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ABSTRACT Prolonged bed rest is used to simulate the effects of spaceflight and causes disuse-related loss of bone. While bone density changes during bed rest have been described, there are no data on changes in bone microstructure. Twenty-four healthy women aged 25 to 40 years participated in 60 days of strict 6-degree head-down tilt bed rest (WISE 2005). Subjects were assigned to either a control group (CON, n ¼ 8), which performed no countermeasures; an exercise group (EXE, n ¼ 8), which undertook a combination of resistive and endurance training; or a nutrition group (NUT, n ¼ 8), which received a high-protein diet. Density and structural parameters of the distal tibia and radius were measured at baseline, during, and up to 1 year after bed rest by high-resolution peripheral quantitative computed tomography (HR-pQCT). Bed rest was associated with reductions in all distal tibial density parameters (p < 0.001), whereas only distal radius trabecular density decreased. Trabecular separation increased at both the distal tibia and distal radius (p < 0.001), but these effects were first significant after bed rest. Reduction in trabecular number was similar in magnitude at the distal radius (p ¼ 0.021) and distal tibia (p < 0.001). Cortical thickness decreased at the distal tibia only (p < 0.001). There were no significant effects on bone structure or density of the countermeasures ( p  0.057). As measured with HR-pQCT, it is concluded that deterioration in bone microstructure and density occur in women during and after prolonged bed rest. The exercise and nutrition countermeasures were ineffective in preventing these changes. ß 2011 American Society for Bone and Mineral Research. KEY WORDS: MICROGRAVITY; OSTEOPOROSIS; BONE STRUCTURE; HIGH-RESOLUTION PQCT; 3D PQCT



Introduction



I



nformation about structural and material properties is mandatory to calculate the strength of bone, and therefore, specific measurements have been recommended for some time. The World Health Organization (WHO) noted the importance of deterioration of bone microarchitecture several years ago by adding it to the definition of osteoporosis.(1) In clinical trials on the efficacy of osteoporosis treatments, it has been demonstrated that fracture risk is influenced not only by loss of bone mass but also by changes in bone architecture and geometry.(2) Unfortunately, the measurement of trabecular architecture has in the past not been possible in vivo because no system could perform high-resolution images. With the development of a



high-resolution peripheral quantitative computed tomography (HR-pQCT) device specifically designed for this task, in vivo trabecular 3D structure can be visualized and analyzed quantitatively.(3–9) Using a resolution of 82 mm, HR-pQCT enables the measurement of both density and structural parameters and their changes under intervention. One modality where bone remodeling can be studied in a controlled fashion is experimental bed rest. Bed rest typically is used as a ground-based model for simulating the effects of spaceflight on the human body(10,11) and leads to losses of bone in the load-bearing regions of the body.(12) When compared with longitudinal studies in older populations,(13–15) the rates of bone loss during bed rest(12,16) typically are a number of orders of magnitude greater than that seen as part of the aging process.
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Bed rest also offers the opportunity to assess the effectiveness of countermeasures against disuse-related bone loss. Previous studies on bone metabolism under bed-rest conditions typically have been performed with male subjects.(17–27) While some studies have included female subjects,(28) given the higher prevalence of osteoporosis and osteopenia in women,(29) it is nonetheless relevant to expand our knowledge base on the effect of prolonged inactivity on women. In the disuse mode, bone remodeling will be activated and bone resorption increased.(30,31) Presumably, changes in bone structure should occur owing to bed rest, but this has not yet been assessed. The Women International Space Simulation for Exploration bed rest study (WISE 2005) offered the opportunity not only to measure the effectiveness of exercise and nutrition countermeasures concerning bone loss used in women but also to investigate changes in bone structure with HR-pQCT during bed rest. We hypothesized that changes in bone structure and density would be greater at the distal tibia than at the distal radius and that the exercise countermeasure performed in the WISE study would attenuate or prevent these changes.



Materials and Methods Bed-rest protocol and subjects The WISE 2005 study was supported by the European, French, Canadian, German, and North American space agencies (ESA, CNES, CSA, DLR, and NASA) and was conducted at the Medes Institute for Space Medicine and Physiology at the Rangueil University Hospital in Toulouse, France (www.spaceflight.esa.int/ wise/). Twenty-four healthy female volunteers, 25 to 40 years old, participated in this study (Table 1). They were matched according to pre–bed rest aerobic fitness levels and then randomly allocated in three groups: 8 control subjects (CON) without countermeasures during bed rest, 8 subjects with regular muscular exercise (EXE) that consisted of both aerobic and resistive elements, and 8 subjects with a specific dietary protein supplementation (NUT). Only subjects with a regular menstrual cycle were included in the study, and a total-hip and lumbar dual-energy X-ray absorptiometry (DXA) score of more than 1.5 SD (as measured on a Hologic QDR 4500W running software Version 11.2; Hologic, Bedford, MA, USA). For the spine, Hologic reference values and for the total hip the National Health and Nutrition Examination Survey (NHANES) references values (Hologic version) were used. Other relevant exclusion criteria included use of hormonal contraceptives in a period of 2 months or less before the start of the experiment, current breast-feeding



or cessation of breast-feeding within 2 months prior to the start of the study, postpartum or postabortion within a period of 3 months prior to the start of the study, and use of an intrauterine device at the beginning of the study. The study was performed in two sessions with 12 volunteers each. The experimental protocol lasted 100 days: a 20-day period (baseline data collection [BDC]) prior to 60 days of 6-degree head-down tilt bed rest (BR) with 20 days of post–bed rest recovery data collection (RDC). All participants gave written informed consent prior to the study. All study procedures complied with the Declaration of Helsinki and were approved by the local ethics committee in Toulouse.



Countermeasures The effect of two different countermeasures was evaluated: physical exercise in one group and specific nutrition in another group. The exercise countermeasure (EXE) consisted of a combination of a resistance and aerobic training protocol.(32) Resistance training was performed on an inertial ergometer (flywheel exercise device, described elsewhere(33–35)) every 2 to 3 days. Force and flywheel rotational velocity were measured, and work and power were calculated throughout each repetition.(33–35) This exercise protocol was similar to a previous 90-day study conducted in males(33,36) and involved supine squat exercises (four sets of 7 maximal repetitions, 2 minutes between sets) and then calf press exercises (four sets of 14 maximal repetitions, 2 minutes between sets). The aerobic countermeasure was done on a supine exercise treadmill within a lower body negative-pressure (LBNP) system every 3 to 4 days. Each subject performed 40 minutes of treadmill exercise, followed by 10 minutes of resting LBNP. The exercise device used was similar to that used in previous 5-day,(37) 15-day,(38) and 30-day bed rest studies.(39) More details on the exercise protocols can be found elsewhere.(32) The participants of all three groups received meals with a controlled amount of macronutrients and energy. In accordance with standard nutrition guidelines, the EXE and CTR groups received approximately 1.0 g/kg of body weight of protein and free leucine per day during bed rest. The NUT group received approximately 1.6 g/kg of body weight per day. The rationale for this countermeasure was that results of a prior study(40) showed a reduction in protein synthesis after meals during bed rest, and it was thought that by increasing protein intake, this could counteract protein breakdown and hence loss of muscle. Effects on bone were not expected. A detailed description of exercise and nutritional countermeasures has been published



Table 1. Subject Characteristics at Baseline Group CON EXE NUT



Age (years)



Height (cm)



Weight (kg)



BMI



DXA T-score spine



DXA T-score hip



34.4 (3.8) 32.8 (3.4) 29.4 (3.5)



162.8 (6.2) 164.8 (7.0) 170.2 (5.4)



56.5 (3.3) 59.5 (5.7) 61.6 (4.8)



21.4 (1.5) 21.9 (1.4) 21.3 (1.2)



0.50 (0.57) þ0.06 (0.70) 0.50 (0.92)



0.43 (0.50) þ0.08 (0.56) þ0.03 (0.63)



Note: Values are mean (SD). BMI ¼ body mass index, T-score spine ¼ L1–L4 assessed by DXA. None of these measures was significantly different between groups.
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elsewhere(32) (see also www.spaceflight.esa.int/wise/; select ‘‘experiment protocols’’ and then ‘‘nutritional and exercise countermeasures’’).



High-resolution peripheral computed tomography The left distal forearms and left distal tibias of the volunteers were measured with a high-resolution (HR) pQCT system (XtremeCT 3306, Scanco Medical AG, Bassersdorf, Switzerland)(3–9) to assess density and microarchitecture of the bone tissue. If any conditions (eg, prior fracture) were found that precluded a valid measurement, the right side was measured for the duration of the study. Measurements were performed by the same operator 9 days prior to the bed rest (BDC 9), on day 15 (HDT 15) and day 43 (HDT 43) during the bed rest phase, and days 3, 90, 180, and 360 in the post–bed rest recovery phase (R þ 3, R þ 90, R þ 180, and R þ 360). A total scan length of 9.02 mm in the axial direction divided into 110 slices was measured simultaneously with a nominal isotropic resolution of 82 mm over a scan time of 2.8 minutes. The standard patient settings were applied concerning effective energy, X-ray tube current, and matrix size (60 kVp, 95 mA, and 1536  1536 pixels, respectively). Total effective dose was less than 3 mSv per scan. In order to achieve a high reproducibility, the subjects were positioned carefully in a formed carbon-fiber cast and fixated in the gantry. Measurements were performed in the supine position. An anteroposterior scout view was used to determine the start position of the measurement (Fig. 1). A reference line was positioned at a certain landmark in the joint space, and the measurement started 9.5 and 22.5 mm proximal to this line in the radius and tibia, respectively. A number of criteria were used to determine whether a measurement was valid or if it had to be repeated directly. In some cases, a certain measurement day could not be included in further analysis because no valid measurement was achieved. If a subject moved during image acquisition the segmentation of bone and soft tissue could be affected. Therefore, the measurements were validated and classified as follows: 1. 2. 3. 4.



The measurement shows no signs of blurriness. A minimal nonsharpness of the contours can be indicated. The measurement is blurred with small visible artificial lines inside the image. The contours of the cortical structures are discontinued and broken. The results of the measurement are not valid.



Only images with grades of 3 or less were considered valid and hence used in the final analyses. Another reason for an invalid measurement was that there had to be at least an 80% overlap in the length of the region scanned in follow-up measurements compared with that of the baseline measurement (common region). For evaluation, the bone volume is separated from the surrounding soft tissue by a threshold-based contour algorithm. The extracted bone volume thereafter is divided into cortical and trabecular volumes. Density measurements were carried out to determine the density of the entire volume (Dtot) as well as of the cortical (Dcort) and trabecular regions (Dtrab). The trabecular HR-PQCT IN WISE 2005



subregion was further divided to calculate the density in the outer (Dmeta) and inner (Dinn) regions of the trabecular network by peeling voxel by voxel the total trabecular area concentrically until less than 60% of the original area remains. The inner 60% defines Dinn, and the outer 40% defines the area for Dmeta.(41) The high isotropic resolution of HR-pQCT permits direct 3D assessment of intertrabecular distances and calculation of trabecular number (Tb.N).(42) Since the trabecular thickness (Tb.Th) is on average only 100 to 150 mm, and with the resolution of 82 mm used, only one to two voxels wide, a direct 3D measurement is not possible owing to partial-volume effect. Therefore, trabecular bone volume to tissue volume (BV/TV) was derived from trabecular volumetric BMD assuming a fixed mineralization of 1200 mg of hydroxyapatite per cubic centimeter for compact bone (BV/TV ¼ Dtrab/1200). From the densitometrically derived BV/TV and direct measure of Tb.N, trabecular thickness (Tb.Th) and trabecular separation (Th.Sp) are derived assuming plate-model geometry.(43) Additionally, the SD of the trabecular separation (Tb.Sp.SD, a measure of trabecular network heterogeneity) was calculated within the entire trabecular region. The thickness of the cortical layer (Ct.Th) also was measured.



Reproducibility measurements To estimate the short-term coefficient of variation (CV) of the method (both operator and system), two consecutive measurements with full repositioning of the volunteer was carried for the radius (n ¼ 18) and tibia (n ¼ 16) on the same day.



Statistical analysis Statistical analysis was based on results from the common region of all valid measurements. The CVs and their 95% CIs were calculated as described in prior work.(44) Linearity of the relationships was checked graphically and is not shown here. To examine baseline differences between groups, analysis of variance (ANOVA) evaluated BDC 9 data. To evaluate the effect of bed rest, recovery, and the impact of countermeasures, linear mixed-effects models(45) were used. Analysis first was conducted on absolute values with ‘‘group’’ (CON, EXE, and NUT) and ‘‘study date’’ (BDC 9, HDT 15, HDT 43, R þ 3, R þ 90, R þ 180, and R þ 360) main effects and their interaction. Allowances were made for heterogeneity of variance for study date and group with random effects for each subject. Where there the group  study-date interaction showed a p value of less than 0.05, further testing was done: (1) The models were repeated using data on percentage change compared with baseline to try to rule out the potential effect of subtle differences in baseline data between groups, and then, (2) if the effect still persisted, subsequent two-group models (ie, CON versus EXE, CON versus NUT, and EXE versus NUT) using percentage-change data were conducted to examine which group(s) could have been responsible for the effect. Furthermore, a priori contrasts were done comparing days HDT 15 and beyond with baseline within each group as well as for all groups pooled. An alpha level of 0.01 was used for statistical significance for the study-date main effect and group  study-date interaction on ANOVA, and p values for Journal of Bone and Mineral Research
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Fig. 1. Sample images from the radius (left) and tibia (right). (Above) Scout views. (Center) Valid measurements. (Below) Invalid measurements. Arrows indicate movement artifacts.



these model terms that were less than 0.05 but greater than 0.01 were considered trends. For analysis of changes during and after bed rest, since multiple measurement sessions were undertaken on the same subjects, a Bonferroni adjustment was not performed; rather, we looked for consistent significant differences across time points. Subject age, height, and weight had little influence on the findings if they were incorporated in the models as linear covariates and hence were excluded from the analyses presented here. The statistical analyses were performed with the R environment for statistical computing and graphics Version 2.10.1 (www.r-project.org; The R Foundation for Statistical Computing, Vienna, Austria).
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Results Two subjects from the EXE group did not attend R þ 90 testing, and one subject from the same group could not be measured on R þ 360; otherwise, all subjects attended testing. In addition, valid measurements could not be obtained on all measurement days (owing to movement artifacts or insufficient common region), despite repeated attempts. In the CON group, valid HRpQCT data could not be obtained from one subject each on HDT 15, HDT 43, and R þ 90 at the radius and from one subject on HDT 43. In the EXE group, valid data could not be obtained from the radius of one subject on R þ 90. In the NUT group, ARMBRECHT ET AL.
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Fig. 2. Effect of 60 days of bed rest and recovery on trabecular density (above) and cortical thickness (below). Values are mean (SEM) percentage change compared with baseline. Significance indicated by ap < 0.05; b p < 0.01; cp < 0.001. Since there were no differences between groups, all subjects have been pooled (see text and Tables 3 and 4 for more detail).



valid measurements could not be obtained from one subject each on HDT 15 and HDT 43. Overall, five distal radius measurements but only one distal tibia measurement of a total of 165 were invalid. By design, the common region could not be less than 80% (see ‘‘Methods’’), and the mean (SD) common region was 88.5% (3.9%) at the distal radius and 90.7% (4.7%) at the distal tibia and did not differ between subject groups ( p  0.40).



Measurement precision Short-term reproducibility (CV) of density (total, trabecular, and cortical) parameters ranged from 0.36% to 1.02% (Table 2). The structural parameters (trabecular number Tb.N, trabecular thickness Tb.Th, cortical thickness Ct.Th) showed a reproducibility ranging from 0.52% to 3.19%. The CVs of Dtot, Dcomp, Tb.N, Tb.Th, Ct.Th, and TbSp were significantly better in the distal tibia than in the radius on a 0.05 level (data not shown).



Baseline data A significant difference in structural parameters between the radius and tibia at baseline was found only for cortical thickness. For comparisons between groups, for all parameters at the HR-PQCT IN WISE 2005



0.78 0.52 0.35 0.73 0.52 0.43 2.90 3.33 3.05 1.86 0.94



CV 95% CI



Dtot ¼ total density; Dtrab ¼ trabecular density; Dmeta ¼outer trabecular density; Dinn ¼inner trabecular density; Dcomp ¼ cortical density; BV/ TV ¼ bone volume-to-tissue volume; Tb.N ¼ trabecular number; Tb.Th ¼ trabecular thickness; TbSp ¼ trabecular separation; Tb.Sp. SD ¼ standard deviation of trabecular separation, a measure of trabecular network heterogeneity; Ct.Th ¼ cortical thickness; CI ¼ confidence interval a Significant difference between radius and tibia at a 0.05 level.



-0.5% -1.0%



Dtot Dtrab Dmeta Dinn Dcomp BV/TV Tb.N Tb.Th TbSp Tb.Sp.SD Ct.Th



CV



Tibia (n ¼ 16)



distal tibia, with the exception of Tb.Th and Tb.Sp. SD, there was some evidence for differences between the groups at baseline ( p  0.085). At the distal radius, for Dtot (group main effect on ANOVA of baseline data, p ¼ 0.016), Dmeta (p ¼ 0.099), Dcomp (p ¼ 0.012), and Ct.Th (p ¼ 0.021), there was some evidence for a difference between the groups at baseline. Table 5 presents the baseline data with all subjects pooled together, and Tables 3 and 4 present the data from the distal radius and distal tibia, respectively, in each group.



Effect of countermeasures Only for cortical thickness (Ct.Th) at the distal tibia and inner trabecular density (Dinn) at the distal radius was there some evidence (group  study-date interaction on ANOVA, p ¼ 0.019 for Ct.Th and p ¼ 0.025 for Dinn; Tables 3 and 4) for a different response between the groups. Analysis of data on percentage change compared with baseline (in an attempt to control for baseline differences between groups) showed persistence of this effect (group  study-date interaction on ANOVA, p  0.036 and p ¼ 0.031 respectively), with further two-group ANOVAs of the percentage-change data suggesting a greater loss in distal tibia cortical thickness (group  study-date interaction on two-group ANOVA, p  0.013) in the NUT group than in both the CON and EXE groups. For distal radius inner trabecular density, there was only weak evidence of a difference in the response of the EXE and NUT groups (group  study-date interaction on two-group ANOVA, p ¼ 0.051), with no clear pattern of difference in response in these two groups (Table 3). For all other parameters, there was no evidence of an impact of countermeasures on changes in HR-pQCT measures during and after bed rest (group  study-date interaction on ANOVA, p  0.057). Journal of Bone and Mineral Research
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Table 3. Effect of Bed Rest and Recovery on HR-pQCT Measures at the Distal Radius Study date Group



BDC 9



HDT 15



HDT 43



Rþ3



R þ 90



Dtot (mg/cm ), BDC 9: p ¼ 0.016; group  date: p ¼ 0.442 0.2 (0.5)% 0.0 (0.5)% 0.4 (0.4)% 0.1 (0.4)% 0.6 (0.3)%a 0.0 (0.3)% 0.4 (0.3)% 0.4 (0.5)% 0.2 (0.8)% 0.6 (0.7)% 0.7 (0.6)% 0.2 (0.7)% Dtrab (mg/cm3), BDC 9: p ¼ 0.254; group  date: p ¼ 0.107 0.0 (0.4)% 0.1 (0.4)% 0.5 (0.3)%a 0.3 (0.5)% a 0.9 (0.3)% 0.7 (0.4)% 0.8 (0.4)%a 0.2 (0.3)% 0.6 (0.5)% 1.2 (0.4)%b 1.1 (0.4)%b 0.5 (0.4)% Dmeta (mg/cm3), BDC 9: p ¼ 0.099; group  date: p ¼ 0.512 0.1 (0.4)% 0.2 (0.3)% 0.5 (0.4)% 0.1 (0.6)% 0.4 (0.3)% 0.0 (0.4)% 0.3 (0.3)% 0.2 (0.4)% 0.1 (0.4)% 0.4 (0.4)% 0.4 (0.5)% 0.1 (0.4)% Dinn (mg/cm3), BDC 9: p ¼ 0.392; group  date: p ¼ 0.025 0.3 (0.7)% 0.2 (0.7)% 0.5 (0.6)% 0.2 (0.8)% 1.7 (0.6)%b 1.3 (0.6)%a 1.4 (0.4)%b 0.7 (0.4)% 1.2 (0.6)%a 2.0 (0.5)%c 1.6 (0.5)%b 0.9 (0.5)% Dcomp (mg/cm3), BDC 9: p ¼ 0.012; group  date: p ¼ 0.319 0.1 (0.3)% 0.1 (0.3)% 0.2 (0.3)% 0.1 (0.2)% 0.3 (0.2)% 0.0 (0.2)% 0.2 (0.2)% 0.2 (0.3)% 0.4 (0.5)% 0.0 (0.4)% 0.0 (0.3)% 0.2 (0.3)% BV/TV (%), BDC 9: p ¼ 0.254; group  date: p ¼ 0.246 0.02 (0.05) 0.04 (0.04) 0.08 (0.05) 0.04 (0.08) 0.10 (0.05)a 0.09 (0.06) 0.10 (0.05)a 0.02 (0.05) 0.08 (0.06) 0.13 (0.05)a 0.13 (0.05)a 0.05 (0.05) Tb.N (mm1), BDC 9: p ¼ 1.000; group  date: p ¼ 0.739 1.2 (1.0)% 2.3 (1.5)% 2.8 (2.2)% 1.6 (0.8)% 0.9 (1.6)% 0.3 (1.6)% 1.2 (1.7)% 1.1 (2.0)% 0.1 (2.0)% 1.4 (1.6)% 0.1 (1.3)% 1.0 (0.8)% Tb.Th (mm), BDC 9: p ¼ 0.200; group  date: p ¼ 0.888 1.0 (1.1)% 2.3 (1.3)% 2.1 (2.3)% 0.8 (1.1)% 1.6 (1.5)% 0.5 (1.5)% 0.2 (1.8)% 1.3 (2.0)% 1.5 (1.8)% 0.1 (1.5)% 0.9 (1.2)% 0.4 (1.0)% TbSp (mm), BDC 9: p ¼ 0.966; group  date: p ¼ 0.833 1.2 (1.2)% 2.5 (1.5)% 2.7 (2.1)% 1.6 (0.9)% 0.8 (1.3)% 0.2 (1.5)% 0.8 (1.7)% 1.9 (2.1)% 0.0 (1.6)% 1.1 (1.9)% 0.1 (1.5)% 1.2 (0.8)% Tb.Sp SD (mm), BDC 9: p ¼ 0.501; group  date: p ¼ 0.927 0.5 (0.9)% 0.5 (1.1)% 1.4 (1.3)% 0.4 (1.1)% 0.5 (0.9)% 0.1 (0.8)% 0.3 (1.0)% 1.6 (1.2)% 0.3 (1.1)% 0.2 (0.7)% 0.8 (0.5)% 0.7 (0.5)% Ct.Th (mm), BDC 9: p ¼ 0.021; group  date: p ¼ 0.753 0.3 (0.8)% 0.1 (0.7)% 0.3 (0.6)% 0.0 (0.7)% 0.6 (0.4)% 0.3 (0.4)% 0.0 (0.4)% 0.5 (0.8)% 0.4 (1.7)% 0.6 (1.5)% 0.7 (1.3)% 0.2 (1.2)%



R þ 180



R þ 360



3



CON EXE NUT



345.5 (15.2) 333.1 (15.1) 283.8 (15.2)



CON EXE NUT



161.6 (9.7) 169.9 (9.7) 149.4 (9.7)



CON EXE NUT



229.1 (9.1) 233.1 (9.1) 210.3 (9.1)



CON EXE NUT



114.8 (10.3) 126.0 (10.3) 107.3 (10.3)



CON EXE NUT



914.0 (11.9) 897.4 (11.8) 856.4 (12.0)



CON EXE NUT



13.5 (0.8) 14.2 (0.8) 12.5 (0.8)



CON EXE NUT



1.770 (0.067) 1.77 0(0.070) 1.769 (0.068)



CON EXE NUT



0.076 (0.004) 0.080 (0.004) 0.071 (0.004)



CON EXE NUT



0.494 (0.022) 0.493 (0.023) 0.500 (0.023)



CON EXE NUT



0.208 (0.012) 0.198 (0.012) 0.192 (0.012)



CON EXE NUT



0.879 (0.045) 0.824 (0.045) 0.694 (0.045)



0.0 (0.5)% 0.3 (0.3)% 0.4 (0.6)%



0.4 (0.4)% 0.5 (0.4)% 0.2 (0.6)%



0.4 (0.5)% 0.9 (0.3)%a 0.3 (0.4)%



0.4 (0.5)% 1.2 (0.6)% 0.7 (0.6)%



0.4 (0.5)% 0.5 (0.3)% 0.1 (0.4)%



0.4 (0.4)% 0.6 (0.4)% 0.2 (0.5)%



0.4 (0.8)% 1.8 (0.4)%c 0.8 (0.5)%



0.3 (0.8)% 1.8 (1.0)% 1.3 (0.8)%



0.3 (0.3)% 0.0 (0.2)% 0.3 (0.3)%



0.2 (0.3)% 0.3 (0.3)% 0.5 (0.3)%



0.06 (0.06) 0.14 (0.04)b 0.06 (0.05)



0.06 (0.07) 0.16 (0.09) 0.09 (0.07)



2.7 (1.4)% 1.5 (1.3)% 1.2 (1.3)%



3.0 (1.5)% 1.6 (1.4)% 0.7 (0.9)%



2.1 (1.3)% 0.5 (1.3)% 0.5 (1.3)%



2.3 (1.8)% 0.7 (1.7)% 0.2 (1.4)%



2.6 (1.2)%a 1.4 (1.1)% 1.4 (1.3)%



3.1 (1.5)%a 1.5 (1.2)% 1.2 (1.0)%



0.0 (1.1)% 0.3 (0.9)% 0.7 (0.6)%



1.4 (0.9)% 0.3 (0.9)% 1.0 (0.6)%



0.4 (0.7)% 0.3 (0.4)% 0.5 (1.3)%



0.4 (0.7)% 0.2 (0.5)% 0.4 (1.3)%



Note: Values at baseline (BDC 9) are mean (SEM) in absolute values. With the exception of BV/TV, beyond this time point (at days 15 and 43 of bed rest [HDT] and days 3, 90, 180, and 360 of post–bed rest recovery [R þ]), values are mean (SEM) percentage difference to baseline value. For BV/TV, HDT 13 and beyond are mean (SEM) change in BV/TV. Dtot ¼ total density; Dtrab ¼ trabecular density; Dmeta ¼ outer trabecular density; Dinn ¼ inner trabecular density; Dcomp ¼ cortical density; BV/TV ¼ bone volume/total volume; Tb.N ¼ trabecular number; Tb.Th ¼ trabecular thickness; TbSp ¼ trabecular separation; Tb.Sp SD ¼ standard deviation of trabecular separation (indicator of matrix homogeneity); Ct.Th ¼ cortical thickness. a p < 0.05. b p < 0.01 c p < 0.001. These values indicate significance change on a given study date compared with baseline within each group. p Values next to parameter title indicate significance between groups at baseline (BDC 9) and whether evidence was present for an impact of the countermeasures on bone changes (group  date).
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Table 4. Effect of Bed Rest and Recovery on HR-pQCT Measures at the Distal Tibia Study date Group



BDC 9



HDT 15



HDT 43



Rþ3



R þ 90



R þ 180



Dtot (mg/cm ), BDC 9: p ¼ 0.093; group  date: p ¼ 0.647 1.3 (0.8)% 2.5 (0.8)%b 1.8 (0.8)%a 1.5 (0.8)% b c 1.0 (0.3)% 1.5 (0.4)% 0.9 (0.4)%b 0.8 (0.3)%b c c c 1.3 (0.4)% 2.3 (0.4)% 1.3 (0.3)% 1.1 (0.4)%b 3 Dtrab (mg/cm ), BDC 9: p ¼ 0.045; group  date: p ¼ 0.433 0.6 (2.0)% 1.8 (1.5)% 3.8 (1.5)%a 2.7 (1.4)% 2.5 (1.5)% a b 1.0 (0.5)% 1.6 (0.6)% 2.4 (0.6)%c 1.3 (0.4)%b 1.4 (0.4)%b b 0.3 (0.7)% 1.0 (0.6)% 1.8 (0.6)% 1.0 (0.5)% 0.7 (0.6)% Dmeta (mg/cm3), BDC 9: p ¼ 0.085; group  date: p ¼ 0.330 0.3 (1.5)% 1.5 (1.2)% 2.9 (1.1)%b 2.5 (1.1)%a 2.0 (1.1)% a c 0.5 (0.3)% 1.1 (0.4)% 1.8 (0.5)% 0.9 (0.3)%c 0.8 (0.3)%b c a 0.3 (0.5)% 0.8 (0.4)% 1.5 (0.3)% 0.8 (0.3)% 0.8 (0.4)%a Dinn (mg/cm3), BDC 9: p ¼ 0.043; group  date: p ¼ 0.753 0.7 (2.7)% 2.2 (2.0)% 4.9 (2.0)%a 3.1 (2.0)% 3.0 (2.0)% a 1.4 (0.9)% 2.2 (0.9)% 3.0 (0.9)%b 1.6 (0.8)%a 1.8 (0.7)%a a 0.4 (1.1)% 1.3 (0.9)% 2.0 (1.0)% 1.1 (0.8)% 0.8 (0.8)% Dcomp (mg/cm3), BDC 9: p ¼ 0.048; group  date: p ¼ 0.057 0.0 (0.3)% 0.2 (0.3)% 0.9 (0.3)%b 0.6 (0.2)%a 0.3 (0.2)% b 0.1 (0.1)% 0.1 (0.1)% 0.4 (0.1)% 0.4 (0.2)%a 0.3 (0.1)%b a 0.1 (0.2)% 0.2 (0.2)% 0.4 (0.2)% 0.3 (0.1)% 0.4 (0.2)%a BV/TV (%), BDC 9: p ¼ 0.040; group  date: p ¼ 0.642 0.04 (0.24) 0.20 (0.18) 0.45 (0.17)a 0.34 (0.17) 0.29 (0.17) a a 0.15 (0.07) 0.24 (0.10) 0.38 (0.10)c 0.18 (0.06)b 0.19 (0.06)b b 0.05 (0.11) 0.14 (0.08) 0.25 (0.08) 0.14 (0.08) 0.10 (0.09) Tb.N (mm1), BDC 9: p ¼ 0.061; group  date: p ¼ 0.740 0.8 (1.5)% 1.4 (1.5)% 1.5 (1.5)% 1.0 (1.4)% 1.8 (1.3)% 0.2 (1.0)% 1.0 (0.9)% 0.8 (0.9)% 0.6 (1.6)% 1.6 (1.1)% 0.4 (1.9)% 0.6 (1.8)% 1.2 (1.8)% 1.6 (1.8)% 0.3 (2.0)% Tb.Th (mm), BDC 9: p ¼ 0.572; group  date: p ¼ 0.241 0.8 (1.6)% 0.3 (1.7)% 2.2 (1.5)% 1.2 (1.5)% 0.8 (1.9)% 1.5 (0.9)% 1.0 (0.9)% 1.9 (0.9)%a 0.8 (1.7)% 0.3 (1.2)% 1.2 (1.6)% 0.5 (1.4)% 0.8 (1.1)% 0.5 (1.2)% 0.8 (1.5)% TbSp (mm), BDC 9: p ¼ 0.041; group  date: p ¼ 0.523 0.9 (1.7)% 1.8 (1.6)% 2.0 (1.6)% 1.5 (1.6)% 2.0 (1.6)% 0.1 (1.0)% 1.3 (1.0)% 1.2 (1.1)% 0.8 (0.9)% 2.1 (0.7)%b 0.8 (1.7)% 0.4 (1.6)% 1.0 (1.5)% 1.4 (1.6)% 0.3 (1.6)% Tb.Sp SD (mm), BDC 9: p ¼ 0.103; group  date: p ¼ 0.374 0.0 (0.9)% 0.1 (0.9)% 0.9 (0.8)% 0.8 (0.8)% 0.4 (0.7)% 0.1 (0.6)% 0.7 (0.6)% 0.2 (0.6)% 0.1 (0.7)% 1.1 (0.8)% 0.1 (1.0)% 0.2 (1.4)% 0.5 (1.0)% 1.4 (1.0)% 0.2 (1.2)% Ct.Th (mm), BDC 9: p ¼ 0.021; group  date: p ¼ 0.019 2.0 (0.7)%b 1.4 (0.4)%c 0.8 (0.4)%a 0.2 (0.5)% 1.5 (0.5)%b a b a 0.2 (0.2)% 0.6 (0.2)% 0.9 (0.3)% 0.7 (0.4)% 0.3 (0.3)% 0.4 (0.7)% 2.2 (0.5)%c 3.8 (0.6)%c 1.8 (0.6)%b 1.4 (0.6)%a



R þ 360



3



CON EXE NUT



299.5 (13.8) 326.5 (13.6) 282.9 (13.6)



CON EXE NUT



154.0 (7.8) 178.9 (7.5) 170.4 (7.6)



CON EXE NUT



220.6 (8.1) 245.1 (7.8) 232.1 (7.8)



CON EXE NUT



108.6 (8.2) 133.6 (8.0) 128.4 (8.0)



CON EXE NUT



923.3 (12.1) 916.4 (11.9) 876.8 (11.9)



CON EXE NUT



12.8 (0.7) 14.9 (0.6) 14.2 (0.6)



CON EXE NUT



1.594 (0.066) 1.759 (0.065) 1.773 (0.070)



CON EXE NUT



0.081 (0.004) 0.085 (0.004) 0.081 (0.004)



CON EXE NUT



0.551 (0.022) 0.488 (0.021) 0.495 (0.022)



CON EXE NUT



0.243 (0.013) 0.209 (0.013) 0.209 (0.013)



CON EXE NUT



1.189 (0.062) 1.300 (0.062) 1.041 (0.062)



0.3 (1.0)% 0.6 (0.3)%a 0.4 (0.5)%



1.7 (0.8)%a 0.6 (0.4)% 1.0 (0.3)%b 3.7 (1.5)%a 1.5 (0.5)%b 1.3 (0.5)%a 2.9 (1.1)%b 0.9 (0.4)%b 1.0 (0.4)%a 4.4 (2.0)%a 2.1 (0.9)%a 1.8 (0.9)%a 0.3 (0.3)% 0.0 (0.1)% 0.1 (0.2)% 0.41 (0.18)a 0.21 (0.07)b 0.19 (0.09)a 3.1 (1.2)%b 1.5 (1.2)% 1.4 (1.7)% 0.0 (1.7)% 0.3 (1.3)% 0.3 (1.2)% 3.7 (1.4)%b 1.8 (0.8)%a 1.5 (1.5)% 1.7 (0.6)%b 1.1 (0.8)% 1.3 (0.9)% 0.6 (0.5)% 0.1 (0.3)% 0.6 (0.7)%



Note: Values at baseline (BDC 9) are mean (SEM) in absolute values. With the exception of BV/TV, beyond this time point (at days 15 and 43 of bed rest [HDT] and days 3, 90, 180, and 360 of post–bed rest recovery [R þ]) values are mean (SEM) percentage difference to baseline value. For BV/TV, HDT 13 and beyond are mean (SEM) change in BV/TV. Dtot ¼ total density; Dtrab ¼ trabecular density; Dmeta ¼ outer trabecular density; Dinn ¼ inner trabecular density; Dcomp ¼ cortical density; BV/TV ¼ bone volume/total volume; Tb.N ¼ trabecular number; Tb.Th ¼ trabecular thickness; TbSp ¼ trabecular separation; Tb.Sp SD ¼ standard deviation of trabecular separation (indicator of matrix homogeneity); Ct.Th ¼ cortical thickness. a p < 0.05. b p < 0.01. c p < 0.001. These values indicate significance change on a given study date compared with baseline within each group. p Values next to parameter title indicate significance between groups at baseline (BDC 9) and whether evidence was present for an impact of the countermeasures on bone changes (group  date).
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Table 5. Effect of Bed Rest and Recovery on HR-pQCT Parameters at the Distal Radius and Distal Tibia (All Subjects Pooled) Study date Parameter



HDT 43



Rþ3



R þ 90



R þ 180



R þ 360



0.6 (0.2)%a



0.0 (0.2)%



0.4 (0.2)%



0.2 (0.2)%



0.3 (0.2)%



0.3 (0.2)%



0.5 (0.2)%a



0.7 (0.2)%b



0.8 (0.2)%c



0.2 (0.2)%



0.4 (0.2)%



0.7 (0.3)%a



BDC 9



HDT 15



Dtot (mg/cm3) p ¼ 0.002



320.779 (10.057)



Dtrab (mg/cm ) p < 0.001



160.258 (5.641)



Distal radius 3



Dmeta (mg/cm ) p ¼ 0.068



224.174 (5.436)



0.2 (0.2)%



0.3 (0.2)%



0.3 (0.2)%



0.0 (0.2)%



0.3 (0.2)%



0.4 (0.2)%



Dinn (mg/cm3) p < 0.001



116.237 (5.908)



1.0 (0.3)%b



1.5 (0.3)%c



1.4 (0.3)%c



0.7 (0.3)%a



1.2 (0.3)%c



1.2 (0.5)%b



Dcomp (mg/cm ) p ¼ 0.054



889.542 (8.171)



3



3



BV/TV (%) p < 0.001



13.4 (0.5)



0.0 (0.2)%



0.0 (0.1)%



0.2 (0.1)%



0.1 (0.1)%



0.1 (0.1)%



0.0 (0.2)%



0.04 (0.03)



0.09 (0.03)b



0.11 (0.03)c



0.04 (0.03)



0.07 (0.03)a



0.10 (0.04)a



Tb.N (mm1] p ¼ 0.021 Tb.Th (mm) p ¼ 0.050



1.773 (0.038) 0.075 (0.002)



0.2 (0.7)% 0.4 (0.7)%



1.3 (0.8)% 0.8 (0.8)%



1.3 (0.8)% 0.2 (0.8)%



1.5 (0.5)%b 0.7 (0.7)%



1.9 (0.6)%b 1.4 (0.6)%a



1.6 (0.6)%b 1.2 (0.8)%



TbSp (mm) p < 0.001



0.494 (0.012)



0.3 (0.7)%



1.3 (0.8)%



1.2 (0.9)%



1.7 (0.5)%c



2.2 (0.6)%c



2.1 (0.6)%c



Tb.Sp SD (mm) p ¼ 0.273



0.199 (0.007)



0.1 (0.5)%



0.4 (0.4)%



0.7 (0.4)%



0.4 (0.4)%



0.6 (0.4)%



0.9 (0.4)%a



Ct.Th (mm) p ¼ 0.672



0.798 (0.030)



0.4 (0.4)%



0.1 (0.4)%



0.1 (0.3)%



0.1 (0.3)%



0.0 (0.3)%



0.1 (0.4)%



Distal tibia Dtot (mg/cm3) p < 0.001



302.514 (8.409)



0.6 (0.2)%a



1.1 (0.2)%c



2.0 (0.2)%c



1.2 (0.2)%c



1.0 (0.2)%c



0.9 (0.2)%c



Dtrab (mg/cm3) p < 0.001



167.260 (4.787)



0.8 (0.4)%



1.2 (0.4)%b



2.3 (0.4)%c



1.3 (0.3)%c



1.2 (0.3)%c



2.0 (0.3)%c



Dmeta (mg/cm3) p < 0.001 Dinn (mg/cm3) p < 0.001



231.779 (4.904) 123.256 (5.029)



0.5 (0.3)% 1.0 (0.7)%



0.9 (0.3)%b 1.4 (0.6)%a



1.6 (0.2)%c 3.2 (0.6)%c



1.0 (0.2)%c 1.6 (0.5)%b



0.8 (0.2)%c 1.6 (0.5)%b



1.3 (0.2)%c 2.4 (0.6)%c



Dcomp (mg/cm3) p < 0.001



905.287 (7.802)



0.0 (0.1)%



0.1 (0.1)%a



0.5 (0.1)%c



0.3 (0.1)%c



0.3 (0.1)%c



0.1 (0.1)%



0.11 (0.06)



0.17 (0.05)b



0.31 (0.05)c



0.18 (0.04)c



0.16 (0.05)c



0.24 (0.05)c



0.0 (0.7)%



1.2 (0.6)%



1.2 (0.6)%



1.3 (0.8)%



1.4 (0.7)%



1.8 (0.6)%b



0.5 (0.8)%



0.2 (0.7)%



BV/TV (%) p < 0.001 Tb.N (mm1) p ¼ 0.001



13.9 (0.4) 1.709 (0.041)



Tb.Th (mm) p ¼ 0.011



0.082 (0.002)



1.0 (0.7)%



0.7 (0.6)%



1.5 (0.6)%a



0.6 (0.7)%



TbSp (mm) p < 0.001



0.511 (0.014)



0.1 (0.7)%



1.1 (0.7)%



1.5 (0.6)%a



1.3 (0.7)%



1.6 (0.6)%b



2.1 (0.6)%c



Tb.Sp SD (mm) p < 0.001



0.220 (0.008)



0.1 (0.4)%



0.8 (0.4)%



0.4 (0.4)%



0.7 (0.5)%



0.3 (0.5)%



1.5 (0.4)%c



Ct.Th (mm) p < 0.001



1.174 (0.041)



0.4 (0.2)%



1.0 (0.2)%c



1.4 (0.3)%c



1.1 (0.2)%c



0.6 (0.2)%b



0.1 (0.3)%



Note: Values at baseline (BDC 9) are mean (SEM) in absolute values. Beyond this time point (at days 15 and 43 of bed rest [HDT] and days 3, 90, 180, and 360 of post–bed rest recovery [R þ]) values are mean (SEM) percentage difference to baseline value. Dtot ¼ total density; Dtrab ¼ trabecular density; Dmeta ¼ outer trabecular density; Dinn ¼ inner trabecular density; Dcomp ¼ cortical density; BV/TV ¼ bone volume/total volume; Tb.N ¼ trabecular number; Tb.Th ¼ trabecular thickness; TbSp ¼ trabecular separation; Ct.Th ¼ cortical thickness. Only for Ct.Th at the distal tibia was there some evidence for a different response between the groups (see Table 4). For the distal radius at HDT 15, data were missing from two subjects, and excluding this time point from modeling results in insignificance of the study date effect on ANOVA for Dtot (p ¼ 0.11) but with the effect remaining for Dtrab and Dinn (p < 0.003). a p < 0.05. b p < 0.01. c p < 0.001. These values indicate significant change on a given study date compared with baseline. p Values next to parameter name indicate significance from ANOVA of changes over the course of the study with all groups pooled.



Effect of bed rest and recovery At the distal radius, strong effects (study-date main effect on ANOVA, p < 0.001) were seen for overall trabecular density (Dtrab), with the effect concentrated mainly in the inner region of the trabecular structure (Dinn) but not in the outer trabecular region (Dmeta, p ¼ 0.068). Both Dtrab and Dinn decreased during bed rest, with reductions persisting up to 1 year after bed rest (R þ 360; Table 5). Since BV/TV is derived from Dtrab, similar results were seen for this parameter. Strong effects (study date, p < 0.001) also were seen for an increase in trabecular separation (Tb.Sp) and a trend (study date, p ¼ 0.011) for a decrease in trabecular number (Tb.N), with both these effects first reaching significance on a priori comparisons with baseline 90 days after bed rest (R þ 90) and persisting up to R þ 360. At the distal tibia, strong effects (study-date main effect on ANOVA, p < 0.001) were seen for changes in all parameters
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during and after bed rest, with the exception of trabecular thickness (Tb.Th; p ¼ 0.011; Table 5). Reductions in bone density (Dtot, Dtrab, Dmeta, Dinn, and Dcomp) were seen during bed rest, with this persisting up to 1 year after bed rest in some parameters. Cortical thickness (Ct.Th) decreased during bed rest and remained reduced up to 180 days after bed rest. Trabecular number decreased and trabecular separation increased (first significant on R þ 3), with these effects persisting up to 1 year after bed rest. Trabecular network heterogeneity (Tb.Sp. SD) also increased, but this first reached significance 1 year after bed rest. Similar to the radius, since BV/TV is derived from Dtrab, similar results were seen for both these variables.



Discussion In this study we evaluated the changes in bone density and microarchitecture during long-term bed rest using an HR-pQCT ARMBRECHT ET AL.



system. In terms of the impact of the countermeasures, there was only a trend for a greater loss in cortical thickness at the distal tibia in the nutrition group than in the other two groups, and it is unclear what impact a thinner cortex at baseline in this group may have had. There was little evidence for an impact of the exercise or nutrition countermeasures on the remaining bone density and bone structure parameters. In terms of the effect of bed rest and recovery as a whole, statistically significant effects were seen in density parameters at the distal tibia. At the distal radius, reductions in trabecular density, particularly in the innermost trabeculae, were seen, with no significant changes in other density parameters. Changes in bone structure parameters were seen, with trabecular separation increasing at both the distal tibia and distal radius, but these effects were first significant after bed rest. Reduction in trabecular number was similar in magnitude at the distal radius and distal tibia, but the effect was stronger, statistically, at the distal tibia. Cortical thickness decreased at the distal tibia only, with this effect reaching significance during bed rest. Although a number of effects were similar in magnitude, such as the magnitude of density and structure parameter changes or changes in trabecular number at the radius and tibia, the coefficients of variation from repeated measurements typically were higher at the radius than at the tibia, and structure parameters typically were less repeatable than density parameters. This may be part of the explanation why similar magnitudes of change were seen for a number of parameters, but some of these changes reached statistical significance at a later time point. The results showed that there was little effect of the countermeasures on the bone changes at the distal tibia and distal radius during and after bed rest. Only a trend was seen for a greater loss in cortical thickness at the distal tibia in the nutrition group, with no evidence for an impact of the exercise countermeasure on any parameters. Comparison of the current findings with other studies is difficult because only one other study has examined the effects of countermeasures on bone during bed rest in women, and in that study, DXA measurements were performed.(28) It may be possible to argue that the low numbers of subjects in each group, coupled with measurement repeatability, may have been part of the explanation for the nonsignificant impact of countermeasures. While this is conceivable, there was no consistency across parameters in, for example, losses in bone density or changes in bone structure in the exercise group that may suggest an (albeit nonsignificant) impact of the exercises. Also, examinations on the same subjects using standard pQCT did not show any impact of countermeasures in these same subjects,(46) whereas other exercise approaches(16,19,20) can have an impact on such measures of bone loss during and after bed rest. Hence we would argue that the exercise countermeasures actually were ineffective for preventing bone loss at the distal tibia and distal radius rather than issues of measurement error or low subject numbers playing a role. Typically, bone is better stimulated by dynamic loads that cause larger bone strains(47,48) and faster rates of bone deformation,(49–52) with certain minimum strain(53–56) and strain-rate(57) thresholds needing to be exceeded, although the number of loading cycles, among other factors, is important.(48,58–60) The conduct of comparatively low-load HR-PQCT IN WISE 2005



exercise (such as with treadmill running during lower body negative pressure in this study) typically is less effective for maintenance of bone during weightlessness(12,61,62) and bed rest,(63) with high-load resistive exercise, as performed on the infrequent schedule in this study, also generally less effective than other approaches during bed rest.(16) This study is the first to date to examine changes in bone density and structure using HR-pQCT during and after prolonged bed rest, a model of disuse. While it was possible to detect changes in bone structure, particularly at the distal tibia, these effects typically reached statistical significance later in the course of the study than the density parameters. One may be tempted to hypothesize, therefore, that first bone density reduces during bed rest, with later changes in bone structure. While this is possible, it is important to note that this study (consistent with prior work(64)) found the reproducibility for density parameters to be better than for trabecular structural parameters. When measurement variability is greater (eg, for trabecular structure parameters), this requires a larger effect size before an effect is statistically significant. Hence it is likely that changes in bone structure occurred on a similar time course to losses in bone density, not earlier or later, and the effects became statistically significant only at a later time point owing to greater measurement error. It is worthy to note that some of the structural changes first reach statistical significance after bed rest. In this regard, prior work has shown that bone loss continues for a number of weeks after bed rest, with the extent of bone loss becoming greater in the immediate post–bed rest period.(16,20,65) Thus, while the continued alteration of bone structure in the weeks after bed rest is a novel finding, it is not surprising. Also, contrary to what may be expected from prior findings in men during prolonged bed rest,(19,20) changes at the distal radius in women also occurred during bed rest. Although lesser in magnitude than those at the distal tibia, significant reductions in distal radius trabecular bone density, being greatest in the center of the trabecular structure, and increases in trabecular separation were seen. This suggests that changes at the distal radius do indeed occur in women during prolonged bed rest. In terms of the recovery of distal tibia and radius bone density and structure changes, a number of effects persisted until the final measurement date 1 year after bed rest. At the distal radius, significant reductions in trabecular density and number and increases in trabecular separation persisted. At the distal tibia, significant reductions in all bone density parameters and significant increases in trabecular separation persisted. This incomplete recovery of bone structure and density at 1 year after bed rest is understandable given that duration of time required for the recovery of bone is many orders of magnitude longer than the actual duration of exposure to inactivity or weightlessness.(66) The protein-leucine nutritional countermeasure also had no positive impact on the bone measures, with a trend for a greater loss in distal tibial cortical thickness in the nutrition group. From other nutritional studies, the effect of protein intake on bone metabolism is not clear. Some studies have shown an anabolic effect of higher protein intake on bone,(67) whereas others have shown a negative(68) or equivocal effect(69) on calcium Journal of Bone and Mineral Research
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metabolism. Furthermore, while leucine intake is important for muscle homeostasis,(70) there are no data available on the effect of leucine intake on bone or calcium metabolism. In any case, the high protein and leucine nutritional countermeasure, as performed, did not have any protective effects on changes in bone density and structure at the distal tibia and radius in during 60 days of bed rest in women. Some mention of the measurement methodology is appropriate. Aside from Tb.N, all other structural parameters are density-based. BV/TV in particular gives no additional information at all to Dtrab mainly because BV/TV is derived directly from Dtrab (BV/TV ¼ Dtrab/1200). The reader should note that since BV/TV is already a percent value, we chose to present the changes in BV/TV during bed rest as absolute change in BV/TV rather than calculate a percent change of a percentage value. For the remaining variables, including Dtrab, data are presented as percentage change compared with baseline. There are several potential concerns with the approach of measuring or calculating cortical and trabecular parameters in longitudinal studies. Since it is difficult to always examine the same bone region, the manufacturer provides software that automatically matches slices based on cross-sectional area and limits the analyzed region to the slices common to baseline and all follow-ups. This could lead to mismatching in longitudinal studies where periosteal apposition and changes in crosssectional area could occur. Alternatively, an improved short- and medium-term reproducibility can be achieved using a 3D image registration technique compared with the default slicematching approach.(71) A second concern applies to the segmentation and assessment of cortical bone. Segmentation of cortical and trabecular compartments is performed using an edge-enhancement and threshold procedure; this segmentation provides the basis for the subsequent morphometric and densitometric analyses. This segmentation procedure may fail to capture the cortical structure in subjects with very porous or thin cortexes.(72,73) Additionally, the cortical thickness is not measured directly but rather is calculated from cortical area and perimeter. More sophisticated approaches to segmentation of cortical bone have been proposed,(74) including a direct 3D assessment of cortical thickness and quantification of intracortical porosity and canal diameter.(75,76) In conclusion, this study showed that changes in bone structure were measurable in women during and after prolonged bed rest using HR-pQCT and occurred concurrent with changes in bone density. The changes in bone structure appeared to occur on a similar time course as the changes in bone density but, owing to greater structure-measure variability, reached statistical significance at a later time point. While losses in bone density generally were greater in magnitude at the distal tibia than at the distal radius, reductions in trabecular thickness and increases in trabecular separation were similar in magnitude at both the radius and distal tibia. Cortical thinning was significant only at the distal tibia. The findings of this study also suggest that the exercise and nutrition countermeasures, as performed, were ineffective in preventing bone loss at the distal tibia and distal radius in women after 60 days of bed rest, as measured with HRpQCT.
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