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1.0 INTRODUCTION 

Spaceflight is associated with an array of adverse health outcomes including changes to the 

cardiovascular system.1 2 3 4 5 6 7 8 The duration of a spaceflight is positively correlated with the time 

required to recover cardiovascular function and successfully complete orthostatic tilt tests (OTTs)—a 

standard method for assessing orthostatic intolerance (OI)—after spaceflight.9 Although both male and 

female astronauts are affected by disruptions in their vascular systems during and after spaceflight, OI—

leading to presyncope or near fainting during a stand or tilt test—is more prevalent among the female 

astronaut population.3 5 10 11 12 Reasons for these sex differences are not completely understood, 

although evidence exists that a variety of mechanisms may increase risk of OI among female astronauts. 

Crewmembers will spend months to years in space during upcoming lunar, Mars, and asteroid missions, 

and addressing OI concerns is critical to overall success of these missions. This document provides a 

general overview of the currently proposed hypotheses for the biological mechanisms underlying OI with 

respect to sex differences, a brief overview of current countermeasures to mitigate the effects of OI, and 

proposed priorities for future work in this area that will address some of the current research gaps. 

 

2.0 LITERATURE OVERVIEW: FACTORS INCREASING RISK OF OI FOR FEMALE ASTRONAUTS 

In the context of spaceflight, addressing OI in the near future will be particularly relevant from 3 

different perspectives: (1) OI experienced on return to Earth after varying periods of time spent on the 

International Space Station (ISS) and other low Earth orbit (LEO) missions; (2) OI experienced after lunar 

surface landings, extravehicular activities (EVAs), and return to Earth; and (3) OI experienced after 

Martian and asteroid landings, EVAs, and return to Earth after these more extended missions. Each of 

these undertakings will require a more in-depth understanding of how OI may impact overall mission 

success, which will ultimately guide the development of appropriate OI countermeasures.  

OI is a cardiac event that can occur terrestrially, and during and after spaceflight.6 7 13 Clinically, 

it is defined as a sudden decrease in systolic blood pressure (BP) of >25 mmHg or a decrease in diastolic 

BP of >15 mmHg that occurs within 3 minutes of moving from a seated or supine position to a standing 

posture.5 For the body to maintain a standing posture, a carefully orchestrated sequence of vascular, 

neurologic, and muscular responses maintain BP—such as vasoconstriction that presses blood into the 

upper part of the body.6 7 13 If this cascade of events is disrupted, an individual may experience OI.6 7 13 14 

For instance, baroreceptors, located primarily in the carotid arteries and aorta, are highly sensitive to 

changes in BP,13 and if these receptors sense even a slight drop in pressure, they initiate a complex 
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sympathetic outflow response.13 Because microgravity exposure induces headward fluid shifts that 

affect the cardiovascular system, both male and female astronauts can experience OI after they return 

to Earth or immediately after they land on an extraterrestrial surface.14 15 16 After acute adaptation to 

spaceflight (~first 10 days), central venous pressure decreases 17 and this is accompanied by left 

ventricular mass decreases of 12% 18 and increased sympathetic activity.19 Chronic spaceflight 

adaptation (as measured 1 month into a spaceflight of 5 months or more) has been associated with 

decreases in BP and respiratory frequency along with stable heart rate and heart rate volume.20 After 

this period of ‘functional adaptation’ to the space environment, the most pronounced cardiovascular 

changes have been noted after landing—when significant changes in heart rate, heart rate volume, and 

BP have been observed.20 According to recent evidence, 60% to 80% of astronauts returning from long-

duration spaceflight (~6 months) experienced OI during 10 minutes of 80° head-up tilt tests conducted 4 

to 6 hours after landing.21 22 Although the mechanisms underlying the association between spaceflight 

and OI are not completely understood, some researchers have hypothesized that the microgravity-

induced reduction in stroke volume during spaceflight may alter neurohumoral regulation by blunting 

the carotid-cardiac baroreflex23 24 and increasing heart rate after landing—ultimately decreasing 

standing vasoconstrictor response and increasing risk for OI.14 25 Women may be at a slightly increased 

risk of OI than men after spaceflight due to the following proposed mechanisms: (1) more difficulty in 

maintaining venous return and cardiac output, as observed in upright posture and during gravitational 

stress tests;2 3 26 (2) lower BP and lower levels of peripheral resistance;27 (3) greater increases in heart 

rate in the presence of cardiovascular stressors;28 29 30 31 32 33 34 35 (4) greater losses of plasma volume 

during spaceflight compared to men;3 26 34 and (5) the effects of estrogen—which promotes 

vasodilation,36 37 38 39 40 particularly in premenopausal women.41  

 

3.0 COUNTERMEASURES TO MITIGATE OI 

3.1 Overview 

Managing OI terrestrially involves raising a person’s standing BP without also raising their supine BP to 

(1) reduce the individual’s orthostatic symptoms; (2) increase their standing time; and (3) improve their 

ability to perform daily tasks.42 Currently, no single treatment protocol adequately achieves all of the 

above goals, thus current measures for managing OI involve a combination of volume expansion, 

compression garments, postural adjustment, and vasoconstrictor drugs. 42 Current countermeasures to 

mitigate OI in astronauts after flight includes a similar array of methods: exercise combined with volume 
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expansion;7 43 44 45 46 47 48 48 49 50 51 fluid loading (using broth/salt tablets and water);7 51 compression 

garments (e.g. Kentavr52 lower-body gradient compression garments);53 54 nutritional considerations 

(e.g. protein/amino acid supplementation);55 56 and pharmacological countermeasures (e.g. Midodrine, 

Octreotide).7 57 58 59 60 Artificial gravity (AG) using short radius centrifugation has also been explored as a 

method to counteract cardiovascular deconditioning and improve orthostatic tolerance in 

crewmembers.61 Although the countermeasures above are prescribed for both male and female 

crewmembers, a few considerations for their use and development with respect to sex differences are 

briefly discussed below.  

3.2 Exercise Regimes 

Bed rest studies are often used to assess whether prescribed exercise routines can improve orthostatic 

tolerance.43 44 52 62 63 Although studies have confirmed that a combination of resistive and aerobic 

exercise training programs during bed rest or during spaceflight can protect both sexes against losses in 

muscle strength and endurance, and lean leg mass,62 64 women often have lower muscle strength and 

cardiovascular endurance than men,65 66 which may place them at an elevated risk for OI after 

spaceflight, despite intensive exercise countermeasures. For instance, in a recent bed rest study led by 

Lee et al. (2014), the indicators of muscle strength and endurance measured in female subjects were at 

the lower end of the spectrum of those observed among ISS astronauts.62 To address this deficiency, 

individualized exercise routines targeting improvements in cardiac volume and mass (both shown to 

improve orthostatic tolerance)44 62 have been recommended. Effective exercise countermeasures for 

less-fit individuals (as determined before bed rest or spaceflight) would include the use of high-intensity 

exertion exercises to maintain intramuscular pressure; whereas, for more-fit individuals, tailored 

frequency and periodization regimes (increasing and decreasing volume and intensity) are thought to be 

more beneficial.62 Substantial sex differences have also been noted in muscular strength across different 

body regions, which should also be accounted for when creating these tailored exercise programs. 66 

Although countermeasures are evaluated by their ability to maintain preflight performance levels, 

crewmembers of exploration missions may be required to perform certain tasks (under normal or 

emergency situations) that are not 'scaled' to preflight fitness levels; for instance, maintaining trunk and 

lower-body musculature will be especially important when landing on an extraterrestrial surface 

because no support personnel will be available to help the crew egress the vehicle.62 67 68 A previous 

study assessed 13 Space Shuttle astronauts before their mission, and 2 had insufficient fitness levels to 

complete a simulated emergency egress.69 Thus, focusing on the effectiveness of exercise 
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countermeasures to maintain preflight performance levels may not be the most appropriate benchmark 

in certain circumstances. Tailoring exercise regimes to reduce the risk for OI while astronauts perform 

their many exploration mission-related responsibilities67—including physically demanding tasks that 

must be performed under time constraints—should be a future research priority. 

 Nutritional factors (e.g. high protein diets) should also be considered when constructing 

individualized exercise routines to mitigate OI.62 70 For instance, women’s protein needs differ from 

men’s because woman are thought to oxidize less protein during exercise;71 therefore, future exercise-

focused studies should also account for the intake of selected dietary components across varying time 

intervals.70  

3.3 Fluid Loading  

Fluid loading to increase plasma volume and maintain mean arterial pressure during orthostatic stress72 

can also mitigate postflight OI. Although bed rest studies and spaceflight studies measuring heart rate 

and BP during passive stand tests have provided mixed results, it appears that fluid loading provides 

some protection against spaceflight-induced cardiovascular deconditioning.72 73 Edgell et al. (2018) 

found that fluid loading after 28-hours of head down bed rest (HDBR) protected subjects against loss of 

stroke volume index and central venous pressure—although significant loss of plasma volume was still 

observed.72 However, this study included male subjects only, so potential sex differences were not 

investigated. 

  Currently, crewmembers are encouraged to increase their salt intake over the last few days of 

their mission (~18 to 20 ml/kg body weight of sodium chloride-water solution consumed 3 to 4 times 

during the 12- to 20-hour period prior to landing).74 As an additional measure to increase fluid intake, 

Russian cosmonauts also take a water-salt additive (0.9 g of sodium chloride and 300 ml of water) 

before their lower body negative pressure (LBNP-Chibis) sessions, which occur near the end of their 

spaceflight.74 Increasing fluid loading in this context increases tolerance to final mission phase workloads 

and improves postflight reconditioning.74 It is unclear, however, if the effectiveness of these 

countermeasures are different for women than men. Furthermore, measures of plasma volume after 

flight are confounded by the timing of the test (measured 1 day after landing) and by the intravenous 

administration of fluids after landing.7 Investigating these factors in greater detail will provide important 

information for guiding future mission protocols. 
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3.4 Compression Garments 

To prevent excess blood pooling, particularly within the abdominal compartment and leg vasculature, 

compression garments have been used to prevent OI, both terrestrially42 75and after spaceflight.53 76 

Currently, both the American anti-gravity suits (AGS) and the Russian Kentavr suits are effective at 

preventing presyncope after spaceflight.53 However, these garments are not comfortable with noted 

restrictions in body movements.53 Although the AGS provides pressure that can be tailored to each 

crewmember in increments of 0.5 psid (25.9 mmHg),7 some concerns regarding the suit include (1) the 

need for connection to a pressure source to maintain compression; (2) the metabolic cost of ambulation 

due to suit inflation; and (3) comfort issues (some crewmembers report that the high pressure over the 

abdomen is uncomfortable).7 Additionally, although both suits successfully countered hypovolemia-

induced OI during a recent tilt test by maintaining systolic BP, the Kentavr suit required a lower level of 

compression to increase orthostatic tolerance.53 68 Furthermore, little research has been performed to 

assess the effectiveness of these suits on women versus men. For instance, evidence indicates that 

greater counterpressure applied specifically to the pelvic region and less counterpressure around the 

legs may confer women additional benefits to mitigate potentially adverse physiologic outcomes related 

to OI. 34 Aside from optimizing comfort and maneuverability in the design of these garments, future 

studies should also consider suit fit with respect to sex differences—providing additional insight into 

ways to minimize the impacts of OI after spaceflight.  

3.5 Nutritional Factors 

Terrestrial patients at risk for OI are given nutritional guidelines for increasing their orthostatic 

tolerance, which include taking frequent small meals, reducing alcohol and carbohydrate intake, and 

minimizing the number of hot drinks and foods ingested.42 Some recent evidence suggests that 

additional considerations (such as sex) when formulating optimal OI preventative diet plans are also 

important. For instance, women have different dietary needs across their lifespans than men (e.g. 

increased iron needs during premenopause and perimenopause),5 77 which may have important 

consequences for developing OI. Iron deficiency anemia has been associated with an array of 

cardiovascular complications, including volume overloads, cardiac dilation, and valvular failure78—all of 

which may increase the risk of OI.79 The current dietary iron requirements for spaceflight are 8 to 10 

mg/day for both men and women; however, little is known about how iron metabolism and iron 

absorption differ by sex during spaceflight.5 80 Another important nutritional factor to consider during 

spaceflight missions is calcium, which is found in many foods and is important for maintaining bone 
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strength and integrity, homeostasis, and protecting against osteoporosis—particularly for women as 

they age.81 Although calcium confers many benefits, larger doses of calcium can cause small decreases in 

BP.82 Some studies of calcium kinetics have been conducted on crewmembers of Mir flights;83 however, 

limited data exist regarding sex differences and calcium metabolism in relation to an array of health 

outcomes (including OI), in the context of spaceflight. 

3.6 Artificial Gravity 

AG has been explored as a single measure to mitigate multiple spaceflight-induced deconditioning 

effects. Studies conducted at NASA Ames Research Center found that 3 weeks of daily short radius 

centrifugation, improved orthostatic tolerance for both ambulatory men and women.84 85 A similar bed 

rest study conducted at NASA Johnson Space Center evaluated the effectiveness of AG in preventing bed 

rest-induced OI, although only men were enrolled in this study because women were unable to tolerate 

an hour of centrifugation at the required magnitude.86 Another group of investigators led by Evans et al. 

(2015) at University of Kentucky examined the orthostatic tolerance limit of 9 men and 8 women who 

were cardiovascular deconditioned by furosemide, and found markedly improved orthostatic tolerance 

after 90 minutes of AG exposure.87 The study, which included 2 research visits (research day 1 and 

research day 2) separated by 21 days, included the following measures for each visit: (1) furosemide 

infusion; (2) the experimental condition (90 min of -6° HDBR or an individualized AG protocol—half the 

subjects had HDBR on research day 1, the other half had AG on research day 1); and (3) a test of the 

subject’s OI. For the AG experiment, subjects rode supine aboard the Human Performance Centrifuge at 

NASA Ames Research Center after a protocol similar to that used for subjects at DLR, Cologne, 

Germany.88 Interestingly, however, the exposure to AG seemed to be more effective for increasing the 

orthostatic tolerance limit (time required to produce a presyncopal response using a head up tilt [HUT] 

and LBNP device) in men (30.1% increase on AG day vs. HDBR day) vs. women (22% increase on AG day 

vs. HDBR day).87 Furthermore, different mechanisms of cardiovascular regulation were noted for men 

and women after the AG protocol. For instance, a decrease in mean systolic BP was noted in the men 

after the AG exposure (11 +/- 2.9 mmHg), but not in the women, whose mean systolic BP remained the 

same after either the HDBR or the AG exposure.87 The men’s decrease in systolic BP derived primarily 

from decreases in resistance and stroke volume, whereas the women likely maintained systolic BP 

(following AG) primarily from an increase in stroke volume that overcame decreases in peripheral 

resistance87—possibly due to differences in the rate of cardiac output reduction,34 beta or alpha 

adrenergic responsiveness,34 and/or variations in sympathetic neural responsiveness to orthostatic 

stress.89 These findings highlight the need for a better understanding of the mechanisms underlying sex 
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differences in BP regulation after exposure to AG to manage and develop measures for mitigating 

postflight OI. Additionally, the duration, magnitude, and type of AG exposure needs to be determined if 

AG is to be used as a countermeasure for spaceflight deconditioning.7 

3.7 Pharmaceutical Agents 

Pharmaceutical agents to minimize the impact of OI will also need to be considered in the context of sex 

differences. Midodrine, a vasopressor that increases standing systolic BP and reduces orthostatic 

lightheadedness, is commonly prescribed to minimize the effects of OI.7 42 90 During a 16-day HDBR study 

to test the hypothesis that alpha-adrenergic stimulation would mitigate OI, midodrine protected against 

excessive decreases in BP and presyncope.90 Because the peak therapeutic effect of midodrine is ~1 to 2 

hours after intake,57 midodrine is thought to be a particularly effective agent for mitigating postflight 

OI.7 One female crewmember who had previously experienced postflight presyncope, took 10 mg of 

midodrine after a subsequent spaceflight, and showed noted improvements in orthostatic tolerance.91  

Despite the potential benefits and the promising findings noted above, concerns have been 

raised that midodrine may be less effective in preventing OI in women than in men, due to basal 

differences in volume-mediated parasympathetic and adrenergic systems and in venous tone.92 

Furthermore, terrestrial examinations have determined that midodrine may interact with other 

medications, such as promethazine, inducing effects such as increased akathisia (agitation and 

restlessness)93 and prolonged QT interval7 (time from when cardiac ventricles first contract to when they 

relax—longer periods are associated with adverse cardiac events such as sudden cardiac death). 94 Other 

side effects associated with midodrine include supine hypertension, scalp paresthesia (abnormal 

tingling), and pilomotor reactions such as goosebumps.42 Although midodrine is the currently preferred 

pharmaceutical countermeasure for mitigating the impact of postflight OI, a better understanding of 

modifying factors (such as sex) and risk for adverse reactions would provide valuable information with 

regard to its use during exploration class missions. 

Fludrocortisone—a synthetic mineralocorticoid—expands plasma volume and increases vascular 

alpha-adrenoceptor sensitivity.95 96 97 When plasma volume fails to adequately increase with salt 

supplementation or patients do not respond to midodrine, they are often prescribed fludrocortisone. 42 

Although often prescribed terrestrially for OI,42 fludrocortisone’s effectiveness as a countermeasure for 

spaceflight-induced OI has been limited. Investigators of one recent study of 25 male astronauts found 

that fludrocortisone maintained plasma volume after a short-duration mission, although the medication 

(taken 7 hours before landing) had no impact on postflight OI (as assessed via stand tests). 98 

Additionally, fludrocortisone has been associated with a range of adverse events (e.g. severe 



 

8 
 

hypokalemia [low potassium] and excessive supine hypertension)42 and frequent monitoring of serum 

potassium and supine BP is advised after intake.95 96 As with midodrine, further examinations of this 

medication are needed before recommending it as a countermeasure for postflight OI. 

Lastly, octreotide (commonly seen under the brand name Sandostatin) is an octapeptide that 

mimics naturally occurring somatostatin (a hormone produced in many locations in the body, including 

the gastrointestinal tract, pancreas, hypothalamus, and central nervous system)99 that has been 

successfully used to treat hypotension.100 101 102 At least one study found that octreotide was more 

effective than midodrine for preventing OI in patients with autonomic neuropathy; octreotide induced 

marked increases in cardiac output and venous tone.101 Its use after spaceflight presents certain 

challenges, however, because octreotide must be slowly infused or given subcutaneously.7 Although one 

recent examination found octreotide improved orthostatic tolerance in both sexes during a 45-minute 

tilt test ,103 as with the other 2 medications discussed above, little is understood with regard to potential 

sex difference when prescribed as a treatment for OI, both terrestrially and after spaceflight.  

In conclusion, better understanding of the effectiveness of each of the medications above—in 

addition to the other countermeasures discussed—would improve both the use and the refinement of 

these methods to prevent OI after spaceflights of varying duration.  

 

4.0 FUTURE RESEARCH PRIORITIES TO BETTER UNDERSTAND OI SEX DIFFERENCES 

As noted in the discussion above, many previous examinations aimed at better understanding and 

mitigating the impacts of spaceflight-induced OI indicted a need to better understand differences with 

respect to sex. The following section discusses some of the top priorities for research that could lead to 

a better understanding of spaceflight-induced OI in the context of sex differences. An improved 

understanding of the mechanistic components that contribute to OI will ultimately improve our ability 

to effectively manage this adverse cardiovascular outcome, both terrestrially and within the space 

environment.  

4.1 Better Understand the Stimuli for OI After Exposure to Spaceflight 

More information is required on conditions that predispose individuals to OI before, during, and after 

flight, with respect to sex differences.6 7 Ground-based analogs of spaceflight and simulated EVA 

environments with exposure to ~1/6th G (Moon gravity level) and ~3/8th G (Mars gravity level),7 clinical 

trials, and retrospective epidemiologic analyses of currently available astronaut data can all be used to 

better understand what stimulates OI after exposure to microgravity and other altered gravity 
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environments. During these assessments, it is imperative that investigators also consider how 

physiologic conditions involved in the development of OI interact with other systems of the body such as 

the immune, vestibular, and endocrine systems,6 7as well as other moderating factors such as race and 

ethnicity (e.g. risk for black people versus white people),104 genetic predispositions (e.g. hereditary 

amyloidosis),105 and other environmental influences (e.g. heat and humidity).106 

4.2 Explore Why Plasma Volume Loss and Heart Rate Responses Differ by Sex 

Presyncope occurs in individuals who have lower norepinephrine levels and lower total peripheral 

resistance than more orthostatic tolerant individuals.27 During spaceflight, women appear to lose more 

plasma volume than men, putting them at an increased risk for OI.3 Changes in plasma volume are based 

on complex physiologic mechanisms, and some researchers have speculated that because women have 

lower centers of gravity (~8% to 15% lower than men’s)107 108 and proportionally larger masses in their 

lower extremities, they experience a particularly pronounced change in their lower-extremity vein 

capacitance due to the loss of external fluid forces in dehydrated extracellular compartments in these 

areas.109 Why spaceflight-induced fluid loss in females results in these dehydrated extracellular 

compartments, particularly in the lower extremities, should be more thoroughly examined.  

In response to cardiovascular stressors, female astronauts respond with greater heart rate 

increases, whereas males respond primarily with greater increases in vascular resistance.5 6 In a recent 

6⁰ tilt HDBR study performed on 20 male and 10 female volunteers, investigators found that after 30 

days of HDBR, female participants experienced a larger decrease in baroreflex sensitivity than the male 

subjects after continuous infusions of vasoactive drugs.63 Some researchers have noted that male 

astronauts’ greater vascular resistance allows them to better counter orthostatic challenges after 

spaceflight, although little is currently understood regarding the mechanisms responsible for this.5 6 In 

general, women experience greater increases in heart rate than men during an array of situations 

including those that involve increased mental/psychological stress,28 33 standing,29 30 graded HUT tests,35 

pressor agent infusions,31 cold pressor tests,32 loud noises,33 and exercise.33 The greater increase tilt-

induced heart rate in women supports the hypothesis that women experience greater vagal cardiac 

control during resting periods—subsequently leading to increased parasympathetic withdrawal during 

HUT.110 Furthermore, the conduit and resistance vessels of men undergo stress-mediated vessel 

remodeling, ultimately resulting in sustained hypertension with less tissue perfusion compared to the 

response in women.33 Women, conversely, exposed to similar stressors experience more burden on the 

heart rather than on the large arterial vessels.111 Female pilots’ cognitive performance may be more 

compromised than male pilots’ performance in situations such as high-G maneuvers because men have 
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a greater capacity to use an array of physiologic measures to ‘buffer’ against the development of OI.34 

The downstream impacts of spaceflight-induced changes in plasma volume and heart rate that impact 

OI, and the associated cognitive impairments, are not well characterized. Because many factors have 

been independently correlated with increased heart rate (e.g. age, height, and sociodemographic 

factors),112 113 these potential confounders should also be considered in future studies examining sex 

differences, heart rate fluctuations, and OI in the astronaut population.  

4.3 Better Understand the Mechanisms Associated with Arterial Stiffness  

Evidence from the literature indicates female astronauts may be less tolerant to the upright posture or 

gravitational stress of spaceflight than male astronauts due to their reduced ability to maintain venous 

return or cardiac output.7 Upright posture on the ground creates gravity-induced hydrostatic gradients 

that ultimately reduce arterial pressures above the heart and increase pressures below the heart.109 114 

This gravitational vector is absent during spaceflight, significantly impacting an array of cardiometabolic 

biomarkers (e.g. insulin) as well as inducing measurable changes in arterial stiffness,114 which is 

associated with OI. During the normal aging process on Earth, humans contend with an array of 

orthostatic changes that are associated with increasing levels of arterial stiffness.115 116 During 

spaceflight, many of these physiologic aging processes accelerate, thus increasing levels of arterial 

stiffness.2 114 A recent examination of astronauts after 6 months on the ISS found measurable changes in 

arterial stiffness, and female astronauts had greater spaceflight-induced increases in a carotid artery β-

stiffness index than men.114 These findings confirm earlier observations that female mice that were 

flown in space had increased distensibility of cerebral arteries compared to values in ground-control 

mice.117 However, the 2 studies described above did not address potentially confounding factors such as 

arterial pressure—which should be assessed in future analyses. Future studies should use improved 

technology, such as the most current ultrasound devices,118 to obtain the most accurate cardiovascular 

measurements. Better understanding of the etiological mechanisms underlying sex differences and 

arterial stiffness will lead to a better understanding of OI risk.  

4.4 Estrogenic Considerations 

Future studies of OI with respect to sex differences should examine the direct and indirect effects of 

estrogen fluctuations during different periods of a woman’s menstrual cycle, and assess how this may 

impact OI.6 7 11 33 The levels of female sex hormones change cyclically over the lunar month, whereas 

male sex hormones cycle faster: serum testosterone levels fluctuate over a 24-hour period, peaking at 

around 8:00 PM (20% above mean level) and falling to 35% below mean levels at around 7:00 AM.33 119 
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Currently, research is lacking into the etiologic mechanisms associated with fluctuation of menstrual 

cycle hormonal levels during spaceflight. Estrogen level fluctuations, which are thought to contribute to 

the lower vascular resistance in women than men during spaceflight, augment endothelium-dependent 

vasodilation.37 38 39 40 120 121 122 Furthermore, it has been proposed that the indirect effects of estrogen in 

certain groups of women (e.g. premenopausal) may contribute to smaller vasoconstrictive responses to 

orthostatic stress compared to responses in men.6 Additionally, the effects of the renin-angiotensin-

aldosterone system, which is involved in regulating plasma volume and hemodynamic homeostasis, vary 

during the menstrual cycle.123 During the midluteal phase, higher amounts of estrogen and progesterone 

are released into the body and are associated with more volume retention leading to an improvement in 

late-standing tolerance compared to tolerance during other phases of the menstrual cycle.123 

Accounting for the effects of oral contraceptives on OI risk is also important. Data are currently 

lacking regarding the impact of the newest generation of prescribed oral contraceptives, which may 

modulate the risk for OI.1 Furthermore, parity should also be considered because the previous number 

of pregnancies can affect vessel compliance and obstruction of venous return.124 These findings highlight 

potential areas of future research that will improve understanding of how estrogen and other hormonal 

factors are associated with OI.  

4.5 Use Refined Human/Animal/Computer Models that Include Both Sexes 

Lastly, due to the limitations in procuring a robust and diverse astronaut dataset, many of the gaps 

related to OI with regard to sex differences could be remedied by including females in future etiological 

studies aimed at better characterizing the hydrodynamic and biochemical responses in the spaceflight 

environment.6 7 109 Ground-based simulated microgravity, computer simulations, and animal studies that 

focus on cardiovascular deconditioning, should include both sexes. Further investigation is required to 

determine why female astronauts have peripheral resistance responses that often operate terrestrially 

on the low end of normal, and why spaceflight-induced cardiovascular and other physiologic changes 

lead to higher risk for OI in female astronauts.6 27 Additionally, bed rest studies to assess how 

microgravity affects OI and other body systems should include women, in not only LEO simulations, but 

also varying gravity alterations that match lunar, asteroid, and Martian environments.  

  



 

12 
 

REFERENCES 

1. Platts SH, Bairey Merz CN, Barr Y, et al. Effects of Sex and Gender on Adaptation to Space: 

Cardiovascular Alterations. J Womens Health (Larchmt). 2014;23(11):950-955. doi: 

10.1089/jwh.2014.4912. 

2. Tuday EC, Platts SH, Nyhan D, Shoukas AA, Berkowitz DE. A Retrospective Analysis on Gender 

Differences in the Arterial Stiffness Response to Microgravity Exposure. Gravitational and Space 

Research. 2011;25(1). 

3. Waters WW, Ziegler MG, Meck JV. Postspaceflight orthostatic hypotension occurs mostly in women 

and is predicted by low vascular resistance. J Appl Physiol (1985). 2002;92(2):586-594. doi: 

10.1152/japplphysiol.00544.2001. 

4. Summers RL, Coleman TG. Computer systems analysis of the cardiovascular mechanisms of reentry 

orthostasis in astronauts. Comput Cardiol. 2002;29:521-524. 

5. Harm DL, Jennings RT, Meck JV, et al. Invited review: gender issues related to spaceflight: a NASA 

perspective. J Appl Physiol (1985). 2001;91(5):2374-2383. doi: 10.1152/jappl.2001.91.5.2374. 

6. Hay M, Mark S, Siegel B, et al. Sex, Space and Environmental Adaptation: A National Workshop on 

Research Priorities on Sex Differences in Human Responses to Challenging Environments. 

National Aeronautics and Space Administration and the National Center for Gender Physiology 

and Environmental Adaptation, University of Missouri, Columbia, MO. 2002. 

7. Stenger MB, Platts SH, Lee SMC, et al. NASA Evidence Report: Risk of Orthostatic Intolerance During 

Re-exposure to Gravity. Human Research Program; Human Health Countermeasures Element . 

NASA Lyndon B. Johnson Space Center, Houston, TX. 2015. 

8. Hughson RL, Robertson AD, Arbeille P, et al. Increased postflight carotid artery stiffness and inflight 

insulin resistance resulting from 6-mo spaceflight in male and female astronauts. Am J Physiol 

Heart Circ Physiol. 2016;310(5):628. doi: 10.1152/ajpheart.00802.2015. 

9. Lee SMC, Feiveson AH, Stein S, Stenger MB, Platts SH. Orthostatic Intolerance After ISS and Space 

Shuttle Missions. Aerosp Med Hum Perform. 2015;86(12 Suppl):A54-A67. doi: 

10.3357/AMHP.EC08.2015. 

10. Blaber AP, Bondar RL, Kassam MS. Heart rate variability and short duration spaceflight: relationship 

to post-flight orthostatic intolerance. BMC Physiol. 2004;4:6. doi: 10.1186/1472-6793-4-6. 

11. Blaber AP, Goswami N, Bondar RL, Kassam MS. Impairment of cerebral blood flow regulation in 

astronauts with orthostatic intolerance after flight. Stroke. 2011;42(7):1844-1850. doi: 

10.1161/STROKEAHA.110.610576. 

12. Masatli Z, Nordine M, Maggioni MA, et al. Gender-Specific Cardiovascular Reactions to +Gz Interval 

Training on a Short Arm Human Centrifuge. Front Physiol. 2018;9:1028. doi: 

10.3389/fphys.2018.01028. 

13. Bradley JG, Davis KA. Orthostatic hypotension. Am Fam Physician. 2003;68(12):2393-2398. 



 

13 
 

14. Buckey JC, Lane LD, Levine BD, et al. Orthostatic intolerance after spaceflight . J Appl Physiol (1985). 

1996;81(1):7-18. doi: 10.1152/jappl.1996.81.1.7. 

15. Shen M, Frishman WH. Effects of Spaceflight on Cardiovascular Physiology and Health. Cardiol Rev. 

2019;27(3):122-126. doi: 10.1097/CRD.0000000000000236. 

16. Arzeno NM, Stenger MB, Bloomberg JJ, Platts SH. Spaceflight-induced cardiovascular changes and 

recovery during NASA's Functional Task Test. Acta Astronautica. 2013;92(1):10-14. doi: 

10.1016/j.actaastro.2012.05.023. 

17. Buckey JC, Gaffney FA, Lane LD, et al. Central venous pressure in space. J Appl Physiol (1985). 

1996;81(1):19-25. doi: 10.1152/jappl.1996.81.1.19. 

18. Perhonen MA, Franco F, Lane LD, et al. Cardiac atrophy after bed rest and spaceflight. J Appl Physiol 

(1985). 2001;91(2):645-653. doi: 10.1152/jappl.2001.91.2.645. 

19. Eckberg DL. Bursting into space: alterations of sympathetic control by space travel. Acta Physiol 

Scand. 2003;177(3):299-311. doi: 10.1046/j.1365-201X.2003.01073.x. 

20. Baevsky RM, Baranov VM, Funtova II, et al. Autonomic cardiovascular and respiratory control during 

prolonged spaceflights aboard the International Space Station. J Appl Physiol (1985). 

2007;103(1):156-161. doi: 10.1152/japplphysiol.00137.2007. 

21. Lee SMC, Feiveson AH, Stein S, Stenger MB, Platts SH. Orthostatic Intolerance After ISS and Space 

Shuttle Missions. Aerosp Med Hum Perform. 2015;86(12 Suppl):A54-A67. doi: 

10.3357/AMHP.EC08.2015. 

22. Meck JV, Reyes CJ, Perez SA, Goldberger AL, Ziegler MG. Marked exacerbation of orthostatic 

intolerance after long- vs. short-duration spaceflight in veteran astronauts. Psychosom Med. 

2001;63(6):865-873. doi: 10.1097/00006842-200111000-00003. 

23. Fritsch-Yelle JM, Charles JB, Jones MM, Beightol LA, Eckberg DL. Spaceflight alters autonomic 

regulation of arterial pressure in humans. J Appl Physiol (1985). 1994;77(4):1776-1783. doi: 

10.1152/jappl.1994.77.4.1776. 

24. Fritsch JM, Charles JB, Bennett BS, Jones MM, Eckberg DL. Short-duration spaceflight impairs human 

carotid baroreceptor-cardiac reflex responses. J Appl Physiol (1985). 1992;73(2):664-671. doi: 

10.1152/jappl.1992.73.2.664. 

25. Mulvagh SL, Charles JB, Riddle JM, Rehbein TL, Bungo MW. Echocardiographic Evaluation of the 

Cardiovascular Effects of Short-Duration Spaceflight. The Journal of Clinical Pharmacology. 

1991;31(10):1024-1026. doi: https://doi.org/10.1002/j.1552-4604.1991.tb03666.x. 

26. Meck JV, Waters WW, Ziegler MG, et al. Mechanisms of postspaceflight orthostatic hypotension: low 

alpha1-adrenergic receptor responses before flight and central autonomic dysregulation 

postflight. Am J Physiol Heart Circ Physiol. 2004;286(4):1486. doi: 10.1152/ajpheart.00740.2003. 

27. Fritsch-Yelle JM, Whitson PA, Bondar RL, Brown TE. Subnormal norepinephrine release relates to 

presyncope in astronauts after spaceflight. J Appl Physiol (1985). 1996;81(5):2134-2141. doi: 

10.1152/jappl.1996.81.5.2134. 

https://doi.org/10.1002/j.1552-4604.1991.tb03666.x


 

14 
 

28. Collins A, Frankenhaeuser M. Stress responses in male and female engineering students. J Human 

Stress. 1978;4(2):43-48. doi: 10.1080/0097840X.1978.9934986. 

29. Gotshall RW, Tsai PF, Frey MA. Gender-based differences in the cardiovascular response to standing. 

Aviat Space Environ Med. 1991;62(9 Pt 1):855-859. 

30. Schondorf R, Low PA. Gender related differences in the cardiovascular responses to upright tilt in 

normal subjects. Clin Auton Res. 1992;2(3):183-187. doi: 10.1007/BF01818960. 

31. Abdel-Rahman AR, Merrill RH, Wooles WR. Gender-related differences in the baroreceptor reflex 

control of heart rate in normotensive humans. J Appl Physiol (1985). 1994;77(2):606-613. doi: 

10.1152/jappl.1994.77.2.606. 

32. Girdler SS, Hinderliter AL, Light KC. Peripheral adrenergic receptor contributions to cardiovascular 

reactivity: influence of race and gender. J Psychosom Res. 1993;37(2):177-193. doi: 

10.1016/0022-3999(93)90085-t. 

33. Huxley VH. Sex and the cardiovascular system: the intriguing tale of how women and men regulate 

cardiovascular function differently. Adv Physiol Educ. 2007;31(1):17-22. doi: 

10.1152/advan.00099.2006. 

34. Convertino VA. Gender differences in autonomic functions associated with blood pressure 

regulation. Am J Physiol. 1998;275(6):1909. doi: 10.1152/ajpregu.1998.275.6.R1909. 

35. Shoemaker JK, Hogeman CS, Khan M, Kimmerly DS, Sinoway LI. Gender affects sympathetic and 

hemodynamic response to postural stress. Am J Physiol Heart Circ Physiol. 2001;281(5):2028. 

doi: 10.1152/ajpheart.2001.281.5.H2028. 

36. Arora S, Veves A, Caballaro AE, Smakowski P, LoGerfo FW. Estrogen improves endothelial function. 

Journal of Vascular Surgery. 1998;27(6):1141-1147. doi: 10.1016/S0741-5214(98)70016-3. 

37. Gilligan DM, Badar DM, Panza JA, Quyyumi AA, Cannon RO. Effects of estrogen replacement therapy 

on peripheral vasomotor function in postmenopausal women. Am J Cardiol. 1995;75(4):264-268. 

doi: 10.1016/0002-9149(95)80033-o. 

38. Guetta V, Quyyumi AA, Prasad A, Panza JA, Waclawiw M, Cannon RO. The role of nitric oxide in 

coronary vascular effects of estrogen in postmenopausal women. Circulation. 1997;96(9):2795-

2801. doi: 10.1161/01.cir.96.9.2795. 

39. Lieberman EH, Gerhard MD, Uehata A, et al. Estrogen improves endothelium-dependent, flow-

mediated vasodilation in postmenopausal women. Ann Intern Med. 1994;121(12):936-941. doi: 

10.7326/0003-4819-121-12-199412150-00005. 

40. Tagawa H, Shimokawa H, Tagawa T, Kuroiwa-Matsumoto M, Hirooka Y, Takeshita A. Short-term 

estrogen augments both nitric oxide-mediated and non-nitric oxide-mediated endothelium-

dependent forearm vasodilation in postmenopausal women. J Cardiovasc Pharmacol. 

1997;30(4):481-488. doi: 10.1097/00005344-199710000-00012. 

41. Miller VM, Duckles SP. Vascular actions of estrogens: functional implications. Pharmacol Rev. 

2008;60(2):210-241. doi: 10.1124/pr.107.08002. 



 

15 
 

42. Figueroa JJ, Basford JR, Low PA. Preventing and treating orthostatic hypotension: As easy as A, B, C. 

CCJM. 2010;77(5):298-306. 

43. Lee SMC, Moore AD, Everett ME, Stenger MB, Platts SH. Aerobic exercise deconditioning and 

countermeasures during bed rest. Aviat Space Environ Med. 2010;81(1):52-63. doi: 

10.3357/asem.2474.2010. 

44. Watenpaugh DE, O'Leary DD, Schneider SM, et al. Lower body negative pressure exercise plus brief 

postexercise lower body negative pressure improve post-bed rest orthostatic tolerance. J Appl 

Physiol (1985). 2007;103(6):1964-1972. doi: 10.1152/japplphysiol.00132.2007. 

45. Dorfman TA, Levine BD, Tillery T, et al. Cardiac atrophy in women following bed rest . J Appl Physiol 

(1985). 2007;103(1):8-16. doi: 10.1152/japplphysiol.01162.2006. 

46. Perhonen MA, Zuckerman JH, Levine BD. Deterioration of left ventricular chamber performance after 

bed rest : "cardiovascular deconditioning" or hypovolemia?. Circulation. 2001;103(14):1851-

1857. doi: 10.1161/01.cir.103.14.1851. 

47. Levine BD, Zuckerman JH, Pawelczyk JA. Cardiac atrophy after bed-rest deconditioning: a nonneural 

mechanism for orthostatic intolerance. Circulation. 1997;96(2):517-525. doi: 

10.1161/01.cir.96.2.517. 

48. Shibata S, Perhonen M, Levine BD. Supine cycling plus volume loading prevent cardiovascular 

deconditioning during bed rest. J Appl Physiol (1985). 2010;108(5):1177-1186. doi: 

10.1152/japplphysiol.01408.2009. 

49. Hastings JL, Krainski F, Snell PG, et al. Effect of rowing ergometry and oral volume loading on 

cardiovascular structure and function during bed rest. J Appl Physiol (1985). 2012;112(10):1735-

1743. doi: 10.1152/japplphysiol.00019.2012. 

50. Mulavara AP, Peters BT, Miller CA, et al. Physiological and Functional Alterations after Spaceflight 

and Bed Rest. Med Sci Sports Exerc. 2018;50(9):1961-1980. doi: 

10.1249/MSS.0000000000001615. 

51. Bungo MW, Charles JB, Johnson PC. Cardiovascular deconditioning during space flight and the use of 

saline as a countermeasure to orthostatic intolerance. Aviat Space Environ Med. 

1985;56(10):985-990. 

52. Saltin B, Blomqvist G, Mitchell JH, Johnson RL, Wildenthal K, Chapman CB. Response to exercise after 

bed rest and after training. Circulation. 1968;38(5 Suppl):VII1-78. 

53. Platts SH, Tuxhorn JA, Ribeiro LC, Stenger MB, Lee SMC, Meck JV. Compression garments as 

countermeasures to orthostatic intolerance. Aviat Space Environ Med. 2009;80(5):437-442. doi: 

10.3357/asem.2473.2009. 

54. Lee SMC, Ribeiro LC, Laurie SS, et al. Efficacy of Gradient Compression Garments in the Hours After 

Long-Duration Spaceflight. Front Physiol. 2020;11:784. doi: 10.3389/fphys.2020.00784. 

55. Ferrando AA, Paddon-Jones D, Wolfe RR. Alterations in protein metabolism during space flight and 

inactivity. Nutrition. 2002;18(10):837-841. doi: 10.1016/s0899-9007(02)00930-9. 



 

16 
 

56. Paddon-Jones D, Sheffield-Moore M, Urban RJ, et al. Essential amino acid and carbohydrate 

supplementation ameliorates muscle protein loss in humans during 28 days bedrest . J Clin 

Endocrinol Metab. 2004;89(9):4351-4358. doi: 10.1210/jc.2003-032159. 

57. McTavish D, Goa KL. Midodrine. A review of its pharmacological properties and therapeutic use in 

orthostatic hypotension and secondary hypotensive disorders. Drugs. 1989;38(5):757-777. doi: 

10.2165/00003495-198938050-00004. 

58. Low PA, Gilden JL, Freeman R, Sheng KN, McElligott MA. Efficacy of midodrine vs placebo in 

neurogenic orthostatic hypotension. A randomized, double-blind multicenter study. Midodrine 

Study Group. JAMA. 1997;277(13):1046-1051. 

59. Wright RA, Kaufmann HC, Perera R, et al. A double-blind, dose-response study of midodrine in 

neurogenic orthostatic hypotension. Neurology. 1998;51(1):120-124. doi: 10.1212/wnl.51.1.120. 

60. Ramsdell CD, Mullen TJ, Sundby GH, et al. Midodrine prevents orthostatic intolerance associated 

with simulated spaceflight. J Appl Physiol (1985). 2001;90(6):2245-2248. doi: 

10.1152/jappl.2001.90.6.2245. 

61. Evans JM, Knapp CF, Goswami N. Artificial Gravity as a Countermeasure to the Cardiovascular 

Deconditioning of Spaceflight: Gender Perspectives. Front Physiol. 2018;9. doi: 

10.3389/fphys.2018.00716. 

62. Lee SMC, Schneider SM, Feiveson AH, et al. WISE-2005: Countermeasures to prevent muscle 

deconditioning during bed rest in women. J Appl Physiol (1985). 2014;116(6):654-667. doi: 

10.1152/japplphysiol.00590.2013. 

63. Arzeno NM, Stenger MB, Lee SMC, Ploutz-Snyder R, Platts SH. Sex differences in blood pressure 

control during 6° head-down tilt bed rest. Am J Physiol Heart Circ Physiol. 2013;304(8):1114. doi: 

10.1152/ajpheart.00391.2012. 

64. Hackney KJ, Scott JM, Hanson AM, English KL, Downs ME, Ploutz-Snyder LL. The Astronaut-Athlete: 

Optimizing Human Performance in Space. J Strength Cond Res. 2015;29(12):3531-3545. doi: 

10.1519/JSC.0000000000001191. 

65. Miller AE, MacDougall JD, Tarnopolsky MA, Sale DG. Gender differences in strength and muscle fiber 

characteristics. Eur J Appl Physiol Occup Physiol. 1993;66(3):254-262. doi: 10.1007/BF00235103. 

66. Courtright SH, McCormick BW, Postlethwaite BE, Reeves CJ, Mount MK. A meta-analysis of sex 

differences in physical ability: revised estimates and strategies for reducing differences in 

selection contexts. J Appl Psychol. 2013;98(4):623-641. doi: 10.1037/a0033144. 

67. Arzeno NM, Stenger MB, Bloomberg JJ, Platts SH. Spaceflight-induced cardiovascular changes and 

recovery during NASA's Functional Task Test. Acta Astronautica. 2013;92(1):10-14. doi: 

10.1016/j.actaastro.2012.05.023. 

68. Bishop PA, Lee SM, Conza NE, et al. Carbon dioxide accumulation, walking performance, and 

metabolic cost in the NASA launch and entry suit. Aviat Space Environ Med. 1999;70(7):656-665. 

69. Hayes JC, Thorton WE, Guilliams ME, Lee SME, MacNeill K, Moore AD Jr. Exercise: Developing 

countermeasure systems for optimizing astronaut performance in space. In:  Biomedical Results 



 

17 
 

of the Space Shuttle Program. In: Paloski WH, Risin D, Stepaniak P, ed. Washington, D.C.: U.S. 

Government Printing Office; 2013:289-313. 

70. Areta JL, Burke LM, Ross ML, et al. Timing and distribution of protein ingestion during prolonged 

recovery from resistance exercise alters myofibrillar protein synthesis. J Physiol. 

2013;591(9):2319-2331. doi: 10.1113/jphysiol.2012.244897. 

71. Roepstorff C, Steffensen CH, Madsen M, et al. Gender differences in substrate utilization during 

submaximal exercise in endurance-trained subjects. Am J Physiol Endocrinol Metab. 

2002;282(2):435. doi: 10.1152/ajpendo.00266.2001. 

72. Edgell H, Grinberg A, Beavers KR, Gagné N, Hughson RL. Efficacy of fluid loading as a countermeasure 

to the hemodynamic and hormonal changes of 28‐h head‐down bed rest. Physiol Rep. 

2018;6(19). doi: 10.14814/phy2.13874. 

73. Bungo MW, Charles JB, Johnson PC. Cardiovascular deconditioning during space flight and the use of 

saline as a countermeasure to orthostatic intolerance. Aviat Space Environ Med. 

1985;56(10):985-990. 

74. Kozlovskaya IB, Grigoriev AI, Stepantzov VI. Countermeasure of the negative effects of 

weightlessness on physical systems in long-term space flights. Acta Astronaut. 1995;36(8-

12):661-668. doi: 10.1016/0094-5765(95)00156-5. 

75. Stenger MB, Lee SMC, Ribeiro LC, et al. Gradient compression garments protect against orthostatic 

intolerance during recovery from bed rest. Eur J Appl Physiol. 2014;114(3):597-608. doi: 

10.1007/s00421-013-2787-4. 

76. Smit AAJ, Halliwill JR, Low PA, Wieling W. Pathophysiological basis of orthostatic hypotension in 

autonomic failure. J Physiol. 1999;519(Pt 1):1-10. doi: 10.1111/j.1469-7793.1999.0001o.x. 

77. Marino M, Masella R, Bulzomi P, Campesi I, Malorni W, Franconi F. Nutrition and human health from 

a sex–gender perspective. Molecular Aspects of Medicine. 2011;32(1):1-70. doi: 

10.1016/j.mam.2011.02.001. 

78. Mozos I. Mechanisms Linking Red Blood Cell Disorders and Cardiovascular Diseases. Biomed Res Int. 

2015;2015. doi: 10.1155/2015/682054. 

79. Stewart JM. Reduced Iron Stores and Its Effect on Vasovagal Syncope (Simple Faint). J Pediatr. 

2008;153(1):9-11. doi: 10.1016/j.jpeds.2008.03.010. 

80. Smith SM, Zwart SR. Nutritional biochemistry of spaceflight. Adv Clin Chem. 2008;46:87-130. doi: 

10.1016/s0065-2423(08)00403-4. 

81. Calcium, Institute of Medicine (US) Committee to Review Dietary Reference Intakes for Vitamin D. 

and, Ross AC, Taylor CL, Yaktine AL, Valle HBD. Overview of Calcium. National Academies Press 

(US); 2011. 

82. Cormick G, Ciapponi A, Cafferata ML, Belizán JM. Calcium supplementation for prevention of primary 

hypertension. Cochrane Database Syst Rev. 2015(6):CD010037. doi: 

10.1002/14651858.CD010037.pub2. 



 

18 
 

83. Smith SM, Wastney ME, Morukov BV, et al. Calcium metabolism before, during, and after a 3-mo 

spaceflight: kinetic and biochemical changes. Am J Physiol. 1999;277(1 Pt 2):1. doi: 

10.1152/ajpregu.1999.277.1.r1. 

84. Evans JM, Stenger MB, Moore FB, et al. Centrifuge training increases presyncopal orthostatic 

tolerance in ambulatory men. Aviat Space Environ Med. 2004;75(10):850-858. 

85. Stenger MB, Evans JM, Patwardhan AR, et al. Artificial gravity training improves orthostatic tolerance 

in ambulatory men and women. Acta Astronautica. 2007;60(4):267-272. doi: 

10.1016/j.actaastro.2006.08.008. 

86. Stenger MB, Evans JM, Knapp CF, et al. Artificial gravity training reduces bed rest-induced 

cardiovascular deconditioning. Eur J Appl Physiol. 2012;112(2):605-616. doi: 10.1007/s00421-

011-2005-1. 

87. Evans JM, Ribeiro LC, Moore FB, et al. Hypovolemic men and women regulate blood pressure 

differently following exposure to artificial gravity. Eur J Appl Physiol. 2015;115(12):2631-2640. 

doi: 10.1007/s00421-015-3261-2. 

88. Goswami N, Evans J, Schneider S, et al. Effects of Individualized Centrifugation Training on 

Orthostatic Tolerance in Men and Women. PLOS ONE. 2015;10(5):e0125780. doi: 

10.1371/journal.pone.0125780. 

89. Yang H, Cooke WH, Reed KS, Carter JR. Sex differences in hemodynamic and sympathetic neural 

firing patterns during orthostatic challenge in humans. J Appl Physiol (1985). 2012;112(10):1744-

1751. doi: 10.1152/japplphysiol.01407.2011. 

90. Ramsdell CD, Mullen TJ, Sundby GH, et al. Midodrine prevents orthostatic intolerance associated 

with simulated spaceflight. J Appl Physiol (1985). 2001;90(6):2245-2248. doi: 

10.1152/jappl.2001.90.6.2245. 

91. Platts SH, Ziegler MG, Waters WW, Mitchell BM, Meck JV. Midodrine prescribed to improve 

recurrent post-spaceflight orthostatic hypotension. Aviat Space Environ Med. 2004;75(6):554-

556. 

92. Grenon SM, Xiao X, Hurwitz S, et al. Why is orthostatic tolerance lower in women than in men? Renal 

and cardiovascular responses to simulated microgravity and the role of midodrine. J Investig 

Med. 2006;54(4):180-190. doi: 10.2310/6650.2006.05064. 

93. Platts SH, Shi S, Meck JV. Akathisia with combined use of midodrine and promethazine. JAMA. 

2006;295(17):2000-2001. doi: 10.1001/jama.295.17.2000-b. 

94. Postema PG, Wilde AAM. The Measurement of the QT Interval. Curr Cardiol Rev. 2014;10(3):287-

294. doi: 10.2174/1573403X10666140514103612. 

95. Maule S, Papotti G, Naso D, Magnino C, Testa E, Veglio F. Orthostatic hypotension: evaluation and 

treatment. Cardiovasc Hematol Disord Drug Targets. 2007;7(1):63-70. doi: 

10.2174/187152907780059029. 



 

19 
 

96. Axelrod FB, Goldberg JD, Rolnitzky L, et al. Fludrocortisone in patients with familial dysautonomia--

assessing effect on clinical parameters and gene expression. Clin Auton Res. 2005;15(4):284-291. 

doi: 10.1007/s10286-005-0288-1. 

97. Chobanian AV, Volicer L, Tifft CP, Gavras H, Liang CS, Faxon D. Mineralocorticoid-induced 

hypertension in patients with orthostatic hypotension. N Engl J Med. 1979;301(2):68-73. doi: 

10.1056/NEJM197907123010202. 

98. Shi S, South DA, Meck JV. Fludrocortisone does not prevent orthostatic hypotension in astronauts 

after spaceflight. Aviat Space Environ Med. 2004;75(3):235-239. 

99. O'Toole TJ, Sharma S. Physiology, Somatostatin. In: StatPearls. Treasure Island (FL): StatPearls 

Publishing; 2020. 

100. Marbach P, Briner U, Lemaire M, Schweitzer A, Terasaki T. From somatostatin to Sandostatin: 

pharmacodynamics and pharmacokinetics. Digestion. 1993;54 Suppl 1:9-13. doi: 

10.1159/000201068. 

101. Hoeldtke RD, Horvath GG, Bryner KD, Hobbs GR. Treatment of orthostatic hypotension with 

midodrine and octreotide. J Clin Endocrinol Metab. 1998;83(2):339-343. doi: 

10.1210/jcem.83.2.4534. 

102. Hoeldtke RD, Davis KM, Joseph J, Gonzales R, Panidis IP, Friedman AC. Hemodynamic effects of 

octreotide in patients with autonomic neuropathy. Circulation. 1991;84(1):168-176. doi: 

10.1161/01.cir.84.1.168. 

103. Jarvis SS, Florian JP, Curren MJ, Pawelczyk JA. A somatostatin analog improves tilt table tolerance 

by decreasing splanchnic vascular conductance. J Appl Physiol (1985). 2012;112(9):1504-1511. 

doi: 10.1152/japplphysiol.01475.2010. 

104. Rose KM, Tyroler HA, Nardo CJ, et al. Orthostatic hypotension and the incidence of coronary heart 

disease: the Atherosclerosis Risk in Communities study. Am J Hypertens. 2000;13(6 Pt 1):571-

578. doi: 10.1016/s0895-7061(99)00257-5. 

105. Lanier JB, Mote MB, Clay EC. Evaluation and management of orthostatic hypotension. Am Fam 

Physician. 2011;84(5):527-536. 

106. Ricci F, De Caterina R, Fedorowski A. Orthostatic Hypotension: Epidemiology, Prognosis, and 

Treatment. J Am Coll Cardiol. 2015;66(7):848-860. doi: 10.1016/j.jacc.2015.06.1084. 

107. Wilkerson LA. The female athlete. Am Fam Physician. 1984;29:233-237. 

108. Croskey MI, Dawson PM, Luessen AC, Marohn IE, Wright HE. The height of the center of gravity in 

man. American Journal of Physiology-Legacy Content. 1922;61(1):171-185. doi: 

10.1152/ajplegacy.1922.61.1.171. 

109. Summers RL, Platts S, Myers JG, Coleman TG. Theoretical analysis of the mechanisms of a gender 

differentiation in the propensity for orthostatic intolerance after spaceflight. Theor Biol Med 

Model. 2010;7:8. doi: 10.1186/1742-4682-7-8. 

110. Barnett SR, Morin RJ, Kiely DK, et al. Effects of age and gender on autonomic control of blood 

pressure dynamics. Hypertension. 1999;33(5):1195-1200. doi: 10.1161/01.hyp.33.5.1195. 



 

20 
 

111. Saba MM, Ibrahim MM, Rizk HH. Gender and the relationship between resting heart rate and left 

ventricular geometry. J Hypertens. 2001;19(3):367-373. doi: 10.1097/00004872-200103000-

00003. 

112. Fatisson J, Oswald V, Lalonde F. Influence diagram of physiological and environmental factors 

affecting heart rate variability: an extended literature overview. Heart Int. 2016;11(1):e32-e40. 

doi: 10.5301/heartint.5000232. 

113. Samaras TT. Shorter height is related to lower cardiovascular disease risk – A narrative review. 

Indian Heart J. 2013;65(1):66-71. doi: 10.1016/j.ihj.2012.12.016. 

114. Hughson RL, Robertson AD, Arbeille P, et al. Increased postflight carotid artery stiffness and inflight 

insulin resistance resulting from 6-mo spaceflight in male and female astronauts. Am J Physiol 

Heart Circ Physiol. 2016;310(5):628. doi: 10.1152/ajpheart.00802.2015. 

115. Wu S, Jin C, Li S, et al. Aging, Arterial Stiffness, and Blood Pressure Association in Chinese Adults. 

Hypertension. 2019;73(4):893-899. doi: 10.1161/HYPERTENSIONAHA.118.12396. 

116. Boddaert J, Tamim H, Verny M, Belmin J. Arterial stiffness is associated with orthostatic 

hypotension in elderly subjects with history of falls. J Am Geriatr Soc. 2004;52(4):568-572. doi: 

10.1111/j.1532-5415.2004.52163.x. 

117. Taylor CR, Hanna M, Behnke BJ, et al. Spaceflight-induced alterations in cerebral artery 

vasoconstrictor, mechanical, and structural properties: implications for elevated cerebral 

perfusion and intracranial pressure. FASEB J. 2013;27(6):2282-2292. doi: 10.1096/fj.12-222687. 

118. Rix A, Lederle W, Theek B, et al. Advanced Ultrasound Technologies for Diagnosis and Therapy. J 

Nucl Med. 2018;59(5):740-746. doi: 10.2967/jnumed.117.200030. 

119. Gupta SK, Lindemulder EA, Sathyan G. Modeling of circadian testosterone in healthy men and 

hypogonadal men. J Clin Pharmacol. 2000;40(7):731-738. doi: 10.1177/00912700022009486. 

120. Arora S, Veves A, Caballaro AE, Smakowski P, LoGerfo FW. Estrogen improves endothelial function. 

Journal of Vascular Surgery. 1998;27(6):1141-1147. doi: 10.1016/S0741-5214(98)70016-3. 

121. Moreau KL, Stauffer BL, Kohrt WM, Seals DR. Essential Role of Estrogen for Improvements in 

Vascular Endothelial Function With Endurance Exercise in Postmenopausal Women. J Clin 

Endocrinol Metab. 2013;98(11):4507-4515. doi: 10.1210/jc.2013-2183. 

122. Somani YB, Pawelczyk JA, De Souza MJ, Kris-Etherton PM, Proctor DN. Aging women and their 

endothelium: probing the relative role of estrogen on vasodilator function. Am J Physiol Heart 

Circ Physiol. 2019;317(2):H395-H404. doi: 10.1152/ajpheart.00430.2018. 

123. Fu Q, VanGundy TB, Shibata S, Auchus RJ, Williams GH, Levine BD. Menstrual cycle affects renal-

adrenal and hemodynamic responses during prolonged standing in the postural orthostatic 

tachycardia syndrome. Hypertension. 2010;56(1):82-90. doi: 

10.1161/HYPERTENSIONAHA.110.151787. 

124. Simon T, Beau Yon de Jonage-Canonico, M., Oger E, et al. Indicators of lifetime endogenous 

estrogen exposure and risk of venous thromboembolism. J Thromb Haemost. 2006;4(1):71-76. 

doi: 10.1111/j.1538-7836.2005.01693.x.  


