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Introduction

Chronic Glucocorticoid (GC) excess is the most frequent etiology of secondary bone loss [START_REF] Tóth | Glucocorticoid-induced osteoporosis: lessons from Cushing's syndrome[END_REF]. It induces severe bone loss via multiple and incompletely understood mechanisms [START_REF] Canalis | Glucocorticoid-induced osteoporosis: pathophysiology and therapy. Osteoporosis international: a journal established as result of cooperation between the European Foundation for Osteoporosis and the National Osteoporosis Foundation of the USA[END_REF]. Indeed, GC have direct effects on bone. They impair the replication, differentiation and functions of osteoblasts, induce apoptosis of mature osteoblasts and osteocytes, and promote osteoclastogenesis. GC also have indirect effects that lead to bone loss through interference with both calcium metabolism and secretion of hormones, such as growth hormone and sex steroids. Cushing's syndrome (CS) is an interesting clinical model of endogenous GC excess. Compared to patients treated with GC, there are no confounding factors due to the underlying primary disease. CS induces major bone disorder, which is an important factor among various disease comorbidities [START_REF] Brue | The risks of overlooking the diagnosis of secreting pituitary adenomas[END_REF]. Identifying patients with increased fracture risk is challenging because of the great inter-individual variability in bone defects and because Dual-energy X-ray absorptiometry (DXA) measurements are not sufficient to predict fracture risk. Furthermore, after correction of hypercortisolism, a discordance between bone mineral density (BMD) and the risk of fracture was evidenced [START_REF] Somma | Effect of 2 years of cortisol normalization on the impaired bone mass and turnover in adolescent and adult patients with Cushing's disease: a prospective study[END_REF][START_REF] Hermus | Bone mineral density and bone turnover before and after surgical cure of Cushing's syndrome[END_REF].

Bone marrow fat (BMF), which is a unique and dynamic fat depot, has been suggested to play a pivotal role in bone metabolism [START_REF] Hardouin | Bone marrow fat[END_REF]. Sharing the same precursor in the bone marrow, mesenchymal stromal cells, osteoblasts and adipocytes have a reciprocal relationship in differentiation and function that drives bone integrity. Many studies have found that changes in BMF volume correlate with reduced BMD as well as a history of low-energy fractures in patients with osteoporosis or aging [START_REF] Griffith | Vertebral bone mineral density, marrow perfusion, and fat content in healthy men and men with osteoporosis: dynamic contrast-enhanced MR imaging and MR spectroscopy[END_REF][START_REF] Schwartz | Vertebral bone marrow fat associated with lower trabecular BMD and prevalent vertebral fracture in older adults[END_REF]. Increased BMF was also found in patients with metabolic diseases, such as obesity [START_REF] Bredella | Vertebral bone marrow fat is positively associated with visceral fat and inversely associated with IGF-1 in obese women[END_REF][START_REF] Schafer | Changes in vertebral bone marrow fat and bone mass after gastric bypass surgery: A pilot study[END_REF], diabetes mellitus [START_REF] Baum | Does vertebral bone marrow fat content correlate with abdominal adipose tissue, lumbar spine bone mineral density, and blood biomarkers in women with type 2 diabetes mellitus? Journal of magnetic resonance imaging[END_REF] and anorexia nervosa [START_REF] Bredella | Increased bone marrow fat in anorexia nervosa[END_REF].

Recent developments in magnetic resonance imaging with 1 H-spectroscopy ( 1 H-MRS) allow for direct and sensitive non-invasive quantification of BMF. GC are known to modulate adipose tissue proliferation and differentiation as well as induce a specific redistribution of body fat. However, the impact of GC on BMF is unclear. Only one study [START_REF] Geer | Body composition and cardiovascular risk markers after remission of Cushing's disease: a prospective study using whole-body MRI[END_REF] evaluated BMF changes with magnetic resonance imaging (MRI) using manual segmentation of fat after remission of Cushing's disease and showed discordant results with a modulation of pelvic BMF but no modulation of total BMF. Therefore, the purpose of this study was to evaluate BMF by 1 H-MRS in patients in remission (at least 2 years) vs. active ACTH-dependent CS in comparison with age-and sex-matched controls.

Subjects and Methods

A. Patients

Patients with ACTH-dependent CS were prospectively recruited from December 2014 to June 2017 in the Endocrinology and in the Neurosurgery departments of Marseille University Hospital, France. The active group consisted of newly diagnosed patients or patients with uncontrolled disease despite multiple treatments. The remission group included patients who were in remission for at least 2 years, but no more than 6 years, regardless of their treatment modality.

Exclusion criteria included an age below 18 years, pregnancy or breastfeeding, presence of another chronic disease known to affect bone density (renal failure, rheumatoid arthritis, hyperthyroidism, primary hyperparathyroidism, alcoholism, malabsorption syndromes, chronic liver or obstructive pulmonary disease, premature ovarian failure, prolonged immobilization, …), and contraindications for magnetic resonance imaging (MRI). ACTH-dependent CS was diagnosed according to the usual clinical and biological criteria, including: 1) elevated twenty-four-hour urinary free cortisol (UFC) for at least two times; 2) increase of basal plasma cortisol levels with a loss of the circadian pattern and inappropriate unsuppressed plasma ACTH levels; 3) lack of cortisol suppression after a low-dose dexamethasone test (0.5 mg every 6 hours for 48 hours). Patients were considered to be in remission after treatment if they presented either with secondary adrenal insufficiency based on the following criteria: low morning plasma cortisol levels after 24 hours of withdrawal of hydrocortisone or with eucortisolism based on the following criteria: 1) Twenty-four-hours UFC below or within the normal range for at least two times; 2) Basal plasma cortisol levels below or within the normal range with a restoration of physiological circadian pattern and appropriate plasma ACTH levels; 3) cortisol suppression after the overnight 1-mg dexamethasone test or if they were controlled with anti-cortisolic therapy based on the following criteria: twenty-four-hour UFC below or within the normal range at every control during follow-up for at least two years.

B. Control subjects

Control subjects were recruited through advertisements and matched with active patients for age and sex. Exclusion criteria included an age below 18 years, pregnancy or breastfeeding, contraindication for MRI, presence of a chronic disease known to affect bone density as for patients, past or actual chronic treatment with GC or other medication for osteoporosis (bisphosphonates, raloxifene, calcitonin or PTH), metabolic syndrome and a body mass index (BMI) above 25 kg/m -2 .

All the patients and volunteers gave their written informed consent, and the study protocol was 

C. Study protocol

1. Clinical assessments.

BMI was calculated for each participant by dividing weight in kilograms by height in squared meters.

We recorded a history of medical conditions for all subjects as well as past and current medications and the duration of uncontrolled CS, which was defined as the period of time between symptoms onset (as determined by the patients) and inclusion in the study for patients with active CS. For the patients in remission, duration of uncontrolled disease was defined as the period of time between symptoms onset and remission of hypercortisolism after treatment.

Biochemical evaluation.

Fasting blood tests for glucose, total cholesterol, LDL-cholesterol, HDL-cholesterol, serum triglyceride, HbA1c, 25-hydroxyvitamin D, calcium, parathyroid hormone and serum C-terminal telopeptide of type I collagen (CTX-1) were taken in all the patients the day of inclusion. Control subjects were asked to perform a blood test with a fasting blood glucose and lipid unless they had one from less than a year.

The results were determined with standard analytical methods. Twenty-four-hour UFC excretion was quantified using a specific radioimmunoassay (reference: IM1841, Beckman Coulter Diagnostics France). Plasma cortisol levels and plasma ACTH levels were measured with an electrochemiluminescent immunoassay (Roche Diagnostics France). CTX-1 was quantified using ELISA assays (cross laps).

1 H-MRS spectroscopy.

All MRI acquisitions were carried out in a 3-Tesla wide-bore magnet (Magnetom Verio, Siemens Healthineers, Erlangen, Germany) equipped with a 32-element phased array coil. The participants were scanned in a head-first supine position. A spectroscopic volume of interest was positioned using a multi-slice FLASH image series with three different orientations (axial, coronal and sagittal), and a point-resolved single-voxel proton spectroscopy (PRESS) sequence was used to determine the molecular content of lipids and water. The parameters of PRESS 1 H-MRS were echo time= 35 ms, repetition time= 1000 ms, receiver bandwidth= 2000 Hz. Non-water-suppressed spectra (16 averages) were acquired to measure fat content. Full-relaxed spectra (1 excitation) were acquired to measure water content. At the lumbar spine, the voxel (voxel size 15x15x15 mm 3 ) was placed within the L3 vertebral body, whereas at the right hip, the voxel (voxel size 10x10x10 mm 3 ) was positioned within the femoral neck (Supplementary Figure 1). Spectral data were analyzed after phase, baseline and frequency shift corrections using a semi-automatic method (AMARES, Advanced Method for Accurate, Robust and Efficient Spectral fitting) implemented under an Interactive Data Language (IDL) environment (Exelis Visual Information Solutions, Inc., Boulder, Colorado, USA). Four peaks could be isolated in bone marrow spectra: unsaturated lipids (UL corresponding to olefinic protons, double bond -CH=CH-) at 5.3 ppm, water (W) at 4.65 ppm, residual lipids (RL corresponding to methylene protons, αto a double bond -CH=CHCH 2 -) at 2.03 ppm and saturated lipids (SL corresponding to bulk methylene protons, -CH 2 -) at 1.3 ppm [START_REF] Paccou | The Role of Bone Marrow Fat in Skeletal Health: Usefulness and Perspectives for Clinicians[END_REF]. We added the peaks fitted at 1.3 ppm and 2.03 ppm to represent one fat peak. It was decided not to include UL in the measurement because it was not always well-resolved. The calculations were performed as follows: BMF content (%) = Ifat/ (Ifat+Iwater) x 100, where I is the peak area under the curve.

One patient in the remission group had a hip prosthesis and therefore did not undergo 1 H-MRS at the femur.

To evaluate inter-scan variability, 1 H -MRS was performed in five volunteers before and after repositioning. The average interscan coefficient of variation (CV) of BMF was 1.93% and 3.55% for vertebrae and femur, respectively. All femoral spectra were of good quality, while vertebral spectra in 4 cases had shimming problems and were unsuitable for analysis.

MRI assessment of abdominal adiposity

A 3D three-point Dixon volume interpolated breath-hold gradient echo sequence (VIBE) was used to acquire fat and water images of the volume between vertebrae L4 and the sacrum. The parameters of the Dixon sequence were TE=2.45/3.67 ms, TR=6.56 ms, receiver bandwidth=530/574 Hz, FOV=450 mm, Matrix size (in 3D)=225x448. Areas of abdominal adipose tissue (AT) compartments were measured with a semi-automatic method at a single axial slice at the intervertebral disc L4-L5 using inhouse software running under IDL [START_REF] Zhou | Comparison of visceral adipose tissue quantification on water suppressed and nonwater-suppressed MRI at 3.0 Tesla[END_REF]. Fascia between superficial and deep subcutaneous adipose tissue was traced manually. Total subcutaneous adipose tissue (TSCAT) was calculated by adding superficial subcutaneous adipose tissue (sSCAT) and deep subcutaneous adipose tissue (dSCAT).

The mean intra-subject CV between five repeated measurements was 3.6% for visceral adipose tissue (VAT), 4.3% for dSCAT and 4.8% for sSCAT. The mean inter-subject CV between two observers of 45 patients was 9.6% for VAT, 7.8% for dSCAT and 8.7% for sSCAT.

Dual-energy X-ray absorptiometry (DXA).

The patients underwent DXA to measure the bone mineral density (BMD) of the whole body, the right hip and the spine (L1-L4) using a GE Lunar iDXA (GE Healthcare, Waukesha, WI).The Coefficient of variation is 0.41% for lumbar spine and 1.36% for femoral neck [START_REF] Hind | In vivo precision of the GE Lunar iDXA densitometer for the measurement of total body composition and fat distribution in adults[END_REF].

D. Statistical analysis

All statistics were performed using Prism (v 7.01) software (GraphPad Software Inc., San Diego, CA, USA). All quantitative results are presented as the means ± standard error of mean (SEM) or median [25 th , 75 th percentile] when the distribution was non-Gaussian. All qualitative results are presented as numbers and percentages. A p value less than 5% was considered to be statistically significant. All qualitative datasets were compared using Fischer's test. All normally distributed quantitative datasets were compared using Student's t-test, and non-normally distributed quantitative datasets were compared using Mann-Whitney. Analyses of covariance (ANCOVA) were performed using patients' group and sex as fixed effect, age, VAT and HbA1c as covariate. Least-square means were calculated (adjusted means) and pairwise comparisons between groups where p-value adjusted using Bonferroni method. Pearson's (Gaussian distribution) or Spearman's (non-Gaussian distribution) correlations were used to evaluate associations between BMF and anthropometrical, biological and bone density parameters. A multiple linear regression analysis was performed with Statview version 5.0 among the variables correlated at the linear correlation. An ANCOVA model under JASP version 0.8.2 was used to adjust BMF to covariates (age, sex, VAT and BMD values).

Results

A. Clinical and biological characteristics

Seventeen patients in each group completed the study (Figure 1). The 3 groups did not differ in age or sex (Table 1). Subjects had a mean age of 51.6 ± 3.4, 48.3 ± 3.0 and 50.3 ± 2.1 years in the active, remission and control groups, respectively. Patients from both the active and remission groups did not differ in duration of uncontrolled disease, and all had comparable plasma midnight ACTH, cortisol levels and twenty-four-hour UFC. Fifteen patients of the active and remission group had Cushing's disease and two had an ectopic source of ACTH. Patients with ectopic CS had shorter duration of uncontrolled CS compared to patients with Cushing disease: 9.5 [2.5-13.5] months versus 25 , p=0.043. Thirteen patients of the active group had newly diagnosed CS, whereas four were uncontrolled despite multiple treatments, and they did not differ for main clinical characteristics. In the remission group, the mean duration of remission was 43 ± 4 months, and the mean duration of hydrocortisone supplementation was 39 ± 4 months. Among the 17 patients in the remission group, 13 had glucocorticoid deficiency at the time of the MRI with a mean hydrocortisone dose of 26.5 ± 1.3 mg/day (full range: 20 to 30 mg/day). One treatment modality was sufficient to achieve remission for eleven patients, whereas for the others, two to three treatments were necessary. The 3 groups did not differ in terms of estrogen deficiency, hormonal replacement therapy (estrogen and/or progestogen) and number of fragility fractures. Patients in the active and the remission groups did not differ with regards to anti-osteoporotic therapy or testosterone deficiency, which was correctly substituted in each case. Current BMI (i.e BMI at the time of inclusion in the study) did not differ between the active (27.11 ± 0.87 kg/m 2 ) and remission (26.62 ± 1.22 kg/m 2 ) groups. BMI at diagnosis (i.e BMI at discovery of CS) was also comparable between the 2 groups. As expected, controls had lower BMI, 22.14 ± 0.71 kg/m 2 , compared to patients (p<0.001). Active patients had higher fasting blood glucose levels and serum triglyceride levels than controls. Patients in the remission group had lower HbA1c and significantly lower fasting blood glucose than their active counterparts. Serum triglyceride levels displayed a tendency to be lower in the remission group compared to the active group, and they were not different from the controls.

B. Abdominal adipose tissue distribution

The mean adipose tissues (AT) areas in each abdominal compartment are shown in Table 2. Active patients had a pathological distribution of abdominal AT with higher VAT and dSCAT/sSCAT ratios than controls (p<0.001 and p=0.013 respectively). Patients in the remission group had decreased VAT compared to active patients, but VAT remained higher than in controls (p<0.05). dSCAT/sSCAT ratio was significantly lower in remission group compared to the active group, and was statistically not different from controls.

C. Bone marrow fat content and BMD

Active patients had higher BMF content (Figure 2) in their femur (82.5 ± 2.6%) and in L3 (70.1 ± 5.1%) than the controls (70.8 ± 3.6%, p=0.013 and 49.0 ± 3.7%, p=0.005, respectively). In the remission group, BMF content was not different from controls at both locations (72.3 ± 2.9% and 46.7% ± 5.3%, respectively). After adjustment to VAT, both BMF content in femurs and vertebrae were still significantly higher in the active group compared to the remission group (p=0.015 and p=0.040, respectively). Further adjustment for age, sex, and HbA1c showed that active patients remained with higher BMF at both location compared to remission patients (table 4). Exclusion of the 5 patients with anti-osteoporotic therapy (2 in the active, and 3 in the remission group) did not statistically change our results (For BMF at femur: p=0.008 between active and controls groups, p=0.019 between active and remission groups. For BMF at vertebrae: p=0.005 between active and controls groups, p=0.010 between active and remission groups. Remission and controls groups did not differ at either location.

Osteodensitometric parameters (Table 3) did not differ significantly between active and remission groups. Two patients of each group (11.8%) were considered osteoporotic. Seven from the active group (41.2%) and six from remission group (35.3%) were considered osteopenic according to WHO criteria using T-score [START_REF] Kanis | The diagnosis of osteoporosis[END_REF].

D. Correlation analysis

BMF content in L3 and femurs were positively correlated (r=0.53 p=0.002) and correlated with age (Supplementary Table 1) but not with BMI. No correlation was found with the duration of uncontrolled CS, duration of hydrocortisone supplementation or UFC levels. Both femoral and L3 BMF correlated positively with HbA 1 c but only L3 BMF correlated additionally with fasting blood glucose levels (r=0.42 p=0.042). L3 BMF also correlated with serum triglyceride levels and with VAT, whereas femoral BMF correlated only with the dSCAT/sSCAT ratio. CTX-1 was positively correlated with BMF (at femur: r=0.42 p=0.018), but not with BMD (at the same location: r=-0.29, p=0.156). In subgroup analyses, BMF remained correlated with BMD values only in the remission group (supplementary table 1). Neither HbA1c nor VAT was correlated with BMF or BMD values in the active group or in the remission group. However, L3 BMF was correlated with VAT in controls (Pearson correlation r=0.66, p=0.007), and there was a trend with femur BMF (r=0.42, p=0.09).

After performing a multiple regression analysis including L3 BMF as a dependent variable (Table 5) and VAT, age and sex as independent variables, BMF was positively associated with VAT (β=0.37; p=0.030) and age (β=0.42; p=0.012).

There was an inverse correlation between femoral BMF and BMD at the same location, and there was a similar connection between L3 BMF and total body BMD. After performing a multiple regression analysis that includes femoral BMF as a dependent variable and BMD at the same location, age and sex (known to be related to BMF content) as independent variables, femoral BMF was negatively associated with BMD (β=-0.51; p=0.003) and positively associated with age (β=0.38; p=0.018 with BMD)

After performing a multiple regression analysis with L3 BMF as a dependent variable and total body BMD, age and sex as independent variables, BMF content was negatively associated with total body BMD (β =-0.99; p=0.003). However, there were no correlations with age.

Discussion

We have demonstrated for the first time with 1 H-MRS that patients with active ACTH-dependent CS have increased BMF content in the right femoral neck and in the lumbar spine compared to age and sex-matched normal-weight controls. Furthermore, in cured ACTH-dependent CS patients we found that BMF content was similar to controls at either site after 43 months of remission.

Our work confirms and follows results from previous preliminary studies on exogenous glucocorticoids, including one study that involved pre-menopausal women treated with GC for lupus that showed with MRI that there was a high percentage of marrow to fat conversion in the proximal femur [START_REF] Berg | Fat conversion of femoral marrow in glucocorticoid-treated patients: a cross-sectional and longitudinal study with magnetic resonance imaging[END_REF].

However, inflammatory connective tissue pathology could directly influence bone marrow adipocytes.

Furthermore, inflammatory diseases are known to be associated with bone loss.

Small sample sized studies did not find significant variation of marrow adiposity in CS patients versus healthy volunteers using dual energy CT scanning [START_REF] Mayo-Smith | Intravertebral fat measurement with quantitative CT in patients with Cushing disease and anorexia nervosa[END_REF]. However, only 4 patients with Cushing disease were included in this study. Besides, CT is limited by the long acquisition times, high radiation dose, and is related to the linear attenuation coefficient. Single-voxel proton magnetic resonance spectroscopy ( 1 H-MRS) remains the gold standard for the quantification of marrow adipose tissue in humans [START_REF] Singhal | Marrow adipose tissue imaging in humans[END_REF].

The study of Geer et al. [START_REF] Geer | Body composition and cardiovascular risk markers after remission of Cushing's disease: a prospective study using whole-body MRI[END_REF], found a decrease in pelvic BMF after 20.1 months of remission but not when total BMF was considered. However, their study design had no control patients and used quantification methods that are not widely used. Our results showed a significant difference between active and remission patients with regards to both femoral neck and L3 BMF; furthermore, we found that L3 BMF and osteodensitometric parameters were negatively associated, even after controlling for age and sex. However, osteodensitometric parameters were not significantly different between active and remission patients. Moreover, in subgroup analyses, BMF remained correlated with BMD values only in the remission group, confirming that BMD is not a surrogate marker for BMF. This could be explained by the remission time being too short. Indeed, a study by Kristo et al. [START_REF] Kristo | Restoration of the coupling process and normalization of bone mass following successful treatment of endogenous Cushing's syndrome: A prospective, long-term study[END_REF], found a significant increase in BMD measurements only after 71 months of remission and not earlier.

Therefore, our results showed discordance between variation of BMF with a significant decrease in remission patients and a lack of BMD value variation. Data of epidemiological studies found that fracture risk waned rapidly after remission in patients with CS [START_REF] Vestergaard | Increased risk of osteoporotic fractures in patients with Cushing's syndrome[END_REF] as well as after stopping glucocorticoid treatment in a large study including patients with exogenous hypercortisolism [START_REF] Van Staa | Use of oral corticosteroids and risk of fractures[END_REF].

BMF content seems to better reflect this brief risk improvement after remission than BMD values. Furthermore, in hypercortisolism secondary fractures with normal or only slightly decreased BMD have been described [START_REF] Tóth | Glucocorticoid-induced osteoporosis: lessons from Cushing's syndrome[END_REF], which can be explained by the qualitative and not the quantitative deterioration of bone tissue. Indeed, GC excess is known to induce alterations in trabecular microarchitecture rendering the trabecular bone specifically more fragile [START_REF] Vinolas | Assessment of vertebral microarchitecture in overt and mild Cushing's syndrome using trabecular bone score[END_REF]. BMF could be a marker of bone quality, more sensitive than BMD to predict risk fracture in CS patients either during active disease or after remission. However, long-term prospective studies with fracture evaluation are needed to test this hypothesis.

Patients with an important clinical and biological impact of their hypercortisolism in our cohort also had a more severe accumulation of BMF. Interestingly, we also found a significant correlation between BMF content and markers of severity of hypercortisolism, such as abnormalities in abdominal fat distribution (increased VAT and dSCAT/sSCAT ratio) and certain biological markers, i.e., HbA 1 c. However, in subgroup analysis VAT was significantly correlated with BMF only in the control group, suggesting that in CS patients, VAT is probably not the main driver of marrow adiposity. Duration of uncontrolled CS, which is a subjective parameter determined by patients, was not correlated with BMF content, nor was the level of UFC. Other groups have found no correlation between BMD and these two parameters [START_REF] Fütő | Skeletal differences in bone mineral area and content before and after cure of endogenous Cushing's syndrome[END_REF]. Polymorphisms in the GC receptor gene, which may increase or decrease GC sensitivity could explain these results [START_REF] Shen | MRI-measured bone marrow adipose tissue is inversely related to DXA-measured bone mineral in Caucasian women. Osteoporosis international : a journal established as result of cooperation between the European Foundation for Osteoporosis and the National Osteoporosis Foundation of the USA[END_REF]. Our study demonstrates a correlation between VAT volumes and BMF content, but the impact of hypercortisolism on BMF was statistically significant even after adjusting for VAT volumes. Studies with normal-weight and obese patients have also found a positive association between VAT and BMF content [START_REF] Bredella | Vertebral bone marrow fat is positively associated with visceral fat and inversely associated with IGF-1 in obese women[END_REF][START_REF] Shen | MRI-measured bone marrow adipose tissue is inversely related to DXA-measured bone mineral in Caucasian women. Osteoporosis international : a journal established as result of cooperation between the European Foundation for Osteoporosis and the National Osteoporosis Foundation of the USA[END_REF], whereas another study on anorexia nervosa [START_REF] Bredella | Increased bone marrow fat in anorexia nervosa[END_REF] found a negative correlation between these parameters. It seems that BMF is an independent fat depot, which can be modulated differently than other fat depots depending on the underlying pathologies. We can therefore consider higher VAT volumes as a reflection of severity of hypercortisolism, rather than a potential actor in BMF accumulation.

Increased BMF content and decreased BMD in hypercortisolism could be the result of an imbalance between stromal progenitor cell commitment down the osteogenic and adipogenic lineages in bone marrow [START_REF] Georgiou | Regulatory pathways associated with bone loss and bone marrow adiposity caused by aging, chemotherapy, glucocorticoid therapy and radiotherapy[END_REF]. Peroxisome proliferator activated receptor-gamma (PPAR-γ), which represses osteogenic transcription factors (runt-related transcription factor 2 and osterix) and stimulates expression of adipogenic genes in bone marrow, was already found to be modulated by hypercortisolism in VAT [START_REF] Lindroos | Human but not mouse adipogenesis is critically dependent on LMO3[END_REF]. Glucocorticoids can also dysregulate Wnt/β catenin signaling, which is a key regulator of the two lineages, by stimulating Wnt antagonists (sclerostin and dickkopf-1), as shown in studies conducted in humans and mice [START_REF] Gifre | Effect of glucocorticoid treatment on Wnt signalling antagonists (sclerostin and Dkk-1) and their relationship with bone turnover[END_REF][START_REF] Beier | Sclerostin activity plays a key role in the negative effect of glucocorticoid signaling on osteoblast function in mice[END_REF][START_REF] Belaya | Effects of endogenous hypercortisolism on bone mRNA and microRNA expression in humans. Osteoporosis international: a journal established as result of cooperation between the European Foundation for Osteoporosis and the National Osteoporosis Foundation of the USA[END_REF].

One strength of our study is that we used the best available method to measure BMF, which is 1 H-MRS, as it allows to quantify BMF compared to water quantity with good reliability and reproducibility [START_REF] Li | Quantification of vertebral bone marrow fat content using 3 Tesla MR spectroscopy: reproducibility, vertebral variation, and applications in osteoporosis[END_REF]. Our team has a long experience with 1 H-MRS quantification of myocardial, hepatic and pancreatic triglyceride contents [START_REF] Dutour | Exenatide decreases Liver fat content and Epicardial Adipose Tissue in Patients with obesity and Type 2 Diabetes: A prospective randomised clinical trial using Magnetic Resonance Imaging and Spectroscopy[END_REF][START_REF] Gaborit | Effects of bariatric surgery on cardiac ectopic fat: lesser decrease in epicardial fat compared to visceral fat loss and no change in myocardial triglyceride content[END_REF][START_REF] Abdesselam | Time Course of Change in Ectopic Fat Stores After Bariatric Surgery[END_REF]. We measured BMF content at two sites: the femoral neck and the corpus of vertebrae L3, which allowed us to study different kinetics of BMF evolution with aging. Indeed, red marrow is gradually being replaced by BMF throughout aging, and it extends from the appendicular skeleton up to the axial skeleton [START_REF] Hardouin | Bone marrow fat[END_REF]. Another strength of our study is that we did not include hypercortisolism with adrenal etiology to eliminate possible confounding from other cosecreted steroids from adrenal glands. Nevertheless, one study found no difference in BMD between the etiologies of hypercortisolism [START_REF] Tauchmanovà | Bone demineralization and vertebral fractures in endogenous cortisol excess: role of disease etiology and gonadal status[END_REF]. There are several limitations in our study. The major one is the retrospective nature of our study with a small sample size. However, CS is a very rare disease with an incidence of 0.7-2.4 per million people per year that makes the feasibility of a large-scale prospective analysis not applicable [START_REF] Lindholm | Incidence and Late Prognosis of Cushing's Syndrome: A Population-Based Study 1[END_REF][START_REF] Pivonello | Complications of Cushing's syndrome: state of the art[END_REF] given the high-precision techniques used in our center, and not available in the majority of the centers dealing with hypercortisolism. The majority of our patients were treated by hydrocortisone, and this treatment is assumed to impact bone turnover and density at supraphysiological doses [START_REF] Schulz | Reduction in daily hydrocortisone dose improves bone health in primary adrenal insufficiency[END_REF]. However, corticotroph deficiency is now considered as the best prognosis marker to consider that the patients are in remission, and it would have been difficult to evaluate patients in remission if they had not been ACTH deficient for a long period of time after surgery. Moreover, Schulz et al., clearly demonstrated that patients substituted with a dose of hydrocortisone of 25.2 +/-8.2 mg/day (similar to our study) had normal BMD that did not change after two years, suggesting that exogenous replacement therapy within this range of hydrocortisone dosing has no significant impact on BMD. The improvement of diabetes or hypertriglyceridemia could also have an impact on BMF after remission of CS. Anti-osteoporotic therapies taken by some of our patients, could also have modified BMF: however, these treatments were evenly distributed in both the active and remission groups. Finally, we could not calculate fat unsaturation, which could have been interesting as saturated lipids could directly influence osteoblasts [START_REF] Philippe | GPR40 mediates potential positive effects of a saturated fatty acid enriched diet on bone[END_REF]. As other teams have also reported [START_REF] Dutour | Exenatide decreases Liver fat content and Epicardial Adipose Tissue in Patients with obesity and Type 2 Diabetes: A prospective randomised clinical trial using Magnetic Resonance Imaging and Spectroscopy[END_REF][START_REF] Liney | Age, gender, and skeletal variation in bone marrow composition: A preliminary study at 3.0Tesla[END_REF] we found at 3 Tesla that the spectroscopic peak at 5.3 ppm was sometimes confounded with the water peak and could not be isolated.

In conclusion, our data demonstrated that BMF content is increased by CS at various localizations and did not differ from normal-weight controls after 43 months of remission. Moreover, the degree of BMF accumulation was positively correlated with markers that reflect the biological and clinical impacts of hypercortisolism. We provide the first study evaluating bone marrow adiposity with 1 H-MRS in such patients. It would be interesting to study further the link between BMF and bone microarchitecture in hypercortisolism.
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Table 3

 3 BMD parameters measured by DXA of active and remission groups

		Active group	Remission group	p value
	Lumbar spine BMD, g/cm 2	1.045±0.041	1.067±0.040	0.720
	Lumbar spine BMD T-score	-1.125±0.354	-0.500±0.361	0.240
	Femoral neck BMD, g/cm 2	0.842±0.033	0.941±0.040	0.085
	Femoral neck BMD T-score	-1.231±0.276	-0.725±0.284	0.218
	Total body BMD, g/cm 2	1.091±0,035	1,104±0.035	0.822
	Total body BMD T-score	-0.187±0.298	-0.069±0.301	0.806
	Notes: Data presented as mean ± SEM			

Table 4

 4 Adjusted means with 95% confidence interval of bone marrow fat content 1) adjusted means of BMF for age and sex 2) adjusted means for age, sex, and HbA1c 3) adjusted means for age, sex, and VAT

		Active	Remission group	Controls	p
		group			
	1) L3 BMF				
	Adjusted for age	70.3 ± 4.8 b	39.4 ± 4.4 a	50.2 ± 3.2	<0.0001
	and sex				
	2) L3 BMF				
	Adjusted for age	80.0 ± 11.7	38.9 ± 4.2 a	47.9 ± 4.5	0.003
	sex and HbA1c				
	3) L3 BMF				
	Adjusted for age	65.6 ± 6.3	38.4 ± 4.4 a	51.8 ± 3.5	0.002
	sex and VAT				
	1) Femur BMF				
	Adjusted for age	84.9 ± 2.7	73.1 ± 2.9 a	75.6 ± 2.9	0.01
	and sex				
	2) Femur BMF				
	Adjusted for	86.6 ± 5.2	68.8 ± 3.6 a	73.6 ± 3.5	0.028
	age, sex and				
	HbA1C				
	3) Femur BMF				
	Adjusted for age	88.6 ± 3.0 b	74.0 ± 2.8 a	73.1 ± 3.0	0.001
	sex and VAT				
	p for the difference between groups was calculated using an ANCOVA model, pairwise
	comparisons were adjusted using Bonferroni method.		
	a p< 0.05 between active and remission group		
	b p<0.05 between active group and controls		

Table 5

 5 Multiple regression analysis

	Independent variables
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