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Abstract

Humans experience strong physiological deconditioning during space missions, primarily due to the
weightlessness conditions. Some of these adverse consequences include bone loss, muscle atrophy,
sensory-motor deconditioning, and cardiovascular adaptation, which may lead to orthostatic intolerance
when astronauts are back on Earth. In order to mitigate the negative effects of weightlessness, several
countermeasures are currently in place, particularly very intensive exercise protocols. However, despite
these countermeasures, astronaut physiological deconditioning persists, highlighting the need for new
approaches to maintain the astronauts’ physiological state within acceptable limits.

Artificial gravity has long been suggested as a comprehensive countermeasure that is capable of
challenging all the physiological systems at the same time, therefore maintaining overall health during
extended weightlessness. Ground studies have shown that intermittent artificial gravity using a short-
radius centrifuge combined with ergometer exercise is effective in preventing cardiovascular and
musculoskeletal deconditioning. However, these studies have been done in very different conditions, and
confounding factors between the studies (including centrifuge configuration, exposure time, gravity level,
gravity gradient, and use/intensity of exercise) make it very difficult to draw clear conclusions about the
stimuli needed to maintain physiological conditioning in space.

The first objective of this research effort is to analyze the effects of different artificial gravity levels and
ergometer exercise workload on musculoskeletal and cardiovascular functions, motion sickness and
comfort. Human experiments are conducted using a new configuration of the MIT Compact Radius
Centrifuge, which has been constrained to a radius of 1.4 meters, the upper radial limit to fit within an ISS
module without extensive structural alterations.

The second objective is to develop a computational model of the cardiovascular system to gain a better
understanding of the effects of exercise under a high gravity gradient on the cardiovascular system. The
gravity gradient generated when using a short-radius centrifuge has not previously been investigated in
detail. The model is validated with the experimental measurements from the MIT CRC. Then, the model
is used to explore the cardiovascular responses to new centrifuge configurations and from Og adapted
subjects.
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1 Introduction

Human deconditioning in weightlessness conditions has been considered from the very beginning of the
human spaceflight era in the early 1960s. Since then, medical scientists have been involved in
maintaining human health and performance in space under a new discipline called “Space Medicine” [1].
Over more than 50 years, an extensive research effort has been realized to identify, study, and resolve the
medical problems that astronauts face in the Og environment. Some of the physiological issues due to the
weightlessness environment include bone loss, muscle atrophy, changes in body weight, fluid shift,

cardiovascular deconditioning, and neurovestibular effects [1], [2].

Investigations on space physiology through the years led to a set of countermeasures to mitigate the
effects of microgravity on the human body. For example, astronauts on the ISS currently follow an
intense exercise protocol using anaerobic (or resistive) and aerobic devices, such as the Advanced
Resistive Exercise Device (ARED) or the Cycle Ergometer with Vibration Isolation System (CEVIS),
respectively. In addition, astronauts use nutrition supplements such as calcium and vitamin D, and wear
special devices such as the lower body negative pressure (LBNP) vacuum chamber or the elastic
“penguin” suit to stress the physiological systems in a similar way to standing [2]. However, the current
countermeasures have proven to be only partially effective, and each one of them intends to mitigate one

aspect of physiological deconditioning suffered in space [3].

Artificial Gravity (AG) has been discussed as an integrated countermeasure capable of mitigating most of
the physiological deconditioning due to long duration exposure to weightlessness conditions. The inertial
forces generated by centrifugation have the potential to affect multiple physiological systems at the same
time, including musculoskeletal, cardiovascular, and the sensory-motor system [3]. Two different
concepts, short radius and long radius AG, are considered in order to generate inertial forces using
centrifugation in space. The first one consists of the use of a small radius centrifuge located inside a space
vehicle or a specific module of a space station. This option involves high rates of rotation during
intermittent sessions of artificial gravity. The second option considers the permanent rotation of the entire

space station, involving lower rates of rotation but much higher system complexity {3].

Artificial gravity is not a new concept in human spaceflight. It was proposed by the Russian Konstatin
Tsiolkovsky in his manuscript “Free Space” written in 1883 [3]. Since then, many designs have been
envisioned, including the famous rotating wheel-like space station concept in the film “2001: A Space
Odyssey” directed by Stanley Kubrick in 1968, based on Arthur C. Clarke’s story “The Sentinel” from

1948. However, even after all these years many fundamental questions remain unanswered. It is believed
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that exercise during centrifugation is one of the best combinations to maintain physiological functions in
microgravity conditions [4], but the aerospace community has not agreed on a standardized protocol that
will be effective. Many parameters still need to be defined, such as spacecraft design, artificial gravity

exposure duration, rotation rates or exercise type, intensity and duration.

The objective of this research effort is to deepen the understanding of the physiological effects of artificial
gravity generated by a short-radius centrifuge. The purpose is to take a first step towards a full trade space
analysis of the most important artificial gravity parameters, examining through experimentation,
modeling, and simulation the effects of different artificial gravity and exercise workload levels on
multiple physiological systems (cardiovascular, musculoskeletal, and motion sickness and comfort) using

the MIT Compact Radius Centrifuge.
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2 Background
2.1 Physiological Deconditioning in Space

In the past 50 years humankind has made remarkable progress in space exploration. The Russian Yuri
Gagarin was the first man launched into space on 12" August 1961, completing one orbit in 108 minutes.
Even before then, the aerospace community was already raising the question about the possible reactions
of humans to weightlessness. Through the years, the manned space programs conducted by the United
States and Russia (or Soviet Union until 1991) have been key elements in the advance of physiological
and biomedical understanding of human deconditioning in space [1]. Currently, more than 500 people
have been to space and several institutions around the world are working on understanding and mitigating
the negative effects of the weightlessness environment. Thus, the discipline of “Space Medicine” has

become well established, providing a scientific base for physiological performance of astronauts in space.

Astronauts experience physiological changes when they go to space due to the weightlessness
environment. The primary changes and their time course through several months are presented in Figure
1. Some of the physiological functions present shifts at the very early phases of spaceflight, such as the
neurovestibular system, which makes adjustments during the first few days in orbit. On the other hand,
cardiovascular shifts and adjustments are more likely to peak after three weeks in orbit, although this has

only been demonstrated to a limited extent, since very little is known for long duration missions [5], [6].
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Figure 1 — Time course of physiological shifts associated with acclimation to weightlessness
(adapted from [1]).
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After some time in space (=1.5 months), some of the physiological systems reach a new point of
equilibrium after adaptation to the weightlessness environment. This is the case for the cardiovascular
system, and the red blood cell mass among others. However, the skeletal system does not seem to reach a
new point of equilibrium as astronauts continue to lose bone and calcium even after 6 months in orbit [1],

[2].

When astronauts come back to the Earth, the physiological systems undergo new shifts and changes to
readapt to the 1-g environment. These changes depend on individual differences, the type and intensity of
the countermeasures applied during the spaceflight, and the duration of the space mission. Despite these
differences, all astronauts present similar trends as represented in Figure 2. As an example, most
astronauts experience orthostatic intolerance or difficulties with postural equilibrium associated with the
re-adaptation of the cardiovascular and neurovestibular systems. In general, these physiological systems

return to their preflight baselines one to three months post flight [1], [2].
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Figure 2 —Time course of physiological shift during adaptation to 1-g (adapted from [1]).

2.1.1 Skeletal Deconditioning

Bone loss is one of the most serious biomedical problems during spaceflight [1]. It occurs primarily
because of the absence of skeletal loading in microgravity [2], [7], [8]. Other factors also affect skeletal
properties, such as dietary factors (including calcium, vitamin D, and vitamin K), low light levels, high

concentrations of CO,, and genetic factors [2], [8].
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Bone is a living tissue and it is under constant remodeling throughout its lifetime. Frost’s mechanostat
theory suggests that the response of bone to mechanical loads is controlled by a “mechanostat” that
adjusts and adapts bone tissue according to the needed mechanical function [9]. Depending on the load
applied, bone could be resorbed (i.e. loss of bone mass and therefore strength), remodeled (bone
replacement), or modeled (i.e. bone gain). During the remodeling process old bone is replaced by new
bone, helping to avoid the accumulation of microdamage [3]. This remodeling process is affected by the
quantity and frequency of loading applied to the skeleton [2], [3], [8], [10], [11]. Two types of mechanical
loading can be distinguished: static loading and dynamic loading. A clear example of static loading is the
gravity force. People on Earth are continuously subjected to the gravity force, and this gravitational
acceleration has an important role in skeleton remodeling. On the other hand, dynamic loading may
include short periods of high-impact peak loads (such as ground reaction forces while running or
jumping) or frequent low-level loading (such as low frequency vibration). Peak loads are particularly
important in bone remodeling [12]. Lastly, muscle contraction also plays an important role in skeleton
loading {8], [11]. In weightlessness conditions, mechanical loading of the skeleton is largely reduced
because of the absence of gravitational stress and ground reactions forces. In addition, the muscle forces
generated to move in space are significantly reduced, especially in the lower limbs [1], [8]. All in all, in
space the skeleton adapts to the 0-g condition, increasing bone resorption and decreasing bone formation.

This leads to a net decrease in Bone Mineral Density (BMD), and overall weaker bone [2], [10].

The loss of BMD is not equally distributed throughout the body. The lower extremities, which normally
receive the greatest gravity loading, are the most affected with losses as big as -1.7 % per month in the
great trochanter [2]. Astronauts show a gradient of loss that increases beginning at the lower spine and
moving lower in the body [10]. The upper extremities are usually unaffected, and the skull may gain bone
mass [2]. These results can be explained by the way astronauts move and work in space. They do not use
their lower extremities to displace themselves from one place to another, as they do on Earth. Instead,
astronauts use their fingers, arms, or upper extremities to do so. Changes in BMD after spaceflight
observed through the MIR program are shown in Table 1. Bone loss persists even with an intense exercise
program in place, although very recent data from the International Space Station (ISS) suggest that
improving nutrition and resistance exercise can attenuate the expected BMD deficits observed after long

duration missions [13].

Recovery time after spaceflight may exceed the time spent in microgravity conditions [2], [10].
Additionally, even if the preflight values of BMD are recovered, the internal structure of the bone may be
altered. Finally, it is important to mention that there are large inter-individual differences in bone loss and

bone recovery rates [2].
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Table 1 — Bone loss rates from long-duration Mir missions [2].

Bone % Change/month
Skull +0.60
Humerus +0.10
Lumbar Spine -1.07
Pelvis -1.35
Femoral Neck -1.16
Greater Tronchanter -1.58
Tibia -1.25
Calcaneus -1.50

2.1.2 Muscle Deconditioning

Astronauts experience muscle deconditioning during spaceflight [2], [14], [15]. In this unloading
environment, muscles experience an imbalance between two processes - muscle protein synthesis and
muscle protein degradation - leading to losses of muscle mass and strength. Eventually, muscle protein
synthesis and muscle protein degradation will stabilize at a reduced equilibrium point involving lower
muscle mass. Causes of muscle deconditioning include the lack of activity, under-nutrition and stress,

oxidative stress (refers to the balance between oxidants/antioxidants), and hormonal influences [2].

Not all the muscles undergo the same level of changes during a space mission. The “antigravity muscles”,
or the muscles involved in maintaining posture and stability under gravity conditions, are most affected
by the weightlessness environment. They contain a high percentage of type I (slow twitch) fibers, given
their continuous role in posture and balance under Earth gravity. These type I fibers seem to be most
sensitive to lack of activity and weightlessness conditions. In addition, some type I fibers will transform
into type Il fibers (fast twitch) during spaceflight due to the changes in their activation patterns while in
space. Table 2 shows the changes in muscle volume after long-duration spaceflight in some of the

antigravity muscles:

Table 2 — Changes in muscle volume for different muscle groups [2].

% Laoss after long-

Muscle Group duration ﬂightg
Back -10.9
Iliopsoas -20.0
Quadriceps -12.1
Hamstrings -15.7
Soleus -19.6
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2.1.3 Cardiovascular Deconditioning

The cardiovascular system experiences important changes during spaceflight in order to adapt to a
weightlessness environment. In general, this adaptation process is successful. Some cardiac rhythm
disturbances have been documented in the past for crew members, although it is very difficult to associate
them with weightlessness instead of other factors such as stress, exercise or electrolyte imbalance [2].
However, the readaptation process when crew members return to a gravity environment is more
problematic. Their cardiovascular system is not adapted to normal gravity conditions, and orthostatic

intolerance occurs [2], [16].

One of the main cardiovascular effects that astronauts experience during spaceflight is the central fluid
shift phenomenon. Blood pressure and volume distribution are directly affected by gravity. In standing
position on Earth, the blood is pulled to the lower extremities. Similarly, venous pressure decreases due to
the presence of the gravity force. Nevertheless, the human body has mechanisms to deal with gravity
effects. For example, leg muscles are used as secondary pumps to facilitate venous return to the heart
[16]. In space, part of the blood that is usually located in the lower part of the body is shifted upwards to
the upper body, the upper trunk, and the head. Consequently, there is a significant increase in central
blood volume (volume in the heart cavities, lungs and central arterial tree). The cardiopulmonary
receptors, situated in the atria and pulmonary arteries, sense this pressure change and start acting upon the
“excess” body fluid (plasma and red cell mass), increasing the output of urine, and making the astronauts
less thirsty, among other resulting processes [2], [16]. As a consequence, the overall quantity of fluids and
electrolytes decreases, leading to a reduction in total circulation blood volume of up to 11% [2], and

stabilization in a new “cardiovascular state” associated with weightlessness conditions.

The increase in transmural central venous pressure in weightlessness induce an increase in stroke volume
and cardiac output by as much a 22% in short-duration spaceflight [6], and by 35 and 41% respectively
between 3 and 6 months on the ISS [5]. Heart rate remains unchanged or decreased. Systemic vascular
resistance decreases by 14% in short-duration spaceflight and therefore blood pressure is reduced to
approximately the supine level on the ground [6]. These changes seem to be accentuated during long-
duration flights, with a reduction in the systemic vascular resistance of approximately 39%, and a

reduction in blood pressure of 8-10 mmHg [5].

The cardiovascular system also experiences other changes in space. During the first stages of
weightlessness, the heart enlarges in order to handle the fluid shift and the increase in central blood
volume. In later stages, when the fluid adjustments occur and the total circulating blood decreases, the

heart does not need to work as hard. Moreover, the heart does not need to work against gravity either.
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These changes, and the reduction of the overall level of activity, lead to a decrease in heart size (both
chamber size and wall thickness) causing cardiac atrophy [2], [16]. Other effects in microgravity include
an increase in venous compliance resulting in blood pooling to the lower extremities and a reduction in
the baroreflex sensitivity [3]. In addition, the initial increase in fluid volume in the head can cause facial

edema, headaches, nasal congestion, and venous engorgement [17].

When astronauts return to Earth, their cardiovascular system may not be adapted to deal with the gravity
force. This may be due to a combination of different factors, such as reduced blood volume, cardiac
atrophy, reduced vasoconstriction, increased venous compliance, reduced stroke volume and cardiac
output, or decrease in the baroreceptor reflex. Aerobic capacity is also reduced up to 22% after short
duration spaceflight (9-14 days) [18]. As a consequence, crew members suffer what is known as
postflight orthostatic intolerance. Once, back on Earth, gravity pulls the blood to the lower extremities
again. The arterial pressure decreases and the heart rate increases as a result of the baroreflex response,
but the body may not be able to generate the necessary pressure to force the blood back up to the head. In
some cases, this postflight orthostatic stress is strong enough to make it impossible for astronauts to stand
up for several minutes without losing consciousness. After short-duration spaceflight, up to 63% of crew

members presented signs of orthostatic intolerance [2].

2.1.4 Sensory-motor Deconditioning

In order to successfully control balance and posture, the human brain integrates information that comes
from the difterent vestibular sensors including semicircular canals, otoliths organs, as well as vision, and
proprioception. The integration of the vestibular inputs is also altered in space, and astronauts must adapt
to these changes during their space missions. As a result, perception, body orientation and equilibrium are
affected, which may lead to detriments in astronaut performance and well-being., These alterations are

particularly significant during the first days of a space mission [2], [3], [16].

During spaceflight, the otoliths organs no longer sense the continuous gravitational force and therefore
the vestibular system must learn how to interpret the otolith information in this new environment. These
changes in otolith stimulation can cause conflicting vestibular cues in space, and may lead to
disorientation and space motion sickness. Symptoms may include nausea, headache, dizziness, vomiting,
drowsiness, and cold sweat. Space motion sickness is very common during spaceflight. Approximately
two-thirds of the Space Shuttle astronauts experiences some degree of motion sickness during the first
few days of spaceflight [19]. In addition, astronauts’ sense of proprioception is highly reduced in space,

unless they wear bungee cords that push them against the floor in order to stand up, walk or run (e.g.
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using the treadmill). As a result, past evidence suggests that crew members put more weight on visual

cues than on other vestibular sensors [20], [21].

Sensorimotor activities such as walking heel-to-toe or standing with eyes closed can be very challenging
after spaceflight. Nevertheless, these symptoms generally disappear within a few days of landing,
demonstrating again the high adaptability of the balance system [2].

2.2 Current countermeasures

Several countermeasures are currently in place to keep astronauts healthy and mitigate as much as
possible the negative effect of weightlessness on the human body. In general, these countermeasures are

system specific, focusing on one particular aspect of human deconditioning in space.

Exercise is the principal countermeasure used in space, and it is part of the daily activities of crew
members. Astronauts exercise around 2.5 hours a day, 6 days a week, using different devices including
treadmills, ergometers, a resistance exercise device, as well as bungees and expanders. Together, these
devices provide a comprehensive exercise plan that includes aerobic, anaerobic and resistive training to
alleviate skeletal, muscular and cardiovascular deconditioning [2]. The exercise devices on the ISS are the
Treadmill with Vibration Isolation System (TVIS), the T2 Treadmill or Combined Operational Load
Bearing External Resistance Treadmill (COLBERT), the Cycle Ergometer with Vibration Isolation
System (CEVIS), the VELO Ergometer, and the Advanced Resistive Exercise Device (ARED) [22].

These exercises devices are shown in Figure 3.

The T2/COLBERT treadmill was added to the existing TVIS treadmill to cover the larger crew of 6
astronauts on the ISS. Both treadmills can be operated in either active mode or passive mode (powered by
the astronauts), and they have bungee cords to pull the users against the treadmill and create some
compressive loading [23]. The Russian VELO ergometer is used in the recumbent position and provides
workload levels between 50-250 W at 40-120 rpm. The CEVIS ergometer is operated in the United States
Laboratory Module (US LAB) and is able to provide workload levels between 25-350 W at 50-120 rpm.
This ergometer provides a very accurate workload independent of the pedaling of the crew member [24].
The ARED device was sent to the ISS in November 2008 to replace the Interim Resistive Exercise Device
(iRED). The ARED primary goal is to maintain astronaut muscle mass and strength during their space
missions. It simulates free-weight exercises up to 1675 N of load, and allows crew members to follow a

personalized exercise plan [25].
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Figure 3 - Exercise devices in the ISS (top left to bottom right): T2/COLBERT, TVIS, ARED,
CEVIS, VELO Ergometer, VELO Ergometer with cable (NASA) [22].

Additional countermeasures are also being used during spaceflight. Leg cuffs are used soon after reaching
orbit to reduce the amount of fluid shift from the lower extremities to the upper extremities, ameliorating
the symptoms resulting from fluid distribution such as facial edema, engorgement of the external neck
veins, nasal congestion, and headache [17]. The Lower Body Negative Pressure (LBNP) system consists
of a chamber that covers the lower extremities and induces a cardiovascular stress by applying negative
pressure over the lower body. It increases blood pressure to the legs and restores the blood pressure
gradient, creating a cardiovascular state similar to upright standing on Earth. The LBNP system is mostly
used one month before landing to improve orthostatic stability upon landing and to reduce the risk of pre-
syncope and loss of consciousness [26]. LBNP is used in association with fluid loading, which consists of
the consumption of water and salt tablets to increase plasma volume [3]. Figure 4 shows the Russian

“Chibis” LBNP device currently on board.
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Figure 4: The “Chibis” LBNP device [26].

The Zvezda Penguin suit is a whole-body suit that includes elastic bungee cords to partially simulate
gravitational loading on the human body. Two sets of elastic cords attached to a leather belt provide upper
body loading (cords from the shoulder to the belt) and lower body loading (cords from the belt to the
feet). The suit creates compression along the body longitudinal axis (z-axis), providing constant static
loads and resistance to movement and thus, stressing and stimulating the musculoskeletal system [8],
[27]. The “Penguin” suit can produce a static axial load up to 70% of bodyweight during treadmill
training. The upper body can produce axial and static loading up to 40 kg [28]. This load can be increased
by shortening the leg cords. The calf muscles are also loaded by adjusting the cords on the boots [8].
Despite all of the potential musculoskeletal benefits provided by the use of the *“Penguin” suit,
cosmonauts have found the suit highly uncomfortable and very hot. Thus, they have individually
loosened, or even cut, the elastic cords to improve their comfort. In addition, the suit has been used in
conjunction with other countermeasures, making a proper evaluation and quantification of its

effectiveness very difficult [8].

The Gravity Loading Countermeasure Skinsuit (GLCS) developed by the Massachusetts Institute of
Technology also provides the wearer a continuous static loading replicating that of gravity on Earth. In
contrast to the “Penguin’ suit, the GLCS gradually increases the vertical load from the shoulders to the
feet (z axis), mimicking the loads imposed on the different parts of the body under gravitational
conditions. A first prototype of the GLCS was developed for a pilot study conducted under microgravity
conditions during a parabolic flight campaign, showing reasonable suit comfort and mobility [8]. New
prototypes are in development, and the GLCS will be used in the ISS for the first time in September 2015
[29]. Figure 5 shows the Russian “Penguin” suit (left, center), and the GLCS (right):
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Figure 5 - Countermeasure suits (Left to right )The “Penguin” suit [28]; drawing by Philippe
Tauzin, [Clement 2005 ], and the Gravity Loading Countermeasure Skinsuit or GLCS [8].

Nutrition is also a very important aspect of spaceflight. It has been shown that astronauts usually burn
more calories than they take in and therefore are in negative caloric balance. This fact, combined with an
intense exercise program, may lead to a significant mass loss (in particular muscle mass) and strength
reduction [2]. Astronauts need an adequate energy intake and dietary supplements, such as calcium (1000-
1200 mg/day) and vitamin D (600 1U) to mitigate bone loss. Table 3 summarized the main physiological

effects during spaceflight and the countermeasures to mitigate them.

Table 3 — Summary of the main physiological effects and countermeasures.

Main Physiological Effects Countermeasures
Skeletal deconditioning Exercise (aerobic and resistive),
Muscle deconditioning Penguin suit, GLCS, LBNP,
Cardiovascular deconditioning fluid loading, nutrition and dietary
Sensory-motor deconditioning supplements (calcium, vitamin D)
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2.3 Artificial gravity as a multi-system countermeasure

Despite the large variety of countermeasures in place, their effectiveness has not been adequately
demonstrated in terms of maintaining preflight levels of bone, muscle, aerobic fitness, and cardiovascular
conditioning [2], [3], [28], [30], [31]. Each countermeasure targets one particular aspect of human
deconditioning in space, making it very difficult and time consuming to maintain an overall good state
across systems. For example, different exercise protocols are designed to counteract muscle loss (resistive
exercise), cardiovascular deconditioning (aerobic exercise), or bone loss (high peak forces during
treadmill exercise) and therefore, the crew members spend more than 2 hours/day exercising. On the other
hand, these exercise protocols have not been shown to fully protect astronauts from weightlessness
deconditioning during long duration spaceflight (6 months in Low Earth Orbit (LEO)) [30]. Hence, even
with these countermeasures, astronauts will almost certainly suffer the negative effects of weightlessness
during longer missions in the future such as a trip to Mars (up to 30-month round-trip mission). After the
6-month trip to Mars, the crew members will have suffered bone loss, muscle atrophy, cardiovascular
deconditioning, and vestibular changes, and they will not have the support to deal with these changes as
they do when they return to Earth. In addition, the reduced Mars gravity (0.38g) may not be sufficient to

maintain a sufficient physiological conditioning without additional countermeasures [3].

Artificial gravity is introduced as a multi-system countermeasure. It consists of the recreation of a gravity
environment that challenges all the physiological systems like on Earth. Artificial gravity will not
mitigate all the risks associated with human spaceflight (for example, it will not be effective against
psychological issues or radiation exposure), but it is proposed as a solution for the physiological
deconditioning associated with long duration spaceflight, including bone loss, muscle atrophy,
cardiovascular deconditioning, neurovestibular disturbances, space anemia, and immune system
deficiency [2], [3], [32], [33]. In addition, besides reducing or eliminating physiological deconditioning,
artificial gravity could potentially improve hygiene, habitability and medical operations [3], [34].

2.3.1 General principles of Artificial Gravity

Artificial gravity in a spacecraft can be generated using various techniques such as linear acceleration
(accelerating or decelerating in a straight line), or centrifugal force (artificial gravity generated by

rotation). In the second category, two main methods can be differentiated:

- Continuous artificial gravity
Continuous artificial gravity can be generated by rotation of a large spacecraft. This concept was

first proposed by Tsiolkovsky in 1883. In the 1950s, Von Braun envisioned a large spinning
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space station in order to generate continuous artificial gravity (see Figure 6). A different option
refers to the rotation of a rigid truss, which would have the astronaut’s habitat in one side, and a
counterweight or perhaps a nuclear power plant on the other side. It could also have another
module at the center of rotation to perform Og gravity experiments (see Figure 6). Providing
continuous artificial gravity is highly desirable from the physiological point of view. However,
many engineering challenges arise with this concept, and, considering the large mass needed on

orbit, a very large budget would be necessary to carry out such an endeavor.

VON BRAUNS
SPACE STATION

Figure 6 — Continuous artificial gravity: Wernher von Broun’s rotating space station and rigid

truss designed by NASA to provide 1g in the astronaut habitat (Credit: NASA).

- Intermittent artificial gravity by rotation on an on-board small radius centrifuge
A small radius centrifuge is a more affordable approach to generate artificial gravity in space.
The engineering challenges as well as budget constraints would certainly be reduced. In this
scenario, astronauts would be subject to intermittent artificial gravity for short periods of time. It
is unknown if the reduced gravity on Mars will be enough to maintain a healthy physiological
state, and this concept would provide a way to create artificial gravity on the Mars surface as

well as in space.

The next subsection reviews the physical principles of artificial gravity, in particular the principles

associated with an on-board small radius centrifuge.

2.3.1.1 Artificial gravity generated by a small radius centrifuge

Inertial forces are generated by rotation during centrifugation. The centrifugal force is directed radially

towards the rim of the centrifuge. It recreates the gravity force and hence, objects (or people) on the
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centrifuge are stressed as if they were subjected to a true gravity environment (except for the gravity

gradient, see below). In a rotating environment, the magnitude of the centrifugal force is:
Fcentrifugal = mw?r (D

where m is the mass of the object (kilograms), w is the angular velocity (radians per second), and 7 is the
radius from the object to the center of rotation (meters). The force generated depends on the angular
velocity and the radius. Thus, a small radius centrifuge needs to rotate faster to generate the same amount
of force as a big rotating station, affecting how people feel in this rotating environment. This is mainly
due to the presence of other inertial forces generated by movement during rotation: namely the Coriolis

forces.

The Coriolis forces appear as a result of linear movement in a rotating environment and are perpendicular

to the direction of the movement. The Coriolis forces are:
Fioriotis = —2mQ X v (2)

where m is the mass of the object (kilograms), £ is the angular velocity vector which has magnitude w
and is directed along the axis of rotation (radians per second), and v is the velocity vector of the linear

movement (m/s). Figure 7 shows the Coriolis forces in a spinning carousel:

1| Coriolis

Subject's

Figure 7 — Coriolis Forces in a rotating environment (Adapted from Stone 1973) [3].

Thus, the Coriolis forces are zero if v is zero or if v is parallel to the rotation axis. If v is in a plane

normal to the rotation axis, the Coriolis forces are perpendicular to both the velocity and the rotation axis.
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Coriolis forces are independent of the radius and therefore, their magnitude is the same at all distances
from the center of rotation, assuming constant linear velocity. Figure 8 shows the Coriolis forces
generated at four different rotation rates when the linear velocity is v = 0.1 m/s. Note that the magnitude

does not change with the radius.
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Figure 8 — Coriolis forces as a function of radius for four different rotation rates [3].

The gravity gradient is another extremely important parameter in a small radius centrifuge. The
centripetal forces generated by rotation depend on the distance to the center of rotation and therefore,
there is a force gradient along the centrifuge radius. As an example, when a subject is lying down on a
centrifuge with her head located at or near the center of rotation and her feet at the rim of the centrifuge,
she will experience different gravity levels along her body. For a subject of height h lying on a centrifuge
of radius r with her feet at the rim, the general expression for the gravity gradient is:

Onead _ @ =h)_, =M _h

a
: . = 3
Gravity gradient = 1 Gront 1 pr = e 3

where (r — h) is the radius of rotation of the head. In the extreme case where the head is located at the
center of rotation (r — h) = 0, the head will experience no force, and the subject will experience a gravity
gradient of 100%. Figure 9 shows the relationship between gravity gradient and radius for a subject of
height h = 2 m lying on a centrifuge with his/her feet at the rim, and her head pointing to the center of

rotation.
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Figure 9 — Gravity gradient as a function of radius for an astronaut of height h=2m standing on the

rim [3].

Many questions regarding the appropriate artificial gravity configuration and parameters still need to be
answered. First, the level of artificial gravity required to maintain the physiological state of the astronauts
is not known. Ground-based bed rest studies suggest that gravity levels up to 2 g at the feet could be
useful, in particular if they are combined with exercise [3]. In addition, the tradeoff between angular
velocity and radius to generate the desired gravity level needs to be further explored. Furthermore, most
of the ground-based studies have been conducted using long-radius centrifuges. The physiological effects

of the gravity gradient have not been thoroughly investigated [3].

2.3.2 Artificial Gravity Coupled With Exercise in a Short-Radius Centrifuge.

Performing exercise during centrifugation in a short-radius centrifuge has several advantages. Exercise
during centrifugation may help increase tolerance to acceleration. The physiological stress of the
centrifuge may be too high, inducing some degree of orthostatic intolerance. Active exercise during
centrifugation activates the leg muscle pumps facilitating the venous flow towards the heart, keeping
blood from pooling in the legs and therefore, protecting the astronauts against syncope or fainting [3].
[35]. In addition, the use of artificial gravity could make exercise programs more efficient and reduce in-
flight resources, such as in-flight mass (food and oxygen), power, crew time, and therefore, cost.
Artificial gravity has the potential to provide a greater overall physiologic benefit for a given amount of

exercise and resources. [33].
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Centrifugation combined with exercise has been shown to be effective in preventing cardiovascular
deconditioning [36]-[42]. Few ground-based studies have evaluated the combination of intermittent
artificial gravity in a short-radius centrifuge with exercise as a comprehensive countermeasure for long
duration spaceflight. One of the most implemented exercise devices used is a cycle ergometer. Greenleaf
et al. showed that exercise in a short-radius centrifuge (1.9 m) adds a significant physiological stress that
could attenuate orthostatic intolerance [36]. Iwase and his colleagues demonstrated that combining
intermittent artificial gravity with ergometric exercise is effective in preventing cardiovascular
deconditioning [37], [38]. Yang et al. confirmed the improvement of the cardiovascular function due to
combined use of a short-arm centrifuge and aerobic exercise during a one-week training [39]. Katamaya
et al. demonstrated that the use of a short-arm centrifuge combined with exercise training is effective in
maintaining respiratory and cardiovascular responses to upright exercise during 20 days of -6° Head
Down Bed Rest (HDBR) [41]. Iwasaki et al. showed that AG couple with moderated ergometer exercise
successfully maintained plasma volume [42]. In addition, researchers have also implemented other types
of exercise during short-radius centrifugation, such as squats [43], [44] and stair-steppers [4],

demonstrating the feasibility of these types of exercise protocols in hypergravity rotating environments.

However, the effectiveness of centrifugation with or without exercise in mitigating the deconditioning of
the musculoskeletal system is still inconclusive [45], [46]. Pure aerobic exercise seems to be ineffective
because the mechanical loads exerted are not high enough to prevent bone and muscle deconditioning [3].
Too few studies have been conducted to date and no conclusions can be drawn concerning their

effectiveness due to the short duration of Ag studies, and the large amount of confounding factors [35].

2.3.3 Confounding factors

Although several studies have investigated the effectiveness of artificial gravity exposure, these studies
have been conducted in different conditions, making it very difficult to define clear conclusions about the
parameters needed to maintain physiological conditioning in space. Confounding factors include
centrifuge configuration, exposure time, gravity level, gravity gradient, and use/intensity of exercise.
Kaderka et al. identified differences in research design among 14 AG studies used in a meta-analysis
performed to compare the efficacy of AG with more traditional countermeasures. Differences included
centrifuge configuration, subject selection criteria, experiment protocol (i.e. time of exposure, study
duration, g level, gravity gradient, etc.) and choice of dependent measures [35]. Table 4 summarizes the
short-radius centrifuges currently operational. This table gives an indication of the variety of centrifuge

designs across multiple studies.
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Table 4 — Existing short-radius centrifuges [3], [22].

Name Location Radius Max g Mode Exercise
Space Cycle UC Irvine, Irvine, USA | 1-2m 50¢g Gondola Cyeling
. ’ ’ /Squats

| Nihon U, Nishi-Funabashi,

Short Arm Human Centrifuge | Japan 1.8 m 30¢g Gondola N/A
NASA AmesHRMANPOWESS | yiuiie Hialll USA 19m | 50g Bed Cycling
Centrifuge ‘ |
Short-Radius Human Centrifuge | Nagoya U, Japan 1.4 m 20¢g Chair Cycling
MIT Compact Radius Centrifuge | MIT, Cambridge, USA 20m 1.8 ¢ Bed Cycling
A Fourth Military Medical U, : N
Short-Arm Centrifuge Xi* A Ol 20m 40¢g | Chair Cycling
Short-Radius Centrifuge IBMP, Moscow, Russia 25m 20¢g Bed Cycling
DLR Short-Radius Centrifuge DLR, Cologne, Germany 2.8 m 50¢g Bed/Chair N/A
ESA Short-Arm Centrifuge MEDES, Toulouse. France 29m 35¢ Bed/Chair N/A
EnviFuge DLR, Cologne, Germany 3.8m 6.0g Bed Cycling

These findings highlight the need for more exhaustive AG studies, with strategic isolation of some of the
confounding factors. These experiments will help answering fundamental questions that are important and
critical to the future implementation of artificial gravity in space. In addition, more standardized
approaches to AG studies among the international research community are needed, fostering collaboration

between the different facilities around the world.

2.4 Quantitative analysis of the cardiovascular system

Guyton was the “pioneer’ of the quantitative physiology system analysis of circulation regulation. He
developed a large circulatory model with hundreds of equations used to quantify the different subsystems
of the circulation and their control [47]. His main contributions include (but are not limited to) the
understanding of the interaction between venous return and cardiac function, the whole body
autoregulation, renal body-fluid feedback mechanism in long-term blood pressure control, graphical
analysis of physiological regulation, and quantitative computer modeling of physiological systems.[48]-
[50]. Although Guyton’s work was focused on long-term steady-state cardiovascular responses, the

principles he developed are still applicable and are widely used in the field [51].
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The cardiovascular system can be modeled using different approaches depending on the modeling
objective and the assumptions on the spatial degrees of freedom. Three-dimensional (3D) models are used
when detailed information about the blood flow in a particular region is needed. In these models, the fluid
behavior is usually described by the Navier-Stokes equation for incompressible fluids. Despite the
progress of current numerical methods, the computational cost of these models is very high, limiting their
application to small localized regions. One-dimensional (1D) models assume axial symmetry and only
have one degree of freedom, namely translation along the axial direction. These models are useful to
analyze arterial wave propagation, and they are described by hyperbolic partial differential equations.
Finally, zero-dimensional models (0D), or lumped-parameter models, represent the spatial variation in a
highly aggregated manner, as they compartmentalize the cardiovascular system into discrete functional
units. They describe the time evolution of the pressure and flow in each compartment using ordinary

differential equations [52].

The objective of this modeling effort is to capture the beat-to-beat, short-term hemodynamic response to
artificial gravity generated by a compact-radius centrifuge. Thus, a lumped-parameter model seems the
logical choice, since it provides beat-to-beat average variables (including pressures, flows, and volumes)

at a low computational cost.

2.4.1 Modeling orthostatic stress

With regard to the cardiovascular adaptation to gravitational stress, many computational models have
been developed with a large variety of temporal and spatial resolutions, depending on the representation
and the objective of the model [53]. Various mathematical models investigate the physiological responses
to postural changes, such as active standing [54], head-up tilt [55]-[58], or lower body negative pressure
[55], [59]. Some models were designed to explain observations seen during human spaceflight [58], [60],

[61], including the recent Visual Impairment and elevated Intracranial Pressure (VIIP) syndrome [62].

For our purpose, the cardiovascular model to be developed needs to have enough compartments to capture
the strong hydrostatic gradient generated by the compact-radius centrifuge. Heldt developed a lumped-
parameter model using 21 compartments in order to simulate the short-term (= 5 minutes), transient, beat-
to beat hemodynamic response to gravitational stress, such as head-up tilt and lower body negative
pressure [63]. The hemodynamic model includes the systemic circulation (arterial system, micro-
circulation, and the venous system), the cardiac chambers, and the pulmonary circulation. The
cardiovascular system is represented by seventeen vascular and four cardiac compartments grouped into
four main sections: head and arms, thorax, abdomen, and legs. The full 21-compartment model is shown

in Figure 10 and is currently incorporated in the expanded research version of CVSim, a computational
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platform developed at the Harvard-MIT Division of Health Science and Technology [64]. Parameters
such as compliance, volume, resistance, or vascular length (to determine the hydrostatic pressure) were
estimated from the literature. The model also incorporates the arterial baroreflex and the cardiopulmonary
reflex to maintain blood pressure homeostasis during orthostatic stress. Finally, the cardiovascular effects
of exercise were modeled, including the effects of muscle blood flow (decreasing legs resistance), the
effects of the muscle pumps (varying the external pressure at the venous leg compartment), and the

increase of the intra-abdominal pressure.
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Figure 10 — Circuit representation of the cardiovascular model developed by Heldt [63].
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Based on the 2l-compartment model developed by Heldt, Zamanian built a lumped-parameter
hemodynamic model for the cardiovascular response to centrifugation [65]. This new model introduced
the simulation of the hydrostatic pressure resulting from centrifugation as well as a model for the
collapsibility of blood vessels under high orthostatic stress (negative transmural pressure). Simulations at
11.6 rpm, 22.9 rpm, and 29.4 rpm were validated with experimental measurements conducted in the Man

Vehicle Laboratory using the MIT short-radius centrifuge.

In the current modeling effort, Heldt’s and Zamanian’s approaches are combined to develop a new
cardiovascular model capable of capturing the short-term, beat-to-beat hemodynamic responses to

artificial gravity generated by a compact-radius centrifuge combined with ergometer exercise.
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3 Thesis Aims
3.1 Research Gaps

The review of the AG literature highlights several major research gaps to be addressed in this thesis:

- Previous studies have shown that hypergravity generated by a short-radius centrifuge associated
with an ergometer exercise device may be beneficial to maintain musculoskeletal and
cardiovascular functions in microgravity conditions [3], [4], [36]-{41], [43]. [44]. However, the
optimal AG level to maintain normal physiological function is unknown. Different levels of
artificial gravity and their effects on musculoskeletal and cardiovascular response need to be

explored.

- The gravity gradient generated when using a short-radius centrifuge has not been investigated in
detail. Previous research on cardiovascular effects during exercise under artificial gravity using a
short-radius centrifuge has been limited to studies conducted under one particular gravity
gradient [32], [35]-[42].

- Previous literature has shown that short-radius centrifugation combined with exercise may
prevent physiological deconditioning in microgravity conditions [4], [36]-{41], [43], [44].
However, the optimal exercise protocol has not been defined yet. In particular, different exercise
workload intensities and their effects on musculoskeletal and cardiovascular response need

further investigation.

3.2 Thesis Aims

This thesis addresses these research gaps through a combination of analysis, modeling, simulation, and

human subject experiments. The two aims of the thesis are:

1. To empirically investigate the effects of different artificial gravity and exercise workload levels
on musculoskeletal and cardiovascular functions, as well as motion sickness and comfort. In

particular, these are the specific objectives:

1.1. To determine if AG ergometer exercise can produce higher foot forces than those
measured under simulated 0-g conditions
= Hypothesis 1: Higher AG ergometer exercise levels in a compact-radius

centrifuge increase foot forces
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1.2.  To determine if AG ergometer exercise can produce higher cardiovascular responses
than those measured under simulated 0-g conditions.
®  Hypothesis 2: Higher AG ergometer exercise levels in a compact-radius

centrifuge increase overall cardiovascular activity

1.3. To assess motion sickness and comfort.
®  Hypothesis 3. Higher AG ergometer exercise in a compact-radius centrifuge is

well-tolerated and comfortable as ergometer exercise in simulated 0-g

2. To develop a cardiovascular model to capture the effects of AG and ergometer exercise in a

compact-radius centrifuge. In particular, these are the specific objectives:

2.1. To develop a computational model of the cardiovascular system that captures the
short-term hemodynamic regulation during exercise in a high AG gradient

environment such as a compact-radius centrifuge.

2.2. To evaluate the cardiovascular model with experimental measurements from 1-g

adapted subjects using the MIT compact radius centrifuge.

2.3.  To explore the cardiovascular model to identify the influence of the gravity level, the

exercise workload, and the gravity gradient.
2.4.  To simulate the cardiovascular effects of AG on 0-g adapted subjects.

Aims 1 and 2 will be addressed in Sections 4 and 5, respectively.
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4 Experimental Approach - Physiological Responses under
Artificial Gravity and Exercise

This experiment explores the effects of different levels of artificial gravity and exercise intensities on the
cardiovascular system, musculoskeletal system, and motion sickness and comfort. The experiment was
conducted at the Man Vehicle Laboratory (Massachusetts Institute of Technology) using a new
configuration of the MIT Compact-Radius Centrifuge (CRC). The facility has undergone major upgrades,
which were motivated by the 2011 Artificial Gravity with Ergometric Exercise (AGREE) project [66], in
order to be compatible with a future use in the International Space Station (see Section 4.1.1). Twelve
subjects participated in three experimental sessions scheduled in the morning of different days within the
same week. During each session subjects performed the same exercise protocol (see Section 4.1.3) under
one of the three different gravity levels tested: “No rotation” (or 0 G in the centripetal direction), 1 G, and
1.4 G’s in the centripetal direction, measured at the feet. Foot forces, cardiovascular variables, and
subjective data were gathered during the experimental sessions (see Section 4.1.5). Experimental results

are summarized in Section 4.2.

4.1 Experimental Methods
4.1.1 The MIT Compact Radius Centrifuge

The MIT centrifuge facility has undergone major upgrades motivated by the 2011 Artificial Gravity with
Ergometric Exercise (AGREE) project [66]. The AGREE project, no longer in development, proposed the
assembly of a short-radius centrifuge in the Permanent Multipurpose Module (PMM) on-board the ISS in
order to study the effectiveness of intermittent AG exposure in microgravity. Given the limited space
inside the module, the AGREE centrifuge radius was limited to 1.4 meters, requiring the subject to be in
seated position, with the interaural axis parallel to the axis of rotation, and the head slightly off-center.
The AGREE centrifuge also included a cycle ergometer, as exercise during centrifugation decreases the
chances of presyncope by increasing blood flow to the head via muscle contractions and an elevated heart
rate. Exercise further enhances the overall conditioning resulting from AG exposure [38]. Figure 11

shows the proposed design in the PMM module.
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Despite the cancelation of the project, AGREE provided important considerations and concerns for future
inflight centrifuges. In particular, AGREE highlighted the fact that future centrifuges will most likely be
constrained by space limitations, and therefore, subjects will be positioned in different configurations than
they are in current centrifuges on Earth. AGREE highlighted the necessity to study these more compact
configurations, particularly combined with exercise, in order to understand their effects on the

physiological responses.

A compact-radius centrifuge (CRC) platform was designed and built on the centrifuge at the
Massachusetts Institute of Technology (MIT), that complies with the AGREE criteria. A CRC is defined
as a centrifuge with a radius of less than 1.95 meters [67], the height of the 99th percentile male astronaut
as defined by NASA anthropometry standards [68]. Based on this definition, CRC’s represent a class of
centrifuges that cannot accommodate all subjects in a supine, radial position as is typically done in
existing short-radius centrifuges (SRC’s). Thus, the MIT centrifuge was constrained to a radius of 1.4
meters, the upper radial limit for a centrifuge to fit within an ISS module. In addition, an ergometer
exercise device (Lode BV, Groningen, Netherlands) was also incorporated into the centrifuge and
subjects can cycle at the same time as they are being centrifuged. This same exercise device is also being
used on centrifuges at the Institute for Biomedical Problems (IBMP), the German Aerospace Center
(DLR), and NASA Ames, opening the door to future research collaborations. The ergometer provides
workloads up to 700 W and allows for exercise protocols to be preprogrammed in down to 1 W
increments. The base on which the cycle ergometer is mounted has two possible adjustments, radial and
tangential, to meet anthropomorphic differences. The ergometer can be exchanged with another exercise
device, such as a stepper, or removed completely for exercise control runs. The Lode Angio ergometer
includes the Lode Ergometry Manager (LEM) software package to control the ergometer from the on-
board computer, allowing the experimenter to create custom exercise protocols, enter subject data, and
save/export results for further analysis. Finally, the subject was positioned sidewise, facing “into the
wind”, to both reduce motion sickness and minimize potentially harmful knee lateral deflection due to

Coriolis forces [22].
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During the experimental sessions, subjects were positioned sidewise, with the head located near the center
of rotation and the feet strapped on the ergometer device. The upper leg was suspended by adjustable leg
cuffs to facilitate the exercise activity in a sideways position. They were secured with a three-point seat-
belt, and a wireless camera mounted on the centrifuge monitored their facial expression for any signs of
discomfort or presyncope. Figure 12 depicts the subject positioning on the final MIT CRC platform
design.

Figure 12 — Subject positioning on the MIT CRC platform.

4.1.2 Artificial Gravity Profile

At the beginning of each experimental session and once the subjects were positioned on the centrifuge, a
wait time of 3 minutes was provided to allow the subjects to relax before the experiments, and to capture
their initial physiological state before any stimuli .The centrifuge was then slowly spun up to the desired
AG level over a time course of approximately 100 seconds. The centripetal G-levels studied were 0 (no
rotation), 1, and 1.4 G’s at the subject’s feet level. The maximum artificial gravity value was limited by
both the maximum angular velocity of the centrifuge as well as the radius constraint of 1.4 m. The
required angular velocities to obtain the desired AG levels are given in Table 5. Rotation rate values
varied slightly between subjects, since they depended on the centrifuge adjustments based on each

subject’s anthropometry, particularly on the location of the feet with respect to the center of rotation.
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Table 5 — Centrifuge rotation rates for testing G-levels.

Gravity Level at the feet Centrifuge rotation rate
0G Centripetal 0 RPM
1G Centripetal 28.6 RPM
1.4G Centripetal 33.9 RPM

Once the final G-level was reached, a wait time of approximately 100 seconds was provided to allow the
subjects to become comfortable in the new gravity environment. Then, subjects completed a 15-minute
exercise protocol while spinning using the ergometer device on-board. Once completed, another wait time
of 2 minutes was provided to allow the subjects to recuperate from the exercise. Then, the centrifuge was
spun-down over approximately 60 seconds. The shorter duration of the spin-down process is related to the
capabilities of the MIT centrifuge motor. Subjects did not report motion sickness symptoms during this
spin-down period. Completion of the entire protocol, including spin-up, exercise period, spin-down, and
the various wait times lasted 25 minutes. Figure 13 shows an example of the centripetal acceleration
profile during one experimental session at 1G. The accelerometer was located at ~ 1.2 m from the center
of rotation, slightly further away than the subjects’ feet (which were located at ~1.09 m from the center of
rotation), and therefore the recorded acceleration is larger than the expected 9.8 m/s”2 at 1G. After each

testing session, subjects were removed from the centrifuge and kept under observation for at least 10

minutes.
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Figure 13 — Example Centripetal Acceleration Profile.
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4.1.3 Exercise Protocol

The exercise protocol consisted of 15 minutes of ergometer exercise at three different workload levels:

- The first workload level was set to 25W. This is a low intensity exercise and was included to
serve as a warm-up phase. Its duration was 3 minutes

- The second workload level was set to S0W. It corresponds to a moderate exercise intensity, and
its duration was 5 minutes.

- The third and last workload level was set to 100W. This is considered as vigorous and high

intensity exercise. Its duration was 5 minutes.

The workload levels were able to capture a good range of physiological states without reaching
exhaustion. Workload changes between the workload levels were implemented gradually and smoothly.
As already mentioned, extra time at the beginning and at the end was allotted to the spin-up and spin-
down process to the desired level of artificial gravity. The entire protocol lasted 25 minutes, and is
summarized in Figure 14. It was created using the Lode Ergometry Manager (LEM) software package and
it was run automatically during the experiments. In addition, subjects were instructed to pedal at 60 RPM
to get more homogeneous measurements across subjects and avoid additional confounding factors. In
addition, the pedal cadence was also important for modeling purposes. This particular rhythm was

maintained using a metronome.

Exercise Protocol
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100 100W

80

Baseline
60 recording

(no cycling

or G-level)

Moderate exercise
50w

Acceleration to desired G-level

Deceleration to 0 rpm

Workload (Watts)

40
Warm-up
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Figure 14 — Exercise Protocol.
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4.1.4 Independent Variables

In each session, subjects followed the exercise protocol previously described at one specific gravity level.
The gravity levels tested were “No centripetal” (Og or no rotation), 1 and 1.4 G’s, measured at the feet.
All subjects experienced all three conditions, and assignments were randomized across all subjects (see
Table 6 below). Each AG level was tested in a different day of the same calendar week. In addition, all
three centrifuge tests were scheduled in the morning, and the subjects were instructed not to drink

caffeine or do exercise prior to the test.

Table 6 — Randomization of AG levels across subjects.

. 1%t Session | 2" Session | 3™ Session
SublectID | “AGg) | AGE) | AG@

1 1.4 1 0

2 1 0 14

3 1 14

4 0 14 1

5 1.4 0 1

6 1 14 0

7 1 1.4 0

8 1 0 1.4

9 0 14 1

10 0 1.4
11 14 0

12 14 1

The exercise protocol involved three different workload intensities (25W, S0W, and 100W), and they
were presented in the same order in every session (from warm-up to vigorous) in order to avoid potential
injuries. Workload levels were chosen because they were able to capture a good range of physiological

states without reaching exhaustion.

4.1.5 Dependent Variables

Foot force data were collected during the experiment using force plates mounted on the pedals (force
range: -200N to +850N, where a positive value is a compression force; resolution: 0.3N; Vernier Software

& Technology).

46



Cardiovascular variables were continuously recorded using the Nexfin monitor (BMEYE B.V.
Amsterdam, the Netherlands). This non-invasive advance hemodynamic system monitored beat-to-beat
cardiovascular parameters derived from the arterial pressure waveform. A finger cuff was used to
continuously monitor changes in finger arterial volume using photo-plethysmography techniques [69],
[70] (see Appendix A for details about the Nexfin system operation). Subjects were instructed to keep
his/her hand at the heart level to avoid changes in blood pressure readings due to hydrostatic effects
caused by the strong gravity gradient. Figure 12 shows the positioning held by subjects during the
centrifuge experiments. The Nexfin monitor can be appreciated at the bottom left of the figure, as well as
the subject’s hand positioned at the heart level. Cardiovascular recordings included heart rate (HR),
systolic (SBP), diastolic (DBP), and mean blood pressure (MBP), stroke volume (SV), cardiac output

(CO), systemic vascular resistance (SVR), and pulse pressure (PP).

In addition, subjective data concerning motion sickness and comfort were also collected via an exit-
survey. The questionnaire included 5-point Likert scales to get subjective data about comfort and
difficulty of the exercise. Subjects also rated their overall motion sickness experience on a 0—10 scale (0 —
no symptoms, 10 — vomiting). Finally, subjects also reported on their body soreness and their perception

of the Coriolis forces.

4.1.6 Experimental Design

The experimental design was within-subjects and complete, such that every subject experienced all the
combinations of AG level and exercise workload. A within-subjects design not only avoided potential
existing differences between subjects, but also allowed for fewer total subjects. The complete design is

critical to study interactions between independent variables. Table 7 summarizes the experimental design.

Table 7 — Summary of the experiment design.

Treatment Levels

AG-Level (feet level)

0 G Centripetal 1 G Centripetal 1.4 G Centripetal

Exercise workload

25 W 50W 100 W

Musculoskeletal: Foot Forces

Cardiovascular monitoring: HR, CO, SBP, DBP, MBP, SV, SVR, PP

Motion sickness and comfort: exit survey
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4.1.7 Subjects, Study Approval, and Statistical Significance

Participants were 12 healthy subjects (6 males and 6 females), between 23 and 29 years old (25.1 + 2.1
years old; all values are presented as the average + standard deviation). They had a good fitness level and
had no known cardiovascular defects or conditions. Those selected exercised regularly and were able to
perform aerobic exercise comfortably for an hour. Due to centrifuge structural limitations, maximum
weight was restricted to 200 1b (90.7 Kg). Average weight and standard deviation were: 69.3 £ 11.6 Kg.
Screening for recent injuries, recurrent pain or back problems, and severe motion sickness was also
performed. Before participating, each subject provided written informed consent previously approved by
the MIT Committee on the Use of Humans as Experimental Subjects. Statistical tests were performed

using SYSTAT 13 Version 13.00.05 (SYSTAT Software Inc.2009). The level of significance was set to o
=0.05.

4.2 Experiment Results
4.2.1 Musculoskeletal Results

Foot forces changed accordingly to the exercise workload level, as can be seen in Figure 15, Figure 16,
and Figure 17. These figures depict the foot forces from one particular subject, recorded during the 25-
min exercise protocol during each one of the three AG condition. In addition, the increase in foot forces
due to the increase in artificial gravity during the spin-up process was highly noticeable (starting at Time
= 3 minutes), both in the 1 G and 1.4 G condition. It was larger at higher spin-up rates. Likewise, the

decrease in foot forces due to the spin-down process at the end of the protocol was also observed.

Foot Forces - No Centripetal

Foot Forces

-100 L T (N V—— W—

5 10 15 20 25
Time (minutes)

Figure 15 — Example of foot forces recorded from one subject during the 25-min ergometric

exercise protocol in the “No centripetal” (no rotation) condition.
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Foot Forces - 1G Centripetal
300 ———— e e
[ [—ten |
250 | l——nght"

Foot Forces (N)

5

0 5 10 15 20 25

Time (minutes)

Figure 16 — Example of foot forces recorded from one subject during the 25-min ergometric

exercise protocol in the 1 G condition.

Foot Forces - 1.4G Centripetal
300 ¢ + T T -y
Let |
250 | | ——Right|

200 |

Foot Forces (N)

0 - -5 - 10- 157 V 2(i V 25
Time (minutes)

Figure 17 — Example of foot forces recorded from one subject during the 25-min ergometric

exercise protocol in the 1.4 G condition.

Average peak forces values for the left and right foot were extracted from the experimental data. During
each workload period, these values were calculated from all the peak forces generated during that period
(excluding the transitions between periods). Figure 18 shows an example of the methodology to calculate
the average peak forces exerted by the left foot during each exercise period at the ‘No Centripetal”
condition. Triangles identify all peaks generated during a particular period and the horizontal lines

indicate the averaged value of those peaks.
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Foot Forces - No Centripetal

250

300

200 |
150
100

50

Foot Forces (N)

-50

-100 ¢ —l — R —
0 5 10 15 20 25

Time (minutes)
Figure 18 — Example of the methodology to calculate the average peak forces exerted by the left foot

during each exercise period at the 0 G condition.

To continue with the example, in Figure 19, Figure 20 and Figure 21, peak force data during each one of
the three workload conditions is presented as the average and standard deviation of those peaks, for each

one of the three AG conditions (“No centripetal”, *1G Centripetal”, *1.4G Centripetal”) respectively.

Foot Forces - No Centripetal

300 ——
[ —Left |
250 [f — — Right|
Z. 200

Y
W
o

Foot Forces
=

o

50 L— i " 4 O S |
0 5 10 15 20 25

Time (minutes)

Figure 19 — Foot forces (average = SD) from one subject during the 25-min ergometric exercise
protocol in the “No Centripetal” condition.
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Foot Forces - 1G Centripetal

300 —
— o ft
250 | — — —Right
Z 200

-
(32
o

Foot Forces
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o o

o
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0 5 10 15 20 25

Time (minutes)

Figure 20 — Foot forces (average = SD) from one subject during the 25-min ergometric exercise
protocol in the “1G Centripetal” condition.

Foot Forces - 1.4G Centripetal

300 -

— ot

|l | — — —Right

(2]
(2]
[=]

Foot Forces (N)
g 2 8

2]
o

o

-50

0 5 10 15 20 25
Time (minutes)

Figure 21 — Foot forces (average = SD) from one subject during the 25-min ergometric exercise
protocol in the “1.4G Centripetal” condition.

Finally, combining all subjects, average peak forces values for the left and right foot are summarized in
Table 8 and Table 9 respectively (see Appendix A for foot forces data analysis). For two subjects, right

foot force data were not available and therefore, these two subjects have been excluded from the right foot

data analysis.
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Table 8 — Left foot forces (N) average and standard deviation of the 12 subjects for each workload

intensity and AG condition.

‘Workload intensity
AG level 25W 50W 100W
No Centripetal 65.6x12.4 90.9£15.6 154.8+22.1
1G Centripetal 89.9+14.5 127.0+17.4 189.6+13.1
1.4G Centripetal 108.0+10.4 150.5+14.8 211.4+14.9

Table 9 — Right foot forces (N) average and standard deviation of the 10 subjects for each workload

intensity and AG condition.

Workload intensity
AG level 25W 50w 100W
No Centripetal 46.0+5.8 74.346.6 122.3+15.8
1G Centripetal 71.6£10.5 100.6£9.0 157.8+£11.8
1.4G Centripetal 88.1£11.5 130.9+10.7 181.6x14.5

4.2.1.1 Left Foot Forces

A two-way repeated measures ANOVA showed that there was a significant effect of workload intensity
on average left peak forces (F(2,22)=1176.2, p < 0.0005). Pairwise comparisons showed significant
differences between the three workload conditions: “25W” and “50W” (p<0.0005); “25W” and “100W”
(p<0.0005); and “50W” and “100W” (p<0.0005).

More interestingly, results also indicate that an increase in AG level significantly increased the left foot
average peak forces (F(2,22)=97.0, p < 0.0005). Pairwise comparisons showed a significant increase in
peak forces between “No Centripetal” and “1G Centripetal” (p < 0.0005), “No Centripetal” and “1.4G
Centripetal” (p < 0.0005), “1G Centripetal” and “1.4G Centripetal” (p < 0.0005). Experimental data are

shown in Figure 22.

52



) Left Foot l_’orces (p=1 2)

250 —
Workload 100W
A
200 ¢ e
- - _-F B
z T Workload 50W
@ 150 F e
8 o
5] __.=F" Workload 25W
I e -
B100f T i
o E 3
LI_ o —
50+
pl— e . - o
0 0.5 1 1.5

Artificial Gravity Level

Figure 22 — Left foot forces across all conditions (error bars correspond to Standard Error).

Finally, a hierarchical regression model was fit with subject as the identifier, the average left foot forces

as the dependent variable, and AG level and workload intensity as the independent variables.
(LFF)” =p; + Bl (AG) + [32 (WOI"k]O&d) + €jj (4)

The left foot forces (LFF, in Newton) from the j measurements in the i™ subject are a function of the AG
term (No Centripetal, 1G Centripetal, or 1.4G Centripetal), and the workload intensity in Watts (25W,
50W, and 100W). The model also includes subject-dependent intercepts (pi, where i=1-12 subjects). AG
level was statistically significant (B, =24.9, Z(94) =18.2 p < 0.0005) as well as workload intensity (B2
=0.8, Z(94) =31.6, p < 0.0005). The interaction term was non-significant. The positive B coefficients
support the hypothesis that higher AG and workload levels result in higher foot forces. The coefficients

from the model fit are summarized in Table 10.

Table 10 — Results for the left foot forces hierarchical regression model.

Coefficients Units Estimate SE Z value P-value
Pi N -13.1 2. -4.9 <0.0005
B N/g 24.9 1.4 18.2 <0.0005
B2 s/m 0.8 0.03 31.6 <0.0005
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4.2.1.2 Right Foot Forces

The analysis of the average right foot peak forces yielded similar results. Statistical analysis revealed a
significant effect of workload intensity (F(2,18)=677.2, p < 0.001) and artificial gravity level
(F(2,18)=87.8, p < 0.001). In the same way as in the case of left foot forces, pairwise comparisons
showed significant differences among the three workload conditions: “25W” and “S0W™ (p<0.001);
“25W” and “100W” (p<0.001); and “50W” and “100W” (p<0.001). Similarly, pairwise comparisons
showed a significant increase in right foot peak forces between “No Centripetal” and “1G Centripetal” (p
< 0.001), “No Centripetal” and “1.4G Centripetal” (» < 0.001), “1G Centripetal” and “1.4G Centripetal”
(p=0.001). Experimental data are shown in Figure 23.

Right Foot Forces (n=10)

250
200 Workload 100W1
a 1
- .
= el
» 150 e Workload 50W
o e A
(5] = -
2 -
5 100 I - Workload 25W
o ST 1
2 I _—
- I
50—
0 : : -
0 0.5 1 15

Artificial Gravity Level
Figure 23 — Right foot forces across all conditions (error bars correspond to standard error).

As in the left foot forces analysis, a hierarchical regression model was fit with subject as the identifier, the
average right foot forces as the dependent variable, and AG level and workload intensity as the
independent variables. In the same manner, AG level was statistically significant (y, =35.5, Z(84) =17.3,

p <0.0005) as well as the workload intensity (y> =1.1, Z(84) =28.7, p < 0.0005. The interaction term was

non-significant.
Table 11 summarizes the results of the model fit. .

(RFF);; = pi + Y1 (AG) + yz(Workload) + € )
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Table 11 — Results for the right foot forces hierarchical regression model.

Coefficients Units Estimate SE Z value P-value
Pi N 14.3 3.1 4.7 <0.0005
Y1 N/g 35.5 2.0 17.3 <0.0005
Y2 s/m 1.1 0.03 28.7 <0.0005

Another interesting observation is that right foot forces were generally smaller than left foot forces. On
average, the difference between left and right foot forces was 21.5 £ 3.5 N. A paired t-test showed that
this difference is statistically significant (t(95) = 12.140, p-value < 0.0005). This result could be explained
by the sideway position of the subjects during the ergometer exercise. The right leg was partially
supporting the body weight, and therefore its movement was more restricted. In addition, the larger
surface area of contact likely resulted in higher friction. The left leg was supported by leg cuffs, having a
better range of motion. This effect was unnoticeable to subjects and none of them reported any difference

in pedaling between legs, either intentional or unintentional.

4.2.2 Cardiovascular Results

An example of blood pressure waveforms gathered from one subject during the three experimental
session is shown in Figure 24. From these waveforms, the Nexfin monitor derived the rest of the beat-to-
beat hemodynamic parameters analyzed in this work: heart rate (HR), systolic (SBP), diastolic (DBP),
and mean blood pressure (MBP), stroke volume (SV), cardiac output (CO), systemic vascular resistance
(SVR), and pulse pressure (PP). Raw signals were filtered using a low-pass Butterworth filter, both in

forward and reverse directions (see Appendix B for details in data analysis).
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Blood Pressure Waveform - Subject 14 -0 G
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Blood Pressure (mmHg) Blood Pressure (mmHg) Blood Pressure (mmHg)

Figure 24 — Example of blood pressure waveform data measured with the Nexfin system from one
subject.

Cardiovascular variables gathered during the centrifuge runs are shown from Figure 25 to Figure 32. Each
figure contains three cardiovascular responses corresponding to the three AG level experienced: “No
Centripetal” (red line), “1G Centripetal” (blue line), and “1.4G Centripetal” (green line). Gravity levels
were measured at the feet. In addition, the spin-up phase (starting at Time = 3 min) and spin-down phase
(starting at Time = 23:45 min), as well as the exercise phase (from Time = 6:45 min, to Time = 21:45

min) are also indicated in all figures.

4.2.2.1 Spin-up phase

During the spin-up phase, the artificial gravity force created by centrifugation started pulling the blood to
the lower part of the body. Initially, this caused a slight decrease in blood pressure that can be appreciated
in both systolic and diastolic blood pressure (Figure 26 and Figure 27 respectively). Therefore, it caused
a decrease in mean blood pressure (see Figure 25), which is approximately MBP = DBP
+1/3(SBP—DBP). This reduction was higher at the higher AG level (“1.4G Centripetal™), and was non-
existent when the subject was not being centrifuged (“No Centripetal”). Pulse pressure (defined as PP =
SBP — DBP) and stroke volume also showed a transient reduction that can be appreciated in Figure 28

and Figure 29 respectively.
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Figure 25 — Mean blood pressure from 12 subjects (Mean + SE) during the 25-min protocol.
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Figure 26 — Systolic blood pressure from 12 subjects (Mean + SE) during the 25-min protocol.

When there is a significant blood pressure drop, the autonomic nervous system increases sympathetic
stimulation triggered by the arterial baroreceptors, which are stretch receptors located in the carotid sinus
and the aortic arch areas. The baroreceptors are the primary receptors for short-term control of the
cardiovascular system. Consequences include an increase in heart rate and contractility of the heart to
maintain the appropriate amount of blood flow to all the organs, in particular the brain (CO = SVxHR). In
this experiment, a clear increase in heart rate can be observed during the spin-up phase at 1G and 1.4G,
being more stable in the 1.4G condition (particularly between T =5 min and T = 6:45 min), due to the

cardiovascular response to a higher artificial gravity environment (see Figure 31).

57



Diastolic BP (Mean and SE)

110
I No Centrip
100} Il 1G Centrip
B 1.4G Centrip c
g
=}
90 s £ 1
£ &
&

e

~
o

25W
_Ergometer exercise

5 10 15 20 25
Time (minutes)

Diastolic Blood Pressure (mmHg)

3

o

Figure 27 — Diastolic blood pressure from 12 subjects (Mean + SE) during the 25-min protocol.
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Figure 28 — Pulse pressure from 12 subjects (Mean + SE) during the 25-min protocol.

As a consequence of the sympathetic stimulation, cardiac output did not decrease during the spin-up
phase. On the contrary, it even showed a slight increase during this initial and very dynamic phase.
(Figure 30). Other factors to take into account when interpreting cardiac output data include the
enhancement of venous return caused by leg muscle activation due to the increase in foot forces during
spin-up phase. As already mentioned in Section 4.2.1, foot forces increased during the spin-up phase and
subjects responded by positioning themselves comfortably on the centrifuge chair and pressing against the
pedals to counteract the effects of centrifugation. Again, cardiac output presented the largest responses at

the highest G level, and as expected, no response was observed at the “No Centripetal” condition.
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Figure 29 — Stroke Volume from 12 subjects (Mean = SE) during the 25-min protocol.
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Figure 30 — Cardiac Qutput from 12 subjects (Mean + SE) during the 25-min protocol.

Finally, at the beginning of the spin-up process, vascular resistance decreased slightly due to the blood
pulling to the lower part of the body. After several seconds, the baroreceptor signal activated the
sympathetic stimulation and the vascular resistance slowly increased. As expected, a larger drop was seen

at 1.4G, and no changes were observed during the “No centripetal” condition (see Figure 32).
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Figure 31 — Heart rate from 12 subjects (Mean + SE) during the 25-min protocol.
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Figure 32 — Peripheral vascular resistance from 12 subjects (Mean + SE) during the 25-min
protocol.

4.2.2.2 Exercise Phase

Important physiologic changes occurred during exercise. The significant metabolic demand at the onset of
exercise caused the blood pressure to suddenly decrease, causing the stroke volume to be reduced
immediately, particularly at the most demanding 1.4G condition (see Figure 29). As expected, the heart
rate increased rapidly at the beginning of the exercise phase (see Figure 31). In addition, the heart rate
experienced significant increases right after every exercise workload transition (from 25W to 50 Wat T =

10min, and from S0W to 100W at T=15:15 min). These transitions were also observed across all
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cardiovascular variables, particularly cardiac output (Figure 30) and all blood pressures (Figure 25,

Figure 26, Figure 27, and Figure 28).

Mean blood pressure also increased during exercise, particularly in the “0G Centripetal” condition, as
can be appreciated in Figure 25. In this condition, the subject was not being centrifuged and therefore,
there was not artificial gravity to pull blood towards his/her legs. Interestingly, blood pressure at “1.4G
Centripetal” seemed generally higher than blood pressure at “1G.Centripetal”. This behavior could be
explained by the fact that at higher AG level (“1.4 Centripetal™), and despite the stronger blood pulling to
the lower extremities, the venous return was facilitated during exercise due to the higher foot forces
exerted on the ergometer. Therefore, this exercise effect, combined with the higher sympathetic activity,
caused the systolic blood pressure to be maintained (or even to slightly increase) with respect to the “No
Centripetal” case (Figure 26). On the other hand, diastolic blood pressure decreased in the presence of
centrifugation driven by AG pulling blood to the lower body. As a result, pulse pressure increased with
artificial gravity level during ergometer exercise, presenting larger values at higher G levels (see
statistical analysis in Section 4.2.2.4). Pulse pressure recordings at “1G Centripetal” and “No Centripetal”
did not differ as much compared to the “1.4G Centripetal” data, but a slight difference can still be

appreciated between the two conditions (see Figure 28).

Stroke volume and cardiac output also increased according to exercise workload level, particularly
cardiac output in which the three exercise phases can be clearly distinguished (Figure 30). Results
indicate that these variables also increased with the artificial gravity level during the ergometer exercise
(see statistical analysis in Section 4.2.2.4). Thus, in the “1.4G Centripetal” condition, stroke volume and
cardiac output showed the largest changes across all exercise intensities. Moreover, results indicate that
heart rate did not change between artificial gravity conditions and therefore, changes in cardiac output at

different gravity levels were driven by changes in stroke volume.

Exercise increases muscle metabolism and, even though the level of sympathetic stimulation is high,
vascular smooth muscle in the exercise muscles dilates to satisfy increasing metabolic demand. This
process is called autoregulation. According to this mechanism, in this experiment the vascular resistance
decreased during the exercise protocol, as seen in Figure 32. In particular, significant drops can be
observed in the “1.4G Centripetal” condition at the beginning of the 25W and 50W exercise phases. After
these initial drops, the resistance seemed to level-off, presumably due to an increase in sympathetic
activity, reaching the steady decrease slope due to muscle dilation. Resistance seemed to be lower at
higher AG levels to facilitate a higher blood flow during the more intense exercise caused by the higher

centrifugal acceleration. During the exercise phase at 100W, the vascular resistances at “1G centripetal”
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and “1.4G Centripetal” seemed to overlap and level off, probably indicating that maximal muscle dilation

has been reached.

4.2.2.3 Post - Exercise and Spin-Down Phase

The exercise phase ended after one minute of ramp down from 100W to OW (from T=20:45 min to
T=21:45 min). During this one-minute period, subjects started recovering from the strenuous exercise and
all cardiovascular variables slowly started to come back to their original values. In general, spin-down
responses (starting at T = 23.45 min) were opposite to the spin-up responses, although a more exhaustive
experiment and analysis should be performed to fully capture proper physiological responses during spin-
down. The focus of the experiment presented in this work is not the post-exercise and spin-down phase,
and both of these factors are certainly confounded in the results, since both phases are very close together

due to time and protocol constraints on the centrifuge.

4.2.2.4 Statistical Analysis

In order to perform the statistical analysis, each one of the cardiovascular variables was averaged within
the last two minutes of each workload phase. Therefore, three values were calculated for each CV

variable, per subject, corresponding to workload at 25W, at 5S0W, and at 100W.

Results indicate that workload intensity had a significant effect in all variables. In addition, both workload
intensity and AG level had significant effects in cardiac output, stroke volume, and pulse pressure.
Hierarchical regression models were fitted to these variables, using subjects as identifiers to take into
account the within-subjects design (p;, where i=1-12 subjects), and AG level and workload intensity as
the independent variables. Data were tested for homoscedasticity using the Levene’s test, and for
normality using the Kolmogorov-Smirnov test. In all cases, significance was taken at the @ = 0.05 level.

The general formulation of the model follows the next equation:
(CV Variable);; = p; + @, (AG) + a;(Workload) + e 6)

In this equation, p; is the intercept for subjects i = 1-12, AG level and workload intensity are the

independent variables, and the CV variable is the dependent variable.

4.2.24.1 Cardiac output

The cardiac output (in I/min) from the j™ measurements in the i subject is a function of the AG term (0G
Centripetal, 1G Centripetal, or 1.4G Centripetal), and the workload intensity in Watts (25W, 50W, and
100W). AG level was statistically significant (ay = 1.2, Z(94) =13.1, p < 0.0005) as well as workload
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intensity (a, = 0.07, Z(94) =19.4, p <0.0005). The interaction term was non-significant. The positive &
coefficients support the hypothesis that higher AG and workload levels result in higher cardiac output.

The coefficients from the model fit are summarized in Table 12, and experimental data are shown in
Figure 33.

Table 12 — Results for the cardiac output hierarchical regression model.

Coefficients Units Estimate SE Z value P-value
i I/min 13 0.6 13.1 <0.0005
ay I/min/g 1.2 0.2 6.1 <0.0005
a, I/min/W 0.07 0.004 19.4 <0.0005
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Figure 33 — Cardiac Output across all conditions (error bars correspond to standard error).

4.2.2.4.2 Stroke Volume

Similarly, stroke volume (in ml) from the j* measurements in the i subject is a function of the AG term
(0G Centripetal, 1G Centripetal, or 1.4G Centripetal), and the workload intensity in Watts (25W, 50W,
and 100W). AG had a significant effect on stroke volume (a; = 9.1, Z(94) =5.7, p < 0.0005), as well as
workload intensity (a, = 0.14, Z(94) =4.7, p < 0.0005). The interaction term was non-significant. The

coefficients are again positive, indicating that stroke volume increases with higher AG levels and
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workload intensities. The coefficients from the model fit are summarized in Table 13, and experimental

data are shown in Figure 34.

Table 13 — Results for the stroke volume hierarchical regression model.

Coefficients Units Estimate SE Z value P-value
Di ml 92.2 5.0 18.6 <0.0005
aq ml/g 9.1 1.6 5.7 <0.0005
o, ml/W 0.14 0.03 4.7 <0.0005
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Figure 34 — Stroke Volume across all conditions (error bars correspond to standard error).

4.2.2.4.3 Pulse pressure

Finally, pulse pressure (in mmHg) from the j™ measurements in the i subject is a function of the AG term
(0G Centripetal, 1G Centripetal, or 1.4G Centripetal), and the workload intensity in Watts (25W, SOW,
and 100W). AG level was statistically significant (a; = 5.3, Z(94) =3.7, p <0.0005) as well as workload
intensity (a; = 0.2, Z(94) =7.3, p <0.0005). The interaction term was non-significant. Once more, both «
coefficients are positive, supporting the hypothesis that higher AG and workload levels result in higher
pulse pressure. The coefficients from the model fit are summarized in Table 14, and experimental data are

shown in Figure 35.
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Table 14 — Results for the pulse pressure hierarchical regression model.

Coefficients Units Estimate SE Z value P-value
P mmHg 43.2 2.3 18.6 <0.0005
ay mmHg/g 53 1.4 3.7 <0.0005
0y mmHg/W 0.2 0.03 73 <0.0005
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Figure 35 — Pulse Pressure across all conditions (error bars correspond to standard error).

4.2.3 Motion Sickness and Comfort Results

Subjects were generally comfortable and were able to complete the three-session experiment. Subjects
reported no soreness other than normal exercise fatigue on the spinning centrifuge. None of the subjects
reported an overall motion sickness rating higher than 1 in a 0-10 scale (see Table 15). Those subjects
who had slight symptoms (motion sickness rating = 1) reported that they voluntarily moved their head,
mostly to position themselves more comfortably on the chair. The spin-down process was also reported as
a potential source of motion sickness. Finally, subjects did not notice the Coriolis forces on their knees
acting in the lateral direction. These results were expected due to the sideways positioning of the subjects

while cycling [43].
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Table 15 — Motion Sickness Symptom Scale.

Rating | Motion Sickness Symptoms
0 No symptoms
1 Any symptom no matter how slight
2 Minimal warmth, fatigue
5 Stomach awareness
7 Moderate nausea
9 Incipient vomiting
10 Vomiting

Subjective data concerning the perceived “comfort” and “strenuousness” (or difficulty of exercise) during
the experiment is summarized in Table 16. Data was collected using 5—point Likert scales, both for
“comfort” (1 — very comfortable / natural, 5 — very uncomfortable / unnatural), and “strenuousness” (1 —
easy, 5 — very strenuous). The Friedman test showed no significant effect of AG level on comfort
(x3(2)=4.941, p = 0.085). Similarly, the Friedman test showed no significant effects of AG level on
difficulty of exercise (¥(2)=5.214, p = 0.074).

Table 16 — Comfort and strenuousness subjective data average and standard deviation.

AG level Comfort Strenuousness
0G 3.0+0.7 3.1+0.9
1G 2.2+0.8 2.5£1.0

14G 2.7£1.0 2.8+1.0

4.2.4 Summary of Results and Discussion

The new CRC at MIT is a unique AG platform capable of performing a wide range of human
experiments. In particular, subjects have the capability to exercise while being rotated, which is a
promising countermeasure against human deconditioning in space. Currently, the MIT CRC has a cycle

ergometer in place, but it could be replaced by other exercise devices in the future.

This first human experiment validated both the mechanical aspects of the centrifuge and the capability of

gathering physiological data during centrifugation and exercise. Twelve subjects were tested under three
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AG levels (“No centripetal”, “1G Centripetal”, “1.4G Centripetal”) during the same calendar week. At
each AG level, subjects successfully completed a 25-minute exercise protocol that included 3 different
ergometer intensities: 25W (warm-up phase), 5S0W (moderate exercise) and 100W (vigorous exercise).
All subjects tolerated the centrifugation well, including the spin-up and spin-down process, and none of
them presented signs of motion sickness. Foot forces during pedaling and non-invasive cardiovascular
data were successfully recorded during all phases of the experiment. Three main hypothesis were tested
and confirmed concerning the musculoskeletal system, the cardiovascular system, and motion and

comfort.

- Hypothesis 1: Higher AG ergometer exercise levels in a compact-radius centrifuge increase foot

forces

Recorded peak forces attained up to 42.5% body weight. Workload intensity and AG level both had a
significant effect on peak foot forces. Therefore, these forces could be increased by using higher
centrifuge rates, or increasing the ergometer resistance following the hierarchical regression models
developed in this work. However, ergometer exercise does not produce foot forces as high as other types
of exercise, such as stair-steppers. These are able to produce higher foot forces similar to treadmill

running in space (up to 124% body weight [4].)

Previous studies using the CEVIS ergometer onboard the ISS showed that foot forces based on direct in-
shoe insoles measurements [71] on astronauts ranged from 7.0% to 19.0% of body weight, depending on
the workload, which varied from 75 to 210 W [72]. For the subjects in this study, peak forces ranged from
5.2% - 30.6% of body weight for the “No Centripetal” condition, 8.9% - 42.5% of body weight for AG
level “1G Centripetal”, and 10.7% - 42.0% of body weight for AG level “1.4G Centripetal”. Average and
standard deviation peak forces values (in % body weight), and their ranges in each condition are
summarized in Table 17. Peak forces measured at AG level “No Centripetal” were within the same range
as those measured in actual microgravity. Moreover, the increase in foot forces (% body weight) due to

increase in AG level is also observed in the data (see Figure 36).

The ergometer was set to generate a particular workload profile during the exercise protocol (see Figure
14). Thus, the ergometer automatically adjusted its resistance based on the desired workload output, but
also on the subject’s pedaling speed: the faster the cycling RPM, the lower the ergometer resistance, in
order to maintain a constant workload. Peak forces values obtained in this experiment correspond to a
cycling rhythm of 60 RPM, which was maintained using a metronome. Different pedaling speeds would

produce slightly different peak forces.
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Table 17 — Foot Forces (% Body Weight) average and standard deviation for each workload
intensity and AG condition.

Workload intensity

AG level 25W S50W 100W
Mean = SD Range Mean + SD Range Mean + SD Range
No Centripetal 8.7£2.7 5.2-13.8 12.7£2.7 8.6-17.5 21.3+4.9 14.2-30.6
1G Centripetal 12.3£2.3 8.9-18.4 17.4£3.3 11.7-25.4 26.5£5.2 18.3-42.5
1.4G Centripetal 14.9+£2.3 10.7-19.0 21.54£3.4 14.8-29.1 30.1£5.3 20.1-42.0
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Figure 36 — Foot forces average and standard deviation for each workload intensity and AG
condition.

- Hypothesis 2: Higher AG ergometer exercise levels in a compact-radius centrifuge increase

overall cardiovascular activity

Exercise is a stressful condition to the cardiovascular system. During vigorous exercise, the cardiac output
can increase to 6 or 7 times the normal values [73]. Muscle activation increases venous return and
therefore mean systemic pressure. Autonomic stimulation increases heart rate and heart contractility. As a
consequence, cardiac output also increases to meet the new metabolic demands imposed by the exercise
activity. In addition, the higher muscle metabolism causes vasodilatation and the peripheral resistance
decreases. These cardiovascular changes due to exercise are well captured in the cardiovascular data
collected during this centrifuge experiment. The three exercise phases corresponding to the different

exercise intensities (warm up at 25W, moderate exercise at S0W, and vigorous exercise at 100W) are
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highly recognizable in most of the cardiovascular variables, in particular heart rate and cardiac output.
Changes in these variables are the primary mechanism for the central nervous system to regulate the

cardiovascular system.

The cardiovascular changes induced by the artificial gravity are also well captured in the data. The
application of artificial gravity introduces a new stress condition that the cardiovascular system needs to
overcome in order to assure the appropriate amount of blood flow to all parts of the body. This additional
stress is reflected on the blood pressure drop that occurs when the subject is first exposed to artificial
gravity. The higher the artificial gravity, the higher the cardiovascular stress, and therefore, the larger the
initial blood pressure drop. The body respond to the pressure reduction by increasing the sympathetic
stimulation, and therefore increasing heart rate, heart contractility, and peripheral resistance. This follows
the same overall cardiovascular mechanisms and responses that someone on Earth experiences when

changing from supine to upright position.

Data collected during this experiment suggest that pulse pressure, stroke volume, and as a consequence,
the cardiac output, significantly increased with AG level to maintain a proper cardiovascular regulation.
Higher AG levels combined with ergometer exercise increased venous return, presumably facilitated by a
stronger muscle pump effect due to higher foot forces. This effect, combined with the stronger blood

pulling to the lower part of the body due to higher levels of AG could explain these results.

It is important to acknowledge the strong gravity gradient when interpreting these results. The subject’s
head was located at the center of rotation and, as stated in previous sections, the gravity level was being
measured at the feet. Cardiovascular sensors, in particular the baroreceptors, are located in the upper part
of the body, and therefore, they were not exposed to gravitational changes as large as the feet or, more in
general, the lower part of the body. Data show that significant cardiovascular changes (particularly in
pulse pressure) occurred when artificial gravity at the feet is 1.4g, which corresponds to an artificial
gravity level around 0.38g at the baroreceptors (assuming that they are located at 30 cm from the center of
rotation). Similarly, when the feet were exposed to 1g, the baroreceptors were subjected to just 0.28g.
This fact may explain why results concerning the “0G Centripetal” (no rotation) and “1G Centripetal”
conditions do not differ too much, even though there was a considerable difference in the g level applied

at the feet.

The Nexfin monitoring system is one of the best alternatives available to measure blood pressure and
cardiac output non-invasively (see Appendix C for details about the Nexfin system operation).

Measurements from invasive and non-invasive (Riva-Rocci/Korotkoff) methodologies showed good
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correlations concluding that non-invasive blood pressure measurements are comparable to invasive
monitoring [74]-[77]. Other studies compared the cardiac output measurements derived from Nexfin and
transpulmonary thermodilution, showing adequate to excellent correlations [78]-{80]. However, some
authors argue that the Nexfin system is not interchangeable with transpulmonary thermodilution
techniques to monitor critical care patients [81]. Nevertheless, the Nexfin device provides fairly good
results, and it is non-invasive, safe, convenient, and easy to use [79], definitely making it a suitable
monitor for continuous measurements of CO, in particular in a non-clinical setting such as this centrifuge

experiment.

- Hypothesis 3: Higher AG ergometer exercise in a compact-radius centrifuge is well-tolerated

and comfortable as ergometer exercise in simulated 0-g

Subjective data show that subjects did not feel soreness or cycling difficulties other than normal
discomfort due to the sideways positioning. None of the subjects noticed the Coriolis acceleration, or
reported severe motion sickness. Subjects reported that exercising in the “No Centripetal” condition was
more difficult and unnatural (see Table 16). This is probably due to the fact that, in this condition, there
was no acceleration in the +Gz axis (or artificial gravity) to facilitate body positioning against the chair.
In addition, the lack of wind in this “no rotation” condition made subjects to raise their body temperature,
and therefore to be more sweaty and uncomfortable. The “No Centripetal” condition was chosen as the
beginning of a linear AG spectrum (0g (no rotation), 1g, 1.4g in the centripetal direction), but these facts
together could have had an impact in the CV data. In order to avoid this difficulties, futures experiments
should consider AG levels between Og (no rotation) and 1g centripetal (for example, 0.5g measured at the
feet). Physiological data gathered at 0.5g would complement the existing dataset and would be used to
refine the current regression models, and in general, to better understand the effects of AG on the human

body.

This experiment has shown that AG combined with exercise in a compact-radius centrifuge indeed
induces the expected acute physiological responses to the orthostatic stress generated by centrifugation.
Furthermore, this initial parametric study provides a qualitative and quantitative analysis of human
physiology and provides an initial step towards a full understanding of the effects of AG on the human
body. Nevertheless, the effectiveness of AG as a countermeasure for space deconditioning is still “to be

determined”, since this will require the use and experimental testing of a centrifuge in space.
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5 Computational Approach - Modeling Cardiovascular
Responses under Artificial Gravity and Exercise

The second objective of this research effort is to develop a computational model that captures the
cardiovascular behavior in the presence of a high gravity gradient environment during ergometer exercise.
In particular, the model developed simulates the short-term hemodynamic response to orthostatic stress
generated by a short-radius centrifuge (see a complete description of the model in Section 5.1). In the
proposed modeling effort, the hydrostatic pressure resulting from the gravity gradient (see Section 0) and
the effects of ergometer exercise during centrifugation (see Section 5.1.5) are combined to simulate the
cardiovascular responses gathered experimentally using the MIT CRC (see Section 5.2). Additionally, the
model is further explored to better understand the cardiovascular responses to new centrifuge

configurations, or to different physiological states such as Og-adapted subjects (see Section 5.3).

5.1 Model Description

The cardiovascular system can be represented as a fluid vessel network with regulatory control systems.
This fluid network can also be represented by electric circuit analogues [63], [65], [82]. Thus, the
cardiovascular system can be represented by a series of vascular segments modeled by electric circuit
blocks or compartments. The model developed by Heldt [63] and used in this work consists of fifteen
compartments representing the systemic circulation, four compartments representing the cardiac
chambers, and two compartments representing the pulmonary circulation (see Section 5.1.1). In addition,
the model includes the two major reflex mechanisms concerning the short-term hemodynamic response to

orthostatic stress, namely the arterial baroreflex and the cardiopulmonary reflex (see Section 5.1.3).

Centrifugation using a short-radius centrifuge induces a significant orthostatic stress in the cardiovascular
system. The artificial gravity induces both a primary rapid fluid shift from the upper body to the lower
extremities, and a secondary slower fluid shift from the intravascular to the interstitial fluid compartment.
These shifts induce a cardiovascular state of central hypovolemia that triggers the regulatory mechanisms
to counteract the reduction in blood pressure and central blood volume. These effects of centrifugation
were modeled by Zamanian [65] and are incorporated in the model described in this work (see Section
5.1.4).

Lastly, exercise has a significant impact in the cardiovascular system. Exercise increases cardiac output
and blood flow to the exercising muscles, located in the legs in the case of ergometer exercise. This effect
is accompanied by a decrease in peripheral resistance in the working muscles to facilitate the attainment

of the muscle metabolic needs. Other exercise effects are related to muscular contraction, such as the
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muscle-pump effect, which facilitates venous return, and an increase in intra-abdominal pressure. These
effects, which were already considered by Heldt to some extent [63], are also incorporated in the model

and they are further described in Section 5.1.5.
5.1.1 Systemic Circulation

A single vascular segment is modeled using the electric circuit analog show in Figure 37. The
compartment is characterized by an inflow resistance R,, an outflow resistance R, .4, and the pressure-
volume relationship V, (B, — P.), or the capacity of the segment to store volume Vj, given a transmural

pressure AP = B, — F,.

L' ﬂ ns1
e RN\
Rn PR Rn-ﬂ.
4. ] V.
4

Figure 37 — Single compartment circuit representation [63].

In Figure 37, P,_q, B, Poyq are the compartment pressures; Py is the hydrostatic pressure; F, is the
external pressure (such as the intra-thoracic pressure, intra-abdominal pressure, or the muscle-pump
pressure); Gn,qn+1,qc are the flow rates; ¥, is the compartment volume; and Ry, Ry, are the flow

resistances. The flows are calculated using the following constitutive relations:

n = qn+1 T 4c
- Pn—l - Pn + Ph
qn - Rn
— Py = Ppys
n+1 R_n+1 -
d dv, d dV, dAP,
=V =—+—(P,—P,) = .
=g = —r) &~ =@ T
Where :‘;’,‘ is defined as incremental compliance C,, that may be a function of transmural pressure.

n
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Combining these equations yields an expression for the rate of change of transmural pressure in the nth

compartment:

dAP,

dt

Pn—l_Pn+Ph_Pn_Pn+1
CnRn

Q)
Cnt1Rnsa

In Heldt’s model, the systemic circulation is represented by fifteen compartments, connected in series and
parallel, representing three different functional units: the arterial system (aorta and arteries), the micro-
circulation (arterioles and capillaries), and the venous system (venules, veins, and venae cavae). Thus, the
entire model is described by a set of coupled first-order differential equations. The model architecture is

shown in Figure 38.
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Figure 38 - Circuit representation of the cardiovascular model developed by Heldt [63].
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As Heldt mentions, the circulation is divided in four vascular beds. The upper body comprises the
circulation of the head, the neck and upper extremities, and this accounts for 10% of total skeletal muscle
mass, one third of the blood supply to the skin, and one half of the blood supply to the skeleton. The renal
compartment represents the kidneys and the adrenal glands. The splanchnic compartment includes the
gastrointestinal track, one third of the skin, and one half of the adipose tissue. Lastly, the leg compartment
comprises the lower extremities and the pelvic circulation. This accounts for 90% of the skeletal muscle,

one half of the skeleton, one third of the skin, one half of the adipose tissue, and the pelvic organs [63].

5.1.1.1 Non-linear characteristics

Some parts of the systemic circulation show non-linear behaviors. For example, certain segments of the
venous circulation only allow unidirectional flow due to the presence of unidirectional valves. Thus,
unidirectional diodes are included in the compartments representing those areas, namely the venous upper
body (compartment 4) and the venous leg circulation (compartment 13). The cardiac compartments also

include unidirectional diodes representing the cardiac valves (see the cardiac model Section 5.1.2).

Under certain conditions of orthostatic stress, pressure-volume relationships in some venous circulation
areas can reach regimes where they show a non-linear behavior. Generally, blood vessels operate in the
linear range (low transmural pressures), but at high transmural pressures, the compliance decreases and
the vessel can reach the elastic limit. Therefore, the following non-linear relation between total volume,
V,, and transmural pressure, AP, is implemented in the compartments likely to be exposed to these non-
linear regimes, namely the splanchnic (compartment 11), leg (compartment 13), and abdominal

(compartment 14) venous compartments:

Vmax nCO

Vt=V0+

. arctan( . AP) for AP >0 )

max
where V., is the distending volume limit of the compartment, C;, is the vascular compliance at zero

transmural pressure, and V; is the venous unstressed volume or zero-pressure filling volume.

5.1.1.2 Parameter Assignments

The numerical values assigned to all the physical parameters were estimated by Heldt based on the
literature. In the model description, Heldt includes a very detailed discussion about the rationale of all
these choices [63]. For each compartment, these parameters include values for resistance R, compliance
C, zero-pressure filling volume Vj, and anatomical vertical length [, (superior-to-inferior extension of the

vascular segment). The leg anatomical vertical lengths [,1, and [,,5 were adjusted to take into account
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the shorter configuration of the MIT centrifuge. In addition, the microvascular resistance values are also

provided. Table 18, Table 19, Table 20, and Table 21 summarize the parameters of the systemic

circulation.
Table 18 — Parameter values assigned to the systemic arterial compartments.
Compartment Index
Parameter  Units 1 2 3 6 7 8 10 12
C %ﬁ,g 0.28 0.13 0.42 0.21 0.10 0.21 0.42 0.42
Vo ml 21 5 200 16 10 20 300 200
R PRU 0.007 0.003 0.014 0.011 0.010 0.010 0.07 0.09
I, cm 10.0 4.5 20.0 16.0 14.5 0.0 10.0 85
Table 19 — Parameter values assigned to the systemic venous compartments.
Compartment Index
Parameter  Units 4 5 9 11 13 14 15
C e 7 1.3 5 50 27 1.3 0.5
Vo ml 645 16 30 1146 716 79 33
R PRU 0.11 0.028 0.11 0.07 0.10 0.019  0.008
1, cm 20.0 14.5 0.0 10.0 85 14.5 6

Table 20 — Parameter values assigned to the systemic microvascular resistances.

Microcirculation
Parameter Units | Upper body Kidneys Splanchnic Legs
R PRU 3.3 4.1 24 3.9

Table 21 — Parameters corresponding to the non-linear compartments.

Compartment Index

Parameter

Units 11 13 14

Vmax

ml 1500 1000 650
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5.1.2 Cardiac Model

The four cardiac chambers are represented using time-varying elastance models proposed by Heldt [63].
Both the right heart (right atrium and right ventricle) and the left heart (left atrium and left ventricle) are
modeled using the same circuit representation, shown in Figure 39. The diodes represent the
unidirectional nature of the blood flow in the cardiac chambers; R,_,, is the resistance due to the cardiac
valves (tricuspid valve in the right heart, mitral valve in the left heart); P, and P, are the atrial and
ventricular pressures; C%(t) and C”(t) are the atrial and ventricular capacitances; E?(t) and E¥(t) are

the atrial and ventricular elastances; and the time-varying pressure source Py, is the intrathoracic pressure.

Ra-v
N
o= —1 c=
E@ E(t)
3 B

Figure 39 — Circuit representing the atrial and ventricular cardiac compartments. Figure taken
from Heldt [63].

Previous research showed that the time-varying elastance waveform of the left ventricle can be reduced to
a unique and universal curve when normalized and properly scaled [83]-[86]. Thus, as already assumed
by Heldt [63], the normalized time-varying elastances for each one for the four cardiac chambers were
taken to be identical, but each one scaled appropriately to account for the different end-systolic and end-
diastolic compliances. Figure 40 depicts the normalized time-varying elastance of the human left

ventricle.
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Figure 40 — Normalized time-varying elastance (figure taken from [63], as adapted from [87]).

In Figure 40, T; is the systolic time interval and Tj is the time interval of diastolic relaxation. Then, the

time-varying elastance in each one of the four chambers is modeled using the equation below, where the

time interval of diastolic relaxation Ty is assumed to be one half of the systolic time interval T :

Ees —Eq t
Ed+——-[1—cos(1r—)} 0<t<T;
2 Ts
E(t) =4E, +E“2_Ed-{1+cos(21rT£)} Ts<tS%T5
S
3
E; ?Ts <t

©)

Lastly, E; and E, are the diastolic elastance and end-systolic elastances, respectively, and they take

different values depending on the cardiac chamber. Table 22 summarizes the model parameters of the

cardiac compartments.

Table 22 — Cardiac Parameters. Values taken from [63].

Parameters  Units Right Heart Left Heart
’ Atrium  Ventricle Atrium Ventricle
B, mntg | 074 13 0.61 25
Ey Ll 0.3 0.07 0.5 0.13
ml
Vo ml 14 46 24 55
Ro-y PRU 0.005 0.010
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Lastly, the cardiac timing parameters also need to be defined. These parameters include the atrial and
ventricular systole duration, T¢ and TY, as well as the “P-R interval”, i.e. the delay between the onset of
the atrial and ventricular contraction T,_,,. Their values are assumed to be proportional to the square root

of the R-R interval length (inter-beat interval) Trg [63], and they are summarized in Table 23.

Table 23 — Time parameters for the cardiac model. Values taken from [63], [65].

Parameter Units TS TS Tav

Time s 0.2y/Trr 03/Ter  0.12/Tzr

5.1.2.1 Cardiac Pacemaker

The generation of heartbeats is represented using an Integral Pulse Frequency Modulation (IPFM) model
[63], [65], [88]. The model represents the dynamics of the transmembrane potential M(t), whose value at
time t depends on the cumulative automaticity, and the contribution of neural control (i.e. sympathetic or

parasympathetic activity) since the last heartbeat or cardiac excitation time t; — 1.

t t

M(t) = m(t)dt = f (my + m,(t))dt
tp—1 tr—1

where mq correspond to the automaticity, and m,(t) represents the neural input from the arterial
baroreflex control system (see Section 5.1.3.1). A new heartbeat occurs when the transmembrane
potential M (t) reaches a predefined threshold potential I, and the time since the previous heartbeat is at
least one fifth of the preceding cardiac cycle length. This last constraint represents the absolute refractory

period of the heart cells. Therefore, the heartbeat occurs at t, when:
fttk"_lm(t)dt =M(t,) =T and  ty —tg_q = 0.2(tg—s — ty—z)

The automaticity m, is assumed to be constant, which leads to a constant heartrate in the absence of
neural input form the sympathetic or parasympathetic control system. Then, the baroreceptor input can
either increase (via sympathetic stimulation) or decrease (via parasympathetic stimulation) the slope of

the transmembrane potential, increasing or decreasing the generation rate of heartbeats.
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The function m(t) is defined as the inverse of the instantaneous R-R interval I(t):

1 1

"0 =10 =+ M ®

where I, is the nominal R-R interval, and Al,5(t) represents the control input from the baroreceptor

control system. The nominal heart rate is 67 beats/min and the threshold potential I is equal to 1.
5.1.3 Control Systems

The cardiovascular system must assure the delivery of oxygen and nutrients to all parts of the body, as
well as the removal of waste. These mechanisms need to be maintained even in the presence of
cardiovascular stress such as orthostatic stress due to centrifugation. The following cardiovascular control
systems are the two major neurally-mediated reflex mechanisms responsible for the short-term
hemodynamic response assuring a proper regulation of the cardiovascular system. The arterial baroreflex
is described in Section 5.1.3.1 and the cardiopulmonary reflex is described in Section 5.1.3.2. Figure 41
shows a diagram of the cardiovascular controls systems represented in this model. This approach was

previously used by Zamanian [65].
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Figure 41 — Cardiovascular control system. AP 45(t), APcp(t): arterial baroreceptors and
cardiopulmonary receptors transmural pressures (figure adapted from [63], [65], [89]).
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5.1.3.1 Arterial baroreflex

The arterial baroreceptors are stretch receptors located in the aortic arch and carotid sinus, and their main
function is to regulate arterial blood pressure. These pressure sensors respond to stretching so that if
arterial pressure increases, the arterial wall expands causing an increase in the firing rate of action
potentials. Similarly, if pressure suddenly decreases the firing rate of action potentials decreases. These
signals travel through the glossopharyngeal nerves (carotid sinus reflex) and the vagus nerves (aortic arch
reflex) to the nucleus tractus solitarious (NTS) located in the medulla of the brainstem. The NTS
integrates the autonomic responses and regulates the sympathetic or parasympathetic activity using

efferent pathways to various organs.

The sympathetic efferent fibers exit from the central nervous system via the thoracic and lumbar spinal
roots. The neurotransmitter for the sympathetic control system is norepinephrine. The effector
mechanisms of the sympathetic stimulation include an increase in heart rate and cardiac contractility (via
B-sympathetic receptors), and an increase in tone of vascular smooth muscle (via a-sympathetic
receptors), which causes an increase in vascular peripheral resistance and a decrease in zero-venous
filling volume. On the other hand, the parasympathetic efferent fibers exit from the central nervous
system via the cranial nerves and the sacral spinal roots. The neurotransmitter for the parasympathetic
control system is acetylcholine. The principal effector mechanism of the parasympathetic (or vagal)
stimulation consists of a rapid decrease in heart rate. Figure 41 summarized the sympathetic and

parasympathetic control loops previously described and included in this modeling effort.

5.1.3.1.1 Modeling the Arterial Baroreflex

The arterial baroreceptor mechanism can be represented using a negative feedback loop and an arterial
pressure set-point P,Fas the reference pressure. Only one lumped baroreceptor in the carotid sinus is
considered, and it is assumed to be located 25cm above the location of the heart (as represented by the
aortic arch pressure P;). Thus, taking into account the hydrostatic column due to centrifugation, the

carotid sinus pressure P.g (mmHg) is defined as:
1
Pes =P =5 p- w?(t) - (25 + d)? —d?) (10)

where d is the distance between the head and the center of rotation measured in cm, p is the blood density

mmHg

in T om® and w(t) is the angular velocity of the centrifuge in rad/s. The feedback error signal e4g(t) is
SZ
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then calculated by subtracting the arterial pressure set-point PP from the carotid sinus pressure Pcg, and
scaling the resultant signal appropriately [63], [65] :

an

Pes — BP
eup(t) = 18- arctan(—u)

18

In nominal conditions (no exercise), the value of the arterial pressure set-point PP is close to be 95

mmHg.

The sympathetic and parasympathetic control systems are modeled as two linear time-invariant (LTI)
filters, as proposed by Samar [89] and later used by Zamanian [65]. The sympathetic filter is represented
using a triangular impulse response function, which is parameterized in terms of three timing variables: a
delay, a peak, and an end. The transfer function used for the sympathetic filter is shown below:

1 1

1
= —25 —-5s
S6)=552¢ " t752¢ T T 30052

e—305 (12)

corresponding to a delay of 2s, a peak of 5 s, and an end of 30s (values taken from Samar [89]).

Samar [89] also proposed to represent the parasympathetic transfer function as a simple gain with zero
delay. This approximation is valid due to the relatively rapid response of the parasympathetic system and

its small time delay of less than one sec. Therefore, the parasympathetic filter is given by:

p(s) =1 (13)

The contribution of the autonomic control system to the effector variables is obtained by convolving the
error signal with a linear combination of the sympathetic and parasympathetic control filters. The gains of
the filters are specific to each effector variable. The arterial baroreflex contribution is then added to the
cardiopulmonary reflex contribution (see 5.1.3.2) to constitute the total neurally-mediated global reflex
contribution to each effector variable. Figure 42 shows a diagrammatic representation of the arterial

baroreflex central nervous processing.
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Figure 42 — Arterial baroreflex block diagram of the central nervous processing for an effector
variable X (adapted from [65]).

The gain values are taken from Heldt’s model [63] and later used by Zamanian [65]. They are

summarized in Table 24.

Table 24 — Gain values for the arterial baroreflex model. Values taken from [63], [65].

Reflex Arc Units G GP
ms
R-R Interval mm Hg 9 9
. s ml
Left ventricular contractility W 0.007 0
: ; i ml
Right ventricular contractility Ty 0.022 0
s : PRU
Upper body arterial resistance R, 1 -0.05 0
s 3 : : PRU
Renal circulation arterial resistance R,.. T -0.05 0
i ; . . PRU
Splanchnic circulation arterial resistance R, r— -0.05 0
: . ; 3 PRU
Leg circulation arterial resistance R, T -0.05 0
ml
Upper body venous unstressed volume V, p——T 5 0
l
Renal venous unstressed volume V.. m:; 77 2 0
. l
Splanchnic venous unstressed volume V;, m: g 13 0
1
Leg venous unstressed volume V. mn": g 7 0
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5.1.3.2 Cardiopulmonary reflex

The cardiopulmonary receptors are located in the atria and the pulmonary arteries. They respond to
increases in blood pressure in these low pressure areas caused by an increase in volume. Thus, when
blood volume increases in these areas, the information travels through the vagal afferent nerves to the

medulla, leading to a reduction in efferent sympathetic activity [63], [65], [90].

In addition, the cardiopulmonary reflex is related to the long-term neuro-humeral regulation. Stretch of
the atria causes an increase of atrial natriuretic peptide (APN), a powerful vasodilator, and a decrease in

the secretion of antidiuretic hormone (ADH), causing loss of fluid through urine.

5.1.3.2.1 Modeling the Cardiopulmonary Reflex

The cardiopulmonary reflex is also represented by a negative feedback loop, using a pressure set-point

sp
Fep

as the reference pressure. The variable measured is the transmural right atrial pressure APp4. The
feedback error signal ecp(t) is then calculated by subtracting the set-point pressure PCS},’ from the
transmural right atrial pressure APg 4, and scaling the resultant signal appropriately [63], [65] :

(14)

APy, — PZF
ecp(t) =5-arctan (M)

5
where the reference pressure PCS;,’ is set to 5 mmHg.

The contribution of the cardiopulmonary reflex to the effector variables is obtained using a similar
process to the case of the arterial baroreflex. The cardiopulmonary error signal is fed to the sympathetic
and parasympathetic filters previously described, and specific gains are applied to each effector variable.
Finally, the cardiopulmonary contribution is added to the arterial baroreflex contribution to constitute the
total neurally-mediated global reflex contribution to each effector variable. The effector variables taken
into account in the model are the arterial resistance and the venous unstressed volume [63]. The gain
values are taken from Heldt’s model [63] and later used by Zamanian [65]. They are summarized in Table
25.
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Table 25 - Gain values for the cardiopulmonary reflex model. Values taken from [63], [65].

Reflex Arc Units G* G?
. . PRU
Upper body arterial resistance Ry, m g -0.05 0
. . . . PRU
Renal circulation arterial resistance R, mm Hg -0.05 0
.. . . . PRU
Splanchnic circulation arterial resistance R mm Hg -0.05 0
. . . . PRU
Leg circulation arterial resistance R;¢ mm Hg -0.05 0
ml
Upper body venous unstressed volume V,,,, mm g 13 0
ml
Renal venous unstressed volume V.. mm Hg 3 0
ml
Splanchnic venous unstressed volume Vg mm g 64 0
ml
Leg venous unstressed volume Vi, mm g 30 0
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5.1.4 Modeling Centrifugation

The effects of centrifugation are represented by changes in hydrostatic pressure, changes in intra-thoracic

pressure, and changes in total blood volume.
5.1.4.1 Hydrostatic pressure

The etfect of orthostatic stress is modeled by pressure sources,Py,, to account for the hydrostatic pressure
resulting from centrifugation. These pressure sources are positioned in series within each compartment
(see Figure 43) and their values depend on the subject positioning, particularly on the distance between
each cardiovascular compartment and the center of rotation of the centrifuge. The hydrostatic pressure

through a differential cross-section in the radial direction is given by:
dPy, = p*a(r) =dr
where a(7r) is the acceleration created by centrifugation, and it is defined as:
a(r) = w?(t) *r
where w(t) is the angular velocity of the centrifuge, and r is the distance from the axis of rotation.
Combining both expressions and integrating over the effective hydrostatic height of the compartment, a

mathematical expression for the hydrostatic pressure is obtained:

R 21Ro
o r
Ph=f prw(D)er=prwt(®)+ (15)
R; Ri

1
P = 5 pw?(t) * (RS — RY)

n Gna1
B y ]

B A /\/ eI\ JK /\_.»

R, + Ra
N

Figure 43 — Pressure sources accounting for the hydrostatic pressure resulting from centrifugation.
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where the inlet radius R; is the distance between the superior end of the compartment and the center of
rotation, and the outlet radius R, is the sum of the effective height of the compartment and the inlet
radius. The effective height is assumed to be one half of the anatomical vertical length for each
compartment, except the leg compartments where the effective length is defined as a third of the
anatomical vertical length. As an example, Figure 44 shows a subject lying down on a centrifuge with the

feet pointing at the rim of the centrifuge (radially outward direction). The leg compartment is located at a

distance R; from the center of rotation, and its effective height is hjer = R, — R; = % Ly tegs-

Ro

P -

Ri .

\kw Leg compartment

Figure 44 — Example of the hydrostatic pressure resulting from centrifugation in the leg

compartment.

Assuming the subject has his/her head at the center of rotation, the inlet radii R; for all compartments are
shown in Table 26. In the particular case where the subject’s head is located at a distance 4 from the
center of rotation, the actual inlet radius R; would be increased by the distance /. This configuration is

further studied in Section 5.3.1.

Table 26 — Values for inlet radii R; for all compartments.

R
1 24.5 9 55
2 20 10 55
3 0 11 55
4 0 12 55
5 20 13 55
6 24.5 14 40.5
7 40.5 15 34.5
8 55
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5.1.4.2 Intra-thoracic pressure

Intra-thoracic pressure also changes during orthostatic stress due to the weight of the liver being pulled
down in the thoracic compartment [65], [91], [92]. Heldt modeled the intra-thoracic pressure during

upright tilt according to:
Pp(t) = Pepy — 3.5 - sin(@max) - sin(a(t))

where Py, is the nominal intra-thoracic pressure, and a(t) is the tilt angle, a4 being the maximum tilt

angle [63]. During upright tilt, the head-foot acceleration a(t) can be written as a function of the tilt angle

a(t):

) _a(®
sm(a(t)) = _g
. _ Omax
Sln(amax) = g

Using these relationships, the intra-thoracic pressure expression can be written as:

Qinax - a(t)

Pth(t) = Ptho —35- gz

Finally, introducing the relationship between acceleration and angular velocity in a rotating environment
(a = w?(t) = 1), the intra-thoracic pressure P,p, (t) during centrifugation is given by:

+ h)? - w2
Pen(t) = Pep, — 3.5 -%‘ﬂ- W2(t) (16)

where = 55 cm corresponding to the location of the liver in the thoracic compartment; h is the distance

from the head to the center of rotation of the centrifuge; and w(t) is the angular velocity.

5.1.4.3 Total Blood Volume

Orthostatic stress causes an increase in transcapillary fluid flow in the dependent vasculature and, as a
consequence, a net decrease in intravascular volume. Changes in hydrostatic pressure alter the

equilibrium between oncotic and hydrostatic gradients, directly affecting transcapillary fluid exchange.

Based on previous studies about transcapillary flow during orthostatic stress, Heldt characterized this

phenomenon using additional RC compartments, as shown in Figure 45.
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R C

Figure 45 — RC model of interstitial compartment. Figure taken from Heldt [63] and Zamanian
[65].

The transcapillary flow is solved analytically based on the orthostatic stress profile using the equations
described in Appendix E. The solution of the equations depends on two parameters: the time constant T =
RC, and the maximum interstitial volume change V},,o, = P, C. For upright tilt and stand test simulations,

Heldt proposed a time constant 7 = 4.6 min, and the following expression for V,,,:

. Sin(amax)

174 =
max = 700ml- = e

In order to get an expression for the V4, due to centrifugation, Zamanian used the previously mentioned

Amax.

relationship between tilt angle and acceleration in the head-foot direction sin(amax) = P

a
V.. . =700ml —2%__
max e sin(85)
Again, introducing the relationship between acceleration and angular velocity in a rotating environment
(a = w?(t) * r), the maximum interstitial volume change V4, during centrifugation is given by:
(r+h)- wrznax
Vinax = 700ml - ———x— 17
max g - sin(85) (an
where r = 55 cm corresponds again to the thoracic compartment; h is the distance from the head to the

center of rotation of the centrifuge; and w(t) is the angular velocity.

Once the equations are solved, the transcapillary flow is simply subtracted from the venous return at the
selected compartments where this phenomenon is significant, namely splanchnic venous (compartment
11), leg venous (compartment 13), and abdominal venous (compartment 14). The fractions of interstitial

volume and interstitial flow assigned to each compartment are defined as follows:
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V(L) = _M V()
Zl’ Pfll,max

n _ P, th':max
Q") =49
Zi P h,max
where P,’:max is the maximum hydrostatic pressure in the nth compartment; and Y; P,il'max is the sum of

the maximum hydrostatic pressures of the three compartments (11, 13, and 14).

5.1.5 Modeling Exercise

One of the primary effects of exercise on the cardiovascular system is the large increase in the blood flow
to the muscle groups that are exercising [63], [90]. During exercise, blood flow through skeletal muscle
can increase from 3-4 ml/min per 100 grams of muscle (average during rest) to 50-80 ml/min per 100
grams of muscle [90]. Three major processes (although all three are interconnected) occur in the

circulatory system to supply the increased blood flow required by the muscles:

- Mass sympathetic discharge throughout the body

Sympathetic activity increases due to exercise. In addition, the parasympathetic signals to the
heart are attenuated. As a consequence, the heart rate increases, and the arterioles of the
peripheral circulation are strongly contracted (except the ones in the active muscles, which are
strongly vasodilated), and veins and other capacitive areas are highly contracted. This facilitates

venous return of blood to the heart, increasing the cardiac output.

- Increase in arterial pressure

The increase can range from 20 to 80 mm Hg, depending on the exercise conditions. The
increase in pressure is likely due to control command from the high control centers in the central
nervous system in the brain.

The total increase in arterial pressure depends on the type of exercise. Arterial pressure can
increase to as high as 170 mmHg when exercising using just a few muscles, since the
vasodilatation only occurs in those muscles while the sympathetic stimulation still generally
increases. On the other hand, exercise like swimming or running generates muscle vasodilatation
in almost every muscle in the entire body, and therefore, arterial pressure increases only by 20-
40 mmHg [90]
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Increase in cardiac output

This is necessary to supply large quantities of oxygen and nutrients to the muscles during

exercise. The cardiac output can increase as much as six or seven times in a well-trained athlete

[90].

Other effects of exercise include the pump effect of the leg muscles and the increase in intra-abdominal

pressure due to the contraction of the abdominal muscles.

5.1.5.1 Exercise in the Cardiovascular Model

In the proposed cardiovascular model, the exercise effects will be modeled using four mechanisms: the

increase in blood pressure, the increase in blood flow to the exercising muscles due to a decrease in

resistance, the action of muscle pumps, and the increase in intra-abdominal pressure. These effects are

summarized in Figure 46:

| ™ Arterial blood pressure set-
point

Arterial blood
pressure

Ergometer
exercise
workload

{
f
I
:
i
¢

- Leg arterial resistance
(‘™ leg blood flow)

A (Arterial | -
blood pressure)

T Leg muscle pump
(Pext leg compartment)

I Intra-abdominal pressure
(Pext abdominal compartments)

\

N Heart contractility

™ Arterial resistance
(except leg)

o

T Venous Tone

.

Figure 46 — Exercise Simulation Protocol.
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5.1.5.1.1 Increase in Arterial Blood Pressure

In order to capture the effects of increased blood pressure during exercise, an exercise control system is
incorporated using a set-point model [63]. The desired exercise workload sets a pre-defined set-point
pressure of the arterial baroreflex P,¥. Thus, this is an adjustable parameter as a function of exercise
intensity. Consequently, the model accounts for changes related to sympathetic activity, namely, increase
in heart rate, increase in heart contractility, increase in arterial resistance (except in the active muscles),

and increase in venous tone (decrease in venous zero pressure filling volume).

5.1.5.1.2 Decrease in Leg Arterial Resistance

The increase in leg blood flow during ergometer exercise is simulated by disconnecting the leg resistance

from the baroreceptor and pulmonary control at the onset of exercise and decreasing it according to:
Ric(t) = Ric + (R = Ri)(1 —e™*/7) (18)

where R, is the leg vascular resistance immediately before the onset of an exercise phase, R;yis the final
leg vascular resistance for a given exercise intensity, and 7 is a time constant. These parameters are
chosen manually (trial and error procedure until best fit as judged by visual inspection) such that the total
peripheral resistance matches the values seen experimentally at each workload intensity. As an example,
Figure 47 shows the total peripheral resistance seen experimentally at the “1G Centripetal” condition (1G
Exp), and the total peripheral resistance in the cardiovascular model (1G Sim). Three exponential curves

can be observed during the exercise phase, corresponding to the three different workload intensities.

Vascular Resistance

T 2 "
g — G Exp Ergometer exercise
E ——1G Sim
Eﬂ 1.5
25W

g 50W
= 1 100W
2
) :
Q 3
205 z 5
g 5 i
.5 %
(=1 0 " . " "

0 5 10 15 20 25

Time (minutes)

Figure 47 — Example of vascular resistance modeling.
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5.1.5.1.3 Increase in Leg Muscle Pump

The action of the leg muscle pumps during cycling is simulated by varying the external pressure at the
venous leg compartment assuming an ergometer exercise protocol cycling at 1 rev/sec, which is the
cycling cadence used by the 12 subjects in the MIT CRC experimental protocol. The external pressure is

represented according to:

1
Pmaxi(l — cos(4mt)) 0<t<1/4
<
P, = }f’,,wc1 1/4<t<1/2 (19)
Pmax-z-(l +cos(4m(t—1/2))) 1/2<t<3/4
0 3/4<t<1

where P, is the maximal external pressure and it depends on the exercise workload. Figure 48 depicts

an example of the muscle pump effect modeling, using P = 20 mmHg.
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Time (sec)
Figure 48 — Example of external pressure due to the muscle pump effect.

In addition to the periodic muscle pump effect during cycling, a constant external pressure is also added
during the centrifugation periods with no exercise to take into account the action of the leg muscles when

subjects are being pushed against the pedals.

5.1.5.1.4 Increase in Intra-Abdominal Pressure

The increase in intra-abdominal pressure is represented as an increase in external pressure on the
abdominal compartments (compartments 7, 8, 9, 10, 11, and 14). The external pressure is represented

according to:

Py = PRF (1= e~t/%) (20)
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where £ is a time constant and PX¢* is the maximal external pressure, which depends on the exercise
workload. Figure 49 shows an example of the increase in the external pressure during the 25-min protocol

exercise. The parameter Poa¢* takes different values depending on the intensity of exercise.

Pext Intra-abdominal

101 —
2" 1
e | | I
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O . .}
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Figure 49 — Example of the external pressure increase in the abdominal compartments.

5.1.6 Matching the Experimental Data

It is important to mention that the purpose of these simulations is to intentionally limit the number of
inputs and not to exert the full flexibility of the model to reduce the error between the experimental and
simulated responses. A small number of parameters, namely total vascular resistance and mean blood
pressure, have been constrained to evaluate if the resulting simulations capture the physiologic response
over a range of exercise levels and AG regimes. The model has more than 100 parameters and it can
certainly be manipulated to perfectly match the cardiovascular responses. However, the learning
outcomes of this exercise are small, since most parameters will not contribute to the output and the

resultant solution will not be unique.
5.1.7 Model Limitations

The cardiovascular model limitations are thoroughly detailed by Heldt [63], and only a summary is
presented here. The objective of the cardiovascular model developed in this thesis is to simulate the short-
term beat-to-beat hemodynamic responses to centrifugation and exercise. Therefore, a lumped parameter
modeling approach is a reasonable choice, since it provides beat-to-beat averaged hemodynamic values,
thus reducing the computational cost. However, this model is not suitable for other studies interested in

detailed variations of pressure or other hemodynamic parameters within the cardiac cycle.

The compartmental nature of a lumped model entails some limitations, such as the inability to represent

changes in hemodynamic variables as a function of the location through the body. For example, the
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arterial pressure waveform slightly decreases when it travels far away from the heart. Similarly, the peak-
systolic pressure increases and the diastolic pressure decreases, overall increasing pulse pressure up to
40%. However, the model simulates the pressures at the root of the aorta and therefore, does not take into

account distal changes along the body.

Inertial effects are not included in the model. These effects become more important within a cardiac cycle
or inter-beat (where there are large changes in flow rates) as opposed to from beat-to-beat. These effects
have been estimated to contribute to less than 1% of the hemodynamic variables and therefore they are

neglected.

Concerning the cardiac model, both the systolic and diastolic pressure-volume relationships are assumed
to be linear. These relationships are fairly linear at normal filling pressures, but they do have a non-linear
behavior at high filling pressures. Cardiovascular simulations in the non-linear region are beyond the
scope of this work, and for the purpose of the simulations presented here, the pressure-volume
relationships are assumed linear. Finally, the unstressed volume is assumed to be static throughout the
cardiac cycle (intercept of the diastolic pressure-volume is the same as the intercept of the systolic
pressure-volume). Generally, the systolic unstressed volume is 25-40% lower than the diastolic unstressed
volume, which adds a small contribution to stroke volume. This effect was resolved by slightly decreasing

the diastolic elastances so the stroke volume is slightly higher for a given end-diastolic pressure.
5.1.8 Model Implementation

The cardiovascular model is developed in Matlab Simulink, and it builds upon the previous model
developed by Zamanian [65]. In order to avoid problematic numerical errors, the state variable is chosen
to be the compartmental distending volume V,;(t). Therefore, the state equation for the compartment n

becomes:

d
EVdn(t) = qin,, — Qout, 21

where ¢y, and goye,, correspond to the inward and outward compartmental flow respectively.

The model runs using the variable-step solver ode23t with a maximum step size of 0.01 s. The initial
conditions are calculated using the methodology first implement by Davis [93], and further developed by
Zamanian [65]. This methodology uses a non-linear system of 23 algebraic equations based on first
principles to solve for luminal pressures in the compartments and from them, the initial compartmental

volumes (see Appendix F for details on the initial conditions).
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5.2 Model Evaluation

5.2.1 Reference Simulation 1G

The reference condition was chosen to be the “1G Centripetal”. In this condition, subjects were exposed
to 1G in the centripetal direction measured at the feet. Given the centrifuge configuration, this
corresponded to an angular velocity of approximately 28.6 rpm. The centrifugation profile generated in
the simulation matched the one used during the experimental approach: 3-minute rest, spin-up process to

28.6 rpm over 100 s, and spin-down deceleration at T = 23:45 over |1 min. The angular velocity profile is

depicted in Figure 50.
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Figure 50 — Angular velocity profile during “1G Centripetal” simulation.

5.2.1.1 Simulation Inputs

The previously described mechanisms to simulate exercise were implemented, and the total vascular
resistance and the mean blood pressure were chosen as input variables to the simulations. Therefore, the
exercise parameters were manually adjusted to match, as well as possible (as judge by visual inspection),

these two variables over time with their experimental values gathered during the centrifuge runs.

The decrease in total vascular resistance was primarily simulated by disconnecting the leg peripheral

resistance from the control systems at the onset of exercise, and decreasing it using the exponential

function described in Section 5.1.5.1.2 and reproduced here again:

Ri(t) = Rz + (Riy — Rig)(1 —e™¥/7)
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where R}, is the leg vascular resistance immediately before the onset of an exercise phase, R;yis the final
leg vascular resistance for a given exercise intensity, and 7 is a time constant. This process was repeated

at every workload transition adjusting the final resistance and the time constant to match the experimental

data.

In this model, the total peripheral resistance is composed of four systemic microvascular resistances:
upper body R,;,, kidneys R,, splanchnic Ry, and legs R;.. The total peripheral resistance is then the
parallel combination of the four microvascular resistances. To simulate the total vascular resistance more
accurately, all four microvascular resistances were disconnected from the control systems at the onset of
exercise, and their values were adjusted using the exponential function described above so that the total
peripheral resistance matched the experimental data. The final resistances during each one of the

exercises phases are presented in Table 27.

Table 27 — Microvascular resistance values during “1G Centripetal” simulations.

Microcirculation (PRU)
Upper body Kidneys Splanchnic Legs
Before exercise 33 4.1 24 3.9
Exercise: 25W 4.5 4.7 3.6 1.1
Exercise: 50W 4.6 4.8 3.7 0.75
Exercise: 100W 4.8 5.0 3.9 0.54

The leg resistance R, is the one that drove the total peripheral resistance to decrease in order to increase
the blood flow to the working muscles located in the legs. The other three resistances slightly increased

due to the increase in sympathetic outflow due to exercise and centrifugation.

Figure 51 shows the experimental (blue line: mean + SE) and simulated (orange line) total vascular
resistance at the reference condition “1G Centripetal”. Before the exercise period, the simulated total
vascular resistance responded appropriately to the orthostatic stress created by centrifugation. Thus, at the
beginning of the spin-up phase the simulated resistance slightly decreased, followed by a noticeable
increase due to the arterial baroreflex and cardiopulmonary reflex control systems. During the exercise
period, the simulated total vascular resistance was composed of three exponentials curves corresponding
each to one of the three workload intensities. The recovery after exercise was simulated using a quarter-

sine functions.
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Figure 51 — Experimental (mean + SE) and simulated total vascular resistance at condition “1G
Centripetal”.

The mean blood pressure was also selected as an input for the simulations. The arterial blood pressure set-
point and the external pressure due to leg muscle pump were manually adjusted such that the mean blood
pressure matched the experimental data to the best extent possible (visual criterion). Table 28 shows the

values of these exercise parameters through the simulation.

Table 28 — Exercise parameters during the “1G Centripetal” simulation.

Simulation phase | Arterial set-point P‘fqp (mmHg) Legexiernal HECSNre Hmae
due to muscle pump (mmHg)

Rest 95 0
After Spin-up 95 20 (constant)
Exercise: 25W 120 50 (periodic 1 sec)
Exercise: S0W 140 63 (periodic 1 sec)
Exercise: 100W 220 67 (periodic 1sec)
Before Spin-down 105 20 (constant)
Rest 105 0

The nominal arterial set-point P,7 was 95 mmHg. This value was maintained until the beginning of

exercise. Then, the arterial set-point increased according to the exercise intensity. When the exercise was
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completed, the arterial set-point was fixed to 105 mmHg, a slightly higher pressure than the nominal
value of 95 mmHg, to capture the exercise recuperation process. Figure 52 shows the evolution of the
arterial set-point P,;¥ during the exercise protocol simulation. The transitions between phases were
defined by exponential functions in order to better capture the experimental responses. The time constants
were chosen such that the simulation matched the experimental data as well as possible.
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Figure 52 — Arterial pressure set-point Pfip during the “1G Centripetal” simulation.

The external pressure exerted by the leg muscles is represented in Figure 53. During the three exercise
phases the external pressure is periodic (period = 1s, similar to the experimental protocol), according to

the mathematical function described in Section 5.1.5.1.3 and reproduced here:

1
Pmax‘2'(1 — cos(4mt)) 0<t<1/4
Brax 1/4<t<1/2
Pexe = 1
Pnax5 (1 + cos(4n(t —1/2))) 1/2<t<3/4

0 3/4<t<1

The maximal external pressure P,,, (see Table 28) increased according to the exercise intensity. In
Figure 53, the exercise period corresponds to the filled potion of the graph (pressure periodically attains
Bax and 0 mmHg). In addition to this periodic external pressure during ergometer exercise, a constant
pressure was added when subjects were not cycling but they were being centrifuged. Experimental data
have shown that foot forces increased during centrifugation. This external pressure models the effects of

leg muscle activation when subjects were being pushed against the pedals.
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Figure 53 — Leg external pressure due to muscle pump during the “1G Centripetal” simulation.

Transitions between exercise phases were exponential to better capture the experimental behavior (the
time constants were manually chosen such that the simulation matched the experimental data to be best

extent possible using a visual criterion). Transitions between spin-up and spin-down phases were linear.

Figure 54 depicts the experimental (blue line: mean + SE) and simulated (orange line) mean blood
pressure at the reference condition “1G Centripetal”. During the initial baseline period, the simulated
mean blood pressure was still converging to a more stable pressure value. This was probably due to the
low initial blood pressure calculated with the initial condition equations (see Appendix F). However, the
pressure seemed to attain a stable value before starting the dynamic phases of the simulation. In general,
the simulated mean blood pressure followed very closely the experimental data. The spin-up and spin-
down processes were very well captured, and the transitions between exercise levels were also well
reproduced. During the exercise phases the simulated pressure oscillated between a maximum and a
minimum value caused by the muscle pump effect, but the average pressure simulated the experimental
data reasonably well (within the SE). Pressure averages and differences (in %) between simulated and

experimental data at each stage of the protocol are given at the end of the section in Table 30.

Finally, the increase in intra-abdominal pressure was the last mechanism to include in the exercise
modeling methodology. The intra-abdominal pressure increased according to the exercise intensity. The
intra-abdominal pressure values were estimated from the literature [63] and they are summarized in Table
29. Figure 55 depicts the intra-abdominal pressure simulated during the simulation. The transitions
between exercise phases were also exponential functions, and the final decay represented the recuperation

process after intense exercise.
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Figure 54 — Experimental (mean + SE) and simulated mean blood pressure at condition “1G
Centripetal”.
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Figure 55 — Intra-abdominal pressure during the “1G Centripetal” simulation.

Table 29 — Intra-abdominal pressure during the “1G Centripetal” simulation.

Simulation phase Intra-abdominal pressure (mmHg)
Before exercise 0
Exercise: 25W 2.5
Exercise: 50W 5
Exercise: 100W 10
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5.2.1.2 Simulation Outputs

Two exercise parameters were used to adjust the simulated blood pressure (arterial pressure set-point, and
leg muscles external pressure) and therefore, there are several combinations of these two parameters that
would have yielded similar blood pressure results. Although the nature of the cardiovascular responses
made these solutions very similar to one another (the exercise effect seemed to be predominant), there
was a small ambiguity to be resolved while choosing the final exercise parameters. In order to select the
final set of parameters amongst these close solutions, the heart rate data were also taken into account as a
secondary input. Thus, although only to a very small extent, the final choice of the exercise parameters
was somehow driven by the heart rate responses during the exercise phases. Figure 56 shows the

experimental and simulated hear rate during the “1G Centripetal” condition.
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Figure 56 — Experimental (mean + SE) and simulated heart rate at condition “1G Centripetal”.

During the first three minutes of the simulation, the simulated average heart rate (75 bpm) was around
14% larger than the experimental data (66 bpm). Model results and comparisons during this baseline
period are particularly interesting since they provide a good indication of the cardiovascular modeling
performance without any other stressor such as centrifugation or exercise. The simulated heart rate
responded properly to the orthostatic stress by increasing to 79 bpm during the spin-up phase. When the
exercise started, the simulated heart rate followed within one SE the experimental data, partly because, as
already mentioned, the exercise parameters were chosen to take into account to some extent the heart rate
responses. Average data for HR and other CV variables are summarized in Table 30 at the end of the

section.
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Figure 57 and Figure 58 show the experimental (mean + SE) and simulated cardiac output and stroke
volume respectively. Both simulated variables captured very successfully the dynamics of the protocol,
including the centrifugation phases as well as exercise phases. During the baseline period (first three
minutes), the simulated cardiac output (5.6 /min on average) was approximately within one SE of the
experimental data (6.1 I/min on average). This corresponded to a difference of only -8%. However, the
stroke volume during the same period was almost 21% smaller than the experimental stroke volume (75
ml vs. 95 ml). These results were in agreement with the higher simulated heart rate seen in Figure 56

(CO=SV*HR).
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Figure 57 — Experimental (mean + SE) and simulated cardiac output at condition “1G Centripetal”.
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Figure 58 — Experimental (mean + SE) and simulated stroke volume at condition “1G Centripetal”.
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The simulated cardiac output increased according to the exercise intensity, and the time constant at each
transition consistently captured the dynamics of the cardiovascular progression. However, the difference
with respect to the experimental data slightly increased with the exercise intensity. Then, the average
cardiac outputs during the last two minutes at each exercise phase were smaller than the experimental

values by 9% at 25W, 13% at 50W, and 18% at 100W.

Blood pressure data are shown in Figure 59, Figure 60 and Figure 61. Once more, the protocol dynamics
were very well captured in the simulations, both the spin-up phase and the exercise transitions. Yet again,
simulated data seemed to underestimate the experimental values. In the baseline period, systolic and
diastolic blood pressures are 6% and 7% lower, respectively, than the data collected during the
experiments. Since both pressures were reduced, the pulse pressure during this baseline period was fairly
accurate (—5%), nearly within one SE until the beginning of the exercise period. During exercise, both
systolic and diastolic pressure remained below the experimental data. The differences in percentages for
each one of the three workload conditions (25W, 50W, and 100W) were —6%, —9%, and —10% for

systolic blood pressure, and —8%, —7%, and —2% for diastolic blood pressure.
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Figure 59 — Experimental (mean + SE) and simulated systolic blood pressure at condition “1G
Centripetal”.
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Figure 60 — Experimental (mean + SE) and simulated diastolic blood pressure at condition “1G
Centripetal”.

The simulated pulse pressure showed an interesting behavior. Despite the lower systolic and diastolic
pressures, the pulse pressure resulted to be within one SE of the experimental data during the baseline
phase until the end of the 25W exercise period. In this first exercise phase, the difference with respect to
the experimental data was just —2%. After the beginning of the 50W exercise phase, the simulated pulse
pressure started deviating progressively from the experimental data, ending with an important difference
in the 100W exercise phase of 13.5 mmHg (—21%). This difference was mostly due to the lower systolic

pressure at 100W, since the diastolic pressure became fairly accurate, with a deviation of just —2%.
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Figure 61 — Experimental (mean + SE) and simulated pulse pressure at condition “1G Centripetal”.
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Table 30 summarized the averages of the CV variables during the different phases of the simulation:
baseline (the first three minutes), exercise at 25W, exercise at 50W, and exercise at 100W. As in the
experimental data, the averages during the exercise phases were calculated including only the last two
minutes of each exercise period, in order to avoid the transitory episodes between phases. The last column

of each phase (%) shows the deviation in percentage of the simulated results with respect to experimental

im—E.
data (S*mep’se %).

Table 30 — Average of CV variables during the different periods of the simulation at “1G

Centripetal”.
Ccv Baseline Exercise 25W Exercise S0W Exercise 100W
Variable Sim Exp % Sim Exp % Sim Exp % Sim Exp %
CO (V/min) 5.6 6.1 —8% 8.6 9.5 —9% 10,6 12.1 —13% 129 158 -18%
SV (ml) 75 95 21% 86 98 ~12% 93 110 —-16% 94 115 -18%
HR (bpm) 75 66 14% 100 97 3% 114 110 3% 136 138 —-1%

SBP (mmHg) 110 117 —6% 120 128 —6% 126 138 9% 135 151 —10%
MBP (mmHg) 90 91 -1% 98 98 <—1% | 102 102 <1% 111 111 <1%
DBP (mmHg) [ 67.8 73.1 —7% 73 80 -8% 75 81 7% 84 86 —2%

PP (mmHg) 417 437 5% 47 48 —2% 51 57 —12% 51 65 21%
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5.2.2 Simulation 1.4G

A similar analysis was completed concerning the “1.4G Centripetal” condition. In this case, subjects were
exposed to 1.4G in the centripetal direction measured at the feet. This was equivalent to an angular
velocity of approximately 33.9 rpm. The simulated centrifugation profile is shown in Figure 62 and it
matched the experimental profile: 3-minute rest (baseline period), spin-up process to 33.9 rpm over 100 s,

and spin-down deceleration at T = 23:45 over | min.
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Figure 62 — Angular velocity profile during “1.4G Centripetal” simulation.

5.2.2.1 Simulation Inputs

As with the previous simulation, the total vascular resistance and the mean blood pressure were chosen as
input variables, and the exercise parameters were manually chosen to match the simulations and the

experimental data as well as possible, as judge by visual inspection.

The decrease in total peripheral resistance during the ergometer exercise was again simulated by
disconnecting the four microvascular resistances (upper body R, kidneys R, splanchnic R.., and legs
R;c) from the baroreflex and cardiopulmonary control systems, and by adjusting their values using the
exponential function described in the previous simulation. The resistance values during each one of the
exercise phases are presented in Table 31. Since the experimental resistances in the “1G Centripetal”
condition and “1.4G Centripetal” condition were very close to each other, these resistances values chosen
here are almost identical to the ones used in the previous simulation. Figure 63 shows the experimental
(blue line: mean + SE) and simulated (orange line) total vascular resistance at the “1.4G Centripetal”

condition.
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Table 31 — Microvascular resistance values during “1.4G Centripetal” simulations.

Microcirculation (PRU)

Upper body Kidneys Splanchnic Legs
Before exercise 3.3 4.1 2.4 3.9
Exercise: 25W 4.5 4.7 3.6 1
Exercise: 5S0W 4.6 4.8 3.7 0.75
Exercise: 100W 4.8 5.0 3.9 0.54

Resistance (PRU: mmHg/ml/scc)

Figure 63 — Experimental (mean + SE) and simulated total vascular resistance at condition “1.4G

During the spin-up phase, the simulated vascular resistance showed the expected dynamics due to the
orthostatic stress and the consequent sympathetic reaction. The amplitude of the resistance response was
slightly larger than in the previous simulation due to the higher AG level. This corresponded well with the
experimental data. During the exercise period, the simulated total vascular resistance was composed of

three exponential curves corresponding to each one of the three workload intensities. Finally, the
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Centripetal”.

recuperation after exercise was simulated using sinusoidal functions.

The second input variable was the mean blood pressure. Using the same procedure as in the previous
simulation, the arterial blood pressure set-point and the external pressure due to leg muscle pump were
manually adjusted such that the mean blood pressure matched the experimental data as well as possible

(visual criterion). Table 32 shows the values of these exercise parameters throughout the simulation.
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Table 32 — Exercise parameters during the “1.4G Centripetal” simulation.

Simulation phase

Arterial set-point Pip (mmHg)

Leg external pressure P,

due to muscle pump (mmHg)

Rest 95 0

After Spin-up 95 30 (constant)
Exercise: 25W 127 83 (periodic 1 sec)
Exercise: 50W 150 96 (periodic 1 sec)
Exercise: 100W 240 100 (periodic 1sec)
Before Spin-down 105 30 (constant)
Rest 105 0

The nominal arterial set-point pr was again 95 mmHg, and this value was maintained until the beginning
of the exercise. Then, the arterial set-point increased according to the exercise intensity. The magnitudes
of these values were slightly larger than in the reference condition due to the effects of a higher gravity
level. At the end of the exercise period, the arterial set-point was again fixed to 105 mmHg. The evolution
of the arterial set-point P, throughout the simulation is shown in Figure 64. Transitions between levels

were modeled as exponential functions, and the times constants were chosen to match the experimental

data.
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Figure 64 — Arterial pressure set-point P;p during the “1.4G Centripetal” simulation.
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The leg external pressure was simulated during the exercise phase using the same periodic function as
before. The maximal external pressure P, increased according to the exercise intensity. As with the
arterial set-point pressure, the Ppq, values were slightly larger than the ones chosen in the reference
simulation, due to the higher foot forces generated at higher AG level. Figure 65 shows the external
pressure exerted by leg muscles during the simulation. The exercise period corresponded to the filled
portion of the graph (pressure attaints periodically By, and 0 mmHg). Furthermore, a constant pressure
of 30 mmHg was also added when subjects were not cycling but they were being centrifuged, to take into
account the leg muscle activation while subjects were pushed against the pedals.
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Figure 65 — Leg external pressure due to muscle pump during the “1.4G Centripetal” simulation.

Figure 66 shows the experimental (blue line: mean * SE) and simulated (orange line) mean blood
pressure at the**1.4G Centripetal” condition. The baseline period at *1 AG Centripetal” is exactly the same
as at “1G Centripetal”, and therefore the nominal arterial set-point PP was maintained to 95 mmHg, even
though at “1.4G Centripetal” subjects showed an increasing blood pressure during this baseline period.
Nevertheless, the difference is just around 3%. The simulated mean blood pressure replicated the
experimental data remarkably well during the entire simulation. The average phase values for the mean

blood pressure and other CV variables are listed in Table 34 located at the end of the section.

Finally, the intra-abdominal pressure was also included in the model, and it was characterized using the
same parameters and exponential functions as in the reference simulation. The pressure values are

summarized in Table 33, and Figure 55 shows the intra-abdominal pressure during the simulation.
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Figure 66 — Experimental (mean = SE) and simulated mean blood pressure at condition “1.4G
Centripetal”.

Table 33 — Intra-abdominal pressure during the “1.4G Centripetal” simulation.

Simulation phase Intra-abdominal pressure (mmHg)
Before exercise 0
Exercise: 25W 2.5
Exercise: 5S0W 5
Exercise: 100W 10

Intra-abdominal Pressure
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Figure 67 — Intra-abdominal pressure during the “1.4G Centripetal” simulation.
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5.2.2.2 Simulation Outputs

As in the reference simulation, the final exercise parameters (arterial pressure set-point, and leg muscles
external pressure) were also chosen taking into account to some extent the heart rate responses during the
exercise phases. Figure 68 depicts the experimental (blue line: mean + SE) and simulated (orange line)

heart rate during the “1.4G Centripetal” condition.
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Figure 68 — Experimental (mean + SE) and simulated heart rate at condition “1G Centripetal”.

During the exercise period, and because of the previously mentioned parameter adjustments, the
simulated heart rate response matched the experimental data extremely well (within 1 SE). Before the
onset of the exercise, the simulation overestimated the subject’s heart rate by around 15%. Nevertheless,
the simulated heart rate responded appropriately to the higher 1.4G stress, increasing up to 80bpm after
the spin-up phase. The simulation also followed very accurately the end of the exercise and the spin-down

phase.

Figure 69 and Figure 70 show the experimental (mean + SE) and simulated cardiac output and stroke
volume respectively. Once more, both variables captured particularly well the dynamics of the protocol,
both the centrifugation and the exercise. During the baseline period, results were expected to be very
similar to “1G Centripetal” since the protocol was identical for both conditions. Thus, in the simulations
at 1.4 Centripetal”, the cardiac output was 5.6 I/min on average, while the experimental cardiac output
was 6.3 I/min on average. This corresponded to an underestimation of 11%, which is very close to the 8%
underestimation found in the “1G Centripetal” condition. During the same baseline period, the simulated

stroke volume underestimated the experimental data by 23% (75ml vs. 78ml). This difference also
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remains close to the 21% underestimation found in the “1G Condition”. These results are in agreement

with the higher simulated heart rate seen in Figure 68 (CO=SV*HR).
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Figure 69 — Experimental (mean + SE) and simulated cardiac output at condition “1.4G
Centripetal”.
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Figure 70 — Experimental (mean + SE) and simulated stroke volume at condition “1.4G
Centripetal”.

Both the cardiac output and the stroke increased according to the exercise intensity, and they represented
well the cardiovascular dynamics throughout the 25-min protocol. In particular, the cardiac output
showed a very accurate time evolution during the exercise transitions. As already seen in the “1G

Centripetal” simulation, both simulated variables underestimated the experimental responses during the
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exercise period. The cardiac outputs, averaged over the last two minutes at each exercise phase, were
smaller than the experimental cardiac outputs by 8% at 25W, 9% at 50W, and 14% at 100W. The
underestimations in percentage for the stroke volume were 10% at 25W, 11% at S0W, and 14% at 100W.

These differences were similar to the ones obtained for the reference condition.

Blood pressure data are shown in Figure 71, Figure 72, and Figure 73. The simulation data showed
similar results to previous simulation: a good representation of the cardiovascular dynamics, and a general

underestimation of the pressure throughout the protocol.
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Figure 71 — Experimental (mean + SE) and simulated systolic blood pressure at condition “1.4G
Centripetal”.
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Figure 72 — Experimental (mean + SE) and simulated diastolic blood pressure at condition “1.4G
Centripetal”.
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Figure 73 — Experimental (mean + SE) and simulated pulse pressure at condition “1.4G
Centripetal”.

During the baseline period, the systolic and diastolic blood pressures were 10% and 9% lower than the
data collected during the experiments. The pulse pressure was underestimated by 11% in this same
period. Concerning exercise, the differences in percentages for each one of the three workload conditions
(25W, 50W, and 100W) were —6%, —11%, and —10% for systolic blood pressure, and —7%, —7%, and

<1% for diastolic blood pressure. The differences for pulse pressure were —3%, —16%, and —21%.

Table 34 summarizes the averages of the CV variables during the different phases of the “1.4G
Centripetal” simulation. The averages during the exercise phases, for both the simulated and experimental
data, have been calculated including only the last two minutes of each exercise period. As in Table 30
(equivalent data for “1G Condition™), the last column of each phase (%) shows the deviation in

; . . Sim—E
percentage of the simulated results with respect to the experimental data (—%{E%). In general, both

tables show very similar error percentages across all CV variables and phases, indicating that the model

performs consistently and reliably at two different working points in the cardiovascular spectrum.
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Table 34 — Average of CV variables during the different periods of the simulation at “1.4G
Centripetal”.

CV Baseline Exercise 25W Exercise 50W Exercise 100W
Variable Sim Exp % Sim Exp % Sim Exp % Sim Exp %

CO (I/min) 5.6 63 —11% 10 109 —8% 11.9 131 -9%% 143 166 —14%
SV (ml) 75 98 23% 97 108 —10% 102 115 —11% 104 120 —14%
HR (bpm) 75 65 15% 103 101 2% 117 114 2% 138 140 -—-1%

SBP (mmHg) 110 122 —10% | 129 137 —6% 135 151 —11% | 143 159 -10%
MBP (mmHg) 90 93 —3% 104 103 <1% 108 108 <1% 117 114 3%
DBP (mmHg) 68 74 —8% 76 82 7% 79 85 7% 87 87 <1%
PP (mmHg) 42 47  —11% 53 55 3% 56 66 —16% 56 71 21%

5.3 Model Exploration

Once evaluated using the experimental data, the cardiovascular model could be further analyzed to
identify the influence of different AG parameters. In this section, two case studies were explored. The
objective of the first case study, detailed in Section 5.3.1, was to understand the effect of the distance
from the head to the center of rotation (%). This is an important parameter because it affects two AG
variables at the same time: the gravity level and the gravity gradient experienced by subjects (assuming
constant angular velocity). Therefore, this parameter is particularly interesting to understand some of the

important AG trade-offs.

In addition, cardiovascular responses of 0-g adapted subjects were also investigated in Section 5.3.2.
Previous analyses have shown that total blood volume had a strong impact on the hemodynamic
responses during orthostatic stress [63], making this case study particularly relevant and realistic for
future in-flight AG related activities. Simulations of hypovolemic subjects were analyzed in order to
investigate the effects of artificial gravity combined with exercise on physiologically deconditioned

subjects.
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5.3.1 Effect of distance to the center of rotation

The computational model was used to explore the cardiovascular responses to the 25-min exercise
protocol while varying the subject’s positioning on the centrifuge. In particular, the distance from the
subject’s head to the centrifuge center of rotation, A, was sequentially increased from =0 cm to #=60 cm
while keeping the rest of the centrifuge configuration constant. The “1G Centripetal” condition was
chosen as the reference simulation, and the effects of centrifugation and exercise were simulated using the

same methodology as already described.

Figure 74 depicts the vascular resistance simulated at various levels of /: 0, 20, 40, and 60 cm. As already
explained in previous sections, the resistance was disconnected from the controls at the onset of exercise
and it was manually adjusted to match the experimental data. Since the objective of this section is to study
the isolated effect of the parameter / (distance from subject’s head to the centrifuge center of rotation),
the total peripheral resistance during the exercise phases was kept similar to the “1G Centripetal”
reference condition. Thus, as seen in Figure 74, all four simulated cases were adjusted using the same

resistance values.
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Figure 74 — Simulated total vascular resistance at different & (cm) values (h = distance from the

head to the center of rotation. The value in parenthesis indicates the gravity gradient).

On the other hand, changes in 4 induced slight modifications in the exercise parameters, particularly in
the arterial blood pressure set-point P,”, and the leg muscle pump external pressure Prqy. As seen in the
model evaluation, the increase in artificial gravity from 1G to 1.4G (measured at subject’s feet) led to

higher foot forces and ultimately to an increase in the exercise parameters. In this case, increasing the
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parameter / also led to an increase in artificial gravity (this time due to the increase in radius and not
because of angular velocity, which was kept constant) and therefore the exercise parameters were
changed accordingly. Exercise parameters at 1G and 1.4G were used as references and the exercise
parameters concerning the simulated / levels were linearly adjusted based on those reference cases. For
example, the artificial gravity level at the subject’s feet when h=20 cm was approximately 1.2G in the
centripetal direction. Therefore, the exercise parameters in this condition were midway between the
values selected at 1G and 1.4G. In the same manner, for the rest of the conditions the exercise parameters
were also properly interpolated. Table 35 summarizes the arterial pressure set-point PAS”, and the leg

muscle pump external pressure P, q,. corresponding to the simulated 4 values.

Table 35 — Exercise parameters at different / values.

sp Leg external pressure P,,,, due to
Simulation phase Arterial set-point P, (mmHg)
muscle pump (mmHg)

h=0 h=20 h=40 h=60 h=0 h=20 h=40 h=60

(cm) (cm) (cm) (cm) (cm) (cm) (cm) (cm)
Rest 95 95 95 95 0 0 0 0
After Spin-up 95 95 95 95 20 24.7 293 33.9
Exercise: 25W 120 123.3 126.5 129.7 50* 65.6* 80.7* 95.7*
Exercise: 50W 140 144.7 149.3 153.9 63* 78.6* 93.7* 108.7*
Exercise: 100W 220 229.4 238.6 247.7 67* 82.6* 97.7*% 112.7*
Before Spin-down 105 105 105 105 20 24.7 29.3 339
Rest 105 105 105 105 0 0 0 0

*Periodic 1 sec

Figure 75 and Figure 76 show the evolution of the selected exercise parameters for each one of the
simulated % values during the exercise protocol. In Figure 75, the arterial pressure set-point pr during
the exercise phases increased with 4 (the distance from subject’s head to the centrifuge center of rotation
in cm). The percentage seen in parenthesis corresponds to the gravity gradient experienced by subjects in
these centrifuge configurations. Thus, given the CRC MIT configuration, a subject with his head at 60 cm
from the centrifuge center of rotation would experience 0.55G at the head, and 1.55G at the feet, creating
a gravity gradient along the body of 65%. Table 36 summarizes the G levels and gravity gradient
percentages experienced at each one of the simulated / values. Similarly, Figure 76 shows the leg external
pressure P, due to the muscle pump effect during the four simulations (the periodic aspect of the

function has not been included in the graph to facilitate the distinction of all 4 curves)
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Figure 75 — Arterial pressure set-point Pflp at different /2 (cm) values.
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Figure 76 — Leg muscle pump external pressure P, at different 4 (cm) values.

Table 36 — Acceleration levels and gravity gradient at different / (cm) values.

Head-Center Rotation  Acceleration Head (G’s)  Acceleration Feet (G’s) Gravity Gradient

h=0cm 0 1 100%
h=20cm 0.18 1.19 84.6%
h=40cm 0.37 1.37 73.3%
h=60cm 0.55 1.55 64.7%
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The following figures depict the simulated cardiovascular responses to increasing / values. In order to
understand the results, it is important to acknowledge that in these particular conditions, the
cardiovascular responses were driven by two separate and opposite phenomena. On one hand, larger 7
values induced higher artificial gravity levels and therefore, the more intense pulling of blood to the lower
body made more difficult for the cardiovascular system to maintain a proper performance. On the other
hand, larger /4 values created higher foot forces and a generally harder exercise workout, which ultimately
increased venous flow towards the heart, facilitating the overall cardiovascular regulation. In the end,

each cardiovascular solution was a compromise between these two opposite processes.

Figure 77 and Figure 78 show the mean blood pressure and the heart rate during the exercise protocol at
the selected / values. In the baseline period (first three minutes), all simulations overlapped with each
other since there was not any rotation yet. When the centrifugation started, blood was pulled to the lower
extremities. The heart, stimulated by the sympathetic outflow due to the control systems, responded by
increasing its rate in order to keep the blood pressure at appropriate levels. Mean blood pressure increased
with A, even though the artificial gravity levels were higher at larger / values. These results are certainly
due to the effects of exercise, particularly the increase in venous pressure caused by the influence of the
more intense exercise parameters. The same tendency continued during the exercise phases where, despite
the more elevated gravity levels generated at larger /4 values, the exercise conditions were able to

maintain, and even increase the blood pressure.
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Figure 77 — Simulated mean blood pressure at different / (cm) values (h = distance from the head to
the center of rotation. The value in parenthesis indicates the gravity gradient).
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Figure 78 — Simulated heart rate at different /2 (cmn) values (4 = distance from the head to the center
of rotation. The value in parenthesis indicates the gravity gradient).
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Figure 79 — Simulated cardiac output at different 4 (cm) values (h = distance from the head to the
center of rotation. The value in parenthesis indicates the gravity gradient).

Averages of mean blood pressure and the rest of the cardiovascular variables at all conditions (including
“Baseline”, “After spin-up”, “Exercise: 25W”, “Exercise: 50W”, and “Exercise: 100W") are summarized
in Table 37 and Table 38. The averages in the exercise conditions were calculated taking into account the
last two minutes of each phase. The column, %"= shows the percentage change of the CV variables with
respect to their baseline. This percentage gives an indication of how much the cardiovascular variables
changed with respect to their baseline value due to centrifugation and exercise in each phase of the

protocol.
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Figure 80 — Simulated stroke volume at different / (cm) values ( = distance from the head to the
center of rotation. The value in parenthesis indicates the gravity gradient).
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Figure 81 — Simulated systolic blood pressure at different /4 (cm) values (h = distance from the head
to the center of rotation. The value in parenthesis indicates the gravity gradient).

The rest of the CV variables are shown from Figure 79 to Figure 83. In general, centrifugation at larger /
levels increased the overall cardiovascular activity, as already seen in the mean blood pressure. Thus, at
h=60 cm the cardiac output increased +13% (see Figure 79), the stroke volume increased +1% (see Figure
80), and the pulse pressure remained steady (instead of decreasing 7% when h=0 cm, see Figure 83).
Similar results were seen in the systolic blood pressure (+7%, see Figure 81) and diastolic blood pressure
(+10%, see Figure 82). Numerical values are summarized in the column “After Spin-up” in Table 37 and
Table 38.
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Figure 82 — Simulated diastolic blood pressure at different /2 (cm) values (4 = distance from the
head to the center of rotation. The value in parenthesis indicates the gravity gradient).
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Figure 83 — Simulated pulse pressure at different /2 (cm) values (h = distance from the head to the
center of rotation. The value in parenthesis indicates the gravity gradient).

As in the spin-up phase, the cardiovascular system seemed to perform adequately during the exercise
phases. Again, despite the elevated artificial gravity levels generated at h=60 cm, the effects of exercise
were able to maintain an appropriate overall cardiovascular regulation. In general, blood pressure, stroke
volume, and cardiac output generally increased with / across all exercise conditions, indicating that the

effect of exercise is more than enough to overcome the increasing pulling effect due to centrifugation.
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These results emphasize the importance of exercise to maintain an appropriate and healthy cardiovascular
regulation during orthostatic stress. In particular, ergometer exercise combined with artificial gravity
facilitates venous return via periodic leg muscle contractions. In this simulation conditions, the ergometer
exercise not only prevented the expected pressure loss due to increasing artificial gravity levels, but also

produced a pressure increase that led to an intensification of the overall cardiovascular activity.

Averages values during the exercise phases are shown in Table 37 and Table 38, along with the % change
with respect to their initial values at the baseline condition, which were similar for all 4 levels, since there

was not any centrifugation yet.

Table 37 — Simulated CV variables systolic blood pressure (SBP), diastolic blood pressure (DBP),

and pulse pressure (PP) varying the distance from head to center of rotation A.

Variable Baseline After Spin-up Ex2e ;‘;:}s © Exse ;;:f ¢ Ei;‘;)c‘l;e'
SBP (mmHg) Mean Mean %" | Mean %" | Mean %" | Mean %"
h=0cm 110 107 -3% 120 9% 126 14% 135 23%
h=20cm 110 110 0% 124 13% 127 16% 135 23%
h=40 cm 110 115 5% 133 21% 132 20% 134 22%
h=60cm 110 118 7% 143 30% 144 31% 144 31%
DBP (mmHg) Mean Mean %" | Mean %" | Mean %"*°! | Mean %"
h=0cm 68 69 1% 73 8% 75 11% 84 23%
h=20 cm 68 71 4% 76 11% 76 12% 82 21%
h=40 cm 68 73 7% 80 17% 78 15% 81 18%
h=60cm 68 75 10% 84 24% 84 24% 86 27%
PP (mmHg) Mean Mean %"l | Mean %"*¢! | Mean %" | Mean %"
h=0cm 42 39 7% 47 12% 51 20% 51 23%
h=20cm 42 39 —7% 49 16% 51 22% 52 25%
h=40cm 42 42 0% 53 27% 54 28% 53 27%
h=60cm 42 42 0% 58 39% 60 42% 58 39%

Mean: average of CV variables in the indicated periods. In the exercise phases, the average has been calculated in the last two

minutes to exclude transition effects. %P percentage with respect to the baseline value

123



Table 38 — Simulated CV variables mean blood pressure (MBP), heart rate (HR), cardiac output

(CO), and stroke volume (SK) varying the distance from head to center of rotation A.

Variable Baseline After Spin-up EX;;;:,S& Ex;;;:}se. E);;;c‘l:]e’
MBP (mmHg) Mean Mean %"*¢! | Mean %"*¢! | Mean %"*°! | Mean %
h=0cm 90 89 —-1% 98 9% 102 13% 111 23%
h=20cm 90 91 1% 101 12% 103 15% 110 22%
h=40cm 90 95 6% 108 20% 107 18% 109 21%
h =60 cm 90 97 8% 115 28% 116 29% 117 30%
HR (bpm) Mean Mean %! | Mean %! | Mean %> | Mean %!
h=0cm 75 79 5% 100 34% 114 52% 136 82%
h=20cm 75 81 8% 104 38% 118 58% 138 84%
h=40cm 75 80 7% 104 38% 120 61% 140 86%
h=60cm 75 82 9% 103 37% 120 60% 140 87%
CO (/min) Mean Mean %" | Mean %! | Mean %> | Mean %!
h=0cm 5.6 5.5 —2% 8.6 54% 10.6 89% 129 130%
h=20cm 5.6 5.7 2% 9.2 64% 11.1 99% 13.3  138%
h=40cm 5.6 6.1 9% 10.1 80% 119 112% | 13.7 145%
h=60cm 5.6 6.3 13% 11.0  96% 132 135% | 150 169%
SV (ml) Mean Mean %" | Mean %™ | Mean % | Mean g
h=0cm 75 69 —-8% 86 14% 93 23% 94 26%
h=20cm 75 70 7% 89 18% 94 25% 96 28%
h=40cm 75 76 1% 97 29% 99 32% 98 31%
h =60 cm 75 76 1% 107 42% 110 46% 107 43%

Mean: average of CV variables in the indicated periods. In the exercise phases, the average has been calculated in the last two

minutes to exclude transition effects. %P percentage with respect to the baseline value
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5.3.2 Cardiovascular responses of 0-g adapted subjects

One of the main cardiovascular consequences of exposure to the microgravity environment is the
reduction in total blood volume, plasma volume, and red blood cells. In space, the absence of hydrostatic
pressure causes the blood that is usually located in the lower extremities to shift upwards to the upper
extremities, creating an excess of fluid around the thorax. The stretch of the cardiopulmonary receptors
leads to the inhibition of the sympathetic reflexes causing vasodilation, particularly in the renal arterioles
and thus, increasing the urinary output. In addition, the stretch in the atrial stretch receptors produces a
decrease in the secretion of antidiuretic hormone (ADH) and in the production of renin, also contributing
to the decrease in blood volume. The cardiovascular deconditioning seen in space stabilizes over a period
of four to six weeks [94]. After this period, blood volume losses reach a typical value of 11% [2]. This is
thought to be an important factor in post-flight orthostatic intolerance experienced by astronauts when

they come back to a gravity environment after a long exposure to microgravity.

In order to gain insight into the cardiovascular behavior of 0-g adapted astronauts, the computational
model previously described was used to explore the cardiovascular responses to the 25-min exercise
protocol while varying the total blood volume. The reference condition “1G Centripetal” was chosen as
the underlying simulation and therefore, all the centrifugation and exercise parameters used in the
reference condition were maintained. The total blood volume used in the reference simulation was
Viotrer = 5150 ml. This number was based on the assumption that, in the human body, there are 75 ml
of blood per kg of mass. Therefore, a total blood volume of 5150 ml corresponds to a subject of
approximately 69 Kg (the 12 subjects’ average weight and standard deviation were: 69.3 + 11.6 Kg.). In

this section, the reference volume is rounded to V,.r = 5100 m! and the volume simulated ranged from

V =4500mltoV = 5700 ml, corresponding to approximately +/- 12% of nominal blood volume.

The effects of centrifugation and exercise were simulated using the same methodology as in the “1G
Centripetal” reference condition. Figure 84 shows the vascular resistance simulated at various levels of
total blood volume. The resistance during the baseline period increased with the reduction of total blood
volume, due to a more elevated sympathetic outflow. In addition, the resistance change induced by
centrifugation was larger at lower blood volume. At the onset of exercise, the resistance was disconnected
from the controls and, as detailed in previous sections, was manually adjusted to match the experimental
data. Since the objective of this section is to study the isolated effect of the total blood volume, the rest of
parameters in the simulation were not modified, including the total peripheral resistance during the
exercise phases. Thus, as seen in Figure 84, all five simulated cases were adjusted using the same

reference values.
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Figure 84 - Simulated total vascular resistance at different ' (total blood volume).

Figure 85 and Figure 86 depict the mean blood pressure and the heart rate respectively at five different
blood volume values. Simulations show that altering the total blood volume has two interesting outcomes:
changes in the cardiovascular baseline operating point, and changes in the responses to centrifugation and

exercise.

5.3.2.1 Changes in baseline cardiovascular operating points

Results showed that the level of total blood volume had an effect in the cardiovascular baseline operating
point. Thus, in the baseline period (first three minutes), the MBP at the lowest total blood volume (V =
4500ml) was 81 mmHg, and the corresponding MBP at the reference total blood volume (Vref = 5100
ml) was 89 mmHg (see Figure 85). This is analogous to a decrease in 9%. The opposite behavior was
seen when the total blood volume was increased. For example, the MBP at V=5700 ml was 95 mmHg,

which is equivalent to a 7% increase with respect to the reference blood volume.

A similar change in the baseline operating point was observed in the rest of the cardiovascular variables.
For example, as seen in Figure 85, the baseline heart rate increased 16% (82 to 88 bpm) from the
reference condition (V = 5100 ml) to the lowest volume condition (V = 4500 ml). Averages of all
cardiovascular variables at the baseline condition are summarized in the column “Baseline” in Table 39
and Table 40. The column %"™ shows the percentage change of the baseline CV variables with respect to
the Vref condition, where Vref = 5100 ml. Essentially this percentage gives an indication of how much

the cardiovascular variables were shifted up or down when the total blood volume was manipulated.
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Figure 86 — Simulated heart rate at different V' (total blood volume).

The rest of the CV variables are shown from Figure 87 to Figure 91. The manipulation of the blood
volume resulted in shifts in the variables’ baseline operating points, as already seen in the MBP or HR
responses. At V= 4500 ml, where the blood volume was reduced by 12%, the blood pressure decreased,
including systolic (—=13%, see Figure 89), mean (9%, see Figure 85), and to a lesser extent, diastolic
blood pressure (—3%, see Figure 90). Consequently, the baseline pulse pressure also decreased (—27%, see
Figure 91). In this cardiovascular conditions, the stroke volume operating point was highly reduced (-
28%, see Figure 88), even though the control systems increased the heart rate (+16%, see Figure 86) in an

attempt to compensate for the low pressure. In addition, cardiac output decreased by 16% (see Figure 87).

127



Cardiac Output

-
(1]

-
E=

-
[+

-
[=]

Cardiac Output (liters per minute)
[=-]

—

R S VR .

0 5 10 15 20 25
Time (minutes)

Figure 87 — Simulated cardiac output at different V' (total blood volume).
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Figure 88 — Simulated stroke volume at different }’(total blood volume).

In the case where the total blood volume was increased by 12 % to V=5700ml, the CV responses
followed the opposite behavior. Hence, due to the larger blood volume, the blood pressure increased,
including systolic (11%, see Figure 89), mean (7%, see Figure 85), and to a lesser extent, diastolic blood
pressure (1%, see Figure 90). Consequently, the baseline pulse pressure also increased (30%, see Figure
91). In these cardiovascular conditions, the stroke volume operating point increased (+30%, see Figure
88). Due to the relatively high pressure, the control systems decreased the heart rate (—12%, see Figure
86). Finally, cardiac output increased by 16% (see Figure 87). Table 39 and Table 40 summarize the CV

variables’ baseline changes due to total blood volume alterations (first column “Baseline™).
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Figure 90 — Simulated diastolic blood pressure at different }’ (total blood volume).

5.3.2.2 Changes in cardiovascular responses to centrifugation and exercise

The second consequence of altering the total blood volume is the change in the cardiovascular system
response capacity to stress such as centrifugation or exercise. The cardiovascular responses in the
reference condition (Vref =5100 ml) during the centrifugation spin-up process included a slight increase
in heart rate of 4 bpm (+5%, from 76 to 80 bpm, see Figure 86) in order to keep the mean blood pressure
near constant (~89 mmHg, see Figure 85). As blood volume decreased, the changes experienced during
spin-up by the heart rate and mean blood pressure became larger. Therefore, in the scenario with lower

blood volume (V=4500 ml), the mean arterial pressure diminished by 4% (from 81 to 78 mmHg, see
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Figure 85) even though the heart rate increased by 9% (from 88 to 99 bpm, see Figure 86) to compensate
for the lower pressure. Hence, these simulations show that with a higher degree of hypovolemia, the
blood pulling effect to the lower vasculature becomes more important, and therefore, it becomes more

difficult for the cardiovascular system to maintain blood pressure at a proper level.
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Figure 91 — Simulated pulse pressure at different }"(total blood volume).

Averages of all cardiovascular variables at all conditions, including “Baseline”, “After spin-up”,
“Exercise: 25W”, “Exercise: S0W”, and “Exercise: 100W”, are summarized in Table 39 and Table 40.
The averages in the exercise conditions were calculated taking into account only the last two minutes of
each phase. As already mentioned, the column %"™' shows the percentage change of the baseline CV
variables with respect to the Vref condition, where Vref = 5100 ml. In addition, the column, %" shows
the percentage change of the CV variables with respect to their own baseline (at the same V level). This
percentage gives an indication of how much the cardiovascular variables changed with respect to their

baseline value due to centrifugation and exercise.

In general, changes due to centrifugation were larger at the lower blood volume condition, as already seen
in the blood pressure or heart rate responses described in previous paragraphs. Thus, at the lower blood
volume level (V=4500ml) the cardiac output decreased —4%, the stroke volume decreased 11%, and the
pulse pressure decreased 13 % due to centrifugation (see column “After Spin-up” in Table 39 and Table

40). These changes became less significant as blood is being added.
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Table 39 — Simulated CV Variables mean blood pressure (MBP), heart rate (HR), cardiac output

(CO), and strove volume (SV) varying the total blood volume V.

Variable Baseline After Spin-up Exze ;-;;}s ¢ Exse (r)';;se: E)i;l(')cvi‘s]e:
MBP (mmHg) | Mean %" | Mean %" | Mean %" | Mean %! [ Mean %"
V =4500 ml 81 —-9% 78 4% 78 —3% 79 2% 86 6%
V =4800 ml 85 —4% 84 —-1% 88 4% 91 7% 98 15%
Vier = 5100 ml 89 0% 88 -1% 97 9% 100 13% 109 23%
V =5400 ml 92 3% 92 0% 104 13% 110 20% 121 32%
V =5700 ml 95 7% 95 0% 109 15% 118 24% 133 40%
HR (bpm) Mean %" | Mean %" | Mean %"*¢! | Mean %"*¢! | Mean %!
V =4500 ml 88 16% 96 9% 117 33% 125 43% 140 59%
V =4800 ml 82 8% 87 6% 110 34% 121 47% 138 69%
Veer = 5100 ml 76 0% 80 5% 102 34% 115 51% 137 80%
V = 5400 ml 71 7% 75 6% 93 31% 108 52% 135 91%
V =5700 ml 67 -12% 70 4% 85 28% 100 50% 133 99%
CO (/min) Mean %' | Mean %" | Mean %"=l | Mean %"*! | Mean %%
V =4500 ml 4.7 -16% | 4.5 4% 7.1 52% 8.6 83% 10.5 124%
V =4800 ml 5.2 7% 5.0 —4% 7.9 52% 9.6 85% 11.6 123%
Vet = 5100 ml 5.6 0% 5.8 4% 8.5 52% 10.4 86% 12.7  127%
V =5400 ml 6.0 7% 59 2% 9.0 50% 11.2 87% 13.8 131%
V =5700 ml 6.5 16% 6.4 2% 94 45% 11.9 83% 150 131%
SV (ml) Mean %' | Mean %" | Mean %" | Mean %" | Mean %!
V =4500 ml 53 —28% 47 -11% 61 16% 69 30% 75 42%
V =4800 ml 63 -15% 57 —-10% 72 14% 80 26% 84 33%
Veer = 5100 ml 74 0% 68 —-8% 84 13% 90 22% 93 25%
V =5400 ml 85 15% 79 7% 97 14% 104 22% 102 20%
V =5700 ml 96 30% 91 —5% 17% 17% 17% 17% 17% 17%

Mean: average of CV variables in the indicated periods. In the exercise phases, the average has been calculated in the last two
minutes to exclude transition effects. %Y™': percentage with respect to the reference blood volume Vrer = 5100 ml. %basel:

percentage with respect to the baseline value
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Table 40 — Simulated CV variables systolic blood pressure (SBP), diastolic blood pressure (DBP),

and pulse pressure (PP) varying the total blood volume V.

Variable Baseline After Spin-up Exze Sr‘c;]s ¢ Ex;;;:]s ¢ E’;;;c‘l;e'
SBP (mmHg) | Mean %" | Mean %" | Mean %" | Mean %" | Mean %!
V =4500 ml 95 -13% 90 5% 94 -1% 97 2% 105 11%
V =4800 ml 102 —6% 99 3% 107 5% 111 9% 119 17%
Vet = 5100 ml 109 0% 106 3% 119 9% 124 13% 133 22%
V =5400 ml 115 6% 113 2% 129 12% 137 19% 148 28%
V =5700 ml 121 11% 120 —1% 139 15% 149 23% 162 34%
DBP (nmHg) | Mean %" | Mean %" | Mean %" | Mean %"*¢' | Mean %!
V =4500 ml 65 -3% 64 2% 60 7% 59 -9% 64 -1%
V =4800 ml 67 0% 67 0% 67 0% 68 1% 73 10%
Veer = 5100 ml 67 0% 68 1% 73 8% 74 11% 82 23%
V =5400 ml 68 1% 68 0% 76 12% 80 18% 92 35%
V =5700 ml 68 1% 69 1% 78 15% 84 24% 101 49%
PP (mmHg) Mean %" | Mean %" | Mean %" | Mean %! | Mean %"
V =4500 ml 30 —27% 26 -13% 34 12% 37 25% 41 37%
V =4800 ml 35 -15% 32 9% 39 13% 44 24% 46 31%
Vier = 5100 ml 41 0% 38 7% 46 12% 49 21% 51 23%
V =5400 ml 47 15% 44 —£6% 53 13% 57 21% 56 19%
V =5700 ml 53 29% 50 —6% 60 14% 65 22% 61 16%

Mean: average of CV variables in the indicated periods. In the exercise phases, the average has been calculated in the last two

minutes to exclude transition effects. %V™: percentage with respect to the reference blood volume Vier = 5100 ml. %basek:

percentage with respect to the baseline value

On the other hand, during the exercise phases at V=4500 ml, the cardiovascular system was unsuccessful

in increasing the mean blood pressure to levels seen during the reference case (increase percentages at

V=4500 ml are —3%, —2%, and 6% corresponding to exercise at 25W, S0W, and 100W). This occurred

despite the increase in venous flow due to the muscle pump effect. As blood volume was expanded, the

increase in blood pressure became more significant. Same trends were observed in the systolic and

diastolic blood pressure (see Table 40).
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The amount of blood volume highly affected all CV responses during the exercise phases. On one hand,
the lower pressure attained at the lower volume condition determined the rest of the CV variables’ trends.
For example, the heart rate showed the largest values amongst all blood volume conditions, while the
stroke volume and cardiac output presented the lowest values. On the other hand, at the largest blood
volume condition (V=5700 ml), increases in blood pressure were substantial, leading to higher stroke
volumes and cardiac outputs, as well as lower heart rates across exercises phases. Average values during
the exercise phases are shown in Table 39 and Table 40, along with the % change with respect to their

initial values at the baseline condition.
5.4 Summary of Results and Discussion

This cardiovascular model was developed to simulate the short-term hemodynamic responses to
orthostatic stress and exercise. In particular, orthostatic stress was generated by centrifugation of a short-
radius centrifuge, therefore generating a high gravity gradient along the body. This model recreated the
difference in hydrostatic pressure between cardiovascular compartments caused by the gravity gradient.
In addition, the effects of ergometer exercise were also incorporated in the model, including the increase
in blood pressure, the muscle pump effect, the decrease in vascular resistance, and the slight increase in
intra-abdominal pressure. Finally, the simulation recreated the exact 25-min exercise protocol already
experienced by 12 subjects in a previous human experiment. The cardiovascular data taken during the

experiments were used to calibrate and evaluate the computational model.

The simulation at “1G Centripetal” was chosen as the reference simulation. In this condition, subjects
experienced 1G in the centripetal direction measured at the feet. This corresponded to an angular velocity
of 28.6 rpm, which was replicated in the simulation protocol, including accurate acceleration and
deceleration profiles. Concerning the cardiovascular variables, the total peripheral resistance and the
mean blood pressure were used as inputs to the model. Three of the exercise parameters, namely the
peripheral resistance, the arterial blood pressure set-point, and the leg external pressure, were chosen such
that the input variables matched the data gathered experimentally. Thus, the microvascular resistances
were disconnected from the controls at the onset of exercise and they were replicated to follow the
resistance seen experimentally. On the other hand, the arterial blood pressure set-point and the leg
external pressure due to muscle pump were selected to replicate the experimental mean blood pressure. In
a second step, these two parameters were further adjusted taking into consideration the heart rate

responses during the exercise period.
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The simulated cardiovascular responses captured extremely well the cardiovascular dynamics during the
entire protocol, including the spin-up and spin down phases, as well as the exercise period. The arterial
baroreflex and the cardiopulmonary reflex responded properly to the cardiovascular stress created by
centrifugation. In addition, the three exercise phases were very distinguishable from one another, and the
time constants during transitions were particularly well replicated. In the baseline period (i.e. first three
minutes of the protocol), the cardiovascular model overestimated the heart rate by 14%, and
underestimated stroke volume and cardiac output by 21% and 8% respectively. Blood pressure, including

systolic, diastolic, and pulse pressure were within less than 7% of underestimation.

During the exercise period, both the mean arterial pressure and the heart rate simulated the experimental
data within an error of 3%. The underestimation seen in the cardiac output increased with the exercise
intensity, starting at 9% at 25W, increasing to 13% at 50W, and reaching 18% at 100W. The stroke
volume underestimation ranged from 12% at 25W (much smaller than the 21% seen in the baseline
period) to 18% at 100W. The underestimation of the model seemed to be driven by the inability of the
model to simulate higher systolic pressures, particularly during the intensive exercise phase at 100W,
causing the pulse pressure underestimation to attain 21% at this particular exercise phase. That said, blood
pressures (systolic, diastolic, and mean) were maintained within 10% error during all phases of the

simulation.

Similar results were obtained in the “1.4G Centripetal” simulation. In this case, the angular velocity was
increased to 33.9 rpm, and the exercise parameters were adjusted to take into account the higher
centrifugation and muscle pump effect due to the higher foot forces. Once more, simulated results were
successful at reproducing the cardiovascular dynamics caused by the simulated protocol. Cardiovascular
responses to orthostatic stress were successfully captured during the spin-up and spin-down phases. In
addition, the different exercise phases were also very well defined and the time constants reproduced well

the transitions between phases.

A general underestimation of variables was also seen in this case study at “1.4 Centripetal”. In the
baseline period the stroke volume and cardiac output were underestimated by 23% and 11% respectively,
and the heart rate was overestimated by 15%. Concerning the exercise periods, the same trends seen in the
reference simulation were observed. Heart rate and mean blood pressure were simulated within an error of
3%, and the cardiac output and stroke volume underestimation increased with the exercise intensity,
particularly at 100W. The cardiac output underestimation was 8% at 25W, 9% at SO0W, and 14% at 100W.
The stroke volume underestimation was 10% at 25W, 11% at 50W, and 14% at 100W. Again, the

difference between the model results and the experimental data seemed to accrue at the higher exercise
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intensity, where the systolic pressure is underestimated by 10%, but the diastolic pressure is within 1%
error, causing the pulse pressure to be underestimated by 21%. Again, blood pressures (systolic, diastolic,

and mean) were maintained within 10% error during all phases of the simulation.

Generally, the evaluation of the cardiovascular model showed a great performance simulating the
cardiovascular dynamics during the 25-min exercise protocol. It also showed a slight underestimation of
some of the cardiovascular variables, particularly stroke volume, and to a lesser extent, cardiac output
(due to the overestimation of heart rate). These results could be better adjusted by modifying some of the
numerous parameters that are built in the model. For example, as seen in the previous section, an increase
in total blood volume would lead to a shift in the baseline operating point in the right direction: heart rate
would decrease and stroke volume and cardiac output would increase. Other parameters could also be
modified. However, the objective of this modeling effort was to simulate the cardiovascular responses
using the minimum amount of inputs, and once those were decided, to evaluate the model prediction

power using the experimental data.

Once evaluated, this model allows for further exploration to simulate and analyze the cardiovascular
responses to other centrifuge configurations. The first parameter chosen was the distance from the
subject’s head to the center of rotation of the centrifuge, /4 (cm). Changes in 4 led to changes in both
artificial gravity level and gravity gradient, making this parameter especially attractive. The
cardiovascular responses at higher h values were affected by the higher AG levels following two opposite
processes: the increase of blood pulling to the lower extremities, and the increase in venous return caused
by higher foot forces and generally harder workout. Results showed that, within the limits simulated here,
despite the higher orthostatic stress generated at larger 4 values, the exercise conditions were able to
overcome the blood pulling effect and maintain, or even increase, the overall cardiovascular activity.
These results confirm the importance of exercise to maintain an appropriate cardiovascular regulation and
a healthy cardiovascular system. This is particularly true under orthostatic stress conditions, where the

exercise cardiovascular benefits (especially the increase in venous return), became essential.

Finally, the cardiovascular responses of subjects with varying total blood volumes were also simulated.
Of particular interest were the 0-g adapted subjects, which were assumed to have a 12% decrease in total
blood volume due to the microgravity environment. These subjects experienced not only changes in their
baseline cardiovascular operating point, but also changes in the responses to centrifugation and exercise.
Thus, during the baseline period, blood pressure decreased by 9% with respect to 1-g adapted subjects
even though the heart rate increased +16% in an attempt to maintain the blood pressure to nominal levels.

In addition, stroke volume and cardiac output also decreased by 28% and 16% respectively. On the other
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hand, 0-g adapted subjects showed larger responses to the same cardiovascular stress caused by the
centrifugation profile. Then, both the decrease in mean arterial pressure and the subsequent increase in
heart rate seen in 0-g adapted subjects were larger than in 1-g adapted subjects. These simulation results
are in agreement with the expected conclusion that the diminution of blood volume caused the blood
pulling effect to become more important, making it more difficult for the cardiovascular system to

maintain an appropriate overall cardiovascular regulation.

Overall, and despite the slight underestimation of some of the cardiovascular variables, the cardiovascular
model developed in this research effort provides unique information about the cardiovascular responses to
orthostatic stress and exercise. In particular, the cardiovascular dynamics due to the control systems in
response to external stress were very well captured. The model was evaluated using experimental data
gathered in the MIT compact-radius centrifuge, covering two different gravity levels and three different
exercise intensities. Additionally, the model was further explored in new centrifuge configurations
(varying the distance from the subject’s head to the center of rotation), and in new subject’s physiological
conditions such as 0-g adapted subjects (simulated as a percentage of blood volume loss). Furthermore,
this model, appropriately modified, can provide insightful information about other orthostatic stress

profiles, types of exercise, or exercise intensities.
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6 Conclusion

Artificial gravity is a promising countermeasure to mitigate human deconditioning in space, particularly
during future long duration spaceflight missions beyond LEO. The use of a compact-radius centrifuge on-
board is an affordable approach to generate gravity in space. However, many questions still remain
unanswered regarding the appropriate configuration, parameters, and exercise protocols to keep
astronauts in a healthy physiological state. This research effort aimed to investigate the human
physiological responses to a variety of artificial gravity configurations in a compact-radius centrifuge,

particularly when combined with ergometer exercise.

Two different approaches were employed: an experimental approach (Chapter 4) and a computational
approach (Chapter 5). Both methodologies complemented each other, creating a coherent assessment of
the use of artificial gravity and exercise on human physiology. The specific aims and hypothesis tested in

this thesis are reproduced below:

1. Experimental approach: to empirically investigate the effects of different artificial gravity and

exercise workload levels on musculoskeletal and cardiovascular functions, as well as motion

sickness and comfort. In particular, these are the specific objectives:

1.1. To determine if AG ergometer exercise can produce higher foot forces than those
measured under simulated 0-g conditions
»  Hypothesis 1: Higher AG ergometer exercise levels in a compact-radius

centrifuge increase foot forces

1.2. To determine if AG ergometer exercise can produce higher cardiovascular responses
than those measured under simulated 0-g conditions.
»  Hypothesis 2: Higher AG ergometer exercise levels in a compact-radius

centrifuge increase overall cardiovascular activity

1.3. To assess motion sickness and comfort.
»  Hypothesis 3: Higher AG ergometer exercise in a compact-radius centrifuge is

well-tolerated and comfortable as ergometer exercise in simulated 0-g

2. Computational approach: to develop a cardiovascular model to capture the effects of AG and

ergometer exercise in a compact-radius centrifuge. In particular, these are the specific objectives:
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2.1. To develop a computational model of the cardiovascular system that captures the
short-term hemodynamic regulation during exercise in a high AG gradient

environment such as a compact-radius centrifuge.

2.2. To evaluate the cardiovascular model with experimental measurements from 1-g

adapted subjects using the MIT compact radius centrifuge.

2.3, To explore the cardiovascular model to identify the influence of the gravity level, the

exercise workload, and the gravity gradient.
2.4.  To simulate the cardiovascular effects of AG on 0-g adapted subjects.

A summary of the results, main conclusion, contributions, and associated publications is presented in the

following paragraphs, as well as suggestions for future research.

6.1 Summary and Contributions

The experimental approach consisted in the implementation of a comprehensive experimental study on
human physiology during ergometer exercise using a new configuration of the MIT compact-radius
centrifuge. The MIT centrifuge experienced several modifications in order to be compatible with a future
use in the ISS. This experiment contributed to the identification and quantitative characterization of the
short-term effects (~30 min) of different artificial gravity levels and exercise workload intensities on
several aspects of human physiology, namely musculoskeletal system (in terms of foot forces),
cardiovascular system (continuous beat-to beat cardiovascular monitoring using a Nexfin monitor), and
motion sickness and comfort (subjective data collected during experimental sessions). This is the first
experiment that covered multiple exercise and artificial gravity levels, including a reference point with no

artificial gravity.

Twelve subjects completed the same ergometer exercise protocol under three different artificial gravity
conditions. Results showed that there was a significant effect of artificial gravity level and workload
intensity on peak foot forces generated during ergometer exercise (hypothesis 1 confirmed). In addition,
results also showed that the amplitude of the cardiovascular responses adapted to the stress level
generated not only by the exercise intensity, but also by the artificial gravity level to which the subjects
were exposed (hypothesis 2 confirmed). In particular, pulse pressure, stroke volume, and cardiac output
increased with the artificial gravity level, increasing the overall cardiovascular activity and therefore,
suggesting that artificial gravity may be beneficial against cardiovascular deconditioning in space.

Furthermore, all subjects tolerated the centrifugation well, including the spin-up and spin-down process,
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and none of them presented signs of motion sickness. They were generally comfortable and did not notice

Coriolis forces acting on their knees (hypothesis 3 confirmed).

The computational approach consisted in the development of a lumped-parameter model of the
cardiovascular system that captured the transient hemodynamic responses to ergometer exercise under
orthostatic stress generated by a short-radius centrifuge (Aim 2.1). This model was built upon previous
work that was developed to study the short-term hemodynamic responses to either centrifugation or
exercise, but not both mechanisms together at the same time, which was the object of this thesis. In
addition to including the systemic circulation, the cardiac chambers, the pulmonary circulation, and the
two major short-term neural control mechanisms (namely the arterial baroreflex and the cardiopulmonary
reflex), the model presented in this thesis implemented the centrifugation profiles and the exercise
mechanisms, thus replicating the experimental exercise protocol realized by the human subjects during

the experimental study.

The model was evaluated with the empirical data gathered during the experimental part of this work (Aim
2.2). The simulated cardiovascular responses compared quite well with the experimental results. The
model is capable of reproducing the cardiovascular changes due to both centrifugation and exercise (Aim
2.3), including the dynamic responses during transitions between the different phases of the protocol,
which matched very well the experimental data. In addition, further exploration of the model was
performed to study the impact of centrifugation parameters such as the distance between the subject’s
head and the center of rotation, which affects both the gravity level and the gravity gradient (Aim 2.3).
Results revealed that, despite the increase in orthostatic stress at larger A, the overall cardiovascular
regulation was properly maintained due to the beneficial effects of exercise, particularly the increase in
venous return due to the muscle pump effect. Finally, the total blood volume was also altered to examine
its impact on the cardiovascular regulation under orthostatic stress and exercise (Aim 2.4). Simulations of
hypovolemic subjects were analyzed in order to investigate the hemodynamic responses of 0-g
deconditioned subjects. The model simulations showed that decreasing the total blood volume affected
the cardiovascular system’s ability not only to maintain a constant baseline operating point, but also to
respond to changes due to centrifugation and exercise. In these subjects, the blood-pulling effect during
centrifugation became more important and it was more difficult for the cardiovascular system to sustain

an appropriate overall cardiovascular regulation.
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6.1.1 List of Associated Publications

1. A. Diaz and L.R. Young. “Human Modeling and Experimentation under Artificial Gravity using
the MIT Compact Radius Centrifuge”. Poster, presented at 2014 NASA Human Research
Program (HRP) Investigators’ Workshop, February 2014.

2. A. Diaz, C. Trigg, and L.R. Young. “Combining Ergometer Exercise and Artificial Gravity”.

Technical manuscript, presented at 65" International Astronautical Congress, September 2014.

3. A. Diaz and L.R. Young. “Artificial Gravity and Exercise on the MIT Compact Radius
Centrifuge”. Poster, presented at 2015 NASA Human Research Program (HRP) Investigators’
Workshop, January 13-15, 2015.

4. A.Diaz, T. Heldt and L.R. Young. “Cardiovascular Responses under Artificial Gravity Combined
with Exercise”. Technical manuscript, presented at 2015 IEEE Aerospace Conference, March
2015.

5. A. Diaz, C. Trigg and L.R. Young. Combining ergometer exercise and artificial gravity in a
compact-radius centrifuge. Technical manuscript, accepted in Acta Astronautica, vol. 113, pp.
80-88, 2015.

6.2 Suggestions for Further Research

This section contains some suggestions for future research based on this work.

6.2.1 Further Experimental Studies

This research effort constitutes just the beginning of the exploration of the multiple artificial gravity
configurations that are possible in a compact-radius centrifuge. The MIT CRC offers the possibility of
investigating intermediate artificial gravity levels from Og centripetal (or no rotation) to 1.4g centripetal
(measured at the feet, w=33.9rpm), which at the present time is considered as the maximal angular
velocity at which this centrifuge can operate. Human responses to artificial gravity levels between Og and
1g are relatively unknown and could be very important for a possible future use of artificial gravity. In
addition, the exercise device in place allows for the implementation of other exercise protocols, using

different durations and intensities. Furthermore, other exercise devices could be easily installed only with

140



small modifications on the centrifuge. The MIT CRC is a viable platform for continued and future AG

ground research.

Bed rest studies combining artificial gravity and exercise would be the logical next step. The acute
responses gathered during the MIT CRC experiments suggest that artificial gravity and exercise are a
great combination that might be beneficial against human deconditioning in microgravity. Bed rests
studies will provide an important step to answer this question. The ultimate confirmation will come with a

human centrifuge in space.

6.2.2 Further modeling analysis

This lumped-parameter cardiovascular model has the capability of simulating orthostatic stress in a high
gravity gradient environment such as a short-radius centrifuge. The model also has the capability to
simulate the cardiovascular mechanisms during exercise. This opens a myriad of possible simulations
combining these two stressors on the human body. New centrifugation profiles and exercise protocols can
be easily simulated and, including the appropriate modifications, other types of exercise such as steppers

or rowing.

In the context of VIIP, the current model could be combined with lumped-parameter models of the
intracranial pressure mechanisms during fluids shift in altered gravity environments. The complete model
could be used to investigate the potential effect of artificial gravity and/or exercise on the VIIP

phenomenon.
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Appendices
A. Foot Forces Data Analysis

The following Matlab codes show some of the most relevant foot forces data processing and analysis.

- The file “Get Logger Lite Data” reads the data files generated by the Logger Lite system. The
forces are calibrated using the necessary offset. Only data concerning one subject is included,
since the same process is applied for the rest of the subjects.

- The File “Process Logger Lite Data” calculates the average peak forces exerted by each foot
during each exercise period, at each AG condition. Only data concerning one subject at one AG
condition (“No Centripetal”) is included. The same process is applied to other conditions and

subjects.

% GET LOGGER LITE DATA

% This file gathers the Logger Lite data for the foot forces and accelerometer data
% Created by Raron Ashley in August 2014

%% Get Data

% Define uniform sampling rate for use in statistical functions.
t_std_sequence = 0.001:0.001:25;

t_std = t_std_sequence(:);

2% % %% %% %2 EEELEELEELLYEEEEEE LS

% To access a specific time, 5m = 5.000, 23m45s = 23.750, etc.%

% For indexing, 5.000 ~ 5/25 = 500/2500 = index of 500 %

% Another, 23.750 ~ 23.75/25 = 2375/2500 = index of 2375 %

% % % % % % % %% %% %% EEEEELELELELEELESEEGN

% Foot Force and Accelerometer Data

subjID = 11;

initials = 'XX'; (these are not the real initials for subject protection purposes)

s11LL0g = importdata([pwd '/../Subject' num2str(subjID) '-' initials '/0G-' initials '/LL-'
initials '-0G.csv']);

slltimeOg = sllLLOg.data(:,1);

sllfootOgL = s1llLLOg.data(:,5);

sllfootOgR = sllLLOg.data(:,6);

sllaccX0g = sllLLOg.data(:,2);

sllaccY0g = sllLLOg.data(:,3);

sllaccz0g = sllLLOg.data(:,4);

s11LLlg = importdata([pwd '/../Subject' num2str(subjID) '-' initials '/1G-' initials '/LL-'
initials '-1G.csv']);

slltimelg = sllLLlg.data(:,1);
sllfootlgL = sllLLlg.data(:,5);
sllfootlgR = sllLLlg.data(:,6);

sllaccXlg = sllLLlg.data(:,2);
sllaccYlg = sllLLlg.data(:,3);
sllacczlg = sllLLlg.data(:,4);

s11LL14g = importdata([pwd '/../Subject' num2str(subjID) '-' initials '/1.4G-' initials '/LL-'
initials '-1.4G.csv']):

slltimeldg = sllLLl4g.data(:,1);

sllfootldgL sllLLl4g.data(:,5);

sllfootldgR sllLLl4g.data(:,6);

sllaccXl4g = sllLLl4g.data(:,2);
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sllaccYldg
sllaccZlég

sllLLl4g.data(:,3);
s1l1lLLl4g.data(:,4);

3% Interpolate

sllfoot0OgLI = interpl(slltimeOg,sllfootOgL,t_std):
s11foot0OgRI = interpl(slltime0g,sllfootOgR,t_std):;
sllfootlgLI = interpl(slltimelg,sllfootlgL,t std):
sllfootlgRI = interpl(slltimelqg,sllfootlgR,t_std);
sllfootld4gLI = interpl(slltimeldg,sllfootldgL,t_std):
sllfootl4gRI = interpl(slltimeldqg,sllfootl4gR,t_std);
sllaccX0gI = interpl(slltime0g,sllaccX0g,t_std);
sllaccY0gI = interpl(slltimeOg,sllaccYOg,t_std);
sllaccZ0gI = interpl(slltimeOg,sllaccZ0g,t_std);
sllaccXlgl = interpl(slltimelg,sllaccXlg,t_std):
sllaccYlgl = interpl(slltimelq,sllaccYlg,t_std):
sllacczlgl = interpl(slltimelqg,sllacczlg,t_std):
sllaccX1l4gl = interpl(slltimelédg,sllaccXldg,t_std);
sllaccYl4gl = interpl(slltimel4g,sllaccY¥ldg,t_std);
sllaccZl4gl = interpl(slltimeldq,sllaccZldg,t_std);

%% Zeroing the Force

% The offsets in this section are determined by the researcher.

% Enter a number to be subtracted from the interpolated foot force so that
% the the Om-3m section lies closest to zero, thereby zeroing the force
% BEFORE the spin-up.

s1lshiftOgL = 16.5;

sllshiftOgR = 44;

sllshiftlgL 7.8;

sllshiftlgR = 43;

sllshiftld4gL = 13;

sllshiftl4gR = 46;

% Subtract the offset

sllfootOgLIz = sllfootOgLI - sllshiftOgL;
sllfootOgRIz = sllfootOgRI - sllshiftOgR;
sllfootlgLIz = sllfootlgLI - sllshiftlgL;
sllfootlgRIz = sllfootlgRI - sllshiftlgR;
sllfootldgLlz = sllfootld4gLI - sllshiftldgL;
sllfootl4gRIz = sllfootl4gRI - sllshiftl4gR;

% PROCESS LOGGER LITE DATA

This script processes FOOT FORCE data from the
Logger Lite device

% This file should be called immediately after 'getlLLdata.m'
% atop the 'footforces.m' file.

Created by Aaron Ashley in August 2014
% Modified by Ana Diaz in September 2014

32 R AR 2% FORCE REFERENCE GUIDE %%%%%%%%%%%%%%%3%%%%%
% Rest: ©6md45s-7m, €751-7000 % First rest

% 25W: 7m-10m, 7001-10000

% Rest: 10m-10ml5s, 10001-10250 % 2Znd rest

% 50W: 10ml5s-15ml5s, 10251-15250

% Rest: 15ml5s-15m45s, 15251-15750 % Penultimate rest
% 100W: 15m45s-20m45s, 15751-20750

% Rest: 20md45s-21md5s, 20751-21750 % Last rest

%3235 333 3330 ER 0TSS5 % 988395999348
%% Subject 11

% CALCULATION OF THE PEAK FORCES MEAN (0g)

% 0g - LEFT %33%%%33%%%

sllfootOgfirstL = sllfootOgLIz(6751:7000); % First rest
sllfoot0g25wL = s1llfootOgLIz(7001:10000); % 25W PHASE
sllfoot0g2ndlL = sllfootOgLIz(10001:10250); % 2nd rest
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sllfoot0g50wL = sllfootOgLIz(10251:15250); % 50W PHASE

sllfootOgpenultlL = sllfootOgLIz(15251:15750); % Penultimate rest
s11foot0gl00wL = sllfootOgLIz (15751:20750); % 100W PHASE
sllfootOglastL = sllfootOgLIz (20751:21750); % Last rest

q

% Find the mean of peaks

[s1llmean0g25wL,x] = findpeaks (sllfoot0g25wL, 'MinPeakHeight',30);
t_sllpeaks0g25wL = (x + 7000)/1000; % unused

[s1llmean0g50wL,x] = findpeaks (sllfoot0g50wL, 'MinPeakHeight', 45);
t_sllpeaks0g50wL = (x + 10250)/1000;

[s1lmean0gl00wL,x] = findpeaks(sllfoot0glOOwL, 'MinPeakHeight',100);
t_sllpeaks0glOOwL = (x + 15750)/1000;

sllforce0g25wL = mean(sllmean0g25wL);
sllforce0g50wL = mean(sllmean0g50wL);
sllforce0gl00OwL = mean(sllmean0OglO0wL) ;

% 0g - RIGHT %%%%%%%%%%%

sllfootOgfirstR = sllfootOgRIz(6751:7000); % First rest
sllfoot0g25wR = sllfootOgRIz(7001:10000); % 25W PHASE
sllfoot0g2ndR = sllfootOgRIz(10001:10250); % 2nd rest
s11foot0g50wR = sllfootOgRIz(10251:15250); % 50W PHASE
sllfootOgpenultR = sllfootOgRIz(15251:15750); % Penultimate rest
s11foot0glO00wR = sllfootOgRIz (15751:20750); % 100W PHASE
sllfootOglastR = sllfootOgRIz(20751:21750); % Last rest

% Find the mean of peaks

[sllmean0g25wR,x] = findpeaks (sllfoot0g25wR, 'MinPeakHeight',25);
t_sllpeaks0g25wR = (x + 7000)/1000; % unused

[s1lmean0g50wR, x] = findpeaks(sllfoot0g50wR, 'MinPeakHeight',45);
t_sllpeaksOg50wR = (x + 10250)/1000;

[s1lmean0gl00wR,x] = findpeaks(sllfoot0gl00wR, 'MinPeakHeight',90);
t_sllpeaks0glOOwR = (x + 15750) /1000;

sllforce0g25wR = mean(sllmean0g25wR) ;
sllforceO0g50wR = mean(sllmean0Og50wR) ;
sllforce0glO0OwR = mean(sllmeanOglO00wR) ;
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B. Cardiovascular Data Analysis

The following Matlab codes show some of the most relevant cardiovascular data processing and analysis.

- The file “Get Cardiovascular Data” reads the data files generated by the Nexfin system. It
applies forward-reverse Butterworth filters to all the CV variables to get rid of motion artifacts
and false readings. Only data concerning one subject is included, since the same process is
applied for the rest of the subjects.

- The File “Process Cardiovascular Data” calculates the mean, standard deviation and standard
error for all CV variables. In a second step, some of these values are manually adjusted removing
the misreading data that were not removed by the Butterworth filter.

- The file “Plot all subjects” plots the 8 CV variables using the corrected mean and standard error.

GET CARDIOVASCULAR DATA

o0

o0

This script gathers, filters, and interpolates all the data from the
CCNexfin cardiovascular device, but DOES NOT process the data or

create any plots.

Use other scripts to create plots to keep the MATLAB files organized.
"getCVdata.m" and "processCVdata.m" should be called atop each plot file.

Created by Aaron Ashley in July 2014
Modified by Ana Diaz

9O 0P oP O o O o

%% Initialization
% This identifies the CCNexfin 'REC-90_100.csv' filename for later.
buildNexfin;

% Define uniform sampling rate for use in statistical functions.

t_std_sequence = 0.001:0.001:25; % 25,000 points

t_std = t_std_sequence(:);

t_stdw_sequence = 0.0001:0.0001:25; % 250,000 points --> waveform needs higher resolution
t_stdw = t_stdw_sequence(:);

$ % % % % % %% % % %% %L YLYEEEEEEOEEOLEEEREE YRR
% To access a specific time, 5m = 5.00, 23m45s = 23.75, etc.%

% For indexing, 5.00 ~ 5/25 = 5000/2500 = index of 5000 %
% Another, 23.75 ~ 23.75/25 = 23750/2500 = index of 23750 %
0% % % % % %% %% OEOE Y EEEELELEEE LR RO LR EGR
%% Filters

orderN = 6;

% Declare regular filters (The numerator is the frequency in Hz)
Wn_hr = 8/100;

Wn_sys = 8/100;
Wn_dia = 5/100;
Wn_mbp = 5/100;
Wn_sv = 6/100;
Wn_co = 5/100;
Wn_r = 4/100;
Wn pp = B/100;

% Declare stronger filters
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Wn_hr2 = 4/100;
Wn_sys2 = 4/100;
Wn_dia2 = 2/100;
Wn_mbp2 = 3/100;
Wn_sv2 = 4/100;
Wn_co2 = 3/100;
Wn_co3 = 0.5/100;
Wn_r2 = 4/100;
Wn_r3 = 2/100;
Wn_pp2 = 4/100;

g

% Create all filters

[b_hr,a_hr] = butter (orderN,Wn_hr, 'low');
[b_sys,a_sys] = butter (orderN,Wn_sys, 'low');
[b_dia,a_dia] = butter (orderN,Wn_dia, 'low');
[b_mbp,a_mbp] = butter (orderN,Wn mbp, 'low');
[b_sv,a_sv] = butter (orderN,Wn_sv, 'low');
[b_co,a_col = butter (orderN,Wn_co, 'low');
[b_r,a_r] = butter (orderN,Wn_r, 'low');
[b_pp,a_pp] = butter (orderN,Wn_pp, 'low'):
[b_hr2,a hr2] = butter (orderN,Wn_hr2, "low'):
[b_sys2,a_sys2] = butter (orderN,Wn_sys2,'low');

[b_dia2,a_dia2] = butter(orderN,Wn_dia2,'low');
[b_mbp2,a_mbp2] = butter (orderN,Wn _mbp2,'low');

[b_sv2,a_sv2] = butter (orderN,Wn_sv2, 'low');

[b_co2,a_co2] = butter (orderN,Wn_co2, 'low');

[b_co3,a_co3] = butter (orderN,Wn_co3, 'low');

[b_xr2,a_x2] = butter (orderN,Wn_r2, 'low');

[b_x3,a_r3] = butter (orderN,Wn_r3, "low');

[b_pp2,a_pp2] = butter (orderN,Wn_pp2, "low");

%% Subject 5

subjID = 5;

initials = 'XX'; (these are not the real initials for subject protection purposes)
% 0G

s5all0g = importdata([pwd '/../Subject' num2str(subjID) '-' initials '/0G-' initials '/REC-'
num2str(s5numOg) ' 100.csv']);

s5time0gSec = s5alllg.data(:,1);
s5time0gMin = s5time0OgSec/60;

s5hr0g = s5allOg.data(:,3); % Heart Rate

s5sys0g = s5alllg.data(:,6); % Systolic

s5dial0g = s5allOg.data(:,7); % Diastolic

s5mbpO0g = s5alllg.data(:,8); % Mean Blood Pressure
s5sv0g = s5alllg.data(:,9); % Stroke Volume
s5co0g = s5alllg.data(:,10); % Cardiac Output
s5r0g = s5allOg.data(:,11); % Resistance

s5pp0g = s5sys0g-s5dialg; % Pulse Pressure

s5hrOgFilt = filtfilt(b_hr,a_hr,s5hr0g);
s5sysOgFilt = filtfilt(b_sys,a_sys,s5sys0g);
s5dia0gFilt = filtfilt(b_dia,a_dia,s5dialqg);
s5mbp0OgFilt = filtfilt(b_mbp,a_mbp, s5mbplg) ;
s5sv0gFilt = filtfilt(b_sv,a_sv,s5sv0g);
s5co0gFilt = filtfilt(b_co,a_co,s5co0g);
s5r0gFilt = filtfilt(bfr,agr,sSrOg};
s5ppOgFilt = filtfilt(b_pp,a_pp,sSpplg);

s5hr0gI = interpl (s5timeOgMin, sShrOgFilt,t_std):
s5sys0gI = interpl(s5timeOgMin, s5sysOgFilt, t_std):
s5dial0gI = interpl(s5timeOgMin,s5diaOgFilt,t_std);
s5mbp0gI = interpl(s5timeOgMin, s5mbpOgFilt,t_std):
55sv0gl = interpl(s5timeOgMin,s5sv0gFilt,t_std):
s5co0gI interpl (s5time0OgMin, sS5co0OgFilt, t_std);
s5r0gl = interpl(s5timeOgMin,sS5r0gFilt,t_std);
s5pp0gl = interpl(s5timeOgMin,sS5pp0OgFilt,t_std);

wavename = [pwd '/../Subject' num2str(subjID) '-' initials '/0G-' initials '/REC-'
num2str (s5numOg) ' 103.bin'];
waveID = fopen(wavename,'r');
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wave = fread(wavelD, 'intl6');

fclose (wavelD);

waveUnit = wave* (0.25); % New integers are units of mmHg
tstar = 0:1:length(wave)-1;

tvec = tstar(:);

tsample = tvec/200; %seconds

t = tsample/60; %minutes

s5wave0gl = interpl(t,waveUnit,t_stdw);

% 1G
sSalllg = importdata([pwd '/../Subject' num2str(subjID) '-' initials '/1G-' initials ' /REC-"'
num2str(sSnumlg) '_100.csv']);
s5timelgSec = s5alllg.data(:,1);

sS5timelgMin = s5timelgSec/60;
s5hrlg = sS5alllg.data(:,3): % Heart Rate
s5syslg = sS5alllg.data(:,6): % Systolic
s5dialg = sb5alllg.data(:,7): % Diastolic
s5mbplg = sballlg.data(:,8); % Mean Blood Pressure
s5svlg = sS5alllg.data(:,9); % Stroke Volume
s5colg = sSalllg.data(:,10); % Cardiac Output
s5rlg = s5alllg.data(:,11); % Resistance
s5pplg = s5syslg-s5dialg; % Pulse Pressure
s5hrlgFilt = filtfilt(b_hr,a_hr,s5hrlg);
s5syslgFilt = filtfilt(b_sys2,a_sys2,s5syslqg);
s5dialgFilt = filtfilt(b_dia,a_dia,s5dialg);
sS5mbplgFilt = filtfilt(b_mbp,a_mbp, s5Smbplg);
s5svlgFilt = filtfilt(b_sv,a_sv,s5svlg);
s5colgFilt = filtfilt(b_co,a_co,s5colg);
s5rlgFilt = filtfilt(b_r,a_r,s5rlqg);
sSpplgFilt = filtfilt(b_pp,a_pp,sSpplg);
s5hrlgI = interpl(s5timelgMin,s5hrlgFilt,t_std);
s5syslgI = interpl (s5timelgMin,s5syslgFilt,t_std);
s5dialgI = interpl(s5timelgMin,s5dialgFilt,t_std);
s5mbplgl = interpl (s5timelgMin, s5mbplgFilt,t_std);
sS5svlgl = interpl(s5timelgMin,s5svlgFilt,t_std);
s5colgl = interpl (s5timelgMin,s5colgFilt,t_std);
s5rlgl = interpl(s5timelgMin,s5rlgFilt,t_std);
s5pplgI = interpl(s5timelgMin,sS5pplgFilt,t_std).
wavename = [pwd '/../Subject' num2str(subjID) '-' initials '/1G-' initials ' /REC-"'
num2str(sSnumlg) '_103.bin']:
waveID = fopen(wavename,'r');
wave = fread(wavelD, 'intl6');
fclose (wavelD);
waveUnit = wave*(0.25); % New integers are units of mmHg
tstar = 0:1:length(wave)-1;
tvec = tstar(:):
tsample = tvec/200; %seconds
t = tsample/60; %minutes
sSwavelgl = interpl (t,waveUnit,t_stdw);
% 1.4G
s5allldg = importdata(([pwd '/../Subject' num2str(subjID) '-' initials '/1.4G-' initials '/REC-'
num2str (s5numl4g) ' _100.csv']);

s5timeldgSec = sSallldg.data(:,1);
s5timeld4gMin = s5timel4gSec/60;
sShrldg = s5alllé4g.data(:,3);

o

Heart Rate

s5sysld4g = s5allldg.data(:,6); % Systolic

s5diald4g = sS5allldg.data(:,7): % Diastolic

s5mbpldg = s5allldg.data(:,8); % Mean Blood Pressure
s5svldg = s5alllédg.data(:,9); % Stroke Volume
s5col4g = s5allldg.data(:,10); % Cardiac Output
s5rl4g = s5alllédg.data(:,11); % Resistance

s5pplég = sS5sysldg-sbdialdg; % Pulse Pressure

s5hrl4gFilt = filtfilt(b_hr,a_hr,s5hrldg);
s5sysldgFilt = filtfilt(b_sys,a_sys,s5sysl4qg);
s5diald4gFilt = filtfilt(b_dia,a_dia,s5dialdg);
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sSmbpldgFilt = filtfilt(b_mbp,a mbp,sS5mbpldg) ;
s5sv14gFilt = filtfilt(b_sv,a_sv,s5svldg);
s5coldgFilt = filtfilt(b_co,a_co,s5coldqg);
s5rld4gFilt = filtfilt(b_r,a_r,s5rldqg);
s5ppldgFilt = filtfilt(b_pp,a_pp,sSppléqg);

s5hrldgl = interpl(s5timeld4gMin,sShrl4gFilt,t_std):;
s5s5ysl4gIl = interpl(sStimel4gMin,s5sysl4gFilt,t_std);
s5dialé4gI interpl (s5timel4gMin,s5dial4gFilt,t_std);
s5mbpld4gl = interpl(sStimel4gMin,sSmbpl4gFilt,t_std);
s5sv14gI = interpl (s5timeldgMin, s5svl4gFilt,t_std);
s5co0l4gI = interpl (s5timeldgMin, s5coldgFilt,t_std);
s5rl4gl = interpl(s5timel4gMin,sS5rl4gFilt,t_std);
s5ppldgl = interpl (s5timel4gMin,sS5ppldgFilt,t_std):

wavename = [pwd '/../Subject' num2str(subjID) '-' initials '/1.4G-' initials '/REC-'
num2str (s5numldg) '_103.bin']:

waveID = fopen(wavename, 'r');

wave = fread(wavelD, 'intl6');

fclose (wavelD);

wavelUnit = wave*(0.25); % New integers are units of mmHg
tstar = 0:1:length(wave)-1;

tvec = tstar(:);

tsample = tvec/200; %seconds

t = tsample/60; %minutes

s5wavel4gI = interpl (t,waveUnit,t stdw);

% PROCESS CARDIOVASCULAR DATA

oo

This script does some basic processing for all the CCNexfin
cardiovascular data, but DOES NOT create any plots.

Use other scripts to create plots to keep the MATLAB files organized.
"getCVdata.m" and "processCVdata.m" should be called atop each plot file.

5 o o0 oo of

% Created by Aaron Ashley in Bugust 2014
% Modified by Ana Diaz in September 2014
%% Mean,SD, and SE

% This section builds matrices from each subject's interpolated data,

% then takes the mean standard deviation, and SE at each time step (t_std).
$EBFLL3H232FLLTLRTLLLULLTLILLIDIRRRRRY

% 0G (Centrifuge no rotation)

allhrOg = [s5hr0gI,s6hr0gI,s7hr0gI,s8hr0gl,s9hr0gI,sl0hr0gI,sllhr0gI,sl3hr0gI,s14hr0gI, s15hr0gT,
s16hr0gI,sl7hr0gI];

allsysOg = [s5sys0gI,s6sys0gI,s7sys0gI,sB8sys0gl,s9sys0gI,sl0sys0gT,sllsys0gI,sl3sys0gI,sl4sys0gT,
s15sys0gI,sl6sys0gI,sl7sys0gll];

alldiaOg = [s5dia0gI,s6dia0gl,s7dia0gI,s8dia0gI,s9dia0gI,s10dia0gI,s11dia0gI,s13dia0gI,sl4dialgI,
515dia0gI,sl6dialgI,s17dia0gI];

allmbpOg = [s5mbp0gI, s6mbp0gI, s7Tmbp0gI, s8mbp0gI, s9mbp0gI, s10mbp0gI, s11mbp0gl, s13mbp0gI, s14mbp0gI,
515mbp0gI, sl6mbp0gI, sl7mbp0gll];

allsv0g = [s5sv0gI,s6sv0gI,s7sv0gl,s8sv0gI,s9sv0gI,sl0sv0gI,sllsv0gl,sl3sv0gl,sl4sv0gI,sl5sv0gl,
s16sv0gI,sl7sv0gI];

allcoOg = [s5c00gI, s6co0gl,s7colgl, s8colgI,s9colgl, s10co0gI,s1lco0gT, s13co0gI,s14co0gI,s15c0091,
sl6co0gI,sl7co0gIl;

allrOg = [s5r0gI,s6r0gl,s7r0gI,s8r0gI,s9r0gI,sl0r0gI,sllr0gI,s13r0gI,sl4r0gI,s15r0gI,s16r0gI,
s17r0gIl;

allppOg = [s5pp0gTI, s6pp0gI,s7pp0gl, s8pplgl, s9pp0gI, s10pp0gl, s11pp0gl, s13pp0gI, sl4pp0gTI, s15pp0gI,
sl6pp0gI,sl7pp0gI];

% 1G

allhrlg = [sShrlgI,sGhrlgI,sThrlgI,sShrlgI,thrlgI,lehrlgI,sllhrlgI,sl3hr1gI,sl4hrlgI,slShrlgI,
sl6hrlgI, sl7hrlgll];

allsyslg = [s5syslgI,s6syslgI,sTsyslgl,s8syslgI,s9syslgl,sl0syslgI,sllsyslgI,sl3syslgl,sldsyslgl,
s15syslgI,sl6ésyslgl,sl7syslgl];

alldialg = [sSdialgI,sGdialgI,s?dialgI,sBdialgI,sBdialgI,ledialgI,slldialgI,sl3dialgI,sl4dia1gI,
s15dialgI,slédialgI,sl7dialgI];
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allmbplg = [s5mbplgl, sémbplgl,s7mbplgl,s8mbplgI, s9mbplgl, sl0mbplgl,sllmbplgI, sl3mbplgl,sldmbplgl,
s15mbplgI, slémbplgI, sl7mbplgI];

allsvlg = IsSsvlgI,sésvlgI,s?svlgI,sstlgI,s9sv1gI,lesvlgI,sllsvlgI,slSsvlgI,slésvlgI,slSsvlgI,
sl6svlgI,sl7svlgI];

allcolg = [sScolgI,sEcolgI,s?colgI,sBcolgI,chclgI,lecolgI,sllcolgI,513colgI,lecolgI,slScolgI,
sl6colgl,sl7colgl]:

allrlg = [s5rlgI,s6rlgI,s7rlgI,s8rlgI,s9rlgI,sl0rlgIl,sllrlgl,sl3rlgl,sl4rlgl,sl5rlgl,slérlgl,
s17rlgIl];

allpplg = [sSpplgl,sépplgl,sipplgl,s8pplgl,s9pplgl,slOpplgl,sllpplgl,sl3pplgl,sldpplgl,slSpplgl,
slépplgI,sl7pplgI];

% 1.4G

allhrldg = [s5hrl4gl, s6hrl4gl,s7hrl4gT,s8hrldgI,s9hrldgl, s10hrldgl,sllhrl4gl,s13hrl4gI,sl4hrldglI,
s15hrl4gI,sléhrldgI,sl7hrldqgl];

allsysldg = [sSsyslAgI,sGsysl4gI,s?sysl4g1,sBsyleqI,sBsyslng,lesysl4gI,sllsyslng,slBsylegI,

sl4sysl4gl,sl5sysl14gI,slésysldgI,sl7sysldgl];

alldialdg = (s5dial4ql,s6dialdgI,s7dialdgl,s8dialdgl,s9dialdgl,s10dialdgl,slldialdgl,sl3dial4gT,

sl4dial4gI,sl5dialdgl,sl6édialdgl,sl7dialdgI];

allmbpldg = [s5mbpl4gl, sémbpl4gl, sTmbpl4gI, s8mbplégl, s9mbpldgl, s10mbpldgl, sllmbpldgI,sl3mbpldgl,

sl4mbpl4gI, s15mbpldgl,slémbpldgI,sl7mbpldgl];

allsvldg = [s5sv14gT,s6sv14gl,s7sv14gl,s8svl4gl, s9svl4gl,s1l0sv1l4gI,sllsv1dgl,sl3svl4gl,s14sv14gl,
s15sv14gI,sl6sv14gI,sl7svl4gl];

allcoldg = [sScol4gI,sﬁcol4g1,s?col4g1,sBcol4gI,59col4gI,lecolng,sllccl4gI,sl3congI,514col4gI,
s15co0l4gl,slécoldgl,sl7coldgI];

allrldg = [55r14gI,sErlng,57r14gI,sSrl4gI,s9r14gI,lerl4gI,sllrl4gI,sl3r14gI,sl4r14g1,515r14g1,

s16rldgI,sl7rldgI];

allppldg = [s5ppl4gl, séppl4gl,sTppl4gl,s8ppldagl,s9ppldgl, sllppldgl,sllppldgl, s13ppléagI, sldppldgl,
s15ppl4gI,sléppldgI,slippldgl];

2% FEFTLHLILALLALLLLELLRRILLLLRRLLS
%Calculation of the mean
meanhr0g = mean(allhrOg,2);
meansys0g = mean(allsys0g,2);
meandiaOg mean(alldiaOg,2);
meanmbp0g = mean(allmbpOg,2);
meansv0g = mean(allsv0g,2);
meanco0g = mean(allco0g,2);
meanr0g = mean(allrOg,2);
meanpplg = mean(allpp0Oqg,2);
meanhrlg = mean(allhrlg,2);
meansyslg = mean(allsyslg,2);
meandialg mean(alldialg,2);
meanmbplg = mean(allmbplg, 2);
meansvlg = mean(allsvlg,2);
meancolg = mean(allcolg,2);
meanrlg = mean(allrlg,2);
meanpplg = mean(allpplg,2):
meanhrld4g = mean(allhrldg,2);:
meansysld4g = mean(allsysldg,2);
meandiald4g = mean(alldialdgqg,2):
meanmbpl4g = mean(allmbplég,2):
meansvldg = mean(allsvldg,2);
meancol4g = mean(allcoldg,2);
meanrldg = mean(allrldg,2);
meanppl4g = mean(allppldg,2);
3% $HTEILITTILLSLELLLLLLLL0250000%%%
%%Calculation of the SD
SDhrOg = std(allhr0g,0,2);
plusSDhr0g = meanhrOg + SDhr0g;
minusSDhrO0g = meanhr0Og - SDhr0g:
SDsysOg = std(allsys0q,0,2);
plusSDsysOg = meansysOg + SDsys0g;
minusSDsys0g = meansysOg - SDsys0g;
SDdial0g = std(alldia0g,0,2);
plusSDdia0g = meandiaOg + SDdialg;
minusSDdia0g = meandiaOg - SDdialg;
SDmbp0g = std(allmbp0g,0,2);
plusSDmbp0g = meanmbpOg + SDmbplg;
minusSDmbpO0g = meanmbpOg - SDmbp0g;
SDsv0g = std(allsv0g,0,2);
plusSDsv0g = meansvOg + SDsv0g;

]
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minusSDsv0g = meansv(Og - SDsv0g;
SDcolg = std(allco0g,0,2);

plusSDco0Og = meancolg + SDcoOg;

minusSDco0g = meancoOg - SDcolg;
SDr0g = std(allr0g,0,2):

plusSDr0g = meanrOg + SDrOg;

minusSDrOg = meanrOg - SDr0g;
SDpp0g = std(allpp0g,0,2);

plusSDpp0Og = meanppOg + SDpp0g;

minusSDpplg = meanpplg - SDpplg;

Shhrlg = std(allhrlg,0,2);

plussbDhrlg = meanhrlg + SDhrlg;

minusSDhrlg = meanhrlg - SDhrlg;
SDsyslg = std(allsyslg,0,2);

plusSDsyslg = meansyslg + SDsyslg;

minusSDsyslg = meansyslg - SDsyslg;
SDdialg = std(alldialgqg,0,2);

plussSDdialg = meandialg + SDdialg;

minusSDdialg = meandialg - SDdialg:;
SDmbplg = std(allmbplg,0,2);

plusSDmbplg = meanmbplg + SDmbplg;

minusSDmbplg = meanmbplg - SDmbplg;
SDhsvlg = std(allsvlg,0,2);

plusSDsvlg = meansvlg + SDsvlg;

minusSDsvlg = meansvlg - SDsvlg:
SDcolg = std(allcolg,0,2);

plusSDcolg = meancolg + SDcolg;

minusSDcolg = meancolg - SDcolg;
Sbrlg = std(allrlg,0,2);

plusSDrlg = meanrlg + SDrlg;

minusSDrlg = meanrlg - SDrlg;
SDhpplg = std(allpplg,0,2);

plusSDpplg = meanpplg + SDpplg;

minusSDpplg = meanpplg - SDpplg;

SDhrl4g = std(allhrlég,0,2);

plusSDhrl4g = meanhrldg + SDhrldg;

minusSDhrl4g = meanhrl4g - SDhrldg;
SDsysld4g = std(allsysl4g,0,2);

plusSDsysl4g = meansysl4g + SDsysldg:

minusSDsysl4g = meansysld4g - SDsysldg;
SDdial4g = std(alldiald4g,0,2):

plusSDdiald4g = meandiald4g + SDdialdg;

minusSDdial4g = meandiald4g - SDdialdg;
SDmbpl4g = std(allmbpl4g,0,2);

plusSDmbpl4g = meanmbpl4g + SDmbpldg:

minusSDmbpl4g = meanmbpl4g - SDmbplédg;
SDsvld4g = std(allsvldg,0,2);

plusSDsvl4g = meansvldg + SDsvldg;

minusSDsvl4g = meansvld4g - SDsvldg;
SDcoldg = std(allcoldq,0,2);

plusSDcol4g = meancol4g + SDcoldg;

minusSDcold4g = meancol4g - SDcoldg;
SDrl4g = std(allrlédgqg,0,2);

plusSDrl4g = meanrld4g + SDrldg;

minusSDrldg = meanrldg - SDrldg;
SDppld4g = std(allppldg,0,2);

plusSDppld4g = meanppld4g + SDpplédg;

minusSDppl4g = meanppl4g - SDpplég;

FERRLELTLLLTLLRLRL9859%58%9%
culation of the Standard Error
2; %Number of subjects

SEhrOg = SDhrOg/sqrt(n);
plusSEhr0g = meanhrOg + SEhr0Og;
minusSEhr0g = meanhr0Og - SEhr0g;
SEsys0g = SDsysOg/sqrt(n);
plusSEsysOg = meansysOg + SEsys0g;
minusSEsysOg = meansysOg - SEsysOg;
SEdiaOg = SDdiaOg/sqrt(n);
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plusSEdiaO0g = meandialOg + SEdialgq;

minusSEdiaOg = meandialg - SEdialg;
SEmbp0g = SDmbpOg/sqrt(n);

plusSEmbp0g = meanmbp0Og + SEmbpOg;

minusSEmbpOg = meanmbplg - SEmbplg;
SEsv0g = SDsv0g/sqrt(n);

plusSEsv0g = meansvOg + SEsv0g;

minusSEsv0g = meansv0g - SEsv0g;
SEco0g = SDco0g/sqgrt(n);

plusSEco0g = meancoOg + SEcolg;

minusSEco0g = meancoOg - SEco0g;
SEr0g = SDrOg/sqrt(n);

plusSEr0g = meanrOg + SErOg;

minusSEr0g = meanr0Og - SEr0Og;
SEpp0g = SDppOg/sqrt(n);

plusSEppOg = meanppOg + SEppOg;

minusSEppOg = meanppOg - SEppOg;

SEhrlg = SDhrlg/sqrt(n):

plusSEhrlg = meanhrlg + SEhrlg:

minusSEhrlg = meanhrlg - SEhrlg;
SEsyslg = SDsyslg/sqrt(n);

plusSEsyslg = meansyslg + SEsyslg;

minusSEsyslg = meansyslg - SEsyslg;
SEdialg = SDdialg/sqgrt(n);

plusSEdialg = meandialg + SEdialg:;

minusSEdialg = meandialg - SEdialg;
SEmbplg = SDmbplg/sqrt(n);

plusSEmbplg = meanmbplg + SEmbplg;

minusSEmbplg = meanmbplg - SEmbplg;
SEsvlg = SDsvlg/sqrt(n);

plusSEsvlg = meansvlg + SEsvlg;

minusSEsvlg = meansvlg - SEsvlg;
SEcolg = SDcolg/sqrt(n);

plusSEcolg = meancolg + SEcolg:;

minusSEcolg = meancolg - SEcolg;
SErlg = SDrlg/sqgrt(n);

plusSErlg = meanrlg + SErlg;

minusSErlg = meanrlg - SErlg;
SEpplg = SDpplg/sgrt(n);

plusSEpplg = meanpplg + SEpplg;

minusSEpplg = meanpplg - SEpplg:;

SEhrldg = SDhrldg/sqgrt(n);

plusSEhrld4g = meanhrlé4g + SEhrldg;

minusSEhrl4g = meanhrldg - SEhrldg;
SEsysl4g = SDsysldg/sqrt(n);

plusSEsysl4g = meansysldg + SEsyslég;

minusSEsysld4g = meansysl4g - SEsysldg;
SEdiald4g = SDdialdg/sqrt(n);

plusSEdialdg = meandiald4g + SEdiald4g;

minusSEdial4g = meandiald4g - SEdialdg;
SEmbpl4g = SDmbpld4g/sgrt(n);

plusSEmbpl4dg = meanmbpld4g + SEmbplég;

minusSEmbpld4g = meanmbpld4g - SEmbpldg;
SEsvld4g = SDsvl4g/sqrt(n);

plusSEsvl4g = meansvl4g + SEsvldg;

minusSEsvl4g = meansvl4g - SEsvl4g;
SEcold4g = SDcoldg/sqrt(n);

plusSEcol4g = meancol4g + SEcoldg;

minusSEcol4g = meancold4g - SEcoldg:;
SErldg = SDrldg/sgrt(n);:

plusSErldg = meanrld4g + SErlég;

minusSErld4g = meanrld4g - SErldg;
SEppld4g = SDppldg/sqgrt(n);

plusSEppldg = meanpplé4g + SEppldg;

minusSEppl4g = meanppld4g - SEpplég;

%% Calculation of Mean, SD and SE taking out some readings for filtering purposes

%% Cardiac Output 1l.4g
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mask = ones (size(allcolég));
mask (9600:10400,1)=0; %Subject 5
mask (8250:10500,3)=0; %Subject 7

C0l4 = allcoldg.*mask;
meancoldg mod = sum(COl4,2)./sum(mask,2);

CO214=zeros (size(allcoldg));

for i = 1: length (meancol4g mod);
C0214(i,:)=(C014 (i, :)-meancoldg mod(i)) ."2;

end

SDcol4g mod = (sum(C0214,2)./(sum(mask,2)-1))."(1/2);
plusSDcolé4g mod = meancoldg mod + SDcoldg mod;
minusSDcoldg mod = meancold4g_mod - SDcoldg_mod;

SEcold4g_mod = SDcol4g_mod./sqgrt (sum(mask,2));
plusSEcol4g mod = meancoldg mod + SEcoldg mod;
minusSEcol4g mod = meancoldg _mod - SEcol4g_mod;

%% Diastolic Blood pressure Og
mask = ones (size(alldiaOg)):

BP0 = alldiaOg.*mask;
meandia0g mod = sum(BPO,2)./sum(mask,2);

BP02=zeros (size(alldiaOg)):
for i = 1: length (meandialOg_mod);

BP02 (i, :)=(BPO (i, :)-meandialg mod(i))."2;
end

SDdia0g_mod = (sum(BP02,2)./(sum(mask,2)-1))." (1200
plussDdiaOg _mod = meandiaOg_mod + SDdialOg_mod;
minusSDdia0g_mod = meandialg_mod - SDdiaOg_mod;

SEdia0g _mod = SDdiaOg_mod./sqrt (sum(mask,2));
plusSEdia0g_mod = meandiaOg mod + SEdialg_mod;
minusSEdia0g_mod = meandialg_mod - SEdialOg_mod;

%% Diastolic Blood pressure 1l.4g
mask = ones (size(alldialg));

mask (9600:10400,1)=0; %Subject 5
mask(8250:10500,3)=0; %Subject 7
mask(11350:11950,10)=0; %Subject 15

BP14 = alldialdg.*mask;
meandial4g mod = sum(BP14,2)./sum(mask,2);

BPl42=zeros (size(alldialdg)):
for i = 1: length (meandialédg_mod);

BP142 (i, :)=(BP1l4(i,:)-meandialdg mod(i))."2;
end

sbdialdg mod = (sum(BP142,2)./(sum(mask,2)-1))."(1/2);
plusSDdial4g_mod = meandial4g mod + SDdial4g mod;
minusSDdial4g mod = meandialdg mod - SDdialdg_mod;

SEdiald4g_mod = SDdial4g_med./sqrt (sum(mask,2));
plusSEdial4g mod = meandialdg mod + SEdial4g mod;
minusSEdial4g mod = meandialdg mod - SEdialdg_mod;

%% Mean Blood pressure 0Og
mask = ones (size(allmbpOg)):

MBP0 = allmbpOg.*mask;
meanmbp0g_mod = sum(MBPO,2)./sum(mask,2);

MBP02=zeros (size (allmbpOlg)):
for i = 1: length (meanmbpOg_mod);

MBP02 (i, :)=(MBPO (i, :)-meanmbpOg mod(i))."2;
end

SDmbpOg mod = (sum(MBP02,2)./ (sum(mask,2)-1)).%(1/2);
plusSDmbpOg_mod = meanmbpOg_mod + SDmbpOg_mod;
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minusSDmbp0g_mod = meanmbpO0g _mod - SDmbpOg_mod;
SEmbp0g_mod = SDmbpOg _mod./sqrt (sum(mask,2));

plusSEmbpOg_mod = meanmbpOg mod + SEmbpOg_mod;

minusSEmbpOg_mod = meanmbpOg _mod - SEmbpOg_mod;

%% Mean Blood pressure 1.4g
mask = ones (size(allmbpOg));
mask(8250:10500,3)=0; %Subject 7

MBP14 = allmbpl4g.*mask;
meanmbpl4g mod = sum(MBP14,2)./sum(mask,2);

MBPl42=zeros (size (allmbpldg));
for i = 1: length (meanmbpl4g mod);

MBP142 (i, :)=(MBP14 (i, :) -meanmbpldg_mod (i) ) ."2;
end

SDmbpld4g_mod = (sum(MBP142,2)./(sum(mask,2)-1))."(1/2);
plusSDmbpldg _mod = meanmbpl4g _mod + SDmbplédg_mod;
minusSDmbpl4g mod = meanmbpldg mod - SDmbpl4g mod;

SEmbpl4g_mod = SDmbpl4g_mod./sgrt (sum(mask,2));
plusSEmbpl4g_mod = meanmbpl4g_mod + SEmbpldg_mod:
minusSEmbpl4g _mod = meanmbpl4g _mod - SEmbplé4g_mod;

%% Systolic Blood pressure 1l.4g
mask = ones (size(allsysOg));
mask(9600:10400,1)=0; %Subject 5

SBP14 = allsysldg.*mask;
meansysl4g mod = sum(SBP14,2)./sum(mask,2);

SBPl42=zeros(size(allsysldg));
for i = 1: length (meansysld4g mod);

SBP142 (i, :)=(SBP14(i,:)-meansysl4g mod(i))."2;
end

SDsysl4g_mod = (sum(SBP142,2)./(sum(mask,2)-1))."(1/2);
plusSDsysld4g mod = meansysldg mod + SDsysl4g mod;
minusSDsysl4g mod = meansysl4g mod - SDsysl4g_mod;

SEsysl4g_mod = SDsysldg_mod./sqgrt (sum(mask,2));
plusSEsysl4g mod = meansysld4g mod + SEsysldg_mod;
minusSEsysl4g mod = meansysl4g mod - SEsyslé4g_mod;

%% Pulse pressure l.4g

mask = ones (size(allppOg)):

mask (9600:10400,1)=0; %Subject 5
mask (8250:10500,3)=0; %Subject 7

PP1l4 = allppl4g.*mask;
meanppl4g mod = sum(PP14,2)./sum(mask,2);

PPl42=zeros(size(allppldg));

for i = 1: length (meanppld4g_mod);:
PP142(i,:)=(PP14(i,:)-meanppldg mod(i))."2;

end

SDppld4g _mod = (sum(PP142,2)./(sum(mask,2)-1))."(1/2);
plusSDppl4g _mod = meanpplé4g mod + SDppldg_mod;
minusSDppl4g mod = meanppldg mod - SDppl4g_mod;

SEppl4g _mod = SDpplé4g_mod./sqrt (sum(mask,2));
plusSEppldg_mod = meanppld4g mod + SEpplég_mod;
minusSEppl4g_mod = meanppldg mod - SEppl4g_mod;

%% Stroke Volume 1.4g

mask = ones (size(allsvldg)):;

mask (9600:10400,1)=0; %Subject 5
mask(8250:10500,3)=0; %Subject 7
mask(11350:11950,10)=0; %Subject 15

Sv14 = allsvldg.*mask;
meansvl4g mod = sum(SV14,2)./sum(mask,2);
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SV142=zeros (size(allsvldgqg)):

for i = 1: length (meansvldg _mod);
SV142(i,:)=(SV14(i,:)-meansvldg mod(i))."2;

end

SDsvl4g mod = (sum(SV142,2)./(sum(mask,2)-1))."(1/2);
plusSDsvl4g mod = meansvl4dg_mod + SDsvl4g mod;
minusSDsv14g mod = meansvl4g mod - SDsvl4g_mod;

SEsvl4g mod = Sst14g_mod.lsqrt(sum(mask,Z));
plusSEsvl4g mod = meansvl4g_mod + SEsvl4g mod;
minusSEsvl4g mod = meansvl4g mod - SEsvldg_mod;

%% Peripheral resistance 1l.4g

mask = ones (size(allrldqg));

mask (8250:10500,3)=0; %Subject 7
mask (19050:19700,4)=0; %Subject 8
mask(20950:21840,4)=0; %Subject 8
mask(11180:12010,10)=0; %Subject 15
mask(1:4281,5)=0; %Subject 9

R14 = allrldg.*mask;
meanrld4g mod = sum(R14,2)./sum(mask,2);

R2l4=zeros(size(allrldg)):
for i = 1: length (meanrldg mod);

R214 (i, :)=(R14(i, :)-meanrldg mod(i))."2;
end

SDrl4g mod = (sum(R214,2)./(sum(mask,2)-1))."(1/2);
plussSDrld4g mod = meanrld4g mod + SDrldg mod;
minusSDrld4g _mod = meanrld4g mod - SDrld4g_mod;

SErl4g mod = SDrl4g mod./sqgrt (sum(mask,2));
plusSErl4g mod = meanrld4g mod + SErldg mod;
minusSErld4g mod = meanrld4g mod - SErldg_mod;

%% Peripheral resistance 0Og
mask = ones (size(allxOq));
mask(1:1305,3)=0; %Subject 7

RO = allr0Og.*mask;
meanrOg_mod = sum(R0,2)./sum(mask,2);

R20=zeros (size(allr0g));

for i = 1: length (meanrOg _mod):
R20(i,:)=(RO(i, :)-meanr0g_mod(i))."2;

end

SDr0g_mod = (sum(R20,2)./(sum(mask,2)-1))."7(1/2);
plusSDrO0g_mod = meanr0g_mod + SDrOg mod;
minusSDrOg_mod = meanr(lg _mod - SDrOg_mod;

SEr0g_mod = SDr0Og_mod./sqrt (sum(mask,2));
plusSEr0g_mod = meanrOg_mod + SErOg_mod;
minusSEr0g_mod = meanrOg_mod - SEr0Og_mod;

%% PLOT ALL SUBJECTS

close all
clear all
cle

getCVdata;
processCVdata:

%% Cardiac Output

%$Plot modified including manual removal of misreading data
$1.4g

$mask(9600:10400,1)=0; %Subject 5

$mask(8250:10500,3)=0; %Subject 7

figure (2);
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hold on;
boundedline (t_std , meanco0g, SEco0g, '-r','alpha',...
t_std, meancolg, SEcolg , '-b','alpha',...
t_std , meancold4g_mod, SEcol4g mod, '-g', 'alpha');
plot (t_std,meancolg, 'LineWidth', 3, 'color', 'r');
plot (t_std,meancolqg, 'LineWidth', 3, 'color', 'b') ;
plot (t_std,meancol4g_mod, 'LineWidth',3, 'color','g");
title('Cardiac Output (Mean and SE)','FontSize',20,'FontName', 'Times’');
ylabel ('Cardiac Output (liters per minute)', 'FontSize', 18, 'FontName', 'Times’');
xlabel ('Time (minutes)','FontSize',18, 'FontName', 'Times');
legend('No Centrip','lG Centrip','l.4G Centrip', 'Location', 'NorthWest');
ax = gca;
set (ax, 'FontSize',16);
box on;
axis([(0,25,0,20]);

%% Diastolic Blood Pressure
$Plot modified including manual removal of misreading data
%0g
%mask (3000:25000,1)=0; %Subject 5 (no)
%1.4qg
% mask(9600:10400,1)=0; %Subject 5
% mask(8250:10500,3)=0; %Subject 7
% mask(11350:11950,10)=0; %Subject 15
figure (5);
hold on;
boundedline (t_std , meandiaOg mod, SEdiaOg_mod, '-r','alpha',...
t_std, meandialg, SEdialg , '-b','alpha',...
t_std , meandialdg _mod, SEdial4g_mod, '-g', 'alpha');
plot(t_std,meandiaOg_mod,‘LineWidth',3,'color',’r‘);
plot(t_std,meandialg, 'LineWidth', 3, 'color’', 'b");
plot (t_std,meandial4g_mod, 'LineWidth',3,'color','g');
title('Diastolic BP (Mean and SE)','FontSize', 20, 'FontName','Times'):
ylabel ('Diastolic Blood Pressure (mmHg) ', 'FontSize',18, 'FontName', 'Times"') ;
xlabel ('Time (minutes)','FontSize',18,'FontName', 'Times');
legend('No Centrip','lG Centrip','l.4G Centrip', 'Location’, 'NorthWest');
ax = gca;
set (ax, 'FontSize',16);
%legend boxoff;
box on;

%% Heart Rate
figure(7);
hold on;
boundedline (t_std , meanhrOg, SEhrOg, '-r','alpha',...
t_std, meanhrlg, SEhrlg , '-b', 'alpha"’, ...
t_std , meanhrldg, SEhrldg, '-g', 'alpha');
plot (t_std,meanhrOg, 'LineWidth', 3, 'color’, 'r');
plot (t_std,meanhrlg, 'LineWidth', 3, 'color’, 'b");
plot (t_std,meanhrldg, 'LineWidth',3, 'color’', 'g');
title('Heart Rate (Mean and SE)', 'FontSize',6 20, 'FontName', 'Times');
ylabel ('Heart Rate (beats per minute)', 'FontSize',18,'FontName', 'Times’');
xlabel ('Time (minutes)','FontSize',18, 'FontName','Times');
legend('Ne Centrip','lG Centrip','l.4G Centrip', 'Location', 'NorthWest'):
ax = gca;
set (ax, 'FontSize',16);
box on;

%% Mean Blood Pressure

$Plot modified including manual removal of misreading data

%0g

%mask (3000:25000,1)=0; %Subject 5

%1l.4g

% mask(8250:10500,3)=0; $%Subject 7

figure (10);

hold on;

boundedline (t_std , meanmbp0Og_mod, SEmbpOg mod, '-r','alpha',...
t_std, meanmbplg, SEmbplg , '-b','alpha',...
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t_std , meanmbpl4g mod, SEmbpld4g_mod, '-g', 'alpha'):
plot(t_std,meanmbpﬂg_mod,'LineWidth‘,3,'color','r');
plot (t_std,meanmbplg, 'LineWidth', 3, 'color', 'b");
plot (t_std,meanmbpl4g_mod, 'LineWidth', 3, 'coloxr', 'g');
title('Mean Blood Pressure (Mean and SE)', 'FontSize', 18, 'FontName', 'Times');
ylabel ('Mean Blood Pressure (mmHg)','FontSize',18,'FontName', 'Times');
xlabel ('Time (minutes)','FontSize', 18, 'FontName', 'Times');
legend('No Centrip','lG Centrip','1.4G Centrip', 'Location', 'NorthWest');:
ax = gca;
set (ax, "FontSize',16);
box on;

%% Pulse Pressure

$Plot modified including manual removal of misreading data
%$1.4g

% mask(9600:10400,1)=0; %Subject 5 (No}

% mask(8250:10500, 3)=0; tSubject 7

figure(13);
hold on;
boundedline (t_std , meanpplg, SEpplg, '-r','alpha',...
t_std, meanpplg, SEpplg , '-b','alpha’,...
t_std , meanppl4g mod, SEppldg mod, '-g', ‘'alpha’);
plot (t_std,meanpp0g, 'LineWidth', 3, 'ecolor', 'r');
plot[t_std,meanpplg,'LineWidth',3,‘color',‘b'):
plot (t_std,meanppl4g_mod, 'LineWidth',3, 'color', 'g');
title('Pulse Pressure (Mean and SE)', 'FontSize', 20, 'FontName', 'Times');
ylabel ('Pulse Pressure (mmHg) ', 'FontSize', 18, 'FontName', 'Times"');
xlabel ('Time (minutes)','FontSize',18,'FontName', 'Times');
legend('No Centrip','lG Centrip','l.4G Centrip', 'Location’', 'SouthWest');
ax = gca;
set (ax, 'FontSize',16);
box on;
axis([0,25,10,80])

%% Stroke Volume
$Plot modified including manual removal of misreading data
31l.4g
% mask(9600:10400,1)=0; %Subject 5
% mask (8250:10500,3)=0; %Subject 7
%mask(11350:11950,10)=0; %Subject 15
figure (16);
hold on;
boundedline (t_std , meansv0g, SEsv0g, '-r','alpha’,...

t_std, meansvlg, SEsvlg , '-b','alpha',...

t_std , meansvldg_mod, SEsvl4g mod, '-g', 'alpha');
plot(t_std,meanstg,‘LineWidth',B,'color','r');
plot (t_std,meansvlg, 'LineWidth',3, 'color', 'b');
plot(t_std,meansleg_mod,'LineWidth‘,3,'color',‘g');
title('Stroke Volume (Mean and SE)','FontSize',20,'FontName', 'Times"');
ylabel ('Stroke Volume (mL) ', 'FontSize',18, 'FontName', 'Times"');
xlabel ('Time (minutes)','FontSize',18, 'FontName', 'Times');
legend('No Centrip’','lG Centrip','l.4G Centrip', 'Location’,'SouthWest');
ax = gca;
set (ax, 'FontSize',16);
box on;
axis ([0,25,50,130]);

%% Systolic Blood Pressure
$Plot modified including manual removal of misreading data
1.4g
% mask(9600:10400,1)=0; %Subject 5
figure (19);
hold on;
boundedline (t std , meansys0Og, SEsysOg, '-r','alpha',...
t:std, meansyslg, SEsyslg , '-b','alpha’,...
t_std , meansysld4g mod, SEsysld4g mod, '-g', 'alpha');
plot (t_std,meansysOg, 'LineWidth',3, 'color', 'r');
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plot (t_std,meansyslg, 'LineWidth', 3, 'color’', 'b');

plot (t_std,meansysl4g_mod, 'LineWidth',3, 'color','g");

title('Systolic BP (Mean and SE)', 'FontSize',20, 'FontName','Times');
ylabel ('Systolic Blood Pressure (mmHg)','FontSize',18,'FontName','Times'):
%label ('Time (minutes)','FontSize',18, 'FontName', 'Times"');

legend ('No Centrip','lG Centrip','1l.4G Centrip', 'Location', 'SouthEast'):;
ax = gca;

set (ax, 'FontSize',16):

box on;

axis([0,25,80,180]);

%% Resistance

%Plot modified including manual removal of misreading data
%1.4qg

% mask (8250:10500,3)=0; %Subject 7

% mask(19050:19700,4)=0; %Subject 8

mask (20950:21840,4)=0; %Subject 8

¥ mask(11180:12010,10)=0; %Subject 15

% mask(1:4281,5)=0; %Subject 9

%0g

$mask(1:1305,3)=0; %Subject 5

figure (22);
hold on;
boundedline (t_std , meanrOg_mod./1330, SEr0Og_mod/1330, '-r',‘'alpha',...
t_std, meanrlg./1330, SErlg/1330 , '-b','alpha',...
t_std , meanrldg_mod./1330, SErld4g mod/1330, '-g', 'alpha'):
plot (t_std,meanr0g_mod/1330, 'LineWidth',3, 'color','cr');
plot(t std,meanrlg/1330, 'LineWidth',3, 'color’,'b");
plot (t_std,meanrldg_mod/1330, 'LineWidth', 3, 'color','g');
title('Vascular Resistance (Mean and SE)','FontSize', 20, 'FontName', 'Times');
ylabel ('Resistance (PRU: mmHg/ml/sec)','FontSize',18, 'FontName','Times"');
xlabel ('Time (minutes)','FontSize',18,'FontName', ' 'Times'):
legend ('No Centrip','lG Centrip','1l.4G Centrip', 'Location’', 'NorthWest');
axis{[0,25,0,2]);
ax = gca;
set (ax, '"FontSize',16);
box on;
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C. Nexfin Noninvasive Continuous Hemodynamic Monitoring

The Nexfin system (BMEYE B.V. Amsterdam, the Netherlands) allows accurate hemodynamic
monitoring non-invasively. The only interface with the subject is a finger cuff that includes an infrared
photo-plethysmograph sensor that measures the diameter of the finger arteries. The cuff inflates or
deflates in order to keep the diameter of the “unload” arteries (no tensions in the walls) constant during
the cardiac cycle, and this cuff pressure is directly measured as the real-time finger pressure waveform
[95]. This is called the “volume clamp method”[69]. The arteries diameter set point level and periodic
automatic adjustments are established using the “Physiocal” method, which is based on the curvature and
sharpness of the plethysmogram during short periods of steady cuff pressure levels [74], [96]. The finger
pressure waveform is then transformed to brachial pressure waveform to counteract both the pressure
drop due to resistance, and the pressure wave amplification in peripheral measurements sites like the

fingers.

Stroke volume and cardiac output are calculated using the CO-Trek pulse contour algorithm, summarized
in Figure 92. This method incorporates a three-element Windkessel model, where C. represents the sum
of all compliances of all arteries, R, equals the total peripheral resistance, and Z. represents the
characteristic impedance of the aorta, or in other words, the impedance that the ventricle encounters
during ejection. Cy and Z. are non-linear functions of pressure and they depend on patient age, weight,
gender, and height. R, is calculated iteratively as the ratio of mean arterial pressure (MAP) and CO. The
aortic input impedance Zin is calculated from the three-element Windkessel model using non-linear

relationships [82].

Nexfin CO-trek (2007)
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Figure 92 — Nexfin CO-Trek methodology (figure taken from [74]).
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Stroke volume is obtained instantaneously by dividing the Pulsatile Systolic Area (PSA, time-integral of
the systolic part of the arterial pressure wave) by the aortic input impedance Zin. Finally, cardiac output is

calculated as the product of stroke volume and heart rate.
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D. Forms for the Centrifuge Experiment

COUHES APPROVAL
M'T Commitae On the Use of Mumens es MASSACHUSETTS INSTITUTE OF TECHNOLOGY
Exparmentsd Subjecs 77 Wasachusetls Averue i
Buldng TN ]
[617) 2536787
Te: Laurence Young
37219
From: Leigh Fien, Ch
COUHES
Date: 112002014
Committee Action: Renewsl
Committee Action Date 112002014
COUMES Protecol # 1301005479
Study Title Artificial Gravity with Ergonomic Exercise: Development and Characterization of a Test

Platform Meeting Requirements for Future Inflight Studies
Expiration Date 11/19/2015

Humans as Experimental Subjects (COUHES).

written: potification of approval from the collaborating institution's IRB

before the expiration date will result in termination of the study and suspension of related research grants

events should be reported in writing within 10 working days.

Amendments: Any changes to the protocol that impact human subjects, including charges in experiments| design,
equipment, personnel or funding, must be approved by COUHES before they can be imitiated.

Privacy Rule before participating in the study.

You must maintain a research file for at beast 3 years after completion of the study, This file should include all
correspondence with COUHES, original signed consent forms, and study data.

The shove referenced protocal was given renewed approval following full board review by the Committee an the Use of
If the resesgch involves collaboration with another institution then the h cannot cc until COUHES receives

It is the Principal Investigator's responsibility to obtain review and continued approval before the expiration date. You may
not continue any rescarch activity beyond the expiration date without approval by COUHES. Failure to renew your study

Adverse Events: Any serious or unexpected adverse event must be reported to COUHES within 48 hours. All other adverse

Prospective new study personnel must, where applicable, complete training in human subjects research and in the HIPAA
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CONSENT FORM

CONSENT FORM, ARTIAICIAL GRAVITY 1

CONSENT TO PARTICIPATE IN NON-BIOMEDICAL RESEARCH

Artifical Gravity with Ergonomic Exercise:
Development and Characterization of a Test Platform to Meet
Requirements for Future Inflight Studies

You are asked to participate in a research study conducted by Laurence Young. ScD., from
the Department of Aeronautics and Astronautics at the Massachusetts Institute of
Technology (M.IT.). The results of this study may be published in a student thesis or
scientific joumal You were selected as a possible participant in this study because you
volunteered and meet the minimum health and physical requirements. You should read the
information below, and ask questions about amything you do not understand before
deciding whether or not to participate.

PARTICIPATION AND WITHDRAWAL

Your participation in this study is completely voluntary and you are free to choose whether
tobe mit or not If you choose to be in this study, you may subsequently withdraw from it
at any time without penalty or consequences of any kind The investigator may withdraw
you from this research if circumstances arise which warrant doing so. Such circumstances
mclude evidence that you do not meet the mininmm health and physical requirements, or
that during the study it becomes clear to the experimenter that you are becoming drowsy,
unalert, or uncooperative.

You should not participate in this study if you have any medical heart conditions,
respiratory conditions, musculoskeletal conditions, medical conditions which would be
tnggered 1f you develop motion sickness, mlmderﬂrmﬂllmceofﬂcohoLcatffelne anti-
depressants, or sedatives, have suffered in the past from a serious head injury (concussion),
or if there is any possibility that you may be pregnant. The experimenter will check to see
if you meet these requirements.

PURPOSE OF THE STUDY

Short radius centrifugation is currently being investigated as a countermeasure to the
deleterious effects of weightlessness expenenced dunng long duration spaceflight The
purpose of this study is to characterize, both physiologically and mechanically, a proposed
design for a short radius centrifuge that would fit within the confines of a spacecraft as
well as to develop an optimal centrifugation and exercise regimen for this centrifuge.

PROCEDURES

If you volunteer to participate in this study, we would ask you to do the following things:
When you arrive at the lab, you will be briefed on the background of centrifugation,
disqualifying medical conditions, the experiment protocol, and the various components of

the centrifuge, including the emergency stop button, restraining belt, and data collection
devices. Data collection devices include 2 tape measure, scale, heart a rate sensor, blood
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CONSENT FORM, ARTIFICIAL GRAVITY 2

pressure sensor, mertial sensors on vour legs, EMG electrodes, and force sensors on the pedals
of the cyele ergometer. Additionzl data will be collected from accelerometers on the centnfuge
arm. though these sensors will not be attached to your body. After your briefing, the
experimenter will record your answers to basic questions about your health, ask you to complete
a pre-parficipation questionnaire, and take your height. weight. blood pressure, and heart rate.
During the experiment you will be on the centrifuge lving on your side with your head slightly
to the side of the center of rotation. Two leg pads will be strapped to your lower leg, and two
leg cuffs will be strapped around your upper leg. Your feet may be strapped mto foot pedals of
an exercize device, or left to rest on a platform. A three-point hamess will be secured pnor to
beginning tnals. After lying down, the expenimenter may collect some data while the centrifuge
15 stationary. The experimenter will explain the centifugation regimen. and ask you if you are
ready before starting rotation. The regiment will meet the following requirements:

*  Acceleration will be no greater than 5 rpm/second

*  G-level along your body axis will not exceed 2.0 G at your feet (2 "1G" is defined as
the acceleration or force that you experience normally while standing on earth).

¢ Time of rotation will not exceed 30 mmutes
® Exercise loads will not exceed 300 watts

During rotation the expenmenter may divect you to start or stop exercising. and will alert you
to changes in speed of rotation and exercise loads. You may opt to perform the tnals mn the dark
to minimize motion sickness. When the experiment 15 complete, the centnfuge will be stopped,
and the experimenter may collect some 2dditional data.

After the experiment you will be asked to report your subjective expenence via an exat survey.
All data, including the surveys, will be recorded anonymously.

As a parhicipant in experimental trials, vou tentatively agree to return for additional tnals (at
most 10) requested by the expenmenter. You may or may not be assigned to a study group that
performs similar tasks. Other than the time required for rotation, the time commitment is 20
minutes for the first briefing, and 10-60 minutes for other procedures before and after rotation.

POTENTIAL RISKS AND DISCOMFORTS

Duning rotation you may develop a headache or feel pressure in your legs caused by a fmd
shift due to centmfugation. You may expenence discomfort from the restramt and leg
hamesses, and fatigue from exercise. You may also experience nausea or mohon sickness,
especially as a result of head movements. The experimenter Will frequently ask you about your
motion sickness to ensure your comfort. and your alertness will be monitored through
communication and through video cameras. You may stop cenmfugation at any time by hitting
the onboard kill swatch, or by alering the experimenter.

POTENTIAL BENEFITS TO SUBJECTS
You will receive no benefits from this research
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CONSENT FORM, ARTIFICIAL GRAVITY 3

POTENTIAL BENEFITS TO SOCIETY
The potential benefits to science and society are a better understanding of how short radis
centrifugation can enable long duration spaceflight

PAYMENT FOR PARTICIPATION
Subjects will not be eligible for payment for their participation.

CONFIDENTIALITY

Any information that is obtained in connection with this study and that can be identified with
you will remain confidential and will be disclosed only with your permission or as required by
law.

Some of the data collected in this study may be published in scientific journals and student
theses. The data may consist of height, weight, heart rate, blood pressure, EMG actmvity, leg
motion, forces vou apply to the ergometer, subjective ratings of your comfort and motion
sickness, and descriptive data on the tnals including the artificial gravity loads and exposure
time, exercise loads, and accelerations on the centrifuge.

During the experiment, the experimenter will monitor you through video cameras capable of
imaging in darkness. You will be monitored to ensure your state of well being and comphance
with the experiment protocol. In some cases the video data will be recorded on digitally. You
have a night to review and edit the file. Any recorded videos will be accessible only by
members of the cwrent Artificial Gravity research team

Research data collected dunng the experiment is stored in coded files that contain no personal
information. This coding of the data will prevent linking your personal data to research data
when it is analyzed or archived. Research data 15 stored in Microsoft excel files and ASCII
files, and there is no certain date for destruction. The data is stored in Man Vehicle Lab
computers that remain accessible only by Artificial Gravity team members. The investigator
wﬂlmmmarewrdofympamnpaummthatyoumybemmacwdmﬂmﬁmm
your data be used for purposes other than those described here.
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CONSENT FORM, ARTIFICIAL GRAVITY 4

IDENTIFICATION OF INVESTIGATORS
If you have any questions or concerns about the research, please feel free to contact:

Principle Investigator:
Laurence Young (37-219)
77 Massachusetts Avermne
Cambridge, MA (2139
(617) 253-7759

EMERGENCY CARE AND COMPENSATION FOR INJURY

If you feel you have suffered an injury, which may include emotional trauma, 25 a result of
participating in this study, please contact the person in charge of the study as soon as possible.

In the event you suffer such an injury, M.I1T. may provide itself, or arrange for the provision
of emergency transport or medical treatment, including emergency treatment and follow-up
care, as needed. or reimbursement for such medical services. M.LT. does not provide any other
form of compensation for injury. In any case. neither the offer to provide medical assistance,
nor the actual provision of medical services shall be considered an admission of fault or
acceptance of liability. Question: regarding this policy may be directed to M 1.T."s Insurance
Office, (617) 253-2823. Your insurance carrier may be billed for the cost of emergency
transport or medical freatment, if such services are determined not to be directly related to your
participation m this study.

RIGHTS OF RESEARCH SUBJECTS

You are not waiving any legal claims, nghts or remedies because of your participation in this
research study. If vou feel you have been treated unfairly, or you have questions regarding your
rights as a research subject, you may contact the Chair-man of the Commuttee on the Use of
Humans as Experimental Subjects, ML T., Room E25-143b, 77 Massachusetts Ave,
Cambridge, MA 02139, Phone: 617-233-6787.
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CONSENT FORM, ARTIAICIAL GRAVITY 5

1 SIGNATURE OF RESEARCH SUBJECT OR LEGAL REPRESENTATIVE
I have read (or someone has read to me) the information provided above. I have been
given an opportunity to ask questions and all of my questions have been answered to my
satisfaction. I have been given a copy of this form.
BY SIGNING THIS FORM, I WILLINGLY AGREE TO PARTICIPATE IN THE
RESEARCH IT DESCRIBES.

Name of Subject

Name of Legal Representative (if applicable)

Signature of Subject or Legal Representative Date
| SIGNATURE OF INVESTIGATOR

I have explained the research to the subject or his/her legal representative, and answered all
of his/her questions. I believe that he/she understands the information described in this
document and freely consents to participate.

Name of nvestigator

Signature of Investigator Date (nst be the same as subject’s)

[ STGNATURE OF WITNESS ( required by COUHES)

My signature as witness certified that the subject or his'her legal representative signed this
consent form in my presence as histher voluntary act and deed.

Name of Witness Date
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CHECKLIST

SUBJECT: CONDITION:
A. Setup

1. Comtrol Room Comp............c. oo .ON
Password: spinaround

2. Onboard Battery...........coore.ON

3. Onboard Computer {OC) .................. ON
Password: spinaround

.. EFROOBNEE: ..coiioisivnimssissnsmmesisisnissns =g

5. From the contro! room computer, lOg in remotely
to onboard computer via remote desktop:
a. Computer centrifugeOB
b. Usemame: CentrifugeOB/Centrifuge
¢ Password (if asked): spinaround
6. OC:Open LEM
a. Login (upper right comner)
i. Username: iode
ii. Password: service
b. Add subject name
c. Select “CV Testingl” protocol
7. OC: Open LoggerLite 1.6.1
a. Chedk and ZERQ the sensor inputs:
i. Force 1[left foot)
ii. Force 2 {right feet)
iii. 3-axis accelerometer
b. Check collection frequency and time
interval of frequency (Experiment -> Data
Collection)
i. Duration: 30 min
ii. Sampling rate: 120 samples/min
c. File/Save as: Subject_rpm
8. Record room temperature and humidity

9. Disinfect HR belt

Date:

10. Ensure anchor on centrifuge main arm

...LOCKED

11. Ergometer baseplate...

12, Ergometeronstruts. ... ... LOCKED
13, Chair s LOCKED
14, Upperlegcuffmount ... . LOCKED

15. Prepare consent, eligibility, and post-test survey
documentation.
16. Check onboard camera feed: 192.168.0.13
a. Usermame: admin
b. Password: spinaround
c. Use lower Login button {server push mode)

17. Open MMT in laptop

B. Subject Orientation

1. Review Consent Form with subject

2. Sign Consent Form

3. Administer Eligibility and Pre-Procedure
Questionnaire

4. Check results to Questionnaire Clarification
document to ensure eligibility.

5. Check subject clothing (no loose articles, nothing in
pocket, proper shoes with toe covering)

6. Getsubject’s info

a. Name:

b. Weight {kg/Ib):

¢ Height:

d. Age:

e. Date of birth: S

7. Getasubject ID:| I

8. Enter data in the LEM profile

9. Enter data in the CCNexfin system
10. Enter weight {Ib) in MMT
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SUBJECT:

LA U

10.

11.

C. Boarding

Don leg pads (2}, if needed
Add saline solution to HR belt
Allow subject to don HR belt
Check Garmin for HR belt signal
Climb in and attach safety harness in all 3 positions
Adjust slider board to proper position (head at the
center of rotation). Lock in place with strut sections
and enter radial distance at the end of the slider
board into the MMT

a. Slider radius {m)I |

Adjust position of eye bolts as needed to align with
upper and lower leg.

Strap feet into ergometer.

Don upper leg cuffs (2).

Adjust exerciser baseplate radially. Lock in place.
with pins (1-2) and carriage locks. Enter positions
into the MMT.

2. Footradius (m}] |

Adjust ergometer along struts. Lock in place with
pins {2). Enter distance into the MMT.

17.

18.

19.

20.
21.

a. Ergometer offset {m]:l

. Tighten upper leg cuffs.

. Don blood pressure finger cuff.
14.
15.
16.

Adjust headrest as needed.
Run MMT.
Add counterweights as specified.

a. Counterweights:

Date:

Disconnect batteries from power strip. Store
extension cord.

Flip on the kill switch circuit box (check for red
light).

Check that subject can reach kill switch.

Undamp centrifuge arm, stow clamp.

Push centrifuge arm 360° to check for clearances.

D. Preparation for data collection
(Control Computer)

Configure LEM for data collection
a. Test subject: Subject
b. Test Ergometer: Angio 2003
c.  Test Protocol: CV Testingl
d. Visualization: workload, rppm, protocol
LEM: click start and wait for the “Initialization
successful” message
a. [f problem, check that the bike is ON and
powered.
Start “Centrifuge Control” (green icon on the
desktop)
a. Click ok when the next message appears
“New maximum velocity is 35 rpm”
Locate all the windows so they are all visible
a. Camera
b. LEM
c. LoggerlLite
d. Centrifuge Control
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SUBJECT:
E. Trial

1. Start data collection at the same time:
a. TIME: I I
b. cclNexfin

¢ HR monitor
d. LEM: “CV Testing” protocol
e. LloggerLite

2. Start the metronome at 120 pedals/min

3. During 3 minutes check the status of the data
collection, and prepare for the spin up

4. Manual control box ... .....cvvericrvinnnenn OFF

5 Manual controlbox ... .. ON

8. Direction...........coorvoriveo... FORWARD

10. Engage (dick up once to ‘Start’).

11. AfenME=3min] [ |

12. Accelerate centrifuge to specified acceleration.

a. Specified rpm:l I
b. Speed up in jumps of 5 rpm
i. Click “Start”

ii. Introduce rpm (jumps of Srpm)
iii. Click "Set Velo"
13. Alert subject to adjust body position as needed. Ask
about comfort and positioning of:

a. Safety hamess

b. Lower leg pads

. Upper leg cuffs

d. Position of ergometer
e. Sensors

CONDITION:

Date:

14. Check Logger Lite/LEM for active sensor readings.
15. Check video display for live feed.

16. Wait for the “AG exposure warm-up” time to complete

a. Alert subject to begin cyding.
18. During trial, alert subject to upcoming changes in
workload.
15. During trial, menitor:
2. Subject via video and oral communication
b. Sensor readouts
¢ Acceleration (speed). Adjust as necessary.
20. At the end of the exercise (workioad=0), tell the subject
to stop cycling, and continue the spinning for 2 min.
21. Alert subject that deceleration is coming {suggest
cosing eyes).
2. fwe= o]
a. Decelerate centrifuge to O RPM.
i. Click "Stop”
23. Leave the subject to rest for 1minl5s minutes
24 Stop/save LEM protocol.
25. Stop/save Logger Lite data collection.
26. Stop/save CCNexfin data
27. Stop/save HR monitor data
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SUBJECT:

1
2.
3

wow N R

10.
11.
12,
13.
14

16.

F. Post-Trial

Manual contrel beX ..o

Lock centrifuge arm.
Unstrap subject:
a. Safety hamess
b. Blood pressure cuff
c. Ergometer foot straps
d. Upper leg cuffs
e. Lower leg pads (if any)
Allow subject to doff HR belt.

Plug batteries into power cord.

Administer exit survey.
Export LEM data. Exit software

CONDITION:

Export Logger Lite data. Exit software.

Copy ccNexfin data in a USB key and save in

desktop. Exit software

Save a copy of the MMT configuration

Get HR data.
Onboard Computer ... OFF
Onboard Battery..............cccccococo......OFF
. Kill switch cirauit BOX..........ccoooocncicccericne e OFF
Control room computer...........cooveeen . OFF

Date:
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QUESTIONNAIRES

QUESTIONNAIRES, ARTIFICIAL GRAVITY 1

Eligibility and Pre-Participation Questionnaire

Please mark one box for each of the following questions. For any question to which you
answered “Yes™ please briefly explain Answering “Yes” does not automatically disqualify
you from the study.

Yes [] No[J 1 Do you currently have any neck. back. chest. hip, knee, ankle, or
foot pain/discomfort?

Yes[] No[ 2 Doyon have arthritis in your ankle. knee. or hip?

Yes (] No O 3 Are you currently using any cardiac, blood pressure, or muscle
relaxation/stmmlant medications?

Yes[] No O 4 Do you have any history of neck. back. chest, hip, knee. ankle, or
foot injuries? When did these occur?

Yes [ No [J 5. Have you ever had ACL, PCL, MCL, or ACL surgery? If so how
long ago?

Yes [J N I 6. Have you recently strained a leg muscle (hip, quad, calf, etc)? If so
how long ago?

Yes [] No [ 7. Have you ever hemiated a disk in you back from heavy lifting? If
so how long ago?
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QUESTIONNAIRES, ARTIFICIAL GRAVITY

Yes [] Nol 8. Have you ever broken a bone m your leg. ankle. or foot? If so,
which bone(s) and how long ago?

Yes (] Nol[ 9. Are you prone to dizziness or motion sickness?

Yes [] No D 10. Do you exercise regularly?
If so, what form (circle)? Cardiovascular, Strength training
How many days per week?
How many hours per session?

Describe your typical routine (which exercises, weights/reps, etc.)

Yes [ No[] 11. Do you experience jomnt or nmscle pain when exercising?

Yes [] Noll 12. Are you, or could you be, pregnant?

To Be Filled Out by Investigator
Subject Number:

Weight:
Height:
Target HR:
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Subject:

Condition:

QUESTIONNAIRES, ARTIFICIAL GRAVITY

Exit Survey

1. Onascale of 1-5 how comfortable was cycling on the centrifuge and how natural
did it feel (1=very comfortable/natural S=very uncomfortable/imnatural),? What, if
any, components contributed to discomfort?

2. Ona scale of 1-5 how stremuous do you feel the exercise regimen was (1=easy, 5=
very strermous)? If strenuous, was this because of the resistance on the exercise
device, the duration of the exercise, or both?

3. Do any muscles or areas of your body feel sore?

4. Circle how nmch each symptom below is affecting you nght now:

# Svmptom Severity
| General discomfort None Shight Maoderate Severe
2. Fatigue None Shght Moderate Savare
3. Headache None Shght Moderate Savere
4 Evestram Nope Slight Moderate Severe
b] Difficulty focusing None Shight Moderate Severe
6. Sahvation mereaszed Nene Shght Moderate Savare
| 7. [ Sweating Nene Shght Moaderate Severe
8. Nausea Nene Shght | Moderate Severe
9 Difficulty concentrating None Shight Moderate Savere
10. | “Fulness ofthes head” Nene Shght Moderate Savare
11. | Bhared vision Nene Sheht Moderate Savere
2. | Dizziness witheyes open None Shght Moderate Severe
13 Dizziness with eyes closed | None Slight Moderate Severe
14. | *Varhgo Neme Shght Maoderate Savere
15. | **Stornach awareness Nene Sheht Maderate Severe
16. | Buping _ Nene | Shght Moderate | Severe
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QUESTIONNAIRES, ARTIFICIAL GRAVITY &

5. Did you experience motion sickness? If so, when did this occur?
On scale of 1 to 10, rate your overall motion sickness:
0 - no symptoms 1 - any symptom no matter how slight 2 — minimal warmth, fatizue

5 - stomach swareness 7 — moderste nausea 9 - indipient voniting
10 - vomiting

6. Did you notice the Coriolis forces acting in the lateral direction that you were
pedaling (as if pushing or pulling on your knees)?

7. Any other comments you'd like to share?
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QUESTIONNAIRES, ARTIFICIAL GRAVITY 5

*FOR CLARIFICATION ONLY, THIS PAGE NOT GIVEN TO SUBJECTS*

Medical Screening

Subjects will be screened for medical conditions by the Eligibility/Pre-Participation
Questionnaire. Of the 12 questions, there are five for which a “yes” answer would result in
an automatic disqualification (#1, 2, 3, 11.12) as these indicate the subject has a curTent
medical condition or is on medication that put them at nsk.

There are five questions (34, 5, 6, 7. 8) for which a “yes” answer would result in
disqualification depending on the time period since the indicated injury. If subjects indicate
the mnjury has occurred within the last 6 months they will be disqualified. otherwise they
will be allowed to participate.

Question 9 pertains to motion sickness; if the subject indicates they are prone to motion
sickness this will not disqualify them from the study, however it will alert the investigator
to proceed slowly with ramping-up the centrifuge spm rate.

Question 10 pertams to the subject’s exercise routine. This question is for data collection
purposes and does not affect the subject’s eligibility.
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E. Analytical Solutions for the Transcapillary Flow and the Interstitial
Fluid Volume

The following equations, taken from Heldt [63], provide an analytical solution for the intercapillary flow
and interstitial volume change during gravitational stress. The solution has been divided in four regions,

depending on the nature of the orthostatic stress. The regions are indicated in Figure 93.

45 ] Al Tm at

Hydrostatic Pressure
{mm Hg)
n
T

0o 2t4 6 8 10 184 186 188 190 192 194

Figure 93 — Generic hydrostatic pressure profile. Figure taken from [63].

Region I: Gradual increase in orthostatic stress over a period of length At.

Q(t)—T'(l—e 7) (E.1)
t ¢
V) = Voo - (E—é(l —e‘?)) (E.2)

Region II: Full orthostatic stress during period of duration Tt;¢.

v At t—At
aO) =T (1-e"7) e =

V() = Voar (1 - 32(1 - e_g) e‘t_Tm) (E.4)

(E3)
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Region III: Gradual decline in orthostatic stress over a period of length At.

_ Vinax -
qt) = Y (1+(1—e

V() = Vinax * (1 At

T
+Vmax-E-(1+(1—e

T

t— (At + Ty
—(—M)—Vmaxé-(l—e 2

T

At

E) _ II_LLC) _t=(At+Teire) Vmax
e e T

Aty Triu
r)e T )-(l—e

Region IV: Post-orthostatic stress recovery of unspecified length.

V. A
q(t) = —ﬂ-(l—e'T

) (1-e

At

T -
V(t)=Vmax-E-(1—-e

At
T

7)(1-e
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F. Finding Initial Conditions

The 23 non-linear algebraic equations to find the initial conditions used by Zamanian [65] are listed
below. The first equation equates the right ventricular stroke volume and the left ventricular stroke
volume. The following 21 equations describe the blood flow in the compartments assuming that the
capacitors are not conducting. The last equation is based on the conservation of volume equating the

difference between the total volume and the unstressed volume, and the distending volume in each
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compartment.
Cld(Plvd - Pth) - Cls(Plvs - Pth) = Crd(Prvd - Pth) - Crs(Prvs - Pth) (F.1)
Piva F.2
Cra(Piyg — Pep) — Cis(Ppys — Pep) = TY - R" (E.2)
1
Pyq Pi—P, P, —P (F.3)
v, =1, - ( )
Ts R1 0 RZ + R6
PP Nk J i Bk (F.4)
° R O R,
2= by Boh (F.5)
° R3 0 Rub
| -P3_P4=I Py =P (F.6)
’ Rup 0 R,
P,—P; _ Ps—Py (E.7)
Iy - =1,
Ry Rs
I_Pl_P6= Ps—Py (F.8)
° Re 0 R;
P — P P,—Py P, —Pqy P;—P
[0. 6 7=IO,( 7 8+ 7 10+ 7 12) (F.9)
[k W Tk (F.10)
° Rg 0 R,
I.P8_P9=I.P9—P14 (F]])
0 RTC 0 R9
1.P7_P10= .P10—P11 (F12)
’ Rio 0 R
.P10_P11= P11_P14 (F.13)
° R 0 Ryq
Db P b (F.14)
° R12 0 RlC
1 P12 =P _ . Pz =P (F.15)
0 RlC 0 R13



R9 Rll
P14-_P15_ _P15 Pra
®  Ris ® Ris
I (PS_Pra PlS_Pra) =Tv_Pra_Prud
° Rs Rys ¢ Reri
v . Fra=Proa _ oy Proa=Fpa
d Rtri s Rro
Tv'Prvd Ppa I _Ppa va
N Rro 0 va
IO_Ppa_va_ 0_va_Pla
va Rll
. va_Pla_ ;_Pla_Plvd
Rli Rmit
2Vmaxk ”COR
Veotat = Veotal = Ci-AP; + —_— arctan(
{ 1,2,.,10, } ke{11,13,14} maxk
j€j12,15,ra,ry,
pa,pv,lalv
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G. Parameters of the Cardiovascular Model

The following table summarizes the parameters of the cardiovascular model.

Table 41 — Parameters of the cardiovascular model.

Index | Description Units Value
1 Arterial baroreflex set-point pressure P,? mm Hg 95
2 Arterial baroreflex scaling factor mm Hg 18
3 R-R-interval sympathetic gain %g‘ 9
4 R-R-interval parasympathetic gain m:: SH r 9
5 Arterial baroreflex R,,;, gain % -0.05
6 Arterial baroreflex R;.. gain m:fZg -0.05
7 Arterial baroreflex R, gain mf:zg -0.05
8 Arterial baroreflex R, gain % -0.05
9 Arterial baroreflex V,;, gain E%} 5
10 | Arterial baroreflex V.. gain m;n;g 2
11 | Arterial baroreflex V. gain %11-19 13
12 | Arterial baroreflex V;. gain m::ng 7
13 | Arterial baroreflex C,¢ gain %Iligz 0.022
14 | Arterial baroreflex C;; gain ;n—r%l{? 0.007
15 | Cardio-pulmonary reflex set-point pressure mm Hg 5
16 | Cardio-pulmonary reflex scaling factor mm Hg 5
17 | Cardio-pulmonary reflex R,; gain % -0.05
18 | Cardio-pulmonary reflex R;.. gain % -0.05
19 | Cardio-pulmonary reflex R, gain m}:Zg -0.05
20 | Cardio-pulmonary reflex R;. gain % -0.05
21 Cardio-pulmonary reflex V,,;, gain %519 13
22 | Cardio-pulmonary reflex V,.. gain m::;g 3
23 | Cardio-pulmonary reflex V. gain ;inlﬁg 64
24 | Cardio-pulmonary reflex V;. gain ;n—:%g 30
25 | Delay sympathetic impulse response s 2
26 | Peak sympathetic impulse response s 5
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27 | End sympathetic impulse response s 30
28 | Nominal intra-thoracic pressure Pyjq mm Hg -4
29 Upper body venous compliance C, m:;ng 7
30 | Kidney venous compliance Cy mn":ng 5
31 Splanchnic venous compliance C; Wmi{; 60
32 | Lower body venous compliance C;5 #’Hg- 20
33 | Abdominal venous compliance C;, m:nni{g 1.3
34 | Inferior vena cava compliance C;5 %i,g 0.5
35 Superior vena cava compliance Cs #lﬁg 1.3
36 | Right atrial diastolic elastance mrrnn;{g 0.3
37 | Right atrial end-systolic elastance anf{g 0.74
38 | Right ventricular diastolic elastance mr::g 0.07
39 | Right ventricular end-systolic elastance W:lng 1.3
40 | Pulmonary arterial compliance %ng 34
41 | Pulmonary venous compliance m:nang 9.0
42 | Left atrial diastolic elastance m’:lnfg 0.50
43 | Left atrial end-systolic elastance m"r;ng 0.61
44 | Left ventricular diastolic elastance mrzﬂHg 0.13
45 | Left ventricular end-systolic elastance anng 2.5
46 | Upper body microvascular resistance R, PRU 33
47 | Upper body venous outflow resistance R, PRU 0.11
48 | Renal microvascular resistance R, PRU 4.1
49 | Renal venous outflow resistance Rq PRU 0.11
50 Splanchnic microvascular resistance R, PRU 24
51 Splanchnic venous outflow resistance R;4 PRU 0.07
52 | Lower body microvascular resistance R;. PRU 3.9
53 | Lower body venous outflow resistance R;3 PRU 0.10
54 | Abdominal venous resistance Ry, PRU 0.019
55 | Inferior vena cava resistance Ryg PRU 0.008
56 | Superior vena cava resistance Ry PRU 0.028
57 | Tricuspid valve resistance Ry, PRU 0.006
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58 | Right ventricular outflow resistance R, PRU 0.006
59 | Pulmonary microcirculation resistance Ry, PRU 0.07
60 | Pulmonary venous outflow resistance R;; PRU 0.006
61 | Mitral valve resistance PRU 0.010
62 | Left ventricular outflow resistance R, PRU 0.007
63 | Total blood volume Vi, ml 5150
64 | Maximal splanchnic venous distending volume Vi, qxsp ml 1500
65 | Maximal lower body venous distending volume Vi, 5,11 ml 1000
66 | Maximal abdominal venous distending volume Vi, 4xap ml 650
67 | Total zero pressure filling volume V; ml 4166
68 | Upper body ZPFV ml 645
69 | Renal ZPFV ml 30
70 | Splanchnic ZPFV ml 1146
71 Lower body ZPFV ml 716
72 | Abdominal venous ZPFV ml 79
73 | Inferior vena cava ZPFV ml 33
74 | Superior vena cava ZPFV ml 16
75 | Right atrial ZPFV mi 14
76 | Right ventricular ZPFV ml 46
77 | Pulmonary arterial ZPFV ml 160
78 | Pulmonary venous ZPFV ml 430
79 | Left atrial ZPFV ml 24
80 | Left ventricular ZPFV ml 55
81 | Nominal heart rate beats/min 67
82 | Ascending aorta compliance C; %IHQ 0.28
83 | Brachiocephalic arteries compliance C, %IHQ 0.13
84 | Descending thoracic aorta compliance Cg m::ng 0.1
85 | Upper body arteries compliance C; %i,g 0.2
86 | Abdominal aorta compliance C; Hn_’:llﬁ} 0.1
87 | Renal arteries compliance Cg m;ang 0.21
88 | Splanchnic arteries compliance Cyq %;g 0.2
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ml

89 | Leg arteries compliance C,, T 0.2
90 | Brachiocephalic arteries resistance R, m:nang 0.003
91 | Descending thoracic aorta resistance R ﬁ—l—@ 0.011
92 Upper body arteries resistance Ry E%E 0.014
93 | Abdominal aorta resistance R, % 0.010
94 | Renal arteries resistance Rg %ﬁ_’g 0.10
95 | Splanchnic arteries resistance Rqg m:nang 0.07
96 | Leg arteries resistance R, % 0.09
97 | P-R Interval s 0.12
98 | Atrial systole s 0.2
99 | Ventricular systole s 0.3
100 | Ascending aorta vertical length [,{ cm 10.0
101 | Brachiocephalic arteries vertical length [,,, cm 4.5
102 | Upper body arteries vertical length {5 cm 20.0
103 | Upper body veins vertical length [, cm 20.0
104 | Superior vena cava vertical length 5 cm 14.5
105 | Descending thoracic aorta vertical length ¢ cm 16.0
106 | Abdominal aorta vertical length L, cm 14.5
107 | Renal arteries vertical length l,g cm 0
108 | Renal veins vertical length {4 cm 0
109 | Splanchnic arteries vertical length [, cm 10.0
110 | Splanchnic veins vertical length {,,14 em 10.0
111 | Leg arteries vertical length [,,,, cm 85
112 | Leg veins vertical length [,,13 cm 85
113 | Abdominal veins vertical length 1,14 em 14.5
114 | Inferior vena cava vertical length 1,15 cm 6.0
115 | Ascending aorta ZPFV ml 21
116 | Brachiocephalic arteries ZPFV ml 5
117 | Descending thoracic aorta ZPFV ml 16
118 | Upper body arteries ZVFV ml 200
119 | Abdominal aorta ZPFV ml 10
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120 | Renal arteries ZPFV ml 20
121 | Splanchnic arteries ZPFV ml 300
122 | Body weight kg 69
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