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ABSTRACT 

PURPOSE: To explore the effects of weighted vest use during dietary weight loss on 

bone density and turnover.  

METHODS: 37 obese older adults underwent a 22 week dietary weight loss intervention 

(1100-1300kcals/d) with (D+V; n=20) or without (D; n=17) weighted vest use (10+ 

hrs/d). Bone mineral density (BMD) of the total hip, femoral neck and lumbar spine, and 

biomarkers of bone turnover (OC, BALP, P1NP, CTX) were measured. General linear 

models, adjusted for baseline values of the outcome and gender, were used to examine 

intervention effects. 

RESULTS: Mean age of participants was 70.1±3 years, 78% were female, 78% were 

Caucasian, and baseline BMI was 35.3±2.9 kg/m2. Average weight loss was 11.2±4.3 kg 

and 11.0±5.9 kg in the D+V and D groups (p=0.94), and average weighted vest use was 

6.7±2.3 hrs/day. No significant changes in BMD or biomarkers were observed, although 

trends were noted for total hip BMD and BALP. Loss in total hip BMD was greater in the 

D group compared with D+V (∆: -18.7 [29.3,-8.1] mg/cm2 versus -6.1 [-15.7,3.5] 

mg/cm2; p=0.08). BALP increased in the D+V group by 3.8% (Δ: 0.59 [-0.33,1.50] μg/L) 

and decreased by -4.6% in the D group (Δ: -0.70 [-1.70, 0.31] μg/L, p=0.07).  

CONCLUSION: Weighted vest use during weight loss may attenuate loss of hip BMD 

and increase bone formation. 
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INTRODUCTION 

Obesity is Serious, Common, and Costly 

Obesity is characterized by a body weight that is higher than what is considered 

healthy for a given height with an excess in body fat, and is ultimately caused by an 

imbalance in energy intake and expenditure (1). In epidemiologic investigations, obesity 

can be diagnosed using Body Mass Index (or BMI) or total body fat as a percentage of 

total body weight. When BMI is used in the diagnosis of adult obesity, that which is 

greater than 30 kg/m2 is considered obese; this can then be further broken down into 

classes of severity, with Class 1 being a BMI of 30-35 kg/m2, Class 2 35-40 kg/m2, and 

Class 3 40 kg/m2 or greater. Class 3 obesity is often referred to as severe or extreme 

obesity and frequently coincides with an increasing number of health related 

complications (1). Although, more technically challenging, total body fat mass can also 

be assessed directly using Duel Energy X-ray Absorptiometry (DXA), and typically 

reported as a percentage of total body weight. Total body fat percentage cut-points for 

diagnosing obesity differ between men and women, in that men who exceed 25% and 

women who exceed 32% are considered obese. 

Left untreated, obesity may result in serious health consequences and 

comorbidities, including: hypertension, dyslipidemia, diabetes, osteoarthritis, coronary 

heart disease, stroke, cancer, and ultimately death (1). Recent studies have also suggested 

a link between obesity and fracture incidence, particularly in women (2), despite 

increased gravitational loading placed on bone. Importantly, most osteoporotic fractures 

occur in overweight and obese individuals (3), with obesity contributing to increased risk 

of operative challenges and post-operative complications (4). People who are obese also 
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tend to suffer from pain and loss of function (5), which can lead to job loss and disability 

(6). Despite the severity of these consequences, the prevalence of obesity in the 

population continues to increase. 

 Obesity is quickly becoming one of the most common diseases in the United 

States, with more than one third of the population being overweight or obese (1). This 

number has been on the rise for decades, and is expected to continue to increase to a 

projected 42% within the population by 2030 (7). Currently in the United States, there is 

no state whose prevalence of obesity is less than 20% (1). Additionally, three states, 

Arkansas, Mississippi, and West Virginia, have a prevalence that has exceeded 35% (1). 

Obesity is more common in women with a prevalence of 40.4% compared to that of 35% 

in men (7). Rates also vary among different ethnicities, with African Americans 

experiencing the highest obesity rate at 47.8% followed by Hispanics at 42.5% (1). A 

difference can also be observed when examining obesity rates by age. Middle aged 

adults, age 40-59 years old, currently have the highest prevalence of being overweight or 

obese at 75.3% (8). However, older adults, over the age of 60, are close behind with a 

prevalence of 71.6% (9). This is expected to increase as the population continues to age, 

and eventually exceed that of the middle aged population. This continued increase in 

obesity within the United States is not only detrimental to the population’s health, but has 

also placed a significant financial burden on the economy. 

 Along with the individual health consequences associated with obesity, there are 

enormous economic and societal consequences as well. These include both indirect and 

direct costs associated with the disease. Indirect costs can result from things such as 

employee absenteeism as well as employee presenteeism due to obesity related health 
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complications or disabilities. Direct costs can also occur from medical treatments and 

services related to treatment of obesity, which additionally increase costs placed on the 

economy. Currently, it is estimated that the annual medical cost of obesity within the 

United States is around $147 billion (1). Furthermore, the medical costs for people who 

are obese is almost $1,500 more than that of a normal weight individual (1). The financial 

strain associated with obesity, along with severe individual health consequences, make 

prevention strategies for the disease imperative to the United States population.   

The Aging of America  

 According to the Administration on Aging, the United States population over the 

age of 65 is estimated to be 44.7 million. This number represents 14.1% of the 

population, or one in every seven Americans (10). This is an increase of 8.8 million, or 

24.7%, since the year 2003, which is a significantly greater than the increase of 6.8% 

observed in the U.S. population under the age of 65 (10). The Administration on Aging 

expects a continued increase in this number, with a projection that by the year 2040 the 

U.S population over the age of 65 will jump to 82.3 million.  

Not only is the older population increasing in number, but also in age. The 

amount of people aged 75-84 increased by 70% compared to that in 1900, and the 

population of those over the age of 85 increased by 6 million (10). Although an increase 

in life expectancy indicates improvements in health care, this simultaneously increased 

the amount of people living with chronic disease, and thus the financial burden placed on 

the economy. It is estimated that most older adults suffer from at least one chronic 

disease, however, 1 in 4 Americans struggle with multiple (11). The most common of 

these are arthritis, heart disease, cancer, diabetes, and osteoporosis, all of which have 
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obesity as one of their common risk factors. As the total number of obese older adults 

increases, there is a subsequent need to consider chronic diseases which have both 

obesity and aging as possible risk factors, such as osteoporosis. 

Osteoporosis: A Silent but Devastating Disease 

Osteoporosis is a chronic bone disease that occurs when the creation of new bone 

cannot keep up with the removal of old bone (12). This causes bone to be weak and have 

a porous appearance, which effects the density of the bone and overall risk of fracture. In 

order to clinically diagnose an individual with osteoporosis a DXA scan is needed. The 

results of the scan are given in the form of a T score, which compares an individual’s 

bone density against that of a healthy 30 year old adult. Values for the scores range from 

1 to -1 standard deviations for normal bone density, -1 to -2.5 standard deviations for 

osteopenia or low bone mass, and -2.5 standard deviations or below for osteoporosis (12).  

While not currently used in the medical diagnosis of osteoporosis, biomarkers of 

bone turnover can be used to better understand an individual’s state of bone remodeling, 

as well as predict fracture risk, independent of bone mineral density (BMD) (13). There 

are biomarkers that represent bone resorption (i.e. C-Terminal Telopeptide of Type 1 

Collagen), or the degradation of bone, as well as bone formation (i.e. Bone-Specific 

Alkaline Phosphatase, Osteocalcin, Procollagen Type 1 N-Terminal Propeptide). These 

are the most commonly assessed biomarkers, which are analyzed together to give 

information on the metabolic activity of bone. Furthermore,  Procollagen Type 1 N-

Terminal Propeptide (P1NP) and C-Terminal Telopeptide of Type 1 Collagen (CTX) are 

recommended and widely accepted for use in clinical studies (13). Biomarkers can be 

used to assess fracture risk in that increased bone turnover can cause low BMD and 
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deterioration of bone architecture. In addition, increases in bone turnover causes an 

increase in the amount of newly synthesized bone which is less mineralized, and thus 

weaker, in comparison to mature bone. Biomarkers of bone turnover are also more 

responsive to changes in bone metabolism and BMD, making them helpful in 

understanding an individual’s risk of developing osteoporosis (13).  

According to the Center of Disease Control and Prevention data from 2005-2010, 

it is estimated that over 200 million people worldwide suffer from osteoporosis. 

Additionally, an estimated 6-9 million women in the United States have osteoporosis, 

which accounts for almost 30% of the women in the United States. In men, this number is 

lower at about 8%, however still significant (14). In terms of ethnicity, Mexican 

Americans trail white women for highest occurrence, at around 25%, followed up Non-

Hispanic white at 18% and Non-Hispanic black at 12% (14). 

Osteoporosis is a particularly dangerous disease because it has very few 

symptoms, and places an individual at high risk of fracture. Fractures of the hip and spine 

are the most detrimental consequences of osteoporosis (15). It is estimated 1.3 million 

women suffer from osteoporotic fracture each year. Hip fractures are estimated to 

account from 16% of these, and are a precursor for death within 6 months in 12-40% of 

cases (14). Additionally, it is predicted that 1 in 2 women, and 1 in 4 men over the age of 

50 will suffer an osteoporotic fracture (15). These fractures are responsible for severe 

consequences such as chronic pain, disability, loss of independence, and possibly death 

(15). Statistics show that of those who survive a hip fracture, 40% are unable to walk 

independently, with 60% of those still requiring assistance a year later and 33% of those 

total dependent and living in a nursing home a year later (14). 
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With osteoporosis being responsible for an estimated 2 million broken bones each 

year, there is a significant financial burden being placed on the economy. These fractures 

translate into 19 billion dollars spent each year on cost related to fractures and subsequent 

medical assistance (12). With the disease prevalence continuing to increase in the United 

States, this number is expected to rise. By 2025, experts predict that the number of 

fractures occurring each year will increase to 3 million, costing the United States 

population around 25.3 billion dollars each year (12). 

There are many factors related to osteoporosis that place an individual at higher 

risk. Some of these include older age, being female, and both a low and high BMI (12). 

BMD of the femur appears to decline with age, with an observed 19% decrease seen in 

men aged 70-79 compared to those aged 20-29, and 27% decrease in similarly aged 

women (16). Individuals with a low BMI tend to have frail bones due to the lack of 

gravitational loading placed on the bone during activities of daily living. While this is not 

an issue for obese individuals, they are still at risk of osteoporosis and fracture due to the 

effect of abnormalities caused by obesity on bone (2). For example, low levels of vitamin 

D are often seen in obese individuals and have are associated with increased fracture risk 

(3). Additionally, those who are obese commonly suffer from diabetes as well, which has 

been shown to increase risk of fracture (3). Obese patients also have a higher fall risk, 

commonly caused by mobility disability, and increased trauma should a fall occur, due to 

a larger mass, which effects their risk of fracture (2). Furthermore, the high prevalence of 

obesity in the middle-aged and older adult population increases the likelihood of fractures 

to occur in obese individuals (3). Because of this, and the numerous other health 

complications associated with obesity, weight loss is often prescribed to these 
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individuals. However, this is controversial as the fat lost during a weight loss program is 

often accompanied by a loss in both lean mass and bone. Loss in fat free mass may be 

particularly detrimental to individuals as these tissues are responsible for important body 

functions such as resting metabolic rate, thermoregulation, and maintaining function and 

quality of life throughout the aging process (17). Further discussion of the controversy 

surrounding the promotion of weight loss in obese older adults, with special attention 

given to the potential exacerbation in fracture and fall risk, is the focus of the next 

section. 

The Controversy Surrounding Weight Loss in Old Age 

 It is well recognized that intentional weight loss in obese adults causes immediate 

improvements in physical function, body composition, metabolic and cardiovascular 

outcomes (18), likely due to the weight loss associated reductions in adiposity and 

inflammatory burden (19,20). However, weight loss recommendation in advanced age 

(i.e. 65+ years) is controversial due in part to weight loss-associated loss of muscle and 

bone mass, and potential exacerbation of age-related osteoporotic fracture risk. This 

concern is grounded in a robust body of data suggesting that roughly one fifth of lost 

weight comes from the fat free compartment. In a recent systematic review conducted by 

Chaston et al., including 33 studies of weight loss from behavioral (n=13), 

pharmaceutical (n=3) or surgical (n=17) interventions, authors reported that adherence to 

a low calorie diet (i.e. 1000-1200 kcals/day) results in loss in fat free mass that accounts 

for 14% of total weight lost. This percentage increased to 23.4% when individuals were 

placed on a very low caloric diet (i.e. 400-800 kcals/day) (17). Encouragingly, this 
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number was attenuated slightly (to 22.5% of weight lost) by the addition of exercise, 

suggesting that the modality of weight loss can influence shifts in body composition (17). 

 Bone is included in the percentage of fat free mass lost in weight loss, and 

accordingly several observational studies specifically describe the effect of weight loss 

on bone loss, as assessed by BMD. In 2003, Ensrud et al. conducted an observational 

study in the Study of Osteoporotic Fractures cohort to determine the amount of bone loss 

that occurred in women who experienced weight loss. The cohort consisted of 6,785 

primarily white women who were followed for an average of 5.7 years. Weight change 

was collected at baseline and the fourth examination visit (mean years between 

examinations = 5.7±0.4) using a balance beam scale, and DXA was used to acquire BMD 

at the total hip (21). Weight change was calculated by subtracting weight at baseline from 

weight at the fourth examination, and was expressed as a percent. Their findings showed 

that women who had lost weight had a 0.92% decline in bone mass per year, compared to 

a 0.68% decline seen in women who were weight stable, and a 0.52% decline in women 

who had gained weight (p for trend <0.01) (21). In a similarly designed study in men, 

Ensrud et al found that the average decline in hip BMD was -1.4% per year (p for trend 

<0.01) in those experiencing weight loss, suggesting weight loss associated bone loss 

may be even greater for males (22). Results from these seminal studies have been 

reiterated in other longitudinal cohorts (23,24), collectively showing that 10% weight loss 

coincides with a 1-4% BMD loss, depending on the site (25–27).  

Weight loss associated BMD loss is particularly concerning as it may place 

individuals at higher risk of fracture, due to compromised strength and quality of bone. 

Indeed, this supposition was confirmed in the Study of Osteoporotic Fractures cohort, 
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which reported an 86% increased risk of frailty fracture associated with 10% weight loss 

in 6754 individuals (28). Strikingly, this is a nearly two-fold increase in fracture risk as 

compared to weight stable individuals. Correspondingly, the previously mentioned cohort 

found that women who had lost weight had 1.8 times the risk of hip fracture compared to 

those who were weight stable or increasing weight (95% CI=1.43–2.24) (21). These 

findings were also confirmed by Museeolino et al. and Langlois et al. in the 

Epidemiologic Follow-up Study cohort of the First National Health and Nutrition 

Examination Survey, who report that those who lost 10% of their body weight had the 

highest risk of hip fracture compared to those who had lost less than 10% of their weight 

or were weight stable (24,29).  

While observational data linking weight loss to loss of BMD and increased 

fracture risk is compelling, many of these studies are limited to self-reported weight 

change. Moreover, only Ensrud et al. attempted to control for weight loss intentionality 

(21,22), which may prove critically important in understanding the true nature of the 

relationship between weight loss and bone health. 

Consideration of weight loss intentionality is best captured in randomized 

controlled trials (RCTs) of weight loss. However few studies are powered to include 

fracture as an endpoint, so intervention-related changes in BMD or biomarkers of bone 

turnover are typically assessed. Overall, RCT results for bone density seem to echo 

findings from longitudinal cohorts, with similar losses reported. Specifically, a meta-

analysis conducted by Zibellini et al. examined 13 studies that varied between 6-24 

months in duration involving overweight or obese, but otherwise healthy, individuals. 

The dietary interventions among studies also differed between a very low energy diet 
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(<800kcals/d), low energy diet (800-1,200kcals/d), and a moderate energy diet 

(>1,200kcals/d). Their findings showed significant reductions in total hip BMD in studies 

that lasted 6 months (–0.010 g/cm2; 95% CI,–0.014 to –0.005 g/cm2; p<0.01), 12 months 

(–0.015 g/cm2; 95% CI, –0.021 to –0.008 g/cm2; p<0.01), and 24 months (–0.012 g/cm2; 

95% CI, –0.024 to 0.000 g/cm2; p=0.05) (30). Schwartz et al found similar results when 

conducting a one year multicenter randomized clinical trial with patients with type 2 

diabetes. In this study, participants were randomized to either an intensive lifestyle 

intervention (ILI), which aimed to lose 7% of their body weight, or a diabetic support and 

education (DSE) control group. With a total of 5145 participants at 16 clinical centers 

across the United States, they found that bone loss was greater in the ILI group compared 

to the DSE group at the total hip (-1.45% vs -0.30%; p< 0.01) and the femoral neck (-

1.50% vs -0.85%; p<0.01) (31). Importantly, because of the unique size and length of this 

RCT, forthcoming data from this group will report on fracture incidence by treatment 

group, providing clarity to this understudied area of great scientific need. 

 As previously stated, in addition to weight loss associated BMD loss, change in 

biomarkers of bone turnover are frequently used to assess bone health. Biomarkers such 

as CTX, BALP, OC, and P1NP are independent predictors of fracture (32–34) and 

sensitive to early changes in bone turnover, making them particularly useful in 

intervention studies lasting less than 6 months (13). In a meta-analysis conducted by 

Zibellini et al., authors found that in five dietary weight loss interventions lasting at least 

3 months in duration, CTX was significantly increased by 4.72 nmol/L (p<0.01) 

compared to baseline levels (30), suggesting that bone resorption is stimulated following 

diet induced weight loss (30). In a longer RCT which also assessed BMD, Villareal et al. 
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randomized participants to a caloric restriction group, who reduced daily caloric intake 

by 25%, or a control group who maintained their normal caloric intake for the duration of 

the two year study. Their findings showed that CTX was increased by about 30% 

(p<0.01) in the caloric restriction group at 6 and 12 months, while BALP decreased 

around 8% at 12 (p=0.05) and 24 (p=0.01) months (35). Additionally, their findings 

showed that compared to the control group, the caloric restriction group experienced 

significant decreases in BMD at 24 months at the lumbar spine (-0.013±0.003 versus 

0.007±0.004 g/cm2; p<0.01), total hip (-0.017±0.002 versus 0.001±0.003 g/cm2; p<0.01), 

and femoral neck (-0.015±0.003 versus -0.005±0.004 g/cm2; p=0.03) (35). This indicates 

that not only was bone resorption stimulated due to weight loss, but bone formation 

activity declined, offering a biologic explanation for the loss in BMD experienced by 

participants. Therefore, there is a need to investigate interventions that are able to 

preserve BMD while optimizing levels of biomarkers of bone turnover during an 

intentional dietary weight loss intervention.  

One potential strategy to preserve bone health during a diet induced weight loss 

program is to add exercise. The osteogenic effects of physical exercise in weight stable 

older adults is well recognized (36) and due in part to the increased mechanical stress 

placed on bone tissue (37). However, RCTS specifically designed to assess the effect of 

exercise during weight loss on bone health are limited, with mixed findings reported (38–

40). Moreover, exercise participation among older adults is sobering low, with less than 

10% of adults over the age of 65 and older meeting national physical activity guidelines 

(41). In fact, compliance may be a factor in explaining the discrepant trial findings, and 

speaks to the larger issue of identification of translatable weight loss countermeasure 
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strategies. Of these, is the use of weighted vests to mimic the increased gravitational 

loading of exercise.  

The biological plausibility for the osteogenic effect of weighted vest use can be 

explained by the complex cellular response to increased gravitational loading imposed by 

wearing the vest, including: (1) pressure-induced changes, (2) activation of osteocytes, 

(3) release of prostaglandins, and (4) activation of mesenchymal stem cells toward 

osteoblastogenesis. Although an in-depth review of the effect of mechanical loading on 

bone physiology is beyond the scope of this thesis (the interested reader is directed to 

(55,56), as well as the overview displayed in Figure 1), in brief, bone cells experience 

interstitial fluid flow pressure changes during loading, pressure in the intramedullary 

cavity, shear forces through canaliculi, and dynamic electrical fields as fluid passes 

charged bone crystals, which all play a role in signaling a transduction cascade to impact 

bone remodeling (55). This mechanical stimuli has been shown to effect both the activity 

and number of osteoblasts, important for bone formation, and osteoclasts, for bone 

resorption (56). However, the cells that are likely responsible for perceiving and 

amplifying physical stimuli are the osteocytes, or mature osteoblasts found within the 

bone matrix. Osteocytes have an antenna like structure and are interconnected by gap 

junctions to better allocate the signal among cells. Once the signal is transferred it will 

activate numerous transduction cascades that play a role in manipulating bone resorption. 

In particular, loading of osteocytes limits the release of sclerostin, an osteocyte product 

which has an anti-anabolic effect on bone formation. While an unloaded osteocyte 

releases receptor activator of nuclear factor-κB ligand (RANKL), which can effect 

osteoclast number and function to increase bone resorption in response to a lack of 
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stimuli (55). Osteoclasts, however, can also respond directly to mechanical signals to 

limit bone resorption should a mechanical stimuli return to a previously unloaded area. 

Mechanical stimuli can also effect bone formation via release of prostaglandins, which is 

consistently seen following the loading of bone. Prostaglandins respond to impact bone 

formation following loading through a process which is believed to include: recruitment 

of new osteoblasts, amplification their own release, improvement of cell to cell 

communication via gap junctions, reduction of apoptosis of osteoblasts, or amplification 

of loading related increases in osteoblastic proteins (57). Additionally important to bone 

formation are mesenchymal stem cells, which have shown to be biased by mechanical 

loading toward increasing osteoblastogenesis, thus increasing bone formation; while a 

lack of mechanical loading has shown to influence mesenchymal stem cells to increase 

adiopogenesis within the bone marrow, greatly effecting the quality of the bone (55). 

Therefore, mechanical loading, caused by increased ground reaction forces via weighted 

vest use (58), may cause favorable effects on bone density by limiting bone resorption 

and increasing bone formation. 
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Figure 1. Biological Plausibility for Weighted Vest Use to Impact Bone
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RCT Evidence Supporting the Use of a Weighted Vest to Improve Bone Density and 

Turnover 

 In order to investigate the relationship between weighted vest use and measures of 

bone health a comprehensive literature search was done using the PUBMED database 

(National Library of Medicine, Bethesda, MD) through September 23, 2016 with the 

search terms weighted vest and bone. Studies were excluded if they were not clinical 

trials, did not involve the use of a weighted vest in their intervention, or if measures of 

bone health, such as BMD or biomarkers of bone turnover, were not assessed. Fifteen 

abstracts were reviewed for potential inclusion. Details regarding study design, 

intervention duration, sample size, participant characteristics (i.e. age, gender, ethnicity, 

menopausal status), weighted vest intervention, and bone health outcome measures were 

extracted from all studies. Additionally, information on weight loss and intentionality 

was assessed if available. Eight intervention studies were identified that met inclusion 

criteria, with six designed as RCTs. Relevant details of the studies will be discussed here, 

and the RCTs can be further reviewed in Table I (42–47).  
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Table I. Relevant Design Details of RCTs Examining the Effect of Weighted Vest Use on Bone Density and Turnover 

Investigators, 

Duration, and 

Study Design 

Sample 

Characteristics 

Definition of 

Exposure 

Definition 

of 

Outcome 

Main Findings 

Consideration 

of 

Weight Loss? 

Greendale et al., 
199342 
 
20 week 
randomized 
controlled trial 

36 men and 
women (89% 
female) aged 
50-80 yrs old 

1 hour of exercise per 
week wearing a 
weighted vest (max 
3.6kg), as well as vest 
worn at home as 
tolerated vs a 
discussion control 
group 

BMD of 
L2-L4 
vertebral 
bodies 

No significant difference 
between changes in BMD for 
control group and vest group  
(-0.59% vs. 1.02%) 
 

No weight loss 
occurred  

Greendale et al., 
200043 
 
24 week 
randomized 
controlled trial 
 
 

62 men and 
women (74% 
female, 87% 
Caucasian) 
average age 
was 74 yrs  

3% body weight vest, 
and 5% body weight 
vest, or no vest 
control group. 
Participants in vest 
groups were asked to 
wear the vests during 
weight bearing 
activities for 2 hrs/d, 
4 d/wk 

Serum OC 
and urine 
NTX 

No significant changes in OC 
(p=0.36) or NTX (p=0.48) 
occurred with treatment. Study 
retention was high in the no 
vest (19; 90%), 3% (15; 80%), 
and 5% (20; 91%) groups 

No weight loss 
occurred 

Jessup et al., 
200344 
 
32 week 
randomized 
controlled trial 
 
 

18 healthy 
Caucasian 
women average 
age 69 ± 3.5 yrs 

Strength training, 
balance exercises, and 
stair walking using a 
weighted vest (up to 
10% BW) for 60-90 
min 3 d/wk vs a 
sedentary control 
group 

BMD 
(g/cm2) of 
the 
femoral 
neck and 
spine 
 
 

Control group had significant 
loss in BMD, vest group had a 
significant increase in BMD at 
the femoral neck (EG=1.7%, 
CG=-0.4%, p=0.016) 

Exercise group 
exhibited 
significant 
weight loss of 
5% 
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Table I. (cont.) Relevant Design Details of RCTs Examining the Effect of Weighted Vest Use on Bone Density and Turnover 

Investigators, 

Duration, and 

Study Design 

Sample 

Characteristics 

Definition of 

Exposure 

Definition 

of 

Outcome 

Main Findings 

Consideration 

of 

Weight Loss? 

Klentrou et al., 
200745 
 
12 week 
randomized 
controlled trial 
 
 

16 
postmenopausal 
women average 
age was 53  ± 
5.6 yrs in 
control and  53 
± 4.1 yrs in vest 
group 

Walking at 75% of 
age predicted MHR 
and strength training 
3d/wk with a 
weighted vest (up to 
15% BW) vs control 
group  

Serum OC 
and NTX  

No significant differences were 
found between the control and 
vest group. NTX significantly 
decreased from baseline to post 
treatment in the vest group 
(13.1±4.5 nM BCE/L to 11.2 ± 
3.1 nM BCE/L; 14.5%, p<0.05)  

No weight loss 
occurred 

Tantiwiboonchai 
et al., 201146 
 
12 week 
randomized 
controlled trial 
 
 

48 women 
average age was 
46  ± 7.5 yrs in 
control and 42 
± 8.1 yrs in the 
vest group  

Walking at 65-75% 
MHR for 40 mins 3 
d/wk with a weighted 
vest (up to 8% BW) 
vs no vest control 
group 
 
 

Serum 
P1NP and 
β-
crossLaps 
(CTX) 

No significant differences 
between vest and control group 
in levels of P1NP. β-crossLaps 
decreased from  0.350 ± 0.227 
to 0.283 ± 0.132 (-19.1%) in the 
vest group and 0.357 ± 0.168 to 
0.279 ± 0.137 (-21.9%) in the 
control group 

No weight loss 
occurred 

Roghani et al., 
201347 
 
6 week 
randomized 
controlled trial 
 
 

36 
postmenopausal 
women with 
primary 
osteoporosis 
aged 45-65 yrs 
old 

Treadmill exercise 
(55%-60% HRR) 
with and without a 
weighted vest 
(starting at 4% BW 
and increasing 2% 
every 2 wks) for 30 
mins 3 d/wk vs 
controls who 
maintained current 
diet and activity 
patterns 

Serum 
CA, P, 
tALP, 
BALP, 
NTX  

BALP increased in the aerobic 
(10.25%, p=0.003) and vest 
groups (7.31%, p=0.05) and 
decreased in control group (-
1.96%). NTX decreased in both 
exercise groups (AG=-5.99%, 
p=0.001, VG=-6.34%, p=0.002) 
and increased in the control 
group (0.6%, p=0.06) 

No weight loss 
occurred 
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For all intervention studies, sample sizes ranged from 16-62 subjects who 

participated in studies that ranged from 6 weeks to 5 years in duration (42–49). 

Participants were primarily postmenopausal women aged 40-80 years old (45–49), 

however two studies included both men and women (89% and 74% female) (42,43). A 

weighted vest was used as the treatment in all interventions (42–49), and BMD 

(42,44,48,49) and biomarkers of bone turnover (43,45–47)  were used as outcome 

measures of bone health. Two arms (i.e. weighted vest group and control group) were 

utilized in six of the eight studies (42,44–46,48,49), while the remaining two studies 

utilized three arms (i.e. weighted vest group, exercise group or lower weight vest group, 

and control group) (43,47).  Exercise, consisting of resistance and aerobic training was 

used in conjunction with the weighted vest in seven of the eight studies (42,44–49). Five 

of the eight studies report a beneficial effect of the weighted vest on some aspect of bone 

health (44–47,49). 

 Four of the studies used BMD as their outcome measure of bone health 

(42,44,48,49), and of these two had significant findings (44,49). Snow et al. conducted a 

non-randomized controlled trial in which 18 postmenopausal women chose to either 

participate in an exercise and jumping program while wearing a weighted vest (up to 10% 

body weight) or be an active control (5.7±1.7 hr/wk of weight bearing activity). The 

exercise program was held 3 days per week for 32 weeks a year over the 5 year duration 

of the study. They used DXA acquired images of the femoral neck, trochanter, and total 

hip to assess changes in BMD that occurred due to treatment. Their findings showed that 

vest wearers experienced increases in femoral neck BMD (1.54%±2.37%, p=0.03), and 

only slight decreases at the trochanter and total hip (-0.24%±1.02% and -0.82%±1.04%, 
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p=0.05), while controls decreased at all three sites (-4.43%±0.93%, p=0.03, -

3.43%±1.09%, -3.80±1.03%, p=0.05) (49). Jessup et al. conducted a 32 week RCT with 

18 postmenopausal women. Participants were randomized to either an exercise group 

consisting of strength training, balance, and stair climbing exercises while wearing a 

weighted vest (up to 10% body weight), or a sedentary control group. Similarly, DXA 

acquired BMD of the femoral neck was attained. Their results showed that the exercise 

group experienced a 1.7% increase in femoral neck BMD, while the control group 

decreased by 0.4% (p=0.02) (44). These findings indicate that weighted vest use along 

with exercise could potentially cause favorable changes to hip BMD, particularly in the 

femoral neck, in studies lasting at least 32 weeks.  

 The remaining four studies were shorter in duration (between 6-27 weeks) and 

utilized various biomarkers of bone turnover as their outcome of interest (43,45–47). 

Klentrou et al. conducted an RCT with 16 postmenopausal women, in which participants 

were randomized to either a walking and strength training program with a weighted vest 

(up to 15% body weight), or a control group. The program met 3 days a week for the 

duration of the 12 week study. Osteocalcin (OC) and N-Terminal Telopeptide of Type 1 

Collagen (NTX) were collected and analyzed to understand changes in bone turnover due 

to treatment. Their findings showed that no significant changes in OC occurred. 

However, NTX significantly decreased by 14.5% in the vest group (13.1±4.5 nM BCE/L 

to 11.2±3.1 nM BCE/L, p<0.05), indicating bone resorption decreased following the 

weighted vest and exercise intervention (45). Similarly, Roghani et al. conducted a 6 

week RCT to investigate the effects of weighted vest use on biomarkers of bone turnover 

in 36 postmenopausal women with osteoporosis. However, their intervention involved 
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participants being randomized to an aerobic training program with and without weighted 

vest use (up to 8% body weight), or a control group. They found that Bone-Specific 

Alkaline Phosphatase (BALP) increased in both the aerobic and weighted vest groups 

(10.25%, p=0.03 and 7.31%, p=0.05), and decreased in the control group (-1.93%) (47). 

Additionally, NTX decreased in both the aerobic and weighted vest groups (-5.99%, 

p<0.01 and -6.34%, p<0.01) and increased in the control group (0.6%, p=0.60) (47). This 

indicates that in both exercise groups bone formation markers increased while bone 

resorption markers decreased, as opposed to the control group which experienced 

decreases in bone formation and increases in bone resorption.  

Greendale et al. also utilized an RCT design to investigate weighted vest use on 

biomarkers of bone turnover. However, their intervention involved the use of a weighted 

vest at either 3% or 5% body weight compared to a no vest control, with no prescribed 

exercise program. The vest was advised to be worn for 2 hours daily, 4 days a week, for 

24 weeks (43). No significant effects were seen on serum OC or urine NTX in either 

group. However this may have been due to the weight of the vest and hours it was worn 

not being enough to cause changes on bone. Important to note is the high retention 

experienced in all three groups (no vest: 90%, 3%: 80%, and 5%: 91%), indicating that 

compliance to this program could potentially be higher than that of an exercise program. 

While these results are compelling they do not speak to the ability of a weighted 

vest to combat weight loss induced bone loss, as only two studies discussed weight loss 

(44,48). Moreover, both of these studies attributed the weight loss to their exercise 

program, rather than being an explicit purpose of the study. Shaw et al. found that body 

weight decreased from 70.2±11.3kg to 68.7±12.2kg in the exercise group (48), while 
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Jessup et al. saw a weight loss of 5% in the exercise group (44). Additionally, Jessup el 

al. found a favorable increase of 1.4% in femoral neck BMD in this exercise group, while 

their control group saw a decrease of 0.4% despite lack of weight loss. However, neither 

study reported adjusting for differences in body weight in statistical analysis.  In order to 

determine the usefulness of weighted vests in attenuating bone loss due to weight loss, 

more research is needed involving their use during an intentional weight loss program. 

Therefore, the purpose of this study is to examine both the feasibility of daily weighted 

vest use during a 22 week dietary weight loss intervention, as well as its effects on (a) 

DXA acquired BMD (total hip, femoral neck, lumbar spine), and (b) biomarkers of bone 

turnover (OC, BALP, CTX, P1NP), in obese older adults. We hypothesize that 

participants randomized to the Diet and Vest (D+V) group will experience similar weight 

loss, but significantly greater attenuations in BMD (total hip, femoral neck, lumbar 

spine); as well as increases in biomarkers of bone formation (OC, BALP, and P1NP) and 

decreases in biomarkers of bone resorption (CTX), as compared to participants 

randomized to Diet Only (D). 
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METHODS 

The Arthritis Pilot for Preserving Muscle While Losing Weight, or APPLE 

(NCT02239939), study was a 22 week RCT conducted at the Wake Forest School of 

Medicine. Primary aims included: (1) assessing feasibility of daily use of a weighted vest 

during a dietary intervention and (2) estimating the variability of treatment effects on 

health-related outcome measures, including bone density and turnover.  

Study Participants 

Subjects were recruited via mass mailings and media advertisements to 

communities in and around Forsyth County, NC. Telephone screening was conducted in 

order to determine eligibility. A full list of inclusion and exclusion criteria can be 

reviewed in Table II. General inclusion criteria included: age 65-79 years, BMI=30-40 

kg/m2, weigh<135 kg, self-reported physician diagnosed osteoarthritis, no evidence of 

clinical depression or other contraindications for participation in voluntary weight loss, 

sedentary lifestyle (<30 minutes, 3 days/week of exercise), and willing to provide 

informed consent. Notable criteria for exclusion included: weight loss or gain (±5%) in 

past six months, excessive alcohol use (>14 drinks/week), being a smoker (>1 

cigarette/day or 4/week within 1 year), having comorbidities for which the intervention 

was contraindicated, use of medications that may influence relevant outcomes, and 

inability to tolerate vest run-in. A goal of up to 40 participants were recruited for 

participation in this study, based on the feasibility of completing the study within a year 

timeframe with pilot study resources. 
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Table II. Inclusion and Exclusion Criteria 

Inclusion Criteria Exclusion Criteria 

Age 65-79 years Weight loss or gain (±5%) in past 6 months 

BMI=30-40 kg/m2; Weight<135 kg  Excessive alcohol use (> 14 drinks/week) 

Self-reported physician diagnosed osteoarthritis  Smoker (>1 cigarette/day or 4/week within year) 

No evidence of clinical depression or other  
contraindications for participation in voluntary  
weight loss  

Evidence of cognitive impairment (Montreal Cognitive Assessment score <22) 
or difficulty with hearing or vision that would interfere with study participation 

Sedentary lifestyle (<30 min, 3 days/week of exercise) Insulin-dependent or uncontrolled diabetes (FBG >125 mg/dl) or 
Hypertriglyceridemia (TG>400 mg/dl) 

Able to provide own transportation to study visits and 
intervention 

Osteoporosis (T-score< -2.5 on hip or spine); Hip fracture, joint replacement,  
or spinal surgery in past 6 months, hyperkyphosis or chronic severe back pain 

Not dependent on a cane or walker   Uncontrolled hypertension (BP>160/90 mmHg) or  
abnormal kidney or liver tests per Medical Director discretion 

Willing and able to consume meal replacement products Self- reported hepatitis B or C 

Not involved in another behavioral or interventional 
research study 

Severe anemia (Hemoglobin<10 g/100 ml) 

 

Approved for participation by Medical Director Uncontrolled endocrine/metabolic disease, neurological or 

hematological disease, fibromyalgia, chronic pulmonary disease, 

hyperparathyroidism, rheumatoid arthritis, unstable angina, MI, cardiac 

surgery within 3 months 

Willing to provide informed consent Cancer requiring treatment in past year, except skin cancers 

Able to tolerate vest run in Regular use of medications that may influence body weight, hormones, weight 

loss medications, bone remodeling medication, prior use of medications that 

affect bone, anti-coagulants, or use of insulin 
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Intervention 

Dietary Intervention 

All participants underwent a 22 week behavioral-based dietary weight loss 

intervention targeting 8-10% weight loss utilizing the Medifast® 4 & 2 & 1 weight loss 

plan (Jason Pharmaceuticals, Inc, Owings Mills, MD). The plan includes four Medifast® 

meal products per day, two Lean and Green™ Meals, and one Healthy Snack. The meal 

products, which were provided to participants by the Medifast® parent company, each 

contain ~90-110 kcals, 10-15 g protein, and were fortified with vitamins and minerals. 

The Lean and Green™ Meals were prepared by the participants and consisted of 5-7 oz. 

lean protein, 3 servings of non-starchy vegetables and up to 2 servings of healthy fat. The 

snack consisted of one serving of fruit, dairy, or grain. Individuals were encouraged to 

select only foods that are approved by the meal plan, however choices varied among 

participant preferences. The total diet ranged from 1100-1300 kcals per day and 

contained adequate macro- and micro-nutrients, specifically protein, calcium, and vitamin 

D, to nourish the body while losing weight. 

Behavioral Group Classes 

All participants also took part in weekly Registered Dietitian (RD) led group 

classes throughout the duration of the intervention. Classes were designed to provide 

participants with support, topics aimed towards successful weight loss, and meal plan 

following strategies including: self-monitoring, portion control, mindful eating, coping 

with negative thoughts related to overeating, eating at regular times, and stress 

management. Additionally, during these sessions, participants turned in daily eating and 



25 

 

drinking logs, which were reviewed by the RD to monitor compliance to the program. 

Weekly body weight was also assessed on a Tanita BWB 800 scale (Tanita, Arlington 

Heights, IL), to monitor weight and ensure appropriate rate of weight loss.  

Weighted Vest Intervention 

Participants randomized to the D+V group were provided with a Hyper Vest 

PRO® (Hyperwear, Austin, TX). This vest was designed to fit comfortably under 

clothing, allow for full range of motion without restricting breathing, and comes in a 

variety sizes (S-XXL) to ensure proper fit. Small slots in the vest allow the ¼ inch thick 

weights to be evenly distributed throughout the vest up to a maximum of 21.4 - 60 

pounds, depending on vest size.  

Initially, the vest had no weight; weight was incrementally added to the vest 

according to each participant’s weekly rate of weight lost. As a participant lost body 

mass, the weight of the vest was increased to replace the lost weight in order to mimic 

weight stability. In order to ensure safety for participants, the weight of the vest was only 

allowed up to a maximum of 15% of their baseline weight (20–35lbs). Participants were 

asked to wear their vests daily with a goal of 10 hours per day during their most active 

times of the day, and completed daily logs as to how long the vest was worn, how much 

weight was it in, and any comments related to the vest. Research staff added weight to the 

vest following their weekly weigh in and monitored logs to discuss relevant issues. 
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Measures 

Bone Mineral Density 

 Hologic DXA located in the Geriatric Research Center was used to obtain 

measures of areal BMD at the total hip, femoral neck, and lumbar spine. The DXA scans 

were performed at participant’s second screening visit and follow up visit. All scans were 

performed and analyzed by a trained DXA technician who is certified by the International 

Society for Clinical Densitometry and has vast experience in body composition 

measurements in older adults.  Every scan was examined to evaluate for proper patient 

positioning and analysis, and reanalysis or rescanning was performed if necessary.  Any 

artifacts were noted and, if possible, excluded from the measured region. 

Biomarkers of Bone Turnover 

All blood serum and plasma samples were drawn at participants screening and 

follow up visits, which occurred at baseline and after the 22 week intervention. The 

collections for both visits occurred in the morning when participants were in a fasted 

state. Samples were divided into aliquots and stored at -80°C at the Geriatric Research 

Center at Wake Forest Baptist Medical Center until later analysis. All randomized 

participants consented to the baseline blood draw, with 89% (33/37) available for follow 

up blood work after 22 weeks of intervention. The four participants who did not complete 

follow up testing had dropped from the study.  

Both CTX and P1NP were run using enzyme-linked immunosorbent assay kits 

from Neo Scientific (Cambridge, MA). OC was analyzed using Quantikine enzyme-

linked immunosorbent kits from R&D systems (Minneapolis, MN). All samples were run 
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in duplicate. The average of both readings was used for data analysis. Samples for OC, 

P1NP, and CTX were read against a standard curve ranging from 0-10 ng/mL. BALP 

analyses were performed at a clinical laboratory (LabCorp, USA) following standard 

procedures. Baseline samples for each biomarkers were as follows: OC: 37, BALP: 37, 

P1NP: 35 (two samples were above the standard curve and undetected), CTX: 36 (one 

sample was above the standard curve and undetected). Follow up samples for each 

biomarker were as follows: OC: 33 (four participants dropped from study), BALP: 33 

(four participants dropped from study), P1NP: 30 (four participants dropped from study, 

three samples were above the standard curve and undetected), CTX: 33 (four participants 

dropped from study). 

Relevant Covariates 

Baseline demographics such as age, gender, and ethnicity were recorded based on 

participant self-report. Baseline height and weight were measured at the first screening 

visit and were used to calculate baseline BMI by dividing weight by height squared. Both 

baseline and follow up weights were measured without shoes on a Detecto scale (Detecto, 

Webb City, MO), which is calibrated yearly. Height was measured, also without shoes, 

using the Heightronic 235D stadiometer (QuickMedical, Issaquah, WA). 

Intervention Process Measures 

 Weekly weights were collected using a Tanita BWB 800 scale (Tanita, Arlington 

Heights, IL), which is self-calibrating and used in order to track the rate of weight loss. 

Baseline and the average of the two 22 week follow up visit weights used to determine 

amount of weight lost, and thus compliance to and success of the dietary intervention. 
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Percent compliance to the dietary intervention was also calculated based on self-reported 

caloric intake from participant food logs. Additionally, the amount of time spent wearing 

the vest daily and weight in the vest, as well as percent compliance based on 10 hours per 

day goal, were collected in the D+V group to determine compliance to the weighted vest 

protocol.  

Satisfaction questionnaires were distributed to both randomization groups for the 

dietary and weighted vest intervention. Questions allowed participants to answer based 

on a 1-5 scale, with one being not at all satisfied and five being very satisfied, and 

provided space for participants to leave final comments regarding the intervention. The 

dietary satisfaction survey was comprised of five questions aimed toward understanding 

participant’s fulfilment with the meal plan itself and their individual weight loss, as well 

as the group education classes. Additionally, questions were asked as to capture the 

efficacy of maintaining both the meal plan and the weight loss in the future. The vest 

satisfaction survey included questions on the comfort of the vest and the practicality of 

including it in participant’s daily lifestyle both during the study and afterwards. 

Statistical Analysis 

 Baseline demographic and clinical characteristics were summarized using 

descriptive measures by group and overall. Treatment effects on bone biomarkers and 

BMD were estimated using general linear models both unadjusted and adjusted for 

baseline values of the outcome and gender. As a pilot study, the study sample size was 

determined to assess the feasibility of a larger study and to generate estimates for future 

power calculations; therefore, all comparisons of treatment efficacy are considered 

exploratory rather than confirmatory, and a significance level of 0.05 is used throughout. 
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All analyses were performed using SAS v9.4 (SAS Institute, Cary, NC). A correlation 

coefficient was calculated to determine the association of weight added to the vest and 

the amount of weight lost in the D+V group.  
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RESULTS 

Baseline Characteristics Summary  

 A CONSORT diagram including details on progression of APPLE participants 

through randomization can be viewed in Figure 2. Thirty-three of the 37 randomly 

assigned participants (89%) completed the study (returned for final data collection visit). 

The retention of participants was not different between groups (D: 88%; D+V: 90%). 

Data for baseline demographic characteristics can be viewed in full in Table III. Overall 

participants were aged 70.1±3.0 years old, 78.4% were female, 78.4% were white, 10.8% 

had diabetes, and baseline BMI was 35.3±2.9 kg/m2. Groups were very similar at 

baseline, with only slight differences in weight between groups likely due to more men 

being randomized to the Diet and Vest group (D+V = 99.4±10.3 kg verses D = 93.8±11.5 

kg). However, BMI was very similar between groups (D+V = 35.3±2.8 kg/m2 verses D = 

35.3±3.0 kg/m2). 

Table III. Participant Baseline Characteristics  

Baseline Characteristics 
Diet Only 

(n=17) 

Diet + Vest 

(n=20) 

Age (years) 69.9 ± 2.6 70.3 ± 3.4 

Female, n (%) 14 (82.4) 15 (75.0) 

White, n (%) 13 (76.5) 16 (80.0) 

Diabetes Prevalence, n (%) 2 (11.8) 2 (10) 

Weight (kg) 93.8 ± 11.5 99.4 ± 10.3 

Body Mass Index (kg/m2) 35.3 ± 3.0 35.3 ± 2.8 
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Figure 2. APPLE CONSORT Diagram 

  

274 Excluded 

(not eligible or interested) 

56 Participants screening 

visits 

19 Excluded (not eligible) 
 3 BMI < 30 or > 40.0 

3 Exclusionary 
medications 
2 Laboratory values  
5 MOCA/cognitive 
status 
4 Withdraw consent 
2 Did not like Medifast 
run-in 
 

37 Participants were 
randomized 

 

17 Randomized to receive        
     Diet Only 
1 Lost to follow up 
1 Withdrew from study  

1 Could not follow diet 

  

20 Randomized to receive                 
      Diet and Vest 
     2 Withdrew from study 

1 Adverse events 
 1 Could not follow diet 

   

330 Participants telephone 

screened 

15 Completed study 18 Completed study 
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Data for baseline measures of bone health can be reviewed in Table IV. Overall 

groups were well matched for baseline values of DXA acquired BMD and biomarkers of 

bone turnover. Values of DXA acquired BMD between 0.85 and 1.25 g/cm2 are 

considered normal for this age group (16,50). Overall total hip and lumbar spine were 

within the normal range (0.97±0.13 g/cm2 and 1.14±0.19 g/cm2 respectively), with 

femoral neck being slightly below at 0.78±0.12 g/cm2. Reference ranges for biomarkers 

of bone turnover were obtained via ELISA kits, and are as follows: OC: 0-64 ng/mL, 

BALP: 7.4-25.4 μg/L, P1NP: 1.2-3.9 ng/mL, and CTX: 0.8-5.3 ng/mL. Baseline values 

for OC and BALP were within normal ranges, while values for P1NP and CTX were 

slightly above the given references ranges. However, values for both were similar among 

groups (P1NP: D+V = 4.8±1.4 ng/mL verses D = 4.3±2.4 ng/mL, p = 0.44; CTX: D+V = 

5.7±2.6 ng/mL verses D= 6.8±2.0 ng/mL, p = 0.16). 

Table IV. Participant Baseline Measures of Bone Health  

Baseline Measure of Bone 

Health Diet Only Diet + Vest Reference 

Range 

DXA-acquired BMD  
 

0.85 – 1.25 

   Total Hip (g/cm2) 0.94 ± 0.14 0.98 ± 0.13  

   Femoral Neck (g/cm2) 0.74 ± 0.10 0.81 ± 0.12  

   Lumbar Spine (g/cm2) 1.11 ± 0.19 1.16 ± 0.19  

Biomarkers of Bone Turnover  
 

 

   OC (ng/mL) 24.7 ± 15.3 27.3 ± 21.5 0 – 64 

   BALP (μg/L) 15.5 ± 5.6 15.1 ± 5.2 7.4 - 25.4 

   P1NP (ng/mL) 4.3 ± 2.4 4.8 ± 1.4 1.2 – 3.9 

   CTX (ng/mL) 6.8 ± 2.0 5.7 ± 2.6 0.8 – 5.3 
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Intervention Process Measures 

 Data for process measures to assess adherence and compliance can be reviewed in 

Table V. Average weight lost in the D+V group and D group were similar, at 11.0±6.3 

kg and 11.2±4.4 kg, respectively, without any group difference (p=0.94). This resulted in 

an overall average weight loss of 11.3±5.3% of baseline body weight. Data regarding 

average weekly weight loss by group can be viewed in Figure 3. Dietary compliance 

(based on calories logged) was similar between groups, with an average of 95.0±9.2%, 

and only two individuals reporting less than 90% dietary compliance. The D+V group 

wore the vest for an average of 6.7±2.3 hours per day, which corresponded to a 66.7% 

compliance based on the 10 hours per day goal. Overall, 8 participants wore the vest for 

7-10 hours per day, 6 for 4-7 hours per day, and 3 for less than 4 hours per day (based on 

weekly average wear time). The weight in the vest averaged 6.3±2.5 kg or 7.1±3.0% 

baseline body weight, and the weight in the vest was strongly correlated to the amount of 

weight lost by the individual participant (r = 0.76). 

Table V. Intervention Process Measures 

Process Measures Diet Only Diet + Vest 

Weight Loss (kg) 11.2 ± 4.4 11.0 ± 6.3 

Vest Wearing Time (hrs/day) - 6.7 ± 2.3 

Weight in Vest (kg) - 6.3 ± 2.5 
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Figure 3. Average Weekly Weight Loss by Group. 
 

 

Averages of responses to the satisfaction questionnaires were calculated, with one 

being not at all satisfied and five being very satisfied, for both the dietary and weighted 

vest intervention. Overall satisfaction with the dietary intervention was a 4.5 out of 5, 

indicating participants were very satisfied with the program. Overall satisfaction with 

daily use of the vest for extended periods of time was a 2.9 out of 5, indicating 

participants were somewhat satisfied with the vest. 

Treatment Effects on Bone Density and Turnover 

Data regarding 22 week treatment effects on regional DXA acquired BMD, 

adjusted for baseline values of outcome and gender, can be viewed in Table VI, and are 

presented as means (95% CI). No significant differences were seen between groups in 

DXA acquired BMD at the total hip, femoral neck, or lumbar spine. However, trends 

toward significance were noted for changes in total hip BMD, in that the D group 

experienced three times greater decreases as compared to the D+V group (-18.7 [-29.3, -
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8.1] mg/cm2 verses -6.1 [-15.7, 3.5] mg/cm2; p = 0.08). This data was also converted into 

percent change and can be viewed in Figure 4. The trend toward significance can also be 

seen in percent change in total hip BMD, in that the D group saw a 1.9% decrease, while 

the D+V group experienced only a 0.6% decrease (p = 0.08).  

Table VI. 22 Week Treatment Effects on DXA-Acquired Regional BMD Adjusted for 

Baseline Values of the Outcome and Gender 

 

Bone Mineral Density 

Diet Only Diet + Vest  

P-value 
Mean (95% CI) Mean (95% CI) 

Δ Total Hip BMD (mg/cm2) -18.7 (-29.3, -
8.1) 

-6.1 (-15.7, 3.5) 0.08 

Δ Femoral Neck BMD (mg/cm2) -9.8 (-23.3, 3.7) -11.9 (-24.1, 0.3) 0.82 

Δ Lumbar Spine BMD (mg/cm2) 22.9 (7.7, 38.0) 13.7 (-0.2, 27.5) 0.37 

 

Figure 4. 22 Week Treatment Effects on DXA-Acquired Regional BMD, Adjusted for 

Baseline Values of the Outcome and Gender. 
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Data for 22 week treatment effects on biomarkers of bone turnover adjusted for 

baseline values of outcome and gender can be viewed in Table VII, and are presented as 

means (95% CI). No significant differences between groups were noted for changes in 

OC, BALP, P1NP, and CTX. Trends towards significance were noted for bone formation 

marker BALP, in that the D+V group experienced increases, while the D group decreased 

(0.59 [-0.33, 1.50] μg/L verse -0.70 [-1.70, 0.31] μg/L; p=0.07). Additionally, while not 

significant, biomarkers of formation OC and P1NP appeared to increase or be attenuated 

in the D+V group compared to the D group (0.63 [-3.77, 5.03] ng/mL verses -0.07 [-4.89, 

4.76] ng/mL; p = 0.83, and -0.06 [-0.47, 0.35] ng/L verses -0.24 [-0.71, 0.24] ng/L; p = 

0.57). This data was also converted to percent change and can be viewed in Figure 5. 

The trend toward significance for biomarker BALP is more clearly depicted with regard 

to percent change, in that the D+V group experienced a 3.8% increase in the bone 

formation marker, while the D group saw a 4.6% decrease (p=0.07). Non-significant 

increases or attenuations to bone formation markers OC and P1NP were also seen in 

percent change. The D+V group saw increases in OC of 2.5% compared to the D group 

who decreased by 0.3% (p=0.83). Additionally, the D+V group experienced a slight 

decrease in P1NP of 1.3% compared to the D group who decreased by 5.0% (p=0.57). 
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Table VII. 22 Week Treatment Effects on Biomarkers of Bone Turnover Adjusted for 

Baseline Values of the Outcome and Gender 

 

Biomarkers of Bone Turnover 

Diet Only Diet + Vest  

P-value 

Mean (95% CI) Mean (95% CI) 

Δ OC (ng/mL) -0.07 (-4.89, 4.76) 0.63 (-3.77, 5.03) 0.83 

Δ BALP (μg/L) -0.70 (-1.70, 0.31) 0.59 (-0.33, 1.50) 0.07 

Δ P1NP (ng/L) -0.24 (-0.71, 0.24) -0.06 (-0.47, 0.35) 0.57 

Δ CTX (ng/mL) -0.11 (-0.45, 0.23) -0.03 (-0.33, 0.27) 0.73 

 

Figure 5. 22 Week Treatment Effects on Biomarkers of Bone Turnover Adjusted for 

Baseline Values of the Outcome and Gender. 
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DISCUSSION 

This 22 week randomized controlled pilot trial was the first to examine the effect 

of daily weighted vest use during a period of intentional dietary weight loss on several 

parameters of bone health. Feasibility data indicate that older adults undergoing weight 

loss are willing to wear a weighted vest to mimic gravitational loading for at least 1/4th of 

a day over a 22 week period, with average daily use reported as 6.7±2.3 hours/day, or 

66.7% of the 10 hour target. Intriguingly, this degree of weighted vest use, coupled with a 

dietary intervention protocol inducing an average of 11.3% weight loss, resulted in 

marginally attenuated losses in total hip BMD in the D+V group (-6.1 mg/cm2  vs -18.7 

mg/cm2; p = 0.08) and increased BALP (0.59 μg/L vs -0.70 μg/L or +3.8% vs -4.6%; 

p=0.07) compared to D only. Results indicate the potential for weight replacement, 

during a dietary intervention, to minimize weight loss associated bone loss and warrant 

further exploration from an appropriately powered trial. 

To date, no study has examined the combination of weighted vest use during 

dietary weight loss on bone health, although several studies have examined components 

individually.  Weight loss interventions, for example, consistently result in a loss of hip 

aBMD on the order of 0.010 to 0.015 g/cm2 (30). This effect size is on par with, but 

slightly smaller than, what we observed in the D only group (i.e. 0.019 g/cm2); a 

discrepancy which is likely attributed the advanced age of our study sample.  Although 

smaller than what is considered clinically meaningful for fracture risk prediction (51), it 

is larger than what you might expect annually from advanced age alone (0.002-0.006 

g/cm2/year) (52) and confers an approximate 15-20% increase in fracture risk (30). 

Weighted vest use in weight stable adults has been shown to attenuate loss in hip BMD 
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by around 0.025 g/cm2, when compared to active controls (49), although results come 

from one, non-randomized trial. Thus, original findings presented here showing modestly 

attenuated loss in hip BMD by 0.013 g/cm2 when weighted vest use is coupled with 

caloric restriction, thereby reducing total loss in hip BMD to 0.6%, confirm and extend 

prior literature and may signal long term clinical significance.  

Similarly, the effect of diet induced weight loss has been shown to effect 

biomarkers of bone turnover, in particular those of bone resorption. Key findings from a 

recent meta-analysis show significant increases in both CTX and NTX of 4.72 nmol/L 

(95% CI, 2.12 to 7.30 nmol/L) and 3.70 nmol/L (95% CI, 0.90 to 6.50 nmol/L) for 

studies lasting 2 or 3 months in duration, but not of 6, 12, or 24 months (30). This 

indicates an early effect of diet induced weight loss to promote bone resorption that may 

have been missed in the present study due to biomarker measurement occurring only at 

baseline and 5.5 month follow up. Currently, the literature regarding the use of 

biomarkers of bone turnover for prediction of fracture is inconclusive. However, data 

regarding increased markers of bone resorption and fracture risk, in particular CTX, is 

more consistent in comparison to that of markers of bone formation, such as BALP (13). 

Prospective studies show that older women who had a one standard deviation increase in 

CTX were at a 30-40% higher risk of fracture compared to those who did not, while pre-

fracture levels of markers of bone formation remained similar (13,53).  

Weighted vest use in weight stable adults has been shown to effect biomarkers of 

bone turnover. A six week RCT conducted by Roghani et al. saw decreases in NTX of 

6.3% (p<0.01) and 6.0% (p<0.01) and increases in BALP of 7.3% (p=0.05) and 10.3% 

(p=0.03) in their exercise and weighted vest and exercise only group; compared to their 
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sedentary control group who increased NTX by 0.6% and decreased BALP by 1.9%. 

Results from the present study showed similarly favorable effects of weighted vest use on 

bone formation, in that the D+V group experienced a 3.8% increase in BALP, while the 

D group saw a 4.6% decrease (p=0.07). Additionally, while not significant, levels OC 

were increased while P1NP levels were slightly attenuated in the D+V group compared to 

the D group (Δ OC: 0.63 ng/mL [-3.77, 5.03] vs -0.07 ng/mL [-4.89, 4.76]; p= 0.83 and Δ 

P1NP: -0.06 ng/mL [-0.47, 0.35] vs -0.24 ng/mL [-0.71, 0.24]; p= 0.57), indicating 

weighted vest use during dietary weight loss may cause favorable effects on bone 

formation. 

 Although not specifically designed to examine the effect of weighted vest use 

during intentional weight loss on bone health, it is worth discussing the present findings 

in light of the lone RCT of weighted vest use where significant weight loss was achieved 

(44). In 2003, Jessup et al. randomized 18 healthy, Caucasian women to participate in a 

32 week exercise program (3 days/week of moderate intensity strength, balance, and stair 

climbing exercises for 60-90 minutes/session), while wearing a weighted vest (up to 10% 

of baseline body weight) to a sedentary control group. Authors reported that women 

randomized to the active intervention lost 5% of their body weight (by-product of 

exercise and not an intentional dietary intervention), yet increased femoral neck BMD by 

1.7%, while sedentary controls decreased by 0.4% (p=0.02). Although participants in the 

D+V group of the present study did not experience increases in BMD, total hip BMD loss 

was modestly attenuated in comparison to the D group (-0.6% verses -1.9%, p=0.08), 

which also support an osteogenic role of weighted vest use. This minor discordance may 

be due to absolute weight loss differences (5% loss (44) versus 11% loss in the present 
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study) and the addition of exercise to weighted vest use. Additionally, the way in which 

weight loss was achieved in the Jessup et al. study is fundamentally different than the 

present study, as it was exercise induced. Studies have shown that when compared to 

exercise induced weight loss, diet induced weight loss causes greater reductions in BMD; 

likely due to the frequent loading involved in the large amount of exercise needed to 

achieve clinically relevant weight loss (54). 

 The biological plausibility for the osteogenic effect of consistent gravitational 

loading throughout weight loss via daily weighted vest use for 6+ hours/day relays back 

to the mechanisms described on pages 12-13, and displayed in Figure 1. Results from 

this study indicate that bone formation was stimulated through increases in formation 

markers BALP and OC, and attenuations in marker P1NP, which thus correlated to slight 

attenuations in BMD experienced at the total hip in the D+V group. Therefore, it’s likely 

that the previously mentioned pathways which affect bone formation were stimulated in 

response to weighted vest use to mimic weight stability during diet induced weight loss. 

 The major strength of this study is novelty of intervention design, in that it is the 

first to assess use of a weighted vest to mimic weight stability during a period of 

intentional dietary weight loss on bone health in older adults. Additional strengths of this 

study include its randomized design, participant sample consisting of both men and 

women (78.4% female), and measurement of both BMD at various sites and four 

biomarkers of bone turnover in order to provide a comprehensive assessment of the state 

of bone remodeling in response to treatment. This study, however, was not without 

limitations. The most notable limitation of this study is the small sample size, which did 

not allow for sufficient power to definitively detect statistically significant treatment 
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effects. Nonetheless, results do provide effect sizes and estimates of variability that will 

be useful in subsequent trial design. Additionally, we did not observe a consistent 

treatment effect across regions and biomarkers, calling into question the robustness of our 

findings. That being said, the lumbar spine region is notorious for measurement error, 

especially in the context of obesity and osteoarthritis (30), and the femoral neck - having 

a smaller area compared to the total hip - is more subject to variability; thus it is perhaps 

not overly surprising that we unable to detect differences at these locations in our small 

study sample. In contrast, changes in total hip BMD were marginally significant, and in 

line with results from the meta-analysis by Zibellini et al., who also report significant 

weight loss associated bone loss only at the total hip region (30). Changes to bone 

biomarker CTX also differed from that experienced in previous studies, which may have 

been due to the timing of blood sampling (30), although the directionality of effect sizes 

in BALP, OC, and PINP were in accordance with our hypothesis. Finally, information 

regarding daily physical activity was not collected. While participants were recruited to 

be sedentary, and physical activity likely varied non-differentially by group and was not a 

goal of the intervention or outcome of interest, information on activity level would have 

been helpful in understanding the impact of daily activities while wearing the weighted 

vest on bone health.  
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CONCLUSION 

In sum, novel findings from this study indicate the use of a weighted vest during 

an intentional dietary weight loss intervention modestly attenuates loss in total hip BMD 

while increasing bone formation. Further research is needed in an adequately powered 

sample to confirm pilot findings, and to investigate the long term effect of weighted vest 

use to minimize weight loss associated bone loss. Ultimately, a larger study of longer 

duration study could allow for investigation of the legacy effects on fracture risk, aiding 

health care professionals in establishing optimal geriatric weight management strategies 

to maximize bone health. Future areas of inquiry also include direct comparison of the 

weighted vest therapy during weight loss to more mainstream osteogenic strategies, such 

as resistance training or pharmacotherapy, or mechanistic examination of the biology 

underlying weight loss associated bone loss (i.e. hormones, cytokines, adipokines, 

peptides, and calcium absorption changes with weight loss (58), that may have a 

catabolic effect on bone), beyond gravitational loading. 
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