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Abstract: Among bone-material qualities, mineralization is pivotal in conferring stiffness and tough-
ness to the bone. Osteomalacia, a disease ensuing from inadequate mineralization of the skeleton, is
caused by different processes leading to decreased available mineral (calcium and/or phosphate) or
enzymatic alterations. Vitamin D deficiency, which remains the major cause of altered mineralization
leading to inadequate intestinal calcium and phosphate absorption, may be also associated with
other conditions primarily responsible for abnormal mineralization. Given the reality of widespread
vitamin D inadequacy, a full biochemical assessment of mineral metabolism is always necessary to
rule out or confirm other conditions. Both too-high or too-low serum alkaline phosphatase (ALP)
levels are important for diagnosis. Osteomalacic syndrome is reversible, at least in part, by specific
treatment. Osteomalacia and bone mineralization themselves constitute largely unexplored fields of
research. The true prevalence of the different forms of osteomalacia and the recovery after proper
therapy have yet to be determined in the real world. Although non-invasive techniques to assess
bone mineralization are not available in clinical practice, the systematic assessment of bone quality
could help in refining the diagnosis and guiding the treatment. This review summarizes what is
known of osteomalacia recent therapeutic developments and highlights the future issues of research
in this field.

Keywords: phosphate; vitamin D; mineralization; hypophosphatasia; tumor-induced osteomalacia;
rickets

1. Introduction

Osteomalacia is a metabolic bone disorder primarily characterized by altered mineral-
ization [1].

Skeletal mineralization refers to the series of events leading to the deposition and
maintenance of crystals of hydroxyapatite [Ca10(PO4)6(OH)2] into the bone matrix, in a
proper pH environment and specific 3D structure [2–4]. The process of biomineraliza-
tion confers the right stiffness to the complexity of the bone structure to resist multiple
forces and to transform the musculoskeletal apparatus into a system of levers. Besides its
structural function, mineralization has a key metabolic function, since it regulates bone
cells’ microenvironment and constantly provides minerals to the extracellular milieu [3].
Mineralization is not homogeneous in the whole skeleton, since different types of bones
mineralize differently according to their function.

This complex process is regulated by endocrine and paracrine factors and the availabil-
ity of minerals, in particular calcium and phosphate. Biomineralization begins in prenatal
life and continues throughout the life of living organisms, coexisting with both modeling
and remodeling processes [4].

Osteomalacia, often referred to as the “disease of soft bones”, is the histological and
clinical outcome of inadequate mineralization ensuing from various causes [1]. Thus, the
metabolic bone disease osteomalacia is the final clinical and histological picture, sustained
by different mechanisms, all leading to impaired skeletal tissue mineralization. While the
development of morphologic alterations of rickets occurs only in developing skeletons
along with modeling, osteomalacia may occur throughout life. Consequently, osteomalacia
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is not merely a disease of the adult bone, but osteomalacia-related abnormalities can be
found also in the developing skeleton, so osteomalacia alterations may coexist with rachitic
abnormalities. Moreover, individuals with rickets may become osteomalacic adults if not
properly treated and/or the pathological cause persists through adulthood.

The first description of osteomalacia dates back to 1885, with an accurate histolog-
ical description by Gustav Pommer, pointing out the distinctive features of rickets and
osteomalacia with respect to other juvenile bone diseases (i.e., osteogenesis imperfecta,
bone dysplasia, achondroplasia), osteoporosis, and osteitis fibrosa [5]. A decade later,
Roentgen revealed, using X-rays, the peculiar characteristics of rickets and osteomalacia.
At the beginning of the 20th century, along with the characterization of vitamin D and its
roles in mineral metabolism, rickets and osteomalacia were classically linked to vitamin D
deficiency and cured by vitamin D supplementation [5,6]. With the discovery of vitamin D-
independent forms of rickets/osteomalacia, it is now clear that disorders of mineralization
are not universally linked to vitamin D inadequacy, as further detailed in this paper.

While rickets-related bone alterations in the growing age are seldom observed nowa-
days in developed countries and are mainly diagnosed in the context of rare, genetically
determined diseases, osteomalacia is a widespread, often underrated condition and can
greatly hamper the quality and quantity of life of affected individuals [1].

While osteomalacia is a disease of bone metabolism characterized by impaired miner-
alization, osteoporosis is a systemic skeletal disease with decreased bone mass and altered
bone micro- and microarchitecture, leading to brittle bones. Both conditions are character-
ized by altered bone quantity and quality and may lead to reduced bone strength, making
them easier to break. When combined in a single patient, they concur independently from
bone fragility [7].

The aim of this review is to describe the pathogenesis and the multiple causes of
impaired mineralization and the histopathological, clinical, and radiological features of
osteomalacia. A classification of the different forms of the disease and a feasible biochemical
evaluation for differential diagnosis for everyday practice are proposed. The main forms of
inherited and acquired osteomalacia will also be briefly described, along with non-specific
and targeted therapeutic opportunities. Lastly, possible future developments in this field
will be highlighted.

2. Physiopathology of Defective Mineralization and Proposed Pathogenetic
Classification of Mineralization Disorders

The deposition of organized hydroxyapatite crystals in the bone matrix is the key
event of biomineralization. This dynamic process is regulated by multiple soluble paracrine
and endocrine factors, an adequate amount of matrix deposited by osteoblasts, enzymes,
availability of substrates, and a low concentration of mineralization inhibitors [3].

Classically, mineralization disorders were classified as “vitamin D-dependent” or
“vitamin D-resistant” states, based on the response to treatment with vitamin D metabolites
(cholecalciferol/vitamin D3, ergocalciferol/vitamin D2, 25 hydroxyvitamin D/25(OH)D/
calcifediol, and 1,25 dihydroxyvitamin D/1,25(OH)2D/calcitriol) at usual doses [8]
(Table 1A).

The availability of substrates, i.e., calcium and phosphate present in the intestinal tract,
which are actively absorbed by sufficient active vitamin D, i.e., [1,25(OH)2D], which in turn
is produced in the kidney by parathyroid hormone (PTH) by stimulation of 1-alpha hydrox-
ylase, is preliminary to optimizing the process of mineralization (Figure 1). These hormones
and metabolites are interconnected and counter-regulated in a complex network to restore
mineral homeostasis in response to physiologic or pathologic stimuli. Calcium and/or
phosphate deficiency, excess of mineralization inhibitors, or hormonal excess/defects can
lead to altered mineralization [9].
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Table 1. Classification of osteomalacia based on: response to treatment with vitamin D metabo-
lites (1A), time-of-onset (1B), and pathogenesis (1C).

1A—Classification of osteomalacia based on response to treatment with vitamin D metabolites.

Vitamin D-Sensitive Osteomalacia

Vitamin D deficiency
Malabsorption syndromes (e.g., celiac disease, bariatric surgery)
Malnutrition (e.g., unbalanced vegan diet)
Chronic liver diseases
Chronic kidney diseases
Drugs interfering with vitamin D metabolism
Vitamin D-dependent rickets

- VDDR1A
- VDDR1B

Vitamin D-Resistant Osteomalacia

Vitamin D-dependent rickets

- VDDR2A
- VDDR2B

Hypophosphatemic disorders

- FGF23-related
- renal tubular dysfunction (Fanconi syndrome)
- alcohol abuse

Impaired mineralization-related enzyme activity

- drugs interfering with mineralization process
- metal chronic exposure/intoxication
- hypophosphatasia

1B—Classification of osteomalacia based on the time-of-onset.

Early-onset Rickets/Osteomalacia

Genetically determined hypophosphatemia

- X-linked dominant hypophosphatemic rickets/osteomalacia (XLH)
- Autosomal dominant hypophosphatemic rickets/osteomalacia (ADRH1 and ADRH2)
- Autosomal recessive hypophosphatemic rickets/osteomalacia (ARHR1 and 2)
- Hypophosphatemic disease with dental anomalies and ectopic calcification
- Hereditary hypophosphatemic rickets with hypercalciuria (HHRH)
- Hereditary Fanconi renotubular syndrome (FRTS)
- Dent’s disease (DENT)
- McCune–Albright syndrome/fibrous dysplasia (MAS)
- Cutaneous skeletal hypophosphatemia syndrome (CSHC; e.g., linear sebaceous nevus

syndrome)

Vitamin D-dependent rickets (VDDR)

- VDDR1A
- VDDR1B
- VDDR2A
- VDDR2B

Early- or Late-onset Rickets/osteomalacia

FGF23-dependent

- Tumor-induced rickets/osteomalacia (TIO)
- Acquired Fanconi syndrome
- Drug nephrotoxicity
- Saccharated ferric oxide or iron polymaltose therapy
- Alcohol abuse
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Table 1. Cont.

FGF23-independent

- Vitamin D deficiency
- Malabsorption syndromes (celiac disease, bariatric surgery)
- Malnutrition (vegan diet)
- Chronic liver diseases
- Chronic kidney diseases
- Drugs interfering with vitamin D metabolism
- Metal chronic exposure/intoxication
- Hypophosphatasia

1C—Classification of osteomalacia based on the pathogenesis.

Congenital Osteomalacia

Genetically determined hypophosphatemia

- X-linked dominant hypophosphatemic rickets/osteomalacia (XLH)
- Autosomal dominant hypophosphatemic rickets/osteomalacia (ADRH1 and ADRH2)
- Hypophosphatemic disease with dental anomalies and ectopic calcification
- Hereditary hypophosphatemic rickets with hypercalciuria (HHRH)
- Hereditary Fanconi renotubular syndrome (FRTS)
- Dent’s disease (DENT)
- McCune–Albright syndrome/fibrous dysplasia (MAS)
- Cutaneous skeletal hypophosphatemia syndrome (CSHC; e.g., linear sebaceous nevus

syndrome)

Vitamin D-dependent rickets (VDDR)

- VDDR1A
- VDDR1B
- VDDR2A
- VDDR2B

Hypophosphatasia

Acquired Osteomalacia

FGF23-independent

- Vitamin D deficiency
- Malabsorption syndromes (celiac disease, bariatric surgery)
- Malnutrition (e.g., vegan diet)
- Chronic liver diseases
- Chronic kidney diseases
- Drugs interfering with vitamin D metabolism
- Metal chronic exposure/intoxication

FGF23-dependent

- Tumor-induced rickets/osteomalacia (TIO)
- Acquired Fanconi syndrome
- Drug nephrotoxicity
- Saccharated ferric oxide or iron polymaltose therapy
- Alcohol abuse

Prolonged and severe vitamin D deficiency leads to both calcium and phosphate
inadequacy. Other forms of calcium and phosphate defectiveness, which can be at least
in part vitamin D-dependent, might ensue from chronic malabsorption diseases, such as
celiac disease or inflammatory bowel diseases, or be the medium- and long-term result
of resective bariatric surgery or chronic liver and kidney disease [3,10,11]. Some drugs
such as antiepileptics and glucocorticoids may disrupt vitamin D metabolism and, in some
cases, also cause decreased calcium absorption and increased renal losses, contributing
to hypomineralization. The rare genetically determined disorders vitamin D-dependent
rickets (VDDR) types 1A and 1B, caused by mutation in genes encoding cytochrome P450
family 27 subfamily B member 1, i.e., 1alpha-hydroxylase (CYP27B1) or cytochrome P450
Family 2 Subfamily R Member 1, i.e., 25-hydroxylase (CYP2R1), are included in the vitamin
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D-dependent forms of altered mineralization since they are cured with specific analogs of
vitamin D, such as 1alpha-hydroxylated forms of vitamin D or 25-hydroxylated vitamin D,
respectively [1,12].

Figure 1. Graphic description of the endocrine and paracrine regulation of the biomineralization pro-
cess in and around osteoblast and osteocytes and schematic representation of homeostasis feedbacks.
Parathyroid hormone (PTH) and fibroblast growth factor 23 (FGF23) and phosphaturic hormones
decrease serum Pi concentration, while 1,25-dihydroxy vitamin D3 [1,25(OH)2D3] increases serum Ca
and Pi via active intestinal absorption through activation of the vitamin D receptor. These hormones
are reciprocally regulated by negative feedback systems. Tissue non-specific alkaline phosphatase
(TNALP) processes inorganic pyrophosphate (PPi), a major inhibitor of mineralization, turning it into
Pi, which makes it available for hydroxyapatite crystal formation. At the same time, TNALP depohos-
phorylates and activates osteopontin (OPN), which, in turn, inhibits mineralization, increasing PPi.
Other mineralization inhibitors include ectonucleotide pyrophosphatase phosphodiesterase 1 and
3 ectonucleotide pyrophosphatase phosphodiesterase 1 and 3 (ENPP1 and 3), which also increase
the availability of PPi, similarly to OPN. Active vitamin D inhibits mineralization by increasing
intracellular PPi via increasing expression of ENPP1 and 3 and OPN. Extracellular Pi per se inhibits
mineralization, likely by increasing OPN. FGF23 decreases mineralization through direct inhibition
of transcription of TNALP and through the upregulation of OPN.

Additional types of osteomalacia are identified as vitamin D-resistant, since the re-
placement of vitamin D or its analogs does not correct the mineralization defect. Isolated
phosphate deficiency per se can lead to profound alterations of mineralization. Serum
phosphate levels are mainly regulated by the osteocyte-derived hormone fibroblast growth
factor 23 (FGF23) [13]. FGF23 inhibits phosphate re-absorption by acting on the co-receptor
FGFR1-Klotho and decreasing the expression and function of the sodium-dependent phos-
phate cotransporter in the renal proximal tubule (i.e., NAPT2a and NPT2c), so that an
excess of FGF23 leads to hyperphosphaturia, phosphate wasting, and consequent hy-
pophosphatemia [14]. Besides FGF23, PTH also regulates serum phosphate, similarly
inhibiting renal phosphate re-absorption. FGF23 and PTH have opposite actions on renal
1 alpha-hydroxylase, thus inhibiting or enhancing the formation of di-hydroxyvvitamin D
[1,25(OH)2D or calcitriol], respectively (Figure 1). Thus, FGF23 lowers serum phosphate
directly and indirectly (by decreasing vitamin D-dependent intestinal absorption).

FGF23 excess can be congenital, as determined by inherited, genetically determined
disorders of phosphate metabolism, and can manifest in infancy with FGF23-dependent
hypophosphatemic rickets, or acquired in adults in tumor-induced osteomalacia. An
abnormal response in the renal apparatus to FGF23 action can be observed in acquired
nephropathies such as Fanconi syndrome, also characterized by hypophosphatemia, along
with tubular dysfunction [15].
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Alkaline phosphatase (ALP), particularly its isoenzyme bone alkaline phosphatase
(B-ALP), is an enzyme expressed in the membrane of differentiated early osteoblasts and
in its secreted form is one of the serum markers of osteoblast function and bone for-
mation. Its main role in the skeletal tissue is to convert inorganic pyrophosphate (PPi),
a potent inhibitor of mineralization, into inorganic phosphate (Pi), making it available
for nucleation and elongation of hydroxyapatite crystals disposed along the collagen
fibrils [16]. Other osteoblast/osteocytes membrane enzymes, such as ectonucleotide py-
rophosphatase/phosphodiesterase 1 (ENPP1), membrane transporter of PPi ANK, and
other transmembrane proteins on osteoblasts such as PiT1 (sodium-phosphate transporter
type III), contribute to the regulation of mineralization by modulating the extracellular
concentration of PPi (Figure 1).

Mutations in the genes coding for the previously listed proteins may cause a mineral-
ization disorder, usually diagnosed in infancy, at least in its severe forms [17]. Among these
disorders, hypophosphatasia, the genetic metabolic disorder characterized by reduced
activity of serum ALP, is one of the most notable [18]. Some individuals, often heterozy-
gous for tissue non-specific alkaline phosphatase mutation (TNSALP), may manifest an
abnormal mineralization only in adult age, mimicking acquired forms of mineralization
defect, which have to be considered in the differential diagnosis [19]. These enzymes
can be also the targets of certain drugs, known to interfere with mineralization, such as
bisphosphonates. Genetically determined alterations in the response apparatus to active
vitamin D, i.e., vitamin D receptor, VDR, or a hormone-response element protein, can lead
to vitamin D-dependent rickets type 2A and 2B, respectively (VDDR2). This is a misleading
nomenclature, since these forms are typically “resistant” to all forms of vitamin D analogs,
clearly including 1,25(OH)2D [20].

From a clinical point of view, taking advantage of the additional possibilities of
biochemical and genetic diagnosis, a classification based on the time-of-onset of the disease
(early- versus late-onset) or based on the pathogenesis (congenital versus acquired) is
therefore proposed (Table 1B,C). Congenital disorders of mineralization mainly appear
as early-onset diseases and are primarily characterized by rickets, even if features of
osteomalacia will also be manifest in young bones. Acquired forms are mainly late-onset
and are primarily characterized by clinical signs and symptoms of osteomalacia in adults [1].

3. Histopathological Features of Osteomalacia

Although osteomalacia can be the outcome of several pathogenetic mechanisms, it
is characterized by common histological features. Indeed, the historical definition of
osteomalacia is histopathological. The histological signs of osteomalacia appear if the cause
leading to impaired mineralization persists over time [21].

The sequence bone formation–mineralization–resorption is the coordinated process tak-
ing place at every remodeling unit in the mature skeletal tissue, in both young and adults, re-
quiring and providing the minerals from and to the extracellular compartment, respectively.

Classically referred to vitamin D-dependent forms, a grading of osteomalacia was
attributed to the evolution of bone alterations as histologically revealed [22]. In the first
stages of the mineral metabolic disorder, the key players in the mineralization process, i.e.,
hormones and enzymes, adapt in order to provide the skeleton with a sufficient amount
of minerals to form and replace previously resorbed mineralized matrix and correct the
metabolic abnormalities (i.e., secondary hyperparathyroidism in response to vitamin D
deficiency). At this stage, no histopathological aberrations are detected in the skeleton,
but general symptoms may be present due to systemic metabolic abnormality (stage I, or
pre-osteomalacia). If the metabolic alteration persists and cannot be reverted by metabolic
adaptations, crystals of hydroxyapatite do not form and matrix cannot be mineralized [22].
Osteoclasts per se are not able to reabsorb the unmineralized matrix, which continues to
be produced by osteoblasts and therefore accumulates at every remodeling cycle and at
each remodeling surface. The increased amount of osteoid is the hallmark of all forms of
osteomalacia, causing a softening of the bone tissue, with decreased stiffness and resistance.
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The progressive accumulation of osteoid, together with some residual mineralization, is
typical of stage II. Stage III is the complete cessation of mineralization with a considerable
amount of osteoid, which corresponds to the traditional histological picture of overt osteo-
malacia [5]. Histomorphometrically, bone formation is abolished, as demonstrated by the
absent uptake of tetracycline, with decreased bone volume per tissue volume (BV/TV),
increased osteoid thickness (width of the osteoid seams >15 µm), volume, and surface. The
absent mineralization, as demonstrated by the long mineralization lag time (>100 days), is
typical of osteomalacia at histomorphometry and distinguishes this condition from other
bone diseases (i.e., hyperthyroidism, hyperparathyroidism, Paget disease of the bone),
which may be also characterized by an increased amount of osteoid ensuing from increased
bone turnover [22,23].

Ostemalacic lesions can be variable in number and size at histological examination. The
amount of the osteoid is usually proportional to the degree and duration of the abnormality
of mineral metabolism, with thicker osteoid patches being the result of long-standing
disorders. While modeling defects of mineralization (i.e., rickets) may cause permanent
skeletal alteration even if mineral homeostasis is restored (i.e., bone deformities in rickets),
the histopathological features of osteomalacia can be reversible at least in part once their
metabolic abnormalities have been corrected [5] (Figure 2). Nonetheless, as a result of
secondary hyperparathyroidism, endocortical bone is also resorbed, leading to irreversible
cortical thinning and increased fracture risk [24].

Figure 2. Reversibility of osteomalacic histopathological features after proper correction of vitamin D
deficiency: the increased amount of osteoid (in red) deposited over poorly mineralized trabecular
bone (green) (panel (A)) is decreased in surface and thickness (panel (B)) (reproduced with permission
from ref. [5]).

4. Clinical and Radiological Manifestations

The general clinical characteristics of osteomalacia, sometimes referred to as osteo-
malacic syndrome, are common among disorders ensuing from different causes [1]. The
classical definition of osteomalacia as the “softening of the bone tissue” is somewhat mis-
leading, since bone deformities, which may be inferred from this definition, are not typical
of an osteomalacic skeleton, except in a few special circumstances, but usually represent
the consequence of rickets that were not properly treated in a growing individual. If
rickets-related bone deformities are visible (bowed legs, frontal bossing, chest irregularities,
and short stature, along with a history of multiple osteotomies to straighten up legs), the
diagnosis should be oriented towards congenital/early-onset disorders [1]. These latter
individuals may be prone to also develop osteoarthritic lesions at the knees and the hips
deriving from altered axial alignment [25].

Signs and symptoms in mild/early disease can be vague and non-specific, while
overt osteomalacia is usually symptomatic with distinctive musculoskeletal features. In
this latter case, affected patients may present with generalized bone pain and tenderness,
which may often lead to overuse and/or abuse of anti-inflammatory medications. The dull,
diffuse bone ache in osteomalacia is due to the hydration of unmineralized matrix at the
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periosteum, which elicits peripheral nociceptors. The pain is also present at rest, but it
becomes worse on weight bearing and standing. Skeletal tenderness refers to the ability
to evoke pain with pressure over superficial bones, such as the sternum, anterior tibias,
wrists, and ribs. The non-specificity of these signs and symptoms, which can also be related
to rheumatologic disorders (polymyalgia, fibromyalgia, and ankylosing spondylitis), may
significantly delay the diagnosis and appropriate treatment [1,5].

When a severe abnormality in mineral metabolism occurs in a relatively short period of
time, such as hypophosphatemia in tumor-induced osteomalacia due to an acquired excess
of FGF23, skeletal deformities might ensue, resembling a very high-turnover disease, such
as historical severe forms of untreated primary hyperparathyroidism, which may constitute
a phenocopy of this disease. These patients may show deformity of the thoracic cage with
a pigeon chest and increased spinal curvature associated with decreased height [26].

Since the unmineralized bone is more fragile, spontaneous cortical bone cracks, also
referred to as pseudofractures, may occur. Since they are the clinical outcome of a systemic
disease, the pseudofractures (also referred to as Milkman lines, Looser zones, or insuffi-
ciency/stress fractures) appear as a radiolucent, transverse bands. The pseudofractures are
more common in the main load-bearing bones such as the proximal and diaphyseal femur
(subtrochanteric region), pelvis, and metatarsals and are often symmetric and bilateral,
even if they can occur asynchronously in time since they are the expression of a systemic
disease (Figure 3). These lesions might be preceded by localized bone pain. For the above
reasons, it is advisable to examine the contralateral bone once a pseudofracture is diagnosed
and identified.

Figure 3. (A): Transverse fracture line of the proximal femur, with callus formation (star) as well
as cortex breakage (arrow) simultaneously. (B): Successful healing of the primary pseudofracture
of the proximal femur (arrow). (C): High uptake of 99mTc-MDP beneath the osteosynthesis plate,
indicating a new pseudofracture of the proximal femur (arrow). (D): The transverse fracture line
(arrow) revealed by computed tomography scanning (as reproduced with permission from ref. [27]).

Besides pseudofractures, low-energy trauma fractures of the flat bones such as the
sternum and ribs may take place, constituting a typical sign of osteomalacia in the adult
skeleton. Rachitic rosary, a typical sign of rickets, related to the expansion of the anterior
rib ends at the costochondral junctions, may be also observed in adults with tumor-induced
osteomalacia. Osteomalacic vertebrae are often referred to as “codfish vertebrae” in the
spine radiography, which refers to a particular smooth biconcave deformity of the vertebral
bodies distinguished from the classic fragility fractures related to osteoporosis. The upper
and lower borders of osteomalacic vertebrae are symmetrically deformed. Given the
metabolic nature of the disease, contiguous vertebrae usually display similar abnormal
biconcaval shapes [28]. Conversely, osteoporotic vertebral fractures, even when there are
multiple in the same patient, are heterogenous in shape deformity, so in this case, the loss of
self-similarity between adjacent vertebrae is a specific radiological sign. Moreover, cortical
discontinuities are often present, and vertical trabeculations conferring striated appearance
to the vertebrae are often present [29]. The Genant’s visual semiquantitative method to
define vertebral fractures in lateral radiographs, based both on the vertebral shape and
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on percentual height loss involving the anterior, posterior, and/or middle vertebral body,
could theoretically be applied also to osteomalacic vertebrae, since it provides a grading
of column bone deformities (i.e., spinal deformity index) independently of bone disease,
although no specific statements nor systematic assessments have been issued/employed in
osteomalacia [30].

The involvement of the skeletal muscle, once named “osteomalacic myopathy”, is
characterized by a moderate-to-severe proximal muscle weakness, mainly involving the
shoulder and pelvic girdle, hampering walking with a consequent waddling gait and/or
impaired standing up from sitting position. The decreased number and diameter of the
fast-twitch type II fibers, the first to be recruited to avoid falling or for major muscle efforts,
has been demonstrated [31].

Bone dual energy X-ray absorptiometry (DXA) scan usually shows decreased bone
mineral density (BMD) because of decreased mineralization. Indeed, differential diagnosis
with other diseases characterized by low BMD such as osteoporosis, renal osteodystrophy,
and primary hyperparathyroidism with or without osteitis fibrosa cystica, has to be made.
The usual mistake of interpreting low BMD results just as “osteoporosis”, which is a disor-
der primarily characterized by altered bone microarchitecture, may lead to inappropriate
diagnosis and treatment [32]. Conversely, osteomalacia is not always associated with low
BMD, since adults with XLH may display higher BMD values due to enthesopathy (lumbar
spine BMD) or independently from that (hip BMD) [15].

The decrease in BMD due to a mineralization defect is at least in part reversible
with specific remineralization treatment, retrospectively indicating the nature of the bone
disease [1]. Backscattered electron imaging is a technique that can be applied to bone
biopsies to assess mineralization. However, in the research setting, this technique could
be useful in distinguishing disorders of mineralization such as osteomalacia from other
diseases such as osteoporosis, as further detailed next in this paper (Section 8).

Since osteomalacia is a metabolic condition, bone scintigraphy may reveal multiple
areas with increased uptake of the radiolabeled 99mtecnetium-diphosphonate, reflecting the
abnormal osteoblast activity and/or recent/incipient pseudofractures [33]. In this respect,
the bony alterations observed at physical examination and/or on X-rays may appear with
enhanced uptake. This exam may also help in distinguishing osteomalacia from a Paget
disease of bone. These abnormalities may disappear with appropriate remineralizing
therapy and normalization of bone metabolism.

Dental status should always be checked. While osteomalacia is not associated with the
development of dental defects per se, a history of multiple cavities, premature tooth loss,
or spontaneous avulsions, dentinal alterations may suggest a congenital/genetically deter-
mined disorder (hypophosphatemic rickets/osteomalacia, hypophosphatasia), since dental
abnormalities are common in these forms, thus helping in the differential diagnosis [34].

5. Biochemical Features and Differential Diagnosis

The clinical and/or radiological suspicion of a mineralization defect should guide the
biochemical diagnostic workout to confirm the diagnosis and to establish the cause.

When evaluating disorders of mineralization, a key analyte to be determined is ALP,
in order to make diagnosis, estimate disease severity, and monitor the effect of therapy [35].
ALP is the serological marker of overt osteomalacia, especially when it is persistently
elevated. ALP levels usually reflect the increased osteoblastic activity occurring in osteoma-
lacia and are proportional to the amount of osteoid observed in the histological exam [22].
In stage I and II osteomalacia (recent-onset, mild, localized osteomalacia), ALP levels can
be normal or in the upper normal range.

ALP levels are low in hypophosphatasia, which can be included in the diseases of im-
paired mineralization since even in this condition an osteoid excess is present. Assessment
of serum vitamin B6 piridossal-5-phosphate (PLP) and urinary phosphoetanolamine (PEA),
high in this disease, is mandatory to confirm the diagnosis [36].
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High ALP levels can occasionally be detected in routine biochemical testing and
impose a differential diagnosis with liver diseases, Paget disease of bone, primary hyper-
parathyroidism, renal osteodystrophy, recent fracture/fractures, and other skeletal diseases
with high bone turnover and possible bone deformities. Even low ALP levels pose prob-
lems of differential diagnosis since they can be transiently or precipitously low due to
different conditions [37].

The determination of serum (corrected) calcium, phosphate, PTH, 25(OH)D is manda-
tory. More rarely, 1,25(OH)2D and FGF23 can be determined in the case of specific rare
diseases [1]. Genetic tests could be undertaken to confirm the diagnosis in the case of genet-
ically determined forms. The main biochemical traits of the various forms of osteomalacia
are illustrated in Table 2.

Table 2. Biochemical features (serum and urinary parameters) with differential diagnosis of the
various forms of osteomalacia (=: usually in the normal range; ↓: usually decreased; ↑: usually
increased; =↓: usually in the normal range or decreased; =↑: usually in the normal range or increased;
↓↓: markedly decreased; ↑↑: markedly increased; =↑↓: normal, increased or decreased).

ALP Pi TmP/GFR Ca PTH 25(OH)D 1,25(OH)2D FGF23

Vitamin D deficiency =↑ =↓ =↑ =↓ =↑ ↓↓ =↑↓ =↓
Malabsorption syndromes, other

nutritional deficiencies =↑ =↓ =↑ =↓ ↑/↑↑ ↓ =↑↓ =↓

Vitamin D-dependent rickets type 1 ↑ ↓↓ ↑ ↓↓ ↑ ↑↓ ↓↓ =↓
Vitamin D-dependent rickets type 2 ↑ ↓↓ ↑ ↓↓ ↑ =↑↓ ↑↑ =↓

Drugs inhibiting mineralization =↑ = = = = = = =

Hypophosphatasia ↓↓ = = = = = = =

FGF23-unrelated hypophosphatemic
disorders ↑ ↓↓ =↑ = =↑ = =↑ =↓

FGF23-related hypophosphatemic
disorders ↑ ↓↓ ↓↓ = =↑ = ↓ ↑↑

Legend: ALP: serum alkaline phosphatase; Ca: serum calcium; Pi: serum inorganic phosphate; TmP/GFR: renal
tubular reabsorption of phosphate; PTH: parathyroid hormone; 25(OH)D: 25 hydroxyvitamin D; 1,25(OH)2D:
1,25 di-hydroxyvitamin D; FGF23: fibroblast growth factor 23.

Serum levels of 25(OH)D, the marker of vitamin D status, will help in refining the
diagnosis. Levels less than 20 ng/ml (i.e.50 nmol/L) indicate vitamin D deficiency, which is
severe if less than 10 ng/ml (i.e., 25 nmol/L). Vitamin D deficiency, which is common in the
general population particularly at northern latitudes for most of the year, does not exclude
other causes of osteomalacia that always have to be considered, even in the presence
of low or exceedingly low levels of 25(OH)D. Thus, vitamin D deficiency, especially if
long-standing, can be the main pathogenetic factor or, at least, a co-factor in osteomalacia.
Secondary hyperparathyroidism, which occurs in the face of poor calcium absorption due to
low vitamin D, guarantees the maintenance of serum calcium in the normal or low-normal
range, even in the face of severe forms of vitamin D inadequacy. Overt hypocalcemia and
hypophosphatemia may be observed in the so-called “vitamin D-dependent” genetically
determined rickets/osteomalacia because of the lack of the action of the biologically active
hormone calcitriol.

The finding of levels of serum phosphate in the low-normal or decreased range is
relatively common in early-onset rickets/osteomalacia [38].

When hypophosphatemia is the only serological finding, a disorder of phosphate
metabolism can be inferred. In order to distinguish between FGF23-dependent and FGF23-
independent hypophosphatemia, the renal tubular reabsorption of phosphate has to be
calculated by Tmp/GFR (i.e., the maximum rate of tubular phosphate reabsorption di-
vided by the glomerular filtration rate, as assessed by serum and urinary phosphate and
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creatinine determined in fasting urine and serum samples) [15]. If Tmp/GFR is low, phos-
phate wasting can be hypothesized, and an FGF23 excess can be inferred. Tmp/GFR
is also mildly decreased in disorders due to vitamin D deficiency or calcium depletion,
given the secondary hyperparathyroidism causing increased phosphate excretion. Con-
versely, a decreased Tmp/GFR points towards phosphate depletion due to other causes,
e.g., tubulopathies. Investigating potential urinary losses (amino acids, bicarbonates,
etc.) could help in confirming this diagnosis. If no other alterations are found, serum
FGF23 measurement should be undertaken to direct the diagnosis of FGF23-independent
hypophosphatemia [39,40].

The assessment of 1,25(OH)2D helps in the differential diagnosis of FGF23-dependent
conditions since an excess of FGF23 inhibits renal 1 alpha-hydroxylase and leads to levels
of 1,25(OH)2D, often in the low-normal range or less frequently below. Low levels of the
biologically active vitamin D may also be low in VDDR1 or very high in diseases with
end-organ resistance to calcitriol (VDDR2) [20].

The measurement of FGF23, when available, is important in the differential diagnosis
of osteomalacia [41]. While levels of FG23 are within the normal or low-normal range in
the majority of osteomalacia-related diseases, they are inappropriately high by definition in
FGF23-dependent disorders [42].

When evaluating young subjects, specific pediatric reference ranges must be consid-
ered, since the concentration of minerals (serum phosphate, calcium) and enzymes (ALP)
is shifted towards higher values, so that results confronted with an “adult” reference range
can be misinterpreted in children/adolescents.

6. More Frequent Forms of Osteomalacia in Clinical Practice
6.1. Acquired Osteomalacia

Acquired osteomalacia can occur at all ages.
Despite the widespread use of vitamin D supplements, vitamin D deficiency-related

osteomalacia is still common in particular categories of patients, such as both community-
dwelling and institutionalized elders [43]. A large spectrum of conditions can be associated
with vitamin D deficiency. Insufficient exposure to sunlight, inadequate dietary intake,
cultural habits (use of veil or hijab), use of sunscreens, morbid obesity, malabsorption
syndromes caused by different gastrointestinal disorders, and aging itself with decreased
cutaneous production of vitamin D may contribute to decreased levels of serum 25(OH)D.
Kidney and chronic liver diseases or drugs interfering with hydroxylases might alter
the production of semi-active and active metabolites of the vitamin (i.e., 25(OH)D and
1,25(OH)2D, respectively) [1,8].

Vitamin D-dependent osteomalacia (and, of course, rickets) is rare in young individ-
uals in industrialized countries, but it is still epidemic in some regions of the world and
in particular groups of people (e.g., immigrants from South East Asia, Africa, and Middle
East) because of cultural habits (i.e., covering skin) and/or skin pigmentation [44].

Malabsorption syndromes (celiac disease), inflammatory bowel diseases, generic
malnutrition (common in elderly people), and pancreatic dysfunction may lead to chronic
impaired calcium and phosphate intestinal absorption. An unbalanced vegan diet is
often associated with nutritional deficiencies of various degrees and may be responsible
for even severe forms of osteomalacia in both young people and adults [45]. Iatrogenic
malabsorption resulting from surgical procedures for rapid weight loss (i.e., gastric bypass)
is much more frequent today than in the past [10]. Acquired severe osteomalacia is observed
today, mainly as a result of extended surgical resections, which have now been replaced
by more conservative surgical interventions. If the risk of gross deficiencies of macro-
nutrients is less common after these latter procedures, the deficiency of micronutrients is
still common, leading to bone consequences in the long term (insufficiency fractures and
bone and muscle pain) [46].

In vitro and vivo evidence point towards environmental contaminants as a potential
cause or concurrent cause of bone diseases [47]. Persistent exposure to cadmium and
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aluminum overuse/abuse have been linked to alteration in bone cells and in mineraliza-
tion [48,49]. Indeed, a vast majority of people living in a cadmium-polluted area develop
osteomalacia, as revealed in autopsies [49].

Tumor-induced osteomalacia (TIO) is a paraneoplastic syndrome characterized by
severe, rapidly progressing demineralization caused by usually small mesenchymal tumors
secreting an excess of FGF23, leading to hypophosphatemia due to phosphate wasting [27].
It usually occurs in the fourth and fifth decades of life. Affected patients, previously in
apparently good health, quickly present worsening diffuse bone pain, muscle weakness,
and gait abnormalities, often associated with bone fragility (i.e., multiple insufficiency
fractures), height loss, chest wall deformities, and generalized debilitated status [50,51].
Delay in diagnosis and in tumor localization is common. Bone fragility and reduction
in BMD are often misinterpreted as osteoporosis, leading to inappropriate antiresorptive
treatments prescribed before proper diagnosis. Hypophosphatemia, decreased Tmp/GFR,
and high FGF23 levels are the characteristic biochemical features. The localization of the
phosphaturic mesenchymal tumors can be challenging. In this respect, functional imag-
ing (octreotide scintigraphy and Fluoro18 deoxyglucose positron emission tomography,
Gallium68 DOTATATE, DOTATOC or DOTANOC imaging) can be employed in order to
identify a suspicious hypermetbolic area that can subsequently be analyzed by focused
anatomical imaging (magnetic resonance and/or computer tomography) [52]. Since, al-
though rarely, cutaneous lesions can be responsible for TIO, a full examination of the skin is
also necessary in the case of negative imaging. In TIO, surgical treatment is the therapy of
choice once the tumor has been localized, and it usually reverts to a normal clinical picture.

6.2. Inherited Osteomalacia

Inherited osteomalacia is usually overcome and preceded by manifestations of rickets.
The X-linked dominant hypophosphatemic rickets/osteomalacia (XLH) is the most

frequent form (prevalence 1/20,000). In XLH, the haploinsufficiency of the phosphate-
regulating endopeptidase homolog, X-linked gene (PHEX) leads to an excess of the phos-
phaturic FGF23 [53,54]. Signs of osteomalacia are more evident in adults and coexist with
deformity of weight-bearing limbs and dental abnormalities as has occurred in childhood.
Bone and joint pain, joint stiffness, muscle pain and weakness, and abnormal gait decrease
the quality of life in adult patients. Recently, a study in an animal model of this disorder
showed that subchondral osteomalacia is responsible for enthesopathy, a painful abnormal
mineralization of the fibrocartilagineous tendinous insertion site, which contributes to
the clinical picture in adults and greatly impairs physical function [55]. Other even rarer
genetically determined diseases caused by an excess of FGF23 and a similar clinical picture
are listed in Table 3.

Another disorder manifesting as osteomalacia in adults is hypophosphatasia. While
recessive mutations of the TNSALP gene give rise to a more severe diseases manifesting
early in childhood, adult hypophosphatasia is a genetically determined disorder of miner-
alization, usually determined by haploinsufficiency of TNSALP, in which osteomalacia in a
part of a more complex clinical picture, characterized by multiple insufficiency fractures,
chondrocalcinosis, osteoarthropathy, and dental abnormalities (early loss of primary and
secondary teeth). The real prevalence in adults is not known today, but it is supposed that is
greatly underestimated, since this disorder can be often misinterpreted as a rheumatologic
disease and not properly diagnosed [56].
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Table 3. Genetically determined forms of osteomalacia due to (A) FGF23-mediated hypophos-
phatemic disorders; (B) non-FGF23 mediated hypophosphatemic disorders; (C) altered vitamin D
metabolites or signaling.

Disease Gene
OMIM

Phenotype
Number

OMIM Gene
Number Inheritance

A. FGF23-mediated Hypophosphatemic Disorders

X-linked dominant hypophosphatemic rickets/osteomalacia (XLH) PHEX # 307800 300550 XLD

Autosomal dominant hypophosphatemic rickets/osteomalacia (ADRH) FGF23 # 193100 605380 AD

Autosomal recessive hypophosphatemic rickets/osteomalacia 1 (ARHR1) DMP1 # 241520 600980 AR

Autosomal recessive hypophosphatemic rickets/osteomalacia 2 (ARHR2) ENPP1 # 613312 173335 AR

Hypophosphatemic disease with dental anomalies and ectopic calcification FAM20C # 259775 611061 AR

Hereditary hypophosphatemic rickets with hypercalciuria (HHRH) SLC34A3 # 241530 609826 AR

McCune–Albright syndrome/fibrous dysplasia (MAS) GNAS # 174800 139320
(postzygotic

somatic
mutations)

Cutaneous skeletal hypophosphatemia syndrome NRAS
HRAS # 162900 164790

190020
(somatic

mutations)

B. Non-FGF23-mediated Hypophosphatemic Disorders

Fanconi renotubular syndrome 1 (FRTS1) - # 134600 - AD

Fanconi renotubular syndrome 2 (FRTS2) SLC34A1 # 613388 182309 AR

Fanconi renotubular syndrome 3 (FRTS3) EHHADH # 615605 607037 AD

Fanconi renotubular syndrome 4 (FRTS4) HNF4A # 616026 600281 AD

Dent’s disease 1 CLCN5 # 300009 300008 XLR

Dent’s disease 2 OCRL # 300555 300535 XLR

Lowe syndrome OCRL # 309000 300535 XLR

C. Altered Vitamin D Metabolites or VDR Signaling

Vitamin D-dependent rickets/osteomalacia type 1A (VDDR1A) CYP27B1 # 264700 609506 AR

Vitamin D-dependent rickets/osteomalacia type 1B (VDDR1B) CYP2R1 # 600081 608713 AR

Vitamin D-dependent rickets/osteomalacia type 2A (VDDR2A) VDR # 277440 601769 AR

Vitamin D-dependent rickets/osteomalacia type 2B (VDDR2B) - # 600785 - AD

Legend: AR = autosomal recessive; AD = autosomal dominant; XLD = X-linked dominant; XLR = X linked recessive.

7. Prevention and Treatment

Once the etiology has been established, specific treatment has to be initiated.
When vitamin D deficiency is the major cause or contribute to the development of

osteomalacia, supplementation with adequate amounts of biologically inactive vitamin D
analogs (i.e., cholecalciferol, or vitamin D3, or calcifediol [25(OH)D]), restore calcium and
phosphate homeostasis, correct secondary hyperparathyroidism, and revert to normal, at
least in part, the radiographic and histological abnormalities relatively quickly, depending
on the administered dosage [5]. While there is general consensus among international
societies that values lower than 10 ng/ml of serum 25(OH)D must be avoided at all ages
to prevent rickets/osteomalacia, disagreement exists on the minimum desirable 25(OH)D
concentration to be achieved during treatment [43,57,58]. Accordingly, recommended
intake of vitamin D varies among different guidelines (800–1000 IU to higher dosages).
According to a global consensus, for the prevention and treatment of nutritional rickets
(and osteomalacia), cholecalciferol may be administered in loading dose, followed by a
maintenance regimen in the long term, with daily, weekly, or monthly doses. The oral
administration of cholecalciferol always has to be preferred because of better bioavailability
with respect to the parenteral administration, which has to be recommended just in cases
of malabsorption syndrome. When osteomalacia is associated with osteoporosis, the
correction of the mineralization defect should precede antiresorptive therapy. In this
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respect, if an osteomalacic condition has to be corrected in a short time, calcidiol, which
is more potent than cholecalciferol in terms of targeting the targeted levels of serum
25(OH)D (>30 ng/mL according to most guidelines for people with bone disease) and is
approved to treat osteomalacia, is a good option [57,59–62]. The daily intake of minerals
(calcium, phosphate, and magnesium) has also to be estimated by specific questionnaires
and adequately integrated when proved to be deficient [63]. While diet is rarely poor in
phosphorus content, the consumption of foods rich in calcium often has to be encouraged.
When diet cannot be modified, calcium supplements (i.e., calcium carbonate or citrate) can
be administered. Calcium carbonate (40% calcium per pill) should be taken preferably with
meals, since an acidic gastric environment is needed to dissolve and absorb the tablets.
Calcium citrate (20% calcium per pill) can be absorbed on an empty stomach or during
iatrogenic modification of gastric pH (i.e., chronic therapy with proton pump inhibitors).
Its better bioavailability decreases side effects (i.e., dyspepsia and constipation) commonly
reported with calcium carbonate [64]. In cases of severe osteomalacia due to malabsorption
syndromes, such as in extensive intestinal resection, high amounts of calcium, together
with the biologically active vitamin D, calcitriol, have to be administered in order to try to
surmount the serious impairment in the active absorption of minerals and vitamins.

In congenital or acquired diseases in which 25-hydroxylation or 1alpha-hydroxylation
is lacking (VDDR1 or drugs), a specific vitamin D metabolite (calcidiol or calcitriol) is the
therapy of choice. In end-organ resistance to calcitriol (VDDR2), large amounts of i.v. and
oral calcium and oral calcitriol are needed in order to overcome the VDR multifunction.

In inherited hypophosphatemic osteomalacia, the standard-of-care practice is the
administration of phosphate salts together with calcitriol, to avoid secondary hyperparathy-
roidism. While this treatment is mandatory in children to avoid rachitic deformities, the
administration of phosphate salts, which are poorly tolerated and associated with impor-
tant short- and long-term side effects, has been questioned in adults [65]. Nonetheless, in
these hypophosphatemic patients, the correction of osteomalacia is needed, especially in
some conditions, in order to optimize mineralization. Burosumab (KRN23) is a human
monoclonal antibody against FGF23, which is successfully employed in FGF23-dependent
hypophosphatemic disorders (i.e., XLH and TIO) and approved in Europe for the treatment
of these diseases [66–68]. In particular, in TIO burosumab is recommended when tumors
“cannot be curatively resected or localized” [66].

Asfotase alfa is the replacement enzyme approved for the treatment of hypophos-
phatasia in both children and adults [69–71].

8. Research Gaps and Potential Development in the Field

To date, the diagnosis of osteomalacia is mainly clinical and biochemical, given the
great limitations in defining osteomalacia by the widely available DXA. The systematic
assessment of bone quality in osteomalacia, in order to find specific patterns of this disease,
would help in refining the radiological diagnosis. Indeed, the trabecular bone score (TBS),
an index to infer bone microarchitecture in DXA images, might help in differentiating os-
teomalacia from osteoporosis [72]. Indeed, TBS and high-resolution peripheral quantitative
computed tomography (HRpQCT) have started to be employed to better analyze bone
impairment in TIO, in which they are correlated and demonstrated to be useful in assessing
bone impairment versus DXA [73].

The application of old techniques in clinical practice such as scanning electron mi-
croscopy (SEM) to undecalcified bone biopsies is useful to analyze mineralization and
establish the bone mineralization density distribution (BMDD) but has been progressively
abandoned in clinical practice being an invasive technique [32]. The employment of
backscattered electrons (BSEs), high-energy electrons produced by the elastic scattering of
the primary beam electrons with the interaction with the examined material, is exploited
by quantitative backscattered electron imaging (qBEI) to determine bone-mineralization
density distribution [32] (Figure 4). The homogeneity/heterogeneity of bone mineraliza-
tion, as represented by a narrower or larger curve, respectively, and the frequency of the
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different calcium amounts reflect mineralization quality. In this context, osteomalacia is
represented by a larger and blunted curve, indicating low amounts of mineral and greater
mineralization heterogeneity. This technique, still limited to very restricted research set-
tings, could be exploited more in the future to assess mineralization and better characterize
the various disorders and the responses to treatment.

Figure 4. Bone mineralization density distribution (BMDD) of healthy and diseased or treated
bone (transiliac biopsies). (A): Osteomalacia (celiac disease); (B): idiopathic osteoporosis; (C): post-
menopausal osteoporosis; (D): postemenopausal osteoporosis treated with bisphosphonates; (E): os-
teogenesis imperfecta type I; (F) postmenopausal osteoporosis treated with sodium fluoride (repro-
duced with permission from ref. [32].

More specific biomarkers of the diseases (microRNAs, extracellular vesicles) could be
studied in order to find specific patterns in osteomalacia [74].

In addition, the medium- and long-term outcomes of specific therapies (e.g., buro-
sumab and asfotase alfa) still need be assessed in real-life long-term studies.

9. Conclusions

Osteomalacia is a broad term that indicates inadequate mineralization of the skeleton,
which may be caused by several defects in mineral metabolism. Osteomalacia can be
genetically determined, so it is generally diagnosed in infancy because it is generally
preceded by rickets. At the same time, osteomalacia can be a subtle disease in adults, since
it resembles other disorders, so multiple phenocopies of this disease delay the diagnosis and,
therefore, the commencement of specific treatment. Osteomalacia and bone mineralization
itself, remain largely unexplored fields of research. The real prevalence of the different
forms of osteomalacia and the specific recovery are yet to be determined in the real world.
Finding specific biomarkers of these diseases and specific features using bone quality
assessment and specific mineralization analysis (qBEI) will help in refining the diagnosis
and quickly address the quality of life and disease burden in these patients.
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8. Janoušek, J.; Pilařová, V.; Macáková, K.; Nomura, A.; Veiga-Matos, J.; da Silva, D.D.; Remião, F.; Saso, L.; Malá-Ládová, K.; Malý,
J.; et al. Vitamin D: Sources, Physiological Role, Biokinetics, Deficiency, Therapeutic Use, Toxicity, and Overview of Analytical
Methods for Detection of Vitamin D and Its Metabolites. Crit. Rev. Clin. Lab. Sci. 2022, 2070595. [CrossRef]

9. Bhadada, S.K.; Rao, S.D. Role of Phosphate in Biomineralization. Calcif. Tissue Int. 2021, 108, 32–40. [CrossRef]
10. Gagnon, C.; Schafer, A.L. Bone Health After Bariatric Surgery. JBMR Plus 2018, 2, 121–133. [CrossRef]
11. Allan, P.J.; Lal, S. Metabolic Bone Diseases in Intestinal Failure. J. Hum. Nutr. Diet 2020, 33, 423–430. [CrossRef]
12. Dodamani, M.H.; Sehemby, M.; Memon, S.S.; Sarathi, V.; Lila, A.R.; Chapla, A.; Bhandare, V.V.; Patil, V.A.; Shah, N.S.; Thomas, N.;

et al. Genotype and Phenotypic Spectrum of Vitamin D Dependent Rickets Type 1A: Our Experience and Systematic Review. J.
Pediatr. Endocrinol. Metab. 2021, 34, 1505–1513. [CrossRef]

13. Michigami, T. Advances in Understanding of Phosphate Homeostasis and Related Disorders. Endocr. J. 2022, 69, 881–896.
[CrossRef]

14. Peacock, M. Phosphate Metabolism in Health and Disease. Calcif. Tissue Int. 2021, 108, 3–15. [CrossRef]
15. Trombetti, A.; Al-Daghri, N.; Brandi, M.L.; Cannata-Andía, J.B.; Cavalier, E.; Chandran, M.; Chaussain, C.; Cipullo, L.; Cooper,

C.; Haffner, D.; et al. Interdisciplinary Management of FGF23-Related Phosphate Wasting Syndromes: A Consensus Statement
on the Evaluation, Diagnosis and Care of Patients with X-Linked Hypophosphataemia. Nat. Rev. Endocrinol. 2022, 18, 366–384.
[CrossRef]

16. Millán, J.L. The Role of Phosphatases in the Initiation of Skeletal Mineralization. Calcif. Tissue Int. 2013, 93, 299–306. [CrossRef]
17. Borza, R.; Salgado-Polo, F.; Moolenaar, W.H.; Perrakis, A. Structure and Function of the Ecto-Nucleotide Pyrophos-

phatase/Phosphodiesterase (ENPP) Family: Tidying up Diversity. J. Biol. Chem. 2022, 298, 101526. [CrossRef]
18. Briolay, A.; Bessueille, L.; Magne, D. TNAP: A New Multitask Enzyme in Energy Metabolism. Int. J. Mol. Sci. 2021, 22, 10470.

[CrossRef]
19. Villa-Suárez, J.M.; García-Fontana, C.; Andújar-Vera, F.; González-Salvatierra, S.; de Haro-Muñoz, T.; Contreras-Bolívar, V.;

García-Fontana, B.; Muñoz-Torres, M. Hypophosphatasia: A Unique Disorder of Bone Mineralization. Int. J. Mol. Sci. 2021,
22, 4303. [CrossRef]

20. Tiosano, D.; Abrams, S.A.; Weisman, Y. Lessons Learned from Hereditary 1,25-Dihydroxyvitamin D-Resistant Rickets Patients on
Vitamin D Functions. J. Nutr. 2021, 151, 473–481. [CrossRef]

21. Chavassieux, P.; Chapurlat, R. Interest of Bone Histomorphometry in Bone Pathophysiology Investigation: Foundation, Present,
and Future. Front. Endocrinol. 2022, 13, 907914. [CrossRef] [PubMed]

22. Bhan, A.; Qiu, S.; Rao, S.D. Bone Histomorphometry in the Evaluation of Osteomalacia. Bone Rep. 2018, 8, 125–134. [CrossRef]
[PubMed]

23. Parfitt, A.M.; Qiu, S.; Rao, D.S. The Mineralization Index—A New Approach to the Histomorphometric Appraisal of Osteomalacia.
Bone 2004, 35, 320–325. [CrossRef] [PubMed]

24. Parfitt, A.M.; Rao, D.S.; Stanciu, J.; Villanueva, A.R.; Kleerekoper, M.; Frame, B. Irreversible Bone Loss in Osteomalacia.
Comparison of Radial Photon Absorptiometry with Iliac Bone Histomorphometry during Treatment. J. Clin. Investig. 1985, 76,
2403–2412. [CrossRef] [PubMed]

25. Lecoq, A.-L.; Brandi, M.L.; Linglart, A.; Kamenický, P. Management of X-Linked Hypophosphatemia in Adults. Metabolism 2020,
103S, 154049. [CrossRef]

26. Brandi, M.L.; Clunie, G.P.R.; Houillier, P.; Jan de Beur, S.M.; Minisola, S.; Oheim, R.; Seefried, L. Challenges in the Management of
Tumor-Induced Osteomalacia (TIO). Bone 2021, 152, 116064. [CrossRef]

27. Chen, Y.-X.; Gao, Y.-S. Idiopathic Hypophosphatemic Osteomalacia: Recurrent Pseudofracture of the Proximal Femur in a
65-Year-Old Man. Endocrine 2017, 55, 651–652. [CrossRef]

28. Panda, A.; Das, C.J.; Baruah, U. Imaging of Vertebral Fractures. Indian J. Endocrinol. Metab. 2014, 18, 295–303. [CrossRef]

http://doi.org/10.1007/s00774-015-0698-7
http://www.ncbi.nlm.nih.gov/pubmed/26197863
http://doi.org/10.1016/j.jsb.2021.107823
http://www.ncbi.nlm.nih.gov/pubmed/34915130
http://doi.org/10.1016/j.ando.2021.12.001
http://www.ncbi.nlm.nih.gov/pubmed/34921812
http://doi.org/10.1038/s41574-021-00488-z
http://www.ncbi.nlm.nih.gov/pubmed/33948016
http://doi.org/10.1016/j.ecl.2010.02.001
http://doi.org/10.3390/nu14061168
http://doi.org/10.1007/s00198-019-05167-4
http://doi.org/10.1080/10408363.2022.2070595
http://doi.org/10.1007/s00223-020-00729-9
http://doi.org/10.1002/jbm4.10048
http://doi.org/10.1111/jhn.12726
http://doi.org/10.1515/jpem-2021-0403
http://doi.org/10.1507/endocrj.EJ22-0239
http://doi.org/10.1007/s00223-020-00686-3
http://doi.org/10.1038/s41574-022-00662-x
http://doi.org/10.1007/s00223-012-9672-8
http://doi.org/10.1016/j.jbc.2021.101526
http://doi.org/10.3390/ijms221910470
http://doi.org/10.3390/ijms22094303
http://doi.org/10.1093/jn/nxaa380
http://doi.org/10.3389/fendo.2022.907914
http://www.ncbi.nlm.nih.gov/pubmed/35966102
http://doi.org/10.1016/j.bonr.2018.03.005
http://www.ncbi.nlm.nih.gov/pubmed/29955631
http://doi.org/10.1016/j.bone.2004.02.016
http://www.ncbi.nlm.nih.gov/pubmed/15207773
http://doi.org/10.1172/JCI112253
http://www.ncbi.nlm.nih.gov/pubmed/4077986
http://doi.org/10.1016/j.metabol.2019.154049
http://doi.org/10.1016/j.bone.2021.116064
http://doi.org/10.1007/s12020-016-1205-1
http://doi.org/10.4103/2230-8210.131140


Int. J. Mol. Sci. 2022, 23, 14896 17 of 18

29. Wáng, Y.X.J.; Santiago, F.R.; Deng, M.; Nogueira-Barbosa, M.H. Identifying Osteoporotic Vertebral Endplate and Cortex Fractures.
Quant. Imaging Med. Surg. 2017, 7, 555–591. [CrossRef]

30. Grigoryan, M.; Guermazi, A.; Roemer, F.W.; Delmas, P.D.; Genant, H.K. Recognizing and Reporting Osteoporotic Vertebral
Fractures. Eur. Spine J. 2003, 12 (Suppl. 2), S104–S112. [CrossRef]

31. Glerup, H.; Mikkelsen, K.; Poulsen, L.; Hass, E.; Overbeck, S.; Andersen, H.; Charles, P.; Eriksen, E.F. Hypovitaminosis D
Myopathy without Biochemical Signs of Osteomalacic Bone Involvement. Calcif. Tissue Int. 2000, 66, 419–424. [CrossRef]

32. Roschger, P.; Paschalis, E.P.; Fratzl, P.; Klaushofer, K. Bone Mineralization Density Distribution in Health and Disease. Bone 2008,
42, 456–466. [CrossRef]

33. Abdelrazek, S.; Szumowski, P.; Rogowski, F.; Kociura-Sawicka, A.; Mojsak, M.; Szorc, M. Bone Scan in Metabolic Bone Diseases.
Review. Nucl. Med. Rev. Cent. East Eur. 2012, 15, 124–131.

34. Collins, M.T.; Marcucci, G.; Anders, H.-J.; Beltrami, G.; Cauley, J.A.; Ebeling, P.R.; Kumar, R.; Linglart, A.; Sangiorgi, L.; Towler,
D.A.; et al. Skeletal and Extraskeletal Disorders of Biomineralization. Nat. Rev. Endocrinol. 2022, 18, 473–489. [CrossRef]

35. Vasikaran, S.D.; Miura, M.; Pikner, R.; Bhattoa, H.P.; Cavalier, E. IOF-IFCC Joint Committee on Bone Metabolism (C-BM) Practical
Considerations for the Clinical Application of Bone Turnover Markers in Osteoporosis. Calcif. Tissue Int. 2021, 1–10. [CrossRef]

36. Shapiro, J.R.; Lewiecki, E.M. Hypophosphatasia in Adults: Clinical Assessment and Treatment Considerations. J. Bone Miner. Res.
2017, 32, 1977–1980. [CrossRef]

37. Koumakis, E.; Cormier, C.; Roux, C.; Briot, K. The Causes of Hypo- and Hyperphosphatemia in Humans. Calcif. Tissue Int. 2021,
108, 41–73. [CrossRef]

38. Chande, S.; Bergwitz, C. Role of Phosphate Sensing in Bone and Mineral Metabolism. Nat. Rev. Endocrinol. 2018, 14, 637–655.
[CrossRef]

39. Cupisti, A.; Gallieni, M. Urinary Phosphorus Excretion: Not What We Have Believed It to Be? Clin. J. Am. Soc. Nephrol. 2018, 13,
973–974. [CrossRef]

40. Payne, R.B. Renal Tubular Reabsorption of Phosphate (TmP/GFR): Indications and Interpretation. Ann. Clin. Biochem. 1998, 35 Pt
2, 201–206. [CrossRef]

41. Fauconnier, C.; Roy, T.; Gillerot, G.; Roy, C.; Pouleur, A.-C.; Gruson, D. FGF23: Clinical Usefulness and Analytical Evolution. Clin.
Biochem. 2019, 66, 2. [CrossRef]

42. Souberbielle, J.-C.; Prié, D.; Piketty, M.-L.; Rothenbuhler, A.; Delanaye, P.; Chanson, P.; Cavalier, E. Evaluation of a New Fully
Automated Assay for Plasma Intact FGF23. Calcif. Tissue Int. 2017, 101, 510–518. [CrossRef] [PubMed]

43. Munns, C.F.; Shaw, N.; Kiely, M.; Specker, B.L.; Thacher, T.D.; Ozono, K.; Michigami, T.; Tiosano, D.; Mughal, M.Z.; Mäkitie, O.;
et al. Global Consensus Recommendations on Prevention and Management of Nutritional Rickets. J. Clin. Endocrinol. Metab.
2016, 101, 394–415. [CrossRef] [PubMed]

44. Uday, S.; Högler, W. Nutritional Rickets and Osteomalacia in the Twenty-First Century: Revised Concepts, Public Health, and
Prevention Strategies. Curr. Osteoporos. Rep. 2017, 15, 293–302. [CrossRef] [PubMed]

45. Iguacel, I.; Miguel-Berges, M.L.; Gómez-Bruton, A.; Moreno, L.A.; Julián, C. Veganism, Vegetarianism, Bone Mineral Density, and
Fracture Risk: A Systematic Review and Meta-Analysis. Nutr. Rev. 2019, 77, 45. [CrossRef]

46. De Prisco, C.; Levine, S.N. Metabolic Bone Disease after Gastric Bypass Surgery for Obesity. Am. J. Med. Sci. 2005, 329, 57–61.
[CrossRef]

47. Zhang, S.; Sun, L.; Zhang, J.; Liu, S.; Han, J.; Liu, Y. Adverse Impact of Heavy Metals on Bone Cells and Bone Metabolism
Dependently and Independently through Anemia. Adv. Sci. 2020, 7, 2000383. [CrossRef]

48. Igbokwe, I.O.; Igwenagu, E.; Igbokwe, N.A. Aluminium Toxicosis: A Review of Toxic Actions and Effects. Interdiscip. Toxicol.
2019, 12, 45–70. [CrossRef]

49. Ma, Y.; Ran, D.; Shi, X.; Zhao, H.; Liu, Z. Cadmium Toxicity: A Role in Bone Cell Function and Teeth Development. Sci. Total
Environ. 2021, 769, 144646. [CrossRef]

50. Minisola, S.; Barlassina, A.; Vincent, S.-A.; Wood, S.; Williams, A. A Literature Review to Understand the Burden of Disease in
People Living with Tumour-Induced Osteomalacia. Osteoporos. Int. 2022, 33, 1845–1857. [CrossRef]

51. Minisola, S.; Peacock, M.; Fukumoto, S.; Cipriani, C.; Pepe, J.; Tella, S.H.; Collins, M.T. Tumour-Induced Osteomalacia. Nat. Rev.
Dis. Primers 2017, 3, 17044. [CrossRef]

52. Minisola, S.; Fukumoto, S.; Xia, W.; Corsi, A.; Colangelo, L.; Scillitani, A.; Pepe, J.; Cipriani, C.; Thakker, R.V. Tumor-Induced
Osteomalacia: A Comprehensive Review. Endocr. Rev. 2022, bnac026. [CrossRef]

53. Gohil, A.; Imel, E.A. FGF23 and Associated Disorders of Phosphate Wasting. Pediatr. Endocrinol. Rev. 2019, 17, 17–34. [CrossRef]
54. Bitzan, M.; Goodyer, P.R. Hypophosphatemic Rickets. Pediatr. Clin. North Am. 2019, 66, 179–207. [CrossRef]
55. Macica, C.M.; Luo, J.; Tommasini, S.M. The Enthesopathy of XLH Is a Mechanical Adaptation to Osteomalacia: Biomechanical

Evidence from Hyp Mice. Calcif. Tissue Int. 2022, 111, 313–322. [CrossRef]
56. Linglart, A.; Biosse-Duplan, M. Hypophosphatasia. Curr. Osteoporos. Rep. 2016, 14, 95–105. [CrossRef]
57. Bouillon, R. Comparative Analysis of Nutritional Guidelines for Vitamin D. Nat. Rev. Endocrinol. 2017, 13, 466–479. [CrossRef]
58. Institute of Medicine (US) Committee to Review Dietary Reference Intakes for Vitamin D and Calcium. Dietary Reference Intakes

for Calcium and Vitamin D; The National Academies Collection: Reports funded by National Institutes of Health; Ross, A.C.,
Taylor, C.L., Yaktine, A.L., Del Valle, H.B., Eds.; National Academies Press (US): Washington, DC, USA, 2011.

http://doi.org/10.21037/qims.2017.10.05
http://doi.org/10.1007/s00586-003-0613-0
http://doi.org/10.1007/s002230010085
http://doi.org/10.1016/j.bone.2007.10.021
http://doi.org/10.1038/s41574-022-00682-7
http://doi.org/10.1007/s00223-021-00930-4
http://doi.org/10.1002/jbmr.3226
http://doi.org/10.1007/s00223-020-00664-9
http://doi.org/10.1038/s41574-018-0076-3
http://doi.org/10.2215/CJN.06260518
http://doi.org/10.1177/000456329803500203
http://doi.org/10.1016/j.clinbiochem.2019.03.002
http://doi.org/10.1007/s00223-017-0307-y
http://www.ncbi.nlm.nih.gov/pubmed/28761972
http://doi.org/10.1210/jc.2015-2175
http://www.ncbi.nlm.nih.gov/pubmed/26745253
http://doi.org/10.1007/s11914-017-0383-y
http://www.ncbi.nlm.nih.gov/pubmed/28612338
http://doi.org/10.1093/nutrit/nuy045
http://doi.org/10.1097/00000441-200502000-00001
http://doi.org/10.1002/advs.202000383
http://doi.org/10.2478/intox-2019-0007
http://doi.org/10.1016/j.scitotenv.2020.144646
http://doi.org/10.1007/s00198-022-06432-9
http://doi.org/10.1038/nrdp.2017.44
http://doi.org/10.1210/endrev/bnac026
http://doi.org/10.17458/per.vol17.2019.gi.fgf23anddisordersphosphate
http://doi.org/10.1016/j.pcl.2018.09.004
http://doi.org/10.1007/s00223-022-00989-7
http://doi.org/10.1007/s11914-016-0309-0
http://doi.org/10.1038/nrendo.2017.31


Int. J. Mol. Sci. 2022, 23, 14896 18 of 18

59. Sosa Henríquez, M.; Gómez de Tejada Romero, M.J. Cholecalciferol or Calcifediol in the Management of Vitamin D Deficiency.
Nutrients 2020, 12, 1617. [CrossRef]

60. Cianferotti, L.; Cricelli, C.; Kanis, J.A.; Nuti, R.; Reginster, J.-Y.; Ringe, J.D.; Rizzoli, R.; Brandi, M.L. The Clinical Use of Vitamin
D Metabolites and Their Potential Developments: A Position Statement from the European Society for Clinical and Economic
Aspects of Osteoporosis and Osteoarthritis (ESCEO) and the International Osteoporosis Foundation (IOF). Endocrine 2015, 50,
12–26. [CrossRef]

61. Quesada-Gomez, J.M.; Castillo, M.E.; Bouillon, R. Vitamin D Receptor Stimulation to Reduce Acute Respiratory Distress Syndrome
(ARDS) in Patients with Coronavirus SARS-CoV-2 Infections: Revised Ms SBMB 2020_166. J. Steroid Biochem. Mol. Biol. 2020,
202, 105719. [CrossRef]

62. Cesareo, R.; Falchetti, A.; Attanasio, R.; Tabacco, G.; Naciu, A.M.; Palermo, A. Hypovitaminosis D: Is It Time to Consider the Use
of Calcifediol? Nutrients 2019, 11, 1016. [CrossRef] [PubMed]

63. Magarey, A.; Baulderstone, L.; Yaxley, A.; Markow, K.; Miller, M. Evaluation of Tools Used to Measure Calcium and/or Dairy
Consumption in Adults. Public Health Nutr. 2015, 18, 1225–1236. [CrossRef] [PubMed]

64. Palermo, A.; Naciu, A.M.; Tabacco, G.; Manfrini, S.; Trimboli, P.; Vescini, F.; Falchetti, A. Calcium Citrate: From Biochemistry and
Physiology to Clinical Applications. Rev. Endocr. Metab. Disord. 2019, 20, 353–364. [CrossRef] [PubMed]

65. Marcucci, G.; Brandi, M.L. Congenital Conditions of Hypophosphatemia Expressed in Adults. Calcif. Tissue Int. 2021, 108, 91–103.
[CrossRef] [PubMed]

66. Athonvarangkul, D.; Insogna, K.L. New Therapies for Hypophosphatemia-Related to FGF23 Excess. Calcif. Tissue Int. 2021, 108,
143–157. [CrossRef]

67. Jan de Beur, S.M.; Miller, P.D.; Weber, T.J.; Peacock, M.; Insogna, K.; Kumar, R.; Rauch, F.; Luca, D.; Cimms, T.; Roberts, M.S.; et al.
Burosumab for the Treatment of Tumor-Induced Osteomalacia. J. Bone Miner. Res. 2021, 36, 627–635. [CrossRef]

68. Weber, T.J.; Imel, E.A.; Carpenter, T.O.; Peacock, M.; Portale, A.A.; Hetzer, J.; Merritt, J.L.; Insogna, K. Long-Term Burosumab
Administration Is Safe and Effective in Adults With X-Linked Hypophosphatemia (XLH). J. Clin. Endocrinol. Metab. 2022,
2022, dgac518. [CrossRef]

69. Bowden, S.A.; Foster, B.L. Alkaline Phosphatase Replacement Therapy for Hypophosphatasia in Development and Practice. Adv.
Exp. Med. Biol. 2019, 1148, 279–322. [CrossRef]

70. Whyte, M.P.; Simmons, J.H.; Moseley, S.; Fujita, K.P.; Bishop, N.; Salman, N.J.; Taylor, J.; Phillips, D.; McGinn, M.; McAlister, W.H.
Asfotase Alfa for Infants and Young Children with Hypophosphatasia: 7 Year Outcomes of a Single-Arm, Open-Label, Phase 2
Extension Trial. Lancet Diabetes Endocrinol. 2019, 7, 93–105. [CrossRef]

71. Kishnani, P.S.; Rockman-Greenberg, C.; Rauch, F.; Bhatti, M.T.; Moseley, S.; Denker, A.E.; Watsky, E.; Whyte, M.P. Five-Year
Efficacy and Safety of Asfotase Alfa Therapy for Adults and Adolescents with Hypophosphatasia. Bone 2019, 121, 149–162.
[CrossRef]

72. Krohn, K.; Schwartz, E.N.; Chung, Y.-S.; Lewiecki, E.M. Dual-Energy X-ray Absorptiometry Monitoring with Trabecular Bone
Score: 2019 ISCD Official Position. J. Clin. Densitom. 2019, 22, 501–505. [CrossRef]

73. Ni, X.; Feng, Y.; Guan, W.; Chi, Y.; Li, X.; Gong, Y.; Zhao, N.; Pang, Q.; Yu, W.; Wu, H.; et al. Bone Impairment in a Large Cohort
of Chinese Patients with Tumor-Induced Osteomalacia Assessed by HR-PQCT and TBS. J. Bone Miner. Res. 2022, 37, 454–464.
[CrossRef]

74. Bravo Vázquez, L.A.; Moreno Becerril, M.Y.; Mora Hernández, E.O.; de León Carmona, G.G.; Aguirre Padilla, M.E.; Chakraborty,
S.; Bandyopadhyay, A.; Paul, S. The Emerging Role of MicroRNAs in Bone Diseases and Their Therapeutic Potential. Molecules
2021, 27, 211. [CrossRef]

http://doi.org/10.3390/nu12061617
http://doi.org/10.1007/s12020-015-0606-x
http://doi.org/10.1016/j.jsbmb.2020.105719
http://doi.org/10.3390/nu11051016
http://www.ncbi.nlm.nih.gov/pubmed/31064117
http://doi.org/10.1017/S1368980014001633
http://www.ncbi.nlm.nih.gov/pubmed/25171323
http://doi.org/10.1007/s11154-019-09520-0
http://www.ncbi.nlm.nih.gov/pubmed/31643038
http://doi.org/10.1007/s00223-020-00695-2
http://www.ncbi.nlm.nih.gov/pubmed/32409880
http://doi.org/10.1007/s00223-020-00705-3
http://doi.org/10.1002/jbmr.4233
http://doi.org/10.1210/clinem/dgac518
http://doi.org/10.1007/978-981-13-7709-9_13
http://doi.org/10.1016/S2213-8587(18)30307-3
http://doi.org/10.1016/j.bone.2018.12.011
http://doi.org/10.1016/j.jocd.2019.07.006
http://doi.org/10.1002/jbmr.4476
http://doi.org/10.3390/molecules27010211

	Introduction 
	Physiopathology of Defective Mineralization and Proposed Pathogenetic Classification of Mineralization Disorders 
	Histopathological Features of Osteomalacia 
	Clinical and Radiological Manifestations 
	Biochemical Features and Differential Diagnosis 
	More Frequent Forms of Osteomalacia in Clinical Practice 
	Acquired Osteomalacia 
	Inherited Osteomalacia 

	Prevention and Treatment 
	Research Gaps and Potential Development in the Field 
	Conclusions 
	References

