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INTRODUCTION

Since 1983, the Space Biomedical
Research Institute (SBR!) at the NASA Johnson
Space Center has been conducting a program of
investigations into man's physiological
adaptation to spaceflight, with an emphasis on
delineating detrimental effects and their
operational impact. The primary vehicle for
inflight research has been the Detailed
Supplementary Objective (DSO), which provides
a means of gathering crucial inflight data
without interfering with primary mission
objectives. '

Data from the Apollo and Skylab
programs pointed to a number of potential
problems resulting from adaptation to
microgravity. These included but were not
limited to space motion sickness (SMS),
cardiovascular deconditioning, and difficulty in
delivering health care in the remote space
environment. It became clear that an
understanding of these problems and their
operational impacts was essential to the success
of the Space Program. While a number of Space
Shuttle payloads dedicated to the Life Sciences
were planned, a method for obtaining more
immediate information was needed. The DSO
provided a means of obtaining this information.

At the beginning of the Shuttle Program,
the Space Transportation System (STS) Program
Office established a procedure for testing and
refining Orbiter and subsystem performance
capabilities, and for evaluating new hardware
and procedures. Procedures involving the
Orbiter, its subsystems, and its support
equipment were designated Development Test
Objectives (DTOs). All other operationally
relevant procedures were classified as DSOs.
DSOs were by definition “supplementary.”
They were not to interfere with primary mission
objectives but were to demand less on crew
time, stowage volume, weight, and power
requirements than did other payloads. The DSO
seemed adaptable to inflight research into
biomedical problems with operational impact.

During the Orbital Flight Test period (STS-
1 through 4), postflight debriefings conducted
by the Flight Surgeons provided biomedical
information. STS-3 marked the first inflight use

of a biomedical DSO protocol (fluid loading as a
countermeasure to cardiovascular decon-
ditioning - see p. 41). Beginning with STS-5 in
1982, biomedical DSOs involving hardware were
manifested and flown on a regular basis. The
creation of the SBR! in 1983 formalized the
biomedical DSO program, providing direction
for a systematic approach to the study of
physiological adaptation to space flight. Since
that time, biomedical DSOs have been used to
study physiological adaptation as well as to test
hardware and procedures that are operationally
relevant to the Space Shuttle and Space Station
programs.

The inclusion of biomedical DSOs on
Shuttle missions has helped to fill the gap in
biomedical data. Serious decrements in
physiological function have been observed in
Space Shuttle crewmembers. Some have been
debilitated for several days early in the mission
with the repeated nausea and vomiting of SMS,
others have fainted postflight from the
orthostatic intolerance induced by
cardiovascular deconditioning, still others might
have been unable to perform an emergency
egress due to the combined physiological
changes which occurred during their adaptation
to microgravity. The DSO program has lent
insight into understanding each of these
problems as well as others. The study of altered
distribution of drugs in the human space
traveler has begun. Through the DSO program
a partial countermeasure to cardiovascular
deficiencies has been developed and applied in
a successful, practical approach. Additionally,
key hardware and procedures have been tested
and verified as DSOs prior to use in support of
more costly, complex life sciences investigations.

To varying degrees, biomedical DSOs
have been a part of each Shuttle flight to date.
Particular concentrations of these investigations
occurred on Shuttle flights STS-8, STS 51-D, and
STS 61-C. Over fifty biomedical DSOs have now
been flown. This document presents the most
significant scientific results of these
investigations. It must be cautioned that in most
cases the data are based on very small subject
populations, and as a result hard, dogmatic



conclusions cannot be made. Further
investigations must be performed to accomplish
this goal, and the SBRI will continue in this
direction.

As Shuttle flights resume, the future o
the SBRI DSO program is not easily assessed,
however, the work which has begun in these
endeavors is too essential to the health and
welfare of astronaut crews and the success of
the U.S. space program to be given anything less
than critical priority.

This report represents the combined
efforts of many individuals. The investigators
and their teams of support personnel have
spent countless hours designing and developing
hardware and procedures; collecting, reducing,
and analyzing data; and reporting the results.
The editors have tried to present the material in

a manner that will concisely summarize their
findings without compromising medical
confidentiality for the individual subjects
involved. It has been a monumental task, and

would not have been possible without the help
po P

of many people. To all of them, the editors
extend their thanks.
This document is a reprint of TM 58280.

Al b U /j——y

Michael W. Bungo, M.D.
Director, Space Biomedical Research Instltute
National Aeronautics and Space Administration




DSO PROGRAM DESCRIPTION

Life Sciences DSOs are managed by the
SBRI Flight Projects (FP) office. When an
investigator wishes to participate in the DSO
program, he/she submits a proposal to the
Director of the Institute. The proposal is peer-
reviewed for scientific merit, and submitted to
the Life Sciences Directorate through the
Science Management Review Board (SMRB).
The board verifies that it is appropriate to
pursue the investigation as a DSO based on its
operational relevance. The SMRB then directs
the SBRI FP office to obtain the requested
number of subjects on Shuttle missions.

The Flight Projects office provides
assistance to the investigator in all aspects of
preparation for flight, and is essentially a "start
to finish" support system. Having received
authorization from the SMRB, the FP office
helps the investigator assess the hardware
requirements for the DSO. The FP Engineering
Support personnel work closely with the
investigator, manufacturing, modifying, and
readying the hardware as needed for flight
certification.

All hardware that is to be flown in the
Space Shuttle must undergo a strict certification
process to assure that it will pose no hazard to
the crew or to the vehicle. Since DSOs are not
critical to Shuttle mission accomplishment, they
are normally classified as "Class D" payloads. As
such, they must be certified for safety and
compatibility with the Orbiter and its
environment by personnel of NASA Safety,
Reliability and Quality Assurance organizations.
FP Experiment and Engineering Support
personnel ensure that all DSO hardware is
tested and analyzed for compliance with all
applicable requirements, including standards
for: Electromagnetic Interference (EMI);
Flammability/Odor/Offgassing (Toxicity); and
Shock/Acceleration/Crash Safety/Vibration. The
hardware is tested as necessary for functional
interfaces with the Orbiter and cleaned in
adherence to NASA standards for contamina-
tion control. FP Experiment Support personnel
then prepare a Safety Analysis Report for the
hardware, identifying potential hazards which
could result from its use and describing

measures taken to eliminate or minimize those
hazards.

All investigations involving human
subjects must be approved by the Human
Research Policy and Procedures Committee
(HRPPC). Concurrent to hardware certification,
FP Experiment Support Personnel assist the
investigator in preparing and submitting the
required protocol to this committee to secure
their evaluation and approval.

Having ascertained a feasible readiness
date for the hardware and procedures, FP
Experiment Support personnel examine the
Shuttie mission schedule to identify flights of
appropriate duration with adequate stowage
space and crew time to accommodate the DSO.
They then prepare a crew information package
summarizing the objectives of the DSO, the
scheduled pre-, post-, and inflight activities, and
the investigator's plans for the data obtained,
and send it to the crewmembers of the
candidate missions for review. The FP office
then arranges a science briefing for each
candidate crew, during which the investigator
can explain the DSO objectives and methods
and answer any questions. These meetings have
proven beneficial for all parties involved. By
soliciting participation in person, the
Investigator is better able to convey the
importance of the DSO. The crewmen, in turn,
are able to obtain better quality data when they
are knowledgeable about the scientific
objectives. They are often able to point out
relevent factors peculiar to the spacecraft
environment that the investigator may not have
considered in preparing the study, and to
suggest appropriate changes in the protocol to
maximize data return.

The DSO is then presented to the Mission
Integration Control Board (MICB) for flight
assignment. This board is composed of
representatives from the Mission Operations
and Payloads communities, and is chaired by
Program Office personnel. They are tasked with
fitting the various flight objectives together and
planning a coherent, workable mission. These
objectives are outlined in the Flight Require-
ments Document (FRD) issued for each flight.




Once the MICB approves a DSO for flight
and includes it in the FRD for a given mission,
the FP Experiment Support personnel work to
see that all the requirements are met. They
contact the crew schedulers to reserve time for
training and data collection sessions; meet with
Flight Activities Office personnel to ensure that
the proper procedures are included in the Flight
Data File checklists and that DSO activities are
scheduled in the Crew Activity Plan, and support
mission simulations and crew training to allow
astronaut subjects to practice using the DSO
hardware in a flight-like setting. The FP office
also briefs Mission Control Center Flight
Directors and Flight Control personnel so that

DSO priorities and activities are understood
should real-time rescheduling of crew activities
be required during the mission.

Finally, critical hardware reviews and
launch and landing activities are supported by
FP office personnel as necessary. These services
are provided for each DSO. After landing, FP
office personnel follow the DSO hardware and
data, and can be available for assistance with
data reduction and analysis. They obtain the
required Postflight reports from the
investigators and forward them to the Shuttle
Program Office so that DSO progress can be
monitored.




GRICTNAL FACK I Section One

Biochemistry and Pharmacology

A crewman collects a saliva sample as part of a DSO involving
study of the action of drugs administered inflight. The noninvasive
technique demonstrated here has been successfully employed in
support of several DSOs in biochemistry and pharmacology.




COMBINED BLOOD INVESTIGATIONS

Investigators: C. S. Leach-Huntoon, Ph.D., H. Schneider, Ph.D., N. M. Cintron, Ph.D., and R. Landry

INTRODUCTION

A cephalad shift of fluid is thought to be
one of the first responses of the human body to
microgravity. Losses of body fluid and
electrolytes, which have consistently been
observed during space flight, may result from
the body's attempt to compensate for a
perceived increase in blood volume (Gauer and
Henry, 1963; Leach, 1981).

It has been proposed that the
redistribution of fluids initiates the following
immediate responses: reflex peripheral
vasodilation, suppression of the renin-
angiotensin-aldosterone system, suppression of
antidiuretic hormone (ADH), increased secretion
of humoral natriuretic substances, and reduced
thirst (Leach, 1981). To determine whether
these predicted responses occur, it is necessary
to measure key parameters that reflect the
status of fluid and electrolyte metabolism at
specific times after exposure to weightlessness.
In addition to angiotensin, aldosterone and
ADH, these parameters include cortisol, other
hormones such as catecholamines, and the
major electrolytes, sodium, potassium, chloride
and calcium. Although many of these variables
have been measured in blood samples obtained
during other space flights, estimation of early
changes has not been possible because of
inflight scheduling priorities and constraints.
Prior to Spacelab 1 and this investigation, the
earliest blood draws had been done at 3-4 days
inflight on Skylab. The most dramatic changes
in the adaptive response to weightlessness are
believed to occur in the first hours of a mission.
Early sampling would allow determination of
the sequence of changes, as well as whether
changes are due to a metabolic disturbance or
are adaptive. The primary objective of this
investigation was to measure these select
hormonal and electrolyte components of the
blood as early in flight as possible.

Circulating levels of several hormones
associated with the physiologic response to
stress are increased during space flight (Leach
and Rambaut, 1977). Among the key hormones

#ECZORIG PAGZ BLANK NOT FILMED

associated with the control and maintenance of
normal neuroendocrine processes and which are
thought to be indicators of the body's adaptive
response to space flight are adreno-
corticotrophic hormone (ACTH), cortisol, ADH,
and the catecholamines. Although measure-
ments of many of these hormones have been
made extensively in ground-based bedrest
studies, the only inflight data currently available
on the neuroendocrine changes during the
initial phases of space flight are from four
Spacelab crewmembers.

The primary objective of the
neuroendocrine part of this study was to
measure the changes in neuroendocrine
function evoked early in flight. The lack of such
information has precluded reliable evaluation
of the initiation of the endocrine and metabolic
effects observed in Shuttie crewmembers.
Information about integrated neuroendocrine
function has significance in formulating the
total picture of the crewmen'’s health status and
in delineating the effects of space flight on the
individual.

PROCEDURES

The general design of this DSO consisted
of blood sample collection at designated time
intervals followed by analysis of the specified
hormonal/biochemical variables using estab-
lished analytical procedures. A total of six
crewmembers on two missions participated in
the study. Blood was collected during preflight
and postflight phases of the missions in
conjunction with scheduled physical examina-
tions. For the first mission, three preflight
samples were collected, and for the second, one
sample was collected. Postflight samples were
collected as soon as possible after landing
(within 2 hours) and on the third day after
landing. Samples for the first mission were also
collected on the tenth day after landing.

Standard venipuncture techniques were
used inflight, with the Inflight Blood Collection
System (Fig. 1). Blood samples were drawn into

BAGE [ INTENTIONALLY BLANK
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plain tubes or tubes containing EDTA or heparin OF POOR QUALPTY
as anticoagulants. They were centrifuged in
Sarstedt separator tubes and stored frozen until
return to the laboratory. inflight samples were
drawn twice during the first mission and three
times on the second. The crewmembers on the
first were on two different work/rest cycles, and
during flight they collected biood samples
during the postsleep activity period. This was
6:30 or 7:00 a.m. Houston time for two
crewmembers and 5:00 or 6:00 p.m. for the
other two. For two crewmembers, mission
elapsed time for the first inflight draw (MD2)
was 31 hours and for the other two it was 42
hours; mission elapsed times for the second
draw (MD6) were 175 and 185 hours. On the
second mission, blood was drawn inflight at the
end of the work shift, for sample collection
times of 35 (MD2), 82 (MD4), and 130 (MD®6)
hours mission elapsed time. Figure 1. The inflight blood collection system.

Table 1
Two Shuttle Missions

Percent Change from Preflight

Mission Day

MD2 MD4 MD6 MD7 L+0 L+3 L+10
Mean SE Mean SE Mean SE Mean SE Mean SE Mean SE Mean SE
Plasma hormones
Angiotensin I -50.0 12.5 70.1 18.1 131.4 18.7 43.5 9.3 201.0 77.7 73.9 26.1 -35.1 20.2
ADH 719+ 157.8 77.1 172.3 10.0 9.6 9.6 .51 4.3
Aldosterone -15.0 8.5 -34.5 9.8 -23.9 15.9 -4.3 11.4 37.3 22.4 24.1 11.4 18.9 14.6
ACTH 29.2 16.3 62.0 23.t 108.2 30.7 20.6 2.8 32.6 20.4 .3 6.6 32.8 4.3
Cortisol 41.2 16.9 -55.6 7.1 -43.7 10.1 27.4 15.4 65.4 25.4 21.2 17.5 52.5 3.2
Serum electrolytes
Na -1.0 1.0 -2.1 2.1 -.4 1.1 -1.1 .9 -.4 .8 .6 .4 1.6 .2
K -4.1 6.1 -10.8 8.4 2.6 6.9 8.8 2.7 -4.9 3.4 -3.6 3.3 3.1 2.3
1 -1.9 .9 -3.8 1.9 .5 .5 -3.1 .7 -3 1.4 .6 .3 2.2 .5
Ca 1.9 1.5 -3.2 1.1 -5.8 2.6 -1.0 1.2 -1.0 1.0 -5.2 1.3 -2.8 .7
Mg -2.9 1.9 -6.9 2.7 -7.2 7.2 -2.3 1.3 -8.3 1.3 -1.3 2.9 -3.4 1.1
€0 -6.7 3.7 .05 3.2 -6.6 1.8 -5.3 4.0 -1 1.9
Creatinine 2.3 2 -5.3 3.1 -2.8 2.8 12.6 2.5 9.8 4.1
n 5 2 2 4 6 6 4
*n =1
tn = 2




ORIGINAL PACGE IS
OF POOR QUALITY

The following variables were measured
by standard clinical laboratory methods:
angiotensin | (Haber et al., 1969), aldosterone
(ito et al., 1972), ACTH (Vague and Oliver, 1972),
cortisol (Foster and Dunn, 1974), sodium (Tietz,
1976), potassium (Tietz, 1976), chloride (Cotlove
et al., 1958), calcium (Trudeau and Freier, 1967),
magnesium (Trudeau and Freier, 1967), carbon
dioxide (Tietz, 1976), creatinine (Owen et al.,
1954), and ADH (LaRochelle et al., 1980).

RESULTS

The percent change from preflight to
each inflight or postflight time point was
calculated for each crewmember, using the
preflight mean for the first mission and the
single preflight value for the second mission.
Means of these percent changes are presented
in Table 1 and Figs. 2 and 3. Results for the two
flights are combined. Statistical tests were not
done because there were so few samples for
some time points. Some results were highly
consistent.
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Figure 2. Mean percent change in plasma
hormones measured inflight and postflight in
crewmembers. Bars represent standard error.

Antidiuretic hormone, which unfortunately
could not be measured in some of the samples
because not enough sample was available, was
increased over preflight levels every time it was
measured in blood drawn inflight, but
immediately after landing it had returned to
preflight levels. Angiotensin | was slightly
decreased on MD2 but was increased on MD4
and MD6. Cortisol had an opposite response for
those days. Plasma aldosterone was decreased
on all inflight days, and ACTH was increased on
all inflight days. On landing day, angiotensin |,
cortisol, aldosterone and ACTH were at least
slightly increased. Levels of these four
hormones were lower on day L + 3, but cortisol
and ACTH levels had increased again by day
L+10.
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Figure 3. Mean percent change in serum
electrolytes measured inflight and postflight in
crewmembers. Bars represent standard error.

Serum sodium was decreased throughout the
flights. There was variability among
crewmembers, so that the decrease may not
have been significant on any day. At landing,
serum sodium was close to preflight levels.
Although serum chloride had a pattern similar



to that of sodium, it appeared to decrease more
on days MD2, MD4 and MD7. Serum potassium
decreased through day MD4 but increased on
MD6 and MD7 and decreased on L + 0. Levels of
all three electrolytes measured were higher on
day L+ 10 than on any other postflight day.

DISCUSSION

Not all of the desired goals were
achieved. Although biood was drawn early, 31
hours still may not have been early enough. The
high levels of ADH were surprising because ADH
had been thought to be suppressed during
space flight, but an early transient suppression
may have been missed. Apparently it is not
effective in preserving blood volume. Secretion
of ADH can be stimulated by the emetic reflex
(Rowe et al., 1979), and this probably caused the
increase in plasma ADH in at least one subject
early in the flight. Another unexpected finding
was that angiotensin | levels increased while
aldosterone was suppressed inflight at the times
measured. The increases in most hormones at
landing were consistent with Apollo (Leach et
al., 1975) and Skylab findings (Leach and
Rambaut, 1977). Cortisol secretion appeared to
have been stimulated by the high levels of
ACTH, which decreased at the same time cortisol
increased above preflight levels.

The blood levels of electrolytes in
crewmembers of these two missions were
consistent with previous results (Leach and
Rambaut, 1977). Electrolyte concentrations
generally decrease early in flight because of the
loss of fluid. The suppression of aidosterone
may have contributed to the mild hyponatremia
observed during weightlessness, since aldo-
sterone generally stimulates sodium retention.
Serum potassium may be increased in space
flight, probably because of a breakdown of
muscle cells, and usually is excreted in urine
samples. The reversal of serum potassium
changes from the last mission day to landing
was quite rapid, and serum potassium remained
low for at least 3 days. Decreased serum
potassium on landing day is characteristic of
crewmembers who have ingested a
physiological saline solution as a counter-
measure against orthostatic intolerance, as the
subjects in these studies did (Leach and Johnson,
1985).

With respect to hormones associated with
the response to stress, the results of these
studies were somewhat different from Skylab
results. Plasma ACTH increased during flight in
the Spacelab crewmembers whereas it
decreased in Skylab; plasma cortisol decreased
during part of the Spacelab flights, but in Skylab
it remained elevated throughout the missions.
The reasons for these differences are not
immediately obvious, but it appears likely that
either the Spacelab crewmembers were not as
stressed as the occupants of Skylab or other
factors were more important in determining the
levels of the hormones measured.

CONCLUSIONS

These results indicate that some of the
hypotheses put forward to explain physiologic
changes during space flight need to be
continually studied. They provide important
evidence that some of the other factors recently
found to participate in fluid and electrolyte
regulation should be measured inflight. Some
of these factors are prostaglandin E and the
atrial natriuretic factor (Leach, 1981; Leach et
al., 1985). The examination of renal clearance
factors and of plasma or serum endocrine/
electrolyte concentrations early (within hours of
weightlessness) will greatly enhance the
understanding of man's physical response to
space flight.
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INFLIGHT ASSESSMENT OF RENAL STONE RISK
FACTORS

Investigator: Nitza M. Cintron, Ph.D.

INTRODUCTION

Nephrolithiasis has been identified as a
potential complication of space flight. Despite
the limited available data, certain metabolic
changes which ensue during space flight
suggest an increased risk for the formation of
renal stones.

Hypercalciuria, believed to be skeletal in
origin, develops soon after space flight begins
(1). The progressive rise in urinary calcium
reaches a peak in 2 weeks and is sustained at
that level thereafter. Urinary phosphate
excretion is also increased during space flight,
probably by the same mechanism. Both of these
imbalances place an individual at an increased
risk for stone formation by increasing urinary
saturation of stone-forming calcium salts
(calcium oxalate and calcium phosphate).

Two other factors which may contribute
to stone formation during space flight are
potassium deficiency and high urinary uric acid
excretion (1,2). The exaggerated renal loss of
potassium may reduce renal excretion of citrate,
a well recognized inhibitor of the crystallization
of calcium salts. To date, no measures of urinary
citrate have been made during space flight.
Urinary uric acid, on the other hand, may be
high due to increased availability of purine
substrate (via muscle degradation or high
protein diet). The resulting hyperuricosuria may
cause a predisposition to uric acid lithiasis or to
calcium nephrolithiasis via monosodium urate-
induced crystallization of calcium salts. The
exaggerated renal loss of sodium may further
promote the latter mechanisms. Additional
factors which may aggravate the potential for
stone formation in astronauts include high
animal protein diets, high levels of exercise, and
varying degrees of dehydration. Substantive
clinical data exists suggesting that excessive con-
sumption of animal protein (high in sulfate and
purine) confers a significant risk for
nephrolithiasis by increasing urinary calcium
and uric acid and by lowering urinary citrate.
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Recently, preliminary data from Dr. C.Y.C. Pak
(UTHSC, Dallas) indicate that strenuous exercise
also accentuates this risk by reducing urine
volume, causing acidosis, lowering citrate
excretion, and increasing uric acid excretion.

The primary objective addressed by this
investigation was to evaluate the potential of
increased risk for the formation of renal stones
as a consequence of space flight. This was to be
accomplished by the analysis of 24-hour urine
samples for urinary risk factors such as
hypercalciuria, hyperuricosuria, hyperoxaluria,
and hypocitraturia (3). Where possible, the
urinary supersaturation with respect to stone-
forming salts was to be estimated.

A secondary goal was to compare the
stone-forming potential observed in normal
subjects during bedrest to that observed during
space flight. This would allow preliminary
evaluation of the validity of bedrest as a model
of weightlessness with respect to
nephrolithiasis.

The limited amount of data obtained to
date from a single crewmember (n=1)
precludes the appropriate assessment of the
risks for renal stone formation associated with
space flight. In this regard, the information
presented here must be considered strictly as
incomplete and preliminary.

PROCEDURES

STUDY DESIGN

The investigational design was comprised
of three phases, the preflight control phase,
inflight experimental phase, and postflight
recovery phase. The overall protocol was
identical for all phases and involved the
collection of void-by-void 24-hour urine samples
at designated times as summarized in Table 1.
Both the pre- and postflight urine collection
activities were scheduled in conjunction with
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the routine crew physicals. Inflight, the
procedure was repeated on a day early inflight
and a day late inflight.

TABLE 1. STUDY PLAN AND SCHEDULE

Activity Duration Time

Preflight:

1 Baseime Data Collection 24 hrs. F-10 physical

Inflight:

7 Data Collections 24 hrs. each Early FD
Late FD

Postflight:

T Data 53|lection 24 hrs. L+2 physical

The one subject for this investigation was
a male crewmember. Because of mission
operations and schedule constraints, the two
inflight collections were both obtained
relatively early inflight (FD2 and FD4 vs FD2 and
FD7) while the postflight coilection was not
obtained at all. In addition, two 24-hour urine
specimens were collected during the preflight
phase as opposed to the scheduled single
collection.

The void-by-void 24-hour urine collection
entailed discarding the first morning specimen
on Day 1 and collecting all subsequent voids for
24 hours, including the first specimen on Day 2.
Because no provisions for inflight refrigeration
are available, all urine samples including pre-
and postfiight specimens were stored at
ambient temperature in the presence of 1%
boric acid until time of analysis. Inflight samples
were collected using the Urine Collection
Devices (UCD) flown on every flight as backup to
the Shuttle Waste Collection System (WCS).
After specimen collection, the UCD was sealed
and placed in a ziplock bag. The time of
collection was annotated, and the bag was
subsequently discarded into the wet trash and
recovered during post-landing activities.

ORIGINAL PATE I3
Of BOOR QUALITY

14

Figure 1. Urine collection device.

URINE BIOCHEMISTRY ANALYSIS

The specific laboratory assays and
procedures, methods of analyses, and normal
ranges for each parameter of relevance to renal
stone potential measured in the 24-hour urine
collections are detailed in Table 2.

TABLE 2, 24-HOUR URINE BIOCHEMISTRY

POPULATION ASTRONAUT
TEST METHOD REFERENCE NORMAL RANGE NORMAL RANGE
Volume (ml) Volumetric (4) 800-1800 (M) 760-2500
600-1600 (F}) 760-2500
Specific Gravity Refractometry (5) 1.003-1.030 1.010-1.024
Osmotality {mOsm) Freezing Point (6) 500-800 327-900
Depression
Na (mEg/vol) lon Selective {7) 27-287 23-275
Electrode
K (mEq/vol) lon Selective (7) 26-123 35-116
Electrode
€1 (mEq/vel) Amperometric Titration (8) 110-250 85-268
Ca {mEq/vol) Atomic Absorption (9) 5.0-40.0 4.0-16.9
Mg {mEq/vol) Atomic Absorption (9) 5-13 5-13
1P04 {mg/vol) Phosphomglybdate (10) 300-1000 360-1200
Uric Acid (mg/vel) Uricase (11} 250-700 376-1182
Creatinine (mg/vol) Alkaline Picrate (12) 1000-2000 700-1900
Oxalate (mg/day} lon Chromatography (13) 30-60 -
Citrate (mg/day) Ton Chromatography {14,15) 300-900 -
Sulfate (mg/day) Ion Chromatography (16) 0-30 -
pH Bromothymol Blue (4) 4.6-8.0 4,6-8.0

Ground-based control studies were performed
to determine the effect of boric acid addition
and storage of samples under the conditions
anticipated during a mission. The results
indicated that borate affects certain variables
such as osmolality, creatinine, and pH.
Although these parameters were measured,
they were not considered for the overall
evaluation of results. In addition, due to
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scheduling and procedural modifications during
urine sample collection and processing in the
preflight activities, the baseline control
measurements of oxalate and citrate were not
obtained. Inflight values were compared to the
established values for the general population.

mission phases, each set separated no more
than 2 days. When compared to their preflight
values, inflight data on a single void basis did
not exhibit the development of trends with
respect to changes in any parameter. As
expected, there was significant variation from

TABLE 3. PREFLIGHT URINARY BIOCHEMISTRY® VOID-BY-VOID SAMPLE ANALYSIS

Day Uric
of v Specific | Osmo®® Na K a1 Ca Mg 1P04 Acid | Createe
Sample Time wnl Gravity mosm | mEq/TV | mEq/TV | mEQ/TV | mEQ/TV | mEQ/TV | mg/TV | mg/TV | mg/TV
Preflight | L-34 Days | 8:15 a.m. 41 1.030 1086 4 8 7 0.1 0.3 40 28 132
11:10 a.m. 70 1.030 1185 9 13 13 0.2 0.6 95 40 197
1:30 p.m. 51 1,031 1104 4 10 7 0.1 0.4 107 18 186
6:30 p.m. 138 1.032 1215 25 24 22 0.3 1.4 284 94 364
10:05 p.m. 57 1.030 1108 12 [} 8 0.3 0.5 75 28 108
L-33 Days 3:45 a.m, 222 1.027 1007 28 10 17 0.8 2.3 384 106 390
7:00 a.m. 142 1.025 1001 18 11 22 0.5 1.4 142 49 224
L-31 Days 8:56 a.m. 102 1.023 964 20 5 21 0.8 0.9 54 28 96
10:24 a.m. 306 1.011 463 17 15 22 0.4 0.7 28 43 101
12:41 p.m. 235 1.015 578 18 17 20 0.4 1.2 57 48 146
2:46 p.m, 117 1.026 944 28 10 18 0.5 1.1 110 62 136
4:37 p.m. 164 1.023 876 37 10 24 0.6 0.8 106 9 139
6:14 p.m. 175 1.018 728 217 8 20 0.4 0.8 98 55 116
8:32 p.m. 163 1.019 782 23 7 19 0.4 1.0 108 63 143
9:23 p.m. 66 1.025 1050 18 2 13 0.8 0.7 52 39 18
10:08 p.m. 12 1.026 1080 .3 1 3 0.1 0.1 6 8 16
L-30 Days 5:45 a.m. 95 1.026 1041 18 2 18 0.9 1.0 n 55 144
*Urine contains 1% boric acid
**Affected by boric acid sddition and storage
L = Launch Date
TABLE 4. URINARY BIOCHEMISTRY® VOID-BY-VOID SAMPLE ANALYSIS
Uric
v Specific | Osmott Na K (4] Ca Mg 1P04 Acid | Creattt
METt Time ml Gravity mosm | mEq/TV | mEQ/TV | mEQ/TV | mEQ/TV | mEQ/TV | mg/TV | mg/TV | mg/TV
Inflight ¢*000 20:30 78 1.032 1202 12 7 13 0.1 0.9 11 1 239
001 0 hr 44 min aze 1.016 478 22 13 27 0.8 2.5 177 129 346
2 hr 22 min 256 1.011 435 20 8 24 0.8 1.3 54 79 174
4 hr 22 min 278 1.010 385 22 9 25 0.4 0.9 76 51 127
7 hr 01 min 303 1.010 380 25 5 25 0.8 1.8 133 80 145
11 hr 01 min 305 1.015 604 46 10 45 1.4 2.8 206 108 287
19 hr 11 min | 200 1.022 844 29 1 30 0.8 2.1 306 36 364
002 18 hr 11 min 87 1.025 1005 12 3 11 0.4 0.7 107 11 123
22 hr 40 min | 398 1.020 738 80 18 58 2.3 3.4 337 163 583
003 0 hr 30 min 250 1.013 500 25 9 24 0.8 1.1 77 76 188
9 hr 54 min 204 1.021 137 39 10 26 4.5 2.7 409 47 450
13 hr 29 min 164 1.014 503 25 1] 19 0.7 0.9 224 110 227
17 hr 30 min | 343 1.011 400 17 (] 13 0.7 1.4 247 94 268

*Each urine collection bag contained 1 gram boric acid
**This void collection after arising at 20:30

RESULTS

The values for urine chemistries determined
from single voids collected from one
crewmember during preflight and inflight
phases of one mission are presented in Tables 3,
4, and 5. As mentioned earlier, two 24-hour
collections were made during each of the

15

tMission Elapsed Time
ttAffected by boric acid addition and storage

sample to sample in all parameters throughout
the collection period. The latter is principally a
consequence of the diurnal variation of
individual parameters and the fluctuations in
void volumes as a result of environmental
influences. ,

The results of the urine analyses as
standardized to a 24-hour specimen for both
preflight and inflight data are summarized in
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Table 6. Urine volume did not appear changed
in this individual from the preflight control on

TABLE 5. INFLIGHT URINARY BIOCHEMISTRY*
VOID-BY-VOID SAMPLE ANALYSIS

Ty CITRATE OXALATE

MET** TIME m mg/TY mg/TV
Inflight 000 20:30 78 7.3 3.8
001 0 hr 44 min 326 176.5 8.4
2 hr 22 win 256 79.9 6.8
4 hr 22 min 276 59.4 6.7
7 hr 01 min 303 67.3 5.5
11 hr 01 min 305 123.0 6.5
19 hr 11 min 200 66.8 11.4

002 18 hr 11 min 67 35.3 2.0
22 hr 40 min 398 204.5 12.8
003 0 hr 30 min 250 48.7 5.3
9 hr 54 min 294 175.4 9.4

13 br 29 min 264 117.4 8.0

17 hr 30 min 343 66.8 7.6

*Each urine collection bag contained 1 gram boric acid
**Mission Elapsed Time

either mission day. A trend to an increased
excretion of calcium, phosphate, magnesium
and uric acid was present. This is consistent with
previous observations made in both space flight
(1,2) and bedrest studies (Pak, personal
communication). Urinary citrate and oxalate
values early inflight were within the normal
range of the general population. Observations
made in bedrested subjects suggest that the
development of hypocitraturia during space
flight, if analogous to the ground-based model,
would develop during the later adaptive phases
of a mission when renal loss of potassium
becomes significant. As seen in Table 6,
potassium excretion did not appear elevated in
the early flight days measured. This observation
is tenuous at best in light of the limited data.
Meaningful evaluation of all other urine
parameters was equally limited due to the low
number of data points available on a subject
"n" of one in clinical parameters known to
exhibit large variations from individual to
individuai.

Reliable assessment of the potential for
urinary calculi during weightlessness will

require the further analysis of urinary
parameters and variables in a statistically valid
population size over a wider range of mission
days. The careful measurement of urinary
parameters, including oxalate, citrate and
saturation levels with respect to stone-forming
salts, is warranted for inclusion in this
evaluation (3). The importance of identifying
pathogenic factors both of environmental and
metabolic origin to future manned space flights
of long duration are considered significant for
proper safeguard implementation and timely
institution of remedial measures when
necessary.
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INFLIGHT PHARMACOKINETICS OF ACETAMINOPHEN
IN SALIVA

Investigators: Nitza M. Cintron, Ph.D., Lakshmi Putcha, Ph.D., and
James M. Vanderploeg, M.D., M.P.H.

INTRODUCTION

The observation that a wide range of
physiological and biochemical changes occur
during space flight suggests that these changes
may alter the pharmacodynamics of drugs
administered to crewmembers during flight.
Conventional methods of therapeutic and
pharmacokinetic evaluation of drugs using
concentration profiles in the blood are invasive
and require special technical expertise. These
methods, therefore, are not suitable for space
flight applications. In the recent past, salivary
concentrations of certain drugs were reported
to be useful for clinical drug monitoring and
pharmacokinetic evaluations (1). Since saliva
sampling is simple and noninvasive, this method
may be successfully employed for
pharmacokinetic assessment of drugs
administered to crewmembers during space
flight.

The usefulness of salivary concentrations
for predicting blood levels depends upon the
detectability of drug concentrations in saliva
and the consistency of saliva/plasma ratios over
a wide range of plasma concentrations (2).
Earlier reports on salivary levels of
acetaminophen, a commonly used pain relief
medication, indicate that there is a positive
correlation between plasma and saliva
concentrations, and that the saliva
concentrations are higher than those in plasma
(3). Preliminary studies conducted in the
investigators' laboratory to verify the feasibility
of using salivary drug levels for predicting blood
concentrations of acetaminophen following
oral administration have indicated that
therapeutic concentrations of the drug can be
successfully detected in saliva. The saliva/plasma
ratio of the drug was consistent and remained
close to 1 over a wide range of plasma
concentrations during the pre- and post-
absorptive phases of drug dynamics. These data
suggested that acetaminophen might be a
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suitable candidate for reliable pharmacokinetic
evaluation and therapeutic drug monitoring
using salivary drug concentration profiles. The
widespread use of acetaminophen as a common
pain medication and its relatively insignificant
side effects encouraged the use of this drug for
a preliminary investigation to assess the
usefulness of salivary drug monitoring for space
medical operations in the future.

The present investigation constitutes the
beginning of a comprehensive pharmacokinetic
characterization of drugs administered to
crewmembers during space flight in general,
and of acetaminophen as a representative drug
in particular, by using salivary concentrations.

The limited inflight data obtained to date
precludes the appropriate assessment of
pharmacokinetic alterations associated with
space flight. In this regard, the information
presented here must be considered strictly as
incomplete and preliminary.

A crewman poses with the vial
(floating, foreground) and kit used for saliva
collection.

Figure 1.
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PROCEDURES

The investigational design was comprised
of two phases, a preflight control phase and an
inflight experimental phase (Fig. 1). The overall
protocol for both phases was identical and
involved oral administration of the drug and
collection of saliva samples at regular time
intervals for 8 hours after dosing. The details of
this experiment are as follows.

The participating crewmember was
requested to collect preflight control samples
any time between L-30 and L-15 days. Before
initiating the study, the crewmember fasted
from at least one hour before the sleep period
until one hour post-dosing. No drinks were
allowed for one hour before and after dosing.

The crewmember ingested two 325-mg
tablets of acetaminophen with 100 m! of water
followed by a thorough rinsing of the mouth
with an additional 100 ml of water. Saliva
samples were collected at 0.25, 0.5, 1, 2, 3, 4, 5,
6, and 8 hours post-dosing. Samples were
collected using a cotton ball placed at the back
of the mouth between the jaws for 5 minutes or
until the cotton ball was saturated with saliva,
whichever was earlier. Constant rolling of the
cotton ball in the mouth facilitated saturation.
Stimulation of saliva secretion was achieved by
chewing on a teflon square for 30-60 seconds
prior to sampling. Saliva samples were collected
and stored in designated sample collection
tubes until they were analyzed.

The concentration of acetaminophen in
each saliva sample was determined later using
an established HPLC analysis method (4).

RESULTS

The saliva concentration-time profiles of
acetaminophen following oral administration
during preflight and inflight conditions in five
crewmembers from three separate missions are
depicted in Figures 2 to 4. It appears from these
profiles that concentration-time profiles of
acetaminophen change significantly during
space flight when compared to their control
counterparts.
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Table 1. Absorption Parameters of Acetaminophen

SUBJECT PEAK CONCENTRATION TIME TO REACH PEAK

Control ms/el) Inflight Control " Inflight
1* 9.6 6.4 0.5 1.1 (w4)
2 8.9 6.1 0.5 1.0 (MD4)
3 9.8 14.1 0.5 1.0 (m03)
4 12.6 14.8 0.5 £0.25 (mM02)
5 13.0 15.6 0.5 £0.25 (mo2)

*MD3 data (Fig. 2A) from this subject were inadequate to estimate these para-
meters.

Preliminary evaluation of the data
collected from all five crewmembers suggests
that significant changes in the absorption phase
of drug disposition occurred, as shown in Table
1, while the elimination of the drug appeared to
be unaffected. The peak concentration of the
drug decreased in two subjects during space
flight and increased in the other three subjects,
when compared to the respective control
values. The time to reach peak concentration
increased in three subjects and decreased in the
other two during space flight. While
intersubject variability in peak concentration
and time to reach the peak concentration was
minimal during the ground-based control
phase, large variations in these two parameters
were noticed between the subjects during
flight.

DISCUSSION

Preliminary evaluation of the inflight
results indicated that the degree and
magnitude of the pharmacokinetic changes
observed in crewmembers during flight appear
to be dependent on a number of inflight
variables that could not be controlled or
documented in this study. Some of these
contributing parameters that are unique to
space flight are discussed below.




SUSCEPTIBILITY TO SPACE
MOTION SICKNESS (SMS)

The limited pharmacokinetic data
collected in flight (during three missions)
suggest that there may be a correlation
between the pathophysiological condition of
the crewmember and the disposition changes of
acetaminophen during flight. In one crew-
member who experienced severe SMS
symptoms, the peak concentration of
acetaminophen and the overall disposition of
the drug appeared to be erratic, with an
unexpectediy high peak concentration and
faster than normal elimination. While
experimental artifacts such as contamination of
the first two saliva samples by a residual dose in
the mouth due to inadequate rinsing after
ingestion of the drug cannot be ruled out,
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Figure 2. Salivary concentration-time profiles of
acetaminophen following oral administration
of 650 mg to crewmembers on mission day 2.
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symptoms of SMS, such as regurgitation and
dehydration, may also have contributed to the
abnormal disposition of the drug in this
crewmember. Information regarding the
incidence of SMS in other crewmembers was not
available; therefore, a correlation between the
physiological responses to space flight and the
disposition kinetics of the drug could not be
investigated.

MISSION DAY

Among the studies completed so far
during the three missions, two crewmembers
implemented the study protocol on MD2, one
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Figure 3. Salivary concentration-time profiles of
acetaminophen following oral administration

of 650 mg dose to crewmembers on mission day
3.



on MD3, one on MD4, and the other twice
during one mission on MD3 and 4. On MD2,
both crewmembers had a higher peak drug
concentration and a faster time to reach peak
concentration than during the preflight phase
(Fig. 2). On MD3, the crewmember who had
SMS manifestation showed an erratic
disposition profile of acetaminophen while the
other crewmember had a slower absorption but
a higher peak concentration (Fig. 3).

On MD4, when the physiological
adaptation to weightlessness may have reached
an equilibrium, both crewmembers had a
significant decrease in the absorption of
acetaminophen as indicated by smaller peak
concentrations reached later than during
preflight (Fig. 4). These preliminary evaluations
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Figure 4. Salivary concentration-time profiles of
acetaminophen following oral administration
of 650 mg dose to crewmembers on mission day
4.

22

of the inflight data indicate that conducting the
study on the same mission day may reduce the
large differences in the experimental results.

INTERSUBJECT VARIABILITY

While no significant differences in
pharmacokinetic parameters have been noticed
between crewmembers during preflight control
studies, large differences in the values of the
same parameters between the same
crewmembers have been observed during
missions. These results suggest that the inter-
individual differences in the physiological
response to space flight may cause intersubject
variability of drug disposition during space
flight. In addition, any flight-specific activities
such as exercise and ingestion of SMS
medications like scopolamine may also
contribute to the intersubject variability.

CONCLUSIONS

These limited results of an inflight drug
pharmacokinetics investigation that is still in
progress indicate that following oral
administration of acetaminophen to
crewmembers, the rate and extent of
absorption of the drug are altered significantly.
Earlier reports on acetaminophen absorption
from tablets in ground-based studies indicate
that delayed esophageal tablet transit caused
by either inadequate water wash or supine
position after dosing alters the absorption
profile of acetaminophen in three ways (5).
First, absorption rate is reduced in the first 60
minutes; second, peak plasma concentration is
significantly reduced; and third, the time of
peak plasma concentration is delayed. These
results are similar to the ones observed on MDA4.
This suggests that changes in the absorption of
acetaminophen during the flight may have
been affected by the insufficient water intake
reported during the mission. More importantly,
dehydration and weightlessness, two conditions
that prevail during missions, may directly induce
changes in absorption similar to those described
above. Such absorption changes decrease the
effectiveness of acetaminophen as an analgesic
(5). Similar changes in disposition have also
been noticed with scopolamine, an anti-motion




sickness drug, in crewmembers during missions.
These results are being reported separately.
Changes in absorption of drugs could render
them ineffective or lead to unfavorable
therapeutic consequences when the drugs are
administered by conventional dosing practices
to crewmembers during space flight.

The limited inflight data accumulated
thus far are inadequate for characterization of
the degree and magnitude of the space flight-
induced pharmacokinetic changes because of a
number of interfering variables influencing the
disposition profiles and kinetic parameter
estimates of drugs. While information on some
of these variables (such as mission day) is
available, information about such factors as the
incidence of space motion sickness, ingestion of
other medications during the flight, and the
overall physical and physiological responses of
each participating crewmember to microgravity
are unavailable. A thorough and compre-
hensive evaluation of inflight pharmacokinetics
of drugs can only be accomplished under
controlled experimental conditions, where
some of the factors contributing to the
variability in data can be monitored if not
controlled. When a comprehensive
characterization of observed changes in drug
disposition and of the contributing physical,
physiological, and biochemical factors is
achieved in the future, this knowledge can be
applied to predict the therapeutic consequences
of operationally critical drugs administered to
crewmembers during space flight. This
information will assist in the design and
development of safe and effective dosage
regimens for optimum therapeutic efficiency
and avoidance of undesirable side effects from
drugs administered to crewmembers during
Space Shuttle flights and other manned space
missions of the future.
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INFLIGHT SALIVARY PHARMACOKINETICS OF
SCOPOLAMINE AND DEXTROAMPHETAMINE

Investigators: Nitza M. Cintron, Ph.D., Lakshmi Putcha, Ph.D., Yu-Ming Chen, Ph.D., and
James M. Vanderploeg, M.D., M.P.H.

INTRODUCTION

The need for elucidating the
pharmacokinetic changes occurring during
space flight has been widely recognized, but the
technical and operational constraints of
collecting multiple blood samples for such
studies limit their implementation during space
flight. The usefulness of salivary concentration
profiles as an alternate, noninvasive method for
clinical monitoring of certain drugs has been
established (1). The feasibility of such an
application for salivary drug monitoring
depends upon the distribution of detectable
levels of the drug into saliva and establishment
of a consistent saliva/plasma (S/P) ratio over the
entire disposition profile of the drug (2). To
determine the applicability of noninvasive
salivary drug monitoring for pharmacokinetic
evaluation of therapeutic agents during space
flight, three drugs that are frequently used by
crewmembers have been selected for inflight
study - acetaminophen, a relatively innocuous,
common pain relief medication whose dispo-
sition characteristics have been well established,
and a scopolamine/dextroamphetamine com-
bination, an operational medication used for

the treatment of space motion sickness during
missions.

Ground-based, in-house investigations to
establish the S/P ratios of scopolamine have
been conducted in normal subjects. Following
IV and oral administration, scopolamine readily
distributes into saliva with consistent S/P ratios
over the entire disposition profile. In this
preliminary investigation, the pharmacokinetics
of scopolamine/dextroamphetamine following
oral administration to crewmembers before and
during space flight are being evaluated using
salivary concentrations to estimate the
disposition parameter changes of anti-motion
sickness agents during missions.

The limited inflight data obtained to date
preclude the appropriate assessment of
pharmacokinetic alterations associated with
space flight. In this regard, the information
presented here must be considered strictly as
incomplete and preliminary.

PROCEDURES

Participating crewmembers received an
oral dose of 0.4 mg scopolamine and 5 mg
dextroamphetamine in combination as a

Days: Preflight and On or Before MD2

Wake-Up JDrug Administration

1 ] I I ! | | 1 | I | 1
SAMPLE NUMBER 1 2 3 4 6 7 8 9 10 11 12 13
TIME POST-DOSING Pre 0.5 1 1.5 4 6 8 10 12 24 30 36

(Hrs)
I Scopolamine
L d-Amphet amine J

Figure 1. Saliva sample collection schedule.
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capsule (SMS medication), twice on separate
occasions during ground-based studies and once
during space flight. Saliva samples were
collected at designated time periods for 36

Figure 2. Salivary sample collection kit.

hours as shown in Figure 1, using the cottonball
saliva collection kit designed and developed at
the JSC (Figure 2). The saliva samples collected
during the first 12 hours post-dosing were
divided into two aliquots. Scopolamine
concentrations were determined using the
RPLC-receptor binding assay (3) in one set of the
12-hour sample aliquots. The remainder of the
samples for the entire 36 hour duration of the
study were frozen for later analysis to
determine dextroamphetamine concentrations.
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Figure 3. Salivary concentration-time profiles of
scopolamine following oral administration of
0.4 mg scopolamine and 5 mg dextro-
amphetamine to a crewmember.
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Figure 4. Salivary concentration-time profiles of
scopolamine following oral administration of
0.4 mg scopolamine and 5 mg dextro-
amphetamine to a crewmember.
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RESULTS

Preliminary results from three crew-
members who participated in the study on two
separate missions have been compiled and are
presented in Figures 3-5. Preliminary evaluation
of the salivary concentration-time profiles
indicated that large deviations in the
concentration-time profiles of scopolamine in
crewmembers occur during space flight when
compared to their ground-based control
profiles. in one crewmember, a significant
decrease in the peak concentration and an
increase in the time to reach peak concentration
were observed, while opposite results were
obtained for another crewmember.
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Figure 5. Salivary concentration-time profiles of
scopolamine following oral administration of
0.4 mg scopolamine and 5 mg dextro-
amphetamine to a crewmember.

The third crewmember repeated the study twice
during the mission, and the changes in both
instances were relatively small when compared
to the results from the other crewmembers.
These preliminary results are summarized in
Table 1. These data indicate that there was a
large intersubject variability during flight, while
preflight differences were minimal.
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Table 1. Absorption Parameters
of
Scowl-lne in Crewmembers

Subject Mo. Peak Saliva Concentration Time to Reach Peak

(pg/m1) Concentration (h)
CONTROL INFLIGHT CONTROL INFLIGHT
1 227 216 (MDO-1) 2.0 4.0 (M00-1)
383 (MD2-3) 1.5 (MD2-3)
2 633 212 1.0 1.5 (MDO-1)
356 690 3.0 3.0 (m01-2)
DISCUSSION

The limited number of results collected so
far indicate that the absorption of scopolamine,
when administered to crewmembers as a
combination SMS medication, may be
influenced by the physical and physiological
changes caused by weightlessness during space
flight. However, the degree, nature, and
magnitude of the pharmacokinetic changes
could not be evaluated due to the limited
number of results obtained thus far.
Furthermore, large intersubject variability
caused by a number of experimental differences
such as mission day and concomitant ingestion
of other drugs, in addition to inadequate
sample size, make interpretation of the results
difficult. Some of the flight-specific factors that
may contribute to the variability are discussed
below.

INTERSUBJECT VARIABILITY

Scopolamine, being an amine, has a poor
absorption profile in humans when
administered orally (4). In a preliminary
investigation conducted in our laboratories to
evaluate the pharmacokinetics of scopolamine
in normal subjects, bioavailability of the drug
was less than 25 percent of the administered
oral dose. Peak saliva concentrations ranged
between 600 and 800 pg/ml and were attained
in less than 0.5 h after oral administration. The
SMS medication used in the present study is a
combination of scopolamine and dextro-



amphetamine, both of which are poorly
absorbed from the gastrointestinal tract (4).
The less than normal peak concentrations (227

and 356 pg/mi) noticed in two crewmembers
during ground based control studies may he the
result of an absorption interaction between the
two drugs which should be evaluated in
ground-based studies before definite
conclusions can be drawn from inflight results.
The crewmember whose salivary concentrations
were in the normal range during the ground
control study had a significant decrease in the
peak saliva concentration during mission and an
increase in the time to reach peak
concentration. The results obtained from the
other two crewmembers were highly variable.

MISSION DAY

As noticed in a similar study with
acetaminophen, mission day may also influence
the inflight results. This may be due to the fact
that the physiological adaptation to space flight
conditions is a dynamic process, and the degree
and magnitude of these changes may influence
the dynamics of drug disposition differently
depending upon when the study was
performed. The preliminary results obtained so
far are from different mission days which makes
interpretation of the data difficult.

SAMPLE SIZE

Since scopolamine causes dryness of the
mouth in addition to the possible dehydration
caused by SAS, adequate samples were not
recovered for a large number of sampling times,
especially during the absorption and
distribution phases of the drug dynamics. This
sample inadequacy might have resulted in less
than efficient estimation of saliva
concentrations in a large number of samples
collected during the early phases of the study.
Therefore, these results were insufficient for a
comprehensive evaluation.

Preliminary evaluation of these limited
results indicate that while significant changes in
the disposition of scopolamine may occur
during space flight, the degree and magnitude
of these changes have to be evaluated in more
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crewmembers before reliable conclusions can be
drawn.

CONCLUSIONS

The limited number of results obtained
with three crewmembers from two separate
missions suggests that scopolamine saliva
concentration-time profiles were significantly
different during space flight when compared to
their preflight counterparts. Absorption of the
drug during the flights appeared to be aitered
as indicated by peak concentration levels and
time to reach the peak concentration. Large
intersubject variability, inadequate sample
volumes, and insufficient data make it very
difficult to reliably assess the pharmacokinetic
behavior of scopolamine in crewmembers
during space flight. These intersubject
variabilities may be due to a combination of
contributing factors, such as different physical
and physiological responses of the
crewmembers to space flight, simultaneous
ingestion of other medications, and the
physiological condition of the participating
crewmember on the day the study was
conducted. In addition, the pharmacokinetic
interaction of scopolamine and
dextroamphetamine when administered
concomitantly may influence the disposition of
scopoiamine inflight as well as the preflight
study results. All of these factors need to be
evaluated in both ground-based and inflight
studies. These results, therefore, warrant a
comprehensive evaluation of the
pharmacokinetic behavior of SMS medications
with a minimum number of variabies that
contribute to the disparity of inflight data. The
results of such a comprehensive evaluation of
SMS medications and other therapeutic agents
for the treatment of pathophysiological
disorders induced by space flight are important
for determining the therapeutic efficiency and
for predicting the incidence of undesirable side
effects of drugs administered to crewmembers
during missions. Furthermore, the results from
the pharmacokinetic and bioavailability studies
during space flight will provide information for
the successful design and development of
effective therapeutic regimens for both short
and long duration missions.
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SALIVARY CORTISOL LEVELS DURING THE ACUTE
PHASES OF SPACE FLIGHT

Investigator: Nitza M. Cintron, Ph.D.

INTRODUCTION

The complexity of the physiological
response to weightlessness has stimulated
research into identifying biochemical and
endocrine parameters which might provide
insight into the underlying mechanisms
operative in the overall adaptation process.
Available data from earlier inflight and ground-
based studies substantiate the value of
performing correlative studies to evaluate and
assess the neuro-endocrinologic mechanisms
associated with the various conditions of space
flight-induced stress (1-3). As expected, these
investigations clearly indicated the central
involvement of autonomic neurotransmission in
the etiology of stress-related imbalances (e.q.
immunosuppression, motion sickness) and
pointed to the potential of correlating early
changes to hormonal alterations.

Cortisol, under the direct influence of
adrenocorticotrophic hormone (ACTH), is one of
the key hormones associated with the control
and maintenance of normal neuroendocrine
processes and with the response and onset of
stress-related conditions. Plasma concentrations
of cortisol have been found to increase during
space flight (1). However, no data are currently
available on its changes immediately after the
achievement of weightlessness. It is during
these first hours of a mission that the most
dramatic changes are thought to occur as part
of the adaptive response to weightlessness.

The lipophilic and neutral chemical
nature of steroids have been shown to effect
their rapid equilibration into saliva from plasma
by passive diffusion (4). As a result, steroid
concentrations in saliva represent those of the
free fraction in the circulation and are
independent of variations in salivary flow rate.
For cortisol, salivary levels have been
demonstrated to correlate with the free steroid
fraction in both plasma (5) and serum (6).
Recent improvements in steroid immunoassay
and salivary extraction techniques have made
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feasible the routine assessment of adrenal
activity by monitoring cortisol levels in saliva
(7,8). For inflight application, collection of
saliva represents a stress-free, non-invasive
means of obtaining information about adrenal
activity during the early inflight period; many
samples can be collected with a minimum of
disturbance of crewmembers' activities.

The primary objectives of this
investigation were to determine the feasibility
under operational Shuttie conditions of
collecting saliva samples for cortisol analysis
and, more importantly, to examine the key
facets of endocrine function (i.e. adrenal
activity) during the acute and adaptive phases
of space flight as derived from the resultant
cortisol measurements. Information about
adrenal activity and about integrated
neuroendocrine function have significance in
formulating the total picture of the crewmen's
health status and in predicting, in conjunction
with all other available metabolic data, the
possible duration of man's stay in
weightlessness.

PROCEDURES

The general design of the overall
investigation involved the serial collection of
saliva samples throughout a specified 24-hour
period during pre- and inflight phases of a
mission (Figure 1). Saliva collection activities
consisted of collecting 4 samples throughout
each 24-hour period at approximately the same
times ( * 1 hour) during the sleep/activity cycle.
To avoid an interruption of the sleep period, the
first sample was collected soon after wake-up;
the second sample at wakeup plus 5 hours (£ 1
hour); the third sample at wake-up plus 10
hours (* 1 hour); and the fourth sample, shortly
before the sleep period. These operations were
performed once preflight at approximately one
month prior to launch and twice inflight, once
early and once late in the mission. All inflight
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data were compared to preflight baseline data.
A total of 6 subjects were required for
appropriate assessment and evaluation of
results.

Days: Preflight, MD2 and MD6

Wake-up Sleep

SAMPLE NUMBER 1 2 3 4

Figure 1. Inflight salivary cortisol sample
collection schedule.

To date, two crewmembers have
participated in this investigation. As scheduled,
four samples were collected from each
participating crewmember at approximately 6-
hour intervals during a 24-hour period about a
month before launch. During flight the
crewmembers collected samples on mission days
1,3and 6.

Saliva samples were obtained using the
Salivary Collection Assembly which consisted of
a beta cloth pouch with foam inserts to retain
Sarstedt syringe tubes, each containing a dental
cotton roll (Figure 2). The syringe barrels had a
screw cap on one end and a sliding ptug on the
other end into which the syringe plunger
screwed, so that the barrels functioned as tubes
for collection of samples as well as syringes for
retrieval of the samples. Squares of Tefion film
which could be chewed to stimuiate salivation
were also stowed in the pouch. Samples were
collected by placing a roll of dental cotton
between the lower teeth and cheek toward the
back of the mouth. The cotton roll remained in
place until it was saturated or for 20 min,
whichever occurred first. The saliva samples
were then stored in the designated tubes for
subsequent analysis.
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Figure 2. The saliva collection assembly with
the Sarstedt syringe tubes containing dental
cotton rolls and with the Teflon film squares
used for stimulating salivation. The kit
configuration shown is that used for saliva
collection in conjunction with the Salivary Ac-
etaminophen Pharmacokinetics investigation.

Samples were frozen at -70° C as soon as
possible after landing. They were thawed and a
plunger was inserted into each syringe. The
contents of the cotton roll were squeezed into a
50-m! tube which was centrifuged with the
syringe in a Beckman J-6B centrifuge. The roll
was squeezed again so that as much sample as
possible was transferred to the 50-ml tube.
Sampies were analyzed for cortisoi by the
radioimmunoassay described by Foster and
Dunn (9).

an
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Figure 3. Preflight diurnal variation of salivary
cortisol for Crewmembers 1 and 2. Samples
were collected throughout a 24-hour period 30
days before flight and cortisol was determined
by radioimmunoassay.

RESULTS

For both crewmembers the sample taken
late at night (2030 hours) contained the highest
concentration of cortisol (Figure 3). The
concentration had dropped by at least two-
thirds by the next sampling time (0140 hours).
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Figure 4. Comparison of preflight and inflight
diurnal variation of salivary cortisol in
Crewmember 1. The inflight samples were
collected on mission day 6/7.

Only one complete set of inflight samples
in which cortisol could be measured was
obtained. it was collected on Mission Day 6/7.
The graph of cortisol levels in these samples was
almost parallel to the graph of cortisol in the
same crewman's preflight samples (Figure 4);
each of the samples taken on MD6/7 contained
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more cortisol than its preflight counterpart. For
this crewmember (Crewmember 1) cortisol
levels on day MD1 were higher than they were
on MD3 (Table), but for the other crewmember
the opposite was true (Table). Since the samples
taken early in the flight were not taken at the
same times of day as the preflight or MD6/7
samples (Table), cortisol levels in the samples
from MD1 and MD3 could not be strictly
compared to those from the other days.

Some of the samples collected by
Crewmember 2 did not contain enough saliva
for detection of cortisol.

CONCLUSION

Salivary cortisol is now considered by
some investigators to give a more accurate
picture of adrenal cortisol function than serum

Table. Diurnal variation of salivary cortisol before and during

space flight in two Shuttle crewmembers

Cortisol

pg/al
Crewnmember Cr 2

Mission Vay Time

Prefiight 2030 .60 2.04
0140 .18 .31
0600 .35 .8
1130 .11 .16

MD1 2245 +55 .31
0330 .28 .22

HU3 2215 .37 .53
0345 .34 .42
0850 .29 NS*
2200 .18 e

M6 2110 .13 NS
0125 .38 ns
0725 .48 NS
1200 .13 NS

*NS = sample size not sufficiently large
*NC = not collected

cortisol (7). Results show that saliva can be
collected in zero gravity in quantities sufficient
to measure cortisol. The noninvasive methods
used in this experiment are highly
advantageous for collecting samples frequently
and with minimum disruption of the
crewmembers' other work. The only problems
encountered were insufficient saturation of the
cotton rolls (possibly due to dryness of the
mouth, a common side effect of antimotion
sickness drugs), and inadequate labeling of
some tubes. There mcy alsn be some difficulty
with collection of samples at the same time on
every day of the experiment, because of other
demands on the crewmembers' time. It should




be possible to solve these problems with further
training and crew orientation.

The peak in plasma cortisol concentration
generally occurs about 0700 hours (10), but for
the two crewmembers in our study the peak
occurred much earlier, not later than 2030
hours. This might be due to the strenuous
preflight training schedule. There are not
enough inflight data to draw any conclusions
about the early effects of flight on cortisol levels
in the body or on their diurnal variation, but in
at least one crewmember the diurnal rhythm
was the same after about a week of flight as it
was preflight.

In conclusion, collection of saliva samples
for measurement of cortisol during space flight
appears to provide a feasible approach for
studying change in adrenal function during
adaptation of the body to weightlessness.
Specific information regarding the status of
adrenal activity in the initial phases of space
flight will require additional data for the
appropriate assessment of changes. In this
regard, the current limited data must be
considered strictly as preliminary.
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G Gy Section Two

Cardiovascular Effects and Fluid Shifts

crewman prepares containers of drinking water and salt tablets

to be consumed by his crewmates prior to reentry. DSO 402
demonstrated that fluid loading is an effective countermeasure to
orthostatic intolerance upon return to gravity. Fluid loading is now
a standard procedure on all Shuttle flights. The device on the
crewmember’s right hip is recording his blood pressure and heart
rate as part of another DSO.
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BLOOD PRESSURE AND HEART RATE
DURING ORBIT AND ENTRY

Investigators: William E. Thornton, M.D., and Thomas P. Moore, M.D.

INTRODUCTION

Postflight orthostatic hypotension has
been noted since the Mercury flights and can be
expected after exposures to weightlessness. The
problem is thought to arise from fluid shift and
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Figure BP-1. Installation of commercial BP-HR
recorder showing conventional cuff (2), with
microphone (1), over brachial artery and EKG
electrodes (3), used to generate timing and rate
signals. K-sound signals and cuff pressure are
transmitted by cable and tubes (5), to recorder
(4).

After several near-syncopal episodes on
Shuttle missions following seat egress,
presumed to be orthostatic hypotension, it was
agreed to make a series of blood pressure and
heart rate studies during entry and egress.

Figure BP-2. Record of digital data, generated
by recorder and stored in memory (time, HR,
SBP, and DBP). Other data shown are calculated
from this by the replay unit. The missing line
has been manually deleted for artifacts.

PROCEDURES

The BP-HR recorder was an extensively
tested and used, commercially available,
ambulatory unit modified only to the extent of
decreasing minimum automatic sample time to
3.5 minute intervals. It used a conventional cuff
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and K-sounds (Rivi-Rocci technique), was
completely automatic, and was capable of
recording and storing up to 200 lines of data
(time, BP, and HR) internally. Equipment
placement is shown in Figure BP-1. Postflight,
these data were transferred to a standard
digital format (Figure BP-2) and plotted by a
companion data reduction unit. Accuracy of the
unit has been examined and reported by a
number of investigators who have used it in
both clinical and aerospace applications. Each
unit was repeatedly checked for accuracy by
simultaneous comparison of its results with
manual determinations made with a calibrated
sphygmomanometer. Mean errors were
typically less than 4 mmHg systolic and 3 mmHg
diastolic.

RESULTS

Blood pressure and heart rate were
obtained with this device pre- and postflight on
Launch -59 days and Return +2 days and
inflight on Mission Day 7 and through entry and
egress on one subject. The records were edited
and artifactual values removed. Results were
then plotted and are shown in Figures BP-3, BP-
4, BP-5 and BP-6.

CONCLUSIONS

The first record, Figure BP-3, was made
during a one-g simulation. BP was
approximately 120/80 and resting HR
approximately 55 beats per minute (bpm). The
inflight record, Figure BP-4, is equally
unremarkable with lower systolic and diastolic
BP and a low HR in spite of personal
“acrobatics” performed during a portion of the
record. Essentially the same values are seen
during entry preparation with increase in BP
and HR during seat ingress and then an increase
in BP with onset of g-loads and an increase in
and an upward trend of HR, Figure BP-5.

Thirty-two ounces of fluid with 8 gm of
NaCl was ingested prior to entry and the AGS
was worn and inflated to 1 psi. Blood pressure
peaked during touchdown and egress and
systolic pressure remained slightly elevated
during the remainder of the record. It was
during this period that the subject had

38

symptoms which might have been characterized
as orthostatic hypotension had the individual’s
BP and HR not been known. The most striking
record was obtained on R + 2, Figure BP-6, when
the HR is above 70 bpm and systolic BP is slightly
elevated except during the period of 1415 to
1520 when systolic BP and pulse pressure
(systolic BP minus diastolic BP) were decreasing
and HR increasing. While there was no diary for
this period, such a BP-HR signature is consistent
with orthostatic stress, possibly caused by
standing. All symptoms were denied during this
period.

In summary, there was little change in HR
and BP during an inflight record. During entry
and seat egress, BP was normal for the situation
with minimal HR changes in spite of being
symptomatic on seat egress. Two days later
there was a persistently elevated (for this
individual) HR and one period consistent with
orthostatic stress but without reported
symptoms.

[



>t

200 — 200

190 |- ORIGINAL PAGE B — 190

180 - OF POOR QUALITY -{ 180

170 |- - 170

160 |- - 160

150 [ — 150

[-J

: E 140 — 140
€ 130 | - 130 §
o 120 / ‘ —120 8
g 110 - v Y A v. 110 E
w90 Y\]\ s H ' AN EEG 4 90 =
w ; - - e
@ gol I\ /"\,»————\J\/\N AP N - 80 <
, w
S 7| - 70 x

O s0 — 60

@ 50 |- - so

4 - a0

30 - 30

20 | - 20

10 - 10

0 | | 1 0

09:00 10:00 11:00 12:00 13:00
TIME, HR:MIN

Figure BP-3. Blood pressure (shaded area) and heart rate (open circles) during simulation of entry
preparation. The only remarkable feature is the low heart rate.

200 - : — 200

190 | — 190

180 —{ 180

170 | — 170

160 - 160

o 150 [ — 150

E 140 |- - 140
130 |- — 130 €
;i 120 ]’,\J,\\ . /\ »:R\‘// \ — :fg ‘g"
110 |- /\ ANPEE N APV - o
§ 100 AV VAYe 'M\‘Mv — 100 E
& 90| — 90 »
S 8ol ! | - 0 g
8 70 . N '/\N' K//”‘"’ —-4 70 1

o 60 \j’/\» Ind - 60

® 50 YR VPSP NN U, VN 4 o« | 50

ol o 1

30 |- - 30

20 - 20

10 - 10

0 1 | i | 0

15:00 16:00 17:00 18:00 19:00 20:00

MET 5/HR:MIN

Figure BP-4. Blood pressure and heart rate during day prior to entry. Heart rate was equivalent to
supine resting rate prior to entry.

39



TOUCH

FLUID INSEAT | DOWN
210 LOADING SEAT
200 EGRESS
190

BLOOD PRESSURE, mmHg/HEART RATE,
5
0
G LOAD

ll]lll‘lll]lllllll]‘ll

1 1 0G
20:00 21:00 22:00 23:00 00:00 01:00
MET 8/HR:MIN | MET 7/HR:MIN
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CARDIOVASCULAR DECONDITIONING DURING SPACE
FLIGHT AND THE USE OF SALINE AS A
COUNTERMEASURE TO ORTHOSTATIC INTOLERANCE

Investigators: Michael W. Bungo, M.D., John B. Charles, Ph.D., and Philip C. Johnson, Jr., M.D.

INTRODUCTION

Early in the manned space flight program
it was noted that the cardiovascular system
undergoes several adaptive changes when
subjected to the microgravity environment.
Experimentation during NASA's Skylab missions
demonstrated that fluid was shifted from the
lower extremities to the more central and
cephalad portions of the circulation. The results
of this redistribution and of other alterations in
the controlling mechanisms of the circulation
which were not well defined were termed
"cardiovascular deconditioning.” The term
deconditioning was felt to be appropriate
because those individuals who were tested
during or immediately after space flight
demonstrated less orthostatic tolerance when
provoked with lower body negative pressure
(LBNP), higher submaximal oxygen
consumptions at equivalent workloads, and
higher resting heart rates when compared to
their responses preflight (12). Numerous
ground-based studies were performed using
water immersion, bedrest, and headdown bed
rest in an attempt to duplicate the
cardiovascular adaptations observed in
microgravity (3,14). Fluid volume shifts had
been quantified, and the time course of events
had been characterized (1). Several methods of
reversing the deleterious effects of
deconditioning were also suggested, such as the
use of anti-G suits (including elastic leotards),
liquid cooling garments, lower body negative
pressure, electrical stimulation of the muscles,
and various pharmacologic agents,
mineralocorticoids being the most prominent
among them (2).

Originally Published in: Aviation, Space, and
Environmental Medicine, October, 1985: 56(10):
985-990.
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With the advent of the Space Shuttle, it
was known that astronauts would receive the
effects of reentry deceleration in the + Gz axis
(head-to-toe), compared to earlier space flights
in which these forces were directed + Gx (chest-
to-back). The combination of this more stressful
acceleration loading with the deconditioned
state of the human cardiovascular system
following space flights increased efforts
directed at developing suitable
countermeasures. Most were rejected for actual
use in the Space Shuttle due to either complex
hardware requirements or objections by flight
crews. Even the anti-G suit, considered by many
as the only acceptable alternative at the
inception of the Shuttle program, was not
regarded favorably. Therefore, the
development of other, more suitable
countermeasures to post-space flight
orthostatic intolerance took on greater
importance.

Earlier bedrest studies had revealed the
usefulness of oral rehydration using normal
saline, in the more palatable form of bouillon,
in providing a degree of protection against the
loss of LBNP (10,11) and acceleration (4)
tolerance by expanding the circulating plasma
volume. In one study, six male volunteers
underwent 15 d of bed rest to "decondition”
their cardiovascular systems in a physiological
simulation of weightlessness (11). On each of
the last 3 d of bed rest, each subject was stressed
by LBNP at -50 mm Hg in one of three randomly-
assigned conditions: employing no candidate
countermeasures; having ingested 1 L of
bouillon alone as a countermeasure; or
following ingestion of the bouillon during 3 h
of LBNP at -30 mm Hg, as a combined
countermeasure. The results showed that the
combination of oral rehydration and prolonged
LBNP provided a more sustained increase in
plasma volume and reduction in stressed heart



rate response. However, oral rehydration alone
provided a larger increase in plasma volume and
essentially the same reduction in stressed heart
rate response, but for a period of only a few
hours. Considering the constraints of Space
Shuttle operations, especially the inconvenience
of providing for the appropriate LBNP
treatment of the entire crew during the last 24 h
of space flight, the relatively short-lived
protection of oral rehydration alone was
deemed the superior treatment. Accordingly,
the simple technique of oral rehydration shortly
before reentry into the earth's atmosphere was
evaluated during several Space Shuttle flights.

PROCEDURES

On the day prior to Shuttle landing, all 26
crewmembers were to consume at least 3 quarts
(2.7 L) of fluids as part of their usual meal and
snack routine. This was intended to offset any
dehydration due to low intake during the
period of adaptation to weightiessness, or to
high insensible loss; it was not expected that
this consumption would alter the physiological
adaptation to microgravity.

Preliminary testing revealed that Shuttle
crewmembers found isotonic saline unpalatable
even in bouillon form. Therefore, the crews
were provided with salt (sodium chloride)
tablets (1 g each) and advised to take one tablet
with each four ounces (114 mi) of water
consumed, to a total of 8 tablets and 912 ml of
water. This concentration approximated
isotonic saline. Onthe day of landing, starting 2
hours before entry into the earth’s atmosphere,
the participating crewmember was to begin oral
intake of fluid and salt at a rate dictated by
personal comfort. it was stressed that
regardless of the total fluid volume consumed,
the tablet-to-volume ratio be kept constant as
prescribed. During the interval between 1 and 2
hours after landing, each crewmember's heart
rate and blood pressure responses to a Passive
Stand Test (9) were recorded, for comparison
with their preflight values. During the Stand
Test, the electrocardiogram was recorded
continuously, and blood pressures were
measured each minute for 5 minutes while the
crewmember was in the supine position, and for
5 additional minutes immediately thereafter
while the crewmember was standing The
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individual stood with his/her feet six inches (15
c¢m) apart and nine inches (23 ¢m) from a wall,
and leaned slightly backwards against the wall
for support. Passive standing had previously
been validated as a test of orthostatic
intolerance (9).

Heart rate was determined from the
electrocardiographic record as the number of
QRS complexes occurring during each 1-minute
interval. Mean blood pressure was calculated as
one-third the sum of the systolic blood pressure
plus two times the diastolic blood pressure. The
average heart rate, systolic blood pressure, and
diastolic blood pressure during the equilibrated
portion of each 5-minute segment of this stand
test were used in all calculations. In addition,
the minute-by-minute group mean values for
heart rate and mean blood pressure were
plotted to illustrate the differences in the
dynamic adjustments of cardiovascular function
before and after space flight, and with and
without the countermeasure. The results were
similar to the averaged data.

A means of estimating the degree of
cardiovascular deconditioning was formulated
which standardizes each individual by his/her
preflight testing response. This Cardiovascular
Index of Deconditioning (CID) is defined as: CiD
= AHR - ASBP + ADBP, where AHR = heart
rate (bpm) standing postflight minus heart rate
standing preflight; ASBP = systolic blood
pressure (mm Hg) standing postflight minus
systolic blood pressure standing preflight; and
ADBP = diastolic blood pressure (mm Hg)
standing postflight minus diastolic blood
pressure standing preflight.

The CID is a unitless index that reflects the
numerical increase in heart rate and decreases
in systolic and pulse pressures resulting from
cardiovascular deconditioning, as documented
in both space flight and bedrest experience (13).
Therefore, as the numeric value of CID increases,
the response of the cardiovascular system is
greater, and the level of deconditioning (i.e.,
orthostatic susceptibility) more profound.

The experiment results were analyzed
statistically using a two-factor mixed design
analysis of variance (one factor between groups,
and one within). The mean steady-state value
of each variable during each 5-minute phase of
the Stand Test, both preflight and postflight,
was analyzed as a separate treatment.




RESULTS

All crewmembers from the first eight
Space Shuttle flights were considered as the
subjects of this investigation, for a total of 26
data sets from 24 individuals (two individuals
flew twice). Of these subjects, 17 utilized the
countermeasure and 9 did not. The space flights
lasted from 54 hours to 192 hours, and flight
length did not appear to correlate with the
deconditioning parameters examined in this
study.* Crewmembers participated in the study
on a voluntary basis. Those that did not take
the countermeasure did not use other
countermeasures for the Stand Test and were
considered the control population. The
astronauts using the countermeasure consumed
fluid and salt according to personal preference.
Some drank water while others preferred
various on-board beverages, especially fruit
juices. Salt tablets were taken as prescribed or
less than directed but not in excess. The
operational environment in which the space-
borne portion of this investigation took place
made it impossible to control these individual
variations. As a result, the amount of fluid
consumed ranged from 0.5 L of hypotonic
solution to 1 L of isotonic solution. Occasionally,
crewmembers who had used the
countermeasure prior to reentry consumed
additional fluids postflight before the Stand
Test was performed. Because of this pattern of
compliance, any attempt at volume loading
with salt and fluids prior to reentry was
considered a use of the countermeasure.

* Subsequent to this analysis, additional data
were collected which suggested an effect of
flight duration on crewmembers using the
countermeasure, but not on those who did not.
This will be treated in more detail in a future
publication.
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Figure 1. Responses of heart rate to orthostasis
pre- and post-spaceflight, with or without
countermeasure (C.M.).

The postflight Stand Test usually took
place during the interval between 1 and 2 hours
after landing. The heart rate responses to the
orthostatic stress are summarized in Fig. 1. Both
groups had mean supine heart rates of 57 bpm
preflight, which upon standing increased to 70
bpm in the control group and 71 bpm in the
countermeasure group. These changes in heart
rate were statistically significant (p <0.01), and
the responses of the groups were essentially
identical. Postflight, the control group's mean
supine heart rate of 75 bpm was significantly
elevated over the preflight supine value
(p<0.01). Their mean postflight standing heart
rate rose to 110 bpm, a significant increase over
both their postflight supine (p<0.01) and
preflight standing (p <0.01) values.

in the group | utilizing the
countermeasure, the postflight mean supine
heart rate of 64 bpm was only slightly elevated
and increased (p<0.01) to 89 bpm with
standing. The postflight heart rates were
significantly lower in the group using the
countermeasure than in the control group, in




both the supine (p<0.05) and standing
(p<0.01) positions.
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Figure 2. Responses of mean blood pressure to
orthostasis pre- and post-spaceflight, with or
without countermeasure.

Mean biood pressure responses to the
orthostatic stand test are summarized in Fig. 2.
The preflight response to assuming the upright
posture was a 6 to 10 mm Hg rise in mean blood
pressure. Postflight, the control group’'s mean
blood pressure dropped 7 mm Hg when the
astronaut assumed the standing position. In the
group which utilized the countermeasure, the
mean blood pressure rose 2 mm Hg when
changing from supine to upright posture. In
both the control and experimental groups, the
supine mean blood pressure was significantly
higher (p<0.05) postflight than preflight.

The individual responses to orthostasis
before and after space flight are presented in
Table I. The Cardiovascular Index of
Deconditioning (CID) was calculated for each
crewmember and listed in Table il. For those
who did not use the countermeasure, the
average CID was 49.4 £+ 9.6 S.D. For those
crewmembers utilizing the countermeasure, the
average CIDwas 21.4 * 15.95.D,, a significantly
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(p<0.003) lower value than for the abstainers.
Of the two crewmembers who had more than
one Shuttle flight, one individual did not use
the countermeasure either time; his CID values
were 45 and 63. The other crewmember did not
use the countermeasure on his first flight (CID =
46), but did use a partial countermeasure on his
second flight (CID = 24).

Of the 26 crewmembers on the first eight
Shuttle flights, 1 suffered an episode of outright
postflight orthostatic syncope, and 2 had
episodes of presyncope. None of these three
individuals had utilized either the fluid loading
or any other countermeasures for the Stand
Test.

DISCUSSION

The use of orally consumed salt tablets
and water has been shown in these studies to
have a beneficial effect on orthostatic tolerance
as measured by heart rate and blood pressure
responses to a post-space flight stand test. The
cardiovascular adaptation to microgravity,
termed “deconditioning,” therefore apparently
has fluid redistribution and subsequent
elimination as a significant component.
Nevertheless, employing the countermeasure
did not completely reverse the effects of space
flight. This might be due to inadequate
utilization of the volume loading protocol.
However, given the complexity of the
cardiovascular system's control mechanisms, and
their potential susceptibility to alteration by
space flight factors, it is probably also a result of
other such alterations which are not so readily
reversed. Future basic research will aid in
discriminat ing these factors.

Although not providing the fine
increments of orthostatic stress that a tilt table
or lower body negative pressure device might
generate, the stand test produced reproducible
provocation that was clinically simple to use and
easy to evaluate.

Since the countermeasure was utilized to
various degrees of adherence to the protocol,
the larger spread of CID values in the
experimental group is not surprising, yet the
statistical difference from the control group is
maintained.

The instance of the crewman who used
the countermeasure only after his second and
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longer space flight demonstrates its
effectiveness. The lower value of the CID after
his second flight clearly implies that his
orthostatic tolerance with the countermeasure
was improved over that without the
countermeasure.

The Cardiovascular Index of
Deconditioning is a simplistic reflection of a
complex, as yet unsolved, clinical research
problem. However, this index can be helpful to
those responsible for making operational
judgements with minimal facilities for data
acquisition. Certainly it can serve as an
indication of the obvious clinical effects of
deconditioning.

Oral rehydration using salt and fluids has
also been evaluated for use during Soviet space
flights (8), and is employed in the Salyut space
station program (5-7, 15-17). During the final 1-
3 weeks of their long-duration space flights, the
Salyut crewmen have spent time in their
"Chibis" LBNP garments (5-7, 15-17) to
reaccustom the vasculature of the lower limbs

to blood pooling. Some crewmembers also
drank "15 sips” of water about 20 min prior to
the later LBNP sessions (16), although they
apparently did not take salt, as was done in the
Americal bed rest study (11). On the last day of
flight, the cosmonauts consumed 30 g of salt (in
tablet form) and drank 300-400 ml of water at
each meal (6,7,16,17), in preparation for the
return to earth, sometimes before or during
LBNP exposure (6,7). However, the salt and
water countermeasure is apparently not used by
the visiting crews of the week-long Soyuz
resupply missions, who stay in space for periods
comparable to American Shuttle crews (Jean-
Loup Chretien, French spationaut on Soyuz T-
6/Salyut-7: personal communication).

The ability of an astronaut to perform his
duties during the + Gz forces of reentry is of
considerable concern to the NASA organization.
This is the first time a countermeasure to the
physiologic changes occurring during space
flight has been applied acutely in a successful
manner. In this instance, success is judged by the

Table 1

INDIVIDUAL STAND TEST RESULTS

Subject Time Counter- Preflight
number in flight measure Supine
(hours) yes/no HR SBP  DBP HR
1 54 N 61 127 88 13
2 54 N 59 129 76 65
3 54 N 78 118 76 102
4 54 N 54 110 70 71
5 192 N 52 118 80 70
6 192 N 53 100 70 65
7 169 Y 87 110 68 85
8 169 Y 53 130 80 60
9 122 Y 68 103 65 68
10 122 Y 68 100 60 86
11 122 Y 49 100 67 67
12 122 Y 57 102 68 66
13 120 Y 69 109 68 80
14 120 Y 65 108 63 82
15 120 Y 48 110 69 62
16 120 Y 49 95 50 60
17 146 Y 59 96 60 71
18 146 Y 53 100 60 12
19 146 Y 51 96 60 66
20 146 Y 55 80 60 78
21 146 Y 1 100 60 83
22 145 N 62 100 60 64
23 145 Y 52 90 60 66
24 145 Y 53 100 58 73
25 145 N 54 98 60 59
26 145 N 52 100 60 64
Legend: SBP = systolic blood pressure

DBP = diastolic blood pressure
HR = heart rate
CID =

45

Postflight
Standing Supine Standing
SBP  DBP HR SBP  DBP HR SBP  DBP CID
145 92 61 120 80 99 110 80 49
137 86 66 140 110 85 136 110 48
118 76 103 117 715 126 90 62 38
105 68 80 118 82 111 118 86 45
105 80 77 140 84 120 120 98 83
100 72 77 118 82 137 104 70 66
98 66 69 108 718 93 100 68 28
118 78 69 128 84 97 126 82 3
112 17 87 120 88 89 110 80 36
107 13 65 119 75 92 110 80 10
117 79 51 106 60 7 116 78
110 14 60 114 56 82 122 72
120 80 69 119 80 79 109 86
120 80 59 137 88 90 129 96 156
118 78 77 106 62 120 114 69 53
110 68 50 112 57 74 113 7 20
120 82 72 149 101 87 136 106 24
119 16 12 132 96 84 126 103 43
110 70 57 122 19 17 116 80 15
80 65 64 124 92 91 96 63
120 12 61 126 8¢ 83 114 79 13
112 12 79 110 70 120 105 12 83
113 12 47 110 72 82 112 83 28
110 75 15 100 73 107 116 89 42
110 12 68 109 78 105 112 72 44
118 78 61 122 83 89 84 60 41

Cardiovascular Index of Deconditioning (see text)



Table 2
SPACE SHUTTLE

CARDIOVASCULAR INDEX OF DECONDITIONING -
INFLUENCE OF SALINE COUNTERMEASURE

With Countermeasure Without Countermeasure

28 49
33 46
33 38
10 " 45
5 53
2 66
6 63
15 44
53 a1
20 49.4 +SD9.6
24

43

15

5

1

28

42

21.4 +3D15.9

Legend: Difference between two CID values is
significant to the p<0.003 level

CID = AHR - ASP + ADBP (see text)

acceptance and regular utilization of a
technique by the crewmembers, and the
objective demonstration of statistically
significant beneficial physiological effects.
Indeed, this success has resulted in the official
adoption of oral fluid and salt loading as an
operational countermeasure for all Space
Shuttle crewmembers.

In addition, a dinically useful index, the
CID, has been developed to assist the flight
surgeon in his assessment of the degree of
deconditioning.
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CHANGES IN TOTAL BODY WATER DURING SPACE
FLIGHT

Investigators: Carolyn S. Leach, Ph.D., L. Daniel inners, Ph.D., and John B. Charles, Ph.D.

INTRODUCTION

The objective of this experiment was to
measure the changes in total body water (TBW)
occurring in humans as a consequence of
exposure to microgravity.

It was hypothesized that total body water
decreases by about 1.0-2.0 liters within the first
three days of weightlessness and is maintained
at that level for the duration of a 7-10 day
flight.

Fluid shifts occurring during the first few
hours of weightlessness have been identified as
the probable cause of early adaptive responses
of the human cardiovascular and renal/
endocrine systems (3). Fluid shifts have also
been implicated as possible contributory factors
in altered vestibular function. Despite this role
in triggering the response of major pathways of
adaptation, the timing and extent of the
exchanges of water and electrolytes between
compartments is unknown.

TBW measurements are particularly
important to the goal of tracking fluid shifts.
Not only are the overall changes in total water
content of interest, but also changes in
intracellular fluid volume cannot be calculated
without reliable estimates of TBW.

Although exposure to weightlessness has
long been known to affect the distribution of
body fluids, previous measurements of total
body water have been confined to preflight and
postflight periods. Leach and Rambaut (4)
measured TBW pre- and postflight on Skylab
Missions 2, 3, and 4 on a total of nine subjects,
using tritiated water as the tracer. Comparison
of pre- and postflight measurements indicated a
mean decrease of 1.7 % in postfiight TBW
relative to preflight. On the other hand, the
ratio of TBW to body mass was observed to
increase slightly in this comparison.

With the development of noninvasive
techniques employing stable isotopes (5), it was
possible to make direct, precise measurements
of TBW at almost any conceivable time during a
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mission while making very minor demands on
crew and spacecraft resources. Moreover, these
newer methods are capable of a resolution of
events separated by only three to six hours.

PROCEDURE

SUBJECTS

The subjects for this experiment were
three male crewmembers. Height, age, percent
body fat, and preflight body mass are
summarized in Table 1.

Table 1. Height., body mass. percent body fat, and age for the
three subjects who participated in this experiment. Al)l data
except body mass were recorded as part of the previous annual
physical exam for the crewman. Body mass was taken from F-33
preflight data.

Subject Height (cm) Body Mass (kg) X Body fat Age
A 178.5 80.6 14.7 39
B 170.0 68.5 14.2 35
c 177.7 71.9 14.4 43
Table 2. Body mass of subjects.
Subject F-33 F-30 F-24 F-7 L+0 L+3
A 80.6 81.2 83.9 80.6 79.7
B 68.5 69.6 70.3 67.1 68.9
C 1.9 72.2 13.5 10.8 71.0

The proposed schedule of the experiment
is summarized in Figure 1. The design included
no special control group or control experiment.
Instead, all inflight and postflight data were
compared to preflight baseline data. Because of
a delay in the launch of the mission and the
unavailability of some crewmembers during the
immediate pre- and postflight periods, the first
preflight measurements were at F-34 to F-30,
while some measurements were missed entirely.
The actual schedule of measurements was as
indicated in Table 3.
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Preflight Inflight Postflight
Ittt |=====mmmmmmmee |=mmm=mmmmmm |
| | | | |
F-10 F-5 FD2 FD5 L+5
Day Measurements
F-10 TBW and body mass
F-5 TBW and body mass
FD 2 TBW
FD § TBW
L+5 TBW and body mass

Figure 1. Nominal schedule of experimental
sessions for measurement of total body water.

TBW was measured by the isotope
dilution technique utilizing oxygen-18-labeled
water (H;180) as the tracer. Briefly, this
method requires the ingestion of a known mass
of 180 water followed by sampling of
representative body fluids such as urine or saliva
over a period of several hours following the
administration of the tracer. The protocol for a
typical measurement is shown in Figure 2. The
measurements were initiated immediately after
a sleep cycle with the crewman in a fasted state.
After the collection of background samples the
dose was consumed followed by at least 50 ml
of fruit juice or galley water. The subject was
allowed to consume a light breakfast 30 min
after dose administration and was requested to
abstain from caffeine-containing beverages for
the duration of the experiment. All food
consumed during the experiment was recorded
on alogsheet.

50

o 2

Table 3. TBW Measurements. Total body water in kg for three
crewnembeis, A, B, and . on the mission days indicated. Tmis
is the unbalanced data matrix used for the general mixed model
analysis of variance.

F-31 FD 4
Hour F-34 F-30 F-3 FD 2 FD § L+6
A 47.33 47.87 49.65 44.87 46.82 50.05
3 hr B 40.02 40.19 41.41 43.46 39.20 41.32
C 4441 47.53 43.74 46.58
A 47.14 49 .94 44.38
5§ hr B 40.83 42.01 42.79 41.80 43.42
C 41.18 47.43 44.17 45.71
-10m 0 h 3h 5h Th
I frommmemneenaes f=emmmmmennaas [
| } | | !
Bkg Tracer 1st 2nd 3rd
Sample Sample Sample Sample
W,U.&S S u&s u

Figure 2. Schematic representation of a typical
inflight experimental session (U =urine sample,
S =saliva sample, W = galley water sample).

A sample of galley water was collected on
FD 2. The experimental design called for galley
water sampling on all days on which TBW was
measured, since it had been observed on several
previous occasions, including STS 51-D, that
water sampled from the galley was enriched in
180 content. Urine samples collected during
inflight testing of the Urine Monitoring System
on Spacelab 3 also exhibited 80 enrichment.

Dental cotton rolls were used for saliva
collection. All cotton used in the experiment
was from one batch, and rolls were packaged
individually in vapor-tight, 10-ml glass
lyophilization vials (Wheaton) in a single
operation lasting about 30 min. Once closed,
the sample vials were opened only for sample
collection and sample removal. The sample
collection vials were packaged in a Nomex kit
(Figure 3) for inflight use.
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Figure 3. The Nomex dose syringe kit, an
assembled dose syringe, the syringe cap, two
saliva sample vials, and two beverage containers
used to collect Shuttle galley water samples. A
similar, separate kit was used for stowing the
sample vials.

180 water (95-98 %) was purchased from
Mound Laboratories, Miamisburg, OH. The
dose was approximately 6 g. The labeled water
was filtered directly into a sealed, sterile syringe
vial through a nonsterile 13-mm Millipore Type
HA filter (0.45 micrometer pore) using a
disposable filter holder. The syringe used was a
two-piece disposable type manufactured by IMS
(El Monte, CA), consisting of a glass vial
containing the dose and a separate plastic
injector with a lavage tip (Figure 3). This syringe
was weighed three times: empty, filled with the
labeled water, and after use to determine the
dose delivered and the amount remaining in the
syringe (usually about 0.3 mi). Syringes were
stowed in a separate kit similar to that used for
the sample vials. To ingest the dose, a crewman
removed the protective caps, assembled the
syringe, and delivered the contents directly into
his mouth. Used dose syringes were left
assembled with the tips capped and stowed in
an empty food locker.

A test subject collected saliva by placing a
dental cotton roll under his tongue for several
minutes and then replacing the saturated
cotton in the vial. It was determined in
supporting studies that samples could be stored
for over a week at ambient temperature
without affecting isotope content, provided
they were protected from evaporation. Sample
vials were replaced in the original kit and
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stowed in a different locker from the used dose
syringes. This precaution was taken to minimize
the possibility of accidental contamination of
the sample vial contents. The samples were
frozen at -70° C after being returned to the
laboratory.

The usefulness of the TBW measurement
is greatly enhanced if body mass can be
measured as well, since this enables the
calculation of the TBW to total body mass ratio.
Body mass measurements were obtained on
days F-33, F-30, F-24, F-7, L+ 0, and L+ 3 (Table
2). Since these measurements were obtained at
three different locations and presumably under
three different protocols, their interpretation is
difficult.

OXYGEN-18 ANALYSIS

Analyses of the samples were carried out
in ground-based facilities of the Stable Isotope
Laboratory at Baylor College of Medicine.
Frozen samples were thawed and
approximately 0.3-0.5 g aliquots were
transferred to preweighed 20-ml Vacutainer
serum tubes using disposable plastic tuberculin
syringes. The tubes were reweighed to
determine the mass of the sample. The tubes
were then filled with 5% carbon dioxide, 95%
nitrogen and equilibrated for 48-72 hours at 25°
C. The cryogenically purified carbon dioxide
was analyzed using a Model 3-60 Gas lsotope
Ratio Mass Spectrometer (Nuclide Corp.,
University Park, PA). Details of the analytic
procedure and calculation are found in
Schoeller et al. (5,6).

RESULTS

The results of the experiment are
summarized in Table 3. The eight gaps in this
table represent five missing samples, one
sample collected late, and two values which
were spuriously high, perhaps owing to
inadvertent dilution of the sample during
collection. The values in the table are not
corrected for fluid intake during the period of
the experiment.

The data were analyzed according to the
general mixed model analysis of variance,
utilizing BMDP module BMDP3V (BMDP
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Statistical Software, Los Angeles, CA). Subject
was treated as a random variable, while mission
day and sample time were regarded as fixed
variables. Various null hypotheses were tested
to identify the source of the variance. These are
listed in Table 4. In addition, the multiple
comparisons test (1,2) was applied to test for
significantly different means of TBW for the
different phases of the mission. This test is
summarized in Table 5.

No attempt has been made at this time to
make a similar analysis using the ratio of TBW to
body mass.

In agreement with previous observations,
the galley water was found to be enriched in
18Q, i.e., the enrichment was approximately 40
parts per thousand. The actual ratio of 180 to
160 in galley water was 0.00216, which may be
compared with the ratio observed in normal
surface water, 0.00208. The source of this
enrichment has not been identified, although it
is possibly due to boil-off during ground storage
of the liquid oxygen used in the fuel cells.

Table 4. Results of analysis of variance using the general
mixed model.
Type of

Source of variation factor Chi-squared df p-value
Subject random 10.729 1 0.001
Hour fixed 2.538 1 0.111
Day fixed 10.931 5 0.053
Hour * Day fixed 7.080 5 0.216
Hour * Subject random 0.0 1 0.998
Day * Subject random 9.514 1 0.002
Hour * Day * Subject random 0.0 1 0.998

The analysis summarized in Table 4 was
based on the assumption that the day of
measurement, i.e., the phase of the mission, was
a fixed treatment effect. Under the hypothesis
that this treatment had no effect, the resulting
ratio of variances would be observed with a
probability of 0.053, indicating that day of
observation was a significant factor in
explaining the observed variance. According to
the usual convention of rejecting a null
hypothesis for p-values smaller than 0.05, the
decision to reject was borderline at this level of
probability.

Table 5. Multiple comparisons test for arithmetic means of
test days.
Critical F

Comparison F p=0.05 p=0.10
Preflight vs. Inflight 5.145 6.61 4.06
Preflight vs. Postflight 0.254

Inflight vs. Postflight 2.073

FD 2 vs. FD 4,5 1.852

From Table 5 it is apparent that the
preflight values of TBW are significantly
different from the inflight values at the 0.10
level. The fact that the inflight vs. postflight
means are not significantly different can
possibly be traced to the limited number of
measurements conducted postflight.

It is clear from the foregoing discussion
that additional measurements under similar
conditions are highly desirable. Future
measurements would ideally be made on the
same schedule as was actually obtained on this
flight, even though this schedule departed from
the planned protocol.

CONCLUSIONS

It was concluded that TBW probably
decreases by about 3% during exposure to
microgravity. On the other hand, the
differences between FD 2 and FD 4,5 were not
significant, suggesting that the decrease had
occurred by the second day inflight. These
tentative conclusions were based on a limited
number of observations on a small number of
subjects, and must therefore be accepted with a
degree of reservation until further
measurements can be made under closely
similar conditions.
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HEIGHT CHANGES IN MICROGRAVITY

Investigators: William E. Thornton, M.D., and Thomas P. Moore, M.D.

INTRODUCTION

Variations in height with position, from
supine to upright and vice versa, and slow
decreases in height from time of arising through
the course of the day have been noted for some
time. Difficulties were experienced by some
crewmen in donning their unyielding space suits
inflight and on the moon.

Changes in height during weightlessness
were first documented on Skylab Mission 4, and
again demonstrated on the Apollo Soyuz Test
Project. Supine and upright height variations
on Earth and the time course of these changes
with and without varying loads have been
investigated by Thornton and others. A series of
inflight studies was also performed on the
Shuttle missions. These studies and experiences
resulted in adding an inch to the spacesuit torso
length.

Results from the studies are consistent;
the intervertebral discs expand or compress with
changing load in a biphasic fashion. There is an
immediate change in height with load followed
by a slower change with a time constant of
hours.

While the magnitude of such changes is
fairly well established for weightiessness, their
time course was unknown; this was studied as
follows.

PROCEDURES

The barefooted subject was positioned
standing fully erect, back against a wall and
exerting downward pressure with his hands to
ensure maintaining solid contact with the floor,
Figure 1. A square jig was placed against the
wall with its top just touching the subject's
vertex, and an index mark was made on the
wall. Pre- and postflight measurements were
made in a similar fashion and the changes were
measured to 1/16 of an inch.

RESULTS | CONCLUSIONS

The height data for one subject are
tabulated in Table 1 and plotted in Figure 2.
The model proposed by the investigator, and
independently by Kazarian, predicts an
exponential increase in height under flight
conditions. When plotted in semilogarithmic
fashion, all but one of the points follow such a
curve with a time constant (i/e point) of 10
hours.

Table 1. Height of Subject Crewmember
Height, in.
Preflight Inflight* Postflight
02:40 04:20 08:00 23:30 29:30 50:32 73:30 R+1.5 h

71.5 72.00 72.50 72.50 72.75 713.00 73.00 73.00 71.5

.5 1.0 1.25 1.5 1.6 1.5 1.5 0
% (.70) (1.40) (1.75) (2.10) (2.10) (2.10) (2.10)
*MET - Mission Elapsed Time
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Figure 1.

Sketch of inflight height
determination. Level of mark above floor was
measured and recorded.

COMMENTS

This was the first opportunity to follow
the time course of these changes in
weightlessness and the results were consistent
with the theory of the phenomenon. The
absolute value of observed change was 1.5
inches.

It would seem reasonable to extend this
measurement to a population large enough to
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be statistically significant. Should it ever
become necessary to accurately allow for such
changes, as in equipment design, prediction
procedure might be developed by studying the
correlation of inflight toc one P

N OF iNWIgNT I One-§ nanges in the
same subject from a suitable population; if a
consistent relationship were found, the flight
value could be predicted from one-g changes.
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INFLIGHT AND POSTFLIGHT FLUID SHIFTS MEASURED
BY LEG VOLUME CHANGES

Investigators: Thomas P. Moore, M.D., and William E. Thornton, M.D.

Figure 1. Shuttle crewmembers taking plethysmograph measurements.

INTRODUCTION

Signs and symptoms secondary to fluid
shifts in weightlessness were among the first
physiologic effects noted in the manned
spaceflight program. These effects included
puffy faces, nasal congestion, inflight and
postflight weight loss, orthostatic hypotension,
cardiovascular changes and the "bird legs of
space”(1). The headward shift of body fluids,
both intravascular and extravascular, results
from the absence of the 1-G hydrostatic
gradient.

Measurement of changes in leg volume
were made pre- and postflight on Apollo 16 and
17 and subsequently on Skylab 2, 3, and 4 by
Hoffler et. al (3). The volume measurement was
accomplished by using a modification of a
measurement system for fitting support
stockings. Single-point calf girth measurements
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were also done inflight on Skylab 2, 3, and 4.
The postflight leg volume measurements made
on these missions were late in the recovery
period after the return of fluid was largely over.
The inflight calf measurement was subsequently
shown not to be characteristic of the entire leg
volume, and hence neither the time course nor
magnitude of the changes were appreciated.

On Skylab 4, inflight changes in leg
volume were documented using a tape measure
system. The results showed volume losses of
several liters from the legs (5). This data
provided the initial groundwork for
formulation of a basis of understanding of
postflight weight loss, orthostatic hypotension
and other observed space flight phenomena.

A repeat of the leg volume study was
performed on the Apollo-Soyuz Test Project
(ASTP) which confirmed the volume changes but
raised questions on the time course of the fluid
shifts (2). While these studies answered a
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fundamental question regarding the
approximate magnitude of fluid shifts, many
significant details remained unknown, including
the time course during launch and recovery, the
volume distribution as a function of time, and
the volume and distribution during orthostatic
stress.

On the third Skylab mission, SL-4, the first
inflight volume measurement was made on
Mission Day 3 (MD-3). From this data it was
concluded that the major volume change had
occurred prior to the MD-3 measurement. On
the ASTP one crewmember was able to obtain a
measurement at a Mission Elapsed Time (MET)
of 06:00 hours. This value reflected only a
portion of the shift observed to occur during the
subsequent inflight measurements which
started at 32:00 hours MET. From the ASTP data
the investigators hypothesized and concluded
that the major shift of fluid volume from the
legs did not occur in the first few hours of
orbital exposure; rather, the time course of the
fluid shift was likely to assume an exponential
form with maximal rate of decrement within
the first 24 hours and a distant plateau evident
by 3 to 5 days.

PROCEDURES

The methodology used for these studies
was tedious and time consuming. There was no
opportunity for repeat studies until the Space
Shuttle became operational. Other methods of
volume determination, such as water
displacement, are impractical in the weightless
environment of space or are logistically difficult
and time and equipment intensive. A simpler,
much more rapid scheme for obtaining volumes
was therefore devised and resulted in the
stocking plethysmograph used during the
Shuttle program (Fig. 2). This scheme was
routinely used on several Shuttle flights (Fig. 1).
Inflight data from early Shuttle missions was
obtained at 11:00 and 13:00 hours MET (4). The
conclusion from these data was that by the time
of these measurements the fluid shift from the
legs was essentially complete since later inflight
measurements showed no further significant
leg volume loss. Therefore, this experiment was
designed to obtain data during the critical early
on-orbit time frame as well as throughout the
mission, in order to define and delineate the
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time course and hopefully to further
understand the dynamics of the fluid shifts.

W

Fiqure 2. The stocking plethysmograph.

The measurement of body segment
volumes presents problems since they are
irregular and compressible. The stocking
plethysmograph employed the use of direct
girth-length measurements. From a series of
circumferential measurements, volume was
calculated under the assumption that a
truncated cone represents a reasonable
approximation of a leg volume segment. Using
the formula for the frustum of a cone, V=
nl/3(R;2+ Ry Ry +Ry2), the volumes of
individual leg segments were calculated. Leg
girths were measured to the nearest 5mm and
the volume derived for each volume segment
with total volume determined by the
summation of these volume segments (Fig. 3).
This assumption represents the first source of
error in this method since the human leg is not
shaped as a perfect cone. However, with the
number and location of the volume segments
used, this error was minimized. Another
potential source of error existed in reproducing
vertical location of the measuring tapes over
successive measurements. Nonelastic
longitudinal tapes were used to ensure
consistent vertical location of the
circumferential measuring tapes.
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VOLUME APPROXIMATION.
STOCKING PLETHYSMOGRAPH

Figure 3. Volume approximation, stocking
plethysmograph.

Physiological and anatomical factors
produce a series of potential errors. Changes in
relaxation or contraction of muscles and the
anatomical position of leg segments will
produce volume changes. Changes in body
position as one moves from the supine to the
standing position cause minor shifts in tissue
volume and subsequent volume changes.
Similar changes in tissue shapes and volumes are
induced when going from 1-G to the
weightlessness environment.

These potential sources of errors were
realized and, insofar as possible, were examined
or controlled. It was decided to anatomically
divide the leg into 7 volume segments, 3 above
the knee, 3 below the knee and 1 including the
knee. Therefore, the stocking plethysmograph
utilized 8 circumferential measuring tapes.
Specific anatomical landmarks and locations
were used for the determination of position of
the 8 circumferential tapes. Eight different
colored pens were used to mark the
circumferential tapes and record the mission
elapsed time (MET) directly onto the stocking.
Each circumferential tape was then measured
upon return from flight.

A large effort was put into the design,
selection of materials, and design testing of the
stocking plethysmograph. Due to limited
development time for the first flight of the
stocking, a plastic marking window was used. it
was found that it did not produce uniform
friction on the measuring tapes, introducing
significant errors in measurements. A uniform
and consistent metal marking window was then
designed and used on subsequent missions.
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A series of repeatability and validity tests
was run, comparing the stockings to a tape
measure. For repeatability, multiple tests of 5
on and off repetitive measurements were made.
The standard deviation of the circumference
measurement of the stocking was .25 cm versus
.36 ¢cm for the tape measure. The average
difference between the stocking measurement
and the tape measure was +.27 ¢cm for the
stocking method. In looking at the vertical
variation of the location of the 8 circumferential
tapes, a standard deviation for repeated
measurements of .50 cm was found.

When comparing the stocking method
versus the water displacement method, a mean
difference of + 380 mis was found for the
stocking method. This was believed to be well
within acceptable limits taking into account the
compressive effects of hydrostatic pressure
associated with the water displacement
method.

RESULTS

The leg volume changes from the Shuttle
Program with comparison to Skylab and ASTP
are illustrated in Table 1. Volume
determinations were made on subjects on S
different Space Shuttle flights. Two of the
subjects made measurements on 2 separate
Shuttie missions as indicated. Over 140 infiight
measurements were made. The inflight
volumes, illustrated in the table, reflect the
mean of all measurements made during the
missions except for early-on-orbit
measurements (Mission Day 1) made on 3
subjects on two separate missions. These
measurements were not included because they
reflect volume determinations made during the
time periods of active shifting of fluids from the
legs (launch position). The data for these three
subjects are presented in Tables 2 to 4 and
Figures 4to 6.



Table 1. SUMMARY OF LEG VOLUME CHANGES FOR THE SPACE SHUTTLE PROGRAM, SKYLAB, AND ASTP

PREFLIGHT INFLIGHT INFLIGHT LANDING LANDING POSTFLIGHT  POSTFLIGHT
TOTAL VOLUME PERCENTAGE VOLUME PERCENTAGE VOLUME PERCENTAGE
VOLUME (mi) CHANGE (ml) CHANGE CHANGE CHANGE CHANGE CHANGE
SHUTTLE CREWMAN A (1) 8,549 952 11 - - 229 27
SHUTTLE CREWMAN B 7,735 962 124 439 5.7 - -

SHUTTLE CREWMAN C 9,003 1,069 19 380 4.2 305 34
SHUTTLE CREWMAN D . 8,227 860 10.5 370 a5 291 35
SHUTTLE CREWMAN E 9,028 1,116 124 517 5.7 394 44
SHUTTLE CREWMAN F (2) 10,612 1,790 169 951 8.0 At 7.0
SHUTTLE CREWMAN G 8,656 1,096 127 326 38 337 39
SHUTTLE CREWMAN H (1) 8,422 685 83 200 24 88 1.0
SHUTTLE CREWMAN J(2) 10,540 1,164 1.4 +89 +.8 43 4
SHUTTLE CREWMAN K 8,011 855 10.7 597 7.5 402 5.0
SHUTTLE CREWMAN L 7.560 740 9.8 119 1.6 30 4
MEAN 8,758 1,026 1.6 381 43 283 32
SKYLAB 7,679 931 12.2 574 6.6 312 3.2
ASTP 7,957 803 10.0 477 6.0 387 49

(1){2) - INDICATES THE SAME CREWMEMBER ON DIFFERENT MISS

The volume change and percentage change are
all compared with the preflight volume
determinations. The tanding measurements
were made within 1.5 hours of touchdown. The
postflight measurements were made during the
first week postlanding through recovery plus 6
days (R + 6). It should be noted that the 1-G leg
volume measurements for Skylab and ASTP
were made with the crewmembers in the supine
position, whereas the measurements in the
Shuttle program were made with the
crewmembers standing. When going from
standing to supine, there is a shift of
approximately 300mi of blood out of the legs.

Table 2. SEGMENTALLEG VOLUME CHANGES FOR SHUTTLE CREWMAN G

INFLIGHT
1 MD 2-7

(n=8)

PREFLIGHT
(n=23)

™MD
ns)

POSTFLIGHT
(n=3)

(volume) $025 mi 4867 m| 5440 mi
5656 mi
ABOVE

KNEE

{Vol Change) -631 -789 -216

65.3%
OF TOTAL

{% Change) 11 1% 140% 38%

{vVolume) 2825 mi 2693 mi 2879 mi
3000 mi
8ELOW

KNEE

(Vol Change) -175 -7 ~2

34.7% (% Change) 5.8% 10 6% 40%

8656 m| 7850 ml 7560 mi 8319ml

TOTALS (Total Volume
Change)
(Totat %
Change)

- 806 - 1096 -337

9.3% 12.7% 39%

IONS
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This should be recognized and taken into
account when comparing the data from these
different space flights. There was an average
inflight shifting of 1026ml, or 11.6% per leg.
This compares with the Skylab findings of 931ml|
and 12.2% and ASTP of 803ml and 10%.
Landing volume determinations showed a mean
decrease of 381ml or 4.3%. Postflight
measurements taken at various times from
recovery plus 1 day through 1 week post
recovery show a residual volume decrement as
compared to preflight of 283ml or 3.2%.
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Figure 4. Leg volume changes for Shuttle
crewman G.
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Table3. LEG VOLUME SHUTTLE L4
INFUGHT
PREFLIGHT MD 1 ™MD 2.7 POSTFUGHT
(ne9) (neS) n=d) (=6
(Volume) “402mi 4300mi as7smi
5656 mi
ABOVE (Vol. Change) -2 -S4 -208
KNEE
60.5% {% Change} 9.1% "nam 56%
OF TOTAL
(Volume) . 2957mi  28S6mi 3034 ml
3000 mi
BELOW Vol Change) -0 -m -m
KNEE
39.5% (% Change) 6.6% 9.0% 4%
801t mi 7259m  71S6mt 7609 mi
TOTALS (Total Volume
Change) -652 -8 - 802
(Total %
Change) 8.9% 10.7% 5.0%

Tables 2 to 4 and Figures 4 to 6 show the leg
volume changes in the 3 crewmembers who
wore the stocking plethysmograph during
launch and were able to make a series of
measurements during Mission Day 1 (MD1).
Figures 4 to 6 illustrate the time course of the
volume changes throughout the missions as
compared with the mean of preflight
measurements. The measurements represented
are: one taken 4 hours prior to launch, five
inflight volumes during MD1 (represented by
mission elapsed times [MET]} on the graph),
those taken on MD2 through MD7, one taken at
recovery, and those made postflight through
the sixth day after landing.

Table 4. SEGMENTAL LEG VOLUME CHANGES FOR SHUTTLE CREWMAN L

INFLIGHT

PREFLIGHT MD 1 MD 27 POSTFUGHT

(n=8) (na$) n=3) in=7
{volume) 4397 ml 4296 mi Aa2m
4819 mi
ABOVE (Val. Change) - 42 ~532 3
KNEE
637% {% Change) 8% 10.9% 0%
OF TOTAL
(Volume) 2590 mi 2824 ™ 2708 mi
7410
BELOW (Vol Change) - 15! =217 -33
KNEE
36.3% (% Change) 5.5% 79% 1.2%
7560 mi 987 ml 820 mi %30 m
TOTALS {Total Volume
Change) -7 - 740 -3
{Totsl %
Change) 76% 9% %

63

rr vonyn UALITY

0~ | 1
! |
s | 1 ]
e =y | ) \
0 : )
| | 2
- | X
-t i .
- ) i 44
! ! : s 8
o i
| a4z
g - ! sz
! Rd i ~ E
§ .0 | : e t
o 4w
] ) - 12
1000 |— | I
| 1 -
1100 - : | o
LAUNCH RECOVERY N
190 ' ! s
= PRE- \T ose I IH! e l no:l o : ‘D‘T MOS - MO4 | MD? ‘Aed R+t A2 Re) Ay
FLIGHT MR 220 408 PLIGHT - A‘vg
Figure 5. Leg volume changes for Shuttle
crewmanKk.

The leg volumes in Tables 2, 3 and 4 are broken
down into above- and below-knee values and
percentages along with the relative changes
inflight and postflight in these two regions of
the leg. The mean MD1 volume change ranged
from a decrease of 573ml (7.6%) in Subject L to
806ml (9.3%) in Subject G. MD2-7 volume
decreases were also greatest in Subject G of
1096mi or 12.7%, with the lowest being 740ml
or 9.8%. All of the crewmembers exhibited
significantly greater absolute volume changes
as well as relative percentage changes occurring
above the knee as opposed to below the knee.
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Leg volume changes for Shuttle
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The postflight residual volume decrement
ranged from 30ml (.4%) to 402mi (5.0%).

The mean data of the 3 crewmembers (G,
K, L) are presented in Table 5. Again,
breakdowns of the total volumes above- and
below-knee are illustrated for the preflight,
inflight and postflight leg volumes. For these
two regions, the volume, volume change from
preflight, percentage of the total volume
change that comes from that region, and the
absolute percentage change along with the
total change are shown. There was an average
MD-1 volume change of 677ml or 8.4% and a
MD2 through MD7 change of 897ml or 11.1%.
An average 619mi or 69% of this volume change
came from above the knee or the thigh with
only 287ml or 31% arising from below the knee.
There was a postflight volume decrease of
257ml or 3.2% as recorded during the first week
postflight.

Table 5. MEAN SEGMENTAL LEG VOLUME CHANGES ON TWO SHUTTLE FLIGHTS (CREWMEN G, K, AND L}

INFLIGHT

PREFLIGHT MD ! MD 27 POSTFLIGHT

{volume) 4608 m! 4488 mi A6 mI
$107mi
ABOVE (Vol. Change) -499m -619mi -161ml
KNEE
(% of Total 74% 69% 63%
Change)
632% (% Change} 98% 121% I2%
OF TOTAL
{Volume) 2791 mi 2691 mi 2873 ml
2963 mi
BELOW (Vol Change) -178m -278mi -96mi
KNEE
(% of Totat
Change) 6% % 3%
368% {% Change} 60% 94% 32%
8076 mi 7399 mi 7179 mi 7819 mi
TOTALS (Total Volume
Change) -677mi - 897 mi - 257 mi
(Total % 84% 1 1% 32%
Change}

The inflight volume changes found in the
11 subjects from the Shuttie program
demonstrated a mean volume change of 1026ml
or 11.6% with a range from 1790ml or 16.9% to
685ml or 8.3%. The majority of the subjects had
a 10% to 12% volume change. This compares
with the 12.2% from Skylab and 10.0% from
ASTP. The source of this leg volume change is a
relatively rapid shift of blood followed by
interstitial fluid and probably intercellular fluid,
with some tissue loss secondary to muscle
atrophy. It should be noted that one
crewmember (Subject F, J) had a significantly
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larger volume change on his first flight (1790ml,
16.9%) than the mean, and also the volume
change of his second flight was considerably’
smaller than the first (1164ml, 11.4%). There is
no good explanation for these findings. No
procedural or experimental error was identified,
and the same stocking plethysmograph was
used on both flights. The crewmember did
experience Space Motion Sickness symptoms on
both missions. He related that he believed his
level of hydration was the same for both flights;
however, there was noted a greater weight loss
on his first flight (11 Ibs. versus 7 Ibs. for the
second flight). The three crewmembers from
whom data were obtained shortly after launch
and throughout MD1 provided valuable
information concerning the dynamics of the
fluid shift. The actual fluid shift is complicated
by the prelaunch position of lying on one's back
in the spacecraft with the legs elevated for up to
2 hours prior to liftoff. The crewmembers
universally commented that they believed this
position is a stimulus to shifting of fluid prior to
launch because of noted bladder distension and
the common need to urinate while still on the
launch pad. Another environmental stimulus to
the fluid shift is the increase in G forces
encountered during the launch profile. As
stated, the crewmember is positioned on his
back at T-zero; then, as the Space Shuttle
rotates to an inverted position shortly after
clearing the launch tower, the crewmember is
also rotated to an inverted position. While in
this position throughout the launch and entry
profile, +G forces are exerted and reach a
maximum of 3.4 G's during the approximate 8
minutes prior to main engine cut-off, orbit
insertion and weightlessness. Taking into
account these factors, the total volume curves
show a logarithmic decrement for
approximately the first 6 to 10 hours on orbit,
after which there appears to be a plateauing
with slight downward slope, with some
variability in the daily measurements. The
variability may be related to circadian rhythm
variations. This is not consistent with the ASTP
data, where a subject showed only a 260 ml
change from his launch minus 1 day volume at
an MET of 0600 hours, reflecting only a 30%
shift of his mean total inflight volume reduction
of 900 ml. The repeated measurents of these
three crewmembers at the various time intervals
on the two missions gives one more assurance of
accuracy. Of great interest is the source of shift.




The reduction in leg volume is not evenly
distributed, with the mid-thigh losing more
than 12% of its volume versus 9.4% from the
lower leg. When the much larger volume of the
thigh is considered, the importance of the upper
leg can be appreciated; e.qg., more than twice
the volume was removed from the thigh versus
lower leg (619 versus 278mli- see Table 5).
Possibly of more interest than this removal is the
replacement of fluid upon return to earth and
the gravity environment. Landing and
postflight data from Table 1 shows the inflight
reduction in leg volume was not totally restored
following landing and postflight. However, it
does appear that the majority of volume return
was complete within 1.5 hours after landing.
On the Shuttle crewmembers there was a
reduction of 38iml or 4.3% 1.5 hours after
landing and 283ml or 3.2% postflight. Skylab
and ASTP had higher ianding volume reductions
and similar postflight reductions. This
phenomena was previously observed and the
assumptions are that (A) fluid redistribution
under 1-G is more rapid than loss in
weightlessness (such an assumption is consistent
with the difference in driving forces), and (B)
the remaining volume deficit is lost tissue due to
atrophic changes from deconditioning. As
noted, there is considerable variation between
subjects which could reflect variations in weight
loss. No consistent and reliable prelaunch and
landing crewmember weights are recorded.
However, in personal conversations, the
crewmembers usually note a 3 to 7 pound
weight loss during the missions.

Because of medical confidentiality, it is
not indicated on Table 1 which crewmembers
experienced symptoms of Space Motion Sickness
(SMS). However, it may be reported that 7 of
the 11 subjects did experience SMS. There was
no difference in the leg volume change in those
with SMS (11.6% change) when compared to
those without SMS (11.7% change).

CONCLUSIONS

This was a study of the inflight and
postflight leg volume changes associated with
spaceflight. The results of this study show that
there typically is an inflight volume change of 2
liters in the lower extremities, 1 liter from each
leg. The vast majority of this change appears to
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be a shift in body fluids, both intravascular and
extravascular. The fluid shift occurs rapidly on
Mission Day 1 (MD-1), being essentially
complete by 6 to 10 hours. The regional origin
of shift and leg volume change shows that a far
greater absolute volume and percentage of the
total change comes from the thigh as compared
to the lower leg. Postflight, the return of fluid
to the lower extremities occurs rapidly with the
majority of volume return complete within 1.5
hours postlanding. There is a residual postflight
volume decrement that is probably due to tissue
loss secondary to atrophic deconditioning and
weight loss.
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INFLIGHT HOLTER MONITORING

Investigators: Michael W. Bungo, M.D., and John B. Charles, Ph.D.

INTRODUCTION

The incidence of cardiac rhythm abnor-
malities during Space Shuttle Extravehicular
Activities (EVAs) is about 40% in individuals who
do not exhibit such abnormalities during
equivalent preflight stresses. It was
hypothesized that some aspect of the space
flight EVA environment was the instigating
factor. Potential candidates included: a
physiological response to microgravity
(including fluid volume loss due to diuresis
and/or vomiting; uncorrected electrolyte
imbalance due to diuresis and/or vomiting)
which is detected only during EVA due to the
lack of ECG information during other flight
phases; a response to the EVA workload; a
response to the EVA environment of pure
oxygen at 4.3 p.s.i.; a response to other
environmental factors, such as low humidity.
Strenuous activities during previous U.S.
manned space flights did not produc<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>