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SUMMARY  
Background:  Susceptibility to bone overuse injury during recruit training has long been attributed to parameters of bone that include turnover status, geometry, mineralization, slenderness, subclinical stress reaction, adaptation status, or a combination of these attributes.   The contribution of inherent gender differences in bone parameters to the overall ability of bone to withstand the rigors of unaccustomed mechanical loading regimens is largely unexplored.  Purpose:  To describe the results of collaborative studies between the U.S. Army and the Israeli Defense Forces (IDF) that assessed bone health status of men and women entering recruit training in the IDF.  Methods:  Apparent bone mineral density (BMD) of the total body, pelvis, arms and legs was determined from DXA scans of 108 women and 36 men entering a 4-month gender integrated combat basic training program in the IDF.  Peripheral quantitative computed tomography (pQCT) images of the tibia were obtained from an additional cohort of 128 healthy women (n=108) and men (n=20).  MATLAB software was used to assess whole bone and regional parameters at trabecular and cortical sites of the tibia, and included volumetric density (vBMD), geometry (area and cortical thickness), and strength (bone strength and slenderness indices).  MRI images were obtained from a subset of 73 women and 9 men.  In addition, serum from 199 women and 58 men was analyzed for biomarkers of bone turnover (BAP and CTX).  Results:  DXA scans revealed that men exhibited significantly greater BMD (gr•cm-2) at the arms (0.94 ± 0.10 versus 0.89 ± 0.12) and legs (1.33 ± 0.11 versus 1.21 ± 0.09) (p<0.05) than women.  BMD of the pelvis (1.13 ± 0.11 and 1.12 ± 0.11) and total body (1.17 ± 0.08 and 1.13 ± 0.08) did not differ between men and women, respectively.  Analysis using pQCT found that women had 2.7 – 3.0% greater cortical vBMD (gr•cm-3) than men (p<0.01), while trabecular vBMD was 8.4% lower in women (p<0.001).  Measures of bone geometry (p<0.0001) and strength (p<0.0001 to p=0.07) were greater in men after adjusting for body size.  Markers of bone formation and resorption were significantly higher in men than women at baseline, and remained higher at all time points (p<0.001).   Markers of bone formation (BAP) and resorption (CTx) increased significantly over time for both genders (main effect, p<0.001).  Baseline MRI images revealed that 9 of 73 women (12.3%) had evidence of tibial stress injury unrelated to military training, while all images from the men were normal.   Conclusion:  BMD of the lower extremities was greater in men when analyzed using DXA, while vBMD of the tibia was greater in women when assessed using pQCT.  DXA, which cannot be corrected adequately for bone size, may not accurately reflect inherent gender differences, suggesting that previous conclusions that lower BMD predisposes women to stress fracture should be reconsidered.  Indeed, higher vBMD of the tibia in women may theoretically increase susceptibility through increased brittleness, specifically when combined with lower body size-adjusted geometry and strength measures.  Whether gender inherent differences in bone size, mineralization, and turnover contribute to a decreased ability to withstand the demands imposed by novel, repetitive exercise in untrained individuals entering military recruit training deserves further evaluation.   

INTRODUCTION
Bone overuse injuries are a significant concern during military recruit training.  Stress fracture (SF)  occurs when bone is exposed to increased levels of activity over a short period of time.  Women are at 2-6 times greater risk for SF than men undergoing similar training [1, 2].  Previous research indicates that factors such as low bone density, smaller bone size, and low fitness level may contribute to fracture susceptibility [3, 4].   

Dual x-ray absorptiometry (DXA):  
Studies relating low bone density in women to SF have used using dual-energy x-ray absorptiometry (DXA), which calculates mineral content within the total area scanned.  DXA does not estimate porosity, marrow area, or bone shape but rather provides a two-dimensional measure of bone structural density (arial BMD, mg/mm2).   Thus, studies using DXA images to assess sex differences may not accurately depict inherent anthropometric differences as there is no correction for bone and body size [5].  In recent years approaches to address this concern have included the calculation of bone mineral apparent density (BMAD) [6], and statistical adjustment for body size [7].  This modified calculation may still not adequately account for individual differences in bone geometry related to age, chronic physical activity, calcium intake, or other genetic factors.   

Smaller bone size in women has been related to SF susceptibility.  Recent findings in a focused gender study using human cadaver cores suggests that smaller tibia may have reduced tissue ductility than larger tibia, independent of sex [8].  Anthropometric data suggests that individuals with smaller, more slender tibia are at greater risk for SF [3, 9-12].   Indeed, when radiographs were used to compute bone width and cross-sectional moments of inertia, these measures were related to SF risk in recruits [11].  Programs have also been developed to derive geometric and strength parameters from DXA data [13], and have been used to describe sex differences in both structural density (aBMD) and geometry of the tibia and femur in military recruits [3].   These methods are estimates from two-dimensional images, however, and may not accurately reflect bone tissue density and true geometry.
Peripheral quantitative computed tomography (pQCT):

Cross-sectional imaging technologies such as peripheral quantitative computed tomography (pQCT) may provide new insight into sex differences in bone mineralization.  Calculation of volumetric bone mineral density (vBMD, mg/mm3) can be made using cross-sectional images at injury prone sites, allowing for an assessment of tissue density independent of bone size.   As small changes in bone tissue density can result in large changes in bone strength [14], bone mineralization does contribute to overall bone strength.  The research suggesting a relationship between aBMD and SF risk, however, is equivocal.  Further insight into the contribution of mineralization to SF risk may be gained through assessment of tissue density using measures of vBMD when attempting to determine fracture resiliency related to mineralization.  
Peripheral QCT is a non-invasive cross-sectional imaging tool used to assess parameters of bone quality of the extremities.  In addition to providing a measure of tissue density by calculating vBMD, differential assessment can be made between cortical and trabecular bone, which cannot be accomplished using DXA.  The image also allows for assessment of geometric measures and estimates of bone strength and quality.  Nieves et al reported that pQCT images revealed significant sex differences in skeletal size and vBMD at one cortical site of the tibia in a physically active population of elite military cadets [15].  Whether these same sex differences are evident in a cross-section of age-matched military recruits has not been determined.    Peripheral QCT provides an excellent method of determining parameters of whole bone cross-section, and regional analysis can provide additional information related to site-specific differences in geometry and tissue density of the tibia [16, 17]   

Markers of bone turnover:
Baseline bone turnover values may be related to gender-inherent factors, and may be of value in predicting the state of bone adaptation to previous activity.  Susceptibility to stress fracture during high intensity, repetitive impact loading is hypothesized to result from accelerated bone remodeling [18], which may compromise bone strength at fracture prone sites [19]. 

Bone overuse injuries are hypothesized to result from changes in bone metabolism favoring bone resorption [20].   It is unclear whether women, who sustain stress fracture at much higher rates than men during strenuous recruit training programs [2] differ from men in their bone turnover response to similar exercise regimens.  In male military recruits, 10 weeks of combined high-impact aerobic, anaerobic and resistance exercise resulted in a decrease in bone formation markers, while bone resorption was unchanged [21].   The same trends toward decreased bone formation are observed in long-distance runners [22], and are especially evident in women with amenorrhea [23].  A consistent rise in a bone resorption marker was greater in women than men during an 11-week gender-integrated recruit training program [20],  however the net effect on bone turnover could not be determined as markers of bone formation were not assessed.   

Magnetic resonance imaging (MRI):

While assessing DXA, pQCT, and bone turnover parameters are valuable in providing a ‘snapshot’ of an individual’s bone health status at baseline, these imaging techniques and markers do not indicate whether early stress changes are evident.  Magnetic resonance imaging (MRI) is a safe, non-invasive imaging technology that has been used to detect early stress changes in bone and soft tissue in clinically symptomatic patients [24]. MRI is also sensitive to early changes that may not be clinically symptomatic, reflecting changes related to overuse such as periosteal, endosteal, and bone marrow edema [24]. This imaging modality may reflect bone adaptation status of the lower extremities, potentially identifying individuals at risk for stress fracture.  We are not aware of studies that have used MRI to evaluate asymptomatic changes in bone tissue resulting from physical training before recruitment. 
Purpose:
The primary focus of this paper is to present a summary of collaborative work between the U.S. Army and the Israeli Defense Forces assessing sex differences in bone geometry and mineralization parameters measured for whole bone and regionally using DXA and pQCT [17].   We also present results summarizing our work to evaluate gender disparity in the response of markers of bone turnover and other serum markers associated with bone metabolism in a group of men and women undergoing gender-integrated combat training[25].  Finally, within this paper we present preliminary findings from a study that utilized MRI to screen for the presence of clinically asymptomatic bone stress injuries upon entry into recruit training. 
METHODS
Subjects:  Four-hundred thirty eight healthy men (n=83) and women (n=355) entering mandatory service in the Israeli Defense Forces over a two-year period volunteered to participate in this study (Table 1).  Of these volunteers, 310 (227 women and 83 men) entered a 16-week gender integrated recruit training program.  One hundred twenty eight women entering a 16-week academic program served as female controls.   All volunteers were medically cleared by a physician prior to entering the training program and were eligible to participate in the study only upon providing written informed consent.  This investigation was reviewed and approved by the institutional review boards of the Committee for Research on Human Subjects, Israeli Defense Forces Medical Corps, Israel and the Human Use Review Committee, U.S. Army Research Institute of Environmental Medicine, Natick, MA.
TABLE 1.  Study recruitment summary from three training groups at 
baseline

	
	
	Karakal
	Control
	Total

	Training 

Group
	Time Frame
	Male
	Female
	Female
	Volunteers

	#1
	 Nov-Mar
	36
	98
	51
	185

	#2
	 Apr-Aug
	27
	56
	36
	119

	#3
	 Dec-Apr
	20
	73
	41
	134

	Total
	---
	83
	227
	128
	438


Dual x-ray absorptiometry (DXA):  Bone mineral density measures using DXA were obtained from volunteers entering Training Group #1.  Bone mineral density (BMD, g·cm-2), bone mineral content (BMC, g), and bone area (BA, cm2) of the total body were measured using dual energy x-ray absorptiometry (DXA Prodigy, LUNAR, Madison, WI).   During the six-minute scan, subjects were positioned supine and exposed to less than 5.0 mrem of radiation.  Bone parameters for total body, upper extremities, lower extremities, and pelvis were analyzed using Lunar software (enCore™ version 7.53.002).  
Peripheral quantitative computed tomography (pQCT):  Peripheral quantitative computed tomography (Stratec Medizintechnik, Pforzheim, Germany XCT 2000) was used to measure bone characteristics of the tibia in training groups #2 and #3.  Volunteers were positioned on a chair with the non-dominant leg extended through the scanning cylinder and were asked to maintain a convenient and stable position for the duration of the procedure (10-15 minutes).  Initial scout scans were conducted at a scan speed of 40 mm/sec to identify the distal end plate of the tibia.  Following this, scans of the tibia (single axial slices of 2.2 mm thickness, voxel size 0.5 mm, measure diameter 140 mm) were taken at a translation speed of 20 mm/s at 4% and 38% of the approximated segment length proximal to the distal endplate of the tibia.  These sites are typically used to analyze trabecular (4%) and cortical (38%) bone characteristics of the tibia.      
Image sets obtained using pQCT were analyzed using Matlab software (MathWorks, Natick, MA).  This analysis is described in detail in an in-press publication[17].  In brief, image position was standardized, and bone tissue was classified based on its vBMD value as being either trabecular (100-600 mg/cm3) or cortical (800-1500mg/cm3).  Cortical and trabecular properties of the whole bone cross-section were analyzed for parameters of density, geometry (area and cortical thickness), and strength (strength and slenderness indices).  

In addition to calculating parameters for whole bone, images were further divided into six 60° polar sectors, using the positive x-axis as the 0° reference point and moving counter-clockwise:  Lateral Anterior (Lat-Ant), Anterior (Ant), Medial Anterior (Med-Ant), Medial Posterior (Med-Post), Posterior (Post), and Lateral Posterior (Lat-Post) (Figure 1)[17].   Volumetric BMD, area, and cortical width parameters were calculated for each sector for regional analysis.  
Markers of bone turnover:   Volunteers were recruited from gender-integrated Training Groups #1, 2, and 3.   Data was collected at baseline, and at 2 and 4 months following baseline.  A 30 cc fasting blood sample was collected between 0700 and 0800 hrs.  Serum samples were then separated and stored at -70º C and remained frozen until analysis.
Assays were performed in duplicate with an average of both assays used as the final measure.  Samples from each subject were analyzed in the same assay to minimize the effects of assay variability, and were adjusted for potential plasma volume shifts using albumin assay results.  As described in an in-press publication[25] the following assays were performed:   

Bone alkaline phosphatase (BAP), a measure of bone formation, was assayed by enzyme-linked immunosorbent assay, ELISA, (Octeia( Octase® BAP Immunoenzymetric assay, IDS Ltd., England), which is specific to the bone isoform.  C-telopeptide cross links of type I collagen (CTx) (Serum Crosslaps), a measure of bone resorption, was measured by ELISA kits from Nordic Bioscienc Diagnostics (Denmark).  

Magnetic resonance imaging (MRI):  Men and women were recruited from the gender-integrated training unit in Training Group #3.  The tibia was divided to proximal, middle and distal thirds utilizing Vitamin E markers that were adhered to the skin before imaging.  MR images were performed at 0.5 T (Signa SP, GE, Milwaukee, WI) utilizing a flex coil, with the volunteers in a supine position.  Imaging sequences were composed of coronal and axial short tau inversion recovery (STIR) scans, and coronal gradient-echo (GE) in and out-of phase scans, to obtain T2-fat-suppression and gradient-echo-T1W images.  The MR images were evaluated by a radiologist, who analyzed the images for the presence of bone marrow edema, periosteal/endosteal changes, presence of a fracture line, and interval deformation of the bone. Correlations were made between MRI images and clinical presentation (i.e. pain, disability).
RESULTS
Dual x-ray absorptiometry (DXA):  165 healthy men (n=33) and women (n=132) volunteered to participate in data collection for Training Group #1.  Mean age (years) was 19.4 ± 1.1 and 18.9 ± 0.6 for men and women, respectively.  Mean weight (kg) was 68.2 ± 11.1 and 60.7 ± 10.8 for men and women, respectively.  DXA analysis was accomplished using scans from 26 men and 101 women.  


Bone mineral density of the arms, legs, and total body was significantly greater in men than women (Table 2), while BMD of the pelvis was similar between sexes.
TABLE 2.  DXA Measures of Bone Mineral Density, Mineral Content, and Area by 
Body Region (mean ± SD)
	
	Male
	Female
	p-value

	
	(N = 26)
	 (N = 101)
	

	Bone Mineral Density (g/cm2):
	
	
	

	  Arms
	0.96 ± 0.10
	.89 ± 0.10
	0.001

	  Legs
	1.33± 0.13
	1.21 ± 0.10
	<0.001

	  Pelvis
	1.14 ± 0.12
	1.13 ± 0.11
	0.49

	  Total Body
	1.17 ± 0.09
	1.14 ± 0.08
	0.04

	Bone Mineral Content(g):
	
	
	

	  Arms
	387.6 ± 65.5
	289.6 ± 51.6
	<0.001

	  Legs
	1136.2 ± 178.8
	857.1 ± 168.4
	<0.001

	  Pelvis
	357.9 ± 69.0
	306.8 ± 71.0
	0.001

	  Total Body
	2878.0 ± 460.5
	2430.4 ± 414.0
	<0.001

	Bone Area (cm2):
	
	
	

	  Arms
	402.7 ± 59.6
	323.5 ± 49.7
	<0.001

	  Legs
	848.4 ± 89.3
	713.2 ± 77.2
	<0.001

	  Pelvis
	310.7 ± 346.2
	269.7 ± 41.7
	<0.001

	  Total Body
	2442.4 ± 236.9
	2131.7 ± 252.5
	<0.001


Peripheral quantitative computed tomography (pQCT) (data publication in press [17]:  Tibial images were obtained from 126 healthy women (n=106) and men (n=20) entering the gender integrated recruit training program or academic medical training as part of Training Group #3, and were used to conduct the pQCT analysis.  Mean age (years) was 18.4 ± 0.60 and 18.34 ± 0.58 for men and women, respectively.  Mean weight (kg) was 75.23 ± 16.29 and 59.34 ± 9.12 for men and women, respectively.  All but two volunteers were right leg dominant.
Bone density.   Volumetric bone density values for trabecular and cortical vBMD of whole bone for men and women were adjusted for height and weight, and are presented in Figure 1.  Trabecular vBMD at the distal tibia (4% site) was 10.2% greater (p<0.001) in men than women, while cortical vBMD of whole bone was 2.7% greater (p=0.006) in women than men, respectively.  Sector analyses were performed as described in Figure 2.  Polar plots are presented in Figure 3, providing a ‘picture’ of values for men and women determined using values at each 10 degree sector.  Statistical analysis at each 60 degree sector revealed that trabecular vBMD was 10.4 – 38.9 mg/cm3 greater for men at each 60 degree sector, and was statistically significant (p<0.05) with the exception of the “post” sector (Figure 4).   Cortical vBMD was 28.6 - 39.5 mg/cm3 greater (p<0.001) in women than men at the 38% site for all sectors (Figure 4).     
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FIGURE 1.  Peripheral QCT measurements at sites 4 and 38% of the approximated segment length proximal to the distal end plate of the tibia (mean ± SD).  Volumetric BMD values represent trabecular BMD (4%) and cortical BMD (38%) for men and women.  Percent difference is expressed as difference in women relative to value for men.  
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FIGURE 2.  Depiction of a tibial cross-sectional image at a trabecular site 4% from the distal end plate (left) and a cortical site 38% from the distal end plate (right).  The image at left shows how a cross-sectional images is first divided into 10 degree sectors.  Then, at right, values for each 60 degree sector are calculated.  Sector analysis was performed using the 60 degree sector values, described as follows:  Lateral Anterior (0-60º), Anterior (60-120º), Medial Anterior (120-180º), Medial Posterior (180-240º), Posterior (240-300º), and Lateral Posterior (300-360).    
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FIGURE 3.  Polar plots for trabecular vBMD (left) and cortical vBMD (right).  Differences between men and women are depicted by connecting values calculated for each 10 degree sector (mean, unadjusted for height and weight).  
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FIGURE 4.  Sector analysis of trabecular density (mg/cm3) at the 4% site (left) and cortical density (mg/cm3) (right) at the 38% site in men and women (mean ± SD, unadjusted for height and weight).  
Bone geometry.  Total cross-sectional area was 9.7 – 15% greater in men at all scan sites (p<0.002, Figure 5).  Values for trabecular and cortical area in whole bone were 9.4 – 15.0% greater in men (Figure 5).  Cortical thickness was 8.9% greater (p=0.002) in men at the 38% site.  
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FIGURE 5.  Peripheral QCT measurements at sites 4 and 38% of the approximated segment length proximal to the distal end plate of the tibia (mean ± SD).  Volumetric BMD values represent trabecular BMD (4%) and cortical BMD (38%) for men and women entering gender integrated recruit training.  Percent difference is expressed as 

difference in women relative to value for men.  

Bone strength. Bone strength and slenderness indices were not adjusted for body size, as body mass and tibial length are adjusted for within the measure.  The AP slenderness index (kg/mm2) was 11.5% greater in women (p=0.0006) (16.5 kg/mm2 ± 2.6 in women, 14.8 kg/mm2 ± 2.5 in men).  The mean BSI was 40% greater  in men (33442 mm4*mg/cm3 ± 5528 in men compared to 19970 mm4*mg/cm3 ± 5392 in women).  
Markers of bone turnover(data publication in press [25].  Serum was collected at three times points from 153 women and 41 men entering the gender integrated recruit training program as part of Training Groups #1, #2, and #3.  Data was collected: prior to training (baseline), at the mid-point of training (~2 months) and the day prior to graduation from training (~4 months).   Mean age (years) was 19.3 ± 1.2 and 19.0 ± 1.0 for men and women, respectively.  Mean weight (kg) was 70.0 ± 14.4 and 60.9 ± 10.2 for men and women, respectively.  
Markers of bone formation and resorption were significantly higher in men than women at baseline, and remained higher at all time points (p<0.001) (Figure 6).  The bone formation marker BAP increased significantly over time for both genders (main effect, p<0.001).  The increase was evident from 0 to 2 months (p<0.001), with no changes observed from 2 to 4 months (Figure 6A).  The bone resorption marker CTx changed similarly for both genders (main time effect, p<0.001).   CTx increased in both men and women between 0 and 2 months (p<0.001), and returned to baseline at 4 months (p=0.003) (Figure 6B) 
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:  FIGURE 6.  Change in representative markers of bone formation (BAP, A) and resorption (CTx, B) in men and women over a four-month training period (mean ± SE). * denotes a significant change from baseline, while # denotes significant change from 2-4 mos (men and women combined) (p<0.01)
Magnetic resonance imaging (MRI):  MRI scans at baseline revealed that 9 of 73 females (12.3%) presented to recruit training with abnormal findings in the tibia compatible with bone stress injury.  Five women presented with bilateral stress injuries, for a total of 14 injuries in 146 leg scans.  None of the male recruits presented with stress changes.   Eight of the 9 women with stress MR findings were asymptomatic and 1 had minimal pain. Eight of these women went through a rigorous private training program before recruitment and one worked as a waitress and was exposed to prolonged standing and walking.

Six legs of three women (4.1%) presented with tibial periosteal reaction, four legs of three women (4.1%) exhibited endosteal bone marrow edema, and four legs of three women (4.1%) had both periosteal reaction and endosteal bone marrow edema.  No fracture lines were observed.  All 9 patients had positive Tc-99 bone scintigraphy in the anatomical location of the MR abnormality.  An additional finding of pretibial edema was seen in 53 subjects (65.4%), however as this finding is not described as a feature of stress these subjects were not sent for bone scintigraphy.  Periosteal-reactions were elongated in all cases. Endosteal bone marrow edema was a focal hyperintensity in all cases. It was located at the junction between the proximal and middle thirds in 5 legs (63%) of 4 women and at the junction between the middle and distal thirds of the tibia in 3 legs (38%) of two. 

DISCUSSION
Our results indicate that, with the exception of the pelvic region, BMD is greater in men than women in the arms, legs, and total body when measured using DXA.  DXA measures are calculated on a two-dimensional image, however, and as such larger bone will result in a greater bone mineral “apparent” density.  The majority of evidence supporting low BMD as a key risk factor for SF in women is contradictory [26, 27], however, and is based on DXA scans that do not take bone size into account [27].  We suggest that the idea that women are more susceptible to stress fracture based on the fact that they have “lower bone density than men” should be interpreted with caution when referencing studies that use DXA as the bone imaging modality.  

Our pQCT findings indicate that women entering recruit combat training in the Israeli Defense Forces possess disadvantages in bone geometry, strength, and mineralization that may result in greater susceptibility to bone overuse injury relative to their male counterparts.  Measures of tibial geometry and strength were significantly lower in women.  Further, women had a higher tibial slenderness index (SI) than men, indicating a more “gracile” bone.  Trabecular bone density in the distal epiphysis was significantly lower, while cortical bone density of the diaphysis, a frequent site of SF in both men and women, was significantly higher.   Differences between men and women, after adjusting for height and weight, suggest that tibial bones of women may be less able, relative to men, to withstand loads imposed by repetitive mechanical loading.  

Our results support recent work to suggest that smaller, more slender bones in men and women are composed of tissue with higher mineralization [8].  There is compelling evidence to support the idea that a compensatory increase in mineralization in smaller tibia may result in more damageable bone under conditions of high volume mechanical loading in young adults [8, 28].  Researchers using standardized beams of bone prepared from cadaver tibia harvested from young adults to assess tissue-level mechanical properties that included stiffness, strength, ductility, toughness, and damageability found that, in male specimens, narrower tibiae were comprised of tissue that was more brittle and more prone to accumulating damage compared with tissue from wider tibias [28].   Thus, while we acknowledge that small increases in density confer greater overall strength of a whole bone, more mineralized cortical tissue of smaller bones in both men and women may be “stiffer”, and more prone to microcracking under conditions of repetitive loading. 
The notion that higher mineralization increases whole bone strength in bending [14] while at the same time produces “brittle” cortices which are less able to withstand repeated loads, is an interesting one given the relationship between fragility fractures, related to osteoporosis, with decreased bone density.   Bone with higher ash content may be more susceptible to stress fracture, however, as microfractures can more readily propagate through bone that is highly mineralized [29].  Given the evidence linking high mineral content to a degradation of toughness in bone [30], we hypothesize that while low mineralization makes one prone to fragility fracture, high mineralization may make one prone to stress fracture. This view of mineralization (not too low, not too high) as it relates to overall bone quality might explain the contradictory findings in the literature related to the relationship between BMD and fracture risk in young men and women.

We observed that markers of bone turnover were significantly greater in men than women throughout our 16-week study, while the response to training was similar between genders.  This was reflected by an increase in markers of bone formation and resorption during the first two months, suggesting bone turnover was accelerated in the initial phase of training in both men and women.  Though few studies have compared the bone turnover response to identical training regimens in men and women, gender differences in bone cell activity may influence the adaptive response of bone to training and risk for injury [31].  We hypothesized that a high-volume repetitive load training program typically resulting in a high number of stress fracture injuries in women may result in changes in bone turnover favoring bone resorption, and that the response would be greater in women than men.   Contrary to our hypothesis we observed a similar increase in markers of both formation and resorption in men and women undergoing an identical exercise regimen incorporating a high volume of strengthening and endurance activities.
These results are supported in part by a gender integrated recruit training study conducted by Sheehan et al where DPD, an index of bone resorption, increased in both men and women, and corresponded to an increase in miles of weight bearing exercise performed during training [20].  Bone formation markers were not assessed, however, which does not allow us to draw conclusions as to whether this response favored bone resorption.  In contrast, bone formation and resorption markers were observed to decrease over a 10-week period in British recruits [21], implying a fall in bone turnover.   Similar results occurred following a high-endurance run training program in young men, which evidenced a significant decline in markers of bone formation and resorption at 4 and 8 weeks [22].  The equivocal findings between our study results and others may be related to differences in training type, volume, and length of training regimens.  The gender integrated training program in our study was 16 weeks and incorporated a large volume of prolonged standing activities and marching under load rather, while other studies of 8-10 weeks focused additionally on run training.  Our study suggests that a longer training program incorporating a gradual ramp-up to a variety of resistance, anaerobic loading and aerobic endurance activities may prevent conditions favoring bone resorption during military training regimens.  

Finally, our MRI study revealed that 12% of women entering recruit training had pre-existing stress changes in the tibia, while the scans in men were normal.  Three types of stress changes were observed: elongated periosteal reaction (primarily mid-tibia); focal endosteal bone marrow edema (predominantly at the junction between the proximal and middle thirds), and a combination of both (predominantly at the junction of the middle and distal thirds of the tibia).  There were no clinical symptoms reported in 8 of 9 volunteers.

The presence of tibial stress reaction on MR without corresponding clinical symptoms does not predict future tibial stress fractures but may reflect high training load [32].  Eight of these women, however, went through a rigorous private training program before recruitment, specifically to prepare for recruit training.  Though the relationship between pre-recruit training and onset of stress fracture cannot be determined from this study, as training was modified for these women, this finding warrants further investigation.  The question as to whether these asymptomatic stress fractures should be treated by limited activity is still open since we did not have a control group of recruits with asymptomatic stress injuries that participated in the regular training program without limitations. 

CONCLUSION
In summary, our observations suggest that gender differences in parameters of bone health are evident in recruits entering basic training.  These include measures reflecting bone density, geometry and strength, bone turnover status, and presence of bone stress changes.

We observed that significant sex differences exist in parameters of bone mineralization, geometry, and strength that remain evident after adjusting for body size.  Our findings suggest that these sex differences may contribute to a decreased ability to withstand the demands imposed by novel, repetitive exercise in untrained individuals entering military recruit training.   The contribution of inherent sex differences in bone strength to the higher incidence of SF fracture injury in women warrants further study.
A strenuous four month period of military recruit training resulted in similar increases in serum markers of bone formation and resorption in both men and women.  These changes were evident during the first two months of training, suggesting that the initial response to rapid onset of moderate to strenuous exercise is acceleration of bone turnover which does not differ between genders.   

Finally, we conclude that stress injuries of the tibia can be seen in MR images newly recruited females for a combat unit, even when asymptomatic. This may be related to excessive training before recruitment. These females can continue the regular training programs with some minor limitations in their physical activity, based on the severity of the injury. 
DISCLAIMER

“The views and opinions expressed in this presentation are those of the author(s) and do not reflect official policy or position of the Department of the Army, Department of Defense, the U.S. Government, the Israeli Defense Forces, or the State of Israel.”
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