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1. Abstract

1.1 Abstract (English)

Animals in space exploration studies serve both as a model for human physiology and as a mean
to understand the physiological effects of microgravity. Animal experiments provided several
advantages over human studies as they allow for post-mortem analysis of experimental subjects
and larger sample sizes making statistical significance easier to achieve. To quantify the
microgravity-induced changes to bone health in animals, we systematically searched Medline,
Embase, Web of Science, BIOSIS, and NASA Technical reports. We selected 40 papers focusing
on the bone health of 95 rats, 61 mice and 9 resus monkeys from 22 space missions ranging from
4 to 39 days in duration. The percentage difference from ground control in rodents was —24.1%
[Confidence interval: -43.4,-4.9] for trabecular bone volume fraction and —5.9% [-8.0, -3.8] for
cortical area, suggesting that trabecular bone is more affected than cortical bone by spaceflight in
rodents. In primates, trabecular bone volume fraction was lower by —25.2% [-35.6, -14.7] in
spaceflight animals compared to GC. Bone formation indices in rodent trabecular and cortical bone
were significantly lower in microgravity. In contrast, osteoclast numbers were not affected in rats,
and were variably affected in mice. Thus, microgravity induces bone deficits in rodents and

primates likely through the suppression of bone formation.



1.2 Résumé (French)

L’utilisation des animaux dans les études d'exploration spatiale servent a la fois de modele pour la
physiologie humaine et de moyen afin de comprendre les effets physiologiques de la microgravité.
Les expériences sur les animaux ont fourni plusieurs avantages par rapport aux études sur I'homme,
car elles permettent une analyse post-mortem de sujets expérimentaux et des échantillons de plus
grande taille, ce qui facilite 1'obtention d'une signification statistique. Pour quantifier les
changements induits par la microgravité dans la santé des os chez les animaux, nous avons
systématiquement effectué des recherches dans les rapports techniques Medline, Embase, Web of
Science, BIOSIS et NASA. Nous avons sélectionné 40 articles portant sur la santé osseuse de 95
rats, 61 souris, et 9 singes resus, sur 22 missions spatiales d'une durée de 4 a 39 jours. La différence
en pourcentage par rapport au controle au sol chez les rongeurs était de —24,1% [Intervalle de
confiance : -43.4, -4,9] pour la fraction volumique de 1'os trabéculaire, et de —5,9% [-8,0, -3,8]
pour l'aire corticale, suggérant que l'os trabéculaire est plus affecté que l'os cortical par le vol
spatial. Chez les primates, la fraction volumique osseuse trabéculaire était inférieure de —25,2% [-
35,6, -14,7] chez les animaux de vol spatial par rapport a la GC. Les indices de formation osseuse
dans I'os trabéculaire et cortical des rongeurs étaient significativement plus faibles en microgravité.
En revanche, le nombre d'ostéoclastes n'a pas été affecté chez les rats, et a été affecté de manicre
variable chez les souris. Ainsi, la microgravité induit des déficits osseux chez les rongeurs et les

primates probablement par la suppression de la formation osseuse.
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4. Introduction and Objectives

4.1 Introduction

With plans by NASA to return humans to the lunar surface by 2024 !} and to have the first ever
astronauts journey to Mars within the next 2 decades ‘?!, in addition to private interests in
developing the first human colony on the Martian surface ‘¥, human space travel will no doubt
continue if not increase in the following century. Despite these high ambitions, we still do not fully
understand the cause of physiological changes we observe in astronauts who travel to space, one
of which is microgravity induced bone loss 3}, however, the underlying cause of bone loss in
astronauts is still largely unknown 4.

Animals have long been used as models to assess the physiological changes observed as a
result of various stimuli and inform their impact to human health. Space-travelling animals have
even preceded human, with several dogs, rodents, and primates being sent to space in the late
1940s - 1960s %}, After developing the necessary technology allowing mammals to survive all
phases of spaceflight, beginning in the 1970s animal experiments shifted to focus on the
physiological effects of space travel {7}, The information obtained in animal studies significantly
augmented our knowledge regarding human adaptations during space-travel. Experiments
assessing skeletal changes in animals have the benefit of the collection bone biopsies, which is
absent in astronaut studies. These biopsies have allowed for investigation into changes to cellular
and molecular components of bone associated with microgravity, and thus provide further insight
into the underlying mechanisms of microgravity induced changes in bone health. These missions
however come at a considerable price, and it has been estimated that NASA spent $1.2 billion per
launch over the period from 1982 to 2010 !, therefore it is critically important to gain as much

knowledge as possible from all the space experiments.



Even with the benefits of animal studies, and a significant expense associated with their
execution, these experiments have not yet been used for the purposes of quantitative data synthesis.
To overcome the problems associated with small sample sizes and high degree of variability
between individual mission we employed meta-analysis to improves statistical power of all the
studies.

4.2 Objectives

The objectives of this study were to (i) to systematically identify all the published literature
regarding bone health in vertebrate animals that were part of experiments performed in space; (ii)
use a meta-analytic approach to quantitatively characterize space-related changes to bone
architecture and turnover in animals, (i7) identify cofounding variables associated with changes in

bone health.



5. Review of the Literature

5.1 Overview of space exploration

Since the mid 20" century humans have been captivated by space travel. The early and rapid
increase in the development and experiments of human space travel is often cited to be the result
of the competition between the United States and the Soviet Union during the Cold War, using
missile technology originally developed during World War 11 to accomplish this ). The first
human sent to space was Yuri Gagarin who orbited the Earth on the Russian Vostok 1 on 1961. A
mere 8 years later in 1969, Apollo 11 facilitated Neil Armstrong famous steps onto the Lunar
surface 1%, Following the end of the Apollo lunar mission in 1972, all manned missions have been
limited to low earth orbit "}, however are expected the have a resurgence with plans to return to
the lunar surface ", and finally have humans manned mission to Mars {2}, These missions to mars
and further celestial surfaces have to overcome a number of challenges before they are possible.
Apart from technological limitations, there are risks to human health associated with the required
longer duration space missions !}, These risks are a central concern in space medicine, a field
intuitively defined by Williams and Turnock as “the area of medical practice that deals with the
provision of healthcare in partial and microgravitational environments” 1%},

5.2 Microgravity induced physiological changes in humans

Microgravity has been reported to have an effect on various aspects of human physiology. These
risks to human health include but are not limited to: low venous pressure causing swelling of the
upper body during the flight period (!, impairment of vision and swelling of the optical disc
continuing post-flight 13} radiation induced illness and later carcinogenesis !, and of
particular importance for us, reduced quality of bone during and post-flight 31113} Although for

several of these effects, countermeasures have been implemented to help mitigate or alleviate
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them, the current countermeasures for microgravity induced bone loss, primarily exercise & diet
411} "have not been completed effective /. We are limited by an incomplete understanding of the
underlying cause of bone loss, which is required to develop more effective countermeasures 4>},
5.3 History of animals in spaceflight

Animal space-travel preceded that of humans by more than a decade, with its early days being
rather tragic. The first attempt to send an animal to space was on June 11, 1948, when Albert I, a
rhesus monkey aboard a V-2 Blossom, a repurposed WWII missile, was launched from New
Mexico, United States. Sadly, Albert I suffocated during the mission, and the missile never reached
the heights of space ¢}, This was followed by numerous other failed attempts until November 37,
1957, when the Soviet Sputnik 2, an artificial earth satellite (AES), housing the now famous dog
Laika managed to obtain orbit {4}, Laika was hooked up to an electrocardiogram, breath sensor,
among several other sensory devices. After 5 hours of flight, the air temperature within Laika’s
cabin rose to 41°C, which is believed to be the cause of her death %/, However, analysis of Laika’s
vitals during the early stages of the mission revealed that life can survive microgravity, and is
believed to be a major catalyst for the first human orbital flight several years later !4, The years
that followed the Apollo lunar missions (post-1973) were dominated by space-experiments that
focused on identifying and understanding the physiological changes that occur during
microgravity, of which, animal studies became a primary focus 7}, Animal experiments provided
several advantages over human studies in identifying these changes as they allow for post-mortem
analysis of experimental subjects, factors such as diet and genetic variation to be accounted for,
statistical significance easier to achieve with the larger sample sizes, and the short lifespan of the

subjects allows us to extrapolate potential changes to humans during long duration missions 13},
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5.4 Overview of the skeletal system and its health
The mammalian skeletal system serves several crucial functions including enabling movement,
protecting the internal organs, and regulating the extracellular fluid given that bone is the main

reservoir for calcium, phosphate and bicarbonate !5}

. Pathological loss of bone, which may
develop into osteoporosis, results in weaker bones more prone to fracture. These pathological
fractures can significantly affect a person’s mobility and often autonomy considering osteoporosis
is most common in older aged individuals, especially post-menopausal women !¢}, There are
several methods to assess the health or quality of bone. Traditionally, determining bone mineral
density using Dual-energy X-ray absorptiometry (DXA) {7}, however more recently it has been
argued that bone architecture is an equally important method of assessing bone health. The benefit
of assessing bone architecture is the ability to identify changes to specific bone tissues, something
standard DXA measurements cannot distinguish. Historically, assessing bone architecture was
only possible via histomorphometry on bone biopsies but now can be done non-invasively with
micro-computer tomography, uCT {18},

5.5 Division of the skeletal system & development

The skeleton can be divided into two major groups, (1) the appendicular skeleton: composed of
bones of the upper and lower limbs, and (2) the axial skeleton: composed of bones of the skull,
spine, thorax and pelvis ). Two mechanisms are responsible for the development of bone:
endochondral ossification, the process by which most bone is formed, and intramembranous
ossification. Both processes begin with mesenchymal progenitor cells. In the case of endochondral
ossification, progenitor cells differentiate into chondrocytes (cartilage cells) which proliferate and
act as a template to for later bone formation, while for intramembranous ossification, the

progenitor cells differentiate directly into bone forming cells !%}. Intramembranous ossification is
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only responsible for the development of flat bones in the skull, mandible and clavicles, while
endochondral ossification is responsible the development of all other bones 1*2%}, Additionally,
endochondral ossification is responsible for longitudinal growth in long bones of the appendicular

skeleton following birth {20}

. In humans longitudinal bone growth in long bones continues until
young adulthood. This is not the case for rodents where longitudinal bone growth continues past
sexual maturity 2!
5.6 Composition of bone
There are three non-cellular components of bone: an organic component, a mineral component,
and water. The organic component, also known as osteoid is made up of fibrous proteins, primarily
Collagen Type I accounting for approximately 90% of its composition 192223 also non-
collagenous proteins and other minor types of collagen 2224, The mineral component is primarily
composed of a calcium-phosphate-hydroxide salt called hydroxyapatite (HA), which forms
crystals on the osteoid scaffold 12224,
5.7 Bone tissues: cortical and trabecular
Within individual bones, we can identify two macroscopically distinct tissue types, cortical bone
and trabecular bone. Although their compositions are similar, their architecture and in turn
appearance are not.

Cortical bone, also known as compact bone, is characterized by low porosity and high
density. Although cortical bone has a solid appearance, it has embedded pores which allows for a
vascular network to supply nutrients to cells embedded in bone, osteocytes (we will return to these)

125}, The cortical bone confers the majority of bone’s mechanical strength {1525 and comprises the

exterior surface of bone. Architectural parameters specific to cortical bone include cross-sectional
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area of cortical bone, thickness of cortical bone, and in the case of long bone diaphysis (mid-shaft),
the cross-sectional area of the bone marrow canal.

Cancellous bone, also referred to as trabecular bone or spongy bone due to its appearance,
is highly porous with only 50-90% of the total volume being occupied by bone 23!, Trabecular
bone is made of many single units known as trabeculae, small pieces of bone shaped as plates or
rods 113}, Trabecular bone is much weaker compared to cortical bone, however, it does contribute
to overall bone mechanical properties, acting as an internal support to strengthen bone 2%}, It is
often found on the interior of bones, within the cortices of flat bones and vertebrae, and in the
epiphyses and metaphyses (the ends) of long bones. Trabecular bone within the metaphyses of
long bones can be further subdivided into primary and secondary spongiosa. During longitudinal
bone growth, primary spongiosa is formed first from organic matrix made by chondrocytes, and is
later replaced with mature trabecular bone, secondary spongiosa 2%}, Architectural parameters to
determine health and in turn strength of trabecular bone include: trabecular bone volume to total
volume fraction, average thickness of trabecular units, average length separating trabeculae, and
average number of trabeculae per unit length.

5.8 Cells involved in bone turnover

The two primary effectors in bone turnover are osteoblasts and osteoclasts. Osteoblasts are the
primary bone forming cell responsible for producing osteoid, the organic matrix of bone {319,
and are involved in early bone mineralization via the production of membrane-bound matrix
vesicles (MV). These MVs contain transporters and enzymes that concentrate calcium and
phosphate which then precipitate to form HA crystals on the organic bone matrix {2227},

Osteoclasts are considered the sole bone destroying or resorbing cell 28/, When active, osteoclasts

tightly bond underlying mineralized bone creating a small pocket or microenvironment isolated
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from the extracellular space. This microenvironment (a) is made highly acidic, leading to the
dissolution of HA crystals, and (b) contain proteases, leading to degradation of the osteoid 328},
The third important cell type in bone is osteocytes, cells that are formed during the process
of bone formation when some osteoblasts become embedded in the matrix '3}, Osteocytes are the
most abundant cells in the bone, the primary function of which is to act as local sensors to changes
in bone loading and to modulate bone formation or resorption by affecting osteoblast or osteoclast
function 192930},
5.9 Bone remodeling
In humans, bone mass only increases up until young adulthood after which bone growth ceases.
During this period overall bone mass done not change, however bone does remains in a constant
state of renewal via the process of bone remodeling. Bone remodeling refers to the process in
which bone resorbing osteoclasts are coupled with bone forming osteoblasts in what is known as
basic multicellular units (BMU) !¢}, When the rate of bone formation matches the rate of bone
resorption, bone is said to be in a state of homeostasis, when these rates become uncoupled,
changes to bone mass occur {!33!}, Bone turnover is a surface dependent process. Considering the
porous nature of trabecular bone, it has a much greater surface area to volume ratio, and as a result,

it is renewed far more rapidly compared to cortical bone. Because of this, in a state of bone loss,

representing a proportionally greater rate of bone resorption, loss to trabecular bone is greater {15,
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6. Methods

This study was compliant with the Preferred Reporting Items for Systematic Reviews and Meta-
analysis (PRISMA) statement. Refer to Supplemental Table S1 for PRISMA Checklist.

6.1 Search Strategy, Inclusion Criteria and Quality Assessment

A systemic search strategy using terms related to bone, space travel, and animals, including the
names of individual missions, bones, and species of nonhuman vertebrates (Supplementary
Information S1) was constructed by a medical librarian (MM). Medline, Embase, PubMed,
BIOSIS Previews, and Web of Science were searched on November 2nd, 2017. An updated search
was performed on November Ist, 2019. Additionally a manual search of the NASA Technical
Report Server and articles referenced the compendium of animal and cell spaceflight experiments
compiled by Ronca et al.!!*} was performed. Studies in any language were considered. Title and
abstract screening for the original search was performed independently by SDC and SFC, and for
the update by SVK. Inclusion criteria was that the article describes any vertebrate species that was
taken on a space mission. Studies describing invertebrate animals, humans, or Earth-based
spaceflight simulations were excluded. After intermediate analysis, only studies describing
spaceflight results for mice, rats and primates were included in full text screening for quantitative
measurements related to bone health, which was performed by SDC, SFC and MG for the initial
search and by SVK and MG for the update. In the final meta-analysis, we included the studies that
presented quantitative measurements of trabecular and cortical architecture or bone turnover for
bones of axial and appendicular skeleton excluding facial bones. Animals that were pregnant, or
received surgery other than sham, abnormal diet, or hormone supplements, were excluded. Papers

presenting average data without a measure of variation were excluded. Included papers were
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scored for reporting quality (Supplementary Information S2), if two different species were reported
in a single paper, they were scored independently.

6.2 Data extraction

For studies included after abstract/title screening, the year of publication, animal species and
physiological system studied were recorded. For studies that were included in meta-analysis the
following data were independently extracted by MG and SFC and verified by JF: name and
duration of mission, animal species; animal sample size (n) of spaceflight, ground control,
vivarium control, and delayed simulation (when applicable); bone and bone region being
measured; and mean, median and median percent difference in the 18 bone health parameters
(Table 1); standard deviations, standard errors of the mean and/or interquartile ranges; day or
range of days when measurements were performed. If the type of measure of the dispersion was
not stated, it was assumed to be a standard error, which ensures a conservative estimate. If a range
of sample sizes was reported, the smallest value was extracted. Extracted study characteristics for
covariate analysis included: animal strain, age, sex, spaceflight group sacrifice delays, single vs
grouped spaceflight habitat, space agency, treatment conditions of ground control group, and the
presence of sham operations. The information regarding a specific mission was pooled from all
applicable articles. When different data for apparently identical samples were presented in two
papers, we included the data from the study with the higher quality score. For spaceflight group
sacrifice delay, if a range of time was given, the largest time interval was used. Alternate terms

used for included parameters are presented in Table S2.
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Table 1. Bone parameters included in Meta-analysis.

Parameter (abbreviation) Description Units
Trabecular (Tb) Bone Measures
1 (o)
= Z—Tbk;.gs?Te\y)omme i Fraction of the cancellous space occupied by Th bone &
2. Th. Thickness (Tb.Th) Mean thickness of trabeculae mm or um
3. Tb. Number (Th.N) Mean number of trabeculae per unit length mm?!
4. Th. Separation (Tb.Sp) Mean distance between trabeculae mm or um
5. Connectivity Density Number of connected trabeculae per unit volume mm?3
6. Total bone volume fraction Total bone volume/ tissue volume %
(Total BV/TV)
Cortical (Ct.) Bone Measures
1. Marrow Area (Ma.Ar) Cross-sectional area occupied by medullary canal mm?
2. Marrow Diameter (Ma.Dm) Mean diameter of medullary canal mm
3. Ct. Thickness (Ct.Th) Cross-sectional thickness of cortical bone mm or um
4. Ct. Bone Area (Ct.Ar) Cross-sectional area occupied by cortical bone mm?
Bone Turnover Measures
1. Osteoblast Surface (Ob.S/BS) Percent of bone surface covered with osteoblasts %
2. Osteoblast Number (N.Ob) Number of osteoblasts per length of bone 3°43 #/mm
or per visual field ¥ #/field
3. Osteoid Surface (OS/BS) Percentage of bone surface covered in osteoid %
4. Osteoid Thickness (0.Th) Mean thickness of osteoid seams pum
5. Osteoclast Surface (Oc.S/BS) Percent of bone surface covered with osteoclasts %
6. Osteoclast Number (N.Oc) Number of osteoclasts per length of bone 434852} #/mm
or per visual field ¥ #/field
7. Bone Formation Rate (BFR) Volume $63857 or grea 3505456} of pone formed mm?3/day
per day, normalized to bone volume 7 or bone mm?/day
length ¢ %/day
mm?/mm/day
8. Mineral Apposition Rate (MAR) Thickness of new bone formed per day um/day

6.3 Measurement-level outcomes

Three types of control group were used: the vivarium control (VC), where animals lived in a
standard laboratory habitat; the ground control (GC), where some or all aspects of space flight
excluding microgravity were modelled; the delayed simulation (DS), only seen in primate studies,
where spaceflight animals were placed in an earth-based GC habitat several weeks following

recovery. When available, we used GC as the comparison group. If multiple GC groups were used,
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we treat the group that most closely matched flight conditions as the GC. When GC was not
available, we used VC or DS as the comparison group. For each individual measurement j, we

extracted the mean space flight (SF) values, ug Fj» and the mean comparison control (CC) values,

He; with the corresponding standard errors se;

;, or standard deviations sd; If sd; was extracted, it

was converted to se; by dividing by the square root of sample size n of the corresponding group,
such as ngp for spaceflight and n. for comparison control. When median P and interquartile range

Xupper= Xiower WeTE given, p; was calculated as pj = (Xypper + P + Xiower)/3 with: se; =

Xupper — Xiower/NN X 2.7.For each measurement, we calculated percentage difference, 6;,

MSF}' - AuCCj
between Hsk; and Hcc, as: 0, = ————x100%

Heej

Normalized standard errors SE; were calculated as SE; = se;/ Hec,- The standard deviation for

percentage difference of a single measurement o; was calculated assuming that the SF and CC

groups were independent: g; = \/SESF],2+SECC].2 x 100%

6.4 Mission-level outcomes

Data for multiple b bones or bone regions presented in one or more studies for the same group of
. . T8, .

animals were pooled as unweighted averages 8; = =~ to represent the outcome or effect size of

a single mission I. In two instances (Bion M1 and SpacelLab 3) where the data for two animal

groups on the same mission were reported separately, they were treated as two independent

.2
missions. The overall standard error for each mission was calculated as: SE(6;) = /%
SF cc

6.5 Meta-analytic model and global outcome
Since the mission-level data encompass outcomes from many spaceflights performed over a long

period of time in multiple animal species, we rejected the fixed-effect model in favor of random
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effects model. However, since individual sample sizes were small (between 4 and 12), the variance
is not a representative measure of better estimate of the mean, making variance-based weighting

scheme biased. Therefore, to calculate global effect size 8, the mission-level outcomes 8; were

weighted by the sample size of spaceflight animals ngz: 8 = ZLQL‘% When combining data from

multiple articles with differing sample size ngg, the smallest sample size among them was used for
global outcome calculations. Global outcomes were calculated for mice, rats, primates and rodents
overall.

To account for heterogeneity between the studies, we adapted the approach developed by
Standley and Doucouliagos *?}, in which we adjusted the pooled standard error by the factor
representing the degree of heterogeneity within the dataset. We calculated the adjusted

heterogeneity estimator H? to represent the variability of 6; from the global outcome 8 within

(L_L)Z
Y'SE6;) SE(6)
(N-1)

N mission-level outcomes as follows: H? = . The standard error of the global

~ ~ 2 . 2. —
outcome O was then calculated as: SE (9) = /% X 2\/2‘(5‘?2(9(2 (nﬁ D),
i\SF—

This meta-analytic model provides the unbiased estimate of the central tendency and conservative
estimates for the 95% confidence intervals (CI) which was determined as 95% CI= 8 +
Z(1-a/2) X SE(@) =04 1.96 x SE(@). To assess the influence of spaceflight associated
conditions other than microgravity, we similarly calculated percentage difference of GC from VC.
6.6 Rate of change

To estimate the rate of change per day, we used mission-level outcomes from the parameter with

the largest dataset, trabecular BV/TV. For each mission, percentage difference in trabecular

0i

= and
perday  Days

BV/TV was divided by the duration of each mission Days to calculate 6;

20



se(6;)
Days

se(0)per aay = , which were than used in the meta-analytic model. Although studies in

humans have suggested that change in bone mass in space does not occur linearly>, with only 2
measurements for each group, any rate estimate other than linear would inevitably result in over-
fitting.

6.7 Heterogeneity and publication bias analysis

21

To quantify heterogeneity, we calculated H” as described above and 1% as [? = HHZ . To examine

the contribution of individual datasets we used single data exclusion analysis, when one mission-
level outcome was excluded and its effect on heterogeneity on the remaining dataset was
calculated; and cumulative data exclusion analysis, when multiple mission-level outcomes were
excluded in the order of their contributing heterogeneity. To assess publication bias, a funnel plot
was used to plot the distribution of the standard errors relative to estimated mission-level
outcomes. All the studies were included in the final analysis independent of their contribution to
heterogeneity or potential bias.

6.8 Additional analysis

We performed subgroup analysis on 11 characteristics: age of animals, strain of rats, sex of mice,
flight duration, individual vs grouped housing conditions, space agency, the conditions of ground
control, delay time of SF animal sacrifice, presence of sham operation, quality score of papers and
skeletal region of measurements. For strain, sex, space agency, ground control, and housing
condition, the subgroup analysis was performed by a categorical value for each mission using the
mission-level effect size and 95% CI as described above. For continuous values of age of animals,
duration of flights, sacrifice delay and quality score, the missions were divided into 2 groups of
approximately equal size for sub-group analysis; or a linear regression against the continuous

variable was performed for representative parameters for trabecular and cortical structure and
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turnover. For quality score, measurement-level outcomes from a single article were combined to
create a paper-level outcome, 8, and associated measure of variance SE (65), replacing mission-
level outcomes in subgroup analysis and linear regression. For skeletal region, measurement-level
outcomes were combined. For quality score and bone region analysis, the global effect size 8 and

standard error SE (), were estimated using the random-effects model with the Hedges estimator

1 .0 — Zi(gi"/‘/i) AN 1 33} .
SE@pITT 0= D ,SE(0) =3 S5 Subgroup analysis was only

t for unit weight w; =

performed on parameters with 6 or more mission-level, paper-level or measurement-level
outcomes.

6.9 Outcome reporting

Data are presented as effect size or percentage difference between spaceflight and ground control
animals or ground control and vivarium control with lower and upper limits of 95% CI as: ES(%)
[lower CI, Upper CI].

6.10 Software

Endnote X7 and Rayyan were used for the management of references. WebPlot digitizer was used
in data extraction. Numbers (version 4.1.1) was used for data management. R (version 1.1.463)
was used for meta-analysis and associated calculations. R (version 1.1.463), JASP (version 0.10),

and MATLAB (MATLAB online) were used for initial figure preparation.
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7. Results

7.1 Overview of relevant studies

The systematic search describing the overlap of space travel, animals, and bone executed in
Medline, Embase, Web of Science, and BIOSIS, together with the 9 reports found via manual
searches of the NASA Technical Report Server and the compendium of animal and cell spaceflight
experiments compiled by Ronca et al. {13} resulted in identification of 1,128 candidate articles (Fig.
1A). Of these, 340 articles focused on bone, while the rest discussed a range of physiological
systems potentially relevant to bone heath, including skeletal muscles, metabolism and
developmental issues (Fig. 1B). The majority of studies (83%) described findings in rats
(664/1,128), mice (181/1,128) and primates (96/1,128) (Fig. 1C). The number of papers describing
animals in space peaked in the 1990s (Fig. 1D). From the 1970s through the 2000s, rats were the
main spacefaring animal model. Interest in primates peaked in the 2000s, however, in the last
decade mice have become the predominant animal model studied in space (Fig. 1E). Considering
the available data, the full text screen focused on 340 studies describing bone health in rodents and
primates, and identified 63 studies that presented quantitative measurements of trabecular and

cortical bone architecture or bone turnover34-2¢}

. After excluding studies that reported data on
treated animals, reported duplicate data or demonstrated unclear reporting (Table S3), 40 articles
were selected for the final meta-analysis: 23 describing rats*+3%, 12 describing mice 768}, 4
describing primates {72}, and 1 describing both mice and primates {73!, The final dataset included

a total of 95 rats, 61 mice and 9 primates (rhesus macaque monkeys) flown to space on 22 missions

(Table 2).
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Table 2. Description of articles included in the meta-analysis.

- . . Type of ot QS
Year | Mission Days | Article Species | ngg Control Bones Analyzed (sub-sections) (125)
Asling 1978 6 GC, VC Tibia (M) 13*
1975 | Cosmos 782 19.5 Rats
Morey 1978 11 GC, VC Tibia (D) 20
1977 | Cosmos 936 18.5 | Morey-Holton 1978 | Rats 10 GC, VC Tibia (D) 18*
Judy 1981 7 VC Tibia (M) 14*
Wronski 1981 11 Rib(NS), Humerus (D), Tibia (D) 20*
1979 | Cosmos 1129 18.5 Rats
Jee 1983 7 GC, VC Humerus (M), Tibia (M) 19
Rogacheva 1984 6 Femur (D) 12.5
1983 | Cosmos 1514 5 Cann 1986 Primate |1 GC Ulna (D), Radius (D), Tibia (D) 14.5%
Kaplanskii 1987 GC, VC Vertebrae (L), Pelvis (Ilium), Tibia (D, M) 15.5
1985 | Cosmos 1667 7 Rats 7
Vico 1988 GC Vertebrae (T8, L1), Femur (M), Tibia (M) 17
1985 | SpaceLab3 7 Wronski 1987 Rats I§§ GC Vertebra (L4), Humerus (M), Tibia (D) 19.5
Vailas 1990 Humerus (D) 20
GC, VC
Doty 1990 Rats 5 Tibia (D) 19
1987 | Cosmos 1887 12.5
Zerath 1990 vC Vertebrae (NS), Humerus (M) 14
Cann 1990 Primates |2 DS, vC Ulna (D), Radius (D), Tibia (D) 16.5*%
Primates |2 DS Pelvis (Ilium) 15.5
Zerath 1991
Vertebra (T9), Humerus (M) 18
1989 | Cosmos 2044 14
Vailas 1992 Rats 5 GC, VC Humerus (D) 19
Vico 1993 Vertebra (L2, T5), Femur (M), Tibia (E,M) 20
1992 | Bion 10 11.5 | Zerath 1996b{7! Primates | 2 DS, GC, VC | Pelvis (Ilium) 20
1992 | STS-52 10 Turner 1995 Rats 6 GC Humerus (M) 16
1992 | STS-57 11 Westerlind 1995 Rats 12 GC, VC Femur (D), Tibia (M) 23
STS-58 Zerath 1996a™1 Vertebrae (T9,C7), Humerus (M) 23
1993 (SLS--2) 14 Rats 5 GC, VC
Lafage-Proust 1998 Femur (M), Humerus (M) 18
1996 | Bion 11 14 Zerath 2002 Primates | 2 GC, VC Pelvis (Ilium) 21
1996 | STS-77 10 Bateman 1998 Rats 6 vC Humerus (D), Tibia (D) 20
Wronski 1998 Vertebra (L1), Tibia (M, D) 24
1996 | STS-78 17 Zerath 2000a!} Rats 6 GC,VC | Vertebra (T8), Pelvis (Cotyloid) 22
Vajda 2001 Femur (D) 21
2001 | STS-108 12 Lloyd 2015 Mice 12 GC Vertebra (L5), Humerus (M), Femur (D), Tibia (M) 21
2007 | STS-118 13 Ortega 2013 Mice 12 GC Femur (M), Tibia (M, D) 18.5
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Blaber 2013 Pelvis (Ischium), Femur (M) 19
2010 | STS-131 15 Zhang 2013 Mice ! GC Calvaria 16.5

Blaber 2014 8 Femur (E, M) 17.5

Berg-Johansen 2016 3 vC Vertebrae (C) 16

Macaulay 2017 6 Calvaria 21
2013 | Bion M1 30 Mice

Gerbaix 2017 GC Vertebrae (L1,L.3,T12), Femur (M,D) 20

Gerbaix 2018 . Calcaneus, Navicular, Talus 17
2016 | SpaceX CRS-9 39 Shiba 2017 Mice 5 GC Femur (prox) 17.5
2017 | SpaceX CRS-10 |28 | Maupin 2019 Mice |10 GC (Cl\it‘gii‘;’eﬁgr(g&,’l)s)teg;‘glh\\’zg;’bra (L4), Humerus 21
2017 | SpaceX CRS-12 | 34 Tominari 2019 Mice 3 GC Humerus (prox), Tibia (prox) 17

Days = mission duration (days); ngz= sample size of spaceflight animal group. Control groups:
GC = ground control, VC = vivarium control, DS = delayed stimulation. Sub-sections of bones
analyzed: E = epiphysis, M = metaphysis, D= diaphysis, prox = proximal. For vertebrae region: L
= lumber, T = thoracic, C = caudal, NS = not specified. ltalics indicates overlapping bones
measured excluded from the meta-analysis. QS
Supplemental Information S2. *Indicates articles sourced from NASA Final Reports of Soviet
missions. For the specific measurements present in each study, refer to Table S4. For rodent study
characteristics used for covariate analysis, refer to Table S5
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Figure 1. Systematic review information flow and outcomes. (A) Prisma diagram. B-E)
Analysis of 1,128 articles selected after title and abstract screening. (B) Distribution of
physiological systems mentioned in the papers. (C) Number of articles discussing indicated
species. (D) Number of articles by publication decade. (E) Number of articles by publication
decade for species of rats (solid line), mice (dashed line) and primates (dotted line).

7.2 Heterogeneity, bias and the meta-analytic model

Statistical heterogeneity was moderate to high (7 > 46%) for all the extracted parameters for
spaceflight-related changes except for bone marrow area (I° = 14.4%) and cortical bone area (I° =
0%). Single mission exclusion analysis identified some mission-level outcomes removing which
reduced the overall heterogeneity, however no single mission influenced the heterogeneity of more
than one parameter, or the global outcome for Tb.BV/TV or Tb.N parameter datasets (Fig. 2A,

Supplemental Fig. S1A). Cumulative-mission exclusion analysis demonstrated that exclusion of

>21% of missions leads to a homogeneous (/7 < 30%) dataset, however the overall outcomes for
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Tb.BV/TV and Tb.N were not affected by decreased heterogeneity (Fig. 2B, Fig. S1B). The funnel
plot demonstrated symmetrical distribution (Fig. 2C, Fig. S1C). We assessed the quality of
individual papers on a 25-point scale (Supplemental Information S2) and examined if quality score
affected the reported paper-level variance (Fig. 2D, Fig. S1D) or effect size (Fig. 2E), however,
no significant association of quality score with reported outcomes was observed. Subgroup
analysis further demonstrated no difference between papers with low (< 20) and high (= 20) quality
score (Fig. S2). We conclude that the publication bias is negligible within this dataset. To account
for low sample sizes as well as heterogeneity, we used the modified sampling by size method 7}

for further analysis.
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Figure 2. Heterogeneity and sensitivity analyses for the BV/TV dataset. A, B) Heterogeneity
was analyzed using single mission exclusion (A) and cumulative mission exclusion (B). Red area:
95% CI for the global effect size (left axis); line: I (right axis). C) Funnel plot; D) article-level
standard error SE (0p) as a function of quality score. E) Meta-regression of the Tb.BV/TV, Ob.S, and
Ct.Ar paper-level outcomes as a function of quality score. Maximum quality score was 25. R? is
shown.

27



7.3 Changes in trabecular architecture during spaceflight

Many studies included two types of control —vivarium control (VC), where animals lived in a
standard laboratory habitat, and the ground control (GC), where some or all aspects of space flight
other than microgravity, such as physical enclosure, diet and lift off and re-entry forces, were
simulated. We examined the percentage difference in spaceflight compared to GC, as well as in
GC compared to VC. Of the 6 parameters describing trabecular bone: trabecular bone volume
fraction (Tb.BV/TV), thickness (Tb.Th), number (Tb.N), separation (Tb.Sp), connective density
and Total BV/TV; Tb.BV/TV was significantly lower in spaceflight mice and rats compared to
ground control, and Tb.Th was significantly reduced for mice (Fig. 3A,B left). For rodents overall,
Tb.BV/TV and Tb.Th changed significantly by -24.1% [-43.4,-4.9] and -9.0% [-12.9,-5.2]
respectively. Tb.N, Tb.Sp, and connective density demonstrated trends towards poor bone health
in spaceflight mice and rats, however only the change in Tb.N reached statistical significance (Fig.
4A-C). Total BV/TV, which was measured in flat bones and in one case vertebra, did not change
due to spaceflight (Fig. 4D). When ground and vivarium controls were compared, Tb.BV/TV,
Tb.N, and Tb.Sp were unaffected, but Tb.Th was significantly lower in GC compared to VC (Fig.
3A,B right, Tables S6, S7), suggesting that flight conditions other than microgravity may
contribute to a reduced Tb.Th. In all trabecular parameters in rodents, heterogeneity was moderate
to high, °>46%. Trabecular parameters were measured in 4 primates on missions Bion 10 and 11,
and demonstrated significantly lower Tb.BV/TV, a trend to reduced Tb.N, and Tb.Th, and a trend
to higher Tb.Sp compared to GC (Table 3). Thus, there was a deficit in trabecular bone in rodents

and primates after the spaceflight.
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A Trabecular BV/TV
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Figure 3. Forest plot of spaceflight and ground control-induced changes to Tb.BV/TV and
trabecular thickness. Changes in BV/TV (A) and trabecular thickness (B) of spaceflight animals
(SF) compared to ground control animals (GC) (Left); and GC compared to vivarium controls
animals (VC) (Right). For each indicated species, missions are sorted by mission year (old to new);
duration of spaceflight (Days) and number of spaceflight animals (nsr) are indicated. Square/line:
effect size (%) and 95% CI, the size of the square is proportional to nsr. Overall effect size (%)
and 95% CI are indicated by diamonds for mice, rats and rodents, I°, and H? are given for rodents.
* indicate missions wherein GC was not present, and SF was compared to VC.
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Figure 4. Forest plot of spaceflight induced changes to trabecular number, trabecular
separation, connective density and total BV/TV. Changes in trabecular number (A), trabecular
separation (B), connective density (C) and total BV/TV (D) of space flight animals (SF) compared
to ground control animals (GC). For each indicated species, missions are sorted by mission year
(old to new); duration of spaceflight (Days) and number of spaceflight animals (nsr) are indicated.
Square/line: effect size (%) and 95% CI, the size of the square is proportional to nsg. Overall effect
size (%) and 95% CI are indicated by diamonds for mice, rats and rodents, /7, and H? are given for
rodents. * indicate missions wherein GC was not present, and SF was compared to VC. For
mission-level effect sizes and 95% CI, refer to Supplemental Tables S6-9.

7.4 Changes in trabecular bone turnover during spaceflight

We next examined if spaceflight-induced bone deficits are associated with abnormal function of
osteoblasts or osteoclasts. Osteoid surface (OS) and thickness (O.Th) were significantly lower in
rodents by -29.9% [-53.9,-5.8] in OS and -28.6 [-54.5,-2.7] in O.Th; Osteoblast surface (Ob.S) and

osteoblast number (N.Ob) demonstrated a trend to decrease compared to GC (Fig. 5). Comparison

of ground and vivarium controls was available for only two missions, except for Ob.S, which was
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not significantly different (Tables S10-S13). Heterogeneity for osteoblast parameters was
moderate to high /7>50%. The osteoblast parameters were from trabecular skeletal regions, except
for missions Cosmos 936 (Ob.S) and Cosmos 1667 (OS and O.Th), in which the measurements
were from endocortical surface of the tibia diaphysis and metaphysis respectively, and excluding
these data resulted in a homogeneous datasets for Ob.S and O.Th (/2 = 0), but not for OS (P =
74.9%). When only osteoblast indices in trabecular bone are considered, spaceflight resulted in a
statistically significant reduction in Ob.S of -20.1% [-35.0, -5.1], OS -30.4% [-55.1, -5.8] and O.Th
-36.2% [-60.2,-12.2]. Thus, osteoblast formation and function in rodents were negatively affected
by spaceflight.

In contrast to osteoblast parameters, changes in osteoclasts were inconsistent. Osteoclast
surface (Oc.S) in SF mice demonstrated large study level increases in 2 of 3 datasets, however it
was unaffected in SF rats (Fig. 6A left). Osteoclast number (N.Oc) was higher in the one group of
SF mice where it was measured, and was not significantly affected in spaceflight rats (Fig. 6B
left). Moreover, comparing ground and vivarium controls demonstrated strong (10-70%)
tendencies for study level increases (Fig. 6 right). Although the overall effect size for GC vs VC
comparisons only reached statistical significance for Oc.N, these data suggest that in rodents
osteoclasts may be affected by spaceflight conditions other than microgravity. Heterogeneity was
high for Oc.S and N.Oc datasets. The osteoclast parameters were from trabecular skeletal regions,
except for missions Cosmos 936 (N.Oc) and one of the bones for mission Bion M1 (Oc.S);
excluding these data did not significantly change the outcome. Thus, osteoclast parameters were

unaffected in rats and variably affected in mice.
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Figure S. Forest plot of spaceflight induced changes in trabecular bone turnover parameters.
Changes in osteoblast surface (A), osteoblast number (B), osteoid surface (C), and osteoid
thickness (D) of space flight animals (SF) compared to ground control animals (GC). For each
indicated species, missions are sorted by mission year (old to new); duration of spaceflight (Days)
and number of spaceflight animals (nsf) are indicated. Square/line: effect size (%) and 95% CI,
the size of the square is proportional to nsr. Overall effect size (%) and 95% CI are indicated by
diamonds for rats and rodents, I°, and H? are given for rodents.
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Figure 6. Forest plot of spaceflight induced changes to osteoclast parameters. Changes in
osteoclast area (A), and osteoclast number (B) of space flight animals (SF) compared to ground
control animals (GC) (Left); and GC compared to vivarium controls animals (VC) (Right). For
each indicated species, missions are sorted by mission year (old to new); duration of spaceflight
(Days) and number of spaceflight animals (nsr) are indicated. Square/line: effect size (%) and 95%
CI, the size of the square is proportional to nsr. Overall effect size (%) and 95% CI are indicated
by diamonds for mice, rats and rodents, I°, and H? are given for rodents.

7.5 Change in cortical bone architecture during spaceflight

Cortical parameters analyzed were bone marrow area (Ma.Ar, which included data on bone
marrow diameter (Ma.Dm) transformed as 7(d/2)?), cortical area (Ct.Ar) and thickness (Ct.Th).
Ma.Ar and Ct.Th did not significantly differ between SF and GC in mice and rats, while Ct.Ar was
significantly lower in spaceflight mice and rats (Fig. 7A-C). GC did not significantly differ from

VC for any cortical parameter (Tables S14-S16). The heterogeneity for cortical parameters was

low, I’<15%, except for Ct.Th which showed high heterogeneity, 7°=90.7%. The datasets of
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Ma.Ar, Ct.Ar, and Ct.Th are composed of measures taken in the diaphysis of long bones except
for missions STS-131 (femoral neck), Bion M1 (animal group 1, ankle bones and calcaneus) and
SpaceX CRS-10 (rib). Removing these biological outliers did not affect effect size and resulted in
a homogeneous dataset for Ma.Ar with °=0%. Cortical thickness measured in 4 primates was not
significantly affected by spaceflight (Table 3). Thus, spaceflight resulted in cortical bone deficits,
however it was affected to a smaller degree compared to trabecular bone.

7.6 Change in cortical bone turnover during spaceflight

Only measures of bone formation rate (BFR) and mineral apposition rate (MAR) from the cortical
bone surface in the diaphysis of long bones were included in analysis. This resulted in the exclusion
of measures of MAR and BFR in the pelvis and thoracic vertebrae from STS-78%%}, and in the
humeral metaphysis from STS-52 and non-included mission STS-4174. Both BFR and MAR were
lower in spaceflight rodents by -34.2% [-50.2,-12.8] and -13.5% [-27.1,0.1] respectively (Fig.
7D,E). There were no differences between GC and VC for BFR nor MAR (Tables S17, S18).
Heterogeneity was moderate to high for these parameters, I >52%. When long bone measurements
of MAR and BFR taken on the periosteal and endocortical surfaces were separated, we found that
the reductions in MAR and BFR were only significant on the periosteal surfaces (Fig. 7F). Thus,

bone formation on periosteal surfaces of cortical bone appears to be more affected by microgravity.
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Table 3. Spaceflight-induced changes in bone parameters of primates.
SF vs GC GCvs VC
ES (%) 95% CI ES (%) 95% CI

Missions dYngr/dNee

Tb.BV/TV
Bion 10
Bion 11

Thb.Th
Bion 10
Bion 11

Tb.N
Bion 10
Bion 11

Th.Sp
Bion 10
Bion 11

Ct.Th
Cosmos 1514
Cosmos 1887* 5/4 -6.4 [-84.2,71.4] 0.8 [-5.4,7.0]
Bion 11

MAR
Bion 10
Bion 11 6/10 -31.4 [-62.0,-0.7] 1.8 [-2.7,6.2]
Cosmos 2044*

4/7 252 [35.6-147] 46 [-27.4,18.3]

4 147 [-34.1,4.8] - ;

4 7.8 [-16.9,1.4] - ;

4 8.5  [-12.3, 29.2] - -

*missions in which ground control (GC) was not present and delayed simulation (DS) was used as
GC, which were also excluded from GC vs VC calculations. Y,nsr /> ngsc = total sample size of all
spaceflight (SF) groups / all GC groups. SF vs GC: percentage difference between spaceflight and
comparison control. GC vs VC: percentage difference between ground and vivarium control.
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Figure 7. Forest plot of spaceflight induced changes to cortical bone parameters. (A-E)
Changes in bone marrow area (A), cortical bone area (B), cortical thickness (C), as well as bone
formation rate (D) and mineral apposition rate (E) for the diaphyses of long bones, of space flight
animals (SF) compared to ground control animals (GC). For each indicated species, missions are
sorted by mission year (old to new); duration of spaceflight (Days) and number of spaceflight
animals (nsr) are indicated. Square/line: effect size (%) and 95% CI, the size of the square is
proportional to nsr. Overall effect size (%) and 95% CI are indicated by diamonds for mice, rats
and rodents, I°, and H? are given for rodents. * missions where SF was compared to VC. # mission
where Ma.Ar was derived from average marrow diameter (Av.Ma.Dm) as MaAr =
n(Av.Ma.Dm/2)%. F) Change in BFR and MAR on the periosteal and endocortical surface of long
bones in SF compared to GC. Number of measurement (N;) is indicated. Square/line: overall effect

size (%) and 95% CI.

36



7.7 Effects of covariates on spaceflight related changes in animal bone health

We next examined the contribution of covariates to the overall outcomes using sub-group analysis
and meta-regression. First, we examine if animal characteristics, such as age, sex and strain affect
the overall outcome. Using linear regression analysis, we have found that rodent age was weakly
associated with changes in osteoblast surface and cortical area, but not with Tb.BV/TV (Fig. 8A).
Subgroup analysis further demonstrated that in animals 10 weeks of age or older, larger changes
were observed in Tb.N, Ob.S and Oc.S, while Ct.Th was more affected in younger animals (Fig.
S3A). When we compared trabecular parameters in instances when both primary and secondary
spongiosa of a single bone were analyzed, we observed that changes in Tb.BV/TV, Tb.N, and
Tb.Th in secondary spongiosa were greater than in primary spongiosa (Fig.8B). Animal sex or
strain did not significantly affect the outcome (Fig. S3B,C).

Next, we examined if mission-related differences affected the outcome. Spaceflight
duration did not significantly correlate with changes in Ob.S and Ct.Ar, but was weakly associated
with changes in Tb.BV/TV when assessed using meta-regression (Fig. 8C). Moreover, subgroup
analysis by mission durations shorter or longer than 2 weeks, demonstrated no significant
difference between groups for any parameter (Fig. S4A). To estimate the rate of accumulation of
bone deficits in space, we divided individual outcomes of our largest parameter dataset,
Tb.BV/TV, by the mission duration. Although not statistically significant, the deficits in
Tb.BV/TV per day were smaller in long spaceflights than in short spaceflights (Fig. 8D). We
estimated the rate of accumulation of trabecular bone deficits as -1.7%/day [-3.5,0.2], or -1.0%/day
[-1.7,-0.4] when taking into account only long duration missions. We also assessed if individual
vs group housing affects the outcomes, however no differences were found except for Tb.N, which

changed significantly greater when animals were housed individually (Fig. S4B). Comparing
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outcomes by space agency, we determined no significant difference between space agencies (Fig.
S4C).

Study-related differences included measurement techniques, presence of sham operation,
sacrifice delay and ground control conditions. For all trabecular and cortical architectural
parameters, the division of measurement technique (Histology vs uCT) coincided with the species
difference of rats and mice preventing us from conducting any further meaningful subgroup
analysis. In sham-operated rodents Tb.Th was affected significantly less than in naive animals
(Fig. S5A). The sacrifice delay did not significantly affect the outcomes in subgroup analysis,
although change in Ob.S was associated with prolonged sacrifice delay in meta-regression analysis
(Fig. S5B, S6). When ground control groups were divided by the degree to which they mimic the
aspects of spaceflight other than the microgravity, we observed no association between the fidelity
of the GC and spaceflight-induced changes, suggesting that they were primarily driven by the
microgravity (Fig. S5C).

In astronauts, bone loss is strongly affected by its position in relation to the gravitational
vector %}, To assess if similar trend is present in rodents, we performed sub-group analysis of
bones from different regions: region 1 that included calvaria, vertebrae, ribs and sternum; region
2 with pelvis, humerus and femur; and region 3 with tibia and ankle bones (Fig. 8E left). Changes
in trabecular parameters were larger in bones located more distal from the axial skeleton (Fig. 8E
right), however the mean effect sizes were not significantly different between the regions. Among
other parameters, Ct.Th, Ob.N, OS and BFR demonstrated significant changes only in regions 2
and/or 3, while changes in Ob.S were only significant in regions 1 and 2 (Fig. S7). These data
suggest that bone position in relation to the gravitational vector may be important for rodents,

however targeted studies investigating these relationships would be required.
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Figure 8. Exploratory analysis for the effects of covariates on spaceflight-induced changes in
bone parameters. (A) Meta-regression of the Tb.BV/TV, Ob.S, and Ct.Ar as a function of animal
age. (B) Subgroup analysis for Tb.BV/TV, Tb.Th, and Tb.N outcomes for primary and secondary
spongiosa. (C) Meta-regression of the Tb.BV/TV, Ob.S, and Ct.Ar as a function of flight duration.
(D) Forest plot of the rate of spaceflight induced change to Tb.BV/TV. (E) Subgroup analysis for
Tb.BV/TV, Tb.Th, Tb.N, and Tb.Sp outcomes reported for individual rodent bones from region 1
(skull, vertebra, and thorax, blue), region 2 (pelvis, humerus, and femur, green) or region 3 (tibia
and ankle bones, red) as illustrated on the left. For A and C, R? is shown. For B to E, N = number
of missions, nsr = spaceflight animal sample size, and Nj = number of measurements. Square/line:
overall effect size (%) and 95% CI. For D, in each indicated species, missions are sorted by
duration (shortest to longest); duration of spaceflight (Days) and number of spaceflight animals
(nsr) are indicated. Square/line: effect size (%) and 95% CI; dark blue: missions less than 14 days;
dark red: missions 14 days or longer. Overall effect size (%) and 95% CI are indicated by diamonds
for mice, rats and rodents (black), rodents on short duration (dark blue), and long duration (dark
red) missions.
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8. Discussion

We systematically reviewed and quantitatively synthesized literature on bone health in space-
faring rodents and primates. We report that bone mass is lower in spaceflight rodents and primates,
with indications that microgravity is the driving factor inducing bone deficits. Deficits in trabecular
bone were larger than in cortical bone and subgroup analysis suggested that distal skeleton was
affected more than axial. Osteoblast indices in rodent trabecular bone were significantly lower,
however osteoclast numbers were not affected in rats, and were variably affected in mice. Even
though the degree of bone deficit was found to poorly correlate with mission duration, the rate of
accumulation of trabecular bone deficit was estimated as 1.7% [-3.5,0.2] per day, which is much
higher than the estimates of bone loss available for humans. Taken together, our data indicate that
microgravity induces bone deficits in rodents and primates, and the data suggest that the prevalent
mechanism is suppression of bone formation.

We have found that during the 4-39 days space mission rodents accumulated the deficit of
-24.1% [-43.4,-4.9] in trabecular bone tissue, which translates to the rate of 1.7% of trabecular
bone deficit per day. In the much smaller dataset for primates, the bone deficit after 11.5-14 day
missions was equally high, -25.2% [-35.6,-14.7] or 1.9% per day. These estimates for trabecular
bone deficits in spaceflight rodents and primates are much greater than estimates of bone loss for
astronauts which have been reported as 0.7-2.7% per month 4399190} Nevertheless, similar
deficits of 15%-50% in tibial and femoral trabecular bone volume were reported in 2-4 week long
hindlimb unloading studies in rats and mice {1°1-19} which can be recalculated to 1.1%-3.5% per
day. We observed that no single parameter was strongly associated with mission duration. In
astronauts, changes to bone were also highly variable for missions less than 30 days in duration

5}, Of spaceflights studying bone in rodents, only 3 missions were longer than 30 days, one of
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which (Mice Drawer System (MDS)) was excluded since of the 3 wild type mice aboard, only 1

returned to Earth alive %

, preventing us from extracting meaningful quantitative data from it.
Thus, continuous measurements of bone parameters in longer missions (>30 days) are required to
determine the dynamic association between the duration of exposure to microgravity and bone
health.

We have identified several instances of notable regional difference in bone response to
microgravity. First, we have found that the deficits in trabecular bone were much greater than that
in cortical bone in space-traveling rodents. Similarly, higher deficits in trabecular bone compared
to cortical were reported in studies of hindlimb unloaded rats {!°! as well as in astronauts >}, In
cortical bone, bone formation was only significantly suppressed on the periosteal surface, which
is supported in the observation that Ct.Ar, but not Ma.Ar, was significantly lower in spaceflight
rodents. Similar changes in cortical bone formation were observed in hindlimb unloading studies
in mice 1%, Within trabecular bone, we found that rodents exhibited the relatively greater deficits
in secondary spongiosa compared to primary spongiosa. Secondary spongiosa was also found to
be more affected compared to primary in rats after hindlimb unloading 319719} However, in the
model of immobilization due to sciatic denervation, the bone loss was isolated to primary
spongiosa 19, Of interest, we also observed a weak association of osteoblast suppression and
cortical bone loss with older age in space-traveling rodents. In contrast, extensive and well-
controlled studies of the impact of age on bone health in hindlimb unloaded rats reported the
opposite trend — higher bone deficits in younger animals 190194 In this regard, it is important to
note that the oldest spaceflight rodents were relatively young, 20 weeks of age at the start of the
mission, and therefore more studies are needed to fully understand the impact of age on bone health

in space. Similarly, even though dramatic sex-related differences were reported in hindlimb
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unloaded rats 1195, the effect of sex was poorly investigated in spaceflight animals, with no data
available for female rats or primates, and only some mouse studies reporting changes in females.

In humans, significant association between bone loss and the bone position relative to the
gravitational vector was identified 598, Although it is more difficult to account for an equivalent
gravitational vector in rodents, we attempted to assess the regional difference in bones of rodents
assuming their quadrupedal movement. We have found that similar to humans, in rodents distal
skeletal regions exhibited the trend of an increased trabecular bone deficits compared to axial
skeletal regions. Furthermore, in two mouse studies that measured total BV/TV of the
calvariaet®>% an increase was reported. These data suggest that local factors, including
microgravity-induced redistribution of body fluid {!1%, or change in mechanical environment {!!1}
likely contribute to poor bone health.

We demonstrate that spaceflight is associated with strong inhibition of bone formation in
rats, mice and primates, while osteoclast indices were not affected in rats, variably affected in
mice, and not reported in primates. In contrast, in astronauts, resorption was found to raise rapidly,
reaching a sustained 2-fold increase for the duration of the spaceflight, while formation was
decreased or unchanged in the beginning of the mission after which it gradually increased over
time®!. However, the direct comparison between animal and human data is difficult due to
important methodological differences in data acquisition. While in animals bone turnover is
predominantly assessed histologically at the end of the space mission, in humans, biochemical
markers of bone formation and resorption are measured in serum or urine, allowing for assessment
during the spaceflight mission. Importantly, most histological markers only indicate the change in
bone cell numbers, while circulating markers reflect both changes in number and function of bone

cells. Nevertheless, we believe that the data conclusively indicate that bone formation is inhibited
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in animals during spaceflight, because indices related to osteoblast numbers (osteoblast numbers
and surface), and histomorphometric measures of osteoblast function (osteoid surface and
thickness, mineral apposition rate and bone formation rate), were lower in spaceflight rodents or
primates. In contrast, bone resorption data for spaceflight animals is less consistent and more
difficult to compare to humans. Osteoclast numbers or surface uniformly did not change in rats,
while in mice missions STS-131 and Bion M1 reported strong increases in osteoclast number and
surface, but mission STS-108 demonstrated no change. Osteoclast function was assessed using
circulating markers in two missions: in mission STS-108, that reported no change in osteoclast
number, circulating TRAP5b was higher ©7}; and in mission STS-118, a 13 days mission with
mice for which no histological osteoclast data is available, circulating TRAP5b did not change %},
Among articles that report a decrease in bone formation and not resorption during spaceflight in
rats 1364243491 " no hypotheses were offered to explain this phenomenon. However, we speculate
that the young age and associated rapid bone growth of the included rats may have been a
contributing factor. Thus, although the data suggest that there may be a difference in the response
of bone cells to microgravity between rodents and humans, and/or between mice and rats, we are
limited by different nature of measurements in animals and humans, and a small sample size for
mice. Therefore, more experiments assessing both bone cell numbers and function, especially for
osteoclasts, are required to understand the spaceflight-induced changes in bone turnover.

This study for the first time has attempted to quantitatively integrate nearly 50 years of bone
research in spacefaring animals. The limitations of this analysis included i) the differences in
design of experiments in individual missions, ii) inconsistent reporting, and iii) the need to meta-
analytically combine data performed using different protocols over a large time interval.

Experimental design of individual missions evolved with time, however notably, there was little
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data from spaceflights longer that 30 days, and there were no inflight measures of bone turnover
or quality, which prevented us from assessing the long-term and dynamic effects of microgravity
to animal bone. Of specific importance for animal experiments, is the design of the ground control,
which aimed to model the parameters of spaceflight other than microgravity, was vastly different
between missions. While this resulted in a limitation of comparing experimental groups to very
different controls, it also allowed us to perform a preliminary assessment of relative effects of
stressors associated with spaceflight other than microgravity. Since the extent of modeling the
stressors in ground control groups was not associated with differential bone deficits, we concluded
that the microgravity is the main driver of these changes. The most rigorous control for the specific
effects of microgravity was in-space artificial gravity, which was performed during three missions,
Cosmos 936, SpaceX CRS-9 and CRS-12. When the in-flight 1g group was used as a “ground
control”, the effect sizes for bone changes were not smaller than in missions with ground controls
of lower fidelity. In addition, for Cosmos 936 which also had an associated vivarium control group,
ground to vivarium control effect sizes and 95% CI were not significantly different from other
ground to vivarium control comparisons, altogether suggesting that microgravity is the driving
factor for bone loss in space. Nevertheless, we did identify several parameters, including trabecular
thickness, and osteoclast surface and number that appear to be specifically affected in ground
control compared to vivarium control groups, suggesting that other spaceflight associated factors
may contribute to those changes. The second set of limitations was relevant to data reporting in
the manuscripts. In multiple instances inconsistent reporting of animal treatment between papers
reporting the same mission was observed. Rodent death was not uncommon during spaceflight,
however it was infrequently reported, even though it reflects the stressful conditions during a

particular mission, which then could not be accounted for in our analysis. Specifications regarding
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bone surfaces analyzed in addition to control and spaceflight animal treatment/housing were often
vague making categorizing for subgroup analysis difficult. In addition, degree of movement, which
has a potential to affect bone health *, was never reported in the included articles in rodents. This
represents a significant shortcoming in reporting of the outcomes of animal experiments in space,
since for several missions animal behavior data has been collected!!'?!. Therefore, similar to
human studies ''*}, improving reporting practices of animal experiments by the Space Life
Sciences Programs is critically important. The third set of limitations was related to performing
meta-analysis on studies completed over a considerable interval of time with vastly different
protocols. This resulted in our dataset being moderate to highly heterogeneous for 15 out of the 17
parameters. While we attempted to identify all possible factors that may account for the high
degree of variation in our results, no single factor accounted for a major amount of variation in
any of the measured outcomes. Since our analysis indicates low publication bias, high
heterogeneity likely reflects the multifactorial nature of microgravity-induced bone changes,

which can only be investigated through the analysis of larger datasets.
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9. Conclusion

In conclusion, we demonstrate that meta-analysis of animal spaceflight data provides important
additional information regarding the effect of microgravity on animal physiology, in particular
allowing to perform comparative studies, which otherwise are financially and technologically
challenging. Our studies on animals and humans 3 demonstrate that microgravity-induced
deterioration of bone health is a complex phenomenon, with strong regional and temporal
differences, as well as potentially different mechanisms of adaptation in different species. In the
future, longer missions with planned in flight data collection are needed to understand the
dynamics of changes in bone tissue and especially bone turnover, which appear to be different
between humans and rodents. For nonhuman animals in particular, it is also important to relate the
changes in bone to the movement patterns and activity, which are rarely provided in bone health
focused studies. The quantitative estimates of spaceflight-related changes in bone health provided
by our study will inform future studies and help in determining the underlying mechanisms of

observed effects.
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Supplementary note 1. Search Strategy

1. Animal*.mp or exp Mammals/ or mammal.mp.

2. exp Hominidae/ or Hominidae.mp. or exp Pan troglodytes/ or exp Pongidae/ or
chimpanzee.mp. or exp Hylobates/ or gibbon.mp. or ape.mp or great ape.mp

3. exp Cercopithecidae/ or Monkey.mp. or Macaca.mp. or Macaque.mp. or exp Macaca mulatta/
or rhesus monkey.mp. or exp Macaca fascicularis/ or cynomolgus monkey.mp. or crab eating
macaque.mp. or exp Macaca nemestrina/ or pig-tailed macaque.mp. or pigtail macaque.mp

4. exp Saimiri/ or squirrel monkey.mp.

5. exp Cebus/ or Cebus paella.mp or tufted capuchin.mp.

6. exp Rodentia/ or rodent.mp. or exp Muridae/or exp Cricetidae/ or exp Rats/ or rat*.mp. or
rattus.mp. or exp Mice/ or mouse.mp. or mice.mp or mus.mp or exp Gerbillinae/ or
Meriones.mp. or Gerbil*.mp. or exp Caviidae/ or exp Guinea Pigs/ or Guinea pig.mp.

7. exp Lagomorph*/ or exp Leporidae/ or exp Rabbits/ or rabbit*.mp.

8. exp Carnivor*/ or exp Canidae/ or exp Dogs/ or dog*.mp. or Canis.mp. or Canidae.mp. or exp
Felidae/ or Cat.mp. or felis.mp.

9. exp Reptiles/ or exp Chelon*/ or exp Turtles/ or Tortoise.mp. or Turtle.mp. or Reptilia.mp. or
exp Lizards/ or Gecko.mp. or Sauria.mp.

10. exp Birds/ or exp Chickens/ or exp Quail/ or exp Galliformes/ or exp Coturnix/ or Bird.mp.
or chick®*.mp. or quail.mp. or galliform*.mp. or Coturnix.mp. or Gallus.mp.

11. exp Amphibians/ or Amphibi*.mp. or exp Anura/ or Salientia.mp. or anura.mp or exp
Ranidae/ or frog.mp. or rana.mp. or exp Bufonidae/ or toad.mp. or Bufo.mp or exp Xenopus/ or
Xenopus.mp. or exp Urodela/ or Urodela.mp. or Newt.mp. or Salamander.mp. or Urodel*.mp.
12. exp Pisces/ or exp Osteichthyes/ or Fish.mp. or exp Fish/ or Oryzias.mp. or Medaka.mp. or
Zebrafish.mp. or Danio.mp. or Xiphophorus.mp. or Mummichog.mp. or Cyprinus.mp.

13. or/1-12

14. exp Space Flight/

15. exp Weightlessness/

16. exp Extraterrestrial Environment/

17. ((soyuz* or apollo* or gemini or "international space station" or saluyt or skylab or shenzhou
or voskhod or euromir or NASA or voskhod or tiangong or mir or mercury or shuttle or ISS or
ESA or CNSA or NASDA or Sputnik* or Atlas or Biosatellite or Zond or Bion or Spacelab or
Foton or Genesis or SpaceX) and (space™® or orbit* or station* or mission*)).ti,ab,kf.

18. (space adj5 (flight* or travel* or explor* or outer)).ti,ab,kw.

19. or/14-18

20. exp "Bone and Bones"/ or exp Bone Diseases/ or exp Osteogenesis/ or exp Bone Density/ or
exp Bone Remodeling/

21. (bone* or osseo* or osteo™ or skelet* or musculoskelet®).ti,ab,kw.

22. (skeletal or musculoskeletal or tarsal® or metatarsal* or calcaneus or talus or femur or fibula
or patella or fibia or humerus or radius or ulna or clavicle or acromion or glenoid or diaphyses or
epiphyses or hyoid or sesamoid or cranium or cranial or occipital or basilar or foramen or
basicranium or sphenoid or mastoid or petrous or odontoid or parietal or fossa or skull or spenoid
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or mandible or maxilla or vomer or zygoma or vertebra* or sacrum or rib or ribs or sternum or
manubrium or coccyx).ti,ab,kw.

23. 0r/20-22

24.13 and 19 and 23

Supplementary note 2. Quality score checklist for full text appraisal

1.

0 %0 N o

(Total of 25)
Mission title & flight duration are clearly stated (1)
Clear indication of: (maximum of 4)
sex (1), age (1), weight preflight (0.5), weight postflight (0.5), and sample size:
nsr (1) of spaceflight animals
Study contains the following control groups: (maximum 3 points)
preflight or baseline control group (1), ground control group (1), vivarium control
group (1)
Specify housing conditions of: (maximum 2 points)
spaceflight group: group vs single housing (0.5) and specific habitat (0.5);
ground control group: specific conditions in reference to spaceflight group (1)
Time of sacrifice/measurements for: (maximum 2 points)
spaceflight group (1) and control group(s) (1)
All data was presented in a table (1) or in a graph form (0);
When averaged data are presented clearly show sample size (n) for each measurement (2)
Clearly indicate all measurement units (including type of data spread) (2)
Specific bone region from which measurements are taken is defined (1) and measurement
techniques used are indicated (1)

10. Data regarding the following bone parameters shown: (maximum 3 points)

trabecular bone parameters (1), cortical bone parameters (1), bone turnover
parameters (1)

11. Accurately report appropriate data/units (3), or contains evidence of misreporting (0)
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Supplementary Tables

Supplementary Table 1. PRISMA Checklist

Section/topic # Checklist item Reported on
page #

TITLE

Title 1 | Identify the report as a systematic review, meta-analysis, or both. 1

ABSTRACT

Structured summary 2 | Provide a structured summary including, as applicable: background; objectives; data sources; study eligibility 45
criteria, participants, and interventions; study appraisal and synthesis methods; results; limitations; conclusions
and implications of key findings; systematic review registration number.

INTRODUCTION

Rationale Describe the rationale for the review in the context of what is already known. 8,9

Objectives Provide an explicit statement of questions being addressed with reference to participants, interventions, 9
comparisons, outcomes, and study design (PICOS).

METHODS

Protocol and registration 5 | Indicate if a review protocol exists, if and where it can be accessed (e.g., Web address), and, if available, The study was not
provide registration information including registration number. registered

Eligibility criteria 6 | Specify study characteristics (e.g., PICOS, length of follow-up) and report characteristics (e.g., years 16
considered, language, publication status) used as criteria for eligibility, giving rationale.

Information sources 7 | Describe all information sources (e.g., databases with dates of coverage, contact with study authors to identify 16
additional studies) in the search and date last searched.

Search 8 | Present full electronic search strategy for at least one database, including any limits used, such that it could be Supplemental
repeated. information S1

Study selection 9 | State the process for selecting studies (i.e., screening, eligibility, included in systematic review, and, if 16,Supplemental
applicable, included in the meta-analysis). information S2

Data collection process 10 | Describe method of data extraction from reports (e.g., piloted forms, independently, in duplicate) and any 17
processes for obtaining and confirming data from investigators.

Data items 11 | List and define all variables for which data were sought (e.g., PICOS, funding sources) and any assumptions 17, Table 1, S2
and simplifications made.

Risk of bias in individual 12 | Describe methods used for assessing risk of bias of individual studies (including specification of whether this 21

studies was done at the study or outcome level), and how this information is to be used in any data synthesis.

Summary measures 13 | State the principal summary measures (e.g., risk ratio, difference in means). 22

Synthesis of results 14 | Describe the methods of handling data and combining results of studies, if done, including measures of 18-20

consistency (e.g., I? for each meta-analysis.
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Risk of bias across studies 15 | Specify any assessment of risk of bias that may affect the cumulative evidence (e.g., publication bias, selective 21
reporting within studies).
Additional analyses 16 | Describe methods of additional analyses (e.g., sensitivity or subgroup analyses, meta-regression), if done, 21-22
indicating which were pre-specified.
RESULTS
Study selection 17 | Give numbers of studies screened, assessed for eligibility, and included in the review, with reasons for 23, Fig. 1A,
exclusions at each stage, ideally with a flow diagram. Table S3
Study characteristics 18 | For each study, present characteristics for which data were extracted (e.g., study size, PICOS, follow-up period) | Table 2, S4, S5
and provide the citations.
Risk of bias within studies 19 | Present data on risk of bias of each study and, if available, any outcome level assessment (see item 12). Fig. 2, 81, S2
Results of individual studies 20 | For all outcomes considered (benefits or harms), present, for each study: (a) simple summary data for each Fig. 3-7, Tables
intervention group (b) effect estimates and confidence intervals, ideally with a forest plot. S6-S18
Synthesis of results 21 | Present results of each meta-analysis done, including confidence intervals and measures of consistency. 28-34, Fig. 3-7,
Table 3, S6-S18
Risk of bias across studies 22 | Present results of any assessment of risk of bias across studies (see ltem 15). Fig. 2, S1
Additional analysis 23 | Give results of additional analyses, if done (e.g., sensitivity or subgroup analyses, meta-regression [see ltem 37-38, Fig. 2, 8,
16]). S2-S7
DISCUSSION
Summary of evidence 24 | Summarize the main findings including the strength of evidence for each main outcome; consider their relevance | 40-43
to key groups (e.g., healthcare providers, users, and policy makers).
Limitations 25 | Discuss limitations at study and outcome level (e.g., risk of bias), and at review-level (e.g., incomplete retrieval 43-45
of identified research, reporting bias).
Conclusions 26 | Provide a general interpretation of the results in the context of other evidence, and implications for future 46
research.
FUNDING
Funding 27 | Describe sources of funding for the systematic review and other support (e.g., supply of data); role of funders for | 6

the systematic review.
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Supplementary Table 2. Alternative Terms used for included parameters

Parameters (Abbreviation)

Alternate Term

Trabecular Bone Measures

1. Trabecular bone volume
fraction (Tb.BV/TV)

_ BV/TV 27,2831
- Trabecular Bone Volume

- Cancellous Bone Volume 242830

- Fractional Area of Mineralized Tissue '

15,18,19,27,28,31

5

2. Trabecular Number (Tb.N)

- Trabecular density '8

3. Trabecular Thickness (Tb.Th) | N/A
4. Trabecular Separation (Tb.Sp) | N/A
5. Connectivity Density N/A

6. Total BV/TV
Cortical Bone Measures
1. Marrow Area (Ma.Ar)

- Total Bone Volume %’

- Medullary Area !1:12:17:23.32

2. Marrow Diameter (Ma.Dm)

- Medullary Diameter 2!

3. Cortical Bone Area (Ct.Ar)

- Cortical Plate Area !’
- Cortical Cross-sectional area 23

4. Cortical Thickness (Ct.Th)

Bone Turnover Measures

Osteoblast Surface (Ob.S)

- Cortical Width 2

-Forming surface !2

Osteoblast Number (N.Ob)

- Osteoblast number per bone perimeter (Ob.N/B.Pm) !

- Number of osteoblasts per length of bone

15,19

Osteoid Surface (OS/BS)

- Length of osteoid seam covering bone forming

Surfaces 2428

- percentage of bone area covered in osteoid ¥’

Osteoid Thickness (O.Th)

- Thickness of osteoid seam '?
- width of osteoid surface ?’

Osteoclast Surface (Oc.S)

- Active Resorption Surface %24

- Fraction of bone surface length covered with

Osteoclasts 18242728

Osteoclast Number (N.Oc.)

- Osteoclast number per bone perimeter

(N.Oc./B.Pm) 8

- Number of osteoclasts per length of bone

18,19,24,28

Bone Formation Rate (BFR)

N/A

Mineral Apposition Rate (MAR)

- Calcification rate *°

BV/TV = Bone volume/tissue volume
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Supplementary Table 3. Removed Articles with Quantitative measures of bone health

Article Reference Mission(s) Species | Exclusion Reason

e 90| Comas 2 050 | s | 0 i e, s rsen oy 97
Wronski 1980 et al. 3! Cosmos 1129 Rats Data present Wronski 1981 and Jee 1983

Jee 1981 et al. %2 Cosmos 1129 Rats Data present in Jee 1983

Spengler 1983 et al. Cosmos 936 Rats Data present in Morey-Holton 1978

Weomski gt | GRS gy |t 7S Comn T8 Mg Hlon 17
Wronski 1983b et al. 5 Cosmos 1129 Rats Data present in Wronski 1981

Doty 1985 ¢ SpaceLab 3 Rats Measure of osteoblast number did not have a defined location
Vico 1987 et al. 57 Cosmos 1514 Rats All spaceflight rodents were pregnant

Holton 1990 et al. 58 Cosmos 1887 Rats Data present in Doty 1990

Morey-Holton 1991 et al. ¥ | Cosmos 936 Rats Data present in Morey-Holton 1978

Rakhmanov 1991 et al. % Cosmos 1887 Primates | Data present in Cann 1990

Vico 1991 et al. ¢! Cosmos 1667 Rats Data present in Vico 1988

Kaplansky 1991 et al. © Cosmos 2044 Rats All spaceflight animals received bone fracture

Doty 1992 et al. & Cosmos 2044 Rats x;iiuzzc; Eirir;lrale;foic‘;?séive” osteoblasts, not included due to
Kirchen 1995 et al. * STS-29 Rats Measure osteoclast number per arbitrary bone region

Durnova 1996 et al. & STS-58 Rats aAnl;(iaelzao fézze;;:g H?ztz\r/erages with no measure of variation for
Cavolina 1997 et al. % STS-62 Rats All spaceflight animals were ovariectomized

Zerath 2000D et al. ¢ Bion 11 Primates | Data presented better in Zerath 2002

Doty 2004 8 Cosmos 1129 Rats Data presented in Wronski 1981

Johnson 2005 et al. STS-66 Rats All spaceflight rodents were pregnant

Tavella 2012 et al. ™ MDS Mice g:;;;l contain 3 spaceflight mice, all but 1 died before returning to
Keune 2016 et al.”! STS-62 Rats All spaceflight animals were ovariectomized

Dadwal 2019 et al. 2 SpaceX CRS-10 Mice Data present in Maupin 2019
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Supplementary Table 4. Parameters including in meta-analysis

Year | Mission Article References Species Tb.BV/TVTb.Th [Tb.N [Tb.Sp (Con.D [T.BV/TV Ob.S |N.Ob (OS/BS O.Th 0Oc.S |N.Oc Ma.A/D Ct.Ar |Ct.Th BFR MAR
Asling 1978 '* 4 4 4
1975 Cosmos 782 Rats
Morey 1978 et al. !
1977 | Cosmos 936 Morey-Holton 1978 et al. > Rats 4 v
Judy 1981 3 v
Wronski 1981 et al. 4 4
1979 Cosmos 1129 Rats
Jee 1983 et al. 1§ v v
Rogacheva 1984 et al. ' 4
1983 | Cosmos 1514 Cann 1986 et al. Primates 4
Kaplanskii 1987 et al. V7 v v v v v
1985 Cosmos 1667 Rats
Vico 1988 et al. 1® 4 4 4 4 v v v v
1985 | SpaceLab 3 Wronski 1987 et al. ¥ Rats v4 4 4 4 v 4
Doty 1990 et al. 2 4 4
Vailas 1990 et al. %! Rats
1987 Cosmos 1887
Zerath 1990 et al. 22 4
Cann 1990 et al. 4 Primates 4
Primates V' v
Zérath 1991 et al. ¥ P
1989 Cosmos 2044
Vailas 1992 et al. 2 Rats v v
Vico 1993 et al. 2 v 4 4 v v
1992 | Bion 10 Zerath 1996b et al. ¥’ Primates | V4 v
1992 | STS-52 Turner 1995 et al. 2% Rats V4 4 4 v v
1992 | STS-57 Westerlind 1995 et al. 2 Rats V4 4 4 v v
STS-58 Zerath 1996a et al. ¥’ v v v v
1993 SLS2 Rats
(SLS-2) Lafage-Proust 1998 et al. 2 v4 v
1996 | Bion 11 Zerath 2002 et al. ¢ Primates | V4 4 v 4
1996 | STS-77 Bateman 1998 et al. 2’ Rats
Wronski 1998 et al. 3 v v v v v
1996 STS-78 Zerath 2000a et al. *' Rats N4 N4 N4 N4 N4 v
Vajda 2001 et al. * 4 4 4 4

Supplementary Information - 7




Year | Mission Article Reference Species Tb.BV/TVTb.Th [Tb.N [Tb.Sp (Con.D [T.BV/TV Ob.S |N.Ob (OS/BS O.Th 0Oc.S |N.Oc Ma.A/D CtAr |Ct.Th BFR MAR
2001 STS-108 Lloyd 2015 et al. % Mice N4 N4 v v v v v v v v
2007 STS-118 Ortega 2013 et al. > Mice N4 N4 v v v v v
Blaber 2013 et al. ¥’ v v
2010 STS-131 Zhang 2013 et al. 3¢ Mice v
Blaber 2014 et al. ¥’ 4 4 4 4 4 4
Berg-Johansen 2016 et al. 3
Macaulay 2017 et al. ¥ 4
2013 Bion M1 Mice
Gerbaix 2017 et al. ¥ v v v v v v v v v v
Gerbaix 2018 et al. ¥ v
2016 |SpaceX CRS-9 | Shiba 2017 et al. +* Mice v
2017 SpaceX CRS-10 | Maupin 2019 et al. + Mice N4 N4 v v v v v v
2017 | SpaceX CRS-12 | Tominari 2019 et al. * Mice v4 4 4 4

Parameter abbreviations: Tb.BV/TV = trabecular BV/TV; Tb.Th = trabecular thickness; Tb.N = trabecular number; Tb.Sp = trabecular separation;
Con.D = connective density; T.BV/TV = total BV/TV; Ob.S = osteoblast surface area; N.Ob = osteoblast number; OS/BS = osteoid surface/bone
surface; O.Th = osteoid thickness; Oc.S = osteoclast surface area; N.Oc = osteoclast number; Ma.A/D = bone marrow area/diameter; Ct.A = cortical
bone area; Ct.Th = cortical bone thickness; BFR = bone formation rate; MAR = mineral apposition rate.
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Su

plementary Table 5. Rodent study characteristics used for covariate analysis

Missi . Bones (Sub-sections) . . SF Sacrifice (Group [Sham |GC Cond.
ission Articles Species [Strain Sex Age
Region 1 Region 2 Region 3 Delay House |Op. (scale 1-3)
Asling 1978 Tibia (M)
Cosmos 782 Rats  [Wistar Male 9w INR 3
Morey 1978 Tibia (D)
Cosmos 936 Morey-Holton 1978 Tibia (D) Rats  [Wistar Male 9w INR 3
Judy 1981 Tibia (M)
Wronski 1981 Rib (NS) Humerus (D) [Tibia (D)
Cosmos 1129 Rats  [Wistar Male |l11w 6d 7-11h 3
Jee 1983 Humerus (M) [Tibia (M)
Rogacheva 1984 Femur (D)
Kaplanskii 1987 Vertebrae (L) Pelvis (Ilium)  ([Tibia (D/M) 4-8h
Cosmos 1667 Rats  [Wistar Male |15w h 2
Vico 1988 Vertebrae (T8/L1) Femur (M) Tibia (M) 6
SpaceLab3 Wronski 1987 Vertebra (L4) Humerus (M) [Tibia (D) Rats Sprague-Dawley [Male Ei)) ?;VW 11-17h INR
Vailas 1990 Humerus (D)
Cosmos 1887 Doty 1990 Tibia (D) Rats  [Wistar Male |12w 6d 1d 18h v 3
Zerath 1990 \Vertebrae (NS) Humerus (M)
Zerath 1991 Vertebra (T9) Humerus (M)
Cosmos 2044 Vailas 1992 Humerus (D) Rats  [Wistar Male |12w 5d 3-11h v v 3
Vico 1993 \Vertebrae (L2/T5) Femur (M) Tibia (E/M)
STS-52 Turner 1995 Humerus (M) Rats  [Sprague-Dawley [Male 6w 2d 5h v INR
STS-57 Westerlind 1995 Femur (D) Tibia (M) Rats  [Fischer 344 Male [7-8w 5-8h v 2
STS.58 Zerath 1996a \Vertebrae (T9/C7) Humerus (M)
. Rats  [Sprague-Dawley [Male 8w 4-6h 2
(SLS-2) Lafage-Proust 1998 Femur (M),
Humerus (M)
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STS-77 Bateman 1998 Humerus (D) [Tibia (D) Rats Sprague-Dawley [Male  [Sw 5d 3-6h IN/A
Wronski 1998 Vertebra (L1) Tibia (M/D)
STS-78 Zerath 2000a Vertebra (T8) Pelvis (Cotyloid) Rats  [Sprague-Dawley [Male  |6w 3d 4-7h |
Vajda 2001 Femur (D)
STS-108 Lloyd 2015 Vertebra (L5) E;‘;fr“(l;)(M) Tibia (M)  [Mice |C57BL/6 Female Pw 1d 3h 30m D
STS-118 Ortega 2013 Femur (M) Tibia (M/D) [Mice |C57BL/6 Female 9w 3-6h INR
Blaber 2013 Ezgfr((ﬁ)hium)’
STS-131 Zhang 2013 Calvaria Mice [C57BL/6J Female |16w 2h 1
Blaber 2014 Femur (E/M)
Berg-Johansen 2016 ([Vertebrae (C)
Macaulay 2017 Calvaria
Bion M1 Gerbaix 2017 Vertebrae (L1/L3/T12) |Femur (M/D) Mice |C57BL/6N Male [19-20w g:éilﬁ 9
Calcaneus,
Gerbaix 2018 INavicular,
Talus
SpaceX CRS-9 Shiba 2017 Femur (prox) Mice [C57BL/6J Male 8w INR 3
SpaceX CRS-10 | Maupin 2019 g:‘elr"rf‘lfrli \R,ieb > (o w E;lr‘r?jr“(l;%/)l))’ Tibia (M/D) |[Mice |C57BL/6J Male  [w NR >
SpaceX CRS-12 | Tominari 2019 Humerus (prox) [Tibia (prox) [Mice |C57BL/6J Male 9w INR 3

Bones are organized by skeletal region (Region 1: bones of the head, vertebrae and thorax, Region 2: pelvis, humerus and femur, Region 3: tibia and
ankle). Longbone sub-sections (epiphysis (E), metaphysis (M), or diaphysis (D)) are indicated. For vertebrae type (lumber (L), thoracic (T), or caudal
(C)) and number are indicated. w = weeks, h = hours. m = minutes. NS = not specified. NR = not recorded. GC Cond. = Ground control conditions
rated from 1 (poorest) to 3 (best) consideration to spaceflight associated conditions other than microgravity.
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Supplementary Table 6. Trabecular Number

SF vs GC GCvs VC
Species | Flight Days | ns¥/nce | ES (%) 95% CI ES (%) 95% CI
STS-108 12 12 3.8 [-1.3,9.0]
STS-118 13 12 -8.5 [-14.0,-3.1]
Mice STS-131 15 8 -6.0 [-10.8,-1.2]
Bion M1 (2) 30 5/6 -10.2 [-22.6,2.3] 9.2 [-18.7,0.2]
SpaceX CRS-10 | 28 10 -0.5 [-17.9,16.9]
SpaceX CRS-12 | 34 3 -43.7 [-71.7,-15.8]
Mice Overall -6.2 [-15.9,3.6]
Cosmos 782 195 |6 247 [-42.7,-6.7] 8.7 [-8.5,26.0]
Cosmos 1667 7 7 -22.0 [-43.8,-0.2]
Rats Cosmos 2044 14 5 -1.8 [-16.4,12.9] -1.2 [-34.4,32.1]
STS-52 10 6 8.4 [-14.8,31.6]
STS-58 14 5 -11.1 [-29.7,7.5] 11.9 [-8.0,31.8]
STS-78 17 6 -4.9 [-15.1,5.2] 6.8 [-4.2,17.9]
Rats Overall -9.9 [-19.2,-0.5]
Rodents Overall 7.8 [-15.4,-0.1] 3.3 [-9.2,15.7]
F =688 F=521
Supplementary Table 7. Trabecular Separation
SF vs GC GCvs VC
Species | Flight Days | nsre/ngc | ES (%) 95% CI ES (%) 95% CI
STS-108 12 12 -4.0 [-9.8,1.8]
STS-118 13 12 10.4 [3.3,17.5]
Mice STS-131 15 8 2.6 [-3.4,8.6]
Bion M1 (2) 30 5/6 11.4 [-3.7,26.5] 14.6 [1.7,27.5]
SpaceX CRS-10 | 28 10 0.5 [-11.5,12.4]
SpaceX CRS-12 | 34 3 110.9 [19.7,202.0]
Mice Overall 104 [-13.8,34.7]
Cosmos 1129* 18.5 7 34 [-17.9,24.7]
Cosmos 1667 7 7 56.4 [10.6,102.1]
Rats Cosmos 2044 14 5 10.4 [-14.7,35.6] 72 [-42.5,56.9]
STS-52 10 6 -16.8 [-52.9,19.4]
STS-58 14 5 25.6 [-6.2,57.5] 7.8 [-39.1,23.5]
STS-78 17 6 7.0 [-6.8,20.7] -5.7 [-19.2,7.9]
Rats Overall 15.0 [-2.2,32.2]
Rodents Overall 12.4 [-4.8,29.6] 2.3 [-17.1,21.7]
F =808 F=428
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Supplementary Table 8. Connective Density

SF vs GC
Species | Flight Days | nsr | ES (%) 95% CI
STS-108 15 12 -10.2 [-41.8,21.4]
, STS-118 12 12 | -45.0 [-67.3,-22.6]
Mice
STS-131 13 8 13.5 [-6.4,33.3]
Bion M1 (2) 30 5 -58.0 [-126.8,10.7]
Mice Overall -22.8 [-64.7,19.0]
P =835
Supplementary Table 9. Total BV/TV
SF vs GC
Species | Flight Days | nsr | ES (%) 95% CI
STS-131 15 8 1.2 [-4.4,6.8]
, Bion M1 (1) 30 6 -5.0 [-27.5,17.5]
Mice
Bion M1 (2) 30 5 22 [-7.3,2.9]
SpaceX CRS-10 | 30 10 |19 [1.2,2.6]
Mice Overall -0.5 [-7.9,6.9]
Rats | STS-58 14 |5 |46 [-14.3,5.2]
Rodents Overall -1.1 [-9.1,6.9]
F =945
Supplementary Table 10. Osteoblast Surface
SF vs GC GCvs VC
Species | Flight Days | ns¥/nce | ES (%) 95% CI ES (%) 95% CI
Mice STS-108 12 12 -15.4 [-99.5,68.5]
Bion M1 (2) 30 5/6 -35.2 [-82.1,11.7] -11.5 [-63.1,40.1]
Cosmos 936 18.5 5 12.1 [-4.3,28.5]
SpaceLab 3 (L) | 7 4/5 -33.3 [-79.9,13.3]
Rats SpaceLab 3 (S) | 7 6 -4.2 [-35.0,26.6]
Cosmos 2044 14 5 -25.7 [-173.1,121.8] | -9.2 [-164.7,146.4]
STS-58 14 5 -19.4 [-45.0,6.3] -10.0 [-43.4,23.4]
STS-78 17 6 -20.3 [-48.5,7.9] 1.5 [-31.1,34.1]
Rats Overall -15.2 [-56.4,25.9]
Rodents Overall -17.4 [-54.3,19.5] -6.9 [-20.2,6.4]
F =508 F=0
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Supplementary Table 11. Osteoblast Number

SF vs GC GCvs VC
Species | Flight Days | nse/ncc | ES (%) 95% CI ES (%) 95% CI
Cosmos 1129 185 |7 -36.0 [-66.5,-5.5] 0 [-21.0,21.0]
Rats Cosmos 1667 7 7 -16.4 [-23.7,-9.2] 8.1 [-15.1,-1.2]
SpaceLab3 (L) | 7 4/5 -33.9 [-78.6,10.8]
SpaceLab 3 (S) | 7 6 -8.9 [-42.2,24.4]
Rats Overall 232 [-51.0,4.7] 4.1 [-9.0,0.8]
F=1719 F=317
Supplementary Table 12. Osteoid Surface
SF vs GC GCvs VC
Species | Flight Days | nse/ncc | ES (%) 95% CI ES (%) 95% CI
Mice | Bion M1 (2) 30 5/6 4.7 [-28.3,37.6] 25.4 [-47.6,-3.1]
Cosmos 1667 7 7 -33.7 [-51.2,-16.2]
Rats Cosmos 2044 14 5 -18.2 [-37.6,1.2] 29.3 [-44.9,-13.6]
STS-52 10 6 -79.7 [-113.6,-45.9]
STS-58 14 5 -11.0 [-40.8,18.8]
Rodents Overall -29.9 [-53.9,-5.8] -27.1 [-29.8,-24.5]
P =745 F=0
Supplementary Table 13. Osteoid Thickness
SF vs GC GCvs VC
Species | Flight Days | nse/nce | ES (%) 95% CI ES (%) 95% CI
Cosmos 1667 7 7 -16.7 [-27.0,-6.4]
Rats STS-58 14 5 24.6 [-54.0,4.8] 24.1 [-54.8,6.6]
STS-78 17 6 -45.9 [-89.9,-2.0] 6.16 [-35.7,48.1]
Rats Overall -28.6 [-54.5,-2.7) 7.6 [-40.2,25.0]
F =658 F=343
Supplementary Table 14. Bone Marrow Area
SF vs GC GCvs VC
Species | Flight Days | nse/nce | ES (%) 95% CI ES (%) 95% CI
STS-131 15 8 35.9 [-4.5,76.2]
Mice | Bion M1 (2) 30 5/6 1.1 [-5.6,3.5] 5.8 [0.1,11.4]
SpaceX CRS-10 | 28 10 33 [-18.1,11.4]
Mice Overall 10.8 [-0.2,21.8]
Rats Cosmos 782 19.5 -10.4 [-20.5,-0.4] 0.0 [-6.9,6.9]
Cosmos 936 185 |4 8.5 [-17.4,0.0] 10.4 [-2.8,23.7]
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Cosmos 1129# | 185 |6 33 [-30.1,23.4] 245 [-36.8,-12.1]
Cosmos 1667 7 7 0.0 [-6.6,6.6] -11.1 [-15.5,-6.7]
Cosmos 1887# | 125 |5 7.9 [-31.8,15.9] 1.3 [-8.0,10.7]
Cosmos 2044 14 5 5.3 [-15.2,4.6] 2.7 [-2.7,8.1]
STS-57 11 12 2.6 [-3.3,8.6] 1.0 [-1.5,3.5]
STS-78 17 6 15.2 [-1.6,32.0] 15.2 [6.8,23.6]
Rats Overall -1.3 [-7.7,5.1] -0.9 [-8.9,7.1]
Rodents Overall 2.4 [-4.3,9.1] 0.2 [-8.9,8.6]
F=21.1 =873
Supplementary Table 15. Cortical Bone Area
SF vs GC GCvs VC
Species | Flight Days | nse/nce | ES (%) 95% CI ES (%) 95% CI
STS-118 13 9/11 -3.8 [-7.1,-0.4]
Mice STS-131 15 8 -7.7 [-13.3,-2.1]
Bion M1(2) 30 5/6 -5.7 [-13.7,2.3] 43 [-10.4,1.7]
SpaceX CRS-10 | 28 10 -6.4 [-16.9,4.1]
Mice Overall -5.9 [-8.8,-3.0]
Cosmos 1887 125 |5 -10.0 [-26.4,6.4] 5.8 [-12.6,24.3]
Rats Cosmos 2044 14 5 7.9 [-12.8,-3.0] 3.1 [-7.9,1.7]
STS-57 11 12 -6.1 [-9.4,-2.9] 3.9 [-6.7,-1.0]
STS-78 17 6 -0.8 [-4.5,2.9] 3.6 [-3.8,11.0]
Rats Overall -6.0 [-9.4,-2.6]
Rodents Overall 5.9 [-8.0,-3.8] -1.1 [-6.2,4.0]
F=0 P =46.7
Supplementary Table 16. Cortical Thickness
SF vs GC GCvs VC
Species | Flight Days | nse/nce | ES (%) 95% CI ES (%) 95% CI
STS-108 12 12 -10.8 [-19.5,-2.1]
STS-131 15 8 -1.4 [-3.6,0.8]
Mice | Bion M1 (1) 30 6/7 3.0 [-6.5,12.5]
Bion M1 (2) 30 5/6 55 [-17.7,6.7] -3.6 [-12.3,5.0]
SpaceX CRS-10 | 28 10 -3.6 [-10.5,3.3]
Mice Overall -4.6 [-10.8,1.7]
Rats Cosmos 1129 185 |6 8.3 [-9.3,-7.3] 7.2 [-19.9,5.5]
STS-78 17 6 -1.7 [-6.4,2.9] 4.8 [-0.8,10.4]
Rodents Overall 4.7 [-13.7,4.4] 2.0 [-11.8,7.7]
F=90.7 P =68.6
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Supplementary Table 17. Bone Formation Rate

SF vs GC GCvs VC

Species | Flight Days | ns¥/nce | ES (%) 95% CI ES (%) 95% CI
Mice STS-108 12 12 712 [-86,9,-55.5]

Cosmos 782 19.5 | 11/7 -40.5 [-53.1,-27.9] 1.3 [-9.9,12.4]

Cosmos 936 18.5 | 10/8 -17.3 [-40.4,5.8] 9.6 [-16.3,35.4]

Cosmos 1129 185 |11 -33.7 [-46.9,-20.5] -10.5 [-36.3,15.4]
Rats SpaceLab 3 (L) | 7 4 -33.7 [-65.1,-2.3]

STS-57 11 12 -10.6 [-33.6,12.4] -12.8 [-30.2,4.6]

STS-78 17 6 32 [-25.0,31.3] 1.7 [-27.0,30.4]
Rats Overall -22.8 [-39.1,-6.6]
Rodents Overall -31.6 [-50.4,-12.8] 9.2 [-24.3,5.8]

F=838 P =654

Supplementary Table 18. Mineral Apposition Rate

SF vs GC GCvs VC
Species | Flight Days | nse/ncc | ES (%) 95% CI ES (%) 95% CI
] STS-108 12 12 -30.4 [-46.0,-14.7]

Mice

STS-118 13 9/11 -22.2 [-46.7,2.2]

STS-57 11 12 -2.5 [-24.0,19.0] -2.6 [-20.9,25.8]
Rats STS-77* 10 6/8 -1.9 [-25.9,22.2]

STS-78 17 6 -0.1 [-21.7,21.5] 5.0 [-14.3,24.4]
Rats Overall -8.9 [-28.1,10.3]
Rodents Overall -13.5 [-27.1,0.1] -0.1 [-38.8,38.7]

F=519 F=0

Days = mission duration; nsr = spaceflight animal group sample size; ngc = ground control sample size (only indicated
if differ from SF group). SF vs GC indicates outcomes of spaceflight to ground control comparisons. GC vs VC
indicates outcomes of ground control to vivarium control comparisons. ES (%) = effect size or percent difference;
95% CI = 95% confidence interval.

* = Mission outcomes where GC not present, and a VC is used as the comparison control

# = contains measures of bone marrow area derived from marrow diameter

Supplementary Information - 15



Supplementary Figures

Supplementary Figure 1. Heterogeneity and sensitivity analyses for Tb.N. A, B)
Heterogeneity was analyzed using single mission exclusion (A) and cumulative mission exclusion
(B). Red area: 95% CI for the global effect size (left axis); line: 2 (right axis). C) Funnel plot; D)
article-level standard error SE (0p) as a function of quality score. R? and p-value is shown.
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Supplementary Figure 2. Sub-group analysis of reported outcome by paper quality score.
Rodent paper-level outcomes were divided into two groups, with quality score > 20 or quality
score < 20 on a 25-point scale. Np is number of papers-level outcomes. Square/line: overall effect
size (ES(%)) and 95% CI, numerical values of each are presented on the right. * indicate
parameters for which the subgroups differ in their statistical significance from zero.

Quality Score
Parameter ____ C Quality Np SFvsGC ______ES(%) _95%Cl _
Trabecular BV/TV <20 13 —— -23.6 [-34.7,-12.5]
________________ >=20_ 8 @ __________ 233 [326-140]
Trabecular Thickness <20 u 9.7 [[11.7,-7.7]
e _______>=20_ 6________ - .66 [11.1-20]
* Trabecular Number <20 6 —— -14.3  [-23.3,-5.3]
________________ >20_ 6 ® 48 [1020.7_
* Trabecular Separation <20 6 — 26.8 [-0.3,53.9]
________________ >20 6 ___ @ 85 [03167]_
Bone Marrow Area <20 6 —i— 1.8 [-11.8,15.4]
e >=20_ 6 W 26 _[9441]
* Cortical Thickness <20 3 L 3 5.1 [-9.0,-1.1]
________________ >20 4 & 33 _[8923]
Cortical Bone Area <20 4 | 7.0 [-9.1,-4.9]
>=20 6 | i | ‘ 52  [85-1.9]
-30 0 30 60
Parameter ____ Quality No SFvsGC ______ ES(%) __ 95%Cl _
Osteoblast Surface <20 4 - -16.9 [-31.3,-2.4]
e 2%20 6 - - -22.0 [-33.7,-10.3]
Osteoclast Surface <20 5 — 243 [-40.4,89.1]
... >>20 4 = ——_—®—— 321 []-21.2883]
Osteoclast Number <20 6 —— 7.6 [-26.0,41.2]
02720 83 67.6__[-60.7,195.9]
* BFR <20 5 | -33.9 [-34.4,-33.5]
>=20 6 —— -235 [51.54.5]

60 0 60 120 180
Effect size (% £95% Cl)
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Supplementary Figure 3. Animal related subgroups. Rodent mission-level outcomes divided
by animal age (A), sex (B), and strain (C). (A) Age at launch was <10 weeks (young animals) or
> 10 weeks (older animals). (B) Only mice missions were included, as all rat studies were
performed exclusively with males. (C) Only rat missions were included for Wistar rats (W) and
Sprague-Dawley rats (S-D), as all mice studies were performed with variants of the C57BL/6
lineage. N is number of mission-level outcomes in each sub-group. Square/line: overall effect size
(ES(%)) and 95% CI, numerical values of each are presented on the right. * indicate parameters
for which the subgroups differ in their statistical significance from zero. ** indicate parameters in
which subgroups are significantly different from one another.

[-57.4,-16.2]
[-33.7,-33.7]

[-39.6,-9.1]

A Age
Parameter _Age (weeks) N ! SFvsGC________ES(%)
Trabecular BV/TV <10 11 —&— -25.5
e ____>=%0.8 o ®— 221
Trabecular Thickness <10 6 - -9.1
i _____>=0s5 =™ 90 _
* Trabecular Number <10 8 —a— -6.8
el ______>=104 ., <105
Trabecular Separation <10 7 —_— 9.8
e ____>=05 W 219 [2.241.
Bone Marrow Area <10 6 —— -0.1
e ____._%=105 - e 55__ [-88.19.
* Cortical Thickness <10 3 - -6.9
e _____2=1004 - 29 781
Cortical Bone Area <10 4 - -4.4
>=10 4 ] -7.8
I T T T |
-40  -20 0 20 40
Parameter _Age (weeks) N SFvsGC ______ES(%)
*% Osteoblast Surface <10 5 = -12.2
ke _.>=10.3 ® -31.3 _
*% Osteoclast Surface <10 5 = -9.3
el _____.>=10.5 .. s 617 __[0.4,122.9
Osteoclast Number <10 5 —a— 9.0
222008 e 84.9 _
BFR <10 5 —W— -36.9
>=10 2 : u ] : : | -33.7
-50 0 50 100 150
. i 0, +050,
B Sex (Mlce) Effect size (% +95% ClI)
Parameter Sex N _______ SFvsGC _____E ES(%)
Trabecular BV/TV Male 5 —&— -38.4
e Female 3 . 252
Trabecular Thickness Male 4 | -8.6
e Female 3 _______ - 2.1
Trabecular Number Male 3 —a— -14.2
________________ Female 3 = _ -33 [1074.
Trabecular Seperation Male 3 —®— 30.2
,,,,,,,,,,,,,,,, Female 3 ________® ________31 __ [5111.
Cortical Thickness Male 3 - -2.8
Female 2 : I —I—l l l -7.0
-60 -30 0 30 60
. i 04 +9509
C Strain (Rats) Effect size (% +95% Cl)
Parameter ____Strain N _________ SFvsGC_______ES(%)
Trabecular BV/TV w 5 —&— -19.2
e SD__ A R . 7.2
* Trabecular Number W 3 —8— -17.2
e SD__ 3 __C e .21 .
Trabecular Separation W 3 — @ 2438
e SD__ 3 ey s 41
*% Bone Marrow Area w 6 = -5.5
SD 1 [ ] 15.2
T T T T T l
30 15 0 15 30 60
Parameter Strain_ N SFvsGC_ ________ES(%) _95%Cl _
Osteoblast Surface W 2 —B—— -11.5
L SD__4 —®—— -14.0 _
Osteoclast Surface w 2 —a— 55
e SD__§5 @ — ____________ 34 _
Osteoclast Number w 3 — & 282
________________ SD__4 ___—®— __________-80 _ [2115.
BFR w 3 = -36.3
S-D 2 |+| | : : | -24.3
40 20 O 20 40 60

Effect size (% £95% ClI)
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Supplementary Figure 4. Mission related subgroups. Rodent mission-level outcomes divided
by mission-duration (A), single vs grouped housing condition (B), and space agency (C). (A)
Mission duration subgroups: short duration missions (<14 days); long duration missions (>= 14
days). (B) Housing condition subgroups: animals housed as a group (Yes) and those individually
housed (No). (C) Space agency subgroups: NASA, Roscosmos, and JAXA. N is number of
mission-level outcomes in each sub-group. Square/line: overall effect size (ES(%)) and 95% CI,
numerical values of each are presented on the right. * indicate parameters for which the subgroups
differ in their statistical significance from zero. ** indicate parameters in which subgroups are
significantly different from one another.

Flight Duration
Parameter _ Duration(D) N SFvsGC ______ES(%) _95%Cl _
Trabecular BV/TV <14 10 —a— -25.7 [-39.2,-12.2]
,,,,,,,,,,,,,,,, >=14 9 _—®— 227 [330-124]
Trabecular Thickness <14 4 - -11.6 [-16.5,-6.8]
,,,,,,,,,,,,,,,, >=14_ 7 = 58 _[94-23]
* Trabecular Number <14 4 —a— 43  [-17.7,9.0]
________________ >=14__ 8 & 110 _[193-28]
Trabecular Separation <14 4 —®&— 100 [-21.241.3]
,,,,,,,,,,,,,,,, >=14 8 ™ —— 150 _[-59359]
* Cortical Thickness <14 1 n -1.4
________________ >=14__ 6 = 53 [94-15]_
Bone Marrow Area <14 3 —®— 135 [-11.0,38.0]
________________ >=14 8  ® -14 [7143]
Cortical Bone Area <14 3 - -5.8 [-9.4,-2.3]
>=14 5 | : - | : | -5.7 [-8.3,-3.2]
. 40 -20 0 20 40
Duratjon
Parameter _____ (Days) N ________ SFvsGC______| ES(%)__ 95%Cl__
* Osteoblast Surface <14 3 —— -156  [-32.2,1.0]
,,,,,,,,,,,,,,,, >=14_ 5 @ 196 [318-74]
Osteoclast Surface <14 5 - -4.1 [-16.9,8.8]
________________ >=14_ 5 W —_—_—__.___602 [541259]
Osteoclast Number <14 4 - -8.9 [-22.1,4.3]
________________ >=14_ 4 W ————> 823 [311757]
BFR <14 3—a— -38.6 [-68.6,-8.7]
>=14 4 & ] : : | -33.3 [-42.7,-24.0]
-50 0 50 100 150
. . Effect size (% +95% CI)
Housing Conditions
Parameter ____ C Grouped N _______¢ SFvsGC_______ES(%)._95%Cl__
Trabecular BV/TV Yes 11 - -24.3 [-32.9,-15.7]
_________________ No 8 —®— 244 [416:71]
Trabecular Thickness Yes 8 = 9.0 [-12.8,-5.2]
_________________ No 38 _____® 91 [115-67]
*% Trabecular Number Yes 8 = -2.5 [-6.9,1.9]
_________________ No 4 _—®— _____________ 233 [366-10.0]
* Trabecular Separation Yes 8 k2 26 [-4.1,9.2]
_________________ No___4_ ________ ——__®—— 400 __[77722]_
* Bone Marrow Area Yes 7 —— 7.0 [-4.5,18.4]
No 4 | II | | -5.2 [-9.9,-0.5]
-40 0 40 80
Parameter ___Grouped N ! SFvsGC_ | ES(%)__ 95% Cl _
* Osteoblast Surface Yes 4 = -21.8 [-30.1,-13.5]
_________________ No 4 ™ 121 [27836]
Osteoclast Surface Yes 6 —— 45.0 [-15.1,105.1]
_________________ No 4 = 40 _ [78,158]
Osteoclast Number Yes 3 L 734 [-60.1,206.8]
_________________ No &5 _____-—® 161 [25347]
* BFR Yes 3 —8— -36.3 [-73.7,1.0]
No 4 : u | : : | -36.0 [-39.2,-32.7]
-60 0 60 120 180

Effect size (% £95% Cl)

Space Agency
Parameter _____ Agency N SFvsGC ________ES(%) __95%Cl _
Trabecular BV/TV JAXA 3 -42.0 [-74.9,-9.2]
Roscosmos7 - -22.1  [-32.8,-11.4]
oo NASA O & 223 _[-33.1,-11.9]
Trabecular Thickness JAXA 2 ] -8.2 [-9.7,-6.8]
Roscosmos 4 | 74  [-12.6,-2.3]
oo NASA 5 ® 99  [150-49]
Trabecular Number JAXA 2 —— -16.7 [-59.1,25.7]
Roscosmos 4 - -16.7 [-26.2,-5.3]
oo ________NASA 6 ________ =29 18932
Trabecular Separation JAXA 2 — @ — 419 [-34.6,1184]
Roscosmos 4 —— 22.0 [-1.8,45.8]
NASA 6 - 39.1 [27.8,50.5]
| I I |
-50 0 50 100
Parameter ____AgencyN_ _______SFvsGC_ _______ES(%) _95%Cl_
Cortical Thickness JAXA 1 n -3.6
Roscosmos7 ———#—— 49 [-11.51.8]
ieeeooeeo_____NASA 83— "®—— ______________-58 [11902]
Bone Marrow Area JAXA 1 n -3.3
Roscosmos 3 —— 50 [-7.9,-2.0]
oo ____NASA 3 ______- oo %> 157 _[3.2347]
Cortical Bone Area JAXA 1 | -6.4
Roscosmos3 —#— -7.9 [-10.3,-5.4]
NASA 4 : —— ] : | 49 [-7.8,-1.9]
-10 0 10 20
Parameter _____Agency N _______| SFvsGC _______ES(%) _ 95%Cl _
Osteoblast Surface Roscosmos 3 -19.4 [-41.7,2.9]
eoeooo..._._..NASA 5 ____® -17.0 _ _[-26.2,-7.9]
Osteoclast Surface Roscosmos3 L 38.3 [-34.2,110.8]
e NASA 7 o ®——— 194 [26.0648]
Osteoclast Number Roscosmos 3 — 28.2 [-30.7,87.1]
oo NASA 5 = _ 434 _[-37.2,123.9]
BFR Roscosmos 3 ] -36.3 [-40.5,-32.0]
NASA 4 |H_ | : | -36.0 [-62.5,-9.6]
-60 0 60 120

Effect size (% +95% Cl)
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Supplementary Figure 5. Study related subgroups. Rodent mission-level outcomes divided by
presence of sham operation (A) sacrifice delay (B), and ground control conditions (C). (A) Sham
operation subgroups: missions that report performing sham operations (Yes); mission that report
no sham operations (No). (B) Sacrifice subgroups: within 10 h of landing (<10) and longer than
10 h after landing (>=10). (C) specific conditions of ground control animals for each subgroup are
indicated. N is number of mission-level outcomes in each sub-group. Square/line: overall effect
size (ES(%)) and 95% CI, numerical values of each are presented on the right. * indicate
parameters for which the subgroups differ in their statistical significance from zero. ** indicate
parameters in which subgroups are significantly different from one another.

A Sham Operation

Parameter ______Operation
Trabecular BV/TV Yes
No
*% Trabecular Thickness Yes
No
Trabecular Number Yes
No
* Trabacular Separation Yes
No
Bone Marrow Area Yes
No
Cortical Thickness Yes
No
Cortical Bone Area Yes
No

Parameter _____ Operation
Osteoblast Surface Yes
No
Osteoclast Surface Yes
No
Osteoclast Number Yes
No
BFR Yes
No

eration | N _______SFvsGC ____ ES(%) _95%Cl _
3 —— -16.9 [-24.4,-9.5]
16 ___—@— -25.5 _[-35.4,-15.5]
3 . 29  [751.7]
8 L] -10.8 _ [-13.0,-8.6].
3 = 26  [-5.2,0.0]
________________________ 9 o T®— 93 _[2021.6]
3 - 6.0 [0.3,11.7]
9 ——8—— 144  [-11.2,39.9]
3 —— 3.0 [-9.8,15.8]
________________________ 8 @ 28 _[75131]
2 [ 26  [4.4,-07]
5 - 6.2__ [-11.0-1.3].
3 - -4.8  [-9.0,-0.5]
5 | | ll | | 6.2  [-8.2-4.1]
40 -20 0 20 40
eration N SFvsGC ______ES(%) _95%Cl _
2 - -22.8 [-28.1,-17.5]
6 —— -126.4  [-28.5,-4.1]
2 —a— 0.6 [-27.4,28.5]
8 —a— 29.6 _ [-16.0,75.1]
1 ] 17.9
7 —— 401 _[-19.6998]
1 o0 -18.1
61_._ | : | -37.9 [-53.6,-22.3]
-50 0 50 100

B Sacrifice Delay

Effect size (% +95% ClI)

Parameter __Delay (hours) N
Trabecular BV/TV <10 8
>=10_ 8

Trabecular Thickness <10 6
>=10 4

Trabecular Number <10 6
>=10 4

Trabecular Separation <10 6
>=10 5

* Bone Marrow Area <10 8
>=10 3

* Cortical Thickness <10 3
>=10 4

Cortical Bone Area <10 5
>=10 3

Delay

Parameter (hours) N
Osteoblast Surface <10 4
>=10 4

Osteoclast Surface <10 5
>=10 5

Osteoclast Number <10 4
>=10 4

BFR <10 5
>=10 2

-50 0 50 100 150
Effect size (% £95% ClI)

[-57.5,-16.2]
[-33.7,-33.7]

__________ SFvsGC _______ES(%).__95%Cl _
- 26.7
——a— -17.0
r 2101
- 6.2
et Sl 6.9
—.— -0.6
——8—— 132
—a— 6.2
i 48
- -3.1
“m— 5.8
- 3.6
- 55
o 6.7
[ T T T 1
30 15 0 15 30
___________ SFvsGC ______ ES(%)
. 139
- -23.1
Pttt b St 246
— . 24.3
™~ 726
- 2.36
—o— 36.9
n -33.7

C Ground Control Conditions

[-26.5,-14.0]
[-32.8,-15.7]

[-19.1,3.4]

[-6.6,-4.6]
[-15.2,2.4]

[6.8,47.2]
[-3.8,4.4]

[-11.5,2.0]
[6.5,-5.7]

[-100.3,18.5]
(-39.9,-31.4]

[-32.7,-8.9]
[-11.5,177.2]
[-16.9,50.7]

[-11.7,-4.1]
[-17.3,126.4]

Parameter ____Condition N _______SFvsGC______ES(%)
Trabecular BV/TV 1 2 E 3 -20.2

2 7 -- -24.2
S 3___ 6 _-—®— 314
Trabecular Thickness 1 2 - -7.9

2 6 | -11.2
S 3.2 _____.. = 2105
Trabecular Number 1 2 | -5.6

2 5 - -6.4
S 3___.3 ___- & __ -20.9 _
Trabecular Separation 1 2 - 4.5

2 5 —a— 15.7

3 3 —— 26.3

I T T 1
-50 0 50 100

Parameter ____Condition N SFvsGC ____ | ES(%)
Bone Marrow Area 1 2 —a— 27.0

2 2 | 0.3
S S =67
Cortical Thickness 1 2 | -1.5

2 4 - -6.4
__________________ 3____ ... ® 83 _________
Cortical Bone Area 1 2 = -4.7

2 3 | -6.1
e S_ 2 =90
BFR 1 1 [ ] -18.1

2 2 e e -40.9

3 3 u -35.7

I T T 1
-100  -50 0 50

Parameter ____ Condition N ________ SFvsGC ____ES
Osteoblast Surface 1 [ ] -20.3

2 3 - -20.8
S 3__ .2 @ -11.5
Osteoclast Surface 1 2 —— 829

2 4 —a— 16.9
__________________ 3 4 .= 1
Osteoclast Number 1 1 m 1973

2 2 | -7.9

3 2 —— 54.6

1T 1T 71 1

-40 0 40 80 120160
Effect size (% +95% CI)

Ground Control Conditions

1. housed in same habitat as the spaceflight group, but not all conditions (e.g.
food, and/or temperature, light/dark cycle, etc.) mimicked

2. housed in same habitat as the spaceflight group, and all conditions mimicked,
not including force of liftoff or re-entry

3. housed in same habitat as the spaceflight group, and all conditions mimicked,
including the force of lift-off and/or re-entry are simulated
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Supplementary Figure 6. Meta-regression analysis of sacrifice delay. Mission-level outcomes,
measured in effect size (%), of Tb.BV/TV, Ob.S, and Ct.Ar were plotted as a function of sacrifice
delay of spaceflight animal group (hours). R? is shown. * indicated high R2,

_ Tb.BVTV Ob.S Ct.Ar

o e .
2

0

Effect Size (%)
-20
-6

0 2I0 4{0 (\) T 1\0 T 2\0 (l) T 2‘0 T T 5\0 T T
R2=0.1284 R2=0.4119* R2=<0.0001
Sacrifice Delay (hours)

-40
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Supplementary Figure 7. Sub-group analysis of bone regions. Rodent bone measurement-level
outcomes divided by region: region 1= skull, vertebra, and thorax; region 2 = pelvis, humerus, and
femur; region 3 = tibia and ankle bones. Nj is number of bones measured in each sub-group.
Square/line: overall effect size (ES(%)) and 95% CI, numerical values of each are presented on
the right. * indicate parameters for which the subgroups differ in their statistical significance from
zero. ** indicate parameters in which subgroups are significantly different from one another.

Bone Region

Parameter _____Region N ________ SFvsGC _______ES(%) 95%Cl _
Trabecular BV/TV 1 17 - -12.0 [-18.5,-5.5]
2 17 —— -26.0 [-35.6,-16.3]
_________________ 312 -®— _______________-803 [431,-17.4]
* Trabecular Thickness 1 1 -3.9  [7.9,0.2]
2 1" [ ] 7.9 [-10.4,-5.4]
_________________ 3__.1wo _ =& _______-83 [18822]
* Trabecular Number 1 10 —- -3.8 [-11.0,3.5]
2 12 - 9.8 [-15.8,-3.8]
_________________ 3__.10 & — . _-119 [28546]
* Trabecular Seperation 1 10 —— 10.2 [-0.3,20.8]
2 1 —a— 16.5 [3.5,29.5]
3 10 —F @ — 39.0 [-2.0,80.1]
-30 0 30 60
Parameter ____Region Nj _______ SFvsGC_________ES(%) 95%Cl.
* Bone Marrow Area 1 2 —m -12.2 [-14.4,-10.1]
2 9 ——®——— 49 [-3813.7]
_________________ 3 6 @ .53 [95-12]
*% Cortical Thickness 1 5 —— -3.7 [-7.4,0.0]
2 6 —— 5.3 [-8.3,-2.8]
_________________ 3 .2 _________..®m ________-20 _[26-14]
Cortical Bone Area 1 1 . -14.1
2 9 - 6.0 [7.8-4.2)
3 3 | — ‘ -34  [-8.8,1.9]
-15 -5 0 5 15
Parameter ___ _F Region N ___ SFvsGC _______ES(%) __95%Cl _
** Osteoblast Surface 1 10 —— -24.0 [-37.6,-10.3]
2 6 - -26.6 [-34.2,-18.9]
_________________ 3.8 .= .25 _[7.727]_
* Osteoblast Number 1 3 —a— -22.5  [-51.1,0.9]
2 3 —a -25.8 [-37.0,-16.6]
________________ s__. . .= 73
Osteoclast Surface 1 10 L 40.0 [-32.8,112.8]
2 10 —a— 299 [-15.7,75.5]
_________________ 3__ A4 % —— _____________-163 _[45.0125]
Osteoclast Number 1 7 = -1.7 [-7.7,4.3]
2 8 —a— 26.2 [-27.5,80.0]
3 3 | : | - : : | 15.6  [-58.6,89.8]
-60 -30 0 30 60 120
Parameter ___Region Nj ________SFvsGC________ES(%) _95%Cl
* Osteoid Surface 1 3 -6.6 [-25.3,12.2]
2 5 - 260 [-57.7,5.6]
44444444444444444 3 3 T ®———— __________-355_[552-158]
BFR 1 0
2 8 = -33.7 [-67.3,-0.1]
3 6I I—H] | | -27.7 [-39.6,-15.9]
-60 -40 -20 0 10
Effect size (% +95% ClI)
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