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Abstract
Introduction: The space sector is growing remarkably fast. Its value is expected to increase from $447 billion in 2022 to $2.7 trillion by 2040. The demand for astronauts and astro-civilians is growing and there will be an increased need for experts who understand the effects of spaceflight on the neuromusculoskeletal (NMSK) system. Orthopedic specialists in space medicine are sparsely reported in the literature and standards of care for astro-civilians are not well established. This review discusses the current prevalence of peri-flight NMSK injuries in astronauts, the role of orthopedic specialists, and considerations for standards of care for astro-civilians. Methods: A systematic review using PubMed, MEDLINE, and National Aeronautics and Space Administration Technical Report Server was performed to identify original research containing NMSK injuries in astronauts. Results: Twenty-nine studies were included in the review. The prevalence in 2388 documented injuries during pre-flight is 46.5%, in-flight is 37.0%, and post-flight is 16.5%. The prevalence in 2081 documented injury locations of the upper extremity is 32.4%, shoulder is 31.4%, back is 26.4%, lower extremity is 5.5%, and neck is 2.3%. Discussion: Common peri-flight injuries involve the shoulder, back, and hand such as shoulder tendonitis, space adaptation back pain, and herniated nucleus pulposus. It is critical to consider NMSK injuries for the growing space sector. As public interest grows, costs related to space are expected to decrease. Decreased costs increase accessibility to space and consequently the risk of NMSK injuries, increasing the demand for medical standards and experts in orthopedics and space medicine.
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Introduction

The role of orthopedists in space medicine is sparsely reported in literature and public data documenting orthopedic consults of astronauts is limited. A need of orthopedic specialists for astronaut health is highlighted by 247 individual orthopedic consults from 2012 to 2016 at the National Aeronautics and Space Administration (NASA) for orthopedic related injuries.1 Of these consults, 180 were new and 66 were follow-ups. Neuromusculoskeletal (NMSK) injuries obtained by astronauts are of unique mechanisms and may occur during pre-flight training, in-flight operations, and post-flight reconditioning.2 

Pre-flight NMSK injuries occur in a variety of locations and environments including:  pre-flight pressure training, vacuum chambers, the Weightless Environment Training Facility, the Neutral Buoyancy Laboratory (NBL), T-38 flight operations, parabolic flight, analog environments, extracurricular activities and physical fitness training.1,2 The most common injury involves the shoulder during extravehicular activity (EVA) training complicated by the central component of spacesuits.1 Complications of the shoulder include strain, tendonitis, rotator cuff overuse, bursitis, acromioclavicular joint pain, glenohumeral joint pain, anterior impingement of the subscapularis, and tenosynovitis.1,2 Other injuries include cervical, thoracic strain, and lumbar spasm of the spine, lateral epicondylitis and cubital tunnel syndrome of the elbow, carpal tunnel syndrome and Dequervan’s tenosynovitis of the wrist and forearm, onycholysis of the fingers due to excess glove moisture, and peripheral nerve impingement.

The most common NMSK problem is space adaptation back pain seen in the early phase of space flight and has been documented at an occurrence rate of 52%.3 Hand injuries are common in-flight and most are manifestations of abrasions and small lacerations due to in-cabin crew activities such as aerobic and resistance exercise and translating between modules. EVA suit components are the most common causes of NMSK injuries.4 Muscle volume atrophy and strength decrease have been reported at rates between 4-16% and 9-11%, respectively, during 5-to-17-day Space Shuttle missions5,6,7 and muscle atrophy between 12-20% during 16-to-28-week flights.8 Astronauts may lose up to 1 to 2.4% bone mineral density in the hip and lumbar spine per month.9,10

Post-flight NMSK injuries in astronauts include nucleus pulposus herniation with an incidence rate of 4.3 times compared to individuals who have not undergone spaceflight.11 Interestingly, a case of a rare occurrence of a cervical spine intervertebral disc herniation in-flight and led to the development of a novel NMSK treatment program designed for that astronaut.12 

As of 2022 the space market is worth approximately $447 billion and is estimated to be worth $2.7 trillion by 2040.13,14 As the space sector continues to expand and become more accessible, the demand for astronauts and civilians going to space will increase. Astronauts are at risk for unique mechanisms of orthopedic related injuries that may be obtained pre-flight, in-flight, and post-flight. Increased demand for astronauts and astro-civilians will increase the demand for orthopedic specialists in aerospace and space medicine due to a probable increase in incidence of NMSK injuries. 

Orthopedic standards of care for astro-civilians are not well established. With the continued progress of NASA’s Artemis campaign and goals of commercial space travel via the private sector, there is a growing need to establish standards of care for astro-civilians. Moreover, considerations should be made for a sports medicine team concept that aims to care specifically for astronauts and astro-civilians during peri-flight operations. 

Methods

The authors of this review strictly adhered to the Preferred Reporting Items for Systematic Reviews and Meta-Analyses  guidelines (Fig. 1). A literature search of the electronic databases PubMed, MEDLINE, and NASA Technical Report Server Publicly Available Content was performed to identify articles eligible for inclusion. Primary search terms used were “musculoskeletal,” “orthopedic”, “astronaut”, and “injuries”. Eligible articles were filtered through exclusion and inclusion criteria set. There were no restrictions on date, age, or patient sex. Article reference lists were further examined to identify additional eligible articles. The last systematic review conducted on pre-flight, in-flight, and post-flight MSK injuries in astronauts by Ramachandran et al.2 was used to identify additional references. The data from the Longitudinal Study of Astronaut Helath (NASA) was cited via Ramachandran et al.2 as the article could not be found using the search criteria.The search took place from August 2023 to October 2023.

Procedure
Review exclusion criteria included 1) review papers, 2) did not discuss neuromusculoskeletal or orthopedic injuries in astronauts, 3) gathered data via non-human subjects, 4) utilized simulated microgravity, 5) not available in English, 6) commentary papers, 7) not available in full text, 8) were duplications. Studies were included if they contained enumerated data concerning NMSK or orthopedic injuries in astronauts during pre-flight, in-flight, or post-flight conditions. Data that met exclusion and inclusion criteria was gathered via original research articles, conference papers, conference posters, conference presentations, technical reports, and unpublished data. 

Initial searches yielded a total of 628 results. Using keywords “musculoskeletal”, “orthopedic”, “astronaut” and “injuries” on PubMed yielded 70 results. Using keywords “musculoskeletal OR orthopedic astronaut injuries” on MEDLINE yielded 32 results. Using keywords “musculoskeletal astronaut injuries” on NASA Technical Report Servers Publicly Available Content yielded 526 results. Results from the three electronic databases were filtered via exclusion criteria. A total of 84 reports were assessed for eligibility via inclusion criteria and for duplication and 18 reports were eligible for this review. A total of 11 reports were assessed for eligibility via a prior systematic review by Ramachandran et al.2 and references from eligible reports and all 11 were eligible for this review. A total of 29 reports are used in this review. 

One investigator independently reviewed the titles and abstracts of search results from PubMed, MEDLINE, and NASA Technical Report Servers and filtered eligible papers via exclusion criteria. Articles that met exclusion criteria were assessed as full manuscripts for inclusion criteria. Eligible articles references were assessed. A previous systematic review’s references were assessed. Eligible articles containing pre-flight, in-flight, and post-flight NMSK injuries in astronauts had their data containing astronaut sample sizes, number of injuries, and injury types extracted into Microsoft Excel. 

Statistical Analysis
All eligible study’s data was extracted as astronaut sample size and categorized as pre-flight, in-flight, and post-flight injuries. The prevalence of each category of number of documented injuries in pre-flight, in-flight, and post-flight was calculated using Microsoft Excel. Eligible study’s documented number of injury locations was extracted, and the prevalence was calculated using Microsoft Excel. Injury location categories include head and face, neck (cervical), back (thoracic, lumbar, sacral, coccyx), shoulder, upper extremity (arm, elbow, wrist, hand, fingers), hip (pelvis and proximal femur), groin, lower extremity (thigh, knee, lower leg, ankle, foot), and general.

Results

NMSK injuries are the most common type of injury sustained in astronauts. With the creation of the International Space Station (ISS) and average space missions’ length increasing to 6-months, NMSK injuries sustained from long-term spaceflight during in-flight operations and post-flight became more apparent.2 Eligible articles containing data for NMSK injuries in astronauts were categorized as pre-flight, in-flight, and/ or post-flight types in Table I. The sample size of astronauts, type of article paper, year of publication, and authors were documented. The prevalence of documented pre-flight, in-flight, and post-flight injuries and injury locations were calculated from the data extracted from the systematic review.

Pre-flight NMSK injuries occur during recreational and training operations involved in the NBL, Weightless Environment Training Facility, pressure chamber, vacuum chamber, EVA training, and T-38 flying.1,2 Unpublished pre-flight injury data by Scheuring1 documented 17 shoulder injuries including rotator cuff tear-full and partial thickness, superior labrum anterior and posterior lesions, biceps tendon tear, acromioclavicular joint; and 21 knee injuries including medial collateral ligament sprain, medial and lateral meniscus tears, anterior cruciate ligament partial and complete tears, osteoarthritis with and without replacements. These injuries occurred during T-38 and NBL training. Hand injuries documented by McFarland et al.22 reported 115 pre-flight injuries from EVA training between 1981 and 2010. The hand injuries include pain, muscle fatigue, abrasions, lacerations, and onycholysis (delamination injury). 

Roughly every one hour an astronaut will spend during EVA in space, they train 11.6 hours in NBL.23 A hypothesized cause of injury during EVA training is due to design of the space suit hard upper torso (HUT) and predisposes astronauts to shoulder injuries. Anderson et al.23 reported 35 shoulder injuries due to the space suit or NBL training environment. The rates of surgery injuries during pre-flight training has increased over the years likely due to the expectation that astronauts are to be EVA certified before flying.24 Additionally, the number of EVA training runs has increased from 1.96 runs per year from 1982 to 1996 to 5.8 runs per year from 2003 to 2009. Laughlin et al.24 reported 40 shoulder injuries due to EVA training. Major shoulder injuries have led to surgery due to limitations in normal shoulder mechanics in the planar HUT, frequent NBL runs that last between 6 to 10 hours per run, using heavy tools, repetitive movements, inverted bodily positions, and overhead tasks.25 The shoulder injuries due to planar HUT increases strain to the rotator cuff, predisposing to impingement and tears. However, shoulder injuries occurring due to pivoted HUT have been documented leading to surgery when both planar and pivoted HUTs were used. The planar HUT has 1 scye opening versus 2 scye openings with the pivoted HUT. Scheuring et al.25 reported 24 shoulder surgeries due to injuries induced by planar and pivoted HUTs during EVA training. 

Gloves can harbor moisture during NBL training sessions by restricting the cooling and ventilation system from the EVA suit and predisposes astronauts to subungual redness, finger pain, and onycholysis (Fig. 2).29 A conference paper by Jones et al.29 reported 8 cases of fingernail injuries from NBL training due to suit gloves. Strauss et al.31 reported 352 suit related injuries in which 166 were in hands due to hard glove contacts and moisture, 73 were in shoulders due to hard contact with suit components and strains, and 40 were in feet due to hard boot contact.32 The remaining documented injuries involved the legs, arms, trunk, groin, and head. A journal article by Viegas et al.33 documented 202 upper extremity problems where 122 involved the hand, 66 involved the shoulder, and 14 involved the elbows. Issues arose due to suit fit problems and included issues with fingernails such as onycholysis, glove contact, and hand fatigue; shoulders such as strain, contact pressure from HUT, and harness pressure complaints; and elbows such as suit contact, lateral epicondylitis, and medial epicondylitis. 

Due to reported shoulder injuries resulting from the NBL, the Shoulder Injury Tiger Team was developed to investigate these issues from December 2002 to June 2003.34,35 The prevalence of shoulder pain during EVA training was 64% and 14 cases of shoulder pain.35 The last record of pre-flight injuries is from the Longitudinal Study of Astronaut Health (NASA)2 documenting injuries from 1981 to 1998 seen in neck, back, shoulder, hip, knee and ankle. However, a limitation of their study is the lack of a sample size of astronauts and number of injuries.

The most recent documented in-flight NMSK injury in 2023 is 1 cervical disc herniation (Fig. 3) on board the ISS.12 A NMSK rehabilitation program, that had not existed prior, was developed by the affiliated medical team for the astronaut to undergo while on the ISS. Diagnosis was made from consultations with neurosurgery, orthopedic surgery, and physical therapy and from the inclusion of serial ultrasound imaging on board the ISS. Strock et al.15 documented 17 NMSK related injuries in-flight with the majority being muscle strain or sprain. Interestingly, male astronauts made up most of the injuries, however, females had a higher prevalence. 

Hand injuries documented by McFarland et al.22 reported 100 in-flight injuries from EVA operations between 1981 and 2010. The hand injuries include pain, muscle fatigue, abrasions, lacerations, and onycholysis (delamination injury). Onycholysis is more common in EVA training environments compared to in-flight operations. For in-flight operations, finger injuries are more common and may occur in 19.6% in astronauts with a hand circumference of over 22.86 cm.26 Anderson et al.23 reported 62 shoulder injuries during Active-Duty in-flight operations due to the space suit and EVA (Fig. 4). 

Space adaptation back pain occurs at the highest incidence for any in-flight injury. Kerstman at al.3 documented space adaptation back pain to have an incidence of 52% in a sample size of 728. Of those astronauts affected, 86% experienced mild pain, 11% experienced moderate pain, and only 3% experienced severe pain. Most cases are self-limited, however, in cases of moderate and severe pain there is risk of functional impairment and mission impact. As missions to the ISS become longer, the risk for significant amounts of bone loss increases. Kayak et al.27 recorded proximal femur bone strength loss in 13 astronauts aged between 40 to 55 years who spent between 4.3 to 6.5 months on the ISS. Under stance and loading, astronauts lost approximately 2.6% and 2.0%, respectively, of proximal femur bone strength per month in space. This increases the risk for age-related hip fractures.

Scheuring et al.4 documented 219 in-flight NMSK injuries and 198 occurred in men and 21 in women. The most common in-flight injuries documented involved the hand such as abrasions and small lacerations. The leading causes of NMSK injuries involved the EVA suit components, activities in the spacecraft cabin, and aerobic and resistive exercise. Exercise-related injuries were the most common cause of injuries in astronauts living on the ISS. Scheuring et al.30 conducted a survey from the 22 living Apollo astronauts at the time and documented injuries in 14 involving the shoulders, wrist, hands, fingers, and lower back. Lastly, Wing et al.36 documented back pain and spinal changes that could influence sensory and autonomic dysfunction in a sample of 58 astronauts. 

Most data on NMSK injuries occurring post-flight has been documented since 2016. Before 2016, only three documents have recorded post-flight injuries in astronauts since 1991. Strock et al.15 documented 260 post-flight injuries and as most common compared to in-flight injuries. They occurred more commonly in male astronauts. The most common injuries in order were muscle sprain and strains, tendonitis and tendinopathy, fracture, and low bone mineral density (BMD). Approximately 49.6% of post-flight injuries occurred within 1-year of landing. 

Most post-flight injuries are associated with the spine. Bailey et al.16 conducted a prospective longitudinal study in 12 NASA astronauts who spent approximately 6-months in space and measured biomechanical changes in the lumbar spine. New symptoms associated with new or previously asymptomatic lumbar disc herniation was experienced by 6 of the astronauts. Additionally, they experienced a decrease in lean muscle mass by 6.2% around L4 and L5 vertebrae and 7.0% around L5 and S1 vertebrae. Lastly, disc herniation was associated with a decrease in range of motion by 24.1% around L1, L2 and L3 vertebrae. Another prospective study by Bailey et al.17 followed 6 astronauts who spent 6-months on the ISS documented lower back pain and instability and found supine lumbar lordosis decreased by approximately 11%. In 5 astronauts, the multifidus and erector spinae spinal muscles functional cross-sectional areas decreased by 20%. The changes in lordosis and range of motion associated with the multifidus were seen in all 6 astronauts. However, only 2 astronauts experienced post-flight lumbar symptoms such as chronic low back pain or disc herniation. 

Chang et al.16 found that astronauts have 4.3 times higher risk of intervertebral disc herniations compared to military aviator and general populations. A total of 6 astronauts who underwent a 6-month space mission experienced a decrease from 86% of the total paraspinal muscle mass cross-sectional area to 72% of paraspinal lean muscle mass around the lumbar spine. Intervertebral disc heights were not appreciably different pre-flight versus post-flight. Johnston et al.11 found a higher risk of cervical disc herniation in astronauts (18 of 44) compared to the general population (3 of 35). Laughlin et al.19 documented cases of post-flight back pain in a sample size of 45 astronauts and found 13 cases of back pain by 45 days post-flight were reported and 5 reported at 1-year. Kim28 documented one case of post-flight back pain from a South Korean astronaut requiring hospitalization.

Laughlin et al.20 compared rates of orthopedic shoulder consults between a NASA post-flight population of 338 astronauts and general population of 347,540. They found that male astronauts had a 94% increased hazard of an orthopedic shoulder consult compared to the general population. Women did not display differences and they hypothesize it is due to the small number of female NASA astronaut population of 52 in the study. Lastly, research presented in the Longitudinal Study of Astronaut Health (NASA)2 documented injuries in astronauts post-flight involving the neck, back, shoulder, hip, knee, and ankle.

The total number of documented NMSK injuries in astronauts during pre-flight, in-flight, and post-flight conditions is 2388 (Table II). The prevalence of pre-flight NMSK injuries is 46.5% (1111/2388) from an astronaut sample size of 1374. The most common pre-flight injury locations are the shoulder and hand. The prevalence of in-flight NMSK injuries is 37.0% (884/2388) from an astronaut sample size of 1780. The most common in-flight injury locations are the back and hand. The prevalence of post-flight NMSK injuries is 16.5% (393/2388) from an astronaut sample size of 880. The most common post-flight injury locations are the back and shoulder.

The total number of documented NMSK injury locations in astronauts during pre-flight, in-flight, and post-flight conditions is 2081 (Table III). The prevalence of head and face injuries is 0.6% (12/2081); neck (cervical) is 2.3% (48/2081); back (thoracic, lumbar, sacral, and coccyx) is 26.4% (550/2081); shoulder is 31.4% (654/2081); upper extremity (arm, elbow, wrist, hand, fingers) is 32.4% (675/2081); hip (pelvis and proximal femur) is 0.8% (17/2081); groin is 0.2% (4/2081); lower extremity (thigh, knee, lower leg, ankle, and foot) is 5.5% (115/2081); and general is 0.3% (6/2081). Pre-flight, in-flight, and post-flight injuries and injury locations in astronauts affect various parts of the NMSK system ranging from minor to severe injuries (Fig. 5).

Identical data sets found in multiple publications were counted once when calculating the prevalence. Studies that did not include a known sample size were left out of the analysis.

Discussion

Discussing the history of astronautics and NASA cannot be done without first discussing the history of the aviation sector between the 1920s and 1950s and the development of NASA in 1958. The future of space travel and the growth of the space sector may resemble that of the aviation sector between 1920 and 1950.13 In the early 1920s, the aviation sector was limited to planes made of lightweight material such as wood and canvas, open fields as airports, and mail delivery as its commercial capacity.13,37 However, the development of aircrafts being made of lightweight metals, increasing cargo capacity, enclosed cockpits, and increased range in the 1920s laid the foundation for incredible growth in the 1930s. Commercial airline passengers in the United States rose from 6,000, to more than 450,000, and to more than 1 million from the 1920s, 1930s, and by 1940, respectively.38 The costs of airline tickets decreased as major airline companies were established, therefore increasing the availability of airline travel.39 When World War II erupted, this inspired military investment into the aviation sector leading to the making of jets and defense-driven development.40 The space sector may follow a similar course due to the increasing interest in commercial space travel, accessibility to space, and reusable rockets; and decreasing costs of heavy launch vehicles and mass production.

In 1957, the Soviets launched Sputnik 1, the first artificial satellite.41 This negatively affected the American public opinion on the United States’ technological advancements and inspired a need to increase spending in the aerospace sector. In 1958, NASA was established by the Congress and President of the United States due to influences of national defense. NASA soon became a dominant player in the space sector with Project Mercury by sending its first astronaut to space to study human survival in space, only 6-weeks after the Soviet Union sent its first astronaut.41,42 Project Gemini sent two astronauts to space from 1965 to 1966 to practice space operations including docking a spacecraft and EVA spacewalks. Finally, in 1969 under the Apollo missions of 1968 to 1972, the Apollo 11 crew sent the first man to the moon, establishing NASA as the leader of the space sector. 

In 1975, NASA launched the first international spaceflight with the cooperation of the Soviet Union.41 With the advent of the Space Shuttle, NASA returned to space in 1981 and flew 135 crews, including the Challenger and Columbia crews.41,42 In 1998, the construction of the ISS began and permanent crews were established onboard as soon as 2000.42 NASA has funded the first commercial crewed spacecrafts for the ISS of SpaceX’s Crew Dragon and Boeing’s Starliner and allowed them to continue using the technology for future projects, establishing the significance and rise in commercial space companies and travel. In 2020, SpaceX’s Crew Dragon landed onboard the ISS. Finally, with the establishment of the Artemis campaign, NASA has flown an unmanned spacecraft around the moon with Artemis 1 in 2022, will fly a manned spacecraft around the moon with Artemis 2 in 2024, and bring a landing mission on the moon’s South Pole with Artemis 3 in 2025 or 2026.42,43

As the leader of scientific research, NASA has focused on projects such as aerodynamic studies, propulsion technologies, human survivability in space, and space medicine.41,44 Focus on space medicine started after John F. Kennedy declared, in 1961, that man would reach the moon and questions arose regarding the effects of CO2, cabin pressure, acceleration, vibration, and the effects of microgravity on humans.44 

In 2007 and 2011, NASA initially released NASA Spaceflight Human-System Standard Volume 1 and Volume 2, respectively, covering astronaut health standards.45,46 Volume 1 focuses on Crew Health and Revision C was published in 2023.45 Volume 2 focuses on Human Factors, Habitability, and Environmental Health and Revision D was published in 2023.46 These technical standards are available to the public and cite current astronautic standards related to training and spaceflight. Our manuscript focuses on health standards published relevant to the NMSK system.

Sensorimotor function is impacted by transitions in gravitational fields and include balance, locomotion, eye-hand coordination, gaze control, tactile perception, and spatial orientation.45 Pre-flight sensorimotor standards have to be within clinical values for age and sex that are normal in the astronaut population; in-flight fitness requirements is based on the nature of operations such as EVAs and include task specific metrics and are operationally defined; and post-flight reconditioning is aimed at returning sensorimotor function to baseline. Optimal nutrition is important to mission performance and success and needs are based on age, sex, body mass, height, and activity factor. Nutritional status is determined, and possible nutritional deficiencies are mitigated in the pre-flight setting. Each crew member is provided with their entire calculated nutrient requirements for the in-flight setting and post-flight nutritional assessment is aimed at returning the astronaut to their pre-flight baseline. 

Skeletal muscle mass and strength may be lost during spaceflight microgravity environments.46 Skeletal muscle is critical for successful mission tasks, emergencies, and function. In-flight exercise devices such as Advanced Resistive Exercise Device, treadmill, and cycle ergometer device serve as counter measures to prevent skeletal muscle loss but also have inherent risks such as risk for muscle tears (Fig. 6).1 Astronauts must have sufficient skeletal muscle strength to complete in-flight and post-flight tasks, minimize loss of mission objections, and maintain operational efficiency. Pre-flight skeletal muscle strength requirements and physical conditioning training provide standards for missions. Muscle strength standards are determined by deadlift and bench press capabilities based on their body weight and strength required to execute microgravity and extraterrestrial surface EVAs and unaided terrestrial egress. Countermeasures in-flight aim to maintain skeletal muscle strength at or above 80% compared to pre-flight strength. Based on historical data, including ISS data, 20% loss in skeletal muscle strength does not impair mission objections and during post-flight reconditioning it is able to return to pre-flight baseline. Moreover, astronauts may experience a decrease in BMD during long-duration spaceflight. This increases the risk of fracture and early onset osteoporosis and fracture risk in the post-flight setting as not all BMD is recovered. Pre-flight BMD is monitored via T-scores for total hip and lumbar spine (L1 to L4) measured via mass dual energy X-ray absorptiometry scan. The T-scores are compared to an age, sex, gender, and ethnic-matched population. In-flight countermeasures aim to preserve 95% of BMD in the hip and spine and 90% BMD in the femoral neck. Post-flight reconditioning aims to return astronaut’s BMD to pre-flight baselines.

Physical crew interfaces must be visible and within functional reach and account for body mass, volume, and surface area.46 The crew have to be able to perform tasks efficiently and effectively such as completing within the appropriate time limit and degree of accuracy. System interfaces account for minimum and maximum anticipated strengths, body mass, volume, surface area, and muscle fatigue of crewmembers.

To mitigate in-flight back pain, protocols should incorporate core stabilization programs, optimize sleep positions, better evaluate pain and objective assessments of pain site, and perform pre- and post-flight magnetic resonance imaging for assessing disk herniation.47 Pre-flight operations should avoid overuse injuries with exercise and train with regards to the microgravity environment. In-flight operations should optimize exercise prescriptions and astronauts should exercise as soon as possible. In-flight injury rehabilitation should follow current terrestrial guidelines such as limited range of motion without weight bearing, aircasting, and introduce weight bearing exercise using splinting. Fracture management in-flight should be treated with a splint and analgesics as required for simple fractures and add appropriate wound care and antibiotics for open fractures. It is important to initially compress a joint to manage fluid accumulation without elevation because microgravity decreases peripheral fluid volume. Candidates should be evaluated for Vitamin D status. Orthopedic implants such as those associated with shoulder replacement, knee replacement, and hip replacement, may increase the risk of osteoporosis or other problems as the effects of microgravity on orthopedic implants are unknown. In-flight measures of bone changes should be analyzed such as measuring isometric, concentric, and eccentric MSK forces. There is a need for future research of pharmacological countermeasures such as anabolic drugs, bisphosphonates, and statins.

The current standards and recommendations for astronauts should be taken under consideration when establishing standards for astro-civilians. Astro-civilians are not likely to be operating mission specific tasks and will more likely be involved in astro-tourism. However, standards involving pre-flight training, muscle density and strength, BMD, NMSK injuries, sensorimotor function, nutrition, in-flight countermeasures, and post-flight reconditioning should be considered in astro-civilians to best prepare them for spaceflight, the effects of microgravity, and how to return them to their baseline health when returning to Earth. Considerations in astro-civilians that must be employed are additional comorbidities that may not be considered in astronauts.

The most common complication of spaceflight is space adaptation back pain occurring at a rate of 52%.3,48 Space adaptation back pain is mostly self-limiting, lasting between one to two days after take-off. However, rarely, it can lead to more serious and lasting complications leading to functional impairment and mission impact. Space adaptation back pain occurs due to spine elongation by 1-2% in microgravity.49 Treatment options include analgesics such as nonsteroid anti-inflammatory drugs and fetal positioning. In prolonged spaceflight 6-months or longer, back pain is usually lower and in the lumbar region associated with the paraspinal muscles, resulting in decreased active flexion and extension of the lumbar spine.48,50,51

In 2023, there was a rare case of a cervical disc herniation in-flight onboard the ISS, requiring the development of a new NMSK rehabilitation program prescribed on-orbit via the Astronaut Strength Conditioning and Rehabilitation Specialists (ASCR) team.12 Serial ultrasound imaging was conducted in-flight until post-flight magnetic resonance imaging could be obtained. Ultrasound imaging was first documented onboard the ISS in 2005 for the use of evaluating shoulder integrity.52 Since then, ultrasound imaging onboard the ISS has been used to diagnose and guide treatment plans for recurrent knee pain, hamstring strains and tear, finger dislocations, foot trauma related to exercise countermeasures, low back pain and injury, and cervical spine pain.53 Sprains, strains, and contusions occur at a rate of 3.34 events per person-year. Complications with onboard medical care include limited training from the onboard Crew Medical Officer, limited resources onboard the ISS, and communication limitations from air-to-ground. Spaceflight imposes challenges in providing medical care onboard and the integration of ultrasound imaging onboard the ISS allows diagnostic capabilities during spaceflight. 

Astronauts may lose up to 1 to 2.4% bone mineral density in the hip and lumbar spine per month and muscle volume between 4-20% from 5 day to 28 week long flights.9,10,54 Other studies have tried comparing muscle and bone atrophy via tilted bed rest to spaceflight,55,56,57 however, their critical limitation is they do not simulate real microgravity. Bone and muscle atrophy increase the risk for bone fractures and therefore the Bone Fracture Risk Module was developed to assess astronaut risks to fractures based on mission input parameters, load applied to the bone, incidence rates, and fracture risk index.58 

EVA in-flight and during pre-flight training is a dangerous and hazardous activity an astronaut performs, exposing them to decompression sickness and NMSK injuries.59,60,61 The in-flight incidence rate for NMSK injuries is 1.21 per day and 0.26 per EVA.61 The most common sites of injury in EVA suits are the hands, feet, and shoulders.62,63 NASA is developing a new suit for astronauts to prevent NMSK injuries by increasing the range of motion and mobility at the shoulders, hips, and knees.

The physically demanding training and preparation for space exploration and the multisystem physiologic effect of microgravity induces an increased risk of injury throughout all mission phases for professional astronauts. Exercise countermeasures, programmed by the ASCRs, a team consisting of strength and conditioning coaches, athletic trainers, and a physical therapist, are a vital component to optimizing physical performance through all mission phases and reducing the risk of injury.64,65,66 The ASCRs programmatic goals are targeted to minimize the adverse health outcomes associated with spaceflight, optimize in-flight performance and safety, provide a progressive and functional return to a terrestrial environment, promote an optimal rate of post-flight recovery, and minimize the lifetime health risks associated with space flight. During the inflight mission phase, the primary countermeasures to mitigate microgravity effects on the NMSK system, cardiovascular system, and neurovestibular system are the Advanced Resistive Exercise Device, the Treadmill 2 with vibration isolation system (T2), and the Cycle Ergometer with Vibration Isolation System.67 Non-exercise countermeasures include behavioral interventions and pharmacotherapy, such as nonsteroid anti-inflammatory drugs, as needed.68 EVA is a very dangerous element of space travel and countermeasures specific to in-flight EVA include spacesuit design and concept of operations such as psychological wellbeing, fatigue, and operational challenges.69 Every long duration astronaut is scheduled 2.5 hours per day of aerobic and resistive exercise, 6 days a week.65,66 The ASCRs provide progressive, individualized, protocols which has resulted in the ability to preserve aerobic performance and maintain moderate strength to an operationally and performance capable level. Even with these robust countermeasures, maintaining flexibility, spinal and pelvic stabilizers, and proprioception are challenges faced by the environment and engineering constraints on the exercise devices and limitations of frequent recruitment on these systems. Upon return to the 1G environment, professional astronauts receive 45 days of progressive one-on-one reconditioning with the ASCR team that focuses on returning the neuromuscular, neurovestibular, and cardiovascular systems back to preflight status. 

It is vital that these exercise strategies target multisensory integration, by gradually increasing difficulty, to reduce the risk of injury and return the astronaut to optimal performance. In addition to a robust physical optimization program through all mission phases, professional astronauts have access to same day NMSK evaluation from the licensed athletic trainers and physical therapists in the ASCR group. This access allows for quick identification of injury, ability to initiate conservative treatment, and expedite services to orthopedic surgeons where indicated.

Orthopedic surgeons may be consulted based on individual needs of astronauts with NMSK injuries that may or may not require surgery. Data documenting the amount of orthopedic surgery consults for astronauts is extremely limited. Total documented orthopedic consults for astronauts seen from 2012 to 2016 is 246 total estimated visits where 180 were new and 66 were follow-up visits.1 The time astronauts spent in these consults ranged between 832 and 1248 hours. The total cost of these consultations was over an estimated amount of $140,000. Currently, there is an in-house Doctor of Physical Therapy, who is the first and only one, at NASA focusing care on fitness, injury prevention, and rehabilitation.70 Additionally, there is an in-house flight surgeon specialized in aerospace medicine and sports medicine who is the lead crew surgeon for the Artemis II mission.71,72

As of 2022, the space market is worth approximately $447 billion and is estimated to be worth $2.7 trillion by 2040.13,14 The future growth of the space sector by 2030 compared to 2022 includes annual private funding of over $20 billion from $12 billion, countries with space agencies at over 100 from 70, number of space start-ups at over 1,000 from over 600, active satellites at approximately 15,000 from 4,850, and space launches per year at over 200 from 145. Approximate costs related to space are expected to continue to decrease by 2030 from 2022 such as space station costs at $5 billion to $10 billion from $110 billion, heavy launch costs at $100 per kilogram from $1,500 per kilogram, and satellite costs at less than $50,000 from $100,000.13 Private companies aim toward making space travel commercially available and public interest in commercial space travel continues to grow.14 Deceased costs increases the accessibility to the space sector. With greater accessibility and increase in satellites, space launches, private funding, space start-ups, and interest in commercial space travel, there will be an increased demand for orthopedic specialists due to a probable increase in NMSK injuries in astronauts and astro-civilians surrounding spaceflight.

The Artemis campaign is made up of Artemis I, Artemis II, and Artemis III.73 Artemis I is an unmanned flight test of the Space Launch System and Orion spacecraft around the moon launched in 2022. The flight test aims to demonstrate the performance of the Space Launch System rocket while conducting science and technology research of deep space and the lunar environment.74 Artemis II was originally set to take place in 2023 but is currently on track for 2024. It is the first crewed flight test of the Space Launch System rocket that will slingshot around the moon taking mankind the farthest into deep space in history at 7,400 kilometers past the moon.73,74 Artemis III will bring mankind back to the moon, but will be the first time exploring the South Pole of the moon. The South Pole has more extreme conditions than mankind has experienced before on the moon.43 The landing sites will be more challenging and offer rich scientific conditions such as more numerous craters, areas of extremely low or high temperatures, and deposits of water ice. The Artemis campaign aims to establish long term lunar surface operations and learn how humans may work and live on another world with commercial and international partners as NASA prepares humans for Mars.73 Important considerations regarding increased risk to NMSK injuries include long-term presence on the moon and exposing humans to harsher space conditions than ever before. This may predispose humans to additional mechanisms of injury regarding space travel. Additionally, as commercial partners become involved, additional considerations for astro-civilians potentially traveling to the moon and deep space need to be established. Predictions indicate that millions of civilians could be in space in the future orbiting the Earth, traveling to the moon, and into deeper space and with comorbidities and potential disabilities that professional astronauts do not have.75 In relation to NMSK injuries, this presents many challenges to various orthopedic specialists. Considerations should be made regarding food optimization before launch and security during deep space travels accounting for MSK deconditioning.76 Additionally, medication nonadherence is common amongst civilians with chronic diseases, occurring at rates between 40-50%, and factoring possible medication nonadherence during space travel should be explored in the future.77

NASA launched their Commercial Crew Program partnering with the American private industry to plan safe, reliable, and cost-effective commercial space travel to and from the ISS from the United States of America.78 NASA used Space Act Agreements to partner with domestic partners such as SpaceX, Boeing, Blue Origin, Sierra Nevada Corporation, United Launch Alliance, and Paragon Space Development Corporation. Under the Space Act Agreements, NASA has awarded over $8.2 billion dollars between 2010 and 2014 to minimize the gap in spaceflight capabilities and accelerate growth.79

Commercial space travel includes space tourism. The first paid experience to travel to space was $20 million for one person to travel to the ISS in 2001.80 The access to space tourism was widened when Virgin Galactic pre-sold 600 tickets to suborbital space for $250,000 per ticket sold in the previous decade. However, additional sales were made in 2022 pre-selling tickets at $450,000 per seat.81 Younger generations have increased interest in spaceflight to experience the emotions and feelings of a unique experience, specifically regarding spacewalking and the launch acceleration phase.80 The demand for suborbital and orbital space travel is expected to increase up to $215 billion by 2030.14 The desire for space hotels began in 1999 when Hilton considered investing $25 billion in a space hotel for a 2-week vacation initial costing $2 million per ticket but fell to $415,000 per ticket over 5-years. The exponential growth of space start-ups and interest in space tourism have increased demand and decreased costs. The Voyager Station stated it could potentially accommodate 280 tourists to space with its first commercial space flight in 2027. NASA established a space hotel costing $55 million for each entrepreneur-astronaut. However, the expected cost in the future is estimated to become $100,000 per night in space. Billionaire entrepreneurs such as Jeff Bezos of Blue Origin, Elon Musk of SpaceX, and Richard Branson of Virgin Galactic, aim to make space the future of tourism and for 5 million tourists to reach space by 2030.80

Astronauts are highly skilled, professional assets serving in a physically demanding training environment and the extreme environment of space. An interdisciplinary team, utilizing experts in all domains of the physical and cognitive pillar, are vital to optimizing performance and reducing the risk of injury that astronauts may experience throughout their career. There is currently no in-house orthopedic surgeon at NASA and considerations should be made to enhance the interdisciplinary team to effectively provide support across the full continuum of human performance and neuromuscular health care. Considerations should be made for a sports medicine team concept: including an orthopedic surgeon, physical therapist, athletic trainer and strength coach as the space sector continues to grow. 

Articles utilized in this review are all available to the public via the global internet, PubMed, MEDLINE, and NASA Technical Report Server databases. Therefore, readers can access all citations in this review. However, data and documents not available to the public were not utilized in this review. Additionally, only English language articles were analyzed. These factors could be limitations to the breadth and depth of this review and possible key information could have been excluded. 

Future research should continue documenting NMSK injuries in astronauts in pre-flight, in-flight, and post-flight settings as its relevance continues to grow. Studies should focus on the implications of NMSK injuries in astro-civilians as the space sector continues to expand. Possibilities to document NMSK injuries in civilians related to spaceflight should be made as civilians continue to venture into space. Appropriate physical and training standards should be explored for civilians related to spaceflight and should take into consideration comorbidities. Standards of care regarding the NMSK system in astro-civilians should begin to be established and in relation to current standards of care for astronauts.

As the space sector continues to rapidly grow, the prevalence, risks, and rate of NMSK injuries will rise. NASA’s Artemis campaign aims to establish a long-term presence on the lunar surface starting with Artemis III. The private space companies want to make spaceflight commercial for civilians with the aim of sending millions of civilians to space. NMSK injuries are well documented in astronauts. However, there is no literature that documents NSMK injuries in astro-civilians. When considering comorbidities in astro-civilians compared to astronauts, there is a need to address orthopedic standards of care for astro-civilians. As the space sector continues to grow and related costs decrease, the demand for orthopedic specialists in space medicine will become greater. Considerations should be made for a sports medicine team concept and standards of care for astro-civilians.
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Table I: A summary of original research presenting pre-flight, in-flight, and post-flight neuromusculoskeletal injuries in astronauts.
	Number
	Author
	Type of Paper
	Year
	N Size
	Injuries
	Pre-flight
	In-flight
	Post-flight

	1
	Scheuring et al.12
	Conference paper
	2023
	1
	Cervical disc herniation
	
	✩
	

	2
	Strock et al.15
	Conference presentation
	2023
	151
	Muscle sprains and strains, fracture, tendon-related, low bone mineral density
	
	✩
	✩

	3
	Bailey et al.16
	Journal article
	2022
	12
	Lumbar disc herniations
	
	
	✩

	4
	Bailey et al.17
	Journal article
	2018
	6
	Low back pain and instability
	
	
	✩

	5
	Scheuring et al.1
	Conference presentation
	2017
	38
	Rotator cuff tear, superior labrum anterior and posterior lesion, biceps tendon tear, acromioclavicular joint, medial cruciate ligament sprain, medial and lateral meniscus tears, anterior cruciate ligament tear, osteoarthritis
	✩
	
	

	6
	Chang et al.18
	Journal article
	2016
	6
	Lumbar spine paraspinal lean muscle mass decrease
	
	
	✩

	7
	Laughlin et al.19
	Conference poster
	2016
	45
	Back pain
	
	
	✩

	8
	Laughlin et al.20
	Conference paper
	2016
	338
	Shoulder consults
	
	
	✩

	9
	Scheuring et al.21
	Conference presentation
	2016
	233
	Hand trauma, hand abrasions, hand lacerations, back, shoulder, wrist, fingers, low back pain
	
	✩
	

	10
	McFarland et al.22
	Conference paper
	2015
	275
	Hand trauma
	✩
	✩
	

	11
	Anderson et al.23
	Journal article
	2015
	278
	Shoulder
	✩
	✩
	

	12
	Laughlin et al.24
	Conference poster
	2014
	330
	Shoulder
	✩
	
	

	13
	Kerstman et al.3
	Journal article
	2012
	778
	Space adaptation back pain
	
	✩
	

	14
	Scheuring et al.25
	Conference presentation
	2012
	330
	Shoulder
	✩
	
	

	15
	Johnston et al.11
	Journal article
	2010
	321
	Cervical and lumbar herniated discs
	
	
	✩

	16
	Opperman et al.26
	Journal article
	2010
	232
	Fingernail
	
	✩
	

	17
	Scheuring et al.10
	Conference presentation
	2010
	233
	Hand trauma, hand abrasions, hand lacerations, back, shoulder, wrist, fingers, low back pain
	
	✩
	

	18
	Keyak et al.27
	Journal article
	2009
	13
	Proximal femur bone strength loss
	
	✩
	

	19
	Scheuring et al.4
	Journal article
	2009
	219
	Hand trauma, hand abrasions, hand lacerations, back, shoulder
	
	✩
	

	20
	Kim28
	Website article
	2008
	1
	Back pain
	
	
	✩

	21
	Jones et al.29
	Conference paper
	2007
	8
	Fingernails
	✩
	
	

	22
	Scheuring et al.30
	NASA Technical Memorandum
	2007
	14
	Shoulder, wrist, hands, fingers, low back pain
	
	✩
	

	23
	Strauss et al.31
	Journal article
	2005
	86
	Hands, shoulders, feet, legs, arms, trunk, groin, head
	✩
	
	

	24
	Strauss32
	NASA Technical Publication
	2004
	86
	Hands, shoulders, feet, legs, arms, trunk, groin, head
	✩
	
	

	25
	Viegas et al.33
	Journal article
	2004
	83
	Shoulder suit contact problems, shoulder strain, elbow suit contact problems, medial and lateral epicondylitis, hand suit contact problems, hand fatigue, fingernails
	✩
	
	

	26
	Johnson et al.34
	Conference paper
	2004
	22
	Shoulder pain and injury
	✩
	
	

	27
	Williams et al.35
	NASA Technical Memorandum
	2003
	22
	Shoulder pain and injury
	✩
	
	

	28
	Longitudinal Study of Astronaut Health (NASA)2
	NASA Newsletter
	1999
	N/A
	Neck, back, shoulder, hip, knee, ankle
	✩
	
	✩

	29
	Wing et al.36
	Journal article
	1991
	58
	Back pain
	
	✩
	
















Table II: Analysis of available injury type data from review. Studies 1-8, 10-16, 18-22, 24, 25, 27, and 29 used.
	Astronaut Sample Size (N)
	Injury Sample Size (N)
	Injury Type
	Most Common Injury Locations
	Prevalence

	1374
	1111
	Pre-flight
	Shoulder, Hand
	46.5% (1111/2388)

	1780
	884
	In-flight
	Back, Hand
	37.0% (884/2388)

	880
	393
	Post-flight
	Back, Shoulder
	16.5% (393/2388)

















Table III: Analysis of available injury location data from review. Studies 1, 3-8, 10-16, 18-21, 24, 25, 27, and 29 used.
	Injury Location
	Injury Sample Size (N)
	Prevalence

	Head and Face
	12
	0.6% (12/2081)

	Neck (Cervical)
	48
	2.3% (48/2081)

	Back (Thoracic, Lumbar, Sacral, Coccyx)
	550
	26.4% (550/2081)

	Shoulder
	654
	31.4% (654/2081)

	Upper Extremity (Arm, Elbow, Wrist, Hand, Fingers)
	675
	32.4% (675/2081)

	Hip (Pelvis and Proximal Femur)
	17
	0.8%(17/2081)

	Groin
	4
	0.20% (4/2081)

	Lower Extremity (Thigh, Knee, Lower Leg, Ankle, Foot)
	115
	5.5% (115/2081)

	General
	6
	0.3% (6/2081)
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Figure 1: Preferred Reporting Items for Systematic Reviews and Meta-Analyses flow diagram delineating neuromusculoskeletal or orthopedic astronaut injuries in pre-flight, in-flight, and post-flight conditions article selection.
[image: ]
Figure 2: Onycholysis of the second and third hand digits due to spacesuit glove moisture.29 
[image: ]

Figure 3: Cervical spine magnetic resonance imaging of symptomatic C7 radiculopathy on the left A) immediately postflight with disc herniation (arrowhead) and damage (arrow) and B) 7-months post-flight with disc herniation (arrow) and no longer symptomatic.12 
[image: ]
Figure 4: EVA 32, ISS EXP 35/56, July 2013; EVAs in space; injuries primarily in the hands and feet due to compression mechanisms; less common incident of a superior labrum anterior and posterior lesion from traction style movement.23 

[image: ]
Figure 5: Depiction delineating common documented neuromusculoskeletal injuries in astronauts and the calculated prevalence of documented data for pre-flight, in-flight, and post-flight injuries and injury locations. 
[image: ]
Figure 6: Hamstring tear while performing Advanced Resistive Exercise Device presenting A) clinically as a Grade II tear (arrows) and B) as a Grade I tear under ultrasound (arrows): amt, adductor magnus tendon; ct, conjoint tendon; it, ischial tuberosity; smt, semimembranosus tendon.1
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