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Background: Sleeve gastrectomy is the most commonly performed weight loss surgery in 

adolescents with moderate-to-severe obesity. While studies in adults have reported on the 

deleterious effects of gastric bypass surgery on bone structure and strength estimates, data are 

lacking for the impact of sleeve gastrectomy on these measures in adolescents.

Objective: To evaluate the impact of sleeve gastrectomy on bone outcomes in adolescents and 

young adults over 12 months using dual energy x-ray absorptiometry (DXA) and high resolution 

peripheral quantitative computed tomography (HRpQCT).

Participants and Methods: We enrolled 44 youth 14-22 years old with moderate to severe 

obesity; 22 underwent sleeve gastrectomy and 22 were followed without surgery (16 females and 6 

males in each group). At baseline and 12 months, DXA was used to assess areal bone mineral 

density (aBMD), HRpQCT of the distal radius and tibia was performed to assess bone geometry, 

microarchitecture and volumetric BMD (vBMD), and finite element analysis to assess strength 

estimates (stiffness and failure load). These analyses are adjusted for age, sex, race and the bone 

measure at baseline. Fasting blood samples were assessed for calcium, phosphorus, and 25(OH) 

vitamin D (250HD) levels.

Results: Over 12-months, the surgical group lost 27.2% of body weight compared to 0.1% in the 

non-surgical (control) group. Groups did not differ for changes in 25(OH) vitamin D levels 

(p=0.186). Compared to controls, the surgical group had reductions in femoral neck and total hip 

aBMD Z-scores (p≤ 0.0006). At the distal tibia, compared to controls, the surgical group had 

reductions in cortical area and thickness and trabecular number, and increases in trabecular area 

and separation (p≤0.026). At the distal radius, the surgical group had greater reductions in 

trabecular vBMD, than controls (p=0.010). The surgical group had an increase in cortical vBMD 

at both sites (p≤0.040), possibly from a decrease in cortical porosity (p≤0.024). Most, but not all, 

differences were attenuated after adjusting for 12-month change in BMI. Groups did not differ for 

changes in strength estimates over time; except that increases in tibial stiffness were lower in the 

surgical group (p=0.044) after adjusting for 12-month change in BMI.

Conclusions: Over 12 months, weight loss associated with sleeve gastrectomy in adolescents 

had negative effects on areal BMD and certain HRpQCT parameters. However, bone strength 

estimates remained stable, possibly because of a simultaneous decrease in cortical porosity and 

increase in cortical volumetric BMD. Additional research is necessary to determine the relative 

contribution(s) of weight loss and the metabolic effects of surgery, and whether the observed 

effects on bone stabilize or progress over time.
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1. Introduction

Metabolic and bariatric surgery is an increasingly common treatment strategy in adolescents 

and young adults with moderate to severe obesity [1-4]. Whereas such surgery is typically 

associated with a significant improvement in various metabolic parameters, metabolic and 

bariatric surgery has been associated with deleterious effects on bone health. Several studies 
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in adults indicate that gastric bypass leads to reductions in areal and volumetric bone mineral 

density (BMD), with negative effects on bone geometry and microarchitecture [5-10]. 

Similarly, adults undergoing sleeve gastrectomy have a reduction in total hip and femoral 

neck areal BMD over time [6, 11-13]. Some [6, 8], though not all [12, 13] studies in adults 

report lesser reductions in total hip and femoral neck BMD following sleeve gastrectomy vs. 

gastric bypass. A meta-analysis comparing sleeve gastrectomy to bypass reported no 

differences between groups in postoperative BMD [13]. Metabolic and bariatric surgery has 

also been associated with an increase in fracture risk [14, 15]. Studies comparing fracture 

risk following gastric bypass vs. sleeve gastrectomy are conflicting with one reporting 

increased fracture risk in the bypass group alone [16]. and another reporting no differences 

between groups [17].

Adolescence is a time of marked increases in bone accrual towards attainment of peak bone 

mass, a key determinant of bone health and fracture risk in later life [18]. Studies in other 

populations suggest that suboptimal bone accrual during adolescence can lead to suboptimal 

peak bone mass, and an increased risk of fractures in later life [18]. The utilization of 

metabolic and bariatric surgery as a therapeutic strategy in adolescents with obesity has 

markedly increased in recent times [19, 20], with a 1.8 fold increase reported between 

2012-2016 in children’s hospitals in the United States. It is thus important to determine how 

and to what extent such surgery impacts bone accrual and morphology during the critical 

teenage years. A few studies have assessed bone outcomes in adolescents undergoing gastric 

bypass [21, 22], and report significant reductions in whole body bone mineral content and 

BMD Z-scores following bypass over a two-year period. However, data are lacking 

regarding the effects of sleeve gastrectomy on bone outcomes in adolescents, particularly 

data regarding bone structure and strength estimates. Based on some studies in adults, effects 

may be less severe following sleeve gastrectomy than gastric bypass [6, 8] given that certain 

factors that drive bone loss (such as malabsorption and hormonal changes) are more 

pronounced following bypass than sleeve procedures. Conversely, given that sleeve 

gastrectomy in adolescents results in similar reductions in BMI as gastric bypass [23], 

effects may be comparable for effects primarily related to skeletal unloading following 

surgery. It is critical to study the impact of sleeve gastrectomy on bone in youth, given that 

1) sleeve gastrectomy is now the most commonly performed bariatric procedure in 

adolescents, 2) because the massive weight loss associated with surgery may affect load 

related bone physiology, and 3) the effects of surgery on energy metabolism and nutrition 

may impact bone and metabolic health in youth differently from adults [3].

In order to address this knowledge gap, we examined bone outcomes in youth aged 14-22 

years old with moderate-to-severe obesity undergoing sleeve gastrectomy, as well as non-

surgical controls of comparable body size matched for age and sex. This age range was 

chosen given that this is a critical period of peak bone mass acquisition in youth [18]. We 

hypothesized that as in adults, adolescents undergoing sleeve gastrectomy would have a 

reduction in areal BMD measures [assessed using dual energy x-ray absorptiometry (DXA)], 

and that weight loss after sleeve gastrectomy would have a deleterious effect on high 

resolution peripheral quantitative computed tomography (HRpQCT) measures of bone 

geometry, microarchitecture and volumetric BMD, associated with reductions in body mass 

index (BMI) and lean mass.
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2. Participants and Methods

2.1. Participant Selection:

We enrolled 44 adolescents and young adults aged 14-22 years old with moderate to severe 

obesity, 22 of whom underwent sleeve gastrectomy (16 female and 6 male) and 22 were 

non-surgical controls (16 female and 6 male). All participants had a BMI of ≥35 kg/m2 with 

obesity related complications or a BMI of ≥40 kg/m2 (i.e. met criteria for metabolic and 

bariatric surgery). Exclusion criteria included (i) current pregnancy or breast feeding (in 

females), (ii) use of oral glucocorticoids and other oral or intravenous medications that may 

affect bone metabolism (other than calcium, vitamin D or hormonal contraception) within 

eight weeks of the baseline visit, (iii) use of antipsychotic medications that cause weight 

gain if treated for less than six months or if the dose was not stable for at least two months 

preceding study enrollment, (iv) untreated thyroid dysfunction or if the participant was on a 

stable dose of replacement levothyroxine for less than three months before study enrollment, 

and (v) history of smoking more than ten cigarettes per day or of substance abuse (per 

DSM-5). We did not exclude females on oral hormonal contraception because of the large 

number of females in this age range who are on these medications for management of 

polycystic ovarian disease or for contraception, but did exclude participants on depot 

medroxyprogesterone injections, given their known profound effect on bone. Further, we did 

not exclude patients on the progestogen releasing intrauterine device given its limited 

systemic effects, or those on progestogenic implants given their limited bone effects.

Participants were recruited from specialized programs focused on providing lifestyle and 

surgical options for weight regulation and area hospitals. The study was approved by the 

Partners Institutional Review Board and was Health Insurance Portability and Accountability 

Act compliant. Informed consent was obtained from participants 18 years and older, or 

parents of participants < 18 years. Informed assent was obtained from participants < 18 

years old.

2.2. Experimental Protocol:

Following a screening visit to confirm eligibility for the study, participants completed a 

baseline visit for assessment of DXA and HRpQCT bone measures (see subsequent 

sections). A medical history, physical examination, and anthropometric measurements were 

obtained in all participants. Height was measured on a wall mounted stadiometer as the 

average of three measurements, and weight to the nearest 0.1 kg using an electronic scale. 

Body mass index (BMI) was calculated as weight in kg/(height in meters)2. Height, weight 

and BMI standard deviation scores (SDS) or z-scores were calculated using CDC 2000 

databases [24]. Body composition was assessed using dual energy x-ray absorptiometry 

(DXA). Fasting blood concentrations of calcium, phosphate, and 25(OH) vitamin D 

(25OHD) were measured by a reference laboratory (LabCorp, Burlington, NC, USA). 

Physical activity was assessed using the Paffenbarger questionnaire [25, 26]. The baseline 

visit was performed within a month preceding surgery for those undergoing sleeve 

gastrectomy. Participants returned for follow-up 12-months following the baseline visit for 

non-surgical participants, and 12-months following surgery for those undergoing sleeve 

gastrectomy. Non-surgical controls received diet and exercise counseling throughout the 
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study from dieticians of our Translational and Clinical Research Center, specialized 

programs that were enrolled in, or their primary care provider.

2.3. Calcium and vitamin D administration strategy:

All participants completed a calcium and vitamin D food frequency questionnaire to assess 

their daily intake of these micronutrients [27]. All participants were also offered at least 

1200 mg elemental calcium and 800 IUs vitamin D daily to optimize calcium intake and 

absorption. Additional recommendations for vitamin D supplementation were as follows: for 

25-hydroxy vitamin D (25OHD) levels between 20-30 ng/mL: 4000 IUs of vitamin D 

supplementation daily; for 25OHD levels between 12-20 ng/mL: 50,000 IUs of vitamin D 

per week for two months followed by 2000 IUs daily; for 25OHD levels <12 ng/mL: 50,000 

IUs of vitamin D per week for three months followed by 2000 IUs daily based on 

recommendations typically provided for those undergoing surgery [28, 29].

2.4. Dual Energy X-Ray Absorptiometry:

Areal BMD (aBMD) at the 1/3 radius, lumbar spine, total hip, femoral neck, whole body and 

whole body less had was assessed using DXA (Hologic 4500 A, Waltham, MA) on a single 

instrument at the baseline visit and one-year post gastrectomy in the surgical group, and one 

year following the baseline visit in the non-surgical control group (least significant change 

0.024-0.048 g/cm2, coefficients of variation for areal BMD, fat and lean mass 0.8%– 1.1%, 

2.1% and 1.0%, respectively). Areal BMD was adjusted for age, sex and race, and Z-scores 

are reported using a standardized Hologic dataset. All scans were acquired by an ISCD 

certified DXA technologist, and analyzed using the same software. DXA was also used to 

assess total and percent fat mass and lean mass.

2.5. High Resolution Peripheral Quantitative Computed Tomography (HRpQCT) and 
Microfinite Element Analysis:

HRQCT (XtremeCT; Scanco Medical AG, Bassersdorf, Switzerland) was used to assess 

bone geometry (cortical perimeter, cortical and trabecular crosssectional area, and cortical 

thickness), bone microarchitecture (cortical porosity, trabecular number, thickness and 

separation) and total, cortical and trabecular volumetric BMD (vBMD) at the distal tibia 

(weight-bearing site) and distal radius (non-weight bearing site). A region of interest 

spanning 9.02 mm was scanned with an isotropic voxel size of 82 μm. The non-dominant 

wrist and leg were analyzed unless there was a previous acute fracture at these sites, in 

which case the non-fractured side was assessed. The same wrist/leg was assessed at the 12-

month follow-up visit. CT slices were obtained at 22.5 and 9.5 mm from the tibia and radius 

endplates, respectively. Fixed sites were used because linear growth was mostly complete in 

study participants (bone age of 15 or more in girls and 17 or more in boys). Same-day 

reproducibility for repeated measurements is 0.2 to 1.4% for vBMD values, 0.3 to 8.6% for 

trabecular microarchitecture parameters, and 0.6 to 2.4% for cortical microarchitecture 

parameters. For analysis of HRpQCT parameters, seven participants in each group were 

excluded from analyses for each site due to motion artifact or poor scan quality at the 

baseline or 12-month visit.
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Micro finite element analysis (μFEA) was performed to determine strength estimates 

(stiffness and failure load) from the CT data in the setting of simulated axial compression 

[30]. These μFEA estimates correlate strongly with true bone strength assessed using 

cadaveric bone [31, 32]. Failure load was estimated by scaling the resultant load from a 1% 

apparent compressive strain until 2% of all elements reached an effective strain > 7000μ 

strain.

2.6. Statistical Analysis:

Data are presented as mean+/−SEM or median (interquartile range) unless otherwise 

indicated. JMP Statistical Discovery Software (Version 13, SAS Institute, Carey, NC) was 

used for statistical analysis. Based on preliminary data, with 44 versus 30 participants (for 

DXA vs. HRpQCT data), the study was powered at 97 and 90% respectively to detect a 

3.5% difference between groups for changes in bone parameters over time at an alpha level 

of 0.05, based on an estimated SD of change of 2.85%. To compare the surgical vs. non-

surgical groups, we used the Student t-test or the Wilcoxon Rank Sum test depending on the 

data distribution. Within group comparisons were performed using the paired t-test. 

Multivariable analysis was used to determine differences between groups (least square 

means +/− SEM) after controlling for possible covariates (age, sex, race and baseline bone 

measure +/− 12-month change in BMI). Spearman correlations were used to determine 

associations of covariates known to impact bone (i.e. change in BMI, lean mass, fat mass, 

25OHD levels, HbA1C, and physical activity) [33-35] with DXA and HRpQCT parameters. 

A p value of <0.05 was considered to be statistically significant.

3. Results

3.1. Baseline Characteristics:

The sleeve gastrectomy (surgical) and non-surgical groups did not differ at baseline for age, 

weight, BMI z-scores, and percent lean and fat mass, although absolute BMI and fat mass 

were higher in the surgical vs. non-surgical groups (Table 1). The groups did not differ for 

baseline levels of 25OHD, calcium, phosphorus and HbA1C levels. Further, the number of 

study participants with HbA1C levels in the normal (<5.7%), prediabetes (5.7-6.4%) and 

diabetes ranges (≤ 6.5%) did not differ across groups (n=12, 8 and 2 respectively in the 

surgical group, and 14, 6 and 2 respectively in the non-surgical group). Race was self-

reported by study participants and did not differ across groups.

3.2. Changes in Anthropometric Measures and Body Composition over 12-Months:

Over 12 months, the surgical group had greater reductions in weight, BMI, BMI z-scores, fat 

and lean mass compared to the non-surgical group (Table 1). Body weight and BMI 

decreased by 27.2±1.8% and 27.6±1.9% respectively in the surgical group vs. 0.1±1.7% and 

1.1±1.7% in the non-surgical group (p<0.0001 for both). Percent fat mass decreased to a 

greater extent, while percent lean mass increased to a greater extent in the surgical vs. non-

surgical groups (Table 1).
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3.3. Changes in DXA Measures of Areal Bone Mineral Density:

Table 2 shows baseline aBMD measures for study participants, the within group change over 

12 months, and significances for differences between groups after adjusting for age, sex, 

race, baseline bone measure +/− 12-month BMI change. The surgical and non-surgical 

groups did not differ for baseline measures of aBMD at any site. The surgical group had 

significant within group reductions in femoral neck and total hip BMD and BMD Z-scores 

from baseline, and differed significantly from the non-surgical group for these changes over 

12 months (Table 2). The surgical group also had significant within group reductions in 

lumbar spine BMD Z-scores over 12 months, but did not differ from non-surgical controls 

for this measure. Groups did not differ for changes in aBMD and corresponding Z-scores for 

the 1/3 radius and whole body.

Figure 1 shows differences between groups for percent change in areal BMD after 

controlling for age, sex and race (percent change takes into account the baseline BMD). 

Percent change in femoral neck and total hip BMD was −6.9±1.6% and −4.7±0.9% in the 

surgical group vs. 0.5±1.6% and −0.2±0.9% in the non-surgical group (p=0.0007 and 0.0004 

respectively). Percent change in lumbar spine BMD trended lower in the surgical vs. non-

surgical group (−0.3±1.1 vs. 2.4±1.2%, p=0.07), but did not reach statistical significance. 

The groups did not differ for percent change in 1/3 radius and whole body BMD over time. 

Differences between study groups for changes in femoral neck, total hip and lumbar spine 

areal BMD and corresponding Z-scores were attenuated and no longer significant after also 

controlling for 12-month change in BMI (Table 2). In contrast, differences between groups 

for the 12-month change in whole body BMD measures became significant after also 

controlling for BMI change. Of note, study participants did not report any new fractures 

during the study duration.

3.4. Changes in HRpQCT Measures of Volumetric Bone Mineral Density, Bone Geometry 
and Microarchitecture:

HRpQCT measures were assessed in a subset of participants that was similar to the larger 

cohort for clinical characteristics (data not shown). Baseline HRpQCT measures did not 

differ across surgical and nonsurgical groups, except for tibial trabecular thickness, which 

was lower in the surgical group (Table 3). Table 3 also shows within group changes over 12 

months at the distal tibia and distal radius in the two groups, and significances for 

comparisons across groups after adjusting for age, sex, race, baseline bone measure +/− 12-

month BMI change. Figures 2 (distal tibia) and 3 (distal radius) illustrate the percent change 

in these measures over 12 months after adjusting for age, sex and race (percent change 

factors in the baseline bone measure).

Distal Tibia: At the distal tibia, over the 12-month study duration, the non-surgical group 

had a significant within group increase in cortical area associated with a decrease in 

trabecular area, resulting in an increase in cortical thickness; these positive changes in bone 

geometry were not observed in the surgical group (Table 3). Thus, the groups differed 

significantly for changes in these measures over time. Differences between groups persisted 

after also controlling for 12-month change in BMI. For percent change over time, groups 

differed for trabecular area (−0.3±0.3% vs. −1.1±0.3% in the surgical vs. non-surgical 
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groups, p= 0.020), but not cortical area or thickness (Figure 2), and this difference persisted 

after adjusting for 12-month BMI change.

For bone microarchitecture, the surgical group had a significant within group decrease (i.e. 

improvement) in cortical porosity over the study duration that was not seen in the non-

surgical group. The surgical group also had a decrease in trabecular number associated with 

an increase in trabecular separation over time; both groups had a within group increase in 

trabecular thickness over 12-months. The groups differed significantly for absolute changes 

in cortical porosity, trabecular number and separation over the study duration; however, 

these differences were lost after also controlling for the change in BMI over 12 months. 

Similarly, significant differences were noted between the surgical vs. non-surgical groups for 

percent change in cortical porosity (−22.6±9.1% vs. 12.4±9.0%, p=0.003), trabecular 

number (−8.6±1.9% vs. −1.5±1.8%, p=0.004) and trabecular separation (10.4±2.4% vs. 

1.4±2.3%, p=0.004) over 12 months (Figure 2); differences were no longer significant after 

controlling for 12-month BMI change.

Cortical vBMD increased over 12 months in both groups, but demonstrated greater increases 

in the surgical vs. the non-surgical group (p=0.040 for absolute change (Table 3) with a trend 

for percent change, p=0.063 (Figure 2)). This difference was no longer significant after also 

controlling for 12-month change in BMI. The non-surgical group (but not the surgical 

group) had a 12-month within group increase in total vBMD and strength estimates 

(stiffness and failure load); however, the groups did not differ from each other for absolute 

or percent change in these estimates over 12 months. After also controlling for 12-month 

change in BMI, differences between groups became significant for absolute change in tibial 

stiffness (Table 3).

Distal Radius: Neither group had changes in bone geometry over 12 months at the distal 

radius (Table 3). For microarchitecture, the surgical (but not non-surgical) group 

demonstrated a significant within group reduction in cortical porosity over 12-months, with 

a significant difference between groups for both absolute (Table 3) and percent changes 

(Figure 3) in cortical porosity. Cortical porosity decreased 31.4±12.2% in the surgical group 

vs. 1.6±11.3% in the non-surgical group (p=0.029). Differences between the groups were no 

longer significant after also controlling for the 12-month change in BMI. The surgical group, 

compared to the non-surgical group, had greater percent reduction in trabecular number 

(−10.0±3.6% vs. −0.9±3.3%, p=0.023) and increase in trabecular separation (14.5±4.2% vs. 

3.1±3.9%, p=0.017), with greater percent reductions in trabecular vBMD (−9.0±2.1% vs. 

−2.9±1.9%, p=0.010) (Figure 3). Both groups had a significant within group absolute 

increase in cortical vBMD over 12 months, with the increase being greater in the surgical 

group (p=0.012); significances were lost after also controlling for BMI change over this 

period. Neither group demonstrated a change in strength estimates.

3.5. Determinants of Changes in Bone Parameters:

For all participants taken together, Table 4 shows associations of changes in BMI z-scores, 

lean mass, fat mass, 25OHD and physical activity levels with changes in bone parameters 

that differed (or trended to differ) between surgical and non-surgical groups over time. 
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Changes in BMI z-scores, lean and fat mass were associated positively with changes in 

femoral neck and total hip (but not lumbar spine) BMD Z-scores. At the distal tibia, a 

reduction in BMI z-scores and lean mass was associated with a decrease in cortical area and 

thickness and trabecular number, and an increase in trabecular area and separation. 

Reductions in fat mass correlated with reductions in tibial trabecular number and radial 

trabecular vBMD, and increases in tibial trabecular area and separation. Further, a change in 

25OHD levels correlated inversely with changes in tibial and radial cortical porosity, and 

positively with changes in tibial cortical vBMD. Changes in physical activity and HbA1C 

levels (data not shown) were not associated with bone changes.

4. Discussion

This is the first report of bone outcomes following sleeve gastrectomy in adolescents and 

young adults, demonstrating the expected reduction in certain DXA measures of aBMD over 

12-months in the surgical group. However, we found no differences between groups for 

changes in total vBMD and strength estimates using HRpQCT and μFEA.

DXA Measures:

Our data regarding changes in aBMD over a year are consistent with those from studies in 

adults undergoing sleeve gastrectomy. One meta-analysis of 22 such studies that included 

data from 1905 adult patients reported reductions in femoral neck and total hip aBMD, but 

not lumbar spine aBMD over 12-months [11]. We similarly found a reduction in femoral 

neck and total hip aBMD in the surgical group (6.9 and 4.9% respectively), comparable to 

that reported in adults after sleeve gastrectomy [6, 11, 36], and also comparable to BMD 

changes associated with changes in fracture risk in therapeutic trials [37, 38]. Both sites are 

impacted deleteriously following gastric bypass as well, with variable reports regarding the 

extent of BMD reduction [6, 8, 12, 39]. Similar to the meta-analysis of adults following 

sleeve gastrectomy [11], we found no difference between groups for change in spine aBMD 

over 12 months (or for the 1/3 radius). This is in contrast to adults undergoing gastric bypass 

in that all aBMD measures decrease over time in most studies following bypass [5, 6], 

though a few report a sparing of lumbar spine and 1/3 radius aBMD [8]. Of note, one study 

even reported increases in spine aBMD in adults after sleeve gastrectomy [40]. These 

contradictory reports may reflect challenges inherent to prospective DXA assessments at the 

spine because of associated artefacts. In adolescents whole body aBMD Z-scores decreased 

over two years following gastric bypass [21, 22], and our subjects had a decrease in this 

measure over a year after adjusting for BMI change. No study thus far has reported on 

outcomes following sleeve gastrectomy in youth.

HRpQCT Measures:

Few studies have examined changes in HRpQCT measures following weight loss surgery. A 

study in adults undergoing gastric bypass [5] reported increases in cortical porosity, 

reductions in cortical thickness, and in cortical, trabecular and total vBMD at the distal 

radius and tibia following surgery over 5-years. The study also reported a decrease in 

cortical and increase in trabecular area, and a decrease in trabecular number at the distal 

radius. Shanbhogue et al. reported similar changes at both skeletal sites over 2-years [10], 
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while Schafer et al. reported changes occurring as early as 6-months following surgery [41]. 

Frederiksen et al. reported similar changes at the tibia, but not the radius [9] following 

bypass. Yet another study included 22 women undergoing gastric bypass and eight 

undergoing sleeve gastrectomy and reported a preferential impact on the tibia (with relative 

sparing of the radius), and preferential effects on cortical vs. trabecular bone [8]. Other 

studies examining changes in geometry, microarchitecture and vBMD following sleeve 

gastrectomy in adults are limited. No studies to date have reported on HRpQCT outcomes in 

adolescents following any weight loss surgery.

Changes in Bone Geometry: Adolescence and young adulthood are characterized by an 

increase in cortical thickness from an increase in cortical and decrease in trabecular 

crosssectional area subsequent to increased periosteal bone apposition and decreased 

endocortical resorption [42, 43]. Our non-surgical controls demonstrated similar changes in 

bone geometry at the distal tibia over 12 months. However, the surgical group did not 

demonstrate this increase in cortical area and thickness over time, likely because of skeletal 

unloading following weight loss or associated metabolic and hormonal changes. While 

changes in BMI and lean mass were associated with changes in bone geometry at the tibia, 

differences between groups persisted even after controlling for 12-month change in BMI. 

This suggests that metabolic and hormonal changes following surgery likely contribute to 

observed changes in bone geometry. Of note, our results differ from those in adults 

undergoing gastric bypass, who have a decrease in cortical area and thickness over time [5, 

8-10] vs. our surgical cohort, which failed to demonstrate the expected increase in these 

parameters during adolescence/young adulthood (observed in our controls). At the distal 

radius, neither group demonstrated a change in bone geometry, consistent with some studies 

in adults after bypass and sleeve procedures [5, 8]. No study thus far has reported on 

changes in HRpQCT parameters in youth following sleeve gastrectomy.

Changes in Trabecular Microarchitecture and Volumetric BMD Following 
Sleeve Gastrectomy: The surgical group had a decrease in trabecular number and an 

increase in trabecular separation, consistent with reports in adults undergoing gastric bypass 

[5, 9, 10]. This did not translate to a significant reduction in trabecular vBMD at the distal 

tibia in the surgical group, although at the distal radius, the surgical group did demonstrate a 

within and between group reduction in trabecular vBMD. These data are consistent with the 

greater reductions in trabecular vBMD reported at the distal radius than tibia in adults 

following gastric bypass [39], although the magnitude of reduction at the distal radius (9%) 

over a year in our study was similar to that observed after two years in adults following 

gastric bypass [5, 10, 39] (less marked changes over one year). This is concerning in that a 

longer duration of follow-up may result in further reductions in trabecular vBMD in youth 

following sleeve gastrectomy, as noted in a 5-year follow-up study in adults following 

gastric bypass [5]. Changes in BMI, lean and fat mass were associated positively with 

changes in trabecular number, and negatively with changes in trabecular separation at the 

distal tibia. Differences were attenuated after controlling for BMI changes, suggesting that 

these changes may be consequent to skeletal unloading and associated body composition 

changes following weight loss. However, reductions in trabecular vBMD at the non-weight 

bearing radius (which should not be impacted by skeletal unloading) suggest a role for 
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metabolic and hormonal changes resulting either from weight loss following surgery or the 

procedure per se in mediating bone outcomes.

Changes in Cortical Microarchitecture and vBMD Following Sleeve 
Gastrectomy: In contrast to reports of reductions in cortical and total vBMD following 

gastric bypass in adults [5, 8, 10], we observed an increase in cortical vBMD at the distal 

radius and tibia in our participants. However, the groups did not differ for total vBMD 

changes over 12-months at either site, possibly because trabecular vBMD decreased (at least 

for the radius). A possible explanation for the increase in cortical vBMD is a reduction in 

cortical porosity after surgery at both sites, given that cortical porosity is associated 

inversely with cortical vBMD [44, 45]. We have previously reported that adolescent girls 

with obesity have greater cortical porosity than normal-weight controls at the distal radius 

and distal tibia [34], and speculate that this may be a consequence of delayed mineralization 

of the rapidly expanding cortex from increased skeletal loading in youth with obesity. 

Weight loss and/or metabolic improvement may reverse this effect on bone.

Changes in Strength Estimates Following Sleeve Gastrectomy: Lindeman et al. 
[5] reported a reduction in failure load (a bone strength estimate assessed using μFEA) by 

20% and 13% at the distal radius and tibia respectively five years after gastric bypass 

surgery in adults, and others have also reported a reduction in strength estimates following 

gastric bypass in adults [9, 10]. Consistent with this, Yu et al. [46] reported an increased risk 

of non-vertebral fractures in those who underwent gastric bypass surgery versus adjustable 

gastric banding that manifested more than two years post-surgery, with the highest risk 

evident in the fifth year post-surgery.

In our study, the non-surgical control group had an increase in stiffness and failure load over 

12-months at the distal tibia (but not the radius), likely because the tibia represents 

weightbearing bone more likely to be impacted by skeletal loading from obesity, and 

consistent with the expected increase in strength estimates through adolescence/young 

adulthood [42, 43]. In contrast, strength estimates at the distal radius and tibia did not 

change within the surgical group over 12 months. This is in contrast to data from several 

studies in adults undergoing gastric bypass [5, 9, 10], but consistent with data reported by 

Stein et al. [8] in a study that included adults undergoing bypass or sleeve procedures. Given 

that obesity is a risk factor for wrist and lower leg/ankle fractures [47-50], the fact that 

sleeve gastrectomy induced weight loss does not worsen strength estimates at these sites 

over at least 12-months is reassuring. However, longer durations of follow-up after gastric 

bypass have demonstrated a continued decrease in strength estimates over time in adults [5, 

10], concerning for similar decrements in youth following sleeve gastrectomy. Longer-term 

data are thus necessary to determine whether strength estimates worsen over a prolonged 

period in youth and how this impacts fracture risk. We did not assess fracture risk (the 

clinical endpoint of interest) in this study given the relatively small number of participants 

and short duration of follow-up. At least one study has reported no fractures during a two-

year post-surgical period after gastric bypass [22]. It will be important to follow youth over 

time to determine how they fare for propensity to fracture over a longer duration.
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Differences between groups for all DXA and many HRpQCT measures were attenuated after 

adjusting for BMI changes, suggesting that many observed changes were consequent to 

either mechanical unloading of the skeleton following surgery from decreases in body mass 

[7, 8, 51], or metabolic and hormonal changes [10, 52] associated with weight reduction [7].

25OHD Levels and their Relationship to Bone Parameters: Following gastric 

bypass, reductions in 25OHD levels consequent to malabsorption are believed to be an 

important contributor to impaired bone outcomes because of associated reductions in 

calcium absorption and increases in PTH [7, 52], although some studies have found no 

association between changes in 25OHD levels and bone parameters [53]. In general, clinical 

practice has moved towards greater diligence in maintaining post-surgical 25OHD levels in 

the normal range. In our study, we found no differences within or between groups for 

changes in calcium, phosphorus or 25OHD levels over time; however, reductions in 25OHD 

for the group as a whole were associated with increases in cortical porosity at both sites, and 

decreases in tibial cortical and total vBMD. Given that 25OHD levels did not change during 

follow-up in our study, a decrease in 25OHD is unlikely to have contributed to post-surgical 

changes in bone. In fact, a meta-analysis in adults undergoing sleeve gastrectomy reported 

an increase in serum calcium, phosphate and 25OHD, potentially from rigorous vitamin D 

supplementation [11]. It will be important in future studies to assess serum PTH and 24-hour 

urinary calcium excretion.

Study Limitations and Strengths: Our study has certain limitations, including the 

relatively small number of participants for whom we had data for HRpQCT measures. 

However, this is the first report of HRpQCT assessments in this age group, and future 

studies with a larger number of participants will be necessary to confirm our findings. 

Another limitation is the lack of data for fractures. One year is a relatively short period over 

which to report comparisons between groups for fractures, and much larger studies are 

necessary to determine fracture risk following sleeve gastrectomy in adolescents. Of note, 

we did not assess levels of gut hormones, gonadal steroids, 1,25(OH)2D or PTH in this 

study. Changes in gut hormones and gonadal steroids may account in part for changes in 

bone outcomes following sleeve gastrectomy, particularly at the distal radius, a non-weight 

bearing site less likely to be impacted by skeletal unloading after weight loss. Given that 

25OHD levels did not differ at baseline or over 12 months in the two groups, we do not 

expect 1,25(OH)2D or PTH levels to differ between groups. However, definitive data 

confirming this are currently lacking. Our study has many strengths, including a thorough 

assessment of bone outcomes following sleeve gastrectomy in youth, and that we included a 

comparison group of non-surgical participants, not available in many studies. This is also the 

first report of bone outcomes following sleeve gastrectomy in youth.

Conclusion:

Overall, our study indicates that while there is a reduction in aBMD measures following 

sleeve gastrectomy in youth, and despite the fact that these youth demonstrate deleterious 

changes in several HRpQCT parameters at the distal tibia and distal radius over a year, these 

changes do not appear to reduce strength estimates at skeletal sites at particular risk for 

fractures over this short duration, likely because of a simultaneous increase in cortical 
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vBMD. Further, reduced body mass may compensate for observed deleterious effects on 

bone following surgery.
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Highlights

• Femoral neck and total hip bone mineral density (BMD) (DXA) decreased 

after surgery

• % Change in trabecular number was lower in the surgical group at the radius/

tibia

• % Change in trabecular separation was higher in the surgical group at both 

sites

• Cortical volumetric BMD increased after surgery at both sites

• Strength estimates did not change following surgery at either site
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Figure 1: 
Percent change in DXA measures of areal bone mineral density (aBMD) in the non-surgical 

and surgical groups (after controlling for age, sex and race). The groups differed for percent 

change in aBMD at the femoral neck and total hip, with a trend observed for changes in 

aBMD at the lumbar spine. *p<0.05; **p=0.07
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Figure 2: 
Percent change in HRpQCT measures at the distal tibia in the non-surgical and surgical 

groups (after controlling for age, sex and race). The groups differed for percent change in 

cortical porosity, and trabecular area, number and separation, with a trend observed for 

change in cortical volumetric bone mineral density. *p <0.05, **p=0.06.

Ct. Cortical; Tb. Trabecular; vBMD volumetric bone mineral density
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Figure 3: 
Percent change in HRpQCT measures at the distal radius in the non-surgical and surgical 

groups (after controlling for age, sex and race). The groups differed for percent change in 

cortical porosity, and trabecular number, separation and volumetric bone mineral density, 

with a trend observed for percent change in cortical volumetric bone mineral density. *p 

<0.05, **p=0.09.

Ct. Cortical; Tb. Trabecular; vBMD volumetric bone mineral density

Misra et al. Page 20

Bone. Author manuscript; available in PMC 2021 May 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Misra et al. Page 21

Ta
b

le
 1

:

C
lin

ic
al

 C
ha

ra
ct

er
is

tic
s 

an
d 

B
od

y 
C

om
po

si
tio

n 
M

ea
su

re
s 

at
 B

as
el

in
e 

an
d 

C
ha

ng
es

 o
ve

r 
12

 M
on

th
s 

in
 th

e 
Su

rg
ic

al
 a

nd
 N

on
-S

ur
gi

ca
l G

ro
up

s

C
lin

ic
al

 C
ha

ra
ct

er
is

ti
cs

B
as

el
in

e 
M

ea
su

re
(M

ea
n 

± 
SE

M
)

C
ha

ng
e 

ov
er

 1
2-

m
on

th
s

[M
ea

n 
(9

5%
 C

I)
]

P
-v

al
ue

 c
om

pa
ri

ng
 c

ha
ng

es
ov

er
 1

2 
m

on
th

s 
in

 s
ur

gi
ca

l
vs

. n
on

-s
ur

gi
ca

l g
ro

up
s

N
on

-S
ur

gi
ca

l
(n

=2
2)

Su
rg

ic
al

(n
=2

2)
N

on
-S

ur
gi

ca
l

(n
=2

2)
Su

rg
ic

al
(n

=2
2)

 
A

ge
 (

ye
ar

s)
17

.0
 ±

 0
.5

18
.3

 ±
 0

.5
-

-
-

 
W

ei
gh

t (
kg

)
11

9.
5 

±
 4

.7
13

2.
7 

±
 4

.4
−

0.
0 

(−
4.

0,
 3

.9
)

−3
5.

9 
(−

41
.6

, −
30

.2
)

<0
.0

00
1

 
B

M
I 

(k
g/

m
2 )

42
.4

 ±
 1

.3
47

.0
 ±

 1
.5

*
−

0.
5 

(−
1.

9,
 1

.0
)

−1
2.

8 
(−

14
.8

, −
10

.9
)

<0
.0

00
1

 
B

M
I 

z-
sc

or
e

2.
5 

±
 0

.1
2.

6 
±

 0
.1

−0
.1

 (
−0

.2
, −

0.
0)

−0
.7

 (
−0

.9
, −

0.
6)

<0
.0

00
1

 
25

(O
H

) 
vi

ta
m

in
 D

 (
ng

/m
l)

22
.2

 ±
 1

.7
23

.9
 ±

 1
.9

−
0.

6 
(−

3.
7,

 2
.5

)
2.

5 
(−

3.
3,

 8
.3

)
0.

18
6

 
C

al
ci

um
 (

m
g/

dl
)

9.
3 

±
 0

.1
9.

3 
±

 0
.1

−
0.

1 
(−

0.
2,

 0
.1

)
−

0.
0 

(−
0.

2,
 0

.1
)

0.
46

0

 
Ph

os
ph

or
us

 (
m

g/
dl

)
3.

7 
±

 0
.1

3.
5 

±
 0

.2
0.

0 
(−

0.
3,

 0
.3

)
0.

5 
(−

0.
0,

 0
.9

)
0.

27
9

 
H

B
A

1c
 (

%
)

6.
1 

±
 0

.4
5.

7 
±

 0
.2

−
0.

7 
(−

1.
7,

 0
.3

)
0.

1 
(−

1.
4,

 1
.6

)
0.

35
5

 
M

od
er

at
e 

to
 v

ig
or

ou
s 

ph
ys

ic
al

 a
ct

iv
ity

 (
ho

ur
s/

w
ee

k)
23

.2
 ±

 4
.7

31
.0

 ±
 4

.7
6.

7 
(−

6.
5,

 1
9.

9)
5.

0 
(−

7.
2,

 1
7.

3)
0.

89
1

 D
X

A
 M

ea
su

re
s 

of
 B

od
y

C
om

po
si

ti
on

N
on

-S
ur

gi
ca

l
(n

=2
2)

Su
rg

ic
al

(n
=2

2)
N

on
-S

ur
gi

ca
l

(n
=2

2)
Su

rg
ic

al
(n

=2
2)

 
L

ea
n 

M
as

s 
(k

g)
63

.9
 ±

 2
.3

67
.5

 ±
 2

.4
2.

2 
(0

.7
, 3

.6
)

−8
.5

 (
−1

0.
9,

 −
6.

0)
<0

.0
00

1

 
L

ea
n 

M
as

s 
(%

)
53

.2
 ±

 1
.0

51
.1

 ±
 1

.1
1.

6 
(−

0.
0,

 3
.1

)
7.

7 
(4

.8
, 1

0.
7)

0.
00

1

 
Fa

t M
as

s 
(k

g)
56

.7
 ±

 2
.8

64
.9

 ±
 2

.9
*

−
1.

4 
(−

4.
8,

 2
.1

)
−2

2.
3 

(−
28

.5
, −

16
.2

)
<0

.0
00

1

 
Fa

t M
as

s 
(%

)
46

.8
 ±

 1
.0

48
.8

 ±
 1

.1
−

1.
6 

(−
3.

1,
 0

.0
)

−7
.6

 (
−1

0.
5,

 −
4.

7)
0.

00
1

* p<
0.

05
 f

or
 b

as
el

in
e 

co
m

pa
ri

so
ns

; B
M

I:
 b

od
y 

m
as

s 
in

de
x;

 H
bA

1C
: h

em
og

lo
bi

n 
A

1C
. S

ig
ni

fi
ca

nt
 c

ha
ng

es
 f

ro
m

 b
as

el
in

e 
an

d 
si

gn
if

ic
an

t p
 v

al
ue

s 
ar

e 
bo

ld
ed

. B
as

el
in

e 
m

ea
su

re
s 

an
d 

di
ff

er
en

ce
s 

be
tw

ee
n 

gr
ou

ps
 w

er
e 

co
m

pa
re

d 
us

in
g 

th
e 

St
ud

en
t t

-t
es

t; 
W

ith
in

 g
ro

up
 c

ha
ng

es
 o

ve
r 

12
 m

on
th

s 
w

er
e 

as
se

ss
ed

 u
si

ng
 th

e 
pa

ir
ed

 t-
te

st
.

Bone. Author manuscript; available in PMC 2021 May 01.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Misra et al. Page 22

Ta
b

le
 2

:

B
as

el
in

e 
A

re
al

 B
on

e 
M

in
er

al
 D

en
si

ty
 a

nd
 C

ha
ng

es
 o

ve
r 

12
 M

on
th

s 
in

 th
e 

Su
rg

ic
al

 a
nd

 N
on

-S
ur

gi
ca

l G
ro

up
s

B
as

el
in

e 
M

ea
su

re
s

(M
ea

n 
± 

SE
M

)
C

ha
ng

e 
ov

er
 1

2-
m

on
th

s
[M

ea
n 

(9
5%

 C
I)

]
P

-v
al

ue
 c

om
pa

ri
ng

 c
ha

ng
es

 o
ve

r 
12

m
on

th
s 

in
 s

ur
gi

ca
l v

s.
 n

on
-s

ur
gi

ca
l

gr
ou

ps

N
on

-S
ur

gi
ca

l
(n

=2
1)

Su
rg

ic
al

(n
=2

2)
N

on
-S

ur
gi

ca
l

(n
=2

1)
Su

rg
ic

al
(n

=2
2)

A
dj

us
te

d 
fo

r
ag

e,
 s

ex
, r

ac
e

an
d 

ba
se

lin
e

A
dj

us
te

d 
fo

r 
ag

e,
se

x,
 r

ac
e,

 b
as

el
in

e
an

d 
ch

an
ge

 in
 B

M
I

1/
3 

R
ad

iu
s 

B
M

D
 (

g/
cm

2 )
0.

69
5 

±
 0

.0
12

0.
72

7 
±

 0
.0

13
0.

02
1 

(−
0.

00
7,

 0
.0

48
)

0.
00

1 
(−

0.
02

8,
 0

.0
30

)
0.

96
9

0.
43

4

1/
3 

R
ad

iu
s 

B
M

D
 Z

-s
co

re
0.

53
2 

±
 0

.3
19

0.
30

5 
±

 0
.2

67
−

0.
22

4 
(−

0.
47

1,
 0

.0
24

)
0.

04
7 

(−
0.

17
4,

 0
.2

69
)

0.
05

7
0.

99
0

Fe
m

or
al

 N
ec

k 
B

M
D

 (
g/

cm
2 )

1.
08

2 
±

 0
.0

25
1.

08
8 

±
 0

.0
24

0.
00

7 
(−

0.
02

0,
 0

.0
34

)
−0

.0
80

 (
−0

.1
23

, −
0.

03
7

0.
00

07
0.

06
7

Fe
m

or
al

 N
ec

k 
B

M
D

 Z
-s

co
re

1.
75

5 
±

 0
.2

40
1.

88
1 

±
 0

.2
63

−
0.

11
0 

(−
0.

34
1,

 0
.1

22
)

−0
.9

47
 (

−1
.3

10
, −

0.
58

4)
0.

00
06

0.
09

7

To
ta

l H
ip

 B
M

D
 (

g/
cm

2 )
1.

18
2 

±
 0

.0
23

1.
18

3 
±

 0
.0

31
0.

00
1 

(−
0.

02
1,

 0
.0

23
)

−0
.0

86
 (

−0
.1

25
, −

0.
04

7)
0.

00
02

0.
24

0

To
ta

l H
ip

 B
M

D
 Z

-s
co

re
1.

86
4 

±
 0

.2
20

1.
77

6 
±

 0
.3

14
−0

.1
62

 (
−0

.2
94

, −
0.

03
0)

−0
.8

58
 (

−1
.1

55
, −

0.
56

1)
<0

.0
00

1
0.

16
1

L
um

ba
r 

Sp
in

e 
B

M
D

 (
g/

cm
2 )

1.
09

8 
±

 0
.0

22
1.

14
3 

±
 0

.0
21

0.
01

8 
(−

0.
00

7,
 0

.0
42

)
−

0.
02

1 
(−

0.
04

5,
 0

.0
02

)
0.

24
4

0.
18

5

L
um

ba
r 

Sp
in

e 
B

M
D

 Z
-s

co
re

1.
06

4 
±

 0
.2

41
1.

21
8 

±
 0

.1
77

−
0.

07
1 

(−
0.

24
4,

 0
.1

01
)

−0
.4

16
 (

−0
.6

81
, −

0.
15

0)
0.

14
7

0.
31

5

W
ho

le
 B

od
y 

B
M

D
 (

g/
cm

2 )
1.

09
5 

±
 0

.0
16

1.
09

5 
±

 0
.0

16
0.

02
5 

(−
0.

00
1,

 0
.0

51
)

0.
01

2 
(−

0.
01

2,
 0

.0
35

)
0.

72
3

0.
03

0

W
ho

le
 B

od
y 

B
M

D
 Z

-s
co

re
0.

28
2 

±
 0

.2
42

0.
03

2 
±

 0
.2

41
0.

00
5 

(−
0.

30
4,

 0
.3

13
−

0.
09

1 
(−

0.
39

8,
 0

.2
17

)
0.

61
3

0.
03

0

W
B

L
H

 B
M

D
 (

g/
cm

2 )
0.

99
6 

±
 0

.0
14

1.
00

0 
±

 0
.0

16
0.

01
6 

(−
0.

00
8,

 0
.0

40
)

−
0.

00
6 

(−
0.

03
3,

 0
.0

22
0.

50
5

0.
03

4

B
M

D
: B

on
e 

m
in

er
al

 d
en

si
ty

; W
B

L
H

: w
ho

le
 b

od
y 

le
ss

 h
ea

d;
 S

ig
ni

fi
ca

nt
 c

ha
ng

es
 f

ro
m

 b
as

el
in

e 
an

d 
si

gn
if

ic
an

t p
 v

al
ue

s 
ar

e 
bo

ld
ed

.

B
as

el
in

e 
m

ea
su

re
s 

w
er

e 
co

m
pa

re
d 

us
in

g 
th

e 
St

ud
en

t t
-t

es
t; 

W
ith

in
 g

ro
up

 c
ha

ng
es

 o
ve

r 
12

 m
on

th
s 

w
er

e 
as

se
ss

ed
 u

si
ng

 th
e 

pa
ir

ed
 t-

te
st

D
if

fe
re

nc
es

 b
et

w
ee

n 
su

rg
ic

al
 a

nd
 n

on
-s

ur
gi

ca
l g

ro
up

s 
w

er
e 

as
se

ss
ed

 u
si

ng
 m

ul
tiv

ar
ia

bl
e 

an
al

ys
es

 a
ft

er
 a

dj
us

tin
g 

fo
r 

ba
se

lin
e 

m
ea

su
re

s,
 a

ge
, s

ex
, r

ac
e 

+
/−

 c
ha

ng
e 

in
 B

M
I 

ov
er

 1
2 

m
on

th
s

Bone. Author manuscript; available in PMC 2021 May 01.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Misra et al. Page 23

Ta
b

le
 3

:

H
R

pQ
C

T
 a

nd
 F

in
ite

 E
le

m
en

t A
na

ly
si

s 
M

ea
su

re
s 

at
 B

as
el

in
e 

an
d 

C
ha

ng
es

 o
ve

r 
12

 M
on

th
s 

in
 th

e 
Su

rg
ic

al
 a

nd
 N

on
-S

ur
gi

ca
l G

ro
up

s 
at

 th
e 

D
is

ta
l T

ib
ia

 

an
d 

D
is

ta
l R

ad
iu

s

B
as

el
in

e 
(M

ea
n 

± 
SE

M
)

C
ha

ng
e 

ov
er

 1
2-

m
on

th
s 

[M
ea

n 
(9

5%
 C

I)
]

P
-v

al
ue

 c
om

pa
ri

ng
ch

an
ge

s 
ov

er
 1

2 
m

on
th

s 
in

su
rg

ic
al

 v
s.

 n
on

-s
ur

gi
ca

l
gr

ou
ps

D
is

ta
l T

ib
ia

N
on

-S
ur

gi
ca

l
(n

=1
5)

Su
rg

ic
al

(n
=1

5)
N

on
-S

ur
gi

ca
l

(n
=1

5)
Su

rg
ic

al
(n

=1
5)

 
A

dj
us

te
d 

fo
r

ag
e,

 s
ex

,
ra

ce
 a

nd
ba

se
lin

e

A
dj

us
te

d 
fo

r
ag

e,
 s

ex
,

ra
ce

, b
as

el
in

e
an

d 
ch

an
ge

in
 B

M
I

B
on

e 
G

eo
m

et
ry

 
C

or
tic

al
 A

re
a 

(m
m

2 )
14

3.
6 

±
 8

.7
14

1.
5 

±
 5

.9
6.

2 
(1

.1
, 1

1.
2)

−
1.

3 
(−

5.
0,

 2
.4

)
0.

02
3

0.
01

7

 
T

ra
be

cu
la

r 
A

re
a 

(m
m

2 )
60

3.
3 

±
 3

2.
2

64
5.

3 
±

 2
8.

3
−5

.2
 (

−9
.2

, −
1.

2)
1.

6 
(−

1.
9,

 5
.1

)
0.

02
6

0.
04

0

 
C

or
tic

al
 T

hi
ck

ne
ss

 (
m

m
)

1.
36

 ±
 0

.0
8

1.
31

 ±
 0

.0
6

0.
06

 (
−0

.1
0,

 −
0.

01
)

0.
01

 (
−

0.
02

, 0
.0

5)
0.

01
4

0.
01

0

B
on

e 
M

ic
ro

ar
ch

it
ec

tu
re

 
C

or
tic

al
 P

or
os

ity
 (

%
)

3.
98

 ±
 0

.4
5

4.
08

 ±
 0

.4
5

−
0.

09
 (

−
0.

75
, 0

.5
7)

−0
.9

0 
(−

1.
57

, −
0.

22
)

0.
01

2
0.

12
3

 
T

ra
be

cu
la

r 
N

um
be

r 
(1

/m
m

)
2.

54
 ±

 0
.0

6
2.

68
 ±

 0
.0

8
−

0.
06

 (
−

0.
13

, 0
.0

1)
−0

.2
4 

(−
0.

34
, −

0.
15

)
0.

01
9

0.
93

9

 
T

ra
be

cu
la

r 
Se

pa
ra

tio
n 

(m
m

)
0.

32
 ±

 0
.0

1
0.

31
 ±

 0
.0

1
0.

01
 (

−
0.

00
, 0

.0
2)

0.
03

 (
0.

02
, 0

.0
5)

0.
00

8
0.

44
0

 
T

ra
be

cu
la

r 
T

hi
ck

ne
ss

 (
m

m
)

0.
07

8 
±

 0
.0

03
0.

06
9 

±
 0

.0
02

*
0.

00
3 

(0
.0

01
, 0

.0
05

)
0.

00
5 

(0
.0

01
, 0

.0
08

)
0.

23
3

0.
29

0

V
ol

um
et

ri
c 

B
M

D
 (

vB
M

D
)

 
C

or
tic

al
 v

B
M

D
 (

m
gH

A
/c

m
3 )

85
6.

4 
±

 1
4.

2
85

8.
9 

±
 8

.9
11

.9
 (

0.
1,

 2
3.

7)
19

.5
 (

13
.7

, 2
5.

4)
0.

04
0

0.
19

2

 
T

ra
be

cu
la

r 
vB

M
D

 (
m

gH
A

/c
m

3 )
23

3.
3 

±
 7

.2
22

0.
8 

±
 8

.6
2.

5 
(−

5.
8,

 0
.8

)
−

6.
6 

(−
3.

1,
 1

6.
3)

0.
17

6
0.

15
4

 
To

ta
l v

B
M

D
 (

m
gH

A
/c

m
3 )

35
9.

1 
±

 1
1.

9
33

9.
9 

±
 1

3.
0

8.
1 

(1
.5

, 1
4.

7)
−

3.
4 

(−
14

.1
, 7

.4
)

0.
15

3
0.

11
4

St
re

ng
th

 E
st

im
at

es

 
St

if
fn

es
s 

(k
N

/m
m

)
27

1.
6 

±
 1

0.
3

25
7.

9 
±

 9
.6

7.
6 

(0
.6

, 1
4.

6)
4.

8 
(−

6.
2,

 1
5.

8)
0.

98
5

0.
04

4

 
Fa

ilu
re

 L
oa

d 
(k

N
)

13
.2

 ±
 0

.5
13

.1
 ±

 0
.5

0.
3 

(0
.0

, 0
.7

)
0.

1 
(−

0.
3,

 0
.6

)
0.

87
4

0.
06

4

 D
is

ta
l R

ad
iu

s
B

as
el

in
e 

(M
ea

n 
± 

SE
M

C
ha

ng
e 

ov
er

 1
2-

m
on

th
s 

(M
ea

n 
(9

5%
 C

I)
P

-v
al

ue
 c

om
pa

ri
ng

ch
an

ge
s 

ov
er

 1
2 

m
on

th
s 

in
su

rg
ic

al
 v

s.
 n

on
-s

ur
gi

ca
l

gr
ou

ps

N
on

-S
ur

gi
ca

l
(n

=1
5)

Su
rg

ic
al

(n
=1

5)
N

on
-S

ur
gi

ca
l

(n
=1

5)
Su

rg
ic

al
(n

=1
5)

 
A

dj
us

te
d 

fo
r

ag
e,

 s
ex

,
A

dj
us

te
d 

fo
r

ag
e,

 s
ex

,

Bone. Author manuscript; available in PMC 2021 May 01.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Misra et al. Page 24

B
as

el
in

e 
(M

ea
n 

± 
SE

M
)

C
ha

ng
e 

ov
er

 1
2-

m
on

th
s 

[M
ea

n 
(9

5%
 C

I)
]

P
-v

al
ue

 c
om

pa
ri

ng
ch

an
ge

s 
ov

er
 1

2 
m

on
th

s 
in

su
rg

ic
al

 v
s.

 n
on

-s
ur

gi
ca

l
gr

ou
ps

D
is

ta
l T

ib
ia

N
on

-S
ur

gi
ca

l
(n

=1
5)

Su
rg

ic
al

(n
=1

5)
N

on
-S

ur
gi

ca
l

(n
=1

5)
Su

rg
ic

al
(n

=1
5)

 
A

dj
us

te
d 

fo
r

ag
e,

 s
ex

,
ra

ce
 a

nd
ba

se
lin

e

A
dj

us
te

d 
fo

r
ag

e,
 s

ex
,

ra
ce

, b
as

el
in

e
an

d 
ch

an
ge

in
 B

M
I

ra
ce

 a
nd

ba
se

lin
e

ra
ce

, b
as

el
in

e
an

d 
ch

an
ge

in
 B

M
I

B
on

e 
G

eo
m

et
ry

 
C

or
tic

al
 A

re
a 

(m
m

2 )
57

.1
 ±

 4
.5

58
.9

 ±
 3

.9
2.

6 
(−

1.
2,

 6
.4

)
1.

0 
(−

1.
3,

 3
.3

)
0.

85
1

0.
42

6

 
T

ra
be

cu
la

r 
A

re
a 

(m
m

2 )
23

2.
3 

±
 1

1.
8

23
5.

8 
±

 1
6.

2
−

1.
8 

(−
5.

0,
 1

.4
)

−
0.

4 
(−

2.
4,

 1
.6

)
0.

85
3

0.
44

7

 
C

or
tic

al
 T

hi
ck

ne
ss

 (
m

m
)

0.
80

 ±
 0

.0
7

0.
83

 ±
 0

.0
6

0.
04

 (
−

0.
0,

 0
.1

)
0.

01
 (

−
0.

02
, 0

.0
5)

0.
97

2
0.

39
1

B
on

e 
M

ic
ro

ar
ch

ite
ct

ur
e

 
C

or
tic

al
 P

or
os

ity
 (

%
)

2.
04

 ±
 0

.3
5

1.
79

 ±
 0

.2
2

−
0.

17
 (

−
0.

58
, 0

.2
4)

−0
.5

4 
(−

0.
96

, −
0.

13
)

0.
02

4
0.

39
1

 
T

ra
be

cu
la

r 
N

um
be

r 
(1

/m
m

)
2.

26
 ±

 0
.0

6
2.

33
 ±

 0
.0

6
0.

05
 (

−
0.

06
, 0

.1
6)

−
0.

13
 (

−
0.

27
, 0

.0
0)

0.
07

8
0.

35
7

 
T

ra
be

cu
la

r 
Se

pa
ra

tio
n 

(m
m

)
0.

37
 ±

 0
.0

1
0.

36
 ±

 0
.0

1
−

0.
01

 (
−

0.
03

, 0
.0

1)
0.

03
 (

−
0.

00
, 0

.0
6)

0.
05

4
0.

21
4

 
T

ra
be

cu
la

r 
T

hi
ck

ne
ss

 (
m

m
)

0.
08

0 
±

 0
.0

03
0.

07
4 

±
 0

.0
03

−
0.

00
2 

(−
0.

00
6,

 0
.0

02
)

−
0.

00
1 

(−
0.

00
4,

 0
.0

02
)

0.
57

4
0.

57
6

V
ol

um
et

ri
c 

B
M

D
 (

vB
M

D
)

 
C

or
tic

al
 v

B
M

D
 (

m
gH

A
/c

m
3 )

79
6.

8 
±

 2
5.

6
80

7.
9 

±
 1

8.
8

17
.7

 (
0.

1,
 3

5.
3)

22
.0

 (
14

.2
, 2

9.
7)

0.
01

2
0.

11
7

 
T

ra
be

cu
la

r 
vB

M
D

 (
m

gH
A

/c
m

3 )
21

4.
9 

±
 8

.9
20

5.
8 

±
 6

.8
−

0.
3 

(−
2.

8,
 2

.2
)

−1
2.

0 
(−

21
.2

, −
2.

8)
0.

01
0

0.
19

1

 
To

ta
l v

B
M

D
 (

m
gH

A
/c

m
3 )

34
7.

1 
±

 1
2.

6
34

4.
7 

±
 1

5.
8

5.
4 

(−
3.

1,
 1

3.
9)

−
3.

0 
(−

10
.0

, 4
.0

)
0.

20
6

0.
96

7

St
re

ng
th

 E
st

im
at

es

 
St

if
fn

es
s 

(k
N

/m
m

)
10

2.
1 

±
 6

.3
95

.9
 ±

 4
.9

−
1.

6 
(−

5.
8,

 2
.6

)
−

1.
6 

(−
4.

6,
 1

.3
)

0.
82

3
0.

77
9

 
Fa

ilu
re

 L
oa

d 
k(

N
)

4.
8 

±
 0

.2
4.

8 
±

 0
.2

−
0.

07
 (

 −
0.

24
,0

.1
0)

−
0.

09
 (

−
0.

22
, 0

.0
5)

0.
76

8
0.

65
1

* P<
0.

05
 f

or
 b

as
el

in
e 

co
m

pa
ri

so
ns

; B
M

D
: b

on
e 

m
in

er
al

 d
en

si
ty

; S
ig

ni
fi

ca
nt

 c
ha

ng
es

 f
ro

m
 b

as
el

in
e 

an
d 

si
gn

if
ic

an
t p

 v
al

ue
s 

ar
e 

bo
ld

ed

B
as

el
in

e 
m

ea
su

re
s 

w
er

e 
co

m
pa

re
d 

us
in

g 
th

e 
St

ud
en

t t
-t

es
t; 

W
ith

in
 g

ro
up

 c
ha

ng
es

 o
ve

r 
12

 m
on

th
s 

w
er

e 
as

se
ss

ed
 u

si
ng

 th
e 

pa
ir

ed
 t-

te
st

D
if

fe
re

nc
es

 b
et

w
ee

n 
su

rg
ic

al
 a

nd
 n

on
-s

ur
gi

ca
l g

ro
up

s 
w

er
e 

as
se

ss
ed

 u
si

ng
 m

ul
tiv

ar
ia

bl
e 

an
al

ys
es

 a
ft

er
 a

dj
us

tin
g 

fo
r 

ba
se

lin
e 

m
ea

su
re

s,
 a

ge
, s

ex
, r

ac
e 

+
/−

 c
ha

ng
e 

in
 B

M
I 

ov
er

 1
2 

m
on

th
s

Bone. Author manuscript; available in PMC 2021 May 01.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Misra et al. Page 25

Ta
b

le
 4

:

A
ss

oc
ia

tio
ns

 o
f 

C
ha

ng
es

 in
 A

nt
hr

op
om

et
ri

c 
M

ea
su

re
s 

an
d 

B
od

y 
C

om
po

si
tio

n 
w

ith
 C

ha
ng

es
 in

 B
on

e 
Pa

ra
m

et
er

s 
O

ve
r 

12
 M

on
th

s

Δ
 B

M
I 

z-
sc

or
e

Δ
 L

ea
n 

M
as

s
Δ

 F
at

 M
as

s
Δ

 2
5(

O
H

)D
Δ

 P
hy

si
ca

l a
ct

iv
it

y

ρ
p

ρ
p

ρ
p

ρ
p

ρ
p

D
X

A
 m

ea
su

re
s

Δ
 F

N
 B

M
D

 Z
-s

co
re

0.
48

7
0.

00
1

0.
53

3
0.

00
04

0.
40

4
0.

01
0

−
0.

01
8

0.
91

6
−

0.
90

0.
60

2

Δ
 T

ot
al

 H
ip

 B
M

D
 Z

-s
co

re
0.

61
5

<0
.0

00
1

0.
71

5
<0

.0
00

1
0.

54
4

0.
00

03
−

0.
13

5
0.

42
0

0.
29

5
0.

08
1

Δ
 L

um
ba

r 
Sp

in
e 

B
M

D
 Z

-s
co

re
0.

17
7

0.
26

7
0.

21
2

0.
18

4
0.

07
2

0.
65

4
0.

12
2

0.
45

9
−

0.
20

9
0.

21
5

 D
is

ta
l T

ib
ia

Δ
 C

or
tic

al
 A

re
a 

(m
m

2 )
0.

39
6

0.
03

1
0.

48
7

0.
00

6
0.

35
7

0.
05

3
−

0.
03

9
0.

84
0

0.
22

9
0.

26
2

Δ
 T

ra
be

cu
la

r 
A

re
a 

(m
m

2 )
−0

.4
72

0.
00

8
−0

.5
63

0.
00

1
−0

.4
09

0.
02

5
−

0.
00

4
0.

98
3

−
0.

19
8

0.
33

2

Δ
 C

or
tic

al
 T

hi
ck

ne
ss

 (
m

m
)

0.
37

0
0.

04
4

0.
45

4
0.

01
1

0.
34

9
0.

07
6

0.
08

6
0.

65
9

0.
14

4
0.

48
3

Δ
 C

or
tic

al
 P

or
os

ity
 (

%
)

0.
34

1
0.

06
5

0.
16

4
0.

38
6

0.
14

3
0.

45
2

−0
.4

75
0.

00
9

0.
11

9
0.

56
3

Δ
 T

ra
be

cu
la

r 
N

um
be

r 
(1

/m
m

)
0.

52
7

0.
00

3
0.

40
0

0.
02

8
0.

46
0

0.
00

9
−

0.
31

7
0.

09
4

0.
31

9
0.

11
2

Δ
 T

ra
be

cu
la

r 
Se

pa
ra

tio
n 

(m
m

)
−0

.5
13

0.
00

4
−0

.4
26

0.
01

3
−0

.3
74

0.
04

2
0.

21
0

0.
27

5
−

0.
31

1
0.

12
2

Δ
 C

or
tic

al
 v

B
M

D
 (

m
gH

A
/c

m
3 )

−
0.

19
4

0.
30

6
−

0.
19

3
0.

30
6

−
0.

25
3

0.
17

7
0.

39
8

0.
03

3
−

0.
11

8
0.

56
6

Δ
 S

tif
fn

es
s 

(k
N

/m
m

)
−

0.
08

1
0.

67
1

−
0.

00
7

0.
96

8
−

0.
23

2
0.

21
7

0.
24

3
0.

20
5

−
0.

29
5

0.
14

4

 D
is

ta
l R

ad
iu

s

Δ
 C

or
tic

al
 P

or
os

ity
 (

%
)

0.
37

5
0.

04
1

0.
14

2
0.

45
5

0.
24

8
0.

18
7

−0
.3

96
0.

03
7

0.
15

2
0.

44
0

Δ
 C

or
tic

al
 v

B
M

D
 (

m
gH

A
/c

m
3 )

−
0.

24
4

0.
19

3
−

0.
08

1
0.

66
9

−
0.

15
3

0.
41

9
0.

23
3

0.
23

2
0.

14
2

0.
47

1

Δ
 T

ra
be

cu
la

r 
vB

M
D

 (
m

gH
A

/c
m

3 )
0.

33
4

0.
07

1
0.

27
8

0.
13

7
0.

37
9

0.
03

9
−

0.
33

2
0.

08
5

0.
26

8
0.

16
8

Δ
: C

ha
ng

e;
 F

N
: f

em
or

al
 n

ec
k;

 v
B

M
D

: v
ol

um
et

ri
c 

bo
ne

 m
in

er
al

 d
en

si
ty

; 2
5(

O
H

)D
: 2

5-
hy

dr
ox

y 
vi

ta
m

in
 D

. S
ig

ni
fi

ca
nt

 p
 v

al
ue

s 
ar

e 
bo

ld
ed

; S
pe

ar
m

an
 c

or
re

la
tio

ns
 (
ρ)

 a
nd

 th
e 

co
rr

es
po

nd
in

g 
p 

va
lu

e 
ar

e 
re

po
rt

ed

Bone. Author manuscript; available in PMC 2021 May 01.


	Abstract
	Introduction
	Participants and Methods
	Participant Selection:
	Experimental Protocol:
	Calcium and vitamin D administration strategy:
	Dual Energy X-Ray Absorptiometry:
	High Resolution Peripheral Quantitative Computed Tomography (HRpQCT) and Microfinite Element Analysis:
	Statistical Analysis:

	Results
	Baseline Characteristics:
	Changes in Anthropometric Measures and Body Composition over 12-Months:
	Changes in DXA Measures of Areal Bone Mineral Density:
	Changes in HRpQCT Measures of Volumetric Bone Mineral Density, Bone Geometry and Microarchitecture:
	Distal Tibia:
	Distal Radius:

	Determinants of Changes in Bone Parameters:

	Discussion
	DXA Measures:
	HRpQCT Measures:
	Changes in Bone Geometry:
	Changes in Trabecular Microarchitecture and Volumetric BMD Following Sleeve Gastrectomy:
	Changes in Cortical Microarchitecture and vBMD Following Sleeve Gastrectomy:
	Changes in Strength Estimates Following Sleeve Gastrectomy:
	25OHD Levels and their Relationship to Bone Parameters:
	Study Limitations and Strengths:

	Conclusion:

	References
	Figure 1:
	Figure 2:
	Figure 3:
	Table 1:
	Table 2:
	Table 3:
	Table 4:

