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Abstract

Background Bone quantity, quality, and turnover con-

tribute to whole bone strength. Although bone mineral

density, or bone quantity, is associated with increased

fracture risk, less is known about bone quality. Various

conditions, including disorders of mineral homeostasis,

disorders in bone remodeling, collagen disorders, and

drugs, affect bone quality.

Questions/purposes The objectives of this review are to

(1) identify the conditions and diseases that could

adversely affect bone quality besides osteoporosis, and

(2) evaluate how these conditions influence bone quality.

Methods We searched PubMed using the keywords

‘‘causes’’ combined with ‘‘secondary osteoporosis’’ or

‘‘fragility fracture.’’ After identifying 20 disorders/condi-

tions, we subsequently searched each condition to evaluate

its effect on bone quality.

Results Many disorders or conditions have an effect on

bone metabolism, leading to fragility fractures. These

disorders include abnormalities that disrupt mineral

homeostasis, lead to an alteration of the mineralization

process, and ultimately reduce bone strength. The balance

between bone formation and resorption is also essential to

prevent microdamage accumulation and maintain proper

material and structural integrity of the bone. As a result,

diseases that alter the bone turnover process lead to a

reduction of bone strength. Because Type I collagen is the

most abundant protein found in bone, defects in Type I

collagen can result in alterations of material property,

ultimately leading to fragility fractures. Additionally, some

medications can adversely affect bone.

Conclusions Recognizing these conditions and diseases

and understanding their etiology and pathogenesis is cru-

cial for patient care and maintaining overall bone health.

Introduction

Bone strength is a term used to describe the ability of bone

to resist fracture [9]. Determining bone strength reflects the

integration of three factors: quantity, quality, and turnover

[34]. Bone mineral density (BMD), measured by dual-

energy X-ray absorptiometry (DXA), reflects bone quan-

tity. BMD is expressed as a T-score. The T-score is

reported as the number of standard deviations a patient’s

BMD value is above or below the reference value for a

healthy 30-year-old adult. Although measurements from

DXA are an important tool in measuring BMD and

assessing the risk of fracture, less than 50% of variation in

whole-bone strength is attributable to variations in BMD

[22, 27, 67]. In fact, the majority of patients who experi-

ence fragility fractures have BMD T-scores above �2.5

[88, 93, 94]. Furthermore, in women with a T-score of

�2.5, the probability of hip fracture is five times greater at
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age 80 than at age 50 [55]. Although the cause of hip

fracture in the elderly remains multifactorial, advanced age

poses a substantial risk. Additionally, DXA has a limited

utility to diagnose secondary causes of bone loss. There-

fore, the other two determinants of bone strength (quality

and turnover) should be included when assessing fracture

risk in each individual, rather than just BMD alone.

Bone quality is a function of the structural and material

properties of bone. The structural properties include bone

geometry (size and shape of the skeleton) and microarchi-

tecture, whereas the material properties include the orga-

nization and composition of the mineral and collagen

components of the extracellular matrix, as well as the extent

of microdamage within the tissue [34]. In general, bone

undergoes continuous renewal by the process of coupled

bone resorption and formation, known as bone remodeling,

or bone turnover. The balance between bone resorption and

bone formation allows the bone to remove fatigue damage

and replace it with new bone that reinforces the bone integ-

rity. An imbalance between bone resorption and bone

formation ultimately results in a net loss or gain of bone

tissue. The process of bone turnover influences both BMD

and bone quality and consequently affects bone strength [9, 34].

A comprehensive evaluation of bone strength, including

quantity, quality, and turnover, is critical to identify indi-

viduals with increased risk of fracture. Although numerous

reports address the relationship between primary osteopo-

rosis and fracture risk, there is less emphasis on other

conditions that can adversely affect bone quality, leading to

fragility fracture.

Therefore, the objectives of this review are to

(1) identify the conditions and diseases, besides osteopo-

rosis, that could adversely affect bone quality, and

(2) evaluate how these conditions, including disorders of

mineral homeostasis, disorders in bone remodeling, colla-

gen disorders and drugs, affect bone quality.

Methods

To identify the conditions or diseases that could adversely

affect bone quality, we started a comprehensive literature

search using the National Library of Medicine’s PubMed

database. We searched ‘‘causes and ‘secondary osteopo-

rosis’’’ or ‘‘causes and ‘fragility fracture’’’ which identified

519 publications for potential inclusion. When we applied

additional limits of English language and studies on human

subjects, the number of articles reduced to 362. We

reviewed the titles of each paper and excluded them if they

were related to primary or postmenopausal osteoporosis.

This yielded 197 articles. Using this search technique, we

identified 20 conditions that could adversely affect bone

quality or bone strength.

In order to determine the effect of each condition on

bone quality, we performed a further search of the PubMed

database by using keywords ‘‘bone quality’’ or ‘‘bone

strength’’ combined with each condition. At this step, we

evaluated both basic science and clinical studies involving

the effect of each condition or disease on bone quality. For

clinical studies, we included all study designs, including

case reports and case series, with a limit of English lan-

guage. For basic science studies, we identified relevant in

vivo and in vitro studies through a similar search tech-

nique. Three authors (AU, BJR, and MMK) independently

reviewed all abstracts. Additionally, we also evaluated

cited references to identify papers not included in the ori-

ginal research.

Conditions and Diseases Affecting Bone Quality

Besides Osteoporosis

Many diseases and conditions affect bone quality besides

osteoporosis. These include disorders of bone mineral

homeostasis, imbalance of bone remodeling, collagen dis-

orders and drugs affecting bone quality (Table 1).

Awareness of the association between these conditions and

bone quality is important in understanding the pathogenesis

of fracture in groups at risk. It is also crucial to recognize

these clinical conditions because some of them are more

amenable to treatment than primary osteoporosis. Many of

these conditions affect more than one of the components of

bone strength. For example, glucocorticoids not only

increase bone turnover, resulting in increased bone

resorption, but also affect mineral homeostasis by reducing

calcium absorption and causing secondary hyperparathy-

roidism [44, 106, 109]. For the purpose of discussion, we

categorized conditions affecting bone quality based on

their impact to the most affected component of bone

quality.

The Effect of Disorders of Bone Mineral Homeostasis

on Bone Quality

Rickets and osteomalacia are disorders of bone mineral

metabolism characterized by an accumulation of unmin-

eralized osteoid on bone trabeculae as a result of impaired

mineral deposition (Fig. 1). Rickets occurs in childhood

and affects not only the bone structure, but also the physeal

cartilage. Conversely, osteomalacia occurs after cessation

of skeletal growth. Bone mineralization depends on the

presence of calcium, phosphate, and the enzyme alka-

line phosphatase. Therefore, any condition reducing the

availability of serum calcium, phosphate, or alkaline

phosphatase results in rickets or osteomalacia [2].
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Although there are a number of causes for rickets and

osteomalacia, most forms share similar histologic changes

as well as clinical and radiographic appearances [31].

Nutritional rickets and osteomalacia resulting from

inadequate vitamin D supplementation are the best-known

forms of these disorders. Low levels of vitamin D result in

decreased absorption of calcium across the intestinal tract,

causing a decline in the concentration of serum calcium.

Vitamin D deficiency may result from inadequate vitamin

D absorption, vitamin D resistance, impaired vitamin D

synthesis, or increased vitamin D degradation [31, 32]

(Table 2). Although vitamin D deficiency is the primary

etiology of rickets and osteomalacia, other less common

causes of skeletal demineralization exist. X-linked hypo-

phosphatemia is the most common inherited etiology for

rickets [2]. The disease causes isolated renal phosphate

wasting, resulting in hypophosphatemia and decreased

bone mineralization. Because calcium and phosphate are

essential minerals of the inorganic components of the bone

matrix, a defect in this process leads to poor bone quality,

resulting in increased risk of fragility fracture.

Table 1. Diseases affecting bone quality

Diseases affecting bone quality Pathophysiology

Disorders of bone mineral homeostasis

Rickets and osteomalacia [31] Impairment of mineral deposition

Hyperparathyroidism [38] Excessive secretion of PTH, leading to increased osteoclastic bone resorption

Hypogonadism [33, 37] Reduced sex hormones, resulting in increased osteoclastic bone resorption

Hyperthyroidism [85] Increased bone resorption

Type I diabetes mellitus [83] Suppression of bone turnover

Cushing’s disease [51, 58, 106] See Glucocorticoids

Imbalance of bone remodeling

Renal osteodystrophy [98] Increased osteoclastic bone resorption in high turnover state or decreased bone

formation in low turnover state

Paget’s disease [81] Rapid bone turnover, leading to disorganized mosaic pattern of woven and lamellar bone

Disuse osteoporosis [35, 110] Uncoupling between bone resorption and formation with increased in bone resorption

Sclerosing bone dysplasias (osteopetrosis)

[18, 105]

Defects in osteoclastic bone resorption (retention of primary spongiosa)

Disorders of collagen

Osteogenesis imperfecta [6] Mutation of Type I collagen genes

Scurvy [78] Impairment of hydroxylation process during collagen synthesis

Marfan syndrome [40] Abnormalities of fibrillin-1 glycoprotein

Ehlers-Danlos syndromes [13] Defects in lysyl hydroxylase and collagen type I, III, and V

Drugs

Glucocorticoids [51, 58, 106] Increased osteoclastic resorption, impaired maturation of osteoblasts and altered

calcium metabolism

Chemotherapeutic agents [49, 79] Hypogonadism or direct toxic effects on bone

Disease modifying antirheumatic

drugs (DMARDs) [26]

Imbalance of bone turnover

Bisphosphonates [76, 96] Suppression of osteoclastic activity, leading to microdamage accumulation

Fig. 1 The photomicrograph of a patient diagnosed with osteoma-

lacia shows interconnected trabeculae that contains central regions of

mineralized bone (#) covered almost completely by an excessive

amount of unmineralized osteoid matrix (*). The marrow contents

consist of an unremarkable amount of hematopoietic elements and

intermixed fat cells (Stain, Goldner trichrome; original magnification,

910).
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Hyperparathyroidism is the result of increased activity of

parathyroid glands. This hyperactivity occurs either from an

intrinsic abnormal change altering excretion of parathyroid

hormone (primary or tertiary hyperparathyroidism) or an

extrinsic abnormal change affecting calcium homeostasis

stimulating production of parathyroid hormone (secondary

hyperparathyroidism). Primary hyperparathyroidism is the

third most common endocrine disorder, with the highest

incidence in postmenopausal women [38]. Approximately

75% to 85% of patients with primary hyperparathyroidism

have adenomas of a single gland [38]. The majority of

patients with primary hyperparathyroidism have no obvious

symptoms or signs of the disease, with the disorder detected

by an incidental finding of hypercalcemia [8]. In symp-

tomatic patients, the clinical presentation often relates to

hypercalcemia rather than increased parathyroid hormone.

These symptoms include lethargy, confusion, impaired

mentation, depression, memory loss, and muscle weakness

[70]. The skeletal changes are sometimes striking, with radio-

graphs demonstrating osteopenia and subperiosteal resorp-

tion of the tufts and digits of the hands and feet (Fig. 2A)

Table 2. Causes of rickets and osteomalacia from vitamin D

inadequacy [31, 32]

Inadequate vitamin D absorption

Inadequate vitamin D intake from diet

Insufficient sunlight exposure

Malabsorption

Inflammatory bowel disease

Celiac disease

Bariatric surgery

Impaired vitamin D synthesis

1 a-hydroxylase deficiency (Type 1-dependent rickets)

Chronic liver disease

Chronic renal failure

Vitamin D resistance

End organ insensitivity (Type 2-dependent rickets)

Drugs affecting vitamin D metabolism

Phenytoin

Phenobarbital

Carbamazepine

Primidone

Fig. 2A–C Images of a patient diagnosed with hyperparathyroidism.

(A) Radiograph of the right foot shows subperiosteal resorption of the

second, third, fourth, and fifth proximal phalanges (white arrowheads)

and brown tumor at the distal metaphysis of the fifth metatarsal (*).

Note the bone cortices are thin on both sides but remain intact.

Courtesy of Bernard Ghelman, MD. (B) The photomicrograph shows

thickened trabecula undergoing tunneling resorption with a central

defect undergoing reparative activity. Multinucleate osteoclasts are

present in resorption bays (black arrowheads). The osteoblasts are

present in single cell layers (black arrows) on the smooth surfaces

inside the central tunnel and on the marrow surface of the bone (Stain,

hematoxylin and eosin; original magnification, 910). (C) The

photomicrograph shows the histologic presentation of brown tumor

resulting from secondary hyperparathyroidism. Typical features of

brown tumor are seen with osteoclast-like giant cells and foci of

microhemorrhage (asterisk) and fibroblastic stroma with hemosiderin

(double asterisks) (Stain, hematoxylin and eosin; original magnifica-

tion, 920).
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[92]. Fractures of long bones, clavicles, pelvis, and ribs are

also common [70]. Since the disease usually occurs in

postmenopausal women, the findings may be confused with

primary osteoporosis.

Many endocrine disorders are linked to the patho-

genesis of secondary osteoporosis. These include hypo-

gonadism, hyperthyroidism, Type I diabetes mellitus, and

Cushing’s syndrome. One of the most frequent causes of

endocrine-related fractures in men is hypogonadism [29].

Evidence shows that 66% of elderly men in a nursing

home with hip fractures had hypogonadism [1]. In

hypogonadal states, both cortical and trabecular bone are

affected by increased osteoclastic resorption and decreased

osteoblastic activity [33, 101]. Decreased calcium

absorption is also seen in hypogonadism, which, for men,

can be reversed with testosterone [37]. Hyperthyroidism is

reported to cause increases in ionized and total serum

calcium in up to 50% of affected patients. In general, the

hypercalcemia is mild. It is believed to result from

increases in bone resorption, leading to secondary osteo-

porosis [85, 97]. Therefore, it is crucial to monitor thyroid

hormone levels in patients with postmenopausal osteopo-

rosis or during treatment of thyroid dysfunction. Type I

diabetes mellitus may also play a role in osteoporotic

fractures. Although increased fracture risk in Type I dia-

betes is associated with low BMD and reduced bone

turnover [64, 83], the true mechanism of bone loss

remains inconclusive. The effect of excess glucocorticoids

on bone metabolism is discussed later in this article.

The Effect of Disorders in Bone Remodeling

on Bone Quality

Renal osteodystrophy is a pathologic bone condition in

which the primary cause of the disorder is chronic renal

failure. The pathophysiology of renal osteodystrophy is

subdivided into two groups based on bone turnover: high

turnover and low turnover [12, 90, 98]. The high turnover

state is the classic form of this disease and occurs in the

course of chronic renal failure. This form of renal osteo-

dystrophy is associated with high PTH. In the presence of

elevated PTH levels, bone turnover remains high and

increases the activity of both osteoblasts and osteoclasts.

Conversely, the low turnover state is associated with normal

to low serum PTH and can be developed following thera-

peutic interventions for a high turnover state. The patho-

genesis of low turnover renal osteodystrophy is complex and

includes a large number of factors, such as aluminum-based

phosphate binder, excess use of active vitamin D sterols,

and peritoneal dialysis [95]. It is also believed that

changes in a variety of growth factors and cytokines

could directly impact the bone formation rate [39].

The skeletal manifestations in patients with renal oste-

odystrophy show changes consistent with rickets,

osteomalacia, and hyperparathyroidism. The elevation of

both serum calcium and phosphate levels leads to extra-

skeletal calcification. This ectopic calcification or

ossification usually occurs in conjunctivae, blood vessels,

skin, and periarticular areas [70]. In its most severe form,

hyperparathyroid bone disease may predominate and

manifest as subperiosteal or subchondral erosions. Brown

tumor, which is a lytic area with a marked decrease in

cortical structure, may also lead to pathologic fracture

(Fig. 2) [50].

Paget’s disease of bone (also known as osteitis defor-

mans) is a localized disorder of bone remodeling. The

disease process is initiated by increases in bone resorption

with subsequent compensatory increases in new bone for-

mation [81]. As a result of the rapid bone turnover rate, the

affected bone loses its control of the bony structure,

resulting in a disorganized mosaic pattern of woven and

lamellar bone (Fig. 3). The early phase is dominated by

increased bone resorption by activated osteoclasts, result-

ing in a lytic lesion. To respond to the increased bone

resorption, osteoblasts are recruited to the affected area.

During this mixed phase, because of the nature of rapid

turnover, the newly deposited collagen fibers are laid down

in a disorganized pattern, creating a more primitive woven

bone. This results in an irregularity of contour of the new

trabeculae and cortices. Over time, the hypervascularity

and hypercellularity process ceases, leaving a sclerotic,

enlarged, mosaic pattern. This is a sclerotic phase or a

so-called ‘‘burned out Paget’s disease.’’ Paget’s disease is

often asymptomatic but can be associated with bone pain

and other complications, such as deafness and nerve

compression syndromes. Skeletal complications attribut-

able to Paget’s disease include bowing deformities of long

bones (7.6%), fracture of pagetic bone (9.7%), and osteo-

sarcoma (0.4%) [107].

Bone loss associated with skeletal unloading, also

known as disuse osteoporosis, is a critical issue for bed-

ridden patients or patients with a spinal cord injury. The

diminution of mechanical stimuli to bone is considered a

powerful contributor to bone demineralization [63, 89].

Complete unloading of the limbs, such as in patients

with spinal cord injury, leads to bone loss approximately

five to 20 times greater than losses from metabolic etiol-

ogies [73]. When weight-bearing and muscular contrac-

tions diminish or cease, the loss of mechanical loading

yields an imbalance between osteoclastic and osteoblastic

activity. The histomorphometric study in patients with

prolonged immobilization showed an increase in the

number of osteoclasts and an enlargement of resorption

cavities [103]. Additionally, biochemical analysis in this

group of patients demonstrated that bone resorption
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markers are substantially increased, whereas bone forma-

tion markers are only slightly elevated or remain in a

normal reference range [35, 110]. These findings suggest

that bone resorption outpaces bone formation, leading to

disuse osteoporosis.

Sclerosing bone dysplasia is a rare genetic disorder

characterized by the creation of abnormally dense (scle-

rosis) and overgrown bone (hyperostosis). This is caused

by defective remodeling processes where the rate of for-

mation of bone or cartilage exceeds the rate of resorption.

When there is defective resorption, as is the case with

osteopetrosis, the osteoclasts fail to remove bone, resulting

in a marked increase in bone density, microdamage accu-

mulation, loss of bone heterogeneity, and abnormalities of

osseous structure (Fig. 4) [18, 71, 105]. Despite the pres-

ence of increased bone density on imaging studies, the

bones of these patients are fragile and fractures are

common.

There are three traditional forms of osteopetrosis:

malignant autosomal-recessive, intermediate autosomal-

recessive, and benign autosomal-dominant. The malignant

form typically presents within the first year of life. Bony

overgrowth of the marrow spaces results in decreased

hematopoiesis, leading to myelophthisic anemia and sub-

sequent hepatosplenomegaly [56]. If untreated, most

patients do not survive past their first decade [57]. The

intermediate form of osteopetrosis shares many features of

the malignant counterpart; however, it is less severe and

has a delayed onset. Most patients with the intermediate

form survive into adulthood; however, fractures are com-

monly seen within the first decade. Patients may have

hematologic abnormalities, as well as clinical symptoms,

from the compression of cranial nerves. The benign auto-

somal-dominant form, adult osteopetrosis, is the most

common type of osteopetrosis. It typically presents with

pathologic fractures that can occur at any age. Although

most patients are diagnosed after their first fractures, 40%

of patients will remain asymptomatic [61].

The Effect of Collagen Disorders on Bone Quality

Osteogenesis imperfecta (OI) is an inheritable disease of

Type I collagen. Type I collagen is composed of three

polypeptide chains. These chains are synthesized by two

genes: COL1A1 and COL1A2, encoding for the pro-a1 (I)

and pro-a2 (I), respectively. The carboxy terminal pro-

peptides of each chain combine to form Type I procollagen

molecules [100]. The formation of the triple helix starts at

the carboxy terminal end and then propagates to the amino

terminal end of the molecule. Any mutations of Type I

collagen genes result in either inadequate collagen pro-

duction or abnormal collagen structure, leading to OI [17].

Although more than 800 mutations in Type I collagen

genes have been reported, the majority of patients with OI

are caused by autosomal dominant defects in the genes that

encode Type I collagen, COL1A1 or COL1A2 [72].

Although several clinical subtypes of OI have recently

been identified based on the clinical, biochemical, and

molecular nature of the disorder [4, 6], many clinicians still

commonly use the Silence classification with the descrip-

tion of four types of OI [91]. This classification was largely

based on clinical and radiological subgrouping before the

identification of a molecular defect of Type I collagen

[6, 91]. Recent classifications have included eight types of

OI [6], with recent findings suggesting abnormal collagen

folding may contribute to further subtypes of OI (Type IX)

[4]. In general, the clinical presentations vary considerably,

Fig. 3A–B Images of a patient

diagnosed with Paget’s disease.

(A) AP radiograph of the left

proximal femur shows increased

width of the femoral shaft, mark-

edly thickened cortices, coarse

but disorganized trabeculae, and

small lytic areas within the

medullary canal. (B) The photo-

micrograph illustrates the active

phase of Paget’s disease with

numerous trabeculae undergo-

ing resorption by osteoclasts

(arrows) and a thin layer of

surface-related osteoblasts (arrow-

heads). Subsequent osteoblastic

activity results in cement lines

and the ‘‘mosaic’’ pattern appar-

ent in sclerotic phases (Stain,

hematoxylin and eosin; original

magnification, 910).
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ranging from a severe perinatal lethal form to more mild

presentations. Severe and mild forms share the cardinal

feature of bone fragility, characterized by fractures after

minimal or no trauma. Hearing loss in early adulthood is

the result of damage to the ossicles in the middle ear [59].

Short stature and bone deformity are also common features

of this disorder. Additionally, several clinical presentations

of OI are commonly seen in other connective tissue dis-

eases. These include hypermobile joints, blue sclera, and

brittle opalescent teeth (dentinogenesis imperfecta).

Scurvy is an acquired collagen disorder resulting from a

nutritional deficiency of ascorbic acid (vitamin C).

Although it was once common in sailors whose diets

lacked adequate vitamin C while on long voyages, it is

now seen mostly in patients with limited dietary intake of

citrus fruits. Vitamin C is essential for the hydroxylation

of proline and lysine during collagen synthesis. This

hydroxylation process is important for stabilizing collagen

structure by crosslinking the triple helix of collagen [78].

Therefore, a deficiency of vitamin C results in primitive

collagen formation throughout the body. Patients with

scurvy may present with spots on the skin, spongy gums,

and bleeding from the mucous membranes [80]. The

skeletal presentations include thin cortices and marrow

cavities with few trabeculae; thus, fractures are common in

these patients [80]. Additionally, one of the remarkable

features of scurvy is subperiosteal hemorrhage, which

results in marked swelling and pain in the affected

extremity. This leads to pseudoparalysis and contractures

of the limbs [19]. According to the Framingham

Osteoporosis Study [86], over a 15- to 17-year followup of

958 elderly men and women, subjects in the highest cate-

gory of supplemental vitamin C intake had fewer hip and

nonvertebral fractures compared with nonsupplement

users. Therefore, vitamin C may have a protective effect on

bone health in older adults.

Musculoskeletal manifestations resulting from connec-

tive tissue disorders are related to abnormal processes in

the structural support of tissues. Marfan syndrome is an

autosomal-dominant disorder that affects fibrillin-1, a

glycoprotein that provides structural support in elastin [40].

The abnormalities in fibrillin-1 result in abnormalities of

the cardiovascular, ocular, and musculoskeletal system.

Common skeletal findings include idiopathic scoliosis,

lumbosacral dural ectasia, acetabular protrusion, and liga-

mentous laxity [41]. Patients with Marfan syndrome are

also reported to have reduced BMD [40, 66]. The decrease

in BMD is equally present in both genders and is more

pronounced at predominantly cortical sites [66]. Ehlers-

Danlos syndrome is a heterogeneous group of inherited

connective tissue disorders divided into six major catego-

ries, with defects in lysyl hydroxylase and collagen

Types I, III, and V [13]. The characteristics of this syn-

drome are skin hyperextensibility, hypermobile joints, and

delayed wound healing. Although the changes in bone

mineral content of patients with Ehlers-Danlos syndrome

are still unclear [16], some studies indicate there is an

alteration in bone metabolism, resulting in structural

changes within the collagen fibrils, leading to an increased

frequency of vertebral fractures [7, 20].

Fig. 4A–B Images of a patient diagnosed with osteopetrosis. (A) An

AP radiograph of the pelvis shows uniform increased bone density.

The trabecular pattern is difficult to identify in the bones, hence the

name ‘‘marble-bone disease.’’ The medullary spaces are mostly

obliterated. (B) The photomicrograph illustrates thickened and

dystrophic trabeculae (pink) containing irregularly shaped central

cores and fragments of residual cartilage (blue). Defective osteoclasts

lead to abnormal bone remodeling, which precludes repair of local

bone damage, resulting in production of abnormal trabecular archi-

tecture (Stain, hematoxylin and eosin; original magnification, 910).
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The Effect of Drugs on Bone Quality

Evidence shows daily doses of corticosteroids for less than

6 months can cause rapid bone loss [106], although the

mechanism of bone loss from corticosteroids has not been

fully elucidated. It is known that after several days of

corticosteroid therapy, osteoclast and osteoblast activity

and maturation are affected [5, 58, 106]. This results in less

osteoblast to form bone. Current data suggest osteocytes,

terminally differentiated osteoblasts, are also affected. In

several studies, moderate to high doses of glucocorticoids

caused apoptosis of osteocytes [54]. The loss of osteocytes,

the most abundant cell in bone, has important implications

on the microarchitecture of bone and bone’s propensity to

fracture. Although osteoblast maturation is altered and

slowed, it appears that osteoclast maturation and activity is

increased due to elevated levels of glucocorticoids [58].

This results in increased bone resorption. Additionally,

glucocorticoids directly affect bone metabolism by

decreasing calcium absorption in the intestines and calcium

reabsorption in the kidneys, instead promoting excretion

[51]. This leads to an increase in PTH secretion and a net

increase in bone loss as PTH tries to maintain calcium

homeostasis.

Disease-modifying antirheumatic drugs (DMARDs) are

either used independently or in combination with steroids

and nonsteroidal anti-inflammatory drugs to treat rheuma-

tologic diseases. Each of these drugs has a specific

mechanism of action and their own side effect profile

applying to bone. For example, methotrexate (MTX) is a

folic acid antagonist used to treat both rheumatologic dis-

ease and neoplastic disease. At the high doses used to treat

cancers, MTX can cause a dose-dependent decrease in

osteoblast proliferation, resulting in osteoporosis, stress

fractures, and bone pain. At low doses, MTX is generally

prescribed for rheumatologic diseases and is not believed to

adversely affect bone metabolism [26]. Cyclosporine A is

an important drug in transplant medicine and rheumatology.

At high levels, cyclosporine uncouples bone resorption and

bone formation, leading to a net bone loss as resorption

exceeds formation. However, much like MTX, at the low

doses used for rheumatic disease, there is little evidence to

show that cyclosporine affects bone mass adversely [44].

The bone loss that occurs secondary to chemotherapy

tends to be more rapid and severe than either age-related or

postmenopausal bone loss, in some cases accelerating it by

as much as 10 times [28, 42, 49]. The mechanism by which

chemotherapy induces bone loss appears to be primarily

through the creation of hypogonadism in patients, specifi-

cally those with prostate and breast cancer. However, there

is also evidence that chemotherapeutics affect bone matu-

ration and, in some cases, may have direct toxic effects on

bone [79].

Patients with prostate cancer treated with gonadotropin-

releasing hormone antagonists produce decreased levels of

androgens and estrogens. Studies have linked the duration

of antiandrogen therapy in men to the risk of fracture with

greater numbers of treatments associated with increased

rates of fracture [68]. Similarly, new data in women with

breast cancer have linked the use of aromatase inhibitors to

increased bone loss [10]. Aromatase inhibitors are much

more effective than estrogen receptor antagonists and

agonists and tamoxifen in the treatment of estrogen

receptor-positive early-stage breast cancers. However, in

trials of these chemotherapeutic agents, women on aro-

matase inhibitors had greater losses in BMD at the hip and

spine, as well as increased rates of fracture [10].

Bisphosphonates have been widely used for the treat-

ment of osteoporosis. Recently, a number of studies

reported a specific pattern of fracture in the subtrochanteric

region or the upper diaphysis of the femur (Fig. 5); these

fractures have been designated as bisphosphonate-related

atypical fractures [43, 60, 65]. The mechanism and path-

ophysiology of these fractures remain unclear; however, it

is believed that prolonged bisphosphonate therapy leads to

oversuppression of bone turnover, resulting in microdam-

age accumulation and decreased mechanical properties of

bone [76, 96]. Although there is no study showing causality

or definitive association between long-term bisphospho-

nates treatment and these atypical fractures, clinicians

Fig. 5 Radiograph of a patient diagnosed with subtrochanteric

femoral fracture attributed to long-term bisphosphonate exposure.

Fracture after prolonged treatment with alendronate is characterized

by (1) simple or transverse fracture, (2) beaking of the cortex on one

side (white arrow), (3) hypertrophied diaphyseal cortices (asterisks),

and (4) result from minimal or no trauma.
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should be aware of this potential problem and provide close

evaluation when presented with thigh or hip pain in

patients on long-term bisphosphonates.

Some medications adversely affect bone quality by

altering calcium and vitamin D metabolism. Phenobarbital,

phenytoin, carbamazepine, and primidone are well-known

inducers of hepatic cytochrome P450 enzymes (Table 2)

[21, 30]. The observed reduction in serum vitamin D levels

with these agents is believed to arise from their enhancing

the hepatic breakdown of vitamin D into inactive metab-

olites [25, 84]. Proton pump inhibitors (PPIs) are

commonly used drugs for gastrointestinal disorders. There

is an emerging concern about chronic PPI therapy and the

risk of fragility fractures [45, 102, 108]. One potential

mechanism by which PPIs may affect fracture incidence is

by impairing intestinal calcium absorption [46, 47, 75].

Without an acidic environment in the stomach and upper

small bowel, calcium may be retained in the food matrix,

preventing absorption [82]. Impaired calcium absorption

leads to secondary hyperparathyroidism. Therefore, in

patients who take these medications, supplementation with

adequate calcium and vitamin D should be considered.

Discussion

Although primary osteoporosis remains the most common

cause of fragility fractures, other disorders also cause fra-

gility fractures. Several studies show secondary causes of

osteoporosis are found in 20% to 30% of postmenopausal

women, and can account for more than 50% of men who

are diagnosed with osteoporosis [15, 36, 77, 87]. Common

disorders that affect bone strength may be misdiagnosed as

primary osteoporosis and potentially lead to a delay for

appropriate treatment. Therefore, recognizing these dis-

eases and understanding their etiology and pathogenesis is

important for patient care and maintaining overall bone

health. The objectives of this review were to (1) identify

the conditions and diseases that could adversely affect bone

quality besides osteoporosis, and (2) evaluate how these

conditions, including disorders of mineral homeostasis,

disorders of bone remodeling, collagen disorders and

drugs, affect bone quality.

There are several limitations to our study design. First,

our study was a selective review, and not a rigorous sys-

tematic review of the literature. We did not include other

search engines, such as Cochrane Central Register of

Controlled Trials or EMBASE database. Additionally, we

limited our search to only English language articles. Thus,

our search strategy may have missed eligible scientific

articles within this field of study. Second, for some rare

diseases, such as Ehlers-Danlos syndrome, there is limited

information on how these diseases affect bone quality.

All studies in our literature search for this particular disease

were small case reports or case series. Third, we did not

assess study quality. Fourth, this review article focused on

conditions that affect bone quality and can lead to gen-

eralized bone loss. Thus, some diseases, such as complex

regional pain syndrome, which results in local osteoporo-

sis, were not covered in this review. Additionally, the role

of diet, including alcohol, caffeine, and phytic acid, on

bone quality is complex; therefore, further review in this

particular issue is warranted.

Metabolically active bone provides a space for hema-

topoiesis, and is a reservoir for minerals. Mineral

homeostasis controls mineralization of the bone, which is

one of the major determinants in bone quality [34]. As a

result, any disease or condition that interferes with mineral

homeostasis will adversely affect bone quality, leading to

fragility fractures. Since calcium and vitamin D are criti-

cally important for bone mineralization, all patients should

be supplemented with adequate calcium and vitamin D

intake. A dosing regimen of 1000 to 1500 mg of daily

calcium is commonly used. Patients with vitamin D defi-

ciency should be rapidly corrected with pharmacologic

doses of vitamin D. After correcting for low serum vitamin

D levels, adequate vitamin D should be given to sustain

25-hydroxyvitamin D levels above 32 ng/ml [48, 52, 53].

In general, 50,000 IU of vitamin D2 (ergocalciferol) can be

given one to two times per week for 8 weeks, followed by a

maintenance dose of vitamin D3 of 1000 to 2000 IU/day

[69, 104]. Toxicity is rare even if a daily dosage of

10,000 IU vitamin D3 is given for up to 4 months [3].

Bone remodeling is a complex process that is regulated

by both local and systemic factors. Derangement of this

process can interfere with the delicate balance between

bone resorption and bone formation, resulting in an alter-

ation of quantity and quality of the skeleton [9]. Diseases

with high turnover state, such as renal osteodystrophy or

disuse osteoporosis, are characterized by increased activity

of the osteoclasts [12, 35, 110]. Therefore, the bone

remodeling process is shifted toward bone resorption,

resulting in an imbalance of bone turnover that causes

fragility fracture. Conversely, in a setting where there is a

defect in osteoclast function, such as in osteopetrosis, this

could lead to a lack of bone heterogeneity, microdamage

accumulation, and ultimately fragility fracture [18, 105].

Collagen is the most abundant protein found in bone.

Type I collagen comprises approximately 90% to 95% of

the organic matrix. Individual collagen helices are cross-

linked within and between other collagen helices, thereby

increasing their strength. Crosslinked collagen is a struc-

tural template for mineralization [62]. Both collagen and

mineral contribute to the material properties of bone.

Bone tissue strength and stiffness depend heavily on

mineral content across a wide range of anatomic locations
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[11, 23, 24]. Equally important, collagen plays a critical

role in bone structural integrity, because it primarily pro-

vides the tensile strength [14, 74, 99]. Generally, bones fail

in tension and thus collagen provides the main structural

framework to prevent this failure process. Therefore, the

disruption of collagen structure or its function such as OI

results in bone fragility.

Although a number of medications can be of great

therapeutic benefit in many diseases, they are not without

side effects. Corticosteroids, anti-rheumatic drugs, cancer

chemotherapeutic agents or even with osteoporosis medi-

cations can adversely affect bone [26, 58, 76, 106]. These

skeletal side effects should be considered when assessing a

patient’s fracture risk. For individuals taking such medi-

cations, regular monitoring to evaluate for bone loss should

be incorporated. Additionally, a further treatment plan

should be used to prevent fragility fractures.

Bone quantity, quality, and turnover are all important in

determining bone strength. Any disease that compromises

bone quality can lead to a decrease in bone strength and,

ultimately, fragility fractures. As a result, clinicians should

always be aware of secondary causes that affect bone

quality in patients presenting with fragility fracture; par-

ticularly, diseases amenable to treatment, such as rickets

and osteomalacia. In a setting where there is no specific

treatment available for the disease, it is still crucial to

identify diseases and conditions affecting bone quality to

prevent future fracture.
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