
Results 
• In vivo strain measurements demonstrated significantly higher 

orthopaedic plate strains in the Microgravity Group as compared to the 

Control Group following the 28-day healing period (Figure 3).  

• Strain measurements from the metatarsal plate for single-limb 

ground reaction forces up to 200N were then recorded for the 

standing animals, and the resultant slope magnitude (µε/N) per 

testing day was calculated and normalized to the baseline value 

calculated for each group.  

 

• DEXA BMD measurements were performed on the treated metatarsi 

at the time of the external fixation surgery, ostectomy surgery, and 

every other subsequent week until sacrifice to quantify bone loss. 

 

• Following sacrifice, mechanical competency of the healing fracture 

was evaluated via four-point bending tests using a servo-hydraulic 

materials testing machine (MTS Systems Corporation, Eden Prairie, 

MN). 

 

• Fracture callus bone volume was quantified via micro-computed 

tomography (µCT) while bone formation parameters and cellular 

activity were quantified via static and dynamic histomorphometry.  
 

• Statistical comparisons between groups were performed via a 

Student’s t-test or one-way repeated measures ANOVA (for DEXA 

analysis) with the Student-Newman-Keuls post hoc test (α=0.05, 

SigmaPlot, Systat Software, Inc., San Jose, CA).  

Introduction 
• The inherent reduction in mechanical loading associated with 

microgravity has been shown to result in dramatic decreases in the 

bone mineral density (BMD) and mechanical strength of skeletal tissue.  
 

• Due to the decrease in BMD, there is a concomitant increase in fracture 

risk during long-duration spaceflight missions. 

 

• Rodent studies have highlighted distinct differences in animals that 

heal in gravitational environments versus those that heal during 

spaceflight.  

 

• While these data have demonstrated that microgravity has a deleterious 

effect on osteogenic healing, the direct translation of these results to 

human skeletal repair remains problematic due to the substantial 

differences between rodent and human bone (most notably the lack of 

Haversian systems in rodent bone).  

 

• The objective of the current study was to investigate the effects of 

microgravity loading on long-bone fracture healing in a previously-

developed Haversian bone model of simulated microgravity.  

Discussion & Conclusions 
 

• The data reported herein provide strong evidence that the mechanical 

unloading environment of microgravity dramatically affects the 

fracture healing cascade and resultant mineralized tissue mechanical 

competency through decreased bone formation.  
 

• Given the results reported herein, it is imperative to study and develop 

techniques and technologies that counteract the deleterious effects of 

microgravity unloading on mineralized tissue healing. 
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Methods 
• A trans-biarticular hybrid fixator was applied to the right hindlimb of 

five skeletally mature sheep for 21 days (Microgravity Group, n=5) in 

order to mechanically unload the metatarsal bone (Figure 1). 

 

• After 21 days of simulated microgravity, a 3.0mm transverse mid-

diaphyseal ostectomy was performed and stabilized with an 

orthopaedic locking plate instrumented with a rosette strain gage 

(Figure 1).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

• An additional Earth gravity (Control, n=5) group was included in 

which an identical 3.0mm ostectomy was created, plated, and casted, 

allowing full loading to be transmitted through the metatarsal bone. 

 

• Both groups underwent a 28-day healing period following the 

ostectomy surgery. 

 

• For in vivo mechanical evaluation of the healing callus, each animal 

was placed on a custom-made force measurement platform 

instrumented with a six degree-of-freedom load cell (AMTI, 

Watertown, MA) twice per week (Figure 2).  

 

 

 

 

Figure 1.The external fixation device was implanted on the right hindlimb of 5 

sheep for a period of 21 days. A mid-metatarsal ostectomy was created and 

stabilized with an orthopaedic locking plate instrumented with a rosette strain gage.  
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Figure 2. For in vivo mechanical evaluation, strains of the orthopaedic fixation 

plate were then quantified for known right hindlimb ground reaction forces 

with a six degree-of-freedom load cell (AMTI, Watertown, MA, Red Arrow) 

with a custom-built acquisition system (Red Circle). 
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Figure 3. The Microgravity Group demonstrated reduced in vivo mechanical 

competency at the fracture site as compared to the Control Group (* p < 0.05) while 

both group demonstrated significant reductions in strain slope magnitude versus their 

respective baseline values (#,+ p < 0.05). 

Figure 5. Representative (A) gross necropsy images of the mid-diaphyseal fracture 

callus and (B) respective µCT three-dimensional reconstructions demonstrated 

significantly reduced mineralization and callus formation for the (left) Microgravity 

Group as compared to the (right) Control Group (p<0.05). 

Figure 6. Histomorphometric analysis revealed increased total mineralized callus area 

in the (left) Control Group as compared to the (right) Microgravity Group (p<0.05) 

while no differences in total or fractional area were observed within the diaphyseal 

interior for either group. 
 

• The microgravity treatment resulted in significantly lower osteoblast 

number, mineralized surface, mineral apposition rate, and bone 

formation rate within the periosteal callus as compared to the control 

treatment (p<0.05). 
 

• DEXA analysis demonstrated statistically significant reductions in 

BMD versus baseline values 3, 5, and 7 weeks following the 

application of the external fixation device (Microgravity Group) while 

no changes were observed in the Control Group. 

Figure 4. 4-point bending experiments demonstrated a statistically significant reduction 

in fracture callus stiffness in the Microgravity Group as compared to the Control Group 

following the 28-day healing period (* p<0.001). 
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