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Foreword

The successful conclusion of the Skylab Program following the Apollo
series marks the end of an era in which the United States proved that men
could not only explore the Moon, but could also live and work effectively in
space for prolonged periods of time. The conclusions of these initial efforts
in space exploration also heralds the beginning of a new era during which
the use of space will be developed and expanded for the benefit of all man-
kind.

Progress in development of manned space flight and exciting new scien-
tific discoveries in space over the past two decades have produced, in addi-
tion to pride in achievement and moments of exaltation, a new feeling of
closeness to our neighbors across the oceans and a rededication to preserv-
ing and improving the quality of life on our planet.

Through the years, the quest for more knowledge about space and its
impact on man sparked the technological advances in related scientific and
engineering disciplines. Happily, at this present point in human history,
sufficiently advanced technology and man’s will to explore the unknown
joined forces to make space flight possible. Following this breakthrough, the
further understanding of the nature and extent of man’s capabilities in
space became an urgent issue. Inquiries about how man might behave,
prosper, or be adversely affected in the unique environment accompanying
space exploration have influenced the course of the space fligcht program.
This book chronicles the work of scientists attempting to understand the
responses of man and his life processes in an environment previously totally
unknown to living systems.

During the Mercury, Gemini, and Apollo Programs, only limited meas-
urements of astronaut physiological responses were possible. Restricted
internal volumes of the spacecraft and the operational complexities of those
missions essentially precluded the conduct of in-depth measurements to
gather in-flight data on physiological changes. From those early observa-
tions, however, it became apparent that there were three environmental or
operational factors of paramount concern: namely, space radiation, altera-
tions in circadian rhythm, and null gravity. Of these, the physiological
responses attributable to absence of accelerative forces were notably
unique. In the earlier programs, the decisions to proceed with longer, more
complex missions were based, to a large extent, on the postflight biomedical
evaluation of flight crews. An extensive program of biomedical measure-
ments performed during flicht had to await the advent of larger space-
craft with longer stay-time capabilities. Skylab presented this opportunity.
The Life Sciences Program encompassed inquiries into the effects of space
flight on basic biological systems, the physiological responses of man, as
well as the health, well-being, and safety of the crewmen.

This program was developed and executed under the auspices of the
Life Sciences Directorate at the Lyndon B. Johnson Space Center. The data
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resulting from such a program, it was felt, could effectively establish new
goals for more sophisticated scientific research into the basic mechanisms
involved in the various observed responses of man.

The success of the Skylab Life Sciences Program was made possible, in
large measure, by the dedication and professional excellence of its re-
search and management teams, and the outstanding cooperation and per-
formance of the astronauts who expertly executed the in-flight phases of
the experiments.

Exhaustive research and development activities over the past two
decades produced the engineering and medical criteria used for assuring the
health and safety of the crewmen, maintaining hygiene and relative com-
fort, and providing the basic needs for living and operating in a strange
and artificial environment. The essential task remaining was to determine
through scientific observations the extent, nature, rate of onset, and pro-
gression of any delerious event(s) which might threaten crewmen. These
scientific inquiries have been documented, and great confidence has been
gained that man can perform effectively for long periods of time in space if
his health is properly maintained and his bodily needs satisfied.

Space flight provides the opportunity to look at living systems from an
entirely new vantage point. Perhaps, at some time in the future, such in-
vestigative efforts will provide new theories about the origin of life and
the organization of life systems on Earth. The biomedical reports in this
book indicate that the few deleterious effects on physiological functions
are moderate in degree and completely reversible. These findings under-
score the enormously resilient capacity of the body and its organ systems to
perform their functions in an orderly fashion. The research conducted
during these successful Skylab missions represents only the beginning of an
inquiry that will add new dimensions to our understanding of living sys-
tems and may provide additional insight into the origin, evolution, and
miracle of life itself.

CHRISTOPHER C. KRAFT, JR., Director
Lyndon B. Johnson Space Center
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CHAPTER ].

Skylab Medical Program Overview

RICHARD S. JOHNSTON *

HISTORY IS FILLED with examples of man’s de-
sire to explore new frontiers. Having sensed
the thrill of discovery, man has pressed on to scale
new heights, not weighing the cost or personal
risk, but mindful only of his destiny to conquer
the unknown. Under adverse conditions, he has
crossed the seas and the wastes of the arctics until
there were no longer any new seas to cross, moun-
tains to climb, or arctic poles to visit. Thus has
he explored his Earth.

Exploration has always been a risky under-
taking and opportunity for it is largely dependent
upon the advancement of technologies in trans-
portation and life support. With the development
of chemical propellants and the application of
some fundamental laws of physics, high velocity
rocket propulsion became a reality; this is all
man needs to kindle his imagination to reach be-
yond his Earth and to start the exploration of his
universe, Although preservation of life and health
is ésseqtial to the successful conquest of the un-
known, few explorers have conducted studies on
themselves or documented their responses to new
environments. A notable exception was the work
conducted during the 1935 International High
Altitude Expedition to the Chilean Andes when
the members of that team conducted self-studies
to record for medical science the effects of expo-
sure to the hypoxic environment of high altitudes.
Since then some of these data have been used by
every student of space medicine.

Utilizing the Saturn V launch system, man has
successfully completed an epoch-making Ilunar
exploration program. Through the use of this same
propulsion system, the United States has launched

*NASA Lyndon B. Johnson Space Center, Houston,
Texas.

its first long-term space station and has acquired
giant advancements in knowledge concerning the
physiological effects of increasingly extended pe-
riods of exposure to the space flight environment
and in determining how well man can function
while performing tasks in space.

Space medicine studies using experimental ani-
mals were initiated prior to 1959. Limited medical
studies and observations on men in space were
initiated in the United States with the Project
Mercury Program. This project (ref. 1) served
to dispel many basic concerns regarding the frail-
ties of the human space explorer. It was shown
that man could operate effectively during the
acceleration periods of launch and entry, and that
he could adapt to the weightless environment and
perform useful tasks. Medical measurements made
during these early flights showed that normal
body functions were not adversely altered. The
few changes which occurred were moderate but
reversible, For example, postural hypotension was
observed when the astronauts returned to the
Earth’s gravity field.

The first series of medical studies during
weightless flights was provided by the Gemini
Program (refs. 2, 3). One objective of these flights
was to evaluate the performance of men living in
the space environment for 14 days to assure an
effective lunar scientific excursion. The results of
the Gemini flights further demonstrated that man
could adapt to the weightless environment, could
perform useful tasks, and could enter the Earth
atmosphere and readapt to Earth gravity.

The Apollo Program originally included the
conduct of a series of medical studies for the early
orbital missions. After the tragic Apollo 204 ac-
cident, the decision was made to delete the medical
studies and to dedicate all resources to the com-

REIEDRG PAGE BLANK NOT FILME®




4 BIOMEDICAL RESULTS FROM SKYLAB

plex lunar landing program. Consequently, medi-
cal studies were primarily conducted with the
Apollo crewmen before and after each flight.
Skylab, at its inception called the Apollo Appli-
cations Program, was a natural and necessary
follow-on to the Gemini and Apollo Programs. The
tested and proven spacecraft and launch vehicles
from the Apollo missions were used in the design
and flights of the Skylab Program. Development
of medical experiments, initiated in the mid-
1960’s, included a decision to design the experi-
mental program along classical lines of medical
and physiological research; namely, to group re-
lated studies together according to their possible
contribution to the understanding of the function-
ing of a major body system. Of course the results
from the Gemini and Apollo flights influenced the
planning and placement of emphasis for the new
program. The experiment protocols developed to
study the cardiovascular, musculoskeletal, hema-
tologie, vestibular, metabolic, and endocrine sys-
tems in the body, with few exceptions, remained

High density
food bars

Galley photo
from
Skylab (11
Ambient food
stowage

unchanged throughout the Skylab Program. This
chapter will provide an introduction and overview
to the Skylab medical program. The chapters
which follow will present the significant results
from the three manned Skylab missions.

Operational Equipment

Several major medical subsystems were pro-
vided in the Skylab Orbital Workshop to sustain
the crew and to protect their health.

Food System.—The Skylab food system (fig.
1-1) (ref. 4) was developed to provide a balanced
and palatable diet which also met the necessary
requirements for calories, electrolytes, and other
constituents for the metabolic balance experiment
(ch. 18). Seventy foods were available from which
the crew could select their in-flight diets. Food
types included frozen, thermostablized, and
freeze-dried foods. Menus were planned for 6-day
turnaround cycles. Each crewman was required
to consume his individually planned diet for 21
days preflight, throughout the flight, and for 18

Skylab 111 food
preparation

Food tray

Ficure 1-1.—Skylab Food System.




SKYLAB MEDICAL PROGRAM OVERVIEW 5

days postflight. Approximately one ton of food was
stowed in the Orbital Workshop at launch to pro-
vide approximately 400 man-days of food. The
ambient foods were packaged in 6-day supply in-
crements and stowed; these were moved by the
crewmen to the galley area for direct stowage,
preparation, and eating. The galley area contained
a freezer, a food chiller, and a pedestal which pro-
vided hot and cold water outlets, attachment points
for three food trays, and body restraints which
afforded each crewman the opportunity to sit down
to eat. Each food tray contained seven recessed
openings to hold cans or other containers, three
of which had heaters for warming the food. The
food cans were constructed with membranes or
other designed devices which restrained the food
within the container when in zero-gravity and al-
lowed the crew to eat with conventional tableware.
Drinks in a powdered form were packaged into
individual bellows-like containers constructed with
a drinking valve. Water, when needed, was added
from the hot or cold water outlets located on the
pedestal. The crewmen drank from the container
by collapsing the bellows.

The variety of foods provided and the general

Waste management compartment

Lavatory
Fecal drying |
compartment =
‘! Commode
Urine
freezer
. Urine
collection
bag
| Urine
collection
system

Skylab 11l crewman
changing urine
pooling bags

design of the food system were acceptable to the
Skylab crewmen. At the suggestion of the re-
turned Skylab 2 crew, more and varied spices were
included in the later missions to improve the taste
of the food.

The extension of the Skylab 4 mission for an
additional 28 days required 250 pounds of addi-
tional Skylab food to be launched in the Command
Module. This extra weight and the resulting stow-
age volume were excessive, therefore, a high-
density, high-caloric type food bar was stowed in
the Command Module to provide the caloric re-
quirements for the mission extension. The crew-
men’s in-flight menus were modified to include
approximately 800-1000 calories of the food bars
every third day. For Skylab 4, in addition to the
50 pounds of high-caloric type food bars, approxi-
mately 100 pounds of other Skylab-type food and
drinks were launched in the Command Module.

Waste Management System.—The Skylab Waste
Management System included equipment for the
collection, measurement, and processing of all
urine and feces and for the management of trash
such as equipment wrappers, food residues, et
cetera (fig. 1-2).

Trash airlock

FIGURE 1-2.—Skylab Waste Management Systems.

ORIGINAL PAGE I
OF POOR QUALITY!




6 BIOMEDICAL RESULTS FROM SKYLAB

Waste Management.—Equipment used by the
crew for the collection of urine and feces, and in
addition, equipment used for personal hygiene
were stowed and used in the waste management
compartment. Feces were individually collected
into a bag attached under a form-fitted commode
seat. The bag was permeable to air and imperme-
able to liquids. An electric blower, actuated by the
crewman during use, provided a positive airflow
around the anal area to carry the feces into the
collection bag. After each defecation, the crew-
man weighed the bagged stool on a mass measur-
ing device, and then labeled and placed it into a
vacuum drying processor. After 16 to 20 hours of
drying, the bag of fecal residue was removed from
the processor and stowed for return to Earth for
postmission analysis.

Each crewman’s urine was collected in an in-
dividual 24-hour pooling bag. A centrifugal fluid/
gas separator was actuated at the start of urina-
tion to create a positive airflow to carry the urine
into the equipment where urine was separated
from the gas and was then collected into the pool-
ing bag. A measured quantity of lithium chloride,
added to each pooling bag prior to flight, permitted
urine volumes to be calculated during analysis
postflight. In addition, the crew used a gage to
measure the filled pooling-bag thickness to give a
real-time estimate of daily urine output. Once
every 24 hours each crewman collected a 120
milliliters urine aliquot from his pooled urine bag
and placed this sample in a freezer for return and
postflight analysis. The used pooling bag was dis-
carded and a new bag was installed for use each
day.

Trash accumulated from food wrappers, used
equipment bags, used towels, et cetera, were dis-
carded through an airlock into a large volume tank
in the Orbital Workshop dome.

The Waste Management System and trash air-
lock operated satisfactorily throughout the Skylab
missions and the crews reported complete satis-
faction with the design of this equipment.

Personal Hygiene.—Provisions were included in
the Orbital Workshop for daily personal hygiene.
Such items as wet wipes, towels, toothbrushes, ra-
zors and deodorants, were provided to maintain
body cleanliness. In addition a shower contained
in a collapsible cylindrical cloth bag (fig. 1-3)
was provided to permit full body bathing. Warm

water and a liquid soap were available in limited
quantity for one shower per week for each man.
The Skylab crewmen reported satisfaction with
the shower and other personal hygiene equipment;
however, the crewmen did indicate that an exces-
sive amount of time was required to vacuum the
collected water and dry out the shower after use.
Microbiological studies conducted on the Skylab
crewmen indicated that the personal hygiene tech-
niques used were completely adequate.

In-flight Medical Support System.—In-flight
Medical Support System (IMSS) (app. A., sec.
II.a.) was designed to provide for the conduct of
selected in-flight medical evaluation experiments
and, as required, first level medical diagnosis and
treatment for an ill or injured crewman (fig.
1-4). The equipment was stowed in the wardroom
and included: diagnostic, minor surgery, dental,
catheterization, and bandage kits. Sixty-two med-
ications for the three missions were stowed in
modules to insure an adequate and fresh supply.
Prior to flight, drug-sensitivity testing was con-
ducted on mission-designated Skylab crewmen. In
addition, microbiological equipment and slide-
staining capabilities were provided. Petri dishes,
an incubator, microscope, and slide stainer were
available for use by the crew. The microbiological
equipment was used to collect airborne and surface
microbial samples in flight. As part of his mission
preparation, each Skylab crewman underwent 80
hours of paramedical training in the use of the
In-flight Medical Support System for diagnosis and
in treatment of injury or illness.

FiGUurRe 1-3.—Skylab shower.
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Cardiovascular Counterpressure Garment.—
Cardiovascular counterpressure garments (fig.
1-5) were launched in the orbital workshop for all
three missions. These garments were designed to
provide mechanical counterpressure to the lower
extremities to reduce the postural hypotension ef-
fects following landing and operations under one-
gravity conditions. The garment has a built-in
capstan in the length of each leg. Inflation of the
capstan by a pressure bulb provided a pressure
gradient of 85 to 90 millimeters of mercury (mm
Hg) pressure at the ankles to 10 mm Hg pressure
at the waist. A garment was donned by each crew-
man prior to entry and it was sometimes inflated Capstan
during descent and always following landing. Sub-
sequent chapters (chs.y5, 29) wigl'l discug;s the e

IMSS Subsystems

Incubator Resupply
Slide stainer container
IMSS Kits
Drug supply Hematology/
1.V. fluids urinalysis
Topical drug Diagnostic
Bottle drugs Bandage
Microscope Dental
Minor surgery (2) Therapeutic
Microbiology

FiGure 1-4.—Skylab In-flight Medical Support System.

cardiovascular
garment.

counterpressure
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physiological protection afforded by these gar-
ments.

Life Sciences Experiments

The Skylab medical experiments listed in table
1-I were designed to provide an indepth study of
individual body systems and at the same time pro-
vide an overlap to give comprehensive understand-
ing of man’s reaction to long-term weightless
flight. Added special in-flight tests are shown in
table 1-II to indicate other type studies which
were completed in the three missions. The inclu-
sion of major in-flight medical experiments pro-
vided the capability to study physiological
responses during exposure to weightless flight as
opposed to the pre- and postflight studies as car-
ried out in the Apollo and Gemini Programs. Re-
sults of these studies are the subject of this book.

The Skylab medical experiments equipment was
located in and occupied about one-third of the floor
area of the crew living level of the two-storied
Orbital Workshop. Figure 1-6, a photograph taken
during the Skylab 3 mission, shows this medical
experiment area. On the right is the collapsed
shower previously described. The two consoles
against the workshop wall contain the medical
experiment electronic equipment. This figure also
shows photographs of equipment for two of the
major medical experiments: M172 and M092.

The M171 ergometer and metabolic analyzer
(app. A., sec. I.f. and I.g) shown at the upper left
of figure 1-7 are being used by the Skylab 2 Pilot.
The metabolic analyzer contains a mass spectrom-
eter for measuring oxygen, carbon dioxide, nitro-
gen, and water vapor. In addition, spirometers

TABLE 1-1.—Skylab Medical Experiments

Number Experiment

MO71 Mineral balance

MO073 Bioassay of body fluids
MO074 Specimen mass measurement
MO078 Bone mineral measurement
M092 Lower body negative pressure
MO093 Vectorcardiogram

M110 Hematology/immunology
M131 Human vestibular function
M133 Sleep monitoring

M151 Time and motion study
M171 Metabolic activity

M172 Body mass measurement

TABLE 1-II.—Added Special In-flight Tests

Skylab mission

In-flight Tests 2 s J
Blood flow X x
Facial photograph X > ¢
Venous compliance X X
Anthropometric measurements >
Treadmill exerciser > <
Center of mass x
IR anatomical photography > d
Taste and aroma evaluation x
Atmospheric volatile concentration > <
Light flash observations X
Hemoglobin x X
Urine specific gravity x X
Urine mass measurement X
Stereophotogrammetry X

were provided to measure respiratory volumes.
The bicycle ergometer was used to provide a quan-
titative stress level for investigation of physio-
logical response and it was also used as the prime
off-duty crew exercise device. Blood pressure, vec-
torcardiograms, and body temperature measure-
ments were also made as a part of the M171
Metabolic Activity experiment.

The M092 Lower Body Negative Pressure De-
vice is shown on the upper right of figure 1-7 as
it was used in Skylab 2; this experiment was
monitored at all times by a second crewman. The
leg volume measuring bands (app. A., sec. Lb.)
used with the Lower Body Negative Pressure De-
vice are shown also. The electronic center for these

F1GURE 1-6.—Photo of medical experiments from Skylab 3.
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experiments, labeled on figure 1-7 as Experiment
Support System (app. A., sec. 1.k.), contains the
displays and experiment controls.

In the upper left-hand corner of figure 1-8, the
Skylab 2 Scientist Pilot is shown wearing the
M133 electroencephalographic sleep cap (app. A.,
sec. 1.i). One crewman, i.e.,, the Scientist Pilot,
performed this experiment in each mission. The
Body Mass Measuring Device and Specimen Mass
Measuring Devices (ch. 19) were evaluated as ex-
periments to establish the method and accuracy of
determining mass in the weightless environment.
In addition, these devices were used to provide
daily body weights and the mass of food residues
and fecal specimens, The M131 rotating litter chair
(app. A., sec., 1.j.) was used to study vestibular
functions and susceptibility to motion sickness.

Equipment also was developed and flown to col-

M-093 VCG electrode
harness and body
temp probe

Experiment support system

lect, process, and preserve in-flight blood samples
(fig. 1-9) (app. A., sec. I.e.). The crewmen ac-
quired approximately 11 milliliter blood samples
with a conventional syringe and then transferred
the whole blood into a pre-evacuated sample pro-
cessor (fig. 1-10). The sample processor was then
placed into a centrifuge to separate the plasma
from the cells and to transfer the plasma into a
separate collection vial for preservation. This
transfer operation had to be automatically accom-
plished while the blood was being centrifuged due
to problems associated with weightless operations
and fluid dynamics.

The cross section drawing of the sample proe-
essor shown in figure 1-10 illustrates how the
equipment functioned. Whole blood was trans-
ferred from the syringe through a septum into the
processor. A spring-loaded piston was attached to

M-092 Lower body negative
pressure device

\
,

e
Leg volume
measuring band

Blood pressure cuff

Ficure 1-7,—Skylab in-flight experiment equipment.
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M-133 Sleep studies

M-172 Body-mass
measuring device

M-131 Rotating
litter chair

M-074 Small mass measuring device

FiGURe 1-8.—Skylab medical experiments.

the bottom of the sample processor and the unit
was placed in the centrifuge. Following initial
centrifugation, the cells and plasma were sepa-
rated. At this point, the centrifuge speed was in-
creased to force the piston to drive the plasma vial
septum past a needle and allow the plasma to flow
into the vial. Following this separation process,
the blood was placed in a.freezer and preserved
for postflight analysis.

The medical experiment equipment functioned
without problems throughout the three flights.
Medical data of high quality were obtained for all
experiments. Vast quantities of medical data avail-
able for reduction and analysis were processed in
an orderly fashion. This could not have been ac-
complished in a timely manner without computer

processing. The quantity of information obtained
from the medical studies conducted with the Sky-
lab crewmen over a relatively short period of time
is perhaps unique in medical research Over 600 000
biochemical analyses were made on food, blood,
urine, and fecal samples. In completing two of the
major medical experiments, more than 18 000
blood pressure determinations were made and over
12 000 minutes of vectorcardiographic data were
obtained.

Skylab Medical Operations

The medical operational planning for Skylab
was much more complex than any other U.S.
manned space mission. The logistics planning re-
quired for crew feeding, sample collection, base-
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1974 with the last postflight Skylab 4 crewmen
evaluation tests.

The first launch (Skylab 1) was to place the
Skylab Orbital Workshop in correct orbit; it was
unmanned. The compressed schedule of the subse-
quent manned Skylab launches and the extension
of mission duration after the first manned launch,
Skylab 2, created an extremely heavy burden on
the Skylab medical team. The medical experiment
program was unique in that it not only provided
scientific data, but, in turn, the data were used as

. Evacuation of

automatic sample processor Centrifuge the basis for operational decisions for commitment

to longer duration flights. This meant that at the

Ficure 1-9.—Skylab In-flight Blood Collection System. end of each of the first two manned missions, the
medical team had to make a recommendation for

line experiment data acquisition, crew medical the extension of the next successive mission. From
examinations, crew health care, data processing, figure 1-11 it can be seen that the preflight phase
and flight management into an integrated plan of Skylab 3 started before the completion of the
that meshed with program milestones required a Skylab 2 postflight phase and after baseline data
major medical team effort. collection for Skylab 4 had begun. Skylab 3 was

The Skylab medical operations program was launched only 2 weeks after the Skylab 2 postflight
initiated in June 1972 with a 56-day altitude studies were completed. Skylab 4 was launched

chamber test (ref. 5) and was completed in April only 5 weeks after completion of the Skylab 3
Direction of Direction of
centrifugal centrifugal
force Plasma force
Blood separation
injection Plasma
septum
| Second
» . Y septum
__—— Whole | =3 E : penetrated
blood E 1
Double-ended |_
ed!
s 11— Needle pierces — Plasma
septum transfer
— CeNu.lar ] Cellular
|_— Plasma - fraction fraction
- cartridge
Piston
S
LS

FIGURE 1-10.—Skylab blood sample processor.




12 BIOMEDICAL RESULTS FROM SKYLAB

postflight medical studies. This quick turnaround
required careful planning, establishing priorities
for samples and data processing, and the dedica-
tion and tireless effort of all members of the medi-
cal team.

Skylab Medical Experiment Altitude Test.—The
Skylab medical experiment altitude chamber test
was a 56-day mission simulation conducted in a
6.1 meter (20 ft) diameter vacuum chamber. The
interior of the chamber was configured closely to
the Orbital Workshop crew quarters level which
consisted of the medical experiments area, ward-
room, waste management compartment, sleeping
quarters, and recreational area. The atmosphere
in the chamber was maintained at a composition
identical to that of the Orbital Workshop, with
70 percent oxygen, 30 percent nitrogen mixture at
a pressure of 34X10% Pa (5 lb/in?). Carbon di-
oxide levels were controlled at a nominal level of
16.9 kP (5 in. Hg) pressure.

The prime objectives of the test were to acquire
background data and to exercise the data manage-
ment and processing techniques for selected medi-
cal experiments. Other test objectives included
the evaluation of medical experiment and opera-
tional equipment, the evaluation of operational

procedures and the training of support personnel
under simulated mission conditions.

Like a flight mission, the test consisted of a 21-
day prechamber phase, a 56-day chamber test, and
an 18-day postchamber test period. All preflight
and postflight medical protocols were performed
with astronaut crewmen. The inchamber test por-
tion of the program was carried out using full
mission simulation procedures, and included : crew
checklist, real-time mission planning, and data
management. The communications with the crew-
men were limited to a spacecraft communicator,
as programed to be carried out in the mission.
Simulated network communications were followed
to evaluate the problems of lost communica-
tion between flight crew and mission control cen-
ter, as they would be experienced in actual flight.
A remote console was used by the medical team
to evaluate the problems of lost communica-
dures for flight. This test program was successful;
the required baseline data were obtained and the
encountered equipment failures and problems
were corrected prior to flight. The ground support
personnel became an effective team ready to carry
out the complex flight program.

Premission Support—The premission support

Activit 1972 1973 1974

i

ey MJJJJJA[S]OIN]D|J[FIM]A[M]JJJ[A]S]OIN][D|J]F

56-day
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Orbital .

workshop & 5
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[ Experiments baseline acquisition In-flight
Preflight period B Postflight
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Ficure 1-11.—Skylab medical operations program.
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for the first manned mission started in December
1972 with acquisition of the first baseline data for
the Lower Body Negative Pressure (MO092, ch.
29) and Metabolic Activity (M171, ch. 36) ex-
periments. Additional baseline tests were con-
ducted in support of the medical experiments at
designated periods up to approximately 1 week
before the launch of Skylab 2. These baseline data
were primarily obtained in an Orbital Workshop
one-gravity trainer. This full scale trainer con-
tained fully functional medical experiments and
other operational hardware. Combined crew train-
ing and baseline data collection were conducted
with both the prime and backup erewmen. A re-
mote medical console and data recording system
was used to monitor the crewmen during training
sessions and to train members of the medical team
in control procedures and in the reduction of flight
data. This combination of training and medical
baseline data acquisition was excellent for both
the crewmen and medical experimenter. A com-

Medical testing
during isolation

prehensive medical examination of both the prime
and backup crews was given 30 days before
scheduled launch and additional baseline data were
obtained for the experiments.

Twenty-one days before launch, the crew was
placed in semi-isolation (fig. 1-12) to meet the
requirements of the Skylab Crew Health Stabiliza-
tion Program (ch. 7). The objective of this pro-
gram was to protect the in-residence flight crew
from illnesses which might cause them to be re-
moved from flight status and to preclude exposure
to infectious disease which could develop in flight.
All personnel who were required to work with the
flight crews were designated as primary contacts.
To protect the crewmen, these personnel under-
went periodic extensive medical examinations and
immunizations, were required to wear a surgical
mask while in contact with the crew, and were re-
quired to report all personal and family illnesses.

Isolated crew quarters were established and per-
sonnel access into designated primary work areas

Postflight
isolation

Management conference with Skylab I1
crew (1 week before launch)

FiGurge 1-12.—Skylab Health Stabilization Program.
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14 BIOMEDICAL RESULTS FROM SKYLAB

was rigidly controlled. The Skylab Crew Health
Stabilization Program was effective and no major
problems were encountered.

During this period of isolation, the crew con-
sumed foods identical to those provided from pre-
planned in-flight menus (ref. 4). Daily collections
of urine and fecal samples were initiated. Medical
examinations, microbiological and blood sampling,
and experiment baseline testing were continued at
the Johnson Space Center up to 3 days before
launch when the prime and backup crews were
moved to the Kennedy Space Center for the
launch.

In-flight Operational Support.—The manage-
ment of the in-flight medical operations support
and the necessary interactions with program man-
agement personnel, personnel representing the sci-
entific disciplines, and the Flight Control Team
were accomplished through a medical management
group. The medical group met each morning of
the mission to review crew health status, to evalu-
ate the current state of the medical studies, to
discuss equipment or other operational problems,
and to establish changes in experiment priorities.
Health trend charts were plotted each day (fig.
1-13) to provide experimental data which were
useful in understanding crew health status. These
charts included: crew weight, caloric intake,
quantity of sleep, heart rate and blood pressure
under dynamic stress, urine volume output, and
other pertinent information. The chairman of
the Medical Management Group reported to a
Flight Management Team on all medical matters
and participated in operational decisions such as
changing crew timelines, adjusting science re-
quirements to insure maximum utilization of the
crew and the current science opportunities, and
to provide advice on major operational policy
changes. This management scheme was extremely
effective and was a key factor in the success of
the Skylab Program.

The in-flight activities of Skylab 2, illustrated in
figure 1-14, shows the medical activities for a
typical Skylab mission. The first 2 to 3 days of
each mission were spent in the activation of the
Orbital Workshop. These activities included such
tasks as system checkouts and activation, transfer
of equipment from the command module to the
Orbital Workshop, changing air filters, et cetera.

In-flight medical monitoring of the crewmen

started at launch through the use of the Opera-
tional Bioinstrumentation System (app. A, sec.
II.d). The bioinstrumentation system was used to
monitor the crew during all extravehicular activi-
ties. The frequency of in-flight medical ex-
periments and tests for the Skylab 2 crewmen is
also indicated in figure 1-14. Throughout all Sky-
lab missions, the Lower Body Negative Pressure
(M092) and Metabolic Activity (M171) experi-
ments were accomplished approximately every
fourth day. Blood samples were collected weekly
during the missions and biosampling was accom-
plished daily.

During the flight phase, real-time monitoring of
the medical experiments was accomplished only
when the spacecraft was over a tracking station.
This meant, in some instances, there was a com-
plete loss of communications with the crew and
the telemetered data during medical testing. To
overcome this problem, all experiment data were
recorded onboard and subsequently telemetered
through the tracking stations to the Mission Con-
trol Center. The use of software programs per-
mitted automatic computer reduction of the
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experiment data with a preliminary data printout
to the experimeter within 24 hours after comple-
tion of the test. During the last few days of all
three missions, work/rest cycles were changed to
adjust the circadian rhythm of the crewmen to the
required length of the pre-entry day and the time
of spacecraft splashdown.

The in-flight portion of the three Skylab mis-
sions totaled 168 days during a 8.5-month period.
Throughout this long and arduous period, the
interest, enthusiasm, and concern for the crew
were maintained at the highest level by all mem-
bers of the medical and program management
teams.

Postflight Activities—The recovery procedure
used for the Skylab crewmen was altered from the®
procedures used in the Apollo Program. Figure
1-15 illustrates how the Command Module and
the crew were retrieved and lifted directly on-
board the recovery aircraft carrier and how the
crew egressed onto a platform on the hangar deck.
Spacecraft and crew retrieval took approximately
35 minutes from time of splash.

Specialized mobile laboratories (fig. 1-16) were

developed and equipped to acquire preflight and
postflight medical experiments data. The labora-
tories were designed and constructed to be moved
in a C-5A transport aircraft and thus permit the
medical team to cover contingency splashdown in
the event of an early mission abort. For a normal
mission, the laboratories were flown to port and
were lifted onboard the recovery carrier. Six
laboratories made up the laboratory complex and
those were equipped with backup support systems,

Skylab 11 crew leaving
spacecraft

Spacecraft retrieval

FiGure 1-15.—Skylab recovery operations.

e Mission day
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FiGURE 1-14.—Typical in-flight medical activities (Skylab 2).
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i.e., electrical power, heating, cooling, et cetera. In
addition, a data complex was included which per-
mitted processing of medical data in a format
compatible with the flight data. In use, the mobile
laboratories proved to be useful facilities; they
added to the convenience of the medical operations,
they were operated without problems, and they
provided high quality medical data.

Medical studies were initiated immediately after
recovery operations. A summary of all postflight
activities is shown in figure 1-17. The recovery
day testing for Skylab 2 lasted for approximately
10 hours and included a comprehensive medical
examination and the acquisition of data for all
major medical studies listed in figure 1-18. In
subsequent missions, the length of an over-long
recovery day of medical studies was shortened to
reduce crew stress and fatigue.

Hematology lab

Laboratory
complex
(preflight)

The health stabilization program was followed
throughout the first week following recovery to
provide protection for the crew from any infec-
tious disease that might result from a depressed
immune response after the long isolation period
of the flights. In all Skylab missions postflight
medical testing was continued until preflight con-
trol levels were reached.

Operational Experience

The Skylab Orbital Workshop was launched on
May 20, 1973. The loss of the micrometeoroid
shield exposed the skin of the workshop causing an
increase in internal workshop temperatures and
the partial deployment of the solar panels reduced
the electrical power supply available for experi-
ments and systems operation. The Orbital Work-
shop failure also caused a 10-day delay in the

Lab transfer to
recovery ship

Ficure 1-16.—Skylab mobile laboratories.
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launch of Skylab 2 which impacted the medical
program. This necessitated that the health stabili-
zation, eontrolled feeding, and biosample collection
be extended. The exposure of the skin of the work-
shop caused an elevation in both wall and space-
craft air temperature. The plot shown in figure
1-19 illustrates the temperatures in the food
stowage area exceeded 327.59 K (130° F'). In the
10-day period before the launch of Skylab 2, a
thermal screen was developed which the crew
could deploy to shield and insulate the orbital
workshop. In the intervening time period, how-
ever, the increase in temperature caused the fol-
lowing concerns to the medical team:

Would the foods be spoiled or changed by the
elevated temperatures?

Would other medical equipment be damaged by
the increased temperatures?

Would the polyurethane walls of the workshop
be heated to a point where carbon monoxide
or toluene diisocyanate would be emitted into
the spacecraft atmosphere?

Immediate action was taken to conduct ground
based test programs or to develop equipment which
the crew could use to understand and/or solve the

Food test programs were initiated to study the
effects of the increased temperature on microbial
growth, food quality, and other characteristics.
Identical foods were placed in thermal chambers;
the temperature data from the workshop were
used for a thermal profile. Periodic food sampling
was accomplished to ,determine biological and
chemical composition changes, and the thermal ef-
fects on taste and palatability were evaluated. No
significant food failures were encountered during
these tests and the launch of Skylab 2 proceeded
without major alterations to the food system. The
food test program was, however, continued
throughout the Skylab Program and selected food
samples were returned from the three missions for
analyses.

Similar thermal testing was accomplished for
many miscellaneous medical items such as elec-
trode sensors, sealed containers, et cetera. From
these tests, it was determined that resupply of
certain medications would be carried by the Sky-
lab 3 crewmen. Additional procedures and equip-
ment were developed which allowed the crew to
reconstitute the electroencephalographic electrodes
on the sleep study caps.

The potential toxicity problems associated with

problems. the overheating of the workshop polyurethane
Redlvii Day(s) from recovery
V)
i 0[1]2[3]4]5][6]7]8 ]9 0[11]12]13]1a]15]16]17]18]]21][60
Medical examination A A
Health stabilization 7777777777777 77 A
Micro sampling A A A
Food and bio sampling 7 RIS 77, 77 77]
Blood sampling A A A A A A
Experiments:
Lower body A A A A
negative pressure
Metabolic activity |A A A A
Vestibular studies A A A A A
Sleep studies A A A

Ficure 1-17.—Typical postflight activities (Skylab 2).
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wall insulation also was studied through thermal
testing. It was determined that toluene diisocya-
nate and carbon monoxide could be present in the
atmosphere. Therefore, special sampling tubes and
adapters were built in the 10-day period between
the launches of the Orbital Workshop and Skylab
2. The equipment developed permitted the crew to
withdraw an atmospheric sample from the airlock
and then the workshop before opening the hatch
into these areas. In addition, special masks were
provided to allow the crew to move into the or-
bital workshop if the toluene diisocyanate and/or
carbon monoxide levels so dictated. The Skylab 2
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FIGURE 1-18.—Skylab 2 recovery day medical testing.

crew found no toluene diisocyanate and the carbon
monoxide concentration was less than five parts
per million. The toxicological aspects of the Sky-
lab Program are covered in more detail in chapter
10.

The Skylab crew deployed the first thermal
screen on the second day of their mission and
immediately the Orbital Workshop wall tempera-
tures started to decrease. Within the next several
days, the ambient gas temperature had dropped
below 26.6° C (80° F). The elevated temperature
in the workshop did delay the start of some medi-
cal experiments and, no doubt, influenced the re-
sults of the first medical studies. However,
through the efforts of the Skylab 2 crewmen,
the mission and the workshop were saved from
what appeared to be an obvious total failure. Sub-
sequently, the Skylab 3 crew deployed an addi-
tional thermal screen to further protect the Orbital
Workshop against excessive heat changes for that
mission and for Skylab 4.

Throughout the Skylab Flight Program, altera-
tions in equipment and procedures were made for
each succeeding mission to capitalize on the flight
experience of the previous mission. The Skylab
2 crew recommended that the personal in-flight
exercise program be extended in both duration
and type. To meet this recommendation, the exer-
cise period for the Skylab 3 crew was expanded
from one-half hour to 1 hour daily and an addi-
tional exercise device was launched with the crew
of Skylab 3.
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On Skylab 4, the duration of crew exercise was
further expanded to 114 hours daily and a unique
treadmill device was used by the crew. In addition
to these equipment-associated changes, additional
scientific studies were added to the programs for
Skylab 3 and 4. These additional studies demon-
strate the flexibility afforded the medical team and
the support given to this team by program man-
agement and the flight crews.

Conclusions

Skylab 2, the first manned Skylab mission, was
launched on May 25, 1973, with a crew of three:
Charles P. Conrad, Commander; Joseph P. Ker-
win, Scientist Pilot, and Paul J. Weitz, Pilot. After
672 hours, 49 minutes, and 49 seconds in flight,
they splashed down on June 22, 1973. The crew on
Skylab 3 consisted of Alan L. Bean, Commander;
Owen K. Garriott, Scientist Pilot, and Jack R.
Lousma, Pilot. This second manned mission began
with launch on July 28, lasted 1427 hours, 9 min-
utes, and 4 seconds and ended with splashdown
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CHAPTER 2

Flight Control Experiences

F. STORY MUSGRAVE *®

EDICAL POLICIES AND DECISIONS were made

by a multidisciplinary medical-management
team early every morning. Flight surgeons and
biomedical officers, occupying adjacent consoles
in the Mission Operations Control Room, were re-
sponsible for the medical aspects of mission con-
trol. In general, the flight surgeons were concerned
with crew health and the biomedical officers were
concerned with experiment operations and data
retrieval although these functions overlapped in
several areas. A Biomedical Science Support Room
manned by between 4 and 12 scientists and tech-
nicians:

Provided support for the flight surgeons and
biomedical officers;

Retrieved and compiled experiment data;

Assisted in the development of flight plans; and

Contributed to in-flight procedures and check-
lists.

On each mission, at least one of the spacecraft
communicators was a physician astronaut.

During the dynamic or critical phases of the
missions, such as launch, extravehicular activities,
and entry, real-time or recorded physiological data
from the crewmen bioinstrumentation systems,
were displayed in digital or graphic form on the
consoles in mission control.

Analog, digital, and/or graphic data from the
medical experiment(s) could be called from the
mission operations computers on a real-time or

*NASA Lyndon B. Johnson Space Center, Houston,
Texas. Dr. Musgrave is a physician astronaut. He was one
of the astronauts instrumental in the development of Sky-
lab medical hardware, the backup Scientist Pilot for the
first manned Skylab mission, and a spacecraft communi-
cator for the last two manned Skylab missions.
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play-back basis. This real-time availability of data
allowed the Earth-based scientists to assist the
flight crew in the performance of medical and
other experiments.

A flight plan or crew activity schedule was con-
structed daily from approximately 150 experi-
ments and a multiplicity of systems, housekeeping,
and maintenance tasks. Some of the factors con-
sidered in building the flight plan were:

The premission frequency requirements for the
individual experiments;

Crew availability ;

Orbital characteristics;

Target availability ; and

Scientific priorities.

Early in the missions the flight planning was
based primarily on pre-established mission rules
and scientific priorities. Dynamic variations in ex-
periment performance and data such as solar
flares, weather over an Earth resources site, the
physiological responses of the crew and the ap-
pearance of ‘“‘targets of opportunity” such as
Comet Kohoutek, hurricanes, and volcanoes caused
many changes in the scientific priorities of the
missions.

Flight controllers and mission managers de-
veloped a science planning program based on the
collected requirements and desires of all the dis-
ciplines, i.e., solar physics, medical, Earth re-
sources, technology, astronomy, and the like. A
series of interdisciplinary discussions, negotia-
tions, and trade-offs were used to formulate a
flight plan which would optimize the scientific
return of the mission.

Early Skylab crews, through increased in-flight
efficiency and effort, were consistently ahead of the
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flight plans and experiment time-lines and re-
quested more to do. While there existed vehicular
and experiment limitations and constraints, crew
availability and time became a surplus. This ex-
cess of crew time permitted the attainment of sev-
eral new and additional biomedical objectives by:

Changing experiment protocols;

Using existing hardware in new ways;

Making new observations; and

Launching additional hardware and experiments
on subsequent missions.

Procedures for these new objectives were de-
veloped, tested, and polished in ground-based sim-
ulations and then uplinked via the spacecraft
teleprinter for in-flight implementation.

Daily, in addition to the private crew-flight
surgeon conference, a medical status report de-
rived from voice and telemetered experiment data

was uplinked to the crew to allow them to follow
physiological trends not readily available in the
onboard displays.

On a weekly basis, there was an open-loop con-
ference between the crew and a scientist from the
medical science community, This representative
provided the flight crew with:

A summary of the data being obtained on their
mission; the observed trends;

A comparison of current mission data with that
obtained in previous missions or programs;
and

A mechanism for the discussion of the signifi-
cance of these data.

This conference served as a real-time collo-
quium on space physiology and medicine for the
flight crew and Earth-based scientists.




CHAPTER 3

Skylab 4 Crew Observations

EDWARD G. GIBSON *

OR US the ATM observations as well as the

medical experiments were very enjoyable as-
pects of the flight. We became involved in under-
standing the objectives of the medical experiments
and could see some progress towards these goals
as the flight progressed. The experiments were
also made enjoyable by the people with whom we
worked who were very cooperative during both
the initial training and during the flight itself. We
felt that the medical ground team was always be-
hind us in two ways: in getting the medical data
and in making sure that we were in a reasonable
condition to carry out all the other objectives of
the mission.

As the ship’s doctor for Skylab 4, I'll comment
briefly on several areas: food, exercise, scheduling,
medical training, the effects of the fluid shift,
vestibular effects, and several miscellaneous items.

Food

We experienced hunger on two different occa-
sions because of the types of diet we were on. In
order to extend our mission from 56 to 84 days,
we supplemented our meals with high-density
food bars every third day. During those days, we
had the same amount of minerals and number of
calories as we had on other days but the amount
of food bulk was greatly reduced, so we ended up
fairly hungry on every third day. Second, we
noticed, especially early in the mission, that we
tended to get hungry in 3, 4, maybe 5 hours after

*NASA Lyndon B. Johnson Space Center, Houston,
Texas. Dr. Gibson, a scientist astronaut who was the
Scientist Pilot on Skylab 4, is a specialist in solar physics.
He was extremely enthusiastic about the Apollo Telescope
Mount (ATM) and the conduct of that experiment in his
mission.
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a meal as opposed to the normal 6 to 7 hours as
one does on Earth. We don’t know whether that
was an effect of zero-gravity or whether that
effect was from charging real hard continuously
the first couple of weeks.

Another effect of the food was from the Mineral
Balance experiment MO71 (ch. 18). It was a
worthwhile experiment, but it certainly did have
its impact on the food system. In the future, we’d
like to see a food system where there would be
more flexibility of choice in what one wants to
eat, when one wants to eat it, and how one wants
to season it. An open pantry versus a preplanned
rigid diet such as we had would be an optimum
situation from the crew operational standpoint.

Exercise

As already has been mentioned, we exercised
for 1% hours a day. I think we came back in as
good a shape, maybe better in some respects,
than the previous crews. We attribute this to the
experience gained on the other flights. First of
all we exercised longer, and second, we knew
just what exercises we should do. For the arms,
we used a Mark I exerciser, which is an inertial
wheel resistance device. It worked well. For the
legs, we took along a new device which, for us, I
think made a significant difference; this was the
Thornton treadmill which is described in chapter
21. We were able to exercise the calves of our legs
in a way which just couldn’t be done on any of
the other devices we had onboard. Also, for
cardiovascular conditioning, we worked out on
the bicycle. We were glad we had that onboard
because we always felt good after we used it.
But when one is working for a long time on the
bike, 15, 20, 30 minutes or so at fairly high work-
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loads, one needs mental diversion. If we had a
window right by the bicycle, it would have been
good. We did use a tape recorder and music and
I found the music stimulated us and we could go
a lot longer and harder with it. This small point
changed the amount of exercise which we could
consistently do.

Scheduling

There has been a progressive change in sched-
uling during the manned space flight programs
from the early types of flights to the ones we had
in Skylab. Mercury, Gemini, and Apollo were
relatively short, high-effort, go-to-the-hilt-for-a-
short-period-of-time missions. To plan everything
down to the last detail is the best way to fly that
type of mission. Skylab, however, had very long
missions. One had to become a jack-of-all-trades,
and one had to use selective judgment in gather-
ing the data in several types of experiments. That
implies, and indeed it was the case in Skylab 4,
that in-flight one needs a certain time to organize,
especially early in the mission. This is detailed
fully by Dr. Owen Garriott in chapter 17. The
other two Skylab crews reported similarly that
one needs a certain time to analyze one’s situation
and to develop new techniques, whether it be how
to completely redo an experiment technique be-
cause it is just not working or whether there is
just a better way to hold a checklist. Early in the
mission something like 2 to 3 hours per day
would have been useful to have as a time to get
organized. Shopping list items could be used to
fill any left over time. Allowing the crew to work
up to their peak efficiency gradually versus trying
to force them to work at a predicted efficiency
should produce more effective results for the
mission as a whole.

Training

In-flight Medical Support System. In our train-
ing, we learned a little bit about microbiological
techniques, extracting teeth, suturing, and the
drawing of blood. I felt fairly comfortable with
my ability to do any of the procedures in-flight
had we needed any of them. We certainly did do
a lot of blood drawing. Fortunately, we did not
have to get into any of the other aspects: sutur-
ing, tooth extraction, or diagnosis of major illness,
although we did have a few small things to diag-

nose. Preflight we had some training from the
NASA surgeons and some of the physicians in
Houston, and they were always enthusiastic and
exceptionally helpful. My only regret is that we
didn’t get involved with it earlier. We started
training only after we were pretty heavily in-
volved in all of the other mission training phases.

Fluid Shift

This is perhaps one of the major points that
we are still pondering. Early in the flight we
experienced a sensation of head fullness. This is
caused by a shift of the body fluids to the upper
part of the body when one first enters into zero-g.
One notices that the eyes turn red which, in my
case, happened after about a day or so. The eye
sockets themselves become a little puffy, the face
a little rounder and a little redder, veins in the
neck and forehead become distended and one’s
sinuses feel congested. These conditions did not
change significantly in-flight, they just tapered
off. The eyes gradually cleared but the congested
sinuses, while not too bothersome, were always
there. On our flight the Pilot, Bill Pogue, noticed
the effects of fluid shift during the rendezvous;
he had the head fullness during the docking, ex-
perienced some headache and some general mal-
aise and felt, as he described it, pretty much like
he had the flu. To be helpful, we said, “Bill, why
don’t you have some food, it will make you feel
better.” He took some tomatoes and very shortly
after that returned them to us. That was the only
episode of vomiting we had on our flight. After
approximately 24 hours, Bill’s headache disap-
peared. The congestion for all of us remained,
although I think it was probably a little more
severe for Bill. The Commander and I noticed
this feeling of head fullness and the accompanying
symptoms for the first 2 weeks or so. For the
last 2 weeks of the mission the Pilot felt good and
essentially equivalent to 100 percent on the ground.

Several variables were observed to affect the
fluid symptoms and the sensation of head fullness.
One was exercise. We always felt a lot better for
about a half hour to 2 hours after we exercised
on the bicycle. Perhaps the effect of just drawing
the blood down into the larger muscles of the body
took it away from the head and left it feeling
clearer. The Commander on our flight also expe-
rienced this lessening of fullness to some degree
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after eating. The last effect is associated with the
time of day. As on Earth, if one is bothered by
something, it always feels worse towards the end
of the day; the same was true up there with the
sensation of head fullness.

We were also able to see the leg volume changes
because of the fluid shift. First of all, we could
see the muscles shrink when we got up there. It
was obvious to the eye, and it could be confirmed
by measurements. A couple of times we measured
the calf after exercise on the treadmill. It in-
creased about a half inch or so after a reasonable
amount of exercise and then it shrank down fairly
rapidly (15 to 30 minutes) as soon as we stopped.

When we used the Lower Body Negative Pres-
sure Device in-flight, the distress was subjectively
higher than on the ground. This effect is discussed
in chapter 29. About 4 to 6 weeks into the mission
was worst for us, and that, too, is confirmed by
the data. We used the symptoms of presyncope
as a cutoff for the Lower Body Negative Pressure
test. We monitored pulse pressure and heart rate,
but primarily, we used the subjective symptoms
of the individual. In some cases, the pulse pres-
sure and heart rate would get into the same ranges
as they had been on a previous day for that in-
dividual, but he might say: “No, that’s it. I feel
as though I'm going under and you better termi-
nate now.” Other times we could go right through
the test without any problem. We really had to
consider the crew symptoms in addition to all
the other variables.

Vestibular Effects

Preflight we flew T38 aerobatics primarily to
reduce our sensitivity to motion sickness. We also
did some work in a rotating chair with the use of
scopolamine/dexdroamphetamine sulfate (scop/
dex). We never used scop/dex when flying a T38
because it gave us a feeling of being lightheaded
and we did not want to be flying in that condition.
The preflight T38 flying, I thought, was the most
significant part of our vestibular-type training.
We did aileron rolls while putting our heads in
one of six different orientations. Fifteen to 25
rolls in a row while putting the head down, to one
side, or back, or one of the three opposite direc-
tions could greatly stress one’s semicircular ca-
nals. We noticed significant improvement in our
ability to tolerate vestibular stress (airplane and

rotating chair) after we had made several flights.

Next let us consider the relationship between
our vestibular stimuli and nausea by making a
comparison between myself and Bill Pogue. Bill
did get sick early in the mission. If anybody should
not have gotten sick, it was Bill. He had many
years of flight experience and used to fly with the
Thunderbirds, the Air Force Aerobatic demon-
stration team. When he was first tested, he was
able to go at 25 revolutions per minute (r/min)
in the rotating chair for 150 head motions. We
called him “old lead ear.” He had no problem
whatsoever on the ground. On the other hand, I'm
relatively new at the flying game. I had about
2000 hours of flying time before I went up and
was just normal in my tolerance in the chair.
Maybe 12.5 r/min was what I could take initially,
although I was able to work up to 30 before I went
because of the T38 flying. Both of us did about
the same amount of moving about in the Command
Module, which was very small. But Bill got sick
after about 7 or 8 hours into the mission. I ex-
perienced minimal symptoms and never really
anything in the way of discomfort at all. So, the
conclusion here is that we have got to look for
something else other than what we normally call
“motion sickness” as a generator of nausea! We
suggest fluid shift may be intricately tied up in
this reaction.

We never had stomach awareness when we were
up there. We experienced a sensation of tumbling
after we were in the rotating chair and during
acrobatics in the workshop. After 15 or 20 for-
ward rolls or gainers in a row I got really severe
nystagmus but I never had any coupling to the
stomach.

One other interesting point relating to the
vestibular area was our in-flight perception of
orientation. For example, being upside down in
the wardroom made it look like a different room
than the one we were used to. After rotating
back to approximately 45 degrees or so of the
attitude which we normally called “up,” the at-
titude in which we had trained, there was a very
sharp transition in the mind from a room which
was sort of familiar to one which was intimately
familiar. All of a sudden it was a room in which
we felt very much at home and comfortable with.
We observed this phenomenon throughout the
whole flight. I also noticed the feeling of “down.”
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I experienced it a couple of times when I was
working in the multiple docking adapter or the
airlock. When moving around in those vehicles,
I attached no direction to my motion at all. But,
after I looked out the window for a long period
of time, in particular the window for the Earth
Resources Experiment Package, and then moved
away from the window and looked from the mul-
tiple docking adapter to the airlock, I strongly
felt that T was looking “down.” In the back of my
mind I said, “I’'m going to fall if I don’t hold on.”
Of course, I knew that it was not true, and just
pressed right on. But that thought did flicker
through my mind several times. The other “down”
I noticed was a very exhilarating one, and that
was outside during the extravehicular activities.
When I went out to the end of the Apollo Tele-
scope Mount, had my feet in the foot restraint
and leaned back, I felt very far away from the
space station. I no longer felt a part of it, and
when I looked down, I suddenly realized that it
really was a very long 432 kilometers (270 mi).

On return, we first experienced one-gravity
after 84 days in weightlessness, during the first
deorbit burn. We all noticed a rather strange
sensation in the inner ear. It was like a tumbling
sensation, similar to what one gets when lying
on a table and someone puts cold or warm water
in your ear. We did not feel that we were tumbling
in a given direction; it was just an awareness of
a sensory input that we had not experienced for
a very long period of time although we had no
real parallel to that sensation on the ground. After
recovery, we found rapid head movements pro-
duced vertigo. Most crews have noticed this. Also,
the brain did not seem to be coupled to the mus-
cles in the same way as it was before we left;
that is, we all felt very heavy. Every movement
we made had to be worked at; rolling over in
bed, moving an arm, walking; all had to be made
with conscious effort. This lasted for a couple of
days and was more severe at the beginning than
at the end of those 2 days. We could go around
corners fairly well, if we were careful. We tended
to walk with our feet spread apart. I think that
had we had any contingency on the return we
would have been able to handle those which we
had planned for, but certainly we were a bit less
able to handle them than when we left. This was
to be expected, and I still think we all felt fairly

comfortable as we got out of the Command
Module.

We all felt very thirsty on the recovery ship
despite the fact that we had really forced the
fluids before we returned. This was an expected
reaction.

After return to one-g, the joints, especially the
knees, felt sore after a little exercise. My leg
muscles were sore; for the Commander, it was
his back.

Miscellaneous Items

I did notice a ballistocardiographic effect a
couple of times when I was trying to take pictures
through a window and was just holding on to the
adjoining structure rather lightly; I noticed that
the whole Skylab cluster was beating at around
60 beats per minute. This was evidenced several
times. It required that I hold myself down rather
firmly to get around this.

Many of us noticed, subjectively and without
taking measurements, that the fingernails and toe-
nails tended to grow a little bit slower in-flight.
Rather than trimming them once a week it was
on the order of once a month or so.

We all experienced light flashes. We noticed on
our flight that they were well correlated with the
South Atlantic anomaly. After some major flares
on the Sun during one night, we saw a high num-
ber of flashes. Most of them appeared as a white,
double-elongated flash, perhaps double in some
cases as other people have described, and Bill
Pogue and I also saw the ones that looked like a
whole multitude of pollywogs; very short ones,
many of them of low intensity. For us, the latter
kind occurred on the second orbit after we saw
the very bright ones, suggesting they are of lower
energy but of many more particles. Also, I saw
one green flash. Not a slightly green flash but a
good old St. Patrick’s Day green flash, and ex-
ceptionally bright.

It was a surprise to us that we had no major
illness, especially on our flight. We were working
hard most all the time and got rather tired. We
stayed tired for about the first half to two-thirds
of the mission. If we had done that on the ground,
I don’t think we would have gotten by without
getting at least a “good” cold. Up there, we did
not have any major problems and I cannot specu-
late the reason for it.
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We all found it was useful to sleep using the
device that we had up there. It was a cot outfitted
with four straps which held us down and made us
feel as though we were sleeping in something
similar to bed. On several occasions, I tried sleep-
ing by just floating free in the workshop. It was
kind of fun, but I could only catnap that way. I
floated pretty much with my arms out, as I would
in a relaxed position underwater. I'd mash into a
wall rather slowly and 5 minutes later come up
against another one. My mind was always half
awake, waiting for the next contact. I could never
really get a sound sleep that way.

The duration of our mission was 84 days. We
felt that we could have gone significantly longer
than that, on the order of a year, from the crew
standpoint. We felt good physically, especially the
last month. Part of this feeling of well-being re-
sulted from having achieved the necessary effi-
ciency to become comfortable with our schedule.

We have learned from Skylab that man makes
his best contributions on tasks which use his
intellect and require his judgment and that his
proficiency on these types of tasks increases with
mission duration. Thus, there should be strong
motivation for future long-duration missions.




CHAPTER 4‘

Skylab 2 Crew Observations and Summary

JOSEPH P. KERWIN *

T IS REALLY NICE to talk to the other crews and
find out how consistent one’s descriptions of

the signs and symptoms of weightlessness are.
The environment is the same so it is just a matter
of describing it in different words or different
similes.

There are two major themes that run through
my mind. Number one, of course, is that it really
is extremely clear to an individual, when he is in
weightlessness, that rather profound changes are
rapidly taking place in his body. One feels this
strange fullness in the head and this sensation
of having a cold, and one sees the puffy look on
the faces of his fellow crewmen and hears their
nasal voices. He feels his body assume the strange
posture that one has in weightlessness, with the
shoulders hunched up, the hands out in the front
and the knees bent. Sleeping in that posture is
not comfortable initially but every time one re-
laxes, one’s body goes back to that posture. One
can almost see the fluid draining out of the legs
of his fellow crewmen making them look little
and skinny like crows’ legs, and one knows that
one’s physiology is changing. But that wasn’t the
primary theme. The primary theme was one of
pleasant surprise at all the things that didn’t
change, at all the things that were pleasant and
easy to do. As Crew Commander Pete Conrad
pointed out, we lost a few bets up there because
of our appetites. The very first system that gave
us a pleasant surprise was the vestibular system.
All of us keep talking about it because not only

*NASA Lyndon B. Johnson Space Center, Houston,
Texas. Dr. Kerwin, the Scientist Pilot in Skylab 2, was the
first U.S. physician astronaut in space. He is currently
chief of the scientist astronauts.

27

was it so different from what was expected but
it remains, subjectively, one of the primary mem-
ories that one gets from this “Alice in Wonder-
land” world of weightlessness.

Our crew was fortunate enough not to run into
the motion sickness problem in any clinical or
full-blown form. Therefore, among our first pleas-
ant or different impressions was the impression
of a very changed relationship between ourselves
and the outside world and, I would say there was
no vestibular sense of the upright whatsoever. I
certainly had no idea of where the Earth was at
any time unless I happened to be looking at it. I
had no idea of the relationship between one com-
partment of the spacecraft and another in terms
of a feeling for “up or down”; this has some pe-
culiar effects when one passes from one compart-
ment into the other and walls turn into ceilings
and ceilings turn into floors in a very arbitrary
way. But all one had to do is rotate one’s body to
the more familiar orientation and it all comes to
right. What one thinks is up, is up. After a few
days of getting used to this, one plays with it all
the time; one just stands there and does a slow
roll around his bellybutton. The feeling is that one
could take the whole room and by pushing a but-
ton, just rotate it around so that the screens up
here would be the floor. It’s a marvelous feeling of
power over space—over the space around one.
Closing one’s eyes made everything go away. And
now one’s body is like a planet all to itself, and
one really doesn’t know where the outside world
is. The first time I tried it, my instinct was to grab
hold of whatever was nearest and just hang on,
lest I fall. It was the only time in the mission
when I had anything like a sensation of falling.
I was telling that to my wife, and she pointed out
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that that’s like the reflex that a baby has. When
you begin to drop it, it just reaches out and
clutches. And we thought, it would be nice to write
a story about a sort of evolution of the human
being in zero-g, because one certainly gets used
to it in a hurry and it certainly is different. You
will read in great detail in chapter 11 about the
third and last effect of weightlessness, the effect
on the vestibular system. Ed Gibson alluded to
this effect in chapter 3 where he states that rota-
tion and head movement in weightlessness do not
elicit motion sickness. I don’t believe Dr. Graybiel
will state it quite that strongly, but certainly we
never reached the threshold. And that was most
surprising.

Another very pleasant surprise was our ability
to maintain physical fitness—our ability to main-
tain the same exercise level as we had been main-
taining on the ground. I really don’t think that
any of us expected that before the flight as we felt
that the combination of reduced mechanical effi-
ciency and muscular deterioration or atrophy was
definitely going to reduce our ability to work on
the bicycle. Well, we were wrong again. Once we
had mastered the technique or the mechanics of
how to ride a bicycle in a weightless condition,
which took us about 10 days, we found that es-
sentially we remained at the preflight baseline
throughout the mission. I believe some of the
crewmen on the subsequent flights increased their
ability to do that particular task, simply through
a training effect, and that was a very pleasant
surprise.

To me, the most astonishing thing was our
ability and desire to pack in the groceries, and
there’s a long preflight history to that. We fought
and scratched with the Principal Investigators
on that diet for 4 or 5 years. We finally settled
on an in-flight diet estimation, which kind of went
like this: We had several 6-day periods of food
intake measurement prior to the flight. These data
were taken and were modified by certain standard
height/weight/surface area tables, and so forth,
to get a best estimate of our average caloric in-
take, and then we subtracted 300 kilocalories from
that. Most of us were certain that even that
amount of food was going to be too great. And lo
and behold! We discovered that after a few days
of decreased appetite in flight we were able to eat
all our food. Indeed, as the missions progressed

the amount of food the crew was allowed to eat
increased and their exercise increased, they were
essentially eating the same amount of food as they
ate on the ground. That to me is a mystery. I still
don’t understand how in an environment in which
certainly muscular work is reduced, the caloric
demand and the relationship between caloric in-
take and body weight remain just about the same
as they do on the ground, I think that’s a very
interesting problem that we haven’t yet been able
to solve.

The first step in a rational description of the
physiology of weightlessness is a medical history
and physical examination. This we follow with
laboratory findings and the clinical course of the—
I hate to call it a disease because it’s not—but, of
this change. Such a description has many uses, not
the least of which will be to permit the diagnosis
of disease in weightlessness, where the presenting
signs, symptoms, and so-called normal laboratory
values are going to be different. Now our sample
population has been much too small to have expe-
rienced significant illness in orbit, and it’s been
too small to allow us to predict changes in the
incidence of diseases or the course of diseases due
to the weightless environment. I think this is a
matter of time and that these are the kind of
things we need to know in order to fly frequently
and to fly for long durations and to make space
flight in the Shuttle era and beyond a routine
event, because we do not want to place physical
limitations on our crews and our visiting scien-
tists. There are many examples that come to mind:
for instance, when you fly older people, what is
the rate at which they wash out nitrogen when
they prebreath? Does it change merely as a func-
tion of age, or is it because physical fitness and
obesity come into the picture, too? We don’t know.
That’s a small data point that’s going to be op-
erationally important to us when we begin to fly
people in their 50’s and their 60’s. I think the first
step is to use animal subjects to make the measure-
ments necessary to clear up the picture, and to
observe the response of animals to various chal-
lenges. I think the effect of hypoxia in weight-
lessness would be very interesting to observe.
Certainly, I'd love to see whole generations of
animals reared and exposed to weightlessness for
their entire lifespan, to see how far this evolu-
tionary process will really go. And I think eventu-
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ally we will get to the point where we will dare to
study disease states, first in animals and then in
human beings. I think that by studying a disease
in weightlessness, we will learn more about both
the environment and the disease, There are many
possibilities: from fundamental studies on cor-
onary and pulmonary perfusions, to bone and soft
tissue healing, to the effect of drugs, hypoxia, and
radiation, to observations on the course of stasis
ulcers and to how does edema in right heart fail-
ure behave in this environment. If we can make
fundamental advances in any one of those sub-
jects, we’ll pay the freight for the whole medical
program. I feel that an imaginative approach to
medical research will have an opportunity to be
used in the 80’s.

As a human subject for this kind of research,
I would like to conclude with a few observations.
We had a super relationship with the medical team

on Skylab. Each and every investigator was
competent, efficient, and thoughtful of us, the
subjects. Only en masse, were they ever a bit
overwhelming, as when on recovery day everybody
wanted that significant data—“right now.” Medi-
cal research on Skylab has helped us to document
that human beings can operate efficiently in space.
It’s this fact, rather than medical research per se
that will justify continuation of manned space
programs. It appears that man’s potential effi-
ciency in zero-g is as high as it is any place else.
The degree to which this potential is realized is
a function of the experience and training of the
crew and of the degree to which their needs are
met in-flight. Thus, the function of medicine is
not only to discover those needs but to meet them.
And the research program we design must hamper
the crew’s efficiency as little as is possible and
still get the data.
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CHAPTER 5

Skylab Crew Health— Crew Surgeons’ Reports

JERRY R. HORDINSKY *

PRIOR TO THE FLIGHTS of the various Skylab mis-
sions, the Crew Surgeons had responsibility
for the following medical areas:

To supervise the health of the Skylab crew-
members and their families.

To render clinical assistance in the development
of the In-flight Medical Support System
(IMSS) checklist and equipment, as well as
to monitor the crew IMSS training programs
at the various professional training sites.

To conduct IMSS drug sensitivity testing (top-
ical and oral), and electrocardiographic,
vectorcardiographic, and electroencephalogra-
phic skin sensor sensitivity testing.

To monitor medical experiment baseline data.

During the preflight, in-flight, and postflight
periods, the Crew Surgeons gave careful surveil-
lance to the following areas of medical concern:

Illness events and required medications;

Trends in the Flight Crew Health Stabilization
Program;

Nutrition—intake and output;

Personal daily exercise;

Work/rest schedules; and

Sleep periods, quantity/quality.

During the flight phase of the Skylab missions,
the Crew Surgeons relied to a great extent on the
daily private medical conference with the crews
over an air-to-ground loop from the NASA Mis-
sion Control Center to monitor crew health. For
continuous clinical evaluation of the crew, the
Crew Surgeon had access to medical parameters

*NASA Lyndon B. Johnson Space Center, Houston,
Texas.
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derived from the experiment data and was also
dependent on the following monitored areas for
clinically related information:

Radiological health,

Skylab environmental data, including toxico-
logical evaluation; and

Medical data obtained from the Operational
Bioinstrumentation System during the sched-
uled extravehicular activities.

Postflight, the Crew Surgeon coordinated all the
medical activities relating directly to the crew.
He was the medical team leader on the recovery
ship and had prime responsibility for the con-
tinuous clinical care of the crew especially during
the medical experiments, and later at Johnson
Space Center.

Skylab 2

Medical examinations performed on the three
crewmen at specified intervals beginning 40 days
preflight did not reveal any major change in any
crewmember’s health status. They remained in
good health throughout the preflight phase, ex-
cept for the Pilot who developed a 24-hour illness
resembling a viral gastroenteritis about 1 month
before flight, just coincident with the initiation
of the Flight Crew Health Stabilization Program.

In-flight, on mission day 1, the Commander
developed a left serous otitis media, which re-
quired the extended use of an oral decongestant
as well as a topical nasal decongestant. On mis-
sion days 3 through 7, the Commander also used
a topical steroid cream to relieve the symptoms
of a probable mild contact dermatitis of his right
arm. Complying with a preflight decision, the
Scientist Pilot took one scopolamine/dextroam-
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phetamine sulfate capsule just after insertion, and
the medication was not repeated. Prior to extra-
vehicular activity, the Scientist Pilot and the Pilot
utilized a topical nasal decongestant prophylac-
tically ; the Pilot also took a systemic decongestant.

No significant arrhythmias developed in-flight.
Early terminations of the Lower Body Negative
Pressure experiment (ch. 29) by the Scientist
Pilot and Pilot were sporadic, and in this mission
the maximum level of exposure to lower body
negative pressure was reduced following early
termination of the Lower Body Negative Pressure
test.

The Commander and Pilot took hypnotic medi-
cation of choice on the night of mission day 27 to
help accommodate a change to their work/rest
schedule for entry and splashdown. Entry itself
on the 29th day was nominal. Postsplash (on the
water) the heart rates were: Commander, 84;
Scientist Pilot, 84; and Pilot, 76 beats per min-
ute. Aboard the ship on recovery day vertigo,
postural instability (especially with eyes closed),
reflex hyperactivity, and paresthesias of the lower
extremities were prominent findings. The Scien-
tist Pilot developed seasickness while still in the
Command Module and the most prominent symp-
toms cleared in 4 to 6 hours. Scaling of the skin
of the hands was noted on the Commander and
the Scientist Pilot. The Pilot experienced a vagal
response (decreasing heart rate, pale and sweaty
appearance) in the recovery period of the Meta-
bolic Activity experiment (ch. 36), which lasted
just a few minutes. Muscle and joint soreness,
generally confined to the lower back and lower
extremities, were first noted on the first day post
recovery. During the ongoing postflight period of
surveillance, no significant medical problems de-
veloped as an apparent result of the long duration
in weightless space flight. No drugs were taken
except for vitamins.

Skylab 3

Preflight, no infectious diseases or other medical
problems were experienced by the crew during the
30-day preflight period, the last 21 days of which
included the Flight Crew Health Stabilization
Program.

Launch and orbital insertion were nominal.
Shortly after orbital insertion, the Pilot began to
experience nausea; this was aggravated by head

movement. One hour after insertion, the Pilot took
an antimotion sickness capsule, scopolamine/
dextroamphetamine sulfate, with good relief. The
crew entered the Orbital Workshop 9 hours and 45
minutes after lift-off. Following strenuous work to
activate the Orbital Workshop, the Pilot vomited
once. During the second mission day, the Com-
mander and Scientist Pilot also experienced some
motion sickness during continued Orbital Work-
shop activation; they took scopolamine/dextro-
amphetamine sulfate, as required, for alleviation
of symptoms. This indisposition caused a loss of
work time during the first 3 days of flight. Two
additional days elapsed before all symptoms had
dissipated. Since medical experiments were not
run until mission day 5, subjective voice reports
by the crew were the only means of health assess-
ment during this time. On mission day 5, after the
first medical experiments were conducted, objec-
tive clinical data were available to aid in evaluat-
ing the crew’s health. In general, the crewmembers
remained in excellent health except for a few minor
clinical problems and rare sporadic early termina-
tions of the Lower Body Negative Pressure experi-
ment by the Commander and the Scientist Pilot.

The Pilot reported a painless sty on the left
upper eyelid on mission day 29, which responded to
an ophthalmic antibiotic ointment and cleared by
mission day 32. On mission day 33, the Com-
mander reported the beginning of a boil under his
right arm. Instructions from the ground to the
Commander were to avoid using stick-type de-
odorant, and the wearing of garments which
fitted tightly under the arms. No medications were
recommended and the condition cleared in about
48 hours. A recurrence of the boil in approximately
the same area on mission day 50 again lasted only
48 hours, and did not require any medication.

The crew maintained high levels of daily exer-
cise during the mission. Extravehicular activities
were successfully completed on mission days 10,
28, and 57 without medical problems.

The crew slept 6 hours on the night prior to
entry and were awake approximately 15 hours
prior to splashdown on mission day 60. The Scien-
tist Pilot took an antimotion sickness capsule
approximately 40 minutes prior to the entry burn,
while the Commander and Pilot took their anti-
motion sickness medication approximately 5 to 10
minutes after the burn. Prior to the burn, all
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three crewmen inflated their orthostatic counter
measure garments. The entry was nominal. At
about 20 to 30 minutes after splashdown while
still in the Command Module, the Scientist Pilot
checked the pulse rate of each crewman and ob-
tained the following values: Commander, 88; Sci-
entist Pilot, 70; and Pilot 62 beats per minute.
Pulse checks by the Crew Surgeon immediately
after the Command Module was aboard the re-
covery ship were similar. Blood pressures were
within acceptable ranges for these crewmen. All
three crewmen egressed the Command Module on
their own power.

Postflight the cardiovascular deconditioning ob-
served was carefully documented, but no clinically
serious events occurred. As in Skylab 2, vertigo,
postural instability, hyperreflexia, dry skin, and
slight fissuring of the hands were noted. On re-
covery, a previous back strain suffered by the
Commander recurred from a situation combining
“lifting”” and loss of balance. On recovery day the
Commander developed presyncope during the
stand test. The Pilot had a vagal response, also
associated with presyncope, during the recovery
phase of the Metabolic Activity experiment M171
(ch. 36). The overall rate of recovery postflight
was more rapid than that observed in the first
manned Skylab mission.

Skylab 4

In Skylab 4, the Flight Crew Health Stabiliza-
tion Program lasted 27 days due to a 6-day slip in
the launch for evaluating and correcting potential
launch vehicle problems. The crew underwent pre-
flight evaluations, which were augmented by sev-
eral new experiments, such as echocardiography
and pulmonary function evaluation. Several items
noted in the medical history and clinical examina-
tions and requiring attention for the upcoming
flight were: a history of low back pain (lumbo-
sacral strain) experienced by the Commander in
the preflight period, and the concern as to whether
there would be recurrence of this pain on his return
to Earth ; some recurring variable left ear drum in-
jection and lability of blood pressure noted during
the preflight period in the Scientist Pilot; and the
history of recurrent nasal congestion and a tend-
ency toward lability of blood pressure in the
Pilot. Cardiovascular review of these men showed
no evidence of nor tendencies toward arrhythmias.

These findings were well documented in order to
permit evaluation of any in-flight changes. The
crew remained in good health throughout the pre-
flight period.

This crew also had no formal scheduled in-flight
medical examinations. Data from experiments and
“as necessary” medical evaluations continued to
provide the necessary information for monitoring
of health status. A heart rate and blood pressure
stress evaluation for clinical reasons would be ob-
tained on any individual at least every 4 days, if
for some reason the experiments Lower Body
Negative Pressure experiment MO092 (ch. 29),
Vectorcardiogram experiment M093 (ch. 33), and
Metabolic Activity experiment MI171 (ch. 36)
could not be run. This longest mission happily was
characterized by the absence of any major illness
or injury. However, it is important to point out
that in this mission there were numerous sympto-
matic events that required variable amounts of
medication (ref. 1).

For all Skylab 4 crewmen, the initial medica-
tion was the prescribed antimotion sickness drugs;
the Scientist Pilot did not experience motion sick-
ness and the Commander had minimal malaise for
3 days. The Pilot had significant nausea with
vomiting for 1 day and then malaise for 2 more
days. The second major recurrent use of medica-
tion was lip balm and skin cream to prevent dry-
ing of the lips and skin, respectively. The sleep
medications were utilized intermittently through-
out the mission by all the crewmen. Decongestants
(topical and systemic) were used during the
mission. These were used both prophylactically
during the extravehicular activities and for spe-
cific symptomatic relief of the feeling of fullness
in the head, nose, and ears.

The Scientist Pilot utilized aspirin twice for
transient headaches on mission days 17 and 67.
On mission days 75 through 79, he utilized wet
packs to help resolve a minimal papular rash on
the left neck and ear area.

The Pilot had a rash in the upper mid-back area,
which was treated as a fungal infection, and which
did resolve after about a week and a half.

The observed in-flight problems were not related
to preflight problems except remotely; one could
state that the Pilot’s prior history might have
indicated the greater susceptibility to upper res-
piratory congestion.
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In following the crew, the Daily Health Status
Summary sheet was a comprehensive guide. It
was updated for this particular mission and was
kept by the person in aeromedical monitoring
position working in direct support of the Mission
Operation Control Room Surgeon. Data for this
summary were prepared from the Evening Status
Report which gave sleep, medication, exercise,
and experiments M071 (Mineral Balance, ch. 18),
MO073 (Bioassay of Body Fluids, ch. 23), and M172
(Body Mass Measurement, ch. 19) data, from the
dump tapes, and from the private medical con-
ference. The latter permitted subjective and ob-
jective crew observations about their responses to
the stressor tests [Lower Body Negative Pressure
(ch. 29) and Metabolic Activity (ch. 36)] as well
as the general status of living in zero-g.

Vectorcardiographic data became especially
valuable as the Pilot began demonstrating vector-
cardiographic parameters differing significantly
from preflight. None of these deviations from pre-
flight “norms” were considered clinically abnor-
mal. In summary, there were neither clinically
significant cardiac arrhythmias nor vectorcardio-
graphic changes in-flight.

Instrumental in maintaining crew health was
maintenance of a proper environment, It should
be stressed, there were no significant problems in
maintaining the limits of environmental conditions
of total pressure, oxygen, and carbon dioxide.
Other parameters, such as temperature and rela-
tive humidity, were more variable. These parame-
ters were influenced by the orbital inclination and
Sun angle of the Skylab complex and the perform-
ance of the supplementary thermal protection de-
vices ; additionally, potential off-gassing from the
heated spacecraft was satisfactorily circumvented.

Personal cleanliness was fairly well maintained
by use of the shower or by sponge baths but
proved to be time consuming.

The increased quantity and quality of exercise
available to the crew were important in maintain-
ing the crew health of Skylab 4. For each successive
mission the exercise time had been increased from
one-half hour, to 1 hour, to 1% hours per day,
respectively. In Skylab 4 the bicycle ergometer,
the Mark I (an isokinetic force generating pul-
ley), the Mark II (springs), and Mark III (the
standard Apollo exercise device), the treadmill,
and isometric exercises were available to counter-

act the effect of the zero-g environment; the crew
had the highest overall average of quantifiable
work output from their exercise.

The maintenance of nutrition was satisfactory;
the Skylab 4 crew ate at essentially preflight ca-
lorie levels and were quite satisfied with the taste
of the food. The high density food bars, utilized
to extend provisions when the Skylab 4 mission
was extended to 84 days, were tolerated well by
the crew although they left a subjective sense of
hunger. As in Skylab 3, vitamin supplementation
was maintained. The weight losses for the Skylab
4 crewmen were less than those for the crewmen
of the other two missions.

The work/rest cycle was a key problem in this
last mission. During the early phase of this mis-
sion the erew was scheduled at a pace comparable
to the pace attained by Skylab 3 crewmen in the
latter part of their mission. New experiments,
stowage confusion, onboard equipment malfunc-
tions, and the sheer length of the mission were all
contributing factors to produce psychological
stresses which were slowly resolved over the first
half of the mission.

As the end of the mission approached, two late
single-block shifts of sleep time were made, as the
preferred mode, to adjust the crew to the circa-
dian shift required. Crew comments postflight in-
dicated this was a suitable and effective approach
to the time shift required. Earlier piecemeal shift-
ing in Skylab 2 and Skylab 3 was not subjectively
as effective.

In preparation for entry, scopolamine/dextro-
amphetamine sulfate was prescribed for all three
crewmen at approximately 2 hours prior to in-
tended splashdown. The crew inflated their counter
measure garments prior to burn and re-inflated
them to compensate for the increasing internal
pressure as the Command Module was pressurized
during descent. As in Skylab 3, the splashdown
was initially in stable-2 (heat shield up), and
changed to stable-1 (heat shield down) within a
nominal time frame.

Initial “on water” pulse rates were: Com-
mander, 70; Scientist Pilot, 80; and Pilot, 80
beats per minute. Blood pressure and pulse read-
ings taken inside the spacecraft were acceptable
and the crew egressed and walked essentially
unassisted.

The triad of vertigo, postural instability and
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reflex hyperactivity was again noted postflight.
This time it was the Commander who experienced
a vagal response with presyncope at the end of
forced expiration in pulmonary function testing.
Petechiae were noted in the lower legs of all three
crewmembers late on recovery day, and during the
day afterwards. Muscle and joint soreness during
exercise developed postflight, but only to a mini-
mal degree. The postflight period was free of any
illnesses or injuries. Postflight physiological re-
adaptation, as measured by the experiments re-

Reference

vealed the crew to be in as good or better status
than the crews of the two earlier missions.

Conclusions

From a clinical point of view, all of the physio-
logical and psychological responses noted in the
Skylab missions were either self-limiting or rep-
resented work-around problems requiring minimal
counteraction. As such, these changes do not pre-
clude extending man’s duration in zero-gravity for
Jonger periods of time.

1. The Proceedings of the Skylab Life Sciences Symposium. November 1974. NASA

TM X-58154, 1:70-73.




CHAPTER 6

Skylab Oral Health Studies

LEE R. BROWN,* WILLIAM J. FROME,” SANDRA HAN-
DLER,® MERRILL G. WHEATCROFT," AND LINDA J. RIDER®

ORAL HEALTH CONSIDERATIONS for the Skylab
series of manned space flights included three
general areas of responsibility. These areas were:

Clinical dentistry;

Provisions for in-flight care and the In-flight
Medical Support System-Dental; and

Research dedicated to the identification of po-
tential oral problems in manned space mis-
sions of long duration.

Clinical Dentistry

Clinically, the emphasis in the dental health
program was on the prevention of dental disease.
This was accomplished by a carefully supervised
home care program which was supplemented with
oral examinations and evaluations at least every 6
months. Regular topical applications of stannous
fluoride were also provided all crewmen. However,
because of consideration of other studies during
the Skylab missions, the topical fluoride applica-
tions were discontinued 6 months preflight for
each crew.

Because of risks of inflammation to the dental
pulp, no dental restorations were provided the
crewman during the last 90 days prior to flight.
The oral health of all crewmen was at a sufficiently
high level that the 90-day provision was realistic.

Complete oral Panorex radiographs were made
of each crewman prior to his mission. These

* University of Texas, Houston, Texas.

" NASA Lyndon B. Johnson Space Center, Houston,
Texas.

¢ University of Texas, Dental Science Institute, Houston,
Texas.

¢ University of Texas Dental Branch, Houston, Texas.

35

radiographs did reveal two asymptomatic, previ-
ously unrecognized areas of pathosis about the
apex of the teeth of two crewmen. Both problems
were successfully resolved.

During the last 9 months prior to the Skylab
missions, six crewmen required treatment for den-
tal problems which were other than routine re-
placement of restorations and dental prophylaxes.
These ranged from a large, symptomatie, recur-
rent apthous ulcer, to significant inflammation and
discomfort from local gingival inflammation, to a
periapical abscess. All were resolved successfully
with no recurrence.

In-flight Care

The possibilty for an unanticipated dental prob-
lem occurring in-flight which could significantly
impair a crewman’s ability to work effectively
was computed at 0.92 percent for a 3-man 28-day
mission. This figure was based on studies of dental
experiences in other isolated environments, i.e.,
polar expeditions, United States Navy FBM sub-
marine patrols, and from a 3-year study of the
astronaut population. The most likely problems
which could impair a crewman’s effectiveness in-
flight were judged to be either a painful tooth due
to pulpitis or severe, localized gingival inflamma-
tion with or without a periodontal abscess. The
pulpitis would be most likely to occur in a tooth
which had previously been restored with a deep
restoration which suddenly had become symp-
tomatic. This is a common ground-based dental
problem and the resulting potentially debilitating
pain could occur for a number of reasons, includ-
ing decreased resistance of the host and/or in-
creased virulence of the organisms involved.

(=
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Dental caries was not considered as a problem in
missions of up to 3 months’ duration because
of the high level of oral health of all crewmen and
the frequent dental evaluations they received.
Because of the risks involved, it was decided that
a means be developed for treating the most likely
dental problems that might arise. To this end the

BIOMEDICAL RESULTS FROM SKYLAB

prime and backup crews of all Skylab missions re-
ceived 2 days of intensive training in pertinent
dental procedures at Lackland Air Force Base,
Texas. The training included lectures, demonstra-
tions, and supervised clinical procedures. The
supervised clinical procedures performed on vol-
unteer patients included complex procedures such

Local anesthetic

(Lidocaine H%

Dental gauze

Sedative
restorative
material

Gioli saw

\

Forceps
mandibular - anterior
lower - front

=

Forceps
maxillary - posterior
upper - back

Forceps
maxillary - anterior
upper - front

s

Forceps
mandibular - posterior
lower - back

\' ~ =y
File
®, A =y —
Elevator Applicator
Mirror, light \J

Scalers, curette

FIGURE 6-1a.—In-flight Medical Support System Dental Kit.
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as tooth removal. Instruments and medications
were provided as the In-flight Medical Support
System-Dental. As aids, this In-flight Medical Sup-
port System-Dental included a manual with line
drawings of complete intraoral radiographs of
each crewman as well as integrated, illustrated,
diagnostic, and treatment procedures. Examples of
these aids are illustrated in figures 6-1a, 6—1b, and
6-1c. Other aids included air-to-ground communi-
cation with a dentist and/or surgeon who had as
aids intraoral photographs and radiographs, di-
agnostic casts, complete treatment records with
narrative summaries, and complete knowledge of
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the treatment capabilities of each crewman as he
was observed during the training program. No
dental problems occurred during the Skylab series
of missions which required use of the In-flight
Medical Suport System-Dental.

Oral Research

Skylab crewmembers were monitored to assess
the effects of their missions on:

The population dynamics of the oral microflora;

The secretion of specific salivary components:
and

Clinical changes in oral health.

Symptom Diagnostic procedure Diagnosis/treatment
1 2 3 4
Pain or I A ! N Specific area Examine for Yes < Y >
discomfort ?::;?;2‘::0?#“ e on cheek Yes alized Near gdumhn: re_sr’ Abscessed gum (periodontal
in mouth or gum inflammation around toot
| Yes No No No | e If inflammation is in the
| | area of third molar
Possible causes: & V pericoronitis
| i |
6
A. Broken crowln : | o, Yes No Gums red, |
B Broken or missing pain Vi Facial swollen, l——————————— Canker sore or ulcer (herpes
restoration | swelling bleed easily | lesion), no treatment indi-
C. Cracked tooth I No b v Yes | ;ated. will pass in 7 to 14
ays
D Abscessed tooth A 10 11 ¥
(periapical abscess) | 8 ves[ Running e Bad taste Vs | ' ‘ e
E. Absgessed gum I Perotise tadth significant in mouth and —l—s Gum infection (gingivitis)
(periodontal abscess) Sharp pain- with instrument temperature breath odor e Increase oral hygiene
F. Ulcers in mouthon | | while chewing | No No | efforts with floss and
gums, inside cheeks or sensitive toothbrush
or lips, or on palate | to hot or cold 1 13 . |
(canker sores or
herpesvirus lesion) I Yes Yes{ Only one No | . sl
G. Gum infection | tooth sensitive T . Perform differential diag-
(gingivitis) nosis for other thgn dgqtal
4 | 12 | problem such as sinusitis,
H. Pul_pms (most common Parcuss 15 infectious diseases, etc.,
serious problem) | soathwith T 16 | consult ground
|. Pericoronitis instrument
| ins near roots of
| teeth for local :g;ﬂi::)s;:ss Yes —» Periapical abscess
swelling or e
lump on gum
| |
| 14 18 |
Sharp pain Examine offending
I and no other Ho tooth for Ero::en tlrlopllem _J_>Yes Fractured crown or filling
| symptom crown or broken isible?
or crack in filling |
Yes No
| I
19
| ; |
Intense pain or
| V evidence of Yes | 3
infection, no |———= Pulpitis
| dentin or pulp | Tooth removal probably
I exposed | required
I = S | o Cracked tooth or pulpitis
| Treat for pain — if pain is
I very intense and does not
| | subside, removal probably
required
1 il

FIGURE 6-1b.—Diagnostic Data—Dental.
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CAUSE SYMPTOMS TREATMENT PROCEDURE REMARKS
Dull pain May reverse, use analgesics
(intermittent)
Earl Sensitive to If not, removal may be necessary
Ty percussion, heat,
Pulpitis and cold
Antibiotics
Late Sharp pain Remove tooth may be

(continuous) prescribed

(Inflammation of Heat or percussion Probably no tissue swelling by ground

dental pulp) increases pain
Cold decreases or
increases pain
Aspirin or Darvon
does not relieve
pain
Mild pain (intermit- Identify offending tooth

Tooth decay tent or continuous) Employ local anesthesia

(Caries) Cavitation of Remove soft decayed material
enamel using curette
Brownish-black Isolate tooth with gauze packs -
Unlikely cause See required

due to time
required to
develop

spot

Heat, cold, or
sweets may elicit
pain

and dry out cavity

Mix sedative restorative material

and pack into cavity with applicator
Have patient bite while cement is soft,
remove excess using curette

Bite again

mixing procedures

Crown fracture,

Part of tooth

File off rough edges of broken

visibly missing tooth using file Bite down
broken or Mix sedative restorative material to check
missing filling and cover exposed area occlusion
Smooth surface
Crack could
Severe pain If pain persists - remove tooth have gone
Cracked tooth when chewing undetected
on X-rays
Tooth may feel Induce drainage of pus by: Antibiotics
Periapical elongated to (A) Incision of pus pocket, or may be
abscess patient (B) Digital pressure on gum near prescribed
(Infection at Percussion may root of tooth by ground

apex of tooth)

elicit sharp pain
Area of pointed
swelling

If pain persists - remove tooth

Pain will subside
upon release of
pus pressure

Periodontal
abscess

(Gum infection)

Dull throbbing pain
Sharp pain when
biting

Tenderness of
surrounding tissue

Probe around tooth with curette
Remove any foreign object
Induce drainage of pus by incision
Rinse with warm water

Antibiotics
may be
prescribed
by ground

Periocoronitis
(Inflammation
of gum flap)

Pain on opening
mouth
Continuous dull
ache and swelling
around lower
third molar

Clean under tissue flap
Brush thoroughly, rinse and floss
Rinse vigorously with warm water

Antibiotics may
be prescribed
by ground
Becomes more
comfortable in
24-36 h.

Aphthous ulcer

(White spot on
oral mucosa)

Discomfort is
sometimes
mistaken for
toothache

Canker sore
(Red ulcer)

Burning sensation,
not sharp pain

No treatment is indicated -
normal healing occurs in
7 to 14 days

Antibiotics are
usually of no
value

FIGURE 6-1c.—Treatment Data—Dental.




SKYLAB ORAL HEALTH STUDIES 39

Not only is oral health important to personal
performance during prolonged space missions, but
the oral region serves as a portal of entry for
pathogenic agents, acts as a reservoir for infec-
tious micro-organisms, and plays a role in cross-
contamination and disease transmission.

Laboratory detectable intraoral changes can
precede clinical manifestations of acute and
chronic infectious disease. Clinically detectable
alterations of oral tissue can identify changes
caused by local and/or systemic disorders of mi-
crobial and nonmicrobial origin.

Oral hygiene procedures consisted of brushing
the teeth 2 minutes twice a day and flossing once a
day. Tooth brushes with multitufted, nylon,
bristles were used in conjunction with an ingesti-
ble dentifrice and thin, unwaxed dental floss.
Irrigating devices, mouthwashes, topical fluorides,
or other oral medication were not used.

All crewmen were placed on a space-food diet at
about 21 days preflight. The backup crewmen con-
tinued on the space diet until launch and the prime
crewmen until 18 days after recovery.

Equipment and Procedures.—Eighteen astro-
naut crewmembers making up the prime and
backup crews for the three Skylab missions were
monitored for quantitative changes in oral micro-
organisms, saliva partitions considered potentially
important to oral health, and alterations in clinical
indices of oral health and preexisting dental
disease.

Microbiological Assessments.—Specimen collec-
tion. Oral specimens were collected from the crew-
members weekly or semiweekly from three
intraoral sites from 31 days preflight to 18 days
postflight for Skylab 2, from 51 days preflight to
20 days postflight for Skylab 3, and from 57 days
preflight to 17 days postflight for Skylab 4. All
collections took place between 0700 and 0800 hours
before oral hygiene procedures or breakfast.

The specimens included dental plaque, crevicu-
lar fluid (exudate absorbed from the gingival
sulcus area), and stimulated saliva. These param-
eters were selected because of their ultimate
relation to the development of dental caries, perio-
dontal disease, and alveolar bone loss.

Dental plaque was removed using a modification

*Ingestible dentifrice developed by Ira Shannon, D.D.S.,
M.S., Veterans Administration Hospital, Houston, Texas.

of the technique by Jordan et al. (ref. 1). Crevicu-
lar fluid was obtained by inserting a paper point
into the gingival sulcus of an upper bicuspid ac-
cording to the method of Brown et al. (ref. 2).
Each specimen was placed aseptically into a sterile
tube containing 2 milliliters of 0.1 percent peptone
and 0.85 percent sodium chloride, The peptone-
saline solution served as both a transport and
dilution medium.

To produce stimulated saliva, the crewmembers
chewed sterile paraffin and expectorated into a
sterile jar until a 5 milliliter indicator mark was
reached. The time required for each crewman to
collect this volume was recorded and used to cal-
culate the saliva flow rate.

All specimens were transported in cracked ice
to the University of Texas Dental Science Insti-
tute for immediate processing which occurred
about 1 hour after collection.

Speciment Processing.—Serial tenfold dilutions
of each specimen were plated onto a variety of
bacteriologic media (refs. 3, 4, 5, 6, 7, 8,9, 10, 11,
12, 13, 14) for the enumeration of up to 17 micro-
bial categories. Duplicate platings were incubated
at 37° C either aerobically or anaerobically, The
bacteriologic media, microbial categories, and an-
aerobic procedures are shown in figure 6-2.

Specific microbial types from selective and dif-
ferential media were verified by subculture and by
pertinent physiologic reactions when necessary.

In addition to the microbial assessments, stimu-
lated saliva was used to determine total protein,
secretory IgA, and lysozyme. Salivary protein de-
terminations were made by the Lowry procedure
(ref. 15). Secretory IgA was assayed by electro-
immunodiffusion (ref. 16) where the samples are
electrophoresed through a medium -containing
monospecific antisera. Plates were precoated with
0.1 percent agarose in 0.05 percent glycerol and
layered with buffered agarose containing antisera.
Wells were filled with standards or saliva. Samples
were electrophoresed until the point of equivalence
with the highest standard was attained. The plates
were then processed for staining and the migra-
tion distances were measured. Samples with values
beyond the standard range required dilution. A
plot of log concentration versus log migration dis-
tance yielded a linear curve for quantification
(ref. 17). Lysozyme values were determined by
radial quantitative diffusion using heat-killed
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Mierococcus lysodeikticus cells as a substrate ac-
cording to the procedures of Osserman and Law-
lor (ref. 18). Plates were layered with a cell
suspension in buffered molten agarose. Wells were
cut and filled with standards of saliva. Diffusion
was allowed to proceed overnight. Values were
determined from a plot of log concentration versus
diameter of lysed zone.

The microbiologic enumeration and immuno-
logic data were recorded for appropriate statisti-
cal analysis. Both a one-way and two-way
unbalanced analysis of variance were used for
multiple comparisons of individual, paired, and

Plaque Stimulated saliva

grouped data. Primary comparisons were made
within three segments of data: (a) preflight-
prespace diet (31 and 21 days preflight or 29 and
19 days preflight), (b) preflight-space diet (14 and
3 days preflight or 13 and 4 days preflight), and
(¢) recoverey space diet (4, 13, and 18 days post-
flight from the prime crew only).

Clinical Evaluations.—Clinical scores of dental
plaque, dental calculus, and gingival inflammation
were derived from oral evaluations at two pre-
flight and one postflight examination intervals.
The examination intervals were relative to the
projected duration of each flight. The initial pre-

Gingival sulvus fluid

Microbial enumeration and identification

Aerobic cultures: 2-3 days at 37° C

Anaerobic cultures: Displacement (95% N, - 5% CO,)T,
Gaspak and Brewer (95% H, - 5% C0O,)—3-7 days at 37°C

Plating media and microbial categories enumerated

Total aerobes
Neisseria

Strep. salivarius
Strep. sanguis

Strep. mitis

Staphylococci

Lactobacilli
—Homofermentative
—Heterofermentative

Yeast.

Enterics

*BBL; other media-Difco

TSteel wool coated with acidified

copper sulfate solution

FAN = Anaerobes

Heart Infusion agar
with defibrinated horse blood (5%)

Mitis salivarius agar
plus tellurite sol. and with or
without bacitracin and 20% sucrose

Staphylococcus 110 agar

Veillonella agar
with Tween 80™ and vancomycin

Rogosa SL agar
with glacial acetic acid

Trypticase Soy agar”®
with crystal violet and vancomycin

Sabouraud - dextrose agar

Heart Infusion agar
with laked blood, menadione, NaHCO;,
kanamycin and vancomycin

Desoxycholate agar

PPLO agar and Heart Infusion agar
yeast extract sol., horse serum,
thallium acetate, and penicillin

Total anaerobes, diphtheroids
(catalase +, -)

Strep. mutans

18-24 h AN¥
24 h room temp.

Veillonella

Fusobacteria

Bacteroides

Mycoplasma

FicurRE 6-2.—Flow chart for sampling and enumerating cultivable oral micro-

organisms.
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flight oral examination was on days 30, 51, and 57
for Skylab missions 2, 3, and 4, respectively. In
all missions the final preflight oral examinations
were accomplished on day 4 and the postflight on
day 4 after recovery. Following the scoring of gin-
gival inflammation on the initial preflight exami-
nation, a thorough prophylaxis was performed. On
day 4, the final preflight examination, gingival
inflammation, dental plaque, and calculus were
scored to calculate a preflight increment (base-
line) for each of the oral health indices. All plaque
and calculus were again removed to permit re-
covery scores to be used as in-flight increments.
Since gingival inflammation scores could not be
brought to a zero baseline, as in the case of plaque
and calculus, the difference in scores between the
initial and final preflight evaluations was used as
the preflight baseline. The difference between the
final preflight and recovery scores was used as the
in-flight increments of gingival inflammation.

A plaque score was obtained for each astronaut
by the use of disclosing wafers which stained the
plaque adhering to the tooth surfaces. Calculus
scores were obtained for each crewmember by
dividing the number of tooth surfaces that had
calculus by the number of teeth. The inflammation
index was scored according to the method of Loe
and Silnes (ref. 19) which graded the gingivae
surrounding each tooth.

Dental radiographs were made of each crew-
member at 6 months and 30 days preflight to pro-
vide baseline records for subsequent comparison.
A complete series of oral radiographs were taken
at 6 months preflight. To minimize radiation ex-
posure, only bitewing radiographs were taken at
30 days preflight.

The clinical evaluations were statistically com-
pared by “t” analysis using both the means differ-
ence and difference between means statistics (ref.
20).

Results.—In Skylab 2 the microbial data showed
increases in various anerobic components, i.e.,
Bacteriodes sp., Veillonella sp., Fusobacterium sp.
Other increases were in Neisseria sp. and Strepto-
coccus mutans.

Fewer microbial changes were noted in Skylab
3. For example, in stimulated saliva the anaerobic
components showing increases were Veillonella
sp., Fusobacterium sp., Leptotrichia sp., and Myco-
plasma sp. S. mutans counts were variable. How-

ever, in this flight Staphylococcus aureus and
enteric organisms showed increasing trends to-
ward the later stages of sampling.

The microbial data from the Skylab 4 mission
were very similar to that of the Skylab 3 mission.
The anerobic components to show increases in
the gingival sulcus fluid were Bacteroides sp. and
Veillonella sp. There was also a rise in S. sanguis
and Neisseria sp.

Figure 6-3 represents the cumulative preflight
data of all 18 crewmen, before and after they
were placed on the carbohydrate enriched space
diet. At these levels of significance expressed on a
percentage basis, there were significant increases
after diet of the following total anerobes, Diph-
theroids, S. sanguis, Neisseria sp., Bacteroides sp.,
Veillonella sp., and Fusobacterium sp. Most of the
oral microbial changes noted during each mission
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Key:
AN = Total anaerobes
DIPH = Diphtheroids
SANG = Streptococcus sanguis
NEIS = Neisseria sp.
BACT = Bacteroides sp.
VEIL = Veillonella sp.
FUSO = Fusobacterium sp.

FIGURE 6-3.—Cumulative microbial counts from the
gingival fluid of 18 crewmen before and after space
diet initiation prior to three Skylab flights.
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appeared to be associated with diet change as evi-
denced by the statistically significant post diet
increases.

The saliva partitions—saliva flow rates, salivary
lysozyme, and protein concentration levels—as-
sayed in this study of the prime crew of Skylab 2
remained relatively constant throughout this
period. But the secretory IgA levels showed
pronounced increases beginning just prior to
flight and continuing throughout the postflight
sample period. It is believed that these changes
were probably due to responses to a subclinical
viral infection.

The mean values for changes in salivary parti-
tions of the prime crewmembers of Skylab 3 are
secretory IgA which showed increases and these
increases occurred concurrently with saliva flow
rate increases and salivary protein decreases. Rea-
sons for the latter changes are presently unex-
plained.

In the Skylab 4 mission secretory IgA levels
again increased and the levels of protein and lyso-
zyme as well as saliva flow rates showed trends
similar to the Skylab 3 flight. The increase in
secretory IgA in the crewmen for the Skylab 4
mission occurred in only two of the three crew-
men. The IgA levels of the Scientist Pilot remained
relatively constant.

A comparison of clinical scores of oral health
before and after the Skylab 4 mission (fig. 6-4)
revealed prominently elevated increments of den-
tal calculus and gingival inflammation postflight
as compared with the preflight values. This trend
was observed for all missions.

While the overall oral health level of all crew-
men remained very good postflight, some deterio-
ration had occurred as measured by these indices.

Discussion

The oral microbiological, immunologic, and clin-
ical results of the Skylab series of manned space
flight missions were relatively consistent. Oral
microbial changes usually occurred after the in-
corporation of the space diet prior to flight. Statis-
tical comparisons of cumulative preflight data
from the 18 (prime and backup) crewmembers,
before and after diet inclusion, revealed diet re-
latedness for the majority of the microbial in-
creases observed during the missions. Some of the
changes, although apparent after the inclusion

of the diet during the preflight period, were more
pronounced after flight. However, the postflight
values were excluded in the diet related analysis
to avoid any possible flight influence.

Increases in secretory IgA observed in two of
the Skylab 4 crewmembers were observed in all
three crewmembers of Skylabs 2 and 3. As in the
previous studies, the changes were believed to
result from subclinical infections. Concurrent
fluctuations in salivary protein, lysozyme and
saliva flow rates, also observed in previous studies,
are unexplained.

In these studies, observed incremental increases
of dental calculus and gingival inflammation were
consistent, with the exception of the Skylab 3
crew where these changes were not observed to
the same degree. Individuals free of oral health
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FIGURE 6—4.—Mean clinical scores of dental calculus and
gingival inflammation of the prime crewmembers of

Skylab 4.
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problems seem to be less susceptible to detri-
mental changes under a specific challenge than
those with preexisting dental problems.

Conclusion

Skylab crewmembers were monitored for mis-
sion related effects on oral health. Those labora-
tory and clinical parameters considered to be
ultimately related to dental injury were evaluated.
Of these, the most distinctive changes noted were:

Increased counts of specific anaerobic and strep-
tococcal components, primarily of the saliva
and dental plaque microflora.

Elevations in levels of secretory IgA concurrent
with diminutions of salivary lysozyme.

Increased increments of dental calculus and gin-
gival inflammation.

The microbial changes were mainly diet related
rather than flight related. Elevations of secretory
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IgA were believed to result from a subclinical in-
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CHAPTER 7

Analysis of the Skylab Flight Crew
Health Stabilization Program

J. KELTON FERGUSON,* GARY W. McCOLLUM,* AND

BENJAMIN L. PORTNOY "

WELL-DEFINED Flight Crew Health Stabiliza-

tion Program was first introduced into the
space program on the Apollo 14 mission. The pro-
gram was initiated following a number of prime
crew illnesses and crew exposure to persons with
infectious illnesses during mission critical periods.
As a result of these incidences, it was recognized
throughout the National Aeronautics and Space
Administration that crew illness could cause loss
in valuable crew training time, postponement of
missions, or could even compromise crew safety
and mission success.

The purpose of the Flight Crew Health Stabili-
zation Program was, therefore, to minimize the
possibility of adverse alterations in the health of
flight crewmen during the preflight, in-flight, and
postflight periods. The Apollo 14 Flight Crew
Health Stabilization Program was successfully
completed without an illness occurrence in the
crewmen. Following the Apollo 14 mission, the
program was effectively used for the remainder of
the Apollo missions.

The need for such a program became even more
evident in the development of the Skylab missions.
The extended periods of crew time in space planned
for Skylab increased the probability of in-flight
crew illness. The decision was made, therefore, to
provide a comprehensive Skylab Flight Crew
Health Stabilization Program.

Procedure

A 21-day isolation period was established for the
Skylab crewmen prior to the launch of each mis-

*NASA Lyndon B. Johnson Space Center, Houston,
Texas.

* U.S. Public Health Service, Center for Disease Control,
Atlanta, Georgia.
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sion. The 21-day period was chosen as it covered
the incubation period for a majority of infectious
disease organisms. A T-day postflight isolation
period was added to protect the crewman from
any increased susceptibility to infectious diseases
as a result of the lengthy mission. Additionally,
postflight illness in the crewmen would have been
detrimental to the understanding of medical re-
sults and the transfer of information to the crew-
men of the next mission. The principal objective
of the program was to reduce the probability that
a crewman would come into contact with an in-
fectious disease agent during the critical time
periods of each mission. The initial steps taken
to accomplish this objective were:

To establish the primary work areas of the
crewmen during the isolation periods.

To establish isolated crew housing at both the
Johnson Space Center and at the Kennedy
Space Center with methods to prevent crew
exposure to infectious disease agents.

To establish a medical program for those per-
sonnel who were required to work with the
crewmen during the isolation period.

To establish a Medical Surveillance Office as the
coordination center for the operational aspects
of the program (table 7-I).

Each functional area at the two National Aero-
nautics and Space Administration Centers identi-
fied their personnel who would require access to
the crew during the isolation period. Personnel
requiring direct crew access (within 2 meters)
were known as class A primary contacts. Those
who worked in primary work areas, but were not
in direct contact of the crewmen, were called class
B primary contacts.
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TABLE 7T-1.—Skylab Flight Crew Health Stabilization Program

Primary Contacts
Class A and Class B
Illness reporting (voluntary)

Crew Medical Surveillance Office Primary Work Areas
(Crew Surgeon) Program coordination 22  Active surveillance
Living quarters Training Security

Mobile trailers (JSC) Records and data
Crew quarters (KSC) Medical status reports
Food il
Travel Clinic
Medical examinations

Preventive measures
Surgical masks
Biorespirators
Air filters

PC qualification—disqualification

Badge control

For each primary work area identified, the area
was inspected and procedures were established to
minimize the possibility of crew exposure to path-
ogenic micro-organisms. Positive air pressures and
80 percent (ASHRAE ') air filters were used in
the principal training area. A security guard and
a nurse were stationed at the door of the primary
work areas on the days that crewmen would be in
the area. On these days, only properly badged pri-
mary contacts were allowed to enter the area and
a brief medical screening was given to class A
primary contacts by the nurse as the only active
surveillance provided in the program. All class A
primary contacts were required to wear surgical
masks when in the presence of the crewmen. Bio-
respirators were available for use by nonprimary
contacts if an emergency occurred, Crew confer-
ences with nonprimary contacts were accomplished
by closed circuit television.

Crew housing at the Johnson Space Center was
provided by two mobile homes placed inside a
large building. A third mobile home adjacent to
the building served as the food service center. All
food and drink consumed by the crew during the
isolation period was specially prepared Skylab
food. Quality control had been designed into the
food program, and it was, therefore, not necessary
to add additional controls. A fourth mobile home
was available for isolation of any crewmen who
might become ill. Housing at the Kennedy Space
Center was provided in the existing crew quarters
area, and high efficiency particulate air (HEPA)

* American Society of Heating, Refrigerating and Air-
Conditioning Engineers.

filters were used in these living areas. Measures
were taken to prevent crew exposures to illness
while traveling between primary work areas. Non-
primary contacts were kept 100 feet and down-
wind from the crewmen. Biorespirators were near
the crewmen at all times to be used if an emer-
gency occurred.

The medical program for the primary contacts
consisted of an extensive initial physical examina-
tion with laboratory screening (ref. 1). Immuni-
zations were required for those persons who were
not immune to a selected group of infectious dis-
eases. After the examination the records of each
person were reviewed by a physician, and the
individual was either approved or disapproved as a
primary contact. Further scheduled examinations
were provided later in the program only for class
A primary contacts, which also included food
handlers, maids, and other specialized personnel
having close direct, or indirect, contact with the
crewmen,

On completion of the initial medical examina-
tion, all primary contacts were instructed by let-
ters, brochures, and meetings to report any illness,
or contact to an infectious illness, to the Medical
Surveillance Office. Primary contacts who re-
ported medical problems related to infectious ill-
ness were referred to the clinic for medical
examination. If a primary contact was found to
have an infectious illness, he was temporarily
withdrawn from the program and the primary
work area. The primary contact did not return
to the work area until a medical examination in-
dicated that the infection was no longer present.
Medical surveillance of the primary contacts and
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illness reporting were continued throughout each
mission to provide epidemiological support data
for any crew illness occurring during the mission.

A report form was completed by the clinical
staff for each illness occurrence (ref. 2). The re-
port was forwarded to the Medical Surveillance
Office to be coded for the type of illness by a
predetermined list of operational definitions of in-
fectious illness (ref. 3). An analysis of these data
was performed.

Results and Discussion

The list of approved primary contacts changed
throughout the Skylab program. Names were
added or deleted as required. The population of
primary contacts for each flight was assumed to
be the number recorded on the master list at the
end of each mission (table 7-1I). At all times
class A primary contacts were only slightly less in
number than class B primary contacts. The total
number of primary contacts ranged from 620 to
709 throughout the Skylab Program until 21 days
into the Skylab 4 mission; program coverage pro-
vided only for 140 personnel for the remainder
of the Skylab 4 mission. In all cases, the great
majority of primary contacts were located at the
Johnson Space Center.

Active surveillance of class A primary contacts
produced a total of only 23 referrals to the clinic
from a total of 3483 examinations (table 7-III).
The small number of possible illnesses discovered
by this procedure suggests that active surveillance
indirectly influenced the primary contacts to re-
port their illnesses voluntarily. In this indirect
way, the presence of a nurse at the entrance of
the work area may have protected the crewmen
from infectious agents.

A total of 197 illnesses were reported to the
Medical Surveillance Office during the Skylab pro-
gram. Of these reports, 88 percent were reported
from Johnson Space Center and the remaining 12
percent were from the Kennedy Space Center
(table 7-1V).

The rate of illness reported by the primary con-
tacts declined from Skylab 2 to Skylab 4 (table
7-V). During Skylab 2 the rate of illness report-
ing was 10.7 illnesses/1000 primary contacts per
week. During Skylab 3 the rate declined to 8.4
and during Skylab 4 to 6.7. The drop in illness
rate is especially dramatic since the lowest rates
occurred during the winter season when most
respiratory infections were expected.

The upper respiratory infection was by far the
most frequently reported illness by primary con-

TABLE 7-11.—Population of Primary Contacts for the Skylab Missions

{ Number of primary contacts

Location of primary contacts

Skylab
mission
’ Class A Class B Total JSC KSC Other
2 280 340 620 561 36 23
3 316 393 709 620 33 56
4 (Pre-)* 300 333 633 550 35 48
4 (Post-)* 108 32 140 121 0 19

1 Preflight plus first 21 mission days.
2 Mission day 22 through 7 days after recovery.

TABLE 7-111.—Active Surveillance of Class A Primary Contacts

Skylab mission Total

Active surveillance 3 # 4 number
Class A contacts examined 1124 1104 12556 3483
Contacts referred to clinic 0 19 23
Examining days 22 29 80
Contacts examined/day (avg) 50 43 44
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TABLE 7-IV—Location of Primary Contacts Reporting Illness

Skylab Number of illnesses reported
nisst Total/miss
mission JSC KSC otal/mission
2 67 3 70
3 61 20 81
4 (Pre-)* 36 1 37
4 (Post-)* 9 0 9
Total 173 24 197

1 Preflight plus first 21 mission days.

2 Mission day 22 through 7 days after recovery.

TABLE 7-V.—Rate of Iliness Events Reported by Primary Contacts

Skylab mission

Primary contact group

2 3 4 (Pre-)* 4 (Post-)?
Class A contact #10.5 8.6 8.8 +15.0
Class B contact 10.9 8.2 ‘48 3.6
Both 10.7 8.4 6.7 6.2

1 Preflight plus first 21 mission days.

1 Mission day 22 through 7 days after recovery.
3 Rate expressed as number of illnesses reported per 1000 persons per week.

4 Based on 5 or less events.

TABLE 7-VI.—Type of Ilinesses Reported by Primary Contacts

Total reported
(all missions)

Percent reported
per Skylab mission

Symptom complex’

Percent of

Number* total * ? s :

Upper respiratory
infection 09 81 79 83 80
Bronchitis 8 4 6 2 4
Pneumonia 0 0 0 0 0
Upper enteric illness 13 7 9 4 9
Lower enteric illness 13 7 6 9 4
Fever present 20 10 6 14 11
Headache present 11 6 4 9 2
Skin infection present 12 6 7 £ 2
Other infectious illness 2 al 1 1 0

1 One illness may contain more than one symptom.

2 Skylab 2 and 4 only; see text.
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TABLE 7-VII.—Location of Primary Contacts
Reporting Contact to an Infectious Illness

Number of contacts reported
Skylab Total/mission
mission
JSC KSC

2 49 0 49
4 (Pre-)?* 19 1 20
4 (Post-)? 4 0 4

Total 72 1 73

1 Preflight plus first 21 mission days.
2 Mission day 22 through 7 days after recovery.

TABLE 7-VIII.—Rate of Contacts to Illness
Reported by Primary Contacts

Skylab mission
Primary contact group

2 4 (Pre-)* 4 (Post-)*
Class A $10.8 4.6 “3.6
Class B 4.7 2.8 0.0
Both 7.5 3.6 LA

1 Preflight plus first 21 mission days.

2 Mission day 22 through 7 days after recovery.

3 Rate expressed as number of contacts to illness reported per 1000
persons per week.

4 Based on 4 events or less,

tacts (table 7-VI). Symptom complexes other
than the upper respiratory infection were rela-
tively low and equally distributed in number. All
of the percentages were below 10 percent with the
exception of the reported presence of fever which
reached 14 percent on Skylab 8 and 11 percent on
Skylab 4.

As with the illness reporting, the vast majority
of reports of contact to illness originated from the
primary contacts at the Johnson Space Center
(table 7-VII). Of a total of 73 reports only two
came from other sources on the Skylab 2 and
Skylab 4 missions. Skylab 3 contacts to illness are
not reported here due to an error in recording
reports. The rates of reporting contacts to illness
are shown in table 7-VIII. Although Skylab 3
data are not available, the reporting trend appears
to decrease in rate in the same manner as illness
reporting.

Exposure to persons with upper respiratory in-
fections was the most frequently reported contact
with illness, with 57 percent and 67 percent re-
ported for Skylab 2 and Skylab 4, respectively
(table 7-IX). A greater percentage of upper and
lower enteric illness contacts were reported for
Skylab 4 than for Skylab 2. None of the Skylab 4
reports involved skin infections while 18 percent

TABLE 7-1X.—Types of Illnesses With Which Primary Contacts
Reported Contact

Total reported Percent reported
(All missions) per Skylab mission
Symptom complex*
Percent of 2 i
Number*® total *
Upper respiratory
infection 44 60 57 67
Bronchitis 3 4 4 4
Pneumonia 2 3 2 4
Upper enteric illness 9 12 10 17
Lower enteric illness 9 2 8 21
Fever 8 11 6 21
Headache 7 10 8 13
Skin infection 9 12 18 0
Other infectious illness 4 5 8 0

1 One illness may contain more than one symptom.

2 Skylab 2 and 4 only; see text.
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of the Skylab 2 reports involved contact with skin
infections.

Figures 7-1 and 7-2 show plots of weekly re-
ported illnesses and exposure to infectious diseases
for Skylab 2 and Skylab 4. Correlation in the
reporting of the two events can be observed on both
Skylab 2 and Skylab 4. The decreasing rate of
reporting contacts parallels the decreasing rate of
illness reporting. The pattern of reporting for
illness events throughout the Skylab Program is
illustrated in figure 7-3. An increased rate of re-
porting occurred during the preflight and post-
flight isolation periods. Immediately after launch,
reporting decreased and remained low during the
missions. Primary contacts responded to the Sky-
lab Flight Crew Health Stabilization Program
when it was obvious to them that reporting would
be helpful. To the primary contact the most obvi-
ous time for reporting was the time when the
crewmen were physically present.

A summary of the illness occurrences in the
Apollo and Skylab crewmen at mission critical
times is presented in table 7—X. A high rate of in-
fection occurred in crewmen from Apollo 7
through Apollo 13 in the absence of a Flight Crew
Health Stabilization Program (refs. 4, 5). The in-
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Number of infectious illness events or contacts

0 o (Y T O T | h
7142128 5121926 2 7 16 23 30
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Week of onset, 1973

FiGure 7-1.—Skylab 2 Flight Crew Health Stabilization

Program.

fections included a number of upper respiratory
infections, viral gastroenteritis, and one rubella
exposure. These infections are notably absent with
the beginning of the Flight Crew Health Stabili-
zation Program on Apollo 14 through the Skylab
4 mission. During the missions of Skylab 3 and
Skylab 4 a minor skin infection, or rash, occurred
on two of the crewmen of each mission. It is doubt-
ful that either of the latter could have been pre-
vented by the measures taken in the health
stabilization programs as each problem appears to
have occurred for reasons other than preflight
exposure. The results indicate that the Flight
Crew Health Stabilization Program has success-
fully accomplished its goal in reducing the number
of illness exposures to flight crewmen.

Conclusion

The majority of illnesses and contacts to ill-
nesses reported by the primary contacts was the
upper respiratory infections. Enteric illnesses rep-
resented the next most common illness, but these
were relatively rare compared to the upper re-
spiratory infections. The Skylab Flight Crew
Health Stabilization Program included a number
of preventive measures to reduce the spread of
respiratory infections. This emphasis was well
placed.
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FiGuRe 7-2.—Skylab 4 Flight Crew Health Stabilization
Program.
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Ficure 7-3.—Skylab Flight Crew Health Stabilization Program pattern of reporting.

TABLE 7-X.—FE ffect of the Flight Crew Health Stabilization Program
on the Occurrence of Illness in Prime Crewmen

Health stabilization program absent Health stabilization program operational
Number of Number of
Mission Illness  crewmen Time | Mission Illness  crewmen Time
type’ involved  period* type* involved  period*

Apollo 7 URI 3 M Apollo 14
8 VG 3 P,M 15
9 URI 3 E 16
10 URI 2 P 17 SI 1
11 Skylab 2
12 SI 2 M 3 SI 2 M
13 R 1 | 4 SI 2 M
1]llness type: 2 Time period:
URI, Upper respiratory infection. M, During mission.
VG, Viral gastroenteritis. P, Premission.

SI, Skin infection.
R, Rubella exposure.
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By training primary contacts to report illness
and by using a nurse in active surveillance, the
Skylab Flight Crew Health Stabilization Program
seems to have been effective in reducing the num-
ber of infectious illness contacts with the crew-
men during the isolation period. The effort made
to reduce the number of primary contacts was of
greatest importance to the goals of the program.
Limiting crew contact to a defined, and medically
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CHAPTER 8

N77-33788

Skylab Environmental and Crew Microbiology

Studies

GERALD R. TAYLOR,* RICHARD C. GRAVES,* ROYCE M. BROCK-
ETT,” J. KELTON FERGUSON,* AND BEN J. MIESZKUC *

HE OBJECTIVES of the Skylab mircrobiology
Tstudies were to detect the presence of poten-
tially pathogenic micro-organisms on the crew-
members and their spacecraft and to obtain data
which would contribute to an understanding of the
response of the crew’s microbial flora to the space
flight environment. These data were interpreted
in light of the theories of microbial simplification,
intercrew transfer of medically important micro-
organisms, in-flight autoinfections, and postflight
microbial shock, which have been proposed by
various authors (ref. 1).

Before and after each flight, the 12 areas out-
lined in table 8-1 were sampled from each astro-
naut. Two calcium alginate swabs, wetted in
phosphate buffer, were used to sample the nostrils
and each external body surface area. A single, dry
alginate swab for virological analysis was used to
sample the throat. Phosphate buffer was used to
wash the oropharyngeal cavity. Additionally, a
midstream urine sample was collected from the
first void of the day and fecal specimens were col-
lected at the convenience of the subject. In-flight
crew samples, as noted on table 8-I, were collected
16 days before termination of each Skylab mission
and returned under chilled conditions for analyses.

Samples were collected before, during, and after
each Skylab mission, as shown in figure 8-1. The
Orbital Workshop was sampled up to 10 times, in-
cluding one preflight sample set. In-flight air
samples were collected 2 days before the end of

*NASA Lyndon B. Johnson Space Center, Houston,
Texas.

* United States Air Force School of Aerospace Medicine,
Brooks Air Force Base, San Antonio, Texas.
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each mission. The Command Module was sampled
on launch and recovery days for each mission. In
all cases samples collected in-flight were stored
differently, and for a longer time than were pre-
flight and postflight samples. Therefore, direct
correlation of the resulting data is not always
applicable.

TABLE 8-1.—Crew Sample Collection Sites?!

Sample

designation Area sampled

Neck 13 em?® below hairline at base of neck.

Ears? Right and left external auditory canals
with two revolutions of each swab in
each ear canal.

Axillae 6.5 em*® below hair area on each side.

Hands 6.5 cm® on right and left palms.

Navel The internal area of the umbilicus, and a
surrounding 13 c¢m® area with at least
two revolutions made with each swab.

Groin 5 cm strip from rear to front on right and
left inguinal area between legs.

Toes * Area between the two smallest toes of each
foot.

Nares * Both nostrils.

Throat swab? Surfaces of tonsils and posterior pharyn-
geal vault swabbed with each of two dry
calcium alginate swabs.

Gargle 60 cm?® phosphate buffer used as gargle
and washed through oral cavity three
times.

Urine 60 cm ® midstream sample.

Feces Two samples of 100 mg each taken from

center of the fecal specimen.

1 All samples collected before and after each flight.
2These samples also collected in-flight 16 days before return from
Skylab.
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FIGURE 8-1.—Skylab microbiology sample collection scheme (1973-74).

In excess of ten thousand selected microbial iso-
lates were analyzed by quantitation, identification,
and characterization. For this report, the effects
of space flight conditions on microbial populations
will be examined only to the first level of complex-
ity. That is, only alterations affecting the total
autoflora will be evaluated, More detailed analyses
conducted at increasing degrees of complexity will
be published elsewhere.

Results and Discussion

Changes in the Habitability of the Skylab En-
vironment.—Microbial Content of In-flight Skylab
Air.—The concentration of bacteria recovered
from air samples obtained 2 days before return
from each Skylab visit are displayed in figure
8-2. Low levels of in-flight bacterial contamina-
tion were observed on the first two missions,
whereas the recovery from Skylab 4 was consider-
ably higher, These higher counts were due en-
tirely to an influx of Serratia marcescens, a
micro-organism which has been shown to produce
various infections in man (ref. 2). Whereas this
species was not recovered from any preflight crew
sample analysis, it was recovered from multiple

sites from all three Skylab 4 astronauts immedi-
ately upon recovery. Further, this species persisted
in the nasal cavity of the Pilot throughout the
postflight quarantine period. Subsequent investi-
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% 200 |- /
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Skylab 2 Skylab 3 Skylab 4
F1GURE 8-2.—Concentration of bacteria in the Skylab air

from samples collected 2 days before mission termination.
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gation demonstrated several potential sources
of this micro-organism in the Skylab environment.
However, these potential sources could not be
sampled in-flight and, therefore, a direct correla-
tion could not be made. By active microbial mon-
itoring, the release of this microbial contamination
into the Orbital Workshop was traced from possi-
ble sources, was detected in the Skylab air, was
subsequently recovered as a new species from all
three crewmembers, and was ultimately shown to
colonize the nasal passages of one astronaut.
Bacterial Recovery from Sample Sites within
the Skylab Orbital Workshop.—The total concen-
trations of viable bacterial cells recovered from
the Skylab spacecraft surface sites at wvarious
sampling periods are presented in figure 8-3. These
in-flight samples were collected to evaluate the
level of microbial contamination occurring in the
Orbital Workshop. The results of analyses of sam-

ples collected prior to launch are typical of a clean
(although obviously not sterile) environment. The
reduction of aerobic bacteria recovered from the
Skylab 2 in-flight samples is probably a reflection
of the thermal problems experienced in the Orbital
Workshop after launch. Although there was a
simultaneous tenfold increase in the presence of
anaerobic bacteria, the Skylab 2 crew apparently
entered a very clean environment, which remained
relatively clean during the mission.

The recovery of both aerobic and anaerobic bac-
teria from the Skylab 3 mission increased another
1 to 2 logo units, with no apparent reason except
for increased length of habitation by the crew-
members. During the 84-day Skylab 4 mission the
total concentration of aerobic bacteria remained
nearly constant although anaerobe recovery de-
creased significantly. This drop was due to the
loss of Propionibacterium acnes which contributed
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FiGURE 8-3.—Concentration of bacteria on surfaces in the Skylab spacecraft.




56 BIOMEDICAL RESULTS FROM SKYLAB

strongly to the anaerobe population of the other
two Skylab missions. This loss of P. acnes reflects
a similar loss of anaerobic bacteria from the skin
surfaces of the astronauts (these data will be
presented later in this paper). Therefore, this de-
crease in anaerobic bacterial contamination of the
Skylab, was shown to directly reflect a decrease
in these same microbes in the contaminating res-
ervoir, the skin of the astronauts.

The recovery of aerobic bacteria from 15 sites
within the Apollo Command Modules, sampled im-
mediately before and after each mission to the
Skylab, are summarized in figure 8-4. Whereas
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FicURE 8-4.—Concentration of aerobic bacteria on surface
in the Command Module.

there was some variation in the contamination
level of the different Command Modules, there
were no major differences between preflight and
postflight values for a particular Command Mod-
ule. Therefore, the variations noted in the Orbital
Workshop could not be shown to affect population
levels in the Command Modules.

Fungal Recovery from Sample Sites within the
Skylab Orbital Workshop.—It had been suggested
that molds would present problems on long-term
space flights, especially if high humidities were
experienced (ref. 3). Figure 8-5 shows the num-
ber of fungal isolations from the Skylab vehicle
before launch and during each mission, These

numbers were low until the Skylab 4 mission. Al-
though overall humidity was low on the Skylab 4
mission, local areas of high humidity cannot be
entirely eliminated. The reasons for the large in-
crease in fungal isolations on Skylab 4 have been
well established. Early in the Skylab 4 mission, it
was discovered that “mildew” was present on the
liquid-cooled garments which had been previously
stowed aboard. A sample was taken off this growth,
and one liquid cooled garment was returned for
additional sampling. In general, the species of
fungi isolated from surface samples and air sam-
ples were the same species isolated from the liquid
cooled garment. These same micro-organisms also
contaminated the Petri dishes of the ED31 experi-
ment flown on Skylab 4. It is apparent that the
liquid-cooled garments were the source of spore
contamination since some of these garments had
not previously been removed from their original
containers, but were subsequently found to harbor
these micro-organisms.
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F1GURE 8-5.—Fungal isolations from surfaces in the Skylab
spacecraft.




SKYLAB ENVIRONMENTAL AND CREW MICROBIOLOGY STUDIES 57

This contamination was also reflected in the re-
covery of fungi from the crew samples collected 16
days before return from Skylab. For Skylab 2 and
Skylab 3, a total of two and zero filamentous
fungi, respectively, was isolated from the crew in-
flight. On Skylab 4 a total of 11 fungi were iso-
lated, including a significant contamination to the
astronauts. It is important to note that this con-
tamination to the crew was demonstrated 62 days
after the first exposure to the liquid-cooled gar-
ments, indicating either continued contamination
from inanimate sources, abnormally slow return
to normal levels, or both.

The number of fungal species isolated from the
15 Command Module sites before and after each
Skylab mission is shown in figure 8—6. These data
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FIGURE 8-6.—Fungal isolation from surfaces in the Com-
mand Module.

illustrate that the fungal contamination of the
Orbital Workshop during the Skylab 4 mission did
not affect the Command Module samples collected
on recovery day. Although the Command Module
was attached to the Orbital Workshop during this
period of contamination, it was a separate entity,
out of the area of heavy use, and away from the
contaminating space suits. This relatively clean
Command Module probably contributed to the low

level of fungal contamination of the crew post-
flight.

Postflight Variation in the Major Components
of the Autoflora.—Aerobic Bacteria.—Prior to the
Skylab missions, several authors had theorized
that major microflora changes might occur during
space flight and that these changes might not be
compatible with man’s health and welfare on ex-
tended missions (refs. 4, 5, 6, 7, 8,9, 10, 11, 12, 13,
14, 15). The theoretical change which was most
often proposed called for a “microbial simplifica-
tion” which may be defined as a major decrease in
the number of different types of micro-organisms
in the autoflora. To evaluate this hypothesis, the
variations of the aerobic bacterial portion of the
total autoflora within sample collection sites were
analyzed as shown in figure 8-7. This analysis
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FIGURE 8-7.—Postflight change in aerobic bacteria.

shows that the frequency with which recovery day
values lie outside the preflight range is similar for
the 10-day Apollo 14 mission and the three Skylab
missions. More specifically, the total number of
viable cells recovered was frequently higher post-
flight whereas the number of genera and species
decreased in all missions except Skylab 4. There-
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fore, it is possible to make the following observa-
tions concerning recovery of aerobic bacteria
following these space flights. Values obtained from
immediate postflight sample analyses are fre-
quently outside of the established preflight range.
When different, these values most often reflect an
increase in total number of viable cells and a de-
crease in the number of different genera and spe-
cies recovered.

Anaerobic Bacteria.—A similar analysis of the
anaerobic bacterial portion of the total autoflora
is shown in figure 88, The analysis presented in
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F1cure 8-8.—Postflight change in anaerobic bacteria.

this figure illustrates that the anaerobic portion
of the autoflora behaves quite differently than the
aerobic portion. The frequency and direction of
postflight change is different from each Skylab
mission, but apparently is not related to mission
duration (as the 10-day Apollo 14 and the 84-day
Skylab 4 results are most similar). Following the
Apollo 14, Skylab 2 and Skylab 4 missions, fewer
viable anaerobic cells and fewer genera and spe-
cies were recovered from up to 70 percent of the
sites sampled. However, this is not a universal
event as all of these values increased in some sam-

ple areas following Skylab 3 mission. These post-
flight increases were due to an unusually high
level of contamination with Propionibacterium
acnes on the skin of the Skylab 8 astronauts which
matched exactly the increased contamination of
Skylab surfaces mentioned earlier.

The summaries presented in figures 8-7 and 8-8
indicate that, whereas the trends are not inviolate,
the following conclusions may be stated. Gross
numerical changes in the autoflora cannot be cor-
related with mission duration up to 84 days. Total
numbers of viable bacterial cells tend to increase
for aerobes and decrease for anaerobes. The num-
ber of different aerobic genera and species change
little, whereas there is generally a decrease in the
number of different anaerobic types recovered.

Yeasts and Filamentous Fungi.—We have previ-
ously shown, as demonstrated in figure 8-9, that
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FiGURE 8-9.—Total number of fungal species recovered
from each set of Apollo 14 and 15 crew samples (ref.

16).

for the Apollo missions there was, typically, a
significant reduction in the number of isolated
fungal species up to the launch day. This was
taken to be indicative of severely restricting op-
portunities of contamination to the crew for 3
weeks before flight. Analysis of postflight Apollo
data indicated that exposure to the space flight
environment for up to 2 weeks resulted in an even
greater reduction with a relative increase in inci-
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dence of the potential pathogen, Candida albicans
(ref. 16).

Essentially the same pattern may be demon-
strated from the Skylab 2 and Skylab 3 data, as
shown in figure 8-10. However, fungal recovery
was not depressed following the 59-day mission of
Skylab 3, indicating increased exposure to fungi
within the Skylab. Results of the same analyses
for Skylab 4 are also shown in figure 8-10 where
essentially the same pattern is again demonstrated.
This is an important observation in light of the
previously mentioned in-flight contamination of
the Orbital Workshop and Skylab 4 crew and the
fact that the Skylab 4 Pilot sustained a “rash” in-
flight which was presumed to be a mycotic infec-
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tion and responded to treatment with Tinactin®.
In spite of the gross contamination, the probable
mycotic infection, and the epic length of the space
flight, approximately the same number of fungal
isolates were recovered from the Skylab 4 crew-
members throughout the 17-day postflight quaran-
tine period. This indicates that with adequate
preparation, monitoring, and treatment (if neces-
sary) it is possible to control mycological prob-
lems in space for missions of this length where the
humidity is generally low.

Behavior of Medically Important Components
of the Autoflora.—Opportunity for Postflight
Microbial Shock.—A summary of the numerical
means of recovered isolates of medically impor-
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FIGURE 8-10.—Total number of fungal species recovered from each set of Skylab crew
samples.

tant micro-organisms from all nine prime Skylab
crewmembers is presented in figure 8-11. This
summary indicates that the incidence of these
species on the body decreased during the preflight
quarantine period, to establish a low point the
morning of launch. This event no doubt reflects
decreased contact with these species during this
quarantine period. The largest number of medi-
cally important micro-organisms is recovered
from the immediate postflight sample set after
which the value returns to its near normal pre-
quarantine value.

Several authors have warned that returning
space travelers may experience a ‘“Microbial
Shock’” and may respond negatively to renewed
contact with potentially pathogenic micro-
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medically important bacteria from all three Skylab mis-
sions.
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organisms which are absent in the space flight
environment (refs. 7, 12, 17, 18, 19, 20).

This warning is based on the assumption that
contact with potential pathogens during space
flight would be limited, resulting in a reduction of
immunocompetence. However, these data show
that there is an increase in the distribution of po-
tential pathogens immediately following space
flight. This result supports earlier findings re-
ported for shorter duration space flights (refs. 14,
17, 21, 22, 23). Therefore, if a reduction in total
immunocompetence was to occur during these mis-
sions, it is difficult to see how this reduction would
be in response to decreased contact with medically
important components of the autoflora. As with
the Apollo missions, there was no clinical or micro-
biological evidence of any “Microbial Shock’ fol-
lowing any of the Skylab missions.

Intercrew Transfer of Potentially Pathogenic
Micro-organisms.—Transfer of pathogenic micro-
organisms between crewmembers during space
flight has previously been reported for missions up
to 18 days (refs. 17, 21, 22, 24). During the Sky-
lab series it was possible to demonstrate in-flight
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cross-contamination, colonization, and in-flight in-
fection with Staphylococcus awreus. Most strains
of this species, which is one of the most infectious
of the common inhabitants of man’s autoflora, may
be distinguished by their reaction with specific
bacteriophages. This allows us to monitor the ex-
change of these microbes with greater resolution.
The phage-type pattern of S. aureus recovery for
Skylab 2 is shown on table 8-II. These data show
that the same S. aureus phage type was repeatedly
recovered from the nasal passages of the Pilot,
indicating that this crewmember was a carrier of
this micro-organism, Although spread to the Or-
bital Workshop was demonstrated, there was ap-
parently no transfer to the other crewmembers
in-flight. Therefore, being restricted to a confined
space for 28 days with an S. aureus carrier does
not necessarily result in cross. infection.

A more complex situation is outlined in table
8-III. The data summarized in this table indicate
that the Skylab 3 Commander and Pilot were
both nasal carriers of S. aureus, carrying phage
type 3A and 29/79, respectively. Prior to the
flight, S. aureus was not recovered from any of

TABLE 8-11.—Staphylococcus aureus Recovered During Skylab 2 Mission

Commander Scientist Pilot Pilot Orbital workshop
Sample
period
(days) Sample Phage | Sample Phage | Sample Phage | Number Phage
site type site type site type of sites type
Preflight
E =70 *) *) ) ) Nasal 52 *) *
=40 *) ) *) ) Nasal  N.T.* (@) *)
Urine 80
F -25 Nasal N.T. *) (&) Nasal N.T. ) @)
F-15 *) ) ) ) Nasal  6/80 *) *)
K=0 *) * @) *) Nasal 80 (@) *)
Gargle 80
Scalp 80
In-flight (@) @) *) *) Nasal 80 1 N.T
Nasal 52/80 1 80
Recovery
R +0 *) *) *) *) Nasal  52/80 *) *)
R +17 *) *) (@) *) ) *) ) *)
R +18 (@) *) (@) (&) Nasal 80 ) *)
Gargle 52/80
Nasal 52/80

1Indicates no S. aureus isolated.
2 N.T., Nontypable,
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TABLE 8-III.—Staphylococcus aureus Recovered During the Skylab 3 Mission

Sample Commander Scientist Pilot Pilot Orbital workshop
period
(days) Sample Phage Sample Phage Sample Phage Number Phage
site type site type site type of sites type
Preflight
F —45 Nasal 3A *) *) Nasal 29/79 *) *)
2 skin sites 29/179
F-14 Nasal 3A *) @) Nasal 29/79 *) ™)
4 skin sites 3A (&) *)
F -5 Nasal 3A &) () Nasal 29/79 (%) &)
F -0 Nasal 3A *) *) *) *) *) *)
In-flight Nasal 3A Nasal 29/79 1 skin site N2 6 sites 3A
2 sites 29/79
Recovery
R +0 Nasal 3A Nasal 3A Nasal 29/79 *) &)
1 skin site 3A Gargle 3A Gargle 29/79
1 skin site 29/79
1 skin site 3A
R+7 Nasal 3A Nasal 3A *) &) @ )
3 skin sites 3A
R +18 Nasal 3A Nasal 3A Nasal 29/79 @) *)
Gargle 3A
2 skin sites 3A

1 Indicates no S. aureus isolated.
2 N.T., Nontypable,

the Scientist Pilot samples. Analyses of in-flight-
collected samples show that the workshop became
contamined with both phage types and that type
29/79 was temporarily transferred to the Scien-
tist Pilot. Postflight analyses show that type 3A
had spread to the Pilot but, as could be expected
(ref. 25), did not colonize this subject who was
already a carrier of another phage type. Phage
type 3A was repeatedly isolated from the post-
flight specimens of the Scientist Pilot, indicating
actual colonization. This is a clear demonstration
of in-flight intercrew transfer of a pathogenic
species where the contaminant could be shown to
have established itself as a member of the auto-
flora of the new host.

It is important at this point to relate these ob-
servations to crew in-flight illness events during
the Skylab 3 mission. The Pilot, a 29/79 carrier,
developed a hordeolum (sty) which was success-
fully treated with Neosporin®. The Commander, a
3A carrier, developed axillary swellings of a fu-
runcle (boil) type which were treated with warm
compresses. As neither of these infections were

draining, in-flight contingency samples were not
taken, so we do not know for sure the identity of
the causative agent. However, we do know that the
causative agent of both of these maladies is usu-
ally S. aureus, and both of these individuals were
carriers of this micro-organism. Therefore, it is
accurate to say that we have traced the develop-
ment of a pathogenic micro-organism from its
preflight carrier state in two crewmembers
through in-flight contamination of the Orbital
Workshop, and colonization on the third crew-
member. Also, it is highly probable that this
species was responsible for the active in-flight
infections of the two S. aureus carriers.

Conclusions

A general overview of some of the general con-
tamination of the Skylab vehicle and of the major
activities of the microbial autoflora of the Skylab
astronauts has been presented. These data show
that, while gross contamination of the Skylab
environment was demonstrated and there were
several in-flight disease events (presumably of
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microbial origin), such events were not shown to
be limiting hazards for long-term space flight.
Evaluation of the major groups of micro-
organisms comprising the microbial populations
tested, tended to support the theory of microbial
simplification for anaerobic bacteria, but not for
other microbes. Intercrew transfer of pathogens
was demonstrated. The data mediate against the
theory of postflight microbial shock. The question
of in-flight autoinfection remains unanswered be-
cause none of the in-flight disease events were eval-
uated microbiologically.

Further general evaluations of the dynamics of
the autoflora as a whole, and specific analyses of

References

selected species and groups, will be published
separately.
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CHAPTER 9

Radiological Protection and Medical
Dosimetry for the Skylab Crewmen

J. VERNON BAILEY,* RUDOLF A. HOFFMAN,* ROBERT A. ENGLISH 2

ADIOLOGICAL PROTECTION PLANNING for the
Skylab missions encompassed two major
areas; those radiation exposures that were “ex-
pected” whose components were known with rela-
tive certainty and those radiation exposures that
were ‘“unexpected” or completely indeterminant.
The expected radiation components were the
trapped protons and electrons of the Van Allen
Belts (figure 9-1), galactic cosmic rays, and the
emissions of onboard radiation sources (table 9-I).
The possibilities of unexpected exposure included
energetic solar particle events, high altitude nu-
clear tests, and potential problems with onboard
sources.

Premission analyses indicated that dose equiv-
alents from the nominal environment of trapped
(Van Allen Belt) particles and galactic cosmic
radiations would be well below the limits adopted
by National Aeronautics and Space Administra-
tion from the National Academy of Sciences rec-
ommendations for manned space flight (table
9-II) (ref. 1). These analyses indicated that the
Skylab 2 mission (28-day duration) would be
within the 30-day limit category, while Skylab 3
and 4 (59 days and 84 days, respectively) would
be within the 90-day category. Because the nomi-
nal environment would result in doses well below
these limits, operational radiation support was
geared toward rapid identification and reaction
to any enhanced radiation situation.

Spacecraft Radiation Monitoring

Mission rules establishing mandatory onboard
decisions concerning a radiation enhanced environ-

* NASA Lyndon B. Johnson Space Center, Houston,
Texas.

64

ment were written only for the relatively radia-
tion sensitive intervals of extravehicular activity.
Therefore, the astronauts were provided instru-
mentation and training to insure that the crews
aboard Skylab could act autonomously during pe-
riods of planned or unexpected communication
loss.

The onboard instruments available for crew
readout included a portable rate survey meter and
three (plus a spare) personal radiation dosimeters
which display integrated dose in 10 millirad inte-
grals. The personal radiation dosimeters and rate
survey meter provided the dual functions of extra-
vehicular activity dosimetry and dose rate moni-
toring, plus vehicle area monitoring in the
intervals between extravehicular activities.

Routine monitoring of dose rates at a fixed loca-
tion aboard the Skylab vehicle was performed by
an ionization chamber instrument, the Van Allen
Belt Dosimeter. Electron and proton fluences
(particles/ecm?) were monitored by an electron-
proton spectrometer mounted on the exterior of
the spacecraft. Rate data from these instruments
were telemetered or recorded for later transmis-
sion to ground, and were not available for direct
crew readout.

Passive Dosimetry

Each crewman was provided with a passive
dosimeter packet to be worn continuously
throughout the mission. The packet weighed ap-
proximately 14 g (one-half oz), and was designed
to be worn on a soft strap on the ankle or wrist.
The packet contained the following dosimetry
materials for postflight analysis: densitometric
film, nuclear track emulsions, polycarbonate and
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cellulose nitrate track detectors, lithium fluoride ysis, and radiological health. Spacecraft data,
(TLD-700) chips, and tantalum/iridium foils. satellite information, and solar observatory re-
In addition to passive dosimeters worn by the ports were utilized in evaluating the space en-
crewmen, passive dosimeters were placed within vironment, especially vrelative to radiation
the Orbital Workshop’s film storage vault for the enhancement. The crewmen reported their per-
intervals from the beginning of Skylab 2 to the sonal radiation dosimeter readings (as integrated

end of Skylab 2 (28 days) and from the beginning dose) on a daily basis, plus additional readings
of Skylab 2 to the end of Skylab 3 (123 days). The before and after each extravehicular activity.

film vault dosimeters were placed in locations with These readouts confirmed a continuously nominal

aproximate 2+ shielding values of 13 and 23 g/cm? radiation environment throughout each of the

aluminum.! Relative to proton range in tissue, three missions.

these depths in aluminum correspond to soft tissue Although there were no radiation enhance-

depths of approximately 10 and 19 cm, respec- ments, the mission was not totally uneventful

tively. from a radiation standpoint. A few highlights are

e 1% as follows.

Hiound ladiaion Monioridg Solar Activity—The Skylab missions were
Radiation protection support was provided by flown during a period when solar activity was

specialists in communications, computational anal- approaching a minimum in the Sun’s solar cycle.

Nevertheless several events of scientific interest
27 mean values are somewhat greater than 13 and 23 occu¥'l'ed dgrlpg the Skylab missions, however,
g/cm?, The remaining 27 shielding is > 23 g/em?® for both particle emissions from these events were of low
locations. energy and relatively low intensity. These char-

! Due to the rectangular shape of the film vault, actual
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TABLE 9-1.—Radiation Sources Aboard the Skylab Vehicle

Activity
. Item Source
identification Location material Per No. of
item items Total
Photometer cali- Forward Pm-147 8 mCi 1 8 mCi
bration source compart-
experiment T027. ment.
Light source for Experiment H-3 100 mCi 2 200 mCi
otolith goggles compart-
experiment M131. ment,
Dial lettering Forward Pm-147 NA NA 200 mCi
experiment S019. compart-
ment.
M552 Ampoules. Stowage Ag-110m 20 uCi 4 80 uCi
compart-
ment.
M558 Ampoules. Stowage Zn-65 13 uCi 3 39 uCi
compart-
ment.
Docking target External Pm-147 300 mCi 66 19.8 Ci
axial. on the MDA.
Docking target External Pm-147 300 mCi 66 19.8 Ci
radial. on the MDA.
CO; Partial Internal Am-241 454.2 uCi 12 5.5 mCi
pressure sensors on AM.
G&N main frame Command Th-232 NA NA 34.1 uCi
(PSA and CDU). module.
Astronaut Worn. H-3 4.21 mCi 3 12.6 mCi

chronographs.

mCi, millicurie.
'uCi, microcurie.

NA, not applicable.

acteristics, coupled with the shielding effect of the
Earth’s magnetic field, reduced radiation doses
from solar particles to below the limits of detect-
ability for onboard dosimetry instrumentation
(<10 millirad per event).

Nuclear Events.— A series of four nuclear de-
vices were detonated by France at their Murora
Test Site during Skylab 3. The tests produced no
ionizing radiation problems for Skylab. However,
the possibility of eye damage to the crew from ac-
cidental observation of a test was recognized.

MDA, Multiple Docking Assembly.

Therefore, visual observation of ground sites in
the vicinity of the test area was completely
avoided.

Onboard Radiation Source Problems.—One of
the larger onboard sources (approximately 200
mCi of promethium-147) was radioluminescent
markings on knobs and dials of an experimental
device, the experiment S019 “Articulated Mirror
System.” Roughly half of the total activity was ap-
plied to digital readout belts and wheels within a
readout subassembly. Two malfunctions occurred
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TABLE 9-I1.—Radiation Exposure Limits

Bone Skin Eye

Constraints in rem (5 em) (0.1mm) (3 mm)

1 yr avg daily rate 0.2 0.5 0.3
30-day max. 25 5 37
Quarterly max. 35 105 b2
Yearly max. 75 225 112
Career limit. 400 1200 600

with the device in-flight. First, a number of radio-
luminescent numerals (about one mCi each) be-
came detached from one of the dial wheels, and
second (perhaps because of the first), a belt of
numerals became jammed and failed to indicate
instrument position in the 10’s and 100’s places of
rotational attitude.

The possibility of numeral detachment had been
recognized late in the preflight preparations for
the missions and the dial subassembly had been
gasket-sealed to preclude escape of promethium-
147 into the spacecraft atmosphere. The problem
during the flight became one of how to obtain
valid experimental results, either by fixing the
jammed belt (without release of promethium-147)
or by finding an alternative alignment method for
the experiment. Ground based testing with a train-
ing model of the experiment equipment deter-
mined that the numeral belt could not be freed
without breaking into the sealed dial unit. In the

meantime, an alternative alignment method was
devised and tested. The alternative method was
successful and was utilized for the remainder of
the mission.

Dosimetry Results

Integrated radiation doses at a tissue depth
equivalent to lens of the eye were obtained daily
by crew readout of personal radiation dosimeters.
These dosimeters were worn the first 4 days of
each mission and on all extravehicular activities.
During the duration of each mission, the instru-
ments were placed in the designated assigned po-
sitions shown in table 9-III. Mean dose rates for
similar positions in consecutive missions show a
trend toward increased values as use of food,
water, propellants, and other expendables reduced
the overall spacecraft shielding. Thermolumines-
cent dosimeter results of the crew-worn passive
packets are shown in table 9-III for comparison
with the rates found throughout the spacecraft.

An upper limit estimate of the hard galactic
radiation contribution is approximately 18 milli-
rad per day; the approximate lower limit is 12
millirad per day. Comparison of these rates with
the overall mean dose rates shown in table 9-III
indicates that the galactic component accounted
for 30 to 50 percent of the observed film vault
doses, and roughly 20 to 30 percent of the crew
dose means.

TABLE 9-I1I.—Mean Daily Doses Within Skylab Vehicle

Skylab missions (rad/day)

Location
2 3 4
Crew TLD (Mean * o) 0.057+0.003 0.065+0.005 0.086+0.009
Film vault, drawer B 0.041 0.038
Film vault, drawer F 0.037 0.030
Command mod., B-1 0.080 10.073 0.084
10.085

Stowed crew PRD’s:

Experiment comp 0.054 0.047 0.070

Sleep compartment 0.083 0.082 0.091

—Z SCI airlock 0.071 0.110

+Z SCI airlock 0.126
Mean, outside vault + o 0.069+0.013 0.77+0.021 0.091+0.021

1 A constant, dose independent, integration rate (0.12 rad/day) was observed in this instrument post-
flight, If initiated at launch, true in-flight rate would be 0.078 rad/day; if initiated at splashdown, rate of

0.085 rad/day would be valid.

TLD, Thermoluminescent Dosimeters.
PRD, Personal Radiation Dosimeters.
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The majority of the remaining dose originates
from protons of the Van Allen Belts and softer
secondary radiations generated by passage of the
primary particles through spacecraft materials.

The evaluation of dose equivalents for mixed
radiations in space is a complex subject and it is
recommended that the reader consult the litera-
ture for rigorous discussion on this subject. There
are, however, some notable findings which should
be covered.

Primary FElectrons.—Van Allen Belt electrons
did not penetrate into the spacecraft, nor were
they found to penetrate deeply enough (3 mm
tissue equivalent) during extravehicular activities
to register on either the passive dosimeters or
personal radiation dosimeters. Consequently, elec-
tron doses to the skin (tissue depth: 0.1 mm below
0.2 g/cm? of space suit shielding) were calculated
from electron-proton spectrometer data.

Dose Versus Shield Depth.—Doses to the blood
forming organs (tissue depth: 5 ecm) were found
to average 0.66 of the doses observed to the skin.
These dose averages were obtained by integration
of outputs from the dual sensors of the Van Allen
Belt Dosimeter. The value of 0.66 also is in good
agreement with a value obtained by interpolation
between crew-worn and film vault dosimeter re-
sults.

The sole difference between skin and eye doses
(0.1 mm and 3.0 mm tissue depth, respectively) is
the added dose to skin from electrons during extra-
vehicular activities.

Quality Factor Versus Shield Depth.—Film
vault shielding was found to be relatively ineffec-
tive from a simple dose reduction standpoint
(table 9-IIT). Despite the small dose reduction,
however, quality factor could have decreased sub-
stantially if the dose reduction was solely due to
filtering of lower energy particles. On the other
hand, secondary buildup processes tend to in-
crease quality factor as a function of shield depth.
These competing effects could not be calculated
accurately prior to the mission. Therefore, we have
relied primarily on postmission nuclear emulsion
analyses of the film vault dosimeters to deter-
mine space radiation quality as a function of
shielding.

Comparison of emulsion data from the dosime-
ters worn by the crew and film vault dosimeters
indicates that the filtering mechanism (reduced

quality factor) is slightly dominant at shield
depths up to 23.3 g/em? aluminum. At blood form-
ing organ depth (5 cm tissue), quality factor is
estimated equal to 1.5. In comparison, a quality
factor of 1.6 is found for the crew-worn dosimeters
beneath 0.3 g/cm? of tissue equivalent shielding.

Neutron Dosimetry.—Details of the iridium/
tantalum neutron dosimetry system have been
published previously (ref. 2). Thermal (0.02 to
2.0 electronvolts) and intermediate (2.0 to 2103
electronvolts) neutrons were found to contribute
to crew dose equivalent at a combined rate of ap-
proximately 0.1 millirem/day.

Direct measurement of fast neutron fluence by
suspended track analysis of crew-worn nuclear
emulsions was not possible due to the high track
densities obtained on the Skylab missions. How-
ever, upper limit dose calculations have been made
based on nuclear emulsion disintegration star anal-
yses (to determine neutron production rates) and
iridium/tantalum evaluation, assuming that all
activation is due to tissue albedo. Both methods
show excellent agreement with upper limit rates

TABLE 9-1V.—Skylab Mission Dose Comparisons

Crewman and parameter Skylab 2 Skylab 3 Skylab 4

Commander (rad, TLD) 1.62 3.67 18.02
p+ EVA (rad, PRD) 0.13 0.01 0.25
e— EVA (rad, CALC) 1.07 1.50 1.34
Skin (rem) 3.66 7.37 14.17
Lens (rem) 2.59 5.87 12.83
BFO (rem) 1.60 3.63 7.94

Scientist Pilot (rad, TLD) 1.66 *3.73 7.36
p+ EVA (rad, PRD) 0.10 0.06 0.10
e— EVA (rad, CALC) 0.85 2.65 6.07
Skin (rem) 3.51 8.62 17.85
Lens (rem) 2.66 5.97 11.78
BFO (rem) 1.64 3.69 7.29

Pilot (rad, TLD) 1.81 4.21 6.80
p+ EVA (rad, PRD) 0.09 0.09 0.06
e— EVA (rad, CALC) 0.25 1.15 5.22
Skin (rem) 3.15 7.89 16.10
Lens (rem) 2.90 6.74 10.88
BFO (rem) 1.79 4.17 6.73

PRD mean, 4 LOCS (rad) 1.98 4,71 7.81

1CALC wrist equivalent for 8.68 measured at ankle,
2 CALC wrist equivalent for 4.75 measured in sleep comp.

NoTE: Quality factors used for proton doses to skin and eye = 1.6.
quality factor for BFO = 1.5. Electron Dose applied to skin only: Qual-
ity factor = 1.0.

TLD, Thermoluminescent Dosimeter.
PRD, Personal Radiation Dosimeter.
BFO, Blood Forming Organs.
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of approximately 12.5 millirem per day for fast
neutrons with mean energy of approximately one
megaelectronvolts.

Conclusion

Table 9-1V summarizes the dosimetry results for
each crewman of the Skylab missions. As indi-
cated in this table, there were certain variations
in passive dosimeter wearing habits which re-
quired adjustments for data comparison purposes.

Dose equivalents received by the Skylab 4 crew-
men were the highest received in any NASA
mission to date, but remained well within the
limits established for the Skylab missions. Due to
the low rates involved (for example, less than 100
millirem per day to blood forming organs), dose
equivalents for each crewman were well below
the threshold of significant clinical effect. These
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CHAPTER ].0

Toxicological Aspects of the Skylab Program

WAYLAND J. RIPPSTEIN, JR.® AND HOWARD J. SCHNEIDER 2

TOXICOLOGICAL SUPPORT CAPABILITY was estab-
lished during the early developmental phases
of the Skylab Program. From past experiences
with closed-loop environmental operations, such as
in submarines and manned chamber tests, it had
been found that the buildup of trace contaminant
gases could result in conditions which could cause
mission termination. It was also recognized from
the experience gained in the Apollo Program that
the use of newly developed nonmetallic material,
especially the fluoronated polymers, required
toxicological considerations, and that special con-
sideration be given to the testing for outgassing
products.

It was known early in the program that the pos-
sibility of carbon monoxide buildup in the space-
craft cabin would also require special attention.
None of the environmental control life support
systems in previous spacecraft nor in Skylab were
designed to provide carbon monoxide removal. It
was therefore imperative that the selection of ma-
terials for use in the Skylab interior include con-
sideration for the outgassing of carbon monoxide.
It should be noted at this point that toxicological
support provided for the Skylab Program included
considerations not only for inhalation toxicity, but
also ingestion, eye contact, and skin contact toxic-
ity. Since the latter three areas of toxicology re-
quired attention so infrequently, they are not
discussed in this paper.

Procedures

To provide a safe breathing, habitable environ-
ment for the Skylab crew, several measures were
adopted early in the program. The most important

*NASA Lyndon B. Johnson Space Center, Houston,
Texas.
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of these was a nonmetallic materials screening
program which was designed to eliminate those
materials that would cause problems from their
outgassed products. The screening program was
based upon measuring the amounts of carbon
monoxide and total organics outgassed per unit
weight of each candidate material. Levels of ac-
ceptance were established for both carbon monox-
ide and total organics based upon the spacecraft
habitable volume, the trace gas removal rate by
the environmental control life support systems,
and the cabin leak rate.

Where newly developed polymers were consid-
ered for use as electrical component potting com-
pounds or electrical wire insulators, pyrolysis
products of these materials were used to determine
toxicological limits. The amount of material re-
quired to kill 50 percent of the exposed animals
identified as lethal dose 50 (LDj;,) was determined.
In these cases, material selection included both
outgassing data and LD;, information. To prevent
inhalation exposures to toxic effects from chemical
compound (s) contained in the pyrolysis products,
chemical analyses using mass spectral and gas
chromatographic procedures were performed.
These analytical procedures were also performed
when a waiver was requested on any candidate
spacecraft material that failed the carbon monox-
ide and total organics screening tests.

Problems

Following the loss of the Skylab 1 micromete-
oroid shield, a significant toxicity problem de-
veloped as a direct result of the overheating of the
Orbital Workshop interior wall insulation mate-
rial. The sensors for wall temperature indicated
that the interior walls of the Orbital Workshop had
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attained a projected temperature of 177° C
(350° F) on the skin side of the insulation and
71° C (160° F) on the interior volume side of the
spacecraft insulation. Since the insulation was
known to be a rigid polyurethane foam, a potential
hazard could develop as a result of the decomposi-
tion of the polymer to produce an isocyanate de-
rivative. Of secondary concern was the accelerated
offgassing rate of the entire nonmetallic materials
contained in the Skylab habitable volume.

Solutions

Using a piece of foam identical with that in
Skylab 1 (same chemical lot and age), a solids
probe mass spectral analysis was conducted. Poly-
mer decomposition begins at about 200° C (392°
F), but toluene diisocyanate was detected in trace
quantities from 50° C (122° F) to about 200° C
(392° F). The manufacturer reported that an
excess of toluene diisocyanate is used in the pro-
cessing of a rigid foam and the excess toluene
diisocyanate was apparently diffusing from the
foam during the lower temperatures prior to
thermal decomposition. Also, the blowing agent
contained in the foam, trichlorofluoromethane,
reached a maximum release rate at about 150° C
(302° F). No accurate quantitative results were
available from these analyses due to the unavail-
ability of toluene diisocyanate standards. Further-
more, at the time of the overheating of the
polyurethane foam, there existed no spacecraft
requirements for acceptable atmospheric concen-
trations of toluene diisocyanate. The maximum
allowable exposure (8-hour weighted average)
limits established by the Occupational Safety and
Health Administration (ref. 1) for toluene diiso-
cyanate is 0.14 mg/m?® [0.02 ppm standard tem-
perature and pressure (STP)]. Reports in the
literature (refs. 2, 3, 4, 5, 6, 7) all substantially
support this exposure limit.

Prior to the launch of the Skylab 2 crew two
types of gas analysis detector tubes and two acti-
vated charcoal and hopcalite masks were put
aboard the Command and Service Module to pro-
tect the unsuited crewmen upon their initial entry
into the Orbital Workshop to sample its atmos-
phere. The tubes were of the colorimetric design
and included one type for carbon monoxide and
another for toluene diisocyanate detection. The
lower sensitivity of the carbon monoxide tubes

was 11 mg/m?®, and for the toluene diisocyanate
tubes, 0.14 mg/m?. Atmospheric samples were
taken by using a syringe-type pump to flow air
through the analyzer tubes (fig. 10-1).

CO monitor tube adaptor

(orange color) Equalization

valve adaptor

TDI indicating tube

TDI adaptor

Gas sampling pump and detector tube

Key:

TDI = Toluene
diisocyanate

CO = Carbon
monoxide

CSM = Command and
service module

CSM side

Airlock hatch-equalization valve

F1Gure 10-1.—Skylab 2 gas sampling equipment.

Prior to the entry of the crew into the space
station cluster,! two precautionary measures were
undertaken to ensure that the habitable areas were
safe for manned operations. The first was a series
of pressurization-depressurization cycles of the
Skylab 1 atmosphere designed to discharge and
dilute any contaminating gases of potentially toxic
levels. In the second measure the crew sampled
the air for carbon monoxide and toluene diisocya-
nate first in the Multiple Docking Adapter and
then in the Orbital Workshop, using the supplied
analyzer tubes. The results of their analyses indi-
cated no detectable toluene diisocyanate and an
extrapolated 5 mg/m? level of carbon monoxide.

The crew energized the Skylab 1 Environmental
Control Life Support System which contained
9.02 kg (20 lbs) of activated carbon, specifically
designed to remove trace levels of contaminating

' The space station cluster is made up of the Command
Module, Orbital Workshop, Multiple Docking Adapter, and
Airlock Module.
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compounds. From prior tests it was known that
the spacecraft-type activated carbon would very
efficiently remove toluene diisocyanate. After a 30-
minute atmospheric circulation period, the crew
was given instructions to enter the space station
for manned operations. This mission and Skylab
missions 3 and 4 were accomplished without any
other atmospheric trace gas problems.

In addition to potential offgassing problems
from excessive internal temperatures in the Orbi-
tal Workshop, a leak was suspected in the coolant
system of the spacecraft. To determine the com-
position and concentration of any atmospheric
trace contaminants a unique device was used
(app. A.Il.c., fig. A.Il.c-1). The device consisted
of two small glass tubes, mounted in parallel in an
aluminium cartridge, such that an atmospheric gas
flow could pass equally through both tubes at the
same time. Each of these tubes was partially
filled (4.5 ml/tube) with a gas chromatographic
absorbent material. Aproximately 60 liters (STP)
of cabin atmosphere were passed through the de-
vice during a time span of 15 hours. Three such
samples were taken by the Skylab 3 crew on mis-
sion days 11, 46, and 77.

The analyses of the absorbed contents of the
three samples (three pairs of tubes) indicated the
presence of more than 300 compounds in the Sky-
lab atmosphere during the occupancy of the Sky-
lab 3 crew. Of this number, 107 (ref. 8) were
identified by mass spectral methods. The molecu-
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lar weights for the identified compounds ranged
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Conclusion

The experiences and data gained in the Skylab
program have demonstrated that the crew was
provided with as safe an environment as could be
attained using the current state-of-the-art trace
gas removal technology. The knowledge gained in
solving the trace contaminant problems encoun-
tered in the Skylab Program will greatly aid in
providing safe, habitable spacecraft environments
for the future missions of man in space.

Acknowledgment

The authors of this paper wish to acknowledge
the important contribution of E. S. Harris of the
National Institute for Occupational Safety and
Health (formerly Head of the NASA-JSC Toxi-
cology Laboratory) in directing the toxicology
program in support of Skylab.

1. Federal Register. August 13, 1971. OSHA Rules and Regulations, Table G-1,

2.

3.

36(157) :15101.

ZAPp, J. A. Hazards of isocyanates in polyurethane foam plastic production. AMA
Arch., Ind. Health, 15:324-330, April 1957.

NIEWENHUIS, R., L. SCHEEL, K. STEMMER, and R. KiLLENS. Toxicity of chronic level
exposures to toluene diisocyanate in animals. AIHA J., 26:143-149, 1965.

. DuncaN, B., L. ScHEEL, E. J. FamrcHILD, R. KILLENS, and S. GRAHAM. Toluene

diisocyanate inhalation toxicity: pathology and mortality. ATHA J., 23:447-456.

. BruGscH, H. G., and H. B. ELKINS. Toluene diisocyanate (TDI) toxicity. New Eng.

J. Med., 268:353-357, February 14, 1963.

. Hygienic Guide Series. Toluene diisocyanate (tolylene diisocyanate, TDI). AIHA J.,

28:90-94, 1967.

. DERNEHL, C. U. Health hazards associated with polyurethane foams. J. Occup. Med.,

8:59, 1966.

. The Proceedings of the Skylab Life Sciences Symposium, 1:163-166. NASA TM

X-58154, November 1974.




SECTION II

Neurophysiology




N¢7-3379]

CHAPTER ].1

Experiment M131. Human Vestibular Function

ASHTON GRAYBIEL,* EARL F. MILLER II,* AND JERRY L.. HOMICK "

1. SUSCEPTIBILITY TO MOTION SICKNESS

RIOR TO Skylab missions, nine U.S. and four

U.S.S.R. crewmen reported motion sickness in
orbital flight (table 11.1-I). Soviet investigators
have described in detail vestibular side effects
experienced by cosmonauts on transition into
weightlessness (refs. 1, 2, 3, 4, 5, 6,7, 8), and it is
noteworthy that reflex motor phenomena were
reported far more frequently than was motion
sickness. Postural illusions were experienced im-
mediately after transition into orbit and, while
usually short-lived, some cosmonauts continued
to experience the illusion until the g-load that was
associated with reentry reappeared. Illusions
evoked by rotary motions of the head or head and
body (sensations of turning and dizziness) were
experienced not only early in flight but also over
prolonged periods. Among the 24 cosmonauts 4
experienced motion sickness, an incidence of about

* Naval Aerospace Medical Research Laboratory, Pensa-
cola, Florida. Dr. Miller is deceased.

" NASA Lyndon B. Johnson Space Center, Houston,
Texas.

17 percent. It is interesting that all incidents oc-
curred in early missions, an incidence of about 36
percent.

The classical example of motion sickness ex-
perience in space flight was provided by Titov.
For a very brief period immediately after transi-
tion into orbit Titov felt that he was flying upside
down. Soon thereafter he described dizziness as-
sociated with head movements and sometime be-
tween the fourth and seventh orbit (6 or more
hours) he became motion sick, the first recorded
instance in space flight.

In the U.S. space program motion sickness aloft
was not reported until the Apollo missions (ref.
9), although seasickness after splashdown was not
an infrequent occurrence. In the Apollo Command
Module where stimulus conditions were far more
favorable for eliciting motion sickness than in
the Mercury Program, on the lunar surface, or in
the Gemini Command Module, 9'among 25 Apollo
astronauts were motion sick. In the Mercury
spacecraft the astronauts were restrained in their
couches, helmets (which were removed only oc-
casionally) prevented quick head movements and

TABLE 11.1-1.—Manned Space Flight Programs

United States Russia
Incidence of Incidence of
Program Number of motion Program Number of motion
space pilots sickness space pilots sickness
Mercury 6 0 Vostok 6 1
Gemini 16 0 Voskhod 5 3
Apollo command
module 25 9 Soyuz 13 0
Apollo lunar
landing 12 0
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the visual cues were adequate and plentiful. In
the Gemini spacecraft helmets were not worn but
there was limited opportunity for free-floating ac-
tivities. The 12 astronauts exposed to lunar condi-
tions did not experience motion sickness, but
inasmuch as all were insusceptible in orbital flight,
the benefit of a fractional g-loading was not tested.
Moreover, their helmets prevented quick head
movements except about the vertical axis and vis-
ual cues were excellent.

In this report a distinction is made between two
categories of vestibular side effects (ref. 10). One
category comprises a great variety of “immediate
reflex motor responses,” such as postural illusions,
sensations of rotation, nystagmus, and what often
is termed dizziness or vertigo. The other category,
motion sickness, is a delayed epiphenomenon (su-
perimposed on any responses in the reflex cate-
gory), involving vestibular influences that cross a
temporary or “facultative linkage,” to reach non-
vestibular sites where first-order responses that
lead to motion sickness symptoms have their im-
mediate origin. First-order responses may, in
turn, elicit second and higher order responses or
complications until the organism is generally in-
volved. Symptoms of motion sickness are usually
elicited when too rapid a transition is made from
one motion environment to another (ref. 11). The
primary or essential etiological factor is of vestib-
ular origin, inasmuch as under such a transition
persons with loss of vestibular function do not
become motion sick (refs. 12, 13). Secondary
etiological factors are always operative, however.
In healthy, normal persons visual inputs and
psychological factors are usually the most impor-
tant ones; in some motion environments just open-
ing the eyes may precipitate motion sickness. In
most motion environments visual inputs are not
essential for the elicitation of motion sickness;
blind persons who have never perceived light may
readily become sick (ref. 14).

Procedure

Astronauts.—Table 11.1-11 summarizes findings
in the nine Skylab astronauts dealing with their
susceptibility to motion sickness in different mo-
tion environments and their responses during tests
of vestibular function.

The Skylab 2 Commander had participated in
the Gemini V mission and, along with the Skylab

3 Commander, took part in the Apollo 12 mission
which included landing on the Moon ; neither had
reported any symptoms of motion sickness during
those missions. In other motion environments in-
dividual differences in susceptibility were demon-
strated in a range below average susceptibility.

Functional tests of the astronauts’ vestibular
organs revealed no definite abnormalities. These
tests included a battery of tests for postural equi-
librium for which the scores, although not shown
in table 11.1-II were within the normal range. Of
particular interest in view of the physiological
deafferentation of the otoliths in weightlessness,
however, are the low values for ocular counter-
rolling, which is a test of otolithic function. The
counterrolling index (one-half the maximum roll
when tilted right and left) was only 158 minutes
of arc in the Skylab 2 Commander and Skylab 3
Scientist Pilot; whereas, among 550 normal sub-
jects the average was 344 minutes of arc (ref.
15).

A test (ref. 16) for grading susceptibility to
motion sickness and yielding a single numerical
score (Coriolis Sickness Susceptibility Index) was
carried out. The scores for the astronauts are com-
pared with susceptibility in 624 normal subjects
in figure 11.1-1. However, it should be pointed out
that it was demonstrated prior to Skylab missions
that the scores obtained in this test do not predict
susceptibility to motion sickness in the weightless
phase of parabolic flight (ref. 17). The results of
such a comparison are as follows: Changes in
susceptibility to motion sickness among 74 sub-
jects, as determined by comparing systematic
quantitative measurements made during weight-
less phases of parabolic flight and on the ground,
showed 20 subjects reached the end point, 15 sub-
jects did not, 16 remained about the same, and 23
increased. It is seen that susceptibility on the
ground predicted susceptibility aloft in about 22
percent of the subjects.

Stimulus Conditions.—Under operational condi-
tions the astronauts made major transitions from
land to orbital flight, to sea, and back to land.
While aloft, transitions were made between the
Command Module and the workshop and, during
extravehicular activity, between the spacecraft and
the outer environment. During entry there were
variations in g-loading that terminated at splash-
down, followed by transitions from the Command




TABLE 11.1-11.—History of Motion Sickness and Vestibulometric Findings in the Nine Astronauts

History of motion sickness Canal function fg'fl()CItY:Ltt)ll’;L
OG maneuvers | Space flight Sea mod. dified Coriolis
S| dat e Aircraft (not KC135) to heavy Canal F%ggéf&d- Ocular sickness
la SHEONSIE [ £8 thresholds Hallpike cou&t_ter— susigz)jégzhty
Experi-| Symp- |Experi-| Symp- |Experi-| Symp- | Experi-| Symp- of Prepon- | Totng
ence toms ence toms* ence toms ence toms response derance
Gemini :
Within 158
cdr |42 >2?n°° i“l‘gg 4 Ap‘(’;uo tiln"lgs Slight | normal | Insignificant | 1low 10.2
XIT limits normal
Within
2 Spt 40 >1(1)100 () 2,5“50 4 None SNA .1_5 Slight normal | Insignificant 800 8.2
times times limits normal
Within Significant
Plt 40 > 2(;100 ?100 2 None NA inllgg normal (retest 874 1 19.8
Lo limits indicated) HOL L.
Within Significant
car |40 [T ¢ 1001 416 e 059 | Slight | normal (retest 6 1 21
! o limits | indicated) | MOT™a
Within 158
1000 :
3 Spt 41 > h irigg 4 None NA fmllgg Mod. normal | Insignificant low 26.4
limits normal
Within
> 2000 > 100 5-10 . At 332
Plt 36 f X
h e 4 None NA Vimes Slight r;(i);rirzl Insignificant ol 19.2
Within
1000 o
Cdr 40 > h () 10 as 16 None NA 1.0—50 Slight | normal | Insignificant 464 7.5
imes times limits normal
> 1000 > 100 1-5 ) Within 261
4 t & igni
Sp 36 h (&) s 8 None NA i Slight nl?;x?tzl Insignificant opal 8.9
Within
Plt | 43 >1‘}’1°° o) 5100 8 |None | NA | 0 NA | normal | Insignificant| 254 52.8
imes limits normal

1 Maximum malaise level.
2 Mild symptoms on rare occasions.

3 Not applicable.
4 Emesis.
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FiGure 11.1-1.—Frequency distribution of motion sickness susceptibility scores of 624
normal subjects with scores of the nine Skylab astronauts indicated. The method used

was similar to that used in Skylab missions.

Module to the recovery aircraft carrier, and finally
from the carrier to land.

In considering the transitions from one motion
environment to another it is necessary to take into
account not only the “new” environment, but also
the current status of adaptation effects acquired
in antecedent environments. Skylab conditions in
the workshop were far more stressful than those
in the Command Module, and highly complicated
vestibular and visual inputs were encountered in
the workshop. Accelerative stimuli there were
associated with passive as well as active move-
ments and visual stimuli were, potentially at least,
disorienting. Thus, the opportunity was present to
reveal individual differences in susceptibility to
motion sickness, based on vestibular inputs as
well as on complexly interacting vestibular and
visual stimuli.

At sea the astronauts were passively exposed
to motion environments that stimulated the vestib-
ular organs. The active execution of head (and
body) movements contributed angular and linear

accelerations that, combined with the passive ex-
posure to sea motions, generated cross-coupled
angular accelerations (stimulating the semicircu-
lar canals at suprathreshold levels) and Coriolis
accelerations stimulating the otolithic receptors
(refs. 18, 19, 20).

Under experimental conditions (on and after
mission day 8 aloft and on the ground) a stressful
motion environment was generated by requiring
the astronauts, with eyes covered, to execute head
movements while in a rotating litter chair (figs.
11.1-2 and 11.1-3). The rotating litter chair
could be revolved at constant velocities up to 30
revolutions per minute (r/min) (ref. 21). The
experimental procedures involved alternate clock-
wise and counterclockwise rotations, but rotation
was more often clockwise than counterclockwise.
Each discrete head and body movement (“over”
and “back”) through an arc of 90 degrees in each
of the four cardinal directions (front, back, left,
right) required 1 second, and was followed by a
“hold” for 1 second in the upright position. Move-
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ments were made in sets of 5 (the forward move-
ment was executed twice), and after each set the
astronaut kept his head in the upright position for
20 seconds. The maximum number of head move-
ments required in a test was 150 (1 endpoint)
unless mild motion sickness (the other endpoint)
was reached earlier.

The rotating litter chair was used in the station-
ary as well as the rotating mode. In the stationary
mode when head movements were executed aloft,
the canals were stimulated in the same way as on
the ground, but the otolith organs were stimu-
lated in an abnormal manner because the impulse
linear accelerations generated were not combined
with a gravity vector as they would have been on

b c\)
%

el

&

console

Control . 5

Stowage cabinet

Rotating litter chair

FiGurg 11.1-2.—The rotating litter chair motion sickness
test mode.

the ground. These impulse linear accelerations
were transient but well above threshold for stim-
ulation of the otolith receptors. When the rotating
litter chair was rotating, the intensity of the
stimuli generated by head movement was a funec-
tion of the rotational velocity, and although the
angular and cross-coupled angular accelerations
stimulating the semicircular canals aloft were
the same as on the ground, the impulse and
Coriolis accelerative forces generated aloft were
not combined with a gravitational vector. These
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forces, nevertheless, were substantial at all levels
of angular velocity used, and at 30 r/min the
centripetal force was, respectively, 0.3 g and 0.6 g
at radii of 1 and 2 feet.

The Diagnosis of Motion Sickness.—The diag-
nostic criteria for motion sickness used in the Sky-
lab experiments are summarized in table 11.1-III
and are described in detail elsewhere (ref. 22).
In brief, the severity of motion sickness symp-
toms was given a numerical score; 16 points and
above comprised the range of “frank motion sick-
ness,” and less than 16 points, the range of “mild
motion sickness.”

Under experimental conditions the diagnosis of
acute motion sickness was aided by the close tem-
poral relation between exposure to stressful stim-
uli and elicitation of responses. In all Skylab
experiments the motion sickness endpoint, moder-
ate malaise (M II A) (a point score of 5 to 7),
was of very mild intensity ; the avoidance of more
severe symptoms was an operational requirement.

An observer in collaboration with the subject
estimated the severity of each predesignated symp-
tom and recorded any “other symptom’” not men-
tioned in table 11.1-III. There was always
adequate time after execution of each set of head

movements to make the estimates and record them
by depressing the appropriate push-buttons in the
response matrix of the rotating litter chair Con-
trol Console. One-hundred and fifty head move-
ments or a score >5 points automatically
triggered a signal that the test had been completed.

Under operational conditions the astronauts’
ability to diagnose different levels of severity of
motion sickness was enhanced by their training in
connection with the preflight experimental evalua-
tion of motion sickness susceptibility. Nonethe-
less, under operational conditions diagnosis was
more difficult than under experimental conditions
because the identification of the stressful stimuli
was not always easy, the symptomatology of
“chronic” or prolonged motion sickness (experi-
enced aloft) differed in some respects from that of
acute motion sickness.

Medication

The astronauts in Skylab 2 and Skylab 3 carried
with them antimotion sickness capsules containing
1-scopolamine 0.35 milligrams + d-amphetamine
5.0 milligrams; in addition to this drug the Sky-
lab 4 crew took along the drug combination
promethazine hydrochloride 25 milligrams -+

TABLE 11.1-1II.—Diagnostic Categorization of Different Levels of Severity of Acute Motion Sickness

Pathognomonic Major Minor Minimal AQS*
Aoty 16 points 8 points 4 points 2 points 1 point

Nausea syndrome Nausea III? retching Nausea II Nausea Epigastric Epigastric awareness

or vomiting discomfort
Skin Pallor III  Pallor II Pallor I Flushing/Subjective warmth > II
Cold sweating 111 11 I
Increased salivation HI 1I 1
Drowsiness 11T II I
Pain Headache (persistent) > II
Central nervous Dizziness (persistent)

system

Eyes closed > II
Eyes open III

Levels of severity identified by total points scored

Frank sickness Severe malaise

(FS) (M III)

Moderate malaise A
(M II A)

Slight malaise

(M 1)

Moderate malaise B
(M II B)

> 16 points 8-15 points

5-7 points

3—4 points 1-2 points

L AQS, Additional qualifying symptoms.
21II, Severe or marked; II, moderate; I, slight.




80 BIOMEDICAL RESULTS FROM SKYLAB

ephedrine sulfate 50 milligrams, drugs which had
proven to be effective under experimental (ref.
23) and operational conditions (ref. 24). This
drug combination acts by raising the stimulus
thresholds for eliciting motion sickness responses
and is effective in any motion environment. In-
deed, preflight drug evaluation tests were carried
out on all nine astronauts; endpoints were not
reached even at angular velocities of 20 r/min for
the Skylab 2 crewmen and 30 r/min for the Sky-
lab 3 and Skylab 4 crewmen.

Results

It is convenient to present the findings dealing
with motion sickness first under “operational con-
ditions” then under “experimental conditions.”

Operational Conditions.—Attention will be
mainly centered on motion sickness during the
orbital phase of the mission and will be discussed
with the aid of figure 11.1-4, The horizontal lines
reflect two things. First, the periods during which
the astronauts were based in the Command Mod-
ule, and in the workshop during the first week in
orbit. Second, the thickness and continuity of the
lines indicate the onset and probable disappear-
ance of symptoms of motion sickness. The onset
of symptoms is indicated fairly accurately. The
disappearance of symptoms, however, involves
first a loss of susceptibility to the eliciting stimu-
lus, then spontaneous restoration through homeo-
static mechanisms and finally something termed
convalescence, hence ‘“disappearance” of motion
sickness symptoms is difficult to determine. The
vertical lines indicate when an antimotion sickness
drug was taken and its composition. The adminis-
tration of drugs increases the difficulty of diagnos-
ing motion sickness, hence accuracy in diagnosis is
greater in the absence of drug effects.

Skylab 2.—As indicated earlier, the Commander
was, in all likelihood the least susceptible to mo-
tion sickness among the nine Skylab astronauts.
He didn’t take any antimotion sickness drugs and
was symptom free under all conditions.

The Scientist Pilot, in a debriefing, stated, “I
took the one ‘scop/dex’ (antimotion sickness
drug) right after insertion (into orbit) that I
had preprogramed myself to take, whether I
needed it or not.” He further stated, “I felt that,
although we had no overt symptoms of motion
sickness or any other specific syndrome related

to transitioning to weightlessness, my appetite
was a little bit less, neglecting day 1 when it was
completely normal, and that it was a little less for
somewhere like the first week. I don’t know why
this is. As I said, I had no particular symptoms. I
felt fine during those first 7 days, but I thought I
felt even better after that.”

It is also noteworthy that both the Commander
and Scientist Pilot reported that while engaged
in spinning rapidly about their long axes or “run-
ning” around the inside of the workshop, they
experienced immediate reflex vestibular side ef-
fects, mainly “false sensations” of rotation. Based
on past experience, both astronauts expected that
motion sickness would follow the reflex effects and
were surprised by their immunity.

The Skylab 2 Pilot did not take an antimotion
sickness drug aloft and remained symptom free.
Unlike his comrades, however, although he was
aware of illusory phenomena their intensities
made little impression on him.

During entry the Skylab 2 astronauts did not
perceive the oculogravic illusion. The Scientist
Pilot stated afterward, “I never picked it up at
all. T think it just had to do with the fact that you
have so many visual cues and you're so well
lighted and also your attention is so riveted on the
instruments that you have no such illusion. . . .
The first time we were conscious of any vestibular
inputs was after we were on the water and un-
strapped and moved from the couch. There was
nothing at all during the entry.” The Skylab 2
Commander stated, “My first head movement
was when I was unstrapped and on the water,
when I rolled up on my right and moved around. ...
It was exactly what I would expect had I been rid-
ing the centrifuge and done the same thing.” The
Pilot stated, “And I did move. I got up from the
couch and looked out the window for the ship
while we were still on the chutes, and that didn’t
bother me.”

At splashdown the sea state was 5, and the Com-
mand Module landed and remained upright. The
astronauts were quite confident that they would
not experience motion sickness on return and ac-
cordingly did not take antimotion sickness drugs
prior to entry. Seasickness was not experienced
by the Commander but severe symptoms were
manifested by the Scientist Pilot and mild symp-
toms by the Pilot.
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Ficure 11.1-4.—Motion sickness under operational conditions.

Skylab 3.—The Skylab 3 astronauts were quite
confident before their mission that they would not
become motion sick in weightlessness and did not
take antimotion sickness drugs as a preventive
measure.

The Pilot experienced mild symptoms of motion
sickness within an hour after insertion into orbit.
During launch he wore a space suit and helmet
(as did the other crewmen). He was not aware of
any illusory phenomena on transition into zero

gravity. Shortly after transition he removed his
helmet and soon thereafter his space suit. It was
in close relation to taking off the suit that the first
symptoms of motion sickness were experienced.
He took an antimotion sickness capsule that re-
lieved his symptoms for a few hours. Later, symp-
toms returned and he restricted his activities; he
deliberately avoided, however, taking another
antimotion sickness capsule while based in the
Command Module.
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During the activation of the workshop, about 11
hours into the flight, the Commander and Scientist
Pilot also reported the onset of motion sickness.
Shortly thereafter the Skylab 3 Scientist Pilot
vomited. For three days the astronauts experi-
enced symptoms of motion sickness which were
intensified by movement and alleviated after tak-
ing the drug or restricting their movements. Dur-
ing this period their workload was lightened.

On mission day 2 the Scientist Pilot executed
standardized head movements for 30 minutes with
the object of increasing his rate of adaptation.
With eyes closed he had “no difficulty,” but with
eyes open he experienced “developing malaise.”

On mission day 4 regular working hours were
resumed, although some degree of susceptibility
to motion sickness remained in all three astro-
nauts Recovery was complete by the seventh mis-
sion day.

Prior to splashdown the antimotion sickness
drugs were taken, and symptoms were prevented
even though the sea state was twice as severe as
that to which the Skylab 2 crew had been exposed.

On both days at sea aboard the carrier, the Pilot
took an antimotion sickness capsule, implying
some susceptibility to sea sickness.

Skylab 4.—In the light of Skylab 2 and Skylab
3 findings, the Skylab 4 crew was scheduled to take
antimotion sickness drugs through mission day 3
and, thereafter, as required. The drugs actually
administered are shown in table 11.1-IV. The
drugs were referred to as ‘“uppers” (A) and
“downers” (B) and on mission day 8 the Scientist
Pilot took the drug combination B as a soporific
rather than for its antimotion sickness properties.
Prior to entering the workshop the Pilot experi-
enced nausea and vomiting and was not free of
symptoms during the first 3 days. The Com-
mander reported “epigastric awareness” prior to
meals which may have represented susceptibility
to motion sickness, and the Scientist Pilot was
symptom free. It is interesting that all crewemen
took antimotion sickness drugs during recovery
at sea and were symptom free.

Experimental Conditions.—Skylab 2.—The find-
ings in figure 11.1-5 demonstrate that the Scien-

TABLE 11.1-1V.—Skylab 4, Antimotion Sickness Medication

A‘;{)pmx. time Scientist
Mission event (Hours c.s.t.) Commander Pilot Pilot
Launch day (MD 1)
After insertion 0900 A B
After NC-11 1100 A
After docking 1700 B B B
2300 B
MD 2 and MD 3 0600 A A B
On arising 1000 A A
1400 B B B
MD 4 0600 A A B
On arising 1400 B
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