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Space flight missions over 6 months significantly increase the risk of
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Background: The purpose of this study was to determine risk of shoulder injury in astronauts returning
from space flight and highlight the need for further exploration of risk factors and preventative
strategies.
Methods: Using The Lifetime Surveillance of Astronaut Health epidemiology database at National
Aeronautics and Space Administration, a retrospective cohort study was conducted to assess the effect of
space flight mission duration on rate of shoulder injury among astronauts. Inclusion criteria were all
astronauts who participated in space flight regardless of age or space flight mission time. Exclusion
criteria were all injuries occurring greater than 5 years following return to Earth. Patient demographics
were compared between injured and noninjured cohorts with stratification by shoulder pathology.
Results: Of total 242 astronauts, 22 sustained a shoulder injury (9.09%) and 220 did not sustain a
shoulder injury (90.91%). Average age of the noninjured cohort was 46 years and average age of the
shoulder pathology cohort was 48 years. There were 8 rotator cuff tears, 5 cases of shoulder impinge-
ment, 5 shoulder contusions, and 4 rotator cuff sprains/strains. Compared to the noninjured cohort,
incidence of all shoulder pathology was significantly associated with space flight missions greater than 6
months (P < .001). Rotator cuff tears in isolation, as well as rotator cuff and impingement pathology
combined, were significantly associated with greater than 6 months in space flight (P < .001).
Conclusion: Space flight missions greater than 6 months were associated with increased risk of
shoulder injury, especially rotator cuff tears. However, specific aspects of space flight that increase risk
remain understudied. Shoulder injuries upon return to gravitational environments have the potential to
negatively impact astronaut health and possibly jeopardize mission success, particularly as upper-
extremity mobility is vital in the microgravity environment of space.

© 2024 The Author(s). Published by Elsevier Inc. on behalf of American Shoulder and Elbow Surgeons.
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-

nc-nd/4.0/).
Humans have pushed the boundaries of space flight for decades.
In recent years, the National Aeronautics and Space Administration
(NASA) has prepared to embark on long-distance, long-duration
space flights such as manned missions to Mars. Additionally, the
recent advent of space tourism and commercial space flight
permitted increased access to space flight for the general public.1,24

While access and ambition in space flight have rapidly evolved,
there are significant knowledge gaps in understanding the medical
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risk and injury profile of prolonged space travel, specifically
regarding musculoskeletal health.13

Upper-extremity injuries are the most frequent orthopedic
conditions in spaceflight.20 In microgravity environments, humans
can no longer rely on bipedal ambulation for mobility. As a result,
astronauts utilize increased upper extremityebased propulsion
and atypical shoulder movements to navigate and perform neces-
sary work as functional quadrupeds. Furthermore, missions to the
moon and Mars may require astronauts to forego the typical
rehabilitation period upon return to gravitational environment
given the need to perform immediate and more frequent extrave-
hicular activity (EVA) and habitat building upon landing.16,17 These
requirements are postulated to significantly increase the risk of
upper-extremity injuries.3,6,10 As a result, NASA has upgraded “risk
of injury and compromised performance due to EVA” to a red risk,
or highest priority danger, for all surface exploring missions.6
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The increased demand and reliance upon the shoulder for more
frequent and atypical activity is accompanied by space flight
related physiologic change5,15 and space suiterelated changes in
kinematics (Fig. 1).23 The space flight environment has been
implicated in reducing bone mineral density,9 causing significant
muscular atrophy,14 increasing tendon laxity, and inciting enthesis
degradation.13,18 Space suit design has similarly been linked to
increased risk for shoulder injury, as the pressurized suit inhibits
anatomic mobility at the expense of increased force requirement
within a standard arc of motion.6

Intramission and postmission shoulder injuries are not imme-
diately life-threatening to astronauts. However, these injuries have
the potential to severely limit the functional capacity of astronauts
and jeopardize mission success.6,25 Despite this, no study to date
has identified the incidence of postespace flight shoulder injury, or
variables that may increase injury risk. As a result, the present
study sought to determine the risk of shoulder injury in astronauts
returning from space flight and highlight the need for further
exploration of risk factors and preventative strategies. It was hy-
pothesized that increased mission duration and age at time of
spaceflight would increase risk for shoulder injury.
Materials and methods

A retrospective cohort study was performed to compare and
quantify rate of shoulder injury after return to earth among as-
tronauts based on space flight mission duration. Study was granted
approval by the Institutional Review Board. The Lifetime Surveil-
lance of Astronaut Health (LSAH) epidemiology database at NASA
was queried to provide data of shoulder injury in astronauts upon
return from space. Inclusion criteria included all persons who
participated in space flight regardless of age or space flight mission
time. All injuries occurring greater than 5 years after return to earth
were excluded given that there have been no data to support that
injuries past the 5-year mark being associated with prior space
travel. NASA epidemiologists reviewed and compiled the astronaut
medical records, encompassing 1210 total person-years.

Due to safety and government-regulated data sharing confi-
dentiality restrictions, astronaut epidemiological information was
parsed into dichotomous categories by NASA LSAH before the study
team was given access. Subjects were categorized by age greater
than or less than 45 years at time of spaceflight, duration of single
space flight mission greater than or less than 6 months, and time to
injury from space flight of less than 1 year, 1 to 2 years, and 2 to 5
years. To maintain appropriate deidentification of data, NASA LSAH
similarly provided categories of shoulder injuries related to rotator
cuff partial or full thickness tears, shoulder impingement, shoulder
muscle or ligament sprain or strain, and nonmuscular or ligamen-
tous soft tissue shoulder injury.
Statistical analysis

With the available data, patient demographics were compared
between injured and noninjured cohorts with stratification by
shoulder pathology. Descriptive statistics were utilized to analyze
differences in injury rates for each cohort. Student’s t-test was used
to determine differences in continuous variables. Chi-square was
used to determine differences in categorical variables. Were the
assumptive conditions of the chi-square not met, Fisher’s Exact Test
was used to determine statistical differences. Alpha was set to a
significance level of 0.05 for all analyses. Statistical analyses were
performed with IBM SPSS Statistics V.27.0 (IBM Corp., Armonk, NY,
USA) and R software 3.6.1 (R Project; University of Auckland,
Auckland, New Zealand).
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Results

A total of 242 astronauts met inclusion criteriad220 in the
noninjured cohort and 22 in the shoulder pathology cohort. The
average age of the noninjured cohort was 46 years, while that of the
shoulder pathology cohort was 48 years. Table I outlines cohort
demographics.

In total, there were 8 rotator cuff tears, 5 cases of shoulder
impingement, 5 shoulder contusions, and 4 rotator cuff sprains/
strains as documented by the NASA LSAH. Table II highlights the
comparison of shoulder pathology by mission length. Compared to
the noninjured cohort, all shoulder pathology was significantly
increased with space flight missions of greater than 6 months
(P < .001). In stratification, rotator cuff and impingement injuries
combinedwere significantlymore frequent among individuals with
greater than 6 months in space (P < .001). Similarly, rotator cuff
tears in isolation were significantly more prevalent in astronauts
with space flight greater than 6 months (P < .001); additionally,
impingement in isolation was significantly dependent upon
accrued space flight time (P ¼ .038).

Discussion

As NASA continues to push the boundaries of space flight and a
greater proportion of the population gains access to space flight via
commercialization, understanding the medical risk profile of pro-
longed space flight becomes increasingly important. The majority
of orthopedic space flight research focuses on bone mineral density
alterations of the axial skeleton in microgravity environments.22

However, there is a paucity of data exploring effects of space
flight on nonaxial musculoskeletal systems and soft tissues,
including the shoulder.13 The present study sought to assess the
impact of space flight duration on shoulder pathology and deter-
mined that missions longer than 6 months were associated with
increased risk of shoulder injury upon return to Earth, especially
rotator cuff tears.

No study to date has assessed the impact of space flight on
shoulder injury upon return to Earth. However, limited research
from space flight training and microgravity animal models provide
useful data to understand potential contributing factors for
increased risk of shoulder injury found in the present study. These
include altered kinematics from pressurized space suits as well as
possible physiologic changes in prolonged microgravity environ-
ments related to muscle atrophy and soft tissue laxity.18,21

Space suiteinduced limitations to glenohumeral and scap-
ulothoracic motion and required EVA are well documented causes
of astronaut shoulder injury.2,23 Nearly all studies on astronaut
spacesuit and EVA-induced shoulder injury are from preflight
training period with no postflight studies to date. A survey of 22
astronauts found that 64% experienced some degree of shoulder
pain that they attributed to EVA training,11 and 14% of the symp-
tomatic group required preflight surgical intervention to address
rotator cuff and labral pathology. This is a potentially serious
concern given the cost and time required for astronaut selection,
length and resources for training, and need for increased upper-
extremity reliance to complete mission critical tasks. Further
analysis of astronaut trainingerelated injury determined an overall
injury incidence of 9.67 EVA trainingerelated shoulder injuries per
100 astronauts over 10 years.12 NASA Tiger Team analysis of these
preflight shoulder injuries determined that various spacesuit and
training requirements increased risk for space flight training injury.
Risk factors from the Tiger Team analysis identified limitations in
normal shoulder kinematics in hard upper torso planar suit,
inverted body positions, performing overhead tasks, use of heavy
tools, repetitive motions, and increased frequency of training.25



Figure 1 Infographic of shoulder injury after space flight.
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While these risk factors have only been analyzed in the context of
preflight training injury, they similarly apply to intraflight EVA.
Additionally, the microgravity environment requires astronauts to
repetitively use their arms and shoulders in all planes of motion,
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particularly overhead for propulsion-based mobility. They essen-
tially function as obligate quadrupeds while suited during EVA and
within spacecrafts. Astronauts participating in longer-duration
space flight are inherently required to perform these higher risk



Table II
Breakdown of specific astronaut shoulder pathology by single space flight mission
length.

< 6 mo > 6 mo P value

Rotator cuff tear* 3 (37.5%) 5 (62.5%) .001
Impingement* 3 (60%) 2 (40%) .038
Contusion 5 (100%) 0 (0%) —*

Sprain/strain 4 (100%) 0 (0%) —*

Noninjured 200 (90.09%) 20 (9.1%) —*

*Unable to calculate due to no injuries.

Table I
Demographic data of astronaut cohorts by shoulder injury vs. no shoulder injury
including age, space flight time, and time to injury.

Noninjured Shoulder pathology P value

N (%) 220 (90.9%) 22 (9.1%)
Age —y

<45 y —* 10 (45.5%)
>45 y —* 12 (54.5%)

Space flight .001
<6 mo 200 (90.9%) 15 (68.2%)
>6 mo 20 (9.1%) 7 (31.8%)

Time to injury —y

<1 y —* 11 (50.0%)
1-2 y —* 4 (18.2%)
3-5 y —* 7 (31.8%)

*Data not provided by NASA LSAH.
yUnable to calculate due to no injuries.

NASA, National Aeronautics and Space Administration; LSAH, Lifetime Surveillance
of Astronaut Health.
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activities at increased rates compared to astronauts on shorter-
duration missions. It is likely that increased space suit time re-
quirements and increased upper-extremity mobility activities
contribute to elevated risk of postspace flight shoulder injury.19

Prolonged microgravity exposure may also alter the physiology
of the rotator cuff and shoulder motion, thus increasing injury risk.
Unfortunately, no data exist to date exploring the effects of
microgravity on the human shoulder, and hypotheses are extrap-
olated from animal models. Murine studies of rats subjected to
microgravity found altered expression of genes involved in myo-
genesis of the shoulder muscles.21 Of note, altered gene expression
was not associated histologic change or gross change. While some
murine studies in microgravity or simulated microgravity found
minimal alterations in enthesis capacity to tolerate anatomic
loading after short-duration space flight, other studies found
increased risk for rotator cuff enthesis injury or tear after unload-
ing.5 As no data exist on humans, it is difficult to truly assess the
histologic and physiologic impact of space flight and microgravity
on the human shoulder. Another area yet to be explored is the
combined effect of known muscle atrophy and deconditioning in
space flight and the increased reliance on upper extremity mobility.
As space flight duration increases, the muscles further decondition
and atrophy. Yet reliance on upper-extremity propulsion for
mobility and mission critical task completion remains. It is possible
that continued repetitive supraphysiologic upper-extremity use in
the setting of deconditioning further contributes to shoulder
pathology.

Astronaut age is another variable to consider. Age at time of
rotator cuff injury in the present study suggests increased risk of
accelerated cuff degradation in space flight. Current literature
suggests degenerative rotator cuff tears are highly correlated with
age, occurring at an average age of 58.7 years in the United Stats.26

Yamaguchi et al illustrated that average age of patients without
rotator cuff tears in their cohort was 48.7.26 Conversely, in the
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present study the average age of astronauts with rotator cuff tears
was 48 years old. Whether this proclivity for accelerated degen-
eration occurs as a result of spacesuit related motion constraints,
microgravity induced physiologic change, or unique upper-
extremity propulsion-based mobility requirements in space
flight remains unknown. However, the answer is likely multifac-
torial. Each component requires further study to develop
countermeasures.

Implications of the present study are numerous. Roughly 10% of
astronauts included in the study suffered a functionally limiting
shoulder injury within 5 years upon return from spaceflight.
However risk of all cause shoulder injury and rotator cuff injury
increased as a function of time in space with 17.9% of astronauts
who participated in space flights greater than 6 months sustaining
a rotator cuff tear, and 28.6% of astronauts who participated in
space flights greater than 6 months experiencing any functionally
limiting shoulder injury within 5 years upon return from space
flight. For comparison, analysis of over 3000 professional baseball
players that sustained an injury requiring placement on the
disabled list found 17% of injured players sustained a shoulder
injury.7 Long distance, long-duration space flights such as missions
to Mars have expected travel times greater than 6 months. Astro-
nauts in thesemissions are further anticipated to forego the current
return-to-Earth rehabilitation period, as they must initiate imme-
diate habitat building and EVA on arrival.4 Shoulder injuries
limiting astronaut capacity to perform mission critical tasks may
jeopardize mission success and astronaut well-being. Furthermore,
while astronauts are typically exceptionally physically fit and well
trained, commercial space flight and space tourism are surging in
popularity as companies like Space X, Virgin Galactic, Axiom, and
Blue Origin rapidly expand. These trends aim to increase access to
space flight for the general population, who do not undergo similar
selection and training. These variations in fitness and training level
may place untrained and unprepared members of the general
population at increased risk of shoulder injury in space flight. The
consequences and frequency of shoulder injury after space flight
highlight the need to better understand the underlying causes and
risk factors of space flighterelated shoulder injury to mitigate risk
and optimize astronaut health, improve likelihood of mission suc-
cess, and ensure safe commercial space travel for the general
public. These findings similarly highlight the need to improve space
suit design to better allow anatomic glenohumeral and scap-
ulothoracic motion during activity.

The present study is not without limitations. To appropriately
maintain confidential astronaut information, data were bucketed
with broad categorization of type of injury and time in space flight.
Information regarding specific tendons were injured, tear size,
traumatic vs. degenerative, and impact on function were unavai-
lable. Similar limitations occur when classifying space flight as
short or long duration. 6 months was determined as the cut off by
NASA LSAH. However, it is possible that the risk of shoulder injury
is increased at shorter time periods between 0-6 months, but this
was unable to be assessed by the present study. Furthermore, de-
mographic data such as gender and race were not provided and
these may impact results. Lastly, all injuries reported in the present
study occurred within 5 years of return from space flight. It may be
valuable to see longer-duration outcomes following space flight to
determine lifetime incidence of shoulder injury and potential
lasting effects of space flight.

Further research should seek to identify demographic risk fac-
tors related to age, gender, ethnicity, etc. and patient specific risk
factors such as previous shoulder injury, or history of overhead
athletics that may increase risk of space flight associated shoulder
injury. Immediate preflight and postflight imaging of all astronauts
with MRI better elucidate measurable changes in the shoulder as a
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result of space flight. If astronauts later suffer a shoulder injury,
reference to preflight and immediate postflight imaging may help
determine radiographic risk factors for injury and future preven-
tion measures. Ultrasound may be a valuable tool to characterize
intraflight anatomic change to the shoulder. Although less sensitive
than MRI, the portable nature allows for real time, useful assess-
ment of the rotator cuff intraflight,8 and ultrasound is already a
commonly utilized modality for separate conditions in space flight.

Conclusion

Space flight duration greater than 6months was associated with
increased risk of shoulder injury, especially rotator cuff tear.
However, specific aspects of space flight that increase risk remain
understudied. Shoulder injuries upon return to gravitational envi-
ronment have the potential to negatively impact astronaut health
and possibly jeopardize mission success.
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