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FINAL DRAFT – For STRIVES Review
INTRODUCTION  
The field of space medicine practically began before the launch of Russian cosmonaut Yuri Gagarin into orbit in April of 1961.  Aviation was progressing rapidly in the few decades prior to this, and space physiology and medicine represent a natural evolution from this world.  Higher altitudes and increasing acceleration forces of high performance aircraft required a concerted effort to understand the effects on the human occupant and provide protections to optimize performance.  High altitude balloon flights had already demonstrated the efficacy of completely enclosed cabins in rarefied atmospheres, and most of the acceleration forces and tolerances that might be encountered during launch and landing were understood from ground studies and aviation.  What had to await this first launch was the understanding of the profound effects of weightlessness on the human body.

Since Gagarin’s first two-orbit flight, as of this writing over 600 people have flown into Earth orbit and a few beyond, and the ability of humans to fly long durations and perform productive work on these missions is now an operational assumption.  Missions of six month’s duration have been routinely flown for decades in the Russian Salyut, Mir, and now International Space Station (ISS) programs.  Along with this we have developed an incomplete but functional understanding of the predictable changes that occur as the human adapts to the spaceflight environment. Similar to the aviation, undersea and high altitude arenas, we explore and operate in the space environment due to the benefits it offers.  Like these others, space flight carries special hazards and risks, and a deliberate and systematic effort has been made to understand these and develop countermeasures and protections to the deleterious effects to optimize human performance.  The fundamental elements influencing space medicine may be distilled into altered acceleration forces – from the large loads associated with launch and landing to their complete absence in microgravity– and altered atmospheres, with variable pressures and oxygen mixes that meet the operational requirements of a mission scenario.  Add to this the unique occupational exposures associated with human spaceflight, such as ionizing radiation, extreme remoteness, and characteristics associated with the vehicles that take us there, and the discipline of space medicine is defined.

At this point in time, the ISS as a permanently staffed laboratory has been in operation for two decades with long duration crews, new vehicles are being constructed for exploration missions beyond earth orbit, and a commercial space effort has emerged to serve the research and private sectors in low earth orbit (LEO).  In addition commercial enterprises have begun to provide suborbital spaceflight experiences, which promise to engage the public on a scale unprecedented from previous programs.  Increasingly space medical expertise will be called upon to support these efforts.  This chapter overviews the unique physical and environmental factors associated with spaceflight, providing a backdrop against which to interpret human responses and protect the contemporary space flyer.

VEHICLES / PROGRAMS 
Because many of the physiological implications of spaceflight are directly related to vehicle performance and characteristics, a brief review of these is in order.  Sufficient experience has now been accrued to categorize these by vehicle type.
Capsules

The first vehicles that carried humans (and animals for that matter) to sustainable orbits were the classic capsules, simple vehicles that could easily attach to the top of a vertical rocket booster stack beneath an aerodynamic faring and undergo atmospheric entry and parachute landing on earth return.  These were a natural evolution from ballistic missiles where the payload also rides atop a booster stack beneath a fairing.  Arguably these remain the dominate design in human rated spacecraft.  They are compact and efficient, orienting crewmembers on their backs with respect to the spacecraft vertical axis for both launch and landing.  This directs the major forces associated with launch and landing in the body +Gx (chest to back) direction, the most favorable from the standpoint of physiologic tolerance.  Capsules may land on water or land.  By offsetting the center of mass from the aerodynamic center, a capsule may be steered during entry, affording a limited cross-range capability to fly toward a targeted landing site.  Thus far all have landed with the aid of parachutes.  In spite of some degree of controlled cross-range steerage, capsules are somewhat imprecise in their landing site.  Once atmospheric entry is complete and orbital velocity has been shed, they are subject to winds and weather.  As such they require a large unpopulated territory for landing and recovery, either water or land.    Table 18.1 summarizes the attributes of human rated space capsules used thus far.  
Another advantage of a capsule involves abort modes during hazardous launch and ascent events.  Being situated atop a vertical stack, a capsule has a clear path away from a mishap by means of an escape rocket system.  This concept was demonstrated with the Russian Soyuz T-10A mission in 1983, when the occupants were safely lofted clear of an explosion which engulfed the launch pad.  Gemini capsules were unique in that they employed ejection seats for the two occupants, which would have catapulted them laterally from atop the rocket stack in event of mishap on the pad or during early ascent.
Winged Spacecraft 
From a strict definition of the term ‘space’, being 62 miles (100 km) for the international community based on the Karman line and arbitrarily 50 miles (80.5 km) for the US Air Force, winged vehicles carried humans into space very early.  The X-15 rocket plane performed the third suborbital flight after the first two Mercury flights, reaching an altitude of 60 miles (96 km).  The X-15 and early lifting bodies represent a natural evolution of high performance aircraft, and may be considered ancestral to the US Space Shuttle, Russian Buran, and Spaceship 1. They offer the advantage of full aerodynamic control upon entry to the atmosphere, wide cross-range capability, and landing on a conventional (albeit long) runway.  This does necessitate wings and landing gear, which in the case of the orbiting Space Shuttle or Buran vehicles were only useful during atmospheric flight and landing and otherwise represent a weight and structural penalty during launch, ascent, orbital flight, and initial atmospheric entry.  Like the X-15, Spaceship 1 is a suborbital vehicle that uses wings for orientation and lift as rocket ascent is initiated.  Until final atmospheric flight and landing however, wings may also constitute a liability and safety risk.  The US Space Shuttle Columbia was lost due to fatal damage to the left wing during launch that went undetected until the catastrophic breakup during entry.

From the standpoint of the human occupant, the implications are return to a horizontal reference frame and an upright seated posture similar to a standard aviation environment during the landing phase.  This positions the human such that the dominant acceleration loads of entry are taken in the body +Gz axis, which is less favorable for both sustained and impact acceleration tolerance.  Entry acceleration levels for winged vehicles are of lesser magnitude but prolonged compared with capsules.  In addition the control inputs are basically akin to those of aircraft, and are more complex and demanding than for a capsule.  As will be discussed in the next chapter, the transition from the weightless adapted state to a standard aviation environment demanding of critical control inputs offers some unique challenges, mainly due to neurosensory deconditioning and orthostatic intolerance.
Orbital Stations 
Orbiting platforms that afford long stays in space were an early goal of both US and Russian programs, and China moved quickly to establish orbiting stations as well.  A large platform can support extended stays and research into the mechanistic understanding of spaceflight phenomena.  Complete human adaptation to weightlessness requires several weeks, beyond the independent duration limits of the vehicles noted above.  Long stays on such platforms requires power, complex life support systems, physical countermeasures equipment, and a supply chain to replenish food, water, and other consumables.  These platforms allow the study of effects of weightlessness on basic physical and biological processes, as well as critical testing and development of advanced life support systems.  In addition, the study of basic physical processes in this novel environment allows a more complete understanding of many of these phenomena when free from the dominating influence of gravity.  The general evolution of stations has been in the direction of increasing size and complexity.  Table 18.2 lists attributes of the manned orbital stations thus far.
Deep Space Vehicles and Landers

Here ‘deep space’ is defined as away from earth vicinity, beyond the practical influences of atmosphere and geomagnetic fields.  Thus far only the US Apollo lunar program has carried human explorers beyond these limits, flying a total of nine missions to lunar vicinity, six of which involved landings of two individuals to the lunar surface.  The trip from Earth to moon required about three days and involved achieving a stable lunar orbit from which a lander could descend from a parent vehicle.  Total mission durations were typically eight to twelve days.  Although a limited program, Apollo demonstrated that humans could perform precision piloting duties of the manually controlled landers and operate in a fractional gravity field of 1/6 G.  Follow-on lunar programs are focusing on landing in polar regions, which will require a significant lunar orbital plane change compared with the Apollo destinations.  This in turn will require greater transit times in microgravity and imply deeper neurosensory deconditioning.  Countermeasures to this deconditioning and adjuncts to manual control are currently high priority development efforts for new lunar landing systems, particularly with the more challenging terrain and lunar dust environment associated with newly targeted polar regions.
For destinations beyond the moon, such as to Mars or near-earth asteroids, much greater time periods in transit are expected.  As such, the transit vehicle will need to be larger and more closely resemble some of the early orbital stations in size and capabilities.

PHYSICAL FACTORS of SPACEFLIGHT 
Space flight implies a basic removal of human and hardware from earth’s surface, with vehicles operating well above the more familiar aviation environment.  There is no singular boundary of space, since the threshold of removal can be seen in the context of different factors.  Table 18.3 shows some of these milestones and their corresponding altitudes which all spacecraft will traverse in leaving the planet.   The most familiar aspects of orbital flight involve weightlessness, often referred to as microgravity
, and the absence of atmosphere; however this is realized only after a highly dynamic rocket ascent.  Simply put, leaving earth implies overcoming substantial physical forces, a process that in turn involves counter-forces and substantial energies.  These impart physical loads on the human body with physiological implications.  Once in space, the environment is far from benign with the combined factors of electromagnetic and ionizing radiation, chemical moieties in near earth space, and weightlessness itself.  
An understanding of the forces associated with flight dynamics and the characteristics of various altitudes is germane to piloted space operations just as for aviation, relevant to the level of protective methods and capabilities required for human occupants as well as mishaps that might occur at any of these altitudes.   
The External Spaceflight Environment 

It is natural to think of the spaceflight environment as devoid of the basic elements that sustain human life.  However, as we expand our thinking as an emerging spacefaring population, it is appropriate to consider more of what Earth is endowed with rather than what space is devoid of.  The three dominant elements that have shaped and influenced our physiology and function are gravity, atmospheric pressure and composition, and background radiation level, all provided by our home planet, the latter largely as a function of shielding.  We can vary any or all of these and still function, albeit with consequences.  Melding these physical conditions with adaptive physiology is a necessary discipline of space exploration.

Gravity

The standard gravitational acceleration of 9.8 m/s2 realized at Earth’s surface imparts a static and uniform load on the body, with the gravitational force being the mass of an object multiplied by this acceleration.  However, we interact with this force in a dynamic fashion by moving against it in the process of locomotion and mass handling.  We constantly reorient our body position with respect to this downward pull, which ties the force of gravity prominently to such physiological processes as maintaining cerebral perfusion, positional sense, and musculoskeletal loading.  By convention, the specific force of gravity at Earth’s surface is denoted as “g”, with multiples of this denoted by the dimensionless quantity “G”.  The force of gravity varies with distance between two masses, and for an object orbiting another is described by the equation:

F = G(m1m2)/r2
Where G is the universal gravitational constant, m1 and m2 are the two masses, such as the Earth and a spacecraft, and r is the radius of the orbit (distance between the centers of masses).  It is evident that in a low earth orbit  of 400 kilometers, the force of Earth’s gravity on an object is still prominent at about 90% of its surface value.  The combination of forward velocity around the Earth and resultant outward centrifugal force counterbalances the inward force of gravity to produce the state of continual freefall that results in microgravity.   
Human spaceflight involves short duration acceleration loads greater than 1G during launch and landing as described below, similar to high performance aviation.   More importantly, prolonged exposures to gravity levels between near zero and 1G will be dominant in space medicine for many decades to come.  Zero G implies the absence of a mechanical force on an object, such as is realized in a freefall environment in orbiting spacecraft and during the coast phases of trans-lunar and trans-planetary flight, and constitutes the vast majority of human spaceflight experience.  Extraterrestrial bodies of greatest interest to us, notably the moon and Mars, will imply fractions of G (roughly 1/6 for the moon, 1/3 for Mars).  Since the body undergoes physical deconditioning associated with reducing the normal force of gravity, prolonged periods in fractional G will inherently involve active countermeasures to ensure normal function with the assumed endpoint of Earth return.  
Atmosphere

At near vacuum, the external spaceflight environment is not survivable.  So far as we know, the standard sea level atmosphere with 14.7 psi (760 mmHg) pressure and roughly 80% nitrogen / 20% oxygen mix is unique to Earth, and certainly exists nowhere else in our solar system.  For the foreseeable future, a pressurized breathable atmosphere will be a take-along requirement and imply sealed and carefully controlled habitats.  These two aspects of the human atmosphere each have specific thresholds and must be independently controlled.  
Pressure must be at a minimum level required to hold gases in solution in body tissues and blood vessels and support respiratory gas exchange.  A well-known milestone of atmospheric pressure as one ascends is Armstrong’s Line, encountered at roughly 63,000 feet (19,200 m).  Climbing through this altitude, the ambient pressure transitions through 47mmHg, the vapor pressure of water at a normal body temperature of 98.5° F (37° C).  Body fluids directly exposed to this pressure or lower will ‘boil’ away, such as from the tongue or exposed mucus membranes.  As the ambient pressure decreases, elastic tissue forces are overcome and dissolved gasses throughout the body will evolve into bubbles, including oxygen, nitrogen, and water vapor, a phenomenon known as ebullism. (Murray 2013)
Oxygen is actually the determinant of overall pressure required for a habitable atmosphere, with a normoxic environment containing an oxygen pressure of 160 mmHg, or roughly 3 psi to support respiration and metabolism.  This is 21% of the normal sea level atmosphere, but a pressure of 3psi and 100% oxygen can support a human for prolonged periods.  The pressure suits used in the Mercury and Gemini programs, including that used for the first US spacewalk, were pressurized to 3.7 psi.  Spacecraft themselves have utilized a range of cabin atmospheres as seen in Tables 18.1 and 18.2.  As ambient pressure decreases compared to sea level, the simple dry gas oxygen component must be replaced by alveolar oxygen to determine the actual condition of oxygenation.  This is determined by the alveolar oxygen equation, described in Chapter 3 Respiratory Physiology.  At or above an altitude with a corresponding ambient pressure of about 3 psi, roughly 15,250 m (50,000 feet), even 100% oxygen delivered with positive pressure is no longer adequate; full pressure protection is required either by pressurized cabins or suits.  
Another significant component of the spacecraft atmosphere is introduced by the human occupants themselves.  Carbon dioxide (CO2) is a byproduct of metabolism that is primarily excreted from the body via ventilation, typically at a rate of a little over one kg per person per day depending on activity.  While terrestrial atmospheric CO2 is about 0.04% concentration equating to a partial pressure of 0.3 mmHg at sea level, spacecraft cabin CO2 is dependent on power and resource-dependent removal capabilities.  Forced airflow is required to avoid local concentrations around crewmembers and to deliver the CO2 burden to active scrubbing systems.  These can take several forms, including irreversible chemical absorption to compounds such as lithium hydroxide, reversible adsorption to silicate beds that then release CO2 when exposed to heat and vacuum, and other more complex chemical means that can recover oxygen via the Sabatier process.  It follows that cabin atmospheric CO2 levels represent the balance between the number and metabolic activity of crewmembers, the ability to mix the atmosphere, and the capacity of the active scrubbing system.  Even with this, typical cabin levels of CO2 on the ISS are an order of magnitude higher than terrestrial, and typically range from 2.0 mmHg to up to 5.0 mmHg in poorly ventilated areas due to closed space effects or baffling of forced airflow.  The current practice is to maintain ISS cabin CO2 levels to a 24-hour average exposure of 3.0 mmHg or less.
Radiation: Sources
The radiation milieu of the space environment is complex, and a complete description is well beyond the scope of this chapter.  However, ionizing radiation is recognized as the major limiter of human spaceflight because of the potential health implications of exposure.  Space medicine practitioners must be aware of the basic factors of space radiation including major sources, health consequences, protective measures, and impact on mission planning and risk prediction.  Unlike gravity and atmosphere, there are limited technical solutions for the resulting health hazards.
Radiation involves the transfer of energy in the form of charged and neutral subatomic particles or electromagnetic energy propagated in waves.  Space is a radiation environment, continually bathed in a wide spectrum of radiation largely from stellar sources and processes involving high energies and great distances.  Although there are low level emissions from naturally occurring radionuclides associated with Earth’s geology, the relatively steady background radiation provided by Earth is largely a function of shielding from the planet’s magnetic fields, atmosphere, and mass.  Even with this, high energy radiation continually encounters and traverses surface organisms.  Radiation is functionally partitioned into two categories: Non-ionizing, in which electromagnetic waves such as light or radiofrequency energy impart thermal effects, and ionizing, in which interactions with particles or waves displace electrons from impacted atoms and give rise to charged ion entities. Both may cause damage to biological systems.
Above the atmosphere, the dominant form of non-ionizing radiation relevant to humans is electromagnetic in the form of solar ultraviolet (UV) light.  Intensity relates directly to our proximity to the sun and lessens with the square of the solar distance; in Mars orbit, the intensity is less than half of near Earth space.  UV radiation exists in wavelengths between 100 and 400nm in the electromagnetic spectrum with the lower wavelengths being the most biologically damaging.  Wavelengths below 180nm, nearly completely filtered out by Earth’s atmosphere, are particularly hazardous in near Earth space.  Interestingly on the surface of Mars, the UV flux between 200 and 400 nm is similar to Earth’s, with the solar distance being offset by the highly rarefied atmosphere, slightly less than 1% of Earth surface pressure.  Compared to Earth though, the shorter more damaging wavelengths contribute relatively more to this flux, rendering the Mars surface a more hostile UV environment.
Energy from UV radiation transfers to a physical object as heat, and for the human space flyer, implications include direct UV tissue damage and thermal effects on the habitat.   Eyes are particularly vulnerable to UV radiation, necessitating heavily filtered windows or space suit visors.  This has been inherent in hardware design, although some selected spacecraft windows have used unfiltered glass to maintain the highest optical purity to facilitate Earth surface photography.  Crewmembers utilizing these windows are at risk for both superficial skin burns and UV keratitis during orbital flight.
The more pervasive aspect of solar electromagnetic radiation is the thermal energy absorbed by spacecraft and any exposed object.  In the relative vacuum of space, there is no conductive medium to facilitate dissipation of absorbed spacecraft heat; thus rejecting heat is a greater relative problem in near Earth space than generating it.  Large radiators that are shielded by structure or feathered relative to solar radiation flux are required.    Failure of cooling systems for crewed stations in LEO is a potentially catastrophic event.  When shielded from direct sunlight however, physical objects may become quite cold.  The surface temperature of an object in full sun may be 300° F (150° C), while in full shadow may fall to -148° F (-100° C).  This has obvious implications for extravehicular activity, which requires constant adjustment between heating and cooling depending on orbital phase, e.g. whether in full sunlight or in eclipse on the ‘night’ side of the orbit.
Ionizing radiation comes from multiple sources and may induce immediate and long term tissue damage via several mechanisms.  The three main origins of ionizing radiation are solar particles and wave radiation, geomagnetically trapped radiation, and galactic cosmic radiation (GCR).  Table 18.4 summarizes the sources of ionizing radiation of most interest to human space flight.
Solar ionizing radiation consists primarily of continuously streaming protons and electrons, known as the solar wind.  These particles are of high flux but relatively low energy, are readily stopped by spacecraft structure, and pose little threat to humans in space.  Although the dynamic pressure is extremely low, in the vacuum of space this constant radiation pressure must be taken into account to accurately guide transplanetary trajectories and even orbital management.  At about 0.22 pounds of force (1 Newton) for a 1.4 million square feet (128,000 square meter) area at the earth’s distance from the sun, it could actually be harnessed by solar sails for propulsion.  Against this background solar wind is the episodic ejection of much more highly energetic protons and electrons, known as solar particle events (SPE’s).  The sun follows a roughly 11 year cycle of activity, with SPEs being more frequent during the periods of maximal solar activity.  SPEs can produce particle energies and fluxes hazardous to humans, particularly if outside the geomagnetic fields.
Geomagnetically trapped radiation consists primarily of protons and electrons that are captured by Earth’s magnetic fields, either from incoming solar and galactic particles or from local decay of neutral particles into charged species.  These particles bounce back and forth between north and south magnetic poles, and follow the curved dipole tracks.  As such, altitude above earth’s surface where the lower inner belt begins varies, from roughly 6300 miles (1000 km) at the equator to as low as 125 miles (200 km) at high latitudes.  Trapped particles are of higher energies than solar wind, and contribute significantly to the health threat to humans in LEO.  As Figure 18.1 shows, spacecraft operating at higher altitudes or at higher inclination orbits will incur greater exposure to trapped particles.
GCR particles likely emanate from violent stellar events throughout the galaxy that generate high energy species that may attain relativistic speeds as they travel through space.  These are isotropic in distribution and fairly stable, and consist primarily of protons (87%), alpha particles (12%), and other higher atomic number high-energy species (1%) representing ions of all naturally occurring elements (Zeitlin 2013).  These particles are of much lower flux but much higher energies as compared with solar particles.
Because of their charged quality, ionizing radiation particles are influenced by magnetic fields that emanate from the sun and earth, and of course other stars and planetary bodies with magnetic fields.   There are a couple of practical implications.  First, geomagnetically trapped particles are held at predictable altitudes corresponding to the earth’s magnetic dipole.  These fields, known as the Van Allen belts, form an effective shield from incoming charged particles, and define the practical upper limit of LEO for human spaceflight.  There is one geographically defined region where the inner belt extends to a lower altitude due to a misalignment of the earth’s geomagnetic dipole and the rotational axis about the gravitational center.  Passage through this region, known as the South Atlantic Anomaly, can account for an inordinately high fraction of the radiation dose incurred during a given orbit.  At the 52° inclination of the ISS, South Atlantic Anomaly passage is expected roughly ten times per day.  Second, on a much larger scale, the solar wind also modulates the influx of GCR.  During the typical 11 year solar cycle, GCR is at its minimum during maximal solar activity; known shorthand as solar max, it may alternately be thought of as maximal solar protection from the more high energy GCR.
Radiation: Health Effects
Because ionizing radiation exists in different forms with varying energies, defining the standard units and measures is helpful in understanding exposures and scaling human health risks.  The transfer of one joule of radiation energy to one kilogram of matter defines the gray (Gy), the SI (International System of Units) unit of radiation absorbed dose.  The Gy describes a purely physical quantity of energy transfer regardless of resulting biological effect, and reflects what a physical radiation detector would register.  Because different particles and waves of the same physical energies may lead to different effects on tissues, a scaling factor is needed to correlate radiation type with biological outcome.  The radiation weighting factor (WR), similar to the long-used Quality (Q) factor, is a value that is applied to specific radiation types to allow direct comparison of resulting biological effects.  X-rays and gamma rays as well as electrons have a WR of 1, whereas energetic protons may have values of 2 - 5, and alpha particles and heavier high energy GCR species may be 20 or higher for the same radiation absorbed dose.  The seivert (Sv) measures the actual biological effect resulting from absorbed dose of a specific radiation type, and thus is the product of the absorbed dose and the radiation specific WR.
Ionizing radiation can induce tissue damage via several different mechanisms and cause both acute and long term health effects.  Broadly these effects are categorized as deterministic and stochastic.  Deterministic effects typically involve high relative doses of ionizing radiation and describe direct damage or killing of multiple cells and tissues.  Greater absorbed dose, usually measured directly in Gy, correlates with greater severity.  The acute radiation syndromes are clinical manifestations of ionizing radiation, matched to dose in Table 18.5.  These would be expected terrestrially in nuclear power accidents with leakage of radiation or with nuclear weapon detonation, and in space from large SPEs with minimal shielding.  Since space weather has been monitored in the 1950s, there have been several SPEs that would have caused ionizing radiation exposures leading to acute clinical syndromes for astronauts outside of the geomagnetic field.  Stochastic effects are associated with lower levels of ionizing radiation below a threshold for significant acute cell killing and may involve damage to a single cell, but that produce damage to DNA or other cellular elements that may lead to eventual induction of a neoplastic cell line or genomic instability.  The probability rather than the severity of an adverse clinical outcome directly correlates with increasing exposure, the signature concern being development of cancer in later years.  The risk probability for these stochastic outcomes is correlated to the dose equivalent expressed in Sv.  There is recent evidence that long term stochastic effects may also include degenerative vascular changes, cataracts, and central nervous system (CNS) effects, although it remains inconclusive whether or at what level these concerns will be relevant to space flight (NCRP Report No. 180; NCRP Report No. 183).
The implications of stochastic radiation effects have a dominant influence on human spaceflight. Radiation exposure for real time mission planning, from the standpoint of time in space and type of radiation dose received, must be weighed against the long term health risks.  As an agency, NASA has set an upper limit of 3% excess risk of exposure induced death (REID) due to cancer as a health standard for flight in low earth orbit (LEO).  The actual exposure associated with this risk level is not uniform between individuals.  The modeled risk of eventual fatal cancer for females and those exposed at an earlier age is relatively higher due to age at exposure effects and differences in tissue types and susceptibilities. For this reason NASA exposure limits for many years were age and gender-weighted, though this has recently been changed to a common dose limit.  Other factors that affect lifelong cancer risk, such as smoking, may also influence the allowable spaceflight acquired limit.  Different space agencies use different models and risk assumptions in setting career radiation limits as shown in Table 18.6. However these limits, accommodate foreseeable individual career exposures for LEO missions, including multiple long duration ISS flights.  
On the ISS, daily dose rates range from about 0.4 – 0.7 mSv per day depending on the solar cycle, with about 80% contributed by GCR.  A 6 month tour on the ISS at solar min, when GCR has its greatest influence, may thus be associated with as much as 110 mSv exposure.  Recent lunar surface data obtained by the Chinese rover Chang’E 4 on the lunar far side measured charged and neutral particles over time, near solar min activity.  With an average quality factor of 4.3, the derived dose equivalent was 1.37 mSv per day, about twice the daily equivalent exposure on ISS for the same solar cycle phase. (Zhang 2020)  A Mars mission using existing chemical rocket technology presents a particular challenge.  The cruise phase will occur almost entirely in deep space without the protection of the geomagnetic fields.  Radiation instruments carried aboard the Mars Science Laboratory, which was launched toward Mars in 2011, provide direct measurements that inform the human exposure on such a voyage.  Data suggest that an astronaut would receive a dose of 662 mSv during the 360 days of cumulative outbound and inbound deep space cruise associated with a realistic reference mission to Mars (Zeitlin 2013).  In addition, surface data collected from the Mars Science Laboratory suggests that for a human exploration crew, the cumulative equivalent dose for the cruise phase and surface stay of 500 days will be roughly 1.01 Sv for this current solar cycle (Hassler 2014).  These missions will require reassessment of the radiation dose limits for flight beyond LEO.
With the ubiquitous presence of radiation and the health risks noted, space travelers must be considered radiation workers and undergo strict monitoring for radiation dose received.  This includes personal dosimeters which are worn by crewmembers at all times during missions as well as various dosimeters and detectors deployed throughout a space vehicle.  Human spaceflight necessitates a comprehensive radiation monitoring capability that tracks equivalent dose received by each individual and applies this against future missions.  Long term surveillance for defined clinical outcomes as for any industry radiation worker should be in place.  Prevention is key, with mission planning accounting for crewmember’s accumulated dose, duration of flight, solar activity, and shielding characteristics of the vehicle or platform to keep the dose equivalent as low as possible.  Thus far an increase in cancer incidence or mortality as well as that from vascular disease has not been observed in astronauts (Elgart, Reynolds), significant given the shift toward long duration missions over the past three decades.  This helped to justify moving NASA’s age and gender weighted limits toward a standardized dose limit applicable to all that gives flexibility in mission assignments, more akin to other international space agencies (National Academies of Sciences…).  In any case, diligent monitoring for dose received and health outcomes must proceed in parallel with a robust research effort to determine the influence of radiation on space exploration. 
Orbital Debris and Micrometeoroids
To add to the background flux of charged particles and chemical moieties, Earth orbit is populated with material from both natural and artificial sources.  Meteoroids are naturally occurring fragments resulting from collisions among asteroids and from the evaporation of comets near the sun, and range in size from the micron level to large and (fortunately infrequent) meter- and decameter-sized objects.  As a point of reference, the Chelyabinsk meteorite that exploded in the atmosphere over Russia in 2013 was about 60 feet (18 m) across.  Orbital debris, as the name suggests, consists of unused pieces of spacecraft or whole derelict satellites, shed fragments from frangible bolts and spacecraft collisions, vapor particles from metallic rocket fuels, and other materials associate with spaceflight activity.  Collectively these are frequently referred to as Micrometeoroid and Orbital Debris (MMOD).  Orbital debris makes up the vastly greater fraction of the mass of material over several microns in size and has become increasingly problematic for spacecraft operations in LEO due to risk of collision.  Average relative velocities in LEO are roughly 6.2 miles/s (10 km/s) and may be as high as 9.3 miles/s (15 km/s).  Natural meteoroids although of much lesser fluence carry great momentum, which greater average relative velocities from 9.3 miles/s to as much as about 43.5 miles/s (15 to 70 km/sec).
For convenience, orbital debris may be classified as small (less than 1 cm), medium (1 – 10 cm), and large (greater than 10 cm) based on methods used to detect and track items.  Large objects can be seen and tracked by ground radars, which permits spacecraft with propulsive capability to perform avoidance maneuvers to prevent catastrophic collisions.  The ISS periodically performs such debris avoidance maneuvers, and on a few occasions ISS crews have taken precautionary refuge in escape spacecraft when objects have come particularly close.   As of 2011, over 22,000 objects in the large category were being tracked by the US Strategic Command  (Ref Stratcom report).   Medium size objects may be seen and counted by ground radars but not tracked, which gives an assessment of risk without the ability to predict and thus avoid collisions.  It was estimated in 2011 that over a half million objects greater than 1 cm in size populate LEO, (Committee 2011) which drives risk assessments and shielding requirements for crewed spacecraft.  MMOD collision and sudden depressurization of the ISS and other spacecraft is a possibility that must be prepared for with pressure refuges and escape plans.  Newly deployed constellations of small to medium commercial satellites will increase collision risk and heighten the need for tracking and possible avoidance maneuvers by crewed spacecraft.  During 2016, NASA executed or assisted in the execution of 20 collision avoidance maneuvers by robotic spacecraft (Liou).
Smaller objects make up the largest fraction of the mass of artificial material and present less of an acute threat, but contribute greatly to the degradation of materials continuously exposed to the external space environment.  Over time the surface of structures becomes peppered with tiny, often sharp-edged craters of sub-millimeter, millimeter, and centimeter sizes, with the preponderance being in the smaller range as evidenced by spacecraft that have been returned to Earth for analysis.  An interesting hazard that has been observed on the ISS is the formation of sharp-edged deformations resulting from small objects colliding with metal surfaces. These constitute a perforation and subsequent decompression risk for spacesuits, particularly gloves, during space walks.

Flight Dynamics of Ascent and Entry
Suborbital spaceflight implies a profile that ascends to an altitude above the threshold of aerodynamic surface control known as the Karman line at 62 miles (100km), but follows a trajectory that re-intersects the atmosphere rather than attaining a stable orbit.  Implicit in this rarefied atmosphere is the need for rocket propulsion and a fully enclosed pressurized cabin. Alan Shepard’s 1961 flight aboard the Mercury mission Freedom 7 was suborbital, attaining an altitude of 116 miles (187 km) and lasting 15 minutes.  There was a period of free fall experienced as zero gravity which lasted about five minutes before the onset of entry acceleration loads.  This sortie and the next were deliberate test points en route to orbital flight capability and were not repeated.  
After years of anticipation and development, the suborbital human spaceflight industry has arrived with the inaugural operational flights of Virgin Galactic’s air-dropped suborbital spacecraft and Blue Origin’s New Shepard spacecraft, both in 2021.  These flights will afford passengers the experience of rocket ascent, a brief period of weightlessness and a spectacular view of the earth before re-entering.  These new spacecraft are expected to attain a brisk tempo of flight operations that will support such sorties on a large commercial volume to an expanded envelope of participants compared with the typical professional astronaut.  Eventually this industry may expand to include rapid suborbital transit profiles between global surface points.  
Figure 18.2 shows a representative acceleration training profile for a winged suborbital spacecraft.  Hundreds of potential flyers have experienced this profile emulated during centrifuge training, which has significantly enhanced our knowledge of the response of the general public to flight-like G loads. (Ref Blue et al).    In the vast majority of participants, many with chronic but controlled medical problems, this profile has shown to be well tolerated.  This profile assumes a recumbent posture for entry that transfers the major acceleration loads to the +Gx vector.  Pilots of such a vehicle may maintain an upright posture, incurring a high but transient +Gz load that must be considered for orthostatic effects.
Orbital spaceflight defines a condition whereby a spacecraft has attained an altitude and forward velocity matched to that altitude sufficient to remain stable in that orbit for a substantial period of time.  The tendency to fall to earth is exactly balanced by the forward velocity so that the spacecraft essentially ‘falls’ around the earth; the physiologic condition of weightlessness is realized by this condition of freefall.    Figure 18.3 depicts a sustained Earth orbit.  It implies rising above the major mass of the atmosphere such that atmospheric drag is negligible over short periods of time.  Minimum altitudes of typical spacecraft are around 100 – 125 miles (160 – 200 km), where atmospheric drag is still enough to require reboost after a few days.  The ISS orbits at an altitude of around 250 miles (400 km).  Even at this altitude, with the substantial cross sectional area afforded by structure and solar arrays, reboost requires several thousand kilograms of propellant each year.
Often the term “outer space” is used to describe any vehicle in orbit or beyond, invoking impressions of great distances, but this is misguided particularly with the typical LEO altitudes noted above.  What really separates the occupants of an orbiting spacecraft from the ground is a velocity difference.  Orbital velocity in LEO is roughly 17,500 mph (28,160 kph) at the altitude of the ISS; for launch this must be attained between liftoff and orbital insertion, and for return it must be dissipated between deorbit burn and landing.  Although the relative velocity change is roughly the same for launch and landing, the forces acting to realize this change differ greatly.  Insertion of a spacecraft into LEO involves transiting the atmosphere to overcome drag and build sufficient velocity to maintain a stable orbit.  A typical ascent profile will involve primarily vertical flight at first to loft to an altitude where atmospheric drag is sufficiently low, then arcing into a predominantly downrange trajectory to build orbital velocity.  For ascent, the velocity is provided by powerful rocket engines operating near the limit of materials and systems capabilities.  For entry and landing, a combination of rocket impulse, atmospheric drag, atmospheric lift, and parachute descent (for capsules) are required to bring the spacecraft safely to a desired point on the ground.  

From launch pad liftoff to engine cutoff, the ascent to orbit for contemporary spacecraft typically requires eight to ten minutes, reflecting a balance between acceleration loads on the human occupant and optimum hardware performance.  If the spacecraft is to eventually dock with another orbiting platform, the launch is precisely timed to occur as the launch site rotates through the orbit of the target platform.  Crewmember work and sleep schedules are frequently matched to this time days in advance to ensure optimal performance during this demanding flight phase and the associated physiologic challenge.  Figure 18.4 shows the typical acceleration vs. time profiles for the US Space Shuttle, the Russian Soyuz, and Space Exploration Technologies (SpaceX) Crew Dragon spacecraft.  Tolerance to these loads is dependent on crew positioning with respect to the velocity vector.  Thus far all crewmembers traveling to LEO have been oriented during launch in a recumbent position so that the ascent loads are taken in the +Gx (chest to back) direction, and these loads are well within human tolerances.  Vibration forces are vehicle dependent, but are designed to be within the tolerances of both spacecraft structure and its human occupants.  These come into play largely with reading displays and tasks requiring fine motor control, such as switch throws.  The ascent phase ends as the engines shut down and the spacecraft transitions abruptly from the final acceleration loads to weightlessness, typically 3 or 4 G’s to zero.
For atmospheric entry and return, the spacecraft fires an engine impulse into the orbital velocity vector, not so much to slow down as to lower the orbital trajectory so that it intersects the atmosphere.  The deorbit burn is precisely controlled for magnitude and direction of thrust, start time and duration, and relative ground position to arrive at a specific atmospheric entry point.  The drag of the atmosphere then does the work of dissipating the orbital velocity, inducing a great deal of frictional heat on the spacecraft structure in the process.  The atmospheric entry phase ends when a spacecraft is predominantly in a vertical descent for a capsule, or has transitioned to predominantly aerodynamic control for a winged spacecraft.  Actual landing may involve a fairly gentle runway touchdown as for the Shuttle and future orbital lifting bodies, or a water or land landing following parachute descent as for a capsule that may involve a significant impact event.
Entry following prolonged periods in microgravity involves spaceflight-deconditioned crew, which implies a reduced tolerance for acceleration forces.   The body +Gz (head to foot) axis is particularly vulnerable due to this deconditioning, and most spacecraft have positioned returning crewmembers such that entry forces are taken in the +Gx axis.  The exception has been the US Space Shuttle, which returned crew in an upright seated position after flights up to 18 days in duration.  Figure 18.5 shows entry acceleration loads of the Russian Soyuz and US Space Shuttle.  Even with the relatively low loads involved, deliberate protection for crewmembers in the form of anti-G garments, oral saline fluid loading, active cooling, and occasionally volitional straining maneuvers has been required.  Several crewmembers were returned on the Space Shuttle from long duration flight (LDF), arbitrarily defined as greater than 30 days in duration, from the Mir and International Space Stations.  This necessitated devising a recumbent seat system to fit on the Shuttle mid deck to orient LDF crewmembers in the +Gx direction with respect to the velocity vector.
As with high performance aviation, the capability to emulate flight-like acceleration loads in human rated centrifuges has long been used to prepare crews for spaceflight.  This was utilized throughout the Mercury, Gemini and Apollo programs by NASA and has been used continually in the Russian flight programs.  The Space Shuttle’s relatively gentle acceleration loads did not warrant such training, but flight profiles of new generation capsules like the SpaceX Dragon are more in family with earlier vehicles.  NASA and its international partners have reinstated a preflight centrifuge program that affords G familiarization training specific to ascent and entry loads that crews will experience.  As much as possible this includes emulation of flight-like suits and restraints, both of which combine with acceleration to further limit arm motion and visibility.  Such training and testing is very useful to inform placement of displays and controls, fixation and management of flight crew equipment, and other human factors aspects of cockpit design and operations.
As with aviation, there have been unfortunate mishaps in the history of human space flight that have influenced the crew protective equipment and procedures now routinely used.  All of the mortality associated with actual spaceflight is attributed to accidents occurring during the dynamic phases of ascent and entry.  Fatal accidents have occurred during launch, with the breakup of the Space Shuttle Challenger (1986), and landing with the loss of Soyuz 1(1967) due to parachute failure, the Soyuz 11 crew due to high altitude cabin depress (1971), and the Space Shuttle Columbia (2003) breakup during entry due to structural damage incurred on launch.  In addition, acceleration forces much greater than the nominal loads shown above have been realized during launch aborts and ballistic entries. 
Crewmembers wear pressure suits with safe breathing sources as a refuge against cabin depressurization or contamination during launch and entry phases.  These may have the unwanted effects of thermal loading, decreased reach and visibility, and general discomfort, but are a necessary safeguard in what remains a high risk activity.  Launch and entry seating is designed to position and support crewmembers optimally for standard and off-nominal acceleration loads, typically as form fitting as possible with multi-point restraints.  Active cooling is provided in the form of powered suit ventilation or liquid cooling garments.  Various spacecraft have utilized a variety of escape mechanisms, including personal harnesses and parachutes (Space Shuttle), ejection seats (Vostok, Gemini, and the first four Space Shuttle flights), and escape towers to pull a capsule away from a rocket stack (Mercury, Soyuz, Apollo).   For the possibility of off-target landing, spacecraft are equipped with a minimum of survival equipment for crew support before recovery forces can arrive.
Orbital Flight
The Orbit Itself

The orbit attained is determined by the ascent trajectory and is characterized by altitude, inclination, orbital period, and other factors beyond the scope of this discussion.  However medical support personnel should be familiar with basic elements that might affect crew operations.  
The altitude is typically an average; few orbits are truly circular, instead consisting of an ellipse with a lowest point (perigee) and highest point (apogee).  The ISS orbit is nearly circular, with typical perigee / apogee altitude of 260 and 263 miles (420 and 423 km) respectively.  Inclination refers to the angle of the orbital plane with respect to the plane of Earth’s equator.  A spacecraft launching straight eastward from a launch site on the equator would have an inclination of 0°, with a ground path that always traces the equator.  Launching from the same site on a trajectory angled 45° to the north (or south) results in a 45° inclination orbit, with a ground path that oscillates relative to the equator between 45° north and 45° south latitude.  The same orbit results from launching straight eastward from a site located at 45° north or south latitude.  It is easily understood by imagining a hula hoop around a world globe tilted with respect to the equator, with the hoop representing the plane of the orbit.  If the globe and the hoop were flattened out into a Mercator projection, the familiar sine wave pattern seen on mission control map displays where spacecraft positions are tracked is easily visualized.  (Figure 18.6)  The orbital period is the time required to make one complete revolution.
The ISS orbit has an inclination of 51.6° and an orbital period of roughly 90 minutes.  The practical implications are that crewmembers can directly see Earth features between 51.6° north and south latitude, and could possibly land anywhere in this broad band for a normal landing or emergency station evacuation.  Crew survival training and equipment are provided accordingly for both land and water landings.  A 90 minute orbit implies 16 sunrise - sunset cycles per 24 hour period, which requires artificial regulation of day and night cycles for crew duty day and sleep considerations.
Transition to Weightlessness

The onset of weightlessness after the acceleration forces of ascent is one of abrupt and stark contrast.  There is an immediate equalization of fluid pressures throughout the body, sensed as a rush of fluids to the torso and head.  The body floats away from the surface of the launch seat and is held lightly in place only by the restraining straps.  Arm movement for display activation, switch throws, checklist use, and other actions is suddenly altered as motor control inputs must now subtract out the absent weight of the limb.  Anything not restrained will float free, and management of equipment and flight support items quickly takes on a new dimension.
Along with this, there are inevitable generic crew duties that make this a labor and cognition intensive time.  A combination of manual control inputs and monitoring of automated processes require crewmembers’ attention, and task focus is essential despite the novel physiologic changes occurring.  Whatever structure carried the bulk of the final ascent fuel, such as the 3rd stage booster of the Soyuz or the SpaceX Falcon upper stage, will be jettisoned.  Navigation systems and thrusters will be enabled to perform spacecraft attitude control, thermal control systems will come online to handle solar heat loads, and life support systems will be thoroughly checked for proper function.  Significant crew attention is focused on verifying cabin pressure integrity after the structural challenge of ascent; only then can suits be doffed and a somewhat more leisurely pace of spacecraft operations can ensue.
Steady State Weightlessness
In the absence of the dominating effect of gravity, some processes which influence human habitability are diminished and some enhanced.  There is no buoyancy-driven separation of gases or liquids, so that the concept of heavier gases accumulating at one’s floor has no meaning.  Passive diffusion remains, although this is a very slow mixing process compared with buoyancy; gas concentrations will largely accumulate wherever they are introduced or fall where they are consumed.  This necessitates forced convection to mix atmospheric gases, preventing carbon dioxide accumulation and replenishing oxygen around a human occupant.  Active fans, which require power and produce nuisance noise, are a necessary component of life in weightlessness.  There is no gas-fluid separation, so a distinct air fluid level in a vessel or a visceral organ will not exist, replaced instead by a suspension of gas distributed uniformly in a liquid.   Sedimentation, in which solids might fall to the bottom of a liquid column, is also absent so that particulates in a liquid will also exist in suspension.  (Capillary action and surface tension remain and become more prominent.)  In addition, there is no ‘sump effect’, in which fluids accumulate at a lower point in a conduit.  This drives management of plumbing conduits moving coolants and other fluids, but happily does not affect food ingestion and digestion, which become totally dependent on peristalsis and directional morphology of the gastrointestinal anatomy.
From the standpoint of human activity, one can obviously move once heavy objects with ease, though larger mass items must be managed with care due to their inertia.  The relatively small volume inherent in spacecraft becomes more habitable due to the availability of movement and object placement in three dimensions.  Locomotion shifts from a familiar upright posture powered by legs to a variable orientation with respect to the internal volume, determined by convenience of the task at hand and largely powered by arms and hands.  The ability to use all dimensions is somewhat offset by the propensity for objects to float away if not restrained, so that management and memory of multiple items becomes a critical skill for efficient operation.  A more problematic aspect of weightlessness is that since small particles do not settle out onto surfaces, chance encounters may lead to foreign bodies impacting the eye or being inadvertently aspirated.  

SUMMARY
Historically different spacecraft and space stations have utilized different cabin atmospheric pressures and compositions.  As long as sufficient alveolar oxygenation is provided, there is latitude in choosing these based on vehicles and mission requirements.

Outside of Earth’s atmosphere the environment is characterized by hard vacuum, extreme thermal flux, solar electromagnetic radiation, and ionizing particle radiation.  These particles are classed as galactic cosmic rays, solar particles, and trapped particles residing in the geomagnetic fields.

Astronauts are considered radiation workers, with a main concern being cumulative ionizing radiation exposure increasing long term risk of cancer.

Attaining orbital velocity and subsequent Earth return imply acceleration loads on the human during the dynamic flight events of ascent and entry.  Provision of protective equipment, positioning of the human in an optimal orientation to these loads, and preflight training are required for flight preparation.
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Chapter 18 Figure Captions 

Figure 18.1.  Distribution of trapped radiation associated with the inner and outer Van Allen belts and influence of altitude and inclination on exposure.  Piloted low earth orbit (LEO) flights are below the inner belt. The South Atlantic Anomaly represents a geographically centered area where the geomagnetic field is relatively weak due to the offset between Earth’s rotational axis and geomagnetic dipole, allowing a greater flux of trapped particles at a given altitude.

Figure 18.2.  Representative acceleration training profile for a winged suborbital spacecraft, used for familiarization training and medical assessment.  The spacecraft is launched from a carrier aircraft at high altitude.  The combined +Gx and +Gz loads reflect the initial pull-up into a steep climb attitude (+Gz) and forward thrust to gain altitude (+Gx).  The quiescent period would be sensed as weightlessness inflight before the sharp +Gx spike of entry.

Figure 18.3.  Simplified depiction of a circular spacecraft orbit (not to scale).  The gravitational force on the spacecraft is counterbalanced by the forward orbital velocity which is specific for a given altitude (and hence gravitational force), such that the spacecraft continues to “fall” around the Earth.  

Figure 18.4.  Acceleration vs. time profiles of the US Space Shuttle, Russian Soyuz, and Space Exploration Technologies (SpaceX) Falcon 9 / Dragon crew capsule during rocket ascent.  Crewmembers are oriented such that most of the G loads are taken in the +Gx (chest to back) axis.

Figure 18.5.  Acceleration vs. time profiles of the US Space Shuttle, Russian Soyuz, and Space Exploration Technologies (SpaceX) Dragon during atmospheric entry.  The Soyuz and the Dragon capsules orient crewmembers such that most of the G loads are taken in the +Gx (chest to back) axis for entry and landing.  Shuttle crewmembers experienced a more prolonged but gentler G profile, but were oriented such that most of the G loads are taken in the seated +Gz (head to foot) axis.

Figure 18.6.  Ground track for a circular orbit of 51.6ᵒ inclination, similar to that of the International Space Station.  The center of Earth’s mass coincides with the center of the orbit, which is tilted relative to the equator so that the orbital track ‘ascends’ to 51.6ᵒ north latitude, then ‘descends’ to 51.6ᵒ south latitude. Each successive orbit moves 22.5 degrees westward due to the earth’s rotation beneath the orbit.  There are other more subtle influences on the orbit such as the non-spherical nature and mass distribution of earth and the effects of lunar gravity.

Tables 

Table 18.1 Space Capsules – Vehicles and Attributes. The Soyuz, Apollo, and Shenzhou spacecraft flew coupled to orbital modules with additional habitable volume.  Crewmembers are constrained to the capsules for launch and landing.  The US Space Shuttle is added for comparison.  R = Russia; US = United States; PRC = People’s Republic of China; SL = seal level, 14.7 psi with roughly 20% O2 / 80% N2.

*Soyuz and SpaceX Dragon mission to transport crew to and return from orbiting space station for up to 210 day mission, remain docked during mission; 4.5 - 5 day maximum free flight endurance.  

**Included docked phase with Tiangong-1 station.

+ Up to 7 crewmembers
	Vehicle
	Years of Operation
	Crew 
	Pressurized Volume (m3)
	Cabin Atmosphere
	Maximum Free Flight Duration

	Vostok      R
	1961-63
	1
	1.6
	SL
	4 day 23 hr

	Mercury   US
	1961-63
	1
	1.7
	5 psi / 100% O2 
	1 day 10 hr

	Voskhod   R
	1964-65
	2
	1.6
	SL
	1 day 2 hr

	Gemini    US
	1965-66
	2
	2.6
	5 psi / 100% O2
	13 day 18 hr

	Apollo     US
	1968-75
	3
	6.2
	5 psi / 100% O2
	12 day 13 hr

	Soyuz    R
	1967-present
	3
	4.0
	SL
	5 day endurance*

	Shenzhou   PRC
	2003-present
	3
	6
	SL
	15 day **

	SpaceX Crew Dragon
	2020 – present
	4+
	9.3
	SL
	4.5 day* (4 crew)

	Shuttle   US
	1981-2011
	7
	65.8
	SL
	17 day 15 hr


Table 18.2 Orbiting Stations 
	Station
	Years of Operation
	Permanent Crew
	Mass

(Metric Tons)
	Pressurized Volume (m3)
	Cabin Atmosphere
	Orbit

	Salyut Series (R)
	1971-1991
	2-3
	18.2 – 19.9
	90-100
	Sea Level
	51.6º; 200-222km (1)

219-270(4); 219-278(7)

	Skylab (US)
	1973-74
	3
	77.1kg
	320
	5psi 70%O2 / 30% N2.
	50º; 434 – 442 km

	Almaz Series (R)
	1973-1977
	2
	19
	47.5
	Sea Level
	51.6º, same range as Salyut

	Mir (R)
	1986-2001
	3
	129.7
	350
	Sea Level
	51.6º; 354 – 374 km

	ISS*
	2000-present
	7
	450
	916
	Sea level
	51.6º; 409 – 416 km

	Tiangong-1 and 2 (PRC)
	2011-2019
	3
	8.5
	15
	Sea Level
	42.8º; 363-381 km

	Tiangong (PRC)
	2021 - present
	3-6
	100
	110
	Sea Level
	41.6°; 390 – 395 km


R = Russia; US = United States; PRC = Peoples Republic of China

* International Space Station Partner Agencies: Canadian Space Agency, European Space Agency, Japanese Space Development Agency, National Aeronautics and Space Administration (US), Roscosmos (Russia)

Table 18.3 Physiologically and Operationally Relevant Milestones with Increasing Altitude.  Convenient numbers are given, but there is a range associated with each milestone based on physiological variability and atmospheric pressure dynamics.

	Altitude (m, km)
	Milestone or Limit

	1000 km
	Lower border of inner Van Allen Radiation Belt at equator (lower at poles).  Higher radiation threat due to trapped ionized particles.

	700 km
	Collisions between atmospheric gas molecules become undetectable.  Particle concentration diminishes over several thousand km to free space density of 1 – 10 per cm3.

	410 km
	Average altitude of International Space Station.

	200 km
	Essentially no aerodynamic support and minimal drag such that sustainable orbit possible.

	140 km
	Atmosphere ceases to provide significant protection from micrometeoroids.

	120 km
	Atmospheric entry interface for returning spacecraft; initial onset of perceptible acceleration forces, control surface resistance.  Dysacoustic zone - insufficient atmospheric density to facilitate the effective transmission of sound.

	100 km
	Karman Line, threshold of effectiveness of aerodynamic surfaces.  Minimal active light scattering, ‘blackness of space’.  Target altitude for suborbital spacecraft. 

	40 km
	Atmosphere ceases to protect objects from high-energy radiation particles.

	37.65 km
	Highest altitude aircraft flight, conventional air breathing engines, pressure suit.  (Non-sustained altitude)

	25–30 km
	Practical limit of ram-pressurized cabin; above this altitude, fully enclosed pressurized cabins are required.

	19,200
	“Armstrong’s line”; ambient pressure equivalent to tension of water vapor at body temperature (47mmHg).

	16,000
	Practical limit of atmospheric weather processes and phenomena at equator (lower near the poles).

	12,192
	Limit for breathing unpressurized 100% oxygen.  Pressure environment (suit or cabin) needed above this.  

	5000
	Approximate limit of human acclimation for long term dwelling.

	3048
	USAF requires supplemental oxygen for aircrew.

	1525 – 2440
	Cabin pressure of commercial airlines, typically operating up to 12 km in altitude.

	Sea Level
	Pressure 760mmHg


Table 18.4 Radiation Sources and Types of Concern to Human Spaceflight. This is a simplified summary of the sources of ionizing radiation (IR) and rough energy ranges associated with those that contribute most to human doses acquired during spaceflight.  LEO = low Earth orbit.
	Origin
	Particle or Wave Type
	Energy Range
	Comments

	Solar Particles

  Continually streaming solar wind 

  Solar Particle Events
(solar flares, coronal mass ejections), vary with solar cycle
	Protons

Electrons

Protons

Electrons
	100eV – 3.5 KeV

10’s to 100’s GeV range
	Moderate flux, low energy; effectively shielded by minimal structure

Large flux, high energies; potentially very dangerous to crews in deep space

	Solar wave radiation
	X-rays

Gamma rays
	KeV range

MeV range
	Energy varies inversely with wavelength 

	Geomagnetically Trapped Particles
	Protons

Electrons
	600 MeV

5-7 MeV
	Flux increases with altitude and inclination for LEO flights

	Galactic Cosmic Rays (GCR)
	98% Baryons (mass > a proton)

     Protons 85%

     Alpha Particles 14%

     Heavy Nuclei

2% Electrons 
	Wide range of energies depending on mass; 10 GeV up to 10’s of GeV for heavier particles
	Smaller flux, larger energy; isotropic distribution, significant source of IR to space crews.

Increased solar activity correlates with reduced GCR flux in inner solar system

	Secondaries from particle collision with spacecraft structure and atmosphere
	Neutrons
	1 to several 10’s MeV
	Short lived, 11 min half-life; deep tissue penetrance


Table 18.5 Acute Radiation Syndromes. These are broadly divided into hematopoietic, gastrointestinal, and cerebrovascular syndromes in order of increasing ionizing radiation dose required to elicit. Low dose effects carry over and combine with higher dose effects. 
	Dose (Sieverts)
	Syndrome
	Tissue Effects
	Clinical Manifestations

	0 – 0.25
	
	Threshold for acute effects
	None

	0.25 - 1
	Hematopoietic
	Bone marrow stem cell damage, lymphatic and splenic tissue damage
	Minimal; mild nausea, loss of appetite

	1-3
	Hematopoietic
	Bone marrow stem cell depletion, mild to moderate leukopenia, eventual pancytopenia
	Mild to severe nausea, infection, weakness, fatigue

	3-6
	Gastrointestinal
	Moderate to severe leukopenia, gastrointestinal mucosal cell damage
	Severe nausea, moderate diarrhea, hemorrhage, epilation; mortality near 100% without treatment

	6-10
	Gastrointestinal,

Cerebrovascular
	Extensive gastrointestinal mucosal cell damage, direct CNS damage 
	Seizures, cognitive impairment, headache, severe diarrhea, hypotension

	>10
	Cerebrovascular
	Extensive CNS damage; cerebral edema
	Tremors, ataxia, incapacitation 


Table 18.6 Radiation Exposure Career Limits of International Space Station Partner Agencies (National Academies Review)  

	
	Ionizing Radiation Dose in Sieverts

	Agency
	Career Dose Limit
	Sex / Age Dependency

	Canadian Space Agency
	1,000 mSv
	No sex or age dependency

	European Space Agency

IRCP 60
	1,000 mSv
	No sex or age dependency

	Russian Federal Space Agency
	1,000 mSv
	No sex or age dependency

	Japanese Aerospace Exploration Agency
	3% REID at the mean
	Adjusted for sex and age

Lower limit of 500 mSv, 27-30 year old female; Upper limit of 1,000 mSv for >46 year old male

	NASA (Old Limit)
	3% REID at 95% confidence interval
	Adjusted for sex and age

Lower limit of 180 mSv, 30 year old female; Upper limit of 700 mSv, 60 year old male

	NASA (New Limit, 2022)
	600 mSva
	No sex or age dependency


aBased on 3% REID for 35 year old female at the mean, but expressed as a single dose limit applicable to either sex at any age

REID – risk of exposure induced death

NASA – National Aeronautics and Space Administration

ICRP – International Commission on Radiological Protection
Sv - Sieverts
� The terms weightlessness and microgravity are often used interchangeably, with the former more representative of the physical state imposed on spacecraft and the latter in greater use in the space life sciences literature to describe the lack of gravitational forces on living systems.  








