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Full Length Article 
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A B S T R A C T   

Background: Fibrous dysplasia/McCune-Albright syndrome (FD/MAS) is a rare genetic bone disease caused by a 
somatic mutation in the GNAS gene. Currently used bone turnover markers (BTMs) do not correlate with the 
clinical picture and are not useful to predict or monitor therapy success. This study assessed the correlation of 
RANKL, OPG, RANKL/OPG ratio, IL-6 and sclerostin with the classic BTMs alkaline phosphatase (ALP), pro
collagen type 1 propeptide (P1NP) and beta crosslaps (CTX), with pain, skeletal burden score (SBS) and response 
to bisphosphonate or denosumab treatment. 
Methods: Ninety-six serum samples of adult patients >18 years of age with any subtype of FD/MAS were included 
from the biobank facility of the Leiden University Medical Center, Center for Bone Quality between 2015 and 
2021. Standard laboratory assessments were assessed as part of usual care. The concentrations of potential 
biomarkers RANKL, OPG, sclerostin, IL-6 were analyzed. Data on FD/MAS subtype, age, pain, treatment history 
and treatment response were retrieved from the electronic patient files. Baseline characteristics were summa
rized by descriptive statistics. Correlations of the concentrations of the potential biomarkers with classic bone 
turnover markers, SBS and pain scores were cross-sectionally assessed by Spearman rank order correlation. 
Correction for multiple testing was performed by Benjamini and Hochberg False Discovery Rate. A sensitivity 
analyses was performed by excluding patients with SBS below 15 and patients using antiresorptive medication at 
the time of blood withdrawal or within the wash-out period. In patients treated with bisphosphonates or 
denosumab after blood withdrawal, pre-treatment concentrations were compared in patients with and without 
therapy response by Mann Whitney U test. 
Results: The median age of the patients was 41.2 (Q1-Q3 25.9–52.2) years, 62.5 % was female. Median SBS was 
2.5 (Q1-Q3 0.5–7.8). RANKL level correlated weakly with ALP (Spearman rho 0.309, p = 0.004, n = 84), but not 
with P1NP or CTX. The RANKL/OPG ratio, OPG, IL-6 and sclerostin did not correlate with ALP, P1NP or CTX. 
None of the potential biomarkers correlated with SBS or pain. Results of the sensitivity analyses were compa
rable. Pre-treatment biomarker levels were similar in patients with and without improvement in pain scores 
following bisphosphonate therapy. Pre-treatment RANKL and sclerostin were comparable between patients with 
and without improvement in pain scores after denosumab therapy. Pre-treatment IL-6 level and the RANKL/OPG 
ratio seemed to be higher in patients with response to denosumab (IL-6: median 0.64 (Q1-Q3 0.53–0.74) pg/mL, 
n = 6, RANKL/OPG: median 0.062 (Q1-Q3 0.016–0.331), n = 5) compared to patients without response (IL-6: 
median 0.35 (0.20–0.54) pg/mL, n = 5, RANKL/OPG: 0.027 (0.024–0.046), n = 4). Pre-treatment IL-6 correlated 
with the improvement in maximum pain scores (rho 0.962, p < 0.001, n = 9) and average pain scores (rho 0.895, 
p = 0.001, n = 9) reported during denosumab therapy. 
Conclusion: Increased concentrations of RANKL, IL-6, sclerostin and of the RANKL/OPG ratio do not indicate 
severity of FD/MAS, as no correlation was observed of these potential biomarkers with the classic BTMs and SBS. 
Biomarker levels did not correlate with pain and had no value in predicting bisphosphonate treatment response. 
These biomarkers are not superior over the currently used methods of assessing ALP, P1NP and CTX or evalu
ating SBS to establish disease extent or activity and provide no reliable results. Yet, possibly pre-treatment IL-6 
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and the RANKL/OPG ratio may have some predictive value for clinical response to denosumab. Therefore, 
studies investigating disease activity and treatment response should include lesional imaging and patient- 
reported outcome measures.   

1. Introduction 

Fibrous dysplasia is caused by a mutation in the GNAS gene. Due to 
the somatic mosaicism there is a broad clinical spectrum [1]. Hallmark 
of the disease is the development of fibrous, dysplastic bone lesions with 
abnormal bone turnover and inadequate mineralization, which may 
induce pain, nerve compression, fractures or malformations [2,3]. These 
lesions may affect one bone in monostotic fibrous dysplasia (MFD) or 
multiple sites in polyostotic disease (PFD). When accompanied by at 
least 2 extraskeletal manifestations like hyperpigmented skin macules, 
hormone overproduction or benign tumors, it is termed as McCune- 
Albright syndrome (MAS) [4]. To date predicting disease activity and 
progression has been difficult and disease burden, as measured by 
skeletal burden score [5], does not seem to be predictive [6]. Theoret
ically the downstream factors from the GNAS mutation could serve as a 
marker for disease activity. The GNAS mutation is located on chromo
some 20q13.3 and encoding the stimulatory alpha subunit of the G- 
protein (Gsα), alters hydrolysis of GTP to GDP [1,7] and induces 
elevated levels of cyclic adenosine monophosphate (cAMP) and protein 
kinase A phosphorylation [1]. Physiologically, the increase in cAMP 
lowers sclerostin levels and leads to overexpression of factors of the Wnt 
signaling pathway and β-catenin by osteoblast progenitors. As a result, 
in FD/MAS this causes increased bone turnover, which may be reflected 
by increased markers of bone formation (alkaline phosphatase (ALP), 
osteocalcin, procollagen type 1 propeptide (P1NP)) and of bone 
resorption (beta crosslaps (CTX)). Together with insufficient minerali
zation, this leads to immature, woven bone [3,8]. In addition, mutated 
osteoblasts overexpress receptor activator of nuclear factor κ-B ligand 
(RANKL) [9] and interleukin-6 (IL-6) [10,11]. Currently disease activity 
is biochemically assessed by measuring the bone turnover markers 
(BTMs) ALP, osteocalcin, P1NP and beta crosslaps (CTX) [4]. However, 
these markers have several limitations in the management of FD: they do 
not correlate with pain [12] and correlate with skeletal burden score 
(SBS) in some studies but not all [5,13,14]. Moreover, a recent longi
tudinal study suggested an age-related decline in BTMs, regardless of 
antiresorptive treatment [12]. These limitations underline the need for 
biomarkers with the potential to predict and monitor treatment success 
and to accelerate the development of new therapeutic approaches. A 
previous study showed that RANKL and its decoy receptor osteoprote
gerin (OPG) were systemically increased in patients with FD/MAS when 
compared to controls [15]. RANKL and OPG levels and the RANKL/OPG 
ratio correlated with SBS in a combined cohort of patients and healthy 
controls [15]. RANKL-inhibition has provided promising results, but the 
predictive value of RANKL levels for therapy success has not been 
investigated. Likewise treatment targeting IL-6 has been conducted, 
although systemic levels of IL-6 have not been evaluated in FD/MAS. 
Therefore, this study aimed to explore systemic levels of RANKL, OPG, 
and IL-6 and to assess the association with disease activity and extent, 
pain and treatment response. Moreover, this study focused on sclerostin, 
a key bone regulator, which inhibits bone formation, suppresses 
mineralization and stimulates RANKL expression and bone resorption 
[16]. Research on the sclerostin/Wnt pathway in FD/MAS is scarce. 
Some patients are described to exhibit gene upregulation of components 
of the Wnt signaling pathway [17,18] and in a mice model of FD, 
diminished expression of sclerostin was observed by immunohisto
chemistry, although mRNA expression was comparable to controls [19]. 
In summary, this study investigated the role of RANKL, OPG, IL-6 and 
sclerostin as potential biomarkers. Their clinical significance is evalu
ated by exploring the association between serum concentrations and 
SBS, classic BTMs, pain and response to antiresorptive therapy. 

2. Methods 

2.1. Subjects 

In this cohort study 96 serum samples were collected from a IRB 
approved biobank [20]. All samples were retrieved from patients ≥18 
years of age who visited the outpatient clinic of the Center for Bone 
Quality, Department of Endocrinology of the Leiden University Medical 
Center in the Netherlands between 2015 and 2021 and retrieved a 
definitive diagnosis of any subtype of FD/MAS. All samples were taken 
before the afternoon with a maximum processing time of 4 hours [20]. 
This study was approved by the Medical Ethics Committee and scientific 
biobank committee [20]. A subset of patients was included in previous 
studies [14,21–24], data for the present study were generated originally. 
At the time of serum withdrawal, 65 patients (67.7 %) were therapy 
naïve, 17 patients (17.7 %) had previously received bone-modulating 
treatment but underwent a minimum of 6 months wash-out, 14 pa
tients (14.6 %) were under active treatment. 

2.2. Clinical parameters 

The electronic patient file was consulted to assess type FD/MAS, age, 
results of routine assessments of ALP, P1NP and CTX, presence of pain 
and pain score at the time of serum withdrawal. For pain assessment, the 
Brief Pain Inventory was used [25]. This questionnaire investigates pain 
severity, where patients score their maximum pain, least pain, pain on 
average and pain right now. The range is 0–10, higher scores reflect 
more pain. We considered the items maximum pain and average pain 
most relevant for our research and excluded other domains. Next, we 
classified pain scores into pain levels, where score 0 was categorized as 
zero pain, score 1–3 as mild pain, score 4–6 as moderate pain, and ≥ 7 as 
severe pain. Additionally, the medical history was reviewed for history 
of treatment with denosumab or bisphosphonates either before or after 
serum withdrawal, and for therapy response in terms of pain, bone 
turnover markers. Treatment status during blood withdrawal was 
established as on or off active treatment, with a 6-month wash-out 
period for bisphosphonates and 3-months wash-out for denosumab. 
Skeletal burden score [5] was assessed on bone scintigraphy or 18F-NaF 
PET/CT. 

2.3. Laboratory analysis 

From each patient, a serum sample of 450 uL was obtained from 
storage at − 80 ◦C in the biobank. The concentrations of RANKL, OPG, 
sclerostin and IL-6 were assessed according to the manufacturer’s in
structions. RANKL was detected by MILLIPLEX MAP Human RANKL 
Magnetic Bead - Single Plex - Metabolism Assay of Merck Millipore with 
a Luminex Platform, intra assay variation <10 %, inter assay variation 
<15 % (reported by manufacturer). Sclerostin was assessed by SOST 
Human Sclerostin Kit Immunoassay of MSD, intra assay variation <15 
%, inter assay variation <18 %. OPG was measured by Human Osteo
protegerin/TNFRSF11B DuoSet ELISA with DuoSet ELISA Ancillary 
Reagent Kit 2 and normal goat serum, all of R&D systems, intra and inter 
assay variation not reported by manufacturer. IL-6 was measured by V- 
plex Human IL-6 kit of MSD, intra-assay variation 4 %, inter assay 
variation 6.4 %. OPG was merely assessed in the first batch of patients in 
2019 (n = 57) and not performed in the samples retrieved from the 
biobank in 2021, of newly included patients between 2019 and 2021 (n 
= 39), due to our preliminary results. Standard laboratory assessments 
were routinely performed directly after venipuncture, total ALP by 
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automated P800 modulator system (Roche BV, Woerden, The 
Netherlands), P1NP and B-CTX were measured by the E-170 system 
(Roche BV). 

2.4. Statistical analysis 

Baseline characteristics were summarized by descriptive statistics: 
number and percentage for categorical data and mean and standard 
deviation for normally distributed data, otherwise median with inter
quartile range. Results of each potential biomarker were screened for 
outliers by Grubb’s outlier test with a significance level of <0.05. Out
liers with a Z-score > 3 were indicated. Correlations were assessed by 
Spearman rank order correlation, as the presence of relevant outliers in 
all laboratory assessments precluded the use of Pearson’s correlation. 
Correlations of the potential biomarkers RANKL, OPG, IL-6 and sclero
stin with classic BTMs, SBS, and presence of pain at the time of serum 
withdrawal were cross-sectionally analyzed. A sensitivity analyses was 
performed by excluding patients with SBS below 15 (to investigate 
whether associations were affected by disease severity) and excluding 
patients using antiresorptive medication at the time of blood withdrawal 
or within the wash-out period (to assess whether associations were 
affected by use of antiresorptives). Serum concentrations of the potential 
biomarkers were compared in patients with and without therapy 
response after bisphosphonate or denosumab therapy by Mann Whitney 
U test. This analysis was performed in the subgroup of patients off 
therapy during blood withdrawal and starting therapy after withdrawal. 
Correction for multiple testing was performed for all statistical tests 
(correlations and analyses of group differences, n = 26) by Benjamini 
and Hochberg False Discovery Rate. 

3. Results 

3.1. Baseline characteristics 

Ninety-six patients were included with median age 41.2 (Q1-Q3 
25.9–52.2) years, 62.5 % female (Table 1). Monostotic disease was 
present in 53 patients (55.2 %), polyostotic involvement in 43 patients 
(44.8 %). An additional diagnosis of MAS was established in 14 patients 
(20.8 %). Median skeletal burden score was 2.5 (Q1-Q3 0.5–7.8). Me
dian serum concentration of RANKL was 33.0 (Q1-Q3 19.5–62.5) pg/ 
mL, of OPG 1093 (949–1478) pg/mL, of IL-6 0.342 (0.145–0.595) pg/ 
mL, of sclerostin 0.185 (0.150–0.220) ng/mL. The median RANKL/OPG 
ratio was 0.024 (0.014–0.046). Grubb’s outlier test was significant for 
all potential biomarkers, indicating at least one outlier. The number of 
outliers with Z-score > 3.0 was 2 for RANKL (Z-score 3.1 and 7.1), 1 for 

OPG (Z-score 4.9), 1 for IL-6 (Z-sore 8.6), 1 for sclerostin (Z-score 3.4), 
and 1 for the RANKL/OPG ratio (Z-score 5.7). 

3.2. Correlation of biomarkers with classic bone turnover markers 

RANKL correlated weakly with ALP levels (Spearman rho 0.309, p =
0.004, n = 84), but not with P1NP (rho: 0.149, p = 0.173, n = 85) or with 
CTX (rho: − 0.077, p = 0.483, n = 85) (Table 2). OPG did not correlate 
with ALP, P1NP or CTX (rho: - 0.057, p = 0.676, rho: - 0.034, p = 0.804, 
rho: - 0.127, p = 0.346 respectively) (Table 2). Initially the RANKL/OPG 
ratio did correlate weakly with ALP (rho 0.365, p = 0.014, n = 45) but 
not after correction for multiple testing. RANKL/OPG ratio did not 
correlate with P1NP or CTX (rho: 0.162, p = 0.282, rho: − 0.155, p =
0.304 resp.) (Table 2). Likewise initially IL-6 correlated with ALP (rho 
0.245, p = 0.019, n = 92), but not after correction for multiple testing. 
IL-6 did not correlate with P1NP or CTX (Table 2). Sclerostin did not 
correlate with any of the BTMs (Table 2). 

3.3. Correlation with skeletal burden score 

None of the biomarkers correlated with SBS (Table 2). Of note, also 
none of the classic bone turnover markers (ALP, P1NP, CTX) correlated 
with SBS (data not shown). 

3.4. Correlation with pain 

RANKL, the RANKL/OPG ratio, IL-6 and sclerostin did not correlate 
with average pain or maximum pain score or level at the time of serum 
withdrawal. Table 3 shows the median serum concentrations of the 
biomarkers for each level of average pain. Results for maximum pain are 
not shown but comparable. 

3.5. Sensitivity analyses 

After excluding patients with SBS < 15, the more severely affected 
subgroup consisted of nineteen patients. In this group, results were 
similar to the total group regarding the correlation between investigated 
biomarkers and clinical endpoints (classic bone turnover markers, SBS 
or pain score). Fourteen patients used bone modulating therapy at the 
time of blood withdrawal (14.6 %) or were within 6 months prior to 
blood withdrawal. Exclusion of these patients from the analysis 
improved the correlations of RANKL with ALP and with P1NP, of 
RANKL/OPG ratio with ALP, and of IL-6 with ALP. However, this did not 
alter the (absence of) correlation between RANKL and RANKL/OPG 
ratio with SBS and of the (absence of) correlation between biomarkers 
and pain scores. Table 1 

Baseline characteristics.   

N = 96 

Age years, median (Q1-Q3) 41.2 (25.9–52.2) 
Sex, female (n, %) 60 (62.5 %) 
Type of FD a (n, %) 

MFD (non-CFD) 
PFD 
MAS  

53 (55.2 %) 
43 (44.8 %) 
14 (20.8 %) 

Skeletal Burden Score median (Q1-Q3) 2.5 (0.5–7.8) 
Use of bone modulating medication (lifetime) 

Bisphosphonates 
Denosumab 
Tocilizumab 

At time of serum withdrawal 
Bisphosphonates 
Denosumab 
Tocilizumab  

64 (66.7 %) 
13 (13.5 %) 
1 (0.01 %)  

12 (12.5 %) 
1 (0.01 %) 
1 (0.01 %) 

FD-pain present at baseline 50 (52.1) 

MFD: monostotic fibrous dysplasia, PFD: polyostotic FD, MAS: McCune-Albright 
syndrome. 

Table 2 
Correlation biomarkers with standard markers of bone turnover and SBS.   

ALP P1NP CTX SBS 

RANKL Coefficient 
Significance 
N  

0.309 
0.004* 
84  

0.149 
0.173 
85  

− 0.077 
0.483 
85  

0.116 
0.294 
84 

OPG Coefficient 
Significance 
N  

− 0.057 
0.676 
56  

− 0.034 
0.804 
57  

− 0.127 
0.346 
57  

− 0.078 
0.564 
57 

RANKL/OPG Coefficient 
Significance 
N  

0.365 
0.014 
45  

0.162 
0.282 
46  

− 0.155 
0.304 
46  

0.170 
0.259 
46 

IL-6 Coefficient 
Significance 
N  

0.245 
0.019 
92  

− 0.086 
0.413 
93  

− 0.139 
0.182 
93  

0.133 
0.208 
92 

Sclerostin Coefficient 
Significance 
N  

0.029 
0.783 
95  

0.104 
0.313 
96  

0.169 
0.101 
96  

− 0.141 
0.173 
95 

P-values with * are statistically significant after correction for multiple testing. 
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3.6. Pain response after bisphosphonate therapy 

Sixty-four patients were treated with bisphosphonate therapy (66.7 
%). Thirty-six patients (56.3 %) received their first dose after blood 
withdrawal, 17 patients (26.6 %) had received bisphosphonate therapy 
prior to the blood withdrawal but underwent >6 months wash-out, of 
which 10 had received only therapy before the study assessments and 7 
both before and after. Lastly, 11 patients (17.2 %) were treated with 
bisphosphonates at the time of blood withdrawal. Of the 43 patients 
(44.8 %) with treatment after but not during blood withdrawal, 4 had no 
pain prior to treatment, and data regarding pain response was missing or 
inconclusive in 3 patients. Of the 36 remaining patients, 22 patients 
reported improvement in pain scores following bisphosphonate therapy 
and 14 experienced no improvement. Patients reporting improvement in 
pain had similar pretreatment RANKL levels compared to patients 
without improvement in pain (respectively median 24 (Q1-Q3 15–49) 
pg/mL, n = 20, versus median 26 (17–58), n = 11, Mann Whitney U: p =
0.451). Similarly for the pretreatment RANKL/OPG ratio no difference 
was observed between groups (group with improvement: median 0.014 
(Q1-Q3 0.009–0.026), n = 10, versus group without improvement: 
median 0.019 (Q1-Q3 0.010–0.024), n = 9, MWU: p = 0.740, neither for 
IL-6 (group with improvement: 0.33 (Q1-Q3 0.13–0.65) pg/mL, n = 20, 
group without improvement: median 0.44 (0.18–0.70) pg/mL, n = 14, 
MWU p = 0.545), neither for sclerostin (group with improvement: me
dian 0.20 (Q1-Q3 0.15–0.25) ng/mL, n = 22, group without improve
ment: 0.16 (Q1-Q3 0.15–0.22) ng/mL, n = 14, MWU p = 0.240). 

3.7. Clinical response after denosumab therapy 

Thirteen patients (13.5 %) were treated with denosumab. Of those, 
one received treatment during blood withdrawal, one had received 
therapy prior to but not after blood withdrawal, and 11 patients used 
denosumab after blood withdrawal but not during (10 denosumab naive 
patients and 1 patient who restarted therapy after a wash-out period). Of 
the latter group, six patients reported an improvement in pain scores 
while five did not. The concentrations of the biomarkers were evaluated 
but a statistical comparison between groups was not possible due to the 
low sample size. The pre-treatment RANKL levels were comparable 
between the group with and without clinical improvement following 
denosumab therapy (respectively median 57 (Q1-Q3 19–545) pg/mL, n 
= 5, and 33 (Q1-Q3 20–71) pg/mL, n = 5). The pretreatment RANKL/ 
OPG ratio was slightly higher in patients with improvement in pain 
scores (median 0.062 (Q1-Q3 0.016–0.331), n = 5) than in patients with 
no improvement (0.027 (0.024–0.046), n = 4), although the spread of 
the data was high. Concentrations of IL-6 seemed to be higher in patients 
with clinical response (median 0.64 (Q1-Q3 0.53–0.74) pg/mL, n = 6) 
compared to patients without improvement in pain (median 0.35 
(0.20–0.54) pg/mL, n = 5). Sclerostin levels were median 0.21 (Q1-Q3 

0.16–0.28) ng/mL in the patients with improvement in pain scores (n =
6) and 0.17 (0.16–0.18) ng/mL in patients without improvement (n =
5). The correlation of IL-6 and pain was assessed because of the largest 
difference in groups for this biomarker. IL-6 level correlated with the 
improvement in maximum pain scores after denosumab therapy 
(Spearman’s rho 0.962, p < 0.001, n = 9) and with the improvement in 
average pain scores (rho 0.895, p = 0.001, n = 9). 

4. Discussion 

This study aimed to explore the value of the potential biomarkers 
RANKL, OPG, IL-6 and sclerostin for assessing disease activity and extent 
and for predicting and monitoring therapy success in patients with FD/ 
MAS. The results suggested a weak correlation of the RANKL levels, the 
RANKL/OPG ratio and IL-6 levels with the ALP level, although highly 
variable data with multiple relevant outliers reduced the strength of this 
correlation. No correlations were observed between these potential 
biomarkers and P1NP or CTX, despite the correlations of the classic 
BTMs with each other. An explanation might be found in the large 
spread of the laboratory assessments, but nevertheless the absence of 
robustness of the results implies that RANKL, the RANKL/OPG ratio and 
IL-6 might not reflect disease activity. Similarly, OPG and sclerostin did 
not correlate with the BTMs. Selecting merely patients with SBS >15 did 
not change the results, so apparently the degree of bone remodeling 
assessed by the BTMs was not adequately captured by the potential 
biomarkers. 

Correspondingly, no correlation was observed between the bio
markers and SBS, even after the exclusion of patients with SBS < 15 or 
under active FD-related treatment. These results are in contrast with the 
study of De Castro et al [15], which demonstrated a strong correlation 
between RANKL and SBS and a moderate correlation between the 
RANKL/OPG ratio and SBS. This difference may be explained by the 
considerably higher SBS and less outliers in the cohort of De Castro et al. 
Apart from SBS, their study provided no patient characteristics, hin
dering the comparison of patient and disease characteristics between 
both cohorts. The ELISA kit used for detecting RANKL was similar in 
both studies, but one major difference was the study population: healthy 
subjects were included in the study of De Castro, and analyzed with a 
SBS set at 0, and more severely affected patients with FD/MAS compared 
to our study. This methodological consideration could explain the dif
ferences in the observed correlations between RANKL or the RANKL/ 
OPG ratio and SBS in both studies. Regardless the explanation, these 
differences confirm that validating previous results in a less severely 
affected cohort is important before drawing conclusion on the clinical 
utility of the data. Results of both studies combined suggest that 
increased concentrations of RANKL or the RANKL/OPG ratio may 
indicate presence but not severity of FD/MAS, and therefore provide no 
clinical usefulness over the currently used approach of assessing BTMs 

Table 3 
Serum concentations of biomarkers for levels of average pain.   

Zero pain Mild pain Moderate pain Severe pain 

RANKL Median 
IQR (Q1-Q3) 
N 

34 
20–67 
43 

20 
15–57 
7 

41 
24–74 
17 

32 
24–56 
8 

OPG Median 
IQR (Q1-Q3) 
N 

1171 
916–1557 
27 

1260 
862–1570 
5 

1135 
1018–1677 
10 

1064 
851–1187 
9 

RANKL/OPG Median 
IQR (Q1-Q3) 
N 

0.024 
0.011–0.057 
21 

0.018 
0.011–0.053 
4 

0.024 
0.012–0.033 
9 

0.042 
0.026–0.057 
7 

IL-6 Median 
IQR (Q1-Q3) 
N 

0.346 
0.128–0.535 
48 

0.580 
0.325–0.830 
7 

0.315 
0.150–0.640 
17 

0.455 
0.370–0.708 
10 

Sclerostin Median 
IQR (Q1-Q3) 
N 

0.196 
0.150–0.244 
49 

0.180 
0.166–0.200 
8 

0.165 
0.144–0.255 
18 

0.175 
0.140–0.210 
10  
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with the SBS on nuclear imaging. In addition, in our study none of the 
assessed biomarkers correlated with average or maximum pain. Ideally, 
a biomarker would aid in discriminating FD-related pain from pain 
arising from other sources and consequently in allocating the most 
suitable treatment. The identification of such markers is hampered by 
the lack of a gold standard to distinguish between causes of pain in FD/ 
MAS and the complex pain mechanisms with both nociceptive and 
neuropathic components involved [26]. Previous research postulated 
increased osteoclast activity as a possible cause for pain in FD/MAS, 
with IL-6 and RANKL as key osteoclastic factors [11,26,27], possibly 
combined with neuropathic changes induced by IL-6, proposed because 
of the role of IL-6 in bone cancer pain, neuropathic and inflammatory 
pain [28]. Although elucidating the complex pain mechanisms of FD/ 
MAS in general is of utmost importance, the absence of any correlation 
between RANKL, IL-6 and pain in our cohort argues against further 
research on this topic in patients with mild to moderate disease severity. 
This is intensified by our observation that none of the biomarkers was 
associated with clinical response after bisphosphonate treatment, as the 
pre-treatment concentrations of the biomarkers were similar between 
patients with and without pain response after therapy and therefore not 
predictive for therapy success. A heterogenous clinical and biochemical 
response has been described in multiple studies on bisphosphonates, but 
the reasons for this remain unknown [14,29–33]. The limited treatment 
response in some patients, combined with emerged results on RANKL 
overexpression [9,15], has led to research on RANKL-inhibition in FD/ 
MAS. Mice studies demonstrated halted lesion growth and improved 
mineralization within lesions after therapy [34,35] and in open-label, 
uncontrolled human studies with the RANKL-inhibitor Denosumab, 
registered for i.a. osteoporosis, a reduction in pain, BTMs, lesion size and 
lesion activity was observed [21,22,36]. Similarly, IL-6 inhibition has 
gained attention in recent years, resulting from studies which detected 
overexpression of IL-6 in vitro in FD, with a glucocorticoid-induced 
decline in IL-6 and bone resorption [10,11,37]. A clinical study into 
the IL-6 inhibitor tocilizumab for patients with FD/MAS did not show 
benefits for pain or BTMs after therapy in general, although a subset of 
patients reported a remarkable decrease in pain [38]. Collectively all 
therapeutic studies in patients with FD/MAS have shown a heterogenous 
clinical and biochemical response in humans, despite the clear role of 
RANKL and IL-6 in preclinical studies. None of the studies assessed pre- 
treatment RANKL and IL-6 levels, and this had led to our hypothesis that 
high concentrations of RANKL or IL-6 might be predictive for therapy 
response. Yet, neither RANKL, the RANKL/OPG ratio, IL-6 or sclerostin 
was associated with bisphosphonate treatment response. These obser
vations dismiss any clinical value of these biomarkers in predicting 
success of therapy with bisphosphonates over classic BTMs, which are 
likewise not suitable for this purpose [14,21,22,29,30]. Possibly RANKL, 
the RANKL/OPG ratio and IL-6 might have some predictive value for 
clinical response of denosumab, as levels appeared to be higher in pa
tients with adequate response, but the sample size of the subgroup of 
patients who had received denosumab is too limited to draw firm con
clusions. Further research is needed to explore this association, and 
placebo-controlled studies on denosumab therapy will provide useful 
information on the effect on bone turnover markers and pain. Re
searchers may well consider adding assessments of RANKL and IL-6 in 
these future studies, to evaluate the predictive value of these biomarkers 
for treatment success. 

A limitation of this study is the heterogenous patient population. 
Serum samples were withdrawn upon hospital intake in most patients, 
but a subset of patients (n = 14) had received previous antiresorptive 
treatment or was using antiresorptive therapy during the study pro
cedures. This limitation was partially addressed by the sensitivity 
analysis of excluding patients under active treatment at time of 
biomarker assessment, which yielded similar results as in the entire 
population, as well as by assessing the predictive value of the potential 
biomarkers only in patients who received bisphosphonates or denosu
mab after but not during blood withdrawal. Lastly, OPG levels were 

measured merely in 56 patients, constituting the first batch of samples 
enquired from the biobank. The analyses for RANKL, IL-6 and sclerostin 
were also performed in the second set of patients, the newly included 
patients in the biobank between 2019 and 2021, which were retrieved in 
2021 to increase sample size, due to preliminary results combined with 
limited resources, OPG measurements were not performed in this sub
group. Strengths of this study include the overall large sample size for a 
disorder of this rarity and the exploratory nature of the study. Addi
tionally, this study is the first to assess systemic IL-6 and sclerostin 
values in patients with FD/MAS. Another important aspect of our study 
is the validation of results of previous studies on RANKL and OPG, as this 
demonstrated that results may lack generalizability when conducted in 
small cohorts subjected to selection bias. 

So far, it seems that trying to extrapolate disease activity from sys
temic markers is not the correct approach and we must conclude that 
methods that investigate lesion activity like 18F-NaF PET/CT scan are so 
far the only methods showing a correlation between pain, bone markers 
and treatment response. Therefore, studies investigating treatment re
sponses should include lesional imaging in order to discuss disease ac
tivity, as markers of bone turnover or cytokines related to bone turnover 
do not provide reliable results. Altogether, this study investigated the 
clinical usefulness of potential biomarkers: RANKL, OPG, their ratio, IL- 
6 and sclerostin in an exploratory setting. The assessed biomarkers do 
not have superior discriminative value compared to the currently used 
methods in assessing disease extent or activity. In addition, these bio
markers did not correlate with pain and had no value in predicting 
treatment response of bisphosphonate therapy. Future research may 
address the role of RANKL and IL-6 in predicting or monitoring treat
ment success of denosumab, and may shine further light on the complex 
pathophysiology of FD/MAS to identify possible new treatment targets. 

CRediT authorship contribution statement 

M.E. Meier: Methodology, Formal analysis, Investigation, Data 
curation, Writing – original draft, Visualization. M. Hagelstein-Rot
man: Investigation, Resources, Writing – review & editing. T.C.M. 
Streefland: Investigation, Resources, Validation, Writing – review & 
editing. E.M. Winter: Resources, Writing – review & editing, Project 
administration. N. Bravenboer: Conceptualization, Methodology, 
Validation, Writing – review & editing, Visualization, Supervision. N.M. 
Appelman-Dijkstra: Conceptualization, Methodology, Formal analysis, 
Resources, Writing – review & editing, Visualization, Supervision, 
Funding acquisition, Project administration. 

Declaration of competing interest 

M.E. Meier was supported by a grant ‘Beter Bot’ from the Bontius 
Foundation, a nonprofit institution supporting research within the Lei
den University Medical Center. No funding was provided by any phar
maceutical company. The funding source had no involvement in the 
study design, analysis, or interpretation, neither in reporting and 
submitting. 

Data availability 

The authors do not have permission to share data. 

Acknowledgements 

Not applicable. 

References 

[1] L.S. Weinstein, A. Shenker, P.V. Gejman, M.J. Merino, E. Friedman, A.M. Spiegel, 
Activating mutations of the stimulatory G protein in the McCune–Albright 
syndrome, N. Engl. J. Med. 325 (24) (1991) 1688–1695. 

M.E. Meier et al.                                                                                                                                                                                                                                

http://refhub.elsevier.com/S8756-3282(23)00077-7/rf202303180336294868
http://refhub.elsevier.com/S8756-3282(23)00077-7/rf202303180336294868
http://refhub.elsevier.com/S8756-3282(23)00077-7/rf202303180336294868


Bone 171 (2023) 116744

6

[2] A.M. Boyce, M.T. Collins, Fibrous Dysplasia/McCune-albright syndrome: a rare, 
mosaic disease of Gα s activation, Endocr. Rev. 41 (2) (2019) 345–370. 

[3] M. Riminucci, L.W. Fisher, A. Shenker, A.M. Spiegel, P. Bianco, Robey P. Gehron, 
Fibrous dysplasia of bone in the McCune-albright syndrome: abnormalities in bone 
formation, Am. J. Pathol. 151 (6) (1997) 1587–1600. 

[4] M.K. Javaid, A. Boyce, N. Appelman-Dijkstra, J. Ong, P. Defabianis, A. Offiah, et 
al., Best practice management guidelines for fibrous dysplasia/McCune-albright 
syndrome: a consensus statement from the FD/MAS international consortium, 
Orphanet J. Rare Dis. 14 (1) (2019) 139. 

[5] M.T. Collins, H. Kushner, J.C. Reynolds, C. Chebli, M.H. Kelly, A. Gupta, et al., An 
instrument to measure skeletal burden and predict functional outcome in fibrous 
dysplasia of bone, J. Bone Miner. Res. 20 (2) (2005) 219–226. 

[6] V. Szymczuk, J. Taylor, Z. Michel, N. Sinaii, A.M. Boyce, Skeletal disease 
Acquisition in Fibrous Dysplasia: natural history and indicators of lesion 
progression in children, J. Bone Miner. Res. 37 (8) (2022) 1473–1478. 

[7] Q. Hu, K.M. Shokat, Disease-causing mutations in the G protein Gαs subvert the 
roles of GDP and GTP, Cell 173 (5) (2018) 1254–1264, e11. 

[8] P.J. Marie, Cellular and molecular basis of fibrous dysplasia, Histol. Histopathol. 16 
(3) (2001) 981–988. 

[9] S. Piersanti, C. Remoli, I. Saggio, A. Funari, S. Michienzi, B. Sacchetti, et al., 
Transfer, analysis, and reversion of the fibrous dysplasia cellular phenotype in 
human skeletal progenitors, J. Bone Miner. Res. 25 (5) (2010) 1103–1116. 

[10] T. Yamamoto, K. Ozono, S. Kasayama, K. Yoh, K. Hiroshima, M. Takagi, et al., 
Increased IL-6-production by cells isolated from the fibrous bone dysplasia tissues 
in patients with McCune-albright syndrome, J. Clin. Invest. 98 (1) (1996) 30–35. 

[11] M. Riminucci, S.A. Kuznetsov, N. Cherman, A. Corsi, P. Bianco, Robey P. Gehron, 
Osteoclastogenesis in fibrous dysplasia of bone: in situ and in vitro analysis of IL-6 
expression, Bone 33 (3) (2003) 434–442. 

[12] P. Florenzano, K.S. Pan, S.M. Brown, S.M. Paul, H. Kushner, L.C. Guthrie, et al., 
Age-related changes and effects of bisphosphonates on bone turnover and disease 
progression in fibrous dysplasia of bone, J. Bone Miner. Res. 34 (4) (2019) 
653–660. 

[13] W. van der Bruggen, M. Hagelstein-Rotman, L.F. de Geus-Oei, F. Smit, P.D. 
S. Dijkstra, N.M. Appelman-Dijkstra, et al., Quantifying skeletal burden in fibrous 
dysplasia using sodium fluoride PET/CT, Eur. J. Nucl. Med. Mol. Imaging 47 (6) 
(2020) 1527–1537. 

[14] B.C.J. Majoor, N.M. Appelman-Dijkstra, M. Fiocco, M.A.J. van de Sande, P.D. 
S. Dijkstra, N.A.T. Hamdy, Outcome of long-term bisphosphonate therapy in 
McCune-albright syndrome and polyostotic fibrous dysplasia, J. Bone Miner. Res. 
32 (2) (2017) 264–276. 

[15] L.F. De Castro, A.B. Burke, H.D. Wang, J. Tsai, P. Florenzano, K.S. Pan, et al., 
Activation of RANK/RANKL/OPG pathway is involved in the pathophysiology of 
fibrous dysplasia and associated with disease burden, J. Bone Miner. Res. 34 (2) 
(2019) 290–294. 

[16] P.K. Suen, L. Qin, Sclerostin, an emerging therapeutic target for treating 
osteoporosis and osteoporotic fracture: a general review, J. Orthop. Transl. 4 
(2016) 1–13. 

[17] A. Persichetti, E. Milanetti, B. Palmisano, A. di Filippo, E. Spica, S. Donsante, et al., 
Nanostring technology on fibrous dysplasia bone biopsies. A pilot study suggesting 
different histology-related molecular profiles, Bone Rep. 16 (2022), 101156. 

[18] D. Raimondo, C. Remoli, L. Astrologo, R. Burla, M. La Torre, F. Vernì, et al., 
Changes in gene expression in human skeletal stem cells transduced with 
constitutively active Gsα correlates with hallmark histopathological changes seen 
in fibrous dysplastic bone, PLoS One 15 (1) (2020), e0227279. 

[19] O. Akil, F. Hall-Glenn, J. Chang, A. Li, W. Chang, L.R. Lustig, et al., Disrupted bone 
remodeling leads to Cochlear overgrowth and hearing loss in a mouse model of 
fibrous dysplasia, PLOS ONE 9 (5) (2014), e94989. 

[20] R. Haumann, H.W. Verspaget, Quality-assured biobanking: the leiden university 
medical center model, in: M. Giera (Ed.), Clinical Metabolomics: Methods and 
Protocols, Springer, New York, New York, NY, 2018, pp. 361–370. 

[21] B.C.J. Majoor, S.E. Papapoulos, P.D.S. Dijkstra, M. Fiocco, N.A.T. Hamdy, N. 
M. Appelman-Dijkstra, Denosumab in patients with fibrous dysplasia previously 
treated with bisphosphonates, J. Clin. Endocrinol. Metab. 104 (12) (2019) 
6069–6078. 

[22] M.E. Meier, S.N. Clerkx, E.M. Winter, A.M. Pereira, A.C. Van de Ven, M. Van de 
Sande, et al., Safety of therapy with and withdrawal from denosumab in fibrous 
dysplasia and McCune-Albright syndrome: an observational study, J. Bone Miner. 
Res. 36 (9) (2021) 1729–1738. 

[23] M.E. Meier, M. Hagelstein-Rotman, A.C.V. de Ven, I.C.M.V.D. Geest, O. Donker, S. 
E.C. Pichardo, A multidisciplinary care pathway improves quality of life and pain 
in patients with fibrous dysplasia/McCune-Albright syndrome: a multicenter 
prospective observational study, Orphanet J. Rare Dis. 17 (1) (2022) 439. 

[24] R.E.S. Geels, M.E. Meier, A. Saikali, R. Tsonaka, N.M. Appelman-Dijkstra, A. 
M. Boyce, Long bone fractures in fibrous Dysplasia/McCune-albright syndrome: 
prevalence, natural history, and risk factors, J. Bone Miner. Res. 37 (2) (2022) 
236–243. 

[25] C.S. Cleeland, K.M. Ryan, Pain assessment: global use of the brief pain inventory, 
Ann. Acad. Med. Singap. 23 (2) (1994) 129–138. 

[26] T.L. Spencer, L. Watts, A. Soni, R. Pinedo-Villanueva, A.M. Heegaard, A.M. Boyce, 
et al., Neuropathic-like pain in fibrous Dysplasia/McCune-albright syndrome, 
J. Clin. Endocrinol. Metab. 107 (6) (2022) e2258–e2266. 

[27] R.D. Chapurlat, D. Gensburger, J.M. Jimenez-Andrade, J.R. Ghilardi, M. Kelly, 
P. Mantyh, Pathophysiology and medical treatment of pain in fibrous dysplasia of 
bone, Orphanet J. Rare Dis. 7 (1) (2012) S3. 

[28] Y.-Q. Zhou, Z. Liu, Z.-H. Liu, S.-P. Chen, M. Li, A. Shahveranov, et al., Interleukin-6: 
an emerging regulator of pathological pain, J. Neuroinflammation 13 (1) (2016) 
141. 

[29] R.D. Chapurlat, P.D. Delmas, D. Liens, P.J. Meunier, Long-term effects of 
intravenous pamidronate in fibrous dysplasia of bone, J. Bone Miner. Res. 12 (10) 
(1997) 1746–1752. 

[30] R.D. Chapurlat, P. Hugueny, P.D. Delmas, P.J. Meunier, Treatment of fibrous 
dysplasia of bone with intravenous pamidronate: long-term effectiveness and 
evaluation of predictors of response to treatment, Bone 35 (1) (2004) 235–242. 

[31] J.M. Lane, S.N. Khan, W.J. O’Connor, M. Nydick, J.P. Hommen, R. Schneider, et 
al., Bisphosphonate therapy in fibrous dysplasia, Clin. Orthop. Relat. Res. 382 
(2001) 6–12. 

[32] A.M. Boyce, M.H. Kelly, B.A. Brillante, H. Kushner, S. Wientroub, M. Riminucci, et 
al., A randomized, double blind, placebo-controlled trial of alendronate treatment 
for fibrous dysplasia of bone, J. Clin. Endocrinol. Metab. 99 (11) (2014) 
4133–4140. 

[33] Y. Wang, O. Wang, Y. Jiang, M. Li, W. Xia, X. Meng, et al., Efficacy and safety of 
bisphosphonate therapy in McCune-albright syndrome-related polyostotic fibrous 
dysplasia: a single-center experience, Endocr. Pract. 25 (1) (2019) 23–30. 

[34] B. Palmisano, R. Labella, E. Spica, C. Remoli, A. Corsi, P. Robey, Anti-RANKL 
Treatment in a Murine Model of Fibrous Dysplasia, 2017. 

[35] B. Palmisano, E. Spica, C. Remoli, R. Labella, A. Di Filippo, S. Donsante, et al., 
RANKL inhibition in fibrous dysplasia of bone: a preclinical study in a mouse model 
of the human disease, J. Bone Miner. Res. 34 (12) (2019) 2171–2182. 

[36] W. Van der Bruggen, D. Vriens, M.E. Meier, F. Smit, E.M. Winter, L.F. de Geus-Oei, 
et al., Denosumab reduces lesional fluoride skeletal burden on Na[18F]F PET-CT in 
patients with fibrous Dysplasia/McCune-albright syndrome, J. Clin. Endocrinol. 
Metab. 106 (8) (2021) e2980–e2994. 

[37] R.P. Stanton, G.M. Hobson, B.E. Montgomery, P.A. Moses, S.M. Smith-Kirwin, V. 
L. Funanage, Glucocorticoids decrease interleukin-6 levels and induce 
mineralization of cultured osteogenic cells from children with fibrous dysplasia, 
J. Bone Miner. Res. 14 (7) (1999) 1104–1114. 

[38] R. Chapurlat, D. Gensburger, C. Trolliet, S. Rouanet, N. Mehsen-Cetre, P. Orcel, 
Inhibition of IL-6 in the treatment of fibrous dysplasia of bone: the randomized 
double-blind placebo-controlled TOCIDYS trial, Bone 157 (2022), 116343. 

M.E. Meier et al.                                                                                                                                                                                                                                

http://refhub.elsevier.com/S8756-3282(23)00077-7/rf202303180334408574
http://refhub.elsevier.com/S8756-3282(23)00077-7/rf202303180334408574
http://refhub.elsevier.com/S8756-3282(23)00077-7/rf202303180334416004
http://refhub.elsevier.com/S8756-3282(23)00077-7/rf202303180334416004
http://refhub.elsevier.com/S8756-3282(23)00077-7/rf202303180334416004
http://refhub.elsevier.com/S8756-3282(23)00077-7/rf202303180336395467
http://refhub.elsevier.com/S8756-3282(23)00077-7/rf202303180336395467
http://refhub.elsevier.com/S8756-3282(23)00077-7/rf202303180336395467
http://refhub.elsevier.com/S8756-3282(23)00077-7/rf202303180336395467
http://refhub.elsevier.com/S8756-3282(23)00077-7/rf202303180336405617
http://refhub.elsevier.com/S8756-3282(23)00077-7/rf202303180336405617
http://refhub.elsevier.com/S8756-3282(23)00077-7/rf202303180336405617
http://refhub.elsevier.com/S8756-3282(23)00077-7/rf202303180336411027
http://refhub.elsevier.com/S8756-3282(23)00077-7/rf202303180336411027
http://refhub.elsevier.com/S8756-3282(23)00077-7/rf202303180336411027
http://refhub.elsevier.com/S8756-3282(23)00077-7/rf202303180336527647
http://refhub.elsevier.com/S8756-3282(23)00077-7/rf202303180336527647
http://refhub.elsevier.com/S8756-3282(23)00077-7/rf202303180336535487
http://refhub.elsevier.com/S8756-3282(23)00077-7/rf202303180336535487
http://refhub.elsevier.com/S8756-3282(23)00077-7/rf202303180336542437
http://refhub.elsevier.com/S8756-3282(23)00077-7/rf202303180336542437
http://refhub.elsevier.com/S8756-3282(23)00077-7/rf202303180336542437
http://refhub.elsevier.com/S8756-3282(23)00077-7/rf202303180336548927
http://refhub.elsevier.com/S8756-3282(23)00077-7/rf202303180336548927
http://refhub.elsevier.com/S8756-3282(23)00077-7/rf202303180336548927
http://refhub.elsevier.com/S8756-3282(23)00077-7/rf202303180334423564
http://refhub.elsevier.com/S8756-3282(23)00077-7/rf202303180334423564
http://refhub.elsevier.com/S8756-3282(23)00077-7/rf202303180334423564
http://refhub.elsevier.com/S8756-3282(23)00077-7/rf202303180336555857
http://refhub.elsevier.com/S8756-3282(23)00077-7/rf202303180336555857
http://refhub.elsevier.com/S8756-3282(23)00077-7/rf202303180336555857
http://refhub.elsevier.com/S8756-3282(23)00077-7/rf202303180336555857
http://refhub.elsevier.com/S8756-3282(23)00077-7/rf202303180336561966
http://refhub.elsevier.com/S8756-3282(23)00077-7/rf202303180336561966
http://refhub.elsevier.com/S8756-3282(23)00077-7/rf202303180336561966
http://refhub.elsevier.com/S8756-3282(23)00077-7/rf202303180336561966
http://refhub.elsevier.com/S8756-3282(23)00077-7/rf202303180336566746
http://refhub.elsevier.com/S8756-3282(23)00077-7/rf202303180336566746
http://refhub.elsevier.com/S8756-3282(23)00077-7/rf202303180336566746
http://refhub.elsevier.com/S8756-3282(23)00077-7/rf202303180336566746
http://refhub.elsevier.com/S8756-3282(23)00077-7/rf202303180336572726
http://refhub.elsevier.com/S8756-3282(23)00077-7/rf202303180336572726
http://refhub.elsevier.com/S8756-3282(23)00077-7/rf202303180336572726
http://refhub.elsevier.com/S8756-3282(23)00077-7/rf202303180336572726
http://refhub.elsevier.com/S8756-3282(23)00077-7/rf202303180337255515
http://refhub.elsevier.com/S8756-3282(23)00077-7/rf202303180337255515
http://refhub.elsevier.com/S8756-3282(23)00077-7/rf202303180337255515
http://refhub.elsevier.com/S8756-3282(23)00077-7/rf202303180337299825
http://refhub.elsevier.com/S8756-3282(23)00077-7/rf202303180337299825
http://refhub.elsevier.com/S8756-3282(23)00077-7/rf202303180337299825
http://refhub.elsevier.com/S8756-3282(23)00077-7/rf202303180337347985
http://refhub.elsevier.com/S8756-3282(23)00077-7/rf202303180337347985
http://refhub.elsevier.com/S8756-3282(23)00077-7/rf202303180337347985
http://refhub.elsevier.com/S8756-3282(23)00077-7/rf202303180337347985
http://refhub.elsevier.com/S8756-3282(23)00077-7/rf202303180337406505
http://refhub.elsevier.com/S8756-3282(23)00077-7/rf202303180337406505
http://refhub.elsevier.com/S8756-3282(23)00077-7/rf202303180337406505
http://refhub.elsevier.com/S8756-3282(23)00077-7/rf202303180334579113
http://refhub.elsevier.com/S8756-3282(23)00077-7/rf202303180334579113
http://refhub.elsevier.com/S8756-3282(23)00077-7/rf202303180334579113
http://refhub.elsevier.com/S8756-3282(23)00077-7/rf202303180337414715
http://refhub.elsevier.com/S8756-3282(23)00077-7/rf202303180337414715
http://refhub.elsevier.com/S8756-3282(23)00077-7/rf202303180337414715
http://refhub.elsevier.com/S8756-3282(23)00077-7/rf202303180337414715
http://refhub.elsevier.com/S8756-3282(23)00077-7/rf202303311934022446
http://refhub.elsevier.com/S8756-3282(23)00077-7/rf202303311934022446
http://refhub.elsevier.com/S8756-3282(23)00077-7/rf202303311934022446
http://refhub.elsevier.com/S8756-3282(23)00077-7/rf202303311934022446
http://refhub.elsevier.com/S8756-3282(23)00077-7/rf202303311947096637
http://refhub.elsevier.com/S8756-3282(23)00077-7/rf202303311947096637
http://refhub.elsevier.com/S8756-3282(23)00077-7/rf202303311947096637
http://refhub.elsevier.com/S8756-3282(23)00077-7/rf202303311947096637
http://refhub.elsevier.com/S8756-3282(23)00077-7/rf202303180337422765
http://refhub.elsevier.com/S8756-3282(23)00077-7/rf202303180337422765
http://refhub.elsevier.com/S8756-3282(23)00077-7/rf202303180337422765
http://refhub.elsevier.com/S8756-3282(23)00077-7/rf202303180337422765
http://refhub.elsevier.com/S8756-3282(23)00077-7/rf202303180337429765
http://refhub.elsevier.com/S8756-3282(23)00077-7/rf202303180337429765
http://refhub.elsevier.com/S8756-3282(23)00077-7/rf202303180337449535
http://refhub.elsevier.com/S8756-3282(23)00077-7/rf202303180337449535
http://refhub.elsevier.com/S8756-3282(23)00077-7/rf202303180337449535
http://refhub.elsevier.com/S8756-3282(23)00077-7/rf202303180335128672
http://refhub.elsevier.com/S8756-3282(23)00077-7/rf202303180335128672
http://refhub.elsevier.com/S8756-3282(23)00077-7/rf202303180335128672
http://refhub.elsevier.com/S8756-3282(23)00077-7/rf202303180337455855
http://refhub.elsevier.com/S8756-3282(23)00077-7/rf202303180337455855
http://refhub.elsevier.com/S8756-3282(23)00077-7/rf202303180337455855
http://refhub.elsevier.com/S8756-3282(23)00077-7/rf202303180337462995
http://refhub.elsevier.com/S8756-3282(23)00077-7/rf202303180337462995
http://refhub.elsevier.com/S8756-3282(23)00077-7/rf202303180337462995
http://refhub.elsevier.com/S8756-3282(23)00077-7/rf202303180337471435
http://refhub.elsevier.com/S8756-3282(23)00077-7/rf202303180337471435
http://refhub.elsevier.com/S8756-3282(23)00077-7/rf202303180337471435
http://refhub.elsevier.com/S8756-3282(23)00077-7/rf202303180335138312
http://refhub.elsevier.com/S8756-3282(23)00077-7/rf202303180335138312
http://refhub.elsevier.com/S8756-3282(23)00077-7/rf202303180335138312
http://refhub.elsevier.com/S8756-3282(23)00077-7/rf202303180337477395
http://refhub.elsevier.com/S8756-3282(23)00077-7/rf202303180337477395
http://refhub.elsevier.com/S8756-3282(23)00077-7/rf202303180337477395
http://refhub.elsevier.com/S8756-3282(23)00077-7/rf202303180337477395
http://refhub.elsevier.com/S8756-3282(23)00077-7/rf202303180337482945
http://refhub.elsevier.com/S8756-3282(23)00077-7/rf202303180337482945
http://refhub.elsevier.com/S8756-3282(23)00077-7/rf202303180337482945
http://refhub.elsevier.com/S8756-3282(23)00077-7/rf202303180336283168
http://refhub.elsevier.com/S8756-3282(23)00077-7/rf202303180336283168
http://refhub.elsevier.com/S8756-3282(23)00077-7/rf202303180337489775
http://refhub.elsevier.com/S8756-3282(23)00077-7/rf202303180337489775
http://refhub.elsevier.com/S8756-3282(23)00077-7/rf202303180337489775
http://refhub.elsevier.com/S8756-3282(23)00077-7/rf202303180337500345
http://refhub.elsevier.com/S8756-3282(23)00077-7/rf202303180337500345
http://refhub.elsevier.com/S8756-3282(23)00077-7/rf202303180337500345
http://refhub.elsevier.com/S8756-3282(23)00077-7/rf202303180337500345
http://refhub.elsevier.com/S8756-3282(23)00077-7/rf202303180337507555
http://refhub.elsevier.com/S8756-3282(23)00077-7/rf202303180337507555
http://refhub.elsevier.com/S8756-3282(23)00077-7/rf202303180337507555
http://refhub.elsevier.com/S8756-3282(23)00077-7/rf202303180337507555
http://refhub.elsevier.com/S8756-3282(23)00077-7/rf202303180338193405
http://refhub.elsevier.com/S8756-3282(23)00077-7/rf202303180338193405
http://refhub.elsevier.com/S8756-3282(23)00077-7/rf202303180338193405

	Clinical value of RANKL, OPG, IL-6 and sclerostin as biomarkers for fibrous dysplasia/McCune-Albright syndrome
	1 Introduction
	2 Methods
	2.1 Subjects
	2.2 Clinical parameters
	2.3 Laboratory analysis
	2.4 Statistical analysis

	3 Results
	3.1 Baseline characteristics
	3.2 Correlation of biomarkers with classic bone turnover markers
	3.3 Correlation with skeletal burden score
	3.4 Correlation with pain
	3.5 Sensitivity analyses
	3.6 Pain response after bisphosphonate therapy
	3.7 Clinical response after denosumab therapy

	4 Discussion
	CRediT authorship contribution statement
	Declaration of competing interest
	Data availability
	Acknowledgements
	References


