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Abstract
There are many bodily risks associated with the high-performance environment of military aviation and spaceflight. With the advent
of faster jet aircraft and rocket engines, the risk for injury to aircrew from hypoxia, g-loading, vibration and poor posture for extended
periods of time has increased. As a result of the microgravity environment of space, there are significant orthopedic changes in
humans. Specifically, the excessive osteoclast activity producing bone demineralization, and muscle atrophy in load-bearing regions
of the body, are of greatest concern.
Lumbar back pain and skeletal muscle wasting can be decreased, but not completely prevented, with resistive exercise. Cervical pain
after flight can be substantially diminished with a specific program of physical therapy. Musculoskeletal pain in the cervical region
can be mitigated in aviators and astronauts with specific stretching and resistive exercise that targets the neck and shoulder muscles.
Bone loss can be decreased with pharmaceutical and nutritional interventions, as a compliment to resistive exercise. However,
neither exercise, nor specific nutrient consumption alone, are sufficient to completely prevent the negative impacts that these extreme
environments can bring; but they can work synergistically and thus decrease the amount of loss.

Introduction
Resistive Exercise in Astronauts on Prolonged
Spaceflights provides partial Protection against
Spaceflight-induced Bone Loss showed very promising
data on measures that can be employed to preserve the
bone and muscular health of astronauts. The value of the
information from these measures of bone and muscular
health is how they demonstrate the effectiveness of
treatments for the damage that aviation and spaceflight
can induce in the musculoskeletal system [1].

Risks and Effects
Flying in Jets
Military aviation, especially when conducted in high
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performance jet aircraft (HPJA), produces defined unique
stressors on structural elements of the human body. In
addition, because many astronaut pilots and commanders
are prior military HPJA aircrew, it becomes even more
important to consider the physiologic implications of jet
flight. Pilots are exposed to a large amount of both physical
and mental stress during training and duty, and because
of this selection pressure, pilots are typically young and fit
compared to the general population [2]. New generations
of fighter aircraft have pushed both planes and aviators to
the limits of their capabilities, such that even young and fit
pilots are prone to injuries that occur as a result of flight.
The high G-force maneuvers and rapid forces that act
upon pilots are detrimental to the spinal cord and neck.
The large magnitude of forces that a pilot experiences
compounded with the small cockpit dimensions and
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suboptimal seating posture of HPJAs place an aboveaverage amount of stress on the musculoskeletal system
[3]. Figure 1 illustrates the suboptimal seating posture
that pilots must take in HPJAs. Compared with figure
2, it becomes apparent why many hours of flight in this
position can create injuries. Neck and low back pain is
experienced by 45-89% of aircrew [4-7]. For example,
F/A-18 aircrew endure landings at 600 feet per minute,
with a quick acceleration of the head-on-neck to the left
increasing compressive loading into combined planes and
the Z-axis [8]. Pilots of F/A-18 are unable to remove Joint
Helmet Mounted Cueing Systems (JHMCS) during flight,
which further obstructs full biomechanics of the cervicothoracic spine in flight [9]. The check-six pilot position
as seen in figure 3 puts cervical nerves and joints at risk
during times of head compression when loading the jet.
Cervical and lumbar spinal injuries are common amongst
aviators, with estimates suggesting that up to 50% of pilots

experience in-flight or post-flight spinal pain [10]. In
centrifuge training alone, 2.3% of pilots experienced spinal
injury, with a clear correlation between the occurrence of
injury and the magnitude of forces endured [11].

Figure 3: Check-six pilot position with canopy raised, used to
spot tailing aircraft. Provided by Dr. Daphne Ryan.

Forward Head Posture (FHP) is also known as slump
sitting. It is the standard position of aircrew and desk
workers. Nachemson studied the relative pressure changes
of the L3 vertebral disc in relative positions [12]. Forward
head sitting and slumped sitting is associated with 185275% more load to the disc, as shown in figure 4. The
Nachemson chart has become well known in spine pain

Figure 1: Photograph of pilot’s Forward Head Posture
maintained during flight. Provided by Dr. Daphne Ryan.

Figure 2: Comparison of Forward Head (slumped) Posture
and ideal Neutral Posture [72].
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Figure 4: Comparison of Disc Pressure and Posture [73].
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circles, and speaks to neck and back pain issues associated
with aircraft operation. Reclining sitting reduces pressure
by 50-80%, as in the F-35, while forward slumped sitting
increases pressure by over 100%, and forward leaning with
rotation increases intra-discal pressure by 400% [13]. This
is why the unloading position is used by Escamilla et al.,
and why we used them on the flight line [14]. These loads
to the spine require specific interventions to treat the spine
muscles that fatigue. We need to address the concept of
tensegrity in spine rehabilitation in addition to focusing
on pain. Tensegrity is a concept of tension plus integrity,
a term originally used by Buckminster Fuller. Aviation
interventions for spine pain need to understand that
strengthening, not necessarily stretching, can mitigate
the severity and intensity of injuries, and allow for more
efficient recovery of tensegrity and reduction in pain.
Pain inhibits muscle activation because the motorneurons
of a painful muscle are inhibited centrally [15,16].
Pain has been shown to lead to central sensitization,
an overexcitability of nociceptor, causing prolonged
symptoms. Fatigue limits the ability of a muscle to relax
neurologically.
Flying in space vehicles
The human body did not evolve compensatory
mechanisms to the microgravity environment of space.
Our musculoskeletal system evolved as a countermeasure
to gravity on Earth. The absence of gravity naturally leads
to atrophy and dysfunction of those countermeasures. For
example, the microgravity environment leads to a drop
in bone mineral density (BMD) in astronauts, with the
degree and type of which varying based upon the bone.
Weight-bearing sections, including the pelvis, femur,
and spine suffer the greatest loss of bone mass [17].
The mechanism of bone loss is thought to be increased
bone resorption through changes in Wnt/B-catenin and
RANKL:OPG mechanisms, along with changing levels of
cytokines and morphogenic proteins [18]. From available
data from previous astronauts, it is predicted that 62% of
opposition class astronauts (400-600 day mission) and
100% of conjunction class astronauts (1000-1200) day
missions will suffer from osteopenia while 33% will also
be at risk for osteoporosis [19]. Considering the duration
of a mission to Mars will be at least in the opposition class,
this raises significant concerns for the health of those
crewmembers and the viability of the mission.
Whole Body vibration is a risk to be taken into
consideration for astronauts but does not pose as much
of a continuous threat compared to Rotor Wing Aircraft
(RWA) and High-Powered Jet Aircraft crew (HPJA).
The only times astronauts will be exposed to this would
mainly be during takeoff and landing or other instances
when thrusters are ignited. Intense vibrations can affect
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crew through fatigue, microtrauma, nerve impingement,
ligamentous injury, and degenerative changes [20,21].
Though no significant injuries have been specifically
linked to this it could be more of a threat after BMD and
muscle mass loss on long term missions that have their
own return launches and landings.
When it comes to muscle atrophy, microgravity, similar
to strict bedrest, eliminates the need for a hypertrophied
muscular system since there is significantly less force
needed to complete the same actions in space as opposed
to gravitational influence. This phenomenon tends to
precede BMD loss [22] and symptoms including fatigue,
weakness, and loss of coordination are apparent after
as little as a 1–2-week mission [23]. In a study of trunk
skeletal muscle size measured by CT, it was reported that
in missions spanning 4–6 weeks, astronauts experienced
5% muscle wasting on average, which is equivalent to
about 10 years of aging on Earth [24]. Muscle groups
that are primarily affected are postural muscles and
ambulation muscles. When comparing atrophy in lower
leg muscle groups, plantarflexors (medial gastrocnemius
and soleus) exhibited a higher rate of atrophy than the
dorsiflexors (specifically tibialis anterior), theorized to be
due to the antigravitational purpose of the plantarflexors
[25]. Changes to the posture and ambulation muscle
groups should be further studied as astronauts will need
their support when landing on another planetary body.
Symptoms
Lumbar and cervical spinal injury typically manifests as
neck and back pain, sometimes associated with stiffness,
in the peri- and post-flight periods [10,11]. Repeated injury
often leads to impairment and decreased mobility, leading
some to have difficulty performing activities of daily living.
Chronic impairment can also affect an aviator’s ability
to perform job-related tasks, which in severe cases may
disqualify an individual for duty.
With regard to space travel, severe symptoms from
BMD loss (fractures) have yet to be definitively linked to
microgravity, although there have been 2 major fractures
postflight in long duration crewmembers [26]. Herniated
nucleus pulposus (cervical and lumbar) is common after
spaceflight [27]. Symptoms from muscular atrophy have
been common in astronauts with back pain (termed spaceadaptation back pain {SABP}) being one of the most
common with an incidence of 52-68% [26]. Ramachandran
et al. has put together a detailed paper listing reports and
statistics of detailed injuries experienced at all stages of
spaceflight. In addition to back problems, a large portion
of the injuries listed during flight included those of the
fingers and upper extremities with many of them resulting
from EVAs. Post flight injuries were also gathered in that
same paper with spinal destabilization, muscle weakness,
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ligamentous, cartilage, soft tissue, and fracture injuries all
present in the astronaut population [26].

Countermeasures – Prophylaxis/ Prevention
Results
Exercise
Preservation of lumbar spine muscles may be a
preventative measure towards lower back pain (LBP)
related to spaceflight. Use of an advanced restrictive
exercise device (ARED) significantly increased postflight
bone densitometry [28]. When paired with bisphosphate
alendronate, it was shown to be even more effective [1].
A recent study analyzed the preflight, postflight, midreconditioning, and post reconditioning of the lumbar
multifidus (LM) cross-sectional area. This study reported
that individualized exercise regimens to strengthen LM
muscles did not mitigate, but reduced LM wasting [29].
Spring-loaded horizontal jumping as a form of exercise
is being investigated as a possible way to mitigate
lumbopelvic wasting, and may be comparable to vertical
jumping on Earth [30]. Unfortunately, simple exercise
may not be sufficient prophylaxis.
McNamara et al. in 2019 studied whether International
Space Station (ISS) astronauts developed changes to their
cervical muscle following long exposure to microgravity
[31]. Sibonga et al. in 2016 reported that bed rest studies
showed that there was no significant wasting in neck
muscles, and this study supports this [1]. This study also
reported a novel finding that there was an increase in
cross-sectional areas in the trapezius, semispinalis capitis,
rhomboid minor, and sternocleidomastoid, which may
be due to the daily use of those muscles in microgravity
[31]. Lower back pain is of greater concern in astronauts,
whereas neck pain, is of greater concern for aviators.
Regular exercise of the neck for strength and endurance
was studied in a helicopter crew and was found to be
beneficial [32]. Rausch et al. reported on a 12-week whole
body training program, consisting of emphasis on neck,

shoulder, and abdominal muscles that could be performed
anywhere with minimal equipment. This regimen was
studied in HPJA personnel to determine whether neck
muscles could be built with minimal equipment for aviator
needs. At the end of the study, a significant increase in
muscle volume and strength was noted [33]. In another
randomized control trial, normal exercise training
regimens for military pilots were compared to a regimen
that contained the same normal training plus training
that emphasized neck muscle. There was a decrease in
apparent neck pain and increased functionality of neck
and shoulder muscles [34]. NECK X®, depicted in figure
5, is a patented portable cervical exercise device (PCED)
device based on our previous research to strengthen neck
muscles for military pilots [21]. Usage of this device in the
prescribed physical therapy has been effective in reducing
strain for pilots [21]. Literature review shows clearly that
exercising the neck and shoulders can help mitigate neck
pain that can ultimately make pilots unable to fly any more.
Pharmacologic
We previously reported that taking bisphosphate
supplements, specifically bisphosphate alendronate
(Fosamax®), may be beneficial in preventing bone loss in
space flight when paired with advanced restrictive exercise
[1,35]. Due to medical requirements, it is not possible to
test whether the benefit of bisphosphate supplementation
works synergistically or in additive fashion with advanced
restrictive exercise in space flight. Recent studies on land
imply that alendronate may inhibit bone formation [36],
though this may only be at higher or toxic dosages, and
the benefits are still present in lower concentrations [37].
While alendronate is currently used to treat osteoporosis,
much research is devoted to alternative treatments
that would inhibit Receptor Activator of Nuclear Factor
Kappa-Β ligand (RANKL), which, when functioning
normally, can induce osteoclast differentiation. In terms
of bisphosphates, a recent study shows that fructose
1,6-bisphosphate (FBP) can inhibit RANKL [38] and
should be further explored for astronauts and aviators.

Figure 5: Portable cervical exercise device (PCED) used for physical therapy of HPJA aviators to strengthen neck muscles.
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There are additional bisphosphonates which can have
a role in our patient population studies. A yearly 5 mg
infusion of Zoledronic Acid (Reclast®) has been shown to
increase BMD in women with osteoporosis by 6.71% in the
lumbar spine, 6.02% in the hip, and 5.06% in the femoral
neck all compared to the placebo after a 3-year trial [39].
The effective annual dose in this study would be great for
a long-term mission with limited space for medications.
As with most bisphosphonates, there is a warning for
renal impairment, atrial fibrillation, and osteonecrosis,
but those occurrences were primarily in groups with
predisposing risk factors including chronic kidney disease,
for which astronauts are already screened. In a 52-week
study comparing Alendronate (ALN) to Ibandronate
(IBN), it was concluded that monthly intravenous IBN
showed a statistically significant increase in BMD but
there was also a significant increase in adverse effects
(pyrexia, myalgia, nausea) [40]. While a monthly dosage is
useful and higher BMD is the goal for countermeasures in
flight, a higher incidence of adverse effects should indicate
a risk analysis for viability of IBN as an acceptable option.
For Pamidronate (PMD), a records analysis of 70 women
in Brazil who were treated with PMD for osteoporosis
showed a significant gain in BMD in the spinal column, but
there was no concurrent gain in BMD of the femur [41]. It
was also noted that there was elevated PTH levels in some
of the patients which was correlated with lower femoral
BMD [41]. Another study showed that in a retrospective
cohort of 74 postmenopausal women, a placebo group
showed elevated spine, hip, and femur BMD compared
to a group treated with PMD [42]. These studies do
not indicate that PMD is as strong of a candidate for
countermeasures until some more promising data is
produced. Finally, Etidronate (ETN) is a non-nitrogen
bisphosphonate investigated for osteoporotic treatment.
However, it was found that compared to the nitrogenous
bisphosphonates (alendronate or risedronate), ETN has
less, if any, reduction in mortality as well as a weaker
effect on bone loss reduction [43]. Given that this directly
compares ETN to others described and showed a weaker
effect, unless more evidence is found for this drug, priority
should be given to others.
There are many prospective treatments being studied
that impact the cascade that leads to RANKL-induced
activation of osteoclasts and bone reabsorption. One such
prospective treatment is 4-acetylantroquinonol B. (4AAQB). In microgravity models, 4-AAQB shows promise
as a pharmaceutical intervention to prevent the bone loss
experienced in space [44]. Another is isovaleric acid (IVA).
When added to the drinking water of mice, it was shown
to decrease bone destruction and osteoclast differentiation
in the presence of RANKL-activated osteoclasts [45]. In
another study, beta-hydroxy-beta-methyl butyrate was
shown to promote bone growth in pigs [46]. Both IVA and
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beta-hydroxy-beta-methyl butyrate are leucine derivatives.
This may indicate that a diet rich in leucine can act as a
protective measure for bone health [45].
Dietary
Spaceflight requires different nutrition in comparison
to lower-orbit aviation. Diets high in omega-3 fatty acids,
derived from eating plentiful fish, is linked to increased
bone density preservation from spaceflight [47,48].
Omega-3 fatty acid ingestion may also curb inflammation
in spaceflight, further decreasing bone loss by immune
regulation of osteoclasts [47,48]. Fish oil paired with
curcumin is implicated to have benefits in maintaining
skeletal muscle mass in spaceflight [49].
Other necessities in diet include to protect bone health
are increased calcium and vitamin D intake [50]. On land,
these are highly used to prevent osteoporosis. However,
studies of their benefits in space show mixed results. It is
vital to consume calcium for bone growth. Absorption of
calcium from the gut tube relies on vitamin D. However,
high intake of calcium did not impact bone turnover in
bed rest studies [51]. When studied in astronauts, high
intake of both calcium and vitamin D did not impact bone
loss [52,53]. However, all of these studies were conducted
in small sample sizes. Future studies with larger sample
sizes may change our understanding. It is also important
to note that aviators and astronauts are at higher risk for
renal stone formation, and reducing bone degradation
may decrease this risk, and urinary alkalinization with
potassium citrate may reduce it even further [54].
The common intuitive step to prevent skeletal muscle
breakdown is increased amino acid intake. Leucine
derivatives may be protective for bone health [40,41].
Unfortunately, studies show increased protein intake is
also linked to hypercalciuria [55,56]. This is due to higher
acidity in diets high in amino acids, so one proposed
solution is to supplement with alkaline agents. Potassium
bicarbonate was used in a bed rest study in an attempt to
prove the efficacy of such a treatment. Unfortunately, it
failed to deter bone resorption [57]. Plant-based protein
intake may have decreased associated bone resorption,
though further studies need to be conducted [58].

Post-Exposure Treatment
Neck and low back pain in aviation and spaceflight occurs
in 56-89% of flight crew [4,21]. The spine and its structures
function via a concept known as tensegrity, perhaps better
known as “core” [59-61].
The muscle tightness one feels does NOT indicate a need
for static stretching, especially after prolonged positioning.
Cervical and lumbar spine muscles turn off when they are
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Figure 6: Illustrates the cervical musculature and associated force velocity curves [74].
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in pain and decrease their cross-sectional area [14,62].
A fatigued muscle warrants rehabilitation exercise more
than stretching with static holds [61]. Strengthening of
spine muscles does not happen with increased exposure to
G-forces, but the muscles fatigue [4,63,64].
Airplanes and aircrew share a common limitation: the
plane and the body have various regions where they can
perform safely before reaching fatigue or failure [59].
Physical therapy toolboxes
Exercise is a broad term and needs to be defined for the
aerospace organizations when discussing wholistic health
and healing [65]. Aviation specific injuries need aviation
specific interventions to deep spine muscles to effectively
treat pain.
When deep neck flexors and extensors get stronger,
neck pain reports go down [21,66,67]. When the neck is
unloaded while activating deep spine stabilizers, aircrew
reported minimal to no residual pain, and there was greater
muscle activation. Prone positioning during isometric
interventions feels better to the person, as confirmed by
F/A-18 aircrew.
Low back pain can be mitigated by strengthening hip
abductors, as pain was reduced and multifidus muscle size
increased [68]. Multifidus activation was enhanced more
with hip abduction interventions rather than flexion or
extension activities. Sacroiliac pain and lumbar pain are
reduced with activation of hip abductors as joint force
closure is facilitated. When subjects were asked to stop
stretching the hamstring to rest the S1 dural sheath, and
to facilitate hamstring strength, they got better within the
NASWI fast jet and rotary wing community.
F/A-18 aircrew confirm they were able to apply specific
aviation biomechanical rehabilitation interventions
independently and effectively while deployed. “I don’t
always do these exercises. But when I hurt, I do them, and
my pain goes away,” reported a VAQ 135 pilot. One session
of specific spine stabilizing exercises reduced neck and back
pain by 50-100% in five out of six F/A-18 aircrew following
dynamic flights, and without equipment. Addressing the
neurological fatigue of specific neck and low back muscles
shortly after end of flight, prior to debrief, reduced pain,
improved sense of wellness, and mitigated musculoskeletal
risks to mission readiness. Loading of the spine in the
Z-axis has significant consequences to astronauts, RWA,
and HPJA.
The lumbar pain that occurs inflight with spinal
elongation in microgravity and the subsequent post-flight
risk of injury with degraded posterior neck and spinal
musculature in astronauts is addressed with a well-defined
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inflight exercise program and post-flight rehabilitation
schedule, which includes hydrotherapy, exercise, and
multi-modalities to address extensor weakness and joint
discomfort.
Culture change for pain management
Neck and low back pain after jet and space flight have
been researched such that the evidence effectively
anchors changes for future interventions. Consistency of
interventions needs to be a priority, and so does trust.
They no longer fear flight disqualification because they
have developed trust that their spinal pain or injury
can be treated effectively by providers [69,70]. This is a
culture issue, and international aviation and spaceflight
partners have designated mandated time in the workday
for prehabilitation and rehabilitation. The NATO 2020
report on Aircrew Neck Pain Prevention and Management
notes 24-hour access to aviation specialty physiotherapists
with aviation specific training is imperative. The Aviation
Physiotherapist and Astronaut Strength Condition and
Rehabilitation (ASCR) specialist is able to deploy with the
flight crew so the therapist’s skilled resources are readily
available, wherever duties take the flight crew.
Pain does not change with range of motion capacity, but
less pain changes range of motion willingness. Pain does,
however, correspond to neurological fatigue of muscles.
Aviation members are mentally and physically exhausted
after 12-14 hour shifts. Fighter Pilots had decreased
symptoms and maintained endurance of spine muscles
when compliance was integrated into the daily work
culture. Those who had a culture that wasn’t reinforced got
weaker over 6-8 months [71].
Flight crew are having their pain managed rather than
being treated in the same fashion we would condition a
non-painful athlete. Aircrew cannot be asked to manage
neck or back pain well when they are placed in the slumped
position or forward head posture before they leave the
ground. The newer military fighter (e.g. F-35) seat allows
for a reclined position.

Conclusion
The aerospace environmental stressors are unique with
G-loading in some phases of flight and unloading in
others, along with specific body posture configurations
and in-flight tasking can render predictable symptoms
and injuries in flight crewmembers. Countermeasures for
muscle and bone mineral and architectural losses include
dietary, pharmacologic, and targeted exercise approaches.
Fast jet aircrew are now empowered to use a specific
combination of spine stabilizing strengthening exercises
when they need to decrease neck and back pain. Successful
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treatment is determined by the individual if pain is
decreased. Interventions are done without equipment, in
an unloaded position and isometric, painless, and affect the
neurological inhibition of the spine stabilizers. A specific
combination of exercises that facilitate activation of spine
muscles have proven effective and efficient for reducing
pain in many types of space, fixed-wing and rotary flight
craft.
Dietary choices with designed protein sources that provide
the optimal amino acid support will limit acid load (e.g. by
monitoring sulfate moieties which reduce to sulfuric acid)
that leaches valuable bone phosphate buffers, and thereby
preserve bone mineral content [55].
The evidence base of safety and efficacy for the use of
several medical agents, as studied in both bedrest analogs
and spaceflight, is growing; such that bisphosphonates
and potassium citrate can be employed during long
duration space missions [1,54]. Additional studies with
rank-ligand inhibitors should provide a safe alternative
to bisphosphonates with additional study. Customized
resistive exercise provides an effective means to preserve
muscle mass, enhance structural stability and limit bone
architectural changes, especially in trabecular bone. Fast
jet and rotary wing communities are decreasing pain and
improving mission readiness with customized stabilization
protocols.
The aerospace medicine model of primary and secondary
prevention can now be further expanded to include “whole
person health with whole person healing” which will direct
us towards the culture change needed to achieve maximal
performance across our aerospace community.
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