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ARTICLE INFO ABSTRACT

Handling editor: A. Verloes Osteopetrosis refers to a group of related rare bone diseases characterized by a high bone mass due to impaired

bone resorption by osteoclasts. Despite the high bone mass, skeletal strength is compromised and the risk of

Keywords: fracture is high, particularly in the long bones. Osteopetrosis was classically categorized by inheritance pattern

Osteopetrosis into autosomal recessive forms (ARO), which are severe and diagnosed within the first years of life, an inter-

I?Stefda“ mediate form and an autosomal dominant (ADO) form; the latter with variable clinical severity and typically
ractures

diagnosed during adolescence or in young adulthood. Subsequently, the AD form was shown to be a result of
mutations in the gene CLCN7 encoding for the CIC-7 chloride channel). Traditionally, the diagnosis of osteo-
petrosis was made on radiograph appearance alone, but recent molecular and genetic advances have enabled a
greater fidelity in classification of osteopetrosis subtypes. In the more severe ARO forms (e.g., malignant infantile
osteopetrosis MIOP) typical clinical features have severe consequences and often result in death in early
childhood. Major complications of ADO are atypical fractures with delay or failure of repair and challenge in
orthopedic management. Bone marrow failure, dental abscess, deafness and visual loss are often underestimated
and neglected in relation with lack of awareness and expertise. Accordingly, the care of adult patients with
osteopetrosis requires a multidisciplinary approach ideally in specialized centers. Apart from hematopoietic stem
cell transplantation in certain infantile forms, the treatment of patients with osteopetrosis, has not been stan-
dardized and remains supportive. Further clinical studies are needed to improve our knowledge of the natural
history, optimum management and impact of osteopetrosis on the lives of patients living with the disorder.

High bone mass

1. Introduction describe several rare hereditary bone diseases characterized by a

generalized or focal increase in bone mass, related to a failure of bone

Osteopetrosis was first described by Albers-Schonberg in 1904
(Albers-Schonberg, 1904). Following the original disease description,
osteopetrosis was defined on the age at diagnosis and heritability. Over
time several forms of osteopetrosis were distinguished: the autosomal
recessive types (AROs) that include the neonatal or infantile forms, the
intermediate form, the X-linked and the autosomal dominant form
(ADO). It became evident that the term “osteopetrosis” was adopted to

resorption by osteoclasts (Vernejoul and Kornak, 2010). The most recent
classification of osteopetrosis — the 2023 nosology (Unger et al., 2023)
distinguishes subtypes according to genotype and from other high bone
mass disorders (the rare hereditary bone sclerosing diseases), where an
increase in bone formation, rather than reduced bone resorption, results
in the high bone mass. For example, the high bone mass caused by gain
of function from a pathogenic variant in the LRP5 gene, was previously
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classified as AD osteopetrosis type 1 (OPTA1), but is now classified
within ‘osteosclerotic disorders’ (Unger et al., 2023). In this review, we
describe the main clinical features of osteopetrosis in adults, present and
discuss the evidence for optimal care of patients with osteopetrosis, and
offer insights into where clinical research efforts may be focused in
future.

2. Recessive forms of osteopetrosis

Recessive forms of osteopetrosis have been reviewed recently (Penna
et al., 2021; Sobacchi and Abinun, 2022) and will not been detailed
here. In the most recent genetic classification of disorders, 13 separate
autosomal recessive (AR) osteopetrosis (ARO) entities are listed, arising
from pathogenic variation in 11 different genes. The most severe form of
ARO is termed malignant infantile osteopetrosis (MIOP), is diagnosed
soon after birth, is fatal if left untreated. The ultra-rare autosomal in-
termediate osteopetrosis (AIO) occurs in AR or AD forms, is character-
ized by onset in infancy, anemia and fractures, but without
life-threatening myelosuppression. The X-linked form is also extremely
rare, involving NEMO, the regulatory subunit of the IKK complex,
essential for activation of the NFkB pathway. These 3 recessive forms are
lethal during the first years of life (Sobacchi et al., 2013) and should not
be seen as adults. In MIOP and AR AIO, bones become diffusely dense
with extremely narrow intramedullary cavities and a ‘bone-in-bone’
appearance on radiographs. The lack of space within the bone marrow
cavity results in bone marrow failure and increased susceptibility to
infections.

It has been proposed to distinguish 2 forms of ARO according to the
number of osteoclasts: maintained or increased in osteoclast-rich
osteopetrosis; but reduced number or absent in osteoclast-poor osteo-
petrosis (Penna et al., 2021). Such sub-classification may serve to link
understanding in gene defects and associated clinical features. Fig. 1 and
Table 1 show the genes identified and their relation to osteoclast
function.
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Fig. 1. Major gene mutations known to be responsible for osteopetroses.

CAII encodes type II carbonic anhydrase and allows cytoplasmic H+ produc-
tion. TCIRG1 encodes for the a3 subunit of the V-ATPase proton pump allowing
proton secretion into the resorption chamber. CLCN7 encodes for the chlorine
channel 7 allows Cl-excretion into the resorption chamber via the ruffled
border. The left panel represents a detail of the abnormalities leading to a
failure in the lysosomal system. OSTM1 encodes for the B-subunit of chloride
channel 7 allowing its transport to the ruffled border by lysosomes. PLEKMH1
encodes a cytosolic Rab7-binding protein, which is associated with a defect in
endosome and lysosome formation. SNX10 encodes sorting nexin 10 and binds
to the V1 subunit of the proton pump, suggesting its involvement in the
transport of this pump to the ruffle border. These mutations result in a failure of
osteoclast function, reducing formation of the ruffled border or its acidification.
These forms of osteopetrosis are called osteoclast-rich. In addition, abnormal-
ities in RANK or RANKL prevent the differentiation of osteoclasts, thereby
called osteoclast-poor osteopetrosis.
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3. Autosomal dominant osteopetrosis (ADO)
3.1. Clinical presentation

Autosomal dominant osteopetrosis (formerly ADO type 2), also
known as Albers-Schonberg disease, is the most frequent form primarily
seen in adults with an estimated incidence of 1 in 20,000 births. The
majority of ADO have been reported with mutations in CLCN7 encoding
the chloride channel 7, an antiporter exchanging 2 Cl-for 1 H + in the
vesicular membrane and the ruffled border (Fig. 1). So far, more than 34
CLCN7 mutations have been reported. The Ostm1 subunit binds to the
dimerized chloride channel in the vesicular membrane and is essential
for its cellular transport to the ruffled border. Bone symptoms appear in
adolescents or in young adults. The penetrance of Albers-Schonberg
disease is incomplete since only about 66% of patients carrying the
mutation have clinical manifestations and even a considerable vari-
ability of expression even among siblings of the same family (Cam-
pos-Xavier et al., 2005). ADO shows a wide spectrum of symptoms
ranging from simple radiological abnormalities to severe disability due
to complications such as multiple fractures, osteomyelitis or even,
exceptionally, hematological complications due to bone marrow failure.

The diagnosis of ADO is based on radiological features with a diffuse
dense aspect affecting long bones, pelvis, toes and fingers. More spe-
cifically, X-Rays reveal bands of parallel condensed bone separated by a
less dense area of bone, giving the appearance of “bone in the bone”
which is characteristic for the disease (Fig. 2). At the spine, the
appearance of a “sandwich vertebra” is also pathognomonic. Densifi-
cation of the base of the skull and a lack of ventilation of the sinuses can
be seen. Long bones reveal an enlargement of the metaphyses with
thinning of the cortices, giving the appearance of “Erlenmeyer bottle”.
Finally, atypical fractures located at the diaphysis have been reported
(Fig. 2E) (Zhou et al., 2021). These radiological elements are highly
characteristic and sufficient to confirm the diagnosis of ADO. Beside the
skeletal features, nerve damage may occur due to bone compression.
Impingements of cranial nerves may lead to blindness and deafness.
Attention should be paid to the optic foramen, particularly during
growth in children. They are best monitored by MRI or tomodensi-
tometry since they may reveal hydrocephalus or vascular anomalies.
These manifestations are rare in adult patients, although they should be
investigated to detect mild forms with minimal clinical signs.

Because of the osteoclast failure, bone mass increases thereby
reducing the space of the marrow cavity, thus generating anemia and
hepatosplenomegaly. The latter is compensation for lack of space in the
bone marrow cavities, but bone marrow failure is rare in adults. Frac-
tures are the main issue as they occur in 46% of the patients (Wang et al.,
2022). They affect typical sites (vertebrae, long bones), but are often
atypical, located at the metaphysis or diaphysis. Pedicle fractures may
be seen after a minor trauma sometimes leading to spondylolysis and can
be a source of chronic pain (Mohapatra et al., 2010). For all these
fractures, there is an unusual delay of consolidation in adults. Fracture
repair may take several months to even several years, causing severe
morbidity and impaired quality of life.

3.2. Bone phenotype

Bone mineral density (BMD) quantified by DXA consistently shows a
high bone density, the Z-score being above +2 standard deviations at the
spine and hip sites. However, the magnitude of the high BMD does not
correlate with the risk of fracture although there was a tendency of a
higher number of fractures with higher Z-score in 31 Chinese patients
(Wang et al., 2022). The kinetics of changes of BMD is poorly known.
The follow-up of 15 patients for a mean of 6 years revealed no change in
BMD at any site assessed (Wang et al., 2022). However, 5 of 15 patients
experienced a new fracture independently of the BMD level. For this
reason, it was not recommended to re-evaluate the BMD for monitoring
the fracture risk. However, the effect of age and menopause is unknown
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Table 1

Transmission and genes involved in osteopetrosis
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The mode of transmission, the genes and their function and the clinical phenotype are shown according to the 2023 update (Unger et al., 2023).

Gene Form Protein OMIM Function Clinical phenotype
Autosomic TCIRG1 Osteopetrosis Neonatal or infantile a3 subunit of V-ATPase 259800 H+ secretion/ Severe
recessive form/Intermediate form proton pomp vesicular trafficking
CLCN7 Osteopetrosis Neonatal or infantile Chloride channel 7 611490/ H+ secretion From mild to severe form,
form/Intermediate form 259710 scarcely lethal
SNX10 Osteopetrosis Neonatal or infantile form  Sorting nexin 10 615085 Lysosome trafficking/  Severe
fusion
OSTM1 Osteopetrosis Infantile form Osteopetrosis associated 259720 Lysosome trafficking/  Severe,
transmembrane protein acidification neurodegenerative
involvement
TNFSF11A Osteopetrosis Infantile form, osteoclast- RANK (receptor activator 612301 Osteoclast Severe
poor, immunoglobulin of NF-KB) differentiation
deficiency
TNFSF11 Osteopetrosis Intermediate form RANKL (ligand of the 259710 Osteoclast Mild to severe form
receptor of NF-KB) differentiation
PLEKHM1 Osteopetrosis Intermediate form Pleckstrin homology 611497 Lysosome trafficking/ ~ Mild to severe form
domain containing family fusion
M, member 1
CAIl Osteopetrosis Infantile form Anhydrase carbonique 259730 Acidification Tubular kidney acidosis,
type II vascular brain
calcifications
CTSK Pycnodysostosis Early to late-onset Cathepsin K 265800 Osteoclast function - Mild to severe form
Failure to degrade
bone matrix
TNFSF11A  Dysosteosclerosis  Infantile form RANK (receptor activator 224300 Osteoclast Severe
of NF-KB) differentiation
Slc29a3 Dysosteosclerosis  Infantile form Nucleoside transporter 224300 Osteoclast Mild to severe form
(Solute carrier family 29 differentiation
number 3)
CSF1R Dysosteosclerosis  Infantile form Colony-stimulating factor ~ 618476 Osteoclast Severe, brain
1 receptor differentiation abnormalities and
neurodegeneration
Autosomic CLCN7 Osteopetrosis Late-onset, dominant Chloride channel 7 166600 H-+ secretion Mild to severe form
dominant form

Fig. 2. X-Rays of osteopetrotic patients
A-B: Spinal X-Ray of an adult with osteopetrosis showing a condensation of vertebral endplates (white arrows). B: pseudarthrosis of the transversal apophysis (black
arrow). C- X-Ray of the pelvis reveals a « bone in the bone » aspect of the iliac crests. D: X-Ray of the skull shows a high bone density and the lack of air in the sinuses.
E: X-Ray reveals a fracture of the metaphysis of the tibia and radius (white arrows).

since most of the studies were performed in patients aged below 50
years; these missing data deserve further research in the future. Bone
microarchitecture is also severely altered when measured by HRpQCT
(Butscheidt et al., 2018). Eight patients with ADO were compared to 16
patients with high bone mass without genetic mutations. ADO patients
show a higher trabecular number while patients with benign high bone

mass rather showed a higher cortical BMD. Further, bone islets were
seen only in ADO patients who experienced fractures. Consistently, bone
islets were also found in bone biopsies, suggesting that they may be the
accumulation of micro callus in the trabecular bone or related to
impaired endochondral ossification with remaining mineralized carti-
lage. A larger study is required to ascertain whether this typical aspect
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correlates with the BMD and the history of fractures. Indeed, in the
single report describing histological pattern of osteopetrosis, persistence
of unresorbed calcified cartilage has been described as remnants of
growth plates in the mature bone and was suggested to be a hallmark of
osteoclast failure (Marks, 1987). Serum markers of bone and mineral
metabolism markers should be included for the diagnosis and moni-
toring of ADO patients, including serum PTH and blood count for he-
matological abnormalities. Monitoring of serum TRAPS5b (tartrate
resistant acid phosphatases 5 b) level is recommended as a marker of
osteoclast number. The TRAPSb levels are always above the normal
range in ADO, but not in other sclerosing osteopathies. However, the
magnitude of the serum levels does not correlate with the severity of the
disease (Coudert et al., 2014). Further analysis in a large number of
patients is recommended to evaluate the prognostic value in terms of e.
g., the severity of bone mineral density elevation with other complica-
tions such as the fracture rate and hematological disorders. Importantly,
there is no cognitive impairment described in patients with ADO
although sometimes mentioned in the clinical practice.

Musculoskeletal pain is a frequent concern, but is not well investi-
gated through questionnaires. Joint pain and stiffness are often reported
as “osteoarthritis”. In 36 adult patients (age 32-75 years), hip or knee
osteoarthritis based on X-Rays was found in only 5/36 (13%) (Wang
et al, 2022). Indeed, cartilage damage may develop earlier when
located in a subchondral bone which is stiffer by nature. Recently, we
have found that chronic bone pain was reported by 86% of the patients
(Cohen-Solal et al., 2023). Several causes might be involved such as
trabecular microfractures related to the poor quality of the bone matrix,
impaired bone vascularization or a dysregulation of the peripheral
neurological system. These issues deserve to be addressed in the future
and raise the hypothesis of shared mechanism between the failure of
bone resorption and bone pain.

3.3. Treatment of ADO

As there is no specific genetic or pharmacological treatment avail-
able in ADO, medical management aims to prevent or provide care of
disease complications. Because of the diversity of complications
affecting several organs, the management must be multidisciplinary,
involving clinical bone experts, hematologists and dentists with expe-
rience in rare bone diseases. Because of the scarcity of studies and re-
ports and the great variability of clinical presentation, guidelines have
been proposed based on consensus (Wu et al., 2017). Transfusion
requirement are restricted to patients with bone marrow failure in an
attempt to alleviate the anemia or thrombocytopenia (Wu et al., 2017).
Interferon gamma-1b, assessed in 3 children and 8 adults for 18 weeks in
a phase 2 trial, failed to show any improvement on serum CTX levels or
quality of life (Imel et al., 2019; Nguyen et al., 2022). Calcium and
ergocalciferol or cholecalciferol may correct secondary hypocalcemia or
hyperparathyroidism with a target of 25 (OH) D > 30 ng/mL [5]. To our
knowledge, bone marrow or stem cell transplantation have not been
performed in adult patients with ADO.

Orthopedic surgery is one of the main challenges of ADO. Technical
skills and surgical expertise are required for repairing the fractures of
dense bones as there are difficulties to implant the materials. Conser-
vative orthopedic treatment may expose to delayed union, pseudarth-
rosis and deformities, especially at the femur. When surgery is required,
use of nail device is not recommended because of the low space volume
in the marrow cavity. Surgical screws and long plates are preferred to
ensure proper mechanical strength. Iatrogenic risk of fracture is high in
the vicinity of the materials due to the properties of the bone. Pseudo-
fractures or fractures may occur in early postoperative period and in
long term which may be responsible for an implantation failure (Burke
et al., 2023; Palagano et al., 2018). Risk of osteomyelitis is also reported
that may alter bone repair. The correction of limb deformities may be a
patient request, but should be limited considering the delay of consoli-
dation and complication of implants in dense bone (Siljander et al.,
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2021; Tu et al., 2022).

Dental abnormalities may sometimes reveal the disease, due to
dental agenesis or delayed eruption. Following dental infections, oste-
omyelitis of the mandible is a particularly difficult complication that
may require long-term antibiotic therapy and surgical debridement. The
risk of neurological complications, in particular of the impingement of
the optic, auditory and facial nerves, requires specialized ophthalmo-
logical and ENT monitoring to early detection of disorders and to plan
possible decompression surgery. Basal skull involvement can also lead to
cerebrovascular stenosis or occlusion, Arnold-Chiari malformation, and
craniosynostosis which may require neurosurgical interventions.
Involvement of the ear with infections and chronic sinusitis are also the
concern of ENT and infectious disease specialists.

In order to be specific for the underlying defect, innovative treatment
should aim to design a new tool to induce the capacity of osteoclasts to
resorb bone. Original approaches using gene therapy have been devel-
oped to silence the CNCL7 gene (Maurizi, 2022). RNA interference ap-
proaches are suitable since most of the ADO patients carry a
haploinsufficient mutation of this gene. Systemic administration of
siRNA was able to restore bone resorption in mouse and human primary
cells and to improve bone mass and bone resorption in animal models
(Capulli et al., 2015; Maurizi et al., 2018). More recently, nanoparticles
complexed with a small interfering RNA designed against the human
CLCN75215R mRNA were tested in mice carrying the heterozygous mu-
tation (Maurizi et al., 2023). Intraperitoneal injection induced the
downregulation of the Clcn7%?!*® mRNA levels in bone and rescued the
bone phenotype without toxicity after 4 weeks. Therefore, the
RNA-based therapy represents an opportunity to cure ADO and should
be transferred to the clinic in the near future.

3.4. Knowledge gap

Despite great improvement in the clinical and genetic characteriza-
tion, the diagnosis of ADO remains underestimated. The large variability
of clinical and imaging phenotype might dampers the possibility to
evoke the diagnosis in mild cases. Suspected in the presence of familial
history, genetic testing should be proposed as this will promote in-
vestigations of the complications and participate to their prevention. In
case of de novo mutation, the delay to reach the diagnosis might be high
since the radiological signs are scarce before the patient becomes adult
and because ADO is discovered when atypical fractures occur or in
conventional imaging requested for other reasons. The time to reach the
diagnosis by a bone expert, also called odyssee, is a recurrent concern
reported by the patients (Cohen-Solal et al., 2023). Reducing the delay
in diagnosis appears therefore crucial by better delineating the different
steps of clinical and imaging features. Such a natural history appears
now mandatory and should concern the different aspects of the disease.
Hence, the kinetics of radiographic patterns of all bones, characteriza-
tion of bone and hematological biomarkers and their changes, should be
investigated as well as early eye, ear and teeth complications (Fig. 4).
These parameters should be collected and linked to the genotype in
order to better define several profiles. There is also an urgent need to
develop orthopedic guidelines for the management of fractures and the
replacement of joint damage. Indeed, despite neurological alterations
described in osteopetrotic mice, such observations are missing in
humans in terms of cognitive functions or imaging abnormalities. A
clinical effort in research needs therefore to be supported, establishing
evidence for management and compiling registry data is required. As
rare diseases, the in-depth data collection of several centers remains an
essential step to increase the number of cases and facilitate the inter-
pretation. The structuration of bone networks based on scientific soci-
eties and organizations have made significant improvement by
developing tools to feed the database. Collaborative projects have been
implemented by ECTS or ERN Bond with the ambition to provide
database to scientists, enhance observational studies and reduces the
morbidity and the burden of the disease.
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Fig. 3. Clinical and imaging features of patients with pycnodysostosis.

A: Frontal bossing, hypoplastic and obtuse mandible, hypotelorism and a convex nasal ridge. B: open fontanelle seen at the skull X-Ray, C: crowded and misalignment
of the teeth, D: Brachydactyly and acroosteolysis of the 2 first fingers (black arrows). E: Acro-osteolysis of the 3 last phalanx of the hand (white arrows). F: acro-
osteolysis of the last phalanx of the foot (white arrows). F: atypical fracture of the right femur and pseudo-fracture of the left femur (white arrow). G: diaphysal

fracture of the tibia (white arrow).
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Fig. 4. Check-list for diagnosis and management of osteopetroses
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In the presence of high bone mineral density, elimination of secondary cause is the first step. Then, genetic evaluation should be conducted in the family. In any case,
the strategy involves bone tests for the assessment of the severity and investigation of complications of other organs.

Several questions remain to be addressed by basic or translational
approach (Table 2). Among them, the major issue is the bone pain
resistant to conventional pain killers while the mechanism of bone pain
is unknown. It is also unresolved if a dysregulation of the peripheral
neurological system exists in osteopetrosis and if bone vascular
dysfunction contributes to the severity of the disease. The question of
the variability of the phenotype in relation with osteoclast failure has
not been analyzed yet.

4. Pycnodysostosis

Pycnodysostosis is an autosomal recessive disorder with a prevalence
of 1-3/100000 caused by a mutation in CTSK gene encoding for
cathepsin K. This lysosomal cysteine protease is matured intracellularly
by osteoclasts and secreted into the sealing zone allowing degradation of
collagens and other components of bone matrix such as osteopontin and
osteonectin (Dodds et al., 2001). Therefore, mutations of cathepsin K
inhibit the resorption of bone matrix, but do not affect osteoclast
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Table 2

Unmet research knowledge for osteopetrosis in adults

This table summarizes the main concerns and orientation of research to improve

the knowledge of natural history and the management.

Clinical research

Outcomes

Epidemiology

History of fracture
Natural history
Effect of aging

Guidelines for orthopedic management

Neurological assessment

Preclinical/translational research
Characterization of pain

Phenotype variability in relation with
osteoclast failure

(human and preclinical models)

Vascularization of bone

Fracture prevalence
Characteristics of fractures (long,
vertebrae, others)

Type: typical or atypical fracture
Time of fracture repair
Pseudoarthrosis

Changes in bone mineral density
Serum bone biomarkers

Changes in fracture rate
Changes in bone parameters
Techniques for fracture repair
Indications and techniques for joint
replacement

Imaging anomalies

Cognitive function

Mechanism of pain in bones or in joints
Identification of pain mediators

Bone parameters during development
and growth

Bone parameters during aging

Vessel density in axial and appendicular

bone

Vessel density according to the
magnitude of bone density
Description of non-bone tissue
abnormalities

Fracture and bone mineral density
Hematology parameters

Systemic effects of osteopetrosis

Effects of bone marrow transplantation

differentiation. First described by Maroteaux and Lamy (1962), pycno-
dysostosis is characterized by a triad that associates short stature, cranial
dysmorphia and acro-osteolysis. The clinical bone presentation has been
extensively described in adults and children (Doherty et al., 2021; Hald
et al., 2023). Facial features are typical, including a hypoplastic and
obtuse mandible, a hypotelorism and a convex nasal ridge (Fig. 3).
Brachycephaly and frontal bossing are predominant and anterior cranial
sutures remain opened throughout life. Platybasia and Arnold-Chiari
malformation are observed in ~20% of the patients (Bizaoui et al.,
2019). Brachydactylia is consistently seen in addition to the
acro-osteolysis which is associated with a softening of the nails. Frac-
tures occur in childhood, but are scare in adults (Bizaoui et al., 2019;
Doherty et al., 2021). Bone fragility is suspected when fractures occur in
atypical sites such as metaphysis of the femur or of the tibia that may
resemble to atypical femoral fractures (Bizaoui et al., 2019; Taka et al.,
2022). Bone mineral density shows a Z-score above +2 SD (Bizaoui
et al., 2019; Doherty et al., 2021). High resolution computed tomogra-
phy revealed a high cortical thickness and area as well as trabecular
bone volume and density (Doherty et al., 2021). Serum bone markers
PINP and CTX are within the normal range. Because of the mandibular
hypoplasia, dental features are common, illustrated by crowded and
misalignment of teeth, giving the impression of a double row in relation
to persistent of decidual teeth (Alves and Cantin, 2014). Moreover,
dentine failure is also reported. Osteomyelitis is a complication that
occurs in a context of teeth extraction or mandibular fracture (de Franca
et al., 2021). Obstruction sleep apnea occurs in 50% of the patients as a
result of a narrow pharyngeal space and ogival palate in addition to
scoliosis and chest deformations (Bizaoui et al., 2019; Ferlias et al.,
2022). Mild failure in cognitive functions has been reported incon-
stantly, this needs to be documented. As for osteopetrosis, pycnody-
sostosis is orphaned of any causal treatment and therefore, the care is
focused on the prevention and treatment of the complications. There are
no studies about the effect of native vitamin D on the disease progression
or bone mass. In a 37 year-old woman, Teriparatide given for 6 months
induced no change in bone microarchitecture, histology pattern or
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serum biomarkers and does not modify the capacity of bone resorption
of osteoclast precursors (Chavassieux et al., 2008). In these conditions,
the use of bisphosphonate may be contra-indicated in particular because
they may induce atypical fractures.

5. Dysosteosclerosis

Dysosteosclerosis is a skeletal disease which was initially classified as
osteosclerosis, part of sclerosis disorders. The clinical presentation is
heterogenous, but common features emerged such as a triad of diffuse
high density of the skull and the jaw, platyspondyly and osteosclerotic
and widened metaphyses of long bones (Sule et al., 2013). Thereafter,
genetic characterization resulted in better delineation of this skeletal
disease. Several genes have been identified in particular TNFRSF11A,
SLCA29A3, TCIRG1, CSF1R and LRRK1. Because these genes impair
osteoclast differentiation and function, the 2023 nomenclature includes
dysosteosclerosis in the osteopetrosis-related diseases. Then, the recent
classification of dysosteosclerosis covers 3 different entities:
TNFRSF11-related due to osteoclast-poor osteopetrosis which was
addressed above, CSF1R1-related that is associated with degenerative
encephalopathy and brain malformation and finally SIC29A3-related
dysosteosclerosis (Table 1).

As in children (Turan, 2023), short stature with short trunk is a
constant feature in adult age (Turan et al., 2022). Severity of platy-
spondyly is variable. The cortices of long bones, which are sclerostic in
children, become thinner with age (Uludag Alkaya et al., 2021; Xue
et al., 2019). Fractures occur in all the children harboring Slc29A3
mutations (Campos-Xavier et al., 2005; Turan et al., 2022), but only in
25% of children with CSF1R variants (Guo et al., 2019). They have not
been reported in adults (Turan, 2023). Fracture sequelae or large met-
aphysis promote deformities that require surgery optimally performed
in expert centers. Brain encephalopathy is constant in adults carrying
CSF1R-biallelic mutations characterized with leukoencephalopathy
associated with seizures, early impairment of cognitive function and
Parkinson symptoms (Guo et al., 2019). Since cranial osteosclerosis is
constant in dysosteosclerosis, cranial nerve palsy and optic atrophy are
frequent in children as a result of bony compression, but are observed in
adults with CSF1R variants (Guo et al., 2019; Lemire and Wiebe, 2008).
One case of Arnold-Chiari complication was reported. Dental impair-
ment is common in childhood as shown by oligodontia, delayed tooth
eruption and caries, which remain in adults (Lemire and Wiebe, 2008).
Propensity of infections could be complicated by osteomyelitis and
osteonecrosis (John et al., 1996).

6. Future directions for research

Despite the clarification of the new nomenclature that combine the
genes involved with the bone phenotype, several clinical questions
remain unanswered. A better understanding of the natural history and
research key points are needed to be improved the management of the
patients. Table 2 summarize some clinical and preclinical issues that are
missing. The epidemiology and the natural history of fracture in adults
with bone sclerosing disorders are not well described. Hence, the frac-
ture prevalence according to the age and gender is unknown. The type of
fracture of long bones (metaphysis or diaphysis), the delay of consoli-
dation and the proportion of pseudoarthrosis are not described. More-
over, the natural history should provide information about the changes
in bone mineral density and bone biomarkers with time in relation with
the genotype in order to explain the variability of the phenotype.
Because ADO is a rare disease, the sharing data collection in an inter-
national consortium would allow to draw a more complete picture of the
diseases. Since the orthopedic management of fracture is crucial, shared
experiences of orthopedic surgeons with expertise in sclerosing bone
diseases and the development of guidelines are mandatory for fracture
repair and joint replacement. Because animal models suggest neuro-
logical involvement in ADO, brain assessment is recommended in terms
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of imaging and cognitive functions. This knowledge is required for pa-
tient monitoring and will identify the criteria to for identifying the pa-
tients at risk of complication and to select the patients for future
treatment.

Unanswered questions could benefit of research strategies through
the use of preclinical models or human bone samples. Among those, the
characterization of the mechanism of pain, the description of the
vascular profile and the systemic effect of the variant in other tissues are
awaited.

7. Conclusions

Osteopetrosis and diseases related to osteoclast failure are illustrated
by a great variability in clinical presentation. Recent advances in genetic
investigation have led to a better understanding and classification of
these pathologies but there is still a large gap in knowledge on the
natural history of the disease and patient reported outcomes and treat-
ment options are currently limited. The monitoring and treatment of
patients must be multidisciplinary and carried out in reference centers
for skeletal diseases. Systematic assessment of complications and long-
term follow-up are necessary to improve the knowledge of the natural
history. The use of novel global registries will help in this respect. A
better delineation of complications and severity stage will be required to
identify the patients that will benefit of pharmacological or genetic
treatment in the future.
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