential to take into account the dose
contribution from secondaries arising from
nuclear interactions of galactic cosmic radiation
with shielding materials, human tissues, and the
spacecraft itself. Estimates are that such inter-
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the total absorbed dose from galactic primaries.

The intensity of galactic cosmic radiation near
the Earth is not constant. In a period of minimum
activity, it increases. Depending on ihe phase of
the 11-yr cycle of solar activity, the intensity of

TABLE 2.—Primary Galactic Cosmic Radiation
Dose Rates at Solar Minimum Outside the
Earth Magnetosphere

Contribution to the dose
Dose rate depending on atomic
number (Z)
Annual Daily z Percent of
total dose
12.6 rad/yr 34.5 mrad/24 h 1 37
2 28
6-9 15
10-14 10
26-28 10
> 3
NE ] 1" Particle/cm?min-
5 4
35 4
& 1084
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FIGURE 1.—Integral LET spectrum for primary cosmic
rays during minimum solar activity, without shielding
LET spectra for particles of various atomic weights are
also shown. The dotted line is obtained by assuming an
abrupt decrease in the spectrum for iron ions with threshold
energy less than 100 MeV/nucleon. The dashed lines
represent areas where data are lacking.
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galactic cosmic radiation o n 2 to 4.5
particles/cm2s-1 [182]. The angular distribution
of galactic cosmic radiation in free space away
from any planetary influence is assumed to be
isotropic. Dose distribution within the astronaut’s
body will be almost uniform.

Near the Earth, the dose of galactic cosmic
radiation is considerably lower because of the
shielding effect of the Earth’s magnetic fields
and of the Earth itself. For orbits at an altitude
up to 250—300 km, at a 65° angle to the plane
of the equator, the dose rate is 8—10 mrad/d.
These results agree quite well with data from
direct measurements obtained during flight on
the spaceships Vostok, Voskhod, Gemini,
Soyuz, and Apollo (see Table 3).

(=)
Pt

Radiation from Solar Flares

Mainly protons of various energies and a small
percentage of helium ions constitute radiation
from solar flares. The spectra of proton radiation
of solar flares may differ radically with each
event, depending on the magnetic rigidity
spectrum. Considering that solar flare spectra
represent decreasing functions of particulate
energy, considerable reduction of absorbed dose
to various parts of the body with relatively thin
shielding is possible (see Tables 4 and 5) [11,
149, 150, 151].

The magnitude of solar events has been divided
into four classes, based on astronomic and radia-
tion parameters. So far. an extremely large flare
has not occurred during a manned space flight.”
Consequently, dose calculations are often based
on incomplete measurements of momentum
spectra. Extrapolations regarding the ends of the
spectra, assumptions regarding charge distribu-
tions of the particles, and corrections with respect
to shielding from the Earth’s magnetic field are
usually entailed.

In Table 6, calculations are based on the 10
largest solar eruptions during the 19th solar cycle.
One important point is that the largest flares are

7In early July 1974, a large flare occurred during a Soviet
manned space flight. However., most of the flare radiation was
deflected by the Earth’s magnetic field and the cosmonauts,
within a low orbit, were protected. Had they been outside the
Earth’s magnetic field. they might have received a large dose.
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rather infrequent but are capable of delivering a
dose of several hundred rad to the skin surface
as well as to the bone marrow. Furthermore, the
data in Table 6 show that absorbed dose depends
largely upon the configuration of shielding,
placement of the crew in the spacecraft, and
similar factors. For example, shielding of the
Apollo ships varies from 2.75 g/em? to 212 gfcm?
[151], with the thickest portions of the shielding
located at the back of the spacecraft. Although
very large solar flares are rare (about one every
4 years), the dose from such events can be con-
siderable. During a major solar eruption, the
astronaut may receive a dose to the skin of the
upper torso of 350-800 rem, to the eyes of up to
180 rem, and to the blood-forming organs of 3-12
rem. Superficial parts of the body receive a larger
number of stopping particles (protons, a-particles,
and heavy ions), and an astronaut in open space,

TABLE 3.—Average Dose Absorbed by the Astro-
nauts, According to Thermoluminescent Dosim-
etry Data

. Av. absorbed Av. absorbed
Spaceship ! dose (mrad) Spacecraft ! dose {mrad)
Vostok 2.0 Gemini 3 23.0
Vostok 2 11.0 Gemini 4 46.0
Vostok 3 62.0 Gemini 5 176.0
Vostok 4 46.0 Gemini 6 25.0
Vostok 5 80.0 Gemini 7 164.0
Vostok 6 44.0 Gemini 8 10.0
Gemini 9 19.0
z"Skh"d 33‘8 Gemini 10 720.0
oskhod 2 60. Gemini 11 28.0
Soyuz 3 85.0 Gemini 12 20.0
Soyuz ¢ 0.0 Apollo 7 156.0
Soyuz 5 62.0
Apollo 8 150.0
Soyuz 6 70.5
Apollo 9 202.0
Soyuz 7 63.0 Apollo 10 468.0
Soyuz 8 72.5
Apollo 11 173.0
Soyuz 9 323.5 Apollo 12 577.0
Salyut 870.0 Apolio 13 237.0
Apollo 14 1142.0
Apollo 15 300.0
Apollo 16 500.0
Apollo 17 600.0
Skylab 2500--3500

! Inclination of orbit for Vostok and Voskhod spaceships
= 65°; for Soyuz ships= 52°; for Gemini craft = 33°; for Apollo
craft=31-33°.
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without the protection of the ship, may receive a
significant dose to the skin from high-energy
electrons. Figure 2 shows amounts of absorbed
dose from solar radiation during the July 10-17,
1959, events.

The contribution of solar radiation to the dose
received by astronauts is also dependent upon
duration of the space flight. During a short-term
flight, of 15 days for example, the probability
that the crew may receive a dose of 20—30 rem,
with shielding of 3.5 g/cm?2, is very small and
equal to only 0.01-0.02% (see Table 7).

The absence of linear dependence of total dose
of proton irradiation on length of flight is an
important consideration in evaluating radiation
hazard from solar flares.

As duration of the flight increases, the prob-
ability of exceeding a certain arbitrary dose

TABLE 4.—Calculated Dose with Various Thick-
ness of Shielding During Solar Events, May 10,
1959

Dose (rad) with Dose (rad) with
Dose criteria  [shielding thickness| shielding thickness
1.0 g/ecm? 7.0 g/em?
External dose 8000 260
Surface dose to skin 5400 140
Mean tissue dose 270 33
Dose to critical
organ:
lens 1800 80
gonads 800 60
bone marrow 55 10

TABLE 5.—Calculated Surface Dose (Ds) and
Dose Along the Midline (Dmia) in a Phantom
of Man Located Behind Gemini Shielding
During Various Solar Events

Solar flare Solar flare Solar flare
Trajectory 6/14, 1959 11/12, 1960 2/23, 1956
Ds Dmld Ds Dmid Ds Dmid
In free
space 145 2.5 128 9 92 16
In orbit; i
trajectory
= 400 km,
60° 17 0.4 17 1.7 13 4
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TABLE 6.— Radiation Dose Received for 10 Lurgest Flares During 19th Solar
Cycle Behind Shielding of Various Thicknesses (g/cm? Al)
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Dose to the surface of the Dose in tissue,
Date of flare event body (rad) at 4 cm depth (rad)
1g/em? | 2 g/lem? | 10 g/lem? | 1 gfem? | 2 glem? | 10 g/em?

February 23, 1956 280 180 48 73 64 30
March 23, 1958 148 54 2.1 6.4 4.5 0.66
July 7, 1958 150 54 1.93 6 4.3 0.59
May 10, 1959 470 260 15.6 38 29.3 6.4
July 10, 1959 420 210 24.5 50 40 11.5
July 14, 1959 650 273 19.5 48 36 7.5
July 16, 1959 382 191 22.3 46 36 10.5
November 12, 1960 484 263 43 75 62 20.8
July 18, 1961 128 63 7.2 15 12 3.3
November 15, 1970 288 151 20.5 39.6 31.7 10.1
Mean 361 165 21 40 32 10

level due to a combination of small and large
flares increases nonlinearly. This is illustrated
in Figure 3. During lengthy space flichts, as ¢n a
I-year flight to Mars, it is quite likely that at least
one large solar flare will be encountered.
Considering the varying spectral makeup of
each solar flare, the possibility exists that, even
with thick shielding, a considerable dose will be
received. For example, with the crew located in
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FIGURE 2.—Doses to the crystalline lens, breast, and in-
testines from solar flares, similar to that which touvk place
between July 10 and 17, 1959. It is assumed that the sub-
ject is located in the center of a spherical aluminum shield
of 4 g/em®. The dashed line represents decrease in dose
as a result of use of goggles which create additional pro-
tection of 4 g/em?. Total dose is calculated from integral
flux value and a flux-weighted average for each flare.

a specially constructed cubicle with wall thick-
ness of 30 g/cm?, the mean dose for 600 flight
days ecould add up to about 20 rad.

For evaluation of radiation hazard on long
flights. then, it is reasonable to expect several
proton flares, each with its pattern of attenuation
within the spacecraft shield. Conceivably, a
model could be devised for dose attenuation from
all possible types of solar flares occurring on a
long flight, making it feasible to calculate the risk
of exceeding established doses.

Such calculations of probable dose incurred on

TABLE 7.—Probability of Occurrence of Solar

Flares and Corresponding Absorbed Dose
foral5-Day Flight
Solar events & dosage Dates
Date of solar flare 2/23/56 | 11/12/60{5/10/59 {10/3/60
Class of solar flare I 1I 111 v
Dose (shield
= 3.5 g/cm?) 34 rem| 20 rem | 14 rem| 0.3 rem
Probability of
=z solar events
5| occurring 0.01 0.02 0.02 0.32
=%
o
-g Expected number
= of solar events
per 100 flights 1 2 2 32
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a lengthy flight, for example, of 100-1000 d,
have already been made on the basis of data from
the most characteristic solar flare events in each
class, i.e., from the solar flares of February 23,
1956; May 10, 1959; October 31, 1960; and
November 12, 1960. However, the calculations
did not take into account the dose buildup from
secondary radiation produced within the shielding
{56]. Possible effects from the large flares in
August 1972, and July 1974, have not yet been
analyzed.

The aim is to keep the dose from solar flares
for a given thickness of shielding below a pre-
determined dose level. In this connection, the
concepts of risk of exceeding allowable dose and
of reliability of shielding will be introduced. If,
for example, length of flight is equal to 600 d
and thickness of shielding equals 20 g/cm2,
the risk of exceeding a dose of 50 rem is about
10%, and the probability of exceeding a dose of
100 rem is on the order of 0.1%.

Figure 3 gives values for dose to the eye lens
per week of space flight under conditions similar
to those prevailing during the maximum of solar
cycle 19 with additional consideration for varying
thicknesses of shielding [47].

100
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Probability per wk

103

10" 10° 10 102 103 104

Dose to eye lens (rad)

FIGURE 3.—Probability that the lens will receive a given dose
(in rads) per week from solar-flare protons during the
maximum of Solar Cycle 19. It is assumed that subject
is located in the center of a spherical aluminum shielding
of various thicknesses ranging from 0 to 16 g/cm?.

Radiation Belts of the Earth

The radiation belts of the Earth may be
divided hypothetically into inner and outer belts.
The inner radiation belt consists of high-energy

protons producing a dose essentially dependent
upon the location of the trajectory, the length of
passage of the spacecraft through the belt, and
thickness of shielding.

During brief passage through the inner radia-
tion belt (for example, 10—20 min), the dose will
not exceed several rem [19]. Calculations show
that traversing the outer radiation belt in a
command module of the Apollo type increases
that dose by less than 1 rad [47]. With additional
consideration of secondary radiation, the astronaut
may receive a total superficial dose of 10-20
rad/h. Knowledge of the contribution of protons
in the Earth’s radiation belts to total dose is
essential for investigation of the possible use of
space shuttles and space platforms, when trans-
ferring from an orbit near the Earth to an inter-
planetary trajectory. For example, when a ship
remains in an equatorial orbit for 30—60 d with
shielding of 30 g/cm?2, the dose received is
calculated at 50—100 rem [189].

The outer radiation belt consists of fluxes of
electrons and low-energy protons. The electrons
of the outer belt have little penetrating capability.
At the center of the belt, with shielding of 1
g/em? aluminum, for example, the dose rate to
the surface of the body equals about 40 rem/d. A
shield of about 5 g/cm? is sufficient to decrease
the dose from electrons to acceptable levels [19].

Artificial (Manmade) Sources of Radiation

Future investigations and the conquest of space
are inseparably connected with the use of atomic
energy. Atomic reactors and radioactive isotopes
will be used on spacecraft in various combina-
tions of equipment [141].

In 1962, a hydrogen bomb equivalent to 1.4
Mt dynamite was exploded at an altitude of 400
km over the Pacific Ocean. As a result of 8-
decay of isotopes, about 10?7 electrons were
released, a portion of which was captured by the
Earth’s magnetic field, thereby forming an
artificial radiation belt of high intensity. The
central part of this belt appears to be situated
about 30006000 km from the Earth in the plane
of the Equator. The intensity of electrons at the
central part of this belt exceeds 10° electrons/
cm?-s~ ! An electron flux of about 10% to 10¢
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elecironsicm? - s ! corresponds to a dose rate of
5 to 50 rad/d.

Thus, the absorbed dose during a long space
flight will come from various sources— galactic
cosmic radiation, solar flares. radiation beits of
the Earth, and various on-board artificial nuclear
sources. Landings on the Moon or on other
planets could introduce the additional factor of
natural radioactivity into calculations for absorbed

dose.

BIOLOGIC EFFECTS OF PROTONS
AND HEAVILY IONIZING PARTICLES

From the point of view of radiation hazard, the
most important component of particulate radia-
tion in space is fast nuclei. These occur in galactic
cosmic rays as well as in flare emanations from
the Sun. For radiobiologic investigation, it is
convenient to divide particulate radiation into
light nuclei, which include protons and helium
ions, and heavy nuclei, which usually include all
those elements with atomic numbers greater than
2. The majority of particles found in galactic
cosmic radiation and in solar flares belong to the
first, light nuclear group, while the quantity of
heavy nuclei is relatively small. Contribution
to dose from heavy ions is considerable, however.

The biologic effect from high-energy light
nuclei differs only in minor ways from that caused
by other types of radiation, i.e., x-ray and
y-radiation. Heavy particles and stopping light
nuclei, however, seem to cause more profound
and often irreversible changes. The biologic
effect of heavy particles has not yet been suffi-
ciently investigated, because of great technical
difficulties confronting the researcher.

A single parameter, i.e. dose (usually measured
in rad), is not sufficient for quantitating the
biologic effects of heavy particles. At least one,
and probably two, additional parameters are
required, particularly linear energy transfer
(LET), a quantity which is also known as the
“rate of energy loss” and which is related to the
older term, “‘specific ionization.” The LET of
heavy particles generally increases as the par-
ticles slow down from very high velocities to an
eventual collision. Figure 4 provides a quanti-
tative idea of the behavior of these particles in

issue The figure shows r1a erg
relationship of particles in water, which may be
regarded as approximately equivalent to soft
tissue in its ability to stop particles from passing
through. in bone, which contains phosphaies,
calcium, and other organic and inorganic com-
pounds in addition to water, the range of each
particle is approximately 0—40% less than in
tissue-equivalent aqueous material.

The LET of heavy particles in tissue can be
shown as a function of energy and atomic number
(see Fig. 5.). In most biologic studies, the effec-
tiveness of each particle increases rapidly with
its LET. Prior to the advent of space flight,
biologic effects were explored in detail primarily
for LET values below 100 keV/um. LET domains
above this value are the subject of most current
studies.

When cosmic rays are simulated in the
laboratory, it is usually convenient to use parallel
monoenergetic beams of component particles.
Since the number of collisions and interactions
of such particles vary statistically, different
types of particle beams exhibit characteristic
depth ionization. This concept was originally
demonstrated by Sir William Bragg in 1912;
he described the track produced by a-rays
emitted by natural radioactive isotopes.

Figure 6 provides an example of depth ioniza-
tion curves produced by two types of accelerated
beam: the 900-MeV, helium-ion beam obtained at
the 184-in. cyclotron in Berkeley (California),
and the nitrogen-ion beam recently accelerated
at the bevatron, also in Berkeley. When biologic
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FIGURE 4.—Energy versus range of various ions in water.
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objects are placed in the path of these beams, the
effect is potentially greater at greater depth.
Biologic survival of mammalian cells in culture
has been measured by passing such beams
through appropriate phantoms. Recent data on
the nitrogen beam show that the same beam
(for which the Bragg curve is shown) which allows
survival of about 40% of cells when entering
tissue, will allow only about 0.1% survival at
depths expressed in terms of the Bragg peak
[167], and indicate that slow, heavily ionizing
particles have a greater biologic effect than fast
particles of the same charge. Results are similar
from recent research on protons by Wainson
et al [186].

In free space, particles arrive from various
directions with mixed energies, which makes it
necessary to evaluate the effects of mixed energy
as well as monoenergetic beams. In initial ex-
perimental approaches to this problem, measure-
ment of the effects of monoenergetic proton
beams in various situations was attempted. Later
it became essential to provide mixed-energy
beams in the laboratory to simulate conditions
in space. Certain technical difficulties arise,
since particles accelerated in a cyclotron are
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FIGURE 5.— LET versus specific energy of various ions in
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Relative dose

usually accelerated only at a single energy. A
simulated solar flare spectrum has been obtained
at Berkeley using helium ions and ridge-filter
type absorbers, a technique initially pioneered
in Sweden with the use of proton beams.

Figure 7 shows the dose distribution of a solar
flare spectrum simulated at the Berkeley cyclo-
tron in comparison with an actual solar flare
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FIGURE 6.—Range of nitrogen ions (270 MeV/nucleon) as
measured in water and 910-MeV helium-ion beam as
measured in Lucite.
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FiGURE 7.—A helium-ion Bragg curve, experimental data
(open squares), and a computer calculation of the trans-
formation of the Bragg curve, via a ridge filter, to a simu-
lated “‘solar flare depth distribution.”
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In the

um measured by Lyman et al[111]
future, it might be desirable to 51mulate not only
dose distribution, but also LET distributions in
various types of space radiations.

The pxublclu of hcavyuuu effccts is further
complicated by such particles producing second-
ary particles, some of which are also heavily
ionizing, when colliding with atomic nuclei

Furthermore, light cosmic ray particles in col-

shectr
spect

-o

lision, e.g. mesons, can also produce nuclear
events that have high LET. Complete absorption
of the heavy components of galactic cosmic rays
does not generally appear feasible in spacecraft.
In fact, with practical shield thicknesses, the
secondaries produced by heavy particles passing
through the spacecraft wall are more inclined to
increase rather than decrease the dose. Before
this complex area can be fully understood, a
rather complete physical study must be con-
ducted of the fragmentation properties of heavy
nuclei and the nature of secondary fragments
produced. It will also be necessary to ascertain
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multlpronged nuclear events. At relat1v1stlc
velocities, some nuclear collisions have been
observed which produce a signiﬁcant amount of

e PR, PP P

stars. Relatively little data are avallable on radlo-
biologic investigation of the effects of pi-meson
stars produced in tissue.

Simulation of the effects of protons and helium
ions in space is relatively well in hand at a num-
ber of different accelerators in various countries.
The acute effects of high-energy protons have
been well-explored at various particle energies
up to 730 MeV; experiments have been conducted
recently at the Serpukhov accelerator with high-
energy protons up to 70 GeV (see Table 8).

The question of simulation of heavy-ion effects
from cosmic rays is more complicated. It has been
shown that, in order to reproduce a hazardous
dose that might be received in space flight,
orbital flights would have to be simulated with
radii of 5000 km or more and of several months’

TABLE 8. — Particle Accelerators in Use for Biologic Research

Place

Type of particle

Energies

Synchro cyclotron, Dubna, USSR
Isochronosis cyclotron, Dubna, USSR

Synchrotron, Serphukhov, USSR
184-in. Synchro cyclotron, Berkeley, USA

88-in. cyclotron, Berkeley, USA

Heavy lon Linear Accelerator (HILAC),
Berkeley, USA
Bevatron, Berkeley, USA

BEVALAC, Berkeley, USA

Cyclotron, Howard University, USA
Cyclotron, Texas A.&M.U., USA
Cyclotron, University of Chicago, USA
Synchro cyclotron, Cern,

Geneva, Switzerland
Cyclotron, Uppsala, Sweden
Cyclotron, Langley, Virginia, USA

Cyclotron, AERE, Harwell, England

protons
heavy ions
including xenon
protons
protons
helium ions
deuterons
also pi-mesons
helium ions
protons
nitrogen
heavy ions

carbon, neon, nitrogen
and oxygen
heavy ions

protons
protons
prnmns
protons
also pi-mesons
protons
protons
also pi-mesons
protons

25 to 730 MeV
to a few MeV/
nucleon
70 BeV
745 MeV
900 MeV
450 MeV

120 MeV
60 MeV
140 MeV
to 7.5 MeV/nucleon

280 MeV/nucleon

to 2.8 GeV/nucleon
(up to Z = 26)
180 MeV
55 MeV
400 MeV
600 MeV

185 MeV
300 and 600 MeV

150 MeV
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duration. This would be a very expensive and
difficult project. Suggestions have also been
made for simulating heavy-ion effects through
the application of very intense proton or electron
beams. It is not technically feasible, however,
to produce in this way the instantaneous energy
densities that occur in the core of individual
heavy-particle tracks.

Most biologic exploration of the effects of heavy
ions has been conducted at low energies of only a
few MeV. For some time, at the Berkeley Heavy
Ion Linear Accelerator (HILAC) and more
recently at the cyclic accelerators of heavy ions
at Dubna, nuclei with atomic numbers up to argon
have been accelerated, but only to energies with
a particle range sufficient to transverse a few
living cells. During 1971 and 1972, however,
the situation changed radically, since at the
Princeton and Berkeley accelerators, nitrogen,
oxygen, and neon particles were accelerated
at energies with sufficient range to penetrate
deeply into mammalian tissue.

The BEVALAC (bevatron and linear accel-
erator) project has recently been implemented at
Berkeley; this project will extend the bevatron
by coupling it with the HILAC [76]. This should
allow reproduction of most nuclei up to and
including iron, with range penetration equal
to, or greater than, the thickness of the human
body. Available energies should then reach 2.8
GeV/nucleon®. A similar development has
taken place at the Dubna accelerators, so that in
the near future we can expect simulation of the
radiation effects of cosmic heavy ions at ground
level on a much wider scale than was previously
possible.

Biologic Effects of Protons,
Deuterons, and Helium Ions

In accordance with the concepts that dose and
LET are radiobiologically important variables,
the biologic effects of protons, deuterons, and
helium ions would be equivalent if their LET
were the same. Initial studies of these particles
were not oriented to space radiation biology.
Their possible application to cancer was assessed

8In August 1974, carbon and neon particles were success-
fully accelerated to 2.1 GeV/nucleon in this machine.

instead. They have also been used for studies of
radiation effects on the brain. Since 1947, high-
energy deuterons have been used in Berkeley for
such purposes, and by 1952, the acute lethal
effects of these particles were established [168].
Since 1955, accelerated ions have been used in
human pituitary radiation therapy; they have
since been used to treat other tumors as well [171].

The systematic study of the relative biologic
effectiveness of protons was begun in 1961 with
information concerning the mortality of small
laboratory animals, the characteristics of he-
matologic effects, the behavior of certain radio-
protectors, the results of investigating mutagenic
effect of protons, and other related subjects [63,
104, 126]. Cyclotron 185-MeV protons have been
used in radiobiologic studies since 1956 [100], and
the development of techniques in radiobiologic
observations was of considerable assistance later
in space-oriented studies. Significant success in
exploration of space has now sharply stimulated
the development of radiobiologic investigations in
the area of space radiation biology.

The continuing study of radiation safety in
space flight is being pursued in these areas:

Simulation of the conditions of proton
irradiation, imitating as closely as possible
the actual conditions of irradiation of man in
space;

Investigation of the peculiarities of biologic
effects caused by protons of different
energies, determination of the coefficient
of relative biologic effectiveness, and the
study of factors influencing radiosensitivity
to such proton radiation in terms of biologic
effects;

Investigation of late effects of proton
irradiation in animals.

Terms for proton irradiation of various biologic
objects, including laboratory animals (dogs,
monkeys), were worked out. The proton dose
field and the spatial and depth distribution of the
absorbed dose of protons in the bodies of animals
and other biologic objects have become subjects
for investigation [66]. Various methods of proton
dosimetry were worked out, and the contribution
of secondary radiations to the biologic dose was
further clarified.
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Biologic objects at different levels of organiza-
tional development were used in experiments.
In investigations with animals, mortality was
studied, as well as functional and morphologic
changes in such physiologic systems as the
cardiovascular and hematopoietic systems.
Functions of the vestibular system and of various
internal organs and tissues were analyzed. Par-
ticular attention was paid to investigation of
various cytologic effects in bone marrow cells,
the cornea, the small intestine, and the kidneys
[58, 70]. '

The course of acute radiation illness, reaction
of peripheral blood and bone marrow to single
and repeated total irradiation with protons
of 510 and 126 MeV were studied in dogs [63, 66].
It was shown that in the postirradiation period,
the expression of hematologic changes and
hemorrhaging syndrome was somewhat greater
in animals irradiated with protons of 510 MeV,
than in those exposed to Co® y-rays. Protons of

240 and 126 MeV and Co® y-rays all induced
quantitatively equivalent effects, however.

Numerous publications have been devoted
to the study of genetic and cytogenetic effects,
in particular, to the investigation of frequency
of dominant lethal cases in irradiated rats and
mice. A considerable number of radiobiologic
studies have been made on ‘“model biologic
systems:”’ populations of mammalian, bacterial,
and yeast cells, and biochemical systems
[58, 63, 126]. An explanation of the mechanisms
of proton action was sought in a series of ex-
periments on factors such as oxygen effect,
temperature, and certain radioprotectors,
which modify radiosensitivity in biologic systems
during proton irradiation at various energies.
The results did not show any radiation damage
properties specific to protons. The effects, as
expected, were similar to those of x- or y-rays
and to helium ions [126].

Similarity of response to irradiation with high-
energy protons and with y-rays was discovered
during investigation of the influence of dose rate
on response. Change in dose rate from 0.35 to
35 rad/s during irradiation of lysogenic bacteria
with both 660-MeV protons and Co%® y-rays did
not alter either the radiosensitivity of this system
or the coefhicient of proton RBE (relative biologic

effectiveness) [63]. These findings are highly
significant since they point to the similarity of
early radiobiologic effects produced by two com-
pletely different types of radiation. While the
existence of gqualitative similarities in these
radiation effects is recognized, data are also being
collected that indicate the probability of certain
peculiarities specific to proton damage. Thus, in
experiments with both instantaneous and re-
peated irradiation of dogs, a somewhat more
pronounced hemorrhaging syndrome was re-
vealed [70].

By means of immunologic identification, sub-
stances with different immunologic properties
were produced in tumor cells irradiated with
x-rays and 640-MeV protons [163]. Certain quali-
tative differences in the action of protons were
also observed by other authors [63, 137].

With regard to quantitative peculiarities of
proton action on biologic systems, the analysis
of data concerning immediate and delayed
responses to irradiation in experimental animals,
mammalian cells, and bacteria (Table 9) seems to
suggest that the relative biologic effectiveness
of protons with energies of 50-660 MeV is equal
or nearly equal to 1 [15]. However, with further
decrease in energy, a tendency toward a certain
increase in this coefficient can be noted. This
increase in RBE up to 1.8 is clearly marked when
mouse corneas are irradiated with 25-MeV
protons [63]. Mice irradiated with 55-MeV protons
yielded an RBE equal to 1 for cataract formation
[33, 176]). Similar results have been obtained with
665-MeV protons [91]. The RBE for stopping
deuterons and helium ions in rabbit eyes varies
from 2.5 to 5 [185].

In experiments with mice, the acute effects
of high-energy protons (730 MeV) and helium
ions (900 MeV) were compared with those of 250-
keV x-rays [9]. RBE values were found to be
between 0.73 and 1.0 for acute lethal effects. At
high doses of a few hundred rad/min, the
percentage of animals dying from intestinal
injury was greater than in situations where lethal
doses were delivered over a protracted period
of a few hours. The effects of protons and helium
ions were found to be rather similar to those of
x-rays with regard to fertility and production of
dominant lethal reactions in mice.
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TABLE 9.—Relative Biologic Effectiveness of High-Energy Protons According to Data from Soviet
Experiments

Proton C.ondlt.lor.\s of Biologic object Effect studied RBE Author
energy irradiation
660 MeV Single dose Rats LD 50/30 0.7 Avrunina, G. A. (1962)
660 MeV Single dose Mice LD 50 0.7 Avrunina, G. A. (1962)
660 MeV Single dose Mice LD 50 0.67 Konoplyannikov (1965)
660 MeV Single dose Mice LD 50 0.8 Shashkov, V. 8. (1964)
660 MeV Single dose Mice Degeneration of bone 0.9 Shmakova, N. N. (1965)
marrow cell
660 MeV Single dose Mice No. chromosomal 0.9 Shmakova, N. N. (1965)
aberrations in
bone marrow cells
660 MeV Single dose Mice Atrophy of testes 0.8 Gaidova, E. S. (1965)
660 MeV Single dose Mice Atrophy of testes 0.6 Pomerantseva, M. D., &
Ramaiya, L. K. (1964)
660 MeV Single dose Mice Dominant lethal 0.85 Pomerantseva, M. D., &
cases Ramaiya, L. K. (1964)
660 MeV Single dose Mice Dominant lethal 0.45 Pomerantseva, M. D. (1964)
cases
660 MeV Single dose Mice Suppression of mi- 0.64 Pomerantseva, M. D. (1964)
totic activity of
bone marrow cells
660 MeV Single dose Mice Suppression of mi- 0.85 Shmakova, N. L. (1965)
totic activity of
bone marrow cells
660 MeV Single dose Drosophila No. recessive sex- 1.0 Rappoport, L. A. (1962)
linked mutations
660 MeV Single dose Haploid yeast No. recessive sex- 0.9 Rybakov, N. 1. (1967)
cells linked mutations
660 MeV Single dose Lysogenic No. recessive sex- 0.9 Rybakov, N. I. (1967)
bacteria linked mutations
660 MeV Single dose Lysogenic Phagoproductivity 0.9 Rybakov, N. L. (1967)
bacteria
660 MeV Single dose Lettuce (seeds) | No. chromosomal 1.3-2.6 Nevzgodina, L. V. et al
aberrations (1967)
660 MeV Single dose Potato No. chromosomal 2.8-3.7 | Nevzgodina, L. V. et al
aberrations (1967)
660 MeV Single dose Cabbage No. chromosomal 1.0-3.8 | Nevzgodina, L. V. et al
aberrations (1967)
660 MeV Single dose Carrot No. chromosomal 5.0-5.5 | Nevzgodina, L. V. et al
aberrations (1967)
660 MeV Single dose Potato Yield 1.9-2.5 | Gertsuskiy, D.F. et al (1967)
660 MeV Single dose Potato No. tubers on plant 1.5-2.2 | Gertsuskiy, D. F. et al (1967)
660 MeV Single dose Potato No. chromosmal 0.7-3.5 | Gertsuskiy, D. F. et al (1967)
aberrations
510 MeV Repeated dose Dogs Lethality 1.0 Ryzhov, N. L. et al (1967)
510 MeV Single dose Dogs Lethality 1.2 Ryzhov, N. L et al (1967)
510 MeV Single dose Rats LD 50/30 0.8 Ryzhov, N. L. et al (1967).
510 MeV Repeated dose Rats Lethality 0.8 Darenskaya, N. G. et al (1964)
240 MeV Single dose Dogs Lethality 1.0 Ryzhov, N. L. et al (1967)
240 MeV Single dose Rats LD 50/30 0.7 Ryzhov, N. L et al (1967)
240 MeV Single dose Rats LD 50/8 0.8 Ryzhov, N. L. et al (1967)
240 MeV Single dose Mice LD 50/30 0.8 Ryzhov, N. L. et al (1967)
126 MeV Single dose Dogs Lethality 1.0 Ryzhov, N. L et al (1967)
126 MeV Repeated dose Dogs Lethality 1.0 Ryzhov, N. L. et al (1967)
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TABLE 9.— Relative Biologic Effectiveness of High-Energy Protons According to Data from Soviet
Experiments — Continued
];:Z?;; Ciorr;g:itil;)t?in()f Biologic object Effect studied RBE Author
126 MeV Repeated dose Rats Lethality 1.0 Ryzhov, N. 1. et al (1967)
126 MeV Repeated dose Rats No. neoplasms 1.0 Ryzhov, N. L. et al (1967)
126 MeV Repeated dose Rats Av. lifespan 1.0 Ryzhov, N. L. et al (1967
126 MeV Single dose Rats No. nucleus-contain- 1.0 Seraya, V. V. et al (1967)
ing cells in bone
marrow
126 MeV Single dose Rats No. chromosomal 0.9 Govorun, R. D. et al (1967).
aberrations in
bone marrow cells
126 MeV Single dose Mice LD 50/30 0.7 Ryzhov, N. I. et al (1967)
126 MeV Single dose Mice LD 100/30 0.9 Ryzhov, N. L. et al (1967)
126 MeV Single dose Mice LD 50, nn. chromao- 0.8 Shashkov, V. S., (1964),
somal aberrations 0.67 Mastryukova, V. M. et al
in epithelial cells (1964)
phagoproductivity
of the cornea
126 MeV Single dose Lysogenic Phagoproductivity 0.9 Rybakov, N. L. et al (1967)
bacteria
50 MeV Single dose Rats No. chromosomal 1.0 Gaovorun, R. D. (1968)
aberrations in
bone marrow
cells
50 MeV Single dose Mice LD 100/15 1.2 Grigor'yev, Yu. G. et al
(1969).
50 MeV Single dose Mice No. chromosomal 1.0 Vorozhtsova, S. V. et al
aberrations in epi- (1969)
thelial cells of the
cornea
50 MeV Single dose Amniotic cells | No. chromosomal 1.0 Ryzhov, N. I. et al (1969)
in man aberrations in epi-
thelial cells of the
cornea
50 MeV Single dose Lysogenic Phagoproductivity 1.0 Ryzhov, N. L. et al (1969)
bacteria
34 MeV Single dose Amniotic No. chromosomal 1.0 Grigor'yev, Yu. G. et al
cells in man aberrations. (1969)
10 MeV Single dose Mice No. chromosomal 1.8 Grigor’yev, Yu. G. et al
aberrations in epi- (1969)
thelial cells of the
cornea

A number of experiments using monoenergetic
protons of various energies including 32-MeV,
55-MeV, 138-MeV, and 400-MeV protons have
been carried out on primates [35-42, 81, 97, 106,
121, 188]. Radiations of 138 and 400 MeV may
be regarded as equivalent to whole-body ex-
posure. The RBE for acute lethality in the animals
was equal to about 1. Hematologic effects,

vascular effects, weight loss, and metabolic
changes were similar to those with y-irradiation,
but gastrointestinal symptoms were more severe
following proton irradiation, and more hemor-
rhagic deaths occurred. The 55-MeV proton
exposure was not uniform. At high doses of
several thousand rad, the neurologic syndrome
was strongly marked. Protons of 32 MeV pene-
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trated to a depth of only 1 cm below skin surface.
In some ways, effects resembled those induced
by external B-irradiation. LDsys consisted of
1595 rad —almost three times higher than the
LDso/s0 for uniform whole-body irradiation. Death
occurred many weeks postirradiation; the course
of postirradiation lethality from
damage was similar in many ways to the effects
of third degree thermal burns.

Study of the effects of skin irradiation is of
some importance since solar flare ionizing
radiation and protons from the Earth’s radiation
belt deposit a significant dose to the skin. In a
study with primates, it was indicated that in-
creased capillary and/or lymphatic permeability
and hypoalbuminemia are related to the develop-
ment of late edema. Studies on mice demon-
strated that a dose of 200 rad of helium ions to
the outer 500 wm of the skin caused decrease in
longevity in the irradiated animals [103]. It was
shown in experiments with 10-MeV protons and
with helium ions that these particles have
greater potential to induce skin cancer than
B-rays. Delayed appearance of skin tumors was
greater than normal with doses of helium ions as
low as 150 rad. Radiation-induced skin carcino-
genesis may be related to radiation damage in
hair follicles 2, 7}.

Few publications are devoted to the investiga-
tion of late effects of proton irradiation in animals.
Work with dogs, however, shows the presence
of irreversible damage in many internal organs
(kidneys, heart, spleen). Nonspecific sclerosis
of the vessels of these organs takes place as well
as degenerative change indicating development
of precocious aging processes [52, 63].

Investigation of the blastomogenic effect of
protons and y-rays in rodents did not reveal es-
sential differences in histologic structure, nor in
localization of tumors [155]. Analysis of the mate-
rial on the incidence of neoplasms presented in
Table 10 is noteworthy, making it apparent that,
after a single acute exposure to protons with ener-
gies of 645 MeV, the incidence of tumor develop-
ment was lower than after exposure to y-rays.
Tumors mainly of the mammary gland developed.

Massive local neoplasms emerged in rat in-
testinal tracts following deuteron exposure [20].
Pituitary deuteron irradiation of 945 rad led to

cutaneous

great increase in various pituitary tumors in
young rats [178]. Late gliomas developed in the
brains of three of five primates surviving 55-MeV
proton irradiation [83]. These preliminary findings
indicate the heed for further quantitative informa-
tion concerning late effects of proton, deuteron,
or helium-ion exposure.

Experiments with split doses of 55-MeV
protons gave evidence that recuperation in pri-
mates following proton irradiation is more than
twice as slow as that following y-ray exposure
[106].

To summarize experimental studies with
accelerated protons and helium ions, there is
substantial evidence that acute whole-body
irradiation produces lethality and acute syn-
dromes in a manner similar to y-rays. The RBE
for both types of radiation is equal to 1. There are,
however, more severe gastrointestinal and
hemorrhagic syndromes with protons.

Large doses of protons administered to the skin
caused delayed lethal effects with a pathology
similar to thermal burns; often edema related to
abnormal permeability was observed. Skin
irradiation with protons can also cause a short-
ened lifespan and increased incidence of skin
tumors. Stopped helium ions are much more
effective in producing skin tumors in mice than
low LET radiation [103]. There is evidence that
repair following single doses of 55-MeV protons
is somewhat slower than that following y-ray
exposure. No proton or helium-ion studies are
available that use protracted, continuous ex-
posure. Thus, experiments with the biologic
action of protons on various biologic objects show
that the coefficient of RBE essentially does not
change within a 50-660 MeV energy range and
is equal to 1, whereas the RBE increases below
50 MeV. Large, single doses of these particles
can cause gliomas.

Biologic Effects of Protons on Plants

The necessity of using plants as one of the
links in the ecological system of life support may
arise during lengthy space flicht. The effect on
plants of ionizing radiation, especially protons
generated during chromospheric solar flares,
is an important problem.
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The majority of experiments indicate that pro-
tons of a wide energy range have more effect
on seeds than y- and x-rays. Relative biologic
effectiveness of protons on seeds of various plants
is summarized in Table 11.

An apparently larger RBE for protons was first
noted in 1954 in a comparison of the biologic
effects of 160-MeV protons with x-rays on irradi-
ated dry barley seeds [48]. Work carried out with
fast neutrons also bears on this problem since
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fast ncutrons excrt much of their biologic effec-
tiveness because of recoil protons and a-particles.
Much higher RBE was noted when dry seeds
were irradiated and stored than when moist
seeds were subjected to neutron and vy-irra-
diation [80].

A series of works concerns the evaluation of
biologic effect of 600-MeV protons in a wide range
of doses. Potatoes, cabbage, radishes, carrots,
lettuce, and other plants were used in the experi-

TABLE 10.—Frequency and Histologic Type of Tumor Developed in Rats Following 645 MeV Proton
and Co% vy-Irradiation

N No. No. animals Histologic-type mammary gland tumors, %
Irradiation Dose . 0'1 animals with tumors

and Control (rad) amma(li s with of mammary| Adenocar- Adeno- Fibro- | Other malig-
use tumors gland cinoma fibroma adenoma | nant tumors

35 40 8 87 28.6 42.8 28.6 —_

645 MeV - 100 40 8 87 28.5 14.2 57.3 N

Proton 200 100 30 86 23.0 38.6 11.5 26.9

400 120 35 82 27.6 24.1 41.4 6.9

35 40 7 86 16.8 33.4 49.8 PR

Cos0 100 40 4 100 25.0 50.0 25.0 _

o7 yray 200 40 17 % 31.2 25.0 37.6 6.2

400 120 56 87 14.3 36.9 30.7 18.1

Control — 100 4 100 — 50.0 50.0 JR—

TABLE 11.— RBE with Proton Irradiation of Various Plant Seeds

Protons Plant Criteria for RBE evaluation RBE Reference

(energy)

50 MeV Lettuce (Lactuca sativa) Chromosome breaks 1.4-1.6 [130]
100 MeV Lettuce (Lactuca sativa) Chromosome breaks 1.4 [130]
160 MeV Barley (Hordeum vulgare) No. mutations; >1 [49]

growth inhibition
380 MeV Barley (Hordeum vulgare) Decreased leaf growth 1.5-1.8 [28]
380 MeV Fern spores Survival 1.6 [28)

20 GeV Barley (Hordeum vulgare) Growth of sprouts 3.4 (58]
650 MeV Barley (Hordeum vulgare) Growth of sprouts 2.1 [58]
660 MeV Pea (Pisum sativum) Chromosome breaks 1.0 [93]
660 MeV Cabbage (Brassica pekinensis) Chromosome breaks 1.0-3.5 [130]
660 MeV Pea (Pisum sativum) Chromosome breaks 2.3-6.9 [4])
660 MeV Lettuce (Lactuca sativa) Chromosome breaks 3.5 [130]
660 MeV Potato (Solanum tuberosum) Chromosome breaks ¥ [59]
660 MeV Cabbage (Brassica oleracea) Chromosome breaks 3.8 [59]
660 MeV Daucus Carrot (Daucus carota) | Chromosome breaks 5.5 [59]
660 MeV Potato (Solanum tuberosum) Productivity 0.6-2.8 [59]

2.8 GeV | Nigella (Nigella damascena) Chromosome breaks 2.1 [123]

28 GeV Maize (Zea mays) Chlorophyll mutations 44 [172]
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ments, and agrobiologic and cytogenic indicators
were used to evaluate RBE [63].

Experiments pertaining to the yield and poten-
tial height of plants using potato, cabbage, radish,
and lettuce seeds gave coefficients for proton
RBE of 2.3, 2.5, 3.0, and 2.4, respectively. With
irradiation of potato shoots, the coefhicients of
RBE ranged from 0.5 to 2.3.

In work where aberrant mitosis of various
plants from seeds irradiated with 660-MeV pro-
tons and 7y-rays was studied, maximum proton
RBE values of 2.6, 3.7, 3.8, and 5.5, in lettuce,
potato, cabbage, and carrot seeds, respectively,
were obtained [63]. In similar experiments on
seeds of peas, RBE was found to equal 4.3 10 6.9
[4]. A lower coefhicient equaling 2.1 was obtained
using seeds of Nigella damascena irradiated with
2.8-GeV protons [122].

In evaluating the biologic effect of protons on
the plant link in the life-support system, it is
necessary to include the influence of a number of
physical and biologic factors bearing on the
coefficient of proton RBE: first of all, the dose
level.

In the majority of these works, the direct
relationship between RBE and absorbed dose is
noted (see Table 12.). In several works, the lack

of dependence of RBE on dose is indicated for
seeds of lettuce, peas, and barley {27, 58, 122].
Certain difficulties arise in comparing the
biologic effectiveness of protons and vy-rays and
defining, according to agrobiologic criteria, their
coefficients of RBE within a wide dose range.
Dose-dependence in a given instance describes
a complex curve; distinctions become discernible
only at very high dose levels [58]. An inverse
dependence of proton RBE on dose rate was
revealed by the yield of chromosomal aberrations
in the seeds of peas [122]. RBE values for 660-
MeV protons were found to equal 6.9, 5.2, and
4.3 when y-ray dose rates were 70 700 and 4200
rad/min, respectively.

The dependence of the magnitude of proton
RBE on proton energy is a study of great interest
for radiation biology in general as well as for
solution of radiation safety problems in manned
space flicht. At present, however, work on this
problem is inadequate. Barley seeds were ir-
radiated with protons of various energies,
i.e., 20 GeV, 600 MeV, [57] and 380 MeV [27].
In each case, initial leaf growth was the criterion
for evaluation. Proton RBE at 20-GeV, 600-MeV,
and 380-MeV irradiation equaled 3.4, 2.5, and 1.4.
A similar dependence was observed on lettuce

TABLE 12.— Dependence of RBE on Dose with 660 MeV Proton Irradiation of Various
Plant Seeds [64]

Criteria for Dose of 660 MeV .
Plant evaluation protons (krad) Coefficient. of RBE Reference
Lettuce Cells with chromo- 5 2.0 [64]
somal aberrations 8 2.2
10 2.6
Potato Cells with chromo- 5 1.0 [64]
somal aberrations 10 2.4
12 3.2
15 3.7
Cabbage Cells with chromo- 10 1.0 [64]
somal aberrations 25 1.0
50 1.8
100 3.8
Bean Sprouts with lateral 0.7 1.0 [64]
rootlets in 3 d 6.8 0.9
9.6 1.4
11.0 1.9
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seeds irradiated with protons at 600-, 100-, and 50-
MeV energies for RBE values of 3.5, 1.6 and 1.6
[129]. In sprouts irradiated with energies of 660
and 50 MeV, the RBE coeflicients were equal to
2.3 and 0.5.

Proton RBE values vary, depending on whether
immediate or long-term effects of radiation in
plants are considered. Several works are devoted
to determination of proton RBE, both immediately
following and some time after irradiation, under
various storage conditions. The effect of storage
on pea seeds irradiated with protons was far
less than in seeds irradiated with y-rays [92].
Lettuce seeds irradiated with protons of 100 and
630 MeV and stored at room temperature for 8
to 30 months showed a lowering of the mean value
of the coefhicient of RBE from 1.6 to 0.5, and from
2.2 to 0.9. In cabbage seeds, the mean value of
the coeflicient of RBE immediately postirradiation
was 1.9, whereas, following 18 months’ storage, it
was 1.0 [131]. Roughly the same values were
obtained for proton RBE with lettuce seeds
stored at a temperature of +30°C and relative
humidity of 56%. The coeflicients of proton RBE
decreased immediately postirradiation from 2.4
to 1.3 for 30 d following irradiation {139]. In
resting spores of ferns irradiated with protons
of 380 MeV and stored for 301 d after irradiation,
a decrease in proton RBE from 1.7 to 1.1 was
noted [27].

Proton RBE also depends upon the criteria
used in evaluating the biologic effect of radiation.
For instance, the results of investigations per-
formed according to agrobiologic criteria, i.e.,
productivity or growth, differ from data obtained
from a count of cells with chromosomal aberra-
tions. Conditions of postirradiation cultivation
are also highly important in the determination
of proton RBE. Lower RBE values were obtained
with cultivation of irradiated plants in the field
rather than under hothouse or luminostat condi-
tions [1].

Data on the biologic effect of protons and 7y-
rays on active metabolic systems, i.e., sprouts,
deserve attention, although such data are limited
in the literature. Experiments on Vicia faba
revealed that 185-MeV proton irradiation of
lettuce sprouts produced a lower percent of
anomalous metaphases than x-ray irradiation

574-271 O - 15 - pt.2 - 7

{99]. The proton RBE value in this case was
0.7. Low RBE values, i.e., 0.5-0.6, were obtained
for 50-MeV proton irradiation of lettuce sprouts
[129].

Experiments have been carried out on
Chlorella with proton and a-particle irradiation.
Chlorella is a radioresistant culture, and LDs,
with y.rradiation was equal to 13 krad. Protons
of 660 MeV were 1.6 times more effective, while
LDsy equaled 5 krad with a-particle irradiation
[181].

The study of quantitative characteristics of the
effects of 50-60 MeV protons in plants has shown
RBE values considerably higher than 1. This
differs markedly from all data obtained earlier
in irradiation of experimental animals, micro-
organisms, yeast cells, and other model systems.
Additional experimentation is needed to explain
the considerable increase in biologic effective-
ness with high-energy proton irradiation.

Biologic Effects of Multi-GeV Protons

Preliminary experiments at the Serpukhov
accelerator by Akoyev and others indicated a
high (from 1.2-6 times higher) effectiveness for
secondary radiation from 35-GeV neutrons in
comparison with Cs!37 y-rays. Criteria for evalua-
tion were: recovery and number of mutations in
phage T F; recovery in bacteria Escherichia
coli; recovery, weight decrease, and length of
primary root sprouts as well as chromosomal
aberration in Vicia faba.

According to a series of indicators, RBE
increased from two to five times when dose was
reduced. A significant discrepancy in the various
experimental values for RBE apparently reflects
the extreme nonhomogeneity of dose distribution
due to creation of secondary particles, in the form
of multicharged ions and antiprotons [6].

Biologic Action of Heavy Ions

Heavy ions are generally more effective than
lightly ionizing radiation in producing biologic
effects at the cellular level. The hazard from
heavy ions might be completely different from
that of protons and helium ions. When adminis-
tered in sufficient dose, helium ions will primarily
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affect tissues which proliferate rapidly and which
are essential to maintenance of normal bodily
functions. Such tissues include bone marrow,
epithelial and reproductive organ tissues. Heavy
jons might, on the contrary, be quite effective in
producing specialized biologic effects in non-
proliferating tissues at extremely low dose rates,
so that an effect may be produced by only a single
heavy particle. The effect on proliferative tissues,
which have great recuperative properties. does
not appear significant; in this respect, the effect
on nonregenerating tissue is more interesting.
Nonregenerating tissue includes portions of the
ceniral nervous system, in particular, certain
cells of the sense organs. and other specialized
cells such as those in the eye lens.

The Nature of Heavy-lon Lesions

A characteristic of the biologic effects of heavy
particles in contrast with low LET radiations is:
a single heavy particle can cause an important
effect at the appropriate place within the cell. In
order to obtain the same effect with low LET
radiations, it is often necessary for several
particles to hit the cells either simultaneously or
very closely spaced in time. This relationship
can be experimentally expressed by the so-
called multiple-hit survival curve for cellular
cultures and tissues. When the dose-effect
relationship is exponential, description of the
events and the quantitation of efficiency of these
events can conveniently be translated into terms
of interaction cross section. This concept of
interaction cross section, representing a proba-
bility factor, is similar to that used in nuclear
physics. However, in many instances of biologic
study, the cross section for biologic interaction
of heavy ions is not different from the projected
cross section of the cell nucleus.

Figure 8 summarizes the data obtained at
Berkeley on inhibition of cell division and the
killing effect of heavy ions up to accelerated
argon on various biologic specimens, including
enzymes, phage particles, bacteria, yeast cells,
and mammalian cells in culture. In mammalian
cells, it is quite obvious from this treatment that
each accelerated heavy ion can be approximately
a thousand times more effective than its lightly

ionizing counterpart with low LET. When this is
translated into terms of relative biologic effec-
tiveness, the general effectiveness of high LET
irradiation for acute inhibition of cell division
and colony formation in mammalian cells can
reach values up to 8. Figure 9 presents a number
of mammalian cell survival curves for various
heavy ions (from Todd [173]).

With the particles mentioned so far, the magni-
tude of the cross section may reach the same
value as that of the cell nucleus. However, indi-
cations are that at very high linear energy transfer
of argon and heavier ions, the cross section tran-
scends the size of the nuclear cross section [173].
In experiments with high LET argon particles.
Madhvanath et al have shown that lymphocyte
cultures from rat tissues were so sensitive to
argon ions that the cross section appeared to be
equal to, or greater than, the entire lymphocyte
cell in size [112]. The lethal effect observed in the
lymphocytes due to heavy-ion hits was not similar
to that usually observed in in vivo cell culture
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experiients. Usually, lethality is o
associated with cell division.

Lymphocyte death initiated by heavy ions is
interphase death, and may relate to damage to
the membranous structures of the cell. There are
preliminary indications that heavy ions can cause
irreversible changes in the structure and bio-
synthetic activities of nondividing cells such as
neurons in tissue culture. The changes observed
have not been conclusively quantitated. However,
nuclear pyknosis and lipofuscin particles
observed in the cytoplasm of neugons are believed
to relate to radiation-induced aging processes.
Since neurons do not divide in the adult human
body, and since the uninhibited function of the
nervous system is essential to ensure the per-
formance required of astronauts, minor changes
in neurons caused by heavy ions must be studied
in more detail for their possible hazard to the crew
during long-term space flight.

While the biologic effectiveness (RBE) of
heavy ions on living cells is greater than that of
low LET radiations, this relationship is reversed
when protein enzymes are analyzed. Heavy ions

1~ ol
are iess effective in a\,uvaung CHZYymes than low

LET irradiation [31]. For this reason., several
investigators have related heavy-ion effects to
the special changes which they can produce in
nucleic acids. particularly in DNA (deoxyribo-
nucleic acid). It was clearly demonstrated by
Christensen et al that single heavy ions can
produce double-strand breaks in bacteriophage
and that such breaks invariably lead to inability
of the phage particles to reproduce. In contrast,
single-strand breaks are caused predominantly
by low LET irradiation; more than one single-
strand break is necessary in the DNA to cause
irreversible damage in the phage.

Since the production of DNA lesions parallels
the production of biologic effects, even in cells
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that have more DNA than the phages, it is tempt-
ing to conclude that much of the heavy-particle
effect in eukaryotic cells is also due to double-
strand breaks in the DNA. However, this conclu-
sion has not been proved since we do not com-
pletely understand the manner in which DNA
lesions occur and heal in mammalian cells. It
has recently been shown that the application of
even lower LET x-rays to mammalian cells
results in multiple chromosomal breakage fol-
lowed by rejoinings, and that there is a great
deal of DNA fragmentation which then repairs
itself. It is possible that heavy-ion effects on
mammalian cells are more complex than the
mere production of DNA double-strand breaks.
Since the nuclear membrane appears to be
intimately involved with submicroscopic dis-
tribution of nucleic acids and their biochemical
functions. it is quite possible that heavy-ion
irradiation can eventually be related to combined
membrane and nucleic acid lesions.

Radiation lesions in most cells, including mam-
malian cells, can repair during the postirradiation
period. With bacteriophage, it has been shown
repeatedly that single-strand lesions are especially
reparable. Single-strand lesions, it is assumed,
are produced either by direct single ionization
events or by the action of free radicals produced
in the cytoplasm which later interact with, and
cause alterations in, DNA. The same lesions that
are reparable are also susceptible to the modify-
ing action of chemical substances, such as sulf-
hydryl and aminothiol protectors. As a general
rule, the known chemical radioprotectors against
x-ray effects become less and less effective as LET
increases, and are completely ineffective against
very high LET particles (certain alcohols are an
exception). If repair occurs in the postirradiation
period, such repair can usually be demonstrated
by the fact that fractional delivery of radiation
exposure produces nonadditive effects. If the dose
is delivered in two installments and if a portion
of the effects of the first exposure has repaired
by the time the second exposure takes place, then
the overall effect of both is less than if the entire
dose were administered at once.

Although not many experimental results are
available in this field, studies made with mam-
malian cells and bacteria clearly demonstrate that

the radiation effects of heavy ions are additive
[16]. This is important for radiation protection,
since the protective factor due to postirradiation
repair which appears to be present when low LET
radiations are delivered at a low dose rate, ap-
pears to be entirely absent with heavy-ion ir-
radiation. Consequently, at present, high LET
radiation must be regarded as completely ad-
ditive in its effects; it follows that heavy-ion effects
are independent of the dose rate.

X- or y-irradiation produces chromosomal aber-
rations in the cells of mammalian tissues; how-
ever, the aberrations disappear from the irradiated
tissues in a few weeks. Grigor’yev and others
noted that cells of mammalian liver, exposed to
carbon particles, retained chromosomal aberra-
tions for several months [75].

Stable changes in the incidence of aberrant
mitosis in mouse cornea epithelial cells following
irradiation with carbon ions have been observed
at Dubna (see Table 13). It is noteworthy that a
low dose of 25 rad of carbon ions produced
30% aberrant mitosis.

Radiation Effects on the Retina

One of the most interesting radiation effects
documented in detail by Apollo 11 astronauts
was in the form of light flashes and streaks
seen about every 2 or 3 min on lunar journeys
outside the Earth’s magnetic field. Chapman
reported (in 1972 [28]), that approximately
15 astronauts on five separate flichts to the
Moon had seen such light flashes after having
reached some degree of dark adaptation. Since
these visual events could be seen with the eye
either open or closed, this posed the problem of
where the light flashes originated and whether
the brain or retina was involved [169, 170].
Experiments have clearly demonstrated that
heavy ions are capable of producing a sensation
of light flashes and streaks if they cross the dark-
adapted human retina. It appears that this inter-
action is an effect created in the visual sensing
elements of the retina, probably the retina rods.

Streaks and flashes can be seen if the rate of
energy loss is higher than about 10 keV/um.
Consequently, most of the fast and slow cosmic
ray particles of nitrogen and higher atomic num-
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ber elements might be seen by the astronauts,
but high-energy cosmic protons and helium ions
would not cause such phenomena.

Visual sensations caused by ionizing radiation

not surnrigin we have known for more

are not surprisin g;
than 70 years that x-rays from secondary light
quanta can cause visual effects either directly
or indirectly. An additional theory proposed by
Fazio et al [51}, is that Cerenkov light con-
tributes to light sensation from particles moving
with relativistic velocities (> 350 MeV/nucleon).
McNulty et al recently described experiments
with relativistic nitrogen particles [119]. Much
data have already been obtained on such physio-
logic effects by studying the retina and corres-
ponding changes in bioelectric activity of the
brain during ionizing irradiation [61].

Visual observation of streaks by astronauts
during space flight to the Moon has indicated the
need for better understanding of biologic effects
arising along tracks of single-charged particles.
Three studies on heavy-ion effects in the retina
are currently in progress at Berkeley. It is clear
from preliminary observations by Zeevi et al
[193] that outer segments of the retinal rods in
Necturus maculosis are altered by a dose of
accelerated nitrogen ions on the order of 1 rad.
Similar observations (unpublished) are available
on irradiation experiments with mice, rabbits, and
primates. The observations indicate that the ini-
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tial disturbance might be related to a disturb-
ance in the synthetic function of the visual cells,
thus producing new visual disks and photo pig-
ments. A 1973 study on primates by Bonney
and coworkers demonstrates that retinal lesions
caused by several hundred rad of oxygen ions
cause severe pathological effects during 9 months

as well as important effects on blood vessels
21].

Search for Effects Within the Brain

Exceedingly low fluxes of heavy particles di-
rected toward the human occipital lobe have not
caused subjective observation of light flashes. A
search has been underway for a number of years
for histologic effects that might be produced in
the nervous system by heavy cosmic ray primar-
ies. Biologic effects in three primates flown in
balloons to an altitude of about 37.5 km (120 000
ft) for 24 h were investigated by Taketa et al [165].
Subsequent histologic studies have uncovered
regions in the primate cerebellum showing that
a number of cells were disturbed as though a
track had been formed in the wake of a passing
particle. However, the controls which remained
at ground level also showed a number of tracks,
although these appeared histologically older than
tracks in the brains of animals flown to high
altitudes. Peculiar capillary extravascular dep-
osition of iron has also been noted and might

TABLE 13.—Change in Number of Aberrant Mitoses in Epithelial Cells of Mouse
Cornea Following Carbon-Ion and 180 kV x-Ray Irradiation

Type of Aberrant mitosis, %
irradiation Dose (rad) - .
Fixation periods, h
24 72 240 480
180 kV x-ray 50 14.9+0.5 7.8+04 2.8+0.3 2.5+0.3
100 22.5+0.5 15.6 +0.8 4.2+0.5 4.5+0.6
250 41.5+2.1 34.2+03 13.2+0.7 11.1+1.1
500 59.3+29 61.7+0.6 24.4+0.4 14.8+1.6
Control 0.7x£0.1 1.0+0.1 0.9+0.1 1.0+0.2
Carbon ion 25 20.5*+0.6 29.6 +0.7 24.9+0.5 29.6 0.7
50 35.5+0.8 46.7+0.5 35.5%0.6 33.6+0.7
100 52.1x1.0 60.3+0.8 42.8+0.5 41.4+1.8
250 78.6 +0.9 73.9+1.0 67.9+1.0 67.1x0.5
500 80.3+1.1 — — —
Control 0.8+0.1 0.8+0.1 0.8+0.1 0.7x0.1
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be related to heavy-ion effects. In the Apollo
16 flight of 1972, five pocket mice were flown with
the intent of obtaining further data on neuro-
pathologic effects of heavy ions. These observa-
tions have clearly been hampered by low dose
rate during balloon and satellite flights and should
be repeated using the beams of heavy-particle
accelerators.

Skin Effects

A number of balloon flights in the 1950s used
C57 black mice [30]. Their hair pigmentation is
genetically controlled—normally there is only
about one white or gray hair in each 500 black
hairs. Hair development in these experiments
was set at the appropriate stage for plucking old
hair from animals that had been prepared for
flight. The animals were then flown to an altitude
of about 25 km (85 000 ft). During the postflight
period, many gray hairs developed; it is likely
that heavy particles in cosmic rays caused this
change in hair color. In some instances, gray
hairs were arranged in a straight line, indicating
the possibility that one particle had caused a
change in pigmentation in several hair follicles
found in its path. Recently, similar experiments
were repeated with similar findings.

A number of C57bl mice were exposed to
intensities ranging from about 103 to 10° particles/
cm?, using an accelerated nitrogen beam. When
the nitrogen ions traveled tangentially to the skin
of the animals, the number of white hairs that de-
veloped following exposure was significantly
higher than in the controls. Leith et al [102] ob-
tained evidence that a single heavy nitrogen par-
ticle passing by a hair follicle could change the
pigmentation of the hair developing from it (Fig.
10). The indicator chosen, hair color in this in-
stance, does not permit measuring the degree of
hazard. However, it seems apparent that hair color
in hair follicles is determined by the joint action
of about six to eight pigment cells within the
follicle. Whatever the mode of action of the heavy
particle, it seems to have been simultaneously
extended to more than one cell at a time. In
animals kept for 6 months or longer, a more
general graying effect was noticed as a result of
nitrogen-beam irradiation, even at quite low doses.
This type of experiment indicates that individual

heavy particles can affect single cells or groups
of cells, not only in the nervous system, but also
in other body areas characterized by rapid prolif-
eration and regeneration. The hair depigmenta-
tion effect observed can serve to indicate the
presence of heavy particles; in the future,
hopefully, some of these observations can be
extended to groups of animals flown in orbit
for extended periods.

The effectiveness of lithium ions at the Bragg
peak in producing skin erythema in rabbits has
also been assessed by d’Angio [43]. The conclu-
sion based on these datais that there is no “thresh-
old dose” for deleterious effects produced by
high LET radiation in skin whereas there is such

a threshold dose for protons, deuterons, and low
LET radiations.

Effects in Plants

Several years ago, two different groups of in-
vestigators carried out a preliminary study on
maize to scan the effect of cosmic, heavy-ion radi-
ation on seeds. Zea mays seeds with appropriate
genetic constitution were flown in a satellite in
near-equatorial orbit by H. Smith [158]. Slater
and Tobias exposed maize in a balloon kept at an
altitude of 28.5-37.5 km (95 000-125 000 ft) for
more than a day [157]. The orbiting experiment
indicated only a few abnormalities but the ex-
periment using balloons showed a surprisingly
large number of slits and white streaks in the
second and third embryonic leaves of plants that
developed from exposed seeds. Abnormalities
on this flight were about 6% and the estimated
total cosmic ray dose was about 50 mrad.

In two different laboratories, similar work was
carried out recently with heavy nitrogen particles
after earlier attempts with high-energy helium
ions failed to produce results similar to those in
the balloon flights. Figure 11 shows developing
maize after a dose of accelerated oxygen ions.
Nitrogen ions at the Princeton synchrotron in
Todd’s experiment [174], and oxygen and nitro-
gen ions at the Berkeley bevatron used by Heinze
[84], produced a statistically significant number
of developmental abnormalities in maize follow-
ing exposure of its seeds to low fluxes of slow ions.
At Princeton, the seeds were presoaked and wet,
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while those at Berkeley were dry. Inierpreiation
of this type of experiment is still in doubt. Todd
et al assumed that the effect of the particles is ex-
erted on several embryonic cells simultaneously.
This is clearly not indicated by the data at
Berkeley; it is quite possible that only a single
cell is affected by the heavy particles as they cross
the embryo, and that developmental abnormali-
ties result from death or injury to that particular
cell which is essential for providing the develop-
ing structure. In dry seeds. the damage caused
by heavy ions is stored for many days; in this re-
spect, seed behavior resembles that of plastics
and certain special materials (such as mica) that
preserve radiation injury following exposure to
heavy particles either by artificial means or in
space. When LET reaches about 100 keV/um or

more, ihe core of ihe rapidly moving partic
duces irreversible damage. This damage can later
be developed by means of sodium hydroxide to
produce microscopically visible holes in the
plastic material.

Experiments were conducted by Hirono on dry
Arabidopsis seeds using heavy ions of He, Li’,
C2, 01, Ne2°, and A%. According to the criteria of
lowering dry weight of the plants and induction of
somatic mutations, RBE varied from 11.5 to 25, de-
pending on which particle was used [89].

With irradiation of Chlorella by heavy ions of

12, C#8 Netst and A1{$, and with LET ranging
from 3 to 26 000 MeV/gecm~2, various types of
curves for recovery were obtained: S-shaped for
lightly ionizing radiation, and exponential for
heavily ionizing. Coefhicients of RBE attained

€8s pro-

FIGURE 10. — Photograph of regrowing mouse hair 13 days after irradiation. Distinctly white hairs are

visible. The animal received approximately 4.14 X 104 nitrogen ions.
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maximum value at low doses and minimum value
at high doses for ions with dE/dx of from 1000 to
5000 MeV/gecm~2. The maximum value of 8 for
RBE occurred during irradiation with carbon
ions [180].

Tumorigenesis and Changes in Longevity

Available data are extremely scant concerning
the possible effects of heavy ions on tumor induc-
tion. A preliminary experiment in this area has
been performed by Smith on Arabidopsis [88].
When seeds of this plant were exposed to ac-
celerated carbon, neon, and argon ions. as well
as to helium ions and x-rays. the RBE for tumor
induction in plants grown from the irradiated
seeds was very high—between 35 and 50. From
this finding. the authors feel that further studies
should be made on the blastomogenic effects of
heavy particles. Studies have been devoted to the
effects of heavy ions on longevity. Heavy-ion ir-
radiation of the hypothalamic region of the brain
in small rodents resulted in a shortened lifespan.
Curtis demonstrated that 500 rad of deuterons

FIGURE 11.—The leaf of a maize plant. grown from a seed

exposed to accelerated oxygen ions.

FIGURE 12.—Survival of E. coli B.

directed to the brains of mice can cause shorten-
ing in lifespan [134].

Modification of Effects
by Radioprotective Agents

While the usual sulfhydryl radioprotective
agents are not effective against heavy-ion irradi-
ation, in experiments with yeast cells performed
by Manney [114] at Berkeley, it was discovered
that large concentrations of glycerol gave dual
protection from both heavy ions and low LET
radiation. Independent experiments conducted
by Grigor’yev and Krasavin at Dubna on intesti-
nal bacteria [75, 95| indicate that glycerol and
inositol also exhibit some degree of protective
action (see Fig. 12).

By contrast, in analogous experiments using
the sulfhydryl drugs. cysteine and cystaphos, as
radioprotectors, radioprotective effects were not
noted. The precise mechanism of the protective
action of polyhydric alcohols is not clear. How-
ever. it has been proposed that these alcohols
exhibit dehydrating action when mixed with
water molecules on the surface of the critical
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macromolecular cells, at the same time decreas-
ing the dimensions of the cell nuclei [95].
Unfortunately, to use alcohol for protection of
persons from the action of heavy ions in cosmic
radiation is impractical, since concentrations of
alcohol needed for protection would be extremely
toxic to the human organism.

Summary and Outlook

Single, heavy-accelerated ions and single cos-
mic ray primaries can cause the sensation of
light flashes, retinal pathology, changes in hair
pigmentation, and developmental abnormalities
in plants grown from exposed seeds. Beams of
such particles greatly enhance tumor induction in
plants. When directed to mouse and rat brain,
decrease in longevity was noted. In liver and
corneal tissues. abnormal mitosis and chromo-
somal aberrations produced by heavy ions per-
sisted for many months. There are only frag-
mentary data on the biologic action on the intact
organism by heavy ions.

Besides the fully verifiable experiments de-
scribed, which indicate that a single, heavy-
accelerated particle, or a particle in cosmic rays.
can cause macroscopically significant damage,
many other experimental findings have not yet
been explained, which may be due in part to the
action of heavy ions. One such set of data ob-
tained by Oster [135] shows an abnormal
quantity of chromosomal breaks in germ cells of
the genital organs of irradiated Drosophila on
Biosatellite II. An analysis of these data indicates
that the results were unexpected even for large
doses of radiation at low LET. So far, these find-
ings have not been explained. However, passage
through the gonads of one or several very heavy
particles at very early stages of developmant,
when proliferation of cells is still taking place,
could perhaps explain the high number of
chromosome recombinations. It has been shown
that, in certain types of plants, for example in
Arabidopsis, mutagenic action of heavy ions is
significantly higher than the action of standard
radiation [55].

The results of biologic experiments completed
during space flight and the data gathered from
satellites, presented in other sections of this

chapter. indicate that in certain types of orga-
nisms an extremely high number of chromo-
somal aberrations. dominant and regressive
mutations, and anomalous mitoses occur in com-
parison with Earth controls. A number of fac-
tors in space flight could cause the events noted.
In the future, it will be necessary to determine
the possible role of primary cosmic radiation in
creating similar effects.

Clearly, there is great need to extend such ob-
servations and to quantitate possible deleterious
effects of heavy cosmic ray particles. Such
studies are needed for adequate health pro-
tection of astronauts on long space flights.
New achievements in space and the construction
of accelerators will allow us, in the near future,
to extend biologic research on heavy ions.

INFLUENCE OF SPACEFLIGHT CONDI-
TIONS ON RADIOBIOLOGIC EFFECT

Man and the living creatures accompanying
him, having reached beyond the limits of the
Earth’s atmosphere, will enter new space en-
vironments which are characterized not only by a
high radiation background, but also by simul-
taneous action of a number of factors —isolation,
weightlessness. changed gaseous medium. vibra-
tion, acceleration, and so on. The human orga-
nism reacts delicately to small changes in the
surrounding environment, especially to such
changes that are only rarely present in existence
on Earth.

When Selye proposed his general adaptation
theory in 1949. he turned the attention of re-
searchers to the general mechanisms of an
organism’s reaction to a broad spectrum of ex-
ternal irritants. The volume of knowledge on the
combined action of factors present in space
flight is limited; it does not permit formulating,
at present, a complete hypothesis on the possible
consequences of interaction of radiation and
nonradiation effects during long-term space
flight. If there is synergism between the action
of radiation and other physical factors. this has
importance for the evaluation of hazards in space
flight. Certain nonradiation environmental factors
can probably alter the radiosensitivity of an
organism.
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A series of experiments by Yang et al [191]
with the flour beetle, Tribolium confusum, on
the interaction of radiation effects (weightless-
ness, gravity compensation, temperature, oxygen
tension, and magnetic field) in the environment
point to generalizations which may also be valid
for other organisms. Briefly summarized, they
are:

(1) There is usually an optimum value for
each organism for environmental vari-
ables acting simultaneously. These opti-
mum values are not always known. For
example: What proportion of oxygen
combined with carbon dioxide should be
present in the optimal atmosphere?

(2) Most organisms can adjust to a range of
values for any given environmental pa-
rameter, due to the presence of the
homeostatic system. For example, an
organism may have a characteristic
“normal” temperature range; when the
temperature changes beyond normal
limits, the homeostatic mechanisms lose
control.

(3) Interaction between two environmental
agents is most marked when the orga-
nism is stressed near the limits of toler-
ance by one of the agents. For example,
radiation effects in Tribolium confusum
are more severe near both upper and
lower limits of the organism’s tempera-
ture tolerance. Conversely, the tempera-
ture sensitivity of Tribolium is increased
when it has received a near-lethal dose
of radiation.

(4) Several environmental agents acting
simultaneously can alter each one’s
normal range of tolerance. Usually,
tolerance decreases, except when one
agent acts as ‘‘protector’’ from the
effects of another. For example, anoxia
may partially protect an organism from
radiation injury.

Many published works are devoted to the study
of the combined effects (measured on Earth) of
ionizing radiation and other stress factors. For

example, investigations have been performed
on the immediate or subsequent action of radia-

tion and thermal burns, ionizing radiation
and mechanical trauma, ionizing radiation and
effects on blood. These works have, undoubtedly,
an important independent value, but are not
necessarily relevant to the problem of evaluating
complex radiation effects that may be present in
space flight.

The external factors of space flight may be di-
vided into two groups. To the first may be assigned
the immediate conditions of flight (for example,
vibration, acceleration, and noise, especially at
takeoff and landing). These factors act over rela-
tively short periods.

The second group of spaceflight factors acts
over longer periods, among which are the near-
weightless conditions during inertial phases of
space flight. Other long-term factors which de-
pend on the interaction of man with a closed en-
vironment include: effects from accumulation of
waste products; alteration of immunity to an auto-
flora of microorganisms; and long-term responses
to various ambient temperatures, gases in the en-
vironment, nutrition, and to visible and ultraviolet
light. These long-term effects are of particular
interest when in combination with radiation
exposure.

Weightlessness and Hypokinesia

A special problem arises in considering long-
term adaptation to spaceflicht conditions. The
effects of radiation during long-term space flight
accumulate, although man has a capacity to adapt
to such flight factors as weightlessness, at least
up to 2 weeks, and to hypokinesia over a more ex-
tended period. It has been demonstrated that, in
organisms which survive a regimen of radiation
exposures, some residual radiation injury re-
mains; and that the residual portion of radiation
injury is greater after high LET radiation ex-
posure than following exposure to “standard”
types of radiation. Evidently, an organism with
such residual injury may respond to various
stressful factors in space flight in a manner differ-
ing from that of nonirradiated individuals. In most
orbital flights, astronauts have lost significant
amounts of weight; on some longer flights, they
also exhibited mild anemia, lowered body water
content, and some decalcification in bones. In
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ome situations, the astronaut’s vestibular system
was stressed nearly beyond limits. While most of
the changes described might be considered nor-
mal physiologic shifts in response to lowered

gravitational strcss, it is believed that significant

doses of radiation would probably enhance these
effects and produce pathologic reactions.

As astronauts spend longer intervals in in-
ertial flight, the interaction of weightlessness and
other environmental factors will be more likely
to produce deleterious effects. It would be de-
sirable to know more about these synergistic
effects in biologic test systems in space and on
the ground, to avert human emergencies.

Biorhythms and Radiation Sensitivity

Another aspect of the problem of the combined
effect of spaceflight factors (not yet discussed) is
the relationship between biorhythms and
radiosensitivity. Annual changes of radiosensi-
tivity in animals have been established experi-
mentally. An analysis of dose-effect curves,
using the criterion of survival, has enabled
Druzhinin [65] to postulate that differences
in survival for animals in groups irradiated for
various periods within 24 h reach 50%. The value
for change in radiosensitivity during 24 h
can be correlated to rhythmic changes of tem-
perature in experimental animals [80]. It is
currently believed that two peaks of radio-
resistance occur every 24 h, probably connected
with many factors (for example, distinct waves in
mitotic activity). Thus, the mitotic index in mouse
skin reaches maximum at about 4 a.m. and
again at 4 p.m. Several attempts have been made
to connect circadian rhythms with the biochem-
ical activity of the pineal gland which, in turn,
depends on light-dark cycles. One of the most
outstanding features of diurnal and nocturnal
change in radiosensitivity may be the correspond-
ing changes in the abundance of blood-forming
cells in bone marrow. Diurnal radiosensitivity
can also be correlated to the accumulation of
peroxide compounds in the spleen.

During long-term space flight, desynchroniza-
tion of the circadian rhythms of astronauts may
take place if stability in circadian rhythms on
Earth is determined by subconscious perception

of weak geophysical rhythms (22} Work con-
ditions in space probably will require the crea-
tion of rhythms for work and rest that are differ-
ent from those on Earth; this might, of course,
lead to a certain degree of inner desynchroniza-
tion, phase shift, and possibly resynchronization
to the applied rhythm.

In experiments with desynchronization of
circadian  biorhythms, radiosensitivity was
observed in rats converted to a shortened
24-h period of 6 h light and 6 h darkness. Note
that with daily rhythm shifts on Earth, diurnal/
nocturnal radiosensitivity remains one of the
most stable biorhythms. Moreover, average
daily level of radiosensitivity increases at the be-
ginning of the period of transfer to a new light
regime. Diurnal/nocturnal rhythms in radiosensi-
tivity have a complex form, perhaps due to the
many-faceted influence of radiation on the orga-
nism. The character of change in diurnal/noc-
turnal radiosensitivity, corresponding to the
criteria of survival in animals during the course
of 30 d, was close to sinusoidal in inbred rats.
using two periods during the course of 24 h. The
difference in survival in animals irradiated by a
dose of 800 rad with 11 or 25 d of 6L + 6D light
regimes was, respectively, 94.7+2.6% and
92.0+0%, with death of 65.9+3.1% in the
control group of animals, which were kept in
aregime 121+ 12D [67].

These experiments are complicated by radia-
tion exposure itself causing a change in syn-
chronization. Moreover, it is believed that any
change leading to a new distribution in timing of
cell division pattern also changes the radiosensi-
tivity pattern.

Effects of Accelerations and Radiation

Daia obtained show that acceleration of mam-
mals before or following exposure to radiation de-
creases the radiobiologic effect [108, 145]. Other
experimenters have concluded that the combined
action of acceleration from 3 to 20 g and irradia-

tion does not change the radiobiologic effect sig-

nificantly [194].
Partial analysis of data in the literature [145] on

the influence of immediate factors present in flight
on the course of radiation damage in animals
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points to the probability of a lessening in radia-
tion effect, or at least, to absence of synergism
rather than to increase in the effectiveness of
radiation effect in the given combinations.

Exposure to linear and angular accelerations
can lead to vertigo and symptoms of motion
sickness. Ionizing radiation acting on the mam-
malian organism can produce radiation sickness
with symptoms somewhat similar to motion sick-
ness-dizziness, loss of appetite, nausea, and
even vomiting. There are indications that, in an
organism that has received acute doses of whole-
body irradiation, the reaction to angular accelera-
tions alters [69]. Some authors suggest that
the vestibular canal and associated structures
are quite radioresistant, and that several thousand
rad delivered locally are necessary to cause
modification in function.

Sveshnikov investigated the sensitivity of
reaction of the vestibular analyzer in animals
during the combined action of irradiation and
vibration, lowered atmospheric pressure, and
noise. Irradiation at a dose of 200 rad lowered the
sensitivity and reactivity of the vestibular ana-
lyzer [164). With synergism of each of the above
factors, irradiation-threshold sensitivity was
normal when the vestibulograms were compared
with the control. Most of the radiation effects on
vestibular function arise from direct or indirect
effects on proprioceptors distributed in various
regions of the body. Various measurements of
radiation effects on vestibular functions do not
agree very well, so that more studies are needed
in this field.

Interesting pharmacologic problems arise in
relation to orientation: How do pharmacologic
agents that ameliorate motion sickness modify
radiation responses? Can drugs used in radiation
protection alter G-tolerance and motion tolerance?

Body Temperature and Radiation Effects

Animals with artificially lowered body tempera-
ture are protected somewhat against radiation
delivered in single doses. This effect, verified by
various investigators, is probably due to tissue
anoxia developing from reduced blood circulation
in deep hypothermia. This fact has no practical
value at present; the degree of hypothermia

necessary to produce significant radiation pro-
tection would render astronauts unable to
perform their tasks. However, research on hypo-
thermia has potential value for the future when
long-duration space flight will be undertaken.

There is disagreement about the interaction of
artificially induced hyperthermia and radiation
sensitivity.

Radiation as a Modifier of
Susceptibility to Infection

Acute doses of radiation lower immunologic
defense mechanisms and hasten infection from
the microbial autoflora present. Similarly, long-
term isolation in a closed system can also lead
to infection. On some past US and USSR space
flights, impressive increases in microbial con-
tamination of the spacecraft have been noted.
There is not sufhicient data to know whether or
not the relatively low ambient cosmic ray and
flare dose could significantly increase the chance
for autoinfection on long space flights.

Radiation Biology Experiments on Satellites

Special radiation studies with mammals and
bioexperiments with various organisms in space
flight are beginning to yield valuable information.
Reasonably successful bioexperiments have been
carried out, particularly on Cosmos 110, Cosmos
368 [65, 71], Apollo 15, and Apollo 16 [24], and Bio-
satellite I1 [146]. The latter was specially designed
to test the effects of weightlessness in combination
with radiation. Such experiments are quite elab-
orate since many controls are required. Theoreti-
cal considerations have led to the suggestion that
the effects of weightlessness might be negligible
in a living cell less than 10 um in size, because
vigorous thermal motion is present.® Optimum
conditions for observing weightless effects require
that an organism be actively metabolizing and
perhaps in the growing stage. Effects observed

9However, recent theoretical developments indicate that
the size limit might be much smaller. Tobias, C. A., J. Risius,
and C. H. Yang. Biophysical considerations concerning grav-
ity receptors and effectors including experimental studies on
Phycomyces blakesleeanus. In, Sneath, P. H. A.. Ed. Life
Sciences and Space Research XI. (Proc., COSPAR XVth
Meet.), pp. 127-140. Berlin, Akademie, 1973.



IONIZING RADIATION 505

exposure in dormant
(e.g., dehydrdted seeds or spores)
vibration, or

organisms
are probably due to radiation,
acceleration, rather than to weightlessness.
However, the spacecraft must be submitted to
vibration for only a short time.

An analysis of the materials obtained yields the
information that all spaceflight factors acting to-
gether influence the radiobiologic processes
to a relatively small degree, if at all. Accord-
ingly, it is expected that the effects due to near-
weightlessness would become more important on
space flights of long duration.

Radiobiologic experiments have been con-
ducted on macromolecular systems, plant seeds,
lysogenic and hydrogen bacteria, yeast cells,
parasitic wasps, flour beetles, and Drosophila.
These biologic objects have been exposed to ra-
diation of various doses before, during, and fol-
lowing space flight. Evaluation of the effect of
spaceflight factors on radiobiologic effect was
determined according to a series of physiologic,
genetic, and cytogenetic indicators.

Certain questions connected with the study of
effects of nonradiation factors on radiosensitivity
are more conveniently resolved in experimenta-
tion with pre- and postirradiation of biologic ob-
jects exposed in satellites launched in a quiet
period of solar activity and in an orbit below the
Earth’s radiation belts. In addition to their com-
parative simplicity, in such experiments, great
possibilities for variation in the conditions of ir-
radiation present the possibility of differentially
analyzing the effect of a complex of other environ-
mental factors on the various stages of develop-
ment of radiation damage.

Cosmos 368

In this connection, results of experiments on
the artificial satellite Cosmos 368 deserve atten-
tion. Conditions and basic results of these radio-
biologic experiments have been published in a
special number of the journal, Space Biology and
Medicine [65].

Diploid and haploid yeast cells, hydrogen bac-
teria, and lettuce and barley seeds were used in
the experiments. These biologic objects, with the
exception of hydrogen bacteria, were studied from

a radiobiologic standpoint. They were placed in
small metallic containers within the satellite. An
assembly of several thermoluminescent dosim-
eters was stored in each container next to the

varled from 19°-23° C; pressure inside the cap-
sule was 760-820 mm. Length of flight was equal
to 6 days. Within half an hour after landing, the
containers of biologic objects were taken from the
satellite and delivered on the following day to the
laboratory. Objects in dormant and resting states
(dormant seeds of plants, cells in a stationary
phase of growth) or in a state of partially sup-
pressed metabolism created by depletion of the
nutrient medium and limitations of oxygen dif-
fusion in the air (aqueous suspension of micro-
organisms in ampules) were tested. Prior to place-
ment on-board the spacecraft, the plant seeds
were stored at room temperature, and the micro-
organisms at the temperature of melting ice.

duplicate
controls, were placed in

Parallel to the basic experiment,
samples, or “transport”
similar containers located alongside the experi-
mental ones until just the moment of loading the
satellite; subsequently, these were returned to
the laboratory and stored at a temperature ap-
proximating that of the satellite.

In plant seeds with a phase shift of 5d. a
synchronous experiment was also conducted in
a special room simulating spaceflight conditions
with identical temperature, pressure, humidity,
and makeup of the gaseous medium. For micro-
organisms in the laboratory, temperature con-
ditions were also simulated, with samples in
growth chambers completely isolated.

Irradiation of biologic objects up to. and follow-
ing flight, was conducted with y-rays at dose rates
of 71.8 and 6.7 rad/s, delivered up to the moment
of setting up the containers and following return
of the samples to the laboratory.

The data introduced in Table 14 make it evident
that, prior to and following radiation exposure,
spaceflight factors do not exert marked influence
on radiobiologic effects |65]. The majority of indi-
cators suggest absence of changes in radiation
damage or, extremely insignificant changes,
probably caused by indeterminable factors not
connected with the flight.
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TABLE 14.—Influence of Cosmos-368 Spaceflight Conditions on Radiation Effects in Yeast, Lysogenic
Bacteria, Lettuce, and Chick-Pea Seeds Irradiated Before or Following Flight [66]

In-flight Preflight irradiation Postflight irradiation
Organism maintenance | Radiation effect Dose Influence of Dose Influence of Notes
conditions (krad) flight factors (krad) flight factors
Diploid yeast Water Inhibition of 20 Small decrease 20 Absent
cells suspension ability to 40 Absent 40 Small decrease
multiply indef. 80 Absent 80 Absent
(form normal 120 Small decrease 120 Absent
colonies) 160 Absent 160 Absent
Inactivation after 20 Absent 20 Absent
1-4 division 40 Absent 40 Small decrease
cycles 80 Absent 80 Small decrease
120 Absent 120 Absent
160 Absent 160 Absent
Agar Inhibition of — — 20 Small-decrease
ability to — — 40 Absent
multiply indef. — — 80 Absent
— — 120 Absent
— — 160 Absent
Inactivation — — 20 Absent
after 1-4 — — 40 Absent
division cycles — — 80 Decrease

— — 120 Decrease
— — 160 Decrease

Haploid yeast | Agar Inhibition of —_ — 1.5 | Absent
cells ability to - — 3.0 | Absent
multiply indef. — — 6.0 | Absent
— — 10.0 | Absent
Inactivation after — — 1.5 | Absent
1-4 division — — 3.0 | Absent
cycles — — 6.0 | Absent
— — 10.0 | Absent
Hydrogen Water Inhibition of 0.5 | Absent — —
bacteria suspension ability to 1.0 | Absent — —
multiply indef. 2.0 | Absent — —
4.0 | Absent — —
6.0 | Absent — —
Chick-peas Air-dried Chromosomal 5.0 | Absent — —
seeds aberrations in 5.0 | Absent — —

cells of sprouts 10.0 | Absent — —

Appearance of 5.0 | Absent — —
bridges in cells 10.0 | Absent — —
5.0 | Absent — —

10.0 | Absent — —

~ret o SCIBILITY OF THR
URitiiAL PAGE IS POOR




IONIZING RADIATION 507

of Cosmos-368 Spaceflight Conditions on Radiation Effects in Yeast, Lysogenic
Bacteria, Lettuce, and Chick-Pea Seeds Irradiated Before or Following Flight [66} — Continued

ABLE 14.

In-flight Preflight irradiation Postflight irradiation
Organism maim(.:r}ancc Radiation effect Dose Influence of Dose Influence of Notes
conditions (krad) flight factors (krad) flight factors
Lettuce Air-dried Chromosomal 10.0 | Absent — — With prior
seeds aberrations in storage of
ana- & seeds for
telophase 6d@
10°C
No. aberrations in 10.0 | Absent — —
1st aberrant cell
Chromosomal 10.0 |Increased — — With prior
aberrations in suppression storage of
ana- & seeds for
telophase 6d@
30°C
No. aberrations in 10.0 |Slight increased — —
1st aberrant cell suppression
Stimulation or 1.0 |Absent 1.0 | Absent
suppression of 5.0 |Increased — —
growth proc- 10.0 suppression 5.0 | Absent
esses in part 10.0 | Absent
of plant above
ground
Stimulation of 1.0 | Absent 1.0 | Slight increased
growth proc- stimulation
esses in part 5.0 |Absent 5.0 | Slight-increased
of plant below stimulation
ground 10.0 | Absent 10.0 | Slight increased
stimulation
Activation & sup-
pression of
enzyme action
in vegetative
plants:
a) polyphenyl 1.0 | Absent — —
oxidases
b) catalases 10.0 | Decreased activa- — —
tion
1.0 | Absent — —_
10.0 | Increased sup- — —
pression
c) peroxidases 1.0 | Absent — —
10.0 | Absent — —
Formation of 1.0 | Decrease 1.0 | Decrease
anomalous 10.0 | Increase 5.0 | Increase
metabolites in
30-d-old plants
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A series of other indicators which did not
change were also analyzed for chosen doses of
irradiation: rate of germination, germinating
power of seeds, mitotic index in sprout cells, and
other indices. Nor did these indicators undergo
change following flight; conditions of flight evi-
dently did not promote the appearance of latent
radiation damage.

In an experiment on diploid yeast cells, an at-
tempt was undertaken to clarify the influence of
flight conditions on postirradiation recovery (yeast
is extremely suitable for study of this process).
The effect of nonradiation factors in flight was
studied, not only on still nonirradiated cells, but
at times when repair processes were operative
under conditions of weightlessness in irradiated
cells. In each instance, changes in the repair
process were not revealed.

It is possible to conclude that, in “resting” or-
ganisms with a low level of metabolic processes,
change in radiosensitivity under the influence
of the dynamic factors of flight and weightless-
ness over a period of 6 d either were not generally
observed or occurred to a nominal degree.

Discoverer 17

In an effort to obtain better information on the
influence of weightlessness on radiosensitivity
and formation of radiation damage, radiobiologic
experiments with irradiated biologic objects dur-
ing initial flight were set up. An attempt was made
to use natural sources of radiation in space. The
satellite, Discoverer 17, was put into orbit within
7 hours after the beginning of intensive solar
flare activity. Biologic objects were irradiated at a
dose of 30-35 rad. Cultures of human tissue were
placed in the satellite along with various prepara-
tions of human and animal blood, bacterial
spores, and algae. However, no conclusive data
were obtained on the general radiobiologic
effect [26].

On the space flights. fertilization and develop-
ment of frog eggs were studied [192] since these
eggs respond to disorientation of the gravity vec-
tor by abnormal development. Fertilization of
frog eggs in space must be conducted by means
of a special apparatus which automatically injects
sperm into the eggs. The eggs which developed

were normal in all respects. A low level of cosmic
radiation apparently has no effect.

Cosmos 110

Biosatellite Cosmos 110 passed in a polar orbit
inside the radiation belt of Earth (height of apogee
was about 904 km). The length of flight was 22 d
and the total dose to the bioobject amounted to
10.5 rad.

Two dogs were placed aboard the satellite
along with an assembly of bioobjects: yeast, let-
tuce seeds, tomatoes, beans, radishes, carrots,
Chinese cabbage, onion bulbs. garlic bulbs. and
a suspension of Chlorella [71].

On completion of the 22-d flight. experi-
mental and control specimens of seeds and bulbs
were analyzed under vegetative and laboratory
experimental conditions by agrobiologic, cyto-
genetic, microbiologic, and biochemical methods.
In the higher plants, a lowering in capacity and
rate of seed growth, dynamics of sprout and plant
growth, their yield and biochemical makeup were
determined. Damage to the chromosome at ana-
phase and telophase of initial mitosis was also
studied; counts were made of the number of
chromosome bridges and fragments of various
types, and the mitotic index determined. Survival
of Chlorella cells was studied as well as change
in the dynamics of initial sporulation and appear-
ance of mutation.

A distinct stimulation in seed and bulb growth
of onions was noted. Experimental plants sur-
passed controls in all basic elements of evaluation
of yield. Thus, plants grown from lettuce seeds
flown on Cosmos 110 surpassed controls in height
(15%), in width of leaves (14%), and in quantity
of leaves (22%). As a result of productive yield,
the biomass of experimental plants increased by
50% compared with controls. Rootlets of lettuce
sprouts, leafy cabbage, radishes, carrots, and
onion bulbs were exposed to cytologic experi-
ments. The resultant data indicated absence of
real differences between experimental and con-
trol plants in quantity of chromosomal aberrations
in the cells of rootlets (Table 15). In all experi-
mental plants, increase in mitotic index was ob-
served, an indication of the stimulating effect of
spaceflight factors.
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On the basis of the influence of spaceflight
factors, it might be assumed that small doses of
radiation lead to marked effects in stimulation.
On the other hand, it is probably more correct to
conclude that the criteria used for evaluation are
inadequate to explain the effects of cosmic radia-
tion [71].

A series of experiments with different strains
of Chlorella produced data indicating absence of
any real differences between experiment and con-
trol specimens, with respect to both survival and
to quantity of mutant cells. Consequently, dura-
tion of combined action of the factors present in
space flight did not affect the vital activity and
mutation process in experimental strains of
Chlorella. An insignificant effect of these factors
on radiosensitivity and postirradiation repair
was noted in resting yeast cells [71].

In experiments with lysogenic bacteria, certain
activation of prophage and lysogenic bacteria
(E.coli K-12 (v)) was established [71, 195]. Re-
search on the content of peripheral blood and
bone marrow of dogs, quantitative indicators in
sperm, and evaluation of the capacity of these
animals to reproduce offspring disclosed no spe-
cific radiobiologic effects of cosmic radiation [71].

Gemini 3, Gemini 11, and Biosatellite IT

In order to ascertain biologic effects clearly due
to radiation, it has been proposed that an artificial
source of radiation be used on board the satellite
or spacecraft [146, 154]. Such experiments were
set up on Gemini 3, Gemini 11, and the satellite,
Biosatellite II. On the inner side of the right door
of Gemini 3 an experimental aluminum container
was mounted in which two portions of bloed from
two healthy subjects were placed. The blood was
irradiated with the aid of a B-applicator with P32,
Irradiation was begun 50 min after takeoff and
was completed within 20 min. The full period of
weightlessness lasted approximately 4.7 h. Sus-
pensions of human leukocytes and the bread
mold, Neurospora, in millipore filters were placed
on board Gemini 11. The human leukocytes were
irradiated with the help of a plastic plate loaded
with radioactivity, but the intensity of the radio-
active source was less, since exposure which
was begun 67 h after takeoff lasted 70 h. Speci-

574-271L O - 75 - pt.2 - 8

mens of the mold, Neurospora, were located in
the same area as the leukocyte suspension [13
14, 152].

Ten different biologic types of organisms were
placed on Biosatcllite II [146]. A capsule similar
except for weightlessness, was set up as ground-
based control. The microclimate in this control
capsule was similar to that of the flight capsule,
and the organisms received similar doses of radi-
ation. Biosatellite Il was in orbit for 45 h. An on-
board source of radiation, Sr%, was opened 1 h
after launching and covered upon return (within
43 h after takeoff). Both spaceflight and Earth cap-
sules were constructed so that one section (the
nose) was exposed to radiation at the same time
that another section (the stern) was protected
from Sr® irradiation. The gaseous composition,
temperature, and relative humidity were con-
trolled during the entire flight. Temperature was
held at about 20° C for all experiments except
those conducted with flour beetles, for which the
temperature was held at about 30° C. Relative
humidity was kept within the limits of 55-66%
for the entire flight. Vibration, acceleration, and
noise also were controlled during the entire
flight, and recreated in the independent control
experiments on Earth [146].

Aberrations observed in chromosomes as single
or multiple breaks were counted in metaphase
stage, and the results compared with those
counted in identical controls on Earth which had
received the same radiation dose. Although the
results of Gemini 3 did not show significant differ-
ences between flight and Earth specimens
expressed in chromosomal aberrations with
multiple breaks, the number of aberrations with
single breaks was significantly higher in flight
specimens (see Table 16). In experiments on
Gemini 11, significant changes were not noted,
either in single breaks or forming dicentric
chromosomes.

L

The most striking findings were in an experi-
ment on larva of Drosophila melanogaster on
Biosatellite II. Reproductive cells of the larva
showed a high number of flight-connected lethal
mutations, crossovers, and multiple chromosome
breaks leading to translocations [136). This
effect was not connected with the on-board
source of y-irradiation, inasmuch as flight con-
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TABLE 15.—Effect of Spaceflight Factors On-Board Cosmos-110
on Yield of Cells with Chromosomal Aberrations and Quantities
for Mitotic Index in Plant Roots [12]

Cells with Mitoti
Plant Experiment | chromosomal D K ldo 1 D
aberrations, % mdex
. Expt’]l 0.6x0.1 9.05+0.7
Garlic Control 0.4+0.4 0.5 8.06+0.9 0.9
Chinese Expt’l 0.4+0.4 0.2 5.1 0.4 25
cabbage Control 0.3+0.3 : 39 =03 :
Expt’] 1 0.4 5.8 +04
1 0 —_— .
Radish Control 0=05 12 =03 | 2
Expt’l 0.3+0.2 5.8 £0.3
Carrot Control 0604 | % | 66 x0a | 24
Expt’l +0.5 9.4 +0.3
g . —_— 0.8
Lettuce Control 06 | %% | 51 =02 |1

trols also exhibited the same changes. Therefore,
it could have been caused either by a few heavy
primary particles in cosmic radiation or other
unknown factors of space flight.

Other experiments produced less
striking results, i.e., a somewhat higher quan-
tity of certain types of recessive and dominant
lethals [23]. Postflight
gested that vibration could also be a cause of
these mutations.

genetic

vibration control sug-

A number of careful genetic experiments on
insects (wasps —Habrobracon) were conducted,
and again, genetic changes appeared that might
have been mutations created by ground-level vi-
bration. When irradiation was combined with
weightlessness, females laid more than the ex-
pected amount of eggs. In space flight. their
fecundity increased; after return to Earth, their
lifespan was longer than expected [184]. The
males showed abnormal mating behavior for a
period after the flight was completed.

Several hundred pupae of the flour beetle,
Tribolium confusum, were placed on Biosatellite
IT [25]. Stages of development of these organisms
were selected so that they remained in the pupal
stage during launching and attained adulthood
during weightlessness. Each stationary pupa was
placed in a separate cubicle of shockproof con-

struction. Vibration effects were observed in

control specimens which had been exposed to the
influence of vibration on Earth. The end point
studied in this experiment was the frequency of
radiation-induced wing abnormality. The group
flown and irradiated in space developed signifi-
cantly greater anomalies than control
groups. The cause for this is unknown, but this
type of effect would be expected if the enzymatic

wing

TABLE 16.— Results of the Analysis of Chromo-
somal Aberrations According to Data from
Gemini 3 and 11 [14, 15]

Single chromosome Ring and dice'ntric
Dose breaks per cell chromosomes in one
received (rad) cell
Earth Flight Earth Flight
Gemini 3:
4 0.008 0.008 0.003 0
49 0.015 0.035 0.013 0.003
94 0.033 0.070 0.033 0.040
139 0.080 0.120 0.108 0.065
184 0.113 0.220 0.090 0.120
Gemini 11:
10 (Earth) 0.030 0.063
8 (flight) 0.025 0.020
76 0.087 0.060 0.045 0.050
145 0.158 0.173 0.139 0.123
216 0.221 0.210 0.218 0.190
283 0.355 0.265 0.245 0.303
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failed under conditions of space ﬂlght More
recently, the effects found in space flight were
reproduced in a clinostat in which gravity com-
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pensaiion was combined with radiatioin [190].
These effects were observable at 30° C, the tem-
perature in the Biosatellite II capsule, but were
readily seen at 37° C. Future experiments are
proposed with mutants lacking the capacity for
repair.

Sparrow et al [161] carried out an experiment
on Biosatellite II with the higher plant, Tradescan-
tia, designed to determine the effects of weight-
lessness and other spacecraft environmental
conditions on spontaneous and radiation-induced
mutation rates and on cytologic changes. Thirty-
two young plants were arranged in a plastic hous-
ing so that the flower buds were exposed to 223-
rad y-rays, and the roots, immersed in nutrient
solution, were exposed to radiation levels from
116 to 285 rad. Thirty-two additional plants were
flown in a package shielded from the radiation
source.

An enhanced deleterious effect in the flight
samples was noted in the mitotic spindle mech-
anism in microspores, megaspores, and root tip
cells. A spindle malfunction was independently
observed by Delone and associates on Vostok 5,
6. and Cosmos 110 [45]. Thus, these two groups
agree that weightlessness affects the spindle
mechanism during cell division.

No effects were observed on spontaneous levels
of somatic mutation, pollen abortion, stamen hair
stunting, embryo sac abortion, and chromosomal
aberration. Radiation-induced somatic mutation
rates were, in general, unaffected by flight factors,
with the exception of a pink stamen hair cell
mutation which exhibited antagonistic response
to spaceflight factors. Enhanced interactions
between radiation and spaceflight factors were
observed in pollen abortion, micronuclei fre-
quency in pollen, and stamen hair stunting. These
observations suggest increased injury during
more sensitive stages of meiosis and mitosis.
Table 17 shows the portion of the results dealing
with spindle aberrations.

Lysogenic bateria, both irradiated and nonir-
radiated, were used for judging the influence of
weightless conditions on their growth, structure,
and mechanisms regulating induction of latent

lessness on radiosensitivity was esldbllshed

The bread mold, Neurospora crassa, was also
flown on Gemini 11 and Bimatellite IT [46]. Two
types of apc\/uuclla were sent into ﬂlbhl*uu\,r\)-
spores on porous filters and spores in liquid
medium. Mutants with disorders in purine bio-
synthesis were studied (two component hetero-
karyon heterozygotes), with genes which control
two different subsequent stages in purine bio-
synthesis genetically marked. Doses of radiation
on Biosatellite II were equal to 884, 2055, and
3116 rad, and on Gemini 11, to 9, 76, 145, 216,
and 283 rad. In spores which were in a meta-
bolically inactive state, no differences were
found in radiation-induced mutation rates
between ground-level controls and space-
flight specimens. In another set of spores sus-
pended in liquid medium and in a highly active
state of metabolism, marked radioprotective
features, specifically, of survival and induction
of recessive lethal mutations, were observed in
spaceflight specimens. It was shown that possible
anoxia in the liquid medium could not completely
account for the observed effect.

Salyut

Material touching on the influence on radio-
biologic effect of long-term weightlessness is of
great value. In this connection, data from radio-
biologic experiments aboard the Soviet orbiting
scientific station, Salyut, deserve attention [130].
The flight of this space station lasted 73 days,
April 19-June 30, 1971. Total dose received in
flight did not exceed 2 rad. Dried lettuce seeds
(Lactuca sativa) were tested at various levels of
spontaneous mutagenesis: some seeds had a nor-
mal number of cells with chromosomal aberra-
tions (0.4%), and some 2.0% aberrant cells.
Prior to flight, the seeds were irradiated at a dose
of 10 krad. Cytogenetic analysis of the cells with
chromosomal aberrations in the first mitotic
cycle was conducted. On a lengthy flight, an
increase in the spontaneous mutation process
from 2.0 to 3.9% and from 0.4 to 1.4% took place.
An increase in induced radiation mutations also
occurred, from 84.9% in Earthbound irradiated
controls to 97.4% in irradiated flight specimens.
With the aim of establishing the possible de-
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pendency of the effect on duration of weightless.
ness, a comparison of materials was conducted
by means of cytogenetic analysis of seeds ex-
posed. on Cosmos 368, Zond 8, and Salyut over a
period of 7 and 73 days. The data introduced in
Table 18 indicate the increase in spontaneous
mutagenesis notwithstanding its initial level or
the length of flight. In all three experiments, an
increase in radiation-induced mutagenesis in the
seeds was observed.

Biostack and Cosmos-605
Pocket Mouse and Rat Experiments

On lunar flights Apollo 15 and 16, various

biologic specimens were flown by Biicker, Pfohl, X

and others [24, 85, 90, 139, 143] in an attempt
to assess biologic effects of heavy cosmic ray
particles. The tracks of individual heavy particles
were followed by photographic and silver chloride
methods in the hope that biologic effects could
be correlated with individual tracks.

On Apollo 17, five pocket mice were exposed
to heavy cosmic ray particles by Haymaker et al
[82]. Each animal had a piece of clear plastic
embedded subcutaneously over the cerebrum.
Individual tracks are being developed and meas-
ured by Benton [17]. The aim of this experiment
is to search for heavy-ion-induced brain damage.
Similar experiments were carried out on rats
flown on-board the satellite Cosmos-605.

Summary of Satellite Bioexperiments

Weightlessness under certain conditions can
spindles in meiosis and
mitosis, and radiation can increase abortive cell
division in plant cells during space flight. Addi-
tional observed effects include an abnormally
high number of chromosomal rearrangements
in reproductive cells of Drosophila larva, and
increased developmental and behavioral ab-
normalities in Habrobracon. Spaceflight condi-
tions have increased the germinating capacity
of a variety of seeds and have yielded an in-
creased number of chromosomal aberrations.
Many experiments remain inconclusive or of
borderline significance. For example, it remains a
matter of conjecture that cosmic radiation can

produce abnormal

increase the number of dominant lethals in the
fruit fly or chromosomal deletions and crossovers
in human cells. More experiments must be con-
ducted in space flight to clarify these potentially
important points; it will be necessary to correlate
all the observed effects with duration of exposure
of bioobjects to weightless conditions. It will be
important include satellite
experiments directed toward research on bio-
rhythms and change in radiosensitivity under
weightless conditions. The assessment of in-
flight radiobiologic effects caused by heavy
cosmic ray primaries is another important topic.

in the future to

TOWARD THE ESTABLISHMENT
OF ALLOWABLE DOSE LEVELS

It is necessary to evaluate each type of space
radiation from the point of view of its hazard to
a particular individual or a particular population.
The usual procedure in relation to professional
exposure to radiation is that permissible dose
levels are established, which set practical limits
of radiation at levels where risk can be consid-
ered acceptable for the individual and for the
population as a whole.

However, the evaluation of radiation hazard
during space flight and the establishment of al-
lowable levels of radiation exposure for the crew
of spacecraft present special problems. Consid-
eration must be given to these circumstances:

1. Spaceflight missions represent very elab-
orate and large-scale efforts. It is essen-
tial to insure not only the safety of astro-
nauts, but also that their performance
not be impaired by radiation exposure.

2. There are great spatial. temporal, and
qualitative variations in space radiation.

3. Extreme environmental stresses on as-
tronauts act simultaneously with radi-
ation.

4. The astronauts are a special group of
highly trained and carefully selected
individuals.

Evaluation of radiation hazards in such com-
plicated situations must rely on knowledge
accumulated during many years of experience
with x-rays and y-rays and on experiments that
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between
x-ray effects and those of other radiations. In
the US, the evaluation usually is a two-part
process: first, a committee of experts studies
the problems and makes a scientific report; 19
later, those responsible for each mission set per-
missible exposure limits based on the scientific
report and other pertinent considerations.

In this discussion, we shall follow methodology
used by Grigor’yev et al [74], which is similar in
many respects to American procedures [98].

For each situation the aim is to derive a Dose
Equivalent (DE). This is the dose, delivered to an
individual’s whole body, of 200 keV x-rays that
would be equivalent to a particular exposure to
solar and cosmic radiation. Thus: DE[rem]
=D[rad] X QF X DF X TF X SF [74, 98].

QF (Quality Factor) is the coefhicient that
accounts in a generalized manner for relative
biologic effectiveness (RBE). This depends on the
distribution of linear energy transfers (LET), and
sometimes also on particle velocities and dose
levels.

DF (Distribution Factor) is the coeflicient
of partial-body irradiation; it describes how the
effects of nonuniform radiation differ from uni-
form whole-body exposure.

TF (Time Factor) is the protraction coefh-
cient; it indicates the relative effectiveness of
protracted (uninterrupted or fractional) irradi-
ation in comparison with a single dose of irradi-
ation.

SF is the (Space Factor) -coeflicient.
The specific conditions of space flight (weight-
lessness, hypodynamia, acceleration, and
others) demand the introduction of SF, charac-
terizing the combined action of radiation and of
other factors in space flight.

Instead of Dose Equivalent, a special term has
been introduced in the USA [98). Reference
Equivalent Space Exposure (RES), expressed in
special units, reference equivalent units (rew’s)
instead of rem.

In a general form: RES (rew)=D (rad) X QF
X(fy-fy . ... ... f.), where the factors f,

deal with quantitative comparisons

10 An example is the report prepared by Wright Langham
and a committee of the NAS (National Academy of Sciences).
Space Science Board. Radiobiological Factors in Manned
Space Flight [98].

have nearly the same meaning as the factors in
the expression for dose equivalence above [98].

In setting permissible levels for spacecraft
crews, we seek exposure levels which do not
impair the astronaut’s performance capability
when carrying out flight tasks and will not cause
major expressed somatic changes. The possibility
of developing late effects is, of course, also
considered.

For short-term flights lasting only a few weeks,
the greatest hazard is presented by proton and
helium-ion radiation from solar flares. Early
consequences of this type of radiation are ex-
pressed in the form of prodromal reactions, skin
reactions, and reduction of activity of the blood-
forming organs. It is also necessary to calculate
the significance of changes in the nervous system
and in particular, the vestibular system, for the
astronaut’s performance.

Allowable Dose Levels

In the Soviet Union, the dose standards for
short-term space flights up to 30 d have been
calculated as:

(1) Allowable dose =15 rem
(2) Dose of justified risk =50 rem
(3) Critical dose =125 rem

The dose of justified risk considers the definite
probability of a powerful solar flare developing
during flight. If a critical dose of 125 rem is at-
tained, the question of possibility of continuing
the flight must be resolved [70]. A permissible
dose was set at 25 rem for the crews of the Apollo
flights. For evaluation of the possibility that the
flicht might be terminated, a maximum operating
dose was established equal to 50 rem.

For interplanetary space flights of 1- to 3-yr
duration, there will be three components of radia-
tion exposure: solar flares that may occur at
random intervals; dose from nuclear reactors
used for propulsion or for on-board source of
power; and light and heavy nuclei of galactic
cosmic rays [159].

The most hazardous form of radiation in
interplanetary flight might be heavy ions from
galactic cosmic radiation which probably can
cause serious, irreversible changes. Unfortu-
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nately, at present, there are not sufficient data
available for evaluating this hazard [59].

Part of the radiation damage in long-term
space flight is caused by low LET components.
Radiation damage will not accumulate propor-
tionally to dose, but a portion of it will be rep-

TABLE 19.—-Calculated Levels of Effective Dose
for Lengthy Space Flights [75]

Length of flight Absorbed dose Effective dose at
(yrs) (rad) end of flight (rad)
1 100 77.5
200 125.0
3 300 142.5
1000 1 1 1 L 1 1
100 4 -
E 10 = =
£ E =
g = E
e N
=1 !
33 Skin dose 3
[ Z Point dose [
0.1 Depth dose ~ -
. -
0.01

T T T T T T
0 2 4 6 8 10 12 14

Cylinder wall thickness (g/cm? of Al)

FIGURE 13.—Total daily dose versus wall thickness of an
aluminum cylinder for various dose points for 200- and
270-nautical mile orbits. Point dose ignores shielding
provided by astronaut’s body, i.e. is dose received at a
point in space (no phantom). Skin dose is calculated at
0.07 mm depth; depth dose calculated at tissue depth of
Scm.

(Redrawn from White, Robbins, and Hardy, MSC Doc.
No. MSC-00183)

arable. With the passage of time during a long
flight, the amount of damage repaired increases
gradually. Calculated “effective doses” do not
increase proportionally to the duration of the
flight, estimates for which are in Table 19 for
flight durations of 1 to 3 yrs. In calculating
values for the table, the assumption was that the
irreversible component consists of 20-25% and
the rate of repair equals 0.1%/d. Such calcula-
tions are especially tentative since no experi-
mentally well-founded constant exists for
recovery and irreversible damage under the com-
plex conditions of mixed space radiations.

Estimates have been obtained for the “ex-
pected” radiation exposure from trapped solar
radiations. galactic cosmic rays, and nuclear
reactors on long-term orbital and interplanetary
flights. Figures 13 and 14 indicate the dose in-
side an aluminum cylinder as a function of its
wall thickness.

10’ 1 1 1 1 ] 1
S 14\ 270 Naut.mi. orbit, 55° incl. =
e 3 -
et — Point dose ~
o B N
© “h Skin dose B
8 - Depth dose [~
[o]
R -
= = —
— -— -l
- Point dose/ / -
7 Depth dose |
-1 Skin dose P
| 200 Naut. mi. orbit, 90° incl.
0.01 T T T T I

1
1 3 5 7 9 11 13 15
Cylinder wall thickness (g/cm? of Al)

F1GURE 14.—Total daily dose versus wall thickness of an
aluminum cylinder for same dose points described in
Fig. 13 for a synchronous altitude orbit.

(Redrawn from White, Robbins, and Hardy, MSC Doc.
No. MSC-00183)
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If shielding is at least 2 g/cm?2, then these
graphs give a depth dose of about 100 rem/yr.

Solar flare events are highly variable. However,
the annual dose contribution from all but the larg-
est flare events, behind a wall shielding estimated
as 2 g/cm? aluminum, is less than 100 rem/yr.
Very large flares during a long-term mission con-
stitute a special hazard, and the possibility of
constructing special personnel shelters on-board
interplanetary craft should be considered.

For individuals older than 35 on long-term space
flights, the preliminary estimates of maximum al-
lowable dose recommended are: for 1 yr, 200 rem;
for 2 yrs, 250 rem; and for 3 yrs, 275 rem [70]. Rec-
ommendations sometimes differ significantly
among various authors. A dose of even 300 rad/yr

of flight has been recommended, for example
(133].

Clinical Manifestations
of Radiation Damage

When the peculiarities of radiation conditions
in space are considered, it becomes important to
direct attention to the dose-dependence of clinical
effects which can arise in man when exposed to
external radiation.

Four variants of radiation exposure can arbi-
trarily be considered:

(1) acute irradiation (uniform whole-body as
well as local) of a few days’ duration;

(2) protracted irradiation of 3-mo duration;

(3) acute repeated irradiation against a back-
ground of cosmic ray particles;

(4) chronic irradiation lasting 1 yr or more.

The character of manifestations and duration of
radiation damage is different in each category.

With acute irradiation to a limited area of the
body at doses on the order of a few hundred rads,
localized radiation damage can develop without
any kind of general clinical symptoms. With
whole-body irradiation or irradiation of a relatively
large surface, at doses significantly less than those
used in localized irradiation, severe radiation sick-
ness can arise. For acute radiation sickness, rather
precise periods of duration of sickness, as well
as its dependence on length and degree of sever-
ity of radiation dose are characteristic. In the
pathogenesis of severe radiation sickness, damage

to the blood-forming organs, to the gastrointesti-
nal tract, and to the nervous system are significant.

For evaluation of radiation effects in man, we
are limited to material from radiation therapy
clinics, to studies of accidents in reactors and in
other professional situations, and to data based
on the study of people exposed to radiation from
atomic bomb explosions in Japan, as well as
injuries from radioactive fallout following ex-
perimental atomic bomb tests [3, 10, 79, 98, 109,
144].

Although there is general agreement on the de-
scription of various aspects of radiation illness,
there are differences in terminology and inter-
pretation among various laboratories. The avail-
able human data usually relate to x- or y-rays and
acute exposures. Knowledge of the effects of pro-
tracted low doses is meager and human data on
the effects of whole-body exposure to protons or
heavy ions are not available.

The lack of consistency between figures and
tables reproduced here indicates the range of
existing uncertainty.

In man, external acute exposure to x- or y-rays
at doses of 100-1000 rad [79] leads to the de-
velopment of ‘““typical” forms of acute radiation
sickness. Rather definite time-dependence and
the dependence on dose of severity of illness are
characteristic.

An early symptom complex in radiation pathol-
ogy of acute irradiations is the so-called
“primary” or prodromal reaction, for which the
most frequent manifestations are anorexia,
nausea, and fatigue. Particularly unpleasant for
the astronauts are vomiting, general weakness,
dizziness, headache, apathy, disturbance of
sleep, and diarrhea.

Four degrees of severity in radiation sickness
can be distinguished by clinical progression:

First-degree reaction. General symptoms of
the reaction in the individual at barely per-
ceptible level of slight weakness, headache,
lowering of appetite, light dizziness, and so
forth; performance is not disturbed.

Second-degree reaction. Symptoms leading to
certain loss of performance during the first
days such as general weakness, persistent
nausea, vomiting once, expressed anorexia,
olfactory and gustatory (taste) disturbances,

T vl Y OF THT
CoL o PAGE I8 FOOR
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Third-degree reaction. Symptoms causing
expressed loss of performance in the first
days following irradiation: strong general
weakness, absence of appetite, acutc nausea,
repeated vomiting, apathy, expressed dis-
turbance of taste and smell, acute dizziness,
severe headache, sleeplessness or somno-
lence.

Fourth-degree reaction. Symptoms indicat-
ing irradiation in very large doses, which
appear similar to third-degree reactions but
include also, diarrhea, rigor, cramps, and
prostration.

The primary or prodromal reaction develops
in the first hours following irradiation and can
continue from several hours up to 1-2 days. The
probability of development, time of appearance,
duration, and severity of symptoms depend
basically on two factors: radiation dose and in-
dividual variations in radiosensitivity of the
irradiated organism. With increase in the
radiation dose, individual variations gradually
disappear.

The dose-dependence in development of pri-
mary reaction has been systematized in a series
of observations developed primarily from studies
of a large quantity of clinical material on irradia-
tion of oncologic patients [70, 79, 109]. The data
give information on periods of onset and duration
and development severity for symptoms of pro-
dromal reaction, taking into consideration varia-
tions in individual peculiarities of the organism.

At the Oak Ridge National Laboratory, a large
amount of clinical data was collected (on 2100
patients) in relation to radiation therapy of ad-
vanced cancer. with the aim of evaluating radia-
tion hazard during Apollo spacecraft flights.

Although there is some dispute on the most
suitable statistical method for analysis of this
clinical material. dose-dependency of appearance
of clinical symptoms in 50% of persons irradiated
can he presented [110]:

82 =32 rad produce anorexia;

136 £36 rad produce weakness (during 42 d);
138 £20 rad produce nausea;

173 +£18 rad produce vomiting;

194 +19 rad produce diarrhea.

the order of 25-50 rad indicate the presence, in
some, of very high sensitivity to prodromal
effects. This points to the desirability of special

space flight, However, at

present, criteria are not yet known for choosing
an individual who is not particularly sensitive to
development of radiation illness. Elaborate medi-
cal programs have been established for choosing
extremely healthy persons to become astronauts,
for which a special training program is manda-
tory.

tions of patients at doses on

It is of essential importance in the evaluation
of radiation hazard to determine dose-depend-
ence for the incidence of the most hazardous
prodromal symptoms. An attempt will be made
to obtain statistically reliable data on that dose
which produces particular signs of primary re-
action during whole-body irradiation, with the
probability of symptoms occurring at 10, 50, and
90% respectively for anorexia, nausea, and vom-
iting (see Table 20) [98|.

TABLE 20.—Absorbed Dose with Acute Whole-
Body Irradiation, Causing Symptoms of Pri-
mary Reaction at Various Probabilities [99]

Absorbed dose (rad) causing reaction
with probability
Symptoms
10% 50% 90%
Anorexia 40 100 240
Nausea 50 170 320
Vomiting 60 215 380

In the first days following acute radiation ex-
posure during space flights, primary reaction
can create a serious hazard. In this period, dis-
turbance of the capacity of the crew to perform
its task is possible, which in turn can influence
successful completion of the flight program.

The prodromal reaction is followed by a latent
or “false well-being” period, the length of
which is determined (similar to the prodromal
reaction itself) by severity of radiation dam-
age. In this period, the general state of the ir-
radiated subject improves, but certain neuro-
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logic symptoms and changes in peripheral blood
appear.

At the height of radiation sickness, a distinct
complex of symptoms arises, including general
weakness, increase in body temperature, drop
in white blood cell count, erythema, epilation,
and internal hemorrhage typical of general
sepsis. In a light form of radiation sickness, func-
tional changes may occur in the nervous system,
while in a severe form, organic changes are pos-
sible. In this period, inhibition of hemopoiesis
is marked. The degree of suppression of hemo-
poiesis and the severity of symptoms depend on
the amount of radiation received.

The less the radiation dose, the earlier the
recovery. It can continue for a month or more,
and in some instances may not be complete. Im-
provement of general condition, normalization of
body temperature, weight increase, and im-
provement of the state of peripheral blood are
the first signs of recovery.

Some investigators assume that in healthy per-
sons, the threshold dose for development of a
mild form of radiation sickness is equal to 100
rad [79]. With doses of 100—250 rad, acute radi-
ation sickness of first-degree severity develops;
at doses of 250-400 rad, second-degree; and at
doses of 400—1000 rad, third-degree.

In general, such dose-dependence for the de-
velopment of radiation pathology in man occurs
when acute whole-body uniform irradiation is
applied. With nonuniform exposure, a great va-
riety of clinical manifestations of radiation dam-
age is possible; these depend upon the size of
irradiated area, its localization, absorption of
dose by the critical organs, and other similar
factors.

Analysis of certain clinical causes indicates
that shielding comparatively small portions
of the bone marrow allows preservation of
life following doses which, in instances of whole-
body irradiation, undoubtedly would lead to mor-
tality [79]. These observations agree well with
experimental studies [73, 145].

Under conditions of protracted irradiation for
several months with attainment of a larger total
dose than with single doses of irradiation, a “sub-
acute” form of radiation sickness with indetermi-
nate periods of progression may occur.

Almost no studies characterize clinical effects
of protracted irradiation (up to 3 mo); available
data are concerned with isolated accidents for
which either the magnitude of radiation exposure
has not been precisely determined or irradiation
was not uniform. On the basis of these data, it is
difhcult to express quantitatively the radiation
pathology of protracted exposures. The most val-
uable data can be found in the materials on frac-
tionated total-body and partial irradiation in ra-
diotherapy clinics. For purposes of analysis,
information has been used concerning 97 onco-
logical patients exposed to partial fractionated
x-ray irradiation (single doses of 15-50 rad, totaling
up to 250 rad in the series). Irradiation occurred
daily or at an interval of 1-3 d [44, 70].

Early primary reaction with fractionated, daily
irradiation increases gradually as total dose in-
creases and disappears only after cessation of
irradiation. At first, irradiated individuals com-
plain of a general weakness, rapid fatigue, and
anorexia; with degree of increase in total dose,
nausea, olfactory and taste disturbances, head-
aches, disturbed sleep, dizziness, and vomiting
can occur.

It is apparent that, with fractionated and pro-
tracted irradiation, precise periods of radiation
damage are not observed. The symptoms of pri-
mary reaction somehow become transformed into
those of actual radiation illness (general weak-
ness, rapid fatigue, sleep disturbance, head-
aches, dizziness, lowering of blood pressure, and
the like). Changes in peripheral blood occur as a
result of radiation exposure in the form of leuko-,
lympho- and neutropenia.

On the basis of available radiobiologic knowl-
edge and clinical observations, it is assumed that
the symptoms of prodromal reaction and radiation
damage, both with fractionated whole-body ir-
radiation and protracted irradiation, occur to a
lesser degree than with acute irradiation at cor-
responding doses. The less the dose rate of pro-
tracted irradiation, the slower and less expressed
is the development of radiation pathology. This is
only true for low LET radiation, however.

With radiation exposure for the duration of 1 yr
or more at dose rates exceeding many times the
maximum allowable dose for occupational irradi-
ation, chronic radiation sickness can develop,
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haracteristic of which is the slow develop-
ment of symptoms of radiation damage without
definite periods of illness.

In summarlzmg the existing material on clinical

ics of the illness and on individuals

122048 11 3T

working in radiation fields, three groups of af-
fected individuals can be distinguished, depend-
ing on accumulated total dose of relatively uni-
form external radiation [12, 70, 78, 79].

Group 1: Dose of 30-50 rem for 5-10 yrs. There
are no clinical signs of illness, but certain func-
tional changes in distinct organs are revealed
through special clinical and physiologic re-
search methods.

Group 2: Total dose of 50-150 rem for 10-15 yrs.
The clinical picture takes on the aspect of insta-
bility with possible symptoms of neurocirculatory
disturbances of a hypotonic type. This is some-
times accompanied by hypofunction of the secre-
tory activity of the stomach and some depression
in hemopoiesis. At doses of more than 100 rad, a
light form of chronic radiation sickness is possible
in individual situations. Changes arise slowly and
regress within 2—5 yrs after cessation of ir-
radiation.

Group 3: Dose of 150-400 or more rem for 20 yrs
or more. Chronic radiation sickness of first and
second degree severity can appear. The asthenic
syndrome develops,
lowering of functional capabilities of higher levels
of the central nervous system; increased mental
fatigue with loss of attention and memory;
disturbance of diverse analyzers; symptoms of
functional disturbance in the digestive tract,
cardiovascular, and endocrine systems; more
expressed and stable alterations on the part of
the hemopoietic organs can also appear.

This division into groups of clinical symptoms
of radiation illness is extremely tentative, since
the symptoms of functional disturbance and slight
decrease in hemopoiesis develop only gradually
with radiation exposure. The later and more se-
vere symptoms of chronic radiation illness are
characterized by organic damage to the central
nervous and cardiovascular systems, and by
aplasia of the bone marrow.

Chronic radiation exposure in space presents a
hazard in long-term space flight when the crew is
constantly being bombarded with galactic cosmic

which is associated with

radiation. In calculating the dose rate of galactic
cosmic radiation at 10~15 rad/yr, the analysis of
clinical material on the irradiation of humans at
total doses up to 150 rem (i.e. Group 2) is of spe-
cialinterest, if it is assumed that the quality factor
for cosmic rays is 10 to 15. In this group, all enu-
merated pathologic changes in the organism de-
velop slowly over several years. Therefore, for
a flight of 1-3 yrs, development of symptoms char-
acteristic for the given group is highly improbable.
Following cessation of irradiation, functional
disturbances are repaired, although slowly, dur-
ing 2-5 yrs. There is no experimental evidence at
present for the biologic effectiveness of primary
cosmic ray particles.

Chronic radiation sickness can develop from
acute radiation exposures against a background
of chronic exposure to ionizing radiation, and,
following periods of acute exposure, there can be
symptoms of acute radiation sickness with de-
velopment of prodromal reaction. This variant of
radiation sickness has not yet been sufficiently
studied and requires further experimentation;
however, it can be postulated that a background
created by chronic radiation activity can change
the severity of symptoms normally observed with
acute irradiation. Acute irradiation, on its part,
can alter the development of chronic radiation
sickness.

Evaluation of Late Effects

The problem of late effects is extremely im-
portant and complicated for the evaluation of
hazard to man from the action of ionizing radia-
tion. Late effects of radiation are called somatic
if discovered in the irradiated individual, and in-
herited if they influence his progeny. Among late
somatic effects are leukemia, malignant tumors,
cataracts, skin damage, decrease in fertility and,
possibly, “nonspecific aging.” As a rule, it is ex-
extremely difficult, even impossible, to relate
these effects to the action of radiation in indi-
vidual cases.

The question of revising allowable exposure
limits for professional workers should not be de-
cided solely on the basis of risk of development
of somatic effects, without wider consideration
for genetic effects and effects on future popula-
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tions. For evaluation of radiation hazard to astro-
nauts, only somatic effects have significance,
because of the extremely small contribution of
irradiation of astronauts to the general population
dose.

Committees of the US National Academy of
Sciences and the United Nations (the Scientific
Committee for the Effects of Atomic Radiations)
have recently considered, independently, ques-
tions of leukomogenesis and carcinogenesis of
radiations [3]. These groups have argued that, for
health protection, a linear dose-effect relationship
should be assumed, since this yields more reliable
values for protection, while the actual dose-
dependence is possibly nonlinear.

It has been clearly established that radia-
tion exposure causes leukemia in humans at
doses greater than 100 rad. An open question
remains: whether or not there is a lower thresh-
old dose at which leukemia does not arise. The
existence of a threshold dose would eliminate the
hazard of malignant illness arising at doses not
exceeding that threshold. For health protection
purposes, the relationship is usually represented
as linear; leukemia incidence after high LET
particle irradiation is not known. It is estimated
that leukemia arises within several years follow-
ing irradiation.

Calculations show that, for a dose of 100 rad
or more of low LET radiation, the risk of leu-
kemia is one case/10® individuals irradiated
rem~! yr! [3]. Leukemia has an average nat-
ural occurrence of 50 cases/106 people yr-1

In evaluating the risk of development of leu-
kemia, it is imperative to take into consideration
the age factor; it should also be kept in mind that
the probability of development of leukemia by
local irradiation or by irradiation of half the body
is approximately twice lower than by whole-
body irradiation.

It has been demonstrated that certain types
of leukemia are associated with specific types
of chromosomal aberrations: high LET radiations
cause chromosomal aberrations with high fre-
quency and are suspected of being more effec-
tive in causing leukemia.

Substantial data have been accumulated on the
development of various forms of cancer through
the action of ionizing radiation. Analyses of this
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development have been made on the basis of
international data and data presented to the
Atomic Bomb Casualty Commission at Hiroshima
and Nagasaki [10].

The Japanese data, based primarily on illness
in adults, indicate that the doubling dose for can-
cer of the thyroid gland is about 100 rad, or an
increase in the number of tumors of the thyroid
in the population of 1% for each rad of irradiation.

It was also established that the doubling dose
for thyroid gland cancer is between 5 and 10
rem for children in the USA. This means a
10-20% increase in risk of cancer of the thyroid
gland in children for each rad of irradiation per
year. Thus, with a group of children (USA) and
adults (Japan), the degree of increase in cancer
of the thyroid gland in a year/rad of irradiation
will be within a range of 1-20%.

According to data in Japan and the USA, a dou-
bling dose of 175 rad has been determined for
cancer of the lung, or 0.6% increase in lung can-
cer in the population/rad yr-! [10].

In summarizing the incidence of radiation-in-
duced cancer (including leukemia) from existing
data, it becomes apparent that, for widely varying
organs and systems, the range of values for dou-
bling dose is very small (see Table 21) [3]. The
overall incidence of all kinds of cancer and leu-
kemia combined may be assumed to be 4 X 10-¢/
rem yr~!. The thyroid gland is apparently the
only organ for which there exists a higher
radiosensitivity for induced radiation cancer in
young people.

Genetic effects appear in the descendants of
individuals exposed to irradiation. It is extremely

TABLE 21.—Rate of Induction of Various Types
of Neoplasms, Assuming a Linear Dose-

Effect Relationship [3]
Neoplasm Incidence at 1 rem/yr!
Leukemia 1/108
Lung cancer 1/108
Stomach cancer 1/10¢
All other forms 1/108

4/10% rem~!. yr—!

Overall tumor incidence

! Incidence of thyroid cancer when children are exposed
is higher.

REPRODUCIBILITY OF TEE
U INAL PAGE I8 PQOR
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a ct, especially
since this risk has not been evaluated for other
circumstances. It was proposed by an Inter-
national Atomic Energv Agency Committee that
ted as 0.5 10-5/rem yr1 [3!

asb v.o S ooy o rei

ihe risk be guantita
Thus. to summarize the risk from late effects,
it is possible to present it as:

1 X 10-%rem yr-!
3 X 10-%/rem yr-!
0.5 X 10-%/rem yr-!

Leukemia:
Other types of tumors:
Genetic effects:

All tumors and genetic

effects combined: < 10X 10-%/rem yr—?

The results from experiments in relation to
lifespan following low-level irradiation exposures
in humans provide conflicting information. It is
not clear from a statistical standpoint whether
or not there is significant shortening in the life-
span of radiologists compared with specialists
who have not been exposed to professional
irradiation. A definite effect of large doses of daily
irradiation on the length of life appears in
mammals exposed to irradiation at various daily
doses. Assuming that it makes sense to extrap-
olate the annual data of lesser daily doses,
and that the results are valid for man, then it
can be concluded that chronic irradiation of man
causes shortening in his lifespan. Such an effect
may be explained as a speeding up of the natural
process of aging.

The probability of lifespan shortening is
1X10-* for the average lifespan/rad. For the
average lifespan of 70 yrs, the shortening due
to whole-body irradiation can consist of 3 d/rad.
However, it should be emphasized again that the
given evaluation of risk is extrapolated from data
on small mammals and may be inaccurate.

The Critical Organs

In the past, allowable doses of irradiation
have been expressed either as dose in air or as
surface dose. For more precise measurement of
radiation hazard in connection with dissimilar
radiosensitivity of tissues and organs and their
special functional significance, it appears neces-
sary to know the dose actually received by the
most radiosensitive (critical) organs since their

selective damage may condition the development
of irreversible changes in the organism.

The majority of authors consider the blood-
forming organs, sex glands, retina, skin, lens of
the eve, and certain others as critical organs. It
is also necessary to point out that, for space
flight, as numerous experiments indicate, shield-
ing the area of irradiation, and unequal distri-
bution of absorbed dose to the body of the
astronauts all help determine the role of an organ
as critical.

On the basis of an extensive series of experi-
ments, it is also advisable to consider the vestib-
ular system as a critical organ. The normal
functional activity of the vestibular system is of
great importance for man’s successful completion
of space flight [61, 62, 69|.

Under spaceflight conditions, the vestibular
system is exposed to a series of adverse stimuli
that include weightlessness, acceleration, and
vibration. Other stresses, such as changed gase-
ous medium, temperature variations, hypokinesis,
disturbance of biorhythms, and others can also
provide adverse stimuli. Radiation action
against this background, even at small doses, can
call forth serious disturbances in the function of
the vestibular system, which can, in turn, com-
plicate completion of flight tasks by the spacecraft
crew,

A series of experiments on irradiation of the
vestibular system, with special reference to
space flight, was completed at the beginning of
the 1960s [128, 153].

Threshold radiosensitivity for vestibular mal-
function was studied in more than 500 rabbits
and 50 dogs. Single doses of irradiation consisted
of 50, 100, 200, 500, 600, 800, 1000, 1600, 5000,
and 10 000 rad. The initial reaction of the vestibu-
lar system to radiation exposure was evaluated
(mainly in rabbits exposed to single doses of
radiation), as well as the dynamics of vestibular
disorders during the course of all stages of radi-
ation sickness. After low doses (50—100 rad),
there was depression in some cases, and in others
increased excitation of the vestibular system.
With increase in the dose of radiation, depression
of the vestibular function became more pro-
nounced (see Table 22). Single doses of whole-
body exposure in the first hours following irra-
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diation lead to sharp depression in the function of
(a) by lowering excitability,
increase in thresholds for

the vestibular system:
expressed by an
angular acceleration perception and Coriolis
acceleration as recorded by nystagmus, and (b)
by lowering reaction of the vestibular system to
angular and Coriolis accelerations [8, 68|.

In this manner, the influence of ionizing radi-
ations on vestibular function with whole-body
irradiation of animals is expressed as a significant
lowering in the response of the system to the
action of adequate stimuli. Other physical fac-
tors also contribute, for example, Coriolis ac-
celeration created as a result of continual slow
rotation of the cabin [8], the conditions of her-
metically sealed quarters [68], and vibration[115].

The data introduced above permit consider-
ation of the probability of similar trends in the
effects of certain environmental stimuli on the
function of the vestibular system. However, this
feature can change under conditions of the com-
bined action of radiation and certain other
stimuli.

Other workers who attempted to evaluate the
effects of radiation in smaller groups of animals
found that significant effects began at 500 rad,
and the effects were transient. There was also
a training or habituation factor [118].

The vestibular system under spaceflight con-
ditions appears to be a critical organ not only
in terms of complications in fulfilling spaceflight
tasks on the part of the crew, but also in evalu-

TABLE 22.—Changes in Radiosensitivity of the
Vestibular Analyzer During the First Hours
Following Whole-Body Irradiation at Various
Doses [129,154]

No. rabbits in which changes in

No. radiosensitivity appeared
Dose | rabbits
(rad) in Increased Decreased
. . . Total
series radio- radio- e
. e deviation
sensitivity sensitivity
50-100 66 19 18 37(56%)
500-800| 62 2 56 58(95%)
5000 20 2 18 20(100%)
10 000 10 0 10 10(100%)

ating radiation safety in space. The study of
reactions of the vestibular system to irradiation
exposure combined with other spaceflight factors,
and the study of reactions of an organism in a
state of vestibular disorder, make evident the
significance of the vestibular functional state for
calculating allowable doses of space radiation.
The nervous system is of special interest,
particularly the visual pathways and the retina.
Damage caused by heavy primary cosmic ray
particles might be expressed most clearly here
[59]. Indications are that single heavy ions might
cause degeneration of rods in the retina [193].
At large doses, heavy-accelerated oxygen ions
have proved more effective than x-rays in pro-
ducing irreversible damage to circulatory and
neural components of the retina [21]. Radiations
are also efficient in producing DNA strand breaks
in the cerebellum [105]. A great deal of radiation
sensitivity in functional response of various

parts of the nervous system has been shown
[61,64,93,101, 107].

Effective Dose

An important feature of radiation in space
appears to be its duration. The necessity of
calculating this feature to evaluate the radiation
hazard on long flights cannot be doubted.

Protracted radiation, in an overwhelming
majority of cases, shows less damaging effect than
acute irradiation. With increase in duration of
exposure there is decrease in the appearance of
clinical symptoms of radiation. For quantitative
characterization of this type of effect, the concept
of effective dose has been introduced. The term
relates mainly to the process of recovery in the
irradiated organism versus the irreversible part
of the damage.

Under the heading of effective dose with pro-
tracted irradiation, it should be understood that a
dose of acute irradiation would produce the same
effect as a given protracted dose. For calculation
of effective dose, mathematical models are used
which are based on the dynamics of recovery
from exposure to radiation [4, 18, 162]|. A series
of mathematical models has been proposed for
calculating effective dose, based on experimental
data obtained under various conditions of pro-
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tracted and chronic irradiation [33, 113, 116, 127,
175]. Several authors have also attempted to
introduce mathematical models for calculation
of processes of premature aging or shortening of
lifespan [18, 60, 162].

Data have been compiled giving evidence that
the dynamics of recovery from radiation damage,
through split-dose irradiations, have more com-
plex character than was assumed in earlier
models, and thus demand further study [5, 40,
50, 160]. The study of reversible and irrevers-
ible portions of radiation damage has indicated
that, in determining constants for recovery,
these conditions of irradiation should be con-
sidered: dose level, time factor, type of radiation,
distribution of absorbed dose in the body, and
extent of shielding. Other considerations are the
organism’s individual recovery capabilities in-
cluding age. From these premises, a more pro-
tracted regime of irradiation can be recommended
for astronauts aged 22 to 25; astronauts from age
35 to 37 should probably be exposed to the
maximum allowable dose for shorter intervals
[140].

For evaluation of radiation hazard on short-
term space flights, allowable dose is usually
derived from total absorbed dose without con-
sideration for degree of recovery from radiation
damage. However, for standardization of radia-
tion dose on lengthy space flights, such an ap-
proach is not acceptable. Under these conditions,
it becomes necessary to calculate effective dose.
Thus, for example, the maximum value for dose
of justified risk is calculated at 215 rem for a long

space flight on the basis of an effective dose of
justified risk of 50 rem [94].

Individual Radiosensitivity
and Selection of Astronauts

Methods for evaluating radiosensitivity in
man prior to radiation exposure do not exist at
present, although extremely hypothetical opin-
ions on this question can be formulated.

It has been established that, during irradiation
of humans with small doses, bioelectric activity
of the brain can change [61]. Furthermore, it has
been shown that in rabbits irradiated with small

doses, changes in bioelectric activity of the brain’

do not occur. Subsequently, they prove to be more
radiosensitive than animals in which there are
such bioelectrical changes. Evaluation of pos-
sible changes in bioelectric activity of the brain
might prove valuable for preliminary evaluation
of radiosensitivity. Results of experiments in-
dicating the presence of a particular dependency
between functional state of the vestibular system
and the character of its reaction to low doses of
radiation on the one hand, and radiosensitivity
in irradiation of animals with large doses on the
other hand, deserve attention [50].

The question of the possibility of prior deter-
mination of radiosensitivity by means of irradia-
tion of autogenic cell cultures taken from the
astronaut before flight demands further considera-
tion. This problem is closely related to the
question of initial increase in radioresistance of
spaceflight crews. Data indicate that the initial
action of a series of stress factors can have an
important effect on increase in radiostability of
spaceflight crews.

Many scientists do not accept the idea that
individuals in a population have a specific
sensitivity, although a small change in sensitivity
to lethal dose seems to accompany age. Other
complicating factors are the known diurnal
variations in radiosensitivity, that chemical
substances can alter sensitivity, and that cells
have different responses in different physiologic
states. However, sensitive and resistant mutants
do exist in microorganisms, which can be
differentiated by their various abilities to repair
radiation damage. Genetic strains differing in
radiosensitivity have also been found in mice.

Summary

Evaluation of radiation hazard for short-term
and long-term space flights and determination of
allowable doses of radiation for astronauts are
difficult. However, there are many known facts
concerning biological peculiarities of the effects
of solar and cosmic radiation in its various forms
and energy spectra as well as jts spatial and
temporal distributions.

The problem of biologic effects of heavy ions
on astronauts deserves special attention. Methods
for correct evaluation of this hazard have still not
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been defined. Only extensive radiobiologic re-
search in space with accelerator experiments us-
ing heavy ions will permit solution of the problem.
A thorough evaluation of the combined effects of
ionizing radiation and other factors of space flight
is demanded. At present, it is not known how long-
term exposure of man to weightlessness will in-
fluence his radiosensitivity, in what way radiation
damage under conditions of weightlessness will
develop, and, finally, the reactions of an irradiated
organism to the influence of other spaceflight
factors.

Considerations of the development of space
science, the realization of long-term space flights,
and the possible use of atomic energy for propul-
sion and on-board power sources, pose the prob-
lem of reliable shielding for the crew and life-
support systems. From this perspective, the pos-
sibility of creating electromagnetic and electro-
static protection and the partial shielding of
critical organs and systems are being studied.

The possibility of shielding the crew from cos-
mic radiation by using fuel reserves and provi-
sions, machinery and various apparatus on-board
the spacecraft, should also be considered.

Drugs for pharmacologic protection from radi-
ation would be desirable. However, the use of
radioprotective chemicals presents special prob-
lems: they must be effective against various types
of radiation at low dose rates; be marked by low
toxicity even with repeated applications during
a short time; and not lower the general functional
capability of the organism. Research on the de-
velopment of such drugs is still in process.

For success in obtaining radiation safety in
space flight, future availability of a complex of
special additional instruments and methods is
envisaged. These would include systems of on-
board and individual dosimetric devices for astro-
nauts, continuous monitoring of the conditions of
radiation in space, and radiation prognosis, espe-
cially prognosis of solar activity. However, even

precise dosimetric information concerning ab-
sorbed dose on-board the spacecraft is not always
sufficient for making the decisions to take pro-
phylactic measures, since the range of individual
responses in man can be extremely wide. The
necessity might arise on long-duration flights for
working out criteria and methods of evaluating
some aspects of the degree of radiation damage
directly on-board the ship. The chosen criteria
must be marked by specificity, high verifiability,
and maximum suitability for characterizing the
astronaut’s condition.

Thorough analysis at ground level of all medical
information received from the spacecraft, in-
cluding the search for indications of radiation
effects, is envisaged. Data must be obtained
in-flight which characterize the condition of
the most radiosensitive systems of the organism.
To this group of data, information might be
added on the quantitative state of peripheral
blood, the presence of disorders of the alimentary
tract, or the state of blood clotting.

The development of special tests, particularly
if biochemical, would probably be worthwhile.
Some authors think that a method to determine
substances in urine containing deoxyribose would
be extremely valuable. Successful tests to
evaluate immunologic states of an organism also
deserve attention. The criteria and choice of
methods to evaluate radiation effects in astro-
nauts on-board the ship will probably be based on
new developments in experimental radiobiology.

Radiations emanating from planetary surfaces
and from the Moon, including the radioactivity
of surface dust, must also be studied in detail
before the prolonged stay of humans can be con-
sidered safe.

Thus, with further exploration of space, the
realization of long-term space flight, and the
projected establishment of manned bases on
other planets, new problems are continually
being raised which await solution.
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BIOLOGICAL AND PHYSIOLOGICAL RHYTHMS

HUBERTUS STRUGHOLD anp HENRY B. HALE

Brooks Air Force Base, San Antonio, Texas USA

Chronobiology, the branch of science con-
cerned with the cyclic phenomena in living
organisms, has contributed in various ways to
biomedical planning for human space travel
This chapter brings together biomedical data
obtained in space ventures, with emphasis on the
sleep/wakefulness rhythm. Certain effects of
space flight and those of transmeridian flight are
similar, so that the latter type flight is given brief
consideration. Adaptational changes in human
physiologic rhythms are also discussed. To aid
in the preparation of this chapter, compilations
of the chronobiologic literature were made.!
Recent reviews [4, 5, 17, 18, 25, 38] of the
European and American human chronobiologic
literature were also consulted.

The circadian rhythm of sleep and wakefulness
or rest and activity is one of various biologic and
physiologic rhythms discussed in this chapter.
It is a dominant topic of the International Society
for the Study of Biological Rhythms (founded in
1935) which deals with the entire spectrum of this
phenomenon found in plants, animals, and man
[11. 13. 19. 31. 39]. The human circadian rhythm

! B. S. Alyakrinskiy, who compiled the Russian chrono-
biologic literature. drew material from publications dating
back almost 100 years, and found this topic very broad in
scope.

2 “If a term related to medical language is needed to desig-
nate the psychophysiological effect of cycle desynchroniza-
tion, desynchronosis would be an appropriate one, and the
individual could be described as desynchronotic™ [55].

Fio.
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came increasingly into the focus of scientific
and general public interest with the development
of jet-propelled airplanes, which permitted the
crossing of a greater number of time zoncs in a
matter of hours, thus producing a considerable
phase shift of the circadian rhythm [46. 48, 54.
55]. This physiologic “time zone effect” in the
higher levels of the first aeronautical speed
(below Mach 1) may become more drastic in the
realm of supersonic speed or the second aero-
nautical speed (beyond Mach 1).

Westward or eastward travel in jet aircraft
over many time zones, by causing disruption of
psychologic and physiologic rhythms, can be
considered an analogue of space flight. Studies
of persons involved in transmeridian flights
have, therefore, provided insight with regard to
desychronosis 2 and adaptation to unaccustomed
temporal stimuli.

Chapek [15] used 4-h serial determinations to
evaluate circadian rhythms for body temperature,
pulse rate, pulse pressure, and cardiac minute
volume for 105 members of flight crews during
and following eastward and westward flights,
which were made at different times of day over
6 to 7 time zones. He also evaluated motor
activity, higher nervous activity, and electrical
sensitivity of the eye. A team of German scien-
tists {12, 28. 29. 30. 59] investigated physiologic
and psychologic effects of transmeridian flights
of 6- to 8-h duration, bringing out relationships

_LANK NOT FILNED



536 PART 4 PSYCHOPHYSIOLOGICAL PROBLEMS OF SPACE FLIGHT

to flight direction, flight duration, time of day,
and amount of previous flying experience. East-
ward and westward flichts were differentiated
on the basis of alterations in oral temperature,
oxygen consumption rate, reaction time, and
psychomotor performance. Pilots who were highly
experienced, whose performance in a flight
simulator showed circadian variability during a
preflight period, showed aberrance in this respect
on the first day after a westward transatlantic
flight. Resynchronization, judged by performance
in the flight simulator, required 9 days. For com-
plex psychomotor performance, readjustments
continued to 10—12 d respectively after westward
and eastward flights; but for simple performance
skill, restabilization required 6—9 d, respectively.
Adrenocortical resynchronization after westward
and eastward flights required 58 d, respectively.
On the basis of rectal temperature rhythm, re-
synchronization was found to require 11-12 d
after westward flight and 14-15 d after eastward
flight.

With the development of rocket propulsion.
the first astronautic or cosmonautic velocity in
near-Earth space (8 km/s) was reached on Octo-
ber 4, 1957 (Sputnik I); with this achievement,
aerodynamic flight advanced to controlled celes-
tial mechanics. The flight vehicle itself became
a satellite orbiting around the Earth. In orbital
flicht in near-Earth space, a completely novel
situation is faced: the customary geographic day-
night cycle is replaced by a short, sunlight-
shadow cycle.

Within the relatively radiation-safe altitude
range from 200 to 800 km, below the Van Allen
radiation belt. the orbital flight periods last from
about 90 to 140 min. About 40% of this time—
depending upon the orbit’s inclination—is
satellite night, or Earth shadow time. This ex-
ternal light-shadow or photoscotic® cycle in
orbital space flight is not longer than 1/10 the
24-h day-night cycle on Earth. Furthermore, it
is modified by earthshine and moonshine with a
permanently velvet-black sky in the background.
This is -a brief statement about the physics of

3 Photoscotic: Greek. photos =light, scotia = darkness.
* Rhythmostasis: the tendency of the body to keep its
rhythms nearly constant.

the cyclic photoecologic environment in orbital
flight in new Earth space.

MANNED ORBITAL FLIGHT

Manned orbital flight was preceded by a short
dog-and-monkey phase (Laika, Sam, Ham,
Strelka, and Yelka). It became a reality with the
flight of cosmonaut Yuri Gagarin in Vostok I,
on April 12, 1961, followed by astronaut John
Glenn in Mercury Atlas 6, on February 20, 1962.
This historic achievement of man’s advance on
the vertical frontier brings him beyond the Earth’s
time zones. Nevertheless, in the short periodic,
photic environment encountered during orbital
flight in near-Earth space, the astronaut remains
bound to the temporal patterns of sleep, rest,
and activity of his inborn circadian rhythm [3. 24.
27]. This is dictated by his physiologic clock
which is a psychoneurohormonal system with
a tendency to maintain near constancy—
rhythmostasis.* Like thermostasis, rhythmostasis
must be considered a part of homeostasis [14].

Before manned space flight began, doubts
were voiced occasionally about the possibility of
sleep under condition of weightlessness. In
order to obtain a complete picture of the actual
situation, let us examine certain physiologic
variables of astronauts and cosmonauts who have
been in near-Earth space for 1 day or longer, and
the telemetric recordings of physicians who were
in charge of the medical control of the flight.

Although various types of biomedical data
were collected in the Mercury. Gemini. and
Apollo flights. the within-day (circadian) cycles
were not studied extensively. Weil-Malherbe and
colleagues [60| studied the seven Project Mer-
cury astronauts. by means of urinalyses. during
stress-free baseline periods. .stressful training
periods. and suborbital and orbital flights. On
the basis of urinary catecholamine values. these
men were judged highly adapted to stress and to
have normal day-night variability with respect
to sympathoadrenomedullary activity during
stress-free periods. Flight-induced elevations in
urinary catecholamines (evidence of sympatho-
adrenomedullary stimulation) occurred during
the fourth manned orbital flight (MA-9), the
duration of which was 34 h 20 min. There was
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existing entrainment acted as a basic factor
throughout the flight. Superimposed upon the
entrained rhythms were displacements, which
obviously relate to flight siressors.

In the earlier manned space flights, sleep was
recorded by means of the electroencephalogram
(EEG) which requires electrodes on the head.
This method has been abandoned for the sake
of comfort; the recorded heart rate. respiration,
and blood pressure now serve as sleep indicators.

The personal experiences of orbiting space
pilots and telemetered data will be discussed
according to the chronologic order of those
flights which lasted longer than 1 day.

Sleep and Wakefulness in Space

The first ‘“cosmic slumber” of the second
Soviet cosmonaut, Gherman Titov, in Vostok 2
(17 orbits, 25 h 18 min, August 67, 1961), was
not without interruptions. After seven orbits he
felt a definite state of fatigue. When he flew over
Moscow at 6:15 PM, he prepared for sleep,
according to schedule, by releasing special belts
from the side of the seat, strapping his body to
the contour seat, and adjusting the seat to the
bed position. He promptly fell asleep, but awoke
much earlier than scheduled, during the eighth
orbit. When he opened his eyes, he saw his arms
dangling weightlessly, and his hands floating in
the air.

“The sight was incredible,” Titov reports [56].
“] pulled my arms down and folded them
across my chest. Everything was fine — until
I relaxed. My arms floated away from me
again as quickly as the conscious pressure
of my muscles relaxed and I passed into
sleep. Two or three attempts at sleep in this
manner proved fruitless. Finally I tucked my
arms beneath a belt. In seconds I was again
sound asleep.” Titov states further: “Once
you have your arms and legs arranged prop-
erly, space sleep is fine. There is no need to
turn over from time to time as a man nor-
mally does in his own bed. Because of the
condition of weightlessness there is no
pressure on the body; nothing goes numb.

It is marvelous; the hody astoundingly light
and bouyant . . . I slept like a baby.”

He awoke at 2:37 AM, Moscow time, a full 30
min behind schedule because of oversleeping.
He immediately started the required morning
calisthenics. Thereafter, he carried out all
scheduled assignments, and during the 17th orbit
prepared both the rocket and himself for the
“baptism of fire” — atmospheric reentry. Titov’s
sleeping period coincided largely with nighttime
over the USSR, which was also the experience
of the other Soviet cosmonauts.

During NASA’s Mercury project (Mercury
Atlas 9-22 orbits, 34 h 20 min, May 15-16,
1963), astronaut Gordon Cooper found that even
early in flight, when he had no tasks to perform
and the spacecraft was oriented so that the Earth
was not visible from the window, he dozed off
easily for brief naps. During the scheduled sleep
period, he slept only in a series of naps lasting
no more than 1 h each; his total sleep time was
about 42 h. If another person had accompanied
him to monitor the systems, he could have slept
for longer periods, he stated; also that he slept
perhaps a little more soundly than on Earth,
according to NASA’s mission report.

Valerey F. Bykovskiy in Vostok 5 (76 orbits,
119 h, June 16-19, 1963), slept four times for
periods of 8 h, alternating with 16-h periods of
wakefulness.

The first woman in space, cosmonaut Valentina
Tereshkova, had a similar sleep experience
during her 70 h 50-min flight in Vostok 6 (45
orbits, June 16-19, 1963). With regard to these
two orbital flights, Parin and associates [45. 47]
stated, “. . . the diurnal periodicity of physio-
logical functions changed only during the first
and last days of the weightless state, which was
most probably associated with the emotional
strain.”” During phases of wakefulness, brief
rest periods were usually scheduled for times
when the spaceship was not over the Soviet
Union. “It should also be noted that at night,
during sleep, nearly all cosmonauts displayed
a greater reduction in pulse rate than that
recorded during the same hours in earlier space-
simulated flights.”

The three-man team, Vladimir M. Komarov,
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Konstantin P. Feoktistov, and Dr. Boris B.
Yegorov in Voskhod I (15 orbits, 24 h 17 min,
October 12, 1964), rested and slept in shifts
during their 24-h flight [47].

In two 1965 flights of the Gemini Project—
Gemini 4, James A. McDivitt and Edward H.
White (62 orbits, June 3-7), and Gemini 5,
Gordon Cooper and Charles Conrad (120 orbits,
August 21-29)—special attention was given to
the sleep and wakefulness cycle. According to
Dr. Charles Berry, Chief of Medical Space
Operations and Research, NASA Manned Space-
craft Center, Houston, Tex. [10], “The GT-4 and
5 crews (4 and 8 day missions) have reported no
difficulty in performance related to the 45 minute
darkness and daylight cycle created by orbital
flight.”

“The GT-5 crew had a long sleep period, each
programed in conjunction with nighttime at
Cape Kennedy. They, too, had intermittent space-
craft noise irritants interfering with sleep, and
found themselves tending to retain their ground-
based, day-night cycle. It appears best to provide
a joint long sleep period related to normal sleep
time at the Cape.” This was Dr. Berry’s proposal
in 1965.

Wakefulness/Sleep Schedules

Further insight into desynchronosis and adapta-
tion to new wakefulness/sleep schedules has
been gained from experimental studies. Stepanova
[49] has postulated that humans cannot adapt to
a day shorter than 12 h or longer than 52 h. This
hypothesis holds as the basic point that there is
a daily “information-energy cost” which is
determined by an individual’s occupation. With
any increase in the length of the daily cycle, the
hourly information-energy cost must decrease;
conversely, decreased hourly cost is essential
when the cycle is shortened. Stress results when
the cost is improperly regulated. When applied
to space flight, this hypothesis (and the formula
for computing curves describing human adapt-
ability to days of different duration) indicates that
disorders of wakefulness/sleep rhythms can be
prevented by lengthening the period of the daily
cycle when physical and intellectual demands
are low. When psychic loads become high, dis-

order can be avoided by shortening the cycle.

There has been worldwide interest in the
phenomenon of adaptation to ‘‘time displace-
ment;” consequently, a great variety of wakeful-
ness/sleep schedules (as well as a great variety
of bodily rhythms) has been studied. Litsov [37]
studied electroencephalography (EEG), pulse
rate, breathing rate, and body temperature in
men who, at different times, used dissimilar
work/rest schedules, each of which allowed
three 3-h periods of sleep in each 24-h period.
Adaptation rates varied with schedules.
Stepanova [50, 51] did not find evidence of
adaptive change in pulse rate rhythm during
a 16-calendar day test period in which 11 h
wakefulness were regularly followed by 5 h
sleep. Dushkov et al [20] found that adaptation
proceeded slowly when the schedule required
6 h work, followed by a 6-h rest period in which
there could be 4 h sleep. Adaptation was greatly
accelerated by adding factors such as regular
calisthenics, lively music, vitamin supplementa-
tion, between-meal candy, and hourly cold-water
washing of face and neck. This facilitation was
evident in cardiovascular, neuromuscular, and
psychic functions.

In a study of human adaptation to simple
inversion of the wakefulness/sleep schedule,
Litsov [36] found evidence of a three-stage
restructuring. Old rhythms for pulse rate, breath-
ing rate, and body temperature were retained for
1-3 d (“latent stage”). Next, the stage of
‘“apparent restructuring” lasted for 2-7 d.
Finally, there was the stage of “deep restructur-
ing.” Simple motor responses and the EEG
adapted readily, whereas psychomotor perform-
ance, pulse rate, breathing rate, and body
temperature adjusted less readily. In day-night
inversions, Lugovoy [40] found that restructuring
proceeded rapidly when prolonged sleep depri-
vation was a ‘‘priming” factor. Baranov [6]
found that individuals varied greatly in speed
of adjustment to energy expenditure rhythm when
there had been day-night inversion; some subjects
showed full adjustment on the first day, while
others required as much as 13 d.

Although immediate phase restructuring of the
rhythm for cardiac rate was observed by Kukishev
[34] after day-night inversion, certain of his
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w47 PAGE IS POOR



BIOLOGICAL AND PHYSIOLOGICAL RHYTHMS 539

subjects experienced desynchronosis for as long
as 10 d, showing sleepiness during working
hours, performance decrement, faulty coordina-
tion, irritability, nycturia, et cetera. The effects
of dav-night inversion on urinary excretion
of potassium, sodium, and calcium were studied
by Krotov and Lugovoy [33]. Potassium excretion
rhythms were well-defined, but not those for
sodium and calcium. There was gradual develop-
ment of normal temporal relationships for
potassium, but aberrancy on the 25th day indi-
cated that adaptation was incomplete. In a study
of the effects of 72-h sleep deprivation, Zykova
et al [61] also found high individual variability,
some subjects showing phasic change and others
decreased amplitude. According to Chernyakova
[16] and Koreshkov [32], persons who have un-
stable circadian rhythms of cerebral bioelectric
activity adapt readily to time displacement.

During the longest American orbital flight in
Gemini 7 (14 d, Dec. 4-18, 1965), the two
astronauts, Frank Borman and James A. Lovell,
had no significant sleep difhculties during 206
orbits. The inside of the spacecraft was artificially
darkened by covering the windows. Thus, they
had a microenvironmental day and night of their
own and kept in tune with the day/night cycle at
Cape Kennedy [10].

Endocrine-Metabolic Evaluation

Serial urine specimens collected during the
approximately 14-d Gemini 7 flight enabled
endocrine-metabolic evaluation [41]. Day-to-day
changes were studied, not the within-day varia-
tion. Still, the findings seem pertinent to the
present discussion, since they suggest that this
prolonged flight, unlike the shorter MA-9 flighi,
altered endocrine-metabolic rhythms, producing
de-entrainment  (internal  desynchronization).
Evidence is that the two astronauts demonstrated
dissimilar patterns of change in urinary sodium,
chloride, and calcium. Both men showed progres-
sive increases in urinary inorganic phosphate for
9 d, with subsequent reversions to preflight levels.

This long-term response to space travel
evidently indicates adaptation. Urinary sulfate
remained unaltered, but potassium excretion
followed a biphasic pattern of change, falling
during an early period and rising subsequently.

Magnesium output increased after a lag of 1
week. Increased excretion of aldosterone was
accompanied by decreases in urinary 17-hydroxy-
corticosteroids (17-OHCS) and nonprotein nitro-
gen (NPN). The latter changes strongly suggest
adaptation. Transient increases in epinephrine
occurred both at the start and at the end of the
flight.

Data collected from both Vostok and Gemini
crewmembers formed the basis for Halberg et al
[26, 57] concluding that circulatory rhythms
persisted during prolonged periods in space. As
evidence, the phase relations for a set of cir-
culatory functions for the men in space showed
close agreement with those for men who, while
remaining on Earth, experienced simulated
weightlessness. Prolonged bed rest was used to
simulate weightlessness.

Evidence of adaptation was obtained from
Apollo 15 crewmembers who were evaluated by
means of pre- and postflight blood and urine
analyses [35]. Specifically, postflight plasma
potassium and cortisol levels were relatively
low, urine aldosterone values were relatively
high, and plasma and urine sodium values clearly
indicated homeostasis.

In a discussion on the importance of circadian
rhythms for space biology and medicine,
Mikushkin [44] emphasized neuroendocrine and
metabolic aspects, noting that stress tolerance
depends upon complex couplings of rhythmic
functions. It is especially important that both
physiologic adaptability and wakefulness depend
to a considerable extent upon some common
mechanisms.

During the wakefulness phase of a typical day,
healthy persons exhibit stress tolerance superior
to that demonstrable in the alternate phase. Dis-
ruption of the wakefulness/sleep rhythm results
in mismatching of physiologic rhythms, a condi-
tion termed internal desynchronization or desyn-
chronosis, manifested by malaise, confusion,
psychomotor decrement, anorexia, and relatively
low tolerance to stress. Adaptation to a new
activity-sleep schedule requires restructuring
of the entire set of bodily rhythms. This author
also considers preadaptation an appropriate
procedure for space flight, suggesting that it
be accomplished by use of unusual degrees of
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illumination, with crewmembers following self-
selected activity-sleep schedules. It would be
expected that weak illumination would promote
development of rhythms with periods greater
than 24 h, while strong illumination would act
oppositely. After attainment of a stable state,
further modification could be accomplished by
means of programed activity to include physical
exercise.

The group flight program of Soviet Soyuz-6,
-7, and -8 in October 1969 included 8 h sleep
daily, i.e., within 24 h. However, the cosmonauts
slept only 6 or 7 h and subjectively regarded this
as fully adequate, feeling refreshed and fit for
work. The sleep time was kept more or less in
tune with nighttime at the launching area (near
the Ural Mountains). In contrast, the two cos-
monauts in Soyuz-9 (17 d, 17 h record flight in
January 1970), had to shift the sleeping cycle of
12 h because their spaceship passed over the
USSR at night and they had to land in early
morning {42]. They slept during daytime and
worked at night. “Our sleep in flight was normal.
After the sleep we felt refreshed and quite
efficient,” according to the Commander, cosmo-
naut Andrian Nikolayev.

Principles that are applicable to formulating
work/rest schedules for space flights have been
worked out by Alyakrinskiy [1, 2]. He points out
that desynchronosis merely represents the alarm
response of the general adaptation syndrome.
Physiologic rhythms differ in sensitivity toward
a given disrupting influence; hence there is
phase mismatch of rhythms which are normally
coupled. Adaptation to a new activity-sleep
schedule, like adaptation to any stressor, in-
volves stereotyped changes in neuroendocrine
systems. Restructuring the entire set of coupled
rhythms is necessary for complete adaptation,
but there is an intermediate stage: latent or
compensated desynchronosis. In this stage there
is subjective normalcy, along with normalization
of cardiovascular and respiratory rhythms. How-
ever, at this time there are still mismatched
endocrine-metabolic relationships, along with
relatively low stress tolerance. Obviously,
chronobiologic techniques are advantageous, for
they can bring out vulnerability which would be
undesirable immediately before space flight.

The recorded and reported sleep-and-
wakefulness time patterns in orbital space flight
reflect the physiologic circadian rhythm of 24 h,
by and large. But, the Earth’s surface time zones
are environmentally meaningless for the astro-
nauts, since they cross one time zone in only a
few minutes. Their basic guiding time is Green-
wich mean time (G.m.t.) or universal time (u.t.).
Nevertheless, their body clocks have to run more
or less isochronous 3 with their natural circadian
rhythms and for flicht operational reasons, it is
also very desirable to remain synchronous with
the local time of the Mission Control Center on
Earth to which they were adapted during the pre-
launch period. Parin and Gazenko made an in-
teresting neurological comparison concerning
sleeping in the state of weightlessness, which in
presatellite times was considered difficult. During
the weightless state, the parasympathicus is
dominant (parasympathicotonia). The same is
true during sleep. This can be considered as
beneficial for sound sleep during the weightless
condition in space flight, if the sleep facilities are
adequate and comfortable.

FUTURE SPACE STATIONS

In the years ahead, we can expect space sta-
tions for the purpose of meteorological, geological,
astronomical, and biomedical studies [22]. Such
a “manned orbiting research laboratory,” called
Skylab (a project of NASA), kept three crewmen
on-board. In the future they will be ferried by
means of a reusable space shuttle to the space
station and back to Earth in intervals of 4 or 8
weeks. A cooperative docking operation of Apollo
and Soyuz spacecraft is planned for the mid-
seventies, which will allow crew transfer between
the two craft. At the moment of such an inter-
national link in space, the time of alert wakeful-
ness of both teams must be in synchronization.

The Skylab is the predecessor of a larger
permanent Space Station that can accommodate
a staff of 12, including crewmembers, scientists,
and experimenters. The duty-and-sleep regimen
of professional personnel in charge of the flight
operation will require a rotating shift which will

5 Isochronous: taking place at equal intervals of time.
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table sleep

be possible because of more comfor
facilities. But switching this shift within the
operational team is not advisable, which would
be an additional stress to their delicate duties.
The researchers, too, will sleep in special sound-
proof sleep compartments in order to remain
fresh and alert during the hours devoted to their
exploratory tasks.

The Space Station clock time will be about the
same as that in the Control Center on Earth.
There is no question that time regulation will
be a decisive tfactor for successful research
work in these coming space-bound scientific
“institutes.”

MISSIONS TO THE MOON

The circadian rhythm during flight to the
nearest celestial body, the Moon, will now be dis-
cussed following the material on orbital flight in
near-Earth space. Flight to the Moon requires an
escape velocity of 11.1 km/s from the Earth’s
gravisphere. The photic environment en route to
the Moon includes permanent sunshine, earth-
shine, moonshine, and a velvet-black sky. It
takes only about 3 d from an Earth departure
orbit to a circumlunar parking orbit. This
relatively short duration of the trans-Moon
trajectory requires a carefully planned sleep-and-
duty regime for the three-man team of the lunar
astronauts [53].

The sleep-work regimen of the crewmembers
of Apollos 7,8,9, 10, and 11 has been described in
detail by Berry [7, 8]. Statements follow about
sleep, work, and rest cycles of the teams of
Apollos 7 to 15, published in the respective
NASA Apollo mission reports.

Apolle 7

This was the first flight of Apollo spacecraft,
with Walter H. Schirra, Jr., Donn Eisele, and R.
Walter Cunningham, October 11-22, 1968.

Work[rest cycles. “Based on previous flight
experience, a medical recommendation was made
to program simultaneous crew rest periods during
the mission, referenced to the crew’s normal
Cape Kennedy sleep cycle. Flight plan and crew

constraints, however, precluded simultaneous
sleep. The ac electrical bus failure, which oc-
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curred unexpectedly and required immediate
action, demonstrated the wisdom of having at
least one crewman on watch on the first flight of
a new spacecraft. The large departures from the
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vicw b
problems during the mission.

“The crew reported poor sleep for about the
first 3 days of the flight and experienced both
restful and poor sleep after that period of time.
The Command Module Pilot reported that fatigue
and exhaustion caused him to fall asleep once
on his watch and that he took 5 mg of d-ampheta-
mine on another occasion to stay awake during
his work cycle.”” The amount of sleep each crew-
man obtained was indeterminable.
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Apollo 8

On this first manned flight around the Moon,
the astronauts were Frank Borman, James
Lovell, Jr., and William Anders, December 21-27,
1968.

Work[rest cycles. “The very busy flight sched-
ule precluded simultaneous sleep and resulted in
large departures from normal circadian perio-
dicity, thus causing fatigue. The Commander
experienced a ‘practical shift’ of 11 hours before
to 2.5 hours later than his assumed Cape Kennedy
sleep time. Real-time changes to the flight plan
were required because of crew fatigue, partic-
ularly during the last few orbits before the trans-
earth injection maneuver.”

Apollo 9

Docking with lunar module were James A.
MecDivitt, David R. Scott, and Russell L.
Schweickart, March 3-13, 1969.

“This mission was the first in which all three
men slept simultaneously. A definite improve-
ment over the previous flights was observed in
the estimated quantity and quality of sleep. Lack
of postflight fatigue was correspondingly evident
during the medical examination on recovery day.
It should be further recognized that crew work-
load during the last 5 days of flight was sig-
nificantly lighter than on previous missions.

“The flight plan activity for the first half of
the mission resulted in excessively long work
peviods for the crew, and the time allocated
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for eating and sleeping was inadequate. Crew
performance, nonetheless, was outstanding.
Departures from the crew’s normal circadian
periodicity contributed to some loss of sleep
during this time. The crew experienced a shift
in their sleep periods, which varied from 3 to
6 hours from their assumed Cape Kennedy
sleep time.”

Apollo 10

The descent to within 9 miles of the Moon in
the Lunar Module was made by Thomas P.
Stafford, John W. Young, and Eugene A. Cernan,
May 18-26, 1969.

“The three crewmen were scheduled to sleep
simultaneously, and in general, they slept very
well during the nine periods. Estimates of the
quality and quantity of sleep were based entirely
on subjective reporting by the crew. In post-
flight debriefings, the Commander commented
that the sleep stations and sleeping bags were
satisfactory.”

Apollo 11

The event of the first landing of men on the
Moon involved Neil A. Armstrong, Michael
Collins, and Edwin E. Aldrin, Jr., July 16—24,
1969. Total stay time was 21 h 36 min.

“It is interesting to note that the crewmen’s
subjective estimates of amount of sleep were less
than those based upon telemetered biomedical
data. By either count, the crewmen slept well in
the command module. The simultaneous sleep
periods during the translunar coast were care-
fully monitored, and the crew arrived on the lunar
surface well-rested. Therefore, it was not neces-
sary to wait until after the first planned 4-hour
sleep period before conducting the extravehicular
activity. The crewmen slept very little in the lunar
module following the lunar surface activity. How-
ever, the crewmen slept well during all three
transearth sleep periods.”

Apollo 12

The second manned exploration on the Moon
was made by Charles Conrad, Jr., Richard F.
Gordon, Jr., and Alan L. Bean, November 14—24,
1969. Total stay time was 31 h 31 min.

“Sleep periods during translunar coast began
approximately 7 to 9 hours after the crew’s
normal bedtime of 11 p.m. The crew reported
that they had no particular trouble in adapting
to the shifted sleep periods. However, the first
flicht day was extremely long, and the crew was
thoroughly fatigued by the time the first sleep
period began 17 hours after lift-off.

“The crewmen slept well in the command
module during the translunar and transearth
coast phases, and the Lunar Module Pilot took
at least two unscheduled naps during transearth
coast. However, they reported their sleep periods
were longer than necessary, since they would
invariably awaken about 1 hour ahead of time and
would usually remain in their sleep stations until
time for radio contact.

“The lunar module crew slept only about 3
hours on the lunar surface prior to the second
extravehicular activity period. In the next sleep
period following rendezvous and docking, all
three crewmen in the command module slept only
3 or 4 hours, which was less than desirable.

“Biomedical monitoring during sleep periods
was very limited. The crew complained that it
was inconvenient to hook up to the biomedical
harness while in the sleeping bags; hence, very
little data were received.”

Apollo 13

The landing mission was aborted because of
oxygen tank failure; astronauts were James A.
Lovell, Jr., John L. Swigert, Jr., and Fred W.
Haise, Jr., April 11-17, 1970.

“The crew reported sleeping well the first 2
days of the mission. They all slept about 5Y2
hours during the first sleep period. During the
second period, the Commander, Command
Module Pilot, and Lunar Module Pilot slept 5,
6, and 9 hours, respectively. The third sleep
period was scheduled for 61 hours, but the oxygen
tank incident at 56 hours precluded sleep by any
of the crew until approximately 80 hours.

“After the incident, the command module was
used as sleeping quarters until the cabin tempera-
ture became too cold. The crew then attempted to
sleep in the lunar module or the docking tunnel,
but the temperature in these areas also dropped
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too low for prolonged, sound sleep. In a
coolant pump noise from the lunar module and
frequent communications with the ground further
hindered sleep. The total sleep obtained by each
crewman during the remainder of the mission
after the incident is estimated to have been 11,
12, and 19 hours for the Commander, Com-
mand Module Pilot, and Lunar Module Pilot,

respectively.”

Apollo 14

The third manned landing on the Moon was
made by Alan B. Shepard, Jr., Stuart A. Roosa,
and Edgar D. Mitchell, January 31-February 9,
1971. Total stay time was 33 h 31 min.

“The shift of the crew’s normal terrestrial
sleep cycle during the first four days of flight
was the largest experienced so far in the Apollo
series. The displacement ranged from 7 hours
on the first mission day to 11%2 hours on the
fourth. The crew reported some difficulty sleep-
ing in the zero-g environment, particularly during
the first two sleep periods. They attributed the
problem principally to a lack of kinesthetic
sensations and to muscle soreness in the legs
and lower back. Throughout the mission, sleep
was intermittent; i.e., never more than 2 to 3
hours of deep and continuous sleep.

“The lunar module crewmen received little,
if any, sleep between their two extravehicular
activity periods. The lack of an adequate place
to rest the head, discomfort of the pressure suit,
and the 7-degree starboard list of the lunar
module caused by the lunar terrain were believed
responsible for this insomnia. The crewmen
looked out the window several times during the
sleep period for reassurance that the lunar
module was not starting to tip over.

“Following transearth injection, the crew slept
better than they had previously. The lunar module
crewmen required one additional sleep period
to make up the sleep deficit that was incurred
while on the lunar surface.

“The crewmen reported during postflight
discussions that they were definitely operating
on their physiological reserves because of in-
adequate sleep. This lack of sleep caused them
some concern; however, all tasks were performed
satisfactorily.”

The fourth lunar landing witnessed the first
use of the lunar roving vehicle, with astronauts
David R. Scott, Aifred M. Worden, and James B.
Irwin, July 26-August 7, 1971. Total lunar stay
time was 66 h 55 min.

“Very little shift of the crew’s normal terrestrial
sleep cycle occurred during the translunar and
transearth coast phases of this mission. As a
result, all crewmen received an adequate amount
of sleep during these periods.

“Displacement of the terrestrial sleep cycle
during the three lunar surface sleep periods
ranged from 2 hours for the first sleep period to
7 hours for the third sleep period. This shift in
the sleep cycle, in addition to the difference
between the command module and lunar module
sleep facilities, no doubt contributed to the lunar
module crewmen receiving less sleep on the lunar
surface than was scheduled in the flight plan.
However, the mosi significant factors causing
loss of crew sleep were operational problems.
These included hardware malfunctions as well
as insufficient time in the flight plan to accomplish
assigned tasks. During the first sleep period, the
crewmen went to sleep 1 hour later than
planned and had to arise 1 hour early to fix a
cabin oxygen leak. The crewmen again were an
hour late in getting to sleep for the second lunar
surface sleep period. The final sleep period was
changed so that the beginning of the period was
2Y2 hours later than originally planned. The
period, which had been planned to last 7 hours,
was terminated after 62 hours to begin prepara-
tions for the final extravehicular activity. Length-
ening the workdays and reducing the planned
sleep periods on the lunar surface, coupled with
a significant alteration of the lunar module
crewmen circadian rhythm, produced a sufficient
fatigue level to cause them to operate on their
physiological reserves until they returned to the
command module.”

Lunar Sleep

The recorded and reported sleep and wake-
fulness time patterns in the Apollo flight series
reflect, by and large, the inherited rhythmostatic
nature of the astronauts in terms of the circadian
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time scale. But it must be integrated into the
fixed flight schedule.

At this point, a personal communication from
Dr. W. R. Hawkins, Chief of Flight Operations,
NASA, Houston, is in order. It summarizes the
factors influencing the astronaut’s clock during
both orbital and lunar flights.

“The primary factors that contributed to the
fact that inflight sleep was less than that obtained
on Earth were (1) cyclic noise disturbances
resulting from such events as thruster firings,
communications, or movement within the space-
craft; (2) staggered sleep periods; (3) significant
displacements of the astronauts’ normal diurnal
cycle; (4) the so-called command pilot syndrome;
(5) the unfamiliar sleep environment; and (6)
excitement.

“During the Apollo program, no new sleep
problems been encountered. Apollo
missions are necessarily tailored around an
operational trajectory which, by nature, is highly
inflexible and constraining. The astronaut
must be integrated into this fixed mission plan
in the best possible way. That is, man is required
to accommodate to the mission and not the
converse.”

have

A mission to the Moon requires a fixed time
schedule comprising more astronautical actions
than in orbital flight: after insertion into an Earth
orbit, injection into the trans-Moon trajectory,
insertion into a lunar orbit, separation of the
lunar module from the command module, and
similar. This makes the programing of the sleep-
and-duty cycle more complicated.

During a longer stay on the Moon—such asin a
future lunar research laboratory, which, since
1965, has been the objective of the Lunar Inter-
national Laboratory (LIL) Committee of the
International Academy of Astronautics (under
the direction of F. J. Malina)—the sleep-activity
cycle will be completely independent of the 27
terrestrial days-long light/dark cycle of the Moon.
During the light phase of the cycle, solar illumi-
nance ¢ on the Moon amounts to 140000 lux,’
the same as that above Earth’s atmosphere. There

¢ [lluminance: the intensity of light coming from a light
source, measured in candela per sq. meter (cd/m?) or lux (Ix).

7 Lux: unit for measuring the intensity of illumination;
11x=1 med.

is also periodically earthshine, which is 75 times
stronger at “full Earth” than is moonshine on
Earth at full Moon. Such is the general photorama
on the Moon.

In a broader sense, the sunrise-sunset cycle
on the Moon does not provide a time cue or
Zeitgeber® comparable to the 24-h dark/light
cycle on Earth. There are about 2 terrestrial
weeks of sunshine followed by a night of the
same duration. Therefore, the selenonauts inside
the Lunar Station must schedule their sleep and
activity rhythm in terms of the terrestrial
circadian pattern. This must be arranged in
shifts between the members of the operational
team, to keep in constant radio contact with the
manned Moon Ship Control Center on Earth.
Communication is possible. of course, only when
the Control Center is on the “near side” of the
rotating Earth. as seen from the Moon.

Generally, sleep on the Moon might be better
than on Earth due to its lower gravitational force
which is only one-sixth that on Earth. A hypno-
gram, or actogram? of a sleeping selenonaut
probably will show fewer of the occasionally
sleep-interrupting body movements, because
pressure between the body and the bed would
be greatly reduced. Thus, sleep could be indeed
more refreshing in the gravitational arms of
Luna, the goddess of the night.

MANNED MARS MISSION

The first planetary target for a manned mission
will be the planet Mars. envisioned for the mid-
eighties by Wernher von Braun [58]. A flight to
the Red Planet requires a complete escape
velocity from the gravisphere of Earth (11.2
km/s—the second astronautical velocity). If
based on a minimum energy trajectory, this inter-
planetary journey would take about 8 months to
reach the martian gravisphere. From a medical
point of view. this time spent in interplanetary
space is too long; it should be shortened to less
than 20% of this duration. This will be achieved
by novel methods of propulsion such as nuclear
propulsion [54].

8 Zeitgeber: time cue for entraining sleep and wakefulness.
9 Actogram: device attached to the mattress of a bed to

record the body movements during sleep—hypnogram.
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Mars, when the spaceshlp thh a team of six to
eight martianauts reaches a distance of 1300 mil-
lion km, is beyond the shadow of Earth: con-
sequenily there will be constant sunshine and a
velvet-black sky. In this exotic, nonperiodic en-
vironment along the trans-Mars trajectory, the
occupants of the spaceship must arrange their
sleep, rest, and activity regimen corresponding to
the temporal pattern of their physiologic circadian
rhythm on Earth. It cannot be that which is called
in the science of biorhythmology a “free-running
cycle” [11], because it will be telecontrolled by
the control center on Earth. Six to 8 hours’
sleep have been found adequate, with occasional
catnaps every 24 h, in space simulator experi-
ments lasting several months [43, 48].

It is encouraging to learn trom these reports
related to orbital and Moon flights that space
sleep poses no difficulties if intracabin conditions
are adequate. This is a prerequisite for the
martianauts’ health and maintenance of high
performance capability. Furthermore, exercise
necessary to prevent a certain observed physio-
logic deconditioning (such as orthostatic hypo-
tonia of the muscles and veins, and decalcification
of bones), will automatically contribute to a sound
pattern of sleep and wakefulness.

As soon as the Mars ship comes within 0.5
million km to Mars, it enters its gravisphere and
can be inserted into a 