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R E V I E W  A R T I C L E

       B
one loss from weightlessness is a major concern for frac-

ture risk of astronauts on mission and upon their return 

to Earth. Th is problem is identifi ed by using dual energy 

X-ray absorptiometry (DXA), the technology that changed the 

medical landscape for diagnosing osteoporosis and fracture 

risk because it could identify bone defi ciency years before it was 

visible on a standard skeletal X-ray.  56   DXA was originally devel-

oped to assess the risk of fractures from osteoporosis in a very 

specifi c population of patients, namely postmenopausal, elderly, 

Caucasian women in whom the incidence of this disease was 

quite high.  45   It provided an estimate of bone mineral density 

(BMD) from two-dimensional imaging of the skeleton that was 

referenced to a normative data base, which provided a statistical 

deviation of a patient ’ s value from the reference mean, the 

T-score. Large negative deviations of this score implied greater 

fracture risk from the disease osteoporosis.  45   Th e wide avail-

ability of the technology, however, helped extend its use 

beyond the original population of patients for which it was 

developed. Clinicians used DXA to diagnose a high risk for 

fragility fractures in patients of all genders, races, and ages and 

with various other diseases; and as a result, they sometimes 

found paradoxical results between bone density and patients ’  

clinical histories. For example, patients with osteopetrosis have 

high bone density but weak fragile bones.  53   Some patients 

chronically using glucocorticoids have high fracture risk despite 

nearly normal bone density.  29 , 34 , 35   Sodium fl uoride, an old ther-

apy for primary osteoporosis, markedly increases bone density 

but also the risk for peripheral fractures.  39   Diabetes mellitus 

increases risk of peripheral fractures despite normal to high 

BMD in the spine.  33 , 48 , 52   About 15% of healthy premenopausal 
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    INTRODUCTION:   Bone loss due to weightlessness is a signifi cant concern for astronauts ’  mission safety and health upon return to Earth. 

This problem is monitored with bone densitometry (DXA), the clinical tool used to assess skeletal strength. DXA has 

served clinicians well in assessing fracture risk and has been particularly useful in diagnosing osteoporosis in the elderly 

postmenopausal population for which it was originally developed. Over the past 1 – 2 decades, however, paradoxical and 

contradictory fi ndings have emerged when this technology was widely employed in caring for diverse populations 

unlike those for which it was developed. Although DXA was originally considered the surrogate marker for bone 

strength, it is now considered one part of a constellation of factors – described collectively as bone quality – that makes 

bone strong and resists fracturing, independent of bone density. These characteristics are beyond the capability of 

routine DXA to identify, and as a result, DXA can be a poor prognosticator of bone health in many clinical scenarios. New 

clinical tools are emerging to make measurement of bone strength more accurate. This article reviews the historical 

timeline of bone density measurement (dual X-ray absorptiometry), expands upon the clinical observations that 

modifi ed the relationship of DXA and bone strength, discusses some of the new clinical tools to predict fracture risk, and 

highlights the challenges DXA poses in the assessment of fracture risk in astronauts.   

  KEYWORDS:   Bone density  ,   bone strength  ,   bone quality  ,   astronauts  ,   fracture risk  ,   DXA  ,   space medicine  ,   weightlessness  ,   probabilistic 

risk assessment  ,   digital astronaut  . 

 Licata AA.  Challenges of estimating fracture risk with DXA: changing concepts about bone strength and bone density.  Aerosp Med Hum Perform. 2015; 86(7): 628  –  632 .   

D
ow

nloaded from
 https://prim

e-pdf-w
aterm

ark.prim
e-prod.pubfactory.com

/ at 2025-05-13 via free access



AEROSPACE MEDICINE AND HUMAN PERFORMANCE Vol. 86, No. 7 July 2015  629

CONCEPT CHANGES FOR DXA — Licata

women have low T-scores (-1.0 to -2.5 SD) and low risk of 

fracture.  40   Such observations shift ed the perception that addi-

tional skeletal factors, collectively called bone quality, impacted 

skeletal strength and fracture risk besides traditional measure-

ments of DXA. Hence, present day clinical practice is searching 

for measurements of mechanical strength rather than bone 

density.  42   Th is paper reviews the historical backdrop of this 

paradigm shift , presents some of the new technologies that can 

assess bone strength and quality apart from bone density, and 

addresses new ideas how fracture risk in the astronaut popula-

tion may be evaluated.    

     Historical Background 

 Many clinical observations about drug therapy and skeletal 

physiology challenged traditional orthodoxy about bone den-

sity and skeletal strength (    Table I  ). One of the most important 

concepts was that age predicted fracture risk independently of 

bone density. Th e discordance between density and facture risk 

due to age alluded to skeletal properties that were transparent to 

DXA. Th e pharmaceutical studies of therapy for osteoporosis 

revealed several observations that questioned the traditional 

mechanisms of drug action on bone strength and density. All 

antiresorptive drugs reduced spinal fractures similarly but 

produced disparate changes in density that explained only a 

small part of the reduction in fracture risk. Moreover, these 

drugs reduced fractures before demonstrable changes in bone 

density  –  a fi nding attributed to decreases in osteoclastic activity 

before osteoblastic processes were discernible. Other favorable 

eff ects were noted on bone mineral, collagen, microarchitec-

ture, and porosity. Th e transparency of routine DXA to all these 

qualitative and quantitative changes prompted new approaches 

to estimating bone strength and fracture risk.       

 New Approaches for Assessing Bone Quality and Bone 

Strength 

 Several promising techniques are available to assess bone qual-

ity and strength  21   apart from routine clinical DXA. Th ey include 

QCT and its variation three-dimensional (3D) QCT, finite 

element analysis (FEA), and hip structure analysis (HSA) and 

trabecular bone score (TBS). Studies show QCT and FEA sig-

nifi cantly correlate with bone strength  21   with r-values between 

0.6 and 0.9. QCT is better than DXA alone  2   and FEA is better 

than DXA and QCT.  13   Despite the theoretical advantage of 

FEA, QCT is the method clinically available today and off ers 

advantages over DXA. It predicts hip fracture risk in patients 

better than DXA alone,  7   diff erentiates hip strength in women 

and men,  36   measures spinal bone density more accurately,  25   

quantifi es greater age related bone loss than DXA,  36   and shows 

larger therapeutic diff erences in bone density in clinical trials 

than assessed by DXA alone.  32 , 37 , 41   

 HSA and TBS use density information from DXA to ana-

lyze strength. HSA estimates strength from a two-dimensional 

slice of cross-sectional femoral neck area and calculates the 

variables (moments of inertia, buckling ratios, moduli).  3   It has 

a high correlation to QCT  49   but not QCT/FEA.  38   In clinical 

studies, it improves estimates of fracture risk from 66 to 81%  14   

and shows better therapeutic improvement in strength than 

DXA.  54 , 55   Trabecular bone score (TBS) evaluates vertebral bone 

microarchitecture and its contribution to compressive strength. 

Ex vivo studies of vertebrae show a strong correlation between 

microcomputer tomography and TBS but not DXA.  10   TBS has 

greater discriminatory power to separate samples with similar 

bone density but different microarchitecture.  17   Cross-sec-

tional studies show TBS discriminates patients with and with-

out fractures; better segregation may arise by combining it 

with DXA.  8 , 18 , 47   Another report suggests combined technol-

ogy can discriminate fracture risk in patients with only low 

bone density.  60     

 Risk Assessment Tools 

 Th e astronaut corps may at times have healthy members with 

low density or changing BMD. Does this predictably refl ect 

poor bone strength? Present clinical methods do not ade-

quately estimate fracture risk in this young healthy population 

whether it be DXA or its popular fracture risk assessment tool 

called FRAX.  58 , 59   

 Table I.        Observations Confounding the Estimation of Bone Strength from Bone Density.  

OBSERVATIONS   REFERENCES

 PHARMACOLOGICAL DATA

   Alendronate, 

  risedronate, raloxifene, calcitonin

Similar reduction in vertebral fractures (33 – 50% avg) but disparate increases in 

bone density (1 – 7%)

  1 , 4 , 5 , 12 , 15 , 22 , 28 , 51   

  Alendronate, risedronate Bone density explains about 16% reduction in fracture rates   15 , 57   

  Alendronate, risedronate, raloxifene Reduction in fracture rates before discernible increase in bone density   5 , 23 , 27 , 43   

  Alendronate, risedronate Early decreases in bone turnover markers correlate with fracture reduction before 

changes in bone density

  23 , 24 , 26 , 50   

  Sodium fl uoride Large increases in bone density and increased rates of fractures   16 , 39   

  Alendronate, risedronate, 

  raloxifene, pamidronate, teriparatide

Alteration in structure unseen by DXA   6 , 9 , 11 , 19 , 31 , 62   

    CLINICAL DATA   

  Age dependency of fracture Similar bone density in young and old does not carry same risk of fracture   20   

 Fracture incidence in women  �  85 yr old 45% but DXA diagnosis of osteoporosis only 12%   30   

 Low bone density in 15% healthy premenopausal women and no fractures   40   

  Diabetes mellitus type 2 Increased bone density with increased fracturing   33 , 48 , 61   

  Osteopetrosis High bone density with increased fractures   53   

  Glucocorticoids Fractures occur with mild decreases or normal bone density   29 , 34    
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 Th e World Health Organization (WHO) developed FRAX, 

in part to address the conundrum of what to do for young 

healthy people with low bone density and no fractures who 

were over-treated with drug therapy. It has important applica-

tion in refi ning fracture prediction for older high risk individu-

als. It combines DXA data (BMD / T-score) and clinical risk 

factors related to bone quality, such as age, family history, sec-

ondary medical problems, etc., into an algorithm that calculates 

a fracture probability (an intervention threshold) over a 10-yr 

period. Th is unique value helped guide clinical decisions about 

pharmaceutical intervention. For the astronaut population, 

FRAX has limited application. Th is model is not generated 

from a population as healthy and fi t as astronauts. Th e clinical 

risk factors generating the model are for the general populace 

and not for astronauts. Th ose unique risk factors for astronauts 

such as microgravity, mission activity, etc., are not part of 

FRAX. Th e intervention threshold, although a decision tree for 

therapy, can be viewed as a surrogate marker of strength, but it 

is a point estimate with as yet no information on its variance. 

Moreover, this estimate is projected over a 10-yr time horizon 

that is not useful for short term predictions in space mission-

related activity. 

 Another probabilistic risk assessment tool was developed to 

overcome these shortcomings. It is a physics-based model for 

prediction of fracture risk at any gravitational environment that 

uses a blend of clinical factors such as bone density, gender, 

body mass index, etc., and biomechanical factors from mission-

specifi c loading activities and space related changes on skeletal 

physiology.  44   Th e model forecasts spinal, hip, and wrist frac-

tures from intra- and extra- vehicular loading scenarios such as 

lift ing heavy objects, falling, or exploratory activity like jumping 

on short or long Lunar or Martian missions. It predicts greater 

likelihood of fractures in the wrist and spine on missions to 

Mars. Although the boundaries of uncertainty are large and the 

mean fracture probability is low by terrestrial standards (slightly 

less than 1% to slightly more than 2%), such an event could be 

catastrophic to crew and mission and likely will need more con-

sideration. In the future a more precise estimate will arise as this 

error boundary shrinks with the addition of new validated vari-

ables, possibly derived from the technologies discussed above.   

 Discussion 

 Th ree major questions still remain unresolved for astronauts. Is 

it safe for healthy qualifi ed individuals with low bone mass (or 

osteopenia) to enter the corps? What happens to fracture risk 

from weightlessness? What is the fracture risk upon return to 

Earth aft er prolonged space travel? Th e data presented in this 

article indicate that DXA alone is not adequate to provide the 

answers. It overestimates fracture risk in young healthy astro-

naut candidates since their age alone favors better bone quality 

and structure than DXA predicts. As a result, a low bone den-

sity may not disqualify a young candidate who has no other 

clinical risk factors. Th e more challenging issue is what may 

happen to such a person exposed to weightlessness. DXA shows 

small decreases in BMD for some, but not all, astronauts. Th is 

small BMD change and individual variability may not be 

accurate. QCT is a better surveillance tool than DXA.  46   In the 

hip, it detects changes in BMD better and when coupled with 

fi nite element analysis, can estimate strength.  46   Apart from 

these technologies, fracture risk prediction in active duty astro-

nauts should be explored with the physics-based probabilistic 

risk assessment algorithm cited above.  44   A useful feature of this 

model is the ability to refi ne predictions by incorporating new 

variables such as QCT, fi nite element analysis, or even trabecu-

lar bone score and hip strength analysis. 

 In summary, the use of areal DXA will likely continue for the 

near future despite the limitations cited above. Research and 

development costs of new technologies will, in part, drive this, 

as well as the fact that vast amount of DXA information exists 

about terrestrial and astronaut populations which cannot be 

easily replaced with new technology. How best to use what 

exists is the challenge. Th e existing terrestrial DXA data will 

well serve the medical care of retiring astronauts as they assume 

the clinical characteristics of the general population. Fracture 

prediction using DXA seems reasonable. But for active corps 

members, DXA alone is not accurate and should be enhanced 

with technology about bone strength such as QCT and FEA or 

the emerging DXA-derived tools TBS and HSA. Until such 

time a clinical technology emerges to directly measure bone 

strength and not density, multiple tools will be needed to moni-

tor skeleton health of active duty astronauts.       
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