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Background: The microgravity environment has a direct impact on the cardiovascular system due to the fluid shift and weightlessness that results in cardiac dysfunction, vascular remodeling, and altered Cardiovascular autonomic modulation (CAM), deconditioning and poor performance on space activities, ultimately endangering the health of astronauts.
Objective: This study aimed to identify the acute and chronic effects of microgravity and Earth analogues on cardiovascular anatomy and function and CAM.
Methods: CINAHL, Cochrane Library, Scopus, Science Direct, PubMed, and Web of Science databases were searched. Outcomes were grouped into cardiovascular anatomic, functional, and autonomic alterations, and vascular remodeling. Studies were categorized as Spaceflight (SF), Chronic Simulation (CS), or Acute Simulation (AS) based on the weightlessness conditions. Meta-analysis was performed for the most frequent outcomes. Weightlessness and control groups were compared.
Results: 62 articles were included with a total of 963 participants involved. The meta-analysis showed that heart rate increased in SF [Mean difference (MD) = 3.44; p = 0.01] and in CS (MD = 4.98; p < 0.0001), whereas cardiac output and stroke volume decreased in CS (MD = −0.49; p = 0.03; and MD = −12.95; p < 0.0001, respectively), and systolic arterial pressure decreased in AS (MD = -5.20; p = 0.03). According to the qualitative synthesis, jugular vein cross-sectional area (CSA) and volume were greater in all conditions, and SF had increased carotid artery CSA. Heart rate variability and baroreflex sensitivity, in general, decreased in SF and CS, whereas both increased in AS.
Conclusion: This review indicates that weightlessness impairs the health of astronauts during and after spaceflight, similarly to the effects of aging and immobility, potentially increasing the risk of cardiovascular diseases.
Systematic Review Registration: https://www.crd.york.ac.uk/prospero/, identifier CRD42020215515.
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BACKGROUND
Interplanetary travel has become a significant objective for humanity, but it presents an enormous challenge: protecting the human body. Astronauts are exposed to several stressful situations, including cosmic radiation, sleep deprivation, low levels of physical activity, and microgravity (Hughson et al., 2018). The human body, especially the cardiovascular system, relies on the Earth’s gravity for proper function. Microgravity exposure leads to substantial changes in this system, which can endure for months after astronauts return to the ground (Demontis et al., 2017; Hughson et al., 2018).
Spaceflight experiments are rare and costly; hence, investigators seek to comprehend the impacts of microgravity on the cardiovascular system adaptation by implementing ground models including head-down tilt bed rest and immersion (Oluwafemi and Neduncheran, 2022). On Earth, there is a hydrostatic gradient, which is implicated in fluid pressures according to gravity. For example, the pressure is higher in the lower limbs than in the intracranial cavity. The lack of gravity in space leads to a fluid shift in the hydrostatic gradient, resulting in a uniform pressure of fluid throughout the body, which causes fluids to move upwards (Demontis et al., 2017; Hughson et al., 2018).
Astronauts may experience symptoms associated with the fluid shift, such as puffy face, swollen jugular veins, heart chamber distension, headaches and head “stuffing,” flu-like symptoms, and bird legs (thinner lower limbs), due to a reduction of around 10% in the blood volume of the lower limbs (Norsk, 2020). The literature suggests that long-duration space missions lead to an increase in venous return and cardiac preload (Fortrat et al., 2017), resulting in an increase in cardiac output (Norsk et al., 2015; Hughson et al., 2016; Marshall-Goebel et al., 2019). Cardiovascular dynamics changes may contribute to cardiac atrophy, as a cardiac muscle adaptation (Aubert et al., 2005; Shen and Frishman, 2019). In this sense, microgravity effects in heart rate (HR), blood pressure (BP) and stroke volume (SV) responses are still discussed. Some authors suggest that HR and SV tend to increase (Norsk et al., 2015; Mulavara et al., 2018; Marshall-Goebel et al., 2019; Wood et al., 2019), while systolic arterial pressure (SAP) decreases (Hughson et al., 2016; Fu et al., 2019), as a potential consequence of cardiac adaptation.
Arterial morphology and function can also be modified by microgravity, especially in the intracranial cavity (Arbeille et al., 2016; Lee et al., 2020). The mechanical stress in these arteries causes an enlargement of the artery circumference and thickness of tunica intima and media (Kotovskaya and Fomina, 2010; Grigoriev et al., 2011; Arbeille et al., 2017a). Additionally, weightlessness causes plasmatic hypovolemia and dehydration, leading to a compensatory increase in the sympathetic component to maintain stable cardiac output (Di Rienzo et al., 2008; Jimenez et al., 2012). Chronically, peripheral baroreceptors tend to accommodate, impairing baroreflex sensitivity (BRS) (Di Rienzo et al., 2008). Studies propose that the sympathetic component of Cardiovascular autonomic modulation (CAM) is predominant in both spaceflights and Earth simulation experiments, with reduction of heart rate variability (HRV) and baroreflex sensitivity (BRS) (Verheyden et al., 1985; Arzeno et al., 2013; Xu et al., 2013; Rusanov et al., 2020). On the contrary, Vandeput and colleagues (Vandeput et al., 2013) documented a reduction in both the sympathetic and parasympathetic components of HRV following prolonged spaceflight, indicating distinct delayed adaptation to microgravity. As a result, the available evidence on CAM regulation is not entirely conclusive.
Finally, the aforementioned cardiovascular alterations lead to orthostatic intolerance, resulting in inadequate cerebral perfusion and deconditioning in astronauts (Shen and Frishman, 2019; Gallo et al., 2020). This situation raises concern in circumstances that require precise performance, like in exploratory missions, emergencies, or extravehicular activities. Moreover, astronauts may experience health implications, including visual impairment and intracranial pressure syndrome (Platts et al., 2014), an increased risk of arrhythmia and cardiovascular diseases, even upon returning to Earth (Gallo et al., 2020). Therefore, this meta-analysis and systematic review seeks to identify the acute and chronic effects of microgravity (or corresponding analog models on Earth) on the anatomy and function of the cardiovascular system.
METHODS
This systematic review followed the Preferred Reporting Items for Systematic Reviews and Meta-Analysis (PRISMA) guidelines (Page et al., 2021). To systematize and simplify the search and data collection process, we utilized the State of the Art through Systematic Review (StArt) tool (available at http://lapes.dc.ufscar.br/tools/start_tool). Furthermore, we registered this systematic review in the International Prospective Register of Systematic Reviews (PROSPERO) with the identifier CRD42020215515.
DATA SOURCES AND SEARCH STRATEGY
Literature searches were conducted utilizing the subsequent databases: CINAHL with Full Text (EBSCO), Cochrane Library, Scopus, Science Direct, PubMed (via National Library of Medicine) and Web of Science (Thomson Scientific/ISI Web Services). MeSH terms were utilized to identify relevant keywords, and the resulting string of terms was subsequently employed. During the searched period from January 2013 to 2023, database searches were conducted for publications in English language containing the following keywords: “humans'' OR “astronauts” AND “weightlessness” OR “weightlessness Simulation” OR “space flight” AND “cardiovascular system” OR “hemodynamics” OR “fluid shifts.” An update was made in October 2023. Supplementary Table S1 illustrates all the applied filters, combinations, and searches.
ELIGIBILITY CRITERIA
The main question of this study was based on the PICOS structure (P: population; I: intervention; C: comparison; O: outcomes; and S: study design). The subjects of interest were astronauts and healthy adult humans. Three weightlessness simulation experiments—Head-Down Tilt (HDT), Dry Immersion (DI) and Parabolic Flight (PF)—were selected due to the presence of fluid shift in each model, albeit at varying magnitudes. They are suitable models for investigating the physiological alterations resulting from weightlessness, particularly concerning the cardiovascular system (Norsk et al., 2015; Ploutz-Snyder, 2016). Comparisons using control groups or pre-post interventions were assessed. The cardiovascular outcomes considered were grouped into functional or anatomical modifications. Only quantitative studies were accepted.
Accordingly, the inclusion criteria were healthy adult humans and weightlessness effects on the cardiovascular system. We excluded studies with animal models, children, elderly population, and diseases; studies focusing solely in hypergravity or hypogravity, such as Martian and lunar gravity, and not microgravity; and qualitative studies, narrative reviews, meta-analysis, and systematic reviews, gray literature (e.g., governmental reports, theses, etc.), theoretical and opinion articles, conference abstracts, personal blogs, and social media were excluded.
SELECTION PROCESS
After removing duplicates, two reviewers (RMZ and EFS) independently selected articles that met the eligibility criteria based on their titles and abstracts. The selected articles were then retrieved for full-text reading to confirm that they met all inclusion criteria. Any disagreements between the two reviewers were resolved by consulting a third reviewer (GNO) to determine whether the study was eligible.
DATA ANALYSIS
Data extraction and synthesis
We divided the studies into three categories: spaceflight (SF), chronic simulations (CS), and acute simulations (AS) (Tables 1–3). No specific timeframe was defined for spaceflight and weightlessness simulations. Studies with a duration exceeding 24 h were classified as CS due to the involvement of later blood pressure regulation mechanisms, including renal ones (Hall and Guyton, 2011). Studies with a duration of less than 24 h (<24 h) were categorized as AS.
TABLE 1 | Summary of main findings in spaceflight studies.
[image: Table 1]TABLE 2 | Summary of main findings in chronic simulation studies.
[image: Table 2]TABLE 3 | Summary of main findings in acute simulation studies.
[image: Table 3]The outcomes were classified into three categories: anatomical, functional, and CAM outcomes, depending on the assessment method used. Anatomical outcomes were measured through imaging tests like echography, ultrasonography, and magnetic resonance imaging (MRI). Functional outcomes consisted of measures of cardiac function and blood flow, obtained through techniques like photoplethysmography, doppler ultrasonography, blood pressure oscillometry, and electrocardiogram (ECG), when used for measuring HR. When the ECG and photoplethysmography data allowed the derivation of the HRV and BRS, respectively, they were categorized as CAM.
Meta-analysis
Meta-analysis was performed with the included articles using the Cochrane Collaboration software (Review Manager 5.4.1) (Ryan and Cochrane Consumers and Communication Review Group, 2016). In order to have a robust meta-analysis, the outcome had to be observed in at least three studies for each condition (SF, CS and AS) to be considered for the meta-analysis (Higgins et al., 2011). Outcomes that did not appear in all types of studies, were not used for meta-analysis, once the comparison is fragile. Means and standard deviations were extracted from studies. Standard deviation was computed for studies where data was presented in standard error or interquartile intervals (Ried, 2006; Higgins et al., 2011; Ryan and Cochrane Consumers and Communication Review Group, 2016).
Comparisons were conducted between the weightlessness group and the control group (not exposed to weightlessness). In studies where no control group was presented, the baseline measurements of the participants were considered as the control. For meta-analysis, the final measurement during weightlessness was used. In studies without evaluations during the intervention, values immediately after the intervention were used. Data extraction was standardized in the supine position. Data collected from the positioning of seating or functional testing were not included. The random effects model was used for analysis due to the methodological heterogeneity in the studies. Mean difference (MD) and a 95% confidence interval were calculated to measure effects.
RESULTS
A total of 749 studies were identified, with 722 articles retrieved from the databases, and a further 27 articles from other sources, mainly through a review of the references used in the included articles from the databases. After the database search update, two more studies were included. Sixty-two articles were included in this review (Figure 1), in which 58 used exclusively one type of weightlessness model, and other 4 studies utilized both SF and CS or SF and AS. A summary table was created as a qualitative synthesis for each type of study, presenting the main findings of all the 62 included studies. For the quantitative synthesis, the meta-analysis, only 34 of these studies were included.
[image: Figure 1]FIGURE 1 | Study flow diagram.
Twenty-six studies were included in the spaceflight condition, with an average duration of 163.7 days (about 5 and a half months) and ranging from 12 to 327 days (about 10 and a half months). Nineteen studies were considered as CS. Among these, 16 studies used HDT, which 15 considered −6° of inclination, and one study was conducted with −12° HDT. Only three studies used DI. The average duration of CS studies was 37.8 days (ranging between one to 70 days). For AS, 21 studies were included. Of these studies, six employed parabolic flight, with variations in the number of parabolas used; each parabola featured a mean microgravity phase lasting 20 s. In eleven studies, HDT was utilized, with a range of 5 min–6 h of exposure. DI was utilized only in one study, while an alternative DI approach, referred to as “head-out water immersion” (WI), was used in three other studies, with exposure periods ranging from 10 min to 6 h.
All the included articles and their main findings of studies are summarized and presented on Tables 1–3. It was considered only the weightlessness group without any countermeasure or other intervention.
Population
In this review, a total of 963 participants were enrolled across all three conditions of weightlessness investigated. This value was calculated considering the sample size (n) of each study; therefore, it is possible that there are overlapping participants among the studies. Of the participants, 346 were involved in the SF studies. The sample size ranged from one to 85 subjects, with a mean of 13 (10 male and 3 female) astronauts per study. The CS studies involved 329 participants, with a varying sample size ranging from 6 to 63 individuals and a mean of 17 (15 male and 2 female) subjects per study. Two hundred and eighty-eight participants took part in the AS studies, with the sample size varying from 6 to 30 per study, and a mean of 14 participants (11 males and 3 females) per study. Table 4 displays the demographic characteristics of the participants.
TABLE 4 | Participants’ demographic characterization.
[image: Table 4]Cardiac outcomes
Cardiac function
Heart rate (HR): HR had a significant increase during spaceflight (Xu et al., 2013; Liu Z. et al., 2015; Lee et al., 2015; Hughson et al., 2016; Mulavara et al., 2018; Fu et al., 2019; Hoffmann et al., 2019; Wood et al., 2019; Lee et al., 2020; Iwasaki et al., 2021; Otsuka et al., 2022), and right after CS (Adami et al., 2013; Liu J. et al., 2015; Palombo et al., 2015; Westby et al., 2016a; Ogoh et al., 2017; Mulavara et al., 2018; Martín-Yebra et al., 2019; Ogoh et al., 2020; Möstl et al., 2021). Conversely, some studies with AS showed a decrease in HR (Carter et al., 2014; Ogoh et al., 2015; Seibert et al., 2018; Marshall-Goebel et al., 2019; Whittle et al., 2022).
Blood pressure (BP): during SF, two studies showed reduction of systolic arterial pressure (SAP) (Norsk et al., 2015; Fu et al., 2019), diastolic arterial pressure (DAP) (Norsk et al., 2015; Arbeille et al., 2017a) and mean arterial pressure (MAP) (Norsk et al., 2015; Fu et al., 2019), one reported an increase in BP in general (Lee et al., 2015) and also only study reported an increase in DAP (Wood et al., 2019), and the others remained unchanged (Hughson et al., 2016; Mulavara et al., 2018; Hoffmann et al., 2019; Marshall-Goebel et al., 2019; Lee et al., 2020; Iwasaki et al., 2021). Regarding CS models, SAP decreased in two studies (Arzeno et al., 2013; Linnarsson et al., 2015) and increased in other two (Ogoh et al., 2017; Robin et al., 2023). DAP was diminished in one study (Arzeno et al., 2013) and elevated in other two as well (Möstl et al., 2021; Robin et al., 2023). MAP also decreased in one study (Adami et al., 2013) and increased in another one (Liu J. et al., 2015). In AS, SAP, DAP and MAP were reduced in six studies (Florian et al., 2013; Widjaja et al., 2015; Seibert et al., 2018; Bimpong-Buta et al., 2020; Chouchou et al., 2020; Whittle et al., 2022), while five studies reported a significant increase (Carter et al., 2014; Ogoh et al., 2015; Marshall-Goebel et al., 2016; Ogoh et al., 2018; Shankhwar et al., 2021). Pulse pressure reduced in one study with SF (Fu et al., 2019) and in two studies with CS (Palombo et al., 2015; Möstl et al., 2021). In addition, two studies found higher isovolumetric contraction (Möstl et al., 2021) and relaxation time (Westby et al., 2016a), suggesting central systolic and diastolic dysfunction.
Stroke volume (SV): Five studies evaluated SV in SF (Lee et al., 2015; Norsk et al., 2015; Hughson et al., 2016; Marshall-Goebel et al., 2019; Lee et al., 2020). Two studies reported an increase in SV (Norsk et al., 2015; Marshall-Goebel et al., 2019), while the other two studies reported a reduction in SV (Lee et al., 2015; Lee et al., 2020). In CS studies, SV was diminished in all studies with this outcome (Adami et al., 2013; Palombo et al., 2015; Westby et al., 2016a; Möstl et al., 2021), while in AS, six studies reported an increase (Ayme et al., 2014; Carter et al., 2014; Ogoh et al., 2015; Marshall-Goebel et al., 2019; Shankhwar et al., 2021; Whittle et al., 2022), and two presented lower SV values compared to baseline (Florian et al., 2013; Bimpong-Buta et al., 2020).
Cardiac output (CO): CO increased in three of the five SF studies (Norsk et al., 2015; Marshall-Goebel et al., 2019; Lee et al., 2020) and decreased in only one study (Lee et al., 2015). CO was markedly decreased in two studies using CS (Adami et al., 2013; Ogoh et al., 2017) and was elevated in seven studies with AS (Ayme et al., 2014; Carter et al., 2014; Ogoh et al., 2015; Marshall-Goebel et al., 2019; Bimpong-Buta et al., 2020; Shankhwar et al., 2021; Whittle et al., 2022).
Cardiac dimension and morphology
One study with AS identified increments of the left ventricle end-diastolic diameter and atrium diameter (Ayme et al., 2014). Studies with CS described a decrease of left ventricle mass and blood volume, both in systole and diastole (Westby et al., 2016a; Orter et al., 2022).
Cardiac electrophysiology
Two CS studies identified alterations in the cardiac electrophysiology, including a reduction in T-wave area, an increase in apex and amplitude, and a decrease in QRS-T angle (Caiani et al., 2013; Martín-Yebra et al., 2019). Another study, conducted with SF, investigated atrial alterations and found increased left atrial blood volume post-flight (Khine et al., 2018). Additionally, some derivations of the electrocardiogram (ECG) showed a decrease in P-wave amplitude (Khine et al., 2018). One astronaut had a significant increase in supraventricular ectopic beats but no evidence of atrial fibrillation (Khine et al., 2018).
Vascular outcomes
Vascular hemodynamics and morphology
Middle cerebral artery (MCA) velocity increased in one study with SF (Iwasaki et al., 2021) and in one with AS (Carter et al., 2014). In addition, in AS, one study had a decrease in MCA velocity (Ogoh et al., 2015). Both carotid artery and femoral artery cross-sectional area (CSA) and intima-media thickness (IMT) increased in space (Arbeille et al., 2016; Arbeille et al., 2017a). In AS, two studies identified an increase in carotid artery CSA as well (Whittle and Diaz-Artiles, 1985; Marshall-Goebel et al., 2016), while one CS study found an increase in carotid artery diameter (Ogoh et al., 2017). Jugular vein CSA and volume were higher in all the three conditions (Whittle and Diaz-Artiles, 1985; Arbeille et al., 2015; Marshall-Goebel et al., 2016; Arbeille et al., 2017b; Watkins et al., 2017; Marshall-Goebel et al., 2018; Marshall-Goebel et al., 2019; Arbeille et al., 2021; Patterson et al., 2022; Pavela et al., 2022). Systemic vascular resistance increased in one study in space (Lee et al., 2020) and decreased in other studies with SF, CS and AS (Adami et al., 2013; Ayme et al., 2014; Norsk et al., 2015; Seibert et al., 2018; Whittle et al., 2022). Additionally, aortic pulse wave velocity decreased in AS (Seibert et al., 2018), while no differences were observed in SF and CS (Palombo et al., 2015; Hoffmann et al., 2019; Möstl et al., 2021).
Cardiovascular autonomic modulation (CAM) outcomes
CAM in frequency domain
The cardiovascular autonomic modulation was influenced by microgravity. During SF, the low frequency (LF) of the heart rate variability (HRV) reduced in two of six studies (Xu et al., 2013; Yamamoto et al., 2015), and increased in one (Otsuka et al., 2022), while in the other three studies there was no difference (Vandeput et al., 2013; Otsuka et al., 2015; Otsuka et al., 2016). For high frequency (HF) of HRV, four studies showed a reduction (Vandeput et al., 2013; Xu et al., 2013; Yamamoto et al., 2015; Otsuka et al., 2022), and two had no difference (Otsuka et al., 2015; Otsuka et al., 2016). The LF/HF ratio was reduced in one study (Vandeput et al., 2013). In CS, two studies showed a reduction of the HF (Arzeno et al., 2013; Liang et al., 2014) and one of the LF (Liang et al., 2014), and LF increased in one study (Arzeno et al., 2013). In AS, five studies showed an increase in the HF band of HRV (Porta et al., 2015; Widjaja et al., 2015; Chouchou et al., 2020; Shankhwar et al., 2021; Whittle et al., 2022). LF had an increase in three studies (Widjaja et al., 2015; Chouchou et al., 2020; Whittle et al., 2022) and a decrease in other three studies (Porta et al., 2015; Malhotra et al., 2021; Shankhwar et al., 2021). The LF/HF ratio was diminished in two studies (Shankhwar et al., 2021; Whittle et al., 2022).
CAM in time domain
HRV in time domain in space had decrease in the following variables: pNN50 (percentage of adjacent NN (R-R) intervals that differ from each other by more than 50 ms) (Vandeput et al., 2013; Otsuka et al., 2022), SDRR (standard deviation of the R-R intervals) (Xu et al., 2013; Yamamoto et al., 2015), SDARR (standard deviation of the set of averaged RR intervals) (Xu et al., 2013; Yamamoto et al., 2015), and RMSSD (root mean square of successive differences between normal heartbeats) (Vandeput et al., 2013; Xu et al., 2013; Yamamoto et al., 2015; Otsuka et al., 2022). For CS studies, pNN50 was reduced (Rusanov et al., 2020), and during AS, pNN50, SDNN and RMSSD were increased (Widjaja et al., 2015; Whittle et al., 2022).
Baroreflex sensitivity
Blood pressure variability did not change during SF and CS (Arzeno et al., 2013; Fu et al., 2019) but increased during AS (Widjaja et al., 2015). Baroreflex sensitivity decreased in CS (Arzeno et al., 2013; Liu J. et al., 2015) but increased in AS in two studies (Chouchou et al., 2020; Whittle et al., 2022). Most studies showed no changes in RR intervals (Caiani et al., 2013; Vandeput et al., 2013; Liu J. et al., 2015; Rusanov et al., 2020; Malhotra et al., 2021), but one CS study identified a reduction (Arzeno et al., 2013) and another AS study showed an increase (Chouchou et al., 2020).
Meta-analysis
Meta-analysis was conducted for the following variables: HR, SAP, CO and SV. The results of SF and CS are presented both separately and grouped due to their chronic exposure characteristics. Nevertheless, AS data was presented separately.
Eleven studies with HR in SF were included in meta-analysis (Figure 2). Heterogeneity was I2 = 56%, and it presented a significant effect size (131 subjects, MD = 3.44, 95% CI 0.82 to 6.06, Z = 2.58, p = .010). For CS, nine studies with HR were included. One of them was repeated three times in the graphic, once it had three groups with different duration of weightlessness simulation. Heterogeneity was I2 = 11%, and it showed a significant effect size (173 subjects, MD = 4.98, 95% CI 2.54 to 7.41, Z = 4.01, p < .0001). When HR was grouped for SF and CS meta-analysis showed a significant increase (effect size: MD = 4.02, 95% CI 2.17 to 5.86, Z = 4.26, p < .0001), with low heterogeneity (I2 = 42%). Concerning the HR in AS studies, nine studies were included, and one was repeated three times as well as in the CS group. Heterogeneity was low (I2 = 27%) with no effect size (133 subjects, MD = −1.56, 95% CI −4.35 to 1.23, Z = 1.10, p = .27).
[image: Figure 2]FIGURE 2 | Forest plot of Heart Rate. Effect sizes after weightlessness exposure compared to control group or baseline. (A) Spaceflight; (B) Chronic Simulation; (C) Total effect size of the Spaceflight and Chronic Simulation; (D) Acute Simulation. The left side of the forest plot represents a decrease in the value of the outcome. The right side of the forest plot represents an increase in the value of the outcome.
Considering SF, seven studies investigated SAP and were included for meta-analysis (Figure 3). Heterogeneity was 53%, and it had no significant effect size (65 subjects, MD = 1.39, 95% CI −3.73 to 6.51, Z = 0.53, p = .59). About CS studies, five were included, and SAP also had no significant difference (78 subjects, MD = −0.23, 95% CI −3.59 to 3.12, Z = 0.14, p = .89), with heterogeneity of I2 = 0%. When both SF and CS were grouped, heterogeneity was I2 = 25% and had no significant effect size (143 subjects, MD = 0.31, 95% CI −2.51 to 3.14, Z = 0.22, p = .83). Nine of AS studies were considered, and they showed a significant decrease (effect size: MD = −5.29, 95% CI −10.20 to −0.39, Z = 2.11, p = .03), but with high heterogeneity (I2 = 81%).
[image: Figure 3]FIGURE 3 | Forest plot of Systolic Arterial Pressure. Effect sizes after weightlessness exposure compared to control group or baseline. (A) Spaceflight; (B) Chronic Simulation; (C) Total effect size of the Spaceflight and Chronic Simulation; (D) Acute Simulation. The left side of the forest plot represents a decrease in the value of the outcome. The right side of the forest plot represents an increase in the value of the outcome.
Regarding CO in SF, four studies were included and there was no statistical significance (heterogeneity of I2 = 74%, and effect size of 40 subjects, MD = 0.91, 95% CI −0.13 to 1.94, Z = 1.72, p = .09). There was a significant decrease of CO in CS, with 3 studies included (I2 = 0% and effect size: MD = −0.49, 95% CI -0.94 to −0.04, Z = 2.15, p = .03). The total heterogeneity of the groups SF and CS was high (I2 = 79%) with no significant effect size (81 subjects, MD = 0.22, 95% CI −0.56 to 0.99, Z = 0.54, p = .59), as seen in Figure 4. No difference was found for AS studies (heterogeneity of I2 = 0% and no significant effect size of 41 subjects, MD = 0.06, 95% CI −0.34 to 0.45, Z = 0.28, p = .78), with four studies included.
[image: Figure 4]FIGURE 4 | Forest plot of Cardiac Output. Effect sizes after weightlessness exposure compared to control group or baseline. (A) Spaceflight; (B) Chronic Simulation; (C) Total effect size of the Spaceflight and Chronic Simulation; (D) Acute Simulation. The left side of the forest plot represents a decrease in the value of the outcome. The right side of the forest plot represents an increase in the value of the outcome.
Finally, SV was unchanged in space (heterogeneity of I2 = 0% and effect size of 32 subjects, MD = −4.14, 95% CI −11.14 to 2.86, Z = 1.16, p = .25) (Figure 5). SV was significantly reduced in CS (heterogeneity of I2 = 0% and significant effect size of 41 subjects, MD = −12.95, 95% CI −18.77 to −7.12, Z = 4.36, p < .0001). For the two groups (SF and CS), heterogeneity was I2 = 0% and there was significant effect size, indicating a decrease of SV (73 subjects, MD = −9.35, 95% CI −13.82 to −4.87, Z = 4.09, p < .0001). About AS studies, four of ten studies were included in meta-analysis, and SV had a significant increase (heterogeneity of I2 = 69% and effect size of 39 subjects, MD = 11.21, 95% CI 0.63 to 21.78, Z = 2.08, p = .04).
[image: Figure 5]FIGURE 5 | Forest plot of Stroke Volume. Effect sizes after weightlessness exposure compared to control group or baseline. (A) Spaceflight; (B) Chronic Simulation; (C) Total effect size of the Spaceflight and Chronic Simulation; (D) Acute Simulation. The left side of the forest plot represents a decrease in the value of the outcome. The right side of the forest plot represents an increase in the value of the outcome.
DISCUSSION
This study evaluated the impact of microgravity on the cardiovascular system of healthy subjects, specifically focusing on structural, physiological, and functional properties. The study conducted a systematic review of existing literature and a meta-analysis of both acute and chronic effects of weightlessness on the cardiovascular system, providing new evidence to support medical research in space. It was observed that weightlessness has an impact on the cardiovascular system, causing changes to cardiac function, vascular health, and cardiovascular autonomic modulation.
Advantages and disadvantages of each model of microgravity
Considering the impact of weightlessness on the cardiovascular system, there were some specificities inherent for each study condition, with corresponding strengths and limitations for data interpretation. The main advantage of SF research lies in real environment, which promotes trustworthy findings about microgravity effects. However, several aspects must be considered before data generalization. For instance, the small sample size of Space Shuttle and Space Station missions due to their expensive nature and the need for a specific and well-trained crew, mostly consisting of male subjects, means that the results are highly influenced by inter-individual variability. Additionally, astronauts are subject to various factors associated with spaceflight, including exposure to cosmic radiation, confinement, sleep deprivation, altered nutrition, and high concentrations of CO2 on the spacecraft. Equally significant, astronauts often partake in multiple studies, potentially impacting the outcomes under investigation (Lee et al., 2015; Hughson et al., 2016; Fu et al., 2019).
Interestingly, chronic models that simulate spaceflight (DI and HDT) demonstrate similar outcomes to those seen in long-duration spaceflights, as observed in the meta-analysis. These models offer certain advantages, such as a controlled environment that allows for a concentrated focus on the primary outcomes with minimal interference from external factors, thereby enabling testing of countermeasures to ensure their effectiveness in space missions (Hargens and Vico, 1985). It is impossible to fully eliminate the effects of gravitational force, making the results of experiments conducted in space less reliable and reproducible. Additionally, chronic simulations share certain drawbacks with spaceflight studies, including a small sample size and a predominance of male volunteers. The literature reports high costs associated with long protocols, including those lasting 70 days in HDT (Shen and Frishman, 2019). This kind of study typically requires numerous specialized professionals to guarantee safety measures, along with multiple concurrent research experiments that involve enrolling the same individuals (Shen and Frishman, 2019).
Acute models of microgravity simulation allow for more intense and focused observation of effects while avoiding the accommodation effect. Though exposure time is brief in comparison to actual spaceflight, acute effects are valuable for representing the initial phase of flight (Shen and Frishman, 2019). DI and HDT acute simulations offer practical and low-cost advantages. It is important to note that the Earth’s gravitational influence, akin to CS, is present in both types of models. It has the potential to affect the outcomes (Ploutz-Snyder, 2016). Parabolic flight enables a real microgravity experience on Earth. However, due to the brief duration of the parabolic phase (typically lasting only 20 s), conducting cardiovascular assessments can be challenging. Other factors that may impact microgravity responses include the hypergravity phase, small sample sizes, and the higher likelihood of motion sickness among participants, for which medication may be necessary (Shen and Frishman, 2019).
Cardiovascular impairments and astronaut physiology
During SF, astronauts suffer from generalized deconditioning, which impacts different systems such as musculoskeletal, immune, cardiovascular, vestibular systems, among others. Specifically, weightlessness can modify different aspects of the cardiovascular system, including fluid balance, renal hemodynamics, vascular adaptation, and cardiovascular autonomic neural control (Aubert et al., 2005). This review has identified cardiac remodeling, as an indicative of atrophy, decreased SV, and impaired baroreflex sensitivity as significant findings. Previous studies during Neurolab and Spacelab Missions had similar findings (Cooke et al., 1985; Perhonen et al., 1985; Levine et al., 2002; Eckberg et al., 2010). A summary of the main results is presented in Figure 6.
[image: Figure 6]FIGURE 6 | Summary of results. Abbreviations: BRS, baroreflex sensitivity; CA, carotid artery; CO, cardiac output; CSA, cross-sectional area; DAP, diastolic arterial pressure; DI, dry immersion; ECG, electrocardiography; FA, Femoral artery; HDT, head-down tilt; HF, high frequency; HR, heart rate; HRV, heart rate variability; IMT, Intima-media thickness; ISS, International Space Station; JV, jugular vein; LF, low frequency; LF/HF ratio, ratio of low frequency and high frequency of heart rate variability; LV, left ventricle; MAP, mean arterial pressure; MCA, middle cerebral artery; PF, Parabolic Flight; pNN50, percentage of adjacent NN (R-R) intervals that differ from each other by more than 50 ms; PP, pulse pressure; RMSSD, root mean square of successive differences between normal heartbeats; SAP, systolic arterial pressure; SV, stroke volume; SVR, systemic vascular resistance; WI, Head-out water immersion.
During the first 24 h in space, the absence of gravity results in a decrease in intrathoracic pressure due to chest expansion. Studies of European Space Agency parabolic flight campaigns (Pump et al., 1985; Videbaek and Norsk, 1985) have suggested an increase in transmural cardiac pressure, cardiac preload, and atrial stretching, that could be primarily caused by an elevation in plasma volume in the trunk (Aubert et al., 2005; Norsk, 2020). Atrial stretching results in an elevation of atrial natriuretic peptide levels. This, in conjunction with decreased blood vessel tension due to the absence of gravity, leads to vasodilation and enhanced permeability (Norsk, 2020). Moreover, based on the Frank Starling mechanism, distension of the cardiac chambers enhances the final diastolic volume, thereby increasing the SV. The present review’s meta-analysis observed a considerable rise in SV in AS, consistent with existing literature (Aubert et al., 2005; Norsk, 2020).
Increased SV is typically followed by an expected increase in CO shortly after exposure to microgravity. However, the meta-analysis displayed no changes to CO or HR, and a decrease in SAP during AS. Lower SAP values can trigger greater activation of the Renin Angiotensin Aldosterone System, which results in the reabsorption of sodium and water, and an increase in vascular resistance in arterioles as an attempt to regulate SAP (Aubert et al., 2005). Furthermore, the initial increase in plasma volume in the trunk leads to an attempt to return to baseline state through a greater process of natriuresis and diuresis (Norsk, 2020). Chronically, this process leads to dehydration (Norsk, 2020).
Extended exposure to weightlessness significantly decreases plasma volume, potentially due to systemic vascular resistance and peripheral arterial vasoconstriction (Norsk, 2020). This may prompt high venous compliance, which contributes to the maintenance of SAP reduction during prolonged weightlessness as reflected in the majority of the studies included in this review (Norsk, 2020). The reduction of blood pressure, in general, can be observed in both SF and AS, as illustrated in Figure 6. According to our meta-analysis findings, SAP tends to stabilize over time, while SV decreases after CS (the same pattern observed during SF). Furthermore, our results show a decrease in left ventricular mass and blood volume, along with systemic hypovolemia and shrinkage of the cardiac cavity. These changes may contribute to systolic and diastolic dysfunction (Caiani et al., 2013; Westby et al., 2016a; Martín-Yebra et al., 2019). Literature suggests that cardiac atrophy and deconditioning occur in both SF and CS conditions as a form of adaptation (Dorfman et al., 1985a; Dorfman et al., 1985b; Perhonen et al., 1985; Westby et al., 2016), similar to the effects of aging, sedentary behavior, and immobility (Hart, 2023; Malhan et al., 2023). Of particular concern for cardiac deconditioning is the slow process of reconditioning after return to Earth (Solbiati et al., 2020).
Electrocardiographic alterations, such as reduced P-wave amplitude and T-wave area, should not be overlooked since they can pose a potential risk to atrial fibrillation and arrhythmia (Caiani et al., 2013; Khine et al., 2018). Also, these alterations can be associated with fluid loss and hypovolemia, which may also affect cardiovascular autonomic modulation (Caiani et al., 2013; Martín-Yebra et al., 2019). Our findings are consistent with the previous literature and other studies not included in this review, which indicates a decrease in both sympathetic and parasympathetic components of HRV, however, there is a significant reduction in parasympathetic responses, resulting in a relative predominance of sympathetic activity (Cooke et al., 1985; Iwasaki et al., 2004; Norsk, 2020). Total power spectrum and BRS also seems to decrease in space (Cooke et al., 1985; Iwasaki et al., 2004), probably due to baroreceptor overload and saturation, making it difficult for the ANS to modulate HR and blood pressure (Norsk et al., 2015). The accumulation of blood volume in the trunk also increases cerebrovascular pressure and engorgement of the neck vasculature, which stimulates aortic and carotid baroreceptors, affecting their saturation levels (Shen and Frishman, 2019). Thus, BRS decreases, probably, as a consequence of the regulation failure (Shen and Frishman, 2019).
The accumulation of blood in the neck region, and consequently increase of blood vessels pressure, is particularly worrisome for middle cerebral artery, CA and JV, once it involves impaired cerebral perfusion, stiffness of cerebral arteries and increased intracranial pressure. It is interesting to note that JV CSA have the same behavior in the three conditions, as shown in Figure 6. This indicates that the accumulation of blood in the neck is present both acutely and chronically, regardless of the microgravity model used. Some astronauts even presented JV stagnant or reversed venous flow (Marshall-Goebel et al., 2019). In this case, intracranial pressure is the main cause of Spaceflight Associated Neuro-Ocular Syndrome (SANS). More than half of astronauts exhibit at least one symptom of SANS, which symptoms are the same as patients with idiopathic intracranial hypertension (Norsk et al., 2015) and could cause permanent deficits in vision (Wojcik et al., 2020).
Another important issue is orthostatic intolerance (OI), a frequent occurrence resulting from reduced cardiac filling, inadequate SV, and/or compensatory neurohumoral responses (Goswami et al., 2017; Jordan et al., 2022). This leads to a failure in the maintenance of cerebral perfusion during postural alterations, such as transitions from sitting to standing or during more intensive physical activity (Mulavara et al., 2018; Jordan et al., 2022). As suggested by Neurolab and WISE-2005 studies (Arbeille et al., 1985; Dyson et al., 2007; Guinet et al., 2009), possible causes of OI include hypovolemia, increased vascular compliance, impaired arterial resistance and venous return, and cardiac atrophy (Goswami et al., 2017; Shen and Frishman, 2019; Jordan et al., 2022), very similarly to aging and immobility. Also, reduced BRS may contribute to OI (Jordan et al., 2022). Therefore, OI poses a relevant concern not only during emergency spacecraft landings, but also when returning to normogravity.
Also of interest, some biomarkers associated with the aging process (De Favari Signini et al., 2022), including mitochondrial dysfunction, deoxyribonucleic acid (DNA) damage, telomere shortening, and cellular senescence, have been observed in astronauts (Capri et al., 2023). One such study was the National Aeronautics and Space Administration (NASA) Twin Study (Garrett-Bakelman et al., 2019), which found that the astronaut twin had more noticeable aging indications compared to his ground-based twin, suggesting accelerated aging in the astronaut (Garrett-Bakelman et al., 2019). Interestingly, these biomarker changes, along with inflammation, arterial stiffness and significant risk of cardiovascular diseases, have been observed in both aging and spaceflight (Jaruchart et al., 2016; De Favari Signini et al., 2022; Capri et al., 2023; Hart, 2023; Malhan et al., 2023). Finally, it is noteworthy that the astronauts in the included articles were nearly 15 years older than the subjects in simulations. Thus, in addition to radiation exposure, sleep deprivation, and other stressors inherent to SF, the age difference may also have influenced the astronauts’ outcomes. Accordingly, the results of this review should be regarded with caution, and the findings of simulations cannot be fully extrapolated to astronauts.
There were several limitations in this review, including the small sample sizes used in the included studies, high variability in time exposure to microgravity or models/simulation, varied control groups, and the use of the same volunteers for different outcome measurements. Nonetheless, the challenge of conducting this kind of research justifies such limitations. Moreover, the systematic extraction and classification of outcomes, as well as the meta-analysis undertaken, produced robust and convincing evidence.
Future studies should consider the physical deconditioning of astronauts and its negative impact on their performance at work, in daily life in the spacecraft and especially during extravehicular exploratory activities. Therefore, understanding what happens to the physiology of the human body when exposed to microgravity is essential for monitoring and creating countermeasure strategies for the harmful mechanisms caused by fluid shift, supporting humanity to reach new planets.
CONCLUSION
This review identified that weightlessness can negatively affect cardiac functions, vascular health, and cardiovascular autonomic modulation. These changes impact the health of astronauts during spaceflight and persist even after returning to Earth, resembling the aging process and prolonged immobility, potentially increasing the risk of cardiovascular diseases and other aging-related conditions. Further research is necessary to develop countermeasures against weightlessness to facilitate long space travels.
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Participants

9 healthy men (age 23+ 25 years;height
1797 £ 7.3 cm weight 721 £ 92 kg)

20 men (age 325 + 1.3 years: height

1758 = 18 cm weight 822 = 26 kg)

and 10 women (age 37.2 + 28 years;

height 1602 % 1.7 cny weight 606 =
37k

19 health man (age 350 + 17 years;
height 1760 + 1.0 cmy weight 729 +
17 ks BMI 237 + 0.4 kg/m’

22 healthy men (age 31 £ 6 years)

8 healthy men (age 262 + 41 years,
height 1718 = 30 cm; weight, 636 =
62kg)

11 healthy men (age 34 6 years;height
1792 7 con weight 76 + 6 kg)

14 healthy men (age 30.+ 1 years height
169 1 cn weight 62 + 1 kg)

6 healthy men (age 41 5 years)

63 healthy men (mean age 30.6 years;
height 178 cm; weight 737 kg)

24 healhy subjcts (16 males and
8 femals age 334 2 9.3 years: BMI
213221 k)

10 heslhy men (age 38 +7 years: eight

1752 6 cn weight 80+ 9 kg)

10 healthy men (age 30 4 years;height
9.+ 6 cm; weight 74+ 6 kg)

10 healthy men (age 275 * 5 years
height 1805 + 5.2 c; weight 770 =
79k

24 healthy subjects (16 males and.
8 femalesage 34 9 years: heght 174 =
9 e weight 75 + 9 k)

10 healthy men (age 23 2 years weight
75+ 10 kg BMI 233 £ 2 ky/m’)

18 healthy women (age 29 = 1 years
weight 593 2 15 kgs height 1643 =
14 cm; BMI 218 + 04 k)

13 healthy men (age 21-29 years)

20 healihy men (mean age 36 years (28;
41-25th; 75th percentiles) and BMI 23
(23,25

§ healhy subjects (4 males and
4 females; age 36 + 8 years; weight
7122 28 kg BMI 226 % 09 ky/)

Chronic simulation

Study design

Longitudinal study. Participants past
35 days in ~6" HDT bed rest. Subjects
were divided into two groups: olerant
and intolerant to orthostatic posture,
Measurements: atthe end of HDT and at
recovery.

Longitudinal study: Participants past
60 days in 6" HDT bed rest.
Measurements: before protocol, and on
days 30 and 60 of HDT.

Longitudinal study. Particpants spent

60 daysin 6" HDT. Measurements were

made for 5-10 min during 3 supine-to-

stand test before HDT, onthe lastday of
HDT and 8 days after

Longitudinal study. Participants past
5 days in -6 HDT bed rest
Measurements: before protocol, on the
last day and 5 days after

Longitudinal study. Participants
underwent 9 ambulatory days before bed
rest, 45 days of -6 HDT bed rest and
14 ambulatory days afer bed rest. Data
was collected during all the protocol

Controlled crossover tial. Participan
performed 5 days of -6 HDT.
Measurements: before and afier HDT

Longitudinal study. Subjects remained
60 days at -6 HDT. Measurements:
baseline, at days 2, 17, 21, 41 and 58 of
HDT, and at 6 and 12 days of recovery

Randomized, double-blinded crossover
Study. Participants emained 29 hin -12°
HDT with Measurements: before and
during bed rest at 4 b, 24 b, 26 h and
265 h of HDT

Longitudinal study. There were thce
groups in ~6" HDT: 5 daysof HDT,
21 days and the group of 60 days.
Messurements were made before, during
HDT and sfer

Belore-and-ater study. Particpans
spent 60 days in -6 HDT.
Measurements:once before and on the
last day of protocol

Controlled clinicl trial. Subjects spent
70 days at -6 HDT bed res,
Measurements: before and four times
after HDT (immediately afer, 1 day,
67 days and 11-12 days after)

Longitudinal study. Participants
remained in supine position during the
protocal, ehich lasted 7 days: 2 days of
baseline 3 days of DI and 2 days of
recovery. Measurements once before DI,
all days of DI and of recovery

Longitudinal study. Volunteers spent
60 days in 6" HDT. Measurements:
before HDT and on days 30 and 57

Longiudinal study. Partiipants past
60 days in 6" HDT. Measurements:
before protocol, on days 5, 21 and 60 in
bed rest and 4 days after HDT

Before-and-afte study. Partcipants past
5 weeks in 6" HDT bed rest,
Measurements: before protocol and
within 24 b afer its termination

Longitudinal study. Particpants spent

4 days of ambulatory baseline, followed

by 5 days of DI, and 2 days of ecovery.

‘Measurements were done throughout the
experiments

Before-and-after study. Paricipants

stayed 5 days in DI. Measurements:

before protocol and 1 day afte its
termination

Longitudinal study. Subjects undervent
60 days at 6" HDTT. Measuremens:
baseline, at days 5 21 and 58 of HDT,
and at frst day of recovery and afer
8 days

underwent 11-14 ambulatory days
before bed rest, 60 days of -6 HDT bed
st and 14 ambulatory days afier bed
est. Measurements: before bed rest,
during HDT (on days 7,21, 31 and on
day 60), and afer bed rest (4 b, 3 days
and 13 days)

Cardiovascular variables
evaluated

HR MAP;

5 COsand SVR.

SAP and DAP; BRS; R intervals;
BPV (LF and HF)

FTA, BRS gain, and causaliy between SAP
and RR (SAP—RR: neural refex, and
RR—SAP: mechanical coupling)

RR inervals QRS-T angle venticular
sradint magnitude; KTapex RTends Tapes;
Tarea

HR and HRY (LF and HF)

HR: SAP and DAP.

SAP, DAP and MAP; HR; PP; R intervals;
SAP variabilty; BRS

IV volume and CSA

HR; T-vave aternans: index of average
alternans (IAA) and IAA normalized
(1AAn)

‘SAPand DAP; PP HR; SV; CO; pulsearrival
times PWYVs sovolumetric contracton time;
aorta compliance and distensibilty

HR and MAP

SAP, DAP and MAP; HR; CO; blood flow,
conductance, diameter and velociy of CA
and vertebral artery

SAP, DAP and MAP; HR; blood flow and
conductance of external and internal CA, of
IV and of vertebral arery and vertebral vein

HR; SAP and DAP; LVET; LVET; PEP;
PEP; QS2 Q823 PEPILVET

HR: SV, SAP and DAP; ora flow velocity
integral; CA and FA IMT, diameters, end-
diastolic IMT/eadius, end-diastolic wall
stress, betaindex, diastolic and sysolic peak
velocity, rsistive index,systlic, diastolic
and mean flow per beat, systolicidiastolc
flow and PWV; PP and PP index; Alx; and.
pressure amplification

Calfvenous complance; HR; SAP and DAP

HR: HRV (HE, LF and VLF); stres indes:
RR intervals distribution: pNN50

RR and QTend oscllation amplitude,
acrophase, cycle duration, minimal and
‘maxinum values and MESOR

LVSV: LVDV; LV mass; HR; SV; CO;
sovolumetric contraction and relaxation
time; mitral E and A ave flow velociys EIA
atio; mitral E wave annulus velocity; early
and late diastolic filling velocity

ECG and digital infrared
photoplethysmography

ECG and digital infrared
photoplethysmography

ECG and digital infrared
Photoplethysmography

Continuous ECG (12-lead Holter 24 1)

ECG

ECG and digital infrared
photoplethysmography

ECG and digital infrared
Photoplethysmography

Ultrasonography

Continuous ECG (Holter 24 h)

Echocardiography and Doppler
ultrasonography

ECG and digital infrared
‘Photoplethysmography

Automated sphygmomanometry, 20-
echocardiography and Doppler
ultssonography

Digtal infrared photoplethysmogaphy,
echocardiography and Doppler
ultrasonography

Echocardiography and Doppler
ultrasonography

Duplex and Doppler ultranosography,
carotid spplanation tonometry and
PWV Complior method

Occlusive i plethysmography, non-
invasive blood pressure measurement
and ECG

ECG

Continuous ECG (12-ead Holter 24 1)

2D and 3-D echocardiography and
Doppler ultrasonography

Main outcomes

Tolerant group: SV, MAP and SVR tended

todecrease with the standing position and.

HR increase. Intolerant group: CO, MAP.

and SV severe dropped and HR increased.

SVR had high values at the interruption of
the standing test

RRinterval, BRS, SAPand DAP decreased

with bed rest, HRV showed alteratons.

during the entre protocol, in which HF
diminished and LF increased

Neuralreflex (SAP—RR) reduced
after HDT.

Riapex and Riend decreased at HDT
‘Tapex and Tarea decressed at HDT and
Tapex increased post-HDT. Ventricular
gradient magnitude reduced, and QRS-T
angl increased at HDT. Ventricular
gradient magitude reduced after HDT

HR decreased only a the beginning of
HDT. Both LF and HF power decreased i
recovery phase

HR decreased during HDT and increased.

at recovery phase. Before bed rest, SAP.

had an initial ris in upright posture, SAP.
and DAP were lower after HDT

HR increased with HDT and stayed

elevated during recovery. MAP increased

late in HDT. BRS decreased late in HDT
and remained reduced in recovery

One of the four regions evaluated of IV
had a satstical signiiantly increased of
CSA after 26 hin HDT

HR was clevated after HDT in the theee

groups. IAAn increased ater HDT i the
group of 60 days

There was an increase in the following.

variables: HR, DAP, arm and thigh pulse

arrvaltime and isovolumeric contraction
time. PP and SV decreased after HDT

HR signiicantly increased afer HDT.

HR increased at recovery phase. SAP was
higher in DI and in recovery. CO and
conductance of CA and of vertcbral artery
reduced during DI. CA diameters
increased only i the first day of DI and
CA velocity reduced during DI

HR increased on day 57 and external CA
conductance increased on both days of
HDT (30 and 7). Internal CA
conductance and JV blood flow were
reduced only on day 30 of HDT.

LVETS and Qs2i decreased during HDT,
while PEPi and PEPILVET had higher
values compared to baseline

SV, EA diameter and ascending aorta flow
velocity integral decreased. HR increased.
“The ratio end-distolic FA IMT/ra
increased, and circumierential wall sress
diminished. FA peak sysolic and disstoic
velocityincreased, which disstolic velocity
had a higher increase and consequent
decrease in resstve index. Diastolic
volumetrc flow tended to decrease in CA
and increase i FA. Carotd PP and PP
index reduced, while pressure
ampliication index clevated

Venous compliance decreased during DI,

returning to the bascline value after 1 day.

of recovery. HR slightly decreased, while
SBP and DBP increased with DI

There was a shifinthe utonomic balance
toward sympathetic acivation. The
‘PNNS0 and total povier spectrum

reduced, and the stres index increased

Masimum and minimum values of RR,
and minimam values of QTend,slong
withboth MESOR, were higher with HDT
and reduced at recovery. RR and Qiend
osclltion amplitude reduced during
HDT and Quend osilation amplitude
incressd at recovry. QTend actophase
was higher on day 1 of recovery

LV mass and LYDV diminished carly in
HDT and continued toreduce throughout
thebed rest,LVSV and SV reduced on day.
60 of bed rest, LV mass has @ recovery
afer 13 days. Early and lte diastolic illing
veloctis,together with /A rato and
mitral E-vave flow, had an important
reducion during HDT. Mitral A wave
velocty and sovolumetri reasation time
increased. HR increased only after HDT

Abbreviations: AL, augmentation index; BMI, body mass index; BBV, bood pressur variabilty; BRS, barorefle sensitvtys CA, carotid artery; CO, cadiac output; CSA,cros-setional are DAP, diasolic arterial pressure; DI, dy immersions ECG,
clectrocadiography; EF, cection faction: A, femorlarterys FTA, fration time active: DT, had-down il HF,high requencys HI, heae ats HRY, heatratevariabilty: I, ntima-media thicknes. V., jugularvein LF,low frequency; LV, ke ventricls LVDV, et
sentrile diastolicvolume; LVET, et ventsculr iection i LVET, lf venticular cection time index; LVSV, et ventricle systolicvolume: MAP, mean artrial pressure: MESOR, miline satistcofthythm:itral A, peak mital flow during atial sysol: mitral
pekmitral flow velocity duing ey ling mical A rati, et beween mital Eanl A5 EP,precection perod: PP, pre-iction peiod index; PEPILVET,tio between pre-cicton period and lef venticulaecection period: pNNS0, percentage of djacent NN
(R-R) intervals that ife from cach other by more than 50 ms; P, pule presure; PWV, pube wave veloity; QRS-T, angle the angle beween the dirctons of veniicular depolaiztion and repolarizaton; QS2, total elctromecharical sysol; QS21, total
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Authors, Participants Study design Cardiovascular Main outcomes
year variables evaluated
published
1. Arbeille et al. 10 astronauts (7 males Longitudinal study. JV, PV, EV, GastV, TibV CSA; Echography JV and FV CSA increased
(2015) and 3 females; age 47 + Astronauts spent JV and PV volume; JV early and late inflight,
5 years; height 172 = | 4-5.5 months aboard the 1S, volume/PV volume ratio along with PV and JV
8 cm; weight 69 + 12 kg) | Measurements: before flight, volume, but in different
inflight (on day 15 and magnitudes, resulting in
between day 115 and 165), a higher JV/PV ratio.
and 4 days postflight TibV and GastV CSA

decreased. TibV CSA
remained reduced

postflight
2. Arbeille et al. 10 astronauts (7 males Longitudinal study. CA and FA IMT, CSA and Echography Both CA and FA IMT
(2016) and 3 females; age 47 + Astronauts spent diameter increased early and late
5 years; height 172 + | 4-5.5 months aboard the ISS. in spaceflight. CA IMT
8 cm; weight 69 + 12 kg) | Measurements: before flight, remained increased
inflight (on day 15 and postlight
between day 115 and 165),
and 4 days postflight
3. Arbeille et al. 10 astronauts (7 males Longitudinal study. SAP and DAP; CA and FA | Echography and Doppler | DAP reduced late and
(2017) and 3 females; age 47 + Astronauts spent IMT, strain; elastic modulus; ultrasonography after spaceflight. CA
5 years; height 172 + | 4-5.5 months aboard the 1SS. stiffness index and stiffness indices had a
8 cm; weight 69 + 12 kg) | Measurements: before flight, distensibility reduction for stain and
inflight (on day 15 and distensibility, while
between day 115 and 165), elastic modulus and
and 4 days postflight stiffness index increased

late inflight. CA and FA
IMT were elevated

inflight
4. Arbeille et al. 14 astronauts (11 males Longitudinal study. JV volume; PV CSA; MCV | Doppler ultrasonography JV volume increased
(2021) and 3 females; age 47 + | Astronauts spent 210 + velocity inflight. PV CSA and
6 years; BMI 264 + 76 days aboard the ISS. MCV velocity were also
3 kg/m® Measurements: before flight, elevated inflight, but
inflight (on day 45 and day more pronounced at
150), and 40 days and day 150
180 days postflight
5. Blaber etal. 27 astronauts (20 males Longitudinal study. BRS gain and FTA (HF and | ECG and digital infrared FTA (HF) and neural
(2022) and 7 females; age 39 + | Astronauts spent 8-16 days | LF), and causality between photoplethysmography reflex causality reduced
5 years) on shuttle missions. SAP and RR (SAP—RR: after flight
Measurements were made for | neural reflex, and RR—SAP:
5-10 min duringa supine-to- mechanical coupling)
stand test (STS) before flight
and 1-2 h after landing and
3 days postflight
6. Fortrat etal. 24 male astronauts (age Longitudinal study. Calf volume; venous filling Occlusive air Calf volume reduced
(2017) 443 £ 6.1 years; height | Astronauts spent between | function; venous filling index; plethysmography during flight. Venous
177+ 5 cm; weight 82.6 £ | 124 and 192 days aboard the venous emptying filling function and index
67 kg; BMI 264 = 1SS. Measurements: before increased early inflight.
2.3 kg/m?) flight; inflight (once before Venous emptying
and once after 3 months in diminished early and late
space); and postilight (on the inflight
landing day and 8 days after)
7. Fuetal. (2019) 12 astronauts (8 males Longitudinal study. HR; SAP, DAP and MAP; PP; Digital infrared SAP, MAP and PP
and 4 females; age 48 + | Astronauts spent about BPV; skewness and kurtosis photoplethysmography decreased in space. SAP
5 years; height 173 + 6 months aboard the ISS. of SAP. skewness and kurtosis
8 cm; weight 72 £ 13kg) | Measurements: before flight, increased inflight. HR
inflight (at days 5, 30,75 and increased only on
15 days before retumn to postlight
Earth), and on the
landing day
8. Hoffmann et al. | 8 cosmonauts (7 males Longitudinal study. HR; peripheral and estimated | Blood pressure oscillometry | HR increased postflight.
(2019) and 1 female; age 465+ | Astronauts spent about central SAP and DAP; aortic Systolic amplification
5.3 years; height 176 = | 6 months aboard the ISS. PWV; systolic and PP was lower at day
62 cm; weight 776 + | Measurements: before flight amplification 4 postflight compared to
82kg) and twice postflight (on day baseline
4 and 8 after landing)
9. Hughson etal. | 9astronauts (5malesand | Before-and-after. Astronauts | HR; SAP, DAP and MAP; $V; ECG, digital infrared HR increased postflight.
(2016) 4 females; age spent between 146 and CO; carotid PP, CA stiffness photoplethysmography, CA stiffness increased
40-56 years; height 174 + | 193 days aboard the ISS. | and distensibility coefficient; carotid applanation and distensibility
7 cm; weight 69 + 15 kg) | Measurements: before flight | posterior tibial artery PP; | tonometry, ultrasonography ~ reduced. PWTT was
and once postilight (22-38 h PWTT. faster postflight
after landing)
10. Ishihara et al. 5 male astronauts Longitudinal study. Blood flow (on the central Laser blood flowmetry Blood flow reduced at
(2020) Astronauts spent between  region of the gastrocnemius days 1 and 7 postlight
115 and 199 days aboard the muscle) and had recovered to
1SS. Measurements: before baseline levels 1 month
flight and four times after after landing
flight (on the landing day,
after 7 days, 1 month and
3 months postflight)
11. Iwasaki et al. 11 astronauts (10 males Longitudinal study. MCA velocity; MAP; and HR. | Doppler ultrasonography, | HR and MCA velocity
(2021) and 1 female; age 46.0 + | Astronauts spent 4-6 months echocardiography, tonometry | showed a significant
7.0 years; height 178.7 + on the mission. and sphygmomanometry | increase early postflight
6.1 cm; weight 825 + | Measurements: preflight and
85kg) twice postlight (0-3 days and
138 + 62 days after landing)
12. Khineetal. 13 astronauts (9 males Longitudinal study. LA volume; RA area, Cardiac MRI and continuous | LA volume transitorily
(2018) and 4 females; age Astronauts spent about longitudinal and transversal | ECG (12-lead Holter 48 h) increased postflight.
49 years) 6 months aboard the 1S. diameter; atrioventricular P-wave amplitude
Measurements: plane displacement; P-wave showed a decrease
MRI-preflight, within 5 days |~ amplitude and duration duringflight and on
postflight and 3-8 weeks landing day in some ECG
postlight. Holter derivations. One
‘monitoring-preflight; inflight astronaut had a large
on days 14, 30, 75, 135, and increase in
15 days before landing; and supraventricular ectopic
on the landing day beats, but not atrial
fibrillation
13. Leeetal.(2015) | 20 astronauts (17 males Longitudinal study. HR; SAP, DAP and MAP; SV; ECG, digital infrared HR was elevated on the
and 3 females; age 46 + | 20 astronauts spent 177 + CO; SVR; cardiovascular  photoplethysmography, 2D- landing day. BP in
5 years; height 175 = | 21 days aboard the ISS and variability index echocardiography and general tended to be
7 cm; weight 81 £ 9 kg) 65 astronauts spent 12 + Doppler ultrasonography elevated postflight. SV
and 65 Shuttle astronauts | 3 days at space shuttle and CO were lower for
(50 malesand 15 females; | missions. Measurements: 1SS group on the landing
age 43 + 7 years; height | orthostatic tolerance test was day. Cardiovascular
174 +7 cm; weight 78 = | done before flight, on the variability index
13 kg) landing day or 1 day after, increased in both groups,
3and 10 days after landing but it showed higher
values for ISS astronauts
14. Leeetal.(2020) 13 astronauts (10 males Longitudinal study. CA IMT and stiffness; global | Doppler ultrasonography ~ CA diameter increased
and 3 females; age 46 + | Astronauts spent 189 £ | arterial compliance; HR; SAP, inflight, SV and global
8 years; height 176 + 61 days aboard the ISS. DAP and MAP; PP; SV; artery compliance
7 cm; weight 79 + Measurements: preflight, CO; SVR reduced during flight.
113 kg BMI 255 + inflight (on days 15, 60 and HR, CO and SVR were
2.6 kg/m?) 160) and postllight 5 days elevated postilight
after landing
15. Liu et al. 3 astronauts (1 female Longitudinal study. Average HR, amplitude, ECG HR had elevated values
(2015a) and 2 males; age Astronauts spent about maximum and minimum after flight. HR
33-49 years) 15 days on space mission. values of HR amplitudes had an
Measurements: before flight, important decrease
inflight (3-6 days after inflight. Maximum HR
launch) and postflight values increased during
(4-6 days after landing) and after flight.

Minimum HR was
elevated postflight

16. 11 astronauts (9 males Longitudinal study. SV; CO; HR; SAP, DAP and | Blood pressure oscillometry, SV and CO, along with
Marshall-Goebel  and 2 females; age 46.6 + | Astronauts spent 210 = MAP; JV pressure, CSA and | vein press compression JV CSA increased
etal. (2019) 6.3 years; BMI 264 + 76 days aboard the 15S. blood flow sonography and Doppler | inflight. JV blood flow
3 kg/m?) Measurements: before flight, ultrasonography demonstrated stagnant
twice inflight (at day 50 and flow or even retrograde
day 150), and once after flight flow pattern in some

astronauts. Two subjects
presented an occlusive

thrombus
17. Mulavara et al. | 13 astronauts (11 males | Controlled clinical trial. HR and MAP ECG and digital infrared HR significantly
(2018) and 2 females; age 47 + | Astronauts spent 159 + photoplethysmography increased postflight
5 years; height 178 + 17 days aboard the 1S5
6 cm; weight 84 + 14kg) | Measurements: before flight
and three times postflight
(1 day, 8 days and 37 days
after landing)
18. Norsk etal. 8 male astronauts (age Longitudinal study. SAP,DAP and MAP; HR; CO; | Blood pressure oscillometry | SAP, DAP and MAP
(2015) 45-53 years; height Astronauts spent about SVR; and SV and gas rebreathing were reduced inflight,
169-188 cm; weight 6 months aboard the ISS. technique while CO and SV were
70-99 kg BMI Measurements: before flight; elevated. SVR also
22.5-28.6 kg/m?) inflight (at the days 85 and decreased in space
192), and >2 months
postilight
19. Otsuka etal. 7 astronauts (5 males and Longitudinal study. HRV: HE, LF, VLF and ULF, = Continuous ECG (two- Circadian rhythm
(2015) 2 females; age 52.0 Astronauts spent 1726 + slope of fractal scaling channel Holter 24 h) showed to be present in
4.2 years) 146 days aboard the ISS. space. ULF decreased
Measurements: before flight; inflight. Slope was less
inflight (at the day 24 + 5, day negative in space than on
73 £ 5 after launch and 15 + Earth
5 days before return to
Earth); and 36 and 100 days
postflight
20. Otsuka etal. 10 astronauts (8 males Longitudinal study. HR; HRV: HF, LF, VLF and Continuous ECG (two- Considering all
(2016) and 2 females; age 49.1 + | Astronauts spent 1718 = | ULF, slope of fractal scaling; channel Holter 24 h) 10 astronauts, in general
4.2 years) 14.4 days aboard the ISS. NN intervals HR decreased in space.
Measurements: before flight; NN-intervals were lower
inflight (at days 208 £ 2.9, in Group 1 than in Group
72.5 + 39 after launch and 2. Group 1 tended to
19.1 4.1 days before return); respond to space by
and postflight at day 77.2 + increasing the average
144, Astronauts were divided NN interval (decreasing
in two groups: Group 1: HR). In both groups
decreased HR (n = 7) and during flight, ULF
Group 2: increased HR decreased, total spectrum
(n=3) power increased and
slope was less negative
21. Otsuka et al. 1 astronaut Longitudinal study. HR; HRV LF, HF, VLF, ULF, Continuous ECG (two- HR increased postflight.
(2022) Measurements: once LF/HF ratio, NN intervals, channel Holter 48 h) NN intervals,
preflight, twice inflight (at | RMSSD, pNN50, and slope of PNN50 and VLE
days 18-19 and 326-327), fractal scaling decreased postflight.
and 103-104 days postflight Both LF and HF were
elevated late inflight, and
HF reduced postlight to
lower values than
baseline. RMSSD
significantly decreased
only early inflight and
postilight. Slope
decreased during flight
22. Pavelaetal. | 11 astronauts (6 males Longitudinal study. JV CSA and peak velocit Doppler ultrasonography ‘Three astronauts had
(2022) and 5 females) Measurements: preflight, right-to-left JV CSA ratio; isolated cases of
three times inflight (at days grade of spontaneous echo retrograde flow, but none
27,80 and 168) and 3 days contrast in JV. had deep vein
postilight thrombosis. Six
astronauts presented
mild-moderate
echogenicity onin the JV.
Peak velocity reduced
and CSA increased
inflight
23. Vandeputetal. 8 male astronauts (age Longitudinal study. Five HRV: RR interval, SDNN, Continuous ECG HF increased at nightand
(2013) 432 + 4.4 years; height astronauts spent about RMSSD; pNN50; LF and HF (Holter 24 h) LE/HF ratio decreased.
179+ 4 cm; weight 760+ | 6 months in space and the | powers; LF/HF; and HRV Total spectral power, HF
124 kg BMI 237 + other 3 for about 10 days. | complexity (fractal dimension, power, RMSSD and
3.7 kg/m?) Measurements: before flight, = detrend fluctuation analyzes; PNN50 decreased at
early postflight (5 days after | sample entropy; correlation postilight.
landing) and late postflight dimension; Lyapunov Sympathovagal balance
(1 month after landing) exponent) strongly increased early
after flight. There was a
significant decreasein the
complexity variables
early postflight
24. Woodetal. | 9 male astronauts (age Before-and-after study. | SAP and DAP; HR; peripheral | ECG and digital infrared | HR and DAP increased
(2019) 45+ 7 years) Astronauts spent 165 +  artery pulse arrival time (PAT) | photoplethysmography after flight
13 days aboard the ISS. and its inverse (1/PAT)
Measurements: before flight
and within 36 h after return
to Earth
25 Xuetal. (2013) | 7 astronauts (1 female Longitudinal study. HR; HRV: SDRR, SDARR, | Continuous ECG (12-dead  HR was elevated after
and 6 males; age 47 + Astronauts spent 144 + | RMSSD, HF, LF, VLF and ULF Holter 24 h) flight. HRV reduced in
4.6 years; height 176 + 49 days aboard the ISS. | powers and normalized units; time domain indices
5.cm; weight 81 £9.6kg) | Measurements: preflight,  LF/HF ratio; sample entropy (SDRR, SDARR and
inflight (2-3 weeks after RMSSD), and in
launch and 2-3 weeks before frequency domain
landing), and 1-3 days indices (LF, HF, VLF
postilight and ULF)
26. Yamamoto 7 astronauts (5 males and Longitudinal study. HRV: CVRR, SDNN, SDRR, Continuous ECG (two- Both power spectrum
et al. (2015) 2 females; age 52.0 Astronauts spent 1726 + | SDARR, RMSSD, HF, LF, VLE channel Holter 24 h) and normalized
4.2 years) 14.6 days aboard the IS, and ULF powers, and LF/HF spectrum power for LF,
Measurements: before flight; ratio HE, VLF and ULF as well
inflight (at the day 24 + 5, day as SDRR, SDARR and
73 £ 5 after launch and 15 + RMSSD reduced inflight.
5 days before return to Postilight, HF
Earth); and 36 and 100 days component remained
postilight lower

Abbreviations: BMI, body mass index; BPV, blood pressure variability; BRS, baroreflex sensitivity; CA, carotid artery; CO, cardiac output; CSA, cross-sectional area; CVRR, coefficient of
variation of RR, intervals; DAP, diastolic arterial pressure; ECG, electrocardiography; FA, femoral artery; FTA, fraction time active; GastV, gastrocnemius vein; HF, high frequency; HR, heart
rate; HRV, heart rate variability; IMT, intima-media thickness; IS5, international space station; JV, jugular vein; LA, left atrium; LF, low frequency; LF/HF, ratio, ratio of low frequency and high
frequency of heart rate variability; MAP, mean arterial pressure; MCA, middle cerebral artery; MCV, middle cerebral vein; MRI, magnetic resonance imaging; NN, intervals, normalized time
between two successive R-waves of the QRS, signal on the electrocardiogram; pNNS0, percentage of adjacent NN (R-R) intervals that differ from each other by more than 50 ms; PP, pulse
pressure; PV, portal vein; PWTT, pulse wave transit time; PWV, pulse wave velocity; RA, right atrium; RMSSD, root mean square of successive differences between normal heartbeats; RR,
interval, time elapsed between two successive R-waves of the QRS, signal on the electrocardiogram; SAP, systolicarterial pressure; SDARR, standard deviation of the set of averaged RR, intervals;
SDNN, standard deviation of the interbeat intervals for all sinus beats; SDRR, standard deviation of the R-R intervals; SV, stroke volume; SVR, systemic vascular resistance; TibV, tibial vein;
ULV, ultra-low frequency; VLF, very low frequency. (mean + standard deviation). [minimal-maximal).
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Subjects per study Sex (female/male ratio)

Age (years) Height (m) Weight (Kg)

BMI (Kg/m?)

SE 133 £ 156 029 +023 466 £ 3.0 175 £ 0.03 768 + 60 25114
cs 17.3 £ 130 0.14 £029 315£50 175 £ 0.05 716 £ 60 23513
AS 137 £58 033 £ 063 319£95 17so0n | 796 24219
‘ Total 14.6 £ 124 026 + 042 372£96 1.76 £ 0.04 748 £ 65 24317

Demographic characteristics for each study type and considering the three types together. Data are presented in mean + standard deviation. Abbreviations: AS, acute simulation; BMI, body mass

index; CS, chronic simulation; SF, spaceflight.
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Participants

10 healthy men (age 318+ 4.1 years: eight
1785 2 56 ami weight 745 = 56 kg BMT
236 12 kyn')

14 astronauts (11 males and 3 females age:
476 yearss BMI 264 + 3 kg/)

12 healthy men (age 34+ § years: height
175 4 6 cm: weght 70 + 12 kg)

12 halthy subjects (7 males and 5 females

2ge29(23-31] yeaes: heght 1.7 (171-1.90]

mi weght 80 2-90] g BMI 245 (20-25]
k)

9 heslhy men (age 246 * 20 years;height
1749 cm; weght 76 + 9 kg BMI 250 +
17 ki)

10 healthy men (age 269+ 55 years: eight
1510 2 7.8 cm: weight 765 81 kg)

10 heaihy men (age 34 + 10 years:heght
179+ 6 cms weght 55 + 7 kg B1 26 +

Thgm)

26 healthy subjects (20 males and 6 females:
age 3123 698 years height 17022 +
1923 cm weight 6 + 898 kg BMI27.22 +
376 kgim)

9 healthy men (age 25+ 24 years: height
153+ 6 cm; BMI 241 24 k)

11 astronauts (9 males and 2 emales;age
466+ 63 years; BMI 264+ 3 k)

11 healhy subjects (3 males and 8 females
34395 127-60) yeaes: heght 165 [157-196]
e weight 666 [505-1099] kg)

12 healthy men (age 26 + 6 years height
176 + 4 cm: weght 72.+ 11 kg)

healthymen (age 24+ 3 yars height 177+
2 cm: weght 69 + 2 kg)

20 healhy subjcts (10 males age 25 =
5 years BML 237 2 31 kg’ 10 females:
age 24+ 4 years BMI 222 + 2.1 kgin)

13 healthy men (age 59 years)

20 healthy subjects (11 males and 9 fenles
age 25 [22-29] years: BMI 227 (213-255]
k')

30 helthy male (age 24 + 387 years

15 healhy subjects (8 males and 7 females)

12 healthy men (age 263 2.9 years: height
1750 + 8.3 e weight 547 + 187 kg: BT
263 49 kym')

12 healhy men (age 263+ 29 years: eight
1760 + 8.3 cm weight 847 + 187 kg: BMI
263 49 ky/m)

14 healthy men (age 284+ 37 years: height
1789 2 5.5 ami weight 77 + 99 kg BMI
2002 28 kyim')

Study design

Beforeand-fter study. Subjcts were
exposed 102 h of DI, Messurements were
‘made ance before and after the procedure

Beforc and-after sudy. Subjcts were
exposd 0 40 min of 15" HDT.
Messurements were made befor the
procedurein sested and supine positions and
at the end of the HDT

Crossose stdy. Paricipants went to

experiments o two diffrent days and they

stayed for 1 in head-out waterimmersion
or 1 b in ambient ar at scated poston

Crose.sectionl sudy. Voluntecrs
participated in parsbolic ights with
31 parabolss, Esch parsbols contained an
nitial hyper.G phase (15G), the
microgravity phase and then the second
hyperG phase. Each phase lasted 225,
Messurements: Subjects were evaluated in
thecourseof 10 consecutive parsbols, i the
supine postarein five parsbolas and i sated
posturein the other five parabolas

Cross sectional. Paricpantsstayed a head
out wter immersion for 10 i,
Messurements: bascline, during water
immersion and afe immersion

Crossoser stdy. Paricipants performed
3 experiments on 3 diffeent days -6”HDT,
head-out wat immerson snd supine, with
30 min each. Messurements-basein,during
experiment and recovery

Crose.sectionl. Paricpants styed a hesd
out vate immersion fo  h Messurements:
baselin, during wate immersion and after

Befor.and-after study. Subjects stayed

10min atsupine position and then thy went

to.-30 HDT for 5§ min. Messurements were

made at the st 5 min of supine and during
the HDT.

Crossover study. Volunters wre exposed o
5 of HDT i four difernt moments, with
5 days between the sessions. Each sssion.
sartd vith 3 n supin position, olloeed
by one of the four experimental conditon
(-6 HDT, ~12" HDT, ~1§° HDT and -12'
HOT with 1% of CO,). Measurements:
eforeeach condition and at the 30 final
minutes in HDT

Longitadinal study. Before spacefght,
astronauts were cvluated o ssted and
Supine position and -15" KD for 45 min

Crosesectional study. Subjecs paticipted
in parsbolic lghs with 40 parsbols. Each
parabola contained an iniial byper.G phase
(18G),the alered graviy phase
(Martan-0256, lunae-017G, or
microgravity-0G) and the hyper-G phase
again. Each phase hsted 205 Measurements:
cfore and durin fight in supine poston

Crosesectional study. Subjecs participted
in parabolic fights with 31 parbolas, The
parsbola contained an iniisl hyper-G phase
(15G), the microgravity phase and then the
sccond hyper-G phase. Ech phase lasted 206
and there was an interal of 2 in in 1G.
betwen parabolas

Crosssectional sudy. Subjects participaed
in parabolic fighs with 31 parsbolas The
parabola contained an iniial byper.G phase
(156, the microgravity phase and then the
second hyper-G phase. Ech phase lasted 206
and there was an interval of 2 min in 1G
between parsbolas. There vere two.
experiment:the first one it tabe wssused.
1o determine the best angle to minimize
cental blood volume changes to 0G. The
angles varied from 0 to -16. The second
experiment used the determined angle (-2
HIDT) during the flights and the subjects
remained in supine posiion, while the
variabls of interest wer collected
throughout th experiment

Crossove study. Data ws collected in
supine posiion andin HDT (-3 and -6,
and fourevels of LENP. Each condiion had
5 min of duration and thee were § min
between them

Before-and-ate stdy. Partiipants sayed
for 10 min in supine position fllowed for
10 min in 25" HDT. Data coletion was
‘made befoe and a the 5 st minutes
of HDT

in parabolic fights ith 31 parsbolas, The

parabols contained an iniisl hyper-G phase

(156), the microgravity phase and then the

sccond hyper-G phase. Each phase lasted 200
and there was an nteral of 2 i in 1G.
between parabola and 58 min between

exch 5 ones. Measurements: data was
collected durng all the experiment insupine
position

Crossover study. Data wascollcted s supine

position; during 7 min of —1, -6 and -

DT, withan ntervalof 10 min between the
s and at recovery

Crossover study. Subjects were ealusted at
ive moments: at siting and supine posiion,
and at 15" HDT, with § min cach: and
10 min of HDT with two difeent leels of
LBN

Crosectomlstuy. The potowl comsidtedof-

7 langkes with 12 min of durion cachone:

45 HUT, 30 HUT, 15 HUT, sugine (0 -15°

HDT,-30 HDTand—45 HDT. Meauremenss

wer made st in sesed postion and durng
exchtitangk

Cros-ectonu stuy. The protool comisedof

7 tiltangks with 12 min o durion cachone:

45 HUT, 30 HUT, 15 HUT,sugne (0)-15°

HDT,-30 HDTand—45 HDT Measrements

wer made st n sesed postion and durng
exchtitangk

Crosssectional study. Subjecs paticipted
in parabolic fights with 31 parsbolas, The
parabol iitated with hyper-G phase
(156), the parial gravty phase
(Martian-038, unar-0.16G or
microgravity-0G) and then the second
yper-G phase. Each phase lasted 205, with
anintervalof 2 min in 1G between paabolas
and 5 min between cach 6 oncs.
Measurements: subjects were evaluated in
scated position and dta was collctd during
ol and partial grvity phascs

Acute simulation

Cardiovascular variables
evaluated

1V and PV volume, LVDV, LVSY, SV, CA blood
flow, PV CSA, MCA and MCV flow velocity

JV volume; PY CSA; MOV welocky

HI: SAP, DAP, PP and MAP; SAP varisbiliy:

brachia artery blood veociy and PMD; SVR:

CO: SV inferior ver cava diamete, LV 3nd
atriom diamete, and fraction shortening

SAP, DAP and MAP;HE; SV; CO; cardic index
(COMbody surface aea); SVR: propertion of
perfused vesel, perfused vessl densiy,total
vessl density, number of crosing and perfused
‘umber of rusings

MAP: HR: CO;SV: MCA and PCA veocity; CA
diameter and velocity

R intevalst HRV (LF, HF and VLF): LE/HF
atios SAP and DAP: BRS

HR:SAP,DAP and MAP: calfand forearm blood

flow and vascularresistance; CO: SV SVR: HRV

LF, HE, LE/HE ratio, RMSSD and SDNN; BRS
and enropy.

R inervls; HRY total power spectrum:
RMSSD: HF, LF, VLF and LF/HF ratio

CA, verebral atery and JV blood flow, bood
fow elocity and CSA SAP, DAP and MAP:
and HR

SV; CO; HR: SAP, DAP and MAP:JV pressre,
CSA and bood flow

IV pressure

SAP and DAP; HR: CO; SV; MCA velociy: toal
vasculr conductance cencbral perfusion
pressues centralarteral presure: thoracic

impedance

Caroid baoreflex: HR: MAP: stimated carotid
Sinus pressure and thorcic blood volume.

IV CSA and opicl attenuaton

HRV LF and HF; heart priods SAP; predicive
enteopy, oin tranfe entropy and self-entropy

(Central aortc and perpheral SAP and DAP:
cardia index; HR: SVR: Als; PWY.

SAP, DAP and MAP: CO; SV; HRV HE, LF and
LEHF ratio

IV CSA: MAP; and HR.

HR SV; CO; SVR: SAP: DAP: rate pressure
product; SDNN: RMSSD: HRY triangulae index;
L, HF and LEHF ratio; BRS gain

CA and IV CSA, and IV pressuee

HRV: NN intervals SN, RMSSD, pNNS0, LF

and HF powers and normalized units; LETHF

atio BPV: LFand HF powers LF/HE ratio: SAP,
DAP and MAP.

Echography and Dopplr utrasonography

Doppler ultrasonography

ECG, dighal infrared photoplethysmography
and Doppler ltasonography

Digial infrared photoplethysmography and.
idestream dark field microscopy

Digial infrared photoplethysmography and.
Doppler ltrasonogaphy

5CG and digial nfrared
Photoplethysmogaphy

ECG, digtsl nfrred photoplethysmography
and senous occlusion plthysmography.

ECG

MBI, digital nfared photoplehysmography
and ECG.

Blood presure xcllomety vein prss
compresson soograhy and Dopplr
ultrasonography

Vein prss compresson sonography.

Digial infrared photoplethysmography and.
‘ranscranial Doppler ulrasanography

Digial infrared photoplethysmagraphy.
tetrapolr high-resolution impedance
‘monitoring and 2D.-echocardiography

Doppler utrasonography

ECG

Blood pressur oscllometey snd digisl
nfrared photoplethysmography

ECG and tonometey

Doppler utasonogaphy

Digial infrared photoplethysmography.
ECG and gas rebreathing technique

Ulesonogeaphyand veinpressompression
sonography

ECG and digil infrared
photoplthysmography

Main outcomes

LVSYV and CA blood flow reduced.V and

P volume incressed. MCV flvs velocity

incecased bt thre s  arge individusl
vaiabily

IV volume inceased with HDT compared
o bsclne both in seted and supine
posiions

€O and SV increased. SVR and SAP
variabilty LF diminished. LV and atrial,
Togwith ineror vena cava, incresed the
amete during immersion. Brschial
artery dameter and blood flow increased

There were significant satstical changes
only in scated poston. SAP and DAP
decressed vith weightlessness, CO
incressed in micro and hypergravty
while HR incressed only n ypergravity

phase, SV diminished in microgravi

MCA and PCA velocies incrased
during immersion as well as CCA
dameter. MAP, CO and SV alo cevated
during immersion, and HR decressed

RR intervals, HF and BRS increased
duringallconditions, while DAP and SAP
dcreased. LF, VLF and total pover
spectrum incressed at rcovery. BRS.
returned to baslin values a recovey

SAP, SV decreased,and calf blood flow
decreasd after DI, while venous
resistanc incressed

LF reduced during HDT

IVCSAinaesmed it HDT, mainy at 1.
Aneres CSA had a sight incrase at 1§
HDT and CA shoed vaodision at this
condifn CA blod flov vebity dcrssod
306,12 and-15. V blood fow sy
abodearasl 117 and 15, Toalarel
inflos s fom baeine to al HDT
anges witha mior deese i 12 anda
trend towardicraseflow fom-17 o- 1.
“The same rasponse s notsd wit sl
venous outlo. SAP, DAP and MAP.
inaso from bsslineat 63 MAPandSAP
il st-12 and MAPsnd DAP at -1

SV and CO inceased with DT, whik HR
desremed. [V CSA and prosure wer:
sgniicnly clewed dring HDT

IV pressuce was cleated during 0G:
compared to 1G. At lunar graviy, IV
pressure als incresed, but les than at
G, There was a rend,in which [V
pressre incresss a5 gravity decreases

Theeack: inpecdance deceaed during
microgmity SV, CO,crtraland pesphasl
BPandtotd vascukr conducanceincresed
300G phase. HR showed a decease from.
ypr to micograviy. MCA vebcty
sradusly deaeaed in mirograviy phac,
whiecerbal presure perusonandcant
s presure incesed

Experiment 1-There ws 3 signficant
effct o it angle i thoracc blood
volume and distolc heart volume from
16 10 0G. The chosen it angl was -2
Experimental 2-MAP incresed during
microgravty phas, a5 el s carotid
sinus pressue and carotid barorelex (or
maximal grain)

Both IV CSA and optical atenuation
incressed ith HDT compared to
baseline, bu there was no difference
betwen -3 and 6" of HDT.

HE increased during HDT, while LF
educed. Predictive entropy and self
entropy aso decteased with HDT.

When shifing from 16 10 0G, central

SAP and cardise index increased, while

SVRandPWY decressed. In microgavity

phases, peripheralSAP decreaed, and HR
Shoved a decresse

Nodiffrence was found beween basline
and 4" HDT. SAP and DAP were higher
st -6 and 5. MAP, HF, SV and CO
Values were clvated only at -6 HF
dcressed st -8 LF dcressed only st -6
LFHE ratio decreased at 6" and
incressed at -8 CO was igher a -8
compared to baselne and -6”

IV CSA was levated during HDT

HRand SVR redcad withincrasing HDT,
whie SV and CO el Rake presire
praduct, SAP and DAP dimsnished with

incrasing HDT snd difee fron sl

SDNN, RMSSD, HRY triangulr i, LF.

HF andBSinceaed with DT anges LF/

HE i rediced

Both CA and IV CSA, and IV pressire
increased vith HDT angles

Atmicrogravity and lunae graviy phses,
NN intrvals, SAP and DAP decreasd.
HRY and BPY were higherduring 0G and
lower 3 gravity increased,shoving a.
negative corrltion beween HR and
raviyleels,for SONN, RMSSD,
PNNSO, LF and HF

ex; BN, by mass ndex; BRS, barorele sensithvity, CA, carotidatey; CO,cardiac oput; CSA,cross-sectonalres; DAP, diatolic rterial pressur DI, dryimmerson: ECG, dlectrocadiography: FMD, flow-medited dilaion:
HE,high frequency:HR, heart rates HRY, heart ate varibiliy: V., jugula vein LF, low frequency; LETHE, ot of o requency and high frequency of heart rate variabily LV, et ventrces VDY, Lfventiledasolc volume:

LVSV, left ventice sstolic volume MAP, mean arteral pressr MCA, middie cerebralatey; MC, middle cerebralvin: MRI, magetic esonance imaging: NN, inervls normalized time between twosuccesive R-waves f the QRS, signal on th lectrocardogram:

PCA, posterior cerebeal artery; pNNS0, percentage of adjacent NN (R-R) intervals tha

it V. Sar T froebes: Disii & vl ditia Tosanial conchinalt

e from cachother by more than 50 ms; PP, pue pressur; PV, portal vein: PWY, plse wave velocitys RMSSD, root mean squareof suceesive diferencesbetween normal

hearbeats; RR., iteral, time elapsed between two successve R-vaves ofthe QRS,signal on the elctrocardiogramy SAP, systlc arteral pressure; SN, standard deviation oftheinerbeat iterals fo all sinus beats SV, troke volumes SVR, systemic vascular
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