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A Systems Analysis Approach to Understanding
the Physiological Adaptation to Spaceflight

Joel I. Leonard
National Space Biomedical Institute
Houston, Texas 77030
Preface
This book is a summary of interdisciplinary Parts of this work have been published elsewhere,
research (physiology, space medicine, presented at technical meetings, and documented

engineering, computer science, mathematics) that
spans two decades (1972-1992). The research was
an attempt to use systems analysis, mathematical
modeling, computer simulations, and database
systems to integrate the biomedical spaceflight
data that was being collected during this period.
The goal of the effort was to achieve a better
understanding of the human physiological
response to short-term and long-term space travel.
The activity was primarily devoted to analyzing
the biomedical results of Skylab (1973-74), a
series of three space missions which is still ranked
as the most comprehensive of all long-term
biomedical space studies to date.

This work was begun as a coordinated effort
between the National Aeronautics and Space
Administration (Johnson Space Center) and the
General Electric Company’s Space Division
(Houston, TX). It was the intent that this multi-
disciplined, integrative approach could reveal
aspects of the then-new science of microgravity
adaptation that were not obvious by adhering to
the traditional methodology of examining each
organ system in isolation. Some joint work with
the Russians, including the Apollo-Soyez test
project and a joint bedrest study was also
supported during this period. In the 1980’s the
systems analysis group’s effort was redirected to
support the science management of human and
animal experiments on the Space Shuttle. A few
examples from this era are also included in the
book.
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in reports with limited distribution. These
publications will be referenced throughout the text
and the interested reader is advised to use these as
resource material where additional details are
desired. The intent of this book is not to reproduce
these documents but rather to present a coherent
view of the integrative analysis under one cover.
This volume contains the first detailed publication
(other than in internal reports) of an extensive
metabolic balance analysis of Skylab data, the
development and validation of the “Whole-Body
Algorithm,” and simulation studies of diverse
hypogravic environments. An analysis of
cardiovascular deconditioning and a description of
the calcium regulatory model are also new.

A long period has passed between the completion
of the main body of work represented in this book
and its publication in this form. It was inevitable
that new research efforts would lead to
developments related to the spaceflight problems
addressed and thereby make some of our
biomedical conclusions obsolete.  Although in
some cases reference to more recent work have
been included, for the most part this book should
be considered an  historical  summary
demonstrating the approach and utility of systems
analysis and computer modeling in the NASA Life
Sciences program at the time the studies were
conducted.
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Chapter 1
Executive Summary

1.1 Introduction

One of the most complete set of observations on man’s
adaptation to weightlessness collected by the United States
to date was obtained during the Skylab Program.” The pri-
mary goal of the Skylab medical experiments was to de-
fine the changes which took place in the human body and,
thus, to achieve an understanding of the physiological re-
sponses which occur during extended exposure to the space-
flight environment. Achieving a unified theory of
adaptation to weightlessness, during the Skylab era had
been difficult because of the requirement to integrate a
voluminous quantity of data obtained by many scientists
from various disciplines. This task was further confounded
by the need to consider supplementary results from a di-
verse spectrum of ground-based studies that mimic the
hypogravic environment of spaceflight. Interpretation of
all these data requires the unraveling of a complex net-
work of feedback regulators involving many individual
physiological subsystems. Therefore, a project was devel-
oped in the early 1970’s, based on an interdisciplinary sys-
tems analysis approach, to address this task. The systems
analysis approach is particularly applicable in this situa-
tion because of the requirements to analyze and assimilate
vast quantities of information, to understand the behavior of
complex homeostatic systems, and to test scientific hypoth-
eses explicitly and in as unambiguous a manner as possible.

Of the various analytical techniques developed to sat-
isfy these requirements, the primary tool used was a set of
mathematical models capable of simulating a number of
physiological systems. Physiological function of the hu-
man body is often viewed as consisting of an aggregate of
subsystems, each one of which is complicated, and these
subsystems are integrated so that the organism as a whole
maintains homeostasis. Each subsystem may be viewed as
a type of control system operating with negative feedback
to restore stability following a stress disturbance. These
control features are often amenable to mathematical de-
scription, and the use of a computer permits such models
to be used in a dynamic simulation mode. The benefits of
using mathematical models are well known among physi-
ologists who employ them in their research studies. Among
other benefits, such models provide a systematic approach
for: (a) assembling and organizing existing knowledge
about a system; (b) identifying important parameters and
determining the overall system sensitivity to the varia-
tion in these parameters; (c) predicting the values of quan-

“ This chapter and accompanying book should be read in the historic
context in which it was first drafted — during the period between NASA’s
first (Skylab, 1973-74) and second generation (Spacelab Life Sciences
dedicated missions, 1991-1997) major biomedical flight experiments.
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tities that may be difficult or impossible to measure di-
rectly; (d) developing and testing hypotheses rapidly,
quantitatively, and relatively inexpensively; and (e) iden-
tifying specific elements that must be further quantified,
thereby suggesting the type of experiments that are needed
to obtain missing information.

Although mathematical modeling is now well estab-
lished in the life sciences, this study represents the first ap-
plication of a large array of models in a uniform manner to
solve problems in spaceflight physiology. Since the time
between major space missions is so great and the number
of astronaut subjects is relatively small, the decision was
made to use mathematical simulation as an alternative
means of examining physiological systems and maximiz-
ing the yield from previous spaceflight experiments. This
use of mathematical models was expected to be comple-
mentary to the ongoing NASA program of employing
ground-based experimental analogs of zero-g to provide
additional insight into man’s response to weightlessness.

1.2 Systems Analysis Techniques and
Approach

An important objective of the systems analysis program,
at the outset, was to develop the mathematical and statis-
tical techniques required to support an extensive integra-
tive effort related to man’s response to weightlessness. It
was apparent that data from most all of the major flight
experiments of Skylab would need to be available in a
single database, coupled with the appropriate analysis
software. Toward this end, a medical data analysis system
was created. The system consisted of an automated data-
base, a computerized biostatistical and data analysis sys-
tem, and a set of simulation models of physiological
systems (see Fig. 1-1).

Data from a wide variety of investigative areas were
collected and placed in this database, including cardiop-
ulmonary function, body fluids, biochemistry, nutrition
and energy metabolism, musculoskeletal function, body
composition, and hematology (see Table 1-1)." An indica-
tion of the data utilized during the course of these studies
is given by the selected parameters shown in Fig. 1-2. The
total quantity of data contained in the database is quite
large, in spite of the small number of astronaut subjects;
information for approximately 900 man-days of spaceflight
study is provided by 80,000 measurement values repre-
senting over 900 independent parameters. Algorithms were

F The most significant omission from this list are the experiments related
to the neurophysiological aspects of spaceflight. Time and resources did
not permit an extensive systems analysis in this area, and therefore, this
Skylab data was not included.
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Figure 1-1. Skylab integrated medical data analysis system (SIMDAS)

provided to perform routine statistical tests, multivariate
analysis, nonlinear regression analysis, and autocorrelation
analysis. Special purpose programs were prepared for rank
correlations, factor analysis, and the integration of the
metabolic balance data using conservation models for
mass, water, and energy.

1.2.1 Simulation Models

Five basic models were employed in this project: a
pulsatile cardiovascular model (Fig. 1-3); a respiratory
model (Fig. 1-4); a thermoregulatory model (Fig. 1-5); a
circulatory, fluid, and electrolyte balance model (Fig. 1-
6); and an erythropoiesis regulatory model (Fig. 1-7). A
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major objective that was achieved early in the program
was the integration of these subsystem models into a com-
mon framework termed the “whole-body algorithm” (Fig.
1-8). In addition, the development of a model of calcium
regulation was begun but was not completed (Fig. 1-9).
The basic similarity of the subsystem models seems evi-
dent from the diagrams in Figs. 1-3 to 1-9, since they are
all represented by an active controlling system which regu-
lates a relatively passive controlled system, and taken to-
gether, these units function as a negative feedback control
system. The feedback variables for these models include
representations of many of the sensors present in the body
including temperature sensors, chemoreceptors, barorecep-



Table 1-1. Biomedical Experiments of Skylab in SIMDAS Database

Cardiovascular System

¢ Lower body negative pressure (LBNP)
* Submaximal exercise response

* Resting flows, pressures, heart rate

Pulmonary Function
¢ Respiratory function during rest and exercise
¢ Mechanical and metabolic efficiences during exercise

Nutrition and Biochemical Metabolism

¢ Metabolic balances of water, nutrients and electrolytes
* Energy balance

* Body mass measurements

Musculoskeletal Function

Bone densitometry

Calcium (Ca*) balance

Strength measurements
Anthropometric measurements
Lean body mass measurements

Body Fluids and Composition

Body fluid volumes

Composition of plasma, urine, and feces
Hormones related to fluid electrolyte balance and
stress

Hematology

Red cell mass (RCM)
Blood volume
Hemoglobin (Hb)
Indices of erythropoiesis

BLOOD
*[Na*]
K]
*[Hb]
* Osmolarity

TOTAL BODY
CHANGES

*A Water
*A ECF
A PV

*A RCM
*A TBK*
*A Mass
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Figure 1-2. Selected data utilized in systems analysis study.

tors, oxygen sensors, and osmoreceptors. A majority of
these models resulted from research directly associated
with this project.

These models can be characterized as being determin-
istic, non-linear, and use finite difference formulations.
All models operate on a large scale computer in an inter-
active timesharing mode with the automated capability to
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display responses graphically on remote terminals, and
with the capability to compare experimental data and
model responses simultaneously. Most models were modi-
fied to include gravity-dependent effects and to enable
simulation of a human response to the stresses related to
the spaceflight. Some of the experimental and clinical con-
ditions for which the models were validated include



Table 1-2. Stresses Related to Spaceflight That Were Studied Using Simulation Models

* Hypogravic Stress ¢ Environmental Disturbances

- Supine Bedrest - Hypoxia
- Head-down Bedrest - Hypercapnia
- Water Immersion - Temperature
- Spaceflight - Ambient Pressure
¢ Orthostatic Stress ¢ Fluid Shifts (non-gravity dependant)
- LBNP - Hemorrhage
- Tilt Table - Infusion
- Postural Change - Water and Salt Loading
- Dehydration
* Metabolic Stress
- Exercise
- Diet Restriction

Exercise work rate » |/ Controliing System Cardiac pumping g S%gtgrfja?gf;em Pulsatile blood pressures .
Mechanical efficiency _ Il ¢ Neural Veneous tone » | compartments: Pulsatile blood flows .
> - v terial, venous . "

LBNP level - Chemoreceptors Blood flow distribution ar - ’ Cardiac output
) » || - Proprioceptors »| and capillary P >
Tilt angle » | - Somatic Muscle pumps » | o Heart function Stroke volume >
Blood volume _ || anticipation Respiratory effects > | o Circulatory flow || Heart rate >
Gravity vector g | ’OW:;‘IE(’)bM?/’C effects ||ntrathoracic pressure effects »| relationships Peripheral resistance
Vascular characteristics /. Blood pressure e Pump Oxygen uptake and deficit .
v rullh characteristics i
(150 parameters) \_ Blood volumes o
Oxygen uptake I >

(350 variables)

Figure 1-3. Model of Cardiovascular Regulation. A model of the human cardiovascular system and its controls was developed to
simulate short-term bicycle ergometry exercise, lower body negative pressure, tilt, and tilt bicycle ergometry. This model includes gravity
effects, muscle pumping, venous tone, venous valves, respiratory frequency, and intrathoracic pressure effects. Complex cardiovascular
control hypotheses are modeled for the control of the heart period, peripheral flow resistances, venous tone, and other controlled
variables. Metabolic control mechanisms are modeled by mathematical representations of oxygen uptake, oxygen deficit, and accumulat-
ing metabolites to simulate a transient metabolic state. The cardiovascular circulatory system is divided into 28 compartments to describe
pulsatile blood flows, pressures, and volumes. Command inputs to the model are assumed to be from chemoreceptors, neurogenic inputs
from muscular activity, and neurogenic anticipation. Other inputs needed are the exercise workload, work rate, blood volume, and angle
and magnitude of the gravity vector. Typical outputs that can be selected are oxygen uptake, oxygen deficit, total metabolites, heart rate,
various blood flows, systolic pressure, mean pressure, diastolic pressure, stroke volume, venous pressures, and arterial pressures. This
model occupies a central position in the short-term segment of the Whole-Body Algorithm and was used to simulate the provocative
cardiovascular stress tests used in the spaceflight program.

hypogravic stresses, orthostatic stresses, metabolic stresses,
environmental disturbances, and fluid shifts (see Table 1-
2). Multiple stresses and sequential degrees of stress can
be simulated just as in a real experimental protocol. Many
hypotheses can be tested merely by adjusting the value of
one or more of the fixed system parameters.

1.2.2 Hypothesis Testing Approach

The combination of the data base analysis system with
the group of simulation models formed the basis of the
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hypothesis testing approach that was used for integrating
the Skylab findings (see Fig. 1-10). The basic analysis
system enabled the rapid scanning of large arrays of space-
flight data, the graphical visualization of correlations be-
tween variables, and the statistical testing of hypotheses.
This preliminary evaluation of spaceflight data led natu-
rally to qualitative examination of the mechanism involved
in producing the observed responses. This procedure drew
heavily upon the theory of physiological feedback regu-
lating systems and often suggested hypotheses capable of
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Figure 1-4. Model of Respiratory Regulation. The respiratory system model of Grodins was selected for use in the development of the
whole-body algorithm. The controlled system is divided into three compartments (lung, brain, and tissue). The blood passes through the
lungs and after a transport delay that is dependent on vascular volume and blood flow rate, the arterial blood arrives at the brain or the
tissue compartment. In this model, carbon dioxide (CO,) and oxygen (O,) exchange rates are governed by metabolism. Venous blood
exiting the brain combines with venous blood from the tissue after a time delay, to form mixed venous blood. After another delay this
mixed venous blood enters the lungs to complete the cycle of gas transport and exchange. The real system is composed of receptor
elements that monitor chemical concentrations, afferent nerves that transmit this information to the central nervous system, neural
centers, and motor nerves to the respiratory muscles that drive the thorax lung pump. In the model of this system, this process is
represented by using chemical concentrations at receptor sites as inputs to the system and ventilation as the output. Typical short-term
stresses for which this model is suited include hypoxia, hypercapnia and acid-base disturbances. Modification of the original respiratory
model for use in the Whole-Body Algorithm provided the capability to simulate exercise.
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Figure 1-5. Model of Thermal Regulation. A dynamic model of physiological regulation of body temperature in man has been developed
by Stolwijk and modified by NASA for various applications to the spaceflight program. The controlled system is the mathematical
representation of the thermal characteristics of the various geometric compartments of the body. These compartments (or nodes)
represent the head, trunk, arms, hands, legs, and feet and are further divided into concentric layers designated as blood core, muscle, fat
and skin. Each of the forty nodes has appropriate metabolic heat production and convective heat exchange with adjacent compartments.
The skin exchanges heat with the environment via radiation, convection, and evaporation. The thermoregulatory model receives tempera-
ture signals from all tissue compartments and, after integration and processing, the control system sends commands to all appropriate
compartments changing metabolic heat production, blood flow, distribution, or the rate of sweat secretion. The thermoregulatory model
is well suited to examine short-term stresses such as the effects of external temperature variation (environmental change) and the effects
of changing metabolic heat production (exercise level change). This model formed an important link in the Whole-Body Algorithm,
especially for the simulation of exercise. It was also employed to predict evaporative water losses in the hypobaric, reduced convective
flow environment of Skylab.
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Figure 1-6. Model of Circulatory, Fluid and Electrolyte Regulation. The long-term model of circulatory, fluid, and electrolyte control,
which was originally developed by Guyton is the largest and most complex of all the stand-alone models used in this project. It has been
modified to include several new representations of certain regulatory functions. This model consists of 354 blocks, each representing
one or more mathematical functions that describe an important physiological facet of circulatory regulation including autonomic,
metabolic, renal, hormonal and fluid transport function. The circuit of blood flow in the Guyton model is divided into five volume
segments: system arteries, system veins, right atrium, pulmonary arteries, and pulmonary veins-left atrium. Exchange of fluids (water
and proteins) and electrolytes (sodium and potassium) is permitted to occur between the plasma, interstitial and intracellular fluid
compartments by way of diffusion, active transport, transcapillary exchange, and lymph flow. Heart function is represented in a high
degree of detail and includes representations for ventricular muscle strength, hypertrophy of the heart, deterioration of the heart, and
sympathetic stimulation. Most of the above characteristics of the model can be viewed as the controlled system, while the controlling
system consists of three major components: local control, hormonal control, and autonomic control. The inclusion of such elements as
hormonal control, autoregulation, baroreceptor adaptation, erythropoiesis control, protein formation and destruction, venous stress
relaxation and cardiac conditioning factors clearly indicate that the Guyton model was developed to be useful as a long-term model. Many
varied experiments have been simulated with this model including infusions of water, electrolytes, and plasma; congestive heart failure;
loss of kidney function; nephrotic proteinuria; and angiotensin infusions. The addition of gravity-dependent stress and the inclusion of
leg compartments (developed under the current project) extended the capability of this system to include simulation of orthostasis,
bedrest and weightlessness.
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Figure 1-7. Model of Erythropoiesis Regulation. A model representing the control of erythropoiesis was originally developed to replace
the red cell control algorithm in the Guyton model, but it has become an important investigative tool in a stand-alone mode as well.
Elements in the feedback regulation loop include oxygenation of hemoglobin, oxygen supply by blood transport to a renal site, change in tissue
pO, based on the balance between oxygen supply and oxygen demand, and secretion of erythropoietin from tissues sensitive to pO, levels.
Production of red cells is based on the levels of circulating erythropoietin. Hemoglobin concentration in blood is computed from the addition
of new cells to existing cells and plasma while accounting for cell destruction. The model is designed to investigate the relative influence
of the controlling factors of erythropoiesis on total red cell mass. A wide variety of simulations have been performed with this model
including altitude hypoxia, red cell infusions, dehydration, bedrest and spaceflight, as well as certain clinical abnormalities.
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Figure 1-8. Whole-Body Algorithm. The design of the whole-body algorithm provides for the simulation of both long- and short-term
stresses. The long-term simulation is accomplished by the circulatory, fluid, and electrolyte subsystem model (Fig. 1-6), which then
initializes a set of three short-term models representing the cardiovascular, respiratory, and thermoregulatory systems. These three
short-term models, which are designed to simulate the responses to acute environmental changes and short-term experimental stresses,
operate in parallel fashion interchanging information as often as every half second of simulation time. Modifications were required to
interface these subsystem models and to enable simulation of the stresses and experimental conditions of interest. One advantage of
combining subsystem models is that each model considers various time lags, fast and slow controllers, and integration step sizes
appropriate for their respective simulations. The primary function of this complex model is to enable evaluation of physiological
interactions between subsystems. It also provides a capability for realistically simulating spaceflight missions in which long-term
adaptation occurs concomitantly with shorter term environmental or experimental stresses. For example, a typical Skylab protocol can be
simulated by performing stress tests such as lower body negative pressure or exercise at regular intervals over a prolonged inflight
period during which time adaptation to the zero-g environment is achieved. In addition, the whole-body algorithm provides a central
repository of hypotheses for explaining changes due to weightlessness in a variety of physiological systems.

being tested by using the predictive capabilities of the  This is an iterative process, as suggested by Fig. 1-10, and
simulation models. The elements of the medical data analy- is the heart of the systems analysis approach.

sis system (Fig. 1-1) were designed to interact in either Statistical and modeling techniques naturally comple-
sequential or parallel fashion, so that, for example, results mented each other for integrating and correlating results
from a data analysis could be employed as input forcing from many different investigative areas. Predicting the con-
functions to a simulation model and the model’s predicted sequences of hypotheses on unmeasured variables from
responses could than be compared to additional data from  many subsystems is within the capability of models, such
the data base. Although good agreement between model as the whole-body algorithm, but is impossible if the hy-
and data was desirable at times, it was not always essen- potheses are tested using traditional statistical methods.
tial. The heuristic value of modeling is such that even As the simulation study progressed, it was possible to in-
more important objectives are often realized when this corporate increasingly diverse kinds of experimental re-
agreement is poor, including suggestions for data analy- sults and hypotheses into a single model. Although each
sis, refinements of the mathematical models, changes in  hypothesis alone would not support a generalized theory,
the hypothesis being considered, and suggestions for the all of them taken together should converge toward a co-
design of new to be performed either in space or on Earth. herent picture of zero-g adaptation.
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Figure 1-9. Model of Calcium Regulation. Development of this model of calcium metabolism is not complete. The design specifications
define the calcium fluxes between the intestinal tract, kidney, bone, and plasma as the controlled system. These elements are controlled
by the plasma concentrations of parathyroid hormone (PTH), calcitonin (CT), and the active metabolites of vitamin D, as well as by
changes in mechanical stresses due to alterations in the gravitational load. Other controlling elements include the urinary excretion rates
of sodium and water. The feedback loops influencing the controlling system are directed via the plasma concentrations of calcium and
phosphate (PO,). Thus, the model is designed to investigate the relative influence of the factors controlling calcium and bone metabolism.
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Figure 1-10. Systems analysis approach for evaluation of spaceflight data.

1.3 Subsystem Hyﬁotheses for the
Response to Weightlessness

In this study most of the physiological systems that were
of major interest to spaceflight researchers prior to and
during the Skylab Program, were addressed. These investi-
gative areas will be grouped, for purposes of summation,
into five categories: (a) fluid, electrolyte, and renal func-
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tion; (b) cardiovascular function; (c) hematology; and, (d)
musculoskeletal function and (e) body composition. The
major systems analysis accomplishments for each area are
summarized in Table 1-3. The results from these studies
have led to an interpretation of the spaceflight findings
that are reviewed briefly in the sections below. Under-
taken only recently was an analysis of the musculoskel-
etal system, with particular emphasis on calcium regulation.



Table 1-3. Accomplishments of Systems Analysis Study

A. Accomplishments: Fluid-Electrolyte Regulation

¢  Modification of the Guyton model (circulatory, fluid and electrolyte regulation) to include gravity-dependent elements, leg compart-
ments, and improvements in the erythropoietic, renal, autonomic and renin-angiotensin subsystems

e Validation of the modified Guyton model for fluid-loading, hemorrhage, and postural-change studies

¢ Simulation analysis of the fluid-electrolyte response to hypogravic studies including water immersion, head-down tilt, bedrest, and
spaceflight

e  Analysis of evaporative water loss in the hypobaric, reduced-convective-flow environment of Skylab using metabolic balance
analysis and the modified Stolwijk thermoregulatory model

e Metabolic balance analysis of water, sodium, potassium, calcium, nitrogen, and magnesium including Skylab nine-man composite
summaries of dietary intake, renal excretion, and sweat losses

¢ Composite time profiles of the nine-man Skylab mean responses for plasma and urinary electrolytes, hormones, and total body
changes in water, sodium, and potassium

e Analysis of fluid-electrolyte regulatory feedback mechanisms involved in acute and long-term responses to weightlessness

¢ Interpretation of all Skylab data related to disturbances in body fluid volumes and their composition including an integrated
hypothesis to explain the behavior of renal regulating hormones

¢ Major support of bedrest and Spacelab flight experiment proposals

B. Accomplishments: Cardiovascular/Cardiopulmonary Regulation

¢ Development of a new pulsatile cardiovascular system model

e Validation of cardiovascular model for exercise, tilt, lower body negative pressure (LBNP) in one-g

¢ Modification of the pulsatile model to include elements responsive to hypoxia and hypercapnia

¢  Modification of the respiratory model of Grodins to include the capability to respond to exercise

¢ Simulations of the exercise response using the combined thermoregulatory, respiratory, and cardiovascular subsystem models of the
whole-body algorithm

¢ Simulation analysis of spaceflight LBNP and postflight exercise (supine and sitting) using pulsatile model

¢ Simulation of disturbances in the circulatory system during short-term water immersion and head-down tilt and long-term bedrest
and spaceflight using the modified Guyton model and the whole-body algorithm

*  Composite time profiles of the nine-man Skylab mean responses to LBNP

*  Sensitivity analyses for effects of blood loss and venous compliance changes on tilt and LBNP responses

*  Analysis to examine possible changes in inflight baroreceptor sensitivity

¢ Analysis of mechanical and metabolic efficiencies and other performance indices during bicycle ergometry flight experiments

¢ Modification of the pulsatile cardiovascular model to include physical training (conditioning) effects and evaluation of these
hypotheses against Skylab exercise data

¢ Formulation and evaluation of hypotheses to account for decreased orthostatic tolerance and decreased aerobic capacity during
inflight and postflight phases

*  Analysis of cardiovascular response during the high-g of Shuttle reentry with reduced blood volume including identifying thresh-
olds for visual grayout

e Utilization of models to develop countermeasures for orthostatic intolerance during and after Shuttle reentry including fluid loading
and pressure garments

e Support of flight experiment proposal for advanced cardiopulmonary studies

C. Accomplishments: Hematology

¢  Development of new models for control of erythropoiesis in the human and the mouse

¢ Simulation analysis of hematological responses to altitude hypoxia and descent, red cell infusions, bedrest, water-restricted dehy-
dration, and spaceflight

¢ Interactive support of a research program that examined suppressed erythropoiesis in dehydrated mice

e  Analysis of spaceflight and ground-based studies related to loss of red cell mass during hypogravity

e Formulation and tentative evaluation of candidate hypotheses to explain the “anemia” of spaceflight with particular emphasis on
explaining the differences in red cell loss among crewmen

¢ Simulations of clinical syndromes (anemias, polycythemias, and Hb abnormalities) and partial development of a teaching model of
erythropoiesis regulation

*  Support of spaceflight experiment by predicting expected results, critical measurements, frequency of measurements, and effect of
blood sampling on the hematological response to microgravity.

D. Accomplishments: Musculoskeletal System and Body Composition

¢ Metabolic mass, water and energy balance analyses including a new method for estimating cumulative total body changes (water,
fat, protein, electrolytes) as a function of flight duration

e Analysis of body composition changes (lean body mass and fat) based on body water, body potassium, nitrogen-potassium balance,
and body density data

*  Analysis of inflight requirements for exercise and diet

¢ Interpretation of components of body weight loss based on fluid and energy regulation and gravity unloading

¢ Design and development of a new model for calcium regulation, including validation studies of bedrest and spaceflight

¢ Support of a flight experiment proposal for advanced calcium regulation studies
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Therefore, the progress summarized in this area is more
limited. In addition, whereas the indirect effects of space
motion sickness on diet were considered in some detail,
the vestibular system (which is believed to be the origin
of this disturbance) and other neurologic aspects were not
addressed directly.

The interpretation of the spaceflight data was guided
by the need to answer certain questions that can be con-
sidered fundamental to a new area of environmental physi-
ology such as weightlessness. These can be briefly stated
as follows: (a) can the spaceflight findings be explained
in terms of well-known homeostatic systems or are patho-
logical components and non-regulatory characteristics in-
volved?, (b) are there only a few common elements in the
spaceflight response (i.e., gravity unloading, fluid shifts,
lack of orientation, deconditioning), the identification of
which would explain most of the observed findings?, (c)
is there a typical “zero-g response” and if so, what are its
most characteristic features? Also, is it permissible to treat
the nine Skylab crewmen as a composite group in order to
delineate this response, or were there significant differ-
ences between the three missions (other than duration)
that are important to consider?, and (d) in what ways are
certain ground-based experimental maneuvers (i.e., water
immersion, bedrest, head-down tilt, suitable analogs of
weightlessness), and in what significant ways do they dif-
fer from the spaceflight environment?

As a starting point in the analysis of each discipline
area, an in-depth review was performed to identify find-
ings that appeared paradoxical or otherwise unexplained
following Skylab and that would be ripe for systems analy-
sis investigation. A selected group of the most important
of these ‘critical’ areas is listed in Table 1-4. Each was
systematically addressed using the hypothesis testing pro-
cedures previously outlined and most of these observa-
tions and their resolution are mentioned in the following
discussion. Taken as a whole, many of the tentative con-
clusions discussed below might have been considered
novel when the original research was completed 20 years
ago, although today they could be taken for granted. The
book (but not this summary) includes updates that indi-
cate whether the conclusions were subsequently verified
or were found to be erroneous or incomplete.

1.3.1 Fluid-Electrolyte Response

There is unequivocal evidence that hypogravic
stresses such as bedrest, water immersion, and spaceflight
result in significant fluid redistribution within the body.
The removal or reduction of the hydrostatic pressure in
the blood column, coupled with the normal tissue elastic
forces and muscle tone of the lower body, results in shifts
of blood and tissue fluid from the lower body to the in-
trathoracic circulation. The consequences of this event
are widespread and long lasting, as suggested by Fig. 1-
11. As aresult of central volume expansion, a complex set
of reactions occurs: (a) stimulation of all cardiopulmo-
nary pressoreceptors and decreased sympathetic activity;
(b) increased blood pressures and secondary decreases in
peripheral resistance, promoting enhanced renal blood flow;
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(c) altered secretion of the fluid-electrolyte regulating hor-
mones including ADH, the renin-angiotensin aldosterone
triad, catecholamines, a natriuretic agent, and renal pros-
taglandins; (d) enhanced renal excretion of fluid and elec-
trolytes as a result of the alterations in sympathetic activity,
hormone secretion, and blood pressures and flows; (e) in-
creased transcapillary filtration of plasma into the intersti-
tium; and, (f) a decrease in thirst following reduction in
angiotensin levels and augmented by space motion sickness
anorexia. The net result of these processes is the loss of extra-
cellular fluid and electrolytes, which has been observed fre-
quently during and following weightless spaceflight.

This description evolved from examining such
ground-based studies as water immersion and blood vol-
ume infusion. A simulation of immersion demonstrating
many of these events is shown in Fig. 1-12. Most, if not
all, of the rapidly acting mechanism described previously
(which serve to correct the original blood volume distur-
bance) would most likely be observed only during the
first hours of a hypogravic stress. However, based on
24-hour metabolic balances, urine flow in the Skylab crew
was not increased and the entire loss of body fluids could
be accounted for by deficit fluid intake (possibly as a re-
sult of space motion sickness). Computer simulation analy-
sis of the acute stress period indicated that a decrease in
fluid intake reduced, but did not abolish, the diuresis re-
sponse and that the period immediately following this di-
uresis was accompanied by a reduction of renal excretion
below control. Thus, it is postulated that a diuresis was
not observed because void-by-void urine samples could
not be obtained and because an early diuresis would be
masked in a 24-hour pooled sample in the presence of
diminished intake. The short-term renal response to space-
flight in well-hydrated subjects is not yet known.

Whatever the mechanism, most of these early fluid
losses were believed to be ultimately derived from ob-
served decrements in leg volume involving a contraction
of the plasm, interstitial, and possibly intracellular fluid
spaces of the lower limbs. By the end of the first 2 days in
space the reduction in body water and body sodium was
largely complete (see Fig. 1-13). Also during the early
stages of flight, significant quantities of potassium escape
from intracellular compartments. This shift may be de-
duced from elevated renal excretion of potassium; in-
creases in plasma potassium; increased levels of cortisol
and aldosterone that are involved in releasing and con-
trolling potassium; and potassium balance studies on
which the data of Fig. 1-13 are based.

The more prolonged adaptive phase (commencing af-
ter the first several days of flight) was characterized by a
new steady state with respect to water and sodium and a
slightly negative balance of potassium (Figs. 1-13 and 1-
14). The modest increase of water and sodium excretion
throughout this adaptive phase (not shown) did not neces-
sarily reflect continued body loss inasmuch as excretion
could have been offset by a decreased sweat component.
Both a steady state metabolic balance analysis and a model
simulation analysis support this concept. The continued
loss of body potassium is expected from the atrophy of



Table 1-4. Selected Observations from Skylab Experiments Addressed by Systems Analysis

Fluid-Electrolyte System

¢ Rapid loss of water early in flight

¢ Much larger increase in leg fluid volume during inflight LBNP compared to preflight and bedrest
* Absence of measurable diuresis following headward fluid shifts contrary to expectations
¢ Unusual combination of hormonal changes compared to bedrest and water immersion

¢ Presence of hyponatremic plasma maintained throughout flight

¢ Increased water and sodium excretion throughout mission without continuous body losses.

* Differences in ADH response between missions.

¢ Decreased evaporative water loss in presence of hypobaric atmosphere.

* Disproportionate losses of potassium and cell water

Cardiovascular System

* Absence of acute cardiovascular disturbances expected from headward fluid shifts

* Decreased orthostatic tolerance as measured by LBNP tests

* Maintained aerobic capacity during flight despite decreased blood volume and decreased orthostatic tolerance

* Decreased aerobic capacity immediately following flight.
* Differences in aerobic capacity among the three crews.

Erythropoietic System

 Inflight loss of red cell mass despite normoxic environment

¢ Delay in postflight recovery of red cell mass on shortest mission.
» Significant differences in rates of red cell loss among the three crews.

Musculoskeletal System

* Progressive loss of calcium from body.

¢ Urinary calcium stabilizes at elevated level while fecal calcium increases progressively with flight duration

¢ Changes in PTH during spaceflight dissimilar to changes in bedrest

* Apparent decreases in rates of nitrogen losses as a function of flight duration and increasing levels of exercise

Body Composition

¢ Apparent disproportion in rates of water, muscle, and fat losses in relation to their normal ratio in body tissues

¢ Decreases in body mass losses with flight duration

* Water losses in astronauts apparently independent of flight duration

» Large differences in body composition changes between the three Skylab missions
* Apparent similar energy requirements in zero-g and one-g contrary to prior belief

lean body tissue, a consequence of gravity unloading and
muscle disuse.

The importance of autonomic, hemodynamic, and hor-
monal regulators of circulatory and renal function during
the chronic phase was ascertained by model simulation.
These pathways were influenced by fluid shifts between
body compartments, altered metabolic balance, potassium
loss from the cells, and plasma electrolyte concentrations.
Based on model analysis it appears that plasma volume is
depressed about 0.5 liter throughout the flight. This pre-
diction is supported by postflight measurements. The fail-
ure of the plasma volume to return to normal in zero g is
presumptive evidence of the presence of blood volume
controllers responding to the tendency of fluids to pool
headward. During the adaptive phase of flight, angiotensin
and aldosterone presumably reversed direction from the
suppression hypothesized in the acute stress stage. In-
creased release of these substances can account for the
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elevated renal potassium rates of excretion. It was neces-
sary to introduce a natriuretic factor in the model (respond-
ing to central blood volume expansion) in order to obtain
realistic simulations of enhanced sodium excretion in the
face of elevated aldosterone, and also to generate the
hyponatremic plasma that was observed. The average be-
havior of ADH for all Skylab subjects (increased during
the first 10 days and suppressed thereafter) exhibits the
expected inverse correlation with urine output. Not so easy
to understand is the elevation of plasma angiotensin I.
Since renin-angiotensin is usually released in response to
hypovolemia, the reason for elevation of angiotensin in
zero-g (and also in some bedrest studies) at a time when
there is a tendency for central blood volume expansion
(i.e., upper body hypervolemia), is not clear. A mild reduc-
tion in plasma osmolarity and sodium concentration oc-
curs early in flight and continues through the longest
mission. The mechanisms that maintain this condition are



not clear. However, the combination of mild hypoosmo-
larity and hyperkalemia, helps account, at least in part, for
the increases in angiotensin and aldosterone and decreased
ADH.

1.3.2 Hematological Response

The most important hematological finding is a reduc-
tion in the circulating red cell mass during the flight inter-
val. Before Skylab, the working hypothesis was that the pure
oxygen gaseous atmospheres in the space capsule represented
a toxic stimulus and resulted in early destruction of signifi-
cant numbers (as great as 20% loss) of red cells. For the Skylab
crewmen who existed in a supposedly normoxic environ-
ment, this hypothesis was no longer tenable to explain their
average loss of 10% of total red cell mass. In the absence of a

consistent finding of increased red cell destruction, it was
assumed that this loss was likely a result of suppressed eryth-
ropoietic activity. However, no conclusive proof of this
theory is available and no one mechanism has been iden-
tified which is consistent with all the data.

The regulation of erythropoiesis during weightless
spaceflight was studied using a theoretical model (Fig. 1-
7). Several approaches were used, including: (a) param-
eter sensitivity analyses, which helped identify the factors
most likely to have a sensitive influence on erythropoie-
sis; (b) dynamic simulation of experimental studies such
as altitude hypoxia and recovery from altitude hypoxia,
red cell infusions, dehydration, and bedrest, all of which
helped reveal behavior of the real system; and, (c) col-
laboration with investigators, performing human and ani-
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Figure 1-11. Hypothesis of fluid-electrolyte regulation following acute stress of weightlessness leading to a reduction in plasma volume.
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Figure 1-12. Simulation of acute effects of water immersion in
normally hydrated subjects using the Guyton model.

mal studies, to test in the biological system those hypoth-
eses suggested by the computer model.

The most important finding from these theoretical and
experimental studies was that moderate increases in he-
matocrit, as great as the 12% measured on Skylab, if unop-
posed by other factors involving oxygen delivery to
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Figure 1-13. Changes in body fluids and electrolytes of Skylab
crew during first month of flight (N =9).

tissues, can proportionately increase oxygen tension at a
renal sensing site and exert a sensitive suppressant effect
on erythropoietin and red cell production (Fig. 1-15). The
erythropoietic regulatory system may be viewed, when
operating in this fashion, as a hemoglobinometer; (i.e.,
red cell production) decreases so as to eventually relieve
the hyperoxic condition. The final predicted result is a
nearly complete restoration of hematocrit accompanied
by a diminished red cell mass. Although not yet confirmed
experimentally, model simulations suggest that during
hypogravic maneuvers red cell mass will eventually stabi-
lize as hematocrit normalizes. Therefore, the Skylab find-
ing of red cell loss in spaceflight can be explained in terms
of normal feedback regulation of the erythropoietic sys-
tem in the face of sustained decreases in plasma volume.

The dissimilarity between red cell mass loss on the
different Skylab missions could not be explained by hemo-
concentration effects alone. Two theories were examined
to explain the findings that the Skylab crews who returned
to Earth after longer periods of weightlessness exhibited
smaller losses of red cell mass. The time course of red cell
loss in spaceflight is not yet known because of difficulties
of performing this measurement inflight. But based on a
composite of postflight measurement of all crewmembers,
it was postulated by the Skylab research team that red
cells disappear by some yet unknown mechanism during
the first month and then begin to replenish during the
second and third months. This notion would predict that
after a duration in space longer than 3 months, the red cell
mass might return to normal. Acceptance of this hypoth-
esis as a generalized theory of erythropoietic regulation
in weightlessness is confounded by the fact that decreas-
ing losses of red cell mass in Skylab were associated not
only with longer flight duration but also with increasing
levels of diet and exercise. Based on animal studies, it was
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hypothesized that dietary restriction can reduce, and increas-
ing exercise can enhance, erythropoiesis. Diet and exercise
also appeared to have demonstrable effects on maintenance
of body tissue and cardiovascular condition of the Skylab
crewmen, and their further involvement in the oxygen
transport-erythropoietic system was postulated in this study.

An alternate and more plausible theory was, therefore,
proposed during the current project. This theory suggests
there are two components to the suppression of red cell
production: one related to energy balance and one related
to water balance. Differences among the crewmen’s red
cell losses were thereby considered a result of different
levels of dietary intake and exercise, superimposed on a
common loss due to hemoconcentration (see Fig. 1-15).
According to this concept, the kinetics of red cell disap-
pearance in space would not include regenerative behav-
ior but would be more similar to the continuous, linear
losses observed in bedrest. Statistical correlations between
diet levels and red cell losses, as well as model analysis,
also tend to support this theory. Thus, it is not necessary
to invoke the occurrence of red cell regeneration to ex-
plain the Skylab data.
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Other factors (also shown in Fig. 1-15) which may have
enhanced oxygen delivery and produced the same effects as
hemoconcentration cannot be ruled out at this time (i.e.,
shifts in renal blood flow, oxygen-hemoglobin affinity and
arterial pO,) but direct data are only available to support
the hemoconcentration effect. Also, the simulation analy-
sis indicated that a major role of inflight cell destruction
was considered unlikely, although it was impossible to
rule out some degree of acute red cell destruction early in
flight that may have contributed to the reduced red cell
loss. Indeed, Skylab measurements indicated that some
hemolysis may have occurred on the shortest flight.

Recommendations were proposed for future flights
based on this analysis. For example, it is crucial to obtain
direct inflight measurements of red cell mass, erythropoi-
etin and bone marrow activity. If reduced erythropoietin
levels cannot be demonstrated during spaceflight, then
the hemoconcentration theory may have to be abandoned.
Also, the importance of diet and exercise on erythropoie-
sis needs to be studied more carefully in humans with and
without accompanying hypogravity. Finally, the differ-
ences between postflight and post-bedrest kinetics of red

14
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cell recovery were not entirely resolved in this study, and
it would be desirable to examine bone marrow activity
upon recovery from hypogravic maneuvers.

1.3.3 Cardiovascular Response

The most striking changes in the resting cardiovascu-
lar system probably occurred early in flight, well before
the first measurements could be performed. As simulated
by the modified Guyton model and demonstrated by one-g
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experimental analogs of weightlessness, the primary event
of the headward fluid shifts leads to central blood volume
expansion, increased venous and arterial pressures, in-
creased stroke volume, and elevated cardiac output. Sec-
ondary reactions following stimulation of central
mechanoreceptors are immediately activated and include
a decrease in heart rate and decreased peripheral resis-
tance. These reflexes, together with enhanced
transcapillary filtration and excess renal excretion, tend



to correct both the central blood volume and
associated pressures. Although the Guyton model
predicts a complete normalization of central blood
volume, whether or not this occurs is still a matter of
controversy. Engorgement of neck veins and facial
tissues and feelings of headfullness, which continue
throughout the flight, are symptomatic of the
continued tendency of fluids to pool in the upper body
in zero g. Also, a residual excess volume in the
vicinity of the low-pressure cardiopulmonary receptors
may account for the longer-term increase in resting
heart rates, e.g., Bainbridge reflex, noted in most of
the Skylab crewmen (and in bedrest subjects).
Therefore, one of the long-term effects of spaceflight
may be that as arterial pressure normalizes, the low-
pressure volume receptors increase their influence
while the high-pressure receptors decrease their
influence with respect to their cardiac influence. Also
identified during simulations of weightlessness were
other long-term effects that assist the circulation to
adapt to a reduced blood volume, an emptying of leg
veins, and fluid pooling in the upper body. These
poorly defined mechanisms include volume-receptor
adaptation, devascularization, stress relaxation,
baroreceptor resetting, and autoregulation of blood
flow.
Cardiovascular function was evaluated during the

Skylab missions by an LBNP orthostatic stress test and

Weightlessness

by an bicycle ergometry exercise stress test. The most
prominent findings from these tests were a decrease in
orthostatic tolerance during and following flight and a
postflight decrease in aerobic capacity. Hypotheses to
explain these findings were formulated and tested in
the pulsatile cardiovascular model. (See Figs. 1-3 and
1-16). It was convenient and useful that the same
model for the cardiovascular system be used to
analyze both LBNP and exercise, each of which
represents different challenges to the cardiovascular
system with significantly different responses.

1.3.3.1 Analysis of Orthostatic Testing. The observed
decrease in orthostatic tolerance is not unexpected in
the light of significant loss of blood volume (Skylab avg.
= -590 ml). Upon application of LBNP or standing in one-g,
the increase in leg pooling coupled with a reduced blood
volume significantly lowers central blood volume and
venous return to the heart. The model simulations
quite accurately predicted the increased heart rates and
decreased pulse pressures characteristic of the Skylab
crewmens’ intolerance to orthostasis (see Chapter 7.4).
The inflight heart rate response to maximal LBNP (-50
mmHg) was shown to be nearly equivalent to a 15%
hemorrhage. However, blood volume loss alone was
not sufficient to explain all of the observed find-
ings. For example, an increase in leg volume pooling
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during LBNP (compared to the degree of preflight pooling)
was noted during spaceflight. The most promising
explanation of this phenomenon, as suggested by simula-
tion analysis, was the partial collapse of leg veins in asso-
ciation with a reduced leg blood volume during the pre-
LBNP control period. Small increments of LBNP would be
expected to draw significant quantities of blood into the
empty leg veins, more so in zero-g than in one-g.

The response to orthostasis was observed to stabilize
and even improve in some subjects during the latter part of a
mission (i.e., inflight heart rate response) becoming closer to
that of the one-g control. One of the more promising
hypotheses to explain these findings was a long-term
downward adjustment of vascular capacity in the legs (in
response to the reduced leg fluid volume) which could be
manifested physiologically by retoning, devascularization,or
reverse stress relaxation. Changes in plasma electrolyte
concentrations (increased potassium and calcium, de-
creased sodium), may also be involved in altering vascular
tone. Little is known concerning autonomic influences on
venous tone during long-term adaptation to hypogravity.

1.3.3.2 Analysis of Exercise Response. Tolerance to
exercise was essentially maintained during the flight pe-
riod. It was only after return to Earth that acrobic capacity
was found to be diminished. This result is similar to results
reported for bedrest. Analyses performed with the whole-
body algorithm permitted the circulatory adaptations of long
-term bedrest to initialize the short-term LBNP and exercise
model so that pre- and post-bedrest stress tests could be
simulated with new initial conditions. Results from these
studies suggested that decrements in blood volume in
association with some reduction in unstressed volume in the
legs could quantitatively account for most of the observed
changes in post-bedrest exercise (and LBNP) and postflight
exercise in the crews of the two shortest Skylab missions.
(see Chapter 9.2). However, there was a notable qualitative
difference between the degraded postflight exercise
responses of the crews of the two shortest flights and the
crew of the longest flight that was tentatively ascribed to an
inflight exercise training effect. (The level of personal daily
exercise increased on each longer flight). A systems analysis
task was therefore devoted to developing the most feasible
explanation of the interaction of zero-g adaptive changes
(deconditioning) and exercise training (conditioning). In this
regard, the cardiovascular exercise model was modified and
validated to represent the simulation of a highly trained
subject’s response to bicycle exercise in one -g. This model
was used in the“trained” and “untrained” mode to simulate
the postflight bicycle ergometry experiments in both sitting
and supine positions. The results led to the conclusion that a
training effect was quantitatively consistent with the
exercise response for the crew that trained the hardest (see
Chapter 7.3.2).

The absence of a notable decrease in inflight exercise
capacity in any of the Skylab crewmembers indicates that
the contracted blood volume is an appropriate adaptation to
hypogravity. Nevertheless, the nature of this adaptation is
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not clear. Results of the current analysis suggested that
normal oxygen delivery was maintained in the face of
diminished blood volume by the hemoconcentration of
weightlessness and by the tendency of fluid to pool in the
upper circulation and thereby to augment venous return to
the heart. Conversely, the hemodilution observed on
recovery (in addition to reduced blood volume) would be
expected to contribute to the postflight degradation in
exercise performance.

1.3.4 Musculoskeletal Responses to Weightlessness

The Skylab findings support the concept of a generalized
atrophic response of the total musculoskeletal system during
extended exposure to hypogravity. Losses in bone and
muscle mass were among the more significant physiological
changes observed in the astronaut subjects (see Fig. 1-17).

1.3.4.1 Muscle Atrophy. The losses in muscular tissue
were particularly well documented in the Skylab crew (see
Chapter 4). One of the systems analysis projects demon-
strated that lean body mass was reduced by
approximatelyl.5 kg (N = 9) over the inflight period. This
was revealed by several independent methods that showed
losses in body water, potassium, nitrogen, and body volume.
More direct evidence of muscle and collogen breakdown
was provided by the measured increase in renal excretion of
urinary3-methylhistidine, hydroxylycine, and
hydroxyproline. Also, excesses of intracellular electrolytes
and amino acids appeared in the plasma and urine. Further
analysis of spaceflight data indicated a significant degree of
local muscle loss in the legs and perhaps in the skeletal
muscle groups that normally control anti-gravity or posture.
The data supporting these contentions come from
spaceflight studies showing a gradual loss of leg volume,
decreased leg strength, a reduction in duration of the
Achilles reflex, and, in animals, diminished mass and
response of red fiber groups. It is well known that atrophy
of skeletal muscle occurs in response to disuse, inadequate
functional load, and insufficient food intake. Spaceflight
may be associated with more than one of these conditions.
The absence of gravity results in diminished use of the
lower limbs for postural support and locomotion, reduced
body weightloading on weight-bearing tissues, and perhaps
interference with proprioceptor reflexes which can
influence muscle metabolism and function. A reduced
caloric intake appears to be capable of increasing the loss of
body protein, but increased caloric intake may not prevent
this loss. The muscle disuse atrophy hypothesis receives sup-
port from the finding that the more intensive exercise
performed by the crew of the longest flight (mainly exercise
of the leg muscles) was associated with the smallest
decreases in leg volume and strength. Little is known,
however, about the changes occurring in other muscle
groups, particularly those used for postural support in the
upper body. If postural muscles are the primary targets of
loss induced by zero-g, appropriate locally applied exercise
might reverse this trend. Because each Skylab crewmember
exercised, it is not possible to quantitatively predict the
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zero-g effect of complete lack of exercise. There is no rea-
son to question, however, that exercise does maintain
strength, muscle tone, and probably mass in the legs and
improves circulatory condition similar to one-g training.

1.3.4.2 Bone Demineralization. Evidence for inflight
loss of bone mass comes primarily from observations of
calcium metabolic balance and bone density. Inflight cal-
cium balances were consistently negative on all flights, a
result of excess urine excretion throughout the missions
and a progressive increase in fecal calcium loss as a func-
tion of mission duration. Bone densitometric data indi-
cated losses in the calcaneus (of the heel), but not in the
radius and ulna (of the arm), suggesting that losses are
concentrated in load-bearing bones. A significant correla-
tion between changes in calcaneus bone density and cal-
cium balance for the nine crewmen was demonstrated.
Additional evidence of demineralization is suggested by in-
creases in urinary hydroxyproline and hydroxylycine which
indicates breakdowns of the collagen matrix in the bone.
As expected, plasma and urine biochemistry showed sig-
nificant increases in calcium and phosphate, but the cal-
cium regulatory hormones did not reveal a consistent trend.
Analysis of all these data suggest that bone losses became
progressively more severe on each longer mission, in con-
trast to the trend toward stabilized losses noted for muscle.
The initiation of bone loss is assumed to come from a
reduction of mechanical forces induced by gravitational un-
loading, and/or reduced musculoskeletal interactions. These
forces (piezoelectrical, compressional, tensile, and shearing
forces) are known to be important in the normal mainte-
nance and repair of bone. It appears logical that external
forces, appropriately applied, might reverse the decalcifi-
cation process. However, the search for suitable counter-
measures has not met with notable success. The effect of
exercise on bone demineralization remains unresolved.
Current understanding of the physiology of calcium
metabolism, including the systems analysis, provides a
partial explanation of the biomedical findings. Upon re-
lease from the bone into the extracellular pool, calcium
and its concentration in plasma is under the control of a
feedback system which is mediated by a hormonal system
which influences renal excretion and gastrointestinal ab-
sorption as well as new bone formation. The observed el-
evation of urinary calcium may have been a result of
increased plasma calcium concentration, decreased par-
athyroid hormone, and increased renal tubular sodium (see
Figs. 10-8 and 8-9). Progressive losses of fecal calcium
have been tentatively attributed to a net decrease in di-
etary absorption of calcium from the gastrointestinal tract.
The active metabolite of vitamin D (1, 25 dihydroxychole-
calciferol) is an important regulator of GI tract absorption,
and a decrease in circulating levels of this substance could
explain the fecal data. As suggested in Fig. 10-8, a depres-
sion of parathyroid hormone and Vitamin D could have a
negative feedback effect on demineralization and limit
the losses of calcium from the bone. These preliminary
hypotheses have been incorporated into proposals for fu-
ture flight experiments that will examine several features
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of calcium regulation, including fluxes into and out of the
bone and GI tract, hormonal regulation, and the effect of
exercise as a countermeasure.

The systems analysis approach for understanding bone
demineralization in space centered on understanding the
complex feedback systems of calcium regulation includ-
ing the development of a mathematical model. Various
interpretations of spaceflight and bedrest findings were
addressed which helped formulate the hypothesis of cal-
cium metabolism adaptation to long-term spaceflight that
is summarized above. Although the model is not yet com-
plete, formulation of the model was instrumental in unify-
ing spaceflight and bedrest data and in identifying critical
areas in the regulatory system that might become altered
in zero-g. When fully developed the model should be able
to provide guidance in understanding these mechanisms.
Can the acute renal calcium excretion be explained as an
initiating event or as a feedback response? Can some pri-
mary disturbance in the calcitropic hormones cause renal
excretion and bone loss or is there a primary event at the
bone level due to alterations in mechanical forces? What
biological activity is occurring in the bone tissue during
these events?

1.3.5 Body Composition Changes

One of the more consistent findings in astronauts re-
turning from spaceflight of any duration has been a loss in
body weight. The dynamic behavior of this weight loss
during flight was observed for the first time in the Skylab
Program, but ancillary measurements of body composi-
tion were performed before and after the flights and, there-
fore, provided only estimates of gross overall change.
Therefore, an analytical method was developed during the
current systems analysis program to numerically deter-
mine the major components of body weight loss in terms
of continuous time profiles for body water, body protein,
body fat, body potassium, and body sodium (Fig. 1-18).
The basis of the approach was a group of metabolic mod-
els for water, mass, and energy balance, which, when com-
bined with whole-body measurements, enabled sequential
accumulation of daily balance without incurring unrea-
sonable error. Selected results of this study are illustrated
in Fig. 1-19. The general conclusion of this study was that
little more than half of the weight loss observed during
the Skylab missions can be attributed to loss in lean body
mass; the remainder is derived from fat stores. As a work-
ing hypothesis, the following conclusions have been as-
sumed: (a) acute water and sodium losses are obligatory as
a result of normal physiological responses to headward
shifts of fluid in zero-g; (b) protein and intracellular min-
eral losses are primarily a result of disuse atrophy of pos-
tural muscles and may be obligatory in weightlessness
(without appropriate exercise), although the losses appear
to stabilize after about a month; (c) fat losses are more
variable and are probably dependent on the usual one-g
influences of diet and exercise; and (d) if present, the an-
orexia associated with space motion sickness will aug-
ment fat and protein losses by virtue of a caloric deficiency
and will enhance water loss as a result of reduced fluid
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intake. These conclusions must be considered tentative
because of the indirect method of estimation and because
adequate experimental controls for assessing the effect of
diet and exercise in weightlessness were not available.

1.4 Integration of Subsystem Hypotheses

Figure 1-20 is offered as an integrated hypothesis of the
adaptive response to weightlessness. It is obviously lim-
ited to the subsystems and specific hypotheses considered
in the present analysis. Although a great amount of detail
has been omitted for the sake of clarity, of interest here are
the interactions between subsystems and the generaliza-
tions that can be made about the behavior of the com-
bined systems. The following broad picture has emerged.

Disturbances in the cardiovascular, fluid-electrolyte,
erythropoietic, musculoskeletal, and metabolic systems,
which are found during and after flights of varying dura-
tion, appear to be attributed to two major effects of weight-
lessness: first, the absence of hydrostatic forces resulting
in severe fluid shifts within the body and, second, the
absence of deformation forces resulting in degradation of
normally load-bearing tissues. The first of these effects
leads to a reduction in body fluids, most importantly, blood
volume. The consequence of the second effect is a reduc-
tion in bone and muscle mass. In addition, a third factor, a
long-term alteration of the metabolic state, a reflection of
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changes in dietary intake and activity levels, was found to
have an important effect in the responses of the Skylab
crewmen. This latter factor may be within the realm of
human intervention and correction on future missions. All
of these events have both acute and long-term effects which
lead to the notable and consistent findings of a loss in
weight, a change in body composition, a decreased toler-
ance for orthostasis, and additionally, upon return to a
one-g environment, a decreased aerobic capacity. Adapta-
tion is said to occur when the body adjusts to these changes
and reaches a new steady-state level. Figure 1-21 is an
attempt to show the relative time course of adaptation for
each major physiological system. The return to new
baseline values reflects the establishment of a new ho-
meostatic level appropriate to weightlessness.

These studies have supported the concept that within
the time span for which man has so far been studied in
space, these responses to weightlessness can be explained
in terms of normal feedback regulatory processes. One clas-
sical example of these processes concerns the blood vol-
ume controllers that reduce plasma volume when
challenged by the cephalad shifts of peripheral fluid. Also,
the reduction in red cell mass has been postulated to be
partly a result of the homeostatic response to hemocon-
centration and tissue hyperoxia. Another, of many ex-
amples, concerns the biochemical mechanisms which
sensitively respond to small changes in electrolyte shifts



Preflight Inflight Postflight

Change in body
weight, kg

Change in body
water, liters

Change in body
tissue, kg

- e o - - - -

Change in body
protein, kg

Change in body
fat, kg

15105 0

Days from launch

510152025 0 5 10 15

Days
from recovery
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resulting from cell demineralization, and, within limits,
maintain the plasma composition at the expense of excess
renal excretion.

Exposure to weightlessness invariably leads to loss of
major body constituents at rates that, according to the
present analysis, are disproportionate to their concentra-
tions in the body. The most rapid losses are observed for
extracellular fluids and salts, and are reflected by equally
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rapid decrements in leg volume. At the other extreme is a
class of substances that disappear much more slowly. Cal-
cium and, perhaps, red cells are representative of this cat-
egory. Depending on the degree to which caloric intake
matches energy requirements, fat stores can be included
in this group as well. Muscle tissue appears to degrade at
intermediate rates as exemplified by nitrogen and potas-
sium losses. All these rates of disappearance from the body
most likely depend on the nature of the disturbance and
on the effective time constant of the correcting homeo-
static system.

These studies have confirmed the hypothesis previ-
ously suggested that the loss of blood volume is of central
importance to the understanding of the zero-g responses
of several major systems. Although this loss is essentially
an acute circulatory adaptation to volume overload, it was
found to have a significant long-term effect on the ortho-
static intolerance and reduced exercise performance ob-
served after flight. Also, the reduced plasma volume was
found to have a potentially strong influence on the eryth-
ropoietic response. Finally, the long-term adaptation of
the circulation may depend on the vascular elements re-
sponding to accommodate the hypovolemic condition. It
should be noted, however, that in none of these cases was
the loss of blood volume alone sufficient to explain the
entire response . Another event that had a widespread ef-
fect was the negative energy balance noted for the crews
of the two shortest missions and for all crews during the
early flight period. In addition to the obvious effect on fat
stores, an inadequate intake of fluid and food was found
to be implicated in the lack of expected acute renal re-
sponse, the loss of muscle tissue, the loss of water, and the
differential loss of red cells among the crews.

Although this study has not provided a definitive
theory to explain the available data, it has resulted in the
examination of available evidence to support or deny vari-
ous scientific hypotheses, the identification of qualita-
tive and quantitative interactions between various
experimentally measured responses to spaceflight, and the
formulation of a tentative integrated physiological hy-
pothesis for the adaptive processes. The elements of this
hypothesis can be included in the subsystem models or
the Whole-Body Algorithm. At that point, the models will
serve their main function as a central repository of a de-
tailed integrated hypothesis of zero-g adaptation and can
be used for more advanced applications such as develop-
ment of countermeasures or a quantitative approach for a
crew health monitoring and maintenance system.

1.5 Conclusions

The contribution of the simulation models was significant in
constructing the hypotheses discussed above, although the
limitations of space in this summary may not make this fact
apparent. It is appropriate, therefore, to consider several il-
lustrations of these benefits of the modeling process.

The normal functions of simulation models include
the capability to evaluate hypotheses retrospectively, and
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