
REVIEW

Glucocorticoid-induced osteonecrosis

Robert S. Weinstein

Received: 19 November 2011 / Accepted: 22 November 2011 / Published online: 15 December 2011

� Springer Science+Business Media, LLC 2011

Abstract Awareness of the need for prevention of glu-

cocorticoid-induced fractures is growing, but glucocorti-

coid administration is often overlooked as the most

common cause of nontraumatic osteonecrosis. Glucocorti-

coid-induced osteonecrosis develops in 9–40% of patients

receiving long-term therapy although it may also occur

with short-term exposure to high doses, after intra-articular

injection, and without glucocorticoid-induced osteoporosis.

The name, osteonecrosis, is misleading because the pri-

mary histopathological lesion is osteocyte apoptosis.

Apoptotic osteocytes persist because they are anatomically

unavailable for phagocytosis and, with glucocorticoid

excess, decreased bone remodeling retards their replace-

ment. Glucocorticoid-induced osteocyte apoptosis, a

cumulative and unrepairable defect, uniquely disrupts the

mechanosensory function of the osteocyte–lacunar–cana-

licular system and thus starts the inexorable sequence of

events leading to collapse of the femoral head. Current

evidence indicates that bisphosphonates may rapidly

reduce pain, increase ambulation, and delay joint collapse

in patients with osteonecrosis.
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Introduction

Less than 1 year after the introduction of cortisone for the

treatment of rheumatoid arthritis in 1950, investigators

became aware of injurious effects that were considered

uncommon in Cushing’s syndrome [1]. These effects

included insomnia, gastrointestinal bleeding, a post-corti-

sone-withdrawal syndrome, and hip fracture [2, 3]. As

vertebral fractures and radiographic osteoporosis had not

been observed, the investigators were uncertain whether

the hip fractures were the result of falls due to steroid

myopathy or merely coincidental with cortisone therapy.

Nonetheless, efforts were made to reduce the glucocorti-

coid dosage [1]. Just a few years later, osteoporosis and

fractures were clearly recognized as skeletal complications

of prolonged treatment with cortisone, prednisolone, and

prednisone. Collapse of the femoral and humeral heads

after high-dose therapy was described shortly thereafter

[4, 5], sometimes for treatment that was hard to justify [6].

Femoral osteonecrosis has even been noted with occlusive

topical glucocorticoid ointment [7, 8]. Today, osteonecro-

sis develops in 9–40% of patients receiving long-term

therapy and may occur without glucocorticoid-induced

osteoporosis [9].

The first large series of patients with glucocorticoid-

induced osteonecrosis was reported in 1971 [10]. From 482

patients with osteonecrosis seen at the Mayo Clinic from

1961 to 1968, 77 had received glucocorticoids. The report

caused some confusion because ‘‘hematologic conditions,’’

pancreatitis, pregnancy, rheumatoid arthritis, glomerulo-

nephritis, colitis, and gout were all listed as causes of

‘‘avascular necrosis,’’ but these patients had been treated

with glucocorticoids and there was no evidence that the

conditions listed were independent causes of osteonecrosis,

although that was assumed for more than 40 years [11].
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The average interval between initiation of treatment and

the first symptoms of hip pain was 33 months, but several

cases of osteonecrosis were noted after only 3 months. The

earliest recognition was just 36 days after 16 mg/day of

oral methylprednisolone (cumulative dose was 576 mg). A

single ‘‘dose-pack’’ of methyl prednisolone may begin with

more than 32 mg/day and contain a total dose of as much

as 800 mg, so just one dose pack is arguably already a risk

for glucocorticoid-induced osteonecrosis. Sadly, patients

are seldom warned about this complication or the need to

see their doctor if they experience persistent joint pain and

radiological surveillance for osteonecrosis in patients

receiving high-dose glucocorticoids is restricted to research

studies [12]. As a result, osteonecrosis is the most common

glucocorticoid-related complication associated with suc-

cessful litigation [13].

Diagnosis

Persistent hip, knee or shoulder pain, especially with joint

movement, tenderness or reduced range of motion, war-

rants magnetic resonance imaging (MRI) [9, 11, 14]. The

subchondral crescent sign on radiographic examination is

pathogenomic for osteonecrosis but this sign is not early

and MRI can clearly show extensive osteonecrosis before

any change in the shape of the femoral head or appearance

of a fracture crescent (Fig. 1). A wide variety of radio-

graphs showing glucocorticoid-induced osteonecrosis can

be found at images on www.google.com.

Epidemiology

An investigation of the epidemiology of osteonecrosis

requires a search using several different aliases as the dis-

order is also known as aseptic, avascular or ischemic necrosis

or bone infarcts [15]. The annual incidence of all types of

osteonecrosis doubled from 1989 to 2003 (from 1.4 to

3/100,000), perhaps due to the more frequent use of MRI

[16]. Most commonly, the hip is involved but almost any

bone can develop osteonecrosis. The most frequent etio-

logical factors are trauma, alcoholism, and glucocorticoids,

the later causing the most devastating form of osteonecrosis

[11]. Other causes include sickle cell disease, radiation,

Gaucher’s disease, and Caisson disease (decompression

sickness) (Table 1) [14].

In glucocorticoid-induced osteonecrosis, the risk

increases with higher doses and prolonged treatment

[14, 17, 18], although it may occur after short-term expo-

sure to high doses, by intra-articular injection, and without

osteoporosis (Table 2). Intra-articular glucocorticoids may

be particularly dangerous because the injection may

accelerate joint damage by alleviating pain, thus increasing

weight bearing—a kind of Charcot’s arthropathy, in addi-

tion to the direct adverse effects of the steroids on bone

[19, 20]. Osteonecrosis has been noted in just weeks to

months after intra-articular injection of cumulative doses of

80–160 mg of methylprednisolone [21]. Increased suscep-

tibility to glucocorticoid-induced osteonecrosis may occur

with polymorphisms of vascular endothelial growth factor

Fig. 1 MRI of osteonecrosis.

The acetabular fat pad (blue
arrow) shown in the left panel
gives an intense white signal

with MRI as shown in the right
panel (small arrow), while the

loss of marrow fat (large arrow)

gives a dark signal typical of

edema with T1 MRI imaging

Table 1 Etiologic factors in adult osteonecrosis

Etiologic factors

Trauma

Glucocorticoids

Alcohol

Idiopathic

Sickle cell disease

Radiation

Gaucher’s disease

Caisson disease (decompression sickness)
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(VEGF), the glucocorticoid receptor (GR), 11b-hydroxy-

steroid dehydrogenase type2 (11b-HSD2), collagen type II

(COL2A1), plasminogen activator inhibitor 1 (PAI1), and

P-glycoprotein as well as with some underlying disorders

such as renal insufficiency, transplantation, graft versus

host disease, inflammatory bowel disease, HIV, and acute

lymphoblastic leukemia [9, 14, 22–29].

Dexamethasone causes more skeletal complications than

prednisone [27]. Natural and synthetic glucocorticoids

differ in their vulnerability to 11b-HSD2, which protects

target cells by inactivating glucocorticoids through con-

version of the 11-hydroxyl required for hormone activity to

a ketone thus preventing interaction with the GR [9, 15,

16]. In dexamethasone, the 11-hydroxyl is already present

as it is in prednisolone, but the fluorine atom at the 9a
position of the B ring both extends the potency and

occludes the 11b location. Dexamethasone could be

invulnerable to inactivation by 11b-HSD2.

Surprisingly, Cushing’s disease does not appear to be a

big risk factor for osteonecrosis. Osteonecrosis in Cush-

ing’s disease was first noted by Frost in 1961 [30], but the

situation remains exceedingly rare. Only 13 cases were in

the literature by 2011 [31]. However, Cushing’s disease

differs in several ways from pharmacologic glucocorticoid

administration. In Cushing’s disease, adrenocortical trophic

hormone (ACTH) and the secretion of adrenal androgens

are increased and the circulating glucocorticoid levels are

generally lower than those found in patients treated with

exogenous steroids. Some investigators found that ACTH

could stimulate osteoblastic VEGF expression [32], but

endogenous ACTH is unlikely to be the reason for the

rarity of osteonecrosis in Cushing’s disease because oste-

onecrosis has been reported with ACTH injections alone

[11]. Part of the explanation for the rarity of osteonecrosis

in Cushing’s disease could be under-reporting, but the

complete explanation remains a mystery.

Pathogenesis

The adverse effects of glucocorticoids on the skeleton are

primarily due to direct actions on osteoblasts and osteo-

clasts, decreasing the production of both osteoblasts and

osteoclasts and increasing the apoptosis of osteoblasts

while prolonging the lifespan of osteoclasts [33–36].

Increased osteocyte apoptosis also occurs and is associated

with decreases in VEGF, skeletal angiogenesis, bone

interstitial fluid, and bone strength [37]. Osteocytes and the

lacunar–canalicular network are the strain sensing system

of bone and signal the need for remodeling to accommo-

date prevailing loads or repair damage. Glucocorticoid-

induced osteocytes apoptosis with the resultant disruption

of bone vascularity and diminution of bone hydraulic

support could be the mechanisms behind the osteonecrosis

and greater decline in bone strength than in loss of bone

mass that occurs with glucocorticoid excess. A link

between the systemic vascular system, canalicular pro-

cesses, and osteocytes is suggested by the evidence that

canalicular fluid transport is directly connected to the

vascular space as revealed by low molecular weight tracers

that traverse the venous system into the lacunocanalicular

fluid within minutes [37]. Glucocorticoids rapidly disrupt

this vascular connection as demonstrated by a remarkable

decrease in the interstitial fluid of murine cancellous bone,

revealed by fluorescent imaging of the osteocyte–lacunar–

canalicular system using tail vein injections of Procion Red

(molecular weight, 615 Da). Further evidence of the glu-

cocorticoid effect on bone blood vessels in mice was

obtained by microCT imaging of decalcified bones fol-

lowing intravenous perfusion of silicon slurry of lead

chromate. Prednisolone administration dramatically

decreased the vertebral and femoral vessel volume and

surface area.

The direct adverse effects of administered glucocorti-

coids on bone cells are evident from a series of experiments

in transgenic mice overexpressing the inactivating enzyme

11b-HSD2 in osteoblasts and osteocytes [34, 37]. These

animals are protected from prednisolone-induced apoptosis

and the resultant decrease in osteoblast number and bone

formation, but still lose BMD because the osteoclasts

remain exposed to the prednisolone. However, bone

strength is preserved in spite of the loss of BMD, sug-

gesting that osteocyte viability independently contributes

to bone strength. Moreover, aging decreased the volume of

the bone vasculature and solute transport from the

peripheral circulation to the lacunar–canalicular system in

wild-type mice, but similarly aged 11b-HSD2 transgenic

mice were protected from the adverse effects of aging on

osteoblast and osteocyte apoptosis, bone formation rate and

microarchitecture, crystallinity, vasculature volume, inter-

stitial fluid, and strength. These results suggest that

Table 2 Risk factors for glucocorticoid-induced osteonecrosis

Risk factors

Dose and duration of therapy

Intra-articular administration

Polymorphisms in VEGF, GR, 11b-HSD2, COL2A1,

PAI1, P-glycoprotein

Underlying disorders: renal insufficiency, transplantation,

graft vs. host disease, inflammatory bowel disease,

HIV, acute lymphoblastic leukemia

Dexamethasone causes greater skeletal complications than

prednisone

VEGF vascular endothelial growth factor, GR glucocorticoid receptor,

11b-HSD2 11b-hydroxysteroid dehydrogenase type2, COL2A1 col-

lagen type II, PAI1 plasminogen activator inhibitor 1, HIV human

immunodeficiency virus
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endogenous glucocorticoids increase skeletal fragility in

old age because of cell autonomous effects on osteoblasts

and osteocytes leading to interconnected decrements in

bone angiogenesis, vasculature volume, and osteocyte–

lacunar–canalicular fluid. Osteonecrosis of the femoral

condyles, an idiopathic lesion of elderly patients, may be

due to the increased endogenous glucocorticoids that occur

with aging [37, 38].

Using the same transgenic approach as described in

osteoblasts and osteocytes, we found that overexpression of

11b-HSD2 in osteoclasts preserves BMD, but does not

prevent the prednisolone-induced decrease in osteoblast

lifespan, osteoblast number, and bone formation [36].

Osteonecrosis of the hip was once ascribed to rupture of

the ligamentum teres and the resulting tearing of the arte-

rial supply to the femoral head or to thrombosis of these

vessels. However, today the ligamentum teres is considered

a vestigial structure and perfusion of the femoral head

through the ligament is negligible in the adult [39].

Moreover, the arteries in the ligament are closed in up to

one-third of adults.

The mechanism underlying glucocorticoid-induced

osteonecrosis has been postulated to be increased marrow

fat resulting in an increase in intra-osseous pressure and a

decrease in bone perfusion, fat embolism and hypercoagu-

lability reducing blood flow to the femoral head, or accu-

mulation of fatigue fractures [11, 14]. However, recent

attention has focused on the role of osteocyte apoptosis [40–

45]. Glucocorticoid-induced osteocyte apoptosis, a cumu-

lative and irreparable defect, disrupts the mechanosensory

function of the osteocyte–lacunar–canalicular system and

thus starts the inexorable sequence of events leading to

collapse of the joint [40].

We identified abundant apoptotic osteocytes in sections

of whole femoral heads obtained during total hip replace-

ment for glucocorticoid-induced osteonecrosis, whereas

apoptotic bone cells were uncommon with alcohol-induced

osteonecrosis and absent in post-traumatic osteonecrosis

(Figs. 2a, b; 3d, e) [40]. In addition, cell swelling and

inflammation typical of necrosis did not occur with glu-

cocorticoids. A prevalence map of osteocyte apoptosis

made from sections of the femoral head showed that

osteocyte apoptosis was most prevalent adjacent to the

subchondral crescent and fracture cleft and decreased as

the examination progressed more distally (Fig. 2c). Oste-

ocyte apoptosis was anatomically juxtaposed to the oste-

onecrotic fracture. Glucocorticoid-induced osteonecrosis is

a misnomer: the so-called glucocorticoid-induced ‘‘osteo-

necrosis’’ is actually osteocyte apoptosis. Apoptotic

osteocytes with pyknotic nuclei have also been identified in

femora and humeri of glucocorticoid-treated rabbits

[41, 42].

A major problem in the field of osteonecrosis is the

lumping together of multiple etiologies. For example,

femoral head core samples taken from patients with sickle

cell disease show empty osteocytic lacunae, necrosis, and

oil cysts (Fig. 3a). Inflammatory cells are abundant and

marrow fibrosis is occasionally noted. Four of the five

specimens we examined had widely separated double tet-

racycline labels (Fig. 3b) (indicating bone formation and

ar�cular car�lage
A C

subchondral crescent

fracture cle�

B

3+ osteocyte apoptosis

2+ osteocyte apoptosis

1+ osteocyte apoptosis

impacted trabeculae

Fig. 2 Glucocorticoid-induced osteonecrosis is osteocyte apoptosis.

Abundant apoptotic osteocytes are present in sections of whole

femoral heads obtained during total hip replacement for glucocorti-

coid-induced osteonecrosis (a, b). In c is a prevalence map of

osteocyte apoptosis made from the section of the femoral head shown

in (a). Osteocyte apoptosis was most prevalent (3?) adjacent to the

subchondral crescent and fracture cleft and decreased (1?) as the

examination progressed more distally. Osteocyte apoptosis was

anatomically juxtaposed to the osteonecrotic fracture (adapted from

Weinstein et al. [40]. Copyright 2000. The Endocrine Society)
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repair) and apoptotic osteocytes were absent [40]. These

findings are distinctly different than those in glucocorti-

coid-induced osteonecrosis, where virtually all the osteo-

cytes are apoptotic and remain resident in their lacunae

even years after the initial symptoms of osteonecrosis

(Fig. 3c). Other workers have also found increased osteo-

cyte apoptosis in patients with glucocorticoid-induced

osteonecrosis [44, 45]. These workers also found osteocyte

apoptosis in patients with alcohol-induced osteonecrosis,

which can be a high endogenous glucocorticoid condition

especially with ethanol-induced episodes of hypoglycemia.

Osteocytic lacunae are rarely empty in glucocorticoid-

induced osteonecrosis. After staining with a nuclear dye,

condensed chromatin in apoptotic osteocytes from a fem-

oral head removed from a patient with glucocorticoid-

induced osteonecrosis show intense fluorescence (Fig. 4a),

while osteocytes in the same section viewed with visible

light are barely visible and their lacunae could be incor-

rectly thought to be empty (Fig. 4b). The devastating

skeletal impact of glucocorticoids is shown by the intensely

luminescent osteocytes recently buried in a new packet of

bone and already apoptotic (Fig. 4c). After chronic glu-

cocorticoid therapy, the osteocyte–canaliculi–lining cell

network links dead cells (Fig. 4d). Glucocorticoid-induced

osteocyte apoptosis could also account for the correlation

with total steroid dose and the occurrence of osteonecrosis

after glucocorticoid administration has ceased.

The role of vascular factors in the glucocorticoid-

induced skeletal damage is supported by evidence that

glucocorticoids interfere with endothelial angiogenesis and

both VEGF production and action [14, 37]. In OB-6

osteoblastic cells, dexamethasone decreased VEGF mRNA

levels when the cells were cultured with vehicle or stim-

ulated with desferrioxamine (DFO), an inhibitor of prolyl

hydroxylase that mimics hypoxia. Dexamethasone also

decreased DFO-stimulated hypoxia-inducible factor 1

(HIF-1) expression. The same results were found in MLO-

Y4 osteocytic cells. These findings strongly suggest that at

least some of the adverse effects of glucocorticoids on bone

are due to decreased angiogenesis, caused by suppression

of HIF-1 transcription and VEGF production by osteoblasts

and osteocytes as well as by interference with VEGF

action. Avascular necrosis was not such a bad name after

all.

Treatment

A wide variety of joint-preserving treatment methods have

been utilized if the osteonecrosis is recognized before

reaching end-stage. The utility of these treatments varies

depending on the staging of the osteonecrosis (Table 3)

[11, 46]. Osteonecrosis occurs predominantly in younger

patients and, therefore, efforts should be made to preserve

the joint and delay hip replacement. The first approach is

usually to reduce weight bearing using canes, crutches, or a

walker for about 6 weeks. Another approach is core

decompression with or without marrow cell transplanta-

tion, which also requires 6 weeks of reduced weight

bearing. In general, core decompression is disappointing

except in early disease in which the progression of the

osteonecrosis is uncertain. As many as 40% of early

lesions may not progress, especially if they are small (\25%

of the femoral head) and medially located (away from the

sickle cell anemia (n = 5) 

glucocor�coids (n = 5) 

alcoholism
(n = 3)

trauma
(n = 1)

A

C

D E

B

*

Fig. 3 A major problem in the

field of osteonecrosis is the

lumping together of multiple

etiologies. Femoral head core

samples taken from patients

with sickle cell disease show

a empty osteocytic lacunae, oil

cysts (arrow), and necrosis

(asterisk), and b widely

separated double tetracycline

labels (arrows). Apoptotic cells

were absent. In glucocorticoid-

induced osteonecrosis (c),

virtually all the osteocytes are

apoptotic and remain present in

their lacunae. Apoptotic

osteocytes were uncommon in

alcohol-induced (d) and absent

in post-traumatic osteonecrosis

(e) (d and e were adapted from

Weinstein et al. [40]. Copyright

2000. The Endocrine Society)
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weight-bearing portion) [46]. For advanced disease with

obliteration of the acetabular articular space and osteophyte

formation, femoral head or total hip replacement is usually

required. Osteonecrosis is responsible for 10% of all total

hip replacement procedures and is the most common cause

of total hip replacement in young adults; but problems with

infection, osteolysis, dislocation and revisions are worse

with total hip replacement for glucocorticoid-induced oste-

onecrosis than for osteoarthritis [11]. Since these replace-

ments have about a 10-year lifespan, any delay in the need

for surgery would be welcome. For these reasons, recent

evidence of the utility of bisphosphonates in the treatment of

osteonecrosis is quite promising.

In a randomized, controlled, open-label trial, adults with

osteonecrosis treated with alendronate had significant

retardation of femoral head collapse and reduced need for

total hip replacement compared to the control group over

24 months [47]. To qualify, X-rays had to show at least a

30% necrotic area. The mean rate of survival of the hips in the

alendronate group at 26 months was 93% (only 2/24 col-

lapsed) and in the control group, it was 36% (19/25 col-

lapsed). Importantly, sustained improvement in pain and

ambulation was reported within months. In another study, a

10-year follow-up of patients with osteonecrosis treated with

alendronate for only the first 3 years showed decreased use

of analgesics, increased ability to function as desired, and

improvement in standing and ambulation time within months

that lasted up to 10 years [48]. Alendronate may be a

worthwhile option to postpone the need for hip surgery in

young patients. The efficacy of alendronate to delay collapse

 

A

C

B

D

Fig. 4 Osteocytic lacunae are rarely empty in glucocorticoid-induced

osteonecrosis. Condensed chromatin in apoptotic osteocytes shows

intense blue fluorescence after staining with Hoechst nuclear dye

33258 (a). Osteocytes in the same section viewed with visible light

(b) are barely visible and their lacunae could be incorrectly thought to

be empty. The osteocytes (arrows) recently buried in a new packet of

bone are already apoptotic as shown by the nuclear dye (c). As a

result, after chronic glucocorticoid therapy, the osteocyte–canaliculi–

lining cell network links dead cells (brown staining indicates

apoptotic cells; toluidine blue counterstain) (d) (adapted from

Weinstein et al. [40]. Copyright 2000. The Endocrine Society)

Table 3 Staging of

osteonecrosis
Modified classification

Stage 0 Known involvement of one hip and suspected in the other

Stage 1 Pain and limited movement with normal X-ray and positive MRI

Stage 2 Sclerosis of the femoral head

Stage 3 Subchondral fracture and flattening of the femoral head

Stage 4 End-stage osteonecrosis with loss of the articular space and osteophyte formation

188 Endocrine (2012) 41:183–190

123



of the femoral head in osteonecrosis may be due to decreased

osteoclast resorption, but serial radiographic examinations

of the hips in the above studies were either unchanged or

progressed, suggesting that the efficacy of alendronate in

osteonecrosis may involve more than just inhibition of bone

resorption. Nitrogen-containing bisphosphonates also

decrease glucocorticoid-induced osteocyte apoptosis [49] and

preservation of osteocyte viability may play a role in

the preservation of bone strength [34, 37]. Studies with

molecular tracers have shown that aldolase (158,000 Da),

transferrin (76,000–88,000 Da), and osteoprotegerin

(100,000 Da) can penetrate the canalicular network

(500–600 nm diameter) in rodents [50]. Therefore, bisphos-

phonates with an average molecular mass of 250–320 Da

could easily reach the lacunar–canalicular system and protect

osteocytes from glucocorticoid-induced apoptosis.

A thorough search of the literature failed to uncover

trials of anabolic agents such as teriparatide in the treat-

ment of glucocorticoid-induced osteonecrosis of the hip,

shoulder, or knee.

Conclusions

Glucocorticoids have direct adverse effects on osteoblasts,

osteoclasts, and osteocytes. These drugs decrease lacunar–

canalicular fluid, bone vascularity, and bone strength via

their effects on osteocytes. Glucocorticoid-induced osteo-

cyte apoptosis accumulates and can lead to osteonecrosis,

even without osteoporosis. The risk of osteonecrosis

increases with increasing dose and duration of treatment

and dexamethasone may be the worst culprit. Alendronate

may rapidly reduce pain, increase ambulation, and delay

joint collapse in patients with osteonecrosis.
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