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Learning objectives
You will learn:

• Artefactual and acquired causes of high BMD

• Inherited causes of generalised high BMD

• High BMD disorders associated with decreased bone resorption and increased bone deposition

• How increased understanding of the pathophysiology of these disorders gives insight into the 
development of new targeted osteoporosis therapies.

Introduction
It is believed that both Aesop and Toulouse-Lautrec suffered from pyknodysostosis, 
a high bone mineral density (BMD) disorder. Two cases of ‘osteopetrosis with 
syndactyly, a morphological variant of Albers-Schonberg disease’ were described 
in two young girls in Cape Town in the 1950s, their featured symptoms are now 
classified as sclerosteosis, and it was found that surgical instruments were breaking 
in patients displaying these symptoms.

In the 1990s in the United States, the victim of a horrific car accident remarkably 
walked away without a single fracture and upon investigation it was found that 
his BMD was eight times higher than the average for a man of his age; this man 
related “I never swim, because I sink like a stone.” This bone disorder was linked to a 
mutation in the LRP5 gene, leading to further studies of dense bone disorders.
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Insights from High BMD disorders
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Inherited causes 
of generalised 
high BMD can 
be classified 
in numerous 
different ways

How is high BMD defined?
There is currently no consensus definition of 
high BMD, definitions used in the literature 
include:
1. Z-score ≥+2.51

2. Z-score ≥+3.2 at L1 and Z-score ≥+1.2 at 
total hip or vice versa2 

(≥+3.2 chosen because it is shown to have 
good performance in differentiation of high 
BMD from artefacts; L1 is least exposed to 
degenerative changes)

3. Z-score ≥+2 at both spine and hip.3

Artefactual and acquired causes of high BMD
There are several artefactual and acquired 
causes of high BMD (Table 1) that are not 

within the scope of this review. 

Table 1. Artefactual and acquired causes of high BMD

Artefactual
Acquired 

Localised Generalised 

• Osteoarthritis
• Diffuse idiopathic skeletal 

hyperostosis
• Ankylosing spondylitis
• Vertebral fractures
• Vascular calcification
• Thalassaemia major
• Gallstones
• Renal calculi
• Gluteal silicone implants
• Gaucher’s disease
• Intestinal barium
• Surgical metalwork
• Vertebroplasty
• Kyphoplasty

• Paget’s disease
• Primary malignancies: e.g. 

osteoblastoma
• Secondary malignancies: 

secondary metastasis from e.g. 
prostate cancer

• Fluorosis
• Synovitis, acne, pustulosis, 

hyperostosis, osteitis (SAPHO) 
syndrome

• Osseous tuberous sclerosis
• Renal osteodystrophy
• Hepatitis C associated 

osteosclerosis
• Myelofibrosis
• Mastocytosis

Inherited causes of generalised high BMD
Inherited causes of generalised high BMD 
can be classified in numerous different ways, 
a simplified classification is to consider 
the underlying pathophysiology of these 

disorders, i.e. reduced bone resorption, 
increased bone formation, disturbed balance 
between formation and resorption, and unex-
plained high BMD (Table 2).

Table 2. Inherited causes of generalised high BMD – simplified classification

Reduced bone resorption

• Osteopetrosis
• Pyknodysostosis

• Osteopoikilosis and Buschke Ollendorff syndrome
• Melorheostosis

Increased bone formation

• Sclerosteosis
• Van Buchem disease
• LRP4 (loss of function mutation) HBM (sclerosteosis 

type 2): has a sclerosteosis phenotype

• LRP5 HBM
• LRP6 HBM
• SMAD9 mutations
• Craniometaphyseal dysplasia

Disturbed balance between formation and resorption

• Camurati-Engelmann disease
• Ghosal haematodiaphyseal syndrome

• Osteomesopyknosis
• Osteopathia striata with cranial sclerosis (OSCS)

Unexplained high BMD



AUGUST 2021  I  3

Novel Osteoporosis Medications – Insights from High BMD Disorders

EARN FREE
CPD POINTS

Join our CPD community at

and start to earn today!

www.denovomedica.com

Decreased bone resorption
Bone resorption begins with osteoclast pre-
cursors that differentiate into mature osteo-
clasts that are capable of resorption (Figure 
1). The mature osteoclasts attach to mineral-
ised bone tissue via their ruffled border and 
resorb mineralised bone via a two-step pro-
cess: dissolution of bone mineral and enzy-
matic degradation of the organic bone matrix 
(Figure 2); an acidic environment is necessary 
to this process:4

• Carbonic anhydrase II catalyses the for-
mation of protons (H+) in the osteoclast 

cytoplasm
• Vacuolar H+-ATPase shuttles these pro-

tons to the extracellular compartment that 
is located between the osteoclast and the 
bone tissue

• The chloride channel CLC7 transports 
Cl- ions which, together with the protons, 
establish the acidity of the extracellular 
environment need for the demineralisation 
process

• Cathepsin K degrades the bone matrix 
collagen types I and II.

Figure 1. Schematic representation of osteoclast maturation4
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Different 
classifications 
of osteopetrosis 
include 
autosomal 
recessive (AR), 
autosomal 
dominant (AD), 
and X-linked

Osteopetrosis
Different classifications of osteopetrosis 
include autosomal recessive (AR), autosomal 
dominant (AD), and X-linked. AR osteo-
petrosis may be osteoclast-rich, in which 
case it is caused by mutations in both genes 
and proteins that code for osteoclast resorp-
tion activity, or the disorder may arise when 

osteoclast precursors are not able to differen-
tiate giving rise to a total absence of mature 
osteoclasts. AD osteopetrosis (ADO2), also 
known as Albers-Schonberg disease, is an 
osteoclast-rich osteopetrosis that arises from 
mutations of CLCN7, the chloride voltage-
gated channel gene.

Pyknodysostosis
Pyknodysostosis is a very rare AR form of 
sclerosing bone dysplasia due to cathepsin 
K deficiency arising from cathepsin K gene 
mutations; osteoclasts are not able to degrade 
bone matrix collagen types I and II, giving 
rise to increased bone matrix mineralisa-
tion with increased BMD. Due to increased 

elasticity of the bone and impaired repair 
capabilities, there are more fragility fractures.

Features that distinguish between pyknodys-
ostosis and osteopetrosis are summarised in 
Table 3. 

Table 3. Distinguishing features between pyknodysostosis and osteopetrosis

Pyknodysostosis Osteopetrosis 

Stature Short, AR Normal, AD and AR forms

Open fontanelles and sutures
Frontal bossing

Present
Present

Absent
Absent

Blue sclera 
Wormian bones

Present occasionally 
Present

Absent
Absent

Obtuse mandibular angle
Terminal phalanx atrophy

Present
Present

Absent
Absent

Anaemia, hepatomegaly Absent (rare) Common

Bone with bone appearance Absent Present

Hypoplasia/aplasia of clavicles Present Absent

Figure 2. Osteoclast resorption of mineralised bone4
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Gaining insights for new osteoporosis treatments

The study of high BMD disorders associated 
with decreased osteoclastic resorption gives 
insight into the development of new mol-
ecules for targeted therapies in the treatment 
of osteoporosis. 

Attractive targets for directed therapy include 
the osteoclast acid secretion process and the 
inhibition of CLCN7, which mimics the phe-
notype of ADO. Mice studies show increased 
BMD and bone strength upon CLCN7 inhi-
bition, but without the increase in fragility 
fractures; this indicates that with ADO there 
may be early deleterious effects on BMD dur-
ing development and remodelling. It is impor-
tant to note that there are neurological issues 
in patients with a complete loss of CLCN7 
function. 

Inhibition of cathepsin K reduces bone 
resorption, proof of concept of this mecha-
nism of action has already been established 
and three cathepsin K inhibitors have been 
studied - odanacatib, balicatib and relacatib. 
Balicatib and relacatib have been dropped 
from studies very early on due, respectively, 
to lower specificity for cathepsin K and off-
target toxicities (increased risk of cardiovas-
cular events). The Long-Term Odanacatib 
Fracture Trial (LOFT),5 a phase III study of 
odanacatib 50mg once-weekly or placebo in 
16 713 women older than 65 years, diagnosed 
with osteoporosis and postmenopausal for 
more than five years, found that over five-
year follow-up there was a remarkable risk 
reduction of new and worsening morphomet-
ric vertebral fractures, clinical hip fractures, 
clinical non-vertebral fractures, and clinical 
vertebral fractures.  

Increased bone formation
Phenotypic and genotypic characteristics 
of high BMD disorders associated with 
increased bone formation are described in 
Table 4. WNT signalling pathways are key 
to bone formation; the canonical WNT 
β-catenin signalling pathway is the most 
important as β-catenin increases the prolifera-
tion and differentiation of osteoblasts with 

resultant increased bone formation (Figure 
3). Extracellular antagonists such as scle-
rostin and DKK1 prevent β-catenin from 
being stabilised and, therefore, inhibition of 
sclerostin will result in WNT signalling acti-
vation and resultant increased bone forma-
tion and decreased bone resorption. 

Table 4. High BMD disorders associated with increased bone formation

Condition Symptoms Inheritance,  
Gene, mutation

Protein,  
Function 

Sclerosteosis (SOST 1) Syndactyly 
Gigantism
Skull/mandible thickening
Tori
Cranial nerve palsies
Headaches
Raised intracranial 
pressure
Coning
Back pain 
Fracture resistance

AR,
SOST, loss of function

Sclerostin, 
Osteoblast WNT signalling 
inhibitor

Van Buchem disease No syndactyly
No excess height
Hearing loss
Tori
Facial palsy
Fracture resistance

AR,
52kb intronic deletion 
downstream of SOST, 
reduced function

Sclerostin, 
Osteoblast WNT signalling 
inhibitor

Attractive 
targets for 
directed therapy 
include the 
osteoclast 
acid secretion 
process and the 
inhibition of 
CLCN7

WNT signalling 
pathways are 
key to bone 
formation; 
the canonical 
WNT β-catenin 
signalling 
pathway is the 
most important

http://www.denovomedica.com
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LRP5 HBM Asymptomatic or 
Tori
Skull/mandible thickening
Cranial nerve palsies
Neuropathy
Headaches
Reduced buoyancy
Fracture resistance

AD,
LRP5, gain of function

LRP5, 
Osteoblast cell membrane 
co-receptor regulating Wnt 
signalling

LRP4 HBM (SOST 2) Syndactyly
Dysplastic nails
Deafness
Facial nerve palsy

AD and AR,
LRP4, loss of function

LRP4,
Impaired sclerostin-LRP4 
interaction

Craniometaphyseal 
dysplasia

Macrocephaly
Cranial hyperostosis
Cranial nerve palsies
Wide nasal bridge
Dental overcrowding
Metaphyseal flaring

AD and AR,
ANK, loss of function 
(probably generating 
decreased extracellular 
inorganic pyrophosphate, 
increased bone 
mineralisation)

ANK,
Osteoclast-reactive 
vacuolar proton pump 
that shuttles inorganic 
pyrophosphate across the 
cell membrane

Figure 3. WNT signalling – inhibition and activation
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The efficacy of 
romosozumab 
has been shown 
very clearly in 
multiple studies

Sclerosteosis 
patients exhibit 
generalised 
osteosclerosis 
and hyperostosis 
of the skeleton, 
mostly of the 
skull and the 
mandible

Sclerosteosis, Van Buchem disease

Sclerosteosis is an AR, progressive, sclerosing 
bone dysplasia that occurs due to mutation 
in the coding region of the SOST gene. Van 
Buchem disease is most probably a milder 
form of sclerosteosis and arises from dele-
tion of the SOST-specific regulatory ele-
ment that is downstream of the SOST gene.6 
Sclerosteosis patients exhibit generalised oste-
osclerosis and hyperostosis of the skeleton, 

mostly of the skull and the mandible which in 
most patients can cause facial paralysis, head-
aches and raised intracranial pressure, and 
sudden death by coning can occur. Patients 
have remarkable fracture resistance. The 
phenotype is related in Van Buchem disease, 
except there is no gigantism and syndactyly.

Gaining insights for new osteoporosis treatments 
There is the possibility to use anabolic drugs 
throughout the WNT signalling pathways 
and not just for the inhibition of sclerostin; 
GSK3 inhibits the phosphorylation of 
β-catenin and so the inhibition of GSK3 

can result in the accumulation of β-catenin 
and, ultimately, increase bone formation. 
Inhibition of DKK1, an inhibitor of the 
WNT signalling pathway, is also a potential 
osteoporosis treatment target.

Romosozumab
The monoclonal antibody romosozumab 
binds and inhibits sclerostin activity and 
this ultimately results in increased osteo-
blast formation and activity (Figure 4). The 
efficacy of romosozumab has been shown 
very clearly in multiple studies, of which the 
FRAME study8 is pivotal; remarkable reduc-
tions in vertebral fracture were observed at 12 
months, although reduction in non-vertebral 
fracture was not as significant (Figure 5). 
ARCH9 (vs alendronate) and STRUCTURE10 
(vs subcutaneous teriparatide) are further 

romosozumab efficacy studies; the ARCH 
study found that adjudicated serious cardio-
vascular events were more frequent in the 
romosozumab group than the alendronate 
group, but such an imbalance was not seen 
in FRAME, which was a larger placebo-
controlled trial although with a younger 
population that had less advanced osteoporo-
sis. As yet, no biological mechanism has been 
identified to explain this increase in major 
cardiovascular events as seen with the ARCH 
study.

Figure 4. Proposed effects of romosozumab on osteoblast formation and activity7
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Key learnings

• There is currently no consensus definition of high BMD

• Inherited causes of generalised high BMD can be simply classified into those of reduced bone resorption, 
those of increased bone formation, a disturbed balance between bone formation and resorption, and 
high BMD that is unexplained

• Different classifications of osteopetrosis include AR, AD, and X-linked

• Pyknodysostosis is a very rare AR form of sclerosing bone dysplasia due to cathepsin K deficiency 

• Inhibition of cathepsin K reduces bone resorption 

• WNT signalling pathways are key to bone formation

• Sclerosteosis is an AR, progressive, sclerosing bone dysplasia that occurs due to mutation in the coding 
region of the SOST gene

• There is the possibility to use anabolic drugs throughout the WNT signalling pathways and not just for 
the inhibition of sclerostin

• The efficacy of romosozumab has been shown very clearly in multiple studies.

Figure 5. Incidence of new vertebral, clinical and non-vertebral fractures – romosozumab versus placebo8
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