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1.0

INTRCDUCTION

Analysis of experimental data from Skylab has shown that the .
changes occurring in the legs, the losses of tissue and fluid, and the
shifts of fluid from the lower to the upper body play a very important
role in the physiological adaptation to zero-g. The data from bed rest
studies, taken as a ground-based experimental analog to zero-g, have
also shown similar important changes involving the legs. Attempts to
analyze these physiological changes, and their underlying mechanisms,
through the use of the simulation models has been hampered by the inabil-
ity of the long term portion of the Whole-Body Algorithm and the Guyton
model of circulatory, fluid, and electrolyte regulation to simulate changes
involving the legs and gravity dependency. The objective of this study is:
1) to modify the long term model by recompartmenting the circulatory
representation so that leg (lower body) compartments could be identified
separately. This recompartmentization would allow changes in the leg
compartments themselves and shifts from the lower o the upper body
compartments (and vice-versa) to occur, 2) to add gravity effects to
this representation so that removal (or zero angle) of the gravity vector
is explicitly represented in the model, 3) to verify the modified model
through comparison with previous simulations and experimental data and
4) to develop and test hypotheses for the long term simulation of bed
rest.

Experimental studies of spaceflight and bed rest may be divided
into periods of time, each characterized by different types of physiological
response, Thus, the sudden reduction of gravitational effects resulis in
an acute response lasting minutes, hours, or even one or two days. This
is followed by a chronic or long term adaptation phase lasting perhaps
weeks or months in which the physiological changes occur more slowly
albeit persistently. Similarly, the recovery-from-stress stage may

also be divided ihto acute and chronic periods of readjustment,



it should be recognized, however, that the Guyton model is pri-
marily suited to the study of long term adaptation to stress. It should
not be expected that the fidelity of the simulation of short term stress -
particularly the dynamic response of those stresses lasting minutes -
would be as great as longer term responses, This inadequacy is further
compounded by the relative scarcity of good long term studies as com-
pared to acute experiments. Thus, the ability of the improved model to
meet these objectives is governed not only by the additional degree of
detail added to the model under this task, but also by the basic capability
of the model and the guality of data avaijlable,

The most obvious physiological changes during an acufe change of
posture occur in the circulatory system are a result of a moderate volume
of blood shifting between the upper and lower body. Longer term changes
during bed rest or zero-g exposure are also characterized by different
circulatory changes occurring in the upper and lower body, In addition
to intravascular fluid shifts, adaptive responses are also thought to occur
in cardiac control, vascular compliance, blood flow redistribution, etc.
Some of the more dramatic changes that have been observed immediately
upon recovery from these type of stresses, have occurred during ortho-
static tolerance stress tests which involve displacing blood from the upper
part of the body to the legs either as a result of LBNP or standing. All of
these considerations lead to the conclusion that the minimum change in the
Guyton model must include a recompartmentalization of the eirculatory
compariment into upper and lower body segmentis.

In addition to changes in circulatory function as a result of gravity
effects, secondary changes occur throughout the body both during the
acute and chronic stages. Some of the most important of these changes
involve plasma-interstitial fluid shifts, autonomic function, renal function,

hormonal function, electrolyte concentrations, and body fiuid volumes.



All of these elements are represented to some degree in the Guyton
model. Whether or not most of these responses are a direct resuif of
the inifial gravitational effect is not known and, in fact, is a question
which may be answered in part by simulation studies with the recompart-
mentalized model, Additional structural changes will most certainly
have to be included to provide the necessary level of detail to test hypo-
theses for acute and long term zero-g adaptation.

The following determinations are associated with recompart-

mentation:

a) pressures, flows, and volumes of the upper and lower
circulatory comparitments,

b) redistribution of flow paths between upper and lower cir-
culatory compariments perfusing muscle and non-muscle,
non-renal tissues,

c) levels of pressure and volume of the upper and lower body
interstitial (and intracellular) compartments,

d) redistribution of basal capillary filtration and lymph fiow
between upper and lower body compartments,

e) pressure-volume function curves (compliances) of upper
and lower circulatory compartments for arterial and venous
segments.

1) pressure-volume function curves {compliances) for inter-

stitial compartments of upper and lower body,

Additional elements must be added to the model to represent gravity
dependency. The most basic addition entails determining the locations in
the model which should be responsive to the direct effect of hydrostatic
gradients and choosing the most appropriate means of including this effect.

Other determinations of gravity effects include:



a) baroreceptor pressure,
b) autonomic function,
c) pressures, flows, and volumes of the upper and lower cir-

culatory compartments,

d) pre- and post-capillary resistances in muscle and non—
muscle tissues in the upper and lower circulatory com-
partments,

e) venous tone in both upper and lower body segments as the

resulf of stress relaxation, autonomics, and angiotensin

1) renal flow,

g capillary filtration and Lymph flow in both upper and lower
compariments,

h) renal function (urine flow, electrolyte excretion),

i) hormonal secretion rate including ADH, angiotensin, and
aldosterone

)] metabolic rate

The following guidelines . and criteria were used to test the final models:

a) Supine Model at Rest

Steady-state values for the gravity dependent model in the
supine and unstressed mode should agree with those of the original model
with respect to such important quantities as cardiac output, mean
arterial pressure, blood volumes, extravascular volumes, electrolyte
concentrations, renal excretion, salt and water intake, etc. In addifion,
values of flows, pressures and volumes of the new lowér body compart-
ment should favorably compare with the pulsatile cardiovascular model
and with available data on human subjects supine for relatively short

periods of time,



b) Supine Mode Under Stress

The behavior of the restructured model in response to
stresses of interest should be essentizally similar fo that of the original
model with respect {o basic physiological parameters. The stresses
that will be performed will include the relatively short term responses
to fluid infusions, hemorrhage, dehydration, and longer term salt leading
with impaired renal function. These are stresses which have been used
to validate the original Guyton model. In addition, the capability will be
included in the new model to perform LBNP simulations, Simulation
results for this stress will be compared with that of the pulsatile cardio-

vascular model which has already been validated for LBNP.

c) Standing Mode at Rest

Steady-state values of basic circulatory parameters in the
standing mode should agree with data from human subjects performing
quiet standing or tilt for relatively short periods of time. The model
will have the ability to vary the angle of tilt with respect fo gravity.
Differences between passive tilting and erect standing may suggest new
elements in the model to account for musecle pumps, venous valves,
abdominal compression reflex, and venoconstriction, all of which are
important in the real system to prevent orthostatic collapse. The addi-
tional lower body compartment should realistically simulate blood pooling,
extravascular filtration and peripheral vasoconstriction., Comparison of
responses will be made not only with human data, bul with simulation
responses of the model of Croston and that of Leutscher and co-workers.
Extremely long term effects of standing at rest without leg activity results
in continued pooling of blood in the legs and will not be considered. The

emphasis will rather be on long term effects of the supine position.

d) Long Term Bed Rest

Proper validation of the longer term bed rest experiment will

entail testing hypotheses by adding other elements or modifying existing



elements. The incorporation of the lower body segments into the Guyton
model and the successful completion of the studies outlined above will
provide a solid foundation and the necessary level of detail with which to

test theories of long term adaptation.



2.0

MCDIFICATIONS FOR POSTURAL (GRAVITATIONAL) CHANGES

There have been only a few studies in which the gravitational effects
of posture on the body fluid compartments have been modeled. Snyder
(1969), and Croston, et al (1973) have described models of the circulatory
system in which gravity effects have been included as well as some of the
physiological mechanisms (such as muscle pumping, abdominal com-
pression, venous valves) that act to prevent orthostatic collapse. Res-
ponses fo tilt-table experiments have been simulated by these investi-
gators. However, these models do not account for fluid exchange with
extravascular compartments, and moreover have been designed for de-
scribing only short term responses. Another intravascular model with
gravity effects has been reported by Green and Miller (1974} for describing
the response of the circulatory system to acceleration stress, The
emphasis in this study was in investigating changes in circulatory function
in the head during centrifuge studies and does not include a separate lower
body compartment. Only one published study was found that models
circulatory responses to postural change and which includes the effects
of infravascular-interstitial fluid shifts (Boyers, Cuthbertson and
Luetscher (1972). Their seven compartment circulatory subsystem lacks
the detail found in some of the other models mentioned above, but on the
other hand has a degree of complexity greater than Guyton's model on
which it is based. The absence of lymph return, extravascular protein
circulation, hormonal effects, etc.,preclude using this model for other
than short term simulations. A more recent version of this model
(Luetecher, et al (1973)) includes the addition of a renin-angiotensin
subsystem. A previous, unpublished attempt to include gravity effects
in the Guyton model was made by White (1974), but it was only a feasi-
bility study and lacked the detail necessary for the present task, One
other model that was useful in this study is that of Luetscher, et al
(1970) in which the effects of posture on renal circulation and function was

simulated,



2.1

The recompartmentation of the circulatory, fluid, and electrolyte
control model based upon the model of Guyton (1972 ), was accomplished
by drawing from and improving upon these earlier studies. These modi-
fications and others described in Section 3.0 were performed first on the
stand-alone model and verified by comparison with other model simula-
tions and experimental data, These modifications were then incorporated

in the Whole-Body Algorithm,

RECOMPARTMENTING THE MODEL

Leg Circulatory Compartment

Two compartments have been added in the circulatory system repre-
senting leg arteries and veins. Each compartment is characierized by a
total blood volume, blood pressure and compliance (see Figure 2.1 and
Table 4,1). The values for volumes and compliances of the leg compart-
ments were derived from the 28-compartment pulsatile cardiovascular
subsystem of the whole-body algorithm, The blood volumes and compli-
ances of the upper circulatory compartments were adjusted to keep the
total volume and compliance of the arterial and venous vessels nearly

identical to that of the original Guyton model,

Blood Flow Pathways and Metabolic Rates

The original Guyton model contained three bloed flow pathways:
renal, muscle, and non-renal, non-muscle. In the modified version
these three pathways remain intact; however, the muscle flow pathway
represents the entire leg flow and the non-muscle, non~renal pathway
together with the renal flow represents total upper body flow (see Figure
2.1). In other words, in this modified model, leg blood flow and muscle
blood flow are identical. Muscle and non-muscle, non-renal flows were
readjusted (by changing their basic resistances RALZ and RVLZ) so that

cardizc output was similar to that of the unmodified version of the Guyton
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model and leg flow was similar to that of the leg blood flow of the short
term pulsatile cardiovascular model of the wholeObody algorithm (see
. Table 4.1). Metabolic demand in terms of oxygen consumption were

also readjusted in proportion to the new blood flow rates.

Resistances of the Leg Blood Vessels

Two fixed resistances were added (RVZ and RAZ) to provide a
small pressure gradient between upper and lower arteries and veins (see
Figure 2.1).

The single muscle flow resistance of the original version was
replaced by two variable resistances in series to permit capillary filtra-
tion to occur in the muscles which is driven by a muscle capillary pres—
sure. The iwo leg resistances are a precapillary arteriolar resistance
(RAL) and a posteapillary (venule) resistance (RVL), each mathematically

defined as follows;

Leg arteriolar resistance:

RAL = RALZ x AUM x ANU x ARL x VIM * PDAL
where RALZ = arteriolar basic resistance
AUM = autonomic effect
ANU = angiotensin effect
ARL = autoregulatory effect
VIM =blood viscosity effect

PDAL = pressure distention effect

I1.ep venule resistance:
RVL =RVLZ x CEL x PDVL x (1+(AUM-1)AULZ) x (1+tANU-1)ANLZ)

where TVLZ =basic leg venule resistance (constant)
PDV1 = passive distention effect due to venous pressure
= (4.89/PVL)’ 8
CEL = capillary pressure waterfall effect

AUM = autonomic effect with gain constant AULZ
ANU = angiofensin effect with gain constant ANLZ
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The total resistance to blood flow through the leg muscle is given by

the sum of these itwo variable resistances.
RL = RAL + RVL

The blood flow rate of the leg is taken to be the difference of pressure
between the leg arteries (PAL) and veins (PVL) divided by the resis-

tance,
QL = (PAL - PVL)/RL

The pre~ and post capillary resistances (i.e., arteriolar and venule) of
the non-muscle, non-renal tissues were renamed RAN and RVN, respec-
tively although their formulation remains unchanged from the original
model. However, their steady-state resistance values were readjusted
(by changing their basic resistances RANZ and RVNZ) in accord with the
logic discussed above in "Blood Flow Pathways.'" The formulations for
RAL and RVL given above for the leg muscle tissue are similar to that
of the non-muscle, non-renal pre- and post capillary resistances pre-

sented. in the original Guyton model with the following exceptions:

a) The passive distention effect due to hydrostatic pressure was
removed from the leg arterioles (i.e., PDAL set to 1,0). This was
justified by the fact that upon standing it is believed that a strong myo-
genic local reflex acts to constrict arteriolar vessels (as well as capillary
sphincters) in response to the high hydrostatic load. The myogenic reflex
opposes the passive distention effect. It was felt that until the myogenic
effect is included in the model the passive distention effect should be
removed, Otherwise, the effect of standing would create arteriolar
distention great enough to overcome autonomic vasoconstriction, a con-

dition that does not seem to exist in the real physiological system.

b) The veins are not known to participate in the myogenic response,

but rather, should be highly responsive to passive distention under the high



hydrostatic pressures of standing. Therefore, a passive distention
effect (PDVL) has been added to the leg venule resistance. The formu~-
lation defining PDVL permits a 1 mm Hg change in pressure to cause a
1% change in resistance in accordance with data reviewed by McDonald
(1960 ). The net effect of excluding the passive distention effect in the
leg arterioles and adding this effect to the leg venules is to favor a higher
pre/post capillary resistance ratio- upon standing which tends to reduce
leg capillary pressure towards leg venous pressure. According to
Mellander (1971 ), this is an appropriate response to limit outward

filiration of plasma in the erect posture.

Effect of Gravity on Pressure Gradients

The average hydrostatic pressure gradient (PGH) in the legs due

to gravity has been expressed as:
PG = ZML x 0. 77252 * sin (PHI/57. 295)

where ZML is taken as the distance (in cm.) from the heart to the knees.
The factor 0,77252 converts c¢m H,0 to mm Hg while PHI/57. 295 is the
angle (in radians) of tilt measured from the horizontal (i.e., PHI = 0°
for supine and P = 90° for fully erect). PG is introduced into the for-
mulation for leg flow in two locations: a) at the input to the leg arterial
compartment where it aids flow and b) at the output of the leg venous
compartment where it opposes flow,

The effect of gravity on the carotid baroreceptors must also be
included since the angle of tilt changes fhe hydrostatic pressure at these
important sensors. The hydrostatic gradient at the baroreceptors is

given by:
PG1 =2ZB * 0, 77252 * sin (PHI/57.295)

where ZB is the distapce hetween the heart and the carotid receptor,
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PG1 is subtracted from the effective pressure sensed at the carotid body
{(PAl) during a tilt simulation. The values for ZML and ZB are set at
present to 76.2 em and 13 cm, respectively.

Any angle of tilt may be simulated by adjusting PHI and other pos-
tures such as sitting may be studied by adjusting ZML.

Venous Valves

The effect of venous valves has been added by permitting blood fiow
from the venous leg compartment (QVL) to assume only positive values.
Because this leg compartment can only be filled by arterial blood (rather
than reverse venous flow from upper body veins) transient conditions can
exist in which inflow from the leg arteries are approximately normal, but
outflow to the veins is zero. This occurs, for example, during the onset
of lower body negative pressure simulation. This situation was not pos-
gible in the original Guyton formulation, In order to insure that the approach
toward equilibrium of inflow and outflow cccurs correctly, it was necessary
to insert an additional "equilibrinum criteria' at the end of the short ferm

cardiovascular-autonomics loop of the Guyton model, The statement
IF (QL.M-QVL) .LE, 0,10) GO TO 100

does not permit calculations to exit from the short term loop until the
flow differential in the leg venous compartment is less than or equal to

0. 10 liters/min.

Lep Plasma/Interstitial Filtration

A mechanism was added to permit plasma to filter intc a new inter-
stitial leg compartment. This is illustrated in Figure 2.2 in schematic
form. Blood flow in the leg tissues is driven under an arterial-venous
pressure gradient (PAL - PVL) across an arterial resistance RAL and

venous resistance RVL, The capillary pressure (PCLG) is computed
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as a function of upstream and downstream pressures and the pre~/post
capillary resistance ratio, in accordance with the Landis-Pappenheimer

formulation:
PCLG = RCLG*PAL + (1-RCLG)*PVL
where RCLG = RVL/(RVL+RAL)

Filtration rate into the leg interstitium (QIEG) is based on the transcap-
illary hydrostatic pressure and oncotic pressure gradients multiplied by

a leg capillary filtration coefficient (CFLG):
QLEG = (PCLG -~ PILG - PPC)*CFLG

where PILG is the leg interstitial pressure and PPC is the plasma colloid
osmotic pressure. If is assumed that interstitial colloid osmotic pressure
is negligible. The value of PILG is determined from the leg interstitial
volume (VOLG) and the tissue compliance (CTLG).

Due to the lack of detaijled information regarding the leg tissues and
tissue pressure changes during standing, this represents 2 highly simpli-

fied model of leg filtration whose major assumptions are:

a) A leg tissue fluid volume equal to 1,5 liters in supine steady-

state,

b) A linear compliance that permits tissue pressures to rise by
about 40 mm Hg during standing when the fluid volume is
increased by approximately 500 mi due to plasma filtration.
This large pressure increase is necessary to oppose excessive
filtration because of the equally high change in capillary

pressure,

c¢) Neither the effects of lymph flow, tissue colloidal concentra-

tion, nor tissue gel have been studied.

The model allows changes in leg filtration to be reflected in the total

plasma and total interstitial volumes of the whole-body model.
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External Leg Vascular Pressure

An external pressure term (PXV, mm Hg) bas been included in the
formulation for leg arterial and venous pressuré, and an external tissue
pressure term (PXT, mm Hg) has also been added. These terms are
pnormally zero. By setting PXV and/or PXT to values less than zero the
effects of lower body negative pressure can be simulated. Values higher
than zero will simulate various events such as positive pressure leg
garments, water immersion, drying up the legs, and a muscle pump mech-
anism all of which have the effect of reducing venous leg blood volume and

aiding in venous return during standing.

Instantaneous Stress Relaxation Effect

A term representing instantaneous stress relaxation was added to
the stress relaxation block of the original model. This appears as a
constant factor (normally zero) which was found to be necessary to aid
venous return during tilt simulation, In that case, reverse stress relaxa-
tion was used (VSRI < zero). Iis physiological counterpart may be a com-
bination of stress relaxation, the abdominal compression postural reflex,
as well as a central venoconstrictor effect. It is represented in 2 more
complete form in White's latest (unpublished) version of Guyton's model.
It is suggested that at a later date this more complete version be added

to the present model,

PASSIVE TILT SIMULATION

Testing the response of the model to head-upward tilt was used
during the course of the recompartmentation effort as a relatively simple
means of assuring that the new formulations were basically correct. Tilt-
ing or standing is the most obvious gravity dependent stress and an abun-

dance of information exists describing the short term (10 — 30 minutes)
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response. However, this stress is a rather complex one and all the
mechanisms which participate in creating orthostatic tolerance are not
quantitatively understood {(Guyton, et al, 1973; Shepherd & Van Houlite,
1975).

The Guyton model is primarily suited to the study of long term adap-
tation to stress over the course of weeks rather than minufes. Inasmuch
as the major changes of the modified model were associated with the con-
trolled system (i.e., adding new circulatory compartments), it was impor-
tant to assure that the controllers in the model {(autonomic, local, and
humoral mechanisms) were sufficient to regulate changes in the new fluid
compartments in the face of an orthostatic challenge. (The original design
of the controller system did not include considerations regarding gravity
dependent stresses.) Thus, the intent of performing head-upward tilt
validations was to produce a response that was more qualitatively than
quantitatively correct so as to: a) assure that the new gravity dependent
formulations were basically appropriate, and b) to identify any controller
components which should be included in the model to improve the response
not only to short term tilt, but to long term bed rest and weightlessness,

simulation of these latter conditions being the ultimate goal.

Basic Model Response to Tilt and Recovery

The response of the recompartmentalized model to a 900 head upward
tilt is shown in Figure 2.3. Many other variables other than those shown
were monitored, but the general accuracy of the response and the main
problem areas can be identified from this output.

Fluid pooling occurred nearly instantaneously in the leg vessels and nrore
gradually in the leg tissues due to hydrostatic forces, This reduction in
central blood volume lowered cardiac output, blood pressures and cur-
tailed flows through the three major pathways: legs, upper body, and renal,

Pressures and flows would have been reduced even further if compensatory
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feedback mechanisms were not present in the model which decreased
venous capacitance and increased peripheral resistance. However,
these mechanisms were apparently not as effective as in the real system
because the reduction in arterial pressure and cardiac output were much
lower than observed in man,

Another shoricoming that was observed was the blood volume response.
Although blood pooling in the legs and fluid shifting into the interstitium
was appropriate with regard to direction and dynamic behavior, the blood
volume only decreased iransiently by about 50 ml instead of showing a
net sustained loss of several hundred milliliters. TUpon further examina-
tion, it was found that fluid was being absorbed from the capillaries in the
upper body nearly as fast as it was filtering from the leg capillaries.
Thus, although the model's response was generally in the appropriate
direction the magnitude of this response and its dynamic behavior was not

consistent with observations of the real system,

Additional Orthostatic Mechanisms

It became apparent tilat any mechanism added to the model fo allow
blood volume to fall would worsen the blood pressure and cardiac output
response, Therefore, a combination of mechanisms would be necessary
that would: a) inhibit inward fluid absorption in the upper body capillaries,
and b) increase venous return and, therefore, blood flow and pressures,
A preliminary series of trial simulations resulted in the following modifi-
cations which, when added to the model in concert, improved the tilt
response to acceptable levels:

a) Ephanced venoconstriction. The sensitivity (gain) of the venous

resistance element to efferent baroreceptor signals was increased,
This change increased the postcapillary resistance in the upper
body capillaries (the major blood flow pathway) in the face of a
decreased baroreceptor pressure. This permits an increase in

capillary filiration pressure and limits the inward filiration that



b)

d)
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would otherwise occur. Too much of an effect would cause blood
volume to fall severely producing unrealistic reduced levels of

blood pressures and flows.

Enhanced reverse stress relaxation. The original Guyton model

contained a stress relaxation element which causes gradual
reduction of venous capacitance in the face of reduced blood
volume. A ferm was added to produce an instantaneous effect
which reduces upper body venous capacitance to approximately
half of the reduction in central blood volume. This eifect,
which is present in a more realistic fashion in a2 recent unpub-
lished version of Guyton's model, wase simulated by reducing
the unstressed venous volume at the moment of tilt, Its effect
is to increase venous return, cardiac output, and systemic
blood pressures. However, too great an effect could actually
raise pressures and flows unrealistically above control values

during tilt.

Reduced area available for capillary filtration., The filtration

coefficient for the upper body capillaries was reduced in value
at the time of tilt, The direct effect was to limit the rate at
which interstititial fluid enters the circulation and thereby pro-

duce a reduced blood volume.

Muscle Contraction effect in legs. A parameter was added

which would provide a pressure, external to the leg blood
vessels, simulating the muscle contraction effect that occurs
during tilting and to a much greater extent during standing.

The effect is to reduce leg venous pressure, reduce the amount
of fluid pooled in the legs and increase venous return. Too
great an effect will reduce blood pooling to unrealistically low

values for a {ilt stress.,
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The first three of these effects are in accord with the generalized
splanchnic venoconstriction that has been observed following reduction
in central blood volume either due to hemorrhage or tilting (Folkow and
Neil, 1971; Rowell, 1974, The first two modifications (a and b) could
also be as a result of abdominal compression, autonomic, or local meta~
bolic effects. The last modification (d) could represent a proprioceptive
tilt reflex which is simulated as a small increase in external pressure
{ ®10 mm Hg). These effects, regardless of the underlying mechanisms,
appear reasonable and are supported in the literature on tilt table experi~
ments. While arterial constriction affects resistance by reducing vessel
caliber, venoconstriction reduces the capacity of the blood resexvoirs
(thus shifting fluid toward the heart) and increases postecapillary resis-
tance, An increase in posfcapillary resistance has less of an influence
on overall systemic resistance than it has on capillary filtration by its
efiect on capillary pressure. The evidence for a decrease in capillary
coefficient has been inferred from studies of hemorrhage, infusions, and
standing (Mellander, et al, 1967, 1971).

The model response with these mechanisms added either singly or
in combination at the beginning of tilt is shown in Figures 2.4A to 2.4E
and Figure 2. 5. The dashed line in each of these figures represents the
simulation response to tilt of the basic gravity dependent model without
these additional orthostatic effects (see Figure 2.8). The symbols at
the right margin indicate those responses which have been improved due
to the additional mechanisms, The first two mechanisms listed above
resulted in the greatest improvements and Figure 2.5 shows the tilt
response as well as recovery from tilt during a simulation in which these
eiffects have been added. The transient "spike" effect at the start of each
tilt simulation is an artifact that would not be present if the tilt had not

been performed instantaneously,
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SIMULATED 90° TILT RESPONSE: EFFECT OF INSTANTANEOUS
REVERSE STRESS RELAXATION
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SIMULATED 90° TILT RESPONSE: EFFECT OF ENHANCED SPLANGHNIC

VENOCONSTRICTION
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SIMULATED 90° TILT RESPONSE: EFFECT OF MUSCLE PUMP

11660
Arterial Pressure 3 - —— T 4 @
mm Hg 60 .09 R st
j \
Total Petipheral N =TT el et
Resistance N @
15.00
Cardiac Output | o _.,..._--—-——---.@
1/min I.00 \.,’,-—"
S =
Total Blood Volume L . @
liters 4.69 _
- 1 .Ia ; _______ — ..—w
‘Blood Volume in Legs ! V—"_ 4 @
liters .59 X
‘ ] ~1.89 L
Blood Flow in Legs L) T e ——————
jrm =T
|/min .50
.6 10.0 28.0 Ja.2
TIME (MINS)
———————~  Basic Model + Muscle

Response of Basic Gravity Dependent Mode!

@ Improved Response Due to Added Mechanism

FIGURE 2.4C



25

SIMULATED 90° TILT RESPONSE: EFFECT OF REDUCED CAPILLARY
FILTRATION COEFFICIENT
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SIMULATED 90° TILT RESPONSE: EFFECT OF COMBINATION OF FOUR

ORTHOSTATIC MECHANISMS
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These changes have resulted in an overall improvement of the tiit
response which is reflected not only in the few circulatory variables
shown in these figures, but in most all variables which were monitored
during these series of simulations, Figures 2.6A to 2. 6D illustrate the
response of a wider range of model variables that were obtained during a
run incorporating the four additional orthostatic mechanisms, The general
agreement with experimental observation of these many physiological para-
meters in response to a qualitatively new type of short term stress for
this ("long term") model attests to the basic soundness of the original
Guyton formulation and the new modifications. While other computer
models have been able to simulate a tilt response with greater fidelity
with regard to circulatory flows and pressure (especially during the
first 10 minutes following tilt), they did not include the wider
range of physiological subsystems of the Guyton model (Croston &
Fiizjerrell, 1974; Boyers, et al, 1972; Snyder & Rideout, 1969). Thus,
the responses shown here are representative of the circulatory, fluid,
renal, autonomic, and endocrine responses to tilting that have been
described by many investigators each observing only a portion of these
physiological reactions, The following section is a more detailed dis-
cussion of these responses shown in Figures 2.6A - 2. 6D and includes

literature citations that support each observation.

Fluid Volume Shifts (Figure 2. 6A)

The vertical orientation greatly increases the pressures in the legs
due to the long hydrostatic column of blood. Inasipuch as both arterial
and venous pressures are increased to the same extent there is no change
in the driving force to flow, However, these high pressures do cause
distention and about 400 to 600 ml of blood rapidly pools in the leg vessels,
primarily in the veins (Rushmer, 1970; Sjostrand, 1953). (A slight muscle
contraction effect has reduced the leg circulatory pressures and pooled

fluid by about 15%). (Guyton, et al, 1973)).
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The accompanying increase in leg capillary pressures creates a driving
force for filiration. At the end of 30 minutes, approximately 500 ml
plasma has left the circulation and entered the leg interstitial compartment
(Henry, 1955), while about 200 mi has entered the circulation through
alsorption from the upper body capillaries. This results in a net reduc-
tion in total blood volume of approximately 300 ml (Fawcett & Wynn, 1960;
Hellenbraut & Franseen, 1943). Since this represents plasma changes
only, the hematocrit increases accordingly (Tan, et al, 1973). The net
deficit of fluid in the upper body (effective central blood volume} is approx-
imately 700 ml: 400 ml of this due to limb pooling and 300 ml plasma loss
due to net exiravascular filtration . (Henry, 1975; Wood & Eckstein, 1957).

Major Circulatory and Cardiac Changes - Fisure 2, 6B

At the end of the 30 minutes of simulated tilting the arterial pres-
sures have returned to near normal while venous pressure is relatively
depressed. The magnitude of these changes including the initial reduction
in pressure are appropriate, but are known to occur more rapidly, Cardiac
output is decreased by 15% due primarily to a reduction in stroke volume
and in spite of an increase in heart rate (Rushmer, 1970; Weissler, et al,
1957; Tuckman and Shillingford, 19686).

The reduction in stroke volume is a result of a decreased venous
return because of the large reduction in central blood volume while the
heart rate changes reflect increased autonomic stimulation, Total
peripheral resistance increases sharply at first (Tarazi, et al, 1970) as
a resulf of intense autonomic-baroreceptor activity (Brigden, et al, 1950)
which is later augmented by angiotensin release and attenuated by auto-
regulatory effects, Blood flows to the three major tissue segments repre-
sented in the model (renal flow, leg muscle flow and non-muscle, non-renal
flow) all decrease due to the general decrease in cardiac output as well as

vasoconstriction (Rushmer, 1970; Culbertson, et al, 1951; King, et al,
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1954). The renal and leg flows appear to be more stable at their lower

level than the splanchnic flow which tends to return toward normal.

Capillary Fillraiion - Figure 2, 6C

The filtration of nearly 500 ml plasma info the leg interstitinm is
basically completed within 20-30 minutes, (Tarazi, et al, 1970). The
driving force for this event is an increase in leg capillary pressure of
nearly 60 mm Hg - equivalent to the hydrostatic column from the heart
to the midpoint of the legs. This is opposed by the leg tissue pressure
which increases gradually as fluid enters the inferstitial spaces
(Mellander, 1971).

While leg filtration is occurring the capillaries in the upper body
are undergoing a more complex process. At the beginning of the Lill
responge the fall in capillary pressure and the rise in colloidal oncotic
pressure favors the absorption of fluid from the extravascular space into
the bloodstream. While colloidal pressures continue to rise the pre/post
capillary resistance ratio decreases (due to a rise in venule resistance
which gradually develops maximum intensity after a rapid arteriolar con-
striction) (Wood, et al, 1957). which causes capillary pressure to rise
until it becomes greater than the oncotic pressure. At this point (about
15 minutes following tilf) absorption of fluid stops and plasma filtration
into the interstitium begins, It has previously been demonstrated that
adjustments in the pre/post capillary resistance following moderate
hemorrhage lead to essentially the same dynamic behavior in capillary
filtration as shown here (Mellander, 1971). Opposite changes have been
suggested during infusions (Leonard & Abbrecht, 1974). However, no
documentation exists to confirm whether this occurs during tilt, Thus,
the fall in blood volume due to extravasation of fluid from the legs is
partially compensated by intravasation of fluid from the tissues of the
upper body similar to the effect suggested during LBNP studies (Foux,
et al, 1976).
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Neural and Humoral Orthostatic Protective Mechanisms — Figure 2, 6D

Several previously discussed mechanisms were added {o the model
during these simulations. However, these basically represented improve-
ments to the orthostatic effects which were already present in the model,
Several of the major neural and humoral reflex pathways which are acti-
vated during the tilt response are shown in Figure 2.6}, The autonomic
influences include these that produce: a) vasoconstriction, b) cardio-
acceleration and contractility, and c¢) reduction in venous capacitance
(Guyton, et al, 1973), The humoral mechanisms are seen to be slower
acting and include: a) angiotensin release which produces vasoconstrice-
tion (Oparil, et al, 1970), b} aldosterone release which inhibits sodium
and water excretion (Gowenlock, et al, 1970), and ¢) ADH release which
decreases urinary output and preserves body fluid volumes {(Goetz, et al,
1975).  All of these mechanisms are mediated in the model by refiex
pathways originating at pressoreceptors in cardiopulmonary, arterial or
renal areas. The realistic dynamic behavior of these reflexes should be
noted; autonomic reflexes are fully operative within a few minutes while

hormonal responses are slower acting.
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OTHER MODIFICATIONS AND IMPROVEMENTS

The primary emphasis in this report is upon the modifications to the
mocvlel to provide separate leg compartments, to add gravity dependency,
and to simulate bed rest. However, other modifications and improve-
ments were included concurrently with this work, although not direcily
related to it, because a major activity such as this provided an opportunity
to docament updated areas of the model associated with other tasks.
Updated user's guides for the stand-alone model and Whole-Body Algorithm
will be provided which will include all these changes. These modifications
required renaming many of the parameters and variables in the original
model and several cosmetic changes were included for ease of program
understanding. These changes will also be reflected in the updated
user's guides. Figure 3.1 shows the major blocks in the model which

were modified during this study.

Modified Red Blood Cell Production Algorithm

A new algorithm for red cell regulation has been implemented in the
recompartmentaljzed Guyton muodel, This new'block was based on the
erythropoiesis regulatory simulation model previousiy developed by GE
(TIR 782-MED-4012 & 6004). This model was shown to be superior representa-
tion of the physiological system than the blood cell subroutine in the original
Guyton model, especially with respect {o its ability to simulate hemopoietic
responses fo-hypoxia, red cell infusion and bed rest.. A detailed description
of this algorithm, as it appears in the medified Guyton model, is presented
in the Appendix.

The new red blood cell algorithm is based on a kidney sensor of
oxygen partial pressure located in tissue of constant metabolic rate and
perfused with venous capillary blood, flowing at a constant rate, These

restrictions permit erythropoiesis to be responsive primarily to changes
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in hematocrit, arterial oxygen partial pressure, shifts of oxy-hemo-
globin dissociation and distturbances in oxygen carrying capacity of hemo-
globin, It is not sensitive to changes in blood flow nor changes in total

body metabolic rate.

Simulation of Lower Body Negaiive Pressure (LBNP)

During LBNP in the supine human, the negative pressure surround-
ing the legs creates a driving force for blood to be virtually sucked into
the legs (primarily into veins) from the upper body. The degree of blood
displacement can be up to 2 liter depending on the suction applied (Wolthuis,
et al, 1974). Simulation of LBNP with another circulatory model has been
previously accomplished by applying a negative pressure external to the
leg vessels thereby increasing transmural pressure by the applied amount
(Croston & Fitzjerrell, 1974), The model used was a closed circulatory
system with constant blood volume., The present form of the Guyton model
will permit fluid transfer by capillary filtration into and out of the leg and
upper body tissue fluid compartments. More importantly, it is now possible
to impose LBNP not only across the leg vessels, but also across the "walls"
of the interstitial compartment of the legs thereby inducing plasma filling
of that space., A slow component of the rise in leg volume during LBNP
(following an initial rapid increase) has been frequently takento represent
fluid diffusion into the tissues (Foux, et al, 1976). It is also possible that
part of this gradual swelling can be attributed to increased congestion in
the blood vessels., To our knowledge, quantitative data are not avajlable
regarding the dynamic distribution of fluid pooling between leg vaseulature
and tissue space, or concerning net changes in blood volume which arise
from net filtration from the legs and a possible intravasation of fluid from
the capillaries in the upper body.

Accordingly, L BNP simulation was performed by two methods:
a) application of LBNP to the leg vessels only, and b) application of
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LBNP to the leg vessels and leg interstitial fluid compartment. In the
second of these the same degree of LBNP was used for both external
pressures although it can be argued that the effective pressures may be
transmitted differently through the tissues and the vasculature. The
results of these two types of LBNP simulation are shown in Figures 3.2
and 3.3. In each case they are compared to the 900 tilt simulation that
is described earlier in this report, For simplicity, the same ortho-
static mechanisms that were used for the tili study were infroduced
during LBNP,

The fundamental difference between the two methods is the amount
of fluid accumulated in the legs. LBNP applied to vessels and tissues
accumulates nearly fwice as much fluid in the legs as when applied only to
the vessels. This larger accumulation of fluid in the legs creates a
larger depletion of upper body blood volume (because tissue fluid came
from plasma filtrate) and a net decrease in total blood volume. With
LBNP applied to only the leg vessels the total blood volume actually rises
slightly. In both cases there is inward filtration occurring from the upper
body capillaries. The difference in the degree of blood reduction in the
upper body between the two methods is solely responsible for the differ—
ences in response of other circulatory indices (i.e., pressures, flows,
resistance, heart rate, and stroke volume), Thus, with the larger volume
shift, blood pressures, cardiac output, and stroke volume are reduced
further and increases in heart rate and peripheral resistance are enhanced.
Although the dynamic behavior of the simulation suffers from the same
inadequacies as was noted in the tilt response, the values of these indices
at 30 minutes all agree in direction with those noted by observers of LBNP
in man (Wolthuis, et al, 1974). In general, some combination of the two
sets of responses would also result in appropriate magnitudes of change.
As can be noted, the tilt response is closer in agreement with the LBNP

simulation involving the larger fluid changes.
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The differences between LBNP and tilt simulations, in Figure 3. 2
where total blood volume is essentially constant, previously reported by
this laboratory using the closed circulatory system model (Croston and
Fitzjerrell, 1974), There was no attempt during the present study to
optimize the LBNP response. 8o, as a preliminary study, it can be

concluded that the revised model performed rather well,
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COMPARISONS OF MODEL BEFORE AND AFTER MODIFICATION

Part of the process of validating a model after major modification
is to compare the values of major parameiers {such as volumes, pres-
sures, flows, ete.) before and after modification to determine the impaet
of these changes on the overall physiological representation. These values
are shown in Table 4.1. Another important part of this process is to
examine not only the model output for simulations to which the modifications
were addressed, but also for any other gimulations that the model is capable
of performing which may have been altered by the changes. Figures 4.1
and 4. 2 show comparisons of important model outputs before and after modi-
fication for simulations which were altered by the modification, As can
be seen from the figures, the modifications did not cause serious altera-
tions in these simulations and the output of the modified model was at

least as goaod, if not better, than prior to modification.



TABLE 4.1

STEADY-STATE VALUES OF MAJOR PHYSIOLOGICAL
PARAMETERS IN GUYTON MODEL

COMPARISON OF PARAMETERS BEFORE
AND AFTER MODIFICATION

Blood Volumes (liters)

Before Modification Modified Guyton
Rt. Heart 0.102 0.109
Pulmonary 0.395 0.413
Lft. Heart 0,409 0.431
Total Cardio-pulmonary 0.906 0. 953
Upper Artery N/A 0.714
Leg Artery N/A 0,146
Total Artery .853 . 870
Upper Veins N/A 2.750
Leg Veins N/A . 440
Total Veins 3.304 3.190
Total Stressed Volume 0.821 0. 877
Total Unstressed Volume 4.241 4,126
Total Upper Body Volume N/A 4,417
Total Leg Volume N/A . 586
Total Blood Volume 5.062 5.003

Pressures {(mm Hg)

Upper Arterial 101.3 100.1
Leg Arterial N/A 99, 3
Upper Venous 4. 39 4. 55
Leg Venous N/A 4.89
Rt. Heart 0.43 0 63
Pulmonary 18.54 18. 87

Lft. Heart 0.86 0. 970



Upper Arteries
Leg Arteries
Total Arteries

Upper Veins
leg Veins
Total Veins

Cardiac Output

Renal

Leg (Muscle)
Non-Renal, Non-Muscle

Total Peripheral

Renal

Leg (Muscle)
Non-Renal, Non-Muscle
Larpge Veins

Leg Arteries (fixed)
Leg Veins (fixed)
Pulmopary

Blood
Plasma
Red Cell

Interstitial, Total
~ Free fluid
- Gel

Extracellular
Intracellular
Total Body Water

Compliances

Before Modification Modified Guyton
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N/A . 00265
N/A .00112
. 00355 . 00377
N/A .07905
N/A . 00772
. 0825 . 08677

Blood Flows (liters/min)

6.35 6.47
1.19 1.20
2.18 0.98
2.99 4,30
Flow Resistances

15. 87 15.60
85.23 83.39
44 49 96.31
32.43 22,20
0.62 ¢.60
N/A 0.95
N/A 0.35
2.78 2.76

Body Fluid Volumes (liters)

5.
3.
2.

12,
0.
. 589

11

15,
24.

062
017
046

156
568

187

995

40,

180

5,003
3. 007
1.999

12.013
0.545
11,467

15,042
24.996
40,033
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Miscellaneous

Before Modification  Modified Guyton

Metabolic Rates, Total 314 310

- Non-muscle, non-renal 180 252

- Leg (muscle) 134 58
Plasma Sodium Concentration 142.0 142.0
Plasma Potassium Conce. 5.00 5.00
Plasma Protein Conec. 70.1 70.1
Hematocrit 40, 42, 39.95

Normalized Hormones Conc,

- Angiotensin 1,022 1.004

- ADH 1. 001 1.001

- Aldosterone 1. 000 1.000
Autoregulatory Effect

- Muscle 0. 454 .979

- Non-muscle, non-renal 0. 886 1,032
Stroke Volume 0. 087 .088

Heart Rate 72.9 73.3
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MODIFICATIONS FOR_BED REST SIMULATION

One objective of this study report is to set forth and test the hypo-
theses which have been suggested to explain the long term changes which
occur in the cardiovascular and fluid compartments during prolonged bed
rest. The modified model described above was used to implement and
test the hypotheses separately and in combination as required. Although
this method cannot be expected to provide a precise, unique and irrefutable
description of the physiological processes at work during the bed rest
stress; it does allow the systematic study of the magnitudes and directions
of changes for each hypothesis separately and in combination. These
studies may then be used to assess the "reasonableness" of the various

hypotheses and give some insight into the types of measurements which

_must be made to ultimately verify them by experimentation.

An additional, if not equally important benefit of this study, is to
provide a2 model which can be used effectively to compare bed rest quan-

titatively with zero~g to assess its suitability as an analogous stress.

PHYSIOLOGICAL ASPECTS OF BED REST

In bed rest, as in zero-g, there are many adaptive processes within
the human physiological system which occur simultaneously following the
initial stimulus of adapting the passive supine posture. One of the major
functional systems affected by bed rest or zero-g is the cardiovascular
system, Since standing involves the addition of hydrostatic forces along
the long axis of the bady, these pressures affect the distribution of body
fluids. The internal hydrostatic pressures are a function of the angle that
the body's long axis makes with the horizontal and the distance from a
pivotol or reference point, This hydrostatic indifference point has been
measured to be slightly below the diaphragm in erect human beings

(Gauer and Thron, 1965)., These hydrostatic pressures which may reach
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90 mm Hg in the foot (Guyton, 1973),will cause pooling of blood in the
capacitance vessels of the lower body and when summed with the hydro-
dynamic pressures of the circulatory system can give rise to capillary
pressures as high as 160 mm Hg and if unrelieved could cause extra-
vasation of fluid from plasma volume into the interstitivm. This redis-
tribution of body {iuids affects the cerebral blood pressure, circulation,
and perfusion which operate at low pressure in the circulatory system
when erect. The ultimate consequences of these events if uncompensated
would cause syncope. During bed rest, the adaptation of the physiological
mechanisms of the cardiovascular system which counteract these hydro-
static forces imposed by gravity causes orthostatic intolerance or loss of
the ability to stand and function in the erect position, Other observed
effects of bed rest which may be due in part to the removal of hydrostatic

gradients will be discussed later in:this section.

Another major factor imposed by bed rest is the lowering of meta-
bolic activity or hypodynamia. The disuse of muscle groups used for
opposing gravity can lead to loss of muscle tissue and other changes of a
catabolic nature, (Dietrich, Saltin, 1956).

There are relatively few review articles or textbooks which deal
with all aspects of bed rest on the human physiological system, or which
attempt to range across the many major studies which have been conduc- '
ted in recent years (Johnson, 1975;Vogt, 1967;Taylor, 1949;Greenleaf, 1976).
One possible explanation for this fact is that differences in scope and meth-

odology, especially as regards the degree and duration of immobilization,
make quantitative comparisons between studies difficult or impossible.

The study which was used as a baseline for these simulations is
the NASA 28~day bed rest (BR~2) conducted at the Baylor College of
Medi.cine (Johnson, 1976). The similarities between the BR-2 Bed Rest
'Study and Skylab, including diet and acute stress testing with bicycle

ergometry and LBNP, make the study attractive for further comparisons
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between zero-g and bed rest stresses. The 28-day study data were aug-
mented with other data from the literature to provide better understanding
of model response or to add perspective,

Changes in plasma volume appears to be one of the most studied
(Vogt, 1967 ) of the many physiclogical changes which occur as a result
of bed rest, Some investigators have speculated that plasma volume
decreases are a major factor in producing the orthostatic intolerance seen
after bed rest and zero-g. Hoffler (1977 ), has shown a significant corre-
lation between plasma volume and heart rate during maximum LBNP, The
plasma volume changes shown in Figure 5.1 illustrate the changes observed
in NASA-gponsored bed rest studies, The average decreases in plasma
volume are 14. 6% during BR-2 and 6. 7% in the Hyatt Study (absolute mag-
nitudes 486 and 203 ml, respectively).

The cause for loss of plasma volume appears to be the headward
shift of blood from the legs to the thorax. In bed rest, this excess blood
volume is believed to be subsequently removed from the circulation through
a diuresis. The physiological mechanisms responsible for the diuresis
are a response to elevated arterial pressure including renal arterial pres-
sure (Guyton, 1975 ) or possibly mediated by volume (stretch) receptors
located in the left atria and great veins (Gauer,1971 ).

Total body water (TBW) increased by .4 liters during the 28-day
BR-2 study, as measured between the first day in bed (BR + 0) and the
last day in Bed (BR + 27). These measured changes occurred in spite
of a decrease in extracellular fluid volume and indicate an apparent
increase in intracellular fluid (ICF) volume., Biostereometric data
suggest that these increases in intracellular fluid occurred in the abdom-
inal region (Herron,1976 ). Intracellular increase were not found in the
14-day BR-1 study and intracellular decreases were indicated in the 28-day
study of Hyatt, The differences in ICF and TBW changes between studies

must be attributed to factors other than the removal of hydrostatic gradients
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in the long axis of the body. Therefore, in order to accurately simulate
changes in total body water and intracellular fluid volumes during bed
rest, these differences must be more accurately described, Ixira—-
cellular and interstitial volume measurements offer some additional
insight into fluid volume changes. As shown in Figure 5.2, the 28-day
(BR-2) study shows no change in inferstitial fluid volume at the end of
the bed rest period indicafing that the modest and nof statistically sig-
nificant decrease in extracellular volume was all due to plasma volume
changes. The Hyatt study and the 14-day study show very modest
losses in interstitial fluid volume as well as plasma volume, The diifer-
ences in these studies regarding total body water losses render the com-~
parison in these measurements difficult at best.

The changes in leg volumes which occur during prolonged bed rest.
are perhaps as universal a finding as plasma volume changes. The
magnitudes of these volume changes were measured during the course of
the 28-day study by Hoffler as shown in Figure 5.3. Hoffler's measure-
ments indicate that the leg volume change during bed rest* was approxi-
mately 600ml. Since it seems unlikely that intravascular volume
decreages in the legs could account for a change of this magnitude after
the initial shift of several hundred ml due fo the removal of the gravity
gradient, it must be assumed that much of this decrease was extra-
vascular,

In order to approximate the amount of fluid contributed from each
compariment, tilf table data taken before and aifer bed rest was examined,
As a result of 28-days bed rest, Hyatt (Hypogravic and Hypodynamic) shows
a difference in response to 70° tilt during the first minute of approximately

1,8 m1/100 m! leg volume, These data are interpreted to represent the

* Measurements of fluid volume changes are assumed to be made from
30 to 60 minutes after assuming the supine resting state after other
significant changes related to removal of gravity gradient have occurred.
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difference in filling volume of the leg veins before venous siress relaxa-
tion or fluid transudation. This interpretation is strengthened by the
ohservation that this approximate difference is maintained for the duration
of the 20 minute tilt. This could also suggest that venous compliance and
rate of fluid filiration from the capillaries had not been significantly
changed during the course of the bed rest. . However, this procedure is
only intended to be a method of approximating changes in leg vascular
volume, If we assume that the legs contain about 1,6 liters of volume,
this difference amounts to about 280 ml of blood volume. The difference
between the vascular change and the total leg volume change during bed
rest is assumed to be the extravascular volume changes which would be
approximately 320 ml. This loss would be divided between interstitial
fluid and intracellular fluid losses, There is no direct evidence to date
which would give a clear indication of the time course of the changes in
these two compariments, The approach used for modeling these processes
is to test the prevailing hypotheses and examine the possible mechanisms

and the "reasonableness™ of each by comparison with experimental data.

TESTING HYPOTHESES AND FORMULATION OF MECHANISMS IN
THE MODEL

The model of Guyton {1972) was modified, as explained earlier in
this report, to incorporate z fluid volume compartment which represents
the legs. Postural changes or stresses such as tilt and LBNP which
became possibie with the addition of the leg compartments are also
discussed in an earlier section. These simulations which include
aspecis of the conirol mechanisms which allow us to function in the erect
posture may have some significance also in improving the bed rest simu-

lation as will be discussed later in this report.
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Initial Stimulus of Bed Rest

In order to simulate the fluid shifts associated with bed rest, one
must consider the effects of assuming the supine position which begin
immediately, and determine the long term significance of the changes,
if any, As demonstrated in tilt studies, approximately 400 to 400 ml
of blood is pooled in the leg veins from a 90° tilt, In going from erect
to supine, an equal volume is shifted into the great veins, heart, and
pulmonary circulation., This relative hypovolemia as discussed earlier .
is relieved through a reduction in plasma volume. Red cell mass, how-
ever, does not change leaving an increased hematocrit. In order to sim-
ulate the long term consequences of these events , an arbitrary point was
established when the plasma volume of the shifted blood had been removed
from the circulation. In order to keep the model from being subjected to
a step decrease in blood volume, the effect was simulated keeping blood
volume constant. TFor 500 ml of blood shifted 200 ml would be red celis,
80 RCM was increased by 200 ml and plasma volume decreased by the
same amount. The effect of this stimulus on arterial pressure, leg
volume, hematocrit, and plasma volume are shown in Figure 5.4. The
arterial pressure response is due principally to viscosity changes due
to increased hemafocrit, Leg volume decreases are thought to be caused
by increased plasma oncotic pressure, Total body water and extracellular
fluid are effected by the primary decrease in plasma volume and extra—
vascular effects of increased plasma oncotic pressure. Note that the
transient nature of this stimulus allows all the above parameters to
return to near their initial values by the end of 28 days.

Another aspect of the initial stimulus which was tested for its long
term effect is the reabsorption of fluid that had filtered out of the vascu-

lature and into leg tissues during the ambulatory phase prior to bed rest,
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In the model the volume of this fluid compartment is controlled by
capillary dynamics and a set point and compliance term which approxi-
mates the pressure volume response of the fissue. Although gravity terms
were added to this model, they are initialized in the supine resting
position. This was necessitated by the difficulty in defining average
ambulatory initial conditions which would be much more complex than a
simple tilt case and in the man would depend somewhat on the history of
his activity (e.g., standing, walking, sitting, etc.). So, in a model
which maintains a supine steady-state, the removal of gravity terms
would have no effect at all, 1In order to investigate the dynamics of fluid
reabsorption from the leg tissues, a change in the set point for volume
was used, This change is then sensed as an excess fluid volume in the
legs and creates a tissue pressure which alters the capillary fluid dynamics.
The effects of a set point change of 500 ml on arterial pressure, plasma
volume, blood volume, fotal body water, extracellular fluid volume, and
change in leg volume are shown in Figures 5.5 and 5.6. Figure 5.5 shows
the changes which occur within 1 hour of the stimulus, The first two
mintes are baseline conditions. These short term effects on arterial
pressure are almost gone by the end of the first hour. As shown in
Figure 5, 6, plasma volume will return to normal by the end of the second
day. The total body water and extracellular fluid volume have just
noticeably begun to change wit hin an hour, but the entire leg fluid volume

given up will be eliminated from the body by the end of the second day.

Long Term Fluid Shifts from the Legs

One of the important objectives of this effort was to create the
ability to simulate the prolonged dehydration effects of bed rest and weight-
lessness in the legs. A preliminary study of bed rest simulation with
the original Guyton model (adapted for the whole-Body Algorithm) indicated

that many of the circulatory, renal, fluid and electrolyte responses could
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be in part explained by an acute expansion of the stressed blood volume
(Fitzjerrell, et al, 1975). However, the resulting reduction in body fluids
was confined to the losses in blood volume. It was suggesied that a more
realistic simulation should entail changes in inferstitial and intracellular
fluids, a portion of this decreasing rapidly at the onset of bed rest and a
significant volume being depleted more gradually. This latter effect
represents dehydration of the legs. One major purpose of this type of sim~
ulation would be to determine if this long term effect could account for the
changes observed during the cardiovascular and metabolic stress tests
performed periodically throughout the experiment.

The mechanisms responsible for leg dehydration during bed rest
or zero-g have never been conclusively identified, but the model, as it is
presently conceived contains elements which can be employed to test
various hypotheses. These elements include:

a) External pressure biases on the leg blood vessels and on the

leg tissue compartments: an increase in this parameter will

drive fluid out of the legs,

b) Compliance of the leg blood vessels: a decrease in this para-
meter will increase leg blood pressure and decrease stressed

volume “

c) Angle of tilt: negative values will simulate head-down tilt and

pool blood from the legs into the upper body,

d) Amount of hyaluronic acid in the interstitium: a deerease in
this parameter will decrease the amount of gel which contains
the largest portion of interstitial fluid. Gel is not explicitly
represented in the leg interstitium, but removing it from the
upper body would still result in realistic dynamic behavior

of interstitial dehydration,
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e) Cellular permeability of potassium: An increase in this
parameter will allow potassium to leak across the cell mem-
brane and water will follow, While the legs do not presently
contain a separate intracellular fluid space, this mechanism
will effectively produce a net decrease of intracellular fluid

which would be attributed to the legs.

Table 5.1 indicates the hypotheses for long term fluid shifts from
the legs employing some of the elements listed above which were imple-
mented and tested in the model.

The first hypothesis is based upon the observation that bed rest
subjects are not as active as when they are ambulatory. This inactivity
which results in disuse atrophy of antigravity muscles should also lower
the oxygen demand of the resting muscles. The blood flow through these
inactive muscles would not be as great due to autoregulation of flow and
an increase o arteriole resistance or decrease in the number of open
capillaries would be expected as shown in schematic hypothesis chart in
Figure 5.7. This could cause an effeciive lowering of capillary pressure
with an increase of fluid reabsorption as predicted by the Starling forces.
Values for average oxygen consumption were not available from the BR-1
28-day bed rest., However, (Dietrich, et al,1948 ) in their study of
subjects immobilized with plaster hip casts showed a 7% decrease in
basal metabolic rate.

Figure 5.8 shows the model's response to lowering the resting
muscle oxygen demand by 7% of the total metabolic rate =~ 22 meg Oz/min
in a stepwise manner. The existing oxygen demand of the muscles in
the Guyton model was 58 meq 02/ min. This relatively high value for
resting muscle was being used to match initial conditions of the short
term eardiovascular model for exercise which was for subjects in the
resting seafed position anticipating exercise. As shown in the Figure,

the response of the model is one of increased peripheral resisiance with
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HYPOTHESIS FOR L.ONG TERM FLUID SHIFTS FROM LEGS

Fluid Compartment Description

#1  Decreased Oxygen Demand Increases Resistance to
Interstitial Flow in the Leg Muscies. Capillary Pressure
Decreases and Starling's Forces Favor Increased
Fluid Reabsorption.

Intercellular & #2  Decreased Activity Leads to Muscle Atrophy and
Vascular Loss of Cellular Fluids and Electroiytes with

Concomitant Loss of Vascularization,

#3 Vascular Emptying Leads to Reverse Stress Relaxa-
Vascular tion in the Leg Veins Until Pressure is Restored

Thereby Further Emptying the Veins

#4  Increased Cortisol Causes an Increase in the Permea-
Intercellular bility of the Cell Membrane to Potassium. As the
Potassium Leaves the Cell , Water Will Follow.

#5  Decreased Hydrostatic Gradients Enhance the Effec-
tiveness of the Muscle Contraction and Negative
Thoracic Pressures to lncrea;e Lymphatic Fiow,

Interstitial fncreased Lymph Flow Removes Protein Which Leaks

(Not. Tested) into the Tissue Space, Reducing the Oncotic Pres-

sure in the Tissue Compartment Thereby Keeping the

Tissues Dyyer,

TABLE 5.1

HYPOTHESES TESTED FOR LONG TERM
CHANGES IN LEG VOLUME
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associated decrease of cardiac output and muscle blood flow. The loss
of leg volume is approximately 63 ml which comes from the interstitium
This fiuid is given up as loss of body water.

Modest decreases in plasma volume probably reflect the increased
arterial pressure which along with all the interstitial losses account
for the loss in total body water. The stepwise manner in which the change
in oxygen consumption is entered is nof physiologically corxrect, but
rather is used only as a means of testing model response.

Figure 5, 9 shows the effect of a decrease in resting oxygen con-
sumption of musecle of approximately 7% of the total metabolic rate decreas-
ing linearly over 28 days. Note the leg volume losses reach about the same
-65 ml as in the stepwise decrease without an obvious rise in mean arferial
pressure.

Measurements of maximum calf girth are thought to more nearly
represent a measure of muscle mass loss than the fotal leg volume meas-
urements. Zero-g measurements made during the 84-day SI-4 mission
show that the losses in maximum calf girth are approximately exponential
showing about 80% of the total decrement of 1, 1 liters (14.6%) accruing
within the first five days inflight with a gradual flattening out toward the
end of the mission, but not showing a clear leveling off at 84 days. Calf
circumference measurements from the 28-day BR-2 study, taken on the
first day of recovery, showed a 3. 7% decrease in calf size compared to
pre- bed rest which returned to ~2% by R+1 and remained. The data do
not allow an assessment of the time course of this change during bed rest.
However, a first order loss of muscle mass with attendant devasculariza—-
tion and decrease in resting oxygen demand may be more appropriate
than either a step function or a completely linear rate of change, for both

bed rest and zero-g.



110.00
Arterial Pressure X
{mm Hg) SE.00
. .91 ) AN
Change in L.eg Volume
(liters) i
-.19
40.10
Total Body Water g -
(liters) 29.00
15.182 )
Extraceliutar Fluid ! 4
Volume
(liters) 14 .90
45 .90
Hematocrit s ;
39 .80
3. 18
Plasma Volume X j
(liters) 2.60] h
.8 11.0 22.0 33.¢
TIME <{DAYS>
FIGURE 5.9

DECREASE IN MUSCLE OXYGEN DEMAND
WHICH OCCURS LINEARLY WITH 28 DAYS

89



69

The second hypothesis tested was that muscle atrophy due to disuse
was responsible for the long term changes in leg volume. This hypothesis,
which is illustrated in Figure 5.7, shows that muscle tissue losses largely
due to inactivity would decrease both intercellular volume and the volume
of blood normally associated with the lost tissue. The subjects of the
28-day BR-2 study have a blood volume to lean body mass (LBM) ratio of
89 ml/Kg during the control period. A correlation between LBM and blood
volume in adults has been demonstrated by Sjostrand (1953)., In order to
estimate extravascular losses in the leg we can take the measured leg
losses of approximately 600 mi and subtract the 280 ml of decreased
vascular volume estimated in the tilt study of Hyatt, to arrive at a differ-
ence of approximately 320 m! as mentioned earlier. Another gross
estimate of leg tissue loss would be to use the information that 46% of the
decrease in maximum calf circumference returned by the end of the first
recovery day and then remained constant. If the remaining 54% repre-
sents muscle loss and devagcularization and further if this proportion
is constant for the total leg loss, then 329 ml of loss were from extra-
vascular sources, Using the LBM to blood volume ratio, 29 ml of blood
would have been lost to devascularization, In the model the leg extra-
vascular compartment is affected by capillary exchange parameters and a
volume set point, The model does not presently include separate cellular com-
partments and interstitial gel. Therefore, the only parameter presently
in the model which could be used to simulate the loss of tissue volume is
the leg tissue volume set point. Without sufficient information of the
time course of changes the simulation is performed exactly the same as
shown earlier in Figures 5.8 and 5.9. In addition to that stimulus, the
amount of devascularization would be subtracted from the unstressed
volume of the leg veins, in this case 30 ml would be removed. This
type of change is modeled like the reverse siress relaxation described

in the next hypothesis, only the time course of change would ultimately
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be different, However, muscle atrophy and devascularization will be
discussed later in this section in conjunction with other simulations of
bed rest.

The third hypothesis tested is based on the knowledge that veins
act as viscoelastic materials, That is, when subjected to a mechanical
strain part of the strain is immediately reversible (i.e., the elastic part),
and part of the strain is not immediately reversible (i.e., plastic defor-
mation, creep, or stress relaxation). In the veins, the amount of elastic
streteh is measured by the compliance which describes the relationship
between pressure changes and volume changes, The filling volume of
the venous comparitment (Vo) is the volume which can be filled before
pressure changes are caused. This volume is a function of the pressure
history of the vessel and the stress relaxation characteristics of that
vessel. During ambulatory periods the leg veins are often distended and
a certain amount of stress relaxation occurs as a result. During bed
rest, however, the leg veins are not distended and the reverse process
occurs, or reverse stress relaxation, which decreases the filling volume
of the leg veins until transmural pressures across the vein reach some
steady-state condition. The effects of bed test on fluid volume changes,
based on this hypothesis, are shown in Figupe 5,10, As the transmural
pressures are increased during reverse stress relaxation, additional
blood would leave the leg vascular compartment in the same manner as
the initial transient headward shift of blood.

Since the leg veins of the modified Guyton model do not have an
inherent function for reverse stress relaxation, the unstressed volume
of the leg veins was changed directly, Figure 5. 11 illustrates the effect
of reverse stress relaxation input to the model as a ramp function over
28 days. The total magnitude of stress relaxation was 280 ml which was
estimated in previous calculations as the change in leg vasculature volume
during 28 days of bed rest. Note the decrease in plasma volume of

approximately the same magnitude (280 ml),
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With proper data on the dynamics of venous siress relaxation in
the leg veins and a good estimate of the strain history encountered during
ambulatory periods, the fidelity and usefulness of this mechanism in l
explaining the effects of weightlessness will be enhanced greatly.

The fourth hypothesis to be tested was based on the observations
by Leach (1976 ) of increased urinary cortisol during bed rest and zero-g.
This hypothesis is illustrated schematically in Figure 5.12, The effect
of the elevated cortisol would be to increase cell membrane permeability
to potassium and allowing potassium to leave the intercellular compart-
ment taking fluid along with it. The kidneys would then act tc remove
potassium from the body with a kaliuresis and associated fluid loss.

(The model of Guyton does not have a function for corticol production,
effects, or clearance. Therefore, in order to simulate the aforementioned
effects of cortisol, the permeability of the cell membrane to potassium was
arbitrarily changed by 10%. The simulated effects upon certain fluid
parameters (TBW, plasma volume, potassium excretion, ECF, inter-
cellular potassium, and extracellular potassium) are shown in Figure 5. 13,
The transient increase in TBW is caused by excessive drinking which
expands plasma volume by about 100 ml. This mechanism could be useful
in explaining the Kaliuresis observed during bed rest, but must be inter-
preted with extracellular fluid volume changes in mind and in the light of
increased information regarding the relationship between cortigol activity
and increased cell membrane permeability.

The fifth hypothesis considered is illustrated in Figure 5. 10 which
shows that the removal of hydrostatic forces during bed rest should
enhance the return of lymph from the legs. Although there is some spec-
ulation about the ability of lymph to actively pump interstitial fluid back
toward the central venous compartment and therefore back into the circu-
lation, lymph flow is largely dependent on muscle pumping and the negative

thoracic pressures to function in the erect ambulatory model. Without
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Iymphatic return of fluid filtered out of the capillaries, one would become
edematous and life processes could not continue for more than a few hours
(Guyton, 1973). The terminal iymphatics serve as the mechanism by which
plasma proteins which leak into the interstitium are eventually returned to
the circulation. Otherwise those proteins would be trapped outside the eap-
illary membrane, which is highly impermeable to large proteins, until
finally they exert an oncotic pressure which must be halanced with a fissue
hydrostatic pressure causing edema. During bed rest, while hydrostatic
forces are reduced along the long axis of the body, the leg tissues would have
a lymphatic return which on the average might be at an elevated rate thereby
more effectively removing tissue fluid and proteins. If the proteins are
returned to the circulation more effectively, then, conceival?ly, tissue
oncotic pressure would be lower and plasma protein concentration would

be higher, This change in the balance of Starling’s forces would keep the

interstitial fluid "drier' and conceivably affect tissue gel hydration,

This hypothesis. was tested in the model, but only to a very limited
extent. Since the leg compartments do not contain a representation of
tissue gel, rate of proiein leakage, and lymphatics, a direct pump of
fluid was put between the leg tissues and the central blood compartment.
The flow rate was set equal to the existing lymphatics flow rate in the
upper part of the body to see if capillary filtration into the tissue would
balance i, No changes in leg fissue volume were observed until the
lymphatic flow rate was increased an unusual 25 times normal flow rate
in the thoracic duct. Although there is presently no data from bed rest .
to support or refute this hypothesis, it is worth consideration and may
deserve further study and model refinement, If the tissue protein and
gel dynamics were added to the leg tissue compartment, perhaps a

noticeable effect could be seen.
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Combined Hypotheses and Further Refinements

A simplified schematic of the all various hypotheses thus far
examined in the model are shown in Figure 5,14. Various combina~
tions of the long term hypotheses and the initial stimulus were simulated
using the model. Figure 5. 15 shows a combination of the step increase
in hematocrit, release of 500 ml of leg extravascular fluid volume,
decrease in muscle oxygen demand (22 meq/min) in a linear fashion over
28 days, and 280 ml of reverse stress relaxation in a linear fashion for
28 days. The use of a step increase in hematocrit, as explained earlier
in this section under the discussion on initial stimulus of bed rest, is
based upon the assumption that upon assuming the supine position pooled
blood in the legs shifts headward, plasma filters out of the vasculature,
and results in an elevated hematocrit. The remaining inputs are asso-
ciated with the hypotheses discussed above, The model output agrees
remarkably well in many respects with the data from bed rest studies
despite lack of refinement in stimulating the model. Teg volume
decreased 600 ml and plasma volume decreased 10% (300 ml) from
control values.

Pooled blood in the legs as a result of standing is not available for
transfer to the upper body since the model is initialized in the supine
position, The increased hematocrit (since hematocrit is calculated
based on plasma volume and red cell volume) is simulated by decreasing
plasma volume and increasing the red cell mass in equal amounts thus
keeping blood volume constant., This provides the stimulus for reduced
production of red cells, but does not give the proper blood volume
response since the plasma filtration resulting from the headward shift
would result in a corresponding reduction in total blood volume.

Another approach for simulating this initial event, short of initial-

izing the model in the standing ambulatory mode and tilting down to the
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supine, was considered. In this approach, the leg blood volume and
intracellular fluid are assumed to be increased due to pooling from
having been erect and these compartments are "preloaded™ with this
extra volume in the supine model. "Release' of these volume excesses,
then, provides the initial stimulus to set off the chain of events of head-
ward blood shift, plasma filtration (diuresis), increased hematocrit, and
decreased total blood volume which are hypothesized. Figure 5.16
shows the model response of selected variables for a 28-day bed rest
simulation using this ipitial stimulus and the same combination of hypo-
theses as assumed for Figure 5,15. This simulation appears to provide
a more satisfactory representation of the events believed to occur in both
the intermediate and long term observations of bed rest. This simulation
is used in the following section to compare the model simulation with

experimental data for bed rest.
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BED REST SIMULATION COMPARED WITH EXPERIMENTAL DATA

Model results were compared to experimental data in order fo
refine hypotheses which have been suggested to explain fluid volume
changes associated with bed rest.,  This comparison yields information
regarding the magnitude of hypothesized changes, and the ability of the
model to predict the time course of effects. Figure 6, 1 shows plasma
volume changes in the simulation model compared to data from three experi-
mental studies, Model inputs for this run were described in Section 5
and consist of forcing 400 ml of blood into the upper body from leg veins,
decreasing resting oxygen demand in muscle tissue, releasing 300 ml
extravascular fluid volume which was preloaded during ambulation and
30 ml of devascularization. This figure shows that the first order approx-
imation for decrease in venous volume produces results which compare
favorably in time course and magnitude for all three studies used,

This assumption for the initial stress requires that the greatest
effect of relative hypovolemia occur at the onset of bed rest with 63% of
the stimulus occurring within the first 3,7 days. The two 28-day studies
shown vary considerably in the total deerement of plasma volume with the
model predicting somewhat less than the BR~2 study, but greater than the
study of Hyatt, et al (1970),

Figure 6.1 shows that the recovery of the model is slower than
indicated by the data and shows only a slight tendency to overshoot the
control level as compared to the data, All three studies used show an
overshoot by the second week of recovery and two of these show overshoots
of over 5%. The factors in the model responsible for even the slight over-
shoot, which cccurs by 20 days of recovery, should be investigated further
for possible explanation of this phenomenon.,

Figure 6.2 shows the model output of leg volume versus data from

the 28-day BR-2 study. Several factors prevent precise comparison



(ORISR

g mmr

I
H

‘%
.i.-mcf.r:.cpm'--loo

R
4

- 83 -
¥-28 Day(BR-2)

®-14 Day(BR-1)
‘X—Hyatt,étaﬁ( }

@

* ¥*

' Normalized Plasmd .

Volume (ML/Kg) ¥

% Change fiom |

CSontiol i L,
i i
H

PO

0]

L]

™y

4 )

{ 8 9

CONTROL

BEBREST

RECOVERY

COMPARISON OF PLASMA VOLUME CHANGES DURING

TIME, WEEKS

FIGURE 6.1

BED REST, MODEL VS. DATA'



{

H

RECOVERY .
TIME, DAYS

DAY BEDREST

|
”?

.— LEFT LEG-VOLUME 2

.~ - - - - .c .raSlt
=

, =X

T 1o

i ] i =Ty

- A e FSA-br -
H Lol =

o0 -

- - fm— _IIT|

FIGURE 6.2

- A——f h—
j | “ .
Fo-- “
b e e e

vbLUM

DATA

E CHANGES

" DURING BED REST, MODEL'VS.

COMPARISON OF LEG



85

between model and experimental response. The data shown represents
changes in total leg volume including those due to decremenis in fluid
volume (infravascular and extravascular) as well as solid tissue. The
model response, on the other hand, takes into account only those changes
due to leg intravascular and interstitial fluid shifts. The spike in the data
at the end of two weeks of bed rest coincides with the LBNP + saline
ingestion crossover study, a factor not accounted for in these simulations.

The rapid initial decline of the simulation was due to an intravasa-
tion of 300 ml of leg tissue fluid, while the confinuing slower decrease is
a result of the decreased O2 demand and the devascularization mechanism.
Changes in tissue volume as a result of muscle atrophy could not be meas-
ured during the bed rest study and were not considered in the simulation,
However, this factor could alter the time course of the response. Recovery
results indicate that the model recovers leg volume less quickly than the
buman subjects. All forcing functions used to create the changes were
made symmetrical for either decreases or increases in fluid volumes.

It bas been suggested that this may not be the case in the real system
(Guyton, et al, 1975).

Figure 6, 3 shows a comparison of the ECF differences between the
simulation and the experimental data from the 28~day bed rest study (BR-2),
the 1 + day Bed Rest Study (BR-1), and the 28-day Bed Rest Study of
Hyatt (1970). The model's response of ECF coupled with the leg volume
response shown previously suggest that the extravascular volume of the
legs is decreased too quickly and perhaps less than the 300 ml used for
this simulation might be more appropriate,

Not enough experimental data is shown immediately after recovery
to evaluate the recovery response. The notation of extrapolated and 30-
minute values on the BR-2 study indicate two techniques which were used

to interpret the isotopic diffusion data (Johnson, 1976).
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Figure 6.4 shows the total body water (TBW) response of the
simulation compared to data from three experimental studies. As dis-
cussed earlier in Section 5, the TBW changes include the net changes in
both the extracellular fluid (ECF) and the intracellular fluid (ICF) com-
partments,

The model shows a reasonable comparison to two studies at day 14,
At the end of 28 days there is disagreement between the two studies as
to whether TBW is slightly higher or several percent below control; the
simulation indicates a rapid and then a gradual decline in TBW throughout
the remainder of bed rest, The changes in the model's TBW are a result
almost entirely of changes in extracellular volume in the leg compartments.
Although data are lacking in this regard, it is possible that during these
bed rest studies, the changes in TBW could be explained by a decrease
in extracellular volume offset somewhat by an increase in intracellular
volume. It can be surmised that if intracellular increases had occurred
during bed rest, the notable overshoot in TBW during recovery which
occurs in both studies would have been much more pronounced in the

model when extracellular refilling occurs.

The results of the simulation also show good agreement in other areas
of experimental observations showing a 6. 7% decrease in red cell mass
which is compared to the observed value of 6% decrease at the end of bed
rest as measured by Kimzey (1976), This favorable comparison indicates
the soundness of the improved erythropoiesis algorithm which has been
recently inserted in the model. (Leonard, 1975).

The responses of the cardiovascular indices also compare well to
some studies, but in general not so well with the BR-2 study. One
factor which deserves further attention is resting heart rate. An increased
resting heart rate has been a consistent finding in almost every bed rest

study to date. Yet, without additional changes to the autonomic elements,
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the Guyton model predicts practically no change in resting heart rate

for 28 days of bed rest. An empirical algorithm is applied to the heart
rate function to provide realistic heart rate and stroke volume response
for bed rest simulation. The mechanisms which are responsible for this
effect are not known, However, the suggestion and study of possible
mechanisms for this phenomenon is an important area of future study.

A related area which would be effected by such changes would be the
stroke volume.

Other hemodynamic parameters which showed a change at the end
of 4 weeks simulated bed rest are a 4, 15% decrease in cardiac output, a
2. 5% increase in arterial pressure, and a 7. 1% increase in total peripheral
resistance. These values show reasonably good correspondence to studies
by others (Saltin, 1968; Stevens, 1966; Birkhead, 1963; Valbona, 1965, and
Taylor, 1949).

In conclusion, the primary stimulus of a decrease in leg venous
volume which forces blood headward seems to be quite effective in pro-
ducing the type of changes seen in plasma volume during bed rest. The
magnitude of 400 ml shifted and a time constant of slightly less than 4 days
gives good correspondence to experimentally observed losses in plasma
volume. The extravascular fluid from the legs, originally estimated to
be around 300 ml leaves the tissue too quickly at present and may be too
much volume. Mechanisms will be investigated and included which will
increase the fidelity of the response in that area, A decrease in resting
oxygen demand of muscle seems warranted, and has positive effects on
leg volume changes and hemodynamic parameters. The role of intra-
cellular changes in creating an overshoot in TBW during recovery should
be investigated, an an explanation of the observed overshoot in plasma

volume refill should be investigated,
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In spite of the crude approximations which were made, reasonable
results have been obtained in simulating the fluid shifts of bed rest,
With the suggested refinements discussed throughout Sections 5 and 6,
the role of the changes can now be related to the acute stresses of exer-
cise and LBNP as a result of bed rest. Furthermore, the utility of bed
rest as an analog to zero-g can be developed on the basis of this and

future studies.
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CONCLUSIONS AND RECOMMENDATIONS

The performance of this study has produced several end products
and its conclusion suggests a completed study, which indeed it is. How-
ever, this is not be be interpreted as an exhaustion of the subject, for it
is only an initial step in the difficult process of understanding and anal-
yzing the many.adaptive physiological changes that are known to occur in
the human system under the stresses considered in this study. The next
step planned for this program is to simulate the response to weightlessness
and to compare these responses to the simulation of bed rest performed
as a part of this study. This does not imply that there are not other
modifications, improvements, or validation studies which should be per-
formed, for indeed there are many. The conclusion of this study pre-
sents an opportune time for documenting recommendations for future work
in this area and this section attempts to point out these recommendations

and to discuss them in some detail.

RECOMMENDATIONS FOR IMPROVING THE CAPABILITY OF THE
MODIFIED GUYTON MODEL

The gravity dependent capability of the modified Guyton model now
allows a large group of simulations which were heretofore impossible,
The addition of leg compartments also makes it possible to distinguish
between upper and lower body pressures, flows, and volumes in either
supine or erect positions, The ability to apply differential stresses to
these different segments is also present. Some of these simulations
represent stresses whose experimental responses are well documented.
Other are more seantily represented in the literature, but are of impor-
tance to the physiology of space flight and weightlesspness. In the time
available during the present effort only a small portion of the stresses

listed below were studied with the model,
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-  Head-down tilt

-  Head-up tilt

-  Standing: short term and long term

-  Vasovagal Syncope

- LBNP

- Erect Exercise

-  Accecleration (centrifugation): +G, and -G,

- Comparison of hemorrhage in erect and supine positions

- Comparison of erect and supine exercise

~  Comparison of LBNP, standing and tilt responses

-~ Bed rest: short term and long term, including the effects
of bed rest on LBNP, tilt and exercise responses

-  Weightlessness: short term and long term, including: a) effects
on LBNP and exercise response, and b) effects of counter-

measures on deconditioning,

Bach of these stresses may be studied with the model with respect
to the responses of many physiological subsystems including the circula-
tory, body fluids, renal, endocrine and autonomic systems. In particular,
it is possible to simulate a large variety of fluid shifts which have long
been thought to be intimately involved in producing long term effects
observed in bed rest and weightlessness (See Figure 7.1). Studies of
changes in orthostatic tolerance and cardiovascular deconditioning due to
bed rest and weightlessness involve the use of the Whole-Body Algorithm
with the short term stresses of LBNP, tilt, and exercise simulated before
and after the long term simulation of bed rest or weightlessness (Fitzjerrell,
et al, 1975). These short term stresses will be important points of com-
parison between bed rest and zero-g which is the subject of a simulation

study to be conducted in the rear future.
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As we discovered in developing the whole-body algorithm, the
more versatile the model becomes, the more difficult it becomes to
validate. This arises out of the fact that validation of multiple stresses
and responses entail careful assemblege of data from many different lab-
oratories, While this poses some disadvantage it also emphasizes one
of the primary benefits of this systems analysis approach: a quantitative
model can become a framework into which many diverse kinds of experi-
mental observations can be inserted — if the framework is sound, the
responses {o different stresses, acting singly, in sequence, or in com-

bination, will all be appropriate.

RECOMMENDATIONS FOR FUTURE MODEL IMPROVEMENTS

There is little doubt that more realistic simulations of changes in
or removal of orthostatic forces can be obtained with the gravity depen-
dent Guyton model. Blood pressures and flows should stabilize at new
levels within several minutes according to most studies, It i’s far
easier to accomplish this in 2 model concerned only with a closed circu-
latory system, (Croston & Fitzjerrell, 1973) or with a minimum number
of control elements (Snyder & Rideout, 1969), However, the Guyton
model contains a circulatory system open to fluid transfer with adjoining
compariments as well as with the external environment, In addition, it
contains a large number of central and local control elemenis, both active
and passive in nature which ofien oppose one another with effects that
develop in periods of seconds {o weeks (Guyton, et al, 1972). TFor the
simulation of postural changes, a true steady-state in such 2 model cannot
oceur in a2 matter of 30 minutes and it is not likely that it ever occurs
in man. Unfortunately, most data obtained during postural studies
gives the erroncous impression that steady-state can be achieved rather

quickly. Studies performed in the supine position during bed rest for
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many weeks or in the erect posture for prolonged periods refute this
notion. Thus, more realistic simulations will involve not only consid-
eration of many complex factors of physiological regulation, but alsc a
more complete description of the dynamic changes that occur in humans
during both short term and long term ortho:?.tatic stress,

During the design and validation stages of the current study, it
became apparent that the original model lacked many of the known or
postulated mechanisms which become operative during postural change,
Not all of these would be expected to produce greater orthostatic toler-
ance, but they could lead to a more faithful simulation and increased
model flexibility for simulating other stresses such as bed rest, If bed
rest can be considered a removal or attenuation of the effects necessary
for activity in the erect position, it would be prudent to include into future
models, capable of bed rest simulation, those elements for maintaining
"normal, healthy' ambulatory function, This task is by no means easy
and the recommendations discussed helow are only a beginning in this
direction, .

Several of the more obvious elements have been already incorporated

into this modified version. These include:

a) a leg tissue comparitment that can normally receive about a half

liter of plasma during standing,

b) a musecle contracting effect that decreases transmural pressure

and decreases leg fluid pooling,

c) valves in the leg veins that allows flow to move only toward the

heart,

d) passive distention effect at the leg veins affecting postecapillary

resistance and decreasing leg filtration.
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e) autonomic and angiotensin effects on leg arteriolar resistance
which limits flow to the legs, raises arterial pressure, and

decreases capillary filtration,

These mechanisms have been previously discussed in this report. In
addition, there are other suggested areas for model improvements

worthy of consideration.

Factors Affecting Venous Capacitance

It is clear that a more faithful simulation of tilt requires a greater
degree of compensatory venous return than was seen in these studies.
Venous return can be enhanced in the model or in man most effec~
tively by reducing capacitance of the central veins and perhaps leg
veins. ({Increasing the effects on cardiac contractility or acceleration
have not been considered thus far in our studies, although this should be
reviewed at some later time). The mechanisms which are involved in
these changes arise from centrally mediated high pressure and low pres-
sure baroreceptors in the upper body, from vasoconsiricting hormones,
and from local effects such as reverse stress relaxation and passive
elastic recoil. Contraction of the leg and abdominal musculature, con-
sidered also to be important compensatory reflexes to orthostatic pooling,
are probably mediated via central and local mechanoreceptors (Guyton,
1973; Hellenbrant and Franseen, 1943). Unfortunately, the relative con-
tribution of these various afferent and efferent pathways to reflex changes
in venous return and other orthostatic protective elements are not quan-
titatively known.,

Observations on the behavior of the capacitance vessels in the
human have been restricted to the limbs, but even here inconsistent
results have been found during tilt studies (Shepherd & Van Houtte, 1975),

It is not possible at present fo determine whether changes in splanchnic

C -2
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blood volume are induced actively or passively, although this generally
is considered to be an important fluid source during acute hypovolemia
(Rowell, 1974). Boyers, et al (1972), using a model for tilt simu-
lation, found it necessary to employ a low.pressure aufonomic input
sensitive to central blood volume or pressure which acts, in part, on the
veins to enhance venous return. Evidence for this effect is not yet strong
(Zollan, et al, 1972), The current version of the Guyton model does not
include low pressure antonomic effects other than those used to influence
ADH release. The tilt studies presented here have suggested a lack of
sufficient venous regulation during an orthostatic stress. (This was also
noted by White in an early attempt to simulate postural changes with the
Guyton model (Croston, et al, 1974)). Perhaps a new aufonomic reflex
pathway, mediated by low pressure receptors which influence venous
resistance and capacitance, can be postulated and incorporated for future

evaluation,

Stress Relaxation of Veins

In the erect position, reverse siress relaxation takes place in the
large veins of the model following decrements of central blood volume,
This may occcur more rapidly and intensively than heretofore suspected
according to recent evidence from Guyton's laboratory and others.
(Shoukas & Sagawa, 1973; Dress & Rothe, 1974). Such an effect greatly
enhanced the present tilt responses, Quantitative studies on the com~
pensatory effects of stress relaxation and stress relaxation recovery
following blood volume changes are meager (Guyton, et al, 1973), Itis
important to ascertain where in the circulation it occurs. I stress
relaxation has an influence on the smaller leg veins it would act in 2
direction to gradually increase blood pooling, as is known to occur during

standing. In the present version of the model, the leg vein capacitance
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is affected only by a small autonomic influence and not by stress
relaxation. An updated algorithm for stress relaxation includ-
ing these rapid effects is presently being considered for insertion

into the model,

Pre- and Post-Capillary Resistance

Previous simulations with the Guyton model have led us to
suggest that autoregulation effects (a2 mechanism which adjusts
precapillary resistance to meet local oxygen demands) may be too
strong and rapid in dampening peripheral resistance changes follow-
ing intravascular fluid shifts either headward or feetward as occurs
during postural changes. More recent studies on our part indicate
that 2 more poweriful influence on posteapillary registance may be
required rather than an atienuation of autoregulation, Evidence for
this hypothesis is only suggestive. Nevertheless, it is important to
note that venous capacitance and venous resistance changes are
theoretically independent in the model, but not necessarily in the
human vasculature. Thus, any changes in the model which effect
autonomic influence on capacitance, such as discussed above, should
also be considered for their influence on postcapillary resistance also.
In addition, it is important to consider that under various conditions
there may be a dissociation in the reflex changes of the (arterial)
resistance and (venous) capacitance vessels due to competing control
elements or perhaps redisiribution of efferent autonomic signals,
(Epstein, et al, 1968; Mellander, 1971)., This was cbserved in the
tilt response of this study where pre-post capillary resistance

adjustments reversed the direction of inward filtration affer a short



99

interval in accord with the experimental studies, More direct
evidence of the direction of capillary filtration during tilt and
LBNP is required; however, before these simulations can be
accepted, (Foux, et al, 1976). The role of pre-/post capillary
resistance takes on new importance in the Guyton model now that
there are two distinet capillary beds. These elements have been
implicated in the regulation of regional blood flow, number of
patent capillaries, nutritional exchanges, plasma volume, and

venous refurn,

Improved Leg Circulatory Elements

While the degree of fluid pooling in the legs appears to have
been adequately simulated by the current model it should be real-
ized that this is a preliminary study and that many factors which
control fluid pooling, filtration and blood flow in the legs have not
been included (Rushmer, 1970). Fluid pooling in legs during
standing is known to be reduced by the leg muscle pump, venous
valves, autonomic vasoconstriction and humoral (angiotensin)
mechanisms as well as by a buildup of fluid pressure in the inter-
stitinm (Guyton, et al, 1973). All these effects have been included
to some extent in {the model. However, their mathematical repre-
sentation was only estimated; quantitative data were mostly lacking.
In addition, there is evidence for the presence of other major effects
not presently included such as: a) catecholamine influence (Sundin,
1956), b) postural sway (Hellenbraut & Franseen, 1943), and
c) myogenic vasoconstriction (Mellander, 1971). This latter
effect acts in the face of high iransmural pressures to increase pre-

capillary resistance, induce sphincter closure and reduce filiration
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area. Several other effecis are detrimental to orthostatic tolerance

such as stress relaxation and passive distention of arteries and veins,

If long term studies are desired all these effects may be required. For
example, it has been suggested that postural sway and the venous pump
are responsible for maintaining orthostatic tolerance during prolonged
standing or minimal upright activity, This occurs by reducing fluid pool-
ing and leg venous pressures to very low values. However, this creates
the potential for a tremendous pressure gradient for flow between leg
arterjes (which do not receive the full benefit of these effects) and veins
and would otherwise lead to a large drop in cardiac output (Rushmer,
1970), That this does not occur may be due to a locally produced vaso-
constriction, enhanced autonomic effects, chemical effects, or mechan-
isms not currently in the model, This effect must be strong enough to
compete with the powerful autoregulatory effects that attempt to maintain
flow. 1t is unfortunate that many of these effects which are only seen
during prolonged standing have not been more thoroughly investigated.
Most studies to date in the erect position are made on subjects during
passive tilt. An improvement in the leg musecle elements would do more
than enhance the tilt response. Because of the large mass of the skeletal
muscles, passive and active fluid mobilization, especially when reinforced
by the mechanical effect of muscle contraction, provides the potential

for large changes in capacity within the entire circulation during a wide

variety of stress conditions,

Leg Interstitial Compartment

- The leg interstitial compariment was modeled quite simply as a
water reservoir with a linear compliance, For the present effort this
appears to be adequate. However, abgent from this formulation is a
lymphatic system, a tissue gel, colloids and a nonlinear compliance, all
of which are important elements of the upper bodh tissue fluid compart-

ment (Guyton, et al, 1971). Data are not available to model a completely
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realistie distributed parameter interstitial compartment system. How-
ever, certain of the above elements, such as lymph ducts and colloids,
can be introduced, if desired, for testing hypotheses regarding leg
dehydration during prolonged bed rest.

Improvements in Endocrine Systems

This recommendation concerns improving the endocrine system of
the Guyton model. The response to tilt of ADH, angiotensin, and aldos-
terone was in good agreement with available data., However, there are
areas which can be immediately addressed that might improve responses
to tilt and other stresses. First, it was noted that during the off trans-
ient to tilt, angiotensin did not fall as rapidly as it does in the tilt recovery
of man (Oparil, et al, 1970). This was believed to be due, in part, to the
arterial pressure response which was unrealistically low for a short period
and, in part perhaps, fo an inadequate description of the renal presso-
recepfor releasing site of renin. Several model descriptions have
recently become available that would assist in improving this response
(Leutscher, et al, 1973; Blaime, et al, 1972). Secondly, the aldosterone
algorithm of the Guyton meodel has been recently revised (R. White, private
communication), and it is suggested that if feasible, it be incorporated into
the NASA/GE gravity dependent model, Finally, data has recently appeared
which may allow a revision of the ADH algorithm. This concerns the ADH
response fo immersion and a quantitative description of the relative influ-
ence of blood volume and osmolarity on ADH concentration (Epstein, et al,
1975; Dunn, et al, 1973). Unfortunately, there is still much conflict in
the literature regarding the regulation and physiological role of ADH during
postural changes both during short term and prolonged studies (Kimura, et
al, 1976). It may be possible to reconcile some of these points with an

integrated model,
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Response to Hemorrhage

Simulations of hemorrhage have previously been performed by the
authors using the original supine version of the Guyton model with
generally disappointing results {(unpublished observations). While short
term fluid shifts appeared appropriate, gross indices of circulatory com-
petency such as blood pressure and cardiac output suggested the lack of
sufficient reflex compensation. Simulations of short term dehydration
producing similar changes in plasma volume over longer periods of time
confirmed that point of view, Attempts to improve these results with a
revised stress relaxation formulation were only partially successful. In
the present study, hemorrhage was again simulated with results that were
somewhat more realistic in the erect but not the supine positions.

In supine man, as opposed to the model, moderate hemorrhage does
not reduce mean arterial pressure or cardiac output significantly. Although
the protective mechanisms involved in this reaction are not clearly under-
stood, it is believed that low pressure pressoreceptors are involved
(Shepherd & Van Houtte, 1975). These sensors located in the venous
circulation would be expected to first detect small changes in blood volume.
The previously discussed recommendations of adding a low pressure auto-
nomic influence and an improved stress relaxation element to the model
in order to improve the tilf response would undoubtedly aid in the hemor-
rhages of the thoracic volume.  Until the relative importance of high versus
low pressure baroreceptor influence in these conditions is more clearly
defined, any proposed mechanism should be considered as only suggestive,

While these changes would lead to improvements in the short term
response, recent studies of the hemorrhage reaction present data for the
longer term endocrine control over intracellular-extracellular fluid shifts
which would be suitable for mathematical description in the current model

(Pirkle and Gann, 1975).



103

REFERENCES

Birkhead, N, C., et al. 'Cardiodynamic and Metabolic Eifects of Prolonged
Bed Rest."! AMRL-TDR-63-37, 1963

Blaine, E. H., et al, "A Steady-State Control Analysis of the Renin-Angiotensin-
Aldosterone System, "Circulation Research, V. 30, p. 713, June 1972,

Boyers, D, G.., Cuthbertson, J.G., and J. A. Luetscher. "Simulation of the
Human Cardiovascular System: a Model with Normal Responses to Change
of Posture, Blood Loss, Transfusion, and Autonomic Blockade, ' Simula-

tion, V. 28, p. 197-206, 1972,

Brigden, W, M., Howarth, 8., and E. P, Sharpey-Schafer. "Postural Changes in
the Peripheral Blood Flow of Normal Subjecis with Observations on Vasovagal
Fainting Reactions as a Result of Tilting, Lordotic Posiure, Pregnancy, &
Spinal Anesthesia. ' Clinical Science, V. 9, p. 79, 1950,

Croston, R. C. and D. G. Fitzjerrell, "Cardiovascular Model for the Simulation
of Exercise, Lower Body Negative Pressure and Tilf Experiments,” Pro-
ceedings of the Fifth Annual Pittsburgh Conference on Modeling and Simula~
tion, ed, by W. G. Vogt and M, H. Mickle, Instrument Society of America,
Pittsburgh, Penn., 1974.

Croston, R. C. "Study Report on Skylab Medical Experiments Integrated Data
Analyses, " Phase I, April 1974,

Croston, R. C., Rummel, J_ A, and ¥, J, Kay "Computer Model of Cardiovascular
Control System Responses to Exercise," Jrl. Dynamic Systems Measurement
and Control. pp. 301-307, 1973.

Culbertson, J.W., et al. "The Effect of the Upright Posture upon Hepatic Blood
Flow in Normotensive and Hypertensive Subjects," J, Clin. Invest., V. 30,
pp. 305-311, 1951,

Deitrick, J. E., Whedon, G. D., and E. Shoor, "Effects of Immobilization Upon
Various Metabolic and Physiologic Functions of Normal Men, American Jrl.
Medicine, V. 4, p. 3-36, 1948,

Drees, J.A, and C. F. Rothe. "Reflex Venoconstriction and Capacity Vessel
Pressure-Volume Relationships in Dogs," Circulation Research, V. 34,
p. 360, 1974,




104

REFERENCES (Continued)

Dunn, F. L., et al. "The Role of Blood Osmolarity and Volume in Regulating
Vasopressin Secretion in the Rat." J. Clin. Invest,, V. 52, p. 3212, 1973,

Epstein, M. Pins, D. 8., and M. Miller. "Suppression of ADH During Water
Immersion in Normal Man," Jrl. Applied Physiology, V. 38, No. 6., pp.
1038-1044, 1975.

Epstein, 5. E,, Stampfer, M,, and G. D. Beiser. '"Role of the Capacitance and
Resistance Vessels in Vasovagal Syncope," Circulation, V. 37, p.524, 1968.

Fawcett, J. K. and V., Wynn., "Effects of Posture on Plasma Volume and Some
Blood Constituents," J. Clin. Path,, V. 13, p. 304, 1980,

Fitzjerrell, D. G. "Study Report on Interfacing Major Physiological Subsystem
Models: An Approach for Developing a Whole-Body Algorithm, ' June 1975,

Folkow, B. and E, Neil. "Circulation," Oxford University Press, New York,
1971,

Foux, A., Seliktar, R., and A, Valero. "Effects of Lower Body Negative Pres-
sure (LBNP) on the Distribution of Body Fluids," Jrl. of Applied Physiology,
V. 41, No. 5., p. 719-726, 1976,

Gauer, O. H. "Body Fluid Regulation During Immersion" In: Hypogravic and
Hypodynamic Environments, NASA SP-269, 1971, National Aeronautics and
Space Administration, Washington, D, C,, Section 26, pp. 345-355.

Gauer, O, H, and H. L. Thron. "Postural Changes in the Circulation,” In:
""Handbook of Physiology, "', American Physiol, Soc., J. Field, (Ed), Sect. 2,
V. 3, Williams & Wilkins, Baltimore, Md,, 1965,

Goetz, K. L., Bond, G. C. and D. D. Bloxham. "Atrial Receptors and Renal
Function, "' Physiol. Review, V. 55, pp. 157-205, 1975,

Gowenlock, A, H., Mills, J.N., and S, Thomas. "Acute Postural Changes in
Aldosterone and Electrolyte Excretion in Man, " J, Physiol., V. 1486, p. 133~
141, 1959,

Green, J. F, and N. C. Miller. "A Model Describing the Response of the Circu~
latory System to Acceleration Stress,'' Annals of Biomedical Engineering,
V. 4, 1974,




105

REFERENCES (Continued)

Greenleaf, J. E., et al. "Adaptation to Prolonged Bedrest in Man: A Compen~
dium of Research,” NASA TM X-3307, National Aeronautics and Space
Administration, Washingion, D.C., March 1976,

Guyton, A. C., Textbook of Medical Physiology, 5th Ed., W. B. Saunders Co.,
Philadelphia, 1976.

Guyton, A.C. and T. G, Coleman, "Long Term Regulation of the Circulation:
Interrelationships with Body Fluid Volumes. In: Physical Bases of Circu-
latory Transport: Regulation and Exchange, ed. by E, B. Reeve and A, C.
Guyton, W. B. Saunders Co,, Philadelphia, pp. 179-202, 1967,

Guyton, A. C., Coleman, T. G. and H. J. Granger "Circulation: Overall Regu-
lation," Ann. Rev. Physiol. V. 34, pp. 13-46, 1972,

Guyton, A, C., Jones, C. E. and T. G. Coleman, "Circulatory Physiology-
Cardiac Oufput and its Regulation, ™ 2nd Ed., W, B. Saunders Co., Philadel-
phia, Pa., 1973,

Guyton A, C., Granger, H. J. and A, E. Taylor, "Interstitial Fluid Pressure,"”
Physiological Reviews, V, 51, No. 3., July 1971,

Guyton, A. C., Taylor, A. E,, and H. J, Granger. "Circulatory Physiology :
Dynamies and Control of the Body Fluids, ", W. B. Saunders Co., Philadelphia.
1975,

Hellenbrandt, F. A, and E. B, Franseen. !"Physiological Study of the Vertical
Stance of Man, ", Physiol. Review, V. 23, p. 220-255, July 1943,

Henry, J. P. '"Orthostasis and the Kidney," WADC Technical Report 55-478,
December 1955,

Herron, R. E, '"Biostereometric Analysis of Body'" In: Report of 28~-day Bed
Rest Simulation of Skylab. The Methodist Hospital, Houston, TX., P. C.
Johnson and C, Mitchell (Eds). Section L, 1976.

Hoffler, G. W., et al. Cardiovascular Studies - Lower Body Negative Pressure,
In: Report of 28-Day Bedrest Simulation of Skylab. The Methodist Hospital,
Houston, TX, P, C., Johnson & C. Mitchell (Eds.) Section F, 19786.

Hoffler, G. W. "Cardiovascular Studies of U.S. Space Crews: An Overview and
Perspective," In: Cardiovascular Flow Dynamics and Measurements.
N. H. Hwang and Norman (Eds. ) University Park Press, Baltimore, MD. 1977,



106
REFERENCES (Continued)

Hyatt, K. H., et al, "A Study of the Role of Extravascular Dehydrafion in the Pro-
duction of Cardiovascular Deconditioning by Simulated Weightlessness (Bed-
rest). Final Report, NASA Contract T-68099, 1970.

Hyatt, K, H, "Hemodynamic and Body Fluid Alierations Induced by Bed Rest,
In: Hypogravic and Hypodynamic Environments, R. H. Murray and M. McCally
(Eds.), NASA SP-269, National Aeronautics and Space Administration, Wash~
ington, D.C., 1971,

Johnson, P. C. "Report of 14~day Bed Rest Simulation of Skylab, Vol. I, The
Methodist Hospital, Houston, Tx., 1975.

Johnson, P.C. and T. Driscoll, "Radionuclide Studies," In: Report of 28-Day
Bedrest Simulation of Skylab, Section E, P,C. Johnson & C, Mitchell (Eds.)
The Methodist Hospital, Houston, Tx,, 1976

Kimura, T., et al. "Effect of Various States of Hydration on Plasma ADH and
Renin in Man, ", J. Clin, Endoc. Metab., V. 42, No. 79, pp. 79, 1976.

King, S. E. and D. S. Baldwin. ""Renal Hemodynamics During Erect Lordosis
in Normal Man and Subjects with Orthostatic Proteinuria," Proceedings of
Soc, Exptl, Biol, Med., V, 86, p. 634, 1954,

Leach, C. S. and M, T. Troell. '"Biochemical Studies," In: Report of 28-Day
Bedrest Simulation of Skylab, Section B, The Methodist Hospifal, P. C.
Johnson & C. Mitchell, (Eds.), 1976, NASA Contract No., NAS 9-14578,

Leonard, J, I. and P. H. Abbrecht, "Dynamics of Plasma-Interstitial Fluid
Distribution Following Intravenous Infusions in Dogs - An Experimental and
Computer Simulation Study,! Circulation Research, V. 33, p. 735, 1973.

Leonard, J. I. "Validation of a Model for Investigation of Red Cell Mass Changes
during Bed Rest and Weightlessness (Abstract), Operations Research Bulletin,
V. 23, Suppl. 2, p. B366, 1975,

Luetscher, J. A., et al. "A Model of the Human Circulation: Regulation by Auto-
nomic Nervous System and Renin-Angiotensin System, and Influence of Blood
Volume pn Cardiac Output and Blood Pressure,™ Circulation Research 32-33:
Suppl. I, p, 184-198, 1973,

McDonald, D, A, "Blood Flow in Arteries," The Williams & Wilkins Co. ,
Baltimore, Md., 1960,

Mellander, S. '"Interaction of Local and Nervous Factors in Vasecular Control,n
Symposia Angiologica Santoriana, 3rd int, Symp., Fribourg 1970, Part1,
Angiologica 8:187-201 (59-73), 1971,



107

REFERENCES (Continued)

Mellander, S. and B. Oberg. "Transcapillary Fluid Absorption and Other Vascu-
lar Reactions in the Human Forearm During Reduction of the Circulating Blood
Volume, " Acta Physiol, Scand., No, 71, p. 37-46, 19867.

Oberg, B. "Overall Cardiovascular Regulation," American Review of Physiology,
p. 537, 1976,

Oparil, 8., et al. "Role of Renin in Acute Postural Homeostasis, ", Circulation,
V. 61, 1970,

Pirkle, J. C., and D, 8. Gann. '"Restitution of Blood Volume After Hemorrhage;
Mathematical Description. Amer, J, Physiol, V, 228, p. 821-827, 1975,

Rowell, L. B. "The Splanchnic Circulation.” In: Physiology and Biophysics,
T. C. Ruch, H,D. Patton and A, M. Scher (Eds.), W. B, Saunders Co.,
Philadelphia, 1974, Chapter 12, pp. 215-233,

Rushmer, R. F. "Effects of Posture,' In: Cardiovascular Dynamiecs, 3rd Ed.,
Philadelphia: Saunders, p. 210-219, 1970,

Saltin, B., et al., "Response to Fxercise After Bed Rest and After Training: A
Longitudinal Study of Adaptive Changes in Oxygen Transport and Body Com~
position," Circulation, V. 38, p. VII-1 - VII-78, 1968.

Shepherd, J. T. and P. M, Vanhoutte, 'Veins and Their Conirol,", W. B.
Saunders Co., 1975.

Shoukas, A. A. and K. Sagawa. ‘''Control of Total Systemiec Vascular Capacity
by the Carotid Sinus Baroreceptor Reflex," Circulation Research, V. 33,
p. 22, 1973,

Sieker, H. O, and O. H. Gauer. "A Study of Postural Effects on Pressure
Relationships in Venous Circulation," Clin. Research Proc, V. 5, p. 102,
1957,

Sjostrand, T., Volume and Distribution of Blcod and Their Significance in Regu-
lating the Circulation, Physiol. Review, V. 33, p. 202-228, 1953,

Snyder, M. F, "A Study of the Human Venous System Using Hybrid Computer
Modeling," Ph.D. Thesis, University of Wisconsin, 1969,

Snyder, M. F. and V. C. Rideout. "Computer Simulation Studies of the Venous
Circulation, ! IEEE Trans., on Biomed. Eng., BME-16:325-334, 1969, !




108

REFERENCES (Continued)

Sundin, T., "The Influence of Body Posture on the Urinary Excretion of Adrena-
line and Noradrenaline, ' Acta Physiol. Scand,, V. 313, p. 1-57, 1956,

Tan, M. H., et al. "Effect of Posture on Serum Lipids,"”, The New England Jrl,
of Medicine, V. 289, No. 8, p. 116, 1973,

T———ne el

Tarazi, R. C., et al. "Plasma Volume Changes with Upright Tilt: Studies in
Hypertension and in Syncope, ' J. Appl. Physiol., V. 28, No. 2, p, 121-126,
1970,

Taylor, H. L., et al., "Effects of Bed Rest on Cardiovascular Function and Work
Performance, " Journal Appl. Physiology, V, 2, p. 223-239, 1949.

Tuckman, J. and J. Shillingford. "Effect of Different Degrees of Tilt on Cardiac
Cutput, Heart Rate, and Blood Pressure in Normal Man, ! British Heart Jrl,,
V. 28, p. 32-39, 1966,

Vallbona, C., et al., "The Effect of Bed Rest on Various Parameters of Physio-
logical Function, Part VIIL. The Effect on the Cardiovascular Tolerance to
Passive Tilt." NASA CR-178, 1965.

Vogt, F. B. and P, C. Johnson. "Plasma Volume and Extracellular Fluid Volume
Change Associated with 10 Days Bed Recumbency," Aerospace Medicine,
y
V. 38, p. 21-25, 1967,

Weissler, A, M., Leonard, J. J., and J. V, Warren, "Effects of Pogture and
Atropine on the Cardiac Output," Jrl. of Clin. Invest., V. 36, p. 1656, 1957,

Wolthuis, R.A., Bergman, S. A, and A. Nicogossian, "Physiological Effects of
Locally Applied Reduced Pressure in Man," Physiol, Review, V. 54, p. 566~
595, 1974,

Wood, E, J. and J. W, Eckstein. A Tandem Forearm Plethysmograph for Study
of Acute Responses of the Peripheral Veins of Man: The Effect of Environ-
mental and Local Temperature Change, and the Effect of Pooling Blood in
the Extremities, " J. Clin, Invest., V. 37, p. 41-50, 1958,

Zoller, R. P, , et al. "The Role of Low Pressure Barorecepfors in Reflex Vaso-
constrictor Responses in Man, " Jrl, of Clin, Invest., V. 51, p. 2967, 1972.




APPENDIX

DESCRIPTION OF MODIFIED RED BLOOD CELL
PRODUCTION ALGORITHM

The mathematical description of this algorithm in FORTRAN nofation is

presented on the following page as it appears in the modified Guyton model.

Line 1:

Line 2:

Lines 3-4:

Line b:

Line 6:

Line 7:

Calculation of repal vein oxygen saturation (OVR) based on a delayed
approach to its equilibrium value. The product 1.2*OVA represents
renal blood flow (assumed constant at 1.2 liters/min) times the volume
of oxygen per liter (OVA) and is the rate of oxygen delivery to the renal
vein tissue cells. These cells are the assumed site for erythropoietin
release governing red cell production in the bone marrow. Subiracting
the rate of oxygen delivery to the tissues (DOR) gives the rate of oxygen
delivery to the veins. Dividing this by a term representing the rate of
arterial oxygen delivery to the tissues (HM*86. 0) gives a ratio of oxygen
in veins to maximum oxygen capacity of blood which is the fractional
oxygen saturation of hemoglobin after equilibrium has been established.
The other terms in the equation are delay mechanisms with the constant
ZT controlling the time constant.

Renal vein oxygen partial pressure (RPO) is obtained from the fractional
oxygen saturation of venous blood (OVR) using a function POX which is
an accurate description of the standard oxy-hemoglobin saturation curve.

Calculation of the diffusion resistance of oxygen from venous capillaries
to cells (ROR) assuming that a far greater number of capillaries open
up and the resistance decreases as the renal tissue p02 (TPO) falls
below normal.

Calculation of the rate of delivery of oxygen from renal capillaries to
renal tissue cells (DOR) by multiplying the partial oxygen pressure
difference between oxygen in tissue capillaries (RPO) and pressure of
oxygen in the tissue cells (TPO) times a constant (PPZ} and dividing
by the resistance for diffusion of oxygen (RPO).

Calculation of the actual total quantity of oxygen accumulated in the
renal cells (QOR) by integration of the rate of accumulation of oxygen
in the tissue cells., This rate is determined by subtracting the rate of
utilization of oxygen in the cells (assumed constant at 20 ml 02/ min)
from the rate of delivery of oxygen to cells (DOR).

Calculation of fissue cell p0, (TPO) from quentity of oxygen accumu-
lated in the cells (QOR) by multiplying QOR times an effective solubility
coefficient.



Line 8-14:

Line 15:

Lines '
16-17:

Line 18:

Lines
19-20:

Line 21:

Line 22:

Red cell production (RC1) is determined by the product of tissue
oxygen partial pressure (TPO} subfracted from a set point (at which
no red cell production occurs) times a gain constant (POY). Normal
red cell production occurs at a value of TPO of 20 mm Hg. The func-
tion curve relating RC1 and TPO is nonlinear. For values of TPO
greater thap normal lines 12-13 are used, and for values of TPO less
than normal lines 9-10 are used.

Calculation of maximum red cell production (RMX) based on the fact
that this value is approximately six times normal.

Red cell production is restricted to values above zero and below RMX.

Calculation of red cell destruction (RC2) based on law of mass action
which assumes rate of disappearance is a product of red cell mass
{(VRC) tiimes a clearance consfant (REC).

Production rate (PRC) and destruction rate (DRC) of red cells are
converted to ml/day to aid printout interpretation.

Calculation of net rate of red cell production (RCD) by subiracting the
rate of destruction (RC2) from the rate of production (RC1) and
adding or subtracting gain or loss rates due to blood infusion or
hemorrhage (RC1).

Calculation of red cell mass (VRC) by integrating the net rate of red
cell production (RCD).



Line No,

=1 S U1 o L0 DD

10
11
12
13
14
15
16
17
18
19
20

21
22

NEW FORTRAN ALGORITHM FOR RED BLOOD

CELL PRODUCTION

o

172

174

P02 at Renal Detector for RBC Production

OVR=CVR+((L. 2*OVA-DOR)/ (HM*6. 0) - OVR)/Z7
CALL POX{(OVR,RPO)

ROR=TPO*#3,

IF(ROR .LT. 50 ) ROR=50.
DOR=(RPO-TPQ)*PPZ/ROR

QOR=QOR+ (DOR-20.)*(1. ~EXP(~1/24))
TPO=QOR*. 0625

Red Blood Cells

IF(TPO .GT. 20.) GO TO 172
PO2=21. 6-TPO

RC1=POY*PO2

GO TO 174

PO2=2C. 42-TPO

RC1=3. 6381 E-05%¥P0O2
CONTINUE

RMX=6, *(21. 6-20, }¥POY
IF(RCL .GT. RMX) RC1=RMX
IF(RC) .LT. 0.0) RC1=0,0
RC2=RKC*VRC
VVI=RC1¥1000, ¥1440,
VV2=RC2*1000, %1440,

RCD=RC1-RC2+RC1
VRC=VRC + RCD*1



