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AN INTEGRATIVE APOPROACH TO SPACE-FLIGHT PHYSIOLOGY USING
SYSTEMS ANALYSIS AND MATHEMATICAL SIMULATION

Joel I. Leonard*, Ronald J. White* and John A. Rummel**
ABSTRACT ,

An approach has bean developed to aid in the integration of many of the
bionedical findiiigs of space flight, using systems analysis. The mathematical
tools used in accomplishing this task include an automated data base, a
biostatistical and data analysis system, and 2 wide variety of mathematical
simulation models of physiological systems. A keystone of this effcyrt was the
evaluation of physiological hypotheses using the cimuiation models and the
prediction of the consequences of these hypotheses on many physiological
quarnitias, some of which were not amenable to direct measurement. This
approach led to improvements in the model, refinements of the hypotheses, a
tentative integrated nypothesis for adaptation to weightlessness, and specific
recommendations for new flight experiments.

INTRODUCTION

The most complete set of observctions on man's adaptation to
weightlessness collected by the U.S. to date was obtained during the 28-day,
59-day, and 84-day missions of the Skylab program (Reference 1). The primary
goal of the Skyleb medical experiments was to define the changes which took
place in the hunan body and, thus, achieve an understanding of the
physiological responses which occur during extended exposure to the space-
flight enviromment. Achieving a unified theory of adaptation to
weightlessness was difficult because it required integration of a voluminous
quantity of data obtained by many scientists from various disciplines. This
task was further confounded by the need to consider supplerentary results from
a diverse spectrum of ground-based studies which mimic the hypogravic
environment of space flight. ¢ was clear that proper interpretation of aii
these data would require the unraveling of a complex network of feedback
regulators involving many individual physiological subsystems. Therefore, a
progran was developed, based on an interdisciplinary systems analysis
approach, to address this task. It was hoped that the systems analysis
approach would be particularly suitable here because it would allow us to
analyze and assimilate vast quantities of information, to understand the
behavior of complex hameostatic systems, and to test scientific hypotheses
explicitly and in as unambiguous a manner as possible.

Of the various techniques developed to satisfy these requirements, the
tool which has proven most useful is a set of mathematical models capable of
simulating a nunber of physiological systems. The benefits of using
mathematical models are well known among those physiologists who employ them
in their research studies. Formulating the model, when based on experimental
evidenc: and known concepts, provides insight into the orgeanization of the
system elenents, the processes within the elenents, and the multiple pathways
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connecting these elements. During simulation, the dynamic interacticn between
various subsystems and the relative importance of each element becom: more
apparent through variation of the system's paraneters. Once a mode! is
validated, it is possible to predict quantitative responses of the human
system that can be subjected to experimental verification. When experimental
evidence is conflicting. difficult to interpret, or even difficult to obtain
(as in the case of dati c(btained froum space-flight studies), it is often
possible to test the plausibility of an hypothesis by using an appropriate
mathematical model. Also, models are an effective method of assembling
knowledge about a physiological system. As this knowledge is organized, areas
of missing information are revealed and the type of experiment needed to
gather these missing data is suggested. In summary then, the simulation model
can be considered a collection of integrated theories and empirical
relationships against which a large portion of the space-flight data can be
compared, evaluated, and tested tor consistency.

Al though mathematical modeling is now weil established in the life
sciences, this is the first time that a large array of models his been applied
in a uniform manner to solve problems in <pace-flight physiology. This use of
mathematical mcdels was expected to complmeni the ongoing NASA program of
employing ground-based experimental analogs of zero-g to provide additional
insight into man's responses to weightlessness.

SYSTEMS ANALYSIS TECHNIQUES AND APPROACH

An important objective of the systems analysis project, at the outset, was
to develop the mathematical and statistical techniques required to support an
extensive integrative eftfort related to man's responses to weightlessness. It
was apparent that data from all the major flight experiments of Skylab would
need to be coupled with the appropriate analysis software in a single data
base. Toward this end, a medical data analysis system was created which
consisted of an automated data base, a software package of biostatistical and
special purpose programs, and a set of simulation models of physiological
systems (see Figure 1). Data from a wide variety of investigative areas were
collected, including cardiopulmonary function, body fluids, biochemistry,
nutrition and energy metabolism, musculoskeletal function, body composition,
and hematology (see Table 1). The total quantity of data contained in the
data base is quite large in spite of the small number of astronaut subjects;
information for approximately 900 man-days of space-flight study is provided
by 80,000 measurement values representing over 900 independent parameters.
Algorithms were provided to perform routine statistical tests, multivariate
analysis, non-linear regression analysis, and autocorrelation analysis.
Special purpose programs were prepared for rank correlations, factor analysis,
and the integration of the metabolic balance data using models employing the
conservation of mass, water, and energy. Figure 2 illustrates the data
analysis system's for displaying data and visualizing computer generated mode)
responses.
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Figure 1:

TABLE 1

Skylab Integrated Medical Data Analysis System

SIOMEDICAL EXPERIMENTS OF SKYLAB IN DATA BAbL

Cardiovascular System

Lower bcdy negative pressure
Submaximal exercise response

Resting rlows, pressures,
hcart rate

Pulmonary Funct.on

o Respiratory functici Jduring
rest ~n4 2xercise
o0 Mechanical and metabolic

efficiences duriny exercise

Nutrition and B:ochemical
Metabolism

o

Metabolic baiances of waler,
nutrients and elect:iolytes

Cnerqy balance

Body mass measurements
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Musculoskeletal Function

Bone densitometry
Calcium balance

Strength tests

O O 0 o

Anthropometric measure-
ments

o Lean body mass measure-
ments

Body Fluids and Composition

o Body fluid volumes

o Composition of plasma,
urine, and feces

o Hormones related to fluid-
electrolyte balance and
to stress

Hematology

Red cell mas)

Blood volume

Hemoglobin

Indices of erythropoiesis

O ©C O O



and 4) .

N2 357.9
TIME <DAYS)>

TFO7 20 60
----- 14HA7 20 PO
e DAY 20 0@ . .
———E4367 20 & » = F
—--— [4367 20 N3 . . "
—— a3 20 e Y ..
- M e® - .
* 'ﬁll s W __L.n-—"
t - L ] . _’,-. -
B % -
L I -—d [
—te™ . " o ma
" .. - ‘P
= L F)
3 ™ . 4
|
b - \
* .
-' -.. & . .
"‘--!-u.; . LA
RN >
——p4707 ) . "
—--— 14207 @3] . -
——— 84297 09
—=-~- Fap@? 09
----- 14F07 )
——— E4PRT 80
29z 8 389.7 422 A

EXAMPLE OF CRT DISPLAY OF SKYLAB DATA WITH REGRESSION ANALYSIS
SHOWING URINARY CALCIUM FOR PREFLIGHT, INFLIGHT & POSTFLIGHT PHASES

[ 00 00|
------ SVET 200 80 R
—-—-= DI 200 80
Sapmay ]
w"--—a..u.\. 1
—-—-= DIRS 00
"""" SYST (-
—— HR 20
CO 40 00
"""" SU 20
—-== TR
S PRI, N o 2N JP‘.-—.—-T
.i"-,,--a - (V2 r N
;---‘\. W"V‘ o~ '»\-
=, '
\-\.‘-st_,._,,‘._
———— TR g}t
"""" SN -]
CcOo (] l
e 128 240 9 368.0 [ ] €00 o
TIME (SECS>

EXAMPLE OF CRT DISPLAY OF SIMULATION QUTPUT
SHOWING TRANSIENT RESPONSES TO EXERCISE (5 minutes e 200 watts)

Figure 2:

In order to simulate short-term and long-term events, five basic models
a pulsatile cardiovascular model; a
respiratory model; a thermmoregulatcry model; a circulatory, fluid and
electrolyte balance model; and an erythropoiesis regulatory model (Figures 3
A major objective that was achieved early in the project was the
integration of these subsystem models into a common framework termed the

In addition to these six models, a model of calcium
Al1 of the subsystem models are

"whole-body algorithm."
regulation is currently under development.
characterized by an active controlling system which regulates a relatively

passive controlled system, and, taken together, these two components function
as a negative feedback control system.

were employed in this project:
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Exanples of Graphic Displays of Data Base Analysis System

The feoedback variables for these



models include representations of many of the actual sensors present in the
body, including temperature sensors, chemoreceptors, baroreceptors, oxygen

sensors, and osmoreceptors.

directly assoc ated with this project.

A majority of these models resulted from research
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Figure 3: Models for Simulating Short-Term Events

Each of the models used in this project are deterministic and non-linear

and are implemented using finite difference formulations.

A1l models operate

in an interactive time-sharing mode with the automated capability to display
responses graphically and to compare data and model responses simul taneously.
Most models were modified to include gravity dependent effects and to permit
simulation of a hunan response to the stresses related to the space- flight

program.

to renresent an animal species.

fluid shifts (Table II).
can be sinulated just a5 in a real experimental protocol.

In same instances, an alternative version of a model was developed

Some of the experimental and clinical
conditions for which the models were validated include hypogravic stresses,
orthostatic stresses, metabolic stresses, envircnmental disturbances, and

Multiple stresses and sequential degrees of stress

Many hvpotheses can

be tested merely by adjusting the vaiue of one or more of the fixed system

parameters.

153



" Circulatory status
[——> Renal status
j——— Endocrine status

Fluid intake

Electrolyte intake

——
—e
Metabolic rate ———p-1  CIRCULATORY, FLUID, | .
: —~ Body fluid status
—,| AND ELECTROLYTE MODEL y
D ——

Tilt angle . Autonomic status
150 input .
parameters |—» 350 predicted

variables

Plasma volume —— 2 Red cell mass
Arterial p0 —_— — Hematocrit
- 2 | Red cell production
0., uptake s = RED CELL MODEL
2 = Tissue pO2
30 input [ '
parameters 50'predlcled
variables
. Bone
g:;?pl;\r:tzni(:nake - demineralization
]
Vitamin D intake ——= CALCIUM MODEL — “°”"'°"a' status
Gravity vector — L CaICIu.m
excretion

Figure 4: Models for Simulating Long-Term Events

The combinations of the data base analysis system with the group of
simulation model- formed the basis of the hypothesis testing approach that was
used for integrating the Skylab findings (see Figure 5). The basic analysis
systems permitted large arrays of space-flight data to be scanned rapidly,
graphical visualization of correlations between variables, and statistical
testing of hypotheses. This preliminary evaluation of space-flight data 1=d
naturally to qualitative exanination of the mechanism involved in producing
the observed responses. This procedure drew heavily upon the theory of
physiological feedback regulating systems and often suggested hypotheses
capable of being tested by using the predictive capabilities of the simulation
models. The elements of the medical data analysis system (Figure 1) were
designed to interact in either sequential or parallel fashion so that, for
examnple, results from a data analysis could be employed as input forcing
functions to a simulation model and the model's predicted responses could then
be compared to additional data from the data base. While good agreement
between model and data was desirable, it was not essential. The heuristic
value of modeiing is such that important objectives are often realized even
when this agreement is poor. Such poor agreement often results in suggestions
for additional datz analysis, refinements of the mathematical models, changes
in the hypothesis being considered, and suggestions for the design of new
experiments to be performed either in space or on Earth. This is an
interative process, as suggested bv Figure 5, and is the heart of the systems
analysis approach. 154



Table TI

STRESSES RELATED TO SPACE FLIGHT THAT WERE STUDIED
USING SIMULATION MODELS

O HYPOGRAVIC STRESS O ENViRONMENTAL DISTURBANCES
- Supine Bed Rest - Hypoxia
- Head-down Bed Rest - Hypercapnia
- Water Immersion - Temperature
- Space Flight - Ambient Pressure
o ORTHOSTATIC STRESS o FLUID SHIFTS
- LBNP - Hemorrhage
- Tilt Table ~ Infusion
- Postural Change - Water and Salt Loading
- Dehydration

o METABOLIC STRESS

- Exercise
- Diet Restriction

ualitative
Processed data Q '

hysiological
describing ———— zy)s/temsg
Zero~g response analysis

-

Hypothesis

Automated formulation
data base Space-flight and describing

and analysis ground-based data riechanisms
system of response

) Quantitative
Refinement of evaluation of
data analyses; e . hypotheses w.th
hypotheses simulation

or models models

@ Integrated hypothesis
for zero-g adaptation

@ Design of new experiments
and new models

Figure 5: Systems Analysis Approach for Evaluation of Space-flight Date

Statistical and modeling techniques naturally complenent each other {>r
integrating and correlating results from many different investigative ¢ o=,
Predicting the consequences nf hypotheses on ummeasured variables from many
subsystems is within the capability of models such &s the whole-body
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algorithm, but is impossible if the testing of hypotheses is performed by
traditional statistical approaches. As this simulation study progressed, it
was possible to incorporate more and more diverse kinds of experimenta!l
results and hypotheses into a single model. While each hypothesis alone r«wuld
not support a generalized theory, all of them taken together should converge
toward a coherent picture of zero-g adaptation.

RESULTS AND DISCUSSION

This project encompasses a nine-year time period, and it has fostered many
useful accomplishments. Several of these are discussed below.

Integrative Analysis

Systems analysis was valuable in performming various organization and
integration functions that were not previously available to the space life
sciences program on a systematic basis. These functions include:

a) integration of data from different investigative areas into a common
data base to provide an interdisciplinary cross-correlation
capability;

b) inte_ration of physiological mechanisns relating to homeostatic
control of a single functional system within the framework of a
mathenatical model;

c) integration of observed phenomena (experimental data) with simulated
responses (theory) by simulating experimental conditions and comparing
model and real-world behavior;

d) integration of diverse types of stresses acting on the same system to
demonstrate common features of the regulatory processes;:

e) integration of acute and long-termm stress responses to hypogravity by
systematic comparison of ground-based and space-flight studies;

f) integration of physiological subsystem models into a larger, more
conplex model to study theoretical interactive effects; and

g) integration or subsystem hypotheses related to zero-g adaptstion into
a unified theory showing overlapping and interactive effects between
subsystems.

The last several items are of unusual importance and are therefore
discussed in more detail below.

Whole-Body Algorithm

The physiological interaction of major body subsystems has been a subject
of interest to researchers for some time. One objective in hunan system
modeling is to produce 70t only reliable subsystem models but also an
integrated model with each subsystem acting in concert with other subsystems
to simulate the entire dynanic system of the body. However, efforts in this
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direction have been quite limited. A contribution tn this .rea was made with
the davelopnent of a "whole-body algorithm" (Figure 6), which is envisioned as
a mathematical model that can simulate the response of several major body
regulatory systems to diverse, but specified stresses related to the

space- flight environment (Table II1). The approach selected for the
construction of this model combined existing subsystem models that describe
snort-termm stress responses (cardiovascular, respiratory, Lhemmoregulatory
models) with a mo’'el which described appropriate long-term responses
(circulatory, fluid-electrolytc, endocrine, erythropoiesis models). The
whole-body algorithm was designed so that the eatire sequence of major
phys.ological events for long-duration space flight could be simulated. This
sequerce included preflight experiments, acute physiologica™ responses to zero
g, changes in cabin environment, inflight responses to the experiments of
interest (lower body negative pressure and exercise), acute reentry to one g,
long duration readaptation to one g, anu postflight experiment cimulation.
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Figure 6: Whole-Body Algorithm

One advantage of using an approach which combines existing subsystem
models is that each model considers various time lags, fast and slow
controllers, and integration step sizes appropriate for its respective
simulations. The model has a sufficiently flexible structure to pemit
changes to be made without totally disrupting the entire system. Such changes
even include adding new subsystens or modifying existing subsystems. A model
conprised of individual, well-defined subsystens also facilitates studying the
interaction between the subsystans, and studying total system hypotheses, both
inportant subjects in physiology today. An additional feature of the
whole-body algorithm is its capability to simulate multiple and sequential
stresses with little or no basic structural changes.



Sufficient testing was performed with the whole-body aigorithm to
demonstrate the basic capabilities of the model. Validations were performed
for a number of single stresses as well as long-term bed rest accompanied by
intermitten- short-temm stresses. Once model credibility was ascertained, it
was possible to attempt simulations of entire space-i ght missi~ns, Figurc 7
illustrates ore such simulation of a composite Skylab flight and demon-trates
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reasonable nredictions for a variety of fluid volume, electrolyte, endocrine,
and renal responses. Nevertheless, many aspects and capabilities of the model
have yet to be tested. One reason for this is that much of the data required
to perform adequate validation of this large model have not yet been gathered.
The whole-body algorithm has well over 1000 independent system variables, most
of which correspond to physiological quantities. Unfortunately, in
physiological research it is rare that more than a dozen rarameiers will be
measured simultanecusly during a single experiment. Therefore, data from
multiple sources is required and, because identical biological conditions are
not likely to be achieved, there is a risk in this approach. For these same
reasons, the smulated responses to combined stresses have not been investi-
gated. T'n e very real sease, this shortcoming is an opportunity to identify
critical research a-eas related to measuring whole-body responses to
combinations of enviroamental and metabolic disturbances. It should also be
recognizeu that a model of this <.z is somewhat unwieldly and simulations
teke a relatively long time t¢ . fom Therefore, most of the systems
analysis performed in this proa: an was accomplished with the individual
subsystem models. The n. .. ph. :e of application will be to incorporate into
the whole-body alcyvitnm 1e candidate hypotheses for each subsystem that have
shown oconise in explainirg tne space-flight findings. When this is done, the
whole-body algorithm will serve its main function as a central repository of a
detailed integrated hypothesis of zero-g adaptation. In this way, the model
should p-ove useful for supnorting space-flight biomedical research programs,
and for predicting indices of crew health.

Hypotheses of Zero-g Adaptation

Tae major 1ppl- cion of these mathematical and data rrocessing tools was
directed tor o' ackievina a better understanding oi how nunans adapt to
long-* ~n ¢ v o flight. A detailed discussion of resulis in this area is out
o1 the scopc f this paper, but such a discussion will soon be available in
book foimat (Reference 2). In terms of the several physiological systems
ctudied, the following breoad picture has emerged. Disturbances in the
cardiovascular, flivid-electrolyte, erythropoietic, musculoskeletal, and
metabolic systems, which are found during and after flights of various
durati ., aprear to bc attribited to two major effects of weightlessness
(Figure 8). These are, first. the absence of hydrostatic forces, resulting in
seve~e fluid shifts withirn the body, and second, the absence of deformation
forces, resulting in disuse atrophy of normally load-bearing tissues. The
first of these effects leads to a reduction in body fluids, most importantly,
blvod volune. The consequences of the second factor are reductions in bone
and muscle mass. Whether disuse atrophy of musculoskeletal tissue can be
prevented is stiil unresolved. In addition, a third factor, a long-term
alteration of metabolic state, reflecting changes in dietary "ntake and
exercise, was found to nlay an important role in aggravating the -erc-g
"deconuitioning" processes of the space flioht crews. However, it i; doubtful
at this time that these latter factors are boyond human intervention and
correction on future missions. All of these events have both acute and
Tong-term effe "ts in the major physiological systems which lead to loss of
v 1*ght and, upon return to a cne-g envircnment,, decreased tolerance for
0 .nostasis and work.
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Figure 8: Physiclogical Effects of Exposure io Weightlessness

Our studies have been based on the belief that within the time span over
which man has so far been studied in space, these responses to weightlessness
are not pathological in nature; rather, they can be explained in terms of
normal, although complex, feedback regulatory processes. Our simulation
studies have supported this premise. Adaptation to weightlessness is said to
occur when the body adjusts to these changes and reaches a new steady state
(Figure 9). Each physiclogical system appears to have iis own time course of
adaptation. The rates of degradation arnd loss of such quantities as bone,
muscle, fat, red cells, and water are all quite ¢ fferent, depending upon the
nature of the distu-bance and on the time constant of the correcting
honeostatic system. In Figure 9, the return to baseline reflects the
establishment of a new homeostatic level appropriate to weightlessness.

The contribution of the simulation models was significant in developing a
group of zero-g hypotheses. The utility of the models, however, extended
beyond their important predictive capabilities discussed earlier. A benefit
of the modeling process was related to the ways in which models shaped the
data analysis effort. Quantitative modeling often rejuired a new look at data
which had already been analyzed by more traditional metheds. The simulation
approach required certain patterns of data in \ery specifis forms. Satisfying
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these model requirements lad, in one instance, to an exteasive metabolic
balance analysis for describing body composition changes during sgace flight.
Another benefit of modeling, at this stage of its application to space
physiology, was in forcing the analyst to think systematically,
conprehensively, and quantitatively about the system of interest. The
cunplexity of the models, reflecting the redundarncy of the mechanisms in the
body, helped resalve some paradoxical findings by suggesting the involvenent
of one or more competing pathways. Also, it was not always possible to
explain the long-term adaptation phase of space flight in terms of regulatory
feedback mechanisns more suited to corrective action of acute disturbances.
This suggested a logical division of the space-flight period into acute and
chronic segnents for purposes of systems analysis. As a result, a
comprehensive analysis of acute ground-based studies was undertaken to enhance
our understand.ng of the immediate period followinc launch, an interval during
which few space- flight observations were made.
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CONCLUSION

The effort described here has resulted in a more advanced analysis of
space-flight data than was previously available. The accomplishments
associated with this project include the following:

a) Establishment of a more definitive data analysis based on a composite
picture of the nine crewnen from all flights;

b) Allowing estimation of quantities which could not be measured directly
but could be derived from simple metabolic balance models or advanced
simulation models;

c) Integration f data across disciplinary lines;

d) Quantitative evaluation of hypotheses by computer simulation and
interpretation of data in terms of feedback control theory;

e) Reevaluation and reinterpretation of previously publishec Skyleb data
in the light of more recent findings from ground-based studies and
Soviet missions.

This is not to imply that a dofinitive theory of space-flight adaptation
was formulated. Rather, the fundanental contribution of the systems analysis
effort has been to organize many of the major biamedical findings from space
flight and cerrelate these findings with the scientific concepts that describe
vhe requisite organ systems. Out of this effort has come ¢n array of methods,
tools, and techniques that have been essential for the hand:ing, processing,
and interpretation of experimental data in general and space-flight data in
particular. Another benefit arising from this systems analysis project was 2an
improved understanding of the physiological events which occur during human
adaptation to weightlessness and the concanitant identification of critical
areas ripe for future study., faconmendations for new experimenial approaches
generated by the current prug:--am have already contributed to the design of
ground-based and future Spacclab i, vestigations. Full potential of the
systans analysis method will Le realized only by maintaining an interative
cycle between model developments and experimental research.

REFERENCES

1. Johnston, R.S. and L.F. Dietlein (Ed.) Biomedical Results from Skylab.
National Aeronautics a.d Space Adninistration, Washington, D.C., SP-377,
1977.

2. leonard, J.I., J.A. ummel, anu R.J. White (Ed.) An Integrated Analysis of
the Physiological Effects of Space Flight. National Aeronautics and Space
Administration, Washington, D.C. (in press).

ACKNOWLEDGEMENTS
The authors would like to acknowledge all members of the systems analycis
group and tne NASA principal investigators who participated in this project.
This work was performed under the following NASA contracts: NAS9-11657,
NAS9-12932, NAS9-14192, NASy-14523, and NAS9-15487.

162



