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Abstract 

Surfing is one of the fastest growing sports in the world, with a number of 

participants estimated at nearly 40 million worldwide. In Australia, surfing became 

popular in the 1950s, and many surfers are now middle-aged or older. As such, 

bone-related health issues have become a major concern. Specifically, skeletal 

bone health and the bone health of the external auditory canal (EAC) which are 

the two main focus areas of this thesis. 

It is well-known that aging is associated with loss of bone mass, directly 

related to conditions clinically known as osteopenia and osteoporosis. Therefore, 

prevention is paramount. Exercise is widely accepted as a non-pharmacological 

strategy to reduce the age-related bone deterioration; however, not all types of 

exercise are able to contribute to a positive benefit. The first main focus area of 

this program of research (Chapters 3 to 5) addresses the relationships between 

skeletal bone health and surfing, including water-based exercise in general. 

Findings of our studies suggest that male surfers and post-menopausal women 

engaged in water-based exercise can potentially decrease the rate of bone 

deterioration associated with age. 

The bone health of the EAC, the second main focus area of this thesis, is 

explored within Chapters 6 to 9. Exostosis of the EAC, popular known as surfer’s 

ear, is a common consequence of long-term surfing. However, to date this 

pathology has been mainly associated with cold waters, with no studies 

investigating surfers exclusively exposed to warm water conditions. Furthermore, 

through the literature search (Chapter 2), a discrepancy was found between self-

reported prevalence of the condition and the prevalence found via otoscopic 

examination. Our results revealed that exostosis of the auditory canal is prevalent 

in individuals exposed to surfing conditions, regardless of water temperature. 

Additionally, we found that surfers, although aware of surfer’s ear, are often 

undiagnosed. 

This program of research has demonstrated the relationships between 

bone health and the sport of surfing. It was found a positive association between 

long-term surfing and skeletal bone health, potentially preventing conditions such 
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Thesis structure 

At the time of the commencement of this thesis, there appeared to only be 

one published study that addressed skeletal bone health of surfers, with 

limitations that affected extrapolation of its results. Additionally, external auditory 

exostosis (EAE) was perceived to be mainly associated with cold-water surfing, 

with differences found between self-reported prevalence and the prevalence 

found via otoscopic examination. 

Therefore, this thesis sought to address both topics, which are related to 

the bone health of surfers. The thesis is arranged into ten chapters, centered on 

two major areas (Figure 1): skeletal bone health and bone health of the external 

auditory canal (EAC). 

Chapter 1 is the introductory section, providing the background to this 

thesis together with its aims and hypotheses. In Chapter 2, a review of the 

literature related to bone health and surfing is detailed, highlighting the major 

gaps in prior research. 

The first major area, skeletal bone health, is then approached through 

Chapters 3, 4, and 5. In Chapter 3, a systematic literature review with meta-

analyses investigated the effects of water-based exercise on the bone-health of 

middle-aged and older adults. Chapter 4 examines the reliability and precision of 

the dual-energy x-ray absorptiometry scan (DXA) and its positioning protocols, to 

determine body composition (BC) and bone mineral density (BMD). Then, 

Chapter 5 investigates the bone health of middle-aged and older adult surfers, 

comparing the results with those for age- and sex-matched active individuals who 

were non-surfers. 

The second major area of this thesis, the bone health of the EAC, is 

explored through Chapters 6, 7, 8, and 9. Chapter 6 presents a case study of 

EAE, commonly known as ‘surfer’s ear’, where the condition is detailed through 

the format of questions and answers. In Chapter 7, the prevalence and severity 

of EAE in warm water surfers is examined. Chapter 8 investigates the prevalence 

of the condition in cold water surfers, via an online survey. Chapter 9 explores 

the awareness among Australian surfers of EAE, in order to understand the 
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discrepancy between self-reported prevalence of EAE and the prevalence found 

via otoscopic examination. 

Finally, Chapter 10 provides discussion of the main findings, 

acknowledging the limitations of the thesis, and proposing future research in the 

field. 
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do not reach their pre-fracture level of functioning within one year post-fracture, 

and the individuals who do recover tend to take approximately six months to 

return to their pre-fracture levels of functioning.12 In the year following a hip 

fracture, there is a two-fold increased mortality.13 Vertebral fractures are often 

asymptomatic, therefore escaping clinical diagnosis; however, when compared 

to other types of fractures, they are associated with higher comorbidity, higher 

incidence of hospitalization, and longer hospital stays.14 In addition, they have 

been strongly associated with subsequent fractures and mortality.14,15 Fractures 

of the distal radius are more common in women and are considered a sensitive 

marker for subsequent hip fracture and mortality.16 

The current available pharmacological treatment for osteoporosis, besides 

being costly, may have several negative side-effects.17 It is, therefore, important 

to focus upon non-pharmacological approaches in the prevention of bone 

deterioration. Adequate levels of calcium and vitamin D are well established as 

key factors for bone health. A physically active lifestyle is also recognized as a 

prevention strategy, with a vast variety of exercise modes being evaluated. 

However, not all types of exercise are able to promote positive effects on 

bones.18 Traditionally, only physical activities resulting in high-impact mechanical 

loading have been associated with a positive effect on bone tissue,19,20 with some 

sports being associated with either no effects or with increased risk of fractures 

due to bone loss. For instance, Pereira Silva et al.21 reported that scuba divers 

had a femoral neck BMD 4.6% lower than that of a non-diving control group. 

Exercise in the water environment, often called water-based exercise, is known 

to involve reduced the weight bearing, which may lead to a negative effect on 

bones. Nonetheless, the literature remains inconsistent regarding the effects of 

water-based exercise on bone health. Velez et al.22 reported that mature aged 

males who restricted their physical activity to only swimming had a 10% higher 

prevalence of osteoporosis as compared to sedentary age- and sex-matched 

controls. On the other hand, Balsamo et al.23 conducted a cross-sectional study 

and concluded that aquatic exercise might be a viable non-pharmacological 

strategy to prevent bone loss in postmenopausal women. 
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session.49 This short period of standing would provide bones little stimulus for 

remodeling. It could, therefore, be expected that participants in this aquatic 

activity may have an imbalance between osteoclastic (bone resorption) and 

osteoblastic (bone remodeling) activity, resulting in degradation of BMD and 

consequently exposing surfers to premature development of osteoporosis and 

increased risk of fractures. However, surfing requires a wide range of physical 

qualities in order to paddle-out, pass through waves, “catch” a wave, balance on 

the surfboard, and execute and complete surfing maneuvers. Therefore, the 

physical activity involved in practicing these physical skills might positively 

influence bone health. At present, only one study exists which has investigated 

bone health in surfers. It was conducted by Climstein et al.,51 and they concluded 

that surfing appears to be advantageous with regard to BMD and bone mineral 

content (BMC). However, this study did not utilize standard clinical sites of 

assessment. 

Although the effects of surfing on skeletal bone are currently unclear, it is 

well-documented that surfing is associated with a high prevalence of exostosis 

affecting bone in the external auditory canal (EAC), also known as surfer’s ear.52 

This condition is diagnosed via otoscopic examination to identify broad-based 

bony growths, defined as an irreversible outgrowth of the osseous external 

auditory canal.53 External auditory exostosis (EAE) usually occurs bilaterally, with 

multiple lesions, and is highly correlated with the amount of time spent in the 

water (ie, exposure to surfing).54 This is a potentially serious health issue, and 

common consequences include chronic cerumen impaction, recurrent otitis 

externa, pain and conductive hearing loss (deafness). The definitive treatment of 

exostosis is surgical removal,55 which is reserved for severe and symptomatic 

cases. The feasibility of prevention remains unclear; however, the use of earplugs 

may help prevent its occurrence.56 Although the physiological mechanism for the 

development of exostoses is not known, exposure to cold water54,57,58 and 

wind59,60 are commonly cited risk factors, and the association of both factors 

appears to affect the severity.61-63. However, inconsistency in the research 

literature still exists. Analyses of the prevalence of such exostoses amongst warm 

water (water temperatures exclusively above 19°C) surfers have never been 
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bone wet weight. It is composed of 90% to 95% collagen fibers, which are 

predominantly type I, but also types V, VI, VIII, and XII, and a homogeneous 

gelatinous medium called ground substance, composed of non-collagenous 

protein (eg, osteocalcin) and growth factors.68 The majority of the total bone wet 

weight, approximately 70%, is constituted of inorganic matrix.68 It is composed 

principally of calcium and phosphate, as a chemical arrangement termed 

hydroxyapatite (Ca10(PO4)6(OH)2), responsible for the majority of bone’s 

stiffness.68,69 Bone matrix plays an essential role in bone homeostasis, and the 

amounts and distribution of both organic and inorganic components will 

determine bone’s ability to balance its flexibility and stiffness. 

The main functions of bones can be classified into three categories70: 

1. Mechanical: serves as an anchorage for muscles, enabling movement, 

supports the body against gravity; and protects soft tissues and vital 

organs; 

2. Chemical: serves as reservoir of growth factors and cytokines; and is 

responsible for mineral homeostasis and acid-base balance; 

3. Hematological: contains hematopoietic stem cells; and is responsible 

for the synthesis of blood cells. 

There are four categories of bones: long (eg, radius, femur), short (eg, 

tarsal and carpal bones), flat (eg, ribs, skull), and irregular (eg, sacrum, 

vertebrae).70 In a macroscopic analysis of bone, two different types of tissue can 

be identified: cortical and trabecular.69 This division is based on their porosity and 

unit microstructure. Both types, cortical and trabecular, have the same matrix 

composition, differing in terms of their architecture and function. The ratio of 

cortical to trabecular bone varies throughout the skeleton, being arranged to 

accommodate inputs of stresses and strains to the bone tissue.69,70 For instance, 

the femoral shaft is a predominantly cortical site, and the lumbar spine is a 

predominantly trabecular site. 

Cortical (or compact) bone comprises nearly 80% of the skeleton weight 

and is most common in the long bone shafts, or diaphysis, of the body (limbs, 

appendicular skeleton).69,70 It is thick and dense, with porosity around 5% of its 

total volume.70 Cortical bone is, therefore, highly resistant to bending and torsion, 
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Osteoporotic Fractures  

The importance of identifying loss of bone quality (ie, identifying 

osteopenia and osteoporosis) is to prevent the major consequence of bone 

fragility, which is an increased risk of fractures. Bone fracture is characterized by 

discontinuity in the bone tissue.48 When the fracture is related to a situation 

considered to involve a minimal impact, such as fall from a standing height, it is 

referred to as “osteoporotic fracture”, “fragility fracture”, “pathologic fracture” or 

“low trauma fracture”.48 Osteoporotic fractures are considered important causes 

of disability worldwide, and significantly contribute to medical care costs.8 

Therefore, they have particular importance in public health. It is estimated that in 

the population over 50 years of age, approximately 50% of women and 22% of 

men will have a fracture related to poor bone health.14 However, the 

consequences of this type of fracture may be more devastated in men. This is 

exemplified by the fact that the chance of dying due to a hip fracture is doubled 

in men, when compared to women.80 The common sites of fractures are the hip 

(proximal femur), spine (vertebrae), and wrist (distal forearm).14 

Hip fractures usually happen as a consequence of the slow and 

progressive loss of bone, both cortical and trabecular.48 Approximately 30% of 

older adults who have experienced a hip fracture do not reach their pre-fracture 

level of functioning within a year post-fracture, and the individuals who do recover 

tend to take approximately six months to return to their pre-fracture levels of 

functioning.12 In addition to this, in the year following a fracture, there is a two-

fold increase in mortality.13 DXA measurements of the hip are highly correlated 

to hip fractures.48 

Vertebral fractures are often asymptomatic, therefore escaping clinical 

diagnosis; however, when compared to other types of fractures, they are 

associated with higher co-morbidity, higher incidence of hospitalization, and 

longer hospital stays.14 In addition, they have been strongly associated with 

subsequent fractures and mortality.14,15 The lifetime risk of vertebral fractures is 

8.6% for men aged 45 years and older, and 15.4% for women.14 

Distal radius fractures (occurring at the wrist), are also known as Colle’s 

or Smith’s fractures, and are more prevalent in women aged 45 to 65 years.48 



22 | P a g e  

The most common mechanism of these fractures is direct trauma.48 They occur 

in men and women at a younger age when compared to hip or vertebral fracture.81 

Although fractures of the distal radius are considered to cause the least morbidity 

of all fragility fractures, they have been associated with a high prevalence (28%) 

of algodystrophy,81 which is a clinical syndrome characterized by intense pain, 

vasomotor and trophic changes. This condition can lead to functional disability 

for several months or even years. In addition, these fractures are considered an 

important predictor of subsequent fractures and mortality.16 

In Australia, it is estimated that osteoporosis and osteopenia affect 

approximately 7.5 million people, with one fragility fracture occurring every 3.6 

minutes, which amounts to almost 400 per day.9,10,82 The direct annual cost of 

osteoporotic fractures in 2012 was equivalent to approximately 1% of Australia’s 

total health expenditure.82 The total direct annual cost of hip fractures is AU$695 

million, and AU$923 million for non-hip fractures.11 According to the Australian 

Study of Cost and Utilities Related to Osteoporotic Fractures (AusICUROS), 64% 

of osteoporotic fractures result in admission to acute hospital care, with an 

average stay of more than seven days, and this represents 18% of all 

hospitalizations attributable to musculoskeletal disease.11 

By 2022, it is estimated that there will be one fracture every 2.9 minutes, 

equating to 500 per day.11 The estimated total number of osteoporotic new 

fractures and re-fractures over the next ten years is predicted to be in excess of 

1.6 million, with an estimated total direct and indirect cost to the government, 

community, and individuals of AU$33.6 billion in this period.11 Over this period, it 

is also projected that approximately 150,000 fractures could be prevented, with 

an annual saving ranging from AU$140 million to AU$187 million.11 

It is therefore recommended that the risk of osteoporosis should be 

evaluated in men aged 50 years and older and in postmenopausal women, 

focusing on a preventative approach, such as BMD testing.76 It is important to 

note that osteoporosis is preventable and treatable; however, the challenge lies 

in identifying bone loss at an early stage, prior to a pathological fracture, which is 

the first clinical sign of this silent disease.76 
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Fracture risk calculators 

Fracture risk calculators (FRCs) are web-based tools that incorporate a 

number of clinical risk factors to evaluate the risk of fracture over the following 

years.10 Different calculators will provide different estimates; however, the 

recommendation of one calculator over another is not possible, due to lack of 

research.10 Furthermore, a recent systematic review of the performance of these 

tools for predicting absolute future fracture risk in populations other than their 

development cohorts found that relatively few studies have been performed to 

date to externally validate these calculators.83 This study highlighted that 

conclusive evidence is lacking with respect to the external validity of available 

fracture risk calculators for predicting future fracture risk in different populations 

in which they may be used. Nayak et al.83 concluded that further high-quality 

studies to assess the calibration of risk assessment instruments in populations in 

which they may be used are needed before the widespread use of individual risk 

assessment instruments can be recommended. 

 

Dual energy x-ray absorptiometry (DXA) 

The early diagnosis of osteoporosis, before the occurrence of fractures, is 

established by measuring the BMD at the hip and spine.76,84 DXA is considered 

the most completely developed, reliable and popular bone densitometric 

technique, and is the preferred clinical technique to measure BMD, mainly 

because of its relatively high resolution and reliability, rapid acquisition and 

minimal radiation.76,84,85 Figure 3 shows a DXA scanner (General Electric, GE, 

Lunar Prodigy, Madison, WI, USA).  
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osteopenia or osteoporosis. The T-score is only used for patients 

over 50 years of age. 

DXA-derived BMD also predicts fracture risk, and can be used to monitor 

patients’ bone health.85 Even though there is little difference between skeletal 

sites in utility for the overall prediction of any fracture, femoral neck BMD is the 

best overall predictor of fracture risk.48,76 Each SD reduction in femoral neck BMD 

increases the age-adjusted risk of hip fracture by a factor of 2.6 and the risk of 

any minimal trauma fracture (eg, from falling from a standing height or less) 

fracture by a factor of 2.0.85 Each SD reduction in lumbar spine BMD was found 

to increase the relative risk of vertebral fracture by a factor of 2.3.85 Moreover, 

when the bone density decreases by 10% the fracture risk for the vertebral body 

is doubled, and for the hip is trebled.48 

DXA is an extremely stable X-ray source, with high photon flux.85 It relies 

upon the attenuation of a photon beam from two different photon energies, 

allowing the differentiation between different types of tissue, according to their 

density.85 For instance, bone, a high-density tissue, will absorb more photons 

than soft tissue, which contains low-density material and will, therefore, transmit 

more photons.85 Effective doses of radiation from single applications of bone 

densitometry are very low compared to naturally occurring background (or 

ubiquitous) radiation (eg, inhalation of air, ingestion of food and water, terrestrial 

radiation from ground, cosmic radiation from space), and low compared with other 

common diagnostic radiological tests (eg, chest x-ray).85 Table 5 compares 

radiation dose (expressed in millisievert, mSv) received from DXA to that received 

from other common diagnostic exams and to the number of days of exposure to 

natural background radiation that equates to the dose each exam type 

delivers.86,87 
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The DXA total body scan can provide a simple and low-dose radiation 

methodology to measure the density of the three-component model: bone 

mineral, lean soft tissue, and fat. The measurement of total body BMD together 

with soft tissue composition is of interest for studies of nutritional requirements, 

growth and development, and also to assess skeletal status in both health and 

disease states.85 Total body scans also allow the software to calculate BMC (in 

grams[g]), BMD (in g/cm2) and bone area (in square centimeter [cm2]) for the total 

body or for any of several anatomical subregions, and also for android and gynoid 

ROIs. This requires adjustments of cut locations to isolate these different regions 

of the body. The standard anatomical regions are: head, arms, legs, and trunk. 

In terms of precision, the reproducibility of DXA is reported to be in the 

order of ±1% for the spine and ±2% for the femur; however, in clinical practice it 

can be less precise, as high as ±3%.84,85 

To ensure that any patient’s scans performed on the machine are 

accurate, and that DXA operators can be confident that follow-up scans will show 

real changes, it is necessary to follow Quality Assurance (QA) and Quality Control 

(QC) procedures.85 Any variability detected during QA and QC could lead to 

inaccuracy in DXA results, leading to misdiagnosis and mismanagement for a 

patient. QA procedures, which are also referred to as internal QC procedures, 

require minimal operator input and check that the densitometer meets 

engineering specifications for: x-ray system performance; detector performance; 

tissue and bone measurements; and mechanical adjustments. It is recommended 

that this procedure should be executed at least three times per week, and any 

day when a patient or research participant is scanned. QC procedures involve 

the scanning of a phantom, supplied by the manufacturer, with a known area, 

BMD and BMC. This provides information on longitudinal and long-term variation, 

stability and precision of the densitometer, as one aspect of overall QA/QC. 

 

 

Other bone densitometry technologies 

Bone density accounts for 60 to 80% of the variance in ultimate bone 

strength. Other important determinants of bone quality are bone material 
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Vitamin D is measured in international units (IU), with a recommended 

daily intake of 200-400 IU to maintain adequate levels, and low levels of vitamin 

D are an established risk factor for poor bone health and osteoporosis.48,96 

However, a recent Cochrane systematic review concluded that supplementation 

of vitamin D alone appears unlikely to be effective in fracture prevention.97 This 

same systematic review demonstrated that taking vitamin D plus calcium is 

important for prevention of hip fracture or any type of fracture. However, the 

authors recommend balancing the benefits against risk of negative side-effects, 

such as kidney stones, kidney disease, gastrointestinal disease or heart disease. 

In Australia, adequate levels of vitamin D are indicated by values equal or 

superior to 50 nanomoles (nmol) per liter (L) at the end of winter, and 10 to 20 

nmol/L higher during summer, in order to allow for a seasonal decrease in the 

winter months.10 As UV light (ie, sunlight) is the main source of vitamin D, sun 

exposure is fundamental. 

 

Caffeine 

It has previously been proposed that caffeine may produce a negative 

calcium balance by increasing urinary and fecal calcium excretion98 and 

decreasing intestinal calcium absorption efficiency.99,100 It was also reported that 

caffeine exerts a direct effect on bone, mediated by cyclic adenosine 

monophosphate101 and teratogenic effects on ossification.102 Some studies 

reported that regions with more trabecular bone, especially the trochanter, were 

more susceptible to caffeine intake.103 In addition, it has been suggested that the 

effect of caffeine intake on hip fracture was still present after adjustment for 

calcaneal bone density, indicating that caffeine might influence factors other than 

bone mass, such as bone quality, or even the risk of falling.104 A meta-analysis, 

conducted by Liu et al.,105 concluded that for fracture incidence, each additional 

cup of coffee per day is associated with a risk elevation of 4.9% for women and 

a risk reduction of 9% for men. However, this meta-analysis included only 

observational studies, which are subjected to confounding factors, such as level 

of calcium intake, and smoking status. Liu et al.105 also reported publication bias 

towards positive results, which means that studies with positive results were more 
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likely to be published and, therefore, included in the systematic review. Of note, 

two recent meta-analyses of prospective cohort studies did not suggest a 

statistically significant association between coffee consumption and risk of hip 

fracture.106,107 

 

Alcohol 

Bone formation can be affected by alcohol intake, with high intakes being 

associated with a decreased BMD. Alcohol has both direct and indirect effects on 

bone. The growth of mesenchymal stem cells in the bone marrow and their 

transformation into osteoblasts are inhibited by alcohol.108 Alcohol also triggers 

the transformation of mesenchymal stem cells into adipocytes,108 and has a dose-

dependent suppressive effect on osteocalcin levels.109 

However, it has been suggested that moderate alcohol intake does not 

affect negatively the bone tissue, and may be associated with improved BMD and 

reduced risk of fracture.76 Nonetheless, alcohol intake above the level equivalent 

to two standard drinks per day for women or three standard drinks per day for 

men can decrease bone quality.76,109 Consequently, limiting alcohol use to no 

more than one standard drink per day for women and no more than two standard 

drinks per day for men is recommended, where one standard drink equals 12 

ounces (350 milliliter [mL]) of beer, 5 ounces (150 mL)  of wine or 1.5 ounces (40 

mL) of 80-proof (ie, 40% alcohol by volume) distilled spirits.76,109 

 

 

Smoking 

Besides being detrimental to overall health, especially to cardiovascular 

and pulmonary function, the use of tobacco also deleteriously affects the 

skeleton, and is considered a risk factor for osteoporosis. It has been suggested 

that several mechanisms may be responsible for the association between 

smoking and bone loss, including both direct and indirect effects on bone cells. A 

proposed direct effect is that nicotine affects cell proliferation, reducing bone 

formation and increasing bone resorption.110 The indirect effect is related to 
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accelerated bone loss by decreasing intestinal calcium absorption, and altering 

calciotropic and adrenal cortical hormone metabolism, which leads to increased 

rate of bone resorption.110,111 It has also been suggested there is a correlation 

between smoking and other risk factors for osteoporosis, such as low BMI, 

decreased physical activity and poor diet.110,112 The rates of bone loss are 

estimated to be 1.5 to two times greater for current smokers than for non-

smokers.109 

 

Physical Activity and Exercise 

Physical activity and exercise are well known for the many benefits, both 

short and long-term, they can provide to overall health. In terms of bone health, 

the lack of gravitational loading on the musculoskeletal system observed in 

situations such as prolonged bed-rest and spaceflight leads to an increased rate 

of bone loss.113-115 Conversely, regular weight-bearing or impact physical activity 

has been shown to be a good non-pharmacological approach to improve bone 

mass. 

At the end of the 19th century, the hypothesis was raised that bone tissue 

can be affected by mechanical loading116-118; however, this hypothesis was only 

further investigated in the 1970’s and 1980’s, resulting in the “Utah Paradigm” 

and the definition of the term “mechanostat”.29,33,36,38,119 The “Utah Paradigm” 

stated that bone effector cells, such as osteoblasts and osteoclasts, are 

responsible for determining the structure and function of bones, along with soft 

tissue, such as ligaments and tendons. The term “mechanostat” is related to the 

identification of the weight-bearing and load-bearing bones, together with 

feedback systems, which influence many facets of bone metabolism, in both bone 

production and resorption. Further studies at a tissue-level contributed to the 

theory that bones are capable of positively adapting their mass, microstructure 

and strength when routinely exposed to a repeated external stimulus.35,38,119-121 

In addition, it was demonstrated that bone mineral density is highly associated 

with lean body mass.30-32 

Previous research has demonstrated that muscle contractions increase 

loads on bones, producing stress and strain reactions in bone tissue,35-37 and also 
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that dynamic loading has a more positive effect on bone tissue than static 

loading.38 These findings support the assertion that changes in muscle quality (ie, 

mass, size and strength) are directly related to changes in bone quality (ie, mass, 

structure and strength), as suggested by the functional “muscle-bone” unit 

concept.33,34 Muscle forces are generated during both activities involving no 

impact, which are associated with muscle forces only, and impact, which 

incorporate both ground reaction and muscle forces. However, with regards to 

bone metabolism, it is not possible to conclude which aspect (ie, muscle forces 

or gravitational forces) is more relevant in generating positive results.122 

To improve or maintain bone health, the American College of Sports 

Medicine (ACSM) guidelines123 recommend that individuals should complete 

weight-bearing aerobic activities 3 to 5 days/week and resistance exercise 2 to 3 

days/week, and that the intensity of resistance exercise should be at 60 to 80% 

of 1 repetitium maximum (RM) for 8 to 12 repetitions. It is also recommended that 

exercise sessions should last from 30 to 60 minutes and should involve bone 

impacting activity such as jogging or weightlifting. Recommendations from 

Osteoporosis Australia are in line with these recommendations.10 

However, not all types of exercise are able to generate positive effects on 

bone metabolism.18 Traditionally, only high-impact exercise, associated with high 

ground reaction forces, and high magnitude loading exercise, associated with 

joint reaction forces, have been associated with a positive osteogenic effect. 

19,20,124-127 Some sporting activities are associated either with no effects on bone 

or with increased risk of fractures, due to bone loss. 

For instance, Nichols and Rauh128 analyzed the BMD of competitive male 

master cyclists, over a 7-year period, and compared it to the BMD of non-athletic 

active controls. After adjusting for body mass index, lean mass, calcium intake, 

and exercise habits, they demonstrated that cyclists had a greater decline in BMD 

than non-athletes, with more than 30% of the athletes who had osteopenia at 

baseline becoming osteoporotic after seven years, compared to only 5% of the 

non-athletes. In line with this finding, a systematic review conducted by 

Olmedillas et al.129 concluded that road cycling does not appear to confer any 

significant osteogenic benefit. Scuba diving, a sport that, due to its unloading 
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observational studies or on conflicting results found in randomized controlled 

trials (RCT’s). For instance, Rothstein et al.137 investigated the effect of water 

exercise, conducted over a period of seven months, on BMD and compared this 

to the effects observed in sedentary controls. They concluded that a well-planned 

water exercise program can have a positive effect on bone density in post-

menopausal women. These findings were in line with those of Tsukahara et al.,138 

who conducted a 1-year longitudinal study, and concluded that water exercise is 

an important exercise mode for preventing bone loss. Vanaky et al.139 conducted 

a RCT over 12 weeks investigating the BMD of post-menopausal women after a 

water exercise program, and compared them to a sedentary group. They 

concluded that the water exercise program had a positive effect on bone density, 

whereas the control group showed bone loss. Similar findings were demonstrated 

in a RCT conducted by Moreira et al.,140 who compared an aquatic exercise group 

to a sedentary control group, analyzing bone health through bone biomarkers 

(CTx, P1NP) and DXA. After 24 weeks of intervention, they concluded that, when 

compared to the control group, the intervention group (water exercise) had an 

attenuated bone resorption and enhanced bone formation, which prevented 

these individuals from incurring a reduction in the trochanter BMD, as was 

observed in the control group. In contrast, Pernambuco et al.141 conducted a RCT 

over 8 months, comparing the effects on BMD of an aquatic aerobics group to 

effects in sedentary controls, and did not demonstrate improvement in BMD at 

the lumbar spine and total femur, with no statistical differences observed after the 

intervention period between the groups. 

To date, with regard to bone health, no systematic review of the effects on 

bone of water-based exercise other than swimming has been found. Therefore, 

the effects of exercise undertaken in a water environment on bone health of 

middle-aged and older adults remain uncertain. 

At present, only one publication has investigated bone health in surfers. 

This study was conducted by Climstein et al.51 and used a cross-sectional 

observational design. The researchers analyzed the bone health of 11 middle-

aged male surfers with a minimum of 40 years of surfing experience, not 

participating in any other physical activity, and compared them to 10 age and 
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1924, and was won by Claude West, who was taught by Duke at Freshwater 

beach.148 It was not until the 1950s that popularity of surfing started to grow, when 

a group of Hawaiian and Californian lifeguards, led by Greg Noll, were on tour 

during the Melbourne Olympics (1956).149 They demonstrated their new Malibu 

surfboards, becoming known as Mal, which were much lighter than those used 

on Australian beaches at that time, making the sport more convenient. In 1964, 

the first official surfing world championship took place in Australia, at Manly 

Beach, Sydney.143 

Surfing has significantly changed over the years in terms of equipment, 

competition, safety and participation globally. Equipment has changed from the 

traditional wooden boards to the high technology shaped fiberglass used 

nowadays. Competition has changed from being a friendly amateur sport to a 

globally televised professional world surfing tour, with millions of dollars in 

sponsorship and prize money. Beach safety has improved greatly over time, led 

in Australia by the not-for-profit community organization Surf Life Saving Australia 

(SLSA), with professionals and volunteer lifeguards on beaches all over the 

country. These factors have influenced participation in this sport, changing it from 

being a sport mainly practiced by men to being a sport for all ages, genders and 

cultures. 

Nowadays, surfing is a popular recreational activity and competitive sport, 

and also is one of the fastest growing sports in the world. It is estimated that there 

are around 37 million surfers worldwide,44 a statistic which has doubled when 

compared to the 18 million surfers estimated in 2002.45 In Australia, this number 

is estimated at 2.7 million, which accounts for over 1 in 10 Australians, with 

approximately 420,000 annual Surf School participants.46 In addition to this, 

around a third of non-surfers would be interested in learning to surf.46 

Despite the remarkable growth and the continuously increasing number of 

participants worldwide, scientific research on surfing does not reflect this growth 

in comparison to most other mainstream sports.47 Given that surfing's popularity 

started to grow in Australia in the 1950s and 1960s, many of the original surfers 

are now past the age of 55, with a considerable number of middle-aged and older 

surfers continuing the activity. However, due to lack of research on surfing, it is 
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injury resulting in hospitalization per 17,500 surfing days, concluding that this 

injury rate was far below the rate for most sports. In Australia, one of the first 

studies reporting surfing injuries was conducted by Lowdon et al.,160 and 

published in 1983. They analyzed traumatic injury data from 346 Australian 

surfers and reported that lacerations represented 41% of all injuries, followed by 

dislocations, sprains, strains and fractures. It was reported that the rate of 

moderate and severe injuries among the sample was 3.5 injuries per 1,000 

surfing days. 

The first large study of acute and chronic surfing-related injuries was 

published in 2002 by Nathanson et al.,45 with similar findings. They analyzed 

1,348 surfers of diverse abilities, from 48 countries, in an observational, 

retrospective internet-based survey. They reported that 67% of injuries were 

caused by surfboards, 34% of injuries were to the head, and laceration was the 

most common type of injury (42%), followed by contusions, sprains and strains. 

They also found that 37% of the participants reported chronic injuries. Of these, 

57% were strains, mainly in the shoulder, back, and neck areas, and 14% were 

bony outgrowths (or exostoses) of the external auditory canal (EAC), or surfer’s 

ear. Finally, they reported that older surfers, more advanced surfers, and those 

surfing in large waves were at higher risk of suffering significant injuries. 

In a study conducted on Victorian beaches, in Australia, Taylor et al. 161 

analysed injury data from 646 surfers (90.2% male, median age 27 years, 10 

median years of surfing), and reported that more than 20% of the participants 

experienced chronic health problems, including chronic/recurrent otitis externa 

and exostosis of the EAC. 

To date, the largest Australian national survey on surfing-specific injuries 

was conducted by Furness et al.,47,65 who analyzed injury data from recreational 

and competitive surfers, reporting both acute47 and chronic65 injuries. They 

conducted an online survey and included 1,348 participants (91.3% males), 

reporting an incidence rate of 1.79 (95% CI 1.67-1.92) major injuries per 1,000 

hours of surfing. Major injuries were defined as requiring one day or more off work 

and/or surfing and/or the participant required treatment from a health 

professional. Shoulder, ankle and head/face regions were the most common 
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body locations of major acute injuries. These injuries were predominantly of 

muscular and joint origin, and the most common mechanism of injuries was direct 

trauma. Key factors that increased the risk of sustaining an acute injury included 

competitive status, hours surfed (>6.5 hours/week), and the ability to perform 

aerial maneuvers. With regard to chronic injuries, 35.4% of the participants 

reported suffering a chronic condition caused or aggravated by surfing. A total of 

1,068 chronic injuries were reported, and the lower back, shoulder and knee were 

most commonly involved. There was no significant association between 

prevalence of chronic injury and hours spent surfing. Regarding the nature of the 

chronic injuries, musculoskeletal injuries were the most common. Joint injuries 

represented 43.5% of chronic injuries, and muscular injuries 23.6%, with only 

7.7% being non-musculoskeletal injuries, which included auditory exostosis, otitis 

externa and pterygiums (also known as surfer’s eye, which is a tissue that grows 

from the conjunctiva). 

 

Exostosis of the external auditory canal 

Exostosis of the external auditory canal is recognized as a potentially 

serious complication of surfing, and is commonly referred to as surfer’s ear, even 

though it has also been described in other sports.61,63,162,163 Auditory exostosis 

has been reported in several ancient populations all over the world, mostly in 

individuals with intense contact with water.164 One of the first studies reporting 

exostosis of the ear canal was published in the late 1800s and the authors 

associated it with water sports in general.165 Auditory exostosis is diagnosed by 

identifying an abnormal bone outgrowth that arises from the temporal bone and 

protrudes into the ear canal, via otoscopic examination of the ear.52,53,166 Figure 

8 shows otoscopy images demonstrating the difference between a normal 

healthy auditory canal and an auditory canal with multiple exostoses.  
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temperatures.178,183 Notably, it has been reported that a cohort of four patients 

had significant recurrence of auditory exostosis even though they had stopped 

surfing and were no longer exposed to cold water.62 It has been proposed that 

the temporal bone may have become unstable, undergoing spontaneous 

osteogenesis (bone formation), in these surfers.178 With regard to the wind effect, 

it has been proposed that evaporative cooling would result in greater progression 

of exostoses in the ear more exposed to a predominant wind64,169,181; however, 

some studies did not find significant differences in prevalence and severity 

between the ears, even though one ear was typically more exposed to wind than 

the other.178 

Regarding severity, auditory exostosis is clinically classified into four 

grades, based upon the percentage of obstruction of the ear canal, as assessed 

by otoscopy: grade 0 (no obstruction, no visible exostosis); grade 1 (obstruction 

of 1%-33%); grade 2 (obstruction of 34% to 66%); and grade 3 (obstruction of 

67% to 100%).64,173,178,179 The rate of growth is unknown. 

Prevention remains unclear, but regular use of earplugs may help prevent 

the occurrence of auditory exostoses,56,62 and this is recommended by the 

American Academy of Family Physicians.184 However, in the study conducted by 

Nathanson et al.,45 only 17% of surfers reported using earplugs. In addition, in a 

study conducted in the United Kingdom, Reddy et al.56 reported that 60% of 

surfers knew about the potential preventability of auditory exostoses, but only 2% 

admitted regular use of water precautions, such as ear plugs or hoods. They also 

reported that surfers with an awareness of preventability were significantly more 

likely to use water precautions, and concluded that health promotion may 

increase the use of water precautions in the prevention of auditory exostosis. The 

primary reason for surfers avoiding the use of earplugs is the hearing impairment 

associated with their use. As a result, some authors recommend soft 

prefabricated earplugs as the preferable model, as they are associated with less 

hearing impairment when compared to other models, while customized earplugs 

made of hard material result in the greatest impairment of hearing.185 However, 

the benefit of wearing ear protection to prevent exostoses is controversial, with 

some authors reporting no benefits from wearing earplugs.64,170 
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addition, they have been strongly related to subsequent fractures and 

mortality.14,15 The residual lifetime risk of vertebral osteoporotic fractures is 8.6% 

for men aged 45 years and older, and 15.4% for women.14 Distal radius fractures 

(occurring at the wrist) are more prevalent in women aged 45 to 65 years and the 

most common mechanism of these fractures is direct trauma.48 Although 

fractures of the distal radius are considered to cause the least morbidity of all 

fragility fractures, these fractures are regarded as an important predictor of 

subsequent fractures and mortality.16 

Even though the majority (60-80%) of the variation in bone strength is 

attributed to genetics,24-27 bone is considered a dynamic tissue, exhibiting 

continuous remodeling activity. This remodeling process is mediated by 

osteoblasts, which are cells responsible for bone formation, and osteoclasts, 

which are cells responsible for bone resorption, causing bone loss. The 

remodeling process is capable of adapting and responding to various stimuli.192-

194 On this basis, it is estimated that lifestyle and environmental factors, such as 

nutrition, alcohol intake, smoking and skeletal loading, contribute to 20-40% of 

the variation in bone quality.28 It is well known that prolonged periods of inactivity 

and unloading of the skeleton have a negative effect on bone mass, accelerating 

bone loss.195 In addition, lean body mass and skeletal muscle mass are strongly 

related to bone mineral density.30-32 It is also well documented that muscle 

contractions can increase loads on bones, generating stress and strain reactions 

in bone tissue,35-37 and that dynamic loading has a more positive effect on bone 

tissue than static loading.38 

Many efforts have been made to investigate non-pharmacological 

approaches to achieving an osteogenic (bone-producing) effect. It is well-known 

that the avoidance of tobacco and adequate serum levels of calcium and vitamin 

D are essential to bone health.196-198 Physical activity has been shown to be an 

effective non-pharmacological approach to improve bone mass; however, not all 

types of exercise have been definitively shown to promote positive effects on 

bone metabolism.18 In research to date, only impact weight bearing and high 

impact progressive resistance training activities have a strong level of evidence 

indicating a positive osteogenic effect.19,20,124-127 However, it is well known that 
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aging can also be associated with physical decline, including conditions such as 

joint limitations and chronic pain, and, therefore, high-impact exercise is not 

always indicated or appropriate for middle-aged and older adults.  

Exercise executed in the water environment, often referred to as water-

based exercise (WBE), presents lower risks of traumatic fracture, and the joints 

are exposed to less stress and impact (via reduced loading due to buoyancy), 

when compared to land-based exercise (LE), such as running, resistance training 

or strength training. Besides this, WBE has been highly recommended for older 

people, especially those with disability, due to the reduced pain199 and increased 

security it can provide,200 in addition to providing additional benefits for 

neuromuscular and functional fitness,200 and cardiometabolic health.201 

Furthermore, considering the potential for a reduction in the prevalence of pain 

and injuries, the dropout rate among subjects participating in WBE may be lower 

than for some land-based activities. Finally, some older adults may simply enjoy 

WBE or wish to participate due to social reasons. In WBE, increased muscular 

demands are often necessary in order to overcome water resistance. For 

instance, Chevutschi et al.202 demonstrated that walking in water at an umbilical 

level increased the activity of the erector spinae and activated the rectus femoris 

to levels near to or higher than walking on dry ground. Therefore, considering the 

muscle demands and the dynamic component of WBE, there might be adequate 

stimulus to generate osteogenic stress and strain reactions in bones. 

However, the literature is inconsistent in its reports of the effects of WBE 

on bone health of middle-aged and older adults. Some observational studies that 

have investigated swimmers have reported that participants have similar, or 

sometimes lower, bone mineral density (BMD) when compared to sedentary 

controls, indicating swimming is associated with a similar or greater risk of bone 

deterioration and its consequences when compared to a sedentary 

lifestyle.22,134,135 Velez et al.22 reported that mature-aged males who restricted 

their physical activity to only swimming had a 10% higher prevalence of 

osteoporosis when compared to sedentary age- and gender-matched controls. 

Conversely, in a cross-sectional analysis, Balsamo et al.23 concluded that aquatic 

exercise might be an effective non-pharmacological strategy to prevent bone loss 
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Incomplete outcome data (attrition bias) 

 Five studies were considered to be at “low risk” of attrition bias as they 

either reported data for all participants or appropriately addressed incomplete 

outcome data.139,140,211-213 Three studies were judged to be at “unclear 

risk”,141,208,209 and three at “high risk”.137,138,210 The study conducted by Kemper 

et al.210 reported over 30% attrition for the LE group and approximately 13% for 

the WBE group, and those lost to follow-up were not accounted for in the final 

analysis. Rotstein et al.137 reported 20% attrition in the WBE group, with no 

reasons mentioned, and again the analysis did not account for those lost to 

follow-up. In the study conducted by Tsukahara et al.,138 there was an attrition 

rate of over 62% in the WBE group, with no reasons mentioned and no 

adjustment of the analysis to account for the losses. 

Selective reporting (reporting bias) 

 In all but one study, the primary outcome was reasonably well reported. 

Vanaky et al.139 reported their findings in a table that was poorly formatted and 

one of the reported results made no sense, and, therefore, this study was 

classified as presenting a “high risk” of reporting bias. 

Comparability of groups at entry 

 Three studies141,208,212 were judged to be at “high risk” of bias due to 

inadequate group comparability at entry. All other studies were judged to be at 

“low risk” of bias on this item. 

Appropriateness of duration of follow-up 

 All studies were classified as being at “unclear risk” of bias stemming from 

lack of adequate duration of follow-up, as they only reported immediate post-

intervention data. 

Other bias 

 In the study conducted by Murtezani et al.,211 the LE group engaged in 

longer and more frequent training sessions than the WBE group. In the discussion 

section of that paper, it was mentioned that the WBE group exercised twice a 

week for 30 minutes, whereas the LE group exercised three times per week for 
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The importance of this review lies in the fact that medical and health/fitness 

professionals should be able to provide recommendations regarding effective 

alternatives among exercise interventions, in order to keep the population 

physically active, preventing the bone loss associated with the aging process and 

subsequent increased risk of fracture. The findings of this review are consistent 

with findings of the systematic review conducted by Gomez-Bruton et al.,136 which 

investigated the effects of swimming in different age groups, and revealed that 

WBE may have a positive impact on bone health in later adulthood. However, 

that review was limited to swimming, and the authors also concluded that the 

participants in the WBE had lower BMD than participants in land-based sports. 

In the meta-analysis reported in this review comparing the effects of WBE 

to those of CG on LS BMD, the study conducted by Wu et al.213 was the only 

study that reported bone loss in both WBE and CG groups at this clinical site 

(Figure 12). However, the decrease in BMD described in that study did not reach 

statistical significance within either group and no significant difference was 

evident between groups. As described in Appendix III, the type of WBE used in 

this QE213 was swimming, and the intervention was conducted 1.5 times per week 

for 24 months, with no information included pertaining to the duration and 

intensity of the sessions. It is, therefore, impossible to ascertain the actual dose 

of swimming received by participants, which may have been too low to have an 

effect on bone metabolism. As can be seen from Figure 12, the study having the 

greatest weight in this particular meta-analysis was the study conducted by 

Rotstein et al.137 The WBE in that QE was hydrogymnastics, conducted three 

times per week for seven months, in sessions of moderate to vigorous intensity, 

each lasting 60 minutes and involving participants who were post-menopausal 

women with normal BMD (Appendix III). Thus, it could be argued that 

interventions lasting longer than 6 months, with sessions of similar intensity and 

duration to those described by Rostein et al., 137 are likely to have positive effects 

on LS BMD. As shown in Figure 12, two RCTs were included in this particular 

meta-analysis focused on comparing the effects of WBE and CG on LS 

BMD,140,141 and due to relative study weightings, these two RCTs contributed just 

2.5% and 4.5% of the overall effect determined by the meta-analysis. The minor 
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contribution of these RCTs is attributed to the relatively high SD associated with 

each. These values were obtained indirectly for both of these RCTs, as we could 

not obtain SD values from the reported results, and contact with authors was not 

successful. As we chose a conservative approach to estimate the SD, the real 

value might be lower than the one used in our analysis, and this would influence 

the impact of each study on the outcome of the meta-analysis, but not the overall 

observed effect. The same interpretation applies to the small contribution of the 

study conducted by Wu et al.213 in this particular meta-analysis.  

In the meta-analysis comparing the effects of WBE and LE on LS BMD, it 

is worth noting that all four studies included in the meta-analysis reported a non-

significant increase in LS BMD in the WBE group, and three reported a 

statistically significant increase in LS BMD in the LE group (Figure 13). 

Surprisingly, the RCT conducted by Kemper et al.210 reported a non-significant 

decrease in LS BMD in the LE group, which performed resistance training as the 

LE intervention, while swimming was the WBE intervention (Appendix III). The LE 

and WBE sessions were conducted three times per week, in moderate to 

vigorous sessions of 60 minutes, for 6 months. The dose of the swimming 

intervention may explain the difference between the results reported by Kemper 

et al.210 and by Wu et al.213 for swimming as a type of WBE – where Kemper et 

al.210 observed a non-significant increase in LS BMD following the swimming 

intervention, Wu et al.,213 who used a possibly much lower dose of swimming, 

observed a non-significant decrease. As depicted in Figure 13, two studies 

contributed with similar impact to this meta-analysis comparing effects of WBE 

and LE on LS BMD, with respective weightings of 45.7% and 42.4% in the meta-

analysis, attributed to their relatively small SD for this outcome.211,212 The first 

was a RCT conducted by Murtezani et al.211 over 10 months, in which women 

with low BMD who were prescribed alendronate sodium and vitamin D were 

recruited (Appendix III). The authors reported statistically significant differences 

between the groups in the observed changes in LS BMD, in favor of LE; however, 

the differences reported might be explained by the fact that the exercise sessions 

were more frequent and lasted longer for individuals in the LE group, with this LE 

group therefore receiving a higher dose of exercise. The other study was 
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conducted by Novaes et al.,212 and was a QE conducted over 6 months, with 

exercise occurring three times per week, in sessions of 45 minutes of moderate 

to vigorous intensity (Appendix III). These authors also reported statistically 

significant differences between the WBE and LE groups in favor of LE. Of note in 

the comparison between WBE and LE with regard to their effects on LS BMD is 

that the study by Borba-Pinheiro et al.208 is the only study in which the WBE 

intervention was conducted for more than 6 months, and the WBE involved 

sessions of moderate to vigorous intensity lasting 60 minutes. In that study, there 

was no statistically significant difference observed between the groups in 

changes in LS BMD, and this finding might be explained by the small sample size, 

which also influenced the study’s minor contribution to the overall effect observed 

in the meta-analysis (Figure 13). 

In the comparison between WBE and CG with regard to their effects on 

FN BMD, the study conducted by Moreira et al.140 had a weighting of 50.7% in 

the meta-analysis, as a consequence of the small SD for this outcome measure 

(Figure 14). As detailed in Appendix III, this RCT was conducted over 6 months, 

analyzing the effects of hydrogymnastics on bone health of previously sedentary 

women who were prescribed calcium and vitamin D. The WBE sessions were of 

moderate to vigorous intensity, conducted three times a week and lasted between 

50 to 60 minutes. This study did not detect a statistically significant difference 

between WBE and CG in their effects on FN BMD, and a possible explanation for 

this finding might be the fact that the intervention was limited to 6 months. In the 

comparison of the effects of WBE and LE on FN BMD, the results are limited by 

substantial heterogeneity, as shown in Figure 15. The QE conducted by Novaes 

et al.212 contributed with a weighting of 42.3% to this meta-analysis, and the 

authors reported a statistically significant difference between the WBE and LE 

groups, in favor of the LE group. The exercise sessions of both groups lasted 45 

minutes of moderate to vigorous intensity, three times per week, and follow-up 

was limited to 6 months (Appendix III). The RCT conducted by Kemper et al.210 

contributed to increase the heterogeneity in the assessment of the overall effect 

of WBE when compared to LE in this particular meta-analysis, as this study had 

contradictory results when compared to the other two studies included in the 
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meta-analysis. The exercise sessions lasted 60 minutes of moderate to vigorous 

intensity, conducted three times per week for 6 months, and the authors reported 

a non-significant increase in FN BMD in the WBE group and a non-significant 

decrease in the LE group, with no differences found between the groups. Once 

again, these findings are consistent with the notion that WBE interventions 

conducted for a period of more than 6 months, in sessions of at least 60 minutes 

of moderate to high intensity and conducted three time per week, could possibly 

have a benefit to bone health. This hypothesis is also supported by the results 

reported for GT (Figure 16 and Figure 17), WT (Figure 18) and TF (Figure 19); 

however, it was only possible to compare WBE to CG in the analysis of these 

three clinical sites. 

Interestingly, Moreira et al.140 reported that both WBE and CG participants 

had a statistically significant increase in the biomarker of bone resorption CTx, 

although no differences were found between these groups. Those authors 

reported that levels of CTx typically increase in initial stages of the 

postmenopausal period, which was the case for the participants included in both 

groups. As shown in Figure 21, the RCT conducted by Murtezani et al.211 

contributed with a weighting of 80% in the meta-analysis comparing the effects 

on balance ability of WBE and LE, with this weighting being a consequence of 

the large sample size in that study. However, it is important to note that in that 

study the LE group engaged in more frequent and longer exercise sessions than 

the WBE group. For measures of muscle strength and flexibility, no meta-

analyses were conducted due to a lack of studies reporting comparisons of these 

outcomes. Murtezani et al.211 was the only study to report statistically significant 

differences between WBE and LE for both of these outcomes, each in favor of 

LE, but once again it is important to highlight the differences between the LE and 

WBE interventions used in this study, in terms of the frequency and duration of 

the exercise sessions, discussed above. The findings of the present review 

regarding effects of WBE on muscle strength and balance ability are in line with 

results of previous studies, which have demonstrated that individuals 

participating in WBE achieved a statistically significant improvement in both 

outcomes.200,214-216 The studies conducted by Bergamin et al.214 and Oh et al.215 
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participation in middle-aged and older adults, it may be important to focus on 

alternative modes of exercise that are both suitable and feasible for this 

population, and which take into account possible clinical limitations of the 

individual and personal preferences. The results of the current meta-analyses 

indicate that an adequate dose of WBE may be a useful alternative to LE, as it 

appears to decrease the rate of age-related bone loss in post-menopausal 

women. Moreover, it can increase BMD in this population, and it was 

demonstrated to have positive impacts on both bone metabolism and muscle 

strength.  

There is currently not sufficient evidence to form a basis for recommending 

any specific WBE intervention when aiming to improve bone health, however, the 

results of this review suggest that WBE of higher intensity, frequency and session 

duration, sustained over many months, is likely to be most beneficial. Importantly, 

the findings of this review cannot be extrapolated to a male population since all 

participants in included studies were post-menopausal women, and they should 

not be extrapolated to younger populations, since the review was designed to 

focus only on middle-aged and older participants. 

Further well-designed randomized controlled trials, including both males 

and females, should be undertaken to investigate the effects of WBE on bone 

health of middle-aged and older adults and to compare the effects of different 

types of WBE. Based on our findings, it appears future interventions should be 

designed to last at least 12 months, and that the WBE sessions should be of 

moderate to vigorous intensity and at least 60 minutes in duration, occurring at 

least three times a week. With respect to BMD results, future research should 

adequately report standard deviations for the mean change within groups in this 

outcome measure, along with its p-value, in order to enable correct interpretation 

of the effect size of the results.  
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stomach content and food consumption,217,225,226 time of day of scanning225 and 

physical activity225,226; furthermore, sources of technical error include artifacts 

such as clothing,225 number of operators used to complete scans227 and position 

of participant.217,225,228,229  

The influence of positioning of the participant in the DXA scanner can be 

analyzed further by considering three identifiable positioning protocols. The first 

of these is the National Centre for Health Statistics, National Health and Nutrition 

Examination Survey (NHANES) Body Composition228 positioning protocol, which 

the International Society International Society for Clinical Densitometry 

recommends,225 requires individuals to assume a supine position with feet 

secured together with a strap, and the palms of the hands flat on the scanning 

table and not touching the lateral aspect of the body. It should be noted that the 

Australian and New Zealand Bone Mineral Society (ANZBMS)85 employs the 

same body position. The second key protocol, the Nana positioning protocol,217 

requires individuals to be in a supine position while placing hands in a neutral 

position alongside the body and feet in radio-opaque positioning pads. The third 

approach evident in the literature involves no specific positioning protocol being 

reported at all. 

The study of Kerr et al.229 is to date the only study that has attempted to 

compare the reliability of different DXA positioning protocols for assessing BC, to 

identify which protocol was the most valid and reliable to use in clinical practice. 

They reported the Nana positioning protocol was the preferred positioning 

protocol based upon participant comfort when assessing BC with DXA. In their 

study, the positioning protocols were modified versions of the standard Nana and 

NHANES protocols. In contrast, most other studies that have assessed the test-

retest reliability of their DXA scanner have not compared the reliability of different 

positioning protocols. 

Therefore, the aim of this literature review was to systematically identify 

and assess methods and protocols used in previously published research that 

has investigated reliability of DXA, when it is employed to assess BC, to reduce 

technical and biological errors.  
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assessors were not in agreement, a consensus was reached by discussion to 

determine the item’s final CAT results. The CAT did not originally include a 

scoring system; therefore for the purpose of this literature review, a scoring 

system was implemented to aid in a quality and reliable analysis, similar to 

previously published reviews.233-236 Studies of higher quality scored >60% in the 

modified CAT, and were rated higher due to their superior methodology.237  

To receive a positive appraisal regarding the appropriateness of statistics 

in the CAT, each study reporting reliability must have reported an intraclass 

correlation coefficient (ICC) accompanied with confidence intervals (CI) or a 

percentage change in mean accompanied with typical error of measurement.238 

If the only basis for inclusion of a study was that it reported a percentage change 

in mean, then the calculation of the percentage change in mean must have 

complied with the guidance of previous work and have included a typical error of 

measurement in calculations.239,240 Pearson correlation coefficients were not 

deemed suitable as measures of reliability; as they did not take into account the 

consistency of measurements from test to retest and the change in average 

measurements of participants.241 The ICC results of the studies that included ICC 

values were interpreted as indicators of reliability as follows: ICC of 0.00–0.29, 

very low reliability; 0.30–0.49, low reliability; 0.50–0.69, moderate reliability; 

0.70–0.89, high reliability; and 0.90–1.00, very high reliability.242 An assessment 

of high or very high reliability depended primarily upon a reported high or very 

high ICC (above 0.70) or a low reported percentage change in the mean. The 

reported change in mean needed to be lower than the minimum clinically 

significant difference ascertained through consultation with practitioners. This 

ensured that any systematic error in repeated measurements observed during 

reliability testing was not sufficiently large to obscure clinically important changes 

or differences in the respective outcome measure – another indication of 

reliability. 

Following critical appraisal, data were extracted from the included full text 

articles and tabulated to identify participant characteristics, the extent of 

standardization employed to minimize technical and biological errors, the types 

of statistical analyses undertaken, and reported results of each study. 















103 | P a g e  

participant to assume a supine position, with palms flat on the table and a strap 

securing the lower limbs to minimize movement.228 According to our CAT 

assessment, the overall methodological quality of these articles was high. The 

statistical results and methodological provisions to minimize technical and 

biological errors also appear to be sound. However, it is important to note that 

one of the included studies249 lacks provision for the participant to be rested and 

standardization of time of scanning. Ultimately, more high quality research is 

required for the NHANES positioning protocol before it could be recommended, 

based upon the criteria used in this review. 

The level of evidence is limited from studies244,246-248,250 which have not 

followed a specific positioning protocol such as the Nana or NHANES protocol. 

This is a result of low methodological quality of these studies. The results not 

surprisingly indicate lower reliability of DXA results when using such poorly-

defined protocols. Additionally, all of the studies of this type did not include 

methodological provisions to standardize the participants to limit biological and 

technical errors.  

A limited level of evidence was also yielded by studies 245,251,252 that did 

not include a description of the positioning of the participants in the methods. This 

omission resulted in poor CAT scores and was associated with fluctuations in 

reported DXA results and the omission of methodological provisions to overcome 

sources of biological and technical errors. 

Therefore, when scanning individuals using DXA to assess BC it is advised 

that clinicians use a positioning protocol such as the Nana217 or NHANES228 

protocols to minimize technical errors and that they ensure the technician 

performing the scans is qualified. Additionally, accounting for biological sources 

of error (hydration, stomach content and food consumption, time of day of 

scanning and effects of physical activity) is vitally important when using the afore 

mentioned positioning protocols. Of these two protocols, the Nana protocol 

currently has the highest level of evidence indicating that it should be the 

preference for clinicians. 

Interestingly, Kerr et al.229 also included a measure of comfort of 

participants. In this study, they used a modified version of the Nana positioning 
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and researchers to further their understanding of a number of conditions, 

including obesity and undernourished individuals.223 When applying BC scanning 

to athletes, it has been identified that those with higher muscle mass in pre-

season, have a decreased likelihood of suffering bone-related injuries during the 

season.224  Nevertheless, it is important to note that the DXA’s reliability must be 

ascertained prior to statistical data being extracted, analyzed and applied within 

a clinical and or sporting population. 

In previous studies a variety of statistical analysis methods have been 

undertaken including intra-class correlation coefficients (ICC), percentage 

change and Pearson correlations to assess the reliability of the DXA, all of which 

have found DXA to be reliable.217,226,229,244,246-250,252 However higher reliability is 

found in studies that account for biological and technical errors, especially the 

use of a reproducible positioning protocol. The National Centre for Health 

Statistics, National Health and Nutrition Examination Survey (NHANES) body 

composition positioning protocol228 and the Nana positioning protocol, founded 

by Alisa Nana, are the two most popularly used protocols.217 It is important to 

note the Australian and New Zealand Bone Mineral Society (ANZBMS) employs 

the same body position as the NHANES positioning protocol. 

Shiel et al. (unpublished data) have systematically assessed studies using 

the Nana and NHANES positioning protocols and concluded that there is a high 

level of evidence and excellent reliability for the Nana positioning protocol, and a 

moderate level of evidence but excellent reliability for the NHANES, and therefore 

the Nana protocol should be considered the gold standard for BC DXA scanning.  

Kerr et al.,229 is the only study to date which has compared the Nana and 

NHANES positioning protocols; concluding that the Nana protocol’s reliability is 

superior in assessment of regional BC, fat mass (FM) and bone mineral content 

(BMC). This study also recommended that positioning protocols should not be 

interchanged, and proposes that the Nana positioning protocol is the more 

comfortable for the participant. 229 However, it should be noted that the Kerr study 

has used modified versions of the original protocols, which may have altered the 

participants perceived comfort level during the scan. 
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the whole body (Tissue -0.47%, FM 0.21%, LM -0.68%, BMC 0.06%) is similar to 

the results of the previous study comparing the two protocols (Tissue -0.4%, FM 

-2.8%, LM 0.3%, BMC -0.7%).229 The results of this studies regional analysis 

suggest that the level of agreement between the two protocols when doing 

regional analysis is also very good however these results are opposed to 

previously published research that conclude there is a large difference between 

protocol results.229 

The assessed percentage change in mean in this study is smaller across 

the all parameters assessed except for whole body tissue mass in comparison to 

the only other study that has compared the two positioning protocols.229 This may 

be due to the stringent methodology used in this study. As these studies have 

both accounted for biological error the source of difference can only be technical 

error. As such in this study, the NHANES protocol was followed as prescribed as 

in NHANES Body Composition Procedures Manual 2013.228 The participant’s feet 

were secured together with a strap and the hands were placed in a pronated 

position (palms down on the table), reducing the likelihood of movement artifacts. 

In comparison, the previous research conducted by Kerr and colleagues, the legs 

were secured with a strap but positioned a significant distance apart, possibly 

allowing for small amounts of internal rotation and adduction as these movements 

were not limited.229 Furthermore, the hands were held in a neutral position, 

possibly allowing for small rotational movements. The combination of these two 

adjustments to the prescribed NHANES positioning protocol could possibly have 

created movement artifacts and altered results.  

This is the first study to use an ICC to assess the level of agreement 

between the two positioning protocols. Very high ICC results are deemed to be 

between 0.90 and 1.00,242 and our results (0.996 - 0.999) fall within this described 

range. Additionally, the concordance correlation results (0.964 – 0.997) coupled 

with the ICC results indicated that the level of agreement between the two 

positioning protocols is very high. However, this needs to be coupled with the 

mean difference and confidence limits analysis before deciding if the protocols 

are interchangeable. 
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The limits of agreement between the two positioning protocols when 

plotted into limit of agreement analysis plots (Figure 25) reveals a systematic bias 

in the parameter of whole body tissue. The systematic bias illustrates that the 

Nana protocol consistently produces higher results than the NHANES protocol, 

possibly due to the use of the foam blocks used to secure the feet.  Additionally, 

Table 11 reveals that the mean difference lies outside of the defined 95% 

confidence limits for the leg fat parameter, this is due to this parameter having a 

large difference between the standard deviation and the mean when comparing 

the protocols. Applying the limit of agreement findings clinically illustrates a large 

variance, for example if the participant’s lean mass was 50kg and mean 

difference 1.75kg then this equates to 4% change. These factors indicate that the 

two positioning protocols should not be used interchangeably even though the 

ICC results are very high. 

When assessing which positioning protocol (Nana or NHANES) was 

deemed the most comfortable, this study found that 24 out of 30 participants 

(80.0%) chose the NHANES positioning protocol to be the most comfortable, this 

result is in direct opposition to previous findings.229 Upon closer inspection of the 

methods employed, it appears Kerr and colleagues altered the original NHANES 

and Nana positioning protocols, which would have affected the perceived comfort 

levels of participants. The modified version of the NHANES positioning protocol 

they employed, would have required muscular activation and control; therefore, 

decreasing the participant’s perceived comfort. When using the Nana positioning 

protocol, a strap was added to the original Nana protocol, which secured the 

participant's arms for approximately seven minutes during scanning; hence 

decreasing the muscular activation and increasing the participant’s perceived 

comfort. In our study, the majority of participants who chose the NHANES as the 

most comfortable did so, because they felt their hands and arms were in a more 

relaxed position. 

The Nana positioning protocol, where the feet are placed in radio-opaque 

blocks to maintain plantargrade ankle position; allows for taller individuals to be 

scanned with a decreased risk of plantar flexion and the participant’s feet moving 

outside the scanning field 217. Most individuals in our study over the height of 
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mean.217,226,229,244,246-250,252 The FM mimicked similar results with the ICCs 

ranging between 0.98 and 0.99; the Pearson correlation displaying 1.00; 

percentage difference ranging between 0.00% and 0.60%; and finally, the 

percentage change in mean produced 0.00% to 0.60%.217,226,229,244,246-250  

To produce the highest possible reliable results, provisions in methodology 

are required to minimize the chance and occurrence of errors (biological and 

technical) creating false or misleading results.225 The most important provision to 

minimize technical errors and ensure reliable results is the provision in 

methodology to use a consistent manner in which participants are positioned. As 

such two such positioning protocols exists, the National Centre for Health 

Statistics, National Health and Nutrition Examination Survey (NHANES) Body 

Composition positioning protocol and the Nana positioning protocol.217,228 These 

two positioning protocols are used to minimize the movement of the participant 

during scanning which creates artifacts. The NHANES positioning protocol (or a 

modified version) displayed a 0.20% percentage change in mean and or an ICC 

which ranged between 0.98 and 1.00.229,249 Whereas, the Nana positioning 

protocol showed similar results which produced a percentage change in mean in 

LM ranging between 0.00% to 0.30%; and FM ranging between 0.00% to 

0.60%.217,226,229 

Whilst conducting a systematic assessment of the two positioning 

protocols it was found there was a high level of evidence and excellent reliability 

for the Nana positioning protocol; whilst the NHANES protocol had a moderate 

level but excellent reliability. The Nana protocol’s higher evidence base was the 

reasoning for its selection as the focus of this study.  

Additionally, to biological and technical error affecting the results the 

concept of machine error and statistical fluctuation is paramount when attempting 

to determine the reliability and precision of an instrument such as a DXA machine. 

Standard error of measurement (SEM) (the square root within-subject variance) 

is a commonly used statistic that indicates the extent of measurement error that 

can be attributed to chance of variation in measurements.254,258 The smallest real 

difference (SRD) or the smallest real difference percentage (SRD%) has been 

recognized as the benchmark statistic used to determine whether an individual 
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has achieved real change beyond measurement error at the defined confidence 

level.258,259 In this study, SRD% represents the maximum amount of change 

between DXA scans that can be attributed to statistical fluctuation or error. A 

arbitrary figure of an SRD% of less than 10% has been proposed and used 

previously to determine the acceptability of the value change associated with 

SRD.260 Systematic search and review of the published literature pertaining to the 

DXA reliability scanning has revealed that no papers report a SRD or SRD%. 

Some papers report typical error, and this usually is expressed as a coefficient of 

variation percentage (CV%), which ranges between 0.3% and 5.9%. 

217,226,229,244,249 Some previous authors have also calculated a smallest worthwhile 

effect (SWE) statistic; however there appears to be inconsistencies in the 

definition of this statistic. Most authors propose that the SWE is the smallest effect 

of an intervention that justifies the cost, risk and inconvenience of the intervention, 

and can only be calculated with subjective information from the participants who 

receive the intervention, and not by researchers or clinicians.261-263 When the 

difference in results exceed the SWE, the intervention is deemed to be 

worthwhile, and when the difference between group means is less than the SWE, 

the intervention is deemed insufficiently effective. Other authors have calculated 

the SWE based on dividing the between-subject standard deviation by one third, 

as the standard deviation was three times greater than previous studies results 

in athletic populations.217,226 

Technical error will be the core focus of this study; and therefore, the goal 

will be to assess the test re-test reliability of the Nana positioning protocol in total 

body and regional BC.  Additionally, this study will also aim to calculate the SRD% 

between scans of the Nana protocol when assessing BC, instead of the SWE. 

This study is also the first study of the Nana positioning protocol to be truly 

independent and free from potential biases as it does not include the author of 

the Nana protocol, Ava Nana. 
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When using percentage change in mean, it is required to present the 

typical error, this has usually been presented as a percentage of typical error 

otherwise known as a CV%.240,264 The CV% results of this study, typically were 

smaller values when compared to other studies,217,226,229 this is likely due to the 

previsions in methodology to reduce effects of biological and technical error. 

Once again differences occurred in regards to, which parameter produced the 

smallest percentage typical error. It was found that only BMC in the legs produced 

the same results across all studies. 

This study is the only study so far to include ICC results for all parameters 

in whole body and regional. The ICC results of this study ranged between 0.966 

and 1.000, demonstrating very high reliability.242 Other studies, have presented 

ICC ranging between 0.4 to 0.99.217,226 These results varied significantly as they 

have not reported ICC for individual variables but instead have reported overall 

figures. 

To our knowledge, this is the first time that SRD% has been used when 

analyzing BC. In this study, the SRD% was calculated between 0.6% to 5.9% 

(whole body) and 2.3% and 11.1% (regional), thus providing an indication of the 

point at which real change occurs. Using SRD% produced results that were 

similar to the other studies that have used SWE, in that FM produced the largest 

figure that may be accounted to statistical error or fluctuation before a real change 

can be confidently assessed. As such SRD% should be calculated on each 

individual machine if longitudinal analysis of BC is being undertaken. 

As the most fluctuation of SRD% scores occurred in the trunk and arm 

regions, authors postulate this may be due to automatic region of interest lines 

were applied automatically and adipose tissue may have encroached over the 

region of interest line into another region, ie, the arm fat may have been assessed 

in both the arm and trunk in one scan but may have been only in the arm region 

on the next scan. To address this possible issue, future research needs to be 

undertaken with ROI adjusted and standardized between patients.  

In summary, once biological and technical errors have been justified, the 

Nana positioning protocols produced very high test re-test reliability, and 

therefore can be the trusted choice for clinicians assessing an individual’s BC. 
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Additionally, we urge future clinicians and researchers using the Nana positioning 

protocol to establish the SRD%. This calculation will enable a scanner to 

determine the figure at which a change in results can confidently be attributed to 

a true change of the participant between test re-test, and not due to statistical 

fluctuation or error.  
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A certain type of fracture known as a minimal trauma fracture is prevalent 

within osteopenia and osteoporosis sufferers; minimal trauma fractures are when 

a fracture occurs when a person falls no greater than their standing height.10 In 

fact, over 78% of individuals with a history of minimal trauma fractures have either 

osteopenia or osteoporosis.268 In 2006, 1,448 people over the age of 40, died as 

a result of a hip fracture; 24% of these were related to minimal trauma falls.269 

Consequently, minimal trauma fractures cause a significant burden to the health 

care system, due to the incapacity of an individual to live independently.270  

Low BMD isn’t only an issue in individuals with osteopenia or osteoporosis, 

it is also a significant issue in sporting populations. Assessments of female 

athletes have revealed that low BMD is predictive of stress fractures.271,272 The 

incidence rate of lower limb stress fractures in track and field athletes, has been 

reported to be around 20% annually.273 If stress fractures are not correctly treated 

and healed, it can cause a reduction in performance, an increase in pain, loss of 

training time and medical expenses; subsequently developing into a complete 

fracture, non-union, chronic pain, increased recovery time and possibly 

disability.274,275  

As discussed, low BMD is the core of many conditions, and thus the need 

for accurate and effective BMD analysis of individuals led to the development of 

the Dual Energy X-Ray Absorptiometry (DXA) scanner.220 DXA provides a clear 

illustration and analysis of an individual’s bone health due to the absorption rates 

of the two different energy sources within DXA, and the unique elemental 

properties within bone, fat and lean tissue.222 The amount of radiation produced 

by a DXA scan is very low, enabling its use to track an individual’s bone health 

where scanning is required on regular basis. In this study, the total radiation 

exposure equated to 0.044 mSv, which falls well below the radiation levels to 

place an individual at risk, and equates to less than one chest x-ray with two 

views.276 

Various companies manufacture DXA machines, and regardless of 

whether the machine is made by Hologic or Lunar companies, it has been found 

to be reliable when assessing BMD; with results ranging from 0.98 ICC for the 

proximal tibia and distal femur to 0.99 ICC for the hip and forearm.277,278 When 



135 | P a g e  

assessing the less common stress fracture site of the metatarsals, it was found 

the ICC ranged between 0.71 and 0.99.279 Additionally, when Lohman and 

colleagues utilized a Pearson Correlation, they found that whole body BMD and 

upper limb and lower limb BMD ranged between 0.92 and 0.98.248 

The main clinical sites for BMD assessment are the hip, the lumbar spine 

and forearm; based on the most highly common risk sites for fractures.11 

However, the reliability of a scan is very dependent on the ability to position a 

participant in a reproducible position.85 Consequently, two positioning protocols 

have been identified; the Australian and New Zealand Bone Mineral Society 

(ANZBMS) and the National Health and Nutritional Examination Survey 

(NHANES) to ensure reliable results from each DXA scan.85,228 Both protocols 

are similar; however some differences have been identified. 

The ANZBMS positioning protocol for the lumbar spine requires a 

participant to lie supine on the table with hips and shoulders square, the feet and 

lower legs raised on a cushion block to create 60-90 angle at the hips to reduce 

lumbar lordosis and to separate the vertebral bodies.85 The NHANES positioning 

protocol for lumbar spine BMD assessment involves the participant lying in a 

supine position on the table in a straight and square position.228 The legs are 

placed on a cubed cushion with the hip flexed as close to 90 degrees as 

possible.228 These two positioning protocols are very similar; however; the hip 

angle is the focus of the NHANES protocol, whereas the reduction of lumbar 

lordosis via hip angle is the focus of the ANZBMS protocol. 

To date, there is a dearth of quality studies that have investigated the test 

re-test reliability of the ANZBMS positioning protocol in healthy adults when 

assessing the lumbar spine and hip BMD using the DXA. Therefore, the aim of 

this study is to ascertain the reliability, measurement variability and clinically 

important changes of the ANZBMS positioning protocol for the important clinical 

sites of the lumbar spine and hip.  
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and 2.13% respectively. These results (ICC 0.995) were exactly the same as 

those from previous large-scale study’s findings involving 195 participants.277 

Both studies have used a Lunar DXA machine; therefore, there is mounting 

evidence that the Lunar DXA machine produces excellent reliability results when 

assessing the total hip. The stringent methodology employed in this study, and 

the fact that this study has results that are identical to the Forsen research team, 

indicates validity of Forsen´s results, even though their study included a poorly 

reported methodology.  

Surprisingly, no studies have included a specific scan of the femoral neck 

when assessing the BMD of the hip in healthy populations.  A focus on the femoral 

neck when completing a total hip scan is crucial, as it has been shown that the 

neck of the femur is the most common fracture site of the hip complex.269 

Additionally, it is reported that the mortality rate post femoral neck fracture, at one 

year, is between 22 and 26%.280,281 This study has found that the DXA machine, 

when using the ANZBMS hip positioning protocol, produces excellent reliability 

(ICC 0.984, percentage change in mean -0.36 with typical error 1.51%, a SEM% 

1.35 and SRD% 3.73); therefore these consistent and reliable results further 

demonstrate that the DXA machine can be used clinically as a diagnostic tool 

when measuring BMD. 

When comparing the three variables assessed in this study, the total hip 

scan produced the most reliable results, with results as high as ICC 0.995. This 

was slightly higher than the lumbar spine findings (ICC 0.991) and also higher 

than the femoral neck findings (ICC 0.984). The total hip also produced the best 

results when percentage change in mean was assessed with the typical error to 

give a true indication of the fluctuation of the results. Without this key value, the 

results would have been different. If using only a percentage change in mean, 

the lumbar spine would have been deemed as the most reliable of the three 

clinical sites tested. However, when typical error was included with the 

percentage change in mean, the total hip results were of the most reliable, 

echoing the results of the ICC statistic. This further adds credence to previous 

studies which have advised that percentage change in mean must be presented 





143 | P a g e  

to be able to easily gauge if observed change is purely due to change in the 

individual. 
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percentage of recommended daily intake (%RDI) according to guidelines of 

Osteoporosis Australia.10  

Alcohol 

Participants were asked about the number of standard (std) drinks they 

normally consume in a typical week, as excessive amounts of alcohol are known 

to negatively affect bone health.76,109 

Body composition, BMD and T-score 

A DXA scan (General Electric, GE, Lunar Prodigy, Madison, WI, USA) was 

conducted for each participant in order to determine the primary outcomes (femur 

BMD, LS BMD, and T-score) and BC (fat and lean mass). The scanner was 

calibrated each morning prior to any scans using a manufacturer’s ‘phantom’ 

(quality assurance and quality control procedures). Prior to all DXA scans, 

participants were required to complete a short health questionnaire, to determine 

if for any reason the DXA scan should not take place. To avoid falsely elevated 

bone density, all metal objects were removed and participants were required to 

wear only light clothing. Participants were positioned according to the site that 

was to be measured. For the analysis of the LS, the participant lay supine on the 

scan bed, centred and straight, ensuring hips and shoulders were square, with 

the legs flexed over a support pad (supplied by the manufacturer), to create an 

angle of 60° to 90° between the table top and the participant’s thighs. For the 

analysis of the hip (unilateral, non-dominant side), the participant lay supine with 

the legs in internal rotation (approximately 15°) and slight abduction. This 

positioning is important in order to minimize the visibility of the lesser trochanter 

and to maintain the femoral axis straight. Estimates of BC were obtained from the 

total body scan. For the total body scan, the participant’s head was positioned 

directly below the horizontal line running across the top of the scan table. The 

entire participant’s body was positioned within the lateral region or interest lines 

on the table. BC was analyzed to determine percentage of lean mass (%lean 

mass) and fat mass (%fat mass). Results were analyzed using the commercial 

software provided with the DXA machine (enCORE software, version 17, GE, 

Lunar Prodigy, Madison, WI, USA). 
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The DXA scan yielded BMD (g/cm2) and T-score of the femur and LS, 

based on the regions of interest (ROI) recommended by the International Society 

for Clinical Densitometry (ISCD) official position.89 The T-score recorded was the 

lowest result obtained between the two regions and was used to classify the 

participant according to the World Health Organization (WHO) criteria for the 

diagnosis of osteoporosis (T-score greater than -1.0 is considered normal, T-

score between -1.0 and -2.5 is considered osteopenia, and T-score below -2.5 is 

considered osteoporosis).7 

- Intra-tester reliability 

Before conducting the study, intra-rater reliability and precision of DXA in 

evaluating BC and BMD was assessed using a sample of 30 individuals. 

Assessment of BC and BMD in the LS, femoral neck and total hip yielded 

measurements with high intra-rater reliability.285,286 

Surfing group characteristics 

Surfers were assessed with regard to surfing specific characteristics, 

which included: surfing ability, as measured by the Hutt scale287; surfing 

experience in years; number of sessions per month; number of hours per session; 

surfing exposure (number of hours per session multiplied by number of sessions 

per month); stance while surfing (ie, ‘regular’ if left foot forward or ‘goofy’ if right 

foot forward); and type of surfboard (short, mini-mal/funboard or longboard). 

Biochemical markers of bone turnover 

Bone turnover markers sCTx (ng/L) and sP1NP (µg/L) were collected and 

analyzed via serum blood at a commercial pathology laboratory in a randomized 

subsample of participants. To date, the best marker for bone resorption is CTx,92 

as it is primarily associated with osteoclastic activity. The best marker for bone 

formation is P1NP, due to its wide usage and high utility for fracture 

prediction.91,92 P1NP also has a shorter response time than other popular bone 

formation markers.93 In addition to this, these biomarkers have recently been 

assessed in older surfers.51 
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a control group comprised of age- and sex-matched active non-surfer individuals. 

To the best of our knowledge, this is the first study to investigate the bone health 

of middle-aged and older surfers by assessing the traditional clinical BMD sites 

(femur and LS), as recommended by the WHO7 and ISCD.89 The main findings 

of the present study support the hypothesis that surfing is associated with 

reduced age-related bone deterioration, as we identified positive results for 

surfers in relation to our primary outcomes (femur BMD, LS BMD, and T-score). 

A strong relationship between exercise and bone health has been reported 

in the literature; however, different modalities of exercise have different effects 

on bone health. To date, the sport of surfing has not been adequately investigated 

in relation to its association with age-related bone loss. To address this gap, we 

recruited and compared a group of middle-aged and older surfers and a group of 

physically active individuals, who were non-surfers and age- and sex-matched, 

as controls. Demographic characteristics (Table 15) were similar between the 

groups, except for %lean mass and cBPAQ score. The cBPAQ score obtained 

from surfers was approximately one-third of the score obtained from individuals 

in the control group. This was expected as, consistent with our inclusion criteria, 

surfers included in the study could not be involved in any other type of physical 

activity. Additionally, surfing only receives a small score in the BPAQ, due to its 

relatively small peak ground reaction force (GRF). This may explain the smaller 

scores (although not significantly different) obtained by surfers in the pBPAQ and 

tBPAQ when compared to control participants, as surfing was the main physical 

activity for the majority of the surfers during their lifetime. 

Individuals in the control group were engaged in different exercise 

modalities, and these activities were grouped based on their weight-

bearing/intensity characteristics in two different groups: non-weight-bearing/low 

intensity (NWBLI; eg, swimming, cycling, and walking) and weight-bearing/high 

intensity (WBHI; eg, resistance training, running, soccer, triathlon) (Table 17). 

The NWBLI group had the lowest values for all three primary outcomes (Table 

18). Additionally, surfers had significantly higher LS BMD and T-scores when 

compared to the NWBLI group; however, surfers had a lower mean T-score than 

the WBHI group (Table 19). 
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of healthy middle-aged and older men and reported moderate correlations 

between scores on the three components of the BPAQ and femoral neck BMD; 

however, the authors did not find a significant correlation between BPAQ scores 

and LS BMD. 

On average, surfers had over 40 years of experience in the sport, with 

more than 25 hours per month of surfing exposure. These characteristics are in 

line with the findings of the previous study in surfers.51 The main difference is the 

type of board used by the participants. In the present study, more than 54% of 

the individuals used a shortboard, which is associated with a more dynamic 

performance, whereas all surfers in the previous study were longboarders. Even 

though surfing characteristics were not correlated with our primary outcomes, 

increased neuromuscular activation, associated with muscle force production, in 

order to control movements and posture during the different physical demands 

associated with the sport, may be considered important contributors to the 

positive findings revealed by our analyses in the surfing group. Based on the 

results for the primary outcomes in the surfing group, it seems that the BPAQ 

may not accurately score the impact of the sport on bone health. This can be 

illustrated by the relatively low mean scores for the surfing group for all three 

components of the BPAQ (Table 15). 

In the analysis of biochemical markers of bone turnover, we were able to 

include 20 participants in the analyses – 10 surfers and 10 controls. We failed to 

find a significant difference between the groups, most likely due to the small 

sample size, and therefore no assumptions can be made on this basis. 

The main strength of this study is its eligibility criteria, allowing better 

control of confounding factors (eg, medical conditions and medications known to 

affect BMD, smoking status, calcium, and alcohol intake, very low or very high 

BMI) that could potentially interfere with the results. However, limitations should 

be highlighted. Firstly, the study design does not allow us to infer cause and 

effect; secondly the sample size was small, due to the strict eligibility criteria; 

lastly, we did not assess vitamin D, due to budget limitations. Therefore, findings 

of the present study should be interpreted with caution and cannot be 

extrapolated to all individuals. 
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19oC. Our findings revealed a prevalence of 71.8%, demonstrating that exostoses 

of the EAC are highly prevalent in warm water surfers, just as they are in cold 

water surfers. Furthermore, the results support the impression that surfing 

experience is potentially the most important predictor of prevalence. Health 

practitioners, especially General Practitioners and medical specialists, should be 

aware of this EAE prevalence in their surfing (and aquatic) patients and approach 

individuals susceptible to the condition, regardless of water temperature, in order 

to provide preventive recommendations for this population. Future research 

should focus on effective preventive methods for EAE.  
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low awareness of surfers about the condition, which yields concerns with respect 

to the condition being overlooked by health practitioners. 

Previous studies have established that exostoses are highly correlated 

with the amount of time spent in the water, with risk increasing after five sessions 

of surfing per month, and significantly increasing after five years surfing.54,179 The 

current study found that surfers in the top quartile of surfing exposure (h/y) had a 

two-fold increase in the prevalence of EAE. Consistent with the literature, we 

found that participants who reported surfing for more than 5 y reported higher 

prevalence of EAE than those who had surfed for less than 5 y, having more than 

seven times higher odds of developing the condition. One interesting finding is 

the age of the youngest surfer to report having EAE. This participant was a 13-

year-old female, with 8 years of surfing experience. Traditionally, it has been 

shown that EAE is more commonly found bilaterally,293 which is in accordance 

with the present results, where we found that nearly 74% of the surfers with EAE 

had both ears affected by the condition, with no difference between left and right 

ears. This finding is also consistent with that of Chaplin et al.,170 who reported 

that statistically both ears were affected in the same proportion. 

One of the strengths of this study is the large sample size included in the 

final analyses, which allows for more precise estimates. Furthermore, we 

conducted a national survey, aiming to reach a representative spread of 

individuals throughout the country, which included recreational and competitive 

surfers. However, several limitations should be acknowledged. Firstly, the 

prevalence of EAE was based on self-reported information and not on otologic 

examination, and therefore the prevalence reported here may be underestimated. 

Additionally, this design did not allow us to gather data on the severity of the 

condition. Secondly, almost all of the participants were currently residing in NZ 

having lived in the country for 6 months of the previous 12. This population might, 

therefore, have included surfers who had previously lived in places where surf 

conditions, such as warm water, may be associated with a lower prevalence of 

exostoses. Past movement between regions may also explain lack of difference 

between those who currently predominantly surf in the North versus South 

Islands. Thirdly, we did not include questions related to the use of protective 
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1. "surf"    
2. "surfer"    
3. "surfers"   
4. "surfing"    
5. "surfboard"    
6. "surfboards"    
7. "surfboarding"    
8. "surfboardriding"    
9. "longboard"    
10. "longboards"    
11. "longboarder"    
12. "longboarders"    
13. "bodyboarding"    
14. "bodyboard"    
15. "bodyboards"    
16. "bodyboarder"    
17. "bodyboarders"    
18. "skimboarding"    
19. "skimboard"    
20. "skimboards"    
21. "skimboarder"    
22. "skimboarders"    
23. "wakeboarding"    
24. "wakeboard"    
25. "wakeboards"    
26. "wakeboarder"    
27. "wakeboarders"    
28. "kitesurf"    
29. "kitesurfboarding"    
30. "kitesurfboard"    
31. "kitesurfboards"    
32. "kitesurfboarder"    
33. "kitesurfboarders"    
34. "kitesurfing"    
35. "kitesurfer"    
36. "kitesurfers"    
37. "windsurf"    
38. "windsurfing"    
39. "windsurfboard"    
40. "windsurfboards"    
41. "windsurfboarding"    
42. "windsurfer"    
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43. "windsurfers"    
44. "sailboarding"    
45. "sailboard"    
46. "sailboards"    
47. "sailboarder"   
48. "sailboarders"    
49. (("stand up" OR "stand-up") AND "paddle")    
50. "paddling"    
51. "paddle"    
52. "paddler"    
53. "paddlers"    
54. "rowing"    
55. "rower"    
56. "rowers"    
57. "canoe"    
58. "canoeing"    
59. "canoeist" 
60. "canoeists" 
61. "sailing"    
62. "sailboard"    
63. "sailboards"    
64. "sailor"    
65. "sailors"    
66. "dragon-boat"    
67. "dragon-boats"    
68. "dragon-boating"    
69. "dragon boat"    
70. "dragon boats"    
71. "dragon boating"    
72. "kayak"    
73. "kayaking"    
74. "kayaker"    
75. "kayakers"    
76. "swim"    
77. "swimming"    
78. "swimmer"    
79. "swimmers"    
80. "water polo"   
81.  "snorkel"    
82. "snorkeling"    
83. "hydrotherapy"    
84. "hydrotherapies"    
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85. "hydro-therapy"    
86. "hydro-therapies"    
87. "hydro therapy"    
88. "hydro therapies"    
89. "hydrogymnastic"    
90. "hydrogymnastics"    
91. "hydro gymnastics"    
92. "hydro-aerobic"    
93. "hydro-aerobics"    
94. "hydro aerobic"    
95. "hydro aerobics"    
96. "water aerobics"    
97. "water aerobic"    
98. "aqua aerobic"    
99. "aqua aerobics"   
100. "Hydrotherapy"[Mesh]   
101. 1 OR 2 OR 3 OR 4 OR 5 OR 6 OR 7 OR 8 OR 9 OR 10 OR 11 OR 12 OR 

13 OR 14 OR 15 OR 16 OR 17 OR 18 OR 19 OR 20 OR 21 OR 22 OR 23 
OR 24 OR 25 OR 26 OR 27 OR 28 OR 29 OR 30 OR 31 OR 32 OR 33 OR 
34 OR 35 OR 36 OR 37 OR 38 OR 39 OR 40 OR 41 OR 43 OR 44 OR 45 
OR 46 OR 47 OR 48 OR 49 OR 50 OR 51 OR 52 OR 53 OR 54 OR 55 OR 
56 OR 57 OR 58 OR 59 OR 60 OR 61 OR 62 OR 63 OR 64 OR 65 OR 66 
OR 67 OR 68 OR 69 OR 70 OR71 OR 72 OR73 OR 74 OR75 OR 76 OR 
77 OR 78 OR 79 OR 80 OR 81 OR 82 83 OR 84 OR 85 OR 86 OR 87 OR 
88 OR 89 OR 90 OR 91 OR 92 OR 93 OR 94 OR 95 OR 96 OR 97 OR 98 
OR 99 OR 100 

102. "water-based"  
103. "aqua-based"  
104. "aquatic-based"  
105. "water"  
106. "aqua"  
107. "aquatic"  
108. "aquatics" 
109. 102 OR 103 OR 104 OR 105 OR 106 OR 107 OR 108 
110. "exercising"  
111. "exercise"  
112. "exercises"  
113. "motor activity"  
114. "motor activities"  
115. "physical activity"  
116. "physical activities"  
117. "sport"  
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118. "sports"  
119. "sporting"   
120. "Exercise"[Mesh]  
121. "Motor Activity"[Mesh]  
122. "Sports"[Mesh] 
123. 110 OR 111 OR 112 OR 113 OR 114 OR 115 OR 116 OR 117 OR 118 OR 

119 OR 120 OR 121 OR 122 
124. 109 AND 123 
125. 101 OR 124 
126. "bone"  
127. "bones"  
128. "fracture"  
129. "fractures"  
130. "osteoporosis"  
131. "osteoporoses"  
132. "osteopenia"  
133. "osteopaenia" 
134. "Bone and Bones"[Mesh]  
135. "Fractures, Bone"[Mesh]  
136. "Bone Density"[Mesh]  
137. "Osteoporosis"[Mesh] 
138. 126 OR 127 OR 128 OR 129 OR 130 OR 131 OR 132 OR 133 OR 134 OR 

135 OR 136 OR 137 
139. 125 AND 138 
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