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Gravity plays a crucial role in physiology. The lack of gravity, like in long duration spaceflight missions, cause pathologies in e.g., the musculoskeletal system, cardiovascular deconditioning, immune system deprivation or brain abnormalities, to just mention a few. The application of artificial gravity through short-arm human centrifugation (SAHC) has been studied as a possible countermeasure to treat spaceflight deconditioning. However, hypergravity protocols applied by using SAHC have also been used to treat different, ground-based pathologies. Such gravitational therapies have been applied in Uruguay for more than four decades now. The aim of this overview is to summarize the most important findings about the effects of gravitational therapy in different, mainly vascular based pathologies according to the experience in the Gravitational Therapy Center and to discuss the current research in the field of hypergravity applications in medicine but also as multisystem countermeasure for near weightlessness pathologies. New insight is needed on the use of hypergravity in medicine and space research and application.
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1 INTRODUCTION
Gravity (g) plays a vital role in physiology. Near weightlessness in long duration spaceflight, causes pathologies such as severe loss of bone density and skeletal muscle strength, cardiovascular deconditioning, immune system deprivation, changes in brain morphology, reduced cognition or changes in vision (Paez et al., 2020; Roberts et al., 2017; Stepanek et al., 2019). Increased gravity (hyper-g) on the other hand is experienced by pilots of high-performance aircraft who are trained to undergo short periods of 8–9 g using dedicated training centrifuges. Centrifuges generating artificial gravity (AG) have been and still are being explored as multi-system countermeasure/therapeutic devices for the earlier mentioned spaceflight related pathologies for future long-duration spaceflights. However, AG exposure through SAHC has been used as a therapeutic procedure called Gravitational Therapy (GT) in Uruguay for more than 40 years now. It has been applied for the treatment of different vascular based pathologies such as peripheral obstructive arteriopathies, coronary artery disease, lymphedema, Raynaud phenomenon, among others with very successful results (Isasi et al., 1986a; Isasi et al., 1986b; Isasi et al., 1990a; Isasi et al., 2001). Besides, SAHC was also used as a treatment for obstructive peripheral arteriopathies in a Russian facility at Samara State University (Makarov and Lukashou, 2018) and more recently as a promising physical rehabilitation approach for other medical conditions (Kourtidou-Papadeli et al., 2021a; Kourtidou-Papadeli et al., 2021b). The aim of this overview is to summarize the most important findings about the therapeutic effects of GT through SAHC in different vascular based pathologies mainly according to the experience in the Gravitational Therapy Center in Uruguay and to discuss the current research in the field of AG applications in space research.
2 HYPERGRAVITY IN MEDICINE AND SPACE FLIGHT
It was the Dutch mathematician Christiaan Huygens who first introduced the term “centrifugal force” in his 1659 work “De Vi Centrifuga”. In human research and application, one of the very early predecessors of the current short arm centrifuges was probably the Cox’s chair described more than two centuries ago in his book “Practical Observations on Insanity” (Wade, 2005). Also the later work by Halloran and his application of a circulating swing used in clinical medicine in treatment of mental health issues laid the ground works for rotating devices in human medicine (Breathnach, 2010).
2.1 History of gravitational therapy in Uruguay
In late 1940s cardiologists Dr. E.J. Isasi and Dr. R. Velasco Lombardini built a first human centrifuge in Uruguay with the aim to explore a possible physical procedure to reduce arterial hypertension. This application of AG was inspired by works emerging from the Royal Canadian Air Force in Toronto published by Franks, Kerr & Rose (Franks et al., 1945a; Franks et al., 1945b). At that period in time there was no medication to treat this condition, as it was before the widespread use of Rauwolfia derivatives, vasodilators (hydralazine) and peripheral sympathetic inhibitors (guanethidine) (see review (Moser, 2006)). Some preliminary successful results on patients with arterial hypertension and peripheral arteriopathy disease (PAD) were communicated in national scientific meetings in the mid-1950s (Velasco-Lombardini and Isasi, 1951). The centrifuge was no longer used until mid-1970s when cardiologists Dr. M.E. Isasi and Dr. E.S. Isasi began to explore the effects of AG in different cardiovascular pathologies. In 1979 they devised a new centrifuge that was later patented in Uruguay, Argentina and United States (Figure 1A). With this new system they founded the Gravitational Therapy Center (GTC) in Montevideo, Uruguay, in that same year. To date the GTC still receives patients referred from different medical institutions for the treatment of various vascular based pathologies.
[image: Figure 1]FIGURE 1 | Centrifuge as currently used at the Gravity Therapy Center (GTC) in Montevideo, Uruguay. (A) Configuration of the nearly 2-m diameter centrifuge used for GT sessions at the GTC. A maximum of 4 patients can be accommodated in one session. (B) An example of a g profile used nowadays. The profile might be adapted based on patient’s tolerance, medical condition or age. (C) Gravity gradient over the patient’s 180 cm tall body when exposed to a maximum of 6 g or 2 g in a 2-m diameter system. Note that for the 6 g system the g at heart level is ∼1.95 g and at the level of the inner ear/vestibular system nearly 0.96 g. For the 2 g this is 0.65 and 0.32, respectively.
2.2 GT protocol
M.E. Isasi and E.S. Isasi have developed hypergravity protocols in which subjects are placed on a human centrifuge (US patent 4,890,629) in supine position with the head towards the axis of rotation (Figure 1A) and are exposed to accelerative and decelerative profiles (+Gz) from 0 to a maximum of 6 g at foot level with a rapid onset to the peak of acceleration and a rapid ramp back (Figure 1B) (Isasi et al., 2001; Isasi et al., 1986a; Isasi et al., 1986b; Isasi et al., 1992a; Isasi et al., 1992b; Isasi and Isasi, 1992; Isasi et al., 1992c; Isasi and Isasi, 2007; Isasi et al., 2007; Isasi et al., 2014).
By this procedure a gradient of g levels is imposed from head to feet (Figure 1C) (Isasi et al., 2014) although in the very first centrifuge and protocols patients were exposed seated, as was based on aerospace pilot centrifuge protocols. In some protocols g profiles could reach up to 6 g at foot level during seconds in trained patients. Nowadays, most protocols applied use g profiles between 1.5 and ∼2.5 g at foot level during longer periods in a total of 1-h treatment. These lower g levels are very well tolerated in most patients of a broad age range from both sexes and with beneficial therapeutic effects (Figure 1B). After some training sessions, patients receive in average 1-h session, 1–3 times/week to complete at least 20 sessions. Importantly, the number of sessions and the maximum g level reached may vary according to each patient condition (e.g.: age, medical condition, tolerance) (Isasi et al., 1990a; Isasi et al., 2007; Isasi et al., 1992a; Isasi et al., 1992b; Isasi and Isasi, 1992).
By means of safety belts, patients are strapped with their head close to the center of a nearly 2 m-radius centrifuge. Patients are provided with an eye cover and they are asked to avoid moving their heads during centrifugation to avoid Coriolis effects. The clinical assessment and arterial blood pressure measurement is always performed before and after GT protocol. Currently, ambulatory electrocardiogram and blood pressure monitoring during centrifugation are also used. A physician and assistant are always monitoring patients during centrifugation in case any patient requests to stop centrifugation by raising the hand or speaking out loud. Over more than 40 years, GT has demonstrated to be a safe and well tolerated therapeutic procedure, without significant side effects in the conditions applied. There were only sporadic transitory states of dizziness or nausea observed when the patient is not yet used to the procedure, so, the training of patients is important for better tolerance and continuity of the treatment.
2.3 Decades of studies on the effects of centrifugation on different pathologies
2.3.1 Peripheral artery disease (PAD)
By continuing the initial observations on the effects of centrifugation on PAD patients a study to rehabilitate patients with peripheral obstructive arteriopathies was initiated. 35 patients with intermittent claudication (Fontaine stage II) were exposed to hypergravity protocol during 30 min, 3 times/week during 20 weeks. Functional recovery was measured by the total walking distance and the duration of bicycle tolerance at 150 kgm/min at baseline and after 15, 30 and 45 hypergravity sessions (Isasi et al., 1986a). A very significant improvement in functional capacity was observed with the greater number of hypergravity sessions (Figure 2A). Interestingly, static radionuclide angiography of thighs and calves performed before and at the end of the study revealed a greater blood circulation in the lower limbs of PAD patients which correlated with the functional recovery (Figure 2B). In another study of 10 male patients with PAD, a daily protocol of GT was applied during 30 min along 4 weeks. A significant increase in walking distance, sural triceps test score and reduced ischemic pain was observed after 4 weeks (Isasi et al., 1990b). Thus, GT improved PAD patients by abolishing muscle ischemic pain and recovering the functional capacity due to an increase in the collateral circulation (Isasi et al., 1986a; Isasi et al., 1990b).
[image: Figure 2]FIGURE 2 | Evolution of patients with peripheral artery disease with gravitational therapy. (A) Functional recovery of 35 PAD patients with intermittent claudication (Fontaine stage II) evaluated through total walking distance (left chart) and bicycle tolerance at 150 kgm/min (right chart) following GT sessions. Note the significant improvement in both parameters evidencing functional recovery following GT sessions. (B) Static radionuclide angiography of calves and feet of a 57-year-old male patient with PAD before (left image) and after GT rehabilitation (45 sessions) (right image). Note the increase of blood circulation in the lower limbs. Adapted from (Isasi et al., 1990a).
2.3.2 Coronary artery disease (CAD)
GT has also been studied in patients with CAD since mid-1970s, showing a significant improvement in functional capacity and in exercise tolerance as well as reduced angina pectoris (Isasi et al., 2000a). In a study of 20 patients with CAD, with mild or moderate hypertension, with or without angina pectoris and with ST depression >0.2 mV, exercise bicycle testing was assessed before and after one GT session. The treatment resulted in a significant decrease in ST depression and increase in exercise duration without angina pectoris (Isasi et al., 2000a). This acute effect following one hypergravity exposure might indicate increased myocardial perfusion. In another study of 30 patients with proven CAD and 10 healthy volunteers (HV), endothelial cells (ECs) were counted in venous blood smears stained with May-Grünwald–Giemsa over 100 white blood cells (WBC) obtained before and after only one GT session. Very low or undetectable ECs were observed in the control group at baseline and after one hypergravity protocol (ECs/100 WBC: from 0.4 ± 0.5 to 0.7 ± 0.6). In turn, CAD patients showed a significant increase in ECs (ECs/100 WBC: from 4.27 ± 4.09 to 11.5 ± 7.55) (Isasi et al., 1998a). In addition, CAD patients did also show a statistically very significant increase in ECs number with respect to HV at baseline which is consistent with the literature that show increased number of circulating ECs associated with cardiovascular disease and its risk factors, such as unstable angina, acute myocardial infarction, stroke, diabetes mellitus, critical limb ischemia and related diseases (Boos et al., 2006; Deb-Chatterji et al., 2020; Schmidt et al., 2015). Thus, taken the results on PAD and CAD patients, it is feasible that GT would induce sustained vasodilation, increase endothelium turnover and collateral circulation.
2.3.3 Lymphedema
In the 1980s the GTC began a study on the possible effect of centrifugation on lymphedema patients (Isasi et al., 1986b). Lymphedema is a progressive pathological condition of the lymphatic system that involves the accumulation of protein-rich fluid, inflammation, swelling and subsequent induration and fibrosis that cause disfigurement of the affected region, decreased mobility and function (for review see (Warren et al., 2007) and (O'Donnell et al., 2020)). In a study of 30 patients with primary or secondary lymphedema due to surgical procedures, irradiation therapy, erysipelas infection or chronic venous insufficiency affecting only one lower limb (26 pts, 87%) or both lower limbs (4 pts, 13%) and 10 HV received a subcutaneous injection of 1–1.5 mCi of 99mTc Sb2S3 colloid into the foot first interdigital space. Gamma camera images (5 min-static images) were taken from the injection site and the abdomen immediately after and at 1, 2, 3 or 4 hs post-radionuclide injection in patients in supine position (Isasi et al., 1992a). In 1 g control conditions, the radionuclide liver uptake occurred at 3 hs in 10 (100%) HV and 26 (87%) lymphedema patients and at 4 hs in 4 (13%) lymphedema patients (Isasi et al., 1992a). In a second session using the same protocol but now including a hypergravity protocol (accelerative and decelerative profiles, 0–6, + Gz) exposure of 20 min, showed that in 10 (100%) HV and 28 (93%) lymphedema patients radionuclide liver uptake was observed already at 1h, in 1 (3%) patient at 2hs and in 1 (3%) patient at 3hs after tracer injection (Isasi et al., 1986b). Interestingly, in another study of 20 patients (3M, 17F, mean age 50 yrs old) and 10 HV (3M, 7F, mean age space, 48 yrs) two lymphoscintigraphic studies were performed at baseline and after centrifugation, without medication or after taking cyclooxygenase (COX) inhibitors (aspirin 500mg/8hs, indomethacin 25 mg/8 hs) starting 48hs prior to the study. Results showed that COX inhibitors delayed (2–4+ hs) the radionuclide liver uptake significantly in HV and lymphedema patients while without medication the liver uptake was observed at 1 h in 10 HV and 18 patients and 2 h+ in 2 patients after centrifugation (Isasi et al., 1990a; Isasi et al., 1992c). Thus, the hypergravity protocol applied constitutes a mechanical stimulus that accelerated the lymphatic drainage and the liver uptake of tracer in HV and patients and involved a mechanism related to, at least in part, prostaglandin synthesis (Isasi et al., 1990a; Isasi et al., 1992c). The relationship between endothelium derived prostanoids and the modulation of lymphatic tone, flow resistance, and lymphatic function has been documented in other papers (Gashev and Zawieja, 2010; Koller et al., 1999).
Patients with Primary or Secondary Lymphedema treated with GT showed reduced edema, improved mobility, reduced the frequency of erysipelas episodes, improved the quality of the skin and the sensitivity of the lymphedematous limbs (Isasi et al., 2001; Isasi and Isasi, 2007) (Figure 3). In a study that recorded the evolution of 275 lymphedematous limbs from 161 patients (138 F, mean age 50.6 ± 18 yrs and 23 M, mean age 42 ± 20 yrs) suffering from Primary or Secondary Lymphedema that were treated with an average of 20 GT sessions (two to three sessions/week) and a maintenance therapy of a minimum of 10 sessions annually, showed that 195 pts (71%) reduced more than 50% of the lymphedematous limb volume, 56 pts (20%) between 30–50% of the volume and 24 pts (9%) less than 30% of the limb volume (Isasi and Isasi, 2007). After GT, adequate elastic support maintained the successful results. Although lymphedema cannot be completely cured, GT has demonstrated to significantly reduce edema and functional disability of the limb, improving the quality of life of these patients.
[image: Figure 3]FIGURE 3 | A lymphedema patient with gravitational therapy. A 48-year-old female patient with a severe lymphedema affecting left lower limb after 13 years of numerous erysipelas episodes (left). After 5 weeks of initiating gravitational therapy (10 sessions) there was a significant reduced edema (right). She could wear trousers and could sleep without the limb elevated. The leg perimeter had reduced from 70 to 29 cm, the quality of the skin improved and she did not repeat erysipelas.
2.3.4 Complex regional pain syndrome (CRPS)
GT also has beneficial therapeutic effects in patients suffering from Complex Regional Pain Syndrome (CRPS) (Isasi et al., 1990c; Isasi et al., 1999). CRPS type I, also formerly known as reflex sympathetic dystrophy (RSD), has been described as pain that a patient feels which is disproportionate to the inciting event and is associated with autonomic dysfunction, swelling, dystrophic skin changes, stiffness, functional impairment and eventual atrophy (Neumeister and Romanelli, 2020). This disease affects musculoskeletal, neural and vascular structures and may be presented as continuing pain, allodynia or hyperalgesia, changes in skin perfusion or abnormal sudomotor activity and also thermoregulatory dysfunction with distinct vascular dysregulation patterns (Neumeister and Romanelli, 2020). In fact, changes in vascular sensitivity to cold and circulating catecholamines may be responsible for vascular abnormalities and may be associated with an abnormal (site dependent) reflex pattern of sympathetic vasoconstrictor neurons due to thermoregulatory and emotional stimuli (Baron and Maier, 1996). In a study of 26 patients (5M, 21F, mean age 42 yrs old) suffering from RSD triggered by trauma (22 pts) or by surgery (4 pts), patients were exposed to centrifugation (+Gz, 0–6g, 1 h) daily. The number of sessions was dependent on patient’s response (from 2 to 20 sessions). Assessment of patients was performed by clinical evaluation, digital photoplethysmography and static radionuclide bone images. In 25 patients (96%) there was a dramatic pain relief and improvement in vascular response. Radionuclide bone images persisted positive in spite of the clinical improvement and good vascular response (Isasi et al., 1990c). Importantly, GT seems to be an effective therapy in the acute but not in the chronic stage of CRPS I (Isasi et al., 1999).
2.3.5 Secondary Raynaud’s phenomenon and systemic sclerosis
Secondary Raynaud´s Phenomenon (RP) is associated with Systemic Sclerosis (SSc) and it is a vasoconstrictive response associated to endothelial dysfunction that is present in approximately 95% of patients with SSc (Meier et al., 2012). SSc is a progressive autoimmune connective tissue disease characterized by vascular abnormalities and fibrosis of the skin, joints and internal organs (Cutolo et al., 2010; Denton and Khanna, 2017; Quinlivan et al., 2020). Given that microvascular damage and endothelial dysfunction underlies SSc and that GT has shown beneficial effects on vascular diseases by inducing sustained vasodilation through prostacyclin release and by increasing endothelium turnover (Isasi et al., 1998a), GT was postulated to be beneficial in SSc patients. In a study of 46 patients (6 F, 40 M, mean age 48 ± 14 yrs old) with SSc that received GT, 3 times a week during 6 weeks, patients showed increased pulse wave amplitude and very significant increased ECs in venous blood smears after GT. Also, SSc patients showed a very good clinical evolution by reducing ischemic pain, less frequent Raynaud´s attacks and by healing digital ulcers avoiding, in severe cases, the digital amputation (Figure 4) (Isasi and Isasi, 2004). In this study the follow-up period was 37 ± 14 months and all patients received between 10 and 20 hypergravity sessions prior to winter as a maintenance therapy. With respect to skin fibrosis, SSc patients showed a clear improvement after GT. In a former study with 20 SSc female patients that received GT, skin sclerosis was assessed by the % of skin involvement applying the “rule of nines” as in burns and by a clinical skin severity core (CSSS) rating the thickness of the skin from 0 to 3+ in 15 areas of the body. In this study, the mean skin scores at the entry versus the end of GT were 50.21 vs. 19.80 for % of skin involvement and 22.72 vs. 9.16 for CSSS, showing an improvement in skin fibrosis (Isasi et al., 1998b). In addition to the beneficial effects reported on RP, digital ischemic lesions and skin fibrosis of SSc patients (Isasi et al., 1998b; Isasi et al., 2000b; Isasi and Isasi, 2004), digestive symptoms, mouth opening, mild esophagitis and esophageal hypomotility, did also improved after GT (Isasi et al., 2006). In addition to SSc patients, patients with localized scleroderma (morphea) or linear scleroderma did also show a significant improvement with GT. Six patients with linear scleroderma of upper or lower limbs (4F, 2M, mean age 16.0 ± 7.8 yrs old) that received GT over 3 months, showed a significant improvement in skin score, reducing sclerosis, regaining muscle strength and mobility of the affected limb (Isasi et al., 2007). In a more recent work that communicated the evolution of 90 patient (76F, 14M, mean age 50 ± 14 yrs old) with RP and SSc that had digital ischemic lesions (150 fingers with digital ulcers and 53 with critical ischemia) recorded at the entrance of therapy, received GT 2–3 times/week during 6–8 weeks. After rehabilitation, most patients received a maintenance therapy of 10–20 sessions annually. Most patients (98%) with digital ischemic vascular pain achieved complete pain relief after two to three hypergravity sessions and could refrain from opioid analgesics. In addition, frequency of RP attacks and severity was reduced, improving skin color, temperature, sensitivity and mobility because of reduced edema in hands. At the beginning, 33 patients had 53 fingers with critical ischemia and after GT, 31 patients (94%) completely healed the ischemic lesions while 2 patients (6%) suffered distal digital amputation during treatment. No adverse effect occurred in any patient exposed to GT during the follow-up period of 4.56 ± 3.18 years (Isasi et al., 2014). This study showed that GT had significant beneficial effects preventing the use of aggressive treatment such as potent vasodilators, opioid analgesics and even hospitalization in cases with severe digital ischemic lesions. This mechanical/biophysical stimulation of the macro‐ and micro vasculature seems to be in line with a more recent study by Mitropoulos et al. (Mitropoulos et al., 2018) which suggest that 12 weeks twice a week of high intensity arm cranking training has the potential to improve the microvascular endothelial function in SSc patients. Also, our own work with ECs exposed to hypergravity (Szulcek et al., 2015) and work by others (Maier et al., 2015) show a direct effect of gravity on ECs.
[image: Figure 4]FIGURE 4 | Two examples of patients with severe secondary Raynaud´s phenomenon treated with gravitational therapy. (A) A 36-year-old female patient with severe secondary Raynaud’s Phenomenon. Before treatment, severe vasoconstriction (pallor and cyanosis) and puffy fingers (left image). After gravitational therapy patient showed a remarkable improvement in blood circulation of both hands (right image). (B) A 44-year-old female patient diagnosed with mixed connective tissue disease that presented a 10-days- history of painful fingertips ischemia and necrosis in both hands (left image). The ischemic pain was so severe that kept her awake all night long. After one week of gravitational therapy pain reduced dramatically and she did not take analgesics any longer. After 20 weeks of gravitational therapy the fingers were completely healed (right image).
2.4 Biological effects of GT
Applying a GT protocol showed a vasodilator effect assessed with digital photoplethysmography at 5, 15, 30 and 60 min after centrifugation in patients and HV and it was abrogated with the use of COX inhibitors such as aspirin (500 mg/8 hs) or indomethacin (25 mg/8 hs) starting 72 hs prior to centrifugation (Isasi and Isasi, 1992; Isasi and Isasi, 1996). These initial results obtained led to study levels of 6-keto prostaglandin F1 alpha, a prostacyclin active and stable metabolite, in venous blood samples of 30 patients with coronary artery disease (CAD) and 4 controls. In control subjects this resulted in a statistically significant increase from 241 ± 50 pg/ml to 535 ± 76 pg/ml and in CAD patients from 167 ± 43 to 359 ± 79 pg/ml after only one GT session of 1 h (Isasi et al., 1998a). This suggests that the hypergravity protocol would induce a vasodilator effect dependent on prostacyclin synthesis and release. In addition, GT would have other important biological effects considering the multiple properties of prostacyclin such as the inhibition of platelet aggregation or white blood cells adhesion (Moncada, 2006). On the other side, data from basic spaceflight related research suggest that SAHC providing mild hyper‐g (1–2 +Gz) results in a gravitational‐induced rise of transmural pressure leading to constriction of resistance vessels that contribute to the maintenance of the mean arterial pressure as well as microvascular blood pooling contributing to soft tissue capacitance in the lower extremities (Watenpaugh et al., 2004; Habazettl et al., 2016). Although this acute effect of vasoconstriction in the lower extremities occurs during the acceleration phase at + Gz exposure due to high transmural pressures, in the deceleration and re-adaptation phases, the microvascular flow is recovered and enhanced as was demonstrated by digital photoplethysmography at different times after centrifugation (Isasi and Isasi, 1996). Importantly, given that the endothelium lining small and large blood vessels is an important tissue sensitive to e.g. shear stress/mechanical stimulations during the hyper-gravity and the re-adaptation phases of the treatment, it has been speculated that ECs might play a central role in the therapeutic effects observed (Isasi et al., 1998a). In this sense, it is possible that enhanced hemodynamic forces generated by GT would induce the synthesis and release of other biologically active substances such as nitric oxide (Isasi et al., 1998a), the increased expression of growth factors and cytokines and the modulation of endothelial gene expression in analogy with shear stress effects on the endothelium (Ando and Yamamoto, 2009; Davies, 2009).
Other possible mechanisms involved might be the process of vasomotion and underlying processes in small arteries. Vasomotion is modulated by changes in transmural pressures in small blood vessels (Gustafsson, 1993) but also lymph vessels show vasomotion related to lymph-induced transmural pressure and flow rate (Helden and Zhao, 2000; von der Weid, 2001). On a more molecular level, possible modulations of the tyrosine phosphorylation pathway involved in cellular signaling in arteriolar myogenic constriction (Murphy et al., 2002) might be relevant in the effects of GT. It might even be speculated, since the latter is also mentioned to be related to SSc, that protein tyrosine kinases might play a role in GT since they are known players in SSc disease pathogenesis (Sacchetti and Bottini, 2017).
2.5 Ground-based applications of short-arm human centrifugation with therapeutic benefits
There have been specific applications using centrifuges for the treatment of medical issues in the past but most seemed not to have developed into a more elaborate use. A case report from 1966 mention the use of a centrifuge at the Mayo Clinic (United States) to treat a retinal detachment. The patient was placed in different positions on the centrifuge and exposed to g levels between 2 and 2.7 g (Neault et al., 1966). Apparently, the Mayo Clinic had a human centrifuge available in that period so it is to be expected that it was also used for other treatments.
In another case report the centrifuge at NASA Ames (Moffett Field, United States) was used to relocate a bullet fragment in the brain of a 63-year-old male assault victim into a fixed position. A procedure was applied where the patient was positioned mainly towards the center of rotation and was exposed to a g profile with a maximum load of 6 g and the acceleration acting along the patient Gx, Gy and Gz axis being 5.1, 2.6 and 0.9 g, respectively. The total procedure lasted 58 s (Pelligra et al., 1970).
There are also reports from the Samara State Medical University (Samara, Russia) on the successful treatment of patients with chronic lower limb ischemia stage II with the support of a short arm centrifuge (Figure 5A) (Galkin et al., 2003; Makarov, 2003; Makarov and Lukashou, 2018). Unfortunately, most of these reports have not been published in international journals.
[image: Figure 5]FIGURE 5 | Some examples of short arm centrifuges used in treatment and in support of various space flight programs as countermeasure against microgravity related pathologies. (A) One-person gravity therapy centrifuge at the Samara State Medical University, Russia (Orlov and Koloteva, 2017). (B) Upgraded SAHC from European Space Agency, ESA, at the Olympic Sport Centre Planica, Slovenia (image ESA & Jozef Stefan Institute Slovenia/©K. Bidovec & A. Hodalič). (C) Centrifuge at: Department of Health Technology, Space Institute of Southern China, Shenzhen, Guangdong, China. (D) NASA short radius centrifuge currently being re-installed at Texas A&M University, United States (Arya et al., 2007). (E) Short arm centrifuge at the Institute for Biomedical Problems, IMBP, Moscow, Russia. (F) Human Centrifuge at the:envihab center of the German space agency, DLR near Cologne, Germany (Frett et al., 2014).
Very recently a SAHC has been proposed as a robust countermeasure to treat deconditioning and seems to be a promising physical rehabilitation approach towards the prevention of musculoskeletal decrement due to confinement and inactivity. Studies from Kourtidou-Papadeli et al. (Kourtidou-Papadeli et al., 2021a; Kourtidou-Papadeli et al., 2021b) show significant changes in heart rate variability, cardiac output, cardiac index, cardiac power and mean arterial pressure at different AG levels as compared to standing position by using a protocol with a +Gz force up to 2 g at foot level. Interestingly, SAHC applied as a 4-weeks training program including three weekly sessions of 30 min of intermittent centrifugation at 1.5–2 g in a 54-year-old male patient with multiple sclerosis (MS) showed significant improvement in cardiovascular parameters, muscle oxygen consumption and MS-related mobility disability and balance capacity (Kourtidou-Papadeli et al., 2021b).
2.6 Artificial gravity in space flight
That the lack of gravity during orbital space flight might not be compatible with human physiology was already recognized by the Russian mathematics teacher and space pioneer Konstantin Tsiolkovsky (1857–1935). He was probably one of the first to perform serious engineering work on human space travel and he drew the concept of generating AG by rotating the complete spacecraft where humans could maintain a proper physiology, and thus survive, in outer space. This concept was elaborated upon by the Slovenian army officer Herman Potočnik published in 1929 (Noordung, 1929) and the well-known torus-shaped station from von Braun is also a large-radius rotation space station, published in 1952 (see for overview of space stations (Logsdon and Butler, 1985)).
Current research regarding AG and its application in long duration space missions is very much focused on relatively short-radius centrifuges. The dimensions of such short-arm human centrifuges are driven by the limited diameter of current spacecrafts’ hull. See examples of such centrifuges in Figures 5B–F. In light of a possible multi-system countermeasure for microgravity related pathologies, numerous studies have been executed on such small systems. We will address the outcome of only a few of these findings:
The exposure of humans to a 5-days ground-based model for near weightlessness, −6° head-down tilt bed rest (HDBR), had a major impact on the heart function and geometry. A daily exposure of either 30 min continuous or 6 × 5 min intermitted at 1.0 + Gz at the heart in a 2.82 m radius centrifuge did not counteract the effects of simulated near weightlessness while chronic exposure to 1 g (being ambulatory) for 3 days after the HDBR protocol did reverse the effects (Caiani et al., 2014). Using the same AG protocol but now in a 60-days HDBR study, De Martino and colleagues wanted to explore the possible efficacy of AG to mitigate deterioration in standing balance and anticipatory postural adjustments of trunk muscles. All experimental groups had poorer balance performance in most of the parameters and delayed trunk muscle responses. However, there was mitigation of some aspects of postural control in intermittent 1.0 + Gz exposure (De Martino et al., 2021).
Muscle performance was explored in, again, the same AG protocol but now in a 5 days HDBR study and AG 1.0 g + Gz set at the subjects’ estimated center of mass. The AG protocols were not able to prevent the catabolic effects of HDBR upon muscle and bone. There was, however, a preservation of vertical jump performance by AG but this was likely caused by central nervous rather than by peripheral musculoskeletal effects (Rittweger et al., 2015).
From a 21-days bedrest study where the treatment group was exposed to a continuous 1 h/day of AG (2.5 g at foot level, 2.2 m diameter centrifuge: +Gz at heart level ∼0.97 g) it was concluded that AG had the potential to maintain the functional (torque-velocity relationships of the knee extensors and plantar flexors of the ankle), biochemical and structural (mRNA and histology of vastus lateralis and soleus muscles biopsies), homeostasis of skeletal muscle in the face of chronic unloading (Caiozzo et al., 2009).
Also, a 2 × 30 min/day AG could not prevent the decreases in exercise capacity after the 4 days HDBR in male subjects. The authors recognized some indications to reverse hypovolemia induced by bed rest while they also concluded that SAHC might eliminate the changes in autonomic cardiovascular control (Iwasaki et al., 2001).
AG of 1 g at the center of the mass for either 30 min continuous or 6 × 5 min/day during 5 days HDBR exposure showed no relevant changes in bone markers such as urine levels of collagen type I C-Telopeptide (CTX), N-Telopeptide (NTX) as well as deoxypyridinoline (DPD) or serum betaCTX concentrations. However, there were significant changes in sCD200 and sCD200R1 markers (Kos et al., 2014) although the latter molecules are not widely used as bone related markers.
Bed rest decreased plasma volume, supine and head up tilt stroke volume in both HDBR as well as AG groups (1 h, 1.0 + Gz at the heart/day). Although plasma volume was decreased in control and AG after bedrest, AG was able to mitigate effects of 3 weeks of simulated microgravity on orthostatic tolerance and aerobic power. They argue that positive effects of AG on peripheral vasculature and improved sympathetic responsiveness to orthostatic stress might be the underlying mechanisms (Stenger et al., 2012).
3 DISCUSSION
Gravitational Therapy as applied in Uruguay over more than four decades now, has shown important therapeutic effects in different medical conditions and in a broad range of patients’ ages. Patients from both sexes showed significant improvement in medical conditions, although there are reported differences in cardiovascular response upon + Gz exposure (Masatli et al., 2018). However, there is no study assessing differences in the therapeutic effectiveness between males and females with similar ages and medical conditions. Importantly, there were no significant side effects recorded even in patients that had a follow-up period longer than 20 years that received 10–20 GT sessions annually. The side effects encountered were very sporadic and were mostly transitory states of dizziness/nausea or very rare case of vomiting mostly related to head movements during centrifugation, ergo Coriolis effects. Also, among our exclusion criteria for GT are patients with active cancer, with advanced stages of dementia, with generalized infection or erysipelas infections, pregnant women, etc.
GT has shown a vasodilator effect through prostacyclin release, improving tissue perfusion and probably inducing collateral circulation, all resulting in functional improvement in CAD and PAD patients. It also significantly improved lymphedema patients by fostering lymphatic drainage, improving the quality of the skin, mobility and function of the lymphedematous limb. GT had also important beneficial effects in Secondary RP and SSc reducing frequency of RP´s attacks, reducing ischemic vascular pain, improving tissue perfusion and reducing skin fibrosis. It is also remarkable to note the improvement of patients in the acute phase of CRPS I. Although there is a variability in the evolution of each patient that mostly depends on the years of evolution and stage of the disease, other possible comorbidities and the pharmacological treatment received (type and dose of drugs), the success of GT treatment is also dependent on the frequency and number of sessions along time. Even though most of the experience in Uruguay is focused on vascular based pathologies and the majority of its effects might be explained on the mechanical stimulus over the blood vessels and the cardiovascular system, other body systems such as the immune and nervous system might also be involved in the clinical improvements observed.
Besides, the beneficial therapeutic effects of GT in several pathologies (e.g. secondary RP, vasculitis, SSc, etc.), usually surpasses the effects of medication and the importance of GT in non-curable pathologies (e.g. SSc, lymphedema, among others) with limited conventional medical treatment options is remarkable. Also, the use of GT could limit or even eliminate the use of some pharmaceutics with important side effects (Balakumar et al., 2015; Mladěnka et al., 2018) especially when such drugs have to be chronically administered.
One of the major limitations for GT widespread use application is the need of optimization and standardization of hypergravity protocols adapted to each patient and its medical condition. Moreover, the design of randomized clinical trials comparing the effects of GT versus conventional medical treatment (usually pharmacological) are also needed to better identify the specific potential of GT aside from other medical interventions.
Interestingly, new research on the application of SAHC in other human pathologies such as MS is emerging (Kourtidou-Papadeli et al., 2021a; Kourtidou-Papadeli et al., 2021b) and supports the long-standing observations in Uruguay regarding the beneficial therapeutic effects of GT in multiple pathologies. Besides, results on the Russian facility at the Samara State University in PAD patients (Makarov and Lukashou, 2018) also seem to be in line with results obtained in the GTC since 1980s. More research, clinical trials and publications are needed in this field to achieve an international validation of the hypergravity treatment and its widespread use.
Although the list of SAHC spaceflight related studies as discussed earlier is by far complete, it illustrated that there is a remarkable part of the protocols applied and parameters measured where AG does not resolve the HDBR related deteriorations but, at best, mitigate them. In this short overview of SAHC as multi-system countermeasure for spaceflight related immobilization we solely included studies/data using only AG as single modulation and not studies including additional stimuli such as ergometers (Iwase, 2005; Wang et al., 2011) or jumping protocols (Dreiner et al., 2020). The addition of other exercise means in addition to AG, already indicates that current short duration short-arm centrifuge protocols by themselves are not sufficiently effective to counteract HDBR related changes.
Regarding AG research applied for future long duration space flight; current short duration studies are mostly focused on relatively fast changing organ systems such as the cardiovascular system, sensory-motor system or muscles. Nearly no work has been done to explore the effects of short arm centrifuges on e.g., bone, brain (morphology as well as function), vision or skin where the space related pathologies are especially more pronounced after long duration exposures to near weightlessness (Tronnier et al., 2008; Vico et al., 2017; Roberts et al., 2019; Van Ombergen et al., 2019; Paez et al., 2020).
Although the current SAHC-AG protocols are not or not sufficiently effective; what are the reasons and alternatives for insufficient AG protocols as microgravity countermeasure? This could be the very limited exposure times; some 30–60 min/day in many protocols. The effect of a response is often directly related to the amplitude and duration of the applied stimulus. With a 30 min 2 g at foot level exposure one only applies 1.6% of the daily g-dose at heart level or only 3.2% with a 1 h/day exposure. One might argue that replacing a deleted biological/physiological stimulus with only a few percent of its original magnitude might not be sufficient to restore a physiological state. Also, as shown in pre-clinical studies, the vestibular system, for long seen as ‘only’ having a balance supporting function, is involved in vestibulo-autonomic regulatory mechanisms targeting other organ systems such as the cardiovascular (Gotoh et al., 2003), musculoskeletal (Luxa et al., 2013; Morita et al., 2020), or the temperature regulating system (Fuller et al., 2002). With an AG exposure of 2 g at foot level in a 2-m diameter centrifuge the g-load to the vestibular system is only 0.32 g (see Figure 1C). With a 30 min/day exposure this generates a 0.7% stimulus compared to regular physiological conditions. It is plausible to presume that the central nervous system does not receive sufficient afferent signals from vestibular otoconia to perform its regulating function. However, we have to recognize also short-term high impact mechanical loads are sometimes sufficient to maintain proper physiology (Buckner et al., 2020; Lambert et al., 2020).
From the hypergravity therapies as developed and applied by Isasi and colleagues we know that it is very well possible to expose humans, patients, to g-profiles with a short duration maximum of 6 g in +Gz laying supine. Although microgravity countermeasure protocols are also of 30 min to 1 hour in duration, going shortly to higher peak g levels of 6 g might be more effective to prevent near weightlessness related pathologies.
In addition, the short-arm systems under study for space exploration producing a huge body g-gradient of more than 300% (Goswami et al., 2021) does not reflect the gravity exposure a body is exposed to on Earth. One might also explore the application of long-arm systems where the body g-gradient is far less.
The alternative for maintaining proper physiology is to provide chronic gravity during long duration space missions. This would be achieved generating AG by rotating the complete spacecraft, or a large part of it, as it was already proposed by Tsiolkovsky. The g-level would be continuous like on Earth (at 1 g) or, when shown by research, a lower g-level but sufficient to maintain a healthy physiology. In such a configuration the crew also does not loose valuable crew time since in a short-arm system the subject cannot perform regular tasks when spinning because of the physical restraints but also the work capacity and tolerance are reduced compared to centrifuges with larger diameters (Nyberg et al., 1966).
Although no concrete evidence is provided by the authors, the initial response to such a solution would be that it is far too expensive or far too difficult to implement large radius centrifugation as mentioned by some scientists (Pavy-Le Traon et al., 2007; Hargens et al., 2013). However, various engineering studies clearly show that it is very well possible to assemble a rotating spacecraft which would be only 10–20% more expensive compared to a non-rotating system (Joosten, 2007). Especially with the current significant drop in launch costs, this figure might even be reduced. Also, in terms of operation and spacecraft maneuvering flexibility, several recent studies have been published (Hall, 2016; Martin et al., 2016; Chen et al., 2020; Minster et al., 2020; Spilker, 2020; Dastjerdi et al., 2021) showing the feasibility of large rotating spacecraft. We should provide the crew, and later space tourists, with a physiological level of gravity the same as we do with providing a physiological level of oxygen or food. We need to provide gravity for proper health and reduce medical related mission risks. It would be unethical to deprive a human being from gravity (van Loon et al., 2020). More research should be devoted to this subject where a ground-based model for large diameter chronic rotation could be instrumental to develop the proper in-flight configuration (van Loon et al., 2012) (Figure 6B). Having such a large ground-based facility it could also be used to explore if this could be applied for treatments on e.g., obesity and research regarding ageing. There are also commercial initiatives that already incorporate chronic AG in their on-orbit designs in order to provide a suitable/healthy environment for commercial customers (Figure 6A) (Spilker, 2020).
[image: Figure 6]FIGURE 6 | (A) The Voyager-class space station as proposed by Orbital Mechanics company (Fontana, CA, United States). This would be a ∼200-m diameter continuous gravity (1/3 g) space station/space hotel planned for operation in 2027. (Image courtesy: Orbital Assembly, Huntsville, AL United States)) (Spilker, 2020). (B) A large artificial gravity platform; the Human Hypergravity Habitat, H3; a proposed ground-based facility that could be used to obtain operational data regarding long duration/continuous rotation and moderate hyper-g on human physiology and psychology (van Loon et al., 2012).
One might consider that the current suite of short-arm centrifuges developed for space-related countermeasure research could already very well be applied to also explore the use of hypergravity in various ground-based pathologies as a spin-off of the various human space programs.
In view of the great potentiality that the use of hypergravity could have to treat different medical conditions on Earth and as countermeasure to near weightlessness related pathologies, more research is necessary in this field. In this sense, it is urgently needed to establish international collaborations to foster this field of gravity research and applications in medicine. Importantly, more basic research is needed to unravel the biological mechanisms of human centrifugation and identify the cellular and molecular bases that explain the clinical improvement in patients exposed to this kind of therapy on ground but also for developing better AG protocols for long duration spaceflights.
AUTHOR CONTRIBUTIONS
All authors listed have made a substantial, direct, and intellectual contribution to the work and approved it for publication.
FUNDING
This work was partially funded by ESA grant # 4000136280/21/NL/KML/rk to JV.
ACKNOWLEDGMENTS
We would like to acknowledge E.S. Isasi, E.J. Isasi and R. Velasco Lombardini for their pioneering work regarding the development and implementation of gravitational therapies.
PUBLISHER’S NOTE
All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.
ABBREVIATIONS
AG, artificial gravity; CRPS, complex regional pain syndrome; CAD, coronary artery disease, ECs, endothelial cells; GT, gravitational therapy, GTC, gravitational therapy center; HDBR, head-down tilt bed rest; HV, healthy volunteers; PAD, peripheral artery disease, RP, Raynaud´s phenomenon; SAHC, short-arm human centrifugation; SSc, systemic sclerosis.
REFERENCES
 Ando J., Yamamoto K. (2009). Vascular mechanobiology endothelial cell responses to fluid shear stress. Circ. J. 73 (11), 1983–1992. doi:10.1253/circj.cj-09-0583
 Arya M., Paloski W. H., Young L. R. (2007). Centrifugation protocol for the NASA artificial gravity-bed rest pilot study. J. Gravit. Physiol. 14 (1), P5–P8.
 Balakumar P., Kavitha M., Nanditha S. (2015). Cardiovascular drugs-induced oral toxicities: A murky area to be revisited and illuminated. Pharmacol. Res. 102, 81–89. doi:10.1016/j.phrs.2015.09.007
 Baron R., Maier C. (1996). Reflex sympathetic dystrophy: Skin blood flow, sympathetic vasoconstrictor reflexes and pain before and after surgical sympathectomy. Pain 67 (2-3), 317–326. doi:10.1016/0304-3959(96)03136-3
 Boos C. J., Lip G. Y., Blann A. D. (2006). Circulating endothelial cells in cardiovascular disease. J. Am. Coll. Cardiol. 48 (8), 1538–1547. doi:10.1016/j.jacc.2006.02.078
 Breathnach C. S. (2010). Hallaran’s circulating swing. Hist. Psychiatry 21 (1), 79–84. doi:10.1177/0957154X09342760
 Buckner S. L., Jessee M. B., Mouser J. G., Dankel S. J., Mattocks K. T. Bell Z. W., et al. (2020). The basics of training for muscle size and strength: A brief review on the theory. Med. Sci. Sports Exerc. 52 (3), 645–653. doi:10.1249/MSS.0000000000002171
 Caiani E. G., Massabuau P., Weinert L., Vaida P., Lang R. M. (2014). Effects of 5 days of head-down bed rest, with and without short-arm centrifugation as countermeasure, on cardiac function in males (BR-AG1 study). J. Appl. Physiol. 117 (6), 624–632. doi:10.1152/japplphysiol.00122.2014
 Caiozzo V. J., Haddad F., Lee S., Baker M., Paloski W., Baldwin K. M. (2009). Artificial gravity as a countermeasure to microgravity: A pilot study examining the effects on knee extensor and plantar flexor muscle groups. J. Appl. Physiol. 107 (1), 39–46. doi:10.1152/japplphysiol.91130.2008
 Chen M., Goyal R., Majji M., Skelton R. E. (2020). Design and analysis of a growable artificial gravity space habitat. Aerosp. Sci. Technol. 106, 106147. doi:10.1016/j.ast.2020.106147
 Cutolo M., Sulli A., Smith V. (2010). Assessing microvascular changes in systemic sclerosis diagnosis and management. Nat. Rev. Rheumatol. 6 (10), 578–587. doi:10.1038/nrrheum.2010.104
 Dastjerdi S., Malikan M., Eremeyev V. A., Akgöz B., Civalek Ö. (2021). Mechanical simulation of artificial gravity in torus-shaped and cylindrical spacecraft. Acta Astronaut. 179, 330–344. doi:10.1016/j.actaastro.2020.11.005
 Davies P. F. (2009). Hemodynamic shear stress and the endothelium in cardiovascular pathophysiology. Nat. Clin. Pract. Cardiovasc. Med. 6 (1), 16–26. doi:10.1038/ncpcardio1397
 De Martino E., Salomoni S. E., Hodges P. W., Hides J., Lindsay K. Debuse D., et al. (2021). Intermittent short-arm centrifugation is a partially effective countermeasure against upright balance deterioration following 60-day head-down tilt bed rest. J. Appl. Physiol. 131 (2), 689–701. doi:10.1152/japplphysiol.00180.2021
 Deb-Chatterji M., Pinnschmidt H. O., Duan Y., Haeussler V., Rissiek B. Gerloff C., et al. (2020). Circulating endothelial cells as promising biomarkers in the differential diagnosis of primary angiitis of the central nervous system. Front. Neurol. 11, 205. doi:10.3389/fneur.2020.00205
 Denton C. P., Khanna D. (2017). Systemic sclerosis. Lancet 390 (10103), 1685–1699. doi:10.1016/S0140-6736(17)30933-9
 Dreiner M., Willwacher S., Kramer A., Kümmel J., Frett T. Zaucke F., et al. (2020). Short-term response of serum cartilage oligomeric matrix protein to different types of impact loading under normal and artificial gravity. Front. Physiol. 11, 1032. doi:10.3389/fphys.2020.01032
 Frett T., Mayrhofer M., Schwandtner J., Anken R., Petrat G. (2014). An innovative short arm centrifuge for future studies on the effects of artificial gravity on the human body. Microgravity Sci. Technol. 26 (4), 249–255. doi:10.1007/s12217-014-9386-9
 Fuller P. M., Jones T. A., Jones S. M., Fuller C. A. (2002). Neurovestibular modulation of circadian and homeostatic regulation: Vestibulohypothalamic connection?Proc. Natl. Acad. Sci. U. S. A. 99 (24), 15723–15728. doi:10.1073/pnas.242251499
 Galkin R. A., Kotelnikov G. P., Makarov I. V., Oparin A. N. (2003). The use of gravitation overloading in the treatment of obliterative atherosclerosis of lower extremity arteries. Vestn. Khir. Im. I. I. Grek. 162 (1), 82–85.
 Gashev A. A., Zawieja D. C. (2010). Hydrodynamic regulation of lymphatic transport and the impact of aging. Pathophysiology 17 (4), 277–287. doi:10.1016/j.pathophys.2009.09.002
 Goswami N., White O., Blaber A., Evans J., van Loon J. J. W. A., Clement G. (2021). Human physiology adaptation to altered gravity environments. Acta Astronaut. 189, 216–221. doi:10.1016/j.actaastro.2021.08.023
 Gotoh T. M., Fujiki N., Matsuda T., Gao S., Morita H. (2003). Cerebral circulation during acute microgravity induced by free drop in anesthetized rats. Jpn. J. Physiol. 53 (3), 223–228. doi:10.2170/jjphysiol.53.223
 Gustafsson H. (1993). Vasomotion and underlying mechanisms in small arteries. An in vitro study of rat blood vessels. Acta Physiol. Scand. Suppl. 614, 1–44.
 Habazettl H., Stahn A., Nitsche A., Nordine M., Pries A. Gunga H-C., et al. (2016). Microvascular responses to (hyper-) gravitational stress by short-arm human centrifuge: Arteriolar vasoconstriction and venous pooling. Eur. J. Appl. Physiol. 116 (1), 57–65. doi:10.1007/s00421-015-3241-6
 Hargens A. R., Bhattacharya R., Schneider S. M. (2013). Space physiology VI: Exercise, artificial gravity, and countermeasure development for prolonged space flight. Eur. J. Appl. Physiol. 113 (9), 2183–2192. doi:10.1007/s00421-012-2523-5
 Helden D. F. V., Zhao J. (2000). Lymphatic vasomotion. Clin. Exp. Pharmacol. Physiol. 27 (12), 1014–1018. doi:10.1046/j.1440-1681.2000.03368.x
 Isasi E., Isasi M. E., Touya E. (1992a). Human centrifugation a mechanical stimulus related with prostaglandins liberation Lymphoscintigraphic evaluation. Eur. J. Lymphology 3 (10), 39–42. 
 Isasi E., Isasi M. E., Touya E. (1992b). Human centrifugation: A new therapeutic method in lymphedema. Lymphoscintigraphic evaluation. Eur. J. Lymphology 3 (10), 33–37. 
 Isasi E. S., Cassinelli A., Vignale R., Isasi M. E. (1998a). “Gravitational stress in systemic sclerosis,” in VIIIth World Congres of Cardiology (Rio de Janeiro, Brazil: Elsevier), S259c. April 26-30, 1998. 
 Isasi M. E., Isasi E. S., Mancioni D. (1998b). “Gravitational stress: A stimulator of endogenous PGI2 synthesis and endothelial cell desquamation,” in VIIIth World Congres of Cardiology (Rio de Janeiro, Brazil: Elsevier), S258c.  (April 26-30, 1998). 
 Isasi M. E., Tahmazian N., Isasi E. S. (2000a) “Gravitational stress effects in coronary arthery disease,” in 25th World Congress of Internal Medicine ( Mexico2000: Cancun), S16. 
 Isasi E. S., Isasi M. E., Cassinelli A., Vignale R. (2000b). “Gravitational stress in systemic sclerosis,” in 25th World Congress of Internal Medicine (Mexico2000: Cancun), S6. 
 Isasi E. S., Isasi M. E., Iribarne S. E. (1992c). Human centrifugation: New approach in the treatment of diabetic background retinopathy (preliminary communication). Acta Physiol. Pharmacol. Ther. Latinoam. 42 (1), 1–7.
 Isasi E. S., Isasi M. E. (1992). Human centrifugation machine a physiological stimulator of endogenous prostaglandin synthesis. Acta Physiol. Pharmacol. Ther. Latinoam. 42 (1), 9–12.
 Isasi E. S., Isasi M. E., Touya E. (1990a). “Human centrifugation: A mechanical stimulus related with prostaglandins liberationEuropean journal of nuclear medicine,” Lymphoscintigraphic evaluation in 5th World Congress of Nuclear Medicine and Biology (European Journal of Nuclear Medicine), S30. Montréal, Québec, Canada. 
 Isasi M. E., Isasi E. S., Carrera C., Martino J. C., Touya E. (1990b). “Brief and intensive centrifugation treatment in peripheral ischemia. evaluation by radionuclide angiography and photopletysmography.,” in 5th World Congress of Nuclear Medicine and Biology ( European Journal of Nuclear Medicine), S30. Montréal, Québec, Canada. 
 Isasi M. E., Acuña-Mourin M., Isasi E. S. (1999). “Gravitational stress in complex pain regional syndrome (CPRS). ” in 9th World Congress on Pain . Vienna, Austria, IASP Press, 51–51. 
 Isasi M. E., Isasi E., Isasi E. S. (2014). “Gravitational stress effects on vascular pain in patients with Systemic Sclerosis,” in 15th World Congress on Pain, Buenos Aires, Argentina. 
 Isasi M. E., Isasi E. S., Cassinelli A. (2007). “Gravitational stress in linear scleroderma,” in 21st World Congress of Dermatology, Buenos Aires, Argentina, 245–246. 
 Isasi M. E., Isasi E. S. (1996) “Gravitational stress effects on digital pulses in patients with hypertension,” in VI World Congres of Cardiac Rehabilitation,  (June), Buenos Aires, Argentina, 84–84. 
 Isasi M. E., Isasi E. S. (2004). Gravitational stress in systemic sclerosis and Raynaud´s phenomenon. Rationale and results. Scleroderma care and research. J. Scleroderma Clin. Trials Consortium 2 (2), 7. 
 Isasi M. E., Isasi E. S. (2007). “Gravitational stress in the treatment of patients with lymphedema,” in 21st World Congress of Dermatology, Buenos Aires, Argentina, 302–302. 
 Isasi M. E., Isasi E. S. (2001). “Gravitational therapy in lymphedemaHeart disease: New trends in research, diagnosis and treatment,” in Proceedings of the 2nd International Congress on Heart Disease. Editor A. Kimchi (Washington D.C., USA: Medimond Medical Publications), 799–803. 
 Isasi M. E., Isasi E. S. (1986). “Lymphedema treatment with centrifugation (+Gz). Preliminary communication,” in New perspectives in nuclear medicine. 2 ed . Editors P. H. Cox, E. Touyá (New York, London, Paris, Montreaux, Tokyo: Gordon and Breach Science Publishers Inc.), 235–238. 
 Isasi M. E., Isasi E. S., Touyá E. (1986). “Evaluation of the treatment of obstructive peripheral arteriopathies with centrifugal force (+Gz). Radionuclide angiography and photoplethysmographic studies,” in New perspectives in nuclear medicine. 2 ed . Editors P. H. Cox, E. Touyá (New York, London, Paris, Montreaux, Tokyo: Gordon and Breach Science Publishers Inc), 179–186. 
 Isasi M. E., Isasi E. S., Touyá E. (1990c). “The role of human centrifugation in the treatment of reflex sympathetic distrophy syndrome,” in 5th World Congress on Nuclear Medicine and Biology ( Montréal, Québec, Canada: Springer International), S29. 
 Isasi M. E., Isasi E. S., Trucco E., Méndez E. (2006). Gravitational stress effects in the digestive tract of patients with systemic sclerosis. Clinical and endoscopic findings. Preliminary communication. J. Scleroderma Clin. Trials Consortium 4 (1), 8–9. 
 Iwasaki K-i., Sasaki T., Hirayanagi K., Yajima K. (2001). Usefulness of daily+ 2Gz load as a countermeasure against physiological problems during weightlessness. Acta Astronaut. 49 (3-10), 227–235. doi:10.1016/s0094-5765(01)00101-1
 Iwase S. (2005). Effectiveness of centrifuge-induced artificial gravity with ergometric exercise as a countermeasure during simulated microgravity exposure in humans. Acta Astronaut. 57 (2-8), 75–80. doi:10.1016/j.actaastro.2005.03.013
 Joosten B. K. (2007). Preliminary assessment of artificial gravity impacts to deep-space vehicle design. Report No.: JSC-63743 Contract No.: JSC-63743. Houston, USA: NASA, Lyndon B. Johnson Space Center. 
 Koller A., Mizuno R., Kaley G. (1999). Flow reduces the amplitude and increases the frequency of lymphatic vasomotion: Role of endothelial prostanoids. Am. J. Physiol. 277 (6), R1683–R1689. doi:10.1152/ajpregu.1999.277.6.R1683
 Kos O., Hughson R., Hart D., Clément G., Frings-Meuthen P. Linnarsson D., et al. (2014). Elevated serum soluble CD200 and CD200R as surrogate markers of bone loss under bed rest conditions. Bone 60, 33–40. doi:10.1016/j.bone.2013.12.004
 Kourtidou-Papadeli C., Frantzidis C. A., Bakirtzis C., Petridou A., Gilou S. Karkala A., et al. (2021). Therapeutic benefits of short-arm human centrifugation in multiple sclerosis-A new approach. Front. Neurol. 12, 746832. doi:10.3389/fneur.2021.746832
 Kourtidou-Papadeli C., Frantzidis C. A., Gilou S., Plomariti C. E., Nday C. M. Karnaras D., et al. (2021). Gravity threshold and dose response relationships: Health benefits using a short arm human centrifuge. Front. Physiol. 12, 644661. doi:10.3389/fphys.2021.644661
 Lambert C., Beck B. R., Harding A. T., Watson S. L., Weeks B. K. (2020). Regional changes in indices of bone strength of upper and lower limbs in response to high-intensity impact loading or high-intensity resistance training. Bone 132, 115192. doi:10.1016/j.bone.2019.115192
 Logsdon J. M., Butler G. (1985). “Space station and space platform concepts: A historical review,” in Space stations and space platforms–concepts, design, infrastructure, and uses , 203–263. 
 Luxa N., Salanova M., Schiffl G., Gutsmann M., Besnard S. Denise P., et al. (2013). Increased myofiber remodelling and NFATc1-myonuclear translocation in rat postural skeletal muscle after experimental vestibular deafferentation. J. Vestib. Res. 23 (45), 187–193. doi:10.3233/VES-130499
 Maier J. A., Cialdai F., Monici M., Morbidelli L. (2015). The impact of microgravity and hypergravity on endothelial cells. Biomed. Res. Int. 2015, 434803. doi:10.1155/2015/434803
 Makarov I. V. (2003). Effect of mild gravitational overload on the progression of lower limb arteriosclerosis obliterans. Angiologiia i Sosudistaia Khirurgiia= Angiology Vasc. Surg. 9 (4), 31–35.
 Makarov I. V., Lukashou A. V. (2018). Optimization of complex conservative treatment to patients of advanced and old age with atherosclerosis obliterans of lower limb arteries Stage II. MOJ Gerontology Geriatrics 3 (6). doi:10.15406/mojgg.2018.03.00156
 Martin K. M., Landau D. F., Longuski J. M. (2016). Method to maintain artificial gravity during transfer maneuvers for tethered spacecraft. Acta Astronaut. 120, 138–153. doi:10.1016/j.actaastro.2015.11.030
 Masatli Z., Nordine M., Maggioni M. A., Mendt S., Hilmer B. Brauns K., et al. (2018). Gender-specific cardiovascular reactions to +Gz interval training on a short arm human centrifuge. Front. Physiol. 9, 1028. doi:10.3389/fphys.2018.01028
 Meier F. M., Frommer K. W., Dinser R., Walker U. A., Czirjak L. Denton C. P., et al. (2012). Update on the profile of the EUSTAR cohort: An analysis of the EULAR scleroderma trials and research group database. Ann. Rheum. Dis. 71 (8), 1355–1360. doi:10.1136/annrheumdis-2011-200742
 Minster G., Chang A., Inouye J. B., Narayanan S., Carter A. Tong J., et al. (2020). Hyperion: Artificial gravity reusable crewed deep space transport. J. Space Saf. Eng. 7 (1), 3–10. doi:10.1016/j.jsse.2020.02.004
 Mitropoulos A., Gumber A., Crank H., Akil M., Klonizakis M. (2018). The effects of upper and lower limb exercise on the microvascular reactivity in limited cutaneous systemic sclerosis patients. Arthritis Res. Ther. 20 (1), 112. doi:10.1186/s13075-018-1605-0
 Mladěnka P., Applová L., Patočka J., Costa V. M., Remiao F. Pourová J., et al. (2018). Comprehensive review of cardiovascular toxicity of drugs and related agents. Med. Res. Rev. 38 (4), 1332–1403. doi:10.1002/med.21476
 Moncada S. (2006). Adventures in vascular biology: A tale of two mediators. Philos. Trans. R. Soc. Lond. B Biol. Sci. 361 (1469), 735–759. doi:10.1098/rstb.2005.1775
 Morita H., Kaji H., Ueta Y., Abe C. (2020). Understanding vestibular-related physiological functions could provide clues on adapting to a new gravitational environment. J. Physiol. Sci. 70 (1), 17–11. doi:10.1186/s12576-020-00744-3
 Moser M. (2006). Historical perspectives on the management of hypertension. J. Clin. Hypertens. 8, 15–20. doi:10.1111/j.1524-6175.2006.05836.x
 Murphy T. V., Spurrell B. E., Hill M. A. (2002). Cellular signalling in arteriolar myogenic constriction: Involvement of tyrosine phosphorylation pathways. Clin. Exp. Pharmacol. Physiol. 29 (7), 612–619. doi:10.1046/j.1440-1681.2002.03698.x
 Neault R. W., Martens T G., Code C. F., Nolan A. C. (1966). Retinal detachment: Use of human centrifuge in treatment. Mayo Clin. Proc. 41 (3), 145–149.
 Neumeister M. W., Romanelli M. R. (2020). Complex regional pain syndrome. Clin. Plast. Surg. 47 (2), 305–310. doi:10.1016/j.cps.2019.12.009
 Noordung H. (1929). The problems of space flying Part II. Sci. Wonder Stories , 264–273. 
 Nyberg J. W., Grimes R. H., White W. J. (1966). Consequence of heart-to-foot acceleration gradient for tolerance to positive acceleration. Aerosp. Med. 37 (7), 665–668.
 O'Donnell T. F., Allison G. M., Iafrati M. D. (2020). A systematic review of guidelines for lymphedema and the need for contemporary intersocietal guidelines for the management of lymphedema. J. Vasc. Surg. Venous Lymphat. Disord. 8 (4), 676–684. doi:10.1016/j.jvsv.2020.03.006
 Orlov O. I., Koloteva M. I. (2017). A short-radius centrifuge as a new means of preventing the adverse effects of weightlessness and long-term plans for developing the problem of artificial gravity in relation to interplanetary flights. Aviakosmicheskaia i Ekol. Med. 51 (7), 11–18. 
 Paez Y. M., Mudie L. I., Subramanian P. S. (2020). Spaceflight associated neuro-ocular syndrome (sans): A systematic review and future directions. Eye Brain 12, 105–117. doi:10.2147/EB.S234076
 Pavy-Le Traon A., Heer M., Narici M. V., Rittweger J., Vernikos J., PAvy-Le TrAon A. (2007). From space to Earth: Advances in human physiology from 20 years of bed rest studies (1986-2006). Eur. J. Appl. Physiol. 101 (2), 143–194. doi:10.1007/s00421-007-0474-z
 Pelligra R., Stein S., Markham J., Lippe P., Noyes J. Dickson J., et al. (1970). “The centrifuge as a therapeutic device,” in Recent advances in aerospace medicine ( Springer), 158–168.
 Quinlivan A., Ross L., Proudman S. (2020). Systemic sclerosis: Advances towards stratified medicine. Best. Pract. Res. Clin. Rheumatol. 34, 101469. doi:10.1016/j.berh.2019.101469
 Rittweger J., Bareille M-P., Clément G., Linnarsson D., Paloski W. H. Wuyts F., et al. (2015). Short-arm centrifugation as a partially effective musculoskeletal countermeasure during 5-day head-down tilt bed rest—Results from the BRAG1 study. Eur. J. Appl. Physiol. 115 (6), 1233–1244. doi:10.1007/s00421-015-3120-1
 Roberts D. R., Albrecht M. H., Collins H. R., Asemani D., Chatterjee A. R. Spampinato M. V., et al. (2017). Effects of spaceflight on astronaut brain structure as indicated on MRI. N. Engl. J. Med. 377 (18), 1746–1753. doi:10.1056/NEJMoa1705129
 Roberts D. R., Asemani D., Nietert P. J., Eckert M. A., Inglesby D. C. Bloomberg J. J., et al. (2019). Prolonged microgravity affects human brain structure and function. AJNR. Am. J. Neuroradiol. 40 (11), 1878–1885. doi:10.3174/ajnr.A6249
 Sacchetti C., Bottini N. (2017). Protein tyrosine phosphatases in systemic sclerosis: Potential pathogenic players and therapeutic targets. Curr. Rheumatol. Rep. 19 (5), 28. doi:10.1007/s11926-017-0655-7
 Schmidt D. E., Manca M., Hoefer I. E. (2015). Circulating endothelial cells in coronary artery disease and acute coronary syndrome. Trends cardiovasc. Med. 25 (7), 578–587. doi:10.1016/j.tcm.2015.01.013
 Spilker T. R. (2020). Engineering challenges of artificial gravity stations. ASCEND . Virtual event , 4111.
 Stenger M. B., Evans J. M., Knapp C. F., Lee S. M. C., Phillips T. R. Perez S. A., et al. (2012). Artificial gravity training reduces bed rest-induced cardiovascular deconditioning. Eur. J. Appl. Physiol. 112 (2), 605–616. doi:10.1007/s00421-011-2005-1
 Stepanek J., Blue R. S., Parazynski S. (2019). Space medicine in the era of civilian spaceflight. N. Engl. J. Med. 380 (11), 1053–1060. doi:10.1056/NEJMra1609012
 Szulcek R., van Bezu J., Boonstra J., van Loon J. J., van Nieuw Amerongen G. P. (2015). Transient intervals of hyper-gravity enhance endothelial barrier integrity: Impact of mechanical and gravitational forces measured electrically. PLoS One 10 (12), e0144269. doi:10.1371/journal.pone.0144269
 Tronnier H., Wiebusch M., Heinrich U. (2008). Change in skin physiological parameters in space–report on and results of the first study on man. Skin. Pharmacol. Physiol. 21 (5), 283–292. doi:10.1159/000148045
 T. W. Hall (Editor) (2016). “Artificial gravity in theory and practice,” (Vienna, Austria. 46th International Conference on Environmental Systems
 van Loon J. J., Cras P., Roozendaal W., Bouwens W., Vernikos J. (2020). Gravity deprivation: Is it ethical for optimal physiology?Front. Physiol. 11, 470. doi:10.3389/fphys.2020.00470
 van Loon J. J. W. A., Baeyens J. P., Berte J., Blanc S., Braak L. Bok K., et al. (2012). A large human centrifuge for exploration and exploitation research. Ann. Kinesiol. 3 (1). 
 Van Ombergen A., Jillings S., Jeurissen B., Tomilovskaya E., Rumshiskaya A. Litvinova L., et al. (2019). Brain ventricular volume changes induced by long-duration spaceflight. Proc. Natl. Acad. Sci. U. S. A. 116 (21), 10531–10536. doi:10.1073/pnas.1820354116
 Velasco-Lombardini R., Isasi E. J. (1951). Arteritis obliterante. Tratamiento por Centrifugación. Sístole., 2. Montevideo, Uruguay: Fundación Procardias. 
 Vico L., Van Rietbergen B., Vilayphiou N., Linossier M. T., Locrelle H. Normand M., et al. (2017). Cortical and trabecular bone microstructure did not recover at weight‐bearing skeletal sites and progressively deteriorated at non‐weight‐bearing sites during the year following International Space Station missions. J. Bone Min. Res. 32 (10), 2010–2021. doi:10.1002/jbmr.3188
 von der Weid P. Y. (2001). Review article: Lymphatic vessel pumping and inflammation--the role of spontaneous constrictions and underlying electrical pacemaker potentials. Aliment. Pharmacol. Ther. 15 (8), 1115–1129. doi:10.1046/j.1365-2036.2001.01037.x
 Wade N. J. (2005). The original spin doctors—the meeting of perception and insanity. London, England: SAGE Publications Sage UK. 
 Wang Y-C., Yang C-B., Wu Y-H., Gao Y., Lu D-Y. Shi F., et al. (2011). Artificial gravity with ergometric exercise as a countermeasure against cardiovascular deconditioning during 4 days of head-down bed rest in humans. Eur. J. Appl. Physiol. 111 (9), 2315–2325. doi:10.1007/s00421-011-1866-7
 Warren A. G., Brorson H., Borud L. J., Slavin S. A. (2007). Lymphedema: A comprehensive review. Ann. Plast. Surg. 59 (4), 464–472. doi:10.1097/01.sap.0000257149.42922.7e
 Watenpaugh D. E., Breit G. A., Buckley T. M., Ballard R. E., Murthy G., Hargens A. R. (2004). Human cutaneous vascular responses to whole-body tilting, Gz centrifugation, and LBNP. J. Appl. Physiol. 96 (6), 2153–2160. doi:10.1152/japplphysiol.00198.2003
 W. R. Franks, W. K. Kerr, B. Rose (Editors) Description of a centrifuge and its use for studying the effects of centrifugal force on man ( Proceedings of the Physiological Society). (1945). (1946). J. Physiol. 104(Suppl), 8–9. 
 W. R. Franks, W. K. Kerr, B. Rose (Editors) (1945). “Some effects of centrifugal force on the cardio-vascular system in man,”.Proc. Physiological Soc. . (1946). J. Physiol. 104(Suppl), 9–10. 
Conflict of interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.
Copyright © 2022 Isasi, Isasi and van Loon. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.
OPS/images/fphys-13-952723-g005.gif





OPS/images/fphys-13-952723-g006.gif





OPS/images/fphys-13-952723-g003.gif





OPS/images/fphys-13-952723-g004.gif
Before GT






OPS/xhtml/nav.xhtml
Contents

		Cover

		The application of artificial gravity in medicine and space		1 Introduction

		2 Hypergravity in medicine and space flight		2.1 History of gravitational therapy in Uruguay

		2.2 GT protocol

		2.3 Decades of studies on the effects of centrifugation on different pathologies

		2.4 Biological effects of GT

		2.5 Ground-based applications of short-arm human centrifugation with therapeutic benefits

		2.6 Artificial gravity in space flight





		3 Discussion

		Author contributions

		Funding

		Acknowledgments

		Publisher’s note

		Abbreviations

		References









OPS/images/cover.jpg
& frontiers | Frontiers in Physiology






OPS/images/fphys-13-952723-g001.gif





OPS/images/fphys-13-952723-g002.gif









OPS/images/crossmark.jpg
©

|





OPS/images/logo.jpg
,frontiers ‘ Frontiers in Physiology





