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ABSTRACT  Fibrous dysplasia/McCune-Albright syndrome (FD/MAS) is a rare disorder of striking complexity. It arises from somatic, gain-of-

function mutations in GNAS, leading to mosaic Gα s activation and inappropriate production of intracellular cyclic adenosine monophosphate 

(cAMP). The clinical phenotype is largely determined by the location and extent of affected tissues, and the pathophysiological effects of Gα s acti-

vation within these tissues. In bone, Gα s activation results in impaired differentiation of skeletal stem cells, leading to discrete skeletal lesions prone 

to fracture, deformity, and pain. Extraskeletal manifestations include a variable combination of hyperpigmented macules and hyperfunctioning 

endocrinopathies. Distinctive age-related changes in disease development has key effects on histologic, radiographic, and clinical features. FD/

MAS thus presents along a uniquely broad clinical spectrum, and the resulting challenges in diagnosis and management can be difficult for 

clinicians. This review presents FD/MAS in the context of a mosaic disorder of Gα 
s activation, providing an intellectual framework within which 

to understand, evaluate, and treat this interesting disease. It includes a comprehensive summary of current understanding of FD/MAS pathogen-

esis, and a detailed discussion of clinical presentation and management. Critical areas of unmet need are highlighted, including discussion of key 

challenges and potential solutions to advance research and clinical care in FD/MAS. (Endocrine Reviews 41: 345 – 370, 2020)
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F ibrous dysplasia/McCune-Albright syn-
drome (FD/MAS) is a rare disorder of 

striking complexity. Somatic gain-of-function 
mutations lead to mosaic activation of Gα s, 
resulting in disease that may involve any part 
of the skeleton, and may be variably associ-
ated with cutaneous, endocrine, and other 
extraskeletal features. The combination of 2 or 
more classic features (FD of bone, café-au-lait 
skin macules, and/or associated hyperfunctioning 
endocrinopathies: gonadotropin-independent 
gonadal function, nonautoimmune hyperthy-
roidism, GH excess, neonatal hypercortisolism) 
is termed McCune-Albright syndrome (MAS) (1, 
2). The resulting clinical presentation is remark-
able for its uniquely broad spectrum. This com-
plexity makes FD/MAS a compelling disorder 
with which to understand the role of Gα s and the 
interplay between systems affected by its activa-
tion. However, it also poses a unique challenge 
for clinicians, who seek a unified approach to a 
disorder that causes no 2  patients to look alike. 
In this review, we will provide an intellectual 
framework for understanding FD/MAS, in which 
the pathophysiology, natural history, and clinical 
management are determined by the tissue-specific 
role and distribution of Gα s signaling.

Etiology and Pathophysiology

Genetic etiology
FD/MAS results from missense mutations in the 
GNAS locus, located on chromosome  20q13.3 
(3). This locus has a highly complex imprinted 
pattern of expression, with multiple alternate 
promoters giving rise to maternally, paternally, 
and biallelically expressed transcripts. Mutations 
associated with FD/MAS typically occur at 

exon 8, in which the arginine 201 is converted to 
either a histidine (R201H) or a cysteine (R201C). 
Rarely, other substitutions may occur (4), or other 
codons may be affected (5). GNAS mutations 
associated with FD/MAS are not inherited, 
and monozygotic twins discordant for the di-
sease have been reported (6), consistent with a 
postzygotic mutational event (7). The precise 
timing at which the mutation occurs varies, but 
concomitant involvement of tissues derived from 
all 3 germ layers (endoderm, mesoderm, and ec-
toderm) in severely affected patients suggests 
that mutations are acquired at an early stage of 
development. Accordingly, the 2 most common 
mutations arise from aberrant methylation of the 
CpG dinucleotide in the R201 codon, suggesting 
that the mutational event may frequently take 
place during the active methylation phase in for-
mation of the inner cell mass (8). This supports 
a model in which a disease-causing mutation ac-
quired in a pluripotent stem cell has the potential 
to transmit to a broad and variable distribution of 
tissues. The clinical phenotype in FD/MAS there-
fore likely reflects the differential number, cell 
type, and viability of clones that arise from this 
mutated pluripotent cell. Epigenetic modifiers 
also likely contribute to phenotypic variability in 
FD/MAS. Random and asymmetric expression 
of Gα s alleles has been observed both in mutant 
and wild-type clonogenic osteoprogenitors (9), 
suggesting that mutant Gα s expression varies 
within and between affected tissues, potentially 
influencing the development and severity of clin-
ical disease.

Molecular and cellular pathophysiology
Mutations associated with FD/MAS are gain-
of-function, and result from impaired intrinsic 

ESSENTIAL POINTS

• Fibrous dysplasia/McCune-Albright syndrome (FD/MAS) is a rare disorder arising from somatic activating mutations in 
GNAS, leading to a mosaic pattern of Gα s activation

• The clinical phenotype in FD/MAS presents along a broad spectrum, involving a variable combination of hyperpigmented 
skin macules, hyperfunctioning endocrinopathies, and FD of bone

• Gα s activation impairs differentiation of skeletal stem cells, leading to formation of expansile FD lesions prone to fracture 
and deformity, and presenting clinically with pain, functional impairment, and disability

• Patients with FD have a distinctive age-related pattern of disease development: FD lesions become established in the first 
few years of life and expand during linear growth; final disease burden is established by early adulthood, after which the 
metabolic activity of FD lesions tends to decline

• Complications of FD are more frequent and severe in patients with uncontrolled MAS endocrinopathies: 
Hypophosphatemia and hyperthyroidism increase the risk of deformities in weight-bearing bones, and growth hormone 
excess, which drives expansion of craniofacial FD

• The development of effective medical therapies for FD is a critical area of unmet need; although reasonably effective 
treatments exist for most MAS endocrinopathies, no therapies have been shown to definitively improve bone quality or 
prevent the expansion of FD lesions
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GTPase activity, leading to ligand-independent 
signaling and production of excess intracellular 
cyclic adenosine monophosphate (cAMP) (10)  
(Fig. 1, upper and middle panels). GDP-bound Gα s 
is inactive under normal physiologic conditions, 
however recent evidence suggests that the mutant 
GDP-bound Gα s interacts with adenylyl cyclase to 
generate cAMP, at least in the case of the R201C 
variant (Fig. 1, lower panel) (11). The relative 
contributions of activation of the mutant GDP-
bound and GTP-bound receptor conformations 
are unknown, and further research is needed to 
verify this model, particularly with respect to the 
R201H variant. Constitutive Gα s signaling results 
in impaired differentiation of mutation-bearing 
osteoprogenitor cells, an observation supported 

by in vitro studies of cells isolated from FD lesions 
(12-14), and in normal human osteoprogenitors 
stably transduced with Gα s

R201C (15). Proliferation 
of undifferentiated skeletal stem cells generates 
fibro-osseous tissue that expands into the marrow 
space, with loss of normal marrow features such 
as hematopoiesis and adipogenesis. Characteristic 
histopathologic features of FD reflect this im-
paired differentiation and function of osteogenic 
cells (16, 17) (Fig. 2). Discontinuous networks of 
trabeculae with woven bone result from aberrant 
osteoblast activity, likely through activation of 
Wnt/β-catenin signaling in osteoblast progenitors 
(13). Trabeculae are typically dense and irregu-
larly shaped, resulting in their previous descrip-
tion as “Chinese characters” (Fig. 2A); however, in 

Figure 1. Gs G-protein-coupled signaling dysregulation in FD/MAS. In the inactive state, the αβγ-heterotrimer is bound to GDP. 
After ligand binding, the GTP-bound α-subunit dissociates from the βγ-complex and activates adenylyl cyclase, leading to production 
of intracellular cyclic AMP and activation of protein kinase A and other downstream signaling pathways. Activating GNAS mutations 
in FD/MAS results in loss of GTPase activity in the α-subunit, resulting in constitutive Gα s protein signaling. Alternatively, the mutant 
GDP-bound Gα s may also interact with adenylyl cyclase to generate cAMP. ATP indicates adenosine triphosphate; cAMP, cyclic adenosine 
monophosphate; CREB, cyclic adenosine monophosphate response element-binding protein; FD/MAS, fibrous dysplasia/McCune-Albright 
syndrome; GDP, guanosine diphosphate; GPCR, G-coupled protein receptor; GTP, guanosine triphosphate.
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actuality there is little resemblance to the written 
Chinese language. Osteoclastogenesis is also a 
prominent feature and may result from local pro-
duction of osteoclast-promoting factors such as 
interleukin-6 and receptor activator of nuclear 
kappa-B ligand (15, 18). Severe osteomalacic 
changes contribute to the structural instability of 
FD bone, and probably derive from an intrinsic 
mineralization defect as well as FD lesion pro-
duction of the phosphaturic hormone fibroblast 
growth factor-23 (FGF23) (19).

Mosaicism in FD/MAS is apparent even at the 
tissue level and is likely requisite for the formation 
of FD lesions. This has been demonstrated by ge-
netic analysis of clones of individual cells derived 
from FD lesions in which mutation-positive and 
mutation-negative osteogenic cells are present. 
Further, when ectopic xenographs of patient-
derived osteogenic cells are implanted in immuno-
compromised mice, both mutated and wild-type 
cells are required to generate ossicles with histo-
logic features consistent with FD (12). The specific 
contributions of nonmutated cells to the establish-
ment and progression of FD lesions, and the mech-
anism by which mutated skeletal stem cells co-opt 
the behavior of wild-type cells, remain important 
unanswered questions. In addition, it is possible 
that TRAP positive, osteoclast-like giant cells, 
which are a prominent feature of FD lesions, may 
play a contributory role in generating or promoting 
the expansion of FD lesions.

The effects of Gα s activation appear to be tissue 
specific and vary considerably in different organ 
systems. The downstream mechanisms that ac-
count for these differences are unknown but may 
relate to tissue-specific sensitivities to cAMP 
dysregulation. In addition, it is possible that certain 
cell types may not tolerate Gα s activation, leading 
to deselection of GNAS-mutation–bearing cells 
during embryogenesis.

Clinical Description

The original description of FD/MAS in 1936 in-
cluded a “classic triad” of café-au-lait macules, pre-
cocious puberty, and FD (20). However, we now 
know that FD/MAS can involve a broad range and 
combination of systems, resulting in a diversity of 
phenotypes. Understanding the clinical presenta-
tion in FD/MAS requires an appreciation of how 
various disease features influence each other, and 
how the mosaicism underlying these features has 
unique and profound effects on clinical outcomes.

Fibrous dysplasia
The clinical presentation of FD varies extensively 
based on the location and amount of affected bone. 
Monostotic FD is likely far more common than 
polyostotic FD; however, reliable epidemiolog-
ical data are lacking, in part because of the poor 
characterization and classification of monostotic 

Figure 2. Representative histological features of fibrous dysplasia (FD). A and B show low-power and high-power views of an FD lesion 
with classic dense, irregular trabeculae and marrow fibrosis (ft). Massive de novo bone formation is apparent throughout, including areas 
of woven bone (wb) with prominent unmineralized osteoid (o). Collagen fibers are perpendicularly oriented along forming bone surfaces, 
also termed Sharpey fibers (black arrows). An osteoclastic giant cell is actively resorbing an area of abnormal bone (white arrow). Note the 
presence of high vascularity with a red blood cell-filled vessel coursing through the lesion adjacent to an area of venous pooling (black 
arrowhead).
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fibro-osseous lesions (21). In cases of polyostotic 
FD or MAS, the diagnosis can often be made clin-
ically based on typical radiographic features; how-
ever, isolated monostotic lesions generally require 
biopsy and molecular testing if diagnostic certainty 
is desired (22). FD lesions are most commonly 
found in the skull base and proximal femurs; how-
ever, any part or combination of the skeleton can 
be involved. The clinical sequelae of FD are region 
specific, with distinct manifestations involving the 
appendicular, craniofacial, and axial compartments 
of the skeleton.

Appendicular skeleton. Complications of appen-
dicular FD arise primarily due to bone fragility, 
resulting in fractures and deformation under 
weight-bearing forces (Fig. 3A and 3B). Patients 
typically present with pain or limp. The tension 
placed on the femoral neck classically results in coxa 
vara (“shepherd’s crook”) or, less commonly, valga 
deformities, which are key sources of morbidity 

and ambulation impairment (23). Deformities may 
also occur in the upper extremities, but typically 
result in less functional sequelae. Multiple factors 
may contribute to the development of deformities, 
including malalignment from fractures and 
surgeries, muscle weakness, and uncontrolled 
MAS-associated endocrinopathies. Secondary an-
eurysmal bone cysts may rarely arise in the appen-
dicular skeleton, leading to rapid deformation with 
severe pain or fracture.

Craniofacial skeleton. Complications in the 
craniofacial skeleton arise because of FD’s ten-
dency to expand, leading to asymmetry and 
functional impairment (Fig. 4). The typical pre-
sentation is a painless “bump” or subtle asym-
metry that expands during childhood; however, 
asymptomatic lesions are often detected in-
cidentally on dental radiographs, computed 
tomography (CT), or magnetic resonance im-
aging. Very rarely, the initial presentation may 

Figure 3. Skeletal deformities and radiographic findings in patients with fibrous dysplasia (FD). A, Images of a patient with a bowing 
deformity of the proximal upper extremity. Radiographs reveal extensive FD involvement, including an expansile humeral lesion 
demonstrating severe cortical thinning and a characteristic “ground-glass” appearance. B, A patient with coxa vara deformity proxim-
ally (at the hip) and genu valgum deformity distally (at the knees). Note the leg length discrepancy with the resulting asymmetry of the 
knees apparent in the photograph. This patient’s radiographs demonstrate diffuse FD involvement of the lower extremities with cortical 
thinning and “ground-glass” radiolucency. Plate and nail implants have been placed in the bilateral proximal femurs to correct shepherd’s 
crook deformities (yellow arrows). Note the presence of an 8-plate initially implanted in the distal femoral epiphyses, which has migrated 
proximally during skeletal growth (yellow star). This implant was intended to treat leg length discrepancy by slowing growth in the left 
leg, which is unfortunately now shorter than the right. C, Posterior view of a patient with severe spinal curvature, resulting in shortening of 
the torso and asymmetry of the shoulders and scapulae. This patient’s radiographs demonstrate severe thoracic scoliosis with loss of lung 
volumes bilaterally. Reproduced with permission from Hartley I et al. (24).
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involve new-onset functional impairment, such 
as vision or hearing loss. Complications of cra-
niofacial FD are highly region-specific. The 
skull base is the most commonly affected lo-
cation and is typically asymptomatic; how-
ever, neurologic complications from skull-base 
deformities such as basilar invagination and 
Chiari  I malformation have been reported (25).  
Facial asymmetry is common in patients with FD 
affecting the frontal, maxillary, or mandibular 
regions, particularly in those with unilateral in-
volvement. Hearing loss may occur in association 
with temporal bone FD and is generally mild and 
nonprogressive (26). Vision loss is an uncommon 
but serious complication that may result from 
deformation of the optic canals, or in the setting 

of a secondary aneurysmal bone cyst. Vision 
and hearing loss both occur more frequently in 
patients with MAS-associated growth hormone 
(GH) excess (27, 28). Additional sequelae of cra-
niofacial FD include chronic nasal congestion, 
hyposmia, and malocclusion (22, 29).

Axial skeleton. Scoliosis is a common compli-
cation of FD affecting the axial skeleton, and 
in severe cases may be progressive and rarely 
fatal (30, 31) (Fig. 3C). Risk factors for scoliosis 
progression include leg length discrepancy and 
uncontrolled endocrinopathies (30). Expansile 
rib lesions are prone to fractures and pain, and 
in rare cases may be associated with pleural 
effusions (32, 33).

Figure 4. Progression of craniofacial fibrous dysplasia (FD) in a patient with uncontrolled growth hormone excess. A, B, and C, Upper 
panels show computed tomography (CT) images at age 4 years. Note mild expansion of the left mandible (red arrows) and zygomatic 
bone (green arrows) visible on A and B, 3-dimensional (3D) reconstruction. C, An axial view demonstrates the characteristic homogenous. 
A patent optic canal surrounded by FD is visible on the right (white arrow). The left optic canal (not depicted) is also patent. D, E, and F 
lower panels show images from the same patient at age 17 after 13 additional years of uncontrolled growth hormone excess. D and E, On 
3D reconstruction the left mandible has massively expanded (red arrows), leading to severe malocclusion and distorted dentition. The 
zygomatic bones are now expanded bilaterally (green arrows) with resulting orbital asymmetry. E, Note the severe macrocephaly with 
enlargement of the posterior cranium leading to a scaphocephalic appearance. F, An axial view demonstrates typical age-related changes 
with increased heterogeneity and areas of radiolucency. The left optic canal is visible and severely narrowed (white arrow), and the patient 
is unfortunately now blind.
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Fibroblast growth factor-23–mediated di-
sease. FGF23 overproduction is an inherent feature 
of FD. Although most patients have elevated circu-
lating levels of FGF23, increased cleavage of intact 
FGF23 to its inactive fragments often prevents the 
development of frank hypophosphatemia (34). The 
mechanism of FGF23 overproduction in FD is un-
known but is presumably related to effects of Gα s 
activation in abnormally differentiated osteocytes 
(35) Because the degree of FGF23 overproduction 
is correlated with FD severity and tissue burden, 
frank hypophosphatemia occurs only in patients 
with substantial skeletal involvement (19, 36). 
Hypophosphatemia may wax and wane over time and 
may occur more frequently during periods of high 
phosphate requirement, such as phases of rapid linear 
growth in infancy and adolescence. Clinical sequelae 
of hypophosphatemia are substantial and include 
earlier and more frequent fractures (37), pain, poor 
surgical outcomes, and an increased propensity for 
deformities (25, 30). Rickets may be seen; however, it 
is important to note that even in the absence of frank 
metaphyseal changes, FD-related complications such 
as fractures and deformities may occur at an increased 
prevalence in patients with hypophosphatemia.

Endocrinological features

Gonadotropin-independent gonadal dysfunction.  
Autonomous ovarian activation is the most 
common endocrinopathy in girls and women with 

MAS, affecting approximately 85% of patients 
in one large cohort (38). Ovarian Gα s activation 
results in recurrent estrogen-producing cysts. The 
typical presentation in infancy and childhood 
includes signs of estrogen exposure in a previously 
prepubertal girl, such as rapid breast development, 
growth acceleration, and vaginal discharge (38, 39). 
Serum estradiol levels are typically elevated with 
suppressed gonadotropins. Pelvic ultrasonography 
reveals unilateral or bilateral ovarian cysts, which 
may vary in size and be simple or complex, often 
accompanied by an enlarged uterus with an endo-
metrial stripe (40) (Fig. 5C). Girls frequently pre-
sent for care after cyst resolution, when declining 
estrogen levels result in shedding of the uterine 
lining and vaginal bleeding. Between episodes 
girls typically appear prepubertal, with appropri-
ately low serum estrogen levels and normal pelvic 
ultrasonography findings, which may contribute 
to delayed diagnoses. The onset and frequency of 
cysts are variable, and cysts have been detected as 
early as in utero (41). Untreated peripheral preco-
cious puberty may lead to bone age advancement 
with compromised adult stature and the devel-
opment of secondary central precocious puberty 
(42). In adulthood, cysts frequently result in dys-
functional uterine bleeding, which may be severe, 
necessitating repeated blood transfusions and early 
hysterectomy (43, 44). The effects of MAS ovarian 
disease on fertility are unclear. Spontaneous 

Figure 5. Radiographic features of endocrine disease in patients with McCune-Albright syndrome. A, Testicular ultrasound images show 
extensive right-sided involvement with mixed radiolucent and radio-opaque lesions involving most of the testis (red arrowheads). The left 
side is unaffected and demonstrates a normal homogeneous echotexture. B, A thyroid ultrasound shows diffuse involvement with hetero-
geneous mixed radiolucent and radio-opaque lesions, resulting in a spongiform appearance. C, A pelvic ultrasound from a 2-year-old girl 
shows a complex ovarian cyst (white arrow). Note the enlarged, mature-appearing uterus (blue arrowheads) that has grown under the in-
fluence of hyperestrogenism. D, An MR image from a patient with growth hormone excess shows pituitary enlargement and a hypoechoic 
area (white arrow) consistent with an adenoma. Note the expanded skull base involved with fibrous dysplasia (yellow star).
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pregnancies occur; in one series of 39 women, 43% 
had reduced fertility, likely in part related to fre-
quent cysts that disrupt ovulatory cycles leading to 
delayed time to conception (44). Pregnancy does 
not appear to have a clear negative impact on skel-
etal disease (44).

Testicular involvement similarly affects ap-
proximately 85% of boys and men with MAS 
(45). Patients can present with normal testicular 
volume, or unilateral or bilateral macro-orchidism, 
and variable ultrasonographic abnormalities, in-
cluding discrete lesions, diffuse heterogeneity, 
and microlithiasis (45) (Fig. 5A). Histopathology 
shows Leydig and Sertoli cell hyperplasia. Unlike 
MAS ovarian involvement, which appears to be 
necessarily associated with hyperestrogenism, au-
tonomous testosterone production is detectable 
in only 15% of patients with testicular disease. In 
boys this presents with progressive signs of prema-
ture androgen excess, including pubic and axillary 
hair, body odor, penile growth, and androgen-
associated behavioral changes.

Thyroid disease. Thyroid involvement is reported 
in approximately two-thirds of patients with MAS, 
resulting in frank hyperthyroidism in around half 
of affected patients (38, 46). Thyrotoxicosis results 
from cAMP-mediated increased deiodinase ac-
tivity and overproduction of triiodothyronine. 
Ultrasonographic features are variable and include 
patchy areas of heterogeneity along with discrete 
cystic nodules (46, 47) (Fig. 5B). The clinical pre-
sentation includes typical signs of hyperthyroidism 
such as tachycardia, growth acceleration, hyperac-
tivity, and sleep disturbances. Thyroid storm has 
been reported, including in conjunction with an-
esthesia for orthopedic procedures (48, 49). Like 
FGF23 overproduction, hyperthyroidism in MAS 
has been associated with increased skeletal mor-
bidity and progressive deformities, likely due to 
detrimental effects of excess thyroid hormone on 
bone metabolism (25, 30).

Pituitary disease. Pituitary involvement is un-
common in MAS, affecting 10% to 15% of patients 
(27, 50). Approximately 85% of the patients with 
pituitary disease have both GH and prolactin ex-
cess, which is due and abundance of cosecreting 
mammosomatotroph cells (51) (Fig. 5D). GH ex-
cess may be frank, with clearly elevated GH and 
insulin-like growth factor-1 levels, or subtle, ev-
ident only by altered secretion dynamics on glu-
cose tolerance testing and overnight GH sampling. 
GH excess fuels FD expansion, particularly in the 
craniofacial region, which can lead to significant 

morbidity (Fig. 4). Untreated GH excess has been 
associated with vision loss (28), hearing loss (26), 
macrocephaly (28, 52), facial deformity (53), and 
poor surgical outcomes (53). Patients are also 
subject to more common effects of GH excess, 
including diabetes, heart disease including cardi-
omegaly aortic root dilatation and aortic valvular 
insufficiency, and secondary pituitary hormone 
deficiencies. Prolactinemia in MAS is typically 
mild and asymptomatic, but in rare cases may re-
sult in hypogonadism and galactorrhea (50).

Adrenal disease. Hypercortisolism is the rarest 
endocrine feature of MAS, occurring in less than 
5% of patients (38, 54). Adrenocorticotropic hor-
mone–independent adrenal Gα s activation results 
in a characteristic diffuse and nodular infiltration of 
the adrenal glands, leading to hypercortisolism that 
can range from mild to severe and life threatening. 
Disease presents exclusively within the first year of 
life and may develop as early as in utero, likely re-
flecting involvement of fetal adrenal tissue (54, 55). 
Infants may present with low birth weight, failure 
to thrive, facial plethora, or hirsutism. Cutaneous 
features such as violaceous striae are typically ab-
sent in infants (56). Neonatal hypercortisolism is 
associated with high mortality from secondary 
infections, which emphasizes the need for prophy-
laxis against opportunistic infections, and other 
complications, particularly in patients with delayed 
diagnoses.

Dermatologic features
Café-au-lait macules affect two-thirds of patients 
with MAS, and are often the earliest presenting 
feature, visible at or shortly after birth (38). An 
astute clinician may recognize these as an early 
clue to the diagnosis; however, their significance 
is often appreciated only in retrospect, after addi-
tional features of FD/MAS have become apparent. 
Café-au-lait macules arise as a result of cutaneous 
Gα s activation and constitutive melanocyte-stimu-
lating hormone receptor signaling, leading to local 
increased melanin production in areas of affected 
skin. As such, skin lesions tend to follow a char-
acteristic distribution reminiscent of embryonic 
cell migration patterns (Fig. 6). Macules often 
occur or reflect along the midline of the body (re-
ferred to as “respecting” the midline). Common 
locations include the chest, neck, and superior 
portion of the intergluteal cleft; however, any re-
gion may be affected. Borders tend to be jagged, 
resembling the “coast of Maine” (in contrast to 
the smooth-bordered “coast of California” lesions 
seen in neurofibromatosis). However, like FD, 
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skin macules present along a broad spectrum, and 
many exceptions to these patterns exist. Mucosal 
pigmentation has also been reported involving the 
lips and intraoral and vaginal mucosa (57).

Gastrointestinal involvement
GNAS is a known driver mutation for multiple gas-
trointestinal (GI) abnormalities in the general pop-
ulation (58-61); it is therefore not surprising that 
MAS is associated with a broad spectrum of GI in-
volvement. Reported hepatobiliary abnormalities 
include hepatocellular adenomas (62, 63), inflam-
matory adenomas (62, 63), choledochal cysts (63), 
neonatal cholestasis (64), and hepatoblastoma (64). 
Recent cohort studies have identified a high preva-
lence of intraductal papillary mucinous neoplasms 
(IPMNs), a potentially precancerous pancreatic 
cyst, affecting up to 50% of patients with MAS 

(63, 65). The malignant potential of these cysts 
is discussed further in ‘’Malignancies.’’ Although 
most patients in these series were asymptomatic, 
some reported associated functional deficits, in-
cluding acute and chronic pancreatitis and dia-
betes. A  variety of upper GI pathology has been 
identified in patients with MAS, including gastric 
heterotopia/metaplasia (66), gastric hyperplastic 
polyps (66), fundic gland polyps (66), and 
hamartomatous polyps (66, 67).

Intramuscular myxomas
An association between FD and intramuscular 
myxomas was first noted in 1926 (68), and later 
characterized by Mazabraud and colleagues 
in 1967 (69). The constellation of FD and soft 
tissue myxomas has since been widely referred 
to as Mazabraud syndrome. However, given the 

Figure 6. Typical café-au-lait macules in patients with McCune-Albright syndrome. A, Lesions in a young child involving the lower 
back and buttocks approach but do not cross the midline of the body. Note the relatively even borders on the back lesions, whereas the 
buttock lesions show irregular borders. An osteotomy scar related to a femoral fixation procedure is visible on the right lateral buttock. B, 
A lesion involving the neck and shoulder of a young adult terminates sharply at the midline, with serpiginous borders involving the lateral 
aspects. C, An extensive lesion involving the neck and upper trunk of a young child extends past the midline. A port visible in the right 
lower chest was placed to facilitate intravenous access during a period of neonatal hypercortisolism. D, A lower extremity lesion in an ado-
lescent extends downward from the upper medial thigh to the calf area.
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multisystemic nature of Gα s activation, it is more 
pathophysiologically consistent to consider these 
myxomas as a feature of MAS rather than a dis-
tinct syndrome. In a retrospective multicenter re-
view that included 1446 patients with a diagnosis 
of FD, myxomas were present in 32 patients, for a 
prevalence of 2.2% (70). Most myxomas present 
as a painless, palpable mass that is firm in consist-
ency and partially movable. Uncommonly, lesions 
may progressively enlarge causing pain and func-
tional impairment, particularly when located near 
joints or weight-bearing structures such as the 
buttocks. Myxomas can be visualized radiographi-
cally on ultrasound, CT, or magnetic resonance im-
aging, where they appear as distinct hypoechoic or 
low-density lesions with well-demarcated borders 
(71). On histopathology they present as well-
encapsulated, hypovascular fibrous lesions com-
posed of relatively hypocellular mucoid material 
(72). Most reported patients with myxomas have 
polyostotic as opposed to monostotic FD, likely 
reflecting a larger tissue distribution of mutated 
GNAS in these individuals (70). Case reports have 
associated the presence of myxomas with malig-
nant transformation of FD lesions (73-76); how-
ever, this was not noted in larger series (70) and 
likely represents reporting bias.

Malignancies
G-protein dysregulation is a frequent contributor 
to tumorigenesis, and recent studies have identified 
that up to 4.2% of all cancers in the general popula-
tion harbor gain-of-function GNAS mutations (77). 
These mutations are also commonly associated 
with sporadic, hyperfunctioning pituitary tumors 
(28%) and thyroid adenomas (5%) (10), which is 
unsurprising given their causative role in the devel-
opment of MAS-related endocrinopathies.

Pancreatic tumors. GNAS plays a key role in 
driving pancreatic tumorigenesis, with 66% 
of IPMNs harboring gain-of-function GNAS 
mutations (60, 61). IPMNs occur in up to 2% of 
the general population and are considered a pre-
cursor lesion to pancreatic adenocarcinoma (78). 
GNAS mutations have been identified as early 
driver mutations for IPMN development, particu-
larly in the setting of concurrent KRAS mutations 
(79, 80). IPMNs occur in up to 50% in patients 
with MAS; however, pancreatic adenocarcinoma 
appears to be a rare development in this popula-
tion, with only 1  reported case (81). It is unclear 
whether this reflects an inherently low malignant 
potential of pancreatic tumorigenesis in MAS, 
or whether the transformation of Gα s-associated 

IPMNs to invasive adenocarcinomas may be less 
common than previously thought (82).

Breast cancer. Breast cancer is another malig-
nancy that has been associated with MAS. In 1 se-
ries combining Dutch and US cohorts, women 
with MAS had a 3.5- to 4-fold increased risk of 
breast cancer compared to the general population 
(83). Cancers developed at the notably young age 
of 36 to 46  years; however, outcomes were favor-
able, with 100% survival and no cases of recurrence 
or distal metastases. Thoracic FD was identified as 
a risk factor, and GNAS mutations were identified 
in affected tissues, pointing to a potentially caus-
ative role for Gα s activation. Women with breast 
cancer had a high prevalence of MAS-associated 
precocious puberty, suggesting that, as in the ge-
neral population, increased estrogen exposure in 
MAS may play a role in tumorigenesis. Results 
of this study led to the recommendations to ini-
tiate breast cancer screening in MAS at an earlier 
age compared to the general population, that is, 
at age 40 years both for the United States and the 
Netherlands.

Skeletal malignancies. The transformation of FD 
into bone cancers has been well documented, in-
cluding osteosarcoma, chondrosarcoma, fibrous 
histiocytoma, and others (84-87). Malignant trans-
formation typically presents with new expansion 
and/or focal pain in a previously quiescent lesion, and 
radiographs may demonstrate expansion of the lesion 
through the cortex. Determining the prevalence of 
malignant transformation in FD is difficult because 
of the absence of rigorous epidemiologic studies. In 
the National Institutes of Health (NIH) cohort of 250 
patients, 2 cases of osteosarcoma have been identified 
for a prevalence of less than 1%. The abandoned prac-
tice of therapeutic external beam radiation was clearly 
demonstrated to be a risk factor for malignant trans-
formation as was seen in a large retrospective review 
of the Mayo Clinic data (85). An additional risk factor 
may be GH excess, both as NIH patients and several 
published cases report GH excess in association with 
malignant transformation (88-90). Pituitary irradia-
tion for treatment of GH excess has been associated 
with sarcomatous transformation of skull base FD in 
2  patients (88, 90), consistent with the tumorigenic 
effects of ionizing radiation.

Other malignancies. Additional rarely reported 
tumors in MAS patients include testicular cancer 
(45), thyroid cancer (91, 92), ovarian virilizing 
sclerosing-stromal tumor (93), ovarian epithelial 
tumor (94), and hepatoblastoma (64). Although 
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additional epidemiologic studies are clearly 
needed, the existing evidence points to a relatively 
low prevalence of malignancies associated with 
MAS, despite a potentially large and longstanding 
tissue burden of Gα s activation in many patients. 
This may reflect relatively weak prototumorigenic 
effects of GNAS mutations, which may require 
the presence of coalterations in other oncogenic 
pathways to produce clinical disease. It is also 
possible that (outside IPMN development, where 
GNAS is known to be an early driver mutation), 
Gα s mutations may occur as late events in already 
dedifferentiated cancers, making them less likely to 
be associated with malignancies in the setting of 
congenital mutations. More speculative is the pos-
sibility of protective mechanisms in patients with 
MAS, potentially related to apoptosis or senes-
cence in mutation-bearing cells. This is discussed 
further in “Clinical Description,’’ which addresses 
age-related changes in disease activity.

Quality of life
Quality of life in FD/MAS has been studied in 
several large European and North American 
cohorts (95-97), all of which reported significant 
impairments in measures of physical function, 
bodily pain, and general health, with mental health 
and emotional domains within general population 
norms. A  Dutch cohort reported impairments in 
vitality and social function (95); however, these 
domains were not different from the general 
population in the North American cohort (96). 
Impairments in quality of life indices were associ-
ated with psychosocial factors, including negative 
patient illness perceptions (98) and use of passive 
coping strategies (99). Total skeletal disease burden 
was negatively correlated with quality of life; how-
ever, interestingly, bone pain did not show a direct 
relationship with quality of life indices (95).

Age-Related Changes

FD/MAS is characterized by distinct age-related 
features that affect nearly every aspect of the di-
sease, from molecular and cellular activity to long-
term clinical outcomes. Defining these changes is 
central to understanding systemic and local effects 
of Gα s activation, and, importantly, provides a crit-
ical perspective in developing effective approaches 
to clinical evaluation, monitoring, and treatment.

Establishment of fibrous dysplasia burden
The establishment of FD follows a characteristic 
and predictable time course. Although GNAS 

mutations are acquired early in embryogenesis, 
skeletal development appears to occur relatively 
normally in  utero, with no frank clinical signs of 
FD present at birth. FD lesions become apparent 
over the first several years of life and expand during 
childhood and adolescence. One study of patients 
who underwent serial scintigraphy scans showed 
that FD burden was established in a region-specific 
pattern, with 90% of craniofacial FD present by age 
3.4 years, 90% of extremity FD by 13.7 years, and 
90% of axial FD by 15.5 years (100). Approximately 
90% of future clinically significant FD was apparent 
in some form by age 5 years (100). These data sup-
port a course in which FD burden is established at 
a young age, roughly corresponding to the period 
during which patients undergo skeletal growth. 
The appearance of new lesions or expansion of ex-
isting lesions in adulthood is atypical with the nat-
ural history of FD and should raise suspicions for 
secondary processes.

Age-related clinical and radiographic features of 
fibrous dysplasia
Clinical sequelae in FD/MAS also reflect age-
related patterns. Fractures peak around age 6 to 
10  years before declining steadily in adulthood 
(37); this is particularly true of femoral fractures, 
which decline precipitously after adolescence (37). 
When it occurs, significantly impaired ambula-
tion is also established early. In 1 large series the 
median age for initiating assistive devices was ap-
proximately 6 years, with 92% of assistive devices 
initiated by age 17 years (100).

Age-related changes are also apparent in the 
radiographic appearance of FD (71). During in-
fancy FD is typically heterogeneous with streak-
like features on X-ray; however, by school-age 
it has transitioned to the classic, homogeneous 
“ground-glass” appearance. In adulthood, lesions 
again become heterogeneous, often with sclerotic 
areas along the borders (Fig. 7A, 7B, and 7C). 
During childhood, craniofacial FD appears as ho-
mogenous “ground-glass” lesions on CT, but by 
adolescence lesions begin to develop progressive 
heterogeneity, with focal lucent areas reminiscent 
of cyst-like structures (Fig. 4C and 4F).

Age-related biochemical and histologic features 
of fibrous dysplasia
Evaluation of biochemical markers can provide 
insight into the skeletal processes underlying 
age-related clinical and radiographic changes. 
Bone turnover markers increase in early child-
hood while FD lesions are established and 
begin a steady decline through adolescence and 
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adulthood (101). A  similar pattern holds true 
for receptor activator of nuclear factor kappa-Β 
ligand (RANKL) and FGF23 production (101). 
In  vitro studies support this pattern of ac-
tivity, with FD lesions from older individuals 
demonstrating the recurrence of histological 
features of normal bone with restoration of 

hematopoiesis, and decreased prevalence of 
mutated cells (102, 103).

Taken together, these clinical, radiographic, 
biochemical, and histological findings support 
a potential model in which FD lesions increase 
in childhood as a result of a greater prolifera-
tion of mutation-bearing stromal cells relative to 

Figure 7. Radiographic features of fibrous dysplasia (FD). A, B, and C, Upper panels demonstrate age-related radiographic changes in 
3 patients with diffuse femoral involvement. A, In a 6-month-old patient, FD appears heterogeneous with streak-like features. Note the 
irregular metaphyses resulting from uncontrolled FGF23-mediated hypophosphatemia (yellow arrowhead). B, Radiograph from a 6-year-
old demonstrates the classic “ground-glass” homogeneity. C, In a 31-year-old, FD again appears heterogeneous, with sclerotic areas inter-
spersed with areas of radiolucency. D and E, Lower panels depict nuclear medicine scan images used to evaluate total skeletal FD burden. 
D, Technetium-99 scintigraphy scan in a young child with near panostotic disease shows increased tracer uptake in most of the skeleton, 
including the skull, spine, and long bones (red arrows). Note the symmetric increased uptake at the metaphyses in this growing child. E, 
18F-NaF PET/CT scan in an adult with mild disease shows tracer uptake in areas of FD involving the skull, ribs, and left tibia (red arrows). 
Note the superior resolution and anatomical characterization of 18F-NaF in comparison to technetium.
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unaffected cells. After final disease burden is es-
tablished, the metabolic activity of FD lesions 
decreases over time, potentially because of a 
shortened life span of mutated stromal cells 
through apoptosis or senescence. This decrease in 
mutated cell proliferation allows the proportion of 
nonmutated stromal cells within FD lesions to in-
crease over time, corresponding to improvements 
in histology, decreased biochemical bone turnover, 
changes in radiographic appearance, and clinical 
improvements. If this model is accurate, it has 
important implications for potential therapeutic 
strategies. Treatments designed to prevent the de-
velopment or expansion of FD lesions would need 
to be targeted to childhood and initiated soon after 
FD development becomes apparent. In patients 
with established disease, a potential strategy may 
be to harness the natural decrease in FD activity by 
promoting proliferation and ultimately apoptosis 
of mutated stromal cells, with the goal of short-
ening the time during which lesions are metabol-
ically active.

Bone pain and age-related changes
Bone pain in FD is common and poorly under-
stood. In 1  large, cross-sectional study, 80% of 
adults and 50% of children reported the presence 
of bone pain, suggesting a tendency for pain to 
increase with age (104). Interestingly, neither the 
presence nor severity of pain was associated with 
total disease burden (104) or with serum bone 
turnover markers (101, 105). These findings sug-
gest that the pathophysiology of FD pain is dis-
tinct from other skeletal complications and is not 
directly related to increased skeletal activity or 
stromal cell proliferation. The potential contribu-
tion of neuropathic or other extraskeletal elements 
to FD-related bone is an important unmet re-
search need.

Age-related features of endocrine disease
Unlike FD, which follows a waxing and waning 
pattern of activity, MAS endocrinopathies appear 
persistent across the lifespan and do not improve 
over time. However, endocrinopathies mani-
fest at variable times and may have profound 
effects on growth and development; thus, they 
have inherent age-related clinical implications. 
The timing of disease establishment has been 
less well elucidated for endocrinopathies in com-
parison to FD; however, most endocrinopathies 
appear to present in childhood before age 
10  years (personal observations, A.M.B.  and 
M.T.C.). GH excess and hyperthyroidism may 
infrequently become apparent in adulthood; 

however, in most cases, these patients likely 
had longstanding subclinical disease that could 
have been detected in childhood through careful 
evaluation. Linear growth changes are a hall-
mark feature of MAS endocrinopathies in chil-
dren, and untreated disease may result in bone 
age advancement and disabling short stature. 
However, interpretation of linear growth in MAS 
is complex and affected by multiple variables. 
Growth acceleration is common in early pre-
cocious puberty, hyperthyroidism, and GH 
excess, whereas growth may be impaired by ad-
vanced puberty, hypophosphatemia, and skeletal 
deformities. Behavior changes are also common 
manifestations of endocrinopathies in children; 
these may also be affected by bone pain.

Model Systems

The ideal model system in FD/MAS would re-
flect all critical disease-specific and clinically rel-
evant aspects, such as mosaicism, multisystem 
involvement (bone and endocrine), and age-related 
changes. Realistically it may be impractical for any 
single model to encompass all these features, and 
multiple models may be necessary to investigate 
various aspects of pathophysiology, and to develop 
and test therapeutics. The following sections will 
discuss the benefits and limitations of currently 
available models.

In vitro models

Primary cultures from patient tissue. Attempts 
to isolate mutation-bearing stromal cells from pa-
tient tissue highlight the essential mosaic nature 
of FD lesions. In one study, single cell suspensions 
isolated from FD tissue and plated at low den-
sity led to colony-forming units that were a mix-
ture of mutated and wild-type stromal cells (12). 
Further, in an established in  vivo ossicle model, 
when clones of mutant, wild-type, or mixed mu-
tant  +  wild-type cells implanted in immuno-
compromised mice, FD-like ossicles developed 
only in mice that received a combination of mu-
tant  +  wild-type clones (12). This suggests that 
mutant GNAS-bearing stromal cells are unable 
to propagate clonally in the absence of wild-type 
cells, supporting a critical, thus far unelucidated 
contribution of wild-type stromal cells to FD le-
sion formation. Mixed cultures can also be useful 
for evaluating FD cell expression profiles and be-
havior, evidenced by studies of increased RANKL 
production in FD cells and osteoclastogenic in-
duction in cocultured monocytes, consistent with 
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the high levels of osteoclastogenesis present in FD 
tissue (106). Evaluation of specific transcriptional 
targets in these mixed cultures is also possible, as 
shown in studies demonstrating upregulated Wnt/
β-catenin signaling in patient-derived tissue and 
cell cultures (13). However, the degree of hetero-
geneity seen in FD lesions, which are an admixture 
mutant and wild-type cells, must be considered 
and presents a challenge in interpreting data and 
developing informative models (102). One ap-
proach to overcoming this limitation has been to 
generate mixtures of homogeneous, clonally de-
rived strains both of wild-type and GNAS-mutated 
stromal cells from individual FD lesions. This ap-
proach demonstrated increased basal and induced 
interleukin-6 (IL-6) production in clonally derived 
mutation-bearing stromal cells compared to cog-
nate wild-type cells (18, 107), suggesting that Gα s 
activation specific to mutant cells (as opposed to 
wild-type) is a source of osteoclast-promoting 
factors in FD. Recent evidence that demonstrated 
osteoclasts have paracrine effects on osteogenic 
cells via osteoclast-produced vesicular RANK raise 
the question of whether osteoclasts, which are so 
prevalent in active FD lesions, may play a role in 
FD lesion formation and/or expansion (108).

Transfected  cells. Targeting activating GNAS 
mutations to normal human stromal cells is 
a strategy that limits the variability found in 
patient-derived cells and more easily facilitates 
investigation of molecular pathways downstream 
from Gα s activation. One study used lentiviral 
vectors to engineer stably transfect normal human 
skeletal progenitor cells with R201C mutations. 
Transfected cells demonstrated enhanced cAMP 
production consistent with constitutive Gα s ac-
tivation (15). These cells displayed altered oste-
ogenic differentiation in  vitro and, like findings 
in patient-derived cells, showed dramatic 
upregulation of the osteoclast promotor RANKL. 
This model also identified upregulation of sev-
eral phosphodiesterase isoforms in transfected 
cells that could potentially inform development 
of therapeutic targets (15).

Animal models

Transplanted models. Cellular models have 
been used to generate FD-like tissue (ossicles) 
ex  vivo through transplantation of patient-derived 
stromal cells into immunocompromised mice (12). 
Subcutical transplants of clonally derived mutant and 
wild-type cells resulted in formation of ossicles that 
recapitulated key histologic aspects of FD, including 
abnormal bone tissue devoid of adipocytes and 

hematopoietic marrow. Transplantation of stromal 
cells stably transfected with R201C mutations 
produced similar findings (15). As mentioned 
above, it is important to note that in experiments 
of patient-derived cells, a mixture both of mutant 
and wild-type cells was required for FD-like ossicle 
formation; wild-type cells alone generated ossicles 
resembling normal bone, whereas transplantation of 
only mutant cells resulted in transplant loss and no 
ossicle. This model provides experimental evidence 
for the hypothesis that GNAS mutation-bearing cells 
are less viable than wild-type cells and necessitate 
mosaicism for survival. Additional advantages of 
this model include the potential to investigate Gα s 
activation effects on wild-type cells. As such, this 
model may prove useful in studying FD lesion ex-
pansion and in testing therapies to prevent lesion 
growth. However, this model has important lim-
itations inherent to use of patient-derived tissue, 
including availability and adequacy of samples, the 
growth restriction typical of most GNAS-mutated 
colonies, and variability in mutational loads be-
tween samples. Additional limitations include the 
inability to account for developmental features of 
FD and nonskeletal features associated with MAS.

Germline models. Germline animal models offer 
practical advantages that bypass some of the limita-
tions posed by cell culture-based methods. Saggio 
et  al used lentiviral constructs to generate trans-
genic mice that constitutively express the R201C 
mutation found in human disease in all tissues, 
resulting in inherited, panostotic skeletal disease 
that histopathologically replicates FD (109). Like 
human disease, skeletal lesions in these mice de-
veloped postnatally, with normal development 
and cell differentiation during the embryonic and 
neonatal periods. Lesions developed through a 
distinct sequence of histopathological stages, in-
cluding a primary phase of increased bone for-
mation and a secondary remodeling phase with 
marked narrowing of the marrow cavity. The ter-
tiary phase, which most resembled human FD, was 
not established until mice were well into adulthood 
at age 1  year or older; the equivalent of approxi-
mately 50 years in a human. Although this model 
demonstrates a developmental context to disease 
expression in FD, the late onset of disease is mark-
edly different from the human phenotype, in which 
lesions develop in early childhood. It is possible that 
differences in the relative number of cell divisions 
in humans and mice may confound the ability of 
murine models to replicate this age-related pheno-
type. Interestingly, transgenic germline expression 
of R201C targeted to mature osteoblasts by a 2.3 kb 
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Col1a1 promoter resulted in mice with progressive 
high bone mass without features of FD, suggesting 
that Gα s activation involving less-differentiated 
skeletal progenitors is required for FD lesion for-
mation (110). By modeling an age-related pattern 
of development, transgenic germline models may 
prove useful for investigating the pathogenesis of 
FD lesion formation and expansion, and to test 
preventive therapies. Further work is needed to 
determine whether these models reproduce the 
multisystem involvement characteristic of MAS. 
The lack of embryonic lethality in these models 
indicates that key pathogenic aspects of human 
disease, including those related to obligate mosa-
icism, may not be captured in these systems and 
require other methods of investigation.

Inducible models. Inducible animal models offer 
the ability to modify the timing of Gα s activation, 
providing another approach to replicating develop-
mental patterns of disease expression. The first in-
ducible model of FD was developed through use of 
a G-coupled protein receptor (Rs1) engineered to 
constitutively activate Gα s signaling in osteoblasts 
(111, 112). Constitutive Rs1 expression led to dra-
matically increased trabecular bone mass with 
histopathologic features reminiscent of FD; how-
ever, the presentation varied widely depending on 
the timing of induction, with delayed expression 
leading to a progressively attenuated phenotype, 
and no skeletal abnormalities with induction after 
age 4 weeks (111, 112). Withdrawal of tetracycline-
induced Rs1 expression in adult mice led to a 
marked reversion of skeletal disease (112). This im-
portant finding supports 3  important hypotheses: 
1)  There is a critical postnatal window during 
which osteoblasts respond to Gα s activation, con-
sistent with the age-related phenotype observed in 
human disease; 2) ongoing Gα s activation may be 
required to maintain a disease state in FD, and 3) if 
a therapy could “turn off ” mutant Gαs activation, 
lesion regression could take place.

Two recently developed models show promise 
in recapitulating FD both pathogenically and 
phenotypically. Zhao et  al created a conditional 
doxycycline-inducible model expressing the human 
R201C mutation in skeletal stem cells under a 
Prrx1-Cre promoter, resulting in rapid development 
of skeletal lesions both in embryonic and postnatal 
mice (113). Like in human disease, conditional mu-
tant Gα s expression resulted in increased cAMP 
production and proliferation of skeletal progenitor 
cells without differentiation into mature osteoblasts. 
The resulting skeletal lesions demonstrated multiple 
histopathologic features of FD, including abnormal 

woven bone, increased RANKL expression, and 
prominent osteoclastogenesis. Consistent with the 
tissue-specific distribution of Cre-recombinase 
expression, lesions developed exclusively in the 
long bones and calvarium, locations frequently 
associated with morbidity in human disease. The 
presence and degree of mosaicism within skeletal 
lesions in this model is unclear; however, the var-
iable Cre-recombinase (and therefore mutant Gα s) 
expression in the skull offers a potential opportu-
nity to investigate the interface between mutant and 
wild-type cells. Like the Rs1 FD mouse, doxycycline 
withdrawal resulted in resolution of skeletal lesions, 
adding support for Gα s inhibition as a potential 
treatment strategy.

Khan and colleagues concurrently published 
a model in which the human R201H mutation 
was conditionally knocked in to the endoge-
nous mouse GNAS locus (114). Pre-embryonic 
induction targeted to mouse oocytes resulted 
in embryonic lethality; however, expression 
targeted to osteochondral progenitor cells, early 
osteoblasts, and bone marrow stromal cells under 
a Prrx1-Cre promoter resulted in rapid forma-
tion of severe skeletal lesions, which like FD were 
characterized by increased trabecular volume and 
loss of marrow space. Wnt/β-catenin signaling 
was increased in skeletal tissue, consistent with 
findings in patient-derived tissues and cells 
(13), and the pathogenic role of Wnt/β-catenin 
was further confirmed by rescue of the FD phe-
notype in mice missing 1  copy of LRP6, a Wnt 
coreceptor gene. An inducible mosaic state was 
created by crossing R201H knock-in mice with a 
Sox9-CreER line, leading to selective mutant Gα s 
expression in bone marrow stromal cells and the 
development of a similar but attenuated skeletal 
phenotype. The spatial and temporal control of 
Gα s activation offered by this model is particu-
larly useful in investigating Gα s’s role in skeletal 
formation and differentiation. For example, fur-
ther work in this system demonstrated Gα s reg-
ulation of intramembranous ossification through 
Hedgehog and Wnt1/β-catenin, and reduced car-
tilage dissolution associated with Gα s activation 
in cranial bones (115). This knock-in approach 
could also potentially be targeted to extraskeletal 
tissues, providing an opportunity to investigate 
multisystemic involvement in MAS.

Treatment
Clinical management of fibrous dysplasia

Surgical management. Surgery is the mainstay 
approach to treatment for FD. Techniques must be 
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highly individualized, tailored both to the area of 
the affected skeleton and the specific patient char-
acteristics. The timing of surgical intervention is a 
critical aspect of decision making that cannot be 
overemphasized. Skeletal complications character-
istically become apparent in childhood; however, 
FD tends to be more metabolically active during 
this period, and surgical techniques appropriate 
for use in a growing skeleton are limited. Together 
these factors conspire to produce poorer surgical 
outcomes and contribute to long-term disability.

Appendicular skeleton. Surgical management of ap-
pendicular FD focuses on mechanical stabilization 
with correction and prevention of fractures and 
deformities. FD involving the upper extremities 
and tibias can generally be approached conserv-
atively, with intervention needed only in cases of 
acute or recurrent fractures, severe deformity, or 
ongoing pain with weight-bearing. The proximal 
femur is a particularly vulnerable location and 
poses one of the most challenging clinical manage-
ment dilemmas in FD/MAS. Deformity in this area 
is common, and surgery should be considered at 
an early stage to avoid progression to a clinically 
significant degree. Femoral involvement is most 
common in the proximal region, but it may ex-
tend to any portion of the shaft. The most common 
finding is the classical coxa vara (“shepherd’s 
crook”) deformity, but coxa valga is also possible. 
There is no consensus on how to manage FD in the 
proximal femur. Plate and screw devices may be 
effective when anchored to healthy cortical bone; 
however, in cases in which FD extends to the fem-
oral shaft this typically leads to inadequate fixation 
(116). Intramedullary rods are often effective at 
providing stability to the femoral shaft; however, 
they do not provide adequate support for the neck 
shaft angle. In addition, there is extremely limited 
availability of small surgical devices appropriate for 
pediatric use (116). Bone grafting procedures have 
been proposed as an alternative technique; how-
ever, a large retrospective analysis of femoral grafts 
showed only 50% graft survival over a 15-year pe-
riod, with poorer outcomes in patients younger 
than 18 years (117). An analysis of allogenic cor-
tical strut grafts showed similar results, with satis-
factory outcomes in patients with limited disease, 
but decreased graft survival in patients with pre-
vious fractures and more extensive FD involvement 
(118). In general, reasonable proximal femoral sta-
bilization can often be achieved in mature patients 
who have completed or nearly completed linear 
growth by tailoring these existing methods to the 
specific lesion of interest (119). However, surgical 

outcomes are considerably poorer in young chil-
dren, which may contribute significantly to long-
term morbidity and functional impairment. 
Treatment should be individualized to fit the clin-
ical setting (119), which in complicated cases can 
involve a multistep approach (120).

Craniofacial skeleton. The best-defined indica-
tion for craniofacial surgery in FD is optic nerve 
encasement. In the setting of acute, clinically 
significant vision loss, optic nerve decompres-
sion surgery can preserve or restore vision (22). 
Although FD is commonly located in the optic 
canal, it only rarely results in vision loss (121). 
Large cohort studies have demonstrated that pro-
phylactic optic nerve decompression increases the 
risk of vision loss (121) and that expectant man-
agement with close monitoring leads to superior 
outcomes (122). In contrast, there is little evidence 
to inform other craniofacial surgical indications. 
The tendency of FD to regrow after subtotal 
resections is an important limitation that fre-
quently leads to suboptimal outcomes. In 1 large 
retrospective series, postoperative regrowth 
occurred after 68% of craniofacial resections, 
and more frequently after more conservative 
recontouring procedures, and in patients with 
GH excess (53). At present, surgical interven-
tion in the craniofacial area is clearly indicated 
to address functional impairment, such as com-
pressive neuropathies, otic canal obstruction, se-
vere malocclusion, and symptomatic cranial base 
deformities (25, 53). The decision to intervene for 
cosmetic purposes must be individualized and 
made in conjunction with a multidisciplinary 
team, with a clear understanding of the potential 
likelihood for recurrent deformity.

Axial skeleton. Progressive scoliosis is a poten-
tially serious complication of axial FD that may re-
quire surgical intervention in severe cases. Unlike 
the more common adolescent idiopathic scoliosis, 
which typically stabilizes after completion of linear 
growth, FD-associated scoliosis may continue to 
progress into adulthood (30). Despite the often-
poor durability of orthopedic procedures in ap-
pendicular FD, outcomes from spinal fusion are 
generally favorable. In 1  retrospective series, 9 of 
10  patients who underwent spinal fusion using a 
variety of standard approaches showed hardware 
stability during up to 15  years of follow-up (30). 
Use of scoliosis braces is often limited by FD in the 
spine and pelvis, which may develop worsening 
deformity when subjected to indirect forces from 
bracing (116).
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Functional management. Physiatry is a corner-
stone of management that is often overlooked to the 
detriment of patient care. Fractures and surgeries 
result in progressive loss of muscle strength, par-
ticularly in the hip extensors, leading to decreased 
ambulation ability (123). Because FD is mechani-
cally unsound, optimizing gait and positioning to 
align weight-bearing forces is important to pre-
vent deformities, manage pain, and prevent late 
complications such as arthritis. Malalignment 
in FD is complex and multifactorial. Leg length 
discrepancies arise through a combination of 
FD overgrowth, which increases limb length, 
and fractures and deformities, which decrease 
limb length. Discrepancies as small as 1/8  inch 
(3.18  mm) have been associated with decreased 
hip strength and range of motion (123), decreased 
gait efficiency (123), and progressive scoliosis (30). 
Conservative management with lifts and other or-
thotic devices is typically effective and should be 
reassessed regularly. Clinicians are often tempted 
to treat growing children with epiphysiodesis or 
other growth-altering procedures; however, be-
cause of the multiplicity of factors contributing to 
malignment in FD, these are frequently ineffective 
and should be undertaken with caution.

Medical management. There are currently no 
medical therapies shown to increase bone quality 
or prevent skeletal complications in FD. Studies 
of commercially available bone-altering therapies 
such as bisphosphonates have shown mixed results 
and are discussed in “Commercially available 
medications.” Hyperfunctioning endocrinopathies 
have direct and deleterious effects on bone me-
tabolism and have been linked to poor skeletal 
outcomes; therefore, screening and treatment of 
extraskeletal features is essential medical therapy in 
FD. FGF23-mediated hypophosphatemia can lead 
to rickets and compromised mechanical integrity, 
contributing to fractures and deformities (25, 30, 
37). Precocious puberty increases growth velocity 
and may compromise adult height, which has im-
portant implications for progression and correction 
of skeletal deformities (25, 116). Hyperthyroidism 
increases bone turnover and is associated with 
skeletal deformities (25, 30), whereas GH excess 
is an important driver of craniofacial expansion 
and is associated with functional deficits (26-28). 
Specific management of these features is discussed 
in “Clinical management of extraskeletal features.”

Pain management. Bone pain is one of the most 
challenging aspects of clinical management in FD. 
There are multiple factors that may contribute to 

pain, and clinicians should carefully assess for 
treatable underlying causes. Pain that is limited 
to a focal area or is elicited with weight bearing 
may portend a current or impending fracture 
that requires orthopedic intervention. Clinicians 
should also consider functional causes such as 
muscle weakness and malalignment that may 
respond to physiatric interventions, such as or-
thotics or targeted strengthening exercises. Diffuse 
pain may result from metabolic disturbances, par-
ticularly hypophosphatemia. In the absence of any 
metabolic issues, pain that occurs diffusely in mul-
tiple affected areas is likely due to intrinsic FD pain. 
Knowledge gaps in the pathophysiology of this 
pain (which appears to be distinct from other skel-
etal complications) has prevented the development 
of targeted treatment strategies. Bisphosphonate 
treatment has shown mixed results (discussed 
in a subsequent section); however, uncontrolled 
studies suggest intravenous formulations may be 
effective for pain relief in some patients (124, 125). 
Osteonecrosis of the jaw (ONJ) is a rare but po-
tentially serious sequela of bisphosphonate use, 
particularly in patients receiving long-term, high-
dose intravenous formulations. In 1  large cohort 
of patients with FD, ONJ was reported in 5.4% of 
those treated with bisphosphonates (126), a prev-
alence similar to that seen in oncology patients 
(127) and indicating that patients with FD are 
likely at increased risk for this complication. In 
this series, affected patients (age 23-57  years) 
had features known to be associated with ONJ in 
the general population, including treatment with 
long-term, high-dose intravenous formulations 
(treatment ranging 2-13 years), dental infections, 
and dentoalveolar surgical procedures. Therefore, 
the risk may be mitigated by using the lowest dose 
and longest interval between doses needed to con-
trol symptoms and by maintaining regular dental 
care and excellent dental hygiene.

Clinical management of extraskeletal features

Endocrine
Gonadal disease. Treatment for precocious pu-
berty involves blocking sex steroid activity, with 
the goal of preventing disabling short stature and 
mitigating psychosocial effects of early pubertal 
development. Treatment in girls with MAS has 
primarily used medications developed for women 
with breast cancer. A prospective trial of the selec-
tive estrogen receptor modulator tamoxifen was 
shown to have beneficial effects on growth velocity, 
skeletal maturation, and bleeding episodes, how-
ever treatment led to increased uterine volumes, 
consistent with its agonist effect on endometrial 
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stroma and raising concerns about the poten-
tial for increasing the risk of malignancy (128). 
Fulvestrant is a pure estrogen receptor antagonist 
that was shown to benefit skeletal maturation in 
girls with MAS; however, there was no benefit on 
growth velocity or predicted adult height (129). 
First- and second-generation aromatase inhibitors 
have shown disappointing results (130-132); how-
ever, studies using letrozole, a more potent third-
generation formulation, showed beneficial effects 
on bleeding episodes, skeletal maturation, and final 
adult height (42). At present letrozole is considered 
first-line treatment in girls with MAS, with tamox-
ifen and fulvestrant available as adjuvant therapies 
if needed.

Treatment in boys requires combination therapy 
with the goals of 1) blocking testosterone activity 
to prevent premature physical and psychological 
masculinization, and 2) blocking estrogen activity 
to prevent skeletal maturation and compromised 
final height. Because precocious puberty is much 
less common in boys with MAS than girls, there 
have been comparatively fewer studies. One retro-
spective cohort study reported improved predicted 
adult height using a combination of androgen re-
ceptor blockers, including spironolactone and 
testolactone, and the aromatase inhibitor letrozole 
(45). Additional case reports have shown efficacy 
using a combination of bicalutamide and anastro-
zole (133), and ketoconazole and cyproterone ace-
tate (134).

Secondary central puberty is a potential com-
plication of peripheral puberty, which arises most 
frequently in girls with MAS on reaching a bone 
age of approximately 10 to 13 years (42). The most 
common presentation is “breakthrough” pubertal 
signs in a child who had previously been well 
controlled with medical therapy (ie, growth accel-
eration, bone age advancement, breast develop-
ment, and/or vaginal bleeding in girls, increased 
penile size and secondary sexual hair in boys). 
Children typically respond well to gonadotropin-
releasing hormone agonists, which can be used in 
combination with sex steroid blocking therapies.

When to discontinue pubertal blockade in 
children with MAS-related precocious puberty is 
determined by a combination of the age and psy-
chosocial status of the child, and clinical judgment. 
Generally, these factors are similar to those in id-
iopathic precocious puberty, with the important 
caveat that in MAS once the medication(s) con-
trolling pubertal advancement are discontinued 
patients tend to advance in puberty quite rap-
idly. This point should be made to the child and 
parents and should be taken into consideration in 

predicting final height, which may be reduced in 
comparison to children with idiopathic precocious 
puberty.

Thyroid disease. Because of the known deleterious 
effects on skeletal outcomes, clinicians should main-
tain a low threshold for treating hyperthyroidism 
in patients with MAS, even if there are no clear 
symptoms. Hyperthyroidism generally responds to 
typical antithyroidal medications, which are first-
line treatment in children (46, 47). Because hy-
perthyroidism in MAS is persistent, most patients 
ultimately elect to undergo definitive treatment. 
Thyroidectomy performed in a high-volume sur-
gical center is generally preferred. Radioablation is 
also an effective strategy, particularly if the patient 
has surgical risks or if a high-volume center is un-
available. However, clinicians should be aware that 
most patients have mosaic thyroid involvement, 
and there is a theoretical risk of subtherapeutic 
radiation exposure to areas of normal tissue. The 
presence of the growth-promoting GNAS muta-
tion in remnant tissue following radioablation or 
thyroidectomy leaves patients with risk recurrence 
of hyperthyroidism. This typically presents with 
decreasing levothyroxine requirements, new-onset 
goiter, or the development of typical symptoms.

Growth hormone excess. Expansion of cranio-
facial FD can occur even under the influence 
of mild, otherwise asymptomatic GH excess. It 
is therefore prudent for clinicians to have a low 
threshold to start treatment, and to aim for ag-
gressive control, targeting insulin-like growth 
factor-1 Z  scores to the mid- to lower end of the 
normal range. Medication is first-line manage-
ment, and patients typically respond well to somat-
ostatin analogues (octreotide, lanreotide) or GH 
receptor antagonists (pegvisomant), used alone 
or in combination. Patients who do not respond 
to medical therapy are particularly challenging. 
Surgery is often technically difficult because of 
FD involvement of the skull base. In addition, 
mutation-bearing somatomammotrophs are typi-
cally spread diffusely throughout the pituitary, and 
total hypophysectomy is required for surgical cure 
(51). This is true even if pituitary imaging suggests 
a focal adenoma (28, 51). Radiation therapy can be 
effective but has been associated with malignant 
transformation of skull base FD, making this an 
undesirable option that should be used as a final 
resort in severely affected patients (88, 90).

Adrenal disease. Treatment of neonatal 
hypercortisolism is often dictated by the severity 

D
ow

nloaded from
 https://academ

ic.oup.com
/edrv/article-abstract/41/2/345/5610851 by guest on 25 June 2020



363doi: 10.1210/endrev/bnz011 https://academic.oup.com/edrv

Review

of illness. Adrenalectomy provides definitive treat-
ment and is the preferred approach in patients with 
severe disease who are sufficiently hemodynam-
ically stable to tolerate surgery. Spontaneous res-
olution of hypercortisolism has been reported in 
approximately one-third of cases (54); therefore, 
if patients are mildly affected and well controlled 
with medications, observation may be warranted. 
Metyrapone is typically used first-line for medical 
management because of its low risk of hepatotox-
icity; however, ketoconazole and mitotane may also 
be considered (135). Partial adrenal insufficiency 
has been reported in patients who have undergone 
spontaneous resolution of hypercortisolism, and 
these patients should be monitored with periodic 
adrenocorticotropic hormone stimulation testing, 
particularly before surgical procedures (54). The de-
velopment of testicular adrenal rest tissue has also 
been reported as a late complication of bilateral 
adrenalectomy (45). Neurodevelopmental sequelae 
of neonatal hypercortisolism have not been well de-
fined; however one series reported an increased inci-
dence of speech disorders and developmental delays 
(54). Clinicians should therefore initiate develop-
mental intervention services as early as possible.

Fibroblast growth factor-23–mediated hypophos-
phatemia. Intervention should also be instituted 
early in patients with hypophosphatemia, even if 
asymptomatic. Like other disorders of FGF23 ex-
cess, hypophosphatemia in FD responds well to 
oral calcitriol and phosphorus supplementation 
(136). Hypophosphatemia may wax and wane, and 
patients may have varying requirements for sup-
plementation throughout their lifespan. It is there-
fore important to monitor phosphorus regularly in 
all patients with polyostotic disease, and to con-
sider hypophosphatemia as a potential contributor 
in patients who develop pain or worsening skeletal 
complications. Of note, supplements should be 
withheld prior to surgical procedures to decrease 
the risk of immobilization hypercalcemia, particu-
larly in adolescents.

Skin
Café-au-lait macules in MAS are asymptomatic 
and not typically a source of morbidity, although 
lesions that are especially large or occur in highly 
visible locations such as the face may lead to psy-
chosocial stress. Patients should be advised that 
lesions may become darker when exposed to sun-
light. There are no well-established treatments 
known to decrease skin pigmentation, although 
a single case report describes improvement after 
laser therapy (137).

Intramuscular myxomas
Intramuscular myxomas that are asymptomatic 
can typically be managed by observation alone; 
however, myxomas that are particularly large or as-
sociated with pain or functional impairment may 
require resection. Postoperative recurrences have 
been reported in up to 30% of patients (70, 138).

Psychosocial management
Management of psychosocial stress is a critical 
component of care in FD/MAS. Stressors vary be-
tween individuals; however, common concerns in 
the FD/MAS population include challenges related 
to physical disability, pain, craniofacial differences, 
health care access, and others typical of chronic ill-
ness. These stressors may also extend to parents, 
caregivers, and other family members. Patients and/
or families should undergo structured assessment 
for quality of life to identify individual stressors 
and develop therapeutic plans to address them. In 
a Dutch cohort, patients who used avoidant or pas-
sive coping strategies, such as ignoring problems, 
feeling overwhelmed by them, or worrying over past 
problems, had reduced quality of life (99). Negative 
perceptions of their disease were also associated with 
impaired quality of life (98). These findings suggest 
that patients with ineffective coping strategies may 
benefit from psychotherapy or other interventions 
focused on developing positive strategies to improve 
quality of life.

Unmet Needs and Future Directions
Novel treatment approaches

Medical therapies. The development of effec-
tive medical therapies for FD is a critical area 
of unmet need. Although reasonably effective 
treatments exist for most MAS endocrinopathies, 
no therapies have been shown to definitively im-
prove bone quality or prevent the expansion of 
FD lesions. The development of novel therapies 
targeting specific pathogenic mechanisms in 
FD is thus a high priority for research. In addi-
tion, the adaptation of commercially available 
therapies developed for other skeletal disorders 
provides an opportunity for more immediate clin-
ical application.

Commercially available medications. 

Bisphosphonates. Antiresorptive medications such 
as bisphosphonates are an intuitive potential treat-
ment because of the increased bone turnover and 
osteoclastogenesis in FD tissue. Bisphosphonates 
have been studied in FD for several decades, and 
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although much has been learned about their lim-
itations, their specific role in clinical manage-
ment has yet to be clearly defined. Early studies 
generated excitement with encouraging reports, 
including a series of 9  patients treated with 
pamidronate who reported improvements in pain, 
bone turnover markers, and decreased radiolu-
cency on radiographs with thickening of the fem-
oral cortices (125). Longer-term studies using this 
regimen showed similar findings (124, 139); how-
ever, although reports from other investigators 
described similar benefits on pain and bone turn-
over markers, they were unable to replicate the ra-
diographic benefits (140-143). Plotkin et al found 
no difference in histomorphometric analyses on 
FD tissue from 9  pamidronate-treated and 7  un-
treated children, calling into question the ability 
of bisphosphonates to affect bone turnover within 
dysplastic lesions (142). Similarly, a retrospec-
tive comparison of FD burden in 20  treated and 
15  untreated children found no association be-
tween bisphosphonate treatment and FD lesion 
expansion (101). This series also demonstrated 
that bisphosphonate treatment was associated with 
lower bone turnover markers; however, it did not 
alter the expected age-dependent pattern of decline 
(101). Additional retrospective studies reported no 
associations between bisphosphonate treatment 
and progression of spinal deformities (30) or cra-
nial base deformities (25).

There has been one controlled trial of 
bisphosphonate treatment in FD, which included 
40 subjects treated for 2 years with either the oral 
formulation alendronate or placebo. Alendronate 
treatment was associated with a significant de-
crease in bone resorption markers, but no 
improvements in pain or radiographic appearance 
of FD lesions (144). Concerningly, 1 retrospective 
series reported ONJ in 4 of 76 patients treated with 
bisphosphonates, suggesting that patients with FD/
MAS may be at increased risk for this complication.

Taken together, these findings do not support a 
role for bisphosphonates in preventing FD lesion ex-
pansion or in improving the mechanical properties 
of FD lesions. The oral bisphosphonate alendronate 
does not improve FD-related pain; however, open-
label studies suggest that intravenous formulations, 
including pamidronate and zoledronate, may have 
a role in treatment of FD-related bone pain. In 
the absence of rigorous controlled data, clinicians 
should limit bisphosphonate use to the lowest dose 
and interval needed to control pain and make 
efforts to limit dental risks. Future studies should 
include controlled trials to determine the analgesic 
effects of intravenous bisphosphonates.

Denosumab. Denosumab is a fully human, mon-
oclonal antibody to RANKL that has emerged 
as a promising therapy for osteoporosis and 
complications of skeletal tumors. Interest in a po-
tential role for denosumab in FD was piqued after 
reports emerged of its efficacy in treatment of giant 
cell tumors. These benign but locally aggressive 
tumors typically affect adults in their second to 
fourth decades and share key histologic features 
with FD, including abundant RANKL expression 
(145). Phase  2 trials of denosumab treatment re-
ported decreased giant cell tumor progression 
and prevention or reduction in surgical morbidity 
(146, 147), leading to its approval for this indica-
tion by the US Food and Drug Administration in 
2013 and the European Medicines Agency in 2014 
(148). Based on these findings, denosumab treat-
ment was initiated as part of a compassionate use 
trial in a 9-year-old boy with a highly morbid, 
rapidly expanding femoral FD lesion (149, 150). 
Treatment was associated with a rapid improve-
ment in pain and bone turnover markers, along 
with evidence of a decreased rate of FD expan-
sion. However, after denosumab discontinuation 
there was a rapid rebound in bone resorption 
markers, which was associated with severe and 
life-threatening hypercalcemia that fortunately 
responded to bisphosphonate treatment. Similar 
postdiscontinuation rebound has been reported 
in pediatric and adult patients treated for a va-
riety of indications, variably associated with 
hypercalcemia and vertebral compression fractures 
(151, 152). Subsequent cases and small series of 
denosumab treatment in FD patients report con-
sistent decreases in bone turnover, but variable 
effects on pain and no clear descriptions of lesional 
or postdiscontinuation effects (153-155). Current 
evidence suggests a potential role for denosumab 
treatment in FD; however, safety concerns about 
postdiscontinuation effects should limit use to 
compassionate treatment of highly morbid patients 
by clinicians experienced in managing complex 
cases of altered mineral homeostasis, or in the set-
ting of clinical trials. A phase 2 trial that includes 
intensive postdiscontinuation monitoring is on-
going (NCT03571191).

Tocilizumab. Based on the demonstration of 
high levels of IL-6 produced by FD-derived bone 
marrow stromal cells (18), anti–IL-6 pathway 
treatment with drugs such as the anti–IL-6 re-
ceptor drug, tocilizumab, has been explored. 
A case report demonstrated tocilizumab was effec-
tive in relieving FD-related bone pain in a patient 
who did not respond to bisphosphonates (156). 
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A placebo-controlled study of tocilizumab on bone 
turnover and bone pain in FD (NCT01791842) 
was recently completed, the results of which are 
pending.

Burosumab. Burosumab is a fully human, mon-
oclonal antibody to FGF23 that has been studied 
in patients with X-linked hypophosphatemia, an-
other disorder of FGF23 excess. A  phase  2 study 
in children reported improvements in serum phos-
phorus, rickets severity, and functional parameters 
(157, 158), and a phase 3 study in adults similarly 
demonstrated improvements in serum phos-
phorus and fracture healing (159). Based on these 
findings, burosumab was approved for treatment of 
X-linked hypophosphatemia by the US Food and 
Drug Administration and the European Medicines 
Agency in 2018 (160). Investigation is needed to de-
termine the potential utility of burosumab to treat 
FGF23-mediated hypophosphatemia in patients 
with FD. Hypophosphatemia in FD can gener-
ally be managed with conventional calcitriol and 
phosphate supplementation; however, this regimen 
can be associated with hypercalciuria and poten-
tial adverse renal effects (such as nephrocalcinosis 
and nephrolithiasis), complications that may be 
mitigated by burosumab. An unanswered ques-
tion is whether systemic burosumab would be ef-
fective in treating the tissue-level osteomalacia 
observed in FD lesions, an issue that may be sep-
arate from the systemic complications of systemic 
hypophosphatemia.

Novel drug development. 

Molecular targeting. Because disease-causing 
mutations in FD/MAS occur almost exclusively at 
the R201 position, targeting the mutated Gα s pro-
tein is a strategy that could potentially treat disease 
affecting multiple systems. Pharmacologic efforts 
to target G-proteins has proved difficult, but efforts 
are underway to identify small molecules that can 
specifically target the gain-of-function activity 
that is brought about by the R201 mutations (161). 
Recent success in the development of high-potency 
inhibitors targeting Gα q/11 oncoproteins provides 
support for this potential therapeutic strategy (162, 
163).

Gene therapy. Theoretically, the genetic variants 
in GNAS that give rise to FD/MAS should be ame-
nable to gene therapy, including gene replacement, 
correction, and silencing oligonucleotide therapy. 
The tissue most in need of better therapies is the 

bone but targeting bone cells adds another level of 
complexity to the already unsurmounted problems 
that accompany gene therapy in general. However, 
gene therapy is an active area of research that is 
making great strides, and progress made in other 
conditions will ultimately prove applicable to FD/
MAS.

Cell-based therapy. Because FD originates 
from dysfunctional skeletal stem cells, stem cell 
therapy is another intuitive potential treatment 
strategy. These multipotential, self-renewing cells 
have been shown to differentiate into a miniature 
bone organ in  vivo, demonstrating their poten-
tial role in promoting skeletal regeneration (164, 
165). Preclinical studies have shown that in vivo 
transplantation of mesenchymal stem cells with 
appropriate carriers may promote regeneration 
of skeletal tissue; however, this is highly de-
pendent on the qualities of the transplanted cells 
(166-168). Intravenous mesenchymal stem cell 
transfusion has been performed in numerous 
skeletal, inflammatory, and immune-mediated 
disorders in attempts to channel the potential 
paracrine and immunomodulatory effects of 
these cells, but results have been variable (169, 
170). At present, the primary barriers to deter-
mining the clinical application of mesenchymal 
stem cell transplantation are critical knowledge 
gaps in understanding the nature and function 
of these cells, which prevents development of 
standardized methods for their retrieval, hand-
ling, and storage (171). In addition, techniques 
to deliver cells to affected tissues in such a way 
that will allow them to establish biomechanically 
organized and functional fashion represents an 
additional level of challenge.

Challenges in clinical research and trials
Research in rare diseases is fraught with challenges; 
however, clinical investigation in FD/MAS is 
characterized by a unique combination of obstacles 
and strengths. Robust natural history studies have 
broadly outlined the disease course, allowing 
investigators to focus interventions on the most 
clinically relevant long-term complications. 
However, issues such as patient heterogeneity 
and evolving disease activity over time necessitate 
taking a considered and creative approach.

Clinical end points and surrogate disease 
markers. In comparison to similarly rare 
disorders, the natural history of FD/MAS has 
been relatively well established, in part from the 
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activities of a longstanding NIH protocol that 
has extensively phenotyped a cohort of more 
than 200  individuals followed prospectively for 
up to 20  years (NCT00001727). This study has 
identified and broadly outlined many clinically 
relevant skeletal outcomes, including fractures 
(37), deformities (23, 30, 100, 172), pain (96, 104), 
and functional impairment (26, 28, 96, 100, 121-
123). Although these are meaningful problems 
to target therapeutically, they present impor-
tant practical barriers as clinical trial end points, 
and identification of clinically relevant surrogate 
markers is thus a critical unmet need. A method 
of quantitating total FD burden using techne-
tium-99 scintigraphy (Fig. 7D) has been widely 
employed in retrospective studies and has been 
shown to correlate with mobility impairment 
(173). However, its inability to quantitate activity 
within individual FD lesions represents a critical 
limitation. Other studies have used serum bone 
turnover markers (143, 144); however, FD-specific 
markers have not been identified, making these 
an impractical end point for therapies that affect 
both FD and non-FD bone, such as antiresorptive 
medication. Recently (18), 18F-NaF–positron 
emission tomography (PET)/CT imaging has 
shown great promise in quantifying disease-
specific activity in patients with FD, correlating 
with clinical outcome measures such as fractures, 
craniofacial and orthopedic surgeries, spinal de-
formity, and mobility (174) (Fig. 7E).

Other potential challenges in trial design relate 
to changes in disease activity over time (100, 101). 
Understanding these age-related changes is crit-
ical to choosing surrogate end points that target 
specific therapeutic goals. For example, therapies 
aimed at preventing FD lesion formation should be 
targeted to children in whom FD lesions are in a 
growth phase and may be most accurately meas-
ured using radiographic techniques such as 18F-
NaF–PET/CT. Therapies for pain are likely better 
targeted to adults and may potentially be evaluated 
using more standardized assessments, such as 
validated pain questionnaires.

Registry development and role of patient ad-
vocacy organizations. Patient registries are in-
creasingly recognized as an important strategy to 
address hurdles in rare disease research. Although 
the purposes of registries can vary widely, in rare 
diseases such as FD/MAS they have frequently 
been used to collect patient-reported natural 

history data and create repositories that engage 
stakeholders to stimulate future research. In FD/
MAS and a growing number of other disorders, 
registry creation has been largely patient centered, 
driven, and supported by the activities of patient 
advocacy organizations. Active registries in the 
United States and United Kingdom have been 
used to support successful funding applications 
and generate original research (175, 176). Patient 
advocacy organizations also play a central role in 
building rare-disease communities, which among 
other activities can improve care by disseminating 
accurate information to patients and clinicians. 
The FD/MAS field has benefited from the activities 
of longstanding advocacy organizations such as 
the Fibrous Dysplasia Foundation (United States), 
the Fibrous Dysplasia Support Society (United 
Kingdom), and L’Associazione EAMAS (Italy), 
along with a growing number of organizations 
representing France, the Netherlands, Brazil, and 
other countries.

FD/MAS  International  Consortium. Collabora-
tion between investigators, clinicians, patients, 
and advocates is an effective approach to building 
innovative research programs and advancing 
clinical care. Particularly in rare and complex 
disorders such as FD/MAS, input from multiple 
stakeholders is needed to develop strategies for 
diverse needs such as basic and translational sci-
ence, clinical trials, patient recruitment and en-
gagement, and regulatory issues. The strong patient 
advocacy presence in FD/MAS has been bolstered 
by collaborations with international, multidisci-
plinary clinicians, and investigators, culminating 
in the formation of the FD/MAS International 
Consortium in 2016 (177). With growing mem-
bership from the United States, Europe, and 
South America, the Consortium has held 3  in-
ternational conferences and launched productive 
collaborations combining international datasets 
(83, 177). The Consortium has recently developed 
comprehensive clinical care recommendations 
for FD/MAS (2). Future activities include the dis-
semination of these recommendations and plans 
for international clinical trials. Multidisciplinary, 
multistakeholder organizations such as the FD/
MAS International Consortium will facilitate prog-
ress in FD/MAS research that will advance our 
understanding of the disease, accelerate the devel-
opment of improved therapies, and lead to better 
quality of life for patients with FD/MAS.
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