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It is a medical requirement at NASA to evaluate the skeletal integrity of “long-duration” 
astronauts by measuring bone mineral density [BMD] with DXA technology.  A long-duration 
mission is a spaceflight that is greater than 30 days but is typically the continuous 120-180 day 
missions aboard the International Space Station [ISS].  Not only does NASA use the BMD index 
to monitor fracture risk in this astronaut population, but these measures are also used to describe 
the effects of spaceflight, to certify skeletal health readiness for flight, to monitor the recovery of 
lost bone mass after return to earth, and to evaluate the efficacy of countermeasures to bone loss. 
However, despite the fact that DXA-based BMD is a widely-applied surrogate for bone strength 
that is grounded in an abundance of population-based fracture data, its applicability to the long-
duration astronaut is limited.   The cohort of long-duration astronauts is not the typical group for 
evaluating osteoporosis or determining age-related fracture risk.   The cohort is young (< 55 
years), predominantly male and exposed to novel risk factors for bone loss besides the 
weightlessness of space.  NASA is concerned about early onset osteoporosis in the astronaut 
exposed to long-duration spaceflight, especially since any detectable symptoms are likely to 
manifest after return to earth and perhaps years after space travel.  This risk raises the question: 
is NASA doing enough now to mitigate a fracture event that may manifest later?  This 
presentation will discuss the limitations and constraints to understanding skeletal changes due to 
prolonged spaceflight and the recommendations, by clinical experts in osteoporosis and BMD, to 
transition research technologies for clinical decision-making by NASA.  
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Presenter
Presentation Notes
Thank you to organizers…Consistent with this theme on “bone density in the future” I’ll be  addressing “Space: The Final Frontier of bone density” – The title of my talk was actually given to me so I can’t take credit for the clever title…but for those of you who can remember the late ‘60’s, it’s a reminder of the Star Trek series and I can almost hear William Shatner recite the words “to boldly go where no man has gone before”   In tonight’s talk I’ll highlight how NASA is in fact blazing trails –with considering bold approaches to evaluating how prolonged spaceflight missions affect the skeletal integrity of the men and women who serve on the International Space Station aka “ISS.”But before I proceed, I’d like to show a short video – a montage of highlights from 3 ISS expeditions (17-19) to highlight why it’s a thrill to serve the space program.  VIDEO



Insert video

• editing of video
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If there is one thing that you glean from this video, it’s that  NASA is an agency of high-performance individuals—men and women who are responsible for designing, constructing, maintaining and manning the ISS. And let’s not forget the teams of people who back-up the launches and return of each space shuttle mission.Collectively, our goals are focused on conducting a successful mission.



The  Astronaut as the Human System
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Important to remind this audience (that is interested in measuring bone mineral density) that NASA is not in the health care business – we are an agency of engineer; you have to understand that the astronaut is the human system on a space mission not unlike…and the goal for space medicine and for life sciences research is to ensure that any risks to the human system are sufficiently mitigated/eliminated/selected-out to ensure that we have the necessary level of human performance to meet mission objectives.   However, what is ALSO paramount to NASA is to ensure that exposure to spaceflight itself does not induce an occupational hazard to long-term health in the astronaut. 



Gain & Loss of Bone Mass with Aging
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Specifically, One of those occupational health risks is Early Onset Osteoporosis (slide of age-related changes with LD box). Let me explain with this slide that displays a well-known schematic of the sex-specific pattern of age-related bone loss. (point out key points)   . ..this box here represents the age range of the long-duration astronaut – where the term “long duration” is used to refer to the typical 180-day mission aboard the ISS.  To borrow the tag line of The Bone Health Coalition:  op is not a geriatric condition, but a geriatric consequence (POINT) of the cumulative exposure to risk factors over our lifetime.  In essence, NASA is trying to determine if the skeletal changes occurring here due to prolonged space exposure … (NEXT slideThus, to manage this risk, NASA needs to understand how the skeletal changes in space relate to skeletal changes as a result of aging? What evidence suggests that spaceflight may predispose astronauts to early onset osteoporosis?
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Age-related fractures for men and women – In essence, NASA is trying to determine if prolonged space exposure induces an earlier onset of age-related fractures– so I ask clinical colleagues and experts, some of whom are at this meeting, “ what does NASA need to do now protect for a condition that will manifest later?”  And more importantly, how do we evaluate skeletal integrity and fracture risk in a unique target population that is exposed to an novel skeletal condition.As you might suspect, early onset osteoporosis isn’t a risk that is on the astronaut’s radar screen …not when issues like the reliability of life support systems, or a roman candle being lit under you during launch is weighing more heavily on your mind.



History of Bone Imaging in Space
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Since the early days of the manned spaceflight NASA has been studying skeletal effects of space.   As the technology and the methodologies for assessing bone mass and bone turnover advanced over time, so did NASA’s understanding of skeletal adaptation to space.  In fact, someone from NASA HQ (NOT in the bone field) remarked once to me: “you mean after all these years, we’re still studying bone loss in space?”  YES, we are.  And today I hope to convince you that there is still MORE to understand of how bone adapts to the weightlessness of space and, more importantly, how prolonged space exposure might induce the early onset of age-related fractures in the subset of astronauts who served on prolonged missions in space.  (Next slide) 



Overview

• Uniqueness of NASA

• Spaceflight Effects: 
Out-of-this-World Data

• Bold Approaches to 
Managing Bone Risk
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So I am going to focus in 3 areas, 1) unique aspects of NASA, i.e.,  our culture, the cohort of long duration astronauts 2) I’ll show you what the bone density data tell us so far and 3) the kind of out-of-the box thinking it may take to manage the fracture risk of the aging astronaut.



The Long-duration Astronaut

• Typical mission duration – 163 ± 32d (range 90-215d)
• Average Age – 46.5 ± 4.5 y (range 36.8 – 55.3)
• T-score at first* DXA BMD –
• Male to Female Ratio – 3.8 : 1
• Current total number out of total # astronauts in Corps –

TBD
• # repeat fliers – 4
• BMI etc– Males 25.9 ± 2.2; Females 22.6 ± 2.2 kg/m2

• Wt and Ht- Males:  179 ± 20 lbs, 5.8 ± 0.2 ft; Females: 143 ±
15 lbs, 5.6 ± 0.1 ft

Presenter
Presentation Notes
Here are some of the descriptives for our cohort of LD astronauts.  A first blush you see that they are younger than the typical Op patient, it’s a predominately male population ….What are the T-scores of astronauts at selection time?  (don’t know peak bone mass but presume not much change) age range of females at time of flightClinical risk factors: no endocrine issues according to stds; no RA, GC use > 3months% change (Z-scores)  bone turnoverCertain activities (physical activity level – extreme sports)Increased bone loss (range of % loss in M vs F over entire mission) Yes it’s true they start out with high BMD “spare bone” but what does that precipitous loss in bone mass due to bone quality or structure?ABV – what are the backgrounds of LD astronauts.



Constraints to Understanding Skeletal 
Adaptation
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Presentation Notes
And while valuable research of skeletal adaptation can be reduced down to the tissue and cellular level, down to cell signaling and of gene expression, --resources, requirements and tight scheduling limit us to performing only clinically-accepted medical tests on the astronauts – and thus for bone  – this is DXA measurement of areal BMD.This is problematic when you consider that small number of LD astronauts TOTAL and the even smaller number of missions that occur per year.  Medical tests are conducted in ALL astronauts such as DXA, and are performed more frequently in LD astronauts whereas research technologies such as QCT are on volunteers only and an astronaut needs to be convinced that that health risk counterbalances the hit on time, schedule and most importantly, radiation exposure. Thus, It is unlikely that we will accumulate enough meaningful data or on postflight fracture incidence by 2020, when the ISS space missions are projected to end.  NEXT SLIDE
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Presentation Notes
With a limited surrogate for bone strength, such as  withDXA BMD, what do we do with a population that has a high bone mass (very high bone strength) but  experiences large percentage losses .  The use of T-scores does not provide any useful information for describing impact of spaceflight but it’s an index that flight surgeons feel comfortable with.
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…here is a figure from NOF’s clinical guidelines for osteoporosis therapy.  But these are risk factors for aging population  - missing the most important factors (Disuse) and unlikely that they will apply to our younger, seemingly healty astronauts



Adapted from: Pathogenesis of Osteoporosis-Related Fractures (NOF) Cooper C, Melton LJ
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…Similarly, how much do the risk factors that are induced by mission operations , contribute to bone loss in the astronaut – during spaceflight and on fracture risk after spaceflight.  Also note, some situations during a mission that we still need to be aware of even during ISS missions.



Microgravity Effects on the Human Body

From Scientific American
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Presentation Notes
And there is this  creepy figure that from Scientific American, that I like to use to impress upon you that IT’S NOT ALL ABOUT BONE.  There are multiple systems that are affected by spaceflight and NASA needs to address human deconditioning on the level of integrative physiologic.



Overview

• Uniqueness of NASA

• Spaceflight Effects: 
Out-of-this-World Data

• Bold Approaches to 
Managing Bone Risk
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What is it that is so unique about the spaceflight changes ?



DXA:  BMD losses are regional and rapid

LeBlanc et al, 2000

Areal BMD 
g/cm2

%/Month 
Change + SD

Lumbar Spine -1.06+0.63*
Femoral Neck -1.15+0.84*
Trochanter -1.56+0.99*
Total Body -0.35+0.25*
Pelvis -1.35+0.54*
Arm -0.04+0.88
Leg -0.34+0.33*

*p<0.01, n=16-18

Hip
1.5% / month

Whole Body
0.3% / month

Lumbar Spine
1% / month

Presenter
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Often times you hear it quoted that astronauts lose 1-2% BMD per month in space?  Well certainly, in comparison to the elderly human who loses that amount per year OR the postmenopausal female who is losing 2-3% of BMD per year  in her spine during in her most rapid phase of bone loss, spaceflight induces a precipitous loss in bone mass.  BUT the loss per month is an averaged BMD loss that was calculated from measures conducted in cosmonauts serving on the Mir spacecraft.  A couple of those cosmonauts, through unforeseen circumstances, ended up serving on missions of 9 months and another of 14 months.  So to take advantage of all the data, LeBlanc averaged the total BMD loss of the mission by the total months of the mission – hence, it is not meant to imply that the rate of loss is linear.  The loss, moreover, is also site-specific – lower body, particularly the  hip and spine lose the most mass while the non-weight-bearing sites of the upper body lose very little and there are reports that the skull has greater BMD.  This suggests that biomechanics is regulating bone at the local sites – such that the sites that normally bear the most weight on earth, experience the greatest adaptation to  weightlessness in space, and lost the most bone mineral.



What about recovery?
Trochanter:     Loss0=7.8% 50% Recovery=255d
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But what about recovery?  This is a scatterplot of BMD changes for the trochanter from 45 different LD crewmembers (that’s very large – includes cosmonauts – over 56 different missions etc etc.)– the change in BMD between preflight and postflight scans is plotted as a function of time – i.e., the number of days after landing when the DXA scan is performed – the astronauts, for example, are serially measured in the postflight period for 3 years or until 2% of preflight scan which ever comes first .  So these points here on the Y axis represent the change in BMD as a direct consequence of spaceflight and with time you see that the BMD increases indicating that astronauts can recover bone mass that was lost in space – albeit at a much slower rate.TWO  high losers were high losers in the FNSpacecraft	Mir	cooperative	22 cosmonauts  (1990-98)		Research 	7 astronauts (1995-98)	28 M	1 FISS	Lang Research  	5 cosmonauts (2000-04)		MR035L	12 astronauts  (2000-04)	15	2
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And it’s not a trend exclusive to the trochanter, but is observed for the FN, LS as well.



Research Study: QCT measures loss hip vBMD 
due to spaceflight in trabecular bone compartment 

(n=16 ISS)
Index 
DXA 

 

%/Month 
Change + SD 

Index 
QCT 

%/Month 
Change + SD  

aBMD Lumbar 
Spine 

1.06+0.63* Integral vBMD 
Lumbar Spine 
 

0.9+0.5 
 
 
 

  Trabecular 
vBMD Lumbar 
Spine 
 

0.7+0.6 

aBMD Femoral 
Neck 

1.15+0.84* Integral vBMD 
Femoral Neck 
 

1.2+0.7 

  Trabecular 
vBMD 
Femoral 
 Neck 
 

2.7+1.9 

aBMD 
Trochanter 

1.56+0.99* Integral vBMD 
Trochanter 
 

1.5+0.9 

*p<0.01,  
n=16-18 

 Trabecular 
vBMD 
Trochanter 

2.2+0.9 

 LeBlanc, J M Neuron Interact, 2000; 
Lang , J Bone Miner Res, 2004; 
Vico, The Lancet 2000

Presenter
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I previously talked about QCT technology being applied in research applications only.  In this study conducted by Dr. Tom Lang of UCSF, he scanned 16 ISS crewmembers preflight postflight and then 1 year after return.  He was able to demonstrate how QCT is able to quantify changes in volumetric BMD for separate bone compartments – measures that DXA cannot perform.Comparison of DXA and QCT evaluation of BMD.  Most important point is that QCT allow BMD measurement of the trabecular component and indicates that greater % loss in cancellous bone than in cortical bone.



Slide adapted from T. Lang., JBMR 2006.
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and while at 1 year after return BMC appears to recover to preflight level, BMD does NOT and QCT is able to demonstrate that this BMD deficit is due to an increase in the cross-sectional area of the whole bone – in this case, the FN but also for proximal femur as well.Results for bone mineral content in the femoral neck and total femur region for cortical and trabecular bone.  The red asterisk signifies statistical  significance of the change from preflight, and the blue one, significance of the change from postflight to one year. These results show that total bone mass in the total femur and femoral neck decrease significantly over the course of the flight but are not significantly different from pre-flight after one year. Cortical BMC shows the same pattern for these two regions.



QCT Extension Study (n=8) Postflight Trabecular BMD in hip.  Carpenter, D et al. Acta Astronautica, 2010.

QCT:  Trabecular BMD at hip does not appear 
to show a recovery 2 to 4 years postflight

0.1

0.11

0.12

0.13

0.14

0.15

0.16

PRE POST 1YEAR EXT

PRE:  n= 16    POST: n= 16    1 YEAR:  n=16      EXT:  n=8

Presenter
Presentation Notes
Dr. Lang requested an extension of his study and was able to re-scan 8 crewmembers anywhere between 2-4 years after return – remember, individual astronauts come back at staggered intervals.  In this paper that was just published last summer, Lang reported the absence of recovery in the trabecular BMD of the hip in these 8 crewmembers 



What is the impact of Trabecular Bone Loss 
on whole hip bone strength? 

Photo by Paul Crompton 
©University of Wales College of Medicine

http://depts.washington.edu/bonebio/ASBMRed/structure.html
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…Given the decline in trabecular vBMD.



And what has happened to bone microarchitecture 
of hip?

L Mosekilde
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And the lack of recovery in this compartment raises the question…



Overview

• Uniqueness of NASA

• Spaceflight Effects: 
Out-of-this-World Data

• Bold Approaches to 
Managing Bone Risk

Presenter
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given these limited observations, NASA is considering a new category of data collection in LD astronauts that is neither a medical requirement or a research study -- a category of Occupational Risk Surveillance.   Given the constraints we have with understanding skeletal adaptation in this cohort, JSC convened a panel of clinicians to recommend approaches for surveillance in LD astronauts



Finite Element Modeling [FEM]:  
What is it and what can it tell NASA about hip 
fracture risk in the long-duration astronaut?

Presenter
Presentation Notes
A number of recommendations were made during this summit, too many to relate here during this talk – but I want to focus your attention on the recommendation of using Finite element Modeling as a means of estimating, and monitoring, hip bone strength in LD astronauts.



QCT estimates fracture loads
better than DXA 

QCT + FEM has superior 
capabilities for estimating fracture 
loads

R2=.66
QCT

R2 =.57
DXA

R2 =.84
FEMDD Cody:  Femoral strength is better predicted  by finite 

element models than QCT and DXA.  J Biomechanics  
32:1013 1999.

FEM – a computational tool that uses QCT 
data to estimate hip bone strength

Presenter
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FEM is a computational tool that uses QCT data to estimate hip bone strength.In fact, in the R2 values reported in the paper by DD Cody, QCT estimates the fracture load of bones better than DXA with an R2 =66 vs. .57 but the combination of QCT + FEM was even better for estimating fracture loads with far less variability.



Images courtesy of Dr. J Keyak

FEM to estimate changes to hip bone 
strength after spaceflight. 
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INDIVIDUALIZED!Increased Fracture Risk – what does computer modeling of QCT hip scans tell us about reductions in hip bone strength after long duration spaceflight?Dr. Joyce Keyak of UC Irvine developed a FEModel to apply to the QCT scans of astronauts in order to evaluate what long duration spaceflight does to bone strength.  The FE model divides the hip into multiple elements, where the bone mass, the section modulus for each element is known and QCT scans tells her how that the bone mass and material properties is distributed within the bone– the modelcan then be used to compute how strong the bone is  for two scenarios of loads (stance loading and fall to back and to the side. [The result is an estimation of bone strength that integrates BMD, material properties, bone geometry and mechanical loading to provide an individualized estimate of fracture risk.



Individual Results
Stance Loading (4 to 30% loss in strength)
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Loading Condition		Per month median (range)	After 6 mo median(range) pStance		2.2%(0.6 – 5.0)		13.1%(3.8 – 30.1)	         0.001Fall		2.3%(0.6 – 3.9)		13.7%(+3 – 23.1)	         0.005*After normalizing for pre-flight strength and flight durationwhen Keyak applied her FEM to astronaut QCT scans (n=11), she was able to determine changes in bone strength for Stance that ranged anywhere between 3.8 – 30.1 over a 6 month mission.  Note the variability in the response to spaceflight.  Here is someone who experienced a 30% loss in strength but ended up at the same absolute strength as this person here.  The preflight strength is not a predictor for how much strength will be lost.			



Individual Results
Fall Loading (3 gain to 24% loss in strength)
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and for Fall loads, median loss 13.7%(-3.4 – 24) Note that there is considerable variability in the strength declines.



-6.0%

-5.0%

-4.0%

-3.0%

-2.0%

-1.0%

0.0%

1.0%

-2.0% -1.5% -1.0% -0.5% 0.0%

Change in areal BMD from QCT

C
ha

ng
e 

in
 F

E 
St

re
ng

th

Stance
Fall

Stance: R2=0.23

Fall: R2=0.05

Surrogates of bone strength do not 
correlate.

Slide courtesy of J Keyak

Presenter
Presentation Notes
moreover, these two surrogates of strength do not correlate suggesting that FE modeling detects changes in bone strength due to spaceflight that DXA cannot. .



Summary

• Unique cohort, unique environment, unique changes in 
bone structure during long-duration missions in 
microgravity

• QCT – added measures of bone that increase our 
knowledge about how spaceflight affects bone structure 
– changes that may combine with aging effects 

• FE estimates of strength – an improved surrogate for 
NASA by individualizing the estimates of hip bone 
strength per astronaut.



Final Comments

• Clinical goal:  Prevention of fractures by 
identifying  those at highest risk – risk factors to 
enhance DXA predictive capabilities

• NASA goal:  To reduce the uncertainty of 
fracture risks (fragility and traumatic fractures) during 
a mission, after a mission and as the astronaut 
ages by employing the best technologies and 
analyses available.

Presenter
Presentation Notes
…While this may be a herculean feat, and not perfect, The circumstances at NASA suggest that this is something that should be attempted and improved as more data become available.



Thank you!
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Backup Slides



Black, et al.: Proximal Femoral Structure and the Prediction of Hip Fracture in Men: A Large Prospective Study Using QCT.    J Bone 

Miner Res  23(8):1326, 2008.

QCT does not outperform DXA-BMD for fracture 
prediction but provides extra information that DXA 

does not
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• Impact on HIPmicroarchitecture UNKNOWN*
• Knowledge base: Vertebral trabecular bone loss with 

menopause.
• Loss of horizontal trabecular struts and directionality , 

perforation of trabeculae*, reduction in mechanical 
strength, and increase in fracture risk (Mosekilde, 2000; Seeman, 2002, 
Silva 1997; Kleerekoper 1985)

What is the impact of Trabecular Bone Loss 
on bone microarchitecture?

Presenter
Presentation Notes
This opens up a large knowledge GAP for us



Results in Astronauts – Hip Strength

Loading 
Condition

Mean (SD)
Pre-flight

Mean (SD)
Post-flight p

Stance 13,200 N
(2300 N)

11,200 N
(2400 N)

<0.001

Fall 2,580 N
(560 N)

2,280 N
(590 N)

0.003

N=11 crewmembers

2.2% loss/month

1.0-1.5% BMD loss /month

1.9% loss/month



T. Lang et al., JBMR, 2004, 2006.
*: p<0.05 with respect to preflight

*

*

*

*

bending (cm3)
compressive 
(g2/cm4)

Pre Post 12

Bone Strength Indices

QCT Postflight: Structural changes do not reflect 
a restoration of bone strength 
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Presentation Notes
Results for bone mineral content in the femoral neck and total femur region for cortical and trabecular bone.  The red asterisk signifies statistical  significance of the change from preflight, and the blue one, significance of the change from postflight to one year. These results show that total bone mass in the total femur and femoral neck decrease significantly over the course of the flight but are not significantly different from pre-flight after one year. Cortical BMC shows the same pattern for these two regions.



DXA:  Losses at total hip and spine after ~6 
months in space exceed 2-year losses on Earth in 

similar–aged population





Adapted from: Pathogenesis of Osteoporosis-Related Fractures (NOF) Cooper C, Melton LJ
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Presentation Notes
…And do the accepted risk factors for bone loss and osteoporosis for earth based populations contribute to fracture risk in the astronaut – during or after spaceflight.In this slide of established risk factors for Primary Osteoporosis, I’ve overlaid the biological measures in RED that are currently being performed in LD astronauts – 
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