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Abnormal bone mineral density and content in girls with early-onset anorexia nervosa
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Abstract
Background
Early-onset anorexia nervosa (EO-AN) represents a significant clinical burden to paediatric and mental health services. The impact of EO-AN on bone mineral abnormalities has not been thoroughly investigated due to inadequate control for pubertal status. In this study, we investigated bone mineral abnormalities in girls with EO-AN regardless of pubertal development stage.

Method
We conducted a cross-sectional study of 67 girls with EO-AN (median age = 12.4 [10.9–13.7 years]) after a median duration of disease of 1.3 [0.6–2.0] years, and 67 healthy age-, sex-, pubertal status- matched control subjects. We compared relevant bone mineral parameters between groups: the total body bone mineral density [TB-BMD], the lumbar spine BMD [LS-BMD], the total body bone mineral content [TB-BMC] and the ratio of the TB-BMC to lean body mass [TB-BMC/LBM].

Results
TB-BMD, TB-BMC, LS-BMD and TB-BMC/LBM were all significantly lower in patients with AN compared to controls. In the EO-AN group, older age, later pubertal stages and higher lean body mass were associated with higher TB-BMC, TB-BMD, and LS-BMD values.

Discussion
Girls with EO-AN displayed deficits in bone mineral content and density after adjustment for pubertal maturation. Age, higher pubertal stage and lean body mass were identified as determinants of bone maturation in the clinical population of patients with EO-AN. Bone health should be promoted in patients, specifically in those with an onset of disorder before 14 years old and with a delayed puberty.
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Plain ENGLISH summary
Early-onset anorexia nervosa (EO-AN) – beginning before the age of 14 years and before menarche – represents a significant clinical burden to paediatric and mental health services, with serious medical, psychiatric and psychosocial consequences. The impact of EO-AN on bone mineral abnormalities has not been thoroughly investigated due to inadequate control for pubertal status. In this study, we investigated bone mineral abnormalities in girls with EO-AN regardless of pubertal development stage. We compared bone mineral parameters in 67 girls with EO-AN and 67 healthy age-, sex-, pubertal status- matched control subjects. In our study, all parameters of bone quality were significantly lower in patients with AN compared to controls, showing that girls with EO-AN displayed deficits in bone quality even though the duration of illness was short in these young patients. Bone health should be promoted in patients, specifically in those with an onset of disorder before 14 years old and with a delayed puberty.
Background
Anorexia nervosa (AN) is characterised by the persistent restriction of energy intake relative to requirements, leading to significantly low body weight, and an intense fear of gaining weight or becoming fat [1]. AN, which has a prevalence of 1% in the general population, has the highest mortality rate of all psychiatric disorders, and serious medical, psychiatric and psychosocial consequences [2, 3]. In most patients AN begins during adolescence or early adulthood, but recent studies have reported an increase in the incidence of early-onset AN (EO-AN), beginning before the age of 14 years [4] and before menarche [5]. EO-AN is a single entity in the broad spectrum of eating disorders, with a significant and specific clinical burden on paediatric and mental health services [6, 7]. The epidemiological and clinical profile of EO-AN display some differences from AN with an onset during adolescence or early adulthood, such as a different sex ratio less unbalanced in favor of women, greater severity of symptoms and specific neurocognitive features [8, 9].
Low spine and whole-body bone mineral density (BMD) and bone mineral content (BMC) have been reported to be associated with AN [10, 11]. These deficits result in a higher risk of spontaneous compression fractures of the vertebrae [12], even in adolescents [13]. More than 50% of adolescents with AN have a BMD more than one standard deviation lower than the mean for age, and approximately 10% of these adolescents have BMD values more than two standard deviations below the mean [14]. This negative effect of the disease on bone health has been found to persist 5 to 10 years after recovery from a severely low BMI at adolescence [15]. In adolescents and adults with AN, the lowest body mass index (BMI) reached during the illness and the total duration of illness (from early symptoms to remission) have consistently been identified as the main factors underlying low BMD [13, 16]. For example, mean bone density loss has been estimated at 2.5% per year in young women with active AN [16]. However, recent findings suggest that the inappropriately low bone densities of patients with AN are driven more by a deficit of bone metabolism in a critical period of development rather than by bone loss (13, [17]. By the age of 18 years, 95% of peak bone mass is achieved, and trabecular bone density increases by about 20% during pubertal growth [18, 19]. Poor bone accrual and a lower peak bone mass in late childhood and early adolescence were therefore thought to have a significant effect on trabecular bone morphology and skeletal strength [20]. Bone acquisition in late childhood is influenced mostly by pubertal stage and growth-related changes in body and skeleton size (including age, height and weight) [21]. During puberty, both nutritional and hormonal factors play major roles in the process of bone development. Increases in bone mineralisation are related to nutritional status (assessed by measuring weight and height) and growth hormone and sex steroid concentrations [22]. Oestrogens are thought to play a key role in increasing and maintaining bone mass in adolescent girls and boys [23]. In girls, peak bone mass gain generally occurs in late puberty, with BMD values increasing up to Tanner stage 4 [22].
The impact of EO-AN on BMD and BMC has not been fully investigated. Previous studies were conducted in subjects with AN beginning during or after the last stages of puberty, i.e. a heterogeneous mixture of children and adolescents in terms of chronological age at AN onset, with inadequate control for pubertal status. In comparisons of patients with pubertal delay with controls (matched only for chronological age and not for Tanner stage), sampling bias may artificially increase the estimated impact of AN on BMC and BMD. We hypothesise that undernutrition has an impact in EO-AN regardless of pubertal development stage (early or late puberty), and that this effect may be greater in patients with severe pubertal delay. In this study, we aimed to fill some of these gaps in our knowledge by assessing the difference in dual-energy X-ray absorptiometry parameters between a unique cohort of girls with restrictive AN beginning before the age of 14 years and a healthy control group matched on the basis of gender, chronological age, but also pubertal status.
Methods
Populations
This study included all consecutive female patients with AN hospitalised over a period of 5 years from 2010 to 2015 at the Child and Adolescent Psychiatry Department of Robert Debré Paediatric Hospital (Paris, France). Patients were enrolled at the time of DXA acquisition, during hospitalisation in a dedicated unit for the treatment of eating disorders. Girls with a retrospective diagnosis of EO-AN were included in the study. The criteria for EO-AN diagnosis were: restrictive AN based on the DSM 5 (we retroactively reassigned the DSM-5 diagnoses for participants recruited before 2013) [24], with an age at onset of the disorder of less than 14 years and onset before menarche. Both pre-14 and pre-menarche age requirements were met. All patients were of European descent. At the time of data acquisition, pubertal development and amenorrhoea status were rated by experienced paediatric endocrinologists (all patients had a diagnosis of EO-AN, and they were at various stages of pubertal development at the time of the inclusion in the study). The Tanner staging was the Tanner of breast development. The final diagnosis of AN was reached by summing the information from the Schedule for Affective Disorders and Schizophrenia for School-Age Children, Present and Lifetime Version (K-SADS-PL) [25] and data from clinical reports from experts in the field. We also used the K-SADS-PL to screen for comorbid psychiatric conditions.
The control individuals for this study were from a large group of healthy female children and adolescents from the general population (n=319). They were aged 6–20 years and were also all of European descent. These individuals were enrolled in a study aiming to establish control values for bone mineral content and body composition [26]. At inclusion, they had no lifetime history of any chronic medical disorder, impaired growth or axis I psychiatric disorders (investigated by a questionnaire completed by the parents) and none of the controls was under any drug treatment at the time of study. Children with height, weight or body mass values more than two standard deviations on either side of the mean were excluded from the control group. None of the study participants was using hormonal contraception. Given the developmental variability of bone mineral content and body composition, all participants with EO-AN from our study were matched with control individuals for Tanner stage. We split Tanner stages into two distinct subgroups, one corresponding to Tanner stage 1 or 2 (early pubertal stages) and the other to Tanner stages 3 to 5 (late stages of puberty), to prevent a lack of power and the biases introduced by multiple testing.
Height and weight were expressed as standard deviation scores (SDS) for age and sex [27]. We also calculated body mass index (BMI) (kg/m2) as a SDS for age and sex [28]. Pubertal development was assessed according to Tanner stage [29].
Ethics statement
The local ethics committee approved the protocol (Comité de l’Evaluation des Projets de Recherche Biomédicale de Robert Debré).
Dual-energy X-ray absorptiometry
We estimated the BMC and BMD (corresponding to BMC divided by total bone area) for the total body (TB) and for the lumbar spine (LS), L2–L4, by dual-energy X-ray absorptiometry (DXA, GE Lunar Prodigy Corp., Madison. WI). Bone mineral measurements were expressed as standard deviation scores (SDS) for chronological age. TB DXA provided an estimate of body composition: lean body mass (LBM) and body fat mass (BFM), expressed as a percentage. Given the complex relationship between BMC, LBM, age and growth during puberty, we also calculated the TB-BMC/LBM ratio [30, 31].
Statistical analysis
The clinical characteristics of patients with AN and control individuals were compared in appropriate tests. Comparisons of quantitative measures between the patient and control individual groups are made using type III chronological age-adjusted tests from mixed models with a random effect on the pair. We compared relevant bone mineral (TB-BMD and LS-BMD, TB-BMC, TB-BMC/LBM) and body composition (BFM and LBM) measurements between individuals with EO-AN and controls, with adjustment for chronological age. Sensitivity analyses were also conducted separately on subjects in the early (Tanner stages 1 or 2) and late (Tanner stages 3 to 5) stages of puberty. Holms correction for multiple testing was applied to control for type 1 error. The p-values indicated in the tables are the corrected p-values. We used a linear regression model to identify the clinical characteristics (chronological age (years)), BMI (SDS), Tanner status (early vs. later stages), duration of AN, fat mass (kg) and lean mass (kg) associated with our four bone mineral parameters (TB-BMD and LS-BMD, TB-BMC, TB-BMC/LBM). All tests were two-tailed. Statistical analyses were performed with SAS 8.2 software (SAS Institute Inc., Cary, North Carolina).
Results
Clinical characteristics
We enrolled 134 girls in the study: 67 patients with EO-AN and 67 female control children and adolescents matched for Tanner stage (Table 1). At inclusion, the median duration of the illness was 1.3 (0.6; 2.0) years, 19% of the patients (n=13) had secondary amenorrhoea, and 57% (n=38) were at Tanner stage 1 or 2. As expected, current BMI was lower for the patients with EO-AN than for the controls. For a given Tanner stage, patients with AN were older than the controls, consistent with the widely reported puberty delay in patients with EO-AN (Fig. 1).
Table 1Clinical characteristics of the study population


	 	EO-AN patients
	Control individuals
	Patients vs. control individuals

	N=67
	N=67

	median (25th percentile;75th percentile)
	median (25th percentile;75th percentile)
	p-value

	Chronological age (yrs)
	12.4 (10.9; 13.7)
	11.6 (9.9; 12.4)
	p< 0.01

	Tanner pubertal stage

	 1 and 2
	38 (57%)
	38 (57%)
	 
	 3 to 5
	29 (43%)
	29 (43%)
	 
	Height (SDS)
	−0.13 (− 0.86; 1.03)
	0.76 (− 0.21; 1.45)
	p< 0.01

	Weight (SDS)
	−1.46 (−2.01; − 0.83)
	0.80 (0.22; 1.45)
	p< 0.01

	BMI (kg/m2)
	14.0 (12.7; 15.2)
	18.1 (16.5; 20.1)
	p< 0.01

	BMI (SDS)
	−2.20 (−3.25; − 1.24)
	0.53 (− 0.29; 1.16)
	p< 0.01

	Secondary amenorrhoea
	13 (19%)
	 	 
	Age at EO-AN onset (yrs)
	11.0 (9.5; 12.5)
	 	 
	Disease duration (yrs)
	1.3 (0.6; 2.0)
	 	 

In bold: p-value < 0.01
BMI Body Mass Index, EO-AN Early Onset Anorexia Nervosa
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Fig. 1Box plots of Tanner stages in patients vs. controls individuals (n=134) and distribution by age


Bone mineral content and body composition
As expected, patients with EO-AN had a lower BFM and a higher LBM, expressed as percentages, than the controls (p< 0.01). As shown Table 2, TB-BMD (p< 0.01), TB-BMC (p< 0.01), LS-BMD (p< 0.01) and TB-BMC/LBM (p=0.02) were all significantly lower in patients with AN compared to control girls (Table 2, Fig. 2).
Table 2Comparison of bone mineral characteristics and body composition in 134 children: 67 with EO-AN vs 67 Tanner stage matched control individuals, adjusted for chronological age


	 	EO-AN patients
	Control individuals
	Patients vs. control individuals

	N=67
	N=67

	 	median (25th percentile;75th percentile)
	median (25th percentile;75th percentile)
	p-value

	BFM (% total weight)
	10.9 (6.6; 16.2)
	23.0 (18.0; 27.3)
	< 0.01

	LBM (% total weight)
	84.9 (78.1; 89.2)
	71.3 (67.0; 76.3)
	< 0.01

	TB LBM/height
	171 (156; 187)
	187 (169; 210)
	< 0.01

	TB BMC (SDS)
	−0.82 (−1.55; − 0.23)
	− 0.02 (− 0.64; 0.38)
	< 0.01

	TB BMC/LBM
	0.21 (− 0.53; 1.04)
	−0.32 (− 0.78; 0.46)
	0.02

	TB BMD (SDS)
	− 0.30 (− 1.17; 0.24)
	−0.06 (− 0.74; 0.60)
	< 0.01

	LS BMD (SDS)
	− 0.75 (− 1.70; − 0.09)
	− 0.20 (− 0.79; 0.75)
	< 0.01


BFM Body Fat Mass, EO-AN Early Onset Anorexia Nervosa, LBM Lean Body Mass, TB-BMC Total Body Bone Mineral Content, TB-BMC/LBM (SDS) Ratio of the TB-BMC to Lean Body Mass (LBM), TB-BMD (SDS) Total Body Bone Mineral Density, LS-BMD (SDS) Lumbar Spine Bone Mineral Density
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Fig. 2Box plots of total body bone mineral content (BMC), total body bone mineral density (BMD) and lumbar spine BMD in patients vs. controls (n=134)


Predictors of bone parameters in EO-AN patients
In our generalised linear regression model higher TB-BMC, TB-BMC/LBM, TB-BMD, and LS-BMD values were associated with a higher chronological age at the time of inclusion (p< 0.001 in all 4 models), regardless of body mass index. We also found that higher pubertal stage (Tanner 1 or 2 versus 3, 4 or 5; p=0.004 for TB-BMC, p=0.02 for TB-BMD and p=0.001 for LS-BMD) and higher lean body mass (p< 0.001 in all 4 models) were positively associated with higher TB-BMC, TB-BMD, and LS-BMD (p< 0.001 in all 4 models), regardless of body mass index and age (Table 3). Among EO-AN patients, girls at later pubertal stages had higher TB-BMC, TB-BMD, and LS-BMD values. Age, later pubertal stage and higher lean body mass were determinants of total body and lumbar spine bone mineral content and bone mineral density in the clinical population of EO-AN patients.
Table 3Linear regression model of clinical characteristics (chronological age, BMI, Tanner status, duration of AN, amenorrhea, body fat mass and lean body mass) associated with the four bone mineral parameters (TB-BMD and LS-BMD, TB-BMC, TB-BMC/LBM)


	 	 	TB BMC (SDS)
	TB BMC/LBM (%)
	TB BMD (SDS)
	LS BMD (SDS)

	 	N=67
	N=67
	N=67
	N=67

	β
	IC-95%
	p-value
	β
	IC-95%
	p-value
	β
	IC-95%
	p-value
	β
	IC-95%
	p-value

	Chronological age (yrs)
	166.2
	[133.92; 198.49]
	< 0.01
	0.13
	[0.06; 0.20]
	< 0.01
	0.03
	[0.02; 0.04]
	< 0.01
	0.06
	[0.04; 0.07]
	< 0.01

	Pubertal stage
	 	 	< 0.01
	 	 	0.55
	 	 	0.02
	 	 	< 0.01

	 1 and 2
	ref.
	ref.
	 	ref.
	ref.
	 	ref.
	ref.
	 	ref.
	ref.
	 
	 3 to 5
	217.25
	[71.32; 363.17]
	 	0.10
	[−0.24; 0.44]
	 	0.04
	[0.01; 0.08]
	 	0.09
	[0.04; 0.15]
	 
	BMI (SDS)
	15.45
	[−33.00; 63.90]
	0.53
	−0.13
	[− 0.24; − 0.02]
	0.07
	0.01
	[0.00; 0.02]
	0.16
	0.02
	[0.00; 0.04]
	0.02

	FBM (kg)
	−25.10
	[−66.67; 16.47]
	0.23
	0.02
	[−0.07; 0.11]
	0.61
	0.01
	[−0.01; 0.00]
	0.32
	−0.01
	[− 0.02; 0.01]
	0.45

	LBM (kg)
	65.11
	[53.86; 76.35]
	< 0.01
	0.04
	[−0.01; 0.08]
	0.10
	0.01
	[0.01; 0.01]
	< 0.01
	0.02
	[0.01; 0.02]
	< 0.01

	Disease duration (yrs)
	−60.79
	[− 129.85; 8.27]
	0.08
	−0.03
	[− 0.19; 0.12]
	0.67
	− 0.01
	[− 0.02; 0.01]
	0.31
	−0.03
	[− 0.05; 0.00]
	0.06


BMI Body mass index, BFM Body Fat Mass, LBM Lean Body Mass, TB-BMC Total Body Bone Mineral Content, TB-BMC/LBM (SDS) Ratio of the TB-BMC to Lean Body Mass (LBM), TB-BMD (SDS) Total Body Bone Mineral Density, LS-BMD (SDS) Lumbar Spine Bone Mineral Density



Discussion
This observational study provided extensive data for the assessment of bone mineral density and content in a well-characterised cohort of girls with severe restrictive AN beginning before the age of 14 years. Our findings highlight the abnormal bone mineral composition of these patients, affecting bone mineral content and, to a lesser extent, bone mineral density. Moreover, lumbar spine density was more affected than total body density. The findings of our study are consistent with those of previous studies. Previous studies on prepubertal children and children in the early stages of puberty have reported that bone mineral content is a more accurate measurement of bone acquisition than bone mineral density [21]. Moreover, the trabecular bone (lumbar spine) has been shown to be more severely affected than cortical bone in girls with EO-AN [8, 9]. Women with AN beginning during adolescence are known to have a lower bone density than women developing this condition during adulthood, despite similar durations of amenorrhoea [32]. In our study, the decrease in bone mineral content and spinal bone mineral density were very significant (about − 0.8 SDS) despite the short duration of disease. Age, later pubertal stage and higher lean body mass were determinants of bone mineral density and content in our study. Duration of illness has been previously shown to be a negative predictor of LS BMD [13]. The duration of illness was not related with BMD and BMC probably due to the narrow range of the duration of the illness in our cohort (median of 1.3 years).
Adolescence is a time window during which bone accrual must be maximal to attain an optimal peak bone mass. Any deficits occurring during this period may be permanent [17, 33]. EO-AN is a severe disease that affects bone mineralisation before puberty and is associated with a high risk of altered bone mineralisation if symptoms persist during puberty. EO-AN had an impact regardless of pubertal development stage, and this effect was strongest in those with the most severe pubertal delay (suffering from both oestrogen deficiency and undernutrition). An inadequate skeletal mass results in fragile bones and a higher risk of fractures, both in childhood and later in life, as adults [34, 35]. Early diagnosis and intervention are required to prevent such complications in this specific population.
One of the strengths of this study is that the pubertal delay in patients with early AN was considered by matching patients and controls for pubertal stage rather than chronological age. Indeed, the hormonal changes occurring during puberty are known to play a crucial role in bone mineralisation [22, 23]. We found differences in bone mineral parameters between EO-AN patients and control individuals at both early (Tanner 1 or 2) and late (Tanner 3, 4 or 5) stages of puberty. Furthermore, pubertal delay was associated with a greater deficit in bone maturation. In populations of adults with chronic AN, it has been suggested that hormonal adaptations to nutrient deficiency (including hypogonadotropic hypogonadism and growth hormone resistance) mediate a loss of bone mass [17, 36]. However, our study set-up was not appropriate for the testing of this hypothesis. Our results must be interpreted in the light of several limitations. First, AN was particularly severe in our sample of patients, who required hospitalisation in a highly specialised eating disorders unit, with the nationwide recruitment of patients particularly resistant to ambulatory care. Our sample may not, therefore, be entirely representative of the population of girls with EO-AN (with an onset before the age of 14 and primary amenorrhea). Second, although our sample is the largest sample from this clinical population ever studied, it nevertheless remains small. Our study may therefore lack power (i) to detect subtle differences in bone mineral composition (type 2 error) and (ii) to identify some of the clinical characteristics associated with bone mineral content and density in girls with AN. Finally, it was not possible to use our data to further assess the contribution of biological mechanisms to bone deficits in anorexia nervosa. We did not assess calcium intake or physical activity, although both these factors are known to be major determinants of bone mineralisation. Further studies are required to increase our understanding of the factors affecting bone mineral content and density before the completion of pubertal development in women with early-onset AN.
Conclusions
Even after a short duration of disease, girls with early-onset anorexia nervosa display bone loss, with severe effects on bone mineral content and lumbar spine density. These results highlight the need for careful and appropriate monitoring of bone mineral characteristics in these patients and the importance of nutrition rehabilitation to allow pubertal development to occur, given the importance of this process for bone mineral acquisition. Girls with EO-AN may have a high risk of fracture throughout life. Bone health should, therefore, be promoted through nutritional and other interventions (e.g. avoidance of toxic substances, physical activity under medical supervision etc.). Future studies should compare prospective bone mineral content and density in young adults with EO-AN and those with later onset of the disease, taking into account the duration of undernutrition, the pubertal delay (including age at menarche and catch-up growth), and the clinical characteristics of AN (recovery versus relapse and chronicity).
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