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Abstract

Astronauts exposed to microgravity for extended time are susceptible to trunk muscle atrophy,
which may compromise strength and function on mission and after return. This study investigates
changes in trunk skeletal muscle size and composition using computed tomography (CT) and dual
energy X-ray absorptiometry (DXA) among 16 crewmembers (1 female, 15 male) on 4-6 month
missions. Muscle cross-sectional area and muscle attenuation were measured using abdominal CT
scans at pre-flight, post-flight return, one year post-flight, and 2—4 years post-flight. Longitudinal
muscle changes were analyzed using mixed models. In six crewmembers, CT and DXA data were
used to calculate subject height-normalized skeletal muscle indices. Changes in these indices were
analyzed using paired t-tests and compared by imaging modality using Pearson correlations. Trunk
muscle area decreased at post-flight return (-4.7+£1.1%, p<.001) and recovered to pre-flight values
at 1-4 years post-flight. Muscle attenuation changes were not significant. Skeletal muscle index
from CT decreased (=5.2+1.0%, p=0.004) while appendicular skeletal muscle index from DXA
did not change significantly. In summary, trunk muscle atrophies with long-duration microgravity
exposure but recovers to pre-flight values within 1-4 years. The CT measures highlight size
decreases not detected with DXA, emphasizing the importance of advanced imaging modalities in
assessing muscle health with spaceflight.
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Introduction

Long-duration microgravity exposure leads to musculoskeletal unloading that results in
skeletal muscle atrophy. Decreases in trunk muscle mass with spaceflight>10.11.37
accompanied by disruptions to neuromuscular control mechanisms2° compromise the
strength and function of muscles in the abdominal wall and the vertebral column that
contribute to trunk movement and postural stabilization1314, The degree of atrophy is non-
uniform across muscle groups, with previous studies of spaceflight and simulated unloading
generally reporting deficits in spinal extensors and lesser atrophy or even hypertrophy in
trunk and hip flexors®:10.29.30.37 Thjs imbalance in how active postural stabilizers adapt to
spaceflight causes misalignment of the upright spinal posture, increased flexion of the
thoracic spine, increased hyperextension of the cervical spine, decreased intersegmental
range of motion of the lumbar spine, and shifting of the center of gravity anteriorly®22,
Taken together, these changes may contribute to the elevated incidence of back pain and
herniated discs reported in crewmembers, increase crewmember susceptibility to
musculoskeletal injury upon reentry to terrestrial environments, and impair functional
performance during surface exploration#>48. However, there are insufficient data available to
comprehensively characterize muscle change with long-duration spaceflight, and the
National Aeronautics and Space Administration (NASA) Human Research Roadmap has
thereby prioritized reduced muscle mass, strength, and endurance as a risk to crew health
and performance®®. While previous studies have contributed to understanding this risk by
primarily analyzing lower limb and paraspinal muscles changes with spaceflight®10:36.37.54
this is the first study to quantify longitudinal changes in total trunk muscle from computed
tomography (CT) images of crewmembers who experienced long-duration spaceflight.

There are considerable parallels between musculoskeletal deconditioning with spaceflight
and the deterioration of physical function with aging. Age-related sarcopenia is a decline in
skeletal muscle mass and function (muscle strength and physical performance), which is
associated with reduced physical capability and increased disability32. Sarcopenia in aging
populations is commonly assessed using dual energy x-ray absorptiometry (DXA) to
measure muscle mass in the form of acquired appendicular skeletal muscle (ASM)8:27. In
routine medical monitoring, crewmembers generally undergo DXA scanning pre-flight and
post-flight, which can be used to estimate appendicular skeletal muscle. However, DXA-
based measures are limited in that they don’t capture skeletal muscle mass of the trunk and
therefore don’t reflect changes in postural muscles.

As imaging has improved, sarcopenia researchers have extensively validated the use of CT
to precisely and non-invasively quantify skeletal muscle mass2. Muscle size is generally
measured using cross-sectional area of the total skeletal muscle within the lumbar region and
is strongly correlated to whole body skeletal muscle®40. Moreover, accumulating evidence
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shows that muscle composition, notably influenced by fat content (myosteatosis), is
associated with muscle strength and function32°8. Myosteatosis is measured using skeletal
muscle radiodensity, often referred to as muscle attenuation®46.

This study utilizes the physiological similarities between aging and spaceflight and
leverages established methodologies in imaging-based sarcopenia assessment to examine
changes in skeletal muscle with long-duration spaceflight (Fig. 1). Using CT and DXA, we
aimed to characterize the longitudinal effects of spaceflight on trunk skeletal muscle
measures including cross-sectional area, muscle attenuation, and height-normalized overall
skeletal muscle indices.

Materials and Methods

We analyzed retrospectively acquired abdominal CT scans from crewmembers enrolled in a
study of bone loss who resided on the International Space Station (ISS)17:34. Data from
sixteen crewmembers were analyzed, including 15 males and 1 female who were on the ISS
for 4-6 months. The Institutional Review Board at NASA and our institution approved this
study and all participants provided written consent to participate.

Medical Image Acquisition

Pre-flight and post-flight CT images were retrospectively collected from the NASA Life
Sciences Data Archive. Helical CT images (GE Hispeed Advantage; GE Medical Systems,
Milwaukee, WI, USA) of the L1-L2 abdominal region were acquired at 80 kVp, 280 mA,
with a pixel size of 0.94 mm, and a 3-mm slice thickness!7:34. Pre-flight CT scans (N=16)
were typically collected 1-9 months before launch and post-flight return scans (N=16) were
generally performed within two weeks after landing. Limited CT data were also available for
follow-up one year after landing (N=14) and 2—4 years after landing (N=8). A subset of six
crewmembers also had pre-flight and post-flight return DXA scans available from routine
medical monitoring. Whole body images were obtained using a DXA densitometer (QDR
4500; Hologic, Waltham, MA, USA) and standard commercial software on the scanner
workstation was used to measure bone mineral-free lean mass of the legs and arms.

Image Analysis

Muscle segmentation was performed on the CT images using radiodensity thresholding,
after excluding viscera. Skeletal muscle was quantified within a Hounsfield unit (HU) range
of =29 to 150 HU*? using semi-automated thresholding techniques within the software
Mimics (v.22; Materialise, Leuven, Belgium). Two trained individuals (K.G., S.W.)
identified all visualized trunk muscles on a single mid-vertebral axial slice of the L2 vertebra
and contoured the segmentation to include the following muscles (Fig. 2): psoas, quadratus
lumborum, erector spinae, and those of the abdominal wall (external and internal obliques,
rectus abdominus, and transversus abdominus). Muscle cross-sectional area (CSAcT)
measurements were calculated by summing muscle pixels in the segmentation and
multiplying by pixel surface area. Mean muscle attenuation (MAcT) was reported as the
average radiodensity (HU) within the total trunk muscle CSAcT. To assess measurement
reliability, the two readers each performed the CSAcT and MAct muscle measurements on
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an identical set of crewmember scans. Inter-reader intraclass correlation coefficients (ICC)
for these muscle measurements were calculated in IBM SPSS (v.25; IBM Corporation,
Armonk, NY) using a two-way mixed effects model with absolute agreement.

Among the subset of six crewmembers with DXA and height data available, appendicular
skeletal muscle (ASMpxa) was determined from DXA as the sum of bone-free lean muscle
mass in the arms and legs. Since absolute whole-body muscle mass is strongly correlated
with height, the CSAcT and ASMpxa measures of these six crewmembers were adjusted for
subject height in meters squared (m?2) and reported as a skeletal muscle index (SMlcr,
cm2/m?2) and an appendicular skeletal muscle index (ASMIpxa, kg/m?) according to Eq. 147
and Eq. 25, respectively.

muscle CSAcy, cm?

SMIcr = @

(subject height, m)2

Y limb lean mass, kg

ASMIcr = 3
(subject height, m)

@

Statistical Analysis

Mixed models with a random subject effect were conducted in SAS (v.9.4. SAS Institute
Inc., Cary, NC) to analyze mean percent change in CSAct and MAcT longitudinally from
pre-flight (N=16) to post-flight. Post-flight time points included return (N=16) and follow-
up at 1 year (N=14) and 2—4 years (N=8) after landing. Paired t-tests were performed to
analyze SMlcT change, and ASMIpxa change from pre-flight (N=6) to post-flight return
(N=6). Pearson correlation coefficients were used to test for relationships between the CT
and DXA modalities by comparing pre-flight to post-flight percent change in SMict and
ASMIpxa. Results are reported as mean+SE, unless otherwise indicated, with p<0.05
indicating statistical significance.

Results:

The 16 crewmembers had an average age of 45+4 years (mean=SD) and a mean height of
171+6 cm. Crewmembers had a mean pre-flight trunk skeletal muscle CSAct of 153.4+17.1
cm? and a mean MAcT of 47.4%3.6 HU (Table 1). The trunk skeletal muscle size (CSAcT)
decreased significantly from pre-flight at the post-flight return time point (-4.7+1.1%,
p<.001). At extended follow-up, muscle area showed evidence of recovery, as demonstrated
by smaller decreases at 1 year (—-0.7£1.2%, £=0.58) and increases from pre-flight values by
2-4 years (0.8+1.5%, p=0.63). Muscle quality (MAcT) showed similar trends, with
decreases from pre-flight values at post-flight return (-=3.2+1.7%, p=0.07), with values
exceeding pre-flight levels by 1 year (2.5+1.8%, p=0.17) and 2—4 years (2.6+2.2%, p=0.25)
post-flight. Since fat has an attenuation value lower than that of muscle (—190 to —30 HU vs.
-29 to 150 HU), a decrease in muscle attenuation indicates greater fat deposition in the
muscle. These muscle size and quality changes are summarized in Fig. 3 and Table 1. The
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variability of muscle changes is also visualized across the crewmembers in Fig. S1
(Electronic Supplementary Material).

When analyzing height-normalized measures of skeletal muscle between CT and DXA, we
found crewmembers at pre-flight had a mean SMict of 52.446.8 cm2/m2 and ASMIpxa of
8.4+0.6 kg/m2. Among the subset of six crewmembers analyzed at post-flight return, SMicT
decreased significantly compared to pre-flight (-=5.2+1.0%, p=0.004), while ASMIpxa
decreased (-2.4+1.1%, p=0.07) but did not reach significance (Fig. 4, Table 1). We did not
find significant correlation between SMicT and ASMIpxa values at post-flight return
(R2=0.58, p=0.23) or percent change in SMict and ASMIpx from pre-flight (R2=0.69,

p=0.13).

Inter-reader 1CC values for the muscle measurements were 0.99 for CSAct and 0.94 for
MACT. These ICCs are greater than 0.90, which indicates excellent overall measurement
reliability between readers33. Moreover, quality control studies have shown that the Hologic
DXA scanner provides highly reliable body composition measurements, with 0.2-3.5%
coefficients of variation*®.

Discussion

CT and DXA scans were used to investigate skeletal muscle health among crewmembers
exposed to microgravity during 4-6 month 1SS missions. From CT analyses at the L2
vertebral level, we report decreases in muscle size and attenuation upon return that recover
to pre-flight values by 1-4 years after landing. After normalizing for subject height, we also
found the skeletal muscle index derived from CT was more sensitive to changes at post-
flight return than that of DXA. Together, these results demonstrate that total trunk muscle
measured by CT offers methodological advantages over DXA in assessing overall skeletal
muscle health among crewmembers.

This study reports significant trunk skeletal muscle size decreases at post-flight return,
which recover to pre-flight values by 1-year or 2—4 years post-flight. Several studies have
quantified lumbar (psoas and paraspinal) muscle changes with spaceflight and found
decreases in CSA510.11: however, these changes within individual lumbar muscles or muscle
groups may not fully capture the overall changes to trunk muscle mass. Measuring total
skeletal muscle in a lumbar axial slice? is the gold standard for CT-guided estimation of total
body skeletal muscle mass*%-4150, On average, adults over age 30 lose ~3-5% of their
skeletal muscle mass per decade with normal aging38. Crewmembers in our study have total
trunk CSA decreases of 5% at post-flight return, with eight crewmembers showing larger
CSA losses within the range of 7-10%. Since the decreases of skeletal muscle CSA in
lumbar images correlate to total body skeletal muscle mass, these findings indicate that the
magnitudes of skeletal muscle atrophy in these young to middle-aged, physically fit
crewmembers spending 4-6 months in microgravity are concerning because they parallel
those of a decade of terrestrial aging. While these decreases in CSA seem to be reversible
over 1-4 years of recovery, there is insufficient evidence to determine whether full recovery
will be possible after longer exposures during multi-year missions. Moreover, given that
crewmembers participating in flight missions are generally middle-aged®?, it is foreseeable
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that residual muscle deficits from extended microgravity exposure may accelerate aging-
related muscle health and function declines that generally begin by age 403°.

This study also shows that long duration spaceflight affects infiltration of fat into the trunk
muscles (myosteatosis). We report that muscle attenuation in HU decreases from baseline at
the post-flight return time point and then exceeds pre-flight values by one year post-flight.
Muscle attenuation is an indirect measure of myosteatosis—lower muscle attenuation is
associated with the accumulation of more adipose tissue in the skeletal muscle2®35, which
has been shown to negatively influence trunk strength, disrupt functional capacity, and is
associated with low back pain in aging populations’-28:557_ Several previous studies of
muscle deconditioning in spaceflight or during dry immersion have shown increased fat
infiltration into lumbar skeletal muscle groups, which is concerning because it may suggest
muscle composition changes are correlated to functional deficits among crewmembers in
ways that resemble function declines with aging10:11:37.44 ‘While the aggregate muscle
attenuation decreases at post-flight return in this study did not reach statistical significance,
general trends at the crewmember level offer additional insight for clinical relevance. On
average, muscle attenuation at return decreased by —2.5+1.8 HU; however, five
crewmembers showed larger decreases in the range of 4-9 HU. These larger declines have
clinical implications because several studies have shown reduced attenuation in the range of
3-6 HU among populations with strength deconditioning and low back pain®28:53, Similarly,
a study of trunk muscle attenuation by age showed that four decades of aging results in an
average decrease of 16 HU, which may indicate that the 4-9 HU decreases that
crewmembers experienced in 4-6 months of spaceflight parallel one to two decades of
terrestrial aging3. Moreover, in the context of sarcopenia research, myosteatosis diagnostic
cut points for muscle attenuation are generally set at values less than 41 HU among adults
with a normal BMI (20-24.9)2. Two of 16 crewmembers had muscle attenuation values at
post-flight return that slightly dropped below this 41 HU threshold, indicating they may be
classified as having low muscle attenuation. Together, these findings at a crewmember level
may signal the detrimental muscle changes seen with spaceflight at 4-6 months are
clinically meaningful and should be further investigated to better understand how to mitigate
the structural and functional decline of skeletal muscle on multi-year missions.

Within a subset of six crewmembers, we compared height-adjusted muscle size
measurements obtained from CT to that of DXA. We report post-flight return skeletal
muscle losses with both ASMIpxa and SMlcT, but found that these decreases were not
correlated to one another and only reached significance in the CT-based index. These
differences demonstrate that CT provides additional information about muscle health that
would otherwise remain undetected by DXA. DXA is generally preferred for body
composition measurement for crewmembers during routine pre-flight and post-flight
medical monitoring because it is associated with low radiation exposure for a whole body
scan. However, DXA is inherently limited as it is a two-dimensional projection technique
that accurately estimates skeletal muscle mass from limb muscle only, and thereby may
fundamentally underestimate the extent of skeletal muscle deficits in the trunk. In general,
previous research has found good correlation between appendicular skeletal muscle mass
measures with DXA and L3 total skeletal muscle CSA measures with CT41, but our dataset
is not large enough to validate methodological agreement in our small sample of healthy
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crewmembers. Meanwhile, CT offers distinct advantages over DXA because it can directly
measure composition and quality of individual muscle groups in the trunk, as demonstrated
in this study. However, CT is limited in utility for crewmember muscle assessment because
of the high radiation dose, which limits data collection to narrow regions of interest.

Drawing again upon the parallels between muscle atrophy from aging and microgravity-
based unloading, crewmember muscle assessment may benefit from the extensive analysis of
muscle health among the sarcopenia literature. Researchers in age-based and disease-based
muscle atrophy have developed operational thresholds for muscle mass using SMI and
ASMI to identify and diagnose individuals with sarcopenia. Several international sarcopenia
working groups have defined the operational definition as an ASMIpxa that is more than
two standard deviations below the mean of a gender-matched young reference group®12.15
and researchers have adapted these DXA-based thresholds to SMIcT using published
regression equations216:41, Based on current trends in operational thresholds used in the
sarcopenia literature for men and women, three male crewmembers at post-flight return were
below the commonly used SMIcT threshold of 52.4 cm2/m? in men247 and one male
crewmember dropped slightly below the commonly used ASMIpxa thresholds of 7.0 kg/m?
in men1®, However, the accuracy of these thresholds in broadly diagnosing low skeletal
muscle mass is still controversial because there are inconsistencies in the age, sex, and
health of the reference populations chosen and they neglect to include the importance of
functional performance in overall muscle health215. There is still a need for standardization
of image-based diagnostic thresholds in order to include reference data for healthy
populations across the lifespan®® with the inclusion of functional outcomes such as muscle
strength and physical performancel2.

If a crewmember reference group were established, the aforementioned thresholds could be
adjusted and combined with functional assessments to dynamically determine diagnostic cut
points for skeletal muscle change with spaceflight. Muscle function, assessed by strength or
performance, is essential to include because the loss of muscle mass and strength are non-
linear with aging26:52 and unloading43. It has been shown that even with use of exercise
equipment onboard ISS, crewmembers on long-duration missions have trunk extensor
strength losses of 5.5%%. Decreases in trunk muscle size, composition, and strength are
relevant for crewmembers because functional studies after spaceflight and bed rest
demonstrate that musculoskeletal unloading leads to postural control dysfunction, which can
compromise a crewmember’s ability to complete physically demanding critical mission
tasks in different operational scenarios inside and outside of vehicles after landing on a
planetary surface (hatch opening, seat egress, recovery from fall, etc.)*2. Moreover, trunk
muscle changes could be mapped to active musculature in computational human body
models to perform crewmember-specific simulations of extreme conditions such as
spacecraft landings and quantify their risk of injury19:23.59,

Considering the muscle size and composition decreases observed among crewmembers at
post-flight return in this study, it is also important to recognize the potential for intervention
strategies that could be implemented to mitigate these detriments to muscle health on
extended multi-year missions. Comprehensive aerobic and resistance exercise programs
using in-flight equipment on ISS including the cycle ergometer, treadmill, and resistive
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exercise device are instrumental in combatting losses in trunk extensor muscle size10:31,
There is still a paucity of research investigating the effects of onboard exercise on fat
infiltration, but a recent study has suggested that in-flight exercise with the cycle ergometer
protects against fat infiltration in the paraspinal muscles®’. Research studies among aging
populations suggest that structured physical activity and nutritional supplementation
(protein, vitamin D, etc.) improves indices of muscle composition, including fat
infiltration21:24, While the biological mechanisms underpinning changes in fat infiltration in
microgravity are still poorly understood, especially with respect to how they may compound
age-related increases in middle-aged crew, optimization of pre-flight and in-flight exercise
and diet for muscle health may provide an avenue to minimize changes in muscle
composition. Ultimately, further study is needed to elucidate the relationship between in-
flight countermeasures and muscle health and to evaluate the potential value of image-based
biomarkers for evaluating crewmember muscle health.

Consistent with other physiological studies of crewmembers on long-duration ISS missions,
this study is fundamentally limited by the small available sample size (N=16) and the
primarily male composition. Sex differences in muscle changes were not investigated
because there was only one female and reporting these results could make the data
attributable, which would compromise crew health information privacy. Results of this study
should be validated with a larger and more diverse population in order to ensure the skeletal
muscle changes detected are clinically meaningful for the wider crewmember population. In
addition, the post-flight return scans were generally acquired in the first few weeks after
landing when musculoskeletal reconditioning is occurring, which introduces confounding
factors other than microgravity into our muscle analysis. Moreover, this dataset was acquired
during the era of human spaceflight when crewmembers did not have access to modern
exercise equipment such as the T2 treadmill and the advanced resistive exercise device.
Therefore, our results do not reflect the current trends in muscle health on ISS as they do not
account for the incremental improvements to in-flight countermeasures designed to preserve
musculoskeletal health. We also acknowledge that our limited scan region (L1-L2) prevented
us from taking measurements at the L3 vertebral level, which is established across the
sarcopenia literature as the preferred anatomic level for assessing total skeletal muscle mass
and muscle fat infiltration on abdominal CT scans, as area at this vertebral level correlates
most closely with total body skeletal muscle area?. However, a study by Derstine et. al.
found that when L3 was unavailable for analysis, the L2 level (used in the present analysis)
offered the next best alternativel8. Regardless of the limitations, this novel analysis of total
trunk muscle area and attenuation in CT images from crewmembers offers important insight
into how trunk muscles are collectively influenced by extended periods in microgravity.

In conclusion, trunk skeletal muscle atrophy and composition changes associated with long-
duration spaceflight may place astronauts at an elevated risk for injury and impairment of
functional capacity. This is the first study to quantify total trunk muscle using abdominal CT
images of crewmembers with long-duration spaceflight, and our findings highlight the
potential value of adapting sarcopenia diagnostic measurements from aging literature to
develop crew-specific thresholds for skeletal muscle atrophy and muscle quality in order to
comprehensively assess muscle health.
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Figure 1.
Examining trunk skeletal muscle changes in crewmembers with long-duration exposure to

microgravity. Images included from iStock.com/Nerthuz and stock.adobe.com/SciePro.
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Pre-Flight £ PostFlight

Figure 2.
Example skeletal muscle area segmentation at the mid-L2 vertebral level both at pre-flight

(A) and post-flight (B).
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Figure 3.

Pre-flight to post-flight percent changes (mean+SE) in skeletal muscle cross-sectional area
(CSAcT) and muscle attenuation (MAcT); *p<0.05.
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*

ASMIpxa SMigr

Pre-flight to post-flight return percent changes (mean+SE) in appendicular skeletal muscle
index (ASMIpxa) and skeletal muscle index (SMlcT) among six crewmembers; *p<0.05.
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Table 1.

Skeletal muscle changes with spaceflight measured using computed tomography (CT) and dual-energy x-ray
absorptiometry (DXA), including cross-sectional area (CSAcT), muscle attenuation (MAcT), skeletal muscle

index (SMl¢T), and appendicular skeletal muscle index (ASMIpxa). Statistical significance ( p<0.05).

Longitudinal Muscle Absolute Change from Pre- Percent Change from Pre-Flight
Measures Flight
Units N Mean sD Mean SE P-Value Mean SE P-Value
Pre-Flight
CSAct em? | 16 | 1534 + 171
MAcT HU 16 | 47.4 + 3.6
SMict cm2/m2 | 16 | 52.4 * 6.8
ASMlpya kg/m2 | 16 | 8.4 + 0.6
Post-Flight
Return
CSAcT cm? 16 | 146.4 + 17.1 -7.0 + 1.8 <.001 -4.7 + 11 <.001
MAcT HU 16 | 45.8 + 3.6 -1.6 + 0.8 0.052 -3.2 + 17 0.07
SMlct cm2/m2 | 6 | 49.7 + 7.2 -2.7 + 0.5 0.002 -5.2 + 1.0 0.004
ASMipxa kgm2 | 6 | 82 + 08 -0.2 + o1 | o073 -24 + |11 | o007
1 Year Post-
Flight
CSAcT cm? 14 | 152.3 + 16.2 -11 + 1.9 0.579 -0.7 + 1.2 0.58
MAcT HU 14 | 485 + 3.4 11 + 0.8 0.194 25 + 1.8 0.17
2-4 Years Post-
Flight
CSAcT cm? 8 | 1541 + 12.8 0.8 + 2.3 0.7 0.8 + 15 0.63
MAcT HU 8 | 487 + 3.1 13 + 1.0 0.2 2.6 + 2.2 0.25
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