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Abstract: Before we rush to colonize the moon and book our tickets for commercial spaceflight, there 

are some physiological consequences to consider. This paper includes a brief history of spaceflight, a 

basic summary of the structures and functions of the cardiovascular system, and investigates potential 

adverse effects of prolonged spaceflight. Prolonged exposure to microgravity is known to adversely affect 

the skeletal, immune, and cardiovascular systems. Of cardiovascular effects, a change in heart mass, 

orthostatic intolerance, and potential loss of cardiac contractility are evaluated (to mixed results). The 

conclusion this paper draws is that further study is needed to determine the effect of long-term travel on 

contractility in the heart, composition of the vasculature (extent of remodeling), and methods to 

compensate for cardiovascular damage. 



"Timon: They're fireflies, that got stuck up in that big, bluish-black thing. 

Pumbaa: Oh. I always thought they were balls of gas burning billions of miles away. 

Timon: Pumbaa, with you, everything's gas." - The Lion King (1994) 

Timon and Pumbaa weren't the first to wonder about the mysterious blue-black and its various bodies. In 

fact, scientific minds had discussed the probability of a heliocentric (sun-centered) solar system before 

Common Era, accepting Copernicus' model in the 16th century. Roughly four-hundred years later, Edwin 

Hubble demonstrated that ours was only one solar system in one galaxy of a greater and intrinsically 

expanding universe. As the boundaries of our known universe increased, so did the means and desire to 

explore it. On October 4, 1957, the Soviet Union launched the first artificial Earth satellite, Sputnik 1, 

beginning the Space Age and preparing a new arena for the battle between capitalism and communism. 

It should be no surprise that man was not the first Jiving being sent into orbit. In fact, the first astronaut 

was Laika, a stray Soviet dog launched into orbit on Sputnik 2, November 3, 1957. Her heart rate, blood 

pressure, and breathing rate were monitored for 6 days. Sadly, Laika asphyxiated on her 6th day in orbit, 

when the oxygen supply in her capsule ran out. This unhappy experiment did, however, demonstrate that 

an animal could survive the launch and potentially a longer stay in space. 

In March of 1960, the first class of cosmonauts (a.k.a. Russian astronauts) was selected. These individuals 

were selected from 3,000 military fighter pilots on the basis of mental (educational and psychological) 

and physical fitness in the context of launch, orbit, and life in a spacecraft. Only 20 candidates progressed 

through training. On April 12, 1961, the Russians - specifically cosmonaut Yuri A. Gagarin - beat the 

United States into space, sustaining orbit for just under 2 hours and returning safely to fame and adoration 

in the USSR. 



"I saw for the first time the earth's shape. I could easily see the shores of continents, islands, great rivers, 

folds of the terrain, large bodies of water. The horizon is dark blue, smoothly turning to black ... the 

feelings which filled me I can express with one word---joy." 

- Yuri A. Gagarin, Life magazine, 21 April 196J. 

Alan Shephard followed as the first American in space in May of 1961, and John Glenn became the first 

American to orbit the earth in February of 1962. Spaceflight eventually progressed from brief orbital 

flights to the first successful lunar landing in 1969, a great victory for the United States in the space race. 

Eventually, spaceflight became less competitive and more cooperative; the construction of the 

International Space Station (ISS) began in November of 1998. Now, the ISS has been continuously 

inhabited for almost 11 years by members of muItiple nations' space programs. 

As time spent in space became more prolonged, the astronauts' physiological responses became a greater 

concern. Early on, the most common complaint was of "space sickness," a type of motion sickness 

associated with the general feeling of weightlessness caused by G (gravitational) forces approaching 0, 

microgravity. Part of standard cosmonaut training was time in an underwater lab, designed to simulate 

weightlessness in preparation for flight. Some astronauts suspected that the supine launch position 

(intended to reduce blood pooling in legs as G-force rapidly increased during launch) exacerbated 

problems with the inner ear. However, more serious concerns - for example, compromised immune 

systems, cardiovascular concerns, and loss of bone mass - soon stole the focus. It quickly became evident 

that prolonged exposure to microgravity could have serious physiological consequences that needed to be 

compensated for. 

N.A.S.A's Human Research Project (HRP) seeks to better understand the health and safety risks posed to 

astronauts during extended space stays. Under the umbrella of physiological concerns, this project further 

researches immunological, skeletal, sensorimotor, behavioral, muscular, and cardiovascular effects of 

microgravity on the body. 



The immune system can be compromised by a number of factors - including stress, sleeping habits, 

microgravity, and nutritional changes. Astronauts typically eat and drink about 70% less in space than on 

earth, likely as compensation for their weightlessness. On average, they lose 61bs during the 1 st day of 

orbit and gain 31bs just before reentry, perhaps due to some kind of anticipatory digestive response. This 

may contribute to a loss in bone mass, which indirectly may contribute to a compromised immune system 

(via decreased bone marrow mass, reducing the number of viable B lymphocytes). Additionally, one 

experiment demonstrated that IL-3 (supports growth and differentiation of T cells) and IL-6 (affects 

inflammation) production in thymocytes of rats increased following reentry. The primary concerns for 

astronauts' immune health is that their stay in space not make them more vulnerable to autoimmunity, 

common pathogens, or cause them to lose established immunity. Additionally, pro-inflammatories are 

believed to play a role in the observed cardiovascular effects of microgravity. 

The various Sputnik dogs' cardiorespiratory systems were affected, but returned to normal after 2-6 days. 

After 6 months on the Mir Space Station in 1 987, Soviet cosmonaut Alexander Leveiken returned with a 

heart murmur. In August of 1 983, Dr. William Thorton investigated potential causes of space sickness on 

Challenger 3 and noted a general shift of fluids toward the face, resulting in puffiness. However, to 

preserve the health of voyagers into the final frontier, more research was needed. 

Based on studies performed at the Mir space station, researchers concluded that astronauts lose about 1-

2% of bone mass per month on average. Loss occurs primarily in the lower half of the body and in 

weight-bearing skeletal bones (for example, the lumbar spine and femur). It is caused by reduced stress on 

the bones - because they no longer have to compensate for gravity - and results in an increase of calcium 

in the blood and kidneys, which may affect normal filtration. NASA's concern over astronauts' potential 

bone loss has contributed to advances in medical technology. For example, the MRTA (Mechanical 

Response Tissue Analyzer) is a radiation-free method of evaluating bone mass, which may be used as an 

alternative to X-rays. Hormonal treatments are being explored, but for now, exercise is one way for 

astronauts to prevent or reduce bone loss and possibly boost their immune systems. 



Because studies indicate that some microbes, bacteria in particular, become more virulent in space, 

reduced immune response during spaceflight is a serious concern. NASA has used Drosophila (flies) to 

study suppression of the innate immune system in space. Other studies, which simulate prolonged 

exposure to microgravity, have been performed on earth. The innate immune system essentially provides 

the first line of defense and the response to novel pathogens. Changes in leukocyte proliferation and 

cytokine production have been demonstrated. Another concern is that more lengthy stays in space could 

also compromise adaptive immunity, causing astronauts to lose established immunity as a consequence of 

flight. Though it is fairly clear that spaceflight alters the immune response of human travellers to some 

degree, the cause and mechanism is difficult to pinpoint. Astronauts are exposed to radiation, 

microgravity, stress, reduction of daily exercise, etc. 

Finally, cardiovascular effects of spaceflight are also a concern. Fluid imbalance, post-flight arrhythmias, 

and heart murmurs in early astronauts were the frrst indication that prolonged space-life could pose a 

threat to cardiovascular health. Since then, the following challenges have been uncovered: orthostatic 

intolerance (an autonomic nervous system malfunction that results in an inability to maintain appropriate 

blood pressure) during reentry, arrhythmias, decreased heart mass, decreased total blood volume, reduced 

aerobic capacity after returning to Earth, and a triggering of pre-existing cardiovascular conditions. For 

this reason, NASA's HRP is looking into more advanced screening methods for pre-existing conditions 

and better methods of monitoring cardiovascular responses to flight in flight. Cardiovascular effects of 

spaceflight have been studied in humans, rodents, and via computer simulations. Though, anti-gravity 

suits (G suits) and salt/water loading, exercise regimens, nutrition, and drug treatments attempt to 

compensate, it appears that these methods are not yet adequate. 

For the moment, the physiological losses brought on by space travel (in excess of30 days) require 45 

days (minimum) of post-flight rehabilitation for returning astronauts. This occurs in 3 stages. In each 

stage, the astronaut is required to perform 2 hours of therapy per day progressing from assisted walking, 

hydrotherapy (therapy submersed in water reduces the g force one feels while on Earth), and 



proprioceptive neuromuscular facilitation techniques (often used to rehabilitate people who have 

experienced paralysis) in Phase I to cardiovascular, agility, and strength exercises (Phase 2). But as they 

say, the best offense is a good defense - the goal is to prevent damage in the first place. 

It is necessary to understand the usual working order of the cardiovascular system and the mechanisms by 

which space flight alters normal function in order for space program technology, preparation and training, 

pharmacology, or rehabilitation programs to appropriately compensate. 

The cardiovascular system is comprised of blood, the heart, and the vasculature. The blood is made up of 

blood plasma (55% of blood) and formed elements (45% of blood). Blood plasma is roughly 90% water 

but also includes proteins, glucose, lipids, dissolved gases (C02 and O2), electrolytes, hormones, 

enzymes, and waste in small amounts. The "formed elements" include erythrocytes (red blood cells), 

leukocytes (white blood cells), and thrombocytes (platelets). As one might imagine, microgravity and 

prolonged spaceflight could affect all of these components. For example, the partial pressure of oxygen 

and carbon dioxide on the space station may differ, leading to a different concentration of dissolved 

oxygen in the plasma and potentially altered hemoglobin (in red blood cells) affinity for oxygen. 

Astronauts typically become dehydrated, decreasing the concentration of water in the blood plasma and 

thus overall blood volume, and increasing the risk for clotting complications by increasing the viscosity 

of the blood. The immune system (made up in part by leukocytes) is affected by a change in bone mass, 

leading to decreased mature leukocytes (specifically B cells) in the formed elements of the blood. Beyond 

that, the vasculature, in tum, can be affected by changes in blood or in the atmosphere itself. 

The vasculature (or vessels) of the cardiovascular system include arteries (which carry blood away from 

the heart) and veins (which return blood to the heart), but also arterioles, venules, and capillaries. In 

systemic circulation (blood flow to the body), blood flow progresses in the following loop: 



After passing through pulmonary circulation (circulation to the lungs) to pick up oxygen, blood flows 

through the arteries, arterioles, capillaries, venules and veins before returning again to the heart. Each 

vessel in this process is appropriately configured for its function. For example, arterial walls are made up 

of3 layers: the tunica externa (elastic and collagen fibers), tunica media (elastic and smooth muscle 

fibers), and the tunica intern a (an epithelial layer of simple squamous cells). The relative proportion of 

elastic fibers in each coat varies by artery type - elastic or muscular - which is determined in part by its 

proximity to the heart. Arterioles, the main resistance vessel of the cardiovascular system, are composed 

predominantly of smooth muscle (innervated for vasoconstriction or vasodilation by the Sympathetic 

Nervous System). Capillaries then branch from arterioles, transporting nutrients and essential metabolites 

- such as glucose and oxygen - and collecting waste - such as carbon dioxide - from muscles and other 

tissues via capillary exchange. 

From the capillaries, blood flows to the venules whose walls are made up of a tunica media (smooth 

muscle only) and tunica interna (endothelium only). From the venules, blood is collected into veins, 

which consists of a tunica intern a, media, and extern a that are similar but thinner than those of the arterial 

walls. By the time the blood reaches the capillaries, venules, and veins, the blood pressure (generated 

during the ejection from the heart) is considerably weaker, and flow has the extra burden of overcoming 

gravity. For this reason, the majority of blood volume (64%) is in the systemic veins and venules. In these 

vessels, blood is pumped from the lower limbs by contraction of skeletal muscle which squeezes the veins 



and venules, forcing blood toward the heart again. Venous valves prevent back-flow (and pooling) of the 

blood that has been pumped proximally from the extremities. Together, the venous valves and various 

pumps (thoracic and skeletal) allow for venous return. Venous return is an important component of stroke 

volume (volume of blood pumped per heart beat) because it determines the preload (blood available to be 

pumped) of the cardiac cycle. 

The big kahuna of the cardiovascular system is, of course, the heart. The heart can be broken down into 4 

chambers and the valves between them as follows: 

� .. / 
Deoxygenated blood enters the heart via the superior and inferior vena cava, which feed into the right 

atrium. From the right atrium, blood is driven through the right A-V (atrio-ventricular) valve into the right 

atrium. The right ventricle then pumps the blood through the pulmonary valve into pulmonary circulation. 

The oxygenated blood then passes into the left atrium. From the left atrium, pressure drives blood through 

the left A-V valve into the left Ventricle. Finally, blood is pumped through the aortic valve from the left 

ventricle into systemic circulation and the cycle continues. 

The heart has both an intrinsic rate and a rate modified by autonomic nervous input and hormonal 

activity. Each heartbeat is the result of sequential signals from the SA Node (which stimulates contraction 



of the right and left atria) to the A V node, AV Bundle or "Bundle of His," the right and left bundle 

branches, and finally the Purkinje fibers (which carry the action potential to the right and left ventricles, 

stimulating them to contract). The intrinsic heart rate is determined by the spontaneous depolarization of 

the SA Node, which results in a heart rate of about 100 beats per minute, above the average resting heart 

rate. At rest, the parasympathetic portion of the autonomic nervous system releases Acetylcholine (Ach) 

to reduce the resting heart rate to around 80 beats per minute on average. 

Nervous regulation of heart rate is centered in the medulla oblongata (region of the brain stem) which 

drives parasympathetic or sympathetic autonomic nervous input to the SA Node. The medulla oblongata 

receives input from the higher brain and sensory receptors (proprioceptors which sense motion like 

stretching, chemoreceptors which sense the chemical make-up of the blood, and baroreceptors which 

monitor blood pressure) to decide how the heart rate should be modified. Sympathetic input is used to 

increase the heart rate; parasympathetic to decrease the rate of SA Node depolarization (decrease heart 

rate). HormonaI1y, heart rate is regulated by epinephrine and norepinephrine released from the adrenal 

medulla to increase cardiac contractility and heart rate. Heart rate is also one factor in determining 

systemic blood pressure, measured by Mean Arterial Pressure. 

Blood pressure is dependent on the cardiac output (volume of blood pumped from the heart per minute) 

and systemic vascular resistance (the resistance of the vasculature to flow). Cardiac output is a factor of 

heart rate (in beats per minute) and stroke volume (the volume of blood ejected from the left ventricle per 

heart beat). 

So, how does blood pressure regulation change in response to life in space and prolonged exposure to 

microgravity? Because gravity makes it more difficult for blood to return to the heart, the essential 

absence of gravity could increase venous return in the same way it does when a person lays down. 

However, the dehydration astronauts typically experience would decrease overall blood volume, and thus 

decrease preload, likely resulting into compensatory vasoconstriction. Also, due to skeletal muscle 



atrophy in the lower extremities following spaceflight, the muscle pump driving venous return would also 

be somewhat impaired. It has been noted that astronauts experience decreased aerobic capacity following 

spaceflight, hence the aerobic training component in their final stage of post-spaceflight rehabilitation. Is 

it possible that the cardiovascular system is unable to appropriately regulate the rate of blood distribution 

following flight? Why? Additionally, astronauts have been known to experience arrhythmias which 

typically resolve themselves after their return to Earth. Does the change in environment somehow affect 

the hearts ability to respond to regulatory electrochemical signals in the usual fashion? Why? Let's start 

with the changes that have been quantitatively measured. 

In a study of changes in cosmonaut hemodynamics, the end-diastolic volume (volume in the left ventricle 

after the filling stage of a heartbeat) was recording before, during and after prolonged space flight. The 

change in end diastolic volume for participants (26 cosmonauts over a 20 year period) was evaluated for 

statistical significance at a variety of stages. After 4-6 months of spaceflight, the stroke volume of 

participants significantly decreased from pre-flight values (by 8-10% by the fifth and sixth months). This 

study also showed that the change in stroke volume was strongly correlated (r = 0.95) with a change in 

total blood volume (Kotovskya, 2009). End-Diastolic Volume (EDV) is a major factor in determining 

Stroke Volume, which is also influenced by the force that the heart must overcome (due to peripheral 

vascular resistance) in order to eject blood from the left ventricle into the vasculature. In a separate study 

of American astronauts by D.S. Martin in 2002 (which Kotovsky references in his article), conclusions 

suggest that the decreased EDV is a result of reduced contractility. However, Kotovsky asserts that the 

range and rigor of exercises that astronauts and cosmonauts perform during space flight, and the rapid 

recovery upon return to Earth, also associated with Martin's results, makes this explanation unlikely. 

Participants also made an interesting and relevant complaint; they noted that it was difficult for them to 

execute long sentences without feeling light-headed during flight. After further study, Kotovsky explains 

that this is due to the increased thoracic pressure caused by prolonged exhalation which decreases the 

volume of the thoracic cavity and slows venous return. The effects are felt more strongly in space than on 



earth as a result of dilation of the jugular vein, a response to redistribution of blood volume toward the 

head during prolonged space flight. 

In John Charles and Michael Bungo's paper, Cardiovascular Physiology in Spaceflight, the authors refer 

to experiments conducted in "Spacelab 1." One experiment directly examined the redistribution of blood 

volume toward the head and investigated causes and consequences. Contrary to predictions, venous 

pressure in the antecubital (arm) vein was never higher than subjects' pre-flight values and decreased over 

the next few days, based on values taken 20 minutes after launch and 2 days after launch (Charles, 1991). 

It is possible, and not yet conclusively determined, that the decrease in venous pressure is affected by pre

launch posture (supine position) and activities (changes in diet, exercise, etc.). The authors refer to 

another study which used echocardiography to measure dimensions of the heart daily, starting 4-6 hours 

after launch. Initially (day 1) the changes were not significant - the stroke volume and left ventricle 

volume increased, but volumes of the left atrium and right ventricle decreased. Afterwards, stroke volume 

and left ventricular volume continued to decrease and were significantly lower than preflight values by 

the fifth day after launch (Charles, 1991). Charles and Bungo tend to agree that change in stroke volume 

is primarily a response due to decreased blood volume, specifically a decrease in plasma volume caused 

by decreased fluid intake. 

Interestingly, the cardiac output of subjects was not significantly different during flight (compared to 

preflight values), likely due to a compensatory increase in heart rate which has been consistently 

documented. Heart rate is modulated in part by the aortic baroreflex. Essentially, baroreceptors (receptors 

sensitive to pressure) in the aorta provide feedback to the brain when blood pressure has increased or 

decreased. The brain then signals to increase or decrease heart rate accordingly in order to maintain 

cardiac output. When blood pressure decreases - as is the case of astronauts with decreased stroke volume 

- vagal stimulation is decreased to increase heart rate. Additionally, studies have shown that subjects 

exposed to microgravity, like astronauts, are more sensitive to the baroreflex (Convertino, 1997). 



However, a recent study (Hughson 2011) of male astronauts between 41 and 55 years old found that in

flight values for heart rate, blood pressure, and baroreceptor reflex did not differ significantly in-flight. 

This is believed to be a result of exercises performed in flight. 

In an attempt to prevent the skeletal and cardiovascular mal adaptations in response to microgravity, 

astronauts are required to perform at least 2 hours of planned exercise per day on a cycle ergometer 

(similar to the stationary bikes you might see at the gym, but reliably capable of measuring heart rate and 

oxygen consumption of the rider), treadmill (to which they are tethered), and a resistance exercise device 

(designed to simulate the stress applied to bone under normal gravitational pressures). 

As of yet, the experts don't seem to agree completely on the severity or pathophysiology of the 

maladaptations to flight, but the general trend is an improvement in astronauts' health. 

"The important thing is not to stop questioning. " - Albert Einstein 

Where there are "answers," there are typically many more questions. Though cardiac mass has been 

shown to decrease in response to spaceflight - a precise change in dimensions has not been pinpointed. Is 

there a decrease in chamber size in response to decreased blood volume or is a saline treatment a 

sufficient compensation? Is there a loss in cardiac muscle mass, reducing contractility though Kotovsky 

declares it improbable if not impossible based on modem work-outs in space? Is there any long-term 

damage to the vasculature of veteran astronauts in response to the rapid change in G-force between initial 

launch, entry into space and reentry into Earth's atmosphere? FinalJy, most importantly, how do we fix it? 

Can we fix it? If space is to be out final frontier, there is much more to know before the wild cosmos will 

be tamed. 
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