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A B S T R A C T  
 

Overview: Two separate studies involving obesity-related issues in premenopausal 

Caucasian females were completed: a preliminary investigation of the skeletal effects of 

bariatric surgery and; a cross-sectional study which explored relations among total body, 

central, and limb intermuscular fat, physical activity, and type-2 diabetes risk. 

 

STUDY 1 

Aim: To compare the effects of Roux-en-Y gastric bypass (RYGB) and laparoscopic 

adjustable gastric banding (LAGB) on changes in bone mineral density (BMD), weight 

loss and blood biomarkers related to bone turnover, hormonal, and nutrient status. 

Subjects: Nine bariatric surgery patients.  

Methods: Patients had a DXA bone scan and fasting blood draw at baseline, three, and 

six months following surgery.     

Results: RYGB patients had greater weight loss vs. LAGB at both three (mean loss: 19 

vs. 9%) and six months (26 vs. 11%), p<0.01.  RYGB patients lost an average of 7% hip 

BMD at six months.  Hip BMD loss at six months was correlated to decreased leptin 

(r=0.88) and increased adiponectin (r=-0.82), p<0.05.  Bone turnover was indicated by 

elevated serum bone biomarkers after surgery. 

Conclusions: Research with larger sample sizes is warranted to better evaluate potential 

implications for late-life osteoporosis risk following bariatric surgery.  

 

STUDY 2 

Aim: To determine repeatability for IMAT and muscle density, to evaluate the 

distribution of foreleg muscle and fat indices measured by pQCT and to determine 

predictors of muscle density and type-2 diabetes risk.  

Subjects: 82 women with varying BMI and physical activity levels. 

Methods: Subjects had DXA and pQCT bone scans, a fasting blood draw, and completed 

a 4-day physical activity record. 

Results: Fat and muscle distribution in the foreleg was highly correlated to total and 

central body adiposity.  The pQCT device reliably measured muscle density (CV=0.8%), 

thus justifying use as surrogates for IMAT.  Muscle density was positively related to 

physical activity (r=0.29; p<0.05) and negatively associated with markers of fat 

distribution and risk for type-2 diabetes [HOMA-IR (r=-0.44, p<0.01)].   

Conclusions: Further research is necessary to determine whether specific fat or muscle 

depots can be targeted through exercise training to help with the prevention and treatment 

of obesity or type-2 diabetes.  
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Chapter 1   

Introduction 
 

Clinical Problem and Rationale for Research  

My dissertation stemmed from two separate research studies, first Preliminary studies of 

bariatric surgery patients: comparison of Roux-en-Y gastric bypass vs. laparoscopic adjustable 

gastric banding procedures for effects on bone geometry, mass, and density at 6 months post-

surgery and secondly, Repeatability of pQCT and evaluating effects of physical activity on 

muscle and fat parameters in premenopausal females.  The first, a prospective preliminary study, 

is part of an ongoing clinical investigation funded by a Research Acceleration Project grant from 

the Carilion Clinic Research Office (Roanoke, VA).  The second project derived from a database 

generated by a 2+ year bone health study of women, conducted with Dr. William Herbert and my 

graduate student colleagues working in the Bone, Health, Nutrition and Exercise (BONE) 

Laboratory at Wallace Hall.  My doctoral program consisted of two major components, Clinical 

Exercise Physiology and Human Nutrition.  Therefore, I included issues in my dissertation work 

which incorporate both of these domains.  My dissertation topics stemmed from interest two 

common chronic conditions, osteoporosis and related research with bariatric surgery patients and 

type-2 diabetes.   

The first topic involved evaluation of bone mineral density (BMD) and content (BMC) 

changes and blood biomarkers prior to bariatric surgery compared to measurements at three and 

six months following surgery.  Excess body weight provides additional skeletal loading and 

conventional thought has suggested the effect is osteogenic and associated with reduced risk for 

osteoporosis
1
.  Rapid weight loss following bariatric surgery can reduce skeletal loading, and 
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also appears to negatively affect bone turnover, with several researchers noting bone loss 

following bariatric surgery
2
.  The extent of weight loss is often correlated with bone loss and 

appears to be more prominent at the hip, an important weight bearing site
3
.  Osteocalcin (OC) 

and the carboxy (C)-terminal peptide of type I collagen (CTx), both bone turnover markers are 

among the most sensitive to measure these changes
4
.  Both markers have been documented to 

increase following bariatric surgery
3,5

.  In addition, two adipokines, adiponectin and leptin have 

been proposed to have a potential impact on bone physiology
2
.  However, limited research has 

been done with either in relation to potential influences on bone status and bone turnover 

markers following bariatric surgery.  Nutritional factors may also contribute to bone loss, as 

more than 60% of bariatric surgery patients are deficient in vitamin D and between 25 to 48% 

show elevated parathyroid hormone (PTH) levels prior to surgery
6
.  Bariatric surgery often 

exacerbates these issues; decreased absorption of nutrients in the gut, along with reduced food 

intake and rapid weight loss puts bariatric surgery patients at risk for bone loss
6
.  As bariatric 

surgery becomes a more common procedure, especially in younger females, more research is 

necessary to evaluate the effects of two commonly performed procedures, Roux-en-Y gastric 

bypass (RYGB) and laparoscopic adjustable gastric banding (LAGB) surgery to determine 

effects of each on bone status in the short-term and suggest what might be the longer-term 

implications for late-life osteoporosis. 

The subset of patients (n=9) included in my dissertation is preliminary pilot study data 

and does not represent sufficient sample size for publication.  Therefore, measurements for this 

group were used to evaluate trends and forecast changes for further analysis within the larger 

sample group.  The larger subset will include two groups of approximately ten patients each 

which will allow for additional statistical analysis to detect changes following bariatric surgery.   
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The second topic evaluated fat and muscle indices in the non-dominant foreleg and 

forearm in relation to total body adiposity measures, physical activity, and type-2 diabetes risk.  

The mass and distribution of adipose tissue affects cardiovascular and metabolic disease risk, 

especially when located centrally
7
.  One repository of recent health interest is intermuscular 

adipose tissue (IMAT), the adipose tissue between muscle bundles
8
.  This locus can be measured 

using magnetic resonance imaging (MRI), computed tomography (CT), and more recently, with 

peripheral quantitative computed tomography (pQCT).  MRI and CT analysis have shown 

associations between higher concentrations of IMAT and insulin resistance, type-2 diabetes, and 

reduced muscular strength
9-12

, yet little research has been done using the pQCT.  Muscle density 

has been validated as an indicator of adipose tissue deposition in the muscle
13,14

 and has been 

used as a surrogate for IMAT
15

. Physical activity appears to moderate the relationship of IMAT 

with type-2 diabetes risk, yet effects on fat depots in the limbs where pQCT is able to quantify 

hard and soft tissue are limited and indecisive
16,17

.  Therefore, this study was necessary to 

evaluate the interrelations of fat and muscle indices in the lower limb assessed by pQCT, 

physical activity status, and potential risk of type-2 diabetes.   

Study 1: An Exploratory Study of Bone Changes Following RYGB and 

LAGB: Impact on Bone Biomarkers, Adiponectin, Leptin, Vitamin D, and 

Calcium 

Research Aims  

The primary aim of this research was to comparatively evaluate, over 6 months, effects of 

Roux-en-Y gastric bypass (RYGB) vs. laparoscopic adjustable gastric banding (LABG) bariatric 

surgery on body weight loss, bone density and selected blood biomarkers related to bone status 

[osteocalcin, carboxy (C)-terminal cross-linked telopeptides of type I collagen (CTx), 

adiponectin, leptin, vitamin D, calcium and parathyroid hormone (PTH)].  This data represents a 
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small sample size, therefore, the primary purpose of this study was to examine potential trends 

and evaluate patterns for further analysis within a larger sample size.    

Assumptions        

1. Patients reported to fasting measurements without consumption of food at least 8-12 hours 

prior to the blood draw. 

2. All laboratory equipment (DXA, stadiometer, scale) had been properly calibrated and 

maintained. 

Delimitations  

 The patients included in the study were all premenopausal, middle-aged Caucasian 

females.   

 This study population consisted of a small sample of patients accepted for elective RYGB 

or LAGB bariatric surgery.  There were 4-5 patients participating in each surgical group, 

each with similar age, body mass, and health status prior to surgery.    

 The blood biomarkers measured included bone biomarkers: osteocalcin and CTx, 

adipokines: adiponectin and leptin and biomarkers related to nutrient and bone status: 

vitamin D, calcium and PTH. 

Limitations  

 The weight limit on the DXA machine is <136 kg (300 pounds), therefore all patients 

weighed less than 136 kg.  This limited investigation of bone changes within morbidly 

obese patients.   

 Only premenopausal females were studied to limit confounding effects of increased 

osteoporosis risk after menopause.  The focus was on premenopausal females to evaluate 

potential later age-related risk of osteoporosis, thereby reducing potential effects of 

menopause and estrogen levels on bone status.  
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 Both leptin and adiponectin are adipokines believed to be involved with bone turnover, 

yet published data is limited with each in relation to bone changes following bariatric 

surgery. Adiponectin has only been measured in relation to bone density in two 

studies
18,19

 and leptin has not been measured in bariatric surgery patients relative to BMD 

and BMC changes and blood bone biomarkers.  

 Patients were recommended by a Registered Dietitian to consume calcium and vitamin D 

supplements after surgery; however there was not stringent reporting of all supplement 

use over the three and six month follow-up.  Therefore, conclusions did not address the 

specific effects of supplement use on bone status.  
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Study 2: Fat and Muscle Indices Assessed by pQCT: Relationships with 

Physical Activity and Type-2 Diabetes Risk  

Research Aims  

The aim of this study was first to evaluate the distribution of muscle and fat indices 

evaluated by pQCT in the foreleg and to determine repeatability for intermuscular adipose tissue 

(IMAT) and muscle density.  Two prediction models were evaluated to determine influences on 

muscle density and type-2 diabetes risk using physical activity and health-related measures.   

Assumptions        

1. Subjects reported to fasting measurements without consumption of food at least 8-12 hours 

prior to the blood draw. 

2. All laboratory equipment (DXA, pQCT, stadiometer, and scale) had been properly calibrated 

and maintained. 

3. Subjects wore the pedometer for all waking hours over a four day period and recorded any 

activities when the pedometer was not worn.   

Delimitations  

 Subjects included in the study were all young adult to middle aged premenopausal 

Caucasian females; therefore the results cannot be generalized to other gender or racial 

groups.  Previous research has shown adipose tissue deposition to vary with race
20

 and 

genders, with females generally having less IMAT than males
16

; thus, it was necessary to 

limit the inclusion criteria to control for potential variability within the group.   

 IMAT was measured with the pQCT device.  This measurement of IMAT included the 

adipose tissue between muscle bundles (intermuscular fat) and adipocytes within muscle 

fibers (intramuscular fat)
21

.  The pQCT is not specific enough to discriminate between 

intermuscular and intramuscular adipose tissue, nor is it as precise as an MRI or CT scan.   
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 Physical activity was assessed through pedometer step count and self reported physical 

activity over a four day period.  

Limitations  

 The weight limit on DXA machine is <136 kg, which limited inclusion to subjects 

weighing less than 300 pounds.    

 Measurement of IMAT was obtained with a pQCT instead of MRI or CT analysis which 

is more commonly reported in the literature.  Most research with MRI or CT has 

measured the upper thigh, which has a greater concentration of IMAT than the calf, 

where measurements for this study were taken.  However, Ruan et al.
22

 demonstrated that 

calf IMAT assessed through MRI could be used to estimate whole body IMAT.  Little 

research has been done with calf IMAT measured with pQCT, so there was not extensive 

data for comparison of results obtained in this study.       

 Inferences on physical activity levels were based on pedometer step count and self report 

to assess overall habitual physical activity status, rather than exercise capacity as was 

done in Boettcher et al
16

.   
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Definitions   

 

Adipokine – a group of polypeptide hormones produced primarily by adipose tissue
23

.  

Adiponectin – an adipokine with three isoforms which targets skeletal muscle and the liver and 

has insulin-sensitizing, anti-inflammatory, and anti-atherogenic properties
24

.  

Adjustable gastric banding (AGB) – a form of bariatric surgery in which an inflatable tube is 

placed around the stomach just below the gastroesophageal junction, thereby restricting entry of 

food into the stomach
25

. 

Bariatric surgery – a weight loss surgery for patients with a BMI > 40 kg/m
2
 or those with a 

BMI > 35 kg/m
2
 who have comorbidities

25
.  

Calcium – a water soluble mineral which is absorbed primarily by the duodenum and plays a 

role in bone mineralization
1
.  

Carboxy (C)-terminal cross-linked telopeptide of type I collagen (CTx) – a bone turnover 

marker which is generated from osteoclasts as a degradation product of type I collagen
26

. 

Computed tomography (CT) – a device which captures an image by measuring the X-ray 

absorption coefficients of the tissue.  It is measured in Hounsfield Units (HU)
27

.   

Dual-Energy X-ray Absorptiometry (DXA) – the gold standard for measuring bone density
1
. 

Fat free soft tissue mass – also referred to as lean body mass or area in the body which is not 

fat.  It includes bone, cartilage, ligaments, tendons and muscle and can be accurately measured 

by a DXA machine using a full body scan.   

Glucose – a monosaccharide found in the blood and is an important fuel source.  Impaired 

fasting glucose >126 mg/dL would classify someone as diabetic
28

.   

Homeostasis Model Assessment of Insulin Resistance (HOMA-IR) – a calculation involving 

fasting insulin and glucose used to access insulin resistance and β cell function; calculation: 

fasting insulin (uU/L) x fasting glucose (mmol/L)/22.5
29

.  . 

Intermuscular adipose tissue (IMAT) – the adipose tissue between muscle bundles
21

. 

Insulin – a hormone released from the β cells of the pancreas which directs the body to 

metabolize and store glucose
28

.    

Insulin resistance – impairment of β cell production of insulin from the pancreas or reduced 

sensitivity to insulin production which is involved with development of type 2 diabetes
28

. 

Interleukin-6 – a circulating pro-inflammatory cytokine secreted by a variety of cells including 

immune cells, skeletal muscle, adipose tissue
24

. 

Magnetic resonance imaging (MRI) – a device which uses a magnetic field and pulses of radio 

waves to capture images of organs and structures in the body
30

. 

Laparoscopic – a minimally invasive surgical technique also referred to as “closed” which is 

often used to perform various forms of bariatric surgery
31

.  

Laparoscopic adjustable gastric banding (AGB) – a minimally invasive form of bariatric in 

which an inflatable tube is placed around the stomach just below the gastroesophageal junction, 

thereby restricting entry of food into the stomach
25

. 

Leptin – a  protein hormone which affects food intake and energy expenditure
32

. 

Low bone mass – defined by the World Health Organization (WHO) as a T-score from a DXA 

scan between -1 and -2.5
1
. 

Amino (N)-terminal peptide of type I collagen (nTX) – a bone turnover marker which is 

generated from osteoclasts as a degradation product of type I collagen
26

. 
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Osteocalcin – a bone turnover marker which is secreted by osteoblasts and is a protein marker of 

bone formation
33

. 

Osteoporosis – defined by the World Health Organization (WHO) as a T-score from a DXA 

scan ≤-2.5
1
. 

Osteoprotegerin (OPG) – a cytokine which binds to RANKL to inhibit osteoclast 

differentiation
34

.   

Parathyroid hormone (PTH) – a hormone secreted by the parathyroid which acts to maintain 

serum calcium level by stimulating exchange of calcium from bone to blood and can increase 

absorption of calcium from the kidneys
28

. 

peripheral Quantitative Computed Tomography (pQCT) – a peripheral computed 

tomography device smaller and less expensive than a computed tomography (CT) machine 

which is used to measure a peripheral site such as a the radius or tibia
27

. 

Receptor Activator for Nuclear Factor κ B Ligand (RANKL) – part of the tumor-necrosis 

factor family which, regulates osteoclast activity along with RANK and OPG
4
.  Binding of OPG 

inhibits RANKL’s osteoclast activity
34

.  

Roux-en-Y gastric bypass surgery (RYGB) – a form of bariatric surgery where a small pouch 

is created from the stomach, restricting food intake and then attached to the jejunum which 

bypasses the distal stomach, duodenum, and proximal jejunum
25

. 

Subcutaneous fat – a layer of fat found underneath the skin which is less metabolically active 

than visceral fat.  Adipokines are produced here, but to a less extent than visceral fat with the 

exception of circulating adiponectin which is largely secreted by subcutaneous fat
35

.   

T-score – bone density in a specific area expressed in standard deviations from the mean value 

of a reference database of young Caucasian females
1
. 

TIBIA4S Macro – a macro option on the Stratec XCT 3000 pQCT (White Plains, NY) which 

analyzes the foreleg scan after taking images at a locations 4%, 14%, 38% and 66% from the 

distal end of the tibia. 

Tumor necrosis factor-alpha (TNF-α) – an inflammatory cytokine involved in systemic 

inflammation and is produced primarily by macrophages but is also produced by adipose tissue
23

.  

Type-2 diabetes - a metabolic disorder characterized by hyperglycemia which results from 

defects in insulin secretion and/or action
36

. 

Visceral fat – a layer of fat located in the abdominal cavity which is associated with insulin 

resistance and cardiovascular disease
35

. 

Vitamin D – a hormone essential for calcium absorption, bone mineralization and activation of 

osteoblast activity
1
.  It can be consumed in the diet or from UVB exposure.  It’s active form is 

1,25(OH)2D3 which plays a role in maintain normal serum calcium levels
37

. 
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List of Abbreviations   

 

BMC  Bone Mineral Content 

BMD Bone Mineral Density 

BMI Body Mass Index 

CRP C Reactive Protein 

CT Computed Tomography 

CTx C-Terminal Cross-Linked Telopeptide of Type I Collagen 

DXA Dual-Energy X-ray Absorptiometry 

EDTA Ethylenediaminetetraacetic Acid 

ELISA Enzyme-Linked Immunosorbent Assay 

HOMA-IR Homeostasis Model Assessment of Insulin Resistance 

IL-6 Interleukin-6 

ISCD International Society for Clinical Densitometry 

IMAT Intermuscular Adipose Tissue 

LABG Laparoscopic Parathyroid Hormone Adjustable Gastric Banding 

MET Metabolic Equivalent 

MRI Magnetic Resonance Imaging 

NTx N-Terminal Cross-Linked Telopeptide of Type I Collagen 

OC Osteocalcin 

OPG Osteoprotegerin 

pQCT peripheral Quantitative Computed Tomography 

PTH Parathyroid Hormone  

RANKL Receptor Activator for Nuclear Factor κ B Ligand 

RIA Radio Immuno Assay 

RYGB Roux-en-Y Gastric Bypass 

SST Serum Separator Tube 

TNF-α Tumor Necrosis Factor-Alpha 

WHO World Health Organization 
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Chapter 2 

Literature Review 

 

Introduction  
Weight loss following bariatric surgery reduces comorbidities associated with obesity.  

However, it may raise the risk for another often overlooked disease, osteoporosis
1
.  Excess body 

weight provides additional skeletal loading and conventional thought has suggested that this 

effect is osteogenic and associated with reduced risk for osteoporosis
1
.  Rapid weight loss 

following bariatric surgery can reduce skeletal loading and also appears to increase bone 

resorption, with notable bone loss being documented in the year or so following surgery
2
.  The 

International Society for Clinical Densitometry (ISCD) currently recommends females to receive 

a bone scan at the age of 65 years, but only younger premenopausal women should receive a 

scan if they have risk factors
3
.  Bariatric surgery is now an option for adolescents and young 

adults
4
; therefore the long term significance of bone loss is critical since many women may not 

be aware of bone loss until much later in life.  Therefore, additional research is necessary to 

evaluate the effects of the most widely used forms of bariatric surgery, Roux-en-Y gastric bypass 

(RYGB) and laparoscopic adjustable gastric banding (LAGB), on bone mass and how each 

procedure impacts bone turnover, as well blood markers related to nutrient status.  

Along with osteoporosis, another disease of increasing health risk is type-2 diabetes.  

With rising rates of obesity, the prevalence of type-2 diabetes continues to rise and is expected to 

affect over 300 million individuals by 2025; more than double the rate of 135 million noted in 

1995
5
.  The mass and distribution of adipose tissue affects cardiovascular and metabolic disease 

risk, especially when located centrally
6
.  One repository of recent health interest is intermuscular 

adipose tissue (IMAT), the adipose tissue within the fascia surrounding muscle
7
.  Recent 
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research suggests the fat accumulated in muscle (IMAT) can contribute to insulin resistance and 

type-2 diabetes.  Magnetic resonance imaging (MRI) and computed tomography (CT) analysis 

has shown associations between higher concentrations of IMAT and insulin resistance, type-2 

diabetes, and reduced muscular strength
8-11

, yet little research has been done using the pQCT to 

assess these patterns and potential health significance.  Data from the pQCT on this issue are 

scarce; however the pQCT device is a smaller instrument with less radiation exposure than CT, 

less costly, and may be more practical to use in a research setting.  Additional research is 

warranted to evaluate the interrelations of fat and muscle depots in the lower limb assessed by 

pQCT, physical activity and the associated risk of type-2 diabetes.   

Therefore, to address these two needs for research, this literature review will cover the 

key areas pertinent to two research topics entitled, 1) An exploratory study of bone changes 

following RYGB and LAGB: impact on bone biomarkers, adiponectin, leptin, vitamin D, and 

calcium status and 2) Fat and muscle indices assessed by pQCT: Relationships with physical 

activity and type-2 diabetes risk.  Thus, the following topics will be addressed in this literature 

review: 1) bariatric surgery; 2) impact of bariatric surgery on bone; 3) nutrition and bone 

changes following bariatric surgery; 4) intermuscular adipose tissue (IMAT); 5) insulin 

resistance and IMAT; 6) IMAT and inflammatory markers; 7) role of physical activity with 

IMAT; and 8) technical performance considerations for the DXA, pQCT, physical activity 

assessment, and selected bioassays to relevant to conducting investigation in these two topic 

areas.  This chapter will conclude with a summary of the related literature and how each section 

relates to the dissertation research. 
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Bariatric Surgery – Comparison of RYGB and LAGB  
Bariatric surgery is an increasingly selected intervention for weight loss among adults 

with clinically severe obesity that is near impossible to manage by conventional means.  

According to the National Institutes of Health Consensus Development Conference Panel, 

bariatric surgery is indicated as a treatment for obesity for adults with a body mass index (BMI) 

≥ 40 kg/m
2
 (class 3 obesity) or those with a BMI ≥ 35 kg/m

2
 with comorbidities such as 

obstructive sleep apnea or type-2 diabetes
12

.  Approximately 10 million Americans have a BMI ≥ 

40 kg/m
2
 and it is estimated that more than 220,000 bariatric surgeries will be performed in 2010 

alone
13

.  The primary goal for bariatric surgery is to dramatically reduce excess body weight, 

thereby lowering high risks of comorbidities associated with obesity.  Substantial reductions of 

30-50% of body weight are often achieved six months following surgery
14

.  Reduction of excess 

body weight can significantly ameliorate or alleviate components of metabolic syndrome and 

conditions including obstructive sleep apnea, hypertension, type-2 diabetes, asthma, infertility, 

and arthritis
15

.   

Currently, Roux-en-Y gastric bypass (RYGB) is considered the favored approach in the 

United States (US)
16

, with 85% of patients choosing this surgery
17

.  Laparoscopic adjustable 

gastric banding (LAGB), a restrictive procedure, is more common in Europe and Australia but 

has gained increasing acceptance in the US
16

.  Both lead to rapid weight loss, but involve 

different adaptive responses
16

.  With LAGB a band is placed around the upper stomach that 

decreases food entry, thereby restricting intake.  Initial weight loss after restrictive procedures is 

often less substantial initially than RYGB, but weight loss averages 50-60% of initial body 

weight and a 25-30% decrease in BMI two years post surgery
18

.  Both restrictive and 

malabsorptive features are involved with RYGB which includes the reduction of the stomach to a 

small pouch which is attached to the middle of the small intestine, the jejunum.  This procedure 
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bypasses the distal stomach and upper portion of the small intestine and may lower absorption of 

nutrients in the gut
16

.  Weight loss is often quite significant after RYGB, with patients noting 

decreases of 65-70% of starting body weight and ~35% decrease in BMI
18

.  

Mortality rates are relatively low for bariatric surgery; a meta-analysis by Buchwald et 

al.
19

 reported operative mortality (less than 30 days post-surgery) of 0.1% for purely restrictive 

procedures and 0.5% for RYGB procedures.  However, short and long term complications are 

relatively common; infection, leaking, or hemorrhage occurs in 5-10% of patients and many 

experience long term complications including internal hernias, emotional disorders, and nutrient 

deficiencies
15

.  Deficiencies of both macro and micro nutrients such as protein, iron, folate, 

calcium, vitamin D, and others are commonly reported after bariatric surgery
20

.  Operating room 

time and length of hospitalization were lower with LAGB surgery, yet re-operative rates were 

higher compared to RYGB procedures
16

.  According to review by Tice et al.
16

, weight loss 

outcomes and patient satisfaction were higher in RYGB patients; however, LAGB remains an 

attractive option for many patients since it is less invasive and potentially reversible.  Since both 

procedures are commonly performed in the US, additional research is necessary to compare 

each, especially regarding bone density and blood biomarker changes following surgery.    

Impact of bariatric surgery on bone  
Osteoporosis has become a significant health risk, as an estimated 10 million Americans 

over the age of 50 have the disease, with another 34 million at risk
21

.  The 2004 Surgeon 

General’s Report
21

 projected that by 2020, one in two adults over age 50 will be at risk for a 

fracture from osteoporosis or low bone mass.  Currently, an estimated 1.5 million people each 

year experience a fragility fracture which can lead to both short- and long-term morbidity and 

medical expenses
21

.  Increased skeletal loading associated with excess body weight may protect 
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against osteoporosis, therefore it is often overlooked as a potential health risk in overweight or 

obese adults.  Yet evidence on the relation between weight loss and bone loss in the overweight 

and obese population indicates loss of as little as 10% of body weight can result in 1-2% loss of 

bone
1
.  Bariatric surgery may more dramatically increase one’s risk for osteoporosis, not only 

through rapid weight loss, but also through changes in absorption of nutrients that could 

detrimentally affect calcium metabolism and thus the capacity to maintain bone mass.    

The gold standard for assessing bone mass and density is dual energy X-ray 

absorptiometry (DXA).  The DXA test quantifies bone density and risk for current or future 

fragility fracture by establishing threshold values (T-score or a Z-score) associated with such 

risks. Technical considerations and clinical applications of DXA are described in greater detail 

under the DXA measurement section of this chapter.  Currently, DXA scans are not part of the 

routine pre- or post-operative care of bariatric surgery patients.  However, Williams et al.
1
 

recommends a pre-operative DXA scan for bariatric patients to assess primary and secondary 

risk of bone disease, with a DXA scan repeated every 1-2 years, as indicated.  

While RYGB and LAGB result in loss of excess body weight, the surgical impact on 

bone appears to differ between the two procedures
2
.  Previous data show RYGB results in 

increased bone turnover and decreased bone mass
2
, especially in the hip

22-25
.  Similar results 

have been seen after biliopancreatic diversion (BPD), a primarily malabsorptive procedure
26

.  

Malabsorption of key nutrients such as calcium and vitamin D and others related to bone 

metabolism appears to play a critical role in bone changes noted after each of these surgeries
1
.  

Research is more limited following restrictive bariatric surgery, as it was previously assumed 

these procedures did not negatively impact bone turnover
1
, since there is not a malabsorptive 

component.  Results are more inconsistent following restrictive surgery; some bone loss appears 
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in the hip and minor changes were reported at other locations, including total body and the 

spine
27-31

.  Guney et al.
28

 noted bone loss following vertical banded gastroplasty (VBG, a 

restrictive procedure) and a medically supervised weight loss program and concluded that bone 

loss was independent of the weight loss method, but was rather dictated by the extent of weight 

loss.  Fleischer et al.
24

 also noted a correlation between the decline in hip bone mineral density 

(BMD) and weight loss after RYGB.  Little published research is available to clarify the 

comparative effects of weight loss on skeletal health following RYGB and LAGB.  Most 

research in this area has focused on either combination (RYGB) or restrictive surgery (adjustable 

gastric banding, AGB or VBG), but not both.  Only one study has compared the two surgical 

procedures and this involved very small samples, i.e. n=9 and n=4
32

.  In von Mach et al.
32

, 

bariatric surgery patients lost significant weight after 24 months, yet BMD and bone mineral 

content (BMC) were both reduced after RYGB, but not after AGB.  It is unclear whether the 

surgical procedure was the main contributor to bone loss, since RYGB patients lost significantly 

(p<0.05) more body weight (29% vs. 16% after AGB)
32

.     

The timing of measurements after surgery is often inconsistent in the few controlled 

studies that have been reported, with both retrospective and prospective follow up measurements 

ranging from three months to several years after surgery
2
.  Johnson et al.

25,33
 reported BMD 

changes are more prominent during the first year.  Especially following RYGB, rapid weight loss 

is common leading to pronounced decreases in BMI and fat mass after just three months 

following surgery
34

.  There is a need to compare both RYGB and LAGB surgical procedures at 

similar time points and to make adjustments in the comparison for weight loss to better 

understand the influence each procedure may have on bone.  Measurements of biomarkers 
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related to bone and assessment of blood makers related to nutrient status are also critical to fully 

evaluate possible bone changes following surgery.   

Blood biomarkers    

 A recent review
2
 highlighted the effects of bone loss and bariatric surgery and noted that 

data on markers of bone formation were scarce among reviewed studies in this area.  Along with 

BMD and BMC measurements, markers of bone turnover (both resorption and formation) are 

essential to understanding quantitative changes in skeletal turnover.  For bone formation and 

resorption, respectively, osteocalcin (OC) and the carboxy (C)-terminal peptide of type I 

collagen (CTx) are among the most sensitive to measure these changes
35

 and both markers have 

been documented to increase following RYGB bariatric surgery
22,24

.  The second portion of this 

section discusses two adipokines, adiponectin and leptin, which were suggested in the same 

review on bone changes following bariatric surgery to have a potential impact on bone 

physiology
2
.  However, limited research has been done with either in relation to potential 

influences on bone status following bariatric surgery.  The following sections discuss these four 

markers which may influence bone, including OC, CTx, adiponectin, and leptin.  CTx has 

similar properties to amino (N)-terminal cross-linked telopeptides of type I collagen (NTx) and 

therefore both markers will be discussed in this section.  However, only measurement of CTx 

was performed in this research study.       

Osteocalcin (OC) 

Osteocalcin (OC), also referred to as bone γ-carboxyglutamic acid-containing protein 

(BGP), is the most abundant noncollagenous protein in bone and plays a role in bone 

mineralization, maturation and remodeling
36

.  It is secreted by osteoblasts  and is considered a 

protein marker of bone formation
37

 which contributes to calcium homeostasis
38

.  Osteocalcin is  

modified through carboxylation of three glutamate residue to γ-carboxyglutamate residues which 
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allows for calcium binding and increases osteocalcin’s  affinity for hydroxyapatite, the mineral 

complex of bone
39,40

.  While carboxylated OC is intimately involved with bone, uncarboxylated 

OC appears to play a role in role in adiposity and insulin secretion.  Research by Lee et al.
41

 in 

2007 concluded that uncarboxylated OC can contribute to the proliferation of pancreatic β cells 

and increase expression of insulin and adiponectin in β cells and adipocytes, thus providing 

evidence that the skeleton can impact energy metabolism.  Osteocalcin can be measured as 

carboxylated, uncarboxylated, and as total osteocalcin and exhibits periodicity in circulation 

throughout the day
42

.  Since carboxylation of OC is dependent on vitamin K, the percentage of 

carboxylated OC can be used as sensitive measure of vitamin K status
43

.  Osteocalcin can be 

measured in urine or more commonly in serum and both measurement techniques have shown an 

association with bone loss.  In a large sample of 75 year old women followed for five years, 

declines in both serum and urinary OC were associated with BMD losses in the spine and hip
44

.  

Osteocalcin is typically reduced in starvation, malnutrition, and anorexia nervosa
37

.  

Following bariatric surgery, large and significant increases in OC have been noted following 

both RYGB
24,32,45,46

 and VBG
28

, indicating increased bone turnover.  When comparing RYGB 

patients ~one year after surgery to obese controls awaiting surgery, OC levels were 53% higher 

in post-surgical patients
22

.  Calorie restriction and subsequent weight loss have also resulted in 

increased OC, although the increase was smaller than seen in VBG patients
28

.  Changes in OC 

appear to occur relatively quickly, as Fleischer et al.
24

 noted a 18% increase in serum OC only 

three months after RYGB and a 39% increase after the first year.   

Carboxy (C)-terminal cross-linked telopeptides of type I collagen (CTx)  

Type I collagen is the major structural component of the extracellular matrix of bone and 

contains peptides at either end of the collagen molecule, designated as carboxy (C) or amino (N) 

terminal telopeptides.  Both carboxy (C)-terminal cross-linked telopeptides of type I collagen 
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(CTx)  and amino (N)-terminal cross-linked telopeptides of type I collagen (NTx) are generated 

from osteoclasts as a degradation product of type I collagen
47

.  During collagen breakdown of 

bone, both the N and C terminal peptides break off and are released into circulation before being 

cleared by the kidneys.  Both CTx and NTx have considerable diurnal variation, with the highest 

levels reported in the morning and lowest in the afternoon and evenings
48

.  CTx and NTx can be 

measured in either serum or in urine; yet serum measurements have less day to day variation
49

.   

Serum and urine measurements were found to be highly correlated in postmenopausal women, 

r=0.76, p<0.01
50

.  Strong relationships have been observed between CTx and NTx, with 

correlations of 0.80 in serum and 0.87 in urine
50

.  Both NTx and CTx appear to be good 

predictors of future bone loss, with stronger predictive accuracy seen in elderly adults compared 

to young women
51

.  Several prospective, population based studies in older adults have shown 

that urinary CTx was associated with a two-fold increased risk for fractures in the hip and 

vertebrate two to five years later
52-54

.  Measurement of NTx was also used to discriminate among 

men and women with normal bone mass, osteopenia, and osteoporosis, leading authors to 

conclude that NTx could be used to predict osteoporosis in men and women older than 50 

years
55

.   

CTx and NTx are sensitive markers of bone changes and have therefore been measured 

pre- and post-bariatric surgery to assess bone turnover.  Valderas et al.
56

 showed that CTx 

measures were 65% higher in patients one to five years following RYGB compared to non-

operated overweight controls.  In Coates et al.
22

, NTx was significantly elevated (288% higher) 

in post-RYGB patients compared to obese controls.  However, no differences in post-surgical 

BMD were observed between the two groups (pre-surgical measurements were not taken).  

Fleischer et al.
24

 noted significant increases in urinary NTx (57%) after only three months 
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following RYGB and a continual increase to 86% at six months and then to levels 106% over 

pre-surgical measurements at twelve months.  These measurements mirrored the post-surgical 

response with OC, which also rose progressively after RYGB and were accompanied by 

significant decreases in femoral neck and total neck BMD
24

.  Similar results were observed in 

Olmos et al.
57

 which noted a two-fold increase in CTx along with a significant increase in OC 

three months following VBG.  In Bruno et al.
46

, RYGB patients had significantly elevated NTx 

at six months which remained elevated at 18 months following surgery, when most patients had 

achieved normal to overweight BMI status and weight loss had slowed.  BMD measurements 

were not taken in this study; however, bone specific alkaline phosphate (BAP), another indicator 

of bone turnover, also increased following RYGB surgery
46

.   

Adiponectin  

Adiponectin is an adipokine with three main configurations – a trimer (low molecular 

weight, LMW), a hexamer (medium molecular weight, MMW), and a high molecular weight 

(HMW) oligomer, with receptors found primarily in muscle and liver
58

.  The HMW oligomer 

appears to be the most active form and plays a significant role in insulin sensitivity
58,59

.  Total 

adiponectin can be measured in both serum and plasma and recently ELISAs have been 

developed which can detect the various isoforms of adiponectin (LMW, MMW, and HMW).  

Adiponectin circulation remains relatively constant throughout the day
60

 and exhibits circadian 

rhythmicity
61

.   

Adiponectin may influence bone resorption and formation through alterations in 

osteoblast activity.  Adiponectin is decreased in obesity and inversely related to BMD
62

, even 

after adjustment for fat mass
62,63

.  In one study, adiponectin increased post-RYGB and associated 

reductions in BMD were observed
23

.  Other research has shown that adiponectin can inhibit 

osteoprotegerin (OPG), thus promoting nuclear factor κB ligand (RANKL) stimulation of 
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osteoclasts
64,65

.  Conversely, adiponectin and its receptors have been located on bone forming 

cells and can stimulate osteoblasts
66-68

.  In mice, adiponectin also appears to be regulated by 

osteocalcin, a protein made only by osteoblasts
41

.  Vitamin D may also interfere in the 

relationship between adiponectin and OC; an association between vitamin D and adiponectin has 

been deomonstrated
69,70

, yet mechanisms are not completely understood.  In addition, 1,25-

dihydroxyvitamin D3 [25(OH)D3] has been documented to enhance osteocalcin gene 

transcription
71

, thus acting as a stimulus to osteoblast activity.  In a recent article Nimitphong et 

al.
69

 reported low adiponectin levels were associated with serum vitamin D deficiency and 

postulated this relationship was the result of vitamin D’s influence on OC.  

Unfortunately, current data on bone markers in relation to weight lost following bariatric 

surgery are scarce and only two articles have been published which measured adiponectin and 

BMD following bariatric surgery
23,72

.  In Gomez et al.
72

, data from different subjects were 

analyzed pre and post, allowing for no comparison within the group.  While both 25(OH)D3 and 

adiponectin were measured, there was no discussion of any relationship between the two
72

.  

Carrasco et al.
23

 concluded adiponectin may have an independent influence on BMD; however 

no other bone markers or cytokines were measured which would give further understanding of 

the relationship between adiponectin and bone.  A recent article by Bruno et al.
46

 reported 

increased adiponectin six months after RYGB along with increased BAP, NTx, and OC which 

indicated bone turnover was occurring.  However, DXA measurements were not done to confirm 

changes in BMD following surgery.  Several authors have concluded that adiponectin acts on 

bone metabolism
73,74

, however current evidence is inconclusive and effects of adiponectin in the 

context of bone changes following significant weight loss are very limited.   
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Leptin  

Leptin is hormone produced by adipocytes which plays a role in hunger and satiety 

regulation
60

.  It also influences bone mass, however its role is complicated and appears to be 

regulated by two antagonistic pathways.  Leptin is regulated by hormonal and nutrient status, 

with expression increased by insulin, glucose, glucocorticoids, and tumor necrosis factor-alpha 

(TNF-α) and decreased by β-adrenoceptor agonists and thiazolidinediones
60

.  Leptin can be 

measured in serum and plasma and exhibits a circadian rhythmicity, reaching the highest levels 

during the night
60

.  Leptin acts through the hypothalamus and sympathetic nervous system to 

inhibit osteoblast proliferation and increase expression of RANKL, thus favoring bone 

resorption
75

.  Conversely, leptin can up-regulate cocaine-amphetamine-regulated transcript 

(CART) expression which decreases RANKL activity
76

.  Leptin can also influence bone by 

increasing expression of OC, stimulating collagen synthesis and proliferation of osteoblasts
77

.  

Leptin is positively correlated with bone mass
78

 and was found to be a significant predictor of 

BMD in postmenopausal women
79

.  However, when controlled for fat mass, the relationship 

between leptin and BMD has been shown to be both positive
80

 and negative
79

.  Leptin appears to 

play a role as a mediator between fat mass and bone tissue, and studies have shown that leptin 

stimulates osteogenesis
81

.  Ducy et al.
82

’s work with mice concluded that leptin inhibits bone 

formation, and proposed that leptin resistance may be the mechanism involved with obesity and 

increased BMD.   

Leptin often decreases following bariatric surgery as a result of weight loss and reduced 

caloric intake
83

.  Only a few studies have measured leptin following bariatric surgery in relation 

to bone turnover markers
46,57,84

; however DXA bone scans have not been done to confirm 

changes in BMD.  Olmos et al.
57

 reported decreased leptin three months after VBG along with 

increased bone resorption markers [OC, serum cross linked C telopeptide of type I collagen 
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(ICTP), and urinary CTx], but there was no correlation between leptin and related biomarkers.  

Reidl et al.
84

 showed similar results with decreased leptin and increased OC one year after both 

RYGB and LAGB.  In a recent article by Bruno et al.
85

, the decrease in leptin was a significant 

predictor of increased NTx six months after RYGB; decreased leptin also correlated with 

increased OC, but was not significant.  The author’s postulated that the obese subjects may have 

leptin resistance which reduced leptin’s central effects promoting bone resorption
46

.  

Subsequently when leptin levels decreased after surgery, leptin’s role in bone turnover was 

resumed
46

.  Overall, leptin’s role in bone metabolism is incompletely understood
37

, especially in 

the context of rapid weight loss following bariatric surgery.       

Nutrition and bone changes following bariatric surgery  
The next several sections are focused on vitamin D, calcium, and parathyroid hormone 

(PTH) and discuss the biologic origin, physiological role, and measurement techniques for each.  

Next is a discussion of the alterations of each following bariatric surgery and the interplay 

between vitamin D, calcium, and parathyroid hormone.  The last section highlights research on 

the changes with each nutrient component following bariatric surgery and the impact on bone 

density.   

Vitamin D, calcium, and parathyroid hormone: relationships with bone  

Vitamin D  

Vitamin D is a fat soluble vitamin with two forms, vitamin D3 (cholecalciferol) and 

vitamin D2 (ergocalciferol).  Vitamin D can be obtained from food sources, such as dairy 

products and can also be produced in the skin by UVB sun exposure.  UVB rays are absorbed by 

7-dehydrocholesterol (7-DHC) which is then transformed to previtamin D3.  After a heat 

dependent isomerization, previtamin D3 then becomes 25(OH)D3 (cholecalciferol) and is then 
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transferred into circulation to be bound to the vitamin D receptor
86

.  Ergocalciferol is found in 

plant sources and is used to fortify foods such as milk or cereal
87

.  Receptors for vitamin D are 

located in bone, intestine, kidney, and parathyroid glands.  Both cholecalciferol and 

ergocalciferol are hydroxylated at carbon 25 in the liver then again at carbon 1 in the kidney to 

produce the active form of vitamin D, 1,25 dihyroxycholecalciferol [1,25(OH)2D3] or calcitriol
86

.  

The current adequate intake recommendations for vitamin D is 400 IU per day
88

.   

Vitamin D functions in the body to maintain serum calcium and phosphorus levels within 

the normal ranges by enhancing absorption of both nutrients in the small intestine.  Absorption of 

calcium is primarily in the duodenum and jejunum, while absorption of phosphorus is primarily 

in the jejunum and ileum
89

.  Vitamin D also contributes to osteoclastogenesis by stimulating 

RANKL production and inhibiting OPG production, thus allowing the differentiation and 

maturation of osteclasts to occur
86

.  Vitamin D can be most accurately measured as 25(OH)D3 by 

serum ELISA, although RIA can also be used
90

.  It should be noted that vitamin D is subject to 

seasonal variations based on location relative to the equator and daily sun exposure
91

.  A recent 

review by Higasi et al.
87

 suggested that liquid chromatography LC coupled with mass 

spectrometry may be the next most utilized procedure for assessment of vitamin D due to its 

sensitivity, specificity, and versatility.    

Calcium  

 Calcium is a water soluble mineral found predominantly in the bone (99%), but is highly 

regulated in the blood.  Adequate calcium levels are necessary for cell signaling, neural, and 

muscular function as well as bone metabolism
92

.  Within the bone, calcium forms calcium-

phosphate complexes as hydroxyapatite which provides skeletal strength and serves as storage 

for intra- and extra-cellular calcium
93

.  Calcium is typically measured in serum, but can also be 

measured in urine with normal healthy serum values ranging from 8.8-10.4 mg/dL
93

.  Calcium 
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needs vary by age and gender, ranging from approximately 1,000-1,500 mg/day
88

.  Supplemental 

calcium is typically through calcium carbonate or calcium citrate; the latter has greater 

bioavailability
94

.  Calcium is absorbed in the body primarily in the duodenum, with active 

transport by 1,25(OH)2D3 playing an important role when calcium intake is low
93

.  Regulation in 

the body is tightly controlled by the parathyroid glands through parathyroid hormone and its 

receptor along with vitamin D and its receptor
93

.  Calcium balance is affected by several other 

nutrients, including caffeine, oxalate, phosphorous, protein, and sodium.  Vitamin D increases 

absorption, while caffeine, oxalates, and phosphorus decreases absorption; protein and sodium 

increase excretion of calcium
95

.  

Parathyroid hormone (PTH) 

The parathyroid glands are located in the neck and produce parathyroid hormone (PTH), 

which plays a crucial role in maintaining adequate calcium and phosphate in the blood.  PTH has 

a relatively short half life in circulation, ranging from three to eight minutes and is primarily 

degraded by the liver
96

.  Circulating PTH exhibits periodicity over 24 hours
42

 with diurnal 

variations
97

.  The active form is PTH 1-84 (the bio-intact form), indicating a peptide with 84 

amino acids.  Commercial assays which measure the bio-intact PTH are the preferred method, 

although previous assays which measured the PTH 7-84 fragment have shown similar 

measurements
98

.  Since PTH controls calcium and phosphorus levels, it is recommended to 

evaluate serum PTH in the context of serum calcium and phosphorus as well
96

.       

Parathyroid hormone secretion is modulated by the calcium-sensing receptor located on 

the surface of chief cells
99

.  Parathyroid hormone acts by three different mechanisms to restore 

calcium to normal levels: 1) in the kidneys, PTH increases receptor-mediate tubular reabsorption 

of calcium; 2) in bone, PTH stimulates osteoclast resorption to release skeletal calcium from the 

bone; and 3) in the bowel, PTH increases the activity of renal 1 hydroxylase which produces 
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1,25(OH)2D3, thus increasing calcium absorption
92

.  Hyperparathyroidism or elevated PTH 

secretion can exist both as a primary and secondary condition.  Increased PTH secretion 

promotes resorption of calcium, which is especially concerning to long-term bone health when 

calcium is removed from the bone
100

.  Primary hyperparathyroidism occurs when one of the four 

parathyroid glands secretes excess PTH, leading to hypercalcemia.  This is often due to an 

adenoma which can be surgically removed
92

.  Secondary hyperparathyroidism occurs when one 

or more components involving calcium homeostasis fails
92

.  The cause of secondary 

hyperparathyroidism can be varied and may be associated with gastrointestinal, vitamin D, 

kidney, or genetic issues
92

.  In a large study of a healthy population, secondary 

hyperparathyroidism was noted in only 1.2% of subjects and the most common cause was low 

calcium intake or low 25(OH)D3 levels
101

.  Secondary hyperparathyroidism is a significant 

concern following bariatric surgery, as calcium and vitamin D intake and absorption are often 

reduced, especially following RYGB or malabsorptive procedures
102

.   

Nutrient malabsorption/deficiencies following bariatric surgery 

Changes in bone turnover may be related to nutrient deficiencies secondary to 

malabsorption and/or decreases in food consumption after surgery.  Vitamin deficiencies of both 

water soluble and fat soluble vitamins have been noted following bariatric surgery and it is 

suggested that bariatric surgery patients are at risk for deficiencies in vitamins B1, B12, C, folate, 

calcium, A, D, and K along with trace minerals iron, selenium, zinc, and copper
20,103

.  For the 

purposes of this literature review, the focus will be on nutrients most affecting bone (i.e. vitamin 

D and calcium).  Specifically, alterations in vitamin D, calcium and/or PTH have been noted 

following bariatric surgery
24,25,46,57

.  Morbid obesity is often associated with vitamin D 

deficiency
1
, which may be exacerbated post-surgery

104
.  Several studies have documented low 
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vitamin D levels in up to 60-80% of preoperative patients
105-107

.  A prospective review showed 

that 25% of bariatric surgery patients had secondary hyperparathyroidism prior to surgery and 

21% had low 25(OH)D3 levels; low calcium was observed in only 3.5% of patients
108

.  While 

vitamin D is primarily absorbed in the jejunum and ileum
20

, RYGB bypasses the duodenum and 

proximal jejunum, the main sites of calcium absorption,
20

 further complicating this issue and 

often resulting in calcium malabsorption after combination surgery
109,110

.  Calcium deficiencies 

are not commonly reported prior to surgery, however malabsorption
109

 and hypocalcemia
111

 

following RYGB have been reported due to 1) bypassing of the duodenum during RYGB 

surgery, 2) reduced intake of calcium or vitamin D (associated with reduced caloric intake), or 3) 

decreased intake of dairy products
95

.  Decreased vitamin D can further contribute to calcium 

malabsorption.  Low vitamin D prompts PTH levels to rise in a compensatory manner which 

induces calcium resorption from the bone
102

.  This cycle of reduced vitamin D and calcium and 

elevated PTH often continues post-surgery, with vitamin D deficiency and secondary 

hyperparathyroidism seen after malabsorptive surgery
24,112

, but not primarily restrictive 

surgery
27,29

.    

Changes in vitamin D, calcium, and PTH and their effects on bone after 

bariatric surgery  

Ott et al.
45

 was one of the early researchers reporting increased risk of metabolic bone 

disease 10 years following RYGB.  Authors observed decreased calcium and 25(OH)D3 and 

increased OC and alkaline phosphatase in RYGB patients compared to a control group who had 

lost weight through dietary restriction
45

.  Although BMD measurements were similar, they 

concluded  that metabolic bone disease may be present in the RYGB patients
45

.  A more recent 

study by Duran et al.
113

 evaluating RYGB patients longer than eight years following surgery also 

showed patients had low urinary calcium and most patients were vitamin D deficient, with 67% 
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having osteopenia in the spine and 40% showing osteopenia in the hip.  Short term changes in 

vitamin D, calcium, and PTH have also been noted along with decreased BMD
24,25

 in RYGB 

patients, but not necessarily restrictive procedures
2,114

.  Fleischer et al.
24

 noted decreased urinary 

calcium and increased PTH 3 months after RYGB; although serum 25(OH)D3 did not change, 

BMD significantly decreased in the femoral neck and total hip.  Johnson et al.
25

 demonstrated 

decreased serum calcium, increased PTH and no change in 25(OH)D3, yet BMD at the total hip 

and spine decreased significantly 1 year after RYGB.  Bruno et al.
46

 noted no changes in calcium 

or PTH, but increased 25(OH)D3 six months after RYGB surgery.  Pugnale et al.
27

 failed to show 

changes in serum calcium or 25(OH)D3, yet PTH decreased significantly along with the BMD of 

the femoral neck one year after VBG.  Serum measurements of bone turnover markers NTx, OC, 

and bone alkaline phosphate increased, suggesting increased bone turnover
46

.  Olmos et al.
57

 

observed increased serum calcium and 25(OH)D3 and decreased PTH after VBG.  While BMD 

was not measured, OC and CTx increased, indicating increased bone turnover
57

.  Taken together, 

these studies
46,57

 suggest bone turnover may persist after rapid weight loss even in the presence 

of normal vitamin D and PTH levels
114

.   Supplement use was not tightly controlled with these 

studies; therefore, it can be challenging to evaluate bone changes related to nutrient intake 

without measurement of pre-operative nutrient levels in conjunction with supplemental use 

following surgery.    

It is well known that vitamin deficiencies exist following bariatric surgery
20

.  Dietary 

supplement recommendations in this setting often focus on effects of malabsorptive procedures, 

however restricted nutrient intake or food intolerances may also contribute to deficiencies after 

restrictive procedures
20

.  Unfortunately, vitamin supplements do not necessarily prevent 

deficiencies, as deficiencies have been reported both with and without supplementation
57,115

.  In 



32 

 

a two year retrospective study, researchers found that 34% of patients required at least one 

supplement in addition to a standard multi-vitamin immediately following RYGB; this number 

increased to 59% at six months and then to 98% after two years
115

.   In addition, it is difficult to 

predict preoperatively which patients will have vitamin deficiencies
116

.  Follow-up with bariatric 

surgery patients depends on weight loss over time, clinical symptoms or complications and the 

type of procedure; restrictive procedures such as AGB require more clinical follow-up to adjust 

the volume of saline in the band, while RYGB requires more nutritional follow-up
117

.  The 

American Society for Metabolic and Bariatric Surgery recommends monitoring vitamins B1, B6, 

B12, A, E, D, K, as well as folate, iron, zinc, and protein.  They also suggest a multi-vitamin 

along with supplemental vitamins and minerals including: calcium, iron, fat soluble vitamins, 

and B complex vitamins
118

, however recommendations for monitoring and supplement use vary 

among institutions.  Unfortunately, no controlled trials exist to give recommendations on the 

type and dosage of vitamin supplements for bariatric surgery patients
116

.  Until such research 

exists, the bariatric surgery team must rely on patient education regarding multi-vitamin 

supplementation along regular blood tests to monitor nutrient status in order to help prevent 

deficiencies
116

.    

As this section has described, the nutritional factors including vitamin D, calcium, and 

PTH may play a significant role in bone changes which may occur following surgery.  To further 

understand the nutrient impact on bone turnover following bariatric surgery, additional 

prospective research on nutrient intake and blood levels of these parameters, along with changes 

in bone density following RYGB and LAGB is necessary.   
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Intermuscular Adipose Tissue (IMAT) 
Intermuscular adipose tissue (IMAT) has gained recent attention as a marker related to 

type-2 diabetes and inflammatory status.  The next several sections discuss quantification of 

IMAT, the physiological role of insulin, how insulin resistance develops, and then IMAT’s 

relationship with insulin resistance and inflammatory markers.  

The mass and distribution of adipose tissue affects cardiovascular and metabolic disease 

risk, especially when located centrally
6
. Visceral fat tends to impair normal lipid and glucose 

metabolism, while subcutaneous fat does not seem to have the same effects
119

.  One issue of 

special interest relates to possible health effects of variations in intermuscular adipose tissue 

(IMAT), the adipose tissue within the fascia surrounding muscle cells
7
.  This locus can be 

measured using magnetic resonance imaging (MRI), computed tomography (CT), and more 

recently, with peripheral quantitative computed tomography (pQCT).  Other techniques 

including percutaneous or whole muscle biopsies and quantitative histochemistry
120,121

 have been 

used to measure intramuscular adipose tissue, the lipids contained within the muscle fibers.  

Intermuscular adipose tissue refers to adipose tissue that is between muscle bundles 

(intermuscular fat) and adipocytes within muscle fibers (intramuscular fat)
122

.  While pQCT is 

able to quantify IMAT, it is not specific enough to discriminate between intramuscular adipose 

tissue and intermuscular adipose tissue.  Therefore, it is important to note IMAT measurement 

with pQCT includes both intermuscular and intramuscular adipose tissue.  This literature review 

will focus on measurement of intermuscular adipose tissue which can be measured through non-

invasive means with the pQCT, MRI, and CT.  

Intermuscular adipose tissue is strongly correlated to total adiposity in both men and 

women and also appears to be greater in patients with type-2 diabetes than in controls
123

.  MRI 

analysis of IMAT in the calf was positively related to body weight, BMI, and total body fat 
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percentage in a group of males and females at risk for type-2 diabetes
124

.  Similarly, MRI 

measurement of IMAT in the spine of older men showed associations with BMI, total, and 

regional body fat distribution
125

.     

One article by Miljkovic-Gacic et al.
7
 has quantified IMAT using the pQCT to evaluate 

associations between IMAT and type-2 diabetes in African American adults.  A second article
126

 

by the same group used pQCT measured muscle density as a surrogate for IMAT.  Muscle 

density has been validated by others as an indicator of adipose tissue deposition in the 

muscle
127,128

, with greater fat infiltration indicating reduced muscle density.  The researchers 

concluded that ectopic fat accumulation in the calf muscle was associated with type-2 diabetes 

and that this relation was independent of total body fat and central obesity
126

.  Results were 

similar to reports using MRI or CT scans
9,10,129,130

; higher IMAT in males of normal weight was 

associated with type-2 diabetes, independent of age, BMI, and total fat and muscle areas
7
.  It is 

important to note that Miljkovic-Gacic et al.
7,126

’s work was done with African Americans, who 

may have greater
8
 or similar

131
 levels of IMAT compared to Caucasians.     

Measurement of IMAT is of relatively recent interest since it appears to negatively 

contribute to the pathogenesis of metabolic disease and aging.  Its biological origin is still being 

investigated, but evidence suggests muscle satellite stem cells may undergo adipocyte 

differentiation, thus forming intermuscular fat in the adipose tissue of muscle fibers
132

.  

Adipocyte differentiation appears to increase with the addition of peroxisome proliferator-

activated reception (PPAR)γ2, leptin, and adiponectin
132

.  In addition, inflammatory cytokines 

may also contribute to IMAT infiltration, which is discussed in greater detail in a later section of 

this chapter.  A review by Hulver and Dohm
133

 examining the influence on intramyocellular 

lipids on insulin resistance concluded that intramyocellular lipids and intermediates such as fatty 
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acid CoA, diacylglycerols and ceremides are correlated with insulin resistance and may affect 

insulin signaling by activating protein kinase C.  Goodpaster et al.
134

 confer with this relationship 

and research by Griffin et al.
135

 suggesting that excess triglycerides in the muscle can increase 

diacylglycerols which then leads to activation of protein kinase C.  Activation of protein kinase 

C can deactivate insulin receptors through phosphorylatation, leading many to conclude that 

protein kinase C causes insulin resistance in skeletal muscle
133

.  Therefore, it appears that lipid 

intermediates, but not necessarily triglycerides themselves can alter insulin action
134

.   

Precision of measurement and variability of IMAT  

Repeatability estimates of IMAT are somewhat limited and varied in the method of 

precision, with many published reports not including the precision data for IMAT 

measurement
11,124,136,137

.  Gallagher et al.
122

 reported a coefficient of variation (CV) of 5.9% for 

the IMAT in four repeated readings of the same four MRI whole body scans.  Song et al.
138

 

reported strong precision measures with a CV of 0.59% for IMAT measured with the MRI after 

one technician conducted three repeated readings of the same scan.  Using a cadaver to compare 

measurements from both an MRI and CT device, Mitsiopoulos et al.
139

 reported strong 

relationships (r=0.92) among IMAT measured with MRI and the cadaver, but standard error of 

estimate for repeated measures of IMAT was quite high at 30%.  Intramuscular adipose tissue 

measurement has a lower CV values typically less than 10%
140

 due to greater measurement 

precision with magnetic resonance spectroscopy
141

 or CT
127

.   

IMAT appears to be a dynamic tissue
142

; interventions have shown alterations in IMAT 

with obesity
11

, insulin resistance
11

, type 2 diabetes
7
, ageing

136
, weight loss,

11
 and exercise

134,143
.  

In addition, researchers have noted variation with IMAT across race, gender, and age.  IMAT is 

positively associated with age
136,144

; a five year prospective study in older adults documented 
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increases in IMAT in both males and females regardless of changes in body weight or skeletal 

muscle
144

.  Yim et al.
145

 showed that IMAT measured with MRI was greater in Asian and 

African-American men compared with Caucasian men and African-American women and was 

lowest in Caucasian and Asian women.   After adjusting for age, gender, and total adipose tissue, 

IMAT in the femoral-gluteal region remained highest in African-American and Asian men
145

.  

Miljkovic-Gacic et al.
126

 suggested that up to 35% of the variability in fat infiltration may be 

attributable to polygenic influences after controlling for environmental factors.  In a large sample 

of African American, Asian, and Caucasian men and women, IMAT measured by MRI was 

higher in men by ~0.19 kg compared to women
122

.  In the same population, Gallagher et al.
122

 

also observed a nine gram per year increase in IMAT after adjusting for total adipose tissue.  

These disparities highlight the need to control for race and ethnicity and suggest caution when 

generalizing data to other racial sub-groups.  

Muscle density and IMAT 

 Muscle density has been examined as a possible surrogate for IMAT.  Muscle attenuation 

measured in Hounsfield units from the CT scanner is a measure of muscle density; lower 

attenuation values indicate increased lipid accumulation since lipid has a negative attenuation 

value with the CT device
10

.  Muscle attenuation has relatively good repeatability; a convenience 

sample from a large study by Visser et al.
146

 showed a CV of less than 5% for muscle area and 

muscle density.  Two separate groups
127,128

 have validated muscle density assessed from CT 

scans or percutaneous biopsy as a measure of adipose tissue infiltration in the psoas, thigh and 

calf.  Goodpaster et al.
127

 measured muscle attenuation using CT and found higher muscle 

attenuation in lean subjects than subjects that were obese without diabetes and subjects who were 

obese with type-2 diabetes.  Negative associations between muscle lipid content and muscle 
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attenuation measured by CT (r=-0.58, p<0.01) and muscle biopsy of the vastus lateralis (r=-0.43, 

p=0.019) were observed
127

.  Similar relationships were observed by Larson-Meyer et al.
128

, with 

strong negative correlations observed between muscle attenuation measured by CT in the soleus 

and tibialis anterior and intramuscular adipose tissue measured by magnetic resonance 

spectroscopy.   

Similar to IMAT, muscle density is affected by physical activity and appears to be related 

to insulin resistance.  A training effect study in older adults by Taaffe et al.
147

 found that 24 

weeks of detraining led to reduced muscle attenuation in the quadriceps, but no significant 

increases in IMAT.  Retraining for 12 weeks increased muscle attenuation and trended toward 

significant decreases in IMAT
147

.  The authors cited high variability in IMAT measures and 

small sample size (n=13) for insignificant changes in IMAT
147

.  Muscle density measured by CT 

was positively related to insulin sensitivity (r=0.41, p<0.01) in both males and females and was 

negatively associated with subcutaneous fat and IMAT
10

.  The same researcher concluded that 

muscle attenuation indicating the presence of adipose tissue infiltration was a strong independent 

predictor of insulin resistance, but only in obese subjects
148

.  Similar results were seen in another 

study with HIV-infected patients.  Researchers found CT measured muscle attenuation to be a 

strong independent predictor of hyperinsulinemia after controlling for BMI, visceral and 

subcutaneous fat
149

.   

Muscle fiber type and intramyocellular lipids   

One disadvantage of measurement of IMAT with pQCT, MRI, or CT is the inability to 

discern between intramyocellular lipids and extracellular lipids and therefore examine 

intramyocellular lipids within specific muscle fibers
150

.  Muscle is composed of two different 

fiber types; type I, generally considered slow-twitch and type II, considered fast-twitch.  Type I 
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muscle fibers are more oxidative, more insulin sensitive, and also have a greater proportion of 

intramyocellular lipids
150

.  Type I fibers are found predominately in elite athletes specializing in 

long distance or endurance sports.  Type II muscle fibers consist of type IIB and type IIA.  They 

both have a high glycolytic capacity, with type IIB having a low oxidative capacity and type IIA 

has a medium-high oxidative capacity
151

.  Type II muscle fibers are more common in athletes 

who excel at sprinting sports or weight lifting and is associated with a lower VO2max
151

.  Type I 

fiber distribution is negatively associated with adiposity
152

.  In trained individuals, increased 

intramyocellular lipids found predominantly in type I muscle fibers has been hypothesized to be 

a fuel source for aerobic training to maximize fat oxidation.  However, intramyocellular lipids 

are also increased in sedentary subjects, possibly due to elevated fatty acid concentrations or a 

high fat diet, thus suggesting a paradox with adipose accumulation in the muscle.  Gray et al.
152

 

noted higher intramyocellular lipids measured by histology in type I muscle fibers prior to gastric 

bypass surgery.  Following surgery, significant decreases in intramyocellular lipids were 

observed in both type I and type II muscle fibers, with both fiber types showing a 44% decrease 

in the intramyocellular lipids/muscle fiber area ratio
152

.  Also, the homeostasis model assessment 

of insulin resistance (HOMA-IR) decreased by 93%, consistent with other literature suggesting 

decreases in intramyocellular lipids may contribute to increased insulin sensitivity
152

.   

Insulin  
Measurements of insulin and glucose are necessary to understand key components of 

metabolism as well as assessing risk or diagnosing type-2 diabetes.  Insulin is a hormone 

produced by the β cells of the pancreas.  Its main function is to regulate blood sugar in the body 

which occurs after food consumption; insulin stimulates cells in the liver, muscle, and fat tissue 

to uptake glucose to be stored as glycogen in the liver and muscle.  Insulin exerts specific effects 
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in adipose tissue, muscle, and liver, but also targets the brain, pancreatic β cells, heart, and 

vascular endothelium.  In adipose tissue, insulin decreases lipolysis to reduce free fatty acids 

circulation; in muscle, insulin increases glucose uptake by stimulating GLUT4 glucose transport; 

and in the liver, insulin inhibits gluconeogenesis by depressing the activity of enzymes necessary 

for gluconeogenesis
153

.    

The most sensitive measurement for insulin resistance is through the hyperinsulinemic-

euglycemic clamp technique
154

.  This method is highly reproducible, but is time consuming and 

very expensive.  Therefore, other techniques such as an oral glucose tolerance test are often used 

in clinical practice, or more simply, calculations such as quantitative insulin sensitivity check 

index (QUICKI) or HOMA-IR are used.  QUICKI gives an index of insulin sensitivity, has high 

predictive power and is calculated as 1/[log fasting insulin (U/mL) + log fasting glucose 

(mg/dl)]
154

.  HOMA-IR is used to assess the influence of insulin resistance and β cell function on 

fasting hyperglycemia levels
155

.  HOMA-IR is calculated from fasting insulin and glucose 

measurements; [fasting insulin (U/mL) – fasting glucose (mmol/L)]/22.5.  Significant 

correlations have been shown between HOMA-IR and measurements from the euglycemic 

clamp
156

.   

Insulin resistance and type-2 diabetes risk  

Research suggests the fat accumulated in muscle (IMAT) can contribute to insulin 

resistance and type-2 diabetes
9,10

.  Insulin resistance can occur when the target cell or organism 

has a decreased sensitivity or responsiveness to insulin levels.  Insulin resistance leads to an 

increase in circulating free fatty acids and ectopic fat accumulation and is independently 

associated with increased risk for type-2 diabetes, cardiovascular disease, and hypertension
157

.  

Insulin resistance is also a contributing factor to metabolic syndrome, a clustering of symptoms 
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which can increase cardiovascular or metabolic disease risk when in combination with other 

components including central obesity, dyslipidemia, and hypertension.  Over time, insulin 

resistance and β cell failure can contribute to development of type-2 diabetes.  Type-2 diabetes is 

a metabolic disorder characterized by hyperglycemia which results from defects in insulin 

secretion and/or action
158

.  Type-2 diabetes occurs in 90-95% of diabetics, but a small proportion 

have type-1 diabetes, which occurs when the β cells of the pancreas fail to produce sufficient 

insulin
159

.  According to the World Health Organization (WHO)
160

 and the American Diabetes 

Association
161

, type-2 diabetes is diagnosed by a fasting plasma glucose ≥7.0 mmol/L (126 

mg/dL) or a glucose level ≥11.1 mmol/L (200 mg/dL) two hours after ingestion of a 75 gram oral 

glucose load.  Hemoglobin A1C may also be measured to provide an indirect estimate of average 

plasma glucose over the previous few months, and can also be used to diagnose type-2 diabetes 

if values exceed 6.5%
162

.  The treatment cost of diabetes is high; it is estimated treatment of 

diabetes and related complications in the US costs over 100 billion dollars each year
163

.  

Therefore, it is important to evaluate IMAT as a potential marker for insulin resistance to help 

determine therapies to reduce IMAT accumulation.    

IMAT and insulin resistance  

Specific patterns of fat distribution may be a more important marker for risk of type-2 

diabetes and metabolic syndrome than overall fat mass
164

.  Goodpaster et al.
8
 suggested even 

normal weight individuals may be at risk for metabolic disorders if they exhibit IMAT and 

abdominal visceral fat accumulation.  Several researchers have demonstrated a relationship 

between IMAT and insulin resistance
9,10,129,130

.  Underlying mechanisms of this association are 

incompletely understood, but may include increased concentration of fatty acids and impaired 

blood flow to the muscle caused by muscle lipid accumlation
124

.  In addition, IMAT proximity to 
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skeletal muscular could affect skeletal muscle glucose uptake or metabolism
145

.  It has also been 

suggested that increased IMAT in the muscle is related to defects in fatty acid oxidation, causing 

more storage and therefore accumulation of lipids in the muscle.  In a study measuring fatty acid 

metabolism using muscle biopsy in both lean and obese subjects, Kelley at el.
165

 concluded that 

accumulation of triglycerides in the muscle is more related to an inability to manage fatty acid 

oxidation, rather than an increase in fatty acid uptake.  Furthermore, insulin sensitivity may be 

mediated through the actions of cytokines and adipokines, rather than directly through IMAT
166

.  

Goodpaster’s group has done extensive research regarding adipose depots, most with IMAT 

measurements of the mid-thigh using the CT scanner.  Their data collected in older adults 

characterized IMAT as a marker of obesity and insulin resistance
8,10

.  However, a few studies 

found no significant relationship between IMAT and insulin resistance after adjusting for body 

fat
10,11,167

.  This suggests adipose accumulation between muscle fibers may be a physiologically 

important means of fat storage in the body
10,167

; yet unidentified factors may determine how this 

tissue modulates health risk, especially in relation to insulin resistance and type-2 diabetes
11

.     

IMAT and inflammatory markers 
Chronic inflammation has been linked with obesity, insulin resistance, and type-2 

diabetes.  However, Greenfield et al.
168

 have questioned whether inflammation is directly 

involved with the development of insulin resistance and type-2 diabetes.  One proposed 

mechanism is that increased adiposity elevates circulating inflammatory markers which then act 

to mediate inflammation and insulin resistance
168

.  One inflammatory cytokine of key interest is 

tumor necrosis factor-alpha (TNF-α) which tends to be associated with insulin resistance
169

.  

Also critical are the adipokines adiponectin and leptin, which may play a pivotal insulin-

sensitizing role through increasing fatty acid oxidation and decreasing muscle lipid 
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accumulation
170

.  Inflammatory markers have been evaluated in relation to visceral fat, and 

correlations documented with C reactive protein (CRP), interleukin-6 (IL-6), and TNF-α
171,172

, 

among others.  Visceral adipose tissue plays a significant role in insulin resistance
11

 and is 

related to metabolic risk, even after weight loss
122

.  Intermuscular adipose tissue appears to have 

depot sizes similar to visceral adipose tissue
130

, suggesting accumulations may confer similar 

negative metabolic consequences.  While inflammatory markers may show greater associations 

with specific fat depots than overall fat mass
171

; prior research to evaluate the role(s) of these 

circulating inflammatory markers in the context of IMAT has been limited and the finding 

inconsistent
11,137,173

.  Beasley et al.
137

 reported that thigh IMAT measured with CT was positively 

associated with serum IL-6 and TNF-α in older black and white males and females.  Mazzali et 

al.
11

 documented that there were no significant associations between mid-thigh CT 

measurements of IMAT and serum levels of leptin or adiponectin in middle age females who 

were obese.  Zoico et al.
173

 reported that elderly males showed an association between IMAT 

measured in the spine with MRI and serum leptin, but no significant relationships were reported 

with serum adiponectin or IL-6.  Overall, current research suggests IMAT is a novel fat depot 

associated with insulin resistance and inflammatory markers.  However, there is a need for 

additional research with subjects of the same race and gender to further understand these 

relations and a need to evaluate IMAT in the context of physical activity status.     

Role of physical activity with IMAT  
The potential role of physical activity in modifying the relationship between IMAT and 

health risks such as type-2 diabetes has often been overlooked and deserves additional attention.  

Exercise is often recommended for prevention or treatment of type-2 diabetes, as exercise 

increases GLUT4 transporters and activates hexokinase and glycogen synthase, resulting in 
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improved glucose and insulin action in the cell
166

.  Physical activity presents a confounding 

variable to the relationship of IMAT and insulin resistance, as exercise trained subjects exhibit 

greater IMAT
134

, or similar levels to sedentary subjects with obesity or those with type-2 

diabetes
166

.  Similar inconsistencies were noted with measurement of intramuscular adipose 

tissue; training studies showed increases
174

 and decreases in intramuscular adipose tissue
175

.  

Goodpaster et al.
166

 found that intramuscular adipose tissue was greater in a small group of 

trained subjects than sedentary subjects and they also had a 65% greater oxidative capacity.  This 

paradox suggests that higher levels of IMAT in physically trained individuals may represent a 

heightened capacity for triglyceride fuel use during exercise
166

.  High active premenopausal 

females were documented in a recent abstract to have greater muscle area and higher IMAT 

(after normalization for BMI) in the calf compared to low active subjects, as assessed with 

pQCT
176

.  Conversely, in a group of middle-aged men and women at risk for type-2 diabetes, 

VO2peak was negatively correlated with IMAT of the calf computed with MRI
124

. 

Some training studies have also measured IMAT following both following acute and 

chronic exercise.  Most of the acute training research involves invasive measures of 

intramyocellular adipose tissue.  Overall conclusions
150

 based on electron microscopy or 

magnetic resonance spectroscopy measurements in highly trained subjects show that 

intramyocellular adipose tissue is depleted following distance running events
177,178

, suggesting 

that intramyocellular adipose tissue serves as a fuel source to be oxidized.   

Decreased activity also affects IMAT.  In a group of healthy young adults, four weeks of 

unilateral limb suspension significantly increased IMAT measured by MRI in the calf (20%) and 

in the mid-thigh (14.5%) in a group of healthy young adults
179

.  Janssen et al.
130

 found that a ten 

percent weight loss (through diet only or through diet and exercise) in premenopausal obese 
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females led to reductions of 10-24% in IMAT.  However, they could not conclude that changes 

in IMAT in this study population were indicative of changes in metabolic risk due to high CV 

measures reported in their lab
139

.  Goodpaster et al.
136

 randomized a group of older overweight 

males and females to regular physical activity which included a combination of aerobic, strength, 

flexibility, and balance exercises.  After 12 months, IMAT did not change significantly in the 

intervention group, yet the control group showed an 18% increase in IMAT.
136

 This suggests the 

possibility that physical activity may moderate risk of type-2 diabetes in part by countering age-

related increases in IMAT, however additional research is necessary to understand IMAT’s 

relationship with physical activity level and muscle mass accumulation.   

Measurement techniques and instruments  
The following section describes in detail the main modalities for accessing BMD, BMC, 

as well as body composition and muscle and fat deposition in specific depots of the lower limb.  

All subjects underwent dual-energy x-ray absorptiometry (DXA) and peripheral Quantitative 

Computed Tomography (pQCT) scans.  In addition, physical activity was assessed using a 

pedometer and a four day physical activity record.  The last portion of this section includes a 

detailed table of the assays which will be used in this study, including the location for 

measurement and CV values for each.   

Dual energy X-ray absorptiometry (DXA)  

The dual energy X-ray absorptiometry (DXA) is a machine used to measure bone density, 

assess fracture risk, diagnosis osteoporosis and monitor response to treatment; it has been widely 

used in clinical practice since 1987
180

.  The DXA uses a small amount of radiation (5-7 μSv 

effective dose for the entire body) to differentiate between bone, fat and fat free soft tissue.  The 

DXA can quantify bone mineral density (BMD) and bone mineral content (BMC) as well as T- 
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and Z-scores at specific sites, including the spine, hip and forearm, since these are areas most 

susceptible to fracture risk.  DXA is also considered the most accurate and precise tool to assess 

body composition at total and regional locations
181

.  The International Society of Clinical 

Densitometry (ISCD) recommends bone density testing for the following populations: women 

aged 65 and older, premenopausal women under age 65 with risk factors for fracture, women 

during the menopausal transition with clinical risk factors for fracture, such as low body weight, 

prior fracture, or high-risk medication use, men aged 70 and older, men under age 70 with 

clinical risk factors for fracture, adults with a fragility fracture, adults with a disease or condition 

associated with low bone mass or bone loss, adults taking medications associated with low bone 

mass or bone loss, anyone being considered for pharmacologic therapy, anyone being treated, to 

monitor treatment effect, and anyone not receiving therapy for whom evidence of bone loss 

would lead to treatment
182

.  According to the World Health Organization (WHO), normal bone 

density is classified as a T-score ≥-1, low bone mass as a T-score between -1 and -2.5 and a T-

score ≤-2.5 indicates osteoporosis
183

.  A T-score is calculated as a standard deviation (SD): T-

score = [Measured BMD – Young (adult mean BMD)/Young adult population SD]
180

.  T-scores 

are recommended for postmenopausal women and men above age 50
182

.  A Z-score is calculated 

in a similar manner, however it is it matched for age, gender and ethnic group; Z-score = 

[(Measured BMD – Age matched mean BMD)/Age matched population SD].  Z-scores are 

recommended for females prior to menopause and men younger than age 50
182

.  A Z-score of -

2.0 or lower is defined as “below the expected range for age,” and a Z-score above -2.0 is 

“within the expected range for age”
182

.  The DXA is a very accurate and precise tool for 

quantifying osteoporosis risk.  Long term precision measurements are strong, with CVs between 

1-1.5% for the spine and total hip BMD and CVs of 2-2.5% for the femoral neck BMD
184

.  
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Newer DXA machines can also accommodate a greater range of people, as these devices can 

now hold patients up to 450 pounds.     

The BONE Laboratory in 229 Wallace Hall (Virginia Polytechnic Institute and State 

University, Blacksburg, VA) contains the Hologic QDR 4500-A Elite DXA (Bedford, MA).  

Quality control procedures were performed prior to each scan using an anthropomorphic 

phantom lumbar spine (Hologic) for quality control of bone density.  The CV for the phantom 

spine is 0.39%.  An external soft tissue bar (Hologic) was scanned weekly for quality control of 

soft tissue masses.  The CVs for test–retest reliability in 15 young adult men and women tested 

on separate days were 0.73%, 1.75%, 1.07% and 1.79% for total body, fat mass, fat free soft 

tissue mass, and percentage body fat, respectively
185

. The CV measurements for BMD were done 

on 15 subjects with three separate scans; CVs for the spine BMD were 1.54% and 1.15% for the 

hip BMD
185

.  

All subjects in the research study had four scans performed: full body, lumbar spine, non-

dominant hip and non-dominant forearm.  These scans were analyzed by one trained and ISCD 

certified technician to determine BMD and BMC of the total body, lumbar spine, hip, and radius.  

T-scores for the lumbar spine, hip, and radius were also recorded.  From the full body scan, the 

technician determined the percentage of total body fat, fat mass, and fat free soft tissue mass; a 

central abdominal fat analysis
186

 was used to quantify the percentage of central body fat.   

peripheral Quantitative Computed Tomography (pQCT)  

Quantitative computed tomography was introduced in the 1970’s as a way to measure 

BMD in 2-D slices.  Computed tomography (CT) can be used to scan the full body, or smaller, 

less expensive machines can be used to measure peripheral sites such as the radius and tibia with 

a peripheral CT (pQCT).  The radiation dose with the pQCT is very low; the approximate 
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effective dose per slice of the tibia is <0.003 mSv
187

.  The pQCT device can quantify BMD, 

BMC, cortical width, and volume and cross sectional area of the radius or tibia.   Three-

dimensional measurement of both cortical and trabecular bone to quantify bone geometry and 

trabecular structure along with cross sectional area gives the pQCT machine some advantages 

over the DXA machine
187

.  The pQCT device can also be used to quantify muscle and fat 

parameters, including subcutaneous fat and IMAT in the radius or tibia, similar to measurements 

obtained from a CT or MRI scanner. Measurements from the pQCT cannot be used to diagnosis 

osteoporosis, nor can the WHO T-score categories be applied to the pQCT; however, there is fair 

evidence that forearm pQCT at the ultra-distal radius can predict hip fragility fractures in 

postmenopausal women
187

.  Although limited precision data exists for the pQCT, overall 

precision is high with BMD CVs of 0.3-1.5% and CVs of 1-3% for muscle cross sectional 

area
188

.  A recent study showed precision was higher for bone (CV <1.0%) than muscle (CV 

<1.5%) or fat (<3.0%); while precision was strong between two technicians, precision decreased 

with length of time in between scans
188

.   

The BONE Laboratory in 229 Wallace Hall (Virginia Polytechnic Institute and State 

University, Blacksburg, VA) contains the Stratec XCT 3000 pQCT (White Plains, NY).  Quality 

control procedures were performed prior to each scan using a phantom cone device (Stratec) 

using the methodology from the ISCD Precision Calculating Tool, accessed online at: 

http://www.iscd.org/visitors/resources/calc.cfm.  Coefficients of variation were calculated after 

pQCT scans were done on 15 patients with three scans taken over a two week period. The CVs 

for area and density measures of cortical tissue ranged from 0.5 to 2.7%  and for trabecular tissue 

from 1.8 to 8.0%
189

.  For areal and density measures of soft tissues (marrow, muscle, fat) CVs 

ranged from 1.7 to 13.1%
189

.  These measurements were similar to other data showing that 

http://www.iscd.org/visitors/resources/calc.cfm
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precision is greater in hard tissue compared to soft tissue; however the soft tissue measurements 

were slightly higher than others observed and may be because others did not use the ISCD 

precision tool for calculating CVs
188

 or that measurements were taken on the same day with 

repositioning of subjects.  A recent study by Swinford et al.
188

 showed that subject weight, BMD 

DXA-derived lower extremity lean body mass explained 21-52% of the variance in the precision 

of BMC measured with pQCT.  There was considerable variability in subject weight; lab data 

was used from subjects with BMI’s ranging from 18.3-44.5 kg/m
2
. 

Subjects had their non-dominant tibia measured using the TIBIA4S mask and analyzed 

using software included with the Stratec XCT; analysis is explained in greater detail in the 

Appendices under the pQCT Scan Analysis section.  The TIBIA4S takes images at sites 4%, 

14%, 38% and 66% from the distal end of the tibia.  One technician analyzed the results at a 

point 66% from the tibial distal end to quantify total area, muscle and fat cross sectional areas, 

including IMAT and subcutaneous fat. 

Physical activity assessment   

Pedometers are small, relatively inexpensive devices which are worn at the hip to assess 

step count throughout the day.  They are being increasingly used to monitor and motivate 

subjects’ physical activity.  A recent meta-analysis found that pedometer use was associated with 

a significant increase in walking steps (approximately 2,000 steps/day, roughly equal to one 

mile) and reductions in body weight and blood pressure
190

.  In contrast to accelerometers, 

pedometers cannot accurately provide an accurate estimate of energy expenditure; however, due 

to their simplicity and ease of wear, they can provide a useful and objective index of physical 

activity status
191

.  Validity estimates between accelerometers and pedometers was shown to be 

concordant in a larger group of older adults with average step counts of 6,495 with 
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accelerometers and 6,712 with pedometers
192

.  Accuracy has also been verified with pedometers, 

yet there is variation between brands
193

.  The Accusplit was shown to be more accurate than L.L. 

Bean or Eddie Bauer models
194

, yet another study suggested that the Accusplit underestimated 

step counts
193

.  In the research studies conducted at Virginia Tech, all subjects were given the 

same brand of pedometer; therefore, conclusions were drawn based on comparisons between 

subjects. 

Subjects were given an Accusplit Eagle pedometer (Livermore, CA) and were instructed 

to wear the pedometer through all waking activities over a four day period.  The pedometer did 

not accurately assess volume (intensity x duration) of activity
191

, therefore other physical activity 

when the pedometer was not worn (i.e. more strenuous or water related exercise) was recorded 

on a physical activity log to assess overall activity level.  Four day self-reported physical activity 

and pedometer step count were translated into corresponding MET levels, multiplied by the 

length of time subjects were engaged in each activity and then averaged over four days to obtain 

MET∙min/day to quantify overall physical activity status.  By using a combination of 

measurement techniques for physical activity, this provided a measure of both unplanned (daily 

step counts) and planned activity (more intense activities when the pedometer was not worn) to 

better reflect overall daily exercise patterns.      

Table 1. Assays and CV measurements  

Measurement Specimen Vendor Performing Lab 
Intra-assay 

CV (%) 

Inter-assay 

CV (%) 

Insulin Serum  
Siemens 

(New York City, NY) 

Frank Gwazdauskas, PhD 

Laboratory Blacksburg, 

VA 

3.1-9.3 4.9-10 

Adiponectin Serum  
Alpco Immunoassays 

(Salem, NH) 

Carilion Community 

Basic Research 

Laboratory, Roanoke VA  

5.3-5.4 

 

5.0 

 

Leptin Serum 
Alpco Immunoassays 

(Salem, NH) 

Carilion Community 

Basic Research 

Laboratory, Roanoke VA 

3.7-5.5 5.8-6.8 

Osteocalcin Serum  
Alpco Immunoassays 

(Salem, NH) 

Carilion Community 

Basic Research 

Laboratory, Roanoke VA 

4.7-5.0 

 

5.7-8.3 
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CTx Serum 

Immunodiagnostic 

Systems 

(Scottsdale, AZ) 

Carilion Community 

Basic Research 

Laboratory, Roanoke VA 

1.7-3.0 2.5-10.9 

Parathyroid 

hormone  
Serum 

Seimens  

(New York, NY) 

Carilion Labs,  

Roanoke VA  
3.4-5.2 1.5-5.8 

25(OH) 

Vitamin D  
Serum  

Immunodiagnostic 

Systems (Scottsdale, 

AZ) 

Carilion Labs,  

Charlotte NC 
2.3 5.0-6.0 

Calcium Serum 
Beckman Coulter 

(Fullerton, CA) 

Carilion Labs,  

Roanoke VA 
0.3-0.4 0.5-0.6  

Summary of Literature Review  
Overall, this literature review highlights the need for additional research regarding bone 

health effects of two diseases which are increasing in prevalence in U.S. adults, specifically as 

related to risks of osteoporosis and type-2 diabetes in women.  Bariatric surgery is becoming an 

increasingly common procedure, yet only one study has compared changes in bone density 

following RYGB and LAGB procedures
32

.  Rapid weight loss following bariatric surgery can put 

patients at risk for bone loss
2
, yet additional prospective research needs to be done to clarify the 

effects on bone loss and bone turnover on various surgery types.  The first study addressed this 

by comparing the effects of RYGB vs. LABG on total bone mineral density and content and 

blood biomarkers related to bone at both three and six month follow-up.  This research can help 

guide physicians in selecting an appropriate bariatric surgery procedure based on patient’s 

current bone health and provide evidence supporting the use of DXA to monitor patient’s pre- 

and post-bariatric surgery.   

The pQCT is a novel device with a lower cost and less radiation dose than MRI or CT 

scanners.  IMAT is now being measured with MRI and CT devices and appears to have an 

association with insulin resistance and therefore potentially contribute to the pathophysiology of 

type-2 diabetes
10

.  However, other research suggests IMAT may be a physiological means for 

fuel storage in activity people
166

.  The second study evaluated fat and muscle distribution of the 

non-dominant foreleg assessed by pQCT relative to physical activity status and overall body fat 
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and risk for type-2 diabetes.  This research can provide greater understanding into the 

development of metabolic disease and also aid in defining physical activity interventions which 

may help to prevent or treat type-2 diabetes.   

Overall, both research projects will provide valuable data which could be used by 

physicians and clinicians to help better educate patients prior to bariatric surgery on potential 

bone health changes and also provide insight into IMAT assessed by pQCT and its relationship 

with physical activity and type-2 diabetes risk.   
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Chapter 3 

Manuscript 1: An Exploratory Study of Bone Changes Following 

RYGB and LAGB: Impact on Bone Biomarkers, Adiponectin, Leptin, 

Vitamin D, and Calcium 

Abstract 

Purpose: To comparatively evaluate, over six months, effects of Roux-en-Y gastric bypass 

(RYGB) vs. laparoscopic adjustable gastric banding (LABG) bariatric surgery on body weight 

loss, bone density, and selected blood biomarkers related to bone status [osteocalcin (OC), 

carboxy (C)-terminal cross-linked telopeptides of type I collagen (CTx), adiponectin, leptin, 

vitamin D, calcium and parathyroid hormone (PTH)].   

Methods: Nine premenopausal Caucasian women (Mean age ± SD 36.9 ± 8 yr) accepted for 

elective RYGB, n=5 or LAGB, n=4.  Patients underwent dual energy X-ray absorptiometry 

(DXA) scans and blood measurements at baseline, three, and six months following surgery. 

Results: Following surgery, RYGB patients had greater reductions compared to LAGB in 

overall body weight at both three (mean weight loss: 19 vs. 9%) and six months (26 vs. 11%), 

p<0.01.  Bone loss was most apparent at the hip, especially in RYGB patients who had an 

average 7% loss in hip bone mineral density (BMD) at six months.  For all patients, hip BMD 

loss at six months was correlated (p<0.05) to the decrease in leptin (r=0.88) and increase in 

adiponectin (r=-0.82).  Serum OC and CTx increased dramatically six months following both 

surgeries by an average of 130% and 456%, respectively, suggesting increases in bone turnover; 

these changes were more remarkable following RYGB than LAGB.  Vitamin D was low in four 

patients prior to surgery and decreased in six patients six months after surgery.  Small decreases 

in calcium and increases in PTH were observed, but were not significant.   
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Conclusions: This preliminary analysis showed bariatric surgery leads to reductions in body 

weight, fat mass, and fat free soft tissue mass which was more substantial after RYGB surgery 

compared to LAGB procedures.  Changes in BMD were most evident in the hip which may be 

related to increased bone turnover markers, low vitamin D, or potential relationships with 

increased adiponectin and decreased leptin.  Additional research with larger sample sizes is 

warranted to better understand changes in bone and related biomarkers and the potential 

implications for late-life osteoporosis risk following RYGB and LAGB.  
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Introduction 

Excess body weight provides additional skeletal loading and conventional thought has 

suggested this body mass effect is osteogenic and associated with reduced risk for osteoporosis
1
.  

Rapid weight loss can reduce skeletal loading and also appears to detrimentally affect bone 

turnover, with several studies noting with bone loss following bariatric surgery
2
.  The extent of 

post-surgical weight loss is often correlated with bone loss and appears to be more prominent at 

the hip, an important weight-bearing site
3
.  Nutritional factors may also contribute to bone loss, 

as more than 60% of bariatric surgery patients are deficient in vitamin D and between 25 to 48% 

show elevated levels of parathyroid hormone (PTH) prior to surgery
4
.  Bariatric surgery often 

exacerbates these issues; decreased absorption of nutrients in the gut, along with reduced food 

intake and rapid weight loss puts bariatric surgery patients at risk for bone loss
4
.   

Roux-en-Y gastric bypass (RYGB) is currently considered the favored bariatric surgery 

approach in the US
5
 due to rapid weight loss attributable to both restriction of food intake (from 

decreased stomach size) and malabsorption of nutrients (from decreased length of the small 

intestine used); RYGB is therefore considered a combination bariatric surgery procedure. 

Laparoscopic adjustable gastric banding (LAGB), a primarily restrictive procedure, is gaining 

popularity in the US and results in weight loss through restriction of food entry into the stomach 

by the placement of a band at the top of the stomach.  Little published research is available to 

clarify the comparative effects of RYGB- and LAGB-induced weight loss on skeletal health.  

Most research has focused on either combination (i.e. RYGB) or restrictive surgery (LAGB or 

vertical banded gastroplasty, VBG), but not both.  Only one study has compared the two surgical 

procedures regarding bone mineral density (BMD) and content (BMC) changes following 

surgery and this involved very small samples, i.e. n=9 and n=4
6
.  Research shows RYGB leads to 

increased bone turnover and decreased bone mass
2
, especially in the hip

3,7-9
.  Results are 
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inconsistent following restrictive surgery; some bone loss appears in the hip and minor changes 

have been reported at other locations, including total body and the spine
10-14

.   

Along with BMD and BMC, markers of bone turnover (both resorption and formation) 

are essential to understanding quantitative changes in skeletal turnover.  For bone formation and 

resorption, respectively, osteocalcin (OC) and carboxy (C)-terminal peptide of type I collagen 

(CTx) are among the most sensitive to measure these changes
15

 and both markers have been 

documented to increase following RYGB
3,7

.  In addition, two adipokines, adiponectin and leptin 

have been proposed to have a potential impact on bone physiology
2
.  However, limited research 

has been done with either adipokine in relation to potential influences on bone status and bone 

turnover markers following bariatric surgery. 

Rates of bariatric surgery are increasing; it is projected that an estimated 220,000 

bariatric surgeries will be performed in 2010 alone
16

.  Bariatric surgery is commonly performed 

in premenopausal females; therefore it is important to evaluate these two surgical procedures to 

determine effects of each on bone status in the short-term and suggest what might be the longer-

term implications for late-life osteoporosis.  This was a non-randomized prospective study to 

comparatively evaluate, over six months, effects of RYGB vs. LABG bariatric surgery on body 

weight loss, bone density, and bone mass.  Changes in BMD and BMC were evaluated in 

relation to serum levels of selected blood bone biomarkers (OC and CTx), adipokines which may 

impact bone status (adiponectin and leptin), and blood markers related to nutrient and bone status 

(vitamin D, calcium, and PTH).  This data represents a small sample size; therefore, the primary 

purpose of this study was to examine potential trends and evaluate patterns for further analysis 

within a larger sample size.  

 



67 

 

Methods 

Patients  

Patients were nine Caucasian premenopausal women (Mean age ± SD 36.9 yr ± 8) who 

were accepted for elective bariatric surgery at the Carilion Clinic in Roanoke, VA.   Women with 

an Epworth Sleepiness Score greater than ten indicating a possibility of obstructive sleep apnea 

were excluded, as well as patients taking any medications known to affect bone.  Patients 

underwent either RYGB or LAGB procedures which were performed by one of three surgeons at 

the Carilion Clinic.   The RYGB surgery resulted in a limb length ranging from 100-150 cm and 

a pouch which could hold approximately ¼ cup of food.  The LAGB procedure was performed 

with the Lap-Band (Allergan, Irvine, CA) or the Realize band (Ethicon, Cincinnati, OH).  

Measurements for this study were taken prior to surgery and repeated at three and six months 

following surgery.     

Blood draw/Assay measurement  

 Patients underwent a blood draw following an overnight fast for at least 8 hours and then 

serum was separated, centrifuged, and stored in a -80
o
C freezer prior to biomarker assay.  Serum 

calcium and 25 hydroxy [25(OH)2] vitamin D were assayed by Carilion Laboratories using kits 

purchased from Beckman Coulter (Fullerton, CA), while serum PTH was assessed from a kit 

from Seimens (New York, NY).  Intra- and inter-assay coefficients of variation (CV) were as 

follows: calcium: 0.3-.4% and 0.5-0.6%; 25(OH) vitamin D: 2.3% and 5-6%; PTH: 3.4-5.2% and 

1.5-5.8%.  Serum adiponectin, OC, and leptin were purchased from Alpco Diagnostics (Salem, 

NH) and CTx was purchased from Immunodiagnostic Systems (Scottsdale, AZ).  Intra- and inter-

assay CVs were as follows: adiponectin: 5.3-5.4% and 5%; OC: 4.7-5% and 5.7-8.3%; leptin: 

3.7-5.5% and 5.8-6.8%; CTx: 1.7-3% and 2.5-10.9%.  
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DXA measurement/anthropometrics  

Body weight and height were measured with a calibrated electronic scale (ScaleTronix, 

Wheaton, IL) to the nearest 0.1 kg and a calibrated, wall-mounted digital stadiometer 

(Heightronic, Measurement Concepts, North Bend, WA) to the nearest 0.1 centimeter (cm).  

Body mass index (BMI) was calculated as weight in kilograms (kg) divided by height in meters 

squared (m
2
).  Waist circumference was measured at the mid-distance between the last rib 

margin and the top of the iliac crest.  Hip circumference was measured at the maximal 

circumference of the buttocks.  Waist and hip circumferences were both measured to the nearest 

cm; circumferences were measured twice and averaged if the difference between the two 

measurements was <5 mm.  

A full body dual-energy X-ray absorptiometry (DXA) (Hologic QDR 4500-A Elite DXA 

Bedford, MA) scan was completed and then the scans analyzed by one technician to determine 

the percentage of total body fat, fat mass, and fat-free soft tissue mass; a central abdominal fat 

analysis was used to quantify the percentage of central body fat
17

.  Women greater than 136 kg 

were excluded from the study due to limitations of the DXA instrument.  Using the whole body 

scan and subsequent scans of the lumbar spine, non-dominant hip, and non-dominant radius, both 

BMD and BMC were measured.  A T-score was established for the spine, hip, and radius.  Test–

retest reliability for the DXA measurements were established in a separate study of 15 young 

adult men and women; CVs were 0.73%, 1.75%, 1.07% and 1.79% for total body BMD, fat 

mass, fat free soft tissue mass, and percentage total body fat, respectively
18

.  

IRB approval  

The study protocol was authorized by the Institutional Review Board for the Carilion 

Clinic in Roanoke, VA and patients provided informed consent.       
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Statistical analysis  

Data were analyzed using the Statistical Package for the Social Sciences, version 18.0 

(SPSS, Chicago, IL); a p-value <0.05 was considered statistically significant.  Means and 

standard deviation (SD) were calculated for age, anthropometrics, DXA measurements, and 

biochemical blood parameters.  Due to the small sample size in each surgical group, one-way 

analysis of variance (ANOVA) was used to assess the impact of bariatric surgery across all 

patients and Student’s t-tests were used to compare group differences between RYGB and 

LAGB surgery.  Pearson correlation analyses were used to evaluate relationships among changes 

in anthropometric, bone, and blood biomarkers following surgery.  

Results  

Table 1 displays baseline patient characteristics for both RYGB and LAGB patients and 

Table 2 displays baseline BMD and BMC measurements.  There were no significant differences 

between surgical patients for these baseline measurements. 

 Both RYGB and LAGB patients had similar body weight and BMI prior to surgery and 

experienced significant reductions in body weight (Figure 1), fat mass, and fat free soft tissue 

mass at both three and six months following surgery.  These changes were more pronounced in 

RYGB patients as compared to LAGB at both three and six months following surgery, p<0.05.  

Comparison of measures following RYGB vs. LAGB at six months was as follows: %weight 

loss: 26 vs. 11%; %fat mass loss: 39 vs. 18%; %fat free soft tissue mass loss: 13 vs. 4%.    

 With the exception of one patient with a baseline lumbar spine T-score of -2.8, all other 

patients began with T-scores indicating no osteoporotic risk prior to surgery (T-score greater 

than -1.25).  While many patients experienced some losses in BMD and/or BMC, T-scores 

remained within normal reference ranges (greater than -1.25) for all other subjects.  For most 

patients, changes in BMD tended to be more pronounced at six months as compared to three 
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months (Figure 2-3); interestingly, many patients had an increased radial BMD (Figure 4) at six 

months as compared to the previous follow-up.  When evaluating all bariatric surgery patients, 

the change in BMD and BMC measures for total body, lumbar spine, and radius were not 

significantly different from baseline measurements.  The greatest bone changes were observed in 

the hip; all RYGB patients had hip BMD losses at both follow-up periods compared to only one 

LAGB patient at three months and two patients at six months (Figure 5).  The difference in 

percent hip BMD loss between RYGB and LAGB patients trended toward significance at both 

three month (p=0.055) and six month (p=0.059) periods.  Despite high intra-group variability, 

among all subjects there was a significant decrease in hip BMD from baseline to six months 

(Figure 6).  In addition, hip BMD was the only bone measure significantly related to weight loss 

at three months (Figure 7).  

 With the exception of one patient who had a low baseline calcium level of 8 mg/dL, all 

patients had calcium and PTH values within the clinical normal ranges throughout the study.  

Parathyroid hormone was not available at baseline and four subjects did not have PTH measured 

at any time point throughout the study.  At three months, calcium tended to decrease slightly or 

increase; six months after surgery most patients had increased calcium and PTH from baseline 

measures.  Four patients (two RYGB and two LAGB) began with low 25(OH) vitamin D levels 

(less than 32 ng/mL), which remained low at the both three and six month follow-up in three of 

the four patients.  Decreased vitamin D at three months was correlated with the change in lumbar 

spine BMD (r=0.81, p<0.01) and BMC (r=0.79, p<0.05), but was not related to other DXA bone 

measures.  Among all patients, there were no significant differences in follow-up measures of 

vitamin D, calcium, or PTH as compared to baseline.   
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 All patients began with similar levels of leptin, adiponectin, OC, and CTx.  Following 

surgery, leptin decreased while adiponectin, OC, and CTx tended to increase in both patients 

groups.  Changes in CTx, OC, and leptin at both three and six months were significantly 

different from baseline for all patients (p<0.05), although changes were more pronounced for 

RYGB patients (Figures 8-11).  The percentage decrease in leptin was highly correlated with the 

percentage increase in CTx, r=-0.85, p<0.05 at three months (Figure 12).  At both three and six 

months, CTx and OC values were highly correlated, r=0.76 and r=0.78, respectively, p<0.05.  

The ratio of CTx/OC decreased with time in both surgical groups; OC continued to increase until 

the six month follow-up, while CTx decreased for most patients between three and six months.     

A few significant relationships were observed between the change in blood biomarkers 

and BMD.  The change in hip BMD at six months was highly correlated (p<0.05) to the change 

in both leptin (r=0.88) and adiponectin (r=-0.82), Figure 13.  There was also a significant 

relationship of hip BMD change with leptin at three months, r=0.86, p<0.05.  The change in OC 

was negatively correlated (p<0.05) to total body BMD and BMC changes at three and six months 

(BMD: r=-0.92 and r=-0.87; BMC: r=-0.83 and r=-0.91).  The percent change in radial BMD at 

six months was highly correlated to the change in CTx, r=-0.86, p<0.05.  After controlling for 

the percent weight loss at each time point, these relationships were diminished with the 

exception of OC.  The relationship remained significant at three months for BMD and at six 

months for BMD and BMC, after controlling for weight loss.     

Discussion  

Patients undergoing both surgical procedures began with similar anthropometric, bone, 

and blood measurements.  Similar to other research
5
, RYGB patients experienced greater body 

weight and fat loss at three and six months following surgery compared to LAGB patients.  
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Other literature suggests substantial reductions of 30-50% of body weight are often achieved six 

months following surgery
19

; however, patients’ weight loss in this study was considerably lower, 

averaging 25% (range: 18.1-37.7%) six months following RYGB surgery and only 11% (range: 

8.4-13.2%) after LAGB surgery.  Therefore, it was expected that changes in bone status may not 

be as substantial as other literature documenting higher weight loss.    

With the exception of one patient who began with a lumbar T-score in the osteoporotic 

range, bariatric surgery did not dramatically change patient’s osteoporosis risk; additionally, all 

patients had hip BMD measurements throughout the study within the normal ranges reported 

from the NHANES III data
20

.  This suggests BMD and BMC changes at three and six months 

may not be clinically significant in this small subset of patients.  All patients undergoing RYGB 

had reduced hip BMD and BMC after surgery, similar to other research
3,7-9

.  Some decreases in 

BMD and BMC were also observed with LAGB patients, mainly at the hip and spine, but were 

less substantial than changes noted following RYGB surgery.  Guney et al.
11

 noted bone loss 

following VBG, a restrictive form of bariatric surgery and a medically supervised weight loss 

program and concluded that bone loss was independent of the weight loss method, but was rather 

dictated by the extent of weight loss.  Research suggests loss of as little as 10% of body weight 

can result in 1-2% loss of bone
1
.  In this study, the decrease in hip BMD at three months was the 

only bone measure which correlated with percent change in body weight at three months, 

suggesting other factors beside weight loss and decreased skeletal loading may have contributed 

to bone changes, including cellular changes such as those indicated by bone turnover markers.  

Bruno et al.
21

 reported elevated bone turnover markers 18 months after RYGB when body 

weight was in the normal-overweight BMI range and suggested that bone turnover is influenced 

by other factors than skeletal unloading following rapid weight loss.          
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 Previous research suggests changes in bone turnover may be related to nutrient 

deficiencies secondary to malabsorption and/or decreases in food consumption after surgery
22

.  

RYGB tends to be associated more with nutrient deficiencies due to the nature of the surgery, 

which bypasses the duodenum and proximal jejunum, the main sites of calcium absorption
22

.  

Several articles have documented nutritional issues such as vitamin D deficiency
23

, 

hypocalcemia
24

, and secondary hyperparathyroidism
3,25

 following malabsorptive bariatric 

surgery.  In our patient group, 44% of patients had clinically low 25(OH) vitamin D levels prior 

to surgery which remained low throughout the follow-up period in 33% of those patients.  

Overall, 25(OH) vitamin D decreased in 66% of patients throughout the follow-up periods.  The 

change in vitamin D was significantly related to changes in lumbar spine BMD and BMC 

measures.  However, there was not a concomitant decreased in calcium or increase in PTH 

levels.  Other research has found similar inconsistent results with nutrient status following 

surgery and concluded that that bone turnover may still be occurring if bone turnover markers 

are elevated
21,26

.  

Baseline measurements of OC, CTx, adiponectin, and leptin were within ranges reported 

for other patients prior to bariatric surgery, with a few patients slightly above other reported 

values at six months
21,27

.  Increased OC and CTx in all patients at three months suggested 

increased bone turnover following surgery; elevations were more remarkable in RYGB 

compared to LAGB patients.  The rate of CTx increase appeared to slow from three to six 

months, while OC levels continued to rise to an average of 456% (range: 6-2154%) above 

baseline at six months.  Therefore, the ratio of CTx to OC was lower at six months than at three 

months, suggesting relatively greater bone accretion than absorption.  These results vary some 

from other literature; Fleisher et al.
3
 observed progressive increases in both amino (N)-terminal 
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peptide of type I collagen (NTx, a similar marker of bone resorption) and OC accompanied by 

significant decreases in femoral and total neck BMD up to twelve months after RYGB.  Coates 

et al.
7
 noted a progressive increase in NTx at three, six, and nine months after RYGB, but 

increased OC tended to level off after three months.  In addition, significant losses in BMD of 

the spine, femoral neck, hip, and total body were observed
7
.  There was a strong negative 

correlation between the change in leptin and CTx at three months (r=-0.85, p<0.05), similar to 

data by Bruno et al.
21

 with leptin and NTx (r=-0.58, p<0.05) six months after RYGB.  

Researchers noted that the change in leptin was a significant predictor of the change of NTx and 

hypothesized that decreased leptin following surgery may have signaled the body to increase 

bone turnover associated with decreased calorie consumption
21

.  Unfortunately, BMD and BMC 

measurements were not completed in that study to make comparisons with related biomarkers. 

Research has suggested adiponectin and leptin may influence bone density after 

surgery
8,21

.  Additional research is warranted to clarify and better understand their role following 

bariatric surgery
26,28

 since both adipokines are highly related to fat mass
29

.  Leptin was positively 

correlated to measures of body fat and fat mass, primarily at three and six months after surgery.  

It has been suggested that loss of bone following bariatric surgery is related to decreased leptin 

resistance
2
; however previous literature has focused on leptin and bone turnover markers

21,26,28
 

and additional research is necessary to evaluate these changes in the context of BMD and BMC 

measurements.  Adiponectin is decreased in states of obesity and inversely related to BMD
30

, 

even after adjustment for fat mass
30,31

.  Additionally, changes in adiponectin were inversely 

correlated with decreased total and central body fat percent and fat mass at six months.  Only one 

other study has observed changes in adiponectin and BMD measures following bariatric surgery; 

Carrasco et al.
8
 noted increased adiponectin post-RYGB which correlated with decreased total 
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body BMD.  This data were similar; adiponectin increased following surgery for all but one 

patient at three months and one patient at six months, while relationships with BMD and BMC at 

sites other than the hip were not significant.  In this study, the changes in both leptin and 

adiponectin were highly correlated to hip BMD loss at six months, but were not significant after 

controlling for weight loss.  This suggests alterations in these adipokines may be more related to 

body weight changes than bone loss.   

The study group was homogenous with respects to gender and race and can be used to 

evaluate trends in bone changes and blood biomarkers which are useful to determine appropriate 

measures for evaluation in a larger subset of patients.  Several limitations must be addressed 

within this small sample.  Adequate sample size is necessary for publishable results and was 

limited in this study by patient’s interest and distance to the study site.  To minimize missing 

data and improve patient flow into the study, improved communication and coordination with the 

bariatric surgical team is necessary to ensure routine clinical bariatric surgery standard 

procedures are being completed for all patients.  Additional measurements regarding supplement 

intake and exercise habits would strengthen the study and provide further parameters to evaluate 

in the context of bone changes following bariatric surgery.  Patients were recommended by a 

Registered Dietitian to consume supplements; however, supplement use was not closely 

monitored through the study.  Challenges in patient reporting and follow-up led to a significant 

portion of missing exercise data which was not able to be evaluated in this study.   

Conclusions 

This is only the second article to compare bone changes and related biomarkers following 

two different commonly performed bariatric surgery procedures, RYGB and LAGB.  While bone 

loss was more pronounced in RYGB patients, this research shows that some bone loss can also 

occur following LAGB and that bone turnover was occurring in all patients as indicated by 
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increased CTx and OC.  There is a need for studies of larger sample sizes to compare both 

RYGB and LAGB surgical procedures at similar post-surgical time points and to normalize 

comparisons for weight loss to better understand the influence each procedure may have on 

bone.  Measurements of bone biomarkers and additional research with the adipokines 

adiponectin and leptin along with BMD and BMC are also critical to fully quantify changes in 

bone status and possible health implications following surgery.  There is a also a need for well-

controlled trials to provide recommendations on the type and dosage of vitamin supplements for 

bariatric surgery patients to help minimize risk of bone loss and nutrient deficiencies.       
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Tables  

 

Table 1. Baseline descriptive data for RYGB and LAGB patients.    

 

 RYGB  

(n=5) 
LAGB  

(n=4) 

Anthropometric data (n=9) 

Age (yrs) 40.2 ± 4.5 32.8 ± 10.0 

Weight (kg) 112.8 ± 3.6  114.3 ± 8.9  

BMI (kg/m
2
) 43.1 ± 3.8 42.1 ± 4.4  

Waist circumference (cm)  119.8 ± 10.4 110.6 ± 6.3 

Hip circumference (cm) 138.6 ± 3.4 137.3 ± 6.7 

DXA body composition data (n=9) 

Total body fat (%) 46.9 ± 5.8 49 ± 2.8   

Central body fat (%) 50.3 ± 5.5  52.0 ± 4.6 

Fat mass (kg) 53.1 ± 6.0   56.3 ± 6.2   

Fat free soft tissue mass (kg)  58.0 ± 7.7 56.2 ± 4.1  

Blood biomarkers related to nutrient status (n=8)
1
  

Calcium  

Clinical range: 8.5-10.7 mg/dL  
9.0 ± 0.6 8.8 ± 0.6 

25(OH)2 vitamin D  

Clinical range: 32-100 ng/mL 
39.5 ± 16.6 45.0 ± 23.9  

Parathyroid hormone  

Clinical range: 9.2-79.5 pg/mL  
N/A N/A 

Bone biomarkers and adipokines (n=6)
2
       

Adiponectin (µg/mL) 7.9 ± 6.2 5.4 ± 1.3 

Leptin (ng/mL) 73.3 ± 19.6 88.0 ± 17.4 

CTx (ng/mL) 0.29 ± 0.16 0.35 ± 0.15 

Osteocalcin (ng/mL) 7.6 ± 8.9 9.2 ± 31 

CTx/OC ratio  0.076 ± 0.05 0.041 ± 0.02 

Mean ± SD.  N/A, data not available. There were no differences between RYGB and LAGB 

surgical groups at baseline.  
1
Basline data not available for one LAGB patient for calcium and one RYGB patient for vitamin 

D, baseline data for PTH was not available.  
2
Baseline data was unavailable for three patients, 

complete data is presented for 3 RYGB and 3 LAGB patients.   
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Table 2. Baseline DXA bone mineral density (BMD) and content (BMD) measures for 

RYGB and LAGB patients.  

 

 RYGB  

(n=5) 

LAGB  

(n=4) 

DXA Bone Mineral Density (g/cm
2
) 

Total BMD  1.170 ± 0.11 1.085 ± 0.062 

Lumbar spine BMD 1.046 ± 0.15 1.052 ± 0.066 

Non-dominant Hip BMD  1.006 ± 0.11  0.918 ± 0.13 

Non-dominant Radius BMD  0.644 ± 0.033 0.632 ± 0.059 

DXA Bone Mineral Content (g) 

Total BMC 2402.6 ± 337.9  2202.6 ± 205.2 

Lumbar spine BMC  54.6 ± 11.4  56.1 ± 4.2  

Non-dominant Hip BMC  32.7 ± 7.2 27.7 ± 3.8  

Non-dominant Radius BMC 6.7 ± 1.4  7.9 ± 1.0 

Mean ± SD.  There were no differences between RYGB and LAGB surgical groups at baseline.  
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Figures  

 

Figure 1. Mean body weight changes at baseline, three, and six months after bariatric 

surgery.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Values are means ± SEM.  Body weight at three and six months was significantly different from 

baseline for all patients, 
†
p<0.001 
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Figure 2. Percent change total body BMD at three and six months following bariatric 

surgery for RYGB (n=5) and LAGB (n=4) patients.   
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Figure 3. Percent change lumbar spine BMD at three and six months following bariatric 

surgery for RYGB (n=5) and LAGB (n=4) patients.   
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Figure 4. Percent change non-dominant radius BMD at three and six months following 

bariatric surgery for RYGB (n=5) and LAGB (n=4) patients.   
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Figure 5. Percent change non-dominant hip BMD at three and six months following 

bariatric surgery for RYGB (n=5) and LAGB (n=4) patients.   
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Figure 6. Non-dominant hip BMD at baseline, three, and six months following bariatric 

surgery. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Values are means ± SEM.  Hip BMD at six month measurement was significantly different than 

baseline for all subjects, *p<0.05.    
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Figure 7. Relationship between changes in non-dominant hip BMD and weight loss at three 

months following bariatric surgery. 
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Figure 8. Mean change in osteocalcin at three and six months following bariatric surgery. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Osteocalcin at both three and six months was significantly greater than baseline measures for all 

patients, *p<0.05.  
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Figure 9. Mean change in CTx at three and six months following bariatric surgery.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

CTx at both three and six months was significantly greater than baseline measures for all 

patients,*p<0.05.  
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Figure 10. Mean change in adiponectin at three and six months following bariatric surgery.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Adiponectin at both three and six months was not significantly different than baseline measures 

for all patients.  
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Figure 11. Mean change in leptin at three and six months following bariatric surgery.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Leptin at both three and six months was significantly less than baseline measures for all patients, 

*p<0.05.  
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Figure 12. Relationship between change in CTx and leptin at three months following 

bariatric surgery.  
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Figure 13. Relationship between change in non-dominant hip BMD and change in 

adiponectin and leptin six months after bariatric surgery.  

 

\ 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

 

 

Change non-dominant hip BMD (percent)

-10 -8 -6 -4 -2 0 2

C
h
an

g
e 

in
 a

d
ip

o
k

in
e 

(p
er

ce
n

t)

-100

-50

0

50

100

150

Adiponectin

Leptin

● r= -0.82, p<0.05 

 

○ r= 0.88, p<0.05 

 



94 

Chapter 4 

Manuscript 2: Fat and Muscle Indices Assessed by pQCT: 

Relationships with Physical Activity and Type-2 Diabetes Risk 

 

Abstract 

Purpose: To compare muscle and fat indices evaluated by the peripheral Quantitative 

Computed Tomography (pQCT) in the foreleg and to determine repeatability for intermuscular 

adipose tissue (IMAT) and muscle density.  Two prediction models were evaluated to determine 

influences on muscle density and type-2 diabetes risk using physical activity status and health-

related measures.   

Methods: 82 premenopausal women (Mean age ± SD 38.6 ± 4.7 yr) underwent dual energy X-

ray absorptiometry (DXA) scans to assess total fat, fat mass, fat free soft tissue mass, and central 

body fat.  Muscle and fat parameters were quantified for the foreleg using the pQCT at a point 

66% from the distal end of the tibia.  Physical activity status was determined based on four-day 

self-reported physical activity and pedometer step counts. 

Results: Fat and muscle distribution in the foreleg highly was correlated to total body adiposity.  

The pQCT device reliably measured muscle density in the foreleg; coefficient of variation (CV) 

was 0.8%, which was therefore used as a surrogate for IMAT.  Precision was lower for IMAT in 

the foreleg with a CV of 15.1%.  Muscle density was positively related to physical activity and 

negatively associated with markers of fat distribution and risk for type-2 diabetes.  Foreleg 

subcutaneous fat and HDL-C were significant predictors of the homeostasis model assessment of 

insulin resistance (HOMA-IR) (R
2
=0.48, p<0.001), while total body fat percentage was a 

significant negative determinant of foreleg muscle density (R
2
=0.27, p<0.001).   
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Conclusions: The pQCT is a novel, noninvasive tool to assess IMAT and muscle density in the 

foreleg.  Muscle density has stronger relationships to health-related markers than IMAT in this 

healthy population and can be used as a surrogate for IMAT to better understand the 

relationships with muscle and fat deposition and health risk.  Additional research is necessary to 

understand the biology of IMAT and its relations with physical activity and potentially, with 

risks for cardiometabolic disease.  
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Introduction  

The mass and distribution of adipose tissue affects cardiovascular and metabolic disease 

risk, especially when centrally located
1
.  Visceral fat is associated with alterations in lipid and 

glucose metabolism, while subcutaneous fat does not seem to present the same increased risk
2
.  

One related index of recent health interest is intermuscular adipose tissue (IMAT), the adipose 

tissue between muscle bundles
3
.  This locus can be measured using magnetic resonance imaging 

(MRI), computed tomography (CT), and more recently, with peripheral quantitative computed 

tomography (pQCT).  The pQCT device is a smaller instrument with less radiation exposure, less 

costly, and may be more practical to use in a research setting compared to MRI or CT.  

Measurements with MRI and CT have shown associations between higher concentrations of 

IMAT, insulin resistance, type-2 diabetes, and reduced muscular strength
4-7

.  Research by 

Miljkovic-Gacic et al.
8
 showed similar relationships with IMAT measured by pQCT and type-2 

diabetes risk.  Similar conclusions were found in a separate article by the same researchers where 

muscle density was used as a surrogate for IMAT with the rationale that greater fat infiltration is 

an indicator of reduced muscle density
9
.  Muscle density has been validated by others as an 

indicator of adipose tissue deposition in the muscle
10,11

.  

Specific patterns of fat infiltration may be a more important marker for risk of type-2 

diabetes and metabolic syndrome than overall fat mass
12

.  Goodpaster et al.
4
 suggested even 

normal weight individuals may be at risk for metabolic disorders if they exhibit higher levels of 

IMAT and abdominal visceral fat accumulation.  Physical activity appears to moderate this 

relationship, yet effects on fat depots in the limbs where pQCT is able to quantify hard and soft 

tissue are limited and indecisive
13,14

.  Limited research shows physical activity may decrease
15,16
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or increase
17,18

 IMAT, the latter possibly being beneficial to increase metabolic flexibility during 

exercise
19

.   

Measurement of IMAT is typically done in the leg, a weight-bearing site, with a majority 

of research focused on either the upper thigh or calf region.  Therefore, the purpose of this study 

was first to evaluate the distribution of muscle and fat indices evaluated by pQCT in the foreleg 

and to determine repeatability for IMAT and muscle density.  Two prediction models were 

evaluated to determine influences on muscle density and type-2 diabetes risk using physical 

activity status and health-related measures.   

Methods 

Subjects 

Subjects were 82 healthy, premenopausal Caucasian women (Mean age ± SD 38.6 ± 4.7 

yrs) with body mass index (BMI) ranging from 18.3 to 46.6 kg/m
2
 (Mean BMI ± SD 24.5 ± 5.1).  

Women who were taking any prescriptive medications known to affect bone health were 

excluded. Subjects were recruited from the Virginia Tech campus and the surrounding 

communities in the New River Valley, VA.    

Blood draw/assay measurement  

Subjects underwent a blood draw following an overnight fast for at least 8 hours; serum 

was separated, centrifuged, and stored in a -80
o
C freezer prior to assay analysis.  Glucose and 

lipids were measured on a whole blood sample using a Cholestech Lipid Profile and GLU 

cassette (Cholestech, Hayward, CA).  Serum insulin was measured using Coat-a-Count insulin 

radioimmunoassay (RIA, Siemens, New York, NY) with an inter-assay coefficient of variation 

(CV) of 4.9-10% and an intra-assay CV of 3.1-9.3%. The homeostasis model assessment of 

insulin resistance (HOMA-IR) was calculated from fasting insulin and glucose measurements, 

[fasting insulin (U/ml) x fasting glucose (mmol/l)]/22.5
20

.   
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Anthropometrics  

Body weight and height, respectively, were measured with a calibrated electronic scale 

(ScaleTronix, Wheaton, IL) to the nearest 0.1 kg and a calibrated, wall-mounted digital 

stadiometer (Heightronic, Measurement Concepts, North Bend, WA) to the nearest 0.1 cm; BMI 

was calculated as weight divided by height in meters squared.  The length of the non-dominant 

tibia was measured from the highest point of the medial condyle of the tibia to the highest point 

of the medial malleolus, and the length was recorded to the nearest cm. 

DXA measurement 

A full body dual-energy X-ray absorptiometry (DXA) (Hologic QDR 4500-A Elite DXA 

Bedford, MA) scan was completed and analyzed by one technician to determine percentage of 

total body fat, fat mass, and fat free soft tissue mass; a separate analysis was used to determine 

the percentage of central body fat
21

.  Women greater than 136 kg were excluded from the study 

due to capacity limitations of the DXA instrument.  The CVs for test–retest reliability in 15 

young adult men and women tested on separate days were 1.75%, 1.07%, and 1.79% for fat 

mass, fat free soft tissue mass, and total body fat percentage, respectively
22

.  

pQCT measurement  

 The non-dominant tibia was scanned using the Stratec XCT 3000 pQCT (White Plains, 

NY) TIBIA4S mask, and then analyzed using the corresponding macro software.  One technician 

analyzed the results at a point 66% from the tibial distal end to quantify total, muscle, and fat 

cross-sectional areas and muscle density.  A percentage for each index was calculated based on 

the total cross-sectional area of the foreleg.  A secondary analysis using the Stratec software was 

necessary to determine IMAT.  Total area was established using contour mode 3 (iterative 

contour search), peel mode 1 (concentric peel), and filters F03:F05:F05 (muscle smooth 3).  The 

analysis was run a second time with an additional filter (F07) which excluded fat.  These two 
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total areas were subtracted to calculate IMAT.  Repeatability of muscle density and IMAT was 

established using the Advanced Precision Tool by the ISCD
23

 which included three scans on 

non-consecutive days in the non-dominant foreleg of 15 premenopausal females (Mean age ± SD 

39.8 ± 4.6 yr, BMI 25.4 ± 6.6 kg/m
2
).     

Physical activity  

Both subjective and objective measures were used to quantify physical activity status.  

Each subject wore a pedometer to record all activities over a four day period.  Subjects recorded 

other physical activities when the pedometer was not worn and detailed the type, length of time, 

and intensity of activity. These activities were translated into corresponding metabolic equivalent 

(MET) levels, multiplied by the length of time in each activity and then averaged to obtain 

MET∙min/day to quantify overall physical activity status. By using a combination of 

measurement techniques for physical activity, this provided a measure of both unplanned (daily 

step counts) and planned activity (more intense activities when the pedometer was not worn) to 

better reflect overall daily exercise patterns.      

IRB approval  

The study protocol was authorized by the Institutional Review Board at Virginia 

Polytechnic Institute and State University, Blacksburg, VA and each subject gave informed 

consent.     

Statistical analyses  

Data were analyzed using the Statistical Package for the Social Sciences, version 18.0 

(SPSS, Chicago, IL); a p-value <0.05 was considered statistically significant.  Pearson 

correlation analyses were used to evaluate relationships among variables of interest and multiple 

regression analyses were used to determine predictors of muscle density and type-2 diabetes risk.   
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Results  

Subject characteristics are displayed in Table 1. Subjects were relatively healthy; on 

average BMI was within the normal range and fasting blood glucose values indicated subjects 

were not at risk for type-2 diabetes.  Overall, strong correlations of both fat and muscle 

parameters of the foreleg measured by pQCT were noted with total and central body fat 

percentage and fat mass measured by DXA (Table 2).   

Coefficient of variation of IMAT measured with pQCT was 15.1% for the foreleg.  

IMAT was first examined as raw data and then normalized separately for height and muscle 

cross-sectional area; no significant relationships were observed with health-related measures.  

Repeatability with muscle density was robust; the CV was 0.8% for the foreleg.  

Inverse relationships were noted between both HOMA-IR and markers of health risk and 

muscle density and markers of health risk, Table 3.  This indicated higher muscle density was 

associated with increased physical activity and lower body fat measures.  Fifty percent of the 

variance in HOMA-IR was explained by foreleg muscle density and percentage of subcutaneous 

fat, physical activity, HDL-cholesterol (HDL-C), and total body fat percentage (R
2
=0.50, 

p<0.001), Table 4.  Following stepwise multiple regression, foreleg subcutaneous fat and HDL-C 

remained significant predictors with an R
2
 of 0.48 (p<0.001).  The same independent variables 

along with HOMA-IR explained 33.1% of the variance in foreleg muscle density, Table 5 

(p<0.001). After stepwise linear regression, only total body fat percentage remained a negative 

predictor with an R
2
 value of 0.27, p<0.001.   

To compare influences of habitual physical activity on muscle density and IMAT, 

subjects were divided into tertiles based on physical activity status.  Through subject interview, 

the four-day log of both pedometer steps and planned activity was representative of their typical 

habitual exercise patterns.  Based on previous literature, we expected to see differences with 
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IMAT when comparing the high and low physically active subjects.  High active subjects had 

lower BMI, total and central body fat percentage, and HOMA-IR levels, p<0.01.  No significant 

differences were observed with IMAT, but muscle density of the foreleg tended (p=0.054) to be 

greater in high active subjects.  Overall, physical activity level was positively correlated with 

foreleg muscle density (r=0.29, p<0.05), Figure 1 and was negatively correlated with HOMA-IR 

(r=-0.44, p<0.01), Figure 2.     

Discussion  

We believe this is the first article to use the rigorous standards prescribed by the ISCD
23

 

to determine repeatability of both IMAT and muscle density of the foreleg measured by pQCT.  

The pQCT measurement of IMAT includes the adipose tissue that is between muscle bundles 

(intermuscular fat) and adipocytes within muscle fibers (intramuscular fat)
24

.  The pQCT is not 

specific enough to discriminate between intermuscular and intramuscular adipose tissue, nor is it 

as precise as an MRI or CT scan.  Coefficient of variation for the foreleg IMAT (15.1%),was 

higher than those obtained in other studies, using MRI measurements with repetitive readings 

taken of the same scan
24,25

.  However, foreleg IMAT CV was significantly better than 

Mitsiopoulos et al.
26

 which reported a standard error of estimate of 30% for repeated measures of 

IMAT measured with MRI and CT compared to a cadaver.  Length of time between scans and 

subject anthropometrics can contribute significantly to the variance in pQCT measurements with 

precision error increased in measurements of fat compared to muscle
27

.  Variation between 

measurements was considerably lower with muscle density with a CV of 0.8%and was therefore 

used as a surrogate for IMAT.   

Our results were similar to Ducher et al.
28

 which demonstrated adiposity indices in the 

foreleg and forearm measured by pQCT were similar to DXA total body fat percentages in pre-
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pubertal children.  Fat distribution appears to be similarly dispersed among the total body and 

specific depots in the foreleg in this population.     

Intermuscular adipose tissue (IMAT) appears to have depot sizes similar to visceral 

adipose tissue
24

, suggesting accumulations may confer similar negative metabolic consequences.  

In addition, IMAT is strongly correlated to total adiposity in both men and women
13,29

 and 

appears to be greater in subjects with type-2 diabetes than in controls
30

.  This subject population 

did not appear to be at risk for type-2 diabetes, as fasting glucose values were below thresholds 

(≤126 mg/dL) defined by the World Health Organization (WHO)
31

 and the American Diabetes 

Association
32

.  While several researchers have demonstrated a relationship between IMAT and 

insulin resistance
5,6,33,34

, key characteristics of the subjects examined in those studies were 

dramatically different from our healthy Caucasian females and included the elderly
4
, those with 

diabetes
5
, or predominantly overweight or obese women

33,34
.  Underlying mechanisms of the 

association with IMAT and insulin resistance are incompletely understood, but may include 

increased concentrations of fatty acids, impaired blood flow to the muscle caused by muscle lipid 

accumlation
13

, or alterations in skeletal muscle glucose uptake or metabolism
35

.   

An article by Miljkovic-Gacic et al.
8
 quantified IMAT with pQCT to evaluate 

associations with type-2 diabetes in African American adults and a second article by the same 

group used pQCT to measure muscle density as a surrogate for IMAT
9
.  Findings from 

Miljkovic-Gacic et al.
8,9

 were similar to those reported by other investigators using MRI or CT 

scans
5,6,33,34

 and showed higher IMAT in males of normal weight was associated with type-2 

diabetes independent of age, BMI, and total fat and muscle areas.  In this study with healthy 

females, IMAT did not show associations with comparable health parameters, even after 

normalization for height or muscle cross-sectional area.   
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Two separate groups
10,11

 have validated muscle density assessed from CT scans or 

percutaneous biopsy as a measure of adipose tissue infiltration.  Muscle density was therefore 

used to evaluate relationships with type-2 diabetes risk in our study population and showed 

negative associations with several health parameters, including HOMA-IR.  There were no 

relationships between muscle density and HOMA-IR after controlling for body fat, which is 

consistent with other literature
6,7,36

.  After stepwise multiple regression, only total body fat 

percentage remained a significant negative predictor of muscle density.  Overall, these results 

suggest adipose accumulation between muscle bundles may be a physiologically important 

means of fat storage in the body
6,36

; yet unidentified factors may determine how this tissue 

modulates health risk, especially in relation to insulin resistance and type-2 diabetes
7
.     

Physical activity presents a moderating risk factor to the relationship of IMAT and 

insulin resistance, as exercise trained subjects exhibit greater IMAT
18

, or similar levels to those 

with type-2 diabetes
14

.  Goodpaster et al.
14

 reported that intramuscular adipose tissue was greater 

in a small group of trained subjects than in sedentary subjects and they also had a 65% greater 

oxidative capacity, indicating a heightened capacity for triglyceride fuel use during exercise.  

Limited research has evaluated exercise training effects on IMAT, resulting in both increased
37

 

and decreased
38

 IMAT.  Pruchnic et al.
17

 noted increases in intramyocellular lipids assessed by 

muscle biopsies and increased oxidative capacity after a 12 week aerobic exercise program in 

older adults.  Goodpaster et al.
39

 randomized a group of older males and females to regular 

physical activity which included a combination of aerobic, strength, flexibility, and balance 

exercises.  After 12 months, IMAT measured by CT did not change significantly in the 

intervention group, yet increased by 18% in control subjects
39

.  This suggests the possibility that 
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physical activity may moderate risk of type-2 diabetes in part by countering age-related increases 

in IMAT.   

Conclusions  

 This study is the first to assess and establish repeatability for IMAT and muscle density 

of the foreleg and to compare pQCT measurements to total body measurements by DXA in 

adults.  This cross-sectional analysis was strengthened by a subject sample of Caucasian women 

with varying BMI, body fat distribution, and physical activity levels.  Measurement of IMAT by 

pQCT does not correlate with variations in biomarkers of risk for type-2 diabetes and 

atherosclerosis in apparently healthy women.  However, muscle density had low CV values and 

was negatively related to markers of health and metabolic disease risk.  Other researchers noted 

variation with IMAT across gender and race
24,35,40,41

; therefore research must be done with 

homogenous sub-populations.  The pQCT device is smaller than a MRI or CT machine with less 

radiation dose and could be used as a prognostic marker to assess disease risk or in training 

studies to determine changes in IMAT or muscle density associated with exercise adaptations.  

More research is necessary to understand the biology of IMAT
3
 and to help determine whether 

IMAT can be targeted through exercise training to help with the prevention and treatment of 

obesity or type-2 diabetes.   
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Tables  

 

Table 1. Subject characteristics (n=82).  

 

 Mean ± SD Range 

Age (yrs) 38.6 ± 4.7  29-46  

BMI (kg/m
2
) 24.5 ± 5.1  18.3-46.6  

Total body fat (%) 29.2 ± 7.8  10.6-51.6  

Central body fat (%) 25.0 ± 10.0  8.9-48.7  

Fasting blood glucose (mmol/L)  86.5 ± 7.5  72-108  

HDL-cholesterol (mg/dL)  58.8 ± 16.0  32-100  

Physical activity (MET∙min/day) 534 ± 272  99-1702  
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Table 2. Relationships between total body DXA measurements and foreleg pQCT 

measurements (n=82). 

 

PQCT FORELEG MEASURES 

DXA MEASURES 

Total body       

fat (%) 
Central body    

fat (%) 
Fat mass (g) 

Lean body    

mass (g) 

Total Foreleg Cross-

Sectional Area (mm
2
) 

0.67
†
 0.61

†
 0.77

†
 0.53

†
 

Subcutaneous Fat (%) 0.83
†
 0.67

†
 0.76

†
 0.10 

Muscle Area (%) -0.81
†
 -0.65

†
 -0.75

†
 -0.09 

IMAT (%) -0.34
†
 -0.27* -0.29

†
 -0.16 

Muscle Density (mg/cm
3
) -0.53

†
 -0.48

†
 -0.55

†
 -0.34

†
 

Percentage of subcutaneous fat, muscle area, and IMAT refer to the percentage based on the total 

cross-sectional area of the foreleg. †p<0.01,*p<0.05  
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Table 3.  Correlations between foreleg muscle density, HOMA-IR and related health 

indices (n=82).  

 

 
Foreleg  

Muscle Density 

(mg/cm
3
) 

HOMA-IR 

Anthropometrics and Physical Activity  

BMI (kg/m
2
) -0.45

†
 0.68

†
 

Physical activity (MET∙min/day) 0.29
*
 -0.44

†
 

DXA Body Composition Measures 

Total body fat (%) -0.53
†
 0.59

†
  

Central body fat (%) -0.48
†
 0.56

†
 

Fat mass (g) -0.55
†
 0.60

†
  

Fat free soft tissue mass (g) -0.34
†
 0.22 

Blood Measures 

HOMA-IR -0.31
†
 N/A  

Insulin (U/ml) -0.33
†
 0.99

†
 

Glucose (mmol/l) 0.13 0.03 

LDL-C (mg/dl) -0.11 0.32
†
 

HDL-C (mg/dl) 0.34
†
 -0.42

†
 

N/A, not applicable, 
†
p<0.01,*p<0.05  
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Table 4.  Multiple regression analysis to determine predictors of HOMA-IR. 

 

Independent Variable β p 

Foreleg muscle density (mg/cm
3
) 0.08 0.46 

Physical activity (MET∙min/day) -0.18 0.16  

Total body fat (%) -0.11 0.54 

HDL-C (mg/dl) -0.18 0.11 

Foreleg subcutaneous fat (%) 0.65 <0.001
†
 

R
2
 = 0.50, p<0.01

† 
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Table 5. Multiple regression analysis to determine predictors of foreleg muscle density. 

 

Independent Variable β p 

HOMA-IR 0.11 0.46 

Physical activity (MET∙min/day) -0.15 0.29 

Total body fat (%) -0.38 0.07 

HDL-C (mg/dl) 0.29 0.03* 

Foreleg subcutaneous fat (%) -0.17 0.37 

R
2
=0.33, p<0.05 
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Figures 

 

Figure 1. Relationship with foreleg muscle density and physical activity (n=78).  
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Figure 2. Relationship between foreleg muscle density and HOMA-IR (n=73).  
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Chapter 5  

Overall summary and conclusions: applications and 

recommendations for future clinical research    

Summary and Conclusions    

An Exploratory Study of Bone Changes Following RYGB and LAGB: Impact on Bone 

Biomarkers, Adiponectin, Leptin, Vitamin D, and Calcium  

This research showed bariatric surgery leads to significant reductions in body weight, fat 

mass, and fat free soft tissue mass at both three and six month periods following surgery.  These 

changes were more pronounced after Roux-en-Y gastric bypass (RYGB) compared to 

laparoscopic adjustable gastric banding (LABG) surgery.  Weight loss ranged from 17-25 kg 

three months after RYGB and 7-14 kg after LAGB.  Six months after surgery, weight loss was 

21-35 kg after RYGB and 9-18 kg after LAGB, which was lower than other research 

documenting weight loss of up to 30-50% of body weight six months following surgery
1
.  Many 

patients experienced some reductions in bone mineral density (BMD) and content (BMC) 

following bariatric surgery.  There were significant reductions in hip BMD from baseline 

measures assessed at six months; these changes were more apparent after RYGB procedures.  

Due to high variability between patients, the changes at six months in BMD and BMC for total 

body, lumbar spine, and radius were not significantly different than baseline measurements. 

Three months following surgery, hip BMD changes were significantly related to weight loss 

(r=0.68, p<0.05).  At the six month follow-up, hip BMD was correlated (p<0.05) to decreased 

leptin (r=0.88) and increased adiponectin (r=-0.82).  These adipokines were related to 

measurements of adiposity after surgery.  Osteocalcin (OC) and carboxy (C)-terminal cross-

linked telopeptides of type I collagen (CTx) significantly (p<0.05) increased in all patients three 
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months after surgery which confirmed the occurrence of bone turnover.  Leptin was inversely 

correlated to CTx, r=-0.85, p<0.05; this relationship has been observed by other researchers and 

may be related to a decrease in leptin resistance associated with rapid weight loss following 

surgery
2
.  Vitamin D was clinically low in four patients prior to surgery and had decreased in six 

patients six months after surgery.  Decreased vitamin D at three months was correlated with the 

change in lumbar spine BMD (r=0.81, p<0.01) and BMC (r=0.79, p<0.05), but was not related to 

other DXA bone measures or other blood biomarkers.  Small decreases in calcium and increased 

parathyroid hormone were observed, but were not significant and remained within clinically 

normal ranges.   

Despite some bone loss following both surgeries and increased bone turnover markers, 

overall hip BMD measures remained within the normal NHANES III reference range
3
.  Changes 

in bone within this small subset may not be clinically significant and it appears osteoporosis risk 

did not increase significantly for the patients evaluated in this study.  Additional research is 

necessary with a larger subset of patients and with longer follow-up time periods to better 

compare changes in bone density and related biomarkers after RYGB and LAGB and to evaluate 

implications for late-life osteoporosis risk.       

Fat and Muscle Indices Assessed by pQCT: Relationships with Physical Activity and 

Type-2 Diabetes Risk  

This is the first research to use the rigorous standards prescribed by the International 

Society for Clinical Densitometry (ISCD)
4
 to determine repeatability of both intermuscular 

adipose tissue (IMAT) and muscle density of the foreleg measured by peripheral Quantitative 

Computed Tomography (pQCT).  The pQCT device reliably measured muscle density in the 

foreleg; coefficient of variation (CV) was 0.8%.  Precision was lower for IMAT of the foreleg 

with a CV of 15.1%.  Muscle density has been validated as an indicator of adipose tissue 
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deposition in the muscle
5,6

 was therefore used as a surrogate for IMAT.  Fat and muscle 

distribution of the foreleg measured by pQCT were highly correlated to total body adiposity 

assessed by dual energy X-ray absorptiometry (DXA), similar to research in other populations
7
.  

Previous literature has shown that IMAT is strongly correlated to total adiposity in both men and 

women
8,9

 and appears to be greater in subjects with type-2 diabetes than in controls
10

.  In this 

group of apparently healthy women not at risk for type-2 diabetes, IMAT was not significantly 

related to markers of health risk.  Muscle density was related to several parameters of health 

status; positive relationships were noted with physical activity, while inverse correlations were 

observed with markers of fat distribution and risk of type-2 diabetes.  Using multiple linear 

regression, 50% percent of the variance in HOMA-IR was explained by foreleg muscle density 

and the percentage of foreleg subcutaneous fat, physical activity, HDL-cholesterol (HDL-C), and 

total body fat percentage, p<0.001.  The same independent variables along with HOMA-IR 

explained 33% of the variance in foreleg muscle density, p<0.001.  After stepwise multiple linear 

regression, foreleg subcutaneous fat and HDL-C remained significant predictors of HOMA-IR 

(R
2
=0.48, p<0.001), while total body fat percentage was a significant negative determinant of 

foreleg muscle density (R
2
=0.27, p<0.001).   

  Physical activity may present a confounding variable to the relationship of IMAT and 

type-2 diabetes risk, but data are inconsistent.  Some researchers have shown increased IMAT in 

trained subjects, possibly utilized as a fuel source during exercise
11

, while other researchers 

observed a negative relationship with exercise capacity and IMAT
9
.  In this population, IMAT 

did not differ between high and low physically active subjects and foreleg muscle density tended 

(p=0.054) to be greater in highly active subjects.  Overall, physical activity level was positively 
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correlated (p<0.05) with muscle density in the foreleg (r=0.29)) and was negatively correlated 

with HOMA-IR (r=-0.44, p<0.01).   

This research establishes the repeatability of foreleg muscle density measured with pQCT 

and confirms the use of this measure as a surrogate for IMAT to evaluate relationships with 

health status.  More research necessary to understand the biology of IMAT
12

 and to help 

determine whether IMAT or muscle density can be targeted through exercise training to help 

with the prevention and treatment of obesity or type-2 diabetes.   

Practical and Clinical Applications  

An Exploratory Study of Bone Changes Following RYGB and LAGB: Impact on Bone 

Biomarkers, Adiponectin, Leptin, Vitamin D, and Calcium  

Osteoporosis has become a significant health risk, as an estimated 10 million Americans 

over the age of 50 have the disease, with another 34 million at risk
13

.  The 2004 Surgeon 

General’s Report
13

 projected that by 2020, one in two adults over age 50 will be at risk for a 

fracture from osteoporosis or low bone mass.  Increased skeletal loading associated with excess 

body weight may protect against osteoporosis, therefore osteoporosis is often overlooked as a 

potential health risk in overweight or obese adults.  Yet evidence on the relation between weight 

loss and bone loss in the overweight and obese population indicates that loss of as little as 10% 

of body weight can result in 1-2% loss of bone
14

.  It is estimated more than 220,000 bariatric 

surgeries will be performed in 2010 alone
15

.  Bariatric surgery may dramatically increase one’s 

risk for osteoporosis, not only through rapid weight loss, but also through changes in absorption 

of nutrients that could detrimentally affect calcium metabolism and thus the capacity to maintain 

bone mass.  Currently, DXA scans are not part of the routine care of bariatric surgery patients. 

Williams et al.
14

 recommends a pre-operative DXA scan for bariatric patients to assess primary 

and secondary risk of bone disease, with a DXA scan repeated every 1-2 years, as indicated.  
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Additional research of bone changes in bariatric surgery patients can provide evidence 

supporting the use of DXA to monitor patient’s bone status post-bariatric surgery and perhaps 

help guide physicians in selecting an appropriate surgical procedure based on patient’s current 

bone health.   

Fat and Muscle Indices Assessed by pQCT: Relationships with Physical Activity and 

Type-2 Diabetes Risk  

With rising rates of obesity, the prevalence of type-2 diabetes continues to increase and is 

expected to affect over 300 million individuals by 2025, more than double the rate of 135 million 

noted in 1995
16

.  Recent research suggests the fat accumulated in muscle (IMAT) appears to 

have an association with insulin resistance and therefore potentially contribute to the 

pathophysiology of type-2 diabetes
17

.  IMAT may also have an association with inflammatory 

markers
18

.  Other research suggests IMAT may be a physiological means for fuel storage in 

active people
11

.  Magnetic resonance imaging (MRI) and computed tomography (CT) analysis 

has shown associations between higher concentrations of IMAT and insulin resistance, type-2 

diabetes, and reduced muscular strength
17,19-21

, yet little research has been done using pQCT to 

assess these patterns and potential health significance.  Data derived from the pQCT on this issue 

are scarce; however the pQCT device is a smaller instrument with less radiation exposure than 

CT, less costly and may be more practical to use in a research setting.  This research suggests 

measurement of IMAT or muscle density using the pQCT device could be used as a prognostic 

marker to assess disease risk or in training studies to evaluate changes in IMAT or muscle 

density associated with exercise adaptations.   
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Recommendations for Future Research  

An Exploratory Study of Bone Changes Following RYGB and LAGB: Impact on Bone 

Biomarkers, Adiponectin, Leptin, Vitamin D, and Calcium  

The purpose of this dissertation study was to examine potential trends and evaluate 

patterns for further analysis within a larger sample size.  The study protocol should continue to 

be followed rigorously with an emphasis on communication and coordination with the bariatric 

surgical team to ensure routine clinical bariatric surgery standard procedures are being completed 

for all patients. It is anticipated that continuation of the current protocol to increase sample size 

will allow for additional statistical analysis to better evaluate the changes in bone density and 

related biomarkers in the context of rapid weight loss after bariatric surgery.  

Bariatric surgery is now an option for adolescents and young adults
22

; therefore the long 

term significance of bone loss is important since many women may not be aware of bone loss 

until much later in life.  Bariatric surgery is becoming an increasingly common procedure, yet 

this research is only the second
23

 to compare changes in bone density following both RYGB and 

LAGB procedures in relation to biomarkers of bone turnover, adipokines, and blood measures 

related to bone and nutrient status (vitamin D, calcium, parathyroid hormone).  Deficiencies of 

both macro and micro nutrients are commonly reported after bariatric surgery
24

 and 

supplementation may not prevent deficiencies
25,26

.  Additional clinical trials are necessary to 

provide recommendations on the type and dosage of vitamin supplements to help minimize risk 

of bone loss and nutrient deficiencies.  It is critical to continue well-controlled research studies to 

evaluate bone changes in the context of bone biomarkers, adipokines, and nutrient related blood 

measures following various forms of bariatric surgery.  This research can help provide more 

detailed guidelines for the bariatric surgery team to identify patients at potential risk for nutrient 

deficiencies and to avoid potential bone loss later in life.  
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Fat and Muscle Indices Assessed by pQCT: Relationships with Physical Activity and 

Type-2 Diabetes Risk  

This research is the first to measure IMAT and muscle density using the pQCT in relation 

to physical activity status.  Additional research is warranted to better understand relationships 

between IMAT, insulin resistance, and physical activity in other populations, including those at 

risk for type-2 diabetes.  Other researchers noted variation with IMAT across gender and 

race
18,27-29

; therefore research must be done with homogenous sub-populations.  Physical activity 

presents a moderating risk factor to the relationship of IMAT and insulin resistance, as exercise 

trained subjects exhibit greater IMAT
30

, or similar levels to those with type-2 diabetes
11

.  Better 

controlled clinical trials are necessary to evaluate exercise training effects on IMAT.  

Intermuscular adipose tissue appears to have depot sizes similar to visceral adipose tissue
28

, 

suggesting accumulations may confer similar negative metabolic consequences. While 

inflammatory markers may show greater associations with specific fat depots than overall fat 

mass
31

, prior research to evaluate the role(s) of circulating inflammatory markers in the context 

of IMAT has been limited and the findings inconsistent
18,21,32

.  Additional research with IMAT 

and inflammatory markers can provide greater understanding into the development of metabolic 

disease and also aid in defining physical activity interventions which may help to prevent or treat 

type-2 diabetes.   
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Appendix A: Detailed Methodology Carilion Bariatric Surgery Study 
 

 

 Recruitment 

 DXA and pQCT bone scan procedures 

 DXA and pQCT scan analysis  

 Diet and physical activity records 

 Blood draw and processing 
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Recruitment  

Subjects were recruited from the bariatric surgical population at Carilion Health System. No 

private records were used by the researchers as a means of identifying candidates. Open 

recruitment enabled bariatric surgical physicians to refer their patients, who may qualify. Study 

personnel assessed eligibility for the study, based on pre-determined inclusion and exclusion 

criteria.   

 

Brochure 

Brochures were distributed by bariatric personnel and physicians and at monthly Bariatric 

Surgery interest group meetings.  An example brochure is included below: 
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DXA and pQCT Bone Scan Procedures 

Subject Arrival  

Subject arrives at 229 Wallace Hall at scheduled time.   

 

Researchers fill out parking pass and instruct subject to write in license plate number on pass and 

place in car. 

 

Informed Consent  

Researchers sit down with subject and explain informed consent with subject.  Give time to read, 

review and ask questions before subject signs form.  Remind subject of components of study: 

bone scans, food and physical activity record and blood draw prior to surgery and then to be 

repeated at three and six months after surgery. Make two copies of the signed consent – one for 

the subject, one for us and the original will be taken to Carilion.  

 

Pregnancy Test  

Send subject to rest room for urine sample for pregnancy test.  

 

Complete pregnancy test.  If test is negative, continue with protocol.  Check off on Screening 

and Measurement Data Sheet that pregnancy test has been completed.    

 

DXA/pQCT Measurement Data Sheet  

Ask subject which surgical procedure she will be having. 

 

If Roux-en Y, subject code begins with BR followed by the number previously assigned.  If 

subject is having laparoscopic adjustable gastric banding, subject code begins with BL followed 

by the number previously assigned.   

 

Fill in subject code, date, and check off which visit this is for subject (baseline, 3 mo, 6 mo) in 

the Appendix E: DXA AND PQCT MEASUREMENT DATA SHEET. 

 

Measurements: body weight, height, radius and tibia length  

Body Weight  

Instruct the subject to remove shoes, any extra jackets or layers and anything from her pockets.  Ask 

subject to step onto the scale in room 229A. Record her weight to the nearest kilogram and to the nearest 

pound.  Subjects exceeding 136 kilograms of body weight will be excluded from the study. 

 

Ask subject to carefully step off of scale.   

Height 

At the wall-mounted stadiometer, ask subject to stand with back against the wall (without shoes) facing 

toward you.  Position arm so it meets the top of the subject’s head.  Record her height to the nearest 

centimeter and to nearest inches.     
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Take subject’s body weight (measure in kg and lbs) and height (measure in cm and inches) and 

record on Appendix E: DXA AND PQCT MEASUREMENT DATA SHEET.  

Radius Length 

If subject is wearing a long sleeve shirt, instruct subject to pull up sleeve arm on non-dominant 

arm.  Have the subject bend the elbow at a 90 degree angle and raise their forearm in front of 

their chest parallel to the floor.  Measure from the highest point of the radial head to the highest 

point of the styloid process of the radius, and record the length to the nearest millimeter using a 

measuring tape and record on the DXA/pQCT Measurement Data Sheet.    

Tibia Length 

If subject is wearing pants, ask the subject to pull up his/her pant leg so that the lower leg is 

exposed.  Instruct the subject to sit in a chair and cross their non-dominant leg over the other leg 

so that the ankle of the non-dominant leg rests upon the top of the knee of the other leg. Measure 

from the highest point of the medial condyle of the tibia to the highest point of the medial 

malleolus, and record the length to the nearest millimeter using a measuring tape and record on 

the DXA/pQCT Measurement Data Sheet. 

 

DXA Scans  

Before beginning the bone scans, ask subject if they are wearing any items that contain metal, buttons, 

snaps, zippers, or hard plastic (including underwire bras).  If she is, offer clothing to change into before 

the DXA scans.  

 

The subjects’ identifying information is entered into the DXA computer. The subject is led to the 

DXA table and given brief information about the four scans to be performed. The following 

scans will be conducted: 

a. whole body 

b. lumbar spine 

c. non-dominant hip 

d. non-dominant forearm. 

 

After the subject is finished both scans, on technician completes analysis on the four scans 

completed.   

 

DXA Scan Analysis  

Four separate scans were performed and then analyzed using the DXA: whole body, lumbar 

spine, non-dominant hip and non-dominant forearm according to the instructions in the QDR 

4500 Instruction Manual.  Central body fat analysis was measured between the first and fourth 

lumbar intervertebral disks by adjusting the lines of the rib box as outlined in Svendsen et al. 

Measurement of abdominal and intra-abdominal fat in postmenopausal women by dual energy 

X-ray absorptiometry and anthropometry: comparison with computerized tomography. (Int J 

Obes Relat Metab Disord 1993;17(1):45-51).  

 

After analyses, the following output scans were printed and placed in the subject data file, with 

the listed data being entered into the database: 
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a. Central abdominal fat analysis (screen 2 / 1 page) 

i. Trunk % body fat  

b. whole body (screens 1 & 3 / 1 page) 

i. Total BMC 

ii. Total BMD 

iii. Total % body fat 

iv. Total fat mass 

v. Total fat free soft tissue mass  

c. lumbar spine (screens 1 & 2 / 1 page) 

i. L1-L4 BMD 

ii. L1-L4 BMC 

iii. T-score 

d. total hip (screen 1, plot screen 1 / 1 page) 

i. Total BMC 

ii. Total BMD 

iii. Total T-score 

e. radius (radius screen 1, plot radius screen 1 / 1 page) 

i. Radius BMC 

ii. Radius BMD 

iii. Total T-score 

 

pQCT Scans  

The subjects’ identifying information is entered into the pQCT computer. The subject is led to the pQCT 

and given brief information about the scans to be performed. The TIBIA4S and RADIUS2S scans will be 

performed. 

 

The TIBIA4S will be completed first on the subject.  Set up the pQCT with the leg stabilizer and 

foot stirrup. 

Ask the subject to sit in the pQCT chair, and adjust the seat for the appropriate non-dominant 

limb. Place the bottom of the foot of the non-dominant limb in the stirrup through the gantry of 

the device with the stabilizing arm placed just above the knee so that the knee is slightly bent. 

The leg should be very nearly parallel to the ground and in the center of the gantry. Subject is 

instructed to remain still and keep lower limb steady in the device.  

Conduct the scan. 

pQCT Scan Analysis   

Scans were analyzed using the TIBIA4S Macro according to the instructions in the Stratec XCT 

3000 Instruction Manual. 

 

After analyses, the following output scans will be printed and placed in the subject data file, with 

the listed data being entered into the database: 

a. TIBIA4S Macro (2 screens) 

i. 66% Total area 

ii. 66% Subcutaneous Fat 

iii. 66% Muscle Area  
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iv. 66% Muscle Density  
 

IMAT Analysis  

The IMAT was calculated using the scan located at 66% of the non-dominant tibia and the 

CALCBD analysis using the Stratec software.  Two separate analyses were done using the 

Stratec software and then subtracted from one another to determine IMAT.  The first scan used 

the following parameters: threshold 41 mg/ccm, trabecular area 100%, contour mode 3 (iterative 

contour search), peel mode 1 (concentric peel), and filters F03F05F05 (muscle smooth 3) to 

determine total area at the 66% location.  The analysis was run a second time with an additional 

filter (F07) which excluded fat.  These two total areas were subtracted to calculate IMAT  

 

Diet and Physical Activity Record 

Diet Record Instructions 

Record subject code at the top of the Food and Physical Activity Record and record visit 

(baseline, 3 mo, 6 mo).  Give subject Food and Activity Record and thoroughly explain top 

instruction sheet, noting contact information at the top of the page if any questions arise later.  

The food record contains the time, location where food was consumed, detailed description of 

food including the method of preparation, amounts and special notes.  During the session, 

subjects will be given instructions on how to measure portion sizes and instructed to give details 

about the food consumed including the brand name of the food if applicable.  Subjects will be 

shown a sample food record and how to complete the diet record.    Subjects will be instructed to 

keep the food record with them throughout the day and to record each meal after it is eaten, 

rather than waiting until the evening to record all food consumed for the day.     

Instruct subject to record all food and beverages consumed over a four day period.  The Food and Activity 

Record needs to be completed over 4 days, 3 weekdays and 1 weekend day.  Subjects are asked to 

complete the record from Wednesday-Saturday or Sunday-Wednesday.   

It is important that subject’s keep the record with them throughout the day so they can make a recording 

after each meal/snack, rather than relying on memory to record their meals at the end of the day.   

Subjects will include detailed record of each food item consumed, including the time of day, the location, 

the food, and the portion size.  Ask subjects to include recipes and any less common ingredient labels 

from foods/drinks they have consumed.   

 

Arrange a time for subject to return Food and Activity Record.  If subject will not be bringing record to 

next visit, give subject an addressed, stamped envelope to record the record to the researchers.  Inform 

subjects they will be notified upon receipt of the Food and Activity Record.  

 

Pedometer Instructions 

During the same 4 day period of maintaining a diet and physical activity log, subjects wore wear 

a pedometer for all waking hours for 4 continuous days.  The pedometer will be attached at the 

hip on the right side of the body.  The pedometer will be removed each evening for sleep.  After 

removing the pedometer, subjects will open the pedometer face and record the number of steps 

taken that day.   After recording, they will hit the reset button and wait for the pedometer to zero.  
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Subjects will then attach the pedometer to their right hip and go about their daily activities.  

Subjects will remove the pedometer for running, swimming or any activity more strenuous that 

walking and then record the activity including the duration and the intensity at the top of each 

day’s diet/physical activity record.  Researcher will explain to subject how to rate their intensity 

level using a BORG scale (6-20). A level 6 is comparable to sitting down watching TV, while a 

level 20 would refer to extremely strenuous activity.  Subjects will also note whether the 

pedometer was removed for any activities.  Additionally, subjects will also remove the 

pedometer when bathing or showering, as water will damage the instrument.  Remind subjects 

they will be using this pedometer again at the three month and six month follow up and that they 

will be allowed to keep the pedometer following completion of this study. 

The following pages include the instructions for the subjects and a copy of the dietary and physical 

activity record. 

Instructions for Completing the 4-Day Diet and Activity Record 

It is extremely important that you take this part of the study seriously.  We need for you to be as 

complete and specific as possible.  If you have any questions while completing this, please email 

me at kbutner@vt.edu.  

 

1. Please write down everything you eat and drink (that has calories) as soon as 

possible after you consume it.  Include anything you eat including hard candy, gum, 

etc.  There is no need to include water or drinks without calories, but if you put cream 

and sugar in your coffee, please make sure to list those.   

2. Please fill out each column for each food item: time, place, food description, portion 

size.   

3. Please be especially detailed on the food description.  We need this to be able to enter 

your food intake correctly into the computer.  If you are eating at a restaurant/take 

out, please list the restaurant name and portion size; for most restaurants we can look 

up the nutrition information online.   

 

Use your best judgment, and here are some tips: 

a. Try to use amounts such as cups, tablespoons, ounces, etc. if possible, but just 

describe the amount if you are not sure 

i. 1 cup is about the size of a baseball  

ii. ½ cup is about the size of a tennis ball (usually 1 scoop of side dish at a 

cafeteria) 

iii. 1 teaspoon is about the size of the end of your thumb – 3 teaspoons is 1 

tablespoon 

iv. ¼ cup is about the size of a golf ball 

v. 3 ounces of meat is about the size of a deck of cards 

b. Please include drinks with calories, the SIZE and tell us whether it was regular or 

diet, sweet or unsweetened, and anything you added (i.e. cream, sugar, etc.)   

c. For any foods that you can, please tell us the BRAND NAME and PRODUCT 

NAME and whether it was fat free, low fat, etc.   

4. Please don’t forget to write down your physical activity for the day on the front of 

the diet/activity record.  Please make sure to note the type of activity, the total time 

spent, the intensity and whether or not you removed your pedometer.     

mailto:kbutner@vt.edu
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5. Please rate the intensity of your activity on a BORG scale 6-20.  
 

BORG Rating of Perceived Exertion (RPE) Scale 

6 No exertion at all 14  

7 Very, very light 15 Hard 

8  16  

9 Very light 17 Very hard 

10  18  

11 Fairly light 19 Very, very hard 

12  20 Maximal exertion 

13 Somewhat hard   
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Subject ID: ___________________  Diet Record:     Baseline     3 mo     6 mo   Pedometer Step Count: _________                   

 

Date:  _______________________     Day of the week: ______________________  Day (circle):     1    2    3    4    

 

Physical Activity Record 

Please list any physical activity you did today.  Please remove your pedometer for any activity more strenuous than walking or any 

water activity.  Please rate your intensity on a 6-20 scale (see instruction page for further details).  

 

Type of Activity   Time Intensity  

(6-20 from mild-

heavy) 

Pedometer 

on/off 

Example: Elliptical Machine, level 6 hill interval  20 minutes 10 Off  

    

    

    

 

Food Intake Record 

Remember: please do not alter your normal diet while keeping this record.  Keep the record for 4 consecutive days.  Use additional 

pages for each day if necessary.  For foods eaten out, indicate where foods were purchased.  For mixed foods, include recipe on a 

separate page.   

Time 

Place  

(Restaurant, 

home, etc.) 

Food Description 
(Please specify, if known: brand names, cooking method, type of 

product, and include labels when possible) 

Portion Size  

(How much? Serving size) 

 

Additional 

Notes 

7:00 

am 

Home Cheerios and skim milk  

 

1 cup Cheerios 

½ cup skim milk  
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Time 

Place 

(Restaurant, 

home, etc.) 

Food Description 
(Please specify, if known: brand names, cooking method, type of 

product, and include labels when possible) 

Portion Size 

(How much? Serving size) 

 

Additional 

Notes 
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At the end of the visit 

Thank subject for their time and participation in study. 

 

Inform subject they will receive the results of their measurements after the completion of the study.   

If bone scans are completed before blood draw appointment: Let subject know the researchers will be 

there at the blood draw visit to take additional vials of blood and that the subject will need to be fasting 

prior to this visit.  Ask subject whether they would like a phone or email reminder to be fasted.   

If bone scans are completed after the blood draw appointment: Let the subject know a researcher will be 

in contact with them three months after surgery to arrange their second visit.   

 

Blood Draw and Processing  

Researchers will contact subjects with the following instructions the day before they are 

scheduled for their blood draw. 

 

1. Remember that the fast is for at least 8 hours, but no more than 16 hours prior to your 

scheduled appointment. 

2. During the fasting period, drink only water. You may take any prescribed medications, as 

long as they do not require that you take them with food. 

3. Contact your physician with any medical concerns regarding fasting. 

4.  Avoid excessive exercise prior to your blood draw appointment. 

 

Blood is drawn as it will be for current clinic patients and drawn by same certified personnel 

who currently does blood draws for these patients, e.g. Carilion Labs, Inc. Subjects will have 

75mL drawn and analyzed for clinical purposes. Carilion Labs Inc. is provided with the 

following instructions and one of the researchers will be present during the blood draws and will 

complete the blood processing. 

 

Blood Collection 

1. Pull 4 SST – (red/grey speckled stopper), 3 EDTA – (lavender stopper), tube for blood 

collection. 

2. All tubes will be labeled with  subjects ID #  

3. Take blood in the standard protocol sequence adding the additional tubes for research. 

(SST, EDTA) 

4. Inoculate each tube 5 times before putting in the rack. 

5. Label date and time of draw on the tubes. 

6. Place EDTA and SST tubes in holding rack inside biohazard bag and into the cooler. 

 

Blood Processing and Storage  

After blood is drawn by Carilion Lab personnel, the tubes containing the research samples will 

be labeled with subject numbers and then immediately transported to the Carilion Community 

Research Lab by individuals authorized by Carilion Clinic to do such.  Upon arrival at the lab the 
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blood samples will be processed to separate plasma and serum and stored at -80°C for later 

cytokine analyses. Serum will be used for analysis of the following biochemical markers:  

osteocalcin, carboxy (C)-terminal cross-linked telopeptides of type I collagen (CTx), 

adiponectin, and leptin.  Serum vitamin D [25(OH)D3], calcium and parathyroid hormone (PTH) 

will be measured by Carilion Laboratories in accordance with the standard bariatric surgery 

clinical pathway.   

Important Pre-procedure Notes: 

*All procedures using blood should be conducted in the Biosafety hood and blood should be 

treated as infectious (i.e., standard precautions in effect).  

 

*All tubes should be sprayed with ethanol prior to entry into the hood. Tubes should be opened 

only inside the hood using multiple, folded kimwipes to absorb any blood from the top of the 

tube as the stopper is removed as this is a splatter hazard. 

 

*Ensure LABELS have three identifiers: 1) patient ID code, 2) date, and 3) visit designation) 

 

*Consider the volumes you will need for additional testing when aliquotting serum and plasma to 

cryovials.  Base volumes per tube on amounts required for these later assays; a maximum of 3 

freeze/thaw cycles is generally acceptable for general downstream applications such as ELISAs. 

 

* If processing must be delayed once blood is brought to the lab, place tubes on tube roller (back 

bench) at RT for up to 2 hours.  

 

*Use the pipet-aid on SLOW or MED speed for processing until you are comfortable with the 

control. 

 

*Note: This procedure is to be done individually for each study participant although multiple 

samples may be processed simultaneously. Special care must be taken to record specimen ID, 

date and visit designation on each vessel used. Work carefully and label well to ensure that 

samples from two patients are not mixed at any point during the procedure. 

 

Procedure for SST (tiger top tube): [see “Tech Talk” Vol. 4, No. 2; Nov 2005 for additional 

info] 

 

*Note: this tube should be inverted ~5 times immediately after drawn before being placed 

upright to clot! 
1. Allow the tube to clot for up to 30 minutes undisturbed, vertically at room temperature (RT) (in a 

rack on the bench). 

2. Once clot has formed, spin tubes for 10 minutes at RT at 1200 x g in the (tissue culture) Legend 

RT+ benchtop centrifuge. [Program #1 on Legend cfg but ADD 5 more minutes] 

3. Label appropriate number of cryovials with the specimen/patient code ID and other identifiers 

and the letter “S” for serum. Repeat labeling for each unique patient ID. (note volume of serum 

on the vial where warranted for convenience when thawing for subsequent use). 

4. Carefully remove the tubes from the centrifuge, so as not to disturb the gel barrier, and place 

them in the hood.  
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5. Aliquot 500-1000 l of serum (top layer above gel) into pre-labled cryovials (from step3) using 1 

ml micropipettor and sterile tips. 

6. Place the serum vials in the designated box in the -80 C freezer. Record the location of the vials 

on a box map, with complete identifiers, so that they may be entered into Cryotrack software by 

the lab staff. 

Procedure for K2EDTA (purple top tube):  

*Note: Tubes should be inverted ~8-10 times immediately after drawn before being transported! 

 

1. Balance tubes (opposite buckets) and spin tubes for 10 minutes at RT at 1200 x g in the 

(tissue culture) Legend RT+ benchtop centrifuge. [Program #1 on Legend cfg but ADD 5 

more minutes] 

2. Label appropriate number of cryovials with the specimen/patient code ID and other 

identifiers and “EDTA-P” for plasma. Repeat labeling for each unique patient ID. (note 

volume of plasma on the vial where warranted for convenience when thawing for 

subsequent use). 

3. Carefully remove the tubes from the centrifuge, so as not to disturb the gel barrier, and 

place them in the hood.  

4. A.  If more than one EDTA tube has been drawn per patient, pool the plasma (yellow-ish, 

top layer above gel in tubes) from all tubes into a sterile 15 ml (or 50 ml) concial tube 

and mix gently, by pipetting up and down, to ensure homogeneity of plasma before 

aliquotting to freeze. 

B. Aliquot 500-1000 l of EDTA plasma (top layer above gel) into pre-labled cryovials 

(from step2) using 1 ml micropipettor and sterile tips. [As long as the tip remains sterile, 

you may use the same tip for all aliquots of one patient. Change tips if it touches anything 

besides the plasma/tubes OR when you begin a new patient sample.] 

5. Place the serum vials in the designated box in the -80 C freezer. Record the location of 

the vials on a box map, with complete identifiers, so that they may be entered into 

Cryotrack software by the lab staff. 
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Appendix B: Detailed Methodology Virginia Tech Bone Study 
 

 

 Recruitment 

 DXA and pQCT bone scan procedures 

 DXA and pQCT scan analysis 

 Diet and physical activity records 

 Blood draw and processing 
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Recruitment 

Subjects were recruited from the resident and student population at Virginia Tech and in the 

communities surrounding the campus and through flyers posted at a local gym. No private 

records were used by the researchers as a means of identifying candidates.  Study personnel 

assessed eligibility for the study, based on pre-determined inclusion and exclusion criteria.   

DXA and pQCT Bone Scan Procedures 

DXA and pQCT bone scan procedures were identical to those described in Appendix A: DXA 

and pQCT Bone Scan Procedures.  However, subjects were coded starting with the letter B_0#.  

The first subset of 15 subjects returned to the lab for a total of three pQCT scans to establish 

repeatability.  All other subjects had one DXA and one pQCT scan completed.      

DXA and pQCT Scan Analysis 

DXA and pQCT bone scan analyses were identical to those described in Appendix A: DXA Scan 

Analysis and pQCT Scan Analysis.  

Diet and Physical Activity Record 

Diet and physical activity records were identical to those described in Appendix A: Diet and 

Physical Activity Record.  

Blood Chemistry Fasting Instructions 

Blood Draw and Processing Researchers will contact subjects with the following instructions the 

day before they are scheduled for their blood draw. 

1. Remember that you should fast for at least 8 hours, but no more than 16 hours prior to 

your scheduled appointment. 

2. During the fasting period, drink only water and take all prescribed medications. 

3. Avoid excessive exercise prior to your blood draw appointment. 

4. Contact your physician with any medical concerns regarding fasting. 

5. After your blood draw, complimentary snacks will be provided for you. 

 

For this study, blood was drawn by a phlebotomist and laboratory technician at Virginia Tech, 

Janet Rinehart in Wallace 229.       

Blood Draw and Processing   

Venous Collection 

Before subject arrives: 

1. Create new subject file.  

2. Put a copy of “Blood Draw” in subject’s chart. 

3. Take out turnicate, yellow needle shield, vacutainer needle or butterfly, alcohol swabs, 

gauze, bandages, and gloves. 

4. Pull 3 serum (red/grey speckled stopper), 3 plasma (lavender stopper), and 1 whole blood 

(green stopper) tube for blood collection. 

5. Fill plastic container with crushed ice.    

After subject arrives: 

1. Have subject sit in black exam chair and rest for about 5 minutes 
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2. Have phlebotomist go through “Blood Draw” questions. 

a. If subject did not get sufficient sleep, or ate, had caffeine, or alcohol in the 

previous 8 hours, reschedule blood draw 

3. Take subjects seated resting blood pressure 

a. If value is considerably higher/lower than previous testing, attempt to determine 

reason and potentially reschedule. 

4. Proceed with venipuncture 

5. Inoculate each plasma tube (lavender) and the whole blood tube (green) 10-12 times 

before putting on ice. 

6. Place plasma blood tubes in crushed ice (at least 75% covered) and serum tubes in 

holding rack 

 

After venipuncture: 

1. Place all needles in red sharp disposal container. 

2. Take subject’s blood pressure and compare to pre-draw measurement. 

3. Give subject snack of juice and crackers. 

4. Allow subject to leave after 5 minutes supervision and no signs/symptoms of abnormal 

response. 

 

Discard used gloves, gauze, band aids, alcohol wipes, and any other disposable material  

contaminated with blood in the red biohazard disposal box. 

Cholestech Procedures 

Cholestech Summary 

The Cholestech Lipid Profile and GLU cassette measures total cholesterol (TC), high density 

lipoprotein (HDL), triglycerides (TRG) and glucose (GLU).  The Lipid Profile and GLU cassette 

also calculates the TC/HDL ratio, non-HDL cholesterol, and estimates the level of LDL 

cholesterol. The test takes about 5 minutes and 55 µL of whole blood or serum is needed as the 

sample amount. 

Cholestech Instructions 

1. Let the Cholestech cassette sit at room temperature for 10 minutes. 

2. Put on latex gloves provided by the laboratory. 

3. Remove the cassette from its pouch.  Do not touch the black bar or the brown stripe.  Put 

the cassette on a clean, flat surface. 

4. Press RUN on the Cholestech Analyzer. 

5. Using whole blood from the 2mL tube collected via venipuncture, use the MiniPet Pipette 

to place blood into the cassette within 5 minutes of collection. 

6. Keep the cassette flat after the blood sample has been applied.  Place the cassette into the 

drawer of the Analyzer at once.  The black bar must face the Analyzer.  The brown stripe 

must be on the right. 

7. Press RUN on the Analyzer.  The drawer will close. 

8. Put everything that touched the blood sample in a biohazard waste container. 

9. When the test is complete, the Analyzer will beep and print an output of lipid and glucose 

measurements. 
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10. When the drawer opens, remove the cassette and discard in a biohazard waste container.  

Close the Analyzer drawer and leave empty when not in use. 

11. Label printed output with subject’s number and date and file with subject’s existing data. 

 

Blood Processing and Storage 

1. Place 2 large-hole tube holders across from one another in the centrifuge. 

2. Place small tube holders in the other 2 slots, so that small is straight across from small, 

and large is straight across from large. 

3. Place 2 small plasma tubes in the center of the small tube holder. 

4. Screw the clear plastic lid on the small tube holder and place in centrifuge 

5. Place the third plasma tube and a plasma tube filled with water in the same slots on the 

second small tube holder. 

6. Screw the clear plastic lid on the small tube holder and place in centrifuge 

7. Close the centrifuge and press mode until 15:00 appears. 

8. Press the green start key. 

9. This will spin for 15 minutes at 2500RPM at 4 degrees C. 

10. If the centrifuge stops suddenly after 10-15 seconds, it is not balanced.  Make sure that all 

tubes are placed exactly as described earlier. 

11. While blood is spinning, take out one small biohazard bag, 12 storage microcuvettes, and 

the box containing pipettes.   

12. Label the biohazard bag with the subject’s initials, code number, and date. 

13. Label 6 microcuvettes with the subject’s initials, code number, date, and a large P 

(plasma) 

14. Label 6 microcuvettes with the subject’s initials, code number, date, and a large S 

(serum) 

15. When blood finishes spinning, remove tubes from centrifuge. 

16. Tube should contain 2 layers: plasma (clear-yellowish) and red blood cells (red) 

17. Carefully remove the lavender stoppers and the lids of the P labeled microcuvettes. 

18. Compress pipette and dip into the middle of the top plasma layer. 

19. Slowly release pressure on the pipette, watching plasma be removed from the tube and be 

sucked into the pipette. 

20. Expel plasma into microcuvettes. 

21. Carefully continue this process until roughly ¼ inch of plasma remains (leave this, as you 

do not want to disturb the layers). 

22. Evenly distribute plasma into microcuvettes, ideally having 1.5-1.8 ml plasma in each 

microcuvette. 

23. Firmly close each microcuvette and place in labeled biohazard bag. 

24. Replace the stopper and place the tube and pipette in sharps disposal container. 

25. After 30-45 minutes sitting at room temperature, place serum tubes in centrifuge 

26. Place 2 large serum tubes at opposite sides of the large tube holder. 

27. Screw the clear plastic lid on the large tube holder and place in centrifuge 

28. Place the third serum tube and a serum tube filled with water in the same slots on the 

second large tube holder. 

29. Screw the clear plastic lid on the large tube holder and place in centrifuge 
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30. Close the centrifuge and press mode until 15:00 appears. 

31. Press the green start key. 

32. This will spin for 15 minutes at 2500RPM at 4 degrees C. 

33. If the centrifuge stops suddenly after 10-15 seconds, it is not balanced.  Make sure that all 

tubes are placed exactly as described earlier. 

34. When blood finishes spinning, remove tubes from centrifuge. 

35. Tube should contain 3 layers: serum (yellowish-clear), fibrous clot (yellow-white-clear), 

and red blood cells) 

36. If serum clots, remove stopper and dip wooden twist stick or pipette into the middle of 

the top yellow/clear layer.   

37. Slowly spin the wooden stick or pipette as the clot begins to attach. 

38. When the clot has wrapped around the stick or pipette completely, slowly pull from the 

tube and discard. 

39. After completing this process on all 3 serum tubes, replace in the centrifuge, making sure 

the tubes are balanced as before. 

40. Spin on the same setting as before, but tubes can be removed after 5 minutes of spinning 

to extract serum. 

41. Carefully remove the red/grey stoppers and the lids of the S labeled microcuvettes. 

42. Compress a new pipette and dip into the middle of the top serum layer (clear/yellow). 

43. Slowly release pressure on the pipette, watching serum be removed from the tube and be 

sucked into the pipette. 

44. Expel serum into microcuvettes. 

45. Carefully continue this process until roughly ¼ inch of serum remains (leave this, as you 

do not want to disturb the layers). 

46. Evenly distribute serum into microcuvettes, ideally having 1.0-1.8 mL serum in each 

microcuvette. 

47. Firmly close each microcuvette and place in labeled biohazard bag. 

48. Replace the stopper and place the tube and pipette in sharps disposal container. 

49. Close seal on biohazard bag and place in bottom drawer of -80
o
C freezer with other 

samples. 
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Appendix C: Institutional Review Board Protection of Human Subjects 

 

 

 Carilion Bariatric Surgery Study 

 Virginia Tech Bone Study 



145 

 



146 



147 

 

 



148 



 

149 

 

Appendix D: Informed Consent 
 

 Carilion Bariatric Surgery Study 

o Preliminary Screening Informed Consent  

o Bone Study Informed Consent   

 Virginia Tech Bone Study 
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Appendix E: DXA and pQCT Measurement Data Sheet  
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Similar recording forms for used for both the Carilion Bariatric Surgery Study and the HNFE 

Department Bone Study.  For the Carilion study, an additional header was added to indicate 

whether subjects were coming in for the baseline, three or six month follow up.   

 

Virginia Tech / Carilion Medical Center 

Subject ID 

    
 

Date 

   
 

DXA/pQCT  

 Baseline 

 3 Mo. 

 6 Mo. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

DXA/pQCT Measurement Data Sheet 

D.O.B_______________    Pregnancy Test Performed    

  

Height _________ cm/_________ in   Weight ______ lbs. / ______ kg   

 

BMI __________ kg/m
2    

 

 

Lengths 

 

Non-dominant Side  __________          

Non-dominant Tibia __________ mm Non-dominant Radius __________ mm  
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Appendix F: Assay procedures 
 

 

 Insulin Radioimmunoassay procedure  

 Osteocalcin ELISA assay procedure 

 Carboxy (C)-terminal cross-linked telopeptides of type I collagen (CTx) ELISA 

assay procedure 

 Adiponectin ELISA assay procedure 

 Leptin ELISA assay procedure  
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Insulin Radioimmunoassay Procedure 

 

A Coat-a-Count Insulin Radio Immuno Assay (RIA) was purchased from Siemens, Los Angeles, 

CA.  The insulin RIA was analyzed in Dr. Frank Gwazdauskas’s laboratory located in Litton 

Reaves, on Virginia Tech’s campus in accordance with the instruction manual produced by 

Siemens and provided in the assay kit.  The instructions are detailed below.   

 

1. Bring serum samples to room temperature  

 

2. Plain tubes: label four plain (uncoated) 12x75 mm polypropylene tubes T (total counts) 

and NSB (nonspecific binding) in duplicate.  

 

3. Coated tubes: label 14 Insulin Ab-Coated Tubes A (maximum binding) and B through G 

in duplicate.  Label additional antibody anti-body coated tubes, as in duplicate for 

controls and patient samples  

 

4. Pipet 200 uL of the zero calibrator A into the NSB and A tubes and 200 uL of each of the 

remaining calibrator, control and each patient sample into the tubes prepared.  Pipet 

directly into the bottom. 

 

5. Add 1 mL of 
125

I Insulin to every tube.  Vortex.  

 

6. Incubate for 24 hours at room temperature.  

 

7. Decant thoroughly.   

 

8. Count for 1 minute in a gamma counter.   
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Osteocalcin ELISA Assay Procedure 

 

An osteocalcin (1-43/49) enzyme-linked immunosorbent assay (ELISA) was purchased from 

Alpco, Salem, NH.  The osteocalcin ELISA was analyzed using serum in Carilion Community 

Basic Research Laboratory, located in Roanoke VA with the assistance of laboratory technician 

Frances Philp and was performed in accordance with the instruction manual produced by Alpco 

and available online at http://www.alpco.com/pdfs/43/43-OSNHU-E01.pdf.     

 

The following laboratory equipment was used in for this assay: 

 

 Excella E25 Economical Incubator Shaker Series New Brunswick Scientific (Edison, NJ), shaker 

at room temperature.  

 Fischer Scientific Wellwash 4Mk2, Thermo Electron Corporation (Vantaa, Finland).  

 BioRad Laboratories Model 680 Microplate Reader along with Microplate manager software 

Version 5.2.1 Build 106 (Hercules, CA) to read the specimen at 450 nm with 595 nm background. 

http://www.alpco.com/pdfs/43/43-OSNHU-E01.pdf
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Carboxy (C)-telopeptide of Type I Collagen (CTx) ELISA Assay Procedure 

 

A human carboxy (C)-telopeptide of type I collagen (CTx) CrossLaps enzyme-linked 

immunosorbent assay (ELISA) was purchased from Immunodiagnostic Systems (Scottsdale, 

AZ).  The CTx ELISA was analyzed using serum in Carilion Community Basic Research 

Laboratory, located in Roanoke VA with the assistance of laboratory technician Frances Philp 

and was performed in accordance with the instruction manual produced by Immunodiagnostic 

Systems found on their website at http://www.idsplc.com/en-us/products/product.php?id=8521.   

 

The following laboratory equipment was used in for this assay: 

 

 Excella E25 Economical Incubator Shaker Series New Brunswick Scientific (Edison, NJ), shaker 

at room temperature.  

 Fischer Scientific Wellwash 4Mk2, Thermo Electron Corporation (Vantaa, Finland).  

 BioRad Laboratories Model 680 Microplate Reader along with Microplate manager software 

Version 5.2.1 Build 106 (Hercules, CA) to read the specimen at 450 nm with no background. 

http://www.idsplc.com/en-us/products/product.php?id=8521
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Adiponectin ELISA Assay Procedure 

 

An adiponectin enzyme-linked immunosorbent assay (ELISA) was purchased from Alpco, 

Salem, NH.  The adiponectin ELISA was analyzed using serum in Carilion Community Basic 

Research Laboratory, located in Roanoke VA with the assistance of laboratory technician 

Frances Philp and was performed in accordance with the instruction manual produced by Alpco 

found on their website at http://www.alpco.com/pdfs/47/47-ADPHUT-E01.pdf.    

 

The following laboratory equipment was used in for this assay: 

 

 Excella E25 Economical Incubator Shaker Series New Brunswick Scientific (Edison, NJ), shaker 

at room temperature.  

 Fischer Scientific Wellwash 4Mk2, Thermo Electron Corporation (Vantaa, Finland).  

 BioRad Laboratories Model 680 Microplate Reader along with Microplate manager software 

Version 5.2.1 Build 106 (Hercules, CA) to read the specimen at 490 nm with no background.  

http://www.alpco.com/pdfs/47/47-ADPHUT-E01.pdf
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Leptin ELISA Assay Procedure  

 

A leptin enzyme-linked immunosorbent assay (ELISA) was purchased from Alpco, Salem, NH.  

The leptin ELISA was analyzed was analyzed using serum in Carilion Community Basic 

Research Laboratory, located in Roanoke VA with the assistance of laboratory technician 

Frances Philp and was performed in accordance with the instruction manual produced by Alpco 

found on their website, http://www.alpco.com/pdfs/11/11-LEPHU-E01.pdf.      

 

The following laboratory equipment was used in for this assay: 

 

 Shaker, Model 2314FS, Fischer Scientific (Dubuque, IO), shaker at room temperature.  

 Fischer Scientific Wellwash 4Mk2, Thermo Electron Corporation (Vantaa, Finland).  

 BioRad Laboratories Model 680 Microplate Reader along with Microplate manager software 

Version 5.2.1 Build 106 (Hercules, CA) to read the specimen at 450 nm with no background.  

 

 

http://www.alpco.com/pdfs/11/11-LEPHU-E01.pdf
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Appendix G: Raw Data Chapter 3  

 

Chapter 3: An Exploratory Study of Bone Changes Following RYGB and LAGB: Impact 

on Bone Biomarkers, Adiponectin, Leptin, Vitamin D and Calcium 

 

 Table 1. RYGB and LAGB baseline, three month, six month anthropometrics  

 Table 2. RYGB and LAGB baseline, three month, six month DXA body composition  

 Table 3. RYGB and LAGB baseline, three month, six month DXA bone 

measurements   

 Table 4. RYGB and LAGB baseline, three month, six month blood nutrient 

measures   

 Table 5. RYGB and LAGB baseline, three month, six month metabolic and bone 

markers 

 Table 6. Baseline, three and six month measurements following RYGB and LAGB 

surgery.  

 Table 7. Percent change from baseline measurements at three and six months 

following bariatric surgery.     
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Table 1. RYGB and LAGB baseline, three month, six month anthropometrics 

 

Color coding: White = RYGB; gray = LAGB. 

B, baseline; 3, three month measurement; 6, six month measurement; N/A, data not available.  

 

  
Age 

(yr) 

Height 

(cm) 
Weight (kg) Body Mass Index (mg/kg2) Waist Circumference (cm) Hip Circumference (cm) 

Code     B 3 6 B 3 6 B 3 6 B 3 6 

BL_003 42 169.8 108.1 98.1 99.2 37.5 34.0 34.4 107 108 102 132 132 123 

BR_012 42 167.5 117.1 94.0 87.4 41.8 33.5 31.2 123.5 100.5 97.5 137 121 100 

BR_013 45 155.2 114.5 89.8 79.4 47.5 37.3 33 115 94.5 87 142 122 117 

BR_020 43 170.1 109.5 85.5 79.1 37.9 29.6 27.3 128 128 99 135 135 116 

BL_021 40 165.3 107.7 99.1 94.1 39.4 36.3 34.4 120 107 102 135 125 124 

BL_026 28 160.0 114.4 107.2 104.1 44.7 41.9 40.7 107 96 114 147 139 138 

BR_033 34 157.4 114.1 94.5 93.4 46.0 38.1 37.7 128.5 108 N/A 142.5 128 N/A 

BL_41 21 165.0 126.8 112.6 108.5 46.8 41.6 40.0 108 97 96 135 126 117 

BR_042 37 161.0 108.7 92.0 80.8 42.2 35.7 31.4 104 94.5 90 136.5 124 113 

Mean ± SD 
36.9 ± 

7.9  

163.4 ± 

5.4 

113.4 ± 

6.1 
96.9 ± 8.5 91.8 ± 10.9 42.6 ± 3.8 36.4 ± 3.9 34.5 ± 4.4 116.7 ± 9.6 

103.7 ± 

10.7 
98.4 ± 8.3 138 ± 4.8  127.9 ± 6.2  

118.5 ± 

10.8  

 
                            

RYGB 
40.2 ± 

4.5 

162.1 ± 

6.4 

112.8 ± 

3.6 
91.1 ± 3.7 84 ± 6.2 43.1 ± 3.9  34.8 ± 3.4 32.1 ± 3.8  

119.8 ± 

10.4  
105.1 ± 14 93.4 ± 5.8 138.6 ± 3.4 125.9 ± 5.8  111.5 ± 7.9  

LAGB 
32.8 ± 

10 

164.9 ± 

4.0 

114.3 ± 

8.9  
104.3 ± 7 101.5 ± 6.2 42.1 ± 4.4 38.5 ± 3.9 37.4 ± 10 110.6 ± 6.3 102 ± 6.4 103.5 ± 7.5  137.3 ± 6.7  130.5 ± 6.5 125.5 ± 8.9  
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Table 2. RYGB and LAGB baseline, three month, six month DXA body composition  

 

Color coding: White = RYGB; gray = LAGB. 

B, baseline; 3, three month measurement; 6, six month measurement. 

 

  Total body fat (%) Central body fat (%) Total fat mass (g) Fat free soft tissue mass (g) 

Code B 3 6 B 3 6 B 3 6 B 3 6 

BL_003 46.0 45.0 42.6 46.1 48.0 41.5 50232.5 44564.3 42649.6 57049.9 52450.1 55566.8 

BR_012 40.8 33.5 26.9 46.7 40.9 32.6 48609.0 32078.7 23780.2 67893.9 61184.5 62147.2 

BR_013 53.8 41.8 43.6 50.8 38.9 42.0 61427.2 37684.3 35243.1 50216.5 49824.2 42961.9 

BR_020 43.1 36.5 31.8 48.2 41.6 32.3 47770.4 31243.1 25460.5 60252.1 51728.7 52006.9 

BL_021 48.0 45.9 42.2 51.7 54.9 45.0 51738 45413 40083.5 54031.2 51333.3 52717.6 

BL_026 52.6 50.0 49.1 57.2 52.6 54.7 60364.9 53829.9 51339.8 52126.7 51498.4 51038.4 

BR_033 44.2 41.2 40.7 46.2 43.2 41.9 50389.9 39089.3 39063.8 61560.0 53768.8 54799.4 

BL_41 49.5 47.5 46.1 52.9 49.7 48.8 62774.6 53632.4 50677.4 61591.8 56732.6 56672.8 

BR_042 52.4 52.4 47.3 59.7 56.6 46.5 57149.8 48782 38922.4 50051.5 42306.1 41373.4 

Mean ± SD 47.8 ± 4.6  43.8 ± 6.1 41.1 ± 7.3 51.1 ± 4.9  43.4 ± 6.5 42.8 ± 7.2 
54495.1 ± 

5922.4 
42924.1 ± 

8463.4 
38580 ± 

9556.6 
57197.1 ± 

6099.6 
52314.1 ± 

5107.2 
52152.7 ± 

6531 

 
                        

RYGB 46.9 ± 5.8  41.1 ± 7.2  38.1 ± 8.5 50.3 ± 5.5  44.2 ± 7.1  39.1 ± 6.3 
53069.3 ± 

5951.0 

37775.5 ± 

7035.7 

32494 ± 

7373.0 

57994.8 ± 

7736.3  

51762.5 ± 

6818.7 

50657.8 ± 

8608.2 

LAGB 49 ± 2.8  47.1 ± 2.2 45 ± 3.2 52.0 ± 4.6  51.3 ± 3.1 47.5 ± 5.6 
56277.5 ± 

6220.1 
49359.9 ± 

5060.0 
46187.6 ± 

5617.0 
56199.9 ± 

4126.7  
52002.6 ± 

2534.3 
53998.9 ± 

2582.9 
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Table 3. RYGB and LAGB baseline, three month, six month DXA bone measurements   

 

Color coding: White = RYGB; gray = LAGB. 

B, baseline; 3, three month measurement; 6, six month measurement.   

 

 

  
Total Body Bone Mineral Density 

(g/cm2) 
Total Bone Mineral Content (g) 

Lumbar Spine Bone Mineral Density 

(g/cm2) 

Lumbar Spine Bone Mineral Content 

(g) 

Code B 3 6 B 3 6 B 3 6 B 3 6 

BL_003 1.014 1.023 1.012 1980.75 2046.43 2012.75 0.958 1.018 0.951 56.58 59.72 54.58 

BR_012 1.182 1.161 1.152 2569.32 2561.88 2496.35 1.092 1.108 1.048 64.86 68.80 63.58 

BR_013 1.289 1.325 1.298 2562.20 2587.36 2575.12 1.180 1.158 1.152 61.40 62.11 61.60 

BR_020 1.245 1.273 1.243 2769.23 2705.48 2642.98 1.157 1.14 1.129 61.67 63.91 61.27 

BL_021 1.071 1.084 1.078 2122.21 2215.69 2120.25 1.095 0.821 0.997 61.80 38.54 52.59 

BL_026 1.095 1.111 1.120 2242.13 2276.53 2230.24 1.098 1.111 1.036 53.89 51.73 48.38 

BR_033 1.087 1.056 1.056 2176.07 2087.98 2019.48 0.804 0.902 0.859 39.19 44.64 44.86 

BL_41 1.157 1.191 1.154 2465.35 2520.94 2483.48 1.054 1.093 1.074 52.28 56.46 57.23 

BR_042 1.043 1.056 1.035 1936.07 1987.40 1941.05 1.003 1.028 1.008 45.78 49.56 49.36 

Mean ± SD 
1.132 ± 

0.09 
1.142 ± 

0.1 
1.128 ± 1 

2313.7 ± 
289.8 

2332.2 ± 
266.9 

2280.2 ± 
271.4 

1.048 ± 
0.1 

1.042 ± 
0.1 

1.028 ± 
0.9 

55.3 ± 8.5 55.1 ± 9.8 54.8 ± 6.6 

 
                        

RYGB 
1.170 ± 

0.1 

1.176 ± 

0.1 

1.576 ± 

0.1 

2402.6 ± 

337.9 

2386.0 ± 

324.5 

2335.0 ± 

329.1 

1.046 ± 

0.2 

1.068 ± 

0.1 

1.039 ± 

0.2 

58.5 ± 

11.4 

57.8 ± 

10.2 
56.1 ± 8.4 

LAGB 
1.085 ± 

0.06 
1.100 ± 

0.07 
1.091 ± 

0.06 
2202.6 ± 

205.2 
2264.9 ± 

196.5 
2211.7 ± 

201.8 
1.053 ± 

0.07 
1.010 ± 

0.1 
1.015 ± 

0.05 
56.1 ± 4.2 51.6  9.3 53.2  3.7 
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Table 3. RYGB and LAGB baseline, three month, six month DXA bone measurements continued  

 

Color coding: White = RYGB; gray = LAGB. 

B, baseline; 3, three month measurement; 6, six month measurement.   

 

  Lumbar T-Score Hip Bone Mineral Density (g/cm2) Hip Bone Mineral Content (g) Hip T-Score 

Code B 3 6 B 3 6 B 3 6 B 3 6 

BL_003 -1.17 -0.85 -1.15 0.801 0.772 0.789 23.64 23.03 25.23 -1.15 -1.39 -1.25 

BR_012 0.4 0.69 0.11 1.053 0.912 0.876 42.19 34.56 33.37 0.91 -0.24 -0.54 

BR_013 1.02 0.94 1.03 1.038 0.991 0.996 28.57 27.38 29.76 0.79 0.40 0.44 

BR_020 0.84 0.86 0.84 1.145 1.090 1.039 38.44 37.25 35.40 1.67 1.21 0.80 

BL_021 0.36 -2.14 -0.66 0.947 0.980 0.953 29.72 31.39 32.22 0.04 0.31 0.09 

BL_026 0.28 0.41 -0.39 0.834 0.838 0.838 25.65 25.22 26.52 -0.88 -0.85 -0.85 

BR_033 -2.77 -1.68 -2.08 0.939 0.901 0.908 29.38 28.66 29.19 -0.02 -0.33 -0.28 

BL_41 -0.21 0.25 0.09 1.091 1.121 1.078 31.93 34.41 32.29 1.22 1.47 1.11 

BR_042 -0.48 -0.38 -0.67 0.847 0.844 0.822 25.05 24.56 23.78 -0.77 -0.8 -0.99 

Mean ± SD -0.2 ± 1.2 -0.2 ± 1.1 -0.3 ± 1.0 
0.9767± 

0.1 
0.938 ± 

0.1 
0.922 ± 

0.1 
30.5 ± 6.2 29.6 ± 5.0 29.8 ± 3.9  0.2 ± 1.0 -0.02 ± 1.1 -0.2 ± 0.8 

 
                        

RYGB -0.2 ± 1.6 0.09 ± 1.1 -0.2 ± 1.3 1.00 ± 0.1 
0.946 ± 

0.1 

0.928 ± 

0.09 
32.7 ± 7.2 30.5 ± 5.3 30.3 ± 4.5 0.5 ± 0.9 0.05 ± 0.8  -0.1 ± 0.7 

LAGB -0.2 ± .7 -0.6 ± 1.2 -0.5 ± 0.5 
0.918 ± 

0.1 
0.928 ± 

0.2 
0.915 ± 

0.1 
27.7 ± 3.8  28.5 ± 5.3 29.1 ± 3.7 -.19 ± 1.1 -.1 ± 1.3 -.2 ± 1.1 
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Table 3. RYGB and LAGB baseline, three month, six month DXA bone measurements continued 

 

Color coding: White = RYGB; gray = LAGB. 

B, baseline; 3, three month measurement; 6, six month measurement; N/A, data not available.   

 

  Radius Bone Mineral Density (g/cm2) Radius Bone Mineral Content (g) Radius T-Score 

Code B 3 6 B 3 6 B 3 6 

BL_003 0.57 0.56 0.57 6.73 6.73 5.12 -0.14 -0.30 -0.20 

BR_012 0.61 0.63 0.64 7.94 7.87 8.47 0.53 0.85 1.06 

BR_013 0.64 0.64 0.63 6.52 6.54 6.44 1.12 1.16 0.87 

BR_020 0.69 0.70 0.68 8.30 8.50 8.41 2.08 2.3 1.92 

BL_021 0.60 0.60 0.62 N/A 7.55 7.17 0.63 0.30 0.67 

BL_026 0.66 0.64 0.64 8.17 8.27 8.06 1.50 1.12 1.19 

BR_033 0.66 0.62 0.64 5.25 6.75 6.79 1.50 0.76 1.13 

BL_41 0.70 0.68 0.72 8.74 8.68 7.48 2.26 1.80 2.66 

BR_042 0.62 0.63 0.64 5.57 5.57 5.60 0.80 0.86 1.14 

Mean ± SD 
0.639 ± 

0.04 

0.632 ± 

0.04 

0.642 ± 

0.04 
7.7 ± 2.1  7.4 ± 1 7.1 ± 1.1 1.1 ± 0.8 1 ± 0.8 1.2 ± 0.8 

 
                  

RYGB 
0.644 ± 

0.3 
0.643 ± 

0.03 
0.645 ± 

0.02 
6.7 ± 1.4 7 ± 1.2 7.1 ± 1.3 1.2 ± 0.6 1.2 ± 0.6 1.2 ± 0.4 

LAGB 
0.632 ± 

0.06  
0.619 ± 

0.05 
0.637 ± 

0.07 
9.0 ± 2.4  7.8 ± 0.9  7 ± 1.3 1.1 ± 1 0.7 ± 0.9 1.1 ± 1.2 
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Table 4. RYGB and LAGB baseline, three month, six month blood measures   

 

Color coding: White = RYGB; gray = LAGB. 

B, baseline; 3, three month measurement; 6, six month measurement; N/A, data not available. 

 

  
25 Hydroxy Vitamin D Total EIA 

(ng/L) 
Calcium (mg/dL) Parathyroid Hormone (pg/mL) 

Code B 3 6 B 3 6 B 3 6 

BL_003 47.0 40.0 40.0 9.4 8.8 9.0 N/A N/A N/A 

BR_012 54.0 38.0 29.0 9.4 9.3 9.5 N/A N/A 42.7 

BR_013 30.0 28.0 28.0 9.3 9.7 9.9 N/A 66.3 86.5 

BR_020 53.0 42.0 52.0 9.4 9.3 9.4 N/A 39.2 48.2 

BL_021 78.0 31.0 30.0 8.3 9.2 9.2 N/A N/A N/A 

BL_026 25.0 26.0 25.0 N/A 9.4 9.2 N/A N/A 53.5 

BR_033 21.0 24.0 17.0 9.0 9.4 9.6 N/A 37.6 51.8 

BL_41 30.0 31.0 40.0 8.6 9.5 9.2 N/A 16.2 12.7 

BR_042 N/A 32.0 30.0 8.0 9.8 9.2 N/A 37.9 31.8 

Mean ± SD 42.3 ± 19.3  32.4 ± 6.3 32.3 ± 10.2 8.9 ± 0.6 9.4 ± 0.3 9.4 ± 0.3 N/A 35.2 ± 19  46.7 ± 22.6  

 
                  

RYGB 39.5 ± 16.6 32.8 ±  7.3  
31.2 ±  

12.8  
9 ±  0.6 9.5 ±  0.2 9.5 ±  0.3 N/A 18.5 ±  8.3  20.6 ±  9.2  

LAGB 45.0 ± 23.9  32 ±  5.8  33.8 ±  7.5  8.7 ±  0.6 9.2 ±  0.3 9.2 ±  0.1  N/A N/A 
28.8 ±  

20.4  
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Table 5. RYGB and LAGB baseline, three month, six month metabolic and bone markers    

 

Color coding: White = RYGB; gray = LAGB. 

B, baseline; 3, three month measurement; 6, six month measurement; N/A, data not available. 

Means ± SD for all subjects, RYGB and LAGB patients are at the end of each table.   

 

  Osteocalcin (ng/mL) CTx (ng/mL) Adiponectin (µg/mL) Leptin(ng/mL) 

Code B 3 6 B 3 6 B 3 6 B 3 6 

BL_003 N/A 8.31 10.08 N/A 0.43 0.25 N/A 2.49 3.09 N/A 68.86 72.56 

BR_012 N/A 19.39 32.37 N/A 1.22 1.18 N/A 3.24 4.67 N/A 31.59 16.24 

BR_013 17.78 20.10 23.31 0.46 1.06 0.85 14.94 17.19 19.11 92.80 68.36 50.72 

BR_020 3.79 13.94 21.78 0.26 1.06 0.84 3.19 5.6.0 6.70 73.41 26.72 19.99 

BL_021 6.39 8.33 10.05 0.42 0.61 0.4 3.94 3.95 5.22 81.22 77.48 82.06 

BL_026 8.89 13.20 10.24 0.18 0.61 0.56 6.44 7.25 5.55 107.76 78.47 97.04 

BR_033 1.14 12.99 25.69 0.15 0.42 0.51 5.56 5.34 5.57 53.54 25.48 29.88 

BL_41 12.58 17.36 13.35 0.46 0.78 0.62 5.69 6.02 6.17 74.88 78.99 86.20 

BR_042 N/A 8.86 12.0 N/A 0.64 0.66 N/A 4.2.0 4.99 N/A 81.29 48.0 

Mean ± SD 8.4 ± 6.1 13.6 ± 4.6 17.7 ± 8.3  0.32 ± 0.14 0.76 ± 0.29 0.65 ± 0.28 6.6 ± 4.2 6.1 ± 4.4 6.8 ± 4.7  80.6 ± 18.5 59.7 ± 24.3 55.9 ± 30.0 

 
                        

RYGB 7.6 ± 8.9 15.1 ± 4.7 23 ± 7.4  0.29 ± 0.16  0.88 ± 0.34 0.81 ± 0.25 7.9 ± 6.2  7.1 ± 5.7 8.2 ± 6.1 73.3 ± 19.6  46.7 ± 26.2  33 ± 15.8  

LAGB 9.3 ± 3.1 11.8 ± 4.4  10.9 ± 1.6  0.35 ± 0.15 0.61 ± 0.14 0.46 ± 0.17 5.4 ± 1.3 4.9 ± 2.1 5 ± 1.3 88 ± 17.4  76 ± 4.8  84.5 ± 10.1  
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Table 6. Baseline, three, and six month measurements following RYGB and LAGB surgery.   

 

 RYGB (n=5) LAGB (n=4) 

 Baseline 3 months 6 months Baseline 3 months 6 months 

Anthropometric data (n=9)  

Age (yrs) 40.2 ± 4.5 -- -- 32.8 ± 10.0 -- -- 

Weight (kg) 112.8 ± 3.6  91.2 ± 3.7  84.0 ± 6.2  114.3 ± 8.9  104.3 ± 6.9*  101.5 ± 6.2*  

BMI (kg/m
2
) 43.1 ± 3.8 34.8 ± 3.4  32.1 ± 3.8  42.1 ± 4.4  38.5 ± 3.9  37.4 ± 3.4 

Waist circumference (cm)  119.8 ± 10.4 105.1 ± 14 93.4 ± 5.8  110.6 ± 6.3 102 ± 6.4 103.5 ± 7.5 

Hip circumference (cm) 138.6 ± 3.4 125.9 ± 5.8 125.5 ± 8.9  137.3 ± 6.7 130.5 ± 6.5 125.5 ± 8.9 

DXA body composition data (n=9)  

Total body fat (%) 46.9 ± 5.8 41.1 ± 7.2 38.1 ± 8.5  49 ± 2.8   47.1 ± 2.2 45 ± 3.2  

Central body fat (%) 50.3 ± 5.5  44.2 ± 7.1  39.1 ± 6.3  52.0 ± 4.6 51.3 ± 3.1  47.5 ± 5.7 

Fat mass (kg) 53.1 ± 6.0   37.8 ± 7.0 32.5 ± 7.3  56.3 ± 6.2   49.4 ± 5.1*  46.2 ± 5.7*  

Fat free soft tissue mass (kg)  58.0 ± 7.7 51.8 ± 6.8 50.6 ± 8.6  56.2 ± 4.1  53.3 ± 2.5  54 ± 2.6  

Blood markers related to nutrient status (n=9)  

Calcium  

Clinical range: 8.5-10.7 

mg/dL  

9.0 ± 0.6 9.5 ± 0.2 9.5 ± 0.3 8.8 ± 0.6 9.2 ± 0.3 9.2 ± 0.1* 

Parathyroid hormone  

Clinical range: 9.2-79.5 

pg/mL  

N/A 39.5 ± 18.5 52.2 ± 20.6 N/A 16.2  33.1 ± 28.8  

25(OH)2 vitamin D  

Clinical range: 32-100 ng/mL 
39.5 ± 16.6 32.8 ± 7.3 31.2 ± 12.8  45 ± 23.9  32 ± 5.8  33.8 ± 7.5  

Bone and metabolic biomarkers
1
 (n=6, 3 RYGB, 3 LAGB)        

Adiponectin (µg/mL) 7.9 ± 6.2 7.1 ± 5.7 8.2 ± 6.1 5.4 ± 1.3 4.9 ± 2.1 5 ± 1.3 

Leptin (ng/mL) 73.3 ± 19.6 46.7 ± 26.2 33 ± 15.8 88 ± 17.4 76 ± 4.8 84.5 ± 10.1
†
 

CTx (ng/mL) 0.29 ± 0.16 0.88 ± 0.34 0.81 ± 0.25 0.35 ± 0.15 0.61 ± 0.14 0.46 ± 0.17* 

Osteocalcin (ng/mL) 7 ± 8.6 15.2 ± 8.2 24 ± 8.2 7.2 ± 1.7 9.6 ± 2.8 8.9 ± 1.5* 

CTx/OC ratio  0.076 ± 0.05 0.059 ± 0.02 0.037 ± 0.01 0.041 ± 0.02 0.054 ± 0.01 0.041 ± 0.01 

 

Mean ± SD, N/A, data not available. Differences between RYGB and LAGB surgical groups, †p<0.01,*p<0.05. 
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Table 7. Percent change from baseline measurements at three and six months following 

bariatric surgery.   

 

 RYGB (n=5) LAGB (n=4) 

 3 months  

(% change) 
6 months  

(% change) 
3 months  

(% change) 
6 months  

(% change) 

Anthropometric data  

Weight (kg) -21.6 ± 1.5 -28.8 ± 2.3  -10 ± 1.5
†
 -12.8 ± 2.1

†
  

DXA bone mineral density (g/cm
2
)  

Total BMD  0.3 ± 1.1  -1.1 ± 0.7 1.6 ± 0.5 0.6 ± 0.6 

Lumbar spine BMD  2.5 ± 2.5 -0.3 ± 1.9 -3.5 ± 7.3 -3.4 ± 2.4 

Non-dominant Hip BMD  -5.4 ± 2.2 -7.3 ± 2.6 0.8  ± 1.6 -0.4 ± 0.6  

Non-dominant Radius BMD  -0.1 ± 1.6 0.3 ± 1.5 -2.1 ± 0.8  0.8 ± 1.4  

DXA bone mineral content (g) 

Total BMC -0.6 ± 2.6  -2.8 ± 3.3  2.9 ± 1.3*  0.4 ± 0.9  

Lumbar spine BMC  6.6 ± 4.9  4 ± 7 -7 ± 21 -4.8 ± 10.6  

Non-dominant Hip BMC  -6 ± 6.8  -6.1 ± 9.5  2.3 ± 5.2  4.9 ± 3.3  

Non-dominant Radius BMC 6.1 ± 12.6  7.3 ± 12.6  -9.5 ± 19.5  -20.4 ± 17 

Bone and metabolic biomarkers     

Adiponectin (µg/ml) 28.8 ± 23.9  45.9 ± 32.9  6.2 ± 3.6 9.0 ± 13.3  

Leptin (ng/ml) -47.4 ± 11 -54.1 ± 9.3 -8.8 ± 9.7  2.1 ± 7.2* 

CTx (ng/ml) 203.6 ± 51.8  179.3 ± 47.5 118.4 ± 61.6 81.2 ± 68.1  

Osteocalcin (ng/ml) 440.4 ± 308.7  886.8 ± 646.4 38.9 ± 5.3 26.1 ± 15.7  

 

Means ± SEM.  Differences between RYGB and LAGB surgical groups, †p<0.01,*p<0.05.  



 

190 

Appendix H: Raw Data Chapter 4 

 

Chapter 4: Fat and muscle distribution assessed by pQCT: Relationships with physical 

activity and type-2 diabetes risk  

 

 Table 1. Anthropometrics  

 Table 2. Blood measurements  

 Table 3. pQCT foreleg  data 

 Table 4. Physical activity data 

 Figure 1. Foreleg muscle density CV 

 Figure 2. Foreleg IMAT CV 
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Table 1. Anthropometrics  

 

Color coding: Dark gray = high physically active subjects; light gray = moderate physically 

active subjects; white = low physically active subjects; N/A, data not available.    

Means ± SD for all subjects, high, moderate and low physically active subjects are at the end of 

each table.   

 

Code 
Age     

(yrs) 

Height 

(cm) 

Weight 

(kg) 

BMI 

(kg/m2) 

Body fat 

(%) 

Central 

body fat 

(%) 

Fat mass 

(g) 

Lean body 

mass (g) 

SBP   

(mm 

HG) 

DBP 

(mm 

HG) 

B01 43 169.1 62.4 21.8 27.4 20.9 17315.9 43369.2 118 78 

B02 46 166.6 75.3 27.1 37.2 37.8 28190.2 45650.2 122 86 

B03 40 166.2 57.7 20.9 23.1 20.9 13508.2 42416.5 132 86 

B04 31 162.6 73.0 27.6 29.7 33.1 21988.8 495552.6 N/A N/A 

B05 37 166.1 57.0 20.7 30.4 28.1 17623 38212.6 122 68 

B06 36 159.3 54.7 21.6 23.8 16 13190.2 39981.6 98 58 

B07 46 165.5 57.2 20.9 16.3 10.9 9452.7 45938.8 104 58 

B08 43 157.9 58.7 23.6 32.2 20.2 19180.7 38462.1 118 70 

B09 45 167.7 84.1 29.9 33.0 32.3 28043.3 54385.9 116 70 

B10 33 161.0 62.2 24.0 25.9 18.1 16671.7 45152.3 122 80 

B11 37 171.1 72.4 24.7 33.9 22.3 24892.7 46361.8 112 68 

B12 40 160.1 81.2 31.7 39.9 41.0 32847.1 47250.2 138 78 

B13 44 160.2 58.5 22.8 26.5 20.0 15685.7 41491.7 104 68 

B14 37 165.3 80.7 29.5 34.6 36.8 28274 51290.1 180 100 

B15 39 168.1 51.6 18.3 25.2 11.4 13167.4 36705.7 100 60 

B16 42 164.8 57.9 21.3 21.3 11.6 13461.8 43606.8 N/A N/A 

B17 42 161.4 59.3 22.8 35.0 38.4 20934.8 37010.0 106 64 

B18 44 165.4 54.9 20.1 19.7 16.6 10952.2 42326.7 112 70 

B19 32 162.1 68.8 26.2 31.9 34.6 22064.5 44594.1 112 80 

B20 38 173.8 134.3 44.5 47.2 48.1 63027.8 67625.4 138 80 

B21 35 156.4 98.4 40.2 47.2 48.7 46997.9 50177.1 122 74 

B22 45 162.8 50.1 18.9 20.5 9.3 10372.3 37989.1 N/A N/A 

B23 32 166.3 73.4 26.6 37.6 39.2 27823.6 44009.1 112 68 

B24 41 166.3 56.0 20.3 22.7 14.9 12859.1 41546.8 104 70 

B25 38 158.1 52.9 21.2 30.4 24.5 16362.1 35321.9 122 80 

B26 37 160.1 74.2 28.9 39.7 41.8 29770.6 43252.9 118 78 

B27 37 141.1 71.7 36.0 43.1 44.5 31294.1 39726.6 N/A N/A 

B28 32 177.3 93.2 29.6 39.3 32.4 36949.6 54657.2 124 72 

B29 34 160.2 57.1 22.3 23.6 21.0 13668.1 42007.5 108 64 

B30 32 163.4 74.0 27.7 41.2 32.0 30620.7 41448.2 116 74 
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Table 1. Anthropometrics continued  

 

Color coding: Dark gray = high physically active subjects; light gray = moderate physically 

active subjects; white = low physically active subjects. 

Means ± SD for all subjects, high, moderate and low physically active subjects are at the end of 

each table.   

 

Code 
Age     

(yrs) 

Height 

(cm) 

Weight 

(kg) 

BMI 

(kg/m2) 

Body fat 

(%) 

Central 

body fat 

(%) 

Fat mass 

(g) 

Lean body 

mass (g) 

SBP   

(mm 

HG) 

DBP 

(mm 

HG) 

B31 32 177.7 100.2 31.7 42.1 40.4 42605.7 55947 106 76 

B32 44 159.2 68.0 26.8 33.9 34.4 32437.7 43612.8 134 90 

B33 38 167 66.7 23.9 33.5 29.7 22749.8 42877.5 118 78 

B34 41 178.7 87.8 27.5 37.3 31.2 33102.7 52750.0 138 80 

B35 41 158.8 58.9 23.4 32.4 34.1 19432.1 38406.3 104 82 

B36 44 172.4 71.0 23.9 31.9 22.3 23054.4 46940.3 102 74 

B37 40 160.9 68.4 26.4 37.3 33.8 25513.4 41061.2 118 94 

B38 36 171.3 77.9 26.5 28.9 28.4 22827.1 53670.1 118 76 

B39  41 153.5 63.6 27.0 36.2 30.1 23346.2 38958.5 122 78 

B40  34 159.3 63.4 25.0 24.4 20.6 15738.4 46524 106 68 

B41 41 158.7 55.5 22.0 27.7 20.9 15680.1 38690.7 108 80 

B42 35 169.1 66.1 23.1 31.1 25.5 20689.3 43596.1 122 82 

B43 38 164.0 87.4 32.5 40.8 34.9 36186.1 50085.7 124 82 

B44 31 155.9 113.2 46.6 51.6 47.2 59227.9 53094.9 128 76 

B45 39 170.6 56.8 19.5 19.8 15.2 11551.6 44048.1 118 72 

B46 34 163.1 64.2 24.1 23.6 17.3 15301.2 47074 120 74 

B47 42 164.2 51.8 19.2 17.6 11.5 9268.6 41584.1 110 64 

B48 45 151.0 45.0 19.7 20.1 14.4 9201.9 34515.2 118 70 

B49 42 163.6 55.2 20.6 22.0 10.5 12409.9 41555.7 120 80 

B50 38 164.4 64.2 23.7 26.5 25.5 17307.9 45604.7 114 76 

B51 38 171.4 55.6 18.9 19.1 12.6 10769.6 43252.0 110 68 

B52 40 163.3 59.9 22.5 23.7 20.6 14195.5 43466.4 118 80 

B53 32 159.3 56.2 22.1 24.9 22.0 14023.1 40101.3 120 82 

B54 40 169.3 63.6 22.2 24.3 20.9 15742.7 46552.9 112 70 

B55 44 157.0 52.8 21.4 22.4 12.1 12070.5 39536.6 118 78 

B56 38 160.5 61.3 23.8 35.7 38.0 22178.0 37585.1 104 70 

B57 37 179.9 79.4 24.5 31.2 21.7 25228.5 53244 120 74 

B58 31 178.1 75.9 23.9 29.8 28.5 23017.7 51730.4 122 76 

B59 43 177.0 76.1 24.3 26.6 29.3 20472.7 54165.6 110 68 

B60 40 160.2 60.6 23.6 25.3 17.7 15678.2 43670.0 110 72 
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Table 1. Anthropometrics continued  

 

Color coding: Dark gray = high physically active subjects; light gray = moderate physically 

active subjects; white = low physically active subjects.    

 

Code 
Age     

(yrs) 

Height 

(cm) 

Weight 

(kg) 

BMI 

(kg/m2) 

Body fat 

(%) 

Central 

body fat 

(%) 

Fat mass 

(g) 

Lean body 

mass (g) 

SBP   

(mm 

HG) 

DBP 

(mm 

HG) 

B61 42 164.4 60.8 22.5 27.2 22.4 16691.6 42530.8 102 60 

B62 29 185.5 85.7 24.9 30.8 26.9 26638.6 56854.6 102 60 

B63 44 174.9 67.8 22.2 15.8 8.9 10856.7 55130.4 104 64 

B64 44 160.0 57.8 22.6 25.6 27 15018.2 41538.5 120 72 

B65 43 167.0 65.5 23.5 23.5 16.4 15683.5 48611.9 122 70 

B66 43 164.5 65.3 24.1 27.6 23.3 18199.2 45507.1 120 78 

B67 30 165.1 70.5 25.9 32.3 28.7 23068.2 45904.6 116 74 

B68 42 166.6 57.1 20.6 20.8 12.3 12040.6 43482.3 122 70 

B69 40 166.8 60.4 21.7 24.2 17.0 14919.6 44168.9 110 70 

B70 45 172.2 82.6 27.9 40.9 40.5 34241.3 46799.8 112 70 

B71 35 165.3 52.5 19.2 28.1 26.0 14999.2 36320.1 102 58 

B72 41 180.1 78.2 24.1 29.0 22.9 22849.7 53235.8 118 78 

B73 31 156.8 54.2 22.1 31.7 27.2 1736 35342 122 68 

B74 31 169.1 69.4 24.3 27.3 27.4 19351.9 48964.8 112 80 

B75 31 159.9 58.2 22.8 20.9 19.2 12320.8 44481.9 110 66 

B76 44 170.9 55.2 18.9 25.7 18.2 14424.6 39834 102 60 

B77 45 169.1 64.7 22.6 30 29.8 19630.7 43361.9 120 82 

B78 41 171.0 63.2 21.6 25.6 21.5 16369.8 45175.1 120 70 

B79 34 176.7 58.8 18.8 20.5 13.3 12304.5 44821 118 70 

B80 42 162.1 52.7 20.0 24.5 14.4 13133.2 3312.4 114 64 

B81 32 157.3 62.1 25.1 26.6 20.6 16799.8 43903.7 120 70 

B82 42 152.3 52.2 22.5 10.6 8.9 5586.7 44925 122 78 

Means 

± SD 
39 ± 5 

165.2 ± 

7.4 

66.9 ± 

14.7  

24.5 ± 

5.1 

29.2 ± 

7.8  
25.1 ± 10.1 

20218 ± 

9220.9  

44098.8 ± 

7026.8 
116 ± 12 73 ± 8  

                      

High 

Active 
40 ± 5 

166.2 ± 

8.2 
62.1 ± 9.5 22.4 ± 2 

23.7 ± 

5.4 
18.8 ± 6.8  

15290.8 ± 

5253.1 

45338.9 ± 

5474.3 
114 ± 8 72 ± 7  

Mod. 

Active 
38 ± 5 164.9 ± 7 62.8 ± 9.8  23.1 ± 3  

28.7 ± 

5.5 
23.9 ± 8.2 

18585.6 ± 

5845.7  

41443.2 ± 

9311 
114 ± 8  72 ± 7  

Low 

Active  
38 ± 4  

164.5 ± 

7.5 
74.3 ± 7.5  

27.4 ± 

6.1  

34.5 ± 

7.4 
31.8 ± 10.2 

25879 ± 

9552 

45023.4 ± 

5371.4  
120 ± 17 76 ± 9  
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Table 2. Blood measurements  

 

Color coding: Dark gray = high physically active subjects; light gray = moderate physically 

active subjects; white = low physically active subjects; N/A, data not available.  

Means ± SD for all subjects, high, moderate and low physically active subjects are at the end of 

each table.   
 

Code 

Total 

Cholesterol 

(mg/dL) 

HDL 

(mg/dL) 

LDL 

(mg/dL) 

TG 

(mg/dL) 

Blood 

Glucose  

(mg/dL) 

Insulin 

(uUI/mL) 

HOMA-

IR 

B01 260 >100 N/A 62 75 9.3 1.72 

B02 237 50 141 227 95 19.7 4.62 

B03 194 88 100 <45 79 7.2 1.40 

B04 176 57 N/A <45 96 N/A N/A 

B05 190 36 148 <45 81 27.2 5.44 

B06 190 62 110 87 95 8.8 2.06 

B07 188 69 107 59 83 12.1 2.48 

B08 174 88 76 48 80 17.2 3.40 

B09 100 38 55 <45 82 22.5 4.56 

B10 188 68 111 48 76 6.8 1.28 

B11 146 72 65 47 84 8.2 1.70 

B12 138 54 59 125 86 23.6 5.01 

B13 183 88 81 73 81 7.3 1.46 

B14 184 40 122 110 90 16.6 3.69 

B15 133 76 50 <45 79 13.7 2.67 

B16 N/A N/A N/A N/A N/A N/A N/A 

B17 161 46 109 <45 96 16.9 4.01 

B18 130 67 N/A <45 85 6.2 1.30 

B19 144 48 89 <45 72 8.9 1.58 

B20 233 32 184 83 93 43.5 9.99 

B21 162 33 114 75 78 37.1 7.15 

B22 N/A N/A N/A N/A N/A N/A N/A 

B23 152 62 64 130 82 12.1 2.45 

B24 186 56 109 106 87 19.9 4.27 

B25 185 77 99 <45 87 10.8 2.32 

B26 165 46 98 106 77 6.1 1.16 

B27 214 90 111 65 97 N/A N/A 

B28 135 42 71 113 83 36.0 7.38 

B29 175 74 83 87 85 19.0 3.99 

B30 172 55 90 136 85 13.1 2.75 
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Table 2. Blood measurements continued  

 

Color coding: Dark gray = high physically active subjects; light gray = moderate physically 

active subjects; white = low physically active subjects.  

Means ± SD for all subjects, high, moderate and low physically active subjects are at the end of 

each table.   
 

Code 

Total 

Cholesterol 

(mg/dL) 

HDL 

(mg/dL) 

LDL 

(mg/dL) 

TG 

(mg/dL) 

Blood 

Glucose  

(mg/dL) 

Insulin 

(uUI/mL) 

HOMA-

IR 

B31 164 34 108 111 84 30.2 6.26 

B32 223 57 146 102 85 14.9 3.13 

B33 137 49 79 46 86 11.9 2.53 

B34 126 38 69 94 88 6.1 1.33 

B35 252 72 159 106 84 8.3 1.72 

B36 184 41 126 84 89 16.6 3.65 

B37 170 50 103 83 82 15.2 3.08 

B38 187 49 125 67 83 14.2 2.91 

B39  170 53 108 47 84 6.9 1.43 

B40  163 46 100 82 94 16.4 3.81 

B41 198 70 121 <45 82 7.8 1.58 

B42 134 58 62 66 77 10.3 1.96 

B43 169 39 95 175 99 61.8 15.11 

B44 178 62 99 89 84 23.3 4.83 

B45 161 70 84 45 80 6.1 1.20 

B46 145 46 81 91 102 6.1 1.54 

B47 182 52 111 95 97 6.1 1.46 

B48 191 74 90 134 73 6.1 1.10 

B49 185 58 109 87 83 6.1 1.25 

B50 219 40 148 153 93 8.2 1.88 

B51 135 81 42 58 93 6.1 1.40 

B52 150 40 95 75 74 6.1 1.11 

B53 131 58 53 99 86 6.1 1.30 

B54 147 76 64 45 90 6.1 1.36 

B55 156 58 90 45 95 6.1 1.43 

B56 175 51 117 45 76 6.1 1.14 

B57 147 58 81 45 77 6.1 1.16 

B58 193 59 117 89 81 6.1 1.22 

B59 179 36 11 146 88 6.1 1.33 

B60 136 57 69 52 93 6.1 1.40 
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Table 2. Blood measurements continued  

 

Color coding: Dark gray = high physically active subjects; light gray = moderate physically 

active subjects; white = low physically active subjects; N/A, data not available.  

 

Code 

Total 

Cholesterol 

(mg/dL) 

HDL 

(mg/dL) 

LDL 

(mg/dL) 

TG 

(mg/dL) 

Blood 

Glucose  

(mg/dlL 

Insulin 

(uUI/mL) 

HOMA-

IR 

B61 153 56 90 45 83 6.1 1.25 

B62 145 60 76 45 92 6.1 1.39 

B63 207 68 125 65 74 6.1 1.11 

B64 173 71 90 62 96 6.1 1.45 

B65 165 N/A N/A 45 99 6.1 1.49 

B66 146 40 89 81 80 6.1 1.20 

B67 207 72 111 121 83 6.1 1.25 

B68 173 81 83 45 84 6.1 1.27 

B69 127 61 42 120 92 6.1 1.39 

B70 181 48 106 135 103 6.1 1.55 

B71 167 68 83 79 95 6.1 1.43 

B72 153 55 79 153 88 6.1 1.33 

B73 155 52 83 155 88 6.1 1.33 

B74 153 40 102 53 90 6.1 1.36 

B75 199 89 96 73 87 6.1 1.31 

B76 143 63 62 90 87 6.1 1.31 

B77 150 43 97 47 85 6.1 1.28 

B78 134 58 70 45 86 6.1 1.30 

B79 133 57 61 74 108 6.1 1.63 

B80 159 66 79 72 98 6.1 1.48 

B81 191 65 112 67 82 6.1 1.24 

B82 192 96 88 45 87 6.1 1.31 

Means ± SD 169 ± 30 59 ± 16 93 ± 29 80 ± 38 86 ± 8 11.0 ± 8.1  2.3 ± 1.7 

                

High Active 177 ± 33  67 ± 17  91 ± 28  73 ± 34 84 ± 8  7.3 ± 2.7 1.5 ± 0.6 

Mod. Active 160 ± 26 59 ± 15 86 ± 26 77 ± 3 87 ± 8  9.2 ± 4.9  2.0 ± 1.0 

Low Active  173 ± 31 52 ± 13 103 ± 31 92 ± 45 87 ± 7  
17.0 ± 

11.1 
3.6 ± 2.4 
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Table 3. pQCT foreleg data  

 

Color coding: Dark gray = high physically active subjects; light gray = moderate physically 

active subjects; white = low physically active subjects; N/A, data not available.    

Means ± SD for all subjects, high, moderate and low physically active subjects are at the end of 

each table. 

 

Code  
Total Area 

(mm2) 

Muscle 

Area 

(mm2) 

Muscle 

Density 

(mg/cm3) 

Subcutaneous 

Fat (mm2) 

IMAT 

(mm2) 

B01 10715.5 7039.5 79.2 2985.8 111.0 

B02 10791.5 6433.8 75.6 3747.8 101.0 

B03 8921.5 6111.3 77.5 2132.8 109.5 

B04 9729.3 6396.3 81.3 2684.8 92.3 

B05 9521.3 5541.5 78.7 3331.3 91.0 

B06 8629 5666.5 78.2 2452.0 83.3 

B07 10099.0 7197.3 79.4 2217.5 98.0 

B08 12183.5 6540.0 79.7 5120.3 89.7 

B09 13432 8904.5 76 3874.8 30.3 

B10 10025.8 6798.8 77.8 2619.3 102.5 

B11 12251.5 7244.0 76.9 4369.8 49.5 

B12 12466.3 7518.5 78.2 4330.5 95.8 

B13 10637.5 7556.8 76.9 2524.3 85.7 

B14 10806.3 7252.5 77.2 3007.5 114 

B15 9294.8 5356.0 77.8 3262.5 106.2 

B16 9612.5 6222.0 79.8 2633.5 90.3 

B17 9083.8 5708.5 77.9 2785.8 82.0 

B18 9573.0 7050.8 71.1 1835.0 90.2 

B19 10452.3 7037.3 78.5 2810.3 106.5 

B20 19180.5 8665.8 75.0 9190.3 41.0 

B21 15216.8 7317.0 74.3 7193.5 98.5 

B22 9502.0 6059.3 78.8 2901.5 83.8 

B23 11223.8 7195.8 76.7 3403.8 47.8 

B24 8916.8 6083.0 79.0 2238.8 98.5 

B25 8514.9 4917.0 80.5 3070.9 63.5 

B26 10038.6 5807.2 76.0 3596.6 100.0 

B27 14241.1 5535.7 73.6 7553.1 42.3 

B28 10966.4 6533.0 75.6 3721.1 N/A 

B29 9381.4 6074.6 80.0 2669.9 38.0 

B30 12415.4 6319.8 75.9 5366.9 100.8 
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Table 3. pQCT foreleg data continued  

 

Color coding: Dark gray = high physically active subjects; light gray = moderate physically 

active subjects; white = low physically active subjects; N/A, data not available.    

Means ± SD for all subjects, high, moderate and low physically active subjects are at the end of 

each table. 

 

Code  
Total Area 

(mm2) 

Muscle 

Area 

(mm2) 

Muscle 

Density 

(mg/cm3) 

Subcutaneous 

Fat (mm2) 

IMAT 

(mm2) 

B31 12864.0 6700.0 72.0 4988.8 186.3 

B32 10125.6 5961.4 72.2 3349.8 105.0 

B33 11292.6 6994.6 76.6 3571.0 98.0 

B34 13023.3 6300.0 73.0 5773.0 43.5 

B35 9673.8 6628.6 79.4 2549.0 86.5 

B36 12498.7 6789.4 75.5 4800.3 110.0 

B37 9953.0 6130.2 74.6 3046.4 89.3 

B38 9586.2 6522.1 78.6 2316.2 99.5 

B39  10694.9 6683.7 71.8 3184.0 42.7 

B40  9879.7 6709.6 81.4 2313.1 103.8 

B41 8972.0 5887.2 79.8 2508.3 98.5 

B42 9429.3 5589.9 78.9 3175.4 105 

B43 11614.8 7444.0 77.3 3537.0 37.5 

B44 18160.8 7316.0 76.4 9904.3 115.0 

B45 8927.5 6380.5 77.7 1973.8 92.0 

B46 10337 7321.0 79.5 2348.3 25.5 

B47 7566.3 5273.3 77.6 1729.8 N/A 

B48 6854.8 4644.3 79.4 1697.5 97.5 

B49 9038.0 6357.0 79.3 2062.0 95.3 

B50 9901.0 6886.3 78.9 2408.0 99.5 

B51 9025.3 6542.5 78.1 1835.0 101.0 

B52 9861.0 7198.8 76.5 1885.5 115.5 

B53 8651.5 5866.5 78.7 2269.8 92.0 

B54 9887.5 7154.0 80.2 2075.8 100.5 

B55 10076.8 6939.0 79.0 2560.0 85.7 

B56 9699.3 5928.0 78.3 3167.5 100.5 

B57 10653.3 6790.5 76.2 3097.0 51.2 

B58 10026.5 6504.5 79.1 2893.0 N/A 

B59 12808.3 9328.0 76.9 2775.8 218.5 

B60 9710.3 6657.3 78.8 2340.5 93.0 
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Table 3. pQCT foreleg data continued  

 

Color coding: Dark gray = high physically active subjects; light gray = moderate physically 

active subjects; white = low physically active subjects.    

 

Code  
Total Area 

(mm2) 

Muscle 

Area 

(mm2) 

Muscle 

Density 

(mg/cm3) 

Subcutaneous 

Fat (mm2) 

IMAT 

(mm2) 

B61 8594.5 5890.5 78.8 2157.8 96.2 

B62 11634.8 6476.5 74.5 4391.3 45.2 

B63 9994.3 7469.3 79.4 1875.0 164.0 

B64 9691.8 7050.3 80.4 2045.8 95.3 

B65 10088.3 6290.5 80.7 3158.0 94.7 

B66 10793.8 7504.0 76.9 2662.5 104.7 

B67 11604 6674.8 79.5 4265.5 98.7 

B68 9009.8 6053.3 80.4 2335.5 29.0 

B69 9886.3 6800.5 77.6 2455.0 94.0 

B70 11223.3 6466.5 77.5 4208.5 101.8 

B71 7561.0 4862.0 78.1 2060.8 92.5 

B72 11566.5 7473.0 76.8 3238.0 108.3 

B73 8441.5 5050.5 77.5 2796.3 73.3 

B74 12122.3 8367.3 78.7 3022.5 48.0 

B75 9746.8 6711.5 78.7 2421.3 98.5 

B76 7800 5266.8 78.4 1922.3 154.8 

B77 10338 6521.8 78.9 3268.3 16.8 

B78 8955.8 5734.8 78.4 2592.8 100 

B79 11189.5 8018.8 78.9 2526.8 16.3 

B80 7602.5 5131.5 83.4 1965.8 89.2 

B81 9758.8 5910.0 79.6 3213.5 102.0 

B82 10972.0 8574.5 81.1 1798.3 109.5 

Means ± 

SD 

10460.5 ± 

2017.7 

6576.0 ± 

901.9  
77.8 ± 2.3 

3210.8 ± 

1510.9  
89.4 ± 33.9  

            

High 

Active 

9972.2 ± 

1239.7 

6756.3 ± 

947.4 
78.3 ± 2.2 

2547.7 ± 

711.5  

100.5 ± 

35.2  

Mod. 

Active 

10136.3 ± 

1599.7  

6466.6 ± 

1029.3 
77.9 ± 2.4 

3023.0 ± 

950.6 
79.5 ± 31.2  

Low Active  
10986.4 ± 

2431.8  

6450.1 ± 

769.1  
77.0 ± 2.3  

10986.4 ± 

2431.8  
92.2 ± 29.1  
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Table 4. Physical activity data  

 

Color coding: Dark gray = high physically active subjects; light gray = moderate physically 

active subjects; white = low physically active subjects. 

Mean ± SD for all subjects, high, moderate and low physically active subjects are at the end of 

each table.   
 

Code 
Average 4 day Step 

Count 

Average 

MET∙min/day  

B01 15511 1166 

B02 4508 354 

B03 10963 1009 

B04 7897 328 

B05 4482 280 

B06 7417 275 

B07 8274 828 

B08 13984 576 

B09 9897 491 

B10 7870 1105 

B11 5100 363 

B12 3173 131 

B13 7641 632 

B14 6256 188 

B15 15402 655 

B16 14785 782 

B17 6286 234 

B18 18878 717 

B19 11857 477 

B20 5917 244 

B21 5983 297 

B22 9795 594 

B23 5184 567 

B24 9509 392 

B25 11446 523 

B26 2593 99 

B27 4448 133 

B28 9447 283 

B29 7508 508 

B30 7387 222 
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Table 4. Physical activity data continued  

 

Color coding: Dark gray = high physically active subjects; light gray = moderate physically 

active subjects; white = low physically active subjects; N/A, data not available. 

Mean ± SD for all subjects, high, moderate and low physically active subjects are at the end of 

each table.   
 

Code 
Average 4 day Step 

Count 

Average 

MET∙min/day  

B31 3214 246 

B32 3923 162 

B33 6891 284 

B34 15268 580 

B35 17827 677 

B36 10694 406 

B37 9560 394 

B38 4482 170 

B39  5794 471 

B40  17477 664 

B41 8737 332 

B42 3815 157 

B43 10094 303 

B44 N/A N/A 

B45 12173 836 

B46 N/A N/A 

B47 13470 779 

B48 16012 633 

B49 12069 362 

B50 7595 424 

B51 14660 557 

B52 6321 769 

B53 7124 390 

B54 N/A N/A 

B55 10913 572 

B56 7550 406 

B57 8202 741 

B58 6425 460 

B59 8702 878 

B60 6397 794 
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Table 4. Physical activity data continued 

 

Color coding: Dark gray = high physically active subjects; light gray = moderate physically 

active subjects; white = low physically active subjects; N/A, data not available. 

 

Code 
Average 4 day Step 

Count 

Average 

MET∙min/day  

B61 9547 363 

B62 10984 643 

B63 10064 932 

B64 12841 686 

B65 5368 671 

B66 22222 844 

B67 10658 644 

B68 17738 732 

B69 6526 501 

B70 7614 314 

B71 11442 435 

B72 15505 705 

B73 6211 624 

B74 7970 517 

B75 6829 835 

B76 7105 461 

B77 N/A N/A 

B78 12873 531 

B79 7471 581 

B80 8114 602 

B81 6451 416 

B82 9504 1702 

Means ± 

SD 
9292 ± 4121 533 ± 272 

      

High Active 121890 ± 4576 824 ± 227  

Mod. 

Active 
9228 ± 2870 512 ± 73  

Low Active  6458 ± 2460  266 ± 86  
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Figure 1. Foreleg muscle density CV 
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Figure 2. Foreleg IMAT CV 

 

 

 

 


