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ABSTRACT

Background It has been reported that dancers are at greater risk of developing low bone
mineral density (BMD) compared to general population; however, some published
studies also highlight the positive effects of dance training on bone metabolism. Given
the existing controversy, the aim of the current work was a) to investigate bone health
status of professional ballet dancers and vocational dance students, and b) to investigate
associated factors and mechanisms involved in dancers’ bone health. Design Cross-
sectional, longitudinal analysis (2-yrs follow-up) and genetic association studies were
conducted on a population which consisted of professional ballet dancers, vocational
dance students and controls. Methods The total of 58 professional ballet dancers (66
sex- aged-matched controls), and 152 vocational dance students (96 aged- and sex-
matched controls) were screened for BMD status at impact [femoral neck (FN); lumbar
spine (LS)] and non-impact sites (forearm). Tanner staging, age at menarche and
menstrual status were assessed via guestionnaires. Bone mass, nutrition, peak height
velocity estimation, energy availability, insulin-like growth factor | (IGF-1), oestrogens,
growth hormone, and sclerostin serum concentrations were longitudinally measured in a
sub-sample of 101 vocational dance students and age- and sex-matched controls.
Association between polymorphisms of the Wnt/B-catenin and ER signalling pathways
with low BMD were further investigated. Results Female vocational dance students were
more likely to display low BMD at the forearm and LS than controls (OR= 0.1; p<0.05 and
OR=0.2; p<0.05, respectively); the prevalence of low BMD at the forearm was
significantly higher in female professional ballet dancers than controls (37.5% vs. 17.4%,
p<0.001). During the follow-up, both female and male vocational dancers revealed
significantly lower BMD at impact and non-impact sites (p<0.001) compared to controls.
Serum IGF-1 concentrations were significantly increased in vocational dancers compared
to controls at 2yrs follow-up (p<0.05), as well as serum sclerostin (p<0.05). Genetic
variants at the Wnt/B-catenin and ER signalling pathways were identified as risk factors
for low BMD at both impact and non-impact sites. Conclusion Professional dancers and
vocational dance students have lower bone health compared to controls. Genetic
mechanisms seem to be determinant. It is recommend that dancers performing at elite
level should be referred for bone densitometry.

KEYWORDS osteoporosis; BMD; dancers; genetics; sports medicine
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CHAPTER 1: INTRODUCTION

Skeletal health is essential for overall quality of life [1]. Bone mass increases throughout
childhood, with particular acceleration during puberty [2]. This accrual is continuous, until
a peak is reached during the third decade of life, after which the skeleton begins to lose
its capacity to form new bone and will become increasingly fragile [3]. This tendency
suggests that a higher peak bone mass will provide a better bone stock in adulthood,
which is important to prevent diseases as osteoporosis [3]. Indeed, the most common
skeletal disorder is osteoporosis, characterised by low bone mineral density (BMD),
which leads to decreased bone strength and increased risk of fracture [4]. The diagnosis
of this clinical condition is based on the World Health Organization (WHO) criteria,
whereas osteoporosis is considered when bone mineral density (BMD) values lies 2.5
standard deviations (SD) or more below the average value, and osteopenia when BMD
values lies between 1.0 and 2.5 SD [4]. It is estimated that 1 in 3 women and 1 in 5 men
will experience an osteoporotic fracture during their lifetime [5]. A rise on the prevalence
of this disease is also expected; by 2020 the prevalence of low BMD (i.e. osteopenia,
which often leads to osteoporosis) is estimated to be over 47 million in the US [6]. In
accordance, by 2025 and 2050 the estimated costs of fracture healing are projected to be
$25.3 billion in the US [7] and £51 billion in Europe [5], respectively.

To decrease the current burden of osteoporosis it is crucial to identify and
delineate preventative measures in high-risk communities. Although low BMD and
osteoporosis have been traditionally associated with elderly and postmenopausal women
[5, 8], some other populations, such as elite athletes, may also be at higher risk to
develop these clinical conditions [9, 10]. Indeed, whereas the effects of exercise on bone
metabolism are well established [1,8-10], the effects of elite sports training on bone
health are still controversial due to the specificity of the activity [11,12]. For instance,
professional ballet dancers and vocational dance students are involved in daily classes of
several hours of weight-bearing activity [13,14]. The high levels of muscular strength
required for technical performance and the weight-bearing activity associated with
jumping may stimulate bone-forming cells at impact sites (femoral neck and lumbar
spine) [13,15,16]. Consequently, when comparing elite dancers with non-exercising
controls, it would be expected to find significantly higher BMD values at impact sites and
similar BMD values at non-impact sites (forearm). However, elite dancing is also an

aesthetic activity where body size is essential for performance [13]. In accordance,
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literature on the topic suggests that, to correspond with the aesthetic and artistic
demands, elite dancers may restrict their diet (decreasing energy and/or nutrient intake),
which may lead to low body weight, menstrual disturbances, and/or negative energy
balance [17-19]. It is assumed that these conditions negatively affect the growth
hormone (GH)- insulin-like growth factor-l (IGF-I) axis and hypothalamic— hypophyseal—
gonadal (HHG) axis [11,20-23], impairing further bone mineralization. The inter-
relationship of the aforementioned factors is known as the ‘female athlete triad’, or ‘RED-
S’ (relative energy deficiency in sport) [11,24]. Indeed, several studies show that female
professional ballet dancers and vocational dance students are at risk for osteoporosis
and have lower BMD values than non-exercising controls due to the aforementioned
factors [18,19,25]. However, controversially, other studies in professional ballet dancers
and vocational dance students show that BMD was not associated with body weight,
menstrual disturbance nor energy balance [26,27]. Furthermore, contrary to all
aforementioned findings, it has been suggested that the mechanical impact from dancing
provides protection against the osteoporosis risk factors that dancers are exposed (i.e.
low body weight, menstrual disturbances and low energy availability), resulting in higher
BMD values than non-exercising controls [16,28,29]. Therefore, taken together, it seems
that the question of whether ballet dancers are at risk of developing low BMD is
unanswered. Furthermore, it also seems that the factors associated with low BMD in elite
dancing are not well established; and even less is known in relation to male professional
ballet dancers and male vocational dance students. Actually, current research on the
topic has been focusing in female participants and on their nutritional status, menstrual,
and body weight as the main causes for low BMD phenotypes. However, it should be
noted that the aetiology of low BMD and osteoporosis is multifactorial [30,31]. Factors
such as genetics and hormonal profiles should also be considered in studying dancers’
bone health, given their well-known association with low bone mass phenotypes [30,31];
to our knowledge, these factors have not been considered previously in this population.
Thus, to understand dancers” bone health, a multidisciplinary approach is required. Only
by assessing cross-sectionally and longitudinally the same group of dancers in several
domains as genetics, endocrinology, anthropometry, nutrition and energy availability is
possible to offer new insights on dancers’ bone health and its associated factors.

It was first studied the state-of-the-art on dancers’ bone health. Afterwards, it was
delineated several original studies aiming at addressing some gaps and limitations on

current available literature to provide new evidence on dancer’s bone health. In
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accordance, this PhD thesis includes: a) a cross-sectional study to assess bone mass
parameters in female dance students selected for professional dance training (first year
vocational dance students, before receiving dance training stimuli); b) an epidemiological
study with female and male professional ballet dancers and vocational dance students to
assess the prevalence of low BMD, and to investigate the association between low BMD
with body mass, fat mass, lean mass, menarche and maturation; c) a longitudinal study
aiming at modelling bone mineral content (BMC) and BMD accruals in female vocational
dance students throughout growth, and to determine whether circulating levels of
oestrogens, GH and IGF-1 are significant predictors of BMC and BMD changes
throughout growth; d) a longitudinal study in vocational female and male vocational
dancers to determine whether nutrition and energy availability are significant predictors of
BMC and BMD changes throughout growth; and e) a genetic association study aiming at
assessing if single-nucleotide polymorphisms (SNPs) in the Wnt/B-catenin and ER
signalling pathways are associated with low BMD in female and male professional ballet
dancers and vocational dance students.

It is expected that the multidisciplinary approach of this PhD will contribute to a
wider understanding of the putative causes involved in dancers’ bone mass acquisition,
thus further contributing to dancers’ bone health improvements. Finally, it is also
expected that this thesis will provide the first insights on the topic in relation to male

dancers.
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CHAPTER 2: REVIEW OF THE LITERATURE
(A systematic review on the prevalence of low BMD in female dancers)

Parts of this chapter have been published in a peer-review journal entitled “Prevalence of
Low Bone Mineral Density in Female Dancers”; Sports Medicine, 2015;45(2):257-68. The

author of this Thesis appears as the leading author.

The purpose of this systematic review was to investigate and examine the information
available in relation to prevalence and incidence of low BMD in female dancers.

INTRODUCTION

Bone mineral density (BMD) is commonly used to assess bone health, including the
diagnosis of osteoporosis and prediction of bone fracture risk [32,33]. It is believed that
the aetiology of a low BMD is both genetic and environmental [34], with the former to
explain up to 80% of the variance, whereas the remaining 20% is modulated by
environmental factors such as diet and physical activity [35]. However, only
environmental factors can be possibly modified by appropriate interventions with the aim
to stimulate bone mass gains [10]. Indeed, it has been found that participation in various
physical activities is associated with positive effects on bone mineral accrual [9,10,36].
Weight-bearing activities seem to be the most effective for bone mass increases [37,38],
which, nevertheless, seem to be site specific [39]; tennis players have greater BMD in
their dominant arm (impact site) compared to their non-dominant arm [40].

Dance training regiments during adolescence have been linked with low body
weight, late onset of menarche and menstrual dysfunctions [41] which, in turn, increase
the risk of developing low BMD and osteoporosis in later life [42]. The American College
of Sports Medicine (ACSM) [11] portrays low BMD as a constituent of the female athlete
triad. According to the ACSM, the female triad is a syndrome that involves the presence
of three components - low energy availability, menstrual disturbance and low BMD - that
are often interrelated. Thus, the female triad is spectrum of conditions that begins with
energy or nutrient restriction, which may lead to the development of hypothalamic
amenorrhea, with subsequently negative impact on BMD. Participants in physical
activities that emphasise an aesthetic build and low body weight have been identified as
potentially at-risk for developing the syndrome [11]. Given that dancing is an artistic
expression in which physical fitness and aesthetics are key elements of performance

[13], dancers might also fall in the same category. Indeed, observational data have
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suggested that intense dance training during the growing years, combined with low
energy intake and low body weight, might cause menstrual dysfunctions which,
subsequently, could negatively affect the skeletal system [43]. Keay and colleagues [25]
revealed that amenorrheic dancers have low Z-scores at the lumbar spine compared with
controls, but eumenorrheic dancers have high Z-scores at femoral neck compared with
normal population. Other published data demonstrated that as high as 40% of
professional dancers could show symptoms of the triad [18]. Moreover, professional
ballet dancers have been consistently found with low BMD [19,44-46]. All these authors
agree that dancers are susceptible to menstrual disorders, and the weight-bearing
exercise of dance training is unlikely to offset the harmful effects of
amenorrhea/oligomenorrhea on BMD. The International Association of Dance Medicine
and Science (IADMS) [17] published a statement highlighting BMD as a topic of major
concern, associated with several health risks in dancers.

Contrary to the above, some authors advocate that professional dancers have
higher BMD compared to controls, despite low body mass and late menarche [47].
Similarly, retired professional ballerinas [48] and vocational female dancers [27] were
found not to be at risk of developing low BMD or osteoporosis. Consequently, the
question of whether dancers are at risk of developing low BMD or not appears to be
unanswered. Therefore, the aim of the present literature review was to systematically
investigate and examine the information available in relation to prevalence and incidence

of low BMD in female dancers.

METHODS
Literature Search and Identification
A systematic search of literature was undertaken using four electronic databases (Web of
Science, PubMed, EBSCO, and Scopus). The search was extended to two specific
dance science publications [Journal of Dance Medicine and Science (JDMS) and Medical
Problems of Performing Artists (MPPA)] to ensure that we consider all relevant data.
Material from the year of their inception up to January 2014, was identified using the
terms “dance” and “ballet” combined with “BMD”, “bone density”, “osteoporosis” and
“female athlete triad syndrome”.

It was included all studies involving bone measurement (at any site, with any kind
of device) in dancers (any type of dance and competency level). Due to the limited

number of randomised controlled trials (RCT), cross-sectional, non-randomised
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longitudinal and retrospective cohort studies were also included. In contrast, editorials,
conference proceedings, review papers, opinion papers, chapters in books, narrative
papers and non-English language publications were excluded as they are generally
considered of low quality studies [49]. It was also excluded studies that examined only
male dancers because only two such papers were found. In contrast, studies that
reported male and female data separately were included, but we only considered and
analysed data on female dancers.

Papers on the prevalence of low BMD and associated factors, incidence of low
BMD and risk factors, and treatment/prevention of low BMD were classified as “relevant
material”. Papers with no such information were classified as “other studies”. This
categorisation was assisted by two independent experts who appraised the relevance of
each identified study. Prevalence and incidence were defined as the total number of
existing cases with low BMD, and as the number of new cases with low BMD emerging

during a specific period of time, respectively.

Article Quality Assessment

The quality of the eligible papers was assessed according to the Grading of
Recommendations, Assessment, Development and Evaluation (GRADE) system, an
appropriate tool for assessing the quality of published reports [50]. RCT studies were
assessed based on six parameters: (i) risk of bias, (ii) indirectness, (iii) imprecision, (iv)
publication of bias, (v) large effect, and (vi) dose response. Non-RCT studies were
evaluated using the following three parameters: (i) large effect, (ii) dose response, and
(i) all plausible residual confounding. GRADE classifies published material as high,
moderate, low or very low quality, whereas RCTs start at a high quality level and non-
RCT studies at a low quality level. Based on the information provided by the authors in
each selected paper and applying GRADE’s parameters, two experienced appraisers
rated them as “high” or “low” (no point given), “low plus one” (one point given) and “low
plus two” (two points given). Was also considered the guidelines of the Preferred
Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) [51].
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Articles identified: 2,785
Scopus: 633
PubMed: 457
EBSCO: 1299
Web of Science: 381
JDMS: 15
MPPA: 0
Excluded: 2,528
| Studies not evaluating dancers
(any kind of dance) or focusing on
bone parameters
A 4

Abstract screening: 257

Excluded: 87
Editorials, opinion papers,
> chapters in books, narrative
reviews and non-English
language papers

>| Duplicate removal: 62

\ 4

Full-text screening: 108 Excluded: 73
Conference proceedings, review
> papers, studies considering only
male dancers data and studies in
which dancers’ information were
\ 4 combined with other athletes.

Eligible for review: 35

A 4 4 ‘l’ 4
Prevalence and Incidence and risk Treatment/prevention: Others: 15
associated factors: 18 factors: 1 1

Figure. 1 Flow-chart of the identified and selected studies.

RESULTS

Using the terms “dance” and “ballet” combined with “BMD”, “bone density”,
“osteoporosis” and “female athlete triad syndrome”, 2785 outputs were initially emerged.
After titles and abstracts were screened, 108 articles were identified as potentially
relevant and were retrieved as full-texts. Following detailed examination, 73 of these
articles were excluded, while only 35 fulfilled the set criteria (Figure 1). The latter 35
articles consisted of 31 cross-sectional studies, one longitudinal study, one mixed-

longitudinal study, one retrospective study, and one RCT.
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Of these 35 selected studies, 18 were identified as related to the prevalence of low
BMD and associated factors, one to the incidence of low BMD and risk factors, one to

treatment or prevention of low BMD, and 15 were classified as “other studies”.

Description of the Selected Studies

The quality scores of the 35 selected studies appear in Table 1. Twenty out of the 35
publications received a “low” score, 11 had a score of “low plus one”, three collected a
“low plus two”, and only one was considered to be high quality (RCT).

Figure 2 shows the general characteristics of the selected papers. Of the 35
studies, 16 studies examined professional female dancers (three of which dealt with
retired dancers), seven vocational dance students (age ranging from 16.4 to 20 years
old), while 12 have studied non-professional dancers. Control groups were included in 27
studies.

Dual-energy X-ray absorptiometry (DXA) was the most frequently used
methodology to evaluate bone parameters (24 studies). Of these, 13 evaluated both
dance specific impact and non-impact sites, 16 reported diet analysis via a 3-day record,
12 examined hormone levels (most hormones relating to the menstrual cycle), and three
studies assessed energy expenditure of professional dancers.

The main outcomes of the 27 studies that compared dancers’ bone mass with
controls or normative values vary considerably with 15 of them revealing that dancers
have low BMD at least in one site, eight suggest that dancers’ BMD is equal to non-
dancers, and four studies disclosed that dancers have high BMD values (figure 3).
However, it should be stressed that these outcomes come from published material

classified as low quality based on GRADE system.

Professional females
‘Vocational females
Non-professional
Controls

Dk

Mutrition

Blood tests

Energy expenditure

0 5 10 15 20 25 30 35

Number of papers

Figure. 2 General characteristics of the selected papers.
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Figure. 3 Main outcomes of the 27 studies that compared dancers’ bone mass with controls
or normative values.
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Figure. 4 Factors associated with low bone mineral density reported in the selected papers.

Prevalence of Low BMD and Associated Factors in Female Dancers

Eight cross-sectional studies fulfilled the eligible criteria on the prevalence of low BMD
(Table 1). All studies were on ballet dancers, whose experience and level of performance
ranged from vocational dance students to retired professional dancers. Variations were
also found in terms of anatomical zones measured.

From the three studies that have examined professional female ballet dancers,
one estimated the prevalence of low BMD at the lumbar spine (LS) to be 40% [44], while
another one estimated the same parameter to be 23% [52]. The third study examined the
presence of the female athlete triad syndrome in two professional ballet companies; it
was found that 40% of the dancers exhibited symptoms of the triad, resulting in low BMD
at the total body [18].

One study involving retired professional female ballet dancers revealed higher
prevalence of osteoporosis at non-impact sites (26.7% vs. 15.8%), hip (6.9% vs. 3.9%),
and femoral neck (FN) (17.8% vs. 16.8%) compared to controls, but lower prevalence of
osteoporosis at the total body (8.9% versus 9.9%) and lumbar spine (11.9% vs. 15.8%)
[48]. These authors also found that the prevalence of osteopenia in retired ballet dancers
was 46.5% (39.6% for controls).
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Female vocational dance students were investigated in some studies. Valentino
and colleagues [43] reported that 60% of dance students and 55% of ex-dance students
demonstrated a Z-score below 2.5 for lumbar spine, while 30 and 22% of dance and ex-
dance students, respectively, exhibited a Z-score between one and two for the same site
[according to the World Health Organization (WHO) [52], osteoporosis is considered
when BMD value is at least -2.5 SD below mean for age, and osteopenia when BMD
value is between -1.5 SD and -2.5 SD below mean for age]. Burckhardt and colleagues
[19] estimated the prevalence of low BMD to be 37% at the LS in Asian and Caucasian
female vocational dance students, whereas Chinese female dance students had
significantly higher prevalence of osteopenia (26.7%) compared to age matched controls
(14.3%) [26]. Regarding total body BMD in female vocational dance students,
Yannakoulia and colleagues [16] found a prevalence of 37.8%.

Table 2 summarises all studies that provide evidence regarding prevalence of low
BMD. It seems that vocational dance students had higher prevalence than their
professional counterparts for the same sites. The average values for vocational dance
students and professional dancers were: 47.7% vs. 25.9% at the lumbar spine, and
32.9% vs. 29.6% at total body. In professional female dancers, the highest prevalence is
at non-impact sites (40%), followed by the total body (29.6%) and LS (25.9%). Compared
with controls, both vocational dance students and professional dancers had a higher
prevalence of low total body BMD. However, the prevalence of low BMD is lower in
retired dancers at the LS and total body when compared to control populations of the
same age.

Of all studies examining the prevalence of low BMD in dancers, seven reported
certain associated factors (Table 1). This included taking oral contraceptives (those
taking contraceptives had particularly low BMD) [44], menstrual disturbances
[16,18,27,48], decreased brachial artery flow-mediated dilation [52], age at menarche
[26], and dietary deficiencies [19]. Table 1 also depicts 10 cross-sectional studies that,
although provided no information regarding prevalence, dealt with factors associated with
low BMD in dancers. These factors included menstrual disturbances [29,45,46,53,54],
dietary deficiencies [55,56], age at menarche [25,47], decreased body weight [28], and
decreased resting metabolic rate (RMR) [55]. Figure 4 summarises these associated
factors. It becomes clear that the most quoted factor for low BMD is menstrual
disturbances. However, only seven studies used multivariate analyses to adjust for

potential covariates [16,19,26,28,29,46,48], therefore these associated factors constitute
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only preliminary evidence, as most of the relevant studies were observational in nature

and used small sample sizes.

Incidence of Low BMD and Associated Risk Factors in Female Dancers

We found no data on incidence of low BMD in dancers. However, one study did provide
information on potential risks factors (Table 1), demonstrating that female professional
ballet dancers and vocational dance students with amenorrhea had low BMD at the LS
compared to eumenorrheic dancers. These authors also reported that dancers who
resumed menses significantly increased BMD at the wrist and LS (17%), but could not
achieve normal levels. Nonetheless, this was classified as a low quality study due to a

small sample size and low-level statistical analyses.

Treatment or Prevention of low BMD in Female Dancers

Only one study received high quality rating in this area (Table 1). This study adopted a
placebo-controlled, randomised design to investigate the ability of oestrogen therapy to
stimulate normalisation of bone mass in amenorrheic dancers [57]. Results indicated no

significant difference between the treatment and placebo groups.

Other Studies

Although these 15 studies provided no direct information on prevalence/associated
factors, incidence/risks factors, or treatment of low BMD in dancers, they could be useful
as they included measurements of dancers” bone mass (Table 1). These were all low
quality studies, and most of them included other populations besides dancers [58-63].
Interestingly, published data obtained exclusively from dancers demonstrated conflicting
results. Some indicated that bone mass of professional dancers and full-time dance
students was significantly higher than controls [27,59] others did not [64], while some
data disclosed similar values for dancers and non-dancers [65,66]. Table 1 also includes
two studies, a cross-sectional [15] and a longitudinal [67], that have showed the positive
effects of dance on bone using non-elite dance students. A cross-sectional study
revealed that plasma leptin concentrations in adolescent female dancers is significantly
lower in comparison to female controls, however, it is not a direct determinant of BMD in
adolescent dancers [68]. Lastly, a study using quantitative ultrasound found that BMD

measurements were significantly higher in dancers than in controls [69].
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Table 1. Studies included in the systematic review and their main findings 2

Group Article Participants Main findings P Quality
Prevalenc Armann et al. Female prof (n=5, 26+4.6yr); controls (n=6, Prevalence: dancers over 20 years old (spine): 40%; dancers over 20 years old (radius): 40%. Low
e [41] (1990) 16.2+1.2yr) Associated factors: taking oral contraceptives.
anpl Warren et al. Female prof (n=51, 13-29yr); controls (n=47, 13-29yr) Prevalence: unknown. Low (plus
associated  143] (1991) Associated factors: menstrual disturbances one)
factors Karlsson etal. Female (n=25, 19-68yr); controls (n=42, age matched)  Prevalence: unknown Low (plus
[26] (1992) Associated factors: menstrual disturbances one)
Bass et al. Female prof (n=32); controls (n=23, age matched) Prevalence: unknown Low
[51] (1994) Associated factors: menstrual disturbances
Young et al. Female vocational (n=44, 17+0.2yr); sedentary Prevalence: unknown Low (plus
[25] (1994) amenorrheic (n=18, 18.1+0.4yr); normal menstrual Associated factors: low body weight one)
(n=23, 16.7+0.3yr)
Lichtenbelt et Female prof (n=24, 22.6+4.5yr) Prevalence: unknown Low
al. [45] (1995) Associated factors: age at menarche
Khan et al. Retired prof female (n=101, 51.1+1.4yr); controls Prevalence: osteoporosis: TB, 8.9 % dancers vs. 9.9% controls, with the corresponding values a: Low (plus
[46] (1996) (n=101, age matched) follows: two)
radius 26.7% vs.15.8%, hip 6.9% vs. 3.9%, FN 17.8% vs.16.8%, intertrochanteric and trochanter
vs. 14.8%, LS 11.9% vs15.8%, any site 23.8% vs. 38.6%; osteopenia: any site, 46.5% vs.39.6%.
Associated factors: menstrual disturbances
Pearce et al. Female vocational students (n=41, 17.2+0.2yr); Prevalence: unknown Low (plus
[42] (1996) controls (n=46, 17.5+0.2yr) Associated factors: menstrual disturbances one)
Keay et al. Retired prof female (n=57, 25-50yr) Prevalence: unknown Low (plus
[22] (1997) Associated factors: age at menarche; menstrual disturbances two)
Valentino et Female vocational students (n=48, 21.5+3.7yr); ex- Prevalence: 60% of the dancers and 55.6% of ex-dancers had a Z-score below 2.5 atLS; 30% Low
al. [40] (2001)  students (n=50, 22.3+1.8yr); controls (n=76, of dancers and 22.2% of ex-dancers had a Z-score between 1 and 2; controls: unknown.
22.5+1.5yr) Associated factors: unknown
Kaufman etal. Female prof (n=21, 23.2+2.8yr); controls (n=27, Prevalence: unknown Low
[53] (2002) 24.5+2.6yr) Associated factors: rest metabolic rate; low energy intake
Quintas et al. Female (n=33; 16.2+2.0yr); controls (n=90, 16.7+1.0yr) Prevalence: unknown Low
[54] (2003) Associated factors: low body weight; low energy intake
Yannakoulia Female vocational students (n=37, 20.7+1.8 yr) Prevalence: 37.8% of dancers had lower total BMD Low (plus
et al. [14] Associated factors: menstrual disturbances one)
(2004)
To et al. [52] Female vocational students (n=35, 17-19 yr); controls Prevalence: unknown Low
(2005) (n=35, 17-19yr) Associated factors: menstrual disturbances
Yang et al. Female adolescent (n=60, 16.5+0.7yr); controls (n=77, Prevalence: 26.7% of dancers found as having osteopenia compared with 14.3% for controls Low
[24] (2010) 16.4+0.6yr) Associated factors: menstrual disturbances; age at menarche
Dolyle-Lucas Female prof (n=15, 24.2+1.3yr); controls (n=24, Prevalence: 40% of dancers exhibited symptoms of the three conditions comprising the female ¢ Low (plus
et al. [15] 23.7+0.9yr) triad; controls: 0%. one)
(2010) Associated factors: menstrual disturbances
Hoch et al. Female prof (n=22, 23.2+4.7yr) Prevalence: 23% had low BMD in 1 or more sites; 23% had low BMD at LS and 9% at TB; Z-scol Low
[50] (2011) were not met by any of dancers.
Associated factors: low brachial artery flow-mediated dilation
Burckhardtet =~ Female vocational students (n=127, 16.7+0.8) Prevalence: 37% of dancers had LS BMAD below the fifth percentile. Low (plus
al. [16] (2011) Associated factors: non-dietary protein intake one)
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Table 1. Continued

Group Article Participants Main findings ° Quality
Incidence Warren et al. 2-year follow-up. Female prof and students from Incidence: unknown Low
and risk [70] (2002) regional and national schools (n=54); controls (n=44)  Risk factors: menstrual disturbances
factors (22.4£4.6yr)
Treatment/  Warren et al. 2-year follow-up. Amenorrheic (n=24) and Intervention: Amenorrheic dancers receive placebo or Premarin, 0.625 mg for 25 days monthly, High
prevention  [55] (2003) eumenorrheic dancers (n=31) from regional schools Provera, 10 mg, for 10 of these 25 days (hormone therapy) for 2 years.
and companies (22.0+4.6yr) Outcomes: No difference in BMD between treated or placebo group
Other Wolman et al. Female prof (n=10, 20.7-25yr); runners; rowers; Prevalence: unknown Low
studies [56] (1991) controls (n=13, 26.5-30.3) Associated factors: unknown
Dancers had similar BMD values compared with controls
Frederick etal. College dancers (n=14, 17-25yr); postmenopausal Prevalence/Associated factors: unknown Low
[58] (1992) women; track team; controls (n=14, 17-25yr) No significant differences in BMD among the four groups
Foldes et al. Female high-school dance students (n=27, Prevalence: unknown Low (plus
[63] (1997) 15.6+1.2yr); controls (n=27, 15.6+0.8yr) Associated factors: unknown one)
BMD did not differ between groups
Cuesta et al. Female (n=15, 25.1+3.8yr); controls sex- and age- Prevalence: unknown Low
[62] (1996) matched Associated factors: unknown
BMC low in arms when compared to controls (both female and male)
Khan et al. Retired female prof (n=101, 51.4+14.3yr); controls Prevalence: unknown Low (plus
[71] (1998) (n=99, n=51.5+16.0yr) Associated factors: unknown two)
Hours of ballet training per week during infancy was positively associated with BMD
Bennell et al. Non-elite female students (n=78, 9.6+0.8yr); controls  Prevalence: unknown Low
[13] (2000) (n=63, 9.6+0.8yr) Associated factors: unknown
BMC upper limb lower in dancers; BMD high in dancers at FN, hip; no differences at LS.
Tsaietal. [64] Female (n=29, 16.3£0.5yr); controls (n=20, Prevalence: unknown Low
(2001) 16.6+0.8yr) Associated factors: unknown
Similar BMD at LS and FN between groups
Munoz et al. Female dancers (n=12, 16.2+2.0yr); rhythmic Prevalence: unknown Low
[59] (2004) gymnasts; controls (n=14, 16.9+1.0yr) Associated factors: unknown
BMD at LS normal in all groups; significant decrease found in
dancers and gymnasts at forearm compared with controls
Matthews et Non-elite dancers (n=82, 8-11yr); controls (n=61, 8- Prevalence: unknown Low (plus
al. [65] (2006)  11yr) Associated factors: unknown one)
Dancing is associated with a positive effect on bone mass
Oral etal. [67] Female (n=26); controls: age- and sex-matched Prevalence: unknown Low (plus
(2006) (n=100) Associated factors: unknown one)
Dancers had significant higher calcaneal QUS measurements compared to controls
Kilicarslan et Female dancers (n=22, 29.8+3.0yr); controls (n=20, Prevalence: unknown Low

al. [57] (2007)

28.622.6yr

Associated factors: unknown
Z-scores at the LS and FN significantly greater in dancers;
no significant difference in Z-scores at the forearm
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Table 1. Continued

Group Article Participants Main findings Quality
Yang et al. Female adolescent (n=60, 16.5+0.7yr); controls Prevalence: unknown Low
[66] (2009) (n=77, 16.4+0.6yr) Associated factors: unknown

Plasma leptin levels is not a direct determinant of BMD
Hinrichs et al. Female dancers (n=13); runners; team athletes; Prevalence: unknown Low
[60] (2010) triathletes; combat players; controls (n=61) Associated factors: unknown
BMD at LS was the lowest in dancers.
Friesen et al. Female dancers from university (n=32, 22.1+1.4yr); Prevalence: unknown Low
[61] (2011) controls (n=30, 21.4+1.5yr) Associated factors: unknown
BMD did not differ between groups; BMD at LS and hip higher in dancers.
To et al. [23] Vocational female students (n= 47, 17-20yr); controls ~ Prevalence: unknown Low (plus
(2011) (n=36, 17-20yr) Associated factors: unknown one)

Dancers do not exhibit low BMD at any site

Prof = professional; BMD = bone mineral density; BMC= bone mineral content; BMAD = bone mineral apparent density; QUS = quantitative ultrasound; LS = lumbar spine;

FN = femoral neck; TB = total body
@ Values are mean * SD or range except where stated otherwise
b Prevalence/ Incidence = prevalence/ incidence of low BMD

Table 2. Prevalence estimates for low bone mineral density in female dancers (data manually calculated by the present authors from all
published papers included in the “prevalence and associated factors” group)

Prevalence
Vocational Professional Retired professional
Dancers Controls Dancers Controls Dancers Controls
Femoral neck No published data No published data | No published data  No published data 17.8% 16.8%
Lumbar spine 47.7% No published data 25.9% No published data 11.9% 15.8%
Non-impact sites No published data No published data 40% No published data 26.7% 15.8%
Total body 32.9% 14.3% 29.6% 0% 8.9% 9.9%
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DISCUSSION

Unlike athletic populations [72—74], there has been no published information on the
short or long-term health consequences of low BMD in professional and vocational
dancers. Therefore, the aim of the current review was to systematically examine the
available information regarding prevalence of low BMD in this population.

To my knowledge, this is the first systematic review on dancers’ BMD. It was
found that the reported data are ambiguous and limited to principally observational
studies of average to low quality. Specifically, only eight out of the 35 finally selected
studies dealt with prevalence of low BMD in dancers, 17 on associated factors, one
on risk factors, one on treatment and none reported on incidence of low BMD. The
majority of the studies have focused on the assessment of professional female ballet
dancers, and only three published reports provide prevalence estimates for control
populations [18,26,48]. Therefore, it is difficult to draw firm conclusions as to whether
dancers have higher or lower BMD prevalence compared to the general population
since there is no published information about prevalence of low BMD in control
populations at the FN, LS and non-impact sites in both students and professional
dancers. In addition, data shown in table 2 regarding prevalence estimates for
student controls at total body were provided by a single study [18]. Similarly, all
prevalence estimates for retired professional dancers (and respective controls)
shown in table 2 also came from a single study [48], as well as prevalence estimates
for professional controls [26]. Therefore, there is a need to confirm these values in
future high-quality and well-designed research studies.

At least one study, using quantitative computed tomography, showed that 60%
of vocational dance students and 55% of ex-dance students demonstrated a Z-score
below 2.5 for LS, and 30 and 22% of dance and ex-dance students exhibited a Z-
score between one and two for the same site [43]. However, it is worth noting that
these authors used the WHO criteria to diagnose osteoporosis/osteopenia, which are
only suitable for DXA measurements, not for quantitative computed tomography [75].
Furthermore, WHO criteria were designed for postmenopausal women, not for young
and active individuals. Thus, the ACSM suggests adherence to guidelines from the
International Society of Clinical Densitometry (ISCD) instead of guidelines from the
WHO when considering athletic populations [11].

It has been noticed that there is no information on the prevalence of low BMD

in vocational dance students at non-impact sites and FN (impact site). However,
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given the nature of dance training and the importance of the growing years for bone
mass development [75,76], it could be sensible for future studies to assess impact
and non-impact sites in vocational dance students. Further, there are no studies
reporting incidence estimates of low BMD in dancers. To address this issue
longitudinal designs are needed; 31 out of the 35 finally selected studies for the
current review adopted cross-sectional designs.

Out of the 17 studies included in this review that provided information on
factors associated with low BMD, 11 studies reported menstrual disturbances as
associated factor and one study as a risk factor. However, these associations should
be treated with caution given that all studies used a small sample size, and the
majority of them did not applied multivariable analyses to adjust for potential
covariates and were, therefore, classified as low quality based on the GRADE
system. Moreover, research involving associated factors has been limited by the fact
that they restrict analyses mainly to menstrual disturbances and nutrition. There are
other factors that may potentially play a significant role on bone metabolism, such as
bone mass related hormones [77]. Future studies should incorporate possible
associated and risk factors within a multivariate design.

There have also been limited investigations on the effectiveness of different
interventions within a RCT design; only one study used such a design [57].
Therefore, current findings on this issue can only be treated as preliminary evidence
that need to be confirmed in appropriately designed studies. Of particular interest is
that some of the existing literature on dancers” BMD suggest that bone mass may
not accumulate in the same manner in adolescents as in the mature individuals,
since a delay in menarche may affect bone mass gains [46]. To date, there is no
evidence supporting this claim as only one study used a mixed longitudinal design
[67]. However, these authors examined female non-elite dancers and, therefore, their
findings are not transferable to elite vocational dance school populations.

The conflicting results found herein (i.e., studies showing lower BMD in
dancers and others showing higher BMD) could be due to differences in dancers’
performance levels, study design and methodologies employed. DXA has been the
most used device adopted by the studies of this review, confirming that it is the best
current test to determine bone mass [78]. However, the anatomical sites measured
and the sample characteristics of these studies differ, a fact that might have

implications on BMD outcomes. BMD might be quite diverse in subjects with different
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training levels [79], ages [80], and ethnicities [81]. Indeed, aging itself is considered
to be a risk factor for low BMD and osteoporosis. While childhood and adolescence
are crucial periods for bone mass gains, adulthood is considered to be a bone-mass-
maintenance period; during older adulthood, rapid bone loss can occur [77]. It is
expected, therefore, that the prevalence of low BMD in dancers will change
according to growth stage and age. Nonetheless, none of the included studies
reported prevalence of low BMD in dancers according to age. In fact, only three
studies of the “prevalence and associated factors” group considered age cluster —
adolescence [19,26] and older adulthood [48].

Although scientific research has not established with certainly the intensity,
frequency and volume of exercise that will increase BMD in the general population
and athletes, published reports suggest that as few as 2-3 training days per week of
combined weight-bearing exercises with high-impact exercises (e.g., jumping) are
sufficient to stimulate bone metabolism [10]. In general, dancers are involved in daily
classes and several hours of rehearsing [82] of medium physical demands [14],
whereas muscular strength and jumping play a key role for performance [83].
However, although dancing has been hailed as an osteogenic activity [48], we found
no studies reporting on the thresholds (intensity, frequency, volume) above which
dancing might stimulate bone mass gains. Furthermore, none of the included studies
refer to the possible relationships between dance training loadings (intensity,
frequency, volume), menstrual disturbances and bone mass acquisition. In contrast,
it has been suggested that professional dancers are exposed to high risk of injury
[84-86], but interestingly no studies have been identified for reporting a possible
association between low BMD and dance injuries. Finally, there are no available data
on incidence of low BMD in dancers. Therefore, trends over time cannot be analysed

and risk factors cannot be clearly determined.

CONCLUSIONS

The present systematic review cannot answer the fundamental question as to
whether there is a high prevalence and incidence of low BMD in professional and
vocational female dancers. Future research needs to focus on high quality research
designs that allow associated and risk factors to be examined within a controlled
environment. Future research should also distinguish between dancers” training

levels, ages and ethnicity.
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CHAPTER 3: RATIONALE AND AIMS OF THE THESIS

The previous Chapter (Chapter 2) allowed the identification of literature gaps,
strengths and limitations regarding dancers’ bone health. This first task provided me
some evidence to delineate the type of research to be conducted for this PhD. The

following gaps have been identified:

Employed methodology

It was clear that the main findings regarding dancers’ bone health come from studies
classified as low quality based on the GRADE system. There is also a clear gap in
terms of methodology in assessing BMD, whereas, for instance, some papers used
DXA to assess bone mass, and others used different devices. Further, current
studies used the WHO criterion to diagnose young dancers with low BMD; however,
this criterion has been designed only for postmenopausal women.

What this PhD adds: The current PhD tried to increase the research quality of its

studies by following principles of the Equator Network Guidelines. DXA is used in all
studies as it is the most suitable device for bone mass measurements [78]. For
accuracy, this PhD also considers the analysis of bone data according to guidelines
from the ACSM and ISCD (not WHO criterion).

Participants

The sample size included in the published studies is small and comes from different
expertise levels (i.e. non-professionals, professional, vocational students and retired);
the use of controls is also limited. Further, it is clear the lack of data in relation to
male dancers (only two studies focused on male dancers).

What this PhD adds: Studies conducted on a well-defined population of elite dancers.

Female and male professional ballet dancers, and female and male vocational dance

students have been studied (sex- and aged-matched controls also included).

Anatomical sites measured

BMD gains from exercise are site specific, which means that exercise affects
differently the skeleton depending on the areas where the stimulus is applied [40,87].
Therefore, when studying exercise populations it is important to consider the

specificity of the activity to determine which anatomical sites are relevant and which
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sites should be considered for bone mass measurements. In dancing, the high levels
of muscular strength for technical performance and the weight-bearing activity
associated with jumping may stimulate bone-forming cells at the FN and LS, whereas
(basically) no forces nor impacts are applied at the arms. Therefore, when studying
dancers’ bone health is important to consider both impact sites (FN and LS) and non-
impact sites (forearm).

What this PhD adds: the current PhD thesis analysed (in all conducted studies) bone

mass parameters at both impact (FN and LS) and non-impact sites (forearm).

Only cross-sectional data available in elite dance students

Current published data only considered the cross-sectional assessment of
adolescent dancers (ranging from 16 to 18 years old), which do not allow the analysis
of BMD trends over time, i.e. how vocational dance students acquire bone mass as
they grow and as they progress in their professional training; there is no data on
dancers’ bone status during early adolescence. Therefore, longitudinal data is of
relevance to investigate predictors of BMC and BMD changes throughout growth, a
critical period for bone mass acquisition [3].

What this PhD adds: this PhD thesis included longitudinal data of female and male

vocational dance students, whose age ranged from 10-18 years old, covering the

entire years of vocational school.

Lack of consistency

Considering the main outcomes, the majority of published papers on the topic
revealed that female dancers (both professional and vocational) have low BMD at
least in one anatomical site, whereas others showed that dancers have similar or
high BMD values compared to normative values or controls. In accordance, it is clear
the ambiguity on the topic. Nevertheless, data on dancers’ bone health status, both in
female and male, is relevant because if dancers are currently at increased risk for
low BMD, the number of cases and severity might increase after ceasing the
profession. Further, vocational dance students may enter adulthood with low BMD,
which may further impair the peak mass attainment, increasing the chances of
precocious bone losses. All of these scenarios may affect dancers' wellbeing and
quality of life. Thus, it is crucial to first clarify if professional dancers and vocational
students represent part of the population at increased risk for low BMD.
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What this PhD adds: this PhD thesis first addresses the fundamental question as

weather professional and vocational dance students (both female and male) have
increased odds of developing low BMD compared to normal population (non-
exercising individuals, representative of the population). Further, this PhD thesis also
includes original data on bone health status of vocational dancers prior to dance

training stimuli.

Associated factors with BMD

Some gaps in the available literature might also exist regarding the factors
associated with BMD in dancers. The majority of the studies did not adjust the data
for potential covariates. Furthermore, probably due to issues related with the female
athlete triad, current research mainly restricts the analyses to menstrual
disturbances, body weight and nutrition. This is a limitation due to the fact that the
aetiology of low BMD and osteoporosis is multifactorial; both genetic and
environmental factors are key factors in determining bone mass phenotypes.
Accurate information on factors associated with BMD in dancers is of relevance to
identify those at risk for low BMD.

What this PhD adds: Original studies of the present PhD thesis aimed at conducting

a multidisciplinary approach by investigating not only the association between BMD
with traditional osteoporosis risk factors (i.e. menstrual disturbances, body mass and
nutrition), but also with other factors that have not been considered previously in
dancers such as genetics and growth hormonal profile. BMD data is adjusted for

potential confounders in all studies of this thesis.

Lack of interventional studies

Only one study tested the effectiveness of an intervention to restore bone mass to
normative values in professional dancers with low BMD [57]; this study found no
differences between the treatment and placebo groups. This lack of effectiveness
could be due to limitations inherent to the adopted methodology, but it can also be
hypothesized that the lack of positive results could be due to the fact that the
treatment was not appropriate for the aetiology of low BMD in the studied population.

What this PhD adds: Before adopting a RCT design, there is a need to first clarify

the factors associated with BMD in professional ballet dancers and vocational dance

students, as well as the potential mechanisms involved in the determining bone mass
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phenotypes. By investigating these topics, the current PhD thesis could be used to
inform future RCT about the number of participants to include in an intervention, as

well as providing directions on the treatment to be implemented.

Considering all the aforementioned topics, the aim of the present PhD thesis is a)
to investigate bone health status of professional ballet dancers and vocational
dance students; and b) to investigate associated factors and mechanisms

involved in dancers’ bone health.

Specifically, this Thesis aims at:
Specific aim 1: Assessing levels of areal and volumetric measures of bone mass in
first year female vocational dance students (selected for professional training) and

aged- and sex-matched controls.

Specific aim 2: Assessing the prevalence of low BMD in female and male
professional ballet dancers and vocational dance students (and aged- and sex-
matched controls), and investigate its association with body weight, fat mass (FM),

lean mass (LM), menarche and maturation.

Specific aim 3: Modelling BMC and BMD accruals in female vocational dance
students and aged- and sex-matched controls, and determining whether circulating
levels of oestrogens, GH and IGF-1 are significant predictors of BMC and BMD

changes throughout growth in female vocational dance students.

Specific aim 4: Determining whether nutrition, energy expenditure, and energy
availability are significant predictors of BMC and BMD changes throughout growth in

female and male vocational dance students.
Specific aim 5: Assessing the association of SNP in the Wnt/B-catenin and ER

signalling pathways with low BMD in female and male professional ballet dancers

and vocational dance students (and aged- and sex-matched controls).
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CHAPTER 4: METHODS USED IN THIS PhD

ETHICAL APPROVAL

This PhD study conformed to the standards set by the Declaration of Helsinki and
was approved by the NHS Health Research Authority, United Kingdom
(Proc.14/WM/0008 and 14/WM/0009), and by the ethics committee of the Regional
Administration of Health of Lisbon, Portugal (Proc. 063/CES/INV/2012).

METHODS

Professional ballet dancers (6-8 hours a day of training) and vocational dance
students (school that offers full-time dance training to become professional dancers;
students have to audition for a place; 4-8 hours a day of training) have been recruited
from Portugal and England. In total, two professional ballet companies (one in
Portugal in England) and two vocational dance schools (one in Portugal and other in
England) were invited to participate in the study. The specific methodology employed
in all volunteers included bone mass measurements (main outcome), anthropometry,
menstrual, biological maturation, nutrition, energy availability, hormonal analysis,

physical exercise in terms of bone specific loading and genes genotype.

Participants’ recruitment

Pilot studies were administrated in one professional ballet company and one
vocational dance school in order to calculate the sample size needed for BMD
assessment; aged- and sex-matched controls were also included in both cases. In a
sample of 22 female professional ballet dancers (22 matched-controls) and 10 male
professional ballet dancers (10 matched-controls), the prevalence of low BMD (Z-
score of -1.0) at the LS was found to be 32% (vs. 5%) in female dancers and 20% (v.
0%) in male dancers. It was subsequently estimated that 42 female participants and
46 male participants in each group were needed to reach significance (90% power,
a=0.05). Similarly, in a sample of 36 female vocational students and 36 matched-
controls, low BMD (Z-score of <-2.0) at the LS was found in 36% and 6%,
respectively. Based on this finding, it was estimated that 37 participants were needed
in each group to obtain 90% power, with a=0.05. As previously mentioned, and
assuming participants” non-response and possible dropouts, two professional ballet

companies and two vocational dance schools were approached.
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An introductory letter describing briefly the study was sent to the executive
boards of the ballet companies and vocational schools (using Portuguese language
in Portugal and English in UK). Following boards’ permission, professional dancers
and vocational students (and respective guardians) were presented with the
purposes of the study; 166 dance students (45.8%) and 96 professional dancers
(68.6%) volunteered. All volunteers completed a questionnaire concerning their race,
medical history, and past/current calcium/vitamin D supplementation. Given the
differences in bone mass values between individuals from different races [81], only
participants referring themselves as white European-Caucasian dancers were
included. Eligible criteria also included participants with no illnesses or treatments
that might affect bone metabolism, not taking medication known to influence bone
metabolism and no calcium/vitamin D supplementation. Women taking oral
contraceptives and hormonal therapy were excluded. Based on these criteria, the
studied population included in this PhD consisted of 160 vocational dance students
and 86 professional ballet dancers. Details of the recruited dance population and its
participation rate is available in Figure 5.

Eligible individuals for this PhD study: total number of professional ballet dancers and vocational students
enrolled at two professional companies and two vocational schools
(N=140 and N=362, respectively)

Professional ballet dancers who Vocational students who
volunteered (N=96; 68.6%) volunteered (N=166; 45.8%)

Excluded (N=5) Excluded (N=6):

- Asian (N=1) - Asian (N=2);

- American (N=2) - African-descent

> - Calcium sup. (N=1) (N=2) ¢
- Hormone therapy (N=1) - Calcium sup. (N=2)
\ 4 \ 4

Total of 246 enrolled the study: 86 professional dancers and 160 vocational dance students

Figure 5. Dance population included in this PhD

Non-exercising participants were recruited from two local state schools and
local Universities to act as controls (in Portugal). Eligibility criteria for controls were

set according to dancers’ characteristics, i.e. controls were only considered eligible if
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they were of the same sex, age (defined as decimal age; 12-months difference of a
dancer) and race (white European-Caucasian) as dancers. Exclusion criteria
included those who participated or had previously participated in organised physical
activities/sports outside school curriculum; children participants involved in physical
education sessions at their school were not excluded. Control participation was also
restricted to those who had received/were receiving medications known to affect
bone metabolism and to who reported illnesses/treatments that might affect bone
metabolism. Following consent from the respective boards of directors, the study was
advertised by the school/ universities authorities. Out of the 282 responses, 167
fulfilled the current criteria and were included in the study (controls for vocational

dance students: 97; controls for professional ballet dancers: 70).

Participants’ measurements

In Portugal, cross-sectional data for professional dancers were collected between
February 2013 - May 2013 (bone mass, anthropometry, menstruation, nutrition,
energy availability and bloods), whereas longitudinal data were collected annually for
three consecutive years in Portuguese vocational dance students, starting at January
2013 and finishing at March 2015. Annual collection occurred within the same period
as the baseline measurements. Specifically, information on bone mass,
anthropometry, menstruation, biological maturation [estimation of the age at peak
height velocity (PHV) and Tanner stage], nutrition (energy intake, calcium, fat,
carbohydrates) and energy availability were collect each January for vocational
dance students, whereas the same information was collected each March in controls.
Bloods were collected each January in both groups. Information on physical exercise
in terms of bone specific loading was collected on the last year of measurements.

In Portugal, a total of 70 professional ballet dancers (70 aged- and sex-
matched controls) and 101 vocational dance students were assessed at baseline (97
aged- and sex-matched controls). From 2013 to 2014, 12 vocational dance students
were additionally recruited, while 12 female dancers and 5 male dancers withdraw
the study due to professional dance training dropout or illness. Considering
Portuguese controls, 9 female controls and 7 male controls withdrew the study due to
family relocation or loss of interest. From 2014 to 2015, an additional 12 male dance
students, six controls for female dance students and 11 controls for male dance

students withdrew the study for the reasons previously mentioned (in Portugal).
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In UK, cross-sectional data for professional dancers were collected between
June 2013 - September 2013 (bone mass, anthropometry, menstruation, nutrition,
energy availability and bloods), whereas longitudinal data were collected annually for
two consecutive years in vocational dance students, starting at May 2013 and
finishing at May 2014. Annual collection occurred within the same period as the
baseline measurements; all measurements (the same information collected in
Portugal) in British vocational dance students was collected during May (May 2013
and May 2014). A total of 16 professional ballet dancers and 59 vocational dance
students were initially measured at baseline. From 2013 to 2014, 16 British
vocational dance students withdraw the study due to professional dance training
dropout or iliness. Controls for UK were only recruited to match (aged- and sex-
matched) with dancers for study 2 and study 5; a total of 90 controls were assessed
between 2013-2014.

Anthropometry, menstrual, nutritional intake and energy availability
Chronological age was obtained as decimal age (date of birth minus measurement
date). Height, sitting height and body mass were measured in t-shirt, shorts and bare
feet using a stadiometer (Seca, Seca217 portable stadiometer, Hamburg, Germany)
with accuracy of 0.1 cm and an electric scale (TANITA BC-418 MA Segmental Body
Composition Analyser; Tanita Corporation, Tokyo, Japan) with an accuracy of 0.1 kg.
All measurements were administered by the same investigator twice (mean of the
two measurements were recorded).

All participants were presented with a questionnaire to determine age at
menarche and regularity of menstrual cycles. Amenorrhea was defined as the
absence of menses for three consecutive months, whereas oligomenorrhea was
considered when menstrual cycles occurred at intervals of greater than 35 days.

Pubertal development was assessed using Tanner staging (breast and public
hair stage in girls; genitalia and pubic hair stage in boys) by self-reporting. Standard
line drawings and written descriptions were provided, and participants selected the
picture that most accurately reflected their appearance [88]. Biological maturity was
assessed using the offset equation [89]. Based on this equation, the year(s) to/from
peak height velocity (PHV) and an estimation of the age at PHV were predicted in all

participants at one-year interval.
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Nutrient intakes were recorded via a 3-day food diary, previously validated
[90]. Participants were asked to record all food and beverages consumed during two
school days and one weekend day following appropriate instructions. The software
Food Processor SQL Edition, version 9.8.1. was used. During the same week that
nutrition information was collected, energy expenditure was also estimated using an
accelerometer — SenseWear [91]; each participant used the device for 7 consecutive
days. Energy availabilty was further estimated using standard protocols
(http://www.femaleathletetriad.org/calculators/); information on dietary energy intake

(provided by the food diary), exercise energy expenditure (information retrieved from
the accelerometer), and body fat percentage (measured by DXA) was used for the

estimation of energy availability.

Hormonal analyses

Blood samples were collected in early morning after an 8-hour fasting. In
menstruating subjects, samples were collected during the follicular phase of the
menstrual cycle (fifth and ten days after the onset of menstrual bleeding). Plasma
oestrogens concentrations were measured by electrochemiluminescence
immunoassay (ECLIA) kit (06656021190 Estradiol G3 Elecsys cobas and 100,
Roche Diagnostic Systems); the intra-assay and inter-assay CV’s were below or
equal to 2.4% and 2.7%, respectively. Serum GH concentrations were measured by
an immunoradiometric assay kit (IRMA GH, ref. IM1397) from IMMUNOTECH SAS,
(Prague, Czech Republic); the intra-assay and inter-assay CV’s were below or equal
to 2.7% and 7.1%, respectively.Serum IGF-1 concentrations were measured by an
immunoradiometric assay kit (IRMA IGF-I, ref. A15729) from IMMUNOTECH SAS,
(Marseille, France). The intra-assay and inter-assay CV’s were below or equal to
6.3% and 6.8%, respectively. Serum sclerostin concentrations were measured by an
ELISA assay kit (Human SOST/Sclerostin Quantikine ELISA Kit, Ref DSSTO00), from
R&D Systems, Inc. (Minneaplolis, MN 55413, USA). The intra-assay and inter-assay
CV’s ranged between 1.8-2.1% and 8.2-10.8%, respectively. Blood samples were
submitted to centrifugation at 25009 for 10 min; serum samples were stored at -80°C

until they were analysed.
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Physical exercise in terms of bone specific loading

The bone-specific physical activity questionnaire (BPAQ) was administrated to all
participants included in the longitudinal analysis (data collected on the last year of
measurements — 2015 in Portugal and 2014 in UK). Participants were asked to
record all regular physical exercise activities performed throughout their life, including
years and frequency (times/week) of participation. A score for physical exercise in
terms of bone specific loading was further derived for each participant. The BPAQ
has been described in detail previous [92]. Briefly, the BPAQ has been designed to
capture bone-relevant weight-bearing exercise history (an algorithm was created to
account the factors of load intensity, years of participation, and frequency of current
and historical physical exercise) [92]. It has been reported that the BPAQ score is
positively associated with DXA BMD outcomes [92]. The BPAQ was originally
validated for young adults, however, it can also be applied to children (a specific age
weighting factor in the algorithm is applied) [92]. In accordance, several reports have
been using BPAQ in children and adolescents to predict bone-relevant weight-
bearing exercise [93—-95]. Control participants have not been involved in methodical
exercise (exclusion criteria included those who participated or had previously
participated in methodical physical exercise activities outside school curriculum). In
order to account for the physical education lessons at school (twice a week) it was
assumed the following activites for control participants: walking/hiking,

running/jogging, soccer and jump rope.

Genes and SNP selection

Genes of the Wnt/B-catenin and ER signalling pathways with potential biological
function, and further established in genome-wide association studies (GWAS) and
meta-analysis as genes related to low bone mass phenotypes, were identified
according to literature reports. This resulted in the identification of four major genes:
SOST, LRP5 (Wnt/B-catenin pathway), ESR1 and ESR2 (ER signalling pathway).
SNPs in or near these genes reported to have a significant association with BMD
variation and risk of osteoporosis in European populations were identified using
genetic variation databases such as Hapmap and NCBI, and previous association
studies on European populations. The following SNPs were identified in SOST:
rs851054, rs851056, rs10534024, rs4792909, rs9902563; LRP5: rs3736228,
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rs2306862, rs682429, rs491347, rs3781590, rs2508836, rs643892, rs312786; ESR1:
rs2234693, rs9340799; ESR2: rs1256030, rs960070.

Characteristics of each SNP were examined using the Ensembl database, and
linkage disequilibrium (LD) analyses were performed using Haploview 4.1 with data
available on HapMap. Within SOST region, rs4792909 and rs9902563 were located
32275 and 74118 bases, respectively, far downstream of the SOST start site. The
SNPs rs851054 and rs851056 were in complete LD (R?=1), while rs10534025 were
not in LD with any of the other SNPs. Both rs3781590 and rs643892 in LRP5 were in
complete LD (R?=1) with another SNP that has not been previously studied in relation
to bone mass phenotypes (rs587808), whereas rs2508836, rs491347 and rs312786
were not in LD with any of the others SNPs. Information on rs682429 was not
available on HapMap by the time of the LD assessment. The minor allele frequency
(MAF) of rs3736228 and rs2306862 was low within the European ancestry population
(CEU) (0.12 and 0.13, respectively). Considering the SNPs in ESR1, LD analyses
revealed that rs2234693 and rs9340799 were in moderate LD (R?=0.6), whereas
rs1256030 and rs960070 in ESR2 revealed high LD (R?=0.9). Based on the attributes
described, the following eleven SNPs were selected for genotyping: SOST:
rs851054, rs10534024; LRP5: rs682429, rs491347, rs2508836, rs587808, rs312786;
ESR1: rs2234693, rs9340799; ESR2: rs1256030, rs960070.

Genotyping

Genomic DNA was isolated from blood using the MagNA Pure LC DNA isolation kit
(Roche, Switzerland) according to product specifications. Primers were generated
from the genomic sequence using Primer-BLAST and its specificity determined using
BLASTn. DNA was amplified with the QIAGEN Multiplex PCR Kit (Qiagen,
Germany), either in single PCR reactions (SNP rs312786) or in two sets of multiplex
reactions (set 1: SNPs rs2234693, rs960070, rs682429, rs587808 and rs851054; set
2: SNPs rs9340799, rs1256030, rs491347, rs2508836 and rs10534024). PCR
products were purified using Sephadex G-50 fine (Sigma-Aldrich, USA) columns on a
filtration plate and genotypes determined using the Genetic Analyzer 3130 and
3130x! (Applied Biosystems).
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Bone mass assessments

BMD (g/cm?) and (BMC) (g) were determined for non-dominant forearm (33%
radius), LS (L1-L4) and FN. Body composition was assessed through a DXA whole-
body scan [FM and LM (Kg)]. To estimate volumetric density, bone mineral apparent
density (BMAD) (g/cm3®) was calculated for all sites using previously described
formulas [96]. Participants were assessed in different centres using DXA GE Lunar
Prodigy and Hologic Discovery Wi. Although previous studies have demonstrated a
high correlation between Lunar and Hologic DXA BMD measurements [97-99], there
is a tendency for Lunar model to inflate BMD values by 15% compared to Hologic
[100]. Therefore, in addition to the daily calibration required from each DXA
manufacturer, cross-calibration of the two scanners was conducted using a group of
20 independent participants. These participants were measured with both Lunar and
Hologic within a period of 5 days. Regression equations using BMD from Lunar as
dependent variable and BMD from Hologic as independent variable were performed
from the data obtained from the participants included from cross-calibration. The
correlation between the two DXA models were high (forearm BMD: r=0.96, adjusted
r’=0.93, std. error of estimate=0.03; LS BMD: r=0.96, adjusted r?=0.92, std. error of
estimate=0.05; FN BMD: r=0.97, adjusted r?>=0.93, std. error of estimate=0.05;
forearm BMC: r=0.98, adjusted r?=0.96, std. error of estimate=0.09; LS BMC: r=0.96,
adjusted r>=0.92, std. error of estimate=4.41; FN BMC: r=0.94, adjusted r?=0.88, std.
error of estimate=0.46; bone area (BA) forearm: r=0.82, adjusted r?=0.66, std. error
of estimate=0.16; LS BA: r=0.88, adjusted r?=0.76, std. error of estimate=4.64; BA
FN: r=0.87, adjusted r?=0.75, std. error of estimate=0.35). The Hologic BMD, BMC
and BA data were further converted to the Lunar data using the following equations:
forearm BMD Lunar = -0,085263 + 1,356535*Hologic; LS BMD Lunar = 0,030762 +
1,161805*Hologic; FN BMD Lunar = 0,084782 + 1,116509*Hologic; forearm BMC
Lunar = 0,148564 + 1,117715*Hologic; LS BMC Lunar = 7,143123 +
0,923483*Hologic; FN BMC Lunar = 0,079107+ 1,106219*Hologic; BA forearm Lunar
= 0,784022 + 0,683982*Hologic; BA LS Lunar = 6,843735 + 0,765959*Hologic; BA
FN Lunar = -0,467152 + 1,023246*Hologic. Following the BMD adjustments, Z-
scores at each anatomical site were also calculated considering standard data
reference ranges for gender and age provided by the Lunar manufacture (EE.UU.
Lunar data reference for adults and BMDCS data reference for children adjusted for
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height). This approach to calibrate different DXA models has been previously used

and it is deemed acceptable for studies of this kind [101,102].

Statistical analyses

Each study of this thesis has its own statistical analysis; briefly:

Cross-sectional analysis Independent t-tests were used to compare descriptive
characteristics and crude values of bone measurements between dance students
and controls. Bone parameters were compared after adjustment for some covariates
using a three-factor analysis of covariance (ANCOVA). All residuals were tested for
normal distribution using the Kolmogorov-Smirnov test. Multiple regression analysis
was performed to test for the association between bone measurements (dependent
variable) with several independent variables known as predictors from literature.
Chi-square analyses were also performed to examine prevalence differences of low
BMD between groups (dancers vs. controls). Logistic regression analyses were
executed to investigate associations between low BMD and some covariates. For all
analyses the SPSS - version 20.0 (IBM SPSS, Chicago, IL) was use while statistical
significance was set at p<0.05.

Longitudinal analysis: Independent t-tests were used to compare general
characteristics between vocational dance students and controls at each measured
occasion (stratified by sex). Based on a multilevel approach applied to longitudinal
data, SuperMix software (SSI - Scientific Software International, Inc.) was used to
investigate the predictors of bone mass accrual over time in each anatomical site.
Chronological age was used as the metric of time: time O corresponds to mean
chronological age (on average around 12 years of age); negative values at X axis
represents the number of years before mean chronological age, whereas positive
values represent number of years after mean chronological age. The level of
significance was set at p<0.05.

Genetic association study: Independent t-tests were used to compare general
characteristics between dancers and controls (stratified by bone mass phenotypes)
using the software SPSS (version 18.0). Hardy-Weinberg equilibrium (HWE) of
alleles at individual loci (level of significance set at p<0.01) was measured at the
level of the control population. Association of genotypes with study groups and
independence of SNPs were assessed by logistic regression with the “SNPassoc”

package implemented in R. Four hereditary models were considered in the analysis
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(codominant, dominant, recessive and log-additive). The adjustment for multiple
testing was performed by the false discovery rate (FDR) method. Haplotype
frequencies were inferred using the “haplo.stats” package implemented in R.
Haplotype association with the study groups (OR, 95% CI and p values) was
assessed for those with a minimum haplotype frequency of 0.01 and using as

reference the most frequent haplotype.
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CHAPTER 5: BONE MASS IN FEMALE DANCE STUDENTS PRIOR TO
PROFESSIONAL DANCE TRAINING: A CROSS-SECTIONAL STUDY (STUDY 1)

Parts of this chapter have been published in a peer-review journal entitled “Bone
mass of female dance students prior to professional dance training: a cross-sectional
study”; PlosOne, 2017;12(7):1-11. The author of this Thesis appears as the leading

author.

ABSTRACT

Background Professional dancers are at risk of developing low bone mineral density
(BMD). However, whether low BMD phenotypes already exist in pre-vocational dance
students is relatively unknown.

Aim To cross-sectionally assess bone mass parameters in female dance students
selected for professional dance training (first year vocational dance students) in
relation to aged- and sex-matched controls.

Methods Thirty-four female selected for professional dance training (10.9yrs +0.7)
and 30 controls (11.1yrs +0.5) were examined. Anthropometry, pubertal development
(Tanner) and dietary data (3-day food diary) were recorded. BMD and bone mineral
content (BMC) at forearm, femur neck (FN) and lumbar spine (LS) were assessed
using Dual-Energy X-Ray Absorptiometry. Volumetric densities were estimated by
calculating bone mineral apparent density (BMAD).

Results Dancers were mainly at Tanner pubertal stage | (vs. stage IV in controls,
p<0.001), and demonstrated significantly lower body weight (p<0.001) and height
(p<0.01) than controls. Calorie intake was not different between groups, but calcium
intake was significantly greater in dancers (p<0.05). Dancers revealed a significantly
lower BMC and BMD values at all anatomical sites (p<0.001), and significantly lower
BMAD values at the LS and FN (p<0.001). When adjusted for covariates (body
weight, height, pubertal development and calcium intake), dance students continued
to display a significantly lower BMD and BMAD at the FN (p<0.05; p<0.001) at the
forearm (p<0.01).

Conclusion Prior to undergoing professional dance training, first year vocational
dance students demonstrated inferior bone mass compared to controls. Longitudinal
models are required to assess how bone health-status changes with time throughout

professional training.
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INTRODUCTION

Osteopenia and osteoporosis are of major public health concern [103]. These
conditions are characterised by low BMD and low bone mineral content (BMC), which
lead to a fragile skeleton and increased risk of osteoporotic fractures [103]. Physical
exercise is a key factor against the development of these conditions [9,10],
particularly weight-bearing exercises during the developmental years [36].

Although it is generally accepted that a moderate active lifestyle improves
bone health, the effects of elite physical performance on bone health are not entirely
clear [40,104,105]. Elite sports may have inherent several specific characteristics that
might induce either beneficial or deleterious impact on bone metabolism [106]. In
aesthetic sports, where leanness and control of body weight are essential
requirements, the training loads that typically promote bone formation may be
annulled [83,86,107]. For instance, concerns have been voiced over the possible
negative effects of elite dance training demands on bone metabolism [19,44,46].
Indeed, female elite professional dancers are exposed to high levels of artistic and
physical fithess strains, whilst aesthetic build and low body weight are embraced in
dance culture [13,108]. In accordance, the majority of relevant studies report that
professional female dancers have low BMD compared to controls or normative
values [109], which increases the risk of developing osteoporosis in later life.

Low BMD and osteoporosis in adulthood may have paediatric antecedents, as
bone mass during growth is the foundation for the adult skeleton [110]. Nevertheless,
whether BMD differences between dancers and non-dancers do exist prior to
professional dance training has to be confirmed. The aim of the present study was to
assess levels of areal and volumetric measures of bone mass in first year female

vocational dance students (selected for professional training).

METHODS

Participants and study design

First year female students accepted in a vocational dance school (school that offers
full-time dance training to become professional dancers; students have to audition for
a place) during the academic years 2012/2013 and 2013/2014 were invited to

participate in the study with no preliminary exclusion criteria; a total of 34 (70.8%)
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volunteered. Control participants were recruited from a local state school by
excluding those who participated or had previously participated in organised
extracurricular physical activities; the total of 111 (28%) volunteered out of 391
eligible participants. Of these 111 students, 30 were female and had the same
chronological age as our dance students, and, therefore, were enrolled in the study.
Amenorrheic/ oligomenorrheic pupils were not excluded. The mean age of dance
students and controls was 10.9+0.7 yrs and 11.1+0.5 yrs, respectively. Participants
and their guardians signed informed consents after reading a written explanation of
the study and discussion with the investigators. The study was approved by the
ethics committee of the Regional Administration of Health of Lisbon
(Proc.063/CES/INV/2012).

Female dance students started their professional training in September (25
students in 2012 and 9 in 2013) and were assessed in December 2012 and 2013,
respectively. According to published reports, a period of 3 months of physical
exercise is not sufficient to induce bone mass gains in paediatric populations [111—
113].

All participants were involved in 2 hours of physical education exercise twice a
week; dance students had also taken recreational dance lessons on a weekly basis
(1.8+0.7 hours per week). All participants described themselves as white Caucasian.
Within the population of 34 dance students available for assessment, all underwent
anthropometric measures, participated in bone measurements and reported Tanner
stage, age at menarche, and menstrual history, while 32 (66.7%) completed a dietary
questionnaire. Similarly, all 30 controls underwent anthropometric measures,
participated in bone measurements and reported Tanner stage, age at menarche,
and menstrual history, while 29 (96.7%) completed a dietary questionnaire.

Anthropometry, maturation assessment, menstrual, energy expenditure, and
nutritional analysis

Chronological age was obtained as decimal age (date of birth minus measurement
date). Height and body mass were measured in t-shirt, shorts and bare feet using a
stadiometer (Seca, Seca2l7 portable stadiometer, Hamburg, Germany) with
accuracy of 0.1 cm and an electric scale (TANITA BC-418 MA Segmental Body
Composition Analyser; Tanita Corporation, Tokyo, Japan) with an accuracy of 0.1 kg.

All measurements were administered by the same investigator twice (mean of the
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two measurements were recorded); if the difference between the two measurements
was greater than 0.3, a third measure was obtained. Pubertal development was
assessed using Tanner staging (breast and public hair stage in girls; genitalia and
pubic hair stage in boys) by self-reporting. Standard line drawings and written
descriptions were provided, and participants selected the picture that most accurately
reflected their appearance [88]. All participants were presented with a questionnaire
to determine age at menarche and regularity of menstrual cycles. Amenorrhea was
defined as the absence of menses for three consecutive months, whereas
oligomenorrhea was considered when menstrual cycles occurred at intervals of
greater than 35 days. Nutrient intakes were recorded via a validated 3-day food diary
[90]. Participants were asked to record all food and beverages consumed during two
school days and one weekend day following appropriate instructions. The Food
Processor SQL Edition, version 9.8.1 was used to estimate average energy and

calcium intakes.

Bone status assessments

BMD (g/cm?) and (BMC) (g) were determined for non-dominant forearm (33%
radius), lumbar spine (L1-L4) (LS) and femoral neck (FN). To estimate volumetric
density, bone mineral apparent density (BMAD) (g/cm?) was calculated for all sites
using previously described formulas [96]. Vocational dance students and controls
were assessed in two different centres using Dual-energy  X-ray
absorptiometry (DXA). DXA scans of dance students were performed using a GE
Lunar Prodigy whereas DXA scans of controls were performed using a Hologic
(Discovery Wi). The same certified technician conducted all scans and analyses at
both centres. Although previous studies have demonstrated a high correlation
between Lunar and Hologic DXA BMD measurements [97-99], there is a tendency
for Lunar model to inflate BMD values by 15% compared to Hologic [100]. Therefore,
in addition to the daily calibration required from each DXA manufacturer, cross-
calibration of the two scanners was conducted using a group of 20 independent
participants. These participants were measured with both Lunar and Hologic within a
period of 5 days. Regression equations using BMD from Lunar as dependent variable
and BMD from Hologic as independent variable were performed from the data
obtained from the participants included from cross-calibration. The correlation
between the two DXA models were high (forearm BMD: r=0.96, adjusted r?=0.93, std.
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error of estimate=0.03; LS BMD: r=0.96, adjusted r?=0.92, std. error of
estimate=0.05; FN BMD: r=0.97, adjusted r?>=0.93, std. error of estimate=0.05;
forearm BMC: r=0.98, adjusted r?=0.96, std. error of estimate=0.09; LS BMC: r=0.96,
adjusted r>=0.92, std. error of estimate=4.41; FN BMC: r=0.94, adjusted r?=0.88, std.
error of estimate=0.46; bone area (BA) forearm: r=0.82, adjusted r>=0.66, std. error
of estimate=0.16; LS BA: r=0.88, adjusted r?=0.76, std. error of estimate=4.64; BA
FN: r=0.87, adjusted r?=0.75, std. error of estimate=0.35). The Hologic BMD, BMC
and BA data were further converted to the Lunar data using the following equations:
forearm BMD Lunar = -0,085263 + 1,356535*Hologic; LS BMD Lunar = 0,030762 +
1,161805*Hologic; FN BMD Lunar = 0,084782 + 1,116509*Hologic; forearm BMC
Lunar = 0,148564 + 1,117715*Hologic; LS BMC Lunar = 7,143123 +
0,923483*Hologic; FN BMC Lunar = 0,079107+ 1,106219*Hologic; BA forearm Lunar
= 0,784022 + 0,683982*Hologic; BA LS Lunar = 6,843735 + 0,765959*Hologic; BA
FN Lunar =-0,467152 + 1,023246*Hologic.

Statistical analyses

Projected power to detect differences between dance students and controls were
performed based on prior studies with similar cohorts and study design. Power
calculations were conducted based on a sample of female dance students (n=33,
16.2+2.0yr) and controls (n=90, 16.6+1.0yr) with BMD at the femoral neck as the
main outcome. Assuming a detectable difference of 0.4 standard deviation and 90%
power, calculations indicated that a sample of 50 volunteers was required for the
present cross-sectional study (25 dance students and 25 controls).

Independent t-tests were used to compare descriptive characteristics and
crude values of bone measurements between dance students and controls. Bone
parameters were compared after adjustment for Tanner stage, height, body mass
and calcium intake using a three-factor analysis of covariance (ANCOVA). All
residuals were tested for normal distribution using the Kolmogorov-Smirnov test. As
the normality assumptions were not violated in the majority of sites, multiple
regression analysis was performed to test for the association between bone
measurements (dependent variable) with several independent variables known as
predictors from literature (maturation, body weight, height, energy and nutrition
intakes); each variable was additionally inserted in the same model as a stepwise

manner — one model for each anatomical site. For all analyses the SPSS - version

54



20.0 (IBM SPSS, Chicago, IL) was use while statistical significance was set at

p<0.05.

RESULTS

Dance students revealed significantly lower body weight and height than controls

(p<0.001 and p=0.001, respectively; Table 3). By the time of the assessment, two

dance students and 15 controls reached menarche (one dancer had oligomenorrhea,

whereas the other dancer and all 15 controls had regular menses). More dance

students were at Tanner sexual pubertal development | (67.6%), while controls were

at stage IV (40.0%); p<0.001). There was no significant difference in calorie intake

between groups, but daily calcium intake was significant greater in dancers (p=0.03).

Table 3. Participant characteristics

Dance Students

Control Students
(N=30)

Age (years)
Height (cm) @
Weight (Kg) &

Dance training before vocational dance school

(h/week) ®

Age at menarche @
Amenorrhea @
Oligomenorrhea @
Calcium intake (mg/day) @
Energy intake (Kcal/day) ®
Tanner stage 1 @

Tanner stage 2 @

Tanner stage 3 @

Tanner stage 4 @

143.8 + 6.8**
33.0 £ 5.8%**

839.2 + 498.1*
1863.8 + 498.7

11.1+0.5
150.4 £9.7
48.2+9.9

10.8+0.9

0.0

0.0
664.8 + 331.7
1763.0 + 339.0

6.7

30.0

23.3

40.0

@ Values are means + SD
@ Values are percentages
* p<0.05; ** p<0.01; *** p<0.001

Dance students displayed significantly lower (p<0.001) crude BMD and BMC

values than controls at all measured sites (Table 4). Significantly lower BMAD values

by 43.6% were also found at the FN in dancers compared to controls (p<0.001; Table

2), and 17.6% lower at the LS (p<0.001; Table 4).
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Table 4. Unadjusted bone parameters

Dance Students  Control Students Relative

(N=34) (N=30) Difference (%)

Forearm measures

BMC (g) 1.22+0.22 1.69 + 0.29*** 38.1

BMD (g/cm?) 0.54 £ 0.07 0.69 £ 0.07*** 28.2

BMAD (g/cm?) 0.24 £0.32 0.29+£0.34 18.6
FN measures

BMC (g) 2.95 + 0.69 3.67 £ 0.71*** 24.5

BMD (g/cm?) 0.81+0.14 1.02 + 0.09*** 25.0

BMAD (g/cm?) 0.19 £0.04 0.27 £ 0.04*** 43.6
LS measures

BMC (g) 29.07 +£8.87 40.23 £ 11.38*** 38.4

BMD (g/cm?) 0.76 £0.14 0.98 + 0.14*** 28.3

BMAD (g/cm®) 0.13+£0.04 0.15 £ 0.02*** 17.6

Values are means + SD
* p<0.05; ** p<0.01; *** p<0.001
BMC= bone mineral content; BMD= bone mineral density; BMAD= bone mineral apparent density

Regression analyses revealed that when bone parameters were adjusted for
body weight, height, pubertal development (Tanner test) and calcium intake, dance
students continued to display significantly lower BMD at the forearm (p=0.02) and FN
(p=0.04) (Table 5). For the same adjustments, BMAD values at the FN were also
significantly lower in dancers than controls (p<0.001) (Table 5). The other remaining
bone mass parameters were not significant different between dancers and controls

after the adjustment (Table 5).

Table 5. Adjusted bone parameters for Tanner stage, height, body weight and calcium intake

Dance Students IC 95% Control Students IC 95% Relative
(N=34) (N=30) Difference (%)
Forearm measures
BMC (g) 1.37 +0.06 1.25-1.49 1.56 + 0.07 1.43-1.69 13.9
BMD (g/cm?) 0.59 £0.02 0.56 - 0.62 0.66 + 0.02** 0.62 -0.69 11.9**
BMAD (g/cm?) 0.26 £0.39 0.13-0.39 0.27 £0.07 0.13-0.41 3.8
FN measures
BMC (9) 3.38+0.12 3.12-3.64 3.28+0.14 2.98 — 3.57 3.0
BMD (g/cm?) 0.87 £0.03 0.82 -0.92 0.96 £ 0.03* 0.92-1.04 10.3*
BMAD (g/cm?®) 0.19 £ 0.07 0.17-0.21 0.27 £ 0.01*** 0.25-0.29 42.1%%*
LS measures
BMC (g) 36.14 £ 2.04 32.05 -40.22 32.47 £2.33 27.79-37.14 12.8
BMD (g/cm?) 0.87 £0.03 0.82 -0.93 0.86 £ 0.03 0.80 —0.93 6.1
BMAD (g/cm?®) 0.14 £0.01 0.12-0.16 0.15+0.01 0.13-0.17 7.1

Values are means + SD
* p<0.05; ** p<0.01; *** p<0.001
BMC= bone mineral content; BMD= bone mineral density; BMAD= bone mineral apparent density

Multiple regression analysis showed body weight and height to be significantly
associated with BMC at the FN (R?=0.607; p=0.03 and p=0.01, respectively), whist
Tanner stage was significantly associated with BMD at the LS (R?=0.654; p=0.002).
Height was also a significant predictor of BMAD at the FN (R?=0.637; p=0.02), and
Tanner stage a significant predictor of BMC at the LS (R?=0.600; p=0.02) and BMD
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at the forearm (R2=0.710; p=0.03). Calcium intake was significantly associated with
BMAD measurements at the forearm (R?=0.100; p=0.03).

DISCUSSION

To my knowledge, this is the first study which examined levels of areal and
volumetric measures of bone mass in pre-pubertal female vocational dance students
prior to undergoing any serious professional training. Present data revealed that first
year vocational dancers demonstrated significantly lower adjusted BMD at the
forearm, and significantly lower adjusted BMAD and BMD at the FN compared to
aged- and sex-matched controls. It could be argued, therefore, that by the time our
volunteers were selected to receive professional dance training they already
demonstrated inferior bone mass measurements than controls.

It is difficult to compare the present findings with available data as the majority
of the latter have examined professional dancers, non-elite adolescents or advanced
vocational students [15,60,65,67]. This means that, unlike our participants, those
involved in the aforementioned studies have already been exposed to the effects of
dance training on the skeleton (they have been exercising for longer than two years).
Also, previous studies on vocational dance students have reported mean ages of
16.7+0.8yr [19], 17.0+0.2yr [28,44], 21.5£3.7yr [43] and 20.7+1.8yr [16], which are
significantly higher than our cohort (10.9£0.7yr), while only one of these studies had
estimated volumetric densities [19]. This estimation may be particular relevant as it
reduces the effect of bone size on areal density [96]. It is, therefore, important to
calculate volumetric densities when interpreting paediatric densitometry in order to
avoid overestimating bone mass values in tall children and underestimate it in short
children [96,114]. Nevertheless, it should be highlighted that the studies on
vocational dance students suggest that vocational dance training environment can
lead to low body weight values, menstrual disturbances, diet restriction and,
consequently, low bone weight phenotypes [19,43,44]. Indeed, participants involved
in aesthetic activities, like elite dancing, have been identified as potentially at-risk to
develop the female athlete triad [11,24]. However, our results might indicate the
existence of a dance audition selection bias, and not potential deleterious effects of
professional dance training volumes on bone metabolism.

Multiple regression analysis revealed that maturation and body type

characteristics are likely to associate with bone mass parameters. Actually, the
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majority of our dance students were at Tanner sexual stage |, whereas controls were
at stage IV. Dancers were also significantly shorter and lighter than controls and only
two had reached menarche, against 15 controls of the same age. Moreover, dancers
had significant greater calcium intakes and total energy intake (despite not
significant) than controls. Therefore, the present results may suggest that children
with a predisposition for low body weight and delayed maturation are selected for
professional dance training. Indeed, genetic factors seem to account for the majority
of the bone mass phenotypes [115]. It was showed that girls who experience later
menarche also have low values of BMD during pre-puberty [116], suggesting that
genetics is a determinant factor. However, this issue needs to be further investigated
in dancers. Longitudinal research protocols should be used to establish whether such
bone mass values would have any bearing to peak bone mass, which is an important
factor for prevention of bone fracture and osteoporosis [3,117].

One of the strengths of the current study is the representativeness of its
sample given the relatively large number of vocational dance students who
volunteered. This issue answers one of the main criticisms regarding dancers” bone
health which is related to the relatively small studied cohorts [109]. Another strength
of this study is the young age of our participants; first year vocational dance students
have never been studied before in relation to bone health prior to professional dance
training. A further strength might be the confounding variables used to analyse bone
mass results, which have not been frequently considered in the past [109]. This is
also the case with the effect of bone size on DXA measurements; therefore, bone
mass data presented in terms of BMC, BMD and BMAD is another strength of the
present study.

It is reasonable to assume that the present results may have been influenced
by methodological limitations. Due to the study’s observational nature, causality and
changes through time cannot be established. Self-reported pubertal development
and self-reported nutrition data are also acknowledged as shortcomings. Finally, the
use of two different DXA scans to assess participants’ bone mass and the need to
adjust the data for potential bias is a limitation. Nevertheless, this approach has been

previously used and it is deemed acceptable for studies of this kind [101,102].
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CONCLUSIONS

Prior to commencing full professional dance training, first year female vocational
dance students demonstrate low bone mass parameters compared to aged- and sex-
controls. Therefore, the low BMD values reported in professional dancers might have
their genesis during the growing years. Further longitudinal research is required to
ascertain how bone mass parameters change with time throughout professional

dance training.
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CHAPTER 6: PREVALENCE OF LOW BONE MINERAL DENSITY IN
VOCATIONAL AND PROFESSIONAL BALLET DANCERS (STUDY 2)

Parts of this chapter have been published in a peer-review journal entitled
“Prevalence of low bone mineral density in vocational and professional ballet
dancers”; Osteoporosis International, 2017;28(10):2903-12. The author of this Thesis

appears as the leading author.

ABSTRACT

Background The prevalence of low BMD in ballet dancers remains ambiguous.

Aim To determine the prevalence of low BMD in vocational dance students and
professional ballet dancers, and its association with body weight, FM, LM, menarche
and maturation.

Methods The total of 152 vocational dance students (112 girls, 40 boys) and 96 sex-
aged-matched controls (56 girls, 40 boys), and 58 professional ballet dancers (40
female, 18 male) and 66 sex- aged-matched controls (46 female, 20 male) were
assessed at the LS, FN, forearm and total body by DXA. Maturation and menarche
were assessed via questionnaires.

Results The prevalence of low BMD in female VBD at the forearm was 9.2% (0% in
controls, p<0.01) and 16.4% at the LS (5.5 % in controls, p=0.05). In female
professional dancers the prevalence of low BMD at the forearm was 37.5% (17.4% in
controls, p<0.001); 17.5% were osteoporotic. Female vocational dancers (reference
group) were more likely to display low BMD at the forearm and LS than controls
(OR= 0.1; p<0.05 and OR=0.2; p<0.05, respectively). FM was significantly
associated with low BMD at the forearm in female vocational and female professional
dancers (OR=0.9; p=0.05; OR=1.8; p<0.01, respectively). BM and LM were
significantly associated with low BMD at the forearm in female professional dancers
(OR=0.7; p<0.05 and OR=0.5, p<0.01, respectively). No significant differences were
found between males.

Conclusions Compared to controls, the prevalence of low BMD is significantly higher
at both impact and non-impact sites in female vocational dancers. Female
professional dancers only have higher prevalence at non-impact sites. Body weight

and FM seem to be associated with these findings.

KEYWORDS: bone mass; prevalence; associated factors; elite dance; ballerinas
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INTRODUCTION

Osteoporosis and osteopenia (i.e. BMD) are recognised as the most frequent bone
disorders, linked to high treatment costs and limited quality of life [118,119]. Hence,
the identification of those at high-risk is crucial for planning appropriate prevention
programmes. The diagnosis of low BMD in premenopausal women and children is
based on the ISCD guideline, whereas a diagnosis is confirmed when BMD values lie
within 2.0 standard deviations (SD) or more below the average value [120]. The
ACSM has proposed different guidelines for the diagnosis in athletes. The term “low
BMD” is used for BMD values between -1.0 and -2.0 SD, and the term “osteoporotic”
for BMD equal or less than -2.0 SD (along with secondary risk factors for stress
fractures) [11].

Low BMD has been traditionally associated with elderly and postmenopausal
women [121], though some athletic populations, as endurance athletes, might also
be at increased risk [122,123]. In ballet dancers, however, aspects regarding low
BMD remain ambiguous [109]. While some authors underline the negative effects of
professional dance training on bone metabolism (e.g. lean body type required for
performance) [18,19,25], others suggest that the mechanical impact from dancing
may provide a protection against low BMD, particularly at impact sites [27,47,48]. For
instance, the high levels of muscular strength required for technical performance and
weight-bearing activity associated with jumping may stimulate bone-forming cells
[27,47,48]. Nevertheless, most of the relevant publications on ballet dancers have
been categorised average of low quality [109]. The aims of the present study were to
determine a) the prevalence of low BMD in vocational and professional ballet
dancers, and b) its association with body weight, FM, LM, menarche and maturation.

METHODS

Study population

This study was conducted by inviting active students from vocational dance schools
(children undergoing 4-8 hours a day dance training in order to prepare for the
profession) and active dancers from professional ballet companies. Pilot studies were
administrated at a vocational dance school and a professional ballet company in
order to calculate the sample size needed for prevalence estimate; sex and aged
matched controls were also included in both cases. In a sample of 36 female

vocational dance students and 36 matched-controls, low BMD (Z-score of <-2.0) LS
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was found in 36% and 6%, respectively. Based on this finding, we estimated that 37
participants were needed in each group to obtain 90% power, with a=0.05. Similarly,
in a sample of 22 female professional ballet dancers (22 matched-controls) and 10
male professional dancers (10 matched-controls), the prevalence of low BMD (Z-
score of -1.0) at the LS was found to be 32% (vs. 5%) in female dancers and 20% (v.
0%) in male dancers. We subsequently estimated that 42 female participants and 46
male participants in each group were needed to reach significance (90% power,
0a=0.05). Assuming participants” non-response and possible dropouts, we
approached two vocational dance schools and two professional ballet companies.

From the total of 502 participants (362 vocational and 140 professional), 158
vocational dance students and 63 professional ballet dancers volunteered. From this
cohort, those who had received or were receiving medications known to affect bone
metabolism were excluded (one professional dancer), together with those receiving
calcium supplements (two vocational and one professional dancer). Given the
differences in bone mass values between individuals from different races [81], only
participants referring themselves as white European-Caucasian dancers were
included. Based on these criteria, the total of 152 vocational (112 girls, 40 boys) and
58 professional ballet dancers (40 female, 18 male) were finally included in this
study. Participants provided details on physical exercise (hours per week). Female
and male vocational dancers reported to perform 18.2+7.0 and 19.5+7.2 hours per
week of dance training, respectively. Female and male professional dancers reported
24.944.4 and 28.1+3.1 hours per week of dance training, respectively. Details of the
recruited dance population and its participation rate appear in Figure I.

Controls were also included in this study. Controls for the VBD were recruited
from two local state schools, while controls for professional dancers were recruited
from two local state universities. Eligibility criteria for controls were set according to
dancers’ characteristics, i.e. controls were only considered eligible if they were of the
same sex, age (defined as decimal age; 12-months difference of a dancer) and race
(white European-Caucasian). Exclusion criteria included current and previous
participation in regular and organised physical activities. This rule did not apply to
children participants involved in physical education sessions at their school. Control
participation was also restricted to those who had received or were receiving
medications known to affect bone metabolism. All participation criteria explaining the

purpose for the recruitment was advertised via email and letters, following consent
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from the respective boards of directors. Out of the 282 responses (105 pupils, 177
university students), 256 fulfilled the current criteria and were included in the study
[controls for vocational dancers: 96 (56 girls, 40 boys); controls for professional
dancers: 66, 46 female, 20 male]. Female and male controls for vocational dancers
were involved in 2.4+0.5 and 2.1+0.4 hours per week of physical exercise, consisting
mainly of school physical education. Female and male professional dancers controls
did not report extra physical exercise apart from daily life routines.

All participants provided signed informed consent. They also underwent
anthropometric measures, completed a menstrual questionnaire (non-validated
questionnaire; participants were asked about their age at menarche and regularity of
menstrual cycles) and participated in bone/body composition measurements (Figure
6). All procedures were approved by the NHS Health Research Authority, UK
(Proc.14/WM/0008 and 14/WM/0009) and by the ethics committee of the Regional
Administration of Health of Lisbon, Portugal (Proc.063/CES/INV/2012) in accordance

with the Helsinki Declaration.
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Eligible individuals for the study (total number of professional
ballet dancers and vocational dance students of two ballet
companies and two vocational dance schools, respectively)

(n=502)
|

Professional ballet dancers who Vocational dance students who
volunteered (n=63) volunteered (n=158)

Excluded (n=5): Excluded (n=6):

- Asian (n=2) - Asian (n=2);

- Non-Europe (n=1) - Black (n=2)

> . Calcium sup. (n=1) - Calcium sup. (n=2) €
- Hormone therapy (n=1)
4 \ 4

58 (40 female; 18 male) enrolled in the study; of 152 (112 females; 40 males) enrolled in the
those: study; of those:
- 58 (100%): DXA - 152 (100%): DXA
- 58 (100%): menstrual (menarche and - 112 (100%): menstrual (menarche and
gynaecological age) gynaecological age)
- 58 (100%): anthropometry - 152 (100%): Tanner stage and anthropometry
- 43 (74.1%): body composition - 140 (92.1%): body composition

| |

Total of 210 enrolled the study. Participation rate: 41% (professional ballet dancers); 42% (vocational dance students)

Figure 6. Enrolment of dance population in the study.

Anthropometry measurements, menstruation, smoking, nutrition intake,
hormonal analysis and pubertal assessment

Chronological age was obtained as decimal age (date of birth minus measurement
date). Participants’ height (m), sitting height (m) and BM (kg) were measured using
standard stadiometers (Seca) and digital scales (Tanita), respectively. BM index
(BMI) was calculated as kilograms per square meter (kg.m?). Female participants
completed a questionnaire to determine age at menarche. Total lifetime menses
(number of menses since menarche to current age) were calculated as previously
described [124]. Primary amenorrhea was defined as the absence of menarche by
the age of 15 [125]. Gynaecological age (years) was calculated from the year of
menarche to the age at which data were collected — current age [126]. Pubertal
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development in vocational dance students and their controls were self-reported using

the Tanner sexual staging questionnaire [88].

Definition of low BMD

The ISCD criterion for children was used to assess VBD and their controls; the ISCD
has adopted the term “low BMD” for a Z-score less than -2.0 [120]. The ISCD
guidelines were also considered for adult controls; the term “low BMD” for a Z-score
equal or less than -2.0 was used [11]. The ACSM guidelines were adopted for PBD,
since dancers are “performing athletes” [11,13]. The ACSM uses the term “low BMD”
for a Z-score between -1.0 and -2.0 (along with secondary risk factors for stress
fractures) and the term “osteoporotic” for a Z-score equal or less than -2.0 (along with
secondary risk factors for stress fractures) [11]. Given their well-know association
with low BMD [127,128], the secondary osteoporosis risk factors considered in this
study were primary amenorrhea and/or low body weight (defined as a body weight
index of <18.5). According to the ACSM, these risk factors might also be an indicator

of hypogonadism, also known to be associated with increased risk for fractures [11].

Body composition and bone measurements

BMD at the LS, FN and forearm (1/3 distal radius) were measured using DXA. Body
composition was assessed through a DXA whole-body scan [FM and LM (Kg)]. As
participants were from different regions, two different DXA devices were used
[Hologic (Discovery Wi) and Lunar (GE Lunar Prodigy)].

It is known that Lunar and Hologic BMD measurements demonstrate high
correlation values between them [98,100]. It is also known that there is a tendency
for Lunar model to inflate BMD values compared to Hologic [100]. Therefore, besides
the daily calibration required from each DXA manufacturer, cross-calibration of the
two scanners was also conducted on a group of 20 men and women, the age of
these 20 participants covered the age-range of the entire sample (both dancers and
controls) used for the purpose of the present study. The 20 participants were
measured with both Lunar and Hologic within a period of 5 days. Subsequently,
regression equations using BMD from Lunar as dependent variable and BMD from
Hologic as independent variable were performed taking into account cross-
calibration. The correlation between the two DXA models were high (forearm BMD:
r=0.96, adjusted r?=0.93, std. error of estimate=0.03; LS BMD: r=0.96, adjusted
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r’=0.92, std. error of estimate=0.05; FN BMD: r=0.97, adjusted r?=0.93, std. error of
estimate=0.05). The Hologic BMD data were further converted to the Lunar data
using the following equations: Forearm BMD Lunar = -0,085263 + 1,356535*Hologic;
LS BMD Lunar = 0,030762 + 1,161805*Hologic; FN BMD Lunar = 0,084782 +
1,116509*Hologic. After all these BMD adjustments, the Z-scores at each anatomical
site were calculated considering standard data reference ranges for gender and age
provided by the Lunar manufacture (EE.UU. Lunar data reference for adults and
BMDCS data reference for children adjusted for height).

Statistical analyses

Independent t-tests were used to compare general characteristics between dance
population and controls. Chi-square analyses were performed to examine prevalence
differences of low BMD between groups (dancers vs. controls). These analyses were
conducted separately in vocational dancers and professional dancers, stratified by
sex in each group. Linear regression analysis and logistic regression analyses (also
separating vocational and professional) were conducted to investigate associations
between low BMD (dancers as the reference group) and the following variables: body
weight, age at menarche, gynaecological age, FM, LM, Tanner stage and energy
intake. Since our dancers were recruited from different ballet schools/companies and
were scanned using two DXA devices, all analyses were conducted controlling for a
potential school/company and DXA effects. Data are presented as odds ratio (OR)

and 95% confidence intervals (95% ClI). Statistical significance was set at p<0.05.

RESULTS

Table 6 depicts the general characteristics of all participants. Table 6 indicates that
maturity differences between dancers and controls are more pronounced in female
vocational dancers than their male counterparts. Compared to controls, female and
male vocational dancers revealed significantly lower body weight (10.8Kg and
11.1Kg less, respectively; p<0.001), BMI (4.39Kg/m? and 3.59Kg/m? less
respectively; p<0.001) and FM (9Kg and 8Kg less, respectively; p<0.001). In female
vocational dancers, age of menarche was ~18 months later than controls (p<0.001).
Similarly, female and male professional dancers revealed significantly lower body
weight (9.4Kg and 7.0Kg less; p<0.001 and p<0.01, respectively) and BMI (3.9Kg/m?

and 2.3Kg/m? less; p<0.001 and p<0.05, respectively) compared to controls. Female
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professional dancers also demonstrated significantly lower FM (10.2Kg less,
p<0.001) and had their menarche approximately two years later than controls
(p<0.001). BMD values adjusted for some covariates (body weight, DXA-device,
school/company, and pubertal development - in case of vocational dancers and
matched controls) was significantly lower in female vocational dance students at the
forearm (p<0.001), and at the FN and forearm in male vocational dance students
(p<0.01 and p<0.001, respectively). Female professional dancers revealed
significantly lower adjusted BMD at the forearm (p<0.05) compared to controls,
whereas male professional dancers showed significantly adjusted BMD values than

controls at the FN and LS (p<0.01 and p<0.001, respectively) (Table 6).
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Table 6. General characteristics of the study population

Vocational ballet dancers

Children controls

Professional ballet dancers

Adult controls

(N=152) (N=96) (N=58) (N=66)
Girls Boys Girls Boys Female Male Female Male
(N=112) (N=40) (N=56) (N=40) (N=40) (N=18) (N=46) (N=20)
Age (yrs.)® 135+24 13.2+2.2 137122 13.31£2.0 332+115 284+7.0 30.2+10.2 275+6.8
Height (cm)® 155.8 +10.4 156.1 +15.5 155.3+8.7 160.5+10.3 163.4+5.0 176.4 +3.9 162.1+6.4 177.0+5.9
Body weight (Kg)® 42.1+8.7 44.3 +13.2 52.9 + 12.3*** 55.4 + 13.1%** 49.9+4.9 70.4+54 59.3 £9. 2%+ 77.4 +10.4**
BMI (Kg/m?)® 17.4+5.7 178+2.1 21.7 £ 3.8* 21.3 + 3.9%+* 186+1.5 225+1.7 22.5 + 3.5%+* 24.8 + 4.0*
Lean mass (Kg)® 30.9+6.5 343+11.7 31.6+4.9 36.5+9.6 36.7+3.6 57.0+4.9 35.6+3.6 58.2+9.1
Fat mass (Kg) ¥ 8.3+17.3 6.7+£3.1 17.3 £ 6.1+ 14.7 £ 7.2%* 102+3.7 11.0+£5.7 20.0 £ 7.8*** 149+7.6
Age menarche (yrs.)® 12.7+2.2 - 11.1 + 1. 1% - 13.6+1.9 - 11.7 £ 1.2%% -
Gynaecological age (yrs.) 23+1.8 - 3.4+ 2.0% - 19.2+£11.7 - 18.7 £10.5 -
Primary amenorrhea® 3 3.9 - 0 - 27.5 - 2.4%* -
Tanner 1) 37.0 30.0 1.9%** 0.0*** - - - -
Tanner ¥ 23.1 45.0 14.8*+* 22 .4xx* - - - -
Tanner 114 28.7 7.5 18.5%+* 34. 7% - - - -
Tanner IV® 9.3 12.5 40. 7% 34.77x+* - - - -
Tanner V® 1.9 5 9.3%** 6.7** - - - -
Physical exercise (h/week) 18.2+7.0 19.5+7.2 2.4 £ 0.5%** 2.1 £ 0.4%*= 249+4.4 28.1+3.1 - -
BMD FN (g/cm?) 0.95+0.01 0.97 £ 0.03 0.98 + 0.02 1.08 £ 0.02** 1.07 £0.04 1.20£0.03 1.02 £0.03 1.04 £ 0.03**
BMD LS (g/cm?) 0.93+0.01 0.91+0.01 0.94 +0.02 0.92 +0.02 1.14 £0.03 1.23+£0.03 1.06 £0.03 1.06 £ 0.03***
BMD FA (g/cm?) 0.63 +0.07 0.63 +0.01 0.70 + 0.01*** 0.69 + 0.01*** 0.69 + 0.02 0.84 +0.02 0.75 + 0.02* 0.81 +0.02

WValues are means = SD
(@ values are percentages; express the percentage of dancers/controls with amenorrhea or oligomenorrhea by the time of the assessment (current menstrual status)

@) value is percentage; express the percentage of dancers/controls with primary amenorrhea out of those that have reached the menarche by the time of the assessment
“ Value is percentage; express the percentage of vocational ballet dancers/controls at each Tanner stage by the time of the assessment
BMD values were adjusted for body mass, DXA-device, school/company, and pubertal development (in case of VBD and matched controls)

* p<0.05, **p<0.01, ***p<0.001; dancers (both vocational and professional) significant different from controls

MD = bone mineral density; FN = femoral neck; LS = lumbar spine; FA = forearm
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Tables 7 and 8 show the prevalence of low BMD. Significantly higher
prevalence of low BMD at the forearm (9.2% vs. 0%, p=0.01; Table 7) and LS (16.4%
vs. 5.5%, p<0.05; Table 7) was noted in female vocational dancers compared to
controls. It was also found a significant higher prevalence of low BMD at the forearm
(37.5% vs. 17.4%, p<0.001; Table 8) in our female professional dancers than their
controls. Based on the ACSM criteria, 17.5% female professional dancers were

osteoporotic at the forearm (Table 8).

Table 7. Prevalence of low bone mineral density in vocational dancers and aged- and sex-matched controls

ISCD criteria
LS (%) FN (%) FA (%)
Female Male Female Male Female Male
Vocational dancers 16.4 7.5 8.3 10.5 9.2 25
Controls 5.5* 21 12.7 4.2 0.0** 2.2

Values are percentages

*p<0.05, *p<0.01, ***p<0.001; dancers significant different from controls
LS = lumbar spine; FN = femoral neck; FA = forearm

International Society of Clinical Densitometry (ISCD) criteria was to assess vocational dancers and aged- and
sex-matched controls: “low BMD” was defined for a Z-score less than -2.0

Table 8. Prevalence of low bone mineral density in professional dancers and aged- sex-matched controls

LS (%) FN (%) FA (%)
Low BMD Osteoporotic Low BMD Osteoporotic Low BMD Osteoporotic
Female dancers® 10.0 2.5 12.5 0.0 375 17.5
Female controls® 6.5 - 8.7 - 17.4% -
Male dancers® 16.7 0.0 0.0 0.0 11.1 5.6
Male controls® 25 - 10.0 - 2.0 -

Values are percentages

* p<0.05, **p<0.01, ***p<0.001; dancers significant different from controls

LS = lumbar spine; FN = femoral neck; FA = forearm

WAmerican College of Sports Medicine (ACSM) criteria was used to diagnose professional dancers: the term “low BMD” was
applied for a Z-score between -1.0 and -2.0 alongside with osteoporosis risk factors (low body mass and/or presence of
current menstrual disturbances); the term “osteoporosis” was applied to a Z-score less than -2.0 alongside with osteoporosis

risk factors (low body mass and/or menstrual disturbances). In case of male dancers, the risk factor used was only low body
mass.

@International Society of Clinical Densitometry (ISCD) criteria was used to diagnose controls: the term “low BMD” was
applied for a Z-score less than -2.0.

Table 9 illustrates logistic regression analysis using Z-score as dependent
variable (low BMD vs. normal BMD). Female vocational dancers were more likely to
develop low BMD at the LS (OR=0.2; 95% IC, 0.08-0.78; p<0.05) and forearm (OR=
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0.1; 95% IC, 0.11-0.67, p<0.05). Low BMD at the forearm in female vocational
dancers were significantly associated with FM (OR=0.9; 95% IC, 0.77-1.00, p=0.05).
Tanner stages were not significantly associated with low BMD at both LS and
forearm. In female professional dancers body weight, FM and LM mass were
significantly associated with increased odds of LBMD at this site (OR=1.8; 95% IC,
1.19-2.80, p<0.01; OR=0.7; 95% IC, 0.47-0.99, p<0.05; OR=0.5; 95% IC, 0.35-0.83,
p<0.01, respectively). Neither age at menarche nor gynaecological age were
associated with low BMD (p>0.05).

Table 9. Logistic regression analysis of associated factors for low BMD in vocational female dancers and professional female dancers

Low BMD FA (VBD) Low BMD LS (VBD) Low BMD FA (BPD)

OR 95% CI P OR 95% ClI P OR 95% ClI P
Group (dancers

0.1 0.16 — 0.98 0.05 0.2 0.08-0.75 0.01 0.9 0.18-4.15 0.86
Vs. controls)
Body mass 1.3 0.98-1.82 0.06 1.0 0.97-1.05 0.72 1.8 1.19-2.80 0.01
Fat mass 0.5 0.25-0.87 0.02 11 0.83-1.38 0.60 0.7 0.47-0.99 0.05
Lean mass 1.0 091-111 0.93 0.9 0.92-1.08 0.89 0.5 0.35-0.83 0.01
Tanner stage 1.3 0.73-2.18 0.40 1.3 0.98-166 0.07 - - -
Age at menarche 1.1 0.78 - 1.45 0.68 0.9 0.51-141 053 0.9 0.70-1.41 0.97
Gynaecological

0.8 0.51-1.15 0.99 0.7 0.64-140 0.77 0.9 0.94-1.06 0.95

age

Odds ratio (OR) and 95% CI estimated with a Z-Score of -2.0 or lower (for VBD) and a Z-Score of -1.0 or lower (for professional ballet
dancers) as dependent variable. Reference group: vocational and professional dancers

BMD = bone mineral density; FA = forearm; LS = lumbar spine; VBD = vocational dance students; PBD = professional ballet dancers
Logistic regression analysis at femoral neck (both vocational and professional) and lumbar spine (professional) did not revealed
significant differences between dancers and controls.

DISCUSSION

Data on low BMD prevalence in dancers has been ambiguous thus far. This is
supported by a recent systematic review highlighting the need for further research
[109]. To my knowledge, the present study is the first to provide prevalence
estimates of low BMD in a relatively large cohort of ballet dancers. Previous reports
on the field used BMD as main outcome [18,19,25,27,47,48], which do not allow
discrimination of the true low BMD prevalence nor to address whether dancers
represent a special population at increased risk for low BMD. The present study main
finding was the significantly higher low BMD prevalence at the forearm (in female

vocational students and professional dancers) and at LS (in female vocational
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dancers) compared to matched-controls. It is noteworthy that the current female
vocational dance students demonstrated higher odds for low BMD at both impact
(LS) and non-impact sites (forearm). It was not found any difference regarding male
professional dancers. The latter confirms previous data [129] and could be partly
explained by the fact that males have less pronounced endocortical resorption and
higher periosteal expansion compared to females [130].

Dancing has been considered as a weight-bearing activity [48]. Studies using
weight-bearing physical activities have shown positive effects on bone mineral
accrual in both adults and children [10,39]. Indeed, it has been suggested that 60 min
x 3 a week of weight-bearing exercise is sufficient to prevent low BMD in general
population [131]. Since the present participants were vocational and professional
dancers, they were involved in daily classes of several hours of weight-bearing
activity [14,82]. Considering data on bone cell biology and function of osteocytes as
mechanosensory cells [87,132], it would be expected a significantly lower prevalence
of low BMD in both vocational and professional dancers at impact sites and similar
prevalence values at non-impact sites compared to controls. However, dancing is
also an aesthetic activity whereas body size is essential for performance. This
requirement might place dancers at risk for low body weight, a well-known risk factor
for low bone mass phenotypes. Indeed, in the present study, both vocational and
professional female dancers had significantly lower body weight values compared to
their controls. However, the fact that female professional dancers revealed similar
prevalence estimates at impact sites compared to controls might indicate that dance
training is able to stimulate bone gains, even in the presence of lower body weight.
Nevertheless, it seems that the same effects could not be seen in female vocational
dancers since, these participants revealed higher prevalence estimates at both
impact (LS) and non-impact sites. As LS is mainly constituted by trabecular bone
(known to be more sensitive to mechanical stress from exercise [133]), and as ballet
dancing requires high levels of muscular strength (placing considerable mechanical
stress on lower back [13,82]), it is surprising to find a significantly higher number of
cases with low BMD at this anatomical site in female vocational dancers. The
reasons for these findings are currently unclear. Factors such as low energy
availability, genetics and/or hormonal levels should be considered in future studies,

given their association with low bone mass phenotypes [11,134]. Furthermore, since
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our participants were exercising for many hours per week, the hypothesis that bone
cells might be saturated due to dance training loading should not be excluded.

Another interesting finding was the higher prevalence of low BMD at impact
sites (FN and LS) in male vocational dance students compared to controls (although
not significant). Previous studies usually focus in female dancers as it is generally
accepted that females have increased odds for low BMD. However, the present study
suggests that young male dance students may also be at risk for low BMD. Indeed,
adjusted BMD values for body weight and maturation were also found to be
significantly lower than controls at both impact and non-impact sites. Future studies
should also considerer young male dancers in relation to BMD in different settings.

Not all traditional osteoporosis risk factors were associated with the
prevalence of low BMD in our sample. Body weight was significantly associated with
low BMD in professional dancers at the forearm, and FM significantly associated with
low BMD in vocational dancers at the same anatomical site. These findings were
partly expected as BM and FM are predictors of low BMD [110,127]. LM is also
known to be a predictor of low BMD in children [135]; nevertheless, we did not find
any association between these two parameters. Actually, the present study was
unable to identify factors associated with low BMD at the LS in female vocational
dancers. Previous studies revealed that athletes with oligo/amenorrhea (both primary
and secondary) have lower Z-scores compared to their eumenorrheic counterparts
[25,126]. Although it was not investigated the association between menstrual history
and bone phenotypes, no associations between low BMD and age at menarche or
gynaecological age have been observed. Delayed puberty has also been linked with
low BMD in children and adolescents [22,136]. No association between low BMD
with Tanner staging was found, despite the fact that a significant difference between
vocational students and controls was detected for sexual maturation.

The current results regarding low BMD in vocational dance students might be
of concern, as young dancers may enter adulthood with relatively low BMD, which
may further impair the peak bone mass attainment [3]. However, findings in children
should be interpreted with caution due to biological changes which occur during
growth [3]. Longitudinal studies should be conducted in vocational dancers to
ascertain how bone mass changes throughout growing.

The clinical significance of low BMD lies on the increased risk of fracture

[11,120]. It was not recorded fractures or injuries among our studied population.
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Nevertheless, recent data have shown that over one year period the incidence of
injury in vocational dance students was 1.42 per student and the risk of injury 76%
[137]. Also, in professional baller dancers, a total of 355 injuries were recorded
during a year, with an overall incidence of 6.8 injuries per dancer [84]. However, to
our knowledge, there are no available data on the association between dance injuries
and low BMD [109]. Notwithstanding, the prevalence of Z-scores below -1.0 is
significantly higher among our dance population compared with controls. Indeed,
since athletes in weight-bearing sports usually have 5-15% higher BMD than non-
athletes [11], the ACSM emphasizes that a BMD Z-score of < -1.0 in athletic
populations should be further investigated, even in the absence of fractures [11].
However, to the best of our knowledge, there are no preventative/screening
measures in dance population regarding overall dancers’ bone health yet.

It is reasonable to assume that the present study might have been influenced
by methodological limitations such as the use of a self-reported questionnaire to
assess age at menarche, gynaecological age and Tanner stage. | also acknowledge
the lack of injury and fracture records for our participants as well as alcohol intake.
Another limitation may be that the current data incorporate dancers born and raised
in north or south Europe; | further recognise the potential selection bias of the current

participants since they were recruited from different geographic regions.

CONCLUSIONS

Compared to controls, the prevalence of low BMD was significantly higher at lumbar
spine (impact site) and forearm (non-impact site) in vocational female ballet dancers.
This was the case only at non-impact site in professional female dancers. Body
weight and fat mass seem to be associated with these findings. Future studies
should explore the underpinning mechanisms associated with low bone mass

phenotypes in dancers.
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CHAPTER 7: ASSOCIATIONS BETWEEN OESTROGENS, GROWTH HORMONE,
AND INSULIN-LIKE GROWTH FACTOR | WITH BONE MASS ACQUISITION IN
FEMALE VOCATIONAL DANCE STUDENTS: A MIXED-LONGITUDINAL STUDY

(STUDY 3)

Parts of this chapter have been submitted in the peer-reviewed journal Journal of
Bone and Mineral Research. The author of this Thesis appears as the leading author.

ABSTRACT

Background There is a dearth of relevant research regarding the factors associated
with low bone mass phenotypes in vocational dance students and how bone mass
develops as they progress on their growth and professional training.

Aim To investigate BMC and BMD accruals in female vocational dance students and
their association with circulating levels of oestrogens, GH and IGF-1.

Methods Sixty-seven vocational female dancers and 68 aged- and sex- matched
controls (12.1+1.9yrs and 12.7+2.0yrs at baseline, respectively) were followed for
three years. BMC and BMD were measured annually at impact sites (FN and LS),
and non-impact site (forearm) using DXA. Anthropometry, age at menarche
(questionnaire) and hormone serum concentrations (immunoradiometric assays)
were also measured for the same period.

Results During the follow-up, female vocational dancers always had consistently
reduced BMD values at all anatomical sites (p<0.001) and body weight (p<0.001)
compared to controls. Serum IGF-1 concentrations were significantly increased in
dancers compared to controls at 2yr follow-up (p<0.001). Menarche, weight, GH and
IGF-1 were significantly associated with bone mass changes over time (p<0.05).
However, these factors did not explain group differences in terms of BMC gains at
impact sites (p>0.05). At the forearm, body weight was able to explain differences
between groups in terms of BMC gains.

Conclusion As young female dancers progress on their professional training, their
bone mass remains lower compared to controls at both impact and non-impact sites.
Endocrine mechanisms do not seem to explain group differences in terms of bone

mass gains.

KEYWORDS BMC; BMD; follow-up; ballet; athletic population
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INTRODUCTION

Bone tissue is constantly renewed by the coordinated activity of osteoclasts (bone-
resorbing cells) and osteoblasts (bone-forming cells) in a process known as bone
remodelling [138]. This process is regulated by local factors as well as systemic
hormones [139] [140]. For example, the release of growth hormone-releasing
hormone (GHRH) in the hypothalamus stimulates the production of GH from the
pituitary gland [139]. Growth hormone acts on its primary target - the liver - where it
stimulates the production of IGF-1 [140]. The interdependent roles of the
aforementioned hormones in the regulation of bone remodelling have been well
established [140]; GH and IGF-1 regulate bone cells by enhancing osteoblast activity
[141], reducing osteoblast apoptosis and promoting osteoblastogenesis through
stimulation of Wnt/B-catenin activity [140]. In contrast, the lack of GH secretion and
low circulating levels of IGF-1 are usually associated with low BMD [22,142].

GH and IGF-1 activities decrease with age [143], but they are particularly up-
regulated during the growing years [22,144]. Rising levels of gonadal steroids
(specifically oestrogens) during growing (particularly during early puberty) are
followed by rising activity of GH and IGF-1 [144]. This means that endocrine
mechanisms during adolescence and puberty constitute important determinants of
bone mass acquisition [2]. In accordance, delayed puberty has been reported to be
associated with low BMC in children and adolescents [22]. Considering young
dancers involved in rigorous training regiments, studies have shown that these
participants have delayed puberty [145]. Additionally, low bone mass values at both
impact and non-impact sites have also been reported in young dancers [19]; yet, less
is known on the factors associated with low bone mass phenotypes on these
populations (particularly at impact sites) [18,25,43,146]. Therefore, the aims of the
present study were to: 1) model BMC and BMD accruals in female vocational dance
students and matched-controls, and 2) determine whether circulating levels of
oestrogens, GH and IGF-1 explain differences in bone mass gains between female

vocational dance students and non-exercising adolescents.

METHODS
Participants’ recruitment
Projected power to detect differences between dance students and controls was

based on a prior study that has measured cross-sectionally first year female
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vocational dance students (n=34, 10.9+0.7yr) and matched controls (n=30,
11.1+0.5yr); BMC at the FN (dancers: 2.95+0.69g/cm?; controls: 3.67+0.7169g/cm?)
was selected as the main outcome given that literature suggests that in paediatric
populations analysis on BMC outcomes should take precedence over BMD
[147,148]. Assuming a 5% error and 90% power, calculations indicated that a sample
of 40 volunteers was required for the present longitudinal study (20 dance students
and 20 controls).

To recruit female vocational dance students, an introductory letter explaining
the purposes of the study was sent to the executive boards of a vocational dance
school that offers full-time dance training to become professional dancers with 4-8
hours a day of dance training. Following boards’ agreement, the research team
exposed the purposes of the study to vocational dancers and their guardians. From a
total of 106 female students that were enrolled at the vocational school in the
academic year 2012/2013, 67 (63.2%) volunteered. All these completed a
guestionnaire concerning their ethnicity, physical activity, medical history, and
past/current calcium/vitamin D supplementation. As none of the volunteers reported
consumption of medications/supplementation known to influence bone metabolism,
nor reported illnesses/treatments that might affect bone metabolism, all 67 were
enrolled in the study [all described themselves as white European-Caucasian, and
were involved in 16.3+6.5 hours of dance training per week during 5 to 6 week days].

Female children and adolescent non-dancers were also recruited from two
random local state schools to act as controls. Eligibility criteria for controls were set
according to dancers’ characteristics (i.e. age and race). Exclusion criteria included
those who participated or had previously participated in sport activities outside their
school curriculum. Control participation was also restricted to those who had
received/were receiving medications known to affect bone metabolism and to who
reported illnesses/treatments that might affect bone metabolism. Following consent
from the respective boards of directors, the study was advertised in each local
school; 68 (17.4%) female students met the inclusion/exclusion criteria and were
further enrolled in the study (participants had 2.4+0.5 hours per week of exercise,
twice a week within their physical education classes). Details on the participants’

recruitment are in Figure 7.
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Target population: female vocational ballet dancers enrolled in
a vocational dance school (n=106); female aged-matched non-
dancers from two local schools (n=391)

Female vocational ballet
dancers volunteered (n=67)

Female controls volunteered
(n=68)

Eligible criterion:
—> ot taking medications/supplementation known to influence

«—

\ 4

bone metabolism;
- white European-Caucasian;

curriculum (only for controls)

- no illnesses/treatments that might affect bone metabolism;

- not participated in sport activities outside their school

n=67 enrolled the study

¥

Baseline (n=67):

- 67 (100%): anthropometry
- 67 (100%): bone

- 67 (100%): menarche

- 51 (65.4%): bloods

\ 4

n=68 enrolled the study

¥

Baseline (n=68):
- 68 (100%): bone

- 38 (48.6%): bloods

- 17 dancers and 24
controls withdraw;
- 12 dancers enrolled €

- 68 (100%): anthropometry

- 68 (100%): menarche

1-yr follow-up (n=62):

- 62 (100%): anthropometry
- 62 (100%): bone

- 62 (100%): menarche

- 59 (93.7%): bloods

1-yr follow-up (n=44):

- 44 (100%): anthropometry
- 44 (100%): bone

- 44 (100%): menarche

- 32 (76.2%): bloods

2 - 16 dancers and 13
controls withdraw:

«——

>

2-yr follow-up (n=46):

- 46 (100%): anthropometry
- 46 (100%): bone

- 46 (100%): menarche

- 40 (78.4%): bloods

Number of

observations:
1: n=17
2: n=28
3:n=34

Figure 7. Study population flow.

2-yr follow-up (n=31):

- 31 (100%): anthropometry
- 31 (100%): bone

- 31 (100%): menarche

- 23 (67.6%): bloods

Number of

observations:
1: n=24
2:n=13
3:n=31
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All participants provided signed informed consent according to the Declaration
of Helsinki. The study was approved by the ethics committee of the Regional
Administration of Health of Lisbon, Portugal (Proc.063/CES/INV/2012).

Participants’ measurements

Participants’ enrolment (both dancers and controls) started at the year 2012
(September to November). Data were collected annually for three consecutive years,
started at January 2013 and finished at March 2015. Annual collection occurred
within the same period as the baseline measuring session. Specifically, information
on bone mass, anthropometry, menarche and biological maturation were collect each
January in vocational female dancers, whereas the same information was collected
each March in controls. Bloods were collected each January in both groups.

Within the population of 67 vocational female dancers available for
assessment at baseline (January 2013), 67 (100%) underwent anthropometric
measures, participated in bone measurements and reported past/current menstrual;
51 (65.4%) donated blood. From 2013 to 2014, 12 vocational students were
additionally recruited, while 17 withdraw the study due to professional dance training
dropout or injuries. In accordance, in 2014, a total of 62 vocational students
underwent anthropometric measures, participated in bone measurements and
reported past/current menstrual; 59 (93.7%) donated blood. From 2014 to 2015, an
additional of 16 vocational students withdraw the study for the reasons previously
mentioned; a total of 46 vocational students were assessed in 2015 [all underwent
anthropometric and bone measurements, menarche, and 40 (78.4%) donated blood].

Similarly, at baseline (March 2012), 68 (100%) controls underwent
anthropometric measures, participated in bone measurements and reported
menarche; 38 (48.6%) donated blood. From 2013 to 2014, only 44 controls were
available for assessment (24 withdraw the study due to family relocation or lost of
interest). All 44 (100%) participated in anthropometric, bone measurements and
reported menarche; 32 (76.2%) donated blood. In 2015 an additional of 13 controls
withdraw the study due to family relocation. From the 31 available for assessment in
2015, all underwent anthropometric, bone measurements and reported menarche; 23
(67.6%) donated blood.
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After 3 years of data collection, 17 female vocational dance students were
measured on one occasion (vs. 24 controls) and 62 (vs. 44 controls) on two or three

occasions. Details on the participants’ measurements appear in Figure 7.

Anthropometry, menarche and biological maturation assessment
Chronological age (obtained as decimal age) and anthropometry measurements
were collected at one-year interval. Height, sitting height and body weight were
measured in t-shirt, shorts and bare feet using a stadiometer (Seca, Seca2l7
portable stadiometer, Hamburg, Germany) with accuracy of 0.1 cm and an electric
scale (TANITA BC-418 MA Segmental Body Composition Analyser; Tanita
Corporation, Tokyo, Japan) with an accuracy of 0.1 kg. For each variable, two
measurements were recorded in each evaluation; if the difference between them was
greater than 0.3, a third measure was obtained. All measurements were administered
by the same investigator every year.

At one-year interval, age of menarche was determined by questionnaire or
email during the follow-up. At baseline, 27 female vocational dance students (40.3%)
had reached the menarche (vs. 50 in controls — 73.5%). During the study, 16
vocational dance students (40%) (10 during the 1-yr and 6 during the 2-yr follow-up)
reached de menarche (vs. 4 controls (22.2%) at the 1-yr and 2 at the 2-yr follow-up).
Height, sitting height, weight and chronological age were assessed to estimate
biological maturity using the offset equation [89]. Based on this equation, the year(s)
to/from PHV and an estimation of the age at PHV were also predicted in all

participants at one-year interval.

Hormonal analyses
Blood samples were collected in early morning after an 8-hour fasting. In
menstruating subjects, samples were collected during the follicular phase of the
menstrual cycle (fifth and ten days after the onset of menstrual bleeding). Blood
samples were submitted to centrifugation at 2500g for 10 min; plasma and serum
samples were stored at -80°C until they were analysed.

Plasma oestrogens concentrations were measured by
electrochemiluminescence immunoassay (ECLIA) kit (06656021190 Estradiol G3
Elecsys cobas and 100, Roche Diagnostic Systems); the intra-assay and inter-assay

CV’s were below or equal to 2.4% and 2.7%, respectively. Serum GH concentrations
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were measured by an immunoradiometric assay kit (IRMA GH, ref. IM1397) from
IMMUNOTECH SAS, (Prague, Czech Republic); the intra-assay and inter-assay
CV’s were below or equal to 2.7% and 7.1%, respectively. Serum IGF-1
concentrations were measured by an immunoradiometric assay kit (IRMA IGF-I, ref.
A15729) from IMMUNOTECH SAS, (Marseille, France); the intra-assay and inter-

assay CV’s were below or equal to 6.3% and 6.8%, respectively.

Bone measurements

BMC (g) and BMD (g/cm?) were determined for non-dominant forearm (33% radius),
lumbar spine (L1-L4) (LS) and femoral neck (FN). Participants were assessed in two
different centres using Dual-energy X-ray absorptiometry (DXA): Lunar (GE Lunar
Prodigy) and Hologic (Discovery Wi). For consistency, the same certified technician
performed all scans and analyses at both centres in each year.

Although previous studies have demonstrated a high correlation between
Lunar and Hologic DXA BMD measurements [97-99], there is a tendency for Lunar
model to inflate BMD values by 15% compared to Hologic [100]. Therefore, beside
the daily calibration required from each DXA manufacturer, cross-calibration of the
scanners was made using a group of 20 participants; the age of these 20 participants
covered the age-range of the entire sample (both dancers and controls) used for the
purpose of the present study. These participants were measured with both Lunar and
Hologic within a period of 5 days. Regression equations using BMC and BMD from
Lunar as dependent variable and BMC and BMD from Hologic as independent
variable were performed from the data obtained from the participants included from
cross-calibration. The correlation between the two DXA models were high (forearm
BMD: r=0.96, adjusted r?=0.93, std. error of estimate=0.03; LS BMD: r=0.96,
adjusted r>=0.92, std. error of estimate=0.05; FN BMD: r=0.97, adjusted r>=0.93, std.
error of estimate=0.05; forearm BMC: r=0.98, adjusted r?=0.96, std. error of
estimate=0.09; LS BMC: r=0.96, adjusted r>=0.92, std. error of estimate=4.41; FN
BMC: r=0.94, adjusted r?>=0.88, std. error of estimate=0.46). The Hologic BMC and
BMD data were further converted to the Lunar data using the following equations:
forearm BMD Lunar = -0,085263 + 1,356535*Hologic; LS BMD Lunar = 0,030762 +
1,161805*Hologic; FN BMD Lunar = 0,084782 + 1,116509*Hologic; forearm BMC
Lunar = 0,148564 + 1,117715*Hologic; LS BMC Lunar = 7,143123 +
0,923483*Hologic; FN BMC Lunar = 0,079107+ 1,106219*Hologic.
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Statistical analyses

Exploratory analyses were conducted in SPSS 20.0 software (IBM SPSS, Chicago,
IL) to check for the presence of outliers; Mahalanobis test was used (2 dance
students and 3 controls lied in an abnormal distance from other values and were
excluded). Independent t-tests were used to compare general characteristics
between dance population and controls at each measured occasion. Nonparametric
tests (Mann—Whitney test) were applied if the data were not normally distributed; this
was the case for the GH, IGF-1 and oestrogens. Repeated measures ANOVA were
used to compare characteristics between the two groups across the measurement
occasions. Based on a multilevel approach (hierarchical linear models) applied to
longitudinal data, SuperMix software (SSI - Scientific Software International, Inc.)
was used to investigate the predictors (i.e. age, body weight, height, menarche,
oestrogen, GH and IGF-1) of bone mass accrual over time in each anatomical site,
and to determine if the aforementioned factors could explain differences in terms of
bone mass gains between VFD and matched-controls. These analyses are
appropriate for study designs where data is organized in more than one level (in this
case, participants are organized into groups); multilevel models can be used without
the assumption of homogeneity that is required by ANCOVA. Chronological age was
used as the metric of time: time O corresponds to mean chronological age (on
average around 12 years of age); negative values at X axis represents the number of
years before mean chronological age, whereas positive values represent number of

years after mean chronological age. The level of significance was set at p<0.05.

RESULTS

General characteristics of the participants included in the follow-up are in Table 10.
At the onset of the study, participants had a mean chronological age of approximately
12 years old (vocational dancers: 12.1+1.9; controls: 12.7+2.0, p>0.05). Over time
vocational dancers always had a significantly lower body weight (p<0.001) and BMC/
BMD values at all anatomical sites (p<0.01/ p<0.001) compared to controls. Mean
height differences were not significant throughout the follow-up (p>0.05). Vocational
female dancers had their menarche approximately one year later than controls
(p<0.001), but the estimated age at PHV did not significantly differ between groups
(~12 years old for both groups). Serum IGF-1 concentrations were significantly
higher in dance students compared to controls at 2yr follow-up (p<0.001).
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Table 10. General characteristics of female dance students and aged- and sex-matched controls included in the follow-up

Baseline 1yr Follow-up 2yrs Follow-up

DS Controls DS Controls DS Controls
Age (yrs.) 121 +1.9 127+ 2.0 13.1+£1.9 13.7 £ 2.0* 14.1+1.9* 14.7 £ 2.0**
Weight (kg) 35.2 + 8.5** 51.9+11.7 41.4 +8.1*%* +* 55.7 £11.3** 442 £ 7.1% +* 58.5+12.3*%
Height (cm) 147.1+9.7 1535+9.2 153.9 + 7.6** 156.7 + 8.3** 157.0 £ 6.5* 158.6 + 6.9**
Age menarche 12.2 +1.9% 114+12 - - - -
(yrs.)®
Age at PHV (yrs.)® 125+0.6 12.7+0.9 - - - -
Oestrogen (pg/mL) 32.9+257 67.1+107.2 54.1 +48.9 77.9+90.3 52.1+37.54 84.6 +81.7
GH (mIU/L) 55+76 45144 53+85 8.6 +£10.1 89+122 85+79
IGF-1 (ng/mL) 291.6 £142.5 2945+124.4 350.7 £ 165.2 288.5 + 130.0 371.1 £98.3* 258.7 £65.0
BMC FN (g) 3.18 £ 0.85* 3.86 £0.73 3.69 £ 0.85** ** 4.52 £ 0.74** 3.86 £ 0.78* * 4.64 £0.67*
BMC LS (g) 33.8 + 13.2** 46.9+ 10.9 40.5 £ 12.7%* *+ 55.1 £ 11.0** 45.0 £ 11.7* 57.4 £9.4*

++

BMC FA (g) 1.3+0.3* 1.8+0.3 1.4 +0.3%* 1.9+0.3*%" 1.6 £0.3* ** 2.0+0.3
BMD FN (g/cm?) 0.93 £ 0.17** 1.07£0.13 0.94 + 0.20** ** 1.07 £0.13 0.93 £ 0.20** ** 1.13+0.20 **
BMD LS (g/cm?) 0.89 + 0.17** 1.06 + 0.16 0.91 + 0.19%* +* 1.15+0.15 ** 0.93 + 0.17** *++ 1.21+0.15*
BMD FA (g/cm?) 0.59 £ 0.10** 0.75+0.10 0.63 £ 0.10** ** 0.81 +£0.08 ** 0.66 + 0.10** ** 0.83 £0.08 **

Values are means + SD
*p<0.05; **p<0.001; statistical different when comparing with controls
*p<0.05; *"p<0.001; statistical different when comparing with previous year measurement

DS: dance students; PHV: peak height velocity (estimation); BMC: bone mineral content; FN: femoral neck; LS: lumbar spine; FA: forearm; GH: growth hormone; IGF-1:
insulin-like growth factor 1

M Means were calculated considered all dance students and controls assessed throughout the 3 years.



Table 11. Predictors of bone mass changes throughout the follow-up

Estimates for dance students and controls

Predictors BMC FN BMC LS

BMC FA

BMD EN

BMD LS

BMD FA

Intercept
Chronological age
Chronological age?

4.041 + 0.096
0.106 +0.033**
-0.022 £ 0.009*

44.683 £ 1.186
1.896 £ 0.407***
-0.227 £ 0.096*

1.519 £ 0.036
0.046 + 0.012**
NS

0.990 + 0.022
0.026 + 0.008**
-0.003 £ 0.001*

0.946 £ 0.018
0.022 + 0.005***
-0.002 £ 0.001*

0.664 + 0.012
0.017 + 0.004***
-0.003 £ 0.0001**

Group NS 3.937 + 1.654* 0.333 + 0.050*** 0.095 + 0.040* 0.158 + 0.028***  0.129 + 0.016***
Weight 0.033 + 0.044*** 0.424 + 0.069*** 0.007 + 0.002** 0.004 + 0.001 0.004 + 0.001***  0.003 + 0.001***
Height NS NS NS NS NS NS

Menarche 0.166 + 0.085* 4.242 + 0.947*** 0.079 + 0.029** NS 0.042 + 0.011*** NS

GH NS NS NS 0.001 +0.0005* NS 0.010 + 0.0004**
IGF-1 NS NS 0.0003 £0.0001** | NS NS 0.0001 + 0.00004*
Oestrogen NS NS NS NS NS NS
Chronological age*Group NS NS 0.039 + 0.016* 0.002 + 0.002* 0.025 + 0.006***  0.012 + 0.005*
Weight*Group NS NS -0.012 + 0.004** NS NS -0.003 + 0.001*
Menarche*Group NS NS NS - NS -

GH*Group - - - NS - NS

IGF-1*Group - - NS - - NS
Oestrogen*Group - - - - - -

Multilevel models were conducted

Values are estimates + standard errors

* p<0.05; ** p<0.01; *** p<0.001; significant predictor
NS: not significant

BMC: bone mineral content; BMD: bone mineral density; FN: femoral neck; LS: lumbar spine; FA: forearm; GH: growth hormone; IGF-1: insulin-like growth

factor 1
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The coefficients that a) predict bone mass changes over time and b) identify
potential factors that might explain differences in BMC/ BMD between groups
(variable*group) are summarized in Table 11. The interaction between groups for
BMC gains (chronological age*group) was not significant at impact sites (FN and LS;
p>0.05); vocational dance students always revealed lower BMC values at these
anatomical sites than controls during the follow-up. On the other hand, considering
BMC at the forearm (non-impact site) and BMD at all the other anatomical sites, the
interaction chronological age*group was significantly positive (BMC forearm:
f=0.039, p<0.05; BMD FN: p=0.002, p<0.05; BMD LS: p=0.025, p<0.001; BMD
forearm: f=0.012, p<0.05). Menarche was found to be a significant predictor of bone
mass gains: participants that had their first menstruation had significant higher BMC
at the FN ($=0.166, p<0.01), LS (B=4.242, p<0.001) and forearm ($=0.079, p<0.01)
compared to the ones that have not reached menarche. Body weight also
significantly predicted bone mass accruals throughout the follow-up at all anatomical
sites (BMC FN: p=0.033, p<0.001; BMC/ BMD LS: p=0.424, p<0.001/ B=0.004,
p<0.001; BMC/ BMD forearm: p=0.07, p<0.001/ p=0.003, p<0.001). Serum
concentrations of GH and IGF-1 were also found to be significant predictors of BMC
and BMD changes over time at the forearm: as serum concentrations of these
hormones increase, BMC and BMD values at this anatomical site also increased
(B=0.0003, p<0.001; B=0.0001, p<0.05 respectively). GH also had a significant
predictive effect on BMD at the FN (f=0.001, p<0.05). Nevertheless, when a group
interaction were analysed, it was not found a significant interaction at impact sites
(both FN and LS) between menarche*group and weight*group; these variables
(menarche and body weight) did not explain group differences at the FN and LS.
However, a significant group effect was found at the non-impacted site (forearm),
indicating that BMC and BMD accruals differ between groups according to body
weight: female vocational dance students will have lower bone mass values at the
forearm (BMC: 0.012g lower, p<0.01; BMD: 0.003g lower, p<0.05) if their body
weight is lower than controls of the same age and height. It was not found a
significant interaction between GH and IGF-1 with group (GH*Group; IGH-1*Group),
meaning that GH and IGF-1 concentrations did not explain group differences seen on

bone mass gains at the forearm when comparing vocational dancers with controls.
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DISCUSSION

The mechanisms responsible for low BMD phenotypes in general population are well
documented, but evidence regarding athletic populations is lacking. In elite dancing,
for instance, it has been recently shown that both professional and vocational dance
students have increased odds for low BMD compared to non-dancers [data not
published]; however, the associated factors are not completely clear [109]. To the
best of my knowledge, this is the first longitudinal study aiming to investigate bone
mass accruals and its association with circulating levels of oestrogens, GH and IGF-1
in VFD. The main finding was the low BMC and BMD values displayed by dance
students at baseline and the absence of a “catch-up” accrual during the follow-up in
relation to controls; dancers” bone mass values remained consistently lower
compared to non-exercising controls as they progressed on their professional
training. Apparently, endocrine mechanisms seem not to be able to explain
differences between female vocational dancers and non-exercising controls in terms
of bone mass gains.

Bone mass accruals significantly increased during the follow-up in both
groups, as well as circulating levels of oestrogens, GH and IGF-1. This was expected
since our population is growing [3,117]. Clinical observations claim that growing bone
is more responsive to mechanical loading than mature bone [149]; during puberty,
osteogenic hormones are likely to interact with physical exercise to positively affect
bone mass accruals [149]. Considering our results, at 2-yr follow-up, IGF-1 serum
concentrations are significantly increased in our vocational dancers compared to
controls. These increments might reflect a dance training effect since higher
circulating levels of serum IGF-1 has been documented in young athletes via GH-
independent mechanism [140,150], leading further to greater bone mass accruals
compared to non-exercise participants. However, in our dance population the higher
increments in IGF-1 serum levels seem not to be translated into higher bone mass
gains. Indeed, it would have been expected that bone mass differences between
groups have lessen during the follow-up (particularly at impact sites), not only due to
increasing levels of circulating IGF-1, but also due to effects of dance training on
bone cells [87,132]; this was not observed. The present study cannot explain these
findings. It seems unlikely that group differences were caused by delayed growth/
maturity, as age at PHV and GH/oestrogens concentrations did not differ between

groups; also, body weight was a significant predictor of bone mass differences
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between groups only at the forearm. Instead, | suggest that skeletal biological
determinants might be involved as the dynamic actions of liver-derived IGF-1 in bone
involve complex signalling pathways that might directly affect both osteoblasts and
osteoclasts [141]. IGF-1 can either act on the commitment of mesenchymal stem
cells to oesteoprogenitor cells [151], or induce RANKL synthesis in osteoclasts,
leading to osteoclastogenesis [140]. Furthermore, it has been hypothesised that
changes in IGF-1 receptors in osteoclasts number or affinity could determine an
increase or decrease in bone formation [142]. Whether the aforementioned factors
explain the low BMC and BMD values seen in our dancers warrant further
investigation.

Bone mass formation and development are influenced by genetic and
endocrine mechanisms that are modulated by environmental factors such as physical
exercise [152,153]. This means that the degree to which physical exercise influences
bone formation depends on individual's genetic background [153-155], and bone
specific characteristics (i.e. cortical or trabecular; weight-bearing or non weight-
bearing) [133,156]. The fact that GH and IGF-1 serum concentrations was only
significantly associated with bone mass values at non-impact sites (forearm), might
indicate that gene-environment factors are interacting differently in determining
dancers’ bone mass phenotypes across skeletal sites. Moreover, the fact that body
weight, a well-known risk factor for low bone mineralization, was found to be a
significant predictor of group differences in terms of bone mass gains at forearm, but
not at impact sites, further supports the aforementioned hypothesis (as well as the
absence of a “catch-up” bone mass accrual by dancers in relation to controls at the
FN and LS). This reinforces the view that other factors apart from osteoporosis
traditional risk factors seem to be major determinants of bone mass acquisition of
young vocational dancers. Other studies on athletic populations also found that
adolescent runners with low bone mass values at baseline continued to display low
bone parameters after 3-yr follow-up [157]. The determinants of bone mass accruals
in athletic populations may be different of the general population due to specific sport
adaptations and body characteristics previously selected for the profession.
Therefore, taken together, future studies on dancers (and on other elite athletes)
should consider genetic markers as well as gene-environment interactions to further
understand the pathogenesis of low bone mass parameters, particularly at weight-

bearing sites.
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Although this is the first study measuring longitudinally bone mass accruals
and bone osteogenic hormones in vocational dance students, our findings should be
interpreted considering some limitations. Present data is observational and cause-
effect cannot be determined. Our sample of vocational dancers is large and well-
defined considering the entire population of elite dance students performing at a
national level (response rate to the study was high — 63.2%); nevertheless, for a
mixed-longitudinal design the sample size is relatively small. Furthermore, as
adolescents, our sample is going through a critical period characterised by significant
biological changes. This fact might explain the high variance seen in terms of
hormonal values in both groups, which reinforces the need for future studies to
consider larger sample sizes. The main outcome in this study — BMC, measured by
DXA - does not account for changes in bone microarchitecture; however, this device
(as well as BMC as main outcome) is considered the “gold standard” to longitudinally

measure children [158].

CONCLUSIONS

Female vocational dance students have low bone mass values compared to
matched-controls at both impact and non-impact sites. As these adolescents
progress on their professional training, their bone mineral content remains
consistently lower compared to non-exercising controls. Endocrine mechanisms

seem not to explain the differences in terms of bone mass gains between groups.
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CHAPTER 8: ASSOCIATIONS BETWEEN NUTRITION, ENERGY EXPENDITURE,
AND ENERGY AVAILABILITY WITH BONE MASS ACQUISITION IN FEMALE
AND MALE VOCATIONAL DANCE STUDENTS: A MIXED-LONGITUDINAL
STUDY (STUDY 4)

Parts of this chapter have been submitted in the peer-reviewed journal Bone. The
author of this Thesis appears as the leading author.

ABSTRACT

Aim To determine a) whether nutrition, energy expenditure and energy availability are
significant predictors of BMC and BMD changes during growth in female and male
vocational dance students, and b) if these factors are able to explain difference in
bone mass accruals between vocational dancers (female and male) and controls.
Methods Sixty-three female vocational dancers and 50 aged- and sex- matched
controls (12.8+2.2yrs and 13.0+2.1yrs at baseline, respectively), and 38 male
vocational dancers and 68 aged- and sex- matched controls (12.7+2.2yrs and
13.0£1.8yrs at baseline, respectively) were monitored for three years. BMC and BMD
were measured annually at impact sites (FN and LS), and non-impact site (forearm)
using DXA. Anthropometry, age at menarche (questionnaire), nutrition (3-day
record), energy expenditure (accelerometer), and IGF-1 serum concentration
(immunoradiometric assays) were also measured for the same period.

Results Female and male vocational dancers had consistently significantly reduced
body weight (p<0.001) and bone mass values at all anatomical sites (p<0.001) than
controls. Serum IGF-1 concentrations did not differ between male vocational dancers
and controls. At baseline, calcium intake was significantly increased in female
vocational dancers compared to controls (p<0.05). Male vocational dancers’ fat and
carbohydrate intakes were significantly lower than matched controls (p<0.001 and
p<0.05, respectively). Energy availability of both female and male vocational dancers
lied within the normal range (i.e. <30 kcal/kgFFM/day). A significant group effect was
found at the FN regarding energy intake (p<0.05). No significant predictors were
found to explain bone mass differences between groups in males.

Conclusion Energy intake and energy availability were found to positively predict
bone mass gains at the FN (impact site) in female dancers. Nutrition, energy
expenditure and energy availability did not explain the lower bone mass values
revealed by male dancers compared to controls at both impact and non-impact sites.
KEYWORDS BMC; BMD; follow-up; ballet; athletic population; female athlete triad
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INTRODUCTION

Osteoporosis is a major public health concern [1]. This disease is characterised by
decreased BMD and skeletal fragility, leading to increased fracture risk and
immobility, which might affect people’s quality of life [2].

Exercise can be one mean of preventing low BMD [1]. Reports on short-term
interventions in healthy participants show that weight-bearing exercise provide
protection against the risk of low BMD [1,10]. In accordance, the World Health
Organisation provides physical exercise guidelines to promote bone health [159].
Nevertheless, while leisure exercise can prevent low BMD, the effects of sport
training on bone health are still controversial [11,12]. For instance, some participants
(particularly females) involved in elite sports have lower BMD values than their non-
exercising counterparts [123,160-162]. It is general believed that the low BMD in
these female participants involves mechanisms related to the GH- IGF-I axis and
HHG axis [163], wherein the presence of low body weight and menstrual
disturbances due to intensive training is assumed to modulate the aforementioned
axis, leading to an alteration in the hypothalamic pituitary [11,20-23]; which further
impairs bone mineralization. This phenomenon is known as the “female athlete triad”
[11]. Recently, this concept has been expanded to RED-S’, i.e. relative energy
deficiency in sport [24]. Indeed, it has been suggested that the main factor that
triggers the triad is an energy deficiency in relation to the balance between energy
intake and energy expenditure, which further impairs GH- IGF-I and HHG axis and,
consequently, bone health [24]. In accordance, the concept of relative energy
deficiency for performance may also affect men [24].

As an aesthetic activity, elite dancers are exposed to high levels of artistic and
physical fithess demands, whereas low body weight is strongly emphasised [13]. In
accordance, to correspond with the aesthetic demands, elite dancers may restrict
their energy intake, leading to a negative energy balance [17-19]. This energy
imbalance can affect the hypothalamus, decreasing the circulating levels of IGF-1.
Indeed, it has been reported that these hormones are sensitive to changes in
nutrition intake, particularly caloric intake, hindering further bone mineralization [140].
Nevertheless, in the previous chapter of the current Thesis, female vocational dance
students had lower BMD compared to controls, although their IGF-1 serum
concentrations was not different from controls. This suggests that energy intake

might not be playing a significant role in determining dancers’ BMD phenotypes.
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Therefore, the aims of the present study were to determine a) whether nutrition,
energy expenditure and energy availability are significant predictors of BMC and
BMD changes throughout growth in female and male vocational dance students, and
b) if these factors are able to explain difference in bone mass accruals between

vocational dancers (female and male) and matched controls.

METHODS

Participants’ recruitment

The participants’ recruitment process was done as described in the previous chapter
(Chapter 7); however, for this study it was also recruited male vocational dance
students. From a total of 74 male dance students that were enrolled at the vocational
school in the academic year 2012/2013, 38 (51.4%) volunteered. All of these
completed a questionnaire concerning their ethnicity, physical activity, medical
history, and past/current calcium/vitamin D supplementation. As none of the
volunteers reported consumption of medications/supplementation known to influence
bone metabolism, nor reported illnesses/treatments that might affect bone
metabolism, all 38 were enrolled in the study [all described themselves as white
European-Caucasian, and were involved in 19.5+7.2 hours of dance training per
week during 5 to 6 week days].

Out of the 67 female vocational dance students included in the previous study (Study
7), 63 were included in the present study.

Male vocational dance students and adolescent non-dancers were also
recruited from two random local state schools to act as controls. The same
recruitment process as described on the previous study (Study 7) was used for male
controls; 68 (8.0%) male students met the inclusion/exclusion criteria and were
further enrolled in the study (participants had 2.4+0.5 hours per week of exercise,
twice a week within their physical education classes). Regarding controls for the 63
female vocational dance students, out of the 68 recruited in the previous study (Study
7), 50 enrolled the present study.

All participants provided signed informed consent according to the Declaration
of Helsinki. The study was approved by the ethics committee of the Regional
Administration of Health of Lisbon, Portugal (Proc.063/CES/INV/2012).
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Participants’ measurements

As previously described (Study 7), participants’ enrolment (both dancers and
controls) started at the year 2012 (September to November). Data were collected
annually for three consecutive years, starting at January 2013 and finishing at March
2015. Annual collection occurred within the same period as the baseline
measurements. Information on bone mass, anthropometry, menstruation biological
maturation [estimation of the age at PHV)], nutrition (energy intake, calcium, fat,
carbohydrates) and energy availability were collect each January for vocational
dance students, whereas the same information was collected each March in controls.
Bloods were collected each January in both groups. Information on physical exercise
and bone specific loading was collected on the last year of measurements.

Within the population of 63 female dance students (vs. 38 male vocational
dance students) available for assessment at baseline (January 2013), 63 (38 male)
(100%) underwent anthropometric measures, participated in bone measurements
and reported past/current menstrual (only female). Sixty-one female (vs. 33 male)
(96.8% and 86.8, respectively) reported nutrition and 54 female (vs. 34 male) (85.7%
and 89.5, respectively) were assessed for energy expenditure; 51 female (28 male)
(80.9% and 73.7%, respectively) donated blood. From 2013 to 2014, 12 female
dance students were additionally recruited, while 17 female and 5 withdraw the study
due to professional dance training dropout or illness. In accordance, in 2014, a total
of 58 female dance students (vs. 33 male) underwent anthropometric measures,
participated in bone measurements and reported past/current menstrual. Forty-nine
female (vs. 29 male) (84.5% and 87.9%, respectively) reported nutrition intakes and
50 female (vs. 26 male) (86.2% and 78.8%, respectively) were assessed for energy
expenditure; 54 female and 27 male (93.1% and 81.8%, respectively) donated blood.
From 2014 to 2015, an additional of 16 female dance students and 12 male
vocational dancers withdraw the study for the reasons previously mentioned. A total
of 42 female dance students (vs. 21 male) were assessed in 2015 [all underwent
anthropometric and bone measurements, reported past/current menstrual, 30 female
(vs. 16 male) (71.4% and 76.2%, respectively) reported nutrition intakes, 36 female
(vs. 12 male) (85.7% and 57.1%, respectively) were assessed for energy
expenditure; 40 female (vs. 13 male) (95.2% and 61.9%, respectively) donated
blood]. Similarly, at baseline (March 2012), 50 female controls (vs. 47 male) (100%)

controls underwent anthropometric measures, participated in bone measurements,
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reported past/current menstrual (female) and 46 female (vs. 34 male) (92.0% and
72.3%, respectively) reported nutrition; 38 female (vs. 36 male) (76.0% and 76.6%,
respectively) donated blood. From 2013 to 2014, only 44 female and 40 male
controls were available for assessment (24 female and 7 male withdraw the study
due to family relocation or lost of interest). All 44 and 40 (100%) participated in
anthropometric, bone measurements and reported past/current menstrual. Thirty-five
female (vs. 27 male) (79.5% and 67.5%, respectively) reported nutrition; 32 female
(vs. 29 male) (79.5% and 72.5%, respectively) donated blood. In 2015 an additional
of 13 female and 11 male controls withdraw the study due to family relocation. From
the 31 and 29 controls available for assessment in 2015, all underwent
anthropometric, bone measurements and reported past/current menstrual. A total of
28 female (vs. 25 male) (90.3% and 86.2%, respectively) reported nutrition; 23
female (vs. 19 male) (74.3% and 65.5%, respectively) donated blood.

Anthropometry, menarche and biological maturation assessment
The same procedures as the previous study (Study 3) were followed.

Nutritional intake and energy availability

Nutrient intakes were recorded via a 3-day food diary, previously validated [90].
Participants were asked to record all food and beverages consumed during two
school days and one weekend day following appropriate instructions. The software
Food Processor SQL Edition, version 9.8.1. was used to estimate average energy
and nutrition intakes. During the same week that nutrition information was collected,
energy expenditure was also estimated using an accelerometer — SenseWear [91];
each participant used the device for 7 consecutive days. Energy availability was

estimated using standard protocols (http://www.femaleathletetriad.org/calculators/);

information on dietary energy intake (provided by the food diary), exercise energy
expenditure (information retrieved from the accelerometer), and body fat percentage
(measured by DXA) was used for the estimation of energy availability.

Hormonal analyses
Blood samples were collected in early morning after an 8-hour fasting. Blood
samples were submitted to centrifugation at 2500g for 10 min; plasma and serum

samples were stored at -80°C until they were analysed. In male (both dancers and

92


http://www.femaleathletetriad.org/calculators/

controls), serum IGF-1 concentrations were measured by an immunoradiometric
assay kit (IRMA IGF-I, ref. A15729) from IMMUNOTECH SAS, (Marseille, France);
the intra-assay and inter-assay CV’s were below or equal to 6.3% and 6.8%,
respectively. IGF-1 data for female vocational dancers and female controls were

used from the previous study (Chapter 7).

Physical exercise in terms of bone specific loading

The BPAQ was administrated to all participants included in the longitudinal analysis
(data collected on the last year of measurements — 2015). Participants were asked to
record all regular physical exercise activities performed throughout their life, including
years and frequency (times per week) of participation. A score for physical exercise
in terms of bone specific loading was further derived for each participant. The BPAQ
has been described in detail previous [92]. Briefly, the BPAQ has been designed to
capture bone-relevant weight-bearing exercise history (an algorithm was created to
account the factors of load intensity, years of participation, and frequency of current
and historical physical exercise) [92]. It has been reported that the BPAQ score is
positively associated with DXA BMD outcomes [92]. The BPAQ was originally
validated for young adults, however, it can also be applied to children (a specific age
weighting factor in the algorithm is applied) [92]. In accordance, several reports have
been using BPAQ in children and adolescents to predict bone-relevant weight-
bearing exercise [93-95]. Our control participants have not been involved in
methodical exercise (exclusion criteria included those who participated or had
previously participated in methodical physical exercise activities outside school
curriculum). In order to account for the physical education lessons at school (twice a
week) it was assumed the following activities for control participants: walking/hiking,

running/jogging, soccer and jump rope.

Bone measurements

The same procedures as the previous study (Chapter 7) were followed.
Statistical analyses

Exploratory analyses were conducted in SPSS 20.0 software (IBM SPSS, Chicago,
IL) to check for the presence of outliers; Mahalanobis test was used (BMD from 2
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dance students and 3 controls lied in an abnormal distance from other values and
were excluded).

Independent t-tests were used to compare general characteristics between
pre-professional dancers and controls at each measured occasion (stratified by sex).
Based on a multilevel approach applied to longitudinal data, SuperMix software (SSI
- Scientific Software International, Inc.) was used to investigate the predictors of bone
mass accrual over time in each anatomical site. These analyses are appropriate for
study designs where data is organized in more than one level (in this case,
participants are organized into groups); multilevel models can be used without the
assumption of homogeneity that is required by ANCOVA. Chronological age was
used as the metric of time: time O corresponds to mean chronological age (on
average around 12 years of age); negative values at X axis represents the number of
years before mean chronological age, whereas positive values represent number of

years after mean chronological age.

RESULTS

General characteristics of the participants included in the follow-up are in Table 12.
At the onset of the study, both female and male participants had a mean
chronological age of approximately 12 years old (female dancers: 12.8+2.2, female
controls: 13.0+2.1, p>0.05; male dancers: 12.7+2.2, male controls: 12.7+2.2,
p>0.05). Over time female and male vocational dancers always had a significantly
lower body weight (p<0.001) compared to matched controls. Female vocational
dancers had their menarche approximately one year later than controls (p<0.001),
but the estimated age at PHV did not differ between groups (~12 years old for both
groups). In turn, the age at PHV in male vocational dancers was significantly later
than their controls (=6 months later, p<0.001). At baseline, calcium intake was
significantly increased in female vocational dancers compared to controls (p<0.05),
but there was no difference between groups throughout the follow-up. Male
vocational dancers’ fat and carbohydrate intakes were significantly lower than
matched controls (p<0.001 and p<0.05, respectively). Throughout the follow-up,
energy availability of both female and male vocational dancers was within the normal
range (i.e. <30 kcal/kgFFM/day). Serum IGF-1 concentrations were significantly
higher in female dance students compared to controls at 2yr follow-up (p<0.001);
though their male counterparts reported no significant difference. The amount of
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current and past physical exercise relevant to the skeleton was significantly higher in
female vocational dancers compared with controls: score of 67.7+11.7 vs. 3.8%£3.7,
p<0.001 (current exercise), and 20.7+t11.4 vs. 1.3+1.5, p<0.001 (past exercise),
respectively. The same was revealed by male dancers compared with their controls:
score of 74.1+3.8 vs. 4.3 + 2.3, p<0.001 (current exercise), and 22.3 + 5.0 vs.

2.14+0.9, p<0.001 (past exercise), respectively.
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Table 12. General characteristics of the female and male vocational dance students and aged- and sex-matched controls included in the follow-up

Female vocational dance students

Baseline 1yr Follow-up 2yrs Follow-up
VD Controls VD Controls VD Controls
Age (yrs.) 12.8+2.2 13.0+x2.1 13.6 £ 2.0"** 14.0+2.1" 149+ 1.9 15.0 £ 2.0"*
Weight (kg) 39.3 £9.0%** 52.7+12.8 43.1 + 8.1%xx *+* 55.2 +£10.7"* 44.5 + 6.7%xx T+ 58.6 + 12.4™
Height (cm) 151.7+10.5 154.6 + 8.8 154.5 8.1 156.8 £ 8.1""* 156.9 + 6.6""* 158.4 + 6.9
Age menarche (yrs.)® 125+1.4 11.5+1.2 - - - -
Age at PHV (yrs.)® 126 1.2 12.6+0.8

Energy Intake (Kcal/day)

1724.5 +508.0

1855.3 +£479.2

1787.75 + 444.98

1824.53 + 674.76

17225+ 412.0

1673.4 + 460.0

Calcium (mg) 827.2 + 360.2* 652.33 + 332.0 871.8 +487.1 718.9 + 316.1 758.71 + 297.3 756.0 £ 234.9
Carbohydrates (g) 224.6 + 69.9 238.8 + 85.5 222.77 +58.59 229.23 + 99.95 206.7 + 48.49* 274.4 + 346.1
Fat (g) 59.1 + 83.7* 83.7+46.9 19.68 + 2.81 25.75+4.70 61.8+20.4 55.5+19.3"
Energy availability (kcal’lkgFFM/day) 46.9+22.9 - 39.3 £18.8"** - 31.0+13.1 -
IGF-1 (ng/mL) 304.4 +£120.7 3145 +£115.7 329.21 +£152.05 298.00 £ 111.09 334.5+104.7* 261.7 + 63.3
Bone specific loading (current) - - - - 67.7 £ 11.7%*= 3.8+3.7
Bone specific loading (past) - - - - 20.7 £ 11.4%*= 1.3+£15
BMC FN (g) 3.54 £ 0.95** 3.97+0.89 3.73 £ 0.90%** *** 451 +0.71" 3.76 £ 0.77%x* 4.65 + 0.68*
BMC LS (g) 38.53 + 13.8*** 48.77 +£12.85 41.67 £ 13.21%% *+* 54.38 + 10.38*** 43.76 + 11,94%** +*+* 57.23+9.31"
BMC FA (g) 1.37 £ 0.31%** 1.84+0.33 1.46 £ 0.31%** ™ 1.92 £ 0.28" 1.52 £ 0.29%* *** 1.95+0.27
BMD FN (g/cm?) 0.93 £ 0.17*** 1.08 £0.14 0.94 £ 0.19%* *** 1.06 +£0.13 0.93 £ 0.20*** 1.13+0.21°
BMD LS (g/cm?) 0.90 £ 0.17*** 1.07£0.18 0.91 £ 0.19%* *++ 1.14 +0.14™ 0.93 £ 0.17*** 1.20 £ 0.15*
BMD FA (g/cm?) 0.60 + 0.09*** 0.76 £0.10 0.63 + 0.10%** 0.81 + 0.08"** 0.66 + 0.10%** =+ 0.84 + 0.08"**
Male vocational dance students
Baseline 1yr Follow-up 2yrs Follow-up

VD Controls VD Controls VD Controls
Age (yrs.) 12.7+22 13.0+1.8 13.7 + 2.1 13.9+1.7 " 14.8 + 2.2 14.7 + 1.6"*
Weight (kg) 44.6 £ 13.5* 54.8+13.2 45,7 + 9.2%%* 59.7 £13.5** 49.2 +11.0*** 59.9 + 12.5***
Height (cm) 156.6 £ 15.8 159.8 +10.3 160.5+11.3** 163.5+9.7 ™ 163.2 £ 9.7 165.7 + 8.2™**
Age at PHV (yrs.)® 12.7 + 1.0%** 12.2+0.8 - - - -
Energy Intake (Kcal/day) 1599.3 + 463.9 1900.0 + 451.8 1698.7 + 396.6 2080.5 + 467.6 1900.3 + 280.2 1880.3 + 455.3
Calcium (mg) 725.3 +370.0 645.82 + 214.59 808.3 + 334.6 866.6 + 284.0 * 714.8 + 212.9 850.0 + 405.5*
Carbohydrates (g) 211.2 + 68.5* 232.8+84.2 213.0+54.2 253.4+81.9 232.9+27.8 2245+ 74.76
Fat (g) 54.60 + 19.23*** 82.39 + 22.77 60.2+17.4 70.6 +19.3 71.1+10.9 61.3+17.5
Energy availability (kcal/lkgFFM/day) 36.2+18.1 - 29.2+11.7 - 26.9+13.0 -
IGF-1 (ng/mL) 257.8+71.5 241.8+73.7 272.7 £ 97.2* 266.0 + 106.7 281.5+96.9 3215+ 1255
Bone specific loading (current) - - - - 74.1 + 3.8%* 43+23
Bone specific loading (past) - - - - 22.3 £ 5.0%** 21+0.9
BMC FN (g) 3.93 +1.32% 4.55 +0.98 4.06 + 1.01%+* **+* 5.14 £ 1.20"** 4.56 + 1.39™ 5.33+1.28"*
BMC LS (g) 39.97 + 19.16* 47.07 £12.43 41.75 £ 17.76% *+* 54.34 + 15.38"** 46.24 £ 10.06* 56.75 + 15.87***
BMC FA (9) 2.25+0.98* 1.83+0.33 1.53 + 0.36*** *** 2.06 £ 0.40"* 1.78 + 0.60 2.11 £ 0.44"
BMD FN (g/cm?) 0.90 + 0.23*** 1.13+0.18 0.91 + 0.20** *** 1.07 £0.25* 1.10+0.23 1.14 +£0.18"
BMD LS (g/cm?) 0.82 + 0.21%** 0.98 +0.18 0.84 + 0.20%** *** 1.05+0.21** 0.95+0.24 1.04 £ 0.21***
BMD FA (g/cm?) 0.59 £ 0.10*** 0.72£0.10 0.62 £ 0.09%** **+ 0.80 £ 0.12"** 0.67 £ 0.12%** 0.81+0.11

Values are means + SD

* p<0.05; ** p<0.01; *** p<0.001,; statistical significant differences between groups
+ p<0.05; ** p<0.01; *** p<0.001,; statistical significant differences within groups

VD: vocational dance students; PHV: peak height velocity (estimation); BMC: bone mineral content; BMD: bone mineral density; FN: femoral neck; LS: lumbar spine; FA: forearm; GH:
growth hormone; IGF-1: insulin-like growth factor 1
@ Means were calculated considering all pre-professional ballet dancers and controls assessed throughout the 3 years.

96



Bone mass accruals over time are displayed in Table 13. In terms of BMC
gains in female, the interaction between group and age (i.e. chronological age*group)
was not significant (p>0.05), meaning that female vocational dancers always
revealed lower BMC values at all anatomical sites than controls during the follow-up.
This was also the case for BMD at the forearm (p>0.05). On the other hand, the
interaction chronological age*group for BMD at the FN and LS was significantly
positive (BMD FN: 0.02, p<0.01; BMD LS: 0.02, p<0.01), meaning that baseline
differences between groups in terms of bone mass values have been accentuated
during the follow-up at these anatomical sites. The only significant interaction found
in male participants (chronological age*group) was at the FN (BMC: 0.24, p<0.05).

The coefficients that a) predict bone mass changes over time and b) identify
potential factors that might explain differences in BMC/ BMD between groups
(variable*group) are summarized in Table 13. In female vocational dance students,
the associations between body weight/ menarche with bone mass accruals at
different anatomical sites have been reported in the previous study (Study 3) and will
not be reported here. In the present study though it was found that energy intake
could explain differences in terms of bone mass gains between female dancers and
controls at the FN. Indeed, a significant group effect was found at the FN regarding
energy intake in female dancers (i.e. energy intake*group): female vocational dance
students will have higher bone mass values at this site (0.00004 higher, p<0.05) if
their energy is higher compared to controls of the same age and height.
Nevertheless, it was not found predictors that could explain the lower BMC values
displayed by female dancers compared with controls at the LS and forearm.
Considering male vocational dance students, body weight was a significant predictor
of bone mass accruals throughout the follow-up at the FN and LS (BMC FN: 3=0.04,
p<0.05; BMC LS: $=0.44, p<0.05; BMD). However, the present study was not able to
find significant predictors able to explain bone mass differences between groups (i.e.

male dancer vs. controls).
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Table 13. Predictors of bone mass changes throughout the follow-up in vocational dance students

Predictors

Estimates for female vocational dance students and controls

BMC FN

BMC LS

BMC FA

BMD FN

BMD LS

BMD FA

Intercept
Chronological age

3.77+£0.10
0.28 £ 0.03**

44,77 + 1.21*
2.00 £ 0.44%

1.52 +0.04
0.01 +£0.01**

0.65 £ 0.01**
0.01 + 0.004**

0.92 £ 0.02***
0.02 £ 0.01**

0.95 £ 0.03***
NS

Chronological age? -0.03 £ 0.001*** NS NS -0.02 + 0.001** -0.002 + 0.001* NS
Group 0.25+0.13* 0.99 + 1.70%** 0.26 £ 0.06*** 0.13 £ 0.02*** 0.12 £ 0.03*** 0.10 £ 0.03**
Energy intake NS NS NS -0.0001+ 0.00001** NS NS
Calcium NS NS NS NS NS NS
Carbohydrates NS NS NS NS NS NS
Fat NS NS NS NS NS NS
Energy availability 0.01 £ 0.003* NS NS NS NS NS
Chronological age*Group NS NS NS 0.02 + 0.001** 0.02 £ 0.01** NS
Energy intake*Group - - - 0.00004 + 0.0002* - -
Calcium*Group - - - - - -
Carbohydrates*Group - - - - - -
Fat*Group - - - - - -

Estimates for male vocational dance students and controls
Predictors BMC EN BMC LS BMC FA BMD EN BMD LS BMD FA
Intercept 4.13+0.18 42.06 + 1.98*** 1.97 + 0.09*** 0.89 + 0.04** 0.85 £ 0.03*** 0.60 £ 0.01**
Chronological age NS 2.28 £ 0.95* NS NS NS 0.02 £ 0.01**
Chronological age? 0.05 £ 0.01*** 0.95 + 0.16%** NS 0.01 + 0.004** 0.01 £ 0.002*** 0.05 £ 0.01**
Group 0.48 £ 0.20* 5.52 + 2.24* NS 0.18 £+ 0.05*** 0.12 £ 0.03*** 0.14 £ 0.02***
Weight 0.04 + 0.02* 0.44 +0.22* NS NS NS NS
Height NS 0.41 +0.19* NS NS NS NS
Energy intake NS NS NS NS NS NS
Calcium NS NS NS NS NS NS
Carbohydrates NS NS NS NS NS NS
Fat NS NS NS NS NS NS
Energy availability NS NS NS NS NS NS
IGF-1 NS NS NS NS NS NS
Chronological age*Group 0.24 +£0.09* NS NS NS NS NS
Weight*Group NS NS - - - -
Height*Group - NS - - - -

Energy intake*Group
Calcium*Group
Carbohydrates*Group
Fat*Group
IGF-1*Group

Values are estimates + standard errors

* p<0.05; ** p<0.01; *** p<0.001; significant predictor

Energy availability prediction was estimated considering only data from vocational dance students

NS: not significant

BMC: bone mineral content; BMD: bone mineral density; FN: femoral neck; LS: lumbar spine; FA: forearm; GH: growth hormone; IGF-1: insulin-like growth factor 1
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DISCUSSION

It is widely believed that vocational dance students and professional dancers might
be at risk of developing low BMD and osteoporosis later in life. Several studies have
been giving support to this claim [44—46,146]. Additionally, the IADMS published a
report highlighting dancers’ bone health as a topic of major concern [17].
Nevertheless, apart from all these premises, less is known in relation to vocational
dancer’'s bone heath (both in female and male young dancers) [109]. To my
knowledge, the present study is the first to longitudinally assess female and male
vocational dance students’ during adolescence, and to investigate the association
between bone mass accruals with nutrition and energy availability. It was found
longitudinal evidence that young vocational dancers’ BMC and BMD (both female
and male) are lower compared to controls throughout time, and that nutrition (i.e.
calcium, fat, carbohydrates) were not significant predictors of bone mass gains as
dancers’ growth; energy intake was found to positively predict bone mass accruals at
the FN in female dancers.

Body characteristics are important parameters to be considered in a vocational
dance school [13]. Therefore, it was not surprising to find that body weight was
significantly lower in all measured occasions compared to controls in both female and
male dancers. Actually, probably because professional dancing emphasises
leanness and an aesthetic silhouette, it is general accepted that these professionals
are at increased risk for a relative low energy availability (due to restricted diets to
achieve the ideal body shape) [17-19], placing them at risk for the female athlete
triad/ RED-S and, consequently, low BMD. However, as dancers’ energy availability
lied within the normal range throughout all measured occasions, it seems unlikely
that this parameter will trigger the female athlete triad and/or RED-S. Indeed, energy
deficiency and low energy intake have been linked to low BMD phenotypes through
the hormone IGF-1; serum alterations of this hormone have been reported in the
presence of negative energy imbalance [140]. As showed in the previous study
(Study 3), IGF-1 serum concentrations of female vocational dancers were similar and
even higher (at 2-yr follow-up) compared to controls. In male vocational dance
students, the present study also showed that IGF-1 serum concentrations did not
differ between dancers and matched controls. These facts reinforce the unlikelihood
of our dancers to develop RED-S. Actually, if energy intake and/or energy availability

were negatively affecting BMD in our vocational dancers, it would be expected to find
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lower IGF-1 serum concentrations compared to controls as it has been reported that
IGF-1 is sensitive to changes in nutrition intakes, particularly caloric intake [140]. In
accordance, the aetiology of the lower bone health displayed by vocational dance
students compared to controls might be triggered by other factors. Future studies
should consider parameters such as genetics; further, dance participants and
controls should be assign into normal BMD and low BMD to investigate whether
energy intake and energy availability predict low bone mass phenotypes.

Studies in elite dance usually focus their analysis in female dancers; only a
few studies included male dancers in their methodologies [109]. These studies
focused on professional male dancers and show conflicting results, i.e. one showed
that BMD in male dancers is lower compared with controls, whereas other showed
higher BMD [64,69]. In study 2, it is suggested that young male dance students may
also be at risk for low BMD as it was found that adjusted BMD values for body weight
and maturation were significantly lower compared to controls at both impact and non-
impact sites. In the present study male vocational dance students were followed
longitudinally. Similar as their female counterparts, it was found an absence of a
“catch-up” accrual during the follow-up in relation to controls; male dancers” bone
mass values remained consistently lower compared to non-exercising controls as
they progressed on their professional dance training. Apparently, as in female
dancers, traditional osteoporosis risk factors as body weight, maturation, energy
availability and nutrition intake seem not to explain the lower bone mass values
revealed by male dancers compared to controls. Actually, it is clear from the BPAQ
that the amount of exercise relevant to bone was significant higher in both female
and male dancers compared to controls. This means that our vocational dancers
have been receiving more weight-bearing stimuli than controls. Consequently, due to
the positive effects of this type of exercise on bone cells, it would be expected to find
significantly higher bone mass accruals compared to controls [132]. Furthermore, it
would also be expected to find significantly higher IGF-1 serum concentrations in
vocational dancers compared to controls due to the effects of exercise in this
hormone [140,150], leading further to greater bone mass accruals compared to non-
exercise participants. Whereas at 2-yr follow-up, IGF-1 serum concentrations were
significantly increased in our female vocational dancers compared to controls, the

same was not observed in vocational male dancers. As previous hypothesised in

100



other studies in this Thesis, it could be the case that genetic mechanisms are
mediating the degree of bone mass gains from exercise stimuli [153-155].

The present study has limitations. Results of the present paper are based on a
mixed- longitudinal design with a relative small sample size for this type of study.
The main outcome in this study — BMC, measured by DXA - does not account for
changes in bone microarchitecture; however, this device (as well as BMC as main
outcome) is considered the “gold standard” to longitudinally measure children [158].
The use of the use of a self-reported questionnaire to assess bone specific loading
and nutrition intake, as well as the lack of data on energy availability in controls, are

further limitations of the present study.

CONCLUSION

Female and male vocational dancers displayed lower bone mass values compared to
controls at both impact and non-impact sites; dancers” bone mass values remained
consistently lower compared to non-exercising controls as they progressed on their
professional dance training. Energy intake and energy availability was found to
positively predict bone mass gains at the FN in female dancers. Nutrition, energy
expenditure and energy availability seem not to explain the lower bone mass values

revealed by male dancers compared to controls at both impact and non-impact sites.
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CHAPTER 9: GENETIC VARIATION IN WNT/B-CATENIN AND ER SIGNALLING
PATHWAYS IN PROFESSIONAL BALLET DANCERS AND VOCATIONAL
DANCE STUDENTS: ASSOCIATIONS WITH LOW BONE MINERAL DENSITY
(STUDY 5)

Parts of this chapter have been submitted in the peer-reviewed journal Journal of
Clinical Endocrinology and Metabolism. The author of this Thesis appears as the

leading author.

ABSTRACT

Background and Aim Genetic variation at the Wnt/B-catenin and ER signalling
pathways are critical in determining bone mass phenotypes. As the risk factors
associated with low BMD in dancers are not fully described, this study aims to assess
if SNPs in the Wnt/B-catenin and ER signalling pathways are associated with low
BMD in professional ballet dancers and vocational dance students.

Methods A genetic population-based association study was conducted in a cohort of
professional and vocational dance students (n=151); age and sex-matched controls
(non-dancers) were included. Eleven SNPs of the Wnt/B-catenin and ER pathways
(SOST: rs851054, rs851056, rs10534024, rs4792909, rs9902563; LRP5: rs3736228,
rs2306862, rs682429, rs491347, rs3781590, rs2508836, rs643892, rs312786; ESR1:
rs2234693, rs9340799; ESR2: rs1256030, rs960070) were genotyped and evaluated
for association with low BMD (measured by DXA and defined as Z-score < -1.0 for
adults; and Z-score < -2.0 for adolescents) at the forearm, lumbar spine (LS) and
femoral neck (FN).

Results Comparing dancers with normal BMD with dancers with low BMD, it was
found the A allele of rs9340799 (ERS1) was associated with low BMD in dancers at
the forearm [OR (CI1)=10.74 (1.37-83.98), p=1.9x107°]. Considering controls with
normal BMD and dancers with low BMD, the A allele of the same SNP increased
significantly the odds of low BMD in dancers at the forearm [OR (CI)=1.95 (1.09-
3.51), p=0.020], LS [OR (CI)=2.32 (1.24-4.32), p=5.8x1073] and FN [OR (Cl)=2.45
(1.26-4.74), p=5.2x10°]. LRP5 rs2508836 C allele was also associated with
increased odds of low BMD in dancers at the LS (OR=6.90; ClI, 1.27-37.49, p=0.010).
Haplotype analysis revealed the blocks GCGT and GCAG at the LRP5 gene
significantly increased the odds for low BMD in dancers at the LS and forearm [OR
(CNH=12.7 (1.22-132.18) p=0.033; OR (Cl)= 6.43 (1.33-31.14, p=0.021], respectively.
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Conclusion This study shows, for the first time, that genetic variants at the Wnt/-
catenin and ER signalling pathways are associated with increased odds for low BMD

professional ballet dancers and vocational dance students.

Keywords BMD; athletes; sclerostin; weight-bearing; dance

INTRODUCTION

Osteoporosis is a bone disease caused by bone resorption exceeding bone
formation [138]. The result of this bone remodelling imbalance is reduced bone mass
and strength, changes in the microarchitecture of bone tissue and increased fracture
risk [138]. BMD is the parameter most used to diagnose osteoporosis and predict
bone fracture risk [32,33].

Osteoporosis is traditionally associated with the elderly and postmenopausal
women [164]. In other populations, such as elite dancers, this clinical condition, along
with low BMD, has been recognized as an increasingly important health concern [17].
Indeed, some observations have emphasized that professional and vocational dance
students have low bone mass values compared to controls or normative values at
several skeletal sites [18,25,43,146]. Literature highlights the possible deleterious
effects of the risk factors for low bone mass that dancers are exposed to (e.g. low
body weight, menstrual disturbances, low energy availability). Nevertheless, in
previous studies of the present PhD thesis it has been shown that the
aforementioned factors not always seem to be associated with BMD and low bone
mass phenotypes. Indeed, it seems that the mechanisms and risk factors associated
with low BMD in dancers are not fully understood [109].

Research on animal models and human populations has been showing that
there is a high variation in the skeletal adaptation to exercise [153,154,165]. Such
differential bone anabolic responses might rely on the genetic background
[154,155,165]. Indeed, two biological signalling transduction pathways, the oestrogen
receptor (ER) and the Wnt/B-catenin signalling pathway have an important role in
mediating bone responsiveness to mechanical loading [132,155]. Therefore, SNPs in
genes of the aforementioned pathways (e.g. SOST, LRP5, ESR1 and ESR2) may be
relevant and contribute to a further understanding of the factors involved in low bone
mass phenotypes in dancers; however, this question has never been addressed. In

accordance, the aim of the present study is to assess the association of genetic
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polymorphisms in the Wnt/B-catenin and ER signalling pathways with low BMD in

professional ballet dancers and vocational dance students.

METHODS

Study population

The present genetic population-based association study has been conducted in the
community of active dancers from a professional ballet company and vocational
dance students enrolled in a vocational dance school (school offering full-time
professional dance training). An introductory letter describing briefly the study was
sent to the executive boards of the dance school and ballet company. Following
boards’ permission, vocational dancers (and respective guardians) and professional
dancers were presented with the purposes of the study; 126 dance students (70.0%)
and 41 professional dancers (68.3%) volunteered. All volunteers completed a
guestionnaire concerning their ethnicity, medical history, and past/current
calcium/vitamin D supplementation. Eligible criteria included participants of white
European origin, with no illnesses or treatments that might affect bone metabolism,
not taking medication known to influence bone metabolism and no calcium/vitamin D
supplementation (two dance students and one professional dancers were excluded).
Women taking oral contraceptives and hormonal therapy were excluded (one
professional dancer). Based on these criteria, the studied population consisted of 151
professional ballet dancers and vocational dance students.

Non-exercising participants were recruited from two local state schools and
local Universities to act as controls. Eligibility criteria for controls were set according
to dancers’ characteristics, i.e. controls were only considered eligible if they were of
the same sex, age (defined as decimal age; 12-months difference of a dancer) and
race (white European-Caucasian) as dancers. Exclusion criteria included
participation in organised physical activities/sports outside school curriculum; children
participants involved in physical education sessions at their school were not excluded
(2 sessions of physical education lessons at school, 1/1.5 hours per session). Control
participation was also restricted to those who had received/were receiving
medications known to affect bone metabolism and to who reported
illnesses/treatments that might affect bone metabolism. Following consent from the

respective boards of directors, the study was advertised by the school/ universities
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authorities. Out of the 282 responses (105 pupils, 177 university students), 151 that
fulfilled the aforementioned criteria and were further included in the study.

All participants provided signed informed consent according to the Declaration
of Helsinki. The study was approved by the ethics committee of the Regional
Administration of Health of Lisbon, Portugal (Proc.063/CES/INV/2012).

Study design

Study design and data collection are summarised in Figure 8. Briefly, a cross-
sectional study was conducted in all professional dancers and vocational dance
students recruited for the present study (151 dancers); these dancers were screened
for the presence of low BMD and traditional osteoporosis risk factors (i.e. low body
weight, menstrual disturbances, and low energy availability) considering current
guidelines on the topic. Furthermore, in order to investigate potential novel factors
associated with low BMD in our dance population, a genetic association study was
also conducted in all recruited professional dancers, vocational dance students and
aged- and sex-matched controls (151 dancers and 151 controls). Afterwards, in order
to obtain more evidence concerning previous findings, a subgroup of 101 vocational
dance students (and aged- and sex-matched controls) were assessed longitudinally

aiming at evaluating the associations of sclerostin with bone mass gains.
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Figure 8. Flow chart of data collection and timeline
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Cross-sectional analysis

All 151 professional ballet dancers and vocational dance students were screened for
the presence of low BMD. The ISCD criterion for children was used to diagnose
vocational dance students (the ISCD has adopted the term “low BMD” for a Z-score
less than -2.0), and the ACSM guidelines were adopted to diagnose professional
ballet dancers. The ACSM uses the term “low BMD” for a Z-score between -1.0 and -
2.0 (along with secondary risk factors for stress fractures) and the term “osteoporotic”
for a Z-score equal or less than -2.0 (along with secondary risk factors for stress
fractures). In accordance, it was also searched for the presence of the
aforementioned osteoporosis risk factors in our dance population. Specifically,
dancers were screened for the presence of low body weight (defined as a body mass
index of <18.5 for adult participants — WHO criteria; for children and adolescents, it
was considered the body mass index expected for the age), low energy availability
(<30.0 kcal/kgFFM/day), and, in case of female participants, menstrual disturbances

(primary/secondary amenorrhea, oligopamenorrhea).

Genetic association study

Genes of the Wnt/B-catenin and ER signalling pathways with potential biological
function, and further established in genome-wide association studies (GWAS) and
meta-analysis as genes related to low bone mass phenotypes, were identified
according to literature reports. This resulted in the identification of four major genes:
SOST, LRP5 (Wnt/B-catenin pathway), ESR1 and ESR2 (ER signalling pathway).
SNPs in or near these genes reported to have a significant association with BMD
variation and risk of osteoporosis in European populations were identified using
genetic variation databases such as Hapmap and NCBI, and previous association
studies on European populations. The following SNPs were identified in SOST:
rs851054, rs851056, rs10534024, rs4792909, rs9902563; LRP5: rs3736228,
rs2306862, rs682429, rs491347, rs3781590, rs2508836, rs643892, rs312786; ESR1:
rs2234693, rs9340799; ESR2: rs1256030, rs960070.

Characteristics of each SNP were examined using the Ensembl database, and
linkage disequilibrium (LD) analyses were performed using Haploview 4.1 with data
available on HapMap. Within SOST region, rs4792909 and rs9902563 were located
32275 and 74118 bases, respectively, far downstream of the SOST start site. The
SNPs rs851054 and rs851056 were in complete LD (R?=1), while rs10534025 were
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not in LD with any of the other SNPs. Both rs3781590 and rs643892 in LRP5 were in
complete LD (R?=1) with another SNP that has not been previously studied in relation
to bone mass phenotypes (rs587808), whereas rs2508836, rs491347 and rs312786
were not in LD with any of the others SNPs. Information on rs682429 was not
available on HapMap by the time of the LD assessment. The minor allele frequency
(MAF) of rs3736228 and rs2306862 was low within the European ancestry population
(CEU) (0.12 and 0.13, respectively). Considering the SNPs in ESR1, LD analyses
revealed that rs2234693 and rs9340799 were in moderate LD (R?=0.6), whereas
rs1256030 and rs960070 in ESR2 revealed high LD (R?=0.9). Based on the attributes
described, the following eleven SNPs were selected for genotyping: SOST:
rs851054, rs10534024; LRPS5: rs682429, rs491347, rs2508836, rs587808, rs312786;
ESR1: rs2234693, rs9340799; ESR2: rs1256030, rs960070.

Longitudinal analysis

All vocational dance students (n=115) and aged- and sex matched controls included
in the cross-sectional analysis were asked to participate on a follow-up study in order
to analyse sclerostin serum concentration and bone mass throughout growth. Sixty-
three female vocational dancers (vs. 50 aged- and sex-matched controls) and 38
male vocational dance students (vs. 47 aged- and sex-matched controls)
volunteered. A mixed-longitudinal design was followed. Data were collected annually
for three consecutive years, from January 2013 to March 2015. Details on the

participants’ measurements and specific methodology appear in Figure 9.

Anthropometry, menstrual, nutritional intake and energy availability
The same procedures as the previous study (Study 8) were followed.

Hormonal analysis

Blood samples were collected in early morning after an 8-hour fasting. Blood
samples were submitted to centrifugation at 25009 for 10 min; serum samples were
stored at -80°C until they were analysed. Serum sclerostin concentrations were
measured by an ELISA assay kit (Human SOST/Sclerostin Quantikine ELISA Kit, Ref
DSSTO00), from R&D Systems, Inc. (Minneaplolis, MN 55413, USA). The intra-assay
and inter-assay CV’s ranged between 1.8-2.1% and 8.2-10.8%, respectively.
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Genotyping

Genomic DNA was isolated from blood using the MagNA Pure LC DNA isolation kit
(Roche, Switzerland) according to product specifications. Primers were generated
from the genomic sequence using Primer-BLAST and its specificity determined using
BLASTn. DNA was amplified with the QIAGEN Multiplex PCR Kit (Qiagen,
Germany), either in single PCR reactions (SNP rs312786) or in two sets of multiplex
reactions (set 1: SNPs rs2234693, rs960070, rs682429, rs587808 and rs851054; set
2: SNPs rs9340799, rs1256030, rs491347, rs2508836 and rs10534024). PCR
products were purified using Sephadex G-50 fine (Sigma-Aldrich, USA) columns on a
filtration plate and genotypes determined using the Genetic Analyzer 3130 and

3130xI (Applied Biosystems).

Bone measurements

The same procedures as the previous studies (Study 7 and 8) were followed.

Statistical analyses

Cross-sectional analysis: Independent t-tests were used to compare descriptive
characteristics and unadjusted values of bone measurements between dancers with
low BMD and dancers with normal BMD. Bone parameters were further compared
between professional dancers with low BMD with professionals with normal BMD
after adjustment for age, sex and primary amenorrhea using analysis of covariance
(ANCOVA). ANCOVA was also used to estimate bone mass values in pre-
professional dance students’ bone mass values after the adjustment for sex, energy
availability, fat, calcium and carbohydrates intakes. All analyses were performed with
SPSS v.20.0 and statistical significance was set at p<0.05.

Genetic association study: Independent t-tests were used to compare general
characteristics between dancers and controls (stratified by bone mass phenotypes)
using the software SPSS (version 18.0). Hardy-Weinberg equilibrium (HWE) of
alleles at individual loci (level of significance set at p<0.01) was measured at the
level of the control population. Association of genotypes with study groups (defined
according to bone mass status: dancers with normal BMD vs. dancers with low BMD,
and controls with normal BMD vs. dancers with low BMD) and independence of
SNPs were assessed by unconditional logistic regression with the “SNPassoc”

package implemented in R. The minor allele of most SNPs is the ancestral allele and,
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thus, it has been selected as the reference allele in all analysis. Four hereditary
models were considered in the analysis (codominant, dominant, recessive and log-
additive) and included the variable weight. Other confounding variables such as sex
and age were not included in the models because the BMD measurements were
performed according to references that already included adjustment for those
variables. The adjustment for multiple testing was performed by the false discovery
rate (FDR) method. Haplotype frequencies were inferred using the “haplo.stats”
package implemented in R. Haplotype association with the study groups (OR, 95%
Cl and p values) was assessed for those with a minimum haplotype frequency of
0.01 and using as reference the most frequent haplotype.

Longitudinal analysis: Independent t-tests were used to compare general
characteristics between vocational dance students and aged- and sex-matched
controls at each measured occasion. Bone mass values were adjusted for sex and

serum sclerostin concentrations using ANCOVA. Significance was set at p<0.05.

RESULTS

Out of the 151 professional ballet dancers and vocational dance students included in
the present study, 80 were diagnosed with low BMD (against 70 that were within the
normal range) (Figure 10). Out of these 80, 56.3% had at least one traditional
osteoporosis risk factor, whereas 28.6% were diagnosed with low BMD but did not
display any risk factor. In contrast, 37.2% revealed one or more traditional

osteoporosis risk factors, but had normal BMD (Figure 9).
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Figure 9. (A) Professional ballet dancers and vocational dance students with low
bone mineral density (BMD) at least in one anatomical site and absence/
presence of osteoporosis risk factors (N=80). (B) Professional ballet dancers and
vocational dance students with normal BMD and absence/ presence of
osteoporosis risk factors frequently considered in athletic populations (N=70).

The following osteoporosis risk factors were considered: low body weight (defined
as a body mass index of <18.5 for adult participants — WHO criteria; for children
and adolescents, it was considered the body mass index expected for the age),
low energy availability (<30.0 kcallkgFFM/day), and, in case of female
participants, = menstrual  disturbances  (primary/secondary  amenorrhea,
oligoamenorrhea).

General characteristics of these participants are displayed in Table 14
(Appendix 7). Briefly, considering professional dancers, the ones with low BMD had
approximately 37 years old, whereas the ones with normal BMD had approximately
30 years old (p<0.05). The percentage of female professional dancers displaying
primary amenorrhea was significantly higher in the ones with normal BMD compared
with the ones with low BMD (p<0.05). There was not a significant difference between
professional dancers with low versus normal BMD in terms of energy, calcium, fat
and carbohydrates intakes, nor in energy availabilty. BMC and BMD were
significantly lower at FN and forearm in professional dancers with low BMD
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compared with the ones with normal BMD values (p<0.01). Regarding vocational
dance students, there was not a significant difference in age, weight and height
between the ones with low BMD with the ones with normal BMD. However,
vocational dancers with low BMD consumed significantly less calories (p<0.01),
calcium (p<0.01), fat (p<0.05) and carbohydrates (p<0.01) compared with vocational
dancers with normal BMD. Also, although within the normal range, energy availability
of vocational dancers with low BMD is significantly lower compared with the ones
with normal BMD (p<0.05). All bone mass parameters were significantly lowered in
vocational dancers with low BMD compared to the ones with normal BMD (BMC
values: p<0.001; BMD values: p<0.01).

Bone mass parameters of professional dancers were further adjusted for age,
sex and primary amenorrhea, whereas in vocational dancers bone values were
adjusted for sex, energy availability and nutrition intake (energy, fat, calcium,
carbohydrates) (Table 15; Appendix 7). After the adjustment, professional dancers
previously diagnosed with low BMD continued to display a significant lower BMC and
BMD values at the forearm compared with their counterparts with normal BMD (BMC:
p<0.05; BMD: p<0.01). Similarly, vocational dancers with low BMD also displayed
significantly lower bone mass parameters compared with vocational dancers with
normal BMD at all anatomical sites after the adjustment (FN BMC/ BMD: p<0.001; LS
BMC:p<0.001;forearmBMD:p<0.001).

112



Characteristics of the participants included in the genetic analysis appear in
Table 16 (Appendix 7). Three SNPs [rs682429 (LRP5), rs851054 and rs10534024
(SOST)] that were significantly deviated from the Hardy-Weinberg Equilibrium
(p<0.01) were not considered for statistical analysis and will not be further mentioned
(Table 17; Appendix 7). Table 18 shows the association of SNPs in LRP5, ESR1 and
ESR2 with bone mass phenotypes comparing professional and vocational dancers
with normal BMD (reference group — dancers with normal BMD) and dancers with
low BMD according to different hereditary models. The T allele in rs2234693 (ESR1)
was associated with low BMD at the LS [OR (Cl)=1.77 (1.06-2.97), p=0.026).
However, this association was not retained after FDR correction. Considering the
SNP rs9340799 (ESR1), the A allele (dominant model) was associated with low BMD
in professional and vocational at the forearm [OR (CI)=10.74 (1.37-83.98), p=1.9x10"
3]. The genotypes AG and AA were significantly associated with low BMD at the
forearm with an OR (CI) of 10.63 and 10.85, respectively (p=8.2x1073).
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Table 18. Genotype distribution of SNPs in the Wnt/B-catenin and ER signalling pathways and association with low BMD phenotype in dancers [dancers with normal BMD (ref) versus dancers

with low BMD] given by the odds ratio (OR) and 95% confidence intervals (95%Cl).

Dancers OR (95% CI) — p-value
Gene/ Model Normal BMD Low BMD
SNP Forearm LS FN Forearm LS FN Forearm p LS p FN p
LRP5 n (%) n (%) n (%) n (%) n (%) n (%)
rs491347 Codominant
GG 13(13.3) 11(11.5) 13(13.1) 6(12.0) 8(15.1) 6(12.5) 1.00" 0.896 1.00" 0.877 1.00" 0.978
AG 32(32.7) 34(35.4) 35(35.4) 19(38.0) 18(34.0) 17(35.4) 1.16(0.37-3.64) 0.80(0.27-2.37) 1.13(0.36-3.53)
AA 53(54.1) 51(53.1) 51(51.5) 25(50.0) 27(50.9) 25(52.1) 0.98(0.33-2.90) 0.76(0.27-2.14) 1.10(0.37-3.26)
A-carrier vs GG 85(86.7) 85(88.5) 86(86.9) 44(88.0) 45(84.9) 42(87.5) 1.05(0.37-2.98) 0.932 0.78(0.29-2.09) 0.618 1.11(0.39-3.16) 0.842
AA vs G-carrier 53(54.1) 51(53.1) 51(51.5) 25(50.0) 27(50.9) 25(52.1) 0.87(0.44-1.74) 0.696 0.90(0.46-1.76) 0.753 1.01(0.50-2.01) 0.984
Log-additive 98(66.2) 96(64.4) 99(67.3) 50(33.8) 53(35.6) 48(32.7) 0.94(0.58-1.54) 0.813 0.89(0.56-1.44) 0.646 1.03(0.63-1.68) 0.914
rs2508836 Codominant
TT 12(12.2) 12(12.5) 12(12.1) 2(4.0) 2(3.8) 2(4.2) 1.00" 0.194 1.00" 0.169 1.00" 0.154
CT 37(37.8) 36(37.5) 35(35.4) 22(44.0) 23(43.3) 23(47.9) 3.76(0.76-18.65) 3.83(0.78-18.87) 3.91(0.80-19.18)
cC 49(50.0) 48(50.0) 52(52.5) 26(52.0) 28(52.8) 23(47.9) 3.22(0.66-15.64) 3.60(0.74-17.46) 2.69(0.55-13.05)
C-carriervs TT 86(87.8) 84(87.5) 87(87.9) 48(96.0) 51(96.2) 46(95.8) 3.45(0.73-16.21) 0.078 3.70(0.79-17.38) 0.060 3.19(0.68-14.92)  0.099
CC vs T-carrier 49(50.0) 48(50.0) 52(52.5) 26(52.0) 28(52.8) 23(47.9) 1.05(0.53-2.09) 0.890 1.15(0.59-2.27) 0.682 0.85(0.42-1.70) 0.641
Log-additive 98(66.2) 96(64.4) 99(67.3) 50(33.8) 53(35.6) 48(32.7) 1.26(0.74-2.14) 0.399 1.34(0.79-2.29) 0.270 1.09(0.64-1.86) 0.738
rs587808 Codominant
GG 16(16.3) 19(19.8) 19(19.2) 12(24.0) 9(17.0) 9(18.8) 1.00" 0.497 1.00° 0.923 1.00" 0.957
AG 40(40.8) 38(39.6) 40(40.4) 20(40.0) 23(43.4) 21(43.8) 0.71(0.28-1.80) 1.21(0.47-3.16) 1.07(0.41-2.79)
AA 42(42.9) 39(40.6) 40(40.4) 18(36.0) 21(39.6) 18(37.5) 0.57(0.22-1.45) 1.14(0.44-3.00) 0.95(0.36-2.51)
A-carrier vs GG 82(83.7) 77(80.2) 80(80.8) 38(76.0) 44(83.0) 39(81.2) 0.63(0.27-1.48) 0.297 1.18(0.49-2.85) 0.712 1.01(0.42-2.45) 0.984
AA vs G-carrier 42(42.9) 39(40.6) 40(40.4) 18(36.0) 21(39.6) 18(37.5) 0.71(0.35-1.45) 0.350 1.00(0.50-2.00) 0.999 0.91(0.45-1.85) 0.793
Log-additive 98(66.2) 96(64.4) 99(67.3) 50(33.8) 53(35.6) 48(32.7) 0.76(0.48-1.21) 0.242 1.05(0.66-1.66) 0.845 0.96(0.60-1.54) 0.871
rs312786 Codominant
TT 8(8.2) 10(10.4) 10(10.1) 5(10.0) 3(5.7) 3(6.2) 1.00" 0.406 1.00° 1.00" 0.126
GT 36(36.7) 36(37.5) 34(34.3) 23(46.0) 23(43.4) 25(52.1) 1.07(0.31-3.69) 2.06(0.51-8.36) 0.568 2.40(0.60-9.66)
GG 54(55.1) 50(52.1) 55(55.6) 22(44.0) 27(50.9) 20(41.7) 0.66(0.19-2.25) 1.77(0.45-7.02) 1.19(0.30-4.80)
G-carriervs TT 90(91.8) 86(89.6) 89(89.9) 45(90.0) 50(94.3) 45(93.8) 0.82(0.25-2.67) 0.180 1.89(0.49-7.25) 0.331 1.65(0.43-6.33) 0.446
GG vs T-carrier 54(55.1) 50(52.1) 55(55.6) 22(44.0) 27(50.9) 20(41.7) 0.62(0.31-1.25) 0.242 0.96(0.49-1.89) 0.913 0.57(0.28-1.15) 0.116
Log-additive 98(66.2) 96(64.4) 99(67.3) 50(33.8) 53(35.6) 48(32.7) 0.73(0.43-1.24) 0.243 1.09(0.65-1.85) 0.744 0.79(0.46-1.34) 0.377
ESR1
rs2234693 Codominant
cC 20(20.4) 22(22.9) 20(20.2) 8(16.0) 6(11.3) 7(14.6) 1.00" 0.805 1.00" 0.081 1.00" 0.293
TC 50(51.0) 51(53.1) 54(54.5) 28(56.0) 27(50.9) 23(47.9) 1.37(0.53-3.53) 2.04(0.73-5.68) 1.25(0.46-3.37)
TT 28(28.6) 23(24.0) 25(25.3) 14(28.0) 30(37.7) 18(37.5) 1.23(0.43-3.51) 3.30(1.11-9.86) 2.09(0.73-6.02)
T-carrier vs CC 78(79.6) 74(77.1) 79(79.8) 42(84.0) 47(88.7) 41(85.4) 1.32(0.53-3.27) 0.547 2.43(0.91-6.51) 0.062 1.52(0.59-3.90) 0.379
TT vs C-carrier 28(28.6) 23(24.0) 25(25.3) 14(28.0) 20(37.7) 18(37.5) 0.97(0.45-2.09) 0.941 1.92(0.92-4.00) 0.081 1.77(0.84-3.73) 0.132
Log-additive 98(66.2) 96(64.4) 99(67.3) 50(33.8) 53(35.6) 48(32.7) 1.08(0.65-1.79) 0.769 1.77(1.06-2.97) 0.026 1.49(0.88-2.50) 0.130
rs9340799 Codominant
GG 17(17.3) 14(14.6) 15(15.2) 1(2.0) 4(7.5) 3(6.2) 1.00" 8.2x103™ 1.00" 0.278 1.00" 0.067
AG 41(41.8) 43(44.8) 46(46.5) 24(48.0) 22(41.5) 18(37.5) 10.63(1.32-85.87) 1.75(0.51-6.01) 1.92(0.49-7.48)
AA 40(40.8) 39(40.6) 38(38.4) 25(50.0) 27(50.9) 27(56.2) 10.85(1.35-87.36) 2.47(0.73-8.41) 3.60(0.94-13.73)
A-carrier vs GG 81(82.7) 82(85.4) 84(84.8) 49(98.0) 49(92.5) 45(93.8) 10.74(1.37-83.98) 1.9x103™ 2.09(0.65-6.75) 0.196 2.67(0.73-9.74) 0.106
AA vs G-carrier 40(40.8) 39(40.6) 38(38.4) 25(50.0) 27(50.9) 27(56.2) 1.41(0.71-2.81) 0.330 1.58(0.80-3.12) 0.191 2.12(1.05-4.29) 0.035
Log-additive 98(66.2) 43(44.8) 99(67.3) 50(33.8) 22(41.5) 48(32.7) 1.74(1.01-2.97) 0.039 1.51(0.90-2.54) 0.115 1.89(1.08-3.28) 0.020
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Table 18. Continued

Dancers OR (CI) - p-Value
Gene/ Model Normal BMD Low BMD
SNP Forearm LS FN Forearm LS FN Forearm p LS p FN p
ESR2 n (%) n (%) n (%) n (%) n (%) n (%)
rs1256030 Codominant
AA 19(19.4) 19(19.8) 18(18.2) 11(22.0) 11(20.8) 11(22.9) 1.00" 0.250 1.00" 0.833 1.00" 0.420
GA 50(51.0) 47(49.0) 51(51.5) 19(38.0) 23(43.4) 19(39.6) 0.65(0.26-1.62) 0.85(0.35-2.10) 0.61(0.24-1.54)
GG 29(29.6) 30(31.2) 30(30.3) 20(40.0) 19(35.8) 18(37.5) 1.24(0.48-3.20) 1.07(0.42-2.76) 0.97(0.37-2.52)
G-carrier vs AA 79(80.6) 77(80.2) 81(81.8) 39(78.0) 42(79.2) 37(77.1) 0.86(0.37-2.00) 0.725 0.94(0.41-2.17) 0.880 0.75(0.32-1.75) 0.504
GG vs A-carrier 29(29.6) 30(31.2) 30(30.3) 20(40.0) 19(35.8) 18(37.5) 1.67(0.81-3.44) 0.166 1.20(0.59-2.44) 0.622 1.36(0.66-2.81) 0.413
Log-additive 98(66.2) 47(49.0) 99(67.3) 50(33.8) 53(35.6) 48(32.7) 1.19(0.74-1.93) 0.474 0.82(0.41-1.61) 0.810 0.63(0.31-1.26) 0.868
rs960070 Codominant
GG 23(23.5) 25(26.0) 24(24.2) 12(24.0) 10(18.9) 10(20.8) 1.00" 1.00" 0.671 1.00" 0.427
CG 52(53.1) 48(50.0) 54(54.5) 24(48.0) 29(54.7) 23(47.9) 0.94(0.40-2.23) 0.809 1.45(0.60-3.46) 0.99(0.41-2.41)
CC 23(23.5) 23(24.0) 21(21.2) 14(28.0) 14(26.4) 15(31.2) 1.24(0.47-3.28) 1.47(0.54-3.98) 1.68(0.62-4.53)
C-carrier vs GG 75(76.5) 71(74.0) 75(75.8) 38(76.0) 43(81.1) 38(79.2) 1.03(0.46-2.32) 0.940 1.45(0.63-3.34) 0.372 1.18(0.51-2.74) 0.695
CC vs G-carrier 23(23.5) 23(24.0) 21(21.2) 14(28.0) 14(26.4) 15(31.2) 1.29(0.59-2.81) 0.525 1.13(0.52-2.46) 0.753 1.69(0.77-3.68) 0.192
Log-additive 98(66.2) 96(64.4) 99(67.3) 50(33.8) 53(35.6) 48(32.7) 1.12(0.68-1.83) 0.657 1.20(0.74-1.96) 0.463 1.32(0.79-2.19) 0.287

* reference estimate
" statistical significance retained after FDR correction
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The distribution of genotypes in controls with normal BMD (reference group —
controls with normal BMD) and dancers with low BMD and the association with bone
mass phenotypes are shown in Table 19. Considering SNP rs2508836 (LRP5), the C
allele was associated with low BMD in dancers (dominant model) at the LS [OR
(CN=6.90 (1.27-37.49), p=1.0x103]. Considering SNP rs9340799 (ESR1), there is a
significant difference in genotype frequencies between normal controls and dancers
with low BMD at the forearm (p=0.019), LS (p=0.021) and FN (p=0.020). The A allele
(log-additive model) significantly increased the odds of low BMD in professional and
vocational dancers at the forearm [OR (CI)=1.95 (1.09-3.51), p=0.020], LS [OR
(C1)=2.32 (1.24-4.32), p=5.8x1073] and FN [OR (Cl)=2.45 (1.26-4.74), p=5.2x1073].
The association of the A allele with low BMD in dancers was also observed in the
dominant model at the forearm [OR (Cl)=8.37 (1.07-65.26), p=7.0x10?], and in the
recessive model at the LS [OR (Cl)=2.98 (1.30-6.87), p=9.3x1073] and FN [OR
(CN=3.08 (1.26-7.51), p=0.012]. All of the aforementioned associations regarding
rs9340799 SNP were retained after FDR correction. Significant associations between
genotypes and bone mass phenotypes regarding controls with normal BMD and
controls with low BMD will only be reported here and not in tables. The only
significant association found and retained after FDR correction was at the LS for SNP
rs9340799 in ESR1. The A allele was significantly associated with low BMD [OR
(C1)=2.10 (1.22-3.62), p=5.4x102%], an association already observed with dancers
with low BMD.
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Table 19. Genotype distribution of SNPs in the Wnt/B-catenin and ER signalling pathways and association with low BMD phenotype in dancers [controls with normal BMD (ref) versus
dancers with low BMD] given by the odds ratio (OR) and 95% confidence intervals (95%Cl).

Controls Dancers OR (Cl) - P Value
Gene/ Model Normal BMD Low BMD
SNP Forearm LS FN Forearm LS FN Forearm p LS p FN p
LRP5 n (%) n (%) n (%) n (%) n (%) n (%)
rs491347 Codominant
GG 12(9.8) 12(10.9) 9(9.1) 6(12.0) 8(15.1) 6(12.5) 1.00" 0.919 1.00" 0.608 1.00" 0.675
AG 43(35.2) 34(30.9) 32(32.2) 19(38.0) 18(34.0) 17(35.4) 0.89(0.27-2.96) 1.06(0.31-3.67) 0.67(0.16-2.76)
AA 67(54.9) 64(58.2) 58(58.6) 25(50.0) 27(50.9) 25(52.1) 0.80(0.25-2.54) 0.70(0.22-2.24) 0.55(0.15-2.09)
A-carrier vs GG 110(90.2)  98(89.1) 90(90.6) 44(88.0) 45(84.9) 42(87.5) 0.84(0.28-2.53) 0.754 0.82(0.27-2.48) 0.721 0.59(0.16-2.13) 0.426
AA vs G-carrier 67(54.9) 64(58.2) 58(58.6) 25(50.0) 27(50.9) 25(52.1) 0.87(0.42-1.80) 0.714 0.67(0.30-1.48) 0.321 0.74(0.31-1.75) 0.491
Log-additive 122(80.8) 110(72.8)  99(66.0) 50(33.8) 53(35.6) 48(32.7) 0.90(0.53-1.51) 0.681 0.79(0.46-1.36) 0.395 0.77(0.42-1.40) 0.384
rs2508836 Codominant
TT 16(13.1) 18(16.4) 14(14.1) 2(4.0) 2(3.8) 2(4.2) 1.00" 0.158 1.00" 0.029 1.00" 0.234
CT 55(45.1) 46(41.8) 44(44.4) 22(44.0) 23(43.3) 23(47.9) 2.84(0.56-14.37) 5.99(1.05-34.26) 3.07(0.50-18.87)
CcC 51(41.8) 46(41.8) 41(41.4) 26(52.0) 28(52.8) 23(47.9) 4.01(0.80-20.21) 7.89(1.39-44.97) 4.26(0.69-26.38)
C-carriervs TT 106(86.9)  92(83.6) 85(85.9) 48(96.0) 51(96.2) 46(95.8) 3.38(0.70-16.31) 0.090 6.90(1.27-37.49) 0.010" 3.59(0.62-20.92)  0.122
CC vs T-carrier 51(41.8) 46(41.8) 41(41.4) 26(52.0) 28(52.8) 23(47.9) 1.65(0.79-3.41) 0.179 1.76(0.80-3.90) 0.159 1.63(0.69-3.86) 0.267
Log-additive 122(80.8) 110(72.8)  99(66.0) 50(33.8) 53(35.6) 48(32.7) 1.68(0.94-3.02) 0.075 1.98(1.06-3.69) 0.027 1.70(0.85-3.40) 0.123
rs587808 Codominant
GG 24(19.7) 21(19.1) 18(18.2) 12(24.0) 9(17.0) 9(18.8) 1.00" 0.690 1.00" 0.615 1.00" 0.920
AG 49(40.2) 45(40.9) 45(45.5) 20(40.0) 23(43.4) 21(43.8) 0.94(0.36-2.43) 1.52(0.50-4.58) 1.05(0.32-3.41)
AA 49(40.2) 44(40.0) 36(36.4) 18(36.0) 21(39.6) 18(37.5) 0.70(0.27-1.81) 1.01(0.34-3.04) 0.86(0.26-2.88)
A-carrier vs GG 98(80.3) 89(80.9) 81(81.8) 38(76.0) 44(83.0) 39(81.2) 0.81(0.34-1.90) 0.629 1.23(0.45-3.36) 0.682 0.96(0.32-2.84) 0.936
AA vs G-carrier 49(40.2) 44(40.0) 36(36.4) 18(36.0) 21(39.6) 18(37.5) 0.72(0.34-1.53) 0.394 0.77(0.34-1.71) 0.518 0.83(0.34-2.02) 0.688
Log-additive 122(80.8) 110(72.8)  99(66.0) 50(33.8) 53(35.6) 48(32.7) 0.83(0.52-1.32) 0.422 0.95(0.56-1.59) 0.835 0.91(0.51-1.64) 0.757
rs312786 Codominant
TT 10(8.2) 11(10.0) 9(9.1) 5(10.0) 3(5.7) 3(6.2) 1.00" 0.474 1.00" 0.959 1.00" 0.799
GT 56(45.9) 45(40.9) 46(46.5) 23(46.0) 23(43.4) 25(52.1) 0.45(0.12-1.65) 1.15(0.23-5.65) 0.58(0.11-3.21)
GG 56(45.9) 54(49.1) 44(44.4) 22(44.0) 27(50.9) 20(41.7) 0.58(0.16-2.09) 1.24(0.25-6.01) 0.70(0.13-3.92)
G-carriervs TT 112(91.8)  99(90.0) 90(90.0) 45(90.0) 50(94.3) 45(93.8) 0.51(0.15-0.175) 0.294 1.19(0.26-5.54) 0.820 0.64(0.12-3.31) 0.597
GG vs T-carrier 56(45.9) 54(49.1) 44(44.4) 22(44.0) 27(50.9) 20(41.7) 1.12(0.54-2.33) 0.758 1.10(0.50-2.40) 0.816 1.13(0.48-2.68) 0.781
Log-additive 122(80.8) 110(72.8)  99(66.0) 50(33.8) 53(35.6) 48(32.7) 0.94(0.53-1.67) 0.822 1.09(0.58-2.06) 0.778 1.00(0.49-2.04) 0.994
ESR1
rs2234693 Codominant
cC 35(28.7) 35(31.8) 32(32.3) 8(16.0) 6(11.3) 7(14.6) 1.00" 0.296 1.00" 0.090 1.00" 0.134
TC 51(41.8) 45(40.9) 39(39.4) 28(56.0) 27(50.9) 23(47.9) 2.08(0.80-5.44) 2.49(0.81-7.65) 2.03(0.66-6.24)
TT 36(29.5) 30(27.3) 28(28.3) 14(28.0) 30(37.7) 18(37.5) 1.48(0.51-4.32) 3.63(1.09-12.09) 3.34(1.00-11.23)
T-carrier vs CC 87(71.3) 75(68.2) 67(67.7) 42(84.0) 47(88.7) 41(85.4) 1.84(0.74-4.59) 0.178 2.87(0.99-8.33) 0.041 2.47(0.87-7.01) 0.079
TT vs C-carrier 36(29.5) 30(27.3) 28(28.3) 14(28.0) 20(37.7) 18(37.5) 0.89(0.40-2.00) 0.777 1.90(0.80-4.49) 0.145 2.12(0.82-5.46) 0.119
Log-additive 122(80.8) 110(72.8)  99(66.0) 50(33.8) 53(35.6) 48(32.7) 1.17(0.71-1.94) 0.544 1.83(1.03-3.26) 0.035 1.81(1.00-3.30) 0.046
rs9340799 Codominant
GG 25(20.5) 25(22.7) 22(22.2) 1(2.0) 4(7.5) 3(6.2) 1.00" 0.019" 1.00" 0.021" 1.00" 0.020"
AG 54(44.3) 54(49.1) 44(44.4) 24(48.0) 22(41.5) 18(37.5) 7.28(0.91-58.54) 1.88(0.51-6.98) 2.39(0.56-10.23)
AA 43(35.2) 31(38.2) 33(33.3) 25(50.0) 27(50.9) 27(56.2) 9.85(1.22-79.76) 4.86(1.27-18.56) 5.91(1.38-25-38)
A-carrier vs GG 97(79.5) 85(77.3) 77(77.8) 49(98.0) 49(92.5) 45(93.8) 8.37(1.07-65.26) 7.0x103™ 2.84(0.82-9.85) 0.080 3.72(0.94-14.69)  0.041
AA vs G-carrier 43(35.2) 31(28.2) 33(33.3) 25(50.0) 27(50.9) 27(56.2) 1.75(0.84-3.65) 0.136 2.98(1.30-6.87) 9.3x103™ 3.08(1.26-7.51) 0.012"
Log-additive 122(80.8) 110(72.8)  99(66.0) 50(33.8) 22(41.5) 48(32.7) 1.95(1.09-3.51) 0.020 2.32(1.24-4.32) 5.8x103™ 2.45(1.26-4.74) 5.2x103™
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Table 19. Continued

Controls Dancers OR (Cl) - P Value
Gene/ Model Normal BMD Low BMD
SNP Forearm LS FN Forearm LS FN Forearm p LS p FN p
ESR2 n (%) n (%) n (%) n (%) n (%) n (%)
rs1256030 Codominant
AA 14(11.5) 11(10.0) 11(11.1) 11(22.0) 11(20.8) 11(22.9) 1.00" 0.148 1.00" 0.067 1.00" 0.295
GA 61(50.0) 52(47.3) 51(51.5) 19(38.0) 23(43.4) 19(39.6) 0.35(0.12-1.00) 0.33(0.10-1.11) 0.40(0.11-1.39)
GG 47(38.5) 47(42.7) 37(37.4) 20(40.0) 19(35.8) 18(37.5) 0.42(0.14-1.24) 0.23(0.06-0.81) 0.39(0.11-1.41)
G-carrier vs AA 108(88.5) 99(90.0) 88(88.9) 39(78.0) 42(79.2) 37(77.1) 0.38(0.14-1.03) 0.058 0.28(0.09-0.89) 0.029 0.39(0.12-1.28) 0.119
GG vs A-carrier 47(38.5) 47(42.7) 37(37.4) 20(40.0) 19(35.8) 18(37.5) 0.93(0.44-1.96) 0.852 0.54(0.24-1.24) 0.142 0.77(0.31-1.88) 0.562
Log-additive 122(80.8) 110(72.8)  99(66.0) 50(33.8) 53(35.6) 48(32.7) 0.74(0.44-1.26) 0.266 0.52(0.29-0.95) 0.030 0.78(0.33-1.83) 0.221
rs960070 Codominant
GG 20(16.4) 16(14.5) 12(12.1) 12(24.0) 10(18.9) 10(20.8) 1.00" 0.503 1.00" 0.382 1.00" 0.623
CG 66(54.1) 58(52.7) 59(59.9) 24(48.0) 29(54.7) 23(47.9) 0.59(0.23-1.53) 0.78(0.25-2.40) 0.57(0.17-1.93)
CcC 36(29.5) 36(32.7) 28(28.3) 14(28.0) 14(26.4) 15(31.2) 0.57(0.20-1.62) 0.46(0.13-1.59) 0.55(0.14-2.09)
C-carrier vs GG 102(83.6) 94(85.5) 87(87.9) 38(76.0) 43(81.1) 38(79.2) 0.58(0.24-1.43) 0.243 0.65(0.22-1.90) 0.431 0.56(0.17-1.81) 0.336
CC vs G-carrier 36(29.5) 36(32.7) 28(28.3) 14(28.0) 14(26.4) 15(31.2) 0.83(0.37-1.85) 0.643 0.56(0.23-1.34) 0.188 0.85(0.33-2.18) 0.728
Log-additive 122(80.8) 110(72.8)  99(66.0) 50(33.8) 53(35.6) 48(32.7) 0.77(0.45-1.31) 0.329 0.66(0.36-1.21) 0.178 0.77(0.40-1.49) 0.439

* reference estimate
" statistical significance retained after FDR correction
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Haplotype analysis regarding professional and vocational dancers with normal
BMD (reference group — dancers with normal BMD) and dancers with low BMD
(Table 20; Appendix 7) showed an inverse association with low BMD at the FN in
dancers with haplotype CG in ESR1 [OR (CI)=0.53 (0.29-0.96), p=0.037]. Haplotype
analysis also revealed that, within the same anatomical site, the odds of low BMD
were significantly increased in dancers with the haplotype GCGT in LRP5 [OR
(C=8.97 (1.14-70.31), p=0.037]. Haplotype association tests considering normal
controls (reference) and dancers with low BMD showed the CG haplotype in ESR1
was inversely associated with low BMD at the LS [OR (CI)=0.43 (0.22-0.82),
p=0.001] and at the FN [OR (CI1)=0.39 (0.19-0.80), p=0.010]. In LRP5, haplotype
GCAG was significantly associated with low BMD at the forearm in dancers [OR
(C1)=6.43 (1.33-31.14) p=0.021] and haplotype GCGT was associated with low BMD
at the LS [OR (Cl)=12.7 (1.22-132.18) p=0.033].

At baseline and at 1-yr follow-up, female vocational dancers revealed
significantly higher sclerostin values than their controls (p<0.001) (Figure 10). There
is no significant difference in serum sclerostin concentrations between male
vocational dance students and their controls throughout the follow-up (p>0.05). Bone
mass values were further adjusted for sex and sclerostin serum concentrations; after
the adjustment, no differences in BMC and BMD between groups were seen at the
FN and LS (p>0.05) (Table 21).
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Figure 10. Serum levels of sclerostin throughout the 2-year follow up in
female (A) and male (B) vocational dance students and aged-sex-
matched controls

Table 21. Adjusted bone parameters for sex and sclerostin serum concentrations in
vocational dance students

Vocational IC 95% Controls IC 95%
dancers
FN measures
BMC (g) 3.97£0.16 3.64-4.29 4.26+0.18 3.90-4.61
BMD (g/cm?) 1.01 £0.03 0.94-1.07 1.03 £0.04 0.96-1.10
LS measures
BMC (g) 40.6 +2.42 35.68-4542 46.29+258 41.11-51.47
BMD (g/cm?) 0.92 £0.03 0.85-0.98 1.01+£0.03 0.94 -1.07
FA measures
BMC (g) 1.50 + 0.06** 1.37-1.62 1.79 £ 0.06 1.67-1.91
BMD (g/cm?) 0.62 + 0.02*** 0.58 — 0.66 0.76 £ 0.02 0.72-0.79

Values are means + SD

** p<0.01; *** p<0.001

BMC: bone mineral content; BMD: bone mineral density; FN: femoral neck; LS: lumbar
spine; FA: forearm

DISCUSSION

Dance medicine data have suggested that dancers are at higher risk of developing
low BMD and osteoporosis compared to the general population [18,25,43,146].
However, recent study from our group reinforced the fact that there is little evidence
supporting the mechanisms and factors associated with low bone mass phenotypes
in dancers [109]. Indeed, this study demonstrated that a relatively high number of
professional dancers and vocational dance students were diagnosed with low BMD,
but failed to identify any of the factors usually associated with bone mass in aesthetic
athletes (i.e. body weight, menstrual disturbances, etc.); after the adjustment for
these covariates, dancers with low BMD continued to display lower bone mass
values at both impact and non-impact sites. Nevertheless, for the first time, it has

been shown that some gene polymorphisms of the Wnt/B-catenin and ER signalling
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pathways are significantly associated with low BMD in a cohort of professional ballet
dance and vocational dance students. Specifically, the present study revealed that
the ESR1 rs9340799 A allele, LRP5 rs2508836 C allele and LRP5 GCGT/GCAG
haplotypes are associated with an increased odds of low BMD in dancers at both
impact (LS and FN) and non-impact sites (forearm). It was further found that serum
sclerostin concentrations, a protein that inhibits bone formation by blocking the action
of the Wnt in osteoblasts [166], was significantly higher in vocational dance students
compared to non-exercise controls at all measured occasions. Taken together, these
results suggest that the Wnt/B-catenin and ER signalling pathways are critical in
determining dancers’ bone mass phenotypes.

It is generally accepted that the low BMD displayed by elite dancers is
associated with low body weight, menstrual disturbance or energy balance [11,24].
However, in previous studies of the present PhD thesis it has been shown that the
aforementioned factors not always seem to be associated with BMD mass. Actually,
previous studies of the current thesis were not able to find factors associated with
BMD at impact sites, particularly at the LS (which is known to be more responsive to
mechanical stress from exercise [10,133,156]). Basic science has been highlighting
that the response to mechanical stress from exercise by osteoblast lineage cells
requires full ESR1 and LRP5 activity [87,167—-169]. Interestingly, the present study
showed that dancers C homozygotes for SNP rs2508836 in LRP5, dancers ESR1
rs9340799 A-carries, and dancers LRP5 GCGT and GCAG haplotype-carriers have
increased odds of developing low BMD at the LS (and also other anatomical sites).
Therefore, it may be hypothesized that the degree to which each dancer responds to
mechanical stress from dance training stimuli is associated with their genetic
background. Indeed, observations with mice lacking functional ESR1 have been
showing that the osteogenic response to loading was reduced by 70% [167,168].
Moreover, it has also been pointed out that Lrp5 co-receptor is regulating osteoblasts
activity following loading [87,170,171]. Therefore, because altered ESR1 and LRP5
play a role in the regulation of mechanical loading, it can be speculated ESR1
rs9340799 and LRP5 rs2508836 are modulating dancers’ skeletal response to
exercise. This hypothesis should be further investigated in RCT.

The functional significance of the studied SNPs and how they can influence
gene expression remains to be elucidated. Both rs9340799 and rs2508836 are

located in introns 1. First introns can affect gene transcription, polyadenylation,
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MRNA export, translational efficiency, rate of mMRNA decay, and also alter
transcription factors binding sites [172-174]. Therefore, it could be speculated that
one of these processes is influencing expression levels of ESR1 and LRP5, and,
consequently, susceptibility for low BMD phenotypes. Studies on other populations
have also found associations between rs9340799 and rs2508836 and bone mass
phenotypes [175-178]. Nevertheless, the mechanisms by which these SNPs may
influence gene function and, ultimately, bone phenotypes, are unknown. Also, the
possibility that the associations found in our study are due to linkage disequilibrium
with others, causally associated, SNPs cannot be excluded.

Osteocytes mediate the osteogenic response from mechanical loading
through the protein sclerostin (encoded by the SOST gene) [166]; SOST
downregulation is associated with greater bone mass gains, whereas overexpression
of SOST has been linked with low bone mass phenotypes [166,179]. In fact,
intervention studies in humans showed that the levels of serum sclerostin decreases
following exercise stimuli, resulting further in bone mass gains [180,181]. Considering
these findings, it would be expected to find in vocational dance students significantly
lower sclerostin concentrations and higher bone mass values compared to controls
as they progress on their training and receive osteogenic activity. Interestingly,
dancers showed significantly higher sclerostin levels and lower BMD levels than
controls. However, after the adjustment for sclerostin, vocational dance students
revealed higher bone mass values at both impact ad non-impact sites. As sclerostin
is a key protein in Wnt/B-catenin, this reinforces that this pathway might be a
fundamental in determining bone mass phenotypes in dancers.

One limitation of the present study is population stratification, a characteristic
common in most genetic association studies. Considering the number of dancers
(n=151) and age and sex-matched controls genotyped (n=151), the present study
has over 85% power to detect modest genetic effect (OR of 2.0 and MAF=0.2).
However, the present study looses some power after stratification. The lack of
association with other SNPs might also be due to stratification; GWAS should be
considered in future studies. An additional limitation might be the fact that searching
for the association of several SNPs with more than one phenotype can lead to a type
| error, i.e. the possibility of false-positive associations increase. To avoid this
limitation a multiple test correction (FDR) was applied. Moreover, in a genetic

association study, ideally, participants should be matched for variables such as age,

122



body weight, sex, and other potential confounders to avoid bias. It was matched
dancers with controls of the same age and sex, however, the matching was lost after
stratification. It can also be assumed that another weakness of this study is that both
male and female dancers were included in the same group. Both sexes were
included in the same group because there is some evidence showing that the
distribution of Esrl receptors in bone cells is similar among sexes [182,183].

Therefore, the impact of this potential limitation may not be critical.

CONCLUSION

Genetic variants at the Wnt/B-catenin and ER signalling pathways are potential risk
factors for low BMD in professional dancers and vocational dance students. The
involvement of these pathways in dancers’ bone mass pathogenesis needs further

investigation at both basic and clinical level.
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CHAPTER 10: GENERAL DISCUSSION

Principal findings

The conventional position on dancers’ bone health is that these professionals are at
increased risk for low BMD and osteoporosis in later life due to low body weight,
menstrual disturbances and/or low energy availability for performance. The present
PhD thesis aimed at a further understanding of the factors associated with BMD in
this population. This PhD thesis shows that the aforementioned factors not always
seem to be associated with BMD in professional and vocational dance students.
Thus, it can be hypothesised that other mechanism rather than the GH — IGF-1 axis
and HHG axis might be involved in determining dancers’ bone health. Actually, the
results of the present study point to the direction that our dancers may be exhibiting
low BMD due to a mechanism related to mechanotransduction, whereas the Wnt/[3-
catenin and ER seem to be key pathways for our dancers’ bone health, since:

1. Even before starting the vocational dance training, first year female vocational
dance students already revealed lower bone health status and lower body weight
compared to non-exercising controls (Study 1);

2. Body weight and fat mass were significantly reduced in dancers compared to

controls, but these factors were not associated with bone mass (Study 2);

3. When exploring further these findings on a longitudinal analysis it was found that,
as vocational dancers receive osteogenic stimuli (dance training) throughout time,
their bone mass remained consistently lower compared to non-exercising controls.
Traditional osteoporosis risk factors were not able to predict group differences in
terms of bone mass gains throughout time at all anatomical sites (Studies 3 and 4);

4. In vocational dance students, energy availability lied within the normal range

throughout three years of follow-up (Study 4);
5. Longitudinal serum IGF-1 concentrations (a potential marker of hypothalamic

dysfunction) were similar or significantly higher in vocational dancers than controls
(Studies 3 and 4);
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6. A relatively high number of professional ballet dancers and vocational dance
students were diagnosed with low BMD, but did not displayed any traditional

osteoporosis risk factors (and vice-versa) (Study 5);

7. After cross-sectional adjustment for traditional osteoporosis risk factors, dancers
with low BMD continued to display lower bone mass values than dancers with normal

BMD at both impact (LS and FN), and non-impact sites (forearm) (Study 5);

8. Instead, serum sclerostin concentrations (a potential mechanotransduction
marker) were significantly increased throughout the follow-up in vocational dance
students compared to controls, and, after the adjustment for this covariate,
differences between groups in BMD were dissipated at all anatomical sites (Study 5);

9. Genetic variants at the Wnt/B-catenin and ER signalling pathways
(mechanotransduction pathways) were found to be risk factors for low BMD in
dancers at both impact and non-impact sites (Study 5);

Other studies also found that athletic populations consistently exhibit low bone mass
parameters compared to non-exercising populations throughout a 3-yr follow-up
[157]; and that low BMD not always is associated with body weight, menstrual
disturbance and/nor energy balance [48,109,184-188]. However, these reports do
not give explanation for their findings. Consequently, low BMD in these athletes
remain apparently unexplained, as no other mechanism apart from the GH — IGF-1
axis and HHG axis has been proposed to be associated with low BMD in athletes.

Possible mechanisms

If the GH — IGF-1 axis and HHG axis were playing a significant role in determining
bone mass phenotypes in our dancers, it would be expected to find significantly lower
IGF-1 serum concentrations in our exercise population compared to controls, as it
has been documented that IGF-1 is sensitive to changes in the hypothalamus [140].
This hormone was not altered in our vocational dancers, and its concentrations
significantly increased as female dancers progress on their training, which may
indicate an effect of exercise since IGF-1 serum concentration is known to be

increased in athletes [140,150]. However, it has been highlighted that the response
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to mechanical stress from exercise by bone cells requires full activity of ER and
Wnt/B-catenin signalling pathways [132,155]. Wnt regulates osteoblasts activity
through the B-catenin molecule [189]. Wnt/B-catenin is activated by binding to one of
its co-receptors, the low-density lipoprotein receptor-related protein 5 (LRP5,
encoded by the LRP5 gene). The result is a signalling cascade, ultimately leading to
a stimulation of osteoblasts activity [87]. Moreover, the oestrogen receptor alpha
plays a critical role in translocating B-catenin into the nucleus in response to
mechanical loading [87]. Interactions between Wnt/B-catenin and ER signalling
pathways have only recently been described [179], but it is generally accepted that
the response to mechanical stimuli from exercise (i.e. mechanotransduction) by
osteoblast lineage cells requires full activity of the aforementioned pathways
[87,167,168,170]. In accordance, genes of the Wnt/B-catenin and ER signalling
pathways (e.g. SOST, LRP5, ESR1 and ESR2) may be clinically important and may
play a significant role in mediating the response to mechanical stress from exercise
[170,177]. Actually, as it was found that dancers C homozygotes for SNP rs2508836
in LRP5 and dancers ESR1 rs9340799 A-carriers have increased odds of developing
low BMD at both impact and non-impact sites, it can be hypothesize that the degree
to which our dancers respond to mechanical stimuli from exercise is associated with
their genetic background. However, as previously mentioned (Study 5) the functional
significance of the aforementioned SNPs and how they can influence gene
expression remains to be elucidated. It could be speculated that these SNPs are
influencing expression of ESR1 and LRP5 in our dancers, and, consequently,
susceptibility for low BMD phenotypes. Furthermore, LRP5 co-receptor activity is
inhibited by the Wnt antagonist sclerostin, a glycoprotein encoded by the SOST gene
[189]; SOST overexpression causes low bone mass phenotypes in humans [166]. It
has been showed that SOST downregulation is required for osteogenic response to
mechanical loading stimuli [166]. Studies on animal models have showed that
sclerostin protein levels of mice were significantly reduced following loading
[190,191]. In humans, serum sclerostin concentrations were also found to be
significantly decreased (and IGF-1 significantly increased) following both resistance
and jumping exercise intervention programmes [180,181]. Interesting, the longitudinal
vocational dancers subgroup revealed significantly higher serum sclerostin
concentrations compared to non-exercise controls in all measure occasions.

Because our dance population was involved in daily exercise sessions and several
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hours of weight-bearing activity, we were expecting to find significantly lower serum
sclerostin concentrations compared to controls following SOST downregulation in
response to the dance training [166]. Interesting though, in a sample of artistic
gymnast, sclerostin and preadipocyte factor-1 (hormone that also inhibit bone
formation) were found to be higher; however, gymnasts’ bone mass was higher as
compared to controls [192]. Although no studies reporting the existence of an
exercise stimuli threshold above which bone cells saturate were found, this
hypothesis should not be excluded. Future studies should explore SOST and
sclerostin activity in elite dancers and other athletes.

It should be noted that it is very unlikely that low BMD phenotypes are
inherited in a Mendelian manner, since low BMD onset and progression are
influenced by genetic factors modulated by environmental factors [152]. Actually, the
results of this Thesis may express this view. Comparing controls with normal BMD
(not receiving exercise stimuli) to dancers with low BMD (receiving exercise stimuli),
it was observed that ESR1 rs9340799 A allele and LRP5 rs2508836 C allele are
associated with an increased odds of low BMD in dancers, not only at non-impact
sites, but also at impact sites. In turn, comparing dancers with normal BMD with
dancers with low BMD (both groups receiving exercise stimuli), only ESR1
rs9340799 A allele was associated with an increased odds of low BMD at non-impact
sites, and not at impact sites. Since the associations between the risk alleles and
phenotypes at impact sites are not manifested when comparing dancers with normal
BMD and dancers with low BMD (both groups receiving exercise stimuli), one could
thus assume that genetic and environmental factors are interacting tightly in
determining dancers’ bone mass phenotypes. Indeed, this finding might reflect gene-
environment interaction; randomized control trials are needed to confirm this

hypothesis.

Implications for clinicians and national health systems

The results of this PhD thesis raise concerns regarding the current screening and
intervention guidelines for aesthetic athletes’ bone health. Clinicians should be aware
that even dancers that do not have any sign of traditional osteoporosis risk factors
might have low BMD. Indeed, study 5 revealed that based on current screening
guidelines [193], physicians would not have been able to detect a significant number

of dancers with low BMD. Furthermore, physicians usually focus on the treatment by
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restoring menses, increasing energy availability, nutritional education and body
weight gain [194-196]. However, focusing on the spectrum of energy availability, low
body weight and low BMD, many dancers may not receive adequate diagnosis or
treatment. Actually, because there has been a large emphasis on the treatment of
low BMD in athletes through restoring hypothalamus function, treatments such as
hormone therapy and oral contraceptives are usually recommended for these
patients [57,197]. However, those have been showed to be inefficient to restore
dancers’ bone mass [57] (as well as other female athletes’ bone mass [196]), which
suggests that other mechanisms may be involved in shaping dancers’ bone mass.
The findings of the present study may have serious clinical implications, as
young elite dancers may enter adulthood with low BMD. If dancers at risk are not
accurately detected and monitored during growth, the peak bone mass may be
impaired, increasing the odds for osteoporosis later in life and susceptibility to
fracture [3]. These may have consequences not only for one’s wellbeing, but also for
the national health system. In 2010, UK health system spent 5.408,00 million euros in
osteoporosis treatment, plus 33.756,00 euros in nursing home costs [119]. The
number of deaths related to fracture has been estimated to be 26.256,00, and the
unit costs for osteoporosis treatment and management 483,00 euros per patient (this
estimate includes DXA scan, physician visit, annual generic pharmacological
treatment and long-term costs; if treatment is different than generic alendronate, the
cost increases) [119]. Indirect costs such as reduced productivity while at work,
inability to work and lost productive capacity due to fractures has not been taken into
consideration on these estimations. Out of the 151 dancers screened in the present
study, 80 had low BMD at least in one anatomical site, which means that around 50%
of our population were disease positive. We were not able to find the exact number of
elite dancers performing in Portugal and/or UK, but in a hypothetical sample of
10.000 professional and vocational dancers, around 1.712 would not be detected as
disease positive. If such number is maintained into adulthood, the costs to treat these
dancers could be around 826.896,00 euros in the future. Furthermore, as the present
Thesis shows that not always the traditional osteoporosis risk factors are associated
with low BMD, we do not know how many out of those detected as disease positive
will be able to restore bone mass values following current treatment guidelines; if
dancers are not accurately treated, the costs for will be increased. Considerations in

relation to the best treatment for our dancers with low BMD is beyond the aim of the
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present PhD thesis, but according to our main finding, it seems that the current
guidelines treatment might not be appropriate [193—196]. However, genetic testing
and personalised medicine is a topic under debate. Further, to current author’s
knowledge, research on sclerostin has not proposed normative values for circulating
levels of this protein. Anti-sclerostin antibodies are currently under Phase 1ll clinical
trials, and it is believed that anti-sclerostin therapeutics will be promising for low BMD
treatment [181]. Nevertheless, until more research on the topic is not done, it is
recommended that all dancers involved in elite dancing should be referred for

densitometry, including male participants.
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CHAPTER 11: STRENGTHS, LIMITATIONS AND FUTURE RESEARCH

The results of the present study are unique and of relevance as the majority of
previous studies on dancers’ bone health have been mainly based on cross-sectional
designs, whereas only a small number of osteoporosis risk factors are measured in
the same population of female dancers. The present work incorporates both cross-
sectional and longitudinal designs within the same population, and several factors
(genetics, endocrinology, anthropometry, nutrition, energy availability and traditional
osteoporosis risk factors) have been considered simultaneously. Genetic factors and
bone health in male dancers have not been previously considered.

A limitation of the present study is that the sample might not reflect the entire
population of elite dancers. Further, mixed longitudinal designs do not allow a cause-
effect, and potential confounding factors cannot be fully controlled. Hormone serum
concentrations were only investigated in vocational dancers and not in professional
ballet dancers; it would be interesting for future studies to investigate the incidence of
low BMD and risk factors in professional dancers, sclerostin serum concentrations
and IGF-1. The assessment of bone formation and resorption markers (in both
professional and vocational dancers) would also be interesting to consider in future
research. The longitudinal comparison of bone mass parameters between dancers
from Portugal and UK it would further give insights into the modifiable factors (i.e.
nutrition, energy expenditure, energy availability and dance training regiments)
associated with bone mass accruals in groups under the influence of the same
aesthetic regiments. Also, fractures or injuries among our population of dancers were
not recorded. In order to establish the clinical significance of our findings, it would be
of great interest that future studies provide information on the association between
low BMD with dance injuries and/or fractures. The main outcome in this PhD thesis —
BMC and BMD, measured by DXA - does not account for changes in bone
microarchitecture; however, this device is considered the “gold standard” to
longitudinally measure bone mass, even in children [158]. The use of two different
DXA scans to assess participants and the need to adjust the data for potential bias is
a limitation. However, this approach has been previously used [101,102].
Nevertheless, to further substantiate the findings of this PhD thesis, it is
recommended the assessment of bone microarchitecture, a well-known determinant

of bone strength. Indeed, future studies are needed to validate our results.
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Determination of the exact mechanisms involved in dancers’ bone health can only be
obtained by studies investigating simultaneously the molecular pathways involved in
mechanotransduction, and the GH — IGF-1 axis and HHG axis within a larger sample
of dancers. Training volume and intensity should also be considered, as well as the
epigenetic effects of athletic training in bone cells function. The present of the female
athlete triad and/or RED-S in elite dancing should also be further investigating as, to
the best of my knowledge, there is not evidence of the presence of these syndromes
in dancers. Actually, the mechanisms related to the triad and the presence of triad as
been questioned [23,188]. If the results of the present study are confirmed in future
studies, these can have a significant impact on the implementation of screening and

intervention programs in dancers.
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CHAPTER 12: GENERAL CONCLUSIONS

Both professionals and vocational dance students (female and male) have lower
bone health compared to general population. Apart form the significant reduced body
weight, clinicians and researchers should be aware that other mechanisms apart
from the ones usual considered (i.e. the GH — IGF-1 axis and HHG axis) might be
involved in determining dancers’ bone mass. Genetic variants at the Wnt/B-catenin
and ER signalling pathways are potential risk factors for low BMD in elite dancers.
The involvement of these pathways in dancers’ bone mass pathogenesis (both in
female and male participants) needs further investigation at both basic and clinical
level, as well as the role of the protein sclerostin. Nevertheless, until more research is
done, it is recommend that dancers performing at elite level should be referred for

bone densitometry.

In summary:

What was known in this topic:

- Bone health is a concern among dancers

- Conventional position on dancers’ bone health is that female participants are at
increased risk for low BMD and osteoporosis in later life in the presence of low body
weight, menstrual disturbances and/or low energy availability

- Mechanisms related to the GH — IGF-1 and HHG axis are involved in dancers’ bone
health

- Less is known about male dancers

What this PhD thesis adds:

- Factors traditional associated with BMD in dancers (i.e. body weight, menstruation
and energy availability) do not fully explain the low bone mass values displayed by
dancers

- Other mechanisms rather than the GH — IGF-1 and HHG axis might be involved in
dancers’ bone health

- Genetic variants at the Wnt/B-catenin and ER signalling pathways are potential risk
factors for low BMD in dancers

- Male dancers might also be at risk for low BMD
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APPENDIX 2: Ethical approval from the IRS, Portugal
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APPENDIX 3: Written consent form UK

UNIVERSITY OF

WOLVERHAMPTON

KNOWLEDGE = INNOVATION = ENTERPRISE

Participant Number:

CONSENT FORM - DANCE ADULTS

Title of Project: Osteoporosis and Low Bone Mineral Density in Professional Dancers
Name of Researcher: Prof. Yiannis Koutedakis

Please initial all boxes
1. [Iconfirm that have read and understand the information sheet dated [05/12/2013]

(version [5.0]) for the above study. 1 have had the opportunity to consider the information,
ask questions and have had these answered satisfactorily.

2. lunderstand that my participation is voluntary and that I am free to withdraw at any time

without giving any reason, without my medical care or legal rights being affected.

3. Tagree to take part in the above study.

4. “I understand that relevant data collected during the study may be looked at by individuals

from the NHS Trust, where it is relevant to my taking part in this research. I give permission

for these individuals to have access to this data”

Name of Participant Date Signature

Name of Person Date Signature
taking consent.
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APPENDIX 4: Written consent form Portugal

[BAPORTO

DECLARACAO DE CONSENTIMENTO

Estudo: Saude Ossea da Bailarina e Bailarino

Considerando a “Declaragao de Helsinquia” da Associagdao Médica Mundial (Helsinquia 1964; Téquio 1975;
Veneza 1983; Hong Kong 1989; Somerset West 1996 e Edimburgo 2000)

Eu, abaixo-assinado, (nome completo)

, compreendi a explicagdo que me foi fornecida acerca

da investigagao que se tenciona realizar. Foi-me dada a oportunidade de fazer as perguntas
gue julguei necessarias e, no caso de as ter feito, de todas obtive resposta satisfatéria.

Tomei conhecimento de que, de acordo com as recomendagdes da declaragéo de Helsinquia, a
informagéo ou explicagdo que me foi prestada versou os objectivos, os métodos, os beneficios
previstos, 0s riscos potenciais e o eventual desconforto. Além disso, foi-me afirmado que tenho
o direito de recusar a todo o tempo a sua participagdo no estudo.

Foi-me igualmente explicado que todos os dados obtidos serdo confidenciais. Apenas eu e 0
investigador responsavel teremos acesso a todos os meus dados.

Por isso, consinto que Ihe seja aplicado o método ou o inquérito proposto pelo investigador.

Data: _ / /120

Assinatura:

O Investigador responsavel

Nome:

Assinatura:
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APPENDIX 5: BPAQ

Bone-Specific Physical Activity Questionnaire (BPAQ)

SUBJECT IDx: DATE: ‘

1. Please list any sports or other physical activities you have participated in regularly. Please tick the boxes to indicate how old
you were for each sport/activity and how many years you participated for.

Age‘ 1 2 3 4 5 6 7 8 9 10 |11 12 | 13 | 14 (15 (16 (17 (18 | 19 | 20 | 21 | 22 | 23 | 24 | 25| 26 | 27 |28 | 290 30
| Activities | |
Age:
31 (32|33 |34 |35 36|37 (38 (39 (40 |41 42 43 |44 (45 (46 (47 48 40 | 50 |51 |52 |53 |54 55| 56 | 57 | 58 | 59 60
Activities
Age:
61 (62 |63 |64 65 66 |67 (6B (69 (70 |71 72 | 73 |74 (75 (76 (77 78 7O | B0 | B1 |82 |83 B4 85|86 |67 |83 | 89 90
Activities

2. Please list the sports or other physical activities (be as specific as possible) you participated in regularly during the last 12
months and indicate the average frequency (sessions per week)?

Activity: Frequency (per week):
Activity: Frequency (per week):
Activity: Frequency (per week):
Activity: Frequency (per week):
Activity: Frequency (per week):
Activity: Frequency (per week):
Activity: Frequency (per week):
Activity: Frequency (per week):
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APPENDIX 6: Representative image of the genotyped genes
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APPENDIX 7: Supplemental tables

Table 14. General characteristics of professional ballet dancers and vocational dance students included in the study

Professional ballet dancers

Vocational dance students

Low BMD Normal BMD Low BMD Normal BMD
Age (yrs.) 37.5%9.3 305+8.9 13.0+1.7 125+1.9
Weight (kg) 51.9+9.4 57.1+9.8 41.0+8.2 41.1+95
Height (cm) 164.3+£6.5 168.8+7.4 155.3+£10.3 152.7+£11.1
Age menarche (yrs.)® 13.3+1.9 13.7+1.8 12.7+0.8 12.4+1.2
Primary amenorrhea® 5* 42.9 0 0
Secondary amenorrhea® 5.3 14.3 29.4 16.7
Oligomenorrhea® 15.8 0 35.3 33.3
Energy intake (Kcal/day) 1509.0 £ 403.0 1806.6 £ 597.6 1458.8 + 426.3** 1734.6 £ 443.3
Energy availability (kcal/lkgFFM/day) 26.4+16.0 28.4+119 31.6 £19.4* 43.6 £ 23.5
BMD FN (g/cm?) 1.04 £ 0.16** 1.20+£0.15 0.78 £ 0.13* 0.96 £ 0.17
BMD LS (g/cm?) 1.16 £ 0.16 1.25+0.10 0.74 £ 0.12** 0.91+0.17
BMD FA (g/cm?) 0.76 + 0.07** 0.85 + 0.09 0.55 + 0.06** 0.62 +0.09
Values are means + SD

* p<0.05; ** p<0.01; *** p<0.001,; statistical significant differences between groups
BMD: bone mineral density; FN: femoral neck; LS: lumbar spine; FA: forearm

() Means were calculated considering all females that have reached the menarche by the time of the assessment

@ values are percentages.

153



Al DA lance
Professional ballet dal

Vocational dance students

Low BMD IC 95% Normal BMD IC 95% Low BMD IC 95% Normal BMD IC 95%
BMD FN (g/cm?) 1.08 £ 0.03 1.03-1.13 1.13+0.04 1.05-1.21 0.77 £ 0.02%** 0.73-0.81 0.98 £0.02 0.94-1.02
BMD LS (g/cm?) 1.17+0.03 1.11-1.23 1.22+0.04 1.13-1.31 1.15+0.03 1.08 - 1.22 1.25+0.06 1.13-1.36
BMD FA (g/cm?) 0.77 £ 0.01** 0.75-0.79 0.83 +0.02 0.79-0.86 0.54 + 0.01*** 0.52 - 0.56 0.63 +£0.01 0.61-0.65

Values are means + SD
* p<0.05; ** p<0.01; *** p<0.001

BMD: bone mineral density; FN: femoral neck; LS: lumbar spine; FA: forearm
Bone parameters in professional ballet dancers were adjusted for age, sex and primary amenorrhea

Bone parameters in vocational dance students were adjusted for energy availability, fat intake, calcium intake, carbohydrate intake and sex

Table 16. General characteristics of the studied population included in the genetic analysis

Controls (n=151)

Dancers (n=151)

Normal BMD Forearm

Low BMD Forearm

Normal BMD Forearm

Low BMD Forearm

N 122 29 98 50
Age (yrs.) 17.7+10.8 20.6+10.3 14.846.6 24.8+13.9%**
Weight (kg) 56.1+13.1 51.3+11.9 43.2+10.4 46.0+10.8+++
Height (cm) 156.9+ 21.2 156.9+8.9 150.7+29.0 153.3+32.9
FA BMD (g/cm?) 0.678+0.124 0.659+0.141 0.641+0.120 0.629+0.133
LS BMD (g/cm?) 0.931+0.180 0.904+0.204 0.904+0.209 0.928+0.257
FN BMD (g/ cm?) 0.923+0.133 0.866+0.158 0.950+0.195 0.881+0.208
Normal BMD LS Low BMD LS Normal BMD LS Low BMD LS
N 110 40 96 53
Age (yrs.) 18.3+11.1 17.9+10.0 19.6+12.0 15.5+7.4*
Weight (kg) 55.8+14.9 54.8+14.9 44.9+10.8 42.749.9+++
Height (cm) 156.2+21.7 158.9+11.3 148.8+36.6 156.6+10.3
FA BMD (g/cm?) 0.681+0.120 0.835+0.135 0.663+0.129 0.573+0.09
LS BMD (g/cm?) 0.966+0.174 0.835+0.176 0.996+0.222 0.761+0.132
FN BMD (g/ cm?) 0.932+0.134 0.859+0.135 0.996+0.196 0.780+0.137
Normal BMD FN Low BMD FN Normal BMD FN Low BMD FN
N 99 51 99 53
Age (yrs.) 19.9+11.9 14.9+7.1 19.0+11.4 16.6+9.3
Weight (kg) 57.0+12.7 51.6+13.1 44.4+11.1 43.249 4+++
Height (cm) 157.6+22.7 155.5+10.7 148.2+35.9 157.949.7
FA BMD (g/cm?) 0.700+0.128 0.622+0.113 0.663+0.129 0.569+0.08
LS BMD (g/cm?) 0.984+0.173 0.818+0.154 0.984+0.226 0.770+0.139
FN BMD (g/ cm?) 0.960+0.125 0.819+0.114 1.001+0.187 0.763+0.108

Values are mean+SD

* p<0.05; ** p<0.01; *** p<0.001; statistically significant when comparing with dancers with normal BMD

+ p<0.05; ++ p<0.01; +++ p<0.001; statistically significant when comparing with controls with normal BMD

BMD: bone mineral density; FN: femoral neck; LS: lumbar spine; FA: forearm
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Table 17. Characteristics of the genotyped SNPs.

Signalling Gene SNP Genomic Genic Alleles MAF?2 MAF HWE"
pathway position position (major/minor) controls dancers __ controls
Whnt/B-catenin  LRP5 rs491347 11:68402220 Intron AlIG 26.3 30.0 0.1460
Wnt/B-catenin  LRP5 rs682429 11:68311851 Intron AIG 34.9 323 0.0003
Wnt/B-catenin  LRP5 rs2508836 11:68323797 Intron CIT 36.2 29.0 0.7260
Whnt/B-catenin  LRP5 rs587808 11:68384245 Intron AlIG 38.2 39.0 0.2278
Wnt/B-catenin  LRP5 rs312786 11:68352509 Intron GIT 30.6 28.3 0.7061
Whnt/B-catenin  SOST  rs851054 17:43759255 Promoter T/C 31.3 41.7 0.0080
Wnt/3-catenin  SOST  rs10534024 17:43760138 Promoter -/TCC 30.3 37.7 0.0072
ER ESR1  rs2234693 6:151842200 Intron TIC 48.7 44.6 0.0237
ER ESR1  rs9340799 6:151842246 Intron AIG 42.1 337 0.3200
ER ESR2 rs1256030 14:64280452 Intron G/A 36.5 43.3 0.0813
ER ESR2  rs960070 14:64278461 Intron CIG 42.8 49.0 0.0691
aMAF: minor allele frequency
PHWE: Hardy-Weinbera Equilibrium (sianificance cut off p<0.01)
Table 20. Haplotype association test
Gene  Haplotype Dancers normal BMD versus dancers low BMD
Forearm  OR (Cl) LS OR (CI) p FN OR (CI) p
p
LRP5  ACAG* 0.432 1.00 0.429 1.00 1.00
ACAT NA NA NA 0.012  4.28(0.29-64.06) 0.293 0.424  3.69(0.28-48.29) 0.319
ACGG 0.075 3.16(1.03-9.70) 0.044 0.079 1.31(0.42-4.07) 0.639 0.013 0.96(0.29-3.23) 0.949
ACGT 0.012 3.33(0.19-58.42)  0.411 NA NA NA 0.079 NA NA
ATAG 0.031 0.99(0.15-6.58) 0.994 0.034  1.61(0.35-7.53) 0.542 NA 1.37(0.23-8.12) 0.726
ATAT 0.073 1.09(0.28-4.18) 0.900 0.072  0.47(0.11-2.01) 0.308 0.029  0.70(0.18-2.75) 0.615
ATGG NA NA NA 0.019 0.10(0.00-311-48) 0.575 0.076 0.18(0.00-17.23) 0.461
ATGT 0.041 5.20(0.96-28.26) 0.056 0.039 0.79(0.13-4.57) 0.788 0.020 2.35(0.48-11.63) 0.294
GCAG 0.044 2.63(0.74-9.37) 0.137 0.047 1.33(0.35-5.04) 0.676 0.039 0.73(0.17-3.17) 0.674
GCGG 0.097 1.33(0.47-3.70) 0.590 0.095 0.61(0.20-1.86) 0.384 0.051 0.58(0.18-1.87) 0.361
GCGT 0.029 2.53(0.49-13.06) 0.268 0.028 6.25(0.86-45.44) 0.070 0.027 8.97(1.14-70.31) 0.037
GTGT 0.110 1.13(0.42-3.03) 0.807 0.113 0.94(0.38-2.30) 0.891 0.115 0.96(0.38-2.42) 0.932
ESR1 TA* 0.536 1.00 0.539 1.00 0.543 1.00
CA 0.123 1.62(0.80-3.31) 0.182 0.122 0.55(0.25-1.18) 0.126 0.117 1.09(0.53-2.23) 0.814
CG 0.330 0.69(0.39-1.24) 0.216 0.327 0.57(0.32-1.00) 0.050 0.329 0.53(0.29-0.96) 0.037
TG NA NA NA 0.012 0.67(0.05-8.22) 0.756 0.001 0.95(0.08-11.65) 0.970
Gene  Haplotype Controls normal BMD versus Dancers low BMD
Forearm  OR (Cl) p LS OR (CI) p FN OR (CI) p
LRP5  ACAG* 0.403 1.00 0420  1.00 0.414  1.00
ACAT NA NA NA 0.014  8.13(0.44-149.13) 0.158 0.012  5.66(0.30-106.68) 0.247
ACGG 0.084 3.70(0.93-14.70) 0.063 0.090 1.29(0.35-4.72) 0.699 0.095 1.09(0.29-4.11) 0.903
ACGT 0.017 1.18(0.06-24.99)  0.915 NA NA NA NA NA NA
ATAG 0.041 0.99(0.16-6.13) 0.995 0.057 0.83(0.18-3.85) 0.809 0.067 0.51(0.10-2.52) 0.408
ATAT 0.061 1.46(0.35-6.20) 0.604 0.051  0.53(0.06-4.50) 0.564 0.053  0.48(0.08-2.93) 0.426
ATGT 0.091 1.24(0.40-3.90) 0.710 0.067  0.75(0.17-3.24) 0.702 0.076  1.19(0.32-4.38) 0.798
GCAG 0.047 6.43(1.33-31.14)  0.021 0.036  3.72(0.41-33.50) 0.241 0.031  11.75(1.11-124.17)  0.041
GCGG 0.085 1.20(0.37-3.85) 0.764 0.070 1.29(0.34-4.93) 0.708 0.065 0.61(0.13-2.96) 0.539
GCGT 0.023 451(0.52-38.83)  0.170 0.026  12.70(1.22-132.18)  0.034 0.033  4.97(0.55-44.97) 0.154
GTGT 0.103 1.16(0.39-3.45) 0.787 0.120  0.75(0.27-2.06) 0.570 0.129  1.08(0.33-3.55) 0.899
ESR1 TA* 0.507 1.00 0.511 1.00 0.509 1.00
CA 0.115 1.78(0.82-3.86) 0.143 0.078  1.06(0.39-2.92) 0.907 0.113  1.10(0.44-2.74) 0.841
CG 0.365 0.58(0.32-1.06) 0.079 0.395 0.43(0.22-0.82) 0.011 0.366 0.39(0.19-0.80) 0.001
TG NA NA NA 0.017  0.52(0.06-4.42) 0.549 0.015  0.78(0.10-5.99) 0.808

*reference haplotype

NA: not applicable due to haplotype frequency of zero in one of the groups
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