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Abstract 22 

Space agencies are preparing to send humans to the Moon (16% Earth’s gravity) and Mars (38% Earth’s 23 

gravity), however, there is limited evidence regarding the effects of hypogravity on the skeletal system. A 24 

novel rodent partial weight-bearing (PWB) model may provide insight into how human bone responds to 25 

hypogravity. The aim of this study was to perform a systematic review investigating the effect of PWB on 26 

the structure and function of rodent bone. Five online databases were searched with the following 27 

inclusion criteria: population (rodents), intervention (PWB for ≥1-week), control (full weight-bearing), 28 

outcomes (bone structure/function), and study design (animal intervention). Of the 2,993 studies 29 

identified, eight were included. The main findings were that partial weight-bearing exposure for 21-28 30 

days at 20%, 40%, and 70% of full loading causes: 1) loss of bone mineral density, 2) loss of trabecular 31 

bone volume, thickness, number, and increased separation, 3) loss of cortical area and thickness, and 4) 32 

reduced bone stiffness and strength. These findings predominately relate the tibia/femur of 33 

young/mature female mice, however, their deconditioning response appeared similar, but not identical, 34 

to male rats. A dose-response trend was frequently observed between the magnitude of deconditioning 35 

and PWB level. The deconditioning patterns in PWB resembled those in rodents and humans exposed to 36 

microgravity and microgravity analogs. The present findings suggest that countermeasures against bone 37 

deconditioning may be required for humans exploring the Lunar and Martian surfaces. 38 

Keywords: Hypogravity; Skeletal System; Animal; Osteoporosis 39 

 40 
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New & Noteworthy: Partial weight-bearing causes bone deconditioning at the structural and functional 45 

levels in rodents. Higher levels of weight-bearing frequently attenuated deconditioning but did not always 46 

prevent it. Deconditioning patterns resembled those that occur in rodents and humans exposed to 47 

microgravity and microgravity analogs. This evidence suggests that bone deconditioning may occur in 48 

humans on the surface of the Moon and Mars, in a similar manner that occurs in astronauts onboard the 49 

International Space Station.       50 

 51 

 52 

 53 

 54 

 55 

 56 

 57 

 58 

 59 

 60 

 61 

 62 

 63 

 64 

 65 

 66 

 67 

                  



   
 

4 
 

1.0 Introduction  68 

Space agencies are preparing to expand human presence beyond low-Earth orbit through crewed missions 69 

to the Moon (16% Earth’s gravity) and Mars (38% Earth’s gravity) (1). These journeys will expose 70 

astronauts/cosmonauts to microgravity during transit (Moon: 3-5 days or weeks/months if an orbital 71 

gateway is used; Mars: 6-12 months)and upon planetary arrival, they will then live and work in hypogravity 72 

for weeks/months/years, depending on mission objectives (2-4). Prolonged mechanical unloading of the 73 

skeletal system, such as in microgravity and microgravity analogs (e.g., head-down tilt bed rest), disrupts 74 

the dynamic coupling between bone formation and resorption, particularly in weight-bearing regions (5). 75 

This results in bone deconditioning, characterized by reduced bone mineral density (BMD) and diminished 76 

trabecular and/or cortical geometry and microarchitecture (5-8). Mathematical modeling suggests that 77 

bones may demineralize and become mechanically weaker in response to Lunar and Martian hypogravity 78 

(9, 10). However, despite head-up tilt bed rest being established as a long-term hypogravity analog in 79 

2013 (11), recent systematic reviews have failed to identify any controlled experimental research in 80 

humans investigating the effect of hypogravity on bone health (12, 13). 81 

The importance of this topic is emphasized by the risks associated with bone deconditioning in 82 

astronauts/cosmonauts. As highlighted by the National Aeronautics and Space Administration (NASA) 83 

Bioastronautics Roadmap, these include: 1) early-onset osteopenia and osteoporosis, 2) increased risk of 84 

bone fracture, 3) increased risk of fascia, tendon, ligament, and joint overuse, injury, or dysfunction, 4) 85 

impaired and incomplete bone healing following fracture, 5) neurological damage caused by a fracture in 86 

close proximity to the nerves, and 6) altered urinary biochemistry leading to renal stone formation (14). 87 

Knowledge of how bone adapts to different levels of hypogravity can, therefore, help support clinical 88 

decision-making and medical operations, such as the requirement for countermeasure(s) (e.g., resistance 89 

exercise and/or pharmaceutical supplementation) on the Moon and Mars (8). Terrestrial medicine may 90 
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also benefit from this information as various clinical conditions (e.g., stroke and cerebral palsy) can lead 91 

to reduced mobility and altered weight-bearing for prolonged durations. 92 

Researchers have recently established a novel rodent partial weight-bearing (PWB) model to 93 

simulate hypogravity loading (15, 16). This was initially developed for mice in 2010 (15) and has been 94 

recently adapted for rats in 2018 (16). The PWB model has been applied by several studies and is beginning 95 

to elucidate the effects of simulated Lunar gravity (PWB20%), Martian gravity (PWB40%), and moderate 96 

artificial gravity (PWB70%) on the rodent skeletal system (17). For decades, rodents have been used in 97 

biomedical research as pre-clinical and/or translational models due to their genetic, anatomical, and 98 

physiological similarities to humans (6-8, 18). For example, rodent models are widely employed for 99 

investigating age-related and unloading-induced osteoporosis (19-21). Importantly, rodent, monkey, and 100 

human skeletons display similar patterns of bone deconditioning during periods of complete unloading 101 

(5-8, 18, 22-27). Therefore, given the paucity of human evidence on this topic, rodent PWB experiments 102 

may provide valuable insight regarding the potential effects of hypogravity on human bone and potential 103 

countermeasure requirements on the Moon and Mars. The aim of this study was to, therefore, perform a 104 

systematic review to determine the effects of PWB, relative to full weight-bearing, on the structure and 105 

function of the rodent skeletal system. The objectives were to establish whether skeletal deconditioning 106 

occurs and whether the magnitude of deconditioning is mediated by the PWB load.  107 

 108 

 109 

 110 

 111 

 112 
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2.0 Materials and Method 113 

This study conformed to the Preferred Reporting Items for Systematic Reviews and Meta-Analyses 114 

(PRISMA) statement (28) and the Space Biomedicine Methods Handbook (29, 30). A PRISMA checklist can 115 

be found in Supplementary Table S1 (https://doi.org/10.5281/zenodo.5728034). This review follows the 116 

same methods described in our previous manuscript regarding the effect of PWB on rodent muscle (31). 117 

 118 

2.1 Search Strategy  119 

The following online databases were searched from inception to the 18th of June 2020 using key search 120 

terms and Boolean logic: PubMed, Scopus, EMBASE, MEDLINE, and Web of Science. Pre-scoping searches 121 

were performed in the NASA Technical Reports Server (NTRS), the NASA Life Science Data Archive (LSDA), 122 

and the Cochrane Collaboration Library, but were not included in the final search due to a lack of relevant 123 

findings. SPORTDiscus was searched (27 hits) but not used as all eligible studies had been identified from 124 

other database searches. A second search was performed in PubMed on the 19th of May 2021 using 125 

Medical Subject Heading (MeSH) terms selected from previously indexed PWB studies and MeSH 126 

hierarchy tables. No MeSH term existed for PWB, however, some PWB studies are indexed within the 127 

‘hindlimb suspension’ MeSH term vocabulary, which was therefore used. Included studies' reference lists 128 

and citations were screened for any additional relevant articles. The final search strategy for each 129 

database is presented in Table 1. This also includes muscle-related terms as these data were collected in 130 

parallel.  131 

 132 

2.2 Study Eligibility Criteria 133 

Search results were exported and stored in the online reference manager Rayyan (32). Following the 134 

removal of duplicates, each study was screened by two independent reviewers for inclusion using the 135 

PICOS criteria (Table 2). Structural and functional bone outcomes were prioritized, as these are the most 136 
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relevant to understanding the integrity of bone tissue (metabolic outcomes were not included). 137 

Trabecular and cortical microarchitecture/geometry outcome eligibility was determined based on the 138 

default set of variables that rodent studies are recommended to report, as per assessment guidelines for 139 

microcomputed tomography (33). Data where the PWB and/or control group was combined with another 140 

intervention (e.g., radiation) were not eligible, but the sham groups were. A two-stage process was used 141 

for eligibility screening: 142 

 Stage one involved assessing studies by title and abstract (full text if unclear) for relevance in 143 

accordance with the PICOS criteria, with potentially relevant studies labeled as ‘maybe’ within 144 

Rayyan.  145 

 Stage two involved screening all ‘maybe’ studies in full text for final inclusion/exclusion, with any 146 

reasons for exclusion agreed and logged (Supplementary Table S2; 147 

https://doi.org/10.5281/zenodo.5599399). Any disagreements were resolved initially through 148 

discussion, and if the dispute remained unresolved, a third reviewer was consulted.  149 

 150 

2.3 Data Extraction 151 

All included studies were downloaded, and the study characteristics (rodent species, sex, age, control 152 

condition, intervention, PWB level(s), and longest exposure duration) were extracted. Eligible outcome 153 

data were manually collected by one reviewer in the form of means, standard deviations, and sample 154 

sizes, and were stored using Review Manager (RevMan Version 5, The Cochrane Collaboration) (34). Data 155 

reported as a standard error of measurement were converted to standard deviations. Available data were 156 

initially retrieved from the manuscript and/or supplementary materials. Where data could not be 157 

retrieved, such as in figures or missing data, the corresponding and/or lead authors were contacted. 158 

Where authors were unable to provide data or respond, WebPlotDigitizer (Version 4.3) was used to 159 

determine figure data. This tool has been demonstrated to have excellent reliability (r = 0.99) and accuracy 160 
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(r = 0.93) (35). If no sample size data were stated in a table/figure caption, the sample size reported in the 161 

methods for the respective group was used. Sample sizes that were reported as a range for an outcome 162 

(e.g., n = 3-6) were extracted using a conservative approach; the lowest sample size reported was used. 163 

Two control groups were used in Wagner et al. 2010 (15); the age-matched control data were extracted 164 

for a higher sample size. Macias et al. 2016 (36) investigated the effect of PWB in combination with ration 165 

and used two PWB sham groups (X-ray G/6 sham and Si G/6 sham), both with independent full weight-166 

bearing control groups (X-ray 1G sham and Si 1G sham). Therefore, the sham data were extracted and 167 

termed ‘X-ray sham’ and ‘Si sham’. To maintain consistency with all other studies, terminal data from 168 

Mortreux et al. (2018) (16) and Ko et al. (2020) (17) were collected, except for trabecular BMD, which was 169 

the only outcome where male rat data could be pooled.  170 

 171 

2.4 Data Analysis 172 

Standardized mean differences (SMD) were calculated using the Hedges’ G effect size statistic (37). 173 

Hedges’ G adjusts for small sample bias, which was commonplace among the eligible studies. Individual 174 

comparisons were made for each outcome and PWB level (PWB20%, PWB40%, and PWB70%) against the 175 

full weight-bearing control group. Where there were two or more independent reports of the same 176 

outcome at a given PWB level and exposure duration, weighted meta-effect sizes using a fixed-effect 177 

inverse variance model (with 95% confidence intervals) and heterogeneity (I2) were calculated using 178 

RevMan 5 (37). Statistical significance was set at P < 0.05. To minimize anticipated heterogeneity, meta-179 

effects were only calculated from rodent sub-populations of the same species and sex. The magnitude of 180 

the SMD was qualitatively described using the following thresholds: 0.2 (small), 0.5 (medium), 0.8 (large), 181 

and 1.3 (very large) (38). Thresholds for heterogeneity were guided by the Cochrane Handbook for 182 

Systematic Reviews of Interventions: 0-40% (might not be important), 30-60% (may represent moderate 183 

heterogeneity), 50-90% (may represent substantial heterogeneity), and 75-100% (considerable 184 
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heterogeneity) (39). All comparisons are presented in the format of forest plots generated by RevMan 5. 185 

Assessment of reporting bias (e.g., via funnel plots) was not performed as the sample size for all given 186 

meta-analyses failed to reach the minimum requirement for adequate statistical power (n = 10) as 187 

outlined by the Cochrane Handbook for Systematic Reviews of Interventions (39). 188 

 189 

2.5 Risk of Bias Assessment 190 

The Systematic Review Centre for Laboratory Animal Experimentation (SYRCLE) tool (40) was used to 191 

assess several risks of bias (RoB) at the study level. This tool uses a three-point bias ranking system (low 192 

risk, high risk, or unclear risk) for nine checklist items relating to the main themes of selection, 193 

performance, detection, attrition, and reporting biases. However, the SYRCLE tool addresses RoB at a 194 

general level and fails to address RoB relating to specific models (e.g., PWB). Previous aerospace medical 195 

systematic reviews have dealt with model specific RoB through consultation with academics in the 196 

aerospace industry, creating tools assessing bed rest quality and the ecological validity of human 197 

hypogravity simulation methods for example (12, 41). The same strategy was employed in the present 198 

review. Two PWB experts were consulted to establish an additional RoB tool specific to PWB studies (M. 199 

Mortreux and M.E. Rosa-Caldwell, personal communication, May 2021). Using an iterative approach, 200 

potential checklist items were generated, remarked, and agreed (42). A total of 16 checklist items were 201 

compiled into the final ‘PWB RoB checklist’ (PWB-RoBC) (Supplementary Table S3; 202 

https://doi.org/10.5281/zenodo.5599188) (42). The PWB-RoBC was scored using the same method as the 203 

SYRCLE’s RoB tool (high, low, or unclear RoB). Two independent assessors scored all eligible studies using 204 

the SYRCLE tool and PWB-RoBC. Any disagreements were initially resolved via consensus-oriented 205 

discussion, and if the conflict remained unresolved, through consultation with a third assessor. Wagner 206 

et al. 2010 (15) was flagged for having several high RoBs, therefore, sensitivity analyses were performed 207 
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in all applicable analyses by excluding this study and assessing what difference this had on the original 208 

meta-effect and heterogeneity values.  209 

 210 

 211 

 212 

 213 

 214 

 215 

 216 

 217 

 218 

 219 

 220 

 221 

 222 

 223 

 224 

 225 

 226 

 227 

 228 

 229 
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3.0 Results 230 

The final search strategy identified 2,993 articles, of which eight met the eligibility criteria (Fig. 1). Study 231 

characteristics are presented in Table 3. All employed a full weight-bearing control and either a single or 232 

multiple PWB intervention group(s) at loads of PWB20%, PWB40%, and/or PWB70%. Partial weight-233 

bearing exposure duration ranged from 14 to 28 days. Six studies used young/mature female mice with 234 

BALB/cByJ (n = 4) or C57Bl/6J (n = 2) strains, and two studies used mature Wistar male rats. Risk of bias, 235 

via the SYRCLE tool were predominantly scored as unclear (49%) or low (44%); only 7% of items were 236 

scored as high (Table 4). Similarly, as per the novel PWB-RoBC, RoBs were scored as unclear (36%) or low 237 

(62%); only 2% of items were scored as high (Supplementary Table S3; 238 

https://doi.org/10.5281/zenodo.5599188).  239 

 240 

3.1 Dual-Energy X-Ray Absorptiometry (DXA)  241 

Partial weight-bearing at all loads (PWB20%, PWB40%, and PWB70%) caused significant reductions in 242 

areal BMD (aBMD) at the total body (excluding the head) and hindlimb (femoral neck to ankle) levels 243 

following 21-days of exposure in female mice (Fig. 2). The magnitude of deconditioning displayed a dose-244 

response trend with PWB load, however, there was considerable heterogeneity in the magnitude of 245 

effects between the two studies that reported aBMD.   246 

 247 

3.2 Peripheral Quantitative Computed Tomography (pQCT)  248 

Two studies observed reductions in trabecular volumetric BMD (vBMD) at the proximal tibia in male rats 249 

during PWB20%, PWB40%, and PWB70% following 28-days of exposure (Fig. 3). Reductions occurred in a 250 

dose-response manner with PWB load and were progressive with increasing exposure duration (day 7 < 251 

day 14 < day 28). By contrast, following 28-days of exposure, cortical vBMD at the tibia mid-diaphysis in 252 
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male rats slightly increased by a small effect at PWB20%, whilst PWB40% and PWB70% were unaffected 253 

(Fig. 3).    254 

All supplementary figures (S1-5) are available at https://doi.org/10.5281/zenodo.5599117. Total 255 

vBMD at the proximal tibia metaphysis in female mice reduced by similar amounts following 21-days of 256 

exposure to PWB20% and PWB40% (very large effects) (PWB70% not reported by any study) 257 

(Supplementary Fig. S1) At the tibia mid-diaphysis, the cross-sectional moment of inertia reduced by a 258 

medium effect at PWB20% and a small effect at PWB40% (Supplementary Fig. S1). 259 

 260 

3.3 Microcomputed Tomography (Trabecular) 261 

The femoral distal metaphysis and fourth lumbar vertebra (L4) displayed signs of diminished trabecular 262 

geometry and microarchitecture following 21-days of PWB exposure in female mice (Fig. 4). Trabecular 263 

bone volume fraction (BV/TV) significantly reduced at PWB20% (large effect) and to a lesser degree at 264 

PWB40% (medium effect), whilst PWB70% declined by a small non-significant effect. The magnitude of 265 

BV/TV loss increased as PWB load decreased in a dose-response manner (Fig. 4). Trabecular number (Tb.N) 266 

significantly reduced at PWB20% (large effect), but was not significantly different at PWB40% or PWB70%, 267 

following 21-days of exposure (Fig. 4). Trabecular thickness (Tb.Th) significantly reduced at all PWB loads 268 

by large/very large effects, with lower PWB loading causing greater declines in a dose-response manner 269 

(Fig. 4). Trabecular separation (Tb.Sp) increased at PWB20% (very large effect), the meta-effect at 270 

PWB40% displayed a non-significant trend for a medium increase (P = 0.07), and PWB70% increased by a 271 

medium effect (Fig. 4). At the fourth lumbar vertebra (L4), a single study observed reductions in BV/TV 272 

and Tb.Th by large and very large effects, respectively, whilst Tb.N reduced by a small effect (Fig. 4). 273 

Sensitivity analysis for trabecular parameters, via the removal of Wagner et al. 2010 (15) in all applicable 274 

meta-analyses at PWB40% (no other PWB loads investigated in this study), had trivial impact on BV/TV 275 

and Tb.N meta-effects, however, caused a small increase for Tb.Th (SMD: -1.68 to -1.46) (Supplementary 276 
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Table S4; https://doi.org/10.5281/zenodo.5599264). In addition, heterogeneity remained at 0% for BV/TV 277 

and Tb.N, however, decreased for Tb.Th (I2: 46% to 0%). 278 

One study measured trabecular geometric and microarchitectural outcomes in male rats (Fig. 5). 279 

At the femoral distal metaphysis following 28-days exposure, BV/TV reduced at all PWB loads, with the 280 

largest decline occurring at PWB20% (very large effects), whilst PWB40% and PWB70% declined by 281 

medium and large effects, respectively (Fig. 5). Tb.Th reduced at all PWB loads, with PWB20% causing the 282 

greatest reductions (very large effect), whilst PWB40% and PWB70% displayed similar losses by large 283 

effects (Fig. 5). Tb.N reduced by medium effects at PWB20%, and by small effects at PWB40% and 284 

PWB70% (Fig. 5). 285 

   286 

3.4 Microcomputed Tomography (Cortical) 287 

Cortical geometric parameters have been assessed in female mice at the femoral and tibial mid-diaphysis 288 

(Fig. 6) and femoral distal metaphysis (Supplementary Fig. S2), following 21-days of PWB exposure. At the 289 

femoral mid-diaphysis, the total cross-sectional area inside the periosteal envelope (Tt.Ar) remained 290 

significantly unaffected at PWB20% or PWB70%, but was significantly reduced at PWB40% (medium 291 

effect) (Fig. 6). Cortical area (Ct.Ar) significantly reduced at all PWB loads by large to very large effects, 292 

however, there was considerable heterogeneity across study findings (Fig. 6). In the two studies which 293 

investigated PWB across several loads concomitantly, both identified that lower PWB loading caused 294 

greater Ct.Ar reductions at the mean difference level. Cortical area fraction (Ct.Ar/Tt.Ar) significantly 295 

reduced by very large effects at all PWB levels, with the greatest reductions occurring at PWB20%, whilst 296 

PWB40% and PWB70% displayed more comparable losses, however, with significant heterogeneity (Fig. 297 

6). Cortical thickness (Ct.Th) reduced at PWB20% by very large effects, and by lesser amounts at PWB40% 298 

(very large effect) and PWB70% (large effect) (Fig. 6). At the tibia mid-diaphysis, one study reported data 299 

for Ct.Ar and Ct.Th, both of which reduced by large effects at PWB20% and small effects at PWB40% (Fig. 300 
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6). Sensitivity analysis had trivial influence on the Tt.Ar meta-effect or heterogeneity score at PWB40%, 301 

however, caused a small increase for Ct.Ar (SMD: -1.03 to -0.73) and a reduction in heterogeneity (I2: 72% 302 

to 38%) (Supplementary Table S4; https://doi.org/10.5281/zenodo.5599264). 303 

 At the femoral distal metaphysis following 21-days of exposure to PWB in female mice, Tt.Ar 304 

reduced at PWB20% by large effects, PWB40% by small effects, and was unaffected at PWB70% 305 

(Supplementary Fig. S2). Cortical area reduced at all PWB loads by very large effects, with PWB20% 306 

showing the greatest decline, whilst PWB40% and PWB70% had comparable losses (Supplementary Fig. 307 

S2). Similarly, Ct.Ar/Tt.Ar reduced by very large effects at all PWB loads, with PWB20% having the greatest 308 

declines, however, PWB70% was slightly more affected than PWB40% (Supplementary Fig. S2). Cortical 309 

thickness reduced at all PWB loads by very large effects, PWB20% had the greatest loss, whilst PWB40% 310 

and PWB70% displayed comparable declines, but with considerable heterogeneity (Supplementary Fig. 311 

S2). Sensitivity analysis reduced the meta-effect SMD for Ct.Th at PWB40% from -1.50 to -1.19, but had 312 

trivial effects on heterogeneity (I2: 86% to 79%) (Supplementary Table S4; 313 

https://doi.org/10.5281/zenodo.5599264). 314 

In male rats following 28-days of PWB exposure, Tt.Ar at the femoral mid-diaphysis remained 315 

unaffected at PWB20%, however declined by large effects at PWB40%, and increased by a medium effect 316 

at PWB70% (Fig. 7). Cortical area reduced by a medium effect at PWB20% and to a slightly greater degree 317 

at PWB40% (large effect), whilst PWB70% displayed a small positive effect (Fig. 7). Cortical area fraction 318 

declined at PWB20% and PWB70% by large effects of similar magnitudes, however it increased at 319 

PWB40% by a small effect (Fig. 7). Cortical thickness reduced at PWB20% and PWB70% by large effects, 320 

with PWB20% showing greater losses, but was unaffected at PWB40% (Fig. 7).  321 

 322 
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3.5 Mechanical Properties 323 

The biomechanical characteristics of the female mouse femoral and tibial diaphysis via three-point 324 

bending to failure following 21-days of PWB exposure are presented in Fig. 8. At the femoral diaphysis, 325 

estimated Young’s modulus remained unaffected or slightly increased, whilst stiffness and maximum force 326 

significantly decreased at all PWB loads by large/very large effects. The trend between PWB load and the 327 

magnitude of reduction was unclear due to considerable heterogeneity between study findings. However, 328 

in the two studies which investigated PWB across several loads simultaneously, both identified that 329 

PWB20% caused greater biomechanical impairments in maximum force, whilst PWB40% and PWB70% 330 

displayed similar losses. Reductions in stiffness appeared to be more pronounced at PWB40% and 331 

PWb70% compared to PWB20%. Sensitivity analysis could only be performed for the femoral diaphysis 332 

stiffness at PWB40% and had a trivial impact on the meta-effect (SMD: -1.97 to -2.02) but increased 333 

heterogeneity (I2: 31% to 64%) (Supplementary Table S4; https://doi.org/10.5281/zenodo.5599264). One 334 

study measured maximum moment at PWB40% and observed a very large reduction. At the tibia 335 

diaphysis, estimated Young’s modulus and maximal stress reduced by similar amounts at PWB20% and 336 

PWB40% (small effects). Stiffness and maximum force reduced at PWB20% by large/very large effects and 337 

to a lesser degree in PWB40% (small/medium effects).  338 

Additional three-point bending to failure parameters for the femoral diaphysis are presented in 339 

Supplementary Fig. S3. Work-to-failure decreased at PWB20% by medium effects and to a greater degree 340 

at PWB40% (large effect), however, was unaffected at PWB70%. Post-yield displacement was unaffected 341 

at any PWB load. Energy-to-ultimate increased by a medium effect at PWB20%, whilst post-yield energy 342 

and energy-to-fracture were unaffected. At PWB40% post-yield bending work was unaffected, whilst yield 343 

moment reduced by a large effect at PWB40%.  344 

Biomechanical properties of the male rat femoral diaphysis following 28-days of PWB exposure 345 

are presented in Supplementary Fig. S4. Estimated Young’s modulus and stiffness reduced by small and 346 
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medium effects, respectively, across all PWB loads by similar magnitudes. Maximum moment and fail 347 

moment reduced in a dose-response manner with PWB load.  348 

Compression-to-failure of the female mouse femoral neck and L4 vertebra following 21-days of 349 

PWB exposure are presented in Supplementary Fig. S5. At PWB20%, femoral neck stiffness was 350 

unaffected, however, with moderate heterogeneity (one study identified a medium decrease and two 351 

identified small/medium increases). Significant reductions occurred in load-to-failure and maximum force 352 

at PWB20% (very large effects). A single study also identified a medium reduction in maximum force at 353 

PWB40%. The L4 vertebra displayed small reductions in stiffness and ultimate load at PWB20% (no data 354 

available for PWB40% or PWB70%).  355 

 356 

 357 

 358 

 359 

 360 

 361 

 362 

 363 

 364 

 365 

 366 

 367 

 368 

 369 

                  



   
 

17 
 

4.0 Discussion  370 

4.1 Summary of Main Findings 371 

The present study was the first systematic review and meta-analysis investigating the effects of PWB on 372 

rodent bone. Current evidence indicates that exposure to 21-28 days of PWB causes bone deconditioning 373 

characterized by a loss of BMD, diminished trabecular and cortical geometry and microarchitecture, and 374 

impaired mechanical function in young/mature female mice and mature male rats. These findings 375 

predominantly relate the femur and tibia. Importantly, many of the affected bone parameters reduced by 376 

greater amounts at lower PWB loads (PWB20% > PWB40% > PWB70%). Higher PWB loads, notably 377 

PWB70%, were able to prevent some, but not all, deconditioning. The patterns of deconditioning between 378 

mice and rats were difficult to establish due to the limited number of studies, however, they appeared 379 

similar but not identical. Risk of bias was predominantly low or unclear across studies. 380 

 381 

4.2 Comparison of PWB Findings to Rodents and Humans During Complete Unloading 382 

Whole body and hindlimb aBMD were observed to decline in a dose-response manner with PWB load in 383 

female mice. Considerable heterogeneity was, however, identified between the two studies comprising 384 

these data. This may be due to the use of a figure extraction tool as data from Spatz et al. (43) were more 385 

challenging to accurately measure relative to Ellman et al. (44) because of the figure formatting. 386 

Nonetheless, DXA-derived measurements (i.e. aBMD) cannot distinguish between trabecular and cortical 387 

bone compartments, which have previously been shown to display differential responses to unloading 388 

and have distinct mechanical properties (45). Two studies (using male rats) assessed BMD via pQCT and 389 

revealed that PWB exposure caused a preferential loss of trabecular vBMD at the proximal tibia, whilst 390 

cortical vBMD at the tibial mid-diaphysis appeared less affected. This is consistent with previous findings 391 

in male rats exposed to hindlimb unloading (HLU) (45, 46). Similarly, following 4-6-months of spaceflight 392 

onboard the International Space Station (ISS), astronauts/cosmonauts have shown a preferential loss of 393 
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trabecular vBMD in the tibia and femoral neck (47, 48). More recently, comparable losses in the trabecular 394 

and cortical regions in the distal tibia have been observed in ISS astronauts/cosmonauts, possibly due to 395 

countermeasure advancements (49). During bed rest, a preferential loss of cortical vBMD in the femur is 396 

seen within the first one to two months of exposure, with longer-durations being shown to cause 397 

preferential loss of trabecular vBMD in line with spaceflight studies (50, 51). Recent systematic reviews 398 

have failed to identify any experimental evidence regarding bone loss in humans during exposure to 399 

hypogravity (12, 13). However, mathematical modelling estimates that bone loss will occur within Lunar 400 

and Martian hypogravity in proportion to gravitational field strength (10), which is supported by the 401 

present rodent evidence. In addition, whilst associational data were not reviewed, original PWB studies 402 

have identified strong linear relationships between PWB load and whole body/hindlimb aBMD in female 403 

mice (r = 0.65) and trabecular vBMD in male rats (r = 0.65) (16).  404 

Static histomorphometry findings reported in an original PWB study suggest that in male rats, the 405 

disruption in trabecular bone homeostasis is driven by reductions in osteoblast activity (bone formation), 406 

whilst osteoclast activity (bone resorption) remains unaffected (17). Similar responses have previously 407 

been observed in rats exposed to HLU (52, 53) and spaceflight (18), however, the mechanisms underlying 408 

reduced osteoblast activity within PWB remain unclear. Future cellular and molecular research would, 409 

therefore, yield important findings to understanding the etiology of unloading-induced and PWB-induced 410 

bone deconditioning. In contrast to rats, a recent systematic review and meta-analysis identified that 411 

astronauts/cosmonauts display increased levels of bone resorption biomarkers (plateauing at ~40-days 412 

exposure), whilst bone formation biomarkers remain unchanged or decreased initially, before gradually 413 

increasing with longer exposure durations (5). Similarly, during bed rest, bone resorption markers increase 414 

whilst bone formation markers are less/unaffected (54). Adult mice display similar mechanisms underlying 415 

bone loss to humans during periods of unloading (21). However, whilst PWB studies in mice have 416 

identified reduced bone formation rates in the trabecular, endocortical, and periosteal bone regions (55, 417 
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56), current histology data are limited to Wagner et al. (2010) (15) which was found to have several high 418 

RoBs (Table 4 and Supplementary Table S3; https://doi.org/10.5281/zenodo.5599188).  419 

Microarchitectural and geometric characteristics of trabecular and cortical tissue contribute to 420 

bone fragility independently of BMD and, thus, changes to their shape/structure have important 421 

mechanical implications (57-60). Both compartments diminished during PWB exposure, characterized by 422 

a loss of trabecular bone volume, thickness, and number, with an increase in separation, alongside 423 

reductions in cortical area and thickness. These findings predominantly relate to the femoral distal 424 

metaphysis (trabecular parameters) and femoral mid-diaphysis (cortical parameters) in female mice. 425 

Female mice also displayed a loss of trabecular bone volume and thickness in the L4 vertebrae and 426 

reduced cortical area and thickness in the tibia mid-diaphysis and femoral distal metaphysis. In male rats, 427 

the original study failed to identify any significant differences in cortical parameters during PWB (17), 428 

however, SMDs calculated in the present review suggest there were moderate/large reductions in cortical 429 

area (at PWB20% and PWB40%) and thickness (at PWB20% and PWB70%) at the femoral mid-diaphysis. 430 

The discrepancy in statistical interpretation (null-hypothesis significance testing vs. individual SMDs) may 431 

explain this conflict. Therefore, future PWB bone research is required with larger samples for increased 432 

statistical power. Nonetheless, of particular importance was that the most severe deconditioning was 433 

observed in rodents exposed to PWB20%, whilst those in PWB40% and PWB70% were partially or fully 434 

protected against diminished microarchitecture/geometry depending on the outcome. This is supported 435 

by an original PWB study in mice that identified moderate correlations between PWB load and trabecular 436 

bone volume (r = 0.45), trabecular thickness (r = 0.52), cortical area (r = 0.49), and cortical thickness (r = 437 

0.50) (44).  438 

Similar patterns of microarchitectural/geometric deconditioning have been observed in mice 439 

exposed to HLU, such as in the femora (reduced trabecular bone volume, thickness, number and increased 440 

separation, and reduced cortical area and thickness) and L4 vertebrae (reduced trabecular bone volume 441 
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and thickness) (44, 56, 61-63). To date, two comparative studies have compared PWB to HLU (44, 56). 442 

Female mice exposed to either PWB20% or HLU displayed loss of trabecular bone volume and thickness, 443 

although trabecular number remained unaffected following 21-days of HLU, whilst it reduced in PWB20%, 444 

and cortical area and thickness declined by greater amounts in PWB20% (44, 56). It is important to 445 

recognize that PWB and HLU are separate models, and it has been argued that PWB at 0% loading would 446 

not be equivalent to HLU due to factors such as cephalad fluid shifts (44), however, this remains to be 447 

experimentally validated. Nevertheless, following exposure to microgravity (via spaceflight), a recent 448 

systematic review and meta-analysis identified that rodents (mice and rats) and primates (rhesus 449 

monkeys) also display reduced trabecular bone volume, thickness, and number, and increased separation 450 

and reduced cortical area (findings for cortical thickness were heterogeneous) (18). Likewise, 451 

astronauts/cosmonauts display reduced trabecular bone volume, cortical area, and thickness (at the distal 452 

tibia) following 4-6-months of spaceflight, however, trabecular number, thickness, and separation were 453 

found to be unaffected (49). During bed rest, male humans are observed to have reduced trabecular 454 

number and cortical area and thickness, whilst trabecular bone area, thickness, and separation increased 455 

at the distal tibia following 59-days of exposure (64). In contrast, following 43-days of bed rest in females, 456 

cortical thickness reduced and trabecular bone volume declined only 3-days post bed rest at the distal 457 

tibia, whilst trabecular number, thickness, and separation remained unaffected (65). Taken together, 458 

whilst diminished/altered trabecular and cortical microarchitecture/geometry is evident during PWB, 459 

HLU, spaceflight, and bed rest, the characteristics of such deconditioning may not be identical between 460 

settings, species, or sex. Nonetheless, both trabecular and cortical microarchitecture/geometry are 461 

important determinants of bone fragility, as they are associated with an increased risk of bone fracture 462 

and are diminished in fracture patients (57-60).  463 

The present evidence supports that PWB, particularly at lower loads, leads to defining 464 

characteristics of osteoporosis through a loss of bone density, volume, area, and diminished 465 
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microarchitecture (66). Such adaptations are likely attributable to mechanical impairments. Following 466 

PWB exposure in female mice and male rats, the present review identified that both the tibial and femoral 467 

mid-diaphyses had reduced flexural rigidity and strength. In addition, the femoral neck became 468 

mechanically weaker, whilst the L4 vertebra was affected to only small degrees. The limited evidence and 469 

heterogenous findings make it difficult to determine whether higher PWB loads attenuated/prevented 470 

mechanical impairments in the femoral mid-diaphysis (female mice), however, deficiencies were still 471 

evident by large degrees at PWB70%. Evidence for the tibia mid-diaphysis (female mice) and femoral mid-472 

diaphysis (male rats) were limited to one study each, however, both revealed that lower PWB loading 473 

causes more severe biomechanical impairments. Studies employing hindlimb unloading have similarly 474 

observed biomechanical impairments in weight-bearing skeletal bones (44, 56). Two comparative studies 475 

have, however, found mixed evidence when comparing differences between PWB and HLU (44, 56). For 476 

example, greater reductions in femoral neck ultimate load occurred in rodents exposed to HLU relative to 477 

PWB40%, but not PWB20%, whilst comparable losses were observed in stiffness and maximum force at 478 

the femoral diaphysis, but were more severe at tibial diaphysis in PWB20% (44, 56). It is challenging to 479 

determine whether differences between PWB and HLU are caused by loading condition independent of 480 

the model. Future research should, therefore, aim to compare PWB0% to HLU to better understand the 481 

differences in these unloading models. Nevertheless, in humans, finite element analysis has shown 482 

impaired strength in weight-bearing bones following periods of disuse (via the use of crutches) (67) and 483 

exposure to long-duration spaceflight (49, 68).  484 

 485 

4.3 Findings Within the Context of Lunar and Martian Missions 486 

Development of early-onset osteopenia/osteoporosis during/following spaceflight has been a 487 

longstanding concern for astronauts/cosmonauts, even when countermeasures are employed (49, 68). 488 

Increased risk of bone fracture, impaired and incomplete fracture healing, neurological damage caused 489 
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by injured joints/vertebrae, and renal stone formation are some of the major risks to 490 

astronauts/cosmonaut health (14). The success of missions to the Moon or Mars will largely depend on 491 

crew members being physically capable. There is a concern, however, that they will arrive on these 492 

terrestrial bodies in a deconditioned state due to prolonged microgravity exposure, and that fragile bones 493 

may fracture when exposed to hypogravitational loading during work-related activities (e.g., bending and 494 

lifting objects) or accidents (e.g., falling) (10). In addition, factors such as post-spaceflight sensorimotor 495 

impairments (increasing the risk of falling) (69, 70) and altered postural control in hypogravity (71), could 496 

further amplify fracture risk. Microgravity-induced deconditioning is likely to be less of an issue for Lunar 497 

missions, due to the relatively short transit period (3-5 days) but may become more of a hazard if an 498 

orbital gateway is used which could increase microgravity exposure durations to weeks/months. Transit 499 

to Mars, however, will take 6-12-months depending on the mission profile (2, 3), where it is predicted that 500 

62-100% or 33% of astronauts/cosmonauts will develop osteopenia or osteoporosis, respectively (72). 501 

Additionally, previous studies have demonstrated that 4-6 months of spaceflight significantly reduces 502 

bone strength, even when countermeasures are employed (49, 68). This heightens concerns regarding 503 

astronaut/cosmonaut bone health as multi-purpose crew vehicles (e.g., NASA’s Orion capsule) have major 504 

volume and mass constraints (73), limiting the capacity for large exercise countermeasures as used 505 

onboard the ISS (74).  506 

The present PWB findings suggest that exposure to mechanical loads equivalent to Lunar 507 

(PWB20%), Martian (PWB40%), and moderate artificial hypogravity (PWB70%) may also cause bone 508 

deconditioning in humans. This is based on the observation that rodents, monkeys, and humans share 509 

similarities in the patterns of regional bone deconditioning during unloading and spaceflight that are 510 

comparable to those in PWB (5, 18, 24). Further, the present findings support early mathematical 511 

modeling which predicts that bone loss will occur in humans exposed to Lunar and Martian hypogravity 512 

(9). The progressive loss of trabecular vBMD observed at all PWB loads in male rats from 7-28 days 513 
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suggests that increasing hypogravity exposure may become progressively more hazardous to the integrity 514 

of astronauts/cosmonauts’ bone due to the association between BMD and risk of fracture (75). Risk 515 

assessment modeling has predicted that the probability of fracture on the Moon and Mars increases with 516 

longer mission lengths (10). Therefore, as exploration of the Lunar and Martian surfaces are expected to 517 

last up to 6-months and ~10-16-months, respectively (2, 3), countermeasures may be required for long-518 

duration surface missions to protect astronaut/cosmonaut bone health. Taken together, these findings 519 

justify the requirement for future studies to investigate the long-term effects of hypogravity exposure on 520 

bone structure and function in human models (e.g., head-up tilt bed rest) (11, 76). Understanding the 521 

time-course and magnitude of effects at various levels of hypogravity can help inform countermeasure 522 

strategies to mitigate bone deconditioning during long-term Lunar or Martian habitation. It is also crucial 523 

to understand the effects of hypogravity (during surface exploration) on bone following prolonged 524 

microgravity exposure (during transit), to better mimic exploration mission demands (77). This is critical, 525 

as the reviewed studies directly transitioned rodents from full weight-bearing to PWB. It remains plausible 526 

that hypogravity may cause some degree of bone reconditioning following a period of microgravity 527 

exposure due to the increased level of weight-bearing. However, the present findings indicate that any 528 

protection offered will remain significantly below that provided by Earth’s gravity. Lastly, early-onset 529 

osteopenia/osteoporosis and risk of bone fracture is not only a concern to astronauts/cosmonauts’ health 530 

during exploration-class missions, but also upon their return to Earth. Longitudinal studies have observed 531 

that in astronauts/cosmonauts following 4-6-months of spaceflight, non-weight-bearing bones 532 

progressively deteriorate up to a year post-spaceflight (49) and that the recovery of BMD to pre-flight 533 

values can take ~3-years (78).  534 

 535 

 536 

 537 
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5.0 Quality of the Evidence and Overall Completeness 538 

Studies investigating the effects of PWB on bone remain limited and is one of the main drawbacks of the 539 

present review. Some studies, however, have reported an abundance of bone parameters, capturing a 540 

comprehensive picture of what adaptations occur across several PWB loads. Yet, these findings are 541 

somewhat constrained to the rodent population investigated. This is important to note when interpreting 542 

the present findings as they are derived from young/mature female mice (6 studies) and mature male rats 543 

(2 studies). It has yet to be directly established whether the skeletal response to PWB is influenced by age 544 

or sex, but it is important nonetheless to identify whether these, among other factors, augment PWB-545 

induced skeletal deconditioning which may have implications to astronaut bone health on the 546 

Moon/Mars. Additionally, not all PWB studies have provided comprehensive bone assessments, likely as 547 

it was not their main objective. This then created the issue that many outcomes could not be pooled for 548 

increased statistical power, but only reported as individual effect sizes.  549 

Given that PWB is a novel method, it is anticipated that it will become more widely employed by 550 

the research community, due to the contemporary relevance of PWB to human space exploration. This 551 

will act to support future systematic reviews, where a larger number of studies will be able to be 552 

synthesized. To this end, it would be beneficial for future researchers to consider using/agreeing 553 

standardized study designs, rodent populations, and outcomes to ensure that the benefits of meta-554 

analysis can be fully utilized. As PWB can be investigated across a spectrum (>0g to <1g), with more PWB 555 

research, meta-regression could also be applied in future systematic reviews, allowing the relationship 556 

between PWB load, exposure duration, and magnitude of bone deconditioning to be modeled.  557 

 558 

5.1 Quality of the PWB Model 559 

An important consideration regarding the quality of the PWB model is whether it affects bone outcomes 560 

independent of the loading condition. One study using female mice observed significant differences in 561 
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several mechanical parameters (femoral stiffness, yield moment, ultimate moment, and estimated 562 

Young’s modulus) between two full weight-bearing control groups with and without the PWB apparatus 563 

(15). However, given that the groups also differed in respect to housing (single vs. group housed) and 564 

feeding (ad libitum vs. pair-fed) conditions, it is difficult to determine whether the PWB model 565 

independently caused these changes. Similarly, in another PWB study using female mice, two full weight-566 

bearing controls with and without the apparatus were shown to have several significantly different 567 

cortical parameters, but similar femoral mechanical properties. However, the housing conditions were 568 

also not standardized between the control groups (singly vs. group housed) (44). It has recently been 569 

demonstrated that social housing conditions (single vs. paired housing) significantly affects immune and 570 

stress parameters but not musculoskeletal structure in mice following 30-days of HLU (79). However, 571 

other research in mice has found that stress can adversely affect bone metabolism and structure (80). 572 

Furthermore, elevated adrenocortical activity has been observed in singly housed mice during PWB at 573 

PWB20%, PWB40%, and PWB70%, relative to full weight-bearing controls (44), suggesting that the mouse 574 

PWB model may amplify bone loss independent of the loading condition.  575 

During full-weight bearing, male rats bear ~65% of their weight on their hindlimbs (81). However, 576 

during PWB, it has been demonstrated within a small sample (n = 3-5) that the relative weight-bearing 577 

load in the forelimbs was equivalent or slightly higher than that in the hindlimbs (81). Whilst the sample 578 

size limits the generalizability of these data to other rats and also mice, it is nonetheless important to note 579 

that discrepancies in relative forelimb and hindlimb loading between PWB groups can bias bone 580 

outcomes, as they are sensitive to mechanical stimuli; future research is planned to investigated this 581 

further (44). Overall, PWB in mice and rats is a novel method and its limitations must be considered when 582 

interpreting the present findings and for future PWB studies to improve upon.  583 

 584 
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5.2 Risk of Bias 585 

In accordance with the SYRCLE’s RoB tool and the novel PWB-RoBC tool, overall RoB was low/unclear 586 

(SYRCLE: low [44%], unclear [47%], high [8%]; PWB-RoBC: low [62%], unclear [36%], high [2%]). Of the 587 

items that were scored high RoB, two studies (16, 17) used a non-random approach to allocate rodents 588 

to the experimental and control groups. Rodents were assigned to maintain an equal distribution of body 589 

weights across groups at baseline. This method minimizes the chance of baseline imbalances occurring 590 

due to randomization and avoids having significant between-group differences independent of the 591 

intervention effect, as there is a strong relationship between rodent body weight and musculoskeletal 592 

properties (82). To avoid making this trade-off, however, researchers have recommended that 593 

randomization should be performed and data be analyzed with and without adjustment for pre-594 

determined prognostic covariates (e.g., body weight) (83). The same two studies were also confirmed to 595 

be unable to fully blind caregivers/investigators to the PWB load during the experiment, as it required 596 

daily monitoring to maintain stability within ±5%. This limitation is, however, commonplace in the related 597 

HLU model, where the intervention and control groups are visually distinct and unable to be blinded. All 598 

other high RoBs were from the study of Wagner et al. (15), that did not standardize physical or social 599 

housing conditions (compromising blinding of researchers/caregivers) and only maintained PWB within 600 

±5% of the desired load on 77% of the study days. Sensitivity analysis via the removal of this study from 601 

all applicable meta-effects had either trivial influence on the findings or reduced the magnitude of the 602 

meta-effect by a small amount, none of which influenced the present conclusions. Where small 603 

differences were observed between original and sensitivity analyses, the effect size magnitude became 604 

less negative, suggesting that the study may have overestimated the effect of PWB40%. Nonetheless, 605 

findings from Wagner et al. (15) should be interpreted with caution. It is also important to note that the 606 

sham-irradiated mice from Macias et al. (36) (reported in this review) were removed from their cages on 607 

two occasions and transported to a radiation facility to maintain consistency with the radiated 608 
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intervention groups. Though this procedure exposed mice to full weight-bearing, they were placed under 609 

the effects of anesthesia during transit and irradiation periods to minimize non-PWB ambulatory activities 610 

and thus was considered low RoB. The high frequency at which RoB items were scored as unclear warrants 611 

improved reporting standards, which can be aided with pre-established checklists. The SYRCLE’s RoB tool 612 

can be used as a foundational guide. However, use of the PWB-RoBC checklist, which was designed in the 613 

present review specifically for PWB studies, is recommended when planning and reporting future study 614 

methods (42). This should help improve reporting transparency, reduce heterogeneity of methods 615 

between similar studies, and minimize preventable RoBs.  616 
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6.0 Limitations 631 

The limitations of the present review include those described in a separate systematic review concerning 632 

the effect of PWB on muscle outcomes (31). In brief, the main drawbacks were that studies often reported 633 

sample sizes as a range, and, thus, were used conservatively, only extracting the smallest possible size. 634 

However, this can lead to underestimations of the SMD, as Hedge’s G was used, which corrects for small 635 

sample bias. Additionally, some data were only presented graphically in the original study, and where 636 

authors were unable to provide raw data, had to be extracted using WebPlotDigitizer. Despite this tool 637 

having near perfect reliability and accuracy (32), this can still introduce errors.  638 
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7.0 Conclusion 653 

Partial weight-bearing causes bone deconditioning in rodents characterized by a loss of BMD, specifically 654 

in the trabecular compartment, diminished trabecular and cortical microarchitecture/geometry, and 655 

impaired bone stiffness and strength. Deconditioning was frequently observed to be more severe at lower 656 

PWB loads (PWB20% > PWB40% > PWB70%), the patterns of which resemble those that occur during 657 

complete unloading in rodents (e.g., HLU and spaceflight) and humans (e.g., bed rest and spaceflight). 658 

Age- and sex-based responses to PWB remain unclear due to the limited evidence-base, however, 659 

deconditioning patterns between female mice and male rats (the only two populations currently 660 

employed in PWB studies) appeared similar, but not identical. These early findings have potential 661 

implications for astronaut/cosmonaut bone health on the surface of the Moon or Mars. Future research 662 

regarding the effects of hypogravitational loading on human bone is recommended and will help inform 663 

countermeasure strategies for the exploration of new planets. 664 
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9.0 Figure Captions 930 

Fig. 1. PRISMA flow diagram  931 

Fig. 2. The effect of partial weight-bearing (PWB) on total body and hindlimb areal bone mineral density 932 

(aBMD) in female mice.  933 

Fig. 3. The effect of partial weight-bearing (PWB) on trabecular and cortical volumetric bone mineral 934 

density (vBMD) at the proximal tibia and tibia mid-diaphysis, respectively, in male rats. 935 

Fig. 4. The effect of partial weight-bearing (PWB) on femoral distal metaphysis and L4 vertebrae trabecular 936 

geometry and microarchitecture in female mice. Bone volume fraction = BV/TV, trabecular number = 937 

Tb.N, trabecular thickness = Tb.Th, and trabecular separation = Tb.Sp.  938 

Fig. 5. The effect of partial weight-bearing (PWB) on femoral distal metaphysis trabecular geometry and 939 

microarchitecture in male rats. Bone volume fraction = BV/TV, trabecular thickness = Tb.Th, and trabecular 940 

number = Tb.N. 941 

Fig. 6. The effect of partial weight-bearing (PWB) on femoral and tibial mid-diaphysis cortical geometry in 942 

female mice. Total bone area = Tt.Ar, cortical area = Ct.Ar, cortical area fraction = Ct.Ar/Tt.Ar, and cortical 943 

thickness = Ct.Th.   944 

Fig. 7. The effect of partial weight-bearing on femoral mid-diaphysis cortical parameters in male rats. Total 945 

bone area = Tt.Ar, cortical area = Ct.Ar, cortical area fraction = Ct.Ar/Tt.Ar, and cortical thickness = Ct.Th.   946 

Fig. 8. The effect of partial weight-bearing (PWB) on femoral and tibial diaphysis mechanical properties 947 

via three-point bending to failure in female mice. 948 
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10.0 Figures 952 

 953 

 954 

 955 

Fig 1. PRISMA flow diagram [32] 956 
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 958 

Fig 2. The effect of partial weight-bearing (PWB) on total body and hindlimb areal bone mineral density (aBMD) in female mice.  959 
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 964 

Fig 3. The effect of partial weight-bearing (PWB) on trabecular and cortical volumetric bone mineral density (vBMD) at the proximal tibia and 965 

tibia mid-diaphysis, respectively, in male rats. 966 
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 967 

Fig 4. The effect of partial weight-bearing (PWB) on femoral distal metaphysis and L4 vertebrae trabecular geometry and microarchitecture in 968 

female mice. Bone volume fraction = BV/TV, trabecular number = Tb.N, trabecular thickness = Tb.Th, and trabecular separation = Tb.Sp.  969 
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 970 

Fig 5. The effect of partial weight-bearing (PWB) on femoral distal metaphysis trabecular geometry and microarchitecture in male rats. Bone 971 

volume fraction = BV/TV, trabecular thickness = Tb.Th, and trabecular number = Tb.N. 972 

 973 
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 978 
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 980 

Fig 6. The effect of partial weight-bearing (PWB) on femoral and tibial mid-diaphysis cortical geometry in female mice. Total bone area = 981 

Tt.Ar, cortical area = Ct.Ar, cortical area fraction = Ct.Ar/Tt.Ar, and cortical thickness = Ct.Th.   982 
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 983 

Fig 7. The effect of partial weight-bearing on femoral mid-diaphysis cortical parameters in male rats. Total bone area = Tt.Ar, cortical area = 984 

Ct.Ar, cortical area fraction = Ct.Ar/Tt.Ar, and cortical thickness = Ct.Th.   985 
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 991 

Fig 8. The effect of partial weight-bearing (PWB) on femoral and tibial diaphysis mechanical properties via three-point bending to failure in 992 

female mice.993 
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11.0 Tables 994 

Table 1. Search Strategy 995 

Database Search String Filter(s) Hits Date  

PubMed 

(MeSH) 

("Gravity, Altered"[Mesh] OR "Hindlimb Suspension"[Mesh]) AND 

"Musculoskeletal System"[Mesh] AND "Murinae"[Mesh] 

None 1495 19th of May 2021 

PubMed (("partial gravity" OR "reduced gravity" OR hypogravity OR "quadrupedal 

unloading" OR "partial weight bearing" OR "partial weight-bearing" OR "partial 

weightbearing" OR "martian gravity analog" OR "martian-gravity analog" OR 

"lunar gravity analog" OR "lunar gravity-analog") AND (musculoskeletal OR 

muscle OR bone OR skeleton OR skeletal OR strength OR grip)) AND (rat OR mice 

OR rodent OR animal OR murine) 

None 1077 18th of June 2020 

Web of 

Science 

TOPIC: ("partial gravity" OR "reduced gravity"  OR hypogravity OR "quadrupedal 

unloading" OR "partial weight bearing" OR "partial weight-bearing" OR "partial 

weightbearing" OR "martian gravity analog" OR "martian-gravity analog" OR 

"lunar gravity analog" OR "lunar gravity-analog") AND TOPIC: (musculoskeletal 

OR muscle OR bone OR skeleton OR skeletal OR strength OR grip) AND TOPIC: 

(rat OR mice OR rodent OR animal OR murine) 

None 71 18th of June 2020 

Scopus ( TITLE-ABS-KEY ( "partial gravity"  OR  "reduced gravity"  OR  hypogravity  OR  

"quadrupedal unloading"  OR  "partial weight bearing"  OR  "partial weight-

bearing"  OR  "partial weightbearing"  OR  "martian gravity analog"  OR  "martian-

gravity analog"  OR  "lunar gravity analog" )  AND  TITLE-ABS-KEY ( 

musculoskeletal  OR  muscle  OR  bone  OR  skeleton  OR  skeletal  OR  strength  

OR  grip )  AND  TITLE-ABS-KEY ( rat  OR  mice  OR  rodent  OR  animal  OR  murine 

) )  

None 128 18th of June 2020 

MEDLINE ("partial gravity" OR "reduced gravity" OR hypogravity OR "quadrupedal 

unloading" OR "partial weight bearing" OR "partial weight-bearing" OR "partial 

weightbearing" OR "martian gravity analog" OR "martian-gravity analog" OR 

"lunar gravity analog" OR "lunar gravity-analog" ) AND (musculoskeletal OR 

muscle OR bone OR skeleton OR skeletal OR strength OR grip ) AND (rat OR mice 

OR rodent OR animal OR murine ) 

None 119 18th of June 2020 

EMBASE (("partial gravity" or "reduced gravity" or hypogravity or "quadrupedal 

unloading" or "partial weight bearing" or "partial weight-bearing" or "partial 

weightbearing" or "martian gravity analog" or "martian-gravity analog" or "lunar 

gravity analog" or "lunar gravity-analog") and (musculoskeletal or muscle or 

bone or skeleton or skeletal or strength or grip) and (rat or mice or rodent or 

animal or murine)).af. 

None 103 18th of June 2020 

Note: Scopus only allows a limited number of search terms per search box.  996 
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 998 
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Table 2. PICOS eligibility criteria 999 

Parameter  Inclusion criteria  

Population Rats and mice (no sex or breed restriction) 

Intervention Quadrupedal partial weight-bearing (between 10% and 80% full loading) for ≥1-week 

Comparison  Full weight-bearing control 

Outcomes  1) Areal BMD and trabecular/cortical volumetric BMD 

2) Trabecular architecture/geometry (BV/TV, Tb.Th, Tb.N, Tb.Sp) 

3) Cortical architecture/geometry (Tt.Ar, Ct.Ar, Ct.Ar/Tt.Ar,  Ct.Th) 

4) Three-point bending and compression testing outcomes (e.g., Young’s modulus, stiffness, ultimate load, and 

failure load) 

Study design Controlled animal intervention trial 

Where: BMD = bone mineral density, BV/TV = bone volume fraction, Tb.Th = trabecular thickness, Tb.N = trabecular number, Tb.Sp = trabecular 1000 

separation, Tt.Ar = total cross-sectional area inside the periosteal envelope, Ct.Ar = cortical bone area, Ct.Ar/Tt.Ar = cortical area fraction, Ct.Th 1001 

= cortical thickness (33).   1002 

 1003 

 1004 

 1005 

 1006 
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Table 3. Study Characteristics 1007 

Reference Population 
Age 

(weeks) 

Control 

Condition 

Apparatus 

PWB Model 

Apparatus 

Full 

Weight-

Bearing 

Control 

PWB 

70% 

PWB 

40% 

PWB 

20% 

Longest 

Exposure 

Duration 

Mortreux et al. 2018 (16)  Wistar male rats 14 NKD, JKT, HNS JKT + HNS     2 weeks 

Ko et al. 2020 (17)  Wistar male rats 14 JKT + HNS JKT + HNS     4 weeks 

Swift et al. 2013 (56)  BALB/cByJ female mice 17 Unclear JKT + TW     3 weeks 

Wagner et al. 2010 (15)  BALB/cByJ female mice 10 NKD JKT + TW     3 weeks 

Macias et al. 2016 (36)  BALB/cByJ female mice 17 Unclear JKT + TW     3 weeks 

Bokharki et al. 2019 (55)  BALB/cByJ female mice 16 NKD JKT + TW     3 weeks 

Ellman et al. 2013 (44)  C57Bl/6J female mice 11 JKT + TW JKT + TW     3 weeks 

Spatz et al. 2017 (43)  C57Bl/6J female mice 11 Unclear JKT + TW     3 weeks 

Where: PWB = partial weight-bearing (as a percentage of 100% body weight), NKD = naked, JKT = forelimb jacket, HNS = pelvic harness, and TW = tail wrap. Note: see forest plots for exact sample 1008 

sizes, which varied PWB group and outcome measurement. Note: rodent age at the start of PWB is presented. 1009 

 1010 

 1011 

 1012 

 1013 

 1014 

 1015 

 1016 
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Table 4. Risk of Bias Scoring (via SYRCLE’s tool) 1017 

Reference 

Selection bias Performance bias Detection bias 
Attrition 

bias 

Reporting 

bias 

Sequence 

generation 

Baseline 

characteristics 

Allocation 

concealment 

Random 

housing 
Blinding 

Random 

outcome 

assessment 

Blinding 

Incomplete 

outcome 

data 

Selective 

outcome 

reporting 

Mortreux et al. 2018 (16) High Low Low Low High Low Unclear Low Low 

Ko et al. 2020 (17) High Low Low Low High Low Unclear Low Low 

Swift et al. 2013 (56) Unclear Low Unclear Unclear Unclear Unclear Unclear Low Low 

Wagner et al. 2010 (15) Low Low Unclear High High Unclear Unclear Low Low 

Macias et al. 2016 (36) Unclear Low Unclear Unclear Unclear Unclear Unclear Low Low 

Bokhari et al. 2019 (55) Low Low Unclear Unclear Unclear Unclear Unclear Low Low 

Ellman et al. 2013 (44) Unclear Low Unclear Unclear Unclear Unclear Unclear Low Low 

Spatz et al. 2017(43) Unclear Low Unclear Unclear Unclear Unclear Unclear Low Low 

Note: items scored as low = 44%, unclear = 47%, and high = 8% (rounded to the nearest integer).  1018 
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