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Challenges, concerns and common problems: physiological
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Introduction: Similarities between the clinical presentation of individuals living with spinal cord injury
(SCI) and astronauts are remarkable, and may be of great interest to clinicians and scientists alike.
Objectives: The primary purpose of this review is to outline the manner in which cardiovascular,
musculoskeletal, renal, immune and sensory motor systems are affected by microgravity and SCI.
Methods: A comprehensive review of the literature was conducted (using PubMed) to evaluate the
hallmark symptoms seen after spaceflight and SCI. This literature was then examined critically to
determine symptoms common to both populations.
Results: Both SCI and prolonged microgravity exposure are associated with marked deteriorations
in various physiological functions. Atrophy in muscle and bone, cardiovascular disturbances, and
alterations in renal, immune and sensory motor systems are conditions commonly observed not only in
individuals with SCI, but also in those who experience prolonged gravity unloading.
Conclusion: The preponderance of data indicates that similar physiological changes occur in both SCI
and prolonged space flight. These findings have important implications for future research in SCI and
prolonged space flight.
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Introduction

Two notable achievements of the latter half of the twentieth

century were human space travel and advancements in

patient care following spinal cord injury (SCI). Both SCI and

prolonged microgravity exposure are associated with marked

deteriorations in various physiological functions. Atrophy

in muscle and bone, cardiovascular disturbances and an

unbalanced immune response are other conditions com-

monly observed not only in individuals with SCI, but also in

those who have traveled in space for prolonged periods

(Table 1). These similarities make it feasible for microgravity-

induced degeneration to provide an excellent experimental

model for investigation of long-term deconditioning on

Earth. Likewise, research examining how to improve the

physiological consequences of SCI could be applied for the

treatment of maladaptations that occur during prolonged

spaceflight. Accordingly, to highlight common physiological

consequences of microgravity and SCI, this review will

describe how cardiovascular, musculoskeletal, immune,

renal and sensory motor systems are affected by each

condition. As this review deals primarily with long-term

(424h) adaptations to SCI and microgravity; the reader is

referred to other reviews1–3 for more detailed information

outlining acute acclimation (o24h) and the time course of

acclimation following these conditions. We hypothesized

that microgravity and SCI would result in similar pathophy-

siological adaptations. Furthermore, we hypothesized that

the study of SCI on earth provides a good model to evaluate

the effects of prolonged spaceflight (and vice versa).

Alterations in the cardiovascular system

Recognition and management of cardiovascular dysfunction

following SCI and microgravity represent challenging clin-

ical issues. Diminished gravitational fluid distribution in

astronauts and a lack of descending nervous control to the

cardiovascular system in individuals with SCI result in

physiological alterations in several areas including ortho-

static tolerance, ventricular mass and function, vascular
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function, and serum lipid levels. Although the symptoms and

clinical presentation of cardiovascular dysfunction are very

similar, underlying mechanisms and natural recovery/progres-

sion differ greatly between individuals with SCI and astronauts.

Orthostatic intolerance

Orthostatic hypotension is a condition that is commonly

documented in astronauts following the return to gravity

environment4 and in individuals with SCI.5 Symptoms in

both astronauts and individuals with SCI are very similar,

and vary from light-headedness and dizziness to episodes of

syncope.6 Chronic exposure to micro-activity during pro-

longed spaceflight, extended bed rest (a model of micro-

gravity) or inactivity experienced by individuals with SCI

result in adaptive changes, which in turn lead to severe

disabling orthostatic hypotension in returning astronauts

and clinical volunteers.

On postural change or following prolonged periods of

sitting, patients with SCI frequently experience sudden and

rapid reductions in blood pressure often leading to dizziness,

light-headedness and/or syncopal events.7 Orthostatic

maneuver performed during rehabilitation are furthermore

reported to induce a decrease in blood pressure, which is

diagnostic of orthostatic hypotension in 74% of patients

with SCI.8 As a result, this condition often affects an

individual’s ability to participate in rehabilitation programs

and delays rehabilitation.8 Orthostatic intolerance has also

been reported to occur in up to 30% of astronauts returning

from short space shuttle flights of 4–10 days.9,10 In longer-

duration flights, the prevalence is even greater, with up to

80% of astronauts experiencing orthostatic intolerance.4 The

extent to which SCI patients and returning astronauts are

prone to orthostatic hypotension can be seen in Figure 1.

The left side shows changes in blood pressure and heart rate

following passive movement from a supine to seated

position in a subject with SCI (C5 ASIA B; (Figure 1b)) in

comparison to a healthy control volunteer (Figure 1a). On

the assumption of a passive seated position, the SCI subject

exhibited a marked, progressive decrease in blood pressures

and relative postural tachycardia. In contrast, in the control

subject, blood pressures were increased following the change

in posture with little change in heart rate. The right side

compares postflight changes in astronauts during standing

in finishers (white bars) and nonfinishers (black bars) of a 10-

min stand test. Nonfinishers showed a tendency toward a

greater percent increase in heart rate, whereas finishers

showed blood pressure increase to a significantly greater

extent during postflight standing compared with nonfin-

ishers.11 It is interesting to note similarities in heart rate and

blood pressure responses between SCI subject (left) and

nonfinishers (black bars; right).

Mechanisms of orthostatic intolerance

SCI results in major alterations in activity of the sympathetic

nervous system. Indeed, in tetraplegic individuals there is a

virtual absence of spontaneous activity compared with

Table 1 Comparison of physiological changes following spaceflight and SCI15

SCI Spaceflight

Cardiovascular
Orthostatic tolerance k Tolerance5

k Sympathetic nervous system activity26

k Baroreflex response5

m Antidiuretic hormones5

k Plasma volume34

k Tolerance9

k29; 218;m30 sympathetic nervous system activity
k Baroreflex response28

m Antidiuretic hormones16

k Plasma volume16

Ventricular atrophy and dysrhythmias k Cardiac muscle mass37 k Cardiac muscle mass39

Vascular dysfunction m Arrhythmias37

m Flow-mediated dilatation61
m47 or 248arrhythmias
k Flow-mediated dilatation58

Lipid disorders m Low-density lipoproteins61

m Total cholesterol61

k High-density lipoproteins61

m Low-density lipoproteins68

m Total cholesterol68

k High-density lipoproteins68

Musculoskeletal
Muscle atrophy Denervation and disuse atrophy81,82

k Extensor muscle function69

k Cross sectional area72

m Fast twitch85

Disuse atrophy73

k Extensor muscle function73

k Cross-sectional area77

m Fast twitch73

Bone loss k Bone mineral density88

2 or m Bone formation markers88

m Bone resorption markers102

m Fracture risk91,92

k Bone mineral density76

2 Bone formation markers76

m Bone resorption markers76

Likely m facture risk during prolonged missions76

Other systems
Neurovestibular and sensory motor dysfunction k Motor function103 k Motor function105

Renal stones k Sensory function118

m Risk of stone formation108

m Hypercalciuria108

k Sensory function104

m Risk of stone formation111

m Hypercalciuria 111

Immune dysfunction m Urinary tract infection116

k Immune responsiveness115
k Immune responsiveness120

Abbreviation: SCI, spinal cord injury.

Note: Example references are provided.
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normal subjects.11 Although parasympathetic control is

usually preserved in SCI, the synergistic relationship

between parasympathetic and sympathetic control is often

lost.12 The extent to which this disrupts autonomic control

is directly related to the level at which SCI occurred.12 In

general, resting sympathetic tone in animals and humans

with SCI is very low.11 This disruption of spinal sympathetic

pathways likely affects vascular resistance responses to

orthostasis. Several investigations have shown that in

individuals with SCI, levels of both adrenaline and nora-

drenaline are abnormally low while in supine position,12 and

that catecholamine levels fail to increase in response to an

orthostatic challenge.13 It has been shown previously that

these vascular resistance responses have a crucial role in

cardiovascular control during orthostatic stress,14 and that

any impairment in vascular resistance responses following

SCI will predispose to orthostatic intolerance.14

Data on sympathetic nervous system function in space are

indirect, scarce and contradictory. Plasma noradrenaline

levels in space have been reported as decreased,15 un-

changed16 or increased.17 Despite these inconsistent results,

it has been shown that muscle sympathetic nerve activity, in

contrast to SCI, was increased in microgravity,9,18 data that

are supported by most studies using sympathetic microneur-

ography during simulated microgravity on Earth.19 However,

postflight results suggest similar sympathetic responses

between syncopal astronauts and individuals with SCI.13 A

comparison of responses in presyncopal and nonsyncopal

astronauts during their 10-min standing tests postflight

clearly identified a subnormal increase in plasma norepi-

nephrine in the presyncopal group as the critical difference

from preflight data. Furthermore, presyncopal astronauts

showed a preflight individual predisposition to being more

susceptible to postflight orthostatic intolerance character-

ized by hypoadrenergic response during standing.20

In contrast to maintained parasympathetic activity follow-

ing SCI, a consistent decrease in the parasympathetic

nervous system indicator has been observed following

microgravity exposure21 and bed rest.22,23

Differences between sympathetic nervous system response

in patients with SCI (compared with able-bodied individuals)

and in astronauts (postflight compared with preflight) can be

seen in Figure 2. The top graph illustrates mean voltage

neurograms from peroneal skin nerve fascicle in a normal

subject and a tetraplegic patient (C6 lesion) at rest. Note

frequent sympathetic bursts in the neurogram from the

normal subject and only a single reflex burst induced by

pressure over the bladder (arrow) in the tetraplegic patient.11

The bottom graph shows Valsalva maneuvers performed 72

days before the Neurolab space shuttle mission and on

mission day 12.30 Note the lack of sympathetic activity in

the SCI subject, while there is a greater augmentation of
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Figure 1 Left: Blood pressure and heart rate responses to orthostatic stress in a healthy male control subject (a) and a man with chronic
cervical SCI (C5 AIS B; b). The SCI subject had complete destruction of descending autonomic pathways as assessed by the absence of
sympathetic skin responses. Resting systolic (SAP) and diastolic (DAP) arterial pressures were higher in the control than the SCI patient. Resting
heart rates (HR) were similar.5 Right: Comparison of changes during standing in finishers (white bars) and nonfinishers (black bars) of a 10-min
stand test in astronauts. Nonfinishers showed a tendency toward a greater percent increase in heart rate. Finishers showed an increase in blood
pressure to a significantly greater extent during postflight standing compared with nonfinishers. *Po0.05 for finishers versus nonfinishers.9

Note the similarities in HR and blood pressure responses between SCI subject (left) and nonfinishers (black bars; right). (Figures reprinted with
permission).
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muscle sympathetic nerve activity during straining in space

than on Earth.

Altered baroreceptor reflex control may be another factor

that contributes to impaired orthostatic tolerance. Baror-

eceptors are stretch receptors located in the aortic arch,

carotid sinus and coronary arteries that respond to perturba-

tions in arterial pressure and reflexively modulate sympa-

thetic and parasympathetic outflow to maintain blood

pressure homeostasis.23 When assessed using spectral analy-

sis of oscillations in heart rate and blood pressure during

orthostatic stress, baroreflex function has been found to be

abnormal in patients with SCI with lesions at T3 or above.24

Individuals with tetraplegia and paraplegia have also been

reported to have impaired baroreflex responses to discrete

stimulation of the carotid sinus using neck suction or neck

pressure, resulting in reductions in both baroreceptor

sensitivity and range of operation.25,26 The impairment of

baroreflex control in both high- and low-level lesions

identified in these studies is another probable factor

contributing to orthostatic intolerance in SCI. Indeed, Aslan

et al.27 examined blood pressure regulation during an

orthostatic stress test and found that SCI results in less

engagement of feedback control.

There have also been several reports documenting im-

paired baroreflex responses after Space Shuttle missions.

Fritsch et al.28,29 examined astronauts with a stepwise neck

pressure algorithm and found that the maximum slope and

range of the sigmoidal relationship between carotid distend-

ing pressures and R–R intervals were significantly less than

preflight. Furthermore, the resting position (operational

point) of astronauts on this relationship was lower after the

space missions than before.30 A more recent investigation

confirmed these findings, showing that the range, maximum

gain, and operational point of sigmoid carotid distending
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Figure 2 Top: Mean voltage neurograms from peroneal skin nerve fascicle in a normal subject and a tetraplegic patient (C6 lesion) at rest.
Note frequent sympathetic bursts in the neurogram from the normal subject and only a single reflex burst induced by pressure over the bladder
(arrow) in the tetraplegic patient.11 Bottom: Valsalva maneuvers performed 72 days before the Neurolab space shuttle mission and on mission
day 12.30 Note the lack of sympathetic activity in the SCI subject, while there is a greater augmentation of muscle sympathetic nerve activity
during straining in space than on Earth. (Figures reprinted with permission).
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pressure and R–R interval response relationships were all

significantly lower in space than on Earth.18 The sigmoid

relationship between pressure and R–R intervals of heart rate

shows a downregulated resetting of the baroreflex response,

which becomes apparent even after short (4–5 days)

exposure to microgravity. This reduced R–R interval response

persists up to 10 days after landing, contributing to

orthostatic hypotension.28 In summary, altered baroreflex

control and the resultant blunted sympathetic response may

contribute to orthostatic intolerance both in individuals

with paraplegia and in astronauts postflight.

One final mechanism that may contribute to orthostatic

intolerance is altered salt and water balance. In able-bodied

individuals, orthostatic tolerance and postural blood pres-

sure control are known to be greatly influenced by plasma

volume,31 whereby larger plasma and/or blood volumes are

associated with better tolerance to orthostasis.32 In patients

with chronic SCI, there is evidence of impaired water and

sodium retention, which is confounded by limited salt

and water intake.33 There is only limited information

available on circulating volume following SCI; however, it

has also been shown that total blood volume and hemoglo-

bin mass are decreased in individuals with SCI with a lesion

above T4.34 The combination of increased antidiuretic

hormone secretion, low sodium intake, high sodium excre-

tion and resultant hyponatremia are likely to predispose

toward lower plasma volumes in patients with SCI. This, in

turn, would exacerbate episodes of orthostatic hypotension

in these individuals. Furthermore, there is evidence

that individuals with SCI respond well to plasma volume

increase with use of fludrocortisone, suggesting that plasma

volume has an important role in maintaining orthostatic

tolerance.35

Weightlessness also rapidly alters fluid physiology. Astro-

nauts experience a net volume loss of B800ml per day for

the first 2 days.16 During the first day, adrenocorticotropic

hormones and antidiuretic hormones increase markedly and

astronauts diminish their fluid and food intake until day 3,

when they adapt to space sickness.2,16 By the fifth day in

microgravity, plasma volume has diminished by up to

20%,9,36 likely contributing to decreased orthostatic toler-

ance upon return to gravity.9,36

Ventricular atrophy and dysrhythmias

Decrease in cardiac mass to levels that are well below normal

occur in conditions of weightlessness, bed rest and SCI. In a

study that examined changes in cardiac mass and dimen-

sions, de Groot et al.37 reported a 25% decrease in left

ventricular (LV) mass in patients with chronic (average 18

years after injury) tetraplegia. Interestingly, in this investiga-

tion, there were no reported differences in diastolic or

systolic function between individuals with SCI and controls

despite significant cardiac atrophy following SCI. de Groot

et al.37 hypothesized that the LV dimensions, which decrease

to maintain wall stress may be an appropriate response to

inactivity without compromising cardiac function. Although

there are no data to our knowledge that describe the

longitudinal decreases in LV mass in SCI, it seems that

reduction in mass may be reversible. Nash et al.38 described a

35% increase in LV mass with the introduction of an exercise

program using electrical muscle stimulation in individuals

with tetraplegia.37 These results show the importance of

exercise as a countermeasure in maintaining cardiac integ-

rity in individuals with SCI.

Similar to individuals with SCI, astronauts also experience

cardiac atrophy. A recent investigation by Perhonen et al.39

showed that LV mass measured by magnetic resonance

imaging, decreased by 15% during prolonged supine bed rest

in previously sedentary nonathletic men without cardiovas-

cular disease, and decreased by 12% after short-duration

spaceflight.39 Although it seems that cardiac atrophy does

not affect systolic function as it does in SCI, cardiac atrophy

following spaceflight may affect diastolic function. Invasive

studies of cardiac performance before and after 2 weeks of

head-down-tilt bed rest have shown that there is a leftward

shift in the diastolic pressure–volume curve after bed rest,

resulting in a smaller LV end-diastolic volume for any given

filling pressure.40 Given that SCI seems to result in greater

decreases in LV mass compared with spaceflight, differences

regarding decreases in diastolic function are intriguing.

Although de Groot et al.37 used echocardiography to assess

LV function following SCI, future investigations examining

LV performance using cardiac magnetic resonance imaging39

or invasive measures40 could also reveal decrements

in diastolic performance in conjunction with changes in

LV mass.

It is well recognized that SCI can provoke altered cardiac

electrophysiology and increase susceptibility to cardiac

arrhythmias. Sinus bradycardia (a heart rate o50 beats per

minute) is the most common heart rate abnormality in

patients in the acute stage following SCI. However, various

other irregularities in cardiac rhythm have been attributed to

autonomic instability following SCI, including repolariza-

tion changes, atrioventricular blocks, supraventricular

tachycardia, ventricular tachycardia and primary cardiac

arrest.41,42 Development of heart rate abnormalities in

patients with SCI is associated with severe injury at the

cervical or high-thoracic level.42 Furthermore, the most

pronounced changes are observed during the acute phase

(ranging from 2 to 6 weeks after injury), whereas heart rate

parameters can improve substantially in the chronic

stage.43,44 However, in the chronic stage, physical exertion

and sexual activities are most commonly associated with

development of arrhythmias.45,46

In contrast to SCI, spaceflight does not seem to increase

the risk of dysrhythmias. One case study described a single

isolated nonsustained, asymptomatic 14-beat ventricular

tachycardia episode in a cosmonaut during an extended

space mission.47 However, subsequent analyses of electro-

cardiogram tracings of astronauts performing their routine

tasks during or following their space missions revealed no

greater incidence of cardiac dysrhythmias,48 and databases

designed to examine electrocardiography tracings obtained

from long-duration microgravity exposure have revealed no

pathology in the bioelectrical activity of the heart.49 It has

been proposed that less serious cardiac dysrythmias are

events not specifically related to spaceflight, but rather due

Physiological consequences of SCI and microgravity
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to conditions such as transient myocardial inflammation,

electrolyte shifts, heat, pollutants and anxiety.49

Vascular dysfunction

Previous studies have suggested that deconditioning can

lead to detrimental vascular changes, such as endothelial

dysfunction and atherosclerosis.50 Endothelial dysfunction,

an initial factor in the development of atherosclerosis, has

a significant effect on the long-term risk for cardiovascular

disease.51 A commonly used noninvasive assessment of

arterial function is flow-mediated dilation.52 Flow-mediated

dilation reflects ability of the endothelium to relax vascular

smooth muscle in response to increased blood velocity-

induced shear stress.53 Reduced flow-mediated dilation is an

early marker of atherosclerosis,52 a surrogate marker of

cardiovascular function,54 and a predictor of future cardio-

vascular complications.55

Recent findings suggest that vascular adaptations to

inactivity in humans are accomplished within weeks,56

not, as was previously thought, over a longer period.57 In

humans with long-standing SCI, extensive changes occur in

the peripheral circulation such as a 30% decrease in

diameter, a reduction in blood flow and an almost doubling

of stress levels in the femoral artery.56 Interestingly, de Groot

et al.56 showed that absolute and relative flow-mediated

dilation responses increased significantly during the first 6

weeks of extreme inactivity, with most changes evident at 3

weeks after injury.

Despite considerable research examining endothelial func-

tion in various clinical populations, very little information

exists with regard to endothelial function of individuals

subjected to bed rest or microgravity. In one investigation

examining simulated microgravity, Hesse et al.58 found that

strict bed rest for 13 days impaired endothelium-dependent

arterial relaxation in healthy men. Furthermore, Coupe

et al.59 also showed that prolonged bed rest causes impair-

ment of endothelium-dependent functions at the micro-

circulation level, along with an increase in circulating

endothelial cells. Although ground-based evidence indicates

that microgravity may impair endothelial function, this

phenomenon has not yet been systematically tested.

Lipid disorders

Abnormal lipid values have long been established as risk

factors for the development of diabetes and heart disease.60

After SCI, there is a tendency toward elevated low-density

lipoprotein cholesterol and total cholesterol, as well as lower

high-density lipoprotein (HDL) cholesterol, levels compared

with able-bodied individuals.61 Approximately 10% of the

US population has HDL cholesterol values o35mg per

100ml, whereas about 24–40% of those with chronic SCI

have levels below this value for HDL cholesterol.62,63

In acute SCI, lipid levels are generally depressed and normal-

ize within the first year.64 Consequently, previously men-

tioned alterations in vascular function in individuals with SCI

do not seem to be due to elevations in plasma lipids. However,

beyond the first year after injury, individuals with SCI tend to

develop elevated low-density lipoprotein cholesterol and total

cholesterol levels, and continue to maintain lowered HDL

cholesterol levels compared with able-bodied populations.65

Individuals with tetraplegia tend to have a greater number of

lipid abnormalities than their paraplegic counterparts.66 This

suggests that the metabolic changes and physical inactivity

associated with SCI may have significant consequences for the

prevalence of dyslipidemia and the development of cardio-

vascular disease.

Alterations in blood lipids have also been found during

exposures to microgravity. This may be a concern for long-

duration missions, as previous research indicates that the

microgravity environment may induce or accelerate the

development of risk factors for cardiovascular disease.

Significant changes have been reported to occur in concen-

trations of HDL cholesterol (decreased 8%) and low-density

lipoprotein cholesterol (increased 6%) compared with

preflight values.67 Markin et al.68 also reported that, as early

as the second month of orbital flight, the majority of

cosmonauts being tested experienced a significant increase in

total cholesterol concentrations (above the normal range). It

should, however, be noted that results from the later investiga-

tion may be somewhat limited by methodological constraints.

Cosmonauts were tested in flight using capillary blood samples

taken from a finger with ‘Reflotron IV’ (Boehringer Mannheim,

Mannheim, Germany) biochemical analyzer, a method that

may not be as accurate as enzyme immunoassays.

Alterations in the musculoskeletal system

Maintenance of the musculoskeletal system is of crucial

importance to preservation of mobility in patients with SCI

and in astronauts in space. Indeed in SCI, performance of

simple daily tasks, such as transfers and wheeling depend on

the ability of the muscular system to generate sufficient

forces to enable displacement of the body. Likewise, in

spaceflight, not only does performance of daily tasks,

including particularly demanding ones such as extra-vehi-

cular activities, rely on structural and functional integrity of

the muscular system, but also the ability to exit rapidly from

the space vehicle in case of emergency. Bone health is

inherently tied to muscle function, wherein bone loss is

likely due to a decrease in mechanical loading as a result of

reduced or complete loss of muscle function and/or weight-

bearing activities. To decrease the risk of fragility fractures

that result from bone loss, preserving and maintaining bone

mass after SCI and spaceflight are crucial.

Muscle atrophy

After SCI, there is a rapid and dramatic loss of muscle mass

below the level of the lesion.69 In individuals who were only

6 weeks after SCI, average muscle cross-sectional areas (CSAs)

were 18–46% lower than in control subjects.69 Prospective

study of patients up to 24 weeks after SCI revealed further

declines in average gastrocnemius and soleus muscle CSAs of

24 and 12%, respectively.69,70 Similarly, from 6 weeks to 24

weeks after injury the average decreases in quadriceps,

hamstrings and adductor muscle CSAs were 16, 14 and

16%, respectively.71 Results from a recent investigation on
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muscle atrophy in long-term paraplegics suggest that after

an initial rapid progression, muscle atrophy reaches a steady

state and likely plateaus.72 Furthermore, ultrastructural

analysis of biopsies from long-term spastic patients showed

that the myofibrillar apparatus is in general less ordered than

in normal muscle. The misalignment of the contractile

apparatus in paraplegic patients may explain why their

strength and endurance is decreased when compared with

normal subjects. Indeed, using functional electrical stimula-

tion, it has been shown that there is an increase in muscle

fatigability following SCI.73 Interestingly, it has recently

been shown that long-term neuromuscular electrical stimu-

lation training programs can preserve the physiological

properties of the plantar flexor muscles.74 This training

protocol yielded significant improvements for the trained

versus untrained limb in torque, torque-time integral, fatigue

index, torque rise time and between-twitch fusion. These

results show the importance of exercise as a countermeasure

in maintaining muscular integrity in individuals with SCI.

There are similar decreases in muscle size and function

after exposure to microgravity. LeBlanc et al.75 showed a 6%

decrease in muscle volume following an 8-day spaceflight,

whereas 6 months of spaceflight seems to result in a 13–17%

decrease in muscle mass.76,77 Following an 11-day human

spaceflight, Edgerton et al.78 observed a significant decline in

the CSAs of fibers from the vastus lateralis muscle, with

decline being greatest in type IIb fibers and least in type I

fibers. Widrick et al.79 made similar observations for the

soleus muscle; following a 17-day flight, type IIa fiber CSAs

declined by 26 % compared with a 15 % reduction in the

CSAs of type I fiber. To our knowledge, there are no data that

have examined muscle atrophy following spaceflight lasting

more than 12 months. However, we hypothesize that,

similar to SCI, there would be a plateau in atrophy.119

Short-term space flight (17 days) was found to reduce specific

tension of soleus muscle fibers.80 Although human data from

Skylab and Mir suggest that leg extensors atrophy and loose

peak force faster than flexors, when flight duration is long

enough (4200 days) both groups of muscles show similar

declines of B30 % in isokinetic strength.73,79

Interestingly, in both patients with SCI and astronauts

following spaceflight, there seem to be alterations in the

contractile apparatus (Figure 3), which could also contribute

to the impairment in muscle force. The left side in Figure 3

illustrates electron micrographs of longitudinal sections

from muscle fibers of control (Figure 3a) and long-term

spastic patient (Figure 3b). Skeletal muscles from control

subjects were characterized by a highly ordered contractile

apparatus, delimited by Z lines (black arrows in panel a) and

well aligned with those of adjacent myofibrils. In contrast,

muscle fibers from paralyzed patients showed partially lost,

precise alignment of sarcomeres of adjacent myofibrils (black

arrows in panel b).72 The right side of Figure 3 illustrates

electron micrographs of longitudinal sections of muscle

Figure 3 Left: Electron micrographs of longitudinal sections from muscle fibers of control (a) and long-term spastic patient (b). Skeletal
muscles from control subjects were characterized by a highly ordered internal organization. The contractile apparatus was formed by
sarcomeres, delimited by Z lines (black arrows in a) and well aligned with those of adjacent myofibrils. Muscle fibers from paralyzed patients
showed partially lost precise alignment of sarcomeres of adjacent myofibrils (black arrows in b). Scale bars¼1 mm.72 Right: Electron
micrographs of longitudinal sections of slow muscle fibers before (c) and after (d) a 17-day spaceflight. Preflight control fiber has wide
myofibrils, whereas myofibrils postflight are thinner, indicating atrophy. Mitochondria- and glycogen-like granules are similar in both fibers,
but lipid droplets (white spheres) are more frequent postflight. Postflight there is also partially lost alignment of sarcomeres of adjacent
myofibrils. Scale bar¼1.5mm.78 Note similarities between atrophy and loss of sarcomere alignment between individuals with SCI and
astronauts postflight. (Figures reprinted with permission).
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fibers before (Figure 3c) and after (Figure 3d) a 17-day

spaceflight. Preflight control fiber had wide myofibrils,

whereas myofibrils postflight were thinner, indicating

atrophy. Furthermore, lipid droplets (white spheres) were

more frequent postflight, accompanied by partially lost

alignment of sarcomeres of adjacent myofibrils.78 It is

important to note similarities in atrophy and loss of

sarcomere alignment between individuals with SCI and

astronauts postflight.

Although both SCI and spaceflight lead to a decrease in

muscle mass, a fundamental difference is believed to exist

between disuse and denervation atrophy. Although denerva-

tion atrophy results from injury to motor neurons in the

spinal cord or to the motor nerves in the ventral roots

through which they exit,81 disuse atrophy occurs as a result

of loss of muscle activation.82 Although denervation atrophy

occurs solely in individuals with SCI, both SCI and space-

flight result in disuse atrophy. Disuse atrophy is more

pronounced in extensor muscles that normally bear weight,

especially those that cross single joints.70,83 The dotted lines

in Figure 4 illustrate differences in muscle mass between

denervation atrophy of SCI (circles) and disuse atrophy of

microgravity (triangles). Denervation atrophy seems to result

in rapid loss of muscle mass followed by a plateau, whereas

muscle loss from disuse atrophy occurs more slowly.

Bone loss

Considerable evidence exists showing the association be-

tween bone loss and both physical inactivity and decreased

mechanical loading in individuals living with SCI (the reader

is referred to several in depth reviews on the topic).84–86

Briefly, rate of bone loss after SCI is rapid and linear in the

acute stages, establishing a lower steady-state bone mass

level 1–2 years after the event .87 In individuals with SCI in

less than 1 year following the injury, reduction in bone

mineral density (BMD) has been noted in the femoral neck

(27%), midshaft (25%) and distal femur (43%), as compared

with controls. Bone mineral loss continues, but to a lesser

degree, in the pelvis and lower extremities over the next 10

years, resulting in demineralization of over 50% by 10 years

after injury.88 In contrast to lower limbs, arms and trunk

show an increase in bone content after the 4-month point,

consequently resulting in a net effect of B10–21% total loss

of bone at the 10-year point.89 In individuals with SCI, distal

femur and proximal tibia (knee region) are mostly at risk,

consistent with site-specific decreases in BMD such that

fractures of the distal femur are referred to as ‘the paraplegic

fracture’.90 Several investigations have reported an incidence

of up to 34% of lower extremity fractures in patients with

SCI.91,92 Low-energy fractures in individuals with SCI have

been reported to occur during events that would not

normally cause fractures among able-bodied individuals,

such as a transfer from bed to chair or being turned in bed.90

Common fracture sites appear to be those around the knee,

such as the distal femur or proximal tibia.93,94

Interestingly, although spaceflight also results in bone

atrophy, progression and magnitude of loss differs from SCI.

The solid lines in Figure 4 illustrate differences between SCI

(circles) and microgravity (triangles) induced bone loss. Note

that SCI results in rapid loss of bone followed by a plateau,

whereas bone loss from microgravity exposure occurs more

slowly. Skeletal unloading in astronauts can result in a loss of

as much as 1–2% per month of BMD.89,95 On the Mir year-

long mission, bone measurements of astronauts showed a

10% reduction of lumbar vertebrae as compared with

preflight.76 Consequently, on an approximately 3-year

manned mission to Mars, it is anticipated that astronauts

could have significant BMD loss in select locations. Sites of

BMD loss are also similar between individuals with SCI and

astronauts. Demineralization in spaceflight also predomi-

nates in long bones of the lower limbs, with maximal bone

loss occurring in calcaneus and hip.96 The main concern

with this significant loss of BMD for astronauts is bone

fracture. With limited medical resources available during a

mission, a fracture could be detrimental to a mission and

even life threatening for the astronaut.

Mechanism of bone loss

The mechanism responsible for loss of bone mass is yet to be

clarified. After SCI, bone formation markers (osteoblasts)

remain at normal or slightly higher than normal levels.97

However, high levels of alkaline phosphatase, which have

been reported during the first year after injury in individuals

with SCI may reflect high levels of overall bone turnover.98

In addition, notable increases in bone resorption markers

(osteoclasts) have been reported to occur as early as 2 weeks,

reaching peak values 2–4 months after SCI onset.91 These

studies suggest that bone resorption increases after SCI with

only small changes in bone formation, and that elevated

resorption may persist beyond the acute stages of injury.

Bone resorption markers are also reportedly increased

during and following spaceflight,99,100 whereas bone forma-

tion markers may be unchanged or decreased after flight.101

Figure 4 Timeline of muscle (dotted line) and bone (solid line)
atrophy in SCI (circles) and spaceflight (triangles). Following SCI,
there is rapid atrophy of muscle72 and bone.84 This atrophy plateaus
after 1 year.72 Spaceflight results in slower progression of muscle119

and bone76 atrophy, which also likely plateaus. *Estimates based on
reported literature of bone and muscle loss in microgravity.
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Thus, it is not clear whether the bone loss is associated with

reduced bone remodeling or an uncoupling between bone

formation and resorption in microgravity. Other factors such

as alterations in systemic hormones such as calcitonin,

testosterone and parathyroid hormone have also been

suggested to contribute to a decrease in BMD during

spaceflight.102

Alterations in other systems

Although much research has been focused on the con-

sequences of SCI and microgravity on cardiovascular and

musculoskeletal health, other systems are also dramatically

affected. Neurovestibular and sensory motor function are

severely altered following SCI, and changes to these systems

may impair the ability of a crew to leave the space vehicle in

an emergency situation after landing.2 Individuals with SCI

and astronauts may also be at a greater risk of developing

renal stones due to immobilization and metabolic altera-

tions. Finally, one of the important systems affected by

spaceflight and SCI is the regulation of the immune

response, which could have profound effects on the ability

of the host to resist infection and tumors.

Neurovestibular and sensory motor dysfunction

For the motor system to function effectively, a continuous

inflow of sensory information is necessary to allow the body

to select appropriate responses and to make adjustments in

ongoing movements. Vision, hearing and receptors on the

body surface inform the motor systems about events in the

environment. Proprioceptors in muscles, joints and vestib-

ular apparatus inform about position and orientation of the

body and limbs, and degree of contraction of the muscles. In

SCI, communication between supraspinal centers and mus-

cles below the level of the lesion is often completely

absent.103 In other words, command inputs from the brain

do not reach the muscles. As the motor systems do not have

proprioceptive information available to them, losses occur

not only in motor functions but also in sensory ones.

Consequently, visual cues become much more significant

following SCI.

Spaceflight may negatively affect neurovestibular and

sensorimotor functions, particularly posture and locomotor

control, gaze stabilization and spatial orientation.104,105

Disturbances in neurovestibular and sensorimotor functions

can result in degraded performance of operational tasks on

orbit, inability to perform emergency egress, and impair-

ments in performing normal daily activities for varying

periods after landing. Absence of gravitational stimulation of

the otolith organ seems to be heavily implicated in the

observed neurovestibular effects. This is thought to con-

tribute to sensory conflict and may interfere with central

processing tasks associated with visuomotor skills. Over

time, similar to SCI, the central nervous system is apparently

able to adapt by reweighting sensory inputsFrelying more

heavily on visual cues than proprioceptive and otolithic

inputs. However, this adaptation is not complete, as is

shown by the deficits observed.104–107

Renal stones

Patients with SCI are more prone to develop chronic and

complicated stone disease over their lifetime, with 7%

experiencing an episode within 10 years of injury.108 In this

patient cohort, unrecognized stone disease can contribute to

renal failure, a significant source of morbidity and mortal-

ity.109 In a case–control study, Favazza et al.109 reported that

patients forming stones were older and were more likely to

have complete injuries than patients known to be stone-free.

DeVivo et al.110 noted that patients who developed renal

stones were more likely to be older, have neurologically

complete quadriplegia and have a history of bladder stones.

Although no known cases of renal stones have been

reported during spaceflight, NASA astronauts have experi-

enced 14 renal stone episodes, including multiple events

experienced by one crewmember.111,112 There is a growing

body of evidence from NASA and the Russian space program

showing that humans exposed to the microgravity environ-

ment of space also have a greater risk for developing renal

stones.100,113 Should such stones develop on long-duration

missions, debilitating pain accompanying the stone incident

would result in functional loss of the crew member and that

person’s contribution to overall success of the mission. Lack

of facilities for in-flight treatment of a stone episode could

furthermore necessitate aborting the mission and initiating a

rapid return to Earth.

Although stone formation in low urinary tract is poorly

understood, there is some evidence implicating the role of

hypercalciuria in this process. With an increased breakdown

of BMD, spaceflight and SCI result in chronic changes in

calcium balance.111,112 Decreased fluid intake and decreased

urine volume, both commonly observed following SCI and

spaceflight, may increase the risk for renal stones.114

Consequently, proper hydration is an important counter-

measure to prevent renal stone formation.

Immune dysfunction

Alterations in immune system have been shown to occur

along with other physiological changes associated with

spaceflight and SCI.115,116 Individuals with SCI have de-

creased natural and adaptive immune function and reduced

blood levels of cellular adhesion molecules that participate

in immune function and wound healing.117,118 SCI might

affect immune cells and immune responsiveness by (1)

disrupting the outflow of signals from the sympathetic

nervous system to lymphoid tissues and their blood vessels,

as well as returning afferent signals from these tissues to the

brain; (2) immunosuppression caused by stressors affecting

patients with SCI; (3) interrupting returning signals to the

central nervous system from the periphery, thereby reducing

facilitation of immunoregulatory central nervous system

neurons and decreasing their activity; or a combination of all

three.115,116

Altered white blood cell subpopulations, decreased pro-

liferation of immune cells and altered production of

immunoregulatory molecules have also been documented

during and immediately after spaceflight.120 The mechan-

isms and biomedical consequences of these changes remain
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to be established, although possible causes of spaceflight-

induced alterations in immune responses include exposure

to stress and exposure to radiation.

Figure 5 illustrates these alterations in immune function

following SCI and spaceflight. The left graph presents a

significant difference between preflight and postflight in

percent cell types of the total lymphocyte population in SCI

(open bars) and controls (hatched bars),115 whereas the right

graph shows a significant percentage change in the number

of circulating leukocytes among 11 astronauts after landing

(R_0) as compared with preflight (L_10) values.120 Note the

similarities in the increase in lymphocyte population and

the decrease in natural killer cells population between

individuals with SCI and astronauts postflight.

Overall, these data suggest that a dysregulation of the

immune system occurs in SCI and spaceflight, and that these

changes may increase the risks of infection, increase the

reactivation of latent viruses, and potentially alter immune

surveillance and the incidence of autoimmune disease or

tumorigenesis. As the space program moves to longer

exploratory missions, importance of the observed immune

system changes will increase dramatically.

Microgravity and SCI: similar but not the same

Although we presented various similarities in health and

physiological outcomes among individuals with SCI and

astronauts, there are also significant differences between the

two conditions that must be considered. Individuals with

SCI cannot stand up because of paralysis, and have only

limited gravity exposure when seated in a wheelchair,

whereas astronauts are continuously exposed to micrograv-

ity during spaceflight. Accordingly, it is difficult to separate

hypokinesis effects from those associated with reduced

gravitational stress. The most crucial difference between

the groups is trauma to the spinal cord and associated

dysfunctions present in individuals with SCI. For example,

loss of motor control by supraspinal structures results in

paralysis and inability of an individual to stand up or

exercise. This is clearly not the case in astronauts, who have

an intact central nervous system. A lack of supraspinal input

to spinal autonomic control is another physiological differ-

ence. Although both groups experience orthostatic intoler-

ance, there is a decline in resting muscle sympathetic activity

in individuals with SCI, and an increase in muscle sympa-

thetic nerve activity in microgravity. Another consideration

is the fact that changes observed in astronauts after long

exposure to microgravity are largely reversible, which is

often not the case for individuals with SCI. In summary,

discrepancies in study design, magnitude of change and lack

of information with regard to long-term adaptations in SCI

and spaceflight limit comparisons. These distinctions are

important to take into account when designing and

implementing countermeasures for both SCI and spaceflight.

Conclusion

There are striking similarities between cardiovascular, mus-

culoskeletal and other system alterations that occur follow-

ing SCI and exposure to microgravity (Table 1). Both SCI and

spaceflight result in decreased baroreceptor function and

alterations in salt and water balance, two mechanisms

contributing to orthostatic intolerance. However, following

SCI the loss of central tonic sympathetic control is also a

major factor contributing to orthostatic intolerance. De-

creased BMD is due to an increase in osteoclast function in

both conditions. Spaceflight results in disuse muscle atro-

phy, whereas SCI causes muscle atrophy through both

denervation and disuse mechanisms. Finally, spaceflight

and SCI lead to decreases in immune function, an increased
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Figure 5 Left: Percent cell types of the total lymphocyte population in SCI (open bar) and controls (hatched bars) (mean±s.e.).115 Right:
Percentage change in number of circulating leukocytes and levels of catecholamines among 11 astronauts after landing (R_0) as compared
with preflight (L_10) values.120 *Po0.05 versus preflight. Note the similarities in the increase in lymphocyte population and the decrease in
natural killer cell population between individuals with SCI and astronauts postflight. (Figures reprinted with permission).
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risk of renal stone formation, and alterations in neuroves-

tibular and sensory motor systems. These similarities

occurring in two discrete populations may result in an

increasing number of clinicians choosing to use research

facilities aboard the international space station to better

understand the ways of preventing some of the negative

physiological consequences of SCI. So too, life scientists may

look to Earth-based models to explore the consequences of

microgravity. Investigations may be limited by availability of

data from astronauts and animals flown in space, as well as

the difficulties in performing long-term bed rest investiga-

tions in humans. In the interim, ground-based models based

on SCI may be used for investigations examining the

physiological mechanisms underlying disuse. Conversely,

as space exploration becomes more frequent, opportunities

to explore physiological changes associated with spaceflight

will expand and may replace other models in evaluation of

the effect of reduced gravitational forces.
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